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Abstract:

Abstract scheme

In this study, we present the development of palysigold nanorod nanocomposites and the effecthef
nanorods’ aspect ratio and concentration on theath&ectrical conductivity of nanocomposite syste The electrical
characterization showed that at the same atomit gmhcentration, the conductivity of the nanoconitessincreased
by about 14 % after increasing the gold nanorodpeat ratio from 2.9 to 3.8. Furthermore, the cetigity of the
nanocomposites increases linearly with the cona#atr of atomic gold, keeping the nanorods’ aspaiit stable, due
to increasing the metallic content. The interacti@iween polyaniline and gold nanorods was invatgi) by FTIR,
micro Raman, and XPS spectroscopic techniques;atidg the delocalization of the charges acrosptigmer chains
induced by the incorporation of the nanorods. Titeraction most likely occurs through the imineragen of the
polymer’s backbone. The homogenous distributiothefgold nanorods in the polyaniline matrix wasfieat by TEM.
Furthermore, the selective photosensitivity of tteveloped nanocomposites to NIR light was examireed] an
increase in their current density was detected vihemanocomposites were irradiated at the waviiehgt coincides
with the longitudinal plasmonic resonance absorptié the incorporated nanorods. We foresee apjiitsitof the

developed nanocomposites in numerous optoelectseciors.

Keywords: Polyaniline — Gold nanorods — Nanocomposites —d&tt&iectors — Polyaniline/gold

nanorods composites.

Introduction

Polymeric nanocomposites have attracted consideratténtion for applications in many technologiaatas,
since they combine the lightweight, low cost andcgssability of polymeric materials with the chaesistic properties
of the embedded inorganic nanoparticles, e.g. otthdiy or sensitivity to external stimuli, etc. €hinteraction
between the nanocomposite components can be gittysical or chemical depending on the surface eatdrthe
nanoparticles and the presence of functional groupie polymer chain. Among the various developsabcomposite
systems, the ones used most extensively in thd &élflexible optoelectronics are the conductivdypter/metallic
nanoparticle composites, due to the charge tragsfesses occurring at the interface of the natiofes with the

matrix.



Conductive polymer polyaniline (PANI) has receivgatticular attention due to its magnificent projgsrtsuch as
good stability at ambient environmental conditiosisple and versatile preparation methods andwsdost. Various
researchers have employed PANI in several apphicdields, such as anti-corrosive coatings [1],drantive polymer
composites [2-5], drug delivery [6] and sensor®]7PANI is synthesized by oxidation of anilinean acidic medium
either chemically[10] or electrochemically [11, 1PJANI is an organic semiconductor andritsonjugation structure is
responsible for its electrical conductivity eithbrough oxidation-reduction reactions or acid dgpginocesses. Its band
gap corresponds to the energy required to excieetectron from the HOMO (Highest Occupied Molec@abital) to
the LUMO (Lowest Unoccupied Molecular Orbital). ®igh camphor sulfonic acid (CSA) doping of PANIadie
transfer is induced along the polymeric chain bgtgmation of imine nitrogen sites [13]. When a vagaform, one
electron from the HOMO orbital is relocated to tH8MO level, resulting in a localized polaron. Undam external
electric field, polarons step to neighboring traggpcenters, resulting in the electrical conducidrthe polymer. In
general, the conductivity of the polymer is res@it by the unusual contacts between different allys¢ domains
limiting the polarons ability to jump from one chaio the next. Diverse nanomaterials as carbontohre [14-16],
titanium oxide [17-19], cadmium sulfide [20-23], taklic nanoparticles [24-2@Ind graphene [27] with different size
and shapes have been incorporated in PANI, produtdmocomposites with controllable properties, ddpey on the
nature of the nanofillers and their interactionhwihe polymeric matrix. These nanocomposites wejdoeed in
different application fields including biology [28Inemory devices [29], electrocatalysis [30, 31dsbnsors [32] and
electronics [33]. The merger of polyaniline with tadéc nanoparticles to form composites has betangited so far by
diverse methodologies [34, 35]. Some of the effitigtrategies included are physical mixing [36-38}er by layer
deposition [39], polymerization of aniline in theepence of nanoparticles [40], the growth of mietalanoparticles
over the PANI chains [41], and finally, the polynzation of aniline combined with the nucleation agmebwth of
metallic nanoparticles [42]. Direct mixing givessimple route for preparing PANI composites with ellent control
over the ratio of each component. The shape aedo$izach individual component can be well desidgrefdre mixing.
Furthermore, the physical blending of PANI solutievith nanoparticle dispersions prevents severectstral
deformation of the embedded nanoparticles thathegapen in the case of in-situ polymerization du¢ghtoextremely

low pH of the polymerization reaction solution.

