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The f-electronic structures of the ground states of anionic bis(phthalocyaninato)lanthanides, [Pc,Ln]~ (Pc = dianion
of phthalocyanine, Ln = Th3*, Dy®*, Ho®*, Er¥*, Tm®*, or Yb%*), are determined. Magnetic susceptibilities of the
powder samples of [Pc,Ln]TBA (TBA = tetra-n-butylammonium cation) in the range 1.8—300 K showed characteristic
temperature dependences which resulted from splittings of the ground-state multiplets. NMR signals for the two
kinds of protons on the Pc rings at room temperature were shifted to lower frequency with respect to the diamagnetic
Y complex in Ln = Th, Dy, and Ho cases, and to higher frequency in Er, Tm, and Yb cases. The ratios of the
paramagnetic shifts of the two positions were near constant in the six cases. This indicates that the shifts are
predominantly caused by the magnetic dipolar term, which is determined by the anisotropy of the magnetic
susceptibility of the lanthanide ion. Using a multidimensional nonlinear minimization algorithm, we determined a set
of ligand-field parameters that reproduces both the NMR and the magnetic susceptibility data of the six complexes
simultaneously. Each ligand-field parameter was assumed to be a linear function of atomic number of the lanthanide.
The energies and wave functions of the sublevels of the multiplets are presented. Temperature dependences of
anisotropies in the magnetic susceptibilities are theoretically predicted for the six complexes.

Introduction are sharp enough to separate from each other, it is possible
to obtain direct information on the energy levels of the
Information on multiplet splitting in a 4f-electronic system  sypstates within a multiplet, and ligand-field (LF) parameters
is of crucial importance for studying and understanding can be determined. Otherwise, however, sublevel structures
magnetic properties of a lanthanide complex. The temper- cannot be obtained by this approach.
ature dependence of magnetic Susceptibility, for eXampIe, Recent'y' Ishikawa et al. proposed a new method to
is determined by how the sublevels in the ground-state getermine electronic structures of a series of isostructural
multiplet are thermally populated as a function of temper- |anthanide complexésin this method, each ligand-field
ature. Determination of the sublevel structure iS, hOWeVer, a parameter is assumed to be a |inear function of the atomic
difficult task both experimentally and theoretically in many number. Under this restriction, a multidimensional nonlinear
cases. minimization algorithm is employed to search the set of LF
The f-electrons in most of lanthanide complexes are parameters which simultaneously reproduces both paramag-
considered to have properties which are close to those ofpetic shifts oftH NMR spectra and temperature dependence
isolated ions. The energies of ground- and excited-stateof magnetic susceptibilities. As the first application of this
multiplets are determined biS-coupling in which total  method, the ligand-field parameters were determined for a
angular momentund is the good quantum number for each  series of dinuclear lanthanide complexes with phthalocya-
state. The energies of the-f electronic spectral bands in  nine? With the knowledge of sublevel structures of individual
the region from near-IR to UV, if they are available, are f.systems in the dinuclear complexes, the study of interaction
similar to those of free ions. Fine structure in each band is between f-electronic Systems was carried?this was the

ascribed to ligand-field splitting of the ground- and excited- first study of f-f interaction in dinuclear lanthanide com-
state multiplet. In fortunate cases where the fine structuresplexes based on precise LF parameters.

*To whom correspondence should be addressed. E-mail: ishikawa@ (1) Ishikawa, N.; lino, T.; Kaizu, YJ. Phys. Chem. 2002 106, 9543.
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Bis(phthalocyaninato)lanthanide Complexes

Figure 1. Schematic diagram of [Bcn]~ (Ln = Tb, Dy, Ho, Er, Tm, or
Yb).

This paper presents the first determination of the subleve

structures and ligand-field parameters of the series of the X ,
» phthalocyanine complexes (Figure 1), which shed light on the sublevel structures of the f-electronic

“double-decker
consist of twos-conjugate planar ligands and one of the
following trivalent ions, TB*, Dy3*, Ho*", EFt, Tm3*, and

Ybe®*. Neither fluorescence nor absorption spectra associate

regularly decreases as the lanthanide atomic number increases
and is correlated with the change of ionic radii due to the
lanthanide contraction.

