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Abstract

Protocols for nanopatterning porphyrins on Au(111) were developed based on immersion particle
lithography. Porphyrins with and without a central metal ion, 5,10,15,20-tetraphenyl-21+,23 H-
porphyrin (TPP) and 5,10,15,20-tetraphenyl-21H,23 H-porphyrin cobalt(ll) (CoTPP), were
selected for study, which spontaneously formed nanorod geometries depending on concentration
parameters. The elongated shapes of the nanorods offers an opportunity for successive distance-
dependent conductive probe atomic force microscopy (CP-AFM) measurements along the length
of the nanorods. To prepare patterns of TPP and CoTPP nanorods, a mask of silica mesospheres
was placed on gold substrates to generate nanoholes within an alkanethiol matrix film. The
nanoholes prepared by particle lithography with an immersion step were backfilled with
porphyrins by a second immersion step. By controlling the concentration and immersion interval,
nanorods of porphyrins were generated with one end of the nanostructure attached to gold within a
nanchole. The porphyrin nanorods exhibited slight differences in dimensions at the nanoscale to
enable size-dependent measurements of conductive properties. The conductivity along the
horizontal direction of the nanorods was evaluated with CP-AFM studies. Changes in conductivity
were measured along the long axis of TPP and CoTPP nanorods. The TPP nanorods exhibited
conductive profiles of an insulating material, and the CoTPP nanorods exhibited profiles of a
semiconductor. The experiments demonstrate the applicability of particle lithography for preparing
unique and functional surface platforms of porphyrins to measure distance-dependent conductive
properties on gold.
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INTRODUCTION

Porphyrin molecules and associated derivatives are building blocks in molecular electronics,
photovoltaic materials, and supramolecular designs.! Nanorods of porphyrins have potential
for applications including energy and electron transfer,2 chemical catalysis,* chemical
sensors, optical devices,® electronic devices,3 biological light-harvesting structures,3 gas
storage, field-effect devices, and chiroptical systems.® The applications originate from the
unique characteristics of porphyrins that include rigid and planar geometries, readily tailored
spectroscopic and photochemical properties, multifunctionality, biocompatibility,® and the
ability to serve as an electron donor.2 The conductive properties of porphyrins and derived
nanostructures have not been fully characterized or modeled.

Methods of surface fabrication with porphyrin nanorods include surfactant-assisted self-
assembly,3 ionic self-assembly,”+8 mixed porphyrin self-assembly,® sonication-assisted self-
assembly,? and metal coordination-assisted self-assembly. Among the studies reported for
porphyrin nanorods, rodlike aggregates derived from meso-tetra(4-
sulfonatophenyl)porphyrin (TPPS,) are a well-studied example because it is a biomimetic
analogue of photosynthesis systems.”10-20 The heights and lengths of the TPPS4 nanorods
range from several to dozens of nanometers in diameter and up to several micrometers in
length.410.13.19.20 The sjze and shapes of the nanorods derived from TPPS, are due to a
combination of molecular interactions such as Coulombic interactions, - interactions,
and intermolecular electrostatics.?! Studies were reported by Schuckman et al. of the charge
transport properties of a tethered Zn(l1) porphyrin thiol complex, tripyridyl porphyrin, in
which molecular clusters were inserted within an alkanethiol matrix on Au(111).22:23

For this report, a self-assembled monolayer (SAM) of dodecanethiol on Au(111) was
selected as an insulating layer between the porphyrin nanorods and the gold substrate for
CP-AFM measurements.24-26 A surface template of nanoholes was fabricated within a
dodecanethiol SAM using a method of immersion particle lithography.2” We have developed
protocols with immersion particle lithography to prepare arrays of nanoholes within organic
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thin films on surfaces such as gold, mica, and silicon.2-31 Typically, when a surface that is
coated with mesoparticles is immersed in solutions, the particles are displaced. Therefore, an
annealing step is critical for immersion particle lithography. The nanoholes formed within a
SAM furnish spatially confined areas for growing porphyrin nanorods with one end
connected to the gold surface. The surface-bound patterns provide an excellent measuring
platform for evaluating conductivity along the length of porphyrin nanorods. Previously, we
prepared samples of smaller nanodot structures of 5,10,15,20-tetraphenyl-21H,23 H-
porphyrin (TPP) and 5,10,15,20-tetraphenyl-21,23 H-porphyrin cobalt(l1) (CoTPP)
porphyrins by using lower concentrations and immersion intervals.32 The measured
conductivity was substantially different for the longer nanorods compared to the nanodot
samples. To account for the differences in measurements for size and shape, further studies
with modeling the intermolecular interactions are in progress.

