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Abstract

2D perovskite’s quantum confinement and superlattices enhance electron and hole recombination which
maximizes the photoluminescence quantum efficiency for optical devices. The water stability of
perovskites, however, is remained unresolved. Perovskite water stability requires ligands that are
nonpolar and have strong intermolecular forces as nonpolar surface push water away from the perovskite
and their strong intermolecular force prevent water from permeating in between the ligands. Amino
functionalized aliphatic chain ligand serves as a robust candidate as long carbon chains are nonpolar,
cohesive, and has low electron affinity. Furthermore, the nonpolar active sites create paths to interact with
other nonpolar chemicals such as nitrogen bases of DNAs. Here, we demonstrate tin and lead based
organic-inorganic halide 2D perovskite’s — capped with eight carbon long aliphatic chains — optical and
structural properties. Self-assembly of tin-based perovskites showed near-unity photoluminescence
guantum yield but had poor stability in water or ambient condition due to hydrolysis whereas lead-based
perovskites showed less PL but were stable in water at high concentrations. With better stability, lead
OAPbl. perovskite’s optical characteristics before and after conjugating with Adenosine were further
studied. Hydrophobic interaction between the perovskite and the Adenosine was insufficient to alter the
bandgap, and no major light energy or intensity change has been detected to operate as a biological
sensor.
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Introduction

2D perovskites have a structure of A2BX4 layers where A are cations that have long aliphatic
chains, B are metals, and X are halides. They are known for their superb optical characteristic
with electron quantum confinement from quantum well structure followed by superlattices (Gao
et al., 2019)(Blancon et al., 2018). Quantum confinement allows charge carriers to interact
stronger due to Coulomb forces that enhance electrons and holes recombination (Ishihara et al.,
1989)(Papavassiliou, 1997). This phenomenon maximizes the photoluminescence quantum
efficiency (PLQY) and has stimulated the use of perovskites in optoelectronic applications
including photodetectors, light-emitting diodes (LED), and lasers (Wang et al., 2019)(Tan et al.,
2016)(Qin et al., 2020). As opposed to their optical advantages, however, water stability of

perovskites is remained unresolved.
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The chronic drawback of the halide perovskites is hydrolysis in water or ambient condition
with the presence of oxidizing source (Jana et al., 2019)(Yang et al., 2019). Numerous
experimental approaches have been conducted to prevent hydrolysis such as growing hydroxide
passivating outer layer (Jana & Kim, 2018) and encapsulating with polymers (Lee et al.,
2018)(Kim et al., 2019). But preventive layer around the perovskite does not resolve intrinsic
vulnerability of the perovskites. Gao et al. successfully designed water-stable hydrophobic
organic ligand capped perovskites without an additional outer layer (Gao et al., 2019). BTM, a
sophisticatedly engineered organic capping ligand, self-interacts strongly with intermolecular -
7 interactions that minimize water permeation accompanied by cation dissolution. However, the
electrons from inorganic layer are quenched to organic BTM, thus red PL is emitted from the
BTM-lead iodide perovskite regardless of the formation of the perovskite whereas intrinsic green
PL should be detected for lead iodide perovskites.

Perovskite water stability requires two critical factors: nonpolar ligand and strong
intermolecular forces. Nonpolar ligand push water away from the perovskite and their strong
intermolecular force prevents water from permeating in between the ligands (Gao et al., 2019).
In this regard, the amino functionalized aliphatic chain serves as a robust candidate as long
carbon chains are nonpolar and cohesive (Koh et al., 2018). Besides, as opposed to the BTM
ligand, aliphatic chains have low electron affinity that preserves emission from the inorganic
layer. Furthermore, the nonpolar outer surface region function as active sites for other nonpolar
chemicals. Husale et al. indicated that the DNA’s inner structure nitrogen bases are nonpolar
(Husale et al., 2008), and the conjugation of nucleosides or other biochemicals to the optically
active perovskite is potential for aqueous biological devices.

