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Supplementary Text 
 
Environmental impact of cooling 
According to the International Energy Agency, the total global electricity consumption in 2018 
was 22,315 TWh. The International Institute of Refrigeration (IIR) estimates that the cooling 
sector—which includes refrigeration, air-conditioning, and heat pumps—consumes ~20% of the 
electricity used worldwide1. From these values, we estimated that nearly 4,400 TWh of electricity 
is used to power refrigerators, air conditioners, and heat pumps annually. The IIR also estimated 
that 2.34 Gt of CO2 was released in 2014 to produce the electricity used by the cooling sector2. 
Other greenhouse gases released during electricity generation also contribute to the total indirect 
emissions associated with cooling, with 0.24 GtCO2eq and 0.02 GtCO2eq of CH4 and N2O 
emissions, respectively. This leads to total indirect emissions of at least 2.6 GtCO2eq. In addition 
to these indirect emissions, the IIR estimates that 1.53 GtCO2eq of fluorocarbon refrigerants—
including chlorofluorocarbons, hydrochlorofluorocarbons, and hydrofluorocarbons—were 
directly emitted in 2014 by the cooling sector2. The cumulative direct and indirect emissions by 
the cooling sector are thus 4.14 GtCO2eq, which accounted for 7.8% of global greenhouse gas 
emissions in 2014.  
 
Estimation of the minimum driving pressure required to reversibly capture the full phase 
transition entropy 
In addition to Prev, which corresponds to the minimum pressure required to achieve a non-zero, 
reversible isothermal entropy change, ΔSit,rev (ref. 3)3, the minimum pressure required to induce the 
full phase transition entropy (Prev,full) provides a useful parameter to evaluate barocaloric 
performance. For normal barocaloric materials with a positive barocaloric coefficient (dTtr/dP > 0), 
Prev corresponds to the pressure required to shift the onset temperature of the exothermic transition 
(Ttr,onset

	exo ) to match the onset of the endothermic transition (Ttr,onset
	endo ) at 1 bar, which can be 

determined from the barocaloric coefficient associated with the exothermic transition, 
(dTtr/dP)cooling, and the thermal hysteresis at 1 bar, ΔThys: 

 Prev = ΔThys / |dTtr/dP|cooling (1) 

In order for ΔSit,rev to capture the full phase transition entropy, the exothermic peak needs to be 
shifted further, such that the end temperature of the exothermic transition (Ttr, end

	exo ) matches the end 
temperature of the endothermic transition (Ttr,end

	endo ). Note that the end temperature (Ttr,end) is 
determined as the intersection between the DSC baseline and the tangent to the region of the DSC 
peak with the steepest slope after the peak. The difference between Ttr,onset and Ttr,end corresponds 
to the transition peak width (Twidth). From this relationship, Prev,full can be calculated as  

  Prev,full = (ΔThys + Twidth
 exo   + Twidth

 endo ) / |dTtr/dP|cooling (2) 

where Twidth
 exo  and Twidth

 endo  denote the width of the exothermic and endothermic transition peaks, 
respectively. Using this relationship, Prev,full for (DA)2MnCl4 and (NA)2CuBr4 is predicted to be 
280 bar and 148 bar, respectively (Extended Data Fig. 1).  
 
 
 



 
 

3 
 

Estimating the entropy contribution of conformational disorder in (CnH2n+1NH3)2MX4 
perovskites  
For an alkylammonium chain CnH2n+1NH3+, there are n–2 rotatable C–C bonds that can contribute 
to the formation of different conformers. The conformation of alkylammonium chains can be 
described through a sequence of dihedral angles—often referred to as Hoffmann’s notation—that 
represent energy minima with the terms g+, g−, and t denoting dihedral angles of +60 (gauche), 
−60 (gauche), and 180° (trans), respectively. The change in solid-state configurational entropy 
attributed to different rotameric states can be described as ΔSconfiguration = R ln W, where W is the 
ratio between the number of configurations in the disordered and ordered chains 
(W = Ndisorder / Norder). Thus, the maximum entropy change associated with the conformational 
disordering of an alkylammonium chain from an all-trans configuration can be estimated as 
R ln 3n–2.  
  
Depending on how neighboring chains influence one another in each phase, the average number 
of thermally accessible rotameric states for each C–C bond—defined here as the chain flexibility 
number, ϕ–can deviate from 3 (ref. 4)4. Note that, the flexibility number depends on the energetic 
difference between each conformer, with a flexibility number of 2.85 leading to reliable 
predictions for the melting thermodynamics of linear organic molecules5. In two-dimensional 
perovskites, the number of C–C bonds associated with the chain-melting processes can be reduced 
by steric restrictions (imposed by both the halide pockets and neighboring alkylammonium chains), 
intrachain correlations of C–C bond rotations4 (such as the preferential formation of {gtg′} 
kinks6,7), and residual degrees of freedom present in the low-temperature phase. The number of 
accessible conformations in the disordered phase can then be approximated as (ϕ)n–2–β, where β 
corresponds to a restriction parameter that reflects a decrease in the conformational degrees of 
freedom that become accessible during the chain-melting transition.  In addition to C–C bond 
rotation, the entire alkylammonium chain can reorient (or “flip”) between two energetically 
equivalent orientations within the metal–halide pocket. This chain flipping can occur as an isolated 
minor transition or be coupled to the major order–disorder transition6–8, and the entropy change 
associated with chain flipping can be accounted for by adding the term R ln 2.  
 
Based on this, the conformational entropy change for (DA)2MnCl4 and (NA)2CuBr4 can be 
estimated using    

 ΔSconformational = ΔSflipping + ΔSmelting = 2R ln 2 + 2R ln (ϕ)n–2–β    (3) 

If we assume ϕ = 2.85, then the full entropy of each chain-melting transition, ΔStr, could be 
accounted for with a β of 1.88 for (DA)2MnCl4 and 4.73 for (NA)2CuBr4. Interestingly, for 
(DA)2MnCl4, the estimated value for β suggests that roughly six C–C bonds are rotatable              
(10–2–β = 6.1), which is corroborated by the 330 K crystal structure, where each alkylammonium 
chain is disordered over a special position and has a conformation with six C–C dihedral angles of 
150–166° that deviate from the ideal trans dihedral angle of 180 (Supplementary Table 13). We 
note, however, that this calculation neglects any contributions from vibrational entropy and thus 
should provide a lower limit for β. Regardless, the lower chain-melting transition entropies of 
(DA)2CuBr4 measured via HP-DSC could be explained by a smaller increase in the number of 
newly rotating C–C bonds (10–2–β = 2.3) that leads to a smaller change in solid-state 
conformational entropy during the chain-melting transition. Differences in chain flexibility and 
vibrational entropy may also contribute to the lower entropy change of (DA)2CuBr4. 
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Crystallographic characterization of disorder in alkylammonium chains 
To obtain additional insight into any differences in conformational disorder between (DA)2MnCl4 
and (NA)2CuBr4, we analyzed atomic displacement parameters obtained from the crystal structure 
refinement process, as these parameters report how much each atom deviates from its equilibrium 
position. Thermal displacement parameters contain information about residual motion (such as 
rotations and vibration) and static, configurational disorder. In Extended Data Fig. 5, equivalent 
isotropic displacement parameters (Uequiv) of all N and C atoms are shown for the LT and HT 
phases, as well as for 100 K structures. 
 
In (DA)2MnCl4, the transition from the LT to HT phase results in a large increase in the Uequiv 
values of all DA atoms, and the magnitude of the increase in Uequiv increases along the chain from 
the N atoms of the ammonium headgroup to the C atom of the terminal methyl group (Extended 
Data Fig. 5). This is reflective of the large increase in dynamic disorder that accompanies the chain 
melting transition, with increasing disorder created further away from the ammonium headgroup 
that is pinned to the inorganic layer. In the LT structure of (NA)2CuBr4, NA chains adopt two 
conformations—alternating between chains with a gauche C1–C2 bond (chain A) and those with 
a gauche C2–C3 bond (chain B), each of which is modeled with two-part disorder. In addition, the 
NA chains are distorted from ideal trans configurations near the methyl ends with C7–C8 dihedral 
angles of +159°/–170° in chain A (Part 1/Part 2) and +164°/–164° in chain B (Part 1/Part 2), as 
well as the additional distortion in the C3–C4 bond (–159°/+169°) in chain A (Supplementary 
Table 14). Moreover, the NA chain atoms display Uequiv values that are nearly double those in the 
DA chain in the LT phase, while the Uequiv values in the HT phase are similar in both compounds 
(Extended Data Fig. 5). As a result, the difference in Uequiv values between the LT and HT phase 
is smaller for (NA)2CuBr4 than for (DA)2MnCl4, which is consistent with the smaller change in 
entropy for (NA)2CuBr4 during the chain-melting transition. 
 
