A Novel Rotator Glass in Lead(Il) Pentanoate: Calorimetric and Spectroscopic Study
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Lead(II) pentanoate was studied by DSC, XRD, and FTIR and solid state CP/MAS-NMR spectroscopies. A
transition from the crystal to the intermediate phase, at T, = 328.2 & 0.6 K, with A(H = 8.8 & 0.1 kJ*mol !,
and a melting at Tt = 355.6 &= 0.3 K, with AgH = 12.6 & 0.1 kJ-mol !, were observed on first heating. The
thermal and structural behavior of the lead(Il) pentanoate shows as a link between those of the shorter and
longer members of the previously studied lead(Il) alkanoate series. The optical microscopy and FTIR vs
temperature studies show structural changes from the crystal to the intermediate phase and its solid state
nature. Moreover, X-ray diffraction and C-13 and Pb-207 CP/MAS-NMR studies confirm the rofator nature
of the intermediate phase in this compound. Two different glass states, one from the isotropic liquid and
another from the rotator phase, were obtained by quenching at high and low rates, respectively. The glass
transition temperatures (measured at 5 K-min~!) were 322.9 and 275.7K, respectively.

1. Introduction

The lead compounds are particularly relevant in the coordina-
tion chemistry studies of heavy p-block elements. Lead com-
pounds with coordination numbers from 2 to 12 are well-known,
with 2, 4, and 6 being the most common ones.! Conspicuously,
the lead compounds with coordination number 4 or 6 do not
exhibit expected (standard) tetrahedral or octahedral geometries.
The establishment of the coordination number of the metal and,
therefore, its coordination geometry is difficult to obtain.?
Furthermore, despite the large body of work already published,
much remains to be discovered in the field of the lead co-
ordination chemistry.

The lead(II) alkanoate series (Pb(Cn),, where n is the number
of carbon atoms) has been studied by several authors. Members
with n > 6> have been more widely studied because of their
interest as mesogens. The latter present polymesomorphism, an
intermediate phase characterized recently as a rotator me-
sophase,'? followed by a smectic-A-like (or neat) liquid crystal
phase (only members with 6 < n < 12). The shortest members
of the series (from acetate to butanoate)'' show only a melting
to the isotropic liquid from the crystal phase, and easily form
glass states.’ In fact, metal acetate systems (pure or their binary
mixtures) show a strong tendency to form glasses.!>” 1

Pb(C7), is the only member of the lead(Il) alkanoates series
for which a complete structure determination by single crystal
XRD at room temperature has been published.!® The following
structural features characterize the structure:

- A bilayered arrangement with a lead(Il) and carboxylate
ionic layer and all-trans alkyl chain lipidic alternating layers.
The chains are held together by van der Waals interactions along
the chain direction, whereas the C—C—C planes are arranged
following a herringbone type distribution.

- A hemidirected octahedral geometry for the O environment
around the Pb atoms'! in response to the stereochemically
active 6s” lone electron pair.

- Two types of carboxylates at one end of the alkyl chains:
only-chelating and bridging-chelating, at 50 %.

Our experimental and simulated XRD study of the unit-cell
structures'®!! on shorter and longer members showed that they
are isostructural with Pb(C7),, in the crystal phase at room
temperature.

To our knowledge, there is no information on the Pb(C5),
member in the literature. The difficulties to synthesize and purify
this compound along with its complicated thermal behavior (as
described in this work) may be the reason for this lack of data.
As shown below, Pb(C5), behaves midway between the long
and short members: the compound presents a crystal-to-rotator
transition and a melting (as the long members, n = 13) and a
complex vitreous behavior (as the short ones, n < 4).

Apart from the well known glass state (amorphous solid state
quenched from the isotropic liquid), other glasses!®!7 are also
possible: plastic crystal glass'® (positional order—frozen ori-
entational disorder glass) and liquid crystal glass" (orientational
order—frozen positional disorder glass). The condis glass®
(positional and orientational order—frozen internal conforma-
tional disordered glass) is another poorly studied glass. From a
theoretical point of view, the formation of a rotator glass from
the rotator phase could be possible. This may imply a state
where the alkyl chain rotation movement of the rotator phase
is frozen, and the all-trans planes of the chains remain in static
random orientation, maintaining their positional order (hexago-
nal or pseudo-hexagonal arrangement). We show here the



formation of this last, uncommon glass, for lead(Il) pentanoate.
To our knowledge, this rotator glass is reported for the first
time.

