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Abstract: Fluorescence analysis of materials used as binders and coatings in artworks is often
hampered by numerous factors, leading to uncertainties in data interpretation. Fluorescence lifetime
(FL) measurements enable improvement of the specificity with respect to steady-state measurements
by resolving the decay dynamics of the fluorophore emissions. In this work, layers of natural resin, oil,
and wax—in pure form, pigmented, in mixtures, and spread on different substrates—were analyzed
using a compact, portable, fiber-based FL instrument. FL data were processed via the phasor method
and integrated with Raman spectroscopy to obtain complementary chemical information on the
different substances. It was observed that the τ-phase of the mixtures is affected by both the pigments
and the dispersing medium, and that the presence of the metal substrate contributes to changes in the
FL of mixtures. The results obtained with our portable FL system combined with Raman spectroscopy
pave the way for a systematic study of a larger number of materials for future in situ applications on
works of art.

Keywords: fluorescence lifetime; Raman spectroscopy; phasor analysis; organic binders; fluores-
cent pigments

1. Introduction

Fluorescence is a photoinduced luminescence (PL) emission from a molecule’s singlet
excited state. The intensity, polarization, spectral features, and decay time (typically from
10−9 to 10−7 s [1]) of the fluorescence emission can be related to the emitting molecular
species.

UV-excited fluorescence has long been applied as a simple photographic technique for
the non-invasive qualitative examination of artworks to assess the presence of intrinsically
luminescent materials typically employed in cultural heritage (CH) [2–5]. By exposing the
object’s surface to the light of a low-pressure mercury lamp, the distribution of coatings not
perceivable to the naked eye—such as protective varnishes and restoration materials—can
be revealed by the color difference of their fluorescence emissions [6]. In recent years, with
the introduction of spectrally resolved laser-induced fluorescence (LIF) analysis [7–9], a
broader number of luminescent organic and inorganic compounds have been investigated,
including proteins, oils, waxes, resins, and pigments [8,10–12].

Despite the widespread use of PL techniques, it is well recognized that the identifica-
tion of fluorescent species based on their spectra alone can prove complex and misleading,
confirming that the combination of complementary analytical techniques is often the best
choice when using a non-invasive approach [13]. Difficulties in data interpretation are
mainly due to intrinsic similarities in the emission spectra of different fluorophores, and to
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the fact that the detected signal is often generated by multiple species. Subtle spectral differ-
ences can be caused by the influence of the molecular environment, as well as by chemical
modifications of the bulk material and competing optical phenomena, such as (self-) absorp-
tion and/or scattering [8,14,15]. Furthermore, the presence of non-fluorescent pigments
dispersed in protein- and oil-based organic binders can strongly affect the emissions of the
latter [14,16,17], sometimes obliterating them with optical absorption or quenching effects
and, thus, producing false-negative results [12]. These factors may significantly hamper
the application of fluorescence spectroscopy in CH studies, especially when the goal is
the identification and mapping of coating materials. However, it has been demonstrated
that the interpretation of the signal emitted by complex organic molecules—such as the
fatty acids and proteins composing most binding and protective media [18,19]—can be
greatly facilitated by the analysis of the dynamic nature of their fluorescence emissions.
Specifically, time-resolved photoluminescence (TRPL) spectroscopy and fluorescence life-
time (FL) spectroscopy and imaging are enable to enhance the specificity of fluorescence
measurements by resolving the emission decay dynamics of fluorophores characterized by
overlapping emission spectra but different fluorescence lifetimes. For example, FL imaging
is particularly well suited for spatial mapping of compositional heterogeneities over an
examined area, taking advantage of the fact that the emission lifetime is insensitive to
changes in the concentration of the emitting material, as well as being independent of the
fluorescence intensity [20]. Moreover, the effectiveness of the integration of time-resolved
fluorescence with complementary analytical methods—such as Raman spectroscopy and X-
ray fluorescence—has been proven by several applications on paintings [6,21,22], sculptures,
and plastic-based objects [23], allowing in some cases for the detection of even the presence
of superimposed organic materials [18]. The advantages offered by a synergic application
of Raman and PL spectroscopy are well demonstrated by the recent development of hybrid
setups based on a single pulsed laser source [22,24,25]. Studies based on time-resolved fluo-
rescence techniques have made it possible to characterize the emission lifetimes of many art
materials, such as those of inorganic fluorescent pigments—i.e., cadmium-based pigments,
zinc white, titanium white, chrome yellow, ultramarine and cinnabar—which are in the
order of picoseconds. A much longer luminescence decay time (107 µs) is characteristic
of Egyptian blue—the synthetic blue pigment based on cuprorivaite [26]. Other natural
organic pigments—such as lakes or diazo pigments—and synthetic organic dyes (including
phthalocyanines and anthraquinones) [27] show band-gap emission in the order of picosec-
onds or nanoseconds. Similar decay kinetics are characteristic of the long-chain organic
molecules that make up resins, waxes, binders, and glues, which are highly influenced by
several factors, including pH, temperature, and molecular flexibility [15].

