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INTRODUCTION

When the donor moiety, X-H, forms a hydrogen bond (H 
bond) to an acceptor anion Y, i.e., X-H···Y, the potential energy 
curve becomes broader with shortening of the X···Y distance 
[d(X···Y)]. For strong hydrogen bonds [d(X···Y) is ca. 2.5 Å], an 
asymmetric double minimum develops (e.g., Fig. 1 in Novak 
1974), and the barrier between the double minimum potential 
is reduced as d(X···Y) decreases. In strong hydrogen bonds, in 
some cases, the proton might transfer from donor to acceptor, 
i.e., X-H···Y → X···H-Y, a process facilitated by reducing the 
potential barrier. It is known that the ability of hydrogen bonds 
to transmit H+ (or H3O+) and OH– ions in water or an aqueous 
medium provides a catalysis mechanism for many reactions 
(e.g., Jeffrey 1997).

At extremely high-pressure conditions like in the deep Earth, 
almost all oxide minerals have close packing of oxygen with 
short d(O···O) to reduce their molar volume. The proton might 
be included in dense minerals, even those that are nominally 
anhydrous (Bell and Rossman 1992), resulting in the formation 
of strong H bonds. Although not often discussed in the Earth 
science context, proton transfer might play an important role in 
some physical properties and chemical reactions of minerals, 
including proton diffusion and hydrolysis in the deep Earth (e.g., 
Stillinger and Schweizer 1983).

Because of great interest in the dynamic nature of proton 
transfer, the H bond in potassium hydrogen carbonate KHCO3 
(kalicinite) has been studied using various techniques includ-
ing X-ray and neutron diffraction methods. In an earlier work, 

Thomas et al. (1974a, 1974b) showed that the H bond associated 
with d(O···O) = 2.585(2) Å is moderately strong and that the 
protons occupy two possible sites in the H bond in the rough 
proportions of 4:1. In IR and Raman spectra of KHCO3, the O-H 
stretching vibration exhibits a broad band between 1800 and 3500 
cm–1 (Novak et al. 1963; Lucazeau and Noval 1973). A quasi-
symmetric double minimum potential for the proton-stretching 
mode was proposed to explain the spectroscopic results (Fillaux 
1983). A detailed inelastic neutron-scattering study (Ikeda et al. 
2002) concluded that anharmonicity plays a major role and that 
proton dynamics cannot be represented using normal coordinates 
within the harmonic force-fi eld approximation. Pressure is an 
attractive tool for understanding proton dynamics because, in 
principle, the d(O···O) associated with the H bond would de-
crease with decreasing volume, allowing the anharmonicity to 
be tuned continuously.

At atmospheric pressure, KHCO3 undergoes an antiferrodis-
tortive phase transition of an order-disorder type between phase I 
(Fig. 1a; high-temperature phase, space group: C2/m) and phase 
II (Fig. 1b; low-temperature phase, space group: P21/a) at TN = 
318 K (Kashida and Yamamoto 1990). Two (HCO3

–) groups in 
the crystal are bonded by two H bonds and form (HCO3

–)2 dimers. 
These dimers have two stable rotational angles around the c axis, 
which were drawn as right and left-inclined bold lines in Figure 
1. These dimers are disordered in phase I and ordered with an 
anti-phase confi guration in phase II.

