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The formation mechanism of ring-shaped assemblies (wheels) obtained from the evaporation of solutions of
bis(21H,23H-5(4-pyrydyl)-10,15,20-tris(4-hexadecyloxyphenyl)porphyrin)platinum dichloride (PtP) has been
studied by a variety of spectroscopic and microscopic techniques, including confocal fluorescence microscopy
(CFM), atomic force microscopy (AFM), and near-field scanning optical microscopy (NSOM). Ring-shaped
structures have been obtained by deposition of CHCl; solutions on glass, and a strong dependence of ring
shape and size on the initial PtP concentration has been observed. Addition of methanol (MeOH) to the
solution inhibited ring formation if the content of MeOH was higher than 10% in volume. Depositions of
CHCI; solutions on graphite instead of on glass exhibited more perfect circular ring structures. Polarization
and local time-resolved measurements of the fluorescence at the edge of the rings demonstrated, however,
that the rings have similar spectroscopic properties on both substrates. Scanning probe microscopy techniques
(AFM and NSOM) gave detailed information on the morphology of the ring. The size of the porphyrin
wheels varied from 10 nm to several #m in diameter and between 10 and 200 nm 1n height. NSOM experiments
on the nanoscale optical properties of the samples indicated that the assemblies are organized on the nanometer
scale due to small molecular aggregates. Additionally, the effect of the porphyrin (PtP) concentration on the
spectroscopic and scattering properties of the PtP solutions revealed that molecular aggregates are formed
prior to evaporation. The implications of these results on the ring formation mechanism are discussed 1n this

paper.

Introduction

There has been an intense interest in the spectroscopic and
photochemical properties of complex molecular assemblies of
photoactive molecules due to their potential application.'™*
Furthermore ring-shaped assemblies of porphyrins are known
to occur in nature, as in the bacterial complex LH2.

The preparation by Schenning et al.° of micronscale ring-
shaped assemblies of porphyrins, 1.e., porphyrin rings or wheels,
by evaporation of porphyrin solutions on a substrate, 1s one of
the most interesting examples of the facile construction of
molecular objects by self-assembly.

This paper reports a detailed investigation of the local optical
properties of porphyrin rings on glass, obtained by deposition
of porphyrin from CHCl; solutions. In particular it is concerned
with the formation and characterization of porphyrin rings
resulting from a detailed scanning force microscopy, near-field
scanning optical microscopy,’ and scanning confocal microscopy
analysis. Using the porphyrin, bis(21H,23H-5(4-pyridyl)-
10,15,20-tris(4-hexadecyloxyphenyl)porphyrin)platinum  di-
chloride, PtP, in CHCl3, thin films were grown under a variety
of conditions. The ring-shaped assemblies on glass are analo-
gous to those previously reported on a graphite surface,® ranging
from 10 nm to 10 x#m in diameter and between 10 and 200 nm
in height. Emission spectra of the rings on the glass indicate

" Permanent institution: Department of Chemistry, University of Min-
nesota, Minneapolis, MN 55455.
* To whom correspondence should be addressed.
: ® Abstract published in Advance ACS Abstracts, November 1, 1997.

that the rings are composed of porphyrin molecules 1n a locally
aggregated configuration. Preliminary polarized NSOM 1mages
suggest that the individual aggregates 1n the rings are random!y
oriented, leading to an amorphous conglomerate of nanometer
scale aggregates. Experiments have also been undertaken (o
study the effect of added methanol on the ultimate film structure.
The films grown on glass substrates are compared to films
grown on graphite, which allows for a comparison to the
previously published SEM and TEM measurements on graphite-
supported films.® The experiments have allowed us to address
some preliminary issues of the growth mechanism.

Photophysical data of the precursor in solution were studied
to evaluate the role of the aggregation in the film formation.

Experimental Section

The methods for the synthesis of PtP and the film preparation
techniques were presented elsewere.® The solvents chloroform
(CHCls, Biosolve LTD, HPLC-grade), carbontetrachloride
(CCly, Biosolve LTD, HPLC-grade), and methanol (MeOH
Biosolve LTD, Spectro-grade) were used without further
purification. The films investigated were stored for a few days
in the dark, and no morphology changes were observed upon
aging of the samples.

