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Phthalocyanines form REE complexes with the structure and 
stoichiometry of several types as the 1 : 1 complexes, (X)LnPc 
(X is axial anionic ligand), the bisphthalocyaninato double-decker 
complexes, PcLnPc• having radical nature, the triple-decker 2 : 3 
complexes, PcLnPcLnPc as well as the complexes of the latter 
type of higher stoichiometry.1 Sandwich type complexes are used 
as electrochromic, semiconductive, NLO materials,2 optically 
active materials,3 molecular magnets.4 The experimental and 
theoretical study of magnetic properties of the phthalocyaninato/
porphyrinato rare earth double- and triple-decker complexes reveals 
their magnetic field-induced single-molecule magnet nature.5 The 
required large moment therein is generated by the unquenched 
orbital contribution6 unlike d-metal complexes combining the 
relatively low spin-only moments of several ions into a ‘giant 
spin’ ground state by forming nanomagnets.6,7 Magnetic properties 
of sandwich-type tetrapyrrole rare earth systems are formed due 
to a ligand-field splitting, an interaction with nuclear spin and, 
additionally, a half-occupied p orbital SOMO yielding in an 
oxidized or reduced complex.8 Therefore, phthalocyanine com
plexes with paramagnetic lanthanide ions promise to possess 
magnetocaloric effect (MCE), when temperature changes in a 
paramagnetic depend on changing external magnetic field due to 
redistribution of internal energy of a magnetic substance between 
the system of magnetic moments of its atoms and crystal lattice 
in the adiabatic process. 

The coordination sphere of the 1 : 1 complexes, (X)LnPc is 
much less stable than that of the sandwich complexes,1(a),9 there
fore, the 1 : 1 complexes are not used in design of materials. 
However, (X)LnPc attract a great interest as paramagnets with 
a  magnetocaloric effect at temperatures close to 298 K like 
appropriate porphyrin complexes.10,11 Namely, MCE of the 
europium(iii), thulium(iii), and gadolinium(iii) complexes with 
5,10,15,20-tetraphenyl-21H,23H-porphin (H2TPP) is 0.127–1.45 K, 
when the magnetic field is changed from 0 to 1.0 T (the ‘great 
magnetocaloric effect’12). Our work represents the first success 
in determination of MCE in REE phthalocyanine complexes of 
the 1 : 1 type. To further correlate magnetic behavior of lanthanide 
phthalocyanine with a coordination center structure we carried 
out the comparative microcalorimetric study of the magneto
thermal properties (MCE, a specific heat capacity, a heat released 
due to MCE, an enthalpy/entropy change) of phthalocyaninato 

gadolinium(iii) and thulium(iii) acetates, (AcO)LnPc, as the 
function of temperature and the magnetic field. In this work we 
demonstrate that the phthalocyanine complexes, which are more 
available as compared to the metal porphyrins, dispay practically 
the same MCE and that their magnetothermal properties can be 
controlled through modifications in a coordination center struc
ture. We suppose that the studied complexes could be important 
candidates for new functional molecular materials in magnetic 
refrigeration near room temperature and in hyperthermia.

The phthalocyaninato lanthanide(iii) acetates were obtained 
by the reaction between metal salt and macrocyclic ligand double-
coordinated lithium.† Their structure was proved by spectral data 
and elemental analysis.‡ UV‑VIS spectra of (AcO)GdPc and 
(AcO)TmPc correspond to the reported data13 for phthalocyaninato 
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Lanthanide(iii) ions situated in a coordination site of 
phthalocyanine macrocycle as molecular paramagnets with 
a large magnetocaloric effect at the temperatures close to 
room are presented for the first time on the examples of 
gadolinium and thulium. 

