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ARTICLE INFO ABSTRACT

A detailed report of the hyperfine structure of paramagnetic muoniated radicals in the planar
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phthalocyanine zinc phthalocyanine (ZnPc) is given in this work. The hyperfine parameters of the three
muoniated radical states formed in this compound were determined from high transverse-field uSR
measurements of a polycrystalline sample, taking into account the axial symmetry of the hyperfine
tensor. States [ and Il are seen to possess a small dipolar character, consistent with the delocalization of
the radical’s electron to the inner ring of the phthalocyanine molecule, while state III has a hyperfine

structure similar to the Mugc centre formed in inorganic semiconductors. This suggests that the muon
in state IIl occupies an interstitial position between two stacked phthalocyanine molecules.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Planar phthalocyanines consist of a m-conjugated macrocycle
ligand (Pc) with a central cavity where a metallic atom may be
bonded (Fig. 1) [1]. The pSR signal of phthalocyanines with non-
magnetic inclusions is known from the study of the metal-free
phthalocyanine (H,Pc) and zinc phthalocyanine (ZnPc), where
three distinct muoniated radicals, labeled I-IIl, have been
observed [2,3]. Their hyperfine constants were established in
Ref. [2] using an isotropic description of the hyperfine interaction,
but a detailed characterization of the hyperfine structure was
recently found to be necessary in order to understand the spin-
dynamics of those states in longitudinal-field geometry [4].

This work presents a description of the hyperfine structure of
states I-IIl in ZnPc considering an axially symmetric description
for the hyperfine interaction of the states.

2. Experimental details

The pSR results discussed here were taken with phthalocya-
nine samples of ZnPc prepared from polycrystalline material
acquired from Alfa Aesar in a nominally pure grade (98%), purified
by three sequential identical stages of temperature gradient
sublimation using a hot-end temperature of 400 °C, and pressed
into pellets. The measurements were performed with the DOLLY
and GPS instruments of the Swiss Muon Source at the Paul
Scherrer Institut, over a broad temperature range (100-600K)
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using transverse fields above 0.1T in order to have all para-
magnetic signals in the high-field region. In this regime, the muon
polarization of a muoniated radical consists of the two f;, and f43
precession frequencies, each with amplitude of 1 relative to the
full asymmetry fraction of the state [5]. The pair of frequencies
relates to the hyperfine splitting A of the radical by the sum rule

A=f13—fas (1)

where A, considering the hyperfine tensor of the radical to possess
axial symmetry, depends on the angle ¢ defined between the
symmetry axis and the external field according to [6]

A0) = Aiso + 5(3 cos? 0 —1), (2)

Aiso and D being the isotropic (or hyperfine contact) and dipolar
parameters of the hyperfine tensor.

In a polycrystalline sample, 6 covers the full solid angle,
and a distinctive powder-pattern broadening corresponding
to all possible values of A emerges for each of the f, and f,;
lines in the frequency spectrum [6], as shown in Fig. 2 for all three
states I-III in ZnPc.

3. Results: hyperfine parameters

Following the analysis performed in Ref. [2], the time
dependence of the muon polarization for the data collected with
the ZnPc sample was fitted with a function composed by three
independent components describing the signals of states I-III,
plus a fourth broad line with the muon Larmor precession
frequency, and a fifth small diamagnetic fraction. The polarization
of each radical state was now computed as a function of time from
the A, and D fit parameters using a high-field analytical
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Fig. 1. Molecular structure of the planar phthalocyanine ZnPc. The p and o
indications show, respectively, the para and ortho addition sites at one of the
molecule’s outer benzene rings.
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Fig. 2. uSR frequency spectrum of ZnPc in a field of 0.4T at 500K, with simulated
powder distributions (dotted curves) for the line broadening of the paramagnetic
states using fitted A;s, and D hyperfine parameters.

expression (given in the Appendix) which takes into account the
integration over all possible 0 angles of Eq. (2). The hyperfine
parameters extracted from the time fits are shown as a function of
temperature in Fig. 3.

The parameters of state [ have the same sign, whereas opposite
signs are found for state II. The absolute value of Aj,, is quite larger
than that of D for the two states I and II, and both hyperfine
parameters decrease with increasing temperature, the variation of
the four parameters being consistent with a temperature-
activated behavior of the type [2]

A(T) = Ao + (A — Ag) e Ea/loT, (3)

where E, is the activation energy of the process responsible for the
temperature dependence, and A, and Ag are the limiting values of
A(T) at T — oo and T = 0. It must be noted that E,; should not be
confused with the temperature coefficient normally used to
characterize the temperature dependence of the hyperfine
interaction, as it is associated with the relative variation of the
hyperfine interaction (regarding the value of A,, — Ap) rather than
with its absolute variation.

For state III, a large dipolar parameter and a small contact
interaction is observed, the two bearing opposite signs. Contrary
to what happens with states I and II, the hyperfine parameters of
state III in ZnPc do not vary significantly with temperature, and
are not well fitted by Eq. (3).

