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Understanding chemical reactivity at the water surface is of fundamental importance in several research areas 
including biology because the effect of the inhomogeneous environment can alter the behavior of the reacting 
molecules1. �e hydrogen bonds in the aqueous surface and the transfer of ions/charge across liquid interfaces 
can be altered due to the presence of roughness, which is related to interfacial tension through capillary wave 
theory2–4. Chemical reactions at an air-liquid and a liquid-liquid interface are also a natural choice to grow 
free-standing anisotropic 2D structures over a large area, as this process does not require the presence of a solid 
substrate5–8. X-ray scattering techniques can probe the formation process of two-dimensional (2D) aggregates of 
nanoparticles of metals and compounds at the toluene-water interface9,10. Langmuir monolayers of a fatty acid 
spread on the surface of water containing metal ions and transfer of the formed monolayer to a solid substrate 
have been studied extensively using X-ray techniques11,12. Langmuir-Blodgett (LB) film growth techniques can 
then be used to deposit multilayer films on a solid substrate by transferring these 2D structures formed in the 
air-water interface through repeated dipping. Here we shall show that instead of forming simple metal salts of 
a fatty acid, one can form a Langmuir monolayer of a hybrid organic-inorganic perovskites (HOIP) at the air-
water interface using 2D perovskite flakes13 in the water subphase.
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HOIP14–19 with the well-known ABX3 structure, exhibited a wide range of interesting tunable properties 
that can be used in several technological applications. �e tunability of the metal-organic framework (MOF) in 
ABX3 structures arises from the fact that all three sites can be varied by keeping the B-site a metallic cation, the 
A-site an organic molecule, and the X-site a halogen or a polyatomic pseudohalide anion14. �e ionic sizes of 
A, B, and X and the tilt of the corner-sharing BX6 octahedra are crucial parameters to decide whether a desired 
perovskite can be formed20–27 to achieve the required optical properties. �e assignment of ionic radii can be 
straightforward for elemental inorganic ions like bromine but for non-spherical polyatomic pseudohalide anions 
like formate, ionic radii are calculated assuming free rotation about its center of mass using density functional 
theory (DFT)14,20,28. Among chemically diverse HOIPs, formate AB(HCOO)3 exhibits a rich range of properties, 
such as ferromagnetism, ferro-electricity, ferro-elasticity, and non-linear optical properties28–32. �e concept of 
tolerance factor becomes much more relaxed for 2D perovskites with A2BX4 structure—for example, there will 
be no restriction on the length of the A molecules13,20,28,33.

�e growth of excellent square-shaped 2D perovskite crystals has been demonstrated13,19 from a 
dimethylformamide (DMF) solution of (BA)2PbBr4 where BA is butylammonium. We used the same solution 
in the present work to form a Langmuir monolayer of (BA)2Pb(HCOO)4 at the air-water interface by replacing 
bromines (X = Br−) completely by the formates (X = HCOO–). �ough a few reports on the formation of 
perovskite layers through the Langmuir monolayer deposition process have been shown early8,34, the formation 
of lead formate perovskites has not been observed to the best of our knowledge. �e formation of such lead-
formate perovskites and the effect of the headgroups in the formation of such layers through self-initiated 
reaction mechanisms at the air-water interface have been studied in this work. We have used three surfactants, 
one negatively charged small headgroup surfactant stearic acid (SA), one negatively charged headgroup lipid 
1,2-dipalmitoyl-sn-glycero-3-phosphoglycerol (DPPG), and one positively charged headgroup 1,2-dipalmitoyl-
sn-glycero-3-ethylphosphocholine (DPePC). Our study shows that the COOH headgroup of the SA molecule 
is particularly important in forming lead formate perovskite layers exhibiting well-ordered crystal structure 
at the air-water interface. However, the lipid headgroups do not show such perovskite layer formation even 
though both SA and DPPG have the same negatively charged headgroups. �e positively charged head group 
in the DPePC lipids also do not show such perovskite layer formation. So, the specificity of the headgroups and 
the charge of the headgroups plays an important role in the formation of perovskites at the air-water interface. 
�e air-water interface was monitored by in-situ X-ray reflectivity (XRR), grazing incidence X-ray diffraction 
(GID), and X-ray fluorescence (XRF) measurements during this interfacial reaction. �e structure and optical 
properties of the transferred films on a Si (100) substrate and on the copper grid using the Langmuir-Schaefer 
(LS) deposition technique, were investigated using XRR, atomic force microscopy (AFM), transmission electron 
microscopy (TEM), Raman spectroscopy, and photoluminescence (PL) measurements (refer to Supporting 
Information (SI) for details).

