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ABSTRACT

In this paper, a systematic investigation is carried out to test micro-SORS capability of non-destructively
characterise a system where an agent diffuses into a turbid matrix with potential applications in Heritage
Science and elsewhere. Defocusing micro-SORS experiments were performed on two specially designed
sample sets with controlled characteristics. Three parameters have been considered, namely penetration
depth, concentration of the agent and its profile within the matrix. A relative agent/matrix Raman intensity
decay rate is observed when the microscope objective is moved away from the sample surface, and the
slope of this ratio trend was found to correlate with the penetration depth of the agent involved in the
diffusion process. In situations where the concentration profile is known, the penetration depth of the
agent can be predicted using the slope of the normalized agent/matrix Raman intensity decay rate. This
outcome opens new perspective for non-destructively monitoring the efficacy of conservation treatments,
basing on the penetration depth of the products as well as provides an analytical tool for other applications
where the penetration of an agent into a diffusely scattering matrix is involved such as drug perfusion

through skin, pharmaceutical tablet dissolution process and numerous others.

1. INTRODUCTION



When an agent diffuses into a solid matrix, it is absorbed up to a certain depth defined as a certain fraction
of the initial concentration of the agent at the surface of the matrix and distributed inside the matrix
following a certain time-dependent concentration profile. The absorption process can either involve a

reaction between the agent and the matrix or being non-reactive [1].

Agent penetration depth and concentration profile are important factors for the characterization of an
agent-matrix system. The study of diffusion proprieties is relevant in several fields, including
semiconductors industry, where, for instance, the diffusion of fluorinated PMMA trough a non-fluorinated
PMMA layer at the semiconductor/dielectric interface is controlled for improving the performance of the
organic field-effect transistors [2]. In biomedical field, the study of diffusion proprieties is relevant for
monitoring the absorption of drugs in tissues [3,4], whereas in heritage science, it is essential for evaluating
the performance of a treatment [5-9], for accessing the distribution of decay products and degradation
agents in matrix [10,11] or for monitoring the absorption of solvents used for cleaning [12]. In several
abovementioned situations, it is particularly important to observe the diffusion process at the micro-scale,
since in several situations consolidants, fixatives, decay products and solvent diffuse to within a millimetre
depth. To date the most common protocol for obtaining this type of information involves destructive
procedures such as the stratigraphical analysis of samples in cross-section [5,7-10,13-15]. However in a
number of areas, including Cultural Heritage, the items may have a high intrinsic value or cannot be
perturbed for other functional reasons and non-destructive approaches are much more preferable.
Moreover, the analysis of cross-sections may suffer from an inadequate statistical sampling as the
information obtained is limited to a specific sampling area. A number of non-destructive methods have
been proposed for studying diffusion processes in Cultural Heritage; these include neutron imaging and
tomography [5,6,16] and X-ray micro-computed tomography [17], although these are limited by the scarce
accessibility and may lack of molecular specificity. Recently, micro-Spatially Offset Raman Spectroscopy
(micro-SORS), a highly chemical specific and ready to use method, has been proposed for studying diffusion
processes in heritage science-related situations [18]. Micro-SORS is a non-destructive technique able to
retrieve the molecular composition of the inner portions of turbid materials (at the micro-scale) directly
from their surface. Micro-SORS combines SORS and microscopy, and is mainly used to access the
composition of micro-layer sequences in stratified materials [19-21]. Recently, through a basic proof of
concept study we demonstrated the basic capability of micro-SORS to track an agent penetrating into a
turbid matrix, where no distinct layers are otherwise present [18]: defocusing micro-SORS [22,23], the most
basic variant of micro-SORS, was used to study mock-up samples where a gypsum matrix was impregnated
with two products used in conservation yard. The studied samples possessed different penetration depths
of the products, and it was possible to discriminate these by considering the difference of their relative

agent-matrix Raman intensity ratio decay rate as a function of SORS displacement.



