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ELECmZONIC AND VIBRATIONAL ABSORPTION SPECTRA OF 
RADICAL CATION SMil"l' EASED ON lTF DERIVATIVES 

P DELHAES, C. GARRIGOW-LRGRANGE, E. D U P W  
Centre de Recherche Paul  Pascal ,  Domaine Universitaire, 
33405 W C E  CEO= ( FRANCE) 
and J . M .  FABRE 
Laboratoire de Chimie Structurale Organique U. S . T. L. 
34060 M3NTPELLXER ( PRANCE). 

ABSTRACT Electronic and vibrational absorption spectra 
of radical cation salts based on TIWIT and unsynune- 
trical related molecules have been s tudied.  
A quantitative approach of the charge transfer absorp- 
tion band has allowed the authors t o  propose a 
DRUDE-LO-Z model to  f i t  the experimental data. The 
physical meaning of the parameters associated w i t h  this 
f i t  is based upon the presence of strong 
electron-electron interactions i n  a narrow electronic 
band model ( "extended HUBBARD model") i n  agreement w i t h  
the other physical properties known i n  these compounds. 

INTIEODUCTION 

A considerable current interest is devoted t o  the bonding 
and the properties of m i x e d  valence systems; among these  

the TT ion-radical salts formed w i t h  segregated stacks of 
planar molecules are organic conductors characterized by 
unique electronic, magnetic and optical properties (1). 

I n  such materials, exhibiting a par t ia l  ionic ground state,  
the electrons behave as  i f  they were confined t o  move i n  
only one or two directions. This restricted electronic 
dimensionality gives rise t o  a large variety of pecul iar  
physical situations which have aroused a great deal of 
interest .  The electronic properties therefore have been 
largely explored, nevertheless the spectroscopic features 

151 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

4:
13

 1
9 

Fe
br

ua
ry

 2
01

3 



I52 P. DELHAES ef 41. 

are also unusual  and characteristic of these new materials. 
I n  particular, concerning the optical elementary excita- 
tions, these compounds are characterized by charge transfer 
excitations at a smaller energy than any intramolecular one 
of PREMCEL'S type ( 2 ) .  

Two types of charge transfer (C.T. )  bands have been reco- 
gnized, 
ion ized  s a l t ,  r e s p e c t i v e l y  (3) .  These C.T. transitions, 

which are polarized along the stacking axis, occur  

for excitation energy situated around L e V  and below whereas 
the classical  intramolecular transitions, w i t h  a different 
polarization, are observed only above l,5 - 2 eV (3). 

Besides, A bands originate charge tranfer induced IR vibra- 
tional absorptions which are normally IR inactive. To 

understand th i s  effect the role of the electron-molecular 
v i b r a t i o n a l  (e-mv) coupl ing  h a s  been recognized ; t h i s  is 
known as the vibronic model ( 4 ) .  

These C.T. transitions are characteristic of the different 
interactions present bo th  i n  t h e  s o l i d  and t h e  molecular  

e n t i t i e s .  The o p t i c a l  exper iments  a r e  va luab le  t o o l s  f o r  

unde r s t and ing  t h e  presence  of a g iven  e l e c t r o n i c  ground s t a t e  

( i n s u l a t i n g ,  conduct ing ,  superconduct ing  o r  a n t i f e r r o -  

magnetic . 
I n  th i s  investigation our goal has been t o  investigate the 
spectroscopic properties of two new series of radical cation 
salts which present a similar s t r u c t u r a l  organization as 
t h e  a l r e a d y  known TWIW ( tetramethyltetrathiafulvalene) 
salts. We w i l l  present, i n  the next part, these different 
compounds. We w i l l  then describe the experiments based on 
absorption measurements and finally, i n  a last part, we w i l l  
propose a quantitative approach t o  give an account of these 
new results using an  HUBBARD type model. 

labelled A and B for a p a r t i a l l y  and a completely 
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ELECTRONIC & VIBRATIONAL ABSORPTION OF TTF DERIVATIVES 153 

THE COMPOUNDS : A GENERAL PRESENTATION. 

