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Abstract A new homologous series of thallium(I) hydrogen
dialkanoates, fatty acid thallium soaps, from the dipropane up
to the ditetradecane is reported for the first time. This associa-
tion with 1:1 stoichiometry is the only one exhibited by the
thallium derivatives. They have been prepared by solidifica-
tion of molten mixtures with equimolar proportions of acid
and corresponding neutral salt, although crystallization from
an anhydrous ethanolic solution of the mixture has also been
successful in getting pure compounds with largest chain
lengths. Vibrational spectroscopies clearly characterize these
crystalline compounds as very strong hydrogen bonding
systems. Assignations of active modes in proton and car-
bon nuclear magnetic resonance spectrometry (NMR) (in
ethanol) and infrared (IR) and Raman spectra (in solid state)
are reported. According to X-ray diffraction (XRD) they have
monomolecular lamellar structures with the acyl chains ar-
ranged up and down to the cation/H-bond network in a
methyl-to-methyl fashion, and vertically oriented to the basal
plane. The acyl chains present all-trans conformation and al-
ternating configuration (perpendicular orthorhombic sub-
cell), like the B -phases of other kinds of lipids. Lamellar thick-
ness is reported for the six room-temperature crystalline
members. The molecular compounds present polymorphism,
one crystal / crystal transition at temperatures close to the peri-
tectical melting. Phase transition thermodynamics are also
given and discussed with respect to their acid and salt parents.
Their incongruent melting involves nearly 90% of the total
enthalpic increments of both constituents’ melting processes,
making these compounds potential thermal energy storage
materials.—Fernandez-Garcia, M., M. V. Garcia, M. 1. Re-
dondo, J. A. R. Cheda, M. Fernandez-Garcia, E. F. Westrum,
Jr., and F. Fernandez-Martin. Molecular association of normal
alkanoic acids with their thallium(I) salts: a new homologous
series of fatty acid metal soaps. J. Lipid Res. 1997. 38: 361~
372.
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Fatty acids and neutral alkali soaps are known to bond
by fairly strong hydrogen bonds, yielding crystalline mo-
lecular associations (metal hydrogen dialkanoates, col-
loquially, but incorrectly, termed metal acid alkanoates
or, in general, fatty acid soaps) in the anhydrous state
either by cooling the melt of stoichiometric amounts of
the components (1) or by crystallizing from a proper
solution of the mixed components (2), but also in the
presence of moderate amounts of water in correspond-
ing aqueous ternary system (3). Although hydrated
forms have also been reported (4), three-compound ag-
gregates are to be considered rather than true hydrated
acid soaps (5). Recent updated revisions on anhydrous
sodium and potassium acid soaps and acid soaps—water
systems have been published by Stenius and Ekwall (6),
Small (7), and Mantsch et al. (8).

Normal chain sodium alkanoates, for instance, often
show the formation of different molecular compounds
of several stoichiometries (acid:soap molar ratios of 3:
2,1:1,2:3,2:5,1:5) and, as a general rule, the acid-rich
compounds exhibit polymorphism (two crystal/crystal
transitions at most) and melt incongruently yielding the
next more soap-rich compound, while the salt-rich ones
melt congruently and reveal lyotropic behavior by pass-
ing through several mesomorphic phases before clear-
ing into the isotropic liquid (9-14). On the other hand,

Abbreviations: TMS, tetramethyl silane; DSC, differential scanning
calorimetry; FTIR, fourier transform infrared spectroscopy; GLC,
gas-liquid chromatography; MC, molecular compound; NMR, nu-
clear magnetic resonance spectrometry; XRD, X-ray diffraction.
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only equimolecular complexes have been reported for
the fatty acid potassium soaps (1, 15-17). Other fatty
acid alkali soaps have received much less or no attention
presumably in correspondence with that devoted to the
study of the respective homologous series of the neutral
alkali (Li, Rb, Cs) salts (18).

Acid thallium (I) alkanoates have remained unknown
until the report of the existence of an equimolecular
compound in the heptanoic + heptanoate system (19)
and the subsequent finding that this is a common phe-
nomenon for shorter and longer, odd and even normal
members of the acid and soap homologous series from
3 to 14 carbon atoms in both acyl chains (20).

This paper presents for the first time a general de-
scription of the new homologous series of normal thalli-
um(1l) hydrogen dialkanoates, fatty acid thallium soaps,
concerning their structural and thermodynamic charac-
terization. The structural description includes their
spectroscopic behavior, by reporting nuclear magnetic
resonance spectrometry (NMR), fourier transform in-
frared spectroscopy (FTIR), and Raman data, as well
as powder X-ray diffraction. The different information
obtained is combined and discussed to reveal the nature
of the chemical association and the type of structure
originated, as well as the kind of internal order that the
alkyl chains and the “*head groups’ present in it. Their
thermal behavior studied by differential scanning calo-
rimetry (DSC) constitutes the thermodynamic charac-
terization of phase transitions. Comparisons are made
to other homologous series of lipids, particularly the
fatty acids and the thallium(I) salts involved.

MATERIALS AND METHODS

Sample provenance

Anhydrous thallium(I) acid soaps from the propa-
noic-propanoate (MC3) to the tetradecanoic-tetradeca-
noate (MC14) members were prepared by mixing equi-
molar amounts of the corresponding constituents,
melting the mixture, and grinding it to a fine powder
that, after careful mixing, was melted and reground to
attain homogeneity. Liquid fatty acids were used as re-
ceived (Fluka puriss grade, =99.5%) and after recrystal-
lization from anhydrous ethanolic solution and vac-
uvum-drying in the case of crystalline products; GLC
analysis of the methyl esters resulted in around 99.8%
wt as typical purity (19). Thallium(l) alkanoates were
prepared by heterogeneous reaction between the corre-
sponding acid in anhydrous methanol (Fluka purum
grade) and thallium(I) carbonate (Fluka puriss grade,
=99%), according to the method described elsewhere
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(21). After double recrystallization in anhydrous etha-
nol (purum) and room temperature vacuum-drying,
the salts showed over 99.7 molar percent purity as evalu-
ated by convectional DSC fractional fusion techniques.

