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GTE Laboratories, Inc., 40 Sylvan Road, Waltham, MA 
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Abstract 
of the crystal structures of quasi-one-dimensional ion- 
radical solids of the type (D)2fX-is presented. 
is found that the (TMTSF)2fX- ( X % N O , )  solids are 
loosely packed when compared with solids where D is an 
aromatic hydrocarbon. 
(XtNO,) are formed under conditions of kinetic control. 
A direct, broadly applicable approach to the synthesis 
of aromatic molecular (3. tetratellurotetracene (TTeT) 
and =-(2-naphthyl)di teI lur ide)  and supramolecular 
(e.g. poly-p-phenylene selenide (PPSe) and -telluride) 
materials is outlined. Our initial studies (powder 
data) of the structural and room temperature electrical 
properties of solids derived from TTeT and PPSe by 
electron transfer are summarized. The crystal and 
molecular structures of two forms of =-(2-naphthyl) 
ditelluride have been determined using single crystal 
methods, and conformational polymorphism was observed. 

A three dimensional volume packing analysis 

It 

It is suggested that (TMTSF) 2tX’ 

INTRODUCTION 

Since the Fifth International Conference on the Chemistry of 
the Organic Solid State (ICCOSS) in 1978, interest in low 
temperature organic metals has largely focused on ion-radical 
solids (D) 2f X- , where D represents the donors tetramethyl- 
tetraselenofulvalene (TMTSF,,S and tetraselenotetracene 
(TSeT, 2) and X is a closed-shell anion. While the 
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294 D. J. SANDMAN et ul. 

Se -- Se 

Se - Se 
2 
c 

1 
N 

observation of ambient pressure pressure superconductivity 
at 1’ K in (TMTSF): ClO; has attracted the major share of 
attention, the other features of the salts (TMTSF); X’ 
including the spin density wave effects, perpendicular 
plasma edge, and reduced charge transfer in a commensurate 
phase provide a significant contrast to the now classical 
TTF-TCNQ family of two chain organic metals. Since it is 
recognized that the intrinsic properties of (TSeT)at X’ 
(X=Cl, Br) have not been observed due to the presence of 
impurities, our discussion will initially focus on the 
TMTSF materials. 

The properties observed in the ion-radical solids derived 
from TMTSF and TSeT have stimulated interest in the syn- 
thesis of tetra t ellur of ulvalenes and tetra t elluro te t racene 
(TeT); ’ While molecular properties of Te compounds such as 
polarizability are enhanced E. their Se counterparts, it 
is the reduction of quasi-one-dimensionality following from 
the chalcogen-chalcogen contacts in the anticipated crystal 
structures that continues to fuel speculation about super- 
conductivity at truly elevated temperatures in this class of 
materials. 
that is central to progress along these lines, it may be 
fruitful to reflect further on phase formation and the de- 
tails of crystal packing in order to refine ideas on the 
design of low temperature organic metals and superconductors. 

Since it i s  the need to control crystal structure 

A VOLUME PACKING ANALYSIS OF ( D ) 2 t  X‘ 

At the Fifth ICCOSS, a volume packing analysis of ion-radical 
solids noted that, from room temperature structural data, 
compared to its neutral precursors, TTF-TCNQ underwent a ten 
percent volume contraction on charge transfer. In solids 
of the TTF-TCNQ type where the volume contraction was G. 
one percent, the electrical properties were markedly less 
metallic than TTF-TCNQ. In contrast, the metallic TTT 
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SELENIUM AND TELLURILIM MATERIALS 295 

(TCNQ)z shows volume expansion on charge-transfer. 
type of analysis is now presented for representative solids 
(D): X- , where D is TMTSF,9 TMTTF,1° TSeT,ll fluoranthene,12 
and naphthalene. The assumptions implicit in this 
approach have been detailed.14 The ratio vDO/vCT for these 
solids is given in Table 1; VCT is obtained by subtraction 
of the volume of X-, obtained from the structures of alkali 
metal salts estimating the volume of the metal ion from 
Pauling or Goldschmidt radii, from the unit cell volume of 
(D) zt X-. 

