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Abstract
Formamidinium lead bromide (FAPbBr3) perovskites are a rapidly emerging class of 

materials that have the potential to revolutionize optoelectronic and photovoltaic 
industries. It is now recognized that FAPbBr3 photoelectronic properties are strongly 
influenced by the underlying perovskite structure, with static and dynamic disorder among 
the lattice sites playing prominent roles. We show how these structure-property 
interactions may be exploited to enhance the photoluminescent properties of FAPbBr3 by 
increasing the relative amount of FAPbBr3 that is exposed to the surface of a substrate 
material. For example, encapsulating FAPbBr3 inside the nanopores of a poly(ether ether 
ketone) (PEEK) membrane or coating it on a yttrium aluminum garnet (YAG) fiber increases 
photoluminescence stability by a factor of at least 16. FAPbBr3 in these different 
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configurations is then examined with isothermal, pressure-dependent infrared spectroscopy 
to better understand the origin of this enhancement. In its bulk form, FAPbBr3 undergoes 
two discernible pressure-induced phase transitions at approximately 0.7 and 1.8 GPa, 
leading to notable red shifts in NH2 stretching and bending band wavenumbers of the FA+ 
cations. However, confined and coated forms of FAPbBr3 experience reduced amounts of 
band shifting across these phase transition pressures. These differences point to some 
degree of structural stabilization (at least from the perspective of the FA+ cations) upon 
pressurization.

Introduction
Significant efforts have been made to develop optoelectronic devices by advancing our 

understanding of the interplay between photonics and electronics. To this end, organic-
inorganic hybrid lead halide perovskites have garnered attention for their potential use in 
photoelectric devices and all-optical photonic circuits.1–11 Hybrid perovskites deliver high 
band gaps with tunable ranges from ultraviolet to near infrared wavelengths, making these 
materials ideal candidates as light absorbers in solar cells or light-emitting diode and laser 
applications.12–14 Indeed, perovskite solar cells now have power conversion efficiencies that 
exceed 25% and are competitive with silicon-based counterparts.15,16 Despite these 
attractive qualities, questions surrounding the long-term stability of hybrid perovskites 
remains a key factor limiting widespread applications and device performance.

Hybrid lead halide perovskites have a general structure of APbX3, where the A site is 
occupied by either a methylammonium (MA) or formamidinium (FA) cation and X is a halide 
anion. The room temperature crystal structure belongs to the cubic Pm3m space group (No. 
221). However, anharmonic psuedorotations and distortions of the PbX6

2– octahedral units 
create dynamic and static distortions in the crystal that impacts the optoelectronic 
properties of the materials.17–22 The bulky nature of the FA molecule also mitigates long-
range translational registry across the A sites, leading to disorder among the FA ions that 
remains present even at low temperatures.

FAPbBr3 experiences two phase transformations upon cooling;23 these follow the 
general octahedral tilting paradigm given by Glazer.24,25 The Pm3m phase persists to ~275 K 
after which FAPbBr3 adopts a tetragonal P4/mbm (No. 127) phase. This is followed by a 
second phase transition at ~150 K to orthorhombic Pnma (No. 62). High pressure also 
induces phase changes in the perovskite structure.26,27 For instance, the ambient pressure 
Pm3m phase converts into a 2×2×2 cubic supercell belonging to the Im3 space group (No. 
204) at 0.53 GPa. This is followed by an orthorhombic distortion at 2.2 GPa, where FAPbBr3 
adopts a Pnma crystal structure. Higher pressure (>4 GPa) leads to amorphization of the 
compound. The structural changes found in the XRD experiments are confirmed with 
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pressure-dependent Raman spectroscopy, albeit with slightly different phase transition 
pressures.28

In spite of the high research interest centered on FAPbBr3, the majority of the 
studies have focused on elucidating structure-property maps for the pure material under 
ambient pressure conditions. Information about FAPbBr3 in different shape and 
confinement modalities is relatively scarce in spite of the tremendous opportunities these 
simple modifications offer for tuning FAPbBr3 properties. For example, the operational 
temperature of continuous-wave perovskite lasers is typically confined to cryogenic levels 
due to the short lifetime and thermal instability of metal halide perovskites.2 Our prior 
research has shown that coating perovskite onto a high-quality crystal fiber can enhance the 
thermal stability of metal halide perovskites.1 By controlling the shape, size, and crystallinity 
of these materials, one can effectively prevent perovskite degradation, achieving improved 
long-term stability.2–4 Similarly, emissions with a notable shift in frequency were noted 
when perovskites were placed inside the nanopore structure of anodic aluminum oxide 
(AAO) or porous silicon.29,30 Encapsulation led to enhanced stability through a quantum 
confinement effect, which adjusts the bandgap and ensures photoluminescent stability 
when a metal halide perovskite is confined at the nanoscale.

