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Abstract  The e l e c t r i c a l  c o n d u c t i v i t y  as a f u n c t i o n  
o f  temperature i s  reported f o r  s i n g l e  c r y s t a l s  o f  
HMTTeF-TCNQ and HMTTeF-DMTCNQ. The c r y s t a l  s t r u c t u r e  
f o r  one form o f  t h e  DMTCNQ s a l t  o f  HMTTeF i s  
descr ibed and a procedure i s  o u t l i n e d  t h a t  could 
u l t i m a t e l y  produce TMTTeF. 

I .  INTRODUCTION 

I n  t h e  past 12 years, ou r  group has been involved, as have 

others,  i n  t h e  systemat ic preparat ion and examination of 

organic  metals der ived from n-donors con ta in ing  s u l f u r ,  

selenium, o r  most r e c e n t l y  t e l l u r i u m .  I n  t h e  s u l f u r  

ser ies,  F e r r a r i s l  ,* (1972) prepared and s tud ied  TTF-TCNQ 

and TMTTF-TCNQ; Krug3 (1977) prepared what i s  now c a l l e d  

BEDT-TTF as wel l  as t h e  methylene-bridged analog; Hu4 

* 
Supported by t h e  Nat ional  Science Foundation S o l i d  S ta te  

Chemistry-Grant DMR-8307693. M. Lee thanks t h e  Exxon 
Educational Foundation f o r  a fe l lowship.  
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192 D. 0. COWAN, el al. 

(1977) prepared acenaphtho-TTF and phenanthro-TTF; Shu and 
Chiang5 (1981) prepared the  dithieno-TTF o r  DTTTF; 

Lerst rup6 (1983) prepared BDMT-TTF. Our selenium se r ies  
was i n i t i a t e d  when Bechgaard' (1974) prepared TMTSF , 
HMTSF, OMTSF as w e l l  as o the r  donors which d i d  not form 

conducting s a l t s ,  L e r s t r ~ p ~ , ~  (1982) has more r e c e n t l y  
prepared d i  benzo-TSF (DBTSF) and b i  sdimethyl  thieno-TSF 
(BDMT-TSF) and i n  a d d i t i o n  i n i t i a t e d  our t e l l u r i u m  work8s9 
w i t h  t h e  preparat ion o f  dibenzo-TTeF (DBTTeF) and b i s -  
dimethylthieno-TTeF (BDMT-TTeF). While i t  i s  no t  poss ib le  
t o  adequately reference a l l  o f  t h e  work on t h e  s u l f u r  and 
selenium compounds, on l y  f i v e  t e l l u r i u m  analogues o f  TTF 

have been prepared (see F igure 1). I n  a d d i t i o n  t o  DBTTeF 

Te -Te 

HMTTeF Te -Te 

TTeT 

o;'kTeD Ph 

XPh 
Te Te 

DBTTe F 

Ph Ph 

B D M T - TTeF Te BP 

FIGURE 1 
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TELLURIUM CONTAINING ORGANIC METALS 193 

and BDMT-TTeF prepared by Lers t rup ,  HMTTeF was f i r s t  

prepared by Wudl" and Aharon-Shalom, TTeF was prepared by 

Sandman'' as we l l  as by a Russian group, and TeBP was 

prepared by Detty." Three impor tan t  t rends  a r e  observed 
as we rep lace  s u l f u r  w i t h  selenium i n  t h e  o rgan ic  n- 
donors. The conduct ion  bandwidth i s  i nc reased  i n  t h e  
o rgan ic  metal  s a l t s ,  t h e  i n t e r c h a i n  i n t e r a c t i o n  i s  a l s o  

increased, reduc ing  t h e  1 i k e l  i hood t h a t  t hese  ma te r i  a1 s 
w i l l  undergo h i g h  temperature metal  - t o - i n s u l  a t o r  phase 

t r a n s i t i o n s ,  and t h e  molecules tend  t o  be more p o l a r i -  

zable,  thus  reduc ing  t h e  o n - s i t e  coulomb repu ls ion .  A l l  
o f  t hese  f a c t o r s  should s t a b i l i z e  t h e  t e l l  u r ium s a l t s  and 
improve t h e i r  e l e c t r i c a l  p roper t i es .  However, u n t i l  ve ry  

