
This article was downloaded by: [University of California, San Diego]
On: 21 August 2012, At: 11:45
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House,
37-41 Mortimer Street, London W1T 3JH, UK

Molecular Crystals and Liquid Crystals Science and
Technology. Section A. Molecular Crystals and Liquid
Crystals
Publication details, including instructions for authors and subscription information:
http://www.tandfonline.com/loi/gmcl19

Magnetic Properties of Purely Organic Radical Magnets,
N-(Arylthio)-2,4,6-Triarylphenylaminyls: Susceptibility
and Heat Capacity Measurements
Yoshio Teki a , Koichi Itoh a , Yozo Miura b , Sinya Kurokawa b , Sadaharu Ueno a , Atsuhiko
Okada c , Hirokazu Yamakage c , Tatsuo Kobayashi d & Kiichi Amaya c
a Department of Material Science, Faculty of Science, Osaka City University, Sumiyoshi-ku,
Osaka, 558, Japan
b Department of Applied Chemistry, Faculty of Engineering, Osaka City University, Sumiyoshi-
ku, Osaka, 558, Japan
c Department of Material Physics, Faculty of Engineering Science, Osaka University, Osaka,
560, Japan
d Research Center for Materials Science at Extreme Conditions, Osaka University, Osaka,
560, Japan

Version of record first published: 04 Oct 2006

To cite this article: Yoshio Teki, Koichi Itoh, Yozo Miura, Sinya Kurokawa, Sadaharu Ueno, Atsuhiko Okada, Hirokazu
Yamakage, Tatsuo Kobayashi & Kiichi Amaya (1997): Magnetic Properties of Purely Organic Radical Magnets, N-(Arylthio)-2,4,6-
Triarylphenylaminyls: Susceptibility and Heat Capacity Measurements, Molecular Crystals and Liquid Crystals Science and
Technology. Section A. Molecular Crystals and Liquid Crystals, 306:1, 95-102

To link to this article:  http://dx.doi.org/10.1080/10587259708044554

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-and-conditions

This article may be used for research, teaching, and private study purposes. Any substantial or systematic
reproduction, redistribution, reselling, loan, sub-licensing, systematic supply, or distribution in any form to
anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae, and drug doses should
be independently verified with primary sources. The publisher shall not be liable for any loss, actions, claims,
proceedings, demand, or costs or damages whatsoever or howsoever caused arising directly or indirectly in
connection with or arising out of the use of this material.

http://www.tandfonline.com/loi/gmcl19
http://dx.doi.org/10.1080/10587259708044554
http://www.tandfonline.com/page/terms-and-conditions


Mol. Cryst. Liq. Cr,i,.v., 1997. Vol. 306. pp. 95- 102 
Reprints Wdilable directly from the publisher 
Photocopying permitted by license only 

:b 1997 OPA (Oversras Publishers Association) 
Amsterdam B.V. Published under license 

in The Netherlands under the Gordon and Breach 
Science Publishers imprint 

Printed in India 

MAGNETIC PROPERTIES OF PURELY ORGANIC RADICAL MAGNETS, 
N - ( A R Y L T H I O ) - 2 , 4 , 6 - T S :  SUSCEPTIBJLlTY 
AND HEAT CAPACITY MEASUREMENTS 

Yoshio Teki,'* Koichi Itoh,' Yozo Miura: Sinya Kurokawa: Sadaharu Ueno? 
Atsuhiko Okadq3 Hirokazu Yam+ge? Tatsuo Kobayashi; and Kiichi Amaya3 
Departmen4 of Material Science, Faculty of Science; Department of Applied 
Chemistry, Faculty of Engineering, Osaka City University, Sumiyoshi-ku, Osaka 
558 Japan; Department of Material Physics, Faculty of E;gineering Science, 
Research Center for Materials Science at Extreme Conditions, Osaka University, 
Osaka 560 Japan 

