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Competing Ferroelectric Polarization: Hydroxyl Flip-Flop versus 
Proton-Transfer Mechanisms  

Yukihiro Shimoi,*a Seiji Tsuzuki, ‡a Reiji Kumai, b Masato Sotomec and Sachio Horiuchi*d  

Ferroelectricity above room temperature and a theoretical simulation of the spontaneous polarization are reported for a 

polar polymorph of 2,5-dihydroxybenzoic acid. The planar zigzag hydrogen-bonded chain of hydroxy groups geometrically 

permits two distinct mechanisms: flip-flop motion of hydroxy groups and concerted intermolecular proton transfer. Density 

functional theory calculations indicate that the polarizations of these two mechanisms are quite different in magnitude with 

the opposite sign. Both the experimental and theoretical investigations are consistently in favor of a flip-flop process: it is 

more favorable than proton-transfer in energy and quantitively explains the observed spontaneous polarization. Flip-flop 

type polarization reversal is also supported by the minimal effects of deuteration on the ferroelectric properties and stability.

Introduction 

The field of ferroelectrics has just celebrated the centenary of 
the discovery of the Rochelle salt (NaKC4H4O6∙4H2O) crystal by 
Valasek in 1920.1 To date, many studies have focused on the 
relationships between organic molecules and ferroelectricity and 
between hydrogen bonding and ferroelectricity. Extensive 
explorations of nontoxic lead-free ferroelectric alternatives for 
practical applications have resulted in the development of many 
dielectrics in which sequences of hydrogen-bonded polar 
molecules and/or ions offer switchable polarization. In organic 
molecular ferroelectrics, cooperative intermolecular proton 
transfer governs ferroelectric properties, as exemplified by 
croconic acid and imidazoles.2,3 An exceptional case is that of the 
tricyclohexylmethanol crystal exhibiting the improper 
ferroelectricity with a tiny polarization (6×10-3 μC/cm2).4 Here, a 
“flip-flop” reorientation of the two hydroxy groups is found to 
switch the polarity of the hydrogen-bonded dimer. Whereas the 
two mechanisms have been mutually exclusive in these 
ferroelectrics owing to the hydrogen-bonded geometries, they 

may be regarded as competitive in some hydrogen-bonded 
compounds.5,6 In the present paper, we achieved ferroelectricity 
above room-temperature in Form I crystals of 2,5-
dihydroxybenzoic acid (DHBA) in which the infinite chains of 
···OH···OH··· hydrogen-bonded molecules constitute a novel 
platform that geometrically permits these two distinct 
mechanisms. We compare the results from DHBA with those of 
another phenol crystal, 2-naphthol (NPTL), which also has an 
intermolecular hydrogen network [chemical structures are 
shown in Fig. 1 (a) and (b), respectively]. 

Modern theory of dielectric polarization7-9 has improved our 
fundamental understanding of ferroelectrics, including organic 
ferroelectrics. Corresponding theoretical simulations of 
spontaneous polarization have been found to quantitively 
reproduce the experimentally optimized performance of many 
hydrogen-bonded organic ferroelectrics.3 The spontaneous 
polarization vectors for the two mechanisms are simulated to be 
not only distinct in their magnitude but also opposite in direction 
to each other. Hence, neither can be uniquely defined unless the 
switching processes are specified. Let us recall that each 
polarization value is defined by the change in polarization 
between the nonpolar and polar structures. Because the two 
mechanisms are based on a common polar structure, their 
different polarizations come from distinct nonpolar structures, as 
detailed below. 