The *investigated compounds are on t h e  -one hand a l r e a d y  w e l l  
known TMWF salts ( 1) and on the other hand two new series 
of salts based on unsymmetrical l?i'i? derivatives : trime- 
thylenetetrathiafulvalene ( tm) and dimethyltrimethylene- 
tetrathiafulvalene ( DMtm) ( see Table I ). These molecules 
form 2 - 1 s t o i c h i o m e t r i c  phases with a wide variety of 
monovalent anions using a classical electrooxidation single 
Crystal growing process. They a l l  p re sen t  a s i m i l a r  

s t r u c t u r a l  o r g a n i z a t i o n  which is  c h a r a c t e r i z e d  by: 

- segregated stacks of organic molecules organized i n  
"zig-zag" mode along the a axis and i n  sheets along the b 

direction 
- the anions are positionned i n  cavities formed between 

these chains ( c  direction). According t o  their  symmetry 
they are classified i n t o  two groups ; i f  they are 
non-centrosymetric they can be ordered either during the i r  
formation or when the temperature is lowered (order-disorder 
phase transition at  ToD) t h i s  counter-ion ordering is 
characterized by a given s u p e r s t r u t u r e  of the original 
la t t i ce  cel l .  These main structural characteristics are 
summarized i n  Table I.  

Concerning the physical properties, an overview is also 
given i n  the Table I. Room temperature values for the elec- 
t r i ca l  conductivity, measured along the stacks ( o n )  show 
that they are moderate conductors. The best ones are the 
D M t T l T  salts (11). Almost a l l  of them present a rather 
strong paramagnetism (a) which can be due to  
electron-electron interactions. 
Finally i n  these salts we are i n  t h e  p re sence  of  a compet i t ion  
between a periodic la t t ice  distortion (PEIERLS type) and a 
magnetic order a t  low temperature (occuring a t  Tc) which is  
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ELECTRONIC & VIBRATIONAL ABSORPTION OF TTF DERIVATIVES 155 

governed by a subtle balance between different interactions. 
The understanding of these interactions is a fundamental 
point for the low-dimensional systems and one way t o  
improve it is the investigation o f  the electronic and 
vibrational absorption spectra. 

EXPERIMENTAL TECHNIQUE AND RESULTS. 

comparative transmission measurements of finely ground. KBr 
pellet  samples w i t h  a weight c o n c e n t r a t i o n  ( C X )  smaller 

than 1% have been done. This routine t echn ique ,  which needs 

a careful procedure, has b e e n  already used for IR experi- 
ments on the TMTFF salts ( 12). It j u s t  needs polycris- 
ta l l ine samples i n  small amounts t o  determine t h e  s p e c t r a .  

However the absorption spectrum, which resembles t h e  absorp- 

tion coefficient of single crystals, is an averaged v a l u e  

over a l l  directions. In  these materials of low crystal 
syrmnetry ( t r i c l in i c  and monoclinic, see Table I )  the res- 
ponse of Ghe medium i s  c h a r a c t e r i z e d  by a t e n s o r  d i e l e c t r i c  

f u n c t i o n  (13). 
Taking i n t o  c o n s i d e r a t i o n  p rev ious  work, w e  w i l l  cons ide r  

only a mean value which corresponds t o  one component of this  

tensor associated w i t h  the privileged electronic 
Furthennore,thanks to  the attribution of C.T. 

polarized light, we w i l l  use the same terminology as already 
described i n  the introduction ( 3 ) .  

The experiments have been carried out over most of the 
optical range using I .R. ( 350-48OO~Xn-~) and 
visible-U.V. spectrometers ( 3800-25000~m-~ ) , 

The r e s u l t s  ob ta ined  for the two new series of compounds are 
presented Figures 1 and 2. 

direction 
bands using 

i) The IR absorption spectra are similar to  those 
observed for “FP compounds (12)(Figure 1). A large and 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

4:
13

 1
9 

Fe
br

ua
ry

 2
01

3 



156 P. DELHAES et al. 

I 
. . ., . . . , 

I I I I 1 I I I .  

1400 800 v (cm-1) 4400 32M) 2000 . .  
FIQJRE 1 : 
mfraredabsorptionspectra be- 4800 and 400 on-1 of (CMtrn)2AsF6 and 
(tm) ~ A S F ~  
n W .  

Ram tenperatwe (broken curve) ard 1mst  tenperatme (full curve 

s d e  above 2000 an-1 is twice the s d e  used belw this wave 
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ELECTRONIC & VIBRATIONAL ABSORPTION OF TTF DERIVATIVES 157 

broad e l e c t r o n i c  band is present  at high frequencies .  This  

is the A peak characteristic of m i x e d  valence compounds (3) .  

