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Abstract

We demonstrate a new regime of heat conduction in hybrid metal halide perovskites where
the thermal conductivity increases with temperature due to the rotational and librational mo-
tion of the organic cations. Our molecular dynamics simulations on MAPbI3 show that as the
temperature is increased across the orthorombic-tetragonal-cubic phase transitions, the contri-
butions to the total thermal conductivity from the organic cations monotonically increases to
~60%, whereas the contributions from the inorganic framework decrease with a similar tem-
perature dependence that is often associated with anharmonic phonon scattering processes of
crystalline solids. The increase in the organic constituent contributions to the total thermal con-
ductivity as temperature is increased leads to a temperature-independent thermal conductivity
at high temperatures. By comparing MAPbI3 results with the corresponding inorganic CsPbl;
lead halide (by using a new specifically designed MYP parametrization) we unambiguously as-

cribe the unique temperature trend of the hybrid perovskite to the collective rotational motion



of the organic molecules leading to additional channels of heat flow at higher temperatures in
these materials. Our findings are relevant for the thermal stability of hybrid perovskites to op-
timize heat dissipation and working conditions in optoelectronic, thermoelectric, and phononic
devices based on hybrid perovskites.
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Metal halides perovskites have garnered tremendous amount of attention in recent years due
to their remarkable structure-property relationships, which makes them ideal candidates for use in
emerging technologies such as in electrochemical energy storage, thermoelectric applications and
primarily in solar cells.!™ The crystalline perovskite structure of formula ABXj3 is formed by a
three-dimensional BX3 network of corner sharing octahedra with metals (e.g. Pb) at the centers
and halide anions (I,Br) at the corners. Positively charged cations occupy the A sites of the per-
ovskite lattice. Cations of large radii are necessary to make the crystal structure stable. In the case
of organic cations (e.g. methyalmmonium CH3NH3, MA) a hybrid organic-inorganic perovskite
is obtained. This is the case of the celebrated MAPbI; crystal, which has emerged as one of the
most efficient photovoltaic solution-processable semiconductor.'*!! Central to these applications,
however, is the comprehensive understanding of their thermal transport properties. In this regard,
recent studies have shown that their ultralow thermal conductivity mainly derives from the low
group velocities of acoustic phonons that in turn derives from the soft nature of the lead halides
crystals in addition to strong anharmonic phonon-phonon scattering mechanisms.'>"'> Consider-
ing the reduced thermal stability '® and the promising thermoelectric properties of metal halides ',
understanding and controlling the heat flux is crucially important to improve material stability, to
optimize working temperature and thermodynamics conditions of devices, and to design nanosys-
tems for heat management.

In general, for most non-metallic solids and for the lattice contribution in metals, heat conduc-
tion theories (dating back to the work by Peirels in 1929)!8 are generally rooted in the phonon gas

models. '°2! In these models, heat is primarily carried by propagating phonon wavepackets and re-



sistive processes such as anharmonic phonon-phonon scattering mechanisms generally dictate the
temperature dependent thermal conductivity (for defect-free crystalline solids at intermediate and
high temperatures).zz’23 However, for disordered solids and complex crystals, theories reliant on
the phonon gas models are not able to fully capture the heat conduction mechanisms due to the fact
that a substantial contribution from non-propagating vibrations (with mean-free-paths on the order
of the average atomic spacings) can dictate the temperature dependent thermal conductivities. 42
In such cases where the Peierls’s phonon picture breaks down, Allen and Feldman’s harmonic the-
ory for glasses where the coupling of vibrational modes arising from the off-diagonal elements of
the velocity operator has been successful in describing glass-like heat conduction.?>->"-%°

