
JOURNAL OF CHEMICAL PHYSICS VOLUME 119, NUMBER 20 22 NOVEMBER 2003
A high-resolution neutron powder diffraction study of ammonia dihydrate
„ND3"2D2O… phase I
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We have measured the thermal expansivity of ammonia dihydrate (ND3•2D2O) phase I from 4.2 to
174 K at ambient pressure, and the incompressibility at 174 K from 0 to 0.45 GPa, using
time-of-flight neutron powder diffraction. The unit cell volume as a function of temperature,V(T),
was fitted with a Gru¨neisen approximation to the zero-pressure equation of state~with the lattice
vibrational energy calculated from a double-Debye model fitted to heat capacity data! having the
following parameters at zero pressure and temperature:V0,05356.46460.005 Å3, (K0,0/g)
57.16360.024 GPa, andK0,08 55.4160.33 ~whereVP,T is the unit cell volume at pressureP and
temperatureT, KP,T is the isothermal bulk modulus,KP,T8 is its first pressure derivative, andg is the
Grüneisen ratio!. The two Debye temperatures areuD

A516563 K anduD
B572964 K. The unit cell

volume at 174 K as a function of pressure,V(P), was fitted with a third-order Birch–Murnaghan
equation of state having the following parameters:V0,1745365.6960.16 Å3, K0,17457.02
60.25 GPa, andK0,1748 59.5661.28. The volume thermal expansion coefficient,aV , at 174 K and
atmospheric pressure is 281.331026 K21. The proton disorder manifested at high homologous
temperatures is seen to be frozen in, on the time scale of these experiments, down to 4.2 K. A
high-pressure polymorph of ammonia dihydrate was observed following melting of the sample at
179 K and 0.46 GPa. ©2003 American Institute of Physics.@DOI: 10.1063/1.1619371#
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I. INTRODUCTION

Ammonia dihydrate~ADH! was first identified by Rollet
and Vuillard.1 The crystal structure of the ambient pressu
phase~ADH I ! was studied by x-ray powder diffraction an
inferred to be proton ordered~on the basis of infrared spec
troscopy!, probably in space groupP212121 at 100 K.2 This
was in agreement with earlier calorimetric measureme
which found no evidence of hydrogen bond disorder at v
low temperatures.3 However, neutron powder diffraction es
tablished that ADH I is cubic~space groupP213) and dis-
ordered at 150 K.4 We recently proposed a solution to th
problem wherein paraelectrically disordered cubic ADH
transforms to antiferroelectrically ordered orthorhomb
ADH upon cooling below;140 K.5

The pressure and temperature dependencies of the m
volume of ADH I have never been measured previously,
are of paramount importance to planetary scientists. Ba
on the cosmic abundance of ammonia it has been sugge
that the icy moons in the outer Solar System may contain
to 15 wt% NH3.6 An ammonia–water solution of this sto
ichiometry will crystallize a mixture of ice Ih1ADH I: 7,8

intermediate-sized icy moons, such as Rhea~a moon of Sat-
urn!, could contain a layer of ADH I up to 250 km dee

a!Electronic mail: andrew.fortes@ucl.ac.uk
10800021-9606/2003/119(20)/10806/8/$20.00
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beneath an ice Ih crust 140 km thick.5 In order to model the
internal structure and thermal history of these icy moo
accurate values for the thermal expansivity and incompre
ibility of ADH I are required.9,10 We recently published the
results ofab initio calculations on ADH,5 reporting the equa-
tion of state in the athermal limit, and consequently have
interest in comparing these results with experimental dat

There are therefore a number of questions regard
ADH I that we wish to be addressed. What is the therm
expansivity of ADH I throughout its temperature stabili
field? What is the incompressibility of ADH I? Does ADH
undergo an order–disorder transition near 140 K? In orde
answer these questions we have carried out a neutron po
diffraction study upon perdeuterated ADH I. These expe
ments were done using the time-of-flight method on the h
resolution powder diffractometer~HRPD! beamline at the
ISIS neutron spallation source~Rutherford Appleton Labora-
tory, Chilton, Oxfordshire, U.K.!.11 The unparalleled resolu
tion of this instrument (Dd/d;431024 in the backscatter-
ing detectors! makes it ideal for the rapid and accura
determination of lattice parameters~for measuring therma
expansivity and incompressibility!, and for the detection of
very fine Bragg peak splittings concomitant with the pr
posed order–disorder transition.

