
THE THERMAL CONDUCTIVITY OF ION-RADICAL 

SALTS OF TETRACYANQUINODIMETHANE 

A. V. Petrov, Yu. G. Nurullaev, 
and R. M. Vlasova 

UDC 536o212 

Information has been gained on the details of the phonon spect rum of TCNQ salts and the 
part icipat ion of various groups of phonons in the t ranspor t  of thermal  energy f rom studies 
of the thermal  conductivity. 

At present  great  in te res t  is being paid to studies of the ion-radicaI  salts  of tetracyanquinodimethane 
(TCNQ) as quas i -one-dimensional  highly-conductive organic compounds (see refs .  1-3 for example). In 
the course  of our studies of TCNQ salts  [4-8] we have studied their  thermal  conductivities in order  to gain 
information on the details of the phonon spec t rum for these compounds and the part icipation of various 
groups of phonons in the t ranspor t  of thermal  energy.  There  is little data in the l i tera ture  on the thermal  
conductivities of molecular  c rys ta l s  [9-11] and it largely re fe rs  to c rys ta ls  of s imple organic compounds. 
The salts  of TCNQ a re  of a m o r e  complex s t ruc ture  and the study of their  thermal  conductivities will give 
m o r e  complete understanding of the mechanisms  of energy t ranspor t  in molecular  c rys ta l s .  

We have investigated tetracyanquinodimethane TCNQ ~ and its salts with alkali metals ,  the s imple 
salts  D+TCNQ - where D = Li, Na, K, and Cs and the complex salts  D+(TCNQ)~ - where D = Rb, Cs. The 
investigations were  ca r r i ed  out on poiycrys ta l l ine  samples made by press ing  at 5 �9 103 kg / cm 2. 

The thermal  conductivity ~ was measured  by an absolute s ta t ionary method between 80 and 420~ 
At the same t ime we measured  the e lect r ical  conductivity ~r and the thermal  e.m.f.  ~.  To dec rease  the 
fraction of the total thermal  flux t ranspor ted  by radiation we used planar samples with a c ross  section of 
0.4 to 0.5 cm 2 ona side and height 0.1 to 0.15 cm. The t empera tu re  drop was measured  between s i lver  
plates which were  attached to the sample (Fig. 1). To crea te  good thermal  contact between the sample and 
the s i lver  plates to which the thermocouples  Were soldered at the heater  and r e f r ige ra to r  we used indium 
spacers  0.2 to 0.3 mm thick. Indium is distinguished by a high plast ici ty and quite high e lect r ical  and 
thermal  conductivit ies.  After  assembling and evacuating the apparatus it was heated to 145 to 148~ which 
is close to the melting point of indium (156~ which ensured good thermal  contact.  Control experiments 
with thin samples  of pure silicon, whose thermal  conductivity is known [12], have shown that the thermal  
res i s t ance  at the contacts (0.037 �9 0.010 deg -cm2/W) is smal l  re la t ive  to the thermal  res i s tance  of our 
s a m p l e s .  The toss of heat by radiation f rom the exposed sur faces  of the heater  and also from the cu r ren t -  
car ry ing  leads and the thermocouples  located at the heater  was determined experimental ly.  The correc t ion  
for the heat flow along the quartz rod which fastened the hea ter  to the sample  was negligible due to the 
geometry  of the rod and the poor thermal  contact it made with the hea ter .  The measurements  made al-  
lowed us to ensure  measuremen t  of the absolute value of ~< between 150 and 420~ with a prec is ion  no 
worse  than ~5%. Below 150~ we somet imes  observed a drop in vt of no more  than 15%, evidently connected 
with the formation of small  c racks  in the samples  at low t empera tu res .  

