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in Figure 2b. Significant domains are found even before
starting the monolayer compression (n = 0 mN/m), which
is an evidence of m-m interactions leading to ZnPPIX-
DME aggregation. The presence of large domains is still
predominant into the gas-phase reached at low surface
pressures (m = 2 mN/m) by compressing the monolayer.
Borovkov et al.? also observed the co-existence of gas
and condensed domains in Langmuir films of an bis(zinc
porphyrin) and also attributed this event to the presence of
aggregates on the water surface. The increase of surface
pressure toward the liquid-phase (1 = 10 mN/m) and
condensed-phase (1 = 30 mN/m) increases the Langmuir
monolayer uniformity and large domains are no longer
observed. This is the stage (named solid phase) in which
the Langmuir monolayer is transferred to solid substrates
forming either LB or LS films. By releasing the surface
pressure of the Langmuir film (expansion), large domains
are once more observed, equally to the observed prior
compression. The latter is in agreement to the aggregation
stability found by the hysteresis in the n-A isotherms.

3.2. Growth of ZnPPIX-DME forming LB and LS
films

The growth of the LB and LS films was monitored using
UV-Vis absorption spectroscopy. Figures 3a and 3b present
the UV-Vis spectra for both LB and LS films, respectively,
recorded every 2 layers up to 9 layers. The ZnPPIX-DME
solution spectrum is given as reference and scaled to fit the
plot. The ZnPPIX-DME molecules in the solution exhibit
three main absorption bands with maxima at 409, 539 and
577 nm, assigned to one Soret band and two Q-bands?¢-3-40,
respectively.

The insets in Figures 3a and 3b show the absorbance
at 406 and 404 nm for the different numbers of deposited
layers in the LB and LS films, respectively. The linear growth
of absorbance indicates that similar amounts of ZnPPIX-
DME are transferred per deposited monolayer, revealing
a controlled growth of both LB and LS films. Besides,
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in terms of absorbance values, considering that for LB
films the monolayers are transferred onto both sides of the
substrate while for LS films the monolayers are transferred
onto only one side of the substrate, then approximately the
same amount of ZnPPIX-DME is deposited per monolayer
for both LB and LS films.

3.3. Morphology at micro and nanometer scales
of ZnPPIX-DME forming LB and LS films

The spatial distribution of the ZnPPIX-DME in the LB
and LS films at micrometer scale resolution was performed
using micro-Raman technique, combining morphological
and chemical information with an optical microscope
coupled to a Raman spectrograph. Figures 4a and 4b show
the Raman spectra and optical images taken from both
ZnPPIX-DME LB and LS films, respectively. Both optical
images revealed a highly homogeneous film surface at the
microscale, with absence of aggregates. Besides, different
spectra recorded from distinct spots present high similarity
each other in terms of band frequencies (Figure 4a),
indicating that ZnPPIX-DME molecules are homogeneously
distributed throughout the LB and LS films.

Slightly differences are found considering the band
relative intensities of the spectra collected for LB and LS
films. The BAM images (Figure 2b) suggest that Langmuir
films are formed by domains that might contain different
structuration of ZnPPIX-DME molecules. In micro-Raman
experiments, the probed area of the laser is ca. lum?.
Therefore, those the differences in Raman spectra might
be related to different spots probed by the laser, containing
domains with distinct structuration of ZnPPIX-DME
molecules. This effect is not comparable to techniques such
as FTIR and UV-Vis, which probed area of the radiation
beam is about mm?. The spectra collected in these cases are
an average of the combined response of different domains,
leading to smaller variation.

Figures 5aand 5b show AFM images (2 and 3 dimensions)
for ZnPPIX-DME LB and LS films, respectively. The AFM

Figure 3. UV-Vis absorption spectra for (a) LB and (b) LS films containing different numbers of ZnPPIX-DME monolayers transferred onto
quartz with the ultrapure water subphase at room temperature (23 °C). The films were grown in a constant surface pressure at 30 mN/m.
The insets show the absorbance at the Soret band vs. the number of deposited monolayers. The ZnPPIX-DME solution (2.5x10~ mol/L)

spectra are given as reference and scaled to fit the plot.
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(a) Raman spectroscopy: 633 nm laser line
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(b) Optical image 500x
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Figure 4. Raman spectra collected for ZnPPIX-DME LB and LS films containing 9 layers each. The spectrum collected for the ZnPPIX-
DME powder is given as reference. (b) Optical images recorded for both LB and LS films mentioned in (a). The arrows indicate the spots

from where the Raman spectra were recorded.
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Figure 5. topographic AFM images in 2 and 3 dimensions for 9 layers of ZnPPIX-DME (a) LB and (b) LS films.

images were also characterized via RMS roughness (RMS,
root mean square) and average height (height difference
between peaks and valleys). The RMS roughness is
given by the standard deviation according to the equation
S0eiZ, =27
.
in the determined area, Zn is the height of the n™ pixel, N
is the number of pixels considered in the determined area
and the average height is simply the arithmetic average of
the measured heights. The values of roughness and average
height were obtained for areas of 30 pm x 30 um, 20 pm x
20 pm and 10 um x 10 um and are shown in Table 1. The low

R =

s where: Z is the average of Z values

values in terms of roughness and average height presented
by the quartz plate itself (Table 1) ensure greater accuracy
for the results obtained for the films.

