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Molecular dynamics simulations are used to calculate the melting point and some aspects of
high-temperature solid-state phase transitions of ammonium ni&kate The force field used in the
simulations is that developed by Sorescu and Thompdo®hys. Chem. A05 720 (2001)] to
describe the solid-state properties of the low-temperature phase-V AN. Simulations at various
temperatures were performed with this force field for a#x 5 supercell of phase-Il AN. The
melting point of AN was determined from calculations on this supercell with voids introduced in the
solid structure to eliminate superheating effects. The melting temperature was determined by
calculating the density and the nitrogen—nitrogen radial distribution functions as functions of
temperature. The melting point was predicted to be in the range 48X, in excellent agreement

with the experimental value of 442 K. The computed temperature dependences of the density,
diffusion, and viscosity coefficient for the liquid are in good agreement with experiment. Structural
changes in the perfect crystal at various temperatures were also investigated. The ammonium ions
in the phase-Il structure are rotationally disordered at 400 K. At higher temperatures, beginning at
530 K, the nitrate ions are essentially rotationally unhindered. The density and radial distribution
functions in this temperature range show that the AN solid is superheated. The rotational disorder
is qualitatively similar to that observed in the experimental phase-Il to phase-| solid-state transition.
© 2004 American Institute of Physic§DOI: 10.1063/1.1705573

I. INTRODUCTION ternating planes have rotated ¥4 and — /4, respectively,

relative to the orientation of the hydrogen-bonded planes of
nitrates in phase-1V. The nitrate ions show static disorder
Bttween these two orientations. Two orientations, related by

Ammonium nitrate has a melting point of442 K at
atmospheric pressure and a decomposition temperature

463 KAt nor[nlial pressures, AN exists in one of 1_‘|ve CTYS a 71/2 rotation about th€001] direction, are also possible for
talline phaseé-!! These phases are designated with Romaqhe ammonium ions in phase-Il. Due to the weak hydrogen-

nturgleraltsr:n rt]hte W|delyt used sf;:;théithuuhere is tthet phz;se l‘;londing, the two ammonium orientations are considered to
stable at high temperatures, which then converts o phase y, dynamically disordered® This is illustrated by the

uEdeg?/OI:\r}gh aanr?d T)Ooﬁnt.hga:(ijsd:gzsesozlr;oﬁlzj;];aigz QN circles around the ammonium ions in Fig. 1. At 398 K phase
b Lo b Il is transformed to the cubic phase-l, Fig. 1, which lzas

Fig. 1, phase Ill is not shown since traces of water are : . . : .
) . : . =1 with both the ammonium and nitrate ions dynamically
needed for its formation. Three-dimensional structures of the,.

-11 ) ; ;
unit cells for these phases are given in Sorescu anglsordered*. The x-ray diffraction pattern of phase | has

Thompson® The structures of these phases are closely re- een intgrpreted in terms of a “12-orient_ation model“ for the
lated to one another and little change in the positions of thaitrates. However, neutron powder diffraction methads
centers-of-mass of the ions is needed to interconvert the<d'd comparative Raman studies of phases IV, II, and I imply
phases. As typical of some ammonium salts, orientationa"a! Fhelrlnonon of the nitrate ions in phase | approaches free
disorder(see belowin the crystal phases increases as tem Otation:” Phase | is stable up to the melting point.

