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The structural and thermodynamic propertie©H3) ,NBF, have been studied with single-crystal x-ray
diffraction and heat-capacity measurements. The low-temperature space group sym#d®iry has been
determined, with cell parameteas=11.556(2) A,c=5.718(1) A,Vv=763.6(2) A, andZ=4, at 120 K. At
200 K, the structure i®4/nmmand the cell parametees=8.204(2) A,c=5.798(2) A, v=390.2(2) A, and
Z=2. The heat-capacity data showed aanomaly at 158.£0.1 K, with entropy contenAS= RIn4, corre-
sponding to the structural phase transition. This transition is produced by a cooperative low-temperature
ordering of the Bl tetrahedra on a single arrangement from a high-temperature statistical disorder among four
orientations. The heat-capacity anomaly has been analyzed in terms of Landau theory and the critical expo-
nents have been determined. Monte Carlo simulations based on octupole-octupole electrostatic interactions in
planes perpendicular to tleedirection provide the same type of ordering and a similar transition temperature.
[S0163-182696)01337-9

I. INTRODUCTION onal fourfold axis and the group is orientationally ordered.
So an ordering of the BFgroups is expected below RT.
Several tetrasubstituted alkyl-ammonium salts with gen- The compound$CH3) ;,NXO, (X = CI, I, Mn, and Re
eral formulaR4;NBF,, whereR may range from the methyl are isostructural with(CH3) ,NBF, however, their low-
to then-hexyl group, are commonly used in electrochemistrytemperature structures are not known. All of them are con-
as supporting electrolytes in aqueous and nonaqueous solstituted by two blocks of essentially tetrahedral groups and
tions. However, their properties in the solid state have noeach one is known to produce structural transitions in differ-
been researched much until now. ent compounds. It is interesting to know which of them plays
A previous differential scanning calorimett®SC) study:  a role in the low-temperature ordering, carrying out a thor-
showed the existence of phase transitions or weak thermalugh investigation of the structural transition of the tetrafluo-
anomalies in the first four members of the family, frddn  roborate as a model compound for a variety of similar isos-
= methyl ton-buthyl. In the case ofCHj3) 4NBF,, a tran-  tructural salts with the same cation and different anions.
sition was reported afy = 154+ 1 K, with an anomalous The octupole-octupole interaction is responsible for the
enthalpy contenA H~0.5+0.1 kJ/mol, which was initially ordering in many solid compounds with molecular groups,
ascribed to the onset of isotropic rotations of tieH ;) 4N NH,CI (Ref. §, NH,AIF, (Ref. 7, or CH, (Ref. 8 being
groups? This kind of process is usual among tetramethyl-among the best studied cases. Since the octupolar moment of
ammonium compounds, such as the nitrate, chlorate, peBF, is considerably larger than those of Nir CH,, one
chlorate, and the halidésall of which seem to undergo would expect a complete orientational order up to room tem-
phase transitions between 120 K and 250 K due to reorierperature. This type of interaction has been studied in large
tations of the methyl and the tetramethyl groups. tetrahedral groups like S0 SeQ,, ClO,, and BeR.°
Measurements of NMR relaxation tinfes on The octupolar interaction decreases rapidly with distance
(CHz)4NBF, revealed an activation enerdy, = 23.4 kJ/  and can approximately be confined to the nearest neighbors.
mol for the thermally activated motion of tH€Hz)4,N™ ion  Moreover, depending on the relative orientation of the octu-
and a dramatic increase of the boron relaxation rate at 150 Kgoles, the interaction can be strongly directional dependent;
explained as a possible order-disorder transition involvingrom a practically cubic spatial arrangement one can obtain
the F~ ions. almost purely two-dimensional interactions. It is also inter-
The room-temperature (RT) crystal structure of esting to analyze the possibility of long-range order in two
(CH3)4NBF, (Ref. 9 is tetragonal, P4lnmm with  dimensions with this interaction. Additionally, strong inter-
a=8.231 A,c=5.889 A, andZ=2, where the Bf groups  action energies can surprisingly produce cooperative effects
are located with one B-F bond lying on the fourfold axis, andat much lower temperatures, sometimes of a different order
the other F ions making a triangle in a disordered distribu- of magnitude. The study of the electrostatic interactions in
tion among several possible random orientations. The cent¢CH,) ,NBF, can illustrate some of these unexpected phe-
of the (CH3)4N group lies on a 4xis parallel to the tetrag- nomena.
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In this work we aimed at determining the type of struc- subgroup ofP4/nmmwith a=a,, not witha= \/an. Then,
tural transition of (CHj3)4,NBF, by solving the low- this symmetry would imply a complex reconstructive transi-
temperaturéLT) structure and studying the relation with the tion, very improbable considering the calorimetric data,
RT phase. The thermodynamic parameters of the transitiofyhich are typical of a continuous or quasicontinuous transi-
have been calculated from heat-capacity measurements. Thgn. Moreover, the?42,2 group maintains the fourfold axis,
molecular origin of the structural change has also been angjiscarding the BE ordering. By inspection of the common

lyzed in terms of the electrostatic interactions of the,BF symmetry elements of the RT and LT groups, one can assign

groups. The t_hermal evolution has _been followed with Montethe 4axis and the 2 axis to the axes through the center of
Carlo simulations and compared with the structural and calo- T .
fimetric results. each type of(CH3) ,N™ ions. Tentatively, the B atom was

