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The impact of B- and y-radiation on the electrical characteristics of nanocomposites
derived from the combination of poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate) and multi-walled carbon nanotubes was investigated. The results
demonstrate that the radiation dosage induces alterations in the electrical properties of
these nanocomposites. An increase in the quantity of conductive nanotubes within the
polymer matrix is associated with a reduction in electrical resistance and an enhancement
in their responsiveness to radiation. This study establishes that radiation-induced
transformations are observed in both the polymer matrix and the nanotubes.
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computer simulation.

Introduction. Nanocomposites, characterized by the incorporation of nanoscale filler
materials into a dielectric (polymer) matrix, have long been recognized for their remarkable
mechanical and electrical attributes [1,2]. These extraordinary properties have opened up
exciting possibilities in various fields, from sensor technologies to radiation shielding
materials.

The creation of mechanically stable nanosystems with specific geometries through the
aggregation of carbon nanotubes has led to the development of composites with enhanced
characteristics [3,4]. These advanced materials find applications in sensors and as effective
radiation shielding materials. Notably, epoxy resins, when reinforced with nanofillers, and
polymers infused with carbon nanotubes, have emerged as highly promising candidates in this
regard [5-7].
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The potential for macroaggregation and condensation of nanotubes within mechanically
stable systems possessing specific geometries has significantly expanded the scope for the
creation of sound-absorbing and radiation-shielding materials with diverse applications [8-11].
For instance, epoxy resins reinforced with various nanostructures have been the focus of
intensive research over the past decade. Additionally, nanotubes integrated into conductive
polymers with conjugated chains have garnered substantial interest.

These systems, such as epoxy resins with reinforced nanostructures, have been the subject
of extensive investigations in recent years, as have polymers with varying concentrations of
nanotubes within electrically conductive matrices with interconnected chains.

The distinctive electrical properties inherent to polymers and their associated
nanocomposites render them well-suited for deployment in detecting chemical or biological
agents, particularly as sensitive components in ionizing radiation detectors [12,13]. The
technology for designing radiation nanocomposite sensors is relatively cost-effective and
straightforward. To optimize the performance of these sensor elements, it is imperative to
explore the impact of irradiation dose on the electrical conductivity of nanocomposites. This
necessitates a comprehensive study of key parameters, such as nanofiller concentration, among
others.

The primary objective of this study is to employ computer simulations to investigate the
effects of B- and y-radiation on the electrical properties of PEDOT:PSS/CNT nanocomposites.
By shedding light on how these radiation types influence the conductive characteristics of the
composite material, we aim to contribute valuable insights to the development of effective
radiation sensors.

Experimental. In our research aimed at studying the radiation-resistant properties of
PEDOT:PSS/CNTs composite structures, we undertook a series of meticulously designed
experimental procedures. The starting materials, PEDOT:PSS polymer (1.5% aqueous
suspension), and multiwall nanotubes (CNTSs), were sourced from Sigma-Aldrich Co. in the
United States.

The multiwall nanotubes, characterized by an average length of 30 pm and dimensions
ranging from 8 to 15 nm, were introduced into the polymer matrix with the intention of
achieving homogenous dispersion. To facilitate this, an ultrasonic treatment was carried out in
a solution of nitric and sulfuric acids at a 3:1 ratio. The CNTs were carefully dosed at a
concentration of 0.5 mg per 1 ml of the mixture. Following this step, the CNTs underwent
multiple rinses with distilled water to eliminate any residual acids. Subsequently, the CNTs
were combined with the PEDOT:PSS solution and subjected to ultrasonic treatment for an
extended period of 8 hours. The resulting composition was then deposited onto a glass
substrate and allowed to dry for a period of 48 hours at room temperature. This meticulous
process yielded a monolithic PEDOT:PSS/CNTs film, notable for its thickness exceeding 20
pm.

In our experiments, we employed nanocomposite compositions with varying nanotube
concentrations, specifically around 5%, 7.5%, and 10%. For comparative purposes and as a
reference point in our investigations, we also included PEDOT:PSS films devoid of any
nanotube additives [14,15].

To gain insight into the nanostructures formed within the composite films, we employed a
high-resolution scanning electron microscope (SEM). Through careful selection of the electron
mode and energy parameters, we were able to capture clear and detailed images. Our SEM
analyses revealed a characteristic feature of nanocomposites: the aggregation of nanotubes
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within the polymer matrix. This observation is vividly depicted in Fig. 1, which illustrates
typical clusters of multiwall nanotubes within the composite structure at varying nanofiller
concentrations.