r e c e n t l y  no s i n g l e  c r y s t a l  c o n d u c t i v i t y  s t u d i e s  were 

repor ted .  l3 I n  t h i s  paper we w i l l  desc r ibe  our  

conduct4 v i  t y  measurements on HMTTeF-TCNQ and HMTTeF- 

DMTCNQ, g i v e  t h e  c r y s t a l  s t r u c t u r e  f o r  one form o f  t h e  

DMTCNQ complex w i t h  HMTTeF and o u t l i n e  a procedure t h a t  we 

hope w i l l  u l t i m a t e l y  produce TMTTeF. 

11. STUDY OF HM17eF SALTS 

A. Preparation and Electr ical  Conductivity 

Dark greenish-black c r y s t a l s  o f  HMTTeF-TCNQ and HMTTeF- 

DMTCNQ were grown by d i f f u s i o n  i n  H-ce l l s .  The so lvents ,  

p r e v i o u s l y  t r e a t e d  w i t h  P205, were d i s t i l l e d  under argon 
and s t o r e d  over  mo lecu la r  s ieves  u n t i l  use. The H-ce l l  

assembly was performed i n  an argon atmosphere. 
Approximately 3 mg o f  HMTTeF, d i s s o l v e d  i n  3 m l  o f  carbon 

d i s u l f i d e ,  was p laced i n  one sidearm w h i l e  i n  t h e  o t h e r  

arm was 5 mg o f  t h e  acceptor d i s s o l v e d  i n  7 m l  o f  
chlorobenzene. The two s o l u t i o n s  were a l lowed t o  s l o w l y  

d i f f u s e  a t  room temperature. A f t e r  two t o  e i g h t  weeks, 
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1 94 D. 0. COWAN, et al. 

c r y s t a l s  s u i t a b l e  f o r  phys ica l  measurements were formed. 
Both semiconducting and conducting c r y s t a l  forms were 

obtained from t h e  same batch. 
The s i n g l e  c r y s t a l s  used i n  t h e  f o u r  probe dc 

c o n d u c t i v i t y  work were measured a1 ong t h e  need1 e l  i ke 
stack ing axis. The dimensions were roughly 2 t o  4 m i n  
l eng th  w i t h  t y p i c a l  cross-sect ional  values o f  0.1 by 0.04 
mm. S i l v e r ,  go ld and pal lad ium contact  pastes were t e s t e d  
t o  i nsu re  t h a t  t he re  were no unwanted reac t i ons  between 
t h e  c r y s t a l  and paste. I n  addi t ion,  con tac t l ess  microwave 
c o n d u c t i v i t y  measurements were w e l l  w i t h i n  t h e  exper i -  
mental dc f ind ings.  (See Table.) The samples were a l so  
tes ted  f o r  ohmic behavior a t  room temperature. Measuring 
currents  o f  0.1 t o  1.0 mi l l iamps were used f o r  t h e  
temperature p r o f i l e s .  Cool ing ra tes  were 0.2-0.4 K/min 
and t h e  conduc t i v i t y  data was c o l l e c t e d  a t  every 0.1 K. 

The data f o r  bo th  HMTTeF-TCNQ and HMTTeF-DMTCNQ show 
t h a t  t h e  c o n d u c t i v i t i e s  increase from t h e  room temperature 

value down t o  t h e  lowest temperature measured. A t  
temperatures below 100 K, thermal s t resses which are not 
uncommon f o r  these b r i t t l e  ma te r ia l s  apparent ly  cause a 
d i s c o n t i n u i t y  i n  t h e  temperature p ro f i l e . *  
t r a n s i t i o n s  have been seen i n  s a l t s  such as (BDMT- 
TTF)2Re04. 

