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Organo-halide lead perovskites are revolutionizing the photovoltaics scenario, with efficiencies 

exceeding 15%. The orientational dynamics disorder of the methylammonium cations (MA) is one of the 

most peculiar features of these materials. Here, we perform ab-initio molecular dynamics simulations 

and IR spectroscopic measurements on lead halide hybrid perovskites to elucidate the rotational motion 

of the MA cations in these systems and its effects on the structural and electronic properties of hybrid 

perovskites. In the investigated time frame, the MA cations do not show preferential orientations and 

are found to rotate within the inorganic framework on a timescale of a few ps. A variation of ±0.1-0.2 eV 

of the electronic properties with the ion dynamics is found, which increases by increasing the 

temperature. 

 

1. Introduction 

Organo-halide lead perovskites have raised the interest of the 

scientific community because of their unique properties, that 

make them highly attractive for opto-electronic applications.1 In 

particular, in the field of photovoltaics, devices based on lead-

halide perovskite showed a formidable and fast improvement2-

12, setting new records among organic and hybrid based solar 

cells and currently reaching a photo-to-current efficiency 

exceeding 15%.11,12 In spite of the high efficiency of hybrid 

perovskite-based devices, the fundamental structural, optical 

and electronic properties of this class of materials are still in 

part unclear. If, on one side, the basic features of the crystalline 

and electronic structure of hybrid, lead halide perovskites have 

already been understood by means of both experimental13,26 and 

theoretical tools27-33, many open questions still remain about 

their detailed properties. A very intriguing issue of these 

materials deals with the orientation and the dynamics of the 

organic methylammonium (MA) cations inside the inorganic 

structure.13-18 The presence of an ordered orientation of the MA 

cations in the low temperature phase of various hybrid 

perovskites have already been pointed out by several X-ray 

diffraction and DFT studies.16-19 On the other hand, a fast 

rotational dynamics of the MA cations has been observed for 

the room temperature phase, with measured rotational 

relaxation and correlation time of 5.37 ps and 0.46 ps 

respectively, for the CH3NH3PbI3 perovskite. It has also been 

suggested that in the cubic phase of lead-halide hybrid 

perovskites the MA cation rotates in an isotropic potential.15 In 

spite of the fact that the organic component of lead-halide 

perovskite does not contribute directly to their energy band-

gap27, it has been pointed out that it can have important indirect 

effects on the structure18,29 of these systems and also on their 

dielectric properties.32 

 Understanding the structural and electronic properties of the 

organo-halide lead perovskites, taking into consideration their 

intrinsic dynamical disorder, represents a mandatory step to 

gain a deeper comprehension of these systems. In this regard, 

ab-initio molecular dynamics represents a very powerful 

approach since it describes the electronic properties of these 

systems taking into account the dynamics of the ions in a 

coherent fashion. In addition, it considers thermal effects 

explicitly, allowing the simulation of the structural and 

electronic properties of the system of interest in conditions 

closer to the operative ones. In this work, we present the results 

of ab-initio Car-Parrinello molecular dynamics (CPMD) 

simulations on the CH3NH3PbI3 organo-halide lead perovskite 

(here on MAPbI3) and on the analogous MAPbCl3 system, the 

former representing the prototype of hybrid lead halide 

perovskites for photovoltaic applications.2,3,6,10,12 Very recently, 

the results from a CPMD simulation on the CH3NH3PbI3 
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perovskite have been reported,34 but this was mainly devoted to 

