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Abstract:

Herein we focus on gas sensor responses of both organic macrocycles (MCs) and carbon
nanotubes (CNTs) functionalized with MCs (CNTs/MCs) to understand the interaction
mechanisms of these materials exposed to aromatics volatile organic compounds (VOCs)
such as benzene, toluene and xylene (BTX). The MCs-functionalized CNTs are prepared by
non-covalent functionalization using phthalocyanines and porphyrins derivatives. We focus
our analysis on the peripheral groups of both the MCs (tert-butyl, phenyl, ethyl) and BTX
(methyl) by means of the analyses of both the desorption kinetics and surface interactions. A
cross-analysis between the physisorption phenomena and kinetics of the responses is found to
be relevant for understanding the interactions. The analysis of the sensing performances at
room temperature (25 °C) for the MCs-based QCM sensors revealed that the nature of the
peripheral moieties (aryl or alkyl of the MCs alone) dictates the kinetics and the desorption
profile whatever the VOC. The similar analysis conducted on the sensing performances of the
CNTs/MCs-based QCM sensors shows that, methyl groups of the BTX are the dominant
parameter that modulate the response profile whatever the hybrid materials. A focus on

dispersion interactions and desorption kinetics allows to evidence that the interaction between
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the VOCs and MCs or CNTs/MCs is reinforced or weakened depending on the peripheral
moieties from the MCs or BTX. From this study, it is clearer that substituents of the VOCs
are more important for kinetics of desorption than the functional groups of the CNTs/MC:s.

Keywords: Functionalization, Macrocycle, BTX, Carbon nanotubes, Dispersion

interaction, Sensors

1. Introduction:

Carbon nanotubes and their functionalized derivatives have, in the last years, contributed a lot
in the research on gas sensors [1-2]. Reasons for such a devotion are clearly attributed to their
higher surface area but also to their versatile surface chemistry which enables
functionalization in a covalent or non-covalent way [3]. For their use as sensors, their unique
electronic and optical properties [1] as well as their surface sensitivity are important. And this
allows them to be useful as chemi-resistors [4], mass sensors [2] or optical sensors. At the
beginning, the use of CNTs as potential sensing materials suffered from their lack of
solubility and their natural bundling configuration. In terms of processing these problems
represent some hurdles for the an easy and low cost processing. However, progress in
chemical functionalization has proven to be strategically helpful to partially solve the lack of
solubility while simultaneously affording new properties. Besides this utility, the chemical
functionalization is also intended to bring specific function to the CNTs surfaces and provide
more reactivity towards targeted gases [S]. It is well known that incorporating defects, which
can be consider, to a smaller extent, as a surface functionalization, is beneficial for enhancing
the surface reactivity of pristine CNTs toward gases [6]. The use of surface functionalization
to control and monitor surface reactivity of CNTs through attachment of functional moieties
has been therefore developed for application in the field of gas sensors [2].

Many researches on nanocarbon based gas sensors [7-8] have been oriented on the

functionalization of CNTs to target aromatics VOCs such as BTX. These aromatic



compounds are species whose levels in both indoors and outdoors [9-10] have increased
considerably.

The first motivation behind the use of the functionalization to make the CNTs highly
sensitive to BTX came from the propensity of the CNTs surface, essentially made of benzene
rings (hexagonal unit), to interact with the aromatics VOCs via TTT interactions as in the
benzene dimer [11]. For the same reasons, rich Trelectrons molecules are promoted to assess
functionalization in a non covalent way. Phthalocyanines (Pc) and porphyrins (Por)
derivatives as Trelectrons systems are good candidate to fulfil the functionalization
requirement via covalent or non covalent bonding [12-14]. Furthermore they exhibited a great
interest for the detection of VOCs [15-23]. In the last years, we have focussed on the
functionalization of CNTs by phthalocyanines and porphyrins derivatives aimed to
incorporate specific functional groups to target BTX vapors. We previously reported the case
study of toluene [24], and later on benzene and xylene [25]. Our objective was to get insight
into the mechanism and evaluate how functional groups on both the MCs and VOCs affect
the surface reactivity of CNTs/MCs.

This paper is the final piece of the puzzle which aimed to formalize the mechanisms
of interaction taking place between the functionalized CNTs and the aromatic BTX. Thus, the
sensing behaviour of three macrocycles (phthalocyanines and porphyrins denoted CuPctBu,
OEPH», TPPH») as well as their functionalized CNTs parts (CNTs/CuPctBu, CNTs/OEPH,,
CNTs/TPPH>) will be analyzed through their interaction kinetics and adsorption/desorption
profile. Combined analysis of the sensitivity and kinetics will give rise to correlations that
will guide us to propose a schematic representation to elucidate the sensing mechanisms.
Finally we will take the advantage of using the combination of the transduction modes and
the sensor performances, to understand the synergy that governs gas/material interactions in

terms of electronic conductivity and surface exchange. This later will be analyzed as an
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interplay between T—Tt alkyl-alkyl and Tralkyl interactions (van der Waals interactions) as
well. A discussion aimed to orientate the selectivity issue is proposed at the end.
2. Experimental

2.1. Chemicals and Solvents
Anhydrous chloroform (purity grade >99%) was obtained from Aldrich and used without
further purification procedure. Single walled carbon nanotubes (raw-SWNTs) obtained from
a chemical vapor deposition (CVD) process were purchased from Helix Material Solutions
and were used as received (purity grade >90%). Copper(Il) 2,9,16,23-tetra-tert-butyl-
29H,31H-phthalocyanine (purity 97%, denoted CuPctBu), 2,3,7,8,12,13,17,18-octaethyl-
21H,23H-porphine (purity 97%, denoted OEPH,), and 5,10,15,20-tetraphenyl-21H,23H-
porphine (purity 97%, denoted TPPH>), were obtained from Aldrich and used without further
purification.

2.2. Materials preparation and characterization
Unless otherwise stated all experiments were conducted at room temperature (25°C). The
experimental parts will not be fully developed, readers are invited to see article [24] for more
details. The preparation and synthesis of the hybrid materials follow a procedure which has
been described earlier [24]. The CNTs are dispersed into a solution containing the
macrocycles. After sonication, a discoloration of the macrocycle solution occurs,
demonstrating the adsorption of macrocycles on the CNTs walls. Through the measurement
of the absorption difference using UV-Vis spectroscopy, it is possible to confirm the
functionalization. As an example, 1 mg of CNTs were immersed in a chloroform solution of
0.005 mM OEPH; and then the resulting mixture was sonicated for 15 min. The residual
material, collected after sonication and centrifugation, is then washed several times with

chloroform and dried. In the sensor preparation procedure, the materials were thoroughly re-



dispersed in chloroform prior to deposition. The same procedure apply for functionalization
of CNTs with TPPH; or CuPctBu.

