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Charge-Transfer Complexes of Metal Dithiolenes XXVII™!

Azobipyridinium Dications and Radical Monocations as Acceptors
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Combination of the planar redox-active ions [ML,]> (L =
mnt?" = maleonitrile-1,2- dithiolate; M = Ni (1), Pd (2), Pt (3);
dmit?" = 2-thioxo-1,3-dithiol-4,5-dithiolate: M = Ni (4), Pd (5)
and trans-4,4'-azobis(1-methyl-pyridinium), (a?*) affords 1:1
ion pairs exhibiting partial and complete electron transfer as
evidenced by UV-Vis and EPR spectra. Replacement of
planar a?* by a non-planar dipyridinium ketone b%* leads to
the complexes 1b and 4b. 1a, 2a, and 3a are predominantly
composed of dications and dianions while 4a, 5a, and 4b are
rare examples of ion pairs consisting of two radical ions.
Single crystal X-ray structural analyses was performed on 4a,
a(PFg),, and a(MeSO,), while the structure of 1la was
resolved by powder X-ray diffractometry. The latter consists
of mixed stacks of planar dianions and dications forming a
slipped arrangement with the centers of the two ions
displaced relative to each other by 250 pm. The short
interplanar distances of 340 pm are in agreement with the

presence of a weak charge-transfer interaction as indicated
by the corresponding absorption band at about 1400 nm. A
mean reorganization energy of 0.85 +0.04 eV is calculated
from the Hush equation for complexes 1a, 2a, and 3a. No ion
pair charge-transfer band is observable for 4a, 5a, and 4b.
Surprisingly, in the solid state structure of 4a the [Ni(dmit),]~
monoanions do not form segregated columns as found in the
many ion pairs with redox inert counterions, but prefer a
mixed stack arrangement as observed also for la. The
specific electrical conductivity of pressed powder pellets of
complexes exhibiting a charge-transfer band is in the range
of 2 x 107 to 1 x 10 Q~'cm™?, increasing with increasing
driving force of electron transfer in accordance with previous
results. Different to that, the conductivity of the other
complexes does not depend on driving force and is much
higher (2 x 10 to 4 x 10 Q~'cm™).

Introduction

The control of physical properties of a solid by variation
of molecular parameters is a central topic in materials sci-
ence.l? In recent work we have found that ion-pair charge-
transfer (IPCT) complexes consisting of redoxactive com-
ponents provide ideal conditions to study the influence of
weak supramolecular CT interactions on the electrical con-
ductivity. It was found that for class I complexes of the type
{A?*[ML,]*>"} wherein the acceptor A>" is a planar dicat-
ionic 4,4'- or 2,2'-bipyridinium derivative and the [ML,]*~
donor is a planar dithiolene metalate, L = 2-thioxo-1,3-
dithiol-4,5-dithiolate (dmit>~) and maleonitrile-1,2-dithiol-
ate (mnt>~), M = Ni, Pd, Pt, the electrical conductivity (o)
of pressed powder pellets increases linearly on a logarithmic
scale from 107! to 1073 Q 'ecm ™! when the driving force
of electron transfer from the donor to the acceptor (AG)»)
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is varied from 0.7 to —0.1 eV.B1¥ As AG), is easily obtained
from the solution redox potentials of the two components,
the conductivity of the solid IPCT salts can be quantitat-
ively predicted from these molecular parameters. Although
the CT interaction is very weak as indicated by the small
fraction of an electron transferred from the donor to the
acceptor, which is 0.01 to 1%,P! ¢ varies over eight orders
of magnitude. No similar correlation existed when the d®
central metal was replaced by a d” ion like Co(II).! In ad-
dition to this strong electronic influence on the electrical
properties we have shown that steric alterations like cis-
trans isomerization of the acceptor component may have
also a significant effect. While in the case of [Ni(mnt),]>~
the o value does not change when the counterion trans-
DPE-Me?* (Figure 1) is replaced by the cis-isomer, it in-
creases by one order of magnitude for the [Ni(dmit),]*~
complex.[! This finding suggested that a controlled change
of conductivity through photoisomerization may become
feasible. In order to investigate whether the observed effect
is a unique property of DPE-Me?" or of more general im-
portance, in the present work the acceptor was modified by
replacing the bridging ethene fragment by an azo group,
well-known to undergo photoisomerization. In the follow-
ing we report on the synthesis, solid state structure and elec-
trical conductivity of ion pair complexes containing the
trans-isomer of the new acceptor DPD-Me?* (Figure 1).
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Out of the four structures investigated by X-ray analysis
three of them were resolved by the conventional single crys-
tal method and one by the more unconventional powder
diffractometry.
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[M(mnt), > [M(dmit),]

1: M=Nij,2: M="Pd, 3: M=Pt 4:M=Ni,5: M=Pd

Figure 1. Isolated complexes

Results
DPD-Me(X), [X = MeSO,, PF|

The azoviologen salt a(MeSO,), was synthesized as de-
scribed recently® and converted into a(PFg), by metathesis
with NH4PF,. Single crystals of both salts were obtainable
and their structures were solved by X-ray analysis. The ob-
served bond lengths and angles for both compounds are
equal within experimental error and therefore only the
structure of a(PF¢), X 2 (Me,CO) is shortly discussed (Fig-
ure 2, Table 1) but the crystal data of a(MeSQy,), are in-
cluded in the Experimental Section. The N=N and C—N
bond lengths of 123.6 and 143.5 pm agree well with the
values of 123 and 141 pm reported for azobenzene!® and
with 127.3 and 143.3 pm calculated for a 4-[4-(dimethylami-
no)phenyljazopyridinium salt.!!% Various attempts to iso-
merize a>* failed. In all cases no change was observable in
the UV-Vis spectrum upon irradiation at various wave-
lengths.