the study of the electronic properties of this material, not 

investigating its vibrational spectroscopic response. The 

vibrational response of these systems instead can provide very 

useful information on their dynamics, in particular, on the 

librational motion of the MA cations within the inorganic 

framework, that are expected in the low frequency range (below 

500 cm-1). In the present paper we also measured the IR 

spectrum of the related CH3NH3PbI3-xClx perovskite at various 

temperatures, from 180 K to 293 K in the 30-500 cm-1 

frequency range, and we compare these spectroscopic data with 

those obtained from the CPMD simulations on the MAPbI3 

perovskite. The Cl-doped perovskite has quite similar structural 

properties compared to MAPbI3,
24 as recently reported. Its 

precise composition is not certain but a fraction of Cl-doping 

within 1% was proposed24 and thus, due to the similarity of the 

two materials, we do not expect substantial variation in the IR 

spectroscopic features associated to MA cation dynamics. It is 

worth to mention that we are not interested here in the detailed 

assignment of the vibrational features of lead halide 

perovskites, that has been recently reported by some of us.25 

We rather wish to compare the results of our dynamics 

simulations to the spectroscopic IR data obtained in this study 

and with the other spectroscopic data available from the 

literature,21,26 providing a potentially useful insight on the 

structure and on the dynamics of the MA cations in organo-

halide lead perovskites. 

 Our study indicates that in the cubic phase of MAPbI3 the 

MA cations have large orientational mobility and, most notably, 

that their motion is strongly coupled to that of the inorganic 

framework. In addition, the qualitatively good agreement of the 

simulated IR spectra at two different temperatures with the 

experimental spectra, demonstrates the importance of the 

orientational dynamics of the MA cations in the spectroscopic 

response of lead-halide hybrid perovskites. The variation of the 

electronic properties due to the atomic motion is also 

investigated, finding that nuclear dynamics can lead to 

energetic shifts of the order of few tenths of eVs. 
 

2 Experimental and theoretical methods 

2.1 Models and methods. 

Car-Parrinello Molecular Dynamics (CPMD),35 as implemented 

in the Quantum-Espresso package36 is used in the present work. 

The structural model used for CPMD simulations is composed 

by a 2x2x2 cubic supercell of  8 MAPbX3 (X=Cl and I) units, 

see Figure 1a, employing the experimental cell parameters 

(6.3288 and 5.6752 Å for X=I and Cl, respectively).13 The 

MAPbI3 perovskite is known to undergo phase transitions from 

the room temperature tetragonal to the high temperature cubic 

structure at 327 K, while MAPbCl3 is cubic at room 

temperature.13 Thus, the choice of the cubic framework in both 

X=I and Cl thus seems to be a good compromise to compare 

their structure and spectroscopic response in similar conditions. 

To avoid possible inconsistencies due to the temperature-

induced phase transitions, we fixed the Pb atoms at their cubic 

sites. CPMD simulations were conducted at two temperatures, 

i.e. 268 K and at 319 K for X=I, and at 291 K for X=Cl, for a 

total simulation time of ~13 ps, after few ps of  equilibration. 

We notice that at 268 K the MAPbCl3 perovskite is in the 

stability conditions of the cubic phase. At 319 K instead, 

MAPbI3 is very close to the tetragonal to cubic transition (327 

K), while, at the opposite, the simulation of a cubic MAPbI3 at 

268 K represents a hypothetical strongly undercooled cubic 

structure. Nevertheless, at the light of the very similar 

parameters of the pseudo-cubic lattice parameter (6.26 Å) with 

respect to the cubic one (6.33 Å), we expect that the assumption 

of a cubic structure at temperatures lower than the transition 

one does not introduce significant differences with respect to 

the real case, as demonstrated in the Section 3.1. To decouple 

the effect of the MA dynamics from that of the inorganic 

counterpart, we performed additional CPMD simulations with 

all the inorganic atoms fixed at their corresponding cubic sites 

and only the atoms of the MA cations were allowed to move 

(Pb-I-fixed model). If not otherwise stated, our results refer to 

the case with only the Pb atoms fixed. CPMD simulations have 

been carried out with an integration time step of 4 au, fictitious 

electronic mass of 400 au, and the real ionic masses. The PBE 

exchange-correlation functional37 was used along with 

ultrasoft,38 scalar relativistic pseudopotentials for all atoms. We 

used a cutoff of 25 and 200 Ry, respectively, for expansion of 

the electronic wavefunctions and charge density. 

