
This article was downloaded by: [Tomsk State University of Control Systems and Radio]
On: 19 February 2013, At: 11:37
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
Incorporating Nonlinear Optics
Publication details, including instructions for authors and
subscription information:
http://www.tandfonline.com/loi/gmcl17

Structural and Electronic Properties
of K-Phase Organic Donor Salts: κ-
(DMET)2AuBr2 and κ-(BEDT-TTF)4Hg3Cl8
M.-H. Whangbo a , D. Jung a , H. H. Wang b , M. A. Beno b , J. M.
Williams b & K. Kikuchi c
a Department of Chemistry, North Carolina State University Raleigh,
North Carolina, 27695-8204
b Chemistry and Materials Science Divisions, Argonne National
Laboratory Argonne, Illinois, 60439
c Department of Chemistry, Faculty of Science, Tokyo Metropolitan
University, Tokyo, 158, Japan
Version of record first published: 22 Sep 2006.

To cite this article: M.-H. Whangbo , D. Jung , H. H. Wang , M. A. Beno , J. M. Williams & K. Kikuchi
(1990): Structural and Electronic Properties of K-Phase Organic Donor Salts: κ-(DMET)2AuBr2 and κ-
(BEDT-TTF)4Hg3Cl8 , Molecular Crystals and Liquid Crystals Incorporating Nonlinear Optics, 181:1, 1-15

To link to this article:  http://dx.doi.org/10.1080/00268949008035988

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: 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.

http://www.tandfonline.com/loi/gmcl17
http://dx.doi.org/10.1080/00268949008035988
http://www.tandfonline.com/page/terms-and-conditions


Mol. Crysr. Liq. Crysr., 1990, vol. 181, pp. 1-15 
Reprints available directly from the publisher 
Photocopying permitted by license only 
0 1990 Gordon and Breach Science Publishers S.A.  
Printed in the United States of America 

STRUCTUML AND ELECTRONIC PROPERTIES OF K-PHASE ORGANIC 
DONOR SALTS : K-@MET)~AuBQ AND K-(BEDT-'ITF)dg3Clg 

M. -H. WHANGBO* AND D. JUNG 
Department of Chemistry, North Carolina State University 
Raleigh, North Carolina 27695-8204 

H. H. WANG, M. A. BEN0 AND J. M. WILLIAMS* 
Chemistry and Materials Science Divisions, Argonne National Laboratory 
Argonne, Illinois 60439 

K. KIKUCHI 
Department of Chemistry, Faculty of Science, Tokyo Metropolitan 
University, Tokyo 158, Japan 

Abstract Electronic structures of K- (BEDT- ' ITF)~H~~C~~ and K-(DMET)~AuB~~ 
were examined by performing tight-binding band calculations, and the crystal and 
electronic properties of the two salts were compared with those of other 
superconducting and nonsuperconducting K-phase salts. A possible reason for 
why K - ( B E D T - T T F ) ~ H ~ ~ C ~ ~  requires an applied pressure to achieve super- 
conductivity was discussed. 

INTRO DUCTION 

Ambient-pressure organic superconducting salts have been synthesized from symmetric 
donor molecules TMTSF (1) and BEDT-IW (2) as well as unsymmetrical donor 
molecules MDT-TTF (3) and DMET (4). These superconductors include 
(TMTSF)2C104 (Tc=l .3K),2 P-(BEDT-TI'F)2X (X-= I3-, AuI2', and IBr2- for which Tc 
= 1.4,3 2.8,4 and 5.0 K> respectively), 0 - (BEDT-m)2 I3 (Tc=3.6 K),6 y - (BEDT- 
TTF)2 (I3)2.5 (Tc=2.5 K),7 K-(BEDT-TTF)~ X (X-=Cu(NCS)2- and 13- for which 
Tc=10.48 and 3.5K,9 respectively), K - ( M D T - T T F ) ~ A u I ~  (Tc = 4.5K),lo and K- 

