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Abstract

Fluorescent nanocomposite films were prepared by solution mixing of polyvinyl alcohol (PVA)
and tryptophan amino acid functionalized silver (AgTrp) nanoparticles. Tryptophan absorbs in
the UV part of the electromagnetic spectrum and the synchrotron excitation deep-ultraviolet
(DUV) fluorescence imaging was used to follow the distribution of AgTrp nanoparticles within
the polymer matrix. The study showed changes in the PVA morphology after its mixing with
AgTrp and pure tryptophan (the pure and hybrid PVA-tryptophan films are used as reference
materials). Pronounced growth of dendrite-like structures in the presence of AgTrp nanoparticles
was confirmed by bright field and fluorescence imaging as well as with atomic force
microscopies. Also, the fluorescent imaging revealed that the nanoparticles are localized at the
boundaries between dendritic structures and the amorphous parts of the polymer. Both
tryptophan and AgTrp nanoparticles influence the thermal properties of the host matrix.
Differential scanning calorimetry (DSC) measurements showed that they reduce crystallinity and
significantly increase the glass transition temperature of PVA (in the case of PVA-AgTrp film
the Ty increases by ~20 °C). Tryptophan and the nanoparticles slightly affect the thermal
decomposition route of the matrix leading to the changes in the carbonization stage at the end of
the degradation process. The dielectric properties of the films were studied under two different
conditions (dark and illumination). It was found that illumination with 250 nm light induces a
significant increase in conductance of PVA-AgTrp nanocomposite. The relative changes, with
respect to the conductance measured in the dark, were almost ~200%.
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1. Introduction

Polymer nanocomposites based on polyvinyl alcohol (PVA) as matrix material are among the
most studied systems [1,2]. PVA is considered to be a good host for nanostructured fillers due to
easy processability, thermo-stability and chemical resistance. It is biologically friendly,
water-soluble, polymer suitable for medical and packaging applications [3]. PVA has good
chelation properties and may act as both a reducing agent and a stabilizer for metallic
nanoparticles [4]. For these reasons, it has been extensively used as a matrix for nanoparticles of
noble metals such as Au [5-7], Ag [7-16], Cu [8], Pt [17]. PVA-noble metal nanocomposites are
especially interesting for optical applications [5-11], but they have been also employed for
sensing [12], as thin film capacitors [13] and for catalysis [17]. In addition, PVA-Ag
nanocomposites exhibit antimicrobial properties due to the potent activity of silver nanoparticles
against gram-negative and gram-positive bacteria [11,15,16]. On the other hand, metallic
nanoparticles may influence the PVA matrix to a high extent leading to interesting properties of
the resulting composite material. For example, we showed that the addition of low amounts of
silver nanoparticles (less than 1 wt.%) could double the mechanical strength of the PVA film and
induce an increase in its glass transition temperature of ~20 °C [14]. In the present study, we will
investigate the nanocomposites of PVA and tryptophan functionalized silver (AgTrp)
nanoparticles.

Recently, we created a fluorescent nano-probe for bioimaging of microbial cells by
surface modification of Ag and Au nanoparticles with the amino acid tryptophan [18-19]. It was
shown that the fluorescence of the obtained nanoparticles depends on the environment they are
embedded in. Changing the surroundings of the nanoparticles from polar to non-polar induced a
blue shift of the fluorescence towards lower wavelengths. Here, we will try to exploit further
these optical properties and study their interaction with PVA. Having nanoparticles with
additional functionality, e.g. fluorescence, opens the possibility to study their dispersion within
the PVA matrix by means of fluorescence microscopy. Since tryptophan absorbs in the UV part
of the optical spectrum, we used synchrotron deep-UV radiation as an excitation source. The
changes in the morphology of PVA after the introduction of AgTrp particles were studied on the
TELEMOS fluorescent microscope at the DISCO beamline of synchrotron SOLEIL. Finally, we

report on thermal, dielectric and photodielectric properties of the hybrid PVA films.



2. Experimental

2.1. Materials

Polyvinyl alcohol (M, = 72 000 g mol™, degree of hydrolysis ~98%) was purchased from Merck.
Sodium borohydride (NaBH,), silver nitrate (AgNO3), sodium hydroxide (NaOH) and
tryptophan (Trp) were products of Sigma-Aldrich, used as received. High purity water with

specific resistance ~10™ Qm was used in all synthetic procedures.

