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ANISOTROPIC THERMAL EXPANSION IN TCNQ SALTS. 

SANDER VAN SMAALEN, JAN L. DE BOER, COR HAAS and 
JAN KOMMANDEUR 
Laboratories o f  Inorganic and Physical Chemistry, Material 
Science Centre, Un ivers i ty  o f  Groningen, N i jenborgh 16, 
9747 AG Groningen 

Abst rac t  Crystals containing stacks o f  TCNQ-ions have 
rough ly the rma l  expansion coeff icients along the  stack, 
which are  three times the  values a t  right angles t o  it. 
is shown tha t  a simple degree o f  freedom argument, t ak ing  
in to  account the  l ibrat ional  modes can explain th i s  phenomenon. 

It 

1. INTRODUCTION 

Morpholinium TCNQ salts belong to  the  class o f  organic segregated 

stack compounds. These salts a re  known f o r  t he i r  anisotropy in many 

o f  the i r  physical  propert ies.  One o f  these propert ies,  considered in 

th i s  paper, is  the  thermal expansion. 

Blessing and Coppens’ f o r  TTF(TCNQ1 and by Guy e t  al.2 f o r  

TMTSF ReO4. We repor t  here  a similar anisotropy f o r  a set o f  

morpholinium TCNQ salts. We also g i ve  a full analysis o f  t h i s  effect. 

Lonsdale was the  f i r s t  t o  po in t  ou t  t ha t  l ibrat ions may lead to 

anisotropic thermal expansion. 

stacked plate-l ike molecules, l i ke  TCNQ, the  l ibrat ions lead to  an 

anisotropy in t h e  thermal expansion o f  about a factor o f  three. 

Also, several arguments a re  g iven which show tha t  t he  quasi-one- 

dimensional electron band does no t  play any  role in t h e  thermal 

expansion. 

A considerable anisotropy in the  thermal expansion was no ted  by 

3 

In th i s  paper we show tha t  f o r  

2. MEASUREMENTS AND RESULTS 

The thermal expansion i s  determined by determination o f  t he  lat t ice 

parameters o f  rnorpholinium TCNQ single c rys ta ls  as a funct ion 

I4 I 
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142 S. VAN SMAALEN el al. 

o f  temperature. From the lattice parameters at two d i f ferent  

temperatures, T, and T2, one obtains a mean-value fo r  the thermal 

expansion tensor fo r  that  range o f  temperatures by, 

a.. = frCii(T2) - Cij(T,) 1 ( T 2  - T1)-’ ( 2 - 1 )  
IJ 

where C..(T) is the metric tensor belonging to the lattice parameters 
IJ 

at  temperature T. 

the ai ( 1 , 2 , 3 )  are the unit-cell vectors. In order t o  analyse 

these results the principal components and principal axes o f  a are 

determined4’ ’. 
Most morpholinium TCNQ salts crystall ize in space group PT. 

It has the components C..(T) = ii.a where 
‘I i ’  

This means that there are no restrictions on the components o f  

the thermal expansion tensor. For higher symmetries it is required 

that the principal axes l ie in certain crystallographically unique 

directions. 

In the crystals, the TCNQ molecules are arranged in stacks, 

w i t h  the planes of the molecules more o r  less perpendicular to 

the stack direction. The stacks are arranged parallel to each 

other. Only one o f  the compounds we considered, HEM(TCNQ)2, 

has stacks in two different, but crystallographically equivalent, 

directions. 

These structural  features g ive r ise to the idea that  tensorial 

physical properties, such as thermal expansion, have a unique 

behaviour in the stack direction, in contrast t o  their  behaviour 

in the plane perpendicular to the stack. Therefore, in the analysis 

o f  the experiment results we will focus our attention on the relation 

between the principal axes and components o f  the thermal expansion 

tensor and the stack direction in the crystals. 

diffractometer by least-square analysis o f  twenty to twenty-five 

accurately measured high order reflections. For each temperature 

and each o f  the compounds these values are l isted in table I. From 

the lattice parameters the mean thermal expansion tensor was 

calculated according to equation (2-1) .  Subsequently the principal 

Lattice parameters were determined on a NONIUS CAD-4 
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297 2 .48  