At 100 K, alkylammonium chains in both (DA)2MnCl4 and (NA)2CuBr4 are fully ordered with 
similar Uequiv values and all trans C–C bonds except for a single gauche C–C bond (Supplementary 
Fig. 19, Extended Data Fig. 5). This indicates that the disorder in the LT phase of (NA)2CuBr4 is 
introduced at a temperature between 100 K and 270 K, where the LT phase crystal structure was 
collected. Although no heat flow signals indicative of a minor phase transition are observed down 
to at least 190 K by DSC (Supplementary Fig. 7), a broad feature is observed from 220–250 K in 
the heat capacity of (NA)2CuBr4 that is consistent with the gradual activation of new 
conformational degrees of freedom for the NA chains (Extended Data Fig. 6).  
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Variable-temperature infrared spectroscopy 
To further investigate conformational degrees of freedom that are present in the LT phase of 
(NA)2CuBr4 but not the LT phase of (DA)2MnCl4, IR spectra were collected during heating each 
compound from 5 K below the phase transition temperature to 5 K above the phase transition 
temperature. IR spectra were collected at 2 cm–1 resolution and averaged over 64 scans. The 
temperature was equilibrated for 2 min prior to each data collection.  
 
The following IR bands were monitored: C–H stretching bands (2920 cm–1, anti-symmetric; 2850 
cm–1, symmetric), for which blue shifts are correlated with an increase in the number of gauche 
C–C bonds and a change in chain packing9; CH2 rocking (720 cm–1) and bending (1470 cm–1) 
bands, for which the factor group splitting can be used to indicate the presence of conformational 
disordering of long hydrocarbon chains in the 2-D perovskites6,10–12; CH2 wagging bands (1370–
1310 cm–1), which provide characteristic signals of specific conformational defects in 
alkylammonium chains11,13; NH3 bending bands (1590–1570 cm–1, anti-symmetric;                    
1500–1480 cm–1, symmetric), for which the broadening of symmetric bending modes—
accompanied by the red-shifting of anti-symmetric bending modes—is associated with the 
reorientational motion of the chains within the halide pocket6,10,14; and CH3 symmetric bending 
mode (1380 cm–1), which is correlated with the change in inter-lamellar interactions within the 
organic bilayers and blue shifts during chain melting15. The IR bands used for conformational 
analysis for (DA)2MnCl4 and (NA)2CuBr4 are summarized in Supplementary Table 5. 
 
IR spectra of (DA)2MnCl4 and (NA)2CuBr4 are shown in Extended Data Fig. 7. For (DA)2MnCl4, 
CH2 rocking and bending bands near 720 and 1470 cm–1 appear as doublets in the LT phase due 
to the factor group splitting that arises from directional, inter-chain interaction in the monoclinic 
unit cell12. This splitting disappears in the orthorhombic HT phase as a result of chain disordering. 
In (NA)2CuBr4, although the CH2 rocking and bending bands appear at similar frequencies as to 
those of (DA)2MnCl4, the factor group splitting is not observed in either phase, presumably 
because the chains are arranged in a triclinic unit cell in the LT phase. Thus, these signals do not 
provide useful information about differences in the disordering processes of the alkylammonium 
chains. Both compounds display small blue shifts (2 cm–1) for symmetric C–H stretching peaks 
after the chain-melting transition, which is consistent with increased disorder of the 
alkylammonium chains. For symmetric CH3 bending bands, both compounds display blue shifts. 
However, the degree to which the peak shifts is smaller for (NA)2CuBr4 (Δν < 2 cm–1) than for 
(DA)2MnCl4 (Δν = 4 cm–1). This result indicates that the local environments around the methyl 
ends are more similar in the LT and HT phases of (NA)2CuBr4 than in those of (DA)2MnCl4.  
  
Notably, both compounds show pronounced differences in the progression of CH2 wagging bands, 
as shown in Extended Data Fig. 7. In (DA)2MnCl4, CH2 wagging bands associated with {gt2n+1g′} 
kink formation appear near 1310 and 1367 cm–1 in the HT phase. Note that these IR changes during 
the chain-melting transition are similar to those observed for (C14)2MnCl4 (ref. 11)11. In contrast, 
the IR spectrum of the LT phase of (NA)2CuBr4 shows a shoulder peak at 1360 cm–1 (near the CH3 
symmetric bending peak at 1378 cm–1) and a peak near 1340 cm–1, which indicate the presence of 
{gt2n+1g′} kink and end-gauche conformations, respectively. The end-gauche conformer in 
(NA)2CuBr4 is further supported by the small shift in symmetric CH3 bending peaks during the 
phase transition and the higher frequency of the LT phase peak (1378 cm–1) compared to 
νs(CH3)bending of (DA)2MnCl4 at 1375 cm–1 in the LT phase. Overall, these data suggest that 
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conformational disorder associated with a kink conformation is present in (NA)2CuBr4 even before 
the transition. In the HT phase, this shoulder peak disappears while another CH2 wagging band, 
also associated with a new kink formation11, emerges at 1312 cm–1.  
 
Although the spectral changes we observe for both compounds are consistent with those reported 
for other 2-D metal–halide perovskites6,10,11,14, we note that accurate assignments and quantitative 
interpretation of IR spectra, particularly of CH2 wagging bands, are challenging, because the 
signals are relatively weak, sensitive to defects, and coupled with the internal modes of chain ends 
and headgroups11. To more definitively assign specific chain conformations, particularly those for 
(NA)2CuBr4, further investigations using normal-mode calculations and other complementary 
spectroscopic techniques, such as Raman or sum frequency generation vibrational spectroscopy, 
will be required.  
 
Comparisons of IR spectra in the region associated with NH3 bending modes provide insights into 
how charge-assisted H-bond interactions differ between the two compounds. The anti-symmetric 
NH3 bending mode of (NA)2CuBr4 appears at 1570 cm–1 in the LT phase which is 15 cm–1 lower 
than that of (DA)2MnCl4 (1585 cm–1) (Extended Data Fig. 7), as well as lower than that reported 
for other M–Cl perovskite analogs (Cu–Cl, 1583 cm–1; Cd–Cl, 1589 cm–1)6,10,11,14. In (NA)2CuBr4, 
the position and shape of the νas(NH3)bending peak does not change after the transition, whereas that 
of (DA)2MnCl4 red shifts (Δν = –6 cm–1) and broadens. This suggests that H bonds to the 
ammonium headgroups of the DA chains weaken after the transition to the HT phase—leading to 
increased rotational degrees of freedom for the headgroups—while the local environments around 
the headgroups of the NA chains remain nearly unchanged after the transition. Similar effects are 
observed for the NH3 symmetric bending modes, with the νs(NH3)bending peak of (NA)2CuBr4 red 
shifted by ~16 cm–1 compared to that of (DA)2MnCl4 in the LT phase and transition-induced peak 
broadening only observed for (DA)2MnCl4.  
  
