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a b s t r a c t

The new 1D coordination polymer {Tm(Piv)3}n (1), where Piv¼OOCBut�, was synthesized in high yield

(495%) by the reaction of thulium acetate with pivalic acid in air at 100 1C. According to the X-ray

diffraction data, the metal atoms in compound 1 are in an octahedral ligand environment unusual for

lanthanides. The magnetic and luminescence properties of polymer 1, it’s the solid-phase thermal

decomposition in air and under argon, and the thermal behavior in the temperature range of

�50yþ50 1C were investigated. The vaporization process of complex 1 was studied by the Knudsen

effusion method combined with mass-spectrometric analysis of the gas-phase composition in the

temperature range of 570–680 K.

& 2011 Elsevier Inc. All rights reserved.
1. Introduction

Unusual magnetic, optical, and catalytic properties of organic-
bridged lanthanide coordination polymers, including carboxylate
bridged derivatives, have attracted considerable attention due to
the fact that these compound hold promise in modern technol-
ogies as molecular-based materials combining various functional
possibilities [1–14]. Among these compounds, polymeric carbox-
ylates are of particular interest because, on the one hand, simple
methods are available for their synthesis and, on the other hand,
the molecular and supramolecular architectures can be varied in a
wide range by changing the nature of the metal or the carboxylate
anion or introducing additional donor ligands. It may be expected
that the newly designed molecules will exhibit unusual anomalies
in physical and chemical properties.

In complex carboxylates, lanthanide ions including thulium
generally have large coordination numbers (8–12) and, as a rule,
bind different numbers of neutral donor ligands, for example,
water molecules or other solvents, depending on the steric
capacity of the inner coordination sphere, which has a substantial
ll rights reserved.
effect on the thermal stability of compounds associated with
decomposition of organic compounds and, as a result, on the
functional characteristics of the molecular-based material.
Lanthanide carboxylate polymers, which do not contain addi-
tional inner-sphere ligands, are also known, but they were less
well studied in the structural aspect (Cambridge Structural
Database, version 5.32, updated November 2010 [15]), [16–19],
which greatly complicates the comprehensive study of their
physicochemical properties [4]. It should be noted that lanthanide
carboxylates with the coordination number 6 are poorly known;
only a few polymeric [20–25] and polynuclear compounds [26]
were documented. However, of the 15 lanthanide elements Tm is
the third smallest after Lu and Yb and so smaller coordination
numbers would be expected for Tm3þ ion. Among carboxylate
derivatives of thulium, several complexes [19,27–30] were struc-
turally characterized. It was found that in mononuclear complex
fragments [27–29] thulium(III) have coordination numbers 6,
unlike that in polymeric systems [19,30] thulium as the other
lanthanide ions demonstrated more saturated inner coordination
sphere owing to diverse coordination modes presented by the
carboxylate groups.

As for the optical properties of such molecular-based materi-
als, it should be noted that attention has been focused on the
optical properties of Eu3þ and Tb3þ ions due mainly to their
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practical application as red and green luminescence emitters,
respectively. Much less attention has been given to the Tm3þ ion
exhibiting blue-color emission, which, in combination with Tb3þ

(green) and Eu3þ (red) ions, may result in full-color emission
phosphors [31,32]. Usually, Tm3þ complexes show only very
weak 4f–4f luminescence as a consequence of a small energy
gap between their emitting and lower energy levels; this
increases the probability of non-radiative transitions through
coupling with vibrational modes in the ligands [33]. The literature
has mainly focused on the spectroscopic study of systems con-
taining the Tm3þ ion formed by different inorganic matrices and
there are some examples considered both the Tm3þ coordination
polymers [34] and complexes.

The aim of the present study was to synthesize ‘‘ligand-free’’
polymeric thulium(III) pivalate. The pivalate anions containing
the branched electron-donating tert-butyl substituent can par-
tially shield the inner coordination sphere of lanthanide atoms
from additional interactions, for example, with water or organic
solvent molecules, which provides the basis for the design of
formally coordinatively unsaturated polymeric carboxylate archi-
tectures. In addition, since lanthanide pivalates exhibit high
volatility on heating in vacuo [35–37], thulium pivalates hold
promise for the preparation of thin films by deposition onto
various substrates. Hence, in addition to the magnetic and
luminescence properties, in the present study we report on the
results of the solid-phase thermal decomposition, the vaporiza-
tion process, and the thermal behavior in the temperature range
of –50yþ50 1C of polymeric thulium(III) pivalate.
Table 1
Mass spectrum of the gas phase over compound 1 (T¼669 K, Uioniz.¼60 V).