The sandwich-type complexes have the most basic struc-
ture of “stackedr-conjugate molecules”, and their spectro-
scopic and electrochemical properfibave been studied in
terms ofz—s interactions between adjacent ligatés3 In
the perspective as “stacked-conjugate molecules”, the
lanthanide ions inserted between the ligands have been
treated as a “bridge”, the length of which is determined by
the ionic radii regularly varying through the lanthanide series.
Although the importance of the role of the f-electrons has

|been mentioned occasionally, there has been no decisive
study on it. The study presented here is the first attempt to

systems of the double-decker complexes.

CIExperimental Section

with lanthanide centers are obtainable in these complexes, The powder samples of [Am]TBA (Ln = Tb, Dy, Ho, Er, Tm,
because of the low-lying Pc-centered energy levels quenchingor Yb) were prepared by a conventional metiteh Magnetic

the lanthanide fluorescence, and the extremely intense Pc-susceptibility measurements were carried out on a Quantum Design
centered absorption bands concealing the lanthanide-centereflPMS-5 SQUID (superconducting quantum interference device)

bands.

The phthalocyanine double-decker complexes have bee
known to exist in several oxidation stafe§.Two oxidation
states, [Pg.n""]~ and [PeLn"'1° (Pc = dianion of phthalo-

magnetometer. The corresponding experimental data feiY[Pc
nTBA were used to correct for the diamagnetic susceptibility
contribution in each the sampféd NMR spectra of the complexes
were measured in GICN solution at 27°C with (CHg),Si as an
internal standard on a JEOL Lambda-300 NMR spectrometer.

cyanine), are stable in air. In the former oxidation state, each

Pc ligand has a formal charge ef2 with a closed shell

Results

electronic configuration. The present paper concerns this

oxidation state. The information on the f-electronic structures

SQUID Measurements Figure 2 shows the plots of molar

presented here is also essential for future study of the lattermagnetic susceptibility times temperaturgnT) against

oxidized form, which has ar-hole delocalized over two
ligands? Although there are a few reports on magnetic
interaction between the f-system and th@ole® 10 precise

temperatureT for the powder samples of [PEb]TBA,
[Pc.Dy]TBA, and [PGHO]TBA. As temperature risegmT
asymptotically approaches the corresponding value of a free

descriptions of the electronic states and nature of the trivalention in each caseg,T = 11.81 emu K/mol for T#',
interaction are still unknown, since there has been no study14.18 emu K/mol for D¥*, and 14.07 emu K/mol for Ho.

on the sublevel structure of the multiplets.

Each lanthanide ion is 8-fold coordinated by the pyrrole
nitrogen atoms of the two Pc ligands. The X-ray study for
[Pc.Ln]TBA (Ln Lu, Ho, and Gd; TBA= tetran-
butylammonium cation) has shown that in the complex with
the smallest ion with ¥-configuration, L3*, the skew angle
the two ligands make is 450and the ligand field is
approximately of D4y symmetry!! The angle gradually

With lowering temperature, thg,T value of [PgTb]TBA
gradually decreases. After reaching the minimum (10.3 emu
K/mol) at 11 K, they,T value slightly increases and reaches
10.5 emu K/mol at 2.0 K. [BOY]TBA shows a monotonic
decrease inmT with lowering temperature. The value reaches
10.2 emu K/mol at 2 K. [P#10]TBA shows a similar
tendency, but with a greater decreaggT is 6.3 emu K/mol

at 2 K.

becomes smaller with a decrease of the atomic number of Figure 3 shows the,T versusT plots of [PGEITBA,
the lanthanide ion. The distance between the two ligands[Pc,Tm]TBA, and [PeYb]TBA. Again, the curves approach

(3) Riou, M. T.; Clarisse, CJ. Electroanal. Chem1989 274, 107.

(4) Konami, H.; Hatano, M.; Kobayashi, N.; Osa, Chem. Phys. Lett.
199Q 165 397.

(5) lwase, H.; Harnoode, C.; Kameda, Y. Alloys Compd1993 134,
280.

(6) Harnoode, C.; Takamura, K.; Kubota, H.; Sho, K.; Fujisawa, K.;
Kitamura, F.; Ohsaka, T.; Tokuda, Electrochemistry1999 67, 832.

(7) Ishikawa, N.; Ohno, O.; Kaizu, YChem. Phys. Lett1991, 180, 51.

(8) Padilla, J.; Hatfield, W. ESynth. Met1989 29, F45.

