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The structural and thermodynamic properties of~CH3) 4NBF4 have been studied with single-crystal x-ray
diffraction and heat-capacity measurements. The low-temperature space group symmetryP4̄21m has been
determined, with cell parametersa511.556(2) Å,c55.718(1) Å,V5763.6(2) Å3, andZ54, at 120 K. At
200 K, the structure isP4/nmmand the cell parametersa58.204(2) Å,c55.798(2) Å,V5390.2(2) Å3, and
Z52. The heat-capacity data showed al anomaly at 158.160.1 K, with entropy contentDS5Rln4, corre-
sponding to the structural phase transition. This transition is produced by a cooperative low-temperature
ordering of the BF4 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 thec direction provide the same type of ordering and a similar transition temperature.
@S0163-1829~96!01337-9#

I. INTRODUCTION

Several tetrasubstituted alkyl-ammonium salts with gen-
eral formulaR4NBF4, whereR may range from the methyl
to then-hexyl group, are commonly used in electrochemistry
as supporting electrolytes in aqueous and nonaqueous solu-
tions. However, their properties in the solid state have not
been researched much until now.

A previous differential scanning calorimetry~DSC! study1

showed the existence of phase transitions or weak thermal
anomalies in the first four members of the family, fromR
5 methyl ton-buthyl. In the case of~CH3) 4NBF4, a tran-
sition was reported atT0 5 15461 K, with an anomalous
enthalpy contentDH'0.560.1 kJ/mol, which was initially
ascribed to the onset of isotropic rotations of the~CH3) 4N
groups.2 This kind of process is usual among tetramethyl-
ammonium compounds, such as the nitrate, chlorate, per-
chlorate, and the halides,3 all of which seem to undergo
phase transitions between 120 K and 250 K due to reorien-
tations of the methyl and the tetramethyl groups.

Measurements of NMR relaxation times4 on
(CH3)4NBF4 revealed an activation energyEa 5 23.4 kJ/
mol for the thermally activated motion of the~CH3)4N

1 ion
and a dramatic increase of the boron relaxation rate at 150 K,
explained as a possible order-disorder transition involving
the F2 ions.

The room-temperature ~RT! crystal structure of
~CH3)4NBF4 ~Ref. 5! is tetragonal, P4/nmm, with
a58.231 Å,c55.889 Å, andZ52, where the BF4 groups
are located with one B-F bond lying on the fourfold axis, and
the other F2 ions making a triangle in a disordered distribu-
tion among several possible random orientations. The center
of the ~CH3)4N group lies on a 4̄axis parallel to the tetrag-

onal fourfold axis and the group is orientationally ordered.
So an ordering of the BF4 groups is expected below RT.

The compounds~CH3) 4NXO4 (X 5 Cl, I, Mn, and Re!
are isostructural with~CH3) 4NBF4 however, their low-
temperature structures are not known. All of them are con-
stituted by two blocks of essentially tetrahedral groups and
each one is known to produce structural transitions in differ-
ent compounds. It is interesting to know which of them plays
a role in the low-temperature ordering, carrying out a thor-
ough investigation of the structural transition of the tetrafluo-
roborate as a model compound for a variety of similar isos-
tructural salts with the same cation and different anions.

The octupole-octupole interaction is responsible for the
ordering in many solid compounds with molecular groups,
NH4Cl ~Ref. 6!, NH4AlF 4 ~Ref. 7!, or CH4 ~Ref. 8! being
among the best studied cases. Since the octupolar moment of
BF4 is considerably larger than those of NH4 or CH4, one
would expect a complete orientational order up to room tem-
perature. This type of interaction has been studied in large
tetrahedral groups like SO4, SeO4, ClO4, and BeF4.

9

The octupolar interaction decreases rapidly with distance
and can approximately be confined to the nearest neighbors.
Moreover, depending on the relative orientation of the octu-
poles, the interaction can be strongly directional dependent;
from a practically cubic spatial arrangement one can obtain
almost purely two-dimensional interactions. It is also inter-
esting to analyze the possibility of long-range order in two
dimensions with this interaction. Additionally, strong inter-
action energies can surprisingly produce cooperative effects
at much lower temperatures, sometimes of a different order
of magnitude. The study of the electrostatic interactions in
~CH3) 4NBF4 can illustrate some of these unexpected phe-
nomena.
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In this work we aimed at determining the type of struc-
tural transition of ~CH3) 4NBF4 by solving the low-
temperature~LT! structure and studying the relation with the
RT phase. The thermodynamic parameters of the transition
have been calculated from heat-capacity measurements. The
molecular origin of the structural change has also been ana-
lyzed in terms of the electrostatic interactions of the BF4
groups. The thermal evolution has been followed with Monte
Carlo simulations and compared with the structural and calo-
rimetric results.