2.3. Sensor devices preparation

For the realization of resistive sensors, interdigitated electrodes (IDEs) made of
platinum screen printed on alumina substrate, with interelectrode distance of 125 pm, were
used. The functionalized CNTs were dispersed in chloroform and drop-casted on the IDEs.
The coating were then dried at 80 °C during 1h and I-V characterization performed at room
temperature (25 °C). The electrical characteristics (I-V curves) were obtained from Keithley
2636 System Source Meter which is controlled by a Labview program.

For the realization of the mass sensors we used commercially available 5 MHz AT-cut
QCM substrates from INFICON with the following characteristics: sensitivity factor Cr of
0.056 Hz/ng/cmz, area of 1.37 cm?, and Cr/Au electrodes on both sides. The functionalized
materials were dispersed in chloroform and drop-casted on one side of the QCM substrate
and dry at 80 °C. The mass sensors are further stored at room temperature (25 °C) before
exposure experiments. The frequency variations were measured by a frequency counter

Agilent 5313A.

2.4. Gas sensing experiments
For gas exposure experiments, a dilution bench consisting of pollutant source, the chamber
and a computer assisted data acquisition and collection program monitored through a
Labview software form the test bench. The gas source was diluted with dry air
(corresponding to relative humidity of around 3 %) to obtain the desired concentration range.
For relative humidity experiments, a humidity control system is adapted to the test bench to
provide relative humidity percentage between 10% and 90%. For the resistive sensors, the
IDEs coated with functionalized CNTs were used as sensors and the resistance variations

measured by a Digital Multimeter (Keithley 2700). For the mass sensors, the functionalized
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materials were deposited onto commercially available 5 MHz AT-cut QCM substrates from
INFICON with the following characteristics: sensitivity factor Cf of 0.056 Hz/ng/cm?, area
of 1.37 cm? with polished Cr/Au electrodes on both sides. The frequency variations were
measured by a frequency counter Agilent 5313A.

Unless otherwise specified in the article, the sensor response is defined as a signal variation
of a measured parameter (frequency or resistance) under air zero (purified air) and under gas
exposure. For the mass transduction, we defined the QCM responses as the frequency
variation (AF) normalized to the amount of deposited material given in nanogramm (ng). (AF)
corresponds to the difference between the frequency under air zero (Fo) and the frequency
under gas exposure (Fgas) i.e. AF = Fo — Fgas of the sensors. Therefore the QCM responses are
given in herz per nanogram (Hz/ng). For the resistive transduction, the resistive sensors
responses are given as resistance variation (AR) representing the difference between
resistance under air zero (Ro) and resistance under VOCs vapors (Rgas) i.e. (AR= Raas - Ro).
All experiments were conducted at room temperature (25°C) in dry air environment (1-3%
relative humidity). Response time (Tresp) 1S defined as the time needed to reach 90% of the
maximum response amplitude while recovery time (Trc) is defined as the time needed to
recover 90% of background signal. Sensitivity of the sensors is defined as the response
(Hz/ng for the mass sensors) per unit concentration (ppm) and is given in Hz/ng/ppm for the

mass S€nsors.

3. Results and Discussion
We will firstly discussed the responses of the macrocycles (MCs) before those of the hybrid
materials (CNTs/MCs) toward BTX.

3.1. Sensor performances of the free MCs exposed to BTX: what the MCs reactivity

can afford for understanding the reactivity with VOCs.



3.1.1. VOCs, MCs and their potential interactions
As the discussion will be oriented on the functional groups (substituents), Scheme 1 gives a

statement on the functional groups and their potential interactions. Table 1 defines the

~

structure of the VOC:s in relation with the potential interactions that can take place.
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Scheme 1: Schematic presentation of the different macrocycles (MCs) (upper panel) and
the potentially existing type of interactions induced by the peripheral groups (lower

panel).
The macrocycles can be viewed as a molecular structure made of two entities: i) a central part

essentially localized around a macroring delimited by meso-nitrogens which concentrate the
aromatic center, and ii) the periphery composed of different peripheral groups surrounding
the central part as given in the upper panel of Scheme 1. Here we consider the global
aromaticity taking into account the macroring conjugation more than the local aromaticity

which involves the pyrrolic five membered ring. Based on such a representation, both the
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alkyl interactions and TETT interactions (van der Waals) can be envisaged as potentially

existing interactions from the peripheral groups.

Table 1: Studied VOCs and their potential type of interactions with aromatic center or
alkyl groups.

CHg CHy
@ 1 o
VOCs CHEC[W]
meta-xyléne  ortho-xyléne

CHy
Benzene CHy

Toluene

1
: Nature of the central part Aromatic Aromatic Aromatic |

I
: Functional groups of the - -Methyl (1) -Methyl (2) |
I periphery :
L
I Potentially existing peripheral - v v

: alkyl interactions

: Potentially existing peripheral v v v

:_7t interactions

If we make the same analysis on the VOCs, we can assume that peripheral alkyl groups
situated around the benzene ring will potentially be subject to alkyl interactions while the
aromatic centers themselves will potentially be subject to Trinteractions. As an example,
benzene has no peripheral alkyl groups and is therefore only concerned with Trinteractions.
For the same reasons toluene and xylene with their methyl groups, will potentially be subject
to both type of interactions.
3.1.2. Sensor performances of the macrocycles toward BTX exposures

If the macrocycles CuPctBu, OEPH> or TPPH: are exposed to xylene a general decrease in
frequency is observed as in Fig. 1. The same behavior is also noticed for benzene (Fig. S1;
see supporting information). This decrease is a consequence of vapors adsorption onto the
surface of the sensing materials as predicted by the sauerbrey equation [26]. A quick analysis
of the frequency shift as represented in Fig. 1, allows to see that frequency variation at ca.

