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Abstract Optical characteristics of some fluorinated poly(1,
3,4-oxadiazole-cther)s in presence of SnO,, NiO and SnO,/
NiO mixed-oxide nanoparticles (NPs) was investigated. The
interactions between polymers and metal oxide NPs were
studied by steady-state UV-Vis absorption and fluorescence
spectroscopy techniques. The absorption and fluorescence
signals of all investigated polymers was modified by presence
of both pure and mixed-oxide nanoparticles. The moderate
values of Stern-Volmer quenching constant and non-linear
trend of Scott plot indicate the less affinity between metal
oxide NPs and polymers. The solvation behavior of some
fluorinated poly(1,3,4-oxadiazole-cther)s in chloroform—N,
N-dimethylformamide and N,N-dimethylformamide-
dimethylsulfoxide mixtures was discussed.

Keywords SnO,, NiO and SnO,/NiO nanoparticles -
Fluorinated poly(1,3,4-oxadiazole-ether)s - Absorption and
fluorescence spectra - Heterogeneous media

Introduction

Generally, the polyheterocyclic ethers have a specially
interest in research due to their structure and unique
combination of properties (relatively easy solution pro-
cessability, chemical stability, flame resistance, degrad-
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ability and biocompatibility), that makes them good can-
didates for various applications, in microelectronics, op-
toelectronics, advanced telecommunications, sensors or
other related fields [1-3]. Also, they are characterized
by high electron affinity [4].

For the numerous solutes have been tested and are pub-
lished the papers regarding the solvent effects on the
photophysical behavior. However, the effect of heterogeneous
medium (mixed solvents) on the photochemical and
photophysical behavior has been less investigated. In the lit-
erature was published papers in which the intermolecular in-
teractions from mixed solvents are discussed in terms of the
preferential solvation and less is approached the quantitative
analysis of the effect of the environment (distribution of the
solvents from system as against solute, the correlation of
electro-optical parameters of medium with spectral data of
the solute). The tailored heterogeneous media (mixed sol-
vents) have the advantages that allows to combining the prop-
erties of pure solvents, creating thus new systems with desir-
able and high physical characteristics (solubility, viscosity,
dielectric constant or refractive index). Also, working in
mixed solvents can choose suitable solvents and proportions
so that the new created system to be friendlier with the
environment.

Tin oxide nanoparticles (SnO, NPs) with optical [5], elec-
trochemical, biological activities [6, 7] and photocatalytic
properties [8] are extensively used as solar cells, solid-state
sensors and optical electronic devices [9]. Mixing metal oxide
nanoparticles (e.g. SnO,/NiO) which have different chemical,
magnetic and/or optical properties can be obtained newly ma-
terials with enhanced characteristics and different potential
applications.

Generally, the presence of the metal nanoparticles in a sys-
tem can influence the optical properties of molecules by
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several processes, such as the plasmon resonance [10], the
modification of the radiative decay rate of the molecule [11]
and the increase of the fluorescence emission by nanoparticle
scattering [12]. The fluorescence intensity of the solutes
(fluorophores) in presence of metal NPs can enhance or
quench depending on the lot of factors, like the molec-
ular dipole orientation of the fluorophores, the solute-
nanoparticle separation and nanoparticles surface and
size [13].

The control of the relation between surface plasmon reso-
nance of the metal nanoparticles and complete quenching or
extensive enhancement of the fluorescence signal present an
real interest for synthesis of the new nanoparticle-
fluorophores architectures with optimal fluorescence charac-
teristics for different applications. Also, heterogeneous media
(mixed liquids/solvents) and presence of mixed metal oxide
nanoparticles can have cumulative effects in development of
the new systems with desirable optical characteristics for spe-
cific applications.

In this work, the influences of pure and mixed metallic
nanoparticles on the spectroscopic (fluorescence and absorp-
tion) properties of some fluorinated poly(1,3,4-oxadiazole-
ether)s were investigated. Our results show that varying con-
centrations of metal nanoparticles, the polymer solutions ex-
hibit remarkable differences in absorption and fluorescence
signals. Also, we analyze the photophysical behavior of sam-
ple 9F-Ox in heterogeneous media (chloroform—N,N
dimethylformamide (CHCI;-DMF) and N,N
dimethylformamide-dimethylsulfoxide (DMF-DMSO) mix-
tures) by absorption and emission steady state spectroscopic
methods, as a function of the solvent composition. The chang-
es in spectral data of the probe with variations in the media
compositions have been analyzed in terms of preferential sol-
vation parameters.