Perovskite crystals (C4H9NH3)2PbBr4 have been synthesized using a solution-processed method and subsequently 
cooling of the solution slowly (approximately 0.5 °C per minute) as described earlier19,35,36. A single perovskite 
flake consisting of multiple grains of small crystallites can be synthesized in this process with a lateral size of 
several tens of millimeters and a thickness of a few tens of micrometers. �e solvent Dimethylformamide (DMF) 
was used to make a solution of these perovskite flakes.

DMF solution of the perovskite flakes was first mixed thoroughly with water and then it was used as the 
water subphase for the Langmuir trough. Milli-Q water (18MΩ and pH was 7.0) was used for this purpose. 
Langmuir monolayer of stearic acid molecules was prepared by spreading chloroform solution of stearic acid of 
concentration 0.5 mg/ml on the water subphase. �e Langmuir monolayer of DPPG and DPePC was prepared by 
spreading chloroform solution of respective lipids of concentration 0.6 mg/ml on the water subphase. �e whole 
trough was kept in a closed enclosure to reduce water evaporation from the LB trough. A small flow of water-
saturated helium gas was maintained in the trough enclosure during X-ray scattering experiments to suppress 
air scattering. �e XRR measurements from the monolayer were performed using a monochromatic X-ray of 
wavelength 0.69 Å in LISA setup at the P08 beamline, PETRA-III, DESY37,38, and the XRF, GID measurements 
were done using the Langmuir Trough GID setup with monochromatic x-rays of 0.83 Å in the same beamline39.

�e horizontal deposition method, the Langmuir–Schaefer (LS) method was used to prepare the perovskite 
thin films from the monolayer. �e Si substrates were cleaned using RCA-1 and RCA-2 cleaning procedures and 
then hydrophobized using the HF solution etching method before deposition of the monolayer to the substrate.

Raman spectroscopy measurements from the thin films and flakes of perovskite materials were carried out 
using Horiba Jobin-Yvon LabRAM HR-800 spectrometer in backscattering geometry. A laser of wavelength 
633 nm was used to excite the sample and the scattered light was collected by a CCD. We have performed room-
temperature Raman spectroscopy for all the samples prepared.

PL measurements from the LS thin films prepared from the water surface and the powder form of the crystalline 
flakes have been performed at 325 nm He-Cd laser from 280 K to 4 K. Horiba Jobin-Yvon iHR550 monochromator 
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was used and then the luminescence was collected by a photomultiplier tube for this experiment. A closed-cycle 
Helium cryo-cooler has been used to lower the temperature to 4 K.

�e AFM measurements were carried out in tapping mode using a CSI nano-observer instrument. WSXM 
so�ware was used to process and analyze the AFM pictures. �e TEM measurements were done using an 
FEI Tecnai G2F30-ST instrument operating at 300  kV. It was outfitted with a Fischione high-angle annular 
dark-field (HAADF) detector (model 3000) for Bragg scattering-free imaging, and an energy-dispersive X-ray 
(EDX) spectroscopy attachment for compositional analysis. So�ware called Gatan Microscopy Suite was used 
to examine TEM pictures.

