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ABSTRACT

A crystallography-instructed strategy to highly ordered layering of porphyrins with different topologies on HOPG is developed based on meso-
tetraarylporphyrins bearing 2-ethoxyethanol side chains as “sticky ends”. These sticky ends are capable of displaying directive hydrogen bonding
motifs with the inherent D4h symmetry of the porphyrins. Solvent effects are shown to have an important role in fabricating the adsorption. Metalation
and subsequent axial ligation was a key controlling factor in the topology of the layer, leading to pseudo-2D structures on HOPG.

Molecular devices and sensors fabricated on surfaces,
especially redox-active ones, have the potential to provide a
reliable transfer of molecular function to the macroscopic
world. However, the controlled deposition and organization
of organic/supramolecular components on solid surfaces still
represents a key challenge. One attractive approach exploits
molecular recognition leading to highly and long-range
ordered, functional structures.1 Of the potential classes of
compounds for use in molecular devices and sensors,

porphyrins are often employed because of their favorable
chemical, electronic, and photophysical properties.2 Control-
ling the arrangement of metalloporphyrins into well-defined
and ordered 2D arrays is aided by the inherent D4h symmetry
of the parent macrocycle. The desired control may be
executed by utilizing “intelligent” porphyrins which possess
preprogrammed functionality to aid molecular alignment in
either a pseudo 1D or 2D and 3D arrays, as demonstrated in
both the solid state3 and on solid surfaces.4 The ability to
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self-assemble becomes exceedingly important under mild
conditions of physisorption and ambient temperature and
pressure where molecular motion of the absorbed species
can play a significant role. Moreover, the chance for axial
ligation offers the opportunity for layering of other molecular
species into more elaborate systems. Utilization of a real time,
noninvasive imaging technique such as STM1,5 allows direct
assessment of surface modifications after each sequential
component addition cycle, without disturbing the molecular
positioning effected by the noncovalent interactions between
components. Conducting materials of high atomic smooth-
ness, such as atomically flat gold6 and highly oriented
pyrolytic graphite (HOPG),7 provide an appropriate base on
which to build and image molecular constructs. In this paper
we report on the development of an ordering strategy using
porphyrins with meso-(4-phenyl(2-(2-ethoxy)ethanol)) side
chains (so-called TEEP) on HOPG. X-ray crystallography
and scanning probe microscopy (SPM) techniques have been
used to evaluate the design strategy and characterize the
materials formed in the solid state.

The choice of motif was predicated in a report which noted
that the pendant 2-ethoxyethanol arms self-associate by an
unusual hydrogen bonding motif to form a tape within a C2V

symmetrical system.8 In a porphyrin exhibiting D4h symmetry,
such functionality could potentially self-assemble cooperatively,

forming two distinct intermolecular hydrogen bonds per ethoxy-
ethanol set leading to discrete capsular assemblies or 2D
supramolecular arrays (Figure 1). Compound 19 (Figure 2) is

surprisingly insoluble in the usual aprotic solvents used for
dissolving tetraphenylporphyrins (e.g., CHCl3, CH2Cl2, toluene).
This insolubility can be attributed to intermolecular hydrogen
bonding interactions, which are desirable but uncontrolled to
this point. The problem is alleviated by the addition of a small
amount of a solvent capable of interfering with hydrogen
bonding (e.g., methanol or DMF or pyridine (py)). Differential
scanning calorimetry (DSC) was used to probe the changes in
1 as a function of temperature. A reproducible DSC trace was
obtained, showing three broad second order endotherms at onset
temperatures of approximately 40, 120, and 210 °C (see
Supporting Information). Compound 1 melts at approximately
260 °C.