Anhydrous molecular compounds (MC) were also
obtained by crystallization from an anhydrous ethanolic
solution of the corresponding constituents in equimo-
lar proportions. However, in spite of trying other stoi-
chiometries and checking several temperatures, the
yield always contained small amounts of free salt; only
the MC12 and, particularly, MC14 members of the se-
ries were obtained nearly free of this contamination.
The co-crystallized salt retains its identity as long as the
MC melting does not occur, so its presence can be de-
tected and quantitatively estimated from the corre-
sponding crystal/crystal transition in the DSC heating
trace. On cooling the melted system, the MC crystal,
depending on the chain lengths involved, may incorpo-
rate the salt excess by forming solid solutions, hence
subsequent DSC heating traces are not useful for purity
determination.

Caution must be taken in handling the lowest MC
members due to the high hygroscopicity observed by
the corresponding solid salts and, particularly, liquid
acids.

Nuclear magnetic resonance (NMR)

'H and "C NMR spectra of the solutions in deuter-
ated chloroform (~0.3 M) were recorded on a Varian
Gemini 200 NMR Spectrometer (Varian Associates Inc.,
Palo Alto, CA), operating at 200 MHz under the follow-
ing conditions: pulse repetition time, 1 s; probe temper-
ature, 25°C; reference, central peak of CDCl; assigned
as 7.24 ppm and 77.0 ppm, respectively, with reference
to TMS.

Vibrational spectroscopies (FTIR and Raman)

FTIR spectra were recorded on a Nicolet 60SX system
(Nicolet Instrument Corporation, Madison, WI) at a
nominal resolution of 2 cm™, and 50 scans averaging
for good signal/noise ratio. Temperature dependence
was studied by using a Specac VTL-2 variable tempera-
ture cell (Graseby-Specac Ltd., Kent, U.K.) on powder
samples sandwiched between TIBr pellets, as metathesis
(K* and T1* ion interchange) was detected when KBr
pellets were used in the traditional method. The 514.5
nm Ar® and 647.1 nm Kr* lines from two Innova 70
lasers (Coherent Laser Product Division, Palo Alto, CA)
were used to produce the Raman effect and the spectra
were recorded with a Dilor XY instrument (Dilor S.A.,
Lille, France). Spectral slit width was 5-3 cm ' and inte-
gration time varied 4-20 sec, depending on the Raman
signal intensities.
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X-ray diffraction (XRD)

Powder XRD at 0.5° = 20 =< 50° A(20) = 0.05°,
counting time = 2.0 s, was carried out at room tempera-
ture on solid MC samples by means of a computerized
Siemens Kristalloflex X-ray generator and D5000 dif-
fractometer (Siemens AG, Karslruhe, Gegmany), using
Ni-filtered CuKo radiation (A = 1.5418 A).

Differential scanning calorimetry (DSC)

DSC measurements were carried out with a Perkin-
Elmer DSC2C equipped with cooling unit Intracooler
IT and TADS3700 Data Station (Perkin-Eilmer, Norwalk,
CT). Temperature response was calibrated along the
entire temperature range of interest through the melt-
ing points of high purity chemicals (undecane, tride-
cane, pentadecane, gallium, lauric and stearic acids,
and indium). Energetic response was calibrated by the
enthalpy of melting of 99.999% pure indium. Each
compound, in amounts of 10-15 (£0.002) mg by a
Perkin-Elmer Autobalance AD4, was sampled 6 times.
Data were obtained from heating runs usually scanned
at 1 K/min heating rate. Temperatures and enthalpy
values are considered to be reliable within standard de-
viations better than *0.5 K and =3%, respectively.

RESULTS

NMR spectra

Typical spectra in solution of (dodecanoic) lauric
acid, thallium(I) laurate, their equimolar physical mix-
ture, and the corresponding molecular association
MCI12 are shown in Fig. 1, the groupings and positions
in all the samples presenting the typical pattern of
straight chain lipids (22, 23). The spectrum essentiaily
records four groupings in all the cases that, as signal
positions shift downfield, can be identified as per-
taining to the terminal methyl group (triplet), the ordi-
nary methylene groups of the normal chain (C(4)-
C(11), complex and largest peak), the methylene corre-
sponding to the third carbon atom (B-CH,, quintet),
and the methylene adjacent to the carboxyl group (o-
CH,, triplet), respectively. The broad signal of the car-
boxylic hydrogen in the fatty acid appeared around
11.08 ppm (strongly affected by the concentration, it
does not give the specific position of the peak; not
shown in Fig. 1). Signals belonging to the first two
groupings, protons in chain carbons C(4)-C(12), re-
mained practically unaltered when passing to the other
three samples; the major variations recorded affect both
C(2) and C(3) methylene groups, whose signals were
shifted upfield in the soap because of the introduction

¥ N T ’ ] !
22 1.7 12 0.7

ppm

Fig. 1. Proton resonance spectra of the lauric series in solution: (a)
dodecanoic acid; (b) acid + salt mixture; (c) thallium(I) hydrogen
didodecanoate (MC12); (d) thallium(l) dodecanoate.

