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SEPTET SPIN STATE IN THE LITHIUM PHTHALOCYANINE X-RADICAL 

COMPOUND. ROLE OF DIOXYGEN. 

P. TUREK., J.-J. ANDREo, M. MOUSSAVI. and G. FILLION* 

a ICS (GRIMM), 6 rue Boussingault, 67083 Strasbourg, FRANCE 

* CEA-IRDI D. LETI/DSYS/SESA, BP 85 X, 38041 Grenoble, FRANCE 
+ Lab. Louis Ndel, CNRS, BP 166 X, 38042 Grenoble, FRANCE 

Abstract The lithium phthalocyanine x-radical compound is a 
molecular semiconductor which exhibits exceptional magnetic pro- 
perties. These latter are interpreted as resulting from two dis- 
tinct spin species. One species is delocalized and its behaviour 
may be interpreted in the frame of itinerant magnetism. It is res- 
ponsible of an extremely narrow ESR line. The other species is due 
to localization of the PcLi spins interacting with molecular oxy- 
gen. At low temperature this magnetic coupling is shown to stabi- 
lize a septet spin state which involves indirect ferromagnetic 
coupling between neighbouring r-spins. The experimental results 
obtained up to now on this unexpected spin state are presented and 
discussed. 

INTRODUCTION 

The search for bulk ferromagnetic properties in organic compounds 

has gained much interest during the last years.' Such a challenge 

has lead different workers to the 

possible ways to obtain molecular ferromagnetism.' - 6  For example 
in some materials the stabilization of a high spin multiplicity in 

the molecular ground state seems to be a necessary condition. 

However in order to achieve bulk ferromagnetism it is of course 

necessary to couple, in some way, ferromagnetically such high spin 

states. Three basically different classes of organic compounds 

have been investigated up to now, namely: i) segregated stacks6 or 

mixed-stacks' charge- transfer complexes ; ii) polymeric mate- 

rLals3" and organic radicals' ; and iii) organometallic com- 

pounds.' In class i)the magnetic properties of the first unambi- 

suggest some basic rules about 
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536 P. TUREK et al. 

guous organic bulk ferromagnet' have been interpreted in the frame 

of the ideas first proposed by McConnell.' High spin multiplici- 

ties have been obtained in polymers and r a d i ~ a l a ~ ' ' ~ ~ ~ ~  and the 

search for bulk ferromagnetism is in progress .6* '' 
The present work deals with a molecular band semiconductor, 

the lithium phthalocyanine r-radical compound, PcLi.' ' In the 

following it will be shown dioxygen, 

02, without involving complexation or charge-transfer mechanisms. 

The resulting septet spin-state observed at low temperature is 

interpreted as originating from indirect ferromagnetic exchange 

coupling between neighbouring PcLi r-spins; this coupling is 

favoured by the presence of the localized triplet spin ground 

state of 02. Both ESR experiments and measurements of magnetiza- 

tion and susceptibility with the help of a SQUID susceptometer 

suggest the existence of such an exchange coupling. These results 

are analyzed in relation with the crystalline structure of PcLi. ' 

that PcLi may interact with 

The synthesis of PcLi has been previously reported.' Various 

samples were stable over a long period of time (more than two 

years) under usual packaging conditions with regards to tempera- 

ture and atmosphere. They were obtained through different chemi- 

cal routes leading to the obtention of pure PcLi. 

The sample preparation for the SQUID experiments was re- 

cently described.16 It is worth noting that these samples are 
polycrystalline because the required amount of PcLi is at least a 

few tens of mg in order to achieve the best experimental resolu- 

tion. The great sensitivity of the ESR technique allows to work 

with only one single crystal (m 5 1 pg). 
At the present time only the extreme conditions with regards 

to the O2 content were studied, i.e. air exposed samples and 

samples held under vacuum. The amount of O2 present in the samples 

could not be determined accurately up to now. 
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SEPTET SPIN STATE IN PcLi . . .  537 