500ppm xylene concentration is around 13 Hz for the OEPH>, 19 Hz for the CuPctBu and 44



Hz for the TTPH,. Fig. 1 also shows that recovery of the frequency signal is faster for the

OEPHpo, but details on the kinetics will be given later in this section.
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Fig. 1: Frequency shift measured at room temperature (25°C) for macrocycles exposed
to xylene (CuPctBu at 500 ppm , OEPH: at 450 ppm and TTPH: at 520 ppm) in dried
air.

Since the QCM transduction is a mass sensitive technique, therefore we normalized
the frequency variation to the amount of deposited material for the discussion. The amount of
deposited materials is calculated from the frequency difference before and after deposition
using the sensitivity factor and the area of the electrode. The QCM response given in Hz/ng
for xylene and benzene are displayed in Fig. 2A and Fig. 2B respectively. Data given in Fig.
2 show that the order of sensitivity is Xylene >> Benzene.

For benzene, CuPctBu and TTPH; are more sensitive than OEPH,, with CuPctBu
showing the highest sensitivity. If we look at the structures of the macrocycles and that of the
benzene while associating the potential interactions as detailed in Scheme 1 and Table 1, we

can depict the following tendency: the CuPctBu and TTPH2 which possess phenyl peripheral
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groups are likely more sensitive to benzene than the OEPH: which contains only alkyl
peripheral groups. These results seem to predict that: on the potentially existing interactions
listed in Scheme 1 and Table 1, both are present, and Tralkyl interaction is potentially weaker

than the TtTtinteractions.
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Fig. 2: Calibration curves of QCM coated with macrocycles as function of the benzene
(2A) and xylene (2B) concentrations at room temperature (25 °C). Equations
corresponding to linearization by least square method are given.

For xylene, a different trend is observed since TTPH> presents the highest sensitivity
while CuPctBu and OEPH: present similar sensitivities with the lowest sensitivity value
measured with the OEPH,. For the same reasons as given before, OEPH> is still the less
sensitive material for xylene detection. Let’s focus now on the difference between TTPH>
and CuPctBu: the same explanation, relating the sensitivity with the peripheral groups
previously discussed for benzene, applies also in the case of xylene. The major difference is
coming from the structure of the VOCs bearing two methyl groups in the case of xylene
while no methyl group is present for benzene. So upon adsorbing on the periphery of
CuPctBu, the xylene will experience difficulty to adsorb easily because of the bulky tert-butyl
groups surrounding the CuPctBu ring. As a result of such steric hindrance the sensitivity is

lower for CuPctBu as compared to TPPH>.
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We now add to our discussion the kinetics of adsorption/desorption measured during
one exposure cycle. Kinetic parameters such as response time and recovery time can be
determined from measurements reported in Fig. 1. Response time (Trwesp) and recovery time
(Trec) are defined in the experimental section. Table 2 summarizes the response and recovery

times depicted from the exposure sequences for the studied VOCs at room temperature.

Table 2: Response and recovery times measured for the macrocycles exposed to BTX at
room temperature (25 °C).

XYLENE BENZENE TOLUENE
Tresp (MIN) | Trec (MiIN) | Tresp (MiN) | Trec (MiN) | Tresp (MiN) | Trec (Min)
CuPctBu 15.5 30 4 5.5 14 20
OEPH: 4 5 1.75 1.75 2.5 2
TPPH: 6 4 1.5 2.75 2.5 1.75

For the CuPctBu materials the most reactive VOC is xylene and the recovery time is
the longest generating a slow kinetic of desorption. This is illustrated by the value T of 30
min in the case of xylene (Fig. 1 and Table 2) while the recovery times are evaluated to 20
min for toluene and 5.5 min for benzene (Table 2). The fast desorption kinetics is recorded
for benzene also with very weak sensitivity as compared to toluene and xylene.

For OEPH,, the most reactive VOC is also xylene as illustrated in the calibration
curve in Fig. 2. The QCM response given in Hz/ng shows the same order of sensitivity
Xylene > > Benzene. The desorption rate follows the same order than for CuPctBu with
benzene giving the faster desorption. As previously observed for CuPctbu, the rapid
desorption kinetics is recorded for benzene also with very weak sensitivity as compared to
xylene. The same evolution is observed for TPPH:> too (see calibration curves in Fig. 2 and

11



values in Table 2). If we include in the analysis the values for toluene [24] from the previous
publication, the order of sensitivity is Xylene > Toluene >> Benzene for TPPH> and Toluene
=~ Xylene >> Benzene for OEPH>.

Since the tendency follows inversely that of vapor pressure i.e. the lowest vapor
pressure VOCs give the highest sensitivity and vice versa, one could imagine a linear
relationship between sensitivity and vapor pressure. However, from the results, we can notice
that responses for xylene are 50 times higher than those of benzene while the vapor pressure
is only 10 times higher. This suggests no direct linear relationship between response and
vapor pressure. The same analysis can be done for the couples xylene/toluene or
benzene/toluene and we came to the same conclusion. These results show that even if the
response follows the vapor pressure evolution, there is a non negligible contribution of the
interaction on the sensor response.

3.1.3. Understanding the interaction mechanism between macrocycles and BTX
Based on the analysis of the response of the TTPH; in interaction with benzene, an essential
remark can be done: when the periphery are devoid of alkyl groups and that the only phenyl
groups are present (TTPH), the QCM sensors do not display a better sensitivity (Fig. 2A) nor
rapid kinetics (Table 2). The same analysis for the OEPH> (bearing only alkyl peripheral
group) in interaction with benzene show that, if only alkyl groups are present on the
periphery, the QCM sensor displays the worst sensitivity (Fig. 2A) but a rapid kinetics (Table
2). From these results, it is obvious that the existence of Tr-Ttinteractions (from the periphery)
as solely potential interaction is not sufficient to induce simultaneously better sensitivity and
rapid kinetics. A similar analysis based on the results of OEPH» with benzene allows to state
that if solely Tralkyl interactions are present then the adsorption is weak and the kinetics
rapid. For the CuPctbu in interaction with benzene the same statement applies. CuPctBu

present both phenyl (phthalimide) and alkyl (tert-butyl) groups on its periphery, therefore it is
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more sensitive and the desorption is slower. From these analyses, it is clear that: 1) in the
case where the periphery is subject to T-Ttinteractions and additional Tralkyl interactions
simultaneously (Scheme 1), the adsorption interaction is more favored and the desorption is
too slow. ii) in situations where the periphery is subject to only Trinteractions, the adsorption
interaction is also favored and the desorption is slow. iii) in the case where the periphery is
subject to only Tralkyl interactions, the adsorption interaction is less favored and the
desorption is rapid.