of the thallium(I) cation which is more electropositive

‘than the acidic proton. Physical'mixtures and acid soaps

came out amidst the corresponding acid and salt sig-
nals, indicating an electronegative character intermedi-
ate between those of the carboxylic and carboxylate
groups for the chemical environment. On the other
hand, the carboxylic proton signal was sharpened and
shifted downfield to around 11.40 ppm in the mixture
and in the molecular association compared to that of
the-acid, indicating a stronger interaction than in the
dimeric acid. Additionally, the signal consisted of a sin-
gle signal with smooth downfield skewness indicating a
chemical environment rather comparable for the car-
boxylic and carboxylate moieties. In agreement with the
signal of the proton, the two & methylene groups (acid
and salt alkyl chains) yielded a single signal in the mix-
ture and molecular compound. A single signal was also
produced by the two B methylenes. This behavior is sub-
stantially similar to the case of liquid samples of sodium
caprylate in caprylic acid (4). The corresponding sig-
nals can be approximately centered at the positions
given in Table 1,

Similar behavior was detected in the case of the car-
bon resonance spectra, as can be seen in Fig. 2 that also
displays the lauric series as a typical example of all the
systems studied. Signal positions correspending to
C(1), C(2), C(10), C(3), C(11), and C(12) appear
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TABLE 1. NMR chemical shift data from proton resonance
spectra on the lauric series

TABLE 2. NMR chemical shift data from carbon resonance
spectra on the lauric series

d(ppm) Assignment d(ppm) Assignment
Acid Mixture Mol. Assoc. Salt 'H Acid Mixture Mol. Assoc. Salt *C
0.88 0.88 0.88 0.88 —~CH; 14.12 14.13 14.14 14.15 C(12)
1.2-1.4 1.2-14 1.2-14 1.2-1.4 —CH,y- 22.65 22.71 22.71 22.70 C(11)
1.63 1.60 1.60 1.55 B-CH,- 31.91 31.94 31.99 31.93 C(10)
2.35 2.22 2.22 2.17 a--CH,- 29.24 29.44 29.42 29.59 C(9)
11.08° 11.40° 11.40* — -COOH 29.43 29.58 29.56 29.66 C(8)
29.59 29.67 29.67 29.70 C(7)
“Methylene groups frem C(4) to C(11). 29.59 29.67 29.67 29.70 G(6)
*Concentration dependent, not in specific position. 99.33 99.44 99.42 99,66 C(5)
29.06 29.38 29.38 29.42 C(4)
24.67 25.47 25.47 26.24 C(3)
clearly separated and shifted highfield. Those belong- 34.08 37.25 37.43 40.68 C(2)
180.28 180.83 180.86 18293 =0

ing to C(5), G(6), and C(7), and to C(4), C(8), and
C(9) appear closely grouped around 29.6 ppm, sided
highfield and downfield respectively, as Table 2 shows.
Consistent with previous data on proton resonance, the
signals corresponding to carbon atoms (C(4) to C(12)
remained practically unaltered while those from C(1),
C(2), and C(3) appeared between the respective acid
and salt positions. In addition, a single signal was re-
corded for the two carbonyl groups at about 180.85
ppm indicating the chemical equivalence between
them (symmetric H-bond for the molecular compound
in solution), as well as its proximity to that of acid di-
mers in solution. Single signals were recorded for the
carbon atoms of each couple of o and B methylene
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Fig. 2. Carbon resonance spectra of the lauric series in solution: (a)
dodecanoic acid; (b) thallium(l) hydrogen didodecanoate (MC12);
(c) acid + salt mixture; (d) thallium(I) dodecanoate.
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groups indicating the equivalence among alkyl, acid,
and salt chains in the molecular compound. Identical
spectra for the equimolar physical mixture and the mo-
lecular association in solution were also observed here.

IR spectra

Infrared spectra of crystalline compounds presented
the characteristic pattern of an alkyl chain in addition
to bands due to the carboxyl moieties, as shown in Fig.
3, where the IR spectrum of the lauric-laurate associa-
tion MC12 is presented between 500 and 2000 cm™' to-
gether with the very different composite spectrum com-
puted from the individual spectra of lauric acid and
thallium (I) laurate in equimolar proportions. The lack
of v{(OH) stretching bands in the 2500-3500 cm™* re-
gion of the crystalline molecular compounds spectrum

)

(b)

(a)

T T

T T
2000 1700 1400 1100 800 500

Wavenumbers (cm™')

Fig. 3. Infrared spectrum of the thallium(I) hydrogen didodeca-
noate (lauric-laurate association MC12): (a) experimental; (b) calcu-
lated for the physical acid + salt mixture.
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Fig. 4. Effect of temperature on the IR spectra of thallium(I) hydro-
gen didodecanoate (lauric-laurate association MC12), showing the A,
B, and C bands onset, and disappearance of the D band: (a) crystal-
line sample at 30°C; (b) molten sample at 65°C.

was replaced by an absorption continuum shifted to the
1100-1400 cm™' region on which the progression bands
appeared.

The temperature dependence of the spectral evolu-
tion over the frequency range 400-3500 cm™! is shown
in Fig. 4 to illustrate the melting process of the MC12
complex. Of particular interest are the changes ob-
served in the 1600 cm™ vibration zone, associated with
the antisymmetric stretching modes of the carboxylate
moiety, as well as the disappearance of the fine structure
at the melting temperatures.

Raman spectra

A typical Raman spectrum of the crystalline com-
pounds is shown in Fig. 5, where that of the myristic-
myristate association MC14 is compared with the direct
sum of the myristic acid and thallium(I) myristate spec-
tra in equimolar ratio. Some differences between acid
and salt constituents and equimolecular compound
were observed in the Raman bands around 1450 cm™!,
particularly in the intensity ratio between bands at 1460
and 1440 cm™, related to the crystalline chains packing
symmetry; other subtle but distinctive facts will be dis-
cussed later. Absorption bands are assigned to the respec-
tive IRand Raman active modes in Table 3. No significant
position differences were found between samples crystal-
lized from ethanol or solidified from the melt.

