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Heat capacities of the organic free radical ferromagnet, 4-(4-chlorobenzylideneamino)-2,2,6,6-tetramethylpiperidin-
1-oxyl (CATMP) have been measured in the temperature range between 0.1 and 311 K. A ferromagnetic phase transition
was observed at 0.28 K and a heat capacity hump was found above the transition temperature. This hump is due to the
short-range order characteristic of low-dimensional magnetic spin systems. The enthalpy and entropy gains due to the
ferromagnetic phase transition were estimated to be 4.06 J mol ™' and 5.71 JK ! mol ™!, respectively. This entropy agrees
well with the theoretical value RIn2 ( = 5.76 JK~' mol™") expected for the magnetic entropy of a spin system with the
spin quantum number § = 1/2, where R is the gas constant. The heat capacity hump above the transition temperature is
well accounted for in terms of the § = 1/2 two-dimensional ferromagnetic Heisenberg model of square lattice with the
intralayer exchange interaction J /kp = 0.42 K, where the spin Hamiltonian H = —2JS;-8; is adopted and kg stands for the
Boltzmann constant. The analysis of the magnetic heat capacities below the transition temperature on the basis of the spin
wave theory clarified that the magnetic system settles down in three-dimensional ferromagnetic order below the transition
temperature with the interlayer exchange interaction J'/kg = 0.024 K.

Since the discovery of ferromagnetism in the -phase of
p-nitrophenylnitronyl nitroxide (p-NPNN),'* synthesis of
purely organic ferromagnets has been developed extensively.
Nearly twenty kinds of organic free radical ferromagnets
have so far been synthesized and investigated experimentally
and theoretically.'— It has been reported recently that the
p-phase of the dithiadiazolyl radical p-NC-C¢F4-CNSSN
orders as a weak ferromagnet below Ty = 35.5 K, which
is the highest transition temperature ever reported.

The present organic free radical 4-(4-chlorobenzylidene-
amino)-2,2,6,6-tetramethylpiperidin-1-oxyl (CATMP, Fig. 1)
is one of the 2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO)
derivatives, which show a variety of magnetism types de-
pending on the type of substituent group.'*—2**—* The X-
ray crystallographic analysis and computational approach'™*
predicted that the CATMP free radical crystal possesses
a two-dimensional ferromagnetic network. The magnetic

Fig. 1. Molecular structure of CATMP.
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measurement'’ indicated that the CATMP crystal gives rise
to a feromagnetic phase transition at ca. 0.4 K. A typical fer-
romagnetic M(magnetization)-H(magnetic field) curve with

~ a narrow hysteresis loop is observed below the transition

temperature. The zero-field muon spin rotation and relax-
ation (#SR) experiment®' revealed that the CATMP crystal
has a three-dimensional Heisenberg type ordering below the
Curie temperature T¢ = 0.28 K, which is somewhat lower
than 7¢ = ca. 0.4 K previously reported."”

Heat capacity measurement for magnetic materials is one
of the most effective tools to get information about precise
magnetic phase transition temperature, spin—spin interac-
tion, magnetic dimensionality, and type of magnetism. Our
research group has so far investigated some TEMPO radical
derivatives by means of adiabatic calorimetry,”*? and re-
vealed some important aspects. The objective of the present
research is to measure accurately the heat capacity of the
CATMP crystal and to elucidate its magnetic properties in
detail.