The sca t t e r  of the data on the thermal  conductivity and thermal  e.m.f,  for samples prepared  under 
different p ress ing  conditions (in vacuum, in air ,  at different tempera tures)  does not exceed +10%. From 
this we can conclude that the in te rcrys ta l l ine  thermal  res i s tance  has no substantial  effect on the measured  
thermal  conductivity. 
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TABLE 1. Values of ~, a ,  and ff for the Samples Studied 

Material 

TCNQ ~ 

Li+(TCNQ) ~ 

Na+(TCNQ) - 

K+(TCNQ)- 

Cs+(TCNQ)- 

t~b~ (TCNQ)~" 

Cs~ (TCNQ)~" 
_z_, . 9 -  Cs:/ ~ TCNQ)~ 

Initial state 

Powder 

The same 

i t  

i t  

Crystals 

~ . -  l O a ,  

W/cm deg 

2,0 

2,7 

6,3 

4,4 

4,0 

1,5 

2,1 

0,5-0,7 

~ ~V/deg 

--970 

--40 

-'900 

-}-570 

--620 

--580 

---615 

a, ohn2- I em -i 

3,9.10 -~ 

1,8 .  I0 -~ 

1,1.10 -6 

1.i0-4 

3,3.10-~ 

9,5.10 -5 

2.10-5 

Table 1 gives values of z ,  a ,  and cr for the samples studied at 300~ It can be seen that the thermal  
+ 2- conductivities of all o f thema te r i a l  a re  extremely low. For  Cs 2 (TCNQ) 3 we observed a difference in ~t 

for  two kinds of sample; samples p res sed  f rom fine needle-shaped c rys ta l s  had a lower value of ~ (0.5 to 
0.7 �9 10 -3 W/cm deg) than samples p res sed  f rom a f inely-dispersed powder produced by pulverizing these 
c rys ta l s  (2.1 �9 10 -3 W/cm deg). This difference may be re la ted to the fact that c rys ta ls  of TCNQ salts a re  
quite anisotropic in s t ruc ture  and proper t ies  [1, 6]. In the prepara t ion of the samples ,  the needle-shaped 
c rys ta l s  were  oriented predominantly perpendicular  to the p r e s s u r e  and the samples a l so turned  out to be 
anisotropic to some degree.  Therefore  we might suppose that the difference in ~ for two kinds of sample 
indicates anisotropy of the thermal  conductivity of the Cs2+(TCNQ)] - c rys ta ls  in which ~-nax should be ob- 
served  along the needle-shaped c rys ta l s ,  i . e . ,  in the direct ion of the TCNQ- bundles. 

Figure 2 shows the t empera tu re  dependence of ~< for the compounds of interest .  Attention is called 
to the very  weak tempera tu re  dependence of ~ over a broad tempera tu re  range above 100 to 150~ With 
T < 100 to 150~ this dependence becomes s t ronger  and for Na +, K + and Cs + salts of TCNQ- it approaches 

~ T -1. An exception is Li+TCNQ - ,  whose thermal  conductivity grows with t empera tu re .  

200 308 ~ 7 
Fig. 1 Fig. 2 

~.10 3- 

1o I , -  ' 

6 

100 

Fig. 1. Operating scheme for par t  of the apparatus:  1) 
sample;  2) r e f r ige ra to r ;  3) planar  heater ;  4) quartz rod; 5) 
s i lver  plate; 6) indium spacers .  

Fig. 2, Tempera ture  dependence of the thermal  conductivity. 
1) TCNQ~ 2) Li+TCNQ-; 3) Na+TCNQ-; 4) K+TCNQ-; 5) 
Cs+TCNQ-; 6) Rb+(TCNQ)~-; 7) Cs~(TCNQ) 2- "~ is given in 
W/em.deg and T is in ~ 
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Fig. 3. T h e r m a l  conductivity 
as a function of the m o l e c u l a r  
weight* at 300~ 1) TCNQ~ 
2) Li+TCNQ-;  3) Na+TCNQ-; 
4) K+TCNQ-; 5) Cs+TCNQ-;  
6) Rb+(TCNQ)2-; 7) Cs+(TCNQ) 2- 
�9 ~ W/cm-deg .  The hor izonta l  
axis gives m o l e c u l a r  weight. 

Since the e l ec t r i ca l  conduct ivi t ies  of all the m a t e r i a l s  studied 
a r e  sma l l  (see Table  1) the contr ibution of charge  c a r r i e r s  to the 
t h e r m a l  conductivity ca lcula ted  f rom the Wiedemann- -F ranz  ra t io  is 
sma l l ,  and because  of ambipo la r  diffusion it tu rns  out to be ins ignif i -  
cant.  The t r a n s p o r t  of heat  by phonons as shown prev ious ly  [13] is 
a l so  negligible.  For  none of the compounds,  as we see  f rom Fig. 2, 
can we o b s e r v e  the i n c r e a s e  of ~ with t e m p e r a t u r e  above 300~ which 
has been d i scussed  before  [13] and which involves the t r a n s p o r t  of 
heat  by exci tons.  T h e r e f o r e  we might  suppose that the exper imenta l ly  
m e a s u r e d  ~t is the t h e r m a l  conductivity ~l of the c ry s t a l  la t t ice  ove r  
the whole t e m p e r a t u r e  range  studied.  

