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ABSTRACT

Ammonia, despite being a naturally generated compound in the metabolic process, can
be harmful to health in higher concentrations. In this context, sensor devices are directly
related to health and safety measurements to detect the presence of such substances.
In this work, we study materials derived from fullerene, a material with a high electron
affinity. We characterize three fullerene derivatives, namely PCBM, OPCBMMB and
PPCBMB, and verify their applicability as ammonia sensors. The materials were studied
in the form of thin films, produced by Langmuir-Schaefer and drop-casting techniques.
Optical characterization was performed using UV-visible spectroscopy while
morphological characteristics were studied using atomic force microscopy (AFM) and
optical microscopy (OM). Current versus voltage and current versus time measurements

were performed in order to determine the films' conductivities, electrical resistances



and gas-sensing properties. UV-visible absorption was observed at lower wavelengths,
with peaks in the UV region. In the electrical measurements, differences were observed
between the deposition techniques, with the Langmuir—Schaefer films showing a higher
conductivity than the drop-casting films. AFM and OM also showed differences in the
film surfaces between the techniques, with a rougher surface on the drop- casting films.
When exposed to ammonia, the materials showed electrical responses at every cycle,

with a significant increase in their electrical responses.

1. INTRODUCTION

Fullerene was discovered in 1985 by H. W. Kroto ef al., who was conducting
experiments aimed at unraveling the mechanism of nucleation of carbon atoms, observed
in red giant stars [1]. Instead, the result obtained was a series of carbon clusters, with
varying amounts of the atom, but with the highest concentration and structural stability
observed at 60 carbons. The structure of these molecule consists of a truncated
icosahedron, a polygon with 60 vertices where the carbon atoms are located, and has 32
faces, of which 12 are pentagonal and 20 are hexagonal, which makes the molecule highly
symmetrical [1]-[3]. The so-called [6,6]-bonds between the rings of hexagons have
aspects of m-bonds, while the [5,6] single bonds reside mainly at the pentagons. The main

reactions of fullerene occur at the n-bonds, as seen in Figure 1 [4].
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Figure 1. Face-on view of the structure of fullerene (Ceo).

As a consequence of a great chemical and structural stability, fullerene is considered

as the third allotrope of carbon, after diamond and graphite [2]. Phenyl-Cs:i-butyric acid



methyl ester (PCBM) stands out as one of the most common fullerene derivatives used in
the field of organic electronics, due to its enhanced solubility in organic solvents by way
its modification with a sidechain which breaks some of the Ceo symmetries. Fullerene and
PCBM’s exhibit exceptional strong electron affinity, which gives these molecules
importance for organic electronics, optoelectronics and photovoltaics. Importantly, for
this work, their electrophilicity means that they are particularly sensitive to the rich
electronic characteristics of molecules containing nitrogen atoms, which have lone pairs
of electrons that can interact with the fullerene. Evidence for this can be given by th

example of the first known reactions involving fullerene with an amine [5].

Exploiting the properties of fullerenes has been improved by using derivatives such
as PCBM, however, a constant problem remains their strong tendency to form aggregates
in an uncontrolled manner. This means that it difficult to explore their properties and
applications, since there is little or even no control over its aggregations [6]. One way to
get around this is to incorporate fullerene into a polymeric structure, which means that its
aggregation becomes more controlled, its solubility is improved in many solvents, such
as chloroform, used in this work, and it becomes a more malleable and easier to
manipulate material. This process can be done through several chemical procedures, to
highlight here ATRAP (atom transfer radical addition polymerization) and SACAP
(sterically controlled azomethine ylide cycloaddition polymerization techniques, through
which Ramanitra et al. [7] and Stephen at al. [8] showed it was possible to incorporate
PCBM into polymer main chains. Both techniques show consistent and high-yield results

in the production of oligo(fullerene)s and poly(fullerene)s, respectively.

