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The high-pressure behavior of bgsh anda-Ba(OH), was investigated bin situ powder synchrotron x-ray
diffraction. Pressures up to 13 GPa were generated using a diamond-anvil cell. At least one phase transition
was detected iB-Ba(OH), [P2,/n; a=9.339§2), b=7.855(q2), c=6.7267(2) A, 3=95.6072)° at0.95
GP4d, indicated by the appearance of an additional low-angle peak. The high-prgssprease[ P2, /c; a
=11.663%8), b=7.66845), c=10.7785(7) A,=108.8815)° at5.40 GPais characterized by a doubling
of the unit-cell volume. Bulk moduli were determined f8¢rBa(OH), with Ko=40(1) GPa K’ fixed to 6
and forB,-Ba(OH), with Ko=60(4) GPaK' fixed to 6. There are indications for two other phase transitions
between 8 and 10 GPa. Compressin@@a(OH), produces new diffraction patterns, which cannot be inter-
preted unambiguously. Upon pressure release down to 0.3 GPA&; thiease is recovered.
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. INTRODUCTION to that of Eu}. The topology of this structure type is very
similar to the one of Sr(ODB)at ambient condition¥’ This
A central question in numerous recent studies on hydrousonfirms the hypothesis that replacing Mgand C&* with
materials is the potential of high pressure to strengthen ofarger cations such asBror B&* can provide some insight
even induce hydrogen bonds and the concomitant influenci@éto the structural behavior of brucite or portlandite under
on the physical properties of these materials. A compreherhigh pressuré® which was our motivation to study barium
sive understanding of the mutual influence of hydrogerhydroxide at high pressure.
bonds on structural and physical properties requires the com- At ambient conditions, Ba(OH)occurs in two modifica-
bined investigation of bulk propertigge., compressibility, tions, the low-temperaturg phase and the high-temperature
thermal conductivity and structural features as a function of o phase, which crystallizes at temperatures above(526
external variablegchemistry, temperature, pressuriéis the  K.?! The o phase is quenchable and hence can be retrieved
complementary nature of these combined studies which ergs a metastable phase at room temperature. The crystal struc-
able the distinction of chemical effects from pressure anduyres ofa- and3-Ba(OH), were previously reported both on
temperature effects on hydrogen bonding. hydrogenated and deuterated sampfe’ The temperature-
High-pressure investigations were previously performedjependent behavior of both polymorphs was investigated by
on alkaline-earth hydroxide#(OH), (A=Mg,Ca) (Refs.  powder neutron diffractio”> which revealed a new meta-

2-10 and transition-metal hydroxides T(OH), (T stable low-temperature polymorph afBa(OD),.
=Mn, Fe, Co, Ni, Cd)}'**?poth on hydrogenated and deu-

terated samples. These compounds have as a common fea- Il EXPERIMENT
ture a layered structure related to the Cgpe. The H atoms
are situated between adjaceKOgz (X=A,T) octahedral Pure powder of thgg modification of barium hydroxide,

sheets. The comparison of elastic properties revealed a dif3-Ba(OH),, was synthesized using Ba(OHBH,O as the
ference between the bulk moduli of hydroxides containingstarting material. This was filled in a corundum crucible and
main-group elements and transition metals, respectivelyplaced in a quartz-glass tube under a nitrogen atmosphere,
Structural studies at high pressure on Mn @h€o hydrox-  where it was slowly heated to 373 K for dehydration. Water
ides revealed a strengthening of the hydrogen bonds leadingapor was removed by several evacuation cycles. &he
to a D-site disordet.For brucite[ Mg(OH),], the existence modification of barium hydroxidea-Ba(OH),, was ob-

of a phase transition, which was suggested to be induced kgined by heating a sample of tigephase up to 573 K with
changes in the hydrogen bond geométris still uncertain.  subsequent quenching to room temperature.

In contrast, the postulated high-pressure phase of portlandite The sample chambef150(5) um in diametef was
[Ca(OH)-Il] (Ref. 14 was confirmed and its structure drilled into tungsten gasketpre-indented to a thickness of
solved!® Subsequent work aimed at unraveling the influences0—70m) using an electroerosion drilling machine. Pres-
of Ca/Mg replacement on the elastic properties insure was generated with an ETH-desigiffediamond-anvil
hydroxides® and at the location of deuterium atoms in cell (DAC) using liquid argon as a pressure-transmitting me-
Ca(OD),-11.Y" This issue has also been addressed on the balium. The complete loading process was performed without
sis of a computational approathThe framework of the exposing the C@ and H,O-sensitive samples to air or water
monoclinic high-pressure structur®2,/c) is isostructural at any instance.
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III. RESULTS AND DISCUSSION

Unit-cell parameters and the final discrepancy factors are
summarized in Table I. Atomic fractional coordinates and
isotropic displacement parameters are given in Table Il.