Recently, new polymorphs of KHCO3 have been reported by 
several investigators (Takasaka et al. 2002; Nagai et al. 2002; 
Kagi et al. 2003, 2005). One of the polymorphs is phase III, which 
is promoted by shear stress (Takasaka et al. 2002). Although the 
crystal structure of phase III has not been determined, Kerst et al. 
(1995) reported the appearance of triclinic ferroelastic domains 
[space group C1 or C, a = 15.182(3) Å, b = 5.6320(3) Å, c = 
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3.7131(1) Å, α = 89.554(4)°, β = 104.640(3)°, γ = 92.101(4)°] 
when uniaxial pressure is applied to KHCO3 below TN. Le Grand 
et al. (1998) reported ferroelastic domains coexisting with the 
monoclinic phase in as-grown KHCO3 crystals below TN. Ta-
kasaka et al. (2002) observed Brillouin scattering under shear 
stress and discovered a ferrodistortive phase having in-phase 
confi guration of dimers and they designated it as phase III (Fig. 
1c; Takasaka et al. 2002). Takasaka et al. (2002) also concluded 
that the ferroelastic phase reported by the previous authors (Kerst 
1995; Le Grand et al. 1998) corresponds to phase III, which 
is a ferrodistortive and is also a ferroelastic phase with space 
group P (C in a non-standard setting). Another polymorph is an 
unassigned phase discovered at high-pressure by powder X-ray 
diffraction study (Nagai et al. 2002). This high-pressure phase 
results from a reversible phase transition observed at 2.8 GPa, a 
transition pressure subsequently confi rmed by powder neutron 
diffraction, IR and Raman spectroscopic studies (Kagi et al. 
2003). Kagi et al. (2005) compared the pressure response of the 
crystal structure, especially surrounding the H bond, between 
KHCO3 and NaHCO3. Although some experimental results have 
been reported, the crystal structure of the high-pressure phase and 
the mechanism of the pressure-induced phase transition remain 
unclear. In this study, the crystal structure of the high-pressure 
phase of KHCO3 was determined by analysis of single-crystal 
synchrotron X-ray diffraction data collected from a sample 
mounted in diamond anvil cells (DACs).

EXPERIMENTAL METHODS
Prismatic single crystals 50–200 μm on edge of phase II were grown from 

K2CO3 aqueous solution using slow evaporation at room temperature. A modifi ed 
Merrill-Bassett type DAC (Kudoh and Takeda 1986) was used for the high-pressure 
experiment. A 250 μm thick SUS301 stainless steel plate with a 300 μm diameter 

hole in the center was used as a gasket. A 4:1 methanol-ethanol mixture was used 
for the pressure-transmitting medium. To avoid the extra diffraction signal, no ruby 
chip was mounted for determining pressure. Pressure was increased stepwise and 
a phase transition, accompanied by abrupt change in sample shape, was observed 
visually (Fig. 2). Interestingly, two domains were optically observed just after the 
phase transition (Fig. 2a), and the number of domains increased with time (Fig. 
2b). Above the phase transition pressure, X-ray oscillation photographs were taken 
using an imaging plate X-ray diffractometer (R-AXIS IV++; Rigaku Corp.) with a 
rotating anode (MoKα, 50 kV, 80 mA). The observed refl ections were indexed as 
a mixture of a monoclinic and a triclinic phase, as described later.

Pressure was determined approximately from the Raman band of the metha-
nol-ethanol mixture in the DAC, instead of the usual ruby fl uorescence method. 
Raman spectra were measured using a spectrometer (NRS-2000; Jasco Inc.) with 
a nitrogen-cooled CCD detector. A microscope was used to focus the excitation 
laser beam (514.5 nm line Ar+ laser; Princeton Instruments Inc.). The νCC stretch-
ing mode of a methanol-ethanol mixture was observed at 899 cm–1. Wang et al. 
(2004) showed that the νCC stretching mode was observed at 882 cm–1 at ambient 
conditions, and that the frequency of this mode increased linearly by 3.7 cm–1/GPa 
with increasing pressure. Hence, the pressure was estimated at about 4.6 GPa. 
Although we were not able to evaluate strictly the estimated standard deviation of 
this pressure value due to the lack of information about the error of the pressure 
dependence of the νCC stretching mode in the previous study, it is expected that 
the estimated pressure has relatively large uncertainty of ca. 0.5 GPa (see Fig. 3 in 
Wang et al. 2004). All X-ray diffraction measurements in this study were carried 
out at this pressure.

