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The 2: 1 charge- t ransfer  s a l t  (TMTsF)2(2,5-TCNQBr2) has  
been prepared and i t s  phys ica l  p r o p e r t i e s  i nves t iga t ed .  
I ts  c r y s t a l  s t r u c t u r e  cons i s t s  o f  segrega ted  s t a c k s  of 
TMTSF donors (ring-over-bond over lap  p a t t e r n ;  mean 
i n t e r p l a n a r  spacing o f  3.6A) and chains of  edge-on and 
disordered 2,5-TCNQBr2 acceptors .  
suggest ive o f  u n i t  charge on the  2,S-TCNQBrZ molecule 
and, therefore ,  h a l f  charge on t h e  TMTSF donor. 
R e s i s t i v i t y  da t a  are success fu l ly  i n t e r p r e t e d  on t h e  
b a s i s  o f  a percola t ion  cons t ruc t ion .  Magnetic d a t a  
are a l s o  presented.  

In f r a red  d a t a  are 

INTRODUCTION 

Since the  p ioneer ing  work of Wheland and Gi l l son , ’  halo-  
genated de r iva t ives  of the  e l ec t ron  acceptor  TCNQ have 
played an important r o l e  i n  t h e  understanding and extension 
of  the  s o l i d - s t a t e  chemistry and physics  o f  o rgan ic  

a) Department o f  Chemistry, Johns Hopkins; b) Applied 
Physics Laboratory; c) Exxon Research and Engineering. 
Work supported by the National Science Foundation under 
gran ts  DMR 78-23957 and DMR 80-15318 
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328/[684] 

charge-transfer salts .  * 
presently avai 1 ab le , the symme t ri c 2 , 5- dihalo der ivat ives  
appear t o  be most v e r s a t i l e  i n  t h a t  salts  o f  these accep- 
to r s  populate a l l  c lasses  i n t o  which organic charge- 
t r ans fe r  complexes a re  commonly categorized. 
we note the following salts  and t h e i r  c l a s s i f i c a t i o n :  

J. P. STOKES et aI. 

O f  t he  various halogenated analogs 

A s  examples , 

A) 1:l mixed-stack semiconductors - DBTTF-2,5-TCNQF2;' 
B) 1: 1 segregated-stack metals - TTF-2,5-TCNQBr2, 

C) 1: 1 segregated-stack Mott-Hubbard in su la to r s  - 
DBTTF- 2,5-TCNQCR2,3 'IMTTF- 2,s - TCNQCR2 ; 

TTF-2,5-TCNQCR2 , 1 TTF- 2 , 5 - TCNQF2,5 TMTTF- 2 , 5-TCNQF2 , 4 
HMTSF-2,5-TCNQF2. 

In t h i s  report  we extend t h i s  l i s t  of  donor-2,5- 
dihaloTCNQ salts with the introduction of  a c l a s s  of 2 : l  
s a l t s  t yp i f i ed  by (TMTSF)2(2,S-TCNQCR2)4 and (TMTSF) 2- 
(2,5-TCNQBr2). The l a t t e r  of these two s a l t s  and i t s  
physical propert ies  w i l l  be discussed i n  d e t a i l  here. 

EXPERIMENTAL 

Large needles of  (TMTSF) 2(2,5-TCNQBr2) , dark brown i n  
color,  were grown i n  a s t r a i g h t  tube by slow diffusion 
through solvents at  room temperature: TMTSF i n  chloroben- 
zene and 2,5-TCNQBr2 i n  a c e t o n i t r i l e .  

(TMTSF) (2 , 5 - TCNQB r2) c rys t a l  li zes i n  the monoclinic 
system, space group C2/c ,  with: a = 7.936(3)AY b = 
20.140(9)AY c = 22.749(5)AY 6 = 92.7O(3)Oy V = 3632A , 
D(measd) = 2.29(1) g ~ m - ~ ,  D(ca1cd) = 2.301 g ~ r n - ~ ,  Z = 4. 
The TMTSF donors l i e  i n  general posi t ions,  while the 2,5- 
TCNQBr2 acceptors l i e  on posi t ions of two-folp symmetry. 
Reflection data  were col lected on a Syntex P 1  diffractometer  
t o  55" i n  28 .  
Refinement w a s  by l e a s t  squares and l ed  t o  a f i n a l  R value 

An absorption correction w a s  applied. 