2.2. Synthesis of tryptophan functionalized silver nanoparticles

Silver colloids (Ag NP) and colloids of tryptophan functionalized silver nanoparticles (AgTrp) in
water were prepared according to the procedure published elsewhere [18]. The silver
nanoparticles were prepared by reduction of silver nitrate with NaBH,. Prior to the
functionalization of the silver nanoparticles, the pH value of the hydrocolloid was adjusted to
10.4. Functionalization of the nanoparticles was carried out by adding an appropriate amount of

tryptophan (Ag:Trp molar ratio 1:1).

2.3. Fabrication of PVA nanocomposite films

PVA water solution (5%) was mixed with appropriate amounts of Ag and AgTrp hydrocolloids
as well as with pure tryptophan solution. The mixtures were poured into plastic Petri dishes, and
the hybrid films were obtained after drying at 30 °C for 24 h under a controlled humidity of 37%.
The thickness of the obtained films was ~70 um. For the microscopy measurements, the films
were much thinner (~10 um) and they were prepared by deposition of the mixtures on quartz

holders, transparent to ultraviolets.

2.4 Experimental methods
The UV-vis absorption spectroscopy measurements of the aqueous dispersions and hybrid films
were carried out on a Thermo Evolution 600 spectrophotometer.

FTIR spectroscopy of the pure PVA and hybrid PVA films was carried out at room

temperature using a Nicolet 380 spectrophotometer in the spectral range of 4000-400 cm ™.



The photoluminescence spectra of aqueous tryptophan solution and AgTrp colloids as
well as PVA hybrid films were recorded by using a PerkinElmer LS45 fluorescence
spectrophotometer.

Surface morphologies of the neat PVA and hybrid PVA films were investigated by
atomic force microscopy (AFM, Quesant micro-scope, Ambios Technology). Samples were
deposited on a mica surface and dried in air, at room temperature. The measurements were
performed in air, using standard silicon Q-WM300 probes with a spring constant of 40 Nm™. All
images were obtained in tapping mode over different square areas at 2 Hz scan rate.

Synchrotron DUV fluorescence microscopy measurements of PVA and hybrid PVA films
were carried out at the DISCO beamline of the SOLEIL synchrotron facility (France). The
fluorescence images were collected on the TELEMOS endstation of DISCO by acquiring the
luminescence signals in the [327-353 nm] and [370—410 nm] wavelength ranges for 10 seconds
upon illumination of the samples with Ae: = 250 nm synchrotron radiation. To avoid the effects
of photobleaching on the intensity of the fluorescence signal and to ensure the consistency of the
observations, each sample was measured on at least 6 different locations (150 x 75 pum). The
images were collected through a 40x ultrafluar objective (Zeiss, Germany). Under these
conditions, the pixel size on the fluorescence images projected on the camera chip of a PIXIS
1024 BUV camera (Princeton, USA) corresponds to 313 nm. The images were analyzed by using
FI1JI software [Ref: Schindelin J, Arganda-Carreras |, Frise E, Kaynig V, Longair M, Pietzsch T, Preibisch S,
Rueden C, Saalfeld S, Schmid B, Tinevez J-Y, White DJ, Hartenstein V, Eliceiri K, Tomancak P, Cardona A: Fiji:
an open-source platform for biological-image analysis. Nat Methods 2012, 9:676-682.].

Differential scanning calorimetry measurements were recorded on a Setaram DSC 151R
(Setaram, ??). The films were heated from 30 to 240 °C at 10 C.min™ under a nitrogen
atmosphere.

The thermogravimetric analysis (Perkin EImer STA 6000) of the neat PVA and hybrid
PVA samples was carried out under a nitrogen atmosphere in the temperature range from 50 to
800 °C. The heating rate was 10 °C.min"™.

Dielectric measurements were performed on an Agilent 4284a instrument in the
frequency range between 22 Hz and 600 kHz (Up = 2 V) at room temperature (22 = 0.2 °C) and
55% relative humidity. The parallel mode of measurements (C,) was used and the AC

conductivity (admittance) is presented as Y = G + iB (G - conductance and B - susceptance). The



standard LED (385 nm) and a Philips TUV G8T5 (250 nm, UV output 2.4 W) lamp were used to
illuminate the samples during photodielectric measurements. The irradiances on the samples
were 4.4 mW/cm? and 1.3 mW/cm? for 385 nm and 250 nm incident lights, respectively.