We aim to address this critical knowledge gap by examining FAPbBr3 when it is 
coated on yttrium aluminum garnet (YAG) fibers or confined inside a nanoporous matrix of 
poly(ether ether ketone) (PEEK). PEEK is a durable thermoplastic polymer with outstanding 
physicochemical and tribological characteristics,31 making it an excellent choice for chemical 
processing, electronics, and biomedical applications. For instance, creating high-quality 
porous PEEK with suitable pore size and porosity is essential for developing patient-specific 
PEEK bone implants in orthopedics.32 Electrochemical applications of PEEK are widespread, 
including battery separators,33–35 fuel cells,36 and high temperature capacitors.37 Despite the 
widespread use of porous PEEK in various industries, studies on metal halide perovskites 
confined in the pores of porous PEEK membranes are lacking.

The phase behavior of FAPbBr3 in coated and confined configurations is evaluated 
with pressure-dependent infrared spectroscopy, which is an excellent technique for probing 
solid-state phase transitions and confinement effects in a wide range of material types.27,38–

40 Isothermal pressurization increases the density of a compound and has the effect of 
reducing the average distance between molecular species. The net effect is an enhancement 
in intermolecular (or interionic) interactions, which become manifested as wavenumber 
shifts in the vibrational modes. In this way, high pressure spectroscopic experiments can 
accentuate and reveal subtle interaction motifs that are often missed in ambient pressure 
spectra. For example, confinement effects on ionic liquids (ILs) within nanopores of AAO 
experience structural reorganizations among the ionic species upon pressurization that are 
not mimicked by ambient conditions.40 The interactions between ions and pore surfaces 
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appear to play a significant role in altering the pressure-induced phase-transition behaviors 
of confined ionic compounds. Vibrational spectroscopic studies are particularly valuable for 
FAPbBr3 as structural disorder is an important feature of these materials. Infrared 
spectroscopic experiments can provide information about XRD-silent disordered domains 
and clarify how those regions respond to high pressure when FAPbBr3 is in coated and 
confined configurations.

Experimental Methods
Compound abbreviations, chemical suppliers, and product purities for the various 

ingredients used to prepare the formamidinium lead bromide (FAPbBr3) samples are 
summarized in Table 1. FAPbBr3 was synthesized through a similar method used in previous 
publications,1,41 where separate solutions of FABr and PbBr2 are mixed to create the 
FAPbBr3 pervoskite. This method allowed for the easy impregnation of FAPbBr3 in the pore 
structure of the PEEK polymer and dip coating of the YAG optical fibers. To this end, PbBr2 
(0.088 g) was dissolved in a 1:1 (v/v) DMF/DMSO solution (200 µL) and heated to 100°C to 
form a PbBr2 solution. The FABr solution (0.05 M) was prepared by dissolving FABr in 
isopropyl alcohol at 60°C. The chemical structure of the formamidinium cation is presented 
in Figure 1.

Table 1. Reagent list for the various compounds used in this study.
Compound (Abbreviation) Vendor Purity CAS Number
Formamidinium bromide (FABr) Sigma Aldrich 98% 146958-06-7
Lead(II) bromide Sigma Aldrich 99.999% 10031-22-8
Dimethylformamide (DMF) Thermo Fisher 99.8% 68-12-2
Dimethyl sulfoxide (DMSO) J.T. Baker 99.9% 67-68-5
Isopropyl alcohol J.T. Baker 99.5% 67-63-0

Figure 1. Chemical structures of the formamidinium cation (left) and PEEK (right). 

