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Trinuclear coordination assemblies of low-spin dicyano
manganese(ll) (S = 1/2) and iron(ll) (S = 0) phthalocyanines with
manganese(ll) acetylacetonate and
tris(cyclopentadienyl)gadolinium(lll) and neodymium(ill)

Nikita R. Romanenko,? Alexey V. Kuzmin,? Maxim V. Mikhailenko,? Maxim A. Faraonov,?
Salavat S. Khasanov,© Evgeniya |. Yudanova,? Alexander F. Shestakov,? Akihiro Otsuka,> ¢
Hideki Yamochi,® 9 Hiroshi Kitagawa,® and Dmitri V. Konarev®*

Reaction of Mn'"Pc, Fe'"Pc or Fe'PcClyg with KCN in the presence of cryptand[2.2.2] yielded dicyano-complexes
{Cryptand(K*)},{M"(CN),(macrocycle?")}*"-XCsH4Cl, (M = Mn and Fe, X = 1 and 2) that were used for the preparation of
trinuclear assemblies of general formula {Cryptand(K*)},{M"(CN),Pc:(ML),}>-nCsH,Cl, (M" = Mn", Fe"; n = 1, 4 and 5). These
assemblies were formed via coordination of two manganese(ll) acetylacetonate (ML = Mn"(acac),, S = 5/2),
tris(cyclopentadienyl)gadolinium (ML = CpsGd", S = 7/2) or tris(cyclopentadienyl)neodymium (ML = CpsNd", S = 3/2) units
to nitrogen atoms of bidentate cyano ligands. The N(CN)-Mn{Mn"(acac),} bond is 2.129(3) A long but the bonds are
elongated to 2.43-2.49 A for tris(cyclopentadienyl)lanthanides. {Cryptand(K*)},{Mn"(CN),Pc- (Mn"(acac),),}>-5CsH4Cl, (2)
contains three Mn(ll) ions in different spin states (S = 5/2 and 1/2). Strong antiferromagnetic coupling of spins observed
between them with exchange interaction (J) of -17.6 cm™ providing the formation of high S = 9/2 spin state for
{Mn"(CN),Pc-(Mn'"(acac),),}*" dianions at 2 K. Estimated exchange interaction between Mn'" (S = 1/2) and Gd" (S =7/2) spins
in {Mn"(CN),Pc-(Cp3Gd"),}>~ is only -1.1 cm, and in contrast to 2, nearly independent Gd" and Mn'" centers are formed. As
a result, no transition to the high-spin state is observed in these dianions. The {Mn"(CN),Pc:(CpsNd"),}>-
and{Fe"(CN),Pc-(CpsNd"),}*~ dianions with CpsNd" show the decrease of yuT values in the whole studied temperature
range (300-1.9 K). Similar behaviour was found previously for pristine CpsNd" and CpsNd"-L complexes (L = alkylisocyanide

ligand).

Introduction

Metallophthalocyanines (MPcs) present a large family of
compounds which are used as dyes, sensors and materials for
electronic and photoelectronic devices and solar cells.2 Due to
stacked or layered arrangement in the crystals MPcs can show
high conductivity by partial oxidation of the macrocycles.
Partial oxidation of {Fe"(CN),(Pc?")}~ vyields a compound
showing giant magnetoresistance. In this case the interaction
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of conducting m-electrons delocalized over the macrocycles
with d-electrons located on Fe atoms (S = 1/2) occurs
providing the effect of magnetic field on conductivity.?> MPcs
can also be used as building blocks in the design of assemblies
with promising optical and magnetic properties. Indigo and
thioindigo dianions coordinate to central metal atoms of MPcs
thereby combining phthalocyanine and organic dye in one
molecule®. Such assemblies can show thermoinduced charge
transfer between ligands®. Magnetic properties of MPcs can be
modified by an addition of metal-containing fragments bearing
heteroatoms or cyano-ligands to central metal atoms of MPcs.
The examples of such fragments are {CpFe'(dppe)CNY},
{CpRu"(dppe)CN}*, {CpCo"[(MeO),PO ]}~ and others.?
Another promising way is an addition of metal-containing
fragments to tin(ll) or indium(lll) phthalocyanines. This
coordination is possible due to the formation of stable Sn(In)-
M o-bonds. In this case unpaired electrons are positioned
either on the radical trianion Pc*3~ macrocycles or coordinated
metal atoms (M). Different fragments (M) can be attached as
follows: Fe(CO);, CpMo(CO),, Cp*RhCl,, Cp*IrCl,, CpFe(CO),,
Ruz(CO)44, Os3(CO)10Cland others.”
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In this work dicyano complexes of manganese(ll) and
iron(ll) phthalocyanines as well as iron(Il)
hexadecachlorophthalocyanine have been obtained and
studied. Such complexes are known for manganese(ll)® and
(12, as well as iron(ll) and (lll) phthalocyanines'® but they
have not been investigated for iron(ll)
hexadecachlorophthalocyanine so far. In this work we present
for the first time temperature dependent EPR and SQUID
measurements for the {Mn'"(CN),Pc}>*~ dianions. The
{M"(CN),Pc}>~ dianions are used to obtain trinuclear
assemblies {M'"(CN),Pc-(ML),}>~ with two manganese(ll)
acetylacetonate, tris(cyclopentadyenyl)gadolinium(lll) or
neodymium(Ill) as metal-containing ML units. Essential
antiferromagnetic coupling between high- (S = 5/2) and low- (S
= 1/2) spin manganese(ll) atoms in {Mn'"(CN),Pc-
[Mn'(acac),],}*~ provides a transition of these units to high-
spin (S = 9/2) state. Compounds with the
{Mn"(CN),Pc-(CpsGd™"),}>~,  {Mn"(CN),Pc-(CpsNd"),}>~  and
{Fe"(CN),Pc-(CpsNd"),}*~ dianions have also been obtained and
studied for the first time to compare cyano-bridged assembies
with d- and f-metals. Properties of {M'"(CN),Pc}*~ and
{Mn"(CN),Pc-[Mn'"(acac),],}*~ dianions are discussed involving
DFT calculations.

Results and discussion
a. Synthesis.

Cyanation of pristine Mn'"Pc, Fe''Pc and Fe'PcClyg
phthalocyanines was carried out by mixing of MPcs with an
excess of KCN in the presence two equivalents of
cryptand[2.2.2] in o-dichlorobenzene in anaerobic conditions.
After one day of stirring at 60°C phthalocyanines were
completely dissolved to form deep red-violet solution for
Mn'"Pc and deep green solutions for Fe(ll)-containing
phthalocyanines. To determine unit cell parameters for
dicyano complexes we prepared their single crystals by slow
mixing of the obtained solutions with n-hexane. Complexes 1
(M = Mn") and 5 (M = Fe') were found to be isostructural to
previously studied complex
{Cryptand(K*)},{Sn"V(CN),(Pc*")}>-CsH,Cl,1. Elemental analysis
of 1 supports the {Cryptand(K*)},{Mn"(CN),Pc}?-CgH,Cl,
composition which is similar to that of {Cryptand(K*)},

Table 2. Bond lengths and angles for trinuclear assemblies studied in this work.

complex 5 was determined from X-ray diffraction on single
crystal (Fig. S14) to be
{Cryptand(K*)},{Fe'"(CN),Pc}>=-0.72C¢H4Cl,. Structure of a the
dicyano complex of iron(ll) hexadecachlorophthalocyanine was
also determined from X-ray diffraction analysis on single
crystal (Table 1).

Furthermore, we studied the reaction of the
{Mn"(CN),Pc}>~ dianions with two equivalents of metal
acetylacetonates or tris(cyclopentadienyl)lanthanides in
anaerobic conditions. Products were crystallized by slow
mixing of the obtained solution with n-hexane allowing one to
obtain single crystals suitable for X-ray diffraction analysis.
Crystals with new unit cell parameters were obtained for 2-4
indicating the formation of new phases with trinuclear
assemblies. In this case, the change in the solution color from
red-violet to green was observed. In the case of (iso-Pr-
Cp)sDy"' or cobalt(ll) acetylacetonate, only crystals of the
starting dicyano complex were isolated, and no change in color
of the solutions was found.

Table 1. Composition of the obtained complexes.

Composition

{Cryptand(K*)},{Mn"(CN),Pc}*-CgH,Cl,
{Cryptand(K*)},{Mn"(CN),Pc-(Mn"(acac),),}>-5CsH4Cl,
{Cryptand(K*)},{Mn"(CN),Pc:(Cp3Gd"),}>~-4CsH,Cl,
{Cryptand(K*)},{Mn"(CN),Pc-(CpsNd™),}~-4CeH,Cl,
{Cryptand(K*)},{Fe"(CN),Pc}?>~-0.72CsH,Cl,
{Cryptand(K*)},{Fe"(CN),Pc-(CpsNd"),}*~-4CcH,Cl,
{Cryptand(K*)},{Fe"(CN),PcCl;s}*-2CsH,Cl,
{Cryptand(K*)},{Fe"(CN),(PcCl;e)-(CpsNd™),}*~-CeH,Cl,

0O NV A WNRZ

b. Crystal structures.

