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Vitamins as Active Agents for Highly Emissive and Stable
Nanostructured Halide Perovskite Inks and 3D Composites

Fabricated by Additive Manufacturing

lleana Recalde, Andrés. F. Gualdrdn-Reyes,* Carlos Echeverria-Arrondo,
Alexis Villanueva-Antoli, Jorge Simancas, Jhonatan Rodriguez-Pereira, Marcileia Zanatta,

Ivdn Mora-Serd,* and Victor Sans*

The use of non-toxic and low-cost vitamins like a~tocopherol (a+TCP, vitamin
E) to improve the photophysical properties and stability of perovskite
nanocrystals (PNCs), through post-synthetic ligand surface passivation, is
demonstrated for the first time. Especially interesting is its effect on CsPbl;
the most unstable inorganic PNC. Adding a~TCP produces that the photo-
luminescence quantum yield (PLQY) of freshly prepared and aged PNCs
achieves values of =98% and 100%, respectively. After storing 2 months
under ambient air and 60% relative humidity, PLQY is maintained at 85% and
67%, respectively. o-TCP restores the PL features of aged CsPbl; PNCs, and
mediates the radiative recombination channels by reducing surface defects.
In addition, the combination of a-TCP and PNCs facilitates the chemical
formulation to prepare PNCs-acrylic polymer composites processable by addi-
tive manufacturing. This enables the development of complex shaped parts
with improved luminescent features and long-term stability for 4 months,
which is not possible for non-modified PNCs. A PLQY =92% is reached in
the 3D printed polymer/PNC composite, the highest value obtained for a
red-emitting composite solid until now as far as it is known. The passivation
shell provided by o-TCP makes that PNCs inks do not suffer any degradation
process avoiding the contact with the environment and preserve their proper-
ties after reacting with polar monomers during composite polymerization.

1. Introduction

After less than one decade of the first
synthesis reports,[?l perovskite nanocrys-
tals (PNCs) continue being the most
attractive luminescent materials, due to
their intrinsic properties.?l A photolu-
minescence quantum yield (PLQY) up to
1009, narrow full width and half max-
imum photoluminescence (PL),"! high
tolerance-to-defect ~ structure,®  dynamic
surface chemistry,®! facile preparation by
diverse synthetic protocols and composi-
tion/size engineering to modulate the
bandgap,®%1 are the most outstanding
characteristics that have been studied
in optoelectronics and photovoltaics.
More interestingly, the nanoconfinement
regime that PNCs present enables the sta-
bilization of photoactive crystalline phases
under ambient air.2¥ Thus, PNCs have
gained preference over the bulk perov-
skites, where non-photoactive crystalline
Sphase is more prone to be formed.'>M
This is the case of iodide-based PNCs
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(I-PNCs) such as CsPbl; and FAPbI; (FA; formamidinium),
which depict an optical bandgap =1.7 and 1.4 eV, respectively,
when the black o-phase is obtained,!™™ but beyond 2.3 eV for
S-phase.

[-PNCs allow on one hand the emission of pure red and NIR
light, and on the other hand the development of light absorbers
with the optimum band gap for photovoltaic applications.!!®!
The maximum theoretical photoconversion efficiency (PCE)
has been calculated to be 32.3%, for the case of bulk FAPbI; 2
close to the theoretical Shockley—Queisser limit. Even though
the PCE of I-PNCs is still far from this value, a fast increment
up to 18.1% with a long-term stability!”] has been reached in a
couple of years. Strategies such as the washing of PNCs with
low-polarity antisolvents and the fabrication of PNCs films
by layer-by-layer deposition have been suitable strategies to
remove some fraction of long-chain capping ligands acting as
isolators and to decrease the density of structural defects, thus
improving the performance of devices.[31

The nanoconfinement regime can extend the black phase
stability of iodide-perovskites. However, aged samples exhibit a
decrease in PLQY. The aging process gives time to some cap-
ping ligands such as oleic acid (OA) and oleylamine (OLA) to
detach from the PNCs surface.’ This results in the forma-
tion of surface defects, mainly halide deficiencies, which dete-
riorates the PLQY.*?!l Mostly, the loss of ammonium species
such as oleylammonium iodide (OLAm-I) is the main reason to
generate halide vacancies (undercoordinated Pb atoms), which
causes the tilting of the octahedra in the PNCs lattice, favoring
a fast orto-d phase transformation, and the emergence of a
high density of non-radiative carrier traps.*2122 At this point,
the modification of synthetic procedures, ligand engineering,
metal-doping, and matrix-encapsulation have been studied
as potential alternatives to prepare high-quality I-PNCs with
extended stability.>®?!l Mainly, the addition of a high content
of OA/OLA from the conventional protocol mediates the forma-
tion of enough OLAm-I species, dissolve the halide precursor
and support the PNCs stabilization.[