Spectrophotometric measurements in solution were carried
out by a UV —vis spectrophotometer (Perkin-Elmer Lamda 6).
Steady-state fluorescence spectra and synchronous scans were
obtained by a fluorimeter (Spex Fluorolog), which provides the
correction factors for the lamp profile. The fluorescence
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quantum yields were measured*in front face configuration using
cresyl violet in MeOH as a reference, ¢ = 0.54.° In the
synchronous scans, right angle configuration was used to detect
the resonance light scattering from the solutions.” The excitation
ard the emission monochromators were coupled and adjusted
(0 scan simultaneously through the range 400—800 nm. The
e perimental setup was tested, reproducing the data presented
b Pasternack for chlorophyll a.'"" The scattering spectra of
¢/'lorophyll a 1n acetone 1n the presence of formamide-buffered
solutton were in agreement (within experimental error) with
those reported 1n ref 11.

Confocal transmission images were taken with a Bischke
"D-4012P black-and-white camera. Confocal fluorescence
>asurements were recorded with a Biorad MRC 600 scanning
it and a Nikon Diaphot 300 inverted microscope. Fluores-
nce 1mages are obtained with a 60x, 1.4 NA o1l immersion
jective lens (3 s/frame (768 x 512 pixels)). The frequency-
¢oubled output (420 nm) of a Ti/Sapphire laser (Tsunami,
“pectra Physics) was used for excitation. The effect of light
larization on the fluorescence has been performed by placing
larizing sheets (with parallel, perpendicular, and 45° orienta-
ns) on the excitation pulse and/or in front of the detector,
spectively. Time-resolved fluorescence experiments were
carried out by replacing the 460DCLP Chroma long-pass filter
ith a 100% reflection mirror to direct photons to a simplex
(CP (Hamamatsu R3809U-50). A CVI 660 = 5 nm narrow
rand-pass filter 1s placed in front of the MCP. As a reference
- -(dicyanomethylene)-2-methyl-6-p-(dimethylamino)styryl-4 H-
~yrane (DCM) in methanol, 7z = 2.3 ns,'' has been used.

Atomic force microscopy images have been acquired i1n
oncontact mode either by a Lumina-AFM (Topometrix) using
w-resonance cantilevers and phase detection or with a
nscoverer AFM system (Topometrix) using high-resonance
robes and amplitude detection.

The commercial NSOM instrument (Topometrix Aurora
10del) was modified by replacing the 670 nm diode laser that
; used for shear-force feedback with a 980 nm diode laser 1n
rder to allow for the detection of fluorescence of the porphyrin
vheels (Anax 665 nm, see below). Additionally, the PMT
etector of the Aurora was replaced with a more sensitive and
ower background level detector, namely a single-photon-
ounting avalanche photodiode module (EG&G, Model SPCM-
'00-CD1718).

Commercially available and homemade NSOM probes were
'mployed in the experiments. The optical images were recorded
vith an Al-coated optical fiber probe with a nominally 100 nm
aperture at the probe end; simultaneously topographic images
nave been recorded.

Typically 0.6 mW of 458 nm light was coupled into the fiber
orobe, and approximately 10’ photons per second emanated from
the probe and were detected in the far field. The excitation
1ight was blocked by a laser notch filter (Kaiser Optical Systems,
nc. HNPF-457.9) and a 540 nm long-pass filter. Additional
R short-pass filters were employed to block the shear-force
aser. The fluorescence light from the sample was collected
alternatively with a 60x, 0.7 NA dry and a 100x, 1.4 NA o1l
immersion microscope objective. Scan speed was typically 2.2
um/s for a 10 x 10 um scan range, and measurements were
made at room temperature.

The commercially available (Topometrix) NSOM probes were
evaluated by a multistep procedure: (1) an evaluation of the
mechanical response of the fiber to ensure a large-amplitude
resonance with a linear motion of the probe and allowing for
stable shear-force detection; (11) an optical examination of the
light emanating from the tip to ensure the absence of detectable
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Figure 1. (A) Excitation and emission spectra of PtP deposited on
glass (full line) and 1in CHCl; solution (dotted line); emission spectra
taken on a sample prepared by evaporating a 2 x 107" M solution in

CHCls. (B) Synchronous scan of a 5 x 107> M solution of PtP in
CHE.