One of the methods for the deposition of conductive polymers is the Langmuir
technique, known to produce films with an oriented molecular structure when used with
amphiphilic molecules [9], [10]. The technique consists of transferring the Langmuir
films formed at the air/water interface to a solid substrate in a Langmuir trough. For the
formation of Langmuir films, the solution containing the material is spread on the surface
of the subphase, the solvent evaporates, and the remaining molecules are compressed by
mobile barriers, causing them to gradually approach, characterizing a surface pressure
isotherm, to eventually form a monolayer with a high level of organization [11]. Langmuir
techniques can be divided into two types according to the way in which the film is
transferred from the subphase to the substrate. A horizontal transfer, performed by

pressing a substrate horizontally against the surface layer and more commonly used for



more rigid monolayers, is called Langmuir-Schaefer (LS) [12], and the vertical transfer
controlled by software, through immersion and emersion of the substrate in the subphase,
is called Langmuir-Blodgett (LB). In both techniques, the process can be repeated to

transfer multiple layers to the substrate.

A gas sensor is a device that receives stimulus from an analyte present in the
atmosphere and generates an electrical response. This effect may be due to adsorption,
which is a process of gas molecule adhesion on the surface of a solid film, or absorption,
where ions, molecules, and atoms are incorporated into the volume of the material [13],
[14]. Sensor devices are widely used in industry [15]-[17], such as in the quality control
process of metals [18] and in the detection of toxic substances, acting as safety devices.
Ammonia is an important part of the atmosphere and acts as a neutralizer of generated
gases, such as carbon dioxide [19]. However, when in high concentrations, ammonia is a
toxic gas that can seriously affect the respiratory system, potentially causing serious
consequences for the individual [20].

One of the main limitations found on studies about gas sensors is the temperature of
operation of these devices. Most of the sensors studied today are produced from metal
oxides, that require a higher temperature to operate and recover properly from the
analyte’s effects [21], [22].

In recent years, research in gas sensors area has been pointing the use of organic and
polymeric materials as a viable way to overcome this limitation, because of the room
temperature operation of the organic materials and their reactivity, which makes easier to
manipulate these materials to achieve an organic sensor with higher conductivity [23],
[24]. In addition, polymer-based materials are expected to be much easier to cast to give
different forms and surfaces, to be energetically economic as they do not require sintering
or similar high temperature processes, and can be cast using common organic solvents.

In this context, the central objective is to study thin films fabricated using fullerene
materials, deposited by Langmuir-Schaeffer and drop-cast techniques. The thin films
were characterized by electrical, optical and morphological measurements, and applied

as an active layer for ammonia sensor devices.

2. EXPERIMENTAL SECTION

2.1 — Materials



In this work, three fullerene based materials were studied, namely PCBM,
oligo {(phenyl-Cg;-butyric acid methyl ester)-alt-[ 1,4-bis(bromomethyl)-2,5-
bis(octyloxy)benzene]} (OPCBMMB) and poly{[bispyrrolidino(phenyl-Cei-butyric acid
methyl ester)-alt-[2,5-bis(octyloxy)benzene]} (PPCBMB). Figure 2 represents the

chemical structures of the studied materials.

Figure 2. Chemical structures of a) PCBM; b) OPCBMMB; ¢) PPCBMB

PCBM was commercially obtained by Sigma Aldrich, while OPCBMMB was
prepared as detailed by Ramanitra et a/ [7] and PPCBMB was prepared as indicated by
Stephen et al. [8], the samples having the exact same characteristics as detailed in those
papers. We give a brief summary of their preparations here. OPCBMMB was made using
the aforementioned ATRAP method, in which a bifunctional dibromethylated
comonomer (1,4-bis(bromomethyl)-2,5-bis(octyloxy)benzene) was mixed with CuBr,
bipyridine and PCBM in toluene at 100 °C for 16h. The CuBr, transported by the
bipyridine in the toluene generates methylene radicals on the comonomer which
subsequently react with the PCBM to generate an oligomer. The product was found to
have a relatively low molecular weight, with a distribution of between one and four
repeating units. Indeed, around 35% of the material was unreacted PCBM. In the case of
the PPCBMB, a much higher molecular weight was attained by using the so-called
SACAP  method. Here, the PCBM was reacted with a 2,5
bis(octyloxy)terephthalaldehyde and presence of N-methylglycine in refluxing toluene to
deliver a polymer with molecular weights estimated to be of the order of M, =24 600 g
mol! and M, = 73 800 g mol!. All the materials were studied from chloroform-cast

solutions, in which they all display reasonably good solubility.



