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Abstract: The first detection and characterization of the interactions between the f-electronic systems in
the dinuclear complexes of paramagnetic trivalent Th, Dy, Ho, Er, Tm, and Yb ions with phthalocyanine
ligands are presented. The molar magnetic susceptibilities, ym, were measured for PcLnPcLnPc* ([Ln, Ln];
Pc = dianion of phthalocyanine, Pc* = dianion of 2,3,9,10,16,17,23,24-octabutoxyphthalocyanine) and
PcLnPcYPc* ([Ln, Y]) in the range from 1.8 K to room temperature. The selective synthetic method previously
reported for the heterodinuclear complex [Y, Ln] was used to prepare [Ln, Ln] and [Ln, Y] with a modification
on the choice of starting materials. The f—f interaction contributions to the magnetic susceptibility are
evaluated as AymT = ym([LN, LN])T — ym(ILN, YI)T — xm([Y, Ln]) T, where T refers to temperature on the
kelvin scale. The homodinuclear complexes having f8—f10-systems, namely [Th, Th], [Dy, Dy], and [Ho,
Ho], show positive AymT values in the 1.8—50 K range, indicating the existence of ferromagnetic interaction
between the f-systems. The magnitude of the Ay, T increases in the descending order of the number of
f-electrons. [Er, Er] gives negative Ay T values in the 1.8—50 K range, showing the antiferromagnetic
nature of the f—f interaction. [Tm, Tm] exhibits small and negative AymT values, which gradually decline in
the negative direction as the temperature decreases in the range 13—50 K and sharply rise in the positive
direction as the temperature falls from 10 to 1.8 K. [Yb, Yb] has extremely small Ay, T values, whose
magnitude at 2 K is less than 1% of that of [Th, Th]. The ligand field parameters of the ground-state multiplets
of the six [Ln, Y] complexes are determined by simultaneous fitting to both the magnetic susceptibility data
and paramagnetic shifts of *H NMR. The theoretical analysis successfully converged by assuming that
each ligand field parameter is a function of the number of f-electrons in each ion. Using these parameters
as well as the previously obtained corresponding parameters for the [Y, Ln] series, the interactions between
the f-systems in [Ln, Ln] are investigated. All the characteristic observations above are satisfactorily
reproduced with the assumption that the magnetic dipolar term is the sole source of the f—f interaction.

Introduction In the perspective of “stacked-conjugate molecules”, the
One of the unique properties of the related aromatic macro- 1anthanide ions inserted between the ligands have been treated
cyclic pigments, phthalocyanines and porphyrins, is their ability 5 “Pridges” whose length is determined by the ionic radii
to form multilayered compounds known as “double-decker” and "€gularly varying through the lanthanide series. Although the
“triple-decker” type complexes with trivalent lanthanide idng. ~ importance of the role of the f-electrons has been mentioned
These compounds have been viewed as “stackednjugate occasionally:>*2attention has rarely been paid to the electronic
molecules”, and their spectroscopic and electrochemical proper-Structures of_ the f-shells in the lanthanide ions, and there has
ties have been studied in terms @& interactions between  Deen no decisive study on the sublevel structure of the ground-
adjacent ligandé-® With an intention to obtain new properties ~ State multiplets of the complexes.
by combining different component-systems, the syntheses of The *“triple-decker” complexes are composed of three dian-
mixed ligand triple-decker complexes were reported by several ionic ligands and two trivalent lanthanide ions. Obviously, these
groups’~10 compounds have another face as “dinuclear lanthanide com-
plexes”. Studying them from this point of view is very important
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because it provides us an opportunity to study a rare class of %
compounds containing multiple lanthanide ions. NN "w;@