In addition to measuring the properties of ADH I, w
also wished to observe the phase transition to a denser p
6 © 2003 American Institute of Physics
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morph of ammonia dihydrate~ADH II !. This transition has
been seen previously in piston compression experimen12

and by neutron powder diffraction;13 see Fig. 1.
In the following section~Sec. II! we describe our sampl

preparation method and data acquisition strategy: ADH
notoriously difficult to crystallize2,3,14since it tends to form a
glass when supercooled below its melting point~the proto-
nated isotopomer melts incongruently at 176.16 K!,3 and
then disproportionates into ammonia monohydrate1 ice. We
therefore pay particular attention to describing the recipe
was followed to produce crystalline ADH I. In Sec. III w
present our results, reporting the pressure and tempera
dependence of the unit cell volume and our observati
regarding the structure at low temperatures.

II. EXPERIMENT

A. Sample preparation

A liquid solution of the correct stoichiometry (331
3 mol%

ND3) was prepared by mixing an appropriate volume of co
densed heavy ammonia~Aldrich Chemicals Co., 99 atom %
D! with heavy water~Aldrich Chemicals Co., 99 atom % D!.
This liquid was stored in a refrigerator for approximate
three months prior to use.

An aluminum slab-can with vanadium windows was e
ployed for the ambient pressure experimental runs. T
sample cavity was loosely padded with silica wool to ens
nucleation of a good powder from the liquid, and ND3

•2D2O solution was dripped onto the wool until the spa
was filled. The can was sealed, attached to a cryostat ce
stick, and quenched to 77 K in a nitrogen dewar. This ass
bly was then placed in a vanadium-tailed helium cryos
pre-cooled to 50 K and allowed to thermally equilibrate b
fore being warmed to 174 K. In order to produce crystalli
ADH the temperature was cycled across the melting poin
number of times according to the recipe of Bertie a
Shehata;2 the temperature was ramped up from 174 to 179
over 15 minutes, and then reduced to 174 K over 3 minu

FIG. 1. The expected phase relations in ammonia dihydrate at low pres
~Ref. 5!.
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The cycle was repeated four times~72 minutes in total!, and
the sample was then kept at 174 K for;20 hours before
being placed in the neutron beamline.

For the high-pressure experimental runs a cylindri
aluminum gas pressure vessel was used. Once again,
wool was utilized as a multinucleator and liquid ND3

•2D2O was poured into the sample space. The can w
sealed with a nominal pressure of;500 bar of He gas. As
pressure was released following an offline pressure test
sample was observed to boil, apparently outgassing amm
vapor from solution. This altered the stoichiometry fro
;33 mol% ND3 to ;29 mol% ND3, resulting in the crys-
tallization of a significant amount of ice (;12.5 wt%) along
with ADH.

The same temperature cycling process was used to c
tallize ADH in the pressure can using a second vanadiu
tailed helium cryostat with the sample held at;400 bar.
However, the time required was changed to account for
increased thermal inertia of the pressure can: the tempera
was ramped up from 174 to 179 K over one hour, and th
reduced to 174 K over 15 minutes. The cycle was repea
four times~5 hours total!, and the sample was then held
174 K for ;12 hours before being placed in the neutr
beamline.

In both sample environments this process resulted in
formation of a good crystalline powder of ADH phase I.

B. Data acquisition

For the ambient pressure experiments, it was found
diffraction patterns suitable for the accurate determination
lattice parameters~i.e., with standard errors of order few
31025 Å) could be collected in approximately 10 minute
from the backscattering and 90° detector banks~e.g., Fig. 2!.
We therefore collected data at temperature intervals of 2
while cooling the sample from 174 to 4.2 K; a cooling rate
8 K hr21, allowing for 5 minutes of thermal equilibration
before data collection at each temperature point. Data w
collected for;1 hour at 4.2 K in order to allow for more
detailed structural refinement~see Table I!. Since no obvious
signs of the expected ordering5 were observed during this
period, the sample was taken offline and held at 120 K
;36 hours in an effort to promote the ordering transform
tion. This sample was then returned to the beamline
cooled to 40 K. Finally, diffraction patterns suitable for hig
quality structure refinement (;100 minutes per spectrum!
were collected at 20 K intervals upon warming from 40
160 K. This latter data set is hereafter referred to as
post-annealing data, and the run of spectra at 2 K interval
the pre-annealing data set.

