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The synthesis of hybrid nano-composites in which an inorganic layer is grown on a polymeric surface via
chemical bonds, is a challenging goal for many applications from photocatalysis, to sensing and
optoelectronics. Herein, we describe on the growth of ZnO nanostructures by an Atomic Layer
Deposition (ALD) technique on polyetherimide (poly(2,2’-bis(3,4-dicarboxyphenoxy)phenylpropane)-2-
phenylendiimide ULTEM® 1000) substrates. A surface modification consisting of a thermal photo-
oxidization process, applied for different exposure times, has been properly performed on the polymer
to promote the production of ALD suitable functionalities as reactive surface-sites. The chemical
anchoring of the inorganic species from the gas-phase is demonstrated by spectroscopy and mass
analyses to exclusively occur on the pre-oxidized films, whilst the ZnO growth does not occur in the
untreated ULTEM® films in the operative ALD conditions. Notably, we demonstrate that two different
regimes of growth take place in the oxidized polymer as a function of the photo-exposure time. In
particular, the formation of a nanostructured coating of ZnO on the polyetherimide surface is found in
the case of short-time photo-exposed polyetherimide (ALD-like regime), whilst an intermixed organic/
polymer layer is found on the long-time oxidized films (Vapor Phase Infiltration, VPI-like regime). The
photocatalytic activity of the synthesized materials has been tested through the degradation of
methylene blue dye in aqueous solution under UV light irradiation, to give a proof of concept of
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Introduction

The development of nanotechnology has brought concrete
benefits to our daily life, finding applications in several fields of
common interest extending from the environment, energy,
agriculture, medicine to computing and communication.*™*

The huge technological progress registered in the last decade
is mainly due to the capability of manipulating the materials at
the nanoscale level and realizing functional nano-sized smart
systems, having activities and properties deeply different from
their bulk counterparts.
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a possible application of the nano-composites.

The advanced methods of manufacturing has allowed the
development of nano-engineering, as robust and powerful tool
for the fabrication of low-dimensional materials, previously
inaccessible due to physical restrictions. Over the conventional
methods, Atomic Layer Deposition (ALD) represents an ideal
instrument, which permits the realization of materials with
atomic scaling precision, thus guaranteeing a strict control of
the structural and chemical properties of the final objects.*>>°
The high quality of the ALD materials originate from the
peculiar growth mechanism based on selective and self-limiting
reactions between the ALD gaseous precursors and the reactive
groups exposed at surface of the substrate.”* The growth of
the material on the substrate is controlled at the atomic scale,
uniformly and conformably on large areas.

In addition, compared with other deposition methods, (e.g.
Chemical Vapor Deposition (CVD) and sputtering), ALD is per-
formed under much milder conditions of pressure and
temperature, and in absence of molecular-level bombardment,
thus being compatible with the use of substrates sensitive both
to the thermal and mechanical stress, as in the case of poly-
meric materials.'”*>?¢

In this respect, the realization of novel inorganic/polymeric
hybrid materials by ALD is appealing, being beneficial in
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a variety of applications including photocatalysis, sensing,
energy harvesting and storage, and optoelectronics. Indeed,
hybrid systems can combine the structural properties and
functionalities of the two organic and inorganic components,
which are unattainable from the use of the single phases.>” The
ability to control the reaction between the ALD precursors and
polymers opens new opportunities in materials processing.”**
For instance, the flexibility, transparency, lightness, and low
costs typical of the plastic substrates can suitably encounter the
photocatalytic, optical, and electronic functions of the metal
oxides. Nevertheless, due to the severe chemical and physical
differences between polymeric and inorganic components, the
design of the ALD synthesis of a hybrid organic/inorganic
material represents a significant challenge.'”*°

It is well known, for instance, that ALD on many polymers
can involve subsurface precursor diffusion and reaction, which
are not encountered during ALD on inorganic surfaces.” The
mechanism of diffusion of the precursors into the film depends
on the organic and structural nature (e.g. topology, composi-
tion, molar masses) of the macromolecular materials.*" Vapor
phase infiltration (VPI) is an emerging gas phase processing for
transforming polymers into organic-inorganic hybrid materials
based on the metalorganic precursors diffusion and subse-
quently reactions with the organic polymers. Such processing
technique originates from the atomic layer deposition (ALD)
research community, and its processing conditions are similar
to ALD, nevertheless, the fundamental phenomenological
mechanisms of VPI and ALD are significantly different.??