To conclude, in order to improve the versatility of PL techniques in the CH, field it is
essentially necessary to consider two aspects: First, the complexity of the chemical nature of
art materials, as well as the variety of factors affecting their fluorescence emissions, require
the definition of new approaches for the correct interpretation of time-resolved fluorescence
analysis. Second, the fragility of most CH objects requires that non-invasive investigations
are applied in situ in order to avoid unnecessary displacement of artworks, which could
compromise their material integrity.

In this preliminary study, we propose the use of a novel handheld fiber-based FL
system [28,29] to discriminate luminescent organic and inorganic compounds based on
their different emission lifetimes. Purposely prepared layers of natural resin, oil and wax—
in pure form, pigmented, in mixtures, and spread on different substrates—were selected
as a representative set of binders and material coatings commonly found in the form of
patina on historical paintings and metal-based sculptures [30]. Fluorescence measurements
were time-resolved by means of time-correlated single-photon counting (TCSPC), given its
higher temporal resolution, sensitivity, and dynamic range compared to other time-resolved
methods. FL data were processed via the phasor method and integrated with micro-Raman
spectroscopy to obtain complementary chemical information on the compounds. This is
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the first time that the proposed system, originally developed for biological and biomedical
applications, has been used for the analysis of artistic materials.

2. Materials and Methods
2.1. Samples

Some of the materials typically used as binders and coatings in artworks—specifically,
linseed oil (LO), mastic (M) (a triterpenoid resin) [10], and beeswax (BW)—were selected
for the combined FL–Raman spectroscopy analysis. The materials were examined either in
pure form or mixed with red iron oxide (IO) pigment or lampblack (LB) (a carbon-based
pigment historically obtained from the soot of oil lamps [31]). The mixture with the pigment
was intended to reproduce a simplified version of the patinas that were applied in the past
on the surface of the artefacts for aesthetic and/or protective functions [32]. The material
layers were spread on glass or on metallic support (bronze (B)) in order to evaluate the
influence of the substrate on fluorescence intensity, FL lifetime, and Raman spectra. The
complete list of samples with their description can be found in Table 1.

Table 1. List of the analyzed samples with mean τ-phase and main Raman peaks.

Samples Description Acronym Mean τ-phase [ns]
with (St. Dev.) Principal Raman Signals [cm−1]

Linseed oil LO 2.44 (0.10)
727w, 866m, 972w, 1024w, 1078m, 1268ms,

1302ms, 1444s, 1658vs, 2727w, 2885m,
2932w, 3017w

Mastic M 2.26 (0.10)
468w, 533w, 596m, 722m, 937m, 1200m,
1271w, 1315w, 1441ms, 1461sh, 1653ms,

1698sh, 2884sh, 2926m

Beeswax BW 2.11 (0.10) 889w, 1063s, 1131s, 1172w, 1296s, 1419m,
1441s, 1464m, 2726w, 2850m, 2929sh

Iron oxide IO 3.42 (0.10) 146w, 225s, 293vs, 410s, 497m, 611ms, 659br,
1317br

Lampblack LB 3.28 (0.12) 1315s,br; 1591s,br

Beeswax + iron oxide on glass BW + IO 2.90 (0.17)
225s *, 293vs *, 411s *, 498m *, 612ms *,