The paper has been organized as follows: Section II re-
ports the determination of the structures of~CH3) 4NBF4 at
120 K and 200 K, below and above the transition tempera-
ture, by single-crystal x-ray diffraction. The equilibrium ori-
entations of the BF4 groups have been characterized. The
lattice parameters have been followed with powder diffrac-
tion patterns between 100 K and 300 K. Section III describes
the heat-capacity measurements between 5 K and 350 K in
an adiabatic calorimeter. In Sec. IV the lattice contribution
has been estimated from the different degrees of freedom in
this structure and the anomalous contribution of the transi-
tion has been analyzed with Landau theory. Section V ex-
plains the electrostatic calculations to obtain the different
interaction energies for all the possible orientations of the
four nearest neighbors of each BF4. Monte Carlo simulations
of this system are used to obtain the equilibrium configura-
tion at each temperature and the thermodynamic functions
through the order-disorder transition. The final conclusions
are given in Sec. VI.

II. X-RAY DIFFRACTION

Transparent crystals of prismatic shape were obtained by
recrystallization from an aqueous solution of commercial
Fluka purum ~CH3) 4NBF4 in bidistilled water. Rotation
photographs of several crystals were taken at 300 K with a
polaroid camera. All of them showed broad reflections and
the best crystal was chosen for the intensity collection.

The LT structure was determined from the intensities of
the Bragg reflections, at 120 K, in a four-circle Siemens dif-
fractometer, with MoKa radiation (l 5 0.710 73 Å!. A
nitrogen jet Cryostream cooler was used as the cryogenic
system. The temperature was maintained within61 K. After
proper orientation of the crystal, rotation photographs around
thea, b, andc axes, at 120 K, were consistent with a tetrag-
onal unit cell witha'11.56 Å andc'5.72 Å ~i.e., approxi-
matelya5A2a0, c5c0; a0 andc0 being the cell parameters
at RT,5 with doubling of the cell volume!. A data collection
of 25 strong reflections was made in order to obtain the ori-
entation matrix. Some of them had a wide or asymmetric
profile, but a better crystal was not available. A collection of
2909 reflections, 0, u , 30°, 210<h< 16, 0<k< 16,
and 0< l< 8, was scanned.

The refinement of the orientation matrix gave the cell pa-
rametersa511.556(2) Å, c55.718(1) Å, V5763.6(2)
Å 3, and Z54. The systematic absences wereh00,
h52n11, and 0k0, k52n11, produced by two 21 axes
parallel toa andb, respectively. Two space groups are com-
patible with these absences,P4̄21m andP4212, with an in-
ternal consistency indexR50.085 for 1398 unique reflec-
tions. The groupP4̄21m was chosen becauseP4212 is a

subgroup ofP4/nmmwith a5a0, not with a5A2a0. Then,
this symmetry would imply a complex reconstructive transi-
tion, very improbable considering the calorimetric data,
which are typical of a continuous or quasicontinuous transi-
tion. Moreover, theP4212 group maintains the fourfold axis,
discarding the BF4 ordering. By inspection of the common
symmetry elements of the RT and LT groups, one can assign
the 4̄axis and the 2 axis to thec axes through the center of
each type of~CH3) 4N

1 ions. Tentatively, the B atom was
placed at the same site it occupies in the room-temperature
phase, after proper transformation of coordinates. In the fore-
going calculations theSHELX program10 was used. Succes-
sive Fourier difference syntheses gave the position of the F
and C atoms, reachingR50.19 with equal weights,w51. In
the next step, anisotropic thermal factors were introduced,
reachingR50.12. The Fourier difference finally gave the
position of the hydrogen atoms, labeled H1–H4 in Table I
and Fig. 1. The remaining H5, H6, and H7 were refined
starting on the positions deduced from the pyramidal geom-
etry of the CH3 groups. Because of the rather poor internal
consistency of reflections, 81 parameters were refined in the
last stages and only the 699 unique reflections with
I.10s were considered, using equal weights and resulting
R50.073. Table I shows the list of the final structural pa-
rameters and standard deviations, while some distances and
angles are shown in Table II. Structure factor tables have
been deposited.11 Using a weightw51/(s210.1F2) yielded
to R50.078 andRw50.096. The use of 900 unique reflec-
tions with I.5s raised R to 0.094 with no significant
changes in the atomic coordinates. The final Fourier differ-
ence showed maxima of 0.75e/Å 3 in the plane of F21 and
F22, in points corresponding to other orientations of the
BF4, being probably an indication of some remaining orien-
tational disorder of these groups.

The structure of the LT phase~see Fig. 1! can be de-
scribed as deriving from the RT phase when the BF4 mol-
ecules chose, in an ordered way, one of the four equivalent
orientations, resulting an antiferro-ordered structure of four
sublattices. Some slight changes occurred in the other atomic
coordinates, the most significant one being an 8° rotation of
the ~CH3) 4N groups centered in N1 around the@001# direc-
tion, approaching H1, H3, and H7 to the nearest F21. It
should be noted that the ordering may produce four type of
domains, depending on the orientation chosen by each par-
ticular BF4 and its neighbors. However, the four types of
domains are crystallographically related either by a
~1/2,1/2,0! translation or by inversion with respect to an in-
version center of theP4/nmmspace group, and give practi-
cally the same diffraction pattern. Thus, there are two kind of
indistinguishable domains~except when they coexist at both
sides of a domain wall! and two other ones related with the
first set by an inversion center.