Geometry of {Mn'(CN),Pc}>~ has been studied in 2 and 3 whereas
that of {Fe'(CN),(PcClg)}>~ has been studied in 7. Molecular
structure of {Fe"(CN),Pc}?~ has also been solved in 5 but with rather
low accuracy for bond lengths. Two cyano ligands coordinate to
each metal atom in phthalocyanine (Fig. 1). In the case of
{Mn'(CN),Pc}?- four equatorial bonds are 1.951-1.955(3) A but two
Mn-C(CN) bonds are elongated to 2.013-2.018(3) A (Table 2).
Therefore, the Mn" atoms have distorted octahedral environment.
Similar geometry has been found for Fe'' atoms in {Fe'"(CN),PcClyg}*~
in which four short equatorial bonds of

Coordination unit N(CN)-M, M C(CN)-M(Pc), C=N, M-N(CN)- M(Pc)-N(Pc), Nmeso-C bonds
A A A C(CN), © A (max/min length, A)
{Mn"(CN),Pc-(Mn"(acac),).}>~ (2) 2.129(3) Mn 2.013(3) Mn 1.156(3) 154.5(3) 1.955(3) 1.322(3) 1.328(3)
{Mn"(CN),Pc-(CpsGd"),}*- (3) 2.433(2) Gd 2.018(2) Mn 1.157(3) 151.5(3) 1.951(2) 1.322(3) 1.329(3)
{Cryptand(K*)}.{Fe"(CN),PcCl:¢}>~ (7) 2.8747(15) K 1.981(2) Fe 1.142(2) 147.0(3) 1.942(1) 1.320(2) 1.323(2)
{Fe"(CN),(PcClig)(CpsNd™),}2~  (8) 2.448(6) Nd 1.977(7) Fe 1.143(5) 148.9(2) 1.949(5) 1.311(8) 1.328(8)
2.491(6) Nd

{Sn"(CN),(Pc*7)}>~-C¢H4Cl,. Crystal structure of isostructural

2| J. Name., 2012, 00, 1-3
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Fig. 1. Molecular structures of: (a) the {Mn"(CN),Pc-(Mn"(acac),),}*= dianion in 2;

(b) the {Mn"(CN),Pc-(CpsGd"),}*~ dianion in 3; (c) the neutral

{Cryptand(K*)},{Fe"(CN),PcCl;c}*~ assembly in 7; (d) the {Fe"(CN),(PcClys)-(CpsNd"),}>~ dianion in 8.

1.942-1.949(5) A and two longer Fe-C(CN) bonds of 1.977-
1.981(2) A are formed. Phthalocyanine macrocycles preserve
dianionic state since alternation of Ns,-C bonds characteristic
of radical trianion Pc*3~ macrocycles'? has not been found in 2
and 3 (Table 2). Bidentate cyano ligands in {Fe"(CN),PcClig}*~
have high affinity to metal centers since they coordinate to
potassium ions in {cryptand[2.2.2](K*)} (Fig. 1c). The K-N(CN)
distance of 2.8747(15) A is much shorter than the sum of van
der Waals (vdW) radii of nitrogen and potassium atoms (4.22
Ay,

Metal atoms coordinate to nitrogen atoms of cyano ligands
(Fig. 1). The shortest M-N(CN) bond of 2.129(3) A length is
formed with Mn'(acac),. Longer M-N(CN) bonds are formed
with Nd" and Gd" ions (2.43-2.49 A, Table 2). In all cases
coordination M-N(CN) bonds are positioned at an angle of 147-
155° relative to linear NC-M-CN fragments, and total length of
the assemblies is 10.2-10.8 A. All assemblies are separated by
bulky {Cryptand[2.2.2](K*)} cations and solvent molecules (Fig.
S$13), and there are no direct ©-7t interactions between them.
The shortest metal-metal distances for outer metal atoms
from the adjacent assemblies are rather long being 6.25 for
Nd"in 8, 6.87 for Gd"in 3, and 9.23 A for Mn''in 2.

c. Optical properties.

Optical spectra of starting Mn"Pc and Fe"Pc, and their dicyano
complexes are shown in Fig. 2, whereas positions of peaks are
listed in Table S5 in SI. Both Mn'"Pc and Fe'"Pc show spectra
typical for metal(ll) phthalocyanines with the Soret band at
349 and 326 nm and the Q-band at 690, 736 nm (split band)
and 670 nm, respectively. Cyanation does not affect noticeably
spectrum of Fe''Pc. Only narrowing of both Soret and Q- bands
is observed (Fig. 2b). On the whole, the spectrum of the
{Fe"(CN),Pc}?*- dianions in 5 is similar to those of previously
studied {Fe"(N-Melm),Pc}° (N-Melm: N-methylimidazole) and
{Fe"(Py),Pc}® complexes with low-spin Fe" (S = 0).1* On the
contrary, the spectrum of Mn'Pc is modified substantially at
cyanation. Instead of the split Q-band of Mn'Pc, two intense
bands are observed in the spectrum of 1 at 660 and 805 mn
(Fig. 2a). Multiple bands are also observed at 385, 400, 451,
495, 521 and 568 nm (Fig. 2a). All these changes show that

This journal is © The Royal Society of Chemistry 20xx

formation of {Mn'"(CN),Pc}?>~ affects electronic structure of
Mn'"Pc. Previously, new bands were also found in the spectrum
of salt with {Mn'"(CN),Pc}?*~ obtained by the cyanation of Mn'Pc
in acetone.® Pristine Mn'Pc has intermediate S = 3/2 spin

@ ]
c |
=5 +
£ {Crypt(K")}
© | {Fe(Pc®)y
as' J
O -
]
g 1 Compound 1
O
w
2]
<1 a
400 600 800 1000 1200
Wavelength, nm

® ]
c ]
=
o ] N
=¥ {Fel'(CN),Pc)?
o 1 in5
o -
c ]
m ]
Qo ]
—
O 7]
g i F Ilp

E e'rc
SN

400 600 800 1000 1200

Wavelength, nm

Fig. 2. UV-visible-NIR spectra of: (a) pristine Mn'"Pc and (b) salt 1 with
{Mn"(CN),Pc}>~ dianions and salt {Cryptand(K*)}{Fe'(Pc?")}CeH4Cl, with
low-spin (S = 1/2) {Fe'(Pc*")} anions'’?; (b) starting Fe'Pc, and salt 5 with
the {Fe"(CN),Pc}*~ dianions.
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state.!> This state is preserved when Mn'Pc forms complex
with pyridine {Mn"(Py),Pc}° or 1D polymer with 4,4-bipyridyl
{Mn"(BPy)Pc},.*® Optical spectra of these compounds support
preservation of S = 3/2 spin state since they are similar to that
of Mn'"Pc. Optical spectrum of {Mn"(CN),Pc}>~ supports
lowering of spin state of Mn'" to S = 1/2 as it was observed
previously8. It should be noted that the {Mn'(CN),Pc}>-
dianions in such configuration are isoelectronic to previously
studied {Fe'Pc}~ anions containing Fe' (S = 1/2).17 Spectrum of
{Cryptand(K*)}*)KFe!(Pc?7)}CeHsCl,22 shown in Fig. 2a is
similar to that of 1 since it contains two intense bands at 688
and 822 nm, and multiple bands are manifested at 557, 526,
477, 442 and 406 nm. Both {M'"(CN),Pc}*~ dianions (M = Mn"
and Fe') manifest a new band at 383-385 nm which is absent
in the spectra of pristine phthalocyanines (Fig. 2).

The formation of assemblies does not affect noticeably the
spectra of complexes containing dicyano iron(ll)
phthalocyanine dianions (Fig. S12 and Fig. 3b). Howeuver,
coordination of metal fragments to {Mn'"(CN),Pc}> affects its
spectrum. First of all, splitting of the band at 660 nm into two
bands (660 and 680 nm) is more pronounced in the spectra of
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Fig, 3. UV-visible-NIR spectra of: (a) 1 with {Mn"(CN),Pc}*~ and corresponding
complexes 2, 3 and 4; (b) 7 with {Fe'(CN),PcCl,s}*~ and corresponding complex
8.
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2-4. An intense band at 568 nm observed in the spectrum of 1
disappears, whereas intense bands at 495 and 400 nm are blue
shifted in the spectra of 2-4 to 473-482 and 383 nm,
respectively (Fig. 3a).

IR spectra are shown in Figs. S1-S11, and positions of the
peaks are listed in Tables S3 and S4. Three intense bands in the
spectra of metal(ll) phthalocyanines at 720-780 cm™ are rather
sensitive to charge state of Pc.!? Cyanation shifts the most
intense bands at 721 (Mn) and 731 cm™ (Fe) to larger
wavenumbers - 727 (Mn, 1) and 734 cm™ (Fe, 5). Formation of
radical trianion Pc*3~ macrocycles shifts these bands to the
opposite direction by 10-18 cm.12b Therefore, coordination of
two acceptor cyano ligands decreases electron density on the
Pc macrocycles (the effect is opposite to the reduction). At the
same time the bands attributed to the C=N vibrations shift
only slightly by 2-4 cm? at the formation of trinuclear
assemblies indicating preservation of the C=N bond length.

d. Magnetic properties.

I. Magnetic properties of {Mn'"(CN),Pc}*-, {Fe"(CN),Pc}>*~ and
{Fe"(CN),PcCl;s}* dianions.

It is known that the {Mn"(CN),Pc}?>~ dianions have the yuT
value of 0.55 emu-K/mol indicating low-spin state (S = 1/2) of
Mn'.8 We have analyzed temperature dependent magnetic
characteristics of these dianions. The yuT value of 0.41
emu-K/mol at 300 K (Fig. 4) also corresponds to the low S=1/2
spin state of {Mn"(CN),Pc}?~. Weiss temperature of -5 K (50-
300 K) intermolecular
coupling of spins in 1 (Fig. S16). The yuT value only slightly

indicates weak antiferromagnetic
decreases with temperature as shown in Fig. 4. Compound 1
manifests an intense asymmetric EPR signal in the spectrum
measured for a polycrystalline sample in anaerobic conditions.
It was fitted well by three Lorentzian lines with g, = 2.1116 (the
linewidth AH = 8.12 mT), g, = 2.0746 (4H = 10.67 mT), g3 =
1.9895 (A4H = 24.33 mT) at 293 K (Fig. 5a). These components
are slightly shifted and narrowed with temperature decrease
down to 4.2 K: g1 = 2.1029 (AH = 17.29 mT), g, =2.0712 (4H =
9.65 mT) and g3 =1.9907 (4H = 21.30 mT) (Fig. S18). The
position of a signal also justifies low- (S = 1/2) spin state of Mn"

e
~
1

T, emu-K/mol
e o
N w

o
2
A

o
o

0 50 100 150 200 250 300

Temperature, K

Fig. 4. Temperature dependence of yuT for 1 containing low-spin (S = 1/2)
{Mn"(CN),Pc}?>- dianions.