The cyclic voltammogram of a(PFg), in acetonitrile exhi-
bits two reversible redox waves at —0.207 V and —0.536 V
(vs. Ferrocene), which are assigned to the DPD-Me?"/
DPD-Me-" and DPD-Me: */DPD-Me° redox steps, respec-
tively (Figure 3a). While the well-known radical cation of
methylviologen "7l is blue, DPD-Me-" is deep red. It
was generated in a spectroelectrochemical experiment by re-
duction of the dication at —0.3 V (vs. ref.). This electrolysis
led to a constant absorbance at 452 nm (e45, = 4.4 X 10*
M~ ! em™!). In addition to this sharp band, a broad absorp-

1260

Table 1. Selected bond lengths [pm] and angles [°] of a(PFg), X
2(Me,CO) with estimated standard deviations in parentheses

N(1)—-C(16) 147.7(4)
N(1)—C(11) 133.5(4)
N(2)—C(13) 143.5(4)
C(11)—C(12) 136.9(4)
C(12)—C(13) 138.7(4)
C(13)—C(14) 138.3(4)
C(14)—C(15) 137.0(4)
N(1)=C(15) 134.0(4)
N(2)-N(2) 123.6(5)
C(12)-C(13)-N(2) 115.5(3)
C(14)—C(13)-N(2) 124.43)
N(2')—N(2)=C(13) 113.2(3)

N2y Cl149)

Figure 2. Molecular structure of a(PFg), X 2 (Me,CO)

tion developed in the range from 500 to 600 nm as depicted
in Figure 3b.
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Figure 3. a) Cyclic voltammogram of a(PF¢), in MeCN; v = 0.2
Vs~ !; MeCN; E vs. Ag/0.01 M AgNOs; b) Spectroelectrochemistry
of a(PF¢)2 in MeCN
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These data agree very well with the one reported for the
ethyl derivative DPD-Et-* which was also generated elec-
trochemically.[''¢] But different to DPD-Me-", no structural
information is available for this ethyl or any other deriva-
tive. Further reduction at —0.7 V (vs. ref.) led to the yellow-
colored neutral diimine with a single absorption band at
392 nm (g39, = 3.5 X 10 * M~ ! cm™!). Isosbestic points are
observed at 325 and 425 nm (Figure 3b).

Chemical reduction of DPD-Me?* to the radical cation
can be performed with S,0527, NEt;, Zn/HOAc,
[Zn(mnt),]*~, Na,mnt or simply photochemically by dis-
solving a(PF), in MeOH under diffuse daylight. The re-
sulting red solutions were stable for several days when kept
under dinitrogen at —25°C.

In agreement with the slightly twisted structurel!?P]
DPK?2" (Figure 1) is a slightly worse acceptor than DPD-
Me?* as indicated by the first reduction potential of —0.06
V (MeCN, vs. SCE)P! (congruent with —0.45 V vs. ferro-
cene). Although the radical cation was generated electro-
chemically!'?? and characterized by resonance raman spec-
troscopy,!'>®! no electronic absorption spectrum was re-
ported. While DPK?" starts absorbing only at about
400 nm, the deep red acetone solution of DPK-", generated
under dinitrogen through reduction with aqueous sodium
thiosulfate, exhibits a broad maximum already at 507 nm
(AVy, = 1435 cm™}).

Powder X-Ray Diffractometry of 1a

The complexes 1a to Sa were all precipitated by adding
slowly a acetone solution of the dication to the dissolved
dianion, as described recently.P11 All complexes gave satis-
factory elemental analyses except 4a, for which non-stoi-
chiometric compositions of (DPD-Me) [Ni(dmit),], x = 0.7
to 0.9 were found (vide infra).

Since no single crystals of la could be obtained, the
structure was solved by powder X-ray structural analysis.['?!
The resulting bond lengths suggest that the nickel compo-
nent is present as dianion (Table 2). This is indicated by the
observed mean Ni—S length of 219.1(4) pm, which is close
to the Ni—S bond length of 217.4(2) pm in
{MV?*[Ni(mnt),]*~ } " and comparable [Ni(mnt),]>~ com-
plexes.!! The corresponding value in [Ni(mnt),]~ com-
pounds is 214.3(2) pm.['61l'7] Different to that, the observed
N—N length of 131.2(2) pm strongly deviates both from the
values of 123.6(5) and 135.5(8) pm observed for the dicat-
ion (Table 1) and radical cation (Table 4), respectively, while
the C—N bond length of 142.8(2) pm is not significantly
different from 143.5(4) pm as found for the dication. On
the other hand, the difference between the C—N and
N=N length is 19.9 and 11.6 pm in DPD-Me?" and 1a,
respectively, while it is negligible in DPD-Me-*. It is there-
fore proposed that the structure of la consists of DPD-
Me?* and [Ni(mnt),]*>~ ions. These are arranged as mixed
stacks (Figure 4), as also found in other class I IPCT
complexes like {(MV)>*[Ni(mnt),]*>},!4 {(DPE-R)?>*[Ni-
(mnt),*7}, [R = (CHy,CNL" and {(MV)**[Pd-
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(mnt),]>}.0'81 As observed in these structures, the two
components of 1a are slipped along the longest molecule
axis by about 250 pm. Short interplanar distances are
slightly below or above the corresponding sum of the van
der Waals radii (Table 3).l'3%191 The average value of 340
pm is characteristic for dithiolene metalate IPCT com-
plexes. [71018][20]

Table 2. Selected bond lengths [pm] and angles [°] of 1a with esti-
mated standard deviations in parentheses

DPD-Me>* [Ni(mnt),]2~
N(3)-N(3a) 131.2(2) Ni(1)—-S(1) 219.9(4)
N(3)-C(5) 142.8(2) Ni(1)-S(2) 218.3(4)
C(5)-C(9) 138.0(2) S(1)—C(1) 167.8(2)
C(8)—C(9) 134.1(2) S(2)-C(2) 174.9(2)
N(4)—C(8) 145.8(2) C()-C(2) 136.0(2)
N(4)—C(7) 131.8(2) C(1)-C(4) 153.5(2)
C(6)—C(7) 138.3(2) C(4)—N(1) 119.4(2)
C(5)—C(6) 135.7(2) C(2)-C(3) 147.5(2)
C(3)-N(2) 105.6(2)
S(H)-Ni(1)-S(2)  93.33(1)

