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C H E M I S T R Y

Microscale mechanochemical characterization of  
drying oil films by in situ correlative Brillouin 
and Raman spectroscopy
Martina Alunni Cardinali1, Laura Cartechini2, Marco Paolantoni1, Costanza Miliani3, 
Daniele Fioretto4,5, Luciano Pensabene Buemi6, Lucia Comez5*, Francesca Rosi2*

Correlative Brillouin and Raman microspectroscopy (BRaMS) is applied for the in situ monitoring of the chemical 
and physical changes of linseed oil during polymerization. The viscoelastic properties of the drying oil throughout 
the phase transition were determined by Brillouin light scattering (BLS) and joined to the Raman spectroscopic 
information about the chemical process responsible for the oil hardening. A comparative study was then performed 
on an oil mock-up containing ZnO, one of the most common white pigments used in cultural heritage. The intriguing 
outcomes open new research perspectives for a deeper comprehension of the processes leading to the conversion 
of a fluid binder into a dry adhering film. The description of both chemical and structural properties of the polymeric 
network and their evolution are the basis for a better understanding of oil painting degradation. Last, as a feasibility 
test, BRaMS was applied to study a precious microfragment from J. Pollock’s masterpiece Alchemy.

INTRODUCTION
Since antiquity, drying oils (also called siccative oils) have been used 
as painting media, thanks to their ability to dry through polymeriza-
tion, forming a solid film with good mechanical and optical proper-
ties, keeping the pigment particles firmly bound and adhering to the 
support. The introduction of siccative oil as a binder in art marked 
a turning point that allows artists to obtain enhanced optical effects, 
model the painted surface, and create a sense of depth and relief, 
which are not possible with the tempera-based painting techniques 
(1). Today, they are still in use not only in art but also as compo-
nents in modern coatings such as alkyd paints or polyester resins. 
The hardening of drying oils is a chemical transformation, which 
occurs via an autoxidative process followed by polymerization 
(2, 3). Despite the long history of research studies on the drying 
mechanism, which dates to the early ‘20s (4, 5), it is still a vivid 
research focus (6), especially in relation to the common degradation 
phenomena of oil paints and consequent conservation issues (7). 
The hardening process conditions, the chemical nature, and the 
structural properties of the final polymeric network strongly influence 
the way the film ages and degrades thereafter (4). Stiffening and 
embrittlement of oil paints, wrinkling, cracking, flaking, and 
delamination due to the rupture in the polymeric network, together 
with the increased sensitivity to water and solvents (which inhibits 
cleaning interventions), are all long-standing issues for conservators 
(8–10). The alteration of oil paints is a complex and synergic 
process depending on many interplaying factors, including paint 
composition and thickness, environment, and solvent exposure, 

among others (11). Film degradation is the result of both chemical 
and mechanical changes that are intimately connected, requiring 
complementary and interrelated investigations to have a full 
comprehension of the process at the molecular level. So far, a great 
amount of research has focused on the separate chemical and 
mechanical characterization of paint films through independent 
approaches, often because of the impossibility of using the same 
sample with techniques that require different sample preparation 
procedures (10). Furthermore, there is a lack of analytical methodol-
ogies able to simultaneously monitor in situ and in real time these 
changes during the formation of the oil film and its progressive 
alterations.

With the present paper, we propose combined measurements of 
Brillouin light scattering (BLS) and Raman in a microspectroscopic 
setup (BRaMS) as a new approach potentially able to fill this gap (12). 
BLS deals with the inelastic scattering of light from thermally activated 
acoustic waves in the gigahertz range (order of tens of gigahertz), 
providing information about the elastic and viscoelastic properties 
of materials probed in a unique time/frequency range, which are 
inaccessible by traditional tensile testing (fixed stress-strain condi-
tions) (13–16). Furthermore, BLS probes mechanical properties 
without any external perturbations of the system, as is usually the 
case in dynamic mechanical analysis, where it is necessary to apply 
oscillatory loading conditions via disposable plates, cantilevers, or 
film tension grips (17, 18). BLS has established itself as a powerful 
analytical tool in condensed matter physics and material science for 
years. Improvements in instrumentation and the conception of new 
experimental setups have fostered a growing interest for application 
of the technique in new fields such as biology, biomedicine, and 
bioengineering (16, 19–22).