perature increases. There are eight AN molecules in the low- !N @n ealier study? we computed structural and elec-
temperature phase-V orthorhombic unit cell<8), which  tronic properties by using density functional theory and the
is stable between 0 and 255°R This phasesee Fig. 1has Pseudopotential method for phases V to Il, obtaining results
a three-dimensional hydrogen-bond network between th# good agreement with the experimental datawe devel-
ammonium and nitrate ions and the lengths of the:©® oped a force field for phase V and used it in classical mo-
hydrogen bondsgbetween 1.916 and 1.987) Aare the short- lecular dynamicgMD) calculations to evaluate variations of
est among the solid-state AN phases. At 255 K phase V ighe lattice and elastic constants and changes in the radial
transformed to the orthorhombic phase-IV with=2. In  distribution function(RDF) with temperature. Our interest
phase IV(see Fig. 1, the network of @ -H hydrogen bonds here is to extend this work to simulations of the solid-to-
in the unit cell forms a set of planes parallel to t{@®1)  liquid-phase transition and to investigate the-ll phase
face?~" Phase IV is stable up to 323 K. At this temperaturetransition.

phase-IV undergoes a transition to the tetragonal phase-Il, We begin the simulations with the experimental phase-II
which also haZz=2." In this phase, the nitrates ions in al- crystal structure. The main focus of this work is to simulate
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Phase V Phase IV tions of perfect crystals lead to calculated melting points that
are typically 20%-30% larger than the experimental
¥ %@%* Gsseifuwenils valuest”*® Various practical methods have been developed
LA M i e & - . to bypass this problem. The method used here is to compute
R.."P“"ai" Jdﬂfa“f 00 v 009 L 000 the melting points by simulating imperfect crystals. The free
v . ¥ @ ar T ia energy barrier to the formation of a solid—liquid interface
“'t* a\‘&?"%‘ ‘\‘b ‘*f' b it ik o g do can be lowered by introducing imperfections, such as voids,

@ﬁ+%ﬁ*&“%"& s A in the crystaf-®=?Each void is formed by removing a single
& s g

4 o AN molecular unit from the supercell. Upon heating or
J}u% ..u!;- % -'§- P 000 Lo 080 L equilibration, the local structure around a void is rapidly dis-
i } ordered and forms a pocket of liquidlike structure within the

solid. However, if the number of voids is sufficiently large
Phase IT Phase I (typically greater than 10% of the total number of molecules

in the supercell the crystal structure breaks down even at

@ Q% @ Q% @ @%@1@@ low teg?peratures and the melting transition is no longer ob-
S BN RN P servable.
cf @ n"P @ vfe ‘E@‘m’ﬁ @f’ We have recently reported studies of melting of

-

RS nitromethan& and ammonium dinitramid@ using this ap-
@ ﬁhh @ %\J @ @H@ﬁ%@~ plr(;ach. These studies sup::ort trl1eI \calidlity gfs Ithsigs mIZthod for
a‘ﬁ @ f @ f :q'_}i'@:{f-'@tqf: accurate predictions of melting in relatively complex solids.
@ ., @ %, @ @:"%@:&_@ Further details about the method used in this work and other

simulation methods for studying of melting are given in
FIG. 1. (Colon An illustration of the basic features of the AN phases V, IV, Refs. 2_2 and 2??' .
Il, and | projected onto tha—b plane of the supercell. The rotational free- This paper is organized as follows: In Sec. Il the force
dom of the ions in the higher-energy phases is illustrated by the circles thefield for AN and MD simulation methods are discussed. In
crudely represent the paths of the oxygen and hydrogen atoms as the nitra§ec Il the results of the MD calculations of melting and
and ammonium ions rotate. Phase Il is not shown because it contains Wat(ir. 5 .

Iquid-state properties of AN are presented. In Sec. IV we

give an analysis of the changes in orientational disorder and
the solid-to-liquid transition; specifically we wish to deter- rotational freedom of the ammonium and nitrate ions seen in