For the bulk dielectric measurements (performed in the dark), self-adhesive Al electrodes
(20 x 20 mm) with electrically conductive adhesive were applied to the samples on both sides of
the film (the photo of the sample is shown in the Supporting information Figure S1). Surface
dielectric measurements under argon atmosphere were used to study the photodielectric
properties of the films. For these studies, two parallel Al electrodes (3 x 43 mm) were applied on
one side of the film, the mean distance between the electrodes was 1 mm. The surface of the film
under test was 1 x 43 mm. The samples were mounted on a 8 x 43 mm polyethylene plate. Both
dielectric and photodielectric measurements were performed by using the experimental chamber
specifically designed for these purposes. Figure S2 (Supporting information) shows a picture of
the chamber with a sample prepared for photodielectric studies. The base line was recorded with
the same sample after removing the part of the film situated between the electrodes.
Photodielectric measurements were performed at a single frequency and consisted of 3 “light
off” and 2 “light on” steps. The duration of each step was 25 s, while the admittance was
recorded every 5 s (a total of 25 points were acquired). The relative conductivity changes (AG or
AB) induced by illumination were calculated based on the mean values of conductance (G) and

susceptance (B) obtained in the dark-light steps according to the following formula:
[%], (1)

where G; is the mean value of the conductance recorded during the illumination at a single

Gi—Gyp
Go

AG =

frequency and G is the conductance of the same sample recorded in the dark under the same

conditions.

3. Result and discussion

In our previous study [18], we prepared a detailed morphological study of the bare (Ag) and
tryptophan modified silver nanoparticles. For this reason, we will omit these results from the
present study. Briefly, transmission electron microscopy (TEM) analysis showed that the average
size of as prepared silver nanoparticles is around 6 nm. After the addition of tryptophan, their
average size increases up to 10 nm. The surface modification provided a novel optical, e.g.

emission, property to the silver nanoparticles. We will first consider possible changes in optical



properties after mixing the nanoparticles with PVA. After that, we will present the results on

optical, morphological and thermal properties of PVA hybrid films.

3.1 Optical properties

Absorption spectra of the Ag and AgTrp hydrocolloids as well as of their mixtures with 5%
water solution of PVA are shown in Figure 1la. For comparison purpose, the absorption spectra
of the pure PVA and the pure tryptophan solutions are also included. The spectrum of the bare
silver nanoparticles exhibits a typical surface plasmon resonance (SPR) peak at 382 nm. After
the addition of the PVA, the SPR peak shifts to higher wavelengths (~401 nm) due to the
formation of the polymer dielectric layer on the surface of the nanoparticles [20]. On the other
hand, the absorption spectrum of AgTrp exhibits two peaks. The first peak is related to the SPR
of the nanoparticles and the second appears due to agglomeration of the nanoparticles in the
presence of tryptophan [18]. The tryptophan covers the surface of the AgTrp nanoparticles and
the addition of the PVA solution does not affect their absorption. As can be seen in Figure 1a, the

spectra of AgTrp and PVA-AgTrp solutions are virtually identical.
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Figure 1. a) Absorption spectra of Ag and AgTrp hydrocolloids and their mixtures with 5% water
solution of PVA (the spectra of the water solutions of the pure PVA and pure tryptophan are included as
references). b) Absorption spectra of PVA, PVA-Trp and PVA-AgTrp films.

Figure 1b shows the absorption spectra of the pure PVA, PVA-Trp and PVA-AgQTrp
films. The casting of the solutions into films did not significantly affect the absorption spectra.
The absorption peaks that originate from AgTrp nanoparticles are broader but observable in the
spectra of the nanocomposites. The emission spectra of the PVA-AgTrp nanocomposite and
PVA-Trp films obtained after excitation with Ae:=280 nm light are shown in Figure 2. In the
inset of Figure 2, we included the emission spectra of the water solutions of the pure tryptophan
and AgTrp hydrocolloid. The emission properties of the tryptophan are preserved after
incorporation into the films. Similar results are reported by Ambrosio et al. [21], who prepared
fluorescent polyvinyl alcohol-polyvinyl acetate (PVA-PVAc) microspheres via introducing



Rhodamine dye. With respect to the spectra of the Trp and AgTrp water solutions, the spectra of
the emission maxima of the hybrid PVA-Trp and PVA-AgTrp films are slightly shifted towards
lower wavelengths due to the lower polarity of the PVA. The intensity of the emission of the
PVA-Trp film is higher than that of the PVA-AgTrp nanocomposite due to partial fluorescence
quenching induced by silver nanoparticles (both films are prepared with an equal amount of

tryptophan relative to PVA).
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Figure 2. PL emission spectra of PVA-AgTrp nanocomposite and PVA-Trp films. The excitation
wavelength was 280 nm. Inset shows the emission spectra of the water solutions of the pure tryptophan
and AgTrp hydrocolloid.