For optical and morphological characterizations, solid substrates were deposited on
glass slides. For electrical characterizations in direct current and sensory measurements,
glass slides with interdigitated gold electrodes (IDE/Au) with 50 digits. Each digit is 110
nm in height, 8§ mm in length and 100 um wide. The spacing between each digit is 100
pum.

The utilization of these IDEs was required for this work, because in each pair of digits,
the total current is amplified [25], which facilitates the process of electrical
characterization in materials with the low electrical conductivity of undoped

semiconductors such as fullerenes.

2.2 — Drop Casting Films

The drop casting technique is one of the simplest film deposition techniques from
solution [26]. In this method, the solution is dripped onto a horizontal substrate with the
aid of an electronic pipette. Then the solvent evaporates, so that the film remains on the

substrate due to Van der Waals forces [27].

The drop casting technique, however, does not allow for control over the film
formation, facilitating the formation of agglomerates in the structure, which results in
films with a heterogeneous surface. The lack of control over the film formation also limits
the control over the film thickness. Factors such as deposited volume and solution
concentration can help regulate the final film thickness, but with a low accuracy [26]—

[28].

For the deposition of the drop casting films, a volume of 0.2 mL of the solutions, at a
concentration of 1.0 mg mL!, was dipped onto the substrate with the aid of an electronic
micropipette. The films quickly and visibly dried at room temperature and were

considered dry after 30 minutes leaving the thin film on the substrate.

Solvent evaporation is one of the most important parts of the process, where we have
the choice to let it evaporate naturally or use thermal process to accelerate the process,

however, disturbing the system can impact detrimentally on film morphology [29], [30].

2.3 — Langmuir Films Fabrication and Deposition



In general, Langmuir films are defined as a monolayer film, with a monomolecular
thickness, formed by the compression of amphiphilic molecules on an aqueous subphase.
Among the advantages of the Langmuir deposition techniques, we can highlight the
precise control of the film thickness, the achievement of nanostructured films, with high
structural order and molecular orientation controlled by amphiphilic interactions with the

subphase.

To the study of the isotherm, that allow us to observe the film formation, 250 pL of
the solution (0.2 mg mL!"), using chloroform as solvent, was spread over the aqueous
subphase on the Langmuir through. For the film deposition, the spread volume was higher
(500 pL) in order to ensure that there is enough material on the subphase to transfer 25

layers onto the substrate via the LS technique.

After spreading the solution, the solvent evaporates, leaving only the spread material
present in the subphase. The barriers then begin to close slowly at a rate of 10 mm min’!,
starting the compression process. This compression causes the molecules present in the
subphase to move closer to each other, until they begin intermolecular interactions, which
characterizes a surface-pressure isotherm (r — A), where variations in the pressure causes
changes on the behavior of complex amphiphilic molecules, such as reorientation and
conformal transformations [31]. With the isotherms, we analyze the mean molecular area

occupied by the studied materials for different values of surface pressure.

2.4 — Optical Microscopy and AFM

The morphology of the films was analyzed by optical microscopy (Nikon Eclipse
Ci/ L, Tokyo, Japan). Images of atomic force microscopy (EasyScan II, Nanosurf, Liestal,
Switzerland) in an intermittent mode (512 x 512 pixels) were acquired in a scan window
of 30 x 30 um, under ambient conditions at room temperature. The tapping mode was
selected, instead of the contact mode, since it is less damaging to the surfaces under
investigation [32]. Root mean-square (RMS) roughness of films was determined using

the Nanosurf Instruments software. At least five measures were taken and the errors were



the standard deviations. The technique provides the topography of a given surface and is
used in the evaluation of defects and agglomerates, in addition to surface roughness

calculations.

2.5 — UV-visible absorption spectra

By studying the processes of electronic transitions that take place within the
ultraviolet-visible range, we can obtain important information about the molecule,
regarding the absorption in this spectrum, as well as monitoring and verifying the growth
of the films produced by Langmuir-Schaefer technique. It is also possible to get

information about the internal structural organization of the films.