XRD

Powder XR diffractograms of crystalline molecular as-
sociations at about 15°C presented a series of more than
20 orders of reflections, very sharp in the low angle re-
gion, with gradual decay in intensity (no transforma-

(b)

(a)

y

T T — // | T
3100 3000 2000 2800 1500 1000 500
Wavenumbers (cm™)

Fig. 5. Raman spectrum of the thallium(I) hydrogen ditetradeca-
noate (myristic-myristate association MC14): (a) experimental; (b)
calculated for the physical acid + salt mixture.

tions were detected in the experiment, however). More-
over, a slight weakening of the even order reflections
(Shearer effect) was found similar to that observed in
alkyl iodides (24), which disappeared at a certain order
(13th for MC9, 18th for MC14), and which displayed

TABLE 3. Vibration modes assignment to IR and Raman
absorption bands in thallium(I) hydrogen dialkanoates

Bands (cm™')

IR Raman* Mode®*

2955 2960 v,(CHs)

2910 2878 v,(CHy)

2865 — v,(CH;)

2848 2844 v, (CHy)

1686

1625 1615 v,(COO0)

1548

1470, 1465 1457, 1441

— 1419 8 (CHy)

—_ 1403 v,(CO0)

1378 — 8(CHjy)

— 1294 t(CHy)

— 1174 r{CHy)

— 1125 v, (CC)

1330-1100 — w(CHy)

— 1060 v,(CC)

728, 720 — r(CH,) all in phase
914 r(CH;) and

— 890 terminal v, (CC)

700-100 — r(CHy)

679 _— 8(CO0)

578 — w(COO)

“w, wagging; t, twisting; r, rocking; v,, symmetric stretching; v,,
antisymmetric stretching; 9, scissoring; v, out of plane deformation.

*No IR bands assigned to v(OH) mode are observed but con-
tinuous absorption along the 1100-1400 cm™' range.

‘Band couples denote group splitting due to intermolecular in-
teractions in the OL chain sublattice.
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TABLE 4. XRD long spacings (de) and short spacings (8S) data
for different crystalline thallium(I) hydrogen dialkanoates
(molecular associations MCn,* for 9 < n = 14)
at room temperature

d(A)
MCn dysi SS§*

9 27.37 4.26s 4.13w 4.00s 3.83m 3.79m
10 30.03 — 4.15w 4.00m 3.81m 3.70s
11 32.53 427s 415w 4.03w 3.88m 3.78m
12 35.12¢ 4.22s 4.14w 4.02w 3.84m 3.78m
13 37.63 4.29s — 4.02m 3.84w 3.7%m
14 40.264 4.29s — — 3.88m 3.77Tm

“n indicates the number of carbon atoms in the acid and salt acyl
chains.

"Imensity: s, strong; m, medium; w, weak.

‘Hidden by strong long spacing reflections.

“35.10 and 40.23 for the respective MC crystallized from ethanol.

Bragg (long) spacing linear ratios corresponding to a
one-dimensional lamellar structure. The interlamellar
spacings doy, obtained (average values with typical stan-
dard deviations of 0.04 A for n = 20) are given in Table
4. As it is known from the work of Piper (25) on potas-
sium acid soaps, the observed MC spacings (35.12 A for
MCI12 at room temperature) were distinct from both of
their single constituents (30.6 A or 27.3 A for the forms
B or C, respectively, of the lauric acid, and 30.3 A for
the phase III of the Tl laurate at room temperature). A
high number of reflections in the wide angle region
(short spacings) were also presented, as shown in Table
4 for all the crystalline molecular associations from MC9
(pelargonic-pelargonate) to MC14 members.

DSC

Slow cooling rates were used in order to obtain the
stable solid forms, and slow heating rates were used to
facilitate polymorphic transformations; better resolu-
tion was gained in those samples capable of being en-
capsulated in the crystalline state, especially when pre-
pared from ethanol. Proper cooling curves detected
only typical supercooling effects. Hysteresis was not ex-
hibited between first and successive runs of stable sam-
ples either crystallized from ethanol or cooled from the
melt. No exothermic events were observed on heating.
Typical DSC heating traces at 1 K/min are shown in
Fig. 6 and the thermal data obtained, temperatures
T(K), enthalpies AH((k]/mol), and the corresponding
entropies AS(J/mol-K), are shown in Table 5.

The equimolar physical mixture of the acid and salt
components of a molecular compound exhibited a par-
ticularly relevant thermal behavior. The DSC heating
curve from an appropriate temperature upwards re-
cords the pertinent solid—solid transitions of the pure
salt and then the fusion of the pure acid, which, as soon
as it appears, begins to be counteracted by an exother-
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Fig. 6. Heating DSC traces at 1 K/min for different thallium(I) hy-
drogen dialkanoates: (a) diheptanoate, MC7; (b) dicaprate, MC10;
(c) ditridecanoate, MC13; (d) dimyristate crystallized from ethanol,
MC14.

mic reaction followed by the melting peak of the corre-
sponding molecular association. DSC traces of subse-
quent cooling—heating cycles are completely reversible,
recording solely the solidification-melting effects of the
molecular association, with no trace assignable to the
individual behavior of the single components present.