Fig. 1 Chemical structures of
studied compounds

Experimental Section
Materials and Methods

The investigated fluorinated poly(1,3,4-oxadiazole-ether)s
were synthesized by our research group [14, 15]. Also, the
metal oxide nanoparticles used in this study were prepared
according to a published procedure [16, 17].

The molecular structures of studied polymer are presented
in Fig. 1.

The solvents used in the present study were of spec-
troscopic grade. The absorption and fluorescence spectra
of investigated samples were measured using a
Schimadzu 3600 UV/Vis/NIR spectrophotometer and
Perkin Elmer LS 55 spectrofluorimeter. The effects of
pure and mixed metal nanoparticles on the optical prop-
erties of investigated fluorinated poly(1,3,4-oxadiazole-
ether)s was studied by mixing 2.5 mL solution contain-
ing appropriate concentration of polymer (1 x 107> M)
with successive volume of solution of colloidal SnO,,
NiO or SnO,/NiO oxide nanoparticles as quenchers. For
fluorescence measurements the 300 nm was used as the
excitation wavelength.

The following concentrations of metal oxide nanoparticles
were used: 4.97 x 10> M for SnO,; 1.03 x 10™* M for NiO
and 1.15 x 10> M for SnO,/NiO mixed oxide NPs. All the
measurements were made at room temperature. The quantity
of quencher added depends on the polymer sensitivity.

Preferential solvation of 9F-Ox was investigated in CHCl;-
DMF and DMF-DMSO solvent mixtures. These binary liquid
systems were prepared by mixing the solvents in variable
proportions (1:5, 2:4, 3:3,4:2 and 5:1) to a final total volume
of 6 mL. For resulting solutions the absorption and emission
spectra were recorded.
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Results and Discussion

Changes Induced by Presence of SnO,, NiO
and SnO,/NiO Mixed-Oxide Nanoparticles Absorption
Investigations

The absorption spectrum of the SnO, and NiO oxide nanopar-
ticles in chloroform solution has a maximum in the range 270—
380 nm (Fig. 2). These absorption bands result from interac-
tions of free electrons confined of metallic nanoparticles with
incident electromagnetic radiation.

The steady-state spectral characteristics (the shape of spec-
tra, position of the absorption and emission maximum wave-
lengths, Stokes shifts values, solvatochromism) of investigat-
ed polymer in various pure solvents and three mixed solvent
systems (chloroform-N,N-dimethylformamide (CHCIl;—
DMF), chloroform—dimethyl sulfoxide (CHCl;-DMSQO) and
dimethylformamide—dimethyl sulfoxide (DMF-DMSO))
have been studied in previous papers [14, 15].

Changes induced on the absorbance properties of BisF-Ox
in CHCl; solution by presence of SnO,/NiO nanoparticles are
shown in Fig. 3. The observed absorption band shows a minor
blue shift, upon adding more quantity (500-1100 pL) of
SnO,/NiO NPs in system comparatively of absorption maxi-
mum of the pure BisF-Ox in chloroform solution. This blue
shift upon the addition of oxide metallic NPs can be due to the
changes that appear in the refractive index of the system me-
dium. The absorbance of all investigated polymer solution
increases with an increase in the SnO,/NiO NPs concentration
from suspension (Fig. 3). This can be attributed to enhanced
local photon density in the vicinity of the solute fluorophore,
as consequently of the interaction between incident light and
surface plasmon of the metallic NPs [18] or to transfer energy
from the metal NPs to the fluorophores. Also, it is observed a
change in optical density upon adding different concentrations
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Fig. 2 Absorption spectrum of the SnO, and NiO oxide NPs in
chloroform solution
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Fig. 3 Absorption spectra of pure BisF-Ox in chloroform and upon
adding the tin oxide nanoparticles

of nanoparticles. This behavior was observed for all investi-
gated samples in presence of SnO, or NiO nanoparticles.

Fluorescence Emission Studies

Figure 4 shows the fluorescence spectra of pure BisF-Ox in
CHCl; and in presence of the variable concentrations of tin
oxide nanoparticles (SnO, NPs) in chloroform suspension.
The maxima emission wavelengths of the sample BisF-Ox
could be observed at 356 and 372 nm upon excitation with
the wavelengths of the maximum absorbance and a shoulder
on the longer wavelength side, at 455 nm.

