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ANALYSIS AND INTERPRETATION OF THE REFLECTANCE SPECTRA 

CONDUCTORS AND CONDUCTORS) 
OF BEDT-'ITF BASED CHARGE-TRANSFER SALTS (ORGANIC SUPER- 

JOHN R. FERRARO AND JACK M. WILLIAMS 
Chemistry and Materials Science Divisions, Argonne National Laboratory, 
Argonne, IL 60439 U.S.A. 

Abstract Polarized micro-reflectance spectra of BEDT-?TF (ET) based charge- 
transfer (CT) superconductors and conductors are analyzed and interpreted. The 
paper discusses results which have allowed us to differentiate between various 
structural phases for (ET)2X type salts, obtain information concerning the nature of 
the environment in the important structure-determining anion-hydrogen cavity of 
these salts, and in identifying impurities present in the salts. Possible relationships 
of the -C-C-H bending frequency to the elecmnegativity of the halogen atom in the 
anion- hydrogen cavity and to lattice softness are cited. 

INTRODUCTION 

Polarized reflectance spectra for the study of charge-transfer (CT) superconductors and 
conductors has proven to be very useful.1-35 Considerable information can be obtained 
from the spectra of these materials such as: optical anisotropy of the salts, electronic 
structure, plasma frequencies, optical band gap, optical conductivity, electron-phonon 
coupling constants and the "dimensionality" of the salt. Recent results have demonstrated 
that differentiation of various structural phases in (ET)2X type of salts, where ET = 

bis(ethylenedithio)tetrathiafulvalene, and X = inorganic anion, is also possible.l7?30 
Information concerning the nature of the environments in the important structure- 
determining anion-hydrogen cavity of these salts can also be obta ined ,17~~~9~30 as well 
as identifying minor impurities in these salts.33 

Considerable data has now accumulated and it is the purpose of this conmbution to 
examine the polarized reflectance spectra of the CT salts, and to cite the important features 
observed. 

Reflectance measurements for most CT salts have extended into the near ultraviolet region 
(-30,000 cm-l) of the electromagnetic spectrum, and in some cases have been 
accomplished at liquid He temperatures. Our studies were conducted at room temperature. 
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254 J. R. FERRARO, J. M. WILLIAMS 

The room temperature spectra of these salts are characterized by two regions of interest. 
The first feature is broad and extends from 4000-1600cm-1 in our studies,l7*30 although 
the high-energy side may well extend into the high-frequency region. This feature has 
been ascribed to inter- and intramolecular electronic transitions of the donor molecules and 
their overlap, and has been designated as the plasma spectrum.7~13 The second feature 
occurs from 1200-1450cm-1 and has been termed the vibronic region. The emphasis in 
this paper deals with this latter region. The region has been attributed to the interaction 
between conduction electrons and molecular vibrations. The interactions involve the 
intramolecular, symmetric Raman-active vibrational modes of ET (e.g., A, modes such as 
the C=C and C-S stretching vibrations).7*13 It now appears the the -C-C-H bending 
vibrations of the ethylene groups of ET are also involved in this region, inasmuch as 
deuterated ET salts show changes in the vibronic region.23$24?29-31 Coupling of the 
electrons with vibrational modes lowers the symmetry of the ET molecule stacks, and the 
vibrational spectrum becomes IR-active. A shift to lower frequency is also 
observed.7-13*29 Whereas the C=C stretching vibration occurs at -1500cm-1 in the 
unoxidized ET molecule, the vibronic region in the salts occurs in the 1200-1450cm-1 
frequency range, a behavior typical of this type of phenomenon. 
a. Vibronic Envelope (1200-1450cm-1) 

Five types of reflectance spectra are observed for the CT ~a l t s :~7*~~*30  
1. 

2. 

Lack of envelope in this region [e.g. a-(ET)2I3 or a - (ET)21Br~]~~  - no 
vibrational structure observed in Fig. la. 
Envelope with superimposed vibrational structure [e.g., (ET)2Agx(NCS)2, 
where x = 1.6)M - no dip in absorption] - Fig. lb. 