DISCUSSION

Nature of the association

The irreversible association becomes quite evident
from the previously described DSC behavior of the equi-

TABLE 5. Thermodynamic data of phase transitions for the
thallium(I) hydrogen dialkanoates (molecular associations MCn,"
for 3 = n < 14): temperature, T(K); enthalpy, AH(k]/mol);
entropy, AS(J/mol-K)

Crystal / Crystal
Transition Peritectic Fusion

Molecular e — T
Association T, AH AS T, AH AS

MC3 235.2 0.71 3.00 251.7 10.68 42.45
MC4 245.7 1.85 7.53 256.8 17.06 66.44
MC5 255.3 2.44 9.56 264.6 20.97 79.25
MC6 270.5 3.16 11.68 283.5 29.37 103.60
MC7 284.0 3.83 13.47 295.5 34.09 115.36
MC8 298.1 4.57 15.34 307.0 38.27 124.66
MC9 307.0 5.60 18.24 313.6 43.69 139.52
MC10 317.4 6.38 20.19 3222 50.66 157.23
MCI11 322.1 7.23 22.35 327.3 59,22 180.93
MC12 328.9 7.95 24.18 332.7 66.05 198.53
MCI13 332.8 8.78 26.38 336.2 72.82 216.54
MC14 336.0 9.59 28.54 339.7 79.10 232.85

11 indicates the number of carbon atoms in the acid and the salt
acyl chains.
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molar acid and salt physical mixture. Consistent with
this fact, the vibrational IR and Raman (less apparently)
spectra of a crystalline molecular association of the se-
ries studied are always different from the composite
spectrum calculated for the mechanical mixture of the
components in equimolar proportions (Figs. 3 and 5).
In a similar manner, the powder X-ray diffractogram of
a crystalline molecular association is unique and differ-
ent from the diffractograms of its constituents. This de-
fines these molecular associations as real chemical spe-
cies, equimolecular compounds whose existence and
characterization are here reported for first time.

The FTIR traces of crystalline equimolecular com-
pounds changed at temperatures near DSC melting
points (Fig. 4). New broad absorption bands appeared
centered around 2900, 2450, and 1900 cm™!. Simulta-
neously, the broad and strong absorption bands corre-
sponding to the nonequivalent carbonyl groups (proba-
bly due to a TI* asymmetric location in the crystalline
MCs), at ca. 1685, 1625, and 1550 cm™! in MC12, are
replaced by a new series of bands. At higher frequen-
cies, the new absorptions correspond to v(C = O) char-
acteristic modes in the acid component (17057 in
lauric acid). At lower frequencies, the bands corre-
spond to v,(COQO) in the neutral salt (1545 and 1505
cm™! in Tl laurate), and to v(C-O) stretching and
O(OH) out of plane deformation modes typical of car-
boxylic acid dimers (ca. 1300 and 950 cm™', respec-
tively). Hydrogen bonding studies based on IR data
have largely shown (26, 27) that systems with moderate-
to-strong H-bonds exhibit three bands (A, B, C), cen-
tered around 2900, 2500 and 1900 cm ™!, whilst a single
continuous absorption centered at lower frequencies
(D band) is observed in very-strong H-bonding systems.
The origin of A, B, and C bands is the v(OH) vibration
mode in Fermi resonance with 26{OH) and 2y(OH)
modes, as in carboxylic acid dimers (28), and that of
the D band corresponds to the v(OH) vibration of sys-
tems with a very short, symmetric “O---H--- O’ bond
(29). Thus IR spectroscopy clearly indicates very strong
hydrogen-bonding as responsible for the association be-
tween acid (carboxylic OH) and neutral salt (carboxyl-
ate O).

The Raman spectra of the molecular compounds
showed a broad, very weak feature centered at about
1610-1620 cm™ (1615 for MC14), very close to the
bands observed in IR for v,(COO) stretching modes.
The diffuse feature appears shifted towards lower fre-
quencies with respect to the stronger band of the acid
(1632 for myristic acid) but at higher frequencies than
the neutral salt (1540 for Tl myristate). Thus Raman
data, like IR but more subtly, clearly also support a very
strong hydrogen-bonding for the MC compounds. On
the other hand, 'H and *C-NMR spectra of the molecu-

lar compounds in solution were also consistent with a
very strong H-bonding. No matter the NMR type, the
two B methylenes of any molecular compound present
a single signal, which appears intermediate between the
respective signals of the corresponding acid and salt
components. This is also the case for the two o methy-
lenes and, in carbon NMR spectra, for the carbonyls
couple as well. Thus the two acyl chains to which each
pair of moeities belongs are chemically equivalent and,
for that, the acid and salt acyl chains have to be associ-
ated within the same molecular identity. Finally, as the
carboxylic proton experiences downfield shifting, the
association has to be stronger than in dimeric acids. In
addition, the equimolar physical mixture and the
equimolecular association always exhibited identical
traces in both kinds of NMR spectra, but always distinct
from those of both constituents, indicating that this
chemical species can be spontaneously formed and ex-
ists in proper solvent media.

Phase diagram investigations carried out on the nor-
mal series of thallium(I) alkanoate + alkanoic acid bi-
nary systems (19, 30) definitely demonstrate that this
molecular compound in the 1:1 stoichiometric ratio,
(T10.C(CH,),-sCHj;) - (HO,C(CH,),oCHj) for3 =n =
14, thallium (I) hydrogen dialkanoates (acid thallium (I)
alkanoates, fatty acid thallium (I} soaps), is the only sta-
ble association detected, making the TI(I) behavior sim-
ilar to the K, in contrast to that of the Na-related systems
(19). It seems that the counterion size determines by
steric effects whether the molecular association may oc-
cur with several stoichiometries (when relatively small)
or equimolecularly only (when relatively big).

Hydrocarbon chain packing

In comparison to both acid and salt, the acid soaps
showed an enhancement in the intensity of the w(CH,)
wagging progression bands in the IR 1100-1330 cm™
region {(in number of (n + 1) /2 or n/2 for odd or even
acids and carboxylates), indicating a relatively higher
crystallinity for the hydrocarbon chains in the room
temperature MC. Raman bands around 1300 cm™,
t(CH,) twisting mode, and at ca. 1120 and 1060 cm™!,
v(CC) skeletal modes, remain strong and sharp in the
three chemicals (acid plus salt mixture, and molecular
association MC14 in Fig. 5), meaning that the alkyl
chains are in a similar all-trans conformation through-
out, though packing modes may be different.

