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EPST 

4-2. Experimental 

Materials 

All chemica ls were reagent grade from Wako Chemical Co. and used as received 

unl ess noted otherwise. Triethyl phosphite was vacuum distill ed, sealed under nitrogen 

and stored in the refrigerator until use. A ll solvents were degassed wi th high puri ty dry 

nit rogen for at least a few minutes before use. 

4,S-(2-oxatrimethy lenedithio )- I ,3-dithiole-2-thione, 2 

There are some report s of syntheti c routs of 2 and 3 )4 - 6 ). In a I I three-necked 

fl ask equipped with 200 and SOO mL dropping funnels with pressure-equali zers, 4 ,S­

bi s(benzoylthio)- l ,3-dithi ole-2-thione 1 17 1 (20.28 g, SO mmol) was treated with a 

solution of sodium (6.90 g, 0.3 mol) in ISO ml of methanol under a nit rogen atmosphere. 

To thi s dark-red solution added was SOO ml of methanol containing ammonium acetate 

(2S g) followed by bis(chloromethy l) ether 181 ( II.SO g, 100 mmol) in 12S ml of 

methanol with stirring. The solution immediately turned crimson-red with a sti cky oran ge 

precipitate. The mi xture then became dark red again within a few minutes and was 

stirred overni ght at room temperature. The precipitates were filtered of f, washed with 

methanol followed by hexane, dried in vacuo.· T he light yellow sponges obtained were 

redi ssolved in CH3CI (0 .1 g 2S mJ- 1) and evaporated to a fifteenth volume under reduced 

pressure. T he resulting pale yellow needles were collected, washed succes ively with 

acetone, methanol, ethanol, hexane and finally with ether and dried in vacuo; yield: 8.S2 

g (7 1 % ) . The crude product could be recrystallized also from CHCI3 or CHC13-ether 

( I :S) or CH2CI2, but the appearance of the purified product depended upon the solvent 

and the temperature used. 

4,S-(2-oxatrimethylenedithio)- l ,3-dithiol e-2-one, 3 
Hg(0Ac)2 (3.077g, 9.GS7 mmol) was added, in one po11ion with stirring, to a 

solution of 2 ( 1.123 g, S.O 13 mmol) in 22S ml chloroform and 22S ml glacial aceti c acid 

in a SOO ml Erl enmyer fl ask. T he stirring was continued at room temperature for 30 min. 

The milky suspension was filtered and the filtrate was washed succesi vely w ith water, 

saturated aquaous sodium hydrogencarbonate and water again. The organic layer was 

dried with anhydrous sodium sulfate, then decanted off, evaporated to dryness in vacuo 

and the res idue was chromatographed on silica gel using the mi xed solvent of chloroform 

and hexane ( 1:1 ) as an eluent. The first colorl ess portion gave a crude product of 3; 

yield: 0.779 g (74 %) T he off-white needles obtained turned colorl ess after 

recrystalli zati on f rom ethanol ; m.p. 163- 164oC. Elemental analysis: 

Csl-145402 = 224.3 S calclated (%) 1-1: 1.80 C: 26.77 S: S7 .1 7 0: 14.26, found 
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H: 1.77 C: 26.82 S: 57. 13 , mle = 224 (M+). I H-NMR (CS2): & = 4.82 (s, 4H , CH2) 

4,5-bis(ethylenedithio)- 1 ,3-diselenole-2-one, 4 

This compound was synthesized by fo llowing the proced ure of ref. Ill. 

4,5-eth y lened i th ia-4' ,5'-(2-oxatri meth ylenedithia)-d i sel enadi th iaful valene ( EOST): 

Method A 

Compounds 2 (0.54g, 2.23 mmol) and 4 (0.67g, 2.23 mmol) were suspended in 

triethyl phosphite (50 mL) under a dry nitrogen atmosphere and slowly warmed to II 0-

120 "C with st irring and held in that temperature range for 30 min . The resultant orange 

mixture was allowed to cool to room temperature and reddi sh-brown precipitates were 

filtered off, washed succes ively wi th acetone, methanol, ethanol and hexane, dri ed in 

vacuo . The reac ti on was high ly selective and onl y a trace amount of self-coupling 

products formed. Recrystallization from boiling CS2 ( I I) followed by column­

chromatography (si li cage l, eluent CS2: C H2C12 = I : I) gave analytically (HPLC) pure 

red shiny blocks; y ield: 550 mg (50%). Elemental analysis: 

C1QH 8S6Se20 = 494.49 calculated(%) H: 1.63 C: 24.29 S: 38.9 1 Se: 31.94 0: 3.24 

found(%) H: 1.63 C: 24.20 S: 39.15 Se: 30.69. mle = 496 (M+) 

IR (KBr): 141 8 (w), 1303 (w), 1224 (vw), 1055 (m), 920 (m), 719 (vw), 681 (vw), 

490 cm- 1 (vw). ror the crystal data, see Table 4 .2 (later). 

Method 8 

The similar procedure to method A was followed with 3 , (O.SOOg, 2.23 mmol) instead 

of 2 . This allowed more formation of self-coupling products than method A and thus 

req uired more ted ious work-up for isolation of the desired compound ; crude coupling 

products were filtered off from triethyl phosphite, washed with methanol, dried in vacuo 

and purified by column-chromatography (silicagel I CS2), then HPLC (Kusano Kagaku­

kikai Co., Ltd ; Si - 10), and finall y recrystallized first from o-C6H4C12, then from CS2: 

CH2C12 = 4: 3; y ield: 287 mg (26%) 

Charge-transfer Salts of EOST 

The single crystals of the charge-transfer sa lts of EOST was prepared by use of 

standard elctrocrystalli zati on techniques. All chemicals were purified prior to use 191 and 

handled inside a drybox. The crystal growth was carried out in a standard H-cell 

(without glass frit) usin g platinum electrodes of I mm in diameter under a nitrogen 

atmosphere. A typical procedure began with 7-10 mg of EOST and 50- I 00 mg of the 

tetrabutylammonium salt of the corresponding anion as the supporting electrolyte in 20 ml 
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of tetrahydrofuran (THF) or ch lorobenzene or sometimes the mixture of the two at a 

constant current of 1.5-3 .4 fAA or a constant voltage of 6.5 -7.5 Y at room temperature (20 

"C) for several days. Some of the successfu l condi ti ons are tabulated in Table 4. I. After 

many attempts the single crystals of (EOST)213 were obtained using I , I ,2-

tri chloroethane as the solvent instead of those mentioned above. After one or two days 

thin fibrous crystals were observed to have grown on the tip of the electrode and the 

anode was thickly covered with many thin needles after a further two days. 

X - ray structural anal yses 

The X -ray crystal structure analyses were made on EOST and its several charge­

transfer sa lts. Details of the crystal data, intensity measurement and data processing for 

the structures are summarized in Table 4 .2. The intensi ti es were measured by the w-28 

scan on a Rigaku automated four-circle diffractometer with graphite-monochromated Mo 

Ka (f.. = 0.7107 A) radiation. Three standard reflecti ons were measured every I 00 or 

150 reflections. Backgrounds were counted for 2.0 seconds at both ends of the scan. 

The data were corrected for Lorentz and polarization effects. Corrections for absorpti on 

were made on ICI2, 1Br2 sa lts and the neutral EOST. No significant intensity variation 

was observed for the other samples and no correction was made for absorpti on. The unit 

cell dimensions were detennined from 20 reflections with 20 s 8/degrces s 35 { l3 , 

JBr2 and Au(CN)2 sa lts}, from 25 reflections with 30 s 81degrees s 40 ( I2Br and 

102 sa lts) or from 23 refl ecti ons with with 39.3 s 8/degrees s 40 ( neutral EOST ) by 

least-squares refinement. The structures were solved by the heavy-atom ( Patterson ) 

method ( 13 salt and the neutral EOST ) or the direct method ( M ULTA N 1101 for 

Au(CN)2 salt, SHELXS for ICI2 salt) and the succeeding Fourier syntheses. 

Table 4.L Electrolytic conditions of preparation of EOST sa lts 

counter ion ( X - ) 13 AuBr2 12Br 

crystal habit3 plates (a- ) plates, ( f:l - ) needles plates 

current I f.!Ad 0.8 1.5 1.0 

voltage I ye 6.9 

(nC4H9)4NX I mg 66 62 83 58 

EOST I rng 10 12 8 10 

solventf TCE CB TH F CB 

time I days 7 7 I 7 
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Table 4.1. Electrolytic conditions of preparation of EOST salts (continued) 

counter ion ( x - ) ICI2 Au(CN)2 IBf2 

crystal habita plates blocksb, needlesc (a- ) plates, ( ~ - )needles 

current I f.'Ad 1.5 0.8 1.5 1.0 1.5 

(nC4H9)4NX I mg 63 80 61 45 63 

EOST l mg 19 6 14 16 7 

solvernf CB THF CB CB CB 

time I days 9 I 6 7 7 

Table 4.1. Electrolytic conditions of preparation of EOST sa lts (continued) 

a All crystals are black. Plates are often elongated and appear needles at first sight. 

b Insulating phase c Hi ghly conducting phase ( TM-1,;; 40 K ) 

d Gal vanostatic condition e Potentiostatic condition f 20 ml TCE = I, I ,2-trichloroethane, 

CB = chlorobenzene, TI-IF = tetrahydrofurane. 

Table 4.2. Structure determination summary* 

Crysta l data 
Empirical formula Se4S 12C2o02H 1613 
Formula weight, M 1369.71 
Crystal color, habit black plate 

Crystal sizelrnrn 0.30 x 0.10 x 0.01 
Crystal system Triclinic 

Space group P T 
alA 11.748(3) 
biA 16.441(5) 
ciA 4.789( I) 

a r 93.93(2) 

~r 96.37(2) 

yr 
YIA3 
z 
DcaiciMgrn-3 

f.tlcrn-1 
F(OOO) 

72.86(2) 
877.7(4) 

I 
2.591 

74.603 
639 

1.09a 

55.0 

Data collection 
Scan width, A 

28 rnaxr 
Index ranges - ISshsiS 

-21 sks21 

Reflections collected 
Independent reflections 
Observed reflections 

I IF0 1 > 3o(Fo) I 

Solution and refinement 

Osls6 
4554 
4064 
3604 

Weighting scheme, w- 1 c 
No of parameters refined 191 
Final R, Rw 0.051, 0 .061 
Goodness of fit 0.30 

a -EOST2IBr2 

Se4S 12C2002H I6IBr2 
1275.71 

black plate 
0 .20 X 0.45 X 0.01 

Triclinic 

P T 
11.634(3) 
16.283(4) 
4.758( 1) 

93. 18(2) 

95.93(2) 

73.55(2) 
859.5(4) 

I 
2.464 

81.444 
603 

1.12a 

55.0 
- 15sh s IS 
-21 sks2 1 

Osl s 6 
4460 
4076 
366 1 

c 
191 

0.052, 0.067 
0.23 



Table 4.2. Structure determination summary*( continued( I)) 

EOST2I2Br 

Crystal data 
Empi ri ca l formula Se4S 12C2o02H 1612Br 
Formula weight, M 1322.69 
Crystal co lor, habit black plate 

Crystal size/mm 0.21 X Q.4S X Q.Ql 
Crystal system Triclinic 

Space group P T 
a! A 11.736(2) 
b/A 16.429(2) 
ci A 4.793(3) 

at 93 83( 1) 

13t 96.30( 1) 

yt 72.89( I ) 
YfA3 877 .3(2) 
z I 
Dcald M gm-3 2.S04 

[1/cm- 1 77.20 1 
F(OOO) 621 

Data collection 
Scan width , A 0.89b 

20 maxr SS.O 
Index ranges Os h s I S 

-2 1 sks2 1 
-6s I s 6 

Refl ections collected 4349 
l ndependent refl ections 284S 
Observed refl ections 272 1 

I IFol > 3o(F0 ) I 

Solution and refinement 
Weighting scheme, w- 1 c 
No of parameters refined 19 1 
Final R, Rw O.OSS , 0.06S 
Goodness of fit 0.37 
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EOST2ICI2 

Se4S 12C2002H 161CI2 
11 86.8 1 

black plate 

0.26 X 0.22 X Q.OJ2 
Tricl inic 

PT 
11.604(4) 
3 1.1 0S(7) 
4.747(3) 

89.96(3) 

9S.80(4) 

83.47(2) 
1693( 1) 

2 
2.328 

62 .S02 
11 34 

1.osb 

SS.O 
Os h s IS 

-40 s k s 40 
-6s I s 6 

83S2 
3 11 8 
279 1 

c 
280 

0.070, 0.079 
0.49 

Table 4.2. Structure detem1ination summary*(continued(2)) 

EOST Au(CN)2 

Crystal data 
Empirical formula 
Formula weight, M 
Crystal co lor, habit 

Se2S6C 12N20H3Au 
743 .54 

Crystal size/mm 
Crystal system 
Space group 
a! A 
b/A 
ciA 
13t 
v;A3 
z 
Dcalc/M gm-3 

[1/cm- 1 
F(OOO) 

Data collection 
Scan width , A 

20 maxr 
Index ranges 

Refl ect ions collected 
Independent refl ections 
Observed refl ections 

I IFol > 3o(Fo) I 

Sol uti on and refinement 

Weighting scheme, w- 1 
No of parameters refined 
Final R, Rw 
Goodness of fit 

black plate 

0.30 X Q.]Q X O.QJ 
Monoclinic 

P2 1/c 
14. 11 6(9) 
I 0.338(5) 
14.380(9) 

11 6.64(5) 
1876(2) 

4 
2.659 

123. 198 
1380 

1.93a 

50.0 
- 16:5 h s 16 

Os k s l 2 
0 s l s 17 

3672 
3525 
2638 

d 
198 

0.070, 0.093 
1.07 

EOST 

Se2S6C 1oOH8 
494.45 

orange plate 

Q.J5 X Q.3Q X Q.lQ 
Monoclinic 

P2 1/c 
6.745(1) 

14.15 1(2) 
17. 109(2) 

11 0.02(9) 
1534.2(6) 

4 
2. 14 1 

55.43 
960 

1.o5 b 

55.0 
-8 s h s 0 

- 18s k s0 
-2 1 s l s2 1 

400 1 
3700 
2 198 

41F0 12Jo2(Fo) 
196 

0.044. 0.053 
1.72 

* Details in common: Rigaku automated four-circle diffractometer AFC-6 11 3, IBr2 and 

A u(CN)2 salts! or A FC-SR (12Br, ICI2 salts and neutral molecule); Mo K a rad iation (A. 

= 0.7 107 A); graphite monochromator; 296± I K ; w- 20 scans; w scan speed 8° min­

I ( except for neutral: 4° min- I ); three standard refl ections every 100 11 3, IBQ and 

A u(CN)2 salts I or every ISO ( I2Br, ICI2 salts and neutral molecule ); refinement by 

block-diagonal least-squares (except for neutral : full -matrix least-squares ) minimizing I 
w ( IF0 1- IFcl )2; a llw =A+ 0.50 tan 0 b llw = A + 0.30 tan 0 c I Fo I < 30.0, w- 1 = 

20.0 + 0.0 I I Fo 12; I Fa I 2: 30.0, w- 1 = o2(Fo) + 0. 0 I I Fo 12 d I Fo I < 20.0, w- 1 = 

15.0 + O.OOS I Fo 12; I Fa I 2: 20.0, w- 1 = o2(Fo) + 0.005 I Fo 12 
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As for a -EOST21Br2 and I2Br salt , which were found by X -ray to be isostructural with 

the 13 salt, the atomic parameters of the 13 salt were used for the refinement. All were 

refined by the block-diagonal least -squares method using unique reflections of IFol > 

3o(F0 ) except for the neutra l EOST, which was refined by the full -matrix least-squares 

method. Atomic scattering factors were taken from ref. I I I 1- A ll non-hydrogen atoms 

were refined with anisotropic thermal parameters except for the light atoms of the 

Au(CN)2- ion which were refined with isotropic thermal parameters. Some hydrogen 

atoms were found on D-maps, other hydrogen atoms were located at the calcu lated 

positions with Biso = 4.0 A2 The charge-transfer salts computation was carri ed out by 

using the UN ICS Ill program package 1121 and HITACHI M-6801-1 computer at The 

Computer Centre of The University of Tokyo, while all calcu lation were performed using 

the TEXSAN I I 3 1 on neutral EOST. 

Resistivity Meas urements 

The electrical res istivities were measured by a conventiona l four-probe method. The 

electrical contacts on the sample are made with 15 f.UTI gold wires attached to the crystal 

with gold conducti ng paste. T he typical dimension of the sample was ca. 0.4 mm along 

the needle axis. 

4-3. Results and Discussion 

Syntheses 

The synthesis of EOST, as depicted in Scheme 4.2 , was achieved in two ways; the 

cross-coupling of 2 and 4 or of 3 and 4 . EOST and two se lf -coupling compounds 

formed as by-products are quite different from each other in properties such as colour, 

crystal habit and solubility, which permits easy separation. Yet method A is more 

conven ient for obtai ning EOST in high yie ld. The solubility in the usual polar solvents 

was improved relative to the origi nal symmetri cal donors. After various conditions of 

electrocrysta llization were examined with various counter-anions, very thin needl s were 

obtained in some cases: the voltage between cathode and anode was found to be a more 

important factor than the current or the solubility. Black thi ck needles of ca. 0.4 mm 

length of the 13 sa lt were obta ined by the galvanostati c ( 0.8 f.IA ) electrolysis of EOST ( 

10 mg) with (C4H9)4N l 3 ( 66 mg) in trichloroethane ( 20 mL ) at 20 ·c for I week. 

A u(CN)2 sa lt was collected as curved thin needles by the electrolysis of EOST in THF at 

20 ·c. When T HF- C6f-15CI ( ca. I : I - 2: I ) or THF-CS2 ( 3: I ) was used as solvent 

instead of THF alone a mixture of curved thin needles and thi ck needles was produced 

regardl ess of the potential or the current. Two kinds of AuBf"2 sa lts crystalli zed 

depending on the electrolyti c conditi ons. One (a- phase) was obtained by electrol ys is in 

I I I 

chlorobenzene with a constant current, 1 .5 1-1A. It consisted of elongated plates with the 

dimensions ca. I x 0. I mm2. The other(~- phase) was obtai ned by electrolysis in THF 

and consisted of thin needles. The voltage between anode and cathode was kept constant 

at 6.9 V. ICI2 salt was obtained after galvanostatic electrolysis of the donor with a 

current of I .5 1-1A in chlorobenzene for nine days. JBr2 sa lt was collected in two different 

phases. One { a - (EOST)21Br2 ) ; galvanostatic ( I .0 1-1A) electrolysis in C6H5CI } 

cons isted of shiny square plates, with typical dimension of 4 x 2 mm2 and the other { [\ -

phase; galvanostatic ( I .5 1-1A ) electrolysis in C6H5CI } consisted of elongated plates. 

The I2Br salt was prepared as black shiny plates by galvanostatic ( I .0 1-1A ) electrolysis 

in C6H5CI. 

Electrica l Properties of EOST salts 

Figure 4. I shows the temperature dependence of the electrical resistivity of 

(EOST)2l 3. The room-temperature conduct ivity is ca. 40 S-c m- I , which is comparable 

to the isostructural salt (ECYIT)21 B1"2 141. However, the behaviour of the EOST sa lt 

presents an important contrast to the EOTT salt below ca. 150 K ; the res istivity of the 

former decreases monotonically down to 4.2 K while the latter has two anomalies. 