X-ray diffraction measurements for determining the unit-cell parameters and 
for collecting intensities of the monoclinic phase were performed using a four-circle 
X-ray diffractometer installed at the beam line BL-10A, Photon Factory, KEK, 
Tsukuba, Japan. The wavelength of the synchrotron radiation was calibrated as λ 
= 0.6990(2) Å from the unit-cell constants of a ruby standard crystal at ambient 
conditions. The cell parameters were determined by 27 centered refl ections in the 
2θ range of 35–45°. The X-ray diffraction intensities were collected up to sinθ/λ 
< 0.82 Å–1 (maximum 2θ is 70°) by the ω-scan with the fi xed φ method (Finger 
and King 1978). Absorption corrections for the Be backing plates and a pair of 
diamonds of the DAC were carried out according to the method described by Angel 
(2004). Extinction and absorption corrections of the crystal were not applied. The 
observed intensities were corrected for Lorentz and polarization effects.

The crystal structure excluding hydrogen atoms was solved by direct methods 

FIGURE 1. Configuration of (HCO3)2 
dimers on a c-plane projection (modifi ed after 
Fig. 1 in Takasaka et al. 2002). Each dimer is 
represented by a thick solid line. Each unit 
cell is designated by solid parallelograms. 
(a) Phase I with disordered configuration 
of dimers. (b) Phase II with anti-phase 
confi guration of dimers. (c) Phase III with 
in-phase confi guration of dimers. The dotted 
rectangle denotes the unit cell described by 
the non-standard triclinic setting (C1 or C1; 
Kerst 1995), which can be compared to the 
unit cell of phases I and II. (d) Phase IV with 
anti-phase confi guration of dimers. (e) Phase 
V with in-phase confi guration of dimers. The 
crystal structures of phases III and V have 
not been confi rmed by diffraction methods. 
Therefore, those confi gurations remain open 
to question.



KOMATSU ET AL.: HIGH-PRESSURE PHASES OF KHCO31272

using the Sir2004 program package (Burla et al. 2005). Fractional atomic coordi-
nates and isotropic atomic displacement parameters for non-hydrogen atoms were 
refi ned using SHELXL of the SHELX-97 program package (Sheldrick 1997). The 
fi nal cycle of full-matrix least-squares refi nement on F2 was based on 439 observed 
refl ections [Fo > 4.00σ Fo] and 22 variable parameters. No geometrical constraints 
or restraints were applied in the refi nement.

RESULTS AND DISCUSSION

Assignment of reciprocal lattices
Bragg refl ections in the observed X-ray oscillation photo-

graphs above the phase transition pressure were assigned to 
a monoclinic and triclinic lattice. (Fig. 3). These lattices were 
different from the three polymorphs described previously (phases 
I–III; Fig. 1). Although both settings of these monoclinic and 
triclinic lattices are non-standard, these settings were chosen to 
facilitate comparison with the ambient pressure phase (phase 
II), as described later. Hereafter, the monoclinic phase is des-
ignated as phase IV and the triclinic phase as phase V. Figure 
3 shows that the two lattices are superimposed on the a* axis 
with a*IV = 2 × a*V and hk0 and h0l nets of both phases lie on the 
same plane: the (100) plane is common to both lattices in real 
space. Overlapped refl ections, h00, were included in the Fourier 
synthesis with a separate scale factor in addition to the overall 
scale factor. Diffuse streaks parallel to the a* axis, indicative of 
lamellar stacking disorder of the common (100) planes of phases 
IV and V, were observed frequently (Fig. 4).

The unit-cell parameters were determined from data collected 
on a four-circle X-ray diffractometer at the BL-10A beamline. 
Crystal data and structural refi nement parameters for phase IV 
are listed in Table 1. The unit-cell parameters of phase V have 
not been refi ned precisely. The approximate values calculated 
from the observed Bragg refl ections in oscillation photographs 
are aV ≈ 5.44 Å, bV ≈ 6.91 Å, cV ≈ 4.2 Å, αV ≈ 115°, βV ≈ 94°, 
and γV ≈ 69°. The space group of phase IV [P21/b11 (no. 14)] is 
determined uniquely from refl ection conditions (0kl: k = 2n and 
h00: h = 2n). This non-standard setting (P21/b11; a, b, c) can be 
transformed to the standard monoclinic setting (P121/c1; a', b', 
c') through the following transformation matrix:

FIGURE 2. Visually observed phase transition of KHCO3 in DAC under the polarized microscope. (a) Immediately after transition and (b) 
after 24 h. 

