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Assemblies of TPPS4 porphyrin investigated by TEM, SPM
and UV–vis spectroscopy
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Abstract

The aggregates of the tetrakis(4-sulfonatophenyl)porphyrin (TPPS4) growth from solution on flat solid crystalline hydrophilic (mica, glass,
Si) and hydrophobic (graphite) substrates were investigated. The spatial structure of TPPS4 deposited on the surface was imaged using
transmission electron microscopy (TEM), scanning atomic force microscopy (AFM). Scanning tunneling microscopy (STM) visualized
porphyrin rings structure with molecular resolution. The aggregation of TPPS4 was investigated by UV–vis spectroscopy. The investigation
revealed a three-dimensional rod and wheel-like molecular order of the TPPS4 porphyrin assemblies, while a corresponding shorter and
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onodisperse oligomer exhibited 2D ribbon-like structure. The TPPS4 porphyrin molecules self-assemble into micrometer-long nano
nd fibers on substrate surface. Their cross-section was determined quantitatively by scanning force microscopy; this reveale

hickness of two or four molecular layers and a width of tenths of molecule diameter. This indicates that the molecules are fully e
he ribbons oriented with the conjugated backbone with the 54.7◦ to the long axis of the rod. We propose here TPPS4 ribbons as polymolecula
rchitectures, which are building blocks of TPPS4 rods and built from the homoassociated porphyrin molecules. The TPPS4 nanoribbon
ould be used in a molecular-scale electronic device.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Organized self-assembly of molecules and self-organiza-
ion is the central issue to the utilization of nanoscaled mate-
ials in the “bottom-up” approach of nanotechnology for fu-
ure manufacturing[1]. Self-assembled, self-organized and
ovalent porphyrin arrays provide a versatile tool and are
f fundamental importance as attractive building blocks for

he modular construction of tailored field-responsive materi-
ls and potential applications in the design of sensors, cata-

ysts, electronic and photonic devices, molecular sieves and
olar energy conversion[2–6]. The design and construction
f novel porphyrin architectures with well-defined geome-

ries is an area of increasing current interest[7–8]. This re-
uires an accurate control of the molecular arrangements over
wide range of length-scales, spanning from micrometers
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down to the molecular size. No covalent intermolecular fo
have been used to engineer highly ordered three-dimens
(macro) molecular architectures where the single buil
blocks are held together by specific interactions, suc
metal–ligand bonding, hydrogen bonding orπ–π stacking
On the other hand, the self-assembly at the solid–liqui
terface has been successfully used to control the mole
arrangement in two dimensions[9].

Four steps[10] can describe the organization and str
ture of matter into functional nanoscaled materials. The
mary structure is molecular structure, well-understood
controlled by principles of organic chemistry. The secon
structure is a supramolecular structure, well-developed
based on known principles. The tertiary structure desc
how the super molecules interact to form a higher order
ter. The area made a significant progress to predict an
sign hierarchical structure, but is still developing. The
the quaternary structure, describes how the self-assemb
self-organized material self-incorporates into the devices

925-4005/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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Fig. 1. Structure of the TPPS4 porphyrin diacid (H4TPPS4
2−) in pH 1

solution.

builds interconnections to the macroscopic world. This field
is at the starting point of its development. The intense research
was made to understand the phenomena of porphyrin and
related compounds aggregation[11–16]. The driving force
for self-association in aqueous solution for such a class of
molecules is the enthalpically driven attractive interaction
between the�-systems, leading to the formation of stacks of
molecules[13]. One of the well-known molecular assemblies
of this kind isJ-aggregates[12]. The aggregates are char-
acterized through a new and sharp optical absorption band
(J-band), which is shifted to larger wavelengths with respect
to the long wavelength absorption band of the monomers at
about 400 nm (the Soret band), followed by several weaker
absorptions (Q-bands) at higher wavelengths (from 450 to
700 nm). According to several models[14–20], the aggre-
gates should rather form two-dimensional systems of chro-
mophores. The structure of the TPPS4 porphyrin molecule in
acid aqueous solution is shown inFig. 1 [14].