*Acceptor abbreviations : TCNQ , t e  tracyanoquinodime thane; 
DMTCNQ, 2,5-dimethylte tracyanoquinodimethane; the 2 , 5- 
dihalo der ivat ives  are  exemplified by 2,5-TCNQBr2, 2,s- 
dibromo t e  tracyanoquiii odime thane. 
Donor abbreviations: TTF , t e t r a th i a fu lva lene ;  'IMTTF, 
tetramethyltetrathiafulvalene; DBTTF , dibenzotetrathia- 
fulvalene; HMTSF, hexamethylenetetraselenafulvalene; 
TMTS F , te trame thy 1 t e  t r a s e  lenaful valene ; NMP , N-me thy1 - 
phenazine 
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(TMTSF)2(2,5-TCNQBr2) [685]/329 

0.14. 
while  a l l  o t h e r  atoms were t r e a t e d  i s o t r o p i c a l l y .  A l l  
s t r u c t u r e  f a c t o r s ,  inc luding  those a f f e c t e d  by d i f f u s e  
stre'aking, were included i n  the  ana lys i s .  

probe techniques and microwave d a t a  by t h e  cav i ty  p e r t u r -  
ba t ion  method. 
X-band frequency wi th  the  app l i ed  f i e l d  perpendicular  t o  
the  TMTSF s t ack ing  a x i s ,  I n f r a r e d  d a t a  were c o l l e c t e d  on 
pressed  p e l l e t s  i n  K B r .  

The Se and B r  atoms were t r e a t e d  a n i s o t r o p i c a l l y  

DC r e s i s t i v i t y  da t a  were obta ined  by two- and four -  

S ing le -c rys t a l  EPR s p e c t r a  were recorded a t  

RESULTS AND DISCUSSION 

Crystal lography 

The c r y s t a l  s t r u c t u r e  o f  (TMTSF)2(2,5-TCNQBr2) has  been 
determined by s i n g l e - c r y s t a l  X-ray methods. X-Ray photo- 
graphic  d a t a  showed t h a t  t he  c r y s t a l s  were no t  wel l -ordered 
as t h e  r e s u l t i n g  photographs contained c h a r a c t e r i s t i c  d i s -  
o rde r  d i f f u s e  s c a t t e r i n g .  The c r y s t a l  s e l e c t e d  f o r  d a t a  
acqu i s i t i on  possessed these  imperfect ions t o  a much l e s s e r  
degree than a l l  o the r s  examined. The general  a spec t s  o f  
the der ived  model (from Pat te rson-Four ie r  methods) a re  i n  
good agreement with the  observed s t r u c t u r e  f a c t o r s .  The 
d i so rde r  d i f f u s e  s t r e a k i n g  is  dominant on l e v e l s  wi th  odd 
h index which a r i s e  mainly from the  2,S-TCNQBrZ s u b c e l l  
(C2/c; 5, b, 2). 
f i n d  r e s idua l  e l e c t r o n  dens i ty  i n  t h e  region o f  t h e  2,s- 
TCNQBr2 acceptor  of  up t o  2 .4  e/A3. This r e s idua l  dens i ty  
is  poss ib ly  i n t e r p r e t a b l e  i n  terms o f  p o s i t i o n a l ,  l i b r a -  
t i o n a l  and s u b s t i t u t i o n a l  ( B r  atom) d i so rde r ,  b u t  we have 
y e t  t o  make a q u a n t i t a t i v e  eva lua t ion .  The TMTSF s u b c e l l  
(A2/m; 5' = a/2, - b '  = - b/2,  - c f  = - c) appears t o  be less 
d isordered .  