FIGURE 3. Schematic drawings of observed refl ections on (a) the 
hk0 net and (b) the h0l net. Observed refl ections were assigned to a 
monoclinic lattice with a*IV ≈ 0.10 Å–1, b*IV ≈ 0.16 Å–1, c*IV ≈ 0.26 Å–1, and 
α*IV ≈ 64° and a triclinic lattice with a*V ≈ 0.20 Å–1, b*V ≈ 0.17 Å–1, c*V ≈ 
0.27 Å–1, α*V ≈ 64°, β*V ≈ 96°, and γ*V ≈ 111°. The observed triclinic axes 
of phase V are related to the axes of phase IV as aV ≈ 0.503 aIV + 0.318 
bIV + 0.131 cIV, bV = bIV, and cV = cIV. The solid circles represent the 
observed refl ection calculated from the positions in the imaging plate. 
The solid lines and the broken lines respectively represent the monoclinic 
component and the triclinic component. A few refl ections were observed 
in the hk0 net because most refl ections in the hk0 net were in the blind 
region by the DAC.
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The setting for phase V has b and c axes in common with 
phase IV. 

Crystal structure and H bond of high-pressure phases
Following solution of the crystal structure of phase IV, exclud-

ing hydrogen atoms, the isostructural relationship to the structure 
of CsHCO3 at ambient conditions was revealed. The fractional 
atomic coordinates and isotropic atomic displacement parameters 
for non-hydrogen atoms are shown in Table 2. For comparison 
to the ambient pressure phase, the crystal structures of phase II 
and IV are drawn in Figures 5a and 5b, respectively. In phase 
II, the dimers consisting of two CO3 group lie approximately 
on the plane parallel to (301), and ones in phase IV lie on the 
plane parallel to (011). These sets of two CO3 groups are shown 
as ellipses in Figure 5. In phase II, two CO3 groups assume one 
of the two orientations, which are symmetric with respect to the 
a* axis and ordered in an anti-phase confi guration (Fig. 5a; see 
also Fig. 1b). Two orientations, which are also symmetric to the 
a* axis, exist in phase IV and the two CO3 groups are ordered 
in an anti-phase confi guration (Fig. 5b; see also Fig. 1d). The 
non-standard setting of phase IV adopted in this study clarifi es 
the relationship between crystal structures of the ambient pres-
sure phase II and high-pressure phase IV.

In ambient pressure phases I, II, and probably also in phase 
III, two CO3 molecules in the crystal are bonded by two H bonds 
to form (HCO3

–)2 dimers. A Fourier difference map was calcu-
lated using data with sin θ/λ < 0.489 (maximum 2θ is 40°) to 
maximize contributions from possible hydrogen positions. It is 
generally diffi cult to fi nd hydrogen sites with suffi cient accuracy 
based on X-ray diffraction data, especially under high-pressure 
conditions, due to both the low atomic scattering of hydrogen and 
the uncertainties in observed intensities resulting from parasitic 
elastic and inelastic scattering from DACs. In this case, however, 
a residual peak between O2 and O3 sites was observed in the 

Fourier difference map (Fig. 6). The d(O2···O3) was 2.502(11) 
Å, a value signifi cantly less than that observed in phase II of 
2.585(2) Å (Thomas et al. 1974a). The relatively low residual 
peak, which has a height of 0.5 eÅ–3,might result from a mobile 
hydrogen atom disordered between donor and acceptor oxygen 
atoms in such a strong hydrogen bond. 

