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The ESR spectra of the cation radicals of TTF and its related compounds in which two 1,3-dithiole rings
are connected by conjugated carbon and cumulene chains are measured. The spin distributions obtained
from the hfcc due to the protons and sulfur atoms agree well with the results of the MINDO/3 calculations.
The spin densities on the sulfur and central carbon atoms decreases as the central chain length increases. A
linear relationship, g=2.00379+0.00108 a(S), between the g-values and the sulfur hfcc is noted and explained
in terms of the Stone’s theory. The g-values of the cation radicals with cumulene chains deviate from this rela-
tion and a possible cause is suggested.

The cation radical states of m electron donors play of 4 and 5, however, deviate from this relationship.
essential roles in making the organic metals such  The origin of this deviation is discussed.
as tetrathiafuluvalene-tetracyanoquinodimethan(TTF-
TCNQ) highly conductive? or in producing super-
conductivity in the salts of tetramethyltetraselenafulu-

valene (TMTSF)otX—(X—=PFg¢~, ClO4).2 In order 2_ 4 1R R-H
to understand the electronic band structures and the RIS>='<SIR 1(Me) R:-CH
conduction mechanisms of these salts, it is desir- R-NS S“ R L3

able to know the details of the wave function and the 1(MC)  R:-COH;

orbital energies of the highest occupied molecular

orbitals (HOMO). Electron spin resonance (ESR) RIS 354p 2(H) R:-H
and cyclic voltammetry measurements can provide RS 5 SIR 2(Me) R:CH;
information about them. 65 2(MC)  R:-CO,CH,
We have synthesized the compounds 2 to 5 shown in 2(Bz)  R,R:CH=CH),-
Fig. 1 in order to find electron donors better than TTF RS
(1) and investigated their properties with various I 1 bssq 3(H) R:-H
experimental techniques.? From the cyclic voltam- RS A I 3(Me)  R:-CH;
metry measurements it was found that all these com- 3556R  3(MC)  R:-COCH,
pounds have oxidation potentials (E12°) lower 3(Bz)  R,R:-(CH=CH)-
than TTF and that they can be novel electron donors.
Here we have studied the cation radicals of these RS 364p  4(Me)  R:CHy
compounds by ESR and examined the results in com- RIS>='=i ) SIR 4(Ph)  R:-CgHs
parison with those predicted by the MINDO/3
calculation.
In this paper we first describe the results of the ESR RS ‘g8 g 5(Me) R:-CHy
investigation on the cation radicals of these con}pounds RIS>='='=i=é 3 SIR 5(Ph)  R:-CgHs
1 to 5 in solution. From the hyperfine coupling con-
stants (hfcc) of protons and sulfur atoms (3S iso-
topes), the spin density distributions of the HOMO are RS CsHs
determined in detail. The ESR spectra of the cation I s 6(H) R:-H
radicals of the several derivatives of 1—5 shown in RS _>=< ]]:R 6(MC) R:-COCH;
Fig. 1 are also studied to examine the effects of CHg > ®
substitution on the spin distributions. s s IH)  Re-H
Secondly, we compare the spin distributions ob- R > Q < R =
tained bnySR measll)lrements 5ith those calculated RIS SIR 7(MC)  R:-COLH;
by the MINDO/3 method. We discuss how the HOMO
changes as the central carbon chain in TTF becomes S 8
longer with conjugated or cumulene groups. In the [ ]
case of 3, there is an ambiguity whether the structure S
is cis- or trans-conformer. We investigated the com-
pounds 6 and 7 shown in Fig. 1 in order to answer @_.E_.E{D 9
this question.
Finally, we discuss the relationship between the g- Fig. 1. Molecular structures investigated. The num-
values and the sulfur hfcc noted for a series of com- bers distinguish the zm-system and its derivatives are

pounds 1 to 3 using the Stone’s theory. The g-values denoted by their abbreviations in last parenthes.
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Experimental