The high-pressure sample was introduced to the neu
beamline under a nominal pressure of 0.041 GPa. We fo
that 15 minutes was an adequate period of time to accura
determine lattice parameters from the 90° detectors. The
of this detector bank enables most of the scattering from
pressure vessel to be collimated out. The pressure
stepped up~using helium as the pressure transmitting m
dium! in intervals of;0.05 GPa to the maximum rated pre
sure of the aluminum cell (;0.46 GPa). Diffraction patterns
confirmed the earlier observation of Lovedayet al.13 that he-

res
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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lium does not penetrate the ADH I structure. At 0.35 G
there was a drop in pressure, and the Bragg peaks of ic
were replaced by reflections due to ice IX. This solid p
sisted as an accessory phase up to the maximum pre
investigated. Although not the equilibrium phase under
appliedP-T conditions, the transition from ice Ih to ice IX
has been seen in the 0.35–0.40 GPa pressure range b
;170 K previously;15,16 however, it is known that the use o
helium gas as a pressure medium inhibits the formation
ices III, V, and IX in favor of a helium hydrate with the ice
structure.17 We conclude that the presence of ammonia di
drate may have a preferential influence on the nucleatio
ice IX with respect to helium-stuffed ice II, in spite of th
observation by Londonoet al.,17 that they were unable to
crystallize phases other than helium hydrate even when u
specialized nucleating agents.

FIG. 2. Observed and calculated profiles for the diffraction pattern acqu
at ambient pressure, 174 K, including difference profile~bottom!. Tick-
marks, from the top down, show the positions of reflections due to AMH
ice Ih, and ADH I.
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The anticipated phase transition to ADH II12,13 had not
occurred at 0.46 GPa, so the sample was warmed by 5
The sample promptly melted to a slurry containing ice
crystals in ammonia–water slush. When cooled back to
K, new Bragg peaks appeared along with those of ice
over a period of;4 hours. Diffraction data were collecte
from this new polyphase mixture for;11 hours at 174 K.
The sample was then cooled in 5 K steps to 140 K, quenche
to ;110 K and subsequently decompressed to;500 bar, but
the high-pressure peaks persisted, albeit with a consider
degree of strain broadening when the pressure was c
pletely released. Our opinion is that we initially compress
ADH I metastablyinto the stability field of ADH II, but did
not apply a great enough overpressure to make the p
transition occur. After melting,stableADH II crystallized
which was able to persist metastably in the stability field
ADH I when cooled and decompressed. Analysis of the d
from the high-pressure phase is in progress; the structure
both ADH II and phase II of ammonia monohydrate~AMH
II, another probable component of the multiphase mixtu!
are not known at present.

C. Refinement

The cell parameter of ADH I as a function of temper
ture was extracted from the pre-annealing data set using
‘‘cell and intensity least squares’’~CAILS! utility18 in CCSL
~the Cambridge Crystallography Subroutine Library!.19

Rietveld multiphase structure refinements of the po
annealing and high-pressure time-of-flight spectra w
made using theGSAS package.20 The ADH I structure was
refined from the cubic cell of Loveday and Nelmes.4 At am-
bient pressure, the minor phases coexisting with ADH I w
successfully fitted with the structures of ice Ih21 and ammo-
nia monohydrate~AMH phase I!.4 At each temperature, only

d

,

d for
TABLE I. Results of the isotropic structure refinement at 4.2 K. Bond lengths quoted are uncorrecte
thermal motion.

Rietveld Powder statistics:wRp55.66% Rp55.00%
Space group P213

Lattice constant: 7.091 771~16! Å
Unit cell volume: 356.6680~14! Å

Atom x y z Occupancy U iso (3100) Å2

O1 0.704 23~24! 0.704 23~24! 0.704 23~24! 1 0.73~7!
D1 0.759 28~47! 0.678 35~50! 0.577 01~56! 2/3 1.83~7!
O2 0.156 07~26! 0.156 07~26! 0.156 07~26! 1 1.31~9!
D2 0.238 80~26! 0.238 80~26! 0.238 80~26! 1 1.51~5!
D3 0.014 24~133! 0.207 23~89! 0.177 83~103! 1/3 2.42~17!
N1 0.379 44~20! 0.379 44~20! 0.379 44~20! 1 0.86~5!
D4 0.357 34~30! 0.357 83~23! 0.515 07~31! 1 2.57~6!

