
Electron spin resonance studies of silver complexes of octaethylporphyrin cocrystallized with

fullerenes: observation of triplet spin states due to magnetic dipolar interactions

This article has been downloaded from IOPscience. Please scroll down to see the full text article.

2004 J. Phys.: Condens. Matter 16 8753

(http://iopscience.iop.org/0953-8984/16/47/025)

Download details:

IP Address: 129.252.86.83

The article was downloaded on 27/05/2010 at 19:13

Please note that terms and conditions apply.

View the table of contents for this issue, or go to the journal homepage for more

Home Search Collections Journals About Contact us My IOPscience

http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/16/47
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience


INSTITUTE OF PHYSICS PUBLISHING JOURNAL OF PHYSICS: CONDENSED MATTER

J. Phys.: Condens. Matter 16 (2004) 8753–8762 PII: S0953-8984(04)82515-3

Electron spin resonance studies of silver complexes of
octaethylporphyrin cocrystallized with fullerenes:
observation of triplet spin states due to magnetic
dipolar interactions

K Marumoto1, H Takahashi1, H Tanaka1, S Kuroda1, T Ishii2,
R Kanehama3, N Aizawa3 and M Yamashita3,4

1 Department of Applied Physics, Nagoya University, Chikusa-ku, Nagoya 464-8603, Japan
2 Department of Advanced Materials Science, Kagawa University, Hayashi-cho 2217-20,
Takamatsu 761-0396, Japan
3 Department of Chemistry, Tokyo Metropolitan University and CREST (JST),
1-1 Minamiohsawa, Hachioji 192-0397, Japan

Received 18 June 2004, in final form 3 September 2004
Published 12 November 2004
Online at stacks.iop.org/JPhysCM/16/8753
doi:10.1088/0953-8984/16/47/025

Abstract
Electron spin resonance (ESR) studies have been performed on newly
synthesized AgII complexes of octaethylporphyrin (oep) cocrystallized with
fullerenes (C60 and C70) using single crystals and polycrystals between 4 and
300 K. We have observed the fine structure in the ESR spectra of AgII(oep)C60;
the fine structure is ascribed to the triplet spin states due to magnetic dipolar
interactions between S = 1/2 spins of AgII ions in adjacent oep molecules. The
analysis of the angular dependence of the g value and fine-structure splitting
width for AgII(oep)C60 single crystals determines the angle between the Ag–
Ag direction and the normal of the Ag–oep plane as 37◦. The results of
AgII(oep)C70 are similar to those of AgII(oep)C60. The spin susceptibility of
all complexes almost obeys the Curie law, indicating the exchange interactions
between the spins of Ag ions are negligible in the temperature region measured.

1. Introduction

The unique three-dimensional shapes of the fullerenes coupled with their distinct physical
properties such as superconductivity, ferromagnetism, etc make them attractive candidates
for the construction of large, supramolecular aggregates [1–3]. The ball-shaped fullerenes
such as C60 and C70 have been reported to be not appropriate to cocrystallize with planar
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Figure 1. Chemical structures of (a) silver
(Ag)–octaethylporphyrin (oep) complex and (b)
fullerene (C60).