Taken together, these IR spectra indicate that (i) a noticeable degree of conformational disorder is 
present in the LT phase of (NA)2CuBr4 and (ii) the conformations accessed by—and local 
environments around—the alkylammonium chains are more similar before and after the phase 
transition in (NA)2CuBr4 than in (DA)2MnCl4. This is consistent with the single-crystal structures 
of each compound, which show a higher degree of disorder present in the NA chains of the LT 
phase of (NA)2CuBr4 than in the DA chains of (DA)2MnCl4 but similar levels of disorder present 
in both HT phases. In addition, we note that the lower entropy change associated with the chain-
melting transition of (NA)2CuBr4 is also consistent with the previously reported thermal data of 
(Cn)2CuBr4 (n = 11-16)16, which shows that the transition entropies of 2-D Cu–Br perovskites are 
only 40–60% of those reported in Cu–Cl and Mn–Cl analogs. Although the origin of entropy 
changes for order-disorder transitions in 2-D Cu–Br with longer alkylammonium chains has not 
yet been investigated, we suspect that similar factors as to those described here are responsible for 
the lower transition entropies of other 2-D Cu–Br perovskites.  
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Supplementary Fig. 1 ½ a, b, Thermogravimetric analysis of (a) (DA)2MnCl4 and (b) (NA)2CuBr4 
at a heating rate of 4 K min–1. A decrease of less than 0.4 wt % was observed from ambient 
temperature to 100 °C above the chain-melting transition temperature (vertical line). 
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Supplementary Fig. 2 ½ Differential scanning calorimetry (DSC) measurements under applied 
hydrostatic pressure for (DA)2MnCl4 with heating and cooling rates of 2 K min–1. Entropies of 
transition (ΔStr) are listed, along with thermal hysteresis (ΔThys), which is also indicated by the 
vertical grey bars. Note that ΔThys is calculated as the difference between heating and cooling 
transition onset temperatures, with ΔThys = Ttr,heating –Ttr,cooling. The instrument was cooled using a 
low-temperature nitrogen gas, and this process introduced small, periodic blips in cooling traces 
of 80, 120, and 150 bar data. Note that, after a pressure change at 280 K, an additional heating 
segment of 1–2 min was introduced to stabilize the baseline and scan rate.  
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Supplementary Fig. 3 ½ DSC measurements under applied hydrostatic pressure for (NA)2CuBr4 
with heating and cooling rates of 2 K min–1. ΔStr values are shown, with ΔThys indicated by the 
vertical grey bars. Note that ΔThys is calculated as the difference between heating and cooling 
transition onset temperatures, with ΔThys = Ttr, heating –Ttr, cooling. The instrument was cooled using a 
low-temperature nitrogen gas, and this process introduced small, periodic blips in cooling traces 
of 80, 120, and 150 bar data. Note that, after a pressure change at 280 K, an additional heating 
segment of 1–2 minute was introduced to stabilize the baseline and scan rate. 
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Supplementary Fig. 4 ½ a, b, Isobaric entropy changes (ΔSib) associated with the chain-melting 
transition of (DA)2MnCl4, as a function of temperature in the pressure range of 1 bar to 150 bar 
during (a) heating and (b) cooling. c, d, Isothermal entropy changes (ΔSit), calculated by the quasi-
direct method, for (c) decompression to ambient pressure and (d) compression from ambient 
pressure, obtained from heating and cooling data, respectively. 
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Supplementary Fig. 5 ½ a, b, Isobaric entropy change (ΔSib) associated with the chain-melting 
transition of (NA)2CuBr4, as a function of temperature in the pressure range of 1 bar to 150 bar on 
(a) heating and (b) cooling. c, d, Isothermal entropy changes (ΔSit), calculated by the quasi-direct 
method, for (c) decompression to ambient pressure and (d) compression from ambient pressure, 
obtained from heating and cooling data, respectively. 
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Supplementary Fig. 6 ½ a, b, Temperature dependence of the specific heat capacity, cp, for (a) 
(DA)2MnCl4 and (b) (NA)2CuBr4 obtained while heating with a scan rate of 10 K min–1 over a 
temperature range of 230 to 360 K. Errors, which were calculated as 2.8 times the standard 
deviation, are indicated by the grey shaded area. The heat capacity curves were calculated from 8 
separate heat capacity datasets for each compound. 
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Supplementary Fig. 7 ½ DSC trace at ambient pressure for (NA)2CuBr4 from 190 to 360 K with 
heating and cooling rates of 4 K min–1. Note that no heat flow signals indicative of a minor phase 
transition are observed over this temperature range. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

14 
 

 

 
 
Supplementary Fig. 8 ½ Variable-temperature PXRD for (DA)2MnCl4 at 1 bar of He, while 
cooling from 335 K to 275 K, with an X-ray wavelength of 0.45237 Å. a, The PXRD patterns are 
shown at variable temperatures (as indicated). The red and blue patterns correspond to the high-
temperature (HT) and low-temperature (LT) phases, respectively, with purple indicating patterns 
in which both phases are present during the transition from the HT to LT phase. b, A sample 
temperature trace recorded from a thermocouple embedded in the sample capillary is shown, along 
with the recorded cooling rate. Note that the thermocouple temperature trace features a peak, which 
is attributed to the latent heat of the exothermic transition. The transition temperature, Ttr, was 
determined using the first maximum of the cooling rate curve, and the uncertainty of the 
measurement was estimated as the full width at half maximum of the cooling rate peak. 
c, The phase transition from the HT to LT phase at Ttr was identified by monitoring the high-
intensity (00l) peaks in the low-angle region, where the emergence of a higher-angle shoulder on 
the right side of each peak is associated with the emergence of the smaller unit cell of the LT phase.                 
d, e, Le Bail refinement are shown for the (d) HT phase (330 K), Rwp = 7.25%, Rp = 5.16% and 
(e) LT phase (280 K), Rwp = 5.76%, Rp = 3.87%. Blue and red lines correspond to the observed 
and calculated diffraction patterns, respectively. The grey line represents the difference between 
observed and calculated patterns, and the green tick marks indicate calculated Bragg peak positions 
based on the refined unit cell. Unit cell parameters are listed in Supplementary Table 8. 
 
 
 



 
 

15 
 

 

 
 