 
Figure 1. a) Cubic model and b) tetragonal model structures. Highlighted are the 

employed simulation cells. c) Starting orientation of the MA cation in the cubic 

phase. 
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We calculated the IR spectra of MAPbI3 from the CPMD 

simulations using the relation between the IR intensity and the 

dipole autocorrelation function:39 
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where the angular brackets indicate a statistical average of the 

correlation of the dipole moment M of the system. 

 For further comparison, we have also calculated the IR 

spectrum of the more stable tetragonal MAPbI3 structure,25,28 

made by four MAPbI3 units, Figure 1b, by a static phonon 

calculation on the relaxed (atomic and lattice) structure. The 

calculated cell parameters are 8.783 Å, 8.746 Å, and 12.699 Å, 

which are in good agreement (within 1%) with experimental 

data.13 The phonon calculation has been carried out at the same 

level of theory of the CPMD simulations, namely with the PBE 

exchange-correlation functional, ultrasoft, scalar relativistic 

pseudopotentials and with a cutoff of 25 Ry and 200 Ry, 

respectively, for the wavefunction and for the density 

expansion. A 4x4x4 mesh for sampling the first Brillouin zone 

is used.40 

 

2.2 Material synthesis and spectroscopic measurements 

The material has been prepared according to the published 

procedure,5 as follows: 24 ml of methylamine  solution (33 

wt% in absolute ethanol) was mixed with 100 ml of ethanol and 

10 ml of 57% HI acid. The solution was stirred for 2 hours, 

then transferred to rotary evaporator and kept at 70°C until a 

crystalline powder formed. The crystalline powder was washed 

and recrystallized from ethanol and the formed 

methylammonium iodide was dried in a furnace at 60°C for 16 

hours. The CH3NH3I and PbCl2 were dissolved at a 3:1 molar 

ratio in N,N-Dimethylformamide to form a 40 wt% 

MAPbI3-xClx perovskite precursor solution.7 A 13±1 µm thick 

mixed halide perovskite film was deposited on 1 mm thick high 

density polyethylene (HDPE) substrate by spin coating under 

nitrogen atmosphere and annealed at 70°C for 45 min. After 

annealing a PMMA solution in chlorobenzene (Allresist 

671.05) was spin coated on top of the film before exposing to 

air. 

 FAR IR absorption spectra were obtained by using a Bruker 

113v FT-IR spectrometer at 2 cm-1 resolution averaging over 

256 scans. In order to optimize the quality of the spectra in the 

Far IR spectral range we have investigated (30-500 cm-1), at 

each temperature two spectra were collected by using two 

distinct mylar beamsplitters (12 µm for the spectral region 

below 200cm-1 and 3.5 µm above 200 cm-1). As reference, a 

sample was prepared by spin coating directly the PMMA 

solution on top of a twin HDPE substrate. Temperature 

dependent measurements were performed mounting the sample 

on the cold finger (with a 6 mm aperture hole) of a flow 

cryostat with HDPE windows with the MAPbI3-xClx in direct 

contact with the copper cold finger.  The temperature was 

monitored by ITC4 Oxford temperature controller; in order to 

let the temperature stabilize, the IR measurements were 

performed 15 minutes after setting the designed temperature, 

ensuring that the variation was not larger than 1 K. 

  

3. Results and Discussion 

3.1 Structural properties. 

In Figure 2 we report the radial distribution function (RDF) 

associated to the inorganic framework of MAPbI3, obtained 

from the CPMD simulations at 268 K and 319 K, compared 

with the experimental RDF reported in Ref 21. 

