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The polymorphism of normal saturated even carboxylic acids from n-decanoic to n-eicosanoic
acid is discussed. Seven crystal modifications, including polymorphs and polytypes, were identified
and fully characterized by the combination of calorimetric measurements (DSC) at atmospheric
and high pressures, X-ray powder diffraction, FT-IR spectroscopy and scanning electron
microscopy (SEM). All seven crystal forms, including polymorphs and polytypes, are observed at
room temperature. Forms A, and Agyper are triclinic, form C is monoclinic and forms E and B
show both a monoclinic and an orthorhombic polytype. The triclinic modifications A, and Agyper
predominate for acids up to n-tetradecanoic acid (C;4H,7,0,H). The orthorhombic and the
monoclinic forms predominate for acids from n-hexadecanoic (C;cH3;0,H) up to n-eicosanoic
acid (CyoH390,H). When the temperature is increased, all the crystal modifications transform
irreversibly to the C form. In the first part of this paper, cell parameters for the different forms
are given, the observed temperatures and enthalpies of the transitions are reported and the
stability of the different forms is discussed. In the second part, we state the main contribution of
each technique for the identification and interpretation of the polymorphism of even numbered

carboxylic acids.

Introduction

This work is the first part of a general study on the family of
even saturated n-carboxylic acids undertaken within the
REALM (Réseau Européen sur les Alliages Moléculaires)
group, which works on the elaboration, structural and ther-
modynamic characterization, modeling, and applications of
molecular alloy phase change materials (MAPCM) for energy
storage and thermal protection. Previous studies of the
n-alkane'? and n-alkanol®* families resulted in several com-
mercialized industrial applications.”’ That encouraged us to
undertake the study of the family of n-carboxylic acids,
beginning with a polymorphism comprehension, since they
are substances with high enthalpies of melting and, thus,
promising candidates for the design of new MAPCMs.

The polymorphism of carboxylic acids has been discussed
since the fifties but is still a matter of confusion and incom-
pleteness due to the high number of crystalline forms that
exist, the similarity of their structures, the difficulty of obtain-
ing isolated forms, and the difficulty of growing single crystals
of suitable quality for single crystal X-ray diffraction, which
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makes the identification and characterization of the different
forms a difficult task. In this paper an account is given of our
own systematic investigation on the polymorphism of the even
saturated n-carboxylic acids, from decanoic to eicosanoic acid,
by a complementary approach including X-ray powder dif-
fraction, differential scanning calorimetry (DSC) at different
pressures, Fourier transform infrared spectroscopy (FTIR)
and scanning electron microscopy (SEM) techniques.

Normal saturated carboxylic acids with general formula
C,H,,,_1O>H exhibit a rich and complex polymorphic beha-
viour. The polymorphism of the acids depends on parity, and
is a function of temperature. The appearance of a given form is
influenced by the temperature and the rate of crystallization,
the nature of the solvent, the purity of the acid itself and the
number of carbon atoms in the chain.

A’, B, C', C" and D’ crystal forms are mentioned for
carboxylic acids with an odd number of carbon atoms and
Ay, Ao, Az, Agupers Boyms C and E,jp, are mentioned for the
even numbered ones.®'! In general terms, the packing of these
forms consists of bilayers formed by dimers linked together
through a typical R3(8) hydrogen bond pattern according to
graph set notation.'” A summary of the structural data
reported in the literature is given in Table 1.

The structure of the C form®*® (P2,/a, Z = 4) was
determined from in situ crystallization and single crystal
experiments. In this crystal form all the molecules in the
asymmetric unit adopt an all-zrans conformation. The dimers
are arranged so as to exhibit terminal methyl and terminal
carboxyl group monolayers parallel to the (0 0 1) plane (Fig. 1).
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Table 1 Bibliographic data for the carboxylic acid structures solved
from single crystals

Phase Acid Space group V4 Ref.
A, C,H,;0,H Triclinic P1 2 13
Asuper C|2H2302H Triclinic PI 6 14

A’ C13H2502H Triclinic P1 2 15

A’ C,5sH,0-H Triclinic P1 2 16, 17
B’ C|5H2902H Triclinic Pi 4 18

B’ C17H3302H Triclinic PT 4 19

B/ CoH3,0,H Triclinic P1 4 20
Bm C|8H3502H Monoclinic P2]/a 4 21

B, C,gH350,H Orthorhombic Pbhca 8 22
En CsH350,H Monoclinic P2;/a 4 23

E, C,3H35s0,H Orthorhombic Phca 8 24

C C¢H,,0,H Monoclinic P2,/a 4 25P
C CgH;s0,H Monoclinic P2,/a 4 25b

C C,0H,00-.H Monoclinic P2,/a 4 25"

C C,H,;0,H Monoclinic P2,/a 4 25b

C Cy4H»,0-H Monoclinic P2,/a 4 25b

C C,¢H5,0,H Monoclinic P2,/a 4 26"

C CsH;350,H Monoclinic P2,/a 4 274
C C,H,;0,H Monoclinic P2;/a 4 25?
(el CoH,;0,H Monoclinic P2,/a 4 25"
C’ C,H,,0,H Monoclinic P2,/a 4 25k
C’ C|7H3302H Monoclinic P2]/a 4 11

C’ CyoH3,0,H Monoclinic P2,/a 4 11

c’ C,Hy1O,H Monoclinic P2,/a 4 11

C’ C23H4502H Monoclinic P2]/ll 4 11

ol C3H,50,H Monoclinic C2/c 8 11, 25
(o4 C,5H,90,H Monoclinic C2/¢ 8 25,11

“ Structure solved from powder X-ray diffraction. ? Structures origin-
ally reported in the conventional space group P2,/c.