In a complementary way, Raman spectroscopy is based on the 
light scattered by optical phonons or intramolecular vibrations at 
super terahertz frequencies. It is widely applied to in situ molecular 
characterization of substrates and matrices, used in several fields 
from physics to chemistry and biomedicine, and has demonstrated 
to be a powerful analytical tool also in heritage science (23, 24). In 
this study, we benefited from a recently proposed instrumental 
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configuration where BLS and Raman devices have been coupled in a 
microspectroscopic setup, enabling the simultaneous noninvasive 
chemical and mechanical characterization of samples and mapping 
at a micrometric spatial resolution (12). This combined approach 
has proven to be very effective in the phenotyping of biological 
systems, which are characterized by an intrinsic complexity and 
heterogeneity (16, 25–30).

Inspired by these previous remarkable works, here, BRaMS 
has been exploited to study painting components, which represent 
another class of likewise complex and variegated materials charac-
terized by issues still far to be solved. This study aims to assess 
the potential of BRaMS for the investigation of oil paint films, 
understanding molecular and structural changes that occur during 
polymerization and curing, and, in perspective, to define paint 
stability. To validate the feasibility of the approach, the first BRaMS 
spectra were recorded on a real microfragment taken from the 
iconic painting Alchemy, a masterpiece of American abstract 
expressionism.

RESULTS
BLS-Raman microspectroscopy of drying oil
The experimental setup is reproduced in Fig. 1A. Figure 1B shows 
the first Brillouin and Raman spectra simultaneously acquired on 
the same spot of a thin layer of linseed oil (a siccative oil) at different 
times of polymerization. The drying of the oil was monitored for 23 
consecutive days, recording BLS-Raman spectra in different points to 
reduce the intrasample variability (at least three per day). The mea-
sured Brillouin peak is linked to (i) the real part of the longitudinal 
modulus, M′, and (ii) the acoustic absorption, , of the elastic waves 
arising from spontaneously collective density fluctuations, propa-
gating in all directions within the sample. M′ and  can be directly 
derived from the position and full width at half maximum of the 
peak (details of the calculations are reported in the Supplementary 
Materials). In this study, the advantage of deriving such viscoelastic 
properties at gigahertz frequencies comes from the opportunity of 

monitoring in real time and in situ the phase transition of drying 
oil, in which the molecular events triggering the polymerization take 
place on the time scale of hundreds of picoseconds (31).

From a chemical point of view, Raman spectra are sensitive to 
molecular changes of the polyunsaturated oil triglycerides, which, 
during polymerization, undergo conjugation and cis-to-trans isomeri-
zation of the unsaturated bonds, followed by their loss (32). During 
the drying process, the BLS peak of the oil discloses a considerable 
spectral change in frequency (Figs. 1B and 2, A and B). By close 
inspection of the peak shift of the BLS signal in the considered period 
(Fig. 2A, red filled circles), there is evidence of an abrupt frequency 
increase at about 8 days, beyond which it reaches a plateau with a 
maximum value of 13.4  GHz. More quantitatively, the sudden 
growth in the elastic modulus values (Fig. 2B, red filled circles), 
accompanied by the decrease in acoustic absorption (Fig. 2B, inset, 
green symbols), testifies a liquid-to-solid phase transition of the 
film, consistent with an elastic deformation of the linseed oil under 
stress drying from 2.5 to 5.5 GPa (percentage variation of M′ more 
than 100%). In coincidence with the steep shift observed for the BLS 
peak (Fig. 2A), the Raman study reveals a sharp decrease and then 
disappearance of the (═C─H)cis band at 3014 cm−1 (Fig. 2A, black 
filled circle), indicative of the consumption of the nonconjugated 
cis-unsaturated bonds during the autoxidation process (33, 34). At 
the same time (8 days), the nonconjugated (C═C)cis stretching band 
at 1660 cm−1 (Fig. 2C) rapidly broadens and downshifts, indicating 
both the formation of conjugated double bonds and cis/trans isomeri-
zation (35, 36). The successive intensity decrease (consumption) of 
the (C═C) bands around 1660 cm−1 (after 9 days; Fig. 2C) is symp-
tomatic of the progress of the cross-linking reaction and corresponds 
to the plateau regime for the BLS peak position.