1 7 3  -2 .21  

229 -2 .12  

290 -1.29 

297 -0.50 

253  0.34 

290 0.46 

297 1 . 8 7  

100 1 .98  

295  1 . 9 9  

295  1.77 

Table I1 Pr inc ipa l  components of t h e  mean thermal 

expansion t enso r  of TCNQ s a l t s  between two 

temperatures,  ca l cu la t ed  from X-ray data  

compound 

METMITCNQ) 

la1 come 

a2 l o 5  

2.93 

5.20 

2.68 

7.86 

8 . 3 5  

8 .22  

4.47 

5.02 

5.22 

9.80 

3.45 

3.05 

3.13 

e n t s  - 
lo! - 

10.5 

11.8 

13.2 

14.3 

14.6 

14.6 

12.4 

12.0 

12.6 

9.81 

1 1 . 2  

9.4 

8.7 

- 

3.6 

2.3 

4.9 

1 .8  

1 . 7  

1.8 

2.8 

2.4 

2.4 

3.2 

3 .1  

2 .8  

9 . 4  

12 .1  

11.4 

37 .2  

32 .3  

23.0 

15.4 

15 .9  

15.3 

5, / / c  

0 

0 

0 

1. 4 is t h e  ang le  between t h e  t h i r d  p r i n c i p l e  a x i s  and t h e  s t ack  

a x i s .  

2 .  The exact c o l l i n e a r i t y  of t h e  f i r s t  p r i n c i p l e  a x i s  and t h e  

c-axis  is determined by symmetry. 

3. Symmetry r equ i r e s  one of t h e  p r i n c i p l e  axes  t o  be along t h e  

s t ack  a x i s .  This happens t8 be the  t h i r d  p r i n c i p l e  a x i s .  
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ANISOTROPIC THERMAL EXPANSION IN TCNQ SALTS 145 

axes and pr inc ipa l  components were determined4# 5. 

components of t he  thermal expansion tensor are presented in table 2. 

In the  last  but one column o f  table 2 we g i ve  the  ra t io  o f  t he  third 

and  the  second pr inc ipa l  components, a quan t i t y  we take  as a measure 

for t he  anisotropy. The last  column of table 2 contains the  value fo r  

t h e  angle between the  third pr inc ipa l  ax is  ( t h a t  w i t h  t h e  highest 

eigenvalue) and  the  stack axis. 

2 i t  appears tha t  f o r  al l  compounds invest igated the  third pr inc ipa l  

axis o f  t he  thermal expansion tensor has a direct ion close t o  the  

stack axis, i.e., the  thermal expansion in the  direct ion o f  the  stack 

ax is  i s  large in al l  cases. 

f o r  EBM(TCNQI2, HMM(TCNQ12 and TTF(TCNQ) symmetry requ i res  

some of the  pr inc ipa l  axes to have a specif ic d i rect ion.  

The  pr inc ipa l  

From the  resu l ts  presented in table 

In th i s  respect, it should be noted tha t  

3.  THEORY OF THE ANISOTROPY OF THE THERMAL EXPANSION 

A n  estimate o f  the  anisotropy o f  t he  thermal expansion o f  a c rys ta l  

is  obtained immediately by the  fol lowing argument. 

It i s  well-known tha t  thermal expansion f inds  i t s  o r i g in  in the  

cubic term in the  intermolecular potential.  A dimensional analysis 

Ieads then d i rec t l y  t o  the  fo l lowing equation for the  l inear thermal 

expansion coeff icient : 

where f and d are  respect ively d second o rde r  and a third order  

der iva t ive  o f  t h e  lat t ice energy  w i th  respect t o  some s t ruc tu ra l  

parameter. 

In a stacked crystal ,  normal t o  the  plane o f  t he  molecules 

the re  are two l ibrat ional  and one translat ional degree o f  freedom 

con t r i bu t i ng  t o  the  thermal expansion. In the  plane o f  the  molecule 

on ly  the translat ional mode wi l l  contr ibute.  One can argue tha t  

f o r  each degree o f  freedom a term o f  equal magnitude o f  the  form 

(3-1) contr ibutes t o  the  thermal expansion c d f f i c i e n t .  From th i s  

analysis it i s  expected tha t  
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146 S. VAN SMAALEN et al. 

a / ,  : aI, : aIz = 3 : 1 : 1 (3-2)  

A similar argument gives for  rigid cyl indr ical ly shaped molecules w i t h  

a small diameter: 

a / /  : a l l  : oL1*=l : 2 : 2 (3-3) 

where I/ means parallel t o  the cylindrical axis. 

sidering the lattice energy explicit ly. 