Crystals of the B and E forms observed for C;sH3;0,H and
Ci3H350,H are indistinguishable by means of their morphol-
ogy. Structures of the B and E forms (Fig. 2) can be defined as
conformational polymorphs: the molecules of the E form have
an all-trans conformation whereas the molecules of the B form
adopt a gauche conformation around the C,—C; bond, as was
determined from a spectroscopic study.?® The difference in the
molecular conformation does not affect significantly the posi-
tion of the alkyl chains within the layers, the region between
the methyl groups being identical in both forms. In addition,
the B and E crystal forms of n-carboxylic acids exhibit
polytypism, which arises from a different stacking sequence
of the bilayers. A single bilayered monoclinic structure (P2,/a,
Z = 4), indicated with a subscript m, and a double bilayered
orthorhombic structure (Pbca, Z = 8), indicated with a sub-
script o, were found for the B and the E forms of

Fig. 1 Crystal packing showing three unit cells of the C form of
C1,H»30,H? represented in the P2;/a space group.

by

Fig. 2 Crystal packing of the B,,, B,, E,;, and E, (left to right) forms
of C18H3502H.21724

C1sH350,H.2"* As in the C form, the dimers of the B and
E forms are arranged so as the methyl terminal groups and the
carboxyl terminal groups gather in alternating monolayers.

Four different triclinic forms named A, A,, A; and Agyper
are vaguely mentioned in the literature. The Agp,., form has
space group P1 with 6 molecules per unit cell.'* However, von
Sydow described the Agyper form according to the usual
description for long chain hydrogen bonded structures—in
terms of the chain-packing of dimers—as A1 space group, with
12 molecules per unit cell.?® The 12 molecules are arranged
such that, within a monolayer, three adjacent molecules have
their carboxyl groups in one direction, and the next three
molecules have their carboxyl groups in the opposite direction.
There are two types of molecular conformation in the asym-
metric unit. In one type, the hydrocarbon chain has an all-
trans conformation (the plane of the carboxyl group is almost
parallel to the plane of the hydrocarbon chain). In the other
type, the carboxyl group is rotated along the C;—C, bond (the
plane of the carboxyl group is almost perpendicular to the
plane of the hydrocarbon chain). In contrast with the Agyper
form, the A, form of C,,H,30,H described by Lomer has P1
space group and two molecules per unit cell.'® The structure is
such that, within a monolayer, the carboxyl group of one
molecule is adjacent to the methyl group of the neighbouring
molecule (Fig. 3). Thus, in the A, (P1, Z = 2) and Aguper
(A1, Z = 12) structures, a given terminal plane contains both
methyl and carboxyl groups.

The form A, was first found by Kobayashi and co-workers,
who carried out a spectroscopic study on acids C4H,;0,H
and C;¢H;;0,H.%° They suggested a triclinic cell with sepa-
rated carboxyl and methyl monolayers and with two types of
molecules differing in the conformation of the carboxyl group.
In their study they found that, when the temperature is
decreased to 140 K, the A, form changes reversibly into the
As form. They observed a drastic change in the absorptions
associated with the vibrations of the carboxyl group; possibly
related to a rearrangement of the hydrogen bonds. To date the
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Fig. 3 Crystal packing of (left) the Asuper14 and (right) the A,"* (two
cells represented) forms of C;,H,30,H.

structures of the A, and A; forms have not been solved from
single crystal experiments.

Experimental
Materials

Samples of n-decanoic  (C1gH;9O,H), n-dodecanoic
(C1,H»30,H), n-tetradecanoic (C;4H,70,H), n-hexadecanoic
(C16H310,H), n-octadecanoic (CigH350,H) and n-eicosanoic
(C10H390,H) acids were purchased from Fluka and Sigma.
Their purity was > 99% according to GC-MS analyses.
Experiments were performed on samples of the materials as
purchased, on samples prepared by melting and quenching in
liquid nitrogen, and on samples obtained from crystallization
in pentane, isooctane, toluene, chloroform, ether and ethanol
in a rapid and in a slow manner. Rapid crystallizations,
yielding powder-like material, were carried out at room tem-
perature, by passing a stream of nitrogen gas over a saturated
solution. Slow crystallizations, giving larger crystals, were
carried out at controlled constant temperature (298 K,
295 K, 283 K, 279 K, and 259 K) on saturated solutions, by
evaporating the solvent in a gradual manner.

X-Ray powder diffraction analysis

Diffraction patterns were recorded in a horizontally-mounted,
120° and 25 cm of radius curved, position-sensitive detector
INEL CPS-120 in transmission geometry. The detector was
used in its 4096 channel resolution mode. Samples were placed
in 0.5 mm diameter glass Lindemann capillaries. Cu K(a-1)
radiation was selected by means of a Ge (1 1 1) primary flat
monochromator. A parabolic multiplayer mirror, ‘OSMIC
Gutman optics # 13B-413’, was placed between the tube and
the monochromator. Na,CazAlLF4, (NAC) was used as an
external standard to calibrate the detector and convert the
channels to 20 values. The data were linearized to a constant
step size of 0.029° in 20 by means of a cubic spline function.
Calibration and linearization were performed with the Peakoc
INEL software.’! The acquisition times for the room tem-
perature analysis were at least 13 h. The temperature depen-
dent analyses were performed in the FURCAP device from
INEL that enables heating of capillary samples from room

temperature to 523 K. Data acquisition was carried out at
several temperatures from room temperature to melting point,
and such that, after 15 minutes of stabilization, diffraction
patterns were recorded during 90 minutes.