Poly(ether ether ketone) membranes (PEEK, structure provided in Figure 1) with a 
pore size of 5 nm and a thickness of 50 µm were procured from Redoxme AB, Sweden. The 
PEEK membrane was washed multiple times with isopropyl alcohol to remove any 
impurities, as confirmed by IR absorption analysis. Growth of the FAPbBr3 compound was 
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accomplished by immersing either the PEEK membrane or YAG optical fiber in the PbBr2 
solution for a minimum of 5 min. The surfaces were then cleaned to remove any PbBr₂ 
residue, and after drying, the samples were inserted into the FABr solution. This is followed 
by annealing at 80°C. For sake of communication, we refer to FAPbBr3 impregnated in the 
PEEK membrane or coated onto the YAG fiber as FAPbBr3@PEEK and FAPbBr3@YAG, 
respectively. Optical microscopy (Nikon LV100) and transmission electron microscopy (FEI 
Tecnai G2 F20) was used to image the FAPbBr3 layer on the YAG fiber. Elemental mapping of 
the FAPbBr3 surface layer was accomplished by energy dispersive X-ray spectroscopy. Prior 
to TEM imaging, the sample was coated with poly(methyl methacrylate) (PMMA) and 
platinum layers to make the sample electrically conductive and protect it from the ion 
beam. 

Photostability was assessed through luminescence intensity measurements. The 
excitation source was a continuous-wave laser with a wavelength of 405 nm and a power of 
1 µW. The laser beam was focused onto the sample through a 10× objective lens of a 
confocal microscope. A long-pass optical filter was used to remove Rayleigh scattered 
electromagnetic radiation at 405 nm, while the remaining emitted light 
(photoluminescence) was focus into an optical fiber. Two-dimensional scans of the sample 
surfaces provided information about the spatial distribution of the photoluminescent 
properties. This information was obtained with either a Newport UV enhanced silicon 
photodetector (818-UV/DB), a photomultiplier tube (PMT), or a spectrometer equipped 
with a CCD detector. Photoluminescent intensity was also measured across all emitted 
wavelengths to yield the total luminescent intensity. In this case, the single point exposure 
time was set to 0.128 ms. Spectroscopic scanning of the emitted radiation at a specific point 
used a 100 ms exposure time.

The FAPbBr3 samples were subjected to high pressure with a diamond anvil cell (DAC) 
equipped with two type-IIa diamonds. Calcium fluoride crystals were positioned in a 0.3-
mm-diameter hole of a 0.25-mm-thick Iconel gasket. In brief, this entailed compressing the 
CaF2 in the gasket to create an IR-transparent disc. A needle was then used to scratch out 
the CaF2 surface for solid FAPbBr3 powder deposition, followed by more CaF2. A second 
round of compression created a visibly opaque layer that was transparent to IR radiation 
and ready for high pressure experiments. The FAPbBr3@PEEK and FAPbBr3@YAG sample 
preparation steps were similar: small pieces of the samples were cut and positioned 
between CaF2 layers. The CaF2 serves two purposes. First, it functions as a pressure-
transmitting medium. Second, it reduces the amount of sample in the beam path, which is 
necessary to avoid saturation of the absorption bands in transmission spectroscopy. It is 
very difficult to observe spectroscopic changes when bands are over absorbed. Pressure 
calibration followed Wong's method.42,43 Infrared spectra were recorded using a Fourier-
transform spectrometer (Perkin-Elmer RXI) equipped with a beam condenser. Band center 
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uncertainties are less than 1 cm–1.
Vibrational mode calculations on the FA+ cation were performed with the Orca 

computational package (version 5.0.4).44–46 Integral calculations were performed with 
Shark47 and the Libint library48. The calculations were carried out with density functional 
theory (DFT), using Becke’s three-parameter hybrid exchange functional49 and the Lee–
Yang–Parr correlation functional50,51 (B3LYP). The def2-TZVPP triple-ζ basis set with two sets 
of polarization functions was used for all calculations.52 A self-consistent field (SCF) was 
established with Pulay’s direct inversion in iterative subspace (DIIS) technique.53,54 The 
energy error threshold for initiating DIIS was 0.2 Hartree, and the maximum size of the DIIS 
linear equations was five. DIIS error is 1 x 10–8 Hartree. Extreme convergence criteria 
(energy changes of less than 1.0 x 10–12 Hartree) were applied for SCF construction. 
Anharmonicity in the vibrational modes was modeled with second-order vibrational 
perturbation theory (VPT2).55 The anharmonic displacement was set to 0.050 with a Hessian 
cutoff of 1 x 10–12. Vibrational mode linear decomposition was accomplished with the 
vibAnalysis software package.56