†	 (AcO)GdPc and (AcO)TmPc were prepared by reaction of Li2Pc with 
Gd(AcO)3·4H2O and Tm(AcO)3·4H2O, respectively, in a molar ratio of 
1: 2.5 in boiling DMSO for 20 min by a described method.13 The reaction 
mixture was cooled and diluted with a double volume of water. The 
residue was filtered, washed with water and air-dried. The yield was 
ca. 90%. Li2Pc was synthesized from H2Pc and butyllithium.
‡	 (AcO)GdPc. UV-VIS [DMF, lmax/nm (log e)]: 670 (4.28), 639 (sh.), 
605 (3.39), 338 (3.69). UV-VIS (ethanol, lmax/nm): 670.6, 605, 343. 
IR  (KBr, n/cm–1): 463 (Gd–N); 555 (out-of-plane) 617, 684 (phthalo
cyanine); 735, 741, 766, 1251, 1277 (Pc, C–H bonds), 1555 (d, Me), 
2853, 2923, 2953 (n, Me), 3014, 3029, 3049, 3057, 3076 (n,  Pc); 874, 
884, 1405, 1438, 1455 (isoindole ring), 1045, 1060, 1081, 1093, 1118 
(combined isoindole ring, Pc C–H bonds); 1112, 1140, 1158, 1185 
(pyrrole ring combined with Pc C–H bonds), 1304; 1333 (–C=C–N=); 
1484 (–N=); 1502, 1591, 1608 (benzene ring, n C–C); 1320 (axial ligand, 
ns, COO), 1582 (axial ligand, nas, COO). Found (%): C, 55.74; N, 15.20; 
H, 2.74; Gd, 21.40. Calc. for C34H19N8O2Gd (%): C, 56.03; N, 15.37; 
H, 2.63; Gd, 21.58.
	 (AcO)TmPc. UV-VIS [DMF, lmax/nm (log e)]: 670 (5.12), 632 (sh.), 
605 (4.38), 346 (4.59). IR (KBr, n/cm–1): 464 (Tm–N); 565 (out-of-
plane), 629, 680, 695, 819 (phthalocyanine); 645, 733, 744, 778, 1023, 
1162, 1284 (Pc C–H bonds), 1550 (d, Me), 2854, 2869, 2919, 2959 (n, 
Me), 3028, 3050, 3058, 3078 (n, Pc); 1443 (isoindole ring), 1062, 1081 
(combined isoindole ring, Pc C–H bonds); 1115, 1162 (pyrrole ring 
combined with Pc C–H bonds); 1331 (–C=C–N=); 1487 (–N=); 1487 
(benzene ring combined with –N=), 1586, 1606 (n, C–C); 1455 (axial 
ligand, ns, COO), 1651 (axial ligand, nas, COO). Found (%): C, 55.07; 
N, 15.01; H, 2.79; Tm, 22.63. Calc. for C34H19N8O2Tm (%): C, 55.15; 
N, 15.13; H, 2.59; Tm, 22.81.
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lanthanide(iii) acetates. Their typical UV-VIS spectrum in organic 
solvent has long-wave maximum in the region 670–700 nm 
(p®p* transition14) and oscillation component of lower intensity 
at about 610 nm. The intense Soret band is disposed at 330–390 nm. 
In the lanthanides series, the UV-VIS spectra show low dependence 
on Ln and axial ligand11,15 but markedly vary wavelength depending 
on a solvent.§ This distinguishes the 1 : 1 complexes (Figure 1) 
from the double- and triple-decker ones (Table S1).13

In the IR spectra,‡,§ assignment of bands was done according to 
the data16 reflecting the vibrations of the phthalocyanine frag
ments in (AcO)LnPc. The bands with maxima at 1320, 1582 and 
1455, 1651 cm–1 for gadolinium and thulium complexes, respec
tively, belong to OCO vibrations in bidentate coordinating acetate.

The complexes studied are stable in both the solutions and 
the solid state in the absence of an acid and after the magneto
calorimetric experiments. The solid complexes undergo destruction 
when heated to 400 °C. The complexes show significant difference 
in resistance to the acids dissociating slowly in mixed protolytic 
media. That is in good agreement with the earlier results.15,17