On the other hand, the partial replacement of Pb?* by a small
fraction of Bi** or Sr?* cations,*23 or the use of capping ligands
with stronger binding ability, such as trioctylphosphine (TOP)
or sulfur-oleylamine, can reduce the density of halide defects
in the as-prepared material.>?!l In the case of TOP, a 100%
PLQY can be achieved, with a stability =1 month. Interestingly,
this ligand has also added to aged CsPbBr;,I, PNCs colloidal
solutions to recover their PL properties.l?’! Nevertheless, phos-
phines and most of the recent capping ligands used for PNCs
stabilization have inherent toxicity, hindering their potential
industrial applications.

Even if the structural integrity of PNCs is favored by ligand
engineering, their combination with certain solvents to pre-
pare formulations suitable to create complex structures is very
challenging. This is the goal of the additive manufacturing,
commonly known as 3D printing, which makes use of tai-
lored inks for the generation of macroscopic complex devices
typically in a layer-by-layer fashion.? In particular, the use
of monomeric based formulations, typically acrylate based, is
used in stereolithography and digital light processing, to gen-
erate highly detailed designs by controlled photopolymerization
within a polymerization bath, known as vat. The development
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of advanced formulations able to stabilize active molecular and
nanostructured materials, enables the transfer of their proper-
ties, including tailored electrochemical properties,”?” photo-28!
and thermochromism?! into solid materials and thin layers.!*"!
This feature is well employed in attractive applications such as
quantum dot organic light-emitting diode displays,*! for the
patterning of micro/macro structures and ink-lithography,*2
where the ink is deposited on both rigid and flexible substrates
to fabricate a new generation of thin-film transistors, circuits,
opening the door to 3D optoelectronics. Nevertheless, the use
of polar solvents for ink preparation such as dimethyl sulfoxide,
ybutyrolactone, N-methyl-2-pyrrolidone among others that typ-
ically dissolve lead halide precursors,?**4 can lead to the dete-
rioration of the PLQY of PNCs, especially in the case of I-PNCs
that are more prone to o-to-d phase transformation. Thus, a
versatile methodology to stabilize red-emitting PNCs free from
etching solvents for the ink’s formulation and keep their PL
properties after printing process has not been widely exploited.

In this work, we demonstrate for the first time, as far as we
know, the use of non-toxic and low-cost vitamins as a very effec-
tive strategy to improve the intrinsic features of as-synthesized
PNCs in general and in particular of the most demanding
[-PNCs and also able to recover the lost properties of aged
PNCs. To this end we employed o-tocopherol (o-TCP), the most
biologically active form of the vitamin E, which is commonly
used as an antioxidant.*®! Ligand passivation of the CsPbI;
PNCs with o~TCP enabled to: 1) provide an efficient passivation
to reach a PLQY close to 100%; 2) rmaintain a high PLQY for
several at least months under ambient air conditions; 3) recover
the PLQY from an aged I-PNCs in a 28%; 4) stabilize I-PNC
in polymeric films especially formulated for 3D printing and
5) develop highly emissive inks for 3D printing. We were able
to reach a PLQY =92% in the 3D printed composite polymer/
PNC, which was maintained for 4 months, being this value the
highest one obtained for a red-emitting composite polymer/
PNCs solid as far as we know.

2. Results and Discussion

Initially, to establish how o+TCP impacts on the intrinsic prop-
erties and stability of PNCs, different molar concentrations of
this vitamin were added to two different kind of CsPbI; PNCs
samples: i) as-prepared PNCs (P1) and ii) the same material
aged for 1 month (P2), hereafter named X-T@P1 and X-T@P2,
respectively, where X is the molar concentration of o-TCP.
Figure 1a,a’,b,b’ shows the representative transmission electron
microscopy (TEM) images of P1 in absence of o+TCP (0-T@P1)
and 0.15-T@P1 sample at 0 day and after 60 days aging, respec-
tively. Both as-prepared materials exhibit a nanocube mor-
phology, with an average particle size =11.7 and 10.1 nm,
respectively, see Figure S1 (Supporting Information). Through
Selected area diffraction (SAED) patterns, we show that the
presence of o-TCP does not promote any phase transformation,
observing the characteristic interplanar spacings of the CsPbl;
cubic phase (ICSD 161 481),13%1 see Figure S2 (Supporting Infor-
mation). Nevertheless, for the 0-T@P1 sample after 60 days
aging, a nanowire type morphology is observed, showing
characteristic interplanar spacings of the orthorhombic phase
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Figure 1. Typical TEM images of a,a’) O-T@P1 and b,b’) 0.15-T@P1 at a,b) day 0 and a’b’) after 60 d. c) PL spectra of the PNCs samples at different
time of aging at ambient conditions, with and without o+TCP. d) XRD patterns of 0-T@P1 and X-T@P1 at day 0 and after 60 d by adding different

concentrations of o-TCP.