At RT, the powder diffraction diagram was taken with a
rotating anode in aD-max Rigaku diffractometer with Cu
Ka radiation, 2u varying from 6° to 80° with steps of
0.02°. The diffractogram agreed basically with the structure
described in Fig. 1, with an additional disorder of the BF4
groups. There is a slight difference with respect to the pre-
viously reported structure5 that describes one B-F bond along
the fourfold axis of the structure and the other three F2 ions
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~two of them labeled as F21 and one as F22 in this work!
distributed in 24 positions on a plane perpendicular to it,
with some disorder in the position of the mass center of
BF4. On the contrary, the profile analysis of the powder
diffractogram gave a better refinement assuming one B-F
bond ~B-F1 in this work! in the fourfold axis and the other
three distributed in 12 positions with equal probability. The
thermal parameters for these atoms are so large (U 5 0.1
Å 2), one can say that F21 and F22 are quasi-isotropically

distributed over a circle around the B-F1 axis. This interpre-
tation is practically equivalent to the one given in Ref. 5.

In order to clarify this ambiguity, a short collection of 684
reflections, with 217 unique reflections, was taken at 200 K,
where the thermal motions should have a smaller amplitude
than at 300 K. The resulting space group isP4/nmm, like at
300 K, and the lattice parametersa58.204(2) Å,
c55.798(2) Å,V5390.2(2) Å3, andZ 5 2. The refining
procedure 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
III. Structure factor tables have been deposited.11 The final
reliability indexR50.063 is good for a crystal of this qual-
ity, and the internal consistency index, averaging over the

TABLE I. Fractional atomic coordinates and thermal parameters at 120 K. Standard deviations in paren-
thesis. TheUi j values are given in units of 10

23 Å 2. Isotropic thermal factors are used for hydrogen atoms.

Atom Site x/a y/b z/c U11 U22 U33 U12 U13 U23

N1 2b 0 0 1/2 57~5! U11 10~5! 0 0 0
N2 2c 1/2 0 0.5127~12! 5~2! U11 12~4! 22~3! 0 0
F1 4e 0.2514~3! 0.7514~3! 0.1670~5! 37~1! U11 17~1! 23~4! 2~1! U13

B 4e 0.2594~5! 0.7594~5! 0.9257~9! 24~2! U11 15~2! 26~5! 21~2! U13

F21 8f 0.1320~3! 0.2318~4! 0.1427~6! 68~2! 73~3! 46~2! 245~2! 35~2! 215~2!

F22 4e 0.1814~4! 0.6814~4! 0.8295~11! 161~5! U11 38~4! 2122~5! 216~2! U13

C1 4e 0.0771~6! 0.5771~6! 0.3346~18! 44~3! U11 36~5! 2~5! 28~3! U13

C2 8f 0.0819~6! 0.9383~6! 0.3499~13! 23~3! 26~3! 20~3! 23~2! 210~2! 0~2!

C3 4e 0.4218~5! 0.9218~5! 0.3619~18! 28~3! U11 29~4! 213~3! 212~2! U13

H1 8f 0.362~4! 0.548~4! 0.245~7! 8~8!

H2 8f 0.012~5! 0.632~6! 0.240~8! 40~11!
H3 8f 0.389~4! 0.640~4! 0.472~6! 2~8!

H4 8f 0.374~6! 0.988~5! 0.271~8! 39~10!
H5 4e 0.120~5! 0.620~5! 0.393~10! 52~12!
H6 4e 0.373~5! 0.873~5! 0.408~10! 65~12!
H7 8f 0.484~6! 0.647~6! 0.241~9! 62~11!

FIG. 1. Projection of the low-temperature structure of
~CH3) 4NBF4 on theab plane. In the high-temperature phase, the
orientations of the BF4 groups are randomly distributed among the
four orientations obtained by successive 90° rotations around the
B-F axis perpendicular to the drawing.

TABLE II. Selected interatomic distances and angles for the
structure at 120 K, with their standard deviations.

Distance~Å! Angle ~deg!

N1-C1 1.464~7! C2~i!-N1-C2~ii ! a 110~1!

C2~i!-N1-C2~iii ! a 108~1!

N2-C1 1.534~9! C1-N2-C1 111~1!

N2-C3 1.542~8! C3-N2-C3 112~1!

C1-N2-C3 109~1!

B-F1 1.386~6! F1-B-F21 109~1!

B-F21 1.353~7! F1-B-F22 108~1!

B-F22 1.388~8! F21-B-F21 111~1!

F21-B-F22 109~1!

C1-H2 1.12~6! N2-C1-H2 102~5!

C1-H5 0.8~1! N2-C1-H5 119~8!

C2-H1 1.13~4! N1-C2-H1 117~5!

C2-H3 1.12~4! N1-C2-H3 105~4!

C2-H7 1.11~6! N1-C2-H7 122~8!

C3-H4 1.07~6! N2-C3-H4 99~5!