The synthesis of the compounds 2, 3, and their derivatives
was described elsewhere.? The series of compounds with
cumulene skeletons are very unstable in the neutral states
and we have not yet succeeded in synthesis. However the
dication states of their tetramethyl and tetraphenyl deriva-
tives are stable enough to be obtained in the form of per-
chlorate salts 42+ 2C104~ and 52+ 2C104~.9 The generation
of the cation radicals and the ESR measurements were
carried out by using an electrochemical ESR system based
on a JEOL-FE3X spectrometer.® The cation radicals of 1,
2, and 3 were generated by one-electron oxidation, while those
of 4 and 5 were obtained by one-electron reduction of
corresponding dications. Dry dichloromethane of spec-
troscopic grade was used as the solvent and tetrabutyl-
ammonium tetrafluoroborate was used as the supporting
electrolyte. Potassiumn nitrosilbis(sulfate) was used as a
standard sample for calibration of the magnetic field, the
accuracy being within £0.005G'. g-Values were mea-
sured in reference to the signal of Cr(III) diluted in MgO
(g=1.9800), the accuracy being within +0.0001.

Results and Discussion

The ESR Spectra of I**, 2%, and 3+, The cation
radicals of 1(H), 2(H), and their derivatives are stable
but that of 3(H) is a little unstable when it is oxidized
at room temperature. The ESR spectra of these com-
pounds do not change over the entire range of the
temperature from —80 °C to room temperature. The
proton hfcc and g-values of the cation radicals of
1(H) and 1(Me) are very close to those reported previ-
ously.® The ESR spectra of compounds 2(H)*- and 3-
(H)*- are shown in Figs. 2a and 3a, respectively, as
examples. All of these ESR spectra have the linewidths
of about 0.2 G and are easily analyzed and reconstruct-
ed by computer simulation (Figs. 2b and 3b).

The hfcc due to the isotopic sulfur atoms, 3S (I=

a)

Fig. 2. The observed (a) and simulated (b) ESR spec-
tra of 2(H)+:.

T 1G=10—T.
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3/2) were observed as satellite lines in some cases.
Especially, in the case of tetrakis (methoxycarbonyl)
derivatives of 2(MC)*' and 3(MC)*, it was easy to ob-
serve the 33S satellites because of the simplification of
the ESR spectra by methoxycarbonyl substitution. As
a typical example, the satellite lines of 2(MC)*: are
shown in Fig. 4. Two kinds of 33S satellites are ex-
pected for 2 and 3 from the molecular symmetries,
but only one is expected in 1 because four sulfur
atoms are equivalent. Two kinds of 33S satellites were
observed for most of 2 and 3 as expected. In the spec-
trum of 2(H)*, however, only one S satellite (3.98
G) was resolved because the 33§ satellite due to the
hfcc smaller than 3.98 G overlapps with the other lines.

In Table 1 are listed the obtained g-values and the
hfcc of the protons and 33S. The assignment of the

Fig. 3. The observed (a) and simulated (b) ESR spec-
tra of 3(H)*.

ass) aH
aBs)
Fig. 4. The main splitting and 33S satellite lines ob-

served for 2(MC)-.; the analysis of the satellite lines
indicated lower.
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hfcc due to protons and 33S is based on the results
of MINDO/3 calculation. Comparing the hfcc due
to the central protons and the 3§ and the g-values of
derivatives with those of the parent compounds, it
is found that there is no substantial effect of substitu-
tion by tetramethyl, tetrakis(methoxycarbonyl), and
dibenzo groups on the spin distribution. This is be-
cause the spin densities on the carbon atoms attached
by substituent groups are relatively small. It is also
noticeable that both the g-values and 33S hfcc decrease
in the order of 1, 2, and 3. The same trend holds
for the hfcc of the side protons and the central protons
in 2 and 3.