With reference to Table 1, we note that for (TMTSF),f X- 
(XtNO,), the volume contraction is of the order of 3%; 
analogous results are noted for the TMTTF solids. 
recently reported (TMTSF),? H2F3-,'g the V O/VCT value is 
1.053. 
we compare them with other solids of the (D); X- type where 
D is derived from the hydrocarbons fluoranthene or naph- 
thalene. For these solids, note that the volume contrac- 
tion is 8-lo%, comparable to TTF-TCNQ. Compared to the 
hydrocarbon ion-radical solids, the TMTTF and TMTSF (X+N03) 
solids are relatively loosely packed, and it is suggested 
that their formation occurs under conditions of kinetic 
control. 
is comparable t o  the hydrocarbons, superconductivity has 
not been observed upon application of pressure, while X-ray 
diffuse scattering reveals a low temperature superstructure 
which might involve anion 0rdering.l 

This 

For the 

To facilitate further discussion o f  these numbers, 

For (!CMTSF),t NO ,-, where the volume contraction 

For the TMTSF ion-radical solids, the trends noted above in 
the ratio VDo/VCT are also found in the c/a ratio of the 
lattice constants. For the NO, and HzF3 salts, c/a = 1.78, 
while for the other salts discussed above, as well as the 
FSO, and BrO, salts," c/a falls between 1.82 and 1.87. In 
contrast to the trend in the c/a ratio, the b/a ratio varies 
only from 1.048 for the NO, to 1.067 for H2F3 with all other 
salts falling in between. 

Several independent observations support the contention 
that (TMTSF) 2t X- 
kinetic control. An attempt to grow salts of HMTSF by 
anodic oxidation in chlorobenzene led to a salt of 3:2 
stoichiometry which included solvent in the unit cell. 
Electrocrystallization of the parent TSF with ClO; gave 
single crystals of a semiconducting salt. l8 

Analogous to TTT (TCNQ), , the metallic (TSeT)zt C1- reveals 
a slight volume expansion upon charge transfer, and the 

(X * NOg) are formed under conditions of 
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296 D. J. SANDMAN et u2. 

Table I. CRYSTAL PACKINO IN ION-RADICAL SALTS (D): X' 

__ 

DONOR X- v-11 - V,(AI3 'Do ' 'CT 

TMTSF 
TMTSF 
TMTSF 
TMTSF 
TMTSF 
TMTSF 

809.8 
61 4.4 
61 3.2 
614.0 
61 8.0 

PF6 

BF4 

NO3 680.3 

"F6 
C104 

R.04 

1.039 
1.031 
1.033 
1.031 
1.024 
1.074 

674.4 1 .033 
604.9 1.014 TMTTF Br 

TIkT CI 768.7 0.977 
TikT PF 1W.M 0.916 
TikT 1616 0.81 2 

TMTTF BF4 

~~ ~~ 

Fluorrnthono PF 001.4 
009.1 
086.4 

Fluorrnthono 4 
Ruorrnthono SbF8 

1 .D87 
1.078 
1 ,106 

M6.8 
064.0 

Nrphthrlono 
Nrphthrlono 

1.101 
1 .OM 

r e l a t i v e l y  loose ly  packed PF,  and AsF, salts of TSeT a r e  
semiconductors. 'lC 

Given t h a t  (TMTSF)PP X- ( X k N O , )  a r e  formed under condi t ions  
of k i n e t i c  con t ro l  and are r e l a t i v e l y  loose ly  packed, it i s  
poss ib l e  t o  specula te  t h a t  more t i g h t l y  packed phases of 
TMTSF wi th  anions X s l N O ,  may e x i s t  a t  va lues  of charge 
t r a n s f e r  d i f f e r e n t  from 0.5. It is a l s o  of i n t e r e s t  t o  in-  
q u i r e  i n t o  reasons f o r  t h e  r e l a t i v e l y  loose  packing of 
(TMTSF) Pt X- (X % NO ,) , and s e v e r a l  ad hoc p o s s i b i l i t i e s  a r e  
now discussed. It should be borne i n  mind t h a t  t h e  packing 
ana lys i s  uses  s t r u c t u r a l  da t a  a t  elevated temperature and 
w i l l  no t  be use fu l  f o r  d e t a i l e d  i n t e r p r e t a t i o n  of phys ica l  
p rope r t i e s .  

Assuming t h a t  c rys t a l log raph ic  Se-Se con tac t s  are a 
s t r u c t u r a l  mani fes ta t ion  of t h e  t r ansve r se  band widths  i n  
these  s o l i d s ,  it i s  conceivable t h a t  t h e  r e l a t i v e l y  loose  
packing may al low t h e  Se atoms t o  opt imize t h e i r  relative 
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SELENIUM AND TELLURIUM MATERIALS 291 

o r i e n t a t i o n .  Theore t ica l  d i scuss ions  of t h e  t r ansve r se  
bandwidth have been given 
dens i ty  s tudy of (TMTSF)? AsF,- has  been performed. 