mine how accurately our model predicts the melting point ofthe phase 1l structure as the temp(_arature Is increased.
AN. We initiated the simulations of melting with the phase Il _Changes that correspond to the-l trans_ltlon are presented
structure rather than that for phase I, which is the solid phasg1 Sec. IV. A summary and the conclusions are given in Sec.
at which the melting transition occurs, because the coordi-"
nates for the ill-defined phase | are not available. The melt-
ing trgnsitiqn was still properly predicted, although we begaqL METHODS
the simulation with the phase Il crystal structure. Simulating
crystalline phase changes is difficult because they often in- The force field for AN was obtained from the work of
volve subtle variations in the geometry and unit cell Sorescu and Thompsdh.The intramolecular potential has
parameters? Although realistic theoretical descriptions re- the functional form,
quire accurate intermolecular potentials, in particular, the an- 1 1
gular dependence of hydrogen bonding in the case of AN, the V.= >, 2 Ki(ri—r2)2+ bEdE koi(6;— 6°)2

tcl en

results of the present study show that some basic changes in stre
the solid are qualitatively predicted by the present approxi-
mate model potential. + D 2Kg SIP d. )

torsion

We have used the Sorescu—Thompsgotential in the
simulations. The melting point was determined from simula-Harmonic functions with force constarits andk, describe
tions of perfect and imperfe¢ie., with voidg phase-Il crys- the intramolecular bond stretching and angle bending force
tals at various temperatures. The melting transition has beeronstants, respectively. The “improper torsion” potential
characterized by the temperature dependence of the densityith force constanky maintains the planarity of the nitrate
and radial distribution function€RDFS. The density, diffu- group by restraining each O-atom to motion about the plane
sion coefficients, and viscosity have also been calculated faof the remaining —N© part of each nitrate ion.
liquid AN over the narrow temperature range 442—462 K for ~ Sorescu and Thompsbhdescribed the intermolecular
which the liquid is stable at atmospheric pressure and théteractions with a sum of pairwise additive atom—atom 12-6
calculated density and viscosity values are compared with thennard-Jone$LJ) potentials for the nonhydrogen-bonding
experimental data. interactions and a shorter ranged pairwise additive 12-10

A free energy barrier to the formation of a solid-liquid hydrogen-bondingHB) potential for hydrogen—oxygen in-
interface must be overcome in a direct MD simulation of theteractions. ElectrostatidES) interactions between point
melting of a perfect crystalline solfd:!®As a result, super- charges centered on the nuclei of the ions are also included
heating can occur in perfect crystals and direct MD simula-in the intermolecular potential,
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TABLE I. Intramolecular potential parametéts. TABLE IlI. Intermolecular potential parametets.
Bond k, (kJ-mol t.A"Y r% (A) H-bond potential:
Pair All (kJimol-A)° B} (kd/mol-A)°
N,—-O 3699.1769 1.028
N,—H 3480.9346 1.264 O --H 1662.97 674.54
Bond angle k, (kJ/mol-rac?) 6° (deg L-J 12-6 potential:
Pair Ayj (kdimol-A) Bj; (kd/mol-A)°
H-N;—H 327.8218 109.63
O-N,-0O 1092.3241 120.00 H-H 2195.37 124.87
X 1 N-—N 1904534.60 1508.90
Dihedral Ky (kJmol™) 0-0 1970959.87 2739.50
0-N,—0-0 7942765 O-N 3735452.02 3484.43
N—-H 100441.03 454.45

#From Sorescu and Thompson, Ref. 13.
#From Sorescu and Thompson, Ref. 13.

PReference 12.
‘Reference 10.
dReference 6.

N—-1 N
Vimer= 2, 2 (Vi Vi Vi, 2
J cubic simulation box; 22.8822.88x< 24.66(in A). All inter-
where atomic interactions in the simulation box were included
A. B along with interactions among nearest image sites within a
Vi) = r_luz_ r_flil cutoff distance oR¢=10.0 A. Long-range Coulombic in-
il teractions were calculated by using Ewald’s metffotf,
H Bl with a precision of &K 107°.
ViB(ri = (127 100 Each NPT simulation was equilibrated for 10000 time
v steps and averages computed over the following 290 000
and steps(one time step equals 0.5)fsThe input configuration
qid: corresponds to the experimental crystal structure of phase-I|
VES(rij) = ﬁ ammonium nitrate at 323 Ka portion of which is shown in
ofij