(9) Trojan, K. L.; Hatfield, W. E.; Kepler, K. D.; Kirk, M. LJ. Appl.
Phys.1991, 69, 6007.

(10) Trojan, K. L.; Kendall, J. L.; Kepler, K. D.; Hatfield, W. Hnorg.
Chim. Actal992 198-200, 795.

(11) Koike, N.; Uekusa, H.; Ohashi, Y.; Harnoode, C.; Kitamura, F.;
Ohsaka, T.; Tokuda, Kinorg. Chem.1996 35, 5798.

theymT value of a free Bf" (11.48 emu K/mal), Tr#" (7.15
emu K/mol), and YB" (2.57 emu K/mol), respectively, at
room temperature. With lowering temperaty;gT decreases
monotonically in all three cases, in different manners. The

(12) (a) Ishikawa, N.; Ohno, O.; Kaizu, Y.; Kobayashi, HPhys. Chem.
1992 96, 8832. (b) Ishikawa, N.; Ohno, O.; Kaizu, ¥. Phys. Chem.
1993 97, 1004. (c) Ishikawa, N.; Kaizu, YChem. Phys. Let1994
228 625.

(13) (a) Ishikawa, N.; Kaizu, YJ. Porphyrins Phthalocyanines999 3,
514. (b) Ishikawa, NJ. Porphyrins Phthalocyanine2001, 5, 87.

(14) De Cian, A.; Moussavi, M.; Fischer, J.; Weiss liorg. Chem1985
24, 3162.

(15) Konami, H.; Hatano, M.; Tajiri, AChem. Phys. Letl989 160, 163.
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Figure 2. Plots of ymT against temperatur& for [Pc,Tb]TBA (top), Figure 3. Plots of ynT against temperaturé& for [PGErTBA (top),
[Pc,Dy]TBA (center), and [PsHo]TBA (bottom). Each dashed line is the [P Tm]TBA (center), and [P£/b]TBA (bottom). Each dashed line is the
xmT value of the corresponding free lanthanide ion. xmT value of the corresponding free lanthanide ion.
xmT1 values of [PeEr[TBA, [Pc,Tm]TBA, and [PaYb]TBA Table 1. Assignments ofH NMR Signalsé and Paramagnetic Shifts
at 2 K are 5.6, 4.1, and 1.1 emu K/mol, respectively. A for [PeLnITBA
'H NMR Measurements. The assignments dH NMR Ln o(e) 0(h) Ad(a) AS(B)  AS(B)AS(a)
signals and paramagnetic shifts of jPa]~ are summarized Y 8.84 8.13
in Table 1. The paramagnetic shifd in the present work 1~ =854 = —4058  —942 = —48.71 0.52
. ! ot . Dy —4222 —1838 —-51.06 —26.51 0.52
is defined as the deviation of a chemical shiftof a Ho 569 032 -—1453 -7.81 0.54
paramagnetic species from that of diamagneti¢YPEBA. Er 35.05 21.17 26.21 13.04 0.50
; ; m 34.83 21.20 25.99 13.07 0.50

The complexes have two different kinds of protons on the vb 4189 869 3.05 . 051

Pc rings. The protons near and far from the center will be

referred to as. andp3, respectively. The signals in [P]- the azimuth of the proton with respect to the quantization
TBA are observed at 8.84 ppm for theposition, and 8.13  5i5 j e theC, axis. The geometric factors are fairly fixed

ppm for thep position. The largest paramagnetic shifts are ¢, the six complexes. The fact that the ratios/af values

observed in [PAD]TBA. In the Ln=Tb, Dy, and Ho cases, 4t o andg protons are near constant supports the presump-
the Ao values are negative. The absolute valuaofreduces g that the magnetic dipolar contribution is dominant.