Diffraction patterns of the C form were indexed using the
X-Cell algorithm.?? The final parameters of the C form were
determined after Rietveld refinement of the structures solved
by our group with MATERIALS STUDIO,*** a software
package for crystal structure determination from X-ray pow-
der diffraction data. Diffraction patterns of the B and E forms
were indexed using DICVOL?® software and refined with the
FULLPROF?® program using the pattern matching option.

Infrared spectroscopy

The infrared spectra were obtained from a Bomem DA3 FTIR
spectrometer equipped with a MCT (mercury—cadmium—
telluride) detector. All samples were finely powdered and
measured at room temperature using a diffuse reflection
accessory (DRIFT) under a nitrogen gas atmosphere. The
scanned range was 400-4000 cm~ !, with a resolution of
4 cm™~'. Each spectrum was recorded by averaging 100 scans.

Differential scanning calorimeter (DSC)

At atmospheric pressure, calorimetric measurements were
made with a Perkin Elmer DSC-7 calorimeter. In sealed
aluminium pans, the samples were heated, cooled and heated
again, at a constant rate of 2 K min~!. Analyses were
performed from 273 K to reach the liquid phase. A minimum
of three analyses per sample was done. The amount of sample
used for each measurement ranged between 4.7 and 4.9 mg.
The instrument was calibrated using indium and n-decane as
external standards to determine temperature and enthalpy.
The systematic uncertainties of temperatures and heat-flow
calibration coefficients for the DSC were evaluated as 0.2 K
and £2%, respectively. The random part of the uncertainties
associated with each measurement was calculated according to
the Student’s method with a threshold of 95% reliability.

DTA measurements at different pressures were carried out
with the equipment described by Pingel er al.?” The samples
were enclosed in small containers moulded from indium.
Compressed silicon oil was used as a pressure medium and
the temperature increase was adjusted to 2 K min~'. The
temperature values were measured with thermocouples during
the heating run.

Scanning electron microscopy (SEM)

Images were taken to study the morphology of the different
forms of the n-carboxylic acids. A Stereoscan 360 SEM (Cam-
bridge Instruments Ltd), working at an accelerating voltage of
2 kV and a beam current of 60 to 70 pA, was used to observe
the crystal shape of the E,,, forms. All samples were studied
mounted on a biadhesive carbon sheet, and sputtered with
gold. Due to the thermolability of the samples the sputtering
was done at a very slow rate. A field emission SEM (model
S-4100), working at an accelerating voltage of 5 kV and a
beam current of 8 pA, was used to study the crystal shape of
the Byyo. C, A and Agyper forms. In this case the samples were
sputtered with carbon.
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Fig. 4 (a) DSC analysis at 2 K min~' and (b) powder X-ray diffrac-
tion patterns at increasing temperatures of a mixture of E, A, and
C forms in a sample of C;sH3,O,H. The inset in part (a) shows the first
order solid—solid transitions from each individual form to the C form
during the first heating process (solid line). Solid-solid transforma-
tions are not observed during the second heating process (dotted line).

Results and discussion
Occurrence of the different forms

Seven crystal forms called A,, Agypers Bos Bm, Eo, Eiy and C,
were observed in the present study for even n-carboxylic acids
from ten to twenty carbon atoms. The different forms crystal-
lize from solvents individually or, usually, as a mixture and do
not convert to other forms at room temperature. On heating,
all the forms transform irreversibly to the C form, before
melting by means of a first order solid—solid transition, and
recrystallize into the C form on cooling. On the second
heating, only the melting of the C form is observed (Fig. 4).
Thus, once the C form is obtained it remains stable.

The influence of the polarity of the solvent and the rate of
crystallization on the polymorphism was studied systemati-
cally for C4H,;0,H and C;4H3,0,H, and to a lesser extent
for the remaining acids. The results obtained are summarized

Table 2 Crystal forms observed from room temperature crystalliza-
tions. Predominant forms are in bold and trace forms are between
parentheses

Rapid crystallization Slow crystallization

Acid WPS®  IPS® SPS° WPS?Y IPS®  SPS¢
C H,,0-.H A, C C C Agper €
Asupcr A2 (AZ) (C)
C super
CisH3 0.H A, En(E,) C C C B,
C C 2 Asuper
Em(Eo)
C18H3502H Em Em(Eo) - Bo Bo -
C B Bun
Ay Ay
En,
C
C20H3902H Em Em(Eo) 7 Bo go —

'm
@ WPS refers to weak polar solvents (pentane and isooctane). * IPS
refers to intermediate polar solvents (toluene, chloroform and diethyl
ether). ¢ SPS refers to strong polar solvents (ethanol).

in Table 2 and do not show any evidence of a systematic
behaviour such as to control the “polymorphic purity” of the
precipitate. The different crystal forms often crystallize to-
gether, yielding a mixture of polymorphs for all the acids
studied. Nevertheless, some general tendencies regarding the
occurrence of the different forms are observed.