RESULTS AND DISCUSSION
Ambient Pressure IR Spectroscopy

The response of FAPbBr3 to high pressure is evaluated from the intramolecular 
vibrations of the FA+ ion, which produce strong IR absorptions in the mid-IR region. 
Molecular entities in crystalline environments often exhibit vibrational mode splitting and 
changes in mode spectral activity due to the site group and unit cell group symmetries of 
the crystal. Under ambient pressure and temperature conditions, the FA+ ions occupy 
octahedral 1b Wyckoff sites of the Pm3m space group with considerable amounts of 
disorder among the FA+ cations. For these reasons, vibrational modes involving the 
FA+ cation are often described in terms of an “isolated” species instead of using the formally 
correct factor group analysis.20,57,58 Isolated FA+ ions belong to the C2v point group 
symmetry, and the normal modes of vibration for the ion may be classified according to the 
irreducible representations of this point group: Γ = 7A1 + 2A2 + 6B1 + 3B2. IR active modes 
have A1, B1, and B2 irreducible representations.

Ambient-pressure infrared spectra of FAPbBr3 in various configurations are presented 
in Figure 2. Two spectroscopic regions are examined to understand how FA+ responds to 
pressure. First, we examine a characteristic band at 1717 cm–1. Kucharska et al. assign this 
band to a mixture of atomic motions, including in-plane NH2 scissoring (δNH2, 50% potential 
energy distribution, PED), CN antisymmetric stretching (νasCN, 40% PED), and in-plane CH 
bending (δCH, 10% PED).5–7,57 Vibrational mode linear decomposition using our own 
B3LYP/def2- TZVPP calculations paint a similar picture. To simplify communication, we will 
simply refer to this band as the “δNH2/νasCN” mode. Figures 2b and 2c also display bands at 
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approximately 1597 and 1647 cm–1 that may be attributed to vibrations of the benzene ring 
and ketone groups of PEEK, respectively.59 Fortunately, these bands are well separated from 
the 1717 cm–1 band and do not interfere with our ability to monitor changes to the FA+ 
cations from this spectroscopic point of view. The 1717 cm–1 band remains at a similar 
wavenumber in Figures 2a-c, suggesting that IR measurements under ambient pressure lack 
sufficient sensitivity to distinguish local structural changes (as measured from the 
perspective of the δNH2/νasCN mode) that are induced by the presence of PEEK and YAG 
optical fiber.

Figure 2. Ambient-pressure infrared spectra of (a) pure FAPbBr3, (b) FAPbBr3@PEEK, (c) 
PEEK, (d) FAPbBr3@YAG fiber, and (e) YAG fiber.

The second spectroscopic region we explore (3500–2900 cm–1) contains NH and CH 
stretching bands of the cation. These features are also presented in Figure 2. Ambient-
pressure infrared spectra of pure FAPbBr3 has absorption bands at 3410, 3365, 3277, and 
3176 cm–1. The FA+ cation contains two primary amine groups on either side of the 
molecule; these moieties may each produce symmetric and antisymmetric NH stretching 
motions. Anharmonic vibrational mode calculations at the B3LYP/6-311G(2d,2p) level of 
theory predict four NH stretching modes, but the two highest energy modes have nearly 
equal wavenumbers and mainly consist of antisymmetric stretches of isolated NH2 groups, 
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νasNH2.57 These modes are assigned to the 3410 cm–1 band. The νasNH2 modes are followed 
by in-phase and out-of-phase symmetric stretching motions of the two NH2 groups (νs,ipNH2 
and νs,opNH2, respectively), which are assigned to the 3365 and 3277 cm–1 bands, 
respectively. The anharmonic calculations somewhat overestimate the N–H stretching 
wavenumbers. A small 0.964–0.984 scaling factor brings these values into agreement with 
the experimental data. The single CH stretching mode, νCH, is attributed to the 3176 cm–1 
band. The harmonic DFT calculations accurately reproduces this band (3202 cm–1) with a 
0.992 scaling factor, whereas the anharmonic calculation overestimates this band’s 
wavenumber by 3.0%.

These assignments are supported by our own relative intensity calculations for these 
modes (Table 2). As previously noted, the two νasNH2 modes have essentially the same 
calculated frequency. Summing the calculated intensities for these two modes gives a total 
intensity of 284 km mol–1, which is comparable to the calculated intensity of the νs,opNH2 
mode (300 km mol–1). Furthermore, the νs,ipNH2 mode at 3365 cm–1 has a calculated 
intensity of 44 km mol–1, and νCH has a very low calculated intensity (6.7 km mol–1). The 
progression of these mode intensities is in excellent agreement with the observed 
experimental relative intensities displayed in Figure 2 for these bands. 