i s  depic ted  i n  t h e  u n i t - c e l l  p r o j e c t i o n s  o f  Figure 1. The 
s t r u c t u r e  cons i s t s  o f  segrega ted  s t a c k s  o f  TMTSF molecules 
which a r e  i s o l a t e d  f r o m  o t h e r  donor stacks by cha ins  of 
edge-on 2,5-TCNQBr2 acceptors .  Each TMTSF column has f o u r  
chains  o f  acceptors  a s  n e a r e s t  neighbors  and v ice  ve r sa  
(see Figure 1 ) .  Within t h e  TMTSF columns, t h e r e  a r e  four  
Se. - -Se contac ts  a t  d i s t ances  s h o r t e r  by 0.05A t o  0.18A 
than the  van de r  Waals sum (4.OA). The overlap p a t t e r n  
displayed i n  Figure 1 is  nominally of t h e  ring-over-bond 
type; the  mean sepa ra t ion  between molecular p lanes  i s  ca .  
3.6A, a value very s i m i l a r  t o  those i n  the  uniform stack 

Cons is ten t  with t h i s  observa t ion ,  we 

- 

The novel c r y s t a l  s t r u c t u r e  o f  (TMTSF) 2(2,5-TCNQBr2) 
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Y C  

xL Z 

Y t 

* /B B/A' 
FIGURE 1 Basic elements of  t he  c rys t a l  s t ruc tu re  
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(TMTSF)2(2,5-TCNQBr2) [687]/331 

systems TMTSF-TCNQ (3.60A)6 and TMTSF-DM‘CNQ (3.64A)7 and 
the  dimerized donor stacks i n  t h e  PFg-, AsF6- and CEO4- 
s a l t s  of TMTSF.8 In con t r a s t  , the  in te rmolecular  fo rces  
i n  the  acceptor  chains appear  t o  be s o f t .  The only  c l o s e  
contac t  i s  between B r  atoms a t  4.04A - a value measurably 
longer  than the  van de r  Waals sum (3.9A). Thus, t he  
absence o f  s t r o n g  in te rmolecular  coupling wi th in  the  
acceptor  chain i s  c o n s i s t e n t  with the  observed s t r u c t u r a l  
d i so rde r  . 
the  columns o f  TMTSF donors and t h e  chains  o f  2,S-TCNQBrZ 
acceptors .  
ca.  0.10A s h o r t e r  than the  van der  Waals sum, the  o v e r a l l  
s t r u c t u r a l  motif  (Figure 1) is  not  sugges t ive  of opt imal  
i n t e r a c t i o n  between the  TMTSF columns and 2 ,S-TCNQBrZ 
chains .  Thus , from a s t r u c t u r a l  pe r spec t ive  , (TMTSF) 2- 
(2 ,S-TCNQBrZ) can be cha rac t e r i zed  as cons i s t ing  o f  quas i  
1 - D  columns o f  TMTSF donors sepa ra t ed  from each o t h e r  by 
d isordered  chains o f  2,S-TCNQBrZ acceptors .  

Charge Transfer  

Of p a r t i c u l a r  i n t e r e s t  a r e  the  i n t e r a c t i o n s  between 

While the re  a r e  two Se -  6 - B r  contac ts  which a r e  

We have r ecen t ly  e s t a b l i s h e d  t h a t  a l i n e a r  c o r r e l a t i o n  
exis ts  between t h e  s t r e t c h i n g  frequency (w,) of  the  n i t r i l e  
groups and the  charge ( 2 )  on the  TCNQ acceptor  i n  many of 
i t s  cha rge - t r ans fe r  s a l t s . ’  Extension o f  t h i s  a n a l y s i s  t o  
2,S-TCNQBrZ and some o f  i t s  salts, inc luding  (TMTSF)z- 
(2 ,5-TCNQBr2), i s  presented  i n  Table 1. The spec t roscop ic  
da t a  a r e  s t rong ly  sugges t ive  of  u n i t  charge on t h e  acceptor  
and, t he re fo re ,  h a l f  charge on the  donor i n  (TMTSF)2(2,5- 
TCNQBr2). 