This journal is © The Royal Society of Chemistry 20xx
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in 1 since Mn'"Pc in intermediate S = 3/2 spin state shows an
asymmetric EPR signal with a low-field component at g = 4165,
Complexes 5 and 7 with the {Fe'"(CN),Pc}*~ and {
Fe'(CN),PcClys}>~ dianions have been studied by EPR technique
at room and liquid helium temperatures, and 7 has also been
analyzed by SQUID magnetometry. First of all, both complexes
are EPR silent at these temperatures indicating singlet S = 0
spin state of the dianions. Molar magnetic susceptibility is
negative and linear for 7 being y, = -0.001376 emu/mol in the
50-300 K range (Fig. S36). The value of y, calculated for 7 using
Pascal constants is -0.001734 emu/mol. That also supports S =

ARTICLE

0 state of {Fe"(CN),PcClg}>~. Estimated amount of Curie
impurities for 7 is about 1.2% from the content of Fe'"PcClyg.

Il. Magnetic properties of trinuclear {Mn"(CN),Pc-

(Mn"(acac),),}*~ assemblies in 2.

As we have shown, spin state of {Mn'"(CN),Pc}>~is S = 1/2 but
manganese(ll) acetylacetonate has a high-spin S = 5/2 state. As
a result, the formation of a system of three independent S =
5/2, S = 1/2 and S = 5/2 spins is expected for 2 at high
temperatures. The yuT value is 8.74 emu-K/mol at 300 K (Fig.
6, curve shown by open circles). The theoretically calculated
value for such system is 9.12 emu-K/mol at g-factor = 2 that is
close to the experimentally determined value. The yuT value

g-factor sa 3 p9factor 3
2.5 3.0 1.8 L | I
| | | ]
i ] 213E + DI 41DI
1293 K . 2623 mT
£ W -
= ] signal
£ | gnal s 1.
g - £ 1
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5 ] 8]
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£ =14 IDI = 0.0647 cm’"
1 4 | IEI = 0.0192 cm""
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I 142K
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Fig. 5. Solid-state EPR spectra for the polycrystalline complexes measured in anaerobic conditions and their simulation: (a) 1 at 293 K; (b) 2 at 20 K (determination of
ZFS parameters is also shown); 3 at 293 (c) and 4.2 K (d). Fitting of the signals by several Lorentzian lines is shown below the spectra.

This journal is © The Royal Society of Chemistry 20xx
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decreases in the 50-300 K range, and Weiss temperature has
been determined to be ® = -12 K (Fig. S22) indicating
antiferromagnetic coupling of spins. Magnetic behavior of 2 is
modeled by PHI program?® for three interacting Mn' atoms in
{Mn"(CN),Pc-(Mn"(acac),),}*~ with two J values as shown in Fig.
6. J; is for major Mn" (S = 5/2) and Mn'" (S = 1/2) coupling and
J, is for coupling between two boundary Mn'' (S = 5/2) centers
located at a distance of 10.23 A (Fig. 6). Exchange interaction J;
= -17.6 cm? indicates strong antiferromagnetic coupling
between high- and low-spin Mn'" atoms, whereas J, value is
close to zero (-0.3 cm™) (-2J formalism, g = 2, Fig. 6). A small
intermolecular coupling contribution of z// = 0.005 cm™ is also
taken into account (introduction of this parameter provides
better correspondence between experimental and calculated
curves in the 2-10 K range). Similarly, magnetic behavior of the
assemblies of three high-spin (S = 5/2) Mn(ll) atoms was
previously modeled. In this case Mn' atoms are bridged by
oxygen atoms and the J; values in this case range from -2.1 to -
2.9cm11®

Susceptibility increases below 40 K (Fig. 6) up to 11.60
emu-K/mol at 2 K. This increase can be explained by short-
range magnetic ordering of spins within the assemblies since J;
is relatively high in 2. The value of 11.60 emu-K/mol observed
at 2 K corresponds well to 12.37 emu-K/mol expected for the
high S = 9/2 system at g = 2 when both S = 5/2 spins of Mn(ll)
are antiferromagnetically coupled with central S = 1/2 spin
and, correspondingly, are ordered parallel to each other
providing an S =5/2 - 1/2 + 5/2 = 9/2 spin state. It is seen that
an important condition for the manifestation of the high-spin
state is a different spin state of central and outer Mn(ll) atoms
(5=1/2 and S =5/2). Field dependence of magnetization of 2 is
shown in Fig. 7a. Magnetization is nearly saturated at 5T
magnetic field at the value of 7.41 Napes. No magnetic
hysteresis is found for 2 at 2 K by susceptibility measurements
in magnetic field between 5 and -5T.

Am T, emu K/mol

10 -
+Mn +Mn +Mn

91 S=5/2J S=1/2J S=5/2
O 1 .@® L
W

0 J1='176 Cm-1 J2="O.3 Cm-1

100 150 200 250 300
Temperature, K

Fig. 6. Temperature dependence of yMT for {Cryptand(K+)}2{MnlI(CN)2Pc-
(Mnll(acac)2)2}2—5C6H4CI2 (2) in zero field cooling conditions and fitting of
these data in the 2-300 K range by PHI program*® (shown by red curve) .
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Compound 2 shows an intense asymmetric EPR signal at
room temperature which is fitted well by three Lorentzian
lines. Parameters of these lines are g, = 2.0705 (4H = 39.2 mT),
g> = 1.7892 (AH = 33.2 mT) and g5 = 1.5410 (4H = 94.7 mT) at
20 K (Fig. 5b). Additional features of the EPR signal are
manifested in 2 at higher and lower magnetic fields from the
central three-component signal. These features can be
attributed to zero-field splitting (ZFS) manifested for high-spin
Mn(ll) (S = 5/2) species. The following parameters can be
determined: |D| = 0.0647, |E| = 0.0192 cm’, £/D = 0.298 and
they are typical for high-spin Mn(I)¥> 20, ZFS is not well
resolved below 20 K.

c. Magnetic properties of trinuclear {Mn'"(CN),Pc-(Cp3;Gd"),}*-
assemblies in 3.

Cyano-bridged assemblies  with  tris(cyclopentadienyl)-
lanthanides are still unknown, and trinuclear
{Mn"(CN),Pc-(CpsGd"),}>~ assembly is a first example. There
are two high-spin Gd"' atoms (S = 7/2) separated by a low-spin
Mn(ll) center (S = 1/2) in 3. The yuT value is 15.01 emu-K/mol
at 300 K (Fig 7). This value is close to that of the system with
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T —"
6
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o
3 4
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.___,..-—-l-——.
0- T T T T T T T T T T
0 1 2 3 4 5

H, 10kOe

Fig.. 7. Magnetization of 2 (a) and 3 (b) in Naug vs magnetic field up to 5T
(black line is a guide to the eye)
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Fig. 8. (a) Temperature dependence of T for

{Cryptand(K*)},{Mn"(CN),Pc-(Cp3Gd"),}>~ -4C¢H,Cl, (3) and fitting of these data
by PHI program?® in the 1.9-300 K range (shown by red curve) .

three non-interacting S = 7/2, S = 1/2, S = 7/2 spins: 16.12
emu-K/mol at g = 2. The Gd" atoms have 8S;,, ground state at
g-factor of 2.2

Magnetic behavior of the trinuclear MnGd, assembly in 3
was modeled by PHI program?® as well. A good agreement
between experimental and theoretical curves is observed at
very weak antiferromagnetic exchange interaction between
Gd" and Mn" centers with J; = -1.1 cm™! (Fig. 8). It is seen that
this interaction is nearly 15 times weaker in comparison with
that for 2. Therefore, as observed previously, d-metals (Mn)
provide essentially stronger magnetic coupling of spins in the
cyano-bridged assemblies in comparison with f-metals (Gd).
Weak coupling is also the reason of that the formation of high-
spin species in not observed for 3. Fitting for 3 was carried out
at fixed g-factors of 1.84 for Mn' and 1.90 for Gd"' which were
directly extracted from the EPR spectra of 3. Zero-splitting
parameter D for Gd" is |0.9] cm™. Since the distance between
Gd atoms from the adjacent MnGd, assemblies is 6.871 A (Fig.
S13a), a small intermolecular coupling contribution of z// = -
0.02 cm is also taken into account (introduction of this
parameter provides better correspondence between
experimental and calculated curves). The field dependence of
magnetization of 3 is shown in Fig. 7b. Magnetization is not
saturated even at 5T magnetic field reaching the value of 12.40
Nalg.