A. Structural results

1. Crystal structures of3- and a-Ba(OH),

The B phase of Ba(OH,) crystallizes in space group
P2,/n. There are two symmetrically different barium sites,

Co ' Vo | Bal coordinated by eigh8], and Ba2 surrounded by seven
PN g A [7+1] oxygen atoms, Fig. (@). The face-linked polyhedra
. . AP : . . . form serrated double chains along theaxis. These chains
* 1 1 ooy * * * “© are connected via edges along thexis and form intersti-
tials within a sheet, which are occupied by H atoms. The
_FIG. 1. Observed(crossep and calculated(line) powder-  gheets are interconnected via polyhedral edges or corners.
diffraction patterp_s, and dlffe_rence curve B5-Ba(OH), at 6.2 Hydrogen bonds exist within the cavities.
GPa. Peak positions are given for Atop), W (centej, and The a phase of Ba(OH) crystallizes in space group
/-Ba(OH), (bottom. Pnma The crystal structure includes three symmetrically
distinct barium sites, Bal coordinated [8], Ba2 by[7+1],
and Ba3 by[9] hydroxyl groups, Fig. @®). An additional
In situ high-pressure synchrotron x-ray powder-diffraction nine-coordinated interstitial site is occupied by hydrogen at-
data were collected for both materials at steps of approxiems. More detailed information is given in Friedrich, Kunz,
mately 1-2 GPa up to 13 GPa at the Swiss-Norwegiarand Suard?
Beamline (BM1A) of the European Synchrotron Radiation
Facility (Grenoble, Frange Two angle-dispersive powder- 2. Pressure-induced changes of thg-Ba(OH),
diffraction patterns were collected at every pressure point powder-diffraction pattern
using a MAR345 image-plate system. The first pattern was At the closing pressure of 0.95 GPa unit-cell parameters
recorded at a sample-to-detector distance of 170 mmaf a=9.339¢2), b=7.855(2), c=6.7267(2) A, andB
(26max=24°), while the second exposure was at a distance=95.6072)° were refined forg-Ba(OH),. All reflections
of 380 mm (2,,,,=45°). The exposure time ranged from could be indexed and refined in space gr&f /n, except
60 s to 300 s depending on the distance and the cell loadinghose from the tungsten gasket or the beryllium backing
A wavelength of 0.8 A was used. The absorption edge of th@lates. Above 1.2 GPa, additional spotty lines appeared.
tungsten gaskets near 0.8 A helped to minimize contaminalhey were identified as diffraction lines from solid argon,
tion of the sample signal by parasitic diffraction from the Which was used as a pressure-transmitting medium.
gasket. For two loadings, deviatoric stress at the highest The powder-diffraction pattern g8-Ba(OH), undergoes
pressure was reduced by placing the entire pressure cell in\&'10uUs significant changes upon increasing pressure. We ex-
furnace and heating the whole assembly~t878 K during plaln_t_hese changes by the occurrence of at least one phase
one hour. Pressures were determined by means of the lasdf@nsition. Between 4.9 GPa and 9 GPa a new low-angle

induced ruby-fluorescence technique before and after ead??ak grows continuously at~6.:I:5 A (20~75°), F'g 3
exposure. Since this peak cannot be explained by ;hg@hase it indi-

Full powder-diffraction images were processed and inteSates a phase transition to a nfly phase with a larger unit

grated usingriT2p.2’ Diffraction spots of solid argon and cell. Automatic indexing usingiREOR (Ref. 29 gives a

diamond reflections were masked and thus excluded frorﬁnonOCIInIC unit cell witha=11.66328), b=7.66845), ¢

integration. Rietveld refinements were carried out With:10'7785(7) A, ang3=108.8815)° atP=>5.40 GPa. The
GSAS?S St'arting values for the refinements BfBa(OH), B unit cell transforms to th@, cell through the transforma-