Further support for assigning the 3176 cm–1 band to νCH is available from the 
spectroscopic literature on imidazolium-based ionic liquids. The FA+ ion is structurally similar 
to the N–C–N fragment of the imidazolium ring. In those systems, the hydrogen atom 
bonded to the bridging carbon atom between the two N atoms produces a characteristic IR 
band at approximately 3160 cm–1, which is quite close to the 3176 cm–1 band found here.60–

63

Table 2. Harmonic and anharmonic vibrational mode wavenumbers (cm–1) and intensities 
(km mol–1) for the FA+ ion calculated at the B3LYP/def2-TZVPP level of theory.

Vibrational Mode
Irreducible 

Representation νharm νahrm IR Intensity
1 A1 519 521 0.6
2 A2 547 541 0.0
3 A2 606 613 0.0
4 B2 630 641 423.4
5 B2 720 704 13.9
6 B1 1042 1021 0.5
7 B2 1085 1059 17.0
8 A1 1127 1114 3.5
9 B1 1386 1372 60.8

10 A1 1413 1378 8.5
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11 B1 1617 1565 7.9
12 A1 1693 1656 39.9
13 B1 1767 1722 423.0
14 A1 3202 3083 6.7
15 B1 3539 3399 300.4
16 A1 3553 3420 44.3
17 B1 3656 3484 99.1
18 A1 3657 3484 184.8

High Pressure IR Spectroscopy
Infrared spectra of FAPbBr3 are presented as a function of applied pressure in Figure 

3. The δNH2/νasCN band experiences minimal changes in absorption frequency and 
bandwidth between ambient pressure and 0.7 GPa. However, the band gains a low 
frequency shoulder when pressures exceed 1.1 GPa. Higher pressure causes a marked 
decrease in band center frequency and obvious broadening of the band. Changes in the 
δNH2/νasCN band are mirrored by a similar progression in the NH stretching modes, where 
the bands experience relatively mild changes up to 1.5 GPa followed by red shifting and 
broadening with higher amounts of compression. Under a pressure of 2.5 GPa, the νasNH2 
and νs,opNH2 modes shift from 3410 and 3277 cm–1 at ambient pressure to 3365 and 3228 
cm–1, respectively.

X-ray diffraction experiments reveal two phase transformations in FAPbBr3 across this 
pressure range.26,28 The first transition (cubic Pm3m → cubic Im3 at 0.53 GPa) produces 
minor spectroscopic changes in our infrared spectra, indicating the local environment about 
the FA+ cations is comparable in the two phases. However, the orthorhombic distortion 
inherent to the second phase transformation (Im3 → Pnma at 2.2 GPa) triggers an abrupt 
change in the spectroscopic signature of the cation. This is traced to the uniquely different 
cationic environments in this phase that are absent in the lower pressure forms of FAPbBr3. 
The reversibility of the FAPbBr3 structures, at least from the perspective of the FA+ cationic 
local structures, is confirmed by full recovery of the spectral features after pressure cycling 
back to ambient pressure.

All of the νNH2 bands experience some degree of red shifting with applied pressure. 
Moreover, the 1717 cm–1 band has a large amount of δNH2 character, which makes this 
band also sensitive to changes in the NH2 coordination environment. Red shifts in N–H 
stretching modes are commonly encountered in amine-based systems because of the 
propensity of the NH functional group to form hydrogen bonds. The strength of the 
hydrogen bond is coupled to the coordinative interaction strength between the hydrogen 
bond donor and acceptor species. Strong hydrogen bonds cause a lengthening of the N–H 
bond and a red shift in its mode frequency. In FAPbBr3, the FA+ cations occupy sites defined 
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by neighboring PbBr6 octahedra. Bromide ions may function as Lewis bases capable of 
coordinating the N–H groups. Our pressure-dependent IR data clearly show these weak N–
H···Br hydrogen bonds are strengthened when FAPbBr3 is placed under elevated pressures, 
and these changes are reversible up to 2.5 GPa.