Ion Irel. Ion Irel.

TmOþ 6.7�10�3 [Tm2(Piv)3O]þ 0.029

Tm(Piv)þ 0.035 [Tm2(Piv)3COH]þ 0.26

[Tm(Piv)2–3(CH3)]þ 0.02 [Tm2(Piv)4O]þ 0.08

Tm(Piv)2
þ 0.48 [Tm2(Piv)5–CH3]þ 0.058

[Tm2(Piv)COH]þ 0.11 Tm2(Piv)5
þ 1.0

[Tm2(Piv)2O]þ 6.9�10�3 [Tm2(Piv)5O2H]þ 2.9�10�3

[Tm2(Piv)2 COH] þ 0.027 [Tm2(Piv)6–2(CH3)]þ 1.1�10�3
2. Experimental

2.1. Synthesis

The synthesis was performed using the standard Schlenk
techniques. Compound 1 was prepared with the use of HPiv
(Acros Organics) and Tm(OOCCH3)3 � xH2O (Alfa Aesar).

2.1.1. Synthesis {Tm(Piv)3}n (1)

Pivalic acid (7.83 mmol) was added to Tm(OOCCH3)3 � xH2O
(0.50 mmol). The reaction mixture was stirred in air at 100 1C
until colorless crystals were formed. Then the reaction mixture
was cooled to room temperature and kept for 24 h. The crystals
were washed with cold hexane. The yield of compound 1 was 95%.
Found (%): C, 38.16; H, 5.78. Calculated for C15H27O6Tm1 (%): C,
38.15; H, 5.76. IR (KBr), n, cm�1: 3079 w, 2955 s, 2924 s, 2865 m,
1592 s, 1574 s, 1527 s, 1513 s, 1484 s, 1456 m, 1428 s, 1376 m,
1360 s, 1305 w, 1260 w, 1230 s, 1139 w, 1102 w, 1030 w, 1016 w,
986 w, 937 w, 898 s, 864 m, 857 m, 810 m, 795 m, 735 m, 726 m,
640 m, 610 m, 588 m, 566 m, 536 m, 474 m, 451 w, 439 w, 420 w.

2.2. Methods

The H2O content in Tm(OOCCH3)3 � xH2O was determined by
thermogravimetric analysis. The elemental analysis of compound 1
was carried out on an Euro Vector Element Analyser CHN
elemental analyzer (Model EA 3000) and the diffuse reflectance
IR spectrum was recorded on a NEXUS Infrared Fourier-transform
spectrometer (4000–400 cm�1) in the Center of Collaborative
Research of the N.S. Kurnakov Institute of General and Inorganic
Chemistry of the Russian Academy of Sciences. The magnetic
properties of compound 1 was measured on a MPMSXL SQUID
magnetometer (Quantum Design) in the temperature range of
2–300 K in a magnetic field of up to 0.5 T. The paramagnetic
components of the magnetic susceptibility w were determined
taking into account the diamagnetic contribution evaluated from
Pascal’s constants. The temperature-dependent effective magnetic
moment was calculated by the equation meff¼[(3k/Nb2) �wT]1/

2E(8wT)1/2, where N is Avogadro’s number, k is the Boltzmann
constant, and b is the Bohr magneton. The luminescence and
excitation spectra were measured at 300 and 77 K on a Fluorolog
FL 3-22 Horiba–Jobin–Yvon spectrofluorometer, respectively. The
photomultiplier response did not allow us to measure the emis-
sion spectrum beyond 850 nm.

