
This article was downloaded by: [University of California, San Diego]
On: 16 August 2012, At: 02:54
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954
Registered office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH,
UK

Molecular Crystals and
Liquid Crystals Science
and Technology. Section A.
Molecular Crystals and Liquid
Crystals
Publication details, including instructions for
authors and subscription information:
http://www.tandfonline.com/loi/gmcl19

Mixtures of Trihalide Anions in
Isostructural BEDT-TTF Salts as
Seen by Raman Spectroscopy
R. Wojciechowski a , J. Ulanski a , M. Kryszewski a ,
E. Laukhina b & V. Tkacheva b
a Department of Molecular Physics, Faculty of
Chemistry, Technical University of Lodz, ul.
Zeromskiego 116, 90-924, Lodz, Poland
b Institute of Problems of Chemical Physics, Russian
Academy of Science, Chernogolovka, MD, 142432,
Russia

Version of record first published: 24 Sep 2006

To cite this article: R. Wojciechowski, J. Ulanski, M. Kryszewski, E. Laukhina &
V. Tkacheva (2001): Mixtures of Trihalide Anions in Isostructural BEDT-TTF Salts as
Seen by Raman Spectroscopy, Molecular Crystals and Liquid Crystals Science and
Technology. Section A. Molecular Crystals and Liquid Crystals, 355:1, 351-358

To link to this article:  http://dx.doi.org/10.1080/10587250108023670

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-
and-conditions

http://www.tandfonline.com/loi/gmcl19
http://dx.doi.org/10.1080/10587250108023670
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions


This article may be used for research, teaching, and private study purposes.
Any substantial or systematic reproduction, redistribution, reselling, loan,
sub-licensing, systematic supply, or distribution in any form to anyone is
expressly forbidden.

The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to
date. The accuracy of any instructions, formulae, and drug doses should be
independently verified with primary sources. The publisher shall not be liable
for any loss, actions, claims, proceedings, demand, or costs or damages
whatsoever or howsoever caused arising directly or indirectly in connection
with or arising out of the use of this material.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 S

an
 D

ie
go

] 
at

 0
2:

54
 1

6 
A

ug
us

t 2
01

2 



MO/. Cr\rr Llq Cysr., VOl. 355,pp. 351-158 
Reprints available directly from the publisher 
Photocopying permitted by liccnw only 

Q ZWl OPA (OVerSCdS Publishers Asxxiation) N.V. 
Published by license under the 

Gordon and Breach Science Publishers imprint. 
Printed in Malaysia 

Mixtures of Trihalide Anions in 
lsostructural BEDT-TTF Salts as Seen 
by Raman Spectroscopy 
R. WOJCIECHOWSKI~, J. ULANSKI~~’, M. KRYSZEWSKI~, 
E. LAUKHINAb and V. TKACHEVAb 

“Department of Molecular Physics, Faculty of Chemistry Technical University of 
Lodz, ul. Zeromskiego 116, 90-924 Lodz (Poland) and ‘Institute of Problems of 
Chemical Physics, Russian Academy of Science, Chernogolovka, MD 142432 
(Russia) 

(Received December 24, 1999; In final form February 08,2000) 

Low frequency Raman spectra have been recorded at room temperature for p-type structure of the 
(BEDT-TTF),X single crystals (where BEDT-TTF is bis(ethylenedithi0) tetrathiafulvalene and X 
stands for mono or mixed trihalide anions). This technique has permitted us to detect a presence of 
the (Br-I-CI)., (I-I-Cl)-and (Cl-I-Cl)- anions in addition to a mixture of the (I-I-I)., (I-I-Br). and 
(Br-I-Br). anions in some recently grown single crystals. The observed low-frequency Raman bands 
were compared with the ah initio calculated vibrational frequencies of trihalide anions and a very 
good agreement between experimental and calculated data was found. 