The factor group splitting in the first term (k = 0)
of the r(CH,) rocking progression bands around 720
cm™! (720 and 728 for MC12), and 8(CH,) scissoring
mode near 1460 cm™ (1465 and 1470 for MC12), re-
corded in the IR spectrum of all the samples at the low-
est temperature, suggest (31) that the crystalline acid
soaps present an orthorhombic symmetry in their chain
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TABLE 6. Intensity ratios for Raman absorption bands
of the 8 (CH,) scissoring and v(CH) stretching modes in solid
thallium(I) hydrogen dialkanoates (molecular associations MCn,"
for 9 = n = 14)

Molecular Association R, = 1(1460) 5 = 1(2850)
1(1440) 1(2880)

MC9, pelargonic-pelargonate’ 0.67 0.46

MCI10, capric-caprate 0.68 0.51

MC11, undecanoic-undecanoate 0.68 0.51

MC12, lauric-laurate’ 0.65 0.48

MC13, tridecanoic-tridecanoate 0.68 0.51

MC14, myristic-myristate 0.69 0.51

B (T|) Triglycerides’ 0.84 0.45

Bl (OJL) Triglycerides' 0.58 0.54

B (O1) Triglycerides’ 0.65 0.62

a (Of) Triglycerides’ 0.67 0.69

“n indicates the number of carbon atoms in the acid and the salt
acyl chains.

*Low values may result if solid solutions with the salt are present
(usually detected by DSC but not by IR and XRD).

‘From ref. 35; R, = 1(1460) /1(1438); Ry, = 1(2858) /1(2880).

arrangement with two alkyl chains interacting in the
subcell, Ol chain packing.

The crossed chain configuration is confirmed by the
Raman spectra in the range of 1400-1500 cm™, particu-
larly with the presence of a sharp band at around 1416-
1420 (1419 for MC14), also associated with a split com-
ponent of the 8(CH,) scissoring mode at about 1440
and 1460 (1441 and 1457 for MC14), which is a specific
characteristic of this type of orthorhombic perpendicu-
lar chain subcell in different kinds of lipids (32-34),
including long-chain alkanes and phospholipid-water
gels. The v(CH) stretching region of 2800-3000 cm™'
is also sensitive to the subcell type, and the pattern
shown in Fig. 5 for MC14 corresponds to the OL chain
packing mode (34). Furthermore, the different poly-
morphic forms of a given lipid seem to exhibit charac-
teristic Raman vibrational band ratios, due to specific
chain—chain interactions, which have been used in
phase identification, as shown in Table 6 where data
on the equimolecular compounds series are compared
with those collected for saturated monoacyl triglycer-
ides (35). Note that R; values are around 0.51, close to
that of Pi-triglycerides, whilst R, values are around 0.68,
closer to that of Pirtriglycerides this time, but thalli-
um (1) hydrogen dialkanoates may exhibit their distinct
characteristic ratios.

On the other hand, the XRD short spacing patterns
obtained for the MC series are related with an ortho-
rhombic perpendicular type of hydrocarbon chain sub-
cell. Thus, consistent with the vibrational spectroscopic
behavior, these MC compounds can be characterized as
a sort of §*-phase in the nomenclature of Larsson for
glyceride polymorphism (36), as a pure short spacings
pattern is not exactly matched. Actually, the short spac-
ing reflections appear as fine sharp bands in a sort of
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double set as if two coexistent pseudo-fi; and pseudo-
B! modifications were present (33, 37, 38) in the room
temperature MC solids (coexistence of two or more
solid phases is frequently observed in lipid crystalliza-
tion). The phases would differ in the lateral, intermo-
lecular packing arrangement of the hydrocarbon chains
but conserve the common orthorhombic perpendicular
symmetry, so that only slight differences would be de-
rived in the unit subcell dimensions without practical
alteration of the molecular structure (33) as XRD long
spacings never exhibit double pattern. Consequently,
the pseudo-B; phase would appear in a narrow tempera-
ture range immediately below the melting point of the
high-temperature pseudo-37 phase, and the polymor-
phic pseudo-f§; — pseudo-B] transformation would oc-
cur reversibly with minor thermodynamic changes (33),
as is observed in the thermal behavior of all MC mem-
bers. Whether this phenomenon results from a pseudo-
B phase alone or in coexistence with a pseudo-B; phase
could not be ascertained because of failure to isolate
the latter form from either the solvent or the melt.

Compound structures

Raman spectra at low frequency (not covered in Fig.
5) show the presence of a weak feature at a frequency
of about 75 cm™! in all the crystalline acid soaps that
does not change in a continuous way with the chain car-
bon atoms number, as in normal alkanes, but remains
constant as in the corresponding neutral T] carboxyl-
ates, which seem to be associated with the big thallium
mass (39). This weak feature appears close to the LAM-
1 band observed in the corresponding carboxylic acid
dimers (40), indicating that the arrangement of MC
chains must be very similar to that in the bilayer lamel-
lae of the dimeric acids.

XRD traces displaying a high number of sharp refec-
tions in both low and wide angle regions indicate, con-
firming vibrational spectroscopic data, that the equi-
molecular compounds really show a well-organized
lamellar structure at room temperature with both layer
and chain packing orders. The long spacings dy, that
were obtained (Table 4) vary linearly with the number
(n) of carbon atoms in each acid and soap acyl chain
(correlation coefficient R = 0.99997, standard devia-
tion of the estimation (SD) = 0.04), indicating that the
room temperature compounds probably belong to an
isomorphic structural homologous series. This regres-
sion coefficient (increment of the lamellar thickness
per CH, group in each acyl chain) was 2.57 = 0.01 A
which, assuming 1.53 A and 112° for the C—C bond in
the all-frans conformation, strongly suggests that the al-
kyl chains are essentially aligned at an angle of 90° with
respect to the lamellar basal plane. Thus the lamellar
structure consists of a single molecule array where the
alkyl chains are vertically aligned up and down to the
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Fig.7. Schematic representation of lamellar structures: (a) alkanoic acid; (b) thallium(I) alkanoate; (c) thalli-

um(I) hydrogen dialkanoate.