2.3. X-ray data collection

The X-ray diffraction data for 1 were collected according to a
standard procedure [38] on a Bruker APEX-II CCD diffractometer
equipped with a CCD detector (Mo Ka, l¼0.71073 Å). A semi-
empirical absorption correction was applied (min/max transmis-
sion was 0.4870/0.8001) [39]. The structure was solved by direct
methods and using Fourier techniques and was refined by the
full-matrix least squares against F2 with anisotropic thermal
parameters for all non-hydrogen atoms. The hydrogen atoms of
the carbon-containing ligands were positioned geometrically and
refined using the riding model. In the crystal structure of 1, there
is one crystallographically independent pivalate group that lies on
a twofold axis (the twofold axis passes through the C(1) and
C(2) atoms of the pivalate ligand), resulting in the disorder of the
tert-butyl group. The calculations were carried out with the use of
the SHELX97 program package [40]. For 1: C15H27O6Tm, fw

472.30, T¼150(2) K, trigonal crystal system, space group P-3c1,
a¼10.7469(7) Å, b¼10.7469(7) Å, c¼9.5447(7) Å, a¼901, b¼901,
g¼1201, V¼954.68(11) Å3, Z¼2, Dcalc¼1.643 mg cm�3, m¼
4.668 mm�1, total number of reflections/unique reflections were
9269/796, Rint¼0.0430, ymax¼28.27, S¼1.000, R1 (I42s(I))¼
0.0552, wR2 (I42s(I))¼0.1672, R1 (all data)¼0.0671, wR2

(all data)¼0.1778.

2.4. Mass spectrometry

The vaporization of complex 1 was studied by the Knudsen
effusion method combined with mass-spectrometric analysis
of the gas-phase composition in the temperature range of
570–680 K (297–407 1C) on a MC 1301 instrument. The experi-
ments were carried out in a standard molybdenum cell with a
vaporization surface-to-effusion orifice area ratio of E600. The
temperature was measured with a Pt–Pt(Rh) thermocouple with a
constant accuracy of 711. The mass spectrum of the gas phase
over compound 1 is presented in Table 1.

2.5. Heat capacity

Experimental and calculation procedures on the determination
of the isobaric heat capacity by differential scanning calorimetry
(DSC) were carried out according to the ASTM E1269 – 95 standard
test method. The experimental data were processed with the use
of the NETZSCH Proteus Thermal Analysis software package
described in [41].
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The heat capacity was measured in special aluminum containers
(V¼56 mm3, d¼6 mm) equipped with a lid with a hole (the ratio of
the surface area of the bottom of the cell to the surface area of the
hole was about 36). The samples were weighted with an accuracy of
1�10�2 mg. The average weight of the samples was ca. 10 mg. The
measurements were carried out on a NETZSCH 204 F1 instrument in
a dry argon stream (10 ml/min) at a heating rate of 10 K/min. The
temperature calibration of the instrument was performed with the
standard ISO/CD 11357-1 based on the phase transition points of
reference compounds (C6H12, Hg, KNO3, In, Sn, Bi, CsCl; 99.99%
purity). Synthetic sapphire (m¼12.69 mg) was used as a standard
material for the heat flow calibration.

For each sample, at least three series of measurements were
carried out. The results of the measurements are given in Table 2.

The regular component of the heat capacity of complex 1 in
the overall temperature range was approximated by the Berman–
Brown polynomial equation: [42]

CpðTÞ ¼ k0þk1T�0:5
þk2T�2

þk3T�3, ð1Þ

The validity of the model and the statistical significance of the
coefficients of Eq. (1) were estimated by the Fisher exact test.

The absolute entropies of complex 1 were calculated from the
limited region of the heat capacity curve by the extrapolation of
the results of the DSC measurements of the heat capacity from the
boiling point of liquid nitrogen to the zero temperature (0 K). This
method gives the physically correct behavior of the temperature
dependences of the heat capacity and provides the mathemati-
cally accurate standard entropies [41]. The regular component of
the heat capacity of complex 1 was extracted and approximated
to 0 K with the use of the following function

cpðTÞ ¼
X

i

aiCEn
yi

T

� �
, ð2Þ

where CEnðxÞ ¼ 3Rx2ðexpðxÞ=½expðxÞ�1�2Þ, x¼ ðy=TÞ. The statistically
best results were obtained for the polynomial (1) with two terms.

