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ANISOTROPIC THERMAL EXPANSION IN TCNQ SALTS.

SANDER VAN SMAALEN, JAN L. DE BOER, COR HAAS and
JAN KOMMANDEUR

Laboratories of Inorganic and Physical Chemistry, Material
Science Centre, University of Groningen, Nijenborgh 16,
9747 AG Groningen

Abstract Crystals containing stacks of TCNQ-ions have
roughly thermal expansion coefficients along the stack,

which are three times the values at right angles to it. it

is shown that a simple degree of freedom argument, taking

into account the librational modes can explain this phenomenon.

1. INTRODUCTION

Morpholinium TCNQ salts belong to the class of organic segregated
stack compounds. These salts are known for their anisotropy in many
of their physical properties. One of these properties, considered in
this paper, is the thermal expansion.

A considerable anisotropy in the thermal expansion was noted by
Blessing and Coppens1 for TTF(TCNQ) and by Guy et al.? for
TMTSF ReOy. We report here a similar anisotropy for a set of
morpholinium TCNQ salts. We also give a full analysis of this effect.

Lonsdale3 was the first to point out that librations may lead to
anisotropic thermal expansion. In this paper we show that for
stacked plate-like molecules, like TCNQ, the librations lead to an
anisotropy in the thermal expansion of about a factor of three.

Also, several arguments are given which show that the quasi-one-
dimensional electron band does not play any role in the thermal

expansion.

2, MEASUREMENTS AND RESULTS

The thermal expansion is determined by determination of the lattice
parameters of morpholinium TCNQ single crystals as a function
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of temperature. From the lattice parameters at two different
temperatures, Tl and T2' one obtains a mean-value for the thermal
expansion tensor for that range of temperatures by,

_ -1
oy = HG(T) - Gu(TI(T, - Ty) (2-1)

where Gij(T) is the metric tensor belonging to the I_attice parameters
at temperature T. It has the components Gij(T) = ai-ai . where

the a; ( 1,2,3) are the unit-cell vectors. In order to analyse

these results the principal components and principal axes of o are
determinedu' 5.

Most morpholinium TCNQ salts crystallize in space group PT.
This means that there are no restrictions on the components of
the thermal expansion tensor. For higher symmetries it is required
that the principal axes lie in certain crystallographically unique
directions.

In the crystals, the TCNQ molecules are arranged in stacks,
with the planes of the molecules more or less perpendicular to
the stack direction. The stacks are arranged parallel to each
other. Only one of the compounds we considered, HEM(TCNQ)Z,
has stacks in two different, but crystallographically equivalent,
directions.

These structural features give rise to the idea that tensorial
physical properties, such as thermal expansion, have a unique
behaviour in the stack direction, in contrast to their behaviour
in the plane perpendicular to the stack. Therefore, in the analysis
of the experiment results we will focus our attention on the relation
between the principal axes and components of the thermal expansion
tensor and the stack direction in the crystals.

Lattice parameters were determined on a NONIUS CAD-4
diffractometer by least-square analysis of twenty to twenty-five
accurately measured high order reflections. For each temperature
and each of the compounds these values are listed in table |I. From
the lattice parameters the mean thermal expansion tensor was

calculated according to equation (2-1). Subsequently the principal
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Table I Lattice parametlsrs at various temperaturss of soms TONG saits and some structursl properties

space | stack? o3 | reme- lattice parameter
vt
compound ! qroup | ants X oy 311 cthy o) (141 o
neruireng) f [ o7 < .9 96] 15.425¢3)[14.905(4) | €.379(31 [97.06(31 | 101.4T(35| 10743021
196) 15.459¢2) | 14.95014) | $.43703 | s0.96(2) [ 107,874 11 ] 1074711}
297] 1s.813m |1s.022¢0 | 6.516 (1) [90.92¢11]101.910m 10747011
wemteng: P i ¢ 4. 86| 7.823¢4)[28.380(6) | 6.40004) [90.5003)] 75.58(%)| 91461}
2917 7.064(1)[20,.529(4) €.563(¢1) | 90.33(1}] 75.72(%)| 9r.4201)
HEM(TCNG) Pl c 10.6 96] 13.920¢0)( 7.518(1) {13.114(9) [91.00¢2)| 80.6614)]105.3012)
173] weoastai] 1os32¢11 (13,208 41 [ e syt so.sria]vos.aren
229§ 14,070 | 7.537(0 [13.29700) [ 91.9412)] 90.95(21]105.5711)
290] 1413910 154300 13420040 [92.22¢21] w0 74011056021
“EMITCNQ) P »1 c . 99| 19.598¢6) [13.426(4) | €.71903) |90.2503}| 96.36(3) a2.90(2)
297] 19.%4 13,458 6.870 90.90 96.86 83.22
mmironar, P | ey 100 8. 96| 7.87614)[26.503(111]15.525(6) {90 123.01001] 90
253 7.947123|20.51015) |15.805¢5) |90 123,863 90
290| 7.967(2)|28.528(5) [15.886() (%0 123.86(21| 90
HaA(TCN) P P4 |aand b [19.3 103|  6.902(4)| 6.90204) |s2.72¢(36)] 90 s %0
297]  2.03243)) 7.03243) |52.915017)} %0 20 20
rrrujcuo]' Pase b N 40| 12.210(5)| 3.729(1) | 18.343(¢) | 90 104.38{2)| %0
1001 12.228(6)1 3.754(13 [18.378(30} 90 104.42083 90
295) 12.302¢6)| 3.817(1) |18.449¢5) |90 10449151 90