““cation/hydrogen bond’’ network in an all-trans con-
formation and orthorhombically arranged in intermo-
lecular crossed configuration (mutually perpendicular
orientation), in a methyl-to-methyl arrangement, as
shown in Fig. 7.

Extrapolation of the linear fit for n = 2 (acetic-ace-
tate MC2) gives dyy = 9.44 A which, considering 4 Aas
arough contribution of the two terminal methyl groups
to the all-frans alkyl chain length taken from normal
alkanes, vields a thickness of around 5.5 A for the
TICOO - HOOC polar network of the Tl acid soaps la-
mellae. These data compare well with that of 5-6 A
given for the KCOO - HOOC association in the vertical
forms of equimolecular potassium acid soaps (7), the
only precedent in the literature. On the other bhand, the
absorption continuum, B band from v(OH) stretching
vibrations is centered around 1100-1400 cm™' which
allows (41) an estimate of about 2.48-2.51 A for the
O ... O distance in the MCI12, in agreement with the
calculated and crystallographically measured value of
2.48 A for potassium acid diacetate (40). Interestingly,
it is possible to compare dg; lamellar distances of iso-
morphous vertical forms for the same members of dif-
ferent acid soaps homologous series; i.e., for the acid
laurates of Na, K, and TI the corresponding dg: values
are 35.76, 35.53 (both from ref. 25) and 35.12 A, respec-
tively. Thus the acid soap lamellar thickness decreases
slightly in spite of the increasing cation size (0.95, 1.33,
and 1.40 A for the respective ionic radii). If the same
chain length is assumed for the same all-trans vertical
forms, the MeCOO - HOOC polar network will be the
molecular fragment enduring this length reduction
and, correspondingly, the hydrogen bond of the acid

soap will become stronger in the Na* < K" < TI" se-
quence. This, in principle, is not obvious but, in the
final analysis, it would mean that the bigger the cation,
the smaller steric perturbation the cation and the car-
boxylic—carboxylate moiety will undergo. Assuming
that the H-bond moieties are planar and linked to-
gether by the interposition of the metal cation {coordi-
nation) to give infinite three-dimensional sequences,
the bigger the cation, the looser the packing will be. All
this could justify the differences found in the 1500-
1800 cm ™" IR region of the sodium hydrogen didodeca-
noate (8) with respect to the present thallium deriva-
tive, as well as the already mentioned fact of the various
stoichiometries for the sodium against the single equi-
molar association for the thallium acid soaps.

Phase transitions: thermodynamic data

The MC compounds always present a small endo-
therm (Fig. 6) around 8 to 15 degrees prior to the main
melting peak, due to the MC(II) / MC(I) crystal/ crystal
transition (pseudo-f; — pseudo-f] transformation),
which in the MC12 takes place at 328.9 K with a transi-
tion enthalpy of 7.95 kJ/mol, and an entropy gain of
24.18 J/mol-K. Table 5 contains all the thermal infor-
mation.

FTIR thermal data have been shown clearly pointing
to this crystalline association breaking down into its con-
stituents on melting. Polarized microscopy observations
and DSC data specifically confirm a peritectic type of
melting, represented by the following equilibrium,

M) Heating

«——2S + L
Cooling
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where S is the corresponding salt stable at the melting
temperature in the polymorphic phase indicated by ro-
man numerals in parentheses, i.e., S(II) for MC3, MC4,
MC5, MC6 and MC9, S(II) for MC7, MC10, MCI11,
MC12, MC13 and MC14, and S(I) for MC8. L is an acid
+ salt Jiquid phase of the peritectic composition, close
to 0.48-0.49 salt molar fraction in all the cases studied.
In the lauric-laurate association MC12, referred to one
mol of molecular compound,

66.05

MC12(I) 0.06S12(I1) + 1.94L,-y4s
7

where thallium(I) laurate S12 solid phase II and the
melt L. (lauric acid:thallium laurate in around 1.1:1
molar ratio) are the peritectic reaction products with
the respective stoichiometric coefficients of 0.06 and
1.94. The parameters indicated above and below the
equilibrium arrows are the endothermal molar en-
thalpy of melting AH (kJ/mol) and the isothermal
melting temperature T(K), respectively; so that the
peritectic reaction takes place at 332.7 K with 66.05
kJ/mol of energy consumption, and an entropy in-
crease of 198.53 J/mol-K.

One relevant point concerning the IR thermal behav-
ior still remains to be discussed, i.e., at the correspond-
ing DSC melting temperatures the strong and sharp
wagging and rocking progression bands due to the crys-
talline polymethylene chains smear into broad ones and
the fine structure practically disappears. This fact
clearly points to the peritectic melting as a cooperative
process of simultaneous conformational chain disorder
(liquid-like state) and hydrogen bond breaking. The
melting mechanism is then opposite to the case of their
parent neutral Tl alkanoates where the transit from the
crystal stable at the lowest temperature up to the iso-
tropic liquid takes place in a stepwise fashion through
an extensive polymorphism and mesomorphism plus a
non-cooperative process of chain melting (39).

Comparing the phase transition thermodynamics of
the MC compounds to other kinds of lipid homologous
series, it is interesting to note the pattern that the rele-
vant thermodynamic data follow as the alkyl chain
length increases. The melting temperatures Ty do not
alternate in spite of the OL subcell because the perpen-
dicularity of the hydrocarbon chains to the lamellar
basal plane yields the same structure for the methyl
terminal planes in all the MC members with either
odd or even acyl chains. Thus the interfaces between
lamellae always present the same packing density and
identical lamellar stacking results in all the vertical
forms of the MC homologous members of the series.
Hence nonalternation follows correspondingly. The
polymorphic pseudo-f;/ pseudo-Bj transition tempera-
tures T, do not alternate either, and seem to be a stable
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situation as convergence to the melting points, and sub-
sequent single f-phase existence, would take place at
very high chain lengths.