The mechanism of thermal transport in metal halide perovskites is at the intersection of these
two regimes, i.e. crystal-like and glass-like.?%*” The inherent disorder of the soft metal halide
crystals (forming the BX3 network) along with the hybridization of vibrational modes between
the inorganic framework and the host species (occupying the A sites) renders the conventional
phonon picture of thermal transport insufficient. As such, a combination of mixed phononic and
non-phononic features associated to a peculiar glass-crystal duality has been proposed for these
types of materials.?® The low frequency modes, that are mainly due the inorganic lattice,® retain
features of acoustic waves but exhibit short lifetimes of a few tens of picoseconds. Anharmonic ef-
fects (two orders of magnitude higher than in silicon) occur within such wave-like modes as well as
between modes of the octahedral framework and modes localized at the A cations (e.g. anharmonic
rattling dynamics of Cs).?! Recently a transport equation has been derived for a unified theory of
thermal conductivity in solids?’ consisting of two contributions that are appropriately named “pop-
ulations’ (i.e. particle-like phonon wavepackets of Peierls’ semiclassical picture) and ‘coherences’
(wave-like tunneling and loss of coherence between different vibrational eigenstates). In anhar-
monic crystals or harmonic glasses the two terms reduce to the Peierls and Allen-Feldman limits,
respectively. As for the temperature dependence, the phononic-term decreases as 7! according

to phonon-phonon Umklapp scattering, while the ‘coherences’ term, similar to the Allen-Feldman

theory, increases with temperature. The overall behavior depends on the relative weight of the two



terms. For the inorganic perovskite CsPbBrs at room temperature, it was found that the ‘popula-
tions’ term is minor (just 30% of the total conductivity) while the ‘coherences’ term provides a
large 70% contribution.?” Despite the major non-phononic contribution, the thermal conductivity
of the inorganic CsPbBr3 decreases with temperature, albeit with a reduced temperature depen-
dence than the 7! that is usually attributed to Umklapp scattering processes in perfect crystals.

To our knowledge there are no metal halide crystals for which the thermal conductivity at high-
temperature does not decrease with temperature. The crystal-glass duality is expected, a fortiori,
for hybrid metal halides. The presence of molecular cations induce localized vibrational states and
disorder due to molecular configurations and thermally activated reorientations of the molecules.>?
Moreover, for such guest-host systems, the dynamic motion of the guest atoms are generally asso-
ciated with reduction in thermal conductivity through hybridized coupling of vibrations between
the guest and the host lattice.?!**3 Even for hybrid metal halide perovskites, many studies have
hypothesized that the low thermal conductivities in these materials derive from the dynamics of the
organic molecules and their coupling with the inorganic lattice.*® This is in qualitative agree-
ment with the blurring of the optical modes due to MA motion at finite temperature® but it is in
quantitative contrast to the reduction of thermal conductivity found for systems in which the MA
rotations were selectively frozen.?**° In addition, the room temperature thermal conductivity of
inorganic lead halides (e.g. CsPbl3) is comparable to that of the hybrid counterparts (0.4-0.5 W
m~! K™1).122731 Accordingly, the effect of molecules in hybrid perovskites is more complex than
just a source of scattering and lowering of the thermal conductivity.

Here, the thermal conductivity of MAPbI; is studied by molecular dynamics (MD) simula-
tions across a wide range of temperatures and compared to fully inorganic CsPbls perovskites for
which we report here the new force-field parameters. We demonstrate a mechanism of heat trans-
fer where the rotational motion of the organic cations inside the inorganic framework can lead to a
non-phononic trend (that is the typical 1/7" behavior due to anharmonic scattering) in the thermal
conductivity. In the low-temperature orthorhombic crystal, the contributions from the inorganic

framework dominate the thermal conductivity. However, as the temperature is increased across the



