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Annealing of tris(8-hydroxyquinoline) gallium (Gaqgs) film at various temperatures in dry N,
atmosphere has shown the existences of four different phases of molecular aggregations
before the burning out of the film at about 310 °C. The first three phases, up to 235 °C, are
amorphous molecular aggregations, while the fourth one at 255 °C is a crystalline structure,
very likely a-polymorph. The photoluminescence (PL) intensity was increased to about five
times greater than that of the pristine film at 235 °C, while the PL peak was blue shifted con-
sistently. Although a small contribution of Rayleigh scattering cannot be excluded at high
temperatures when crystallites appear, the PL blueshift was mainly attributed to the nanos-
tructured molecular aggregations followed by enhanced PL intensity. These new findings

Polyamorphism can be a common characteristic of organometallic complexes at varied annealing temper-
PL blueshift atures. The presented results open a new route of fabricating highly emissive thin films of
amorphous nanostructure, which are specifically important for organic light emitting diode

(OLED) based displays.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
- mainly due to the excellent chemical and physical properties

1. Introduction

Over the past decade, research progress in organic mate-
rials has led to great achievements in the development of
nano-photonics and nano-electronic devices [1,2]. This is

* Corresponding authors.

offered by these kinds of materials including easy molecu-
lar designability, optical and electronics tunability [3-8]. One
of the most practical achievements is related to the techno-
logical advancement of organic light emitting diode (OLED)
thanks to the unique emissive behavior of organometal-
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lic complexes used as emitting layer of the devices [9-12].
The organometallic complexes offer important optical and
electronic properties arising from the interplay between the
inorganic materials and the organic ligands. The combination
of metals with organic molecules seems to offer possible solu-
tions to many problems in metal extraction and purification
[13], in formulation of heat-resistant polymers [14], enhanced
photocatalytic performance [15], asymmetric supercapaci-
tors [16-18|, surface coatings and chemical synthesis [19-21].
Tris(8-hydroxyquinoline) metals, Mgs (M = Ga and Al), are
the most widely studied organometallics for their interesting
optoelectronics properties [22-24], photonic response selec-
tivity and thermal stability [25,26]. The use of Alqs and Gags
has also been extended for the application of organic solar
cells (OSCs) as buffer/hole blocking layer between the active
layer and aluminum electrode [27], and as a dopant molec-
ular acceptor in the active layer of solution-processed OSCs
[28,29]. It has been found in these studies that the contribu-
tion of Gaqs and Algs is to improve the overall performance,
reproducibility and stability of OSCs.

It is obvious that intrinsic and extrinsic characteristics
of organic materials are playing a vital role in the perfor-
mance selectivity of organic electronics devices. In these
contexts, various approaches have been reported to mod-
ify the nanoscale properties of organic materials for desired
applications [30-32]. Although these changes are responsi-
ble to the enhancement of the device’s performance, there is
yet a lack of complete understanding and reasoning for such
improvements. That is because the operation of electronic
devices is highly dependent on the nanoscale behavior, size
and architecture of their active organic components [33-37],
which is not an easy task to be fully addressed due to both
instrumental limitations and sophisticated phenomena at the
low dimensional scales.

The morphology of organic films are highly affected by
the nature of molecular aggregations due to weak interac-
tions between adjacent molecules, such as m—m interaction,
Van der Waals forces and hydrogen bonding [38]. The resul-
tant forces define the packing pattern of the molecules
and hence the shaping of their final periodicity in terms
of structural distribution [39,40]. Hence, efforts on modify-
ing/tuning molecular aggregations are of great importance
for desired applications, especially when different nanos-
tructures are in concern [41-45]. Nanostructured sizes and
shapes are capable of providing enhanced charge carriers
mobility in a specific direction, which is quite interesting
for the application of single-crystalline based devices [46-48].
Xu et al. produced crystalline Alg3 sub-microwires have by
a one-step anti-solvent (the solvent with poor solubility to
the solute) diffusion method combined solvent-evaporation-
induced self-assembly without surfactant assistant [49],
whereas Boulet et al. used a combination of evaporative
and antisolvent crystallization to generate vertically-oriented
hexagonal prism arrays of Alq3, and vertical half-disks and
sharp-edged rectangular prisms of Znq2 [50]. Besides, Gu et al.
reported that through a suitable combination of solvent and
anti-solvent with controllable surface tension difference, the
droplets can automatically cracked into the micro-droplets,

