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Stability of lauric acid at high pressure studied by Raman
spectroscopy and picosecond acoustics

Sayed Mohamed Bager Albahrani, Guilhem
Simon, Simon Ayrinhac, Michel Gauthier,
Frederic Decremps, Isabelle Lisiecki, Salvatore
Constanzo, Philippe Colomban

Abstract Lauric acid is commonly used as a coating agent which efficiently pro-
tects against oxidation and/or coalescence a set of inorganic nanocrystals obtained
by chemical process. Its stability under pressure is likely to be informative on the
stability and ordering of compressed supercrystals of nanocrystals. Therefore the
elastic behaviour of lauric acid submitted to high pressures up to 25 GPa is studied.
This elastic behavior has been probed by two complementary in situ techniques
at high pressure : Raman spectroscopy and picosecond acoustics. Comparison be-
tween pressure-induced transformations as observed with the two techniques sug-
gests that lauric acid remains elastically stable above 2 GPa up to 25 GPa.

Keywords fatty acid; lauric acid ; supracrytals ; high pressures ; Raman
spectroscopy; picosecond acoustics

1 Introduction

Ordered 3D assemblies of metallic nanocrystals (NCs), called supercrystals, exhibit
interesting properties in phononics, optics, magnetism and so on [1-5]. Among this
class of nanomaterials, Cobalt (Co) supracrystals are promising materials for many
applications such as ultrahigh density magnetic data storage, electronics and sen-
sors [6—10]. One of the prerequisite to create supercrystals is the use of highly stable
NCs characterized by a narrow size distribution. For example, lauric acid coated
Co NCs with a mean diameter and size distribution of 7.1 nm and 11% respectively
are synthesized using chemical reduction of Co salts, like Co(AOT), and lauric acid
as coating agent and they are used as the building units of long-range ordered fcc
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supercrystals [11,12]. Lauric acid (or dodecanoic acid) is a saturated fatty acid,
with a 12-carbon atom chain, found mostly in coconut oil (47%) which is a com-
mon vegetable oil. When used in Co supracrystals, these organic molecules fulfill
two main functions : (1) they prevent efficiently the oxidation of the cobalt as well
as the coalescence between the particles ; (2) they act like mechanical nano springs
holding together the NCs in a regular network [13,4]. Thus, they not only ensure
the stability of both the NCs and their 3D organisations but they also play a key
role in the structural characteristics, and the properties of the supercrystal. The
self-assembly and the stability in supracrystals results from a complex interparti-
cle interaction forces including: interactions between organic chains, interactions
between Co nanospheres and interactions between Co NCs and the chains. These
interactions are far from being understood [1]. These interactions can be explored
by submitting these systems to high pressure or high temperature conditions. It
should be noted however that pressure permits to increase more efficiently the
interactions. Under high pressure, instabilities can lead to phase transitions, for
instance from face-centered-cubic (fcc) structure to hexagonal close packed (hep)
”super”structure, or also can favour an increasing/decreasing of the coherence
length [14].

Considering that the Co nanospheres are regularly ordered in a fcc superlattice
in an idealized case within a supracrystal [10], the coating agent occupies more
than 50% of the volume of the sample (as depicted in the supplemental material
of Ref. [4]). As mentioned below, the coating agent may strongly contribute to
determine the physical properties of the overall system, especially if consider that
the stability of crystalline cobalt lattice inside a nanoparticle is maintained up
to 100 GPa [15]. So the behaviour of the lonely lauric acid submitted to extreme
conditions of pressure is worth being investigated. Unlike the reported effect of
temperature on lauric acid used as a phase material for energy storage [16], no
results on the effect of pressure is reported in literature.

In the current study, we report a high-pressure study of polycrystalline lauric
acid in order to identify the eventual phase transformations occurring in the range
of pressure between ambient up to 25 GPa. The choice of a polycrystalline struc-
ture is motivated by the fact that the lauric acid chains within Co supracrystals
are distributed in a random and disordered manner. Polycrystalline lauric acid
can thus be considered equivalent to these chains, and be used as a good model to
describe their random orientation, provided that the volume probed by our tech-
niques is superior to that of a monocrystalline domain. The investigation of phase
transformations is performed with two complementary in situ techniques: Raman
scattering technique and picosecond acoustics technique. The latter is equivalent
to time-resolved Brillouin spectroscopy, and it exploits the sound velocity as a
sensitive tool to probe the phase changes in material [17].