and«-Ba(OH), were those reported by Friedrich, Kunz, andtlon malrix
Suard?® Lattice parameters, atomic fractional coordinates, 1 1
and isotropic displacement parameters for the barium atoms -
were varied. The displacement parameters of the oxygen at- 0 10
oms were fixed tdJ;,=0.02 A2. In addition, background 10 1
coefficients of a shifted Chebyshev functihscale factor,

and a pseudo-Voigt profile function were refined. For someThe a and c unit vectors of thep, cell thus relate to the
of the data sets, additional diffracting phases, such as the101] and[101] directions of thes cell, respectively, Fig. 4.
pressure-cell componenttungsten and berylliuinand the  This corresponds to a doubling of tis unit cell relative to
solidified pressure-transmitting mediutargon, had to be the g8 unit-cell volume. The indexing can account for all
included in the refinement as well, Fig. 1. reflections assuming space groB@,/c. The phase transi-

Y

0
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TABLE I. Unit-cell parameters and refinement values of Ba(@H$ a function of pressur®,,,= VEW(l,— 1) =w(l)), Ry=2]l,
—1/=1,, andR(F?) == |F2—SF2|/2|F2|, wherew=weight, andS=scale factor.

P (GPa a(d) b (A) c(A) B(°) V(A3 V(A3 Ar R(F?) Rwp Ry
B-Ba(OH),
0.000F 9.40943) 7.91552) 6.77452) 95.8132) 501.973) 7.35 4.67 3.51
0.955) 9.33962) 7.855@2) 6.72672) 95.6072) 491.132) 3.90 2.55 1.79
1.3005) 9.305@4) 7.81973) 6.69903) 95.5033) 485.193) 129.373) 3.21 2.97 2.13
2.0055) 9.27895) 7.79624) 6.67614) 95.4154) 480.804) 123.162) 2.67 3.38 2.34
2.505) 9.24366) 7.76815) 6.64875) 95.2852) 475.396) 116.6G3) 2.87 2.56 1.83
3.32) 9.21647) 7.7405%5) 6.62235) 95.2015) 470.516) 112.422) 3.44 3.40 2.40
B2-Ba(OH),
0.345) 12.09517) 7.88915) 11.00136) 108.5694) 995.1(1) 6.41 3.88 2.72
4.92) 9.15129) 7.68217) 6.55756) 94.93@7) 459.297) 103.923) 3.22 3.70 2.65
11.71%1) 7.68837) 10.7991) 108.8288) 920.51) 6.15 4.54 3.14
5.4005) 9.12456) 7.65975) 6.52935) 94.7855) 454.7%5) 100.913) 3.59 3.12 2.26
11.66328) 7.66845) 10.778%7) 108.8815) 912.1(1) 5.90 3.03 2.27
5.805) 11.65%1) 7.6601) 10.7851) 108.951) 910.712) 100.335) 4.43 5.76 3.84
6.2005) 9.120G7) 7.65626) 6.51736) 94.7039) 453.545) 99.335) 3.03 411 3.04
11.63389) 7.65557) 10.76419) 108.9678) 906.61) 6.89 455 3.27
6.805) 11.5871) 7.6501) 10.7592) 109.1G1) 901.32) 97.21) 6.91 5.22 3.83
7.3005) 11.558%9) 7.62777) 10.73249) 109.0828) 894.21) 95.574) 7.29 4.27 2.99
7.7005) 11.5341) 7.63029) 10.7321) 109.221) 892.02) 94.175) 5.35 3.71 2.64
8.1055) 11.52027) 7.61995) 10.72398) 109.1876) 889.1(1) 93.844) 4.65 3.63 2.66
8.40(5) 11.4692) 7.5821) 10.6582) 109.121) 875.62) 93.846) 4.48 3.13 2.23
a-Ba(OH),
0.000F 11.01116) 16.49948) 7.09544) 90 12.88 7.40 5.52

&Capillary measurements.