In this report, the feasibility of making distance-dependent conductance measurements along
the length of isolated nanorods is evaluated with CP-AFM for test platforms of TPP and
CoTPP nanorods. The elongated, rod shape of the porphyin nanorods furnishes a unique
platform for nanoscale studies of changes in conductance. The rods are composed of stacks
of planar porphyrins with or without a coordinated metal (cobalt) which form spontaneously
depending on the growth conditions (immersion interval, concentration). Discrete, isolated
areas of the patterned gold substrate provided a location for the nanorods to assemble. A
matrix layer of dodecanethiol serves to separate the sites for the nanorods to attach as well as
to provide an internal reference for conductive probe measurements. Beyond constructing
the platforms, conductivity of a cobalt-coordinated and free-base porphyrin were compared.

MATERIALS AND METHODS

Materials

Reagents including 5,10,15,20-tetraphenyl-21H,23 H-porphyrin cobalt(ll) (CoTPP),
5,10,15,20-tetraphenyl-21 H,23 H-por-phyrin (TPP), 1-dodecanethiol, and dichloromethane
were purchased from Sigma-Aldrich (St. Louis, MO). Ethanol (200 proof) was obtained
from Pharmco-Aaper Alcohol and Chemical Co. (Shelbyville, KY). Epoxy was acquired
from Epoxy Technology, Inc. (Billerica, MA). Gold slugs (99.99%) were purchased from
Ted Pella (Redding, CA). Ruby muscovite mica was obtained from S&J Trading Inc., (Glen
Oaks, NY). Silica mesospheres (500 nm diameter) were obtained from Thermo-Fisher
Scientific Inc. (Waltman, MA). Water (=18.2 MQ) was generated from a Milli-Q system
(Direct-Q 3, Millipore, Billerica, MA) and used for washing. All chemicals were used as
received.

Preparation of Porphyrin Solutions

To prepare porphyrin solutions for making nanostructures on Au(111) substrates, CoTPP
and TPP were dissolved in dichloromethane (10~3 M) and then further diluted to 107> M
with ethanol. Nanorods of the porphyrins were made by immersing the Au(111) substrates
into final solutions for 42 h.
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Preparation of Template-Stripped Au(111)

Template-stripped gold (TSG) films were prepared using thermal evaporation as previously
described.2” In brief, gold slugs were deposited onto freshly cleaved Ruby muscovite mica
substrates in a high-vacuum thermal chamber (Angstrom Engineering Inc., Kitchener, OR)
at 10~ mmHg. Prior to gold deposition, the mica substrates were preheated to 350 °C using
quartz lamps mounted at the back of the sample holder. The deposition rate of gold was 3
AJs for a final thickness of 150 nm. After deposition, the gold substrates were annealed at
365 °C under vacuum of 10~/ mmHg for 30 min and then cooled to room temperature. The
gold films were glued to glass slides using epoxy as previously reported by Hegner et al.33
The gold substrates and glass slides were cleaned by rinsing with deionized water followed
by 30 min treatment in a UV-0zone generator. Epoxy was mixed (1:1 by weight) and
immediately applied onto the cleaned glass slides. The glass slides were placed onto the gold
surfaces with a thin layer of epoxy formed between the glass and gold surfaces without any
air bubbles. The mica—gold—glass sandwiches were then heated in oven at 150 °C for 2 h to
anneal the epoxy. After cooling to room temperature, the glass pieces were mechanically
removed from the mica surfaces to obtain TSG.

