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ABSTRACT: Coordination assemblies formed by metal(II) dithiocarbamates M"(R,dtc), (M = Zn, Cd, Hg, Mn, and Fe; R = Me,
Et, iPr, nPr, and nBu) and nitrogen-containing ligands (L. = DABCO, DMP, and HMTA) are shown to be sterically well consistent
with the spherical shape of fullerenes and are effectively cocrystallized with them to form complexes {(M"(Radtc),),*L}+Ceo (x =
1 and 2) with layered or three-dimensional (3D) packing of fullerene molecules (1—11). For the first time the molecular structures
of the M"(R,dtc), assemblies in the complexes with Cgo are presented (including those with M = Mn, Fe, and Hg). According to
optical and electron paramagnetic resonance (EPR) spectroscopy 1—11 have a neutral ground state. Magnetic susceptibilities of
{IM"(Et,dtc),],*DABCO} * Cgo* (DABCO),; (M = Mn and Fe) follow the Curie-Weiss law in the 50-300 K range with the Weiss
constants ® = 0.35 and 1.70 K, respectively. Magnetic moments of the complexes equal to 8.23 and 6.88 up at 300 K correspond
to the high-spin state of the Mn" (S = 5/2) and Fe"" (S = 2) ions. The increase of . observed below 35 and 50 K up to 8.5 up (at
3 K) and 7.4 up (at 6 K) indicates the manifestation of short-range ferromagnetic interactions between M spins in the isolated
[M"(Et,dtc),],* DABCO dimers. Under illumination by white light, the complexes show up to 10? times increase of photocurrent.
The main contribution to the generation of free charge carriers is provided by direct charge transfer from {MH(detc)z}z-L to Cgp.

It was found that photocurrent increases in magnetic field with induction B < 1 T.

Introduction

Donor-acceptor complexes based on fullerenes are now
intensively studied due to their promising magnetic and optical
properties.' Donor molecules of different types were used to
be cocrystallized with fullerenes. Those are calixarenes,’
aromatic hydrocarbons,3 substituted tetrathiafulvalenes,*
amines,” metal octaethyl- and tetraphenylporphyrins,® metal
dithiocarbamates,” and some other compounds.'*® To effectively
cocrystallize with fullerene spheres, donor molecules should
have either flexible ethyl or phenyl substituents as metal
octaethyl- and tetraphenylporphyrins,® concave or butterfly-like
shape of the molecules as calixarenes,” cyclotriveratrylene,®
dianthracene,*® and some metal dithiocarbamates.”®® All of the
above-mentioned complexes are neutral ones and usually contain
only one donor component (D+Cgp) or in some cases involve
solvent molecules (D+Cgp*Sol.) as well. The modification of
fullerene complexes through the incorporation of a third
component allows one to affect their crystal structures and in
some cases the charged state of donor or fullerene molecules
and, consequently, the physical properties of the complexes.
Molecules with strong donor or acceptor properties,” N-
containing ligands,'® or cations'' can be incorporated into the
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D—Cg framework. The two latter approaches can be classified
as supramolecular ones since they use relatively weak coordina-
tion bonding between metal-containing donors (D) and N-
containing ligands (L) or cations (C*) to incorporate them into
the complex with the formation of neutral (D+L)+Cg or ionic
(D+C*)+(Cgo~) multicomponent complexes.
Metalloporphyrins demonstrate high synthetic potential in
these approaches. For example, molecular complexes of Cgo with
zinc tetraphenylporphyrin (D = ZnTPP) monomers, dimers, and
pentamers bonded by pyridine, tetramethylethylenediamine,
pyrazine, 4,4'-bipyridine, and tetrapyridylporphyrin as L were
obtained and structurally characterized.'® N-containing coordi-
nating methyldiazabicyclooctane (C* = MDABCO™, Scheme
1) cation forms a series of ionic complexes: {(MDABCO™),*
M"porphyrin)} +(Cep ), (n = 1 and 2), where porphyrin can be
octaethylporphyrin (OEP), tetrakis(4-methoxyphenyl)porphyrin
(TMPP), and tetraphenylporphyrin (TPP), and M is Co, Zn, Fe,
and Mn)."" In these complexes, we observed the reversible
formation of the Co—C(Cgp ) coordination bonds with the
paramagnetic—diamagnetic transition in {(MDABCO")-
Co"OEP+(Cg) )} *(CeHsCN)o 67 (CsHaClo)o 33, a new (Ceo )2
dimer bonded by two single bonds in {(MDABCO")-
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Co""TMPP},+(Cgo )2* (C¢HsClr)a5* (CeHsCN); 5,' ' and antifer-
romagnetically coupled Cg’~ chains or diamagnetic (C7p )2
dimers in {(MDABCO™),*M"TPP} (Ceot70) )2* (CsH4Cl)2 24
(CeHsCN), M = Zn, Co, Mn, and Fe, x =0-22,y =0 —
1.8)."¢

Metal(Il) dithiocarbamates present another wide family of
organometallic donors (Scheme 1), which can also be promising
components in the design of photoactive and magnetic com-
plexes with fullerenes having neutral and ionic ground states.”
For example, layered Cgo and C7g complexes with Cu™ and Cd"
diethyldithiocarbamates manifest photoconductivity, whereas the
C7 complex with Mn" diethyldithiocarbamate shows strong
antiferromagnetic coupling.”® The reversible dimerization of
Ceo"~ is observed in ionic (Cri(Ce¢He), )+ [Pd(dbdtc)s]os* (Ceo™™)
(Cr(CeHe)2: bis(benzene)chromium); Pd(dbdtc),: Pd" diben-
zyldithiocarbamate).” Similarly to metalloporphyrins, metal(IT)
dithiocarbamates are able to form various coordination as-
semblies, which, however, were studied only for zinc and
cadmium dialkyldithiocarbamates,'* and one coordination dimer
with tellurium(IT) dithiocarbamate is known'? (according to
CCDC data). Dimers were formed with 4,4'-bipyridine, bis(4-
pyridyl)ethylene, tetramethylethylenediamine,'**~“'? whereas
pyridine, imidazole, 2,2'-bipyridine, phenanthroline, and trimethyl-
posphine were used to obtain coordination monomers with
metal(II) dithiocarbamates.'> 2