PANI hybridized with spherical gold nanoparticles metallic nanofillers was already used in order to
enhance the electrical conductivity and extenddiwersity of PANI’s applications [37, 38]. The emtament of the
electrical conductivity of the resulting nanocompess is usually explained by the increase of thargé density and
charge mobility. Under adequate applied voltagectedbns located in imine nitrogens of PANI weregm®ed to gain
enough energy to overcome the interface betweemahaner and gold nanoparticles [24]. Gold nandpkes have
Fermi levels close to the HOMO level of PANI. THere, gold nanoparticles abstract one of the gatteons located
at the nitrogen atom in the HOMO level in ordetramsfer it to the LUMO level. Consequently, gokhoparticles can
be employed as dopants, enhancing the conductifithe PANI even at lower acidic doping levels. Tdteuctural
morphology of both PANI and gold nanoparticleswedl as the capping agent used, determine the dindteraction
between gold nanoparticles and PANI, which deefilscts the interfacial region and hence the transfeharge [43].
The morphology and the size of metallic nanopai¢hcorporated into the PANI are expected to playucial role in
the properties of the resulting nanocompositesthEobest of our knowledge, no investigation regagdhe effect of

the gold nanoparticle’s morphology on the propsrtiethe polyaniline composites was previously reguh



Gold nanorods (AuNRs) have interesting properti@sg to their anisotropic structure, which hasated
much attention for potential use in several apgilices. The optical and electronic properties of Re\depend on their
aspect ratio (length/width) [44-46], surface fuootlity [47, 48] and the dispersed medium [49, 58]JNRs are
characterized by dual surface plasmonic absorpeaks, both longitudinal and transversal, corredppanto the
oscillation of free electrons along the longitudiaad transversal axes of the nanorods, respegtiidlerefore, the
incorporation of AuNRs of different aspect ratiogoi PANI is expected to add novel interesting prbpe to the

nanocomposite materials.

Here we investigate the interaction of photochehyicynthesized AuNRs with PANI of 65 kDa doped twit
Camphor sulfonic acid (CSA). In particular, we fifscus on the effect of the nanorods’ concentratiad aspect ratio
on the conductivity of the nanocomposites. AuNRhliree different aspect ratios, from 2.5 up & tere separately
embedded into the PANI matrix and characterized fibmogeneous distribution of AuNRs in the PANI nimatvas
investigated by transmission electron microscop¥N). The electrical conductivity of the PANI and dolie
nanocomposite films was measured using the trasgmidine technique. The alterations in the optjmalperties of
PANI nanocomposites, due to the different AuUNRsduseere monitored by UV-Vis spectroscopy. FT-IR anitro
Raman spectroscopy were employed in order to etealtiae interaction between AuNRs and PANI chains.
Furthermore, X-ray photoelectron spectroscopy wssduto characterize the chemical bonds in the ceitgso
Exploiting the surface plasmon resonance inducedllfield enhancement, we designed a photodetsetasitive to
specific wavelengths in the infrared region. Thexs#évity and the detection limit of the photoddtec were

determined.
Experimental

Materials

Hydrogen tetrachloroaurate trihydrate (HABH,O) (Alfa aesar 99.99%), Cetyltrimethylammonium biden
(CTAB) (Fluka>99%), Silver nitrate AgN@ (Aldrich 99.9999%), Ascorbic acid (AA) (Sigma-Aldn ACS reagent
99%), Cyclohexane (TCI, 99%), and Acetone (Sigmarigh>99.9%) were employed without any further purifioati
PANI of molecular weight 65KD and camphor sulforicid (CSA) (Sigma Aldrich) were used as received.NN
Dimethylformamide (DMF) (San Carlos 99%) was usedexeived as a solvent for polyaniline. High gullilli Q

water (18.2 M2) was used for the preparation of AUNRSs dispersmlations in all experiments.

Methods

I. AuNRs synthesis: AuNRs were synthesized via the photochemical tiegienas previously reported with
some modifications [51-54]. First, 0.2 mL of AA (40M) was pipetted into three different AUNR groveblutions
prepared by the sequential mixing of 0.25 mL of KAWH,O (24 mM), 3mL of CTAB (80mM), 0.065 mL of
acetone, 0.045 mL of cyclohexane, and finally thag&erent amounts of AGNO(10 mM) [0.04, 0.07, 0.1 mL]. The
precursor solutions were incubated in the dark3fbours prior to UV irradiation with a UV lamf € 254 nm) for 30
minutes. At the end of the reaction, the colorha&f growth solution changes from colorless to gréeown, or reddish
brown depending on the aspect ratio of the regulRs. The color of the gold nanorods attributethtoaspect ratio
and the maximum plasmonic absorption of the naroréd the aspect ratio of the gold nanorods inesatheir
maximum plasmonic absorption redshifts and so ther ®f the nanorods dispersion solution changefomlorless to