Acids C;oH;9O,H and C;,H»30,H crystallize only as the C
form in our study. However, other authors described the A;
and the Agyper forms for C1,H;0,H."*!* In addition, the
occurrence of Cj,H,30,H in the B form was mentioned by
Clark.®

Acid C14H,70,H crystallizes mainly as the triclinic A, and
Aguper forms for the majority of the rapid crystallization
experiments, whereas the C form predominates for the slow
crystallization experiments. Pure A, form is obtained from
slow crystallization in pentane at 283 K. Pure Agpe, form is
obtained from slow crystallization in diethyl ether at 298 K
and pure C form is obtained from slow crystallization in
isooctane at 295 K.

Acid C;6H3,0,H crystallizes as A,, C and E,,,, with traces of
E, form (denoted E.(E,)) from the rapid crystallization
experiments. From slow crystallization experiments A,, Agyper,
C and B, forms are obtained. Independently of the crystal-
lization rate, the A, form is obtained from weakly-polar
solvents (pentane and isooctane). This form crystallizes as
needle-like crystals in the walls of the crystallization vessel
which are selected for their individual characterization. Pure
Aguper form is obtained from very slow crystallizations in
toluene at 295 K. The B,, form is obtained from slow crystal-
lization in ethanol at room temperature and in chloroform at
259 K. Pure C form is obtained in the vast majority of slow
crystallization experiments at 298 K. Pure E,,, form is never ob-
tained as traces of E, form are always present in the samples.

Acid C;gH;350,H crystallizes as the E,,, with traces of E,,
and C forms from rapid crystallization experiments, the E,
form being the predominant one. Forms A,, B,, B, E;, and C
are obtained from slow crystallizations, the B, form being the
predominant one. As for C;4H3;0,H, crystals of the A, form
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are selected for characterization from slow crystallizations in
isooctane at 298 K. Pure B,, form was obtained from slow
crystallization in toluene at 279 K. From toluene at 298 K, the
B, form with traces of B,, form was obtained.

Acid C5yH390,H crystallizes into the E,;, and E, forms from
rapid crystallization experiments, the E; form being the
predominant one. From slow crystallization experiments the
B, and E, forms were obtained the B, being the predominant
one. Pure B, is obtained from slow crystallization experiments
in toluene at 298 K. In addition, the B,, form, accompanied by
traces of the B, form, is obtained from slow crystallization
experiments in toluene at 279 K.

Thermal behaviour and stability

The solid-solid transitions and the solid-liquid phenomena
were analysed by means of DSC directly after the preparation
of the sample (Table 3 and Table 4).

The literature data concerning the solid—solid transition are
rather confused and incomplete; the polymorphs are not
clearly specified and the data disagree among the different
authors and with the results of the present investigation. The
differences can be attributed to many factors: the purity of the
samples, the nature of the solid phases involved and the
method used to determine the transition temperatures.

Measurements of the solubility and the melting points of the
B, C and A forms (without making any distinction between B,
and B,, and between the different A forms) were undertaken
by Sato and co-workers*” in order to determine their stability
relationships. They measured the solubility of the B and C
forms of C;gH350,H in n-decane, butanone and methanol at
temperatures ranging from 271 to 311 K and found that B has
the lowest solubility (is the most stable form) below 302 K, C
having the lowest solubility above this temperature. Measure-
ments carried out with the A form showed that it was
metastable (higher solubilities) over the whole range of tem-
peratures studied. Further experiments carried out by Sato
point to the same conclusion: the B and C forms co-exist at
certain temperatures (297, 305, 313 and 319 K for C;¢H3,;0,H,
C18H3502H, C20H3902H and C22H4302H, respectively); Bis
stable below and C is stable above that temperature, A being
metastable throughout.”*

The differences regarding the temperature of the B - C
transition between Sato’s data (solubility measurements) and
the present work (DSC measurements, Table 3) could be
attributed to kinetic effects since the solid-state transitions
between the polymorphic modifications are kinetically hin-
dered due to certain steric effects involving rearrangements in
the molecular conformation and the angle of tilt of the
molecules within the cell.’

To confirm the stability regions determined by solubility
experiments, DTA measurements at different pressures in the
range 500—1500 bar were performed in order to determine the
temperature—pressure equilibrium diagram.*® Samples of
CsH350,H in C, B, and E,, forms were used in the experi-
ments, the B, and E,, forms containing traces of B, and E,
forms, respectively. The obtained results do not give any
further information since the B, —» C and the E,, —» C
transitions cannot be detected with the equipment used. The

Table 3 Solid—solid transition measured temperatures and enthalpies

Solid-solid transition?

Acid Phase T7T/K AH/kT mol™'  Ref.
C,H,;0,H Aguper  308.1 8
C,H»;0,H B 283.1 38
C4H,,0,H A, 3150 £ 1.5 1.8 £04 This work
C4H,,0,H Agper 3253+ 04 6.4+ 0.7 This work
Cy4H2,0,H A 317.1 39
Cy4H»,0,H B 298.1 38
C6H3,0,H A, 324.7 + 0.6 2.6 +0.7 This work
Ci6H3,0,H Agper  331.0£0.5 7.6 £0.5 This work
C6H3,0,H A 332.1 39
Cy6H3,0,H En 316.7 £ 0.7 3.1+£0.2° This work
Ci6H3,0,H B 317.5 £ 0.6 49+04 This work
C6H3,0,H B 313.1 38
C3H;350,H A, 331.6 £0.2 2.8 +£03° This work
CysH;350,H A 327.1 39
C,sH;50,H A 337.1 9
CysH350,H E., 327.4 £ 0.6 43 +£0.3° This work
C,sH;350,H E 316.6 9
C,sH;350,H B 3244+ 0.7 54403 This work
CysH350,H B, 3259 £ 0.5 5.7 £0.3° This work
CysH;350,H B 324.1 5.1 9
C,sH;350,H B 328.1 38
CysH350,H B 319.1 39
Cy0H390,H E, 3328 £ 0.4 4.1+£03 This work
Cz()H3902H Bo 333.3 £ 0.6 6.1 +£0.2 This work
CyoH3900,H B 3326 £ 0.4 5.9 +0.2° This work
C,0H390,H B 325.1 39

