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Abgract. In this work the eectrical properties of vapor
detectors, formed from composites of conductive carbon-
black and insulating organic multifunctional polymers
having metal ions complexing ability, were investigated.
The new composites are tailored to produce increased
sengitivity toward specific classes of analyte vapors.
Resonant frequency shift of a Quartz Crystal Microbalance
(QCM) and dc resistance measurements have been also
performed simultaneously on polymer-carbon  black
composite materials. For comparison purpose, poly(vinyl
chloride) (PVC) with di(2-ethylhexyl)phthalate (DOP), a
traditional low molecular weight plasticizer, is used as a
representative of the behaviour of a traditional composite
vapor detector. These new detectors showed an enhanced
sensitivity upon exposure to acetic acid and amines vapors,
the performances of our systems are 10 times higher than
those of a traditional composite vapor detector. Moreover
the extent of such responses is beyond that expected by
mass uptake upon expasure to the same vapors and cannot
be attributed solely to differences in polymer/gas partition
coefficients. In this respect, severa different chemical
factors determine the dc eectrical response of this system:
in our opinion changes in polymer conformation during the
adsorption process aso play a significant role. The effects
of the temperature on the dectric resistance of the vapor
detectors have also been studied. These materials showed a
discontinuity in the temperature dependence of their
resistance, and this discontinuity provided a simple method
for determining the Ty of the composites.

Keywords: vapor detector, multifunctional polymer, sen-
Sitivity, selectivity, composite, glass trangition temperature.

1. Introduction

Arrays of broadly responsive detectors have been
used for many years as means of detecting a wide range of
vapors. These systems have been proposed in several fields
for identification, classfication and quantification of

andyte vapors. Chemically sensitive resistors fabricated
from conductive fillers dispersed into insulating organic
polymers are an attractive implementation of this approach
[1-4]. A variety of composites, actudly, can be easly
obtained and used to redlize arrays of chemicaly different
resistive detectors, using inexpensive starting materials and
equipment. The behaviour briefly suggests that they can be
regarded as promising gas sensors characterized by easy
processability and cost effectiveness.

The conductivity of these composite systems can be
understood in terms of the percolation theory [5]. At low
concentrations, generaly, thefiller incorporated in the form
of smdl particles with a different shape, is distributed
homogeneoudy in the volume of the insulating matrix, and
there are no contacts between adjacent particles. Withrising
filler concentration, agglomerates of the filler particles art
to form because the particles are in contact with each other.
At a certain critical volume of this conductive filler, called
percolation threshold, the growing agglomerates reach a
size which makes possible to touch each other and in this
way a continuous conducting network through the polymer
meatrix is formed. As a consegquence of the first appearance
of the network, the composite transforms from an insulator
to a conductor.

Exposure of such a composite film to an organic
vapors increases its resistivity because of the variation of
the matrix volume fraction with respect to the conductive
phase. Carbon black, Ag, Cu or conductive organic
polymers have al been used as the conductive phase.

It is known from literature that another approach to
obtain sensor diversity, involving modifications of the
properties of a base polymer vapor detector, is attained
through the addition of plagticizers. In such a way, severa
polymeric matrices and traditional low molecular weight
plasticizers have been employed [6].

An interesting alternative might be represented by
polymeric blends containing a low glass trangtion
temperature (Tg) polymer, possessing high miscibility with
the matrix [7]. The main advantage of such systems would
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be that drifting phenomenatypical of low molecular weight
plasticizers could be avoided. In addition, the properties of
these sensors might be tuned by varying the plasticizer
molecular weight.

The basic performance properties of such arrays,
including detection limits and responses to mixtures of
analytes have been described in literature[1, 2, 8-10].

Moreover recent dudies are devoted to the
development of chemiresistive vapor detectors with inc-
reased sengtivity towards analyte vapors[11-13].

In this context we studied new series of carbon
black multifunctional polymers composites based on poly
(amidoamine)s (PAAS) which show large enhancements in
senditivity towards specific classes of analytes such as
amines and carboxylic acid vapors [14, 15]. In particular
these materidls have a sendtivity 10° higher than the
performance of typical insulating polymer carbon black
composite vapor detector. Compositiona diversity in an
array of such vapor detectors, can be achieved by varying
the chemical dtructure of monomers. Nevertheess, having
PAAs excellent metal ions complexing ability, diversity in
the response behaviour could also be obtained by chelating
different heavy metal ions to the same carbon black
polymer composite.