It is worth noting that, for xylene as illustrated in Fig. 2B, CuPctBu which possesses
both alkyl and phenyl peripheral groups is less sensitive than TTPH> which presents only
phenyl peripheral groups. A reason for such a deviation is essentially attributed to the fact
that tert-butyl moieties are bulky groups that can restrict the access to the peripheral active
sites, if xylene molecules would adsorb on surfaces. This is not the case if the less bulky
toluene is concerned. We found previously that the Pcs were more sensitive to toluene than
the Por [24]. The differences can be attributed to steric effects which have not been taken into
account in the prediction.

For VOCs without functional peripheral groups (benzene) where the only aromatic
center is involved, the adsorption is weak and certainly the reactivity too. If the VOCs
possess alkyl groups (methyl) on their periphery (case of toluene and xylene) then the
interaction is reinforced. In terms of kinetics (recovery time in Table 2), the OEPH> which is
less sensitive, present the most rapid kinetics compared to others MCs for all tested VOCs.
This means that, if TeTUinteractions are absent from the periphery, the interaction energy is
not reinforced and as a consequence, the desorption is rapid.

Articles from the literature corroborate this tendency. In fact, Qiu et al. have reported
on a contribution of peripheral alkyl chains on the stabilization of Pcs moieties. Their study

illustrate indirectly that the alkyl groups in synergy with the Trinteractions (van der Walls
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interactions) are important when macrocycles are involved in staking interactions [27].
Others studies confirm the importance of peripheral groups for VOCs adsorption on
phthalocyanines [28]. A correlation between the desorption energy and the number of alkyl
chains in the case of the desorption of n-alkanes from graphene [29] has been established.
The authors found a linear relationship associating an increase in the number of alkyl chains
to an increase in the desorption energy. The importance of peripheral groups on the
adsorption of toluene [23] or benzene [30] on phthalocyanines has been also reported. Even
if the Trinteractions are likely the most probable interactions that can be encountered in the
adsorption of VOCs on the aromatic center of the MCs, the presence of peripheral groups
(methyl for VOCs and ethyl, tert-butyl or phenyl for the MCs) play an important and synergic
role too.
3.2. Sensor performance of the hybrid CNTs/MCs exposed to BTX: understanding
the CNTs/MC:s reactivity towards VOCs
Scheme 2 represents the successive steps of functionalization (upper panel) and gas
adsorption (lower panel) on hybrids materials, to illustrate both the material preparation and
the gas adsorption possibilities. Hybrid materials were synthesized through non-covalent
functionalization and as a result of the random functionalization occurs. Therefore, different
CNTs area are revealed: Naked-CNTs surface (site 1) and occupied CNTs surface (site 2)
(see upper panel of Scheme 2). This analysis stems from our previous observations on TEM
images [24] combined with thermogravimetric analysis.
When we submit these hybrid materials to aromatic VOCs, the VOCs can potentially

adsorb on both types of surfaces (site 1 et site 2; see lower panel of Scheme 2).
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M aterial preparation / Functionalization

E—

VOCs adsorption

Adsorption of VOCs on the hybrids CNTs/MCs material onto site 1 or site 2.

Scheme 2: Representation of the functionalization of CNTs (upper panel) and VOCs
adsorption on the hybrid materials (lower panel). Sites (1) define the Naked-CNTs
surface and sites (2) define the occupied CNTs surface.

So the discussion will be oriented through the potential interactions between VOCs
and these two adsorption sites, their influence on the responses, the kinetics of desorption in
relation with these two adsorption sites. At the end, the role played by the peripheral groups
of the CNTs/MCs (ethyl, phenyl, etc.) and those of the VOCs (methyl for xylene and toluene)
will be analyzed.

3.2.1. Mass sensors responses and potential interactions

3.2.1.1. Mass sensor performances
Fig. 3 shows an emphasis on adsorption/desorption profiles for the CNTs/OEPH: exposed to
BTX. Here we will consider the adsorption as arising typically from physisorption
phenomena. For the discussion, we focus on the QCM responses of the CNTs/OEPH> which

presents the most interesting performances over all hybrid materials. The same analysis could
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be made for CNTs/CuPctBu and CNTs/TPPH: (see Fig. S2 in supporting information). The

sensors sensitivities for all the three hybrid materials submitted to VOCs are given in Table 3.
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Fig. 3: Focus on one exposure cycle of QCM response for the CNTs/OEPH: in reaction
with 500 ppm benzene (A), Toluene (B) and Xylene (C). The red section represents the
most rapid kinetics while the dark blue part in Fig. 3B and 3C display a slow and more
persistent desorption. Experiments are performed at room temperature (25 °C).

In Fig. 3, we can depicted two evolution of the desorption rates. The first one is
highlighted in red color and represents the most rapid kinetics corresponding to a faster
desorption. The second one is highlighted in blue color and represents a rather slow kinetics
(at least for toluene and xylene) which indicates a slower and persistent desorption.

We found in Fig. 3 that the fast kinetics section lasts 30 seconds for benzene, 1.5
minutes for toluene and 2 minutes for xylene. This means that for the same material the order
of kinetics of desorption is benzene more rapid than toluene which is more rapid than xylene.
Similar trends are also observed for CNTs/CuPctBu and CNTs/TPPH». From this analysis, it
seems that desorption kinetics depends on the presence or absence of methyl groups of the

VOCs whatever the CNTs/MCs materials.
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Table 3: Sensor sensitivities (S) calculated from the QCM response of the CNTs/MCs in
the range 33 — 500 ppm and given in pHz/ng/ppm.

Sensitivity to Xylene [Sensitivity to Benzene|Sensitivity to Toluene
(WHz/ng/ppm) (kHz/ng/ppm) (kHz/ng/ppm)
CNTs/CuPctBu 2 0.4 2
CNTs/OEPH, 10 2 4
CNTs/TPPH2 5 0.7 1

As displayed in Table 3, the order of sensitivity is xylene > toluene >> benzene for
the CNTs/OEPH,. Mehdi et al. reporting on the adsorption of BTX on various carbonaceous
materials (from CNTs to carbon fibers) illustrate the importance of the chemical composition
of the surface more than the surface area. They found the same order for the BTX adsorption
capacity (Xylene > Toluene > Benzene) independently of the nature of the carbon materials
and the surface area [31].

