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ABSTRACT: Hybrid perovskites (HPs) are a promising class of semiconductor material for 

optoelectronic applications, and the organic components within them offer a singular opportunity 

to modulate physical properties. Control over the composition of films with more than one organic 

component—such as the class of quasi-two-dimensional Ruddlesden-Popper hybrid perovskites 

(RPHPs) containing two organic ammoniums—is important for the rational design targeted 

properties. Here, we report the fundamental interactions between RPHP films and amine vapors to 

understand the potential for vapor-based methods to modulate film composition. In a vapor 

mixture of methylamine and n-butylamine above a critical pressure, we found that RPHP films 
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spontaneously liquefy by amino-deliquescence, driven by a highly exothermic heat of solution. 

Upon decreasing the amine pressure, the films recrystallized by amino-efflorescence but with a 

composition dramatically altered compared to the original film. Analysis of optical absorption and 

x-ray diffraction data demonstrates that the ratio of methylammonium and n-butylammonium in 

the films depends approximately linearly on the corresponding amine ratios in the vapor, following 

a relationship analogous to Raoult’s law. The results demonstrate that an amino-deliquesced liquid 

state is a unique phase in which amine concentrations can be controlled via exchange with the 

vapor, yielding RPHP films after amino-efflorescence with a stoichiometry and crystal phase that 

depends upon the vapor environment. The fundamental understanding of RPHP vapor/solid 

interactions developed herein could open the door to more advanced vapor-based methods to 

engineer the structure and properties of HP films. 

Introduction 

Hybrid perovskites (HPs) are a class of semiconducting material that has gained 

considerable attention over the last decade due to remarkable physical properties such as bandgap 

tunability,1, 2 defect tolerance,3 and long charge carrier diffusion lengths4 as well as promising 

optoelectronic device applications such as solar cells,5-10 radiation detectors,11-13 and light emitting 

devices.14-16 One of the most widely studied HP structures is composed of an inorganic sublattice 

of anionic corner-sharing metal-halide octahedra with small organic ammonium cations balancing 

the charge (e.g., methylammonium lead iodide (MAPbI3), Figure 1a). In contrast to these “three-

dimensional” (3D) HPs, Ruddlesden-Popper HPs (RPHPs)—such as the methylammonium (MA) 

and n-butylammonium (BA) containing BA2MAn-1PbnI3n+1 series shown in Figure 1b—form a 

material with layered quasi-two-dimensional (quasi-2D) structure and unique physical 

characteristics.17-19 In general, variation of the organic components of HPs substantially alters 
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physical characteristics, leading to optoelectronic tunability,20-22 moisture stability,23, 24 stabilized 

operation,25 and even spin-polarized responses when incorporating chiral amines.26  

 

 

Figure 1. HPs with varying organic amine components. (a) Structure of the 3D HP MAPbI3. (b) 

Structure of the RPHP BA2MAn-1PbnI3n+1 with n = 1, 2, 3, and 4. (c) Schematic of amine exchange 

in which a MAPbI3 film is converted to a RPHP film via amino-deliquescence/efflorescence in a 

mixed amine vapor environment. 

 

For RPHPs, optoelectronic tunability results from quantum mechanical confinement of 

charge carriers within the quasi-2D layered structure, in which slabs of the 3D HP with tunable 

thickness are separated from one another by a bilayer of organic ammonium cations.27 In BA2MAn-

1PbnI3n+1, the integer value n in the chemical formula not only reflects the stoichiometry and 

relative ratio of MA to BA but also the number of layers of the 3D slabs that are separated by the 

organic bilayer. Varying n (and thus slab thickness) dramatically alters optical absorbance, 

emission, and excitonic characteristics.28, 29 Single crystals of RPHPs with n = 2–7 have been 

synthesized through solution-phase macroscopic crystal growth methods.20, 30, 31 However, the 

synthesis of uniform thin films remains a significant challenge as existing methods (e.g., spin 
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casting) typically yield films with a mixture of phases,22, 32-34 and more phase pure thin films have 

been achieved only by dissolution of pre-synthesized single crystals,35 by specifically targeting the 

thermodynamically stable n = 2 phase,36 or by careful engineering of the sol-gel precursor.37 Here, 

rather than a solution-based method, we examine the interaction of HP films with mixed amine 

vapors. We find that a vapor-driven amino-deliquescence/efflorescence cycle can yield controlled 

changes to film composition.  