molecules, and curving of the planar molecule is required to be fitted to the ball-shaped
fullerenes [4, 5]. Recently, transition metal complexes of porphyrin derivative, such as metal
octaethylporphyrin (oep) (see figure 1(a)), cocrystallized with fullerenes, have been reported
to form solids with remarkably close contact between the curved π-surface of fullerenes and
the planar π-surface of the porphyrin, without need for matching a convex with a concave
surface [6–14]. These complexes construct a new type of π–d electron system, that is,
magnetic d electrons due to the metal complex of the porphyrin and conductive π electrons
due to fullerenes, which have been studied by means of x-ray structural analyses, nuclear
magnetic resonance, electron spin resonance (ESR), etc. They are considered as possible
precursors for three-dimensional molecular magnets and are also expected to create other
new functions [15]. In order to produce the magnetism in these cocrystallites, the magnetic
interactions such as exchange and dipolar interactions between the constituent molecules are
important. For d–d type exchange interactions via the C60 molecule, the antiferromagnetic
super-exchange interaction between CoII ions via C60 in CoII(tbp)C60 is confirmed by the ESR
studies [13], where tbp is 5, 10, 15, 20-tetrakis[3,5-(di-tert-butyl)-phenyl]porphyrin. For d–d
magnetic dipolar interactions, the ESR spectra of the powder compound (CuPz)2C60 show a
binuclear triplet spin state (S = 1) that is associated with the ‘back-to-back’ Cu(Pz) pairs,
where Pz is octakis(dimethylamino)porphyrazinato [8]. Thus, the ESR method is a powerful
technique to study spin states in these complexes, as also demonstrated in the studies of the
composites of fullerenes and conducting polymers [16, 17]. This method will also obtain
the knowledge of the magnetic properties of other π–d electron systems. However, except for
CoII(tbp)C60 and (CuPz)2C60, detailed ESR study using single crystals has not been performed
on the metal complexes of porphyrin cocrystallized with fullerenes, and spin states of these
complexes have not been investigated in detail so far.

In this paper we report on the ESR studies of newly synthesized metal complexes of oep
cocrystallized with fullerenes, that is, AgII(oep)C60 and AgII(oep)C70 [10, 18], using single
crystals and polycrystals. The paper is organized as follows: after describing the experimental
procedure in section 2, we present the temperature and angular dependence of the ESR spectra
and the ESR parameters such as the spin susceptibility χs and the g value in section 3. First,
we present the ESR results of AgII(oep)C60. The ESR spectra and temperature dependence of
the χs of AgII(oep)C60 polycrystals are presented in section 3.1, where the fine structure due
to magnetic dipolar interactions between S = 1/2 spins of AgII ions is discussed. The angular
dependence of the g value and fine-structure splitting width of AgII(oep)C60 single crystals
are presented in section 3.2, where the results are analysed by a spin-pair model. Second, we
comment on the ESR results of AgII(oep)C70 and compare the results with that of AgII(oep)C60

in section 3.3. We summarize our results in section 4.
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AgAg d

Figure 2. A view of the molecular packing in AgII(oep)C60 determined by the x-ray analyses [10].
Two Ag ions in the two adjacent oep molecules are marked. d denotes the vector of the fine-
structure interaction. Two fullerenes are symmetrically positioned between two AgII(oep) units,
and the fullerene is too far from the atoms of the AgII(oep) for any covalent bonding between them.
The details are described in [10].

2. Experimental details

The chemical structures of Ag–oep and C60 are shown in figures 1(a) and (b), respectively. The
single-crystalline and polycrystalline samples of AgII(oep)C60 and AgII(oep)C70 have been
synthesized by diffusion and evaporation of a mixture of a solution of the fullerene (C60 and C70)
in benzene and a solution of the AgII(oep) in chloroform as described elsewhere [10, 18]. A
view of the molecular packing in AgII(oep)C60 is shown in figure 2; the packing has been
determined by x-ray analyses [10]. The oep molecule takes two different configurations
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Figure 3. (a) The ESR spectrum of AgII(oep)C60 polycrystalline samples at 4.6 K. Inset: ESR
spectrum of AgII(oep)C60 polycrystalline samples at half field of ∼1600 G at 4.6 K. (b) A typical
ESR spectrum of an AgII(oep)C60 single-crystalline sample at 290 K. The definition of the g value
and the fine-structure splitting width d is presented, where the field corresponding to the g value is
determined as a mid-point of the fine-structure splitting.

in these cocrystallites: the anti-formed oep in AgII(oep)C60 and the syn-formed oep in
AgII(oep)C70 [10, 12, 18]5.

The Ag(II) state in AgII(oep)C60 has been described in the previous papers [10, 12], where
the reduction states of oep and C60 are −2 and zero, respectively, and there is no charge transfer
to C60. The ESR study on the Ag–porphyrin complex has also directly demonstrated the Ag(II)
state [20]. As will be discussed below, the Ag(II) states in AgII(oep)C60 and AgII(oep)C70

are also confirmed by the present ESR results, that is, an anisotropy of the g value in the ESR
spectra of AgII(oep)C60 single crystal and similarities of the powder pattern of the ESR spectra
between AgII(oep)C60 and AgII(oep)C70.