The ESR Spectra of 4t and 5% 4(Me)** and
5(Me)*: are stable when they are generated by one-
electron reduction at the temperature below —40 °C.
The ESR spectrum of 4(Me)** shown in Fig. 5a indi-
cates a clear splitting of 0.69 G due to the twelve
methyl protons, while in the spectrum of 5(Me)*
shown in Fig. 5b only a sign of about 0.5 G splitting
due to the methyl protons is observed. The satellite
33§ splittings of 4(Me)* and 5(ph)** were observed
but that of 5(Me)* was not observed because of low
intensity of the ESR signal. The four sulfur atoms are
all equivalent in 4 and 5.

Comparing the hfcc due to the methyl protons of
4(Me)* and 5(Me)* and the hfcc due to 33S of 4(Me)t:
and 5(Ph)* with those of 1(Me)*, it is seen that the
hfcc also decrease in the order of 1, 4, and 5, as ob-
served in the series of 2 and 3. On the other
hand, the g-value does not follow the same order.
This point will be discussed later in detail.

Comparison with MO Calculation. We calcu-
lated the spin density distributions of these com-
pounds using the MINDO/3 method which is capa-
ble of handling sulfur atoms.”? The atomic coordi-
nates of 1 were taken from the crystallographic data
of 1({H)® and those of the other compounds 2 to 5
were obtained based on the structure of 1 by
using the bond lengths and bond angles adopted widely.
For the methyl derivatives we carried out the calcula-

a)
26

b)
—
26

Fig. 5. The observed ESR spectra of 4(Me)* (a) and
5(Me)* (b).
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tion by fixing configurations of the methyl groups.

The hfcc of the protons and S obtained by the
ESR study are compared with those estimated from
the spin densities calculated by MINDO/3 method
by using the following equations;

a(H) = —24.0.p(C) for aromatic protons, N
a(Me) = 507-p(H) for methyl protons, (2)
a(®38) = 33.0-p(S) for 33§, (3)

here p(C) is the 2p spin densities on the carbon atoms
attached by the aromatic protons. For methyl protons
a(Me) are obtained from the averaged spin den-
sities on the Is orbitals of three methyl protons p(H)
by Eq. (2). The 38 hfcc is estimated from the spin
densities of 3pm of sulfur atoms p(S) by using Eq.
(3) proposed previousely.?

The calculated hfcc are also listed in Table 1. The
correlation between the observed and calculated hfcc
is shown in Fig. 6. From this figure it is seen that the
agreement between the observed and calculated hfcc
is satisfactory. We also note that there is a fair linear
relationship between the calculated energy of the
HOMO and the Ei2° measured by the cyclic volt-
ammetry as shown in Fig. 7. Based on these results
it is concluded that the HOMO calculated by the
MINDO/3 method represents the actual orbital
quite well.

The trend that the hfcc of 33S and protons decrease
in the order of 1, 2, and 3 is reproduced by this
calculation. This trend is seen clearly from Fig. 8,
which indicates the HOMO schematically. It is
also seen from this picture that the spin is localized
on the four sulfur atoms and central conjugated car-
bon chains. In the compounds with cumulene chains
the situation is similar (Fig..8), though the spin den-
sities on the cumulene chains are slightly different from
those on the normal conjugated chains.

The Structure of 3. There are two possibilities
for the structure of 3, namely, trans and cis con-
formers. According to the chromatographic study,
there is only one species for 3. We tried to deter-
mine the structure of 3 by comparing the NMR and
UV spectra of 3 with those of 6 and 7, which are
regarded as the rigid model compounds for the trans
and cis forms of 3, respectively. However, this at-
tempt was in failure because there were no significant
differences in the spectra between 6 and 7. Then
we compared the ESR parameters. It is also in-
teresting to examine whether the spin density distri-
bution changes by conformational change of cis and
trans form, since the spin distribution in stilbene
is known to depend on the conformation.1®

The hfcc of both the central and side protons listed
in Table 2 are almost the same for trans 6(H)* and
cis 1(H)** (the difference between the two groups of
the side protons was not seen in spectra). However
the g-value of 6(H)*" is larger than that of 7(H)*" by
0.0004, which agree with the difference between 6-
(MC)* and 7(MC)*-. The g-value of 3(H)* is very
close to that of 6(H)*-. Therefore, 3(H)*" is likely
to be the trans form.