(ICSD 27 979),1" different from the cubic phase of 0.15-T@
P1 under the same aging time. The presence of CsPbl; nano-
wires in the absence of o+TCP is typical from the o+to-d phase
transformation induced by lattice distortion, deteriorating the
photoactive crystalline of the perovskite.?®! Through the mor-
phological and optical characterization seen in Figure S3 (Sup-
porting Information), it is observed that the partial o+to-d phase
transition starts to occur after 20 days under ambient condi-
tions, inducing the progressive quenching of the optical proper-
ties in pristine PNCs. Hence, the inclusion of o+TCP efficiently
stabilizes the photoactive cubic phase of PNCs over the time.
Figure 1c exhibits the PL spectra of 0-T@P1 and 0.15-T@P1
exposed to the ambient air up to 60 days. Here, the PL inten-
sity of 0.15-T@P1 is higher than that of PNCs in absence of the
vitamin and this signal is kept after long time. Meanwhile, the
PL feature of 0-T@P1 is totally quenched. This feature indicates
that radiative carrier recombination is favored, suggesting that
some surface defects produced by the removal of the above-
mentioned ligands can interact with o+TCP, thus enhancing
the photophysical features and stability of the PNCs.[213940]
Figure 1d shows the typical XRD patterns of X-T@P1 at
0 day and 60 days of exposure to the ambient air. After 60 days
all the materials with o~TCP, regardless of the concentration,
show two main peaks associated to the (100) and (200) planes of
cubic phase,¥! similar to the as-prepared 0-T@P1 and 0.15-T@
P1 samples. Meanwhile, the PNCs sample without o-TCP has
transformed into the orthorhombic phase, indicating that oTCP
inhibits the fast o+to-6 phase transformation. Furthermore, the
XRD peaks are displaced to higher Bragg angles in the presence
of &+TCP, ascribed to a lattice contraction.*!] At this stage, we
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can conclude that the delay of the crystalline phase transition is
caused by the hindering of the octahedra tilting from the perov-
skite structure mediated by the o-TCP coverage.

The influence of o-TCP on the surface properties, chemical
environment and composition of CsPbl; PNCs was investi-
gated with X-ray photoelectron spectroscopy (XPS). For this
purpose, XPS measurements were conducted to 0-T@P1 and
0.15-T@P1 samples under different aging times (at 0 and
60 days). By obtaining the survey spectra of the materials, we
identified the presence of C, N, O, Cs, Pb, and I, see Figure S4
(Supporting Information). The corresponding chemical compo-
sition is shown in Table S1 (Supporting Information). Figure 2a
exhibits the typical high-resolution (HR) XPS Cs 3d spectra of
0-T@P1 and 0.15-T@P1 samples, where a doublet =724/738 eV
is depicted. These signals are representative of the Cs 3ds, and
Cs 3d3, core levels from Cs* species contained into the CsPbl;
structure.*?l Additionally, Cs 3d doublets were displaced to
higher binding energies (BEs) after o-TCP addition. This fact
suggests a compensation of halide deficiency by oxygen coming
from o+TCP. Then, 0-T@P1 and 0.15-T@P1 samples with dif-
ferent aging time show Cs* deficiency, leading to an alteration
of PNCs surface stoichiometry.2*#3 The generation of this kind
of defects could explain why 0-T@P1 is prone to suffer the o-to-
0 phase transformation in a couple of days, losing their optical
properties. Interestingly, the fact that 0.15-T@P1 still presents
the characteristic red emission after 2 months indicates that
oTCP improves the stability to the environment after ligand
passivation process.

Figure 2b shows the HR-XPS I 3d spectra of 0-T@P1 and
0.15-T@P1 materials. It is observed the presence of the typical
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Figure 2. HR-XPS a) Cs 3d, b) | 3d, c) Pb 4f spectra, and d) calculated total oxygen-to-halide and total oxygen-to-lead ratios for O-T@P1 (P1) and

X-T@P1 (X =0.15 m) samples under different aging time (0 and 60 d).

spin-orbit splitting T 3ds/, and T 3d;/, peaks at =618.3/630 eV,
corresponding to the iodide species into [Pblg] octahedra
composing the PNCs.[**] Similar to Cs 3d doublet, a displace-
ment to higher BEs was also observed for I 3d peaks in pres-
ence of o-TCP. Since oxygen exhibits a higher electronegativity
than iodine, oxygen from o+TCP can fill halide vacancies in
PNCs, forming new O—Pb—I bonds. Then, iodide content of
0.15-T@P1 after 2 months of aging is slowly decreased than
that of 0-T@P1 under the same time. This fact allows to deduce
that o+TCP hinders the detachment of iodide species from the
PNCs, which is pivotal to enhance their stability.

