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The topography of quartz and semiconducting@trand Sn@) surfaces coated with a dygolymer
layer was investigated with optical microscopy and scanning force microscopy. The following macromo-
lecular systems were used in the experiments: copper or zinc porphyrins covalently linked to polyethylene
glycol (PEG) or polyisopropylacrylamide (PNIPAM) polymers. It was shown that images of the surface
topography are closely connected with the relation between the magnitude of substrate grains and
geometrical size of the dye—polymers. The dye—polymer layer, based on the PNIPAM polymer, shows
a ring-like structure, whereas the sample based on the PEG polymer is characterized by a longitudinal
dendritic topography. When the dye—polymer layer was deposited on theeswadbsorption spectroscopy
in polarized light was used to determine dye orientation with respect to the substrate surface. The tilt
angle between the dye layer and substrate was estimated. A correlation between the substrate surface
topography and the molecular arrangement of dyes is also discussed.
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1. Introduction

Organic dye-labelled polymers are perfemlecular systems which find a wide
range of applications in science, techmyi@nd medicine [1, 2].The family of por-
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phyrins and phthalocyanines constitutes a group of dyes that are very good agents as
photoconverters in solar devices and as photosensitisers in photodynamic therapy and
cancerous tissue diagnostics. They can bisaised as molecular systems modelling
biological objects (e.gn photosynthesis) [3, 4]. Gthe other hand, “smart” polymers

are also the subject of extensive invedtayes due to their particular physical proper-

ties (e.g. a wide range of electrical conductivignd they can also serve as models of
biomimetic systems (proteins, lipid—praotetomplexes) [5, 6]. Since porphyrin dyes

and polymers are interesting objects for investigations, and they can be quite easily
chemically modified to provide a wide vaty in their molecular structure (and thus
modifications in their physical, photophgal, and photochemical properties), a sys-
tem of porphyrin macrocycles bound with pobtchains could potentially be very
useful in photovoltaics andptoelectronics. Thereforeppper and zinc porphyrins
covalently linked to a polymer chain are the subject of our present investigations.

In a recent study, it has been stated tmdy the dye layer that is in close contact
with the semiconducting electrode is invadivin photoelectric processes [7]. Some
photophysical processes, such as chaegmration upon light illumination, electron
injection, etc., can occur at the dye leygemiconductor interface, and it has been
shown that the dye effectiveness in photoersion also depends on the kind of sub-
strate and its roughness [8, 9].

Therefore, in this paper, we focus attention on the topography of porphyrin
-labelled polymer layers on solid sulz&s. Some photophysicptoperties of dye
—polymer thin layers were also investigated. As far as we know, the topography of
such polymer—dye species has never beersiigated by optical microscopy or scan-
ning force microscopy (SFM). These imetls are especially useful techniques for
studying the topography of solid substrates, dtzes of their grains, the formation of
islands, and surface roughness.

The results presented in this paper coulé$sential in the study of the electronic
processes occurring in dye—sensitisetair cells and in optoelectronics.

2. Materials and methods

The molecular systems under investigation are copper (CuTPP) and zinc (ZnTPP)
complexes of 5-(4-pyridyl)-10,15,20-tri@ethoxy-phenyl)porphyrin, covalently bound
to polymers: CuTPP connected with y®-isopropylacrylamide (PNIPAM copoly-
mer) (sampled and?2), and ZnTPP linked to polyethylene glycol 6600 (PEG poly-
mer) (sample8). The synthetic procedure for the samdesnd2 was similar to that
described in Refs. [10, 11], and the molecwauctures of the investigated macro-
molecules are shown in Fig. 1. Systeinand 2 differ in the distance between the
porphyrin dyes and length of the polymemitts, and thus also in the average dis-
tances between dyes linked to the polymer chainsx/yh&tios in polymerd and2
are 330 and 2678, respectively (Fig. 1). SarBphas synthesised as described below.
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Fig. 1. Molecular structures of the investigated samples

Commercial PEG-6600 was purchased from Serva Co. 5-(4-Pyridyl)-10,15,20
-tri(4-methoxyphenyl)porphyrin and synthegizeas described previously [11]. It
exhibits satisfactoryH NMR data [11]. Thionyl chlode was purchased from Aldrich
Chemical Co. For the synthesis, reageiadgr solvents were used without further
purification, except for tetrahydrofuran (THHR,4-dioxane, and pyridine, which were
distilled from calcium hydride.