The paper has been organized as follows: Section I reblaced at the same site it occupies in the_room—temperature
ports the determination of the structures(6H ) ,NBF, at phgse, after proper transformation ofg:oordmates. In the fore-
120 K and 200 K, below and above the transition temperag0ing calculations thesHEeLx progrant” was used. Succes-
ture, by single-crystal x-ray diffraction. The equilibrium ori- Sivé Fourier difference syntheses gave the position of the F
entations of the BF groups have been characterized. The@nd C atoms, reachirig=0.19 with equal weightsy=1. In
lattice parameters have been followed with powder diffracthe next step, anisotropic thermal factors were introduced,
tion patterns between 100 K and 300 K. Section Ill describegeachingR=0.12. The Fourier difference finally gave the
the heat-capacity measurements betwBeK and 350 K in  position of the hydrogen atoms, labeled H1-H4 in Table |
an adiabatic calorimeter. In Sec. IV the lattice contributionand Fig. 1. The remaining H5, H6, and H7 were refined
has been estimated from the different degrees of freedom istarting on the positions deduced from the pyramidal geom-
this structure and the anomalous contribution of the transietry of the CH; groups. Because of the rather poor internal
tion has been analyzed with Landau theory. Section V exeonsistency of reflections, 81 parameters were refined in the
plains the electrostatic calculations to obtain the differentast stages and only the 699 unique reflections with
interaction energies for all the possible orientations of the >100 were considered, using equal weights and resulting
four nearest neighbors of each BMMonte Carlo simulations R=0.073. Table | shows the list of the final structural pa-
of this system are used to obtain the equilibrium configurarameters and standard deviations, while some distances and
tion at each temperature and the thermodynamic functiongngles are shown in Table Il. Structure factor tables have
through the order-disorder transition. The final conclusionseen depositetf: Using a weightv= 1/(o2+0.1F2) yielded

are given in Sec. VI. to R=0.078 andR,,=0.096. The use of 900 unique reflec-
tions with |>5¢ raised R to 0.094 with no significant
Il. X-RAY DIFFRACTION changes in the atomic coordinates. The final Fourier differ-

_ _ _ ence showed maxima of 0.8 2 in the plane of F21 and
Transparent crystals of prismatic shape were obtained b¢> iy noints corresponding to other orientations of the

recrystallization from an aqueous solution of commercialBH’ being probably an indication of some remaining orien-
Fluka purum (CH3) 4,NBF, in bidistilled water. Rotation i,iional disorder of these groups.

photographs of several crystals were taken at 300 K with @ The structure of the LT phasesee Fig. 1 can be de-
polaroid camera. All of them showed broad reflections and,.(iped as deriving from the RT phase when the, Bfol-

the best crystal was chosen for the intensity collection. ecules chose, in an ordered way, one of the four equivalent

The LT structure was determined from the intensities of,jentations, resulting an antiferro-ordered structure of four
the Bragg reflections, at 120 K, in a four-circle Siemens dif-

: L - sublattices. Some slight changes occurred in the other atomic
fractometer, with MoK« radiation & = 0.71073 A. A -, dinates, the most significant one being an 8° rotation of

nitrogen jet Cryostream cooler was used as the Cryogenifye (CH.) ,N groups centered in N1 around tf@01] direc-
system. The temperature was maintained withih K. After tion, approaching H1, H3, and H7 to the nearest F21. It
proper orientation of the crystal, rotation _photogrgphs aroundpquid be noted that the ordering may produce four type of
thea, b, andc axes, at 120 K, were consistent with a tetrag-4omains, depending on the orientation chosen by each par-
onal unit cell witha~11.56 A andc~5.72 A(i.e., approxi- ey jar BF, and its neighbors. However, the four types of
matel)éaz_ V2ay, C=Co; 8 andc, being the cell parameters gomains are crystallographically related either by a
at RT, with doubling of the cell volump A data collection  (1/2 1/2 0 translation or by inversion with respect to an in-
of 25 strong reflections was made in order to obtain the oriyersion center of th®4/nmmspace group, and give practi-
entation matrix. Some of them had a wide or asymmetricey|ly the same diffraction pattern. Thus, there are two kind of
profile, but a better crystal was not available. A collection ofjqjstinguishable domain@xcept when they coexist at both
2909 reflections, 6< ¢ < 30°, —10<h= 16, 0<k= 16,  gjges of a domain walland two other ones related with the
and O<I= 8, was scanned. _ first set by an inversion center.

The refinement of the orientation matrix gave the cell pa- at RT, the powder diffraction diagram was taken with a
rametersa=11.556(2) A c=5718(1) A, V=763.6(2) rotating anode in @-max Rigaku diffractometer with Cu
A®, and Z=4. The systematic absences wet®0, K, radiation, @ varying from 6° to 80° with steps of
h=2n+1, and &0, k=2n+1, produced by two 2 axes  (,02°. The diffractogram agreed basically with the structure
parallel toa andb, respectively. Two space groups are com-gescribed in Fig. 1, with an additional disorder of the BF
patible with these absence®42,m andP42,2, with an in-  groups. There is a slight difference with respect to the pre-
ternal consistency_indeR=0.085 for 1398 unique reflec- viously reported structurehat describes one B-F bond along
tions. The groupP42;m was chosen becaude42,2 is a the fourfold axis of the structure and the other threeibns
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TABLE I. Fractional atomic coordinates and thermal parameters at 120 K. Standard deviations in paren-
thesis. Thel;; values are given in units of 18 A2. Isotropic thermal factors are used for hydrogen atoms.