Zinc metalation of 1 was achieved using the acetate
method10 (Zn(OAc)2/DCM/MeOH) producing 2 in 89%
yield. Solubility of porphyrin 2 was also only possible in a
mixed solvent system in which a solvent capable of compet-
ing with the ethoxyethanol hydrogen bonding was employed.
Manipulating the solubility of 1 and 2 by protic means may
be advantageous during surface deposition, as it provides
an external control for triggering the layering of the porphyrin
from solution when coated over the surface. Since a
relationship between the packing of molecules in the solid
state and the patterning observed when deposited onto a
surface exists,11 solid-state structures can be used as a means
of predicting how the same molecule might organize on a
two-dimensional surface.

Single crystals of 1 suitable for X-ray structure determination
were grown by the slow diffusion of acetone into a DMF
solution of the porphyrin (Figure 3).12 Porphyrin 1 adopts a
saddle (sad) conformation with deviation in atomic displace-
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Figure 1. Utilizing the potential of 2-(2-ethoxy)ethanol groups on
the porphyrin periphery to hydrogen bond may lead to a ordered
supramolecular constructs. One possible hydrogen bonding motif
using 2-ethoxyethanol groups is highlighted.

Figure 2. Porphyrins used in this study. Porphyrin derivatives
bearing 2-(2-ethoxy)ethanol groups have been given the acronym
TEEP (TetraEthoxyEthanolPorphyrin).
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ments from the mean macrocycle plane of up to 0.37 Å.13

Despite their inherent flexibility, the 2-ethoxyethanol chains
show little disorder, with the internal OCH2CH2O groups and
the terminal OCH2CH2OH group all orienting in a staggered
gauche arrangement. Instead of the expected hydrogen bonding
pattern, four ethoxyethanol side arms of independent porphyrin
molecules become entwined, driven by the terminal hydroxyl
groups that hydrogen bond (O···O ) 2.751-2.830 Å) effectively
but in an alternative eight-membered macrocycle of pseudo-
square geometry (Figure 3a). Center-to-center separation dis-
tances of the porphyrins contained within the sheets are found
to be 16.81 Å for adjacent porphyrins and 24.51 Å for
porphyrins located along a diagonal direction (Figure 3a). A

promising feature of this crystal structure is that 1 orders into
two-dimensional sheets, driven by hydrogen bonding. Each
porphyrin sheet is separated by an average interplane distance
of 4.10 Å (Figure 3b).

A complication in this design strategy arises when axial
ligation competes with hydrogen bonding as is the case of
2, leading to the formation of a dimer in the solid state
(Scheme 1).9 The addition of pyridine (py) was made to act

as a competing group capable of strong coordination (104

M-1) to the zinc metal ion. The effect was to displace the
weakly coordinated alcohol sidearm from the porphyrin’s
zinc center so as to utilize the polyether chains for two-
dimensional hydrogen bonded assembly (Scheme 1). In this
way, the complex 2·py could be viewed as a prototype to
layered ensembles.

This adjustment proved to be an effective crystal growth
strategy. Rectangular red plate crystals of 2·py suitable for
X-ray structure determination were obtained by slow diffu-
sion of hexane into a THF/pyridine solution of 2.14 The
crystal structure reveals the axial ligation of pyridine to the
Zn(II) center (disordered over two positions) allowing the
polyether arms to protrude away from the macrocyclic core
(Figure 4). The pyridine complexation has a pronounced
effect on the supramolecular packing arrangement of 2,
reverting the observed dimer10 back to a monolayer sheeting
arrangement. In this case however, the observed intermol-
ecule stabilization motif displays a different arrangement to
that previously seen for 1 (Figure 4). The axially coordinated
pyridine ligands of one layer sit in the void cavities within
the two-dimensional porphyrin sheet network with the
remaining vacant space occupied by clathrate THF solvent.
Two-dimensional sheets are separated by an average inter-
plane distance of 4.2 Å.

The structural insights obtained from the solid-state
analysis of 1 and 2·py infer that this class of molecules
possess a high propensity to form two-dimensional porphyrin
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Figure 3. (a) Entwined arrangement of 1 in the solid state. Insert
highlights the eight-membered cyclic H-bonding motif. Center-to-
center distances between adjacent and diagonally positioned por-
phyrins within a 2D sheet. (b) Interlayer distance separating the
porphyrin sheets of 4.10 Å. Noncritical hydrogen atoms have been
omitted for clarity in all views.