Single Crystal X-Ray Analysis of 4a

Suitable, dark-green single crystals of 4a X DMF were
obtained by crystallization from DMF/acetone under nitro-
gen atmosphere. The Ni—S bond lengths of 215-216 pm
indicate the presence of the monoanion [Ni(dmit),] "]
since a value of 221 pm is expected for the dianion (Figure
5a, Table 4).1221 This is corroborated by the characteristic
electronic absorption spectra (vide infra). The structure of
the cationic component in 4a significantly differs from that
of the DPD-Me?" dication as indicated by the comparison
of the central CNNC fragments. In the dication the
C13—N2 and N2—N2’ bond lengths are 143.5(4) and
123.6(5) pm, respectively, while in 4a the values of the corre-
sponding CI3—N2, C7—NI1 and NI—N2 bonds are
134.7(8), 137.7(8) and 135.5(8) pm. Thus, while for DPD-
Me?>* the C—N bond is about 20 pm longer than the
N=N bond, no significant difference is observed for the
cation present in 4a. Accordingly, complex 4a is composed
of two radical ions, a combination hitherto unknown for
dithiolene metalate—viologen ion pairs. Contrary to the
structure of 1a, the two components are slipped only mar-
ginally relative to each other. In the resulting structure one
of the azo nitrogen atoms (N1) is located 362 pm perpen-
dicular above the central nickel ion. Although the distance
is much longer than 318 pm, the sum of the corresponding
van der Waals radii,['®®>!"1 it may suggest a weak coordi-
native interaction and would rationalize the much smaller
slipping as compared to 1a.

Compared to the interplanar distances within 1a, those
in 4a are remarkably longer (Table 5) and the mean value
of 365 pm is in the range of interplanar anion distances
as reported for [Ni(dmit),]” complexes with more simple
countercations.?! All values are about 20 pm longer than
the sum of the corresponding van der Waals radii. If at all,
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Table 3. Shortest interplanar distances in 1a

Ni(la)---C(9a) S(2a)--N(3a) C(2a)"N(3) C(3a)-C(5) N(2a)--C(9) S(1)--C(7a)
[pm] 344 337 345 334 333 344
[pm]t&] 333 335 325 340 325 335

[2l sum of the corresponding van der Waals radiil']
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Figure 4. Molecular structure of 1a
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Figure 5. Molecular structure of 4a X DMF; a) isolated ion pair,
b) neighboring pairs

this points to only very weak m interactions between the
two components. The presence of weak hydrogen bonding
between the ion pairs is suggested by the distance of 280
pm between the methyl group hydrogen atom of DPD-
Me-* and the nickel ion; the corresponding sum of the van
der Waals radii is 283 pm.

As already mentioned in the discussion of the interplanar
distances, the packing structure of 4a significantly differs
from the one generally observed for [Ni(dmit),]”
monoanions. In the latter the anions form isolated stacks
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Table 4. Selected bond lengths [pm] and angles [°] of 4a X DMF
with estimated standard deviations in parentheses

DPD-Me-* [Ni(dmit),]~

N(3)—C(10) 132.9(9) Ni(1)—S(6) 215.5(2)
N(3)—C(9) 135.2(8) Ni(1)—S(1) 215.6(2)
N(3)—-C(12) 147.6(8) Ni(1)—S(7) 216.3(2)
N()-N(2) 135.5(8) Ni(1)—S(2) 216.7(2)
N(1)—C(7) 137.7(8) S(1)=C(1) 172.6(6)
N(4)—C(15) 135.5(9) S(2)-C(2) 171.8(6)
N(4)—C(16) 136.2(9) S(3)-C(3) 171.7(7)
N(4)—C(18) 146.8(9) S(3)-C(1) 174.2(6)
N(2)—C(13) 134.7(8) S(4)—-C(3) 173.7(6)
C(10)—C(11) 137.0(9) S(4)—C(2) 174.3(6)
C(7)=-C(11) 141.6(10)  S(5)-C(3) 165.5(6)
C(7)—C(8) 140.6(10)  S(6)—C(4) 173.2(6)
C(8)—C(9) 135.7(9) S(7)-C(5) 172.9(6)
C(16)-C(17) 136.5(9) S(8)—C(6) 172.7(7)
C(13)-C(17) 143.3(10)  S(8)—C(4) 173.9(5)
C(13)—C(14) 142.1(10)  S(9)—C(6) 172.0(6)
C(14)—C(15) 134.7(10)  S(9)—C(5) 175.4(5)
C(17)-C(13)-N@)  129.3(7) S(10)—C(6) 165.3(6)
C(13)-N(@2)=N(1) 114.4(6) C(1)-C(2) 133.9(8)
C(7)=N(1)=N(2) 114.6(6) C(4)—C(5) 132.4(8)
N(1)—-C(7)—C(11) 124.3(7)

which are separated by the cations.?!l In contrast to that,
the structure of 4a consists of mixed anion-cation stacks as
typically observed for class I IPCT complexes like
MV[Ni(mnt),], 14 although these contain a dication and
dianion. These mixed stacks are orientated along the [010]
direction as depicted in Figure 6.

Within a stack each DPD-Me[Ni(dmit),] pair is slipped
relative to the other by nearly half of the ion pair length
resulting in a steplike arrangement (Figure 5b). Viewed per-
pendicular to the planar components, parallel stacks appear
which are separated by the DMF molecules preventing
short interstack contacts between the thioxo sulfur atoms
of neighboring dithiolenes, a type of interaction which is
generally observable in the many complexes where [Ni(d-
mit),]~ possesses a non-redoxactive counterion.?'1 On the
other hand when viewed along the components planes there
is no separation by solvent molecules and strong interstack
interactions between the non-thioxo sulfur atoms become
feasible. All corresponding distances of 331 to 362 pm are
shorter than the sum of the van der Waals radii (370 pm!!?])
and are characteristic for such type of S-S interactions.*!]
Furthermore the distance of 331 pm is shorter than ever
reported for a 3-dimensional network of [Ni(dmit),]™
anions. The overall arrangement in the solid can be viewed
as consisting of wavy sheets of distorted nickel dithiolene
hexagons, hold together by strong interstack S-S interac-
tions. The latter is typical for [M(dmit),]~ (M = Ni, Pd, Pt)
as reported for many complexes with more simple counter

Eur. J. Inorg. Chem. 1999, 1259—1269
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Table 5. Shortest interplanar distances in 4a X DMF

S(2a)--C(14a) C(2a)--C(14a)

