
960 

Acta Cryst. (1978). A34, 960-965 

The Atom-Atom Approximation and the Lattice Energies of 2,2'-Bis-l,3-dithiole (TTF), 
7,7,8,8-Tetracyanoquinodimethane (TCNQ) and their 1 : 1 Complex (TTF-TCNQ) 

BY H. A. J. GOVERS 

General Chemistry Laboratory, Chemical Thermodynamics Group, Rijksuniversiteit Utrecht, Padualaan 8, 
Utrecht 2506, The Netherlands 

(Received 4 May 1978; accepted 2 June 1978) 

The van der Waals and repulsive contributions to the lattice energies of TTF (C6H484), TCNQ (C~2H4N4) 
and TTF-TCNQ (C6H4S4.CI2H4N4) at room temperature were calculated by the atom-atom approxi- 
mation. In addition the Madelung electrostatic contributions were calculated by Ewald's method for TTF and 
TCNQ. The combined atom-atom and electrostatic contributions produced lattice energies in accordance 
with the experimental enthalpies of sublimation and dissociation within 0-5 kcal mol-~. 

Introduction 

Interest in the calculation of the lattice energies of 
organic donor-acceptor crystals with high electrical 
conductivity is growing (Metzger & Block, 1975; 
Epstein, Lipari, Sandman & Nielsen, 1976; Klimenko, 
Krivnov, Ovchinnikov, Ukrainskii & Shvets, 1976; 
Scott, La Placa, Torrance, Silverman & Welber, 1977; 
Torrance & Silverman, 1977). In addition, enthalpies of 
formation and sublimation have been determined 
experimentally (Metzger, 1977). The main purpose of 
these studies is to obtain a better understanding of the 
degree of ionicity and charge transfer, and hence of the 
unusual electrical and magnetic properties of these 
crystals, of which T T F - T C N Q  is the most prominent 
example. Meanwhile a better understanding of the 
formation of multiple crystal phases, including dis- 
ordered ones, and/or multiple stoichiometries is aimed 
at. 

Several energies contribute to the crystal stability 
against transition into nonconducting phases or against 
dissociation into separate donor and acceptor lattices. 
Among these are the classical electrostatic (Madelung) 
energy, the van der Waals energy, the core repulsion 
energy, the exchange energy caused by intermolecular 
electron wave-function overlap along chains, the con- 
figuration interaction energy and the energy of 
delocalization of electrons and holes in bands. The 
electrostatic energy is the only one which could be cal- 
culated rather easily by the Ewald or Evjen method 
(Epstein et al., 1976). The other contributions demand 
extensive quantum-mechanical calculations, which still 
have to be developed (Smit, 1978; Andr~ & Ladik, 
1975; Rae, 1969). Therefore, we are studying here the 
substitution of these other contributions by the simple 
attractive and repulsive terms of the atom-atom 
approximation (Kitaigorodskii, 1973). The latter 

approximation is rather well established, for single- 
component systems at least, and offers possibilities for 
the calculation of molecular substitutional and orien- 
tational disorder in multicomponent systems (Govers, 
1977). For the sake of simplicity and in accordance 
with the derivation of the interatomic interaction 
parameters available (Govers, 1975; Williams, 1967; 
Nauchitel' & Mirskaya, 1972; Mirskaya & Nauchitel', 
1972), we opt for a static a tom-atom approximation, in 
which lattice dynamics are either ignored completely or 
estimated by rough statistical considerations. 

As T T F - T C N Q  shows the considerable charge 
transfer of p = 0-59 e* (Metzger, 1977) from a TTF 
molecule to a TCNQ molecule, we also wish to 
examine the atom-atom approximation in pure TTF 
and pure TCNQ. Similar a tom-atom potential cal- 
culations were performed previously for neutral TCNQ 
complexes (Shmueli & Goldberg, 1973). In these 
crystals intermolecular charge transfer will be less or 
even zero as will the electrostatic contribution to the 
lattice energy. In contrast to the case T T F - T C N Q ,  the 
latter contribution has not yet been calculated for TTF 
and TCNQ and therefore we shall estimate it from 
molecular charge distributions, which were used pre- 
viously for TTF-TCNQ.  Moreover, by the combined 
calculation of the lattice energies of the complex and its 
components the stability of the complex against 
dissociation into its components can be estimated. 