Many data have been reported in literature on the elastic properties of liquid
fatty acids (see for example [18] or [19]), but to our knowledge, this is the first
time that elastic properties are measured at high pressure in a solid fatty acid.
The lack of results in these extreme conditions are likely due to the difficulty
encountered during the measurements of ultrasonic propagation in solid fats (pure
solid triglycerides) which tends to form voids upon cooling [20].

Phase transitions were, nevertheless, detected in other solid fatty acids : in
palmitic acid [21], in oleic acid [22], or in linoleic acid [23]. However, these phase
transitions are detected only in Raman scattering.
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2 Experimental details
2.1 Sample preparation

The generating pressure apparatus is a membrane diamond anvil cell (mDAC, Le
Toullec type) equipped with two diamonds with a culet diameter of 400 pm.

A small piece of aluminum is firstly mashed between the two culets to obtain a
metallic transducer, with a thickness around 150 nm. A small piece of solid lauric
acid (from Sigma-Aldrich, purity 98 %) is then smashed between the culets inside
a hole drilled in a metallic gasket (using laser micro-machining device). Then the
DAC is put into an oven around 100°C so lauric acid is melted before the complete
closure of the DAC to ensure that the hole is fully filled.

The orientation of lauric acid crystal is not controlled and is supposed to be
polycristalline. Two ruby microspheres are introduced in the sample chamber, in
order to monitor the pressure thanks to the ruby fluorescence Raman pressure-
induced shift [24].

2.2 Picosecond acoustics

The picosecond acoustics technique is an optical pump-probe technique used to
probe the acoustic response of a sample at the nanosecond scale [25]. The experi-
mental setup is the same as the one used in previous experiments by some of the
authors of the current paper, and a detailed description is presented therein [26].
A femtosecond Ti:sapphire laser source emits an infrared beam at Ao=800 nm
that is splitted into pump and probe beams. The pump laser beam is focused on
the aluminum metallic transducer on which lauric acid sample lies, whereas the
probe laser arrives to the opposite surface of the sample after passing through a
delay line in order to perform time-varying measurements. The local heating of
the metallic transducer creates a strain wave that propagates inside the sample.
The interference between the probe beam reflected by the static interfaces of the
sample and reflected by the the propagating strain wave produce oscillations in
the signal. These time-resolved oscillations are called Brillouin oscillations since
they are analog to the frequency-resolved Brillouin scattering [27].

At normal incidence, the frequency f of these oscillations is given by the for-

mula
2nv
— 1

=3 1)
where n is the refractive index of the transparent medium at the wavelength \g and
v is the longitudinal sound velocity. The probed frequency of the phonon inside
the wavepacket of the propagating strain wave and the period T of the Brillouin
oscillations are related by the obvious relation T'=1/f.

2.3 Raman scattering

Raman scattering is an inelastic process in which one incident photon at the fre-
quency wpyp, interacts with a vibrational quantum of the probed material and give
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Fig. 1 Typical signal (raw data) of relative reflectivity variations in lauric acid at P=14.1 GPa
and ambient temperature. Brillouin oscillations are extracted after substraction of a base line
(red curve).

rises to a scattered photon at the frequency ws = wpp &+ wy. The plus and minus
signs stand for anti-Stokes and stokes processes respectively.

The Raman spectra were collected using a HR800 LabRam setup from Horiba
Scientific equipped with a cooled charge coupled device (CCD) detection system.
Excitation was done with the green line of Argon Laser at A\g = 514.5 nm. The laser
power at the focus point was 50 pW. A long working distance microscope objective
(x50, Mitutoyo) with a focal distance of 20.5 mm and numerical aperture (NA)
of 0.24 was used to focus the laser and collect the scattered light from the sample.
The spot size was about 50 um? at the focus point and a confocal hole was used
to avoid scattering contribution of the diamonds. The Raman setup was equipped
with volume Bragg filters from Optigrate allowing low wavenumber measurements
down to 10 cm ™! with high throughput.

3 Results and discussions
3.1 Picosecond acoustics

A typical signal of the relative reflectivity variations in lauric acid at ambient
temperature and high pressure is shown in Fig. 1. The damping of Brillouin os-
cillations is due to both acoustic attenuation of the strain wave at the frequency
f and optical absorption of the probe at the Ao wavelength. The analysis of the
damping is rather complicated since it has to take into account acoustic diffrac-
tion, coherence time and depth of the probe light laser pulse [27]. The steep change
observed around 0.36 ns corresponds to the arrival of the propagating strain to
the surface of the transducer.