(DMET)2AuBr2 (Tc = 1.8K).l1 Although it has not been fully understood which 
structural factors govern the superconductivity of organic conducting salts, important 
clues for this question have been provided by studies of how applied pressure (P) 
influences their superconductivity. For instance, the jump in the Tc value of P-(BEDT- 
TTF)213 under pressure (i.e., Tc = 1.4 K at P = 1 bar to Tc = - 8K at P = 0.5 kbar)l21 13 

and the concomitant structural change14 under pressure suggest15 that lattice softness 
associated with the short C-He-donor and C-H.-anion contacts are essential for the 
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2 M. -H. WHANGBO ET AL 

H3c1seHse1cH3 

H3C Se Se CH, 

TMTSF, 1 BEDT-TTF, 2 

MDT-TTF, 3 DMET, 4 

H ~ s ~ s # s ~ s ) ( > ( : :  H S S S S 

BMDT-TTF, 5 

superconductivity of the P-phase salts P-(BEDT-lTF)2 X (X-= I3-, AuI2-, IBr27. 
The class of K-phase superconductors has the most members and consists of several 

different donor molecules, including the unsymmemcal ones, and several different types 
of anions (i.e., discrete and polymeric). Therefore, the crystal packing of a K-phase 
material appears to be most favorable in achieving superconductivity. The symmetrical 
donor BMDT-TTF (5) leads to a nonsuperconducting K-phase salt, K-(BMDT- 
TTF)2Au(CN)2,*6 which does not become superconducting under pressure.17 According 
to a recent comparative study18 of K-phase salts, K-(BEDT-TTF)~ X (X- = Cu(NCS)2-, 
I3-), and K-(MDT-'ITF)2 AuI2, and K-(BMDT-'ITF)~AU(CN)~, the crystal and electronic 
structures of the nonsuperconducting salt differ substantially from those of the 
superconducting ones. In the present work, we examine the crystal and electronic 
structures of two other K-phase salts, K-@MET)~AuB~~ and K - ( B E D T - ~ T F ) ~ H ~ ~ C ~ ~ ~ ~  to 
learn which structural factors might conml the superconductivity in the K-phase salts. K- 
(BEDT-TTF)4Hg$lg is not a superconductor under ambient pressure but, unlike K- 
(BMDT-TTF)~Au(CN)~,  it becomes superconducting under applied pressure with 
somewhat complicated pressure dependence of Tc;19 This salt first becomes a 
superconductor at P = 12 kbar (Tc=1.8 K), with its Tc gradually decreasing upon 
increasing P until it loses superconductivity at P = 23 kbar. At P = 29 kbar, this salt 

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:
37

 1
9 

Fe
br

ua
ry

 2
01

3 



PROPERTIES OF K-PHASE SALTS 3 

becomes superconducting again at a higher temperature (Tc = 5.3 K). In the present 
study, the electronic structures of K - ( D M E T ) ~ A u B ~ ~  and K - ( B E D T - T T F ) ~ H ~ ~ C ~ ~  are 
obtained by performing tight-binding band calculations20 based upon the extended Hiickel 
method2l The atomic parameters employed in our calculations are summarized in Table 
1. 

TABLE 1 
Slater type atomic orbitals Xi a, b 

The exponents ci and valence shell ionization potentials Hii (eV) of the 

Xi Ci Ci' Hii 

Se 4s 3.139 (0.5822) 1.900 (0.4846) -20.5 
4P 2.7 15 (0.5347) 1.511 (0.5553) - 13.2 

s 3s 2.662 (0.5564) 1.688 (0.4873) -20.0 
3P 2.338 (0.5212) 1.333 (0.5443) -13.3 

c 2s 1.831 (0.7616) 1.153 (0.2630) -21.4 
2P 2.730 (0.2595) 1.257 (0.8025) -1 1.4 

H 1s 1.30 -13.6 

a The s and p orbitals of Se, S and C are given as a linear combination of two Slater 
type orbitals with exponents C and c', and each is followed by a weighting factor in 
paren theses. 