C3-H6 0.8~1! N2-C3-H6 127~9!

aSymmetry codes:~i! x,12y,z; ~ii ! y21,x,12z; ~iii ! x̄,y21,z.
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equivalent reflections, isR50.07. The structure is similar to
the one found at 300 K, as described in Ref. 5, but F22 lies
in the 8i mirror plane positions (1/4,y,z) and equivalent
ones; the two F21 atoms are mutually symmetric with re-
spect to this plane. Therefore, the F22 atoms are distributed
among four positions around the B-F1 axis, and the eight
corresponding F21 positions are determined by the rigid tet-
rahedral structure of the BF4 group. It means that the BF4
group can occupy anyone of the four distinguishable orien-
tations, at random. There is not any other structural transition
between 200 K and RT.

Powder diffractograms have been taken from 100 K to
300 K with Guinier geometry and CuKa1 radiation. Figure
2 shows the evolution of the cell constants with temperature
~for the LT phasea/A2 is plotted!. The absence of any
anomaly around 158 K indicates a negligible coupling be-
tween the order parameter and the lattice strains.12 Super-
structure reflections corresponding to the LT phase are ob-
served below 158 K. A slight shift of the cell constants
determined from powder diffraction with respect to the val-
ues from the single crystal must be due to a small error in the
origin of u. It is not important because the powder diffraction
experiments were intended to scan the evolution ofa andc
with T. The process was not optimized for obtaining good
absolute values.

III. HEAT CAPACITY: EXPERIMENT

A collection of about 50 crystals with a total mass of
1.0047 g was used for the heat-capacity experiments. The
sample was placed in a copper vessel of 1 ml sealed with 70
torr of helium gas inside to improve the heat exchange and
reduce the thermal equilibration times. The sample vessel is
provided with an inner well that contains an electrical heater
and a Minco platinum resistance thermometer calibrated with
reference to ITS-90. The adiabaticity is maintained by an
inner copper adiabatic shield that is kept at the same tem-
perature than the sample. An additional outer shield and a
copper ring reduce the heat exchange through the wires and
the instabilities in the temperature control. The data acquisi-
tion and the measuring conditions are computer controlled.
The adiabatic conditions are maintained by a five-channel
digital temperature controller interacting with the running
program and acting on the signals of differential thermo-
couples referred to the sample temperature.

Measurements were taken by the step method, measuring
the heat inputs and the temperature increments from 5 to 350
K. The molar heat capacity was calculated after subtracting
the heat-capacity contribution of the empty sample holder
measured on a separate experiment and has been represented
in Fig. 3. A l-type anomaly was observed with maximum at
T0 5 158.160.3 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,
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,
is

dH

dt
5 S dHdTD

p

dT

dt
5A1BT3, ~1!

whereH is enthalpy of sample plus holder,p pressure, and
t time. The constants for the conduction and radiation terms,

TABLE III. Fractional atomic coordinates and thermal parameters at 200 K. Standard deviations in
parentheses. ThêU& values are given in units of 1023 Å 2. Isotropic thermal factors are used for hydrogen
atoms.

Atom Site x/a y/b z/c ^U& a

N 2b 3/4 1/4 1/2 30~10!
B 2c 1/4 1/4 0.921~3! 37~5!

F1 8i 0.256~11! 1/4 0.156~1! 57~7!

F21 16k 0.149~2! 0.387~2! 0.865~2! 80~10!
F22 8i 0.382~2! 1/4 0.825~4! 100~10!
C 8i 1/4 0.560~1! 0.350~1! 47~3!

H1 8i 1/4 0.506~5! 0.476~7! 91~10!
H2 16k 0.355~4! 0.596~4! 0.253~6! 91~9!

a^U&5
1
3(U111U221U33).

FIG. 2. Variation of the cell constants with temperature, calcu-
lated from powder diffraction experiments. For the LT phase
a/A2 has been plotted instead ofa. The straight lines are guides to
the eye.
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A andB, are determined from the previously measured val-
ues (dH/dT)p5Cp at two temperaturesT1 and T2 below
and above the anomaly. The temperature driftdT/dt is de-
duced from the recording ofT vs t, which allows us to have
Cp as

Cp5
A1BT3

~dT/dt!
. ~2!

To calculateA andB, the temperaturesT15150 K and
T25162 K were chosen. The value of (dT/dt) was obtained
for every temperature by fitting a few points around each
value of T with a straight line in the plot ofT vs t. The
number of points used for the fit varied withT in order to
avoid an oversmoothing of the curve in the neighborhood of
the peak. In this case 40 points~covering a range of 0.4 K!
were taken below 157 K and above 159 K, gradually reduc-
ing this number down to 10 points near the peak. The result-
ing data of the molar heat capacityCp , coalesced in both
thermograms with the heat pulse points in the whole range,
as it is shown in Fig. 4. A small difference of around 0.1 K
found between the heating and the cooling curves is consis-
tent with the dynamic rate and can be due to the absence of
perfect thermal equilibrium. TheCp maximum appeared at
158.1560.05 K.

IV. ANALYSIS OF THE HEAT-CAPACITY DATA

A. Determination of the lattice contribution

The experimental molar heat capacity is a sum of the
anomalous contributionCanand the lattice partCl . The latter
one departs significantly from the usual shape in solids~i.e.,
Debye like! and shows a quite linear increase above the tran-

sition temperature. From an analysis of the structural fea-
tures, the lattice part could be interpreted as the addition of
the following contributions.