A more accurate analysis of the anisotropy i s  obtained by con- 

An  approximate expression for  the potential energy o f  the stack 

is 

(3-4) 
E =;{;fur + ~ g Y : + @ u ~ ~ + - h u ~ i Y f }  1 1 1 

Pot , 2 

where ui i s  the deviation o f  the distance between molecules i and i-1 

from i t s  value by T 5 0. Y i  is  the difference o f  the rotation angles 

o f  molecule i and i-1 (See f igure 1). The parameters f,g,d and h 

are second- and third order derivatives o f  the energy, evaluated 

at Y = 0 and u = 0. 

i - 1  i 

2 
Fig. 1. Projection along y 

o f  two molecules o f  
a stack o f  f la t  
molecules, wi th  their 
plane perpendicular 
to the stack (z-axis 
is stack axis) 

The linear thermal expansion is determined by the mean elong- 

ation o f  the intermolecular distance, <u>.  An expression for  th is 

quantity is obtained by putting the der ivat ive o f  the energy (3-4) 

w i t h  respect t o  ui equal to  zero and then to replace each term in the 

resulting equation by i ts  average value. One obtains: 

I d  l h  <u> = -T <u2 > - < y  2 >  (3 -5)  
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ANISOTROPIC THERMAL EXPANSION IN TCNQ SALTS 147 

T h e  f i r s t  term in (3-5) gives the  cont r ibu t ion  ar is ing  from the  trans- 

lat ional motion t o  the  thermal expansion. 

con t r ibu t ion  from the  l ibrat ion.  
The second term gives the  

The mean square amplitudes are calculated approximately as a 

function o f  temperature by us ing  only t h e  harmonic p a r t  o f  t h e  

potential (3-4), together w i th  the  expression f o r  the  k ine t ic  ene rgy  

o f  the  chain. The  resu l t ing  set o f  coupled harmonic osci l lator 

equations o f  motion can be solved exact ly.  

l imi t  o f  t h i s  solut ion gives, 
The high temperature 

and, 

kBT < Y  2 >  - 
g 

(3-6a) 

(3-6b) 

It i s  noted tha t  f o r  the values o f  f,g, the mass o f  the  molecule and 

the  moment o f  inert ia o f  t he  molecule the re  i s  only a small d i f ference 

between the  exact solut ion and the  resu l t  obtained from equation 

(3-6), above a temperature o f  100 K. Since we are interested in 

thermal expansion above th i s  temperature only, the  high temperature 

form (3-6) wi l l  be used f o r  al l  calculations. T o  be able t o  calculate 

the  anisotropy o f  the  thermal expansion we also calculate the  

expansion in the  direct ions x and y, perpendicular t o  the  stack. 

Now U i s  def ined as the  increase of the  intermolecular distance 

along the x and  y axis, f o r  an arrangement o f  the  molecules as shown 

in f igure 2. 

formulas fo r  t he  expansion along t h e  stack (z-axis) .  The  resu l t  i s :  

The calculation proceeds exact ly as the  der ivat ion o f  

and 

kBT 
<u2> = - 

a fa 

( a  = x,y) 
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148 S. VAN SMAALEN cr al. 

Y 

X 

Fig. 2. Projection along 2 of one 
molecules of a stack o f  
flat molecules. 

The effect o f  l ibrations on the expansion along x and y i s  

First, a stylized model for  the molecules i s  considered, which 

enables us to calculate the anisotropy o f  the thermal expansion analy- 

tically. As shown in the figures 1 and 2, the molecules are con- 

sidered to be a rectangular ar ray of mxn atoms. 

two adjacent molecules along the stack i s  described by considering 

only the interaction between atoms w i t h  the same x- and y coordinate. 

For a rotation around the y-axis th is interaction for a pa i r  o f  such 

atoms is ( f ig .  1) : 

5 considered elsewhere . 

The interaction o f  

(3-91 

where a and be represent the harmonic and anharmonic interactions 

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

tained by summing Vi-,,i over the mxn atoms and over the molecules 

in the stack: 

} (3-10) Epot = nm z ?a ui2 t p I 2  Y i  + $ u i  t $)I2 3'; ui 1 1 1 
i {l 

where I i s  one hal f  of the length o f  the molecule along x. 
(The resul t  (3-10) i s  an approximation for  the sum over n and m for  

large n and m. 1 

the derivatives f, d, g and h in terms o f  a, b, n, m and the 
dimensions of the molecule, I. Subst i tut ing these expressions in 

the equations (3-5) and (3-6) (bearing in m i n d  that  there are two 

Combining equations 3-10 and 3-4 expressions are obtained fo r  
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ANISOTROPIC THERMAL EXPANSION IN TCNQ SALTS 149 

l ibrational modes contr ibut ing along the stack), one obtains fo r  the 

mean elongation along z : 

- 3b <u = z 2 nmar k~ 

Analogous calculations for the expansion along x and y give, 

kB 
-b <u > = x 2na2 

(3-11) 

(3-12a) 

(3-12b) 