Although the noninclusion of additional folding (besides the
powder distribution) in the fit components used for states I-III
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Fig. 3. Temperature dependence of the hyperfine parameters of states I-III in ZnPc
considering axially symmetric hyperfine tensors. The solid lines show fits of Eq. (3)
to the data of states I and II; for state III, the data follow no relevant temperature
dependence (see text).

prevents the reliable estimation of the fractions of each state, it is
still possible to perceive from the time fits that state IIl and the
broad fourth component are the dominant components of the
signal at all temperatures. They have similar fitted asymmetries,
fairly constant throughout the investigated temperature range,
and together account for about two-thirds of the observed
total amplitude. States I and II exhibit roughly the same amplitude
at the highest temperatures, but as temperature decreases
below 400K, state Il becomes more populated at the expense
of state I. Lastly, the asymmetry of the diamagnetic fraction in
the signal displays a residual constant value (less than 5% of the
total amplitude).

4. Discussion: hyperfine structure and site assignments
4.1. States I and II

According to the electronic structure calculations presented in
Ref. [2], states I and II are formed by Mu addition, respectively, at
the para and ortho positions of the outer benzene rings (see Fig. 1).
The small dipolar character (low D, when compared with Ajs,)
and the reduced absolute value of the two hyperfine parameters
(as compared to the vacuum hyperfine constant of Mu,

i€ = 4.46 GHz) for the two states is consistent with a delocaliza-
tion of the radical electron to the inner double conjugated ring

of the phthalocyanine molecule. Also, in those positions, the
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Table 1
Energies and expected relative populations at 300K for the calculated librational
modes of the outer carbon rings in ZnPc below 600 cm~1.

Frequency (cm~!) Energy (meV) Relative population (300K)

361.6 44.8 1.00
362.1 44.9 1.00
364.9 45.2 0.98
3721 46.1 0.95
420.8 52.2 0.75
445.2 55.2 0.67
533.2 66.1 0.44
541.5 67.1 0.42
566.3 70.2 0.37
582.9 723 0.35

coupling of the hyperfine interaction of the muoniated radicals
with local vibrational modes of the outer rings is the process more
likely responsible for the observed temperature variation of the
hyperfine parameters.

Since this mechanism implies that the measured activation
energies must equal the energies of the modes coupling to the
hyperfine interaction, a normal mode analysis of the ZnPc
molecule was performed. The computation was done with
GAUSSIAN 98 [7] applying the same functionals, pseudo-poten-
tials and wavefunction basis used in Ref. [2], namely the B3LYP
electron exchange-correlation functional, the combination of
pseudo-potentials from Pascios and Christiansen [8] and the
valence basis set from Stevens et al. [9] for the description of
the electron core of the C and N atoms, the compact effective
potential CEP-31G with double-zeta splitting on the valence for
the zinc atom, and the 3-21G basis for the valence electrons. The
molecular geometry used was also the optimized geometry
calculated in Ref. [2].

The results, presented in Table 1, show that the four lowest
energy vibrational modes of the outer rings fall in the region
around 45meV, a value that matches the activation energies
observed for the hyperfine parameters of states I and II. All the
modes shown are of librational character, implying off-plane
relative motion between adjacent carbons in the rings capable
of perturbing the o—m hyper-conjugating effect responsible for
the delocalization of the muoniated radical’s electron (see e.g.
Ref. [5] for a description of this mechanism) in the two states, and
hence the value of their hyperfine interactions. Since they are the
lowest energy vibrational modes, they are also the most populated
ones, and are quite probably the main contributors to the
observed temperature variation of the hyperfine parameters of
states I and IL

4.2. State IlI

State III has a peculiar hyperfine structure, exhibiting a dipolar
parameter larger than the isotropic parameter, but both with an
absolute value which is quite small even for an organic muoniated
radical state. This means that the muon is located at a place of
naturally low spin density, away from the radical electron, whose
wavefunction is highly asymmetrical relative to the muon’s
position. The similarities of this structure with the electronic
structure of the bond-centred muonium (Mugc) state found in
several elemental and compound semiconductors [10] suggest
that the muon is in an interstitial site, in-between large electronic
wavefunctions. The only muon location consistent with these
observations is a position that sits between the centres of two
stacked phthalocyanine molecules in consecutive layers, where
the muon is sided by the electronic clouds of the inner conjugated
ring of those molecules.

5. Conclusions

This work produced detailed information about the hyperfine
structure of the paramagnetic muon states formed in ZnPc. It
showed that states I and II possess small dipolar parameters with
opposite signs, but similar magnitude, and exhibit a temperature
variation consistent with the coupling of the hyperfine interaction
to vibrational modes of the outer benzene rings of the molecule.
For state III, a large dipolar parameter contrasting with a small
isotropic parameter of opposite sign was observed, both bearing a
temperature dependence which does not fit any energy expected
for the vibrational modes of the rings. This fact, supported by the
similarity of hyperfine structure with the Mugc centre, allowed
proposing an interstitial position for that state which lies between
two stacked phthalocyanine molecules.
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Appendix

As it is shown in Ref. [11], the high transverse-field polarization
of an axially symmetric paramagnetic muonium state in a
randomly oriented polycrystalline sample is given by

7FC( v31DIt) cos (27‘5 <@ — 9) t)
2 4

3D|t

—sgn(D)L( /31DI6) sin <2n (Ais" - 2) t) ) ,

Pu(t) = cos(—w“t)<

V3ID|t 2 4

where A, and D are the isotropic and dipolar parameters of
the state’s hyperfine tensor, w, is the positive muon’s Larmor
precession frequency, sgn means the sign function, and

FS(z) = /Z sin(nt? /2)dt,
0

FC(z) = /Z cos(nt? /2) dt
0

are the Fresnel sine and cosine functions.
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