 The theoretical RDF of the inorganic atoms of MAPbI3 does 

not show substantial variations with the temperature. Moreover, 

the theoretical RDF in Figure 2 parallels very well the 

experimental data; in particular, the first two peaks at 3.20 and 

4.45 Å are predicted in very good agreement in both position 

and broadening, indicating that both the average distances 

between inorganic ions and their variation due to the ion 

dynamics are correctly described by our simulation. The peak at 

~6.3 Å is also in good agreement with the experiment, 

indicating that the information on the second coordination shell 

of the inorganic ions is correctly predicted. The very weak 

signal predicted at ~5.4 Å can be associated to that observed 

experimentally at ~5.6 Å (see Figure SI1, Supplementary 

Information). The absence of this signal in the RDF obtained 

for the Pb-I-fixed model (i.e. the model with Pb and I atoms 

fixed at their cubic sites) demonstrates that this weak signal 

arises from the displacement of the iodine atoms from their 

equilibrium position (see Figure SI2). The theoretical RDF 

slightly differs with respect to the experiment only at distances 

larger than 7 Å. The two signals predicted at 7 Å and at 7.7 Å 

are present also in the RDF of the Pb-I-fixed model (See Figure 

SI2), thus they are inherent in our cubic structure model. At the 

opposite, the RDF obtained by Choi et. al. on a tetragonal 

model reproduces the experimental RDF also above 7 Å.21 It is 

thus clear that the differences between our theoretical RDF and 

the experimental one at large distances (>7 Å) must be 

addressed to the cubic model employed here. 
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Figure 2. Radial distribution function (RDF) of the inorganic ions of MAPbI3, 

obtained from the CPMD simulation carried out at the temperatures of 268 K 

(blue) and 319 K (red), compared with the experimental RDF from Ref 21 (black). 

 

We have monitored the orientation of the MA ions during the 

CPMD simulations at different temperatures. As showed in 

Figure SI3-SI4, the MA cations do not assume preferred 

orientations but rather they explore almost all possible 

orientations inside the inorganic cage already at the lowest 

simulated temperature (268 K) and no evident modifications of 

the orientational dynamics take place at higher temperatures. 

These results confirm that in the cubic phase of hybrid lead-

halide perovskites, the MA cation rotates in an isotropic 

potential, as pointed out in Ref 15. During the simulation, the 

MA cations accomplish at least one rotation along one of the 

reference axes (see Table SI1-SI2), providing a mean rotation 

time of the order of few ps (5.47 ps at 268 K, 4.52 at 319 K)†. 

These results agree quite well with the experimental estimation 

of the C-N rotational correlation time in MAPbI3 of 0.46 ps14 

and with the relaxation process of the MA cations in MAPbI3 of 

5.47 ps.13†† During the simulations on the Pb-I-fixed model 

instead, the molecules remain in their original orientation (see 

Figure SI5-SI6), without rotating during the whole simulation 

time. These results demonstrate that the rotational dynamics of 

the MA cations is strongly coupled with the dynamics of the 

inorganic counterpart. 

  We previously showed 25 that the torsional vibrations of the 

MA cations, found between 200 and 300 cm-1, could be 

strongly red-shifted by specific organic-inorganic interactions. 

Since the organic-inorganic interactions are mainly occurring 

through Coulomb and hydrogen-bonds interactions between the 

NH3 groups of the MA cations and the electronegative iodine 

atoms,18,27,28 we have analyzed the distance between the 

hydrogen atoms of the NH3 group and the iodine atoms during 

the CPMD dynamics. In Figure 3, we report the H-I RDF at 

268 K and at 319 K. This data clearly shows two maxima at 

about 2.65 Å and 4.10 Å, that correspond to the first and second 

H-I coordination (see Figure 1c), which does not change 

substantially with the simulation temperature. A similar 

situation is showed in the RDF of the Pb-I-fixed model, which 

shows sharper peaks due to reduced variety of configurations of 

the organic to inorganic interactions, confirming that the 

motion of the organic and of inorganic counterparts are strongly 

coupled (see Figure SI7). 
 

 
Figure 3. Radial distribution function for the iodines and the hydrogens of the 

NH3 groups predicted by the CPMD simulations at 268 (blue) and 319 (red) K. 