Fig. 2(a). Constant temperature and pressure simulations
andrj; is the interatomic separations of paiandj which  were performed over the range 323 K to 650 K at 1 atm. This
carry electrostatic atom-centered chargeandq; . The per-  approach, rather than “heating simulations” as we used in
mittivity constant for vacuum igy. Ref. 22, allows the averaging of large amounts of data at
The values of the force constants used in the intramoeach temperatur@.e., the averages are obtained for a large
lecular potential were determined by fitting scaksl initio  number of time stepghat gives much better convergence for
MP2/6-31G@,p)-level frequencies of gas phase jltand  the structural and thermodynamic quantities. The values of
NO; . The electrostatic charges in E() were originally  the temperature for the individual simulations have an uncer-
determined by the fitting method of Breneman and Wit}érg, tainty of =10 K. For simulations at temperatures where a
We also determined charges by using the restricted electrsolid-to-liquid phase change occurs, the averages of proper-
static potentialRESP procedure of Baylyet al?® given in  ties were computed over the liquid-state portion of the tra-
the AMBER 7 package> 2’ The two sets of charges are basi- jectories, and in these cases, the simulation time was ex-
cally identical. The values of the remaining intermoleculartended to ensure convergence of the liquid-state properties.
potential parameters are the same as those determined for
ammonium dinitramidg ADN),?® with the exception of the ||| MELTING OF AMMONIUM NITRATE
N---O and H--O intermolecular interactions which were re- ) )
fit to obtain the proper crystal structure for phase V ammo-  Shapshots of the supercell of the phase-Il solid at differ-
nium nitrate. The values of the intramolecular potential pa-ent temperatures are shown in Fig. 2. These snapshots are
rameters, intermolecular force constants and electrostatiefojections looking downwards on tize-b plane of the su-
monopole atomic charges are given in Tables 1, II, and |||,percell. The simulations at all temperatures were begun with
respectively.
Constant pressurél atm) and temperaturéNPT) mo-

- - - I . ... TABLE Ill. Calculated atomic charges for isolated NHnd NG .
lecular dynamics simulations with isotropic volume variation

for a 4xX4X5 supercell have been performed with the Atom? Charg8 Chargé
DL_POLY 2.12 molecular dynamics prograf.The simula-

i he NdseH barostat algorithifi*! as imple- i —oTTaTol o
tions use the NoseHoover t algorithim - imp H 0.443675 0.443
mented in thedbL_PoLy program with relaxation times for NO 0.896259 0.898
temperature and pressure in the barostat equalto 0.1 and 1.0 O —0.632086 -0.632

fS, respectively. The equations of motion were integrated usa_NH is the nitrogen on ammonium and NO is the nitrogen on nitrate.
ing the Verlet leapfrog schenf€ A 4x4x5 supercell Was  bsrrom Sorescu and Thompson, Ref. 13.
used as the initial configuration to give an approximately*From RESP fit.
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FIG. 3. (®) Average density of AN as a function of the temperature from the
4Xx4x5 supercell simulation. The points are connected by straight lines for
clarity. Based on these results, the melting point of the perfect crystal is
predicted to be 540 K([J) Average density for 8 voids, which predicts the
melting point to be 475 K(A) Average density for 16 voids, which predicts
the melting point to be 445 K(<) Density of liquid AN; the line isp
=1.71-6.7% 10 * T, which was obtained by a least-squares fit to the
points.