(EOTT)21Bf"2 slowly reduces the resistivity (w ith a small hump around 100 K) down to 

15 K where the resistivity saturates and make an upturn . A similar anomaly was found 

for some other EOTT sa lts with linear anions 14. 141 but the origin of the anomaly 

remains to be clarified. Sti ll , the metal instabi lity were actually suppressed 111 

(EOST)213. 

As shown in Figure 4.2, A u(CN)2 salt exhibited metalli c properties down to 

ca.40 K. The room temperature conductivity (ORT) lies between I 5 and 40 S-cm- 1. 

Although the metal- insulator (M I) transitions of the salt was very clea r, the transition 

temperature <TM-1 - 35-40 K ) could not be detennined clearly for the crysta l was 

especially fragile below 70-80 K and had some sampl e-dependence. The Au(CN)2 sa lt 

was found to have another morphology that has a I : I ratio of the component. This salt 

was an insu lator. 
The a-AuBr2 salt retained metallic conductivity down to 4 K, while the 13-AuBf"2 

sa lt exhibited sharp Ml transition at 28 K ( see Figure 4.3 ). Both ORT lie around 60 

S·cm- 1. 

The ORT of the JC12 salt is ca. 60 - 290 S-cm- I and the salt retains its metallic 

property dow n to 4 K as show n in Figure 4.4. 

a _ (EOST)21Br2 maintained its metallic property down to 4 K , while the 13 -salt 

manifested its metall ic property down to 27 K, where a clear Ml transition occurred ( see 

Figure 4.5 ). E.1ch aRT is ca. 80 and 100 - 140 S-cm- 1, respect ively. 
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Figure 4.1. Temperature dependence of electrical resistivity (p) of (EOST)z l3 (this 

work) and (EOTT)zl8rzll41 
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Figure 4.2. Temperature dependence of electri cal res istivity (p) of the Au(CN)z salt 

(metalli c phase) of EOST Arrows indicate the insignificant jump in the original data 

probably due to the micro-cracks in the crystal or some trouble in the contacts, which 

have been connected by translat io n. 
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Figure 4.3. Tcmpcmture dependence of clectlical resistivity (p) of the AuBr~ salt of 

EOST; (a) a-phase ; (b) B-phase Arrows indicate the insignificant jump in the o1iginal 

data probably due to the micro-cracks in the crystal or some trouble in the contacts , which 

ha,·e been connected by tmnslation. 

~ - 2.5 

a. 
Ol 
.Q 

100 200 300 

Temperautre I K 

Figure 4.4. Temperature dependence of clectlical rcsisti,·ity (p) of (EOST)2ICI2 
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Figure 4.5. Temperature dependence of electrical resis ti vity (p) of the JBr2 salt of 

EOST; (a) n-phasc; (b) B-phasc 
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Figure 4.6. Temperature dependence of electrical resistivity (p) of (EOST)2 l2Br 
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I2Br salt had <JRT of ca. 60 S·cm-1. In this salt , the unsymmetrical anion ( 1-1-Br - ) 

introduces the disorder at the anion site in the crystal. As for the metallic conductivity. 

many organ ic sa lts including the asymmetric an ions have been reported to date 1191 and 

most of them are insu lators at low temperatures. However, interestingly , as shown in 

Figure 4.6 , the resistivity of this salt decreased monoton ically down to 4 K. Thus, 

whether the anion is unsymmetrical or not does not appea r to affect the electronic 

structure so much as does the packing mode of the donor. Therefore it might be true that 

whether the charge-transfer salt exhibits metallic property o r not depends mostly upon the 

character of the donor; the inclination of how to aggregate themselves . 

These experimental facts indicate that EOST is certainly a good donor for yielding 

the metallic charge-transfer salts with linear ani ons. The sal ts wit h other cou nter anions 

remain to be studied ; measurements of the conductivity of the sa lts described above, at 

hi gh pressu res and/ o r at lower temperatu res, are in progress . 

M o lecul a r a nd Crysta l Structures of EOST 

The molecular and crystal structure of neutral EOST is displayed in Figu re 4. 7. EOST 

takes the dimerized structure in the neutral state. The dimers are arranged orthogonal to 

nei ghboring dimers and form layers in the be pl ane. The unit cell conta ins one 

crystall ographi ca ll y independent molecule at the genera l position. This is isostru ctu ral to 

EOTT 141 , BETS Ill , BEDT-TTF 11 6 1 and other similar donors 11 7 1. In the dimer the 

EOST molecule overlaps the other in a head-to-tail manner with gliding along its long 

axi s. The overlapping mode within the dimer is a rin g-over-bond type. The donor 

molecule is fairly warped; mean dev iation of the central di selenadithi aethyl ene moiety 

from the least-square plane is 0 .0270 A and maximum deviation is I .2 1 A observed at the 

carbon atom of the ethy lene group. These characteristics of th e molecular and crystal 

structure are commonly observed among the neutral donors II , 4, 16- 18 1. The diameters 

of the heterorings defined as the di stance between the sulfur or seleni um atoms are 3.477 

A ( six-membered ring ), 3. 175 A ( five-membered rin g with Se ), 2.977 ( fi ve­

membered ring with S ), 3.395 A (seven-membered ring). Therefore the ratios between 

the diameters of the outer and inner rin gs are 3.477 I 3.175 = 1.10 and 3.395 I 2.977 = 

1.14, respectively. These values are so close to 1.00 that many intermolecular chalcogen­

chalcogen interacti ons can be expected along the side-by-s ide directions 11 9 1. Actually in 

spite of the short intradimer distance ( 3.45 A ), the short contacts between chalcogen 

atoms ( S---S s 3.70 A, S---Se s 3.85 A, Se---Se s 4.00 A) are obse rv ed more oft en 

between dimers than within a dimer. There is no di so rd er at the ethyl ene nor 

oxatrimeth ylene gro ups. 
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Figure 4.7. (a) Molecu lar structure a nd overlapping mode and (b) crys tal struc ture o f 

EOST 
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Molecular a nd Crystal Structures of (EOST)2 13 

Figure 4.8(b) shows the crystal structure of (EOST)2I3. The crystal data together 

with those of other salts are summarized in Table 4 .2. The tables of anisotropic thermal 

parameters, mean square displacement tensor of atoms and final atomic pos itional 

parameters with thennal parameters for the sa lts described herein are deposited.' The unit 

cell contains two EOST molecules at the general positi ons and the 13 molecule o n the 

inversion centre. No di sorder was observed in the an ion. The donor molecules stack 

along the c axis to make a columnar structure, which is isostructural to (EOTT)21B rz 14 1. 

The interpl anar separation is 3.68 A, which is almost comparable to those of the 

isostructural EOTT salts; 3.63 A fo r (EOTT)213 1141 , 3.62 A for (EOTT)21Brz 141 , 

(EOTT)2Au l2 141 and (EOTT)2Au8rz 1141 , 3.61 A for (EOTT)2ICI2 1141 . The EOST 

molecule is almost planar except for the ethy lene and oxatrimethylene groups. The 

carbon atoms of the ethylene group have large thermal parameters but no conformati onal 

disorder was found. T he oxatrimethylene group stands nearly upright on the molecular 

plane, whi ch increases steric repul sion and hinders the maximal overl ap of the n 

-conjugated system between the neighboring molec ul es. In fact they stack in such a way 

that one molecul e glides not onl y along its long axis but al so along the short axi s above 

the neighboring molecul e. Such an overlapping mode is also found in the series of EOTT 

sa lt s and contrasts with the neutral EOST. This characteristic molecular structure resu lts 

in an unusual network of intermolecu lar interacti on where the short chalcogen-chalcogen 

contacts are observed more often between the neighboring two donors in different 

columns rather than in the same column. Besides these interacti ons there was also found 

the short contact between donor and anion (C-H---1), which some resea rchers find 

important in the case of BEDT-TTF salts 1201. Another characteristi c of the stacki ng 

mode is that the unsymmetri cal donors are all oriented in the same direction in the column 

as shown in Figure 4 .8( b). In most of the unsymmetri cal donor salts reported to date, the 

donor molecules stack alternately in a head-to-tail manner within the column 1211 . A 

stacking mode similar to that of (EOST)213 was also found in (EOTT)213 1141 , 

(EOTT)2IBr2 141 , (EOTT)2ICI2 1141 , (EOTT)2Aul2 141 and (EOTT)zAuBrz 1141. 

(EOST)213, however, is expected to have smaller ani sotropy than these isostructural 

EOTT sa lts, judging from the chalcogen-chalcogen contacts (see below) and the fact that 

the former turned out to be a more stable metal than the latter. 

Electronic Structures of (EOST)2X {X= 13 , IBrz (a- type), I2Br a nd IC12} 

For estimation of the differences between (EOST)213 and the isostructural EOTT 

salts , the overlap integral s and ti ght-binding band structure may be conveni ent tools. The 

calculated overlap integrals of 13 salt are summarized together with the arrangement of the 

' Deposited at the Cambridge Crystallographic Data Centre. 
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Figure 4.8. (a) Molecul ar struc ture and overlapping mode and (b) crystal struc ture o f 

(EOST)::!13 Broken lines indicate the sho rt contac ts between chal cogen a to ms. (c) 

Crys tal struc ture of (EOST)::!ICI::! 
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donor molec ul es with the corresponding suffixes in Fig ure 4.9(a). Similar calcul ations 

o n th e other sa lts s ho wed that all these salts have a s imilar band structure, which is 

consis tent with their s imilar electrical behavior. As mentioned before, adding to the 

sulphur atoms, the selenium atoms in EOST take part in the short contacts including those 

not present in the EOTT sal ts . With respect to the va lue of the overlap integrals, the 

ge nera l trend , fo r example those with suffixes a I and a2 are dominant, is much the same 

as fo r the corresponding EOTT sa lts. However, the do nor molecules ha ve larger 

overlaps in every direction in EOST salts than in EOTT sa lt s 1141 . T he previous band 

calculati on o n (EOTT)2IBr2 141 had revealed that the sa lt has a quasi-one-dimensional 

open Fermi surface a nd that the donors interact strongly nearly perpendi cu lar to the 

stacking axis, i.e. in a s ide-by-s ide direction. As for the Fermi sUiface of (EOST)21 3 

s hown in Figure 4. I 0, the curvature is in substantial agreement with that of (EOTT)21 Br2 

14, 141. It was also tried to calculate the band strucu tre where the d orb ita ls of the 

sulphur and selenium atoms were taken into considerati o n. The res ultant overl ap 

integrals are variable dependin g o n the parameters of the d orbitals. Using the latter 

overlap integral s, again obtained were s imilar Fermi surfaces in regard to (EOTT)21Br2 

1141 and (EOST)213. Therefore the parameters of the d o rbital s of chalcogen atoms 

remain to be settl ed; however, at thi s stage it could be safely concluded that all the 

isostructura l salts of EOST in question and (EOTT)2IBr2 1141 have the s imil ar e lectronic 

structure at least qualitatively, and that small additional intracolumnar inte racti o ns would 

effect the electronic structure and thus could lead to such a quantitative diffe rence in the 

stability of the metallic properties as mentioned above. 

C rysta l Structures of (EOST)Au(CN)2 and (EOST)2X {X= IBQ (a- type), I2Br 

a nd ICI2} 

With res pect to the crystal structure of the Au(C N)2 salts only the insulating phase 

has been clarified and is depicted in Figure 4.1 I. The unit cell contains four EOST and 

four Au(CN)2 molecules, all of them o n the general pos itio ns . In thi s sa lt a pair of EOST 

cations arc arranged face to face to make the dimeric cati on sheet in be plane and the dimer 

is seperated by a pair of Au(CN)T ions located in the same sheet to red uce the stron g 

Coulombic repul sion between EOST cations. There is no column or sheet whi ch makes 

the conduction path , so such a structure leads to insulating behavior. In contrast to the 

case of the 13 salt, two donors of Au(CN)2 salt directly overlap each other in a head-to­

tail manner within the dimer. Another difference from the 13 salt is that both ethylene and 

oxatrimethylene g ro ups extend toward the outside so the tw o molecules appear to bend 

away from each other. 

The IC I2 salt is isostructural to the 13 salt as well as a - (EOST)21Br2 and 

(EOST)2I2Br (see Table 4 .2 and Figures 9 and 10). Accordingly all the features of the 
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(a) (b) 

Figure 4.9. Donor arrangement (a) in (EOST)213, a-(EOST)2IBr2, (EOST)2l2Br, 

and(b)in(EOST)21CI2 For(EOST)213,c=-4.2l, PI =- 4.27, P2 =-3.83, aJ = 
15.54 and a2 = 13. 15; for a -(EOST)2 lBr2, c = 4.39, PI = - 23.62, P2 = - 15.4 1, 

aJ =43. 12 and a2 = 36.60; for (EOST)212Br, c= 3.22 , PI= -2 1.60, P2 =- 14.R9, 

a J =41. 19 and a2=3 1.R3 
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Figut·e 4.10. Energy band structures or (EOST)213 Present band structure results from 

the transfer integral s where d orbitals of the sulfur and selenium atoms not accounted !"or 

in the calculation. Sec text. 
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crystal and molecular structures found for the 13 sal t arc also found for the latter t\\'O 

sa lts. 1-lo\\·c,·cr, the length or the b axis of the ICI2 sa lt , \\'hose direction is along the 

long axis or the donor, is double the others. Because there appears to be little intcmction 

bct\\·ccn the donor molecules through the anion sheet along this direction, it can be 

explained why the doubling of the b axis docs not destroy the mcwllic electronic structure 

of the salt. The intcrplanar distances arc 3.690 A { (EOST)2 l2Br }, 3.623 A, 3.531 A { 

(EOST)2ICI2 }, 3.684 A { a - (EOST)2IBr2 }. The ICI2 salt has t\\'o 

crystall ographicall y independen t columns or regularly stack ing donor molecules and both 

of these ha\·c smaller interplanar distances than those of the other sa lts. This close 

stacking, hm\'C\·cr, again haruly inllucnccs the electronic structure or the salt since the 

band structure dcpcnus mainly upon the interactions a I and a2, as suggested by the 

calculation mentioned abo\'e. T he lCI2, a - IBr2 and 12Br salts essentiall y share the 

molecular arrangement, intermolecular interactions and thus electronic structures of the l3 

salt. 

FigUJ·e 4.1 I. Crystal structure o f (EOST)A u(CN)2 
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Comparison of EOST Salts with EPST Salts 

The donor EPST { 4 ,5-ethylenedithio-4' ,5'-(2-propylenedi thi o )-

diselenadithiafulvalene} has been newly synthes izedt for compari son of the properties of 

the cation rad ica l sa lts with th ose of the EOST sa lts. The synthesis of the donor and its 

radical sa lts are much the same with those of EOST. The neutral crystal of EPST is 

identica l (vermilio n blocks) and isostructural to that of EOST (Figure 4 . 12). Altho ugh 

the molecular structures resemble each other and electrolyti c conditio n in the preparation 

of the sa lts does not differ from each other very much, the crystal structures and eletri ca l 

properties of the trihalides o f EPST clearly differ from those of EOST (Fig ure 4. 13). All 

the EPST sa lts of I2Br, IBrz , IC I2 and 13 ex hibited almost temperature-independent 

resistivities w ith identi ca l behavior to each other down to ca. I 00 K and they rapidly 

increased the resist ivities at lower temperature. From the X-ray photographs they were 

all found to be isomorpho us wi th a -BETS2I3 instead of the EOST trihalides. Such a 

small modficati on as the substituti on of the methyl ene group for the oxygen ato m res ulted 

in an overall alterati on o f a donor arrangement and thus the property of the charge-transfe r 

salt s. A simila r case was reported where relatively small modificatio n of a do nor 

molecu le can lead to new structure types rather than simple expans ions or contractions o f 

the kn ow n structures 122 (d) !. The additional infonnation such as crysta l structures of 

the sa lts of the a ll -sulfur ana log, EPT 1221. and the related symmetrical donor OTT !51 a re 

desired to d isc uss further detail s, but unfo rtunately there are few repo rts concerning the 

single crystal data of them. The on ly one 122 (d) I te ll s that some EPT sa lts have 

dimerized stacking structures where the dimers are linked in a s ide-by-side fas hi o n to 

fo rm one-dimensional chains. This trend resembles both EPST and EOST salts to some 

degree and much mo re examples are required to elucidate each facto r to dominate the 

crysta l structure. The situatio n is not so simple as some researc hers conceived that the 

bulkier donors wo uld produce a large r unit cell and lo nge r do no r di stances, fo r unit cell 

dimension cannot be related directly to the inte rmolecular distances no r the ir packin g 

moti v. 

t Elemental analysis: C JJH tQS6Se2 calculared (%) H: 2.05, C: 26.8 1; found (%) H: 2.20, C: 27.68. 
Crystaldata: monoclinic, P2J /C, a=6.781, b=l4.603, c= I7.167A, ll=l l0.62 ", Y=l591. 1 

A3, Z=4. 
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(a) 

(b) 

Figure 4.12. (a) Crystal structure and (b) molecul ar struc ture of EPST 
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Figure 4.13. (a) Electrical behavior of trihalidc salts of EOST and (b) EPST Structural 

scheme in (b) is taken from ref. 123 1. 
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Other EOST salts 

Some other anion salts of EOST were also synthesized by a similar 

electrochemical procedure and the BF4, CI04, Re04 and PF6 salts were obtained , whose 

electrical behavior is displayed in Figure 4. 14. They are all semiconductors; activation 

energies are 0.04 (CI04 sail), 0 .03 (BF4 salt) and 0.01 eV (PF6 salt), respectively except 

for the Re04 salt (insu lator) and did not examined in further detail such as X-ray 

structural study . 

4 ! CI04 

I 

0.05 

Temperature_, /K-1 

.... 

0.1 

Figm·e 4.14. Electrical behavior of some sa lts of EOST 
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4-4. Summary 

As a first step to develop an organic superconducto r based on a new donor, EOST 

and its charge-transfe r salts were synthesized. The electrical resistivity of (EOST)213, a­

(EOST)21Br2, (EOST)21c12, (EOST)212Br and the a-type AuBf2 salt decrease 

monotonically down to 4 K. All but the last were found to be isostrucural with 

(E01T)213 1141. (E01T)21Bf2 141 , (E01T)21CI2 11 4 1, (E01T)2Aul2 141 and 

(EOTI)2AuBf2 1141 . Another phase of both the IBr2 and AuBf2 sa lts exh ibited a clear 

metal -insu lator transition at ca. 27-28 K. The tight-binding band calcu lat ion suggested 

that (EOST)213 has an open quasi-one-d imentiona l Fermi surface , i.e. has a similar 

electroni c structure to the corresponding EOTI sa lts. The calculation of their overlap 

integrals showed that the other isostructural EOST sa lts also have simillar e lectroni c 

structures. On the other hand the metallic property of the EOST salts in question is more 

stable than EOTI sa lts 14. 141 but less stable than BETS sa lts II , 21 as evidenced by the 

cond uctivity measurements. By replacement of su lfur atoms by selenium atoms withou t 

any unex pected change of the crysta l structure, the EOST salts reached more stabl e 

metallic states compared to the corresponding salts of EOTI. This might be an example 

where the control of the dimension of the electroni c structure th rough the molecul ar 

structure could be accomplished. All these salts could be said to be suffi cientl y stable 

metal s to be prospective superconductors at lower temperatures, under some pressure if 

necessa ry. 
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Chapter 5. 