The Relationship Between The g-values and The 3S
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hfcc.

TasBLE 1.
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As was described before, both the g-value
and 3S hfcc of the compounds 1, 2, and 3 decrease
in the order of 1, 2, and 3. Figure 9 shows the plots
of the g-value vs. 33S hfcc for all the compounds con-
taining only C, H, and S atoms for which the 33§

splittings was observed in this study. The solid

THe ESR PARAMETERS OBTAINED IN THIS

STUDY FOR THE COMPOUNDS 1 TOo 5 wrTH THE hfce
cALcULATED BY MINDO/3 METHOD

Com- E o /V - l thG/G
pound S/l EVERE Calcd
1(H) 0.32 2.008¢ 1.26 (4H) —0.99 (3)
4.27 (®S) 4.18 (2)
1(Me) 0.25 2.0081 0.78 (12H) 0.53 (3)
3.99 (®S) 4.06 (2)
1(Mc) —  2.0081 4.52 (%S) —
2(H) 0.24 2.0081 3.13 (2H) —3.24 (1)
1.23 (2H) —0.78 (4)
0.82 (2H) —0.78 (5)
3.98 () 3.62 (6)
2.96 (3)
2(Me) 0.10 2.0072 2.90 (2H) —3.10 (1)
0.84 (6H) 0.42 (4)
0.38 (6H) 0.36 (5)
(®S) 3.55 (6)
®S) 2.91 (3)
2(Mc) —  2.0080 2.93 (2H)
4.89 (3S)
4.26 (3S)
2(Bz) —  2.0076 2.92 (2H) —3.13 (1)
0.50 (2H) —0.32 (8)
0.28 (2H) —0.26 (9)
0.24 (4H)  —0.09 (10)
—0.05 (7)
4.07 () 3.59 (6)
3.03 (38) 2.71 (3)
3(H) 0.26 2.0072 2.14 (4H) —2.65 (2)
—2.45 (1)
0.99 (2H) —0.57 (5)
0.63 (2H) —0.51 (6)
®s) 2.81 (7)
®S) 2.27 (4)
3(Me) 0.14 2.0070 2.32 (2H) —2.56 (2)
1.99 (2H) —2.45 (1)
0.99 (6H) 0.30 (5)
0.33 (6H) 0.26 (6)
®S) 2.80 (7)
®S) 2.27 (4)
3MC) —  2.0072 2.21 (2H)
2.70 ()
3(Bz) —  2.0067 2.10 (4H)
4(Me) 0.09 2.0087 0.69 (12H) 0.40 (4)
3.93 (3S) 3.16 (3)
4(Ph) —  2.0085 — —
5(Me) —0.12 2.0066 0.5 (12H) 0.15 (5)
®S) 3.16 (5)
5(Ph) —  2.0053 3.69 (®S) —
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straight line obtained by a least square fit to the
experimental points of five compounds is expressed by

g = 2.00379 + 0.00108-a(32S)

4)

The above relationship indicates that there is a linear
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Fig. 8. Schematic view of the HOMO, the area of
circle corresponds to the spin density and open circle
indicates the positive sign of the coefficient of HOMO.
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TasLe 2. THe oBserRvED ESR PARAMETERS FOR 3(H)*-,
6(H)**, 7(H)**, AND THEIR TETRAKIS(METHOXYCARBONYL)
DERIVATIVES

g-value hfec/G g-value hfec/G
3(H) 2.0072 2.14 (4H) 3(MC) 2.0072 2.21 (2H)
1.78 (2H)
0.99 (2H)
0.63 (2H)
3.19 (39)
2.70 (33S)
6(H) 2.0072 1.91 (2H) 6(MC) 2.0070 2.04 (2H)
0.92 (4H)
2.66 (33S) 2.96 (33S)
2.59 (®8S)
7(H) 2.0068 1.89 (6H) 7(MC) 2.0066 2.03 (2H)
1.67 (4H)
0.86 (4H)
2.89 (33S)
2.52 (*38)
2.009|
4(Me) ®s
1(Me) ‘/+ 1(H)
@ 2.008] ¢
3 2(H)
I
t': 2/ ++2( 2)
2.007} /
2.006]
5Ph)
2.005} ¢ .
20 4?0 50
BS Hfee /6