Keywords: Raman spectroscopy; BEDT-TTF; organic conductors and superconductors; ah inirio 
calculations 

INTRODUCTION 

Charge-transfer salts based on BEDT-TTF [bis(ethylenedithio)tetrathiafulvalene] 
radical cation donor yield a great variety of organic conductors [ 1-61. The nature 
of intermolecular interactions leading to superconductivity in some of these sys- 
tems is not yet entirely understood, however it has been found to depend on the 
chemistry of anions [6-81. Raman spectroscopy has proven to be an efficient tool 
for studying the BEDT-TTF trihalide organic conductors [9-121, moreover it was 
also successfully applied to observation of individual contributions of specific 

* Corresponding Author. 
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trihalide anions in mixed structures [ 13-15]. The content of halide atoms is com- 
monly determined on a basis of X-ray diffraction (XRD) and energy dispersive 
X-ray analysis (EDX). These techniques give only a quantitative trihalide anion 
composition. Recently performed Raman experiments confirmed the existence of 
a ternary mixture of I,, 12Bi  and 1Br2- anions in the crystal structure of 
P-(BEDT-TTF)II,5Brl.5 salt [ 13,151 and a ternary mixture of I B r i ,  BrICI- and 
IC12- anions in the P"-(BEDT-TTF)Br0,51C11,5 single crystals [ 14,151. In was 
shown [ 151 that quantum mechanics ab initio self-consistent field methods are 
useful for the proper assignment of experimental frequency vibrations in salts 
containing mixture of trihalide anions. These results of Raman investigations 
gave rise to further investigation, that have consisted in crystallization and char- 
acterization of physical properties ( i .e .  electrical and optical) of new single crys- 
tals of BEDT-TTF with mixture of trihalide anions. 

In this work we present a Raman investigations of isostructural 
P-(BEDT-TTF)2X organic conductors containing mixture of three and more dif- 
ferent trihalide anions. The P-type structure of such crystalline compounds corre- 
sponds to triclinic (m) space group where BEDT-TTF radical cations form 
organic layers alternating with those of trihalide anions along the crystallo- 
graphic c-axis. Trihalide anions are aligned approximately along the [ / l o ]  direc- 
tion and BEDT-TTF radical cations form quasi-2D conductive layers in the (001) 
plane [ I l r ] .  Until now all known BEDT-TTF trihalide salts forming P-type 
structure contain trihalide anions based on iodine and bromide [ 1-81, while those 
containing in addition chloride atoms exhibit rather p'-or P"-type structures [ 161. 

EX P E R I M E NTA L 

Single crystals of P-(BEDT-TTF)2X, where X stands for I,, 1Br2, or quantita- 

pared by chemical oxidation method [17] in nitrobenzene under argon 
atmosphere. The P-type crystal structure was confirmed based on election spin 
resonance (ESR) and XRD measurements. The halide compositions were 
obtained by EDX. 

tively 12.RSBr0. 1 5 7  IlSBrl 5 9  12.3c10.73 Brl  .3II .2C10.4 and Br0.811 .6c10.6 were pre- 

Raman experiments 

The Raman spectra of single crystals were recorded at room temperature using a 
Jobin-Yvon T64000 Micro-Raman spectrometer working in back-scattering 
mode. The measurements were performed with spectral resolution of 2 cm-l 
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using 632 nm He-Ne (Spectra Physics model 127) laser line. The laser beam 
power was kept below 0.1 mW with an illuminated spot of about 8 pm in diame- 
ter, giving an energy density of 400 kW/m2. Diamond (1332 cm-') and silicon 
(520 cm-') lines were used for the calibration of the spectrometer. For all the 
investigated crystals, the Raman spectra were recorded at the (001) crystallo- 
graphic plane, and the laser light was linearly polarized approximately along the 
long axis of trihalide anions i .e.  approximately along [ l lo]  direction. 