Figure 2c depicts the HR-XPS Pb 4f spectra of 0-T@P1 and
0.15-T@P1 samples. It is evidenced the characteristic Pb 4f;,
and Pb 4f5), core levels attained ~138/143 eV,**! respectively,
showing a shift toward higher BEs, consequence of the incor-
poration of a more electronegative species into the PNCs.
Attending to the chemical composition summarized at Table S1
(Supporting Information), 0-T@P1 at 0 day shows an initial
oxygen content accompanied with the absence of undercoor-
dinated Pb. This is associated to the use of methyl acetate as
antisolvent during the washing process of the PNCs, which
passivates halide defects through COO~ anions.'® Accord-
ingly, all the PNCs samples should present the same initial
oxygen density, referred as oxygen-to-total iodine and oxygen-
to-total lead ratios (Ojota1/I+Oioral) and (Ororal/ Pb+Oy01a1), TESPEC-
tively, see Figure 2d. However, the addition of o+TCP makes
that this initial point increase, being higher for 0.15-T@P1 at
0 day. Then, even both the (Oy1/I+Oora) and Oyopa/ Pb+O;01a1)

Adv. Funct. Mater. 2022, 2210802 2210802 (4 of1'|)

ratios of 0.15-T@P1 presents a variation after 60 days of aging,
reaching similar values to a degraded 0-T@P1 under the same
aging time, the change of both ratios before and after 60 days
(described as A(Oygta1/I+Oyorat) and A(Oyora/ Pb+Oyora1)), Table S1,
Supporting Information) for 0.15-T@P1 are lower than for
0-T@P1. This trend allows to confirm that all the chemical
environment of the PNCs is modified by oxygen incorporation
from o~TCP, concluding that this ligand is linked to the PNCs
surface during post-synthetic treatment. As it will be shown
below, phenolate anion from o-TCP is the component where
this vitamin is linked to the perovskite surface.

Considering that the long-chain capping ligands are detached
from the PNCs during the aging process,!'2* the addition of
a potential ligand to provide a suitable ligand passivation to
as-prepared PNCs and restore the intrinsic properties of aged
ones, is pivotal to generate samples with higher quality and pro-
longed stability. With this hypothesis, the influence of o+TCP
on the photophysical properties of CsPbl; PNCs was studied
by adding different content of this vitamin to as-prepared and
aged samples. Then, we measured their corresponding PLQY
at room temperature under aerobic conditions and relative
humidity =60%. As seen in Figure 3a,b, the PLQY of X-T@P1
and X-T@P2 samples reach the highest value =98 and 100%,
respectively, after 6 d in presence of o+TCP. These values were
obtained by increasing this vitamin content up to 0.15 M in
both cases. Then, the PLQY decreased after adding an excess of
this organic. Considering that 0-T@P1 sample show an initial
PLQY of ca. 91%, it can be deduced that the presence of o-TCP

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. PLQY values as a function of aged days for a) X-T@P1 and b) X-T@P2 colloidal solutions in absence and presence of different concentration
of ~TCP. c) Behavior of radiative (k,) (red dots), non-radiative recombination (k,,) (black dots) decay constants, and their corresponding d) ky,k, ratio.

does not only restrain the o+to-d phase transformation in the
material, but also maximizes the radiative recombination as the
main pathway governing the carrier relaxation. This effect has
been previously observed by using alternative organic ligands
such as didodecyldimethylammonium bromide (DDAB),*!
bidentate,*®l zwitterionic ligands,*”) which are filling or sup-
pressing defects from the PNCs surface. Nevertheless, no pre-
vious have been reported the use of these molecules to restore
the intrinsic properties of aged CsPbl; PNCs in a post-synthetic
treatment.

Accordingly, this fact suggests that o+TCP, a vitamin that
can be isolated from natural sources such as fruits, vegetables,
seeds, etc., is not only able to promote the passivation of sur-
face defects in as-prepared PNCs by creating a coverage on the
material surface, but also to restore the PLQY of aged samples,
compensating structural defects and reducing the non-radiative
recombination. The ligand passivation effect of o+TCP is more
evident by detailing the PLQY of the X-T@P2 samples, which
was enhanced with respect to 0-T@P2 material, with an initial
low value =48%. This fact allows us to infer once more that o-
TCP mediates the restoration of PNCs surface. Nevertheless,
the excess of the vitamin could also alter the stoichiometry of
the perovskite, affecting their own structure and photophys-
ical properties. Consequently, 0.15-T@P1 and 0.15-T@P2 pre-
sents the optimum o+TCP concentration, see Figure 3a,b and
Figure S5 (Supporting Information). For this o~TCP concen-
tration a reduction in PLQY, after 2 months, respect the initial

Adv. Funct. Mater. 2022, 2210802 2210802 (5 of"|1)

one of just =8% and 23%, respectively, see Figure 3a,b and
Figure S5 (Supporting Information), while samples without
oTCP shows a 100% decrease in a short period. These results
are in good agreement with the XRD patterns obtained for the
PNCs in absence and presence of o~TCP for this period of time,
where the stabilization of black phase in PNCs modified with
the vitamin was established.