pinholes 1n the aluminum coating of the probe; and (111) a
measurement of the far-field light emanating from the aperture
to determine whether the intensity of the probe 1s sufficiently
high for NSOM measurements. The resolution of the NSOM
image, which i1s controlled by the aperture size, should be
significantly better than the topographic images for tall, sharp
objects (such as the porphyrin wheels). Thus, substantially
better resolution in the NSOM image was used as an additional
criterion for an acceptable NSOM probe.'* '

Fluorescence spectra in the NSOM were acquired with a
Chromex 250IS 1maging spectrograph coupled to a cooled ICCD
(Princeton Instruments, Inc. model ICCD-576-S/RB-EM). The
spectra were obtained by excitation with an uncoated NSOM
probe 1n order to increase the excitation intensity albeit with a
decrease 1n spatial resolution.

NSOM polarization excitation measurements have been
performed in collaboration with the Department of Chemistry,
University of Minnesota, and the instrumental setup has been
previously described.'”

Results and Discussion

Photophysical Studies in Solution and of the Bulk Film.
The spectroscopic properties of PtP in solution have been
investigated 1n order to characterize the photophysics of the
monomer building block in solution and to explore whether there
1S spectroscopic evidence for aggregation in the solutions that
were used for film growth. Preformed aggregates may play an
important role in the ring growth mechanism.

The ground state of PtP in CHCl; and CCl; shows an
absorption spectrum typical for a metal-free porphyrin:'® the
Soret band has its maximum at 427 nm (¢ = 9.0 x 10° M!
cm™') and four Q-bands at 521 (e = 3.7 x 10* M~! cm™)),
560(e =26 x10°M'"em™),593(e=12 x 10*M~'cm™)),
and 650 (e = 1.3 x 10* M~' cm™') nm. The spectral shape is
affected by the concentration; in particular at wavelengths below
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Figure 2. Confocal fluorescence images of evaporated films of PtIP/CHCIl; 2 x 107° M solutions on glass. The scale bar below each ima;

represents 10 um.

450 nm a deviation from the Lambert—Beer law 1s observed in
correspondence with the broadening of the Soret band. This
indicates aggregation taking place in solution. The fluorescence
spectrum of PtP in CHCIl; shows two bands, at 654 and 725
nm, and 1ts shape 1s independent of the excitation energy. In
diluted solution a fluorescence quantum yield of 0.02 has been
measured. Increasing the concentration produced no additional
spectral changes, but a reduction of quantum yield was observed,
presumably due to aggregation. The excitation spectrum
recorded at 654 nm matched the absorption spectrum (Figure
[A).

By adding MeOH to CHCl; solutions (PtP 1s not soluble in
neat MeOH) a sphitting of the Soret band 1s observed. In a
CHCI3/MeOH mixture containing 50% of alcohol, the main
absorption 1s at 427 nm, but two new shoulders at 390 and 447
nm appear. In the presence of a higher MeOH fraction (75%
in volume) the splitting 1s more pronounced and the absorption
at 427 nm appears like a shoulder of the more intense band at
447 nm. In the presence of MeOH (50% and 75% in volume)
the excitation spectrum shows a maximum at 427 nm and a
shoulder at 445 nm, so it does not match the absorption
spectrum. These effects are probably induced by the stacking
among the PtP dimers, which alters the local transition dipoles.
One possible explanation 1s the formation of a sandwich-like
complex in which the porphyrin aromatic rings stack together.'’

As it has been shown by Pasternack et al. ''!'%!3 Jight
scattering at wavelengths 1n the absorption band envelope (a
form of resonance light scattering) of an aggregate in solution
can be considerable if the absorption 1s not too strong and the
particle size 1s sufficiently large and can be used as an indication
of aggregation. Synchronous fluorescence scans have been

:
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Figure 3. Decay curves obtained by scanning the amorphous materi:
between rings (full line), an 1solated ring (bold line), and an aggregalt
in a ring (thin line). The dotted line 1s the decay of the reference.

carried out on PtP in CHCl; solutions at different concentrations
When the concentration is higher than 107> M, resonance ligh
scattering could be detected, and its intensity increases with the
concentration. In particular, Figure 1B shows that throughou
the range 400—600 nm the scattering was weak (~107 cps) duc
to the big absorption of PtP, as demonstrated by the decreasc
of scattering at the position of the Soret band. However, @
higher scattering intensity was observed at longer wavelengths
with a maximum at 710 nm. This result indicates the presence
of aggregates also in CHCl;, but the absence of remarkable
changes 1n the absorption and excitation spectra suggests thal
they are not stacked.