Preparation of Porphyrin Nanostructures within Thiol Nanoholes

Immersion particle lithography was used to prepare arrays of nanoholes on Au(111) as
previously reported.2” Silica mesospheres (500 nm diameter) were cleaned by centrifugation
to remove surfactants or charge stabilizers. A 300 gL aqueous suspension of silica
mesospheres with a concentration of 2% was transferred into a microcentrifuge tube and
centrifuged for 20 min at 20 000 rpm. A solid pellet containing the spheres was formed at
the bottom of the centrifuge tube, and the supernatant was decanted. The centrifuge tube was
refilled with deionized water, and the pellet was resuspended by vortex mixing. The washing
cycle of mesospheres was repeated four times. Cleaned silica mesospheres (20 z1) were
deposited onto freshly stripped TSG as surface masks for subsequent steps of solution
immersion. The surface masks of silica spheres were dried under ambient conditions and
then heated at 150 °C for 12 h. The heating step helps prevent the mesospheres from being
displaced from the surface during immersion in solutions. The samples were cooled to room
temperature (25 °C) and then immersed into a dodecanethiol ethanolic solution (10=3 M) for
24 h. Self-assembled monolayers (SAMs) of dodecanethiol formed on the exposed areas of
the gold surfaces surrounding the areas protected by the mesospheres. Next, the mesospheres
were removed by sonication in ethanol. Arrays of nanoholes were fabricated within the
dodecanethiol SAM.

The samples of nanoholes formed on Au(111) were submerged in a 10~/ M solution of
CoTPP or TPP for 42 h to obtain porphyrin nanorods. In the final step, the samples of
porphyrin nanostructures were rinsed with ethanol to remove loosely bound aggregates and
then dried in air. The uncovered areas of Au(111) that had been masked by mesospheres
provided well-defined surface sites for directing the subsequent attachment and growth of
porphyrin nanorods.
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Atomic Force Microscopy

A Keysight 5420 scanning probe microscope (Keysight Technologies, Santa Rosa, CA) with
PicoView v1.12 software was used for scanning probe characterizations. Images were
acquired using tapping mode in ambient conditions. Imaging was accomplished with
rectangular-shaped ultrasharp silicon tips (Nanoscience Instruments, Phoenix, AZ) that have
an aluminum reflex coating, with a spring constant of 48 N/m. The scan rate was 1 line/s.
Electrical measurements with porphyrins were done with the same instrument equipped with
conductive nose assembly (0.1 nA/V sensitivity) and conductive sample plate. Conductive
tips (PPP-CONTPt, Nanosensors, Neuchatel, Switzerland) with a platinum coating were
used to take the /~V/profiles. Topography and phase images were processed with Gwyddion
v. 2.32, which is an open-source software available from the Internet.34

RESULTS AND DISCUSSION

Nanorods of porphyrins were prepared on a template of nanoholes within a dodecanethiol
film on Au(111) using steps of immersion particle lithography. A description of the method
for preparing patterns of nanorods is outlined in the Supporting Information, Figure S1.
Model structures of 5,10,15,20-tetraphenyl-21+,23 H-porphyrin cobalt(l) (CoTPP) and the
metal-free analogue 5,10,15,20-tetraphenyl-21H,23 H-porphyrin (TPP) were selected for
studies with CP-AFM. The structures of TPP and CoTPP are shown in Scheme 1.

The morphology of the nanorods formed by either TPP or CoTPP was characterized by
tapping mode AFM in ambient conditions (Figure 1). Individual porphyrin nanorods are
visible throughout the surface, predominantly binding at sites of the gold nanoholes.
Characteristics of the gold surface, such as domain boundaries, scars and holes, are apparent
in the background of the topography images (Figures 1a and 1c). The periodic arrangement
of nanoholes can be discerned as bright circular dots in the corresponding phase images
(Figures 1b and 1d). The nanoholes are uncovered areas of substrate where the silica
mesospheres were displaced. The distance between neighboring nancholes is 500 nm as
determined by the diameter of the monodisperse spheres used as surface mask. The
nanoholes were protected from deposition of dodecanethiol by the mesospheres, and areas
surrounding the nanoholes present methyl groups of the dodecanethiol SAM that was used
as a resist. The nanoholes are exquisitely small (~100 nm in diameter and 1.5 nm in depth)
and are designed to define spatial selectivity for depositing porphyrins.3°:36