These one- or two-dimensional models have further been
modified to account for the optical activity ofJ-aggregates,
observed in the presence of chiral auxiliaries[21,22]. The
structure of TPPS4 J-aggregate is presented inFig. 2 and
porphyrin molecules make an angle with the stacking direc-
tion [17]. It is common to all models that they explain specific
experiments very well. However, their weak point is that they
are often insufficiently founded by structural data.

f
a l size
a ver-

sially discussed. In particular, by use of no intrusive exper-
imental techniques it became apparent that the spectroscop-
ically determined aggregation numbers do not correspond
to the geometrical size of the aggregates[23,24]. This con-
clusion is supported by results of picoseconds spectroscopy,
suggesting large aggregates composed of many thousands of
dye monomers[25].

To obtain detailed structural information about the
supramolecular organization on surface for porphyrin self-
assembled arrays the scanning tunneling microscopy (STM)
[9,26–29], atomic force microscopy (AFM)[16,28,29]and
scanning near field optical microscopy (SNOM)[30,31]were
employed in the last years. Scanning probe microscopy plays
a paramount role, since they allow one to explore organic sur-
faces on different scale lengths in various ambients[32].

In this paper, we report on the first study of molec-
ularly resolved images of TPPS4 porphyrin self-assembly
at the solid–liquid interface and on the growth of this
macromolecule into molecularly defined ribbons on graphite.
Herein we report the results on the homoassociation of the
meso-tetra(4-sulfonatophenyl)porphine (TPPS) in acidic me-
dia and self-assembly on the surface in order to infer about
the building architecture from revealed cooperative effects
of the self-assembly of porphyrin structures and application
of scanning probe microscopies to investigate self-assembled
architectures of porphyrin aggregates from the micron-scale
t
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On the other hand, the supramolecular structure oJ-
ggregates, i.e., their aggregation number, geometrica
nd morphology, is not fully understood yet and contro

Fig. 2. Fragment of the structure of TPPS4 J-aggregate.
o molecular-level on flat solid substrates.
The aim of this study was to correlate the spectrosc

attern with the aggregate’s molecular and supramo
ar structure and to confirm experimentally the aggrega

odel suggested by authors in the early work[29].
An understanding of these effects is essential to obtai

elf-organizing condensed phases of porphyrins with tai
roperties for various applications.

. Experimental

.1. Materials

The tetra sodium salt of tetrakis-5,10,15,20(4-sulfon
henyl) porphine was obtained from Porphyrin Products
an, UT) and was used without further purification. ThJ-
ggregate solutions were prepared by dissolving TPP4 in
cidic aqueous medium (HCl was added to reach pH

he concentration range 1× 10−4 to 2× 10−6 M. To stabi-
ize the aggregates formation the solution was left at r
emperature for aggregation for 10 days, before the thin
reparation. TheJ-aggregates of TPPS4 formed after solutio
reparation was confirmed by absorption spectra.

.2. Preparation of porphyrin films

Highly oriented pyrolytic graphite (HOPG), glass, m
nd silicon were chosen as supporting substrates. Th
lms of TPPS4 were prepared by drop casting solutions
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allowing the solvent to evaporate at room temperature in
the dust-free environment, dipping substrate into solution or
spin-coating technique at 100 rpm. Then the sample was dried
in ambient air. The TPPS4 thin films were generally deposited
from 1× 10−4 and 1× 10−5 M solution.

2.3. Scanning force and tunneling microscopy

Muscovite mica slices for atomic force microscopy mea-
surements were cut into discs with a punch and die set in order
to produce readily cleavable edges. The glass covers for mi-
croscopy were used as glass substrates without any additional
washing procedure. Hydrophilic silicon substrates were pre-
pared by washing plates, cut from standard Si wafers, in a
solution of 4.6% HCl and 3.5% H2O2 in MilliQ-grade water
at 85◦ C for 5 min under the ultrasonic treatment.