Method 

The relevant thermodynamic quantities are shown in 
Fig. I. In this scheme AHf  is the heat of formation at 
standard temperature and pressure. AHdiss is the 

* Hereafter we shall use the notation "I~Fe+-TCNQ e--. 
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standard heat of dissociation of T T F ° + - T C N Q  °-, 
AHsub~ denotes the room-temperature heat of  sub- 
limation, l(g) the ionization potential of  gaseous TTF 
and A (g) the electron affinity of gaseous T C N Q  (c and 
g denote crystalline and gaseous phases respectively). 
The lattice (binding) energy of  T T F e + - T C N Q  Q-, 
U(TTFQ+-TCNQ°-), is defined as the negative 
enthalpy difference between crystalline TTF o+- 
T C N Q  e- and a gaseous mixture of p moles of uni- 
valent TTF ÷ + T C N Q -  molecules and (1 - p) moles of 

e-(g)+ D*(g).A(g) 

i p[O+(gl.A_(gl] 

- [ 5  0~51£  . . . . . .  r / ~ 2 ~ H  Icl 
L . . . .  I_L  _ d,ss 

6Hf(D c *AHf A,c '[ 6~/~plc) 
J] 12&Hf(0D-AP.c) 

C,H,N,S elements 
Fig. 1. Enthalpy scheme of TTF, TCNQ and TTF~+-TCNQ ° 

(A = TCNQ, D -- TTF). 

neutral TTF ° + T C N Q  ° molecules. The lattice energies 
U(TTF) and U ( T C N Q )  are simply the negative 
enthalpy differences between a mole of  crystalline and a 
mole of gaseous neutral molecules of  TTF and TCNQ,  
respectively. All quantities, including those of T T F -  
TCNQ,  are defined per mole of monomer molecules. 

We use the following expressions for the calculations 
of the lattice energies 

U = - -AH~ , t ,  I (1)  

U ( T T F o + - T C N Q o  - )  = - A H s . u ( T T F O + - T C N Q o - )  

- ½ p [ I ( g ) -  A(g) ]  (2)  

- -A /-/caleb'" subl = Evaw + Ereo + Eelectr (+Edyn)" (3) 

(1) and (2) follow directly from Fig. 1. In (3), Evd w is 
the attractive contribution of the intermolecular van der 
Waals interactions, Ere p is the repulsive energy and 
Eelectr is the classical (Madelung) electrostatic energy. 
The lattice sum of  these three contributions is con- 
sidered to be a sum of  interatomic interactions Eku 
between the n atoms i of a central molecule and the n' 
atoms j of the z surrounding molecules k: 

Z ~ /1 t 
A L/calc - - - "sub,  : ½N "~-- _ Z E k u ( r k  U) (4) 

k i i 
with 

ei e.i 
Eku(rku ) = --Aajr~,-~ 6 + Btu exp ( - C a j  rku ) + -. (5) 

F ki.i 

In (4) the factor ½ is introduced to avoid double 

Table  I. P a r a m e t e r s  o f  i n t e r a t o m i c  p o t e n t i a l s  a n d  s u m m a t i o n  l i m i t s  

units are: kcal tool-' A -6 (Atu); kcal mo1-1 (Btu); ,~,-~ (Ctu) and A (s.l.tu). The first row of each type tUis set 1, the second row is set 2. 

tij A tu B tu Ctu s.I.tu Reference 

CC 568 83630 3.6 6 Williams (1967) 
358 42000 3.579 15 Mirskaya & Nauchitel" (1972) 