In this work, we for the first time applied a supramolecular
approach to incorporate N-containing ligands into metal(Il)
dithiocarbamate—fullerene complexes to modify their crystal
structures and affect their physical properties. New coordination
assemblies of metal dithiocarbamates with bidentant diazabi-
cyclooctane (DABCO), N,N'-dimethylpiperazine (DMP) and
tetradentant hexamethylenetetramine (HMTA) were obtained
(Scheme 1). In addition to Zn and Cd dithiocarbamates,
coordination assemblies with Mn", Fe", and Hg" dithiocar-
bamates were prepared. These assemblies effectively cocrys-
tallized with Cg to form complexes 1-11. The crystal structures
of eight complexes were solved. The complexes were character-
ized by IR- and UV-visible—NIR spectra. Temperature-de-
pendent SQUID and electron paramagnetic resonance (EPR)
measurements were performed for the complexes containing
coordination dimers of paramagnetic Mn" and Fe' dieth-
yldithiocarbamates. Photoconductivity was measured on single
crystals of [{Zn(Etxdtc),},°DABCO]Cgo*(DABCO), (4),
[{Cd(nPr,dtc)s }>* DMP] -+ (Ceo)s* (CeHsC4 (8), and [{Hg(nPr,-
dtc),}2*DMP]+(Cep)s* (CsHsCl)4 (9). The comparative analysis
of photoconductivity and absorption spectra allows the mech-
anisms of free charge carrier generation in these complexes to
be elucidated. The effect of a weak magnetic field on photo-
current was studied.

Experimental Section

Materials. Sodium diethyldithiocarbamate trihydrate (Na(Et.dtc)-
3H,0), diazabicyclooctane (DABCO), N,N'-dimethylpiperazine (DMP),
and hexamethylenetetramine (HMTA) were purchased from Aldrich,
and Zn(nBuydtc), was purchased from Wako. Sodium ethylmeth-
yldithiocarbamate [Na(EtMedtc)], sodium di(i-propyl)dithiocarbamate
[Na(iPrdtc)], and sodium di(n-propyl)dithiocarbamate [Na(nPr,dtc)]
were obtained and recrystallized by the reported procedure.'*”°
M(Etydtc), (M = Zn, Cd, Fe", and Mn") were obtained according to
the previously described method.”® Cyg of 99.98% purity was used from
MTR Ltd. C¢H4Cl, and CsHsCl over CaH,, hexane over Na/benzophe-
none were distilled in argon atmosphere. For the synthesis of air-
sensitive M(Et,dtc), (M = Fe'' and Mn") and the preparation of their
fullerene complexes, solvents were degassed and stored in a MBraun
150B-G glovebox with controlled atmosphere and the content of H,O
and O, less than 1 ppm. The crystals of 5 and 6 were stored in a
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glovebox and were sealed in 2 mm quartz tubes for EPR and SQUID
measurements under 10~ Torr. KBr pellets for IR- and UV—-visible—NIR
measurements were prepared in a glovebox.

Synthesis. For the preparation of [{Cd(EtMedtc),},-DABCO]-
Ce0*(C¢HsCl)os (1), {Cd(EtMedtc),}>*DABCO was generated in situ
without isolation. CdBr,*4H,O (30 mg, 0.087 mmol), two molar
equivalents of Na(EtMedtc) (27 mg, 0.174 mmol), and an excess of
DABCO (100 mg, 0.9 mmol) were stirred in chlorobenzene solution
(15 mL) for 4 h at 60 °C. The solution was cooled down and filtered,
and Cg (25 mg, 0.035 mmol) was dissolved for 2 h at 60 °C. The
solution was cooled down again and filtered, and 1 mL of benzonitrile
was added to prevent the precipitation of the excess of DABCO and
{Cd(EtMedtc),},*DABCO at the end of the evaporation. Evaporation
of solution during one week gave the crystals of 1. The crystals were
filtered off and washed with several portions of acetone to afford black
elongated parallelepipeds of 1 with 60% yield.

The crystals of [{Zn(Et.dtc),}>*DABCO]+Cg*CsHsCl (2) were
obtained by evaporation. Cep (25 mg, 0.035 mmol), Zn(Et,dtc), (29
mg, 0.07 mmol), and an excess of DABCO (100 mg, 0.9 mmol) were
dissolved in 16 mL of chlorobenzene/benzonitrile solution (15:1) by
stirring for 2 h at 60°. Evaporation of chlorobenzene during one week
afforded the crystals of 2. The crystals were filtered off and washed
with several portions of acetone to give black parallelepipeds of 2 with
70% yield.

High-quality crystals of [{M(Et.dtc), },*DABCO]+Cgo* (DABCO),(M
= Zn, Cd, Mn", and Fe"; 3-6) and [{Cd(iPrydtc),},*DABCO]-Cgo*
(CsHi4)o.s3* (C¢HaClo)o.12 (7) were obtained by diffusion. M(Et.dtc),
(4248 mg, 0.105 mmol)(3-6) or Cd(iPrdtc), (7) (53 mg, 0.105 mmol),
Ceo (25 mg, 0.035 mmol), and an excess of DABCO (100 mg, 0.9
mmol) were dissolved in dichlorobenzene (12 mL) for 4 h at 60 °C.
The solution was cooled down and filtered to the tube for the diffusion
of 45 mL volume, and 30 mL of hexane was layered over the
dichlorobenzene solution. After one month, large prisms grew on the
walls of the tubes in a hexane part of the solution.

For the preparation of [{M(nPr.dtc),},*DMP]+(Cgp)s* (CsHsCl)s (M
= Cd, and Hg, 8, 9), {M(nPrydtc), },*DMP was generated in situ without
isolation. CdBr,*4H,0 or Hg(CH3COO),+4H,O (0.087 mmol), two
molar equivalents of Na(nPrydtc) (34.6 mg, 0.174 mmol), and an excess
of DMP (1 mL) were stirred in chlorobenzene solution (15 mL) for
4 h at 60 °C. The solution was cooled down and filtered, and Ce (25
mg, 0.035 mmol) was dissolved for 2 h at 60 °C. The resulting solution
was cooled down again and filtered. Evaporation of the solution during
one week afforded the crystals of 8 and 9. The crystals were filtered
off and washed with several portions of acetone to give black large
prisms (up to 2 x 1 x 0.5 mm) of 8 and 9 with 60-80% yield. X-ray
analysis showed complex 8 to be isostructural to 9.

[{Zn(nBu,dtc), }>* DMP] + (Ceo)7* (CsHsCl)4 (10) was obtained by the
evaporation of 15 mL of chlorobenzene solution containing Ce (25
mg, 0.035 mmol), Zn(nBuydtc), (50 mg, 0.105 mmol), and an excess
of DMP (1.2 mL). Evaporation of chlorobenzene during one week
afforded the crystals of 10. The crystals were filtered off and washed
with several portions of acetone to afford black elongated plates with
80% yield.