In-depth probing of the mechanochemical properties 
of drying oil
The optical configuration of the experimental setup enables us 
also to perform in-depth Z-profiles (as well as surface XY mapping), 
probing the progress of polymerization at different depths inside 

Fig. 1. BRaMS setup and spectra acquired during the oil drying. (A) Schematic representation of the micro-setup and figurative image of a white oil paint from an 
artwork (Alchemy by J. Pollock); (B) in situ multimodal Brillouin and Raman microspectroscopy (exc = 532 nm) following the polymerization of linseed oil. Asterisk marks 
carotenoids already present in the oil formulation as antioxidants (33). PB, polarizing beamsplitter; PMT, photomultiplier tube; CCD, charge-coupled device; FP, Fabry 
Pérot; EF, edge filter; M, mirror; L, lens.
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the sample with an axial resolution of a few micrometers. Figure 3A 
reports the BRaMS measurements collected at the surface and inside the 
oil layer [at the air-sample interface (blue) and at about 100 m inside 
the layer (red)] after 9 days of drying. Moving from the inside toward 
the surface, a decrease in the BLS signal intensity and a slight increase 
in the frequency shift can be observed (Fig. 3, B and C), suggesting 
that the oil surface layer directly in contact with the atmospheric 

oxygen (corresponding to the minimum of BLS intensity) is stiffer than 
the inner layers and thus is in an advanced polymerization state.

These local modulations in the frequency shift (from 13.05 to 
13.12 GHz) correspond to a variation of about 1% in the longitudinal 
elastic modulus through the oil film (Fig. 3C). These results testify 
how the high-performance instrumentation used here, together 
with the BRaMS multimodal approach, is able to probe in situ 

Fig. 2. Chemical and mechanical modifications during oil drying. (A) Correlative Brillouin and Raman investigation of oil polymerization: BLS frequency shift (red filled 
circles) and intensity of the [(═C─H)cis] at 3014 cm−1 (black filled circles); (B) longitudinal elastic modulus, M′ (red filled circle), and acoustic absorption, , (inset, green 
filled circles) variation; (C) spectral variation of the BLS peak and the [(C═C)] Raman band shifting from 1660 to 1640 cm−1. Red and green lines in (A) and (B) are drawn 
only to guide the viewer’s eye. a.u., arbitrary units.

Fig. 3. In-depth probing of the progress of polymerization. (A) In situ multimodal BLS and Raman spectra at the air-sample interface (blue line) and 120 m below the 
surface (red line) (normalized spectra); (B) variation of the BLS peak intensity and (C) BLS peak position at different depths. The circled points refer to the spectra selected 
for comparison.
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different degrees of polymerization of artists’ paints, leveraging 
in-depth monitoring without sample manipulation.

BRaMS of a ZnO-oil paint mock-up
A fundamental role in the drying mechanism of siccative oil is played 
by the presence of pigments that influence both the cross-linking 
and photooxidation, thus affecting the final chemical and mechani-
cal film stability (11). To figure out these issues, we performed BLS 
measurements on a sample simulating an oil paint with zinc oxide 
(Fig. 4A), one of the most common white pigments since the late 
18th century (37). Figure 4 underlines the power of BLS to probe the 
phase transition also in these nontransparent samples, by monitoring 
the frequency shift of the peak during polymerization.

It is worth noting that although vibrational spectroscopy is 
already known as a powerful method for the identification of pigment 
in cultural heritage applications (23), the use of BLS for investigating 
the oil properties in the presence of dispersed solid particles of 
pigment was not so obvious, at least until the advent of high-contrast 
BLS microspectroscopy (12). Several considerations can be made 
from these measurements. The polymerization process was found 
to be faster in the presence of the ZnO pigment, as shown by the 
abrupt change of the longitudinal modulus just 2 days after the 
preparation (Fig. 4, B and C), in agreement with previous studies 
(38, 39). A complementary probing of the chemical transformation 
of the oil was conducted by means of both the correlative Raman 
analysis (Fig. 4D, top) and transmission Fourier transform infrared 
(FT-IR) measurements (40) (Fig. 4D, bottom), using deposition of 
the same paint spread on a KBr pellet. The phase transition is clearly 
underlined by the broadening of the nonconjugated (C═C)cis 
Raman band at 1660 cm−1, as already seen for the pure oil sample. 
Furthermore, the FT-IR study was able to correlate the appearance 
of a broad band at about 1590 cm−1 to the sharp shift of the BLS 
peak, in correspondence with the liquid-to-solid transition. The 
attribution of this band is still controversial; it has been assigned to 
ZnO passivated by carboxylic acids (41) and to Zn-ionomer struc-
tures (42). Although a conclusive answer cannot be provided, with 
these data, we demonstrated that the appearance of this band is 