ESR measurements were performed by using a Bruker EMX X-band spectrometer
equipped with an Oxford ESR-900 gas-flow cryostat. Sample temperature was controlled by
an Oxford ITC 601. The spin susceptibility χs was obtained by integrating the first-derivative
ESR spectrum twice. The absolute magnitude of the χs and g values was calibrated using
CuSO4·5H2O and diphenylpicrylhydrazyl (DPPH) as the standard, respectively. The single-
crystalline samples were mounted on a Teflon sample holder using normal silicon grease.

5 The term ‘anti’ in this paper denotes the anti-symmetry of the terminal eight ethyl groups on the porphyrin plane
according to the E, Z-nomenclature. This is a different meaning from a so-called anti-compound mentioned by Balch
and Olmstead [19].
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Figure 4. Temperature dependence of the spin susceptibility χs of AgII(oep)C60 polycrystalline
samples. Inset: temperature dependence of the inverted χs of AgII(oep)C60 polycrystalline
samples. The solid line denotes the fitting by the Curie–Weiss law.

3. Results and discussion

3.1. AgI I (oep)C60 polycrystal

In this subsection, we present the ESR spectra and the temperature dependence of spin
susceptibility χs of AgII(oep)C60 polycrystalline samples, which show the triplet spin states
due to magnetic dipolar interactions without exchange interactions between the spin species.

Figure 3(a) shows the ESR spectrum of AgII(oep)C60 polycrystalline samples. The inset
of figure 3(a) shows the ESR spectrum at half field that is related to the forbidden transition
(�M = 2). The line shapes of these spectra are confirmed to be almost independent of the
temperature between 4 and 300 K. The structure in the ESR spectra is ascribed to the fine
structure of the triplet spin state (S = 1) due to magnetic dipolar coupling of AgII spins
(S = 1/2) in the adjacent oep molecules, because the hyperfine-coupling constant of Ag
nucleus (I = 1/2) in the Ag–porphyrin complex is reported as ∼30–70 G [20], that cannot
explain the observed ESR structure. The triplet spin state is directly confirmed by the forbidden
transition at half field (see the inset of figure 3(a)). Further support is obtained by the study
using single crystals, as will be discussed in section 3.2. We have also performed the ESR
measurements using completely powdered samples; the obtained ESR spectra are confirmed
to be almost the same as those of polycrystalline samples.

Figure 4 and its inset show the temperature dependence of the spin susceptibility χs and
inverted χs of AgII(oep)C60 polycrystalline samples. The solid line in the inset shows a least
squares fit of the data to the Curie–Weiss law [χ = C/(T −θ)]. The data almost obey the Curie
law; the antiferromagnetic Weiss temperature is obtained as ∼−0.7 K. This feature indicates
that the spin species have almost no exchange interaction with another spin species in the
temperature region between 4 and 300 K. The Curie-spin concentration is obtained as ≈100%.
The intensity of the ESR signal of g ∼ 4 shown in the inset of figure 3(a) is also confirmed to
obey the Curie law. Here, we estimate the magnitude of the fine-structure constant D. Let the
spin susceptibility of the g ∼ 4 signal be χ

g4
s , that is obtained by integrating the signal of the

g ∼ 4 line only, then we may approximate the forbidden-transition probability (D/gµB H )2

at the ESR intensity ratio of χ
g4
s /χs, that is, χ

g4
s /χs ∼ (D/gµB H )2 [21, 22]. By this relation,

the value of D is estimated as of the order of 10−2 cm−1.
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In the study of CoII(tbp)C60, the antiferromagnetic super-exchange interaction between
CoII ions via the C60 molecule is confirmed along the z-axis (parallel to the normal of the tbp
plane) with the finite Weiss temperature of 4.9 K, although the CoII–CoII distance itself is rather
large: 12.0635(8) Å at room temperature [13]. The super-exchange interaction is ascribed to
the overlapping of the wavefunction between the dz2 electron orbital of the low-spin CoII ions
(S = 1/2) and the π electron orbital of C60, because of a quite short distance between a CoII ion
and a carbon atom on C60 (2.61 Å at 293 K) [11]. Such close contact makes possible covalent
bonding between the above wavefunctions. On the other hand, in the present AgII(oep)C60,
the wavefunction of the dx2−y2 hole orbital of an AgII ion extends to the oep plane, not to
the C60 molecule, and hence, the super-exchange interaction between AgII ions via the C60