The UV-vis spectroscopy measurements took place in the incidence of light in the
range of 900 to 300 nm. A detector located behind the sample is responsible for measuring
the intensity of the light absorbed by the film. Lower wavelengths were avoided due to
glass opacity for ultraviolet light.

2.6 — Electrical characterization in DC current

Current versus Voltage (I versus V) measurements were performed on a Keithley
Semiconductor Parameter Analyzer mod. 238, over the range from — 15 to 15 V in steps

of 0.5 V.

To calculate the electrical conductivity and resistance, Ohm’s law equations were
used, where the cell constant, for the interdigitated electrode used, has a value of 5.1 m!,

as defined in previous works of the group, following Olthuis’ method [33]-[35].

2.7 — Ammonia Sensors

To analyze the performance of these films as ammonia sensors, the electrical

characterization of films through current versus time (I versus f) measurements were



performed. Initially, the films were flushed with nitrogen for 10 minutes to obtain an inert
baseline, which cannot be guaranteed with air baseline. Following this, and throughout

the whole process, the samples were subjected to a constant voltage of 5 V.

The measurements took place over 10 minutes cycles, alternating between the N>
baseline and the NH3 atmosphere, both in a saturation regime, which was carried into the
sample by the N, flow (60 NL h'') through the home-made apparatus, internally
measuring approximately 5.5 cm of radius by 7.0 cm of height. The cycles were repeated

in order to verify the reproducibility of the obtained results.

To create the NH;3 saturated atmosphere, ammonium hydroxide was placed in a
bubbler, where the nitrogen flow is responsible for carrying the ammonia vapors released

to the sample.

3. RESULTS AND DISCUSSIONS
3.1 — Langmuir Films

In the study of surface pressure isotherms (7-A), it is possible to extract information
about the studied materials during the film formation. It is possible to obtain data about
the mean molecular area occupied by the materials in the Langmuir through, and the ideal
pressure value required for deposition of Langmuir-Schaefer thin films. Figure 3 shows

the results obtained from Surface pressure vs mean molecular area isotherms.
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Figure 3. Surface pressure isotherms for PCBM (black), OPCBMMB (red) and PPCBMB
(blue).

Analyzing the isotherms curves, it is possible to observe the absence of a well-defined
transition phase, between a gas phase and a solid phase. It is also possible to note a linear
region with a high compressibility, a characteristic feature of amphiphilic molecules [36].

These curves resemble condensed-liquid isotherms, according to Harkins classification

[9].

It is also possible to estimate the mean molecular area the material occupies in the
aqueous subphase, extrapolating the linear region in Figure 3, corresponding to the
condensed phase of the isotherm. The values obtained for the mean molecular areas are

given in Table 1.



Table 1. Mean molecular area of PCBM, OPCBMMB and PPCBMB

Mean Molecular Area (A2)

PCBM 23.6
OPCBMMB 54.4
PPCBMB 116.4

Due to the presence of strong interactions between the m-bonds and the absence of
hydrophilic groups, fullerenes tend to show uncontrolled aggregation on the aqueous
subphase surface [37]-[39]. The integration of the PCBM into polymeric structures can
reduce the aggregation by separating the spheres with comonomers. Importantly, large
comonomers, with long alkyl chains can improve this situation. However, an additional
possibility remains functionalizing fullerene with polar groups, such as hydroxyls,
granting it an amphiphilic character [37], [38]. Functionalizing a material shows different
results with respect to the control over the aggregation. In Table 1, we see that PCBM
presents the lowest mean molecular area, followed by OPCBMMB and PPCBMB, with
the last showing the highest value obtained airing from the differences in their structures.
This can indeed result from the comonomers pushing fullerenes apart, but the impact of
ethoxy groups on the comonomers, in addition to the methoxy groups on the PCBM

cannot be ignored.