Since t h e  l i n e a r  chain c r y s t a l  s t r u c t u r e s  have p o s i t i v e l y  
charged ca t ion - rad ica l s  packed on one another ,  t h e  rela- 
t i v e l y  loose  packing may al low some r e l i e f  of l o c a l  coulomb 
repuls ion .  This  suggest ion may be t e s t e d  by a sys temat ic  
s tudy of Madelung ene rg ie s  of t hese  s o l i d s .  The Madelung 
energy of (TMTSF),? PF,’ has  been ca lcu la ted .21  

and an experimental  e l e c t r o n  
2 0  

It may be r e l evan t  t o  r e c a l l  t h a t  t h e  inorganic  supercon- 
duc tors  wi th  r e l a t i v e l y  h igh  t r a n s i t i o n  temperatures  have 
k i n e t i c a l l y  con t ro l l ed  c r y s t a l  s t r u c t u r e s .  It i s  con- 
ce ivab le  t h a t  t h i s  may a l s o  be a f e a t u r e  of t h e  c r y s t a l  
s t r u c t u r e s  of organic  superconductors.  

Given t h e  novel  s t r u c t u r a l  and e l e c t r i c a l  p r o p e r t i e s  of t h e  
TMTSF salts ,  i t  is  important  t o  recognize t h a t  numerous 
o t h e r  organochalcogen donors with molecular p r o p e r t i e s  
comparable o r  supe r io r  t o  those  of TMTSF e i t h e r  have been 
o r  can be synthesized.  The c r y s t a l  s t r u c t u r e s  of ion- 
r a d i c a l  s o l i d s  der ivable  from these  a d d i t i o n a l  donors w i l l  
exh ib i t  nonbonded i n t e r a c t i o n s  d i f f e r e n t  from those  of  t h e  
TMTSF s o l i d s ,  and t h e i r  p repa ra t ion  and c h a r a c t e r i z a t i o n  
w i l l  l ead  t o  a f u l l e r  understanding of t h i s  class of 
ma te r i a l s .  

The s i z e  of AsF,- used i n  t h e  packing ana lys i s22  i s  i n  
accord wi th  cu r ren t  views of s t r u c t u r a l  models f o r  con- 
duc t ing  polymers. 

A DIRECT SYNTHETIC APPROACH TO AROMATIC SELENIUM AND 
TELLURIUM MATERIALS 

The t o p i c s  d iscussed  below are r e l a t e d  by t h e  method used 
t o  synthes ize  t h e  ma te r i a l s .  We have developed a d i r e c t  
broadly app l i cab le  approach t o  t h e  s y n t h e s i s  of aromatic  
molecular and supramolecular selenium and t e l l u r i u m  
 material^.,^ 
r e a c t i o n  of  an a l k a l i  metal d i r e c t l y  wi th  selenium o r  
t e l lu r ium i n  e i t h e r  1:l o r  2 : l  r a t i o s  i n  d i p o l a r  a p r o t i c  
so lven t s ,  t hus  avoiding l i q u i d  ammonia which i s  widely used 
t o  prepare  these  reagents .  
reagents  undergo f a c i l e  r e a c t i o n  wi th  aromatic  h a l i d e s  
which are no t  a c t i v a t e d  f o r  a nuc leoph i l i c  s u b s t i t u t i o n .  

The f i r s t  s t e p  i n  our  procedure involves  

These alkali  chalcogenide 
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298 D. J. SANDMAN et ul. 

Using t h i s  approach, we have been a b l e  not  only t o  syn- 
t h e s i z e  new molecular and polymeric materials, but  w e  have 
a l s o  developed one s t e p  syntheses  of known m a t e r i a l s  which 
had previously been prepared by mul t i s t ep  rou te s .  

TETRATELLUROTETRACENE (TTeT) 

The synthes is  of TTeT and t h e  expected s h i f t  of i t s  s o l u t i o n  
and s o l i d  state spectrum t o  lower energ ies  compared t o  
TSeT have been reported.7b A comparative s tudy of t h e  
sd lu t ion  p rope r t i e s  of t he  ca t ion- rad ica ls  of t h e  t h r e e  
tetrachalcogenotetracenes has  been c a r r i e d  ou t  using c y c l i c  
voltammetry and e l e c t r o n  s p i n  resonance. 2 5  

so lu t ion ,  analogous t o  i t s  l i g h t e r  chalcogen analogs,  TTeT 
e x h i b i t s  two r e v e r s i b l e  one e l ec t ron  oxida t ions ,  but  is 
oxidized at  s l i g h t l y  lower p o t e n t i a l s .  The dichloromethane 
so lu t ion  esr spectrum of TTeTf r e v e a l s  no hyper f ine  s p l i t -  
t i n g ,  a l inewidth  of 20 Gauss, and an i s o t r o p i c  g va lue  of 
2.0588. These observat ions a r e  a t t r i b u t e d  t o  inc reas ing  
spin-orbi t  i n t e r a c t i o n  as one moves from l i g h t e r  t o  heavier  
chalcogens. 