3.2 Morphology

AFM micrographs of the pure PVA, PVA-Trp, PVA-Ag and PVA-AgTrp films are shown in
Figure 3. The images are obtained in tapping mode. As can be seen, the morphology of the
hybrid samples is different from that of the pure PVA. The most pronounced changes were
observed in the case of PVA-AgTrp nanocomposite. The PVA films prepared from solution
casting usually have low crystallinity [22]. Although PVA is in a glassy state at room
temperature (glass transition temperature ~72 °C), the crystallization may occur in the later stage
of film drying due to the plasticization effect of ambient humidity. The crystallization process
usually results in the formation of dendrite or hedrite structures not sufficiently birefringent to be
observed with cross-polarization microscopy [22]. As can be seen in Figure 3, AFM analysis of
PVA in a tapping mode did not reveal the presence of any larger crystal formations. The
morphologies of the PVA-Trp and PVA-Ag samples are different from that of the pure PVA but
again no crystal formations were observed. In contrast, AFM images of the PVA-AgTrp sample



clearly show that functionalized nanoparticles act as nucleation centers for the growth of
dendrite-like crystals. Similar crystal formations are noticed along the whole surface of the
sample (the additional AFM images are given in Supporting information, Figures S3). The
results of the fluorescence microscopy study support the former conclusion. The fact that AgTrp
nanoparticles are fluorescent implies that their distribution within the polymer matrix can be

investigated by following the fluorescence signal.

Figure 3. AFM topographic images of a) pure PVA, b) PVA-Ag, ¢) PVA-Trp and d) PVA/AgTrp films.
The insets show higher resolution images.

The fluorescence microscopy results obtained for the pure PVA, PVA-Trp and PVA-
AgTrp films are shown in Figure 4 (PVA-Ag films were non-fluorescent and they are excluded
from the imaging study). For comparison, in Figure 4, we also present the corresponding visible
images of the same samples. The visible image of the pure PVA film (Figure 4a) is relatively

smooth, which is in agreement with AFM results (Figure 3 a) as well as with the literature data



[23]. Also, PVA film is non-fluorescent (Figure 4b). The microscopic images of PVA films that
contain tryptophan (either free or attached to silver nanoparticles) show that the amino acid
induces some morphological changes in the matrix material. This is particularly clear for
PVA-AgTrp nanocomposite, where visible microscopy image (Figure 4e) depicts dendrite
structures that resemble those detected by AFM (Figure 3d). The fluorescence microscopy
images in Figures 4 d,f show that the additional structures observed in PVA-Trp and
PVA-AgTrp samples indeed originate from the presence of the tryptophan. A strong
fluorescence signal comes from the amorphous parts that surround the dendrites (Figure 4f),

suggesting the areas where the hybrid AgTrp nanoparticles are situated.

Figure 4. Bright-field and fluorescence images of the pure PVA a), b); PVA-Trp c), d) and PVA-AgTrp
e), f) samples.

It should be noted that the fluorescence of the AgTrp hybrid nanoparticles strongly
depends on the environment in which the particles are embedded [18]. A phase transfer of the
AgTrp nanoparticles from polar (water) to non-polar (toluene) solvent resulted in a ~70 nm shift

of the fluorescence towards lower wavelength. For this reason, it is possible to determine the