tetragonal and cubic phases, the contributions from the inorganic framework decreases following
the anharmonic phonon scattering expected for crystalline solids while the contributions from the
organic cations monotonically increases by up to ~50%, giving rise to an overall temperature in-
dependent thermal conductivity at higher temperature. This anomalous and nonmonotonic temper-
ature dependence is a macroscopic manifestation of a glass-like behavior of the crystal associated
with the dynamics of molecules that contribute to heat diffusion through rotor-rotor interactions.
Accordingly, at high temperatures the molecules, instead of suppressing transport, can contribute
substantially to the overall thermal conductivity. This behavior is unambiguously attributed to
molecular rotations by comparing the case of hybrid perovskites to their inorganic counterpart as
well as by fictitiously rescaling masses or inhibiting rotations. Besides the fundamental relevance,
the present results show that the rotational molecular dynamics can be tuned so as to enhance rather
than suppress thermal conductivity.

Experimental measurements of thermal conductivity of hybrid perovskites above room tem-
perature are challenging because of the aforementioned material thermodynamic instability. Real
samples degrade at ~150 °C through the formation of inorganic Pbl, that further decomposes at
550 and 600 °C.'® Encapsulated systems have shown to be stable at higher temperatures indicat-
ing that the intrinsic thermal stability of the material is higher and encapsulation provides a route

for improving it.!

Here, we apply atomistic simulations that make it possible to study intrinsic
properties of perfect crystals and explore thermal conductivity over a wide range of temperatures
excluding the effects of surfaces, interfaces and defects that dominate the onset of degradation in
real samples. The knowledge of temperature-dependence of thermal conductivity at high temper-
atures (i.e. the function (7)) is relevant for solar cells under direct or concentrated light and for
device processing requiring various heating steps that can help optimize the heat dissipation and
the film’s stability.

For our atomistic simulations, we implement the interatomic potential developed by Mattoni et

al.,?? which has been used previously to study the thermal properties of MAPbI;. 14373% The model

takes into account dispersive and long-range electrostatic interactions*? and it has demonstrated the
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Figure 1: (a) Snapshot of our MAPbI; computational domain representing the orthorhombic phase
at 50 K. (b) Snapshots at 800 K temperature showing trajectory lines calculated for a total of 0.5
ps at 50 fs intervals for MAPbI;. The trajectory lines demonstrate that the cations perform free
rotational and librational motions in the MAPbI; structure. (c) Equilibrium molecular dynamics-
predicted thermal conductivity of MAPbI; as a function of temperature. For comparison, the
dashed-dotted line shows predictions from the minimum thermal conductivity model. In the or-
thorhombic phase, thermal conductivity follows the k~7 ! trend characteristic of phonon scat-
tering due to anharmonic effects. As temperature is increased across the tetragonal-cubic phases,
thermal conductivity deviates considerably from the 7! trend. (d) Contributions from the inor-
ganic (dashed-line) and organic (solid line) constituents as a function of temperature.



ability to reproduce a wide range of material properties including, for example, structures and vi-

4344 and mobility.*> For the purposes of the present

brations*, elastic properties, ionic polarization
study, we remark that the model describes correctly not only the structure-temperature relation-
ship (lattice parameters, thermal expansion and phases transitions) but it also describes accurately
the hybrid organic-inorganic interactions and the reorientational dynamics of the MA molecules.
At low temperatures the direction of organic MA cations (and associated dipoles) are constrained
by the network of Pblg octahedra (with a—b~c¢™ Glazer tilting) in the Pnma orthorhombic crystal
structure as shown in Fig. 1a. Above the orthorhombic-to-tetragonal transition (correctly repro-
duced by the model at ~160 K), for the tetragonal phase with a’a’c™, the molecular trajectories
exhibit a change from small fluctuations about high symmetry directions to a fast dynamics in
which the dipoles can reorient quasi-randomly on the spherical surface as quantitatively shown
in the schematic in Fig. 1b by the trajectory lines of the MA cations. The transition in the MA
dynamics is correlated to the inorganic lattice evolution. The Pb-I bond lengths along with the
total volume of the computational domain increase with temperature resulting in a larger nanocage
volume for the dynamical motion of the organic cations (as shown in Fig. S3 of the SI). Therefore,
based on the above discussions, we consider the choice of the potential appropriate in describing
the changes in the thermal properties with temperature that we discuss next.