A Pursuit of Novel Donor Capable of Pr.oviding Free 
Carriers with Localized Moments; Synthesis, Structures 
and Physical Properties of Char~e . Transfer Salts of 
Thiadiazoleethylenedithio-diselenadithiafulvalene (DED) 

5-l. Introduction 

The pursuit of organic ( or more generally, molecular-based ) conducting or 

magnetic materials is an important scientific subject of current interest (1]. In fact an 

increasing number of chemists, physicists, and theoreticians have entered the field of 

organic metals or organic fcrromagnets over the last two decades. Although the large 

majority of fcrromagncts arc metallic compounds in inorganic species, by far the largest 

proportion of the organic magnets and those of the molecular conductors arc chemically 

disparate. An organic compound with metallic conduction electrons and localized spins, 

where the two kinds of electrons come from the same molecule has never been reported. 

The magnetically ordered state and metallic state, of their own, are not necessarily 

incompatible with each other [2], and in fact a few examples have been reported in 

metallic organic charge-transfer salts containing transition metal ions (3, 4]. Yet some 

properties characteristic of organic compounds such as a large on-site Coulomb energy ( 

strong correlation ), strong electron-phonon interaction, small intermolecular interaction 

and large anisotropy ( low dimensionality ) often stand in the way when researchers 

design magnet ic conducting materials using interactions between localized and delncalizcd 

( metallic) states instead of introducing transition metals. 

In order to circumvent this problem the author has adopted a novel approach by 

exploring some molecule which is a combination of two parts corresponding two roles; 

one plays the role of a good donor which would make a stable metallic it-band in the 

solid state, and the other has a strong inclination for localizing an unpaired electron in one 

of its localized orbitals. Asymmetrical donors arc very appropriate for such purpose. Yet 

the latter feature is generally unfavourable for a donor because such an inclination is 

prone to lower the donor ability and would make it a Louis base rather than an electron 

donor [5]. If the highest occupied non-bonding (n) orbital, which is a typical example of 

the localized orbital , in a molecule is HOMO and lies far (a few electron vo lts or more) 

above the other occupied orbitals, the cation radical salts of such a molecule may be an 

insulator because n orbital could not make a wide conduction band enough to stabilize 
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the metallic property [ 6 J. On the contrary, if the HOMO consists chiefly of it-orbitals and 

lies far above the highest occupied n orbital , the cation radical salts of such a molecule 

may be a usual organic conductor without a localized spin; most of the well-known 

BEDT-TTF salts arc the case [1 (a)- (d) , 7]. Therefore the most difficult point of this 

work is how to reconcile the two apparently incompatible conditions in the same donor 

molecule. Direct incorporation, i.e. the condensation of the two moieties, whether the 

chemical species arc groups or molecules, results in an unexpected reconstruction of the 

molecular orbitals as often as not. Another practical problem to overcome concerns the 

synthesis; many candidates for the spin-carrying moiety could not be expected to survive 

the usual reaction. So the selection of the candidate molecule is already a problem, 

though one can make an estimation from molecular orbital calculation to some degree. 
By coupling a well-known stable radical and popular donor or acceptor 

molecules, a number of trials to reinforce an exchange interaction through delocalized it­

conjugation in a molecular based system have ever been reported [ 1 (c)- (h)]. Many of 

them were expected an alignment of the spins by charge-transfer interaction and/or 

mediation by conduction electrons. In these systems, of course the interaction between 

the dclocalizcd and localized electrons arc important. Yet all of them have the spin­

carrying part which is connected to the it-conjugation moiety by a a-bond or more 

distant. Additionally they usually have bulky protecting groups such as !crt-butyl group 

around the spin sources. Such situation often drives them out of coplanar molecular 

structures with respect to the two parts in question, which helplessly diminishes the 

intrdmolecular interaction, much less intermolecular interaction. As a result by far the 

majority of them have ended up with insulators even if they manage to succeed in 

ordering of the spins. 

In the meantime, the heterocycles including alternate sulfur and nitrogen atoms 

and their isomers arc often reported to be apt to become stable free radicals (8], where 

their unpaired electrons arc believed to largely localize on the nitrogen atoms in some 

cases [8 (n)- (p)], while some arc conceived to dclocalizc on the it-conjugating systems 

[8 (q)- (s)], and others arc in intermediate situations. Previous studies on them out of 

various interests have revealed an extensive chemistry such as aromaticitics [8 (t) (v)], 

cycloaddition or ring cleavage reactions [8 (w), (x)], isomcrizations or rearrangements [8 

(y), (z)], thennal and/or photochemical stabilities (8 (p), (u)] and electrochemical 

properties [8 (m)], which have proved that the family covers a variety of compounds 

from potentially good donors [9] to acceptors [10] as well as spin sources [11]. Such 

fascinating properties seems to be characteristic to them and hardly affected by the 

substituents [8 (s)], though some of them arc rdthcr small it-systems. These facts 

suggest that there could be a donor whose it-HOMO lies ncar one of the localized orbitals 

when an appropriate it-conjugated moiety is combined with one of such heterocycles. 

Such a donor could be expected to make a it- HOMO band broad enough to cover the 
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localized level and to interact with its resultant own localized spin in the charge-transfer 

salt. 
[n addition to the well-developed chemistry, the sulfur nitrogen heterocycles, as 

mentioned above, have many suitable characteristics for the "spin-carrying part"; the 

rddicals are planar without bulky substituents as stcric protection groups, which feature 

favors interaction bcrwccn adjacent molecules and distinguishes them from other stable 

radicals [2 (c), 12]. In fact a number of short contacts have been observed berween 

sulfur atoms of neighboring molecules or cation and anion [8(a), (f), (h) , (1), (p), (q), 

11]. 
On the other hand BETS { BETS = bis( ethylcnedithio )tetra~elenafulvalene } [3 

(b)- (e), 13] has known to produce stable metallic charge-transfer salts very often [3 (b) 

- (c), 13 (b) - (g)], which characteristic has been utilized to realize organic metals with 

Jt-d interactions [3 (b)- (e)] or control of the dimensionality of the electronic and crystal 

structure of charge-transfer salts [14]. Therefore BETS moiety can be expected to play 

another important role; providing a metallic wide Jt-band in the solid state. 

In the course of the pursuit of the aforementioned Jt-donor whose salts may be 

interesting from both viewpoints of the molecular conductors and the molecular magnets 

at the same time, there selected a thiadiazole-condensed BETS derivative: a new 

asymmetrical donor DED-STF. The chapter here reports the synthesis, structures, 

electrical and magnetic properties of the charge-transfer salts of a new donor; 

thiadiazoleethylcnedithiodiselcnadithiafulavalene, which is abbreviated as OED below. 

5-2. Experimental 

Calculations 

Molecular orbital calculations by the PM3 method were performed with MOPAC 

Ver. 6.01 [15]. The overlap integrals were calcuated by the extended Hucke! method. 

The electronic band structure were calculated by the tight-binding method. 

Materials 

All chemicals were reagent grade from Wako Chemical Co. and used as received 

unless noted otherwise. Triethyl phosphite was vacuum distilled, scaled under nitrogen 

and stored in the refrigerator until use. All solvents were degassed with high purity dry 

nitrogen for at least a few minutes before use. The ketone (1) was prepared according to 

the literature [13 (b)]. 
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Thiadiazoleethylenedithiodiselenadithiafulvalene (DED) 

r- CSXS>=<sxN:s 
S Se S ~N 

DED 

Csxse 
I >=o S Se 

+ x=<SXN~s __ Pc_o_E_tJ::...J-

S ""N (toluene) 
(XsXseXsJ 

S Se Se s 
( l) X= S (2) ; 0 (3) 

BETS 

Scheme 5.1 

In the course of attempts to synthesize the unknown intermediate thiadiazolc­

trithiocarbonatc (2) with the aid of some references on close reactions [ 16], the very 

compound was reported [ 17 J. 
A series of coupling conditions were examined and the results arc tabulated in 

Table 5.1.A typical procedure of the coupling reaction is as follows. 

Method A:; from the ketone (1) and the thione (2) in the toluene/phosphite. 

1l1c ketone (1) (1.45 g; 4.8 mmol) and thione (2) (1.02 g; 5.3 mmol) were dissolved 

in 128 ml of distilled toluene under nitrogen atmosphere. The yellow solution was 

slowly heated and the distilled phosphite (32 ml) was added at once immediately after 

starting to reflux. The resultant dark red solution was kept rcfluxing for another hour, 

cooled to room temperature and the precipitates (BETS) were filtered. The filtrate was 

slowly evaporated under reduced pressure to dark reddish brown tarry residue (ca. 10 ml) 

to produce almost analytically pure brilliant red plates, which was thoroughly washed 

with copious amount of ethanol then 70 ml of toluene, dried in vacuo. ·me yields after 

further purification (fractional crystallization from toluene I ethanol) is 50 - 65 mg ( 23 -

30% ). Elemental analysis: CgH4N2S5Se2 = 446.00 calculated(%) H: 0.90 C: 21.52 

N: 6.28 S: 35.92 Se: 35.38, found(%) H: 0.98 C: 21.40 N: 6.35 S: 35.80 Se: 
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34.05. m/e=446 (M+, 100%); IR (KBr): 1410 (w), 1378 (s), 1362 (w) , 1284 (vw), 

1238 (vs), 1039 (s) , 943 (vw), 
882 (vw), 77 1 (vs), 482 (vs) , 420 cm- 1 (vs). Crystal data: reddish orange 

rhombohed ral; crystal dimensions 0.28 x 0.20 x 0.10 mm3, Monoclinic, space group 

P2J /C, a= 12.554(5), b = 7.906( I ), c = 13.106(5) A,~= 95 .79(3) •, V = 1294.2(7) 

A3, Z = 4 , Deale= 2.29 g·cm-3. 

Method B ; from the ketone ( I ) and the ketone (3) in the toluene/phosphite. 

The similar procedure to Method A was followed with 1.2 eqv. of the ketone (3), 

(0.64g, 3.63 mmol) instead of the thione (2). The ketone (3) allowed far more formation 

of self-coupling products { BETS and BTDA-TTF, i.e . bis(thiadiazole)tetrathiafulvalene 

} than the thione (2) and thus required more ted ious work-up for isolation of the desired 

compound ; after the evaporation of the solvent under reduced pressure, crude coupling 

products were filtered off from tri ethyl phosphite, washed with methanol, dried in vacuo 

and purified by repeated fractional crystallization from toluene I ethanol; yield 90 mg ( 7 

% ). 

The Charge-transfer Salts 

The single crystal of the charge-transfer salts were obtained by the galvanostatic 

(2-3 J.tA) electrolysis of DED-STF (4 mg: ca. 0.4 mM) with an appropriate 

tetrabutylammonium salt (55 mg: ca. 2-6 mM) inTI-IF (20 ml) at room temperature as 

black rhombic or irregul ar plates. The actual conditions are tabulated in Table 5 .2. 
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Table 5.1. Synthetic conditions and the results of the cross-coupling 

(SJ(se I >=o 
S Se 

N S 
s~ X )=s 

N S 

csxs~ 
S Se 

N S 
s~ X )=o 

N S 

molar ratio:~ solv. ratiob condition yield(%)' 

1.0 

1.1 

1.1 

1.1 

1.1 

1.2 

1.0 

1.0 

0 120 ·c. 30 min 3 9 0 

reflux. I. S h' 0 : 28 : trace ( - 0) 

refl ux. 40 mind : 7: 0 

4 reflux, I h' 26: 23 : s 3 

5 reflux. overnight' 0: 26: 0 

5 reflux, 7 1.' 0: 7:74 

4.6 reflux , 40 mind IS : 8: 63 

0 110 ·c. IS min 0: 0: 4 

b c BET'S: OED: 13TDA-TTF 

( 

toluene ( ml ) ) 

P(OEt), ( ml ) 
d P(OEt), and C611 5C II , were 

mi xed before renu xing. 

e P(OEt), wa s added to the toluene soln immediately arter it started to refl ux. 

f P(OEt), was added to the toluene soln 10 - IS min after it started to reflux. 
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Table 5.2. Electrolytic condition of the charge-transfer salts of DEDa 

counter ion b crystal currentd voltagee (C4H9)4NX DED solventf time 

ex-) habitC /f.LA IV /mg !mg /days 

rc12 irregular 0.4 41 3.R CB(3% Et) 9 

IBr2 irregular O.R 66 4.1 CB(3 % Et) 9 

AuCl2 rectangular l.5 97 5 .R THF 3 

AuBrz rectangular 1.5 54 5.6 THF 2 

Au(CN)2 rectangular 1.0 90 4.4 THF 4 

AuBr4 rectangular 1.5 70 5.5 THF 16 

BF4 rhombic 0.6 35 2.7 THF/CBg 4 

Cl04 rhombic O.R 100 5.9 THF 7 

Re04 rhombic 0 .9 25 5.3 THF 7 

PF6 rhombic 2.5 46 3.0 THF 5 

AsF6 rhombic 2.6 20 4.4 THF 2 

SbF6 square 6.0 17 2.R THF 7 

SbF6 rhombic 1.3 35 4.1 TCE/CBh 10 

SbF6 hexagonal 2 .5 82 3.4 THF/CBg 4 

TaF6 rhombic 1.1 54 4.5 TCE/CBh 8 

a All syntheses were carried out at (20 :t 1) T under inert atmosphere. b All the 

supproting electrolytes were tetrabutylammonium salts except for the SbF6 salt, 

PPN·SbF6. PPN = bis(triphenylphosphoranylidene)ammonium ion. c All crystals are 

black plates, which arc often elongated and appear to be needles at first sight. d 

Galvanostatic condition e Potentiostatic condition f 20 ml each TCE = 1,1 ,2-

trichloroethane , CB = ch lorobcnzene, (3 % Et) = the solvent containing 3 % ethanol 

(vol/vol), THF = tctrahydrofuran g 1:1 mixture (vol/vol) h 2:1 mixture (vol/vol) 

ESR Measurements 

Variable-temperature ESR spectra of single crystals were recorded using an ESR 

spectrometer ( X-band ) equipped with a JEOL JES-FE3XG electromagnet and a 

computer, JEOL ES-PRIT 23 ESR DATA SYSTEM. Temperature was controlled with a 

Scientific Instruments Inc. series 5500 41-le continuous-flow cryostat and temperature 

controller. Angular dependence of the ES R spectra was measured by use of a 

goniometer. The freshly prepared single crystals were mounted with silicone grease on a 

quartz rod immediately after the filtration of the crystals. The crystals used in the 

measurements were selected to be all well-shaped rectangular thin flat plates with an 
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average dimension of ca. 1 x 2 x 0.05 mm3. Each edge coinsidcs with the a - and c 

-axies and the developed crystal facet is the ac -plane, all of which were confirmed by the 

X-ray photographs. They were aligned and piled to lay on the developed facets making 

sure that all their ac-planes were parallel to each other, but they were not aligned 

azimuthally. The quartz rod, the sample tube and the cavity had been checked for 

magnetic impurities in advance. The atmosphere in the sample tube was purged with a 

helium gas to avoid the background signal from oxygen. Data were recorded both on an 

analog chart recorder and in digitized form for further analyses. 
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Figure 5.1. Energy diagram of (a) the highest five molecular orbitals ( PM3) and (b) 

the actual molecular structure (X-ray) of neutral DED 
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5-3. Results 

Molecular Orbital s 

The highest five molecular orbitals are schematically shown in Figure 5.1. The 

optimized molecular structure well agreed with that determined by X-ray structural 

analysis. The calculation suggested that the HOMO of OED, which consists mainly of 

prr-orbitals, lies above the highest occupied n orbital by ca. 2.1 eV, i.e. about three to 

four times the typical band width of charge-transfer salts of chalcogen donors. In regard 

to the mono-caion radical , both spin and charge were calculated to delocalize over the 

whole donor molecule in the rr-orbital. 

Electrical Properties 

The Semiconducting Salts 

All the salts except for the octahedral anion ones have been found to exhibit 

semiconducting behavior from room temperature. Most of them are well described as 

activation-type semiconductors as shown in Figure 5 .2. The Re04 salt is an insulator 

and is not shown in the figure. The behavior of the BF4 salt at low temperature deviates 

from the Arrhenius plot , but the details remain to be clarified. Some anomalies are found 

in the behavior of the Cl04 and lBQ salts at ca. 220 K. A similar knot is discernible at 

ca. 1RO Kin the behavior of the BF4 salt. 

The Metallic Salts 

The electrical resistivity of the octahedral anion salts are shown in Figure 5.3 as a 

function of temperature. Except for the SbFr, salt they all exhibited metallic behavior 

down to at. 20 K and their resist ivies made a slight upturn at lower temperatures. These 

crystals are somewhat unstable in the air and lost the luster of their surfaces within a few 

hours to a few days; the rate varies from salts to salts and the smaller the anion is, the 

quickly the luster decays. The X-ray photographs, however, proved that the single 

crystals of the PFr, salt arc robust and do not collapse even a month after the filtration. 

Even though a certain degree of deterioration of the surface of the crystals could not be 

avoided, there observed high reproducibility with little sample dependence. 

139 

105 105 

104 

§ § 
c: c: 

Q 102 
Q 

10 1 -( 
1000 0.01 0.02 0.03 0.04 0 05 0.06 

100 0 100 200 

T 1 / K- 1 T / K 

Figure 5.2. Electrical resistivity of semiconducting OED salts vs. temperature ( right­

hand side) and vs. inverse of the temperature (left-hand side); a: AuBQ, b: AuBr4, c: 

Cl04, d: lCl2, e: lBr2 and f: BF4 salts 
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Figure 5.3. Electrical resistivity of metallic OED salts as a function of temperature (a) ( 

left-hand side) a: AsF6, b: TaF6, c: PF6 and d: SbFr, salts (b) ( right-hand side ) The 

crystal got deteriorated with time. 
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Crystal Structure of (DED)2(XF6)(solv.)2 ( X 

THF or others ) 

P, As and Ta; solv. 

The X-ray structura l analyses of the above-mentioned substances revealed that 

they share unique and unprecedented crystal structures. Figure 5.4 shows the unit cell 

and molecu lar arrangement of (DED)2PF6(THF)2. Crystal data for 

Se4S 10PF6N4C24H 1202, Triclin ic, Space Group P T, a= 8.760( I ), b = 25.006(3) , c 

= 8.395(2) A, a= 97.56(2), {3 = I 01.96(2) , y = 9 1.6 1( I) • , V = 1780.5(6) A3, Z = 2 . 

{ Crysta l data for Se4S IOASF6N4C24H 1202, Tricl inic, Space Group P T, a = 

8.822( I), b = 25 .249(3) , c = 8.4 19( I) A, a= 97.43( I ) , {3 = 10 1.76( I ), y = 9 1.64(9) · , 

V = 1817.6(4) A3 , Z = 2 . Crysta l data for Se4S 10TaF6N4C24H 1202. Tricl inic, Space 

Group P T, a = 8.9487(5), b = 25.657(3) , c = 8.4695(9) A, a = 97.84( I ), {3 = 

101.336(7), y = 93.094(9) ·, V = 1882.2(3) A3 , Z = 2 . } T here are two 

crystallograph ica ll y independent OED molecul es ( I, II in the figu re ), an ani on and two 

solvent molecul es. T wo donors make a di me r with a direct overl ap and same orientati on; 

the di hedral angle is 3.37 · and the distance between the least-square molecul ar planes is 

3.58 A. T he donor dimers and the anions are arra nged alternately to form a donor-anion­

intermingled layer in the ac-plane. Within a layer fo ur dimers surround an anion, holding 

it approx imately in the center. T hi s cavity for the anion leaves room also fo r the fift h 

dimer in the neighboring layer to interpose their thi adi azole rin gs toward the ani on. 