Abstract The magnetic properties of N-[(dichlorophenyl)thio]-2,4,6- 
tris(chloropheny1)phenylminyl radical crystals are reported. The stable radical 
crystals of N-[(2,4-dichlorophenyl)thio]-2,4,6-tris(4-c~orophenyl)phenylaminyl 
(1) and N-[(2,4-dichlorophenyl)thio]-2,4,6-tris(3-chlorophenyl)phenylaminyl (2) 
have shown one-dimensional ferromagnetic behavior which have described using 
the Bonner-Fisher model with the large ferromagnetic exchange interaction of J/kb 
= 14.0 K and J/ks = 5.7 K, respectively. In addition to these ferromagnetic 
compounds, N-[(3,5-dichlorophenyl)thio]-2,4,6-tris(4-chlorophenyl)phenylaminyl 
(3) has also shown the ferromagnetic intermolecular exchange interaction of J/kB = 
1.8 K. For these crystals, we have carried out low-temperature susceptibility and 
heat capacity measurements below 2 K. Radical 1 has shown a magnetic phase 
transition at 0.4 K. The susceptibility in the ordered state, however, shows spin- 
flip transition, indicating antiferromagnetic long range ordering. For the ordered 
state, the interchain interactions are also estimated to be JYkb = 0.02 K and J'!!ks = 
-0.01 K. In order to clarify the electronic structures, ab-initio molecular orbital 
calculations of their substituted radicals are carried out. The correlation between 
the magnetic interactions and the electronic structures is discussed. 

INTRODUCTION 

As promising candidates for organic molecule-based magnets, a variety of stable radical 
species have been investigated.' The requirement of the large spin-polarization for the 
ferromagnetic intermolecular exchange2 is easily realized for the free radicals with localized 
spin-structures as nitroxide and nitronjrl nitroxide radicals. Their intermolecular 
ferromagnetic exchange interactions are, however, small in magnitude due to the 
localization of the unpaired electron. Recently, the ferromagnetic exchange interactions 
have also been found for the stable radicals with delocalized spin structures such as 
thioaminyl radicals334 and thiooxoverdazyl radicals.' Both species have shown 
large ferromagnetic interactions compared to the nitroxide and nitronyl nitroxide radicals 
with the localized spin structure. 

* Adjunct Associate Professor of Institute for Molecular Science (IMS). Part of this work 
was carried out at IMS. 
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In  this paper. the magnetic properties of the following three ferromagnetic N- 
[(dichlorophenyl)thio]-2.4,6-tris(chlorophenyl)phenylam~nyl radical crystals 1-3 are 
reported. Temperature dependence of the molar paramagnetic susceptibility of these 

1 
radical crystals from 1.7 K to 300 K arc well interpreted by the one-dimensional 
ferromagnetic Heisenberg model. The low-temperature susceptibility and heat capacity of 
the polycrystalline samples of 1 and 2 are examined in the temperature region 50 mK - 2.0 
K. Ab-initio MO calculations are also carried out for 1. The correlation between the 
magnetic exchange interaction and the electronic structures also discussed based on the MO 
calculations. 

EXPERIMENTAT. 

The free radicals. 1 - 3, were synthesized by the procedures which we have already 
reported.3 The temperature and magnetic field dependences of dc-susceptibility were 
mcasured by a SQUID magnetometer. The low-temperature ac-susceptibility and heat 
capacity measurements below 2 K were carried out for 1 and 2. The ac-susceptibility was 
measured by the Hartshoin bridge method at 200 IIz. For the low-temperature 
experiments, we have cooled the sample using a 'HeT'He dilution refngerator. For all 
measurements polycrystalline samples were used. 