To gain insights into the temperature dependent thermal transport properties of MAPbI;, we
calculate the thermal conductivities in a wide temperature range (40 K to 850 K) from equilibrium
molecular dynamics (EMD) simulations; see SI for further details of the simulations including
the calculation of the heat flux autocorrelation function and the time integral for the equilibrium
calculations. Figure 1c shows the temperature dependent thermal conductivity of MAPDbI3 pre-
dicted from our EMD calculations. In the orthorhombic phase, the temperature dependent thermal
conductivity of MAPbI3 shows a power-law decay 1/7" (see Fig. 1c) with the exponent u ~ 1
consistent with anharmonic Umklapp scattering in defect free, crystalline solids.??>?* However, as
the temperature is increased across the tetragonal and cubic phases, thermal conductivity shows a

temperature independent trend and clearly deviates from the temperature trend that is generally as-



sociated with anharmonic phonon scattering processes. Accordingly, present MD analysis shows
strong deviations from the phononic picture and a transition to a non-phononic (i.e. glass-like
regime).

In Fig. 1c, we also plot the predictions from a minimum limit to thermal conductivity model
that is often applied to pure amorphous solids where non-propagating vibrations are the dominant
heat conduction channels.?* The main assumptions in this model are that the “mean-free-paths” of
vibrations in the solid are limited to the spacing between adjacent atoms and the lifetimes of these
heat-carrying oscillations are one half the period of vibration (see SI for details).*® In the tetrag-
onal and cubic phases, our EMD-predicted thermal conductivities are below this minimum limit.
This suggests that heat conduction in MAPbI; can not solely be explained by energy propagation
mediated through thermal interactions on the length scale of the vibrational wavelength. As antici-
pated, this result is in contrast to the attribution of the low thermal conductivity solely due to strong
acoustic-optical phonon scattering resulting from the severe overlap of corresponding dispersion
branches.

We separate the contributions from the inorganic and organic constituents for the temperature
range studied as shown in Fig. 1d. The inorganic constituents dominate heat conduction at lower
temperatures in the orthorhombic phase (as represented by the dashed-line in Fig. 1d). However, as
temperature increases, the contribution from the inorganic framework decreases in a similar quali-
tative trend as compared to ~ 7'~!. This is in contrast to the overall increasing behavior of the total
thermal conductivity of MAPDI; at higher temperatures. The temperature dependent contributions
from the organic constituent is drastically different with minimal contribution in the orthorhombic
phase, which increases remarkably as temperature is increased. The inorganic and organic compo-
nents contribute equally at room temperature while at higher temperatures, the organic constituents
dominate heat flow with ~65% contribution to the total thermal conductivity at ~850 K. Note, the
transition from inorganic framework dominated heat conduction to that dominated by the organic
cations occurs around the orthorhombic to tetragonal phase transition at which molecular reorien-

tations are activated and this highlights the role of the guest-host interactions in the nanocages (see



Fig. S5) in dictating heat transfer mechanisms in these materials.
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Figure 2: (a) Thermal conductivity as a function of temperature for our MAPbI; structures with
fictitiously different masses of the organic cations. We fit the temperature-dependent thermal con-
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ductivity for the different structures with the model: x(T) = (%)" + BTy (%) (see text). (b)

Vibrational density of states for the organic cations with 10x the mass of carbon and nitrogen
atoms compared to that of the realistic structure. The low frequency vibrations of the organic
cations shift to the lower frequencies with increasing mass.