For the preparation of [{Zn(Et,dtc),}HMTA],+Ceo*CsHsCl (11),
Ceo (25 mg, 0.035 mmol), Zn(Et,dtc), (29 mg, 0.07 mmol), and an
excess of HMTA (40 mg, 0.28 mmol) were dissolved in 16 mL of
chlorobenzene/benzonitrile solution (15:1) by stirring for 4 h at 60 °C.
The solution was cooled down and filtered. The evaporation of the
solution during one week afforded the crystals of 11. The crystals were
filtered off and washed with several portions of acetone to give black
prisms with 80% yield.

The crystals of {Hg(Etxdtc),},Ceo (12) were obtained similarly to
3-6. However, according to X-ray diffraction data complex 12
crystallizes without inclusion of DABCO. Hg(CH3COO),+4H,0 (0.087
mmol), two molar equivalents of Na(Et,dtc) (0.26 mmol), and an excess
of DABCO (100 mg, 0.9 mmol) were stirred in dichlorobenzene (12
mL) for 4 h at 60 °C. The solution was cooled down and filtered, and
Ceo (25 mg, 0.035 mmol) was dissolved during 2 h at 60 °C. The
solution was cooled down again and filtered into the tube for the
diffusion of 45 mL volume, and 30 mL of hexane was layered over
the dichlorobenzene solution. After one month, prisms of 12 grew
on the walls of tube.

The compositions of the complexes were determined by elemental
(1, 4, 8, and 10) and X-ray structural analysis on single crystals (2, 3,
5,6,7,9,11, and 12) (Table 1). As a rule, several crystals were tested
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Table 1. Compositions and Data of Elemental Analysis for 1—12¢

elemental analysis (found/calc)

N complex C, % H, % N, % Cl, % S, % M, %
1 [{Cd(EtMedtc), }>*DABCO]-Cgo* (CsHs5Cl)o 5 62.76 2.72 5.55 1.29

61.85 2.85 5.09 1.08 15.51 13.62
2 [{Zn(Etydtc)s } 2+ DABCO] - Ceo* CeHsCl according to X-ray structural analysis
3 [{Cd(Etzdtc)2}2*DABCO] -« Cgp* (DABCO), according to X-ray structural analysis
4 [{Zn(Etydtc), }2* DABCO] -« Cgo* (DABCO), 66.12 3.84 7.97

65.95 4.29 7.91 14.46 7.39
5 [{Mn(Etydtc), },* DABCO]+Cgo* (DABCO), according to X-ray structural analysis
6 [{Fe(Etxdtc), }>,*DABCO]-Cgo* (DABCO), according to X-ray structural analysis
7 [{Cd(iPrydtc), }2* DABCO] * Cgo* (CeHia)o.88* (CcH4Cl2)o.12 according to X-ray structural analysis
8 [{Cd(nPrzdtc)2}2 M DMP] M (C(,o)s * (C6H5C1)4 8485 170 194 256

84.38 1.76 1.65 2.78 5.02 4.41
9 [{Hg(nPradtc), }2* DMP] + (Cep)s * (CeHsCl)4 according to X-ray structural analysis
10 [{Zn(nBu,dtc), }2* DMP] + (Ceo)7+ (CsHsCl)4 88.85 2.23 1.17 2.15

89.07 1.61 1.27 2.16 3.90 1.99
11 [{Zn(Etydtc), } *HMTA],* Ceo* CcHsCl according to X-ray structural analysis
12 {Hg(Etydtc),}2+Ceo according to X-ray structural analysis

“ EtMedtc: ethylmethyldithiocarbamate; Etpdtc: diethyldithiocarbamate; iProdtc: di(i-propyl)dithiocarbamate; nPrpdtc: di(n-propyl)dithiocarbamate;

nBuydte: di(n-butyl)dithiocarbamate.

from each synthesis by X-ray structural analysis, and it was shown
that they have the same unit cell parameters.

General. UV-visible—NIR spectra were measured on a Shimadzu-
3100 spectrometer in the 240-2600 nm range. FT-IR spectra were
measured in KBr pellets with a Perkin-Elmer 1000 Series spectrometer
(400-7800 cm ™ 1). A Quantum Design MPMS-XL SQUID magnetom-
eter was used to measure static magnetic susceptibilities of 5 and 6
from 1.9 up to 300 K in a 100 mT static magnetic field. A sample
holder contribution and core temperature independent diamagnetic
susceptibility (yo) were subtracted from the experimental values. The
values of ® and y, were calculated in the 50-300 K range by fitting
experimental data using the appropriate formula: y» = C/(T — ©) +
%0. The EPR spectra were recorded for 5 and 6 from 4 K up to room
temperature (RT = 293 K) with a JEOL JES-TE 200 X-band ESR
spectrometer equipped with a JEOL ES-CT470 cryostat. The EPR
measurements in Lausanne were performed with a Bruker ELEXYS
E500 spectrometer equipped with an Oxford ESR900 cryostat. The
photoconductivity spectra were recorded using the light of a xenon
lamp transmitted through the monochromator. To study magnetic field
effects on photoconductivity, the complexes were excited by white light
of a halogen tube. Light intensity was 10'>—10'* photons/cm? s. A
measuring cell containing a single crystal sample in a quartz ampule
was placed into the cavity of a standard RadioPan SE/X 2547 ESR
spectrometer. Silver contacts attached to one of the surfaces of the
sample were under direct voltage of 10-50 V. Current values were
measured with an electrometric amplifier. All photoconductivity
measurements were carried out at RT.

X-ray Crystal Structure Determination. X-ray diffraction data for
2, 3, and 6 were collected at 90(2) K using a Bruker SMART1000
CCD diffractometer installed at a rotating anode source (Mo Ka
radiation, 2 = 0.71073 A) and equipped with an Oxford Cryosystems
nitrogen gas-flow apparatus. The data were collected by the rotation
method with 0.3° frame-width (w scan) and 10 s exposure time per
frame. Four sets of data (600 frames in each set) were collected,
nominally covering half of the reciprocal space. The data were
integrated, scaled, sorted, and averaged using the SMART software
package.'® The structures were solved by the direct methods using
SHELXTL NT Version 5.10.'% X-ray diffraction data for 5, 7, 9, 11,
and 12 were collected at 95-100(2) K using a Bruker Nonius X8 Apex
diffractometer with a CCD area detector (Mo Ka radiation, A = 0.71073
A) equipped with an Oxford Cryosystems nitrogen gas-flow apparatus.
The data were collected by ¢- and w-scans with 0.3° frame-width and
30 s exposure time per frame. The data were integrated, scaled, sorted,
and averaged using the Bruker AXS software package.'® The structure
was solved by the direct methods using SHELXTL Version 6.12.'°
The structures were refined by full-matrix least-squares against 2. Non-
hydrogen atoms were refined in the anisotropic approximation. Positions
of hydrogen atoms were calculated geometrically. Subsequently, the
positions of H atoms were refined by the “riding” model with Ui, =
1.2Uq of the connected non-hydrogen atom or as ideal CH3 groups
with Uiso = 1.5U,q. The details of X-ray crystal structure analysis for

2,3,5,6,7,9, 11, and 12 including CCDC numbers for the structures
are given in Table 2.