b A modified Wolfsberg-Helmholz formula was used to calculate the off-diagonal 
elements Hij.24 

CRYSTAL STRUcrURFj 

A. DONOR CONFORMATION 

In 2:l salts of BEDT-'ITF the six-membered rings of BEDT-'ITF are often found to adopt 
the conformation 6a (i.e., the sp3 carbon atoms above and below the x-plane) or 6b (i.e., 
one sp3 carbon atom above the x-plane and the other on the x-plane).22 Given that both 
six-membered rings of BEDT-'ITF have the conformation 6a, the two ethylene groups 
can be arranged as in 7a or 7b.l5a* 22 When viewed along the central C=C bond, the 
two ethylene groups of 7a and 7b are eclipsed and staggered, respectively. In K-(BEDT- 
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4 M. -H. WHANGBO ET AL 

TTF)qHg$lg, one six-membered ring of BEDT-TTF has the conformation 623, and the 
other ring the conformation 6b. The arrangement of the two ethylene groups is the same 
as the staggered arrangement 7b except for a slight difference resulting from the fact that 
one six-membered ring has the conformation 6b. The six-membered ring of DMET in K- 

(DMET)2AuBr2 adopts the conformation 6a. 

6 a  6 b  

7 a  

A schematic projection view (along the direction of the central C=C bond of a donor) of 
how donor-dimers pack in K-phase salts is shown in 8, where the labels A-J indicate 
donor molecules.18 The intradimer spacing is -3.59A for K - ( B E D T - T T F ) ~ H ~ ~ C ~ ~ ,  and 
-3.54A for ~-(Dh4ET)zAuBr2. The former is quite close to the value of -3.64A found for 
the nonsuperconducting salt K-(BMDT-ITF)~AU(CN)~.~~ The larger intradimer spacing 
of the latter originates from a bond-over-bond arrangement of donor molecules in each 
dimeric unit.18 As shown in Figure la, donor molecules of K-(BEDT-TTF)~H~~CI~ have 
a bond-over-ring arrangement. Nevertheless, the intradimer spacing is much larger than 
the value of -3.3514 found for the superconducting phases K ~ B E D T - T T F ) ~  X (X-= 
Cu(NCS)2-, I3-), in which donor molecules also have a bond-over-ring arrangement. 

The intradimer spacing for K-(DMET)~AuBQ (i.e., -3.54A) is also large compared 
with the value of -3.35A found for the superconductors K-(BEDT-TTF)~ X (X-= 
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PROPERTIES OF K-PHASE SALTS 5 

8 
A- 

B 

I' "- J 

Cu(NCS)2-, 13-1 and K-(MDT-TTF)AUI~,~* The DMET molecules in K-(DMET)~AUBQ 
have a bond-over-ring arrangement as shown in Figure lb, where the methyl hydrogen 
atoms are not shown. Since DMET is unsymmetrical, there are two ways to have a bond- 
over-ring arrangement, i.e., the central C=C bond over the five-membered ring containing 
S atoms or over the five-membered ring containing Se atoms. The latter arrangement, 

FIGURE 1 Projection views of donor dimers in (a) K - ( B E D T - T T F ) ~ H ~ ~ C ~ ~  and 
(b) K-@MET)~AuB~~. 
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6 M. -H. WHANGBO ET AL 

found for K-(DMET)~AUBQ, is expected to be more stable than the alternative because it 
leads to more C-He-chalcogen atom (S, Se) interactions between donor molecules and 
also because the C-H-S interaction energy is larger than the C-H ... Se interaction energy 
(0.46 vs 0.35 kcaVmol at the optimum He-S and He-Se distances respectively).22 The 
large intradimer spacing of K-(DMET)~AuB~~ (i.e., -3.54A) is explained by the fact that 

the bond-over-ring arrangement of Figure l b  leads to the intradimer Se-Se contacts, 
which requires greater spacing than do the intradimer S-S contacts found for K-(BEDT- 
TTF)2 X (X-= Cu(NCS)2-, I j )  and K-(MDT-TTF)~AUI~. 