The magnetothermal properties of (AcO)GdPc and (AcO)TmPc 
as 3% water suspensions, in which the solid with the average size 
of the particles 25 mm (polarizing microscope Altami Polar 312) 
was in the highly disperse state, were studied at 278–338 K in 
the magnetic field of 0–1.0 T. The suspensions were prepared by 
the careful mixing of the known portions of the complex taken 
after synthesis† with water directly in the special calorimetric 
device. The calorimetric cell was placed in the gap of the 
electromagnet, the isothermal-shell microcalorimeter18 was used. 
Adiabatic magnetization process was achieved by rapid changes 
of the magnetic field. The temperature fluctuation in the thermo
statically controlled space of the calorimetric cell during a calo-
rimetric experiment and the sensitivity of the setup were ±0.0002 
and 2×10–5 K, respectively, which provides the error in MCE 
measurements of 2%. To calculate by the equation (1) the heat, 
which was allocated (switching on a magnetic field) because 
of the MCE in (AcO)LnPc, we had the temperature changes of 
calorimetric system due to both the injecting of Joule heat (QJ) 
and a magnetic field change (DTJ and DT, respectively).

QMCE = QJ(DT/DTJ).	 (1)

The MCE values (DTMCE) shown in Figure 1§ were calculated 
from the QMCE, mass (mm), and heat capacity (Cp,m) values of 
(AcO)LnPc using equation (2), which is similar to the funda
mental heat balance equation.19

QMCE = mmCp,m DTMCE.	 (2)

Using the experimental values of heat QMCE, the enthalpy change 
DH resulting from the changes in the magnetic field (Figure 2) 
was determined for (AcO)LnPc.§ These values characterize the 
cooling capacity of the paramagnets studied. The temperature 
dependences of the enthalpy change, DH (Figure 2) and the 
change in entropy, DS§ have the same character as these of MCE 
(Figure 1).

To check the reliability of the developed method, the tempe
rature dependence of MCE in metallic gadolinium with chemical 
purity of 98% was determined.§ The specific heat QMCE m–1 (J kg–1), 
which is released or absorbed as a result of MCE with the change 
of a magnetic field, for the metallic Gd is 733 J kg–1 at 292 K 
when the change in the magnetic field is from 0 to 1.0 T.

Figure 1 shows that MCE values on starting the magnetic 
induction are positive. They non-linearly decrease with tempe
rature rise exhibiting extremes in the studied ranges of temperature 
and magnetic induction and grow as far as magnetic induction 
increases.§ Maximum MCE in (AcO)GdPc and (AcO)TmPc is 
observed at B = 1.0 T and T = 278 K (0.47 and 0.36 K, 
respectively) (Figure 1). Character of the MCE change is largely 
determined by the temperature dependence of the specific heat 
capacity (Figure 3), for which the general tendency is the increasing 
in Cp value when temperature rises. There are maxima in the 
graph of the temperature dependence of the specific heat capacity 
that is more visible in the case of (AcO)GdPc (Figure 3). This 
could be connected with different thermal changes in the crystal 
lattice of the complexes. The heating improves the lattice making 
it uniform and removing voids, e.g., the necessary temperature for 
improving the crystal structure of erbium(iii) bisphthalocyanine 
is 270 °C.21 Such variations are especially noticeable in the case 
of (AcO)TmPc that has a Cp value of 1.2 J g–1 K–1 at 278 K and 
3.1 J g–1 K–1 at 330 K. Effect of a magnetic field on the tempe
rature dependence of both complexes practically is not observed.

Despite the higher values of mass and specific heat capacity 
[the denominator in the equation (2) for MCE], maximum MCE 
value in (AcO)TmPc is only 1.3 times less than in (AcO)GdPc 
[1.6 times in corresponding (Cl)LnTPP7]. Paramagnetic moment of 
Tm3+ ion is only slightly lower than that of Gd3+ (7.4 and 8.0, 
respectively22). The maximum MCE value in (AcO)GdPc is 3 times 
less than that in (AcO)GdTPP11 (0.47 and 1.45, respectively). 

