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CHARACTERIZATION OF A STRUCTURAL PHASE TRANSITION IN 6-(ET)2AuBr2 
AT 420K BY ESR AND CRYSTAL PACKING STUDIES 

L. K. MONTGOMERY*, H. H. WANG, J. A. SCHLUETER, u. GEISER, K. D. 
CARLSON, J. M. WILLIAMS", R. L. RUBINSTEIN, T. D. BRENNAN, D. L. 
STUPKA, and J. R. WHITWORTH 
Chemistry and Materials Science Divisions, Argonne National 
Laboratory, Argonne, IL 60439 

and 

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

Abstract The ESR lineshapes of 6- and CX'-(ET)~AUB~~ (ET denotes 
bis(ethy1enedithio)tetrathiafulvalene) were examined over a wide 
temperature range. The lineshape studies indicated that a'- 
(ET)2AuBr2 was stable from 300 to 460 K, where decomposition 
occurred. In contrast, 6-(ET)2AuBr2 was converted to a'- 
(ET)2AuBr2 in a few minutes at 420 K. 
nature of the crystals obtained, the a' product could not be 
unamiguously identified by X-ray crystallography and was 
characterized by ESR spectroscopy. The ESR lineshape behavior 
(100 to 300 K) of the thermally-derived a' modification was 
identical within experimental error to that o f  independently 
synthesized a'-(ET)2AuBr2. Crystal packing analysis showed that 
a'-(ET)2AuBr2 has more short C-H***anion contacts per donor 
molecule than does 6-(ET)2AuBr2, thereby suggesting that a'- 
(ET)2AuBr2 is thermodynamically more stable than 6-(ET)2AuBr2. 

Due to the heavily twinned 

INTRODUCTION 

The salts of bis(ethy1enedithio)tetrathiafulvalene have been the 

* Authors to whom correspondence should be addressed 
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198 L.K. MONTGOMERY, J.M. WILLIAMS, AND M.-H. W G B O  

focus of intense study' since ambient pressure superconductivity (Tc - 
1.5 K) was first observed2 and confirmed3 in B-(ET)213 in 1984. 

Subsequently, nine additional salts of ET have exhibited 

superconductivity (Tc's ranging from 2.5 to 10.4 K) at ambient 
pressure: ( B -  (ET)21Br2 ,4 B -  (ET)2Au12, at- (ET)213, 6 * 7  

(ET)qHg2.g8Br8,8 Et- (ET)213,' 7 -  (ET)3(13)2.5," 0 -  (ET)2- 

( I3 ) 1 - ( AuI 2 ) (X<O .02 ) , 
(ET)2Cu(NCS)213). 

ambient pressure organic superconductors. 

may become superconducting under pressure. 

possesses Tc's of 1.8 and 5.3 K under pressures of 12 and 29 kbar, 
re~pective1y.l~ 

(Tc - 8 K) , B*- (ET)213, by the application of an anisotropic pressure 
of only 0.5 kbar. 

transformations of ET salts have been reported617 19 ;  several yield 

superconductors. 

along with P-(ETl2I3 in the electrocrystallization route to (ET)213, 

is converted to at- (ETl2I3 upon heating at 70°C for several days .6 * 7  

The at-phase undergoes a superconducting transition near 8 K at 
ambient pressure. Although a structural study of CY,-(ET)~I~ is 

unavailable, the similarity of the Tc's of the at- and B - phases 
suggests that they are closely related in structure. E-(ET)~I~(I~)~.~ 
is produced in the chemical oxidation of ET by iodine and is metallic 
down to 0.5 K.' 
material (Tc - 6-7 K) upon heating at reduced pressure. Both the a- 

and c -  phases possess a W-type interstacking packing mode,' implying 

that phase transformations may be facile in crystals containing the W- 

type packing motif. In keeping with this hypothesis, the conversion 

of LY-(ET)~IB~~ (W-type) to /3-(ET)21Br2 at 416 K has been observed 
recently. 16 

n - ( ET) 2 ( I3 ) 1 - ( AuI 2 ) (X<O .006 ) , and n - 
These account for over two-thirds of the known 

Nonsuperconducting ET salts 

For example, K - ( E T ) ~ H ~ ~ C ~ ~  

B -  (ET),13 is converted to an ordered high-Tc phase 

15 

Recently, a number of novel, thermally-induced phase 

CY-(ET)~I~(T~~ - 135 K), which is usually formed 

* 

This iodine-rich phase yields a superconducting 

In order to further explore the scope of thermal ET salt phase 

transformations, we have studied the ET/AuBr2- system employing ESR 
spectroscopy and crystal packing studies. 