molecule is considered negligibly small. Thus, for the purposes of introducing the exchange
interaction between metal ions via the C60 molecule, we should use metal ions having a dz2 or
dzx,yz orbital such as the low-spin CoII ions in these cocrystallites.

3.2. AgI I (oep)C60 single crystal

In this subsection, we present the angular dependences of the g value and fine-structure splitting
width of the ESR spectra of the AgII(oep)C60 single crystal, which are analysed by using a
spin-pair model.

Figure 3(b) shows a typical ESR spectrum of the AgII(oep)C60 single-crystalline sample
at 290 K. Two split ESR signals are clearly observed owing to the fine-structure splitting. We
define the g value and the fine-structure splitting width d as shown in figure 3(b), where the
field corresponding to the g value is determined as a mid-point of the fine-structure splitting.
The hyperfine splitting due to 107,109Ag nuclear spin and the super-hyperfine splittings due to
four nitrogen 14N nuclear spins (I = 1) are unresolved and probably contribute the linewidth
of each ESR signal with the peak-to-peak linewidth �Hpp of 75 G, because the maximum
shift of the resonance field due to the Ag and N nuclear spins in the Ag–porphyrin complex is
reported as ∼100 G [20]. These structures due to the hyper- and super-hyperfine splittings are
masked owing to the broadening of the linewidth due to the dipolar magnetic interactions from
another oep pair, because the dipolar field is estimated as the order of 10 G by considering
the dimension of the unit cell [10]. The �Hpp for the external magnetic field H parallel to
the normal of the oep plane is almost the same as that perpendicular to the oep plane. This
feature is consistent with the reported result that the maximum shift of the resonance field due
to the Ag and N nuclei for H parallel to the normal in the Ag–porphyrin complex is almost
the same as that perpendicular to the normal, that is, AAg

‖ /2 + 4AN
‖ ≈ AAg

⊥ /2 + 4AN
⊥, where

the hyperfine-coupling constant of Ag for H parallel to the normal AAg
‖ (72 G) is larger than

that perpendicular to the normal AAg
⊥ (34 G) while the super-hyperfine-coupling constant of N

for H parallel to the normal AN
‖ (20 G) is smaller than that perpendicular to the normal AN

⊥
(25 G) [20].

Figures 5(a) and (b) show the angular dependence of the g value, and figures 5(c) and (d)
show the angular dependence of the fine-structure splitting width d at 290 K. Here, the square
plate schematically denotes the Ag–oep plane in order to present the experimental condition
for rotating the sample with respect to the external magnetic field. In figures 5(a) and (c), the
external magnetic field is applied in the plane of the Ag–oep molecule. In figures 5(b) and (d),
the external magnetic field is applied in the plane containing the normal of the Ag–oep molecule.
The angular variation of the g value shows the uniaxial anisotropy; this result is consistent
with the fourfold coordination symmetry of the crystal field acting on an AgII ion by the oep
molecule (see figure 1(a)). The principal values of g are determined as g⊥ = 2.028 ± 0.002
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Magnetic Field Magnetic Field

Figure 5. Angular dependence of the g value ((a) and (b)) and the fine-structure splitting width d
((c) and (d)) of the AgII(oep)C60 single crystal at 290 K. The abscissa φ denotes the rotation angle
of the sample. Square plates schematically denote the plane of the Ag–oep molecule. In (a) and
(c), the sample is rotated in the plane of the Ag–oep molecule. In (b) and (d), the sample is rotated
in the plane containing the normal of the Ag–oep molecule. The solid curves in (c) and (d) show
the fitting results of the simulation using a point-dipole model expressed by equations (3) and (4),
respectively.