The purpose of this paper is to report the first detection of @Eﬂ%
the f—f interactions in a series of homodinuclear phthalocyanine . <_-
complexes of Th", Dy3*, Ho®*", ERT, Tm3, and YB* and /I'T?
the theoretical elucidation of their origin. The two ions are H Cly
placed along the molecular symmetry axis, and each resides on He o N.‘"
a ligand field ofC, symmetry. In X-ray studies on analogous H%Bﬁ?
dinuclear cerium complexes with related ligands, the distance HC, 021 L‘rl
between two C¥ atoms has been reported to be 3.752 A for . A “‘N&?%gs
Cey(OEP),33.84 A for (TPP)Ce(Pc(OMg)Ce(TPP), and 3.66 H&@-ﬁi N =% o
A for (Pc)Ce(Tp-MeOP)P)Ce(Pc)13 The intermetallic separa- H,C,0 "%\ﬂ
tions are expected to be shorter in the complexes with trivalent H4C,0 CyHo
lanthanide ions other than the Ce complexes because of the
lanthanide contraction. It is naturally anticipated that there would [Ln Lﬂ’]
be sizable interactions between the two f-shells, referred to as !

“f —f interactions” hereinafter, at such short distances.
The dete(_:t|_ons of ff interactions have been reported thus Figure 1. Schematic diagram of PcLnPCYPC(@&)s ([Ln, Y]: Ln = Tb,

far on gadolinium(lil) complexes with polydentate ligands such py, Ho, Er, Tm, and Yb; Lh=Y) and PcLnPcLnPc(OEg)s ([Ln, Ln];

as salicylic acid? 3-methoxysalicylaldehyd®, and Schiff Ln = Ln' = Tb, Dy, Ho, Er, Tm, and Yb).

bases® In these studies, variations of the effective magnetic

dipole moment observed at low temperature are directly assignedcompounds®19the magnetic properties of (Ey Ln**) pairs

to f—f interactions. This assignment is based on an assumptionwere compared with those of isostructural compounds obtained

that each individual gadolinium ion, which has seven electrons by replacing C&" with diamagnetic Z#" or Ni*". Each

in the half-filled 4f-shell and hence zero orbital angular lanthanide system shows a characteristic behavior caused by

momentum, gives a temperature-independent effective magnetidhe f—f interaction, as will be presented. The origin of thef f

dipolar moment. This approach is, however, inadequate in otherinteraction in [Ln, Ln] will be discussed using the ligand field

lanthanide cases, since the effective magnetic dipolar momentsparameters determined for [Ln, Y] and [Y, Ln].

of the non-f lanthanide ions are significantly temperature-

dependent, owing to the ligand field splitting of ground-state

multiplets. General Procedure for the Synthesis of PcLnPcYPc* [Ln, Y]

and PcLnPcLnPc* [Ln, Ln] (Ln = Th, Dy, Ho, Er, Tm, and Yb).

The heterodinuclear Pc complexes [Ln, Y] were prepared by the method

Experimental Section

To study ff interactions in general lanthanide cases, one
needs to know beforehand the electronic structure of individual reported previously for the synthesis of [Y, LF]into a 10 mL round-

f-shells. A; a solution to this problem, we investigated individual bottom flask equipped with a condensor were placed 20 mg gifrPc
f-shells using qewly prepared heterodinuclear cor.nple.xes COM- (L = Th, Dy, Ho, Er, Tm, or Yb), 20 mg of BPc*, 80 mg of Y (acac)
posed of a diamagnetic °¥ and a paramagnetic trivalent n4,0), and 5 mL of 1,2,4-triclorobenzene. The mixture was heated
lanthanide ion, PcYPcLnPc* (abbreviated as [Y, Ln] hereinafter; in an oil bath set at 60C with mechanical stirring until the entire
Pc = dianion of phthalocyanine, Pcx dianion of 2,3,9,10,- solid was dissolved. The mixture was then refluxed for 3 h, with careful
16,17,23,24-octabutoxyphthalocyanine, £nTb, Dy, Ho, Er, monitoring of the UV spectrum. The reaction solution was cooled to
Tm, and Yb)!” Through theoretical analysis of the paramagnetic room temperature, and to it was added 80 mL of methanol. The

shifts of thelH NMR spectra and the temperature dependence Precipitant was filtered, washed with methanol, and extracted with
of the magnetic susceptibilities, we determined ligand field dichloromethane. The extract solution was chromatographed on a silica