polarity of the environments that surround the nanoparticles by detecting the position of the
fluorescence emission. Based on this approach, we showed that the interaction of the AgTrp
nanoparticles with Escherichia coli cells resulted in a strong increase in the fluorescence
intensity [327-353 nm] range [18]. This spectral range corresponds to tryptophan emission in the
non-polar environment (in this case the nanoparticles were mostly localized in the lipid bilayers
of the cell membrane). At the same time, the autofluorescence of the cells in the [370-410 nm]
range, which encompasses the tryptophan emission in a polar environment, remained unchanged.
Since PVA contains polar OH groups, we decided to carry out the fluorescent imaging of the
PVA-AgTrp nanocomposites in [327-353 nm] and [370-410 nm] ranges. In Figure 5a, we
present a couple of flowerlike structural motives observed by visible microscopy of the
PVA-AgTrp sample. The fluorescence microscopy images (Figure 5 b,c) obtained in [327-353
nm] and [370-410 nm] spectral windows, respectively, clearly suggest that the AgTrp
nanoparticles are in the polar environment. There is no fluorescence in the [327-353 nm] range
(Figure 5 b), while the fluorescence of the AgTrp nanoparticles in the [370-410 nm] range
indicates that the nanoparticles are localized at the boundaries between the flowerlike structures
and the amorphous phase of the polymer.



Figure 5. a) Bright-field image of PVA-AgTrp nanocomposite and fluorescence images of the same
sample area obtained in b) [327-353 nm] and ¢) [370-410 nm] spectral ranges.

3.3. Thermal properties

Trp amino acid and AgTrp nanoparticles have profound effects on the thermal properties of the
PVA matrix. Differential scanning calorimetry (DSC) heating scans of the PVA, PVA-Trp and
PVA-AgTrp films are presented in Figure 6. DSC curves were split into two temperature regions
to illustrate the changes in melting and glass transition behaviors. It can be seen that after the
introduction of tryptophan and AgTrp nanoparticles there is a decrease in intensity of the melting
peak and its shift towards lower temperature (Figure 6a). This, of course, implies that hybrid
materials have lower crystallinities with respect to the pure polymer. Although the microscopy
measurements show that tryptophan and AgTrp nanoparticles induce structural rearrangements

of the matrix material, this is not reflected in the total contribution to the matrix crystallinity.



Also, a decrease in the melting temperature (usually reported as a position of the melting peak)
suggests a decrease in the crystallite thickness. We believe that this is a result of a strong
interaction of the polymer chains with tryptophan amino acid and AgTrp nanoparticles, which
reduce their segmental mobility and, consequently, alleviate the plasticization effects of ambient
humidity.
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Figure 6. DSC heating curves of pure PVA, PVA-Trp and PVA-AgTrp films. For clarity, the curves are
presented in the temperature ranges from a) 160 to 240 °C and b) 50-120 °C. (Heating rate: 20 °Cmin™).

This can be well seen in Figure 6b, which shows the glass transition region of three materials.
PVA polymer exhibits a glass transition temperature of 72 °C (taken as a middle of the slope on
the heat capacity curve). On the other hand, a dramatic increase in glass transition temperature to
84 and 93 °C was observed with the introduction of tryptophan amino acid and AgTrp
nanoparticles, respectively. It should also be noticed that the shoulder on the heat capacity curves
(e.g. the glass transition region) of the hybrid films is much broader than that of the pure PVA
film. As we argued in our previous study [14], where similar effects of the bare silver
nanoparticles on the PVA matrix were reported, this assumes changes in the distribution of
segmental lengths that are activated during the heating. Glass transition is not a phase transition

of second order in the strict sense, since the first derivative of the heat capacity curve over



temperature is a continuous function. Therefore the observed spreading of the glass transition
region in hybrid materials means that tryptophan and AgTrp nanoparticles induce rearrangement
of the chain segments in their vicinity leading to their activation in a much larger temperature
range.

TGA measurements were carried out to investigate the effects of the tryptophan and the
AgTrp nanoparticles on the thermal stability of the PVA matrix. Thermogravimetric curves of

the pure PVA and hybrid films are shown in Figure 7.
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Figure 7. Thermogravimetric curves of PVA, PVA-Trp and PVA-AgTrp films obtained under nitrogen
atmosphere. (Heating rate: 10 °Cmin™).