Conduc t i v i  t y  

From a one-electron band s t r u c t u r e  p o i n t  of  view, the  
c r y s t a l  s t r u c t u r e  ana lys i s  and cha rge - t r ans fe r  s tudy  sug- 
ges t  t h a t  (TMTSF)2(2 ,S-TCNQBrZ) should be m e t a l l i c  and 
e l e c t r i c a l l y  s i m i l a r  t o  the  2: l  i no rgan ic  salts  o f  TMTSF. l o  
However, t h i s  is no t  the  case: as is  apparent  from Figure 
2,  t h e  dc  conduct iv i ty  is  a c t i v a t e d .  The a c t i v a t i o n  is 
much weaker than observed i n  Mott i n s u l a t o r s  such as HMTSF- 
TCNQF4 and HMTSF-2,5-TCNQF2.4 
a s soc ia t ed  with a weak P e i e r l s  d i s t o r t i o n 1 ’  of t h e  l a t t i c e ,  
bu t  t he  a s soc ia t ed  gap would be i n c o n s i s t e n t  wi th  t h e  mag- 
n e t i c  s u s c e p t i b i l i t y  d a t a  o f  t h e  next  s e c t i o n .  
observe any such d i s t o r t i o n  i n  the  X-ray ana lys i s .  

I t  is not  too s t r o n g  t o  be 

Nor do we 
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TABLE 1 Nitrile S t r e t c h i n g  Frequency Data 

J. P. STOKES ef at. 

Mater ia l  wo (cm- l )  z 

(a) "Knowns" 

2 , 5-TCIiQBr2 
K(2,5-TCNQBr2) 

(b) 1:l sa l t s#  

DBTTF-2 , 5-TCNQBr2 
TTF-2,5-TCNQBr2 
TMTTF-2,5-TCNQBr2 

(c) 2 : 1  salts' 

(HMTTF) 2(2,5-TCNQBr2) 
(HMTS F) (2 , 5-TCNQBr2) 
(TMTS F) (2 , 5 - TCNQBr2) 

2219 
-2179 

-2195 
2183 
2178 

2184 
21 82 
2179 

0 
1 

-0.60 
0.90 
1 .0  

0.88 
0 .93  
1 .0  

'Stoichiometry determined by chemical ana lys i s .  

On the  o t h e r  hand, what is  apparent  from the  X-ray 

Where the  a s s o c i a t e d  random p o t e n t i a l s  are s u f f i -  
work is  t h a t  s t r u c t u r a l  d i s o r d e r  i s  i n h e r e n t  t o  t h e  mater- 
i a l .  
c i e n t l y  l a r g e  and t h e  band s t r u c t u r e  s u f f i c i e n t l y  one- 
dimensional , such d i s o r d e r  can l ead  t o  weak l o c a l i z a t i o n  
of  t he  e l e c t r o n i c  states.12-15 
occurs exc lus ive ly ,  and ac conduction p r i n c i p a l l y ,  through 
phonon-assis ted hopping. 
conduct iv i ty ,  ev ident  i n  Figure 2, is  c o n s i s t e n t  w i th  such 
a desc r ip t ion ,  thou h n o t  as s t r o n g  as i n  o t h e r  d i so rde red  
organic   conductor^.^^ The dc hopping conduc t iv i ty  i n  such 
systems i n  general  obeys a law o f  t h e  form12,13 

In  t h a t  case, dc conduction 

The frequency dependence of the  

Y (1) 5 = uo(T)exp- [(Tm/T) l / m l  

where m i s  a s t r o n g l y  vary ing  func t ion  of  t he  temperature ,  
depending on the  d e t a i l e d  an iso t ropy  o f  t he  conducting 
pe rco la t ion  network, 
Figure 3, s t r o n g l y  reminiscent  of  S h a n t e I ~ ~ ~  t rea tment  of 
d i sordered  samples o f  NMP-TCNQ. In the  temperature  reg ion  
220 K > T > 130 K ,  t he  r e s i s t i v i t y  is  a c t i v a t e d  (m = l ) ,  
with an a c t i v a t i o n  energy of 0.06 eV. In  t h e  temperature  

One f i t  t o  such a law i s  shown i n  
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(TMTSF)2(2,5-TCNQBr2) [689]/333 

FIGURE 2 DC and mw conduct iv i ty  d a t a  

regions 130 K > T > 48 K and 48 K > T > 35 K (below which 
the r e s i s t i v i t y  i s  too high t o  measure), the  r e s i s t i v i t y  
has the  general  form o f  equat ion  (1) wi th  m = 2.91 and 
3.87 and Tm = 2.91 x lo5 and 1.37 x lo7 ,  r e spec t ive ly .  