Unit cell parameters for 8 were determined by X-ray diffraction
experiments on a single crystal.

Disorder in the Complexes. C¢y and metal(II) dithiocarbamate
molecules are ordered in 2, 3, 5, 6, 11, and 12. In 7 Cgo molecules are
disordered between two orientations with the 0.75/0.25 occupancies.
One of three crystallographically independent Cep molecules in 9 is
statistically disordered between two orientations linked by the rotation
about the axis passing through the centers of two oppositely located
Ceo hexagons. DABCO is statistically disordered in 2, 3, 5, 6, and 7
between two orientations linked by the rotation of the molecule by
60° about the axis passing through two nitrogen atoms of DABCO.
CeHsCl molecules are statistically disordered between two orientations
in 2. The position of solvent molecules in 7 is shared by hexane (two
orientations with the 0.44 occupancies) and C¢H4Cl, (two orientations
with the 0.08 occupancies). There are two positions of CgHsCl
molecules in 9. In one position, C¢HsCl molecules are disordered
between two orientations with the 0.92/0.08 occupancies, and in the
second position they are disordered between three positions with the
0.67/0.18/0.15 occupancies. In 11, C¢HsCl molecules are disordered
between four positions with the 0.42/0.34/0.09/0.09 occupancies.

Results and Discussion

1. Synthesis. Complexes 1-12 were obtained by the evapora-
tion and diffusion techniques, and their compositions were
determined from elemental analysis and from X-ray diffraction
data on single crystals (Table 1). In the design of these
complexes, we used self-assembly of metal(Il) dithiocarbamates
with bi- and tetradentant nitrogen-containing ligands, which
results in new supramolecular assemblies able to cocrystallize
with fullerenes. Cgy complexes containing {M"(R.dtc),},*
DABCO dimers can be obtained only for R = Et, Me; Et, and
iPr. Probably, the length of substituents (R) is defined by packing
factors, and dimers of metal(Il) dithiocarbamates with short (R
= Me) or longer (R = nPr) alkyl substituents do not form
complexes with Cgp. The range of metals, which can be used in
these coordination assemblies, is limited by M = Zn, Cd, Fel!,
and Mn'". In the same conditions, HgH(Etzdtc)z forms complex
12 without inclusion of DABCO. M"(Radtc),, which reduce Cqo
in solution (M = V' and Co™),”® do not form crystalline
complexes. {M"(Rdtc),},*DMP dimers (M = Zn, Cd, and Hg)
form complexes with Cgp only with longer alkyl substituents
(R = nPr and nBu).

2. Crystal Structures of the Complexes. 2.1. Molecular
Structures of the Metal(II) Dithiocarbamate Dimers and
Monomers. The bond lengths and angles for the coordination
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Figure 1. Molecular structures of the coordination assemblies of
metal(Il) dithiocarbamates in the complexes with Ceo: (a) {Zn-
(Etpdtc), } s HMTA monomer in 11; (b) {Hg(nPr.dtc),}, DMP dimer
in 9; (¢) {Cd(iPrydtc),},*DABCO dimer in 7; (d) {Fe'(Et.dtc),}s*
DABCO dimer in 6. {M"(Et,dtc),},*DABCO (M = Zn, Cd and
Mn') in 2, 3, and 5 have similar molecular structures. Carbon atoms
are shown in brown, sulfur atoms are in red-orange, and nitrogen
atoms are in blue.

assemblies of metal(Il) dithiocarbamates in the complexes with
Cgo are listed in Table 3, and their molecular structures are
shown in Figure 1. Pristine Fe"(Et,dtc),, Zn(Radtc),, Cd(Rodtc),
and Hg"(R,dtc), (R = alkyl) form {M(Radtc),}, dimers through
the additional axial coordination of sulfur to the metal atom of
the adjacent M"(R,dtc), unit."” Metal ions are five coordinated
in such dimers. However, their environment is closer to the
tetrahedral one since one equatorial M—S bond (2.613, 2.825,
2.800, and 3.127 A, respectively) is essentially longer than four
other M—S bonds (averaged at 2.425, 2.378, 2.580, 2.564 A,
respectively'”). Mn"(Et,dtc), form polymers with the distorted
octahedral environment of Mn" ions.'® Metal(II) dithiocarbam-
ates can also exist in a monomeric form, for example, planar
Hg"(Rydtc),'? or tetrahedral Zn(R,dtc), in the complexes with
C60.7b

DABCO and DMP are strong bidentant ligands and form
coordination dimers namely with metal (IT) dithiocarbamates,
which trend to fifth extra coordination (Zn, Cd, Hg, Mn, and
Fe). The axial M—N(L) bonds in the {M"(R.dtc),}>*L units
are noticeably shorter than equatorial M—S(dtc) bonds and
increase in the order: Zn (2.14 A) < Fe (2.16 A) < Mn (2.24
A) < Cd (2.34-2.36 A) < Hg (2.51 A). Close M—N(L) bonds
lengths were found in fullerene free coordination assemblies
with Zn(Etydtc), (2.08-2.14 A) and Cd(Etydtc), (2.42 A).!22¢
The averaged length of the equatorial M—S(dtc) bonds increases
in the complexes in the following order: Fe (2.46 A) <7Zn (247
A) < Mn (2.54 A) < Cd (2.60-2.62 A) < Hg (2.66 A). One
can observe obvious tendency to the increase of the lengths of
both M—N(L) and M—S(dtc) bonds with the increase of
covalent radii of the central metal(Il) ion in dithiocarbamate
[Zn (0.74 A), Fe"" (0.74 A), Mn" (0.80 A), Cd (0.97 A), Hg"
(1.10 A)*'].

A comparative analysis of the geometries of M"(Rydtc), in
pristine {M"(Radtc),}> compounds with those in the coordina-
tion {M"(Rxdtc),},*L dimers in the complexes with Cgo shows
that in the former case three short and one long equatorial
M—S(dtc) bonds are formed, whereas in the latter case there

Konarev et al.

Scheme 2

OO

Square layer Layer with isolated 060

are two short equatorial M—So(dtc) bonds and two other
M—S(dtc) bonds are 0.12-0.34 A longer.