~a! Internal CH3 vibrations, described by Einstein func-
tions corresponding to normal modes of the molecule. The
rocking modes of the CH3 group have also been considered
with an Einstein function. Since there are not direct measure-
ments of their frequencies in this compound, the usual values
found in the literature for methyl groups13 have been used.
The corresponding Einstein temperaturesTE and degenera-
ciesgi per molecule are listed in Table IV. Each mode con-
tributes to the heat capacity with the expression

CE5
Rgi~TE /T!2exp~TE /T!

@exp~TE /T!21#2
. ~3!

~b! Rotational motions of the~CH3) 4N groups. The exact
rotational contribution toCp for a tetrahedral top in an ex-
ternal potential is not a simple function. However, the rota-
tional activation energy for jumps between different orienta-
tions have been deduced from proton-lattice relaxation time
measurements,4 obtainingEa/kB 5 2814 K. As this value
exceeds the temperatures of our interest in at least an order
of magnitude, the molecular group experiences rotational os-
cillations of small amplitude~librations! and can be ad-
equately described by a threefold degenerated Einstein func-
tion. The local symmetry of the~CH3) 4N is 4̄ but it does not
differ very much from tetrahedral and has been treated like
that for the sake of simplicity. For a tetrahedral molecule in
a tetrahedral potential,14 the harmonic approximation gives
v5A9Ea/2I ~see the Appendix!, I being the moment of in-

TABLE IV. Einstein temperatures and degeneracies of the vi-
brational and rocking modes of the CH3 group.

a

Mode gi TEi ~K!

Symmetric stretching 1 4132
Asymmetric stretching 2 4263
Symmetric bending 1 1984
Asymmetric bending 2 2100
Rocking 2 1636

aFrom Ref. 13.

FIG. 4. Experimental heat-capacity points from the step mea-
surements (s) and from the thermograms in the transition region.

FIG. 3. Adiabatic heat-capacity data of~CH3) 4NBF4. The lat-
tice contributionCl has been obtained from the addition of the
following components:~a! internal vibrations and rocking modes of
CH3 ~five Einstein functions; see Table IV!, ~b! rotations of
~CH3) 4N ~one Einstein function withTE 5 76 K!, ~c! internal
vibrations of BF4 and C4N plus torsional modes of CH3 ~22-
dimensional Debye function withTD1 5 880 K!, ~d! translations
and rotations of BF4 and translations of ~CH3) 4N ~nine-
dimensional Debye function withTD2 5 160 K!, and ~e! lattice
expansion~Nernst-Lindemann approximation withA53.631027

mol/J!. The anomalous heat capacityCan is the difference between
the experimental points andCl .
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ertia of the molecule. The value ofI obtained from the struc-
tural data at RT gives the corresponding Einstein tempera-
tureTE5\v/kB 5 76 K.

~c! The internal vibrations of the molecular groups BF4
and ~CH3) 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

CD1

566RS T

TD1
D 3E

0

~TD1 /T!~TD1 /T!4exp~TD1 /T!d~TD1 /T!

@exp~TD1 /T!21#2
,

~4!

in which TD1 is the characteristic temperature.
~d! Translations and rotations of BF4 and translations of

~CH3) 4N can be described by a nine-dimensional Debye
function, because they are collective motions of the lattice.
These modes, of lower frequency than the previous ones,
have been represented by a Debye contribution of character-
istic temperatureTD2.

~e! The expansitivity of the lattice gives the difference
betweenCp andCv . It has been calculated by the Nernst-
Lindemann approximation

Cp2Cv5ACp
2T, ~5!

in which A is a fitted parameter.
The fitting parametersTD1, TD2, andA were chosen in

order to reproduce the experimental heat capacity below 50
K and between 220 and 300 K. The following values were
obtained:TD1 5 880 K, TD2 5 160 K, andA53.631027

mol/J. Below 200 K, this last term is less than 0.24R ~i.e.,
about 1% of the totalCp), not very significant indeed com-
pared to the total lattice estimate.

A reasonable agreement between the calculated lattice
contribution and the experimental values was obtained, ex-
cept in the anomalous region. A small discrepancy found
around 20 K is not significant for our study and is probably
due to existence of van Hove singularities at low frequen-
cies.

From 50 K to 250 K the difference between the measured
Cp and the sum of these contributions,Cl , has been taken as
the anomalous experimental heat capacityCan and has been
plotted in Fig. 3 together with each of these terms.

B. Analysis of the anomaly

The absence of thermal hysteresis suggests a second-order
or weakly first-order transition. Therefore, the anomaly has
been analyzed in the frame of Landau theory. The free en-
ergy F can be expanded in a power series of an order pa-
rameterh and written as15

F2F05At~T2Tc!h
21Bh41Ch61•••, ~6!

in which At , Tc , B, andC are constants andC.0. The
prediction for the heat capacity is obtained by minimization
of F. If B.0, there is a second-order transition at a critical

temperatureTc . If B,0, there is a first-order transition at a
temperatureT0, and below this temperature

S T

Can
D 254@B223AtC~T02Tc!#

At
4 1

12C~T02T!

At
3 . ~7!