Selected bond lengths~Å!
N1–D4 0.9865~21! D3¯O1 1.682~9!
O1–D1 1.0000~35! D2¯N1 1.728~4!
O2–D2 1.0163~32! D1¯O2 1.766~4!
O2–D3 1.080~9! D4¯O1 2.311~3!
O2̄ N1 2.744~2!
O1̄ O2 2.762~3!
N1¯O1 3.258~2!
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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10809J. Chem. Phys., Vol. 119, No. 20, 22 November 2003 Diffraction study of ammonia dihydrate
the unit cell dimensions of ice Ih and AMH I were refine
atomic coordinates were fixed at their literature values4,21

and the temperature factors for each atomic species wer
to the values refined from the ADH structure. The refin
ments of the ADH I structure were done with isotropic te
perature factors (U iso in Table I!. It was found that an aniso
tropic refinement yielded minimal improvements in t
fitting statistics, and also generated unphysical values for
atomic displacement parameters of the partially occup
deuteron sites.

In the high pressure experiment, ice Ih transformed
ice IX between 0.30 and 0.35 GPa: Cell parameters for
phase were refined on the basis of the fully ordered ice
structure.22 This is not strictly correct, since the observe
structure of ice IX does exhibit a very small degree of par
disorder at 170 K; the probability of the weakly occupi
deuteron sites being occupied is;4%.17 Additional minor
reflections were observed from the aluminum sample ca
Since the high-pressure runs were relatively short~10–20
minutes! the structure of ADH I was not refined, only th
unit cell.

III. RESULTS

A. Thermal expansivity

The pre-annealing data set consists of 85 data point
2 K intervals, from which the lattice parameter was refin
with a standard deviation on all points of 0.000 02 Å~Fig. 3!.
A second-order Gru¨neisen approximation to the zero pre
sure equation of state23 @Eq. ~1!# was fitted to the unit cell
volumes found from the pre-annealing data set. In this
proximation, the thermal expansion is considered equiva
to elastic strain such that

V~T!5V0,0F11
E~T!

Q2bE~T!G , ~1!

whereV0,0 is the unit cell volume at zero pressure and te
perature,b5 1

2 (K0,08 21) andQ5(V0,0 K0,0/g). K0,0 is the
zero pressure and temperature isothermal bulk modulus,K0,08
is its first derivative with respect to pressure, andg is the
thermal Gru¨neisen parameter. The internal energy due to
tice vibrations,E(T), is determined via a Debye model:24

E~T!5
9nkBT

~uD /T!3 E
0

uD /T x3

ex21
dx, ~2!

whereuD is the Debye temperature,n is the number of atoms
per unit cell, andkB is the Boltzmann constant; the integr
term is evaluated numerically. This approach has been
viously used with success on ‘‘hard’’ materials such as FeS25

and KMgF3.26

When Eq.~1! is fitted to ourV(T) data the fit is excel-
lent, both in terms of unit cell volume~Fig. 3! and the ther-
mal expansivity~Fig. 4!. Nevertheless, the elastic paramete
resulting from the fit are not sensible (K0,08 537.14, for ex-
ample! and the internal energy of the crystal yields values
the heat capacity which are very seriously at odds with
perimental data.3 Indeed it is impossible to achieve a good
to the heat capacity data with a single Debye model~Fig. 5!,
and we therefore have little confidence in the parame
Downloaded 10 Nov 2003 to 130.246.135.176. Redistribution subject to 
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resulting from the fitting of Eq.~1! to V(T) data as it stands
However, the appearance of the misfit toCP suggests that
ADH I differs radically from Debye~or Debye-type! solids
in that there are two Debye moments with very differe
characteristic temperatures contributing to the internal
ergy of the crystal. It is a straightforward matter to fit
‘‘double-Debye’’ function to the heat capacity data of Ch
and Giauque,3 which has the form

C59nkBFX fS uD
A

T D 1Y fS uD
B

T D G , ~3!

where f (uD /T) is the Debye function andX andY are mix-
ing parameters. It should be noted that this is not intende
be an exact representation of the internal energy of the c
tal since we are fitting toCP data when we should be fitting

FIG. 3. Plot of refined unit cell volume against temperature at amb
pressure. The pre-annealing data set is shown as open circles, and the
annealing data set as filled circles. The slight off set between the two ca
explained in terms of small differences in the position of the sample~order
1023 m) in the incident neutron beam.