1. The abbreviations of the compound names stand for:

KETH is methyl sthyl thio morpholinium:

WPH  {s methyl propyl morpholinium;
HEM i3 ethyl morpholinium;
MEN 13 methyl sthyl morpholinium;

EBN  1s ethyl n-butyl morpholiniumy

HMK is msthyl mosrpholinium;

TIT is tetra thiofulvaleny;

TCNG 18 tetra cYano qQuino dimetha

2. Crystallographic direction of the mtack axis

3. s is the angle betwsen the normal on the plane of the molecule and the stack axis. Thers are two

independant TCNQ molecules (n the unit call, The reported value is the mean for those two TCWQ

molecules.

¢ of these

p. K.J.J. Visser, to be published

ara yeported elsswhere:

q. B. van Bodegom, J.L. de Dosr, Acta Cryst. B37, 119 11981)

r. reference 1,
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Table II Principal components of the mean thermal
expansion tensor of TCNQ salts between two

temperatures, calculated from X-ray data

_principal components

compound T, (K) | T,(R) o, 10° {a, 10° [a, 10

METM(TCNO)Z 96 196 1.22 2.93 10.5 3.6 9.4
96 297 1.42 5.20 11.8 2.3 12.1

MPM(TCNQ)2 96 297 2.48 2.68 13.2 4.9 11.4

HEM('I'CNQ)2 96 173 -2.21 7.86 14.3 1.8 37.2
96 229 -2.12 8.35 14.6 1.7 32.3
96 290 -1.29 8.22 14.6 1.8 23.0

MEM(TCNQ) 99 297 -0.50 4.47 12.4 2.8 15.4

EBM(TCNQ)Z 96 253 0.34 5.02 12.0 2.4 15.9
96 290 0.46 5.22 12.6 2.4 15.3

HMM(TCNOQ) , 103 297 1.87 9.80 9.80 51//c
2)
TTF (TCNQ) 40 100 1.98 | 3.45 | 11.2| 3.2 0
3 40 | 295 |[1.99 | 3.05 9.4 | 3.1 0
100 | 295 | 1.77 | 3.13 8.7 | 2.8 0

1. ¢ is the angle between the third principle axis and the stack
axis.

2. The exact collinearity of the first principle axis and the
c-axis is determined by symmetry.

3. Symmetry requires one of the principle axes to be along the

stack axis. This happens te be the third principle axis.
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axes and principal components were determined®: 3. The principal
components of the thermal expansion tensor are presented in table 2.
In the last but one column of table 2 we give the ratio of the third
and the second principal components, a quantity we take as a measure
for the anisotropy. The last column of table 2 contains the value for
the angle between the third principal axis {that with the highest
eigenvalue) and the stack axis. From the results presented in table
2 it appears that for all compounds investigated the third principal
axis of the thermal expansion tensor has a direction close to the
stack axis, i.e., the thermal expansion in the direction of the stack
axis is large in all cases. In this respect, it should be noted that
for EBM(TCNQ)2, HMM(TCNQ), and TTF(TCNQ) symmetry requires

some of the principal axes to have a specific direction.

3. THEORY OF THE ANISOTROPY OF THE THERMAL EXPANSION

An estimate of the anisotropy of the thermal expansion of a crystal
is obtained immediately by the following argument.