The extent of interaction between adjacent donor molecules i and j (e.g., i, j = A-J in 
8) may be measured in terms of their HOMO-HOMO interaction energy23 Pij = <wi I Hecf I 
vj> where Wi and Wj are the HOMOS of donor molecules i and j, respectively. The Pij 

values calculated for various pairs of nearest-neighbor donor molecules (A-J defined in 8) 
in K-@MET)~AuB~~ and K-(BEDT-TI 'F)~H~~C~~ are summarized in Table 2, which also 
lists the corresponding values in other K-phase salts.18 As noted earlier, the largest Pij 

value is found for molecules within a dimer (i.e., PAB) in each K-phase salt. Except for 
PAB, the Pij values of K - ( B E D T - T T F ) ~ H ~ ~ C ~ ~  are small, which implies that interdimer 
interaction are weak. In terms of the Pij values, tc-(DMET)zAuBr2 is quite similar to K- 
( MDT-'ITF)~AuI~. 

TABLE 2 HOMO-HOMO interaction energies Pij (eV) in K-phase salts 

pair (i, j) 

Salts A-B B-C? A - G ~  A-cc B - G ~  A - D ~  

K-(BEDT-m)2Cu(NCS)2 0.385 0.198 0.179 0.046 0.038 0.136 
K-(BEDT-TTF)~I~ 0.334 0.157 0.157 0.065 0.065 0.105 

K-(MDT-'ITF)~AuI~ 0.451 0.096 0.096 0.074 0.074 0.258 

K-(DMET)~AUB~~ 0.443 0.076 0.076 0.086 0.086 0.200 

K-(BMDT-TI'F)~Au(CN)~ 0.689 0.258 0.258 0.018 0.018 0.144 

K-(BEDT-")4Hg3CI8 0.453 0.018 0.018 0.015 0.015 0.015 

a Equivalent to A-E. 
Equivalent to A-F. 
Equivalent to B-H, C-J and F-G. 

Equivalent to B-I. 
Equivalent to B-J. 
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PROPERTIES OF K-PHASE SALTS 7 

- ... OR AND C - H ... ANION CONTACTS 

The dashed lines of Figure 2a represent the short C-H-donor contacts in K-(BEDT- 
TTF)4-Hg3Clg, and their distances are listed in Table 3. As found for the bond-over-ring 
arrangements in K-(BEDT-TTF)~ X (X- = Cu(NCS)2-, I3-),'8 an axial C-H bond of one 
donor is located above a six-membered ring of the other donor thereby leading to short C- 
H-H, C-H-4 and C-H-C(sp2) contacts. In K - ( B E D T - T T F ) ~ H ~ ~ C ~ ~ ,  the placement of 
the axial C-H bond is slightly slipped in a direction perpendicular to the central C=C bond 
so that the C-H bond makes short contacts with the H, S and C(sp2) atoms on one side of 
the central C=C bond. In K-(BEDT-TTF)~ X (X-= Cu(NCS)2-, I3-), the atoms on both 
sides of the central C=C bond are involved in making short C-H ... donor contacts.18 
Figure 2b shows the short C-H-anion contacts in K - ( B E D T - T T F ) ~ H ~ ~ C ~ ~  by dashed 

FIGURE 2 Short intermolecular contacts involving C-H bonds in K-(BEDT- 
TTF)4Hg3Clg: (a) donordonor contacts and (b) donor-.anion contacts. 

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:
37

 1
9 

Fe
br

ua
ry

 2
01

3 



8 M. -H. WHANGBO ET AL 

lines, and their distances are listed in Table 3. All these contacts are associated with the C1 
atoms of the Hg3C1g2- anions. Of the four C-H bonds of each ethylene group, only two 
C-H bonds make short C-He-Cl contacts. 