Supplementary Fig. 9 ½ Variable-temperature PXRD for (DA)2MnCl4 at 300 bar of He, while 
cooling from 335 K to 275 K, with an X-ray wavelength of 0.45237 Å. a, The PXRD patterns are 
shown at variable temperatures (as indicated). The red and blue patterns correspond to the HT and 
LT phases, respectively, with purple indicating patterns in which both phases are present during 
the transition from the HT to LT phase. b, A sample temperature trace recorded from a 
thermocouple embedded in the sample capillary is shown, along with the recorded cooling rate. 
Note that the thermocouple temperature trace features a peak, which is attributed to the latent heat 
of the exothermic transition. The transition temperature, Ttr, was determined using the first 
maximum of the cooling rate curve, and the uncertainty of the measurement was estimated as the 
full width at half maximum of the cooling rate peak. c, The phase transition from the HT to LT 
phase at Ttr was identified by monitoring the high-intensity (00l) peaks in the low-angle region, 
where the emergence of a higher-angle shoulder on the right side of each peak is associated with 
the emergence of the smaller unit cell of the LT phase. d, e, Le Bail refinement are shown for the 
(d) HT phase (330 K), Rwp = 6.75%, Rp = 4.84% and (e) LT phase (280 K), 
Rwp = 6.03%, Rp = 3.78%. Blue and red lines correspond to the observed and calculated diffraction 
patterns, respectively. The grey line represents the difference between observed and calculated 
patterns, and the green tick marks indicate calculated Bragg peak positions based on the refined 
unit cell. Unit cell parameters are listed in Supplementary Table 8. 
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Supplementary Fig. 10 ½ Variable-temperature PXRD for (NA)2CuBr4 at 1 bar of He, while 
cooling from 335 K to 275 K, with an X-ray wavelength of 0.45237 Å. a, The PXRD patterns are 
shown at variable temperatures (as indicated). The red and blue patterns correspond to the HT and 
LT phases, respectively, with purple indicating patterns in which both phases are present during 
the transition from the HT to LT phase. b, A sample temperature trace recorded from a 
thermocouple embedded in the sample capillary is shown, along with the recorded cooling rate. 
Note that the thermocouple temperature trace features a peak, which is attributed to the latent heat 
of the exothermic transition. The transition temperature, Ttr, was determined using the first 
maximum of the cooling rate curve, and the uncertainty of the measurement was estimated as the 
full width at half maximum of the cooling rate peak. c, The phase transition from the HT to LT 
phase at Ttr was identified by monitoring the high-intensity (00l) peaks in the low-angle region, 
where the emergence of a higher-angle shoulder on the right side of each peak is associated with 
the emergence of the smaller unit cell of the LT phase. d, e, Le Bail refinements are shown for the 
(d) HT phase (330 K), Rwp = 6.70%, Rp = 4.29% and (e) LT phase (280 K), Rwp = 10.4%, 
Rp = 6.54%. Blue and red lines correspond to the observed and calculated diffraction patterns, 
respectively. The grey line represents the difference between observed and calculated patterns, and 
the green tick marks indicate calculated Bragg peak positions based on the refined unit cell. Unit 
cell parameters are listed in Supplementary Table 9. 
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Supplementary Fig. 11 ½ Variable-temperature PXRD for (NA)2CuBr4 at 120 bar of He, while 
cooling from 315 K to 275 K, with an X-ray wavelength of 0.45237 Å. a, The PXRD patterns are 
shown at variable temperatures (as indicated). The red and blue patterns correspond to the HT and 
LT phases, respectively, with purple indicating patterns in which both phases are present during 
the transition from the HT to LT phase. b, A sample temperature trace recorded from a 
thermocouple embedded in the sample capillary is shown, along with the recorded cooling rate. 
Note that the thermocouple temperature trace features a peak, which is attributed to the latent heat 
of the exothermic transition. The transition temperature, Ttr, was determined using the first 
maximum of the cooling rate curve, and the uncertainty of the measurement was estimated as the 
full width at half maximum of the cooling rate peak. c, The phase transition from the HT to LT 
phase at Ttr was identified by monitoring the high-intensity (00l) peaks in the low-angle region, 
where the emergence of a higher-angle shoulder on the right side of each peak is associated with 
the emergence of the smaller unit cell of the LT phase. d, e, Le Bail refinements are shown for the 
(d) HT phase (314 K), Rwp = 6.64%, Rp = 4.58% and (e) LT phase (280 K), Rwp = 9.81%, 
Rp = 7.16%. Blue and red lines correspond to the observed and calculated diffraction patterns, 
respectively. The grey line represents the difference between observed and calculated patterns, and 
the green tick marks indicate calculated Bragg peak positions based on the refined unit cell. Unit 
cell parameters are listed in Supplementary Table 9. 
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Supplementary Fig. 12 ½ Variable-temperature PXRD for (NA)2CuBr4 at 200 bar of He, while 
cooling from 335 K to 275 K, with an X-ray wavelength of 0.45237 Å. a, The PXRD patterns are 
shown at variable temperatures (as indicated). The red and blue patterns correspond to the HT and 
LT phases, respectively, with purple indicating patterns in which both phases are present during 
the transition from the HT to LT phase. b, A sample temperature trace recorded from a 
thermocouple embedded in the sample capillary is shown, along with the recorded cooling rate. 
Note that the thermocouple temperature trace features a peak, which is attributed to the latent heat 
of the exothermic transition. The transition temperature, Ttr, was determined using the first 
maximum of the cooling rate curve, and the uncertainty of the measurement was estimated as the 
full width at half maximum of the cooling rate peak. c, The phase transition from the HT to LT 
phase at Ttr was identified by monitoring the high-intensity (00l) peaks in the low-angle region, 
where the emergence of a higher-angle shoulder on the right side of each peak is associated with 
the emergence of the smaller unit cell of the LT phase. d, e, Le Bail refinements are shown for the 
(d) HT phase (314 K), Rwp = 7.03%, Rp = 4.82% and (e) LT phase (280 K), Rwp = 12.3%, 
Rp = 7.98%. Blue and red lines correspond to the observed and calculated diffraction patterns, 
respectively. The grey line represents the difference between observed and calculated patterns, and 
the green tick marks indicate calculated Bragg peak positions based on the refined unit cell. Unit 
cell parameters are listed in Supplementary Table 9. 
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Supplementary Fig. 13 ½ Comparison of PXRD patterns to the calculated diffraction patterns 
from single crystal structures for (a–b) (DA)2MnCl4 and (c–d) (NA)2CuBr4 at ambient pressure. 
Note that the powder patterns were taken at 280 K and 330 K for the LT and HT phases, 
respectively. The LT phase crystal structures were determined at 270 K for both compounds, while 
the HT phase structures were determined at 330 K for (DA)2MnCl4 and 335 K for (NA)2CuBr4. 
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Supplementary Fig. 14 ½ a, b, Temperature dependence of specific volume across the chain-
melting transition for (a) (DA)2MnCl4 and (b) (NA)2CuBr4 obtained from powder X-ray 
diffraction data collected during isobaric cooling. The chain-melting transition temperature at each 
pressure is indicated by a vertical dotted line. Thermal expansion coefficients determined from 
this volume data are listed in Supplementary Table 6. 
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Supplementary Fig. 15 ½ a, b, Pressure dependence of specific volume above and below the phase 
transition temperature for (a) (DA)2MnCl4 and (b) (NA)2CuBr4 obtained from isothermal PXRD 
experiments. For (DA)2MnCl4, the LT and HT phase data was collected during compression and 
decompression, respectively. For (NA)2CuBr4, the HT phase data was collected during 
compression, and specific volumes for the LT phase (triangles) are shown using the isobaric data 
in Supplementary Fig. 14. Isothermal compressibility values calculated from this data are listed in 
Supplementary Table 6.  
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Supplementary Fig. 16 ½ Temperature dependence of unit cell parameters for (DA)2MnCl4 
obtained from isobaric PXRD experiments during cooling. 
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Supplementary Fig. 17 ½ Temperature dependence of unit cell parameters for (NA)2CuBr4 
obtained from isobaric PXRD experiments during cooling. 
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Supplementary Fig. 18 ½ a, b, Temperature dependence of interlayer distances between inorganic 
sheets for (a) (DA)2MnCl4 and (b) (NA)2CuBr4 obtained from isobaric PXRD experiments during 
cooling. 
 
 
 
 
 
 
 
 



 
 

25 
 

 
 
Supplementary Fig. 19 ½ a, b, Conformations of the alkylammonium chains for (a) (DA)2MnCl4 
and (b) (NA)2CuBr4 at 100 K, with atomic displacement parameters shown at 50% probability for 
the C and N atoms of the alkylammonium chains. Purple, orange, green, brown, grey, and blue 
spheres represent Mn, Cu, Cl, Br, C, and N atoms, respectively. H atoms are omitted for clarity. 
Note that DA chains are modeled with two-part disorder. 
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Supplementary Fig. 20 ½ a, b, Hydrogen bonding interactions (N–H⋅⋅⋅Cl) of decylammonium 
(DA) chains within the Mn–Cl pocket of the (a) LT and (b) HT phases of (DA)2MnCl4. Purple, 
green, grey, blue, and white spheres represent Mn, Cl, C, N, and H atoms, respectively. Only N1 
and C1 atoms are shown for the DA chains, and H atoms on C atoms are omitted for clarity.        
Donor–acceptor (N···Cl) distances and bond angles for the hydrogen bonds are summarized in 
Supplementary Table 15. 
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Supplementary Fig. 21 ½ a–c, Hydrogen bonding interactions (N–H⋅⋅⋅Br) of nonylammonium 
(NA) chains within the Cu–Br pocket of the (a and b) LT and (c) HT phases of (NA)2CuBr4. 
Orange, brown, grey, blue, and white spheres represent Cu, Br, C, N, and H atoms, respectively. 
NA chains in the LT phase display two conformations: chain B (C2–C3 gauche bond), which is 
shown on the left, and chain A (C1–C2 gauche bond), which is shown on the right. Note that each 
chain in the LT phase is modeled with two-part disorder. Only N1 and C1 atoms are shown for the 
NA chains, and H atoms on C atoms are omitted for clarity. Donor–acceptor (N···Br) distances 
and bond angles for the hydrogen bonds are summarized in Supplementary Table 15. 
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Supplementary Table 1. Summary of the thermodynamics of chain-melting transitions in 
two-dimensional (CnH2n+1NH3)2MnCl4 perovskites used in Fig. 1b. 
 

Chemical 
Formulaa Typeb Ttr

c 
(K) 

ΔH 
(kJ mol–1) 

ΔH 
(kJ kg–1) 

ΔS 
(J mol–1 K–1) 

ΔS 
(J kg–1 K–1) Ref. 