CH 125 8766 3.67 5-5 Williams (1967) 
130.5 35700 4.121 15 This work* 

CN 375.3 11480 3.6 6 Govers (1975) 
305 42000 3.676 15 This work* 

CS 1154 140189 3.5435 6 This work+ 
916.9 99400 3.532 15 This work* 

HH 27.3 2654 3.74 5 Williams (1967) 
41- 3 30200 4.857 15 Mirskaya & Nauchitel' (1972) 

HN 143 4833 3.67 5.5 Govers (1975) 
108- 5 35700 4.25 15 This work* 

HS 253 24974 3.6135 5.5 This workf 
337.7 84300 4.06 15 This work* 

N N 760 105400 3.6 6 Govers ( 1975) 
259 42000 3.778 15 Mirskaya & Nauchitel' (1972) 

NS 1335 157382 3.5435 6 This workf 
783 99400 3.627 15 This work* 

SS 2345 235000 3.487 6 Nauchitel' & Mirskaya (1972) 
2345 235000 3.487 15 Nauchitel" & Mirskaya (1972) 

* A xv, Bxv, Cxv calculated from Axx, A vv .. . . .  (set 2) by the combining laws of Mirskaya & Nauchitel' (I 972) and Nauchitel' & Mirskaya 
(1972); X 4- Y= C, H, N,S. 

i C alculated by the combining laws A xv = [A xx (set 1) A vv (set 1)] m; Bx v = [ Bx x (set 1) B vv (set 1)]u2; 
Cxv = ½[Cxx (set 1) + Cry (set 1)]; X = C, H, N; Y = S (Williams, 1967; Sams, 1964). 
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counting of pair interactions, N is the number of 
molecules in the lattice, and rku are the interatomic 
distances, which in our approach will be calculated from 
the known room-temperature crystal structure of TTF 
(Cooper, Edmonds, Wudl & Coppens, 1974), TCNQ 
(Long, Sparks & Trueblood, 1965) and TTF-TCNQ 
(Kistenmacher, Philips & Cowan, 1974). The param- 
eters A ap Bt i i  and Ctu in (5) depend only on the ten diff- 
erent types tO" of interatomic pairs CC, CH, CN, CS ..... 
which exist for the C, H, N and S atoms of TTF and 
TCNQ. These parameters are listed in Table 1, together 
with the summation limits s.l.tij, i.e. together with the 
interatomic distances beyond which the lattice sum- 
mation is cut off. Two sets are given: set 1 demands the 
introduction of a factor 1.25 in Eva w + Erep, without 
which only 80% of the attractive and respulsive con- 
tribution is obtained (Govers, 1975, 1974; Williams, 
1967); set 2 demands the inclusion of the dynamical 
contribution Edy . in (3), as it has been derived with the 
explicit exclusion of lattice and gaseous dynamical con- 
tributions (Nauchitel' & Mirskaya, 1972; Mirskaya & 
Nauchitel', 1972). This contribution will be estimated 
as 2RT (Govers, 1974; Mirskaya & Nauchitel', 1972; 

Rae, 1969), where R is the gas constant and T is the 
absolute temperature. 

The parameters e~ and ej in (5) are the point charges 
on the atoms i and j .  Several charge distributions will 
be examined for the calculation of Eelectr. These dis- 
tributions were used for calculation on T T F - T C N Q  by 
other investigators and are listed in Table 2 (for neutral 
TTF) and in Table 3 (for neutral TCNQ). The 
numbering of atoms in TTF and TCNQ is given in Fig. 
2. The electrostatic contributions in TTF and TCNQ 
will be calculated by the Ewald method with con- 
vergence acceleration (Williams, 1971). 