These results can indicate that the aggregation control was more effective in the
polymer and the oligomer, due to their functionalization, with PCBM showing more
aggregates on the aqueous subphase when compared to the other materials. In addition,
Figure 4 brings a possible molecular organization of the materials in the aqueous

subphase, similar to that found in previous works [40].
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Figure 4. Proposed structures for molecular organization in the aqueous subphase. Adapted

from [40].

With the isotherms, it is also possible to observe a well-defined condensed phase,

represented by the linear region of high compression, that defines the ideal state for the

film deposition into a solid substrate, with the Langmuir-Schaefer technique, without

collapsing the monolayer [41]. In this way, we can determine the surface pressure of 20

mN m! as a favorable pressure for all the films deposition. For the LS films fabrication,

25 layers were deposited [42], [43].

3.2 — AFM and Optical Microscopy

Figure 5 presents the topographical images obtained by AFM for PCBM, OPCBMMB

and PPCBMB, deposited by both Langmuir-Schaefer and drop-cast techniques.
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Figure 5. AFM images of the thin films a) PCBM/LS; b) PCBM/casting; ¢)
OPCBMMB/LS; d) OPCBMMB/casting; ¢) PPCBMB/LS; f) PPCBMB/casting

On these images we can observe the presence of larger aggregates on the surface of
the drop-cast films, that present a rougher surface when compared to the LS films,
resulting from the intrinsic characteristic of the techniques used in the deposition. In the
Langmuir films, we also observe that the surface roughness resulted in similar values, a
fact that is not observed in the drop casting films, where PCBM resulted in a higher

roughness value when compared to the polymer and the oligomer, as seen in Table 2.

This suggests that the functionalization applied during the synthetic processing of
OPCBMMB and PPCBMB are capable of inhibiting the strong tendency of PCBM to
form aggregates in an uncontrolled manner, which helps OPCBMMB and PPCBMB to



form films with a more homogeneous surface than PCBM, as can be seen in Figure 6,

that shows images of the drop casting and LS films, obtained by optical microscopy, with

a scale of 100 pm.

Table 2. Roughness (RMS) values obtained by AFM.

RMS (um) | Langmuir-Schaefer Drop-cast

PCBM 0.042 0.118
OPCBMMB 0.055 0.092
PPCBMB 0.039 0.029

This suggests that the functionalization applied during the synthetic processing of
OPCBMMB and PPCBMB are capable of inhibiting the strong tendency of PCBM to
form aggregates in an uncontrolled manner, which helps OPCBMMB and PPCBMB to
form films with a more homogeneous surface than PCBM, as can be seen in Figure 6,
that shows images of the drop casting and LS films, obtained by optical microscopy, with

a scale of 100 pm.
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Figure 6. OM of: a) PCBM/LS; b) PCBM/cast; ¢) OPCBMMB/LS; d) OPCBMMB/cast; e)
PPCBMBY/LS; f) PPCBMB/cast. All images bar shows 100 um.

With the optical microscopy images, we can observe that the LS films have more
homogeneous surfaces, compared with the drop casting films. In the casting films, it is
possible to see that the materials present different surface profiles from each other. We
can see the presence of several aggregates on the surface of the PCBM film, however,
smaller in size. Observing the OPCBMMB and PPCBMB films, it is possible to see the

presence of less aggregates, but larger in size.



3.3 — UV-visible Optical Absorption Spectroscopy

Figure 7 shows the UV-visible absorption results obtained from the PCBM,
OPCBMMB and PPCBMB thin films, deposited from Langmuir-Schaefer and drop
casting techniques. One of the goals of UV-visible spectroscopy is to observe the linearity
in the LS films growth, which guarantees the ordering and homogeneity of the film
structure in each layer. In order to achieve this goal, the measurements in the LS films

were performed during the deposition process, with 1, 3, 5,9, 15 and 25 layers.
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Figure 7. Optical absorption spectra of a) PCBM/LS; b) PCBM/casting; ¢)
OPCBMMB/LS; d) OPCBMMB/casting; ¢) PPCBMB/LS; f) PPCBMB/casting

Analyzing the results obtained from the LS films, it is possible to see that the light
absorption in these films happens in lower wavelengths, starting close to ultraviolet
region, reaching an absorption peak in 335 nm, a characteristic behavior present on
fullerenes, related to excited singlet transitions [44]. It is also possible to observe the
presence of a discreet shoulder peak, around 430 nm, visible on PCBM and OPCBMMB
spectra, corresponding to the fullerene bonds that connect their hexagonal structures [45],

[46].