§	 For UV-VIS spectra of (AcO)LnPc in solutions recorded on an Agilent 
8453 UV-VIS spectrophotometer (Table S1), IR spectra of (AcO)LnPc in 
KBr measured on an Avatar 360 FT-IR ESP spectrometer (Figure S1), 
field dependences of MCE in (AcO)LnPc (Figure S2), field dependences 
of entropy charge, DS, in (AcO)LnPc (Figure S3) and temperature 
dependence of MCE in gadolinium in comparison with the literature 
data20 (Figure S4), see Online Supplementary Materials.
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Figure  1  Temperature dependence of DTMCE in (a) (AcO)GdPc and (b) 
(AcO)TmPc at the indicated field induction (T).
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Figure  2  Temperature dependence of the enthalpy change in (a) (AcO)GdPc 
and (b) (AcO)TmPc at the indicated field induction (T). 
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Figure  3  Temperature dependence of the specific heat capacity Cp measured 
in zero field by means of DSC 204 F1 Phoenix (NETZSCH) with error of 
2% in (1) (AcO)GdPc and (2) (OAc)TmPc.
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The Cp value also decreases at the transition to phthalocyanine 
complex.9 Smaller radius of Tm compared with Gd causes higher 
planarity and stability of coordination center, which is reflected 
in a MCE value: the stronger is a macrocyclic ligand bonding the 
better are conditions of the spin carrier interactions with nuclear 
spins. That interaction results in decrease in paramagnetic pro
perties. Indeed, the phthalocyaninato gadolinium(iii) complex is 
significantly more stable than its porphyrin analogue and less 
stable than (AcO)TmPc. The kinetic constants of coordination 
center dissociation of gadolinium complexes is the same (about 
0.6×10–3 s–1 at 298 K) in ethanol–acetic acid media with AcOH 
concentration of 4.26 and 0.1 mol dm–3 for (AcO)GdPc23(a) and 
(Cl)GdTPP23(b) [the data are absent for (AcO)GdTPP], respectively. 
Complex (AcO)TmPc dissociates with the ko

2
b
9
s
8 of 38×10–3 s–1 in 

ethanol–7.44 m AcOH.23(c) A relatively slight decrease in (AcO)
TmPc MCE mentioned above points out the presence of positive 
contribution in spin state of thulium-containing paramagnet. That 
contribution is p-dative interaction Tm®N that starts to notable 
factor for spin density delocalization in the case of lanthanide 
complexes with asymmetrically filled f-shells.

Finally, the Gd3+/Tm3+ ions retain their paramagnetic pro
perties being in a porphyrins/phthalocyanines ligand field. It was 
mentioned above that a high spin of paramagnetic carrier and 
depending on electron configuration of one the p dative bonding 
Ln–N give a positive contribution in MCE. A negative contribu
tion in a MCE value from interaction magnetic moment of spin 
carrier with nuclear spins depends on strength of the macro
cycle bonding. As paramagnets, these complexes exhibit a large 
MCE (up to 1.45 K when the magnetic induction is changed 
from 0 to 1 T) at temperatures close to ambient, which could be 
employed for cooling in home and industrial refrigerators and other 
devices. For reference, polycrystalline gadolinium and gadolinium 
ferrite, GdFeO3FeO, display MCE of 2.56 K (at 293 K and field 
change from 0 to 1.0 T) and 0.42 K (at 298 K, 0–0.65 T), 
respectively.24 As the environmentally friendly paramagnets, the 
complexes of this class can replace the toxic compounds used in 
a vapor-compression cycle. The gadolinium porphyrins/phthalo
cyanines contain only a small percentage of expensive gadolinium 
in comparison with the polycrystalline Gd. They are soluble in 
organic media, which allows the nanostructures of higher order 
to be formed. Since porphyrins/phthalocyanines and their com
plexes can selectively accumulate in a tumor of a living organism, 
the tetrapyrrole complexes under consideration promise to expand 
opportunities of hyperthermia in cancer diagnostics and therapy. 
However, it  is  firstly important in terms of the advantages of 
lanthanide porphyrins/phthalocyanines over other paramagnets 
that we can control their magnetothermal properties through 
modifications in a molecule structure. 

This work (synthesis and control of the chemical structure 
of  the complex) was supported by the Russian Foundation for 
Basic Research (grant no. 15-03-00646-a) and was carried out 
with the help of the Centre of the Scientific Equipment Collective 
Use ‘The Upper Volga Region Centre of Physicochemical Research’. 
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