tion does thus not change point groum2/However, since It cannot be entirely excluded that the various proposed new
the unit cell of theB, phase is double the size of tiiecell,  phases are in fact only one single phase, where the new
symmetry operations are diluted by a factor of 2, Fig. 4. Theappearing peaks at 9.0 GPa are simply too weak to be de-
unit cell of the 8, phase is therefore a “klassengleiche” su- tected at lower pressures. We consider this as rather unlikely
percell of theg cell. mainly in view of the strong changes in relative intensities
Above 9.0 GPa, a possible ng®y phase is evidenced by within the diffraction patterns parallel to the appearance of
the appearance of three additional weak peakkwatiues of new reflections, Fig. 3. Thg, phase, on the other hand,
7.32, 6.90, and 6.47 A (2=6.26°,6.65°,7.09°), respec- seems indeed to represent a new polytype despite the fact
tively, Fig. 3. At the same pressure, the relative intensities ofhat it is evidenced by only a single peak. The already rather
several peaks change significantly, which is a strong indicalow symmetry and thus high number of peaks make it very
tion that these new observed peaks are indeed due to a phadfficult to detect any new peaks other than the lowest-angle
transformation. The powder-diffraction pattern undergoes yeones. In fact the propose@, supercell is the smallest pos-
another significant change at 10.1 GPa where the intensity afible unit cell explaining all of the observed peaks.
the strong reflection arourd=4.41 A (20=10.4° in Fig. 3
shows a dramatic decrease. This new feature remains alsg- Structural evolution of- and B,-Ba(OH), with pressure
after heating, thus relaxing some of the deviatoric stress, structural refinement of the low-symmetry compounds
which causes a significant decrease of the peak width. Atagainst the high-pressure powder-diffraction data turned out
tempts to index the diffraction patterns recorded at pressureg be difficult. This is because of three reasofisOur data
above 9 GPa witlTREoR*IT0,* or DicvoL (Ref. 3) were  are limited in the accessibleg2range, due to the use of the
not successful. There are four possible factors contributing tpAC: (iji) the pressure-generating environment induces addi-
this failure: (i) The resolution of powder-diffraction patterns tional diffraction lines, which partly overlap with the sample
at high pressure is generally lower than what is optimal tosignal, Fig. 1;iii) high-pressure data show peak broadening
index complex structuresi) the unit cells of the new phases due to nonhydrostatic conditions. These factors made it im-
are larger in sizeadditional low-angle peaksnd thus more  possible to refine a structure in tjfig model against the data
complex (iii) the symmetry of the new phases may be low-ahove 4 GPa. Additional constraints had to be introduced in
ered to one of the subgroups B2, /c such asP2,, Pcor  order to improve stability and convergence of the least-
P1 adding further complexity, andiv) anisotropic peak squares refinement. As a possible constraint we assumed that
shifts might occur due to nonhydrostatic pressure conditionghe symmetry-reducing distortion is small and therefore
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TABLE II. Atom positions and atomic displacement parameters

of B-Ba(OH),.

X y z L%SO
0.0001 GPa
Bal 0.60283) 0.64013) 0.24984) 0.02
Ba2 0.181(12) 0.54843) 0.21683) 0.02
01 0.8812) 0.4912) 0.1902) 0.025
02 0.4162) 0.3582) 0.1643) 0.025
03 0.6072) 0.33712) 0.4763) 0.025
04 0.1532) 0.2812) 0.4673) 0.025
0.95 GPa
Bal 0.60293) 0.64072) 0.25154) 0.00499)
Ba2 0.18082) 0.54792) 0.21533) 0.008@8)
01 0.8731) 0.4692) 0.1722) 0.0056)
02 0.41Q1) 0.3582) 0.15Q02) 0.0036)
03 0.6022) 0.3432) 0.5012) 0.0166)
04 0.1672) 0.2952) 0.4623) 0.03
1.3 GPa
Bal 0.60383) 0.64173) 0.24964) 0.01Q1)
Ba2 0.17942) 0.54812) 0.21713) 0.0085%8)
01 0.8732) 0.4762) 0.1762) 0.02
02 0.4142) 0.3672) 0.1522) 0.02
03 0.6112) 0.3442) 0.5053) 0.02
04 0.16%2) 0.2952) 0.4633) 0.02
2.0 GPa
Bal 0.60483) 0.64263) 0.248&4) 0.0121)
Ba2 0.17923) 0.5487%3) 0.216%4) 0.01Q1)
o1 0.8722) 0.4782) 0.1883) 0.02
02 0.41%2) 0.3682) 0.1543) 0.02
03 0.6082) 0.3422) 0.5083) 0.02
04 0.1632) 0.2953) 0.4593) 0.02
2.5 GPa
Bal 0.60373) 0.64363) 0.24924) 0.0081)
Ba2 0.17962) 0.54872) 0.21773) 0.00948)
o1 0.8712) 0.4692) 0.1732) 0.02
02 0.4122) 0.3662) 0.1592) 0.02
03 0.6122) 0.3432) 0.4983) 0.02
04 0.1642) 0.2912) 0.46Q2) 0.02
3.3 GPa
Bal 0.60494) 0.64424) 0.24795) 0.0131)
Ba2 0.17863) 0.54713) 0.21644) 0.0141)
o1 0.8712) 0.4753) 0.1873) 0.02
02 0.4212) 0.3683) 0.16Q3) 0.02
03 0.6162) 0.3393) 0.5034) 0.02
04 0.1682) 0.29713) 0.45713) 0.02
4.9 GPa
Bal 0.605%4) 0.64614) 0.24626) 0.0152)
Ba2 0.179%4) 0.547Q4) 0.21625) 0.0131)
01 0.8743) 0.4823) 0.1954) 0.02
02 0.4173) 0.3693) 0.1654) 0.02
03 0.615%3) 0.3303) 0.4894) 0.02
04 0.1663) 0.3044) 0.4554) 0.02
5.4 GPa
Bal 0.60544) 0.64674) 0.24835) 0.0152)
Ba2 0.17723) 0.54873) 0.21694) 0.0121)
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TABLE Il. (Continued).