different colors based on their aspect ratios. Wilee nanorods of aspect ratio 2.5 its dispersidutien is green, and



the nanorods of aspect ratios 2.9 and 3.8 thapedsson solutions are brown, and reddish browmeetvely. Finally,
the AuNR solutions were centrifuged once at 4008 fpr 10 minutes to separate large gold clusteh& fesulting
supernatant was collected and centrifuged at 149080for 20 minutes. This was repeated twice to @pahe excess
of CTAB and the unreacted materials from the sotutiThe supernatant was exchanged with distillem@ach time.
20 pL of the AuNR dispersions were deposited owaban coated copper grid for TEM investigation. Thsulting
value of Au ion concentration obtained by ICP measwents and the dimensions of AuNRs, measured &
micrographs, were used to estimate the concemtratio AUNRs. The AuNRs used for the preparation fod t

nanocomposites have aspect ratios of 2.5, 2.9 &d 3

[I. PANI/CSA-ES preparation(PANI/CSA-ES-ES): A 0.5 wt% PANI solution was prepared by dissolvin§75
g of PANI in 14.925 g of DMF. The solution was s#it for 24 hours, and then 0.15 g of CSA was addebe PANI
solution. The PANI/CSA-ES Emeraldine Salt (PANI/GES-ES) solution was stirred for another 24 hotingn
filtrated twice using filter paper with pore sizes0.2 pm. 1 mL of the final filtrated PANI/CSA-BSS solution was
dried and weighed in order to evaluate the finalcemtration of PANI/CSA-ES in the solution afterutdée filtration.
The final concentration of PANI/CSA-ES-ES in DMFlgmn was 4 mg/mL. The pH of the PANI/CSA-ES-ES

solution was 4.35.

[ll. PANI/CSA-ES-AuNRs Nanocomposites Preparation: The composition and the concentration of the
components of the prepared nanocomposite filmssanemarized in Table 1. Briefly, a specific amouhtAeNRSs
dispersed in water was mixed with a certain vol@ihBANI/CSA-ES solution (2 mg/ml concentration)dbtain a total
volume of 1 ml. The nanocomposite solutions wengicsied for 1 hour. An aliquot of each nanocommositlution
was drop cast over different substrates includiagg silicon wafer, and a microelectrode arrayt@iomg gold square
electrodes sputtered over a silicon substrate withickness of 100 nm, for further investigatioreTgold square
electrodes each have an area of 108, Tine thickness of the polymer and nanocomposyter levas adjusted to be 0.2
pm by controlling the drop casting process and oreaswith a profilometer (AMBIOS XP2 Technology)rdligh

applying a probe with a pressure force of 0.1 mgfmimng a 5 mm scanning distance.

Table 1: the composition of each PANI/CSA-ES-AuNRed in the study.

Composite Name Volume of AuNRs aspect AuNRs Au Concentration Au percentage (wt
PANI/CSA-ES ratio Concentration (nM) [Au] (ppm) %)
solution (pl)

Comp | 900 2.5 65 2.6 0.130

Comp Il 965 2.9 65 2.0 0.100

Comp lll 938 3.8 65 1.9 0.095

Comp IV 917 3.8 87 2.6 0.130

Comp V 866 25 87 3.4 0.170

Characterizations

A Jeol Electron Microscope (JEM 1011) operatingl@® KV was used for transmission electron microscop
(TEM) measurements of the AuNRs and nanocomposkes20 uL solution of both AuNR dispersion and

nanocomposites were drop casted over a carbonecoapper TEM grid of 300 meshes and dried at rcamperature.