For TTF-TCNQ,  which is considered to be com- 
pletely ordered, the total lattice energy is calculated as 
the average of the two energies which are obtained if a 
TTF or a TCNQ molecule is chosen as the central one 
(Govers, 1977). The 0.07 A shift of the position of the 
hydrogen-atom attraction and repulsion centre, which 
has to be performed in potential set 1, will not be 
applied for the sake of simplicity. This introduces an 
error in the calculated energies of less than 2% 
(Govers, 1974). The rapid summation cut off for set 1 
introduces errors of less than 4% (Govers, 1974, 1975). 
The summation limits of set 2 introduce errors of less 

H(2) S(2} S(1').. H(I') \ / \ / ~ ,/ 
c/21 \ / c(1) 

c ~ ) - - c d )  
c(1)_ / /  ~ CI2) 

HC ~ s ( (  s(:~) / ~'(2') (a) 
N(2') 

NIl] HI1) H(2) / / /  

~0~(5, \ 2/' ) c(6) 
" ( /  

C(1 )=C(  

c(3)--c(() 
/ \ / \ ,  

C ( 6 )  C(2)~-C(1) C(5) 

/ / /  H(2/) H(I') , 
NI2) (b) NIl) 

Fig. 2. The numbering of atoms in (a) TTF and (b) TCNQ. 

Table 2. Atomic point charges (e) and electrostatic 
lattice energy (kcal mol-l) of TTF 

C N D O -  
CNDO/2 ~a) CNDO/2 ~b) SCF (c) CNDO/2 ~a) 

Metzger Lipari Lipari Ratner 

C( 1,1')* 0-0048 0.0060 -0 .1523  -0 .0240  
C(2,2') 0.0045 0.0060 -0-1523 -0 .0240  
C (3,3') 0.0364 0.0464 -0 .1139  -0 .0050  
H(I , I ' )  0.0416 0.0258 0.0882 0-0085 
H(2,2') 0.0354 0.0258 0-0882 0.0085 
S(I , I ' )  -0 .0664  -0 .0550  0-1210 0.0180 
E talc 0.10 0.10 - 9 . 3 2  - 0 . 1 4  

electr 

References: (a) Metzger & Bloch (1975), first column, Table 4; 
(b) Epstein et al. (1976), set 1, Table 3; (c) Epstein et al. (1976), 
set 2, Table 3; (d) Epstein et al. (1976), set 3, Table 3. 

* The numbering of atoms is as given in Fig. 2. 

Table 3. Atomic point charges (e) and electrostatic lattice energy (kcal moP') of TCNQ 

ppp(a) ppp~bj 

Lowitz 1 Lowitz 2 

C( 1,1 ',2,2')* 0.0047 0.0142 
C(3,3') 0-0150 0.0435 
C(4,4') -0 .0042  -0 .0123 
C(5,5',6,6') 0.0760 0.1493 
H( 1, I ',2,2') 0- 0000 0.0000 
N (1,1',2,2') -0 .0861 -0.1791 
ECalc -0 .38  - 1.78 

electr 

Ab initio (c) CNDO/2 (d~ C N D O - S C F  "~ 

Jonkman Lipari Lipari 

-0 .102  -0 .0127 -0 .0941 
-0 .212  0.0628 0.0802 

0.188 0.0259 -0 .0108 
0.088 0.1026 0.1988 
0.288 0.0277 0-1477 

-0 .262  -0 .1619  -0 .2869 
-30 .83  -2 .14  - 16.63 

Rcfcrences: (a) Metzger & Bioch (1975), Qm, Table 5; (b) Metzger & Bloch (1975), Qn, Table 5; (c) Metzger & Bloch (1975), fourth 
column, Tablc 5; (d) Epstein et al. (1976), set 1, Table 2; (e) Epstein et aL (1976), set 2, Table 2. 

* The numbering of atoms is as given in Fig. 2. 



H. A. J. 

than 1% (Kitaigorodskii, Mirskaya & Tovbis, 1968), 
as does the convergence-acceleration method for the 
calculation of Eetectr (Williams, 1971). We shall use over- 
all errors in the calculated E~d w + E~e p of 4% for set I 
of Table 1 and of about 3% for set 2. Errors in the cal- 
culated Eelectr as a consequence of structural inac- 
curacies are considered to be unimportant relative to 
those caused by inaccuracies in the charge dis- 
tributions of TTF and TCNQ. 