Atom Site x/a y/b zZlc Uqq U,, Uss U, Ui Uy
N1 2b 0 0 1/2 575 Uy 1005 0 0 0
N2 2 1/2 0 0.512712) 5(2) Uy 124 -2(3) 0 0
F1 de 0.25143) 0.75143) 0.167@5 37(1) U, 170 —3(4) 2(1) Uiz
B de 0.25945) 0.75945) 0.92579) 2420 U, 152 —6(5 -1(2) Uiz
F21 g 0.132@3) 0.23184) 0.14276) 682) 733) 46(2 —452) 352 —152)
F22 %4 0.18144) 0.68144) 0.8295%11) 1615 U,; 384 —1225 —16(2) Uis
C1 4e 0.07716) 0.57716) 0.334618) 443) U;; 365 2(5) 28(3) Ui
Cc2 8 0.08196) 0.93836) 0.349913) 23(3) 26(3) 203) —3(2 —-102 0(2)
C3 de 0.42185) 0.92185) 0.361918) 283) U;; 294 —-133) -—-12(2 Uiz
H1 8f 0.3624) 0.5484) 0.245%7) 8(8)

H2 8f 0.0135 0.6326) 0.2408) 40(11)

H3 8f 0.3894) 0.6404) 0.47236) 2(8)

H4 8f  0.3746) 0.9885) 0.2718) 39(10

H5 4e 0.1205 0.6205 0.39310) 52(12

H6 4e 03735 0.8735 0.40810) 6512

H7 8f 0.4846) 0.6476) 0.2419) 62(11)

(two of them labeled as F21 and one as F22 in this yorkdistributed over a circle around the B-F1 axis. This interpre-
distributed in 24 positions on a plane perpendicular to ittation is practically equivalent to the one given in Ref. 5.
with some disorder in the position of the mass center of In order to clarify this ambiguity, a short collection of 684
BF,4. On the contrary, the profile analysis of the powderreflections, with 217 unique reflections, was taken at 200 K,
diffractogram gave a better refinement assuming one B-Rvhere the thermal motions should have a smaller amplitude
bond (B-F1 in this work in the fourfold axis and the other than at 300 K. The resulting space grougPé/nmm like at
three distributed in 12 positions with equal probability. The300 K, and the lattice parametera=8.204(2) A,
thermal parameters for these atoms are so latje=(0.1  ¢=5.798(2) A,v=390.2(2) A%, andZ = 2. The refining
A?), one can say that F21 and F22 are quasi-isotropicallprocedure started with the structural parameters proposed in
Ref. 5. The last steps were carried out with 41 fitting param-
eters with equal weight for every reflection. The successive
least squares cycles converged to the values given in Table

1. Structure factor tables have been deposited@he final
reliability index R=0.063 is good for a crystal of this qual-
ity, and the internal consistency index, averaging over the
TABLE Il. Selected interatomic distances and angles for the
structure at 120 K, with their standard deviations.
Distance(A) Angle (deg
N1-C1 1.4647) C2(i)-N1-C2ii) 2 11002)
C2(i)-N1-C2iii) 2 108(1)
N2-C1 1.5349) C1-N2-C1 1110)
N2-C3 1.5428) C3-N2-C3 1121)
C1-N2-C3 1091)
B-F1 1.3866) F1-B-F21 1091)
B-F21 1.3537) F1-B-F22 1081)
B-F22 1.3888) F21-B-F21 111)
F21-B-F22 1091)
C1-H2 1.126) N2-C1-H2 1025)
C1-H5 0.81) N2-C1-H5 1198)
C2-H1 1.134) N1-C2-H1 1175)
C2-H3 1.124) N1-C2-H3 10%4)
FIG. 1. Projection of the low-temperature structure of C2-H7 1.116) N1-C2-H7 1228)
(CH3) 4JNBF, on theab plane. In the high-temperature phase, the C3-H4 1.076) N2-C3-H4 995)
orientations of the Bl groups are randomly distributed among the c3-Hg 0.81) N2-C3-H6 1279)

four orientations obtained by successive 90° rotations around the —
B-F axis perpendicular to the drawing. aSymmetry codes{i) x,1—y,z; (i) y—1x,1—z; (iii) x,y—1,z.
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TABLE Ill. Fractional atomic coordinates and thermal parameters at 200 K. Standard deviations in
parentheses. Thel) values are given in units of I8 A2, Isotropic thermal factors are used for hydrogen
atoms.