Interstiti al solven t occupies void space; one is beside the anion and another is o n the 

inve rsion center. T he later is bad ly di so rdered. T hey make an insul ating sheet running 

parall el to (0 10), which isolates every two conducting layers fro m each othe r. As a res ult 

the two di mensional space between the solvent sheets is fi ll ed wi th alternate dimers and 

ani ons. T he two laye rs facing and "gearing" with each other at the interface are 

connected by many short contacts centered around heteroatoms in the thi adi azole rin gs. 

T here is no di stinct donor columns nor donor sheets, which never fail to be o bse rved in 

the previous molecular conducting materials. Instead the overlaps between the thi ad iazole 

rings provide two dimensional network among the heteroatoms, which in its turn offers 

an electri ca l path for the observed metalli c conductivity. Parti cul ar close ( S---N < 3 .35 

A, S---S < 3.65 A ) intern10lecul ar contacts mediated by the thi adiazole rings are 

respecti vely indicated in Figure 5 .4 by thin lines from a tog; a: 2.95(2) , b: 3 .30(2), c: 

3.33( 1), d: 3.553(7), e: 3.553(7), f: 3.607(8), g: 3.6 15(7) A. Similarly parti cular close ( 

Se--- F < 3.3 A, Se---Se < 3.70, Se---S < 3.70 A ) intermolec ul ar contacts between 

do nor and ani on ( 90 - 98% of the van der Waals di stance), or between chalcogen atoms 

( 90 - 96% of the va n der Waa ls di stance ) are respectively shown by thin lines with 

suffixes from A to E ( Se---F ) and a to e { Se---S(e) }; A: 3. 12( 1 ) , 8 : 3 .11 ( 1 ), C: 

3.28( I ), D: 3.0 I (2) , E: 3.2 1 (2), a: 3.655(3), b: 3.53 1 (7), c: 3.684(3), d: 3 .582(7), e: 

14 1 

3.650(3) A. There may also cxsist a sign ificant interaction between the donor and the 

an ion. 

Calcul ated Electronic Band Structure of (DED)2(PF6)(THF)2 

Calculated overlap integrals arc depicted in Figure 5 .5 . TI1c intradimcr overlaps ( 

a in the figure ) arc very large and so arc the intcrdimcr ones ( b, c ). They arc all 

interactions within layers. It should be noted that among the intcrlaycr interactions ( d- g 

), those with suffixes d and c arc as comparably large as those with b and c . The 

calculated band structure is shown in Figure 5 .6. 

Figure 5.4. Crystal structure of (DED)2PF6(TH F)2 TI1c thin li nes indicate particular 

short contacts; sec text. 

S (x lo -3) 

" -50.5 
b -32.8 
c -13.6 
d 23A 
e 10.4 
f 5.2 
g 4.0 

Figure 5.5. Calculated overlap integrals ( S) in (DED)2PF6(TH F)2 
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Due to the small intenJ imer interact ions along the a-axis ( c, e - g ), the resultant Fermi 

surface indicate that the anisotropy in the ac-planc is large and that the system is pseudo­

one-dimensional along the c-ax is . 

V" 

X v r z v r V' Y" 

Figure 5.6. Calculated band structure and Fermi surface of (DED)2PF6(THF)2 

Magnetic Properties of (DED)2(PF6)(THF)2 

At low temperature, the ESR spectra of (DED)2(PF6)(THF)2 arc characterized by 

two Lorenzian signals: Figure 5.7 (d) illustrates the line shape observed at 9 K. The 

smaller sharp signal has a characteristic line shape of a local ized spin. They strongly 

overlap at high temperatures but gradually become discrete from ca. 100 K and well­

defined at lower than ca. 40 K. The measured total intensities shown in Figure 5.7 

showed a pronounced Curie-Weiss-like susceptibility at low temperature. 
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Figure 5.7. ESR results of (DED)2PF6(THF)2: temperature dependence of (a) the 

total intensity of the ESR signal, (b) the linewidth and (c) the g-value The g-value and 

linewidth are tentatively defined as shown in (d). The empty circles ( or triangles ) and 

filled ones correspond to the condition where the magnetic field is in-plane and normal to 

the developed crystal face, i.e. conduction sheets, respectively. 
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On the other hand the intensities are nearly independent of temperature from 290 

K to 120 K. The line width ~H and the g-value are tentatively defined as schematicall y 

shown in Fi gure 5.7 (d). ~H clearly exh ibited an almost linea r narrowi ng w ith 

decreasing temperatu re. This trend remains irrespecti ve of how ~H is defi ned. 

The g- value is almost constant and nearl y equals to 1.99 at all the te mperature of 

the measurement, thou gh the scatterings are large at low te mperature. 

5-4. Discussion 

Molecul ar Orbitals of Neutral OED 
T he res ult appea rs to be di sadvantageous fo r the purpose, and the res ults o n DED 

mono-cati on radi cal was qualitative ly identi cal except for - - 1.3 eY shift o f eve ry leve l. 

Yet the situati on of these orbitals near HOMO are subject to change with net electric 

charge and chemical environment such as cry stal packin g. 

Synthesis 
The optimi zed condition for obtaining the asymmetrical product can be 

summari zed as fo ll o ws. 

-First, the keto ne ( I ) and 1.1 equiv. of the thione (2) are di ssolved in the toluene and 

heated gentl y to reflu x. 

- Immediately afte r ( or no later than ) the toluene starts to reflux, the large excess 

phosphite whi ch amounts about a third to a fifth volume of toluene is added at o nce . 

T hi s procedure was very sensiti ve to the timing o f the additi o n and the rati o o f the 

phosphite to toluene, whil st large va ri ations in the time o f heating ( 30 min to o verni ght ) 

o r the absolute amount of the solvent o r the temperature did not influence the yi e ld . 

Interestin gly both the thi one (2) and the ketone (3) have been found to coupl e themselves 

very easily ( within 10 min o r so ) in the neat refluxing to luene, which is an 

unprecedented case in the co uplin g reaction of thi s class . 

BTDA-TTF often co-precipitates with DED and the solubility to usual o rgani c 

solvents resembles that of DED. The fracti onal crysta lli zation from toluene I eth anol has 

been fo und to be almost an o nl y effective way of the isolation . 

In the electrocrystalli zati on o f the charge-transfer salts, the exact amo unt of the 

do nor used is most criti ca l, whi ch is very unusual compared to other don or cases . T hi s 

might have somethin g to do with the fact that DED is extremely soluble to most organi c 

solvents. In fact it was fo und , fo r exampl e, that the solubility in 20 ml of chl o rofo rm at 

23 OC of DED is ( 6 1 ± I ) mg, whil st those of BT DA-TTF, BEDT -TTF { = 
bis(ethylened ithio)tetrathiaful va lene } and BETS are all < I mg in the same so l vent. 
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T herefore all the amount of DED added in the soluti o n d issolves and directly domin ates 

the dono r concentration , w hich in turn dom inates the rate of the e lectrocrystalli zation. 

Physical Properties 

T he general trend of the calcul ated overl ap integrals can be described by a model 

w here independ ent two donor sheets in the ac-plane are connected to be a double layer. 

In fact the calculated band structure supports thi s model and suggests that thi s species can 

in volve a meta.! instabili ty. However several stable metalli c systems have been prev io usly 

repo rted to possess a pair of doubl e elongated S-shaped o pen Fermi surfaces s imilar to 

thi s one 11 8 1. The upturn in the resisti vity at low temperature ( s ca. 20 K ) is tho ught to 

be due to some localization rather than a nestin g o f the Fermi surface, i.e. a metal­

insul ato r ( MI ) transition s ince the rise in the res isti vity is so blunt and small , whi le an 

MI transitio n ocurrin g at thi s temperature range in pseudo-o ne-dimensional systems 

usuall y in volve sharp ri se in the res istivity. 

T he ESR spectra sho ws that there exs ist at least tw o kinds of spins. S ince the 

plural s ignals have not yet been separated , the fo ll owing di scuss io ns preliminaril y treat 

them as a whol e. The Curi e-Weiss-like behavior of the spin susceptibility demo nstrates 

an ex istence of loca li zed spin s. Considerin g the electrical behav io r, the ex periments 

sho wed that they coexi st in thi s salt at least at 20 K -- 120 K. Ho we ver, at present the 

author does not have experimental data which rul e o ut the poss ibility that they o ri ginate 

from defects or magnetic impurities. The absolute value of the susceptibility z, and the 

spin concentrati on per formula unit are to be determined. 

The temperature-independent susceptibility at hi gher temperature might be 

attributed to the Pauli paramagneti sm of the conductio n e lectro ns. If the desired syste m 

where localized and conduction electrons coexsist is obtained , the contributio n to the spin 

susceptibility from the latter wo uld merge into that from the fo rmer and thus the ES R 

intensity wo uld apparently o bey the C uri e-Weiss law. From the fi g ure it a ppears that the 

paramagneti sm g ives pl ace to the C uri e-Weiss-like behavio r a ro und 120 K , tho ugh the 

e lectrical behavio r indicates no transition at thi s temperature. It remains to be confi rmed 

whether the susceptibility is indeed Pauli paramagneti c at hi gher temperature and there 

occurs a magnetic transition at - 120 K. 

When the line broadening is dominated by spin-pho non scatte rin g, ~H is 

propo rti ona l to the inverse of the transverse re laxati on rate TT I 11 9 !, whi ch in turn 

rel ated tot" 2 and ,;11- 1 ( t1 and 1:11 a re respectively the largest transfer integral perpendicul a r 

to the primary conduction path , the s ing le particle scatte ring rate parallel to the primary 

conduction path ) . The experimental facts that the linewidth is nearly isotropic and thi s 

system is a quasi-o ne-dimensional metal are consistent with the narrowing behav io r. 

146 



The g-values are usually slightly larger than that of a free electron ( 2.0023 19 ), 

and the stronger the interaction with other spin systems including nuclear sp ins, the larger 

the g-va lues ' deviations are . The PM3 calculation indicated that the sp in density of the 

mono-cation radical of DED is distributed almost over the whole rr-conjugation system . 

If thi s is true the expected g-value, at least that of the conduction electrons, would be 

large. But in fact, the observed spectra indicated that th e respect ive g- values after the 

separation of the strongly overl apped signals would be small er than expected. Since the 

g-value in question now is not the actual g-value of a specifi ed spin, the quantitative 

di scussion such as why it is smaller than 2 may be not required at present. 

For further discussion the detailed analysis of each signal by deconvolution is 

evidentl y req uired and will surely answer the questi ons above. 

5-5. Summary 

The radi cals containing conjugated thiazyl linkage are known to often exhibit 

unusual persistence and unique network of sulfur and nitrogen atoms in the so lid state. 

The present author thought that when such thiazyl linkage moiety is incorporated in rr­

conjugated moiety of strong enough donor with an ability of making wide metallic band 

in the radical sa lt s, the resultant electronic system might have both free carriers and 

localized moments with an interaction between them. Based on this idea a new 

asymmetri cal donor thiad iazoleethylenedithiadiselenadithiafulvalene ( DED ) and its 

charge-transfer salts have been synthesized and investigated. Among them certain 

octahedral salts have been found to be unique in the fo llowing ways; 

- they are the first examples that behave metallic down to low temperatures among the 

reported many charge-transfer salts based on molecu les having conjugated thiazyl 

linkages, 

- they have an unprecedented crystal structure in that it does not possess segregated 

donor sheet s or columns in spite of the usual 2: I stoichiometry and stable metallic 

property. 

The ESR measurement of the PF6 salt detected two kinds of electrons, i. e. 

conduction electrons dominant at higher temperature and localized electrons dominant at 

lower temperature. Detail s remain yet to be elucidated including whether the localized 

spins come from the impurities or not. 
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Chapter 6. 

The New Synthetic Metals of M(dmise)2: 
I(CH3)3HNilNi(dmise)2J2 and (EDT-TTF)1Ni(dmise)2J* 

6-1 . Introduction 

There had been emerging interest in some kinds of metal -complexes with sulfur­

contaning ligands, when the dmit ligand (dmit = 4,5-dimercapto- 1.3 -dithiole-2-thione; 

4,5-disulfanyl - 1 ,3-dithiole-2-thione) and its metal-complexes were first reported by 

Steimecke eta/. in 1979 Ill . Many of the related work then concentrated on their unusual 

oxidation states , electrochemical behavior and the ESR study 121. The dmit ligand at first 

attracted attention in the field of synthetic metals since it had turned out to be a versatile 

starting material in the synthesis of various donor molecules related to BEDT-TTF { 

bis(ethylenedithio)tetrathiafulvalene } 131. But the ligand has indeed come to the fore 

after the report of the first molecular superconductor based on it s Ni complex , 

TTF1Ni(dmit)2114 (a)- (c)l. This charge-transfer salt consists of segregated stacks of 

the donor and acceptor molecules and they are connected by S---S short contacts between 

the sulfur atoms in the thione of the dmit ligands and those in the TTF molecules. This is 

why Bousseau eta/. argued that the salt has a quaisi three-dimensional crystal structure 14 

(b) 1. though the tight-binding calculation suggested that the electronic structure can be 

rather one-dimensional14 (n), (o), 5 (b)l. 

The next superconductor of this class was repor1ed in 1987 by Kobayashi eta/., 

which is based on the Ni complex again but that with a closed-shell cation. 

(CH3)4NINi(dmit)21214 (d)- (o) 1. This salt is significant in that it has proved that the 

dmit-complex for itself, i.e. without a donor, can produce the conduction path as a 

molecular superconductor; in other words (CH3)4NINi(dmit)212 is the first example of a 

purely-acceptor-based superconductor. The additional two examples, 13-
(CH3)4NIPd(dmit)212 and (C2H5)2(CH3)2N1Pd(dmit)212. established a consensus 

about such ability of M(dmit)2 salts within several years 14 (s) - (u)l and an extensive 

onium salts have been studied 161. 

The most striking difference in the electrical properties of the dmit compounds lies 

in the metal instability despite its molecular structural similarity to BEDT-TTF. Such 

difference originates from the difference in the symmetry of the frontier orbitals, namely, 

*The major parr of rhis work is published; Toshio Nairo, A kane Sato, Kouichi Kawano. Akiko 

Tarcno, Hayao Kobayashi and Akiko Kobayashi , J. Chem. Soc .. Chem. Commun., 1995. 35 1. 
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the lowest unoccupied molecular orbitals ( LUMOs ) of M(dmit)2 IS 1. which dominates 

the intermolecular interaction concerning the conduction band. Consequently the dmi t 

salts often suffer from low-dimensionality and narrow bands, both of which are apt to 

lead to a ground state with a band gap. Thus most of lcation lxiM(dmi t)2 1 ( M = Ni, Pd, 

Pt ; 0 ,< x < I ) are semiconductors, and metallic sa lts, especiall y at low temperature, are 

exceptional at ambient pressure IS (c) , (d), 7 1. 

The conduction path in these salts is ge nerally formed through overlapping 

orbitals of the sulfur atoms in the li gands. The idea to improve thi s conductio n path by 

replacing one or more of the sulfur by the larger selenium atoms has a lready y ielded 

several partially oxidised correspondin g compounds, I cation lxl M(C3SS-xSex)21 ( M = 
i, Pd; 0 < x < I ) 18 (a) - (h) l. However it was fo und that the structural and/or 

electronic properties of these compounds can be qui te different from w hat had been 

expected , and many of them have turned out to be no better semiconductors than those of 

the corresponding dmit sa lts. A poss ibl e cause might be fo und in the b2g symmetry of 

the LUMO IS I. for the asymmetry often makes the transverse intermolecul ar overlaps in 

the M(dmit)2 solids almost cancell o ut each other, when the size of the chalcogen atoms 

on the periphery makes little difference. 

Another approach to enhance the intermolecular interaction in the M(dmit)2 salts is 

to use a sma ll er cation s uch as a lkaline metal s and tetramethylammonium io n. T he 

aforementioned superconducto rs a re all successful examples of the latter case, tho ugh 

they sti ll require high pressure to stabilize their meta llic states to achieve 

superconducti vity. (C2HS)4N INi(dmit)2 12 was reported to be a precursor of the three­

dimensional molecu lar metal 19 1, where the two-dimensional S-- -S networks of 

Ni(dm it)2 layer are weakly connected by the thi one-thi one con tacts. A ltho ugh thi s salt 

actually exhibited semiconducting behavior from room temperatu re, th e poss ibility that 

the sa lt suggested is intriguing. The chemical modifi cati on at the thione and/or the cation 

appears most effective in the stabilization of the metallic state thus far, s ince it makes the 

M(dmit)2 molecul es in the stack shift to each other along the ir long axis and leads to the 

change in relative arrangement in addition to the approach of the two thi o nes in the 

neighbouring M(dmit)2 molec ules in the different stacks, which sometimes results in gai n 

of both intercolumnar and intersheet overlaps to some deg ree. 

Among the dmit derivatives including both sulfur and selenium atoms 18 1, dmise 

(dmise = 4 ,S-dimercapto- l ,3 -dithiole-2-selone; 4,S-disulfanyl - l ,3 -dithio le-2-selone) is 

therefore a potentially useful li gand which extends an intermolecular interacti on towards 

the third direction through its o utstretched pan of its rr-conju gati on system, i.e. the selo ne 

gro up 18 (c), (e)l. Howeve r, the solid state properti es of metal -dmise system have been 

reported on ly fo r two (CH3)4N+ salts 18 (c), (e) l. Of parti cul a r interest amo ng the 

unexplored meta l-dmise systems are salts with small cati o ns and charge transfer 

complexes with chalcogen do nors , because not o nl y both of such combinations have 
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yie lded superconductors in Ni(dmit)2 compounds 14 (a) - (o) , (v) - (y)l but also they 

could be expected to exert the structural advantage of th e dmise li ga nd mentioned above. 

In par1 icu lar the metal -dmit salts with (CH3)4N+ and (C2HS)2(C H3)2N+ often produce 

stable metals and superconductors under high pressure 14 (d) - (o) , (r) - (u) , S (c) , (d) I. 

Add itionally some cases are known to be rare examples of this class that remain metallic 

down to the liquid helium temperature IS (c), (d), 71. On the other hand the donor-

acceptor type compound like (EDT-TTF)IN i(dmise)2 1 (EDT-TTF 

ethylenedithiotetrat hi afulvalene) is as int rig uing, for the related compound (EDT­

TTF)1Ni(dmit)21 has recently been fo und to exh ibit superconductivity at 1.3 Kat ambient 

pressure 14 (v) - (y) 1. All bu t this important exception the dm it compounds exhibit 

superconductivity under high pressure. T herefore the results about closely related 

compounds such as (EDT-TTF)INi(dmise)21 and I(CH3)4NIINi(dmise)212 are of 

parti cular interest. This chapter presents the synthesis and electrical propert ies of the two 

titl ed sa lts and some other related sa lts. A brief account of the crystal and electronic 

stru ctures of ICC H3)3 HN 11Ni (dmise)2 12 is also g iven. 