“ The solid-solid transition involves the transformation from the room
temperature form to the C form. ? Enthalpy obtained from one
analysis. The error bar is estimated by comparison with the rest of
the results. ¢ The enthalpy is underestimated since traces of another
form (E,/m or B,/n) are present in the samples analyzed.

Table4 Melting temperatures and enthalpies measured on heating at
normal pressure. The solid-liquid transition always involves the
transformation from the C form to liquid phase

Acid T/K AH/kJ mol™! Ref.
CoH90,H 303.8 + 0.6 28.3 £+ 0.7 This work
CioHs0,H 305 25
CoH;s0,H 304.5 £ 0.1 28.0 + 0.1 40
CyoH90,H 304.7 + 0.1 294+ 1.2 41
C,H,30,H 3162 £ 0.4 36.1 0.8 This work
C,H;0,H 318 25
C12H2302H 3171 39
C,H,;0,H 316.9 £ 0.1 36.3 + 0.1 40
C,H;0,H 3172+ 0.1 36.7+ 1.5 41
C,4H,,0,H 326.5 + 0.5 450+ 1.3 This work
Cy4H,,0,H 328 25
C4H,,0,H 327.3 39
Cy4H,,0,H 327.3 £ 0.1 451+ 0.1 40
C,4H,,0,H 327.4 £ 0.1 447+ 1.8 41
C,¢H3,0,H 334.7 £ 0.5 53.0 £ 1.0 This work
Ci6H3,0,H 336.0 39
Cy6H;,0,H 335.6 £ 0.1 5374+ 0.1 40
Ci6H3,0,H 3358 £ 0.1 534+ 2.1 41
C5H350,H 3424 £ 0.3 632+ 1.4 This work
C3H350,H 342.8 39
C5H350,H 342.5 £ 0.1 61.2+0.2 40
C,5H;50,H 342.6 £ 0.1 63.0 2.5 41
C20H3902H 347.6 £ 0.3 71.6 £ 1.6 This work
CyH300,H 348.2 39
CyH300,H 348.2 £ 0.1 69.2 + 0.4 40
CooH300,H 348.4 + 0.1 72.0 + 2.8 41
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Table 5 Calculated lattice energies (Ejayice) Of the C, E,, E,, and B,
forms of C;3H350,H using the COMPASS force-field*’

Table 7 Cell parameters for the orthorhombic polytype (Pbca, Z =
8) of the B form

Crystal form | Elatticel /kJ mol ™! Phase Acid a/A h/A c/;\ V/;\3 Ref.

C 189 B, CsH3s0,H 7.408(3) 5.587(3) 87.69(6) 3629.4 This work
E, 194 CgH3s0,H 7.404(1) 5.591(1) 87.662(9) 3628.7 22

E., 194 CyoH30O,H 7.412(1) 5.592(2) 96.73(2) 4009.3 This work
B 195

=)

energy of these transitions is not sufficiently large and the
peaks not sufficiently sharp to give a reliable DTA signal. Only
the melting phenomenon, which involves the transition from
the C phase to liquid, is sufficiently energetic and sharp as to
give a reliable signal.

To complement these results, lattice energy calculations
were undertaken with the single crystal structures of the
Bo,”? E,2> and E.2* forms of C;gH3s0,H available in the
literature, and the structure of the C form solved from powder
data in our group. Using the COMPASS*’ force-field, all the
structures were fully optimized and the lattice energy calcu-
lated in order to predict the relative stability of the different
polymorphs. The B,, form was discarded since the reported
structure is incomplete; coordinates of the hydroxylic hydro-
gen are omitted. The enthalpy of sublimation, AHy,,, of a
solid is the experimental thermodynamic quantity describing
the stability of the crystal structure. This enthalpy can be
defined by eqn (1), where the lattice energy, Ejauice,» then
constitutes an approximation to AH,,, and consequently to
the stability of a crystal.*® According to the calculated lattice
energies displayed in Table 5, the B, and the E,, forms of
CsH350,H are more stable than the C form by 6 and 5 kJ
mol ™!, respectively, at 0 K, which agrees with the conclusions
reported by Sato from solubility experiments.

AI—Isub = _Elatlice — 2RT (l)

Structural characterization

X-Ray measurements made with the INEL CPS 120 at room
temperature were used for the crystallographic characteriza-

Table 6 Cell parameters of the C form (P2,/a, Z = 4)

tion. Cell parameters obtained after Rietveld refinement of the
C form for acids from C;oH;9O,H up to C,0H390,H (Table 6)
show that the C form is monoclinic (P2;/a, Z = 4). The
differences compared to the previous single crystal results (ref.
25) can be explained in terms of the thermal expansion of the
cell. According to these results, the cell volume of CoH;9O,H
changes from 1063 A® at 170 K to 1116 A* at 270 K. Conse-
quently, a volume of 1129 Alis expected at room temperature.