2.1. Preparation of CI-M odified PEG-6600

0.21 ml (3 mmol) of thionyl chloride waslded under stirring at room temperature
to 6.6 g (1 mmol) of PEG-4000 and 0.22 minfgol) of pyridine dissolved in 30 ml
of THF. After 24 h, the solution was refed for 1 h and treated with active carbon
(1 g). Carbon was filtered off and washed with hot dioxan&@2nl). The combined
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filtrates were evaporated to 10 ml and @abto room temperature. Hexane (100 ml)
was added to the solution and well mixed. The obtained precipitate was filtered off,
washed with hexane x20 ml), and driedn vacuo at room tempexture. Yield 6.16 g
(93.3%). Anal. (GH4O)148CoHACly (44)486+99: Calcd. C 54.10, H 9.01, O 35.82;
Found C 54.11, H 8.74, O 35.67. IR (KBr, ¢nv35 (v C—Cl).

2.2. Preparation of porphyrin-labelled PEG-6600

CI2-PEG-6600 (66 mg, 10-5 mol) and -Brn4-pyridyl)-10,15,20-tri(4-methoxy-
phenyl)porphyrin (7.6 mg, 10-5 mol) were dis®al in 1,4-dioxane (8 ml). The reaction
flask was shielded from ambient light and tiesulting solution was magnetically stirred
under reflux for 30 h. It was cooled to rodemperature and then hexane (50 ml) was
added. The purple suspension was filtered, washed with hexal® i) and dried in
vacuo at room temperaturéield 49.2 mg (66,6%). It was dissolved in a minimal vol-
ume of dioxane and then precipitated Hxane to purify the labelled PEG from the
porphyrin traces.

Elementary microanalysis was performed using a Vario ELIII device. The porphy-
rin units content in the samples (Fig.vias calculated from the absorption of poly-
mers solution in dioxane, with the use@fi-TPP and Zn-TPP extinction coefficients
[12] (absorption spectra were taken with/arian UV-Vis-NIR Cary 500 Scan spec-
trophotometer, and IR spectra were reegdravith a Specord 75 IR spectrophotome-
ter). The relationships between dye and polymer absorption band intensities depend
on the average amount of dye molecules per unit polymer otdgin (

In our experiments, the following sukesties were used: a quartz plate and two
semiconductors (k®; and Sn@) deposited on a quartz plate. The semiconducting
(In,O5 or SnQ) substrates were deposited by mwation onto a quartplate. Since
the investigated dye-containing polymers have a high solubility (e.g. in water), it is
impossible to prepare Langmuir and Lemgr—Blodgett films of such compounds.
Therefore, the modified dynamic depasitimethod was applied for preparing thin
organic films on the quartz or semiconducting substrates [13r1R]r experiments,
chloroform was used for the dynamic deposition on solid substrates. In sample prepa-
ration, 100ul of the dye solution in chlorofornc(= 1 mM) was deposited on the
cleaned substrate. The solution was spread the solid substrate, which was set at
25 degrees with respect to the ground. The dibfidwas obtained as a result of chlo-
roform evaporation during the lamellar flavf the solution. The thickness of the de-
posited dye layer was about 20 nm (estedatin the basis of the SFM studies).