The variation of density with temperature for simula-
tions starting from a %X4X5 supercell perfect crystal of
phase-Il AN is shown in Fig. 3, where the poir®) are
connected by straight lines for clarity. The calculated density
of phase-Il AN at 350 K(1.643 g/cn) is in good agreement
h - il with the experimental value of 1.648 g/&nA drop in the
TE g@ﬂgﬁ density corresponding thp.,~0.2 g/cnt is seen at 540 K,
%' %geli, - which corresponds to the calculated melting point. This tem-
B e b b NP perature is~1.22 times the experimental melting point of
FIG. 2. (Color) Projection of the 44x5 perfect crystal supercell in the 442 K. Th_e overesnmanon dfm_P is due to the superheating
a—b plane at various temperaturés-atoms: blue; O-atoms: red; H-atoms: €ffect, which was discussed in the Introductiord:** The
gray. (a) Initial structure of a perfect AN solid phase Il obtained from harmonic bond stretching and angle bending terms in the

crystallographic data, used as input in the MD calculatigbsA snapshot force field for AN do not allow for chemical decomposition
of the structure of solid AN at 350 K. The ammonium ions are rotationally

disordered but translationally ordered at this temperataye(f) Snapshots and so the high tempera?ure S'_mUIatlons do not corresppnd to
of the structure of the supercell at the indicated temperatures. These resufif€ real state of AN. Simulations for temperatures higher
indicate that melting occurs between 545 K and 555 K, but based on densitthan 540 K give liquid AN as the final product. Densities
we predict the melting point to be 445 K for imperfect crystals. calculated from direct quuid-state simulation$ ) for tem-
peratures from the experimental valueTof, to the decom-
position temperature of liquid AN are shown in Fig. 3 for

a perfect crystal as the initial configuration. Figuré)2 comparison. Note that the temperature dependence of the
shows the perfect crystal structure for phase-Il with the planelensity calculated in the direct liquid simulations is consis-
of the nitrate ions of adjacent rows oriented perpendicular tdaent with that obtained from the melting runs which begin
one another. Subsequent snapshots show the simulation celith a solid-state configuration, which is illustrated by the
after equilibration at higher temperatures. In Figd)22(e), straight line that is drawn through both sets of points.
which are snapshots at temperatures in the range of 350-530 To eliminate superheating effects in the perfect crystal,
K, the ammonium ions are rotationally disordered. The hy-calculations were performed on ax4tx5 supercell with
drogen atoms of the ammonium ions in successive layers afight and sixteen ion-pair voids. Two-molecule voids were
the supercell are randomly oriented. The nitrate ions geneereated by removing a unit cell from the simulation super-
ally retain the ordered orientations of the perfect crystal butell. The locations of the voids were uniformly distributed in
undergo fairly large-amplitude motions about these originathe crystal. Sixteen ion-pair voids equals 10% of the total
orientations. At 550 K the solid has melted and the ions ar@umber of ion pairg§160) in the original ensemble. This is
translationally free. the upper limit to the number of voids, as determined by

The first-order melting transition of a crystal phase isAgrawalet al, for which a melting transition can be simu-
quantitatively characterized by discontinuous variation oflated. The density as a function of temperature is shown for
some equilibrium and structural properties. In particular, thesimulations of supercells with eigklfl) and sixteer(A) ion-
density, and RDFs show discontinuous variations at the melfpair voids in Fig. 3. The vertical dashed line indicates the
ing point. We have calculated these properties for>a44  experimental melting point. The computed melting point de-
x5 supercell of AN to determing,. creases with increasing number of voids anti4s445 K for

FigtsEs

Loy AL
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FIG. 5. The RDFsgyno_nd(r), for the nitrogen atoms of the nitrate ions for
phase-Il AN at various temperatures. A section of the phase-Il lattice along
with two of the nearest neighbor N—N bond distances in the nitrate ions are
shown for reference. The colors of the atoms are: dark gray, N; light gray, O;
white, H.