6-2. Experimental 

Materials 

All chemicals are reagent grade from Wako Chemicals Co. and used as received 

unless noted otherwise. C hloroform, diethyl ether and methanol were di still ed accordi ng 

to the ref. 110 (a) I under a stream of nitrogen, sea led under nitrogen and stored in the 

refri gerator until use. Acetonitrile was purified following the repor1ed procedure II 0 

(b) 1. All solvents were degassed with hi gh-purity dry nitrogen for at least a few minutes 

before use. All the material s were confirmed by elemental analyses o r spectroscop ic 

methods or some combination of them. The tetraalkylammo nium iodide were prepared 

by usual nucl eophilic quar1emization between alkyl iodides and an eq ui va lent amount of 

proper amines in methano l, benzene or dichloromethane at room temperature unl ess they 

were commercially avail able. Their perchlorates were easily obta ined by treatment with 

AgCJ04 and used in electrolysis after several recrystallizati ons from C H2CI2 / ether. The 

exact amount of so lve nts, scales were not critical in the syntheses of these am mo nium 

sa lts. 

4,5-bis(benzoylthio)-2-ethylthio-1 ,3-dithiolium te trafluo roborate (2) 
In SOO ml three-necked Aask fitted with a 200 ml pressure-eq uali zing droppin g 

funnel and a reAux cond enser, the bis(thiobenzoyl)-protected dmit ( l ) ( 6.S7 g; 1.6 

mmol ) 111 dissolved in C HCI3 ( 67 ml ) was treated with (Et0)3C H+BF4- prepared in 

situ from HC(OEt)3 (9S %, 3 .6 ml ; 3.22g; 26 mmol) in CHCI3 ( I 0 ml ) and BF3·Et20 
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(BF3 = 46.0 - 49.0 %; I 0.5 ml ; 30 mmol) in CHCI3 ( 7 ml) and refluxed for 3.5 h with 

vigorous stirring under a nitrogen atmosphere. The reacting mixture turned from reddish 

orange to dark red with some blackish precipitates. After it cooled to room temperature 

ether ( 280 rnl ) was added and the mixture was cooled to - 40 ·c overnight. Fine 

brownish yellow precipitates were filtered, washed with ether and dried in vacuo. 7.69 g 

( 91 % ). All attempts to recrystallize them from usual organic sol vents resulted in 

serious decomposition. The crude product was used in the next step without delay nor 

further purification. m/e (70 eV): 406 (M-Et), 362 (M - EtSC) , 330 ( M - EtSCS ), 

105 (COPh+). IR ( Nujol l cm·l ): 1680 (s), 1210 (s; C=S), 1050 (vs; BF4), 1040 

(sh ; C=S), 1020 (sh; BF4) , 890 (vs). 

4,5-bis(benzoylthio)-1 ,3-dith iole-2-selone { dmise(C0Ph)2} (3) 

In 500 ml three-necked flask equipped with a 200 ml dropping funnel and a 

reflux condenser, the methanol solution of NaHSe prepared in situ by carefu l addition of 

methanol ( 62 ml ) to Se powder ( Soekawa Chemical Co., 99.9 %, 200 mesh; 2.23 g; 

28 mmol ) and NaBl-14 ( Kanto Chemical Co., 92 %; 4.25 g; 103 mmol ) under a 

nitrogen atmosphere with cooling in an ice bath II II . After all solids were consumed to 

yield a colorless so lution , acetic acid ( 2.8 ml ) and then the finely powdered dithiolium 

salt (2) ( 5.14 g; 9.8 mmol ) in several portions were added successively at- 10 ·c 
under inert atmosphere with vigorous stirring. The reacting mixture turned from dull 

yellow to dark reddish orange soon. The rate of addition was adjusted to allow the 

colored ylide to be consumed between successive additions or to maintain the small 

amount of yellow unreacted suspension of the dithiolium sa lt. The addition required 

typically 30-45 min. The stirring was continued for 3.5 hat - 10 ·c, then 30 min at 

room temperature and excess benzoyl chloride ( 19.6 ml ) was added dropwise to the dark 

red-purple solution. Immediately exothermic reaction occurred and bright orange fine 

powder precipitated. After stirring for another 2 h with cooling again in an ice bath, the 

fine needles were filtered, washed with methanol, recrystallized from cold CH2C12 1 

methanol and dried in vacuo. Further purification could be carried out by silica gel 

column chlomatography ( C H2C12 I hexane I : I ) if necessary. Reddish orange needles, 

3.35 g ( 75% ). Elemental analysis: C J7H 10S4Se02 = 453.49 calculated (%) H: 2.22 

C: 45 .03 S: 28.28 Se: 17.4 1, found(%) H: 2.35 C: 44.77 S: 27.92 Se: 16.91, m/e 

(70 eV): 454 (M+), 160, 105 (COPh+), 77 (Ph+), 28. IR ( KBr I cnrl ): 1689 (s; 

C=O), 1673 (s; C=O), 1452 (s; -Ph), 1180 (s; -Ph) , 1064 (s; C=S), 1037 (w; C=S), 

1006 (m; C=S), 958 (m; C=Se), 921 (sh; C=S), 901 (sh; C=S), 888 (s; C-S), 690 

(sh; C-S), 683 (s; -Ph), 642 (s; -Ph) , 620 (w; -Ph), 521 (w; -Ph). 

Synthesis of (cat ion)niM(dmi se)2 1 (M = Ni,Pd, Pt; n = I, 2) 
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The metal complexes were prepared in analogy to the synthesis of the 

corresponding dmit complexes as described by Steimecke era/. 111. 

Preparation of Single Crystals of M(dmise)2 Compounds 

The single crysta ls of the charge-transfer salts were obtained by 

electrocrystalli zation of I(C4H9)4NIINi(dmise)2l or I(C4H9)4N 121 Pd(dmise)21 (7- 10 

mg) in acetonitrile or acetone I acetonitri le (I: 1 vollvol) (20 ml) with a perchl.orate salt of 

the desired ammonium cation as supporting electrolyte under a nitrogen atmosphere at 

room temperature (20 ·c) for one or two weeks unless noted otherwise. A cell with fine 

porosity glass frit (G2 or G3) and platinum electrodes (each I mm(jl wire) were used. 

The current was kept constant. The detailed conditions of each case arc tabulated in Table 

6. 1. 

Table 6.1. The Condi ti on of Electrochemical Synthesis of M(dmise)2 Compounds 

Speciesa I M(dmise)21n- b R4N·CI04c solventd current time 

l mg l mg l ml 1 ~-tA I days 

IMC4NIINil2 15.0 35.6 A l l3.0 2.0 5 

(a-phase (needle) 

j3-phase (plate) 

IMe3EtN IINil2 6.8 33.1 A l l5.0 0.5 10 

IMe3 HNIINil2 4.4 83.2 A l 13.0 0.2 7 

IMe2Et2NIINil2 (4.5 21.2 B 1 14.0 0.2 14 

6.0 10.6 B 1 15 .0 0.2 9 

IMeEt3NIINil2 5.0 29.0 All5.0 0.5 5 

IE!4N II Ni 12 5.1 50.4 All5.0 0.8 3 

IMe4N IIPdl2 5.2 61.8 All5 .0 0.4 12 

(EDT-TTF)INi I 6.3 J.9e A l 15.0 0.4 II 

a I Nil, IPdl imply 1Ni(dmise)2 1 and 1Pd(dmise)2 1, respectively. Me= CH3, Et = 

C2H5. b M = Ni, n = I; M = Pd, n = 2; the counter cation is tetrabutylanunonium ion 

for both. c R4N indicates the desired ammonium ion. d A: CI·I3CN, B: CH3CN I 

(Cl-13)2CO (I: I). 

e EDT-TTF 1 mg. No extra supporting electrolytes were added in the sol uti on. 
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6-3. Preparation of M(dmise)2 Complexes 

Synthesis of the Key Intermediate, (dmise)(COPh)2 

The synthetic route to the dmise li gand 18 (e), Ill is straightforward but the 

author somehow cou ld not reproduce it well; particul ar di fficu lty was found in separating 

the desired selone from the unreacted thione compound. A 1.0 M solution of Et30·BF4 

in CH2CI2I8 (e), 121 d id not appear to react smoot hl y with the start ing material at room 

temperature even for pro longed time. Alternatively (C2H50)2CH·BF4 prepared in situ 

from (C2H5)20·BF3 and HC(OC2H5)3 was tried, which is a lso known to be a 

powerfu l and selective ethylating reagent 11 3 (e), (k), 141, and in fact it was found to 

react effective ly with the thione. Of the available procedures of the S-eth ylat ion, the one 

described here is probably the most conven ien t, involving as it does a single-step 

preparation from inexpensive, commercia ll y avai lable and ra ther nonhazardous reagents, 

which are al l have storage properties and may readi ly be han dl ed in the air for short 

periods of time, whereas tri ethyloxonium tetrafluoroborate must be stored under ether in 

a ti ghtl y closed sc rew-cap bottle at 0 - 5 °C, handled in a dry box, and s hould be used 

within a few days of the time it is made. Thus the dialkoxycarbonium ion is the reagent 

of choice in thi s case. 

An a lternati ve method fo r the second step was also explored: as for the solven t, 

methyl alcohol was found to be more suitabl e than ethyl o r isopro pyl alcohols. In terms 

of yield , there was far more advantage in direct selenati on of the dithiolium salt over the 

route via the iminium salt which was obtai ned by treatment of the dithioliurn salt with 

excess morpholine in acetonitril e at room temperature for 3 .5 h. 

The dithiolium salt is stabl e and non hygroscopic and does not require the use of 

dry box or an inert atmosphere. In thi s way the route shown in Scheme 6.1 has been 

found to be most convenient for obtaining the pure (dmise)(C0Ph)2. An attempt to 

obtain single crystal s of it by leaving a CH2C12 solution of (dmise)(C0Ph)2 in the open 

atmosphere at room temperature was not successful ; it only resulted in decomposition to 

deposit elemental red se lenium. 

159 

HC(OEt)J 

s=<sXscOPh Et20BF3 S SCOPh 

CHCI3 

Ets-<+X • BF4-
S SCOPh S SCOPh 

76-91% (2) (1) 

1) excess H2Se 
2) PhCOCI =<SJCSCOPh 

Se I 
MeOH, -10°C S SCOPh 

80% (3) 

Scheme 6.1. 

Synthesis and Chem ical Property of [M(dmise)2] Salts 

((C41-19)2N]2[M(dmisc)2] ( M = Ni, Pd, Pt) was synthesized according to the 

same procedure in ref. Ill without any problem, bu t recrystallized from acetone alone 

instead of acetone/isopropyl alcohol, for the desired complex appeared to decompose on 

exposure to isopropyl alcohol. Methanol was found to dissolve 

[(C4H9)2N]2[M(dmisc)2] more than it dissolves the corresponding dmit complex and it 

did not appear to promote the precipitation when it was added to the solution. 

The difference in chemical properties between M(dm isc)2 and M(dmit)2 

complexes most clearly manifested itself in electrochemical behaviour [8 (c)J. 

Ni(dmisc)2 complexes arc less easily oxidized than Ni(dmit)2 complexes and 

elcctrocrystallization of the former required more anodic cond ition , which is consistent 

with the previous report [R (c)] . On the contrary, the entire oxidation from [Pd(dmi t)2J2-

to (Pd(dmi t)2]X- have been reported to seem to proceed at a single step at a rel atively low 

potential (8 (c)). In fact Pd-analogucs were difficult to handle; they were easily oxidized 

during recrystallization in the air. The acetone solution of PI-analogues, whose similar 

tendency in electrochemical behaviour is reported to be more obvious [8 (h)], easily 

deposited black insoluble powder wh ich was conceived to be oxidized species on the 

slightest exposure to the air. 

In genera l, the electrochemical behaviour [8 (c), (h)J indicates that the M(dmise)2 

complex has a slightly higher first redox potential {M(II)/M(IIl); from [M(dmit)2j2· to 

[M(dmit)2]1-} than its correspond ing dmit-analoguc but almost the same second redox 

potential {M(IIl)/M(Yl) ; from [M(dmit)2]1- to [M(dmit)2]} owing to the smaller on-site 

Coulombic repulsion and the larger polarizability of the ligand molecule. Such 
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interpretation that the first oxidation becomes more difficult, while the second redox 

potential less shifts to a higher potential as the number of Se atoms in the molecule 

increases is in agreement with the observation reported by Olk et a/. 18 (r)l. This 

tendency seems somewhat general when the increase of Se atoms in number can be 

assumed to be the increase in polarizability and decrease in on-site Coulombic repu lsion, 

and when both effects can be assumed to reduce the difference in two redox potentials, 

for it is also the case with some chalcogen donor molecules 1151. In addition to higher 

potential required in electrochemical oxidation, a slight instability make the crystallization 

more difficult than that of dmit-analogues; it would often lead to two extremes, 

decomposition or seemingly no change at all. 

6-4. [(CH3)3HN][Ni(dmise)2]2 and 
(EDT-TTF)[Ni( dmise )2] 

Electrical Properties 

The temperature dependence of the rcststtvtty of [(CH3)3HNJ[Ni(dmisc)2]2, 

which was obtained as black elongated very thin platelets, is shown in Figure 6.1(a). It 

exhibits weakly metallic behaviour around room temperature with a conductivity (ORT) 

of 100 S·cm-1; the resistivity gradually increases at low temperatures; the activation 

energy is 0.005 cV. The metallic region of the salt almost doubles for every 3 kbar 

increase in pressure. But the insulating phase is not completely suppressed even at 6 

kbar. The anisotropy of the resistivity of the single crystal of [(CH3)3HNJ[Ni(dmisc)2]2 

by the Montgomery method has not yet been achieved because all the crystals obtained 

were too thin and fragile. 

(EDT-ITF)[Ni(dmisc)2] also exhibited metallic conductivity (ORT = 100 S·cm-1) 

down to ca. 100 K and made a smooth transition into an insulator at low temperature 

{Figure 6.1 (b)}. 

These species showed totally different electrical properties from the corresponding 

Ni(dmit)2 salts [4 (v)- (y), 16) and have been found to be the second and third examples 

of molecular metals based on a M( dmisc )2 complex, the first example being i3-
[(CH3)4N][Ni(dmisc)2]218 (c), (c)). 

0 100 200 
T/K 

300 100 200 
T/K 

300 

(a) (b) 

Figure 6.1. (a) Temperature dependence of the resistivity of 

[(CH3)3HNJ[Ni(dmisc)2]2 under a: 1 bar, b: 3 kbar and c: 6 kbar, and (b) that of 

(EDT-ITF)[Ni(dmisc)2) under a: 1 bar, b: 2 kbar, c: 6.2 kbar and d: 12.2 kbar 



Crystal and Electronic Structures 
The crystal structure of the (CH3)3HN salt is shown in Figure 6.2. The crystal 

data: triclinic, P I, a= 7.606(3), b = 17.761(3), c = 6.660(2) A, a= 100.27(2), f:l = 

114.93(2), y = 81.84(2) ·, V = 800.4(4) A3, Z = 1, R = 0.036, Rw = 0.022. The 

Ni(dmisc)2 molecules stack along the a-axis almost regularly ; the intcrplanar distances 

are 3.464 and 3.557 A. T11e cations are located near the inversion centre and they take 

either of the two statist icall y possible orientations (50 % - 50 % disordered). Such a 

structural trend is quite different from [(CH3)3HN ][Ni(dmit)2]2 [16], but is instead 

associated with a dmit-bascd superconductor [(CH3)2(C21-15)2N][Pd(dmit)2]2 [4 (t) , 

(u) ]. There are short contacts between two selenium atoms(< 4.0 A) in addition to many 

of those between sulfur atoms ( < 3 .7 A ) within each Ni(dmise)2 column as well as 

between the columns, which resembles f:I-[(CH3)4N][Ni(dmisc)2l2 [8 (c), (e)). But the 

most striking feature is that there are also found short contacts of Se---Se ( 3.486 and 

3.801 A ) through the cation sheet, a feature which is also observed in a­

[(CH3)4N)[Ni(dmise)2]2 (3.277 A) [8 (c), (e)]. One of the Se---Se distances is even 

shorter than the shortest S---S contact (3 .568 A) in this salt. Calculated intermolecular 

overlap integrals between LUMO 's of the Ni(dmisc)2 molecules are summarized in 

Figure 6.3. These values well reflect the structural features; stacks of nearly equally 

spaced acceptor molecules arc linked by weak interstack interactions. In addition, a 

notable unprecedented feature manifests itself between two sc lonc groups; a much larger 

value { the one with suffix (S) } than most of the other intercolumnar ones. 

Figure 6-2. Crystal structure of [(CH3)3HN][Ni(dmisc)2]2 The (CH3)3HN cations 

are disordered and both of the two possible orientat ions are depicted. The thin lines 

indicate the intermolecular short contacts between the chalcogen atoms ( S---S < 3.70 A, 

Se---Se < 4.00 A). 

In fact the tight-binding band calculation by extended Hucke! methods indicated that 

[(CH3)3HNJ[Ni(dmisc)2]2 has even stronger intermolecular interactions along the long 

molecular axis than in the transverse direction owing to a close selenium-selenium 

contact. This feature leads to a three-dimentional electronic structure ( Figure 6.4 ), 

indicating this complex to be a precursor of three-dimensional molecular metal based 

exclusively on planar Jt-conjugatcd molecules. This situation possibly arises from both 

U1c small size of the anion {[(Cl-13)31-IN]+} and the spatially-extended tcm1inal selenium 

atoms, which favour the packing motif that allows significant overlap of the selenium 

orbita ls. In short , the M(dmisc)2 salt has demonstrated that the goal mentioned in the 

introduction is achieved; intermolecular interaction was expanded towards the third 

direction by the substitution of the sclonc group for the thionc group. 

a 12.65 
b -13.96 

s 3.02 

p 0.25 
q -4.87 

1.32 

Figure 6.3. [ntcrmolccular overlap integrals ( x HJ-3 ) between the LUMO's of the 

Ni(dmisc)2 molecu les in [(CH3)31-IN)[Ni(dmise)2]2 

c* 

Figure 6.4. Schematic view of the Fermi surface of [(CH3)31-IN)[Ni(dmise)2]2 

calculated by the tight-binding method 



On the other hand , the X-ray structural analysis of the black platelctlike crystals of 

(EDT-ITF)[Ni(dmise)2] has not yet been completed satisfactorily because a crystal of 

high enough quality has not been available. Therefore a preliminary result. is shown here 

(Figure 6.5 ). Crystal data: triclinic, P1, a= 23.43 , b = 6.47, c = 4.23 A, a= 86.8, ~ 

= 90.2, y = 95.1 ·, y = 637.2 A3, Z = 1. The donor (EDT-ITF) and acceptor 

[Ni(dmise)2] molecules make segregated columns, running in pamllel with each other 

along the (001) direction. They both stack regularly with repeating separations of 3 .75 A 

for the EDT-ITF and 3 .50 A for the Ni(dmise)2 column. Their molecular planes have 

tilts from the stacking direction, as is often the case; the dihedral angle between the least­

squares planes of the donor and acceptor molecules is 124 •. The general trend 

mentioned above is quite different from either a-, ~-(EDT-ITF)[Ni(dmit)2] [4 (v) -

(y)J or (EDT-ITF)2[Pd(dmit)2]2 [17]. 

