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Organometallic materials have become subject of intensive research on distinct technological
applications. The Langmuir-Blodgett (LB) and Langmuir-Schaefer (LS) techniques have proven to be
suitable to address challenges inherent to organic devices, in which the film properties can be tuned at
molecular level. Here, we report on the supramolecular arrangement of zinc(Il)-protoporphyrin(IX)
dimethyl ester (ZnPPIX-DME) using the Langmuir, LB and LS techniques, leading to nanostructured
films. The n-A isotherms showed that -7 stacking interaction among ZnPPIX-DME molecules takes
place at the air/water interface, favoring the formation of Langmuir films closely packed. The controlled
growth of the LB and LS films was monitored via UV-Vis absorption spectroscopy, with the thickness
per monolayer within 1.3 and 1.7 nm. The homogeneous topography found at microscale is no longer
preserved at nanoscale, which is found rougher according to AFM data. The FTIR indicated that the
ZnPPIX-DME is isotropically arranged on both LB and LS films.
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1. Introduction

Porphyrins are a widely investigated class of high
conjugated heterocycles' in which four pyrrole rings are
linked to each other in cyclic form through meso-methine
bridges. When these molecules contain metals linked to
their core structure, they are called metalloporphyrins and
form complexes such as heme and chlorophylls®. Porphyrins
are versatile molecules which physicochemical properties
are very sensitive to the modification of their electronic
distribution on the pyrrole ring®. They have been frequently
employed as vapor sensors once their optical spectra can
be modified as a result of the interaction between the
porphyrin ring and the vapor molecule*®. Specifically,
metalloporphyrins have been used as amine vapor sensors
due to the specific affinity between the metallic atom and
the amine moiety*. Other important characteristic of the
porphyrins is the ability to transfer oxygen and electrons.
This ability comes from their intense Soret and moderate
Q bands allowing to collect visible light efficiently in the
light-harvesting process'* and thus make them promising for
use in solar energy conversion'*'? and in light harvesting'*!5.

Most applications involving porphyrins and their
derivatives are related to devices such as catalysts'®!® and
sensors'*?*. Therefore, it is essential the improvement and
the development of techniques to obtain porphyrin forming
supramolecular structures®. In this sense, several kinds of
techniques such as micelles®, vesicles”’, Langmuir-Blodgett
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(LB) films?*%, Langmuir-Schaefer (LS) films** and Layer-
by-Layer films**3! have been applied and optimized. Among
them, LB and LS techniques represent widely employed
deposition methods to fabricate porphyrin thin films in a
controlled way onto solid substrates®-2. The conventional
LB and LS techniques allow a supramolecular arrangement
that can influence the optical and electrical properties of a
deposited film and, as a consequence, the variation of such
parameters can be targeted according to desired application
to the high-performance devices*.

In the present study we fabricated and characterized
Langmuir film (monolayer at air/ water interface), LB
film (Langmuir film vertically transferred from air/water
interface onto solid substrate) and LS film (Langmuir film
horizontally transferred from air/water interface to solid
substrate) of the zinc(I)-protoporphyrin (IX) dimethyl ester
(ZnPPIX-DME). Protoporphyrins are a kind of porphyrins
that have side chains like methyl, propionic acid and vinyl
group®. The Langmuir film was studied via surface pressure
vs. mean molecular area (n-A) isotherms and was applied
such as investigation tool of the m-7 stacking interaction.
The Brewster Angle Microscopy (BAM) images were also
used to the study of the m-A isotherm, allowing visualize at
microscopic level, the aggregation state of the molecules in
the monolayer. We have also demonstrated the possibility
of growing LB and LS multilayer films containing
ZnPPIX-DME. The growth of the films was monitored by
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ultraviolet-visible absorption (UV-Vis) spectroscopy, while
the morphology was investigated by micro-Raman and
atomic force microscopy (AFM). The spatial distribution
of the LB and LS films with micrometer scale resolution
was performed using micro-Raman technique. At nanometer
scale, AFM images were characterized via thickness, RMS
roughness (RMS, root mean square) and average height
(height difference between peaks and valleys). Finally,
Fourier transform infrared (FTIR) absorption spectroscopy
in reflection and transmission modes was applied to verify
a possible anisotropy in terms of molecular organization of
ZnPPIX-DME forming LB and LS films.