TABLE 3 Selected intermolecular contact distances (A) for K-(J~EDT- 'ZTF)~H~~CI~ and 
K-(DMET)~AuB~~ 

Donor..- involvlne C-H 
K-(BEDT-TTF)&&Clg 
a (H-H) 2.47 b (H-S) 2.89 c (H-C) 2.58 
Donor.. .anion contacts associated w' ith C-H bonds 
K-(BEDT-'ITF)qHggClg 

a (H-Cl) 3.40 b (H-Cl) 2.75 c (H-Cl) 2.94 
d (H.-CI) 2.81 e (H-Cl) 3.34 f (H-*Cl) 2.90 
K-@MET)2AuBr2 
a (H-Br) 3.12 b (H-Br) 3.17 c (H.-Br) 2.94 
d (H-Br) 2.99 e (H-Br) 3.28 f (Ha-Br) 3.42 

t Standard deviations involving calculated hydrogen atom positions with C-H bond 
length of 1.09 (sp3) and 1.08 (sp2) are on the order of 0.01 A 

Since the positions of the methyl hydrogen atoms in K-(DMET)~AUBQ are not 
accurately known (due to free rotation), we are unable to discuss the short C-H-donor 
contacts these hydrogen atoms make. Nevertheless, it is obvious from Figure 3a, which 
shows the bond-over-ring arrangement of donor molecules in K-@MET)~AuB~~,  that the 
methyl hydrogen atoms of one donor will make short C-He-S and C-H-C(sp2) contacts 
with the other donor molecules. Figure 3b shows the short C-Ha-anion contacts 
associated with the ethylene groups of DMET, and their distances are listed in Table 3. 

I 
0 

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:
37

 1
9 

Fe
br

ua
ry

 2
01

3 



PROPERTIES OF K-PHASE SALTS 9 

b 

FIGURE 3 Short intermolecular contacts involving C-H bonds in K- 

@MET)2AuBr2: (a) donor-donor contacts and (b) donor-anion contacts. In (a) 
the contacts involve the C-H bonds of the methyl groups, but the methyl 
hydrogen positions are not known because of free rotation. 

ELECTRONIC STRUCTURE 

Figures 4a and 4b show the dispersion relations of the highest two occupied bands 
calculated for K- (BEDT-TTF)4Hg3Clg and K- (DMET)2AuBr2, respectively. With the 
formal oxidation state of (ET)2+ for the donor layers, the highest occupied bands are each 
half-filled. The Fermi surfaces associated with the half-filled bands of K-(BEDT- 
lTF)4Hg3Clg and K - ( D M E T ) ~ A ~ B ~ ~  are shown in Figures 5a and 5b, respectively. As in 
other K-phase salts, these Fermi surfaces are essentially described as overlapping distorted 
circles.18 Therefore, both salts are predicted to be two-dimensional metals. 

The band electronic structures of Figure 4 may be described by the widths of the 
lower, the upper, and the overall bands (i.e., W1, Wu, and W, respectively shown in 9). 
These band widths and the density of states at the Ferrni level, n(ef), calculated for K- 

(BEDT-TTF)4Hg$ls and K-(DMET)~AUBQ are summarized in Table 4, where the 
corresponding values for other K-phase18 salts are also listed for comparison. The upper 
bands of K-(BEDT-?TF)4Hg3Cl8 and K - @ M E T ~ A u B ~ ~  are narrow compared with those 
of other K-phase salts, so the n(ef) values of the former are somewhat greater. 
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10 M. -H. WHANGBO ET AL 
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FIGURE 4 Dispersion relations of the two highest-occupied bands calculated for 
(a) 1c-(BEDT-lT)dg3Cls and (b) K-@MET)~AuB~~. The dashed lines refer to 
the Fermi levels. 
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PROPERTIES OF K-PHASE SALTS 

FIGURE 5 
'ITF)&&Clg and (b) K-(DMET)~AUBQ. 

