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Abstract

Using atomic force microscopy, scanning electron microscopy, cyclic volt-
ammetry and electrochemical impedance spectroscopy, the morphology
and mobility of charge carriers in composite films with a thickness of no
more than 500 nm obtained on the basis of a polyelectrolyte complex of
chitosan and chitosan succinamide with addition of particles of carbon ma-
terials were studied and estimated. The following carbon materials were
used: single-walled carbon nanotubes, graphene oxide, and carbon-con-
taining sorbents with different specific surfaces (Carboblack C and Car-
bopack). Moreover, the studied materials in the form of films were used
as a transport layer in the structure of field-effect transistors. The output
and transfer characteristics of the transistors obtained were measured.
According to the measurement results, the mobility of charge carriers, y,
ranges from 0.341 to 1.123 cm? V'.s™', depending on the type of carbon
material added. The best result was demonstrated by films based on a com-
posite containing simultaneously single-walled carbon nanotubes and gra-
phene oxide ([ = 10.972 cm? V'.s71),
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e Samples of a new polymer composite material based on a PEC doped with various allotropic forms of carbon were

prepared.

e Based on the films studied, field-effect transistors were created and their output and transfer characteristics were

measured.

e If a combination of both GO and SWCNT is incorporated into the nanocomposite, the mobility of carriers increases

sharply.

© 2024, the Authors. This article is published in open access under the terms and conditions of the Cre-

ative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Flexible conductive polymers are among the most im-
portant materials for creating new-generation small-sized,
energy-efficient wearable electronic devices. In addition to
the basic requirements for the components of such devices,
for example, charge mobility, gate resistance, permissible
current, opening voltage, resistivity and others, parameters
such as elasticity, flexibility and biocompatibility play an
important role [1]. In many cases these requirements are
mutually exclusive, and it seems to be a non-trivial task to

obtain a material with all the noted properties at the proper
levels at the same time.

One of the drawbacks of conductive polymers is that
they have low conductivity in thin films, and increasing the
thickness to increase conductivity leads to a deterioration
of the physical and mechanical properties, up to the loss of
the required flexibility. One of the successful strategies to
overcome the noted shortcomings in the creation of mate-
rials for flexible wearable devices is to use composites [2].
With this approach, it is possible to increase the conductiv-
ity or provide semiconductor properties by introducing
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nanoparticles of substances with the desired properties into
the matrix of a conductive polymer.

Carbon nanostructures of fullerenes [3-5], graphenes
[3, 6], and carbon nanotubes [3, 7-11] seem to be very
promising components of composite materials [11]. It is
known that incorporation of carbon nanostructures into a
polymer matrix, even in small quantities, increases the
wear resistance of the material, its static and dynamic
strength, while the spatial mesh of nanoparticles formed in
the polymer matrix significantly increases the conductivity
of the composite. Carbon nanotube transistors have been
developed that surpass conventional silicon transistors in
terms of charge mobility [12]. An equally important result
of the dispersing carbon nanoparticles with various allo-
tropic forms in a polymer matrix (multilayer (MWCNT) and
single-layer carbon nanotubes (SWCNT), graphene, fuller-
enes, nanofibers) is that a variety of electrochemical sen-
sors [3, 13-21], including enantiosensitive ones [22-25], as
well as field-effect transistors [26-29] were created.