Polarized absorption spectra for the dye layer were measured in the range of
400-900 nm with a Specord M40 UV-Vis spectrophotometer. The reference sample
was a proper substrate without dyes. Thye concentration was 1 mM for sample
preparation. The accuracy of the absolute absorbance intensity was 0.001. Two ab-
sorption components were measurdgandA; (A, andA, are the absorbance com-
ponents measured for the light electric vegtarallel and perpendicular to the deposi-
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tion direction of the layer, respectivel, andA; were measured in two geometrical
arrangements:

e with the light beam perpendicular to the sample surféce @),

e with the light beam inciding af = 1¢°.

Such an experimental approach allotkie molecular arrangement to be deter-
mined with respect to the substrate aad, according to the method of Yoneyama
et al. [16], using the following equation

D, —(1+ D, sir? 8) D,y
(1-2si? B)D, —( 1+ D, sirt §) D,

<cos2 6> = (1)

wherei = 0° or S, and @ is the angle between the molecular skeleton (assuming that
the absorption transient moment lies in tlye molecular scaffold) and substrate sur-
face;D = AJ/A,.

The linear dichroism was defined as [17]

D= A )
A+ 2A

The fluorescence spectra of the investigated polymers were measured with
a steady-state spectrofluoretar Hitachi F4500. The experimental arrangement of
such measurements for the dye layers on the solid plates was as described in [18].

The optical microscopy images were obtal using a micro-optical 3D measuring
device (GFM, Teltow, Germany). SFM measurements were performed with a Nano-
scope |V in air at room temperature.€Timages were obtained using a standagi,Si
microtip with a force constant of 0.38M™. An applied force of about 10 nN was
estimated from the signal of the feedbadkps®nt. This is only an approximate meas-
ure, since the capillary condensation contributions between the tip and the surface
layer are unknown. All images were obtainethat scanning rate of 2.54 Hz. None of
the features in the micrographs were changed when the scan rate was varied around
this value. The best results were obtained in the SFM contact mode. No damage in the
molecular coating was observed after several scans.

Investigations with SFM give two types of micrographs: a deflection and height
picture. Deflection images were obtainednfrthe data that came from the differential
signal of the SFM photodiode pair. Thé€height) piezo voltage set by the feedback
calculation in the digital signal processorsngsed to produce the height image. This
image was thus caused by a signal ofdifference between the loop error and point
set control. The image, therefore, shoviled edges clearly. The height picture was
used to analyse the roughness of the samplewever, topographical features can be
seen best from the deflection picturasg shese are given in this paper [19, 20].

The roughness parame®rwas determined as an average value in a sample area

of 1><1p.m2. R, is the arithmetical mean line deviation or the so-called centre line av-
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erage. It is defined as the arithmetic average over all absolute values ofthaiight
respect to a reference line [20, 21] and bameasured automatically within SFM.

3. Results

3.1. Electronic spectr oscopy

Figure 2 shows the polarized absorption speéyafdA,) of dye—polymer films
on a quartz plate as an example. Thedsathat range between 400 and 900 nm are
assigned to the dye moieties, whereas pelgnare responsible for absorption in the
range of 200—300 nm (not shown). The abBonpspectra of the dyes on solid sub-
strates are more or less changed wittpeet to dye—polymers dissolved in water
[1, 11, 22]. Slight shifts of the Soret bands (2 nm for samblasd2, 5 nm for the
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Fig. 2. Polarized absorption spectra of the dye—polymer films on quartz plates.

The absorption componemgandA; were measured with a light beam perpendicular
to the sample surface°(0and with the light beam inciding at°L0

polymer3) are assigned to the interactiontleé dye—polymer with the solid surfaces.

For the polymeB, the splitting of the Soret band is observed — the band intensity (the
ratio of the band at 425 nm and 449 nm) changes as compared to that in aqueous solu-
tion [1, 22]. This band splitting could be as®drno a strong interaction between dye
moieties, which are close to one another, as observed for strongly interacting mole-
cules. The shapes of the spedwathe remaining substrates {8z and Sn@) are
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essentially unchanged (not shown). The relative intensities of these bands, however,
are altered when thin films are deposited on quartfsJnor SnQ plates. This
indicates that the interaction between thg molecules and polymer chains is dis-
turbed in different ways by various solidbstrates. It can also be due to a different
dye orientation with respect to the solid surface.