The spectroscopy of PtP in solid thin films has also been
investigated. The ground-state absorption of the bulk film 1s
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Fioure 4. Confocal fluorescence images of evaporated films of PtP in mixtures of CHCI; and MeOH. (A, C. E) Images taken at different positions
of 1 sample prepared from a solution with 3% of MeOH. (B, D) Images recorded from a sample prepared by a solution with 6% of MeOH. (F)
lnmage obtained from a sample prepared by deposition of a solution containing 28% of MeOH. The scale bar below each image represents 20 zm.

red-shifted compared to the one measured in solution. The
nges are more pronounced for the Soret band region, which

\
hos its maximum at 450 nm. The fluorescence spectrum of
l

1 on glass has a main band at 665 nm and a second one at
35 nm. The excitation spectrum recorded at 665 nm matches
the absorption spectrum. Figure 1A shows the normalized
cxcitation and emission spectra of the bulk film and the solution
lor comparison. The spectral properties of these films were
the same, irrespective of the concentration of the starting
solution.

Confocal Fluorescence Microscopy of the Porphyrin Thin
Films. We used CFM to study a broad range of porphyrin thin
llms, including samples prepared from PtP dissolved in mixtures
of CHCIl3/MeOH with various compositions. Time-resolved
luorescence measurements were combined with confocal

measurements to monitor the time-resolved emission dynamics
of porphyrin rings. Porphyrin rings on graphite substrates were
also examined.

Confocal images in transmission and fluorescence mode
showed that the morphology of the structures was affected by
the concentration of the starting solution. By varying the
concentration of the solution, different structures have been
egrown that range from rings that are highly interrupted (like
beads on a chain) to thick, well-formed rings. For very highly
concentrated starting solutions, a continuous deposition of
material has been observed in the films (see below for details).
The films obtained from 2 x 107° M PtP solution exhibit
especially well-formed rings which gave the best resolved
images with CFM, in terms of contrast and background
fluorescence.
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Figure 5. Confocal fluorescence polarization images of evaporated
films of PtP in a mixture of CHCI; and 3% MeOH on glass. The scale
bar below each image represents 10 gm.

Figure 2 portrays CFM 1mages of a porphyrin thin film
sample on glass prepared by evaporation of a2 x 107 M PtP
solution. These data show some 1solated rings and other regions
with fused rings and some even more complex structures, such
as the complex of rings shown in Figure 2D. It 1s likely that
these various assemblies result from an organization that occurs
In the growth mechanism. Thus, the ring of rings 1s an extreme
example of the organizing structures fusing together, which 1s
apparent 1n Figure 2A. Some of the rings have a large individual
deposition on one side which may function as a nucleation site

(Figure 2C). With CFM no fluorescence has been detected from

the inside of the rings.

An example of time-resolved fluorescence decays for the
porphyrin rings 1s shown in Figure 3. The decay kinetics of
different regions of the sample are, within experimental error,
indistinguishable. The three traces in Figure 3 correspond to
the 1solated ring 1n Figure 2B, the region of the sample that
includes many fused rings (Figure 2C), and finally the large
bright region of material attached to the ring in Figure 2C,
respectively. The similarity of these decays reveals that the
porphyrin material that comprises the rings, the large composite
aggregates, and the material between the rings presents a very
similar structure at the spatial resolution of CFM.

An examination of the images of films grown in different
conditions showed a variety of features that were consistent with

Figure 6. Confocal fluorescence polarization images of evapora
films of PtP/CHCI; on graphite, using (A) unpolarized light and
horizontally and (C) vertically polarized light. The scale bar below e:
image represents 1 um.