Formation of perovskite monolayer
�e experimental arrangement schematically shown in Fig. 1a allowed us to monitor the changes in the air-water 
interface through in-situ measurements of the pressure-area (Π-A) isotherm, XRF, XRR and GID. �e isotherm 
measurement indicates a rise in surface pressure (Π) as the area (A) available to the 2D molecular assembly 
forming the Langmuir monolayer reduces8,40,41. No change in the Π-A isotherm was observed when just the 

Fig. 1. (a) Schematic diagram of the x-ray scattering and x-ray fluorescence (XRF) measurement setup 
used to study the perovskite monolayer formation at the air-water interface. �e models of butylammonium 
formate perovskite and stearic acid are also shown. (b) Isotherms of pristine DPPG (magenta), DPePC (cyan), 
DPPG + Perovskite (Olive), and DPePC + Perovskite (blue). Subtracted XRF data from (c) SA + Perovskite (red), 
(d) DPPG + Perovskite (Olive), (e) DPePC + Perovskite (blue) monolayer at the air-water interface. XRF data 
of only the water surface without the surfactants (green) is also shown. (f) �e intensities from the peak of the 
GID scans (orange) and XRF spectra (red and magenta) are plotted as a function of surface pressure to show 
the appearance of the peak from the perovskite monolayer as the surface pressure increases. XRF spectrum of 
2.35KeV is multiplied by 6 to show the nature of the curve in the same scale. All the molecular diagrams have 
been done using VESTA and ChemDoodle 3D so�ware.
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DMF solution of (BA)2PbBr4 was added to the water subphase confirming that the presence of the perovskite 
molecules at the water surface is not significant.

Figure  1b shows the Π-A isotherms of 1,2-dipalmitoyl-sn-glycero-3-phosphoglycerol (DPPG), and 
1,2-dipalmitoyl-sn-glycero-3-ethylphosphocholine (DPePC), lipids with and without the presence of (BA)2PbBr4 
in the water subphase. �e isotherm of SA molecules with and without perovskites is shown in Fig. S1. �e phase 
transition from the liquid expanded phase to the condensed phase of the isotherm is much sharp for the DPPG 
molecules in presence of the perovskites compared to the pristine one but the changes with the DPePC lipids 
are barely visible indicating that the attachment of the perovskites with the head group of the lipids, if any, is 
insignificant to change the physical properties of the monolayer. But a drastic change in the Π-A isotherm (refer 
to Fig. S1) was observed as we spread the stearic acid (SA) solution in chloroform on the surface of water having 
(BA)2PbBr4 in the subphase. It is important to note that both the SA and DPPG molecules have negatively 
charged head groups while the lipid DPePC has a positively charged head group. So, the effect of charge and the 
head group elements play an important role in making molecular assembly with the perovskites. Molecular area 
of condensed state of SA molecules reduced from 22 Å2 to 15 Å2 in absence or presence of perovskite molecules 
respectively but no such significant changes have been observed in the case of both the lipids. Simultaneous 
measurement of XRF from the monolayer provide us with information regarding the presence of elemental 
species at the air-water interface. �e appearance of Pb Mα1, Mα2, Lα1, Lβ2, Lγ1 as marked in Fig.  1c clearly 
indicates the presence of lead ions at the air-water interface. We observed (refer to Fig. 1f) strong intensity of Pb 
XRF peaks even at zero pressure (Π) confirming the self-initiated nature of the interfacial reaction that brings 
Pb ions from bulk water to the negatively charged SA or DPPG head groups at the water surface. �e intensity 
of the GID peak due to the in-plane ordering of Pb ions that we shall discuss below is also plotted in Fig. 1f and 
we noticed that the GID intensity increases with pressure (Π) as the molecular area (A) is reduced. At higher 
pressure Pb ions occupy only designated sites in 2D perovskite structure at the water surface and excess Pb ions 
submerge in bulk water to reduce measured XRF intensity (refer to Fig. 1f).