2. Experimental

2.1. Material

The protoporphyrin dimethyl ester (PPIX) was
synthesized from hematoporphyrin under acid catalyzed
dehydration conditions and also acid catalyzed esterification,
which details are described in****. Thus, the zinc(I)-
protoporphyrin (IX) dimethyl ester (ZnPPIX-DME), which
molecular structure is given in Figure 1, was prepared from
PPIX by simple metalation using Zn(OAc), in CHCL/
MeOH. This porphyrinoid was characterized using 'H-NMR
and UV-Vis. The dichloromethane (Merck) solvent was
HPLC grade. The ultrapure water (18.2 MQ cm) was
acquired from a Milli-Q water purification system (model
Simplicity).

2.2. Langmuir, Langmuir-Blodgett (LB) and
Langmuir-Schaefer (LS) films

The ZnPPIX-DME Langmuir, LB and LS films were
fabricated using a Langmuir trough KSV-NIMA model KN
2002. The Langmuir films were produced on water subphase
by spreading 40 pL of a 0.50 mg/mL (0.77 mmol/L)
ZnPPIX-DME solution dissolved in dichloromethane.

(a) m-A isotherm
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The Langmuir monolayers at the air/water interface were
characterized by n-A isotherms at 23 °C using the Wilhelmy
method with the plate surface placed perpendicular to the
barriers. The monolayer was symmetrically compressed
under a constant barrier speed at 10 mm/min with the
subphase containing ultrapure water. In addition, Brewster
angle microscopy (BAM) images were obtained in
Langmuir films of ZnPPIX-DME using a KSV micro-BAM
microscope. The BAM images were collected for different
areas and pressures during the compression of the film at
the air/water interface. LB and LS films were obtained
by transferring the ZnPPIX-DME Langmuir monolayers
from the air/water interface onto different solid substrates
depending on the characterization technique to be applied.
The surface pressure was kept constant at 30 mN/m and the
barrier speed at 10 mm/min (symmetrical compression). LB
films were deposited by emerging the substrate vertically
with upstroke speeds from 0.2 to 1.0 mm/min. The deeper
speed was varied within this interval during the deposition
to keep the transfer ratio (TR) close to 1, leading to Z-type
LB films. For the LS films, the deposition was carried out
approaching manually and horizontally the substrate to the
air/water interface.

2.3. Film characterization

The ZnPPIX-DME solution in dichloromethane
(2.5 x 10° mol/L) and the LB and LS film growth
were monitored via UV-Vis absorption spectroscopy
using a Varian spectrophotometer, model Cary 50, from
190 to 1100 nm. For UV-Vis absorption spectroscopy
characterization, LB and LS films containing up to 9 layers
were deposited onto quartz substrate. Raman analysis and
optical microscopy were carried out using a spectrograph
micro-Raman Renishaw model in-Via equipped with a Leica
microscope, which 50x objective lens allows collecting the
spectra with a spatial resolution of ca. 1 um?, a CCD detector,
laser lines at 514.5 and 633 nm, 1800 groove/mm gratings

(b) 4 Compression speed
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Figure 1. (a) ZnPPIX-DME 7-A isotherm recorded for the ultrapure water subphase at room temperature (23 °C). The inset A is a scheme
illustrating the ZnPPIX-DME Langmuir film at the air/water interface and inset B the w-7 interaction between protoporphyrin rings.
The approximate dimension of the ZnPPIX-DME molecule is given as a detail. (b) ZnPPIX-DME r-A isotherms recorded for different
compression speeds. The inset C displays the dependence of the corresponding molecular area at 30 mN/m on compression speed (the
bars correspond to the interval found for the three isotherms recorded for each compression speed).
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with additional edge filters, and a computer-controlled
three-axis-encoded (XYZ) motorized stage to take Raman
images with a minimum step of 0.1 um. The AFM images
for the LB and LS films were obtained using a Nanosurf
instrument model easyScan 2, with a tip of silicon nitride,
in the tapping mode. All images were collected with high
resolution (512 lines per scan) at a scan rate of 0.5 Hz. The
images were characterized by using the software Gwyddion
2.19 to analyze the average height and RMS roughness of
the topographic images.