The scanning tunneling microscopy measurements were
made on HOPG samples. Molecular resolution was achieved
and by varying the tunneling parameters, it was possible to
visualize the HOPG lattice underneath and therefore to cali-
brate the piezo in situ. Droplet of sample solution was placed
onto freshly cleaved highly oriented pyrolithic graphite and
was allowed to dry at ambient conditions for 1 h. The sample
was promptly imaged after with STM. The size of the homo-
geneous film sections depends on details of the preparation,
including the solvent; this will be discussed elsewhere. High-
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men containing grids were placed in the center of the dish
and droplets of 0.5% aqueous solution of RuO4 (EMS sci-
ences) were placed around the grid. After 10 min, grids were
removed and used for imaging.

2.5. Spectroscopy

Solution and monolayer spectra for the UV–vis experi-
ments were obtained on an Ocean Optics diode array spec-
trophotometer to confirm theJ-aggregates formation. A series
of different solution concentrations of TPPS4 were prepared
and their absorbance at the Soret band maximum (∼432 nm)
was used to calculate the solution extinction coefficients us-
ing the Beer–Lambert law[22]. To obtain the monolayer ab-
sorption spectra, each glass cover slip was scanned before
and after self-assembly of porphyrin film and the difference
between the two spectra was the porphyrin monolayer ab-
sorption spectrum.

3. Results and discussion

3.1. Aggregation of TPPS42−

The measured UV–vis spectrum of the acid solutions (see
F hich
h ),
w nm)
[ the
r ipole
e pec-
t dent
o ot
b 2D or
3

3

film
d film

F n
1

esolution atomic force microscope measurements
ade with a home-built AFM interfaced with NT-MDT co

rol electronics (NT-MDT Inc., Zelenograd, Moscow, R
ia) and AFM and STM measurements with a Nanoscop
ulti-mode (Veeco Metrology, Sunnyvale, CA).
The dry samples were investigated by SFM in the con

nd tapping mode in a range of scan lengths from 5 to 0.1�m,
nd using commercial Si cantilevers NSG11 series (le
00�m and width 35�m) with a force constant 11 Nm−1

nd tip curvature 10 nm and resonance frequency 255
NT-MDT). The Pt/Ir commercial tunneling tips were us
or STM measurements. The ribbon widths were meas
25] from images with a resolution of 512 pixels× 512 pixels
nd scan lengths 20 nm to 3�m, while their heights wer
etermined by the use of the facilities of the SPIP (Im
etrology) and NT-MDT softwares. Several tens of ima
ere processed for each polymer length in order to minim

he influence of the choice of sample area and to reduc
tatistical error.

.4. Transmission electron microscopy (TEM)

TEM images were obtained with Hitachi S-4800 elec
icroscope in STEM mode. Acceleration voltage was 30
nd emission current was 10�A. Working distance was equ

o 8 mm. Droplet of sample solution was placed onto the
esh TEM grid with carbon film coating and was allow

o dry at ambient conditions. After that sample was ei
irectly imaged or additionally stained with RuO4 vapor.
taining was performed in covered petri dish where sp
ig. 3) has absorption maxima at 423, 490 and 705 nm, w
as to be attributed to the formation ofJ-aggregates (490 nm
hich at higher concentrations give H-aggregates (420

8]. In the dry films, an increased absorption appears in
egion about 450 nm. This suggests that the simple d
xciton coupling model, which explains the absorption s
ra of the homoassociate solutions through two indepen
ne-dimensional couplings (H- andJ-aggregation), cann
e applied to the condensed phase and the collective
D exiton model should be applied[33].