EPR spectrum of 3 at 293 K is shown in Fig. 5c. The signal
contains a very wide and intense line at g; = 1.8699 and the
linewidth of 107 mT and a substantially narrower and weaker
two-component signal with g, = 1.7119 (4H = 29.4 mT), and g3
= 1.8562 (4H = 11.02 mT) (Fig. 5c). Total integral intensity of
the two-component narrow signal is only 2.5% from that of the
wide signal and that corresponds approximately to relative
contributions from two high-spin Gd"' atoms and low-spin Mn'"
atoms. Therefore, the wide signal can be attributed to Gd" but
the narrow signal originates from Mn(ll) (S = 1/2). The wide

This journal is © The Royal Society of Chemistry 20xx
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EPR signal expands greatly and shifts towards large g-factors
with decreasing temperature (Figs. S28 and S29). Maximal
linewidth of the signal (275 mT) at g = 1.89 is observed at 150
K, and below this temperature the signal shifts to smaller g-
factors and only slightly narrows (g; = 1.8342 at the 242 mT
linewidth, 4.2 K, Fig. 5d). The narrow signal can be fitted better
by three lines at 4.2 K with g, = 1.7994 (20.54 mT), g; =1.8529
(8.90 mT), g4 = 1.9359 (2.79 mT) (Fig. 5d). Observation of
separate EPR signals from individual paramagnetic Gd"" and
Mn'" species indicates weakness of magnetic coupling between
them in the assemblies that is confirmed by the data obtained
from SQUID magnetometry.

d. Magnetic properties of trinuclear {Mn"(CN),Pc-(CpsNd"),}>-
assemblies in 4.

The Nd"-Mn'-Nd"'" assemblies contain different
paramagnetic centers. According to previous estimation,
central Mn'" atom has low S = 1/2 spin state. The Nd"' atom in
CpsNd"' have 4lg/, ground state at g = 8/11. It has three 4f-
electrons, and theoretical T value for Nd"'is expected to be
1.64 emu-K/mol.2! However, experimentally this value is not
achieved due to the population of excited states with lower

two

total angular momentum values at room temperature.
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Fig. 9. Temperature dependencies of the yuT values for polycrystalline: 4 (a)
and 6 (b). Inset for Fig. a shows magnetization of 4 in Napg vs magnetic field up
to 5T (black line is a guide to the eye)
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Previously magnetic properties of pristine CpsNd" as well as
CpsNd"' complexes with one alkylisocyanide ligand (L) were
studied. The yuT values for pristine CpsNd'"' is 1.27 emu-K/mol
at 300 K whereas the CpsNd"-L complexes show even smaller
values being 0.95 emu-K/mol at 300 K. Moreover, the yuT
value is not temperature independent even at 300 K and
decreases in the 300-1.9 K range.?? The yuT value for 4 is 2.30
emu-K/mol at 300 K which is also lower than expected (3.56
emu-K/mol) for three non-interacting centers: two Nd"' atoms
in #lg/> ground state and low-spin Mn'" ion (S = 1/2) (Fig 8a).
This value decreases to 1.125 emu-K/mol at 1.9 K in the whole
studied temperature range (300-1.9 K, Fig 8a). Similarly to
CpsNd"" and CpsNd"-L??, this decrease can be attributed to the
crystal field effects for Nd" and additional contribution for 4
can be given also by weak antiferromagnetic coupling between
the Nd" and Mn" centers within the assemblies. The
compound with the {Fe"(CN),Pc-(CpsNd"),}>~ dianions (6) was
also synthesized. In this case the Fe" atoms in phthalocyanine
are diamagnetic (S = 0), and the exchange through them is
weaker due to a long distance between two Nd'"' atoms (about
10.8 A for isostructural 3). Therefore, in contrast to 4,
magnetic behavior of 6 is defined mainly by the isolated
Cp3Nd"(NC) centers. The yyTvalue of 1.92 emu-K/mol at 300 K
for 6 (Fig. 8b) is lower than that for 4 (Fig. 8a) justifying the
presence of an additional paramagnetic center Mn" (S =1/2) in
4. The yuT value decreases with temperature down to 0.75
emu-K/mol at 1.9 K (Fig. 8b), and such behavior is similar to
those of 4, CpsNd"' and CpsNd"-L?L. The field dependence of
magnetization of 4 is shown in Fig. 9a, inset. Magnetization is
not saturated even at 5T magnetic field reaching the value of
2.67 Naps.

EPR spectrum of 4 was studied in the 293-4.2 K range.
There are wide and narrow asymmetric EPR signals which can
be fitted well by several Lorentzian lines at 293 K (Fig. S33).
The wide signal can be fitted by three lines with g; = 2.0275
(AH = 28.80 mT), g, = 2.0836 (4H = 10.51 mT) and g5 = 2.1167
(4H = 7.52) whereas the narrow signal is fitted by two lines
with g, = 2.0039 (4H = 0.32 mT) and g, = 2.0022 (AH = 0.72
mT) (Fig. S33). The latter signal is too narrow to be attributed
to {Mn"(CN),Pc}?-, and its integral intensity is less than 0.1%
from that of the wide signal. Therefore, most probably this
signal originates from Curie impurities localized on Pc, for

297 — T T —— 2.97
Xy X2-y2 — 219
192 — — 72 1.88

XZYZ —— — 147

0.39 4 22
0.03 +—1——xzvyz
—4="oxzy

_0.13 TE+ '0.19

o B
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Fig. 10. Scheme of electronic levels calculated for the {Mn"(CN),Pc}*-
dianions. Energies are given in eV.

example, reduced Pc*3-radical trianions but the content of
these species is too low to affect magnetic properties of 4. The
wide signal can originate from both Nd"' and Mn'" species. The
signal is three-component, but exact attribution of these
components is not possible. Here it should be noted that
CpsNd'"-L complexes can also show EPR signals in the same
range of g-factors (g -component)?2®, Temperature decrease
preserves the same linewidth of the components of the wide
signal but they are shifted to smaller g-factors: g, = 1.9740 (4H
=24.60 mT), g, = 2.0519 (4H = 11.63 mT) and g5 = 2.0936 (4H
=8.97 mT) at 4.2 K (Fig. S33).

e. Theoretical calculations.

For an isolated atom or ion with an open d-shell, the maximum
multiplicity is realized according to Hund's rule. Under the
influence of the ligand environment, splitting of the d-orbitals
occurs and the high-spin state of the Mn'"Pc complex with
macrocyclic ligand (Fig. S39) is not realized due to strong
destabilization of the x2-y2 orbital. Only lower axial z2 orbital is
populated in the ground quartet state. The sextet and doublet
states are higher in energy by 0.53 and 1.12 eV, respectively.
Upon coordination of two axial cyano-ligands in
{Mn"(CN),Pc}*~ (Fig. S39), relative energy of the z? orbital
increases. Therefore, the low-spin doublet state of the
{Mn"(CN),Pc}*~ complex is a ground state (Fig. 10), and quartet
and sextet states are higher by 0.48 and 1.24 eV, respectively.
For similar reasons, the {Fe'(CN),Pc}?>~ dianion (Fig. S40) has a
singlet ground state, and a triplet one is higher by 0.81 eV.

Mn''(acac), coordination to nitrogen atoms of cyano ligands
has almost no effect on geometry of the central
{Mn"(CN),Pc}*~ fragment (see Fig. S42). In this case, the charge
on a cyano ligand decreases from -0.488 to -0.234. At the same
time, comparable electron density transfer of -0.382 occurs
mainly from the macrocycle since the charge on the central
Mn' atom changes only slightly from 0.171 to 0.153. A slight
decrease in the Mn-C(CN) distance from 2.031 to 1.998 A at
upon coordination of Mn'(acac), can be attributed to the
donor-acceptor transfer of electron density (-0.445) to each
Mn'(acac), unit. The {Mn"(CN),Pc-(Mn"(acac),),}* dianions can
have high- (S = 11/2) and low- (S = 9/2) spin states at parallel
and antiparallel arrangement of spins of high- and low-spin
Mn' atoms. These states are nearly degenerated, and their
relative energies are discussed in Sl.

Conclusion

The dicyano complexes of Mn''Pc, Fe''Pc and Fe''PcClys have
been obtained. Central metal atoms decrease spin state to the
lowest possible state (S = 1/2 for Mn" and S = 0 for Fe'-
containing complexes). The formation of {Mn'"(CN),Pc}*~
provides appearance of new bands in the visible and NIR
ranges. As a result, their spectra show some similarities with
optical spectrum of isoelectronic {Fe!(Pc?")}~ anions. These
dicyano complexes have been used for preparation of
trinuclear assemblies with Mn'(acac), as well as Cp;Gd" and
CpsNd". It should be noted that tris(cyclopentadienyl)-
lanthanides are used for preparation of cyano-bonded
assemblies for the first time, and this approach opens a new

This journal is © The Royal Society of Chemistry 20xx
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way for the development of lanthanide-containing assembles.
Previously, mainly neutral ligands were coordinated to
tris(cyclopentadienyl)gadolinium(lll) and neodymium(ll1)22b, 23,
Antiferromagnetic coupling of high-spin Mn" (S = 5/2) with
central low-spin Mn" (S =1/2) orders spins of outer atoms
parallel to each other producing high-spin S = 9/2
{Mn"(CN),Pc-(Mn'"(acac),),}*~ dianions at 2 K. Previously, high-
spin state was found for the assemblies of radical anions or
trianions of substituted hexaazatriphenylenes with three
paramagnetic metal centers like Co" (S = 3/2) or Fe" (S =2). In
this case spins of metal atoms are ordered parallel to each
other when they couple antiferromagnetically with S = 1/2 spin
of hexaazatriphenylenes.?* This work shows that trinuclear
assemblies containing metal ions in high- and low-spin states
can also form similar high-spin species. They are promising
building blocks to prepare compounds with long-range
magnetic ordering of spins at their close packing in the crystals
or to obtain combination of conductivity and magnetism when
partially oxidized or reduced phthalocyanine macrocycles are
formed in such assemblies. On the contrary, essentially weaker
magnetic  coupling is observed between high-spin
gadolinium(lll) and low-spin manganese(ll) atoms in
{Mn"(CN),Pc-(Cp3sGd™),}?-, and in this case high-spin species
are not formed down to 1.9 K.
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=4 {Mn'(CN)(Pc®)F
N (5=1/2)