Atom Site x/a y/b Zc (Uy?
N 2b 3/4 1/4 1/2 3010
B 2c 1/4 1/4 0.9213) 37(5)
F1 g 0.25611) 1/4 0.1561) 57(7)
F21 16 0.1492) 0.38712) 0.8652) 80(10)
F22 g 0.3822) 1/4 0.82%4) 100(10)
C 8 1/4 0.5601) 0.35Q1) 47(3)
H1 8 1/4 0.5085) 0.4787) 91(10)
H2 16k 0.3554) 0.5964) 0.2536) 91(9)

AU)=3(U11+ Uzt Ugg.

equivalent reflections, iR=0.07. The structure is similar to Ill. HEAT CAPACITY: EXPERIMENT
the one found at 300 K, as described in Ref. 5, but F22 lies

) o - ) A collection of about 50 crystals with a total mass of
in the 8 mirror plane positions (1/4,z) and qulvalgnt 1.0047 g was used for the heat-capacity experiments. The
ones; the two F21 atoms are mutually symmetric with ré-sam e was placed in a copper vessel of 1 ml sealed with 70

spect to this plane. Therefore, the F22 atoms are distributegh of helium gas inside to improve the heat exchange and
among four positions around the B-F1 axis, and the eightedyce the thermal equilibration times. The sample vessel is
corresponding F21 positions are determined by the rigid tetproyided with an inner well that contains an electrical heater
rahedral structure of the BFgroup. It means that the BF  and a Minco platinum resistance thermometer calibrated with
group can occupy anyone of the four distinguishable orienreference to ITS-90. The adiabaticity is maintained by an
tations, at random. There is not any other structural transitiofhner copper adiabatic shield that is kept at the same tem-
between 200 K and RT. perature than the sample. An additional outer shield and a

Powder diffractograms have been taken from 100 K tocopper ring reduce the heat exchange through the wires and
300 K with Guinier geometry and Ciia; radiation. Figure  the instabilities in the temperature control. The data acquisi-
2 shows the evolution of the cell constants with temperaturg¢ion and the measuring conditions are computer controlled.
(for the LT phasea/ V2 is plotted. The absence of any The adiabatic conditions are maintained by a five-channel
anomaly around 158 K indicates a negligible coupling be-digital temperature controller interacting with the running
tween the order parameter and the lattice stréirBuper-  program and acting on the signals of differential thermo-
structure reflections corresponding to the LT phase are oleouples referred to the sample temperature.
served below 158 K. A slight shift of the cell constants Measurements were taken by the step method, measuring
determined from powder diffraction with respect to the val-the heat inputs and the temperature increments from 5 to 350
ues from the single crystal must be due to a small error in th&, The molar heat capacity was calculated after subtracting
origin of 6. It is not important because the powder diffraction the heat-capacity contribution of the empty sample holder
experiments were intended to scan the evolutiomaindc ~ measured on a separate experiment and has been represented
with T. The process was not optimized for obtaining goodin Fig. 3. A \-type anomaly was observed with maximum at
absolute values. To = 158.1+0.3 K. Typical temperature increments were 3

K, with smaller intervals below 30 K and around the transi-

tion temperature. The absolute accuracy of the calorimeter,
6.0 obtained in calibrations with synthetic sapphire and OFHC
copper, was 0.3%.

Heating and cooling thermograms were taken in the range
145-170 K by holding a constant temperature shift between
the sample holder and the adiabatic shield, which produced
an average heating or cooling rate of around 0.5 mK/s. Tem-
perature and time were recorded every 20 s. To deduce the
heat capacity by this technique, the rate of heat gain or loss is
adjusted to a conduction and a radiation term that, for a
{ \ ! constant temperature difference between sample and shield,

100 150 200 250 300 IS
T(K)
dH dH\ dT A+BT? .
FIG. 2. Variation of the cell constants with temperature, calcu- dt  |\dT o dt ' @

lated from powder diffraction experiments. For the LT phase '
a/\2 has been plotted instead @f The straight lines are guides to WhereH is enthalpy of sample plus holdgw, pressure, and
the eye. t time. The constants for the conduction and radiation terms,
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FIG. 3. Adiabatic heat-capacity data @2Hs) ,NBF,. The lat- FIG. 4. Experimental heat-capacity points from the step mea-

tice contributionC, has been obtained from the addition of the surements©) and from the thermograms in the transition region.

following components(a) internal vibrations and rocking modes of

CH; (five Einstein functions; see Table JV (b) rotations of sition temperature. From an analysis of the structural fea-

(CH3)4N (one Einstein function withTe = 76 K), (c) internal  tures, the lattice part could be interpreted as the addition of

vibrations of BF, and N plus torsional modes of CH (22- the following contributions.

dimensional Debye function witif; = 880 K), (d) translations (a) Internal CH; vibrations, described by Einstein func-

and rotations of Bf and translations of(CH3)4N (nine-  tions corresponding to normal modes of the molecule. The

dimensional Debye function witfip, = 160 K), and (¢) lattice  rqcking modes of the Chigroup have also been considered

expansion(Nemst-Lindemann approximation witA=3.6x10"" \yish an Einstein function. Since there are not direct measure-

mol/J). The anomalous heat capacy, is the difference between o niq of their frequencies in this compound, the usual values

the experimental points art . found in the literature for methyl groupshave been used.
The corresponding Einstein temperatufigsand degenera-