For highly reactive polymers to the ALD precursors, the
reaction rate between the precursors and the surface is fast so
that the inorganic phase rapidly nucleates on the surface of the
polymer with the consequent formation of a conformal inor-
ganic coating on the surface of the polymer. On polymers such
as PVA or cellulose where there is a large density of reactive
groups, the ALD reaction can be limited to the top surface of the
polymer.**?°

In the case of the unreactive polymers towards the ALD
reagents, no growth of the inorganic layer is observed for short
times of depositions (few ALD cycles). The formation of the
inorganic phase occurs, instead, for higher times of deposition
with the precursors that can diffuse into the polymer and react
within the film, resulting in an inorganic phase embedded in
the organic bulk.>*?” It has been shown that under VPI condi-
tions, no covalent reactions can occur between the precursors
and the polymer matrix.*®*** Thus, the weak interaction occur-
ring at the interface between the two components in such
organic/inorganic bi-phase, results unattractive for applica-
tions, especially in the field of heterogeneous photocatalysis for
water purification, wherein the photoactive structures could be
easily dispersed in solution.

In order to obtain an appealing system, flexible and func-
tional, it is necessary immobilizing the inorganic photocatalysts
by stable chemical bonds on the substrate, to guarantee
structural stability and prevent their dispersion in the
surrounding media. With this purpose, we properly designed
the growth of ZnO nano-structures on a surface-modified poly-
meric substrate. As substrate was selected the poly(2,2'-bis(3,4-
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dicarboxyphenoxy)phenylpropane)-2-phenylendiimide
ULTEM® 1000 (hereafter simply called ULTEM®), an engi-
neering thermoplastic material with superior durability prop-
erties, high modulus, toughness, and chemical resistance.
Furthermore, due to its amorphous nature, transparent
ULTEM® resin balances both mechanical properties and
processability.

The molecular structure of polyimide is the responsible of
the high mechanical performance of the ULTEM® resin, but at
the same time, it results unsuitable for the ALD grafting reac-
tions, due to the lack of reactive functionalities. In some
previous works, the thermal and photo-oxidation reaction
pathways of this polymer, thanks to UV light irradiation, were
clarified by using Matrix Assisted Laser Desorption Ionization-
Time Of Flight (MALDI-TOF) mass spectrometry.’™* A
detailed map of the photo-cleavage mechanisms of poly-
etherimide ULTEM® was depicted for different time of expo-
sure, permitting us to discriminate among the reaction
products of interest. Crucial, in view of the ALD, is the forma-
tion of -OH and -COOH groups along the repeat units of the
polymer. The presence of such reactive chemical groups could
permit a direct growth of the ZnO nanostructures by exploiting
chemical bonds at the organic-inorganic interface. In this
paper, we originally exploit the formation of reactive function-
alities in the polyetherimide to graft the inorganic precursors in
the ALD regime, with the formation of the inorganic phase. We
show that the assembly of the inorganic phase upon the poly-
mer is addressed by the entity of the oxidative pre-treatment
(duration). In fact, different ZnO/polymer hybrid habits are
achieved depending on the number and availability of the
functional groups in the polymer, these being strongly related
to the chemical and structural modification of the macromo-
lecular network during the photo-oxidation treatment.

Results and discussion
Characterization of oxidized ULTEM® films

Films of ULTEM® have been prepared according to the proce-
dure described in the Experimental section. The thickness was
measured by calipers, resulting of ~100 pm + 10 um. The
thermal photo-oxidative process was carried out on four
samples having the shape of a disk with a diameter of 5 cm, for
a duration, respectively of 3, 8, 24 and 48 hours. Afterward, in
order to evaluate the effect of the photo-process on the prop-
erties of the polymer surface, measurements of contact angle
and FTIR ATR were performed. Whereas MALDI TOF analysis
were used to obtain information on the entire polymeric
materials. Fig. 1a shows the values of the contact angle as found
in the different samples as a function of the photo-exposure
time.

As can be observed from Fig. 1a, the value of contact
angle measured in the case of the original ULTEM® film results
83° + 2°, a value in line with the data reported in literature for
poly-ether-imides.** A gradual diminution of the contact angle
is observed by increasing the photo-exposure time, thus indi-
cating, consistently with the mass spectrometry results reported
in the literature,*** the progressive formation of hydrophilic

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 (a) Contact angle and (b) FTIR-ATR of the ~100 pum-thick
ULTEM® films as a function of the thermal photo-exposure duration.

functionalities on the polymeric surface. MALDI analyses
demonstrated, in fact, the formation of oxidized species such as
alcoholic and acids moieties resulting from the oxidative
procedure.

Fig. 1b shows the evolution of the FTIR-ATR spectra in the
diagnostic range between 2000 and 1500 cm ™" as a function of
the duration of the photo-exposure. As can be seen from the
figure, the FTIR-ATR spectrum of the original polymer shows the

40-42

characteristic vibrational peaks due to the imides CO double
bond. In particular, the contribution positioned at 1776 cm™" is
related to the C=0 asymmetric stretch, whilst the second band
lying at 1720 cm ™" is due to the C=0 symmetric stretch.*®

As can be noticed, the employ of the photo-oxidation
procedure on ULTEM®, produces an enlargement of the spec-
tral IR contribution at ~1700 cm™'. The variation is slightly
visible at short time of photo-oxidation (e.g. 3 h and 8 h),
becoming remarkable over 24 h. The broadening of the band at
~1700 cm™ " has been ascribed to the formation of ~-COOH
species, in strict correspondence with the mass spectrometry
data.’®**°
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The presence of reactive chemical functionalities on the
polymer surface is a fundamental requirement to graft metal
species;*>*” we exploit such characteristic by growing ZnO by
ALD on ULTEM®, focusing on the reactivity of the different
photo-oxidized samples.