Amino-deliquescence and amino-efflorescence refer to the liquefaction and 

recrystallization, respectively, of HPs when exposed to a critical partial pressure of amine vapor.38, 

39 Originally reported for MAPbI3 films exposed to methylamine (MA0) vapor, the phenomenon 

was used as a method to repair structural defects of MAPbI3 films.40-45 Subsequent study38 

highlighted the similarity of the phenomenon to the deliquescence/efflorescence of salts with water 

vapor, wherein a water vapor pressure above a critical relative humidity (RHc) creates a 

thermodynamic driving force for dissolution of the salt (deliquescence) while a vapor pressure 

below RHc drives recrystallization of the salt (efflorescence).46, 47 In analogy, MAPbI3 undergoes 

amino-deliquescence or amino-efflorescence when MA0 partial pressure (p
MA

0) exceeds or falls 

below a critical value.38 We show for the first time that the amino-deliquescence/efflorescence 

phenomenon is not isolated to the MA0∙MAPbI3 system but is more general, also occurring with 

RPHPs and n-butylamine (BA0) vapor. As illustrated in Figure 1c, we show that exchange of 

amines occurs in the liquid amino-deliquesced state, causing a different film stoichiometry and 

phase to appear after amino-efflorescence. We probe the fundamental thermodynamics of the 

process and find that a relation analogous to Raoult’s law can be used to predict the approximate 

final film composition. 
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Experimental 

Spin-casting of MAPbI3 and BA2PbI4 thin films 

1 M MAPbI3 precursor solution was made in a nitrogen-filled glovebox (O2 < 10 ppm, H2O 

< 1 ppm) using a 1:1 molar ratio of lead (II) iodide (PbI2; 99.999%, Thermo Scientific) to 

methylammonium iodide (MAI; Great Cell Solar) in a 9:1 volumetric ratio of N,N-

dimethylformamide (DMF; anhydrous ≥ 99.8%, Acros Organics) to dimethyl sulfoxide (DMSO; 

anhydrous ≥ 99.9%, Sigma Aldrich). BA2PbI4 precursor solution was made using a 1:2 molar ratio 

of lead (II) iodide to n-butylammonium iodide (BAI; 97+%, TCI America) in pure DMF. All 

components readily mixed to a clear solution after a short vigorous shake and then stirring at 400 

rpm while on a hotplate set to 70 °C for ~45 min. Glass slides (1 mm thick, Fisher Scientific) were 

cut to 1.5 × 1.5 cm2 and cleaned by sequential sonication in detergent water, acetone, and 

isopropanol for 1 min each after which the slides were subjected to an ozone atmosphere in the 

presence of UV light (Samco UV-1) and transferred to the glovebox. In the glovebox, the spin-

coater (Ossila) local environment was primed with DMF during a blank run with just the slide. 

Next, 75 μL of either the MAPbI3 or BA2PbI4 solution was pipetted onto the substrate and spin-

cast at 500 rpm for 5 s and 5,000 rpm for 30 s, with 150 μL toluene added 3 s into the second step 

for the MAPbI3 films. Samples were then annealed on a hotplate set to 100 °C for 10 min for the 

MAPbI3 films and 70 °C for 1 hour for the BA2PbI4films. Films appeared uniform and reflective. 

The back sides were then carefully wiped with acetone to remove residual material for optical 

measurements. 

Environmental reactor and in situ spectroscopy 

Amino-deliquescence/efflorescence studies were performed in a custom-built, hot-walled 

quartz tube vacuum reactor described previously.38, 39 Total pressures in the reactor were controlled 
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between 1–90 Torr by adjusting exhaust flow with an all-metal flow control valve (MKS, 148J) 

and pressure control module (MKS, 250E). The temperature of the sample was set by a custom-

fabricated aluminum heater block containing a 200 W heater cartridge (McMaster Carr, 

4877K225) embedded in each half. A hole was milled vertically in the middle of the heater block 

to allow the beam from a fiber-coupled ultraviolet/visible light source (ThorLabs, SLS201L) to 

pass through the quartz tube and sample. The transmitted light was then collected and fiber-

coupled to a spectrometer (ASEQ, LR1), from which the data was passed to the LabVIEW program 

controlling the reactor so that changes in extinction could be correlated to pressure/temperature 

conditions in the reactor. The BA0 liquid was stored in a stainless-steel cannister separated from 

the quartz tube reactor by a diaphragm-sealed pneumatic valve (Swagelok, 6LVV-DPFR4-P1-C) 

and a metering valve (Swagelok, SS-SVR4-KZ-VCR), which controlled the rate at which vapor 

was flowed into the reactor.  For MAPbI3 films treated with a mixed amine atmosphere of MA0 

and BA0, the flow of BA0 was calibrated to be ~0.80 standard cubic centimeters per minute (sccm) 

using the metering valve, and the MA0 flow was controlled through a mass flow controller (MKS, 

P4B) at flow rates between 15–69 sccm. Thus, p
MA

0 and p
BA

0 partial pressures were targeted with 

errors of ± 0.003–0.01 Torr for p
BA

0 and ± 0.03–0.04 Torr for p
MA

0, with the range reflecting the 

error for different flow rates. In all cases there is minimal error because of highly accurate total 

pressure and flow rate measurements.  

