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Abstract: The purpose of the presented study is to examine the impact of zinc oxide nanoparticles
(ZnO NPs) on the spectrum features of poly [2-methoxy-5-(3',7’-dimethyloctyloxy)-1, 4-phenyleneviny
lene] (MDMO-PPV). The characteristics of the MDMO-PPV and doped ZnO NPS samples were as-
sessed using several techniques. A set of solutions of MDMO-PPV in toluene that were doped with
different ratio percentages of ZnO NPs was prepared to obtain thin films. Pristine and composite
solutions were spin-coated on glass substrates. It was observed that MDMO-PPV had two distinct
absorbance bands at 310 and 500 nm in its absorption spectrum. The UV-Vis spectrum was dra-
matically changed when 5% of ZnO NPs were added. The result showed a significant reduction
in absorption of the band 500 nm, while 310 nm absorption increased rapidly and became more
pronounced. Upon adding (10%) ZnONPs to the sample, no noticeable change was observed in the
500 nm band. However, the 310 nm band shifted towards the blue region. There is a dominant peak
in the PL spectrum of MDMO-PPV in its pristine form around 575 nm and a smaller hump around
600 nm of the spectrum. The spectral profile at 600 nm and the intensity of both bands are improved
by raising the ZnO NP concentration. These bands feature two vibronic transitions identified as (0-0)
and (0-1). When the dopant concentration increased to the maximum dopant percentage (10%), the
energy band gap values increased by 0.21 eV compared to the pristine MDMO-PPV. In addition,
the refractive index (1) decreased to its lowest value of 2.30 with the presence of concentrations of
ZnO NPs.

Keywords: MDMO-PPV; ZnO nanoparticles; thin film; photoluminescence spectroscopy; Franck Condon

1. Introduction

Nanomaterials and polymer composites have unique optical and electrical proper-
ties; hence, they were used in various fields of technology, including military, ceramic,
fiber water treatment, targeted drug delivery, energy storage, agriculture, and engineering
systems [1-5]. Conjugated polymers (CPs) represent an emerging category of materials
that integrate the optical and electrical characteristics of semiconductors with the process-
ing benefits and mechanical attributes of plastics [6,7]. CPs have emerged as promising
materials in optoelectronic devices [8-11]. Conjugated polymers are desirable owing to
various benefits, like low-cost fabrication, ease of processing, and excellent surface morphol-
ogy [12]. Electronic and optoelectronic devices are fabricated using spin coatings in which
conjugated polymers are deposited into a thin film of uniform thickness [13]. Studies have
focused on CPs and devices to achieve the best photoluminescence (PL) and absorption
characteristics in the ultraviolet and visible ranges [14-16]. Poly (p-phenylene vinylene)
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(PPV) is the most attractive material for optical and electrical applications due to their
physiochemical features. [17,18]. Since 1990, PPV and its related compounds have been
subjected to intense research as pioneering substances for organic optical devices [19-25].
Among its properties, poly [2-methoxy-5-(3',7’-dimethyloctyloxy)-1,4-phenylenevinylene]
(MDMO-PPV) is particularly suitable for device fabrication having an energy gap of 2.15 eV,
MDMO-PPYV is a highly prevalent conducting polymer that finds extensive utilization in
the field of plastic electronics [26,27]. ZnO NPs possess high optoelectronic features, which
makes them well-suited as engineering materials [28-30]. The utilization of nanoparticles
in developing CPs has garnered significant attention in research due to its promising optical
and electrical capabilities, which lead to stable and high-performance devices. [31-33]. The
addition of ZnO NPs into PMMA polymer results in a decreased optical band gap. This
decrease in the band gap is owing to the increase of the disorder in the nanocomposite
generated by the presence of the localized states where many transitions into the band gap
are allowed by the increase of the localized state in the nanocomposite [33]. Composites of
ZnO NPs and CPs are fascinating for use in OLEDs [34-37].

This work aims to investigate the optical, structural, and morphological properties of
pure MDMO-PPV thin film and its blends by incorporating ZnO NPs in two quantities, 5%
and 10% and applying Franck-Condon fit, to reproduce the PL spectra.