I n  b e n z o n i t r i l e  

TTeT is a monoclinic c r y s t a l  whose s t r u c t u r e  e x h i b i t s  a 
uniform l i n e a r  chain a r r ay  manifested by a b ' l a t t i ce  con- 
s t a n t  of 4 . 3 6 4 i  and r a t h e r  s h o r t  i n t e r s t a c k  Te-Te con tac t s  
of 3.701A.7 Af te r  it was noted t h a t  both TTT and TTeT had 
a l a t t i ce  constant  which was twice t h e  van der  Waals r ad ius  
of t h e  r e l evan t  chalcogen, whi le  t h e  known vapor grown TSeT 
phase lacked such a la t t ice  constant ,  a polymorph of TSeT 
which is isomorphous t o  TTeT was  i s o l a t e d  and charac te r -  
ized.  5 

Ion-radical  s o l i d s  of TTeT prepared by i n t e r a c t i o n  wi th  
iodine,  TCNQ, CuCl,, and CuBr, have p o l y c r y s t a l l i n e  con- 
d u c t i v i t i e s  i n  t h e  range 10-1 t o  l(ohm-crn)'l. The s o l i d s  
from TCNQ, CuCl,, 26 and CuBr,26 appear t o  be isomorphous 
t o  TSeT (TCNQ) 2 ,  (TSeT),f C1' , and (TSeT),t Br', as judged 
by X-ray powder d i f f r a c t i o n .  Occasional ly ,  e lemental  T e  
is de tec t ab le  i n  t h e  powder p a t t e r n s  of t h e  s o l i d s  der ived 
from TTeT. 
t y p i c a l l y  conta in  G. 0.1% Cu, e a s i l y  de t ec t ed  by emission 
spec t ra .  For example, a sample found f r e e  of e lemental  T e  
by X-ray powder ana lys i s  w a s  found t o  have t h e  composition 
C 1 7 .  8TekC1 o. 7Cu o. by elemental  ana lys i s .  It is con- 
cluded t h a t  t h e  sanples  of ion-radical  s o l i d s  of TTeT pre- 
pared t o  d a t e  are un l ike ly  to be c rys t a l log raph ic  s i n g l e  

Addi t iona l ly ,  samples of "(TTeT) 2f C1' I' D
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SELENIUM AND TELLURIUM MATERIALS 299 

phases .  I n  view of t h e  preceding o b s e r v a t i o n ,  i t  i s  of 
i n t e r e s t  t o  i n q u i r e  i n t o  t h e  homogeneity of  analogous TSeT 
phases .  
CuC12 as  descr ibed  by Eremenko, e t  a1. ,27 and i d e n t i f i e d  by 
X-ray d i f f r a c t i o n ,  was found by emiss ion  s p e c t r o g r a p h i c  
a n a l y s i s  t o  c o n t a i n  amounts of Cu comparable t o  t h e  TTeT 
samples noted above. T h i s  o b s e r v a t i o n  r e i n f o r c e s  t h e  per-  
s p e c t i v e 5  t h a t  t h e  i n t r i n s i c  p r o p e r t i e s  of (TSeT); X 
( X = C l ,  Br) have n o t  yet: been observed,  and improved syn- 
t h e t i c  r o u t e s  are r e q u i r e d .  We have  been a b l e  t o  p r e p a r e  
(TSeT) 2t Br' by anodic  o x i d a t i o n .  