Fermi surfaces associated with the half-filled bands of (a) K-(BEDT- 

n 
W 
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12 M. -H. WHANGBO ET AL 

TABLE 4 Superconducting transition temperature, band widths, and electron densities 
of states in the K-phase salts. 

salt Tc n(ef) WI wu w 
(K) (elecmn/eV) (eV) (eV) (eV) 

K-(BEDT-'ITF)~CU(NCS)~ 10.4 7.57 0.34 0.59 1.07 
K-(BEDT-'ITF)~I~ 3.6 7.09 0.35 0.70 1.15 
K-(MDT-'ITF)~AuI~ 4.5 7.98 0.49 0.56 1.16 
lc-(DMET)2AuBr2 1.8 8.92 0.51 0.38 1.09 
K-(BMDT-~TF)~Au(CN)~ -- 7.30 0.55 0.74 1.69 
K-(BEDT-'ITF)&$lg -- 10.8 0.22 0.41 1.09 

DISCUSSION AND CONCWING REMARKS 

It is evident from Table 4 that the simple relationship between Tc and n(ef), i.e., Tc = exp 
[-l/n(ef)], does not hold. Thus, as in  the case of P-phase superconducting salts P-(BEDT- 
TTF)2 X (X- = I3-, Adz-, IBr2-),15 the softness of the lattice and favorable electron- 
phonon coupling would be important factors for the superconductivity of the K-phase 
salts. In terms of the electronic parameters Pij and n(ef), K-@MET)~AuB~~ (Tc = 1.8K) 
is the closest to K-(MDT-TTF)~AuI~(T, = 4.5K). These salts are both based upon 
unsymmemcal donor molecules. Structural factors favoring the higher Tc in K-(MDT- 
TTF32AUI2 than in K-@MET)~AUB~~ may be that the C-He-anion interactions are softer in 
the former (i.e., C-H-I vs C-H.-Br). Another important structural difference to note is 
that, unlike in K-(DMET)~AUBQ, short C-H.4 and C-H-C (sp2) contacts between 
donor molecules are absent in K-(MDT-'ITF)~A~I~. 

According to the intradimer spacing, as well as the Pij, Wu and n(ef) values, the 
donor molecules of K- (BEDT- ' ITF)~H~~C~~ are loosely packed within a donor molecule 
layer. This could be due to the way the donor molecules make C-H-C1 contacts with the 
Hg3clg2- anions. Under applied pressure its donor packing may be tightened to become 
similar to that found for other K-phase salts. It is of interest to consider a possible 
structural origin for the apparently complicated pressure dependence of the T, in K- 
(BEDT-?TF)4Hg3Clg. The donor molecules in the "low-T," salts P-(BEDT-?TF)2AuI2 
(T, = 5.0 K), P-(BEDT-TTF)2IBr2 (T, = 2.8 K), and K-(BEDT-TTF)~I~ (Tc = 3.5 K) 
have the eclipsed arrangement 7a of the two ethylene groups, while those in the "high-Tc" 
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PROPERTIES OF K-PHASE SALTS 13 

salts P*-(BEDT-TTF)213(Tc = -8 K at P = 0.5 kbar) and K-(BEDT-'ITF)~C~(NCS)~ (Tc 

= 10.4 K) have the staggered arrangement 7b of the two ethylene g r 0 ~ p s . l ~  At ambient 
pressure the donor molecules of K - ( B E D T - T T F ) ~ ~ ~ C ~ ~  have the staggered arrangement 
7b. By analogy with the structural change P-(BEDT-?TF)213 (Tc = 1.4 K) experiences 
under pressure of 0.5 kbar to become P*-(BEDT-TTF)213 (Tc = - 8 K), it may be 
speculated that the donor molecules of K - ( B E D T - T T F ) ~ H ~ ~ C ~ ~  have half staggered and 
half eclipsed arrangements at P = 12 kbar as in P-(BEDT-TTF)213, but have only the 
staggered arrangement at P = 29 kbar as in P*-(BEDT-TTF)213. To test this hypothesis, it 
would be important to determine the crystal structures of K- (BEDT-TTF)~H~~CI~  under 
pressures of 12 and 29 kbars in order to gain important insight into what structural factors 
govern the superconductivity of the K-phase salts. 
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