In coordination {M"(Et.dtc),}>*DABCO dimers, two
dithiocarbamate units are completely superposed along the
axis passing through the metal(I) ions of M(Et,dtc), and
nitrogen atoms of DABCO (Figure 1d). On the contrary, in
{Cd(iPrpdtc), }2* DABCO (7), dithiocarbamate units with bulky
iPr substituents rotate relative to each other at an angle of 69.4°
(Figure 1c). Though two Hg(nPr,dtc), units do not rotate in the
{Hg"(nPradtc), },+ DMP dimers (9), they are shifted relative to
each other by ~2.9 A. This distance approximately corresponds
to the distance between nitrogen atoms in DMP (Figure 1b).

Even though HMTA is a tetradentant ligand, it forms only
coordination {Zn(Etxdtc),} *HMTA monomers in 11 (Figure 1a).
The axial Zn—N(HMTA) bond length (2.12 A) is the shortest
among coordination assemblies studied in this work. There are
two short and two longer equatorial Zn—S(dtc) bonds in 11 of
nearly the same lengths as those in {Zn(Et,dtc),},*DABCO (2)
(Table 3).

2.2. General Features of Metal(Il) Dithiocarbamate
Dimers and Monomers Packing with Cgp. Cso complexes with
{M"(Et,dtc), },* DABCO dimers (M = Zn (2), Cd (3), Mn (5),
and Fe (6)) are isostructural. The complex with
{Cd(iPr2dtc), },* DABCO (7) has a similar crystal structure. How-
ever, the unit cell of 7 is doubled along the c-axis. The Cgp
molecules are ordered in the complexes studied due to high steric
complementarity between the butterfly-shaped metal(IT) dithio-
carbamates and nearly spherical Cgp molecules (Figures 2—6).
The exception is 7, in which the C¢y molecules are disordered
between two orientations, and 9, in which one of three
crystallographically independent Cgyp molecules is disordered.

The butterfly-like shapes of {M(R,dtc),},*DABCO dimers
(Figures 2 and 3) or {Zn(Etydtc),} *HMTA monomers (Figure
4) provide a layered packing of fullerene molecules in the
crystals. Complexes 2, 3, 5, 6, and 11 have a square arrangement
of fullerenes in layers with four neighbors for each Ce and the
shortest center-to-center interfullerene distances of 9.87 (2),
9.92-9.94 (11), 9.94 (6), 10.001 A (5) and 10.004 A (3). Similar
center-to-center interfullerene distances in pure Cg are 9.94 A
at 153 K.?° As a result of dense packing, multiple van der Waals
(vdW) interfullerene C-++C contacts are formed in the layers
of 2,3, 5, 6, and 11 in the 3.296-3.385 A range (Table 3). It is
seen an obvious tendency for the increase of the center-to-center
distances between fullerenes at the increase of the length of
M-S bonds in the following order: Zn < Fe < Mn < Cd. Thus,
even for isostructural complexes, the variation of metal(II) ions
in dithiocarbamates allows one to affect the interfullerene center-
to-center distances. Square layers were found in 7 (Figure 3).
However, bulkier iPr substituents of {Cd(iPr,dtc),},*DABCO
isolate fullerene molecules from each other because their methyl
groups protrude into fullerene layers (Figure 3), whereas in the
complexes with densely packed fullerene layers (2, 5, 6, and
11) only two of four methyl groups of Et substituents in
M(Etydtc), protrude into these layers (Figure 2). The large
interfullerene center-to-center distance of 10.11 A in 7 prevents
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Figure 3. View of the crystal structure of 7 parallel to the diagonal to the ab plane. Only one major occupied orientation of disordered C¢y molecules
and one orientation of DABCO are shown. Disordered solvent molecules are omitted for clarity.

the formation of any shortened interfullerene C+++C contacts
(all such contacts are longer than 3.45 A).

The projection of the {Fe"(Et,dtc),}»*DABCO layer on the
Cep one in 6 is shown in Figure 2b. The central part of the FeS,4
fragment is arranged strictly above the Cgo sphere. The Fe'" ion
locates close to the middle of the 6—6 bond of Cgg to allow the
formation of the Fe<++C(Cgp) contacts of 3.56 A. A similar
arrangement of metal(Il) dithiocarbamate fragments and Ceg
molecules was found in other layered complexes 2, 3, 5, 7, and
11 (Figures 3 and 4). The lengths of M+++C(Cgp) contacts are
3.57 Ain2,3.46 Ain3and7,3.52 A in 5, and 3.53-3.58 A
in 11. The observed M«++C(Cgp) distances are relatively long
as compared with those in {Cu"(Etydtc),},+Ceo (3.33-3.38
A),7*" metalloporphyrin—fullerene complexes (2.67-3.10 A),°
and Cgp complexes with coordination (ZnTPP),+L assemblies
(3.10-3.31 A, x =1, 2, and 4).'° The packing of Fe'(Et,dtc),
units in the donor layers of 6 has a parquet-like motif (Figure
2b). The same packing motif was found in other layered
complexes.

There is free space between the planes of two metal(Il)
dithiocarbamate units in the {M"(R,dtc),},*DABCO dimers,

which is occupied by solvent chlorobenzene molecules in 2
(Table 1). It is interesting that the synthesis of complexes in
dichlorobenzene results in the incorporation of two noncoor-
dinated DABCO molecules in 3-6 instead of solvent dichlo-
robenzene molecules (Table 1). This provides more ordered
structures of 3, 5, and 6 in comparison with 2. In 7 free space
between the Cd(iPrpdtc), planes is occupied by disordered
solvent molecules (hexane and C¢H4Cl») used in the synthesis.

{Hg(nPrydtc)2}2DMP dimers form a complex with Cgp of
an unusual composition and fullerene molecules packing (9).
Complex 8 with the similar {Cd(nPrpdtc),},*DMP dimer is
isostructural to 9 (Table 2). Most probably, long nPr substituents
do not allow the formation of closely packed fullerene layers,
which are observed in 3, 5, 6, 7, and 11, and in this case 3D
packing of fullerene molecules with large cavities occupied by
one {Hg(nPrydtc),},*DMP dimer and four solvent CgHsCl
molecules is observed (Figure 5a,b shows only two of four
CsHsCl1 molecules in the cavity). 8 and 9 have a fullerene-reach
composition with a 1:5 ratio between the { M(nPr,dtc),},*DMP
dimers and Ceo. For better understanding, 3D packing of 9 can
be divided into two types of layers alternating along the
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Figure 4. View of crystal structure of 11 along the a-axis. Disordered
C¢HsCl molecules are omitted for clarity.