ELECTRON SPIN RES ONANCE STUDIE S AT 9 . 5  GHzl 

Linewidth and e-factor 
At room temperature and under the ambient atmosphere the peak-to- 

peak ESR linewidth ABpp of PcLi is about 1 Gauss both for pow- 
ders and for single crystals. A strong line narrowing is observed 
on pumping with ABpp, decreasing down to a few mG for a crystal 
(fig. la,b). Such a narrowing 
exchange interactions' ' ; this 
sible, 

3.92 3113 3111 3215 3216 
HIGl 

effect has been attributed to strong 
effect is instantaneous and rever- 

I .  I 
3380.5 3381.0 H l G l  33815 

Figure 1. Modification of the ESR signals of a powder 
(left side) and of a crystal (right side) of PcLi when 1) air 
exposed, and 2 )  under vacuum. 

? ' :  r 

TIK 
Figure 2 .  Thermal variation of the peak-to-peak linewidth 

of PcLi powder held under vacuum. Some typical shapes of the ESR 
spectra are shown for different temperature ranges. 
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538 P. TUREX et al. 

For the polycrystalline samples held under vacuum (= 

mbar) the spectrum consists in two superposed lines whose relative 

intensity is temperature dependent (fig. 2). It should be noticed 

that both linewidths increase as the temperature decreases: this 

may be an indication for a localization of the spins. The two com- 

ponents, i.e. the broad and the narrow ones, are observed for a 

given orientation of a single crystal at low temperature and under 

vacuum (see caption of fig. 3). 

I 
6 0 K  

1 I' 4.2 K 

L 3366 

Figure 3. Splitting of the broad component from the narrow 

component of the ESR spectra for a single crystal held under 

vacuum (6-0 degree, T4.2 K and 50 K). 

In Fig. 3 the rotation angle B is the angle between the direction 

of the growing axis of the crystal (which is the molecular sta- 

cking axis) and the direction of the applied static field Ho. The 
two components may be observed separately in a crystal, due to a 

large anisotropy of the g-factor of the broad line ( b )  at low 
temperature. The g-shift for b temperature 

magnetic behaviour of the spin species involved in the broad ESR 

line whereas the g-factor for the narrow line (g,,) is close to the 
free electron g-value. It has a very low anisotropy over the whole 

investigated temperature range (4-300 K) (Table I). 

is specific of a low 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

1:
54

 1
9 

Fe
br

ua
ry

 2
01

3 



539 SEPTET SPIN STATE IN PcLi ... 

A 

i 
E 
a 

-a3 
* w  
H 

2 -  

1 -  

TABLE I Values of the g-factor for the broad line and for 

the narrow line at different temperatures and for given orienta- 

tions of a single crystal held under vacuum. 

0 

* *  
0 

0 0 

0 0 
0 

0 0 .  
' 0  

8 0 0  4' - 0  0 

P 

0 w g . 1  Temperature [K] b r o a d  h a r r o w  

~~ 

0 4 . 2  2.0041, 2.0023, 
2.0013, - 90 

0 25 2 .  00385 2.0023, 

- 90 2.0018, 

0 

90 

50 2.0028, 2.0023, 
- 2 .  0022, 

0 

90 

300 - 2.0024, 

- 2.0023, 

The spin susceptibility of a PcLi powder held under a primary 

vacuum exhibits a Curie-Weiss behaviour at l o w  temperature. 1 4  

Figure 4 .  Thermal variation of the reciprocal ESR suscepti- 

bility for a single crystal held under vacuum. 
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540 P. “ R E K  et al. 

The thermal variation of the ESR susceptibility of a crystal held 

under vacuum is Curie-Weiss like from 6 K up to c.a. 100 K where a 
cusp is observed (in x” in fig. 4), then the susceptibility 
increases up to room temperature. This behaviour has to be related 

to the previous observations of two lines in the ESR spectra. The 

total susceptibility of PcLi is the sum of two distinct contribu- 

tions: the fitst one exhibits a Curie-Weiss like behaviour and 

becomes the increasingly important contribution to the intensity 

of the ESR signal as the temperature decreases (broad ESR line) 

whereas the second one decreases with temperature (narrow line). 