Fig. 9. The correlation between g-values and 38 hfec
observed for the compounds containing only C, H, and
S atoms. The solid line is a least square fitting line
of Eq. (4) for five compounds without cumulene chain.

relation between the g-values and the 7 spin densities
on the sulfur atoms. This means that the variation of
the spin density on the sulfur atoms is the main cause
of the g shift. In the following, we discuss this correla-
tion by using the Stone’s theory.1?

One of the principal components of the g tensor
can be derived by using the second order perturba-
tion theory as
<W0I2pcplap|¢n> <Wn|2vlav Iw0> (5)

E,—E, ’
where the notations in Eq. 5 have usual meanings.1?

Stone!? has shown that the deviation of g-value from
the free electron g-value 4g=g—g. for the radicals of

8" =g — 23,

[Vol. 57, No. 7

a) b)

Fig. 10. The local axes for a) C-S bond, b) non-bond-
ing orbital on sulfur atom, and c) cumulene or acetylene
carbon chain. & orbital is along to z axis.

conjugated aromatic hydrocarbons can be expressed by
the sum of the contributions from the o-orbitals lo-
calized on C-C and C-H fragments. We formulate
the contributions to 4g from the C-S fragment
and nonbonding orbital on the sulfur atom in a
similar way.

We first consider the contribution from the C-S
bond. If the local axes are chosen as shown in Fig.
10a, bonding and antibonding orbitals of the C-S
bond, ¥(o) and (o*), with the energy of E., and
Eo, respectively, can be written by linear combina-
tions of two sp? orbitals belonging to the C and S
atoms as

(o) = o{V IBS(C)~ VT3 P,(C)}

+ {VIBS(S)+ V23 P,(S)} (6)
$(a%) = o{VIBS(C)~ V23 P,(C)}
— o {VIBS(S)+VBP,(S)}. (7)

Here, ¢1 and c2 are the normalization constants. On
the other hand, the = orbital ¥(7) (HOMO) with the
energy E» on the C-S fragment is expressd by

P () = ccPy(C) + csPu(S), (8)
where cc and cs are the coefficients of the singly oc-
cupied m orbital normalized over all atoms in the
molecule. By substituting Egs. (6), (7), and (8) to Eq.
(5), we obtain

4 (ex60—6a6s) (68000 — ¢aGsbs)
3 E,.—E,

4 (ca6c +6168) (6afcsc +618s6s)

*t3 E,—Eq . ©)
In order to simplify Eq. (9), we assume that ;=
c2=1/4/2 and that the spin-orbit coupling constant
of carbon atom ({c=29 cm~!) can be neglected com-
pared with that of sulfur atom ({s=382 cm~!). Taking
into account that cc is the same order of magnitude
as ¢s and has an opposite sign to ¢s in HOMO as
seen in Fig. 8, we obtain the following simple rela-
tion between 4g** and cs?;

4 o?s
3 E,—E,

Next, we treat the contribution from the non-bond-
ing orbital on the S atom (Fig. 10b) in a similar way.

Ag“ =

Agxx = (10)
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The non-bonding orbital on S atom, ¥(n), with the
energy of E, is given by one of the three sp? orbitals;
$(n) = VIBS(S) + V23 Py(S), (11)
and we obtain the contribution for 4g** as well;
XX — i__—cszcs
A4g** = 5 E.—E, (12)
where, c¢s? is the coefficient of P,(S) m orbital. The
4g due to the S atom is given after averaged for the
three principal values as,
4 no-s ng
Ag - 3Cs( Ek—Ea * Ex —En )632,
where n¢.s and n, represent the number of C-S bond
and the number of non-bonding orbital, respectively.