On the other hand, we analysed the mechanism of recom-
bination dynamics of X-T@P1 and X-T@P2 in presence of
o-TCP before and after 60 days under air ambient, through
time-resolved PL (TRPL) measurements. We collected their cor-
responding average electron lifetimes, 7,,,.*¥! observing longer
T,g, When o-TCP is added, indicating that the carrier recombi-
nation is delayed, see Figure S7 and Table S2 (Supporting Infor-
mation). Then, we calculated the radiative and non-radiative
recombination decay rate constants, k, and k,, respectively, see
Table S2 (Supporting Information). k, is decreased by the pres-
ence of o+TCP, see Figure 3c. We propose that this behavior is
caused by the filling of iodide vacancies through oxygen bonds
from the vitamin. In this way, oxygen species support the passi-
vation of non-radiative recombination trap states formed by the
emergence of halide defect sites, improving the optical perfor-
mance of the PNCs. At this point, it is reported that the oxygen
passivation introduces new atomic orbitals, which are asso-
ciated to shallow empty O 2p states near to the valence band
maximum.*->1 This can explain the delay in the carrier recom-
bination. Interestingly, compared with an aged 0-T@P2 sample
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at 0 day of the stability measurements, highest k,,, the addi-
tion of the vitamin to this type of material improves its radia-
tive channel. The latter is corroborated by obtaining a lower k,,
and ky,/k, ratio, see Figure 3c,d respectively, in 0.15-T@P2 at
the same aging time, which is close to the lowest k,, shown
for 0.15-T@P1. This indicates that o+TCP decreases the den-
sity of non-radiative carrier traps through oxygen passivation.
This result is in good agreement with the increase of both
(Osotat/T+Oxota1) and Oyypa1/Pb+Oyyry) ratios after o-TCP addition,
estimated by XPS, confirming the compensation of halide defi-
ciency by oxygen introduction. Accordingly, it can be concluded
that the passivation of the PNCs surface by o+TCP treatment
is carried out via oxygen bound, being able to fix the highly
defective structure of fresh and aged PNCs, hindering the o-to-
0 phase transformation, and restoring their intrinsic features.

With the aim to propose a mechanism of surface ligand pas-
sivation mediated by o+TCP, we conducted theoretical calcula-
tions through density functional theory (DFT) based on a mix
of plane waves and Gaussian functions.? We have investigated
the ability of o+TCP to passivate the CsPbl; PNCs surface, com-
pared with conventional oleic acid, by calculating their BEs
to the crystal surface in presence of a iodide vacancy. For the
o-TCP molecule pictured in Figure S8a (Supporting Informa-
tion), we have considered two binding situations: in the first
case, the ligand is attached to a surface Pb cation by the ending
oxygen atom from the phenolic ring, case I, which releases its
hydrogen atom and occupies the position of a iodide vacancy;
in the second case, the ligand approaches a surface Pb cation
by the oxygen atom coming from the epoxy site, case II. For
the oleic acid structure we consider that the oxygen atoms link
to the same surface Pb cation through carboxylate anions after
releasing their hydrogen atom. Additionally, for every mol-
ecule and binding situation, we have computed two systems
composed of a nanocrystal (3.1 nm size) with a iodide vacancy
plus ligand: in the first one the molecule is placed in the perov-
skite surface, see Figure S8b (Supporting Information); in the
second one, the ligand is far apart from the perovskite surface,
see Figure S8c (Supporting Information).

Based on the total energies of the above two systems,
Econace and  E,q conwe Tespectively, we have estimated the
BEs as E, = Euo_contact — Econtacr- FOT the oleic acid molecule,
see Figure 4a, Ej, = 2.91 eV. Then, o+TCP ligand in the binding
case I showed an E; = 1.96 eV and a covalent bond is created,
see Figure 4b. However, for the o+TCP ligand in the binding
case II, E, is negative, and the passivation process is thermody-
namically unfavorable, see Figure 4c. The fact that E, from oleic
acid molecule linked to PNCs surface is higher than o+TCP
in case I is expected from its aliphatic nature, associated to a
lesser steric hindrance on the PNCs surface compared with the
vitamin. Nevertheless, the calculated BEs suggest, on one hand,
that CsPbl; PNCs can be covered with both organic ligands,
and on the other hand, the passivation process does not neces-
sarily involve the exchange of oleic acid by the vitamin. This
is deduced because the oleic acid is more strongly coupled
to the crystal than oTCP, and therefore, the complete ligand
exchange would be thermodynamically unfavorable. Then, by
calculating the corresponding chemical contribution of PNCs
in absence and presence of o+TCP linked to the perovskite in
case I, see Figure 4d,e respectively, we observed that the O 2p
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states are the new intraband gap energy levels emerged in the
nanocrystals. These states are at 0.73 eV from the valence band
(VB) maximum, corroborating that oxygen is introduced in
halide positions.