The optical absorption investigations were caroetl with a Varian Cary 6000i UV-Vis-NIR spectropboteter. For
collecting the optical absorption spectra, 200 fithe PANI/CSA-ES-ES and nanocomposite solutionseveeparately
deposited and then dried over a clean glass slitistimte. After drying the polymer and nanocomjessftims, their
spectra were measured using a clean glass slide re¢erence. Fourier-Transformed Infrared (FT-IRgctra of
conductive PANI and the nanocomposites were peddrity a Bruker Vertex 70v FT-IR instrument in transsion
mode. The Spectra were collected under a vacutheirange of 500-4000 chat a resolution of 4 cthusing a DTGS
detector. Polymer and nanocomposite films depositedlass substrates were used for measuring the $fectra. X-
ray photoelectron spectroscopy (XPS) measuremeats wade using a Specs Lab2 electron spectrométieraw
monochromatic X-ray source radiation at 1253 eV agdipped with a Phoibos analyzer Has 3500 (Emisgdie
Energy Analyzer). The applied voltage of the Mg K-ray source was 10 kV and the applied current i¥asA. The
pressure in the analysis chamber was approximatalyl0° mbar. Large area lens mode was used for both anide
narrow scans. For the wide scan, the energy pas®WaV, the energy step was 0.5 eV and the saabemuwas 4. For
the narrow high-resolution scans’{Mnd Ad") the energy pass was 50 eV, the energy step vas\0and the scan
number was 20. The spectra were then analyzed @srgXPS software. The variations in the polymerdbabration
induced by the incorporation of AUNRs were trackgda Horiba John Yvon HR800 UV Raman Lab systenplsl
with a laser source of 635 nm wavelength to scaNRgj polymer and nanocomposite samples in the rah@é0 to
1800 cnt. The conductivity of the polymer and nanocomgo§iims was measured by a Suss MicroTec PM5 probe
station and Keithly 2612 semiconductor parametatyaer system. Gold and silver ion concentratioesendetermined
by Thermo Fisher Scientific Inductively coupled gtz (ICP, ICAP 6300 DUO) atomic emission spectremeén the
photosensitivity experiments, CW 705 nm Red dicatet Thorlabs Fabry-Perot was employed as a ligirce to

irradiate the nanocomposite film.
Results and Discussion

The morphology and optical properties of the AuNigsthesized by the photochemical method are predent
as supporting information. The UV-Vis absorptionespa of PANI/CSA-ES and PANI/CSA-ES-AuNRs
nanocomposites are shownfigure 1 (a). The characteristic peaks of PANI/CSA-ES at ~360(8.58 eV) ~420 nm
(2.95 eV) and ~800 nm (1.55 eV) attributedtter*, polaronst* and n—polaron transitions, respectively, are all evident
in the spectrum [55]. The shoulder at ~420 nm igallg assigned to the protonation of the polymeaics due to
doping, and the generation of interband gap stdedated with polaron production [55-59]. The edtieg of AUNRS
into PANI/CSA-ES significantly strengthens the im&y of the absorption peak at ~350 nm compareti¢cshoulder
at ~420 nm, and redshifts the absorption ofetfpelaron transition from ~800 nm (1.55 eV) to ~880 (1.45 eV). The
increase of the absorption at 350 nm implies thgmeantation of ther—n* transition through the interaction of the
AuNRs with the polymer chains. The high wavelengtfaron band, in the range of 750 to 850 nm, isallg related
to a “compact coil” conformation of the polymer. éfbfore, the redshift of this band may suggestarease in the
conjugation length of the polymer by uncoiling @ymer chains [37b]. Hence, the redshift of #hgolaron transition
by incorporating the AuNRs with the PANI/CSA-ES fio800 to around 850 indicates the change in thekistz
structure of the PANI chains within each other amtteases the active conjugation length, resuliting significant
decline in thet-polaron band transition energy gap. This may bdemce of the intercalation of the AUNRs in between
the PANI chains. It is important to notice thatstihedshift is unrelated neither to the aspect mraiothe concentration
of the NRs. The involved AuNRs interact with the N\MACSA-ES polymer chains and boost the charge teans

transition by generating more polarons or lowettingn-polaron transition energy gap. The characteristisorption



spectra of AuNRs (the Longitudinal and Transversefage Plasmon Resonance (LSPR), and (TSPR)) ctehple
cover that of PANI giving rise to a small shoulderthe range between 570 and 710 with a hump atmnar&00 nm
(appointed by black arrow) and possibly affectihg tedshift of the absorption peak relevant tortpmlaronic band
transition. The new humps around 600 nm may reféiné novel charge transfer transition betweendilldRs and the

PANI/CSA-ES polymer chains as its position is iergnt to the NR’s aspect ratio.
Figure 1,