The carboxylic acid and amines vapor detection
properties of PAA based materials, have been compared
with the detection properties of lower polarity anaytes,
such as acetone and pentane.

For comparison purposes, a conducting carbon
black-polymer composite detector based on poly(vinyl
chloride) (PVC), as the base polymer, with the addition of
di(2-ethylhexyl)phthdlate (DOP), a typical low molecular
weight plagticizer, was prepared and checked with al the
analytes considered.

The goa of this work is to investigate whether it is
possible, through the choice of the polymeric component of
the carbon black polymer composite detector, to achieve
enhanced sendgitivity to a specific class of analyte vapors
and to explore the mechanism by which these detectors
achieve their enhanced sengtivity. Finally the effects of the
temperature on the electric resistance of the vapor detectors
have a so been studied and it provided a smple method for
determining the Ty of the composites.

2. Experimental

2.1. Materials

All the solvents used to generate analyte vapors
were reagent grade and were used as received (Aldrich Co
Milan, Italy); poly(vinyl chloride) (PVC) and di(2-
ethilhexyl)phthatate (DOP) were purchased from Aldrich
Co (Milan, Italy).

2.2. Preparation of the Conductive Films

Two PAAs BAC-DMEDA and BAC-EDDA syn
thesized as previoudy described [14], and PVC plasticized
with DOP were used in this work. The conductive films
were obtained by spray from a suspension prepared as
follows: 80 mg of organic matrix (PAAs or PVC with 40 %
by weight of DOP) were dissolved in 10 ml of the solvent
(water or tetrahydrofurane respectively) and 20 mg of
carbon black were added. The mixture was sonicated for
5 min and therefore it was sprayed on a Quartz Crysta
Microbalance (QCM) dement until obtaining a frequency
shift of about 20 kHz. The films were dried in the air for
24 h before use.

The same procedure was followed to prepare films
with PAAs complexing heavy metal ions. Those systems
were obtained adding to the water solution, at pH 7.5, 15
wt % (by weight of the PAA ) of Cu™ or Co™.

2.3. Data Collection and Analysis

The calorimetric analyses of the composites were
performed using a Digital Scanning Calorimeter (DSC)
Q100 TA Instruments, interrdated with a TA Control
Instrument Q Series.

QCM crystals (AT-cut, 6MHz, blank diameter is
13.5 mm, electrode diameter is 7.8 mm) with the custom
electrode pattern were obtained from Elettroquarz Sr.l.
(Milan, Italy). Frequency shift measurements were
performed on carbon black polymer films in conjunction
with simultaneous resistance measurements of these
composite vapour detectors by means of an dectrode
configuration in which the standard QCM oscillation
electrodes were at 90° angles to make a room for two
additional resistance tabs [8, 16]. The QCM technique is
based on detection the mass at the surface of the quartz
crystal by measuring the change of the crystal oscillation
frequency. The interaction of detectors with different ana
Iyte vapors on a surface of the crystal resulted in the
increase of the crystal mass and in the decrease of the
oscillation frequency.

The measurements were carried out with a Laybold
Inficon XTM/2 oscillator and frequency counter (East
Syracuse, NY) and an APPA modd 305 digital multimeter
(Taiwan), both equipped with a LabView 6.0 acquisition
system running on a Pentium |11 personal computer.

The frequency shift and the resistance response of
each modified QCM sensor were measured as a function of
time under exposition to different organic vapours. Each
sensor was fird placed into the sensing thermogtatic
chamber (volume = 0.604 1) equipped with a thermocouple,
and then it was kept under a nitrogen stream (1 I/min) until
deady state values of resistance and frequency were
observed. Findly, the frequency and the resistance were
sampled for 20 min more under static condition to obtain
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the basdlines. All measurements were run in nitrogen, at
297.15 K, under static condition. All analytes were injected
into the chamber and exposed to the detectors for 900 s, and
then nitrogen was passed over the composite for 900 s
maintaining a flow rate of 1 I/min. The adsorption and
desorption cycles were repeated more times, increasing the
vapour concentration in step of 4.9 ppth for acetone,
4.4 ppth for pentane, 6.5 ppm for 1-butylamine, 4.7 ppm for
triethylamineand 1.14 ppm for acetic acid.