Nuclear magnetic resonance spectroscopy (NMR) experi-
ments were performed to corroborate the theoretical insights.
The changes in the chemical environment of PNCs after the
introduction of o+TCP were studied (details of the resonance
assignation are addressed in supporting information). As
exhibited in Figure 4f, 'TH NMR spectra were acquired. The
molecular structures of the capping ligands involved in the pas-
sivation process are shown in Figure 4g, together with the label-
ling of the protons involved in the spin-spin coupling. Mainly,
the peak at = 4.16 ppm assigned to H-bonded to the O from
the phenolic ring in o+ TCP (1”)1°3] disappears in the 0.15-T@P1
sample while keeping unchanged the characteristic 'H NMR
signals of OA/OLA observed in the PNCs in the absence of the
vitamin."">¥l Then, it is noted a broad signal at § = 3.32 ppm.
The absence of the O-H signal indicates the deprotonation of
phenolic OH from o-TCP, inducing the formation of the phe-
nolate species. On the other hand, since other 'H NMR reso-
nances of o+TCP (mostly those related to 27, 3”, and 4”(CHs)
5”(CH,)) present the same multiplicity and chemical shift
values, we claim that oxygen from the epoxy ring does not
mediate in the ligand passivation of PNCs, in good agreement
with theoretical calculations. Therefore we can conclude that
o-TCP is linked to the defective CsPbI; PNCs surface by oxygen
coming from the phenolic ring, which explains the enhance-
ment of the PL properties and stability of the nanocrystals. Con-
cerning to epoxy ring, this is the active site to favor the reaction
with acrylate monomers, which is the key factor to enhance the
PL properties of 3D polymer composites, as we will describe
below.

Once the ability of o~TCP to stabilize PNCs was established,
it was studied the possibility of rapidly transferring the mate-
rials to solid composites with capability to be 3D printed into
geometrically complex phases and thin film layers. To this end,
0.15-T@P1 nanocrystals in solution were used to prepare poly-
meric acrylic composites. Interestingly, the addition of o~TCP
to the acrylic monomers such as butylacrylate (BA) and isob-
ornyl acrylate (IBA) species allowed the plasticization of the
final polymeric matrix,”” as evidenced by changes in the glass
transition temperature (Tg) see Figure S9 (Supporting Informa-
tion). The printability of the vitamin-modified CsPbl; PNCs
inks employing masked stereolithography apparatus technology
has been demonstrated, generating a red-emitting CsPbl;-
polymer composite material with enhanced PLQY compared to
the control experiments without o-TCP, see Figure S10 (Sup-
porting Information) and Table 1. Consistently with the studies
in solution, the presence of o~TCP increases the PLQY of PNCs
embedded in the polymeric matrices from 36% (no vitamin)
to 59%, see Figure S10 (Supporting Information). More inter-
estingly is the enormous increase in stability of the o+TCP-
modified composite. While the composite with PNCs without
vitamin lose practically all the PLQY after 20 d of fabrication,
see Figure 5a and Table 1, the composite with 0.15-T@P1 PNCs
increases its PLQY reaching a remarkable =92% after 4 months,
see Figure 5b and Table 1. This value is the highest one obtained
for a red-emitting composite solid as far as we know.
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Figure 4. Representation of the organic ligands linked to PNC surface: a) oleic acid through carboxylate species, b) o~TCP molecule through oxygen
from phenolic ring (binding case 1), ¢) o~TCP molecule through oxygen from epoxy ring (binding case I1). Chemical contribution from Pb (green), | (red),
and Cs (blue) and oxygen (black) atomic species to the calculated molecular orbitals in PNCs showing spin-up (positive) and spin-down (negative)
energy levels d) in absence and e) presence of o~TCP in binding case I. In the atomic representation a,b,c): gray, purple, and green dots refer to Pb,
I, and Cs atoms, respectively. f) 'H NMR spectra (CDCls, 400 MHz, 25 °C) of CsPbl; PNCs with (dark red) and without o+ TCP (purple). Characteristic
NMR resonances of capping ligand samples, OA/OLA mixture (black) and o~TCP (yellow), were also obtained for comparative purposes. g) Molecular

structure of o~TCP and capping ligands stabilizing the PNCs.