The standard entropy S2981 of complex 1 was estimated by the
equation

SðTÞ ¼
X

i

aiSEn
yi

T

� �
, ð3Þ

where SEnðxÞ ¼ 3R½ðx=ðexpðxÞ�1ÞÞ�lnð1�expð�xÞÞ�, x¼ ðy=TÞ.
Table 2
Temperature dependence of the heat capacity of compound 1.

T (K) Cp (J/mol K) T (K) Cp (J/mol K) T (K) Cp (J/mol K)

153 352.5 258 501.3 428 655.3

158 364.8 263 508.6 433 660.3

163 385 268 514.8 438 665.2

168 398 273 520.5 443 669.1

173 409.3 278 528.1 448 673.4

178 413.1 283 533.6 453 678

183 419.5 288 538.4 458 681.9

188 432.4 293 543.4 463 685.3

193 444.2 298 545.5 468 688.9

198 454 303 546.9 473 694.5

203 461.4 298 545.5 478 698.3

208 465.6 303 546.9 483 702.4

213 470.1 383 618.9 488 705.5

218 473.2 388 621.9 493 709.2

223 475.1 393 624.9 498 713.1

228 477 398 627.4 503 717.9

233 479.4 403 631.1 508 721.8

238 482.3 408 637.2 513 726

243 484.7 413 642.9 518 729.5

248 486.8 418 647.2 523 733.4

253 496.2 423 651.3 529 737.2
The estimation was performed taking into account the change
in the entropy due to the transition associated with the anomaly
in the curve Cp according to the equation DS3Tonset

¼ ðAREA=TonsetÞ,
where AREA is the measured peak area in the experimental plot of
the heat capacity versus the temperature.

2.6. Thermal decomposition

The thermal behavior of compound 1 was studied in an argon
flow (20 ml/min) (Ar, 499.998%; O2, 0.0002%; N2, 0.001%; water
vapor, o0.0003%; CH4, 0.0001%) and in an artificial air flow
(20 ml/min) (O2, 20.8%; CH4, 0.0001%) by differential scanning
calorimetry (DSC) and thermogravimetric analysis (TGA). The
thermogravimetric analysis was performed on a NETZSCH TG

209 F1 instrument in alundum crucibles at a heating rate of
10 1C/min. The composition of the gas phase was studied by
thermogravimetry-mass spectrometry on a QMS 403C Aolos
mass-spectrometric unit. The ionizing electron energy was
70 eV; the largest determined mass number (the mass-to-charge
(Z) ratio) was 300 amu. The weight of the samples used for TGA
was 0.5–3 mg. The DSC studies were carried out on a NETZSCH

DSC 204 F1 calorimeter in aluminum cells at a heating rate of
10 1C/min. The weight of the samples was 4–10 mg. The tem-
perature calibration of the thermobalance was performed based
on the phase transition points of the reference compounds. The
calorimeter was calibrated against the temperature and the heat
according to the standard ISO 11357-1. The samples used for the
thermal analysis were weighed on a SARTORIUS RESEARCH R
160P analytical balance with an accuracy of 1�10�2 mg. The
thermal analysis data were processed with the use of the
NETZSCH Proteus Thermal Analysis software package according
to the standards ISO 11357-1, ISO 11357-2, and ISO 11358. The
X-ray powder diffraction study of the decomposition products
was carried out with a FR-552 monochromator chamber (CuKa1

radiation) using germanium as the internal standard (the X-ray
diffraction patterns were measured on an IZA-2 comparator with
an accuracy of 70.01 mm) and with the use of the STOE Powder
Diffraction System.
3. Results and discussion

3.1. Synthesis and X-ray diffraction study

Earlier [43,44], we have shown that the exchange reactions of
aqueous lanthanide acetates with pivalic acid afford Ln2(m2�Piv)4

(Z1
�Piv)2(HPiv)6 �HPiv (Ln¼La, Sm, Eu, Gd, and Er), in which

metal atoms are easily coordinated by neutral organic N-donor
ligands [44]. In the case of the complete removal of the coordi-
nated neutral pivalic acid molecules from the starting carbox-
ylates, resulting in the coordination- and electron-deficient
molecules, polymer structures can be formed. Actually, the
thermal decomposition of the dinuclear complexes at 180 1C
afforded isostructural coordination polymers of the composition
{Ln(Piv)3}n (Ln¼Sm, Eu, Gd, and Er) characterized by X-ray
powder diffraction [44].