Adding metal oxide nanoparticles in polymer solutions, the
positions of the maximum emission wavelength remained un-
changed but the fluorescence intensity of the system decreases as
the concentration of tin oxide nanoparticles increases. This is due
to the interactions between NPs and polymer chains. The emis-
sion spectra of pure BisF-Ox in CHCl; (Fig. 4) and the absorp-
tion spectrum of SnO, NPs in CHCl; (Fig. 2), this may indicate
the absence of Forster energy transfer between polymer and tin
oxide nanoparticles. In this case the surface (high surface is
induced by presence of nanoparticles) has strongly effect in the
interactions of polymer with nanoparticles [19]. The quenching
effect of the fluorescence signal can be a consequence of the fact
that with increase in the concentration of SnO, nanoparticles,
more dye molecules were adsorbed on SnO, surface [20].

The measured emission intensities show a quenching effect
produced by presence of all metallic nanoparticles (SnO,, NiO
and SnO,/NiO) in chloroform solutions for all investigated
samples.

The fluorescence quenching follows the Stern-Volmer
(SV) equation given bellow [21]:

ITO: 1+ Ksv+[Cq] (1)
where, I and I are the fluorescence intensity in the absence
and presence of the quencher; Kgy is the Stern-Volmer con-
stant and [C] is the concentration of the quencher molecules.

The Stern—Volmer plots are considered as linear (see

Fig. 5), which suggests that only one type of quenching occurs
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Fig. 4 Emission spectra of pure BisF-Ox in CHCI; and upon adding SnO, nanoparticles a and SnO,/NiO mixed-oxide nanoparticles b. Excitation

wavelength was 300 nm

in the system and no complex was formed between the
fluorophore and metal oxide nanoparticles. The slope of this
linear dependence is called the Stern—Volmer constant. The
calculated Kgy constants and the correlation coefficient, R
for all investigated systems were listed in Table 1.

The efficiency of the quenching of the analyzed polymers
was evaluated using the following equation:

1-1
%quenching = (I—) *100 (2)

0

The obtained values of the quenching efficiency were listed
in Table 1. Comparing the effect of SnO, and SnO,/NiO
mixed nanoparticles it is observed that a greater reduction of
intensity is seen when SnO, NPs was added in system, for
sample BisF-Ox in chloroform suspension (see Table 1 and
Figs. 4(a) and (b)). The R? coefficient of the determinations
gives information about the goodness fit of the data to the
Stern-Volmer model.

1.08 -

1.06

I

1.04

1.02 4

1.00

T T T 1

2e-11 3e-11 4e-11 Se-11
[Cql

Fig.5 Stern—Volmer plot for fluorescence quenching of BisF-Ox by NiO
nanoparticles, in chloroform solution

0 1e-11

@ Springer

Also, from plot of the quenching efficiency (% quenching,
Table 1) function of the ratio between the molar concentra-
tions of donor and acceptor (x = [Cp]/[CA]) [22], we can
observe that for sample BisF-Ox in presence of SnO,
(Fig. 6), the efficiency of the quenching increases easily
(exponentially) with decreasing in x values. This ratio (x)
describes the distribution of the donor (polymer) and acceptor
(metal oxide NPs) from investigated system at different con-
tents of the metal oxide nanoparticles. The Coulomb attraction
forces are responsible for different values of x (Table 1) [23].
The maximum values of quenching efficiency (36.71 %) were
obtained for the ratio of molar concentration is equal to 4.65.

Generally, the investigated metal oxide NPs systems have a
moderate quenching efficiency for fluorinated poly(1,3,4-
oxadiazole-ether)s fluorescence (excepting effect of SnO, on
emission intensity of BisF-Ox).
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Fig. 6 Plot of dependence of the quenching efficiency of BisF-Ox with

donor/acceptor ratio ([Cp]/[Ca]). The solid line is fitting data in first order
exponential decay
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Fig. 7 Plot of [Cp]/[Ca] versus 1/[Cq], for sample BisF-Ox in presence
of SnO,/NiO

The existence of a single mechanism (linear Stern-
Volmer plots) of the quenching process is confirmed
also by the results obtained from absorption changes
upon adding metal oxide NPs. Thus, using, the Scott’s
equation (Eq. (3)), we plotted the [Cp]/[Ca] versus
1/[Cq], for sample BisF-Ox in presence of SnO,/NiO
(Fig. 7). The deviation from the linear nature of this
plot suggests a weak association between the investigat-
ed sample and SnO,/NiO mixed NPs [24].