In a plot of (T/Can)
2 vs T, as shown in Fig. 5, one can

observe that the experimental points fit well to a straight line
below T0. The extrapolation of (T/Can)

2 to 0 gives the tri-
critical temperatureTcr 5 162 K ~i.e., the temperature at
which the transition would be of second order! and the slope,
212C/At

3 which givesC/At
3 5 15.2 J22 mol2 K 3. From

the previous relations one obtains

Tcr5Tc1
B2

3AtC
, ~8!

Tcr2Tc54~Tcr2T0!, ~9!

giving B/At
252A12C(Tcr2T0)/At

35226.7 J21 mol K2,
andTc 5 146.4 K.

Above T0, the fluctuations govern the value ofCan,
which cannot be explained by classical Landau theory. A
further development of the theory, including Gaussian fluc-
tuations, givesCan proportional to (T2T0)

20.5, though the
influence of defects and impurities may not be negligible.16

Moreover, fluctuations become more important in low-
dimensional systems.

The critical behavior of the transition has been analyzed
considering the measurements of the thermograms, in which
reduced temperaturest5T/T021 as small as 1.331023 can
be reached without rounding effects. A logarithmic plot of
Can vs t above the transition temperature shows a linear de-
pendence with a critical exponenta 5 0.50 that coincides
with the value predicted from fluctuation theory. BelowT0
and for a transition temperature close to the tricritical point,
Landau theory predicts the same functional divergence.
From the previous relations one obtains

Can

T
5S A3

12CD 1/2~Tcr2T!20.5. ~10!

The experimental points, represented in a double logarithmic
scale, are given in Fig. 6 together with a straight line with

FIG. 5. Temperature dependence of the square reciprocalCan as
given in Eq. ~7!. The straight line represents the fit to Landau
theory.
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slope2a520.50. This critical analysis can be done only
down to a reduced temperatureutu 5 uT/Tcr21u 5 2.5
31022, because of the difference betweenT0 andTcr .

The main conclusion of this analysis is that the transition,
which looks like a second-order one at first sight, fits very
well with Landau theory for a weakly first-order transition.

The anomalous entropy, obtained by integration of the
peak from 50 to 250 K~avoiding the 0–50 K range where
the lattice estimate is poor!, gives DS/R51.460.1, very
close to ln 4, which is another indirect test for the type of
order-disorder transition described in the structural section.
The anomalous entropy must be lnN, N being the ratio of
multiplicities between the high- and the low-temperature ori-
entations.

V. MONTE CARLO SIMULATION

A. Energy calculations

The BF4 tetrahedra can be considered as forming two
interpenetrating networks having one B-F bond in thec axis
and oriented in opposite directions on each network. The
different orientations of the two networks are forced by
strong electrostatic constraints coming from the interaction
with the rest of the lattice. In the RT symmetry there are four
possible equivalent orientations of equilibrium for each
BF4 tetrahedron within each network, choosing one of them
in an ordered way in the LT structure.

Each BF4 tetrahedron is surrounded by four members of
the opposite network on theab plane, forming two interpen-
etrating square planar configurations. The two neighbors in
thec axis belong to the same network. Due to the 4 possible
orientations of each tetrahedron, there are 16 relative orien-
tations for each pair of BF4 groups.

The electrostatic interaction between the BF4 groups is
essentially octupolar. The interaction energies have been cal-
culated for every orientation of the BF4 nearest neighbors,
considered as regular tetrahedra and taking the B-F distance
from the RT structural data,d51.335 Å.5 Initially, each
F2 ion has been considered as a point charge with
qF521e. The mass centers of the tetrahedra lie roughly on
the ab plane, slightly shifted fromz50 by 60.49 Å and
separated from each other 5.9 Å. The distances between

planes are 5.8 Å. Therefore, the BF4 mass centers form a
distorted simple cubic lattice. The octupole-octupole interac-
tion energy is proportional toO2/r 7, O being the octupolar
moment of the molecular group andr the distance between
the interacting groups. As a comparison, NH4Cl orders at
242 K due to the octupolar interaction of the NH4

1 ions,
being the effective charge of H1, qH 5 0.18 to 0.5e, the
N-H distance 1.05 Å, and the intermolecular distance 3.87
Å.17 Considering the large value of the BF4 octupolar mo-
ment and that their octupole-octupole distance in our com-
pound is 1.5 times longer, one could expect that BF4 would
order at a temperature above 200 K. Using a smaller effec-
tive F2 charge, instead ofqF521e, would lower the tran-
sition toward the experimentally found value. In any case,
the octupole-octupole interaction is very dependent on the
relative orientation of the molecules and, in this case, is dif-
ferent than in NH4Cl. Surprisingly, the interaction energies
between the nearest BF4 groups in adjacent layers differ
only between 0 K and 22 K for the different relative orien-
tations permitted by the rest of the lattice. On the other hand,
the interaction energies between nearest groups lying on the
same layer range from 0 to the strikingly large value of 6441
K. The interaction between next-nearest neighbors is much
weaker because ther27 dependence of the octupole-octupole
interaction. Table V gives the energies for all the relative
orientations of BF4. Representative orientations for each one
of the different energies are shown in Fig. 7.