There i s  considerable d i s p a r i t y  between t h e  

c o n d u c t i v i t y  data repor ted here and t h e  data p rev ious l y  
reported by Sai to13 i n  two regards. F i r s t ,  Sa i to ' s  
conduc t i v i t y  r e s u l t s  show a broad maximum a t  243 K (TCNQ 
s a l t )  and 130 K (DMTCNQ s a l t ) .  Our r e s u l t s  show no 
maximum f o r  both these samples. Instead, t h e  conduc- 
t i v i t i e s  are observed t o  be increas ing even a t  our lowest 

measured temperatures. Second, t h e  room temperature 

S i m i l a r  

(See Figures 2 and 3) 
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196 D. 0. COWAN, et al. 

.5 

RELATIVE RESISTANCE: HMTTeF-TCNQ 

- 
I I I I I 1 I 1 

.75 I 1.3 1.5 1.8 2 2.3 2.5 2.8 3 

TEMPERATURE (degrees K )  
FIGURE 2 

RELflTIVE RESISTANCE: HMTTeF-DMTCNO 
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FIGURE 3 
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TELLURIUM CONTAINING ORGANIC METALS 197 

c o n d u c t i v i t i e s  measured by S a i t o  a r e  l a r g e r  than  those 

found i n  our  group; 2.5 and 4.5 t imes  l a r g e r  f o r  
HMTTeF-TCNQ and HMTTeF-DMTCNQ, respec t  i v e l y  . Two obvious 

exp lana t ions  f o r  t h e  d i f f e r e n c e s  are :  (1 )  d i f f e r e n c e s  i n  
c r y s t a l  q u a l i t y ,  and (2 )  d i f f e r e n c e s  i n  composi t ion,  i.e. 

s t o i c h i o m e t r i c  v a r i a t i o n s  between t h e  donor and acceptor.  
I n  t h e  BEDT ser ies ,  t h i s  k i n d  o f  v a r i a t i o n  has been no ted  

w i t h i n  a s i n g l e  ba tch  o f  ~ r y s t a 1 s . l ~  Without t h e  complete 
c r y s t a l  1 ographi  c da ta  from bo th  groups , n e i t h e r  

exp lana t ion  can be r u l e d  out. 
It i s  i n t e r e s t i n g  t o  no te  t h a t  f o r  t h e  quasi-one- 

dimensional  o rgan ic  metals,  t h e  c o n d u c t i v i t y  p r o f i l e s  go 

th rough  a broad maximum a t  low temperatures.  Typ ica l  

c o n d u c t i v i t y  r a t i  0s between t h e  c o n d u c t i v i t y  maximum and 

t h e  room-temperature va lue  a re  on t h e  o r d e r  o f  20-100.15 

However, when t h e  m a t e r i a l  e x h i b i t s  h i g h e r  d i m e n s i o n a l i t y  
(HMTSF and HMTTF s a l t s ,  and (BEDT-TTF),Re04l4) t h i s  r a t i o  

i s  s i g n i f i c a n t l y  less .  Whi le our  work i s  s t i l l  i n  t h e  

e a r l y  stages, t h e  HMTTeF s a l t s  may a l s o  show more two- 

dimensional  cha rac te r  s ince  t h e  c o n d u c t i v i t y  r a t i o  

( U L T / U ~ T )  f o r  bo th  s a l t s  i s  about 2. The p r e l i m i n a r y  two- 

probe sample measurements f o r  t h e  c r y s t a l  i n  t h e  
pe rpend icu la r  d i r e c t i o n s  c o n f i r m  t h i s .  

B. Structural Studies 

O s c i l l a t i o n  photographs (Cr Ka r a d i a t i o n )  about t h e  
need le  a x i s  f o r  a number o f  t h e  h i g h l y  conduct ing  

specimens showed o n l y  p o o r l y  developed zero- and f i r s t -  

o r d e r  l a y e r  l i n e s .  The repeat d i s t a n c e  a long t h e  needle 

a x i s  i s  4.10(5)&, i n d i c a t i v e  o f  a segregated stack.  
F u r t h e r  c r y s t a l l i z a t i o n  experiments a r e  i n  p rogress  t o  see 

i f  h i g h - q u a l i t y  c r y s t a l s  o f  t h i s  phase can be obtained. 
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198 D. 0. COWAN. er al. 