3. Results and Discussion

PAAs are regular amide polymers characterized by
the presence of amido and tertiary amino groups regularly
arranged along their macromolecular chain. They are ob-
tained, in alinear form, with a considerable variety of struc-
tures by stepwise polyaddition of primary monoamines or
bis-secondary amines, to bis-acrylamides [17]. PAAs are
hydrophilic, water-soluble, generally characterized by
moderately basic properties and high capacities to complex
metal ions.

PAAs carrying additional functions (carboxyl, hydro-
xyl and amine) as side subgtituents can be easily obtained,
darting from the appropriate monomers. These polymers
have been extensively studied because the versdtility of their
chemical dtructures allows a variety of applications. In
particular they were proposed as a drug carrier in the
biomedical fidd, and in the environmental engineering for
their heavy metal ions cheating properties[15, 17-19].

Two dructuraly related PAAs namdy BAC-
DMEDA and BAC-EDDA, which, in the linear form, have
been shown to possess the capacity to form stable complexes
with well-defined stoichiometry, were sdected for this study.
The products were prepared as previoudy reported [14] and
characterized in terms of molecular weights and molecular
weight didributions by anayticd Gea Permestion
Chromatography (Table 1), making use of PAAS purposdy
prepared and analysed by NMR techniques.

The conductive composite detectors were obtained

by spraying a suspension prepared by dissolving the poly-

mer materials in water and adding the conductive filler. In
order to explore the mechanism by which these detectors
work, all sensors were tested upon exposure to different
organic vapors using a modified QCM crystal in which the
resonant frequency shift and dc resistance responses were
performed smultaneously. Since the interaction between
composite films with specific dasses of analyte vapors on
the surface of crystal produces an increase of the crysta
mass, a corresponding decrease of the oscillation frequency
was detected.

It was found that the new materials can detect the
presence of gas by reversble variations in electrica
properties. They showed high efficiency since they adsorb
and desorb rapidy at room temperature and have a
considerable endurance to continuous and repeated
adsorption and desorption cycles.

Fig. 1 presents the normalized resistance increase of
a PAA-carbon black composite detector to various
concentrations of volatile organic vapors having different
polarity. The responses of new detectors showed high
sdectivity for different classes of analytes for example
amines, alkanes or ketones. In particular the minimal amine
as well as carboxylic acid vapour amount that they can
detect is part per million (ppm), while the detection limit for
other analytes with a lower polarity is part per thousands
(ppth). This behaviour should be due to the chemical
sructure of the PAAs both BAC-DMEDA and BAC-
EDDA, actudly, have a rather complex chemical structure
with many polar groups arranged along the macromol ecular
chain and functiona groups as side substituents which
provide strong interactions with polar anayte vapors.
Besides some andytes which produced enhanced
sengitivity are reported in Figs. 2a and b, which show
respectivey the behaviour of BAC-EDDA and BAC-
DMEDA. Each analyte produced a distinct response that
was different from the response curve of every other
andyte investigated. It was aso possible to appreciate a
divergfication of the response curves against primary to
tertiary amine. In this way it is possible to suppose a good
sdlectivity of PAA-carbon black composite detectors even
within the same and yte vapor family.

Table1
Polymer structure, viscosity, molecular weightsand Ty
1 VN T,
Structure hgp/C? dli/g ' gmal ' gmal &
o
Il I
+CH20H2—C—NH -ICH—NH-C' CHZCHz—’}lC;CHZCHZ_Ej n 0.12 6050 4820 372.15
COOH 3 3
BAC-DMEDA
o
*LCHZCHZ—g—NH -CH—NH-g- CHZCHZ_hIl—CHzCHz-'H
CooH CH, CHp " 0.10 6900 5900 395.15
COOH COOH
BAC-EDDA

3C=0.2%inNaCl 0.1 M
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Fig. 1. Normalized resistance increase upon exposure for 900 s (see experimenta)
of [BAC-DMEDA]Cu toincreasing concentrations of different analytes
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Fig. 2. Comparison of the resistance responses to increasing concentrations
of different analytes for: [BAC-EDDA]Cu (a) and [BAC-DMEDA]Cu (b)
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The behaviour of PAA composite film when
exposed to above gases was compared to the reative
differential resistance behaviour of PVC-DOP composite
film, representative of the traditional materials used up to
now for such application. The PAA composite detector
cearly exhibited a significantly enhanced sensitivity as
compared to other polymer composite detector films.
Generally the new material can detect a mean value of
amines or acetic acid concentration approximately 1000
fold smaller than that of PVC/DOP detector, in the same
experimental conditions (prepared with the same filler and
deposited in the same way on identical subgtrate) for the
same analyte expasure.