The similarity observed in both spectra, without the presence of a shift may indicate
that both deposition techniques resulted in films with similar levels of structural
organization. Although LS films in general tends to present a higher level of structural
order, superior to drop casting films, the nature of fullerene to form aggregates in an
uncontrolled manner may be preventing the formation of Langmuir films with the higher
organization expected, since the functionalization employed in the fullerene presents

different results in relation to the aggregation control [37].

In both deposition techniques, it is observed that PPCBMB, when compared to the
other materials, has its most intense absorption region displaced to even lower
wavelengths, in the ultraviolet region, caused by a reduction in the conjugation and
symmetry in the fullerene, due to it synthetic process in which two additional double-

bonds are broken [8], [47].

Analyzing the OPCBMMB absorption spectrum, it is observed that it presents a very
similar result to the PCBM spectrum, indicating that the large amount of PCBM present
in the OPCBMMB structure is able to mask most of the oligomer’s electronic properties
[7]. These similarities in both spectra also confirm, as found in earlier work, that the bonds
formed during the synthesis process occurred at specific and symmetrical points in the
fullerene spheres (1,4-phenylene), causing the material to maintain its initial symmetry

[71, [48], [49].

Figure 8 presents the absorbance curves by layer number in the LS films of each
material, taking as reference the wavelengths of 335 nm, corresponding to the absorption

peaks for PCBM and OPCBMMB, and 430 nm for PPCBMB, where it is possible to



notice an increase in the absorbance intensity, which is directly proportional to the
number of deposited layers, confirming that the films present a linear growth when

deposited by the Langmuir-Schaefer technique.
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3.4 — Electrical Characterizations in Direct Current
I versus V curves are shown in Figures 9 and 10, where we can observe that for both
deposition techniques, the conductivity curve of PCBM is more accentuated in relation

to the abscissa axis, when compared to OPCBMMB and PPCBMB.
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Figure 9. Current versus Voltage curves in the LS films of PCBM, OPCBMMB and
PPCBMB.
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Figure 10. Current versus Voltage curves in the drop casting films of PCBM, OPCBMMB,
and PPCBMB.

The linear plots obtained by / versus V curves show that the materials behave
according to Ohm’s Laws, varying linearly, due to the contact with an Au/film/Au
configuration [50], especially in lower voltage regions. Ohmic contacts, such as those
observed, have the characteristic of not influencing the carrier’s density in the volume of
the material when an electrical voltage is applied [50], [51]. This feature makes it possible
calculate the electrical conductivity [52], as a linear equation of first degree (y = ax +
b), with b = 0 can be used. From Ohm’s Law, it is possible to determine the resistance
(R) and the electrical conductivity (o), since the conductivity is the inverse of the
resistivity (p). Electrical resistance and conductivity values obtained for both deposition

techniques are shown in Tables 3 and 4.

Table 3. Electrical resistance of PCBM, OPCBMMB and PPCBMB for the LS and drop

casting films, obtained through the angular coefficient of the curves from Figures 1 and 2.

Resistance (2) Langmuir-Schaefer Drop-cast




PCBM 2.53x10° 4.04 x 10°
OPCBMMB 8.56 x 10° 1.16 x 101°
PPCBMB 1.45 x 1010 1.03 x 101°

Table 4. Electrical conductivity of PCBM, OPCBMMB and PPCCBMB for the LS and drop

casting films.

Conductivity (S/m) Langmuir-Schaefer Drop-cast
PCBM 2.01x107° 1.26 x 107°
OPCBMMB 5.96 x 10710 438 x 10710
PPCBMB 3.51x 10710 496 x 10710

In the studied materials, it is observed that the films produced by the Langmuir-
Schaefer technique resulted, in general, in slightly higher values of electrical
conductivity, compared to the drop-cast films, which would be expected from their
greater molecular order, acting as a smoother path for the charges, compared to a film
with less ordering in their structure.