ALD deposition and characterization of ZnO/ULTEM® films

The ZnO deposition was carried out as described in the Exper-
imental section by introducing in the ALD chamber the original
polymer together with the photo-oxidized substrates.

AFM analyses were performed on all the different films,
before and after the ZnO deposition, with the aim of examining
their morphology. Fig. 2a shows a 2 pm x 2 pm AFM image
related to the original ULTEM® substrate before the ALD
process. Before the ZnO deposition, the ULTEM® substrates,
both the original and the photo-oxidized films reveal very low
values of Root Mean Square (RMS), all included in the range
between 0.3 and 0.7 nm and an average height in the range
between 2 and 5 nm (see Fig. 2b, related to the 24 h-photo-
oxidized ULTEM sample in comparison with the original
ULTEM of Fig. 2a).

After the ZnO deposition, the AFM image of the untreated
sample shows the presence of few distinct features standing on
the surface and having an average height of 18.3 nm (Fig. 2c).
Such nanostructures are rarefied on the surface, showing
a reciprocal distance of the order of ~1-2 microns. The surface
area surrounding such nanodomains presents a very low RMS
value of ~0.5 nm, comparable to that found in the case of the
ULTEM® films before the ZnO deposition.

Differently, the AFM image related to the 3 h-photo-oxidized
samples after the ZnO process (Fig. 2d), reveals the presence of
nano-sized domains, which form a granular layer. The statistics
on morphological parameters reveals a peak-to-peak (i.e. the
highest probed height difference by the AFM tip) of ~17.3 nm,
comparable to that of Fig. 2c and an increased value of RMS to
1.7 nm. The AFM image related to the 8 h-oxidized film (Fig. 2e)
shows values of peak-to-peak (~17.7 nm) and RMS (1.8 nm) very
close to those found in the AFM image of Fig. 2d. The formation
of ZnO nano-sized structures is supported by Transmission
Electron Microscopy (TEM) analyses (see Fig. 2e-1). The TEM
image clearly shows the presence of ZnO nanostructures regu-
larly distributed on the surface. On the basis of the AFM anal-
yses, the surface density of the nanostructures appears
increased with respect to the 3 h-sample, plausibly due to the
increased number of ALD active functionalities on the
surface, similarly to what found by Lee et al. by modulating the
—-OH/-CHj ratio in self-assembled monolayer on silicon.*®

The AFM images related to the 24- and 48-treated samples
show the formation of nano-granular films with values of peak-
to-peak and RMS significantly decreased if compared to the two
previous cases. Surprisingly, in fact, the morphological param-
eters result of 5-7 nm and ~0.5 nm (see Fig. 2f and g, respec-
tively). The differences observed on the ZnO layers grown on
long time-if compared to the short time-treated substrates, can
arise from the alteration of the polymer structure induced by
the prolonged photo-exposure time. Indeed, a modification of
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Fig. 2 AFM images of (a) original ULTEM and (b) 24 h-photo-oxidized
ULTEM before the ALD process. (c) Original, (d) 3 h-, (e) 8 h-, (f) 24 h-
and (g) 48 h-photo-oxidized ULTEM after the ZnO deposition. (e-1)
shows the TEM cross section image related to 8 h-photo-oxidized
sample after the ZnO deposition.

the mechanical and esthetic properties of ULTEM® when long
photo-exposure is applied has been reported in literature,
associated to the decrease of the average molar masses distri-
bution within the polymer.*

In order to have a deeper comprehension of the phenomena
occurring between the polymer and the inorganic precursors
upon the ZnO deposition, we performed studies on the chem-
ical composition of the ZnO/polymer interface by spectroscopic
analyses.

After the ZnO deposition, FT-IR ATR measurements reveal
diagnostic changes in the region associated to the C=0 func-
tionalities (1600-1700 cm™ '), with the decrease of the -COOH
group in favor of the -COO™ at 1600 cm ™" (see Fig. E1, ESIY),
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thus indicating the coordination of the metal species at the
surface. As can be seen in Fig. E1,T an evident spectral variation
is observed in the case of 48 h-treated sample, likely due to the
higher amount of reactive terminations involved; on the other
hand no significant differences are revealed in the spectrum of
the original ULTEM® (Fig. Elaf), as expected. From the
comparison of the spectra collected, however, no specific indi-
cations from FTIR findings can justify the morphological
differences found by AFM in the short and long-time treated
samples. With the aim of better understanding the data, XPS
analyses were performed.