Results and discussion 

Commercially available DHBA is chemically stable and has been 
used as a novel matrix for laser desorption-ionization mass 
spectrometry.10 There are two monoclinic polymorphs for 
DHBA.11,12 Although their crystal structures are similar to each 
other, the DHBA Form II crystal11 has the nonpolar space group 
P21/n and cannot be ferroelectric owing to its antipolar molecular 
arrangement without any pseudosymmetries. By contrast, the 
Form I crystal12 was extracted as a ferroelectric candidate from 
the Cambridge Crystal Structure Database (CSD) by searching for 
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polar crystals having a pseudo-inversion symmetry. Two datasets 
were available with a polar space group Pa (Ref codes: 
BESKAL01)12 and nonpolar P21/c symmetry (BESKAL02).11 The 
pseudo-inversion symmetry in the former dataset is assumed in 
the latter analysis. This pseudosymmetry is located at the planar 
zigzag hydrogen-bonded chain of hydroxy groups at the C-5 
position of DHBA and its emergence causes 1:1 positional 
disorder of the hydrogen atoms. We have also looked for other 
ferroelectric candidate phenols having similar hydrogen-bonded 
chains for a deeper understanding of the microscopic 
ferroelectric mechanisms of DHBA. The exploration of CSD led us 
to find a polar crystal structure of NPTL13 with the monoclinic 
space group Cc, in which Marciniak et al. noted the presence of a 
pseudo-inversion for a centric C2/c-symmetry.14 We re-examined 
the crystal structures of these two compounds as detailed in the 
following (Fig. 1). 

 

A structural reassessment of Form I of DHBA was made on the 
electrically poled crystals to minimize the merohedral crystal 
twinning. The broken extinction rule for a few (0k0) reflections 
indicates a lowering of the crystal symmetry by loss of the 
inversion centers and the 21 screw axes. The revised crystal 
structure has the space group Pc (with the a and c axes 
interchanged from the dataset BESKAL01) and reproduced that 
previously reported, except that the hydroxy groups had fully 
ordered orientations. Table S1 includes the hydrogen-bonded 
O···O distance dOO. Each carboxyl group participated in a cyclic 
hydrogen-bonded network to construct a molecular dimer (dOO = 
2.67–2.68 Å), and its carbonyl oxygen atoms also formed 
intramolecular hydrogen bonds with hydroxyl groups at the C-2 
position with a slightly shorter dOO (2.63–2.64 Å) (Fig. 1a). 
Conversely, the other hydroxyl groups at the C-5 position formed 
polar infinite chains of ···OH···OH··· hydrogen-bonds having a 
longer dOO (2.73–2.77 Å) parallel to the crystal a-direction. 
Essentially the same crystal structure was determined for the 
deuterated DHBA-d3 Form I crystal, except for a slight elongation 
of dOO only in the cyclic hydrogen-bonds between carboxyl 
groups. 

The polar infinite chains of ···OH···OH··· hydrogen-bonds were 
preferentially formed in monoalcohols and dialcohols by 
cooperative effects,15 because a hydroxyl oxygen that donates its 
hydrogen in a hydrogen bond becomes a better hydrogen bond 
acceptor.16,17 This hydroxyl oxygen atom is amphoteric, acting as 
both the hydrogen donor and acceptor. One of the most 
intriguing features is that the chain geometry can reverse its 
polarity not only by rotation (flip-flop) of hydroxyl groups but also 
through proton transfer (hopping/tunneling) motion over the 
hydrogen bonds as discussed in detail below. 

In the only available dataset for NPTL (Ref code: NAPHOB03), 
the hydroxyl hydrogen is unusually positioned. Therefore, this 
reassessment amends its proper location over the hydrogen 
bond. The initial inspection suggests that the candidate space 
groups are C2/c and Cc. The choice of latter polar symmetry is 
justified by apparently more reliable results in refinement of 
parameters (see Table S1). The pseudosymmetry in NPTL 
appeared to be less pronounced, suggesting that the difference 
in reliability between the polar and nonpolar datasets is greater 
in NPTL than in DHBA: In the checkCIF procedure (Supporting 

Information) processed by the PLATON program,18 the 
pseudosymmetry in the DHBA crystal is recognized at the alert 
level B, whereas noncrystallographic inversion is merely noted in 
NPTL at the alert level G. The NPTL has polar infinite chains of 
···OH···OH··· hydrogen-bonds (dOO = 2.74 Å similar to that of 
DHBA) parallel to the crystal c-direction (Fig. 1b). 