These competing behaviours are responsible at 

around 100 K in fig. 4. 
of the cusp of x - ’  

SOUID STUDIES 

Figure 5. Thermal variation of the spin susceptibility 

determined at 1 kOe (SQUID susceptometer) for a polycrystalline 

sample of PcLi held under vacuum (r26 mg);- - -low temperature 

Curie-Weiss component (see also in the inset the reciprocal sus- 

ceptibility);----thermally activated component;-resulting fit 

of the total susceptibility . 
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SEPTET SPIN STATE IN PcLi ... 541 

The spin susceptibility of a polycrystalline sample held 

under vacuum, determined after substraction of the diamagnetic 

contribution to the total measured susceptibility, exhibits a 

behaviour qualitatively similar (fig. 5) to the one previously 

described in the ESR experiments performed on a single crystal. In 

the low temperature range, a Curie-Weiss like contribution is 

observed with 8,=2 K and a Curie constant C-0.05 emu.K.mole-l . At 

temperature higher than about 50 K, a departure from the Curie- 

Weiss law is observed. A fit which takes account of the ESR 

observations and describes quite well the observed temperature 

dependence has been performed' a '' (fig . 5) . The remahing contri - 
hution, after substraction of the Curie-Weiss contribution, is 

shown to be thermally activated. This has been recently inter- 

preted as resulting from delocalized spins whose magnetic proper- 

ties may be analyzed in the frame of itinerant magnetism.16' '' We 
now focus on the low temperature magnetic behaviour that we 

ascribe to the broad component of the ESR signal. 

Haenetizatioq 

TABLE I1 Values of the saturation magnetization and of the 

O2 content deduced from the Brillouin fit of the magnetization 

curves for different samples held under vacuum. 

Sample Weight Temperature Saturation magnetization O2 content 

[mgl [KI [erg.Oe-' .mole-' 1 [ a  mole- ' 1 

I* 10.9 6 2200 6.6 
11.3 10 1407 4.2 

I f *  25.8 6 418 1.3 

111- 850.8 1.9-4.2 112 0.3 
7.3-11.1 

.* *powder grown in acetone; one batch of crystals grown in ace- 

tonitrile; ***  same than sample I1 with five different batches. 
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542 P. TUREK et al. 

The variation of the magnetization with the magnetic field 

has been determined at low temperature for different samples 

(Table 11). For all samples we have studied the corresponding 

experimental data a satura- 

tion behaviour (fig. 6): the magnetization is well described by a 

Brillouin function for a septet spin state. The different curves 

in fig. 6 are drawn once the value of the saturation magnetization 
(%) has been optimized in the least-squares sense for 5-3. 

fit well on a single curve depicting 

I 1 

Figure 6. Field dependence of the magnetization normalized 

to the saturation magnetization performed at different tempera- 

tures for different polycrystalline samples of PcLi held under 

vacuum (see Table 11). The magnetization is shown in the inset for 
the lowest ratio of the field to the temperature. The fitted 

curves represent the Brillouin function for the indicated values 

of J. 

In the following we neglect the orbital angular moment since we 

are dealing with r-electrons orbitals. The magnetization data cor- 

responding to the susceptibility drawn in fig. 5 are those given 

in table I1 for sample 11. Using the ratio of the Curie constant, 

estimated from the low temperature Enlsceptibility, to the satura- 

tion magnetization, in order to, estimate the value of J, we find 

that J is likely to be 3/2 or 2. Since the accuracy of the experi- 
ments is higher in the case of the magnetization measurements and 

owing to the observed similar saturation behaviour for different 
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P. TUREK et al. 543 

chains of macrocycles are far apart so that it may be reasonably 
assumed that they do not interact. Therefore we can consider, as a 

first step, the system as a 1-D crystalline system. Of great 
interest is the existence of broad free channels between the 