It is worth mentioning here that lead poisoning remains one
of the most common environmental health hazards, which adds
interest to the search for powerful and selective lead binding
materials and ligand systems.?' In fact, no effective oral chelators
are known to be used in therapeutic treatment of lead poisoning.
Another interesting aspect of lead(II) pentanoate is the formation
of passive film on lead surfaces'” that can be used as a corrosion
inhibitor in conservation of artwork made up of lead. Besides,
Pb(C5), is a nonvolatile ionic solvent, since it melts below 100
°C, being an ionic liquid (organic salt which melts under 100
°C with interest as ionic solvent).?>?

2. Experimental Section

Sample Preparation. The usual method® of synthesis (used
to obtain the longer members of the lead(Il) alkanoates series)
was not successful for Pb(C5),. Consequently, this compound
was prepared by a reaction between pentanoic acid (Fluka, =99
%) and lead(I) oxide (Aldrich, >99 %) in ethanol (Carlo Erba,
>99.7 %). The obtained salt was recrystallized twice in ethanol
and vacuum dried. This method is the same as that employed
for the synthesis of Pb(C3), and Pb(C4),. The mol percent purity
obtained by the DSC fractional technique is 99.47 %. No traces
of pentanoic acid (one of the possible impurities) were detected
by the other techniques used (e.g., FTIR or titration).

Differential Scanning Calorimetry. A TA Instruments DSC
Model Q10 was used in this work. Tightly sealed aluminum
volatile pans (in N,(g) atmosphere) were used to scan at different
heating rates (5 K+min~!, in dry nitrogen atmosphere at a gas
flow of about 50 mL-min~'). An MT5 Mettler microbalance
was used to weigh the about 10 mg samples (error £0.001 mg).
The calorimeter was calibrated for temperature using standard
samples of In and Sn, supplied by TA (purity >99.999 % and
>99.9 %, respectively), and of benzoic acid (purity >99.97 %),
supplied by the former NBS (lot 39i). Regarding enthalpy, we
calibrated using the standards of In and Sn described above.

X-ray Diffraction. XRD measurements were carried out with
a Philips X’Pert PRO MPD X-ray diffractometer with vertical
goniometer 6/6 (Cu K, radiation, 1.540 56 A, Ni filter),
X’Celerator detector, equipped with a high-temperature chamber
Anton Paar HTK1200. The in situ XRD area was scanned from
20 = 2—70° at several temperatures in the range from 25 to 95
°C during the heating and the cooling, at a rate of 3 °C/min.

FTIR Spectroscopy. Mid-infrared spectra of Pb(Il) pen-
tanoate in KBr pellets and powders between two pure KBr
pellets were recorded at a resolution of 4 cm™! in a Nicolet
Magna 750 FTIR spectrometer. No significant differences bet-
ween the spectra obtained by both procedures were observed.
A commercial variable temperature cell, SPECAC VTL-2,
adapted for solid samples was employed to obtain IR spectra
at different temperatures.

C-13 and Pb-207 CP/MAS-NMR. Solid state C-13 and Pb-
207 NMR measurements were performed in a Bruker Avance
400 spectrometer (Bruker Analytik GmbH Karlsrube, Germany)
equipped with a 89 mm wide bore and a 9.4 T superconducting
magnet (C-13 and Pb-207 Larmor frequencies at 100.61 and
83.71 MHz, respectively). Powdered samples were placed in 4
mm zirconia rotors (about 60 mg of sample). All reported data
were acquired at two temperatures, first at 296 + 0.1 K and
then after thermal equilibrium was reached at 343 £ 0.1 K.
We used a standard Bruker double resonance 4 mm cross-
polarization (CP)/magic angle spinning (MAS) NMR probe head
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Figure 1. Thermograms of Pb(C5),: (A) first heating at 5 K+min™';
(B) cooling at 5 Kemin™'; (C) cooling fast, at approximately 40

Kemin™'.

using a 90° C-13 pulse length of 4.2 us. The C-13 spectra were
acquired with 1 ms CP contact time, 5 s recycle delay, MAS
spinning rates of 6.5 kHz, and 1000 transients. High-power
proton decoupling of 75 kHz was used. The NMR spectra were
evaluated with the spectrometer manufacture’s software package
XWIN-NMR. All free-induction decays were subjected to
standard Fourier transformation with 5 Hz line broadening and
phasing. The chemical shifts were externally referenced to
adamantane (29.5 ppm) secondary to TMS (0.0 ppm).