Table 1 reports the atomic percentages of the elements as
detected from the spectra of: original, 8 h and 48 h, before and
after the ALD process. In the case of the original ULTEM®, the
percentages found by XPS are in line with the theoretical values
expected for this polymer (C 82.2%, O 13.3%, and N 4.3%).** The
8 h-photo-oxidized ULTEM® film does not show any appre-
ciable variation in the atomic percentage values (in the range of
the XPS uncertainty) whilst, in the case of the 48 h-treated
sample, an increase of the oxygen relative atomic percentage
is found, because of formation of oxidized species, a discussed
in literature.®**

With the aim of deeper analyzing the chemical structure of
the polyetherimide macromolecules as a function of the photo-
oxidation time, we collected high resolution spectra in the
regions of interest: C 1s, O 1s, N 1s and Zn 2p, the latter after the
ZnO deposition. The diagnostic C 1s and O 1s XPS regions are
shown in the following, whilst N1 s and Zn 2p are reported in
the ESI (Fig. E21).

Fig. 3a shows the high resolution C 1s XPS region of the
untreated ULTEM® film showing the characteristic compo-
nents at 285.0 eV (due to the C-C, C=C and C-H species),
a shoulder at 286.4 eV (due to the ether groups), and a distinct
band at 288.8 eV (imide groups). The presence of the shake up
band at higher binding energy (BE) values (~292 eV) is also
visible in the spectrum, due to the w — 7* transition.*

Fig. 3b relates to the 8 h-treated polymer. As can be seen, small
differences emerge from the comparison with Fig. 3a, consisting
in a slight enlargement of the bandwidths (1.5 vs. 1.6 eV) and in
a slight increase of the intensity (~10%) of both the compo-
nents at ~286.4 and ~288.8 eV with respect to that at 285.0 eV.
Such spectral variations are compatible with the formation of
some C-OH/COOH species®* with the photo-exposure.

Table 1 XPS atomic percentages of the untreated, 8 h- and 48
h-treated samples before and after the ALD process

Original 8h 48 h
After Before After Before After
Before ALD ALD ALD ALD ALD ALD
C (%) 80.0 83.8 80.2 68.4 63.3 58.7
O (%) 14.9 11.4 14.9 24.7 30.6 32.8
N (%) 5.1 4.6 4.8 <0.5 6.0 1.6
Zn (%) — <02  — 6.5 — 6.8

This journal is © The Royal Society of Chemistry 2018
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Fig.3 XPS spectrain the C 1s region related to (a), (d) untreated, (b), (e)
8 h- and (c), (f), 48 h-ULTEM® films, respectively before (top panel)
and after (bottom panel) the ZnO ALD deposition.

The C 1s region related to the 48 h-treated sample (Fig. 3c),
shows a marked modification of the functional groups of the
polymer if compared to the original film. The components
associated to the oxidized species (i.e. C-OH at ~287 eV and
—COOH ~289 eV), severely increased with respect to the main
C-C/C=C/CH contribution, consistently with the increase of
the oxygen percentage in the overall spectrum (see Table 1) and
with the reduction of the contact angles values due to the
formation of hydrophilic functionalities, as visible in Fig. 1a. In
addition, the C 1s signal can be fitted by further enlarging the
FWHM of the components (1.75 eV), thus suggesting a certain
chemical heterogeneity of the carbon species which constitute
the organic chains, due to the formation of the C-OH and
-COOH functionalities. The XPS spectra related to the O 1s
region are reported in Fig. 4. In the case of the original ULTEM®
film (Fig. 4a), according to the molecular structure of the poly-
etherimide, the O 1s XPS region shows a signal consisting of two
components which are due, respectively, to the oxygen species
of the imide (532.2 eV) and to the ether (533.7 eV) functional-
ities,** both with a FWHM of 1.5 eV.

untreated 8h 48h
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Fig.4 XPS spectrainthe O 1s region related to (a), (d) untreated, (b), (e)
8 h-and (c), (f), 48 h-ULTEM® films, respectively before (top panel) and
after (bottom panel) the ZnO ALD deposition.
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After the 8 hours of photo-exposure treatment, an enlarge-
ment of the bandwidths of both the components (1.7 vs. 1.5 eV)
and an increase of the intensity of the band at ~533.7 eV is
observed in the spectrum (Fig. 4b) which can be associated to
the presence of carboxylic functionalities.”® The O 1s region of
the long-time treated polymer (48 h, Fig. 4c), shows similarities
with that of the 8 h-treated sample, evidencing the same FWHM
(1.7 eV) and similar ratio between the two components. Such
spectroscopic findings suggest scarce differences between the
typologies of oxygen present on the surface of the 8 h- and 48 h-
treated samples.

The modification of the C 1s and O 1s spectral features, after
the ZnO deposition by the ALD process, are shown in the
bottom panels of Fig. 3 and 4, respectively. As expected, no
differences emerge by comparing the C 1s spectra of the original
ULTEM® film before and after the ZnO deposition (see Fig. 3a
and d) since the negligible amount of ZnO present on the
surface (see the Zn atomic percentage in Table 1 and the Zn 2p
region in Fig. E2 in ESIY).