Cyanation of Mn'"Pc, Fe'Pc or Fe'PcCly vyields
{Cryptand(K*)},{M"(CN),(macrocycleZ")}*~ -XC¢H4Cl, (M"" = Mn"
and Fe', X = 1 and 2) complexes. Dicyano-complexes are used
to obtain trinuclear assemblies in
{Cryptand(K*)},{M"(CN),Pc:(MF),}>-nCsH,Cl, (M" = Mn", Fe")
where MF is manganese(ll) acetylacetonate (S = 5/2),
tris(cyclopentadienyl)gadolinium(lll) (S = 7/2) or
neodymium(lll) (S = 3/2). Optical and magnetic properties of

these assemblies are discussed.
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Trinuclear coordination assemblies of low-spin dicyano

manganese(ll) (S = 1/2) and iron(ll) (S = 0) phthalocyanines with
Receled o January 200 manganese(ll) acetylacetonate and

tris(cyclopentadienyl)gadolinium(lll) and neodymium(ill)

DOI: 10.1039/x0xx00000x

Nikita R. Romanenko,? Alexey V. Kuzmin,? Maxim V. Mikhailenko,? Maxim A. Faraonov,?
Salavat S. Khasanov,© Evgeniya |. Yudanova,? Alexander F. Shestakov,? Akihiro Otsuka,> ¢
Hideki Yamochi,® 9 Hiroshi Kitagawa,® and Dmitri V. Konarev®*

Reaction of Mn'"Pc, Fe'"Pc or Fe'PcClyg with KCN in the presence of cryptand[2.2.2] yielded dicyano-complexes
{Cryptand(K*)},{M"(CN),(macrocycle?")}*"-XCsH4Cl, (M = Mn and Fe, X = 1 and 2) that were used for the preparation of
trinuclear assemblies of general formula {Cryptand(K*)},{M"(CN),Pc:(ML),}>-nCsH,Cl, (M" = Mn", Fe"; n = 1, 4 and 5). These
assemblies were formed via coordination of two manganese(ll) acetylacetonate (ML = Mn"(acac),, S = 5/2),
tris(cyclopentadienyl)gadolinium (ML = CpsGd", S = 7/2) or tris(cyclopentadienyl)neodymium (ML = CpsNd", S = 3/2) units
to nitrogen atoms of bidentate cyano ligands. The N(CN)-Mn{Mn"(acac),} bond is 2.129(3) A long but the bonds are
elongated to 2.43-2.49 A for tris(cyclopentadienyl)lanthanides. {Cryptand(K*)},{Mn"(CN),Pc- (Mn"(acac),),}>-5CsH4Cl, (2)
contains three Mn(ll) ions in different spin states (S = 5/2 and 1/2). Strong antiferromagnetic coupling of spins observed
between them with exchange interaction (J) of -17.6 cm™ providing the formation of high S = 9/2 spin state for
{Mn"(CN),Pc-(Mn'"(acac),),}*" dianions at 2 K. Estimated exchange interaction between Mn'" (S = 1/2) and Gd" (S =7/2) spins
in {Mn"(CN),Pc-(Cp3Gd"),}>~ is only -1.1 cm, and in contrast to 2, nearly independent Gd" and Mn'" centers are formed. As
a result, no transition to the high-spin state is observed in these dianions. The {Mn"(CN),Pc:(CpsNd"),}>-
and{Fe"(CN),Pc-(CpsNd"),}*~ dianions with CpsNd" show the decrease of yuT values in the whole studied temperature
range (300-1.9 K). Similar behaviour was found previously for pristine CpsNd" and CpsNd"-L complexes (L = alkylisocyanide
ligand).

of conducting m-electrons delocalized over the macrocycles
Introduction with d-electrons located on Fe' atoms (S = 1/2) occurs
providing the effect of magnetic field on conductivity.?> MPcs
can also be used as building blocks in the design of assemblies
with promising optical and magnetic properties. Indigo and
thioindigo dianions coordinate to central metal atoms of MPcs
thereby combining phthalocyanine and organic dye in one
molecule®. Such assemblies can show thermoinduced charge
transfer between ligands®. Magnetic properties of MPcs can be
modified by an addition of metal-containing fragments bearing
heteroatoms or cyano-ligands to central metal atoms of MPcs.

Metallophthalocyanines (MPcs) present a large family of
compounds which are used as dyes, sensors and materials for
electronic and photoelectronic devices and solar cells.2 Due to
stacked or layered arrangement in the crystals MPcs can show
high conductivity by partial oxidation of the macrocycles.
Partial oxidation of {Fe"(CN),(Pc?")}~ vyields a compound
showing giant magnetoresistance. In this case the interaction
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In this work dicyano complexes of manganese(ll) and
iron(ll) phthalocyanines as well as iron(Il)
hexadecachlorophthalocyanine have been obtained and
studied. Such complexes are known for manganese(ll)® and
(12, as well as iron(ll) and (lll) phthalocyanines'® but they
have not been investigated for iron(ll)
hexadecachlorophthalocyanine so far. In this work we present
for the first time temperature dependent EPR and SQUID
measurements for the {Mn'"(CN),Pc}>*~ dianions. The
{M"(CN),Pc}>~ dianions are used to obtain trinuclear
assemblies {M'"(CN),Pc-(ML),}>~ with two manganese(ll)
acetylacetonate, tris(cyclopentadyenyl)gadolinium(lll) or
neodymium(Ill) as metal-containing ML units. Essential
antiferromagnetic coupling between high- (S = 5/2) and low- (S
= 1/2) spin manganese(ll) atoms in {Mn'"(CN),Pc-
[Mn'(acac),],}*~ provides a transition of these units to high-
spin (S = 9/2) state. Compounds with the
{Mn"(CN),Pc-(CpsGd™"),}>~,  {Mn"(CN),Pc-(CpsNd"),}>~  and
{Fe"(CN),Pc-(CpsNd"),}*~ dianions have also been obtained and
studied for the first time to compare cyano-bridged assembies
with d- and f-metals. Properties of {M'"(CN),Pc}*~ and
{Mn"(CN),Pc-[Mn'"(acac),],}*~ dianions are discussed involving
DFT calculations.

Results and discussion
a. Synthesis.

Cyanation of pristine Mn'"Pc, Fe''Pc and Fe'PcClyg
phthalocyanines was carried out by mixing of MPcs with an
excess of KCN in the presence two equivalents of
cryptand[2.2.2] in o-dichlorobenzene in anaerobic conditions.
After one day of stirring at 60°C phthalocyanines were
completely dissolved to form deep red-violet solution for
Mn'"Pc and deep green solutions for Fe(ll)-containing
phthalocyanines. To determine unit cell parameters for
dicyano complexes we prepared their single crystals by slow
mixing of the obtained solutions with n-hexane. Complexes 1
(M = Mn") and 5 (M = Fe') were found to be isostructural to
previously studied complex
{Cryptand(K*)},{Sn"V(CN),(Pc*")}>-CsH,Cl,1. Elemental analysis
of 1 supports the {Cryptand(K*)},{Mn"(CN),Pc}?-CgH,Cl,
composition which is similar to that of {Cryptand(K*)},

Table 2. Bond lengths and angles for trinuclear assemblies studied in this work.

DPalton Transactions

complex 5 was determined from X-ray diffraction on single
crystal (Fig. S14) to be
{Cryptand(K*)},{Fe'"(CN),Pc}>=-0.72C¢H4Cl,. Structure of a the
dicyano complex of iron(ll) hexadecachlorophthalocyanine was
also determined from X-ray diffraction analysis on single
crystal (Table 1).

Furthermore, we studied the reaction of the
{Mn"(CN),Pc}>~ dianions with two equivalents of metal
acetylacetonates or tris(cyclopentadienyl)lanthanides in
anaerobic conditions. Products were crystallized by slow
mixing of the obtained solution with n-hexane allowing one to
obtain single crystals suitable for X-ray diffraction analysis.
Crystals with new unit cell parameters were obtained for 2-4
indicating the formation of new phases with trinuclear
assemblies. In this case, the change in the solution color from
red-violet to green was observed. In the case of (iso-Pr-
Cp)sDy"' or cobalt(ll) acetylacetonate, only crystals of the
starting dicyano complex were isolated, and no change in color
of the solutions was found.

Table 1. Composition of the obtained complexes.

Composition

{Cryptand(K*)},{Mn"(CN),Pc}*-CgH,Cl,
{Cryptand(K*)},{Mn"(CN),Pc-(Mn"(acac),),}>-5CsH4Cl,
{Cryptand(K*)},{Mn"(CN),Pc:(Cp3Gd"),}>~-4CsH,Cl,
{Cryptand(K*)},{Mn"(CN),Pc-(CpsNd™),}~-4CeH,Cl,
{Cryptand(K*)},{Fe"(CN),Pc}?>~-0.72CsH,Cl,
{Cryptand(K*)},{Fe"(CN),Pc-(CpsNd"),}*~-4CcH,Cl,
{Cryptand(K*)},{Fe"(CN),PcCl;s}*-2CsH,Cl,
{Cryptand(K*)},{Fe"(CN),(PcCl;e)-(CpsNd™),}*~-CeH,Cl,

0O NV A WNRZ

b. Crystal structures.