To comprehensively assess the electrical properties of these hybrid nanocomposites, we
established electrical contacts on the sample surfaces. The distance between these contacts was
maintained at approximately 5 mm, while the thickness of the samples exceeded 0.5 pm. This
setup was instrumental in conducting our investigations into the conductivity and electrical
characteristics of the materials.

EHT = 2.00 kV Mag = 100.00 KX Ultra Plus
WD = 3.2mm Signal A= InLens  IWC PAN

Fig. 1. SEM image of investigated PEDOT:PSS/CNT nanocomposites.

To assess the electrical properties of our samples, we conducted measurements at room
temperature across a frequency range spanning from 25 Hz to 1 MHz. The test signal
amplitude was maintained at 25 mV. Two distinct instruments, namely the RLC meter E7-20
and the impedance analyzer Keysight E4990A, were employed for these measurements, each
offering unique capabilities.

The Keysight E4990A impedance analyzer excels in measuring the impedance modulus,
spanning an extensive range from 0.1 Ohm to 1 GOhm. Remarkably, the error associated with
these measurements does not exceed 1% of the absolute value. This instrument proved
invaluable in our investigations.

On the other hand, the RLC meter E7-20 extends its reach in measuring the impedance
modulus from 10 Ohm to 10MOhm. While this range is slightly more constrained than the
Keysight analyzer, it still provides a comprehensive assessment. The error in these
measurements is modest, not exceeding 3% of the absolute value. Moreover, the RLC meter
E7-20 boasts the capability to measure phase shifts with an accuracy of 1 degree, specifically at
operating frequencies spanning from several hundreds of Hz to 1 MHz. This instrument offers
an additional advantage - the ability to record temperature-dependent dielectric losses, active,
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and reactive components of electrical conductivity at a fixed frequency. To elevate the
precision of our measurements, we introduced automation elements into the fundamental
measurement circuits related to electrical conductivity and dielectric functions.

For precise control and regulation of temperature, we employed a computer-based system,
ensuring heating and cooling processes adhered to a linear law, maintaining temperature
control with an accuracy not less than 1 K. In the case of the RLC meter, measurements were
conducted in an automatic mode, enhancing efficiency and reducing potential human error.

During the measurements, the test specimens were accommodated within a two-electrode
cell featuring non-blocking electrodes. These electrodes were meticulously formed on opposite
faces of the test specimens. The establishment of electrical contacts for the preparation of
experimental samples involved the use of copper conductors and conductive adhesive, ensuring
reliable and consistent contact points.

In our investigation into the impact of ionizing B- and y-radiation on PEDOT:PSS/CNT
nanocomposites, we employed the ?2Na isotope with an activity level of 0.1 mCi. The decay of
the 2%Na isotope, with a 3.28% probability, emitted y-rays with an energy of approximately
0.19 MeV. Similarly, the average energy associated with B-radiation was approximately 0.17
MeV. To maintain a consistent experimental setup, the samples were positioned at a distance of
0.6 meters from the radiation source. This distance rendered it unnecessary to account for a-
particles, which are typically adsorbed within a few centimeters of air travel. The dose of
radiation administered was estimated based on the duration of exposure [15].

Results and discussion. Fig. 2 illustrates the electrical resistance characteristics of
PEDOT:PSS samples, without the inclusion of nanotubes, as a function of radiation dose and
frequency. Notably, the response of these samples to radiation exposure is particularly
intriguing.
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Fig. 2. Variation in electrical resistance of pure PEDOT:PSS composite with frequency at different
radiation doses
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Initially, for the non-irradiated sample, we observed an electrical resistance exceeding 28
kOhm within the low-frequency range, spanning from DC to 100 kHz. This resistance
exhibited a decreasing trend, ultimately stabilizing at 25 kOhm as the frequency increased to 1
MHz. However, after subjecting the sample to a 30-minute irradiation period, a significant shift
in electrical resistance became evident. Specifically, the resistance in the low-frequency range
surged to over 2 kOhm, marking a notable increase in resistance. Astonishingly, this effect was
magnified when an additional 30 minutes of irradiation was applied. Given that the
conductivity of PEDOT:PSS composites remains frequency-independent below 100 kHz, we
can effectively model the behavior of the measuring system as a simple Rpoly resistance.