The Pb-207 NMR spectra were acquired with 4 ms CP contact
time, 10 s recycle delay, MAS spinning rates of between 4.0
and 9.0 kHz, and 3000 to 12 000 transients. High-power proton
decoupling of 75 kHz was used, and the NMR spectra were
also evaluated with XWIN-NMR. All free-induction decays
were subjected to standard Fourier transformation with 240 Hz
line broadening and phasing. The chemical shifts were externally
referenced to tetraphenyllead(IV) (—135 ppm).>*

Optical Microscopy. To identify the nature of the phases
(solid or liquid), we used a Carl Zeiss-Jena polarizing optical
microscope, model pol-30-G0527, equipped with a LINKAM
hot stage, model THMS600, connected to a LINKAM program-
mable temperature controller, model TMS94.

3. Results

Differential Scanning Calorimetry (DSC). The first heating
and two cooling thermograms of lead(Il) pentanoate are shown
in Figure 1. Two transitions are observed on heating (Figure
1A), which correspond to a solid-to-solid (SII-to-SI) transition
and to the melting process (SI-to-isotropic liquid, IL). Depending
on the cooling rate, the thermal behavior may strongly differ in
the second heating. At the slow cooling rate of 5 K+min™'
(Figure 1B), only one exothermic peak (with the same area of
the peak of melting) appears, which corresponds with the
solidification of IL to SI. The second peak does not appear at
any temperature. In fact, when heating the cooled sample again,
the thermogram represented in Figure 2A shows a glass
transition (Tgl) at 322.9 K (see Scheme 1). Thus, a glass state
(GI) of the SI solid phase should be formed below room
temperature. On the other hand, when cooling faster at 40
K-min™! (Figure 1C), a more undercooled single peak is
observed. The evaluated area of this peak (normalized for the
different rates) is smaller than that observed during the slow
cooling. This indicates that only a part of the IL. was converted
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Figure 2. Second heating thermograms of Pb(C5),, after cooling from
the isotropic liquid.
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into SI. Since a second peak does not appear on further cooling
of the sample, a mixture of two glass states (GI and GII) must
have formed. This is confirmed in the corresponding second
heating thermogram (Figure 2B), where a Tg2 at 275.7 K
(corresponding to the common glass state transition) and a Tgl
at 323.5 K (corresponding to the SI glass (GI) transition) are
observed. The exothermic peak, at T, appearing between these
two glass transitions is due to the crystallization of the meta-
stable isotropic liquid to the SI glass phase (GI) (see Scheme
2). A 35% of GII in the mixture of glass states GII and GI
formed on cooling was calculated by comparison of the cry-
stallization and melting enthalpies (4.3 and 12.4 kJ-mol ™!, res-
pectively).

The thermal functions (temperatures, enthalpies, and
entropies of transition) of Pb(C5),, for the first and the two
types of second heatings, are summarized in Table 1, in which
the glass transition temperatures (measured at 5 K-min™')
are also included.

The sample recovers to its initial behavior (first heating
thermogram) after waiting at room temperature for about 2
months, thus indicating that this is the stable thermal behavior.

With the aim of studying the kinetics of these glass transitions,
DSC traces of both quenching phenomena were registered at
different heating rates (see Figures 3 and 4). The corresponding
glass transition (Tg2 and Tgl) and crystallization temperatures
(Terys) are shown in Table 2.

Optical Microscopy. A “droplet” experiment? was per-
formed on Pb(C5), with a polarizing light microscope. This
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Figure 3. Thermograms obtained after slow quenching from the
isotropic liquid, registered at the specified heating rates.

