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Proton migration in portlandite inferred from activation energy
of self-diffusion and potential energy curve of OH bond
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Abstract A fundamental mechanism on the atomic level

for self-diffusion in the proton layer of portlandite,

Ca(OH)2, was investigated by conducting hydrogen–deu-

terium (H–D) exchange diffusion experiments and by

deriving potential energy curves of OH vibrations from

optical absorption measurements. Synthetic single crystals

of portlandite were used in H–D experiments between 250

and 450�C at 150 MPa. Arrhenius parameters for proton

diffusion perpendicular to the c-axis gave a frequency

factor of 1.0 9 10-10 m2/s and activation energy of

0.61 eV (58.5 kJ/mol). The activation energy corresponds

to the height of the potential barrier between two oxygen

atoms across an interlayer. The potential barrier height was

also theoretically estimated using the OH potential energy

curve (OH-PEC) determined by optical absorption mea-

surements. Experimental and theoretical results suggest

that the potential barrier height cannot be simply deter-

mined by overlapping two OH-PECs. The potential barrier

derived theoretically was 3.11 eV. This is too high for the

activation energy of the proton diffusion. It implies that the

interaction between a diffusing proton and the vacancy of a

proton site, and the shortening of interlayer oxygen dis-

tance by thermal vibration reduce the potential barrier.
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Introduction

Diffusion of protons in minerals often controls the mac-

roscopic properties of minerals such as deformation,

reaction kinetics, and electrical conductivity. Previous

experimental studies have measured the proton diffusion

coefficients of hydrous minerals by performing hydrogen–

deuterium (H–D) exchange diffusion experiments on

powdered samples (Ingrin and Blanchard 2006). No cor-

relations have been reported between the proton diffusion

mechanism on an atomic scale and crystal structures

because diffusion coefficients along a specific crystal axis

cannot be determined using powder samples. To determine

the proton diffusion mechanism on an atomic scale, the

diffusion coefficient along a specific crystal axis must be

determined using a single crystal. In the present study, H–

D exchange diffusion experiments were conducted using a

single crystal of portlandite (Ca(OH)2) to clarify the fun-

damental proton migration mechanism. Portlandite is a

good model system for studying proton self-diffusion

because it has a simple crystal structure.

Portlandite is isostructural with brucite, Mg(OH)2 (space

group: P3 m1, Z = 1), which has a CdI2 type structure. In

portlandite, distorted [CaO6] octahedra are linked together

by sharing edges to form a [CaO6] octahedra layer

(Fig. 1a). The [CaO6] layers stack along the c-axis and a

hydrogen atom bonds to each apical oxygen atom in the

[CaO6] octahedra to form an OH dipole. The protons form

weak hydrogen bonds with the three nearest oxygen atoms

of the adjacent [CaO6] layer. Furthermore, there is a

repulsive interaction between one proton and the three

nearest-neighbor protons (Parise 2006). This induces dis-

order at the proton locations (Fig. 1b). The results of

neutron diffraction experiments on portlandite (Desgranges

et al. 1993; Xu et al. 2007) suggest that a proton occupies
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three equivalent 6i Wyckoff sites with occupancies of 1/3.

Hence, the disorder is generated by the OH dipole axis

being tilted slightly relative to the c-axis. The distance

between the three 6i sites is small at low pressure (0.36 Å

at 150 MPa), but it increases with increasing pressure

(0.94 Å at 4.5 GPa; Xu et al. 2007). Furthermore, com-

puter simulations based on first-principle calculations

(Raugei et al. 1999) have demonstrated that a proton

dynamically hops between the three equivalent sites at low

pressure.

The protons between two [CaO6] layers form a quasi-

two-dimensional hydrogen-bonding network that has a

honeycomb-like structure (Fig. 1b). Proton diffusion

through the honeycomb proton layer is governed by a

simple diffusion process, because a proton has to overcome

a single potential energy barrier to migrate to the next site

in the adjacent [CaO6] layer. The proton diffusion coeffi-

cient perpendicular to the c-axis indicates the macroscopic

proton migration rate in a proton layer. The activation

energy of diffusion in a proton layer can be determined

from the diffusion coefficient. This activation energy

includes the energy corresponding to the height of the

single potential energy barrier because the activation

energy of diffusion is generally the energy required for a

diffusing atom to migrate to a neighboring site (Borg and

Dienes 1988). An independent method for determining the

height of the energy barrier to be cleared by diffusing

atoms involves deriving it theoretically from the inter-

atomic distance and the potential energy curve of an OH

dipole (OH-PEC). In order to determine the fundamental

mechanism of proton migration, the activation energy

determined by H–D exchange diffusion experiments and a

theoretical OH-PEC are required. The actual OH-PEC in

portlandite can be estimated from optical measurements as

described later.