Langmuir monolayers of the lipids DPPG and DPePC were compared with the SA monolayer to understand 
the role of the charge of the headgroups and the specificity of the SA headgroup in the formation of perovskites 
at the water surface. �e DPPG monolayer having negatively charged head groups like SA molecules shows the 
Pb XRF peaks, but the intensity is much lower (refer to Fig. 1d) than that obtained from the SA monolayer. �e 
Pb peaks in the case of DPPG + perovskite monolayer shows that the intensity is almost 2.5 times lower than 
that obtained from the SA + perovskite monolayer. In the case of DPPG, one PG headgroup is associated with 
two hydrocarbon chains occupying almost 2.5 times the average area available for the SA head group in the 
Langmuir monolayer configuration. �e area mismatch of the DPPG head groups in comparison to the smaller 
head groups in SA results in a significantly lower negative charge density for the head groups of DPPG molecules 
than that of the SA molecules head groups which explains the observation of lower intensity for the Pb XRF in 
the case of DPPG monolayer. However, the situation is completely opposite for the DPePC molecules having 
positively charged head groups. We get the Kα1, and Kβ1 XRF-peaks for the Br ions at the air-water interface, 
and the peaks corresponding to Pb ions is not observed (refer to Fig. 1e). �ese observations show the effect of 
charge, and the head group structure can determine the complex structure formation of the molecules at the 
air-water interface.

In-situ measurements of XRR and GID from the air-water interface were carried out systematically to 
decipher the nature of the formed Langmuir monolayers with DPPG, DPePC and SA. �ese measurements give 
information regarding the thickness, the electron density profile (EDP) as a function of depth, the interfacial 
roughness, and the 2D in-plane structure of a film11,40. Here we used these techniques to understand the 
formation of the 2D structure of perovskites on the water surface and the subsequent changes in the monolayer 
due to the change in the headgroups of the surfactants. Representative XRR data from all the monolayers and 
corresponding EDPs are shown in Fig. 2a and the perovskites layer form at the head region of the surfactants are 
marked as H in the inset of Fig. 2a. In the extracted EDPs water surface is at Z = 0 Å and the floating tail (FT) 
region above the water surface for all monolayers is on the positive side of Z showing an average electron density 
of 0.34 electron/Å3—a typical value of hydrophobic tail region on the water surface. SA monolayer without 
and with (BA)2PbBr4 in water are found to be very different—an increase in separation between two successive 
minima clearly shows the thickening of monolayer and a drastic change in the electron density of head-group 
(H) region confirms the formation of lead-containing perovskite monolayer at the water surface. �e electron 
density of the H region in the SA monolayer without and with perovskites in the water subphase changes from 
(0.39 ± 0.05 electrons / Å3) to (0.83 ± 0.05 electrons / Å3) with almost no change in the thickness of this region. 
On the other hand, DPPG + perovskite monolayer shows an expanded H region in water just below the surface 
with a significant increase in the electron density of the H region. DPPG has a bigger head group, so the head 
region layer thickness (∼ 8 ± 0.2 Å) is a little more than the same obtained for the SA + perovskite monolayer. 
Out of this 8 Å head group thickness, the upper part (just below the water surface) has an electron density of 
0.43 ± 0.05 electron/Å3 and the lower part has an electron density of 0.7 ± 0.05 electron/Å3 as shown in the inset 
of EDP of Fig. 2a. �is is due to the attachment of Pb ions with the terminal OH group of the head part of the 
lipid. �e lower electron density of this region compared to the SA + perovskite monolayer implies a smaller 
number density of Pb ions attachment with the relatively large area available for the head groups of the DPPG 
lipids. �is observation is consistent with the XRF intensity observed for the SA and DPPG monolayer with 
perovskite in the subphase as mentioned before. �e length of the tail part of the DPPG molecule above the 
water surface is also found to have lower thickness compared to the SA molecules as DPPG has a lower number 
of carbon chains and higher tilt over the water surface compared to SA molecules. �e extracted EDP from the 
DPePC + Perovskites monolayer shows a much lesser electron density in the head region compared to the values 
obtained in SA and DPPG monolayer with perovskites. �is practically rules out the attachment of Pb ions with 
the head region of the DPePC lipids as observed in the XRF measurements from the DPePC monolayer. �e tail 
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region electron density also shows bigger roughness implying the poor quality of monolayer formation than the 
monolayers formed by the negatively charged head group surfactants.