As above reported, different chemical PAA struc-
tures also carrying additional functions as side substituents
can be eadly obtained starting from the appropriate
monomers. These can be used as the insulating component
to fabricate a variety of chemiresistive composite vapor
detectors. Both PAA based detectors selected for this study
showed enhanced sensitivity and selectivity to acetic acid
and amines compared to other organic vapors.

Moreover a chemical diversification can be easily
obtained by complexing different heavy metal ions on
polymeric chains. In particular PAA’s functional groups
can act as ligands with heavy metal ions or provide strong
interactions with other polar molecules. The complexation
in water solution brings each monomeric unit to coordinate
a metal ion, to give a more compact polymeric structure.
The use of heavy metal ions produces chemical diversity in
chemiresistive vapor detector improving the sdectivity
while maintaining the high overall sendtivity of the PAA
based composites for specific classes of andytes. On this
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subject Fig. 3 presents the normalized resistance increase
upon exposure to triethylamine vapor for respectively
[BAC-EDDA] (Fig. 3a) and [BAC-DMEDA] (Fig. 3b)
polymer free and the same structures chelating Cu™ and
Co™ as model ions. Each detector produced a distinct
response that was differentiable from the response curve of
the other investigated ones. Besides, Fig. 3b shows that the
presence of chelated metal ions on [BAC-DMEDA]
allowed the sensors to amplify the response in terms of
percentage variation of resistance.

The s multaneous measurements of QCM frequency
shifts and resistance changes were performed to determine
the underlying cause for the enhanced sensitivity of PAA
based materials to organic acids or amines compared to low
polarity organic vapors. Fig. 4 presents the resistance
response of [BAC-EDDA]Cu vapor detector upon sorption
and desorption cycles of 1-butylamine. The sorption steps
were obtained by injection of increasing amount of analyte
while nitrogen was passed over the detector to abtain
desorption. The data indicate that the dc resistance change
is directly related to the analyte concentration. Moreover
these data fit well to a linear dependence of normalized
resstance increase on analyte concentration aso at ppm
leve asreportedininsert of Fig. 4 at an expanded scale.

The corresponding frequency shift measurements
are reported in Fig. 5. It can be observed that up to at least
40 ppm (cycles a to f) there is no sgnificant trend in the
frequency shift that can be related to the increase in analyte
concentration. Only when the ppth level is reached (cycles
g to h), the frequency shift shows a stepped response which
scales with the concentration, demonstrating a detectable
mass uptakein the cating film.
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Fig. 4. Resistance response upon sorption and desorption cycles carried out on [BAC-EDDA]Cu composite sensor using the following
concentrations of 1-butylamine: 6.5 ppm (8), 13 ppm (b), 19.5 ppm (c), 26 ppm (d), 32.5 ppm (e),
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Fig. 6. Resistance of [ BAC-DMEDA]Co as afunction of temperature. The composite materias
were heated from 283.15K t0 323.15K at arate of 0.1 K min™

Table2
Comparison between Ty and T at the discontinuity point
Vapor detectors T,%,K T2, K
[BAC-DMEDA]-CB 298.15 297.95
[BAC-DMEDA]Cu-CB 297.15 296.75
[BAC-DMEDA]Co-CB 299.15 299.95

3 Composite’'s T, was evaluated using differential scanning calorimeter.
Y T, ispoint of discontinuity evaluated in the temperature dependence of composites resistance curve.
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The above studies have demonstrated that the higher
sengitivity to amines as wdl as acetic acid cannot be
attributed solely to the differences in polymer/gas partition
coefficients, as it is for other organic vapors tested. The
chemical structure of these polymers, characterized by the
presence of specific groups regularly arranged aong the
macromolecular chain, dtrongly interact with target
anaytes. On the other hand this complex structure imparts
rigidity and high organization in polymer packaging (i.e.
hydrogen bonds). In this connection, we have recently
demongtrated that the PAA ion cheation for example,
occurring through a cyclic dructure around the metal
atoms, highly constrains polymer chains causing changesin
molecular packing and suppressing segmental motions and
Ty [20]. Small amounts of analyte vapors probably
disarrange these condraints causing changes in molecular
packing and determine the enhanced sendtivity and
sdlectivity observed.