Herein, the diffusion coefficients perpendicular to the

c-axis were determined by H–D exchange diffusion

experiments using a single crystal of synthetic portlandite.

Its activation energy was estimated from the temperature

dependence of the diffusion coefficient between 250 and

450�C under 150 MPa and the OH-PEC of portlandite was

determined by optical measurements. Using the activation

energy and the OH-PEC, we investigated the proton dif-

fusion mechanism on an atomic level.

Theory of the OH-PEC

In the present study, the OH-PEC of portlandite is assumed

to be described by the Morse function U(r) (Morse 1929):

UðrÞ ¼ Deð1� exp½�a ðr � r0Þ�Þ 2; ð1Þ

where De is the dissociation energy, a is a constant, r is the

O–H distance, and r0 is the equilibrium O–H distance

(=0.95 Å; Xu et al. 2007). The eigenvalue G(n) of the

Schrödinger equation representing the nuclei motion in OH

is expressed by Eq. 2 when the Morse function is

substituted for the potential term in the Schrödinger

equation (Herzberg 1989):

GðnÞ ¼ nþ 1

2

� �
h xe � nþ 1

2

� �2

h xe v; ð2Þ

where n is the vibrational quantum number, h is Plank’s

constant, and v is the anharmonic coefficient. De and a in

Eq. 1 are related to xe and v by the following relations

(Herzberg 1989):

xe ¼
a
p

ffiffiffiffiffiffi
De

2l

s
; ð3Þ

v ¼ h xe

4De

¼ h a

4p
ffiffiffiffiffiffiffiffiffiffiffiffi
2 l De

p ; ð4Þ

where l is the reduced mass of the O–H bond

(=1.563 9 10-27 kg). The OH-PEC of portlandite can be

estimated from the absorption bands due to the OH

Fig. 1 Crystal structure of

portlandite Ca(OH)2. a Side

view of the portlandite

structure. A portion of two

[CaO6] layers and the proton

layer between the [CaO6] layers

is shown. The protons occupy

2d Wyckoff sites. b A (001)

view of a honeycomb proton

layer. The bold solid lines and

the thin solid lines represent the

upper and lower [CaO6] layers,

respectively. The broken line
indicates a unit cell. The protons

occupy 6i Wyckoff sites with

1/3 occupancy
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stretching vibration. Assuming that the absorption

wavenumber of the nth overtone mode of the OH

stretching vibration is xn, G(n) - G(0) can be expressed as

GðnÞ � Gð0Þ ¼ h xn ¼ n h xe 1� ð1þ nÞ vf g ð5Þ

from Eq. 2. xe and v can be obtained by substituting values

of xn into Eq. 5; the resultant De and a were also derived

from Eqs. 3 and 4. The absorption band due to the fun-

damental mode (A2u normal vibration) of the OH stretching

vibration appears in the mid infrared (IR) region and

absorption bands of overtone modes appear from the near

infrared (NIR) region to the visible (VIS) region. In the

present study, the OH absorption bands were measured

using Fourier-transform IR (FT-IR), NIR, and VIS

microspectrometers.