2. Experimental Procedures
2.1. Materials Preparation

Poly [2-methoxy-5-(3/,7'-dimethyloctyloxy)-1,4-phenylenevinylene] (MDMO-PPV)
with a molecular weight of 120, 000 g/mol was acquired from Sigma-Aldrich Company
(Burlington, MA, USA) and used as received. Figure 1 illustrates the Chemical structure
of MDMO-PPV. Solutions with various concentrations of MDMO-PPV were dissolved in
toluene. Then pristine and blended polymeric solutions with 5% and 10% ZnO nanopar-
ticles were prepared. The solutions of MDMO-PPV: ZnO NPs were mixed and agitated
using a magnetic stirrer for one hour to obtain homogenous solutions. Afterwards, the
solutions were deposited onto glass substrates (1 x 1 inch) via spin-coating (800 rpm), and
then films were dried at 120 °C inside an oven for 20 min to avoid photodegradation. The
thickness of the films was measured by a Deck Tack 150 and recorded in Table 1.
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™

O\/\(\/\rCH;;
CH3z CHj

Figure 1. Chemical structure of MDMO-PPV.

Table 1. The processing parameters of the polymeric solutions in 10 mL of toluene.

Active Layer Zinc Oxide (mg) Polymer (mg) Toluene (mL) Thickness (nm)
MDMO-PPV:

ZnO NPs (0%) 0 40 10 45
MDMO-PPV:

ZnO NPs (5%) 2 38 10 %
MDMO-PPV: 5 36 10 9

ZnO NPs (10%)
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2.2. Materials Characterization

The optical properties at room temperature, specifically the absorption characteris-
tics, of both pristine MDMO-PPV and two different blended films were assessed within
the visible light wavelength range (190-900 nm) with a Perkin Elmer lambda 40 UV-Vis
spectrophotometer (Waltham, MA, USA). Also, the PL spectra of these samples were mea-
sured using the Perkin Elmer LS 45 Luminescence instrument (Waltham, MA, USA). The
polymeric films” morphological features were assessed by the utilization of a JSM-7600F
scanning electron microscopy (SEM) of type JEOL, Tokyo, Japan. Also, the X-ray diffraction
(XRD) was performed using the Bruker-AXS D8 ADVANCE instrument (Billerica, MA,
USA), utilizing Cu-ko radiation with a wavelength (A) of 0.1542 nm. The diffraction mea-
surements were conducted between the 20 range of 10°-80°. The standard values for the
high voltage and current were recorded as 45 (kV) and 30 (mA), respectively.

3. Results and Discussion
3.1. Optical Properties of ZnO NPs Doped MDMO-PPV
3.1.1. Absorption Spectra

The intramolecular charge transfer (ICT) via the 7t system is an important feature of
some conducting polymers. The absorption spectrum showed two distinctive bands at
310 and 500 nm, as shown in Figure 2. The first absorption band (310 nm) arises from the
7-7* transition within the benzenoid segments. The second absorption band at 500 nm
is attributed to the doping level of polymer MDMO-PPV (polaron-7* transition) and the
formation of localized polaron at the backbone of the polymer (n-polaron transition) [38].
For the doped samples, the wavelength of 500 nm decreased its absorbance without any
change in the wavelength position.
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Figure 2. Absorbance spectra of the pristine and MDMO-PPV: ZnO NPs blends (5% and 10%)
thin films.

In contrast, the shorter wavelength of 310 nm became dominant, and there was an in-
crease in its absorbance and a considerable shift towards the blue region. The observed shift
toward the blue region in the absorption bands may be due to adding ZnO nanoparticles to
the polymer and their interaction with MDMO-PPV [39]. When the doping ratio increased
to 10%, there was no significant change in wavelength position and the absorbance for the
wavelength 500 nm. In contrast, a slight change occurred in the absorbance and wavelength
for the shorter wavelength of 300 nm. The findings agree with previous studies of the same
compound [21].
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3.1.2. Energy Band Gap (Eg) and Refractive Index (n)

In accordance with the recorded absorption spectra of pristine and ZnO NPs doped
conducting polymer of MDMO-PPV, Using the Tauc method, the optical energy band gaps
were computed as follows [40,41]:

(ahv)* = A(hv — Eg) )

where a is the absorbance coefficient, hv is the photon energy, A is the materials’ character-
istic constant, and Eg is the optical energy band gap between the valence and conduction
bands. The proposed model maintains a parabolic dependance of the photon energy with
variation in the absorption band’s edge. Figure 3 shows the linear relationship between
(ochv)2 versus (hv), which implies a direct band gap of the electronic transitions. The hv-
axis E¢ values were determined using straight-line extrapolation, which is listed in Table 2.
Figure 3a shows that MDMO-PPV thin film has two E; values of 2.15 eV and 3.63 eV,
respectively, agree with other researchers [42]. For the dopant concentration of 5% of ZnO
NPs, the low energy band gap was reduced from 2.15 eV, for pristine MDMO-PPV to 2.06.
In contrast, the high band gap energy drastically increases by 0.2 eV (Figure 3b). In the
case of a dopant concentration rate of 10%, the energy band gaps mentioned in the pristine
case are slightly affected and shifted to 2.05 eV and 3.85 eV, respectively as displayed in
Figure 3c. The decrease of this absorption band with adding ZnO NPs is related to the
increase in film thickness [43].
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Figure 3. (0chv)2 versus photon energy of (a) pristine and doped (b) MDMO-PPV: ZnO NPs (5%)
(c) MDMO-PPV: ZnO NPs (10%) thin films.
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Table 2. The Optical properties of Pristine MDMO-PPV and MDMO-PPV: ZnO NPs blended (5% and
10%) thin films.

Samples T TS W "
MDMO-PPV 2.15 3.63 0.114 234
MDMO-PPV: ZnO NPs (5%) 2.06 3.82 0.091 231
MDMO-PPV: ZnO NPs (10%) 2,05 3.85 0.093 2.30

The variation in the optical band gap is associated with changes in the density of
states that are localized inside the band gap caused by unsaturated defects present in
the nanocomposite or the energy shift between the valence and the conduction band. In
addition, the enhancement of carrier—carrier interaction due to the high concentration of
carriers in valence and conduction bands leads to a reduction in the bandgap [44]. Moreover,
increasing ZnO NPs led to decreasing the formation defects in MDMO-PPV: ZnO NPs
blends where electrons will fill up these defects at MDMO-PPV: ZnO NPs interface, then
less localized states are formed. This effect will change the degree of disorder in the film
and then the optical band gap. The Urbach relation was used to determine the width of
localized states in the low absorption [45,46]:

w = rxoexp<;w> 2)

where « denotes the experimentally deduced optical absorption profile, the width of the
tails of localized states in the energy band gap represented by E, (the Urbach energy
interpreted), and «( is a constant [47,48]. Equation (2) can be rearranged as:

h
In(a) = = + In(ao) 3)
Ell
The In(«) versus hv plots for all thin films are represented in Figure 4. Obtaining the
slope gives the Urbach energy according to [49,50]:

1 d(In(a))

T dw) @

E, values of these samples were determined and listed in Table 2. Incorporating ZnO
NPs into MDMO-PPV resulted in a decrease of E;, compared with the pristine polymer.
These results confirm the reduction of defects and localized states in the forbidden energy
gap of the blend samples. Furthermore, the E;; the second blend is slightly higher than the
first, which follows the band gap increase for 10% of ZnO NPs. More localized states are
present in the MDMO-PPV: ZnO NPs (10%) thin film.

The refractive indices of these films were calculated via the Moss equation [51].

sk

nt=—
Eg

©)
where k is constantly equal to 108 eV. These results demonstrate that the refractive index

decreases in the presence of ZnO until it reaches its minimum value of 2.30, as shown in
Table 2.



Nanomaterials 2023, 13, 2405

6 of 16

@ MDMO-PPV ) MDMO-PPV:ZnO NPs (5 %) e
12.0 - 11.0 |
11.8 -
10.5
11.6 | 3
2
10.0 |
1.4
E, =0.091 eV
11.21 . =0.114 eV 95}
r ¥ . . . *"**** I I 1 I
2.08 212 2.16 2.20 2.10 2.15 2.20 2.25
hv (eV) hv (eV)
© MDMO-PPV:ZnO NPs(10 %) o
10.5
10.0 +
3
£
9.5 -
E_=0.093 eV
0 .-".. | . | A 1 L 1
2.08 212 2.16 2.20 2.24

hv (eV)

Figure 4. In(a) versus photon energy of (a) pristine and doped (b) MDMO-PPV: ZnO NPs (5%)
(c) MDMO-PPV: ZnO NPs (10%) thin films.