TABLE 1: Thermal Functions of Pb(C5), (a) in the First
Heating, (b) Second (and Following) Heatings after a Slow
Quenching, and (c) Second (and Following) Heatings after a
Fast Quenching

transition T/K AuHKT mol™' AyS/T- K 'emol ™!
(a) SI-SI 3282 +0.6 8.8 £0.1 26.8 £ 0.4
SI—-IL 355.6 £ 0.3 12.6 £0.1 353+03
(b) Tel 3229405
SI—-IL 3543+ 04 123 +£03 34.8 +£0.8
© T 27574 0.5
Tgl' 3235+ 0.5
SI—-IL 3545+ 0.6 124 +£0.3 35.1+£0.8

experiment consisted of the observation of small crystalline
particles suspended in mineral oil (Brookfield 30000, viscosity
29920, in which the material is insoluble) at different temper-
atures. Spherical droplets are formed only if fluid phases appear,
showing birefringence only in the case of liquid crystal phases.
Isotropic spherical drops formed above 355.6 K (IL) disappeared
when the intermediate (SI) phase was reached on cooling, and
irregular shaped birefringent particles were formed instead. This
confirms the solid nature of this phase. Moreover, the pure
sample does not shear under stress during optical observations.
For all of these reasons, an ordered liquid crystal phase was
ruled out for the SI phase.

X-ray Diffraction. A simulation of the unit cell for Pb(C5),
(Figure 5A) was done using the data of the Pb(C7), single crystal
structure with the Mercury software.'> The process consisted
of shortening the ¢ parameter by twice the CH, group length in
the trans position, creating a CIF file with the atom coordinates.
The comparison between the experimental and simulated (from
this estimated structure) powder diffraction patterns showed
excellent agreement (Figure 5B), confirming that the Pb(CS5),
and Pb(C7), are isostructural, thus maintaining the P-1 triclinic
structure. The cell parameters proposed for the Pb(C5), are
shown in Table 3.

Two types of chains with carboxylate groups, either only-
chelating or bridging-chelating, and the all-trans carbon planes
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Figure 4. Thermograms obtained after a fast quenching (20—30
K-min™") from the isotropic liquid, registered at the specified heating
rates.

TABLE 2: Temperatures of the Different Glass Transitions
and Crystallization after Slow Quenching (Tgl) and after
Fast Quenching (Tg2, Ty, and Tgl'), Measured at Different
Heating Rates (The Error in the Temperatures Is 0.5 K)

heating rate/K+min ™! Tgl Tg2 Terys Tgl'
5 322.9 275.7 298.5 323.5
10 3233 277.4 304.0 323.8
20 323.8 279.2 310.7 324.5
30 324.8 281.8 314.9 325.9
40 3254 283.3 318.5
50 326.5 285.2 321.8
60 326.8
75 328.1 289.7 328.6

with a herringbone orientation are observed (Figure 5A). This
solid SII structure is common to all of the Pb(Cn), members.
The experimental powder XRD d-spacing (00[) data on the two
solid phases (SII and SI) for Pb(C5), measured as a function of
temperature are represented in Figure 6A. This parameter
decreases when passing from SII to SI. In addition, the value
of d for SI remains constant when cooling the sample to room
temperature, thus confirming the formation of the vitreous state
(GI) of this phase.

The Pb(C5), 001 d-spacings fit within the general behavior
of the whole series (Figure 6B). The d-spacing decreases from
SII to SI in an amount which is independent of the number of
carbon atoms. Moreover, the d-spacings increase linearly with
n with the same slope of 2.47 A/n for both ordered crystal (SII)
and intermediate (SI) phases.

FTIR Spectroscopy. FTIR spectra of Pb(C5), were recorded
from 298 to 400 K on heating and from this temperature to
298 K on cooling. Figure 7 shows the room temperature
spectrum of this compound. The high-frequency region from
2800 to 3000 cm™! corresponds to the C—H stretching modes.
Besides, the region from 600 to 1600 cm™! displays the
stretching modes of the carboxylate group, bending modes
of the CH; group, and the scissoring, rocking, wagging, and
twisting modes of the methylene groups. Bands due to
vibrations of the Pb—O bonds are also observed in the low-
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Figure 5. (A) Simulated unit cell for the Pb(C5), (left) and hemidi-
rected octahedral coordination of lead(Il) (right). (B) Comparison
between the experimental (1) and the simulated (2) powder diffraction
patterns of Pb(C5),.

TABLE 3: Parameters for the Simulated Unit Cell of the
Pb(C5), in the SII Phase

alA b/A c/A a/deg pldeg yldeg
4.857 7.305 18.093 91.61 95.66 90.99

frequency region between 400 and 600 cm™!. The anti-
symmetric (v,s COO™) stretching vibration of the carboxylate
group can be observed in the crystal at room temperature
(SII) at 1507 cm™! (with a shoulder at about 1527 cm™).
The presence of these two bands is indicative of two
coordination types of the carboxylate groups to the Pb atoms;
however, no splitting is observed in the 1406 cm™! band
assigned to the symmetric (v; COO™) mode.