Experimental methods

Diffusion experiment

Single crystals of portlandite were synthesized from a

supersaturated solution of Ca(OH)2 in the following man-

ner. Reagent Ca(OH)2 powder (99.9%, Wako Co. Ltd.),

which is slightly soluble in water at low temperature, was

dissolved in ice-cold water. The solution was kept in a

nitrogen evaporator at 70–80�C for 1 week, leaving single

crystals of portlandite. Optically clean and hexagonal-

column portlandite single crystals having a length of

50–300 lm and a diameter of 50–400 lm were synthe-

sized. Two or three single crystals were placed in a gold

capsule with 10 lL of D2O, and the gold capsule was

sealed by welding. To promote H–D exchange in portlan-

dite, the gold capsules were placed in a cold-seal pressure

vessel and annealed at 250–450�C under 150 MPa for

5–150 h (Table 1). To suppress convection in the water

(the pressure medium) in the test tube and to maintain the

gold capsules at a constant temperature in the vessel, a

stainless-steel rod was inserted into the vessel (Boettcher

and Kerrick 1971). IR absorption spectra were obtained

from every fluid recovered from the gold capsule after

the annealing experiments and the D2O/H2O ratio (c0 in

Table 1) was determined using the molar absorption

coefficients of D2O and H2O (Venyaminov and Prendergast

1997). The D2O/H2O ratio is very important for accurately

calculating the diffusion coefficients. The original D2O in

the gold capsule was contaminated with H2O from the air

when the gold capsule was welded.

Micro Raman spectroscopy was used to measure the

deuterium diffusion profiles of the samples. Previous proton

diffusion experiments used micro IR spectroscopy as the

primary method for quantitatively measuring H–D diffusion

profiles (Ingrin and Skogby 2000; Kurka et al. 2005). This is

the first time that micro Raman spectroscopy has been used

to determine deuterium diffusion profiles. The advantages

of micro Raman spectroscopy over micro IR spectroscopy

include better spatial resolution (as small as 1 lm) and

simple sample preparation.

The portlandite was analyzed using a Raman micro-

spectrometer (Seki Technotron Co.) after the diffusion

experiments. A single monochromator (250IS, Choromex

Co.) equipped with a cooled 128 9 1,024 CCD detector

and a 1,200-grooves/mm diffraction grating were used in

this study. This diffraction grating enabled us to obtain a

Raman spectrum from 1,800–3,900 cm-1 in a single

measurement. The frequency of the Raman spectra was

calibrated using neon emission lines and the intensity of

Raman spectra was calibrated using a radiometric

calibration standard (LS-1-CAL, Ocean Optics Inc.). The

488-nm line of an Ar? laser was used to excite Raman

scattering. The laser beam was focused on the sample

surface by a microscope objective lens (M Plan Apo SL,

Mitutoyo Inc.; magnification: 50, NA: 0.42) giving a beam

spot size of *2 lm. The backscattered light was collected

using the same lens. The measurement time was varied in

the range 30–60 s to obtain spectra having sufficiently high

signal-to-noise ratios.

Portlandite has a cleavage parallel to the (001) plane.

The crystals were cut by cleaving thin (001) sections of

about 20–30 lm from the core of the crystals (Fig. 2a).

Thin sections parallel to the (100) plane were also made to

obtain diffusion profiles along the c-axis by polishing the

crystals embedded in epoxy. Line profiles from the Raman

Table 1 Experimental conditions and proton diffusion coefficients

Run

no.

T (�C) P (MPa) t (h) c0
a Direction D (m2/s)

616 250 150 145 0.70 [210] (7.3 ± 0.9) 9 10-17

124 250 150 91 0.90 [100] (1.4 ± 0.1) 9 10-16

124 250 150 91 0.90 [210] (1.8 ± 0.1) 9 10-16

723 300 150 90 0.95 [210] (7.3 ± 1.1) 9 10-16

130 300 150 120 0.87 [210] (3.1 ± 1.2) 9 10-16

821 300 150 149 0.77 [210] (5.1 ± 0.9) 9 10-16

919 350 150 18 0.59 [100] (3.2 ± 0.5) 9 10-15

114 350 150 18 0.59 [210] (3.8 ± 1.3) 9 10-15

114 350 150 18 0.59 [210] (1.4 ± 0.6) 9 10-15

713 350 150 18 0.55 [100] (1.3 ± 0.6) 9 10-15

718 350 150 48 0.94 [210] (1.4 ± 0.2) 9 10-15

907 450 150 5 0.32 [210] (4.0 ± 2.4) 9 10-15

716 450 150 22 1.00 [100] (5.5 ± 1.6) 9 10-15

716 450 150 22 1.00 [210] (4.9 ± 0.9) 9 10-15

813 450 150 22 0.89 [100] (5.4 ± 1.2) 9 10-15

118 450 150 22 0.95 [100] (7.0 ± 0.5) 9 10-15

a D2O/H2O ratio (see text)
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spectra were measured from the edge of the thin sections to