3.1.3. Photoluminescence Spectra

The MDMO-PPV thin film PL spectrum shows two emission bands centered at
~ 575 nm and ~ 600 nm as illustrated in Figure 5a. These peaks are associated with
the 0 — 0 and 0 — 1 vibronic transitions, respectively [52,53]. MDMO-PPV polymer emis-
sion occurs through electronic transitions between electronic states in different vibrational
states [54]. The observed splitting corresponds to the energy of the out-of-plane C-H
stretching vibration of the vinylene group (~ 963 cm~!) [52]. The effect of the nanoparticle
concentration of impurities in ZnO NPs on the PL spectrum of MDMO-PPV: ZnO NPs
in thin films was studied. As shown in Figure 5a, the PL intensity ratio between 570 nm
(0 —0) and 600 nm (0 — 1) for MDMO-PPV in its pristine form is 2.81. This PL intensity
ratio is larger than 1, which suggests that an intrachain singlet exciton is the origin of this
luminescence [55].

Moreover, it might be stated that in MDMO-PPV thin film, the intrachain-aggregation
effect is predominant, resulting in J-aggregate-dominant. When 5% ZnO NPs added, the
intensity of the ratio became 2.55, as shown in Figure 5a; besides that, no shift is observed
in the wavelength position. Meanwhile, the intensity increased in the order of magnitude
of 1.22, and the band at 600 nm grew slightly. For a dopant percentage of 10%, the band
of 600 nm increased and became more pronounced, and the intensity ratio became 2.26
(Figure 5c). According to our present results, the small size of ZnO NPs plays a major role
in enhancing PL emission in thin films. This is shown in our present findings, in which the
PL intensity is increased for both blends for different concentrations of ZnO NPs.
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Figure 5. PL spectra of the (a) MDMO-PPV (b) MDMO-PPV: ZnO NPs 5% (¢) MDMO-PPV: ZnO NPs
10%. (d) Non-Normalized (e) Normalized PL intensity of MDMO-PPV and its blends thin films.

Moreover, the trapped electrons in the defect states of ZnO NPs will be transferred
to the lowest unoccupied molecular orbital (LUMO) of the MDMO-PPV polymer. These
charges transferred from inorganic to organic materials enhance the PL emission. Con-
sequently, holes at the highest occupied molecular orbital (HOMO) of the MDMO-PPV
will radiatively recombine with transferred electrons to emit photons. Thus, increasing the
amount of ZnO NPs in the pristine polymer leads to an increase in the exciton formation and
then increases the PL emission observed at 10% of ZnO NPs. This result suggests that the
MDMO-PPV: ZnO NPs (10%) blend is suitable for luminescence applications. In addition,
the confinement effect of ZnO NPs over MDMO-PPV molecules can enhance PL emission.
ZnO NPs protect the polymer and immobilize it within their confined space [56,57]. This
metal oxide will serve as a shield to suppress the interaction among the MDMO-PPV
molecules, reducing self-quenching in the excited state. The decrease in emission intensity
seen with the adding more ZnO NPs can be attributed to the increased aggregation. This
leads to a higher number of electrons largely localized at ZnO’s surface. This localization
restricts the population of recombination events for the MDMO-PPV/ZnO [58].

Conversely, modifications to the conjugation length led to blueshifts in the PL spectra.
Adding ZnO NPs to MDMO-PPV causes the polymer chains to separate, resulting in the
PL spectra having a blue shift [59]. Avoiding the photo-excited state’s internal conversion
and intersystem crossing mechanisms originates from the increased PL emission observed
in MDMO-PPV: ZnO NPs blends [42,60]. The findings of this study are consistent with
prior research [57].