 

Note that the situation depicted by the CPMD simulations, 

where the first interaction shell extends from 2 Å to more than 

2.5 Å, is more complex than that of the static models proposed 

in the literature.19,28 In the static models based on the tetragonal 

structure of MAPbI3,
28 the first coordination shell is composed 

by two H to I distances ~2.55 Å and a third one ~2.85 Å, 

providing a mean interaction distance of ~2.65 Å. Similarly, in 

the model obtained from X-ray diffraction for the orthorhombic 

structure of MAPbI3
 19 the first coordination shell is composed 

by three H to I distances of ~2.55 Å. 

 Summarizing, the MA cations show a large orientational 

motion in the MAPbI3 perovskite, which is strongly coupled 

with the motion of the inorganic structure. As a consequence of 

the rotational freedom of the MA cations, there is a large 

variety of organic-inorganic interactions in terms of relative 

configurations of the MA cations with respect to the inorganic 

cage. We anticipate that this rotational freedom should 

manifests itself with a specific spectroscopic marker in the 

vibrational IR spectrum of MAPbI3, as discussed in the next 

Section. 
 

3.2 IR Spectroscopy  

In this Section, we investigate the structure of the MAPbI3 with 

the vibrational IR spectroscopy. Useful information on the 

dynamics of the MA cations in hybrid lead halide perovskites 

are expected in the low frequency region, thus we recorded the 

experimental IR spectrum of the MAPbI3-xClx perovskite in the 

frequency region from 30-500 cm-1 at various temperatures and 

we compare it with the results from our theoretical simulations 

on the MAPbI3.  

 The vibrational Raman spectrum of MAPbI3 showed a 

broad and not resolved signal between 200-300 cm-1,25 which 

was not paralleled in the static phonon calculations. We 

proposed that the frequency of the torsional vibration of the 

MA cations could easily red-shift from 400 cm-1 to the region 

between 200-300 cm-1 because of the specific interactions of 

the MA cations with the inorganic counterpart and thus we have 

proposed this signal as an important marker of the organic-
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inorganic interactions. In Figure 4a, the experimental IR 

spectrum of MAPbI3-xClx is reported at various temperature 

between 180 K and 293 K. Most notably, the measured IR 

spectra also show a broad band between 200-300 cm-1. This 

band clearly shifts to lower frequencies and broadens with 

increasing temperature (see inset of Figure 4a). The results 

from the phonon calculation on the tetragonal MAPbI3 model29 

and from the CPMD simulations on the cubic model are 

reported respectively in Figure 4b and Figure 4c. The 

convergence of the IR spectra from the CPMD simulations with 

respect to the simulation time has been carefully checked (see 

Figure SI8 and SI9). The signal found experimentally between 

200-300 cm-1 is clearly absent in the static phonon calculation. 

Only four weak signals from the torsional mode of the MA 

cations are present at 271, 301, 307 and 309 cm-1 (see the inset 

in Figure 4b). At the opposite, the IR spectrum predicted from 

the CPMD simulations on the cubic model at finite temperature 

predicts a broad signal at 200-300 cm-1. Broadening of the IR 

bands is associated to fast rotational motion of MA cations, as 

observed in other systems where molecules are free to rotate in 

the solid state like plastic crystals of C60.
41 Most notably, our 

simulations also reproduce the experimental red-shift of this 

band with the temperature (see Figure 4c). 

 

 
Figure 4. a) Experimental IR spectrum of MAPbI3-xClx perovskite recorded at 180 

K, 193 K, 263 K and 293 K; b) theoretical IR spectrum from the static phonon 

calculation on the tetragonal structure (proposed in Ref 28 for the MAPbI3 

perovskite); c) theoretical IR spectrum from the CPMD simulations at 268 K and 

319 K. In the Insets, we report the detail of the experimental and theoretical 

spectra in the 200-350 cm
-1

 frequency region, with the respective intensity 

magnification factor. 