C(2a)--C(15a) S(4a)--C(15a) (S3a)-*N(11a)

372 355
350 340

[pm]
[pm]®

361 371 367
340 350 335

[2l sum of the corresponding van der Waals radiil']

Figure 6. Crystal structure of 4a X DMF viewed along the b axis
[010]; dashed lines represent the interstack S---S interactions; DMF
molecules are omitted

cations.?!1 The "holes” in the [Ni(dmit),] sheets are occu-
pied by two DPD-Me-* molecules. But in spite of the close
packing of the radical cations, there is no evidence for a
dimerization as known e.g. for MV-* [11a.116.23]

General Properties

Since the single-crystal structural analysis of 4a X DMF
revealed the presence of singly charged ions, electron trans-
fer (ET) from [Ni(dmit),]>~ to DPD-Me?>* must have oc-
curred during the synthesis. This is thermodynamically feas-
ible in all cases as indicated by the moderate to strong driv-
ing force of the reaction calculated from the redox poten-
tials which were corrected for the actually involved
concentrations (Table 6). Only the palladium complex 2a
and the DPK?" ion pair 1b have rather small AG,5(corr.)
values of —0.08 eV and —0.07 eV, respectively. Accordingly,
the UV-Vis-NIR solution absorption spectra of all DPD-
Me?* ion pairs except 2a and 1b indicate the presence of
radical ions. For the mnt complexes 1a and 3a the diagnos-
tic absorption of the [Ni(mnt),]” monoanion?* appears at
862 nm and the DPD-Me-" radical cation is observable at
452, 550(sh) and 600(sh) nm (Figure 7a). Based on a
monoanion extinction coefficient of 8000 and 11700 m~!
cm~! for M = Ni and Pt at 862 and 855 nm, 24 respectively,
one calculates that the concentration of [M(mnt),]~ is only
25 (1a) and 6% (3a), of the theoretical value. This suggests
that the major species present is the dianion as also corro-
borated by the EPR spectra (vide infra). An almost com-
plete ET can be deduced from the high absorbance of the
[Ni(dmit),]- monoanion at 1145nm (¢ = 16250 m !
cm HPTand 1414 nm (e = 18050 M~ ' cm ™ ') in the case
of the dmit-complexes 4a, 4b and 5a, respectively (Figure
7b). Small amounts of remaining dianion could form the
ion pair {(DPD-Me-"),[Ni(dmit),]>~} which would ac-
count for the non-stoichiometric composition of 4a (vide
supra). Absorptions of the radical cation are evident only

Eur. J. Inorg. Chem. 1999, 1259—1269

in the spectrum of 5a while they probably are superimposed
by monoanion bands in the case of 4a and 4b.

The fact that no radical ion absorptions are observable
in the spectra of 1b and 2a can be rationalized by the unfa-
vorable driving force of ET (Table 6).

The diffuse reflectance spectra of 1a and 3a both exhibit
very broad absorption bands reaching from around 700 nm
to the NIR region at 2200 respectively 2400 nm (Figure 8a).

This is at much lower energy as compared to hitherto
observed IPCT bands of mnt complexes which did not ex-
tend beyond A, = 1000 nm while the absorption maxima
of 1a and 3a are around 1400 nm. As expected, the onset
of this low-energy band correlates with the driving force of
ET from the dianion to the dication and is therefore as-
signed to an IPCT transition. According to the Hush equa-
tion (Ejpcr = y + AG),) the reorganization energy y is
about the same for the DPD-Me?" complexes 1a, 2a, and
3a resulting in an average value of 0.85 = 0.04 eV as calcu-
lated from the data summarized in Table 6 while 0.89 is
obtained for the DPK compound 1b. This indicates, that
the different structure of the acceptor component in 1a and
1b does not lead to a significant change of the reorgani-
sation energy.

The diffuse reflectance spectra of 4a, 4b and 5a do not
contain evidence for the presence of an IPCT band, in ac-
cordance with the absence of short interionic distances typi-
cal for m,m interactions (vide supra). The maxima at 1190
and 1490 nm can be assigned to the monoanions [Ni-
(dmit),] and [Pd(dmit),] .[*°! Although the low-energy tai-
ling of 4a and 5a may suggest an IPCT character, its inde-
pendence on the donor component excludes this possibility.
More likely is the assignment to an interanion charge-trans-
fer transition along the 3-D network of the dithiolene me-
talate as proposed for comparable systems. [%7]

The presence of different amounts of radical ions in the
mnt and dmit complexes, respectively, is suggested from the
UV-Vis-NIR solution spectra. This is corroborated by ESR
spectroscopy of the complexes 1a and 4a. The powder ESR
spectra of 1a at 77 K exhibits the three signals of the
[Ni(mnt),]~ monoanion (g, = 2.152, g, = 2.043, g3 =
1.997) and an intense signal of the DPD-Me-* radical cat-
ion (g = 2.006) (Figure 9a), which overlaps with the less
intensive gz signal of the monoanion. The observed g values
of the dithiolene metalate anion are in excellent agreement
with the literature (g; = 2.160, g, = 2.042, g3 = 1.998).1281
Due to the separated rhombic spectra of the monoanion
and the signal of the DPD-Me-" radical cation, it can be
concluded that there are no magnetic interactions between
them. For in that case only a single signal of the monoanion
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Table 6. Redox potentials of the components; AG}, and Ejpcy of the complexes

redox potential [V]&] AGy; [eV] Epcr® [eV] AGy* [eV]
A2 D2~ D corr.[4] UNCOIT. corr.[l
la + 0.18 + (.23M! + 1.03M! —0.31 + 0.05 0.64 0.11
1b —0.06 + 0.23M! + 1.03M! —0.07 + 0.29 0.82 0.19
2a + 0.18 + 0.46/! n.d.lP! —-0.08 + 0.28 0.79 0.18
3a + 0.18 + 0.21M0! n.d.[! —0.33 + 0.03 0.60 0.10
4a + 0.18 —0.14[ + 0.18[l —0.68 -0.32 - -
4b —0.06 —0.14 + 0.18Ll —0.43 —0.08 - -
5a + 0.18 —0.02[ n.d.l —0.56 —0.20 — —