671br *, 1062m, 1131m, 1321br *, 1439m,
1464br, 2848w, 2883w

Mastic + iron oxide on glass M + IO 2.65 (0.10) 147w *, 226s *, 293vs *, 412s *, 498m *,
612ms *, 662br *, 1320br *, 1448br, 1656w,br

Linseed oil + iron oxide on glass LO + IO 2.36 (0.10)
227s *, 294vs *, 413s *, 495m *, 611m *,

866m,br, 1085m, 1303ms, 1441ms, 1662br,
1733br

Beeswax + lampblack on glass BW + LB 2.97 (0.16) 1315s,br *; 1597s,br *

Mastic + lampblack on glass M + LB 2.52 (0.10) 1314s,br *; 1445br, 1588s,br *, 2880br,sh,
2935br

Linseed oil + lampblack on glass LO + LB 2.34 (0.10) 872br, 1087w, 1313s *, 1441s, 1596s *,
1732sh, 1856m, 2910m, 2936m

Linseed oil on bronze LO(b) 2.26 (0.10) 1064w, 1080w, 1305m, 1439ms, 1654br,
1723br

Oleoresin (Linseed oil + mastic
on bronze) OR(b) 1.43 (0.10) 1063w, 1085w,1308m, 1444m, 1647br,

2863br, 2934br

Linseed oil + mastic + beeswax
+ iron oxide on bronze LO + M + BW + IO(b) 1.65 (0.12)

227s *, 293s *, 413m *, 465w, 612m,br *,
10632, 1134w, 1175w, 1296m, 1442s, 1461sh,

1653w,br, 2852m, 2883m, 2938br

s—strong peaks, m—medium, ms—medium strong, v—very, w—weak, sh—shoulder, br—broad; * only for
samples containing more than one component: Raman peaks attributable to a pigment
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2.2. Fluorescence Lifetime Setup

Detailed descriptions of the prototype used for FL measurements are reported in [28]
and [33]. The excitation source is a picosecond pulsed laser diode emitting at 375 nm
(BDL-SMN-375, Becker & Hickl GmbH, Berlin, Germany) with a repetition rate of 20 MHz.
Two 200 µm fibers deliver the excitation light and the aiming beam (λ = 660 nm, LED,
M660FP1, Thorlabs) to the sample. The fiber bundle is handheld, and the tip is moved
freely over the specimen. The collection of the fluorescence emitted from the sample is
selected by an emission filter (FF01-510/84-25, Semrock, Rochester, New York, NY, USA) to
the band 510 ± 42 nm. A third 200 µm fiber carries the signal to the detector (HPM-100-40,
Becker & Hickl GmbH), which is connected to a TCSPC acquisition card (SPC-730, Becker
& Hickl GmbH). For all measurements, the average power on the sample surface was kept
below 10 µW.

Real-time fluorescence lifetime maps are acquired from single-point measurements
at a macroscopic scale and, remarkably, under bright illumination. To allow the visual
control of the examined area during measurements, the system is equipped with a white
LED that provides periodic illumination of the field of view (FOV). The LED is turned on
and off asynchronously with respect to the periodic detection of the fluorescence signal,
thus overcoming the limitation related to the sensitivity of TCSPC to background light.
The LED intensity was kept between 100 and 200 LUX, as measured at the sample plane,
located 30 cm from the source. In addition, the 660 nm LED source was superimposed
on the excitation beam to provide a visual reference for measurements. The sample was
imaged in white light by a color CCD camera with an image resolution of 640 × 480 pixels
so that the lifetime value obtained via phasor analysis for each acquisition point could
be superimposed on the sample‘s surface. This enables the spatial resolution of the FL
from single-point measurements, along with direct correlation with the spatial information
provided by the raw white-light image.

Phasor Analysis

Fluorescence intensity decay measured on the samples’ surfaces was analyzed using
the phasor method; a comprehensive description of this approach can be found else-
where [34]. In brief, assuming an infinitely short excitation pulse (δ-function) and an
intrinsic fluoresce decay of N (N ≥ 1), fluorescent species with distinct fluorescence life-
times can be modeled by Equation (1):

I(t) = I(0)∑N
i=0 αie

−t
τi (1)

where I(0) is the number of the instantly emitted photons at time zero; the coefficient αi,
called the pre-exponential factor, is the amplitude; and τi is the fluorescence decay time of
the i-th component of the mixture.