i andj or ammoniumg andj, and the brackets indicate an
ensemble averag®>®The RDF provides a measure of over-
all translational structural in the crystal as the temperature
varies. The RDFs for the NO-NO pairs at various tempera-
tures and the first two nearest-neighbor distances are shown
in Fig. 5. The sharp peaks in the RDF for the perfect phase-I|
crystal indicate long-range translational correlations in the
FIG. 4. (Color) The structure of the supercell at various temperatures fromSOlid phase. At 400 K vibrational motions broaden the peaks
simulations with eight molecular voids. The local disorder around the locain the RDF relative to those for the perfect crystal, but the
tion of the voids is clearly visible. Melting occurs at 475 K. locations of the peaks are not shifted. Similar structure in the
RDFs is seen for temperatures below 550 K. For example,
the maximum of the first peak for temperatures below 550 K
sixteen voids, which is in excellent agreement with the ex4s at~4.0 A. At 550 K the structure of the RDF undergoes a
perimental melting point of 442 K. qualitative change and the maximum of the first peak is
The formation of the local regions of liquidlike structure ghifted to ~4.6 A. Long-range spatial correlations are de-
near voids in the solid is illustrated in Fig. 4, which Showsstroyed. The RDFs indicate that the melting point is between
snapshots from simulations at various temperatures for a s&39 K and 550 K. The RDF curves for NH—NH pairs at
percell with eight voids. The liquidlike regions near the voids,,arious temperatures are shown in Fig. 6. These RDF curves

liquid interface, thus reducing the superheating effect and thg_

calculated melting point. The snapshots of the simulations e density, diffusion coefficient, and viscosity as func-

shown in Fig. 4 along with the density—temperature plots injons of the temperature were directly determined from MD

Fig. 3 show that a solid supercell with eight voids) melts  simuylations of liquid AN. Figure @ shows the calculated

in the range 460—500 K. values of the liquid density as a function of temperature over
The RDF for the simulations with no voids can be usedihe range 442-463 K. Experimental data for the density in

to verify that the melting point coincides with the tempera-ihis narrow stability range for liquid AN are given by Booth

ture at which the density drop begins, i.e., 540 K. We haveyng vinyard®” The experimental values of the density were
calculated the RDFg(r), for the ammonium—ammonium it o the linear equatich p(T)=1.694—6.0%10 4T

nitrogen atom pairfNH—NH) and nitrate—nitrate nitrogen (within 95% confidence limjt which is shown in Fig. @)
pairs (NO-NO). The RDF is defined as by the dashed line. The temperature dependence of the cal-
1 culated liquid-state densities is shown in Fi¢a)7 with error
g(r)= m<z > 5[f—fij]>, (3)  bars that show the root-mean-square deviations of the den-
b sity over the duration of the simulation. The calculated den-
whereN is the total number of ion pairs) is the number sities are fit by the linear formp(T)=1.71-6.7%10"* T,
density,rj; is the distance between nitrogen atoms in nitratesvhich is shown in Fig. @) by the solid line. From a com-
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FIG. 6. The RDF for the nitrogen atoms of the ammonium igpg,_nn(r). =2 B k)
for phase-ll AN at various temperatures. A section of the phase-Il lattice 1~ g =
along with two of the nearest neighbor N—N bond distances in the ammo- L Ir ﬁ[ X
nium ions are shown for reference. The analysis is similar to that of Fig. 5. Q 1 l L | L ! L 1
440 445 450 455 460 465

Temperature (K)

FIG. 7. (a) The calculated density of AN from direct liquid-state calcula-
. . . tions. The simulations were done in the temperature range 442—465 K at 1
parison of the slopes of the solid and dashed lines, the temm pressure. The slope of the linear fit of the calculated péirtsis in

perature dependence of the experimental and calculated rgeod agreement with the experimental correlat@s% confidence limjtof
sults are in good agreement; thus the force field accuratelgOOth and VinyardRef. 37 (). (b) The calculated diffusion coefficients,

. - . s .. , for the ammonium(@®) and nitrate iongO) in liquid AN along with
predlcts the |sobar|<.:.compre55|blllty (?f the |IC]UId. However, corresponding error bars from MD simulatior(s) The calculated liquid
the calculated densities are systematically lower than the exiscosity for (®) ammonium andO) nitrate groups at different tempera-
perimental values. The calculated quuid—state densities artires along with corresponding error bars. The dashed line is the experimen-
compared to the solid-state densities in Fig 3 tal result(95% confidence limjtof Booth and Vinyard, Ref. 37.