The above-room-temperature ferroelectricity of a DHBA Form 
I crystal was confirmed from electric polarization versus electric 
field (P-E) hysteresis curves showing characteristic 
parallelograms (Fig. 2a). Note that the applied electric field is 
parallel to the polar infinite chains of ···OH···OH··· hydrogen-
bonds in the crystal a-direction. The remanent polarization Pr is 
4.4–5.2 μC/cm2 and the coercive field Ec lies in the range of 20–
60 kV/cm for a frequency range of 5–50 Hz. This polarization is 
moderately large among the single-component organic 
ferroelectrics showing the maximum of 30 μC/cm2.3,19   

The P-E measurements revealed that the high working 
temperature persists up to approximately 420 K, above which the 
ferroelectric hysteresis loops disappeared (Fig. 2b). Differential 
scanning calorimetry (DSC) measurements revealed 
corresponding anomalies with thermal hysteresis at 410–430 K 
(Fig. 2c). Note that this temperature is close to the highest Curie 
temperature observed among the single-component organic 
ferroelectrics (429 K for homochiral 10-camphorsulfonylimine).20 
The anomaly is split into two peaks, suggesting the presence of 
an intermediate phase with very narrow temperature interval 
above the first order phase transition. Note that the phase 
transitions were reversible and reproduced in the second run 
(Fig. S4a). This observation excludes the transformation to the 
crystal Form II, which did not show the corresponding phase 

Fig. 1. Crystal structures and hydrogen bonding (red dotted 
lines). (a) (top) Projection of molecular arrangement in a-
direction and (bottom) hydrogen-bonded polar chain viewed 
along c-direction for the DHBA Form I crystal. (b) Molecular 
arrangement of NPTL projected along b-direction. 

Page 2 of 8Journal of Materials Chemistry C



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3  

Please do not adjust margins 

Please do not adjust margins 

transitions in this temperature range. The observed total 
transition entropy of 0.68 J/K mol is much smaller than that (ΔS = 
R ln g = 5.76 J/K mol, where R = 8.31 J/K mol) for the proton order-
disorder phase transition mechanism having two possible 
configurations (g =2).  Unfortunately, the thermal sublimation of 
specimens in air (Fig. S5) prevented us the attempts to obtain the 
changes of crystal structures, second harmonic generation (SHG), 
and permittivity at these phase transitions.  Therefore, we could 
not definitely conclude whether the high-temperature phase is 
paraelectric or not. 

The deuterated DHBA-d3 Form I crystal had almost the same Pr 
(4.0 μC/cm2) (Fig. S6) and unchanged phase transition 
temperatures (Fig. 2c). However, the ferroelectricity of NPTL was 
not recorded as hysteresis loops even when a high field (as strong 
as 180 kV/cm) was applied along the crystal c-direction. This 
observation indicates that there is a larger energy barrier for 
ferroelectric switching in the NPTL crystal. Note that the DSC 
results of NPTL showed the absence of the paraelectric phase 
until the melting point (~390 K) (Fig. S4b).  

The electric dipole moment in a finite system having charges qi 
at positions ri is defined by the total sum of qiri. In real periodic 
systems where electron wavefunctions extend over unit cells, 
such a classical treatment of polarization based on dipole 
moments breaks down and the Berry phase in quantum 
mechanics provides a valid theoretical description. On the basis 
of this approach, the spontaneous polarization is calculated along 
a path, which is defined by the parameter λi connecting the non-
polar reference (paraelectric; λi = 0) state and the fully polarized 
(ferroelectric; λi = 1) state. Here, the suffix i = f and i = p represent 
the flip-flop (FF) and proton-transfer (PT) mechanisms, 
respectively. The experimentally observed spontaneous 
polarizations are uniquely defined as ΔPi = Pi (1)−Pi (0) as far as 

the λi = 1 and λi = 0 states are specified on the same branch (the 
path i).  