Magnetism 

The r e l a t i v e  s p i n  s u s c e p t i b i l i t y  (Figure 4) f o r  (TMTSF)2- 
(2,S-TCNQBr2) i n  con t r a s t  wi th  the  conduct iv i ty  i s  n o t  
ac t iva t ed .  Ins tead ,  i t  i s  P a u l i - l i k e  a t  high temperatures  
and Cur ie - l ike  a t  low temperatures ,  cons i s t en t  wi th  a h igh  
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334/[690] J. P. STOKES er a/. 

- 

- 
II 

m.3.87 

(T M T S F),TCN QB r 2 

4 8 K  3 2 K  

m= 2.91 

FIGURE 3 
model proposed by Shante13 

A p l o t  of  the dc r e s i s t i v i t y  d a t a  using the  

dens i ty  of  l oca l i zed  states a t  the Fermi  l e v e l .  In  t h i s  
regard, the behavior  i s  s i m i l a r  t o  o t h e r  d i sordered  organic  
conductors. 12,14-15 On the  o t h e r  hand, the magnetism o f  
(TMTSF)2(2,5-TCNQBr2) i s  more complicated i n  t h a t  it m u s t  
involve s t rongly-  l oca l i zed  unpaired sp ins  on t h e  anion 
molecules as wel l  as t h e  weakly loca l ized-sp ins  i n  the  
conduction band. The presence o f  b u t  one EPR l i n e  suggests  
s t rong  exchange coupling between t h e  two s p i n  popula t ions .  

Figure 4 shows no dramatic  t r a n s i t i o n  i n  t h e  magnetic 
behavior as a funct ion of  temperature. Ins tead ,  the g- 
f a c t o r  and l inewidth monotonically decrease with decreasing 
temperature. 
t h a t  of  o t h e r  charge- t ransfer  salts involv in  
organic  acceptors  such as TCNQ16'and DMTCNQ.k7 I t  is  some- 
what smaller than i n  (TMTSF) 2PFg. 

The room-temperature g - f ac to r  i s  n o t  un l ike  
TMTSF and 

The temperature 
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(TMTSF)z(2.5-TCNQBr2) [691]/335 

I 1 I I I 
2.010 

FIGURE 4 Sing le -c rys t a l  s p i n  resonance d a t a  

dependent g-values imply t h a t  t h e  nea r ly  temperature- 
independent s u s c e p t i b i l i t y  above 100 K is  a s soc ia t ed  
l a r g e l y  wi th  the ca t ion  stack and t h e  low-temperature Curie 
s u s c e p t i b i l i t y  ( i n s e r t  o f  Figure 4)  w i th  the  anion mole- 
cules ,  i n  accord wi th  t h e  above d iscuss ion .  A d e t a i l e d  
ana lys i s  o f  t h e  f r a c t i o n a l  s u s c e p t i b i l i t i e s  a s soc ia t ed  
with each spec ie s  i s  underway. 
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336/[692] J. P. SMKES et (11. 

I n  summary, we r e p o r t  he re  on t h e  organic  s a l t  
(TMTSF)2(2,5-TCNQBr2). The c r y s t a l  s t r u c t u r e  cons i s t s  o f  
s t acks  of  donors separa ted  by chains  o f  acceptors  perpen- 
d i c u l a r  t o  the  donor s t acks .  The dc and mw conduc t iv i t i e s  
and the  s p i n  s u s c e p t i b i l i t y  can be understood i n  terms o f  
a disordered near ly  one- dimensional sys  tern. 
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