Since temperature influences vapor sorption and
permeability, that effect changes in the dc electrica
resstance response of poymeric detectors [21],
measurements of eectrical resistance of PAA carbon black
composites were also peformed at several temperatures.
All samples showed a pronounced change in resistance as
the temperature was varied, in particular a decrease of
DR/R (%) with the increasing temperature was observed. In
addition a discontinuity in the temperature dependence of
the resistance was also generally highlighted. For example
Fig. 6 displays the dc dectrical resstance of [BAC-
DMEDA]Co detector as a function of the temperature and
the discontinuity formeation approximately at 300.15 K.

On the ather hand, the glass transition temperature
(Tg) of the PAA composite detectors measured using
differential scanning calorimeter, correlated very wel with
the discontinuity in the temperature dependence of the
resstance (Table 2). This behavior is as expected
considering that the phase change between glassy region
below Ty and rubbery phase above Ty, produces a changein
the connectivity of the network and consequently in the
electrical conduction through the conductivefiller.

This property of the carbon black composites can be
exploited to asimple and inexpensive method to determine
the glass transition temperature of composites, representing
also agood indicator of the temperature above which the
detector should be operated to obtain high diffusivities for
anaytes.

4. Conclusions

The use of multifunctional polymers as the insu-
lating component in chemiresistive vapor detectors
produces significant enhancements in sendtivity to amines
and carboxylic acid vapors rdatively to traditiona
polymers used for such application. Such PAA based

detectors show selectivity toward the above vapors compa:
red to other analytes with low polarity.

Sensor diverdity is achieved varying the chemica
gructure of monomers as well as chelating different heavy
metal ions to the same carbon black polymer composite. In
both cases the high overall sensitivity of the PAA based
composites for specific classes of analytes was maintained.
The smultaneous measurements of frequency shifts and
resstance changes have demonstrated that the higher
sendgitivity of these systems to amines and carboxylic acid
cannot be attributed to the difference in polymer/gas
partition coefficients. Although severa different chemical
factors determine the dc electrical response of this system,
in our opinion changes in polymer conformation during the
adsorption process play a significant role to produce the
large increase in sendgtivity. Moreover a discontinuity
present in the temperature dependence of the materials
resistance provides a smple method to determine the Ty of
the carbon black composites.

References

[1] RaoY.: Microelectronic Int., 2007, 24, 8.

[2] Lonergan M., Severin E., Doleman B. et al.: Chem. Mater.,
1996, 8, 2298.

[3] Swann M., GlidieA., Cui L. et al.: Chem. Commun., 1998, 24,
2753.

[4] Patel S, Jenkins M., Hughes R. et al.: Anal. Chem., 2000, 72,
1532.

[5] Lux F.: Mater. Sai., 1993, 28, 285.

[6] Kukla A., Paviuchenko A., Shirshov Y. et al.: Sensors and
Actuators B, 2009, 135, 541.

[7] Penco M., Sartore L., Bignatti F. et al.: J. Appl.Polym.Sdi.,
2004, 91, 1816.

[8] Severin E. and Lewis N.: Anal. Chem., 2000, 72, 2008.

[9] Le H., Fitt W., McGrath L. and Ho C.: Sensors and Actuators
B, 2007, 125, 39%6.

[10] Woodka M., Brunschwig B. and Lewis N.: Langmuir, 2007,
23, 13232.

[11] Tillman E., Koscho M., Grubbs R. and Lewis N.: Anal.
Chem., 2003, 75, 1748.

[12] Tillman E. and Lewis N.: Sensors and Actuators B, 2003, 96,
329.

[13] Gao T., Woodka M., Brunschwig B. and Lewis N.: Chem. of
Mater., 2006, 18, 5193.

[14] SartoreL., Penco M., Bignatti F. and Sberveglieri G.: Int. Pat.
PCT/IB03/01056; WO 03/078990 A1l; IT TOZ2002A000244,
2003.