parameters for the six lanthanide cases and elucidated splittinggel_ COIU.mn (Silica Gel 60, Kanto Chemicals, particle size 80 um).
. . Using dichloromethane as eluent, a green band of unreacted Res
structures of the ground-state multiplets of the heterodinuclear . .
I initially eluted. The second blue-green band of the target substance
comp (.-:‘xes.. ) ) . was collected. The solution was concentrated, mixed with methanol,
Having laid the experimental and theoretical foundation for and filtered. The chromatographic separation was repeated until the
individual f-systems, we investigate in this paper thef f band of unreacted Rlcn disappeared. The final product [Ln, Y] was
interactions in the homodinuclear complexes PcLnPcLnPc* obtained as a blue-black powder (typically 25 mg). The powder was
(Figure 1, abbreviated as [Ln, Ln]). By comparison of the recrystallized from ChCl/hexane. The compounds were identified by
temperature dependence of the magnetic susceptibilities betweer§lemental analysis ariti NMR spectroscopy.
the hetero- and homodinuclear complexes, the net contribution Anal. Calcoll for QZE'HH.?'\‘Z“OBTb.Y ([Tb, Y]): C,65.08; H, 4.78; N,
of the f interaction terms will be extracted. Similar approaches 14-23: Found: C, 65.28; H, 4.90; N, 14.14. Calcd faged112N2:0s-

. 20 DyY (IDy, Y]): C, 64.98; H, 4.77; N, 14.21. Found: C, 64.72; H,
— 3+
have been employed to probe iinteractions in C&—Ln 4.90; N, 14.07. Calcd for GeH11N240sHoY ([Ho, Y]): C, 64.91; H,

4.76; N, 14.19. Found: C, 65.02; H, 5.00; N, 14.02. Calcd for

(13) Abbreviation used: OEP, 2,3,7,8,12,13,17,18-octaethylporphyrin dianion; . . . .
Pc, phthalocyanine dianion; TPResatetra(phenyl)porphyrin dianion; CradH112N2406ErY ([Er, Y]): C, 64.85; H, 4.76; N, 14.18. Found: C,
MeOP)P mesetetra(anisyl)porphyrin dianion; Pc(OMe)8, 2,3,9,10,16,17,- 65.09; H, 4.80; N, 14.12. Calcd foriggH11:N240sTmY ([Tm, Y]): C,
23,24-octamethoxy(phthalocyanine) dianion. . . . . .

(14) Costes, J.-P.; Clemente-Juan, J. M.; Dahan, F.; Nioedg.; Verelst M. 64.80; H, 4.75/ N, 14.17. Found: C, 64.87; H, 4.99, N, 14.00. Calcd
Angew. Chem., Int. ER002 41, 323.

(15) Costes, J.-P.; Dahan, F.; Nicode F.Inorg. Chem.2001, 40, 5285. (18) Costes, J.-P.; Dahan, F.; Dupuis, A.; Laurent Giem. Eur. J1998 4,
(16) Costes, J.-P.; Dupuis, A.; Laurent J.horg. Chim. Actal 99§ 268, 125. 1616.
(17) Ishikawa, N.; lino, T.; Kaizu, YJ. Phys. Chemin press. (19) Kahn, M. L.; Mathoniee, C.; Kahn, Olnorg. Chem.1999 38, 3692.
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Figure 2. Plots ofym([Th, Th])T (red circles) angym([Y, Tb]) T + ym([Tb,
Y])T (blue crosses) against temperatlird he difference between the two,
AymT, is shown by green squares.

for Ci2gH11N2408YDY ([Yb, Y]): C, 64.69; H, 4.75; N, 14.14. Found:
C, 64.40; H, 4.98; N, 14.22.

The homodinuclear Pc complexes [Ln, Ln] were obtained by
replacing Y(acag)n(H20) with Ln(acac)-n(H.O) in the method
described above for [Ln, Y]. The compounds were identified by
elemental analysis antH NMR spectroscopy.