Here, we show that the PT and FF mechanisms provide distinct 
paths. Fig. 3 illustrates this situation schematically in the phenol 
crystals. Here, the structure at λi = 0 is the average of the λi = 1 
structure and its inverted ferroelectric structure at λi = -1 except 
for the OH-hydrogen atoms. Each hydrogen atom is located at the 

center between a hydrogen-bonded O···O in the PT mechanism 
(the lower panel in Fig. 3). The atoms rotate around the hydroxyl 
C-O bond to give the inversion symmetry of the crystal in the FF 
mechanism (the upper panel in Fig. 3). More specifically, the 
position of the hydrogen at λp = 0 is unique in the PT mechanism; 
however, a degree of freedom remains in the FF mechanism 
because the inversion symmetry restricts only the relationship 
the rotation angle between symmetrically different hydroxy 
groups. In actual DFT calculations, we searched for the position 
giving the most stable energy within this constraint at λf = 0 for 
the FF mechanism in DHBA and NPTL. Considering the correlated 
proton dynamics suggested by the DSC results, we have 
employed the conventional procedure using the uniform model 
as the hypothetical paraelectric structure in the theoretical 
estimation of the polarization using the Berry phase.  

The calculated polarizations of DHBA are nearly parallel to the 
a-direction: ΔPf(1) = (5.00, 0.00, -0.73) μC/cm2 and ΔPp(1)  = (-
7.03, 0.00, -0.73) μC/cm2 along the a, b, c* crystal axes. 
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Fig. 2. Ferroelectric properties of DHBA Form I crystal at room temperature. (a) Electric polarization (P) versus electric field (E) hysteresis 
loops for a frequency range of 5–50 Hz. Applied electric field configuration of E||a is parallel to the hydrogen-bonded molecular chain. 
(b) Temperature dependence of P-E hysteresis loops. (c) Differential scanning calorimetry (DSC) thermographs of DHBA (blue) and 
deuterated DHBA-d3 (red). Arrows indicate the directions of temperature changes at a rate of 5 K/min. 

Fig. 3. Schematic illustration of PT and FF mechanisms during the 
polarization reversal. Arrows in red indicate the motional direction 
of hydrogen atoms from nonpolar (degree of distortion λi = 0) to 
fully polar state (λi = 1) (FF: i = f, PT: i =p), causing respective 
changes of polarization ΔPp and ΔPf. 
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Comparison of these a-direction polarizations with the 
experimental Pr (5.2 μC/cm2) is apparently in favor of the FF 
mechanism (with only 4 % difference) rather than PT (35 % 
difference). Figure 4 plots the evolution of calculated polarization 
from the λi = -1 state separately for the FF and PT mechanisms in 
DHBA. Note that polarization change on the pathway λf is positive 
and that on λp is negative. Despite the starting λf = -1 and λp = -1 
structures being identical, the difference in polarization change 
along the crystal a axis reaches to 2(ΔPf – ΔPp) between the λf = 1 
and λp = 1 structures after the complete polarization reversal. 
This difference is qualitatively understood by the fact that the 
pathways λf and λp are opposite in the direction of protons’ 
displacement. The center of gravity of mobile hydrogen atoms, 
which is marked by the filled triangle in the schematic insets of 
Fig. 4, differs by the half of lattice constant a/2 between the λf = 
1 and λp = 1 structures. To demonstrate this situation more 
explicitly and clarify the difference between the FF and PT 
processes, the positions of the protons are plotted as a function 
of λi in Fig. S7. Their displacements with increasing λi are opposite 
in direction between the two process as mentioned above. The 
difference between the FF and PT processes appears also in 
surface states as schematically illustrated in Fig. S8.  