Of course since the VOCs have different vapor pressures the relationship between
sensitivity and vapor pressure has to be considered. However if we comparatively analyze the
sensitivity and vapor pressure, we can notice the following trend. The sensitivities (for all
hybrid materials) to xylene are almost 5 times higher than those of benzene while the vapor
pressure ratio between the two VOCs is 11 times higher. We came to the same conclusion
between benzene and toluene where sensitivities to toluene are 1 (for CNTs/TPPH>), 2 (for
CNTs/OEPH2) and 5 (for CNTs/CuPctBu) times higher than those of benzene while the
vapor pressure is only 3 times higher. This suggests no direct linear relationship between
response and vapor pressure.

3.2.1.2. Understanding the sensing mechanism between CNTs/MCs and

BTX
Analysis of the potential interactions between aromatics moieties and m-system assemblies
suppose to define the different contributions on the interactions energy. Lazar et al.
[32] working in Symmetry-adapted perturbation theory (SAPT) calculations indicated a

predominance of dispersion contribution over the others energy contributions (electrostatics,
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exchange repulsion and induction) to the interaction energy. A result which is further
confirmed in other studies [33-34]. Wheeler et al. [34] goes even further and shows that this
predominance of the dispersion is also valid for both endohedral and exohedral adsorption of
aromatic (benzene) or non aromatic (cyclohexane) molecules on carbon nanotubes. Here we
will focus on dispersion interactions as representing the dominant contribution to the
interaction energy. But, we will also take into account substituent effects in m-stacking

interactions as discussed by several authors [35-37].

General adsorption of VOCs on sites 1 and 2 and potentials interactions

Al

T : represents the peripheral alkyl groups on the VOCs;
this representation is true for xylene and toluene while for benzene

this later is absent.

Scheme 3: Focus on the interaction of aromatic VOCs on the CNTs/MCs surfaces. Sites
(1) and (2) refer to Naked-CNTs surface and MCs-occupied CNTs surface.

Based on the structure analysis of the VOCs and the functionalizing moieties, we can
presume the presence of both Tralkyl interactions and TE-Tt interactions as contributing to the

kinetics of desorption. The final outcome of these considerations is highlighted in Scheme 3.
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If we again analyze the Fig. 3 while referring to Scheme 3, we can find a correlation between
kinetics of desorption and adsorption sites (1) or (2) in relation with the peripheral groups
(substituents) of the VOCs: for benzene where the Tralkyl interactions are absent in sites (1),
we recorded the most rapid desorption and the lowest sensitivity. We deliberately assume that
adsorption on CNTs sites 1 for benzene is essentially of TTt type. In fact, CH-Tt interactions
involving T-shaped configuration where benzene molecule interacts with an benzene center
through CH-Ttinteraction, is less stable than any of the stacking interaction [38]. For toluene
and xylene where the Tralkyl interactions are present in sites (1), we noticed a rather
slowdown of the desorption and higher sensitivities. This result has to be correlated with the
nature of the VOCs more than the nature of functionalizing moieties.

So if we combined the analysis of Fig. 3 on the existence of two desorption rates and
the adsorption scheme depicted in Scheme 3, we came to the conclusion that: 1) the rapid
evolution (red line in Fig. 3) suggests a desorption from sites 1; ii) while the remaining part
of the desorption profile in Fig. 3 (highlighted in blue color) is a contribution of the
desorption of the VOCs from the functionalized CNTs parts (sites 2).

To understand the desorption kinetics it is necessary look insight the interface and
state that VOCs with weak affinity to the surface will leave first the surface and those with
strong affinity will leave later the surface of the sensing material. Initially the adsorption
happens on both sites as illustrated on Schemes 2 and 3; however, depending on the chemical
environment of the VOCs (methyl groups for toluene or xylene) a reinforcement of the native
T-Ttinteraction through the existence of additional Tralkyl interaction takes place. This is the
case for xylene and toluene. These statements are summarized in Table 4.

In the case of benzene the additional Tralkyl interactions are absent and the only TE-Tt
interactions ensure the adsorption on site 1 (CNTs surface). As a consequence, benzene

presents the weakest interactions with the CNTs/MCs and the desorption is rapid. Toluene
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and xylene bear methyl groups that can participate to reinforce native Te—Ttinteraction through
additional Tralkyl interaction. As a consequence they are more sensitive and desorption takes
place more slowly. This result corroborates with the findings of Lee et al. [39] evaluated in
stacked configuration. In fact , they stated that, upon substitution on the benzene ring (toluene
and xylene), the aromatic-aromatic interaction is enhanced through a contribution

(interaction) from the benzene ring and the substituent of the other ring [39].

Table 4: Relative strength of the potential interactions and their influence on the kinetic
of desorption.

n-alkyl interactions | m—m interaction T |nt(+eract|on
lloely) Ulanely; nt-alkyl interaction
Relative Weak Moderate Strong
strength
Desorption Rapid Rapid Slow
Synergetic = = Reinforcement
Contribution of the n—n
interaction

If TeTtinteractions are the only existing interaction, we have a moderate interaction,
but if both TeTT and Tralkyl interactions coexist we have a stronger interaction due to the
reinforcement of the TeTTinteractions by the Tralkyl interactions (Table 4). From this analysis
we can expect that adsorption on sites 1 would be reinforced for toluene and xylene bearing
methyl groups on their periphery (substituent). For adsorption on sites 2, a part from
CNTs/TTPH: (in interaction with benzene), the T—Ttinteractions are overall reinforced by the

presence Tt-alkyl interactions.

Assuming that TE-TT interactions exist in such materials in their interactions with

aromatic VOCs, the gas/material interaction can be witnessed as a synergy of interactions
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associating alkyl-alkyl and Tralkyl interaction as well as T&=Tt interaction. Our assumption
corroborates with the finding of Wheeler et al. [40] who advises to take into account direct

interactions involving the substituents.

So both the analyses detailed in sections 3.2.1.1 (kinetics and sensitivity) and 3.2.1.2
(dispersion interactions) confirms that desorption relies on the presence or absence of methyl

groups on the periphery of the VOCs, independently of the CNTs/MCs materials.