two possible mechanisms for porphyrin ring formation. I
first model, the aggregation 1s induced by the gas bubb!
formed during the evaporation of the porphyrin/CHCl; solutic
that are used to prepare the films (bubble model). At t
circumference of the bubble, nucleation and growth of
porphyrin amorphous phase should occur, which results in rin
structures after the evaporation was complete. In general
bubble-induced aggregation 1s a well-documented phenoni-
enon.'” In a second model, the assembly of porphyrin material
can be induced by a dynamic process during the dewetting ol
the substrate by the CHCl; solutions. The unstable film evolves
via nucleation and growth of dry patches (hole model).”’ The
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gure 7. Topographic images of evaporated films of PtP/CHCI; solutions on glass microscope cover slips. Image size 1s indicated below each
1age. (A—C) Images taken from a sample prepared by solvent casting of a2 x 107" M solution. Images A and B are acquired by noncontact AFM

hile image C was acquired by shear-force with a coated NSOM probe. The color scale on the top left applies for image A. Images B anc
milar color scales. (D—F) Images scanned by noncontact AFM on a sample prepared by solvent casting a 2 x 107° M solution. The co
' the middle left applies for image D; images E and F have similar color scales. (G—I) Images taken by shear-force with an uncoatec

C have
or scale
NSOM

‘obe on a sample prepared by spin coating a 2 x 107* M solution. The bottom left color scale corresponds to the height contrast in image G and
appropriate for image H. Image I is a close up of an area between the rings shown in images G and H. The contrast in Figure 1 corresponds to

bout 30 nm.

1ole expands (due to capillary forces) and induces the displace-
nent of the porphyrin material and its accumulation at the hole
rim. This ends in ring structures when the drying 1s complete.
'he self-assembly of material, induced by a dry hole nucleated
during wetting and dewetting processes, has also recently been
reported.”! The process is a complex phenomenon which
requires an organizing structure (bubble/hole), and 1t involves
hydrodynamic and surface effects. It will be discussed else-
where in detail.

Samples were also prepared from the PtP solutions using
CHCl13/MeOH mixtures as the solvent. The film morphology
s altered by the presence of MeOH, as demonstrated in Figure

4. In the films with only 3% MeOH, ringlike structures are
observed. At the edge of the film, where the porphyrin
concentration 1s particularly high, many ring structures are
observed with a large distribution of ring diameters (Figure 4A).
Many of the rings are fused together, and the larger rings are
significantly distorted from the circular shape. Near the center
of the same film, the ring density 1s much lower and individual
rings are easily observed (Figures 4C.,E).

Further addition of MeOH to the PtP solution significantly
suppresses ring formation. For 6% MeOH solutions, few rings
are observed, but structures of micrometer size conglomerate
of aggregates are observed, especially at the edge of the film;
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see Figures 4B.D. Finally, at high MeOH concentration, e.g.
28%, the CFM 1mages reveal a high degree of micrometer size
depositions surrounded by regions of no fluorescence, which 1s
portrayed in Figure 4F.

These results suggest that wetting and dewetting of the
substrate may play an important role in the deposition process.
Two possible explanations for the suppression of ring growth
by adding MeOH can be suggested. First of all, the wetting of
the glass substrate by the solution should be enhanced 1n the
presence of MeOH due to its more polar and hydrogen-bonding
character than CHCl; (the initial size of the solution droplet 1s
observed by eye to be significantly larger for the solutions with
higher MeOH content). The improvement of wetting alters the
thermodynamics of the liquid layer on the substrate and may
change the rate of bubble nucleation and/or bubble attachment
to the surface. Furthermore, MeOH appears to alter the
molecular packing of the porphyrins in the aggregate, and this
may 1n turn favor the formation of fiberlike assemblies of
aggregates.

Figure 5 compares polarized fluorescence CFM 1mages of
porphyrin rings prepared from CHCIl;/MeOH solution. The
horizontally and vertically polarized fluorescence images are
identical within experimental error. Similar images have been
obtained when the polarization of the excitation light 1s changed.
The absence of fluorescence anisotropy in the CFM 1mages
indicates that no ordered structures could be observed within
the spatial resolution (ca. 400 nm scale) and the instrumental
sensitivity.

Preliminary CFM measurements have also been made for
porphyrin rings grown by evaporation of PtP/CHCl; solutions
on a graphite-coated copper grid. The results are highly
consistent with TEM 1mages of analogous samples.” Unpolar-
1ized (Figure 6A) and horizontally and vertically polarized
images (Figures 6B,C) demonstrate that the fluorescence proper-
ties from the porphyrin rings on graphite surfaces are analogous
to those on glass surfaces. But on graphite the structures appear
more perfectly circular-shaped and most of the fluorescent
material 1s assembled in the rings and not at the outside.

Scanning Probe Measurements. Using scanning probe
microscopy, a deeper insight into the morphology of solvent-
evaporated porphyrin thin films has been reached. Two types
of scanning force images have been considered, namely non-
contact AFM and shear-force microscopy measurements.