Anal. Calcd for GagH11dN2408Th, ([Th, Tb]: C,63.21; H, 4.64; N,
13.82. Found: C, 63.10; H, 4.69; N, 13.64. Calcd fapg3112N240s-
Dy, ([Dy, Dy]): C, 63.02; H, 4.63; N, 13.78. Found: C, 63.10; H,
4.70; N, 13.72. Calcd for {3eH112N240gH0; ([Ho, Ho]): C, 62.89; H,
4.61; N, 13.49. Found: C, 62.82; H, 4.89; N, 13.23. Calcd for
Ci28H11N2408ET ([Er, Er]): C, 62.77; H, 4.60; N, 13.65. Found: C,
62.76; H, 4.88; N, 13.85. Calcd for;&H112N240sTm, ([Tm, Tm])
C, 62.69; H, 4.60; N, 13.70. Found: C, 62.62; H, 4.43; N, 13.46. Calcd
for CiogH11N240sYb, ([Yb, Yb]): C, 62.48; H, 4.58; N, 13.66.
Found: C, 62.24; H, 4.57; N, 13.53.

Measurements.Magnetic susceptibility measurements were carried

out on a Quantum Design MPMS-5 SQUID (superconducting quantum
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Figure 3. Plots of ym([Dy, Dy])T (red circles) angim([Y, DY) T + ym-
([Dy, Y])T (blue crosses) against temperatiieThe difference between
the two, AymT, is shown by green squares.
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interfergn_c_e devicg) magnetometer. To correct for the diamagn_etic Figure 4. Plots of ym([Ho, Ho])T (red circles) andm([Y, HODT + zar
susceptibility contribution in each the sample, the corresponding ([Ho, Y])T (blue crosses) against temperatilteThe difference between

experimental data for [Y, Y] were usedd NMR spectra of the
complexes were measured in CRGlution at 30°C on a JEOL
Lambda-300 NMR spectrometer.

Results

In Figures 2-7, the results the SQUID measurements for [Ln,
Ln] are compared with those for [Ln, Y] and [Y, Ln]. The
following definition is used hereinafter:

AT = 2L, LN T = {gm([L0, YD T + 25([Y, Ln]) T}
1)

whereym([Ln, Ln]), ¥m([LN, Y]), and ym([Y, Ln]) refer to the
molar magnetic susceptibility of [Ln, Ln], [Ln, Y], and [Y, Ln],
respectively, and is the temperature on the kelvin scale.
[Th, Tb]. Figure 2 shows the dependence;@fT of [Tb,
Tb] onT. As the temperature rises, tgT value asymptotically
approaches that of two free Pmions (2x 11.81 emeK/mol).
Above 60 K, the difference between([Th, Tb])T andym([Thb,
YDT + xm([Y, Tb]) T is nearly zero. As the temperature falls
below 50 K, a steep rise gf,T is seen. Thé\y,T value reaches
12.0 emuK/mol at 1.8 K. The positiveAy,T values indicate

the existence of a ferromagnetic interaction between the Th ions

in [Tb, Tb].

11442 J. AM. CHEM. SOC. = VOL. 124, NO. 38, 2002

the two, AymT, is shown by green squares.
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Figure 5. Plots ofym([Er, Er)T (red circles) angim([Y, Er]) T + ym([Er,
Y]) T (blue crosses) against temperatlird he difference between the two,
AymT, is shown by green squares.

[Dy, Dy]. The Dy case exhibits a similar behavior in &gmT
vs T plot (Figure 3). TheymT curve of [Dy, Dy] overlaps the
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Figure 6. Plots of ym([Tm, Tm])T (red circles) ang/m([Y, TM])T + ym-
([Tm, Y])T (blue crosses) against temperatiteThe difference between
the two, AymT, is shown by green squares.
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Figure 7. Plots of ym([Yb, YB])T (red circles) angm([Y, YB]) T + ym-
([Yb, Y]) T (blue crosses) against temperatiiteThe difference between
the two, AymT, is shown by green squares.

sum of those of [Dy, Y] and [Y, Dy] above 100 K: both
approach thgnT value of two free Dy ions (2 x 14.18 emu
K/mol). While the ligand-field-only systems, [Dy, Y] and [Y,
Dy], show a monotonic decrease T as the temperature
drops,ymT of [Dy, Dy] increases after reaching the minimum
value at 8 K. A ferromagnetic interaction is expected to exist
between the Dy ions in [Dy, Dy].