Experimental

The preparation of CATMP was carried out according to a method
described elsewhere.'*'> Two types of adiabatic calorimeters were
employed: one is a very-low-temperature adiabatic calorimeter
workable with a *He/*He dilution refrigerator** (dilution calorime-
ter for short) from 0.1 to 19 K and the other is a low-tempera-
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ture adiabatic calorimeter for small samples® (microcalorimeter
for short) from 10 to 311 K. For the dilution calorimeter, 0.94629 g
of the sample was formed into a disc (2 cm diameter and ca. 2 mm
thickness) and loaded into a gold-plated copper cell without any
heat exchange media. On the other hand, for the microcalorimeter,
0.53432 g of the sample was loaded in a 1.2 cm® gold-plated cop-
per cell together with helium gas at ambient pressure to facilitate
thermal equilibration. Buoyancy correction for the sample weights
was made by assuming a density of 1.217 gecm™*.171%

Results and Discussion

The molar heat capacities at constant pressure, Cp,, of the
CATMP free radical crystal are tabulated in Table 1 and
plotted in Fig. 2. A heat capacity peak due to a phase tran-
sition was observed at 0.28 K, which is slightly lower than
Tc = ca. 0.4 K determined by the magnetic measurement'’
butin good agreement with 7¢ = 0.28 K obtained by the SR
study.”’ Therefore this phase transition can be regarded as the
ferromagnetic phase transition. Above the transition temper-
ature, a heat capacity hump was also observed. This thermal
anomaly is attributed to the short-range ordering effect of
spins characteristic of low-dimensional magnets.

In order to evaluate the excess (or magnetic) heat capaci-
ties, the lattice heat capacities were estimated as follows. The
lattice heat capacities Cp(lattice) at very low temperatures T
are often approximated by the temperature polynomial with
odd powers:
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Fig. 2. Molar heat capacities of CATMP free radical crys-
tal on (a) logarithmic and (b) normal scales. Solid curve
indicates calculated lattice heat capacities.
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Cy(lattice) = >~ e, 7, )
i=1
which corresponds to a series expansion of the Debye func-
tion with respect to 7. The heat capacity anomaly arising
from the short-range order of a spin system is known to be
proportional to T2 at high enough temperatures.’® Hence
the entire heat capacity involving contributions of both the
lattice vibration and the short-range order is given by the
next equation
Cp=Y T +eunT ™2 )
i=1
In the present case, we could fit well the heat capac-
ity data between 2 and 10 K to Eq. 2 with n=3 and
the respective coefficients were determined to be ¢; =
7.233x107 JK=* mol~}, ¢; = —3.889x 1073 JK~®mol ',
c3=2.852x1077 JK~®mol~', and ¢4 =2.628 JKmol .
The derived lattice heat capacity curve is drawn in Fig. 2(a)
by a solid curve.

The magnetic heat capacities of the sample were evalu-
ated by subtracting the lattice heat capacities from the total
heat capacities. Figure 3 indicates the magnetic heat capac-
ities AC, of the CATMP crystal. The enthalpy and entropy

T
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=}
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n
T
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Fig. 3. Magnetic heat capacities of CATMP free radical
crystal on (a) logarithmic and (b) normal scales. Solid
curves indicate the heat capacities calculated from the high-
temperature series expansion for the S = 1/2 two-dimen-
sional ferromagnetic Heisenberg model of square lattice
with J/kg = 0.42 K. Broken curves show the heat capaci-
ties derived from the spin wave theory for three-dimensional
ferromagnets.
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Table 1.

Data in series 1—6 and series 7—10 were collected by use of different adiabatic calorimeters.