The substitution of some selenium atoms for the sulfur atoms in the dmit ligand 

often results in salts with significantly different packing motifs li ke 

[(CH3)4N][Ni(dsit)2]2 [8 (a)] and salts with relatively minor structural differences but 

with substantially different electronic properties [8 (c), (c), (g)] . Each of the two cases 

mentioned above is another example of these trends. 

a 

Figure 6.5. Crystal structure of (EDT-ITF)[Ni(dmise)2] A preliminary result ( R = 

0.165 ) 
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6-5. Other M(dmise)2 Complexes 

(CH3)x(C2H5)4-xN (x = 0- 4) Salts of Ni(dmise)z 

(CH3)4N Salts of Ni(dmise)z; a- and ~-[(CH3)4N][Ni(dmise)2]2 

The clcctrocrystallization yielded needles and plates. The room temperature 

conductivity and activation energy of the platelike crystal arc CJRT = 10 S ·cm-1 , Ea = 

0.04 cY, which arc consistent with the reported values [8 (c) , (c)]. The scmiconductivc 

behaviour hard ly changed even at 20 kbar ( Figure 6.6 ), which contrasts with an 

isostructural, all-sulfur-analogue [(CH3)4N][Ni(dmit)2]2 being superconductive at 7 

kbar J4 (d)- (o)]. On the other hand the needle phase crystals were too small and fragile 

to measure the conductivity. X-ray photographs revealed that the platelike crystals 

belong to ~-phase (monoclinic, C2/c), while the needlelike crystals belong to a-phase 

(orthorhombic, Pbnb); such correspondence is the inverse of that reported by 

Cornelissen eta/. [8 (c)]. 

,:n 
! ·~~~j 
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Figure 6 .6. (right-hand side) Temperature dependence of the electrical res istiv ity of 

~- [(CH 3)4N][Ni(dmisc)2]2 (the platelike crystal) under a: 1 bar, b: 5.2 kbar, c: 10.4 

kbar, d: 15.7 kbar and c: 20.1 kbar 
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(CH3)3(C2H5)N Salt of Ni(dmise)2 

Irregular shaped plateletlike crystals were obtained and exhibited a 

semiconducting behaviour with a room temperature conductivity and an activation energy 

of ORT = 10-1 S·cm-1, Ea = 0.12 eV as shown in Figure o.7 (a). In regard to this 

species as well as the next three but one salts, single crystals of high enough quality for 

X-ray structural study have not been available. 

(CH3)2(C2H5)2N Salt of Ni(dmise)2 

Very thin long rectangular or square platelet! ike crystals of dimension of ca. 3.5 x 

3.5 mm2 were obtained and exhibited a semiconducting behaviour with a room 

temperature conductivity and an activation energy of ORT = 10-1 S·cm-1, Ea = 0.15 eV 

as shown in Figure o.7 (b). The crystals are of high qual ity but strong diffuse streaks in 

the X-ray photographs revealed that they may have a complicated crystal structure. The 

structure was not investigated further. 

(CH3)(C2H5)3N Salt of Ni(dmise)2 

Very thin irregular shaped plateletlike crystals were obtained and exhibited a 

semiconducting behaviour with a room temperature conductivity and an activation energy 

ofORT= lQ-1 S·cm-1, Ea = 0.12 eVasshown in Figure 6.7 (c). 

(C2H5)4N Salt of Ni(dmise)2 

Very thin irregular shaped plateletlike crystals, which rapidly grew into a hairy 

cluster on the anode, were obtained and exhibited a semiconduct ing behaviour with a 

room temperature conductivity and an activation energy of ORT = 1 S·cm-1, Ea = 0.12 

eV as shown in Figure o.7 (d). 

Figure 6.7. Temperature dependence of the (CH3)x(C2H5)4-xN (x = 0- 3) salts of 

Ni(dmise)2; (a) x = 3, (b) x = 2, (c) x = 1 and (d) x = 0 



(CH3)4N Salts of Pd(dmise)2 
Very thin , long needlelike crystals, many of which were twinned and/or forked 

and/or warped , were obtained and exhibited a semiconducting behaviour with a room 

temperature conductivity and an activation energy of GRT = w-1 S·cm ·1, Ea = 0.05 eY 

as shown in Figure 6.R . From the same batch plateletlike crystals were also obtained, 

which arc insulators. 

0.005 

Figure 6.8. Temperature dependence of the needlelike crystals of the (CH3)4N salts of 

Pd(dm ise)2 

6-6. Summary 

The dmit compounds arc currently attracting considerable interest as versati le 

building blocks of molecular-based conduct ing materials . Yet the dmit complex 

molecules arc apt to stack to make one-dimensional columns with little intercolumnar 

interaction . This often results in a metal instability at low temperatures and in fact most 

of the charge-transfer salts of the complexes are semiconductors even at room 

temperature. The substitution of selenium atoms for some of the peripheral sulfur atoms 

in the ligand has not much im proved the situation maybe because the small intercolumnar 

interaction does not originate in the insufficiency of the chalcogen-chalcogen contacts but 

rather originates in the cancellation of the overlaps due to the asymmetry of the molecular 

orbitals. In the meantime, the selone group in the dmise ligand is highl y promising for 

extending the intem1olecular interaction towards its protruding direction. The use of 

smaller counter cations or chalcogen donors adds to the promise. However there are few 

studies on the solid state property of such M(dmise)2 salts partly because there are few 

reported way of synthesis without difficulty or roundabout route. 
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In this work , a new synthetic route of dmisc ligand has been developed by 

modifying a reported procedure. This route inherits the straightforward as well as easy 

access with a high overall yield of the previous one and is still superior in reproducibility 

and case of the isolation of the product. 

The standard electrochemical synthesis produced a series of new M(dmisc)2 salts 

and complex. Among them [(CH3)3HN][Ni(dmisc)2]2 and (EDT-TTF)[Ni(dm isc)2] 

exhibited metallic behaviour around room temperature at ambient pressure, which arc the 

second and third examples of the metallic M(dmisc)2 salts. 

Another important finding of this work lies in the quasi-three-dimensionality 

which [(CH3)3HN)[Ni(dmisc)2]2 realized in the electronic structure; the tight-binding 

band calculation indicates that it has a nearly three-dimensional Fermi surface owing to a 

strong illlersheet interaction between their sclonc groups . The Fermi surface is not 

completely closed in the c* direction but the fact to be emphasized is that it has closed 

sections in all three independent directions; a*, b* and c*. This situation can be 

described as "nearly three-dimensional" . This has long been a goal among chemists who 

deal with a design of organic conductors and the news that planar Jt-conjugatcd molecule 

such as a dmisc complex has achieved this situation would encourage many scientist to 

research the related or new compounds. 
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Chapter 7. 

Optical Study on Electronic Structures of Molecular 
Superconductors Based on M(dmit)2 and Their Related 
Salts 

7-1. Introduction 

As reviewed in the introduction in the preceding Chapter, the metal-dmit 

complexes M(dmit)2 ( M = Ni, Pd, Pt, Au, ··· ) arc one of the most important building 

blocks, which is now only a score old but a rapidly expanding group of compounds. 

TI1e M(dmit)2 complex molecules have two prominent features compare<.! with other 

builuing blocks of molecular conductors. One is the thionc located at the end of the :n;­

conjugation, which could enable a potential three dimensionality in the intermolecular 

interactions in the solid states by the thionc-thione short contacts. TI1e related matter has 

already been examined in the preceding Chapter. The second feature is the small energy 

separation between the HOMO and LUMOt in the isolated neutral M(dmit)2. In fact 

some cases have been found where the two energy levels arc partly inverted in the 

strongly dimerized M(dmit)2 solids. This fact has been recently confim1ed in certain 

Pd(dmit)2 and Pt(dmit)2 salts from experiments [1 (f), (g), 2 (c), (d)] and calculation [1 

(k)] . From the author's point of view, the M(dmit)2 solids arc particularly interesting 

because they may have unique electronic structures due to these characteristics. An 

optical study is known to be one of the most powerful tool to elucidate such a problem of 

electronic structures . 

In terms of tl1e purpose, the author chose the following six compounds for the 

optical study. They arc the three molecular superconductors with closed-shell cations 

reported to <.late and three more compounds of closely related structures to them; 

(CH3)4N[Ni(dmit)2]2 ( abbreviated as "the Ni salt" below [1], i3-

(Cl-l3)4N[Pu(dmit)2]2 ( abbreviated as "the 13-Pd salt" below ) [1 (c), 3, 4], 

(CH3)2(C2H5)2N(Pd(dmit)2]2 (abbreviated as "the Me2Et2N salt" below) [4 (b), 5], 

i3-(CH3)4As(Pd(dmit)2]2 (abbreviated as "the As salt" below) [3], Cs(Pd(umit)2]2 ( 

abbreviated as "the Cs salt" below) (2] and (CH3)4N(Pt(dmit)2]2 (abbreviated as "the 

Pt salt" below) [6]. TI1e reason can be summarized as follows; 

t In this chapter, the author calls the lowest unoccupied molecular orbital of the isolated [M(dmit)z] 
molecule as LUMO and the highest occupied molecular orbital of it as HOMO. TilUs the name of every 

molecular orbital can be uniquely decided irrespective of the oxidation state of [M(dmit)z]n-. 
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-all but the MezEtzN salt are isostructural and the Me2Et2N salt can be treated in the 

same way in the optical study thanks to the similar crystal structure, thus the comparison 

would help the understanding of the results, 

-such materials are significant because they exhibit electrical and magnetic properties 

based exclusively on the electronic structures consist of the M(dmit)2 molecules, while 

the donor-acceptor complexes often exhibit complicated properties which can originate 

from both donor and acceptor molecules [1 (f), 7], 

- although they are merely a small part of a wide spectrum of the reported M(dmit)2 

species, they can be regarded as good models, for they cover various properties from 

insulators to superconductors. 

Since the details of the electronic structure of the M(dmit)2 solids are hardly known, the 

obtained experimenta l information can be expected to be seminal and to contribute to the 

understanding and development of the M(dmit)2-based molecular (supcr)conductors . 

This chapter describes a series of optical study on these dmit-complexes. 

7-2. Theoretical for Analysis 

The general theoretical background of the optical study is discussed in detail [8]. 

The analyses was carried out by the curve-fitting (or dispersion analysis) method [9 (b)] 

and modified Kramers-Kronig analysis [10]. In the former case, the complex dielectric 

function was expressed as the Drude-Lorentz model; 

(7 .1) 

where Ec, Wp and 1: are the background dielectric constant, the plasma frequency of 

intraband transition and relaxation rate of free carriers, respectively, while Sj , Wj and )) 

are the parameters of the Lorentz oscillator for the cxcitationj. The reflectance R(w) and 

the complex dielectric function E(w) is related by the following equation. 

R(w) 
[E(w~ + 1- V2{[E(w)J + Re[E(w)]} 

[E(w~ + 1 + V2{[E(w)J+ Re[E(w)]} 
(7.2) 

As we will see later, from the curve-fitting analysis of the optical spectra, the 

Drude parameters such as the anisotropical optical mass (m *)i along the polarization 

vector (i) are obtainable. The (m *)i is defined by Equation (7.3) using the Fermi-Dirac 

occupation number f(E) . 
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J 
f(E)aE

2 
dk 

akr 
__j__ = -"--~---

(111) f h2 f(E) dk 
(7.3) 

(111*)i is actually derived from (wp)i2 by use of Equation (7.4), 

while 111 and 111 *arc related by 

(m');=~ 
(wr)r 

111* = _m_ (7.5) 
l_!i 
j 

(7.4) 

The dielectric function was also calculated through the Kramcrs- Kronig 

transfonnation of the reflectance spectra [10]. The extrapolation of the reflectance spectra 

was performed according to the Hagen-Rubens relation [ 8], 

R(w) = 1- CEiL 'V n ao 

where ao is the de conductivity. 

(cgs) (7.6) 

The oscillator strength of an absorption band was obtained as follows [9 (b)]. In 

the case of dispersion analysis, the author used one dispersion term for each absorption 

band. 

for an intcrband transition, and 

w 2 
Ej (w) = __ P_ .-

W(W+ ~) 
(7.7.2) 

for U1c intraband transition . Then the oscillator strength of the band (j) was calculated by 

U1c following equation [9 (b)], 
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(7.B) 

where N is the number density of electrons concerned with the transition j, m is the 

electron mass and e is the electron charge. 

[9 (b)] , 

In the Kramcrs-Kronig analysis, the oscillator strength was calculated as follows 

(j = -!,1t_____ f ""' lm[E (w)] w dw (7.9) 
2:n: -e 2N w, 

where Ola and Olb arc the lower and upper limit of wavenumbers of the band in question. 

The case where an intcrband transition superposes on the intraband transition is discussed 

in ref. [8 (c)]. 

The oscillator strength [j of the transition j and the plasma frequency (mp)j arc 

related by 

(7.10) 

Within the framework of single-particle cxitation, the complex conductivity for the 

polarization (i) at 0 K was calculated by usc of the following formula. 

o;(w) = _2_ ~ __Q!_ [H};]on[H};]no (7.ll) 
i Qh3 "'1t' Wno w2 - m~o + i y m 

where P; is the projection of the dipole operator P along the i direction, Q is the crystal 

volume, y is the electronic relaxation rate, which was tentatively assumed to be 0 .1 eV, 

and 0 and n stand for the ground and excited states, respectively. The Hamiltonian and 

dipole operators arc expressed as follows (9 (c), (h)], 

(7 .12) 
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(7.13) 

where aJ,1 and apt arc the creation and annihilation operators of electron at the site (l) in the 

unit cell (p) , tpJ,qm is the transfer integral <md rp,l is the position vector. 

On the same basis, the square of the plasma frequency mp2 was calculated as 

follows 

2 _4~ 
Olp- v (7.14) 

where V and d respectively denote the volume and the spacing of the dimcr. Here the 

excitation energy is assumed to equal to the double of the transfer energy. 

7-3. Experimental 

Materials 

The single crystals were prepared by the reported procedures [1 - 6]. All but the 

Cs salt, which was a streamlined elliptical plate, the crystals were basically rectangular ( 

or a fraction of it; sec the scheme below ) thin ( - 0.005 mm thick ) black plates with 

typical dimensions of 1 x 2 mm2, but some crystals were irregular shaped plates of more 

or less smaller sizes. The platelctlikc crystals used in this work usually had edges or 

diagonal lines parallel to the a- and/or b-axcs. The X-ray photographs revealed that their 

developed crystal faces coincide with the conducting planes. They all belong to the 

monoclinic system with space group C2/c except for the Mc2Et2N salt, which belongs to 

p lf1-6]. 

Crystal Structure and Electrical Properties 

Figure 7.1 shows the electrical behavior of all the species in discussion [ 1 - 6]. 

At ambient pressure, their resistivities all increase at low temperatures . The Cs salt 

exhibits metallic conductivity down to 56.5 K, where a metal-insulator ( M1 ) transition 

occurs [2]. The Pt salt shows a nearly constant resistivity which may be considered to be 

barely metallic or rather high conductive down to 220- 230 K, where a rapid increase in 

U1c resistivity sets in at low temperature [6]. The Mc2Et2N salt is weakly metallic around 

room temperature and make a smooth transition into a semiconductor at low temperature 

with somewhat sample dependent behavior [4 (b) , 5] . The Ni f1 (a)- (c)], ~-Pd [4] and 
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Me2Et2N salts exhibit superconductivity under moderate pressure, whereas the As [3], 

Cs and Pt salts arc non-supcrconducting under up to 10 kbar or higher pressure. 

Figure 7.2 depicts the common structure of the five compounds, the Ni , As, Cs , 

Pt and the B- Pd salts ( monoclinic, C2/c) [1 - li] . The dmit-complex molecules stack ( 

along the [110] or [11 OJ direction) form ing a conduction sheet in the ab-plane. The 

sheet alternates with the insulating sheet of the cat ions along the c-ax is. All columns arc 

paralle l in a sheet but those two in the neighboring sheets arc torsional , which situation 

was called solid-crossing columns [4 (b) , 5]. The only substantial difference in the 

crystal structure of the MQEt2N salt ( triclinic, P f) from the others is that the acceptor 

columns arc oriented in the same direction [101] in every sheet in the Me2Et2N salt ( 

Figure 7.3 ) [4 (b), 5 J. 

. ... ··, .. "' t ~ ''•"" . 
. ~-.;,~ - ·· ,· -. ' ,. 

·-
Scheme 7.1. Photograph of the single crystal of ~-(CH3)4As[Pd(dmit)2 ]2 
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Figure 7.1. Electrical behavior of the M(dmit)2 salts discussed in this Chapter 

(continued) [1- 6] ; (c) the Cs and (f) the Pt salts 

Optical Measurements 

General 

The polarized reflectance spectra of the first five salts (the Ni , As , Cs, Pt and the 

13- Pd salts ) were measured on the (001) face by making the beam of nom1al incidence 

focus on the clean, smooth surfaces from 25000 cm-1 to 400 cm-l _ The light 

polarizations were detcm1incd by rotating the polarizer so as to observe the maximal and 

the minimal reflectance at the longest wavelength dcsccmiblc ( 3330 cm-1 )- Such 

determined principal axes turned out to be parallel to the a- and b- axes within the ± 5 o 

error, which was confirmed by the Wcisscnbcrg and oscillation photographs . As for the 

Mc2Et2N salt , the spectral region was 25000 cm-1 to 800 cm- 1 and the light 

polarizations were determined as mentioned above on the (010) face. The output signal 

from the detectors was amplified by a preamplifier at first and then by the Lock-in 

Amplifier ( EG&G, 5205 )- When filters , gratings, detectors or light sources were 

changed, the measurement at the same wavenumber, or over some range if necessary , 

was repeated to check for any artifact The absorption spectra from ultrav iolet to ncar­

infrared region of the freshl y prepared CH3CN solutions of I(C4 H9)4N]niM(dmit)2] ( 

M = Ni , Pd; n = 1, 2) were recorded on a Hitachi 340 spectro mete r. In order to avoid 

oxidation by air ( [(C4l-l9)4N]2[M(dmit)2]- [(C4l-l9)4NJIM(dmit)2] ) , the solutions of 

[(C4H9)4N]2[M(dmit)2] ( M = Ni , Pd) were added with a few drops of the CH30Na I 
CH30H solution and triethylamine at the actual measurement s [11J. The calculation of 

the conductivity spectra based on the tight -binding model was made by the method 
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Figure 7.2. Crystal structure common to the Ni, ~-Pd, As, Cs and Pt salts [2 (d)] 
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Figure 7.3. Crystal structure of the Me2Et2N salt [5] 

described in refs. [9 (c), (c), (g), (h)]. All the calculations were carried out by usc of a 

HITACHI M-680H computer at The Computer Centre of The University of Tokyo. 

Further detail of the analysis is available in ref. [8]. 

Infrared Spectra 

The infrared region measurements were carried out using a JASCO MIR-300 

single beam infrared microspcctro-rcflcctomctcr along with the Gc bolometer ( at low 

temperatures and some of the room temperature measurements; 5000 - 400 or 800 cm-1; 

Laboratories Inc. , HD-3) or the two-color infrared detector { at room temperature; InSb ( 

4200 - 1800 cm-1 ) I HgCdTc ( 1800 - 720 cm-1 ): Infrared Associates, Inc. } 

automated with personal computer ( NEC PC-8801 ) through GPIB. The light sources 

arc a tungsten lamp ( ;, 3350 cm-1 ) and a Nichrome wire ( s 3350 cm-1 ). The 

reflectance at every 50 cm-1 was measured on both sample and standard reflector ( silver 

mirror ) alternately. On low temperature measurements, a continuous-flow cryostat ( 

Oxford Instruments CF104 ) was used to cool the sample. The temperature was 

monitored by Au (Fe )/Chrome! thcnnocouplc attached to the goniometer on which the 

sample ami the standard were mounted. 