Here, a more extensive study is presented with the intention to take a step forward on the study of
diffusion processes, considering other parameters that could potentially contribute to the modification of
the intensity ratio decay rate. In real situations, several factors can affect the diffusion proprieties; for
instance, a non-homogeneous degradation of the matrix can produce a non-homogeneous penetration of a
product. Nonetheless, to investigate of the micro-SORS capability and limitations, at this stage, it is
necessary to build a model that simplify what can be encountered in a conservation yard. To do that, here
no decay process affecting the materials were took into consideration, and three variables have been
selected as the most significant for the description of the diffusion processes: i) the penetration depth of
the agent ii) the absolute concentration of the product applied at the surface of matrix, and iii) the
function, C(x), with which this concentration decreases within the inner portion of the material (namely,
the concentration profile). It is shown that it is crucial to know the shape of concentration profile in the
matrix (not necessarily its characteristic depth) for micro-SORS to be able to provide information about the
penetration depth of a product, thus enabling it to evaluate real case situations. However often the shape
of concentration profile can be assumed from the way matrix and agent interact and the way the agent is
applied at the surface. For example, for non steady-state diffusion in constant dose conditions, when the
diffusant is initially concentrated in a very thin layer (e.g. agent applied thinly with a brush), a half-Gaussian
solution of the diffusion equation applies:

C(x,t) = %exp (— i)

4Dt

where C (x,t) is the concentration field, x is the depth, M is number of diffusing particles per unit area, D is
the diffusion coefficient of the considered species and t time of diffusion, with 2y/Dt as characteristic

diffusion length [24]. In a constant source condition (e.g. a very large amount of agent applied on top of
matrix which remains present throughout the diffusion process), the solution of the diffusion equation is an

error function (erf) [24,25]. In this case, concentration field C (x, t) may be expressed as:

C(x t) = C,erfc ( )
(x.1) D

Where C; is the fixed concentration the matrix is exposed to and erfc is denoted as complementary error

function:
erfc(z) =1 - erf(z)

with 24Dt being characteristic diffusion depth [24]. This can often present a good approximation of such
systems, although real case situations may not be ideal stable and homogeneous systems, and more
sophisticated mathematical models may be required to describe the diffusion process in detail in more

complex scenarious [26].



It is worth mentioning that, in a number of situations, the diffusion process ends due to e.g. solvent
evaporation, diffusant hardening (e.g. polymerization) or reagent depletion, and the concentration profile
then remains unchanged. In this study, two sample sets were prepared mimicking a situation where the
diffusion process is not any longer in progress, and the penetration depth of the agent is fixed in time. In

this way, there was no need of including the temporal variable in the data treatment.

The two sample sets have a varying degree of complexity: the first set consists of a simplification of a
diffusion system that allows to easily comprehend what the role of the considered variables is. It crudely
simulates a paint application on a paper substrate (watercolour), and in a wider perspective, it
approximates a liquid diffusion into an absorbing substrate, without the occurrence of an accompanying
chemical reaction; for instance, when a solvent is used to remove a specific compound present on an object

surface, but it diffuses also in the underlying substrate without interacting with it.

The second samples set was prepared with the aim to loosely imitate a common, realistic situation
encountered in conservation yard and is of a more complex nature. It comprises a carbonatic stone treated
with ammonium oxalate, where the diffusion process involves also a chemical reaction. The reaction of
ammonium oxalate and calcium carbonate leads to the formation of calcium oxalate (whewellite,
CaC;04-H;0 and weddellite, CaC,04:2H,0), a low solubility compound able to restore the stone or plaster
network preventing the loss of the superficial material [27]. The penetration depth of the newly formed
calcium oxalate cannot be known a priori as it depends on several factors including the substrate porosity
and its decay, eventual aggregate size and distribution and the concentration of the solution, to name a
few. To date, the determination of calcium oxalate penetration depth was carried out destructively on the
cross-sections of treated plasters and stones using subsequent Raman microscopy [7-9,28]. Moreover,
neutron tomography was used to study the distribution and penetration depth of calcium oxalate in a
carbonatic stone (Noto stone) [5]. Similarly, neutron imaging was used to measure the diffusion coefficient
of a carbonatic stone treated with ammonium oxalate and the concentration of newly formed calcium
oxalate [6]. As mentioned above, despite neutron imaging being a non-destructive approach it lacks of
information on the molecular composition of the material and it is not an easily accessible tools, and not
applicable in the field. Conversely, defocusing micro-SORS measurement can be performed with a
conventional micro-Raman, without any software not hardware modification, with potential for in field

deployment.

To understand technique fundamental characteristic in these scenarios and to have an easy to control of
the desired characteristics of the samples (e.g. agent penetration depth) the samples were artificially
assembled by stacking individual micro-layers on top of each other. Although this did not provide proper

diffusion concentration gradients [24] it offers a good representation of these enabling, in particular, to
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better understand how the SORS technique responds in different scenarios and ascertain with better clarity
the technique fundamental capabilities as well as limitations. In all the measurements an assumption is
made that that the matrix and agent light absorption is negligible at the laser and Raman wavelengths on
the scale of photon propagation pathways [29], ie not impeding the photon migration process, which is a
reasonable assumption at the concerned spectral range and microscopic scale of sample interactions in

many practical scenarios.