as the atc_>m|c number increases. The direction of the shift In the earlier report on théH NMR measurements on
reverses in the L= Er, Tm, and Yb cases. [FErTBA 15 . . L
- [Pc.Ln]TBA, > there were oversights of signals lying in the
and [PeTm]TBA have similar Ad values. [PgYb]TBA . . . 2
exhibits the smallestAd| values in the six cases negative region of chemical shift in the cases of£nTb,
Sm_ : j Dy, and Ho. The conclusion in the paper that the Fermi
Throughout the series, the ratios of thé values ofa — L
- . ontact contribution was significantly largetherefore, has
andg positions are about 0.5. Since the protons are separateqc )
o .10 be corrected. For the Er, Tm, and Yb cases, the signal
from the lanthanide ions by four atoms at least, it is assiqnments are basically unchanaed
anticipated that the Fermi contact contribution to the g y ged.
paramagnetic shift is far smaller than the magnetic dipolar Discussion
contribution. The dipolar contribution is proportional to a
geometric factor (3 c89 — 1)/(2R°), whereR s the distance Determination of LF Parameters in the Lanthanide
between the paramagnetic center and the proton6aisd Complexes.In the previous papefs;we demonstrated that

2442 Inorganic Chemistry, Vol. 42, No. 7, 2003
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substate structures of a series of lanthanide complexes having

isomorphic structures can be determined by finding the set 400—5 —
of the LF parameters that reproduce simultaneouslythe ] -
NMR paramagnetic shifts and the temperature dependence i

300 L
of magnetic susceptibilities. For the search of the LF ] X
parameters, any standard nonlinear multidimensional mini-

mization algorithms can be used. In the present work, a T 200: X
simplex minimization methdd was employed. We have < 100_3 5
searched for a set of LF parameters that gives the least- e ] . . 4k
squares fit tgym T values at 2, 4, 8, 15, 30, 70, and 150 K, i A—k & * =

and theAod values of thea-proton of the six lanthanide 07 3
systems. ] [
The total angular momentum of the ground state in the -100 7 -
trivalent lanthanide ions under consideratighf'%) is J =
L + S EachJ state has 2+ 1 sublevels in the ground-state -200 n
multiplet. The Hamiltonian of a system under external 1 : : : : —
magnetic field is Lhn=Tb Dy Ho Er Tm Yb

N . Figure 4. LF parametersA°[i2[](®), A.C*0(M), and ALMH1(a) of
H=p(L +25H+F [Pe.LN]TBA (Ln = Tb, Dy, Ho, Er, Tm, and Yb).

The first term of the right-hand side is the Zeeman effect.
The orbital and spin angular momentum matridegndsS,

are those reconstructed so that the basis for the matrix
elements igJ,J,[]

The second term is the LF interaction, which is expressed
by the operator equivaleit. Following the notation by 1
Abragam and Bleanél,the LF term belonging to th€, xX= §(Xxx+ Xy T 122
point group is written as

The observed molar magnetic susceptibifityof a powder
sample is

Xm = NA)_C

02 o oa o s . whereN, is the Avogadro number. Since the paramagnetic
F=ATT00, + A TS0, + A, TPO, + center of each molecule is placed in a ligand fieldQf
ALE O, + AT O,! symmetry, the following relation is held.

The coefficientsAdikOare the parameters to be deter- Xxx = Xyy
mined. TheO,@ matrices are polynomials of the total angular
momentum matriced?, J,, J_, andJ., and their definitions The dipolar contribution in thetH NMR paramagnetic shift

are described in ref 18. Theaxis is chosen to coincide with ~ AJ is written as

the C, axis. The coefficients, 8, andy are the constants

tabulated by Steverig.As in the previous attempts, we AS = Av_ (3 co 6 — 1) L
employed an assumption that each parameter is expressed Ty 2R3 Uze ™)
as a linear function of atomic number.

When the molecular symmetry B4, Where the two  where v is the resonance frequency in the reference
equivalent Pc rings are placed parallel to each other with a diamagnetic molecule\v is the change in the frequency in
skew angle of 45 A;*i*ClandA¢*i°Cvanish. Since the angles  the paramagnetic molecul® is the distance between the
in the Lu and Ho complexes are reported to be 24&u0d paramagnetic center and the proton to be consideredd and
43.2 Y the two LF parameters are expected to be small in js the corresponding azimuth.
the present cases. We performed the search with fixing the The R and 6 values estimated from the X-ray crystal
two parameters at zero. A separate calculation showed thatstructures of [P4.n]TBA for Ln = G&®*, Ho**, and L+ 1
improvement by moving the two parameters was negligible. indicate that deviation of the geometric factors (32cos