the other edge along the [210] or [100] direction at inter-

vals of 4 lm. Figure 2b shows a line profile along the [210]

direction indicated by an arrow in Fig. 2a. In addition, line

profile along the [001] direction was determined to inves-

tigate deuterium distribution along the c-axis. To accu-

rately determine the Raman band intensities, curve-fitting

analysis was performed using GRAMS/AI software

(Thermo Galactic Inc.). The Raman bands due to the OD

and OH stretching modes in each spectrum were fitted

using Lorentzian functions with linear background

correction.

Quantitative analysis of deuterium in portlandite using

Raman microspectroscopy

In the Raman spectra of partially deuterated portlandite, the

relative intensity of the OD stretching mode (A1g normal

vibration; 2,667 cm-1) to the OH stretching mode

(3,640 cm-1), IOD/(IOD ? IOH), where IOD and IOH are the

intensities of the OD and OH stretching modes respec-

tively, is dependent on the molar ratio of deuterium to

hydrogen. The relative intensity of the OD stretching mode

to the OH stretching mode varies nonlinearly with the D

concentration (Noguchi et al. 2009); therefore, the cali-

bration curve, which represents the relationships between

the relative intensity of the OD stretching mode and the

molar ratio of deuterium to hydrogen, was determined as

follows.

Ca(OD)2 was synthesized by reacting lime (CaO, Wako

Co.) powder with deuterated water (D2O). The hydration

reaction of lime is highly exothermic and the heat of

reaction promotes exchange of D2O in the reactor with

H2O vapor in air, thereby preventing pure Ca(OD)2 being

synthesized in air. A Y-shaped glass ampoule was used as

the reactor to avoid contamination by isotopic exchange.

The lime powders were placed in one end of the Y ampoule

and heavy water was injected into the other end. The two

reagents were mixed after sealing the Y glass ampoule and

the sealed ampoule was heated at 180�C for 48 h. The

recovered product was confirmed to be Ca(OD)2 by powder

X-ray diffraction and IR absorption spectroscopy. The

Ca(OD)2 and Ca(OH)2 powders of the reagent were well

mixed after determining the mixture ratio by careful

weighing. The mixed powders were shaped into pellets. To

obtain averaged spectra of the pellets, a rotating sample

cell was used that rotates the pellet horizontally during

Raman measurements (Noguchi et al. 2009). Each pellet

was measured five times with different rotational tracks to

reduce error in the data due to the inhomogeneity of the

pellets. The deviation of the IOD/(IOD ? IOH) values of the

five spectra was very small: the relative standard deviations

for each pellet were less than 2%. Figure 3 shows the

relationship between the molar ratio of deuterium to

hydrogen, cOD, of the pellets and the relative intensities of

the OD bands, IOD/(IOD ? IOH). By fitting the five data

points with the formula proposed by Noguchi et al. (2009),

the cOD can be calculated from

cOD ¼
IOD

IOD þ 0:76 IOH

: ð6Þ

Optical absorption measurements

Optical absorption measurements of portlandite were

conducted using VIS, NIR, and FT-IR microspectro-

meters under ambient conditions. Mid-IR absorption

Fig. 2 (a) Photograph of a (001) thin section cut from the crystal

after hydrothermal treatment at 300�C and 150 MPa for 90 h (Run.

723; Table 1). The arrow in the photograph indicates the [210]

direction and the line along which the Raman spectra were obtained.

The scale bar is 100 lm. (b) Sequential spectra measured at intervals

of 4 lm along an arrow shown in (a) by a micro Raman spectrometer.

Peaks at 2,667 and 3,640 cm-1 were assigned to OD and OH

stretching vibrations, respectively
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spectra (800–4,000 cm-1) were recorded on an FT-IR

microspectrometer (FTIR 4200 IMS-1, Shimadzu Co.)

equipped with HgCdTe detector. The spectral resolution

was 4 cm-1. NIR (4,000–11,000 cm-1) and VIS (11,000–

30,000 cm-1) spectra were measured using a lock-in

amplifier NIR-VIS microspectrometer (Shinoda et al.