The FTIR measurements were taken using a spectrometer
Bruker model Tensor 27 with spectral resolution of 4 cm™
and 128 scans, using a DTGS detector. The spectra in
reflection mode were obtained with an incident angle
of radiation of 80° using a Bruker accessory A118. LB
films with 30 layers were deposited onto Ge substrate
and 50 layers on Au mirror for FTIR measurements in
transmission and reflection modes, respectively. For LS
films 60 layers were deposited onto Ge substrate and Au
mirror for the same FTIR measurements.

3. Results and Discussion

3.1. ZnPPIX-DME Langmuir films

Figure 1 displays the n-A isotherms of ZnPPIX-DME
Langmuir films. The well-defined pattern of the gas, liquid
and solid-like phases are not observed during compression of
the monolayer. When approaching the solid phase, the ©-A
isotherm displays high slope toward 35 mN/m. From then
on, a phase transition is seen and a long process with a less
marked slope takes place. Borovkov et al.” and Valli et al.®
also observed the same phase transition working with
Langmuir films of bis(zinc porphyrin) and zinc porphyrin,
respectively. Borovkov et al.” attributed the existence of
these two phases to the increase in size of three-dimensional
aggregates. Nevertheless, there are not significant changes
in the surface pressure that indicate the monolayer collapse.
According to Bergeron et al.* the rigidity of such films turns
it difficult to determine where exactly the collapse begins.

(a) Hysteresis — 4 cycles
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The occupied area per ZnPPIX-DME molecules is
estimated to be ca. 58 A2 by extrapolating the linear region
of the isotherm, before the phase transition, to zero pressure
(Figure 1a). Considering the approximate dimensions of the
ZnPPIX-DME molecules, the ZnPPIX-DME molecular area
into Langmuir films is smaller than the molecular area of
the protoporphyrin macrocycle lying flat on the air/water
interface (145 A2). On the other hand, the occupied area
(58 A?) determined via 1-A isotherms is comparable to the
calculated value (5 x 12 = 60 A2)1! for the ZnPPIX-DME
with the ester groups facing the air/water interface. A
similar molecular arrangement was found by Jin et al.*” and
Li et al.”® for Langmuir films made of iron(III) and zinc(1I)
protoporphyrins, respectively. This possible molecular
arrangement might be related to a strong attractive m-7
interaction between protoporphyrin rings leading to the
molecular aggregation at the air/water interface. Indeed,
the presence of the ester moieties facing the water subphase
favors the formation of Langmuir films closely packed by
the strong n-n stacking interaction®?’, as depicted by insets
A and B in Figure la.

Figure 1b displays the effect of the compression speed
on the packing of the Langmuir film. The dependence of the
corresponding molecular area at 30 mN/m on compression
speed is shown in inset C. The molecular area increases up
to a plateau with the increasing of compression speed. The
latter is related to the time the ZnPPIX-DME molecules have
to rearrange and pack on the air/water interface. The slower
the compression speed the smaller the molecular area due
to the formation of Langmuir films closely packed by the
strong m-7 stacking interaction.

Figure 2a shows different cycles of compression and
expansion of ZnPPIX-DME Langmuir films. A small
hysteresis is seen after the first cycle, which indicates
the formation of molecular aggregates during the first
compression. The subsequent cycles reproduce each other
indicating that the aggregates formed as a result of the
n-n stacking interaction are stable, i.e., they are formed
during the first compression and are kept as it is. The BAM
images recorded for different compression stages are shown

(b) Brewster Angle Microscopy (BAM)
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Figure 2. (a) ZnPPIX-DME =-A isotherms obtained by four compression-expansion consecutive cycles. (b) The BAM images recorded

for different compression stages of the film.
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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,

(a) UV-Vis absorption: LB film
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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

(b) UV-Vis absorption: LS film
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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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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.

Materials Research

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—;
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R
s 40—;
30 :
5
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........ 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
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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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