In the C 1s spectrum related to the 8 h-treated sample
(Fig. 3e), the increase of the component at 285.0 eV with respect
to the other two bands positioned slightly shifted at 287.0 eV
and ~289.1 eV, is observed, in comparison with the unpro-
cessed sample (Fig. 3b). This finding can originate from the
decrease of the carboxylic and alcoholic functionalities due to
the formation of the C-O-Zn groups at the surface.”® In addi-
tion, the occurrence of a very small band at 283.6 eV is found in
the spectrum after the deposition.

Differently, in the case of the 48 h-treated sample, after the
ZnO deposition, no significant changes are observed in the
intensity ratio between the component at 285.0 and the other
two at bands, which result also in this case at 287.0 eV and
~289.1 eV (Fig. 3f). In addition, the presence of the band at
283.6 eV, becomes more visible. The position of the band at
such low value of binding energy suggests the presence of the
C-Zn bond, as discussed by Gregorczyk and co-workers.*® The
authors attributed such contribution to the presence of partially
reacted DEZ species. The differences emerging from the
comparison of the C 1s spectra, suggest different scenarios in
the untreated, 8 h and 48 h-treated samples. Further informa-
tion is gained from the analysis of the O 1s spectral features.

For what concerns the original sample, after the ALD depo-
sition, the O 1s spectrum shows the presence of a very low
intense band located at ~530.6 eV, compatible with the pres-
ence of the oxygen bonded to metal (Fig. 4d).>* The low intensity
of the band is compatible with the amount of zinc revealed by
XPS which is just below the 0.2% (see Table 1, Fig. E2 in the
ESIt). Indeed, the presence of a small number of ZnO nano-
columns on the surface of the original ULTEM® is observed
in the AFM image (see Fig. 2c). The formation of such nano-
structures can be ascribed to the negligible amount of reactive
functionalities on the ULTEM® surface, likely due to macro-
molecules having phthalic anhydrides as terminal group that
can hydrolyze upon the effect of water during the ALD process.

For what concerns the 8 h-treated sample after the ALD
deposition (Fig. 4e), the O 1s XPS spectrum reveals the presence
of an intense contribution at 530.6 eV, as a clear indication of

RSC Adv., 2018, 8, 521-530 | 525
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the presence of ZnO at the surface. In addition, as can be seen
from the figure, the contribution at higher binding energy
(-COOH/-OH) is reduced as a consequence of the surface reac-
tion between ZnO and the carboxylic groups. In the spectrum of
the 48 h-treated sample, the spectral contribution at 530.6 eV,
associated to the Zn-O bond, is still present, but its relative
intensity with respect to the other components is decreased in
comparison with the case of 8 h-treated sample. Although, the
O 1s XPS signals related to the 8 h and 48 h-treated
unprocessed samples appear similar (see Fig. 4b and c), after
the ZnO deposition, notable differences emerge, mostly related
to the weight of the Zn-O component in the O 1s spectrum
(see Fig. 4e and f).

The quantitative data in Table 1 further unveil dissimilarities
between the 8 h and 48 h-samples before and after the ALD
process. It is to be noticed, in fact, that, after the ZnO deposi-
tion, the oxygen percentage found in the spectrum of the 8 h-
treated sample almost doubles, where just a small increment
is seen in the 48 h-treated case. Correspondingly, the percent-
ages of the elements characterizing the polymeric substrate (C
1s and N 1s) significantly decrease in the 8 h-treated sample
likely due to the growth of an overlayer of ZnO on the polymer
surface. Different is the case of the 48 h-treated sample where,
the variation of the elemental percentage before and after the
deposition process is less relevant, thus suggesting that the zinc
is englobed into the organic bulk.****** This can affect the
surface morphology of the hybrid samples, as revealed by AFM.

By summarizing, XPS analyses indicated that the chemically
inert untreated polymer remains practically unaltered under the
ALD operative conditions used, whilst the anchoring of the ALD
precursor occurs selectively on the photo-oxidized samples
thanks to the presence of reactive organic functionalities, such
as -OH and COOH. Nevertheless, the present results clearly
indicate the formation of the inorganic phase, not only due to
the occurrence of the ALD surface reactions. Concurrently,
other events, especially in the case of the 48 h treated sample,
can take place. Phenomena of gas penetration and diffusion
between the polymer chains of the degraded 48 h-treated
sample occur, followed by subsurface reactions. This could
explain the differences in the qualitative and quantitative XPS
data shown in the work (see XPS spectra and table), between the
slight surface-modified and the deeply modified ULTEM® films
and, also, the differences observed in the surface morphological
parameters (Fig. 2). In the first case (8 h) an inorganic nano-
structured overlayer is formed on the surface, whilst in the
second case (48 h), a hybrid intermixing of Zn-O and polymer is
formed. In this respect, the band at 283.6 eV observed in the
XPS C 1s region, suggests the presence of the C-Zn-bond, as an
indication of partially reacted Zn-precursor present in the
material. As can be seen, such contribution is negligible in the
spectrum of the 8 h-treated sample (Fig. 3e) in comparison with
that of the 48 h-treated sample (Fig. 3f). The altered structural
properties of the polymer as a consequent of the long photo-
oxidation process (density, flexibility, oligomers with short
length), can facilitate the gas permeability and diffusion within
the macromolecules, thus favoring the occurrence of uncom-
pleted sub-reactions.
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This idea is further confirmed by mass analyses. MALDI
spectra of the ULTEM® film, as received and after photo-
oxidation, have been previously reported.**** Here, for brevity
of discussion, we present only the expanded portions of the
MALDI spectra in the range of mass (m/z) 1336-1640, related to
the 8 h-oxidized ULTEM® film before (Fig. 5a) and after the ZnO
deposition (Fig. 5b). The sequel reports also the spectrum of the
48 h-sample after the ALD process (Fig. 5¢).