and g‖ = 2.108 ± 0.002. Here, g‖ and g⊥ denote the g value parallel and perpendicular to the
normal of the Ag–oep molecule, respectively. Both principal values are larger than the free-
electron g value (ge = 2.0023), which is consistent with the crystal-field calculation with the
unpaired electron residing on the Ag(dx2−y2) orbital [21]. Let the spin–orbit coupling constant
in the crystal be λ (λ < 0 for the d9 configuration), the energy of the tetragonal crystal-field
splitting between dx2−y2 and dzx , dyz orbitals be �⊥, and the energy between dx2−y2 and dxy

orbitals be �‖ (�⊥ > �‖), then the calculated g values based on the crystal-field theory are
expressed as

g⊥ = ge − 2
λ

�⊥
, g‖ = ge − 8

λ

�‖
. (1)

These equations clearly explain the observed anisotropy of the g values. On the other hand,
the fine-structure splitting width d due to magnetic dipole–dipole interactions between AgII

ions disappears at so-called magic angles as shown in figures 5(c) and (d). The absence of the
data of d < ∼100 G is ascribed to unresolved fine structure of the ESR spectra around the
magic angles. In the present cocrystallite, the direction of the fine-structure interaction and the
principal axes of the g values are different from each other (see figure 2), where the rotation
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plane of the external magnetic field does not include the direction of the dipolar interaction in
general. Therefore, the magic angles observed in this experiment deviate from the usual values
of 54◦ and 126◦, and appear in both sample-rotation directions (see figures 5(c) and (d)).

We have analysed the above angular dependence of the fine-structure splitting width d
using a spin-pair model for the AgII ions on adjacent oep molecules. Let the fine-structure
constant be D, the Ag–Ag direction vector of the fine-structure interaction be d, and the angle
between d and the direction of the external magnetic field be �, then we may write the formula
of d as

d = ∣
∣D

(
3 (cos �)2 − 1

)∣∣ . (2)

Here, the E term is eliminated, because the contribution from the E term is found to be
considerably small by the analysis with the additional E term in the present complex. From
now on, the oep plane is defined as the x ′y ′-plane and the normal of the Ag–oep plane is defined
as the z′-axis. The external magnetic field H is applied in the direction of the y ′-axis; that
is, H = (0, H, 0). Let the angle between d and the z-axis be θ , and the rotation angle of the
sample be φ, then the vector d is expressed as d = (|d| sin θ cos φ, |d| sin θ sin φ, |d| cos θ).
Hence, d · H ≡ |d||H | cos� is expressed as |d||H | sin θ sin φ; that is, cos � = sin θ sin φ.
Therefore, for the case in figure 5(c), that is, the sample is rotated in the x ′y ′-plane, we may
write the simulation formula of d as

d = ∣
∣D

(
3 (sin θ sin φ)2 − 1

)∣∣ , (3)

where d is in the z′x ′-plane when φ = 0◦. Similarly, for the case in figure 5(d), that
is, the sample is rotated in the y ′z′-plane of the Ag–oep molecule, d is expressed as
d = (|d| cos(90◦ − θ), |d| sin(90◦ − θ) sin(−φ), |d| sin(90◦ − θ) cos(−φ)), and then we
may write the simulation formula of d as

d = ∣
∣D

(
3 (sin (90◦ − θ) sin φ)

2 − 1
)∣∣ . (4)

Here, when φ = 0◦, d is in the z′x ′-plane and the oep plane is in the x ′y ′-plane. The fitting
parameters are θ and the fine-structure constant D. The best-fitting results of the simulation
are shown in figures 5(c) and (d) by solid curves. The characteristic angular dependence of
the splitting width is well explained by the spin-pair model. The values of the parameters are
determined as θ = 37 ± 1◦ and D = 1.6 × 10−2 cm−1. The result of θ = 37◦ is consistent
with x-ray results (see figure 2) [10, 12]. The D value obtained is of the same order as that
estimated by the ESR intensity ratio of χ

g4
s /χs obtained by the polycrystalline measurement.