As opposed to the above-mentioned thermal decomposition,
polymeric thulium pivalate {Tm(Piv)3}n (1) is formed under
relatively mild conditions, i.e., upon heating of Tm(OOCCH3)3

� xH2O and an excess of pivalic acid in air at 100 1C, and does
not contain coordinated neutral carboxylic acid. According to the
single-crystal X-ray diffraction data, the crystal structure of
1 consists of 1D polymer chains, in which the adjacent thulium
atoms are linked by three bidentate bridging carboxylate groups.
Each thulium atom is in an almost ideal octahedral coordination
formed by six oxygen atoms of six different pivalate anions
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(Tm(1)�O(1), 2.176(8) Å) and has the low coordination number (6)
unusual for lanthanide carboxylate complexes (Fig. 1).

Since the thulium atom lies on a special position (the crystal-
lographic site -3), the chain consisting of thulium atoms is
situated on a threefold inversion axis -3 (Fig. 1) (TmyTm,
4.772(1) Å; the TmTmTm angle, 180o). In the crystal structure,
there is one crystallographically independent pivalate group, and
its position on a twofold axis (the twofold axis passes through the
C(1) and C(2) atoms of the pivalate ligand), resulting in the
disorder of the tert-butyl substituent. Each of the three methyl
groups has a symmetrical analog related by a twofold axis. In the
crystal structure, the {Tm(Piv)3}n chains are separated from each
other by the bulky tert-butyl groups of the pivalate ligands
(Fig. 2). The distance between the chains running along the
a (b) axis is 10.747 Å, which corresponds to the length of the
crystallographic axis a.

Apparently, the pivalate anions containing branched electron-
donating tert-butyl groups create steric hindrance to the satura-
tion of the coordination sphere of thulium and can shield the
thulium atom, thus hindering additional Tm–O interactions. The
similar structure of the one-dimensional chain was found in the
polymer {Sc(CH3COO)3}n, in which the scandium atoms are linked
by three bidentate bridging acetate anions [22].
Fig. 1. Fragment of the polymer chain of compound 1.

Fig. 2. Fragment of the crystal packing of compound 1.
3.2. Magnetic properties

The temperature dependence of the effective magnetic moment
for {Tm(Piv)3}n is shown in Fig. 3. The magnetic moment meff is
magnetic moment (’); the curve 1/w (K) and the calculated data represented by

a line).
7.80 mB at 300 K and agrees well with the typical value for Tm(III)
derivatives 7.57 mB (meff¼gJ[J(Jþ1)]1/2, ground state 3H6, gJ¼7/6). The
meff value remains almost unchanged with a decrease in the tem-
perature to 120 K and then gradually decreases to 1.55 mB at 2 K. The
temperature dependence of the inverse magnetic susceptibility obeys
the Curie–Weiss law with the parameters C¼8.03 cm3 K/mol and
y¼�13 K in the temperature range of 100–300 K.
3.3. Luminescence properties

The luminescence spectrum of thulium pivalate 1 recorded at 77 K
(lexc¼280 nm) is shown in Fig. 4. Based on the existing literature
[45–47] the emission bands observed at 26600 cm�1/375 nm,
25315 cm�1/395 nm, 23955 cm�1/420 nm, 22890 cm�1/440 nm,
and 21430 cm�1/465 nm have been tentatively assigned to the
1D2-

3H6, 1I6-
3H5, 1D2-

3H4, and 1D2-
3H5 transitions of Tm3þ

ion, respectively. The well-known 1G4-
3H6 transition is not observed

in this spectrum (its energy is typically � 480 nm) while the several
bands corresponded to the transitions from the 1D2 level are
Fig. 4. Luminescence spectra of compound 1 at 77 (a) and 300 (b) K.



Fig. 5. Plots of the heat flux (a) and the weight loss (b) versus the temperature

during heating of compound 1 (J, in air; n, under an inert atmosphere).