X-ray diffraction measurements and analysis 

X-ray diffraction (XRD) patterns of thin films were collected on a Rigaku SmartLab system 

in a parallel beam geometry using Cu kα radiation with a wavelength of 1.540593 Å. Patterns were 

collected with the detector in 0D mode, with a scan speed of 3 degrees/min. To create the 

“expanded” structure for BA2PbI4, a standard BA2PbI4 crystallographic information file (CIF) was 
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obtained from the crystallography open database (COD) (COD #2102937). All modifications to 

the unit cell and subsequent calculation of the diffraction pattern were accomplished using the 

Visualization for Electronic and Structure Analysis software (VESTA).48 To account for the 

observed peak at 2 = 7.95°, which we assumed may be due to the (004) reflection from an 

expanded unit cell, we changed the unit cell of the standard BA2PbI4 CIF so that the distance 

between Pb sheets would account for this peak. Thus, the c dimension of the original unit cell was 

lengthened from c = 26.233 Å to c = 44.616 Å, with a and b the same while also holding fixed the 

relative positions of the Pb, I, C, N, and H atoms associated with each layer.  

Ex situ spectroscopy 

Absorbance data for thin films was collected on a Cary 5000 spectrophotometer using the 

diffuse reflectance attachment. The sample was mounted in the “center” position, thus giving a 

close approximation to real absorbance after subtraction of the glass slide background.  

Energy dispersive spectroscopy 

Energy dispersive X-ray spectroscopy (EDS) measurements were performed using an FEI 

Helios 600 Nanolab Dual Beam scanning electron microscope (SEM), with operating voltage of 

20 kV and current of 0.69 pA. The field of view for the images from which spectra were collected 

was 5 μm x 5 μm. The Inca software package was used for data collection, with spectra being 

collected in the point-and-ID mode, wherein spectra can be collected at several points throughout 

an image. For measurement of the I/Pb ratio of MAPbI3 films that had undergone amino-

deliquescence/efflorescence under the influence of BA0, 3 separate spots were measured on the 

film, and the I/Pb ratios from those spots were 3.34, 3.04, 2.83, yielding an average of 3.07. 
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Results and Discussion 

To probe the amino-deliquescence/efflorescent properties of HPs, we used a home-built 

environmental reactor38, 39 capable of controlling the flow rate and partial pressures of pure amine 

vapors at variable temperature (T) to probe changes in MAPbI3 and BA2PbI4 films as a function 

of T and the partial pressures of BA0 (p
BA

0) and MA0 (p
MA

0). We found that both types of films 

exhibit amino-deliquescence/efflorescence behavior with both amines. For example, as shown in 

Figure 2a, a MAPbI3 film readily converts into an optically transparent liquid at 0 < p
BA

0 < 1 Torr 

at room T and then converts into a yellow, solid film when BA0 is removed. Ex situ absorbance 

spectra (Figure 2b) of an initial MAPbI3 film before (I) and after (II) the cycle with BA0 at room 

T show a loss of spectral features associated with MAPbI3 and appearance of spectral features 

above 2 eV consistent with BA2PbI4 and/or PbI2 (see Figure S1 for a fit of the spectrum). The 

change in the film can be explained by the following net reaction for exchange of the amines:  

 2MAPbI3 + 2BA0 → BA2PbI4 + PbI2 + 2MA0, (1) 

where the product MA0 is likely to be removed via the vapor phase while BA2PbI4 and PbI2 are 

retained in the film. Elemental analysis of Pb and I content indicate that both BA2PbI4 and PbI2 

were present in the final film with a ratio of ~1:1, in accord with eq. 1. Note that XRD patterns 

(Figure S2) showed no evidence of PbI2, suggesting it is incorporated into the film in a disordered 

state.  

For comparison, BA2PbI4 films were exposed to MA0 at room T, and we observed amino-

deliquescence for p
MA

0 > 3.5 Torr. However, we found that the absorbance spectrum upon amino-

efflorescence (Figure S1) was strongly dependent on the exact p
MA

0 in the amino-deliquesced state, 

with higher values (e.g. p
MA

0 = 100 Torr) being required to approach an absorbance spectrum 

consistent with MAPbI3. The net change can be explained by the reaction:  
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 2 BA2PbI4 + 4 MA0 → MAPbI3 + PbI2 + 4 BA0 + 3 MAI, (2) 

and we postulated that the higher p
MA

0 needed for conversion might be consistent with slower 

kinetics for exchange of MA0 with BA0 compared to the reverse process. 

Analogous to the previously reported deliquescence of MAPbI3 with MA0,38 we also 

exposed BA2PbI4 films to BA0 and found that the film became transparent at p
BA

0 > 2.6 Torr at 

room T and became yellow again after evacuation of BA0 (Figure S3). Figure 2b displays the ex 

situ absorbance spectrum of the initial spin-cast BA2PbI4 film (III) and the same film after amino-

deliquescence/efflorescence (IV), which produced identical spectra except for a change in overall 

intensity.  