The TG curve of the pure PVA exhibits three distinct weight loss stages. The first stage that
takes place at temperatures up to 150 °C is attributed to the loss of the water [24]. The main
weight loss processes occur in the temperature range 200-300 °C and include the
depolymerization and dehydration reactions [24,25]. However, dehydration reactions that lead to
the formation of the polyene sequences (such as -CH,-CHOH-CH,-CHOH- and
-CH=CH-CH=CH-) are dominant in this stage. The third stage occurs between 350 and 450 °C
through intramolecular and Diels-Alder cyclization reactions of polyene sequences. The
cyclization of polyenes results in the formation of benzene and other aromatic products, which
provide a route for carbonization at high temperatures [24,25]. It can be seen in Figure 7 that
both tryptophan and AgTrp nanoparticles affect the thermal degradation of the PVA matrix. The
onset temperature of the main process of decomposition (stage 2) is slightly shifted towards
higher temperatures. Also, tryptophan increases, while AgTrp nanoparticles shorten the second

stage leading to, respectively, less and more carbonaceous residues at the end of the degradation



process (~800 °C). The AgTrp nanoparticles prevent to a certain extent the elimination (inter- or
intra molecular dehydration) and chain-scission reactions, which in turn affect the decomposition
route of the PVA chains and induces pronounced carbonization of the material. Similar effects

were observed during the thermal degradation PVA-Ag nanocomposites [14].

Dielectric and photodielectric properties

Dielectric constant (¢') and dielectric loss (g”) curves of the pure PVA, PVA-Trp, PVA-Ag and
PVA-AgTrp films recorded in the dark as a function of frequency are shown in Figure 8. All four
materials exhibit similar dependence of their dielectric constant toward frequency (Figure 8a).
Dielectric constant decreases with the increase of frequency from 20 to 2 x10° Hz. The obtained
values for &' of the pure PVA in this frequency range are in agreement with the dielectric
spectroscopy results reported in the literature [26,27]. Figure 8a also shows that mixing of the
pure tryptophan, as well as Ag and AgTrp nanoparticles with PVA, induce an increase in matrix
dielectric constant in the whole range of measured frequencies. The strongest effect is observed
after the introduction of the tryptophan (PVA-Trp sample), where the dielectric constant of the
film is about ~75% higher than that of the pure PVA. Dielectric losses obtained for the pure
PVA, PVA-Trp, PVA-Ag and PVA-AgTrp films are shown in Figure 8b. Due to interfacial
polarization and conductivity effects, €” values are high at low frequencies and they decrease
with increasing frequency (up to 10* Hz). At frequencies above 10* Hz, another process is

observed in dielectric loss curves, usually associated with dipole relaxations [28].
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Figure 8. Bulk a) dielectric constant and b) dielectric loss vs. frequency for the pure PVA, PVA-Ag,
PVA-AgTrp and PVA-Trp films. The measurements were performed at room temperature.

Taking into account that tryptophan, Ag and AgTrp nanoparticles are optically active
materials, we were interested in the photodielectric properties of their hybrids with PVA. For
practical reasons (the dielectric constant of the air was close to that of the thin polymer film) the
photodielectric properties were investigated by surface measurements in an inert argon
atmosphere. Also, due to interfacial polarization effects, the measurements at low frequencies up
to 7 kHz were extremely sensitive to film drying upon illumination [29] leading to a significant
scattering of data. On the other hand, above 7 kHz, the photodielectric behavior was fairly stable
with high reproducibility and observable trends. For this reason, we decided to present the
photodielectric results for high frequencies only. In order to increase the statistics, the
photodielectric curves are recorded in 5 interchangeable dark-light steps each lasting for 25 s.



The samples were illuminated by using 250 nm and 385 nm light sources. The detailed
measurement conditions were explained in the Experimental section. Figure 9 shows the relative
changes of conductance (AG) and susceptance (AB) of PVA, PVA-Trp, PVA-Ag and PVA-
AgTrp films during illumination with 250 nm photons (the samples are recorded at a constant
frequency of 70 kHz). As can be seen, illumination induces a dramatic increase (~175%) in the
conductance of the PVA-AgTrp sample. Susceptance is also affected by illumination but the
relative changes are much smaller and there are no significant differences between the samples.
The same types of measurements were performed by illumination of the samples with 385 nm
light, at the wavelength of the resonant absorption of nanostructured silver (these results are

included in Supporting information, Figure S4).
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Figure 9. Time profiles of the relative changes in a) conductance (AG) and b) susceptance (AB) of the
pure PVA, PVA-Ag, PVA-AgTrp (4) PVA-Trp films during photodielectric measurements at 70 kHz.
The samples are illuminated with 250 nm light (light-off and light-on steps are indicated in the figure).
The relative changes were calculated according to Eq. (1).