A linear evolution of csinf (the thickness of a double layer
of molecules) along the different members of the family is
observed for the C form, whereas a and b parameters can be
considered constant, concluding that the C form is isostruc-
tural for the compounds studied.

The monoclinic B, and E, polytypes of C;sH3;O,H,
CigH350,H and C,gH39O,H have space group P2;/a with
Z = 4, while the orthorhombic B, and E, polytypes have
Pbca space group with Z = 8. Cell parameters are reported
in Tables 7 and 8.

According to the variation of the unit cell parameters, the
B, form is isostructural for acids C;gH350,H and C,yH39O,H
and the B, and E, forms are isostructural for acids
C16H3102H, C18H3502H and C20H3902H.

The cell parameters of the triclinic forms need further
crystallographic investigation in order to be determined. To
date, the powder X-ray diffraction patterns, the SEM images
and the DSC analysis confirm the existence of two different
types of triclinic forms: one that matches the characteristics
reported by Kobayashi ez al.° for the A, form of C;sH3,0,H,
and the other that matches the characteristics reported by von
Sydow® and Goto and Asada'* for the Aguper form of
Ci,H»30,H. For that reason we keep the notation. The

Acid alA b/A /A B° N T/K Ref.
CyoH,40,H 9.834(1) 4.940(1) 37.47(1) 141.94(1) 1122.2 298 This work
CyoH,90,H 9.3977(6) 4.9612(3) 37.372(2) 142.405(4) 1063.0 170 25¢
CyoH,00,H 9.716(7) 4.973(5) 37.593) 142.10(8) 1115.7 270 25¢
C12H,30,H 9.604(1) 4.953(1) 42.30(1) 139.78(1) 1299.5 298 This work
Cy,H,;0,H 9.5266(6) 4.9627(3) 42.379(2) 139.905(2) 1290.4 270 25¢
Cy,H,;0,H 9.52(2) 4.97(1) 35.39(7) 129.22(2) 1297.2 — 49
C,H,;0,H 9.63(2) 4.966(4) 35.58(8) 129.6(1) 1311.0 — 50
Cy4H,,0,H 9.497(1) 4.972(1) 44.45(1) 134.81(1) 1489.0 298 This work
C14H,0,H 9.4260(11) 4.9652(5) 43.972(3) 134.311(4) 1472.6 270 25¢
Cy4H,,0,H 9.51(2) 4.968(4) 40.71(8) 129.1(1) 1492.6 — 50
Ci¢H;,0.H 9.440(1) 4.975(1) 45.74(1) 128.65(1) 1677.5 298 This work
Cy6H3,0,H 9.406(3) 4.949(2) 45.61(1) 128.661(5) 1658.0 298 26°
Cy5H350,H 9.354(1) 4.960(1) 50.82(1) 128.38(1) 1848.3 298 This work
C,3H;50,H 9.36(2) 4.95(1) 50.7(1) 128.3(3) 1843.5 — 27
CysH350,H 9.36(2) 4.956(4) 50.76(8) 128.2(1) 1850.4 — 50
CaoH300,H 9.318(1) 4.956(1) 53.73(1) 124.98(1) 2033.2 298 This work

¢ Structures originally reported in the conventional space group P21/c and transformed to P2,/a.
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Table 8 Cell parameters for the monoclinic polytype (P2,/a, Z = 4) of the B and E forms

Phase Acid alA b/A /A B/ N Ref.

En C,¢H;,0,H 5.622(1) 7.379(1) 45.67(1) 119.64(1) 1646.5 This work
C,sH350,H 5.608(1) 7.386(1) 50.75(1) 119.44(1) 1830.7 This work
C,sH350,H 5.603(1) 7.360(1) 50.789(9) 119.40(2) 1824.6 23
C,oH300,H 5.601(1) 7.384(1) 54.05(1) 115.34(1) 2020.1 This work

Bum Cy6H3,0,H 5.592(1) 7.415(1) 46.30(1) 121.80(1) 1631.5 This work
C,sH350,H 5.598(1) 7.397(1) 49.44(2) 117.24(1) 1820.3 This work
CisH;50,H 5.587(10) 7.386(6) 49.33(8) 117.24(9) 1809.9 21
C»oH300,H 5.582(1) 7.404(1) 54.57(1) 117.60(1) 1998.7 This work

differences observed between the two triclinic forms are
explained in the following sections.

X-Ray powder diffraction and differential scanning calorimetry
(DSC)

To identify the different crystal forms it is convenient to divide
the experimental powder diffraction pattern into two regions,
the low angle region (3—15° in 20) and the middle angle region
(19-25° in 26).

In the low angle region (Fig. 5), the position of the (0 0 /)
reflections for the P2;/a space group and the Pbca space group
allows the unambiguous identification of the C and the A,
forms (Fig. 5a). The presence of the E,, or the By, forms, or
even a mixture of them, can be detected according to this
family of reflections but they cannot be distinguished due to
their similar structures (Fig. 5c). The pattern of the A,per form
(Fig. 5b) shows the evenly spaced (0 0 /) reflections, with / odd
absent, typical for n-carboxylic acids, plus further reflections
that correspond to the (0 & /), and the (0 k /) family, the rest of
the pattern being similar to that of the A, form.