In this work, we demonstrate multifaceted approaches for the synthesis of tin and lead-based
perovskites with octylamine ligand and diverse halide sources. The tin-based perovskites have
excellent photoluminescence quantum yield but unstable in water or ambient condition due to
hydrolysis whereas lead-based perovskites have less PLQY but are stable in water at high
concentrations. In essence, we demonstrate the conjugation process between the perovskite and
the nucleoside, and resultant optical discrepancy to further study whether it can operate as

biological devices.
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Materials and Methods
Materials

SnBr; (100%), SnCl, (98%), n-octylamine (OA) (=99%), HsPO2 (50% wt. in H20),
Hydrobromic acid (HBr) (48% wt. in H20), Hydroiodic acid (HI) (=47% wt. in H,O and <1.5%
H3PO) were purchased from Sigma-Aldrich. SnO (99.9%), PbBr. (=98%), PbCl> (99%), Pbl,
(99.9985%), Hydrochloric acid (HCI) (=37%) were purchased from Fisher-Scientific.
Materials Synthesis

Synthesis of 2D OA2SnBr4

The solution was carried out in the ambient condition. SnO (101.0 mg, 0.75 mmol) was
dissolved with HBr (2.5 mL) and H3PO- (15 mL) in round bottom flask (RBF), and the solution
was sonicated for 5 minutes to fully dissolve SnO particles. After the precursors were fully
dissolved, OA (0.475 mL) was injected under strong agitation with stirring and the solution was
heated to 80°C for 30 minutes. It was cooled to room temperature slowly in ambient air and was
put in an ice bath to further crystallize. If the ice is not prepared, liquid nitrogen is an alternative
cooling method. When the solution is slowly cooled in ice bath, white crystals were formed, but
when the solution was quickly cooled with liquid nitrogen, yellow crystals with partial oxidation
were formed. Defects for yellow crystals were reduced and they were dried in vacuum. The
perovskites had a strong yellow PL.

Synthesis of 2D OA2Snl4
The solution was carried out in the ambient condition. SnO (101.0 mg, 0.75 mmol) was
dissolved with HBr (2.5 mL) and HsPO. (15 mL) in RBF, and the solution was sonicated for 5
minutes to fully dissolve SnO particles. After the precursors were fully dissolved, OA (0.475
mL) was injected under strong agitation with stirring and the solution was heated to 80°C for 30
minutes. It was cooled to room temperature slowly in ambient air and was put in an ice bath to
further crystallize. When OA>SnBr4 perovskites were formed, HI was injected slowly under
strong stirring until the halide exchange occurred. The OA2Snl4 perovskites turned dark red and
had strong red-orange PL.

Synthesis of 2D OA2PbCls
The solution was carried out in the glove box. PbCl; (69.53 mg, 0.25 mmol) was dissolved with
HCI (5 mL) in RBF, and the solution was sonicated for 5 minutes to fully dissolve PbCl>

particles. After the precursors were fully dissolved, OA (0.165 mL) was injected under strong
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agitation with stirring and the solution was heated to 80°C for 30 minutes. It was cooled to room
temperature slowly in ambient air and was put in an ice bath to further crystallize.

Synthesis of 2D OA2PbBr4
The solution was carried out in the glove box. PbBr, (91.75 mg, 0.25 mmol) was dissolved with
HBr (5 mL) in RBF, and the solution was sonicated for 5 minutes to fully dissolve PbBr;
particles. After the precursors were fully dissolved, OA (0.165 mL) was injected under strong
agitation with stirring and the solution was heated to 80°C for 30 minutes. It was cooled to room
temperature slowly in ambient air and was put in an ice bath to further crystallize.

Synthesis of 2D OA2Pbl4
The solution was carried out in the glove box. Pblz (115.25 mg, 0.25 mmol) was dissolved with
HI (5 mL) in RBF, and the solution was sonicated for 5 minutes to fully dissolve Pbl. particles.
After the precursors were fully dissolved, OA (0.165 mL) was injected under strong agitation
with stirring and the solution was heated to 80°C for 30 minutes. It was cooled to room
temperature slowly in ambient air and was put in an ice bath to further crystallize.

Results and Discussion

OA:2SnX4 Perovskites

For OA2SnBr4 synthesis, the role of H:PO, was experimented with various concentrations
during the synthesis. For the reaction, as soon as SnBr» precursor was added into HBr, the
solution became murky yellow, but as HsPO, was added, the solution became clear, implying

that the hydrolysis of the tin precursor is reduced.
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Figure 1. (a) Absorption and emission for OA2SnBr4 and OA2Snl4 perovskites. (b) Photographs of
OA2SnBr4, OA2SnBrl, and OA2SnI4 perovskites from left to right respectively without UV light. (c)
OA2SnBr4, OA2SnBrl, and OA2SnI4 perovskites from left to right respectively with UV light. (d) X-Ray
Diffraction (XRD) pattern for OA2Snl4 (red) and OA2SnBr4 (yellow)

The optical characteristics of OA2SnBrs and OA2Snl4 perovskites were measured through