To better understand changes in films exposed to BA0, Figure 2c compares representative 

XRD patterns of initial spin cast MAPbI3 and BA2PbI4 films to a pattern for each after amino-

deliquescence/efflorescence with BA0. The BA2PbI4 film patterns before (III) and after (IV) 

treatment are nearly identical and consistent with the [001] orientation observed in the literature.17 

Although the initial spin-cast MAPbI3 film pattern (I) showed no preferred crystallographic 

orientation, the converted film pattern (II) resembles that of a spin cast BA2PbI4 film but with 

additional small-amplitude peaks, one of which is visible at 2 ≈ 8° in Figure 2c. Thermal 

annealing for several minutes at 100 °C removes the additional peaks (Figure S3), which we 

attribute to the removal of excess BA0 to yield final films with XRD patterns almost identical to 

spin-cast BA2PbI4 films. 
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Figure 2. Amino-deliquescence/efflorescence with BA0. (a) Photographs taken through the quartz 

reactor tube showing the transition of a MAPbI3 film before (left) and after (middle) amino-

deliquescence and after amino-efflorescence (right), forming BA2PbI4. (b) Absorbance spectra of 

a spin-cast MAPbI3 film (I, dashed line), MAPbI3 film after treatment with BA0 (II, solid black 
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line), BA2PbI4 spin cast film (III, dotted yellow line), and BA2PbI4 film after treatment with BA0 

(IV, dash-dotted orange line). (c) XRD patterns corresponding to spectra I-IV in panel b. Peak 

denoted by * is attributed to BA2PbI4 with excess BA0 incorporated in the lattice. (d) Phase 

diagram for amino-deliquescence/efflorescence showing the fit to the Clausius-Clapeyron 

equation for BA0∙BA2PbI4 (dashed black line) and MA0∙MAPbI3 (solid black line) from reference 

38. Data for BA0∙BA2PbI4 are shown as open yellow circles. Inset: data for BA0∙BA2PbI4 (yellow 

circles) and fit (dashed line) for the linearized Clausius-Clapeyron equation. 

 

For quantitative thermodynamic analysis, in situ measurements (Figure S4) of changes in 

optical extinction as a function of p
BA

0 at various fixed T from 25–100 °C were used to determine 

the critical pressure, denoted p
del,BA

0, for the onset of amino-deliquescence in a BA2PbI4 film when 

exposed to BA0. A phase diagram was constructed, as shown in Figure 2d using data tabulated in 

Table S1, indicating that the value of p
del,BA

0 increases with T, analogous to prior results with the 

MA0∙MAPbI3 system (solid black line).38 A fit of the data to the Clausius-Clapeyron equation 

(inset of Figure 2d) yields an enthalpy of amino-deliquescence (ΔHdel) of –61 ± 2 kJ/mol. 

Considering the reaction for amino-deliquescence as: 

 mBA2PbI4 (s) + BA0(v) → BA0∙(BA2PbI4)m (l) (3) 

where m represents the stoichiometry between the solid HP and amine, ΔHdel can be expressed as 

the sum of the enthalpy of condensation (ΔHcond) of the vapor-phase amine and the enthalpy of 

solution for the perovskite in the amine (ΔHsol). Using literature values of ΔHcond = –35.7 ± 0.2 

kJ/mol,49 we can conclude that ΔHsol = –(25 ± 2)/m kJ/mol. This value of ΔHsol is comparable to 

the value of –28.9/m kJ/mol observed for the MA0∙MAPbI3 amino-deliquescent system,38 

suggesting similar but not identical microscopic interactions for the two systems in the liquid state.  
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Based on the above results, we hypothesized that we could intentionally tune the ratio of 

amines in the amino-deliquesced liquid by controlling the ratio of amines in the vapor. If we 

assume that the ratio in the liquid is then maintained during amino-efflorescence, the stoichiometry 

of the resulting solid RPHP film could be used as a proxy measure for the liquid state 

stoichiometry. We propose the conversion of MAPbI3 to a RPHP proceeds according to the 

following net reaction: 

 (n+1)MAPbI3 + 2BA0 → BA2MAn-1PbnI3n+1 + PbI2 + 2MA0.  (4) 

We chose MAPbI3 as the identity of the initial spin-cast film for all mixed amine studies because 

of the apparently more facile kinetics of exchange compared to a BA2PbI4 film. 

As a simple model to predict the effect of a mixed-amine atmosphere on the stoichiometry 

of the amino-deliquesced film, we first define an effective mole fraction for amines in the amino-

deliquesced liquid as χ
MA

0 = nMA
0/ndel,MA

0 (with an analogous expression for BA0), where nMA
0 and 

ndel,MA
0 are the number of moles of MA0 in the film at a given p

MA0  and at p
del,MA0 , respectively. We 

assume that in a mixed amine environment with the system at the amino-

deliquescence/efflorescence phase boundary, χ
MA

0 + χ
BA

0 = 1. Additionally, we assume that the 

partial pressures are linearly proportional to the effective mole fractions to yield relationships 

analogous to Raoult’s law as χ
MA

0 = p
MA0/p

del,MA
0 and χ

BA
0 = p

BA0/p
del,BA

0, where by our definition of the 

effective mole fraction the proportionality constants are the inverse of the deliquescence pressures 

for the pure amines. Under a mixed amine environment, the ratio of effective mole fractions 

becomes: 