FIG. 4. Volume thermal expansivity as a function of temperature. The fi
circles are numerical derivatives of the unit cell volumes with respec
temperature. The line is from the fitting of Eq.~1! using the double-Debye
model fitted toCP data.
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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10810 J. Chem. Phys., Vol. 119, No. 20, 22 November 2003 Fortes et al.
to CV values, which have not been measured. Furtherm
with respect to the analysis of our thermal expansion d
we are fitting toCP data forhydrogenousADH, rather than
deuteratedADH, wherein the isotopic shift of vibrationa
frequencies will lead to different Debye temperatures. N
ertheless, this approximation is far superior to the single
bye model fit@Eq. ~2!#. The parameters resulting from th
fitting of Eq. ~3! ~yielding the solid line in Fig. 5! to CP

values are; uD
A516563 K, uD

B572964 K, X50.181 22
60.004 18, andY50.477 4660.010 66. This result is of in-
terest because it shows that the heat capacity of ADH I d
not approach the classical high temperature limit of Dulo
and Petit (3nkB), but instead trends towards;2nkB . The
two Debye temperatures correspond to vibrational w
numbers of, respectively, 115 and 507 cm21; these probably
represent translational and rotational excitations of the w
molecules in ADH.2

Equation~1! is now refitted to theV(T) data using the
double-Debye model, withE(T) fixed from fitting Eq. ~3!
rather than havinguD as a free variable. The elastic param
eters resulting from this fit are considerably more sensi
V0,05356.46460.005 Å3, (K0,0/g)57.16360.024 GPa,
andK0,08 55.4160.33. It would be useful to extract indepe
dent values forK0,0 and g from this fit, and a model-
dependent approach by which these may be determine
presented in Sec. III C.

Previous studies5,10 have estimated the unit cell volum
as a function of temperature using an equation of the for

1

V~T!
5

1

V0
expF2S A

B11DTB11G , ~4!

whereV0 is the unit cell volume at zero Kelvin andA andB
are parameters. The volume coefficient of thermal expans
aV , is therefore given by Eq.~5!.

aV5ATB. ~5!

FIG. 5. Isobaric heat capacity,CP , of ADH as a function of temperature
Filled circles are the measurements of Chan and Giauque~Ref. 3!. The
dashed line represents the best possible fit of a Debye model with a s
Debye temperature. The solid line is the fit of a model with two charac
istic Debye temperatures@Eq. ~3!#.
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For comparison with earlier work, and to provide a ve
simple means of calculating the density of ADH I as a fun
tion of temperature, we have fitted Eq.~4! to ourV(T) data.
The resulting fit yieldsV05356.39160.011 Å3, A51.1825
60.005331026, and B51.066260.0097. The fit is excel-
lent above;50 K, but becomes increasingly poor below th
temperature as the thermal expansivity changes from
roughly linear dependence onT to a T3 dependence. Never
theless, the maximum difference from our measured volum
does not exceed 0.3% at 4.2 K. Hence, Eq.~4! is more than
adequate for determining densities in planetary interiors
example.

The final observation we make with regard to the th
mal expansivity is in relation to other compounds in t
ammonia–water system. The thermal expansivity of ADH
is ;30031026 K21 at the melting point~176 K!; this is
approximately double the volume thermal expansivity of

gle
r-

FIG. 6. Plot of refined unit cell volume against pressure at 174 K. The s
line is a third order Birch–Murnaghan equation of state.

FIG. 7. The temperature dependencies of the adiabatic bulk modulus,KS,
and the isothermal bulk modulus,KT, determined by assuming a temper
ture invariant Gru¨neisen ratio.
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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Ih close to its melting point,27 and roughly 60% of the ther
mal expansivity of solid ammonia near its melting point28

Since we were also able to extract cell parameters for
low-pressure phase of ammonia monohydrate~AMH I !,
which occurred as an accessory phase, we can confirm
its thermal expansivity is very similar to ADH I. To be mor
precise, the density of AMH I as a function of temperature
well fitted by Eq.~5! with the parametersA andB identical
to those for ADH I;V0 for deuterated AMH I takes the valu
242.26060.020 Å3.