On the tail of this e l e c t r o n i c  band the v i b r a t i o n a l  absorp- 
t i o n  l i n e s  are superimposed. The most in tense  l i n e s a r e  
a t t r i b u t e d  t o  the v ibronic  l i n e s  as i n  TMlTF salts 
( v s  1 vc I c e n t r a l  and vl0 uc = i n t e r n a l ) .  Thei r  
characteristics however are dependent on the l a c k  of symne- 

t r y  of these molecules and is c u r r e n t l y  under i n v e s t i g a t i o n .  
ii) The e l e c t r o n i c  absorption bands have only been 

f u l l y  inves t iga ted  at  r o o m  temperature,  b u t  we know from the 

I.R. spectra that t h e  A band is weakly T.dependent (see 
Figure 1). Besides, we have neglected the v i b r a t i o n a l  
absorpt ion l i n e s  which have been removed from the tails of 

the C.T. bands. The r e s u l t s  axe presented Figure 2 for the 

t h r e e  series of  i n v e s t i g a t e d  salts. F i r s t l y ,  we observed an 
i n t e n s e  C.T. A band below lev, t h e  p o s i t i o n  of which 

changes s l i g h t l y  for the d i f f e r e n t  compounds, and secondly, 
around and above 2eVs w e  observed t h e  intramolecular  ex- 
c i t a t i o n  bands (C and D peaks ( 3 ) ) .  
These l a s t  absorpt ion bands a r e  no t  r e l evan t  t o  our  inves- 
t i g a t i o n .  More s i g n i f i c a n t l y  t h e  C.T. B band is almost 

absent o r  hidden by the base- l ine.  

This B peak has been observed i n  TlT salts (3) and is 
present  at 1 . 3 e V  for a completely ionized TMlTF salt (14) .  

In  these m i x e d  valence compounds, the only C.T. e x c i t a t i o n  
is due t o  an e l e c t r o n  jump t o  the next  neighbouring molecule 
with a d i f f e r e n t  valence state : 

ECt d--=+ + ... D+ Do 0's.. 6 . .  D D D I.. 

W e  can consider  therefore that almost a l l  the oscillator 
s t r e n g t h  of the e l e c t r o n s  is concentrated i n  this  localized 
e x c i t a t i o n  forwhich we w i l l  try t o  afford some explanat ion.  
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ELECTRONIC & VIBRATIONAL ABSORPTION OF TTF DERIVATIVES 159 

DISCUSSION AND ANALYSIS 

1. A Quantitative Approach 

From these C.T. ( A )  absorption lines much 

information can be extracted about the shape of the absorp  
t ion band,assumed t o  be homogeneous, the position of the 
maximum and its in t ens i ty .  
It seems very worthwhile t o  undertake a quantitative 
approach and therefore t o  calculate the mean absorption 
coefficient (u) we have assumed that the pellet samples 
behave as an homogeneous medium for these very d i l u t e  compo- 
sit ions ( 15) : 

2.303 A 

a =  (1) 

a e  

where A is the absorbance, e the sample thickness and a the 
volume f r a c t i o n  of t h e  coupound i n  K B r .  

Using (1) we have calculated the energy dependence of the 

absorption coefficient w i t h  a relative accuracy estimated 
t o  be about 20-25% (Figure  3) .  

Now, t o  f i t  these absorption lines, we have chosen a 
DRUDE-MRENTZ model i n  agreement w i t h  the previous investi- 
gators ( 3 ) . 
The complex dielectric function E ( W )  and the absorption 
coefficient a(o) are (13) 

w i t h  el = 
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P. DELHAES ef al. 

FIGURE 3 : Absorptlon spectrum of powdered samples of  vam' (a) ,  m 4 m  (b) and 
~m (c) salts. The lmes are a fit to the data given by the experimental p o i n t s  
using equation (3) in the text G ( w )  = 1/3 ah). The paramters of the best fit 
w e  given on the Figures. 
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161 ELECTRONIC & VIBRATIONAL ABSORPTION OF TTF DERIVATIVES 

w i t h  n(w)2 = 0 . 5  r12(w) + I (3) 

Where the parameters are : 

- em : the core dielectric constant 
- up : the plasmon frequency 
- o1 : the characteristic resonance frequency 
- r : the fullwidth at  half-maximum for the Lorentz 

oscillator. 
An usual f i t t i ng  procedure w a s  done a f te r  selecting a 
reasonable value for the core dielectric constant ( 16 )( 17 ) . 
On Figure 3, we observe that i n  the frequency range 
1 - 7 ( 1 0 ~ c m - l )  a good agreement between experimental p o i n t s  
and the calculated curves is obtained for the given set of 
parameters (see Table 2 ) .  