(C6)2MnCl4 
minor 206 5 13 26 64 

[17]17 major 291 10 25 37 93 
total  15 38 63 157 

(C7)2MnCl4 
major 250 17 39 68 159 

[18]18 minor 314 10 24 33 76 
total  27 63 101 235 

(C9)2MnCl4
d 

major 291 26 53 89 183 
[19]19 minor 294 2 5 8 16 

total  28 58 97 199 

(C10)2MnCl4 
 308 35 68 113 221 [19]19 
 310 37 71 118 230 this 

worke 

(C11)2MnCl4 
major 317 40 74 126 234 

[19]19 minor 321 4 8 13 25 
total  44 82 140 258 

(C12)2MnCl4 
major 331 48 84 145 254 

[20]20 minor 335 6 10 18 31 
total  54 94 162 285 

(C13)2MnCl4 
major 331 52 87 158 264 

[19]19 minor 343 8 13 22 37 
total  60 100 180 301 

(C14)2MnCl4 
major 345 58 92 167 268 

[20]20 minor 357 9 15 26 41 
total  67 107 193 309 

(C15)2MnCl4 
major 340 63 96 184 282 

[19]19 minor 362 10 16 28 44 
total  73 112 213 325 

(C16)2MnCl4 
major 346 60 88 172 253 

[19]19 minor 364 12 17 32 46 
total   71 104 204 299 

 
aCn = CnH2n+1NH3. bWhen a compound displays multiple transitions, the transition with the highest ΔS was labeled as 
a major transition. cMeasured during the first heating scan. dClosely spaced transitions were not resolved in the original 
report, with only one transition at 287 K. Here, we synthesized this compound according to a reported procedure19,21, 
and characterized the compound by DSC at a slow scan rate (0.5 K min–1) to resolve the major and minor transitions. 
eThe difference between the previously reported values and those reported in this work are within experimental 
uncertainties; however, the higher Ttr reported here may be the result of higher sample purity.  
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Supplementary Table 2. Summary of the thermodynamics of chain-melting transitions in 
two-dimensional (CnH2n+1NH3)2CuX4 perovskites (X = Cl, Br) used in Fig. 1b. 
 

Chemical 
Formulaa Typeb Ttr

c 
(K) 

ΔH 
(kJ mol–1) 

ΔH 
(kJ kg–1) 

ΔS 
(J mol–1 K–1) 

ΔS 
(J kg–1 K–1) Ref. 

(C8)2CuCl4 
major 269 18 39 68 146 

[14]14 minor 303 5 11 16 35 
total  23 50 84 181 

(C9)2CuCl4 
major 294 23 46 78 158 

[14]14 minor 303 5 9 15 31 
total  28 56 93 189 

(C10)2CuCl4 
major 309 35 67 113 216 

[14]14 minor 312 5 9 15 28 
total  39 75 128 244 

(C12)2CuCl4 
major 328 40 69 121 210 

[14]14 minor 334 8 14 25 43 
total  48 83 146 253 

(C13)2CuCl4 
major 333 48 80 145 239 

[19]19 minor 344 10 16 29 48 
total  58 96 174 287 

(C14)2CuCl4 
major 334 50 61 150 237 

[20]20 minor 356 11 83 31 48 
total  61 144 181 285 

(C15)2CuCl4 
major 343 54 82 158 238 

[19]19 minor 358 12 18 33 50 
total  66 100 191 288 

(C16)2CuCl4 

major 345 36 52 103 150 

[19]19 minor 354 8 12 23 33 
minor 360 14 20 39 56 
total  58 83 165 239 

(C9)2CuBr4  305 15 23 51 76 this 
work 

(C11)2CuBr4 
major 328 19 26 59 80 

[16]16 

minor 340 1 1 1 2 
total  20 27 60 82 

(C12)2CuBr4  337 22 29 64 85 

(C13)2CuBr4  344 30 38 86 109 

(C14)2CuBr4  348 28 34 80 98 

(C15)2CuBr4  354 39 46 110 131 

(C16)2CuBr4 
major 343 2 2 4 5 
minor 357 37 43 105 120 
total  39 45 109 125 

 
aCn = CnH2n+1NH3. bWhen a compound displays multiple transitions, the transition with the highest ΔS was labeled as 
a major transition. cMeasured during the first heating scan.  
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Supplementary Table 3. Summary of the thermodynamics of chain-melting transitions in 
two-dimensional (CnH2n+1NH3)2CdCl4 and (CnH2n+1NH3)2PbI4 perovskites used in Fig. 1b. 
 

Chemical 
Formulaa Typeb Ttr

c 
(K) 

ΔH 
(kJ mol–1) 

ΔH 
(kJ kg–1) 

ΔS 
(J mol–1 K–1) 

ΔS 
(J kg–1 K–1) Ref. 

(C7)2CdCl4 
major 250 18 36 71 147 

[18]18 minor 317 5 10 16 33 
total   23 47 87 180 

(C8)2CdCl4 
major 269 15 28 54 105 

 [2]22 minor 308 5 10 17 32 
total   20 38 71 138 

(C10)2CdCl4 
minor 308 8 14 25 44  
major 313 30 52 95 166 [8]8 
total   38 66 120 210  

(C12)2CdCl4 
minor 332 11 17 33 52 

[20]20 major 334 44 69 130 208 
total   54 87 163 260 

(C14)2CdCl4 
major 345 40 58 115 168 

[20]20 minor 351 23 34 66 96 
total   63 92 181 264 

(C16)2CdCl4 

major 345 40 55 117 158 

[23]23 minor 352 8 10 22 30 
minor 356 32 43 88 120 
 total   80 108 227 308 

(C7)2PbI4 

minor 271 7 7 25 26 

[24]24 major 286 8 9 29 31 
minor 310 3 3 9 10 
total   18 19 63 67 

(C8)2PbI4 
minor 252 15 15 58 59 

[24]24  major 311 21 22 68 70 
total   36 37 126 129 

(C9)2PbI4 
minor 252 7 7 28 28 

[24]24  major 314 24 24 75 75 
total   31 31 104 103 

(C10)2PbI4 

minor 259 10 10 39 38 

[24]24  
minor 284 8 8 30 29 
major 337 32 31 96 93 
total   51 49 165 160 

(C12)2PbI4 
minor 315 11 10 35 32 

[25]25 major 350 44 41 126 116 
total   55 51 161 148 

(C14)2PbI4 
minor 329 11 9 32 28 

[25]25 major 360 55 48 152 133 
total   65 57 184 161 

(C16)2PbI4 
minor 340 12 10 34 28 

[25]25 major 369 63 52 170 142 
total   74 62 204 170 

 
aCn = CnH2n+1NH3. bWhen a compound displays multiple transitions, the transition with the highest ΔS was labeled as 
a major transition. cMeasured during the first heating scan. Note that the organic bilayers of 2-D Pb–I perovskites are 
partially interdigitated.  
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Supplementary Table 4. Prediction of barocaloric coefficients of representative two-dimensional 
(CnH2n+1NH3)2MCl4 perovskites (M = Mn, Cu). 
 

Chemical 
Formulaa Type Ttr 

(K) 
Δd 
(Å) 

Estimated ΔVtr
b 

(cm3 kg–1) 
ΔStr 

(J K–1 kg–1) 

Estimated 
dTtr/dPc 

(K kbar–1) 
Ref. 

(C12)2MnCl4 
major 331 29.7 to 31.9; 

2.2 (7.4%) 61.7 254 24.3 
[20]20 

minor 335 31.9 to 32.2; 
0.3 (0.9%) 8.4 31 27.1 

(C14)2MnCl4 
major 345 33.3 to 35.5; 

2.2 (6.6%) 56.1 268 20.9 
[20]20 

minor 357 35.5 to 36.4; 
0.9 (2.5%) 23.0 41 56.0 

(C10)2CuCl4 
major 309 25.2 to 27.0; 

1.8 (7.1%) 57.1 216 26.4 
[26]26 

minor 312 27.0 to 27.6; 
0.6 (2.2%) 19.0 28 68.0 

(C12)2CuCl4 
major 328 28.8 to 30.3; 

1.5 (5.2%) 43.0 210 20.5 
[20]20 

minor 334 30.3 to 31.1; 
0.8 (2.6%) 22.9 43 53.3 

(C14)2CuCl4 
major 334 32.9 to 34.5; 

1.6 (4.9%) 41.8 237 17.6 
[20]20 

minor 356 34.5 to 35.5; 
1.0 (2.9%) 26.1 48 54.4 

 
aCn = CnH2n+1NH3. bNote that the volume change of the phase transition was estimated using ΔVtr = (Δd·A) × NA / Mw, 
where A is the area of metal–chloride sheet per chain, Δd is the change in interlayer distance, Mw is the molecular 
weight, and NA is Avogadro’s number. This estimation was used because the unit cell parameters of intermediate 
phases were often not available. Note that A is 26.5 Å2 and 27.5 Å2 for Mn–Cl perovskites and Cu–Cl perovskites16. 
cBarocaloric coefficients were calculated using the Clausius–Clapeyron equation (dTtr/dP = ΔVtr/ΔStr). Here, the chain-
melting phase transitions of these compounds are predicted to be highly sensitive to pressure, with minor transitions 
particularly more sensitive than major transitions owing to their much lower entropy changes. 
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Supplementary Table 5. Summary of characteristic infrared bands for (DA)2MnCl4 and 
(NA)2CuBr4 in the low-temperature (LT) and high-temperature (HT) phases. 
 