Figure 7 portrays various scanning force images of thin films
prepared from the deposition of PtP in CHCl; solutions on glass
substrates. Images A—C correspond to 2 x 1007 M PtP
solution, while D—F correspond to a 2 x 10~° M solution, and
G—I correspond to 2 x 10°* M. The well-formed rings.
obtained from the 2 x 10" M solution, vary in height from 10
to 200 nm and in diameter from 10 nm to 10 «m. Images 7A—C
exhibit ring-shaped assemblies that are built up from individual
1solated particles like beads on a necklace. Almost every ring
has exactly one larger particle on its edge. The rings are
somewhat smaller in diameter than those prepared from higher
concentration solutions. The heights of the beads that comprise
most of the rings are substantially less than the heights of the
well-formed rings prepared from high-concentration solutions.
Noncontact AFM (Figure 7A,B) and shear-force microscopy
(Figure 7C) exhibit very similar topographic images, as expected
for artifact-free imaging (in contrast to the situation for the films
grown from more concentrated solutions; see below).

A line scan analysis of the AFM 1mage Figure 7A is shown
in Figure 8A for a line drawn through the edges of one of the
larger rings. Note that the level of the material between the
rings and between the beads on the rings is at the level of the
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Figure 8. Seclected line scans in the topographic images showi
Figure 7. (A) Topographic line scan in Figure 7A. (B, C) Topograj ¢
line scans from a 10 x 10 «m cutout of respectively part D and C f
Figure 7. (D) Topographic line scan from an image (not present. )
taken with shear-force with a coated NSOM probe on a sample prepa: d
by spin coating a 2 x 107" M solution.

glass substrate and that the individual beads are on the order f
tens of nanometers for the smaller beads. In Figures 9A.F
pair of simultaneous topographic and fluorescence NSO I
images are shown for an identical region of 2 x 107" M samy
These data confirmed that each of the beads, including the sin.
very large bead that comprises each ring, is comprised !
porphyrin material. This 1s particularly obvious in Figure ¢
which 1s a close-up of the middle right ring in Figure 9B.

The scanning probe measurements on the 2 x 107" M fil
are easily interpreted in terms of the bubble- or hole-induc |
ring growth mechanisms. Each ring in the image correspon: -
to an individual bubble during the evaporation or to a he
formed in the dewetting process. The presence of one lar ¢
bead or aggregate on each ring suggests that this may be |
nucleation site for the deposition. The incomplete ring structt
and the relatively small ring height observed for the films grov 1
from 2 x 107" M solutions are probably a result of the limit
amount of PtP that 1s available at this concentration during ru:
growth.

These interpretations apply equally well to the films grov:
from the 2 x 107° M PtP solutions, for which AFM imag:s
are shown in Figure 7D—F. Simultaneous shear-force and
fluorescence NSOM 1mages are shown in Figure 9D—!.
respectively. Parts D and E are simultaneously acquircd
topographic and fluorescence images; F 1s a close-up of the
upper right ring of the previous figures. The individual rings
are generally closed and higher than the rings from 2 x 10~
M solutions: 1n some cases they are fused together. A line scan
(Figure 8B) of the AFM topographic image reveals that the
height of the sample inside the rings is at the level of the glass
substrate. Additionally, regions of the sample outside the rings

- —_——

|

——
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Figure 9. Near-field and topographic images of evaporated films of PtP/CHCI; solutions on glass. The black scale bar below each image represents
| «m. (A, B) Topographic and corresponding near-field image taken on a sample prepared by solvent casting of a 2 x 107" M solution. (C)
Enlarged view of the top middle ring displayed in B. (D, E) Topographic and corresponding near-field image taken on a sample prepared by solvent
casting of a 2 x 107° M PtP/CHCl; solution. (F) Enlarged view of the top right ring displayed in B. (G, H, I) Topographic and near-field images
taken on a sample prepared by solvent casting of a 1 x 107* M PtP/CHCI; solution. H is taken in the middle of the droplet, while I is taken at the
edge of the sample. The x in G indicates the position where spectra were acquired. The color scale beside figure H only applies for I. For I the

color scale beside E 1s vahd.

are either at the level of the glass substrate or at a higher level
If the excess material between the rings is present at that region
of the sample.