The temperature dependences of the self-diffusion coef-
ficient of the ammoniun{®) and nitrate(O) ions in liquid
AN are shown in Fig. ®). The self-diffusion coefficienD IV. ORIENTATIONAL DISORDER IN SOLID AN
for the ammonium and nitrate ions are calculated from the _ _ _ )
standard Green—Kubo expressiSnysing the locations of In h_lgher temperature simulations of phase I, cha_nges in
the nitrogen atoms, which correspond to the centers—of-ma§§he solid structure th{’g corr%spgnd to ;h?||L crystalllncfa .
of the ions. The nitrate ions have slightly larger self-diffusionP"3S€ transn.lon are observed. Some o the gatures of these
coefficients. The temperature dependenc®df the range phases are illustrated in Fig. 1 and were discussed in the
between 442—465 K can be fit to the Arrhenius D Introduction. In phase Il the ammonium ions have rotational
— A exp(—E, /kT), whereA is the pre-exponential factor and freedom while the nitrate ions are orientationally disordered
= o/KT), - . .
Ep is related to the energy barrier to diffusion. The values otb.etwee.n two types of Sr.[es’ but not rotat.|onally free. The
A andEp, are, respectively, (1:50.5)x 10~° m?/s and (45 nitrate ions are arranged in parallel rows with planes that are
+3) kJ/[r)nol ,for pthe ayr,nmoniu.m ons and (18) perpendicularly oriented with respect to one anotkee Fig.

_ ) _ 1). Our simulations showsee Fig. 2o)] that at 350 K the

5 mn2

><10_ m/s and (54°5) kJ/mol for the nltr_ate 1ons. T_he nitrate ions retain their initial general orientations, but un-
relative error for each of the calculated points is relatlvelydergo librational motions about their equilibrium orienta-

high, on the order of 15%. tions
We calculated the shear viscosity for the centers of mass 1o 1otational orientations of the ammonium and nitrate

of the ammonium and nltraFgﬁlggns from the general timeéns can he quantitatively analyzed by determining ensemble
correlation function expressioit=™ In the calculations the 5y erages of the angle between unit vectors in the direction of
mass of each ion was assumed to be located at its center §fe N_O or N—H bonds on different molecules. For this
mass, which corresponds to the position of the nitrogerburpose, we have chosen the angles between the two N—O1

atom. The viscosities of Nffand NG as functions of the  ponds in the unit cell that are initially oriented parallel to the
temperature over the range 442-463 K are shown in Fig: axis that is. we calculated

7(c). The viscosity of the ammoniuit®) and the nitratéO)
ions are both below the experimental viscosityhich is , N1 N
shown by the solid line. The relative error for each of the _
CoSO)= i~ 'noiTNO » 4
calculated points is relatively high, on the order of 15%. (cost) N(N—1) .21 j:i2+1 NOJ"TNO, @
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FIG. 9. Dipole—dipole probability distributiofi(®) for N—H1 bonds of
ammonium ions at various temperatures. The vectors representing the N—H1

FIG. 8. Dipole—dipole probability distributiofi(®) for N-O1 bonds of h f f h f L th | h
nitrate ions at various temperatures. The vectors representing the N— onds are shown for reterence. In the perfect crystal, the angles betweelnt €
: —H1 bonds have equilibrium angles of 0° and 14°. By 400 K, the relative

bonds are shown for reference. In the perfect crystal, these bonds havoerientations of these vectors have been randomized
equilibrium angles of 0° and 180° with all corresponding vectors in the '
lattice. The definition of the N—O1 bonds is given along with a fragment of
the unit cell.
tations of the N—H1 bonds are almost randomly distributed,