Visible and Near In frared Spectra 

The visible/ncar-infrared region ( 25000 - 4200 cm-1 ) measurements were 

carried by usc of an Olympus MMSP-RK microspectrophotomctcr controlcd by personal 

computer ( NEC PC-9801E ) through GPIB. The light source is a 350 W tungsten 

halogen lamp with a reflection mirror ( Sylvania ). The detectors arc a photomultiplier 

tube ( 25000 - 10800 cm-1 ) and a PbS photoconductive cell cooled with Dry Icc­

methanol mixture ( 11600- 4200 cm-1 ). The reflectance at every 200 cm-1 was 

measured on both sample and standard reflector (a silicon single crysta l ) alternately. At 

low temperature measurements, a closed cycle cryogenic refrigerator ( Model 21 

Compressor combined with CTi SPECTRIMtm; Cryogenic Technology Inc. ) was used 

to cool the sample. The temperature was monitored by Au (Fe )/Chrome! thermocouple 

attached onto the sample holder head on which the sample and the standard were 

mounted. Further details of the microspcctrophotomctric technique, the temperature 

control and other details of the apparatus used in this experiment arc described elsewhere 

[9]. 



7-4. Optical Properties 

Itemized Discussion of the Common Features of the M(dmit)2 Salts 

An Omnibus View of Information from Optical St ud y 

The reflectance measurement with the polarization mentioned above informs us of 

the electroni c states along and perpendicular to the most conductive direction of each sa lt . 

The most conductive direction in the isostructural five sa lts is therefore found to be along 

the a-ax is . while it is along the stacking direction 11 0 11 in the Me2E12N sa lt. Such 

spectra may be referred to as /Ia and lib in the C2/c salt s, while II and j_ in the Me2E12N 

salt, bel ow. 

Figures 7.4 and 7.5 show the reflectance and conductivity spectra of all the six 

M(dmit)2 sa lts , respectively. First the d iscussion centers on the Cs and As sa lts, chiefly 

because they possess the general trend shared among the six sa lts. The di scuss ion here is 

meant for understanding what kind of information and discussion are avai lable from s uch 

spectra, and the quantitative details will not be repeated for all of the s pecies. In the nex t 

secti on, it will become apparent to be of much help to compare all the spectra with each 

other to understand their properties further. 

The Dispersion in Infrared Region 

At room temperature the reflectance nearl y saturates in the infrared region and thi s 

dispersion appea rs as if it cannot be assigned unambiguously to Drude-like nor Lorentz­

type. Such situation is often observed when the Drude-like spectrum is modulated by a 

broad electroni c transition across an optical gap 18 (c) l. Yet as for the metallic sa lt s, i. e. 

the Ni, Cs and Pt salts the Lorentz model fail ed to reproduce it, while as for th e 

semiconducting sa lts the Drude model was unsuited. What is mo re, the often observed 

II (a)- (e) I sample dependence in the electrical behavior of the Ni salt was not observed 

at all in the reflectance spectra II (f) I. instead the spectra have been demonstrated that thi s 

material remains inherently metallic down to 25 K. 

With the temperature lowering most of the di spersions in the infrared region make 

clear Lorentzians or Drude-type o nes . As fo r the salts with MI transitions, the transitions 

are well described in the change of the shape of the infrared di spers ions. These situations 

correspond to the results of de conductivity measuremen ts of all the sa lt s, which revealed 

resistiviti es with bare temperature dependence around room temperature and clea r 

semiconductive o r metalli c behavior at lower temperatures. This spectral change indicates 

a rapid increase of relaxation rate at low temperature (see Table 7.5 ) . As fo r the Cs sa lt, 

the calculated optical conductivities Oopt at varied temperatures, 

Oopt = ~:'t (7.15) 

which is, in other words, the extrapolated comluctivity to zero wavenumber Ow--+0 , and 

the observed de conductivity Ode agree well with each other as well as their ratio, viz. the 

anisotropy (sec Table 7.1 ). But we should note that Oopt here includes the contribution 

from the interband transition observed in the infrared region. The supcrlattice of the Cs 

salt can be responsible for this small gap [2]. 
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Table 7.1. The calculated optical conductivity oopt. de conductivity Ode and the optical 

mass m* of Cs[Pd(dmit)2]2 at varied temperatures 

T / K Oopt I S·cm-1 Ode I S·cm-1 a m* I me 

293 /Ia 220 200 /Ia 2.23 

lib 170 lib 3.12 

200 /Ia 310 260 /Ia 3.17 

lib 240 lib 3.94 

80 //a 410 400 /Ia 3.55 

lib 370 lib 3.39 

a Measured by the four-probe method nearly along most conductive direction ( //[100] ) 

in the ab- plane 

Table 7.2. Plasma freyuency Wp [103 cm-1] of Cs[Pd(dmit)2]2 at varied temperatures 

RT 200 K 80 K 50 K 20 K 

/Ia Rfil 7.60 6.38 6.03 6.55 7.96 

KKb 6.11 6.21 6.36 6.27 6.17 

lib RF 6.44 5.73 6.17 5.88 6.03 

KK 5.35 5.01 5.56 5.62 5.60 

(wp)a2/(wp)b2 c 

RF 1.4 1.3 1.0 1.2 1.7 

KK 1.3 1.5 1.3 1.2 1.2 

a Values obtained from the dispersion analysis b Values obtained by the integral of the 

conductivity spectra ( 0 cm-1- 6600 cm-1) from the Kramcrs-Kronig analysis c Errors 

arc estimated to be± 0.2. 



Table 7.3. Plasma frequency Wp [103 cm·l] of [:\-(CH3)4As[Pd(dmit)2]2 at varied 

tempcraturcsa 

RT 200 K 20 K 

/Ia 1\.41\ 1\.13 1\ .5 1 

lib 3.79 4.72 5 .15 

(wp)a2f(wp)b2 b 2.9 1.7 1.6 

a Values obtained by the integral of the conductivity spectra ( 0 cm-1-7000 cm-1) from 

the Kramers-Kronig analysis. Note that small optical gaps arc neglected. b Errors are 

estimated to be:!: 0.2. 

If one assume that the principal optical axes in each conduction sheet arc parallel 

and perpendicular, respectively, to the stacking axes, and that the conduction electrons 

arc confined in each conduction sheet , one can derive the following relation between the 

plasma frequencies along and perpendicular to the stacking axes ( Wpff, Wp..L ) and the 

observed ones ( Wpa, Wpb ). 

{ 
0 0 

(WpjjCOS 8r + (wp j_Sin 8r = W~a 

(WpfJSin 8)
2 

+ (wp j_COS 8)
2 

= W~b 
} (7.16) 

where 8 is the angle between the a and the stacking axes. By solving the simultanious 

equations (7.16), the values of Wpf! and Wp..L were determined as shown in Table 7.4. 

The As salt has higher anisotropy within the ab-planc at room temperature than the rest ( 

sec also Table 7.9 ), though it rapidly approaches two-dimensional with decreasing the 

temperature. In these species, the table tells that an acceptor sheet by itself has a larger 

anisotropy than the crystal does due to the small interaction between the columns and that 

they owe the observed isotropic property to the crystal structure where the stacking 

directions of the M( clmit)2 slabs arc alternating from sheet to sheet { [11 OJ and fl fO] } . 

This is a demonstration of "multi Fermi surfaces" [1 (a)- (c), 7 (f)] in terms of optical 

study. 
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Table 7.4. Square of plasma frequency wp2 [eV2] of Cs[Pd(dmit)2]2 and [:\-

(CH3)4As[Pcl(dmit)2]2 at varied tcmperaturcsa 

RT 200 K 80 K 50 K 20 K 

[:\-(CH3)4As[ Pel( dmit)2]2 

II 0.77 0.63 0 .71 
..L 0.11 0.29 0.35 

( Wp)!PI( Wp)..L 2 b 

7.0 2.2 2 .0 

Cs[ Pel( dmit)2]2 

II 0.1\1 0.64 0.66 0.63 0.61 

..L 0.41 0.34 0.44 0.46 0.46 

(wp)!PI(wp)..L 2 b 

1.5 1.9 1.5 1.4 1.3 

a By usc of (wp)/fa, (wp)//b in Tables 7.2 and 7.3 ( KK) and the simultaneous equations 

( 7.16) 

b Errors are estimated to be:!: 0.2. 

In regard to the metallic salts, thanks to the situation that the Drucie part overwhelms the 

total contribution of other overlapping dispersions at low temperatures, the dispersion 

analysis produced Drucie parameters (Table 7.5 ) . 

Table 7.5. Drucie parameters of Cs[Pd(dmit)2]2 at varied tcmpcraturcsa 

RT 200 K 80 K 

/Ia 1/b /Ia 1/b /Ia lib 

Ec 3.54 2.09 3.65 1.90 3.84 2.09 

wP I 103 cm-1 7.61 6.44 6.38 5.73 6.03 6.17 

't I 10-3 em 0.23 0.24 0.45 0.44 0.67 0.58 

a Values obtained from the dispersion analysis 
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The Strong Dispersion around 10000 crn-1 

On the other hand the strong dispersion appear at ca. 10 x 103 crn-1 in every /Ia ( 

or II ) spectrum of the Pd(dmit)2 and Pt(dmit)2 salts . This peak demonstrates that their 

conduction bands mainly consist of the HOMO of the acceptor molecules [1 (f), (g), 2 

(c), (d), 12] by the following reasons. 

First of all this peak does not have any corresponding absorption band in the 

solution spectra ( cf. Figure 7.8 ), whose dipole moment is polarized toward the 

molecular long axis due to the symmetry of the molecular orbitals. The dipole moment of 

this transition is polarized toward the dimerization direction. On the other hand, the 

transition energy is too high to attribute it to a usual charge transfer transition in a 2:1 salt. 

The intensity expressed by the square of the plasma frequency wp2, it amounts to ca. 2 x 

108 crn-2 in every Pd(dmit)2 and Pt(dmit)2 salts in question ( cf. Table 7.6 ). 

The calculated overlap integrals ( t0 ) between the neighboring molecules ( for the 

Cs salt, sec Table 7.7) by use of the extended HUcke! method clearly manifest the strong 

dimcrization; the values corresponding to A ( HOMO-HOMO ) and B ( LUMO-LUMO ) 

in Figure 7.2 arc significantly larger than the others. Therefore this system can be 

described by the following dimer model. In such a strongly dimcrizcd M(dmit)2 salt, one 

should take the possibility into consideration that the anti-bonding HOMO level exceeds 

the bonding LUMO level of the M(dmit)2 dim cr. Thus the possible cases are two, which 

are shown in Figure 7 .6 . 

To begin with let us consider only the three parameters, t1, t2 and 6-E ( Figure 

7.6), where t1 and t2 are respectively the transfer integrals between the HOMOs and the 

LUMOs, and 6-E is the energy separation between the HOMO and the LUMO. Since we 

neglect transfer integrals other than t1 and t2, only the two optical transitions arc allowed, 

i. e . from the bonding HOMO ( t(f+lloMo) to the anti-bonding HOMO ( ti1- 11oMo) and from 

the bonding LUMO ( t(l+ LUMO) to the anti-bonding LUMO ( tii-J.UMo ). Using only such a 

simple dimcr model and Equation (7.14), the electronic structure in the Pd(dmit)2 and 

Pt(dmit)2 salts arc proved to be the one illustrated in the case (2) in Figure 7.6. Let us 

take the case of the Cs salt as an example. 

If we assign the dispersion at 10500 cm-1 in the spectra of Cs[Pd(dmit)2]2 to be 

the transition depicted in the case (1), the value of the excitation energy ( 2t2) should be 

10500 crn-1 ( 1.3 cV ). Then by use of Equation (7.14) and the values V = 694 .A.3, d = 

2.73 A and 2t2 = 10500 crn-1 ( 1.3 eV ), the expected value of the square of the plasma 

frequency along the a-axis is estimated to be 82 x 100 cm-2. Here the volume of the 

dimer Y is assumed to be the quotient of the unit cell volume devided by the number of 

the dimer in the unit cell ( Z ), and d is assumed to be the a-axis component of the spacing 

of the dimer. This value is considerably smaller than the observed ones (Table 7.6 ) . 

On the other hand if we assign the transition to that depicted in the case (2) , the 

total value of the square of the plasma frequency is estimated to be ( 82 x 1 oo ) x 3 = 246 

x 106 crn-2 Here both 2t1 and 2t2 arc expected to be 10500 crn-1 ( 1.3 cY ). The 

assumption 2t1 = 2t2 is consistent with the calculated overlap integrals shown in Table 

7.7. As for the As salt, the same value is estimated to be 201 x 106 crn-2, using the 

parameters Y = 823 A3, d = 2.80 A and t = 0.6 cY. These values arc consistent with the 

observed ones in Table 7 .6 . 
The absence of the strong absorption band in the Jib spectra is explained as 

follows; since the transition is inherently the charge-transfer excitation within the dimcrs, 

the transition dipole points nearly to the [110] and [1 lOJ direction, which arc combined 

to be a resultant vector pointing to the [100] ( /Ia ) direction, i.e. nom1al to the Jib 

direction. 

In the /Ia reflectance spectra, this peak splits into two independent peaks at the Ml 

transition temperature ( 56.5 K) as shown in Figure 7.7. In the /Ia conductivi ty spectra { 

Figure 7.5 (c) }, after steady sharpening of the peak with decrease in the temperature, a 

certain broadening occurred at 50 K, which is a sign of splitting, and then the peak turned 

into two discrete ones at 20 K. 1l1e splitting involves that the coincident two energy 

separation, that between '11- 11oMo and 1.JH 11oMo ( 2t1 ) and that between tp -LUMo and 

tjl+ LUMo ( 2t2) of the Pd(dmit)2 dimer, respectively shift to higher and lower energies at 

the transition. Such splitting strongly supports the interpretation of the spectra and thus 

the proposed model of the band structure because it also well explains the consequent due 

shifts of all other peaks quantitatively. 

It was pointed out that the tight-binding band calculation considering the LUMOs 

of the Pd(dmit)2 was less suitable than in the case of the isostructural Ni(dmit)2 salt to 

explain the their observed properties at ambient pressure 13 J. The difference in the actual 

conduction bands can be one of the possible reasons. 

As is referred to in Chapter 6, the most striking difference in the electrical 

properties of the dmit compounds lies in the metal instability despite its molecular 

structural similarity to BEDT-TIT Such difference originates from U1e difference in the 

symmetry of U1e frontier orbitals, namely, the LUMOs of M(dmit)2 113 J, which 

dominates the intermolecular interaction concerning the contluction band. Consequently 

the dmit salts often suffer from low-dimensionality and narrow bands, both of which arc 

apt to lead to a ground state with a band gap. On the contrary if the conduction band 

mainly consists of the HOMO of the M(dmit)2, which has the same symmetry as that of 

BEDT-TTF, the resultant electronic structure can be expected far more isotropic. This is 

illustrated by the band structures determined from this optical study, which arc shown 

later (Figures 7.10 and 7.12 ). 
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Table 7.6. The peak position ( Wj ), square of plasma frequency ( wp2 ) and the 

oscillator strength ( /j ) of the strong absorption band around 10000 cm-1 in the /Ia 

spectra [2 (c)]a 

Wj I 103 cm-1 wp2 1 wli cm-2 !j 

Cs[Pd(dmit)2]2 

RT 10.6 213 0.83 

200 K 10.8 221 0.86 

80 K 10.8 239 0.93 

50 K 11.0 238 0.92 

20 K 9.li I 12.ob 227 0.8R 

f3-(CH3)4As[Pd(dmit)2]2 

RT 10.0 1li3 0.75 

200 K 10.0 177 0.82 

20 K 10.0 187 0 .86 

a Values obtained by the integral of the conductivity spectra ( 6000 cm-1- 16000 cm-1) 

from the Kramers-Kronig analysis b Splitted as shown in Figure 7.7 

\jJ~OMO 
T 

:t 2t 
\jJHQMO! I 

a) case (1 ) 

L1E > t1+t2 

b) ca s e (2) 
11E < t1+t2 

Figure 7.6. Schematic energy diagrams for the strongly dimerized M(dmit)2 salts 
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The Conductivity Spectra from Kramers-Kronig Analysis 

Kramers-Kronig analysis provided conductivity spectra, which manifest some 

features that arc obscure in the reflectance spectra. For example, there reveal themselves 

the Lorcntzian peaks in each spectrum below 3500 cm-1 characteristic to the 

semiconductors, except for the Ni and Cs salts in metallic region. 

By extending a primitive dimcr model to the tight-binding band model, the band 

structure was calculated considering all the transfer integrals for the overlapping mode 

depicted in Figure 7.2 as well as the interactions between HOMO and LUMO. The 

author tried to reproduce the observed spectra ( Figure 7 .5 ) by simulating the transfer 

integrals as parameters [2 (c)]. 

TI1e initial values ( to ) were those estimated from the overlap integrals given in Table 7. 7. 

The t.E ( = the energy gap between HOMO and LUMO) was assumed to be 0.8 cV, 

which value is consistent with the one estimated from the solution spectra ( 0.9 cV; sec 

Figure 7.8) [2 (c)). The calculated conductivity spectra (Figure 7.9) from the optimized 

set of the transfer integrals reproduced quantitatively and exclusively the observed ones , 

showing the same structural detai l (Figure 7.9 ). The lib spectra is also well reproduced. 

The resultant transf~r integrals ( t ) arc also tabulated in Table 7. 7 . Comparison of the 

two sets of integrals tells that the general trend of the transfer integrals is not altered. 

Interestingly, the shape and line-width of the strong absorption at ca. 10 x 103 cm-1 arc 

very susceptible to the values of the transfer integrals p 1, p2, q and r; the shape and line­

width approach those of the As salt when the values of p1 , p2, q and r reduce, and on the 

contrary when the values increase they appraoch those of the Cs salt. In fact the peak is 

slightly broader in the Cs salt than in the As salt (sec Figures 7.4 and 7.5 ). This means 

that the electronic structure of the As salt is more one-dimensional than that of the Cs salt, 

which is consistent with Table 7.4 . 

It should be referred to that thus obtained parameters gave a closed Fcm1i surface 

for the Cs salt as shown in Figure 7.10. But this is incompatible with the open Fcm1i 

surface calculated by Canadcll [2 (b), (d)) and cast a question on the mechanism of the 

Ml transition in the Cs salt. The X-ray diffuse study suggested that a partial nesting of 

the Fcffili surface, namely a formation of COW can be responsible for the transition [2 

(d)). If this is the case, the author reconcile the optical results with calculated band 

structure, since small modifications to the band dispersion might result in closing of the 

Fem1i surface and , in any case, a partial nesting is possible in both of the proposed Fcm1i 

surfaces [2 (d)]. 