The a-direction component of ΔPf(1) – ΔPp(1) = (12.02, 0.00, 
0.00) μC/cm2 perfectly agrees with the value of eRa/Ω = 12.01 
μC/cm2. Here, Ω = 6.62×10-22 cm3 is the unit cell volume and Ra = 
4.97×10-8 cm is the lattice constant along the crystal a direction 
with electronic charge e. The physical origin of polarization 
difference 2(ΔPf – ΔPp) = 2eRa/Ω between the λf = 1 and λp = 1 
structures is the shift of protons as (charge density) × 
(displacement) = 4e/Ω×a/2 considering the unit cell 
accommodating 4 protons on 4 molecules. Note that as 

suggested by Born effective charge Zaa* in Fig. S9 the protons 
have positive charges both in FF and PT and the mean value of 
the charge is estimated 1.06 (See the caption of Fig. S9). The 
similar argument can be made on NPTL (Ω = 1.51×10-21 cm3; Rc = 
8.12×10-8 cm (see Fig. S10): The value of eRc/Ω = 8.61 μC/cm2 
coincides ΔPf(1) – ΔPp(1) = (-0.14, 0.00, 3.60) – (-0.14, 0.00, -5.01) 
= (0.00, 0.00, 8.61) μC/cm2 along the a*, b, c crystal axes.  

Figure 5(a) and (b) show the energy profiles of the two 
mechanisms operating in DHBA and NPTL, respectively. The FF 
mechanism has a lower energy barrier for polarization reversal 
than that of PT for both compounds: The barrier heights of the FF 
mechanism were approximately 25% and 66% those of PT in 
DHBA and NPTL, respectively. This difference suggests that the 
former is more energetically favorable and is consistent with the 
observations in DHBA that the FF mechanism better explains the 
observed spontaneous polarizations than does PT. The FF process 
in the NPTL crystal requires a higher energy barrier than that in 
DHBA, which is also consistent with the experimental results that 
polarization does not reverse even with a stronger electric field 
in NPTL. 

Fig. 4. The evolution of theoretical spontaneous polarization along the crystal a and c* axes in DHBA Form I is plotted 
for the FF and PT mechanisms against the degree of polar distortion λi (FF: i = f, PT: i =p). λi = ±1 correspond to fully 
ferroelectric states with opposite directions in polarizations and λi = 0 is a centrosymmetric reference (hypothetical 
paraelectric state). 

Fig. 5. Calculated energy profiles ΔE against the degree of polar 
distortion λi (FF: i = f, PT: i =p) in DHBA Form I (a) and NPTL (b). 
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The electric field compels alignment of the total spontaneous 
polarization in the same direction. Therefore, the ideal way to 
uniquely identify the mechanism is to determine the OH 
hydrogen orientations with respect to the poling field. X-ray 
diffraction studies with MoKα (wavelength of 0.7108 Å) failed 
owing to the weak anomalous X-ray scattering effects21 of light 
elements, C, H, and O in DHBA. Even at longer wavelengths (1.55 
Å; ~8 keV) the differences of the Bijvoet pair (hkl versus -h -k -l) 
reflections were too small (less than 0.3%) for comparison, 
otherwise the peak intensity is insufficient (less than 1% of the 
most intense peak). 