which provides an aggregation force directing toward the cen-
ter of the droplet to drive the low-dimensional building blocks
to form the special aggregations during the self-assembly
process [51]. The concept of antisolvent approach was also
realized Yin et al. to achieve a sequential epitaxial growth to
synthesize dual-color-emitting organic heterostructures with
9,10-bis(phenylethynyl) anthracene (BPEA) microwire trunks
and Alg3 microstructure branches [52].

In recent years, investigations on photoluminescence (PL)
intensity of Alqs and its structural related consequences have
become the subject of a lively debate, whereby different expla-
nations for PL blueshift were proposed [53-55]. On one hand,
the PL blueshift has been ascribed to the roleplay between
meridianal and facial isomers [56,57], and on the other hand
to the intermolecular interactions of the meridianal isomer
alone [55]. PL blueshift in Alqs was wrongly attributed to the
Rayleigh scattering phenomenon [58,59], and this explanation
appeared rather vague in Gaqs, where it has been noticed
that the energy gap of non-crystalline Gag3 film is red shifted,
while its PL is blue shifted [26]. Hence, it was concluded that
intermolecular interactions and molecular rearrangements
are responsible for the observed blueshift [26,53]. Baldacchini
et al. [60] claimed the existence of four different components
of molecular aggregation, because the PL of Alqs films decays
in air with four different amplitudes and constant times,
which has led to formulize the Four Components Model (FCM).
In an extended approach, the stretched FCM model, was able
to fit the PL of Algs molecules during a decay of six years in
Air, and an interpretation of the physical phenomena has been
given by introducing a Oth-order kinetics [53].

It is commonly held that structure and morphology of
Mgqgs films play a crucial role in defining their PL behavior,
hence any systematic study addressing correlation between
PL and molecular aggregations is of special importance. More-
over, PL quenching and degradation processes have been often
ascribed to the formation of crystallites, migration of ionic
and molecular species, and chemical reactions, but none
of them have been quantified in a simple and reproducible
way [61-63]. We have previously showed that meridianal a-
polymorph can be grown within the amorphous phase of Gags
films with increasing temperature, and hence contributing to a
PLblueshift [64]. However, the weakly onset of a Gags polymor-
phism at high temperatures has introduced a dubious debate,
because of the opposite shifting of PL and energy gap.

In the current research work, an exclusive attention is
devoted to any possible correlation between molecular aggre-
gations and PL position or PL intensity in Gaqs films. For this
purpose, morphological growth states and PL profile of Gaqgs
films have been specifically investigated at temperatures from
85 to 255 °C in dry N gas. The contribution of this study is to
understand how molecular aggregations, either to be polymor-
phism or polyamorphism, contribute to the PL blueshift and
luminescence variation in Gaqgs, and in Mqs films. The remain-
der of the paper is organized as follows: the methodology of
the film formation and temperature induced morphological
modifications are presented in section 2, followed by analysis
and discussion of the obtained results in section 3. Finally, the
main conclusions are given in section 4.
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Fig. 1 - PL intensity of Gaqs film with increased annealing
temperature.

2. Materials and methods

Tris(8-hydroxyquinolinate) gallium (Gaqgs), Ga(CoHgNO)3, was
purchased from Sigma-Aldrich in powder form and used as
received without further purification. Precleaned quartz sub-
strates were used at room temperature (RT) to deposit Gags
films onto them via a homemade thermal evaporator under
a pressure of about 10~* mbar. The quartz substrates were
cleaned with Decon® Neutracon foam for 15 min in ultra-
sonic bath. Later on, they were rinsed and sonicated with
acetone, ethanol and distilled water sequentially for 10 min.
Lastly, the quartz substrates were dried thoroughly by nitro-
gen gas. Thickness of the deposited Gaqs films was measured
by a KLA Tensor P-6 surface profilometer. The films were post
annealed within a barrel furnace under dry nitrogen gas for 10
min. The annealing temperatures were set at 85, 160, 235, and
255 °C. The PL spectra were measured with a LS50B PERKIN
ELMER luminescence spectrometer in the wavelength range
from 200 to 800 nm at the excitation wavelength of 396 nm.
X-ray diffractometer (Bruker AXS) was applied to record the
XRD patterns using Cu K, radiation of wavelength \ = 1.5406
A° as a source. Field emission scanning electronic microscopy,
FESEM (Quanta 200 F), was utilized to capture the morphology
of the films before and after annealing processes. The photo
absorption properties of the films were assessed by a Jasco
V-570 UV-VIS-NIR spectrophotometer.