The experimental low-temperature molar volumes
both ADH I and AMH I can be compared with our earlie
computational results.5,29 The calculated unit cell volumes o
ADH I and AMH I in the athermal limit are 350.460.7Å3

and 242.060.5 Å3, respectively. Hence the calculated vo
ume of ADH I is in error (DV/V) by 21.760.2%, and that
of AMH I by 20.160.3%; results which we consider to b
excellent.

B. Incompressibility

Diffraction patterns for ADH I were collected at nin
pressure points from 0.041 to 0.45 GPa along the 174
isotherm and refined to yield the unit cell volume~Fig. 6!.
These data were fitted with a third-order Birch–Murnagh
equation of state~BMEOS! to yield the following param-
eters: Zero pressure unit cell volume,V0,1745365.69
60.16 Å3, zero pressure isothermal bulk modulus,K0,174

57.0260.25 GPa, and the first pressure derivative of
bulk modulus,K0,1748 59.5661.28. Note that these param
eters are referenced to a temperature of 174 K. The fi
EOS is shown by the solid line in Fig. 6.

FIG. 8. The heavy atom framework in ADH I. Light gray spheres are o
gen atoms, dark gray spheres are nitrogen atoms.
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The Bragg peaks due to ice Ih were also refined to yi
unit cell parameters as a function of pressure and fitted w
a third-order BMEOS havingV0,1745129.0260.06 Å3,
K0,17459.6960.64 GPa, andK0,1748 56.7163.96. These pa-
rameters are in excellent agreement with literature values
D2O ice Ih at this temperature:V0,1755128.9960.01 Å3 and
K0,17559.4560.52 GPa.27,30

The incompressibility of ADH I will become larger a
lower temperatures; using ice Ih as an analog,31,32 one might
expectK0 to become stiffer by;1.2 GPa from 174 K down
to absolute zero: i.e., the estimated incompressibility of d
terated ADH at 0 K is ;8.2 GPa~see also Sec. III C!. Our
calculated bulk modulus for hydrogenous ADH I in th
athermal limit is 10.760.5 GPa.5 After correcting for the
1.7% error in V0 ~see Sec. III A!, our modified K0 is
;9.7 GPa. Hence the estimated 0 K value for deuterated
ADH I is 1.5 GPa~or ;15%) smaller than the calculate
value, a perfectly reasonable difference to attribute purely
the differing strengths of hydrogen versus deuteron bonds
both glacial ammonia and water ice the bulk moduli of t
deuterated solids are significantly smaller than those of
hydrogenous solids.30,33At 90 K, the isothermal bulk modu-
lus of ND3 is 15% smaller than for NH3, and the difference
increases with falling temperature.33 Similarly, the isother-
mal bulk modulus of D2O is 2.6% smaller than for H2O at
145 K.30 Again, the difference becomes larger at lower te
perature, and may be as much as 10% at absolute zero. B
on these experimentally observed differences we concl
that our corrected first principles calculations5 actually repro-
duce the incompressibility of hydrogenous ADH I very we
indeed. Brillouin scattering studies of NH3•2H2O and ND3

•2D2O crystals would resolve this question.
The first pressure derivative of the bulk modulus,K0,1748 ,

is quite large (9.5661.28), which is typical for a very sof
material near to its melting point, and will become smaller

-

FIG. 9. The arrangement of partially occupied deuterium sites in ADH
Atomic designations refer to those given in Table I.
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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FIG. 10. Diffraction patterns acquired at 40 K from the pre-annealed ADH I sample, and from the sample annealed at 120 K for 36 hours. Th
discernible difference in the peak widths between the two patterns which would be indicative of strain broadening following a partial ordering transformation.
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the crystal is cooled and it stiffens. Our calculated value
K0,08 55.4460.19,5 agrees very well with the value ofK0,08
55.4160.33 reported in Sec. III A derived from the fittin
of Eq. ~1! with two Debye temperatures.