Calculations and results 

The results of the calculations of the van der Waals and 
repulsive energies are given in Table 4. The results of 
the calculation of the electrostatic energy are given in 
Table 2 for TTF and in Table 3 for TCNQ. 

Table 4. Van der Waals and repulsive contributions 
(kcal tool 1) to the lattice energies of  TTF, TCNQ and 

TTF-TCNQ 

Set 1 o f  Set  2 o f  
C o m p o u n d  E n e r g y  T a b l e  1 T a b l e  1 

T T F  E,d w - -37 .  18 - - 3 2 . 0 2  
E~, o 14.30  9-46  
l : ' j  w 4- /z)~,p - 2 2 . 8 8  + 0 . 9  - - 2 2 . 5 6  _+ 0 .5  

T C N Q  E,a  w - 37 .15  - 2 4 . 4 0  

Ere p 12- 14 9 .19  
l: ' ,Jw + /Z'reo - 2 5 " 0 2  _+ 1.1 - 1 5 - 2 1  ± 0"5 

T T F - T C N Q  E,o w - 4 9 - 6 1  - 3 5 - 0 0  
Er~. p 26- 21 15" 25 

E , o  w + E . .  o 2 3 . 3 9  _+ 0 . 9  - 1 9 . 7 6  _+ 0 .5  

With regard to sets 1 and 2 in Table 4 remarkable 
differences have been obtained for the van der Waals 
and repulsive contributions in TTF-TCNQ and also for 
the van der Waals contributions in TCNQ. These 
differences are caused mainly by the differences in the 
CN, HN and NN potential parameters of Table 1, and 
the latter differences may be caused in turn by the 
presence of rather large electrostatic (Rae, 1969) or 
even charge-transfer (Britton, 1974) interactions in 
cyano compounds, as the parameters of set 1 were 
derived on the basis of e.g. the heats of sublimation 
of cyanogen and dicyanoacetylene (Govers, 1975), 
while those of set 2 have the heat of sublimation 
of pure nitrogen as their main basis (Mirskaya & 
Nauchitel', 1972). Moreover, other parameters, which 
were not derived from the heats of sublimation of 
cyano compounds, also produced low lattice energies 
for cyano compounds (Govers, 1975). Therefore we 
expect the parameters of set 1, in contrast to those 
of set 2, to contain a large fraction of electrostatic or 
other interactions, which are typical for single- 
component cyano compounds. However, this type of 
interaction is not contained completely in the param- 
eters of set 1, as this set produces the value 13.6 kcal 
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mo1-1 for the heat of sublimation of tetracyano- 
ethylene (Govers, 1975), while the experimental value 
amounts to 19.4 + 1.5 kcal mo1-1 (Boyd, 1963). 

With regard to the influence of the charge distri- 
butions on the electrostatic contribution to the lattice 
energy, the results of Tables 2 and 3 show large 
differences. The need for more reliable charge dis- 
tributions seems evident. The results can be divided into 
a group of lower values and a group of higher ones. The 
lower values are 0.0 + 0.1 kcal mol -~ for the CNDO/2 
distributions of TTF and - 1 . 4  + 0.5 kcal mo1-1 for the 
Pariser-Pople-Parr and CNDO/2 models of TCNQ. 
The high values are -9 .32  kcal mo1-1 (CNDO-SCF) 
for TTF and - 16-63 kcal mo1-1 (CNDO-SCF) or even 
-30-83 kcal mol -l (ab initio) for TCNQ. These 
differences are remarkable in view of the relatively low 
and constant values which were found by other in- 
vestigators for TTF-TCNQ, as shown in Table 5. 
From the results of Table 5 for TTF°-TCNQ ° we 
conclude that the lower values of our calculations are 
more reliable than the higher ones. This conclusion is 
supported by Epstein et al. (1976) who consider the 
CNDO/2 charge distribution more reliable than the 
CNDO-SCF version. 