The phasor analysis employs the Fourier transformation of the fluorescence intensity
decay to produce real and imaginary components g and s, respectively, which are calculated
as follows:

g(ω) =
∫ T

0
I(t)· cos(ωt)dt/

∫ T

0
I(t)dt (2)

s(ω) =
∫ T

0
I(t)·sen(ωt)dt/

∫ T

0
I(t)dt (3)

where I(t) is the fluorescence intensity at a given timepoint t within the acquisition period
T, and ω is the laser’s angular frequency ω = 2πf (where f is the laser repetition rate). From
the polar coordinates g and s, phase (τ-phase) lifetime can be calculated for each decay
curve, as shown in Equation (4):

τphase =
1
ω

s
g

(4)
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Each fluorescence decay is acquired from a group of pixels to generate FL maps.
Fluorescence decay values can be plotted as a single point (phasor) in the phasor plot.
For a single-lifetime species (N = 1), the FL can be directly determined by the coordinate
values of the phasor. The relationship between the two coordinates of a phasor representing
a single-lifetime species can be drawn as a semicircle curve (Equation (5)), centering at
(g = 0.5; s = 0), with a radius of 0.5 in the phasor plot, called the universal semicircle or the
universal trajectory.

(g − 0.5)2 + s2 = 0.25 (5)

For multiple-lifetime species (N > 1), the phasor (g, s) is a linear combination of
multiple phasors, each (gi, si) representing an individual species. FL data can be analyzed
and interpreted considering the following [34]: First, the universal semicircle is a lifetime
ruler for single-lifetime species, and indicates relative changes in lifetime for complex
species; the lifetimes increase from right to left—i.e., lifetimes near zero at (g = 1; s = 0), and
infinite lifetimes at (g = 0; s = 0). Given the same single-lifetime value, the phasor shifts
to the left along the semicircle for a lower modulation frequency ω, which results in an
increase in the s/g ratio; this makes the phasor plot a very flexible tool to highlight the
differences among the lifetime values. Moreover, a phasor plot centering at a point on the
semicircle indicates a single-lifetime species, whereas a compound of a multiple-lifetime
species falls inside the semicircle, with the phasor of a complex species being a linear
combination of the individual phasors of single-lifetime species. Finally, the phasor of
each fluorescent component contributing to the measured lifetime always falls inside the
semicircle. Therefore, phasors located outside the semicircle should not be considered, as
they result from signals that are strongly affected by perturbation from noise.

2.3. Raman Spectroscopy

Raman spectra were obtained with a Renishaw inVia Raman confocal microscope
coupled with a Leica DM2700 optical microscope and a solid-state excitation source emitting
at 785 nm. Measurements were performed in an extended spectral range of 100–3200 cm−1,
using a 1200 L/mm grating and a thermoelectrically cooled CCD detector (spectral range
400–1060 nm) with a spectral resolution of 1 cm−1 per CCD pixel (functional resolution
of 3 cm−1). The laser power on the material samples varied from 1 to 3.7 mW, depending
on the material, with 10–20 s integration times and 20 accumulations. Data were collected
with a 50× magnification objective (numerical aperture (NA) 0.75; theoretical spot size
0.6µm) and processed with TWire5.2–5.5 and OriginPro software.

3. Results

Before the phasor lifetime analysis, fluorescence spectra of the individual materials
were acquired using the same excitation wavelength used for FL measurements. The
fluorescence bands of all spectra (Figure 1a) fell in the spectral range 450–650 nm, thus
ensuring the suitability of the detection filter (510 ± 42 nm; light blue rectangle in Figure 1a)
used to collect the FL signal. The shape and the central wavelength (≈525–540 nm) of
the emission bands are in accordance with what can be found in the literature for these
materials [5,35]. Raman analysis of the pure materials (Figure 1b,c) confirms the chemical
composition of the probed materials, revealing the main peaks associated with them (see
Table 1).