Ab initio calculations 

Ab initio calculations of trihalide anions vibrational frequencies have been per- 
formed using GAMESS Version 18.03.1997. The self-consistent field (SCF) pro- 
cedure was carried out for the restricted Hartree-Fock (RHF) method. The LCAO 
molecular orbital was constructed for the basis set based on effective core poten- 
tial (ECP) StevendBasch /Krauss/Jasien/Cundari (SBK) for Li-Rn with diffusion 
and polarization functions (three for p and d orbitals, and one for f orbitals). All 
calculations were performed for free I,, I-I-Br, Br-I-Br, Br-I-Cl, I-I-CI and 
Cl-I-CI one-negatively charged anions (without an external potential). The vibra- 
tional frequencies were calculated by numerical diagonalization of the obtained 
density matrix. 

RESULTS AND DISCUSSION 

The results of the quantum-chemical ab initio calculations of vibrational modes 
for trihalide anions are given in Table 1. We decided to compare frequencies of 
vibrational modes calculated by GAMESS for free anions with the experimental 
ones. It i s  reasonable since the bond lengths calculated by GAMESS for free ani- 
ons are similar to those obtained experimentally while the ab-initio calculations 
for trihalide anions in crystal structure are much more difficult. 

The Raman spectrum of P-(BEDT-TTF),I, single crystal (Fig. 1 a) is composed 
of bands at 24, 28, 95, 120, 144 and 241 cm-'. The first two bands are lattice 
modes, the 120 cm-I band was assigned to the Raman active in-phase stretch of 
symmetrical linear 13- anions, while the weak band at 95, 144 and 241 cm-'was 
recognized as overtones [9-121. The recorded spectrum is relatively intense due 
to re5onant enhancement of the Raman scattering by 1,- anions. 

The similar Raman spectrum characterizes the P-(BEDT-TTF),I, 85Br0,15 single 
crystals (Fig. 1 b). Two bands at 120 and 241 cm-' are exactly at the same positions 
as that for the P-(BEDT-TTF),I, single crystals, indicating the presence of I,' ani- 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 S

an
 D

ie
go

] 
at

 0
2:

54
 1

6 
A

ug
us

t 2
01

2 



354 R.  WOJClECHOWSKl et ul 

I, 

120 

, ,2 
0 50 100 150 200 250 300 350 

Raman Shift [cm-'1 
FIGURE I The Raman spectra of P-(BEDT-TTF)*l,(a), P-(BEDT-TTF)212,ssBr", IS(b) and 
P-(BEDT-TTF)212,,CI,.~ (c) salts taken at room temperature for 632.8 nm laser line polarised along 
trihaiide anion's long axis 

ons. The band at 187 cmpl is expected to result from the presence of non-symmet- 
ncal linear 12Bi anions and we assign it to the in-phase-stretching mode (Table I). 
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Quite different spectrum was obtained for the P-(BEDT-TTF)212,3Cl,,7, where 
the bands at 28, 120, 147,208 and 259 cm-l were found (Fig. Ic). The overtones 
at 95 and 144 cm-' are less intense in comparison to the previous spectra, proba- 
bly due to disappearance of the band at 24 cm-'. The band at 147 cm-l can be 
explained as normally Raman inactive out-of-phase stretching of 13-, 12C1f or 
ICl, anions [9-121, while 208 and 259 cm-' bands are probably due to 12Cl-and 
ICI,. anions [ 14-16], respectively (Table I). 

TABLE I Experimental bond distances and in-phase vibrations frequencies of 11. IzBr, IBrZ, IClBr 
and ICI, anions in BEDT-TTF salts and ~h initio calculated values for free 11, 12Br IBr2, ICIBr, 1,CI 
and ICI, anions [IS] 

SuWanion tvl,e Bond length ( A )  In-phuse stretch [cm-'1 

(1-14)- 2.919l 

2.96b 

(1-I-Br)- 2.9212.70" 
2.9512.75h 

(Br-l-Brr 2.7Wa 

2.74h 

(CI-I-Br). - 

2.59/2.74h 

(C1-I-a)- - 

2.59b 

(1-I-Cl)- - 

2.95/2.60b 

120" 

1 17.Xh 

136" 

145.7b 

1 60a 

163.6' 

230" 
233.6b 

259" 
266.Sb 

20xa 

223.7h 

a. 
b. 