2000). The spectrometer was a single monochrometer (M-

10; JASCO Co.) equipped with a PbS detector and a pho-

tomultiplier. The resolutions in the NIR and VIS regions

were approximately 9 and 5 cm-1, respectively. The fre-

quency of the spectra was calibrated by fitting the positions

of the absorption bands of polystyrene with a cubic poly-

nomial. Pellets of powdered portlandite were used as ana-

lytical samples. The absorption of the overtone modes was

much weaker than that of the fundamental mode, so several

pellets were stacked to measure high-order overtone modes.

The fundamental, the second, third, and fourth overtone

modes of portlandite are shown in Fig. 4a–d, respectively.

Results and discussion

Determination of diffusion coefficient and activation

energy

If the migration of deuterium/hydrogen is driven by the

concentration gradient, the deuterium/hydrogen flux in the

portlandite will obey Fick’s first law. Thus, the cOD can be

described by a one-dimensional diffusion equation:

ocODðx; tÞ
ot

¼ D
o2cODðx; tÞ

ox2
; ð7Þ

where D is the diffusion coefficient, t is the time, and x is

the distance. In the case of diffusion in a plane sheet bound

by two parallel planes at x = 0 and x = L, the solution for

the diffusion equation can be written as

cODðx;tÞ¼c0þ
2

p

X1
n¼1

c0 cosnp�c0

n
sin

npx

L
exp

�Dn2p2 t

L2

� �
;

ð8Þ

where c0 is the D2O/H2O ratio (Table 1) at the boundaries

(x = 0 and L) (Crank 1956). The cOD profiles obtained by

Raman line analyses are shown in Fig. 5a–d as examples

of the analyses. The cOD profile of Fig. 5a was obtained

from the Raman profile of Fig. 2b, and the cOD profiles

of Fig. 5b–d were obtained from the samples after

hydrothermal treatment at 250, 450, 300�C for 145, 22,

120 h, respectively. The diffusion coefficients of each run

were determined by least-squares fitting the cOD profiles

with Eq. 8 (Table 1). The values of c0 determined using

IR measurements for the recovered fluid in the gold

capsule are consistent with the value of cOD at the edges

of the thin sections. In addition, some of diffusion

coefficients were determined not only by Eq. 8 but by

applying the two-dimensional diffusion equation for a

cylindrical sample to the diffusion profiles. The two-

dimensional diffusion equation and its solution can be

expressed as a function of the cylinder radius, r, as

follows:

ocODðr; tÞ
ot

¼ 1

r

o

or
r D

ocODðr; tÞ
or

� �
; ð9Þ

cODðr; tÞ ¼ c0 1� 2

a

X1
n¼1

1

an

J0ðr anÞ
J1ða anÞ

expð�D a2
n tÞ

( )
;

ð10Þ

where a is the radius of the cylindrical sample (=L/2), Jn is

a Bessel function of order n, and an is the root of ðJnr anÞ ¼
0 (Crank 1956). In this study, all diffusion profiles were

obtained in the early stages of diffusion, for which the

run times for each experiment satisfied 4Dt/L2 (or

Dt/a2) \ 0.06. At such an early stage of diffusion, the

diffusion profiles based on one-dimensional and two-

dimensional diffusion equations are almost the same as

each other. For example, the D values along the [210]

direction for Run.723 (Table 1) derived from the one and

two-dimensional analyses are 7.3 9 10-16 m2/s (Fig. 5a)

and 6.6 9 10-16 m2/s, respectively. In this study, we

adopted diffusion coefficients from the one-dimensional

analyses because of the simplicity of the calculation by the

least-squares fitting (Table 1). Furthermore, the cOD profile

along the c-axis was determined by Raman analysis

through the center of the thin section parallel to the (100)

plane. The diffusion profile from the base surface of the

crystal to the core is shown in Fig. 5d. It indicates that

there is no deuterium at the core of the crystal, namely, the

Fig. 3 Correlation between cOD and IOD/(IOD ? IOH) for Ca(OD)2/

Ca(OH)2 mixtures. The solid line shows the calibration curve for

converting IOD and IOH into cOD (Eq. 6)
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deuterium diffused from the base surface along the c-axis

had not reached the core. The thin sections parallel to the

(001) plane were cut from core of the crystal; therefore, the

D values perpendicular to the c-axis determined from

experimental data were not affected by deuterium atoms

that diffused along the c-axis.