Picosecond acoustics permits an in-depth resolution in transparent materials.
It can be used to determine elastic inhomogeneities [28] or to probe grains in a
polycristalline sample if those are large enough [29,30]. After subtraction of the
base line, short time Fourier transform (STFT) is performed on the signal, with
a normalization of the amplitude (Hanning window, 0.26 ns width). The result
is shown in Fig. 2. The steep variations of frequency are probably due to the
polycristallinity of the sample. Here in the STFT, two domains are visible with
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Fig. 2 Frequency as a function of time obtained by a short time Fourier transform (STFT)
of the signal shown in Fig. 1 after subtraction of the background and normalization of the
amplitude. See text for details. Color scale range from low signal (blue) to hig signal (red).

different frequencies of 38.0 and 40.4 GHz. The size of the different domains is
strongly dependent of their localization within the sample.

The frequency of the Brillouin oscillations f as a function of pressure for solid
lauric acid is shown in the Fig. 3 up to 25 GPa. Period measurements from Bril-
louin oscillation are very accurate (the relative error is around 0.1%) so the data
dispersion is rather to be attributed to pressure gradients inside the sample, as
well as the probable polycristallinity of the lauric acid. Measurements were made
with increasing, and then with decreasing pressure. The reproducibility of the fre-
quencies demonstrates the reversibility of the transformations induced by pressure.
The increase in frequency is related to the increase of longitudinal sound velocity
v and refractive index n through the Eq. 1. Sound velocity v is very sensitive to
detect modifications in elastic properties varying P,T conditions and hence to de-
tect phase transitions ??. A continuous and smooth increase in v claims that the
compound remains elastically stable above 2 GPa up to 25 GPa.

The inset in Fig. 3 shows an estimate of the pressure gradient AP evolution
with pressure level in the DAC. AP was roughly estimated with the formula AP =
%|P2 — Py, where P; and P2 are pressures measured with two ruby microspheres
placed in two opposite sides of the sample (separated at a distance of around
200 pm). The pressure gradients increase as the pressure level increases, confirming
the presence of some non-hydrostaticity within the sample at higher pressures. It
can be noticed by the way that the value of AP permits a direct comparison
of lauric acid with many other pressure transmitting media (PTM) studied in
literature [31]. These comparisons show that lauric acid can be considered as a
”soft” PTM : it exhibits less non-hydrostatic effects than Iso-n-pentane mixtures,
and it solidifies in a comparable way to that of liquids or oils.

Miles et al. [32] have reported measurements of the velocity of ultrasound as a
function of temperature in a number of predominantly solid animal and vegetable
fats. Sound velocity values range between 1990 and 2080 m-s~! in solid phase
at 242 K. This range of velocities combined with a refractive index around 1.5
yields an estimate of f = 7.5 GHz at ambient pressure, in agreement with the
measurement obtained at the lowest pressure point shown in Fig. 3. Furthermore,
by using the value of density of lauric acid at ambient temperature and pressure,
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Fig. 3 Brillouin frequency in solid lauric acid at ambient temperature, as a function of pressure
upstroke (filled squares) and downstroke (empty squares). The frequency values and error bars
come from STFT analysis of the signals. The dispersion of the frequencies (shaded area) above
1 GPa is mainly due to the sample polycrystallinity. Between 1 and 2 GPa (filled circles) the
signal contains low-frequency Brillouin oscillations, which can be attributed to a reminiscent
part of the low-pressure phase. (Inset) Rough estimate of the pressure gradient AP with two
ruby microspheres, which indicates the increase of the pressure gradient inside the sample.

po = 1007 kg/m? [33], we can estimate the bulk modulus of lauric acid in the same
conditions by using By = pov2 = 4 GPa.