UV-Vis absorption and PL spectroscopy as shown in Figure 1 (a). For OA2SnBrs, major
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absorption widely ranged between 250 nm to 350 nm, and the PL spectrum was centered at 600
nm indicating that the bandgap of the perovskite is around 2.07 eV. For OA2Snls, the PL
spectrum was centered at 660 nm indicating that the bandgap of the perovskite is 1.88 eV. These
emissions are well depicted with the photographs of OA>SnX4 perovskites illustrated in Figure 1
(b). In order to observe the tunability of the OA2SnX4 perovskite, OA2SnBr/I and OA2Snl4
perovskites were synthesized through halide exchange. As the amount of iodide source dictated
the perovskite’s octahedra, PL shifted from yellow to dark orange. The wavelength trend for PL
is consistent with previous reports that the higher the order of the halide source, the longer the
wavelength of perovskite’s PL. Structure dependency for wavelength variation trend is not
dominant because they are also well-spotted for 3D perovskites, rather, the electron affinity of
halides that resist electrons to recombine to produce PL is the key shifting emission peaks.

The 2D crystal structure of OA2SnX4 perovskites was verified by XRD as shown in Figure 1
(d). The miller indices of 2D perovskite plane were calculated via de Broglie equation as shown
in Table 1. As the interval of 26 for OA2SnBr4 is about 4.5° (001) and (002) planes are expected
to be in the lower 6 value. Similarly, 5.5° spacing was observed and (001) peak would ideally be
at 5.5°. From the interlayer spacing calculation, iodide placed perovskite showed smaller
interlayer spacing based on Bragg’s law. This could be resulted from the larger size of the iodide
octahedron compared to bromine that creates more space for OA to intermesh closely.

Table 1. Miller indices calculation for (2) OA2SnBr4 and (b) OA2Snl4 with de Broglie equation

26 sin?(0) Sn/S1 Ratio Plane
(@) OA2SNBr4
45 0.0015 1 (001)
9.0 0.006 4.0 (002)
13.56 0.014 9.3 (003)
18.02 0.0245 16.2 (004)
22.44 0.0379 25.2 (005)
26.98 0.0544 36.2 (006)
(b) OA2SNl4
55 0.0023 1 (001)
11.2 0.0095 4.1 (002)
16.73 0.0212 9.2 (003)
22.26 0.0373 16.2 (004)
27.84 0.0579 25.2 (005)
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Moreover, the stability of OA>2SnBrs was experimented with various solvents: water, hexane,
HBr, DMF, and OA. With few drops of water, white OA2SnBr4 particles turned yellow and
instantaneously lost their PL regardless of the concentration. In hexane, the perovskite’s PL was
reduced and turned orange. After hexane was removed, the perovskite went back to its original
condition. In HBr, the perovskite did not disperse well, so sonication was used to disperse them.
When sonicated, the crystals turned white and had no PL. In DMF and OA, the perovskite
instantaneously dissolved, and the PL was gone and the particles were fully dissolved. Tin metal
spontaneously oxidizes from oxidation source, and this intrinsic instability is well depicted for
tin-based perovskites in various solvents except hexane.

OA:2PbX4 Perovskites
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Figure 2. (a) Photograph of OA2PbI4 in water after 1 year (b) Photograph of OA2PbI4 in ambient air after 1 year.
(c) XRD of OA2PDbI4. (d) PL emission of OA2PbCl4, OA2PbBr4, and OA2PbI4 from left to right respectively.

OA2PbX4 synthesis was carried out in the glove box as lead halide precursors are air
sensitive. However, once the perovskite synthesis is done, their stability in ambient air and water
is dramatically improved than tin-based OA capped perovskites. Figure 2 (a) and (b) illustrate
the PL for OA2Pbl4 perovskite in water and ambient air for more than 1 year with photographs.
However, for the instantaneous hydrolysis, the amount of OA2Pbl4 perovskite turned into Pbl
with a proportional amount of water. OA2Pbls’s time-resolved water stability and detail
characterization will be further explained under 3.7.