Equally important is the choice of the polymer matrix
base, since not every conductive polymer has the required
biocompatibility. In this regard, polyelectrolyte complexes
(PEC) based on natural polymers are of great interest, for
example, those based on a polycation such as chitosan hy-
drochloride and a polyanion such as chitosan succinamide
sodium salt (Figure 1) [30-32]. The thin films prepared
from such complexes have a unique combination of
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physicochemical [33] and biological properties [34-39],
e.g., biocompatibility and antimicrobial activity, which is
essential in creating sensors to be implanted in living or-
ganisms. It is important to note that PEC based on chitosan-
chitosan succinimide do not require a complex production
technology [31] and are spontaneously formed by mixing
oppositely charged solutions of polyelectrolytes in water
without the use of organic solvents, chemical crosslinking
or surfactants [40]. The PEC indicated above has been suc-
cessfully used as a modifier in the creation of enantioselec-
tive electrochemical sensors [25, 41-42] and multisensory
systems [43]. Examples of the incorporation of molecules
and nanoparticles into a film based on polyelectrolyte com-
plexes are known: nanoparticles of platinum [44], gold
[45], ferrocinium ions [46], carbon-containing sorbents
(Carboblack C) [25], graphene oxide and carbon nanotubes
[47-48]. It has been shown that doping of PEC with carbon
nanomaterials provides high electrical conductivity, chem-
ical inertness, a large ratio of the edge and base planes, a
large area of the effective sensor surface due to a high de-
gree of roughness. Moreover, the possibility of nano-
material surface functionalization increases the sensitivity
of response to an analyte at low concentrations or in a com-
plex matrix and provides lower detection limits and fast
electron transfer compared to pure PEC, i.e., improves the
analytical characteristics in the determination of the target
analytes [15].
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Figure 1 The structure of PEC based on chitosan (polycation) and chitosan succinate (polyanion).
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This work deals with the creation and study of new com-
posite thin-film structures based on a chitosan-chitosan suc-
cinamide polyelectrolyte complex, where the following car-
bon nanomaterials were used as the fillers: single-walled
carbon nanotubes, graphene oxide and carbon-containing
sorbents with various specific surfaces (Carboblack C and
Carbopack). The study of the physicochemical characteristics
of the initial composite and nanocomposite material is a pre-
requisite for the creation of efficient sensor platforms with
enhanced electroanalytical parameters and field-effect tran-
sistors with good output and transfer characteristics.

2. Materials and Methods

2.1. Materials and reagents

All the chemicals and solvents used in the electrochemical
studies were of analytical reagent grade and were used as
received without further purification. Ultrapure deionized
water was used in all the experiments (0.11 pS/cm).

The PEC of polysaccharide nature was prepared on the
basis of a polycation (chitosan hydrochloride) and a poly-
anion (chitosan succinamide sodium salt) (JSC "Biopro-
gress", Russia). The chitosan succinate sodium salt (molec-
ular weight 200 kDa) was obtained from chitosan with the
degree of deacetylation of 82% and the degree of modifica-
tion by amino groups of 75%. Chitosan hydrochloride was
taken in the form of a film obtained from a chitosan solution
in hydrochloric acid, which was prepared by dissolving
0.25 g of chitosan (molecular weight 30 kDa) with a
deacetylation degree of 75% in 50 ml of 1% HCI. The films
were dried in air followed by vacuum drying to a constant
mass. Aqueous dispersions of PEC were obtained at a tem-
perature of 25 °C by dropwise addition of an aqueous solu-
tion of chitosan hydrochloride (0.005%) to an aqueous so-
lutions of chitosan succinate (0.005%) with vigorous stir-
ring (500 rpm), with a 2-minute interval between the addi-
tion of portions. As new portions of the chitosan hydrochlo-
ride solution were added to the resulting solution, phase
separation occurred (stable opalescence of the entire sys-
tem appeared). The region where dispersions of PEC parti-
cles of these polysaccharides exist is limited by a molar ra-
tio of 0.1, above which precipitation of the complex is ob-
served during the mixing of the components [27-28].

Nanocomposites and composites were prepared by dis-
solving of the following components in 1 ml PEC: 0.001,
0.002 and 0.003 g SWCNT (diameter 0.7-1.1 nm) (Sigma-Al-
drich, USA), graphene oxide GO (powder: 15-20 sheets, 4-
10% edge-oxidized) (Sigma-Aldrich, USA), Carboblack C
(specific surface area 10 m?/g, particle size 60-80 mesh
(0.18-0.25 mm) (Restek, USA), and Carbopack (specific sur-
face area 100 m?/g, particle size 60-80 mesh (0.18-
0.25 mm) (Sigma-Aldrich, USA), followed by exposure for
60 min in an ultrasonic bath (operating frequency 35 kHz).

A solution of the equimolar redox probe [Fe(CN)s]4/3"
(5.0 mM) was prepared using 0.1 M KCI solution as the
background electrolyte.
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2.2. Modification of the GCE

10 pl of the prepared solution of PEC, PEC-CarboblackC,
PEC-Carbopack, PEC-GO and PEC-SWCNT were withdrawn
with an automatic pipette and applied to the surface of pre-
polished GCE (drop-casting); then the electrode was dried
for 6 min at 80 °C under an infrared lamp and cooled at
room temperature for 3 min. Before each measurement, the
GCE surface was polished for 1 min using a deagglomerated
suspension based on 0.3 pm of Al.O3 and a Spec-Cloth Ad-
hesive black disk polishing material (Allied High Tech Prod-
ucts Inc., USA), followed by repeated washing of the elec-
trode with deionized water and air-drying at room temper-
ature.