Molar Heat Capacities of CATMP (M = 293.82 gmol ™ ")
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JK=Tmol =1 K K JTK=Tmol =" TK— T mol— T K TR Tmol— '
series | 0.216 1.499 12.33 9.517 179.07 244.1 10.71 7.217 104.12 153.0
0.204 1.367 0.227 1.685 13.29 11.43 182.05 247.2 11.59 8.639 106.10 155.4
0.256 2.517 0.237 2.191 14.26 12.76 185.02 250.9 12.49 10.22 108.08 157.6
0.277 4.708 0.249 2.600 17.22 19.65 188.00 254.2 13.45 11.93 110.05 160.6
0.310 3.588 0.260 2.687 18.23 20.66 190.97 257.1 14.49 13.87 112.03 163.2
0.352 3.160 0.269 3.755 19.24 22.61 193.95 260.8 15.57 15.98 114.02 165.7
0.396 2.883 0.279 3.969 196.92 264.4 16.69 18.20 116.00 168.4
0.448 2.642 0.291 3.660 series 6 199.90 267.0 17.83 20.16 117.98 170.8
0.504 2.365 0.305 3.433 0.912 1.378 202.87 270.6 18.98 22.69 119.96 173.3
0.564 2.134 0.323 3.334 1.026 1.217 205.85 2727 20.14 25.13 121.94 176.0
0.629 1.951 0.346 3.208 1.155 1.105 208.83 277.1 21.36 27.25 123.92 178.3
0.699 1.784 0.370 3.206 1.298 1.012 211.80 280.4 22.64 30.05 125.90 180.9
0.774 1.640 0.395 3.088 1.461 0.912 214.78 283.8 23.96 33.21 127.88 183.1
0.851 1.504 0.423 2.822 1.626 0.802 217.76 287.2 2531 35.56 129.86 185.6
0.932 1.412 0.451 2.490 1.821 0.712 220.74 290.8 26.69 38.43 131.85 188.2
0.479 2.614 2.041 0.687 22371 294.5 28.13 41.01 133.83 190.6
series 2 0.511 2.460 2.266 0.596 226.69 297.6 29.61 44.71 135.82 193.0
0.432 2.730 0.541 2.431 2.476 0.588 229.67 301.2 31.11 47.03 137.80 1959
0.492 2.427 0.574 2.226 2.686 0.533 232.65 304.5 32.57 49.99 139.79 197.9
0.557 2.164 0.609 2.042 2918 0.509 235.63 308.4 33.96 52.50 141.78 200.2
0.628 1.941 0.642 2.003 3.650 0.509 238.62 3123 35.35 55.15 143.76 202.7
0.703 1.771 0.674 1.929 3.944 0.563 241.60 315.8 36.75 57.54 145.75 204.4
0.782 1.625 0.705 1.871 4.275 0.672 244.58 319.2 38.14 60.02 147.74 2074
0.865 1.475 0.735 1.859 4.677 0.806 247.56 3229 39.54 62.81 149.72 209.3
0.951 1.373 0.767 1.760 5.000 0.903 250.55 3263 40.94 65.01
1.062 1.165 0.799 1.634 5.365 1.093 253.53 329.9 42.35 66.27 series 10
1.197 1.116 0.825 1.643 5.872 1.350 256.51 333.6 43.77 69.87 251.52 3273
1.334 1.022 0.884 1.554 6.410 1.649 259.50 336.9 45.19 72.22 254.51 331.1
1.514 0.930 0.942 1.470 8.260 3.420 262.48 3404 46.61 74.36 257.50 334.4
1.685 0.815 8.991 4.429 265.46 343.7 48.05 76.28 260.49 337.8
series 5 9.834 5.887 268.45 347.7 49.48 78.35 263.49 3413
series 3 0.849 1.490 10.75 7.378 271.43 351.2 51.16 80.43 266.48 345.2
0.126 0.638 0.963 1.304 11.75 8.726 274.41 354.5 53.07 83.94 269.47 3484
0.160 0.819 1.083 1.183 12.83 10.23 277.40 358.0 54.99 86.84 272.47 3523