Figure 5. View of crystal structure of 9 along the b-axis. The 3D
structure of 9 can be presented by two types of layers alternating along
the b-axis (shown in panels a and b). Only one orientation of Ce
molecule of type III and one most occupied orientation of disordered
CgHsCl molecules are shown.

b-direction, which have different positions of the cavity (Figure
5a,b). There are three crystallographically independent Cg
molecules in 9, which have a different arrangement relative to
the {Hg(nPr,dtc), }, DMP dimers. Cgp molecules of the first type
are arranged under and below the dimer (similarly to 2, 3, 5, 6,
and 7) with the vdW N+--C(Cgo) contacts of 3.243-3.707 A
(denoted as I in Figure 5a; these fullerenes are also shown in
Figure 6b). Cgyp molecules of the second type (denoted as II in
Figure 5a) are arranged between nPr substituents of Hg(nPr,dtc),
and form vdW S-<++C(Cgp) contacts in the 3.443-3.448 A range.
Ceo molecules of the third type (denoted as III in Figure 5a) do
not form any shortened vdW contacts with the dimers and are
disordered. However, these molecules form vdW C and
Cl-++C(Cgp) contacts of 3.22-3.28 A with CeHsCl molecules.
Each Cgp molecule has from six to seven fullerene neighbors

Konarev et al.

Figure 6. Mutual arrangement of the {Fe"(Et,dtc),},*DABCO dimer
and Cgp molecules in 6 (a); the {HgH(nPrzdtc)z}z-DMP dimer and Cgg
molecules in 9 (b); and {Cd(iPr,dtc),},*DABCO dimers and Cg
molecule in 7 (only one orientation of Ceg is shown) (c).

Intensity, arb. units

0 200 400 600
Magnetic field, mT

Figure 7. EPR spectrum of polycrystalline [{Mn(Etydtc),},e
DABCO]-Cgo*(DABCO); (5) at 5 K (9.405288 GHz frequency). Arrow
shows the position of the narrow line, which can be attributed to the
reduction of Cj»0 impurity*** or some impurities in starting Cg.>>"

with multiple interfullerene vdW C-++C contacts in the
3.078-3.470 A range. The {Hg(nPrydtc),},*DMP dimers are
isolated from each other. Hg" ions locate close to the middle
of the 6-6 bond of Cgy with the Hg+++C(Cgp) contacts in
the 4.06-4.32 A range (noticeably longer than such contacts in
the layered complexes).

Though complex 12 was characterized,”® its crystal structure
has not been solved so far. Here we for the first time present its
crystal structure, which is similar to that of {Cd(Etzdtc)z}z-C(,o.7b
Ceo molecules in 12 are closely packed in square layers with
9.987 A interfullerene center-to-center distances. Geometric
parameters for the {Hg(Et,dtc),}, dimers and donor—fullerene
interaction are listed in Table 3.

2.3. Peculiarities of the Metal Dithiocarbamate—Fullerene
a—m Interaction. As was shown,”” the dihedral angle of 143.8°
between two NCS,Cd planes in {Cd(Et,dtc),}, is close to the
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Figure 8. Temperature dependences of magnetic moments of polycrystalline: (a) [{Fe'(Et.dtc);},*DABCO]-Ce*(DABCO), (6); (b)
[{Mn"(Et,dtc),},* DABCO] * Cgo* (DABCO); (5) in the 300-1.9 K range. Magnetic moments were calculated per formula unit, which contains two

M centers.

dihedral angle of 138.5° between two Cg hexagons. That
provides an effective 71— interaction between dithiocarbamate
and fullerene molecules in the complex and, as a result, the
dihedral angles between the NCS,Cd planes and the Cg
hexagons in {Cd(Et,dtc),},*Cg are rather small (0 and 8.2°).
Because of good sterical compatibility with the shape of the
Ceo molecule, { Cd(Etydtc),}, nearly quantitatively precipitates
complexes with Cgy from different solvents. Moreover, this
complex manifests a relatively intense charge transfer (CT) band
in the visible—NIR range.7b {Cu(Et,dtc), }, with a more planar
(NCS7),Cu fragment (a dihedral angle between two NCS,Cu
planes is 160.9°) shows worse conditions for the 77— interaction
with Cgo. In this case {Cu(Etydtc),},*Ceo neither precipitates
from solution nor manifests a CT band.”® {Hg(Et,dtc),}, in 12
has a dimeric structure (similar to that of {Cd(Et,dtc),},) and
rather small dihedral angles between the NCS,Hg planes and
the Ceo hexagons (1 and 10.2°).

The dihedral angles between two NCS,M planes in
{M(Rydtc),},*DABCO (2, 3, 5, and 6, Figure 6a) and
{Zn(Etxdtc), } *HMTA (12) are in the range of 144.78-148.94°
(Table 3). As a result, the dihedral angles between the NCS;M
planes and the Cqo hexagons in the complexes are only 4.56-5.70°
(Table 3). Smaller (137.8°) dihedral angles as in
{Hg(nPrxdtc),},*DMP (9, Figure 6b) or larger (154.6°) dihedral
angles as in {Cd(iPr,dtc),},*DABCO (7, Figure 6¢) between the
NCS;M planes provide the unfavorable conditions for the 7—m
interaction with Cgo (the corresponding dihedral angles are
16.76-19.43°, Table 3). Some disorder of fullerene molecules is
observed, namely, in 7 and 9, whereas Cgp molecules are ordered
in all complexes with effective 7— interaction.

3. Magnetic Properties of [{Mn(Et,dtc),},-DABCO]-
Ce0*(DABCO), (5) and [{Fe(Etxdtc),},°DABCO]:Cqgo*
(DABCO); (6). The EPR spectrum of polycrystalline 5 at 5 K
is shown in Figure 7. It consists of a complicated signal with
several components spread almost over the 0-700 mT range.
The main components are centered at 171, 262, 460, and 646
mT (that corresponds to the g-factor values of 3.9298, 2.5649,
1.4609, 1.0402, respectively). The appearance of such a
spectrum can be explained by a magnetic exchange interaction
between two Mn" ions in the {Mn(Etdtc),}>*DABCO dimers.
Thus, the spectrum of 5 could be more characteristic of binuclear
Mn" complexes. Indeed, the spectrum of 5 is similar to those
of manganese(Il) diethyldithiocarbamate dimers, { Mn(Et,dtc), },
in the complex with C79,”® binuclear manganese(IT) complexes
bridged by chlorine atoms,?'* and coordination (Mn""TPP),*
DMP (DMP: N,N'-dimethylpiperazine) dimers in the complex
with Cgo.2'® The absence of the EPR signal, which can be