On the basis of polarized absorption mgaments, the orientation of dye mole-
cules on the solid surface can be evaluafée.begin with a description of the orien-
tation of sample on quartz, 1sO; and SnQ@. The first interesting feature is that the
perpendicular component (Ais a little higher in inteniy than the parallel oned().

This indicates that the dye molecules areradd rather perpendicular to the substrate
surface. Such an arrangement of the porphyrin dyes is supported by the values of the
linear dichroism (LD) parameters. The corresponding tilt angles and LD parameters
are given in Table 1. We realize that our estimation is rather rough due to small dif-
ference betweeA, andA, and due to the low absorbanakdyes in the thin films.
Nevertheless, the data in Table 1 show a tendency of the dye molecules to be arranged
in an out-of-plane orientation. In our preus paper, we have also investigated the
orientation of porphyrin dyes in a rfa of the Langmuir or Langmuir
—Blodgett layers [9]. A flat arrangemteaf the LB dye layer (without polymer) on

solid IOz and Sn@was shown [9]. The estimated angles were froft@483 in the
Langmuir—Blodgett layer [9], whereas in this paper the angles lie betwéean86

68°. For a similar porphyrin, the variation in the tilt angles on the same substrates
could be assigned to the large influence of the polymer skedatarthe orientational
behaviour of the dye molecules.

Table 1. Linear dichroism (LB)alues of dyes on different substrates and the agles
between the dye molecular skeleton and substrate surface

LD | 6, deg
Sample Substrate
Quartz In,03 SnG, Quartz In,03 SnG
1 0.030 0.050 0.020 26 9 13
2 -0.010 0.030 0.110 68 7 32
3 -0.010 -0.010 -0.010 68 56 61

LD estimated at the maximal dye absorbandé® = +0.005,A6 = .

On the other hand, the dye molecules are rather in-plane oriented when linked to
the other polymer chains (sampleand?2). The estimated tilt angles range between
70 and 320 (except for polym@ron the quartz plate). In comparison with our previ-
ous LD observation for porphyrin molecules in the LB film ogOinand Sn@ sub-
strates [9], the arrangement of the dye moles is also disturbed by the presence of
the polymers. This conclusion is supportedtlyy data presented in our previous pa-
per for the porphyrin molecule in the absence of polymkeand?2) [9].
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Fig. 3. The fluorescence spectra of dye—poly&en various substrates

The dye—polymer species studied do rfaive any fluorescence in aqueous solu-
tion (or it is extremely low; data not shoy The fluorescence features are dramati-
cally changed after depositing the dye layers on the solid substrates. Figure 3 shows
examples of the dye—polymé&ron quartz, 1p0; and Sn@ Two bands, typical of
porphyrin dyes, are observed. One bantbéated around 610 nm and the other at
about 650 nm. The band locations are diffiefeom those obtained for the dyes in,
e.g. DMSO [9]. Also, the bands are mumivader than those observed for these dyes
dissolved in organic solvents [9, 23]. Thizeans that the interaction of the dye—
polymers with the solid surface affects thiiiorescence behaviour. In the previous
work [24], the infrared spectroscopy showhbd charge redistribution in the dye mac-
rocycles after dye Langmuir—Blodgett layermation. We can thus suppose that elec-
tronic interaction between electrons in the dye skeleton and the solid is the reason
for the enhanced dye fluorescence observed in this paper.

Summarizing, we conclude that the dye arrangement in thin films on the solid sub-
strates depends crucially on the substratier@. The most important observation is
that the dye orientation is altered irethbresence of the polymer chains. A marked
variation in dye arrangement is shown for the ZnTPP dye linked to the polymer sys-
tem @). We thus suggest that the moleculanagement and electronic interactions in
the dye—polymer systems could affea final topography of the thin film.