3. Results and discussion

The strength of PL emission of Gaqs films at increased anneal-
ing temperatures is reported in Fig. 1; an extrapolated red line
joins the peak values smoothly in order to better observe the
trend of the changes. The presence of a unique PL peak, which
reaches a maximum of five times higher than that of the pris-
tine film, at temperature of 235 °C, could be a consequence of
the structural and thickness variations of the films. Indeed, it
has been reported that PL intensity depends on the isomeric
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Fig. 2 - Wavelength position of PL peak and absorption
edge of Gaqs film with increased annealing temperature.
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Fig. 3 - XRD patterns for the pristine and annealed Gaqs
films under N, gas.

type and structure of the film [25,54]. It was observed that PL
intensity is increased with the film thickness [65], and it is
quenched with increasing crystallinity [26,66].

In our films, the impact of thickness is ruled out for two
reasons. First, a notable shrink in the energy gap of the films,
due to enhanced overlap of compact molecules and denser
w—m stacking [58,65], was found by increasing temperature [26].
Hence, an opposite trend of decreasing PL intensity, due to
denser film, should have been observed along the entire tem-
perature range, which is not the case (see Fig. 1). Second, the
absorption edge of the energy gap and the wavelength position
of the PL peak was seen to be changed in opposite man-
ner when annealing temperature was increased, as shown
in Fig. 2. Therefore, the consistent increase of PL emission
in Fig. 1, and noteworthy blueshift of the PL peak in Fig. 2,
can be very likely attributed to the morphological changes or
molecular aggregations of the Gaqgs.

We noticed that a-polymorph can be produced from the
amorphous phase of meridianal Gags upon rising tempera-
ture, leading to a quenched luminescence and PL blueshift [64].
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Fig. 4 - Molecular aggregation images of Gaqs films at RT (a), 85 °C (b), 160 °C (c), 235 °C (d), 255 °C (e) and 310 °C (f), captured
by FESEM technique.
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Meanwhile, it was observed from the XRD measurements (see
Fig. 3) that this polymorphism occurs weakly at 255 °C, that
is beyond the glass transition temperature (T,) [26]. Because
of these findings and that Gaqs films are yet in the amor-
phous phase, the steady rise of PL emission and its continuous
blueshift, from room temperature (RT) to 235 °C, require a new
interpretation for the contribution of amorphous states (we
call it here polyamorphism) to these optical changes. There-
fore, the attribution of the PL blueshift to Rayleigh scattering
alone [58,59] should be considered as untenable explanation.

PL blueshift has been already ascribed to the intermolec-
ular interactions of the meridianal isomer [55], whereas
molecular rearrangements can play a vital role in this shift
[26]. Although morphological changes of Alqs at different
temperatures have not yet accurately measured, Baldacchini
et al. [53] reported the existence of four different compo-
nents of molecular aggregations, claiming that the PL of
Algs films decays in air following four different pathways.
To clarify the previous lacking of structural and morpholog-
ical states, we have specifically taken into consideration the
deep surface images of Gaqs films at different temperatures,
as shown in Fig. 4. Upon a close look at the surface of the Gaqgs
films, it is clear that temperature has produced pronounced
modifications in the molecular aggregations. In particular,
four different phases of molecular aggregation/rearrangement
have been observed. In the first phase, from RT to about 160
°C, Fig. 4(a) and (b), there exist bunches of molecular aggrega-
tion, while at 160 °C, Fig. 4(c), the second phase of molecular
aggregation is observed in the form of a grown grass. Increas-
ing the temperature to about 235 °C led to the formation of
a third phase in the form of nanorod aggregation, Fig. 4(d),
while the laminated form of molecular aggregation at 255 °C
can be considered as the fourth phase that was resulted from
degradation of the nanorods due to hard heating, as shown in
Fig. 4(e). Noteworthy, at the high enough temperature of about
310 °C, the film burned out with clear dark spots left on the
surface of the substrate, as shown in Fig. 4(f).