Structure Modea 
(cm–1) 

(DA)2MnCl4 
LT band (cm–1) 

(DA)2MnCl4 
HT band (cm–1) 

(NA)2CuBr4 
LT band (cm–1) 

(NA)2CuBr4 
HT band (cm–1) 

Alkyl chain 
(CnH2n+1NH3

+) 

νas(C–H) 2919 2919 2919 2920 

νs(C–H) 2850 2852 2851 2853 

ν(CH2)rocking 727–720 721 722 722 

ν(CH2)bending 1472–1463 1464 1467 1468 

ν(CH2)wagging 
two units, in-plane 

1310 (kink) 
 1310 1306 1306 (broad); 

1312 

ν(CH2)wagging 
two units, out-of-plane 

1360 (kink) 
 1367 1360  

ν(CH2)wagging 
single unit 
1350 (gg) 

    

(CH2)wagging 
single unit 

1340 (tg, chain end) 
  1340  

νs(CH3)bending 1375 1379 1378 1379 

Polar 
headgroup 

(CnH2n+1NH3
+) 

νs(NH3)bending 1496 1496 (broad) 1480 1480 

νas(NH3)bending 1585 1579 (broad) 1569–1572 1569 

 
aνs and νas refer to symmetric and anti-symmetric modes, respectively. 
bPrevious reports on Cd–Cl and Mn–Cl analogs revealed that the peak near 1337 cm–1 does not depend on chain 
conformation6,11. 
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Supplementary Table 6. Summary of isothermal compressibility, thermal expansion coefficient, 
and ΔS+ for (DA)2MnCl4 and (NA)2CuBr4. 
 

Compound Phase κT (×10–4 MPa–1)a α (×10–4 K–1)b ΔS+c 
(J kg–1 K–1) 

(DA)2MnCl4 

LT 1.6(4) 2.7(3) 3 (150 bar) 
22 (1000 bar) 

HT 3.2(5) 4.5(9) 6 (150 bar) 
41 (1000 bar) 

(NA)2CuBr4 

LT 1.6(4)d 4(1) 4 (150 bar) 
8 (300 bar) 

HT 4.2(7) 6.2(3) 6 (150 bar) 
12 (300 bar) 

 
aIsothermal compressibility is calculated as κT = −P−1(∂V/∂P)T, using the average pressure dependence of the specific 
volume shown in Supplementary Fig. 15. bThermal expansion coefficients are calculated as α = [V−1 (∂V/∂T)P], using 
the temperature dependence of the specific volume shown in Supplementary Fig. 14. Note that all thermal expansion 
coefficients were determined at ambient pressure. cAdditional entropy changes, ΔS+, outside of the first-order phase 
transition are estimated using ΔS+ = −(V·α)·ΔP, where V, ΔP, and α denote the specific volume, driving pressure, and 
thermal expansion coefficient at ambient pressure, respectively. dCalculated using isobaric data.  
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Supplementary Table 7. Summary of volume changes (ΔVtr) during the chain-melting transition 
determined by isobaric powder X-ray diffraction. 
 

Compound Pressure 
(bar) 

VLT, tr 

(cm3 kg–1) 
VHT, tr 

(cm3 kg–1) 
ΔVtr 

(cm3 kg–1) 

(DA)2MnCl4 

1 827.2 893.1 65.9 (7.97%) 

200 825.4 888.7 63.3 (7.67%) 

300 824.5 886.4 61.9 (7.51%) 

360 823.9 885.1 61.2 (7.42%) 

(NA)2CuBr4 

1 630.5 655.8 25.3 (4.01%) 

200 630.5 652.8 22.3 (3.52%) 

250 630.3 651.7 21.4 (3.39%) 

300 630.3 650.9 20.6 (3.27%) 
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Supplementary Table 8. Unit cell parameters for (DA)2MnCl4 from Le Bail refinements.  
 

T (K) P (bar) a (Å) b (Å) c (Å) α (°) β (°) γ (°) V (Å3) Space 
Group 

280 1 7.1974(2) 7.3217(1) 26.658(1) 90 94.698(3) 90 1400.14(8) C2/m 

330 1 7.2800(5) 7.3374(4) 57.561(3) 90 90 90 3074.7(3) Cccm 

280 300 7.1973(2) 7.3198(2) 26.649(2) 90 94.5516(4) 90 1399.5(1) C2/m 

330 300 7.2758(4) 7.3329(4) 56.957(4) 90 90 90 3038.8(3) Cccm 

280 360 7.2094(4) 7.3234(3) 26.653(2) 90 94.504(7) 90 1402.8(2) C2/m 

330 360 7.2722(5) 7.3304(4) 56.686(4) 90 90 90 3021.8(3) Cccm 
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Supplementary Table 9. Unit cell parameters for (NA)2CuBr4 from Le Bail refinements.  
 

T (K) P (bar) a (Å) b (Å) c (Å) α (°) β (°) γ (°) V (Å3) Space 
Group 

280 1 7.6362(7) 8.0165(8) 23.027(1) 83.06(1) 84.042(6) 89.633(6) 1391.7(2) P1 

330 1 7.917(1) 7.786(1) 48.241(2) 90 90 90 2973.7(5) Cmca 

280 120 7.6363(5) 8.0185(6) 22.959(1) 82.947(7) 83.959(5) 89.640(4) 1387.4(1) P1 

314 120 7.9280(5) 7.7545(4) 47.647(1) 90 90 90 2929.2(2) Cmca 

280 200 7.6307(7) 8.0191(8) 22.982(1) 82.97(1) 83.980(7) 89.648(7) 1388.0(2) P1 

330 200 7.9125(7) 7.7758(7) 47.896(1) 90 90 90 2946.9(4) Cmca 

280 300 7.6264(9) 8.0142(1) 22.979(2) 83.01(1) 83.98(1) 89.65(1) 1386.3(3) P1 

330 300 7.9058(9) 7.7712(8) 47.711(2) 90 90 90 2931.3(4) Cmca 
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Supplementary Table 10. Comparison of predicted and experimentally determined barocaloric 
coefficients (dTtr/dP). Note that predicted barocaloric coefficients were calculated using the 
Clausius–Clapeyron equation (dTtr/dP = ΔVtr/ΔStr), with ΔVtr determined through either powder 
X-ray diffraction or He pycnometry, and ΔStr measured at ambient pressure. 
 

Compound 

PXRDa He pycnometryb HP-DSC 

ΔVtr 
(cm3 kg–1) 

dTtr/dP 
(K kbar –1) 
predicted 

  
ΔVtr 

(cm3 kg–1) 

dTtr/dP 
(K kbar –1) 
predicted 

dTtr/dP 
(K kbar –1) 

experimental 
 heating cooling heating cooling heating cooling 

(DA)2MnCl4 65.9 
(7.97%) 28.7 

linear fit 54.7 
(6.6%)  

53.1 
(6.4%) 23.8 23.1 

22.1 ± 0.7 20.6 ± 0.8 
nearest 
points 

49.3 ± 3.4 
(5.9%) 

47.5 ± 5.8 
(5.7%) 21.4 ± 1.5 20.7 ± 2.5 

(NA)2CuBr4 25.3 
(4.01%) 33.3 

linear fit 19.3 
(3.1%) 

19.3 
(3.1%) 25.4 25.3 

26.9 ± 0.4 26.5 ± 0.5 
nearest 
points 

20.0 ± 1.9 
(3.2%) 

19.7 ± 2.4 
(3.1%) 26.3 ± 2.5 26.0 ± 3.1 

 
aThe volume at Ttr for the LT and HT phases was extrapolated from unit cells determined below and above Ttr, 
respectively, using thermal expansion coefficients for each phase determined at ambient pressure. bThe volume at Ttr 
for the LT and HT phases was either extrapolated using the thermal expansion coefficients of each phase (“linear fit”) 
or calculated choosing two nearest points before and after the onset transition temperature. 
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Supplementary Table 11. Selected geometric parameters from the single crystal structures of 
(DA)2MnCl4 at 100 K, 270 K, and 330 K. 
 