X y z L*SO

o1 0.8652) 0.4673) 0.1853) 0.02

02 0.4163) 0.3793) 0.1694) 0.02

03 0.6233) 0.3263) 0.4924) 0.02

04 0.1552) 0.2973) 0.4554) 0.02
6.2 GPa

Bal 0.60575) 0.64745) 0.24887) 0.0092)
Ba2 0.17644) 0.54844) 0.218@6) 0.0051)

o1 0.8703) 0.4793) 0.1954) 0.02
02 0.4183) 0.3794) 0.1705) 0.02
03 0.6304) 0.3324) 0.4895) 0.02
04 0.1663) 0.2864) 0.4565) 0.02

could be neglected by using the structural model of ghe
phase. This procedure allows to follow some major structural
trends such as averaged bond distances also ig4thase.

The assumption becomes less valid for higher pressures
therefore inhibiting this kind of constrained refinement.
However, it allowed us to confirm the expected trend to-
wards a higher coordination number. The Ba-O bond dis-
tances show a development towards[#-fold and an
[8]-fold coordination of the Bal and Ba2 atoms, respectively,
Fig. 5. This is expressed by a strong decrease of the Bal-O3
and Ba2-03 bond distances, respectively. From the evolution
of the Ba-O distances, it can be expected that the phase tran-
sitions at higher pressures may prod{it8]- and everi 11]-

fold coordinations around the Ba atoms. Such a behavior was
shown for barium fluoride, BaF*?~3% which has a similar
cation/anion size ratio to the barium hydroxide.

4. Pressure-induced changes of the-Ba(OH),
powder-diffraction pattern

The metastabler phase of Ba(OH) quenched from high
temperature was studied in a pressure range between 5.8 and
11.7 GPa. The starting material was confirmed to be pure
a-Ba(OH), by exposing the sample in a capillary before it
was loaded into the diamond-anvil cell. The high initial pres-
sure resulted from the intrinsic experimental difficulty to
close a screw-driven diamond-anvil cell under liquid argon.
At the closing pressure of 5.8 GPa the powder diffraction

-
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FIG. 2. Crystal structures of(a) B-Ba(OH), and (b)
a-Ba(OH),, projected along thé and thec axes, respectively.
Only barium and oxygen atoms are drawn.
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L ' I i under an inert gas atmosphere. This is known to promote the
transformation from ther to the 8 phasé®® (ii) High pres-
sure promotes the back-transformation of the metastable
phase to the8 phase(iii) High pressure induces thephase
to undergo a phase transition to yet another new phagg (
with a powder-diffraction pattern close to a combination of
those of thew and 8 phases. The picture is slightly compli-
cated by the observation of a strong intensity increase of the
6.09 A (20=7.53°) peak at 9.8 GPa, Fig. 6. This feature has
not been observed for th@, or B; phase in the previous
experiment and is therefore attributed to either shphase
20 ——=~ 77" ‘ or its high-pressure polymorpfa,, which is possibly created
during this experimerithypothesidiii ) aboved. The intensity
of this peak remains high up to the highest pressure attained
and persists also during decompression back to 4.4. GPa.
Further pressure release down to 0.3 GPa induces a funda-
mental rearrangement of peak positions and intensities to-
wards a signal compatible with th@, phase. It is only on
this pattern that also the prominent low-angle peak around
d=8.25 A (26=5.55°), characteristic for the phase, dis-
appears, Fig. 6. The observation of a clggnpattern at 0.3
GPa upon decompression is remarkable. It suggests that
10.1 —— pressure cycling the metastakiephase creates the, phase
Pecy 7 at a pressure which in the previous experiment was still well
18177 within the stability range of th@ phase during compression.
e YR TY Ty The 8, material generated in such a way remained stable
26(° upon subsequent repressurizing up to 8.4 GPa. This indicates