The corresponding calculation was not attempted on the As salt because the 

tractable band model is not applicable to this semiconducting species. However the many 

similarities mentioned above suggest that the same band picture as the Cs salt may be as 

effective in the case of the As salt if we add a small gap at the Fem1i level { see Figure 

7.12 (later) and text} . It is not thought that the following discussion need modification 
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as for this salt as well as in the case of the other M(dmit)2 salts that exhibit 

semiconducting behavior from room temperature. 
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Table 7.7. Transfer integrals ( t, to I lQ-2 eY) used in the calculation of the 

conductivity spectra of Cs[Pd(dmit)2]23 

Cs[Pd(dmit)2]2 

LUMO-LUMO HOMO-HOMO LUMO-HOMO 

t t, t t, t t , 

A 60.00 44 . 83 65.00 44.60 -0.40 -0 . 28 

B -3.00 -3.00 9.50 9.34 -5.40 -3.40 

p1 1. 20 1.17 3 . 70 2 .9 3 1. 40 0.89 

p2 1. 20 1.17 3 . 70 2.93 1. 40 0. 72 

q 1. 20 1.19 3.00 3 .0 3 1. 40 0.80 

r 2 . 10 2.08 6.30 6 . 29 -3.00 -1.87 

f3-(CH3)4As[Pd(dmit)2]2 

LUMO-LUMO HOMO-HOMO LUMO-HOMO 

t , t, t , 

A 41.99 40 . 63 0 . 08 

B - 4.00 9.60 -4.01 

p1 0.99 2.09 0.41 

p2 0.99 2.09 0 . 61 

q 0 . 97 3.73 1.16 

r 2 .2 8 5.79 -1.63 

a Although the spectral simulation was not attempted, the values of t0 for f3-

(CH3)4As[Pd(dmit)2]2 are listed for comparison. 

Table 7.8. Comparison of the main peaks in the calculated (at 0 K) and observed (at 

80 K) conductivity spectra of Cs[Pd(dmit)2]2a 

peak (1) peak (2) peak (4) 

calc. spectra ( Wp,a )2 = 38.6 v = 3.88 v = 9.93 

( Wp,b )2 = 36.5 ( Wp )2 = 11.3C c wp )2 = 233.5d 

obs. spectra ( Wp,a )2 = 36.4b v = 3.85 v = 11.2 

( Wp,b )2 = 38.1 b ( Wp )2 = 11.4C ( Wp )2 = 233.2d 

a The peak numbers correspond to those in Figure 7.9 (a). TI1c peak (3) is not 

compared because it could not be decomposed unambiguously from the observed spectra: 

v's arc in 103 cm-1 and wp's arc in 106 cm-2. b Values obtained from the dispersion 

analysis c Obtained by the integral of the spectrum from 2800 cm-1 to 5200 cm-1 d 

Obtained by the integral of the spectrum from 5000 cm-1 to 15000 cm-1 

I~ / I~ 
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Figure 7.10. Band electronic structure and Fermi surface of the Cs salt obtained from 

the transfer integrals ( t ) in Table 7. 7 



Closed-cation Pd(dmit)2 Superconductors and the Pt(dmit)2 Salt 

Reflectance Spectra of B-(CH3)4N[Pd(dmit)2]2 

In the /Ia spectra two dispersions occurring in the infrared and mid-infrared 

regions catch our eye. The former dispersion well reflects the characteristics of the 

conduction electrons, as is the case with the other salts mentioned above. 

In the mid-infrared region the strong dispersion appeared at ca. 10 x 103 cm-1 

demonstrates that the conduction band mainly consists of the HOMO of the acceptor 

molecules [1 (f) , (g), 2 (c), (d), 13]. 

On the other hand lib spectra show an only imposing dispersion in the infrared 

region , which is attributable to the conduction electrons. The spectral features and the 

absolute reflectance values in the infrared dispersion almost correspond to those in the /Ia 

spectra, which implies a small anisotropy in the ab-plane in this compound. Other 

dispersions are some intramolecular transitions in the visible region (Figure 7.8) [2 (c)]. 

Conducitvity Spectra of B-(CH3)4N[Pd(dmit)2]2 

The Kramcrs- Kronig transformation produced the conductivity spectra. They 

clearly manifest the peak positions in the infrared region and developing two peaks with 

the temperature lowering { (2) and (3) in Figure 7.5 (b)}, both of which arc ambiguous 

in the reflectance spectra. The spectra indicate an cxsistcnce of an energy gap of 1.1 x 

103 cm-1, which is consistent with the result of de conductivity measurements ( Eg = 2 x 

Ea=0.14 eV= 1.1 x 103cm·1) [3 , 4]. The small but sharp peak at 1.2 x 103 cm-1 is 

attributed to an electron-molecular vibration (cmv) coupling, which is generally observed 

in dimcric systems [9 (c) - (m), 14] such as BEDT-TIF { bis(ethylenedithio)­

tetrathiafulvalene } salts. A strong dimcric structure of this compound was also 

supported by the X-ray analyses and the tight-binding band calculation j3, 4]. 

In the lib conductivity spectra, the infrared dispersion rather comes to the fore 

than that of the /Ia spectra at every temperature, whereas the other dispersions arc much 

weaker and indiscrete. The latter dispersions ( , 15 x 1()3 cm·l ) consist of the 

intramolecular transitions of [Pd(dmit)2]n- ( n = 0, 1 ) and the same one that appears at 

ca. 10 x 103 cm-1 in the /Ia spectra { (4) in Figure 7.5 (b) }. The integral of the optical 

conductivities gives the plasma frequencies of (3.8 ± 0.1) x 1()3 cm·l ( /Ia) and (4.1 ± 

o·.1) x 103 cm-1 ( lib) , respectively . When we consider the ratio between the two optical 

masses, (m *)a I (m *)bas an index of the anisotropy in the ab-plane, it was estimated to 

be 0.9 ± 0.1 at 20 K. 

Concerning this salt the calculated conductivity spectra also well agree with the 

observed ones (compare the two Figures 7.5 (b) and 7.11 ). 
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Table 7.9. Plasma frequency Ulp [103 cm-1] nf Pd(dmit)2 salts at varied temperaturesa 

I3-(CH3)4N (Pd(dmit)2]2 

RT 220 K 70 K 20 K 

/Ia 4.5 4.4 3.9 3.R 

lib 4.0 3.6 3.7 4.1 

(wp)a2/(olp)l} b 1.2 1.5 1.2 O.R 

(CH3)2(C2H5)2N[Pd(dmit)2]2 

RT 200 K lOOK 20 K 

II 4.6 4.8 4.9 4.5 

..L 2.9 3.2 3.3 3.5 

(wp)JP/Cwp)..L 2 b 2.5 2.2 2.1 1.7 

a Values obtained by the integral of the conductivity spectra ( 0 cm-1- 3500 cm-1 for the 

13-Pd salt and 0 cm-1- 3200 cm-1 for the Me2Et2N salt) from the Kramers-Krnnig 

analysis Note that small optical gaps are neglected. b Errors arc estimated to be± 0.1. 

(CH3)2(C2H5)2 N[Pd(dmit)2)2 

It is intriguing that all the spectral features stated above arc also the case with the 

Me2Et2N salt , which has an apparently one-dimensional structure (Figure 7.3 ). This is 

because the conduction band of the Me2Et2N salt also mainly consigts of the HOMOs of 

Pd(dmit)2 molecules and these orbitals enable fairly isotropic intemwlccular interactions 

as in the cases of BEDT-TTF salts [1 (h), 9 (c)- (m), 14 (a) - (1), 15]. The mtio 

between the two optical masses, (m *)//I (m *)..L was estimated to be 1.3 ± 0.1 at 20 K. 

In the spectra at room temperature- 100 K of this material, the infrared dispersion keenly 

resembles a Drudc-typc one, which means that this material might be a scmimetal. Such 

marginal position between a metal and a semiconductor might have something to do with 

the observed sample dependence in the electrical behavior { Figure 7.1 (c)}. 

Table 7.10. Square of Plasma frequency wp2 [cV2] of Pd(dmit)2 salts at varied 

tcmpcraturcsa 

RT 220 K 200 K 100 K 70 K 20 K 

I3-(CH3)4N[Pd(dmit)2]2 

II 0.32 0.32 0.24 0.21 
..L 0.24 0.17 0.20 0.30 

c wp)!P IC wp)..L 2 b 

1.3 1.9 1.2 O.R 

(CH3)2(C2H5)2N[Pd(dmit)2]2 

II 0.32 0.36 0.36 0.31 

..L 0 .13 0.16 0.17 0.19 

c wp)!PIC wp)..L 2 b 

2.5 2.2 2.1 1.7 

a By usc of (wp)/fa, (wp)//b in Table 7.9 and the simultaneous equations ( 7.16) 

b Errors arc estimated to be± 0.1. 



Table 7.11. The peak position ( Wj ), square of the plasma frequency ( wp2) and the 

oscillator strength ( [j ) of the strong absorption band around 10000 cm-1 in the /Ia 

spectra 

Wj 1103 cm-1 ulp2 1 1()6 cm-2 a Jj 

(:l-(CH3)4N[ Pd( dmit)2]2 

RT 10.4 159 0.71 

220 K 10.6 151 0.6R 

70 K 10.6 140 0.63 

20 K 10.R 140 0.63 

(CH3)2(C2H5)2N[Pd(dmit)2]2 

RT 10.4 161 0.76 

200 K 10.4 160 0 .76 

lOO K 10.4 171 O.R1 

20 K 10.4 15!i 0.74 

a Values obtained by the integral of the conductiv ity spectra ( 6000 cm-1 - 16000 cm-1 ) 

fro m the Kramers- Kronig analysis Errors are estimated to be± 4 . 

Table 7.12. Transfer integrals ( t, to I w-2 eV ) used in the calculatio n of the 

conductiv ity spectra of (:l-(CH3)4N[Pd(dmit)2]2a 

LUMO -LUMO HOMO-HOMO LUM0 -1-IOMO 
t t , t t, t t , 

A 67 . 8 40 . 7 - 64 . 7 - 37 . 6 - 8 . 8 - 8 . 8 
B - 5 . 6 - 2 . 9 - 7 . 1 - 7 .1 - 3 . 8 - 2 . 8 
p1 0 . 8 0 . 8 2 . 6 2 . 6 0.5 0.0 
p 2 0 . 8 0 . 8 2 . 6 2 . 6 0 . 5 0.0 
q 1. 3 1.3 -1. 9 -1. 9 -1.4 - 1.4 
r 0. 7 0 . 7 -1 2.9 - 5 . 9 -2.3 - 2 . 3 

a The energy separation between HOMO and LUMO ( ilE) was assumed to be 0.90 eV. 
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(CH3)4NI Pt(dmit)212 

At room temperature the Pt salt exhibited a typical Drude-type dispersion in the 

infra red spectra, which was replaced by a Lorentz-type interband transition centered at ca. 

3 x I o3 cm- 1 below 200 K. The change in the infrared specra coincides with the sudden 

spl it in the mid-i nfrared peak in two. Since the shoulders around 8.5 x 103 cm- 1 and 13 

x I o3 cnr l , wh ich are already present at room temperatu re, remain unti l low 

temperatures, the two peaks are different from the developed shoulders. T he 

conductivity spectra ( lib ) exhibited the corresponding change; at room temperature the 

intense mid -i nfrared absorption was not observable at a ll , but below 200 K it tu rned up 

with a conspicuous broad peak centered around 3 x I o3 cm- l Such change in the 

spectra in volves the change in the transition moment of the mid-infrared peak, whi ch is 

roughl y in the directi on of the Pt(dmit)2 colu mns and that, in turn , a structural phase 

transition has occurred. T hi s interpretati on is consistent with other data 16 1; 

- the resisti vity measurement showed that the salt made a clea r transition at 220 - 230 K 

wi th a grad uall y developing energy gap of Eg = 2 x Ea- 0.4 eY = 3 .2 x J03 cm- 1 ( see 

Figure 7. 1 (f)}, 

- the X-ray diffuse scattering ex periment revealed a structural transition below the same 

temperature. 

The Pt sa lt requires additional comment on its electronic band structu re. T here are 

two peculi ar sho ul ders on both sides of the strong absorpti on band in the mid- in frared 

region in its refl ectance spectra ( /Ia ) as noted above. T he resulta nt broad complex 

dispersion was not reproduced by any combination of Lorentz functi ons. Si milarl y, due 

to these shoulders, the calcul ation based on the same model of the band structu re as the 

Pd(dmit)2 salts fail ed to reproduce the mid-infrared peak in the conducti vit y spectra. 

T herefore detail ed identifi cati on of the spectral structures and corresponding electroni c 

structures should probably be considered tentative until more info rmati on is avai lable. 

Nevertheless the proposed model of the band structure may be valid al so for thi s salt as a 

basis for the fo ll owing di scussion. 

7-5. Elctronic Structures of the Six Compounds 

The Ni , As, (3- Pd and Me2Et2N Salts 

The optica l results above insist that the electronic structu res of the N i, As, f:l - Pd 

and MezEtzN salts exhi bit no transition at all the temperatures ( RT -- 20 K ) at ambient 

pressure. This study support that the Ni salt may have the pro posed electroni c structure 

derived from the ti ght-bind ing band cal culation considering LUMO-LUMO interacti ons 

alone 11 1. On the other hand as fo r the three Pd(dmit)2 sa lt s, taki ng all the di scussion 
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above into consideration, the schematic band model can be like what is shown in Figure 

7.13. In the same figure the a~signment of main peaks are also indicated. 

The Cs and Pt Salts 

The Cs and Pt salts exhibit M1 transitions at low temperature at 1 bar. Their 

reflectance and conductivity spectra revealed not only that the transition involves opening 

of the gap ( or developing the negligible gap into an observable one ) at the Fermi level, 

but also that the transition alters the energy separation between the two HOMOs ( l[l- 110 ,..0 

and l[/+ 110,..0 ) as well as the separation between the two LUMOs ( l[f-I.UMo and tp+I.UMo ). 

This situation is most clearly manifested in the change in the spectra of these salts, as is 

mentioned above. 

\jJ LUMO ~---~-

(3) 

(1) (2) 

h» ----~-·~,.,. 
(4)b (2) 

1) 

•t~, -·,,., 
------··· 

LUMO 

LUMO 

HOMO------HOMO---- -

--------------· .. -- '+'HoMo 
4-'HoMO 

(a) (b) 
Figure 7.13. Schematic energy diagram and optical transitions of the Pd(dmit)z and 

Pt(dmit)2 salts ; (a) that of the Cs and Pt sa lts, and (b) that of the As, f1-Pd, MezEtzN 

salts: The numbers correspond to those in Figures 7 .5 (b) and 7.9 (a). Note that small 

energy gaps arc neglected. The transitions (4)a and (4)b denote the splitted ones after the 

M1 transition, which used to be the single peak indicated by (4). 
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Differences and Similarities in Electronic Structures of the Six M(dmit)2 
Salts 

- the Remaining Questions 

Among these s ix compounds the Pd(dmit)2 and Pt(dmit)2 salts have enough a 

strong dimeric structure so that the energy level inversion occurs and its conduction band 

consists mainly of the HOMO of M(dmit)2 11 (f), (g), 2 (c), (d), 121 . This results in the 

keen feature in the /Ia (II) spectra ; the appearance of the outstanding peak around 10 x 

103 cm-1. As for the Ni salt the conduction band has been found to consist chiefly of the 

LUMO, as is usual with an acceptor compound . Therefore when one discuss the 

properties of these salts based on the calculated band structures, all that one have to 

consider is the interaction between LUMO-LUMO in the Ni(dmit)2 sa lt , whereas the 

HOMO, which would be a closed shell without the energy level inversion, also should be 

taken into consideration in the Pd(dmit)2 and Pt(dmit)2 salts . Still remains the fact that 

Ni(dmit)2 and Pd(dmit)2 salts exhibit superconductivity in common. On the other hand, 

M(dmit)2 sa lts whose conduction band consists of HOMO are d ivided into the 

superconducting and non -superconducting salts. To be elucidated is the relation between 

the difference in the electronic structures revealed by this study and the difference in the 

e lectrical properties. 

7-6. Summary 

In order to derive an experimental information about the difference in electronic 

structu res, the polarized reflectance spectra of a series of the M(dmit)2 complexes, 

(CH3)4N I Ni(dmit)212, ~-(CH3)4Asl Pd(dmit)212, Cs l Pd(dmit)212. 

(CH3)4N I Pt(dmit)212, ~-(CH3)4N! Pd(dmit)212 and (Cl-13)2(C21-1S)2N I Pd(dmit)212 

were measured from 25000 cn,- 1 through to 400 cn,- 1 or 800 cm-1 at va ri ed 

temperatures. The obtained reflectance and conductivity spectra well describe the detail s 

of the electron ic structures such as the band gap, emv couplin g, anisotropy, temperature 

dependence of the conductiv ity and other features. They revealed the unprecedented 

e lectronic structure of the Pd(dmit)2 and Pt(dmit)2 compounds, where the strong 

dimerization make the anti-bond ing HOMO level exceed the bonding LUMO level of the 

M(dmit)2 dimer, and consequently the Fenni level lies in the anti-bonding HOMO band. 

It has been confirmed that among the M(dmit)2 salts which are semiconducting at 

low temperature, some exhib it Ml transitions, while the others are semiconductive from 

room temperature. T hi s study showed that the transition does not s imply open a small 

energy gap at the Fermi level, but involves shifts of the four bands, those of LUMO and 

HOMO from M(dmit)2 dimers. 
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Chapter 8. 

Concluding Remarks 

As time passes from the 20th to the 21st century, the research of the molecular­

based material s also appears to be proceeding to the nex t stage. As referred to in Chapter 

I the physists and chemists have solved problems and overcome difficulties one by one 

whenever they encountered them in the course of the study , and now the ri ch chemistry 

and new interesting physics characteristic of the molec ul ar-based materi als have been 

brought to li ght. Among a wide spectrum of the organic material s found so far a prior 

importance of the chalcogen-containing planar rc-conjugated molecules is beyond doubt 

when one considers the role that they have played for the last decade. For example a 

sulfur-based donor ET has produced a number of organic superconductors with 

remarkably higher Tc's that few might had expected at the beginning of the resea rch. But 

what is most remarkable and should be emphasized about ET is the rapid development 

and successive di scoveries of the new ET-based metal s and superconductors. The 

rapidity of the succession and the number of the new findings surpass all the prev ious 

organic materials, which impetuously accerelated the activity and advancement from step 

to stride. However it is also apparent that even the ET salts could not sustain the 

animation now in this field for another decade without the appearance of the next new 

material s. It may be also the case even with the high-T c copper oxides or anything else. 

Many other important materials that have left the marks on the hi story of the fi eld 

illustrates how keenly a novel material based is required in order to develop the resea rch 

field further. 

In thi s study the author tried to synthesize a new se ri es of planar rc-conjugated 

molecules and their charge-transfer salts to find a novel conducting material with new 

electrical property. The target molecules cover from donor to acceptor and from organic 

to inorganic molecules, and all contain selenium atoms because the selenium-containing 

molecules have been rather less utilized as building blocks for conducting material s 

compared to sulfur-containing ones except for some important series like the TMTSF 

salts. As a result four kinds of new donor molecules each with several charge-transfer 

salts and other new ones that are based on the known molecules have been obtained. At 

first sight of their chemical formulae, they might appear simple extension of what have 

been synthesized by previous workers. Yet the author's incentive to them arises from 

quite a different purpose and interest. A new material does not necessarily mean what no 

one has ever seen, but means what no one has ever found or pointed out that there is a 
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unique importance there. Some of the experimental results shown in this study clearly 

demonstrate that they are new materials in the above-mentioned sense, though there 

remains much to be further clarified or established in the properties of them. A novel 

material hopefully might appear at any day, but it cannot be known when to come. 

However one thing is certain: as often concluded in reviews of the organic molecular­

based conducting materials, the future for the advent of "high-Tc organic 

superconductors I ferromagnets" and other novel materials appears bright towards the 

coming century, yet it may largely depend upon how the researchers patientl y pursue a 

really new material. 