A andB, are determined from the previously measured valcjesg, per molecule are listed in Table IV. Each mode con-

ues @H/dT),=C, at two temperature3; and T, below tributes to the heat capacity with the expression
and above the anomaly. The temperature afif{dt is de-

duced from the recording of vst, which allows us to have

, 2
C. as __Ra(Te/T)exp(Te/T) -
[exp(Te/T)—1]?
C —A+BT3 2 b i I i f th Th
P=(dTIdD" v (b) Rotational motions of théCH3) 4N groups. The exact

rotational contribution taC, for a tetrahedral top in an ex-
ternal potential is not a simple function. However, the rota-
To calculateA and B, the temperature$; =150 K and tional activation energy for jumps between different orienta-
T,=162 K were chosen. The value af {/dt) was obtained tions have been deduced from proton-lattice relaxation time
for every temperature by fitting a few points around eachmeasurementsobtaining E,/ks = 2814 K. As this value
value of T with a straight line in the plot off vst. The exceeds the temperatures of our interest in at least an order
number of points used for the fit varied within order to  of magnitude, the molecular group experiences rotational os-
avoid an oversmoothing of the curve in the neighborhood otillations of small amplitude(librationg and can be ad-
the peak. In this case 40 poinisovering a range of 0.4 K equately described by a threefold degenerated Einstein func-
were taken below 157 K and above 159 K, gradually reduction. The local symmetry of th&CH3) 4N is 4 but it does not
ing this number down to 10 points near the peak. The resultdiffer very much from tetrahedral and has been treated like
ing data of the molar heat capaci@y,, coalesced in both that for the sake of simplicity. For a tetrahedral molecule in
thermograms with the heat pulse points in the whole rangey tetrahedral potentiaf, the harmonic approximation gives

as it is shown in Fig. 4. A small difference of around 0.1 K (, = \/9E_/2I (see the Appendjx| being the moment of in-
found between the heating and the cooling curves is consis-

tent with the dynami_q rgte and can be due to the absence of TABLE IV. Einstein temperatures and degeneracies of the vi-
perfect thermal equilibrium. Th€, maximum appeared at pational and rocking modes of the GHgroup?
158.15+0.05 K.

Mode o] Tgi (K)

IV. ANALYSIS OF THE HEAT-CAPACITY DATA Symmetric stretching 1 4132
A. Determination of the lattice contribution Asymmet.ric strchhing 2 4263

. o Symmetric bending 1 1984

The experimental molar heat capacity is a sum of theysymmetric bending 2 2100

anomalous contributio@,,and the lattice pai€, . The latter  pcking 2 1636
one departs significantly from the usual shape in sdiids,
Debye like and shows a quite linear increase above the tran®rom Ref. 13.
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ertia of the molecule. The value bfobtained from the struc- 5
tural data at RT gives the corresponding Einstein tempera- o
tureTE:fLw/kB = 76 K

(c) The internal vibrations of the molecular groups BF
and (CHg) 4N cannot be considered as local modes because
of the strong interaction between them. Ignoring the hydro-
gen atoms, there are 18 degrees of freedom, plus the torsion
of the 4 methyl groups around the C-N axis that makes a
total of 22 degrees of freedom. So a 22-dimensional Debye
function was used, with a heat-capacity contribution

00|

(T/C)® (10" K® R®)

0.0 | ]

100 120 140 160
Cb1 T(K)
T \3 (ToaM(Tpr /T *exp(Tp /T)d(Tp, /T
:66R(T—) f o1/D(Tp1/T) g D/fl_ _)1(2D1 ), FIG. 5. Temperature dependence of the square recip@gals
b1/ JO [exp(Tp1/T)—1] given in Eq. (7). The straight line represents the fit to Landau
(4) theory.
in which Tp; is the characteristic temperature. temperaturel .. If B<O, there is a first-order transition at a

(d) Translations and rotations of BFand translations of temperaturel,, and below this temperature
(CH3) 4N can be described by a nine-dimensional Debye

function, because they are collective motions of the lattice. T \?2 4[B?-3AC(To—T.)] 12C(T,—T)

These modes, of lower frequency than the previous ones, C_an = A{‘ Af’ @)
have been represented by a Debye contribution of character-

istic temperaturdp,. In a plot of (T/C,y) 2 vs T, as shown in Fig. 5, one can

(e) The expansitivity of the lattice gives the difference gpserve that the experimental points fit well to a straight line
betweenC, andC, . It has been calculated by the Nernst- pelow T,. The extrapolation of T/C,,) 2 to 0 gives the tri-

Lindemann approximation critical temperatureT,, = 162 K (i.e., the temperature at
) which the transition would be of second orgdand the slope,
Co—C,=AGT, (5 —12c/A% which givesC/IA? = 15.2 J2mol? K 3. From
in which A is a fitted parameter the previous relations one obtains
The fitting parameter3 4, Tp,, and A were chosen in B2
order to reproduce the experimental heat capacity below 50 T =T+ —— 8
. cr Cc 1 ( )
K and between 220 and 300 K. The following values were 3A.C

obtained:Tp; = 880 K, Tp, = 160 K, andA=3.6x10 '
mol/J. Below 200 K, this last term is less than (Rd.e., Te—Te=4(Te—To), 9
0, 1 ifi i -
T s oot ) s, “ENEAN 880 €O g 18— (T2E(T, TR~ ~267 3 mol
A reasonable agreement between the calculated Iattic%ndA-gC - %I'46.4hK. f . h lue @

contribution and the experimental values was obtained, ex- hi hove O’t tbe ucltqatlgnz golverr_l tl T_ va(;ue h an, A
cept in the anomalous region. A small discrepancy founc¥v ICh cannot be explained by classical Landau theory.
around 20 K is not significant for our study and is probably urther development of the theory, including Gaussian fluc-