Figure 1 (b) depicts the FTIR spectra of PANI/CSA-ES and of RI&ISA-ES/AUNR composites with AUNR
aspect ratios 2.5 and 3.8 (composites V and \fhaebvely). The bands observed for the PANI/CSAdieraldine
salt (ES) at 2367 and 1742 ¢mattributed to C=N-Ar and C=NHstretching vibrations, and the band at 1594'cm
assigned to the quinonoid ring stretching[60-63]rad change with the incorporation of AUNRs to #ANI/CA
matrix. Similarly, the absorption peak at 824 cassigned to the aromatic C-H out-of-plane-bendimg-disubstituted
ring, the vibration peaks at 786 — 791 tmssigned to the stretching vibration of the p-diituted benzene ring
(bending of C=C) and the vibrational peak at 10#0' cassigned to the O=S=0 stretching mode of Camgtiéonic
acid[56], hold steady after the addition of AuNR&markably, the peak at 1167 ¢nassigned to the in-plane bending
vibration mode of C=NHin the quinonoid ring after incorporating the Ausilue shifts to 1153 ¢ The blue shift
of this band is usually attributed to electron del@ation in the PANI chain. Furthermore, the peékloped PANI at
1507 cnt, assigned to the ring stretching vibration of lemid C=C, blue shifts to 1466 and 1475'cin case of
nanocomposites IV and V, respectively. These resuttambiguously indicate that the extent of thearuol
delocalization in the nanocomposites is larger thaat in PANI/CSA-ES, confirming the role of the WRs as

secondary dopants in PANI.
Figure 2;

In Figure 2, the Raman measurements of PANI/CSA-ES and narpasite samples are reported. The
characteristic vibrational peaks related to PANitsndifferent forms and after AUNRSs hybridizatiare assigned in the
graph. The vibrations of the C-H (quinonoid ringgrieased in intensity both with CSA doping and AsNdnbedding,
as results comparing the intensity of the peak Jat81lcm® with the vibrational peak at 1189 ¢nf*. The C-N
stretching vibration peak, at 1229 ¢tmemarkably shifts after AUNRs incorporation to @26m", suggesting the
tendency of AuNRs to interact with C-N bonds of AAMains. The intensity of the vibrational peakl&43 cni,

assigned to the C-Nradical cation band stretching, increased witthtatid doping and NRs incorporation [65-68].

The peak at 1398 chusually assigned to the free charge carrier titmashifts from 1404 for the doped form to 1416
cm’* for the nanocomposite, suggesting enhancemeheadelocalization[69]. Moreover, the stretchingraiipn of the
quinonoid ring C=N bond, at 1470 &mshifts slightly in the nanocomposite to 1472 crithe incorporation of the
AuNRs affect the vibrational mode of both the bexwé and quinonoid ring in PANI polymer chains adicated by
the small shifts of the peaks at 1572, 1608, amtR i6n", assigned to C=C stretching of the quinonoid @ng C-C

stretching of the benzene ring.
Figure 3;

Next, XPS characterization was performed on PANkEattine Base (PANI-EB), PANI/CSA-ES and on the

nanocomposite type IV samples. The deconvolutioN d& core-level spectrum of PANI-EB leads to twajon peaks



at 399.1 and 401.6 eV representing, respectivaly,imine and amine groups, as showrrigure 3 (a) Upon acid
doping, the imine band increases whereas the anmealecreases, and this relative change of intesisiecomes more
prominent in the case of the nanocomposite witheddduNRs. The enhanced change in the ratio bet@eene and
imine bands in the nanocomposite might be attribute the modification in the doping level of the RlAas
aforementioned in the electronic absorption spedftathermore, the slight red shift in the aminel amine peak
positions, which was observed with both acid dogind NR incorporation, can be attributed to theratation of the
electron-cloud richness at the N atoms. Similaitpuesshifts up to 1.2 eV have been reported folNPAecorated with
the gold clustersFinally, the Au 4 core-level spectrum peaks of the AuNRs in the amitp did not show any
significant variation compared to pure gold, sitice strong metal core signal [78]not expected to be significantly

affected by possible charge transfer between theamamposite components.
Figure 4;

Figures 4 a-c,show the TEM micrographs of PANI/CSA-ES-AuUNR nammposites with NRs of different aspect
ratios, drop casted from their solutions directlytbe TEM grids. The AuNRs are clearly homogengodsitributed in
the PANI matrix without any aggregation regardleStheir aspect ratio. Furthermore, it was obseirad the AUNRS
with a high aspect ratio used in the experiments &amaller width than low aspect ratio AUNRs. Adawy to
previous reports, a CTAB bilayer coats the AuNRsface after their synthesis exhibiting a positoferge on the
external surface [71]. The positively charged NRsy/rhe intercalated between the negatively chargeedl polymer
chains by electrostatic interactions. Therefore, rhixing PANI/CSA-ES with positively charged AuNR$he
conformation structure of the polymer chains magngje where the AuNRs lie onto the polymer chainstand as a
connecting bridge between two adjacent polymernshas schematically shown in the schemé&igiire 4 (d). The
latter possibility would increase the d-spacingamstn the polymer chains depending on the longitidinis length of
the NRs. Accordingly, the electric delocalized g would transport between PANI chains throughbYilges as
well as by hopping. When the NRs lie onto the paymhains, they most likely facilitate the chargansport across
the PANI chains.