As visible in Fig. 5a, the MALDI spectrum of the 8 h oxidized
- sample (~100 pm-thick) shows the peaks due to both
the oligomers from the bulk (e.g. m/z 1355.94, m/z 1368.97,
m/z 1576.11) and from the oxidized topmost part of the polymer
(m/z 1384.95, m/z 1592.08 and m/z 1608.08).*>*>

From the comparison between this spectrum with those of
the 8 h- and 48 h-treated samples after the ALD process (Fig. 5b
and c), we notice the presence of an increased number of peaks
in the mass scale, which indicates the formation of new species.
In particular, the peak at m/z 1466.00, is reasonable assigned to
the structure containing the ethyl zinc-moiety bonded to
phthalic-acetate terminal group of the polymer (see the struc-
ture in Fig. 5). As can be seen, in line with the increment of the
C-Zn band at 283.6 eV observed by XPS, the relative abundance
of that peak in the mass spectrum of the 48 h-sample, is higher
if compared to that of the 8 h-sample, plausibly due to the
higher amount of suitable functionalities in the sample (FT-IR
results). Based on the presented results, the idea is that in the
case of 8 h-treated sample, the formation of the inorganic phase
is predominantly due to surface reactions between the oxidized
polymer at the topmost part of the film and the ALD precursors
(ALD-like regime). Then, the underneath portion of the polymer
acts as a barrier to the gas infiltration, according to the inert
response of the untreated sample under the used ALD condi-
tions. On the contrary, in the case of 48 h-treated sample, the

a) i
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Fig. 5 MALDI mass spectra in the m/z range 1336—-1640 registered in
reflectron and positive mode, of the commercial ULTEM® sample
photo-oxidized for 8 h (a) before and (b) after the ZnO deposition; (c)
48 h-treated sample after the ZnO deposition.
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polymer presented a significant decrement of molar masses*®
that increased the free volume between the photo-degraded
macromolecules.***” This would favor the infiltration and
diffusion of the ALD reactive gas and the occurrence of sub-
reactions with the accessible reactive functionalities. This
mechanism has something similar to the growth of the inor-
ganic structure embedded in the reactive polymer by infiltration
(VPL-like regime).** This could also explain the different
morphological parameters found by AFM analyses in the poly-
meric platforms after the ZnO deposition (Fig. 2), with both the
values of RMS and peak-to-peak higher in the cases of 3 h and 8
h-treated samples, with respect to the 24 h and 48 h-cases.

Photocatalysis tests

Tests of Methylene Blue (MB) photodegradation was performed
with the aim of investigating the efficiency in terms of photo-
catalytic activity of the ZnO layers, deposited by ALD on the
different typologies of polymeric substrates. The measurements
have been carried out under UV light by including in the tests
the unprocessed ULTEM® substrates, as blankets.

According to the Langmuir-Hinshelwood model, we evalu-
ated the photocatalytic reaction rate, &, given by the following
equation: In(C/C,) = —kt, where C is the concentration of the
MB, C, the starting concentration of the MB, and ¢ the time.*®

The values of the reaction rate k reported in the ordinate axis
are normalized to the k value found in the absence of any
catalyst materials (k/kvp). Fig. 6 reports the photocatalytic
results after four hours of irradiation for all the investigated
samples. As can be seen, the MB, the ULTEM® substrate and
the untreated ULTEM® plus the ZnO deposition do not show
any photo-catalytic activities, as expected.

The best photo-activity response is displayed in the case of
ZnO deposited on the 8 h-treated polymer. In this case, in fact,
a nanostructured ZnO layer has been seen to grow over the
surface of the polymer. On the other hand, a significant drop of
the photocatalytic efficiency is registered in the cases of long-
time treated samples. This is reasonably due to the presence

MB substrates untreated 3h+ZnO
+Zn0

8h+ZnO 24h+ZnO 48h+ZnO

Fig. 6 Photocatalytic rate of MB photodegradation, normalized to the
value obtained in absence of photocatalysts (k/kwg), for the different
typologies of ULTEM® samples (in the abscise axis) under UV
irradiation.
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of ineffective ZnO phase infiltrated into the polymer matrix or
the possible release of low masses compounds from the
degraded polymer, which might be competitive to MB during
the photo-degradation processes.