The binding materials belonged to three different groups: drying oil (linseed oil),
natural wax (beeswax), and triterpenoid resin (mastic). In the Raman range analyzed, the
spectra showed a background that varied according to the material. For mastic resin and
beeswax, a stronger background competing with the characteristic Raman signals was
observed. In the linseed oil, the background was lower and, therefore, the peaks were
better resolved. The most intense peak in linseed oil (dried for 48 h, at room conditions)
was at 1658 cm−1, associated with the stretching vibration of a cis dialkyl C=C double
bond in linoleic acid [36,37]. As to the mastic resin, the main Raman signals were revealed
at 1441 cm−1—with a shoulder at 1461 cm−1—and 1652 cm−1, corresponding to δ(CH2),
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v(CH2), and v(C=C), respectively [38–41]. No bands associated with C=C vibrations were
detected in the Raman spectrum of beeswax. The characteristic Raman bands at 1131 νas(C-
C), 1172 ν(C-C), and 1419 δ(CH3) [36,41] allowed the differentiation of beeswax from the
other two binding materials.

Figure 1. Fluorescence emission (a) and Raman (b,c) spectra of the analyzed materials.

Regarding the pigments, the Raman spectrum of the red pigment clearly shows the
characteristic peaks of iron oxide at 225 cm−1, 293 cm−1, 410 cm−1, 497 cm−1, 611 cm−1,
1317 cm−1, assigned to νs(Fe-O), δs(Fe-O), and νas(Fe-OH) [42,43]. An additional peak at
659 cm−1 may belong to iron impurity in the form of magnetite, or to a disorder band in
the crystalline structure of hematite, caused by exposure to a high temperature during
burning [44,45]. On the other hand, the lampblack pigment is characterized by the two
broad bands of amorphous carbon—at 1315 cm−1 and 1591 cm−1—assigned to the D- and
G-bands of CC, respectively [46,47].

FL measurements were performed on each sample using both single-point and imaging
modes. Data were processed using the phasor method and, for all measurements, the τ-
phase was calculated as an average over 3000 acquisition points with 20 ms integration
time each in the imaging mode, and 20 points with 15 s integration time for each decay
in the single-point mode. The uncertainty for each τ-phase value (reported in brackets in
Table 1) is given by the maximum value between the standard deviation of the mean and
the HWHM of the instrument response function (IRF) of 0.1 ns, measured as instrumental
response to a laser pulse. Comparison of data provided by the two acquisition modalities
showed that for most samples the imaging mode provides a more dispersed distribution of
values than the single-point acquisition over the same region. A representative example is
the linseed oil (LO) sample shown in Figure 2. The FL map (Figure 2b) is described by the
color-scale distribution of g and s values in the phasor plot (Figure 2d), reported together
with the values obtained via the single-point measurements (black circles in the diagram).
The color scale of the density map corresponds to the number of decays with the same g
and s values. As seen from the phasor plot, mean g and s values obtained with the imaging
mode (g = 0.78 and s = 0.28) differed slightly from the respective values measured with
the single-point approach (g = 0.82 and s = 0.29). The main moments characterizing the
painting distribution for g and s coordinates—namely, variance, skewness, and kurtosis—
are also reported in Figure 2d. The difference between the mean τ-phases derived from
the imaging (2.89 ± 0.1 ns) and the single-point (2.44 ± 0.1 ns) modes is attributed to the
reduced SNR of the imaging mode—caused by a shorter integration time—as well as to the
fluctuation of the SNR introduced by the reduced distance stability between the sample
and the probe, which is hand-held by the operator during the imaging acquisition. Such
error becomes less significant when mapping a specimen composed of materials with very
different fluorescence lifetimes (for example, the original and retouched areas of a painting).
However, in this study, we chose to consider only point data, so as to provide a more
precise characterization of the analyzed materials.
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Figure 2. Imaging and single-point FL analysis of an LO sample. (a) Bright-field image of the sample,
i.e., linseed oil spread on a microscope slide (the red dashed square indicates the region where
measurements were acquired, while the black dashed rectangle shows the area magnified in (b), as
seen by the CCD camera of the FL instrument working in imaging mode. (b) Detail of the sample
showing the fluorescence lifetime map in color-coded scale obtained in imaging mode (color bar
corresponding to the τ-phase values); the red spot is from the aiming beam. (c) The same lifetime map
superimposed on the linseed oil sample, illuminated with a low-pressure mercury lamp. (d) Phasor
diagram showing the distribution of phasors calculated from the imaging and the single-point modes
on the same area.