The fabrication of a 3D acrylic composite with enhanced
PLQY can be explained through DFT calculations, see
Figure Sc. It is observed that filled O 2p energy states intro-
duced by o+TCP are displaced near to the conduction band,
while empty O 2p energy levels emerge, both in presence of
acrylate species. Theoretically, the epoxy group of o+TCP can
react with electron-rich species, e.g., negative formal charged
oxygen from acrylate species, under soft synthetic conditions
(30-60 °C, 20-90 min). Electron-rich species act as a nucleo-
phile, promoting an attack over the electrophile sp* carbon

Adv. Funct. Mater. 2022, 2210802 2210802 (7 of'I'I)

contained into the ring.® The product of the ring cleavage is
the formation of an alcoholate species. This hypothesis should
explain the increase of energy in the filled O 2p energy states,
associated to the destabilization of oTCP structure by opening
ring reaction or a strong interaction with the acrylate. Interest-
ingly, the formation of alcoholate species shows a high affinity
to surface Cs* from PNCs, (seen in computational calcula-
tions) transferring electrons to this metal. This suggests that
O 2p orbitals are depopulated by electrons, generating empty
energy levels. In this context, more electrons coming from the
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Table 1. Comparison PL parameters over time for O-T@P1 and 0.15-T@
P1 acrylic composites in the absence and presence of o+TCP. PLQY
values were obtained in 0-1 range.

Samples Quantum Yield PL peak [nm]
0-T@P1

1day 0.36 684.4

20 days 0.03 676.2
0.15-T@P1

1day 0.59 687.7
120 days 0.92 695.5

Cs-O interaction can be accumulated into PNCs, facilitating the
electron transition to empty energy levels at lower energy. This
could explain the nearly double value of PLQY of the 3DP solid
containing o-TCP compared to the composite without ~TCP.
To strengthen the conception about the epoxy ring cleavage
hypothesis, 'H-NMR spectra for PNCs combined with both BA,
IBA, see Figure S1la,b (Supporting Information) respectively,
and the mixture of these acrylic monomers were also acquired,
See Figure 5d (resonance assignation is shown in supporting
information). Considering that PNCs are embedded into an
acrylate matrix, it is expected to evidence the characteristic

NMR signals of each monomer, mainly those from protons
bonded to C=C, and multiplets coming from protons in butyl
and isobornyl substituents in BA and IBA,” respectively. Nev-
ertheless, changes in main signals coming from o-TCP were
also observed. Singlets corresponding to methyl components
bonded to the phenolic ring (3”,4”) (6 = 2.11 ppm) become a
doublet, with a upfield shift to § = 2.05 and 2.03 ppm, respec-
tively. This fact indicates that the chemical environment of both
the substituents has been modified, coupling of two kinds of
protons. Then, the triplet from CH, in position 5 also move
upfield from &= 2.60 to 2.53 ppm. In this context, the results
suggest that the epoxy ring can be opened under the conditions
assayed by effect of BA and IBA.

Then, by studying the monomer mixture without and with o=
TCP, see Figure 5d, the signals referred as CH; doublet (3”,4”)
and triplet from CH, (5°) are also detailed in the corresponding
NMR features. This fact allows to infer that the epoxy ring
cleavage is conducted under the co-existence of both acrylate
species. Interestingly, the multiplicity of some of the signals
coming from CHj (3”,4”) changes in presence of the PNCs see
BA/IBA-0.15-T@P1 in Figure 5d. This is a strong indication
that the chemical environment of the o~TCP is widely altered
by the influence of the PNCs, which could be ascribed to the
interaction between the nanocrystal surface, the metal cations