The H-bond distance, d(O2···O3), is also quite consistent 
with previous spectroscopic data. Kagi et al. (2003) obtained the 
IR spectra of KHCO3 at pressures up to 6.3 GPa. According to 
their results, a broad band centered at approximately 2600 cm–1 
is attributable to the O-H stretching mode. No signifi cant change 
in the frequency of the O-H stretching frequency can be found 
with increasing pressure. In such strong H-bond compounds, 
for the value of the d(O···O) ≈ 2.6Å, it is predicted that Fermi 
resonance exists between the fundamental of the O-H stretch-
ing mode [νOH(0-1)] and the overtones of the bending modes 
[σOH(0-2) and γOH(0-2)]. Ikeda et al. (1998) presented a simple 
numerical model for the H bond and the values calculated for νOH 
along with d(O···O) were consistent with the observed values. 
According to Ikeda et al. (1998) the value of νOH of 2600 cm–1 
corresponds to d(O···O) ≈ 2.5–2.6 Å, which is as long as the 
observed d(O2···O3) of 2.502(11) Å in phase IV. Moreover, in 

FIGURE 4. A representative X-ray oscillation photograph showing 
diffuse streaks on the diffraction spots parallel to a*. The positions of 
diffraction spots are indicated by circles.

TABLE 1.  Crystal data and structural refi nement parameters for high-
pressure monoclinic phase (phase IV) of KHCO3

Pressure (GPa*) 4.6
Molecular weight 400.39
F000 200.0
Space group P21/b11†
Diff ractometer Four-circle diff ractometer 
 (BL-10A, PF, KEK)
Unit-cell parameters 
a (Å) 10.024(3)
b (Å) 6.912(5)
c (Å) 4.1868(11) 
α (°) 115.92(4)
Unit-cell volume, Vc (Å3) 260.9(2)
Z 4
Density (calculated) d (g·cm–3) 2.55
X-ray source Synchrotron radiation
Wavelength λ (Å) 0.6990(2)
Index ranges –15 ≤ h ≤ 4
 –7 ≤ k ≤ 6
 –6 ≤ l ≤ 6
No. observations [Fo > 4.00σ Fo] 439
No. variables 22
Refl ection/Parameter ratio 19.95
R1‡ [Fo > 4.00σ Fo] 0.0858
wR2§  0.2343
Goodness-of-fi t|| 1.032
* Pressure was estimated approximately by the wavenumber of Raman spectra 
of the 4:1 methanol-ethanol mixture.
† The standard setting for the monoclinic structure is P121/c1 (no. 14) with a 
= 6.321(5) Å, b = 10.024(3) Å, c = 6.912(5) Å, β = 143.45(3)°. The above setting 
(P21/b11) is used to facilitate comparison with the ambient pressure phase 
(phase II).
‡ R1 = Σ||Fo| – Fc||/Σ|Fo|.
§ wR2 = {Σ[w(Fo

2 – Fc
2)2]/Σ[w(Fo

2)2]}1/2, w = 1/[σ2(Fo
2) + (aP)2 + bP], where P = (Fo

2 + 
2Fc

2)/3 and a and b are adjustable parameters.
|| Goodness-of-fi t = S = {Σ[w(Fo

2 – Fc
2)2]/(n – p)}1/2, where n is the number of refl ec-

tions and p is the total number of refi ned parameters.

TABLE 2.  Refi ned fractional atomic coordinates and isotropic dis-
placement parameters for phase IV of KHCO3

Atom x/a y/b z/c Uiso (Å2)
K 0.32167(17) 0.5869(4) 0.4345(4) 0.0168(5)
C 0.0456(7) 0.705(2) 0.8191(19) 0.017(2)
O1 0.0806(5) 0.8352(15) 0.6998(13) 0.0218(13)
O2 0.9244(5) 0.6632(15) 0.8584(14) 0.0210(12)
O3 0.1397(5) 0.6120(13) 0.9320(11) 0.0191(12)
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CsHCO3, which has the same non-hydrogen structure as phase 
IV of KHCO3 (Kaduk 1993), the hydrogen site also corresponds 
with the site shown in the Fourier difference map of phase IV. 
Accordingly, it is concluded that two CO3 molecules in phase 
IV are bonded by two H bonds to form (HCO3

–)2 dimers as in the 
ambient pressure phases.