I. Fomina et al. / Journal of Solid State Chemistry 185 (2012) 49–55 53
presented. Therefore the assignment performed is also in line with
the fact that the Tm3þ (4f12) ion is one of the most interesting Ln3þ

ions in terms of the fluorescence properties because its emitting
1D2 level exhibits high quantum efficiency [48]. Similar transitions of
the Tm3þ ion are observed in the luminescence spectrum recorded at
room temperature (Fig. 4b). Hence compound 1 exhibits blue-color
emission, indicating that this coordination polymer can be used as an
efficient light conversion molecular device (LCMD).

3.4. Thermal decomposition, mass spectrometry, and heat capacity

High functional characteristics are among the requirements
placed on potential materials. However, investigations of chemi-
cal and thermal stability of compounds, as well as their thermal
behavior, under operating conditions are also of considerable
importance. When deciding about the use of substances in
technologies, which involve vaporization or decomposition, it is
important to know the thermal behavior of the complexes during
heating both under normal pressure and in vacuo.

The investigation of the solid-phase thermal decomposition
showed that compound 1 is stable up to 410 1C and 435 1C in air
and under an inert atmosphere, respectively; at higher temperatures,
the thermal decomposition occurs (Fig. 5). The completion of the
decomposition under an inert atmosphere and in air was observed at
545 and 470 1C, respectively. In air, the redox decomposition accom-
panied by the exothermic effect Q¼20507100 kJ/mol (of the mono-
mer unit) occurs, whereas the formation of the solid decomposition
product and the removal of volatile products under argon are
endothermic with Q¼326.5730 kJ/mol (of the monomer unit). The
weights of the solid residue are 38.771.0% (in air) and 40.571.0%
(under argon) and are almost equal to the value calculated on the
assumption that the thermal decomposition affords thulium(III) oxide
(40.8%). The phase composition of the solid product was confirmed by
the X-ray powder diffraction data. It should be noted that polymer 1,
like the coordination polymers {Ln(Piv)3}n (Ln¼Sm, Eu, Gd, and Er), is
stable to atmospheric moisture over a long period of time (for more
than a year).

Under an inert atmosphere, the gas-phase mass spectrum
obtained in the temperature range of 435–545 1C showed the
following ions: Cþ(12), COþ(28), CO2

þ(44), CH2
þ(14), CH3

þ(15),
C2H3

þ(27), C2H4
þ(28), C2H5

þ(29), CHOþ(29), C3H5
þ(41), C3H6

þ(42),
C3H7

þ(43), C4H8
þ(56), C4H9

þ(57), C5H9Oþ(85). According to the results
of the study [49], the possible thermal decomposition products of 1 in
the gas phase are

Earlier [49], we have calculated the composition of the multi-
component heterogeneous system from the evaluation thermo-
dynamic data for tris-pivalates Ln2(Piv)6 (Ln¼La, Sm, and Eu).
Based on these data, the possible overall scheme of the thermo-
lysis of these compounds has been suggested. Taking into account
the results of the study [49] and the analysis of the above-
mentioned mass spectrum and the mass spectra of possible
volatile products [50], the probable scheme of the thermolysis
of complex 1 under an inert atmosphere can be written as:

fTmðPivÞ3gn-n=2Tm2O3þ3n=2CO2mþ3n=2 C9H18Om ð4Þ

The investigation of the vaporization of complex 1 provided
convincing evidence that the dinuclear molecules Tm2(Piv)6 are
present in the gas phase over the complex {Tm(Piv)3}n (Table 1).
However, the mass spectrum shows the second strongest
ITm(Piv)2þ of the ion current, which can be assigned to both the
mononuclear and dinuclear molecules. To determine the vapor
composition and the character of vaporization of complex 1, we
performed experiments on the complete isothermal sublimation
of samples of a known weight from the standard and double
effusion cells. The fact that the intensities of all ion currents
remained constant until the samples were completely burned out
and the absence of a non-volatile residue after vaporization of the
sample from the standard cell are unambiguously indicative of
the congruent character of sublimation of compound 1, i.e., the
overall compositions of the gas and condensed phases are equal in
the course of sublimation. The vaporization of the weighed
samples (qI, qII) from the double effusion cell provides informa-
tion on the qualitative composition of the saturated vapor over
thulium pivalate. The initially constant ion current intensities
correspond to the mass spectrum of the saturated vapor (Table 1)
upon sublimation of the weighed sample qI from the upper part of
the Knudsen cell. A sharp decrease in the ion current intensities is
attributed to the burning out of the sample. The intensities that
again became constant correspond to the mass spectrum of the
unsaturated vapor upon sublimation of the sample qII of thulium



Table 3
Coefficients of the polynomial (1).