The effects of illumination on G and B of the samples were studied on various frequencies and
their relative changes are shown in Figure 10. The results clearly show that illumination with
250 nm strongly affects the conductance of the PVA-AgTrp sample probably by increasing the
number of free electrons when tryptophan is in an excited state. However, since the photoelectric
responses of the PVA-Trp and PVA-Ag films are relatively weak (Figure 9a), it is obvious that
the strong increase in conductance of PVA-AgTrp film is a consequence of the synergetic effects
of tryptophan and Ag nanoparticles, when AgTrp hybrids are used as a filler for PVA.

We shall discuss the observed results considering Lewis’s model for interfacial properties
in polymer nanocomposites [30]. According to this model, the charges tend to accumulate on the
particles surfaces due to differences in Fermi levels or chemical potentials of the particles and
the host polymer. The charge accumulation at the surfaces, in turn, creates counter charges in the
polymer chains at the interface layers. Finally, the Coulomb interaction of the charged particles
induces the formation of an electrical double layer that consists of a Stern layer and a
Gouy—Chapman diffused layer [30]. The later, diffused, layer contains trapped positive and
negative ions and it influences the dielectric properties of the composite to a high extent [30].
Conduction via diffuse layers becomes increasingly important when the particles get closer
together i.e. at higher particle contents in the composite. But, we believe that an increase in the
number of electrons in the diffuse layers due to illumination of the AgTrp nanoparticles in the
matrix can contribute to the observed increase in conductivity of the PVA-AgTrp film (Figures
9a and 10a). This effect will be less pronounced for 385 nm ecitation since these photons do not
have enough energy to excite the tryptophan molecule. As can be seen in Figure 10c, the
illumination with 385 nm light induces a modest increase (between 5 and 20%) in conductance
of PVA, PVA-Ag and PVA-AgTrp films. In contrast, the AG for the PVA-Trp sample upon
illumination at 385 nm is negative or close to zero. The results in Figure 10c cannot be attributed
to surface plasmon resonance effects having in mind that the pure PVA film is also affected by
illumination. It may be a consequence of higher energy absorbed by the samples since Dokme et
al. [31] showed that the dielectric permittivity of the Co-Ni doped PVA depended on the
intensity of the incident light. At 385 nm, the irradiance was 4.4 mW/cm?, which was indeed
higher than the irradiance of 1.3 mW/cm? when a 250 nm light source was used. This, however,
does not explain why 385 nm light induces a decrease in conductance of PVA-Trp sample in the

whole range of reported frequencies. Some other light-induced effects might also be involved.
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Figure 10. Photo-induced changes in conductance (AG) and susceptance (AB) of the pure PVA, PVA-Ag,
PVA-AgTrp and PVA-Trp films at various frequencies. a) and b) after illumination with 250 nm light;
c) and d) after illumination with 385 nm light. The relative changes were calculated according to Eg. (1).

Concerning relative changes in susceptance, 250 nm light affects differently silver containing
samples, where a decrease in AB values with increase in frequency was observed, and PVA and
PVA-Trp samples, where AB has more or less constant value of about ~5% regardless of
measurement frequency (Figure 10b). Finally, Figure 10d shows that relative changes in
susceptance during illumination with 385 nm light are the highest for the pure polymer. The
relative changes in susceptance of PVA-Trp (AB~1%), PVA-Ag (AB~6%) and PVA-AgTrp
(AB~6%) are almost independent of frequency (Figure 10d).

Conclusion



The introduction of tryptophan functionalized silver nanoparticles (AgTrp) has profound effects
on the properties of the PVA matrix. Bright-field and AFM microscopies showed that they
induced changes in the morphology of the host polymer by acting as nucleation centers for the
growth of dendrite-like structures. Tryptophan provides additional functionality to Ag
nanoparticles, i.e. fluorescence, and, for this reason, it was possible to follow the distribution of
the AgTrp hybrid nanostructures within the PVA by means of DUV fluorescence imaging. It was
found that the AgTrp nanoparticles are mostly located at the boundaries of dendrite structures.
The nanoparticles influence the thermal properties of the PVA matrix to a high extent. They
reduce the crystallinity of the film and increase its glass transition temperature by ~20 °C. Also,
they affect the thermal decomposition route of the PVA and induce pronounced carbonization of
the material at the end of the thermal degradation process (~800 °C). Electric properties of the
PVA-AgTrp nanocomposite films are strongly affected by the illumination with 250 nm light.
During the illumination step, the relative increase in conductance (AG) for this sample was more

than 200% at a measurement frequency of 22 kHz.
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