In the ESR studies of (CuPz)2C60, the Cu–Cu distance has been estimated by the point-
dipole model as 4.3 Å, that approximates the crystal data of 4.78 Å [8]. On the other hand,
in the Ag–oep complex, the simple point-dipole model does not give the Ag–Ag distance of
4.475 Å reported by the x-ray analysis [10, 12], because the spatial extent of the Ag 4dx2−y2

orbital is larger than that of the Cu 3dx2−y2 orbital and hence the electron probability of being in
the Ag orbital is reduced and smaller than that in the Cu orbital owing to the covalent character
of the bonding with four nitrogens in the Ag–oep complex, as reported by the ESR studies of
the Ag–porphyrin and Cu–porphyrin complexes [20]. In the Ag–oep complex, the modified
point-dipole model using a reduced electron probability of 74% on the Ag 4dx2−y2 orbital gives
the r value of 4.475 Å.

3.3. AgI I (oep)C70

In this subsection, we comment on the ESR results of AgII(oep)C70 polycrystalline samples,
where the triplet spin states due to magnetic dipolar interactions is observed, as similar to
AgII(oep)C60.
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Figure 6. Temperature dependence of the ESR spectrum
of AgII(oep)C70 polycrystalline samples. Inset: ESR
spectrum of AgII(oep)C70 polycrystalline samples at half
field of ∼1600 G.

Figure 6 shows the temperature dependence of the ESR spectrum of AgII(oep)C70

polycrystalline samples. The inset of figure 6 shows the ESR spectrum at half field. The
line shapes of these spectra are nearly independent of the temperature. The structure in the
ESR spectra is ascribed to the fine structure of the triplet spin state due to magnetic dipolar
coupling of AgII ions in the adjacent oep molecules, as discussed in AgII(oep)C60. The triplet
spin state is also confirmed by the forbidden transition at half field (see the inset of figure 6).
The χs of AgII(oep)C70 polycrystalline samples almost obeys the Curie law; the Curie-spin
concentration is obtained as ≈100%. These results are similar to those of AgII(oep)C60, except
for the splitting width of the fine structure.

Here, we compare the dipolar fine-structure splitting width between AgII(oep)C60 and
AgII(oep)C70. The D value estimated by the ESR intensity ratio of χ

g4
s /χs is of the order of

10−3 cm−1 in AgII(oep)C70, which is smaller than that in AgII(oep)C60. This result is consistent
with the smaller splitting width in the ESR spectra of AgII(oep)C70 than that of AgII(oep)C60

(see figures 3(a) and 6). Hence, the d–d distance in AgII(oep)C70 seems to be larger than
that in AgII(oep)C60. However, the recent x-ray studies show that the molecular packing
in AgII(oep)C70 is different from that in AgII(oep)C60 and the d–d distance in AgII(oep)C70

is smaller than that in AgII(oep)C60 [18]. Thus, the results of the ESR studies apparently
contradict those of the x-ray studies. Although this discrepancy is an interesting problem and
the further ESR study using a single-crystalline sample is needed to solve this problem, the
single-crystal ESR study has not been performed because single crystals with good quality
have not been obtained so far, which is open for the future studies.
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4. Summary

We have investigated the newly synthesized π–d-electron system AgII(oep)C60 and
AgII(oep)C70 by the ESR method using single-crystalline and polycrystalline samples. The
fine-structure splitting due to the triplet-spin states is found in AgII(oep)C60 and AgII(oep)C70

owing to magnetic dipole–dipole interactions between adjacent AgII ions in the oep molecules.
The single-crystal studies of AgII(oep)C60 determine the angle between the direction of the
fine-structure interaction and the normal of the porphyrin plane as 37◦. The spin susceptibility
of all complexes almost shows the Curie-law behaviour in the temperature region between 4 and
300 K. This feature is in contrast to the study of CoII(tbp)C60 that shows antiferromagnetic
super-exchange interactions between CoII spins via the C60 molecule. The absence of the
super-exchange interaction is understood by the symmetry of the orbital wavefunction of
metal ions; that is, the wavefunction extends to the oep plane, not to the C60 molecule in the
present complexes. Thus, these ESR studies have successfully obtained the useful knowledge
of the magnetic interactions such as magnetic dipolar and exchange interactions in the above
π–d-electron system.
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