In order to investigate the role of AUNRs on theawmposites’ electrical conductivity, the concatitm and the
aspect ratio of the AuNRs were changed independemtl the electrical conductivity was measured.aAstable
AuNRs molar concentration of 65 nM, the electricahductivity of the nanocomposites decreased witneasing
aspect ratio, as shown Figure 5 (a) It should be noted here that for stable molarceatration, the atomic gold
concentration [Au] decreases with increasing aspatid due to the decrease in the volume of a simginorod.
Consequently, the role of the [Au] concentratiod &Rs aspect ratio were evaluated separately,tamdsi found that
at a stable [Au] concentration, the electrical amitvity of the nanocomposites increased by 14%h witcreasing
aspect ratio by 51% from 2.9 to 3Egure 5 (b). This can be assigned to the increase of thetaféecontact surface
area between the AuNRs and PANI chains with inéngathe aspect ratio of the NRs, inducing enhancgroéthe
charges mobility (or enhancement of the probabditgharge transfer) between PANI chains and AuNiRsvever, at
a constant embedded nanorod aspect ratio in thecoemposites, a considerable rise in the electdoaluctivity of
around 32% was measured by increasing the [Au]emtnation from 65 to 87 nMgigure 5 (c) The decrease of [Au]
concentration would be expected to reduce theofdatee charge transfer between AuUNRs and PANI chédecreasing
the degree of metallization of the nanocompositéerefore, the electrical properties of the nangousites depend

primarily on the amount of [Au] embedded in theypoér and secondly on the aspect ratio of the enmdbddiNRs.



Figure 5;

It was proposed that when gold nanoparticles am®doced into the PANI matrix alongside an adequate
electric field, charge transfer may be induced letwPANI and gold nanoparticles through electrandfer from the
imine nitrogen sites of the polymeric chains to tiedd nanoparticles [72]. Therefore, gold nanopes act as a
dopant, inducing the formation of additional polspand therefore leading to charge carrier densiiease. The
charge transfer efficiency was shown to be affebigthe charge donating ability of the conjugatetymer PANI, the
nanoparticles, size [58, 59, 70] and concentrdfi@h, as well as the nature of the interface betwgald nanoparticles
and PANI. Furthermore, the presence of gold nanimb@rconnections between the polymeric chains e
additional conductive pathways, reducing the tragpcenters due to the heterogeneous nature of dhamer
crystallographic domains. In our system, where spaerical gold nanoparticles were replaced by AuNfRsir
elongated morphology is expected to further infeeethe charge mobility between PANI and AuNRs. Amtioned
above, the positive charge of the NRs surfaceifaigb electron transfer between imine nitrogeessif PANI and
AuNRs. The charge transfer between AuNRs and imitregens of polymer chains through a tunnelingcpss is
schematically shown ischeme 1 That process may be induced by the electric fleltling to a charge density
increase. The increase of the charge density isrm#d not only by increasing the gold concentrabiahalso by

increasing the AuNRs aspect ratio, through theciase of the interfacial surface area with PANI gbai

Scheme 1

Light sensing application

The selective sensitivity of the PANI/CSA-ES/AuNRanocomposites of specific light wavelength was
investigated as an application. AUNRs with an aspatio of 2.5 and 3.8, corresponding to LSPR ghtsan peak
maximums at 650 and 732 nm, (AuNRsand AuNRS®), respectively, were used to prepare the nanocsitgsoby
mixing the same [Au] concentration with PANI/CSA-E8lutions. The photosensitivity of the nanocomssivas
explored by measuring the variation of the curdamsity across the nanocomposite films at diffeieatiances at the
wavelength of 705 nmFigure 6 (a) shows the relationship between the current derthity passes through the
nanocomposites and the incident light intensity aionstant applied voltage of 1 V, whiégure 6 (b) depicts the
absorption spectra of the AuNRs used for the pedjmar of the nanocomposites, (the blue arrow indicahe laser
wavelength used in the experiment). The variatibrithe current density was measured under irradiatib the
nanocomposite films within a range of 0 to 150 mWjcand with steps of 10 mW/émCompared to the
nanocomposites containing AuN®%Comp V), the nanocomposites containing AuffR¢Comp 1V) show higher
values of current density upon irradiation with #@5. The measured current density of Comp IV inseddinearly
with increasing irradiance from 30 to 130 mWfcrfihe sensitivity of the Comp IV, estimated frone tslope of the
current density versus irradiance curve, is 6.Zxfi8.pm%mW?. On the other hand, the nanocomposites containing
AuNRS®® (Comp V) did not exhibit any current density adiiimn, even at high irradiances. The incorporatibithe
AuNRS* with PANI/CSA-ES neither accelerates the mobitifythe charge carriers nor generates new chargieisar
under the irradiation conditions. Where the wavgierof the irradiation beam is far from excitinggthSP conduction
electrons, as the maximum absorption of the LSPshdster by around 50 nm. The sensitivity of Copd 705 nm
light may originate from the excitation of the cotion electrons of the AUNRs with a laser beammitewavelength
is close to the maximum of the LSPR of the NRigre 6 (b)), which appeared as an increment in the curremsitie