3. No envelope and only a vibrational spectrum obtained [e.g., 
(BEDSe-TI'F)2AuI2), where BEDSe-lTF = bis(ethylenedise1eno)tetra- 
thiafulvalenel.32 The spectrum here is typical of an organic compound and 
not of an electrical conductor - Fig. lc. 
Envelope with no dip [e.g., deuterated ET salt~,2332~*~9-31 psuedo- 
K-(MDT-?TF)~AuI~ where MDT = (methylenedithio) tetrathiafulvaleneW 
- Fig. Id. 
Envelope with a dip* in absorption occurring [e.g., p-, p-, a'-, ET salts, 
and most PT (bis(propy1enedithio)tetrathiafulvalene) salts] l7 and 
K - ( E T ) ~ C ~ ( N C S ) ~ ~  - Fig. le. 

4. 

5. 

*In this paper we use the terminology of dip, which is synonymous with the splitting that 
occurs in the region. 
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ANALYSIS AND INTERPRETATION OF REFLECTANCE SPECTRA 255 

'188.8 lza0.0 1888.8 

FIGURE 1 Five types of spectra obtained from reflectance studies of CT organic 
salts in the vibronic region: 

(a) Spectrum of a-(ET)2IBr2 
(b) Spectrum of (ET)2Agx(NCS)2, where x = 1.6 
(c) Spectrum of (BEDSe)2AuI2 
(d) Spectrum of K-dg(ET);?CU(NCS)z 
( f )  Spectrum of K-(ET)~CU(NCS)~ 
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The envelope may shift depending on the salt. Figure 2 illustrates this with 
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FIGURE 2 Shift in vibronic envelope (MDT-?TF)2AuI2 (lower), 
(MDT-rn213 (Upper). 

( M D T - ' I T F ) ~ A u I ~ ~ ~  where the center of the envelope is at 1291 cm-1 and is found close 
to 1400 cm-l in (MDT-'TTF)2I3.34 The center of the envelope in (ET)5Hg3Brl1 is also 
shifted and the main peak is found at -1400 cm-l(see Fig. 3)34 A small dip occurs at 
-1300 cm-1 but an unsymmetrical shaped envelope makes the assignment difficult. Figure 
4 illustrates the two possible shapes of the vibronic region which show dips. One is 
rather symmetrical, as in (ET)2Au(CN)2(Br)234 and the other is asymmetric as in 
(ET)5Hg3Brl l o M  
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1- 

I I - - r - - - - 1 - - - T - -  
2200 2000 1EOO 1600 1400 1200 1000 

Wavenumbers 

\ 

FIGURE 3 Reflectance spectra of (ET)5Hg3Brli. 

FIGURE 4 Reflectance spectra of (ET)~Hg3Brll (upper) and 
(ET) 2Au(CN)2(Br)2 (lower). 
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258 J. R. FERRARO, J. M. WILLIAMS 

b. Nature of Dip in Vibronic Envelope 
The dip occurring in the vibronic envelope appears to be deuterium-dependent because 
upon deuteration of ET salts the dip disappears.23~3~29-31 This behavior can be attributed 
to the interaction of the -C-C-H bending vibration with the anion moiety. In ET salts an 
anion cavity exists (see Figure 5 )  where weak hydrogen bonding interactions 

FIGURE 5 Packing diagrams for ET molecules in an environment of trihalide 
anions. Top: a-(ET)2I3; Middle: p-(ET)2IBr2; Bottom: p'-(ET)2IC12. 

between donor molecules and the anions take place, which are extremely important to the 
conductive properties of these materials because they are important in determining the 
actual solid state structures. Thus, the presence of the dip in this region is a probe of the 
interactions occurring in the anion cavity of these salts between the -C-C-He*-anion, 
involving the GC-C-H vibration. 

The dip also appears to be dependent on the structural I~E%S of the salt.17 For 
example, p-, p-, a'-salts as well as K-(ET)~C~(NCS)~ all manifest the dip; a-structures do 
not. Therefore, some differentiation between structural phases is possible by the 
observation of the vibronic region in the reflective spectra. The dip does not appear to 
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ANALYSIS AND INTERPRETATION OF REFLECTANCE SPECTRA 259 

involve the skeletal portion of the donor molecule, as salts containing S or Se show a dip. 
Some of the PT salts show the dip as well (e.g., (pT)2I3, (m2IBr2, (PT)2IC12, whereas 
the MT salts do not. The PT salts contain the -C-C-H linkage as in ET salts, whereas such 
a linkage is absent in the MT salts. Likewise in (MDT-?TF)2AuI2, only the vinyl and 
methylene linkages are present, and the salt shows no dip in the vibronic region. In the 
structure of (MDT-?TF)2AuI2 dimers of the donor molecules are found, and the donor 
molecule alternates in the dimers so that a methylene group resides over a vinyl group. 
Thus, each end of the molecular stack unit has only four hydrogen atoms, as compared to 
eight in the w-(ET)2Cu(NCS)2 dimers, suggesting that fewer C-H-anion interactions 
occur in the cavities of MDT-?TF and MT salts. 