This distinction can be described through the images obtained by AFM, where the
surface mean roughness measurements showed that the surface of the LS films are slightly
more homogeneous than drop-cast films, which contributes to charge transport in thin
films, creating a smoother path for the charges [48], while the defects of a rough surface
can create “traps” that imprison the charges via Poole-Frenkel effect [53], [54] and hinder
their transport [26]—[28].

However, this does not occur in PPCBMB films, where the conductivity of the drop-
cast films is slightly higher than the conductivity of the LS film, as well as observed in
the AFM results, where the PPCBM LS films has a slightly rougher surface than the
PPCBMB drop-cast film. The very dilute regime in which the polymers were deposited



in the Langmuir trough would tend to indicate that entanglement of the polymers would
not be expected. However, they had very high molecular weights (My = 73 800 g mol!)
which means it cannot be excluded as a possibility. Another possibility is oxidation of the
fullerene in the air surrounding the film, which can give rise to ether linkages between
chains. Just a few reactions can lead to quite large material changes, and this might
explain the difference. Future work will look at using inert nitrogen atmospheres for

Langmuir and casting.

3.5 — Electrical Characterization as NH3; Sensors

The experiment was carried out on samples of both LS and drop casting thin films, in
cycles of 10 minutes, alternating between the NH; atmosphere and the N, baseline.
During the entire process, a constant voltage of 5 V was applied to the samples. The

Current versus time (I vs. t) curves obtained are displayed on Figure 11.
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The result show that the three materials exhibited electrical responses to passage of
the NH3 analyte, in both deposition techniques, resulting in a considerable increase in the
measured electrical current, with emphasis on the LS films, which showed faster
responses to the analyte stimulus, reaching the maximum of their responses in shorter

times, in every measured cycle. This can also be related to the structural organization of

the LS film, granting an easier path to the charge conduction.




The highest values obtained, however, occurred in the drop-cast films, where PCBM
presented the highest peak of all samples, of 57 pA followed by OPCBMMB with a peak
of 0.37 pnA. Among the drop-cast films, the lowest peak was obtained from PPCBMB,
with 78 nA. The LS films resulted in smaller peaks, with PCBM reaching a maximum of
5.9 pA, followed by OPCBMMB with a peak of 0.21 pA. Again, PPCBMB had the
lowest peak, with 1.9 nA.

It is also observed that the materials exhibited different response profiles when
exposed to the gas, so that in the LS films (Figure 11c), OPCBMMB presented a few
intensity variations in the registered peaks, while PPCBMB (Figure 11e) presented a
small drop from the second measured peak. PCBM (Figure 11a), on the other hand,
presented a great decrease in intensity from the second peak. Although the current peaks
stabilize starting from the second cycle in the PCBM LS film, the measured currents were
very low, an issue observed in most of the samples studied. The measured current peaks

are shown in Table 5.

Table 5. Current peaks registered on LS films during exposure to NHs.

Current Peaks (LS) 1% peak 2"d peak 34 peak 4'h peak
PCBM 5.90 LA 0.36 LA 0.30 pA 0.39 pA
OPCBMMB 0.19 uA 0.16 LA 0.18 pA 0.21 pA
PPCBMB 1.90 nA 0.83nA 0.68 nA 0.82 nA

In the drop-cast films, each material also presented a different response profile.
PCBM (Figure 11b) showed a gradual decrease at each NH3 cycle studied, while
OPCBMMB (Figure 11d) showed the opposite behavior, with an increase in the current
peak intensity, until reaching constant values. Between the drop-cast films, PPCBMB
(Figure 11f) was the one that suffered the least variations in its current peaks, presenting
similar current peak values at each cycle. The values of each current peak obtained in

drop-cast films are shown in Table 6.



Table 6. Current peaks registered on drop casting films during exposure to NHs.