.2. Transmission electron microscopy

In the evaporation of a drop of the solution, the TPPS
evelops from the border to the center of the drop. The

ig. 3. UV–vis absorption spectra of TPPS4 solution; (1) concentratio
× 10−4 M, (2) 1× 10−5 M.
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Fig. 4. SEM microphotograph of TPPS4 aggregates and NaCl crystals ob-
tained on carbon film after evaporation of solution.

surface retains water as it is seen from the force–displacement
curves of AFM measurements. The water content depends
on the water–vapor pressure of the surrounding atmosphere.
The films show an organic phase, which incorporates NaCl
crystals (seeFig. 4). These NaCl crystals rise at the periphery
of surface of the organic phase or appear as a single crystal
up to 0.5�m in diameter. The TPPS4 phase is textured in
the form of elongated fiber-like or a wheel-like structures
(Fig. 5).

The detail analysis of TEM images reveled that the wheel
structures are the self-assembly of ring-type tetrameric struc-
tures with typical diameter of∼10 nm. The ring-type struc-

F
a

Fig. 6. Cross-section of strip-like TPPS4 aggregate in Fig. 5b. Scale: 5 pix-
els = 2.5 nm.

tures consist of four segments with diameter of∼4 nm. It
is in good agreement with the dimensions of porphyrin ring
(1.96 nm) and dimmer (3.16 nm)[34]. The diameter of the
wheel structures varies from about 10 nm up to 250 nm. The
central parts of the wheel is composed of phorphyrin dim-
mers and have a planar structure, in contrast with peripheral
area of the wheel composed in 3D structure from TPPS dim-
mers aggregates of tetrameric structure. The cross-section of
strip-like structure revealed by TEM have a 8–9 nm in diam-
eter as it was obtained from images using the SPIP software
and pixels count (Fig. 6).

3.3. Atomic force microscopy

AFM was used to perform quantitative measurements of
molecular arrangements in the wide range of imaging-scales
(100 nm to 5�m) and are presented inFig. 7. The fracture
of the film observed by AFM shows that the fiber-like struc-
tures are stacked in a ribbonFig. 7(b) of different structure,
depending on the spot location on the TPPS4 drop area. The
ribbons consist of nanorods with width of 18–20 nm and
height 8–10 nm. The nanorods are built of bricks of par-
allelogram form with the dimensions∼34 nm× 56 nm and
conclusion can be made from experiment that it consist of
the two smaller parts. The angle between the short axis of
building bricks of ribbons and ribbon axis (seeFig. 7c) mea-
s –56
w -
g od
r le-
r ges
m embly
o truc-
t ures
h typ-
i the
r of
n n of
t g di-
r sent
a as-
ig. 5. TEM images: (a) wheel-like structures; (b) aggregate of stripe-like
nd wheels structures.

s n at
t

ured by means of SPIP software was in the range of 51◦
hich corresponds with the results on ZnP3 porphyrin ag
regation of the work[34]. The cross-section of double-r
ibbon, presented inFig. 8, clearly demonstrates the doub
od structure of ribbon. The detail analysis of many ima
ade at different scales demonstrate that the self-ass
f building blocks starts about some kind of backbone s

ure (seeFig. 7b). These backbone nanorods-type struct
ave a width of 18 nm and the height of 2–2.5 nm. The

cal width of nanoribbons is 48–56 nm, but it was found
ibbons with the width around 100 nm. The dispersion
anoribbon width can be a result of different orientatio

he rods on the surface, different angle to the scannin
ection. It was found that the parallelogram bricks repre
projection of wheel-like structures. These wheels-like

emblies are the building bricks of nanorods. It is see
he end of nanorod in theFig. 7c (marked by A). At the
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Fig. 7. AFM image of H4TPPS4
2− morphologies on glass substrate.