3.2 Raman scattering

The assignments of the Raman modes can be done with the help of literature data
on other fatty acids such as palmitic acid [21]. Since lauric acid samples used in
this study are polycrystalline, all the vibrational modes should be observed. A
comprehensive vibrational study of fatty acids (C = 9, 12, 14, 16, 23 and 26) have
been made much earlier at room and low temperature [34-36]. These compounds,
consisting of a carboxylic head connected to a zig-zag paraffinic chain ended with
a CHjs group, have the peculiarity fo form dimers stabilized by a strong H-bond
between two adjacent carboxylic heads. Among these acids, palmitic acid (C16
hexadecanoic acid with (CHz2)14 chain) and stearic acid (i.e. C18 octadecanoic acid
with (CH2)16 chain) have already been studied by Raman spectroscopy in a DAC
at room temperature [37,23]. Four phase transitions at ~1, 6, 12 and 16 GPa have
been identified by Raman spectoscopy in palmitic acid [37] and detailed analysis of
stearic acid crystals pointed out that 3 phases can be identified below 4 GPa [21].

The raw data spectra, and the associated bands, are shown in Figs. 4-7. The
lines in wavenumber vs. pressure graphs are guides for the eyes : solid lines are
used for major bands and dot or dashed lines are used for minor bands. Figs. 4-7
show the spectra recorded up to ~19 GPa in the spectral range allowed by DAC,
namely low (20-400 cm™ '), medium (800-1200 and 1400-1700 cm™ ') and high
(2700-3200 cm™ ') wavenumber ranges for the lauric acid. Many runs have been
made and thus the spectra recorded in the different windows have been recorded
independently. Different pressures are also obtained depending on the studied ar-
eas in the DAC chamber. In the low wavenumber range (Fig. 4 (a)), two strong
bands at 60 and 200 cm ™! are observed at ambient pressure (noted 0 GPa). The
first mode (60 cm™!) is assigned to a lattice mode involving the O-HO bond be-
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Fatty acid (chain) Transitions (GPa) Ref.

Lauric [(CHz2)10] 1, 5,12 This work
Palmitic [(CH2)14] 1, 6, 12, 16 37]
Stearic [(CH2)16] 2.4, 3.3 [21]

Table 1 Comparison between the pressure-induced phase transitions observed in lauric acid
via Raman spectroscopy, and those reported in literature on other fatty acids.

tween two adjacent chains within a dimer and also to the CCC chain. The second
mode (200 cm ™) is assigned to a combination of the CCC chain bending with the
OO stretching mode of the H-bonded dimer [34]. The rather large broadness of
these bands indicates some orientational disorder, as expected for low wavenum-
ber modes of a compound close to its melting temperature (316.2 K)[38]. In the
medium wavenumber range, several bands are observed (Fig. 5 (a)). According to
Ref. [35], the doublet at 890 and 905 cm ™" is assigned to p(CHz) rocking modes,
and the triplet at 1060-1075-1120 cm ™! is assigned to vC-C stretching modes, and
the massif between 1400 and 1500 cm ™! corresponds to a §(CHz) scissoring mode,
plus a minor contribution of the CHs mode.

A phase transition takes place just after application of the pressure, at around
1 GPa. Indeed, the spectrum recorded at this latter pressure reveals more lattice
mode components compared to the one obtained at ambient pressure (8 instead
of 3 below 150 cm ™!, as shown in Fig. 4), which indicates a lower symmetry or a
higher unit-cell Z number. This transition is due to the sensitivity of weak bonds
against pressure. More experiments can be performed to characterize finely this
transition, but this is not within the scope of our work. Simultaneously the ca.
900 cm ™! doublet merges in a single band and the §(CHz) 1450 cm ™! and v(CHz)
2900 cm ™! massifs are reorganized (see Fig. 5). The homologue palmitic acid being
monoclinic at ambient pressure, a transition to a triclinic symmetry is expected.
Spectra recorded at 1.9 and 3.6 GPa are rather similar while a new mode appears
at ~150 cm ™! at 5 GPa. We observe also an unexpected down shift of the ca. 180-
190 cm ™! peaks. This antagonist behaviour may be related to a loss of planarity
of the CC chain, allowing thus angle modifications. The spectra also change at
about 12 GPa with a strong broadening of all the bands ; intensity modification
of the v(C-C) 1100-1200 cm™ ' and §(CH)2 1450 cm™' bands (see Fig. 6), and
disappearance of the ca. 1475 cm™! band are observed. The global behaviour is
very similar to that reported for palmitic and stearic acids [37,21]. As a conclu-
sion, three phase transitions are observed in Raman spectra, namely at ~1, 5 and
12 GPa (see Table 3.2). The big changes observed above 1 GPa are assigned to the
destruction of the dimer H-bonding that allows a lowering of the symmetry with
loss of the inversion centre imposed by the dimer structure. The large broadening
and intensity change of vC-C modes above 12 GPa can be explained by a loss of
the regularity /planarity of the CC aliphatic chain.
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Fig. 4 (a) Raman spectra of polycristalline lauric acid for the spectral range 20-400 cm~ !