No significant difference was noted between the D

values determined along the [100] and [210] directions

Fig. 4 (a) MIR, (b, c) NIR, and

(d) VIS absorption spectra of

portlandite under ambient

conditions. Absorption bands

due to the (a) fundamental mode

and (b) 2nd, (c) 3rd, and (d) 4th

overtone modes of OH

stretching vibration

Fig. 5 (a–c) The profiles of the

molar ratio of deuterium to

hydrogen (cOD profile)

perpendicular to the c-axis for

various experimental

conditions. The solid lines
indicate the least-squares fit of

Eq. 8 to the data. (d) The cOD

profile along the c-axis. The

base surface of the crystal was

0 lm, and the central position is

80 lm from the base surface
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(Table 1). Arrhenius parameters, activation energy (E) and

frequency factor (pre-exponential factor, D0) perpendicular

to the c-axis are determined from the slope and intercept of

Arrhenius plot of the diffusion coefficients (Fig. 6),

respectively. The Arrhenius equation is

D ¼ 1:0� 10�10 exp �0:61 � 0:03 eV

k T

� �
ðm2=sÞ; ð11Þ

where k is the Boltzmann constant. The diffusion

perpendicular to the c-axis of portlandite is fast compared

to proton diffusion in other hydrous minerals. Proton

diffusion in a crystal must be strongly related to the crystal

structure. In this case, there are no atoms that disturb

protons jumping between the proton sites. The faster proton

diffusion in portlandite is thought to be caused by the

shorter distances between the proton sites compared with

other hydrous minerals.

Proton diffusion mechanism

Microscopic mechanisms of self-diffusion of atoms in

crystals can typically be categorized into two types: the

vacancy mechanism and the interstitial mechanism (Borg

and Dienes 1988). In the vacancy mechanism, the diffusion

jump occurs by a proton exchanging positions with a

neighboring vacancy. By contrast, in the interstitial

mechanism, a diffusing atom migrates via sites located

between rational lattice sites. The vacancy mechanism is

thought to be the dominant mechanism of proton diffusion

perpendicular to the c-axis of portlandite, because there are

no possible interstitial sites in the proton layer. The space

between two neighboring protons in the proton layer is

unstable as the interstitial site of proton because of the

proton-proton repulsive interaction. The interstitial mech-

anism, however, plays an important role in proton diffusion

parallel to the c-axis. Protons diffuse via interstitial sites in

the [CaO6] layer, which are quasi-stable and are not

detectable by X-ray and neutron diffraction techniques.

For one of the three protons neighboring a vacant site to

jump to the vacant site, the proton must overcome the

potential energy barrier between the two oxygen atoms. In

general, a vacancy can be formed by either intrinsic or

extrinsic mechanisms (Borg and Dienes 1988). In the

intrinsic mechanism, vacancies are thermally generated at

relatively high temperatures. When vacancies generated by

the intrinsic mechanism control proton diffusion, the dif-

fusion activation energy is equal to the sum of the forma-

tion energy of thermally generated vacancies and the

proton migration energy. On the other hand, in the extrinsic

mechanism, vacancies are introduced to compensate

the charge balance due to impurities in the structure. The

activation energy of the extrinsic mechanism is simply the

activation energy of proton migration. The extrinsic

vacancy mechanism must control the proton diffusion

observed in this investigation, because differential thermal

analysis by Bai et al. (1994) indicated that intrinsic

vacancies of protons were not formed in portlandite by

dehydration up to 450�C. Furthermore, Matsunaga and

Kuwabara (2007) suggested that an energy as high as about

1.5 eV is required to introduce a proton vacancy into a

covalent OH bond. The self-diffusion activation energy (E)

of portlandite was 0.61 eV, which is too low to be

explained by the intrinsic mechanism. Therefore, this value

is attributed to the activation energy when a proton

migrates to a neighboring vacant site.

Estimation of potential barrier height

When a proton migrates to a neighboring vacant site, we

assume that the proton does not jump directly from a 6i site

to the vacant site, but undergoes the following processes.