The results of the lifetime phasor analysis of the linseed oil, mastic, and beeswax
samples are reported in Figure 3. The τ-phase values of the three materials derived from
the phasor plot are clearly distinguishable, resulting in 2.44 ± 0.1 ns, 2.26 ± 0.1 ns, and
2.11 ± 0.1 ns, respectively.

Figure 3. Results of the lifetime phasor analysis of LO, M, and BW samples: phasor plot (a) and plot
of the mean τ-phase values (b), with corresponding standard deviations indicated by the error bars.

Figure 4a,c show the comparison of the τ-phases of the three binding materials mixed
in comparable quantities with the red and the black pigments. The fluorescence lifetimes of
iron oxide (IO) and lampblack (LB)—3.4 ns and 3.3 ns, respectively—are longer than those
of the mixtures. In other words, the presence of the pigment in the binder results in an
increase in the τ-phase of the pure binder—particularly for beeswax, which increases from
2.1 ns to ~3 ns in both the pigment mixtures. An increase in τ-phase, albeit less significant,
is also observed in the mastic-based mixtures (M + IO and M + BW): the fluorescence
lifetime of the pure resin (2.3 ns) becomes 2.6 ns with the addition of OI and 2.5 ns with
LB. In contrast, the change in τ-phase is negligible for linseed oil, resulting in ~2.4 ns in
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both the pure form and in the mixtures with the pigments. This difference in τ-phases
is consistent with the Raman results of the mixed samples (Figure 4b,d), especially those
based on linseed oil as compared to the other mixtures. The characteristic peaks of the
oil compete in intensity with those of the pigment, confirming its lower influence on the
overall Raman signal.

Figure 4. FL (a,c) and Raman (b,d) results for pigmented mixtures of LO, BW, and M.

Finally, we show the results of the combined FL–Raman analysis of the mixtures
laid on bronze supports (Figure 5). Here, the advantage of integrating data from two
complementary techniques is particularly evident. As noted above, in the case of linseed
oil, the FL is very similar for both pigmented samples (LO + IO and LO + LB), making
it difficult to recognize when the binder is in a pure form or mixed with the pigment—
information that is easily identified via Raman spectroscopy. Furthermore, the influence
of the metal substrate in LO(b) and OR(b) samples, as well as the co-presence of different
fluorophore species in the OR(b) and LO + M + BW + IO(b) mixtures, makes it difficult to
distinguish between one sample and another based on FL analysis alone (Figure 5a). These
uncertainties are clarified by the Raman analysis (Figure 5b), showing more distinctly the
contribution of individual components in the mixtures. In particular, both iron oxide and
lampblack pigments are clearly identified in the Raman spectra of the mixtures LO + IO
and LO + LB. The signal of LO is clearly revealed in its mixture with iron oxide pigment,
while some of LO’s relevant peaks are not detectable in its mixture with lampblack, due to
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the overlap with the very strong bands of amorphous carbon (see Table 1 for the full list of
detected Raman shift bands). I n the complex sample LO + M + BW + IO(b) containing a
mixture of four components, Raman analysis contributes with identification of the inorganic
pigment and a mixture of organic compounds. The peaks at 1134 cm−1 νas(C-C) and
1175 cm−1 ν(C-C) are attributable to beeswax, applied as the final layer; a shoulder at
around 1460 cm−1 can be attributed to the presence of both beeswax and mastic, while a
broad Raman signal around 1653 cm−1 ν(C=C) indicates the presence of linseed oil and
mastic resin. The contribution of all the three components results in an intense peak of
δ(CH2) around 1442 cm−1, and in the region of ν(C-H) vibrations (2850–2930 cm−1).

Figure 5. FL (a) and Raman (b) results for pigmented and non-pigmented mixtures laid on glass and
metal substrates. Raman spectra are plotted after baseline subtraction (default function in TWiRE
software).