[Ho, Ho]. The interaction between Ho ions appears ferro-

magnetic as well, but its magnitude is much smaller than those

[Tm, Tm]. The AymT vs T plot of [Tm, Tm] shows a
characteristic pattern in the low-temperature range (Figure 6).
The AymT plot gradually declines in the negative direction as
the temperature falls and reaches the negative extreme value at
about 13 K. The plot then rapidly rises agfalls from 10 to
1.8 K. The magnitudes of the observAg,T values are less
than 0.4 emtK/mol throughout the measured temperature.
Although the rapid change is small in magnitude, it is not an
artifact, as will become clear in the Discussion section later.

[Yb, Yb]. Throughout the temperature region measured, the
magnitude ofAymT is less than 0.1 emK/mol, which is near
the experimental uncertainty level (Figure 7). The interaction
between the two f-systems in [Yb, YDb] is apparently the smallest
among the six homodinuclear complexes. A small yet detectable
decrease in thAynT value is observed in the region from 3 to
1.8 K.

As already seen in the Tb and Dy systems, there is a common
observation in the six cases: thg([Ln, Ln])T values asymp-
totically approach those of two free £hions (2x 14.07 emu
K/mol in [Ho, Ho], 2 x 5.96 emuK/mol in [Er, Er], 2 x 3.20
emuK/molin [Tm, Tm], and 2x 1.08 emuK/mol in [Yb, Yb])
as the temperature rises.

Discussion

From the experimental results, the following questions are
posed. (1) Why do ferromagnetic interactions exist in [Th, Tb],
[Dy, Dy], and [Ho, Ho]? (2) Why does the interaction becomes
antiferromagnetic in [Er, Er]? (3) Is the characteristic behavior
of [Tm, Tm] seen in the low-temperature region an artifact or
not? (4) Why is the £f interaction very small in [Yb, Yb]? (5)
What is the origin of the-ff interactions in the homodinuclear
complexes?

Determination of Ligand Field (LF) Parameters in the
Dinuclear Complexes.To discuss the-ff interactions, we have
to know beforehand the electronic structure of each f-system.
In a previous papér, we reported an analysis of the f-electronic
structures of the ions placed between Pc and Pc* (“Site 2” in
Figure 1) using the [Y, Ln] series, whose magnetic properties
are determined solely by LF terms. The method will be briefly
described here and then applied to the [Ln, Y] series to
determine the f-structure of the ions on the other side (“Site 1”
in Figure 1).

The magnetic properties of a paramagnetic lanthanide ion
placed in a ligand field are determined by the following
Hamiltonian:

H=pug(L +29)H+F 2)

in the two cases above. As seen in Figure 4, no significant The first term of the right-hand side is the Zeeman effect. The

difference is detected betwegr([Ho, Ho])T andym([Ho, Y])-
T+ xm([Y, HO]) T above 30 K. The difference begins to appear
below 30 K and increases as the temperature falls. Yhel
value at 1.8 K is about one-sixth of that of [Th, Th] and one-
fifth of that of [Dy, Dy].

[Er, Er]. The Er case exhibits behavior different than those

of the above three cases (Figure 5). Whereas no significant

difference is seen betweem([Er, Er)T and ym([Er, YT +
xm([Y, Er]) T above 40 KAymT takes a negative value below
40 K, and its magnitude increases as the temperature/fajis.
reaches—3.1 emuK/mol at 1.8 K. This indicates that an
antiferromagnetic interaction exists between Er ions in [Er, Er].

second term is the LF potential, which is expressed by the
operator equivalerf Following the notation of Abragam and
Bleany?' the LF term belonging to th€, point group is written

as

F = Adi°la.05 + AJT*BOJ + A [BO; + AYE°HOJ +
A0 (3)