�e GID data of the pristine DPPG, DPePC, and perovskite mixed monolayer are shown in Fig. 2b–e. �e 
pristine DPPG monolayer also shows a similar GID pattern as observed for the pristine SA monolayer but here 
the two peaks are a little more separated than the SA monolayer peaks indicating more distortion in the in-
plane centered hexagonal lattice for the DPPG molecules at the air-water interface. �e GID image of the SA 
monolayer with perovskites in the subphase (refer to Fig. S3c,d) shows an additional peak corresponding to the 
lattice formation of Pb perovskites in the water. �e GID peak at qxy = 1.49 Å−1 for the pristine SA monolayer 
corresponds to the well-known41 centered hexagonal in-plane lattice of the tails ast = 4.77 ± 0.01 Å and the 

Fig. 2. (a) XRR profiles (symbols are experimental data and lines are the fitted profiles) of SA (Olive), DPPG 
(blue), and DPePC (red) monolayer on the water surface with perovskite in the water subphase at a surface 
pressure of 10 mN/m. XRR of pristine SA monolayer (cyan) at the same surface pressure and extracted EDP 
(cyan) is presented in (a). �e inset shows corresponding electron density profiles (EDPs) obtained from fitting 
XRR data. H and FT indicate the head region and floating tail region respectively (refer to text for details). GID 
scan image of pristine DPPG (b), DPePC (d), perovskite mixed DPPG (c), and perovskite mixed DPePC (e) 
monolayer obtained from the air-water interface.

 

 |         (2025) 15:6216 



additional in-plane peak appearing at qxy = 1.71 Å−1 a�er perovskites attachment to SA molecules and this peak 
has almost constant intensity along the qz direction indicating an infinite repeat distance in the real-space out-
of-plane direction – the characteristics of the 2D lattice formation at the air-water interface as observed early19.

We have plotted the intensity of the Pb lattice GID peak at qxy = 1.71 Å−1 as a function of surface pressure in 
Fig. 1f in the same plot of XRF intensity to compare the growth of this peak as the monolayer surface pressure 
increases. �e formation of the lattice of Pb ions starts at the onset of pressure build-up for the hybrid monolayer 
and once it forms a complete lattice around the pressure of 10 mN/m, the intensity increases linearly as per the 
contribution of populating domains within the footprint of the x-ray beam on the monolayer assembly. In the 
case of the pristine DPPG monolayer, the observed GID pattern (refer to Fig. 2b) is similar to the pristine SA 
monolayer (Fig. S3c). But in the presence of perovskites in the subphase, the DPPG monolayer shows only a 
single sharp peak at qxy = 1.52 Å−1 corresponding to the centered hexagonal in-plane lattice of the tails of the lipid 
chains (refer to Fig. 2c). �e Pb lattice peak is not observed for the monolayer of DPPG with perovskites in the 
subphase. In other case, a very weak peak is observed at qxy = 1.48 Å−1 corresponding to pristine and perovskite 
mixed DPePC lipid monolayer (Fig. 2d,e) as it does not form any perovskite structure on water surface.