To check the validity of such an approach we have done I.R. 
and visible reflectivity measurements (R) on a polycris- 
t a l l ine  sample of (TMITF)2 SCN. W e  have compared the expe- 
rimental reflectivity,  a f te r  substracting the vibrational 
component, and the calculated one using a constant value for 
the transverse reflectivity terms (17) ,  equation 2 and the 
indicated parameter values (Figure 4) .  The quantitative 
agreement is correct and, more significantly, there is a 
good coincidence for the two maximum values around 
2 2 0 O ~ m - ~ .  This result has encouraged us  t o  pursue the model 
analysis. 
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162 P. DELHAES ei al. 

6 %  1 

-0 -0-- 

2 .  The Electronic Band  Description 

The DRUDE-WRENTZ model approach needs t o  develope the 
physical meaning of these different parameters. O u r  picture 
is based upon an energy band model including strong elec- 
tronic correlations as described by WBBARD (18). 

I n  these narrow electronic band systems it is w e l l  known 
that  it is necessary t o  go beyond the free electron gas 
approximation t o  explain the physical properties, i. e . t o  
include both electron-phonon and electron-electron interac- 
tions. The former,  which is evidenced by the presence of 
vibronic l i n e s ,  can be quantified using the linear response 
theory as proposed by RICE and col l .  ( 4 )  for the dimer 

model. 
A perturbation of the dielectric function (cf eq. 2) 16 

introduced which depends upon the em coupling strength. 
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ELECTRONIC & VIBRATIONAL ABSORPTION OF TTF DERIVATIVES 163 

It t u r n s  o u t  that th i s  is a weak per turba t ion  i n  d e r i v a t i v e  

Tl?E' compounds which can be neglected,  i n  a first approxi- 
mation (17)( 19), compared t o  the electron-electron in te rac-  
t i o n s  (20 ) .  

The e l e c t r o n i c  d e s c r i p t i o n  of these IT molecular s o l i d s  is 

governed by the following parameters i n s i d e  a Id p i c t u r e  : 
- t,, is the transfer i n t e g r a l  along t h e  stacks. I n  

the t ight-binding model for an uniform s t a c k i n g  the 

bandwidth ( A )  is equal  t o  4t,,  

- The COUWUE! i n t e r a c t i o n s  between charge carriers are 
introduced through on site c o r r e l a t i o n s  (U) and the adjacent  
site c o r r e l a t i o n s  ( V )  ( 18 ). 

This is an extended HUBBARD model for which no general  solu-  
t i o n  for f i n i t e  va lues  of these parameters exist (21). A 
schematic band representa t ion  is given Figure 5 .  For these 
compounds with a 2-1 stoichiometry and neglect ing the weak 
i n t r a s t a c k  dimerizat ion,  for a free e l e c t r o n  gas we are i n  
presence of 3/4 f i l l e d  band. Following now, MAZUNDAR and 
SOOS (20) i n  t h e  large U and V approximation we w i l l  observe 
a successive band S p l i t t i n g  w i t h  U and V .  The bas ic  

conduction band is decomposed i n t o  f o u r  HUBBARD subbands.  At 

absolu te  zero and i n s i d e  the atomic l i m i t  t, = 0, when there 
is only  one e l e c t r o n  on each molecular orbital, we w i l l  have 
the three lower subbands occupied while the upper one is  
empty. A direct in te rband t r a n s i t i o n  w i l l  imply an energy 
equal to V - 2 t  ( 2 0 ) .  Therefore at r o o m  temperature the 
observed e l e c t r o n i c  band t r a n s i t i o n  w i l l  need an energy of 

about V, the n e a r e s t  neighbour c o r r e l a t i o n  energy. 
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Compounds 

(TMTTF)~ x 

P. DELHAES et al. 

Optical Parameters 

6700 - 6500 

14500 

2300 ?r 0.2b 

3200 ?I 0 .40  

300-2500 > 3.12 

2300 > 0 . 1 4  

2200 > 0 . 1 4  

(+) except for  X -  EF4 which presents an energy gap AE > 0. I e~ 

TABLE 2 - OPTICAL CONSTANTS AND DEDUCED ELECTRONIC BAND PARAMETERS. 

From th is  picture we are able t o  give the physical meaning 
of the parameters used i n  th i s  LARENTZ oscil lator model (see 
Table 2 )  : 

i) w1 is the transition frequency between two elec- 
energy (5 urn ~5 ul). 

ii) The observed l ine width ( r )  may reflect  both band 
and l i f e  time contributions ( 2 2 ) .  We can assume tha t  I' 

gives the lower acceptable values  for the bandwidth : 

iii) The plasmon frequency (up) is related t o  the 
oscil lator strength (f) and the intensity of the absorption 
band (13). If we introduce the plasmon frequency value i n  
DRUDE'S model (uoP) it follows t h a t  (19) :  

tronic s ta tes  separated by the C.T. 