) ) ) o even at 400 K. The probability distributidif 6) has the form
wherery_o; IS the unit vector in the direction of the N—-O1 ¢ 4 ine curve, with some superimposed remnant structure.
bond of nitrate ioni which is originally oriented in the di- ¢ riginal values between the chosen N—H1 bonds in the
rection of thec unit vector. The N—O1 bonds are shown in efect crystal is either Othext nearest neighbor ammonium
Fig. 8. Similar calculations can be carried out on the otherions) or ~14° (nearest neighbor ammonium ionsee Fig. 9.
N—-O bonds of the nitrate. A similar definition can be used The Il phase transition involves a change from te-
for the relative orientation of chosen N—H bonds of the aMyragonal to cubic unit cell symmetry with corresponding

monium groups, that is, changes in the unit cell dimensiona=5.7193 A andc
o N-1 N =4.9326 A in phase Il ta=4.3655A in phase I. Along
(cosf)= NIN-D) > > PNH,iTNH » (5)  with these changes, the minimum N—N distance for both the
-1) <1 5

nitrate and ammonium ions change from 4.0442 A in
where in this case the N—H1 vectors shown in Fig. 9 are useghase-Il to 4.3655 A in phase-I. The RDFs for 530 K in Figs.
for reference. The vectors defining the twoangles are 5 and 6, however, do not show this change in the N-N dis-
shown on the molecules in Figs. 8 and 9. As seen in Fig. 8iances. A shift of 0.3 A in the location of the first peak of the
in the perfect crystal th@ angles between the NO1-NO1 RDF would be noticeable on the scale of these two figures.
vectors are either 0° or 180°. Thermal motions give values'hus, our model potential correctly predicts the transition to
for the angles that are centered on the perfect crystal values.rotationally free state of the ions in the solid prior to melt-
The probability distributiorf () is defined as, ing (which occurs in phase),lbut not the proper relaxation
£(6)=(cosf)sing ©) _of the ions in the unit ce!l. We believe this |s_due to the
' inaccuracy in the model intermolecular potential we have
At 400 K, the most probable angles in the probability distri-used, particularly, the description of hydrogen bonding. The
bution f(#) between the NO1-NO1 bonds are20° and typical strong directionality of hydrogen bonding is not re-
~130° (see Fig. 8 There is a large barrier to rotation be- flected in the form chosen fov™8(r) used in Eq.(2). The
tween these two states. As the temperature increases, th@jor focus of our interest in this study was the prediction of
most probable angles are shifted and the barrier between thike melting transition, not crystalline phase transitions, and
two states decreases. By 530 K, there is a barrierless, almodtr the sake of wider applications of our approach we were
free rotation of the N@ groups. After melting, the N—O1 interested in showing that melting point is accurately pre-
bonds are randomly oriented and the probability of the andicted with a relatively simple potential. But, we believe that
gular distribution takes the form of a sine curve. The orien-it is worth stressing here that this simple potential also quali-

Downloaded 24 Apr 2006 to 128.206.9.138. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



9158 J. Chem. Phys., Vol. 120, No. 19, 15 May 2004 Velardez, Alavi, and Thompson

tatively describes the H:1 phase transition. This result sug- features of the H-1 crystalline phase change. The results for
gests that giving more attention to the details of the interacthe 1l—1| crystalline phase change are encouraging. The re-
tions in the formulation of a potential for AN, and of course sults suggest that with some improvements in the potential
more appropriate simulations, this crystalline phase transiand by using a more sophisticated simulation method to al-
tion could be accurately simulated. Likewise, even the mordow for the overall structural changes and to obviate the su-
complicated phase transitions in ionic solids could be modperheating effect, the crystalline phase change could be ac-
eled. curately simulated.
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