To better understand the role of dynamic motion of organic cations, we run additional simula-
tions on MAPDbI; structures with fictitious masses for the carbon and nitrogen atoms with masses
perturbed by 0.7x and 10x compared to their realistic masses. Figure 2a shows the temper-
ature dependent thermal conductivities of different structures with the mass perturbed organic
cations. First of all, we observe that by increasing the mass of the cations the x(7") curve is low-
ered and the thermal conductivity decreases at each temperature. This is consistent with the giant
MA isotope effects measured recently.*” The reduction of x with mass is expected in disordered

solids (e.g. gases) because atom velocities and scattering frequency scales as \/% (at equilibrium



muv? ~ kgT). Conversely, the 0.7x mass perturbed case shows similar thermal conductivities to
the mass unperturbed case. This is so because the rotational and librational dynamics of the MA
cations with 0.7 x masses are not significantly changed as compared to our unperturbed structure;
further analysis of the rotational motion by comparing the mean square displacements of the mass
perturbed cases show that the dynamics of the MA cations do not change when their masses are
decreased (see Fig. S13). However, increasing the mass to 10x leads to severely hindered rota-
tional motion of the organic cations, which concomitantly results in a significantly different x(7")
for the 10x case as shown in Fig. 2a. This again demonstrates that the rotational motion of the
cations are key to the unique temperature behavior of thermal conductivity for MAPbI;. We note
here that a comparison to hybrid perovskites with different cation species such as with bulkier
organic constituents would elucidate the role of different degrees of freedom on the thermal trans-
port properties. However, these calculations need extensive validation of the interatomic potentials
describing the interactions of the organic species with the inorganic framework and are therefore
outside the scope of the current work but deserve further investigation in future works.

This peculiar 7' dependence can be modeled as the sum of two terms: a decreasing term
(k ~ T~*%) and an Arrhenius-like one e~ Fb/k8T <%>C, where F, is the energy barrier control-
ling the temperature dependence. Results of fitting is reported in Fig. 2a (as the solid red line) and
the values for u and Ej, are 1 and ~ 30 meV, respectively. The value of Ej, is close to the activation
energy for molecular rotations and is independent of mass for the lower mass case. Note, the rota-
tional motion of the cations in the MAPDI; structure and for the case of 0.7 x mass are very similar
as determined by the mean square displacement calculations (see Fig. S13). This further supports
our observation that the rotational and librational degrees of freedom are related to the increase of
thermal conductivity with temperature. The independence of E} on the mass (as observed for the
0.7x and 1x cases) is consistent with the fact that the masses affect the dynamics of the molecule
but not the interatomic forces and energy barrier for rotation, which only depend on the atomic
partial charges and potential parameters.

Our interpretation of the results is that the increase of «(7') is related to the contribution to
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thermal conductivity coming from rotations of the organic cations. According to our previous
analysis,? the rate of rotation follows an Arrhenius behavior ve~%/*T; FE, is constant but the
frequency v (i.e. the rotational frequency of cations) described as a rigid rotor of inertia moment
I decreases with increasing mass ( v ~ # ~ m_%). Accordingly, with increasing mass of the
cations the rate of rotation becomes progressively slower and the contribution from these modes to
the overall x(7") decreases.

In order to bolster this hypothesis we also consider the effects of other factors such as the
overlap of organic/inorganic vibrational bands. As anticipated, with a heavier cation mass, the
vibrations associated with the rotation, translation, spinning and twisting of the molecules shift to
lower frequencies and the vibrations in the higher frequency range are diminished as compared
to the case for cations with the realistic masses (see Fig. 2b for comparison of DOS for struc-
tures with 10x masses and that for structures with the realistic masses of the carbon and nitrogen
atoms). Furthermore, by considering fictitiously heavier masses for the Pbl cages, we confirm
that the overlap between the DOS of the inorganic and organic cations does not influence the in-
creasing trend in thermal conductivity at higher temperatures (see Fig. S10). This suggests that
the range of vibrational spectrum of the guest molecules (more-so than the vibrational spectrum of
the Pbl framework and its’ overlap with the DOS of the organic cations) dictates the temperature-
dependent thermal conductivity at high temperatures.