By simple inspection of Fig. 7 and Table V, one can see
the impossibility of orienting the BF4 tetrahedra in such a
way that all the nearest neighbors interact with energiesE0
or E1. The minimum energy compatible with long-range or-

FIG. 6. Double logarithmic plot ofCan vs reduced temperature
from the adiabatic and thermograms data. The straight lines corre-
spond to a critical exponenta50.50 below and above the transition
temperature, beingCan}utu2a.

TABLE V. Electrostatic interaction energies for the different
equilibrium orientations of two nearest BF4 groups lying on the
sameab plane. The positionsa andb correspond to the BF4 groups
with the central B atom in sites (x̄11/2,x,z̄) and (x̄,x̄11/2,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 values:E0 5 0,E1 5 225.4 K,E2 5 2821.5 K,E3 5
3069.3 K,E4 5 6164.4 K, andE5 5 6441.2 K. The lowest energy
has been taken conventionally as zero.

a b E

1 1 E3

1 2 E2

1 3 E4

1 4 E5

2 1 E2

2 2 E3

2 3 E5

2 4 E4

3 1 E0

3 2 E1

3 3 E3

3 4 E2

4 1 E1

4 2 E0

4 3 E2

4 4 E3
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der isE2, much higher thanE0 or E1. Then, the system is
highly frustrated, which would explain the ordering at com-
paratively low temperature.

B. Computer simulations

A Monte Carlo simulation has been used to calculate the
equilibrium configuration at each temperature and the ther-
modynamic functions, taking the next simplifying assump-
tions.

~a! Electrostatic interactions between nearest BF4 neigh-
bors in the same layer have only been considered. The indi-
rect interactions, through polarization of the other atoms,
have been neglected.

~b! Each BF4 group has been considered as a rigid regular
tetrahedron which can jump between four equilibrium orien-
tations, with no other degrees of freedom.

~c! All the lattice deformations have been neglected.
A finite square lattice of 503 50 sites with periodic

boundary constraints was simulated by a computer program.
An importance sampling method was used with a Metropolis
algorithm for thermalization, in which the transition prob-
ability to a new state is 1 for a lower-energy state and
exp(2DE/kBT) for a higher-energy state,DE being the en-
ergy increment to the new state. This probability is compared
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
the LT structural results or from a completely disordered
state, the evolution of the energy with the Monte Carlo time
was monitored at different temperatures. One Monte Carlo
step ~MCS! has been defined as a complete sweep through
the lattice. The sweep is made at a random order to avoid

correlations, but passing once by every lattice point and try-
ing one random orientation among the four possible choices.
Thermal equilibrium was reach for less than 1000 MCS at
every temperature checked. Therefore, 2000 MCS were per-
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
fluctuations

C5
N

kBT
2(

i
~Ei

22Ē2!, ~11!

where Ei is the energy for each configuration andĒ the
average value for the 2000 configurations. In the vicinity of
the transition, 5000 configurations were taken for the calcu-
lation of the thermodynamic quantities, due to their increased
dispersion.

Figure 8 shows the thermalization processes at three char-
acteristic temperatures over 5000 MCS, starting from a com-
pletely disordered structure. One can observe the number of
steps needed to reach thermal equilibrium and the different
effect of low and high temperatures on the dispersion of the
points. For the transition region an increase of the energy
fluctuations is also observed. The stability of the equilibrium
energies and the heat capacities has been followed, at these
temperatures, over 50 000 MCS to be sure that the equilib-
rium has been reached.

For the temperature evolution, the previous equilibrium
configuration has been taken as the starting configuration for
each temperature. The equilibrium energy vs temperature has
been represented in Fig. 9 and the corresponding heat capac-
ity in Fig. 10. This evolution has been calculated on heating
and on cooling, finding the same results without any hyster-
esis. Only if the system is quenched at a very low tempera-
ture from a disordered configuration a metastable configura-
tion is obtained with slightly higher energy.

C. Analysis of the results

From the energy curve, one can see that the high-
temperature configuration is a random distribution of the
BF4 tetrahedra in the four permitted orientations. The energy
tends to the high-temperature limit, which is 2 times the
average of the energies in Table V, because in a square lat-
tice ofN molecules there are 2N pairs of nearest neighbors.

FIG. 7. Representative relative orientations of pairs of BF4

nearest neighbors corresponding to the six different interaction en-
ergies,E0–E5, as listed in Table V.

FIG. 8. Thermalization of the configurational energy of a
50350 square lattice of BF4 tetrahedra at 90 K, 295 K, and 550 K
through 5000 MCS.
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For a random state, the average energy isĒ(T5`)
52(2E012E114E214E312E412E5)/1656153.15 K,
as obtained in the simulation.

When the temperature is slowly lowered,Ē decreases
monotonically down to 5643 K at the lowest temperature,
which coincides with 2E2 of Table V. The ground state is
described by the configuration experimentally found in the
crystallographic section, as shown in Fig. 1.

The heat capacity is small at low and high temperatures,
but reaches a sharp maximum at 29065 K. Similar calcula-
tions with smaller lattices give the same temperature for the
peak.