 

Figure 3. IR spectra of pure FAPbBr3 at the pressure of (a) ambient, (b) 0.4, (c) 0.7, (d) 1.1, 
(e) 1.5, (f) 1.8, (g) 2.5 GPa, and (h) pressure cycling back to ambient. A relative intensity 
scale is provided in the upper left part of each panel.

Pressurization to 2.5 GPa and subsequent depressurization to ambient conditions 
improves the signal-to-noise ratio (cf. Figure 3a to 3h). We believe this is related to the 
experimental configuration of the diamond anvil cell used to measure the pressure-
dependent, transmission IR spectra. Samples are placed inside a 0.25-mm-diameter hole of 
an Inconel of gasket and then compressed between two diamonds. The small size of hole 
restricts the amount of the IR beam that may pass through the sample, leading to relatively 
low signal-to-noise ratios. Applied pressure causes an irreversible structural change to the 
gasket, and the diameter of the hole increases in size. This is because the gasket experiences 
plastic-like deformations and is unable to recover its initial shape. The net effect is a higher 
amount of the IR radiation is able to pass through sample, which increases the signal-to-

Page 10 of 22Physical Chemistry Chemical Physics



11

noise ratio. It is also possible that compression to 2.5 GPa thins the sample, which will 
enhance its overall transparency. This will further increase the sensitivity of the transmission 
IR spectroscopic experiment. We also note that IR sources are black-body radiators that are 
optimized to have the highest IR intensity emission at the center of the mid-IR region. Thus, 
bands in the 1550-1800 cm–1 naturally experience a greater flux of IR radiation than the 
2900-3500 cm–1.

Figure 4 showcases the infrared spectra of FAPbBr3 when it is encapsulated in a PEEK 
membrane (FAPbBr3@PEEK). The pressure ascends from ambient conditions to 2.5 GPa in 
the figure. New absorption bands from the PEEK membrane appear in the IR spectra and 
partially overlap the δNH2/νasCN band. In spite of this complication, the δNH2/νasCN band 
wavenumber is relatively insensitive to compression, and the band width does not appear to 
broaden above 1.8 GPa as it does for unconfined FAPbBr3. Additional insights may be 
gathered from the νNH2 bands (3500–2900 cm–1). Again, the PEEK membrane produces new 
absorption bands in the 3050–3150 cm–1 range, which are attributed to aromatic C–H 
stretching vibrations. These new bands are relatively well separated from the νNH2 features 
and do not impact our ability to track changes in the FA+ ions from the perspective of these 
modes. We do note, however, that these PEEK νCH bands experience large red shifts when 
the samples are placed under high pressure. This implies the PEEK membrane is affected by 
the pressurization process. In contrast, the νasNH2 band at approximately 3410 cm–1 exhibits 
gradual band wavenumber shifts as the pressure increases from ambient to 1.8 GPa, along 
with mild changes in band width. The νs,opNH2 band intensity also becomes diminished when 
the sample is pressurized to 2.5 GPa. 

Confinement is often associated with structural changes to the confined materials. 
This is because a confined substance experiences a relatively large interfacial region, and the 
coordinative interactions available with the pore wall are absent in the pure phases. 
Furthermore, the constricted space inside narrow pores can frustrate crystallization, which 
increases the quantities of amorphous domains. Finally, bulk-like regions in the centers of 
the nanopores may experience limitations in the diverging correlation length that serve to 
alter the critical pressure for phase change. Ambient pressure IR spectra of FAPbBr3@PEEK 
is comparable to that of FAPbBr3, implying that the ambient pressure FAPbBr3 structure is 
retained when it is embedded in PEEK. However, there are subtle differences in how the 
two samples respond to applied pressure. While both samples experience red shifts in the 
νNH2 bands above 1.5 GPa, the δNH2/νasCN band for FAPbBr3@PEEK does not appear to 
follow the same trajectory as FAPbBr3. One possible interpretation of this change is that 
FAPbBr3 experiences some degree of structural stabilization when it is encapsulated in PEEK 
nanopores. Even though the relative contributions from core (bulk-like) and surface (contact 
or close to surface) impacts on pressure induced phase transformations cannot be 
elucidated from dataset, it is clear that this confinement effect, prominently evident under 
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high pressures, is not discernible under ambient pressure conditions.

Figure 4. IR spectra of FAPbBr3@PEEK at the pressure of (a) ambient, (b) 0.4, (c) 0.7, (d) 1.1, 
(e) 1.5, (f) 1.8, (g) 2.5 GPa, and (h) pressure cycling back to ambient. A relative intensity 
scale is provided in the upper left part of each panel.