It is well-known that thermal expansion finds its origin in the
cubic term in the intermolecular potential. A dimensional analysis
feads then directly to the following equation for the linear thermal
expansion coéfficient:

_1ar 1d
Sy R

where f and d are respectively d second order and a third order

(3-1)

derivative of the lattice energy with respect to some structural
parameter.

In a stacked crystal, normal to the plane of the molecules
there are two librational and one translational degree of freedom
contributing to the thermal expansion. In the plane of the molecule
only the translational mode will contribute. One can argue that
for each degree of freedom a term of equal magnitude of the form
(3-1) contributes to the thermal expansion coéfficient. From this
analysis it is expected that
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a//:al1:ul2=3:1:1 (3-2)

A similar argument gives for rigid cylindrically shaped molecules with

a small diameter:

STECITIE a12=1 122 (3-3)

where // means parallel to the cylindrical axis.

A more accurate analysis of the anisotropy is obtained by con-
sidering the lattice energy explicitly.

An approximate expression for the potential energy of the stack

el o ] 2,1 3, ] 2 _
Epot iz{zfui+§g\vi+€dui +7hu.\Y. {3-4)

where u; is the deviation of the distance between molecules i and i-1
from its value by T =0. ¥ is the difference of the rotation angles
of molecule i and i~1 (See figure 1). The parameters f,g,d and h
are second- and third order derivatives of the energy, evaluated
at v =0andu=20,

X

Fig. 1. Projection along y
z of two molecules of
a stack of flat
molecules, with their
plane perpendicular
to the stack (z-axis
is stack axis)

The linear thermal expansion is determined by the mean elong-
ation of the intermolecular distance, <u>. An expression for this
quantity is obtained by putting the derivative of the energy (3-4)
with respect to u; equal to zero and then to replace each term in the
resulting equation by its average value. One obtains:

__1d _1h 2 _
<u> = 7?’<u2> i-fq} > (3-5)
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The first term in (3-5) gives the contribution arising from the trans-
lational motion to the thermal expansion. The second term gives the
contribution from the libration.

The mean square amplitudes are calculated approximately as a
function of temperature by using only the harmonic part of the
potential (3-4), together with the expression for the kinetic energy
of the chain. The resulting set of coupled harmonic oscillator
equations of motion can be solved exactly. The high temperature

limit of this solution gives,

kBT
<u?> = (3-6a)
f
and,
kBT
<y 2> :l_a- (3-6b)

It is noted that for the values of f,g, the mass of the molecule and
the moment of inertia of the molecule there is only a small difference
between the exact solution and the result obtained from equation
(3-6), above a temperature of 100 K. Since we are interested in
thermal expansion above this temperature only, the high temperature
form (3-6) will be used for all calculations. To be able to calculate
the anisotropy of the thermal expansion we also calculate the
expansion in the directions x and y, perpendicular to the stack.

Now U is defined as the increase of the intermolecular distance

along the x and y axis, for an arrangement of the molecules as shown
in figure 2. The calculation proceeds exactly as the derivation of

formulas for the expansion along the stack (z-axis). The result is:

<u > = —-1i- f_{x <u;> (3-7)
o
and (o =x,y)
kBT
<ufx> = —f-(;— (3-8)
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Fig. 2. Projection along z of one
molecules of a stack of
flat molecules.

The effect of librations on the expansion along x and vy is
considered elsewheres.

First, a stylized model for the molecules is considered, which
enables us to calculate the anisotropy of the thermal expansion analy-
tically. As shown in the figures 1 and 2, the molecules are con-
sidered to be a rectangular array of mxn atoms. The interaction of
two adjacent molecules along the stack is described by considering
only the interaction between atoms with the same x- and y coordinate.
For a rotation around the y-axis this interaction for a pair of such
atoms is (fig. 1):

V. . .=

1
i-1,i (ui * XY+ gb(ui + x\yi)z (3-9)

N~

where a and be represent the harmonic and anharmonic interactions

between the atoms. The potential energy of the stack is now ob-

tained by summing Vi-l ; over the mxn atoms and over the molecules
in the stack:
= 1 2 1 2 2 1 3 1 2 2 —
Epot—nmix{iauiJrgal \yi+3bui+€bl vy (3-10)

where | is one haif of the length of the molecule along x.
{The result (3-10) is an approximation for the sum over n and m for
large n and m.)