The polymorphic transition enthalpies AH range
around 1-10 kJ/mol, increasing very smoothly with
chain length n, whilst molar enthalpies of fusion AH
are highly dependent (correlation coefficient better
than 0.997), with an averaged slope of 6.20 k]/mol.
These data, i.e., 3.10 k] / mol per methylene group when
total carbon atoms in the MC chains are considered,
are somewhat low in relation to that of 3.89 kJ/mol re-
ported for the fusion of f™forms in triglycerides (35).
Notwithstanding, this peritectic fusion of the thallium
acid soaps comprises about 90% of the total enthalpic
increments that both constituents, alkanoic acid and
thallium alkanoate, experience over near 300 degrees
through several polymorphic transitions, their fusion,
and the thermotropic mesomorphism and clearing of
the salt.

The chain segments of long-chain flexible molecules,
such as normal aliphatic hydrocarbons and their substi-
tution derivatives (alcohols, carboxylic acids, esters,
etc.), execute torsional oscillations in the crystal and
hindered rotations relative to each other in the liquid.
The corresponding theoretical increments per chain
link (CH, group) in the enthalpy and entropy thermo-
dynamic functions are rather constant estimations,
namely R/2 and R-In3, respectively (42), R being the
gas constant. According to pertinent literature (43, 44),
the melting of normal alkanoic acids records an en-
thalpy gain of 0.49R per methylene group for both even
(8 =n = 20) and odd (11 = n = 19) members, whilst
1.26R and 1.24R are the respective entropy increments.
On the other hand, experimental data collected over
approximately 500 degrees from 4-6 K, on the homolo-
gous series of normal thallium(I) alkanoates from pro-
panoate to tetradecanoate {45), show that cooperative
effects involve less than 50% of the theoretical incre-
ments per methylene link quoted above for the melting
process of flexible molecules. It was further observed
that the morphology of the heat capacity/ temperature
curve exhibited a rather subtle and uncommon phe-
nomenon in all the cases, consisting of an anomalous
enhancement extended over very wide temperature in-
tervals, that was finally interpreted (39) as a non-cooper-
ative effect associated with the melting of the aliphatic
chains. When this conformational disordering contri-
bution is also taken into account, the computed incre-
ments per methylene group rise to 0.51R and 1.35R for
the respective enthalpy and entropy of melting of
the even members (n = 14) of neutral Tl alkanoates
(J.- A. R. Cheda, F. L. Loépez de la Fuente, M. V. Garcia,
M. I. Redondo, F. Fernandez-Martin, and E. F. Wes-
trum, Jr., unpublished results).

Note that the peritectic melting of the MC com-
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Fig. 8. Experimental thermal data on the thallium(I) hydrogen dial-
kanoates for the entire solid—liquid process, as a function of carbon
atoms number n in the acid and salt acyl chain: (circles) enthalpies,
S,AH(k]/mol); (triangles) entropies, 3;AS(J/mol - K); (solid lines)
regression fits.

pounds yields the respective neutral salt that, de-
pending on the phase diagram of the acid + salt binary
system concerned, may experience a crystal/crystal
transition along its heterothermal melting (dissolution
into the melt), as shown in Fig. 6(a) for the dihepta-
noate MC7. These two contributions are rather small
and already included in the main peak of the MCn
members with even n (A{H in Table 5) as their closeness
did not enable them to be separately recorded, but as
a smooth hump on the main DSC trace declining arm.
They range about 0.1-0.5 and 0.5-2 kJ/mol, respec-
tively, and should also be taken into account for calcu-
lating the total enthalpy 3,AH and total entropy ZAS
changes associated with all the thermal transformations,
i, that complete the entire transit of the MC members
from the polymorph stable at the lowest temperature
up to the whole isotropic liquid. Both sets of data, 2,AH
and 2AS, evolve linearly with chain length n, as can be
seen in Fig. 8 where experimental results are given
alongside their regression fits.

The regression analysis carried out yielded correla-
tion coefficients better than 0.997 in both cases, the re-
gression coefficients being 7.00 kJ/mol and 19.55 J/
mol-K, respectively, equivalent to the dimensionless
figures of 0.42R and 1.18R per methylene group of the
total chain length. These contributions per CHy-group
in the thallium(I) hydrogen dialkanoates represent

about 80~-85% of those determined for the normal alka-
noic acids and the neutral thallium (I) salts. The central
rigid-molecule fragment, Tl-cation /H-bond network of
the thallium(I) hydrogen dialkanoates should intro-
duce some extra restriction for the connected flexible
alkyl chains to torsional oscillation in the crystal but,
once it peritectically disappears, should not represent
any additional rotation hindrance in the liquid. How-
ever, the IR spectrum of MC12 just above the melting
point, Fig. 4, indicates the existence of stronger interac-
tions (A, B, C bands) than in the case of the correspond-
ing acid dimers melt. Both constrictions imply that the
empirical values regarding the enthalpy and entropy
changes at the melting point must undergo some kind
of reduction, and the data quoted above may represent
quite reasonable estimates for the series of thallium (I)
hydrogen dialkanoates.

Finally, it seems worthwhile to remember that some
of these thallium acid soaps reversibly melt at ordinary
temperatures, £20°C around room temperature, with
a very important heat of melting, around 20-45 k] / kg,
which enables them to be considered as potential ther-
mal energy storage materials. B}

Manuscript received 7 June 1996 and in vevised form 7 November 1996.
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