A set of Ad*Ocoefficients and a finite external field ¢ — 1)/(2R%) from the averaged value is not negligible. To
determine the wave functions and magnetic moments of all obtain the geometric factors for thé-f13 cases, we used a
the substates. The magnetization of an ensemble at a certaifinear function of atomic number that gave the least-squares
temperature is obtained considering Boltzmann distribution. fit to the three values estimated from the X-ray structures.
The magnetic susceptibility per molecule is given by dividing  Figure 4 shows the LF parameters thus obtained. The
the magnetization by the magnetic field applied. Thus, three parameters give the best-fit,T versusT plots shown in

principal valuesyxx, xyy, andyz, are obtained. Figure 5 and paramagnetic shX® values in Figure 6. The
(16) Nelder, J. A Mead, FC L 71965 7 308 figures indicate that the obtained parameters reproduce both
elder, J. A.; Mead, RComput. J. , . .
(17) Stevens, K. W. HProc. Phys. Soc., London, Sect1852 65, 209. the SQUID and'H NMR data with good accuracy.
(18) Abragam, A.; Bleaney, BElectron Paramagnetic Resonandelar-
endon Press: Oxford, 1970. (19) Bleaney, BJ. Magn. Resonl972 8, 91.
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1H NMR signal of thea-proton on the Pc ligands in [An]TBA (Ln =

Th, Dy, Ho, Er, Tm, and Yb). Table 2. Energies and Wave Functions of the Ground-State Multiplets
of [PcTh]~
Electronic Structures of [PcLn]TBA. With the param- energy (cm) wave function
eters determined as described, the electronic structures of 0 1607 |—60]
the ground states of the six lanthanide systems are obtained. 436 |50)|—50
Figure 7 shows the energy levels of the2 1 sublevels of ggg Kig e
the ground state of each system. 548 Izulfzm
(1) [PcTh] . The lowest substates a@iand|—6L]which 581 [40)|—40
589 130)|—30

have the largesl, values within the]l = 6 ground state (Table
2). This indicates the presence of a strong uniaxial magneticat which point the,,value starts decreasing (Figure 8). Static
anisotropy along th€, axis. The next sublevel lies at about magnetic behavior of the complex below 100 K is almost
400 cntt. The large energy difference results in a predomi- exclusively described by thé[and|—6substates. At room
nant population of the lowest levels up to relatively high temperature, the population of the lowest levels drops to 69%,
temperature: the population ratio remains 99.6% at 100 K, which is still the largest number among the six lanthanide

2444 Inorganic Chemistry, Vol. 42, No. 7, 2003
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Table 3. Energies and Wave Functions of the Ground-State Multiplets
of [PcDy]~

Table 6. Energies and Wave Functions of the Ground-State Multiplets
of [Pc;Tm]~

energy (cnt?) wave function

energy (cmt) wave function

0 [330) | —1¥,00

35 |10 | —1Y,0
179 19,03 |— 200

268 [3/,0) | —1%/20
330 A/
445 13/,0) | —5/,0
517 13500 | — 3200
550 Y200 |~ Y00

Table 4. Energies and Wave Functions of the Ground-State Multiplets
of [PcHo]~

energy (cnm?) wave function

0 |50)|—50
15 |40)|—40
82 160)|—60

117 130|130

121 |80)|—80)

190 |70|-70

254 |20 |—20

367 110)|—10

410 |00

Table 5. Energies and Wave Functions of the Ground-State Multiplets
of [PGEr]~

energy (cnt?) wave function

0 %2001 —>0
102 13,0130
191 113,001 —13/,0
259 15/,0) | —5/,0
302 |X5/,0) | —15,0

327 [11/,0) |—1Y,0
391 7120|7120
423 19/0) | —%,0

cases. The relatively slow variation gf;T andy«T is due

0 115)|-10
2 jox]

23 |20)|—20
132 130)|—30
211 165)|—60]
349 |40) |—40
532 50)|—50

Table 7. Energies and Wave Functions of the Ground-State Multiplets
of [PeYb]~

energy (cnl) wave function

0 %200 |=5/20
153 %200 | =50
178 3200 |—3/>00
552 |00 | =710

(5) [Pc;Tm] ~. The lowest sublevels are the nondegenerate
|0Cand degenerate-1[0(Table 6). A strong planar anisotropy
is expected at low temperature because of the smallest
values of the substates ih= 6 multiplets. The calculated
energy difference between @ and|+1Cstates is 2 cm,
which most probably falls within the experimental uncer-
tainty. It is, therefore, not appropriate at this point to
determine which state is really the lowest. The contribution
from the third substatd+2[1becomes significant from
relatively low temperature: the population of the state
exceeds 1% at 8 K.