K0 –k1�10–3 k2�10–6 –k3�10–8

1920 30.66 49.8 43.8
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pivalate from the lower part of the cell. The qualitative gas-phase
composition was estimated from the analysis of the changes in
the ion current intensities. In the case of the effusion hole area
ratio of the upper to lower parts of the cell equal to ca. 2, the
intensities of the ions containing one and two thulium atoms
decrease in parallel with each other by a factor of 20. This change
in the ion currents indicates that only the dinuclear molecule
Tm2(Piv)6 is their molecular precursor. Consequently, the vapor-
ization of thulium pivalate can be described by the reaction:

2fTmðPivÞ3gnðsol:Þ ¼ nTm2ðPivÞ6ðgasÞ ð5Þ

The pressure of the dinuclear molecules was calculated from
the experiments on complete isothermal sublimation by the
Hertz–Knudsen equation. At T¼679 K, PTm2(Piv)6¼6.4�10�1 Pa.
The enthalpy of the reaction (5) was determined from the second
law of thermodynamics based on the temperature dependences of
the ion current intensities ITm(Piv)

þ , ITm(Piv)2
þ , I[Tm2(Piv)COH]

þ ,
I[Tm2(Piv)3COH]

þ , and ITm2(Piv)5
þ in the temperature range of 587–

670 K. The standard enthalpy of sublimation was calculated by
the Clausius–Clapeyron equation by the least squares. The enthal-
pies of sublimations evaluated for five different ions from seven-
teen independent measurements are in good agreement, within
experimental error, with each other. The average value
Fig. 6. (a) Plots of the heat flux versus the temperature: 1, heating; 2, cooling;

(b) the temperature dependence of the molar heat capacity: J, experimental data,

—, calculations.
DSH0[{Tm(Piv)3}n, sol.,T]¼228.873.6 kJ/mol. The error in the
determination is the rms error of the mean of a series of
measurements. This result can be considered as a direct evidence
for the validity of the interpretation of the mass spectrum and,
consequently, the correctness of the calculation of the gas-phase
composition. If it were not so, the enthalpies determined based on
different ions would be different.

Fig. 6 shows the temperature dependences of the heat flux
during heating and cooling in the temperature range from �50 to
200 1C (6a), as well as the experimental values and the tempera-
ture dependence of the regular component of the heat capacity
calculated by Eq. (1) with the coefficients presented in Table 3 (the
coefficient of determination was 0.9987; the prediction error for
the heat capacity was 3.7 J/mol K). The curves of the heat capacity
for thulium bis-pivalate exhibit a reproducible anomaly (Fig. 6). It
should be noted that the parameters of the peak do not depend on
the thermal history of the sample (the final temperature and the
rate of cooling), the hysteresis with respect to the temperature of
the extremum is absent, the peak has the characteristic l shape,
and the temperature of the maximum does not depend on the
experimental conditions (including, the weight of the sample) and
is 66.970.3 1C. Hence, this anomaly can be assigned with a high
probability to the second-order phase transition. The evaluated
value S2981 for complex 1 is (460711) J/mol K.
4. Conclusions

In summary, we synthesized the Tm3þ coordination polymer
{Tm(Piv)3}n stable to atmospheric moisture by an easy one-step
method (by the exchange reaction of Tm(OOCCH3)3 � xH2O with
pivalic acid). It was shown that the metal atoms in this material
have the coordination number 6, which is rather rare for large
lanthanide ions. Polymer 1 exhibits blue-color emission at room
temperature (centered at 450 nm), shows high thermal stability, and
is characterized by the absence of phase transitions in the tempera-
ture range of �50yþ50 1C and volatility. These data provide
evidence that compound 1 can be used as an efficient blue compo-
nent in full-color systems.
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