3.2.2. Resistive sensors performances
In the resistive sensors, the adsorption and desorption profile are relatively identical for a
defined gas or vapor type. The resistance increases when submitted to BTX Gases. For this
reason, we present here the result of the most sensitive CNTs/MCs matrix namely
CNTs/CuPctBu towards VOCs as given in Fig. 4. The resistive sensors responses are given as
resistance variation (AR) representing the difference between resistance under air zero (Ro)
and resistance under VOCs vapors (Rgas) 1.e. (AR= Ragas - Ro). However, in contrast to QCM
responses, the response time and recovery time are more difficult to assess for the resistive
sensors because of the fluctuation of the resistance and incomplete recovery under air zero.

We can also define here two desorption profiles as in the case of mass sensors.

4]

863.5 865.0 872.0
) Gas OFF = 864.5 | 'CNTs/CuPctBu(Toluene) | 8700, JSNBIRFEBYIAYIeNss). | SasOry
< 863.0 c c
& < 868.0
e o 864.0 5
S g O 866.0
© 862.5 < 863.5 =
2 g g 864.0
B 2 863.0 2
2 8620 * 3 g 8620
Gas IN I < 862.5  860.0 -
-
861.5 862.0 . 858.0 .
0 20 40 60 0 20 40 60 0 20 40 60
Time (min) Time (min) Time (min)

Fig. 4: Focus on one cycle of exposure of resistive sensor response given as resistance for
the CNTs/CuPctBu in reaction with benzene (A), toluene (B) and xylene (C). The red
part of the curve represents the most rapid kinetics between 30 seconds (benzene), 1.5
minutes (toluene) and 2 minutes (xylene). Experiments are performed at room
temperature (25 °C).
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In principle, adsorption of the VOCs on hybrid materials are identical whatever the
transducer (QCM or resistive). For this reason, the Scheme 2 remains valid in terms of
adsorption and potential interactions. The mechanism of sensing is however different, since
for the resistive sensor, adsorption and simultaneously charge transfer are both necessary to
observe a sensor signal. It also worthy to note that in the case of VOCs without redox
properties like BTX, the charge transfer is difficult to achieve. However charges trapping
[41] due to adsorption, change in the CNT/CNTs interface [42] and/or a modulation of the
inter-tubes electron interaction [43] can induce changes on the conductivity once vapors
molecules are adsorbed on CNTs surface.

Because of the very weak interaction between alkyl moieties and CNTs surface or
MCs surface, the conductivity is not enhanced through Tralkyl interactions as encountered in
the QCM results. Furthermore, the alkyl groups do not allow significant electronic exchanges
with CNTs surface. As an example, submitting hexane vapor to the CNTs/MCs surface does
not give any signal during the resistive sensing experiments.

The adsorption of VOCs on the CNTs results generally in a weaker contribution on
the electronic properties of CNTs materials [44-45]. Theoretical calculations on benzene
adsorption on CNTs [46] or graphene [33] also support this conclusion. All this information
reveals that, although the TeTtinteractions dominate the adsorption interaction, they do not
give rise to significant electrical contribution; neither do the Tralkyl interaction which
produces no electronic exchange. This conclusion is valid for adsorption on sites 1 (Scheme
2).

The functionalization affords new adsorption sites, but the organic macrocycles have
very low conductivity so that generally higher resistivity is measured. We have also seen that
after functionalization electrical contribution from the CNTs dominates the whole electrical

properties. This means that even if the gaseous molecules adsorbed on the functional moieties
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(sites 2 in Scheme 2) their electrical contribution will be negligible because of the quasi-
insulating nature of the functional moieties and the lack of electronic exchange. Therefore we
can assume that the adsorption of gaseous molecules on the functional peripheral groups
contribute to a weaker extent to the resistive response. The measured resistive response can
be potentially attributed to contribution from the direct adsorption of the VOCs on the naked
CNTs surface (sites 1 in Scheme 2). As a consequence, the kinetics is a signature of the
peripheral groups of the VOCs (more than that of the peripheral groups of the MCs), and this
is illustrated in the resistive response profile given in Fig. 4.

We performed sensing experiments using simultaneously mass and resistive
transductions. A cross analysis of the performances based on the use of double transduction

mode allow to highlight a general trend that is depicted from the values given in Table 5.

Table 5: Response and recovery times for the mass and resistive sensors based on the
CNTs/MCs materials at room temperature (25 °C). NA: Not Available; because of the
weak and unstable responses. NB: the pristine CNTs do not present stables and reliable
responses and are therefore not included.

QCM
XYLENES RESPONSES BENZENE RESPONSES TOLUENE RESPONSES
tresp (min) ftrec(min) [tresp (min) [trec(min) [tresp (min) |trec(min)
CNTs/CuPctBu 4.5 7 1.5 1 3 3.5
CNTs/OEPH2 5 5 2 1 2 2
CNTS/TPPH2 4 8 1.5 2 2 3.5
Resistive
XYLENES RESPONSES BENZENE RESPONSES TOLUENE RESPONSES
tresp (min) ftrec(min) |tresp (min) [trec(min) [tresp (min) [trec(min)
CNTs/CuPctBu 14 30 0.75 1.75 4.5 8
CNTs/OEPHz 14 16 NA NA 4 10.5
CNTs/TPPH, 10.5 17 0.5 1 3 6.5

Apart from benzene, the mass sensors give the most rapid kinetics as compared to the
resistive sensors. This is essentially attributed to the action of the VOCs on the sensing layer.
While the mass transduction is only sensitive to adsorption, the resistive transduction will

display a signal if two conditions (adsorption and subsequent charge transfer or phenomena
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leading to conductivity changes) are fulfilled. However, in terms of sensitivity towards the
VOC:s, the classification is always the same (Xylene > Toluene > Benzene) showing that the
way one VOC interacts with the hybrid materials is identical whatever the transduction.
3.3. Fitting of the desorption kinetics with mathematical function

We can deepen the analysis of the desorption using mathematical function fitting. In fact, if
we look at the QCM response (taking for example any of the CNTs/MCs materials) we find a
response profile similar to that presented in Fig. 5 (and previous figures too). If we
concentrate on a section of the desorption profile chosen arbitrarily (10 minutes before end of
the submission, until 20 minutes after), we got the red box delimitation in Fig. 5A. If we
focus carefully on the projection of the red box, we can identify a sigmoid curve as given in.