with increasing irradiance. Therefore, the enhareg@nof the nanocomposite conductivity upon irradratcould be
assigned to the excitation of the AUNR’s LSPR, ébgrincreasing the charge mobility between AuNRSRANI.

Figure 6;

Next, the response time of the system of PANI/CS\AINRS**nanocomposite films upon irradiation at 705 nm was
investigated to understand the dynamics of theesystnd reproducibility of the photosensitivity. Ttlganges in the
current density of the Comp IV film versus time onpon/off NIR irradiation cycles, at an irradiance1®0 mW/cnd
and an applied voltage of 1 V, are showrrigure 7 (a) The reversibility of the photoresponse of thegddilms was
confirmed repeating 7 cycles of irradiation/darlegv30 seconds. The irradiation intervals are lggitéd in red and
the dark intervals in black. As shown Figure 7 (b), no enhancement of the current density was redoottethe
PANI/CSA-ES polymer film without NRs, implying inssitivity of the pure doped PANI under the experniraé
conditions. The acid doping of the PANI generatiearge carriers that are responsible for the etedtdonductivity.
Even with the high absorption of the PANI/CSA-EBnfiat the range from 700 to 80 nm, the irradiatiath a laser
beam of 705 nm light wavelength appears to be éaéffe in boosting the current density by accelegathe existed
charge carriers or creating new ones. It is clbat irradiation of the PANI/CSA-ES and Comp V filméth 705 nm
light did not exhibit any change in the passed entrrdensity, while the Comp IV containing AuNEsshow a
pertinent response. This reveals the importanchefAuNRs and the role of LSPR excitation with agppropriate

light beam in the enhancement of the photosensitdfithe nanocomposite films.

The current density response curve to irradiatiod dark recovery, depicted Figures 7 (c) and (d) is fitted by
equation (1) [74, 75].

J=3+ Q-3 /(1 +exp{—to)/dl)) 1)

Where J and J are the initial and final current density valuesspectively, while, anddt represent the time of the
central point of the current inflection and the dinmterval of significant current density changdteA starting and
suspending the NIR irradiation, the current dentiles about 5.0 and 3.5 s to rise and fall, resmdg. The rate of
current density fall{ 8.5 x 16° uA.pm?s?) is higher than that of the rise 6.8 x 10° pA.umZ.s?). This result sheds
light on the kinetics of the charge carriers’ safian and recombination as they are the main @eittrprocesses
stimulated by NIR irradiation. Since the selecteavelength of irradiation, 705 nm, is close to tHePIR maximum
absorption £ 732 nm) of the AuNRs used, the irradiation causeNRs stimulation, affecting the electron dynamics
(electron-electron and electron-phonon scatteringhe conduction band [44]. Irradiation of the ARSIl leads to
surface plasmon coherent electronic oscillatiomel as enhancement of thesd-interband electronic transition [76].
The electrons excited to the sp-orbital and theiah the d-band of the NRs can be redistributethatinterface
between AuNRs and PANI. The excited charge trangfduces the recombination of the electrons andshiol both
PANI and AuNRs. Therefore, the excited charges @l Rs transfer by hopping to PANI chains, increasheycharge
density over the nanocomposite lattice. By suspenttie irradiation, the excited electrons collagse fall down to the
d orbital, leading to recombination of charge @si The presence of charge trapping centers opdlyener chains
might be responsible for the delay of the respdosiradiation’s variation with respect to the ant drop. These
charge trapping centers result from the morpholdicomplex nature of PANI, which consists of aptuous regions

among the crystalline domains [77-83].



Figure 7,

The role of the AuNRs on the overall photosengitiaf the nanocomposites was further studied bysweag the
maximum charge generation rate (@ [74, 75]. The complete calculation and the experit conditions are
represented as supporting information. The resfitsved that the Gy of the PANI/CSA-ES is unaffected by the
irradiating light wavelength. However, in the cadghe nanocomposites, thg,§is enhanced for irradiation close to
the NRs plasmonic maximum absorption. This giveaight into the plasmonic excitation of the emtbed NRs and

its impact on the enhancement of the charge trabsteveen the PANI and the AuNRs.