2.3. Equipment and devices

Electrochemical measurements, including cyclic voltamme-
try (CV) and electrochemical impedance spectroscopy
(EIS), were carried out using an AUTOLAB PGSTAT 204 po-
tentiostat/galvanostat with a FRA 32M module (Metrohm
Autolab Ins., Netherlands) with Nova software in a three-
electrode cell comprising an unmodified or modified glass-
carbon electrode (Metrohm) 2 mm in diameter as the work-
ing electrode, a silver-silver chloride reference electrode
with saturated KCl, and platinum wire as the auxiliary elec-
trode. All measurements were carried out at room temper-
ature (22£0.5 °C). An ultrasonic bath (Elmsonic One, Ger-
many) was used to prepare PEC composites with carbon
particles.

To study the surface morphology of thin composite films
and PEC films, two microscopes were used: a Nanoeducator
II NT-MDT atomic force microscope and a TESCAN MIRA
LMS scanning electron microscope (SEM) with TESCAN Es-
sence software.

2.4. Experimental technique

The voltammetric and electrochemical impedance charac-
teristics of GCE, GCE/PEC, GCE/PEC-CarboblackC,
GCE/PEC-Carbopack, GCE/PEC-GO, and GCE/PEC-SWCNT
electrodes were studied in a standard 5 mM [Fe(CN)¢]47/3"
solution prepared using 0.1 M KCl. The [Fe(CN)s]4 /3" redox
probe solution with a volume of 20 ml was placed into an
electrochemical cell. A CV was recorded in the potential
range from 0.6 to 1.0 V at a scan rate of 0.1 V/s. Impedance
spectra were recorded in an AC frequency range from
50 kHz to 0.1 Hz, with an amplitude of 5 mV. The data array
for each sample consisted of five parallel measurements,
which was enough to obtain reproducible results. The com-
posites were stored for 5 days in the refrigerator at a tem-
perature of 4 °C.

The samples of field-effect transistors (Figure 2) were
created from composites based on PEC: PEC-CarboblackC,
PEC-Carbopack, PEC-GO and PEC-SWCNT. The samples of
field-effect transistors were made on a glass substrate con-
taining layers of ITO (gate). Before creating the dielectric
films, the substrates were annealed in a furnace at 350 °C.
Dielectric, 300 nm thick AlOx films were created by
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centrifugation from a solution at 2000 rpm for 30 s fol-
lowed by annealing in an oven for 1 hour at 350 °C. Two
aluminum electrodes, a drain and a source 500 nm in thick-
ness, were applied on top of the gate dielectric. A layer of a
semiconductor material of the four types listed above was
deposited in the gap area by centrifugation. The gap be-
tween the drain and source contacts was 50 pum, and the
gap length was 2 mm. The following devices were used to
measure the Mastech
HY3005D-2 power supply and Tektronix DMM-4020 multi-
meter as an ammeter.

voltametric characteristics:

3. Result and Discussion

3.1. Choosing the optimal compositions of the
composites

In choosing the optimal compositions of composites based
on PEC and carbon nanoparticles, the optimality criteria in-
cluded the values of the maximum oxidation peak currents
of the standard redox probe of potassium hexacyanoferrate
(II /III). The effect of the concentration of nanoparticles:
Carboblack, Carbopack, GO, SWCNT in PEC on the voltamet-
ric characteristics of an equimolar mixture of potassium
hexacyanoferrate (II/III) was estimated. It was found that
the potentials of oxidation and reduction did not change,
while the variation of the oxidation currents was statisti-
cally significant (Figure 3). With an increase in the concen-
tration of CarboblackC and Carbopack nanoparticles from 1
to 2 mg/ml, an increase in oxidation currents was observed,
while a further increase in the content of CarboblackC and
Carbopack nanoparticles led to an increase in the relative
standard deviation, i.e. to a decrease in the reproducibility
of measurements. It was found that with an increase in the
content of GO and SWCNT nanoparticles in the range from
1 to 3 mg/ml, the oxidation currents [Fe(CN)s]*4" increased
(Figure 3). It can be assumed that this effect is associated
with an increase in the effective surface area of the sensor
and facilitation of electron transfer to the electrode surface
due to addition of carbon nanoparticles to the PEC. How-
ever, a further increase in the content of GO and SWCNT led
to an increase in the relative standard deviation. Thus, com-
posites obtained using the concentration of CarboblackC
and Carbopack nanoparticles of 2 mg in 1 ml of PEC, or 3 mg
in 1 ml of PEC in the case of GO and SWCNT, were selected
for further studies.
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Figure 2 Structure of the experimental field-effect transistor.
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3.2. Electrochemical behavior of various modified
electrodes