If we consider the number of electrons of one octahedral structure of perovskite molecule, PbBr4, present 
in 19.7 Å2 (as obtained from GID scan) and further assume that only two in-plane halogens (actually four 
that are shared in-plane) are counted in the H region thickness of 5.5 Å (as obtained from XRR profile), the 
electron density in the H region comes out to be 2.05 electrons / Å3. �is density is significantly higher than the 
density obtained from XRR of 0.83 electrons / Å3 of this head region of the assembly. But if we just consider the 
formation of Pb(HCOO)4 and count similarly two in-plane pseudohalides the electron density in the H region 
comes out to be 1.18 electrons / Å3 which is quite close to the density obtained from the XRR analysis. �is 
observation points to the fact that there is a possibility of the formation of lead formate by replacing the Br atoms 
from the perovskite structure with the HCOO− coming from the SA monolayer headgroups and to investigate 
this we have performed Raman spectroscopy from the LS films deposited on Si substrate.

�e transferred LS film forms a multilayer structure that exhibits Bragg peaks with a periodicity ∼ 50 Å (refer to 
Fig. S3b). �is multilayer assembly has been deposited from the vertical stacking ∼ 25 Å monolayer structure at 
the air-water interface observed in the XRR data (refer to Fig. 2a).

�e TEM image of the transferred film on a copper grid is shown in Fig. S4a and the corresponding EDX 
spectrum from a crystalline domain is shown in Figure S4(b).�e EDX spectrum from one such crystalline 
domain shows the peaks corresponding to Pb ions apart from the Cu peaks coming from the grid material. 
It is important to note that no peaks corresponding to Br ions have been observed in this study and it is 
commensurate with the observation found from the XRF, and Raman scattering data to be discussed next. �e LS 
films of DPPG + perovskites and DPePC + perovskites transferred on the TEM grid do not show any crystalline 
ordered domains as observed in the films prepared from SA + perovskites monolayer. �e AFM images from the 
DPePC + perovskite and DPPG + perovskite LS films shown in Fig. 3(a) and (b) also do not show such formation 
of large domains in the film. To elucidate the dimensions more precisely, we extracted the line profiles from 
the AFM images around those domains as shown in Fig. 3c,d for the films from DPePC, and DPPG lipids with 
perovskites in the subphase respectively.

�e vibrational modes of a HOIP obtained in Raman spectroscopy measurements are crucial for identifying 
the organic and inorganic species in perovskites42,43. �e room temperature Raman spectra from the perovskite 
flakes (blue curve), perovskite LS thin film (red curve), and the bare Si substrate (cyan curve) used in both 
samples are shown in Fig. 4a–d. �e relevant peaks corresponding to the Pb-Br band, or the formate group 
have been marked in the figures. Prominent Pb-Br in-plane and out-of-plane bond stretching found at 88 cm−1 
and 104 cm−1 respectively for the (BA)2PbBr4 flakes are completely absent in the perovskite LS film (red curve) 
shown in Fig. 4a. �e M5 band (122 cm−1 to 138 cm−1) band coming from Pb-Br bond stretching observed for 
perovskite flake is also missing in the deposited LS film42. �e fundamental internal vibrations of the formate 
perovskites and various modes of the symmetric and antisymmetric stretching of C –O, O –C−O bending, or 
C –H bending at different frequencies for different metal groups have been discussed earlier43. In our case, the 
bands ν3, and ν6 vibration modes for the HCOO− bonded with Pb are coming at 803 and 1064 cm−1 which 
matches well with the previously observed results for other metals. �e bands ν1 for the HCOO− have been 
found at 2848 and 2882 cm−1 which agrees well with the bands observed for Fe and Mg metals associated with 
HCOO−. �ough we are getting the Raman peaks corresponding to the HCOO− groups we have not received 
the signature peaks of the ketone group at around 1679 cm−1 and this observation rules out the formation of 
lead stearate at the air-water interface. It is also evident from the cyan and red spectra of Fig. 4a,b that the peaks 
found at 1000 cm−1 and between 50 cm−1 and 500 cm−1 originate from the Si substrate rather than the perovskite 
LS sample. �e peaks at 814 cm−1, 1295 cm−1, and 1489 cm−1 in Fig. 4c,d corresponding to various modes of the 
NH3 group of the BA are present in both the LS films and the (BA)2PbBr4 flakes. �e absence of Pb-Br vibration 
mode peaks and the appearance of the vibration modes of HCOO− in the Raman spectra give clear proof of 
(BA)2Pb(HCOO)4 LS film formation at the water surface. We could not clearly resolve the shi� in Pb-HCOO− 
vibration peaks in the Raman spectra due to strong Si background and small amount of nanometer thick lead-
formate perovskites layer over the Si substrate (refer fitted data shown in the Fig. S5 and in the Fig. 4a). However, 
from this fitting we could detect Raman peaks at the 83 and 149 cm−1 for the Pb-formate perovskite films in our 
sample – these peak-positions are similar to those observed in the metal formate perovskites43.