2. MATERIAL AND METHODS

In samples set 1, paper was chosen as matrix, and a blue pigment (phthalocyanine blue, PB15) was used as
penetrating agent. The pigment source was an acrylic blue paint purchased from Maimeri. The sheets of
paper (each paper sheet is 90 um thick) were imbibed with a paint suspension at two different starting
concentrations aiming for obtaining a layer where the Raman signal of both the agent and the matrix were
well visible to facilitate their unhindered monitoring. At the same time, the two concentrations were used
to present a significant mutual difference in terms of Raman intensity of the pigment and that of the
matrix. The more concentrated suspension provides a B/P (phthalocyanine blue/paper) intensity ratio of
approximately 15.5 and the less concentrated suspension of about 6. The ratios were calculated using the

intensities of the 1530 cm™ band of phthalocyanine blue and that of the 1377 cm™ Raman band of paper.

The samples set was prepared by superimposing one or two coloured paper sheets with different
combinations on top of several uncoloured paper sheets to build samples having different concentrations
profiles and penetration depths (see Fig. 1). Samples 1A-1D were purposely assembled to exhibit a
concentration profile where the concentration of the pigment remains constant up to a certain depth
(concentration profile type 1). Conversely, sample 1E possess a concentration profile where the top and
second layers have different concentrations of the blue pigment (concentration profile type 2). The
uncoloured paper sheets that were used in all the samples serve to create an “infinite” matrix (>4 mm) not

to impede photon migration in z direction.

Samples set 2 mimics a carbonatic stone treated with ammonium oxalate; here we again used discrete
layers for ease of control of sample properties but used two or three top layers of differing initial agent
concentrations, which is more consistent with a real situation where a concentration profile is established
with depth and across it. This set consists of four samples (samples 2A, 2B, 2C and 2D, Fig. 2) having layers
of decreasing whewellite/calcite relative concentration from the top to the substrate. This change of
relative concentration is consistent with a real, ammonium oxalate treatment, where calcium carbonate,
the main constituent of carbonatic stones, is partially replaced by calcium oxalate after the reaction with

ammonium oxalate. Whewellite, the more stable form of calcium oxalate was chosen over weddellite



because it is more commonly formed after the treatments. The mixture was prepared adding a finely
ground whewellite powder purchased from Sigma and Aldrich to an industrial paint mixture purchased
from Akzonobel, containing calcite and an acrylic resin. The samples were prepared applying the mixture
over a calcium carbonate substrate, varying the number of layers or their thickness to simulate different
penetration depths of the product, as well as changing the quantity of the calcite and whewellite in the
layers to simulate different concentration profiles. The thickness of the layers, reported in figure 2, were
measured using cross-sections. The W/C value indicated in Fig. 2 refers to the whewellite/calcite intensity
ratio, calculated from the Raman spectra acquired on cross-sections. This ratio was calculated using the
intensity of the 1462 cm™® Raman band of whewellite and the 1087 cm™ band of calcite. Indeed, the

intensity ratio is proportional to the relative concertation of the two substances.

The two samples sets were prepared with the aim of mimicking a situation where the diffusion is fixed in
time, which is consistent with several real case situations. This permits not to take into account a temporal
variable in the data treatment. In fact, if the diffusion process is still ongoing (e.g. the diffusion of a viscous
solvent that does not harden with time) this has to be taken into account while acquiring and interpreting

the micro-SORS data, depending on the temporal scale the diffusion is progressing on.

The experiments were carried out using Horiba Jobin Yvon LabRAM HR800 Raman spectrometer equipped
with a Peltier cooled CCD detector (1024 x 128 pixels) and coupled with an Olympus BX41 microscope. For

all the measurements, 785 nm excitation laser and 20x microscope objective were used.

Preliminary conventional Raman measurements were carried out on the samples to check if the
agent/matrix intensities fit the desired requirements, and the layers compositional homogeneity. These
measurements were performed using a laser power of 100 mW, and an acquisition time ranging from 25 to

100s (5 to 10s, 5 to 10 co-additions) (spectra shown in Figs. 3 and 4).