Temperature evolution of the infrared spectra is shown in
Figure 8, where it is observed that the anti-symmetric stretching
vibration of CHj (v,, (CHs)) is split into two bands at 2962 and
2954 cm™! that merge into one band from 328 K (SI) until the
liquid phase (Figure 8A). The v,, (CHj;) anti-symmetric vibration
is degenerate and appears as a single band when the methyl
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Figure 7. FTIR spectrum of Pb(C5), at room temperature.

group is in a symmetric environment. Given that two bands are
observed in Pb(C5),, we can deduce that the terminal alkyl
chains interact at low temperature, breaking the degeneration
of the vibration. At temperatures higher than 328 K, only one
band is observed. This feature could be due either to a decrease
of the interactions by a crystal expansion or to a free rotation
of the methyl group.

Remarkable changes with temperature are observed in the
carboxylate region (Figure 8B). The (v,; COO™) stretching
vibration observed at 1507 cm™! and the shoulder at 1527 cm™!
in the SII phase merge into a unique band at 1537 cm™! in SI.
This band remains up to the moment the liquid phase is reached.
A set of regularly spaced bands is observed between 1350 and
1150 cm™!, in both solid phases. This region corresponds to
the CH, wagging modes. In compounds with a large alkyl chain
and an all-trans conformation, a number of wagging progression
bands (depending on the chain length) are displayed.?® Three

[(n+1)/2] of these bands are observed in this compound. When
temperature rises, from the SII to the SI phase, some frequency
shifts and intensity variations of these bands occur, and the
development of a new band at around 1306 cm™' (ascribed to
localized g*tg™ (kink) sequences in the alkyl chain)*’ is observed.

The peak at 717 cm™! in the room temperature crystal (SII)
(Figure 8C) is assigned to the CH, rocking vibration in all-
trans chains. At the SII-to-SI transition temperature, this band
shifts to 708 cm™! and becomes broader and weaker, and
simultaneously, the band at about 760 cm™' (characteristic of
CH, rocking vibrations in disordered chains) becomes stronger.
The frequency and width of the 6 (COO™) vibration at 668 cm ™!
also changes with temperature, thus indicating that structural
changes in the ionic layer from SII to SI are taking place.

All of these changes in the bands are compatible with the
hypothesis suggesting that the intermediate solid phase (SI) is
a rotator phase. This would be the result of the existence of
only one type of carboxylate and alkyl chains, where the rotation
allows certain conformational defects.?® This explains also
the intensity decrease of the CH, wagging progression bands,
the changes in the frequency of the rocking vibration, and the
presence of kink defect bands.

Nuclear Magnetic Resonance (C-13 and Pb-207). Figure
9 illustrates the C-13 CP/MAS-NMR spectra of the crystal (SII)
at 296 K, rotator (SI) at 343 K and solid (GI) at 296 K from
343 K phases of Pb(C5),. Five groups of signals corresponding
to the five carbon atoms in the compound, from the carboxylate
centered at ~183 ppm to the methyl group centered at ~14
ppm, are observed.

All of the bands appear as doublets with the approximate
same area in the spectrum taken on the crystal (SII). In the
spectrum corresponding to the rotator phase (SI), the doublets
associated to the carbons at the end of the chain (methyl and
methylene) collapse into a singlet and multiplicity increases for
the rest of the carbons. The subsequent cooling of the sample
freezes the disorder introduced by the thermal changes and leads
to a more complex spectrum with increased multiplicity in all
peaks.