3.2. X-ray Diffraction (XRD) Measurements

In Figure 6, the XRD patterns of pristine ZnO NPs demonstrate the characteristic
peaks of the hexagonal Wurtzite Zinc Oxide structure. These peaks were observed at
the diffraction angles (26) of 31.7, 34.4, 36.3, 47.5, 56.6, 62.8, 66.4, 67.9, and 69.1°, which
correspond to the first-order and second-order lattice planes of (100), (002), (101), (102),
(110), (103), (200), (112), and (201), respectively. This result confirms the hexagonal structure
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of the polycrystalline formation. The presence of distinct diffraction peaks suggests that
ZnO nanoparticles exhibit high crystallinity. The average particle size is determined using

the Scherrer formula [31]:
kA

b= B cos(0) ©)
where D is the crystallite size, k is the shape factor correction (0.94), § is the full widths at
half maxima (FWHM) of the broadened diffracted peaks in radian (0.5°) and A is 0.1542 nm.
Calculations were performed to determine the average crystallite size of ZnO NPs is

17.3 nm.
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=" 12000 -
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:,? 9000 - 100
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3000 - 201
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Figure 6. The XRD pattern obtained for ZnO NPs.

Figure 7 depicts the X-ray diffraction of pristine and doped MDMO-PPV with two
ZnO NPs ratios. The patterns exhibited that MDMO-PPV had a broad peak in 20 from 10 to
—40°, which confirms the amorphous phase. For 5% of ZnO NPs, the intensity decreased
rapidly and did not show any significant difference from that of the pristine MDMO-PPV;
thus, the XRD pattern profile did not change. When the ZnO NPs concentration increased to
10%, the intensity continued to decrease. Moreover, the crystallinity was slightly enhanced
at lattice planes of (110), (103), and (200). This decrease in the polymer peak is related
to the distribution of ZnO NPs in the MDMO-PPV matrix, where additional metal oxide
inside the MDMO-PPV chain orients crystallizes the polymer chain at proper sites [61].
The appearance of the ZnO NPs diffraction peaks with increasing its concentration to
MDMO-PPV is emphasizing the formation of MDMO-PPV: ZnO NPs blends. The XRD
findings are in accordance with the enhancement of PL intensity with increasing ZnO NPs
to 10% due to the caging effect related to the presence of this metal oxide in the blend, as
shown in Figure 7.

3.3. Scanning Electron Microscope (SEM)

Figure 8a—f show SEM images of MDMO-PPV thin films, MDMO-PPV containing
5% of ZnO NPs, and 10% of ZnO NPs thin films, respectively at 1 um and 100 nm scales.
It’s clearly shown in Figure 8a that the pristine polymer thin film contains a small aggre-
gate. Furthermore, the aggregate size and distribution increase with increasing ZnO NPs
concentration. At higher concentrations (Figure 8e,f). The aggregation is seen in the high
ZnO NP content and the non-uniform dispersion of nanoparticles on the thin film surface
morphology. This aggregate, which also contains ZnO NPs in the MDMO-PPYV, is essential
for enhancing conformational disorder [62].
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Figure 8. SEM visuals of (a,b) MDMO-PPV thin films (c,d) MDMO-PPV: ZnO NPs (5%) and
(e,f) MDMO-PPV: ZnO NPs (10%) blended thin films, for 1 um and 100 nm scales.
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3.4. Theoretical Analysis of the PL Spectra

The experimental PL spectra of the MDMO-PPV polymer, shown in Figure 5d (blue
spectrum), can be modeled using Franck-Condon (FC) analysis as the sum of FC transitions
based on several intramolecular vibrational modes [63]. The intensity Iy_,,, of the vibronic
transitions 0 — v; for the i mode is given by [64]:

3. 3oV e !
Toy, o (hw) nyS; o

@)

where, v; is the vibrational level, 7 is the refractive index real part at photon energy fiw, S;
is the Huang Rhys (HR) factor.
From Equation (7) we can deduce:

n3 _ IO—V,- 1/1'!
f (hw)® S¥ e=Si

1

®)

The S; factors account for the 0 — v; vibrational transitions where v; is attributed to the
vibrational level, we use two vibrational levels (0-0 and 0-1) for the same vibrational mode
(hw; = hw =0.11 eV).