                               χ
MA

0/χ
BA

0 = nMA
0/nBA

0 ndel,BA
0/ndel,MA

0  = p
del,BA0/p

del,MA0 p
MA0/p

BA0 .                    (5) 

Rearranging this expression, we find that the ratio of moles of amines in a film is: 

                         nMA
0/nBA

0  = ndel,MA
0/ndel,BA

0 p
del,BA0/p

del,MA0 p
MA0/p

BA0  = δ p
MA0/p

BA0 ,                    (6) 
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where on the right-hand side of this expression we have defined δ as:  

                                                     δ = ndel,MA
0/ndel,BA

0 p
del,BA0/p

del,MA0 .                                              (7) 

For initial analysis, we further assume that the stoichiometry of amino-deliquescence is the same 

for the two amines at the point of deliquescence so that ndel,MA
0/ndel,BA

0  ≈ 1. Under this assumption, 

the value of δ is simply the ratio p
del,BA0/p

del,MA0 . The fit to the Clausius-Clapeyron (Figure 2d) yields 

a value of p
del,BA0= 2.6 Torr at room T, which combined with the previously reported38 value of 

p
del,MA0= 10 Torr gives δ ≈ 0.26 at room T.  

Thus, by knowing δ and controlling the partial pressures of each amine, a specific RPHP 

overall stoichiometry (eq. 6) can potentially be encoded in the amino-effloresced films. To test our 

hypothesis, we exposed thin films of MAPbI3 at room T to a mixed atmosphere of different amine 

ratios. We defined the MA0 to BA0 vapor ratio as γ = p
MA

0/p
BA

0, with the partial pressures controlled 

by the total reactor pressure and gas flow rates. Based on our model, we thus expect the molar ratio 

of MA to BA in the liquid and final film to be determined by the product δγ, i.e. nMA
0/nBA

0 = δγ. 

Note that RPHP films with a single phase (single n value) should have MA to BA ratios of (n–

1)/2, indicating that δγ values of 0.5, 1, and 1.5 should be targeted for n values of 2, 3, and 4, 

respectively. 

Amino-deliquescence was performed at room T by ramping the total pressure (p) in the 

reactor (p = p
MA

0 + p
BA

0) to p = 14 Torr at a fixed γ to create a controlled, mixed amine environment. 

Amino-efflorescence was then performed by stopping the gas flow and decreasing from p = 14 

Torr to p < 1 Torr at ~3 Torr/min. A relatively slow depressurization rate was chosen because 

higher rates typically produced less phase pure films. Photographs of MAPbI3 films after cycling 

at different γ values are shown in Figure 3a. The obvious change in color from the initial 

brown/black (c.f. Figure 2a) reflects the progressive shift of the film stoichiometry. The 
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progressive nature of this shift is highlighted in Figure 3b, where absorbance spectra for individual 

films are plotted as a function of γ ranging from 19–86 and are compared to absorbance spectra of 

pure MAPbI3 and BA2PbI4 films (plotted at either extreme of γ for comparison). To analyze the 

stoichiometry of the films, the absorbance spectra were fit to the sum of a Gaussian (for excitonic 

peaks) and band edge profile composed of an exponential Urbach tail and joint density of states50 

(see Supporting Text in the Supporting Information for details). Figure 4a shows spectra and fits 

for the most phase-pure films for n = 2, 3, and 4, which resulted from amino-

deliquescence/efflorescence cycles with γ = 29, 72, and 86, respectively. Using the area of the 

Gaussians to estimate the relative ratio of different stoichiometries within each film, we estimated 

each film to be ~98, 72, and 44% phase pure, respectively. All absorbance spectra shown in Figure 

3b were fit to determine the percentage of each n value as a function of γ (Figure 4b), wherein a 

clear progression from lower to higher n can be seen as γ increases. Analysis of XRD patterns of 

the films generally confirm the same trends (Figure S5). 
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Figure 3. Absorbance changes upon amino-deliquescence/efflorescence of MAPbI3 films in 

mixed amine vapor. (a) Photographs of select MAPbI3 films after amino-efflorescence under 

mixed amine atmosphere at the given γ values. (b) Absorbance spectra of films plotted as a 

function of γ. Spectra of pure n = 1 BA2PbI4 and n = ∞ MAPbI3 spin-cast films are included at the 

bottom and top, respectively, and spectra are individually normalized and offset for clarity. 
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We also calculated the overall MA:BA ratio in the solid films as a function of γ (Figure 