[Co][Cal/A = (1/€)[CA] +1/K (3)

where [Cp] is the concentration of polymer (donor);
[Cal concentration of NPs (acceptor); A is the absor-
bance of the polymer/NPs system; & is the molar ab-
sorptivity and K is the association constant.

Photobehaviour of Sample 9F-Ox in Heterogeneous
Media

Impact of heterogeneous media on the photophysical behavior
was investigated for sample 9F-Ox in CHCl;-DMF and DMF-
DMSO liquid mixtures. In previous study [14], for samples
6F-Ox and BisF-Ox (Table 1), we observed that after addition
of successively small amounts of the polar solvents (DMF or
DMSO) in CHCl;-DMF and CHCl;-DMSO mixtures, the ab-
sorption and photoluminescence signals are progressively
quenched. Thus, the changes in the composition of the medi-
um induce a monotonically quenching effect of the optical
(absorbance and emission) signals, but without strongly dif-
ferences in the profile of the absorption and emission spectra.

The absorption (inset plot) and emission electronic
spectra of sample 9F-Ox in DMF-DMSO mixtures are
presented in Fig. 8. From this picture we can observe
that the profile of the absorption and emission spectra
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Fig. 8 Fluorescence spectra of sample 9F-Ox in pure DMF and DMF-
DMSO mixtures. The inset shows the absorption spectra of 9F-Ox in pure
DMF and DMF-DMSO mixtures

of sample 9F-Ox in DMF-DMSO mixtures are similar
with those in CHCI3-DMF [25].

The absorption and emission energies in mixed liquids (see
Table 2) are calculated by considering the contribution of each
solvent weighted by its volume fraction, according to follow-
ing relation:

Veale = 101 + 0 (4)

where, f; and f, are the volume fraction of solvent 1 and
solvent 2; U; and U, represent the emission energy of investi-
gated sample in pure solvent 1 and solvent 2.

Usually, the preferential solvation process of a solute are
investigated by different solvation parameters, such as the
local mole fractions, X f and X' é, (Egs. (5) and (6)), index
of preferential solvation, g, (Eq. (7)) and preferential
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Fig.9 Plots of emission energy (cm ') of 9F-Ox as a function of volume
fraction of DMF in chloroform—N,N-dimethylformamide (DMF) mixture
(— - @ - - calculated emission energy (ideal solvation) and -m- observed
(experimental values) emission energy)
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Table 1

The collisional quenching constants and R’coefficient of

determination for investigated polymer solutions by metal oxide NPs

Samples Ksv R? % quenching X = [Cpl[Ca]
(at 1550 L NPs)
BisF-Ox/SnO, 1.07 x 10 0.983 66.89 8.20
BisF-Ox/NiO  1.79 x 10°  0.992 36.71 3.96
BisF-Ox/SnO,/ 1.57 x 10 0.966 35.41 3.64
NiO
6F-Ox/Sn0O, 1.88 x 10 0.993 36.29 4.85
6F-Ox/NiO 18.1 x 10 0.996 35.25 5.20
6F-Ox/Sn0O,/  1.85 x 10 0.989 39.63 4.13
NiO
Co6F/Sn0O, 1.82 x 10 0.995 36.16 -
Co6F/NiO 20.07 x 10 0.989 35.80 -
Co6F/SnO,/  2.05 x 10%  0.988 38.45 -
NiO

solvation constant, K;, (Eq. (8)). These parameters are
defined by follow equations [26]:

A positive value of 0g, indicates a preference of the inves-
tigate solute for solvent 2 over solvent 1, while a negative
value of g, signifies the opposite [26]. But for values of
Kj, < 1 the solute exhibit a preference for solvent 1 over
solvent 2 and K;, > 1 denotes the opposite trend [27].

The analysis of preferential solvation process was per-
formed for excited state of investigated compound because
here this compound is more sensitive to solvent environment.
The variation of emission maxima as a function of mole frac-
tion of DMSO in DMF-DMSO mixture of sample 9F-Ox was
exhibited in Fig. 9 and was found that these values deviate
from the ideal behavior. This is due to the environment that
surrounding the solute molecules is different from the bulk
solution. Addition of small amount of DMSO in system in-
duces a deviation from the calculated ideal binary mixture
curve (ideal solvation behavior). In the first region of the pref-
erential solvation curves (Fig. 9, until X; = 0. 65) the bulk and
local mole fraction composition are approximately equal.