In Fig. 3, we delve into the electrical resistance versus frequency profiles for
PEDOT:PSS/CNT nanocomposites. This figure presents an intriguing contrast compared to the
non-nanotube-containing samples.
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Fig. 3. Electrical resistance dependence of PEDOT:PSS/CNT nanocomposite with frequency at varied
radiation levels

The most conspicuous observation is the remarkable reduction in low-frequency
resistance, with values reaching as low as 4.7 kOhm for the non-irradiated nanocomposite
samples. This marked reduction in resistance highlights the influence of the nanotubes on the
electrical properties of the composite material and opens up intriguing possibilities for various
applications. Further analysis of these effects and their implications is essential to fully
understand the behavior of these nanocomposite materials in response to radiation exposure.

As is widely known, the conductive properties exhibited by polymers bear a striking
resemblance to those of inorganic semiconductors. In this context, it is plausible to attribute the
decline in electrical resistance to the metallic properties inherent in carbon nanotubes. Under
this assumption, we can conceptualize that the nanotubes form a parallel pathway for electrical
conduction alongside the pathway already established by the polymer structures. Consequently,
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the overall low-frequency resistance of PEDOT:PSS/CNT nanocomposites can be effectively
modeled as the parallel connection of two resistances: Rpoy and Ry, representative of the
polymer matrix and nanotubes, respectively. By comparing the experimentally measured low-
frequency resistance of 4.7 kOhm to the calculated value resulting from the combination of
these parallel resistors, we deduced that the nanotube resistance, Ry, is approximately 5.7
kOhm.

As illustrated in Fig. 4, an increase in the proportion of nanotubes incorporated into the
polymer matrix correlates with a notable reduction in the electrical resistance of the resulting
nanocomposites. This trend underscores the significance of nanotubes in influencing the
electrical properties of the composite materials, a feature that holds promise for various
practical applications.
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Fig. 4. Influence of nanotube content on low-frequency resistance before and after absorption of y-quanta

To validate our experimental findings, we conducted numerical simulations. In these
simulations, the nanotube-filled polymer matrix was modeled as a three-dimensional
parallelepiped, featuring electrodes positioned on opposite sides and an assortment of randomly
distributed open nanotubes with cylindrical geometry. The search algorithm, primarily founded
on graph theory, dictated the dominant pathways within this simulated hanocomposite. These
simulations were computationally intensive and required substantial computational resources.

The outcomes of our simulations provided insights into the spatial distribution of
nanotubes within the volume and identified the dominant conduction pathways, as depicted in
Fig. 5.
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Fig. 5. Computational modeling of nanotube distribution in polymer matrix: a - absence of conductive
path; b - single leading path; ¢ - multiple leading paths.

Interestingly, the simulated percolation threshold, which denotes the minimum nanotube
concentration required to achieve electrical conductivity, was found to be approximately 1%.
This value suggests that a relatively low nanotube concentration is needed to form conductive
paths within the nanocomposite, a finding that contrasts with the experimentally determined
percolation threshold. Discrepancies between these results could be attributed to various
factors, such as limitations inherent in the model (e.g., limited elements in the system
compared to the number of nanotubes in experimental samples) or differences in the dispersion
conditions of nanotubes during sample preparation.

Fig. 2 and Fig. 3 provide insights into the response of PEDOT:PSS/CNT nanocomposites
to B- and vy-radiation emitted by a 226Ra source. These radiations induce a notable increase in
electrical resistance within the nanocomposite, a phenomenon attributed to simultaneous
changes in both Rnt and Rpoly. If we consider that only Rpoly is exposed to radiation,
following the initial radiation dose, the total resistance of the nanocomposite remains constant
at 5.7 kOhm (as previously described). This constant Ry is in parallel with the initial Rpoly
value of 30 kOhm, as indicated by the blue curve in Fig. 2.
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Consequently, our calculated total resistance of 4.8 kOhm, as opposed to the experimental
value of 5 kOhm, as indicated in Figure 3, suggests that our initial assumption—that only
Rpoly is affected by radiation—is not entirely accurate. It becomes apparent that radiation-
induced changes impact both Rnt and Rpoly parameters within the nanocomposite.

One plausible explanation for the increase in Rpoly lies in the context of radiation-
triggered parallel degradation processes and alterations in polymer bonding. The absorption of
ionizing radiation can result in the breakage of polymer chains, causing charge transfer through
n-electron conjugations. This, in turn, leads to enhanced electrical conductivity within the
hybrid system. Conversely, when incomplete bonds with uncompensated valence electrons are
formed, it can result in chain blocking and the stimulation of polymer "crosslinking." These
transformations are inherently irreversible, and the extent of the changes is contingent upon the
radiation dose and the specific structure of the polymer.