modifications have been reported for the electrocrystallization 

Three structural 
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STRUCTURAL PHASE TRANSITION IN 6-(ET)2AuBr2 AT 420 K 199 

products of ET in the presence of the AuBr2' anion. 

species under slow crystal growth conditions (current density 

The predominant 

-1pA/cm 2 ) is a semiconductor, a'-(ET)2AuBr2.18 A second 2:l salt, 6- 

(ET)2AuBr2, is also a semicond~ctor.~~ 

(ET)2AuBr221; it is metallic from ambient temperature to 1.4 K. 
the following, we observe a novel thermal interconversion of the 6 and 

a' modifications of (ET)2AuBr2 by ESR spectroscopy and discuss this 

transformation from the viewpoint of crystal packing. 

The third known phase is p " -  
In 

EXPERIMENTAL 

a'- and c~-(ET)~AuB~~ were both prepared by electrocrystallization 

of ET and NBu4AuBr2 in tetrahydrofuran at current densities of 1.0 and 
5.5 kA/cm , respectively. The ESR experiments were carried out on an 

IBM ER200 X-band spectrometer equipped with an Oxford liquid helium 
cryostat and a VT4111 temperature controller for low and high 

temperature measurements. The unit cell parameters for the 6 phase 

were determined by the precession film method: orthorhombic, a - 
13.64 A ,  b - 14.84 A, c - 32.47 A, V - 6,572 A3, in good agreement 
with reference 17, if the two-fold superstructure along the a- 

direction is taken into account. 

2 

RESULTS AND DISCUSSION 

1. ESR Studies 

In an attempt to observe a possible semiconducting to metallic 

phase transformation from a'- to jl"-(ET)2AuBr2, a variable temperature 

ESR study was carried out on an a' crystal that was maintained in a 
fixed orientation. The small needle-like a' crystal possessed a room 

temperature ESR peak-to-peak linewidth of -36 G. Since the 

temperature-dependent ESR linewidth behavior of LX'-(ET)~AUB~~ had not 

been reported previously, the ESR signal of the crystal was carefully 

monitored from 300 to 100 K. 
(3622 G) down to 120 K; below this temperature it increased rapidly. 
The linewidth broadening below 120 K is most likely associated with a 
unit cell doubling, which has been observed crystallographically. 18 

It is important to note that the linewidth behavior of the 

The linewidth was approximately constant 
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200 L.K. MONTGOMERY, J.M. WILLIAMS, AND M.-H. WHANGBO 

40- 

30' 

ao- 

10 - 

semiconducting a' phase is completely different from that of the 

metallic p" phase, whose linewidth decreases monotonically with 
decreasing temperature from -44 G at 300 K to -22 G at 100 K." 
a' crystal was then warmed from 100 to 300 K and slowly heated in the 
ESR cavity. ESR spectra were recorded at 20" intervals. Both the 

linewidth and relative spin susceptibility dropped slightly with 

increasing temperature. However, no unusual features were observed 

until the sample decomposed near 460 K. Evidently, the a' structure 

does not undergo high temperature structural or electronic phase 

transformations. 

The 

The ESR lineshape of 6-(ET)2AuBr2 was monitored next as a 

function of temperature. The 6-phase crystals (thin rectangular 

platelets) possessed unit cell parameters consistent with the 

published ~a1ues.l~ The room temperature ESR linewidth of 6 -  

(ET)2AuBr2 is near 10 G, which is much narrower than those of either 
the a' or the p" phases, As shown in Figure 1, the ESR linewidth 

100 200 300 400 

Temperature K 

FIGURE 1 The ESR peak-to-peak linewidth (100-400 K) of 6-(ET)2AuBr2 
(hollow points), and high temperature (300-420 K) ESR linewidth change 
of 6 + CY'-(ET)~AUB~~ (solid points). 
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STRUCTURAL PHASE TRANSITION IN 6-(ET)2AuBr2 AT 420 K 20 1 

drops to -5 G at 170 K and then rises slightly. The relative spin 

susceptibility, which is proportional to the integrated ESR intensity, 

decreases by an order of magnitude from 300 to 100 K. The low 

temperature ESR behavior of 6-(ET)2AuBr2 is consistent with its 

semiconducting properties. The 6-phase crystal was warmed from 100 to 

300 K and then heated at 20 K increments (Figure 1). The linewidth 

and the spin susceptibility both increase with increasing temperature. 