The effects of deuterium substitution on the hydrogen bonding 
provided an indirect indication about whether polarization 
reversal is based on the proton-transfer mechanism or not. 
Because deuterium has double the mass of a proton it has a much 
lower zero-point motion and a lower transfer probability than 
hydrogen. An extraordinarily large isotope effect should appear 
in the ferroelectric switching and the ferroelectric transition 
temperature. As a measure of the ease of switching, the 
switching (coercive) field of each P-E hysteresis loop was 
extracted at the peak field in the corresponding displacement 
current and the results are compared with those of typical 
proton-transfer type ferroelectrics.2,3 The frequency-dependent 
P-E curves (e.g., Fig. 2a) show that the switching field Ec depends 
on the field sweep rate dE/dt. In Fig. 6a, the switching fields were 
systematically compared at a fixed sweep rate (0.5 MV/cm s). 
These values were obtained from a double logarithmic Ec – dE/dt 
plot through linear interpolation (See Fig. S11 for other 
prototropic ferroelectrics). As indicated by the arrows in Fig. 6b, 
the switching field is amplified on deuteration for prototropic 
ferroelectrics, such as croconic acid (CRAC) and 
phenylmalondialdehyde (PhMDA). In contrast, the switching 
fields were almost unchanged for deuteration of DHBA (Fig. 6a). 
Therefore, the ferroelectric mechanism of the DHBA crystal can 
be attributed to a FF process rather than PT. The same conclusion 
can also be argued on the basis of the relationship between the 
magnitudes of the switching field and the longest O···O 
separation of the corresponding hydrogen-bonds, as shown in 
Fig. 6b. Whereas the positive correlation observed among 
prototropic ferroelectrics3 manifests as elongation of hydrogen 

bonds, which lifts the energetic barrier for PT processes, PT is an 
unlikely mechanism for DHBA crystals, because of the 
unexpectedly low switching field despite the O···O distances 
being approximately 0.14 Å longer than those of the prototropic 
ferroelectrics. On the other hand, with elongation of O···O 
distance, the weakened hydrogen bonds are more easily subject 
to their break and repair more easily, thus promoting the FF 
processes. Therefore, the shortening the hydrogen bonds with 
pressurization would interchange the preference between the FF 
and PT mechanisms. 

Conclusions 

We have demonstrated a new hydrogen-bonded ferroelectric 
molecular crystals of DHBA having a moderately large 
polarization of c.a. 5 μC/cm2 and high working temperatures up 
to 420 K. The crystal structure was redetermined in this work and 
was consistent with its ferroelectric nature. The DHBA crystal is 
the first proper ferroelectric having the hydroxyl flip-flop 
mechanism, and also an exotic example permitting proton 
transfer geometrically as an additional competitive mechanism.  
The theoretical computation revealed that the changes of 
polarization between the fully polar structure and its symmetry-
inverted one depend on these paths and differ from each other 
in both magnitudes and signs. The DFT calculations revealed that 
the barrier height of the flip-flop process was 25% lower than that 
of proton-transfer, the alternative plausible ferroelectric 
mechanism in DHBA. Flip-flop type ferroelectricity is supported 
by the quantitative agreement between the theoretical and 
experimental spontaneous polarization and can also consistently 
explain the least effects of deuteration on ferroelectricity.  

Experimental sections 

Sample preparation and characterization 
Commercially available DHBA and NPTL were recrystallized twice 
from aqueous ethanol and chloroform, respectively. Colorless 
rod-shaped single crystals of DHBA Form I were grown by vacuum 
sublimation or slow evaporation of acetone solution at room 
temperature (Fig. S1a). The nonpolar Form II was crystallized as 
colorless (elongated) platelets from alcoholic or aqueous 
solutions. The two polymorphs11 are often difficult to distinguish 
from their crystal appearance but are easily identified by their 
infrared spectra (Fig. S2b), and more conveniently by their cutting 
behavior; Form II specimens can be smoothly cleaved, whereas 
Form I crystals usually crack into pieces with rough edges. Reddish 
plates of NPTL were grown by temperature-gradient sublimation 
under reduced pressure and recrystallization (Fig. S1b). The 
deuterated DHBA-d3 Form I crystals were obtained by sublimation 
under reduced pressure after recrystallization from deuterium 
oxide (99.9 %D) solution. The three hydroxyl groups were 
approximately 63% deuterated according to infrared vibrational 
spectra (Fig. S2a) measured on a KBr disk using a JASCO FT/IR-
6600; the number of residual undeuterated species was 
estimated from the decrease of the O-H stretching band intensity 
at 2750–3550 cm−1 on the basis of the C=O stretch band intensity 
at 1640–1740 cm−1 as a relative standard. All attempts for 
obtaining further deuterium-enriched specimens were 
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unfortunately failed, because of the predominant crystallization 
of unwanted non-ferroelectric form II.  Thermal analysis was 
performed using a differential scanning calorimeter (DSC7000X; 
Hitachi High-Technologies Corp., Tokyo). The sample was 
encapsulated in an aluminum pan and heated/cooled at 5 K/min. 
The temperature was calibrated to the melting point of indium 
(429.8 K).  
 