The five coefficientsAjixOJare the parameters to be deter-

(20) Stevens, K. W. HProc. Phys. Soc. A952 65, 209.
(21) Abragam, A.; Bleany, BElectron Paramagnetic Resonand@larendon
Press: Oxford, 1970.
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Table 1. LF Parameters Defined in Eq 4 (in cm™1) for “Site 1" (the
Present Paper) and “Site 2" (Ref 17)
Site 1 Site2 Site 1 Site2
a 252 244 by -225 -35.5
b2 -18.7 —24.4 a 21 15
a —191 —183 b —0.08 —0.06
by 9.0 7.0 a 366 296
a 643 792 be -52.0 -30.6

mined. TheO} matrices are polynomials of the total angular
momentum matriced?, J; J-, andJ4, and their definitions
are described in ref 21. Theaxis is chosen to coincide with
the C, axis. The coefficientsx, §, and y are the constants
tabulated by Steverf8 The simplex minimization methétwas

used to find a set of LF parameters that gives the least-squares

fit to a set of experimental data comprised of th@ vs T plots
and the'H NMR paramagnetic shifts at 303 K. Since the LF
parameters are expected to vary fairly regularly from the f
system to the &-system, we employed an assumption that each
parameter is expressed as a linear function of the number of
f-electrons,n:
AN = a+ b)(n—10), n=8,9,..,13 (4

Table 1 presents the LF parameters obtained by applying this
method for the ions on “Site 1” using the experimental data for
[Ln, Y] complexes. Figure 8 shows the theoretical values of
the paramagnetic shifté of theH NMR chemical shift of the
protons on thex position of the center Pc (Hn Figure 1) and
the AymT values obtained with the best-fit LF parameters. The
figure indicates that the LF parameters satisfactorily reproduce
all the experimental data.

Interaction between Two f-Systems in [Ln, Ln]. Having
obtained the LF parameters of the f-systems of both ions in
[Ln, Ln], we are now able to discuss the electronic structures
of the homodinuclear complexes. The Hamiltonian for [Ln, Ln]
under an external magnetic field is

H=ug(L, +2S,+ L, +2S)H+F,+F,+V,, (5

L1, S1, and F; are orbital angular momentum, spin angular
momentum, and operator equivalent of the LF potential of the
f-system on “Site 17, respectively. The corresponding matrices
of the f-system on “Site 2" are denoted hy, S,, andF,. The
size of the matrices is 2+ 1)? x (2J + 1)2 The components

of L1, S1, Lo, andS; are constructed by taking the Kronecker
product with the identity matrix as follows:

Ly=L.®1
S.=S.®1
L,=1®L,
S,=1®S,

whereé denotes, y, or z. The ligand field terms are constructed

(22) Nelder, J. A.; Mead, RComputer J1965 7, 308.
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Figure 8. Best-fit result of the simultaneous simulation of (a) paramagnetic
shifts of the NMR signal of the proton on theposition of the central Pc
ligands in [Ln, Y] (Ln= Tb, Dy, Ho, Er, Tm, and Yb) and (b) temperature
dependence of thg,T values of [Ln, Y]. Red closed circles and blue open
circles show theoretical and observed values, respectively.

similarly:
F,=F(Site 1)® 1
F,=1® F(Site 1)

whereF(Site 1) andF(Site 2) are given by eq 3 with the LF
parameters in Table 1. The interaction teviy» is expected to
include the exchange contribution and the magnetic dipolar
contribution. Inclusion of the former termy(J1+J2), necessitates
introduction of a new parametel,, which cannot be known a
priori. On the other hand, the magnetic dipolar term is
determined solely by the relative position of the two f-systems,
which can be estimated beforehand. We therefore examine the
dipolar term first and then estimate how the exchange term
contributes. The dipolar term is written as follows:
1 3

MMz = SmRR) (@)

Viip12 =

R R
My =ug(L, +2S)
M, = ug(L, +2S))
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25 12 mol for [Ho, Ho]; and—2.4 and—3.1 emuK/mol for [Er, Er].
[Th,Th]

20- [Dy,Dy] Agreements are also seen in the curvature of AkgT vs T

8 plots.

The diminished magnitude oAy,T of [Tm, Tm] was
reproduced in the calculation. More importantly, the model
reproduced the rapid rise of th&y,T value observed below
_ 10 K. This indicates that the subtle yet characteristic behavior

20 40 60 80 100 is not an artifact, but indeed a property of [Tm, Tm]. The model
also reproduced the extremely small magnitude A9fnT
observed in the [Yb, Yb] case.