Thus, real part of the refractive index nyy_o and ngy_1 for 0-0 and 0-1 vibrational
transitions, respectively, as mentioned below were calculated as:

To_o O
Nfg_g = —_—— 9
fo 0 <(hw)3 58 e_SO> ( )

©w

I 1!
neg1= .| —a—— 10

where Iy_p and Iy_; are the maximum of the PL intensity for the transitions 0-0 and 0-1
respectively

Furthermore, the S; factor represents the average number of phonons engaged in the
emission process. Which can be written as: [65]

_1Mi (Ulz
_2 ﬁa)i

Si (AQ;)? (11)

where, AQ; is the displacement between the ground and excited states, M; is the reduced
ionic mass for the i mode. This HR factor is also associated with the relaxation energy E,,,
which serves as an indicator of the electron-phonon coupling’s intensity [66]:

Epei = ), Silw; (12)

The displacement between the ground and excited states AQ,; and AQ; of the 0-0 and
0-1 transitions respectively can be calculated using: [58]

2E
AQe" = =R (13)
1
and AQ,? = LEkrén (14)
1

where E o and E,,j; are the relaxation energy of the 0-0 and 0-1 transitions, respectively
and k; is the force constant and it is equal to 490 N/m [59] for the C-H bond. Therefore,
E.e10 and E,,j; can be calculated by [58]:

Erero = hw; So (15)
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Erenn = hw; $q (16)

Moreover, the reduced ionic mass My and M; values of the 0-0 and 0-1 transitions
respectively can be deduced using Equation (11).
The following equation can be used to model PL spectra [65]:

v;

gvi
” 1/;! I'(hw — Eg + vihw;) (17)

[(hw) o (hw)3e~Si

where I' is the Gaussian function with constant width ¢, and Ej is the 0 — 0 transition energy.
Figure 9 represents the experimental data of energy best fitting related to the normalized
PL spectra of the MDMO-PPV pristine polymer and MDMO-PPV: ZnO NPs blends (5%
and 10%). The involved mode 0.11 eV is detected by Raman spectroscopy and attributed
to out-of-plane C-H stretching vibration of the vinylene group [67]. The modeling for the
normalized PL spectra of the pristine polymer and the two blends was obtained by the total
of the two intrachain FC progressions corresponding to emission from J-type aggregate
species labeled J; and J,. Also, in Figure 9 the black dashed lines are the experimental
emission spectra, and the red lines are the theoretical spectra, for these samples. To perform
the calculation and the PL spectrum of the polymer, we have used a sum of J-type aggregate
species where J; (blue solid lines) related to the transition from the lowest-excited singlet
state to the lowest vibrational-level of the ground state (0-0 transition) of aggregated chains,
and J, (green solid line) related to a transition from the lowest-excited singlet state to the
first-excited vibrational level of the ground state (0-1 transition) of aggregated chains. The
PL spectra of blends of thin films are also modeled by the sum of aggregate species of the J
type. The fitting parameters that have been calculated are presented in Table 3.

Table 3. Extracted parameters obtained from FC analysis of the PL spectra; the HR (S;), the PL 0-0,
and 0-1 transitions energy (Ej_;), the phonon energies of the involved mode Aw, the width ¢ of the
Gaussian functions I' and the relaxation energy (E;).

w:
Eo—o  Eo-1 e hw  M; x 10726 AQ; o o Ee
Samples (eV) (eV) So 51 >;sl_2) (eV) (Kg) (eV.m. N 1) np_1 (eV)  (meV)
| 19141 (S)  0.0049 (Sp)  11.974 (Sp)
MDMO-PPV 2.163 2.050 0.055 0.548 0.016 0.11 1.9140 (Sy) 0.0156 (S,) 16,940 (S,) 0.057  66.33
MDMO-PPV: 19141(S))  0.0056 (Sp)  12.038 (Sy)
ZnO NPs (5%) 2.165 2.060 0.070 0.570 0.016 0.11 1.9140 (S,) 0.0159 (Sy) 16.870 (Sy) 0.060  70.40
MDMO-PPV: 19141 (Sp)  0.0056 (Sp)  12.041 (Sy)
ZnO NPs (10%) 2.167 2.060 0.070 0.600 0.016 0.11 1.9140 (Sy) 0.0164 (S,) 16.750 (S;) 0.061 73.70