4. Discussion

In this work, we investigated the effectiveness of the combination of time-resolved
fluorescence and micro-Raman spectroscopy, taking the advantages of the different sensi-
tivity of the two methods. Raman spectroscopy produces a spectral fingerprint that enables
molecular characterization of the sample, but at the cost of relatively time-consuming
measurements that are often limited by the inherent weakness of the Raman scattering
phenomenon, which can be hampered by other competitive processes such as fluorescence.
Implementation of the method to the fiber-based imaging mode is not straightforward,
although the possibility of combining Raman–FL in a fiber probe for imaging has already
been demonstrated [33]. On the other hand, the analysis of UV-induced fluorescence allows
for a limited chemical specificity, especially when organic compounds are considered—such
as binders and varnishes, which are composed of a variety of fluorophores that give rise to
a broadband signal. Furthermore, FL phasor analysis has proven effective in discriminating
different binders in real time with an easy-to-use fiber-based imaging modality. Hence, the
combined use of the two techniques can provide both molecular fingerprinting and fast
analysis by targeting both components of pigment–binder mixtures.

In pigmented mixtures, the influence of the pigments on the overall fluorescence signal
is widely documented in the literature, and may depend on a number of competing factors,
including optical scattering and absorption of fluorescence or luminescence emissions
from the pigment, as well as chemical interactions (e.g., quenching) between the binder
and the pigment [14,15,17]. The change in FL observed in this study shows a possible
further correlation with the viscosity of the binder in which the pigment is dispersed. In the
cases reported here, the fluorescence lifetime of the pigments seems to have been strongly
affected by the high-viscosity medium—beeswax—while it remained almost unchanged
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when mixed with linseed oil, which is characterized by a lower viscosity. It is known that
the non-radiative decay of the excited state of a fluorophore is affected by the medium
viscosity, which is one of the main parameters determining the diffusion of fluorescent
species [48]. In low-viscosity media, the non-radiative decay via intramolecular charge
transfer from the excited fluorophore to absorbing molecules in the surrounding environ-
ment is greater than in high-viscosity media, resulting in a decrease in the fluorescence
lifetime [49]. Further measurements will allow for verification of this hypothesis. For now,
the preliminary results presented in this work demonstrate that FL phasor analysis allows
for discrimination between materials, and reveals very subtle differences in the decay times
of pure or mixed substances.

The observed influence on the fluorescence lifetime by the bronze substrate is likely
related to the presence of copper in the metal alloy. Indeed, copper(II) ions are well-
known quenchers of fluorescence, not only producing evident changes in the fluorescence
spectra of protein-based binding media [19], but also significantly reducing the fluorescence
lifetime via a Förster resonance energy transfer (FRET) mechanism [50]. As with pigments
dispersed in the binder, for mixtures laid on a bronze substrate, the reduction in lifetime
can be also related to the concomitant release of non-radiative energy to the molecular
environment.

5. Conclusions

This study demonstrates that the sensitivity of the FL of the emitting species to the
surrounding molecular environment can be exploited to obtain specific information about
organic binders in pure form, as a mixture with pigments, or laid on metal substrates. The
compact size and portability of the proposed FL system, as well as the visual control of
the analyzed area during the acquisition of a background-free fluorescence signal, make
the technique particularly well suited for in situ measurements of a variety of CH objects.
The integration of FL data with Raman spectroscopy allows us to overcome uncertainties
due to very subtle differences between the measured τ-phases, demonstrating that the
combination of the two techniques offers a powerful multi-analytical approach for the
recognition and characterization of the art materials examined in this work. Therefore,
a system combining the two techniques could be of great interest in heritage science. In
view of FL mapping of artworks, further analyses in imaging mode on a wider range of
art materials are planned in order to compare the results more thoroughly with respect
to the single-point acquisition mode. Further analysis is also required in order to gain a
deeper understanding of the mechanisms that influence the τ-phase of pigments dispersed
in media with different viscosity, and in mixtures spread on copper-based metal substrates.
Finally, investigations of aged samples are planned in order to test the applicability of the
proposed method for the monitoring of degradation processes in artistic materials.
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