The second phase c r y s t a l 1  i zes  as grey-green needles 
belonging t o  t h e  monocl in ic  system, space group I2/m (an 
a l t e r n a t e  s e t t i n g  o f  C2/m), w i t h  a = 13.019(8), b = 
7.254(4), c = 15.828(9)A, B = 93.25(5)', V = 1492.3A3. 
In termediate- resolut ion i n t e n s i t y  data ( N i c o l e t  P3m X-ray 

d i  f f ractometer ,  graphi te-monochromat i zed Mo Ka 

rad ia t i on ,  = 0.7106921) have been c o l l e c t e d  on t h i s  phase 

by t h e  8-28 scan technique t o  a maximum 28 o f  30'. 
Estimated standard dev ia t i ons  f o r  t h e  c o l l e c t e d  
i n t e n s i t i e s  were assigned as UI = (uC2 + (0.031)2)'/2, 
where uC was der ived from count ing s t a t i s t i c s . 1 6  The 
i n t e n s i t y  data were corrected f o r  Lorentz  and p o l a r i z a t i o n  

e f fec ts ,  but  no absorpt ion c o r r e c t i o n  was appl ied.  
The s t r u c t u r a l  s o l u t i o n  was i n i t i a t e d  from a 

Patterson synthesis, w i t h  vector-superposi t i o n  methods 
y i e l d i n g  pos i t i ons  f o r  t h e  Te and C atoms o f  t h e  HMTTeF 
donor. A subsequent d i f f e rence -Four ie r  synthesis gave 
coordinates f o r  t h e  DMTCNQ acceptor and a CS2 molecule o f  
so lvat ion.  A l l  molecular components o f  t h i s  phase, 
HMTTeF-DMTCNQ(CS2), are requi red t o  have 2/m (c2h) 
symmetry, w i t h  t h e  te rm ina l  methylene groups o f  t h e  HMTTeF 

donor being disordered. I s o t r o p i c  least-squares r e f i n e -  

has lead t o  an R value ( C I I F , ~  - l F c l l / ~ l F o l )  o f  0.075, a 
weighted res idual  ( { c w (  IFo! - IFc))2/~wlFo12]1/2) o f  
0.061, and a goodness-of- f i t  value ( {cw(  IFo! - (Fc))2/ (N0 
- N V ) } l l 2 ,  where NO = 301 observat ions and NV = 56 
va r iab les )  o f  2.2. 

The c r y s t a l  s t r u c t u r e  o f  HMTTeF-DMTCNQ(CS2) i s  
i l l u s t r a t e d  i n  F igure 4. The dominant elements o f  t h e  
c r y s t a l l i n e  m o t i f  are t h e  format ion of l a y e r s  normal t o  
and t h e  presence o f  mixed stacks o f  donors and acceptors 

ment, min imiz ing CW()F,I - lFc1)2, where w = 4F0 2 2  /U (Fo2), 
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200 D. 0. COWAN, et al. 

FIGURE 4: 
I l l u s t r a t i o n s  o f  t h e  
mixed -stack c r y s t a l l i n e  
m o t i f  o f  HMTTeF- 

DMTCNQ( CS2). (A) Donor- 
acceptor and donor- 
so lvate i n t e r a c t i o n s  i n  

t h e  y = 0 plane; (B) t h e  
y = 1/2 plane super- 
imposed on t h e  y = 0 
plane; (C)  t h e  mixed 
donor-acceptor stack 
viewed normal t o  i t s  
propagation d i r e c t i o n .  

b 
-A 

FIGURE 4C 

along - b. The mean separat ion between molecular planes 

along t h e  mixed stack a t  3.61A ( ( b ( / 2 )  - is s l i g h t l y  
(-0.10A) l a r g e r  than, f o r  example, t h a t  found i n  t h e  
mixed-stack array i n  t h e  semiconducting form o f  TMTSF- 
TCNQ.17 The p a t t e r n  o f  molecular over lap w i t h i n  t h e  DA 

stack i s  such t h a t  (by symnetry) t h e  cen t ro ids  o f  t h e  
HMTTeF donor (000) and t h e  DMTCNQ acceptor (0,1/2,0) are 
co inc ident  i n  p ro jec t i on .  However, t he re  i s  a measurable 

t i l t  (-13') o f  t h e  in-p lane a x i s  system of t h e  acceptor 
r e l a t i v e  t o  t h e  donor (and v i ce  versa), which may we l l  add 
a covalent component t o  t h e  cohesive energy o f  t h e  
columnar stack. 