In essence, ionizing radiation exerts a multifaceted influence on the electrical properties
of the nanocomposite, involving changes in both the nanotube resistance (Rnt) and the polymer
resistance (Rpoly). Understanding these intricate interactions is pivotal for a comprehensive
assessment of the radiation-induced effects on the material's behavior. Further investigation is
essential to elucidate the exact mechanisms at play and to harness this knowledge for practical
applications in radiation-sensitive materials.

Conclusion. We embarked on the creation of nanocomposites based on poly(3,4-
ethylenedioxythiophene)-poly(styrene-sulfonate) (PEDOT:PSS), and seamlessly integrated
multi-walled carbon nanotubes (CNTSs) into the matrix. Our research has conclusively
demonstrated that these fabricated nanocomposites exhibit sensitivity to varying doses of f-
and y-radiation.

The inclusion of conductive carbon nanotubes in the polymer matrix plays a pivotal role
in this sensitivity. Notably, the incorporation of CNTs serves a dual purpose: it reduces the
electrical resistance within the systems while simultaneously enhancing their responsiveness to
radiation-induced changes. These alterations in the electrical properties are not exclusive to the
polymer matrix alone; rather, they also manifest within the nanotubes themselves.

This intriguing discovery opens up a realm of possibilities for practical applications. The
resultant structures can serve as highly effective components in radiation sensors, facilitating
the precise detection of ionizing radiation. Furthermore, they can be employed as protective
coatings for electronic equipment, offering a shield against the potentially harmful effects of
radiation exposure. Thus, our research underscores the versatility and utility of these
PEDOT:PSS/CNT nanocomposites in the realm of radiation detection and protection, holding
promise for a wide array of applications in radiation-sensitive electronic systems.
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Hocmimkeno BIuHB ioHi3ytouoro f3- and y-sunpomintoBanss Ha Hanocuctemua PEDOT:PSS-
CNT 3 BukopucTanssaM izotomy 2?°Ra 3 axrusmictio 0,1 MKi. TlokazaHo, 0 HeonpoMiHEHHIt
3pa30K Mae MATOMUHA omip Bumie 28 KOM y Aianma3oHi 4acToT Bif moctiitHoro ctpymy a0 100 k['m.
Omip mamae g0 25 kOM, OCKimbKH dYacToTa 30iibiiyerbes A0 1 MI'm. Ilicimst 30-XBHIHHHOTO
ONPOMIHEHHS OTip B HU3bKOYACTOTHOMY Jliana3oHi 3011bIyeThest mpuban3Ho Ha 2 KOM, a eexr
mricist 30 XBUITMH MO/IBOIOETHCSL.

3MOJeNbOBAHO 3arajbHUM HU3bKOYAacTOTHMH omip kommnosduty PEDOT:PSS-CNT sk
napasenbHe 3'€THaHHS onopy Rpoy Ta omopy, mOB’s3aHOTO 3 HaHOTpyOKaMu Rnt, mpHIycKao4n,
II0 HAHOTPYOKM CTBOPIOIOTH MapaleibHUil MPOBIAHHH IUIAX O TOrO, IIO YTBOPIOETHCS
MOJIIMEPHOI0 CTPYKTYporo. Ha OCHOBI OTpMMAaHOro 3HAa4€HHsS 3arajJbHOrO0 HHM3bKOYaCTOTHOTO
omipy 3 ekcnepuMeHTy (4,7 kOM) Ta, BUKOHYIOUH TPOCTI OOYMCIICHHS Ui IBOX MapalieIbHAX
pe3ucTopiB, omepxkaHo 3HaueHHS 5,7 KOM mmst Rnt. Ilokasano, mo mopambiie 301TbIICHHS
HAHOTPYOOK y TmoniMepi NPHBOJUTH OO 3HIDKEHHS OIOpPY OJepXKaHHX HAaHOKOMITO3MTIB.
ITpoIeMOHCTPOBAHO, IO OIHOYACHHIT BILIMB B- Ta y-BUIIPOMiHIOBAHHS 3 Jkepena *25Ra 36inburye
omip komno3uty PEDOT:PSS-CNT. Taki Tpanchopmarii 3yMOBIIeHi 0JJHOYaCHUMH 3MiHaMHK B Rnt
Ta Rpoly. ITicis mornuHaHHS MOYaTKOBOI 103M, 3aralbHUM Omip KOMNo3uty Rnt Oyzne He3MiHHUM
(5,7 xOm), mapanensHo moB’si3aHMM 3 migsuimeHnM Rpoly (30 kOm). B pesymberari OyB Om
onepxaHuii 3aranpHuit omip 4,8 kKOM, 110 € HIKYE BiJl EKCIEPUMEHTAIBHO CIIOCTEPEKYBAHOTO
3Ha4yeHHs (5 kKOM). ToMy HEOOXiHUM € PO3riisi] OOMABOX pajialiifHO-IHAYKOBAHHX CKIAI0BUX Y
Rnt Ta Rpoly.