In most of the nanoholes, one or more nanorods are present and connected to an area of bare
gold. A few of the nanorods are present on the SAM matrix areas, which most likely grow in
defect areas. Closer details of the nanorods are revealed in Figures 1c and 1d. Among the
seven nanoholes, five of them contain TPP nanorods. Two of the nanoholes are unfilled, and
four free nanorods are lying on areas of the SAM. We hypothesize that the nanorods of
porphyrins were directly grown at the areas of bare Au(111) during the immersion process,
since shorter immersion times lead to shorter nanostructures of nanodots.32 To evaluate if
nanorods formed in solution, a drop of similarly aged TPP solution was deposited onto a
gold surface. Nanorods did not form on the surface (Figure S2). The drop-deposition
experiment indicates that the nanorods were not formed in solution during the immersion
step, but rather that the rodlike shapes grew from the surface over a time period of 42 h.
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The nanopatterning process for preparing nanorods was repeated with CoTPP using the
same concentration of the porphyrin solution and 42 h immersion period. Rod-shaped
nanostructures of CoTPP were also reproducibly grown from the gold surface (Figure S3).
The dimensions of a CoTPP nanorod can be derived from cursor profiles taken in the
longitudinal and orthogonal directions. The size distribution of the nanorods were compared
for TPP and CoTPP (Figure S4). The dimensions of the TPP nanorods were measured from
64 cursor profiles from several areas of a sample. The average length of the TPP nanorods is
160 + 41 nm. The average height of the TPP nanorods measured 6 + 1 nm. The dimensions
of CoTPP nanorods were collected from 82 measurements from several areas of a sample.
The CoTPP nanorods measured 130 + 49 nm, with heights of 3 = 1 nm. The shape of AFM
probes influences the sizes that were measured, particularly for lateral dimensions. Sharper
probes produce more accurate size measurements.

A representative example image of a TPP nanorod is shown in Figure 2. The nanorod has
one end connected to the area of a nanohole. The rest of the nanorod is lying on the
dodecanethiol SAM which serves as an insulating matrix. The placement of the nanorod
within the nanohole is also visible in the corresponding phase image (Figure 2b). The size of
the individual nanorod from the cursor line profiles indicates a length of 160 nm and height
of 6.6 nm.

The conductivity along the length of the nanorods was measured using CP-AFM. A
platinum-coated AFM tip was placed at selected points along the nanorod with a controlled
load to measure the distance-dependent current. Three testing points were selected along the
nanorod to collect the /~V curves (Figure 3a). The points selected include each end of the
porphyrin where one end is in contact with the matrix SAM, and the other is in direct
contact with the gold substrate. One test point was located between the two ends. At each of
the three sites the voltage was swept from —-10 to +10 V, and the resulting current was
measured (Figure 3b).

Trends of the conductive properties correspond to the testing positions. Current-voltage
curves indicate an increase in conductance as the tip was moved closer toward the Au
surface. The current at 10 V increased along the horizontal direction of the TPP nanorod. In
reverse, the conductance of the nanorod decreased as a function of the testing distance. The
highest current at —10 V remained the same during this experiment. The onset of the turn-on
current occurs at a lower voltage as the tip is moved closer to the end of the TPP nanorod
that is attached to gold.

Similar measurements were done for a cobalt-coordinated CoTPP nanorod localized on a
nanopore. The morphology of an individual CoTPP nanorod on a nanopore is shown in
Figure 4. The defect of the gold substrate under the thin dodecanethiol SAM can be
observed in both topography and the corresponding phase images (Figures 4a and 4b). In the
phase image, the bare gold area of the nanopore can be discerned as a dark circle. The
dimensions of the CoTPP nanorod measured 230 nm in length and the height is 13 nm
(Figure 4c).
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Conductive measurements were done for the CoTPP nanorod with CP-AFM (Figure 5).
Three testing points along the CoTPP nanorod were chosen for the /~V/curves shown in
Figure 5a. Distinct differences of the /~V/profiles were observed for the CoTPP nanorods
(Figure 5b) compared to TPP (Figure 3b). In the —2.4 to +2.4 V range, semiconductive
profiles are shown for each of the three /~V/curves shown in Figure 5b. The conductance
measured from the positive voltage range is larger than that measured from the negative
voltage range. The highest currents are =10 and +10 nA at —2.4 and +2.4 V, respectively.