temporally connected with the liquid-to-solid phase transition of 
oil during polymerization. Moreover, the direct comparison of the 
BLS frequency shift of pure and ZnO-oil samples reported in Fig. 4B 
discloses that the addition of the pigment leads to a greater hardening 
(13.7 GHz) with respect to pure oil (13.4 GHz). Last, for the 
pigmented sample, further small variations in the position of the 
peak are visible at long time scales, suggesting that the system is still 
changing in terms of mechanical properties. A thorough interpretation 
of these findings needs further monitoring tests on both naturally 
and artificially aged samples and in the presence of different pigments, 
and it will be the object of a following publication.

BRaMS of a microfragment from Alchemy (1947)
To validate the feasibility of the proposed multimodal approach 
facing the complexity of actual painting materials, BRaMS experi-
ments were carried out on a precious microfragment sampled from 
a white paint of J. Pollock’s masterpiece Alchemy, 1947 (Fig. 5). The 
white paint is a mixture of ZnO and TiO2 (anatase polymorph) in 
an oil medium (43). The extraordinarily intense Raman scattering 
of anatase dominates the Raman spectrum with bands at 640, 517, 
and 390 cm−1 (43), covering all other possible signals (44). The BLS 
profiles show the Brillouin peak centered at about 16 GHz, which is 
reproducible in different points of the sample, underlying a relatively 
homogeneous texture. The obtained BLS frequency position is 
higher with respect to the ZnO-oil model paint (16 and 14 GHz, 
respectively), meaning a harder oil film, compatible with a long 
curing/aging time of the paint while not excluding a consolidating 
effect due to the inorganic pigment mixture (45). This final example 
demonstrates the strength of the proposed approach to probing 
both the composition and mechanical properties even of complex 
and heterogeneous matrices, such as those of precious real artworks.

DISCUSSION
The aim of this first experiment was primarily to assess the value of 
BLS for investigating the viscoelastic properties of oil paintings at a 
time scale of hundreds of picoseconds, which are hardly reachable 

Fig. 4. BRaMS of ZnO-oil paint drying. (A) Image of the ZnO–linseed oil paint applied on a glass slide; (B) BLS frequency shift observed for the pure linseed oil sample 
(red line) and the ZnO–linseed oil paint sample (green line); (C) BLS microspectroscopy following the polymerization of a ZnO–linseed oil paint; (D) Raman spectra (top) 
and FT-IR spectra recorded in transmission mode (bottom) from a ZnO–linseed oil paint sample on a KBr pellet during polymerization. t = polymerization time (days).
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by other methods. We demonstrated here that the multimodal BRaMS 
approach is effective for combined investigations of the viscoelastic 
and chemical properties of oil paint mock-up samples at high later-
al and in-depth resolution.

In the field of heritage science, this new methodology opens 
interesting research perspectives for solving crucial issues in the 
conservation of oil paints. In the near future, the possibility of 
simultaneous investigations of the chemical and mechanical proper-
ties of a paint film, here monitored during drying of the pure oil and 
the ZnO-oil paint, could be exploited to study the following:

1) the relationship among the cross-linking mechanism and the 
elastic properties defined at both the molecular level and the macro-
scale (18);

2) the chemical and mechanical changes due to aging (2);
3) the effect of external environmental factors on the oil paint 

drying and the final mechanical-chemical stability (18, 46);
4) the effect of the paint composition (different pigments and 

different oils including both traditional and modern ones) (47);
5) the effect of the oil-pigment interaction (i.e., the effect of the soap 

formation/migration and mechanical destabilization) (39, 48, 49);
6) the chemical and mechanical changes of oil paint during 

cleaning interventions (50, 51).
Furthermore, the used setup has also proven effective to investigate 

samples from actual paintings, represented here by a micro fragment 
taken from the Alchemy, the first highly experimental “drip” work of 
Pollock and a masterpiece of American abstract expressionism. This 
result entails the possibility of directly correlating the laboratory experi-
mentation with issues inherent to a specific condition of an artwork.