OpHa 3 MOXJIMBHX TpHYMH 30UIbIIeHHS Rpoly Moxke OyTH mOB's3aHa 3 pamialiiiHO
CTHMYJIbOBAaHUMH TapajielbHUMHU MpoliecaMy pyHHYBaHHS 1 3’eiHaHHS y mojiMepi. Po3pus
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JIaHIIOTa TOJIMepy BHACTIZIOK HOIJMHYTOTO iOHI3yIOYOTO BHIPOMIHIOBAHHS IIPH3BOIUTH IO
MIEpeHECEHHsT 3apsily 4depe3 M-eJIeKTPOHHI CIPSDKEHHS, IO CYIPOBOKYETHCS 3MEHIICHHSIM
€JIEKTPONPOBIAHOCTI Ti0puaHOi cucteMu. [losBa He3aBepUIEHUX 3B’ SI3KiB 3 HECKOMIICHCOBAaHUMHU
BaJICHTHHMHM EJICKTPOHAMHM J03BOJIA€ OJIOKYBATH JAHIIOTH i CTUMYJIIOE «3IIHBAHHSD» MOJNIMEpY.
Lli 3MiHM € HE3BOPOTHHUMH, a CTYIiHb IEPETBOPEHB 3aJICKUTh BiJ JO3U ONMPOMIHEHHS, a TAKOX BiJ
CTPYKTYpH TIOJIIMEpY.

JIns  miATBep/UKEHHS eKCHEePHMEHTAJIbHUX pe3yNbTaTiB  Oylno TpOBENEHO YHCENbHEe
MozemoBanHs. [lonmiMepHy MaTpHIfo, HallOBHEHY HAHOTPyOKaMH, OyJi0 3MOZENboBaHO K 3D
napajenemnines 3 «eJNeKTPoJaMu», NPHKPIIUICHMMH 10 il NpPOTHIEKHUX KpaiB, BHIIAJKOBO
3alIOBHEHHMH BIAKPUTHMH IPOBIJHUMH «HAHOTPYOKaMu» wwIiHApudHOI (opmu. Pesympratn
PO3paxyHKIB JO3BOJIIHM Bi3yali3yBaTH 00'€MHHUI PO3MOMALI HAHOTPYOOK Ta BHIUIUTH MPOBIIHI
nopikku. OOuucneHa MiHiMambHa 00'€eMHa YacTKa HaHOTPYOOK, HeoOXimHa A TOro, miod
3MO/ICTTIbOBAHUI KOMIIO3HUT CTaB EJECKTPOIPOBIAHUM, BijOMa SK MOPIr MEpKOJIALil, cTaHOBHIA
6mm3bK0 1%, M0 HIKYE, HiK eKCIEPUMEHTANBHO CIOCTepeKyBaHui nopir. PisHuns moxe OytH
00yMOBIIeHa KiJJbKOMa (aKTopamH, BKIIOYAOYM NpHONMM3HI Mozeni (oOMexeHa KiUIbKICTh
€JIEMEHTIB y CUCTeMi) a00 yMOBH JAWCIICPTyBaHHS HAHOTPYOOK IIiJI Yac o/iep KaHHs 3pa3KiB.

Knrouogi cnosa: HAHOKOMITO3UT, HAHOTPYOKa, ONPOMiHEHHS, TTOJIIMEpHa MaTPHULIS, EIeKTPHYHI
BJIACTUBOCTI, KOMIT FOTEpHE MO/ICITFOBAHHSI.

Cmamms nadiiiwna 0o pedakyii 09.09.2023
Tpuiinama oo opyxy 15.09.2023