In Fig. 7 is reported a sequel of diagnostic parameters as
a function of the exposure time (a-d) and compared to the
related photo-catalytic activity (e). As suitably displayed, photo-
catalytic performance shows a non-linear trend with the contact
angle measures and the COOH XPS amount (a, b), reaching the
maximum in correspondence of 8 h, where the highest amount
of ZnO nanostructures is accomplished (c, d).

Experimental
Preparation of the substrates

Poly(2,2'-bis(3,4-dicarboxyphenoxy)phenylpropane)-2-phenyl-
endiimide ULTEM® 1000, herein simply called “ULTEM®”, was
purchased from Sigma-Aldrich Chemical Co (Italy). ULTEM®
films with a uniform thickness of ~100 um were obtained by
casting 10 mL of a 2% solution of the polymer in CHCI; in
a Petri dish with 5.0 cm of diameter. After the evaporation of the
solvent overnight at room temperature, the removal of the
residual molecules of solvent was completed by treating the
films at 60 °C for 4 hours in vacuum at 0.5 mBarr.
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Photo-oxidative degradation of ULTEM®

The photo-oxidation of the ULTEM® films was performed on
the 100 pm-thick ULTEM® films in a QUV PANEL apparatus at
60 °C under continued UV exposure at 340 nm (UVA 340 lamps)
for different times: 3, 8, 24 and 48 hours.

ZnO deposition by ALD

ZnO films were deposited on the ULTEM® films by ALD tech-
nique by using a Picosun R-200 Advanced reactor. During the
deposition, the temperature of the chamber was fixed at 80 °C,
preceded by a one-hour long thermal stabilization. Diethyl zinc
(DEZ, purity 100%) and de-ionized water were used as precur-
sors (provided by air liquid), while N, was used as carrier and
purge gas (purity = 99.999%). The pulse and purge times were
kept constant at 0.1/3/0.1/5 s for DEZ/N,/H,0/N,, which corre-
sponds to one ALD cycle. The entire ALD deposition described
in the article consists of 304 cycles. The nominal thickness of
the ZnO layers obtained on silicon slices was evaluated by
ellipsometric analyses by using an M-2000 instrument provided
by J.A. Woollam Co., Inc., by applying a Cauchy model in the
400-1700 nm range, giving a nominal thickness of ZnO of
~15 nm. Due to the sensitivity limitations, the crystallinity of
the deposited ZnO has been checked on a film obtained by
doubling the ALD cycles, by means of X-ray diffraction (XRD)
analyses, which reveals the peaks characteristic of the wurtzite
crystalline structure, typical of polycrystalline ZnO.

Contact angle

Wettability measurements have been carried out by using
a DATAPHYSICS-OCA 15 PRO apparatus and water as liquid.
Direct measurements of the contact angles were performed on
four different areas of the same sample.

FTIR-attenuated total reflectance (FTIR-ATR)

FTIR-ATR spectra were recorded on JASCO FTIR 430 equipped
with a Harrick GATR germanium single reflection accessory,
collecting the spectra with 100 scans at 4 cm™ " resolution. The
original and photo-exposed films of ULTEM® were analyzed by
pressing the polymer on the top of the Harrick GATR germanium
crystal. Both the front and the back sides of the 100 um-thick
films were analyzed. Just the FTIR-ATR spectra obtained from
the front side of the sample, subjected to the UV-irradiation,
shows differences with respect to the untreated ULTEM® film.

Atomic force microscopy (AFM)

AFM analyses were performed using a Bruker-Innova micro-
scope operating in high-amplitude mode and ultra-sharpened
Si tips were used MSNL-10 from Bruker Instruments, with
anisotropic geometry, radius of curvature ~2 nm, tip height
~2.5 um, front angle ~15°, back angle ~25°, side angle 22.5°.
The Si tips were substituted as soon as a resolution loose was
observed during the AFM images acquisition. The AFM images
were analyzed by using the SPMLABANALYSES V7.00 software.
In order to give representative parameters, statistics on the AFM
images were carried out over different areas of the same sample.
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Transmission electron microscopy (TEM)

JEOL ARM200F aberration-corrected transmission electron
microscope, operated at 200 keV in Conventional Bright Field
TEM (BF-CTEM) mode, was used for the morphological char-
acterization of the interface between the insulating substrate,
made by ULTEM, and the deposited ZnO. To minimize the
charging effect induced by the electron beam at the interface,
such as, electron drift, and epilayer delamination, a very low
beam dose of 30 e~ per A? was applied to illuminate the sample.
As for as the specimens preparation, a slice of ULTEM coated be
the ZnO, was embedded in a liquid epoxy resin then sectioned
by ultramicrotomy technique (with a Leica Ultracut UCT), col-
lecting sections of 50-70 nm in thickness, than transferred on
a copper mesh TEM grids.