a) b) c)
— 12 — _ 1.2 ——————————————
£ 0-T@pP1, £ 015-T@P1,
3 1.0 0 d, 3D composite 5 1.0 120d, 3D composite &1
8 4 8 v, < Filled O 2
0.8 > 0.8] . < 05 p
=) 0-T@P1, k=) S
2 0-6120 d, 3D composite E 061 2 0 M,J!
d 4 i =
> 04 2 04 ors7ert £ 0s 1606V )
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Figure 5. PL features of a) as-prepared O-T@P1 and b) 0.15-T@P1 3D acrylic composites by exposed to the ambient air at different times: day 0 (black
line), 20 and 120 d for the composites in absence and presence of &-TCP, respectively (magenta line). c) Chemical contribution from Pb (green), I (red),
and Cs (blue) and oxygen (black) atomic species to the calculated molecular orbitals in in a 0.15-T@P1-acrylate composite, showing spin-up (positive)
and spin-down (negative) energy levels. d) 'H NMR spectra (CDCI3, 400 MHz, 25 °C) of ~TCP (yellow) BA/IBA (black), BA/IBA-o~TCP (purple) and
BA/IBA-0.15-T@P1 (pink) systems. g) Photograph of as-prepared o-TCP@CsPbX; PNCs-acrylic 3D composite by varying the halide composition under
UV light. f) PL spectra of the luminescent composites in absence (short dot) and presence (solid line) of o+TCP.
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or the iodide species, and both monomers, being these specific
to the experimental conditions employed. Indeed, a systematic
!H NMR study with different proportions between the I1BA
monomer and o~TCP reinforced the hypothesis of o+TCP struc-
tural modification in presence of acrylates, see Figure S12 (Sup-
porting Information). Additional NMR analysis (*C, HSQC
and HMBC) can be found in the supporting information, see
Figures S13-S15 (Supporting Information). It is suggested that
PNCs serve as a catalyst to induce the reaction between BA,
IBA, and o-TCP, which does not occur when the photomate-
rial is separately combined with BA or IBA. These facts point
to a three-side synergistic effect between PNCs, o-TCP and BA
or IBA able to boost PLQY and long-term stability of PNCs/
polymer composites.

Ultimately, the PL wavelength of luminescent 3D composites
can be modulated throughout the visible spectra as a function
of the halide nature into the CsPbX; PNCs (X = Cl, Br, I, and
halide combinations). Following the route to obtain red-emitting
o-TCP@CsPbl; PNCs, we have prepared o+TCP@CsPbCl;Br,
(nominal Cl:Br molar ratio = 1:1) and o+TCP@CsPbBr; PNCs,
observing the typical blue and green emission in the 3D printed
acrylic composite materials, see Figure Se, with a higher
PL intensity compared with those in absence of o+TCP, see
Figure 5f. This behavior was accompanied with a redshift in
the PL peak position. Considering that ionic radius of halides
increases as follows: CI'<Br™ <I”, we suggest that the incorpora-
tion of oxygen from o~TCP can enlarge the perovskite lattice with
smaller halide, causing the change in the PL feature. Accord-
ingly, we deduce that the passivation effect provided by o-TCP
is useful to prepare PNCs inks with a wide halide composition,
providing multicolour 3D polymeric solids. At this stage, it can
be concluded that o+TCP offers the preparation of high stable
and compatible to CsPbX; PNCs solutions for fabricating 3D
printing polymeric materials with good mechanical and photo-
physical properties, see Figure 5e, opening the door to alterna-
tives for obtaining diverse active layer for robust optoelectronics.

3. Conclusion

A natural and non-toxic active agent, based on tocopherol, has
been employed in post-synthetic treatments of PNCs to improve
their photophysical properties for the first time. The addition
of vitamin increases photoluminescent emission of blue, green
and red emitting PNCs. Among them, the red emitting CsPbI;
are the ones with more demanding requirements in terms of
stability due to the poor black perovskite phase stability. The
properties of o+TCP have been demonstrated on as-prepared
and on aged perovskites, effectively restoring the reduced pho-
tophysical properties due to the formation of surface defects.
We elucidated that o~TCP promotes an efficient surface passiva-
tion of defective CsPbl; PNCs, filling iodide vacancies through
oxygen incorporation coming from phenolic ring composing
the vitamin structure. Accordingly, non-radiative electron traps
are suppressed, facilitating the radiative channel for carrier
relaxation. This fact allows to achieve a PLQY up to 100% in
the PNCs, keeping stable the black phase for 2 months under
ambient air. Based on these characteristics, we were able to
prepare inks with o-TCP-PNCs and acrylate-based monomers

Adv. Funct. Mater. 2022, 2210802 2210802 (9 of"|1)

for the efficient 3D printing of polymer-PNC photoluminescent
composites. Photoluminescent 3D printed composites achieved
a 92% PLQY after 4 months, to the best of our knowledge,
the highest value obtained for a PNC red-emissive composite
until now. A potential reaction between o-TCP and acrylate
monomers during the composite fabrication promotes electron
transfer from the oxygenated species to the PNCs. This fact
generates empty O 2p states near to the conduction band, and
the accumulation of more electrons into the semiconductor. At
this point, electron transitions can be facilitated at lower energy,
favoring the radiative carrier recombination dynamics, reason
to unlock the enhanced PL features of the acrylate composite.
This approach has been extrapolated to other PNCs by varying
the halide composition, reaching the fabrication of multicolor
polymeric composites. According to the above results, we pro-
vide an attractive strategy to facilitate the manufacture of highly
photoluminescent devices through 3D printing, with diverse
and more complex geometries, and the preparation of stable
and compatible PNCs inks with improved PL properties for
inkjet printing applications.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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