The CVs of various modified electrodes in 0.1 M KCIl con-
taining 5 mM [Fe(CN)e]47/3" are shown in Figure 4a. A pair
of well-defined redox peaks due to the conversion between
[Fe(CN)s]* and [Fe(CN)s]3~ appears on all the electrodes
tested. Compared to the unmodified GCE, the electrochem-
ical signal clearly increased on all modified GCE, and the
peak redox currents increased, which indicates that the
modified electrodes have a larger electroactive surface
area.

The electrochemical active surface areas on GCE and
modified GCEs were determined from the CVs of 5 mM
K4[Fe(CN)s] in 0.1 M KCl solution. According to the Randles-
Shevchik Equation 1 [44]:

I, = (2.69-105) n3/2AD Y2cvY/?, (1)

where I, (A) represents the peak current on the anode, n is
the number of electrons participating in the redox reaction,
A (cm?) is the area of a modified electrode, D (cm? s™) rep-
resents the diffusion coefficient, v (Vs™) is the scan rate,
and C (mol mL™) is the concentration of the oxidized form.
For 5 mM [Fe(CN)6]4/3~ with 0.1 M KCl, n=1 and
D=7.610%cm2?s™,v=0.1Vs.

Figure 4a shows that a noticeable increase in the peak
currents of the redox pair [Fe(CN)s]37/4" on cyclic voltam-
mograms was observed after the addition of SWCNT and GO
into the PEC film, which is associated with a decrease in the
charge transfer resistance and indicates that SWCNT and
GO dispersed in PEC are materials with good conductivity
[13-14].

Electrochemical impedance spectroscopy (EIS) was used
to characterize the electron transfer on the electrodes un-
der consideration [45]. Figure 4b shows the corresponding
Nyquist plots. The semicircle in the high frequency region
corresponds to the limiting stage of charge transfer. The
rectilinear section in the region of lower frequencies de-
scribes the diffusion component of charge transfer.

100
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o U mg/ml
1 2 3 1. 2 3 1 2 3 4 1 2 3 4
CarboblackC:PEC  Carbopack:PEC GO:PEC SWCNT:PEC

Figure 3 Effect of concentrations of carbon nanoparticles in the
CarboblackC:PEC, Carbopack:PEC, GO:PEC, and SWCNT:PEC com-
posites on the oxidation currents of 5.0 mM [Fe(CN)s]37/4 solution
against the background of 0.1 M KCl according to cyclic voltamme-
try. The mean values and confidence intervals are given (n = 5,
P =0.95).
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The diameter of the semicircle for modified electrodes
is significantly smaller than that for GCE, which indicates
an increase in the charge transfer rate. For quantitative in-
terpretation of the EIS data, an equivalent Randles cell was
used that consisted of the following components: Rs (solu-
tion resistance), which is the sum of the intrinsic resistance
of the active material, the electrolyte solution resistance,
and the contact resistance at the electrode/electrolyte in-
terface; Ret (charge transfer resistance) that depends on the
insulating features at the electrode/electrolyte interface;
Cal (constant phase element) that is the double layer capac-
itance; W (Warburg element) that is closely related to the
electrochemical controlled diffusion process. The results
obtained are presented in Table 1. As can be seen from the
table data, for the modified electrodes, there is a significant
decrease in the charge transfer resistance compared to the
GCE (3.07 times for GCE/PEC, 5.94 times for GCE/PEC-
CarboblackC, 8.31 times for GCE/PEC-Carbopack,
9.13 times for GCE/PEC-GO and 16.27 times for GCE/PEC-
SWCNT), which confirms the increase in the charge trans-
fer rate. Thus, the greatest efficiency of electronic transfer
is characteristic of the electrode modified by PEC-SWCNT,
which closely agrees with the CV data.