A sample of (TSeT)2t C 1 -  , prepared from TSeT and 

POLY-P-PHENYLENE SELENIDE (PPSe) * AND-TELLURIDE (PPTe) 

The selenium and t e l l u r i u m  ana logs  of  t h e  t h e r m o p l a s t i c  
poly-p-phenylene s u l f i d e  (PPS3, a t h e r m o p l a s t i c  of  addi-  
t i o n a l  i n t e r e s t  as  an example of  a polymer wi thout  a con- 
t i n u o u s  conjugated carbon n-system which is rendered conduc- 
t i v e  when exposed t o  s t r o n g  o x i d a n t s ,  have been s y n t h e s i z e d .  
The e l e c t r o n i c  s p e c t r a  of PPSe and PPTe e x h i b i t  maxima n e a r  
300 nm and t a i l  i n t o  t h e  v i s i b l e .  While X-ray d i f f r a c t i o n  
of PPSe i n d i c a t e s  a c r y s t a l  s t r u c t u r e  isomorphous t o  PPS, 
PPTe appears  t o  have a d i f f e r e n t  s t r u c t u r e .  Analogous t o  
PPS, PPSe undergoes a weight i n c r e a s e  of 40-45% on exposure 
t o  AsF,, becomes c r o s s l i n k e d ,  and r e a c h e s  a room tempera- 
t u r e  c o n d u c t i v i t y  of  (ohm-cm)-l, a s l i g h t l y  lower v a l u e  
t h a n  a t t a i n e d  by PPS. Compared t o  PPS, o u r  samples of PPSe 
have s h o r t e r  c h a i n  l e n g t h s  and more i n t r a c h a i n  d i s o r d e r  due 
t o  t h e  presence  of d i s e l e n i d e  bonds. 

CONFORMATIONAL POLYMORPHISM2 OF - BIS (2-NAPHTHYL)DITELLURIDE 

Two polymorphs of &(2-naphthyl)ditelluride w e r e  i n i t i a l l y  
i d e n t i f i e d  by t h e i r  m e l t i n g  behavior  and powder d i f f r a c t i o n .  
The s o l i d  of m.p. 116-118' i s  des igna ted  "Polymorph &'I, 

w h i l e  t h e  h i g h e r  mel t ing  (122-124") form is  termed 
"Polymorph E". S o l u t i o n  grown s i n g l e  c r y s t a l s  of each  
polymorph w e r e  ob ta ined .  

The c r y s t a l l o g r a p h i c  and X-ray d a t a  c o l l e c t i o n  parameters  
are given i n  Table  11. Polymorph & e x h i b i t s  a " t ransoid"  
molecular  conformation ( F i g u r e  1); f u r t h e r ,  t h e  i n t e r -  
molecular  Te-Te c o n t a c t s  are n o t  unusua l ly  s h o r t .  A 
" t ransoid"  conformation h a s  n o t  been p e r v i o u s l y  observed 
i n  t h e  s t r u c t u r a l  chemistry of a romat ic  d i t e l l u r i d e s .  
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TABLE IIa Crystal data for bis-(2-naphthyl)ditelluride. 
~~ 

Polymorph A Polymorph B 

Space Group 
a 
b 

C 

B 
V 
Z 

No. of Reflections 
F > 3 . 9 2 ~  (F) 

(MoKJ 

R 

Monoclinic 
p21fn 

8 .406(3 )  i! 
6.304(2)  d 

31.960(9)  I( 
95.08 ( 3 )  O 

1687 l3 
4 

1582 

42' 

0.055 

Mono c 1 inic 

36.654(11) 

7 .840(2)  

C2f  c 

12 .084(4 )  d 
104.56(3)  d 

3361 i3 
8 

1830 

45 O 

0.036 

a At the present stage of refinement, Te atoms have been 
assigned anisotropic thermal parameters, C atoms 
isotropic thermal parameters, and H atom contributions 
have not been included. 

Polymorph E, which has the "cisoid" conformation, exhibits 
rather short intermolecular Te-Te contacts (Figure 2 ) .  It 
is noteworthy that these contacts are among the shortest 
Te-Te contacts observed. ' 9  9 3 1  However , in the latter 
cases, the observed contacts occur in cyclic Te compounds, 
while in the present case, the short contacts occur between 
Te atoms in an acyclic environment. 

Diffuse reflectance of Polymorphs A and B reveals broad 
maxima at 400-410 nm, a slight red shift compared to the 
solution spectrum, while Polymorph B exhibits a shoulder 
near 500 nm found neither in solution nor in Polymorph A .  
The short intermolecular Te-Te contacts found in Poly- 
morph B suggest the structural origin for this additional 
spectral feature. 
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Figure 1. Polymorph A. The packing of transoid 
molecules in stacks along the crystallo- 
graphic 5 direction is shown. 
shortest Te-Te intermolecular Te-Te 
distances are: 

The 

a = 4.128; b = 4.413 d. D
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302 D. J. SANDMAN er al. 

Figure 2 .  Polymorph B .  The packing of c i so id  
molecules i n  stacks along the crystallo- 
graphic a direction i s  shown. 
molecular Te-Te distances are: 
b = 4.002 d. 

Inter- 
a = 3.707, 
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