Photoluminescence (PL) measurements performed at temperatures 280  K and 4  K from the powder of 
perovskite flakes and deposited films of SA, DPPG, and DPePC are shown in Fig.  4e–h. �e temperature-
dependent PL measurements from the 2D flakes of (C4H9NH3)2PbBr4 have been reported early19. Several 
studies have been performed to understand the rapid increase in band edge PL emission intensity with lowering 
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temperature in HOIP materials based on underlying electron –phonon interaction44. We also observe (refer to 
Fig. 4e) two orders of magnitude increase in the PL peak at 414 nm for the powder of (BA)2PbBr4 flakes used in 
this study as the temperature reduced from 280 K to 4 K. In Fig. 4f, we have shown corresponding PL data for 
the (BA)2Pb(HCOO)4 LS film exhibiting a band-edge emission at 385 nm and a broadband emission spectrum 
with a peak at 450 nm as the temperature is lowered to 4 K. We observe around 5 times increase in intensity as 
the temperature is lowered from 280 K clearly indicating the intrinsic nature of broadband emission. �e HOIP 
materials have exhibited such broadband emission due to static structural distortions related to out-of-plane 
tilting of the BX6 octahedra45. It is to be noted that observed PL data is quite different from earlier reported 
Pb(HCOO)2 films46. �e LS film deposited from the DPPG monolayer also shows a very broad white band PL 
spectra but the intensity of the peak increases by only two times (refer to Fig. 4g) on lowering the temperature 
from 280 K to 4 K. �e film prepared with DPePC lipids is not expected to form an HOIP structure and does 
not show much change in PL intensity with temperature indicating the optically inactive feature of the deposited 
films (refer Fig. 4h).

Conclusion
We have shown here that the Langmuir monolayer of lead formate perovskite can be formed at the air-water 
interface from the DMF solution of (BA)2PbBr4 and stearic acid monolayer. In-situ X-ray reflectivity, grazing 
incidence diffraction, and fluorescence measurements show the absence of bromine in the Langmuir monolayer 
and the presence of a single layer of lead. �e COOH− that replaces Br− in the 2D lattice of Pb comes from the 
stearic acid monolayer and is consistent with the earlier observation of SA dissociation that forms Heptadecane 
(HDCA) and formate47. �e perovskite monolayer could be transferred on solid substrates as a multilayer 
structure, which exhibits excellent long-range order and shows expected Raman modes of formate perovskites. 
Other two lipid surfactants DPPG and DPePC do not show such perovskite layer formation at the air-water 

Fig. 3. (a) DPePC + perovskite, and (b) DPPG + perovskite film deposited on Si substrate. �e height profile 
extracted from the respective AFM images is shown in (c), and (d).
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interface in this mechanism. �e measured PL data of this formate perovskite multilayer films exhibit broad-
band white light emission across the entire visible range. �e emission of white light from a single material is of 
interest for the development of solid-state lighting applications45. We plan to extend this investigation further to 
learn more about the details of the reaction at the air-water interface that forms formate perovskite monolayer 
with magnetic and nonmagnetic metal ions.

Correspondence and requests for materials should be addressed to corresponding authors. �e datasets used 
and/or analysed during the current study are available from the corresponding author upon reasonable request.
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