a very large hysteresis loop for th#zto-8, phase transition.
FIG. 3. Selected integrated and scaled powder-diffraction pat-

terns of 3-Ba(OH), and its high-pressure phases as a function of

pressure(GP3 in a selected 2 range.(1) appearance of a new B. Compressibility

low-angle peak indicative for thg, phase;(2) further weak peaks . .

attributed to a possiblg; phasej3) dramatic decrease of intensity The CqmpreSSIC_)ngl behavior of theand B, phases of

of a strong peak around 10.1 GRee text for more detajls Ba(OH), is very similar. TheP-V curve does not show an
observable discontinuity when compressifzBa(OH),,

pattern looks distinctly different from the reference patternFig- 7. The pressure steps around 1-2 GPa do also not allow

recorded from the capillary, Fig. 6. It cannot be distinguished© resolve a discontiunity in the first derivative of tkeV

from the one expected from a mechanical mixture8gfand evolution. From this it is also not surprising that the volume

a phases. There are three possible interpretations for thidf the B unit cell obtained at 0.3 GPa from cycling the

finding: (i) The sample was contaminated with water duringPhase lies exactly on the-V curve of theg phase.

the loading process despite the special care paid to keep it Sincé we cannot recognize any discontinuity in the first
two moments of the volume versus pressure evolution, it is

justified to fit the data of both phases with one equation of
Po-phase 7\ state(EOS. A third-order Birch-MurnaghaBM) EOS was
P2./n P2/c fitted to theP-V data between 0.0001 and 8.1 GPa, Fig. 7.
\ . l \ The last pressure point of th&,-phase stability at 8.4 GPa
| was excluded due to its deviating behavior, which could be
caused by thes3,-to-B; phase transition, which occurs be-
tween 8.4 and 9.0 GPa. The values obtained for the isother-
mal bulk modulus and its pressure derivative dfg
=35(2) GPa andK’'=12(1) at V,=501.97(2) & (x?
=2.9). The value oK' is unusually high. This is probably
‘ because of the subtjg-to-B, phase transition around 4 GPa.
1 Therefore, an attempt was done to fit two separate second-
\ order BM EOS’s to theP-V data. A first one included data
up to 3.3 GPa, i.e., pressures below the expe@dd-B,
FIG. 4. Geometric relationship between the unit cells and symphase transition(excluding the 0.3-GPa pressure pgjint
metry operations of3- and 8,-Ba(OH), projected parallel to the and a second one included the data from 4.9 to 8.1 GPa.
monoclinic axes. In both fits K’ was fixed to a value of 6. This results in

B-phase
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38

(a) — e Ba2-04 ---x-- Ba2-C2 (b)

e Ba2-01 -« Ba2-03
| |- = -Ba2-02 --o-- Ba2-O1
--+--Ba2-04 ——Ba2-C3

36}

—e— Ba1-O1
34}| ----e--- Ba1-03
--a-- Bal-02
- =+ - Bal-04
--%x--Bal-03
3.2} | - -+ - Bal-02

o Bal-Of
—o— Bal-04
—a— Ba1-03

FIG. 5. Barium-oxygen distancegangstrom
of compresse@-Ba(OH), as a function of pres-
sure.(a) Bal-0O,(b) Ba2-0.