To evaluate the conductive behavior of the two types of nanorods, the conductance at
selected testing points on CoTPP and TPP nanorods was calculated. (The conductance was
measured as the slope of the linear parts of each /~V/curve.) Since both CoTPP and TPP
have semiconductive profiles, the conductance was categorized for the negative and positive
regions of the curves (Table 1). The values of the TPP nanorods are expressed in the
picosiemens range, which is a thousand times lower than that of the CoTPP nanorods. A
general trend is revealed as the tip is moved along the length of the nanorods, in which the
conductance increases as the probe is moved further away from the gold substrate. When
one considers the larger size of the coated AFM probe, it appears that there is spatial overlap
when six or more measurements are taken side-by-side. The values acquired in the positive
voltage side are higher than the values obtained from the negative voltage side.

The feasibility of measuring conductance along the length of nanorods with CP-AFM was
demonstrated, facilitated by the localization of the nanorods on uncovered areas of gold
substrates. Arrays of of TPP and CoTPP nanorods ensured multiple, reproducible
measurements with /~V/ profiles. The properties of porphyrins at the nanoscale furnish
important information for future applications.

CONCLUSION

Rod-shaped nanostructures of TPP and CoTPP were placed within nanoholes fabricated
within a dodecanethiol SAM prepared by immersion particle lithography. The geometry of
the nanorods enables multiple, distance-dependent measurements of nanoscale conductance
using CP-AFM. The nanorods of TPP exhibit conductive profiles of an insulating material.
Nanorods of CoTPP show semiconductive behavior in the longitudinal direction with the
onset of the turn-on currents shifting to zero volts as the testing point approaches the end in
contact with the gold surface. The strategies described herein enable measurements with a
reproducible surface test platform for future studies to characterize more complex
molecules.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Nanorods of TPP grown in nanoholes within dodecanethiol: (a) arrangement of nanorods

shown with a topography image; (b) simultaneously acquired phase image; (c) localization
of nanorods within nanoholes (topography view); (d) corresponding phase image.
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Figure 2.
Close-up of an individual TPP nanorod: (a) topography image; (b) corresponding phase

image; (c) cursor profile of a longitudinal section of a nanorod; (d) cursor profile of a
transverse section of a nanorod.
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Figure 3.
Distance-dependent measurements of conductivity along a TPP nanorod. (a) A TPP nanorod

localized within a nanohole. The colored dots indicate the testing points on the nanorod
where /~V/ curves were collected. (b) ~V/curves collected from selected locations along the
TPP nanorod shown in corresponding colors.
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Figure 4.
Close-up view of an individual CoTPP nanorod: (a) topography image; (b) corresponding

phase image; (c) cursor profile of a longitudinal section of the nanorod; (d) cursor profile of
a transverse section.
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Figure5.
Distance-dependent measurements of conductivity along a CoTPP nanorod. (a) A CoTPP

nanorod localized within a nanopore. The points on the nanorod represent the sites where the
I~V curves were collected. (b) ~V/ curves collected from selected locations on TPP nanorod
are shown in corresponding colors.
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Scheme 1.

Structures of 5,10,15,20-Tetraphenyl-21 H,23 H-porphyrin (TPP) and 5,10,15,20-
Tetraphenyl-21H,23 H-porphyrin Cobalt(ll) (CoTPP)
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Table 1

Conductance Measurements at Selected Points along TPP and CoTPP Nanorods

measuring point&

TPP

CoTPP

negative bias (pS)

positive bias (pS)

negative bias (nS)

positive bias (nS)

1

o o B~ W N

aNumbers 1-6 indicate the measuring points from the end away from the gold surface (1) to the end in contact with the gold surface (6).

6
12
28
14
23
25

6
32
32
51
59
92

10
11
12
14
10
10

51
74
80
32
51
51
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