Experimental data from XRD [2-61 and Raman [9-151. 
Ah inirio calculated data (GAMESS) [ 151. 

Figure 2 shows the Raman spectra of other P-type BEDT-TTF trihalide single 
crystals. Fig. 2a presents the well-known Raman spectrum of 
P-(BEDT-TTF)21Br2 single crystal. Independently on the crystal lattice modes 
below 70 cm-I, that are common for all presented in Fig. 2 spectra, one can see 
136 and 160 cm-' bands. The former is probably due to small amount of 12Bi 
anions and the latter is due to IBry anions [10,16] (Table I). In the Raman spec- 
trum of P-(BEDT-TTF)211~sBrl,S single crystal (Fig. 2b) there are three bands at 
about 120, 136 and 160, that were attributed to 13-, 12Br-and I B r i  anions respec- 
tively (Table I). This salt was the first one in which the existence of ternary mix- 
ture of trihalide anion was proven by Raman spectroscopy [ 13,151. 

Fig. 2c shows the Raman spectrum of the P-(BEDT-TTF)2Brl ,311,3Cl0,4. There 
are four main bands over 100 cm-l frequency. Similarly like for the previous 
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1 
160 

MB 230 259 

0 SO 100 150 200 250 300 350 

Raman Shift [cm-'1 
FIGURE 2 I'hc Raman spectra of p-(BEDT-TTF)zlBr2("). p-(BEDT-TTF),I ,,sBr,,5(b), 
P-(BEDT-TTF)>Br1 ? I I  3C10,1 (c) and P-(BEDT-TTF)?Bro , I ,  hCl,l.6 (d) salts taken at room lempera- 
lure for 632.8 nm laser line polarised along trihalide anioni long axis 

salt, there are three bands at 120, 136 and 160 cm-l corresponding to If, 12Bi 
and IBr2- anions, but additionally a new band at 230 cm-' is observed. We 
attribute it to non-symmetrical linear BrICI- anion (Table I ) .  Since bromine 
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atoms are in majority and few chlorine atoms are included in the structure the 
formation of the I2C1- or ICl, anions is much less probable than of the BrICl- 
anions. The band at about 230 cm-l has been already observed for the 
P"-(BEDT-TTF)2Bro,51C11 ,5 single crystals and it was attributed to the BrICl-ani- 
ons [15]. According to the Raman spectroscopy data the 
P-(BEDT-TTF)2Brl ,311 ,$1,,, single crystal consists of mixture of four trihalide 
anions - 13-, I2Br-, IBr2- and BrICi-, and among them the IBr2- anions occur in 
majority. 

Another single crystal possessing P-type structure was assigned using the EDX 
measurements as P-(BEDT-TTF)2Bro,811.6C1~.6. In the Fig. 2d one can see that 
its Raman spectrum consists of six bands above 100 cm-I. By using the ah in i f io  
calculated in-phase stretching modes (Table I) all the observed bands can be 
attributed to specific trihalide anions. The bands at 120, 136, 160, 208, 230 and 
259 correspond to Ix-. 12Br-, IBr2-, I&-,  BrICl- and ICI2- anions, respectively. 
By taking the Raman spectra of f3-(BEDT-TTF)2Br0,811 .&lo,6 single crystal we 
have found that apart the mixture of bigger trihalide anion also smaller trihalide 
anions like 12C1- and IC1,- can be incorporated into the P-type structure of 
BEDT-TTF trihalides. This can happen if amount of chlorine atoms is small 
enough, otherwise P' or P"-type structures will be formed [ 161. 

CONCLUSION 

By using Raman spectroscopy we have demonstrated that the composition of tri- 
halide anions in the P-(BEDT-TTF)2X single crystal can be rather complicated. 
We have found that binary mixture of halide atoms, iodine with chlorine and 
iodine with bromine result in ternary mixtures of trihalide anions. The more 
complicated ternary mixture of I,  Br and C1 atoms may result in mixture of many 
trihalide anions. 
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