In a complimentary experiment, FAPbBr3 is coated onto a 50-μm-diameter yttrium 
aluminum garnet (YAG) fiber. The YAG fiber was initially grown from a pure YAG rod in 
<111> crystal orientation with a cross section of 50 mm x 50 mm by the laser-based drawing 
system.64 �Optical microscope images of the YAG fiber are provided in Figure 5. The fiber’s 
cross section reveals a hexagonally shaped facet with threefold symmetry, which is 
expected from a <111> cubic YAG crystal.1,65 Cross-sectional TEM images (Figure 6) reveal a 
200-300 nm thick layer of FAPbBr3 along the YAG fiber surface. This is reinforced by energy-
dispersive X-ray (EDX) mappings, which show good surface coverage for the FAPbBr3@YAG 
fiber.
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Figure 5. A cross-section optical microscope image of the YAG fiber. 

Figure 6. A cross-section optical microscope image of the FAPbBr3@YAG fiber. Scale bars are 
250 nm throughout the figure.

Figure 7 depicts the infrared spectra of FAPbBr3@YAG under varying pressures. The 
δNH2/νasCN band exhibits almost no pressure-induced changes in frequency for curves a-c 
(below 1 GPa), while a very subtle blue-shift and sharpening in bandwidth are evident for 
curves d-g (>1 GPa). Unfortunately, the N–H stretching bands have very low intensities 
when FAPbBr3 is coated on the YAG optical fiber, and the low signal to noise ratios preclude 
an analysis of FAPbBr3@YAG from the perspective of these vibrational modes. There are 
essentially no discernable differences in how the δNH2/νasCN band responds to pressure 
when the YAG fiber is substituted with a sapphire fiber (Figure 7). These experimental 
findings provide some evidence that coating FAPbBr3 on an optical fiber has a measurable 
impact on the structural stability of FAPbBr3 up to a pressure of 2.5 GPa, and this 
observation aligns with previous results showing a marked improvement in the 
photostability of FAPbBr3 when it is coated on the surface of an optical fiber.1 
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Figure 7. IR spectra of FAPbBr3@YAG (left) and FAPbBr3@sapphire at the pressure of (a) 
ambient, (b) 0.4, (c) 0.7, (d) 1.1, (e) 1.5, (f) 1.8, (g) 2.5 GPa, and (h) pressure cycling back to 
ambient. A relative intensity scale is provided in the upper left part of each panel.

The common feature of the PEEK and YAG experiments is that FAPbBr3 is placed in 
configurations that emphasize interfacial impacts. Therefore, it is interesting to compare the 
how pressurization affects the FA+ ions in two configurations and against the bulk form of 
FAPbBr3. We focus on the δNH2/νasCN band because it is discernable in all three samples. 
The band center wavenumber of δNH2/νasCN is plotted as a function of applied pressure in 
Figure 8. Pure FAPbBr3 exhibits a mild blue-shift upon compression in the range of ambient 
to 0.7 GPa. This is then followed by progressively larger red shifts when the sample is 
spectroscopically assessed at 1.1 GPa and higher pressures. The changes are consistent with 
the two known pressure-induced phase transitions for FAPbBr3.26,27 In particular, the 
spectroscopic data point to a subtle distortion in the FAPbBr3 lattice at ~0.7 GPa, which 
leads to mild band shifts. Higher pressures induce noticeable changes in the IR absorption 
band. This is most likely due to a larger structural distortion. In the case of FAPbBr3@PEEK, a 
red-shift of the δNH2/νasCN band is also observed at the pressure of 1.1 GPa. However, 
there is no significant red-shift as the pressure is increased to 2.5 GPa for FAPbBr3@PEEK. 
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Conversely, FAPbBr3@YAG gives only a slight blue-shift of the δNH2/νasCN across the entire 
pressure range. Thus, the spectroscopic transformation of FAPbBr3 is somewhat different in 
each of these contexts, and coating FAPbBr3 on the fiber surface appears to be a promising 
method for enhancing structural stability under high pressures. Based on the experimental 
results, the order of pressure-dependent structural modifications may be ranked as follows: 
pure FAPbBr3 < FAPbBr3@PEEK < FAPbBr3@YAG.