“Broken symmetry” of orientations of two CO3 groups and 
the mechanism of phase transition

The observation that the two lattices of phases IV and V are 
superimposed along the a* axis and that a*IV = 2 × a*V strongly 
suggests that phase V might be ordered with an in-phase con-
fi guration of two CO3 groups, as illustrated in Figure 1e. It is 
likely that phase V contacts with phase IV along the (100) plane; 
also, the d100 of phase IV is two times larger than that of phase 
V, which might be explained by the confi guration of two CO3 
groups as shown in Figures 7a and 7b. Accordingly, the observed 

relationship of phase IV and V can be drawn schematically as in 
Figure 7c. Note that a possible (100) twin for phase V was not 
seen in this experiment. If two CO3 groups in phase V randomly 
adopt one of the two orientations, which are symmetric with 
respect to the a* axis and the ordered structure in the in-phase 
confi guration, both orientations should be statistically adopted 
in a crystal as shown in Figure 7d. This “broken symmetry” 
of orientations of two CO3 groups could be key information 
allowing elucidation of the mechanism of the phase transition 
as discussed later.

The phase transition between phase II and phase IV is obvi-
ously fi rst-order, because the unit-cell volume of phase IV of 
260.9(2) Å3 at 4.6 GPa is signifi cantly less than the extrapo-
lated value of 267.8(4) Å3 of phase II [V0 = 311.1(1) Å3, K0 = 
22.7 (3) GPa, and K' = 4 (fi xed); see also Fig. 2 in Nagai et al. 
2002]. Moreover, the observation that the phase transition is 
accompanied by an instantaneous change of the crystal shape 
also supports the conclusion that this structural phase transition 
is fi rst-order. 

Why does a single phase (phase II) transform to two differ-
ent phases (phase IV and V) at the same pressure? It is unlikely, 
though not impossible, that the triple point at which phases II, 
IV, and V can coexist is coincidentally at 2.8 GPa and room tem-
perature. One possible explanation for the coexistence of phases 
IV and V is that shear stress causes an intergrowth of these two 
phases. If the crystal structure of phase V has an ordered structure 
with an in-phase confi guration of two CO3 groups similar to phase 
III, a similar phase transition by shear stress in the case of phase 
III could be possible. In addition, the transition by shear stress 

FIGURE 5. The crystal structures of (a) the ambient pressure phase 
(phase II) and (b) the high-pressure monoclinic phase (phase IV). Only 
H1 site in phase II and no hydrogen sites in phase IV are described. The 
(HCO3

–)2 dimers are included in the ellipses. Each unit cell is designated 
by parallelograms.

FIGURE 6. A Fourier difference map section with a ball-and-stick 
model of phase IV. This section is parallel to the (011) plane, and the two 
CO3 groups approximately lie in the section. Symmetry codes are (i)  –x, 
1 – y, 2 – z; (ii) –1/2 + x, 3/2 – y, 1 – z; (iii) 1/2 – x, –1/2 + y, 1 + z. 

FIGURE 7. Schematic drawings of the relationship between the 
structures of (a) phase IV and (b) phase V in terms of the orientations 
of dimers parallel to (100) planes. Each unit cell is shaded. Two possible 
orientations of dimers are labeled + and –. Only one of the two possible 
orientations was described as a phase V structure in b. (c) The observed 
relationship between phases IV and V. (d) The possible but unobserved 
relationship between phases IV and V.
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may be able to explain the “broken symmetry” of orientations of 
two CO3 groups. However, a question remains whether such shear 
stress signifi cantly exists in the DACs using methanol-ethanol 
mixture as a pressure-transmitting medium. Another possible 
explanation for the coexistence of the two phases is that phase V 
corresponds to a high-pressure form of phase III. Le Grand et al. 
(1998) described observations of coexistence of thin ferroelastic 
domains (phase III) in as-grown KHCO3 crystals (phase II) below 
TN under the polarizing microscope. Interestingly, Le Grand et al. 
(1998) indicated that an X-ray investigation of this thin domain 
of phase III is not possible due to the small diffractive volume. 
Thus, it is possible that the thin domain of phase III in phase II 
underwent the phase transition under pressure and nucleated the 
coexisting phase V in phase IV. In this interpretation, however, 
the observed “broken symmetry” seems to remain an open ques-
tion. The crystal structure of phases III and V, which may have the 
in-phase confi gurations of dimers, and the physical mechanism 
of the phase transition requires further investigation.
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