We estimate the potential barrier height based on the

migration model. A proton generally hops between the

three 6i sites because of the almost flat potential barriers

between the three 6i sites (Fig. 7). In addition to this

hopping motion, the OH dipole can easily tilt away from

the 6i site due to the very low tilting energy and this causes

the proton to move to the H1
0 site (see Fig. 7). According to

Matsushita (2001), the tilting motion requires only

0.01 eV. When the proton moves to the H1
0 site and the

equivalent H2
0 site is vacant, the jumping path is minimized

Fig. 6 Arrhenius plots of D perpendicular to the c-axis of portlandite

and D of various hydrous minerals. The solid line is the least-squares

fit to the portlandite data. Data for lowsonite, kaersutite, muscovite,

and chlorite are from Marion et al. (2001), Ingrin and Blanchard

(2000) and Graham et al. (1987), respectively, and those for epidote

and zoisite are from Graham (1981)
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allowing the proton to jump to the neighboring site with the

lowest expenditure of energy. In such a proton migration

process, the activation energy for a proton to migrate from

a 6i site to its neighboring site is mainly the energy to

overcome the potential barrier between H1
0 and H2

0. The

potential energy curve between H1
0 and H2

0 can be deduced

from overlapping OH1
0-PEC and OH2

0-PEC at an interval

of the interlayer oxygen distance (dO���O, in Fig. 7), and the

potential barrier may be estimated. The intersection of

the OH1
0-PEC and the OH2

0-PEC is a saddle point in the

potential energy curve between the two oxygen atoms, and

the energy of the saddle point corresponds to the potential

barrier (Eyring 1941). In the following, we assume that an

OH-PEC determined by the optical absorption measure-

ments corresponds to OH1
0-PEC and OH2

0-PEC, and we

estimate the potential barrier by overlapping the two OH-

PECs.

An OH-PEC can be determined from the wavenumbers

of the OH absorption bands. By substituting the four

wavenumbers from the fundamental mode (x1) to the

fourth overtone mode (x4) in Table 2 into Eq. 5, four

simultaneous equations for xe and v are formed. And the

most probable xe and v were, respectively, determined to

be 3781 ± 29 cm-1 and 0.0216 ± 0.0057 by the method

of least squares for the simultaneous equations. The De and

a in the Morse potential equation (Eq. 1) were derived

from Eqs. 3 and 4. The estimated OH-PEC is:

UðrÞ ¼ ð5:54� 1:43Þ 1� exp[� ð2:11� 0:63Þð
� ðr � r0Þ�Þ2ðeVÞ: ð12Þ

The OH-PEC described by Eq. 12 is shown in Fig. 8a.

To estimate the potential energy barrier, the two OH-PECs

are simply overlapped here at the interval of the equilib-

rium dO���O, which is 3.32 Å at room temperature and

0.5 GPa (Nagai et al. 2000). Figure 8b shows the two

overlapping OH-PECs, and it indicates that the energy at

the intersection point of the two OH-PECs is 3.35 eV.

Subtracting the zero-point energy of the proton (G(0)), it

was determined to be 0.24 eV from Eq. 2, from the value

of the intersection gives the energy of the potential barrier

(3.11 eV) that a proton needs to overcome to jump to

neighboring proton sites. The E determined by the diffu-

sion experiments is 0.61 eV. Therefore, the potential bar-

rier for the equilibrium distance of 3.32 Å is too high to be

the activation energy of proton diffusion.

This high potential energy barrier must be due to the

following two factors, which have not been considered in

the above estimation. The first factor is that the oxygen at

the vacancy site has an excess electron due to a dangling

bond. The oxygen atom becomes negatively charged by the

excess electron, which increases the electrostatic force

between the oxygen and the proton. The energies of the

OH1
0-PEC and OH2

0-PEC are lowered by the electrostatic

interaction as shown in Fig. 9a, and the potential barrier is

reduced. The second factor is the thermal vibrations of

oxygen atoms. The interlayer oxygen distance, dO���O devi-

ates from the equilibrium distance as a result of such

vibrations. When dO���O is shorter than the equilibrium dis-

tance, the potential barrier is lowered by shortening of the

jumping path (Fig. 9b). These two factors are thought to be

responsible for reducing the potential barrier to 0.61 eV.