Matrix assisted laser desorption ionization-time of flight
(MALDI-TOF)

Applied Biosystems 4800 MALDI TOF/TOFTM Analyzer (Fra-
mingham, MA, USA) mass spectrometer was used in this study
to acquire MALDI spectra. The TOF/TOF instrument is equip-
ped with a Nd:YAG laser (355 nm wavelength) of <500 ps pulse
and 200 Hz repetition rate. MALDI-TOF/TOF-MS spectra were
recorded in reflector positive ion mode. The resolution of
MALDI spectra reported in the text is about 10 000 FWHM. The
laser irradiance was maintained slightly above threshold. 2-(4-
hydroxyphenylazo)benzoic acid (0.1 M in THF/CHCI; solution)
was used as matrix. Appropriate volumes of polymer solution
(5 mg mL " in CHCl;) and matrix solution were mixed to obtain
2:1,1:1, and 1: 2 ratios (sample/matrix v/v). Another set of
analysis was performed by adding 1 mL of sodium tri-
fluoroacetate (0.1 M in THF) to the analyte/HABA matrix
mixtures. 1 pL of each sample/matrix mixture was spotted on
the MALDI sample holder and slowly dried to allow matrix
crystallization. At least three separate portions were analyzed at
each photo-exposure time. The structural identification of
MALDI peaks was mainly based on empirical formulas.
However, isotopic resolution helps considerably in the peak-
assignment process. Some plausible structures were also
derived from and supported by previous studies**

X-ray photoelectron spectroscopy

XPS measurements were performed by a PHI ESCA/SAM 5600
Multi technique spectrometer with the use of a Mg standard X-
ray source. The pressure in the chamber was ~10~° Torr. The
analyses were carried out at 45° photoelectron takeoff angle
relative to the sample surface with an acceptance angle of +3°.
The analyzer pass energy was set at 23.5 eV for the high-
resolution of all the spectra in the regions of C 1s, N 1s, O 1s,
and Zn 2p. The binding energy (BE) scale was calibrated by
centering the C 1s signal of the aliphatic/aromatic component
at 285.0 eV.

Photo-degradation measurements

The photocatalytic activity of the ZnO/polymers composites was
evaluated by the degradation of Methylen Blue (MB) in water
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under UV irradiation. Before the MB photo-degradation tests, the
samples were irradiated by an UV lamp for 60 min in order to
remove the hydrocarbons from the sample surface. The samples
(1 em x 1 cm in size), were thereafter immersed in a 2 mL of
aMB 1.5 x 10~° M solution. In order to achieve the physisorption
equilibrium, the MB aqueous solution was left in dark for
120 min. After such preconditioning step, the samples were
irradiated under UV (368 nm, power of ~8 W, irradiance of
~2 mW cm ™ 2). The sample containers were covered with quartz
slices with the aim of preventing the evaporation of the solvent
during the experiments. Measurements of absorbance were per-
formed by using a Lambda 45 spectrophotometer provided by
Perkin-Elmer. The variation of the MB concentration as a func-
tion of the irradiation time was evaluated by applying the
Lambert-Beer law to the absorbance value at 1 = 664 nm. A
reference, consisting of 2 mL MB solution without any photo-
catalyst materials immersed was measured. The tests were
repeated three times on the set of samples.

Conclusions

In this paper, we discuss on the synthesis of hybrid systems
consisting of ZnO nanostructures directly grown on poly-
etherimide (ULTEM®) by ALD. The polymers have been prop-
erly surface-modified by photo-oxidation so to trigger the
formation of ALD reactive sites for the covalent anchoring of the
ALD species. Surface reactions between the vapor precursors
and the reactive functionalities of the polymer are demon-
strated, with the formation of chemical bonds at the organic-
inorganic interface. By combining spectroscopy and mass
analyses, we show that two different regimes of growth occur in
the assembly of the inorganic phase during the deposition
process, depending on time of the photo-oxidative process
applied on the polymer. In particular, a nano-structured layer of
ZnO is seated on the ULTEM surface when short-time pre-
oxidative treatments are performed (ALD-like reactions). On
the other hand, phenomena of gas diffusion result facilitated in
the long-irradiated polyetherimide because of the decrease of
molar masses of the polymer thus leading to sub-surface
grafting of the metal-precursor and sub-surface reactions for
the building of the ZnO phase englobed in the polymeric matrix
(VPL-like regime). In conclusion, the extent of the polymer
photo-exposure affects the macromolecule structure and tunes
the density and accessibility of the functional groups, deter-
mining the arrangement of the organic/inorganic assembly in
the final hybrid nano-composite. As a result, variability in the
material properties is predictable, as in the case herein shown
of photo-catalytic performance. We retain that our approach,
based on tunable surface modification of the organic material,
can be easily extended to other polymers and metal oxides, thus
opening new vistas on the formulation of novel polymer/
inorganic materials.
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