Next, to gain further support to argue that the anomalous behaviour of x(7") is mainly as-
cribed to the rotational and librational dynamics and not to other degrees of freedom of the MA
cations, we perform additional simulations on structures where we constrain the rotational motion
of the molecules. For this, we decrease the amount of free space for the motion of MA cations
by shrinking the nanocage volume by applying pressure as schematically shown in Fig. 3a; the
trajectory lines for MA cations are calculated for a total of 0.5 ps at 50 fs intervals (at 800 K). The
smaller volume of the inorganic cages restricts the rotational motion as represented by the fairly

restricted trajectory lines as compared to that for the MAPbI; structure with the regular octahe-

dral cage volume (see Fig. 1b showing cations performing free rotational and librational motions).
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Figure 3: (a) Snapshot at 800 K temperature showing trajectory lines calculated for a total of 0.5
ps at 50 fs intervals for MAPbI3; where the octahedral cages are reduced in size to constrain the
rotational motion of methylammounium cations. The smaller inorganic cages in the constrained
case restrict the rotational motion as shown by the calculated trajectory lines. (b) Normalized
thermal conductivity contributions from the organic cations for the MAPbI; unconstrained case
(where the organic cations rotate freely; red circles) and for the constrained case (where the organic
cations do not perform free rotations; blue squares). Note, the thermal conductivities have been
normalized by their respective thermal conductivity values for the organic cations calculated at 200
K. In contrast to the unconstrained MAPbI;, for the computational domain with smaller octahedral
cages that constrain the rotational motion of the methylammonium cations, the normalized values
are ~1 for the entire temperature range suggesting that the thermal conductivity contribution from
the organic cations does not increase with temperature.

12



This translates to drastically different x(7") trends of the organic cations between the two cases
as shown in Fig. 3b where we plot the contributions from the organic cations to the temperature
dependent thermal conductivities normalized with respect to their room temperature thermal con-
ductivity contributions for comparison. The lack of temperature dependence for the constrained
case suggests that drastically different (and increasing) trend in «(7") of the MA cations for the
case of the MAPbI; structure with the regular octahedral cage volume is related to the MA cations

performing rotational and librational motions.
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Figure 4: (a) Thermal conductivity as a function of temperature for MAPbI3 compared to that
of CsPbl; and for a CsPblz with the mass of Cs atoms fictitiously reduced to match the mass of
methylammonium inside the Pblg octahedra. Unlike the temperature dependence of MAPbI;, for
the CsPblj structures, the thermal conductivity decreases (with ~7"~%7 trend) throughout the tem-

perature range studied. The guest Cs atoms do not contribute substantially at higher temperatures
in contrast to MAPDI;.

Finally, in order to unambiguously confirm that the anomalous temperature dependence must
be ascribed to molecular rotations and to the hybrid nature of the material, we run comparative
simulations on the inorganic counterpart, i.e. CsPbl; with heavy cesium ions (~ 132 amu) replac-
ing the MA molecules (~ 32 amu). To this aim, we have developed a specific force-field with