The jumping frequency of a proton

Analyzing the frequency factor (D0) is valuable for

understanding the microscopic mechanism of diffusion,

because it is related to the jumping rate for diffusing atoms.

When an atom bonded in a crystal migrates to the nearest

neighboring site by jumping, Fick’s first law for the atom

flux, J, can be expressed as

J ¼ �l2 m
oc

ox
; ð13Þ

where l is the jump distance, which is equivalent to the

distance to the neighboring site, and m is the jump

Fig. 7 The (110) section of the unit cell including a proton vacancy.

2d and 6i are Wyckoff sites. H1
0 and H2

0 are positions occupied by a

proton on tilting of the OH dipole so that H1
0 and H2

0 and two oxygen

atoms become aligned. The jump path is minimized when a proton

moves to the H1
0 position, and the proton jumps to the vacant H2

0

position via the H1
0 position. dO���O indicates the interlayer oxygen

distance

Table 2 List of frequencies of fundamental and overtone modes for

OH stretching vibration and their pressure dependency

n xn - x0 (cm-1) G(n) - G(0)

(eV)

0 0 0

1 3,645 0.45

2 7,067 0.88

3 10,341 1.28

4 13,501 1.67

x0 is 1,870 cm-1, which was estimated from G(0)
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frequency (Borg and Dienes 1988). In the case of the

vacancy mechanism, D0 can be related to l and m in Fick’s

first law as follows:

D0 ¼
1

2 d
f l2 Xv m: ð14Þ

In the above equation, d is the dimension of the

diffusible medium. In the case of diffusion in the proton

layer of portlandite d = 2. f is the tracer correlation factor,

which relates to the crystal structure. f is determined to be

1/2 by considering the geometry of the crystal structure

(honeycomb lattice) (Borg and Dienes 1988). For diffusion

perpendicular to the c-axis, l is the distance between two

proton sites across a proton layer. Here the splitting of

proton sites by disorder is neglected and the distance

between two 2d sites (2.18 Å, Xu et al. 2007) is substituted

for l in Eq. 14. Vv is the fraction of vacant sites and for the

extrinsic vacancy mechanism it corresponds to the impurity

concentration in the crystal, as mentioned above. Based on

the purity of the reagent Ca(OH)2 (99.9%), Vv must be of

the order of 1.0 9 10-3. Substituting the above values into

Eq. 14, gives a jump frequency, m, of 1.7 9 1013 Hz. This

jump frequency is of the same order as the frequencies of

the lattice vibration modes of [CaO6] (*1013 Hz). This

indicates that the reduction in dO���O induced by thermal

vibrations may control proton jumping.

For proton diffusion at a pressure as high as 150 MPa,

the effects of splitting of proton sites and dynamic disorder

were not remarkable. However, they must affect the proton

diffusion mechanism at high pressure and high tempera-

ture. The large splitting between the three disorder sites

and dynamic hopping between their sites must control

proton diffusion. Such a novel diffusion mechanism, which

does not depend on the thermal vibrations of oxygen atoms,

may be induced by pressure. It is important to investigate

this experimentally and by computer simulations.
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Fig. 8 a The potential energy curve of OH (OH-PEC) of portlandite

determined from spectroscopic measurements. b A potential barrier

between two oxygen atoms across the proton layer of portlandite. The

solid line and broken line indicate OH1
0-PEC and OH2

0-PEC which

are given by Eq. 12, respectively. The H1
0 position is occupied by the

proton and the H2
0 position is vacant (see Fig. 7). They are overlapped

at an interval of 3.32 Å

Fig. 9 a Schematic image to lower the potential barrier by the

electrostatic interaction between the negatively charged oxygen and

the proton. The broken line is the potential energy barrier determined

by simply overlapping two OH-PECs determined from the present

spectroscopic measurements (Fig. 8b). b Schematic image of the

potential barrier at the instant when the potential barrier height

reduced to 0.61 eV by the shrinking dO���O. The ‘‘0.85 eV’’ in the

figure is the sum of the zero point energy of proton, G(0) = 0.24 eV

and the potential barrier height, 0.61 eV
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