c. Identification of Two Orientations of ET Molecules in w-(ETbCu(NCS)& 
Reflectance Methods 

Examination of the vibronic region from polarizing reflectance studies has also been found 
to be useful in identifying two different ET molecules in the highest-Tc organic 
superconductor known (T, = 10.4K) K - ( E T ) ~ C U ( N C S ) ~ . ~ ~  It was found that the 
frequency differences occur in the 6-C-C-H vibration for the two molecule types in 
K-(ET)~CU(NCS)~. One form shows the 6-C-C-H vibration at 1280 cm-1 and the other at 
1302 cm-l. Figure 6 illustrates the IR reflectance spectra of K-(ET)~CU(NCS)~.  
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FIGURE 6 Polarized reflectance spectra of K-(ET)~CU(NCS)~. 

(a) polarized light parallel to paxis, 
(b) polarized light parallel to haxis, 
(c) polarized light parallel to 45" between h and E axis and 
(d) unpolarized light. 
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ANALYSIS AND INTERPRETATION OF REFLECTANCE SPECTRA 261 

5 
S 

Molecule 1 

dN Ba, 
Molecule 2 s C N  

FIGURE 7 Two types of ET molecules in (ET)2Cu(NCS)2 and their SCN- 
environment. Thin lines are short H***anion contacts less than the van der Wads 
radii sum (3.1 A, 3.OA and 2.85 A for H***S, H***C and H***N, respectively. 

Figure 7 shows the two types of ET molecules in K-(ET)~CU(NCS)~ and their (SCN-) 
anion environments. The results substantiate the x-ray data for this salt, where the 
independent ET molecules exist in the unit cell.36 The short C-H***anion contacts are 
associated with the two non-equivalent ET molecules (Fig. 7). Molecule 1 has short 
C-H***anion contacts primarily with the N and C atoms, whereas molecule 2 has short 
C-H***anion contacts primarily with the S atoms. The two environments lead to two 
different -C-C-H bending modes in the polarized infrared reflectance spectra of 
K-(-(ET)2cU(Ncs)2.24 

d. Possible Relationship Between the 6C -C-H Freauencv DiD and the Electroneeativity 
of the Halogen Atom in the Anion Cavity 

The position of the 6-C-C-H frequency (dip) in the reflectance spectra may be 
related to the electronegativity of the halogen atom in the cavity.l7 For PT salts, the 
6-C-C-H frequency shifts toward higher energy as the electronegativity of the halogen 
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262 J. R. FERRARO, J. M. WILLIAMS 

atoms of the anion increases. For example, in the anions involving PT as a donor, the 
6-C-C-H frequency shifts toward higher energy in the order of 13- -12Br- - ICl2- 
indicative of stronger hydrogen bonding occurring in the cavity of the salt, as the 
electronegativity of the halogen atom increases. Additional work is necessary to further 
substantiate any possible trend. 

e. Possible Corn lation of &C-C-H Bending Frequencv with the Lath 'ce Softness 
Correlation of the bending frequency with "lattice softness" may also be possible.17 
Whangbo, et a1.37 have correlated the H-H and H-X bond lengths in the hydrogen- 
anion cavities of ET salts with the "softness" of ET molecule-anion interactions (softness 
being defined as soft in respect to phonon modes such as translational or librational). 
When the lattice of the ET salts is soft toward phonon modes, it leads to a large electron- 
phonon coupling constant (A). The constant increases as the lattice becomes softer and Tc 
increases. This follows from the McMillan equation38 

(1) T, = (0&1.45)exp[-1.04(1 + h)/(h-p.* 1 + hcw>/%)l 

where 8D is the Debye temperature in a given lattice, <o> and w, are the average and the 
maximum frequencies of the phonon band, respectively, p* is the Coulomb psuedo 
potential. Based on the BCS mechanism39 of superconductivity, the electron-phonon 
coupling is essential for superconductivity. The extent of coupling is measured by the 
constant A, which is related to Tc as in equation 1. Using observed Tc values for the 
P-(ET)2X series, and p* = 0.1, <w>/w0=0.3 and 8D=200 K, one obtains the values in 
Table I. The superconductor V-(ET)2I3 refers to the phase obtained if p-(ET)2I3 is 
pressed at pressures > 0.5 kbar. It follows that h increases as Tc increases and a 
"softening" of the lattice occurs. Figure 8 illustrates the difference between the staggered 
and eclipsed configuration of ET molecules listed in Table I. 