The linewidth changes from 10 G at 300 K to 17 G at 400 K. At 420 K, a 

series of lineshape changes occur. The 17 G transition totally 

vanishes and is replaced by a distorted lineshape of -45 G. The new 

absorption changes shape over the course of a few minutes and finally 

stabilizes into a well-defined ESR transition with a linewidth of 28 G 

at 420 K. 
room temperature. 

spectrum at 400 K revealed that the heat converted product consisted 
of -90% of a 31 G phase and 10% of a 1 9  G phase, presumably unreacted 

6 phase. 

The heat-treated 6-phase crystal was then cooled slowly to 

A quantitative ESR lineshape analysis2' of the 

Attempts to obtain precise single crystal unit cell parameters 

of the heat-converted product were unsuccessful due to the heavily 
twinned nature of the crystals obtained. Nevertheless, the 6.76 A c -  

axis of the a' -phase18 was recognizable on Weissenberg photographs in 

spite of the considerable diffuseness of the diffraction pattern 

within the a*c*-plane. Twinning is expected because of the symmetry 

reduction from the orthothombic 6 phase to the monoclinic a' 
structure. In order to confirm the 6 to a' phase conversion, three 6 -  

(ET)2AuBr2 crystals having ESR linewidths near 10 G were heated in an 
oven at 425 K for 30 min., resulting in product crystals that 
possessed room temperature linewidths of 33-35 G. Since the X-ray 

crystallographic identification of the a' product was not definitive, 

one of the heat converted crystals was characterized by its low 

temperature ESR linewidth behavior. 

relative spin susceptibility are shown in Figure 2. 

The peak-to-peak linewidth and 

The invariance of D
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202 L.K. MONTGOMERY, J . M .  WILLIAMS, AND M . - H .  WHANGBO 

2.0 

1.8 

F 
1.0 8 

€ x 

0.8 

0.0 
0 100 200 500 

Temperature K 

FIGURE 2 
relative spin susceptibility of the heat-converted a'-(ET)2AuBr2. 

Temperature-dependent ESR peak-to-peak linewidth and 

the linewidth (-37 G) above 125 K and a sharp rise below are highly 
characteristic of u'-(ET)~AuB~~. 

profiles of this type should prove valuable in the future for 

identifying the products of thermal phase transitions, because the 

resulting crystals are frequently microcrystalline or twinned, 

rendering X-ray crystallographic methods of identification difficult 

or impossible. 

Temperature dependent ESR lineshape 

2 .  Donor Stacking in 6- and a'-(ET)ZAuBr2 
Characteristic features of a donor stack in organic donor salts 

may be described by the relative arrangement of adjacent donor 

molecules along the directions parallel and perpendicular to the 

central C-C bond of the donor molecule.' 
two adjacent donor molecules may have a bond-over-bond (BOB) or a 
bond-over-ring (BOR) arrangement. When two adjacent donor molecules 
slip along the direction perpendicular to the central C-C bonds, the 

resulting arrangement may be such that the central C-C bonds are either 

parallel (mode-b) or make an acute angle (mode-c). Figures 3a,b show 

Along the central C-C bond, 
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STRUCTURAL PHASE TRANSITION IN 6-(ET)2AuBr2 AT 420 K 203 

(a) (b) 
FIGURE 3 
(a) the BOB/mode-b arrangement and (b) the BOB/mode-c arrangement. 

Projection views of donor pairs in a stack of 6-(ET)2AuBr2: 

projection views of  two consecutive donor pairs in a donor stack of  6- 

(ET)2AuBr2: Both pairs have a BOB arrangement. One pair has a mode-b 

donor slipping as shown in Figure 3a (L.S., BOB/mode-b), and the other 
has a mode-c donor slipping as shown in Figure 3b (i.~.. BOB/mode-c). 

Figures 4a,b show projection views of two consecutive donor pairs in a 

donor stack of u'-(ET)~AuB~~: Both pairs have a mode-c donor 

(a) (b) 
FIGURE 4 
(ET)*AuBr2: 
arrangement. 

Projection views o f  donor pairs in a stack of a'- 
(a) the BOR/mode-c arrangement and (b) the BOB/mode-c 

slipping. 

BOR/mode-c), and the other pair has a BOB arrangement as shown in 

Figure 4b (i.~., BOB/mode-c). 
2 1  not related to that of either the 6- or the a'-phases. 