Fig. 8. Cross-section of double-rod ribbon.

same time, it was found that the wheel-type assemblies lay
on the surface of substrate in the areas of nanorods and rib-
bons formation. Further investigation by AFM revealed that
wheel structure consists of thin central part and four periph-
eral blocks (Fig. 9). The small structures are seen between the
wheels. The dimensions of structures are 8–18 nm and height
0.8–1 nm. The cross-section of the wheel structure measured
by AFM is presented onFig. 10. The measured wheel height
is 8 nm and diameter 80 nm. The next typical size of wheels
observed—diameter 28 nm and height 2 nm. AFM investiga-
tions revealed the smallest building blocks with dimensions
12 nm× 28 nm× 2 nm, the next revealed structure have di-
mensions 20 nm× 56 nm.

F d (B)
a

3.4. Scanning tunneling microscopy

Fig. 11 shows STM images of TPPS4 ribbon-like ag-
gregates on HOPG surface prepared by drop evaporation.
Fig. 11a is a STM topography scan intended to reveal
the gross surface morphology of the aggregated structures.
Within the 100 nm× 100 nm area it is clear seen a ribbon-
like structure, which consist of thin rod-like structures, ori-
ented along the long axis of the ribbon. The thin rod-like
structures dimensions have a measured by the tools of SPIP
software width∼1.4–1.8 nm, which correspond to the diam-
eter of TPPS4 porphyrin molecule[35]. In the area marked
(A), it is seen a ring-like structures. The wide of perpendic-
ular to the ribbon axis formations have an average width of
�L= 8 nm. It correlates very well with the results of AFM
and TEM investigations. The image demonstrates the fact
that the self-assembly of TPPS4 from the acid aqueous solu-
tion during the evaporation into solid-state film is going on
the sample surface. The dispersion of monomer and dimmer
size aggregates on the surface and the step-by-step evolv-
ing process to the ribbon-like structure was imaged on the
surface.

The higher resolution STM scan shown inFig. 11b in-
dicates the formation of ordered molecular arrays along the
ribbon axis. The bright dots inFig. 11b (marked A) form-
ing the periodical linear array have a diameter of 0.7 nm and
a a-
s eigh-
b ns
r ocia-
t ar
ig. 9. The wheel-like structures (A) on the surface and the nanoro
ssembled from the wheels. Scale: 500 nm× 500 nm.
re ascribed to the TPPS4 molecules phenyl ring. The me
ured distance was 1.8 nm between the centers of the n
oring linear arrays. It fits very well into the dimensio
ange obtained by other works on porphyrin homoass
ion [36]. This confirms theJ-aggregation model of line

Fig. 10. The cross-section of wheel structure.
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Fig. 11. Large-scale (100 nm× 100 nm) (a), middle-scale (20 nm× 20 nm) (b) and molecular-scale (5 nm× 5 nm) (c) STM images of the TPPS4 assemblies
on the HOPG surface. The tip potential and the tunneling current were, respectively, 1 V and 1.5 nA.

porphyrin molecules arrangement proposed in early works
[20]. The atomic resolution STM scan shown inFig. 11c
indicates the graphite atomic structure (marked A) and a por-
phyrin molecule is seen as a propeller-like shape (marked
B). The measured diameter of the molecule from the image
cross-section was found 1.6 nm× 1 nm and the height 0.6 nm,
which is in good agreement with other works on porphyrin
molecules investigation[18,29]. As it is seen on theFig. 11c,
the molecule is connected to the nanowheel structure com-
posed of a few molecules. The diameter of this formation was
found∼4 nm and the bright spot in the center of nanowheel
is ascribed to the TPPS4 molecule. The STM imaging results
allow to make a statement that TPPS4 porphyrin molecules
self-assemble on the surface into nanoribbon-like structures
by rod-like association of porphyrin molecules into linear
structures and these linear structures grow in parallel to form
a ribbon. The structures growth is based on the associa-
tion of single molecules or complexes of several molecules
to the association centers on the surface of the sample.
The complexes tend to form a wheel-like structure rang-
ing in diameter from several nanometers up to hundred of
nanometers.