Because of the structural changes in the films, the crys-
tallites were formed only at 255 °C. Therefore, the first three
phases of the molecular aggregations are amorphous pack-
ings, while crystalline structures are assembled in the fourth
phase, very likely a-polymorph. In conclusion, polyamor-
phism seems to be the main factor affecting luminescence
enhancement and its blueshift in the organometallic com-
plexes, such as Alqs, Gaqs, and Ings. In the present case,
meridianal Gags films under flowing N, gas at atmospheric
pressure are stable in different amorphous phases from RT to
about 235 °C. It is worth noting that the onset of meridianal a-
polymorph at 255 °C is a further evidence of the difficulties, if
not impossibility, to activate thermally the isomeric transition
from meridianal to facial in Gaqs films, which is in agreement
with the results obtained in Alqs films deposited by thermal
evaporation [55].

When higher density Gags nanorods was formed, larger
PL intensity was observed on the emission spectra, as in
Fig. 1. This result is similar to that obtained for a-polymorph
Algs nanowires grown under Ar gas at appropriate pressure
[67], except that in our films complete amorphous nanorods
were formed. However, crystalline Gaqs in the form of one-
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Fig. 5 - The rate of PL blueshift of Gaqs films with
temperature.

dimensional nanostructure and nanosphere, fabricated by
thermal evaporation under cold trap in the presence of pres-
surized He or Ar gas, showed similar PL intensity [68]. These
differences in the formation of various nanostructures and
their optical properties might be ascribed to the effects of
gases and pressures utilized during the grown process [25,69].
Anyway, it seems well ascertained that PL intensity of amor-
phous nanostructures is always higher than that of their
crystalline counterparts. Indeed, this feature could be a conse-
quence of excited charge carriers in crystalline regions moving
at longer distances before their recombination or relapsing,
leading to an increased non-radiative probability.

Now;, considering the rate of PL blueshift with temperature,
as shown in Fig. 5, it is observed that the crystalline a-
polymorph produced the highest PL blueshift, followed by the
third amorphous phase in which the nanostructures possess
the highest density. It is concluded that the nanostructured
amorphous phases (polyamorphism) is highly contributed to
the PL blueshift, which adds on the importance of such molec-
ular aggregations on PL intensity and its blueshift in these
organometallic complexes. Nevertheless, a small contribution
may also derive by the Rayleigh scattering in the crystalline
phase, although such phenomenon was excluded in Alqs [49].
More detailed information can be obtained on isomeric tran-
sitions and their phases, only by performing new systematic
experiments at more annealing temperatures and gases.

4, Conclusions

A careful study on Gags, in particular its PL and blueshift at
different annealing temperatures under dry N, gas was per-
formed. It has been observed at 235 °C that the PL intensity
increased five times with respect to the pristine film, and at
the same time, a PL blueshift is emerging in a consistent way
as temperature increases. Moreover, four different phases of
molecular aggregations have been observed by means of field
emission microscopy. Of them, the first three are polyamorph
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bunches, while the fourth one appears at 255 °C, and very
likely is a crystalline a-polymorph. These crystallites produced
the highest blueshift, soon followed by the third amorphous
phase that possesses the highest density. However, x-rays
diffraction has shown that the amount of crystalline aggrega-
tions is very low in the annealed films at 255 °C, so that their
contribution to the Rayleigh scattering is scarcely significant,
if any. On the contrary, a continuous blueshift is produced by
the three amorphous phases from RT to 235 °C, which are com-
posed of meridianal isomers and are the bulk of films. It can be
concluded that nanostructured molecular aggregation is the
main reason affecting PL and blueshift in particular and the
optical properties of organometallic complexes in general.
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