A visual inspection of the AFM images in Figure 5
reveals the presence of some spikes distributed along the
film surfaces (LB and LS), revealing that the homogeneous
morphological pattern observed at micrometer scale via
micro-Raman is quite different at nanometer scale. Those
spikes might be responsible by the relative high values of
RMS roughness, average height and the differences found
for these values depending on the size of the scanned areas
(Table 1). The RMS roughness, for instance, is about 10
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to 20% of the thickness of the films (Figure 6). The main
difference is the rougher surface displayed by the ZnPPIX-
DME LB film compared to the LS one. Li et al.® working
with neat and mixed LB films of protoporphyrin IX zinc(II)
(ZnPP) and surfactants have shown similar features in terms
of film topography.

The thickness of the films was also checked by AFM.
Figures 6a and 6b show a surface profile produced by
scratching both LB and LS films deposited onto Ge plate.
The Ge plate was used in this case because its contrast
allows one to easier find the film edge. ZnPPIX-DME LB
and LS films showed a thickness ranging between 12 and
15 nm considering 9 layers in both cases, which leads to a
thickness per layer ranging from 1.3 to 1.7 nm. Considering
the dimensions of the ZnPPIX-DME molecules (height=1.5
nm) and their arrangement at the air/water interface proposed
in Figure 1, one can infer that, despite the formation of
molecular aggregates, each monolayer forming the LB or
LS films has the thickness of one molecule approximately.
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The equivalent thickness of LB and LS films is in agreement
with UV-Vis data, which also demonstrated an equivalent
adsorption of materials per layer.

3.4. Molecular organization of ZnPPIX-DME
Jorming LB and LS films

Figures 7a and 7b show transmission and reflection
FTIR spectra of the ZnPPIX-DME LB and LS films,
respectively. The transmission FTIR spectrum of the
ZnPPIX-DME powder dispersed in a KBr pellet is given
as a reference system for a random molecular orientation.

FTIR measurements in reflection and transmission
modes were obtained in order to verify a possible anisotropy
in terms of molecular organization of ZnPPIX-DME in the
LB and LS films. Specific molecular orientation can be
determined by combining FTIR data and surface selection
rules*'#2. Slightly differences are seen when the transmission
and reflection spectra of both LB and LS ZnPPIX-DME
films are compared. Besides, the spectra recorded for the

Table 1. roughness (RMS) and average height for ZnPPIX-DME LB and LS films.

Sample Area (um?) RMS roughness (nm) Average height (nm)
30x30 2.8 1.6
LB film 20x20 2.6 1.6
10x10 2.3 1.5
3030 2.1 1.3
LS film 20%x20 1.9 1.3
10x10 1.4 1.1
3030 0.8 1.0
quartz plate 20%20 0.4 0.8
10x10 0.3 0.7
(a) LB film - 9 layers o
2D image h surface profile
60—;
ER
R
s 40—;
30 :
5
x [pm]
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15 nm
........ e
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Figure 6. topographic AFM images showing the profiles along an edge for 9 layers of ZnPPIX-DME (a) LB and (b) LS film.
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(a) FTIR: LB film

(b) FTIR: LS film
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Figure 7. FTIR spectra recorded for the ZnPPIX-DME powder dispersed in KBr pellet and for (a) LB and (b) LS films deposited onto

Ge (transmission mode) and onto Au mirror (reflection mode).

films are quite similar to the spectrum of the ZnPPIX-DME
powder, suggesting an isotropy of ZnPPIX-DME, i.e., a
lack of molecular organization in the films. In a search of
the literature we have not found the combination of FTIR
measurements, reflection and transmission modes, in order
to figure out the anisotropy of LB films of protoporphyrins.
Facci et al.¥ have investigated the molecular anisotropy of
mesogenic Zn-porphyrin octaesters in LB films by polarized
light (Soret band) and infrared (C-H stretching bands)
spectroscopy. It was found tilting angles of 40-45° for the
macrocycles in the LB layers.

4. Conclusions

The zinc(II)-protoporphyrin (IX) dimethyl ester
(ZnPPIX-DME) was successfully applied in the growth
of nanostructured films through Langmuir, Langmuir-
Blodgett (LB) and Langmuir-Schaefer (LS) techniques,
forming supramolecular arrangements. The ZnPPIX-DME
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