4c), and the approximately linear relationship (correlation coefficient of 0.95) verifies the general 

validity of the model. We also note the appearance of periodic steps in the data (as indicated by 

the dashed line) that approximately correspond to MA/BA ratios of 0.5, 1.0, and 1.5, which are the 

expected ratios for n values of 2, 3, and 4. These steps suggest that during amino-efflorescence, 

the system may preferentially crystallize in one n value even if the ratio of amines in the liquid 

state does not precisely correspond to that n value. Nevertheless, an overall linear trend is apparent, 

and the linear fit yields δ = 0.018 ± 0.005, which is about an order of magnitude smaller than our 

anticipated a value of δ = 0.26 at room T. The deviation of δ from our expected value could have 

several origins, including a difference in the stoichiometry of deliquescence between the two 

amines (i.e., ndel,MA
0/ndel,BA

0 < 1), non-idealities in the mixed amine liquid causing the amine effective 

mole fractions to not scale linearly with partial pressure, or deviations of the amine ratio in the 

solid state from the ratio in the liquid state due to the kinetics and thermodynamics of amino-

efflorescence. In addition, the presence of PbI2 in the amino-effloresced solid may affect the vapor 

pressures of the amines. We also note that the stoichiometry calculation relies on the magnitude of 

the excitonic features, which may skew results toward lower n values that have more prominent 

excitonic peaks.17 Nevertheless, despite the deviation from our ideal predictions, the linear trend 

and progressive variation of absorbance spectra and n values confirms the capability to control 

overall film stoichiometry through amino-deliquescence/efflorescence in a mixed amine vapor 

environment. 
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Figure 4. Stoichiometry after amino-deliquescence/efflorescence in mixed amine vapor. (a) 

Absorbance spectra of the most phase pure films with stoichiometries of n = 4 (upper), 3 (middle), 

and 2 (lower). Dotted curves represent the Gaussian function used to fit the excitonic feature while 

the dash-dotted curve is the band edge absorbance. Blue, turquoise, yellow, and red curves 

represent n = 2, 3, 4, and 5, respectively. (b) Film composition as a function of γ showing the 

percentage of each phase from n = 1 to 5 as derived from absorbance data. (c) MA:BA ratio as a 
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function of γ with the solid black line a linear fit of the data. Gray dashed line is a guide to the eye 

to illustrate the apparent periodic steps in the data. 

 

Conclusion 

In summary, we have shown that amino-deliquescence and amino-efflorescence of HPs 

can be induced not just with MA0 but also with BA0 and occurs both with 3D and quasi-2D films. 

The phenomenon also occurs in mixed amine atmospheres, following a relationship analogous to 

Raoult’s law. Thus, an amino-deliquescence/efflorescence cycle can be used to affect amine ratios 

in the amino-deliquesced liquid state and thereby the ammonium ion ratios in the solid state after 

amino-efflorescence. Although the generality of the results to additional organic cations requires 

further study, the results highlight a new potential strategy to modulate organic components in HP 

films, with varied potential applications ranging from the synthesis of multi-cation thin-films25 to 

energetic landscape engineering22 or purposeful introduction of low concentration organic 

impurities, such as for charge-transfer doping.51 Future work will explore the impact of retained 

PbI2 on the properties of amine-exchanged films and expand the library of amines under which 

amino-deliquescence/efflorescence occurs to define new properties and functionality in the HP 

materials. 
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Supporting Text 

Fitting absorbance spectra: 

Absorbance spectra resulting from exposing MAPbI3 films to a mixed amine atmosphere 
consisting of MA0 and BA0 were fit by assuming that the overall spectrum could be constructed 
by a linear superposition of all the contributing spectra. Specifically, we assumed that each film 
is composed of a number of phases (each corresponding to an n value) of the layered perovskite 
series BA2MAn-1PbnI3n+1. For each n value, we assumed that the absorbance profile is composed 
of a direct bandgap joint density of states absorbance profile modified on the low energy side by 
an exponential Urbach tail and a Gaussian excitonic absorbance. In general, for purposes of 
fitting, each contribution to the absorbance takes the form of a parametrized equation whose 
parameters are taken as variables for the fitting algorithm to produce the best fit. The bandgap 
absorbance (Abg,n) for each n value was modeled as: 

 Abg,n = an(ħω-Eg)1/2 , (S1) 

where an is the amplitude of the absorbance, ħ is Planck’s constant, ω is the angular frequency, 
ħω is the photon energy, and Eg the band gap of the material.1 The value of Eg was initially 
centered at the peak of the excitonic absorption and was constrained within ± 0.04 eV of this 
value. The Urbach tail absorbance (AUr,n), which capture the effect of disorder and band edge 
states on the absorption profile, was modeled as: 

 AUr,n = bnexp[cn*(ħω- dn)] , (S2) 

where bn is the amplitude of the exponential, cn controls the curvature, and dn shifts the energetic 
position. The Urbach tail and bandgap absorbance are combined at the point where the 
magnitude and slope of the two are closest. To ensure reliable pairing between these, bn and dn 

are constrained between 0.10–0.11 and 2.19–2.2, respectively. This leaves the bulk of the fitting 
to affect cn, which is constrained between 20–200. The excitonic absorbance (Aex,n) was modeled 
as a Gaussian of the form: 

 Aex,n = enanexp{(-(ħω-fn)2/[2(gn/2.35)2]} , (S3) 

where en is an amplitude factor that relates the magnitude of the excitonic peak to the amplitude, 
an, of the bandgap absorbance, fn determines the peak position of the Gaussian, and gn is the 
Gaussian full width at half maximum, which was constrained to be between 0.05–0.09 eV. 
Values of 2.18, 2.05, 1.94, and 1.86 eV were used as rough initial estimates for fn corresponding 
to the peaks for the n = 2–5 species respectively, and the fitting of fn was constrained to ± 0.05 
eV of this initial guess. The parameter en was constrained to be between 0.2 and 0.6, which was 
determined by fitting the spectrum for a pure n = 1 BA2PbI4 film and finding a value of en ~ 0.5. 