Hence, the composite films studied have a sufficient ef-
fective surface area and electron transfer rate. This makes
it possible not only to use them to create electrochemical
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sensors, but also to consider them as a promising material
for creating field-effect transistors.

3.3. Analysis of morphology structure

The morphology of the surface of the films was also studied.
The AFM images (Figures 5 and 6) were obtained using
Nanoeducator II.

Using the Gwyddion program, the root-mean-square
roughness of the surface of the films over an area of
20x20 pm with an error of up to 10% was calculated and
presented in the diagram (Figure 7). The roughness values
thus obtained correlate with the effective surface area val-
ues given above.

Analysis of reflected secondary electrons (Oxford in-
struments Aztec EMF version 6.0 sp*) was used to study the
distribution of chemical elements on the film surfaces. The
SEM images (Figure 8) show the distribution of carbon (in
yellow) over the surface of the film. The SEM images show
changes in the morphology of films in the transition from
pure PEC to its composites with SWCNT or GO. So, the sur-
face of pure PEC is quite homogeneous, while on the
PEC/SWCNT samples the nanotubes are represented as a fi-
brous structure with non-uniform density over the surface
of the sample. The structures associated with GO are evenly
distributed over the entire surface, but at the same time
they form large "island" sections.

25 r —e=] b
—o—2
2+ 3
4
il |z we—-=)
0 0.5 1 1.5 2 2:9

Figure 4 Cyclic voltammograms (a) and Nyquist plots (b) for 5.0 mM solution of [Fe(CN)s]37/4" against the background of 0.1 M KCI on
various electrodes: 1 - GCE, 2 - GCE/PEC, 3 - GCE/PEC-CarboblackC, 4 - GCE/PEC-Carbopack, 5 - GCE/PEC-GO, 6 - GCE/PEC-SWCNT.

Insert: the Randles equivalent circuit used for data analysis.

Table 1 Parameters of electrochemical impedance spectra and the effective surface area according to CV of GCE and modified GCE in

5.0 mM [Fe(CN)¢]#/3” (n = 5; P = 0.95).

Sensor A, mm? R, Q Re, Q Cai, US W, uS
GCE 7.93+£0.06 8914 768.0+0.2 1.02+0.03 78245
GCE/PEC 10.33+0.06 87+3 250.1+4.1 1.53+0.07 846+11
GCE/PEC-CarboblackC 10.57+0.13 85+2 129.340.9 1.71£0.08 810+9
GCE/PEC-Carbopack 11.31+0.11 8413 92.4+1.9 2.17+0.05 875+8
GCE/PEC-GO 12.63+0.19 78+3 84.1£1.7 2.27+0.03 857+5
GCE/PEC-SWCNT 13.39+0.18 7342 47.2+2.5 3.45+0.09 105043
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Figure 5 AFM images 20x20 um: PEC (a), PEC-Carbopack (b).

3.4. Field-effect transistors

The current-voltage characteristics of the field-effect tran-
sistors (Figure 9) were recorded using the measurement
scheme with a common source in open air at room temper-
ature. The output current is controlled at a positive offset
at the gate, which indicates the electronic type of conduc-
tivity in the composite films studied. In the case of polyelec-
trolyte complex films without additives, the lowest mobility
of charge carriers is observed.

The mobility of charge carriers in the field-effect tran-
sistors obtained was determined using Equation 2:

Ips (2)
)

%C(UG — Uwn)Ups
where W is the channel width, L is the channel length, C is the
capacitance per square area of the AlOx gate dielectric (for a
thickness of 500 nm, C = 7.1 nF/cm?), Ug is the gate voltage,
Ups is the voltage between the drain and the source, and U is
the threshold voltage. The threshold voltage U is found from
the plots of the current root Ips /2 versus the voltage Ups at
U = const. The error of the calculated values was about 10%.
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We compared found values of mobility of charge carri-
ers for suggested chitosane based composite films with
modern composite films taken from literature (Table S1)