One pair has a BOR arrangement as shown in Figure 4a (L.c., 

The crystal packing of P"-(ET)2AuBr2 is 

3. Phase Transition and C-H***Donor C-H.**Anion Interactions 

The 6 - to a'-phase transition, described above, suggests that 
the a-phase is thermodynamically more stable than the 6-phase. We 
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204 L.K. MONTGOMERY, J.M. WILLIAMS, AND M.-H. WHANGBO 

now examine a probable origin of this phase change. Over the past 

years it has been recognized that crystal packing patterns and, hence, 

physical properties of organic donor salts are critically influenced 

by weakly hydrogen-bonding C-H*.*donor and C-H***anion 

interactions. 22-24 
(X' - I-I-I-, Br-I-Br-, Cl-I-Cl-) and H3C-H**-YH2 (Y - 0, S ,  Se) show 

that, at their optimum H**-X- and H***Y distances, the C-H***anion 
interactions C-H*-*I, C-H***Br, and C-H***Cl are slightly more 

attractive than the C-Ha *donor interaction C-H* 0 . 0 , ~ ~  but are several 

times more attractive than the C-H***donor interactions C-H**=S and C- 

H***Se.22 Therefore, for given 2:l salts of ET, a phase with more C- 
H***anion contacts per donor molecule is expected to be more stable 

than a phase with less C-H***anion contacts per donor molecule. 

prediction is consistent with the thermally-induced phase transition 

a- to at-(ET)*13. 24a In a number o f  physical properties, at-(ET)213 

and /3*-(ET)213 are similar, and P -(ET)213 has more C-H***I contacts 

per ET than does CX-(ET)~I~. 

Ab initio SCF-MO/MPZ calculations on H3C-H* *X- 

This 

* 

As described in an earlier section, the donor stack of 6 -  
(ET)2AuBr2 has the BOB/mode-b and BOB/mode-c arrangements (Figure 3 ) ;  

while the donor stack of CI'-(ET)~AUB~~ has the BOR/mode-c and 

BOB/mode-c arrangements (Figure 4). Thus an essential structural 
change associated with the 6- to a'-phase transition is the stacking 

rearrangement from BOB/mode-b to BOR/mode-c. The short C-H*-*Br 

contacts in 6-(ET)2AuBr2 and CY'-(ET)~AUB~~ are shown in Figure 5 and 

6 ,  respectively, where the H*-*Br contact distances less than the van 

P Q 

FIGURE 5 
with (a) the BOB/mode-b and (b) the BOB/mode-c arrangements. 

Short C-H 0 . .  anion contacts in 6-(ET)2AuBr2 associated 
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STRUCTURAL PHASE TRANSITION IN 6-(ET)2AuBr2 AT 420 K 205 

FIGURE 6 
with (a) the BOR/mode-c and (b) the BOB/mode-c arrangements. 

Short C-H * * *  anion contacts in CY'-(ET)~AUB~~ associated 

der Waals radii sum ( 3 . 3 5 A )  are shown by dashed lines. 

distances are 2 . 7 4 ,  3 . 0 0 ,  3 . 0 9 ,  3 . 1 8 ,  3 . 3 0 ,  and 3 .34  A in 
a' (ET)2AuBr2, while they are 3.20, 3 . 2 3  and 3.27 A in 6-(ET)2AuBr2. 
Therefore, the donor molecule has more short C-H*-*anion contacts in 

a'-(ET)*AuBr2 than in 6-(ET)2AuBr2. 

molecule has more short C-H--*donor contacts in 6-(ET)2AuBr2. 

general point worth noting is that the 6 -  to a'-phase transformation 

is consistent with the prediction that, given a 2:l ET salt, a phase 

with more C-H***anion contacts is more stable than an alternative 

phase with less C-H***anion contacts. 

These H***Br 

Though not shown, the donor 

A 

4 .  Concluding Remarks 
ESR lineshape studies have demonstrated that 6-(ET)2AuBr2 is 

transformed into CZ'-(ET)~A~B~~ at 420  K. 
6- and ~ Y ' - ( E T ) ~ A ~ B ~ ~  reveals that CY'-(ET)~A~B~~ has more short C- 

H*-.anion contacts per donor molecule than does 6-(ET)2AuBr2. 

essential structural change associated with the 6- to a'-phase 
transformation is the change in stacking rearrangement from BOB/mode-b 

to BOR/mode-c. 

stack appears to be important in providing short C-H***anion contacts 
and stabilization of the crystal lattice. In general, donor salts of 

Crystal packing analysis of 

The 

The BOR arrangement of adjacent donor molecules in a 
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206 L.K. MONTGOMERY, J.M. WILLIAMS, AND M.-H. WHANGBO 

ET containing only the BOB arrangement between adjacent donor 
molecules are expected to be susceptible to thermally-induced phase 
transitions. 
in the present work should prove to be a convenient and valuable tool 
for studying such phase changes. 

Temperature dependent lineshape comparisons as described 
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