Figure 8. Pressure dependence of δNH2/νasCN band for pure FAPbBr3 (square), 
FAPbBr3@PEEK (circle), and FAPbBr3@YAG fiber (triangle).

Photoluminescence Studies on Confined and Coated FAPbBr3

Figure 9 illustrates the photoluminescent properties of pure FAPbBr3, FAPbBr3@PEEK, 
and FAPbBr3@YAG. All of the samples produce a single emission spectrum between 500 and 
600 nm with band maxima at 545 nm (FAPbBr3), 542 nm (FAPbBr3@YAG), and 533 nm 
(FAPbBr3@PEEK). The FAPbBr3 sample experiences a rapid 90% decrease in 
photoluminescence intensity within 1 min of laser excitation. However, FAPbBr3@PEEK 
maintains between 30% and 50% of its initial photoluminescence after 30 min of laser 
irradiation. The time-dependent photoluminescence of FAPbBr3@YAG fiber exhibits an 
initial slight decrease in intensity, which recovers to ~80% of the intensity approximately 25 
min after irradiation. Overall, the photoluminescence measurements suggest that the 
photo-stabilities of the samples follow the same order as the pressure dependent structural 
stabilizations discussed above.
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Figure 9. Photostability of pure FAPbBr3, FAPbBr3@PEEK, and FAPbBr3@YAG. The top row 
contains photoluminescence images of the samples. The middle row depicts spectroscopic 
maps of the emitted electromagnetic radiation. The bottom row shows the temporal 
evolution of the total emitted intensity.

The mechanism of perovskite photoluminescence has aroused immense attention 
because of breakthroughs in perovskite applications.66–69 Interfacial effects responsible for 
manipulating the photoluminescent properties are especially interesting. For example, 
Ivaniuk et al.66 deposited BaZrO3 pervoskite nanoparticles at the junction of two organic 
layers. Energy transfer between exciplexes across the organic layers and the BaZrO3 via a 
Förster mechanism resulted in an organic/inorganic hybrid LED. The photoluminescence of 
FAPbBr3 comes from exciton complexes and exciton-phonon coupling.67 After optical 
excitation, various relaxation processes occur to produce the emitted electromagnetic 
radiation. A Jablonski-type diagram, which includes the conduction band, valence band, free 
electrons, and bounded excitons, summarizes the photophysical phenomenon for 
FAPbBr3.68 Interestingly, the frequency of FAPbBr3 photoluminescence can be tuned across a 
wide range via size effects alone.69 Nanocrystalline FAPbBr3 delivers a size-dependent shift 
in the wavelength of the photoluminescent band maximum up to particle sizes of about 50 
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nm. At this point, the band frequency converges to the bulk FAPbBr3 emission spectrum.69 
The band center wavelengths of our FAPbBr3 and FAPbBr3@YAG are approximately the 
same, but the band center for the FAPbBr3@PEEK is noticeably smaller (533 nm). This is 
consistent with a smaller average particle size for the FAPbBr3 crystallites in that sample.69

CONCLUSIONS
Comprehensive analysis of infrared spectra under different pressure conditions 

provides valuable insight into the dynamic behavior of FAPbBr3 and its interactions with a 
confinement host or optical fiber. Ambient pressure IR spectroscopy is limited in its ability 
to detect the subtle local changes in FAPbBr3 that occur when it is confined inside PEEK 
nanopores or coated on an optical fiber. However, these important factors become 
spectroscopically discernable at high pressure. The presence of PEEK membranes or YAG 
optical fibers appear to modify the phase behavior of FAPbBr3, with pressure-dependent 
studies suggesting a hierarchy in structural stability: pure FAPbBr3 < FAPbBr3@PEEK < 
FAPbBr3@YAG. This study also provides insight into the pressure-induced hydrogen bonding 
behavior of FAPbBr3, especially under high pressures where stronger N–H···Br interactions 
are observed. The spectroscopic data is complemented by time-dependent 
photoluminescence measurements. These experiments reveal a clear increase in 
photoluminescence when FAPbBr3 is placed in close contact with a substrate surface. 

In summary, our findings underscore the importance of considering pressure effects 
when evaluating the structural stability of perovskite materials. The tailored confinement in 
PEEK and coating on optical fibers emerge as promising strategies to mitigate pressure-
induced structural changes in FAPbBr3 and offer new avenues for optimizing perovskite-
based device performance under extreme conditions.
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