For fitting the experimental absorbance spectra, the total absorbance (Atotal) of a film was 
calculated as: 

 Atotal Abg,n AUr,n Aex,n hAn=1 k , (S4) 

where for the n = 1 contribution to the absorbance (An=1), the experimental absorbance spectrum 
collected from a spin-cast film was used to reduce the number of free parameters in the overall 
fit. Only an amplitude (h) and small energetic offset (k) of the n = 1 spectrum were used. The 
limits for the fitting of spectra were chosen to be from 1.6 eV to either 2.4 eV (for spectra 
exhibiting absorbance characteristics of the n = 1) or 2.3 eV (for those without), so as to be as 
close as possible to the bandgap of the highest energy (lowest n value) species present. 
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Figure S1. Absorbance of MAPbI3 and BA2PbI4 films converted to each other using BA0 and 
MA0 respectively. (a) Fitting the absorbance spectrum of MAPbI3 films after amino-
deliquescence/efflorescence with BA0. Data (solid black line) were well fit (dotted-dashed red 
line) by assuming that the absorbance profile is composed of direct bandgap and Urbach tail 
contributions (collectively called “background,” dotted lines), excitonic contributions (solid 
lines) from n = 1 BA2PbI4 (yellow), and n = 2 BA2MAPb2I7 (orange), and an empirical 
absorbance spectrum of a PbI2 thin film (purple dotted curve). Interestingly, the data can only be 
well fit by including an additional excitonic feature (solid purple curve). The presence of this 
feature requires further investigation, but one possible source is nanoconfined BA2PbI4, causing 
a blue shift in the band edge and excitonic absorption, as has been observed in other perovskite 
systems.2 Elemental analysis of this sample via EDS results in a I:Pb ratio of 3.07, suggesting 
that the ratio of BA2PbI4 to PbI2 is ~1:1, in accord with the expected stoichiometry of the amino-
deliquescence/efflorescence amine exchange reaction. We note that controlling the initial 
stoichiometry of the starting film could be used to control the extent of or eliminate the PbI2 
retained in the film. (b) Absorbance spectra of two different BA2PbI4 films treated with MA0 
under different conditions to produce films of MAPbI3. As can be seen comparing the yellow 
dashed line to the black line, treatment at a higher pressure of MA0 produces a spectrum with 
little to no excitonic character, thus we conclude that with the right combination of time and 
pressure, nearly phase pure MAPbI3 films can be produced through amino-
deliquescence/efflorescence from BA2PbI4 starting films. Although this is possible, the pressure 
conditions and time required for this made BA2PbI4 films a less desirable starting point for 
producing quasi-2D films of intermediate n value.  
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Figure S2. Analysis of diffraction patterns from spin-cast MAPbI3 films treated with BA0. (a) 
Diffraction pattern (orange) of a MAPbI3 thin film after amino-deliquescence/efflorescence with 
BA0. The resulting pattern is similar to the diffraction pattern (blue) for spin-cast BA2PbI4 
oriented with the [001] direction normal to the substrate but with the addition of a few small-
amplitude peaks, one of which is visible at 2θ = 7.95° (indicated with arrow). (b) Experimental 
diffraction pattern from panel a plotted along with calculated diffraction patterns of PbI2, 
BA2PbI4, and MAI, showing that the peak at 2θ = 7.95° does not correspond to any of these 
species. We thus hypothesized that this peak might result from BA2PbI4 with excess BA0 
incorporated into the lattice, causing lattice expansion along the [001] direction. (c) Plots of the 
difference in diffraction intensity between diffraction patterns from films with thermal annealing 
and without thermal annealing. Patterns were collected on MAPbI3 films that underwent amino-
deliquescence/efflorescence with BA0 and were then optionally annealed at 100 °C in a nitrogen 
environment. After 5 minutes of annealing, a bleach of three peaks at 2 = 7.9, 15.9, and 23.9° 
and growth of 5 major peaks at 2θ = 12.8, 19.3, 25.8, 32.4, and 38.7°, corresponding to the peaks 
of BA2PbI4 (c.f. panel a), was observed. We thus conclude that the bleaches likely correspond to 
the loss of lattice expanded BA2PbI4 due to loss of BA0, forming BA2PbI4 with the stable 
equilibrium structure. Dashed vertical lines correspond to the predicted diffraction peak positions 
of the lattice expanded structure shown in panel d. (d) Depiction of the expected equilibrium unit 
cell (right) of BA2PbI4 and the same unit cell but expanded along the c-axis (left) by increasing 
the interlayer spacing.  
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Figure S3. Amino-deliquescence/efflorescence of BA2PbI4 films with BA0 at room temperature. 
Photographs of a spin-cast BA2PbI4 film before an amino-deliquescence/efflorescence cycle 
(left), after amino-deliquescence with BA0 (middle), and after amino-efflorescence (right). 
 