3.2. Microscopic studies

In our experiments, we use thredidaubstrates: a quartz plate, angdnor SnQ
deposited on the quartz plates. Previouslg, diiferences in their topographies were
shown and they were characterized by a diffié size of grains [9]. The quartz plate
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had a very smooth surface with the lowest roughness paramRgteO(1 nm), 1nO;

on quartz was characterized by low surface granulaRty=(0.4 nm), and the SpO

layer exhibited the highest value of the roughness paranigterd.2 nm). The same
substrates were used in this paper, and their images are comparable with those pre-
sented in the previous paper [9].

3 on quartz

3 on In.Os

3onSn0O.

Fig. 4. Optical microscopy images
of 3 on quartz, 1p03; and SnQ@

Deposition of sampl8 on the quartz plate and on@ and SnQ@ (Fig. 4) leads to
differences in the macroscopic images. A marked variation in the topography of the
dye—polymer syster3 is observed as compared to the images of the substrates [9].
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A dendritic structure of the polymer film, wittrystallization centres, can be seen (on
In,O; and Sn@ substrates). Its character depeondsthe granularity of the original
surfaces. The higher the roughness parameter, the larger are the visualised dendritics
and crystallization grains.

For sampledl and?2, rather smooth homogeneous surfaces are observed, and the
differences between the surface structures of these samples on quartz araeSnO
due to variations in the grain sizes aésk two solid substrates (data not shown).

In summary, we conclude from this part of the paper that the dye—polymer systems
1 and 2 present rather homogeneoogdgraphies, while the dye—polynigexhibits
a dendritic topography and its final image depends on the granularity of the solid sur-
face.

A deeper insight into the topography dfe—polymer systems can be obtained
from SFM experiments, since SFM visualipatigives much more details than optical
microscopy. The SFM images of sample2, and3 on SnQ give very similar im-
ages (not shown). For each dye—polymer on,Sa@® image of the substrate is ob-
served rather than the individual charaatéthe polymer layer owing to the large
granularity of Sn@ Detailed SFM images of the film are thus impossible to obtain
due to the high roughness of the SisObstrate.

Much more interesting results were obtained for dye—polymer films deposited on
substrates of low granularity — on quartz angDbn Figures 5-8 show the results for
samplesl and3, respectively, on quartz or, ;. A comparison of these figures evi-
dently shows that the final SFM images depend strongly on the dye—polymer and the
granularity of the solid substrate. For sampjea ring-like topography is observed
(Fig. 5). The sequences of the rings are repeated along the whole sample. In the panel
in Fig. 5, a cross-section analysis of thisucture is presented. The size of the poly-
mer could be estimated basing on the evaluation of the roughness parameters for the
bare substrates. The height of the padyns about 9—-11 nm. The diameter was esti-
mated to be about 450 nm.

Small changes can be observed in the SFM images when the porphyrin—gblymer
covers the 1505 surface. Figure 6 shows the SFM image of this sample,@g, Iwith
the section analysis of the image albmwen. Again, a ring-like structure could be
recognized, but it is not as clear as far #ame dye—polymer on quartz. Cross-section
analysis gives the height values 12 and 17 nm. These values could be described as
follows. On the basis of our previoussuvdts concerning SFM images of the@s
substrate, the height of,[D; grains was estimated to be about 5—7 nm. The first cross
section value (12 nm) can thus be assigned to the thickness of polymer layer that is in
contact with the 05 grain pit. The higher value (17 nm) reflects the height of the
polymer layer on top of an 4@, grain. This value is higher than that for the same
sample on quartz, as expected. The variations in the SFM images of §anplsO;
and quartz and the differences in height ciaddcaused by either a difference in grain
size between the two substrates or byffedint dye orientation with respect to the
substrates.
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Fig. 7. The cross-section analysis of SFM imagesaf quartz. The straight lines
represent the directions in the sample takém consideration in the profile analysis