Temperature (K) 100 K 270 K 330 K 

Space Group P1 C2/m Cccm 

V (Å3) 672.07(14) 1396.0 (2) 3069.5 (9) 

Nearest Mn–Mn (Å) 5.0548(6) 5.1252 (3) 5.1619 (3) 

Nearest N–N (Å) 5.0548(6) 4.9369 (3) 5.0726 (3) 

Interlayer distance (Å) 26.419(3) 26.685 (2) 28.800 (1) 

Distance between N atoms 
and [MnCl4]2– (Å)a 2.325(4) 2.305 (1) 2.262 (1) 

Chain tilt angle relative to 
[MnCl4]2– sheet normal (°) 

best line (C1 to C10) 
[disordered position] 

42.8(10) 
[42.8(10)] 41.7 (1) 25.8 (1) 

Chain tilt angle relative to 
[MnCl4]2– sheet normal (°) 

mean plane (C2 to C10) 
[disordered position] 

65.1(10) 
[65.4(10)] 70.9 (1) 69.5 (1) 

Cross-sectional area per 
chain (Å2)b 25.439(6) 26.157(4) 26.635(8) 

Cross-sectional area per 
chain (Å2)c 25.551(4) 26.268(2) 26.645(2) 

 
aCalculated as the distance between the mean plane of four N atoms and the mean plane of the Mn–Cl layer. 
bCalculated from V / (Z·d), where V is the unit cell volume, Z is the number of molecules in the unit cell, and d is the 
interlayer distance. cEstimated as dM2, where dM is the nearest Mn–Mn distance. 
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Supplementary Table 12. Selected geometric parameters from the single crystal structures of 
(NA)2CuBr4 at 100 K, 270 K, and 335 K. 
 

Temperature (K) 100 K 270 K 335 K 

Space Group P1 P1 Cmca 

V (Å3) 1330.3(2) 1382.70(7) 2966.0(3) 

Nearest Cu–Cu (Å) 5.4102(4) 5.5173(1) 5.4927(3) 

Nearest N–N (Å) 5.117(7) 5.1667(1) 5.4927(3) 

Interlayer distance (Å) 23.054(2) 23.254(1) 24.578(2) 

Distance between N atoms 
and [CuBr4]2– (Å)a 2.201(4) 2.150(1) 2.138(1) 

Chain tilt angle relative to 
[CuBr4]2– sheet normal (°) 

best line (C1 to C9) 
[disordered position] 

46.9(2) 46.67(1) 
[43.37(1)] 35.4 (1) 

Chain tilt angle relative to 
[CuBr4]2– sheet normal (°) 

best line (C11 to C19) 
[disordered position] 

48.7(2) 48.49(1) 
[47.00(1)]  

Chain tilt angle relative to 
[CuBr4]2– sheet normal (°) 

mean plane (C2 to C9) 
[disordered position] 

58.9(3) 64.60(1) 
[72.16(1)] 

68.4 (1) 

Chain tilt angle relative to 
[CuBr4]2– sheet normal (°) 
mean plane (C12 to C19) 

[disordered position] 

54.8(3) 52.36 (1) 
[54.72 (1)]  

Cross-sectional area per 
chain (Å2)b 28.852(5) 29.730(2) 30.169(4) 

Cross-sectional area per 
chain (Å2)c 29.270(3) 30.440(7) 30.169(2) 

 
aCalculated as the distance between the mean plane of four N atoms and the mean plane of the Cu–Br layer. bCalculated 
from V / (Z·d), where V is the unit cell volume, Z is the number of molecules in the unit cell, and d is the interlayer 
distance. cEstimated as dM2, where dM is the nearest Cu–Cu distance. 
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Supplementary Table 13. Dihedral angles, φ, of alkylammonium chains at 100 K, 270 K, and 
330 K for (DA)2MnCl4.  
 

T (K) Atoms 
Part 1a 

φ (°) 
Part 1 

Occupancy 
Part 1 

Atoms 
Part 2a 

φ (°) 
Part 2 

Occupancy 
Part 2 

100 

N1–C1–C2–C3 179.6 (10) 0.504(13) N1A–C1A–C2A–C3A 178.2 (10) 0.496(13) 

C1–C2–C3–C4 –68 (2) 0.504(13) C1A–C2A–C3A–C4A 70 (2) 0.496(13) 

C2–C3–C4–C5 –178.2 (13) 0.504(13) C2A–C3A–C4A–C5A 177.5 (14) 0.496(13) 

C3–C4–C5–C6 178.0 (14) 0.504(13) C3A–C4A–C5A–C6A –178.4 (15) 0.496(13) 

C4–C5–C6–C7 –179.7 (15) 0.504(13) C4A–C5A–C6A–C7A –179.3 (16) 0.496(13) 

C5–C6–C7–C8 178.6 (14) 0.504(13) C5A–C6A–C7A–C8A –179.3 (15) 0.496(13) 

C6–C7–C8–C9 178.4 (15) 0.504(13) C6A–C7A–C8A–C9A 177.7 (16) 0.496(13) 

C7–C8–C9–C10 175.9 (17) 0.504(13) C7A–C8A–C9A–C10A 179.3 (17) 0.496(13) 

270 

N1–C1–C2–C3 174 (3)     

C1–C2–C3–C4 –65 (5)     

C2–C3–C4–C5 179 (3)     

C3–C4–C5–C6 177 (4)     

C4–C5–C6–C7 –175 (5)     

C5–C6–C7–C8 180 (5)     

C6–C7–C8–C9 –174 (5)     

C7–C8–C9–C10 –169 (8)     

330 

N1–C1–C2–C3 174 (3)     

C1–C2–C3–C4 –166 (3)     

C2–C3–C4–C5 –180 (3)     

C3–C4–C5–C6 163 (4)     

C4–C5–C6–C7 154 (4)     

C5–C6–C7–C8 160 (4)     

C6–C7–C8–C9 165 (5)     

C7–C8–C9–C10 –151 (5)     
 

aPart 1 and part 2 refer to the sets of disordered positions of the decylammonium chains.  
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Supplementary Table 14. Dihedral angles, φ, of alkylammonium chains at 100 K, 270 K, and 
335 K for (NA)2CuBr4.  
 

T (K) Atoms 
Part 1a 

φ (°) 
Part 1 

Occupancy 
Part 1 

Atoms 
Part 2a 

φ (°) 
Part 2 

Occupancy 
Part 2 

100 

N1–C1–C2–C3 –175.0 (6)     

C1–C2–C3–C4 –65.7 (9)     

C2–C3–C4–C5 –177.4 (7)     

C3–C4–C5–C6 178.8 (7)     

C4–C5–C6–C7 179.9 (6)     

C5–C6–C7–C8 179.0 (7)     

C6–C7–C8–C9 177.9 (7)     

N2–C11–C12–C13 70.0 (7)     

C11–C12–C13–C14 –177.6 (6)     

C12–C13–C14–C15 174.1 (6)     

C13–C14–C15–C16 178.6 (6)     

C14–C15–C16–C17 –179.5 (6)     

C15–C16–C17–C18 –175.1 (6)     

C16–C17–C18–C19 –177.3 (7)     

270 

N1–C1–C2–C3 –173.0 (17) 0.528(9) N1A–C1A–C2A–C3A 172 (2) 0.472(9) 

C1–C2–C3–C4 –39 (3) 0.528(9) C1A–C2A–C3A–C4A –178 (3) 0.472(9) 

C2–C3–C4–C5 –176 (3) 0.528(9) C2A–C3A–C4A–C5A 174 (3) 0.472(9) 

C3–C4–C5–C6 178 (3) 0.528(9) C3A–C4A–C5A–C6A 180 (4) 0.472(9) 

C4–C5–C6–C7 178 (4) 0.528(9) C4A–C5A–C6A–C7A 173 (4) 0.472(9) 

C5–C6–C7–C8 168 (4) 0.528(9) C5A–C6A–C7A–C8A –174 (4) 0.472(9) 

C6–C7–C8–C9 164 (4) 0.528(9) C6A–C7A–C8A–C9A –164 (4) 0.472(9) 

N2–C11–C12–C13 –67 (5) 0.350(15) N2A–C11A–C12A–C13A 77 (2) 0.650(15) 

C11–C12–C13–C14 173 (4) 0.350(15) C11A–C12A–C13A–C14A –176.9 (19) 0.650(15) 

C12–C13–C14–C15 –159 (5) 0.350(15) C12A–C13A–C14A–C15A 169 (2) 0.650(15) 

C13–C14–C15–C16 –175 (5) 0.350(15) C13A–C14A–C15A–C16A –180 (2) 0.650(15) 

C14–C15–C16–C17 –173 (6) 0.350(15) C14A–C15A–C16A–C17A 175 (3) 0.650(15) 