[al from cyclic voltammetry in MeCN, V vs. SCE. — [ See ref.l!7 — [ See ref.¥l — 4 calculated after correcting the redox potentials via
Nernst's equation with [D?>7], = [A?F]y = 1073 M; [D7]o = [A*F]p = 107% M. — [l onset energy as obtained from diffuse reflectance

spectra (see Experimental Section)
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Figure 7. UV-Vis-NIR spectra in DMF; a) mnt complexes, b) dmit
complexes, 5a was measured in DMF/THF =1 : 4 (v/v)

would have been observed, as in (NBuy)[Ni(mnt),]. This
lack of interaction between the radicals is confirmed by the
comparison of the spectra at room temp. and at 77 K. At
both temperatures there are sharp signals of the two com-
ponents, which are more intensive at the lower temperature
(77 K). This is contrary to a mutual antiferromagnetic in-
teraction between the components, in which case less inten-
sive signals would be observed at 77 K than at room temp.
From these results it is concluded that both components
are magnetically diluted in the diamagnetic complex {DPD-
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Figure 8. Diffuse reflectance spectra; a) mnt complexes, b) dmit
complexes

Me?*[Ni(mnt),]*>~}, which is in accordance with the elec-
tronic solution spectra showing only a small amount of
the anion.

Contrary to that, the dmit complex 4a exhibits an inten-
sive broad signal at about g = 2.046 at room temperature
(Figure 9b). At 77 K this apparently isotropic signal disap-
pears, while peaks at g; = 2.003, g, = 2.047, g3 = 2.118
emerge (Figure 9¢). The small shoulder at the g, signal of
the monoanion might be caused by the radical cation.
These results suggest that the broad signal may be caused
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Figure 9. Powder ESR spectra; a) 1a at 77 K, b) 4a at room temp.,
c)4a at 77 K

by antiferromagnetic interactions between paramagnetic
centers in partially oxidized (DPD-Me)[Ni(dmit),] contain-
ing also magnetically diluted monoanions. A similar broad
signal was also reported for the partially oxidized
(DEPZ) 35[Ni(dmit),], (DEPZ = diethylpyrazinium), but
contrary to our results this broad signal persisted even at
77 K.12%1 This antiferromagnetic interaction between the
radicals in 4a can be detected due to their much higher
concentration than in 1a. This is again in accordance with
the high amounts of monoanions observed in the solution
UV-spectra of the dmit complexes.

Electrical Conductivity

As expected from our previous findings that ¢ increases
with a more negative driving force of ET when both compo-
nents are planar and an IPCT band is present (class I com-
plexes),! the conductivity increases from 2 X 1077 over
4x107°t0 1 X 107° Q 'em™! as AG,(corr.) varies from
—0.08 (2a) over —0.31 (1a) to —0.33 (3a) eV. The DPK>"
complex 1b [AG|,(corr.) = —0.07 eV] does not follow this
correlation which suggests that another factor must be re-
sponsible for this unexpected low conductivity of 1 X 10~°
Q! ecm™!. Corresponding activation energies of 0.24 and
0.44 eV were measured for 1a and 1b, respectively, in the
temperature range of 25 to 95°C. This remarkable differ-
ence is in sharp contrast to the only slightly different AG|,*
(corr.) values of both complexes (1a: 0.11 eV; 1b: 0.19 eV).
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It may be rationalized by recalling that the measured acti-
vation energy is composed of two components. The energy
which is necessary for generation of conducting electrons
and the energy barrier for electron transport through the
crystal lattice. Since the former should be not too different
as suggested by the solution AG,*(corr.) values, it seems
likely that the latter value is much higher for 1b. The differ-
ent acceptor geometries should lead to different crystal
structures imposing unfavorable steric constraints for
charge transport in the case of 1b. A significant contri-
bution of the radical species seems to be negligible since the
conductivity of 3a is about half an order of magnitude
higher as compared to 1a although the corresponding rad-
ical contents are 6 (3a) and 25% (1a, vide supra).

Contrary to the mnt complexes, the conductivity of the
dmit compounds (4 X 1074, 3 X 1074, 2X 1074 Q' cm™!
for 4a, 4b and 5a, respectively) does not change significantly
upon variation of the metal and acceptor. This suggests a
different conduction mechanism which does not depend on
electronic interaction between the two components but
rather on the strong interstack S---S interactions between
the monoanions (Figure 6), a well-known effect for [Ni-
(dmit),]~ systems.?!]

Experimental Section

General Methods: Unless noted otherwise, all reactions and oper-
ations were carried out under nitrogen using standard Schlenk
techniques. Solvents were dried and distilled before use. Spectra
were recorded with the following instruments: NMR: Jeol FT-
JINM-GX 270, EX 270 and Lambda LA 400. — '"H NMR: The
protio-solvent signal was used as an internal reference. Chemical
shifts are quoted on the J scale relative to tetramethylsilane. — ESR
spectra were measured on a Radiopan 2543 spectrometer working
in X band. — Elemental analyses: Carlo—Erba EA 1106 and 1108.
— UV/Vis: Shimadzu UV-3101 PC. — Electrochemical investi-
gations were performed with a three electrode cell with a Ag/0.01 M
AgNOj; reference, Pt counter and 2-mm diameter glassy carbon
(CV) or Pt-gauze (spectroelectrochemistry) working electrode.
Sample solutions were 4 X 10~* M and TBA(PFg) (10~! M) was the
supporting electrolyte. Potentials were referred to Fc/Fct which
was added to the solution as internal standard at the end of the
measurement prior to the last scan. — For diffuse reflectance meas-
urements the substances were spread on a corundum carrier
(Ceram Tec) which also served as reflectance standard. The spec-
trometer was equipped with an intergrating shere unit. The onset
of the absorption band of lowest energy was determined according
to the method by Karvaly and Hevesi, originally developed for in-
organic semiconductors,*” which is independent on the sample
concentration. Within the linear decrease of absorption on the low-
energy side of the band, 5—6 points are selected and the term
[F(R.)AV]?, with F(R.) = (1 — R.)*2 R.. (Kubelka—Munk func-
tion) is calculated for each of them. A plot of the first term vs. iv
affords a straight line which intersects the abscissa at the value
Eiper. — Conductivity: Specific resistivities were measured for com-
pacted pellets at ambient conditions by the conventional two-probe
method as described previously.*! Average values are given as ob-
tained from 3—4 powder pellets; the mean deviation in these meas-
urements was * 18%. Activation energies E, were measured in the
range of 25—95°C at 5—6 temperatures in a thermostated oil
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bath. Arrhenius plots of log ¢ vs. 1/T exhibited excellent linearity
with regression coefficients of 0.99 or better.