Configuration domains obtained at four characteristic
temperatures are shown in Fig. 11. The BF4 groups belong-
ing to the first domain type~white! are arranged as shown in
Fig. 1 and correspondingly through the whole lattice. Rotat-
ing one of the BF4 groups 90°, 180°, and 270° and arrang-
ing the rest of the lattice accordingly, one can obtain the
orientation of the BF4 group on each lattice site for the other
domains~light grey, dark grey, and black!. One of the do-
mains prevails at low temperatures with nucleation of small
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,
with important cluster growth of the other domains. On pass-
ing above the temperature of the maximum, the long-range
order disappears, maintaining a strong short-range order in
large domains of ordered regions. The size of the domains

decreases rapidly on increasing the temperature, giving a
random distribution of very small clusters.

Considering the evolution of the configuration domains,
the heat-capacity peak of the simulation must be identified
with the ordering temperature in the real system. It should be
noted that if the F2 charge wereqF520.74e ~probably
more realistic than the value used,qF521e), the ordering
temperature would be the experimentally found,T05158 K,
because it is proportional toqF

2 .

VI. CONCLUSIONS

The results of the Monte Carlo simulations in two dimen-
sions, based on the electrostatic interactions of the BF4 tet-
rahedra, predict correctly the low- and high-temperature con-
figurations found in the x-ray experiments. A phase
transition is found at a temperature compatible with the value
found experimentally from the calorimetric study. We can
conclude that the electrostatic octupole-octupole interaction
between the BF4 molecules is the mechanism producing the
order-disorder transition.

The structural transition is, nevertheless, three dimen-
sional. The order in the third dimension is driven by smaller
interactions in which both tetrahedral groups of the formula
unit have to be considered. Qualitative considerations on the
electrostatic interactions yield a parallel orientation of super-
imposed BF4 tetrahedra, as found experimentally. The de-
tails of the heat-capacity anomaly shape and the critical ex-
ponents depend on all the interactions. One cannot expect a
perfect correspondence between the experimental values and
the Monte Carlo calculations.

The energy calculations have been performed with a sim-

FIG. 9. Monte Carlo calculations for the temperature variation
of the average energy in a 50350 lattice of BF4 tetrahedra.

FIG. 10. Temperature dependence of the heat capacity calcu-
lated from the energy fluctuations in the Monte Carlo calculations.

FIG. 11. Typical domain structure for the four type of domains
~in white, light grey, dark grey, and black! described in Sec. V C.
Four characteristic temperatures have been taken: belowT0 ~270
K!, at T0 ~290 K!, slightly aboveT0 ~300 K!, and at very highT
~2000 K!.
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plified model. The introduction of the interactions of the
BF4 tetrahedra with the surrounding~CH3) 4N groups, the
polarizability of the ions, and the small distortions from the
tetrahedral configurations would stabilize more strongly the
low-temperature configuration. The consideration of the lat-
tice contraction at low temperatures would also increase the
stabilization energy of the low-temperature configuration.

The lattice contribution to the heat capacity has been ex-
plained from considerations of the normal modes, with only
three adjustable parameters. The anomalous contribution has
been deduced by subtraction of the lattice part. The calcu-
lated entropy contentRln4 agrees with the value expected
from the different equilibrium positions found for the BF4
group below and above the transition.

The heat-capacity anomaly is well described by mean-
field Landau theory. It is a weakly first-order transition and
the critical exponents adjust very well to the value expected
at both sides of the transition temperature.
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APPENDIX: EINSTEIN TEMPERATURE CALCULATED
FROM THE ACTIVATION ENERGY FOR JUMPS

OF TETRAHEDRAL MOLECULES

The symmetry of an undistorted~CH3) 4N group is tetra-
hedral. Its site symmetry in theP4/nmm phase of
~CH3) 4NBF4 is 4̄m2, but its nearest neighbors, labeled F1

in this paper, form a quasitetrahedral cage. In the simplest
form, the potential can be written as

V~f,u,c!5bBV3~f,u,c!, ~A1!

(f,u,c) being the Euler angles describing the orientation of
the tetrahedron,V3(f,u,c) the lowest-order nonconstant
function invariant under the tetrahedral symmetry of the
group and under the site symmetry in the lattice,
B5\2/(2I ), I the moment of inertia of molecule, andb a
negative dimensionless parameter. The activation energy for
the librational movements of the group can be calculated as
the energy in the saddle point between two minima minus
the zero-point energy of the group librations. For high barri-
ers and for the high value ofI in ~CH3) 4N, the zero-point
energy can be neglected becauseB/kB ' 1 K. The barriers
for rotations around the twofold and around the threefold
axes can be calculated with the parameters given in the Ap-
pendixes A and B of Ref. 14. The lowest-energy barrier for
rotational jumps happens around the threefold axis of the
molecule and is given by

Ea5
8A7
9

~2bB!. ~A2!

The librational frequency is

\v571/4A8ubuB. ~A3!

Then, taking the activation energyEa523.4 kJ/mol given
from NMR experiments,4 the Einstein temperature for the
librational modes is

TE5
\

kB
A9Ea

2I
576K. ~A4!
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