The agreement of the model calculation and the experimental
data clearly indicates that the interactions between f-electronic
systems in the six [Ln, Ln] complexes are essentially of
magnetic dipolar nature. The contribution of the exchange
| e S B B e B o e e e e interaction term, on the other hand, appears to be very small, if
0 20 40 60 80 100 0 20 40 60 80 100 not negligible, compared to that of the dipolar term.

These comparisons, at the same time, can be regarded as a
good test of the accuracy of the ligand field parameters
determined for [Ln, Y] and [Y, Ln]. The result indicates that
the parameters give quite good descriptions of the structure of
the f-systems in the present cases.

Let us next discuss how the differences in thg,T vs T

6 ) 2'0 ) 4'0 ) slo ) 8'0 '100 tI] 1'0 2'0 3'0 4'0 50 piots among the_ Six cases are _caused. To pbtain a simplified
picture, we carried out calculations &fymT with a classical
T K) view of a magnetic dipole as follows. Each substate of a non-
Figure 9. Experimental and theoreticalyT values of the six lanthanide  interacting ion on Site 1 or Site 2 is assigned a magnetic
cases. The experimental data, “full calculation”, and “ensemble-averaged susceptibility tensor determined by the LF parameters above.
approximation” are shown by circles, red solid lines (dotted line below 1.8 Here. one can assume a model in which each lanthanide ion
K'in Ln = Tm), and blue broken lines, respectively. ' . .
has an ensemble-averaged molecular magnetic susceptibility
tensor, instead of a set of the substate susceptibility tensors. In
this model, an external magnetic figtt} (£ = x, y, or 2) induces
a single magnetic dipole on each lanthanide site. The induced
dipole on Site 1 creates a magnetic fi¢lgio on Site 2. As a
result, the effective molecular magnetic susceptibility of Site 2
becomes (- Hzio/He)yz2, Whereye, is for the non-interacting
system. Considering the corresponding effect on Site 1, the
variations iny: and the molar magnetic susceptibility are written
as

X T (emu mol " K)

R is the vector connecting Site 1 and Site 2, &id the length

of R. ForR, the intermetallic distance obtained by a molecular

geometry optimization of BY , with B3LYP theory® was used

(R = 3.571 A). The calculation was performed using the

Gaussian 98 progra The basis set employed was LANL2DZ,

in which the Los Alamos effective core potential plus double-

functior?® is used for the Y atom and Dunning/Huzinaga the

full double< functior?® is used for the H, C, and N atoms.
The theoretical values akynT obtained from eqs 5 and 6,

assuming the presence of the magnetic dipolar interaction, are

shown in Figure 9 by solid lines. An overall agreement is seen Aye=—2 XE_leZ, E=xy 7
between the theoretical values and the experimental data of the R
six [Ln, Ln] systems. x

The agreements in the [Th, Tb], [Dy, Dy], [Ho, Ho], and Ay = 4ﬁ' E=z (8)
[Er, Er] cases are quite satisfactory not only in the sign but R’
also in the magnitude afymT. The theoretical and experimental N,
AymT values at 1.8K are 14.2 and 12.0 eflmol for [Tb, Ay = 3 (Axy + Axy + Axy) (9)

Tb]; 8.4 and 9.4 emiK/mol for [Dy, Dy]; 1.9 and 2.1 emK/

(23) Becke, A. D.J. Chem. Phys1993 98, 5648-5652. whereNa is the Avogadro number. _
(24) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. The results obtained by this “ensemble-averaged approxima-

é‘f EheBejgﬂf‘”JJcRDi%'gﬁ'g}’]"sgVM,(ﬁan'Y'oJm%},)mgrgm‘;?,SrDSt?Jmﬁ"" tion” are shown by the broken lines in Figure 9. In each case,

K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi, the approximation gives a fairly accurate description of the “full”

R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.; . . .
Petersson, G. A. Ayala, P. Y.; Cui, Q. Morokuma, K.. Malick, D. K.. ~ calculation, which takes into account all the substate-to-substate