  

The better performance of the CPMD simulations on the static 

calculation to predict the IR spectrum of the hybrid lead halide 

perovskites in the 200-300 cm-1 frequency region should be 

referred to the different description of the structure of these 

systems in terms of orientational dynamics of the MA cations 

and in terms of the organic-inorganic interactions, as pointed 

out in the previous Section. This is consistent with the analysis 

in Ref. 25, where it was shown that the specific organic-

inorganic interactions play a crucial role in the frequency of the 

torsional vibration of the MAPbI3. Summarizing, the present 

analysis demonstrates the importance of the orientational 

dynamics of the MA cations in MAPbI3 for the correct 

prediction of the vibrational spectroscopic response of this 

material. 

  

 
Figure 5. Experimental and theoretical IR spectrum of MAPbI3 and of MAPbCl3 

perovskites in the region between 850-1000 cm
-1

. a) experimental IR spectrum of 

MAPbCl3 at 299 K and that of MAPbI3 at various temperatures; b) theoretical 

spectrum from CPMD of MAPbI3 at 268 and at 319 K; c) the theoretical spectrum 

from CPMD of MAPbCl3 at 291 K. Experimental data taken from Ref 26. 
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To further explore the effect of the intermolecular interactions 

on the IR spectra of the investigated systems, we compare in 

Figure 5 the CPMD-simulated IR spectra of MAPbI3 and 

MAPbCl3 with the experimental IR spectra in the 

850-1000 cm-1 frequency region.26 The experimental spectra in 

this region have been reported by Onoda-Yamamuro et al.,26 

who assigned the low and the high frequency band to the 

rocking and to the CN stretching vibrations of the MA cations, 

respectively. As shown in Figure 5, the CPMD simulation 

reproduce the CN stretching signal in very good agreement 

with experiments. The CN stretching of MAPbI3 is predicted  at 

953 cm-1 at 268 K, compared to ~965 cm-1 found 

experimentally at similar temperature. The CN stretching of 

MAPbCl3 is predicted at 970 cm-1, compared with 980 cm-1 at 

similar temperature. Considering the dependence of the 

frequency of this vibration on the temperature and the presence 

of hydrogen bonds, which typically affect the vibrational 

frequency of organic systems, the present agreement is quite 

satisfactorily. Our results also nicely reproduce the red-shift of 

about 20 cm-1 of the CN band from MAPbCl3 to MAPbI3 

perovskite. The calculated shift is due to the interaction of the 

MA cation with the halogen atom (Cl or I), highlighting the 

importance of organic-inorganic interactions in this class of 

systems. We also notice that we significantly underestimate the 

frequency of the rocking band of the MA cations, though we 

still predict the relative position of this band for MAPbCl3 with 

respect to MAPbI3. In our opinion, this fact should be addressed 

to a well known limitation of the CPMD method. It has been 

already pointed out in fact that the choice of large values for the 

electron fictitious mass can lead to correlation between the 

nuclei spectra and the spectrum of the fictitious electronic 

degrees of freedom.39 In a previous work by Gaigeot et. Al., an 

underestimation of few tens of cm-1 of the rocking band of 

liquid methanol by CPMD simulation with respect to the 

experiment was found.42 As last note, an evident red-shift of the 

CN stretching band with increasing the temperature is observed 

experimentally and this feature is very well reproduced by our 

CPMD calculations. The predicted shift is clearly overestimated 

by theoretical calculations but it is worth to note that our 

CPMD simulations explore higher temperatures than those 

reported in the experiment. 

  

3.3 Electronic properties. 

To investigate the effect of the ion dynamics on the electronic 

properties of the MAPbI3 perovskite, we have analyzed the 

evolution of the HOMO energy during the CPMD simulations.  

 We recall that the MAPbI3 valence band, thus the HOMO, 

is mainly made by I orbitals, while the conduction band is 

mainly made by Pb states.27,29 We expect the band gap to show 

somehow comparable energy oscillations to those observed for 

the HOMO orbital energy. It is worth to note that the 

dependence of the variation of the electronic properties from 

molecular dynamics simulations should be checked with 

respect to both the size of the model and the simulation time. 