Combining equations 3-10 and 3-4 expressions are obtained for
the derivatives f, d, g and h in terms of a, b, n, m and the
dimensions of the molecule, I. Substituting these expressions in
the equations (3-5) and (3-6) (bearing in mind that there are two
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librational modes contributing along the stack], one obtains for the

mean elongation along z:

-3b

= (3_11)
<uz> 2 nma?’ |'<B T

Analogous calculations for the expansion along x and y give,

- (3-12a)
Uy’ Tna? kB T

<uy> :T;\?— kg T (3-12b)
To obtain the thermal expansion coéfficient in a particular direction
the mean elongation in this direction must be divided by the
appropriate length per molecule. Neglecting the differences

in Van der Waals radii and atomic radii, the ratio of the lengths
along x, yand zis, m : n : 1. Substituting this in (3-1) shows
that o, = ay (O‘J.) and for the anisotropy, one then obtains:

a, =3o¢l (3-13)

To obtain a more accurate description of the thermal expansion
a more realistic model for the molecules and the intermolecular inter-
action potential is required. As a molecule we use TCNQ with the
configuration taken from the crystal structure of HBTM (TCNQ), 6,
The interaction of two of such molecules is described by the method
of atom-atom potentials7. The parameters in this potential are
those derived by Hermans et al.®

Using this potential the derivatives f, g, h and d were cal-
culated numerically (finite difference method). With these values
for the derivatives the linear thermal expansion coéfficients could
be calculated with equations (3-1), (3-5) and (3-6). The results
are given in table 3.
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Table II1 Calculated linear thermal expansion coeffji-

cient,

Quantity value

a_ (trans) 3.26 x 1073 g7}
a, (1ibr,x) 3.56 x 107> 7!
a, (1ibr,y) 5.22 x 107° k7!
a, 12,05 » 1075 7!
a, 5.79 x 1075 k7!
uz/ax 2.1

az(transl is the contribution to the linear expansion
coefficient from the transiational mode along
the z (stack) axis

az(libr,x) and az(libr,y) are contributions to the linear
expansion coefficient along z from librations

around x and y respectively.

a, is the resultant linear expansion coefficient
along z.
oy is the linear expansion coefficient along x;

only the contribution from translation is taken

into account.

4. DISCUSSION

In section 3 a model is presented with which the anisotropy in the
thermal expansion of crystals with stacked plate-like molecules is
obtained. A number of degrees of freedom argument and a crude
calculation lead to an anisotropy in the thermal expansion of exactly
three. The expansion along the stack is three times as large as
the expansion perpendicular to the stack. A slightly more realistic
calculation gives an anisotropy of two point one. From table 2 we
infer that the experimental value for the anisotropy is in the range
of 1.5 to 4.5. Therefore, it can be concluded that the model
accounts for the anisotropy found. There are a number of effects
which are not included in the model, but which do play a
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role in determining the thermal expansion. A number of these effects
will be mentioned below.

The first discrepancy between the model and real crystals is
that the latter also contain ions different from TCNQ. In the
morpholinium TCNQ salts these ions mimic more the shape of a
sphere than of a plate. It can therefore be argued that their
contribution to the anisotropy in the thermal expansion will be
small, although a rigorous estimate cannot be made.

A second effect is the so-called Poisson contraction. The
librations around y and x have the effect to diminish the expansion
along x and y. This effect can apparently become so large that
the expansion in one direction becomes negative (table 2).

The last effect we mention is that in the model we assume the
molecules to be perpendicular to the stack, whereas in real crystals
the molecules are tilted (table 1). The effect of this tilt will be to
diminish the anisotropy and to increase the angle between the third
principal axis and the stack direction®.

Since much attention paid to the properties of these compounds
is focussed on the effects of the one dimensional electron band, the
question arises whether this band contributes to the thermal expan-
sion. The answer to this question is no. It is noted that the ther-
mal expansion of other plate-like organic molecules, however without
a band structure, is of similar magnitude as that of TCNQ saltsg.
An attempt to calculate the thermal expansion by minimising the free
energy, showed that the contribution of band electrons is orders
of magnitude lower than the phonon contributionm. Moreover it
is noted that in normal metals the band electrons contribute to the
thermlal expansion only at very low temperatures (less than about
10K,

5. CONCLUSIONS

For a number of N-substituted morpholinium TCNQ salts a highly
anisotropic thermal expansion is found. These results could be
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explained by using a simple model, in which the separate con-
tributions from librational phonon modes and translational phonon
modes to the thermal expansion is calculated. The electrons of the
one-dimensional band do not give an appreciable contribution to the
thermal expansion.
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