Geometry of {Mn'(CN),Pc}>~ has been studied in 2 and 3 whereas
that of {Fe'(CN),(PcClg)}>~ has been studied in 7. Molecular
structure of {Fe"(CN),Pc}?~ has also been solved in 5 but with rather
low accuracy for bond lengths. Two cyano ligands coordinate to
each metal atom in phthalocyanine (Fig. 1). In the case of
{Mn'(CN),Pc}?- four equatorial bonds are 1.951-1.955(3) A but two
Mn-C(CN) bonds are elongated to 2.013-2.018(3) A (Table 2).
Therefore, the Mn" atoms have distorted octahedral environment.
Similar geometry has been found for Fe'' atoms in {Fe'"(CN),PcClyg}*~
in which four short equatorial bonds of

Coordination unit N(CN)-M, M C(CN)-M(Pc), C=N, M-N(CN)- M(Pc)-N(Pc), Nmeso-C bonds
A A A C(CN), © A (max/min length, A)
{Mn"(CN),Pc-(Mn"(acac),).}>~ (2) 2.129(3) Mn 2.013(3) Mn 1.156(3) 154.5(3) 1.955(3) 1.322(3) 1.328(3)
{Mn"(CN),Pc-(CpsGd"),}*- (3) 2.433(2) Gd 2.018(2) Mn 1.157(3) 151.5(3) 1.951(2) 1.322(3) 1.329(3)
{Cryptand(K*)}.{Fe"(CN),PcCl:¢}>~ (7) 2.8747(15) K 1.981(2) Fe 1.142(2) 147.0(3) 1.942(1) 1.320(2) 1.323(2)
{Fe"(CN),(PcClig)(CpsNd™),}2~  (8) 2.448(6) Nd 1.977(7) Fe 1.143(5) 148.9(2) 1.949(5) 1.311(8) 1.328(8)
2.491(6) Nd

{Sn"(CN),(Pc*7)}>~-C¢H4Cl,. Crystal structure of isostructural

2| J. Name., 2012, 00, 1-3
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Fig. 1. Molecular structures of: (a) the {Mn"(CN),Pc-(Mn"(acac),),}*= dianion in 2;

(b) the {Mn"(CN),Pc-(CpsGd"),}*~ dianion in 3; (c) the neutral

{Cryptand(K*)},{Fe"(CN),PcCl;c}*~ assembly in 7; (d) the {Fe"(CN),(PcClys)-(CpsNd"),}>~ dianion in 8.

1.942-1.949(5) A and two longer Fe-C(CN) bonds of 1.977-
1.981(2) A are formed. Phthalocyanine macrocycles preserve
dianionic state since alternation of Ns,-C bonds characteristic
of radical trianion Pc*3~ macrocycles'? has not been found in 2
and 3 (Table 2). Bidentate cyano ligands in {Fe"(CN),PcClig}*~
have high affinity to metal centers since they coordinate to
potassium ions in {cryptand[2.2.2](K*)} (Fig. 1c). The K-N(CN)
distance of 2.8747(15) A is much shorter than the sum of van
der Waals (vdW) radii of nitrogen and potassium atoms (4.22
Ay,

Metal atoms coordinate to nitrogen atoms of cyano ligands
(Fig. 1). The shortest M-N(CN) bond of 2.129(3) A length is
formed with Mn'(acac),. Longer M-N(CN) bonds are formed
with Nd" and Gd" ions (2.43-2.49 A, Table 2). In all cases
coordination M-N(CN) bonds are positioned at an angle of 147-
155° relative to linear NC-M-CN fragments, and total length of
the assemblies is 10.2-10.8 A. All assemblies are separated by
bulky {Cryptand[2.2.2](K*)} cations and solvent molecules (Fig.
S$13), and there are no direct ©-7t interactions between them.
The shortest metal-metal distances for outer metal atoms
from the adjacent assemblies are rather long being 6.25 for
Nd"in 8, 6.87 for Gd"in 3, and 9.23 A for Mn''in 2.

c. Optical properties.

Optical spectra of starting Mn"Pc and Fe"Pc, and their dicyano
complexes are shown in Fig. 2, whereas positions of peaks are
listed in Table S5 in SI. Both Mn'"Pc and Fe'"Pc show spectra
typical for metal(ll) phthalocyanines with the Soret band at
349 and 326 nm and the Q-band at 690, 736 nm (split band)
and 670 nm, respectively. Cyanation does not affect noticeably
spectrum of Fe''Pc. Only narrowing of both Soret and Q- bands
is observed (Fig. 2b). On the whole, the spectrum of the
{Fe"(CN),Pc}?*- dianions in 5 is similar to those of previously
studied {Fe"(N-Melm),Pc}° (N-Melm: N-methylimidazole) and
{Fe"(Py),Pc}® complexes with low-spin Fe" (S = 0).1* On the
contrary, the spectrum of Mn'Pc is modified substantially at
cyanation. Instead of the split Q-band of Mn'Pc, two intense
bands are observed in the spectrum of 1 at 660 and 805 mn
(Fig. 2a). Multiple bands are also observed at 385, 400, 451,
495, 521 and 568 nm (Fig. 2a). All these changes show that

This journal is © The Royal Society of Chemistry 20xx

formation of {Mn'"(CN),Pc}?>~ affects electronic structure of
Mn'"Pc. Previously, new bands were also found in the spectrum
of salt with {Mn'"(CN),Pc}?*~ obtained by the cyanation of Mn'Pc
in acetone.® Pristine Mn'Pc has intermediate S = 3/2 spin
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Fig. 2. UV-visible-NIR spectra of: (a) pristine Mn'"Pc and (b) salt 1 with
{Mn"(CN),Pc}>~ dianions and salt {Cryptand(K*)}{Fe'(Pc?")}CeH4Cl, with
low-spin (S = 1/2) {Fe'(Pc*")} anions'’?; (b) starting Fe'Pc, and salt 5 with
the {Fe"(CN),Pc}*~ dianions.
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state.!> This state is preserved when Mn'Pc forms complex
with pyridine {Mn"(Py),Pc}° or 1D polymer with 4,4-bipyridyl
{Mn"(BPy)Pc},.*® Optical spectra of these compounds support
preservation of S = 3/2 spin state since they are similar to that
of Mn'"Pc. Optical spectrum of {Mn"(CN),Pc}>~ supports
lowering of spin state of Mn'" to S = 1/2 as it was observed
previously8. It should be noted that the {Mn'(CN),Pc}>-
dianions in such configuration are isoelectronic to previously
studied {Fe'Pc}~ anions containing Fe' (S = 1/2).17 Spectrum of
{Cryptand(K*)}*)KFe!(Pc?7)}CeHsCl,22 shown in Fig. 2a is
similar to that of 1 since it contains two intense bands at 688
and 822 nm, and multiple bands are manifested at 557, 526,
477, 442 and 406 nm. Both {M'"(CN),Pc}*~ dianions (M = Mn"
and Fe') manifest a new band at 383-385 nm which is absent
in the spectra of pristine phthalocyanines (Fig. 2).

The formation of assemblies does not affect noticeably the
spectra of complexes containing dicyano iron(ll)
phthalocyanine dianions (Fig. S12 and Fig. 3b). Howeuver,
coordination of metal fragments to {Mn'"(CN),Pc}> affects its
spectrum. First of all, splitting of the band at 660 nm into two
bands (660 and 680 nm) is more pronounced in the spectra of
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Fig, 3. UV-visible-NIR spectra of: (a) 1 with {Mn"(CN),Pc}*~ and corresponding
complexes 2, 3 and 4; (b) 7 with {Fe'(CN),PcCl,s}*~ and corresponding complex
8.
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2-4. An intense band at 568 nm observed in the spectrum of 1
disappears, whereas intense bands at 495 and 400 nm are blue
shifted in the spectra of 2-4 to 473-482 and 383 nm,
respectively (Fig. 3a).

IR spectra are shown in Figs. S1-S11, and positions of the
peaks are listed in Tables S3 and S4. Three intense bands in the
spectra of metal(ll) phthalocyanines at 720-780 cm™ are rather
sensitive to charge state of Pc.!? Cyanation shifts the most
intense bands at 721 (Mn) and 731 cm™ (Fe) to larger
wavenumbers - 727 (Mn, 1) and 734 cm™ (Fe, 5). Formation of
radical trianion Pc*3~ macrocycles shifts these bands to the
opposite direction by 10-18 cm.12b Therefore, coordination of
two acceptor cyano ligands decreases electron density on the
Pc macrocycles (the effect is opposite to the reduction). At the
same time the bands attributed to the C=N vibrations shift
only slightly by 2-4 cm? at the formation of trinuclear
assemblies indicating preservation of the C=N bond length.

d. Magnetic properties.