For these narrow energy bands therefore : .tI urn 3 V. 

ti r 2 t l , .  
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ELECTRONIC & VIBRATIONAL ABSORPTION OF TTF DERIVATIVES 165 

I d  tlght-binding mcdd HUBBARD rubbandr splitting of the  HUBBARD 

314 filled band energy U with nearest  nelghbours 
( u n i b r m  stack) for one-r i te  correlation rubbandr 

( for  p 10.5) cornlat ion energy V 

E: 2 ltltl cor k a  u =. 4 ltlll v ’ 2 i t l l l  

PICURE 5 : S A e m t l c  band representation for an exterded Hrn?aW~ mcdel in the 
large U approxmauon : U ZV > 4 f ( f m  FXIMDAR and so3s (20) ) 

When us ing  t h e  free e l e c t r o n  gas model ( w l  P we E 0 )  t o  f i t  

the reflectivity minimum we w i l l  o b t a i n  an overestimated 
value for t,, as ind ica ted  i n  Table 2 i n  TMTPF This 
value is never the less  i n  agreement w i t h  the estimate 
ob ta ined  from t h e  l i n e w i d t h  parameter .  

we f i n a l l y  g e t  some approximate va lues  f o r  V and (Table 
2 ) .  Furthermore i n  order to  o b t a i n  a magnetic ground state 
(see Table 1) it is  usua l ly  accepted that it is necessary t o  
have U > 2V favorable  for s p i n  d e n s i t y  waves (21). 
Therefore : 

salts. 

t ,, 

U ( >  lev) > 2V(0.6 - 0 .8eV)  2 A = 4t1,(0.5 - 0.7eV) .  

As far  as we neglec t  the t ransverse  i n t e r a c t i o n s  i n  this Id 

extended RUBBARD model the i n t e r p r e t a t i o n  of these optical 
experiments furn ishes  a c l a s s i f i c a t i o n  od t h e s e  parame- 
ters (U > V 2 ti,) neglect ing t h e  electron-phonon in te rac-  
t i o n s .  
The presence of large COULOMB i n t e r a c t i o n s  is i n  q u a l i t a t i v e  
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166 P. DELHAES et al. 

agreement 
and a moderate electrical conduct iv i ty  ( 1 )( 16 ) . 

w i t h  the observat ion of an enhanced paramagnetism 

CONCLUSION 

A q u a n t i t a t i v e  approach to the e l e c t r o n i c  absorpt ion comple- 
ments the r e f l e c t i v i t y  measurements. W e  have shown that a 
classical DRUDE model is not  s u f f i c i e n t  for t h e s e  narrow 
band materials and we have proposed that the e l e c t r o n i c  
e x c i t a t i o n s  are related t o  s t r o n g  e l e c t r o n i c  c o r r e l a t i o n s  
following previous work done by TORRANCE and C o l l .  (3) and 
MAZUNDAR and SOOS ( 2 0 )  respec t ive ly .  The C.T. "A band" is 
a s i n g l e  particle t r a n s i t i o n  localized on neighbouring sites 
which is more or less i n s e n s i t i v e  t o  t h e  detailed crystal 
s t r u c t u r e  b u t  rather characteristic of the involved mole- 
c u l a r  blocks (Table  2 ) .  

The f i t  using a u)RENTZ oscillator conducts u s  t o  the 
following concluding remarks : 

i) A t  low frequencies,  the experimental  e l e c t r o n i c  
absorpt ion is always above the c a l c u l a t e d  va lues  (Figure 3) 
because the DRUDE-WRENTZ model will always lead to a n u l l  
d .c .  conduct iv i ty  i n  cont rad ic t ion  w i t h  the experimental  
f ind ings  (see Table 1). Temperature dependence invest iga-  
t i o n s  are necessary t o  expla in  th i s  p o i n t .  

ii) The characteristic resonant frequency (urn) which 
is found, is not equal t o  the maximum of the absorpt ion band 

(see Figure 1) b u t  rather is determined by the r e f l e c t i v i t y  
maximum ( see Figure 4 ) .  

iii) The vibronic  effect which is a charge t r a n s f e r  
induced v i b r a t i o n n a l  absorpt ion i n  mixed valence compounds 
appears t o  be present  i n  these new compounds based on 
unsymmetrical molecules. A detailed experimental  s tudy  is 
under inves t iga t ion ,  never the less  it already appears that 
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ELECTRONIC & VIBRATIONAL ABSORPTION OF TTF DERIVATIVES 167 

RICE'S dimer model (4) would not be su f f i c i en t  t o  explain 
these results. 
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