Scheme 1. Manipulation of Dimerization of 2 Used as a
Strategy for Preparing Pseudo-2D sheets
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sheets by hydrogen bonding provided metal ion-ethoxyethanol
interactions can be minimized. The solution studies indicate
that the hydrogen bonding and hence the molecular packing
arrangements can be easily manipulated by alteration of the
solvent system used to solvate the structural components.
With this in mind, liquid-phase deposition of 1 (in CHCl3/
MeOH solvent) or 2 (in CHCl3/pyridine solvent) from 1 ×
10-6 M solutions on HOPG followed by evaporation allows
for the formation of an ultrathin film on the surface. The
associated spreading and evaporation of the solution leads
to an ordered surface deposition, as evinced by the STM
images of 1 and 2·py (Figure 5) obtained under ambient
conditions. These patterns differ strongly to that observed
for HOPG under the same conditions. The ambient conditions
used do not lead, as expected, to molecular resolution but
rather a defined patterning effect.

STS curves of the HOPG treated with 1 and 2·py confirm
the presence of the porphyrin layers (Supporting Informa-
tion). The two main peaks in both STS curves, one located
at -1.75 V and the other at 0.55 V for 1 and 0.71 V for
2·py, corresponding very well with literature values for free
base and ZnTPP for this technique.15 The molecular film
prepared by 1 has intermolecular spacing of 1.2 nm com-
mensurate with the close face-on-face tilt packing of the
molecules along the surface (Figure 5d) in which the
porphyrin-porphyrin interactions compete favorable against
the porphyrin-HOPG interactions. For 2·py adsorbed on
HOPG, the intermolecular spacing of the porphyrins along
the rows is on average 5.67 nm, the spacing between adjacent
rows is 4.40 nm. This nonsymmetric pattern is expected on
the basis of the planar adsorption of the porphyrin macro-
cycles and the intermolecular interactions observed in the

crystal structure. Importantly, the dramatically different
patterning scales from 1 to 2·py is attributable to the influence
of the axial ligand.16 The incorporation of the pyridine no
longer allows efficient face-on packing, leading to the 2D
layering observed for the porphytrin on HOPG.

In summary, a class of porphyrins, coined TEEP, that possess
a pendant hydrogen bonding functionality, or sticky end, have
been designed. The different crystal structure morphologies
obtained of these TEEP molecules displayed varying styles of
2D sheeting, which is driven in each case by hydrogen bonding
interactions, crystal packing forces, and in the case of 2, metallo-
porphyrin coordination. Preliminary surface layering experi-
ments of 1 and 2·py have given a rudimentary proof-of-concept
that TEEP molecules can form regular surface patterning that
can be controlled by solvent effects and axial ligation. Studies
pertaining to more exotic layering are underway.
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Figure 4. (a) X-ray crystal structure representation of 2·py
displaying the H-bonding motif (H atoms omitted for clarity).
Center-to-center distances between adjacent and diagonally posi-
tioned porphyrins within a 2D sheet are also given.

Figure 5. Room temperature and pressure STM images of (a) 100
nm × 100 nm image of HOPG; inset is a 2 nm × 2.5 nm scan of the
substrate showing atomic resolution. The overlaid circles are the
expected atomic spacings for HOPG. (b) 100 nm × 100 nm image of
1 deposited on HOPG, inset is a 15 nm × 15 nm zoom of the image.
(c) 100 nm × 100 nm image of 2·py deposited on HOPG, inset is a
15 nm × 15 nm zoom of the image. (d) Proposed edge generated by
the deposition of 1 and 2·py, respectively, on HOPG. Conditions:
tungsten tip; scan rate ) 3.05 Hz; Vt ) 50 mV; It ) 1.0 nA.
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