RESULTS AND DISCUSSION 

( i )  Magnetic Behavior in the High-Temperature Region 1.7 K - 300 K 

The magnetic behavior of 1 and 2 in the temperature region 1.7 K - 300 K were already 
reported in our previous paper.' The temperature dependence of molar susceptibility 
(xnlo~) of 1 was well iitted to the regular one-dimensional Heisenberg model ( H  = -2JcS; 
Sj) with ferromagnetic exchange interaction of J / k B  = 14.0 K as shown in Figure I(a). I t  

should be noted that the magnitude of the exchange interaction is very large compared to 
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MAGNETIC PROPERTIES OF N-(ARY LTHIO)-2,4,6-TRIARYLPHENYLAMINYL [683]/97 

those of nitroxide or 
nitronyl nitroxide 
radicals. This large 
exchange inter-action 
may come from the 
delocalized spin structure 
of the thioaminyl radical. 
Like 1. the temperature 
dependence of ,y,no[ of 2 
was also interpreted in 
terms of the one- 
dimensional Heisenberg 
model with .I/kB = 5.7 K 
(see Figure l(b)). In 
this paper, we will add 
N-[( 3.5-dichloropheny1)- 
thio]-2.4,6-tris(4-chloro- 
pheny1)phenylaminyl 3 
as another example of the 
thioaminyl radical 
crystals with one- 
dimensional ferro- 
magnetic intermolecular 
exchange interaction of 
J/kB = 1.8 K (Figure 

1 (c)). 

0.0 JI1 
0 50 100 150 200 250 300 

Temperature / K 

2.5 * 

0.0 7 
0 5 0  100 150 200 250 300 

FIGURE I .  Temperature dependence of xnlo,T of 1-3 

Temperature / K 

from 1.7 K to 300 K. 

(ii) Low Temperature Magnetic Properties and Phase Transitions 

Low temperature magnetic behaviors were investigated for the polycrystalline samples of 1 
and 2. For the sample 2, only a broad maximum was observed at 0.1 K in the ac- 
susceptibility measurements and we could not observe a sharp peak in the heat capacity 
measurement above 50 mK. We therefore focus our discussion on the results of 1. The ac- 
susceptibility of the polycrystalline powder sample of 1 shows a sharp peak around T,v = 

0.45 K as shown in Figure 2(a). This transition temperature corresponds to the h-type 
anomaly observed at TN = 0.40 K in the zero-field heat capacity measurements, shown in 
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Figure 2(b). The small 
disagreement in the transi- 
tion temperature Tv 
between the ac-suscepti- 
bility and the heat capacity 
measurements may be 
ascribable to the thermal 
contact problem in the low- 
temperature susceptibility 
measurements. Figure 
2(c) shows the entropy 
change calculated from the 
heat capacity change. In 
the spin 112 system. the 
entropy change arising 
from the phase transition 
toward the ordered phase 
should be Rln2 = 0.693R. 
In this system. such a 
entropy change below T,v is 
ca. 0.2R. This means that 
ca. 70 YO of the entropy 
change has been already 
consumed by the short 
range ferromagnetic 
ordering of spins in the 
temperature range above 
T,v. n s  is a chwacter- 
istic nature in thc onc- 
dimensional spin system, 
showing the strong low- 
dimensionality in the 
present system. 

Y.  TEKI r f  
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FIGURE 2. Temperature dependence of ac-magnetic 

susceptibilities (a), heat capacity (b) and 
magnctic entropy (c) in low-tempcrature 
region (50 mK - 2.0 K). 

In order to check the ordered phase in more details, we examined the field dependence 
Figure 3 shows the typical field dependence observed at 300 mK. of the susceptibility. 

The peak originated from the spin flop transition characteristic of the antiferro-magnet or 
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FIGURE 3. ac-Susceptibilities as a fiuiction of the external field. 

metarnagnet was observed at ca. 150 Oe. Since the present sample is the polycrystalline 
powder, the observed total xac is the sum over all the susceptibility xac(6,1$) in which the 
external field is along to the spatial direction (@,I$). In such a case, we can obtain the 
values of Hi/ and HI as indicated in Figure 3. Hi/, HI and the spin flop field H,f are given 
using the interchain antiferromagnetic exchange field He, and the anisotropic field HA as 
follows. 