. . . _ —05
due to existence of van Hove singularities at low frequen-f[uat'ons’ givesC,, proportional to T—To) ™, though the

cies influence of defects and impurities may not be negligifle.
From 50 K to 250 K the difference between the measured(;/.loreov.er' IfluctLtJanons become more important in low-
Cp and the sum of these contributior®,, has been taken as Imensional systems.

e anamalos espermertal heat capady and s been 112 7118 MY o e (ACh s been st
plotted in Fig. 3 together with each of these terms. 9 9 y

reduced temperaturés- T/To— 1 as small as 1.% 10 2 can

be reached without rounding effects. A logarithmic plot of

C., vst above the transition temperature shows a linear de-
The absence of thermal hysteresis suggests a second-orgendence with a critical exponent = 0.50 that coincides

or weakly first-order transition. Therefore, the anomaly haswith the value predicted from fluctuation theory. Beldw

been analyzed in the frame of Landau theory. The free enand for a transition temperature close to the tricritical point,

ergy ® can be expanded in a power series of an order pakandau theory predicts the same functional divergence.

B. Analysis of the anomaly

rameteryn and written a¥ From the previous relations one obtains
3\1/2
P—Do=A(T-T)P?+Bp*+CrP+---, () Can_( A ) (T.—T)-05 10
T lixc) * @ '

in which A;, T., B, andC are constants an@>0. The
prediction for the heat capacity is obtained by minimizationThe experimental points, represented in a double logarithmic
of . If B>0, there is a second-order transition at a criticalscale, are given in Fig. 6 together with a straight line with
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TABLE V. Electrostatic interaction energies for the different
equilibrium orientations of two nearest BFgroups lying on the
sameab plane. The positiona andb correspond to the BFgroups
with the central B atom in sitexx 1/2 x,z) and (,x+1/2,z); they
are also shown in Fig. 7. The relative orientations for the other
positions can be related by symmetry operations. There are six dif-
ferent energy value€, = 0,E; = 225.4 KE, = 2821.5 KE3 =
3069.3 K,E, = 6164.4 K, andEg = 6441.2 K. The lowest energy
has been taken conventionally as zero.

Can(R)

0.1— - — a b E

10 10 N 10 1 1 E,

1 2 E,

FIG. 6. Double logarithmic plot o€, vs reduced temperature 1 3 E,
from the adiabatic and thermograms data. The straight lines corre- 1 4 Es
spond to a critical exponeit=0.50 below and above the transition 2 1 E,
temperature, bein@ < |t| ~¢. 2 2 =
2 3 Es

slope —a=—0.50. This critical analysis can be done only 2 4 =
down to a reduced temperatutd = |T/T,—1| = 2.5 3 1 Eo
X 1072, because of the difference betweEpand T,,. 3 2 E,
The main conclusion of this analysis is that the transition, 3 3 Es
which looks like a second-order one at first sight, fits very 3 4 E,
well with Landau theory for a weakly first-order transition. 4 1 E,
The anomalous entropy, obtained by integration of the 4 2 Eo
peak from 50 to 250 Kavoiding the 0-50 K range where 4 3 E,
the lattice estimate is poprgives AS/R=1.4+0.1, very 4 4 E,

close to In 4, which is another indirect test for the type of
order-disorder transition described in the structural section.
The anomalous entropy must be Ny N being the ratio of
multiplicities between the high- and the low-temperature ori-
entations.

planes are 5.8 A. Therefore, the Bfnass centers form a
distorted simple cubic lattice. The octupole-octupole interac-
tion energy is proportional t®?/r’, O being the octupolar
moment of the molecular group amdthe distance between
V. MONTE CARLO SIMULATION the interacting groups. As a comparison, NH orders at
242 K due to the octupolar interaction of the \H ions,
being the effective charge of H gy = 0.18 to 0.%, the
The BF, tetrahedra can be considered as forming twoN-H distance 1.05 A, and the intermolecular distance 3.87
interpenetrating networks having one B-F bond in¢haxis ~ A.” Considering the large value of the Bctupolar mo-
and oriented in opposite directions on each network. Thenent and that their octupole-octupole distance in our com-
different orientations of the two networks are forced bypound is 1.5 times longer, one could expect thay Bfould
strong electrostatic constraints coming from the interactiororder at a temperature above 200 K. Using a smaller effec-
with the rest of the lattice. In the RT symmetry there are fourtive F~ charge, instead afz= — 1e, would lower the tran-
possible equivalent orientations of equilibrium for eachsition toward the experimentally found value. In any case,
BF, tetrahedron within each network, choosing one of themthe octupole-octupole interaction is very dependent on the
in an ordered way in the LT structure. relative orientation of the molecules and, in this case, is dif-
Each BF, tetrahedron is surrounded by four members offerent than in NHCI. Surprisingly, the interaction energies
the opposite network on theeb plane, forming two interpen- between the nearest BRgroups in adjacent layers differ
etrating square planar configurations. The two neighbors ionly betwea 0 K and 22 K for the different relative orien-
the c axis belong to the same network. Due to the 4 possibleations permitted by the rest of the lattice. On the other hand,
orientations of each tetrahedron, there are 16 relative orierthe interaction energies between nearest groups lying on the
tations for each pair of BFgroups. same layer range from O to the strikingly large value of 6441
The electrostatic interaction between the Bfroups is K. The interaction between next-nearest neighbors is much
essentially octupolar. The interaction energies have been calveaker because theé ’ dependence of the octupole-octupole
culated for every orientation of the BFnearest neighbors, interaction. Table V gives the energies for all the relative
considered as regular tetrahedra and taking the B-F distanagientations of BF;. Representative orientations for each one
from the RT structural datag=1.335 A® Initially, each  of the different energies are shown in Fig. 7.
F~ ion has been considered as a point charge with By simple inspection of Fig. 7 and Table V, one can see
ge= — le. The mass centers of the tetrahedra lie roughly orthe impossibility of orienting the B tetrahedra in such a
the ab plane, slightly shifted fronz=0 by =0.49 A and way that all the nearest neighbors interact with enerfigs
separated from each other 5.9 A. The distances betweesr E;. The minimum energy compatible with long-range or-