attributed to Cgy™ , indicates the molecular character of 5 with
no charge transfer in the ground state. A weak and narrow line
at 316 mT (Figure 7, arrow) most probably originates from the
reduction of C 200 impurity.?> Though Mn"(Et,dtc), is a strong
donor, its redox potential is still more positive than that of Cg
(the Mn**/Mn>" transition in M"(dtc);' " is realized at —0.08
V32 ys the first E” potential of Cey at —0.485 V>3 (both
potentials were measured vs. Ag/AgCl)). Previously, the absence
of CT in the ground state was demonstrated for several fullerene
complexes with relatively strong Mn'" containing donors:
manganese (II) diethyldithiocarbamate7b and manganese (II)
tetraphenylporphyrinate.®>® No EPR signal from Cgy’~ was
observed in 6, and this complex was also attributed to the
molecular complexes. Fe''(Et,dtc), is a stronger donor than
Mn"(Et,dtc)s, but its redox potential is still more positive than
that of C (the Fe*"/Fe?™ transition in M™(dtc);! " is realized
at —0.37 V vs Ag/AgCI>).

The temperature dependencies of magnetic moments of 5 and
6 are shown in Figure 8a,b. The room-temperature values of
magnetic moments of 8.23 and 6.88 ug are close to the calculated
ones for a system of two noninteracting S = 5/2 (8.37 ug) and S
= 2 (6.93 up) spins. Therefore, the Mn" and Fe" ions are in a
high-spin state. Magnetic susceptibilities of 5§ and 6 follow the
Curie—Weiss law in the 50-300 K range with positive Weiss
constants of 0.35 and 1.70 K, respectively. Below 35 and 50 K,
magnetic moments of 5 and 6 slightly increase in both complexes
up to the maximum values of 8.5 ug (at 3 K) and 7.4 ug (at 6 K)
(Figure 8a,b). The increase in the magnetic moments of the
complexes together with the positive Weiss constants indicate a
weak ferromagnetic interaction between M"Y spins in the
(M"(Etdtc), },*DABCO dimers, which can be mediated by
the DABCO ligand. This interaction is a short-range one since
coordination dimers are isolated from one another to prevent the
formation of a long-range magnetic order. The abrupt decrease of
magnetic moments of 5 and 6 observed below 3 and 6 K (Figure
8a,b) can be a result of zero-field splitting of the high-spin
anisotropic Mn" and Fe" ions. This effect is small for Mn"
containing complex 5 and well-pronounced for Fe' containing
complex 6. Similar magnetic behavior was reported for some
hexacyanoferrate and hexacyanochromate (M™(CN)s> ") trinuclear
assemblies containing Mn"(salen)" cations (salen is N,N'-ethyl-
enebis(salicylideneaminato) dianion) and its substituted derivatives
with high-spin (S = 2) Mn"™ ions.>* It should be noted that high-
spin Fe"" in 6 has the same d* electronic configuration as Mn™. A
more detailed study of the magnetic properties of 5 and 6 is in
progress.
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The magnetic behavior of § containing {MnH(Etzdtc)z}z-
DABCO is strongly different from that of the Cy9 complex
containing {Mn"(Et,dtc),},.”" In the latter compound, the Mn"
ions also have a high-spin (S = 5/2) state. However, the Weiss
constant is strongly negative (® = —96 K), and magnetic
susceptibility decreases even below 46 K because of strong
antiferromagnetic interactions between the Mn" ions in
{Mn"(Etydtc),},.”> Mn" ions are separated by the DABCO
ligand in 5 with a Mn™+++Mn"! distance of 7.07 A. As a result,
magnetic exchange interaction is weakened due to the increased
distance between the adjacent Mn" ions but the character of
magnetic interaction between the Mn™ ions changes in 5 to a
ferromagnetic one.

4. IR- and UV-visible—NIR Spectra of the Complexes. The
IR spectra of 1-11 are a superposition of those of starting fullerene,
donor, ligand, and solvent molecules (Supporting Information).
F,(1-3) modes of Cgg at 527, 577, and 1182 cm ™!, respectively,
retain their position in the spectra of the complexes: 526-527,
575-576, and 1181-1183 cm™'. The band of F,(4) mode at 1429
cm ' in parent Cg, which is most sensitive to charge transfer to
the Cg molecule,? shifts by 1-8 cm™ ! to smaller wavenumbers
in the complexes. Metal(II) dithiocarbamates also have intense
bands in the 1427-1435 cm™' range and can contribute to the
absorption at 1420—-1430 cm™'. In this case, it is impossible to
determine the real shift of the F,,(4) mode of Ce in the complexes.
The formation of coordination units shifts noticeably (by 9-17
cm™Y) the position of the intense bands of metal(Il) dithiocarbam-
ates in the 1499-1507 cm ™" range (Supporting Information) except
for 5.

The UV-visible—NIR spectra of 1-11 are similar (Supporting In-
formation). A typical UV—-visible—NIR spectrum of [{Fe"(Etydtc), ),
DABCO]+Cg*(DABCO); (6) is shown in Figure 9a. The UV-band
at 3.67 eV and a weak band at 2.03 eV were attributed to intramo-
lecular transitions in the Cso molecules.”® The band at 2.70 eV can be
attributed to the intermolecular CT band between neighboring Cg
molecules (Figure 9a, CT)).7’ The observation of this band is possible
due to the closely packed arrangement of Cgy molecules in the
complexes. The intensity of this band is weaker in 7 because of quite
large distances between Cgy molecules. This band was not observed
in the complexes with isolated Cso molecules.**® Weak and broad
absorption in the visible—NIR range with an approximate maximum
at about 1.6-1.9 eV can be ascribed to the CT band between
{FeH(Etzdtc)2}2~DABCO and Cgy (Figure 9a, CT,). The bands
characteristic of Cgo'™ at 1.33 and 1.18 eV'®€ are absent in the spectra
of the complexes that is evidence of their neutral ground state.

5. Photoconductivity of the Complexes. Photoconducti-
vity of single crystals of layered [{Zn(Et,dtc),}>*DABCO]+Cqgo*
(DABCO), (4), and complexes with 3D packing of fullerene
molecules  [{Cd(nPrydtc),},+ DMP]+(Cg)s*(CsHsCl)y  (8),
and[{Hg(nPr,dtc), }2* DMP]« (Cgp)s * (CcHsCl)4 (9) was studied.
Under the illumination of the crystals by white light, the
photocurrent increased by 107 times in 4 and by 15-20 times
in 8 and 9 and then remained unchanged for a long time. This
fact proves the absence of any chemical or structural nonequi-
librium transformations in the materials.