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

1:
40

 1
9 

Fe
br

ua
ry

 2
01

3 



ANALYSIS AND INTERPRETATION OF REFLECTANCE SPECTRA 263 

FIGURE 8 Staggered (bottom) and eclipsed (top) ET molecules, 
TABLE I 

P@T)213 1.4 0.37 eclipsed 2.842 2.477 
staggered 2.988 2.152 

P-(ET)2mr2 2.8 0.43 eclipsed 2.887 2.169 
P(ET)2AuI2 5.0 0.52 eclipsed 2.996 2.224 
V-@T)213 8 0.62 staggered 3.014 2.261 

Superconducting Transition Temperature (Tc) 
Electron-Phonon Coupling Constant 6) 
Conformation of ET molecule, H***X-, H-H 
Bond Distances in p-(ET)zX Salts 

In the PT salts studied17 the 6-C-C-H vibrations occur 5-10 cm-l lower than in the 
ET salts, indicative of slightly stronger hydrogen-anion interactions in the cavity (decrease 
in softness) for the ET salts vs. the PT salts. With an increase in H-X- distances (see 
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264 J. R. FERRARO, J. M. WILLIAMS 

Table I) the UCH stretching frequencies should increase and &C-C-H frequencies should 
decrease within the ET series seen in Table I. Unfortunately, the insensitivity of the 
&C-C-H vibration in the ET series prevents one from determining if this suggestion is 
valid. The broad plasma band in the higher region masks the CH stretching vibrations. 
Additional problems in quantifying such an effect are based on the fact that as yet there are 
an insufficient number of members within a series to examine, and also that the possibility 
that suuctural differences can occur within the series. 

f. Identification of Minor Impurities 
The microreflectance IR technique has also proven useful in identifying minor impurities 
in various organic CT salts. In the thermal conversion of semiconductor (r-(ET)& to the 
superconductor ut-(ET)213, some evidence for slight decomposition is noticed in the 
thermal tempering reaction.33 A red spot in the cq-(ET)2I3 sample was identified by the 
microreflectance technique to have absorptions that could be assigned to neutral ET (red- 
orange ~010r).31 

EXPERIMENTAL 

ET salt analyses were performed on a BioRad FTS-40 Micro-IR instrument. A narrow- 
band MCT detector with a 250pm diameter element was mounted on the UMA-300A 
microscope. The single crystal was placed on a KBr salt plate to eliminate any 
reflectiodabsorption effects from the sample mount. The salts are opaque and the spectra 
were measured in  the reflectance mode. The typical microscope aperture was set to 
produce a 220pm square sampling area. A sputtered gold plate was substituted for the 
sample to obtain an instrument background. The spectra for the 4000-700 cm-1 region 
were acquired at 4 cm-1 resolution for either 30 or 500 seconds of scanning time. A 
KramersKronig transformation was applied to all microreflectance spectra and added 40 
seconds to the analysis time. Infrared microsampling has become a powerful analytical 
tool for the characterization of very small samples (> 5 ~ ) .  

SUMMARY 

The analysis and interpretation of the mimreflectance spectra of BEDT-'ITF based salts 
has been made. Two main features of the spectra are found. The first feature from 4000- 
1600 cm-1 is attributed to the plasma spectrum extending from higher energy and 
involving inter- and intramolecular electronic transitions of the donor molecules and their 
overlap. The second feature occurs from 1200-1450 cm-1 and is the vibronic region and is 
attributed to interaction between conduction electrons and molecular vibrations and to the 
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ANALYSIS AND INTERPRETATION OF REFlECTANCE SPECTRA 265 

anion-hydrogen interactions in the cavity of these salts. The latter feature appears to be the 
fingerprint of these interactions occurring in the anion-hydrogen cavity between donor and 
anions, which are very important to the structural and physical properties in these 
materials. 

The micro-reflectance infrared region has also been shown to be useful in 
differentiating between various structural-types in (El72X salts. The b, p-, a'- and 
K-(ET)~CU(SCN)~ salts all show spectra of the type illustrated in Fig. le  (where a dip in 
absorption occurs in the vibronic region), whereas a-structures show no dip (Fig. la). 

The technique is also useful in detecting impurities in these salts. 
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