Consequently, the g-value is expected to correlate
with the spin density on the sulfur atom by Eq. (13).
Here, the coefficient of ¢s? corresponds to the slope of
the straight line of Eg. (4). We can roughly estimate
this coefficient to be 0.00136 by taking the energy
differences to be 3 eV and 10eV for (E-—E,) and (E-—
E.), respectively, and by converting the cs? to a(33S) by
Eg. (3). This value is in reasonable agreement with
the value of 0.00108 obtained experimentally. On
the other hand, the intercept of the line at a(33S)=0
corresponds to the total contribution from the re-
sidual C-C and C-H fragments. The obtained inter-
cept 2.00379 is close to the g-values of the radicals
of aromatic hydrocarbons. Therefore, it is con-
cluded that the main cause of the g shift in our case
is attributed to the variation of the spin densities on
the sulfur atom.

To examine the validity of our formulation fur-
ther we plot the data for the cation radical of dithin
(8) (£=2.0089; a(335)=9.84 G),'» which has a very
different 7 system from that of TTF. When we
take account of the fact that there are only two
sulfur atom in 8 instead of four in TTF, the correla-
tion between g and a(33S) agrees with that predicted
by the line in Fig. 9. This indicates that Eq. (13)
is also applicable to other compounds with similar
sigma structure.

The Anomaly in g-Value of 4+ and 5+. The plots
of g-value vs. 3S hfcc for 4(Me)* and 5(ph)*
shown in Fig. 9 deviate from the correlation line; the
g-value of 4(Me)*: is larger than the line by 0.0004
and that of 5(ph)*: is smaller by 0.0027. A similar
decrease of the g-value was reported by Goldberg
and Bard® in the case of the anion radical of
1,4-diphenyl-1,3-butadiyne (9); g=2.00216 is smaller
than that of 1,4-diphenyl-1,3-butadiene anion radical
by 0.00054 and smaller than g.. They suggested
that the cause of this decrease can be attributed to
the decrease of the energy difference between the .-
orbital and the lowest unoccupied my-orbital, the latter
being localized on the central acetylene carbons
and perpendicular to the m-orbital shown in Fig.
10c. The anomalous g shift in our case may also be
explained in a similar way.

The contribution of the acetylene or cumulene
carbon chain to the g shift can be calculated by Eq.
(5) as follows. The my-orbitals are expressed by the
linear combination of Py orbitals;

(13)
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¢(n) (ny) = Zibi(n)Pyi(C),
and the m,-orbital (HOMO) is also expressed by
¢(m,) = ZiciPri(C) (15)
Substituting Egs. (14) and (15) to Eg. (5), we obtain

(14)

2 {Zicib ™ }2
4g = ?CCZn*E“—_E—w(—n). (16)
Small energy denominators in Eq. (16) lead to a large

Ag.

Therefore, the anomaly in g-value of 4+ and 5%
are likely due to the closeness of my and . orbitals.
We estimate the energy differences by using Eq. (16).
If the Hiickel orbitals of butadiene with 8=2.5eV are
used for the energies and the coefficients b:® of my-
orbitals, the energy differences between the m,-orbital
and the lowest unoccupied my-orbital are estimated
to be 0.026eV and 0.26eV for 5(ph)* and 9,
respectively.

On the other hand, when the energy of the .-
orbital is very close to the energy of the doubly oc-
cupied orbital of m-orbital, the g-value becomes
large. The slightly large g-value of 4(Me)* is con-
sidered to be due to this effect. The energy difference
in 4(Me)* is estimated to be 0.30eV by a similar
argument.

Investigation on the electronic conductivities of
the organic metals containing radical cations of the
present compounds are in progress.
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