Table 5. The electrostatic contribution to the lattice 
energies of neutral and charge-transferred TTF-TCNQ 

calculated by other investigators 

Units arc kcal tool ~. Note that the other investigators published their values 
in eV mol -~ of donor-acceptor  dimer. Therefore we multiplied their values 
by the factor 23.0693/2 in order to obtain values in kcal mol J of monomer 
molecules. 

Charge-distribution model E ~.~.,~ 

TTF TCNQ p . 0 p 0-59 

C N D O / 2  (Lipari) C N D O / 2  (Lipari) 0.00 "~ 9. I 1 ~"p* 
C N I ) O - S C F  (Lipari) C N D O - S C F  (Lipari) 1-38 ~"~ --9.96 ~"~* 
C N D O / 2  (Lipari) PPP (Lowitz I) 0.12 "~ 7.834"~* 
C N / ) O  SCF (Lipari) PPP (Lowitz 1) 0.58 ~"p 8 .91  cm* 
C N D O / 2  (Lipari) PPP (Lowitz 2) 0- 12 ~ - 8 - 5 5  c~* 
C N D O - S C F  (Lipari) PPP (Lowitz 2) 1-27 q"~ - 9 . 6 0  ¢'~* 
CN 1)O/2 (Lipari) ABINITIO (Jonkman) --- 1.50 q~ - 6 . 8 7  c"~* 
C N D O  SCI- (Lipari) ABINITIO (Jonkman) 0.92 q"~ - 7 . 7 0  ~"~* 
C N D O / 2  (Ratncr) C N D O / 2  (Lipari) 0-81 "j  - 9 . 3 2  Ira* 
C N D O / 2  (Mctzgcr) PPP (Lowitz 1) - 0 - 0 9  qb~ - 8 . 5 4  eb~ 
C N D O / 2  (Mctzgcr) PPP (Lowitz 2) --0-01 qm -10 .01  ~m 
Klimcnko ? Lowitz ? 0.00"'~? - 8 . 0 3  .'p* 

Mcanvaluc  0-62_+0.5 - 8 - 7 1  + 1-0 
_ 

Rcfcrcnccs: (a) Epstein et al. (1976), Tables 4 and 5: (b) Metzger & Bloch 
(1975), l a b l c  6: (c) Klimenko et al. (1976). 

* Calculated by Et.l~.tr(p ) . p2 Et.le~.t,( p = 1) (Epstein et al., 1976). 

Conclusions 

The final test of the reliability of our calculations has to 
come from a comparison with experimental results. The 
relevant thermodynamic quantities and their mutual 
relations are shown in Fig. 1. In Table 6 the values of 
the experimental and corresponding calculated quanti- 
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ties are listed. For the calculation of the heat of sub- 
limation and the lattice energy of TTFQ+-TCNQ ~-, 
TTF and TCNQ we used the expressions (1)-(3). The 
heat of dissociation of TTF"+-TCNQ Q- was cal- 
culated from 

c a l c  1 c a l c  o +  o -  AHaiss(C ) = ][2AHsubI(TTF -TCNQ ) 

calc A/-/calc -- AHsubI(TTF)- "--"" sub,(TCNQ)]" (6) 