To distinguish between the B and the E forms and their
orthorhombic and monoclinic polytypes, we propose guide-
lines 1 and 2, respectively:

(1) As shown in Fig. 6a for the E, and B, forms of
C,3H;350,H, the (2 0 0) reflection (at a 20 value around 24.1°
within the reported experimental conditions) is shifted to high
angles for the E form, while it is shifted to low angles for the B
form, independently of the polytype considered.

(2) As shown in Fig. 6b for the B, and the B, polytypes of
C,gH350,H, the orthorhombic polytype has three reflections
more than the monoclinic polytype. As observed from Fig. 6b,
all reflections for the B, and B, polytypes of C;3H350,H
overlap except the three reflections of the B, form that
correspond to (1 1 5), (1 1 7)and (1 1 11) (at a 26 value of
20.52°, 21.12° and 22.82° respectively, within the reported
experimental conditions). An analogous behaviour is shown
by the E,, and E, polytypes, where all reflections overlap for
both polytypes, except the reflections (1 1 6), (1 18), (1 1 10)
and (1 1 12) of the orthorhombic polytype (at a 20 value of
20.78°, 21.46°, 22.30°, 23.29°, respectively, within the already-
mentioned experimental conditions).
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Fig. 5 Low angle X-ray powder diffraction patterns of (a) a mixture of A, (O), E,, (@) and C (*) forms of C;cH3,0,H, (b) Agyper form of
C1,H»30,H simulated from single crystal data'* and (¢) By, and E,, forms of C;gH350,H.
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When traces of one form are present in a sample, DSC is a
suitable technique to confirm it since it has higher sensitivity
than powder X-ray diffraction.

Temperature, shape and enthalpy of the phase transitions
are an indicator of the form present (Fig. 7). The Agyper = C
transformation has the highest transition point, occurs just
before the melting and the curve is overlapped by the melting
peak (Fig. 7a). The A, — C transition has a broad peak and
occurs at a higher temperature than By, — Cand Eyy, - C
(Fig. 4a). The transitions from By, and from E,, modifica-
tions to the C form take place in the same range of tempera-
tures. Still, a significantly more energetic and sharper peak is
characteristic for the B, — C transformation than for the
Eom — C one; for the latter, a broad peak is observed (Fig.
7b). The coincidence in temperature but not in energy among
the B,y and B, to C transitions can be explained in terms of
their structures, since the transformation By, — C involves a
change in the molecular conformation of the C,—C; bond from
gauche to all-trans, which it is expected to need more energy
than the transition from E,, to C.

To conclude, X-ray powder diffraction allows the identifica-
tion of the C and the triclinic forms (Agper and A,). However,
the identification of the B and E forms is not so straightfor-
ward, even more when mixtures of forms are present—which is
the most common case. In such cases, DSC analyses and
infrared spectroscopy, as explained in the next subsection,
are the way forward to distinguish between the E and the B
forms.

Infrared spectroscopy (FT-IR)

The infrared spectra of the carboxylic acids show the char-
acteristic bands of the n-alkanes®' plus the bands caused by the
vibrations of the carboxyl group (Table 9) and its interaction

with the hydrocarbon chain. The vibration mode assignment is
based on previous studies.?®30-%33

By means of infrared spectroscopy with polycrystalline
samples, the forms A and B can be identified and distinguished
from E or C, since there are characteristic bands associated
with their specific molecular conformation. The different
polytypes or triclinic modifications are only distinguishable
by single crystal polarized infrared spectroscopy. Thus, the
distinction between the polytypes and the modifications of the
A form is disregarded in this section. Representative FT-IR
spectra of the A,, E,, C and B, forms are shown in Fig. 8.

The (C=0) band (1721 and 1698 cm ') is split only for the
B form due to the chain tilt of the molecules within the unit cell
that, together with the gauche conformation of the molecules,
allows the carboxyl groups in neighbouring dimers to be close
enough to interact. The 6(CH,) (1472 cm™!) and the #(CH,)
(718 cm™ ") bands are single bands for the A form, otherwise,
the bands are split due to a different chain—chain interaction of
the molecules in the subcell. An exhaustive description of the
different forms in terms of the subcell is found in ref. 54. For
the matter of concern, the different triclinic A forms have a
triclinic subcell, T||, with parallel molecules. Instead, the E, B
and C forms have an orthorhombic subcell, O L, with per-
pendicular molecules. Therefore, the different type of interac-
tion between the chains induces the splitting of the bands
associated with the methylene group.

The w(CH,) progression of bands (1320-1180 cm™))
coupled with the carboxyl vibrations appears as a regularly
spaced succession of bands for the structures with all-trans
molecules (E and C). The gauche conformation of the mole-
cules in the B form and the particular conformation of the
molecules in the A forms cause strong interactions between the
methylene and the carboxyl group, making the progression
rather irregular.
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Fig. 7 DSC curves of (a) A, and Agyper forms of Ci4H,;0,H and (b)

E. and B, forms of CyyH300,H recorded at 2 K min~'. Insets:
expansions of the DSC curves close to the transition temperature.

The gauche conformation of molecules of the B form also
affects the (C—C) vibrations (1150-1000 cm™'). The band at
1122 em™! is associated to the C—C stretching coupled with the
carboxyl group whereas the band at 1098 cm ™ is associated to
the coupling with the methyl terminal group showing for the B
form a band at 1122 cm ™' significantly more intense than the
one at 1098 cm™'. The relative intensities are inverted for the

Table 9 Most frequent vibrations of the carboxylic functional group
as dimer

Frequency/
Type of vibration cm™! Intensity
OH stretching ~3000 Broad and strong
Overtone and combination 2700-2500 Medium-weak
bands
C=O0 stretching asymmetric 1740-1660 Broad and very
strong
C=O0 stretching symmetric 1687-1625 Weak
C-OH bending in plane 1440-1395 Medium
C-O stretching 1315-1280 Strong
O-H bending out of plane 960-875 Medium
O-C=0 690-630 Strong
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Fig. 8 Main zones of the infrared spectra at 298 K of CsH3,0,H in
A,, E,, and C forms and of C,oH39O,H in B, form. Asterisks indicate
the most relevant bands to identify polymorphs.