Powder X-ray Diffraction: For the powder X-ray diffraction experi-
ments, several samples were sealed in glass capillaries (Hilgenberg
glass n0.50) of 0.5 mm diameter. High resolution powder diffrac-
tion data were collected at room temperature at the SUNY X3Bl1
beamline at the National Synchrotron Light Source, Brookhaven
National Laboratory (Figure 10).

25000
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20000 | xS ——— (a)bestfit profile
— ——— (b} difference pattern
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S
&
[ 10000
]
£
5000
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Figure 10. Rietveld plot of monoclinic 1a. The asymmetric unit
contains 23 atoms (17 non-hydrogen atoms). The spikes in the dif-
ference curve are the same as in the leBail type of fit and can be
attributed to some anisotropical peak broadening which has not
been refined.

X-rays of wavelength 1.14946(2) A were selected by a double
Si(111) monochromator. Wavelength and zero-point shift were de-
termined from 8 well-defined reflections of the NIST1976 flat plate
alumina standard. The diffracted beam was analyzed with a
Ge(111) crystal and detected with a Na(TI)I scintillation counter
with a pulse-height discriminator in the counting chain. The in-
coming beam was monitored by an ion chamber for normalization
for the decay of the primary beam. In this parallel beam configura-
tion, the resolution is determined by the analyzer crystal instead of
by slits. Data were taken for 3.3 s at each 20 from 2° to 56.805°
20, for 4.3 s at each 20 from 40° to 48.3540° 20 and for 6.3 s at
each 20 from 40° to 58.055° 2@ in steps of 0.005° 2@ during 2.5
GeV operation (max. 350 mA current). The three data sets were
added up and normalized against 10°® monitor counts.

Although © scans did not show serious crystallite size effects, the
sample was spinned around the ® axis during measurement for
better statistics. Low angle diffraction peaks from (DPD-Me)[Ni-
(mnt),] showed strong asymmetry due to axial divergence and had
a FWHM of 0.011° 2@, not significantly broader than the resolu-
tion of the spectrometer.

The diffraction pattern could be indexed based on a triclinic lattice
using the program ITO.B' The number of formula units per unit
cell (Z) was found by geometrical considerations. Since Z was equal
to 1 and the DPD-Me>" cation as well as the [Ni(mnt),]*>~ ion
contain a center of inversion, P-1 was chosen as the most likely
space group, which was later confirmed by Rietveld refinement. A
Le-Bail fitP? using the program GSAS[P3 worked well to extract
728 reflections up to 57.7° 20. The peak profile function was mod-
eled using a multiterm Simpson’s rule integration of the pseudo-
Voigt function.¥ The strong asymmetry in the low-angle region
was modeled by a lately implemented function®*! which accounts
for the asymmetry due to axial divergence, leading to an strongly
improved fit and therefore better profile R factors. Mainly because
of the well-resolved peaks over the entire powder pattern, a minor
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non-constant shift of the peak positions was detected, which could
be attributed to a small shift of wavelength. This effect could be
satisfactory described by refining an additional sin ®-depending
term in addition to the zero point. A manual fit background using
the program GUFI[3% was used in combination with a refinable 4-
term cosine-series. The final profile agreement factors obtained
were R-p = 5.35% and R-wp = 7.02%.

For the determination of the structure, two different procedures
were used. In a direct method approach, the previously extracted
intensities were used as input for the program SIRPOW?92.[13¢] Tt
was possible to detect almost the entire [Ni(mnt),]>~ anion and
some fragment of the DPD-Me?>" cation. Alternatively, refinable
starting parameters for the position and the orientation of the two
independent molecules could also be derived from the single-crystal
structure determination of the similar compound (MYV)-
[Ni(mnt),].['* For the consecutive Rietveld refinements®” in
GSAS, all background, lattice and profile parameters obtained by
the Lebail type of fit were fixed.

Since the shape of the two distinct molecules is known in very nar-
row limits, this additional information was used to stabilize the
refinement by setting up rigid bodies derived from similar struc-
tures. Since both, the [Ni(mnt),]>~ anion and DPD-Me?* cation
were located on a center of inversion, this reduced the number of
refinable parameters for both molecules from 24 positional to 3
rotational parameters each. In order to allow the molecules to re-
lax, the length, the width and in case of the [Ni(mnt),]*>~ anion
also some out of plane bending of the outer atoms were refined as
additional parameters. The refinement converged to a R-Bragg
value around 15%.

Due to the high quality of the powder data, all (non-hydrogen)
positional parameters remained very close to their rigid-body posi-
tions after turning them loose in a final cycle of refinement. Both
molecules can be regarded as flat within the error limits. It was also
possible to refine individual temperature factors. The final R values
were R-p = 6.18%, R-wp = 8.47% and R-F = 7.53%, referring to
the Rietveld criteria of fit for profile, weighted profile, and structure
factor, respectively, defined in ref.['33] Esd’s are a factor of six larger
than Rietveld statistical estimates, as discussed in ref,[13al

Single-Crystal X-ray Structure Analyses: Intensity data for the
structural analyses of a(MeSQ,),, a(PFg)2 X 2 (Me,CO) and
4a X DMF were collected on an automatic four-circle dif-
fractometer (Siemens P4) at 200 K using Mo-K,, radiation (graphite
monochromator). Data were corrected for Lorentz and polariz-
ation effects. In case of 4a X DMF a semi-empirical absorption
correction has been carried out. For a(MeSO,), and a(PFg)2 X 2-
(Me,CO) absorption effects have been neglected. The structures
were solved by direct methods and refined using full-matrix least-
squares methods on F?> (SHELXTL 5.03).8! All non-hydrogen
atoms with anisotropic displacement parameters. Hydrogen atom
positions were taken from a difference fourier synthesis (exept for
the H atoms of the DMF molecules in 4a X DMF, which were
geometrically positioned) and either refined isotropically
[a(MeSOy),, a(PF¢)2 x 2(Me,CO)] or refined with a fixed isotropic
displacement parameter (4a X DMF).