The self-assembled structures start as a 2D molecular pat-
tern and molecules lie flat on the (0 0 1) plane of the HOPG.
The conjugated backbones of porphyrin phenyl rings appear
brighter than the sulfonic chains because of a stronger cur-
r ones
a the
w e
t ains
e nted
b rison
o be-
t larly
r
g lay-
e yers
h ve a
h ori-
e
a stant
f con-

stant for with single, triple and even higher multilayers, how-
ever, they are not constant for the whole sample. The appar-
ent widths shift to higher values with increasing length of
the pseudopolymer (Fig. 7). Since the absolute value of the
width is of the order of the length of a single molecule, it is
concluded that the extended molecules are packed parallel to
each other with their long molecular axis perpendicular to the
long ribbon axis, as represented in the proposed ribbon model
(Fig. 12).

The width of the ribbon is attributed to the molec-
ular weight of molecules, which implies that molecules
with similar molecular weights phase-segregate into rib-
bon sections with homogeneous widths. This segregation
phenomenon governs the formation of the ribbons, re-
quires a small degree of polymerization, and is likely to
be favored by a low macromolecular polydispersity. The
ribbons structures self-organize into long parallel rods in
the central part of the drop with growing concentration
of TPPS4 molecules during evaporation (Fig. 13). The
structure of rods has two conjugated ribbon lines and the
width of the rod is 40 nm and the height 1.5 nm. The di-
mensions of the building blocks (ribbons) are 20 nm×
40 nm.

F
o acked
p PPS
m of the
s

ent. The spacing between neighboring parallel backb
long the long axis of ribbon, which can be attributed to
idth of the molecules, amounts to�L=1.8 nm. It is clos

o the 1.9 nm calculated for the case with the sulfonic ch
xtended. This indicates that the side-chains are well orie
etween adjacent parallel backbones. From the compa
f the porphyrin molecules data value with the spacing

ween neighboring backbones evaluated from molecu
esolved STM images, we suggest that the TPPS4 ribbons
row are not equally distributed of one or few mono
rs thick. The connecting structures have one monola
eight and one molecule width and building blocks ha
eight up to 10 monolayers with their sulfonic chains
nted perpendicular to the substrate (Fig. 11). The width
nd the height of the well-developed ribbons are con

or some straight ribbon sections; however, they are not
ig. 12. Schematic representation of molecular ribbons of TPPS4 adsorbed
n the HOPG surface. (a) Ribbons are made of several nanorods p
arallel one to each other. (b) Each nanorod is typically made of ten T4
olecules packed, with the sulfonic chains parallel to the basal plane

ubstrate.
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Fig. 13. The double-line structure of TPPS4 porphyrin is self-organized from
the building blocks (ribbons). Scan area: 500 nm× 500 nm. The dimensions
of building block (A) are 20 nm× 40 nm.

4. Conclusions

We have characterized the self-assembly of a tetrakis(4-
sulfonatophenyl)porphyrin on flat solid crystalline hy-
drophilic (mica, glass, Si) and hydrophobic (graphite)
substrates. It is a first time demonstration of molecularly
resolved images of TPPS4 aggregates formation. At the
interface between graphite, glass, Si and an acidic aqueous
solution molecularly ordered structures are formed. The
different morphologies were observed, as depicted in
Figs. 7, 9 and 11. The wheel-like and rod-type forma-
tions were found. The self-organization and grow of long
TPPS4 rods is based on the self-assembly of building blocks
(nanoribbons) with typical dimensions of 20 nm× 40 nm, but
it is common 80–100 nm width cross-section. The rods have a
double-line structure; can be organized in two layers with flat
teramer in cross-section. The building blocks (ribbons) are
made of several nanorods packed parallel one to each other
Each rod has a typical width 8–9 nm, which corresponds
with five molecules or three dimmers dimension. The height
of ribbon varies from the monolayer to several layers. The
nanorods in ribbon are connected by monomolecular chains.
The wheel-like structures found by TEM, AFM and STM
as possible building blocks for another type of rods (Fig. 9)
vary in dimensions from few nanometres to hundred of
nanometres.
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