The crystal structure of OA2Pbls was verified by PXRD measurement presented in Figure 2
(b). The repetitive major XRD peaks intervals of 4.7° for 9.36°, 14.08°, 18.9°, 23.68°, 28.48°, and
33.5% peaks demonstrate that the perovskite has (00X) plane similar to OA2SnBrs which is in z-
direction confirming that the perovskite is 2D, separated by aliphatic chain capping ligands.
Commonly, when the electronegativity of halides is decreased, the PL is shifted to the right,
meaning that the wavelength gets longer, and the trend is well demonstrated in Figure 2(a). Both
OA>PbCl4 and OA2PbBr4 had white color without UV, and under UV, OA>PbCl4 had PL exciton
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peak at 400 nm at the lowest as expected and OA2PbBrs had PL at 420 nm. Interestingly, as
shown in Figure 2 (a) and (c) OA2Pbls had orange color without UV and had green PL under UV
which is analogous to 3D MAPbBr3 perovskite although the halide electronegativity increased.
Such phenomenon can be explained by quantum confinement that encourages exciton oscillation
strength for the 2D structure to the out-of-plane direction that results in increasing the bandgap
(Gao et al., 2019),(Deng et al., 2020),(Xing et al., 2017).

(OA)2Pbls Nucleoside conjugation
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Figure 3. (a) PL intensity of OA2Pbl4 perovskites without water addition, in water at t=0 hour, in
water at t=24 hours from top to bottom, respectively. (b) PL intensity of OA2Pbl4 perovskites in
adenosine dispersed water at t=0 hour, in pure water at t=0 hour, and without water addition from
top to bottom, respectively.

The stability of OA2Pbls perovskite was studied by comparing PL intensities in various
conditions that were measured at equivalent conditions such as exposure time, binning, and
wavelength intervals. Figure 3 (a) demonstrates OA2Pbls perovskite that was not in contact with
water, in water at time = 0, and in water at time = 24hr. Noticeably, the emission feature
illustrates that OA2Pbl4 has two peaks at 540 nm and 520 nm that are not detected from other 3D
perovskites. 2D perovskite’s planar structure generates distinct electromagnetic momentum (EM)
in different polarized directions, and photoluminescence spectra of polarized in perpendicular
and parallel directions were well studied by DeCrescent (DeCrescent et al., 2020). Both emission
peaks at 520 nm and 540 nm correspond to the polarized spectra in the perpendicular direction to
the 2D plane while the peak at 520 nm only corresponds to the parallel direction. This is
supported by the energy state of the emission in the perpendicular direction that photons are less
hindered to escape while 2D planar geometry inhibits and traps lights in oblique angles. Such
highly anisotropic-dependent electron polarization and directionality is a concern for 2D

materials as the light energy cannot be finely tuned.
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Compared to the trend in a dried condition, the emission at 520 nm is superior to 540 nm
when OA2PDbls was dispersed in water. This illustrates that the water diminishes light trapping
and amplifies the PL yield in a parallel direction to the planar. The overall PLQY intensity was
decreased in Figure 3 (a) when OA2Pbls perovskite was dispersed in water, but as only a few
amounts of the perovskite were presented, with the proportional amount of water, PL was
decreased from the decomposition of the perovskite. Figure 3 (b) illustrates the opposite trend
that the overall PL intensity was increased in addition to water. Such a trend is more reasonable
as the water addition increased the emission intensity at 520 nm. Additionally, DeCrescent
examined the PL based on polarization and directionality with a shorter aliphatic chain capping
ligand. In his research, 4-carbon chain amino-functionalized ligand was used, but the emission
features are identical to the 8-carbon chain ligand. Therefore, in 2D materials, crystal structure
dominates optical characteristics not the length of the ligand.

Moreover, in order to characterize the interaction between nonpolar aliphatic chain capping
ligand and the nucleoside, highly concentrated adenosine dispersed water was added to OA2Pbl4
perovskite. Although adenosine has its excitation close to 400 nm by absorbing UV source, no
significant intensity or PL shifting has occurred. Definite PL discrepancy is required when
conjugated with nucleosides to detect DNA breakage, but no notable change has been detected.
For better results, a nanoscale designed experiment may improve demonstrating the nucleoside-
aliphatic chain interaction, but it is conflicting with the stability of perovskites in a low
concentration condition and the reason for pioneering facile and convenient detection technique.

Conclusion
In summary, we have demonstrated plain aliphatic chain organic-inorganic tin and lead based
perovskites. Their 2D crystallinity was confirmed with x-ray diffraction measurement, PLQY
was measured with optical detector, and water stability was experimented by immersing
perovskites in ultra-pure water. Notably, OA2Pbls perovskite’s PL came from inorganic layer
and showed great water stability in water. However, 2D multiple emission feature is challenging
to finely tune the PL, water stability is diminished when substantially diluted with water, and no
significant PL intensity change or emission feature shifting was observed, therefore conflicting
with the purpose of engineering facile, convenient, and stable optical device. We foresee this
work will encourage to further interdisciplinary studies on 2D perovskites for biological

applications and develop all-around capable optical devices.
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