The i n t e r a c t i o n  between mixed stacks i s  very 
extensive, see F igure 4. F i r s t ,  t he re  a re  f o u r  very sho r t  

Te...N contacts per DA p a i r ,  which a t  3.16(2) and 3.26(2)A 

-- 
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TELLURIUM CONTAINING ORGANIC METALS 20 1 

are  some 0.5A l e s s  than t h e  sum of t h e  van der Waals r a d i i  

(3.7OA)l8 o f  Te and N. I n  addi t ion,  t h e r e  are two 

r e l a t i v e l y  c lose Te ... S(CS2)  contacts,  one (4 .06(1)A)  near 

and one (3.71(1)A) about 0.3A l e s s  than t h e  sum o f  t h e  van 
de r  Waals r a d i i  (4.05A)3 o f  Te and S. 

111. STRATEGY FOR THE SYNTHESIS OF TUTTeF 

The t e l l u r i u m  donors HMTTeF and BDMT-TTeF were 

prepared i n  a s i m i l a r  f i v e - s t e p  sequence s t a r t i n g  w i t h  a 

c y c l i c  1,2 v i n y l i c  dibromide. I n  t h i s  sequence two 
equiva lents  o f  t - b u t y l l  i t h i u m  are used f o r  t h e  metal - 
halogen exchange r e a c t i o n  fo l lowed by t h e  a d d i t i o n  o f  
elemental t e l l  urium: A f t e r  a1 1 o f  t h e  t e l l  urium has 

reacted, t h e  e n t i r e  procedure i s  repeated. The t e l l u r i u m  
d i  ani  on i s  then a1 1 owed t o  react  w i t h  t e t  rach l  oroethylene 

t o  form t h e  t e l l u r i u m  donor. However, t he re  a re  problems 
i n  t r y i n g  t o  extend t h i s  method t o  the  synthes is  o f  TMTTeF 

s ince should one attempt t h e  metal halogen exchange w i t h  

an a c y l i c  dibromide t h e  product w i l l  be an acetylene owing 

t o  t h e  e l i m i n a t i o n  o f  L iBr .  I n  fac t ,  t h i s  e l i m i n a t i o n  

reac t i on  even takes p lace  w i t h  small r i n g  compounds a t  

e levated temperatures. We propose t h a t  i t  should be 
poss ib le  t o  prepare TMTTeF us ing t h e  same t ype  o f  reac t i on  

sequence p rov id ing  t h e  i n c i p i e n t  methyl groups are p a r t  o f  
a r i n g  s t r u c t u r e  which i s  destroyed a t  t h e  end o f  t h e  

s y n t h e t i c  scheme. One p o t e n t i a l  in termediate i s  t h e  

organosi l icon compound shown i n  F igure 5. I f  t h i s  
in termediate wi thstands t h e  cond i t i ons  o f  t h e  metal-  

halogen exchange, then i t  should be poss ib le  t o  prepare 

t h e  organosi l  i con  s u b s t i t u t e d  t e t r a t e l l u r a f u l v a l e n e  shown 
i n  t h e  f i gu re .  This  compound when t r e a t e d  w i t h  f l u o r i d e  

i o n  under p r o t i c  cond i t i ons  should produce TMTTeF. We a re  
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202 D. 0. COWAN, el al. 

working on t h e  synthes is  o f  t h e  3,4-dibromo-l-sila-3- 
cyc l  opentene as we1 1 as o the r  cyc l  i c  precursors. 

4) Te 

5)  C C f 2  cc12 /- 

FIGURE 5 
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