Current Peaks 1% peak 2"d peak 34 peak 4'h peak
(drop casting)
PCBM 57.2 uA 36.7 uA 28.9 pA 18.1 pA
OPCBMMB 0.08 LA 0.16 LA 0.36 pA 0.37 pA
PPCBMB 54.8 nA 78.8 nA 74.5 nA 56.4 nA

In all cases, it is observed that there was a quick response of the materials, in both
techniques and in all cycles, with an immediate increase in the current, reaching their
maximum intensity in few minutes. Additionally, at the end of the NHj; cycles, the
materials were capable of returning to the baseline current values (shown in Figures 9 and

10, at 5 V), showing that these processes are reversible.

The good performance observed in these materials when reacting to NH3 can be
explained due to the fact that they all have PCBM in common in their structures, since it
is an n-type material (acceptor), which reacts favorably with NH3, which is a p-type
material (donor) [49], [50]. There is most likely a strong nucleophilic attraction from the
nitrogen’s electron lone pair orbital with the highly electrophilic fullerene, where the
materials capture the gas charges, which start to act in the charge conduction process [55],
[56]. This would also explain why the drop casting films showed a higher response, since
the technique tends to create a less homogeneous surface, able to trap NH3; molecules
between their aggregates, favoring the capture of charges to participate in the conduction

process [28], [57].

This can be related to the AFM images of the thin films (Figure 5, Table 2), where
the results showed that the PCBM drop-cast films presented a rougher surface, with the
presence of several agglomerates compared to the PCBM LS film, which presented a
more homogeneous and less rough surface. This translates to the results from the gas
measurements, where the drop-cast films, which are rougher, obtained more intense
current peaks in the presence of the analyte. The region where the conduction process

happens is dictated by the electrode’s geometrical characteristics, with the electric field



being applied horizontally between the digits, which means that the conduction happens
only between the 110 nm thickness of the electrode and the charges above this ideally
should not participate this process. This means that the thickness of the film must be
enough to cover the electrodes, but anything above the electrode, ideally doesn’t

contribute to the conduction process.

In contrast, OPCBMMB and PPCBMB films showed similar roughness values for
both deposition techniques, due to their greater polymeric nature being more determinate
in their film formation [37]. This also translates into the results obtained in the gas
measurements, with the OPCBMMB and PPCBMB films of both techniques showing a

smaller difference between the current peak values in the presence of NHs.

The large drop observed in both PCBM films can occur due to a possible nucleophilic
reaction of the analyte with the material, reducing its ability to exchange electrical
charges, which translates into the less intense peaks observed [5]. The absence of these
drops in the current values in the other materials indicates that the branches present in the
structure of OPCBMMB and PPCBMB are able to block the permanent reaction with the
NH; gas, which reduces the interactions with ammonia, resulting in smaller peaks, but

allows a better reproducibility over the observed cycles.

Observing Figure 11, the results of the I vs. t ammonia measurements show that not
only did the materials respond favorably to the interaction with NH3 gas, but also that the
answers are possible to be reproduce, corroborating with the idea to use PCBM,
OPCBMMB and PPCBMB as an active layer in the production of NH3 gas sensor that
can be reused [58], [59]. Highlighting the OPCBMMB LS film, which, in addition to
showing little variation between the current peaks measured in each cycle, also obtained

faster answers than the drop-cast films.



4. CONCLUSION

In this work, the manufacture of PCBM, OPCBMMB and PPCBMB thin films is
described using the Langmuir-Schaefer and drop casting techniques, in order to perform
their characterization and verify their applicability as an ammonia sensor. The results
obtained with UV-vis absorption measurements showed the linear growth of the
Langmuir films, with absorption peaks at 335 nm, characteristic of fullerenes. AFM and
optical microscopy results showed the formation of numerous aggregates in the drop
casting films, while the Langmuir-Schaefer films showed greater surface homogeneity.
Gas measurements shoed that all materials respond to ammonia stimulation, due to the
donor nature of the analyte and the acceptor nature of the materials studied. Despite
showing results with greater reproducibility, the current values in the peaks observed in
the OPCBMMB and PPCBMB films were much lower than the peaks obtained in the
PCBM films, in both deposition techniques. This implies that, even with good
reproducibility, current variations would require a very sensitive voltage source to detect
them. Furthermore, discarding the first cycle in the PCBM films, the remaining cycles

show a good reproducibility.
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