Figure 10 shows the Pb-207 spectra corresponding to the
crystal (A) and rotator (B) phases acquired at 296 and 343 K,
respectively. The spectra exhibit the characteristic peak patterns
associated to these lead compounds® with a central peak at
—(638 £ 5) ppm (spectrum acquired at 296 K) and spinning
side bands at £nv;, (spinning rate 6.5 kHz or 79.6 ppm). It should
be noted that in the figure partial 2°’Pb spectra are shown; the
full spectral width extends over 1500 ppm, exceeding the
maximum bandwidth available in our spectrometer. The shape
of the spectrum envelope changes at 343 K, and the central
peak shifts to —555 ppm. In both cases, the peak assignment
was accomplished by comparing the profiles of two or three
spectra acquired with different spinning rates. At high temper-
ature, the increased molecular mobility causes a loss of cross-
polarization efficiency, leading to spectra with poor signal-to-
noise ratio which hampers adequate phasing of spectrum B and
the assignment of individual parameters to each peak. Despite
the uncertainty of these results, a splitting of the central band
is noticeable, particularly in the region of the spectrum with
high-intensity peaks (between —700 and —1000 ppm, ap-
proximately). This suggests a change in the environment of the
Pb’" ions when increasing the temperature from the SII to the
SI phase. The spectrum obtained at 296 K after cooling from
343 K (data not shown) exhibits only singlets (Figure 10A) but
with the central band located at an intermediate frequency,
between —555 and —638 ppm.
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Figure 9. C-13 CP/MAS-NMR spectra of Pb(C5),: (A) crystalline
phase (SII) at room temperature; (B) rotator phase (SI) at 343 K; (C)
solidified after being melted (GI) at room temperature.

4. Discussion

On the basis of the above examined experimental results, the
intermediate solid phase appearing in Pb(C5), has been assigned
to a rotator phase similar to the one present in lead(Il) alkanoates
with n > 6. In addition, also a rotator glass phase (GI) has
been detected.

Rotator Phase (SI) and Rotator Glass (GI). Although the
rotator phase had been widely studied for hydrocarbons®0~32
or alkyl ammonium salts,**3* this phase has been only recently
reported in the lead(Il) alkanoates.'” The “dropler” experiment
described previously in section 3 rules out the possibility of
considering the intermediate phase (SI) as a type of smectic B
(or G), whose structure is also hexagonal and the molecules
also rotate.®® In addition, the XRD information about the
d-spacings is crucial for the characterization of SI. As shown
in Figure 6B, the d-spacings vary with the same slope of 2.47
A/n in both solid phases. This slope corresponds to the
contribution of two CH, groups to the d-spacing.

Considering the generally accepted values of 1.53 A for the
C—C bond length and 112° for the C—C—C angle,**? the
increase in the d-spacing per methylene group (in a bilayered
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Figure 10. Pb-207 CP/MAS-NMR spectra of Pb(C5),: (A) crystalline
phase (SII) at room temperature; (B) rotator phase (SI) at 343 K. The
central peaks are indicated with arrows.

compound with all-trans alkyl chains perpendicular to the
layers) should be 2.54 A/n.

Thus, the tilt angle (0) between the chains and the ionic layers
would be 6 = arcos(2.47/2.54), that is, 14° for both the SII and
SI phases. Taking all of these considerations into account, the
existence of either a condis or a liquid crystal phase (for the SI
structure) should be excluded as a possibility.

Figure 6A shows the direct relationship between SI and GI
phases, which have the same values for the d-spacing. Therefore,
after quenching, the SI positional order is maintained, whereas
the SI chain rotation is frozen. Thus, a rotator glass state has
been obtained.



30
g
s
L
on
g 2
& 20
9 SII-SI
g
2 151
jomt
)
£ 10
A
5- T M T T T v T
310 320 330 340
T/K

Figure 11. TMA plot of Pb(C5),, showing the discontinuity at the
temperature of transition Tsy—g.

The FTIR analysis shows some structural changes between
the SII and SI phases. The carboxylate stretching vibration
collapses into one band in the SI phase, thus indicating a Pb(II)
coordination change, possibly from bridging-chelating to only-
chelating in the SII-to-SI transition. This would explain the
decrease observed in the SI layer thickness (Figure 6A). The
anti-symmetric stretching vibrations of CHj are split into two
bands in SII, whereas they merge into a single one in SI. This
agrees with the existence of only one kind of methyl group in
the rotator phase, as shown by the C-13 NMR results. The
wagging progression bands (typical of all-trans conformation)
do not disappear in SI, showing only some frequency shifts and
intensity variations. Furthermore, the observed band at 1306
cm™! in SI shows the formation of localized g¥tg™ (kink)
sequences, typical of rotator phases.”® The FTIR spectrum of
GI (obtained by cooling the sample after melting) is exactly
the same as that of the SI phase (see Figure 8), confirming once
more the similar structure of both phases.