 

 
Figure S4. In-situ absorbance measurements. (a) Photograph showing a typical BA2PbI4 sample 
sitting in the quartz tube vacuum reactor with half of the heater clamshell installed. Note the hole 
cut vertically in the heater clamshell allows for the introduction of an optical beam for collection 
of extinction spectra. (b) Photograph showing the clamshell heater cube with both halves 
installed, as used during measurements. 
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Figure S5. Mixed amine film composition as determined by XRD patterns versus absorbance 
data. (a) Percentage of n = 1-4 phases determined by XRD measurements for MAPbI3 films that 
had undergone amino-deliquescence/efflorescence with ratios of MA0/BA0 (γ) from 19–86. 
Diffraction patterns were refined and analyzed using the Pawley method for whole powder 
pattern decomposition. The results tend to suggest that the overall phase purity of any given film 
is lower than that predicted by absorbance data. However, given that the sample is a thin film 
and diffraction intensities can depend on relative orientation of phases within the film, we only 
emphasize the general similarity of the trends in XRD and absorbance data but primarily rely on 
the absorbance  for determination of the relative fraction of phases, as shown in Figure 4b. (b, c) 
Example analysis of final film stoichiometry for MAPbI3 films after having undergone amino-
deliquescence/efflorescence with γ = 41 as determined by fitting of the absorbance spectrum 
(panel b) and analysis of the XRD pattern (panel c). XRD analysis yields percent compositions 
of 46.9 and 53.1% for n = 1 and n = 2 corresponding to yellow and orange shaded peaks, 
respectively, with no diffraction evidence of n = 3. However, as is readily apparent from the 
presence of an n = 3 excitonic feature in the absorbance data on the same film, a substantial 
amount of n = 3 phase is present. Fits of the excitonic peaks (indicated by arrows in panel b) 
indicated that ~12% of the film is the n = 3 phase with the remainder 2.3, 84.5, and 0.5% of n = 1 
and n = 2, and 4 respectively.  
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Supporting Tables  
 
Table S1. The deliquescence temperatures and pressures for the BA2PbI4∙BA0 system and the 
95% confidence interval for the pressure.  

 
 
Table S2. Fitting parameters used to fit the UVvis absorbance spectrum of a MAPbI3 film 
treated with a MA0/BA0 atmosphere with partial pressure ratio of 18.7. Note that the letters for 
the parameters correspond to the convention established in the “fitting absorbance spectra” 
section of the supporting text, with the exception of the labelling of the parameters for the “n1” 
species, in which what is labelled as “f” corresponds to the energy offset k, and what is labelled 
“e” corresponds to the amplitude h. The remaining parameters are labelled as zero as they are not 
needed for the empirical fit.  

 
 
Table S3. Fitting parameters used to fit the UVvis absorbance spectrum of a MAPbI3 film 
treated with a MA0/BA0 atmosphere with partial pressure ratio of 23.7. 
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Table S4. Fitting parameters used to fit the UVvis absorbance spectrum of a MAPbI3 film 
treated with a MA0/BA0 atmosphere with partial pressure ratio of 28.6. 

 
 
Table S5. Fitting parameters used to fit the UVvis absorbance spectrum of a MAPbI3 film 
treated with a MA0/BA0 atmosphere with partial pressure ratio of 34.9. 

 
 
Table S6. Fitting parameters used to fit the UVvis absorbance spectrum of a MAPbI3 film 
treated with a MA0/BA0 atmosphere with partial pressure ratio of 41.1 

 
 
Table S7. Fitting parameters used to fit the UVvis absorbance spectrum of a MAPbI3 film 
treated with a MA0/BA0 atmosphere with partial pressure ratio of 47.3. 
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Table S8. Fitting parameters used to fit the UVvis absorbance spectrum of a MAPbI3 film 
treated with a MA0/BA0 atmosphere with partial pressure ratio of 62.3. 

 
 
Table S9. Fitting parameters used to fit the UVvis absorbance spectrum of a MAPbI3 film 
treated with a MA0/BA0 atmosphere with partial pressure ratio of 72.2. 

 
 
Table S10. Fitting parameters used to fit the UVvis absorbance spectrum of a MAPbI3 film 
treated with a MA0/BA0 atmosphere with partial pressure ratio of 78.4. 

 
 
Table S11. Fitting parameters used to fit the UVvis absorbance spectrum of a MAPbI3 film 
treated with a MA0/BA0 atmosphere with partial pressure ratio of 85.9. 
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