Fig. 5B.
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Fig. 5: Focus one section of dynamic QCM response of the CNTs/OEPH: sensor to
benzene (A) and projection of the red frame (the sigmoid section) mathematically fitted
(R?=0.997) with a sigmoidal function (B).

The sigmoid function is described by (Eq. 1):
Y=((A1 - A2)/(1 + exp((x - x0) / dx)) + A2 (Eq.1)
an illustration is given in Fig. S4 (see supplementary information)
where Al is initial value and A2 the final value ; x0= the value at 50% of the amplitude;

dx= the width, a constant that determines the curvature and give insight into the kinetics.
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So if we fit the raw data from the QCM sensor response, we obtain the curves as
displayed in Fig. 5B with the raw data and their corresponding sigmoidal fitting. The results
of such a mathematical fitting are given in Table 6 for the CNTS/MCs. For the resistive
sensors the sigmoid fitting was not adapted because of their dynamic response which do not
fit correctly to a sigmoid form. Even if some regression coefficients (R?) in Table 6 are
critical, we can depict some interesting features for the CNTs/MCs: the lowest dx values are
recorded for benzene whatever the material used; intermediate values of dx are recorded for

toluene while higher dx values are obtained for xylene.

Table 6: Summary of the sigmoidal fitting for the CNTs/MCs giving the width (dx) and
the corresponding correlation coefficient (R?).

Benzene Toluene Xylene
dx R2 dx R2 dx R2
CNTs/CuPctBu | 0.134 | 0.970 0.369 0.991 1.748 | 0.978
CNTs/OEPHZ 0.023 0.938 0.293 0.979 1.404 | 0.981
CNTs/TPPH, | 0.139 | 0.935 0.324 0.982 2.156 | 0.975

Considering that dx traduces the celerity of the function to go from the floor (A1) to
the ceiling (A2), we can state that the lower the dx values are the more rapid the desorption
is. So the analysis of the dx values as given in Table 6 highlights again the fact that benzene
desorbs more rapidly than toluene and xylene. It is worth noting that in the case of xylene,
which presents the highest dx values over all VOCs, both TeTt interaction and Tralkyl
interactions coexist. Taking into account that point, we can anticipate that for the comparison
of BTX response exposed to the same material the range of the dx value can predict strength
of the interaction. These results corroborate with the precedent analyses detailed on section 3.

2 and show again that the nature of the VOCs dictate desorption kinetics for CNTs/MCs.
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The functionalized CNTs materials generally form mats or aggregates once they are
layered on device supports. Therefore the sensing layers can present surface irregularities,
porosity and so one, that can slow down the desorption or induce different desorption rate.
Since both the kinetics and the response can be dependent of the exposure time, we explore in
a experiment the effect of the submission duration on both the response and desorption
kinetics.

3.4. Influence of the exposure time on the response and the desorption kinetics
We performed an experiment consisting in increasing the submission time from 5 minutes to
30 minutes by steps of 5 minutes while keeping the recovery duration constant. The results
are displayed in Fig. 6 and concern the CNTs/OEPH; submitted to the same concentration of

toluene.

aemSybmission 5 min
emSubmission 10 min

Frequency shift (Hz)
oo

-10 1 emSybmission 15 min
-12 1 emSubmission 20 min
-14 1 amSyubmission 25 min
_16 -
-18 T T T
0 20 40 60
Time (min)

Fig. 6: Sequential submission exposure of toluene to CNTs/OEPH? upon variation of the
submission duration.

The results show that the response amplitude is almost 12 Hz for submission duration

of 5 minutes while it is almost identical (~ 15 Hz) when submission durations are increased
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consecutively from 10 to 25 minutes. This result is a proof that the interactions are mainly
localized on the surface and that diffusion into the volume is limited. The kinetics of
desorption is almost identical with response and recovery times values averaging the 2
minutes whatever the submission duration. These results are concomittant with exchanges
essentially localized on the surface and with a limited contribution of the diffusion into the
volume.
3.5. Influence of the relative humidity on the room temperature sensor response

It is known that CNTs materials are moisture sensitive, so since the sensing performance we
are describing, are realized at room temperature, we included a small section dealing with the
humidity effect. The effect of relative humidity on the gas sensor response has been evaluated
and the results presented in Fig. 7 for the case of CNTs/OEPH>2 under BTX vapor exposure.
The same tendency is observed for the CNTs/CuPctBu and CNTs/TPPH,. Example of
frequency shift variation under toluene for CNTs/OEPH; at different humidity environment is
given in Fig. S5 (see supporting information). For both the QCM and resistive devices we
observed an decrease in the sensor response of the CNTs/MCs with increasing relative

humidity (RH) whatever the vapors detected.
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Fig. 7: Sensitivity of the CNTs/OEPH: materials as function of the relative humidity for
BTX exposure.

The measurement at higher relative humidity conditions (>70% RH) lead to very poor
sensitivity of the sensors, while measurement approaching the dried conditions (3-30% RH)
present the highest sensitivity. The fact that humidity produced perturbation on the CNTs-
based sensing materials is not surprising since CNTs themselves can be used as sensing
material for humidity sensing meaning that the CNTs surface is humidity sensitive. This is
certainly due to carbon impurities or defects which are reactive sites that can be subject to
hydrogen bonding. A close focus on the Fig. 7 allows to realize that the sensor sensitivity
variation induced by 50% RH is about 5 times lower than the sensor sensitivity in dried
condition (3% RH) for xylene and toluene while this value is 40 times lower for benzene.
This variation is not negligible. This means that if high humidity environment (higher than
50% RH) are intended then it might be necessary to compensate the signal variation due to
humidity in order to correctly used the sensor device with accuracy.

3.6. Study of the long-term stability on the room temperature sensor response
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In addition to studies on the influence of the relative humidity, the long-term stability has
been checked. Therefore, sensors response measurement to 500 ppm toluene was carried out
to investigate this parameter and the results are displayed in Fig. S6. We can see in Fig. S6
that generally (for the CNTs/MCs) the response deviates from that recorded at the beginning
(first day) within the 10 first days and remains almost stable above the 10 first days. This
deviation corresponds to 8% loss of the initial response for CNTs/OEPH; and 12.5 % for
CNTs/CuPctBu and 30% for CNTs/TPPH>. This is due to the fact that at the beginning some
interaction sites experience irreversible reactions (like chemisorptions leading not only to a
baseline drift, but also to signal variation from successive exposures). These 10 frst days of
experience can be accounted for the conditioning period. In the measurements done after the
conditioning period (> 10 — 20 days of experiments) at the same conditions and
concentration range, the sensors responses are quite repeatable. In fact, after this conditioning
period, the irreversible interaction sites are almost saturated and the remaining reversible
interaction sites lead to stable and almost repeatable responses.