chains. In particular it is shown that these channels are well 

suited for host molecules. This is illustrated in fig. 7 were the 

extension of the Van der Waals outlines is represented for the 

peripheral atoms of the macrocycles. The molecule of oxygen may 

easily diffuse into the available free space; this is also true 

for other molecules such as water. The molecular oxygen is the 

only spin carrier in the ambient atmosphere and a triplet 

spin ground state. All results previously described and with spe- 

cial emphasis on the strong effects of air exposure or air evacua- 

tion on the ESR spectra are then consistently interpreted as 

resulting from magnetic coupling between O2 and PcLi. The O2 

content in the different studied samples has been estimated from 

the values of % (Table 11), considering a septet spin value. It 

is found to be less than 7 %, so that O2 molecules act as impu- 

rities in the samples studied under vacuum. The septet-spin spe- 

cies found at low temperature may be analyzed as resulting either 

from: i) a ferromagnetic coupling between four 1/2 n-spins of PcLi 
(S1) and one spin 1 of O2 ( S 2 ) ,  or from ii) an antiferroma-gnetic 

coupling between eight S1 and one S 2 .  A rough analysis of the 

symmetry of the n-orbitals of PcLi and of O2 suggests that the 

case ii) is probably preferred. In both cases the S1 belonging to 

adjacent chains are parallel. This interaction scheme is an indi- 

rect ferromagnetic exchange coupling induced by 02. The flX,xy 

orbitals of O2 overlap the nZ orbitals of those C atoms of PcLi 

which strongly interacts within the stacks. Preliminary results 

based on the measurements of the Overhauser shift of the ESR 

line” suggest that there exist some conduction channels between 

these C atoms. It may be noticed that the possibility for indirect 

ferromagnetic exchange interaction has been previously considered 

on a theoretical point of m-polydiphenylcar- 

bene . * 

it has 

view in the case of 
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544 SEPTET SPIN STATE I N  PcLi .. 

samples in these experiments, the discrepancy between the suscep- 

tibility data and the magnetization data is attributed mainly to 

the low accuracy of the estimated susceptibility. Another explana- 
tion would take account of dis- 

tribution of different9 spin multiplets in the samples as it has 

been proposed in order to interpret the magnetization behaviour of 

some galvinoxyl radicals. Although this cannot be excluded "a 

priori" the septet spin state will be considered hereafter since 

its origin may be understood in view of the structural informa- 

tions ( see below). 

the possibility of a statistical 

ROLE OF DIOXYGEN 

Figure 7. Projected view of the crystalline structure of 

Pcli along the stacking axis. The O2 molecule is represented into 
the free channels defined by the Van der Waals outlines of the 

peripheral atoms of the macrocycles. 

The crystalline structure of PcLi is tetragonal with a-b-19.575 h 
and c-6.491 A, c being the stacking axis.17 The molecules are 

staggered by 38.7' along c, the nearest neighbours distance being 

3.245 A: this is less than the Van der Waals distance and it 

implies strong intermolecular interactions within the chains. The 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

1:
54

 1
9 

Fe
br

ua
ry

 2
01

3 



SEPTET SPIN STATE IN PcLi . . .  545 

The analysis of the results concerning ESR lines, ESR susceptibi- 

lity, static susceptibility and magnetization on the ground of the 
structural information available for PcLi has been shown to be 

consistent with a local ferromagnetic coupling between those 

neighbouring macrocycles which surround a molecule of O t .  The 

experiments reported here have been performed on samples held 

under vacuum, i.e. at low contents of 02. The measurements of the 
susceptibility and of the magnetization for samples encapsulated 

under ambient atmosphere are under progress. 

It should be mentioned that another phthalocyanine based com- 

pound, the metal-free phthalocyanine doped by sodium, HZPcNa,, has 

recently been reported in the frame of organic ferromagne-tism.21 

Dr. D. Guillon and Mr. P. Weber are gratefully acknowledged for 

having provided us with the facilities of the Evans graphics sta- 

tion at the GMO (Strasbourg, France). Dr. A. Bieber is friendly 
thanked for his critical reading of the manuscript. This work has 

benefited from financial support of the LETI/CEA from Grenoble 

(France) . 
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