identical Pb-I interactions, the details for which can be found in the SI. We note that the model
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reproduces phase transitions and lattice parameter of CsPbls with temperature. Figure 4 shows the
temperature dependent thermal conductivity of CsPbls. In contrast to the temperature dependent
thermal conductivity of MAPbI;, we find a monotonic decrease with a ~ 7' trend for our all
inorganic system. The deviation from a typical (7') Umklapp scattering dominated temperature
response can be ascribed to phonon scattering and hybridization due to guest-host interactions as
has been previously demonstrated.*'**4° Moreover, perturbing the mass of the cesium cations (to
mimic the mass of the light MA molecules in MAPDI3) also does not significantly modify the tem-
perature trend suggesting that the shift of vibrational frequencies to a higher spectral regime does
not lead to an increase in thermal conductivity at higher temperatures (see Fig. S12 for the DOS of
the cesium cations and the inorganic framework for the CsPbl; domain). We note that the hybrid
and inorganic models have identical Pb-I interactions and similar values of point-like interactions
(the Cs-Pb and Cs-I parameters are similar to the parameters of the N, C-Pb and N,C-I interac-
tions). Therefore, different x(7") behavior between the all inorganic and the hybrid structures must
be ascribed to the (dipolar/multipolar) structure of the MA cations and to the associated rotational
dynamics in the hybrid system. The fact that CsPbl; thermal conductivity is almost independent
on the Cs mass (see Figure 4) is consistent with the behavior of a crystalline material; in fact, x
scales with the speed of sound that is almost independent on the mass of the A cation (see Fig. S14
of SI). It is also interesting to note that at temperatures above ~200 K, the contributions to x(7")
from just the inorganic framework in MAPbI; deviates considerably from the ideal 7! trend for
pure crystalline solids (more-so than the «(7") trend for CsPbls) as shown in Fig. 1d. This tem-
perature independence in «(7") for the contributions of the inorganic PbI framework is due to the
pronounced vibrational scattering introduced from the rotational and librational degrees of free-
dom of the MA cations at higher temperatures as compared to the case of Cs atoms with fewer
degrees of freedom. Taken together, these observations highlight the unique ‘dual glass-crystal’
thermal response of the hybrid MAPbI; structure at high temperatures.

We summarize our findings on the origin of the glass-like behavior and the corresponding

anomalous 7" dependence of x(7T'): (i) the effect is due to the organic molecules; it persists while

14



changing the masses of the Pbl atoms but it disappears when replacing the molecules by ions (as
in CsPbl; perovskites) independent of their mass. (ii) the effect is linked to the rotations (and not
to other internal degrees of freedom of the molecule); in fact, the trend disappears in compressed
perovskites where rotations are inhibited but internal degrees of freedom are not. The role of
rotations is further supported by three additional observations: (i) the temperatures at which the
effect occurs correspond to those at which the rotations are thermally activated; (ii) the fitted
thermal activation in x(7") are compatible with the activation energy for molecular rotations (~ 30
meV); (iii) the rotational contribution can be tuned by changing the molecular masses, m.

The suppressed thermal conductivity in materials with guest-host interactions in general has
been attributed to coupling and hybridization of the guest-host vibrational modes leading to avoided
crossings and flat bands.***>° Qur results and analysis presented in this study suggest that the
guest-host vibrational mode coupling not only leads to suppressed thermal conductivity, but can
also lead to competing effects dictating the heat conduction in hybrid inorganic-organic perovskites
where the collective rotational motion of the organic molecules can enhance thermal conductivity
at higher temperatures. In other words, the dynamic motion of the organic guest molecules inside
the inorganic octahedra can enhance anharmonic phonon scattering processes that lowers the ther-
mal conductivity or it can also lead to additional heat transfer channels thus increasing the total
thermal conductivity. Considering that the organic contribution to thermal conductivity of MAPbI;
is dominated by electrostatic forces (see Fig. S4 of the SI) we conclude that the increasing heat
transfer channel must be rooted on the dipole-dipole interactions between molecular rotors that
are absent in the case of point-like cesium cations. This is consistent with the increase in the di-
electric function observed in MAPDI; at the orthorhombic-to-tetragonal transition (and not in the
inorganic CsPbls) and due to electric polarization by molecular reorientations.*? This marks a new
mechanism of thermal transport in crystalline solids where the collective rotational motion of guest
species can facilitate heat conduction at high temperatures. The insights gained from such high-
temperature-driven thermodynamic changes present an ideal platform to understand the intrinsic

structure-property relationship that are otherwise not obvious at ambient temperatures. Our study

15



provides guidelines for future and next-generation hybrid materials by design for applications in
photovoltaics and flexible energy harvesting devices that have the potential to redefine how we

generate, store and use energy.
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