I. Magnetic properties of {Mn'"(CN),Pc}*-, {Fe"(CN),Pc}>*~ and
{Fe"(CN),PcCl;s}* dianions.

It is known that the {Mn"(CN),Pc}?>~ dianions have the yuT
value of 0.55 emu-K/mol indicating low-spin state (S = 1/2) of
Mn'.8 We have analyzed temperature dependent magnetic
characteristics of these dianions. The yuT value of 0.41
emu-K/mol at 300 K (Fig. 4) also corresponds to the low S=1/2
spin state of {Mn"(CN),Pc}?~. Weiss temperature of -5 K (50-
300 K) intermolecular
coupling of spins in 1 (Fig. S16). The yuT value only slightly

indicates weak antiferromagnetic
decreases with temperature as shown in Fig. 4. Compound 1
manifests an intense asymmetric EPR signal in the spectrum
measured for a polycrystalline sample in anaerobic conditions.
It was fitted well by three Lorentzian lines with g, = 2.1116 (the
linewidth AH = 8.12 mT), g, = 2.0746 (4H = 10.67 mT), g3 =
1.9895 (A4H = 24.33 mT) at 293 K (Fig. 5a). These components
are slightly shifted and narrowed with temperature decrease
down to 4.2 K: g1 = 2.1029 (AH = 17.29 mT), g, =2.0712 (4H =
9.65 mT) and g3 =1.9907 (4H = 21.30 mT) (Fig. S18). The
position of a signal also justifies low- (S = 1/2) spin state of Mn"
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Fig. 4. Temperature dependence of yuT for 1 containing low-spin (S = 1/2)
{Mn"(CN),Pc}?>- dianions.
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in 1 since Mn'"Pc in intermediate S = 3/2 spin state shows an
asymmetric EPR signal with a low-field component at g = 4165,
Complexes 5 and 7 with the {Fe'"(CN),Pc}*~ and {
Fe'(CN),PcClys}>~ dianions have been studied by EPR technique
at room and liquid helium temperatures, and 7 has also been
analyzed by SQUID magnetometry. First of all, both complexes
are EPR silent at these temperatures indicating singlet S = 0
spin state of the dianions. Molar magnetic susceptibility is
negative and linear for 7 being y, = -0.001376 emu/mol in the
50-300 K range (Fig. S36). The value of y, calculated for 7 using
Pascal constants is -0.001734 emu/mol. That also supports S =

ARTICLE

0 state of {Fe"(CN),PcClg}>~. Estimated amount of Curie
impurities for 7 is about 1.2% from the content of Fe'"PcClyg.

Il. Magnetic properties of trinuclear {Mn"(CN),Pc-

(Mn"(acac),),}*~ assemblies in 2.

As we have shown, spin state of {Mn'"(CN),Pc}>~is S = 1/2 but
manganese(ll) acetylacetonate has a high-spin S = 5/2 state. As
a result, the formation of a system of three independent S =
5/2, S = 1/2 and S = 5/2 spins is expected for 2 at high
temperatures. The yuT value is 8.74 emu-K/mol at 300 K (Fig.
6, curve shown by open circles). The theoretically calculated
value for such system is 9.12 emu-K/mol at g-factor = 2 that is
close to the experimentally determined value. The yuT value
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Fig. 5. Solid-state EPR spectra for the polycrystalline complexes measured in anaerobic conditions and their simulation: (a) 1 at 293 K; (b) 2 at 20 K (determination of
ZFS parameters is also shown); 3 at 293 (c) and 4.2 K (d). Fitting of the signals by several Lorentzian lines is shown below the spectra.
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decreases in the 50-300 K range, and Weiss temperature has
been determined to be ® = -12 K (Fig. S22) indicating
antiferromagnetic coupling of spins. Magnetic behavior of 2 is
modeled by PHI program?® for three interacting Mn' atoms in
{Mn"(CN),Pc-(Mn"(acac),),}*~ with two J values as shown in Fig.
6. J; is for major Mn" (S = 5/2) and Mn'" (S = 1/2) coupling and
J, is for coupling between two boundary Mn'' (S = 5/2) centers
located at a distance of 10.23 A (Fig. 6). Exchange interaction J;
= -17.6 cm? indicates strong antiferromagnetic coupling
between high- and low-spin Mn'" atoms, whereas J, value is
close to zero (-0.3 cm™) (-2J formalism, g = 2, Fig. 6). A small
intermolecular coupling contribution of z// = 0.005 cm™ is also
taken into account (introduction of this parameter provides
better correspondence between experimental and calculated
curves in the 2-10 K range). Similarly, magnetic behavior of the
assemblies of three high-spin (S = 5/2) Mn(ll) atoms was
previously modeled. In this case Mn' atoms are bridged by
oxygen atoms and the J; values in this case range from -2.1 to -
2.9cm11®

Susceptibility increases below 40 K (Fig. 6) up to 11.60
emu-K/mol at 2 K. This increase can be explained by short-
range magnetic ordering of spins within the assemblies since J;
is relatively high in 2. The value of 11.60 emu-K/mol observed
at 2 K corresponds well to 12.37 emu-K/mol expected for the
high S = 9/2 system at g = 2 when both S = 5/2 spins of Mn(ll)
are antiferromagnetically coupled with central S = 1/2 spin
and, correspondingly, are ordered parallel to each other
providing an S =5/2 - 1/2 + 5/2 = 9/2 spin state. It is seen that
an important condition for the manifestation of the high-spin
state is a different spin state of central and outer Mn(ll) atoms
(5=1/2 and S =5/2). Field dependence of magnetization of 2 is
shown in Fig. 7a. Magnetization is nearly saturated at 5T
magnetic field at the value of 7.41 Napes. No magnetic
hysteresis is found for 2 at 2 K by susceptibility measurements
in magnetic field between 5 and -5T.
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Fig. 6. Temperature dependence of yMT for {Cryptand(K+)}2{MnlI(CN)2Pc-
(Mnll(acac)2)2}2—5C6H4CI2 (2) in zero field cooling conditions and fitting of
these data in the 2-300 K range by PHI program*® (shown by red curve) .
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Compound 2 shows an intense asymmetric EPR signal at
room temperature which is fitted well by three Lorentzian
lines. Parameters of these lines are g, = 2.0705 (4H = 39.2 mT),
g> = 1.7892 (AH = 33.2 mT) and g5 = 1.5410 (4H = 94.7 mT) at
20 K (Fig. 5b). Additional features of the EPR signal are
manifested in 2 at higher and lower magnetic fields from the
central three-component signal. These features can be
attributed to zero-field splitting (ZFS) manifested for high-spin
Mn(ll) (S = 5/2) species. The following parameters can be
determined: |D| = 0.0647, |E| = 0.0192 cm’, £/D = 0.298 and
they are typical for high-spin Mn(I)¥> 20, ZFS is not well
resolved below 20 K.

c. Magnetic properties of trinuclear {Mn'"(CN),Pc-(Cp3;Gd"),}*-
assemblies in 3.

Cyano-bridged assemblies  with  tris(cyclopentadienyl)-
lanthanides are still unknown, and trinuclear
{Mn"(CN),Pc-(CpsGd"),}>~ assembly is a first example. There
are two high-spin Gd"' atoms (S = 7/2) separated by a low-spin
Mn(ll) center (S = 1/2) in 3. The yuT value is 15.01 emu-K/mol
at 300 K (Fig 7). This value is close to that of the system with

8-
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T —"
6
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o
3 4
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0 ‘I T T T T T
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1 2 3 4 S
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0- T T T T T T T T T T
0 1 2 3 4 5

H, 10kOe

Fig.. 7. Magnetization of 2 (a) and 3 (b) in Naug vs magnetic field up to 5T
(black line is a guide to the eye)
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Fig. 8. (a) Temperature dependence of T for

{Cryptand(K*)},{Mn"(CN),Pc-(Cp3Gd"),}>~ -4C¢H,Cl, (3) and fitting of these data
by PHI program?® in the 1.9-300 K range (shown by red curve) .

three non-interacting S = 7/2, S = 1/2, S = 7/2 spins: 16.12
emu-K/mol at g = 2. The Gd" atoms have 8S;,, ground state at
g-factor of 2.2

Magnetic behavior of the trinuclear MnGd, assembly in 3
was modeled by PHI program?® as well. A good agreement
between experimental and theoretical curves is observed at
very weak antiferromagnetic exchange interaction between
Gd" and Mn" centers with J; = -1.1 cm™! (Fig. 8). It is seen that
this interaction is nearly 15 times weaker in comparison with
that for 2. Therefore, as observed previously, d-metals (Mn)
provide essentially stronger magnetic coupling of spins in the
cyano-bridged assemblies in comparison with f-metals (Gd).
Weak coupling is also the reason of that the formation of high-
spin species in not observed for 3. Fitting for 3 was carried out
at fixed g-factors of 1.84 for Mn' and 1.90 for Gd"' which were
directly extracted from the EPR spectra of 3. Zero-splitting
parameter D for Gd" is |0.9] cm™. Since the distance between
Gd atoms from the adjacent MnGd, assemblies is 6.871 A (Fig.
S13a), a small intermolecular coupling contribution of z// = -
0.02 cm is also taken into account (introduction of this
parameter provides better correspondence between
experimental and calculated curves). The field dependence of
magnetization of 3 is shown in Fig. 7b. Magnetization is not
saturated even at 5T magnetic field reaching the value of 12.40
Nalg.

EPR spectrum of 3 at 293 K is shown in Fig. 5c. The signal
contains a very wide and intense line at g; = 1.8699 and the
linewidth of 107 mT and a substantially narrower and weaker
two-component signal with g, = 1.7119 (4H = 29.4 mT), and g3
= 1.8562 (4H = 11.02 mT) (Fig. 5c). Total integral intensity of
the two-component narrow signal is only 2.5% from that of the
wide signal and that corresponds approximately to relative
contributions from two high-spin Gd"' atoms and low-spin Mn'"
atoms. Therefore, the wide signal can be attributed to Gd" but
the narrow signal originates from Mn(ll) (S = 1/2). The wide

This journal is © The Royal Society of Chemistry 20xx

EPR signal expands greatly and shifts towards large g-factors
with decreasing temperature (Figs. S28 and S29). Maximal
linewidth of the signal (275 mT) at g = 1.89 is observed at 150
K, and below this temperature the signal shifts to smaller g-
factors and only slightly narrows (g; = 1.8342 at the 242 mT
linewidth, 4.2 K, Fig. 5d). The narrow signal can be fitted better
by three lines at 4.2 K with g, = 1.7994 (20.54 mT), g; =1.8529
(8.90 mT), g4 = 1.9359 (2.79 mT) (Fig. 5d). Observation of
separate EPR signals from individual paramagnetic Gd"" and
Mn'" species indicates weakness of magnetic coupling between
them in the assemblies that is confirmed by the data obtained
from SQUID magnetometry.

d. Magnetic properties of trinuclear {Mn"(CN),Pc-(CpsNd"),}>-
assemblies in 4.