.._-- 

Hi/ = 2HeX + HA , HI= 2Hex - HA, HSf’ m ~ ( 2 H e x - H ~ ) .  (1) 
In a mean field theory, the staggered susceptibility is given by 

where xo is the reduced susceptibility kBx/$ calculated by one-dimensional Heisenberg 
model.‘ From equation (I), we obtain 

HeX=165Oe and HA = 100 Oe, ( 3 ) .  
The interchain interactions can be also estimated from equation (2) using the above 
experimentally determined values and xo = 36.2 at Tb=0.4 K whch is calculated by the 
one-dimensional Heisenberg model.7 The estimated interchain exchanges arc given by 

JYk” = 0.02 K (ferromagnetic), (4) 

J”/ks = -0.01 K (antiferromagnetic). ( 5 )  

and 

Since the intrachain ferromagnetic exchange J/k” is 14.0 K, the coupling ratio J’/J is 
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0.0014 and J‘YJ is -0.0007, which characterize the strong one-dimensionality of the present 
system. I n  conclusion, the ordered state can be dcscnbed as the ferromagnetic plane system 
interacting antiferromagnetically between planes since the exchanges J and J’ is positive 
and only J” is negative. 

0.00 4 

-0.05 - 

g -0.10- 

.... Z -0.15- 
P 

0 

2 

is -0.20- 

2 

. 
W 

3 .- 

-0.25 - 

(iii) Electronic Structure of Molecule 1 

In order to clarifji the electronic structure of 1 and the origin of the ferromagnetic 
intermolecular exchanges, we have carried out ab-initio molecular orbital calculations based 
on the density-functional theory (DFT) using Gaussian 94. We used the STO 6-31G basis 
set and UHF Becke3LYP hybrid method. Since there was no available molecular 
structure data for this molecule. we first determined the reasonable molecular structure 
using the MM2 method which had a minimized stenc hindrance. Then, we carried out the 
ab-initio MO calculations. The obtained one-electron molecular orbital energies are shown 
in Figurc 4. p-SOMO is closely located on the a- 
LUMO. Ths situation is one of the conditions required for the ferromagnetic inter- 

This figure shows the unoccupied 

molecular exchange interaction. 
Although h s  molecule has the 
spin-structure in which the 
unpaired electron delocalize 
onto the phcnyl rings adjacent to 

the NS sitc, this result means 
that the thioaminyl radical site 
(-N-S-) has a still enough spin- 
polarization effect. The large 
polarized spin-structure favors 
the ferromagnetic interaction 
when the large orbital overlap 
between a-SOMO and a- 
LUMO on the phenyl rings of 
the neighboring molecules is 
realized. This finding is 
consistent with the obsewation 
of  the ferromagnetic inter- 
molecular exchange interaction 
in 1-3. 

\ 
CI 

- -  _ -  

-0.30 I 

FIGURE 4. Location of  lhe onc-electron molecuhr 
orbitals obtaincd from the UIlF ah-initio 
MO calculation using L > l T  method. 
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CONCLUSIONS 

The present results show that the large ferromagnetic intermolecular exchange interaction 
has been realized in the purely organic thioaminyl radicals crystals with delocalized spin- 
structures. Although the dlmensionality of the magnetic interaction is low (one- 
dimensional) in the present systems 1-3, this finding may open a way for purely radical 
magnets with higher Tc. The present results strongly suggests that the stable radical 
species with slightly delocalized spin structure such as thioaminyl radicals are one of the 
promising candidates for the high Tc molecular-based magnets. In addition, it should be 
noted that the thioaminyl radical crystal 1 is one of ideal model systems for the low- 
dimensional magnets since this system has very low inter-intra chain coupling ratio of JYJ= 
0.0014 and JYJ= -0.0007 and g s 2.00 (small spin-orbit coupling). 
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