The topography and NSOM 1mages are highly correlated,
suggesting that the NSOM data are primarily a measure of the
amount of porphyrin material present. Note that the shear-force
image recorded with coated NSOM tips exhibits lower resolution
(broader rings) than the fluorescence NSOM. This 1s a result
of the relatively poor topographic resolution in the sample plane
of the Al-coated NSOM probe. The fluorescence NSOM image
has significantly better spatial resolution since it is limited by
the optical aperture size of the probe.

The presence of well-formed rings for the 2 x 107° M
solution indicates that in these higher concentration solutions
there 1s sufficient material for completion of the ring structure

during the deposition process. The excess material is probably
due to further deposition oif aggregates after ring growth 1is
complete. The apparent absence of a single large nucleation
site on each ring 1s 1n contrast to that described above for the
2 x 1077 M films. This may reflect a different rate of nucleation
for the higher concentration solutions, but alternatively may be
a consequence of the large amounts of material present in the
2 x 107° M rings which may include (and hide) the original
nucleating porphyrin aggregate.

Even more excess material between the rings 1s observed for
solutions deposited from a 2 x 10~ M PtP solution. The films
represent a continuous structure with pinholes which correspond
to small porphyrin rings. The porphyrin rings take on the shape
of volcanolike assemblies that protrude above the continuous
film; see Figures 7G,H and 8C,D. Figure 9G—I represents
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Figure 10. Selected topographic line scans on a 2 xum length scale.

(A, B) Line scans taken from parts F and | of Figure 7. respec-
uvely.

topographic and fluorescence images taken in different regions
of the sample. Figure 9H is a fluorescence image taken at the
center of the droplet, where still well-formed rings are present.
While the fluorescence intensity in the rings 1s at the background
level, the intensity between rings 1s distinctly higher. This can
be explained by the presence of excess material between rings.
At the edge of the droplet, the small pinholelike structures that
were observed in AFM are also observed in the fluorescence
image (Figure 9I). A possible explanation for the smaller
structure size, observed in both AFM and fluorescence, can be
related to the solution density, which should increase with the
PtP concentration. This should affect the solution vapor pressure
and ultimately its evaporation rate and also the dynamics of
the liquid film on the glass.

Considering the complex structure of these films, which
involves organization on length scales ranging from the mo-
lecular to nearly the macroscopic, it 1s challenging to define
the structure and organization of these films in well-defined
terms. Thus terms such as aggregate size, film morphology.
and surface smoothness are qualitative at best for these complex
materials. Nevertheless, we have attempted to determine a
typical aggregate size for the various films by using scanning
force microscopy on a small scale (Figure 7F.,1). For this
analysis, we emphasize the more concentrated films and 1n
particular the regions of these films where continuous porphyrin
material is present. For example, for the 2 x 107° M films,
there 1s little evidence of aggregate structures that can be
resolved by noncontact AFM or shear-force measurements. In
other words, on the nanometer scale, except for the ring
structures, the films appear continuous with a smooth profile,
especially in the regions of excess material between the rings.
[n particular, the images do not exhibit the typical features of
resolvable individual crystalline regions such as sharp edges
and angular intersections. Line scans of these results are shown
in Figure 10. For the 2 x 107° M films, noncontact AFM
(Figure 10B) reveals a surprisingly smooth profile for the
continuous material nearby the rings. The data, therefore,
indicate that the actual size of an individual aggregate must be
less than the spatial resolution of these techniques, 1.e., <25
nm. The apparently larger aggregates that are clearly observed
in the 2 x 107* M film (see Figure 10A) are probably
themselves assembled from much smaller aggregates.

Hofkens et al.
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Figure 11. (A) Spectrum taken on the rim of the ring shown in Figure
7C. Acquisition time 60 s. (B) Fourth spectrum in a row with acquisition

time of 60 s on the same position. (C) Difference spectrum of A and
B.