[15] Sartore L., Penco M., Ddla Sciucca S. ey al.: Sensors and
Actuators B, 2005, 111-112, 160.

[16] Mills C., Chai K., Milgrew M. et al.: IEEE Sensors Journal,
2006, 6, 996.

[17] Ferruti P, Ranucci E., Bignotti F. et al.: J Biomater. Sci.
Polymer Edn., 1994, 6, 833.

[18] Sartore L., Penco M., Bignatti F. et al.: J. Appl. Polym. Sdi.,
2002, 85, 1287.

[19] Sartore L., Barbaglio M., Penco M. et al.: J. Nanosci.
Nanotechnal., 2009, 9, 1164.



74 Luciana Sartore et al.

[20] Sartore L., Penco M., Bignatti F. et al.: Macromol. Symp.,
2004, 218, 221.

[21] Koscho M., Grubbs R. and Lewis N.: Ana. Chem., 2002, 74,
1307.

BJJACTUBOCTI JETEKTOPIB ITAPIB HA OCHOBI
KOMITIO3UTIB BATATO®YHKIIMHUX
IOJIIMEPIB-CAXKA

Anomauia. /Jocnioxnceno enekmpudni 61acmueocmi 0emex-
mopie napieé Ha OCHOBI KOMNO3UMY NPOBIOHOL Caxci ma i30MAYIIHUX
OP2AHIYHUX NONIMEDIE 3 UOHAMU MEMALIE KOMWIEKCOYMBOPIOYOi OIi.
Cmeopero HO8I Komnosuyiuni mamepianu Ona  3a0e3nedenHs
NIOBUEHOI YymIUBOCMI 00 KOHKDEMHUX KIACIE AHWII308AHOL Napu.
OOHOYACHO NPOBeOeHi BUMIDIOBAHHA DE30HAHCHOI 4acmomu 3Cy8y
xeapyexkpucmaniynux mikposaz (QCM) i onopy nocmitinozo cmpymy
Onsl  KOMRO3UMHO20 Mmamepiany nonimep-caxca. st nopieHsHHs
BUKOPUCMAHUT MPAOUYITIHUTL HUSLKOMOJLEKYIAPHUL NAACUIKamop
noni(sininxnopuo) (PVC) 3 0i(2-emuncexcin)pmanamom (DOP), sxuii

BUKOPUCIMOBYEMBCSL Y MPAOUYILHOMY KOMNO3UMHOMY OemeKmopi na-
pie. Hosi Oemexmopu noxazamu niosuweny uymiugicmo 00 Oil
OUMOBOL KUCIOMU [ NAapi6 AMIHIE, NOKA3HUKU HOBOI cucmemu 6 10°
pazie Kpawii 3a Mmpaouyitini Komnosummi demekmopu napie. Kpim
mo2o, maka Yyniugicms 6UX0OUmb NO3a MEXCi OYIKY8AHOI npu
MACOBOMY NO2IUHAHHI NPpU Oii Ha MY Jic napy i He modce 6ymu 6ioHe-
CeHa BUKIIOUHO 00 GIOMIHHOCMEl nonimepl2azosozo koegiyicnmy
po30iny. B 36's3Ky 3 yum, Oexinbka pi3HUX XIMIYHUX YUHHUKIG
BUBHAYAIOMb eNEKMPUUHULL 8I02VK NOCMILIHO20 eleKMpOCmPyMy Yi€i
cucmemu: 8 3MiHU 6 KoHpopmayii nonimepy 6 npoyeci aocopoyii
maxodic 8idieparomsy 3HauHy poib. Busueno ennue memnepamypu Ha
enekmpuuHull onip Oemekmopie napie. Hoei mamepianu noxazamu
ckauok (Di3Ky 3MIHY) 3anexcHOCME memnepanypu 8io ix onopy, i yeil
CKauoK 3abe3neyye Npocmuil Memoo BUSHAYEHHs meMnepamypu
CKIIY8AHHS KOMNO3UMIE.

Knrouosi cnosa:. demexmop napig, 6a2amo@)yHKyioHa bHull
nonimMep, UYMAUGICMb, CELeKMUGHICHTb, KOMNO3UM, MeMNepanypa
CKILY8AHHSL.