E, C and A forms. The unique band to distinguish the E and C
forms is at the 6,0,(OH) zone (960-875 cm "), which is highly
sensitive to the conformation of the polymethylene skeletal
chain; broad single bands are found at 937 cm'and 941 cm™!
for the E and C forms, respectively. The 6;,(O-C=0) band is
an intense single band at 645 cm™! for the B form. The band is
shifted to 686 cm ™" for the E form. A double band is observed
for the triclinic forms at 683 and 638 cm™!, in agreement with
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Fig. 9 SEM images of (a, b) A, and (c, d) Agper forms of
C14H270,H.

the two different molecular conformations in the triclinic
structures. A broad double band at 688 and 668 cm™' is
assigned to a cis/trans tautomeric equilibrium exclusive of
the C form that involves the transfer of a proton between
the molecules of the dimer unit.>® The tautomeric equilibrium
is only possible for the C form because of its suitable oxyge-
n—oxygen distances of 2.62 A. The proton transfer has not
been observed in the other forms due to larger oxygen—oxygen
distances.*" **

To summarize, FT-IR spectroscopy is the proper technique
to distinguish among the E and B forms and therefore it
complements the information extracted from X-ray powder
diffraction data. It is also possible to identify the triclinic
forms by means of this technique as has been explained.

Scanning electron microscopy (SEM)

Crystals of the A, form have needle-like shape and dendritic
growth (Fig. 9a). In a similar way, the Agyper form crystallizes
as long fibres (Fig. 9c). Images taken with greater magnifica-
tion show that the needle-like crystals of the A, form (Fig. 9b)

Fig. 10 SEM images of (a) a crystal of the C form of C;¢H3,;0,H, (b)
a crystal of the E form of C;sH3;0,H, (c) a crystal of the B form of
C13H3502H.

have an irregular surface rather than the fibrous aspect of the
Aguper form (Fig. 9d), confirming the existence of two different
types of triclinic structures as observed by powder X-ray
diffraction and DSC experiments.

Fig. 10a shows the plate-like crystals with prismatic shape
and an acute angle of around 54°, characteristic of the C form.
Similar crystals with a larger acute angle (around 74°) are
characteristic of the E,, (Fig. 10b) and the B,y forms (Fig.
10c). The structural similarities observed by X-ray powder
diffraction analysis among the B and E forms agree with their
identical morphology.

The C, Bym, and E,, forms, with plate-like morphology,
have the carboxyl groups and methyl groups in different
terminal planes parallel to the ab plane. This plane corre-
sponds to the faces with the lowest attachment energy, which
developed slower and therefore have the most morphological
importance. In the Agyper form, each terminal plane contains
both carboxyl and methyl terminal groups, which will cause
strong hydrogen bond interactions along a direction rather
than in a plane, giving rise to long fibres.

Moreover, when a mixture of forms was determined accord-
ing to X-ray powder diffraction and DSC measurements, the
individual morphologies were identified by SEM.

Conclusions

The DSC analyses on even saturated carboxylic acids reveal
high enthalpies for the solid—solid transition and especially for
the solid-liquid process. That makes saturated n-carboxylic
acids and their alloys suitable candidates as molecular alloy
phase change materials (MAPCM) to be used in the fields of
energy storage and thermal protection.

The polymorphism of this family of compounds depends on
the solvent used for crystallization, the temperature and the
rate of crystallization, the purity and the parity of the acid.
Triclinic forms predominate for acids with up to 14 carbon
atoms, while monoclinic and orthorhombic forms (B, E and C)
predominate for longer members of the family, in the range
studied. Whatever the forms present at room temperature all
of them transform irreversibly to the C form before melting,
which is the stable form at high temperatures, the B form being
the stable one at room temperature.

According to X-ray powder diffraction, the forms C (P2,/a,
Z = 4), B, (Pbca, Z = 8), B, (P21/a, Z = 4) and E,;, (P2,/a,
Z = 4) are isostructural for the compounds studied herein, but
the C, B,, B, and E,, forms are not isostructural to each
other.

The family of the (0 0 /) reflections in the diffraction pattern
is used to identify the A, the Agyper and the C forms. The
Aguper form gives further (0 k£ /) and (0 k& [) reflections in this
region. On the other hand, the middle angle region of the
pattern provides the necessary information to distinguish
among B and E forms and among their monoclinic and
orthorhombic polytypes, as discussed in the text.

The infrared spectra recorded on polycrystalline samples
show the characteristic bands due to molecules with a gauche
conformation involving the C,—C;3 bond characteristic for B,
and B,, forms as well as the intermediate conformation of the
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C,—C, bond of the triclinic forms. It is the most suitable
technique to differentiate between the B, and E,y, forms.

SEM images confirm the high structural similarity between
the B,m and E,, forms since both show exactly the same
plate-like crystals, while needle-like crystals are observed for
the A, form and fibres for the Agpe, form.
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