To obtain the thermal expansion coefficient in a part icular direction 

the mean elongation in this direction must be div ided by the 

appropriate length per  molecule. Neglecting the differences 
in Van der Waals rad i i  and atomic radii, the rat io o f  t he  lengths 

along x, y and z is, m : n : 1. Subst i tut ing t h i s  in (3-1) shows 

that ax = a (a,) and fo r  the anisotropy, one then obtains: 
Y 

all = 3a, (3-13) 

To obtain a more accurate description o f  the thermal expansion 

a more realistic model f o r  the molecules and the intermolecular inter-  

action potential is  required. As a molecule we use TCNQ wi th  the 
configuration taken from t h e  crystal  s t ructure o f  HBTM (TCNQ12 6 . 
The interaction of two o f  such molecules i s  described by the method 

o f  atom-atom potentials . The parameters in this potential are 

those derived by Hermans e t  at. 

culated numerically ( f in i te  difference method). W i t h  these values 
for the derivatives the l inear thermal expansion coEfficients could 

be calculated wi th  equations (3-1),  (3-5) and (3-6) .  The resul ts 
are given in table 3. 

7 

8 

Using this potential t h e  derivatives f, g, h and d were cal- 
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150 S. VAN SMAALEN et al. 

Table I11 Calculated linear thermal expansion coeffi- 

cient. 

Quantity value 

az(trans) 3.26 x K - ~  

oz(libr,x) 3.56 ~ - 1  

aZ(libr,y) 5 .22  K - ~  

(I 5 .79  x 10-5 K - ~  

a z f a x  2 . 1  

O Z  12.05 x lo-’ X - l  

az(transl is the contribution to the linear expansion 

coefficient from the translational mode along 

the L (stack) axis 

az(libr,x) and azllibr,y) are contributions to the linear 

expansion coefficient along z from librations 

around x and y respectively. 

is the resultant linear expansion coefficient 

along z. 

is the linear expansion coefficient along x: 

only the contribution from translation is taken 

into account. 

4. DISCUSSION 

In section 3 a model i s  presented w i t h  which the anisotropy in the 
thermal expansion o f  crystals w i t h  stacked plate-like molecules i s  

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 perpendicular to the stack. A slightly more realistic 

calculation gives an anisotropy o f  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 o f  effects 

which are not included in the model, but which do play a 

The expansion along the stack i s  three times as large as 
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ANISOTROPIC THERMAL EXPANSION IN TCNQ SALTS 151 

ro le in determining the thermal expansion. A number o f  these effects 

wi l l  be mentioned below. 

The f i r s t  discrepancy between the model and real  crystals i s  
that  the lat ter  also contain ions d i f ferent  from TCNQ. In the 

morpholinium TCNQ salts these ions mimic more the shape o f  a 

sphere than o f  a plate. It can therefore be argued that  the i r  

contribution to the anisotropy in the thermal expansion wi l l  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 t o  diminish the expansion 

along x and y. This effect can apparently became so large that  

t he  expansion in one direction becomes negative (table 2). 

The last effect we mention i s  that  in the model we assume the 

molecules to  be perpendicular t o  the stack, whereas in real crystals 

the molecules are t i l ted (table 1). The effect o f  t h i s  tilt wi l l  be to  

dimini* the anisotropy and t o  increase the angle between the third 
pr incipal  axis and the stack direction . 

Since much attention paid to the properties o f  these compounds 

i s  focussed on the effects o f  the one dimensional electron band, the  

question arises whether th i s  band contributes to  the thermal expan- 

sion. The answer to  th is  question i s  no. It i s  noted that  the ther-  

mal expansion o f  other plate-like organic molecules, however without 
9 a band structure, i s  o f  similar magnitude as that  of TCNQ salts . 

A n  attempt to  calculate the thermal expansion by minimising the f ree 

energy, showed that  the contr ibut ion o f  band electrons i s  orders 

o f  magnitude lower than the phonon contr ibut ion . Moreover it 

i s  noted that in normal metals the band electrons contr ibute t o  the  

thermal expansion only a t  v e r y  low temperatures (less than about 

10 K)". 

5 

10 

5. CONCLUSIONS 

For a number o f  N-substituted morpholinium TCNQ salts a highly 
anisotropic thermal expansion is found. These resul ts could be 
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152 S. VAN SMAALEN d al. 

explained by using a simple model, in which the separate con- 
t r ibut ions from librational phonon modes and translational phonon 
modes to  the thermal expansion i s  calculated. The electrons of  the 

one-dimensional band do not g ive an appreciable contr ibut ion to  the 
thermal expansion. 
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