Orange platelets of a(MeSO,), were obtained when a saturated
solution in methanol was layered with the same volume of acetone
and allowed to cool from 20 to —20°C.

Long, orange-colored platelets of a(PF4)2 x 2 (Me,CO) were ob-
tained when a saturated solution in acetone was layered with the
same volume of 2-propanol and allowed to cool from 20 to —20°C.
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Table 7. Selected crystallographic data of a(MeSQ,),, a(PF¢), X 2 (Me,CO), 1a, and 4a X DMF

compound a(MeSQy,), a(PFg), - 2 (Me,CO) la 4a - DMF

emp. formular C14H20N40852 C18H26F12N402P2 C20H14N8NiS4 C2|H21N5Ni0510
M, [g/mol] 436.07 620.37 553.31 738.74

crystal size [mm] 0.40 X 0.30 X 0.30 0.60 X 0.42 X 0.16 - 0.42 X 0.35 X 0.15
F (000) 456 632 282 756

space group P2,/n P2,/m P-1 P-1

cryst. syst. monoclinic monoclinic triclinic triclinic

a [pm] 621.60(12) 978.9(1) 818.816(3) 979.8(2)

b [pm] 1500.0(3) 1111.2(2) 1143.430(5) 1033.1(2)

¢ [pm] 1077.7(2) 1287.4(1) 635.682(3) 1535.0(3)

a[°] 90.0 90.0 96.64540(30) 78.19(1)

B 106.41(3) 107.09(1) 93.00920(30) 80.29(1)

vI[° 90.0 90.0 82.2175(4) 80.58(1)

V [nm?] 0.9639(3) 1.3397(2) 5.85309(4) 1.4856(5)

Z 2 2 1 2

Deyiea. [glem?] 1.504 1.538 1.570 1.651

p [mm~1] 0.327 0.269 - 1.383
diffractometer Siemens P4 Siemens P4 Huber 2-circle Siemens P4
radiation [pm] Mo-K, (A = 71.073) Mo-K, (A = 71.073) 114.946(2) Mo-K, (A = 71.073)
temperature [K] 200 200 295 200

scan technique ® scan ® scan 020 ® scan

20 range [°] 4.7-54.2 4.0-54.0 2.0—58.06 4.0—54.0

scan speed [°/min] 3.00—30.00 6.00—40.00 11.00—21.00 8.00

meas. reflections 3580 3976 740 7612

indep. reflections 2110 3079 - 6458

R, [%0] 2.89 2.83 7.53 4.82

obsd. reflections 1336 2057 - 3283

G criterion F=4c(F) F=40(F) - F=40c(F)

R; R, [0] 5.23; 13.60 6.03; 17.07 6.18; 8.471 5.82; 16.07
refined parameters 168 284 66 387

[a] As defined in ref.[!32]

Dark-green platelets of 4a X DMF were obtained when a saturated
solution in DMF,,/MeOH,,, (v/v. = 1:3) was allowed to cool
slowly from 80 to —20°C.

Syntheses: 4,4’-Azopyridine, 3 DPD-Me(MeSO,)> a(MeSOy),,
DPK(PFg), b(PFg)s, 4% (NBuy),[Ni(mnt),], " (NBuy),[Pd(mnt),],
(NBuy)o[Pt(mnt),],25T  (NBuy),[Ni(dmit),] and  (NBuy)[Pd-
(dmit),]*1 were prepared according to literature methods. — 4.4'-
Azopyridine has been chromatographed prior to use on silica gel
(eluent: acetone/petroleum ether/ethyl acetate, 1:3:1) under air. Un-
til noted otherwise all syntheses were carried out under inert gas
atmosphere in absolute solvents.

a(PFg),: This synthesis was carried out under air. 1.5g (8.16 X
1073 mol) of 4,4'-azopyridine were dissolved in 36 mL of dimeth-
ylsulfate. An orange-colored precipitate was formed after 2 min
and stirring at ambient temperature was continued for half an hour.
The separated precipitate was dissolved in 500 mL of methanol/
ethanol/acetone (v/v = 2 :2: 1) and 2.85¢g (17.5 X 10 ~3 mol) of
NH,PFy in 30 mL of water/methanol (v/v = 1 : 1) were added to
the dark-orange solution. After storing in the refrigerator for 2 h,
the small orange-colored needles were filtered off through a filter
funnel, washed twice with 10 mL of ethanol and dried in vacuo.
Yield: 3.6 g (88%) of a(PFy), orange-colored needles. — UV/Vis
(acetone): Apa = 280 nm, 450. — 'H NMR (270 MHz, [Dglace-
tone): 6 = 4.80 [d, 6 H, NCH;], 8.67 [d, 4 H, 3,3’-, 5,5'-aromatic
H], 9.45[d, 4 H, 2,2'-, 4,4"-aromatic H]. — C;,H4N4P,F1, (504.0):
caled. C 28.57, H 2.80, N 11.11; found C 28.61, H 2.77, N 11.01.

1a: A solution of 201.6 mg (0.40 X 1073 mol) of a(PFg), in 40 mL
of acetone was added dropwise to 330.0 mg (0.40 X 103 mol) of
(NBuy),[Ni(mnt),] in 50 mL of acetone. Rapidly a dark-brown pre-
cipitate was formed which was collected by filtration after standing
in the refrigerator for 2 h. The microcrystalline solid was carefully
washed both with 10 mL of methanol and acetone and dried in
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vacuo.Yield: 215 mg (97%) of 1a, dark-brown microcrystalline
powder. UV/Vis (solid): Apax = 398 nm, 474, 1300. — UV/Vis
(DMF): Amax = 382nm, 456, 550, 600, 872. — C,,H;4NgNiS,
(553.31): caled. C 43.41, H 2.55, N 20.25, S 23.18; found C 43.27,
H 2.46, N 20.16, S 23.00.