A. Energy calculations
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ﬂ FIG. 8. Thermalization of the configurational energy of a
N 7 N 7 50X 50 square lattice of Bfrtetrahedra at 90 K, 295 K, and 550 K
through 5000 MCS.
/N /N
y 4 E, N P 7By O N correlations, but passing once by every lattice point and try-
@& 3 N & 3 N ing one random orientation among the four possible choices.
~ N . Thermal equilibrium was reach for less than 1000 MCS at
Q Q every temperature checked. Therefore, 2000 MCS were per-
N N mitted for thermalization at each temperature and 2000 ad-

ditional configurations were used for the calculation of the
average energy and the heat capacity, taken from the energy
FIG. 7. Representative relative orientations of pairs ofyBF f|,ctuations
nearest neighbors corresponding to the six different interaction en-
ergies,Ey—Es, as listed in Table V. N —
C=i= > (E2-E?), (12)
der isE,, much higher tharE, or E;. Then, the system is S L
highly frustrated, which would explain the ordering at com-where E; is the energy for each configuration afd the

paratively low temperature. average value for the 2000 configurations. In the vicinity of
the transition, 5000 configurations were taken for the calcu-
B. Computer simulations lation of the thermodynamic quantities, due to their increased

dispersion.

A. _Mc_mte Carl_o S|m_ulat|on has been used to calculate the Figure 8 shows the thermalization processes at three char-
eq“"'b”“”_" conflguratlon at each temperature _and the therélcteristic temperatures over 5000 MCS, starting from a com-
fT‘Ody”am'C functions, taking the next simplifying alssumlo'pletely disordered structure. One can observe the number of
tions. .. . . steps needed to reach thermal equilibrium and the different

(a)_ Elecrostatic interactions between nearesy Bigigh- . effect of low and high temperatures on the dispersion of the
bors n the same layer have onI_y b‘?e” considered. The InOIboints. For the transition region an increase of the energy
rect interactions, through polarization of the other atomsg,.yations is also observed. The stability of the equilibrium
have been neglected. . - energies and the heat capacities has been followed, at these

(b) Each BF, group has been considered as a rigid regulageheranyres, over 50 000 MCS to be sure that the equilib-
tet_rahedrqn which can jump between four equilibrium orien-rium has bee’n reached.
tations, with no pther degree§ of freedom. For the temperature evolution, the previous equilibrium

© Al.l the lattice deforma'uons have _been r)eglectgd._ configuration has been taken as the starting configuration for

A finite square lattice of 50< 50 sites with periodic  o5ch temperature. The equilibrium energy vs temperature has
bou_ndary constraints was simulated by a computer progranyeep, represented in Fig. 9 and the corresponding heat capac-
An importance sampling method was used with a Metropoli§yy iy Fig. 10. This evolution has been calculated on heating
algquthm for thermahzapon, in which the transition prob- and on cooling, finding the same results without any hyster-
ability to a new stat_e is 1 for a Iower-ene_rgy state andesis. Only if the system is quenched at a very low tempera-
exp(~AE/kgT) for a higher-energy staté)E being the en- éure from a disordered configuration a metastable configura-

ergy increment to the new state. This probability is comparegi,, is obtained with slightly higher energy
to a random number between 0 and 1. When the transition '

probability is higher than the random number, the transition
is permitted; otherwise, the system remains in the same state.
Starting either from the ordered configuration given by From the energy curve, one can see that the high-
the LT structural results or from a completely disorderedtemperature configuration is a random distribution of the
state, the evolution of the energy with the Monte Carlo timeBF 4 tetrahedra in the four permitted orientations. The energy
was monitored at different temperatures. One Monte Carléends to the high-temperature limit, which is 2 times the
step(MCS) has been defined as a complete sweep throughverage of the energies in Table V, because in a square lat-
the lattice. The sweep is made at a random order to avoitice of N molecules there areN pairs of nearest neighbors.

C. Analysis of the results
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FIG. 9. Monte Carlo calculations for the temperature variation
of the average energy in a 8®0 lattice of BF, tetrahedra.

For a random state, the average energy HET=x)
=2(2Ey+2E,+4E,+4E3+2E,+2E5)/16=6153.15 K,
as obtained in the simulation. .