The values of E~a w + Ere ~ are given in Table 4. For 
Eelectr (TTF) and Eelectr (TCNQ) we used the average of 
the lower values of Tables 2 and 3: 0.0 + 0.1 and - 1.4 
+ 0.5 kcal mo1-1 respectively. As stated before, it is 
doubtful that the inclusion of a completely e x t r a  Eetectr 

in Artcalc (TCNQ, set 1) gives the right result, as the 
~ • s u b l  

atom-atom parameters of set 1 may contain electro- 
static interaction. However, by doing this we cannot 
introduce a large error, as E~l~¢t~ (TCNQ) seems to be 
small. For Eet~¢t~ (TTF"+-TCNQ Q-) we used the mean 
value _8.7  _+ 1.0 kcal mo1-1, as calculated from a large 
number of results published by other investigators (see 
Table 5). For 2R T we used the room-temperature value 
1.2 + 0.5 kcal mol-L The experimental heats of 
sublimation of TTF and TCNQ were extrapolated to T 
= 298.15 K by a temperature dependence o f - 1 5  +_ 10 
cal K -~ mol-L The values for p, l(g) and A(g) were 
those mentioned by Metzger (1977). The experimental 
heats of sublimation and dissociation of TTF Q÷- 
TCNQ Q- were calculated from 

e,,p = ½[AHer"P(TTF, c) + AH}×P(TCNQ, c) A H aiss (e) 
- 2AHTP(TTFo+-TCNQ~-)] (7) 

e×p A exp AHes~,,(TTFQ+-TCN -Q-) = ½[2AHd~ss(C ) + Hs,.~,(TTF) 

+ AH~X~,t(TCNQ)]. (8) 

The expressions (6)-(8) follow directly from Fig. 1. 
The following conclusions can be drawn from the 

values of Table 6. First, the atom-atom approximation 
in the form of set 1 and in combination with the electro- 
static contributions as calculated by other investigators 
produces values for the heat of sublimation and the 
lattice binding energy of TTFQ+-TCNQ Q- which are 
equal to the corresponding experimental values within 
the error ranges. Therefore this approximation seems to 
be a very useful and simple way to obtain the values of 
these kinds of quantities for TCNQ compounds. We 
shall proceed on these lines, e.g. by the calculation of 
substitutional and orientational disorder phenomena. It 
is shown that the atom-atom approximation can 
replace extensive quantum-mechanical calculations 
for these purposes. The calculated heat of dissociation 
of TTF~+-TCNQ Q- is about 3 kcal mol -~ higher than 
the experimental one. This is because the value for the 
calculated heat of sublimation of TCNQ is 0.5-5.0 
kcal mol -~ lower than the experimental one. For this 
reason more reliable quantum-mechanical calculations 
of the electrostatic energy in this compound have to be 
performed and more accurate knowledge of the experi- 

Table 6. Calculated and experimental heats of  subli- 
mation, lattice energies and heats of  dissociation of  

TTF, TCNQ and TTFQ+-TCNQ 0- 

Units are kcal mol -I. 

T T F  T C N Q  

A H ~  (set 1) 22.9 + 1.0 26.5 + 1.2 
= =  s u b l  - -  - -  

AH¢.~ (set 2) 21.3 + 0.7 15.4 + 0.9 
" "  s u b l  - -  - -  

A~4e~p 23.2 + 1.7 ~ 27.0  + 2.5 ~°~ 
== s u b l  - -  - -  

31.5 + 1.3 ~c~ 
- U ¢'~c (set 1) 
-U ca~ (set 2) 
_ u e x p  

A•¢al¢(c) (set 1) 
• " d i ~ s  

AH~(c) (set 2) 
d t4~p (c) 

" =  d i s s  

T T F o + -  
TCNQQ- 

32.1 + 1.3 
27.3 + 1.3 
29.6 + 3.1 ~h~ 
31-9 + 2.2 ~'~ 
60.3 + 1.9 
55.3 + 1.8 
57.8 + 3.4 ~b~ 
60.1 + 2.6 ~c~ 

7.4 + 1.5 
9.0 + 1.3 
4.5 + 0 .4  ~d~ 

(a) Calculated from AHexp = 22-1 + 1.5 kcal mol -I at 373 K 
= =  s u b l  

(Metzger, 1977). (b) Calculated on the basis of the experimental 
vapour pressures of Boyd (1963), which give AH~u~I(TCNQ) = 
24-5 _+ 1-8 kcal mol -~ at 465 K. (c) Calculated on the basis of the 
experimental vapour  pressures of  de Kruif  (1978), which give 
AHeXp ( T C N Q )  = 29.8 + 0.5 k c a l m o l - '  at 414 K. (d) Calculated 