The photoconductivity spectra for 4, 8, and 9 are shown in Figure
9b—d. The spectra manifest maxima at 2.21 and 2.44 eV for 4,
1.82 eV for 8, and 1.96 eV for 9. A comparative analysis of the
photoconductivity and absorption spectra shows that the main
contribution to the generation of free charge carriers is provided
by direct CT from {M(Radtc),}>*L dimers to Ce (the maxima in
the absorption spectra at about 1.6-1.9 eV, Figure 9a, CT,) with a
smaller contribution of CT between neighboring Cey molecules (the
maxima in the absorption spectra at 2.7 eV, Figure 9a, CT)).
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Photoexcitation of Cgp is possible at about 2.03 eV. However,
photocurrent strongly decreases at energies higher than 3.5 eV,
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Figure 10. Magnetic field effects on photoconductivity of 8 (a) and 9 (b).

where Cg has the strongest absorption. Therefore, the contribution
of the Ceo excitation to the generation of free charge carriers in
the complexes is small. Photoexcitation of metal(I) dithiocarbam-
ates does not contribute to the generation of free charge carriers
since Zn, Cd, and Hg dithiocarbamates do not absorb in the studied
photon energy range.

It was found that white light excited photoconductivity of 8
and 9 increases up to 1% in a weak magnetic field (MF) with
induction B < 1 T and saturates at B > 0.2 T (Figure 10).
Positive MF effect on the photoconductivity of the complexes
can be described by the following scheme. Light absorption
leads to the formation of excitons. They are mainly CT-excitons
with electrons and holes localized on the acceptor (Cgp) and
donor ({M(Rdtc), }>+L) molecules, correspondingly. CT-exci-
tons can dissociate on surface, lattice oscillations, defects, and
impurities to produce free charge carriers. CT-excitons can be
singlet (S) or triplet (T) ones depending on mutual spin
orientation. It is known that multiplicity of these intermediate
states essentially affects fast processes with the time scale shorter
than the spin—lattice relaxation time.?® Light generates mainly
S CT-excitons. Some part of S CT-excitons transfers to T CT-
excitons due to the interaction with the lattice and defects. MF
also increases the concentration of T CT-excitons due to the
S—T intercombination transitions caused by difference of
g-factors of ionic states forming CT-excitons. In molecular
crystals, the dissociation of intermediate pairs is realized more
effectively from T CT-excitons than from S CT-excitons. Since
this dissociation produces free charge carriers, photoconductivity
increases in MF. Similar positive MF effect on the photocurrent
was found in the Cg complex with tetrabenzo(1,2-bis[4H-
thiopyran-4-ylidene]ethene): Bz4BTPE-Cg.>°

Conclusion

In this work we showed that the supramolecular approach
can be successfully applied in the design of new fullerene
complexes with metal(Il) dithiocarbamate—ligand assemblies.
Coordination dimers and monomers formed by M"(Radtc), (M
= Zn, Cd, Hg, Mn, and Fe; R = Me, Et, iPr, nPr, and nBu)
with nitrogen-containing ligands (DABCO, DMP, and HMTA)
are sterically well consistent with the spherical shape of Cg
molecules and effectively cocrystallize to form complexes with
layered and 3D packing of fullerene molecules (1—11). The
distances between Cgy molecules in the layers depend on the
length of alkyl substituents and the central metal ion of
dithiocarbamate. As a result, the packing of C¢y molecules varies
from closely (2, 3, 6, and 11) to loosely (7) packed square layers.
For the first time, we studied the molecular structures of a series
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of new coordination {M"(Rydtc),},+L dimers including those
with M = Zn, Cd, Mn, and Fe, R = Et, iPr, L = DABCO (2,
3,5,6, and 7); and M = Hg, R = nPr, and L = DMP (9).
Metal atoms are five-coordinated in the {M"(Rxdtc),},+L units
with one short axial M—N(L) bond and four longer equatorial
M—S(dtc) bonds. The length of the axial M—N(L) and equato-
rial M—S(dtc) bonds increases in the order: Zn = Fe' < Mn"
< Cd < Hg" and correlates with the covalent radii of the central
metal(Il) ions in dithiocarbamate (Zn = Fe"' < Mn" < Cd <
Hg™).*! Among equatorial M—S(dtc) bonds, two short and two
longer bonds (by 0.12-0.36 A) can be distinguished, whereas
in pristine {M"(Radtc),}, three of four equatorial M—S(dtc)
bonds are short and one bond is essentially longer.'” Complexes
5 and 6 have magnetic moments of 8.23 and 6.88 ug at 300 K,
which correspond to the high-spin state of the Mn" (S = 5/2)
and Fe"" (S = 2) ions. Magnetic susceptibilities of 5 and 6 follow
the Curie-Weiss law in the 50-300 K range with the positive
Weiss constants of 0.35 and 1.7 K, respectively. Magnetic
moments of the complexes slightly increase below 35 and 50
K, respectively. The positive Weiss constants and the increase
of the magnetic moments of the complexes indicate weak
ferromagnetic interactions (most probably short-range) between
M" spins in the isolated {M"(Et,dtc),},*DABCO dimers. Long-
range ferromagnetic ordering is not realized in 5§ and 6 probably
due to relatively long distances between the dimers. The abrupt
decrease of the magnetic moments of 5 and 6 below 3 and 6 K
is observed and can be associated with zero-field splitting. This
effect is more pronounced in 6 containing high-spin Fe' ions
with d* electronic configuration. On the whole, the experimental
data show that in some cases DABCO can efficiently transfer
ferromagnetic interaction between metal centers and can be used
as a bridging ligand in the design of magnetic assemblies.

Photocurrent increases by 20-100 times in the single crystals
of 4, 8, and 9 under illumination by white light. The photo-
conductivity spectra of the complexes have photocurrent maxima
at 1.82-2.44 eV. A comparative analysis of the photoconductiv-
ity and absorption spectra allows one to conclude that the main
contribution to the generation of free charge carriers is provided
by direct CT from {M"(Rodtc):},*L dimers to Cgo (the
maximum in the absorption spectra at 1.6—-1.9 eV), and a smaller
contribution is made by intermolecular CT between neighboring
Ceso molecules (the maximum in the absorption spectra at 2.7
eV). It was found that photoconductivity of 8 and 9 is enhanced
in a weak magnetic field. It is known that MF increases the
concentration of triplet CT-excitons. Since the dissociation of
CT-excitons from triplet states occurs more effectively than from
singlet ones, the number of free charge carrier increases in MF.
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