Table 3 shows the Ey_g transition energy is centered at 2.163 eV for the pristine polymer,
showing a blue shift upon ZnO NPs addition. Also, the peak position of the 0 — 1 transition
is blue-shifted compared to the 0 — 0 transition of the MDMO-PPV thin film. These observed
PL peak shifts are attributed to the alteration in the conjugation length of MDMO PPV
chains [68]. Furthermore, the Huang-Rhys factor Sy, S1 of each J;, and ], aggregate of
pristine polymer are increased with the increment of the nanoparticles’ concentration. S
corresponds to conformational disorder [69]. The highest Huang-Rhys factor is obtained in
films with greater conformational disorder. Conformational disorder reduces the polymer’s
conjugation length, which increases the S factor [70]. This increase indicates that the
inclusion of ZnO NPs in a sample of the polymer enhances the conformational disorder.
MDMO-PPV: ZnO NPs blended at 5% and 10% reduce conjugation length and cause more
conformational disorder than MDMO-PPV in its pristine form. The main reason for the
increase in the S factor is the aggregation of the nanocomposite films with more ZnO NPs,
confirmed by SEM images. As we mentioned previously, the intensity of the 0 — 1 transition
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increases for higher concentrations of ZnO NPs (see Figure 5), and the value of S; of the
aggregate J, (0-1 transition band) is varied from 0.548 to 0.600. Thus, this result indicates
that the increase in the Huang-Rhys factor is related to more vibronic transitions.

Furthermore, the relaxation energy (E,,;) is enhanced in blended thin films compared
to the pristine MDMO-PPV and reached 73.70 meV for 10% of the metal oxide and it is
66.33 meV in MDMO-PPV films. This increase is explained by the enhancement of the
vibronic transitions. It is clear to chow from Table 3 that the emission spectrum of MDMO-
PPV: ZnO NPs (10%) is broader where o reached 0.061 eV and it is 0.057 eV for pristine
polymer. The result obtained is due to the increase in the conformational disorder. The
increase in conformational disorder results in a broader emission spectrum [71].

1.0 (a) MDMO-PPV
— — -Experimental
—1J1
£ o8 L
5 Sum J1+J2
E
5 0.6
-5
=
S 04
=
£
s
S 0.2
0.0 ‘ ) sl s ==
1.8 2.0 2.2 2.4 2.6
Energy (eV)
(b) MDMO-PPV:ZnO NPs (5 %)
1.0}
= = =Experimental
? —IJ
g2 98- —2
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- 0.6
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=
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Figure 9. Cont.



Nanomaterials 2023, 13, 2405

13 of 16
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Figure 9. PL Experimental spectra (black dashed lines) and theoretical spectrum (red solid lines)
(a) Pristine MDMO-PPV (b) MDMO-PPV: ZnO NPs (5%) (c) MDMO-PPV: ZnO NPs (10%); using the
sum of FC progressions corresponding to emission from J-type aggregate species J; (blue solid lines),
and J, (green solid lines).

4. Conclusions

In summary, thin films based on MDMO-PPV polymer and ZnO blends in two
amounts of 5% and 10% have been prepared. The incorporation of ZnO NPs increases the
PL intensity of MDMO-PPV. This enhancement is due to the increase in the probability
of exciton formation where more holes will recombine with trapped electrons in ZnO
NPs. ZnO NPs increase the 0 — 1 transition band of the pristine polymer originating from
J-aggregation. As a result of the presence of ZnO NPs in the polymer matrix, the intrachain
interaction in the MDMO-PPV chain increases, and the emission of the J-aggregate types
increases.

Moreover, the optical band gap energy of MDMO-PPV and MDMO-PPV: ZnO NPs
blend thin films increased as ZnO NPs were added. This is due to the reduction of defects
and localized states in the energy band gap of nanocomposites. The confirmation of
this statement is supported by the computation of the Urbach energy, which is reduced
by adding ZnO NPs as compared to the pristine MDMO-PPV. The Franck-Condon (FC)
analysis of the PL spectra concludes that the blue-shifted transitions energy Ey_g, and Eg_1
of the polymer with respect to that of the two blends is related to the reduction of the
conjugation length.

Furthermore, the increase in the S factor enhancement is related to the increase in
conformational disorder. Greater conformational disorder exists in MDMO-PPV: ZnO NP
thin films with 10% ZnO. Adding more ZnO NPs results in an enhancement of vibronic
transitions due to an increase in the S factor.
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