Rabuck, A. D.; Raghavachari, K.; Foresman, B.; Cioslowski, J.; Foresman, interactions. The model appears to provide a sufficiently
J. B.; Cioslowski, J.; Ortiz, J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; R . . R
Liashenko, A.; Piskorz, P.; Komaromi, I.; Gomperts, R.. Martin, R. L., meaningful picture of the interaction between the f-systems. Let

Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; - i ibili
Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B. G.; Chen, us next look at the ,ensemt,)le avera,'QEd mqgnetlc susceptibility
W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.; Replogle, E. S.; Pople, tensors of the non-interacting and interacting systems.

J. A. Gaussian 98Revision A.11; Gaussian, Inc.: Pittsburgh, PA, 2001. H i ; ihili

25) (&) Hay. P. 3. Wadt W. R Ghem. Phys1985 82, 270, (b) Hay. P. . Figure 10 illustrates the magnetic susceptibility tensors for
Wadt, W. R.J. Chem. Phys1985 82, 284. (c) Hay, P. J.; Wadt, W. R. the cases of Th, Dy, and Ho systems at 4 K. The common
Chem. Phys1985 82, 299. ot R

(26) Dunning, . H., Jr.: Hay, P. J. Modern Theoretical Chemistr§ichaefer, characteristic of the three systems is that the closed surfaces
H. F. I, Ed.; Plenum: New York, 1976; pp-128. representing the. tensors of [Ln, Y] and [Y, Ln] are both
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Figure 10. xzcross sections of the closed surfaces representing anisotropic
magnetic susceptibility tensors of [Y, Ln], [Ln, Ln], and [Ln, Y] (L=
Tb, Dy, and Ho) at 4 K. Each closed surface is generated by revolving the Figure 11. xzcross sections of the closed surfaces representing anisotropic
corresponding closed curve around itsis. A vector from one of the ~ Mmagnetic susceptibility tensors of [Y, Ln], [Ln, Ln], and [Ln, Y] (L= Er,
coordinate origins to a point on the surface represents the projection of the Tm, and Yb) at 4 K. Each closed surface is generated by revolving the

induced magnetic dipole on the direction vector of a unit external magnetic corresponding closed curve around itsixis. A vector from one of the
field. coordinate origins to a point on the surface represents the projection of the

induced magnetic dipole on the direction vector of a unit external magnetic
field.
longitudinally extending. The height of the closed surfaces of

[Ln, Ln] is increased compared to that of the non-interacting  On the other hand, the closed surfaces forjthéensors of
systems in the three cases. This is caused by eq 8, whose effeqr, Y] and [Y, Er] are laterally extending, meaniggis smaller
is to increasey in the interacting systems. The net increase thany, andy, (Figure 11). The horizontal width of the closed

Aym takes a positive value becaysds greater thamy andyy, surface of [Er, Er] is reduced significantly by eq 7. Since the
andAy; is dominant in eq 9. The extreme anisotropy infae  contribution from the negativAyx and Ay, is dominantAym
tensor of the Th ions explains the largeness ofAkeT value is negative in the interacting system. The Tm case is similar

observed in [Tb, Tb]: the positivAy; is largest among the six  picture to the Er case. The smallness of #jg T values in the
systems and the negativey, and Ayy are negligible, leading Tm case is attributed to the relative smallness ofythandyy
to the maximumAyn, value. values compared to those in the Er case.

11446 J. AM. CHEM. SOC. = VOL. 124, NO. 38, 2002
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The closed surfaces for the tensor of [Yb, Y] and [Y, Yb] complexes such as “helicates” with polydentate ligands based
are close to being spherical, meaning that the magnetic on benzimidazole and pyridiA€?2° or dipicolinic acid3°-31We
susceptibilities are nearly isotropic. In generalyif and yz believe that the present work, together with the previous pdper,
are isotropicAym is zero. The extreme diminishment Ay, T provides a versatile tool to investigate the electronic structure

values observed in the Yb case is explained by the small of a wide range of mono- and dinuclear lanthanide complexes.
anisotropy in magnetic susceptibility in the non-interacting
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