The surface of the dye—polymer syst8roan be seen in Fig. 7, which presents the
SFM image of this sample on a quartz platee sample is characterized by a longitudi-
nal topography, in which the dye—polymehains are observed. Basing on the cross-
section analysis of surfa@ we find that the average value of polymer chain height is
about 1.1 nm. Figure 8 confirms agdire longitudinal structure of sampBeon the
In,O3 surface. The section analysis is abown. A complex profile of the surface to-
pography indicates a multicomponeairucture of the dye—polymer with the thickness of
about 12 nm with respect to a pit of thgQr grain. The values of 2.5 nm and 5 nm
could describe the layer-by-layer thickness jumps of the polymer on the substrate.
These values could be correlated with the van der Waals radius of the PEG chain,
being about 3.5 nm [25].

The cross-section results indicate that fihal morphologies of the thin films in
the dye—polymer systems are affected by the kind of the sample and by the original
topography of the substrate.
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Fig. 8. The cross-section analysis of SFM imagesaf In,O5. The straight lines

represent the directions in the sample takém consideration in the profile analysis

4. Discussion

A general idea of this paper was to show that the optical microscopy and SFM im-
ages of polymeric samples are affectedtbgir molecular structure, by polymer
length, and by the population of dye molecules covalently linked to the polymeric
chain. To find a correlation between the vhoia of the final images of dye—polymer
systems and the granularity of the substrates, one has to consider several effects and

factors:

s the relation between the granularity of the substrate and the size of the dye

—polymeric systems,

o differences between molecular structumasvarious dye—polymeric systems;
samplesl, 2, and3 differ in their polymer chain sicture, polymer chain length, and
in their population of dye molecules along the chain,
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o differentiation of the orientation of dypolymer samples with respect to the sub-
strate surface.

Samplesl and?2 are characterized by a rather homogeneous topography when de-
posited on a quartz plate or,@. This effect could be discussed in terms of the dye
dimensions and dye orientation with respecthe substrate. The size of these poly-
meric samples are suitable for quartz an®irgranulites. Every dye—polymer system
exhibits different topography when deposited on solid surfaces: the dye—pdlymer
shows a ring-like structure, whereas the dye—polyBnpresents a dendritic surface
structure with well observed crystallized grains. In the case of the dye—pdlyther
ring—like structure lies almost flatly on the quartz ang®irsubstrates (the tilt angles
are 90 and 130, respectively), owing to the rather low granularity,0g.IOn the
other hand, although the polym&has a dendritic structure, its chains also lie flatly
on the InO; surface due to low ¥O; granularity. Similar results were also observed
for much smaller molecular materials (phthalocyanines) [9, 15], and these new results
confirm our previous observation.

We have also shown that the substrate with large grains,®x@ibited a ten-
dency to preserve its own topographyth@ugh the investigated dye—polymer sys-
tems differ essentially in their molecularwsttures and sizes, the image of the snO
surface is rather weakly changed aftertitwpit with the macromolecular materials
due to the original large grains. It is evidently seen for the dye—poBjniee original
topography is still preserved, and this could be interpreted to be caused by filling the
troughs between SnQyrains by perpendicularly oriented dyes and dendritic poly-
mers. This polymer is thus not seen om sairface of large grains upon SFM examina-
tion. Studying dye—polymers deposited on gni@wever, is difficult due to a high
roughness of the substrate. Small changes in the SFM image gfw@n®also ob-
served after the surface was coated by some porphyrin and phthalocyanine dyes.
These changes are discussed in terms of the large grain of &@nD out-of
-plane orientation of the dyes with respect to the semiconducting surface [9].

Summarizing, we have shown that theafi topography of the dye—polymer layer
covering the solid substrate depends pradantly on the molecular structure of the
polymer. Also, the granularity of the sulzd® has a great influence on the final image
of the dye—polymer layer. The effect ohgale orientation cannot be excluded. In the
case of the substrate with large grains (9ntbe space between grains is sufficiently
large to be filled and covered by the polymer chain. Otherwise, when the substrate has
a more homogeneous topography, the polymer is rather flatly deposited on the sub-
strate surface (quartz,,Ds).
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