recorded at different pressures (in GPa). (b) Wavenumber as a function of pressure plot for
the same spectral region showed in (a) up to 350 cm™! (only major bands are shown). Red
lines are obtained with Eq. 2(see text). v; are Griineisen values associated with each branch
labelled i. Many modes between 50 and 180 cm™! can be assigned to lattice modes [21].

+ + - 1250

e & {1200
r 1150
£ v A - ¥
£ s CO |t é/ {1100 §
§ 7 . <
% £ . 41050 &
o |95 " £
o a E
3 F 1000 §
e —— g
2 F L 950 =
o ,’4/ .
s [ 900
0 ; v . 1 1 1 1 850
800 900 1000 1100 1200 0 5 10 15 20
Wavenumber (cm™") P (GPa)

Fig. 5 (a) Raman spectra of polycrystalline lauric acid for the spectral range 800-1200 cm~!
recorded at different pressures (in GPa). (b) Wavenumber as a function of pressure plot for
the same spectral region showed in (a). Probable mode assignments are given at the left of the
figure, as suggested by Ref. [21].
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Fig. 6 (a) Raman spectra of polycrystalline lauric acid for the spectral range 1400-1700 cm ™!
recorded at different pressures (in GPa). (b) Wavenumber as a function of pressure plot for
the spectral region 1400-1550 cm ™. The evolution of some bands (long dash) is obtained with
the help of Fig.4(b) in Ref. [21]. Probable mode assignments are given at the left of the figure,
as suggested by Ref. [21].
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Fig. 7 (a) Raman spectra of polycrystalline lauric acid for the spectral range 2700-3700 cm !
recorded at different pressures (in GPa). (b) Wavenumber as a function of pressure plot for
the same spectral region showed in (a). Probable mode assignments are given at the left of the
figure, as suggested by Ref. [21].

3.3 Comparison between Raman scattering and picosecond acoustics

These two techniques, low frequency Raman modes typically below 200 cm ™! (see
Fig 4b.), and picosecond acoustics, provide information about elastic properties
of lauric acid.

The pressure dependence of lattices Raman modes can be analyzed with the
Griineisen parameter [39] and an appropriate equation of state. The Griineisen
equation is the relation between the mode frequency w and the volume V. It is
defined, for mode i, by 7; = —dInw;/dInV. Considering ~; pressure independent,
the pressure dependence of the bulk modulus of lauric acid can be described by
Murnaghan equation of state [40]. In this model, the bulk modulus B varies linearly
with pressure such as B(P) = Bg + B P, where By is the bulk modulus at ambient
pressure, and BY is the derivative of the bulk modulus B} = (‘;—E,)O at ambient
pressure. So at low wavenumbers the frequency of the mode follows the relation

By

—P
By

vi/ By
} @

w;(P) = w;(0) l:l +

A fit of the four lowest frequency modes (see Fig. 4b) gives By = 4.0 GPa and
B{, = 3.05. The values of ~; assigned to each vibration mode are given in Fig. 4(b).
The values of By and B{, are in accordance with the nature of the vibrational
modes which are supposed to arise from lattice vibrations reflecting bulk proper-
ties.
At high wavenumbers, however, the evolution of the frequency can be consid-
ered linear as a function of pressure.

4 Conclusion

In this study we explored the vibrational properties of lauric acid submitted to
high pressures up to 25 GPa. Lauric acid, submitted to high pressures above
2 GPa, exhibits a continuous transformation without structural phase transition,
in addition with changes in vibrational Raman modes. Based on those findings,
the next step will be dedicated to the study of the behaviour of fcc supercrystals of
lauric acid coated metallic NCs, submitted to pressure. The aim will be to explore
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the stability of the lauric acid surrounding the NCs, that in turn, the stability of
the supercrystal under pressure as well as, the expected phase transitions arising
from a change in the interactions between NCs. The choice of lauric acid as a
pressure transmitting medium to study these systems is justified by its chemical
compatibility with the samples, its relative softness with respect to other PTMs,
and its stability at high pressures.
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