Last, this proof-of-concept methodology with the present benchtop 
configuration would be a standpoint for investigations in the labo-
ratory also on transportable precious objects. However, considering 
the enormous interest in designing combined portable devices for 
clinical and diagnostic applications, we cannot exclude that a further 
upgrade of the instrumentation will lead to new portable tools 
available in a short time.

MATERIALS AND METHODS
Experimental design
The experiments were carried out on dedicated model samples 
prepared ad hoc for following the drying process that was monitored 

through a multimodal approach based on the use of BRaMS and 
FT-IR spectroscopies.

Samples
Model sample preparation
Pure liquid linseed oil was supplied by Zecchi, and ZnO–linseed oil 
paint sample was prepared by mixing the same linseed oil with ZnO 
(Sigma-Aldrich) at a ratio of 1:1 in weight. For BRaMS experiments, 
the samples were applied as a thin layer on a glass slide, and different 
pressures were applied to obtain a gradient of thickness to evaluate 
the repercussions on the BLS spectral features. Then, since the BLS 
spectra quality was unaffected by the sample thickness, the measure-
ments were performed in the thinner portion at each control to 
have comparable thicknesses with the corresponding samples spread 
in the KBr pellet for transmission-mode FT-IR measurements 
(<10 m). The polymerization time is dependent on the oil (paint) 
thickness, and the time correlation among FT-IR and Raman-Brillouin 
data acquired in different samples (with an overall thickness of 
<10 m) is assured by the comparison of the IR and Raman bands 
of the (═C─H)cis stretching mode marker of the isomerization 
proceeding (fig. S1, arrows).
Real microsample
A 1.6 mm by 1 mm (ca.) microfragment from the painting Alchemy 
(1947) was provided by the Peggy Guggenheim Collection (Venezia, 
Italy). The microfragment comes from a cold, opaque, paste-like 
white paint often applied by Pollock in the painting as final marks 
direct from the tube or as thin lines. Previous compositional inves-
tigations (43) indicated the presence of an oil paint mixture with a 
constant ratio of titanium and zinc white, probably from a ready-
made formulation.

Combined micro–Brillouin-Raman
The combined Brillouin and Raman microspectroscopic setup consists 
of a 532-nm single-mode solid-state laser and a polarizing beamsplitter, 
which reflects the laser light into a 20× (numerical aperture, 0.42) 
microscope objective lens. The backscattered light is split in frequency 
and direction by an edge filter, so that the Stokes component 
(>30 cm−1) is sent to a Horiba iHR320 Triax Raman monochromator, 
and the quasi-elastic and anti-Stokes components (<30 cm−1) are 
sent to a high-contrast multipass tandem Fabry-Perot interferometer 
(TFP-2 HC, JRS Scientific Instruments) for simultaneous Raman 

Fig. 5. Multimodal BRaMS of a microfragment sampled from J. Pollock’s masterpiece Alchemy. (A) Optical image of the microfragment of the oil white paint 
sampled from Alchemy; (B) Brillouin and Raman spectra acquired on three different points of the sample; (C) Damped harmonic oscillator (DHO) fitting (eq. S1) results 
for the Brillouin shift are reported in the table.
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and Brillouin analysis. The sample is mounted on an xyz translation 
stage for single-point and mapping experiments. Each Brillouin- 
Raman spectrum was collected for about 1 × 60 s, using 600 lines/mm 
of grating and a 100-m slit aperture in the range of 200 to 
3000 cm−1. Laser power on the sample was set to <10 mW. Any 
possible photodegradation was monitored by both visual checking 
through the microscope and in real-time monitoring of the Raman 
and Brillouin spectral features.

FT-IR spectroscopy
FT-IR spectroscopy was performed over the range of 4000 to 
400 cm−1 by the Bruker Optics ALPHA-R spectrophotometer equipped 
with a SiC Globar IR radiation source, a Michelson interferometer 
RockSolid design), and a room-temperature DLaTGS detector. 
Transmission-mode spectra were recorded at a spectral resolution of 
2 cm−1 and 100 acquisitions. FT-IR spectra acquired in transmission 
mode are plotted in absorbance after baseline subtraction and nor-
malization to the C═O stretching mode at about 1740 cm−1.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abo4221
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