0.207 1.215 1.226 1.067 13.99 12.77 280.38 361.5 56.92 89.90 275.46 355.1
0.226 1.730 1.373 0.989 16.61 17.45 283.36 364.9 58.85 91.89 278.45 358.7
0.243 2516 1.515 0.908 18.12 20.18 286.34 369.0 60.79 94.65 281.45 362.1
0.278 4977 1.686 0.779 289.32 372.9 62.74 97.22 284.44 365.4
0.306 3.783 1.867 0.727 series 7 292.30 375.7 64.69 100.3 287.43 370.1
0.333 3.744 2.085 0.612 13198  188.7 295.27 379.2 66.64 102.4 290.42 3739
0.360 3.366 2.505 0.502 13398  191.2 298.25 383.1 68.60 105.2 293.41 377.4
0.393 2.996 2734 0.496 13596 1935 70.57 107.7 296.40 380.6
0.427 2.887 2.991 0.475 137.94 1958 series 8 72.53 110.4 299.39 384.7
0.457 2.666 3.270 0.489 13992 1984 9.623 5.570 7450 113.3 302.39 387.8
0.487 2471 3.578 0.508 14191  200.6 10.52 6967 7647 115.8 305.38 391.1
0.517 2.396 3910 0.573 143.89  202.8 11.44 8309  78.44 118.6 308.37 395.1
0.549 2.272 4.273 0.681 14588 2053 12.35 9.860  80.42 121.6 311.36 398.8
0.581 2.151 4.674 0.816 147.86  207.7 13.28 11.55 82.39 123.8
0.613 2.038 5.113 0.988 149.84  210.0 14.21 13.37 84.37 126.7
5.595 1.173 15232 2130 15.13 15.22 86.35 129.4
series 4 6.120 1.486 15529 2164 16.07 1691 88.34 131.8
0.119 0.583 6.696 1.865 158.26  219.9 16.99 18.60 90.32 134.5
0.140 0.718 7.326 2.354 161.23 2235 17.93 20.51 92.29 137.2
0.151 0.801 8.012 3.038 16420 2269 18.81 22.47 94.26 139.8
0.161 0.779 8.756 3.933 167.18 2299 19.65 24.35 96.24 142.6
0.169 1.175 9.561 5.303 170.15 2338 98.20 145.1
0.191 1.299 1044 6.766 173.12  237.1 series 9 100.17 147.8
0.204 1.441  11.37 8.211 176.09  240.6 9.886 5.867 102.15 150.4
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acquisitions due to the ferromagnetic phase transition were
calculated as follows. The enthalpy and entropy gains from
the lowest temperature 0.1 K studied here to 7.3 K were calcu-
lated by directly integrating the AC,, values with respect to T’
and In 7, respectively. Those from 0 to 0.1 K were evaluated
on the basis of the spin wave theory, which is described be-
low. Those from 7.3 K to infinite temperature were estimated
by use of the 772 term of Eq. 2. The magnetic enthalpy and
entropy thus determined amounted to 4.06 J mol™" and 5.71
JK~"mol~!, respectively. This magnetic entropy is in ex-
cellent agreement with the value RIn2 (=5.76J K~'mol™"
expected for the magnetic system consisting of spins with
spin quantum number S = 1/2, where R is the gas constant.
This fact means that the present specimen indeed consists of
pure radicals in which each molecule has a single unpaired
electron and that the observed heat capacity anomaly arises
from the reorientational mechanism of S =1/2 spins.