Dealing with the first point, we are quite confident of the 

reliability of our data. In fact, the RDF of the inorganic 

structure in Figure 2 demonstrates that our simulations describe 

accurately the dynamics of the ions within a distance of more 

than 1 cubic unit and, since the HOMO energy is expected to 

vary with the dynamics of the inorganic atoms, we consider our 

results to be reliable. The dependence of the HOMO energy 

variation with the simulation time instead has been carefully 

verified for the CPMD simulations at 268 K and 319 K (See 

Figure SI10 and SI11). In Figure 6 we report the evolution of 

the energy of the HOMO during the CPMD simulation at 

319 K. 

 A statistical analysis of the HOMO energy for all the 

CPMD simulations has been carried out and its main results are 

summarized in Table 1. The distribution of the HOMO energies 

are well approximated by gaussian distributions (See Figure 

SI12-SI13). There is an evident increase in the RMS of the 

HOMO energy with the temperature, in line with the expected 

larger displacement of the ions at higher temperature. It is also 

worth to note that the RMS and mix/max HOMO values in the 

simulations on the Pb-I-fixed model are 5-7 times smaller than 

the data in Table 1 (See Figures SI12-SI15). This result is 

perfectly expected, because of the main contributions from the 

inorganic iodine atoms on the HOMO band gap27 and thus the 

constrain on the dynamics of these ions in the Pb-I-fixed model 

obviously results in less spread energy values of the HOMO 

orbital. 

 

 
Figure 6. Energy variation of the HOMO orbital during the CPMD simulation of 

MAPbI3 at 319 K. The average HOMO energy has been set to 0. 

 

The most relevant feature that emerges from Table 1 is that the 

variation of the electronic properties of MAPbI3 is of the order 

of few tenths of eV. This means that 95% of the values 

assumed by the HOMO fall in the range of about 0.22 eV and 

0.31 eV, respectively at 268 K and at 319 K, which is 

comparable to the variation of the electronic properties 

typically found for organic semiconductors and dye-sensitized 

interfaces.43,44,45  
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Table 1. Average, root mean square (RMS), maximum and minimum value 
assumed by the HOMO orbital during the CPMD simulations at the various 
temperatures for the cubic model. 

temperature (K) RMS (eV) max – min (eV) 

268 5.39 10-2 0.34 

319 7.80 10-2 0.47 

 

 

Conclusions 

Organo-halide lead perovskites represent one the most 

interesting innovation in the field of new materials for 

photovoltaic applications, because of their unique properties. 

Nevertheless, there are still many open questions on their 

structural properties. Several works in the literature pointed out 

the extremely fast dynamics of the methylammonium (MA) 

cations in the organo-halide lead CH3NH3PbI3 (MAPbI3) 

perovskite13,14 and some authors have demonstrated that the 

organic counterparts have important effects on both the 

structure29 and optical properties32 of these materials. In this 

work we have carried out ab-initio Car-Parrinello molecular 

dynamics simulations on the MAPbI3 perovskite, in order to 

investigate on the dynamics of the MA cations in this hybrid 

perovskite. In addition, we have measured the IR spectrum of 

the MAPbI3-xClx perovskite in the low frequency region, where 

the libration motions of the MA cations are expected. The 

results from these simulations are in good agreement with the 

available experimental data. A very fast rotational motion of the 

organic cation inside the inorganic structure is found, with 

rotational times of the order of 4-6 ps. Such rotational motion is 

already present at relatively low temperature (268 K) in the 

cubic phase and it is strongly correlated to the dynamics of the 

inorganic ions. The strong coupling of the dynamics of the 

organic ions and of the inorganic counterpart results in a clear 

spectroscopic marker in the broad and not defined band 

between 200-300 cm-1 in the IR spectrum of MAPbI3. As a last 

result, the variation of the electronic properties of this material 

close to room temperature, due to the ion dynamics, is 

estimated in the order of a few tenths of eV, which is 

comparable with the variations of the electronic properties in 

organic semiconductors. 
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