1b: To a solution of 741 mg (0.90 X 1073 mol) of (NBuy),[Ni-
(mnt),] in 30 mL of acetone, a solution of 453 mg (0.90 X 10 —3
mol) of b(PF), in 150 mL of acetone was added dropwise. Immedi-
ately a dark-brown solid started to precipitate and stirring was car-
ried on for 45 min and the mixture was kept in the refrigerator for
3.5h. The precipitate was filtered off through a filter funnel,
washed three times with 5-mL portions of acetone and dried in
vacuo. Yield: 450 mg (91%) of 1b, dark-brown powder. UV/Vis
(solid): Apax = 410 nm, 489, 641(sh), 1224. — UV/Vis (DMF):
Amax = 385nm, 481, 816. — C,H5NgNiOS, (550.70): caled. C
45.76, H 2.18, N 15.25, S 23.24; found C 45.84, H 1.99, N 15.24,
S 23.83.

2a: A solution of 355 mg (0.70 X 103 mol) of a(PFg), in 50 mL
of acetone was added dropwise within 30 min to 610 mg (0.70 X
1073 mol) of (NBuy),[Pd(mnt),] in 90 mL of acetone. Rapidly an
olive-brown, microcrystalline precipitate was formed. Stirring was
continued for half an hour, after which the precipitate was collected
by filtration, washed twice with 10 mL of acetone and dried in
vacuo. Yield: 410 mg (98%) of 2a, olive-brown microcrystalline
powder. UV/Vis (solid): Ap.x = 350 nm, 449, 469, 639, 1124. —
UV/Vis (DMF): Apax = 452 nm, 550, 600, 1100. — C,oH4NgPdS,
(600.04): caled. C 39.97, H 2.33, N 18.65, S 21.32; found C 39.79,
H 2.36, N 18.51, S 21.31.

3a: A solution of 86 mg (0.17 X 1073 mol) of a(PFs), in 17 mL of
acetone was added within 20 min dropwise to a solution of 166 mg
(0.17 X 1073 mol) of (NBuy),[Pt(mnt),] in 26 mL of acetone. Rap-
idly an violet-brown, microcrystalline precipitate was formed. Stir-
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ring was continued for 30 min, after which the precipitate was fil-
tered off. After washing with 5 mL of acetone, the complex was
recrystallized from 5 mL of DME. After two weeks in the refriger-
ator the black, microcrystalline product was filtered off, washed
twice with 2 mL of acetone and dried in vacuo. Yield: 85 mg (73%)
of 3a, dark-brown microcrystalline powder. UV/Vis (solid): Apax =
486 nm, 1357. — UV/Vis (DMSO): Apax = 460 nm, 550(sh),
600(sh), 870. — CyoH 4NgPtS, (689.70): caled. C 34.83, H 2.05, N
16.25, S 18.59; found C 34.71, H 1.85, N 16.10, S 18.50.

(DPD-Me),[Ni(dmit),]; x = 0.7—1.0 (4a): To a cooled (—=35°C)
solution of 280 mg (0.30 X 1073 mol) of (NBuy,),[Ni(dmit),] in
80 mL of acetone was added dropwise within 20 min a cooled
(—30°C) solution of 150 mg (0.30 X 103 mol) of a(PF¢), in 50 mL
of acetone. During the addition the temperature of the mixture
was kept between —35 and —30°C. The brown product started to
precipitate immediately. The mixture was then cooled down to
—40°C and the precipitate was filtered off as fast as possible
(25 min). During the filtration the mixture was allowed to warm
up to 0°C. After washing once with 5 mL of acetone and twice
with 5 mL of methanol at room temp. the product was dried in
vacuo.Yield: 185 mg (93%) of 4a, dark-brown microcrystalline
powder. UV/Vis (solid): Ay = 440 nm, 1243. — UV/Vis (DMF):
Amax = 399 nm, 584, 626, 1145. — CigH;4,NyNiS;q (664.70):
caled.(x = 1.0) C 32.50, H 2.11, N 8.42, S 48.14; found C 32.56,
H 2.29, N 8.30, S 47.56.; these values could not be reproduced,
two new syntheses gave the following results: C 4 5H 5 6N3¢NiSj
(643.30): caled.(x = 0.9) C 31.34, H 1.96, N 7.83; found C 31.10,
H 1.43, N 8.03; and C;56H;; 5N3,NiS;( (621.90): caled.(x = 0.8) C
30.10, H 1.80, N 7.20; found C 29.92, H 1.72, N 6.92, respectively.

4b: To a solution of 720 mg (0.77 X 1073 mol) of (NBuy),[Ni-
(dmit),] in 62 mL of acetone, a solution of 286 mg (0.77 X 1073
mol) of b(Br), in 11 mL of acetone/water (v/v = 2:1) was added
dropwise. Immediately a grey solid started to precipitate and stir-
ring was carried on for 30 min and the mixture was kept in the
refrigerator overnight. The precipitate was filtered off through a
filter funnel, washed three times with 5-mL portions of acetone
and once with 5 mL of water and dried in vacuo. Yield: 485 mg
(95%) 4b, dark-grey powder. UV/Vis (solid): Ay, = 410 nm, 570
(sh), 600 (sh), 1300. — UV/Vis (DMF): L. = 400 nm, 450 (sh),
630 (sh), 800 (sh), 900 (sh), 1140. — C;oH,N,NiOS;, (662.70):
caled. C 34.40, H 1.81, N 4.23, S 48.29; found C 34.77, H 1.86, N
4.25, S 47.54.

5a: A solution of 150 mg (0.30 X 103 mol) of a(PF¢), in 20 mL
of acetone was added dropwise within 20 min to a solution of
296 mg (0.30 X 1073 mol) of (NBuy),[Pd(dmit),] in 63 mL of ace-
tone/methanol (v/v = 20 : 1). Rapidly, brown microcrystals started
to precipitate. Stirring was carried on for 30 min. After standing in
the refrigerator overnight, the product was filtered off, washed
twice with 5 mL of acetone and dried in vacuo. Yield: 65 mg (30%)
of 5a, dark-grey microcrystalline powder. UV/Vis (solid): Apax =
434 nm, 1529. — UV/Vis (DMF/THF = 1:4): Apay = 320 nm, 456,
559, 610, 1414. — CgH 4N4PdS, (712.40): caled. C 30.32, H 1.97,
N 7.86, S 44.92; found C 30.60, H 2.10, N 7.78, S 43.34.
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