In order to examine the nature of the ferromagnetic phase
transition found in the CATMP crystal in detail, we analyzed
the magnetic heat capacities below and above the transi-
tion temperature Tc. At first, we tried to fit several $=1/2
Heisenberg models to the heat capacity hump above T¢. As
shown in Fig. 3 by solid curves, the best fit was obtained
for the S =1/2 two-dimensional ferromagnetic Heisenberg
model*’ of square lattice with the intralayer exchange interac-
tionJ/kg =0.42 K, where the spin Hamiltonian H = —2J8§;-S;
is adopted and kg denotes the Boltzmann constant. Here we
used the Padé approximation in fitting the magnetic heat
capacities to the model. This result is consistent with the
two-dimensional ferromagnetic network structure predicted
from the X-ray crystallographic analysis and computational
approach,'™® but this two-dimensional network structure is
not regarded as a square lattice. There may exist two differ-
ent intralayer exchange interactions J, and J,, as seen from
the crystal structure of CATMP.!”"'* However, since the heat
capacity anomaly above T¢ is well explained by the §=1/2
two-dimensional ferromagnetic Heisenberg model of square
lattice, it is very likely that the CATMP crystal possesses a
two-dimensional magnetic structure with J; = J;.

Next, we discuss the low-temperature behavior of the mag-
netic heat capacities. Spin wave theory is a good approxima-
tion to describe the low-temperature properties of magnetic
substances. The low-temperature heat capacity due to the
spin wave (magnon) excitation Csw can be expressed by the
formula™®

Csw o< T", 3)

where d stands for the dimensionality of magnetic lattice and
n is defined as the exponent in the dispersion relation: n =1
for antiferromagnets and n =2 for ferromagnets. We fitted
the next equation to the magnetic heat capacities between
0.12 and 0.23 K:

AC, =aT®. 4)

The parameter value was determined to be & =1.68. Since
this value is close to 3/2, we can conclude that the CATMP
crystal is in a three-dimensional ferromagnetic state below
the transition temperature. Hence we fitted again Eq. 4 with

Heat Capacity of Organic Free Radical Ferromagnet

a =3/2 to the magnetic heat capacities in the same temper-
ature range, which yields a=14.44] K~3/2mol~'. The spin
wave heat capacity thus obtained is shown in Fig. 3 by bro-
ken curves. This result derived from the spin wave analysis
coincides with the three-dimensional ferromagnetism below
Tc suggested by the uSR experiment.”’

More exactly, Csy in a three-dimensional ferromagnet
possessing non-equivalent spin—spin interaction paths is ex-
pressed as follows:”

Csw

_ SREG/DI(/2) < & )” e s

1672532 2010273 ’
where J;, J,, and J; are the positive exchange interaction
parameters for three directions, £ is Riemann’s zeta function,
I is Euler’s gamma function, and S denotes the spin quantum
number. In the present case, J; =J; =J(=0.42kg K), J5 =7,
which is an interlayer exchange interaction, and §=1/2.
Comparison between Egs. 4 and 5 brings about J' /kg = 0.024
K.

Nogami et al. have discussed the mechanism of the in-
trasheet intermolecular ferromagnetic interactions between
the N-O sites in some TEMPO derivative radical crys-
tals having two-dimensional sheet structures.'® Four two-
dimensional ferromagnetic TEMPO derivative radical crys-
tals Ar—rCH=N-TEMPO (Ar = phenyl, 4-(methylthio)phen-
yl, 4-chlorophenyl, and 4-biphenylyl) have about 6 A of
the distances between the N~Q sites in a intrasheet.'*!>1"—1
Since direct through-space exchange®**" and dipole-dipole*'
interactions are very weak, the magnetic interactions aris-
ing from such long distances cannot explain 7¢ =0.3—0.4
K.!415171% Nogami et al. proposed a spin polarization mech-
anism through intervening aliphatic groups as a possible
mechanism of the intrasheet ferromagnetic interaction.!”'
Moreover they have carried out ab initio and semiempiri-
cal calculations of the dimer of the phenyl-CH=N-TEMPO
compound along the ¢ axis to verify this mechanism.'*** The
effective exchange integrals calculated by the approximately
spin projected UHF (APUHF) method by the use of the 4-
31 G basis set and INDO parametrization were evaluated to
be 0.236 and 0.014 K, respectively, the larger of which is the
same order of magnitude as the average intralayer exchange
interaction J/kg = 0.42 K estimated in this work. This sup-
ports the validity of the spin-alternation mechanism.

The mechanism for the intersheet ferromagnetic interac-
tions between the ferromagnetic sheets separated by 11—
14 A in the above Ar—-CH=N-TEMPO compounds has not
yet been understood clearly. Dipolar interactions between
the ferromagnetic sheets suggested by Drillon et al.*? might
be a plausible mechanism. In the present study, we could
estimate the interlayer ferromagnetic exchange interaction
(J'/kg = 0.024 K). This value would provide a good clue
to develop adequate models for the interlayer ferromagnetic
interaction.

This work was partially supported by a Grant-in-Aid
for Scientific Research on Priority Areas “Metal-Assembled
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