C15–C16–C17–C18 –177 (6) 0.350(15) C15A–C16A–C17A–C18A 176 (3) 0.650(15) 

C16–C17–C18–C19 159 (6) 0.350(15) C16A–C17A–C18A–C19A –170 (3) 0.650(15) 

335 

N1–C1–C2–C3 156 (3)     

C1–C2–C3–C4 44 (7)     

C2–C3–C4–C5 156 (4)     

C3–C4–C5–C6 –128 (8)     

C4–C5–C6–C7 160 (7)     

C5–C6–C7–C8 174 (6)     

C6–C7–C8–C9 –142 (10)     
 

 aPart 1 and part 2 refer to the two sets of disordered positions of the nonylammonium chains.  
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Supplementary Table 15. Donor–acceptor (N⋅⋅⋅X) distances and bond angles for the LT and HT 
phases of (DA)2MnCl4 and (NA)2CuBr4 
 

Compound T (K) N–H⋅⋅⋅X H⋅⋅⋅A (Å) D⋅⋅⋅A (Å) ∠(DHA) (°) Occupancy Tilt of NH3 
group (°)a 

(DA)2MnCl4 

270 

Equatorial 2.4213(34) 3.291(37) 166.12(44)  

61.4(16) Axial 1 2.4668(14) 3.3310(75) 164.12(42)  

Axial 2 2.3544(15) 3.226(66) 165.2(26)  

330 

Equatorial 2.6051(17) 3.384(20) 146.53(74)  

67.66(92) Axial 1 2.7753(4) 3.622(29) 158.8(17)  

Axial 2 2.7215(22) 3.3332(84) 127.02(52)  

(NA)2CuBr4 

270 

Equatorial 2.7385(5) 3.5262(45) 148.22(31) 
Chain A 
Part 1 
(0.35) 

50.682(60) Axial 1 3.0803(7) 3.9226(54) 158.73(35) 

Axial 2 2.7546(6) 3.4350(48) 134.20(31) 

Equatorial 2.5836(6) 3.431(5) 159.52(31) 
Chain A 
Part 2 
(0.65) 

57.37(39) Axial 1 2.6022(6) 3.4350(48) 156.18(31) 

Axial 2 2.9046(7) 3.7516(55) 159.55(35) 

Equatorial 2.6289(6) 3.4424(55) 152.25(31) 
Chain B 
Part 1 
(0.53) 

54.76(41) Axial 1 2.5648(6) 3.3696(49) 150.76(31) 

Axial 2 2.7882(7) 3.6367(55) 159.92(35) 

Equatorial 2.6929(6) 3.5496(50) 161.86(31) 
Chain B 
Part 2 
(0.47) 

81.09(88) Axial 1 2.7716(6) 3.3696(49) 125.71(31) 

Axial 2 3.3243(7) 4.0423(54) 139.38(35) 

335 

Equatorial 2.6419(12) 3.506(21) 162.449(3)  

70.7(15) Axial 1 3.1158(5) 3.9023(25) 147.952(4)  

Axial 2 3.1905(10) 3.8858(25) 136.106(1)  
 

aThe NH3 tilt angle is defined as the angle between a line connecting the atoms N and C1 and a plane through the 
metal atoms of the inorganic layers.  
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Supplementary Table 16. Crystallographic data for (DA)2MnCl4 collected at 100 K, 270 K, and 
330 K.  
 

 (DA)2MnCl4 (DA)2MnCl4 (DA)2MnCl4 

Formula C20H48Cl4MnN2 C20H48Cl4MnN2 C20H48Cl4MnN2 
Temperature (K) 100(2) 270(2) 330(2) 
Crystal System Triclinic Monoclinic Orthorhombic 

Space Group P1 C2/m Cccm 

a (Å) 5.0548 (6) 7.1857 (6) 7.3264 (5) 
b (Å) 5.0626 (6) 7.3100 (6) 57.601 (15) 
c (Å) 26.419 (3) 26.685 (2) 7.2735 (6) 
α (°) 95.516 (4) 90 90 
β (°) 92.683 (4) 95.150 (1) 90 
γ (°) 90.904 (4) 90 90 

V (Å3) 672.07 (14) 1396.0 (2) 3069.5 (9) 
Z 1 2 4 

Radiation, λ (Å) MoKα, 0.71073 MoKα, 0.71073 MoKα, 0.71073 

µ (mm–1) 0.90 0.86 0.79 
Crystal Size (mm) 0.18 × 0.12 × 0.08 0.18 × 0.12 × 0.08 0.18 × 0.12 × 0.08 

Max. and min. 
transmission 0.767 and 0.635 0.767 and 0.492 0.801 and 0.478 

Completeness to 
2Θ 

98.6% 
(2Θ = 25.123°) 

98.5% 
(2Θ = 25.191°) 

97.1% 
(2Θ = 25.607°) 

No. of measured, 
independent and 

observed [I > 2σ(I)] 
reflections 

8898, 2353, 1872 11186, 1345, 1062 18017, 1533, 928 

Rint 0.055 0.061 0.100 

(sin q /λ)max (Å–1) 0.597 0.599 0.608 
Data / Restraints / 

Parameters 2353 / 134 / 238 1345 / 0 / 124 1533 / 170 / 116 

Goodness of Fit on 
F2 1.10 1.05 1.08 

R1a, wR2b 

[I > 2σ(I)] 0.066, 0.158 0.061, 0.170 0.097, 0.231 

R1a, wR2b 

(all data) 
0.086, 0.171 0.074, 0.181 0.143, 0.259 

Largest Diff. Peak 
and Hole (e Å–3) 1.32 and –0.65 1.64 and –0.77 0.78 and –0.41 

 
aR1 = ∑||Fo| − |Fc||/∑|Fo|. bwR2 = {∑[w(Fo2 − Fc2)2]/∑[w(Fo2)2]}1/2.  
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Supplementary Table 17. Crystallographic data for (NA)2CuBr4 collected at 100 K, 270 K, and 
335 K.  
 

 (NA)2CuBr4 (NA)2CuBr4 (NA)2CuBr4 

Formula C18H44Br4CuN2 C18H44Br4CuN2 C18H44Br4CuN2 
Temperature (K) 100(2) 270(2) 335(2) 
Crystal System Triclinic Triclinic Orthorhombic 

Space Group P1 P1 Cmca 

a (Å) 7.4107 (7) 7.6549 (2) 49.155 (3) 
b (Å) 7.9092 (8) 7.9674 (2) 7.7844 (5) 
c (Å) 23.054 (2) 23.2541 (7) 7.7512 (5) 
α (°) 82.835 (2) 80.4332 (9) 90 
β (°) 82.901 (3) 81.4664 (9) 90 
γ (°) 89.808 (2) 89.8532 (8) 90 

V (Å3) 1330.3 (2) 1382.70 (7) 2966.0 (3) 
Z 2 2 4 

Radiation, λ (Å) MoKα, 0.71073 MoKα, 0.71073 MoKα, 0.71073 

µ (mm–1) 6.83 6.58 6.13 
Crystal Size (mm) 0.24 × 0.12 × 0.06 0.24 × 0.12 × 0.06 0.24 × 0.12 × 0.06 

Max. and min. 
transmission 0.646 and 0.428 0.801 and 0.658 0.694 and 0.290 

Completeness to 
2Θ 

99.3% 
(2Θ = 25.092°) 

99.4% 
(2Θ = 25.026°) 

96.8% 
(2Θ = 25.004°) 

No. of measured, 
independent and 

observed [I > 2σ(I)] 
reflections 

20830, 4693, 3569 15136, 4857, 3313 17040, 1291, 790 

Rint 0.065 0.042 0.112 

(sin q/λ)max (Å–1) 0.597 0.595 0.595 

Data / Restraints / 
Parameters 4693 / 0 /233 4857 / 988 / 399 1291 / 151 / 103 

Goodness of Fit on 
F2 1.05 1.03 1.09 

R1a, wR2b 

[I > 2σ(I)] 0.040, 0.094 0.042, 0.085 0.104, 0.234 

R1a, wR2b 

(all data) 
0.063, 0.104 0.079, 0.099 0.148, 0.261 

Largest Diff. Peak 
and Hole (e Å–3) 1.21 and –0.78 0.58 and –0.61 0.46 and –0.47 

 

aR1 = ∑||Fo| − |Fc||/∑|Fo|. bwR2 = {∑[w(Fo2 − Fc2)2]/∑[w(Fo2)2]}1/2.  
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