The pecu l ia r  f ea tu res  of ~t for  TCNQ ~ and its  sa l t s  can, in our  
opinion, a r i s e  f rom two c i r c u m s t a n c e s .  In the f i r s t  p lace  the unit 
cell  of the c r y s t a l  la t t ice  contains a l a rge  number  of a toms ,  of 
the o r d e r  of 100 [14, 15]. The in termolect f la r  in te rac t ion  is 

subs tant ia l ly  weaker .  In the case  of TCNQ ~ for  example  this is the Van der  Waals fo rce  (with an i n t e r -  
o 

m o l e c u l a r  d is tance  of 3.45 A)�9 Because  of this the v ibra t ion spec t rum divides into two p a r t s .  

The f i rs t ,  low-f requency ,  pa r t  of the spec t rum is s i m i l a r  to the e las t ic  t rans la t iona l  v ibra t ions  in 
a tomic  c ry s t a l s  which p ropaga te  in the medium with the veloci ty  of sound and have  sho r t e s t  wavelengths of 
the o rde r  of twice  the la t t ice  per iod .  These  v ibra t ions  apparent ly  give the main  contr ibution to the t h e r m a l  
conductivity for  T < 100 to 150~ T h e r e f o r e  the t e m p e r a t u r e  dependence of ~l for  this in terval  in genera l  
r epea t s  the analogous dependence for  a tomic  c r y s a l s  (ut ~ T-l)  with T >- 0/3 where  0 is the Debye t e m p e r -  
a tu re .  The low values of ~l occur  because  the heat  capaci ty  due to t rans la t iona l  v ibra t ions  amounts  to 
only an insignif icant  pa r t  of the total  hea t  capaci ty  of the c rys t a l ,  ~1/100.  A s i m i l a r  explanation of the 
low value of us was f i r s t  put forth for  su l fur  by A. F. Ioffe [16]. 

The  other p a r t  of the s p e c t r u m  is the i n t r amolecu l a r  v ibra t ional  and rotat ional  mot ion of individual 
a toms and groups  of a toms�9  The i n f r a r ed  s pec t r a  show [17] that in TCNQ ~ the re  a r e  compara t ive ly  low- 
f requency v ibra t ions  of the group C(CN) 2 (100 to 400 cm- i ) .  Since these  a r e  i n t r amolecu la r  v ibra t ions  in 
the TCNQ sa l t s  they should p e r s i s t  with f requencies  l i t t le  changed. These  v ibra t ions  a r e  a l ready  excited 
to a s ignif icant  deg ree  at 100~ and can make  an additional contr ibution to ~"l which evidently leads  to the 
exper imen ta l ly  obse rved  weak t e m p e r a t u r e  dependence of ~ between 100 and 150~ 

It is of i n t e re s t  to t r a c e  how the t h e r m a l  conductivity va r i e s  in the s e r i e s  TCNQ ~ Li + sal t ,  Na + 
+ 2- sal t ,  etc.  up to Cs 2 (TCNQ)3 . F igure  3 shows the dependence of ~l  at 300~ on the m o l e c u l a r  weight for  

this s e r i e s  of compounds.  It can be seen  that in going f rom TCNQ ~ to the Li + sa l t  and Na+TCNQ - ,  ~l  in- 
c r e a s e s .  This i n c r e a s e  m a y  involve a change i n the i n t e rmo lecu l a r  in teract ion.  Actually in TCNQ ~ the 
in te rac t ion  fo rces  between molecu les  a r e  weaker  than Van der  Waals  fo rces  while in the sa l t s  they a r e  
st iffened by the Coulomb and exchange in te rac t ions .  The d e c r e a s e  of ~1 in going to the following sa l t  m a y  
be due on theone  hand to an i nc r ea s e  in the m o l e c u l a r  weight (as is obse rved  in a tomic  c rys t a l s  [18]) or  on 
the o ther  hand to a weakening of the Coulomb in terac t ion  in complex  l a y e r s .  
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