" "  s u b l  

from the experimental heats of  formation of  Metzger (1977). 

mental temperature dependence of the experimental 
heat of sublimation is needed. Nevertheless this 
comparison of the atom-atom approximation with the 
heat of dissociation determined on the basis of experi- 
mental heats of formation offers an interesting 
new possibility of deriving and testing atom-atom 
potential parameters. Moreover, it is shown that the 
complex is stable against dissociation into its compo- 
nents. The heat of sublimation of TTF is calculated in 
complete accordance with experiment. 

With regard to the atom-atom approximation in the 
form of set 2 the results are markedly poorer. The heat 
of sublimation of TTF is calculated in accordance with 
experiment. The heat of sublimation and the lattice 
energy of TTFQ*-TCNQ "- only agree with the experi- 
mental values if the lower experimental values hold. 
However, these lower values are based on the experi- 
mental heat of sublimation of TCNQ of Boyd (1963), 
which was obtained by the McLeod method. This 
method seems to be less reliable than the torsion- 
effusion method (Thomson, 1963; de Kruif, 1978), 
which produces a value 5 kcal mol -~ higher. As 
concerns the heat of sublimation of TCNQ and the heat 
of dissociation of TTFQ*-TCNQ Q-, set 2 is even 
poorer. 

I thank J. L. Derissen and J. Voogd of the Structural 
Chemistry Group, State University, Utrecht, for their 
assistance with the calculations of the electrostatic 
energies of TTF and TCNQ and C. G. de Kruif of our 
Laboratory for his prompt determination of the heat of 
sublimation of TC NQ. 
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Ferroelasticity and Phase Transformation in Rb2Hg(CN)4 Spinel 
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(Received 27 February 1978; accepted 9 June 1978) 

The low-temperature form of Rb2Hg(CN)4 [space group R3c, Z = 12, a m -- 9.076, a 3 ---- 46.050 ,/k (273 K)] 
possesses a slightly distorted spinel structure with parameters similar to those of cubic cyanospinels. It 
transforms into a cubic spinel modification at ca 398 K (a = 13.140 A at 399 K). Below the transition 
temperature the crystals exhibit ferroelastic properties, which allow the switching of the distortion directions 
into any one of four equivalent states. The critical stress is less than 1 x 10 -3 kp mm -2. The resulting 
deformations do not exceed 2 x 10 -2. Larger twinned crystals return to their primary state after the 
release of stress. They behave like extremely soft elastic springs. The crystals belong to the ferroelastic Aizu 
species m3mF3m. The transition shows a constant hysteresis of ca 12 K in all crystals investigated. The 
pressure derivatives of the upper and lower transition temperatures are observed to be almost equal and 
constant over a wide temperature range (dT/dP ~ O. 245 K bar-l). The observed enthalpy of transformation 
is 1.03 J g-~ in fair agreement with the prediction of the Clapeyron-Clausius relation. Crystals of 
K2Hg(CN L exhibit similar properties; their transition temperature, hysteresis, enthalpy of transformation, 
and d T/dP are considerably less. 

Crystallographic characterization; ferroelastic 
behaviour 

Following an earlier investigation on cyanospinels  of  
the type K2M(CN)4  [with M = Zn, Cd,  and Hg 
(Haussfihl,  1976)! crystals  of  Rb2Hg(CN)4 with dirnen- 

sions of  ca 20 m m  were grown from aqueous solutions 
at ca 310 K by the controlled lowering of  temperature .  
The crystals  exhibit tr igonal symmet ry ,  though their 
morphology  is a lmost  identical to that  observed in 
cubic cyanospinels ,  namely  oc tahedron  { 111 }, icosi- 
te t rahedron {311 }, and cube { 100}. The existence of  a 