Already the PEC itself shows good values of i, exceeding
most of other composite films, because it has ionic nature
in contrast to other polymers (PBTTT, P3HT, PAP, etc.) used
in film composites. Only a few composite films based on
sulfur-contained polymers, like pgBTTT [51],
P(bgDPP-MeOT2) [52], p(gDPP-T2) [53], p(g2T-TT) [54],
PProDOT-DPP [55], P3gCPDT-1gT2 [56] demonstrate better
results (Table S1). It is interesting that PMMA/TiO2@PSAN-
b-PAA-PDVB [57] composite film based on polymer without
sulfur atoms in its monomer structure shows slightly better p
value than the PEC film: 0.500 cm?-V*-s™ vs 0.314 cm?V*.s™*
(Table S1). Obviously, the close properties of the PMMA film
are explained by the presence of carboxyl groups in the
structure of PMMA and a similar ionic nature to PEC.

Introduction of carbon allotropic forms into the PEC film
composition greatly increases the mobility of charge carri-
ers, by up to 3.2 times (Table S1).
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Figure 6 AFM images 20x20 pm: PEC-CarboblackC (c), PEC-GO (d), PEC-SWCNT (e).
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Figure 7 Roughness values of the composite film samples.

The greatest impact is provided by the introduction of
SWCNT; however, the more affordable and cheaper Car-
bopack increase the mobility by only 14% worse and are
comparable in their influence with graphene oxide. The
steepness of the current-voltage characteristics was deter-
mined at AU from U = 4 Vto U = 10 V (at Ups = 6 V). It was
found that it was K = 0.86 for a field-effect transistor
based on PEC, K = 2.13 for a transistor based on PEC-GO,
and K = 2.66 for PEC-SWCNT. A greater effect of the con-
trol voltage in transistors with a PEC-SWCNT transport
layer was identified. Transistors with a transport layer
made of nanocomposite materials based on PEC, SWCNT
and GO were manufactured, and their characteristics were
measured (Figure 10). The calculation of mobility resulted in
values that were an order of magnitude higher
(L =10.97 cm?-V*-s?) than in the PEC-GO and PEC-SWCNT
transistors where the fillers were used separately. This can
be explained by a synergistic effect that was also observed
in a number of other studies [57].

The charge carrier mobilities in materials similar to
those presented in this article and on the basis of which
thin-film field-effect transistors are made have the follow-
ing values: for the composites with CNT - from 0.03 to

ARTICLE

0.41 cm? V'1s7? [58], for those with GO - from 0.06 to 0.86
cm?. Vs [59] and for those with CarboblackC - equal to
0.01 cm? V157! [60]. A large number of field-effect transis-
tors based on polymer composites with carbon nanostruc-
tures have been created. The mobility of charge carriers in
these transistors is in the range of 0.02-0.50 cm?V™'s™.
The nanocomposite structures studied in this work have ra-
ther high mobility, especially the structure based on mix-
ture combining GO+SWCNT [27].

4. Conclusions

Samples of a new polymer composite material based on a
polyelectrolyte complex of chitosan and chitosan succina-
mide (PEC) doped with various carbon nanomaterials taken
in different weight ratios relative to the main polymer ma-
trix were prepared. Electrophysical studies were carried
out to measure the effective surface area of sensors and the
electron transfer rate. Using the cyclic voltammetry and
electrochemical impedance spectroscopy methods, it was
found that composite sensors had a sufficiently high effec-
tive surface area and electron transfer rate, which allows
them to be used in the future in the electroanalysis of com-
pounds of various nature. The use of SWCNTSs as dopants is
especially effective, since the sensors modified by this com-
posites have the largest active surface areas and the lowest
charge transfer rate.

Based on the films studied, field-effect transistors were
created and their output and transfer characteristics were
measured. The mobility of charge carriers was estimated
the following values were obtained:
W(PEC) = 0.34 cm? Vs, pu(PEC/GO) = 0.97 cm?V s

and

W(PEC/CP) = 0.96 cm?-V*.s7%; W(PEC/CB) = 0.57 cm?-V.s7%;
L(PEC/SWCNT) = 1.12 cm?-V™'.s™%. If a combination of both
GO and SWCNT is incorporated into the nanocomposite, the
mobility of carriers increases sharply and amounts to
W(PEC/GO + SWCNT)= 10.97 cm?- V.57,

Figure 8 SEM images taking the chemical composition.
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