Crystallographic studies  
The crystal structure determination of the deuterated DHBA-d3 
Form I crystals and corresponding structural assessments of both 
the DHBA and NPTL crystals were performed in a four-circle 
diffractometer equipped with a hybrid pixel detector (Rigaku 
AFC10 with PILATUS200K; graphite-monochromated MoKα 
radiation). The ferroelectric DHBA crystal was poled through P-E 
hysteresis experiments prior to collection of the single crystal X-
ray diffraction data. The intensity data were analyzed with the 
CrystalStructure crystallographic software packages (Molecular 
Structure Corp. and Rigaku Corp.). The final refinements were 
performed with anisotropic and isotropic atomic displacement 
parameters for the non-hydrogen atoms and the hydroxyl 
hydrogen atoms, respectively, and with a fixed C–H bond length 
of 0.95 Å for the hydrogen atoms. The crystallographic data and 
experimental details are summarized in Table S1. 
 
Electrical measurements 
All electric measurements were based on single crystals with 
painted silver paste electrodes. The P–E hysteresis curves were 
measured by a virtual ground method22 using a ferroelectric 
substance evaluation system (Toyo Corporation, FCE-1), which 
comprised a current/charge–voltage converter (Toyo Corporation 
Model 6252), arbitrary waveform generator (Biomation 2414B), 
analogue-to-digital converter (WaveBook 516), and voltage 
amplifier (NF Corporation, HVA4321). All the crystals were 
immersed in silicone oil to avoid an electric discharge. 
 
DFT calculations 
Density functional theory (DFT) calculations were performed 
under periodic boundary condition using the generalized gradient 
approximation (GGA) functional of the Perdew–Burke–Ernzerhof 
(PBE) type23 with the projector augmented-wave (PAW) 
method.24 The cutoff energy was set to be 80 Ry for wave 
functions and 400 Ry for charge densities. The polarizations were 
calculated by the Berry phase.7-9 The positions of non-hydrogen 
atoms were taken from the experimental data determined for the 
ferroelectric phases (λi = 1) of DHBA and NPTL and the 
hypothetical paraelectric phase (λi = 0) with C2/c symmetry of 
NPTL. Here, λi represents the parameters λf and λp connecting the 
non-polar and polar structures for the flip-flop (FF) and proton-
transfer (PT) mechanisms, respectively. Those in the paraelectric 
phase of DHBA were obtained by the ADDSYM function in the 
PLATON software.18 The positions of hydrogen atoms at λi = 0 and 
1 were optimized with k-sampling of a 2 × 1 × 1 mesh for DHBA 
and 1 × 3 × 2 for NPTL. For intermediate structures between the 
para- and ferroelectric phases (0 < λi < 1), no further optimizations 
were performed, and the atomic positions were interpolated 
between the two phases: In the FF mechanism, the protons in the 
hydrogen-bonding chains at finite λf are expressed as a 
combination of rotations and translations and as translations for 

other atoms. All the DFT calculations were performed using the 
Quantum ESPRESSO package (version 6.5).25,26 The validity of 
calculation procedures was confirmed by reproducing 
polarization values from previous works summarized in Ref 19 on 
some PT-type organic ferroelectrics (see Fig. S3). 
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