The plot from Fig. 9, suggests as the DMSO content in-
creased upon X, = 0.65 the solute are preferentially solvated
by solvent 2 (DMSO), (see Table 2). These positive and neg-

L_ V2V . - . . )
X5 = N (5) ative deviation from ideal solvation (dual behavior) were at-
VarVi tributed to the specific solute-solvent and solvent-solvent in-
teractions (e.g. hydrogen bonding). Also, the positive values
XIL i X% _ (6) of the excess function (0g;) for X, < 0.65, indicate a prefer-
ence of solute for solvent 2 (DMSO) over solvent 1 (DMF)
and the values for K, > 1 suggest same thing. A similar
do = X%—Xz (7) preferential solvation behavior was observed for compound
9F-Ox in CHCI3-DMF binary solvent mixtures. For liquid
mixtures corresponding to compositions with X, > 0.65, op-
_ Xi/X5 posite trend was observed (the solute molecules are preferen-
2= (8) .
X1 /X, tially solvated by solvent 1 over solvent 2).
Table2  Spectral data and the values of the preferential solvation parameters (calculated from fluorescence data) of sample 9F-Ox in CHCl;-DMF and
DMF-DMSO heterogeneous media

Mixed solvents X5 g (cnfl) mes (Cmﬁl) SS (crnfl) % LMPC % ds2 K>

CHCl;-DMF 0 33,112.58 27,932.96 5179.62 - - - -
0.172 33,134.52 27,909.57 5224.95 69.57 0.60 0.42 722
0.342 33,167.49 27,901.78 5265.71 4221 0.80 0.45 7.70
0.509 33,222.59 27,905.67 531691 07.84 0.70 0.19 2.24
0.675 33,189.51 27,917.36 5272.15 37.89 0.40 -0.27 0.32
0.838 33,222.59 27,917.36 5305.23 15.68 0.40 -043 0.12

1 33,222.59 27,894.00 5328.59 - - - -

DMF-DMSO 0 33,112.58 27,894.00 5218.58 - - - -
0.178 33,134.52 27,878.45 5256.07 59.29 0.20 0.02 1.15
0.351 33,167.49 27,870.68 5296.81 37.60 0.40 0.04 1.22
0.520 33,222.59 27,862.91 5359.67 04.13 0.80 0.27 3.68
0.684 33,189.51 27,878.45 5311.06 30.01 0.60 -0.08 0.69
0.844 33,222.59 27,886.22 5336.37 16.54 0.40 -0.44 0.12

1 33,222.59 27,855.15 5367.44 - - - -
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Information on the repartitioning of the polar solvent in the
vicinity of the solute (fluorophore) has a prominent role in
future properties of the investigated system. Thus, quantita-
tively the polar component from a binary solvent mixtures
which surrounding the solute (%LMPC) compared to the bulk
composition of the system can be evaluated taking into ac-
count to the values of the Stokes shifts, (SS, cm ') in homo-
geneous (pure polar and nonpolar solvents) and heteroge-
neous media (solvent mixtures) and Eq. (9), [28]:

(Sspolarfssmixture>

%LMPC =
! (Sspolar_ssmixture) + (Ssmixture_ssnonpolar)

©)

9 <

where, the subscripts “nonpolar”, “polar” and “mixture” de-
note the Stokes shift (in cm ") in the pure nonpolar, polar and
binary solvent mixtures, respectively.

The values of Stokes shifts are easily affected by increased
the system polarity (increases amount of the polar solvent
from system, Table 2). While, the values obtained of %LMPC
for sample 9F-Ox in CHCl;-DMF and DMF-DMSO hetero-
geneous media (Table 2) decreases when as the ratio of DMF
or DMSO were increased, excepting at CHCl;-DMEF ratios of
3-3 (the equilibrium composition) when %LMPC has low
value (7.84 and 4.13 %) for both solvent mixtures.

Conclusions

In this paper we investigated the effects of the metal oxide
(SnO,, NiO and SnO,/NiO) nanoparticles on the optical prop-
erties of some fluorinated poly(1,3,4-oxadiazole-ether)s. UV
absorption spectra of these polymers in presence of metal
oxide nanoparticles shows enhancement in the absorbance
signal. Instead, the emission signals The weak interactions
between investigated fluorinated poly(1,3,4-oxadiazole-
ether)s and metal oxide nanoparticles was confirmed by
non-linear plot of Benesi—Hildebrand equation. The
photophysical behavior in heterogencous media CHCl5-
DMF and DMF-DMSO has been investigated for excited state
of sample 9F-Ox. The optical properties was sensitive to com-
positions of the investigated heterogeneous environments.
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