2 3 4
Pressure (GPa) Pressure (GPa)

Ko=40(1) GPa,V,=501.97(2) B (x*=5.0) for the low-
pressure range, anl,=60(4) GPa, V,=491(2) A (x?
P (GPa) =3.1) for the upper-pressure range, respectively. The
cap. o bulk moduli obtained are very similar to the bulk moduli of
other hydroxides, such as Mg(OH)Ky,=54(2) GPa,
B2 54 K'=4.7(2)],* Ca(OH), [Ko=38(2) GPa, K'=5.2(7)]8
Mn(OD), [Ko=41(3) GPa,K’=4.7 (fixed)],*> Co(OD),
58 (Ko~48 GPa)'? and Ni(CD), (K,~52 GPa)! A decreas-
68 ing bulk modulus with increasing cation/anion size ratio is
' expected due to the softer behavior of the larger cations. The
27 unresolvable discontinuity in the evolution of the volume
Versus pressure suggests a second-order phase transition.
9.0 This, however, is in contradiction with a possible large hys-
Brtor teresis loop of thes-B, phase transition as discussed above.
or a2 To resolve this puzzle, more finely stepped data with higher
9.8 precision are required.
14 50 ——7———F——+——7————— 17—
500 %, 2 Bo-phase A
1.7 i ]
103 g 490 ]
4.4 g 480 i
2 03 E L
cap. p Z 470 E
52 62 72 82 92 102 1.2 122 132 f-E’ 480 i

450 L e data from B-phase loadings

o data from a-phase loadings
FIG. 6. Selected integrated and scaled powder-diffraction pat- 440

terns of a-Ba(OH), as a function of pressurgP43 in a selected H °
20 range. The patterns are arranged from top to bottom according tc —
the sequence of pressure change. The top two patteapse and

B, at 5.4 GPaas well as the bottom pattefnap ) are reference
patterns for comparison(1) highlights a peak showing a strong FIG. 7. Reduced unit-cell volumes @ and 8,-Ba(OH), as a

intensity increase at 9.8 GR@) points out the disappearance of the function of pressure. The circled, point at 0.3 GPa is retrieved
a-specific low-angle peak when releasing pressure to 0.3(@&&a from a pressure-cycled loading of the phase(see text for more
text for more details Cap.= capillary measurement. details.

Pressure (GPa)
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IV. CONCLUSIONS pressure-induced phase transitions are generally accompa-
nied by an increase of the coordination number of the cations

B Oou|r_|studtyhrie\r/1ea:s a ra:the_lr_ﬁompr)llex strLrj]gturraI behatlv||or f,??ather than a redistribution of hydrogen bonds. The nature of
a(OH), at high pressure. Thg phase undergoes at leas the newly formed high-pressure phases, however, is influ-

one, possibly three, pressure-induced phase transitions. T -
a phase, on the other hand, is destabilized by high pressurlg_lﬁc‘ad by hydrogen bonds. Hydrogen atoms aliow for addi

i~ . . flonal structural flexibility as the asymmetric hydrogen bonds

|n(|j|cat.ed by the forrrgat:é)n Ooflf'h'azvrzlhtﬁse tz;fte:_aptplylrflg and help to redistribute electrons within the structure. By this

releasing pressure la- a(_ }o. Within the limits of our way, they enable to balance bond-valence requirements im-
powder data, we recognize a@xpected trend towards

. A o posed on the framework atoms through the volume
higher coordination numbers. The compressibility of e = ¢, 5e5si0A® The significant influence of hydrogen bonds
phase does not show any discernible discontinuity at th

v ob d oh h Th | for the b n the structural conformations can be shown when compar-
structgra y observed phase change. 1nhe vajues tor the uk g the alkaline-earth hydroxides with their fluoride equiva-
moduli are in line with the compressibility of other hydrox-

ides lents. The crystal structures of MgFrutile structure, Cak,
A similar complex phase diagram at high pressure is oberZ’ and Bak (fluorite structurg are completely different

served for Bak. In v_iew of the fact that a}t high pressure.the IL%Tth?h g ?()e:i Co:agi]ie O;egge;%eph)g;og?/r:“?ge|valents, al
structural complexity of both hydroxides and fluorides

(where no hydrogen bonds can be formgédins in complex-

ity, we postulate that hydrogen bonding plays a secondary
role in the pressure-induced phase transitions. The primary Experiment 01-02-257 was supported by the Swiss-
influence is suggested to be the size ratio between catioridorwegian Beamline. The authors thank the staff of the ID30
and anions. This hypothesis is corroborated by the similarityhigh-pressure beamline and Dr. H. Mueller for the use of
of the high-pressure phase of compounds with small cationtheir laboratories. A. Friedrich was financially supported by
to the ambient condition structure of hydroxides with largethe Swiss National Science Foundati@nedit 21-052682.97
cations [e.g.,, Ca(OH) and Sr(OH)]. Furthermore, to M. Kung).
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