Figure 9A shows the SII crystal C-13 MAS-NMR spectra,
where the carbon split into doublets corresponds to the two types
of chains: two different carboxylates with their herringbone
oriented alkyl chain planes (Figure 5A).

The spectrum corresponding to the rotator phase (Figure 9B)
shows the collapse of the doublets associated with carbons 4
(methylene) and 5 (methyl) at the end of the chain, which can
be attributed to an increase of their molecular mobility. The
increase is not sufficient to produce a similar effect on the peaks
of the other carbons but causes the splitting of the corresponding
peaks into multiple lines. The change observed in the carboxy-
late carbon peak from a doublet (in SII) to six peaks (in SI)
suggests the presence of a molecular structure with six non-
equivalent positions (possibility of pseudo-hexagonal arrange-
ment).

The GI glass C-13 MAS-NMR spectra exhibit a more
complicated pattern, most likely due to the freezing of a diverse
set of molecular conformations, especially for the methyl and
y-methylene groups. This also enhances the six signals for the
C atom of the carboxylate, as observed in SI. This fact suggests
a disorder in the orientation of the all-trans chains planes which
lose the herringbone structure, as one may expect in a rotator
glass phase (GI). As inferred from the FTIR spectroscopy, only
some defects (like end gauche or kink)* are possible in the alkyl
chains. However, these defects are not common: less than 10
% would present a gauche defect, with the rest of the carbons
remaining in the trans configuration, as proved by simulation
and experimental studies.’%
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Figure 12. Kissinger’s (A) and Ozawa’s (B) plots for Tgl (GI-to-SI).

TABLE 4: Activation Energy (E,) of the Two Glass
Transitions (GII-IL' and IL'—GI) and the Crystallization
Process (IL'—GI), from Kissinger’s and Ozawa’s Equations

Ozawa E,/kJ+mol™!

kinetic process  Kissinger E,/kJ+mol~!

GII-IL' (Tg2) 80 £ 8 99 £ 6
IL'=GI (Terys) 56+£3 62+ 3
GI-=SI (Tgl) 270 £ 30 240 £ 30

These results are confirmed by the Pb-207 CP/MAS-NMR
findings (Figure 10) that suggest a change from a high-symmetry
SII crystal structure to a somewhat less ordered SI one. As
expected from the crystalline structure, only one environment
(one peak) is detected for the Pb atoms in the SII phase (at
room temperature, Figure 10A), and all of the lead(Il) atoms
have a hemidirected octahedral coordination. However, the
spectra for the SI phase show two peaks, that is, two types of
Pb atoms (Figure 10B). This suggests a probable change in the
lead(I) coordination number associated with a polymorphic
change from a triclinic to a rectangular or pseudo-hexagonal
2D lateral packing of the alkyl chains. The results for SI are
the same as those for GI, showing a relationship between the
rotator and rotator glass phases (SI and GI, respectively).

As observed in all of the known cases, the change from a
totally crystalline to a rofator phase always involves an increase
of the unit-cell volume, allowing more space for the alkyl chains
to rotate around their molecular axis. This expansion in the
hydrocarbons*~32 occurs in the three space directions, but there
are series (e.g., the dimethyl pyrrolidinium halides,* the alkyl
ammonium halides,*"** or the lead(Il) alkanoates'®) in which a
contraction of the ¢ parameter is detected at the transition to
the rotator phase (whereas the lattice volume increases).
Dilatometric measurements were carried out by TMA (see
Figure 11) to check the density decrease (increase of the unit-
cell volume) in the Pb(C5), rotator phase, and the same results
as those for the longer lead(II) alkanoates'® were obtained. This
means that the contraction of the ¢ parameter implies a larger
expansion in the x—y plane (a and b parameters of the unit cell),
thus facilitating the rotation around the molecular axis. Dilatom-
etry measurements made by Bazuin et al.® in Pb(C10), show
that the area per polar head (S) increases from 19 A? (crystalline
phase, SII) to 21.5 A2 (rotator phase, SI). Moreover, taking into
account the tilt angle of the chains with respect to the ionic
layer (14°), the cross-sectional area of the alkyl chains (S') can
be calculated as §' = S cos 14°. This yields a result of 20.8 A?
for the rotator phase of the lead(I) alkanoates. This value is
similar to those found for rotator phases of n-alkanes (20 AZ),‘B
lithium n-hexadecanoate (20.7 A2),* lithium 16-hydroxy-



hexadecanoate (21.5 A%),% and Langmuir monolayers of alkyl
chain surfactants in water (19.7—20.2 A2).4647 No definitive
coordination number can be established for the lead(Il) rotator
phase. However, as shown by both FTIR and Pb-207 NMR
techniques, a change in the lead(Il) hemidirected coordination
6 of the crystal must occur in the rotator phase.