Attempts have also been made to study the aggregate size of
the continuous material that is present between the rings of the
highly concentrated 2 x 107* M films. Noncontact AFM
imaging of these films was not successful due to unstable
feedback of the tip sample separation that apparently resulted
from continuous alteration of the sample surface by interaction
with the AFM probe. This seems to indicate that the sample
surface 1s fragile, perhaps involving a low-density composite
of weakly bound aggregates. Shear-force imaging in these
regions, in contrast, was accomplished with stable shear-force
feedback, consistent with the relatively weak sample force
interaction for shear-force measurements. The shear-force
topographic images recorded i1n the continuous region between
the volcanoes exhibited a surface roughness of approximately
10 nm due to structures with apparent widths of 50—100 nm,
as shown in Figures 71 and 10A. It 1s unknown whether these
structures are related to the aggregate composites that are
observed in the films grown from the lower concentration PtP
solutions. The apparent contradiction between the relatively
smooth profiles seen by noncontact AFM for the 2 x 107° M
films and the relatively rough surfaces seen for the 2 x 107
M films may be a further retlection of the complex morphology
of thin films that are prepared from complex self-assembly
mechanisms. The rough surface can be due to deposition of
larger structures built up from smaller aggregates. Unfortu-
nately, the surface profile measurements, especially for the
nanometer scale, may be partly affected by artifacts due to the
fragile nature of these films.

Emission spectra taken at the cross in Figure 9G of the film
have been recorded with excitation from an uncoated NSOM
probe (excitation spot size approximately 500 nm). Figure
| 1A,B shows spectra recorded for a period of 60 s each during
irradiation on the edge of the porphyrin ring shown in Figure
7C. Figure 11A corresponds to the 60 s immediately after
irradiation was initiated, while Figure 11B was recorded after
irradiation was 1n progress for a period of about 200 s. These
data and other spectra recorded during the intervening period
(not shown) exhibit a decrease 1n the intensity of the porphyrin
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F'rure 12. NSOM polarized emission fluorescence images recorded on a sample prepared from a 2 x 107° M solution. Nonpolarized excitation

it was used in A and B, while in C and D linearly polarized light was used to excite the sample. (C) Emission detected in parallel polarization

w h respect to the excitation. (D) Emission detected in perpendicular polarization with respect to the excitation. The scale bar below each image

rcoresents |1 wm.

-~

e 1ssion with time due to photobleaching of the irradiated region
the ring. It should be noted that the intensity scale in Figure
| B 1s much smaller than that for Figure 11A. The broad
b .ckground emission that is especially apparent in Figure 11B
(lor example at 600 nm) is essentially due to fluorescence from
the uncoated fiber probe, not to the sample. The background
enission has been removed from the data by subtracting Figure
| /B from Figure 11A, resulting in the corrected emission
spectrum that 1s shown 1n Figure 11C. At the position of the
continuous film the spectrum is similar. In particular no spectral
shifts have been observed.

—

Parts A and B of Figure 12 are fluorescence polarization
lmages acquired using nonpolarized excitation light. Although
the intensity scale of both images 1s different, the fluorescence
distribution 1s similar in the two 1mages. On the other hand,
when linearly polarized excitation light 1s used, different
intensity distributions have been observed. Figure 12C,D shows
preliminary NSOM polarized excitation measurements. The
photoselection of small aggregates (on the order of 10° nm) is
observed in the fluorescence images which were recorded by
the detection of the emitted light with parallel and perpendicular
polarization with respect to the excitation. This indicates the
presence of order on the nanometer scale.

Conclusions

Scanning confocal microscopy and scanning probe mi-
croscopies have been used to characterize the morphology and
molecular organization of thin films grown by evaporation of
solutions of the porphyrin PtP. Several features in the images
lead to new insights on the growth mechanism of porphyrin
rings. For deposition of solutions of optimal PtP concentrations,
ring-shaped assemblies of PtP were clearly observed in the films.
For low PtP concentration, however, only partially formed rings
were present, and for extremely high PtP concentrations the ring-
shaped assemblies are surrounded by excess PtP materal.
Preliminary polarized NSOM 1mages showed the presence of
ordered structures on the nanometer scale upon photoselection
of small aggregates. The individual aggregates, however, are
randomly oriented, indicating that the rings are an amorphous
conglomerate of aggregates. Several features in the images lead
to new insights on the growth mechanism of porphyrin rings.
Separate spectroscopic measurements on the PtP solutions used
for ring preparation lead to several indications that these
solutions contain nanometer scale porphyrin aggregates.

The data are discussed in terms of two possible mechanisms
involved 1n the ring formation: a model that 1s based on induced
bubble aggregation and a model based on hole-assisted assembly
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during the dewetting phenomenon. The results indicate that
the nucleation structures probably result from preformed por-
phyrin aggregates.
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