(6) [PcYb] ~. The lowest substate is=%,(Table 7). In
the low temperature region, the predominant population to
the state gives an axial magnetic anisotropy. As temperature
rises, yx increases and exceegs, at about 170 K. This

to the large energy gap between the lowest substate and theonversion of the anisotropy from axial to planar is attributed

second.

(2) [Pc:Dy] . The lowest substates afe/,0and |—%/,0)
J; values of which are the second largest in dive 1%, state
(Table 3). The next substatés/,(0and |—%,[lie at about
40 cnt?! above. Up to 10 K, the population to the:*%/,0]

to the increasing population to the next two substates]
and |£+%/,0

Here it may be worthwhile to compare the multiplet
splittings of the [PeLn] ™ to those of the L#" ions doped in
LaCl; matrix, which are often cited as the “standard” of

state is more than 99%. The population drops to 73% at 5planthanide compounds. The symmetry of the crystal field

K, while that of the|&Y,[level gains 27%. The relatively

that the LaCd matrix gives isCsn.2° The energy differences

rapid change T in the low temperature range is ascribed [TOM the lowest sublevel to the highest of the ground

to the rapid increase of the population to theY/,Clevel.
(3) [PcHo]~. The energy difference between the two

lowest states is relatively small in this case. Th&states

and the nexi+4[states have intermedialgvalues in thel

= 8 multiplets (Table 4). At 5 K, the population in th&50

states is more than 99%, which decreases to 74% at 20 K
while |+400states gain 25%. This rapid change in the
population results in the large temperature dependences o

xmT (Figure 2, bottom),y.T, and y«I values at low
temperatures.

(4) [Pc:Er] ~. The lowest substates aféCand|—Y,Cwith
the smallest], in the J = 1%, multiplets (Table 5). This

multiplets of T, Dy3*, Ho*", and E#t in a LaCk matrix
have been reported to be 118, 141, 213, and 229'cm
respectively’® Each number is smaller than the corresponding

value of [PeLn]~. Aside from the question of whether the

potentials with different symmetries can be compared directly
or not, it may be safe to say that the strength of the ligand

field in the bis(phthalocyaninato)lanthanides is greater than
Fhat in LaCh.

The successful convergence of the analysis strongly

supports that paramagnetic shifts in {Bg] ~ are determined

predominantly by the magnetic dipolar term. Figure 9 shows

the relation between the geometric paramétand the sign

of the Ad values. In Ln= Tb, Dy, and Ho caseg.,is greater
Xhanxm andy,y at room temperature. Since the protons of
[PcLn]~ are in the regiond > 54.7 = arccos(3'?), a

indicates the presence of a strong planar magnetic anisotrop
at low temperature. The next sublevels are at relatively high
energy. The contribution from the second lowest state

3 - ; )
I+ /ZEbecor_nes non-negligible at about 30 K, at which point (20) Dieke, G. HSpectra and Energy Lels of Rare Earth lons in Crystals
the population of the state exceeds 0.7%. John Wiley & Sons: New York, 1968; Chapter 13.
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Ln =Tb, Dy, Ho

Ln=Er, Tm, Yb

Figure 9. Relation between the geometric parameteand sign of the
paramagnetic shifts of protons of [Ro]~. The black and white dots
represent the position af andf protons, respectively. The dotted lines
are the 4-fold symmetric axig @xis) of the complexes.

negative paramagnetic shift results from the dipolar contribu-
tion. On the other hand, in the Er, Tm, and Yb cagesis
smaller tharyy andyy, at room temperature, and therefore,
positive dipolar shifts are observed.

Conclusions

We have elucidated the splitting structures of the ground-
state multiplets of the six bis(phthalocyaninato)lanthanide
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complexes. It has been shown that a single set of LF
parameters explains the diverse characteristics of the com-
plexes observed idH NMR paramagnetic shifts and the
temperature dependences of the magnetic susceptibilities. The
information on the f-electronic structures obtained here
provides a firm theoretical foundation for further study of
the properties in which f-electrons are associated, such as
dynamical response to alternating magnetic field, magnetic
anisotropies of single crystals, anet interactions in the
neutral Pc double-decker complexes.
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