The Nd"-Mn'-Nd"'" assemblies contain different
paramagnetic centers. According to previous estimation,
central Mn'" atom has low S = 1/2 spin state. The Nd"' atom in
CpsNd"' have 4lg/, ground state at g = 8/11. It has three 4f-
electrons, and theoretical T value for Nd"'is expected to be
1.64 emu-K/mol.2! However, experimentally this value is not
achieved due to the population of excited states with lower

two

total angular momentum values at room temperature.
d
E .I-l.-.--l--...I-I-I-l"""""
2 24 -
S
= 2
@ £
~ 1 =
= ] = 1
S
0
0 1 2 3 4 5
0 H, 10kOe
0 50 100 150 200 250 300
Temperature, K
b ,...-I-l-l-l-l'-‘.'.'...v.'.'...‘.
re 1.5
E
S
X
S 1.0
E .
) ]
<
S 0.5+
0.0 T T T T T T T
0 50 100 150 200 250 300

Temperature, K

Fig. 9. Temperature dependencies of the yuT values for polycrystalline: 4 (a)
and 6 (b). Inset for Fig. a shows magnetization of 4 in Napg vs magnetic field up
to 5T (black line is a guide to the eye)

J. Name., 2013, 00, 1-3 | 7

Page 18 of 22



Page 19 of 22

Previously magnetic properties of pristine CpsNd" as well as
CpsNd"' complexes with one alkylisocyanide ligand (L) were
studied. The yuT values for pristine CpsNd'"' is 1.27 emu-K/mol
at 300 K whereas the CpsNd"-L complexes show even smaller
values being 0.95 emu-K/mol at 300 K. Moreover, the yuT
value is not temperature independent even at 300 K and
decreases in the 300-1.9 K range.?? The yuT value for 4 is 2.30
emu-K/mol at 300 K which is also lower than expected (3.56
emu-K/mol) for three non-interacting centers: two Nd"' atoms
in #lg/> ground state and low-spin Mn'" ion (S = 1/2) (Fig 8a).
This value decreases to 1.125 emu-K/mol at 1.9 K in the whole
studied temperature range (300-1.9 K, Fig 8a). Similarly to
CpsNd"" and CpsNd"-L??, this decrease can be attributed to the
crystal field effects for Nd" and additional contribution for 4
can be given also by weak antiferromagnetic coupling between
the Nd" and Mn" centers within the assemblies. The
compound with the {Fe"(CN),Pc-(CpsNd"),}>~ dianions (6) was
also synthesized. In this case the Fe" atoms in phthalocyanine
are diamagnetic (S = 0), and the exchange through them is
weaker due to a long distance between two Nd'"' atoms (about
10.8 A for isostructural 3). Therefore, in contrast to 4,
magnetic behavior of 6 is defined mainly by the isolated
Cp3Nd"(NC) centers. The yyTvalue of 1.92 emu-K/mol at 300 K
for 6 (Fig. 8b) is lower than that for 4 (Fig. 8a) justifying the
presence of an additional paramagnetic center Mn" (S =1/2) in
4. The yuT value decreases with temperature down to 0.75
emu-K/mol at 1.9 K (Fig. 8b), and such behavior is similar to
those of 4, CpsNd"' and CpsNd"-L?L. The field dependence of
magnetization of 4 is shown in Fig. 9a, inset. Magnetization is
not saturated even at 5T magnetic field reaching the value of
2.67 Naps.

EPR spectrum of 4 was studied in the 293-4.2 K range.
There are wide and narrow asymmetric EPR signals which can
be fitted well by several Lorentzian lines at 293 K (Fig. S33).
The wide signal can be fitted by three lines with g; = 2.0275
(AH = 28.80 mT), g, = 2.0836 (4H = 10.51 mT) and g5 = 2.1167
(4H = 7.52) whereas the narrow signal is fitted by two lines
with g, = 2.0039 (4H = 0.32 mT) and g, = 2.0022 (AH = 0.72
mT) (Fig. S33). The latter signal is too narrow to be attributed
to {Mn"(CN),Pc}?-, and its integral intensity is less than 0.1%
from that of the wide signal. Therefore, most probably this
signal originates from Curie impurities localized on Pc, for
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192 — — 72 1.88

XZYZ —— — 147
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Fig. 10. Scheme of electronic levels calculated for the {Mn"(CN),Pc}*-
dianions. Energies are given in eV.
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example, reduced Pc*3-radical trianions but the content of
these species is too low to affect magnetic properties of 4. The
wide signal can originate from both Nd"' and Mn'" species. The
signal is three-component, but exact attribution of these
components is not possible. Here it should be noted that
CpsNd'"-L complexes can also show EPR signals in the same
range of g-factors (g -component)?2®, Temperature decrease
preserves the same linewidth of the components of the wide
signal but they are shifted to smaller g-factors: g, = 1.9740 (4H
=24.60 mT), g, = 2.0519 (4H = 11.63 mT) and g5 = 2.0936 (4H
=8.97 mT) at 4.2 K (Fig. S33).

e. Theoretical calculations.

For an isolated atom or ion with an open d-shell, the maximum
multiplicity is realized according to Hund's rule. Under the
influence of the ligand environment, splitting of the d-orbitals
occurs and the high-spin state of the Mn'"Pc complex with
macrocyclic ligand (Fig. S39) is not realized due to strong
destabilization of the x2-y2 orbital. Only lower axial z2 orbital is
populated in the ground quartet state. The sextet and doublet
states are higher in energy by 0.53 and 1.12 eV, respectively.
Upon coordination of two axial cyano-ligands in
{Mn"(CN),Pc}*~ (Fig. S39), relative energy of the z? orbital
increases. Therefore, the low-spin doublet state of the
{Mn"(CN),Pc}*~ complex is a ground state (Fig. 10), and quartet
and sextet states are higher by 0.48 and 1.24 eV, respectively.
For similar reasons, the {Fe'(CN),Pc}?>~ dianion (Fig. S40) has a
singlet ground state, and a triplet one is higher by 0.81 eV.

Mn''(acac), coordination to nitrogen atoms of cyano ligands
has almost no effect on geometry of the central
{Mn"(CN),Pc}*~ fragment (see Fig. S42). In this case, the charge
on a cyano ligand decreases from -0.488 to -0.234. At the same
time, comparable electron density transfer of -0.382 occurs
mainly from the macrocycle since the charge on the central
Mn' atom changes only slightly from 0.171 to 0.153. A slight
decrease in the Mn-C(CN) distance from 2.031 to 1.998 A at
upon coordination of Mn'(acac), can be attributed to the
donor-acceptor transfer of electron density (-0.445) to each
Mn'(acac), unit. The {Mn"(CN),Pc-(Mn"(acac),),}* dianions can
have high- (S = 11/2) and low- (S = 9/2) spin states at parallel
and antiparallel arrangement of spins of high- and low-spin
Mn' atoms. These states are nearly degenerated, and their
relative energies are discussed in Sl.

Conclusion

The dicyano complexes of Mn''Pc, Fe''Pc and Fe''PcClys have
been obtained. Central metal atoms decrease spin state to the
lowest possible state (S = 1/2 for Mn" and S = 0 for Fe'-
containing complexes). The formation of {Mn'"(CN),Pc}*~
provides appearance of new bands in the visible and NIR
ranges. As a result, their spectra show some similarities with
optical spectrum of isoelectronic {Fe!(Pc?")}~ anions. These
dicyano complexes have been used for preparation of
trinuclear assemblies with Mn'(acac), as well as Cp;Gd" and
CpsNd". It should be noted that tris(cyclopentadienyl)-
lanthanides are used for preparation of cyano-bonded
assemblies for the first time, and this approach opens a new
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way for the development of lanthanide-containing assembles.
Previously, mainly neutral ligands were coordinated to
tris(cyclopentadienyl)gadolinium(lll) and neodymium(ll1)22b, 23,
Antiferromagnetic coupling of high-spin Mn" (S = 5/2) with
central low-spin Mn" (S =1/2) orders spins of outer atoms
parallel to each other producing high-spin S = 9/2
{Mn"(CN),Pc-(Mn'"(acac),),}*~ dianions at 2 K. Previously, high-
spin state was found for the assemblies of radical anions or
trianions of substituted hexaazatriphenylenes with three
paramagnetic metal centers like Co" (S = 3/2) or Fe" (S =2). In
this case spins of metal atoms are ordered parallel to each
other when they couple antiferromagnetically with S = 1/2 spin
of hexaazatriphenylenes.?* This work shows that trinuclear
assemblies containing metal ions in high- and low-spin states
can also form similar high-spin species. They are promising
building blocks to prepare compounds with long-range
magnetic ordering of spins at their close packing in the crystals
or to obtain combination of conductivity and magnetism when
partially oxidized or reduced phthalocyanine macrocycles are
formed in such assemblies. On the contrary, essentially weaker
magnetic  coupling is observed between high-spin
gadolinium(lll) and low-spin manganese(ll) atoms in
{Mn"(CN),Pc-(Cp3sGd™),}?-, and in this case high-spin species
are not formed down to 1.9 K.
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