C. The Grü neisen ratio and adiabatic bulk modulus

Thermodynamic quantities, such asCV andCP , are re-
lated to elastic properties, such as the isothermal bulk mo
lus,KT, or the adiabatic bulk modulus,KS, by the Grüneisen
ratio, g, according to Eqs.~6! and ~7!,

g5
aVKTVm

CV
5

aVKSVm

CP
, ~6!

CP

CV
5

KS

KT 5~11aVgT!. ~7!

Our neutron diffraction measurements provide values
the molar volume,Vm , as well asaV andKT at 174 K. We
can employ the previously measured values3 of CP to solve
for the unknowns,CV , KS, andg. The calculated values o
these parameters at 174 K are thusCV

594.603 J mol21 K21, KS57.415 GPa, andg51.148. This
value for the Gru¨neisen ratio is interesting because substit
ing it into the result for (K0,0/g)57.163 GPa, as found in
Sec. III A, yieldsK0,058.224 GPa. This is very close to th
incompressibility at zero Kelvin we estimated in Sec. III
by assuming that ADH stiffens at the same rate as ice
Hence, it is reasonable to postulate a model in whichg is
temperature invariant and thus estimateK0,T

T andK0,T
S . Fig-

ure 7 shows the temperature dependencies ofKT and KS

found by assumingg51.148 from 0 to 176 K.

D. The crystal structure

The structure of ADH I~Fig. 8! consists of two crystal-
lographically distinct water molecules hydrogen bonded i
Downloaded 10 Nov 2003 to 130.246.135.176. Redistribution subject to 
f

u-

r

-

h.

o

a three dimensional zeolite-like network. This network h
large open channels within which ammonia molecules
sited. At high homologous temperatures, the water molec
are known to be orientationally disordered,4 and this is de-
scribed using partially occupied deuteron sites, as show
Fig. 9. Hence ADH I is an isotropic glassy crystal.

We proposed that ADH I should undergo an orderi
transition to an antiferroelectric structure at;140 K, result-
ing in a lowering of symmetry fromP213 to P212121 .5

This appeared to be supported by some experimental
dence as discussed in Ref. 5.

However, during the pre-annealing data collection,
evidence of such a transition was observed. At all tempe
tures from 174 K down to 4.2 K the observed diffractio
pattern was well fitted by the disordered structure. The
fined structure at 4.2 K is given in Table I. The sample w
subsequently held at 120 K for 36 hours and examined
ther during warming from 40 to 160 K. Again, the observ
structure was that of the cubic disordered phase at all t
peratures. No sign of ordering below the predicted transit
temperature was seen. Indeed, as Fig. 10 shows, there
significant difference between the pre-annealing diffract
pattern and the post-annealing diffraction pattern at 40 K

Clearly the transition to the ordered phase~which, ther-
modynamically,must be more stable than the disordere
phase at zero pressure and temperature! is frustrated by ki-
netics. The transition apparently takes place at a tempera
where the configurational freedom~the mobility of the deu-
terons! is negligible; i.e., much below 140 K, and probab
below 100 K. This is the same phenomenon which frustra
the ordering transition in pure ice Ih.34 The question remains
however, ‘‘What is responsible for some of the experime
tally observed changes near 140 K in, for example, the
electric properties?’’ We have observed no microscopic
planation for these changes.

A full set of isotropic structure refinements were carri
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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out on the post-annealing data set. These can be obta
from the Electronic Physics Auxiliary Publishing Servic
~EPAPS!.35

IV. SUMMARY

We have completed the first detailed neutron powder
fraction study of deuterated ammonia dihydrate across
full range of pressure and temperature conditions un
which the low-pressure phase is stable~0–176 K at ambient
pressure, and 0–0.45 GPa at 174 K!. This has allowed us to
determine the full thermal equation of state of ADH I, pr
viding values for the thermal expansivity, incompressibili
and the functional dependence of the internal energy on t
perature. Our earlier first-principles calculations are found
be in agreement with these experimental results. These p
erties can be used to place constraints on evolutionary m
els of large icy moons in the outer Solar System.

The transition to an ordered crystal was kinetically h
dered on the time scale of our experimental study, but m
run to partial completion with further annealing~perhaps
several hundred hours at;50 K) and perhaps with a suitabl
dopant. Certainly, on the surface of icy planets, one mi
expect timescales of order 109 years to be adequate for th
formation of ordered ADH.
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