Glass States and Kinetics. The glass formation capability
of the lead(Il) alkanoates has recently been tested in the shortest
members (Pb(C2),, Pb(C3),, and Pb(C4),).!! Only the common
vitreous state from the isotropic liquid is found in these
compounds. Pb(C5), maintains this tendency as a glass-former.
However, as shown above, two different glass states are
detected. To our knowledge, this is the first time that a rotator
glass (GI) has been characterized. Thus, GI and GII correspond
to the freezing of the dynamic disorder taking place in the rotator
phase (SI) and isotropic liquid (IL), respectively. The values of
ACp for GII and GI are approximately 150 and 15 J*K~'-mol ™!,
respectively, in agreement with the big difference in nature of
both types of glasses (a higher disordered structure of GII).

The values for both Tg’s at different heating rates (a) are
displayed in Table 2. Two kinetic equations were applied to
the data:

- Kissinger’s equation:*$%°

2

E
1H(Ti) = _“l +C

a RTg
- Ozawa’s equation:*-
E, 1
= — +
In o RTe C

to determine the corresponding activation energy (E,) of the
glass transitions. This can also be calculated for the crystal-
lization process. These equations work satisfactorily except for
slow heating rates (Figure 12). The data of E, for Tg2, Teys,
and Tgl obtained from the linear fits of both kinetic equations
are reported in Table 4. The E, values are comparable to those
found in poly(3-hydroxybutyrate)’' or some alloys (KSbsSs,
Se Tejp0—x Sednjgo—y or BiSego—.).>> >* Obviously, no data
were found for the glass transition involving a rotator phase
(GI-to-SI).

We have no definitive explanation for the easy lead(Il)
pentanoate quenching into two different glass states. Conditions
favoring vitrification are hindrance of the crystallization process
or chemical incompatibility between the central core and flexible
parts of the molecule.® In this regard, lead(Il) alkanoates have
a more hindered internal rotation of the methylene groups
(smaller alkyl chain cross-sectional area (S')) than other
homologous alkanoates with monovalent cations, because they
have double amount of alkyl chains.®®~> On the other hand,
from a chemical point of view, the central core of ionic layers
is very different from the alkyl chains. Moreover, the lower
and higher the melting and boiling points are, the easier is the
formation of a glass state.> The lead(Il) pentanoate melts at
355.6 K (ionic liquid) which is very low for an organic salt.
According to this rule,’! glass formation would be easy in this
compound.

5. Conclusions

The thermal information reported here completes the study
of the lead(Il) alkanoates series, being the first time data for
lead(IT) pentanoate have been reported. Pb(C5), shares properties
of the shorter and longer members of the lead(Il) alkanoates
series, such as glass formation (as in the shorter) and the

existence of an intermediate rotator phase (as in the longer),
respectively.

The structure of the crystalline phase (SII) has been proven
to be isostructural with the rest of the lead(Il) alkanoates in the
same phase. Pb(C5), also shows the presence of a rotator phase
(ST). In this respect, the transition from SII to SI is polymorphic,
associated with an order—disorder change from the herringbone
or chevron order (of the all-trans carbon planes) to a possible
six-fold random disorder of the same planes in the rotator phase
(as observed in lead(I) hexanoate to dodecanoate members).
Apart from the existence of the rotator phase, the other main
feature of Pb(C5), is the formation of two vitreous states: one
from this phase and another from the isotropic liquid. The
calorimetric and spectroscopic analysis has shown the regular
and rotator nature of these glass states. Moreover, the kinetic
characteristic parameters of the vitrification process have been
measured. The study of the behavior of this kind of compounds
is also of great interest in the field of step-wise melting pro-
cesses: transitions (solid-to-solid and/or melting) taking place
from a totally ordered crystalline phase at low temperature to
the isotropic liquid, typical of all of the organic families.
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