Further studies on the roles of the PANI oxidatstates, the doping degree, and the surface chgmisthe AUNRs
are important to fully understand the nature ofc¢harge transfer between the AuNRs and the PANhshahis could

lead to an optoelectronic device with selectiverabigrs.

Conclusions

PANI-AuNRs nanocomposites were prepared by mixdifterent aspect ratio AUNRs with PANI/CSA-ES.
The NRs were homogeneously dispersed in the PAMI/ES matrix, reflecting a good affinity between tbapping
molecules of the NRs and the polymer matrix. Thaitawh of NRs, independent from the aspect ratas &n impact on
the electronic transitions of the nanocompositethBif then-n* and polaronic band#* transitions were enhanced by
AuNR incorporation, as the absorption spectra re\€dR and micro Raman spectra manifested, thantingling of
AuNRs with PANI/CSA-ES induced the extension of #hectronic delocalization across the polymer duthé affinity
of the NRs to the nitrogen atoms of the polymerkbaoe. The incorporation of the NRs boosts the camposites’
electrical conductivity of about one order of magde. The nanocomposite’s conductivity was incrdaseth by
increasing the atomic gold concentration and thésNRBpect ratio. The increase of the NR's surfddbealarger aspect
ratios lead to the enhancement of the interacteiwéen the NRs and polymer chains through exparttiminterfacial
contact area, facilitating the charge transitiobween the polymer and the NRs. The selective pletémtion of the
nanocomposites was also examined. Irradiation efnidinocomposites at a wavelength near the wavélexfgtheir
longitudinal plasmonic resonance induces the déiaton of the NRs surface plasmonic electronse Tititeraction
between the excited surface plasmon and PANI a@tek the charge transition between PANI and the R
reduces the charge recombination. The result inarased current density when the nanocomposites inradiated at

a wavelength that coincides with the longitudinalsmonic resonance absorption of the incorporad@drods.
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Figure Captions

Figure 1; Normalized spectroscopic characterization of PANI aanocomposite solutions: (a) UV-Vis absorptipacsra of
PANI/CSA-ES and PANI/CSA-ES/AuNRs nanocomposites wifferent NR aspect ratios 2.5 (Comp 1), 2.9 (Con)atd 3.8
(Comp IV) and loadings (pH = 4 for all solutionsyafb) FT-IR spectra of PANI/CSA-ES and two nanoconitpeswith 2.5 (Comp
V) and 3.8 (Comp IV) AuNRs aspect ratios.

Figure 2; Raman spectra of the PANI Emeraldine base, atlidasal PANI/CSA-ES/AuNRs Comp IV.

Figure 3; XPS spectra of Polyaniline-Au nanorods, (a) N leconvoluted spectra of PANI-EB, (b) N (1s) deadnted spectra of
PANI-ES, (c) N (1s) deconvoluted spectra of PANIESNRSs composites, (d) the core level spectra ofiAim AUNRS
incorporated with PANI-ES.

Figure 4; TEM images of, (a) Comp. |, (b) Comp. I, and (c)h@p lll. The scale bar is 100 nm for all image3.Rdoposed
arrangement of AUNRs and PANI chains.

Figure 5; Conductivity measurements of PANI/CSA-ES and PANRKESS-AUNRs nanocomposites: (a) Effect of AUNR aspect
ratio and atomic gold concentration [Au] on thectieal conductivity, (b) effect of AUNRs aspectioat constant [Au] on the
electrical conductivity, and (c) the effect of #@mic gold concentration [Au] on the electricahdactivity of the resulting

nanocomposites for the same aspect ratio.
Scheme 1Charge transfer processes between imine nitrogAbf and AuNRs.

Figure 6; (a) Photosensitivity of the PANI/CSA-ES-AuNRs nanoposites at an applied voltage of 1 V. Red trianghes black
squares refer respectively to measurements on Comyitth embedded AuNRE% and on Comp I, with embedded AuNEs(b)
The absorption spectra of the AUNRs aqueous digpersivhere the blue arrow indicate the wavelenftheolaser that was used

during the experiment.

Figure 7; Conductivity response of (a) PANI/CSA-ES-AuNRs (AR&of LSP 732 nm) (Comp IV) nanocomposite film doJdPANI/CSA-ES
film toward fluctuated NIR irradiatiori(= 705 nm, light irradiance: 100 mW/énat an applied voltage of 1 V. The upward and downward

transitions of the third conductivity response eyate zoomed in (c) and (d), respectively, accoieplanith the sigmoidal fitting (the solid line).
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Polaron-Polaron transition among the AuNR
AuNRs and the PANI chains at the N atoms
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