The functionalization brings sensitivity to the CNTs hybrid materials which results from a
contribution of the functional moieties on the enhancement of the surface reactivity. This
study reveals that even if the TE-Ttinteractions are dominating the gas material interaction, the
peripheral groups of the VOCs play an important role on the gas material interaction. In many
case studies concerning the phthalocyanines, the peripheral groups are intended to solve the
solubility problem, and allow the preparation of hybrid materials by means of
functionalization process in adequate solvent. If these alkyl chains are well identified as good
solubilizing groups, any adsorption/interaction with these groups will give rise to contribution
on the mass signal output (frequency shift) but the electrical signal (resistance variation) will
remain almost unaffected. This result is a proof that the adsorption is closely related to the
interaction energy more than the size of the different of the VOCs. Keep in mind that the
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interaction energy is also related to the nature of the interacting forces (Tt—Ttor alkyl-Tt etc.)
and hence closely related to the surface composition. From this point, it is obvious that the
selectivity issue will be addressed by focusing on the surface chemistry in relation with the

peripheral groups of the VOCs.

4. Conclusion

In this article we have studied sensing materials made of organic macrocycles (MCs) and
carbon nanotubes functionalized with MCs (CNTs/MCs) to elucidate the interaction
mechanisms when they are exposed to BTX vapors. Results from the MCs (alone) analysis
allow some highlights: i) basically Trinteractions between the VOCs and the macrocycles are
overall present (Table 2); ii) the presence of alkyl groups contribute to reinforce the T&
interactions through substituent effects; iii) this reinforcement is due to the sum of TETT
interactions, Tralkyl interactions and alkyl interactions if they work collectively in a synergic
way. The results based on macrocycles responses show that the functional peripheral groups
of the MCs play an important role on defining the kinetic of desorption. However, after
functionalization the key factor for defining the mechanism is the functional peripheral
groups of the VOCs (methyl). In terms of sensitivity, the functionalization increases the
sensitivity by incorporation of new and sensitive interaction sites into the CNTs matrix.
Using a double transduction mode helps to state that even if adsorption on the high surface
area CNTs materials is overall possible, the charge transfer between the aromatic VOCs and
the hybrid materials remains weak. The mass sensors is sensitive to all adsorption sites and
present different profile according to the sites where the adsorption takes place (sites 1 or 2).
But the impact of the alkyl groups on the VOCs (for xylene and toluene) is of paramount
importance for the kinetics of the surface reaction and will be certainly the key for the

selectivity.
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Supplementary material

Figures S1 contains QCM sensors responses upon benzene exposure for macrocycles.
Figures S2 and S3 contain QCM sensors responses upon xylene exposure for CNTs/CuPctBu
and CNTs/TPPH: . Fig. S4 shows the equation and the curve illustrating the sigmoid function.
Fig. S5 shows an example of one submission cycle illustrating the frequency decrease
recorded for the CNTs/OEPH2 under different humidity relative conditions (13-80% RH).
Fig. S6 contains the long-term stability results. This material is available free of charge via

the journal homepage.
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Scheme 1: Schematic presentation of the different macrocycles (MCs) (upper panel) and the
potentially existing type of interactions induced by the peripheral groups (lower panel).

Table 1: Studied VOCs and their potential type of interactions with aromatic center or alkyl
groups.

Fig. 1: Frequency shift measured at room temperature (25 °C) for macrocycles exposed to
xylene (CuPctBu at 500 ppm , OEPH> at 450 ppm and TTPH:> at 520 ppm) in dried air.

Fig. 2: Calibration curves of QCM coated with macrocycles as function of the benzene (2A)
and xylene (2B) concentrations at room temperature (25 °C). Equations corresponding to
linearization by least square method are given.

Table 2: Response and recovery times measured for the macrocycles exposed to BTX at
room temperature (25 °C).

Scheme 2: Representation of the functionalization of CNTs (upper panel) and VOCs
adsorption on the hybrid materials (lower panel). Sites (1) define the Naked-CNTs surface
and sites (2) define the occupied CNTs surface.

Fig. 3: Focus on one exposure cycle of QCM response for the CNTs/OEPH?2 in reaction with
500 ppm benzene (A), Toluene (B) and Xylene (C). The red section represents the most rapid
kinetics while the dark blue part in Fig. 3B and 3C display a slow and more persistent
desorption. Experiments are performed at room temperature (25 °C).

Table 3: Sensor sensitivities (S) calculated from the QCM response of the CNTs/MCs in the
range 33 — 500 ppm and given in pHz/ng/ppm.

Scheme 3: Focus on the interaction of aromatic VOCs on the CNTs/MCs surfaces. Sites (1)
and (2) refer to Naked-CNTs surface and MCs-occupied CNTs surface.

Table 4: Relative strength of the potential interactions and their influence on the kinetic of
desorption

Fig. 4: Focus on one cycle of exposure of resistive sensor response given as AR for the
CNTs/CuPctBu in reaction with benzene (A), toluene (B) and xylene (C) at room temperature
(25 °C). The red part of the curve represents the most rapid kinetics between 30 seconds
(benzene), 1.5 minutes (toluene) and 2 minutes (xylene).

Table 5: Response and recovery times for the mass and resistive sensors based on the
CNTs/MCs materials. NA: Not Available; because of the weak and unstable responses.

Fig. 5: Focus one section of dynamic QCM response of the CNTs/OEPH; sensor to benzene
(A) and projection of the red frame (the sigmoid section) mathematically fitted (R?=0.997)
with a sigmoidal function (B).

Table 6: Summary of the sigmoidal fitting for the CNTs/MCs giving the width (dx) and the
corresponding correlation coefficient (R?).

Fig. 6: Sequential submission exposure of toluene to CNTs/OEPH2 upon variation of the
submission duration.

Fig. 7: Sensitivity of the CNTs/OEPH2 materials as function of the relative humidity for
BTX exposure.
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