When the temperature is slowly lowereH, decreases
monotonically down to 5643 K at the lowest temperature,
which coincides with E, of Table V. The ground state is

described by the configuration experimentally found in the £ 11. Typical domain structure for the four type of domains

crystallographic section, as shown in Fig. 1. (in white, light grey, dark grey, and blacklescribed in Sec. V C.
The heat capacity is small at low and high temperatureSzour characteristic temperatures have been taken: b&p@70

but reaches a sharp maximum at 299 K. Similar calcula-  K), at T, (290 K), slightly aboveT, (300 K), and at very highT

tions with smaller lattices give the same temperature for th€2000 K).

peak.

Configuration domains obtained at four characteristicdecreases rapidly on increasing the temperature, giving a
temperatures are shown in Fig. 11. The Bffoups belong-  random distribution of very small clusters.
ing to the first domain typéwhite) are arranged as shown in  Considering the evolution of the configuration domains,
Fig. 1 and correspondingly through the whole lattice. Rotatthe heat-capacity peak of the simulation must be identified
ing one of the Bz groups 90°, 180°, and 270° and arrang- with the ordering temperature in the real system. It should be
ing the rest of the lattice accordingly, one can obtain thenoted that if the F charge werege=—0.74e (probably
orientation of the Bfz group on each lattice site for the other more realistic than the value usegs= — 1e), the ordering

domains(light grey, dark grey, and blagkOne of the do-  temperature would be the experimentally foulig= 158 K,
mains prevails at low temperatures with nucleation of smalhecause it is proportional tg? .

domains of the other three types due to thermal excitation.

Just at the temperature of the heat-capacity maximum, the

low-temperature domain percolates over the whole lattice, VI. CONCLUSIONS

With important cluster growth of the Oth‘?f domains. On pass- The results of the Monte Carlo simulations in two dimen-
ing above the temperature of the maximum, the Iong—ranggions, based on the electrostatic interactions of thg &

order disappears, maintaining a strong short-range order Thahedra predict correctly the low- and high-temperature con-
large domains of ordered regions. The size of the domainﬁguratio,ns found in the x-ray experiments. A phase

transition is found at a temperature compatible with the value

T=300K T =2000K

5 found experimentally from the calorimetric study. We can
conclude that the electrostatic octupole-octupole interaction
4 g B between the B molecules is the mechanism producing the
: order-disorder transition.
= 3r ) 7] The structural transition is, nevertheless, three dimen-
S s sional. The order in the third dimension is driven by smaller
& .,‘i ] interactions in which both tetrahedral groups of the formula
L A | unit have to be considered. Qualitative considerations on the
S ", electrostatic interactions yield a parallel orientation of super-
0 __ Lo sfomsosecaes ) imposed BF, tetrahedra, as found experimentally. The de-
0 200 400 600 800 tails of the heat-capacity anomaly shape and the critical ex-
T(K) ponents depend on all the interactions. One cannot expect a

perfect correspondence between the experimental values and
FIG. 10. Temperature dependence of the heat capacity calcithe Monte Carlo calculations.
lated from the energy fluctuations in the Monte Carlo calculations. The energy calculations have been performed with a sim-
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plified model. The introduction of the interactions of the in this paper, form a quasitetrahedral cage. In the simplest
BF, tetrahedra with the surroundin@H;) ;N groups, the form, the potential can be written as
olarizability of the ions, and the small distortions from the
Fetrahedral )(/:onfigurations would stabilize more strongly the V(,0,4)=BBV3(,0,4), (A1)
low-temperature configuration. The consideration of the lat{ ¢, 8, ) being the Euler angles describing the orientation of
tice contraction at low temperatures would also increase thehe tetrahedronV;(¢,6,4) the lowest-order nonconstant
stabilization energy of the low-temperature configuration. function invariant under the tetrahedral symmetry of the
The lattice contribution to the heat capacity has been exgroup and under the site symmetry in the lattice,
plained from considerations of the normal modes, with onlyB=7#2/(21), | the moment of inertia of molecule, angla
three adjustable parameters. The anomalous contribution haggative dimensionless parameter. The activation energy for
been deduced by subtraction of the lattice part. The calcuhe librational movements of the group can be calculated as
lated entropy contenRIn4 agrees with the value expected the energy in the saddle point between two minima minus
from the different equilibrium positions found for the BF the zero-point energy of the group librations. For high barri-
group below and above the transition. ers and for the high value dfin (CH3) 4N, the zero-point
The heat-capacity anomaly is well described by meanenergy can be neglected becal&; ~ 1 K. The barriers
field Landau theory. It is a weakly first-order transition andfor rotations around the twofold and around the threefold
the critical exponents adjust very well to the value expectedixes can be calculated with the parameters given in the Ap-
at both sides of the transition temperature. pendixes A and B of Ref. 14. The lowest-energy barrier for
rotational jumps happens around the threefold axis of the
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APPENDIX: EINSTEIN TEMPERATURE CALCULATED ) a) ] |B| ( ) )
FROM THE ACTIVATION ENERGY FOR JUMPS Then, taking the activation enerdy,=23.4 kJ/mol given
OF TETRAHEDRAL MOLECULES from NMR experiment$, the Einstein temperature for the

_ _ librational modes is
The symmetry of an undistortd@€H3) 4N group is tetra-

hedral. Its site symmetry in theP4nmm phase of _h 9B,

(CH3) JNBF, is 4m2, but its nearest neighbors, labeled F1 TE_k_B o1 - 16K (A4)
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