With regards to the defocusing micro-SORS measurements, on each samples of the first set, 20 defocusing
measurement series were performed, from imaged (in focus) position to 1000 um defocusing distance
(defocusing steps at 0, 100, 200, 300, 400, 600, 800 and 1000 um). The spectra were collected with a laser
excitation power of 100 mW and with an acquisition time of 25s (5s and 5 co-additions). The spectra of the
20 series were averaged, and the Raman intensity ratio trends were calculated using the height of a Raman

band of phthalocyanine blue (1530 cm™) and a Raman band of paper matrix (1377 cm™).

On each sample of the second set, 10 defocusing series were performed, from imaged position to 1500 um
defocusing distance (defocusing step of 100 um). The spectra were collected with an intensity of 100 mW

and with an acquisition time of 100s (10s and 10 co-additions). The spectra of the 10 series were averaged,



and the Raman intensity ratio trends were calculated using the height of a Raman band of whewellite (1462

cm™) and of calcite (1087 cm™?).

3. RESULTS AND DISCUSSION

3.1 Preliminary conventional Raman measurements

In Fig. 3 representative spectra collected on the surface of the coloured paper sheets are shown: both the
Raman bands of the blue pigment (phthalocyanine blue, PB15) and those of the paper matrix are clearly

visible.

To evaluate the homogeneity of the pigment distribution, several Raman spectra were collected on the
front, on the back and in the cross-sections of the paper sheets. Local pigment/paper intensity fluctuations
were found to be present, but the pigment was not preferentially accumulated on one of the two sides, nor
along the depth of the cross-section. The relative standard deviation associated to 10, randomly selected
spectra acquired on the paper sheets surface was 34 % for the more intense blue, and 45 % for the less
intense blue. The local Raman intensity fluctuations are probably related to the matrix features: paper is
composed by pressed fibres, that create preferential absorption of the pigment at the micro-scale. This
inconvenience, quite common in real situations, was compensated during micro-SORS experiments by
performing a high number (20) of series and averaging them, in line with a previous study focusing on

appropriate micro-SORS methodologies for measuring heterogeneous materials [30].

In Fig. 4, representative conventional Raman spectra collected on the cross-sections of the second samples
set are shown. In the spectra collected on the micro-layers, a Raman band of calcite (1087 cm™) and two
peaks of whewellite (1462 and 1490 cm™) are visible, together with one band of the acrylic resin used as
binder for the mixture (1003 cm™). The spectrum collected on the substrate exhibits the characteristic

Raman band of calcite at 1087 cm™.

The W/C ratio were calculated from the average of 10 Raman spectra collected on each layer, using the
intensity of 1492 cm™ Raman band of whewellite and the 1087 cm™ Raman band of calcite. The relative
standard deviation associated to the ratio values was found to range from 7% to 20%. The present
inhomogeneities were again dealt with using the averaging of multiple spectra (10) obtained from different

sample locations.

3.2 Micro-SORS measurements

3.2.1 Samples set 1



In Fig. 5a the ratio plot of the samples having a concentration profile type 1 is shown (samples 1A-D). To
make the trends comparable, a normalization was applied at 300 um of defocusing to avoid the uncertainty
of the first defocusing steps, that are more severely affected by the heterogeneity of the pigment
distribution. The plot shows different ratio decay rates for the samples, and for a better understanding of
the trends behaviour, a linear fitting was performed on the ratio curves (Fig. 5b). From the linear fitting of
the samples having concentration profile type 1 (samples 1A-1D) emerges that those with a single blue
paper sheet (1A and 1B) have a faster ratio decay rate; on the contrary the samples with a higher
penetration depth (1C and 1D) exhibit a ratio decay rate that decreases less rapidly. The slope of the decay
curve correlating directly with the agent penetration depth is in line with was observed in our previous
work concerning micro-SORS ability to track an agent penetrating into a turbid matrix [18]. In Fig. 6, the
slopes (absolute values) obtained by the linear fitting are reported. With this data visualization, it is even
more evident that the samples can be divided into two subgroups: the samples with a single blue paper
sheet, showing a more steeply decrease, are grouped according to their higher slope absolute value (1A
and 1B, group 1) and the samples with higher penetration depth have a smaller slope absolute value (group
2, samples 1C, 1D). Interestingly, the normalization procedure minimizes the effect produced by the
different amount of pigment on both the surface and the subsurface. This implies that, once the
normalization is applied, the concentration of the pigment is not relevant in discriminating the samples.
This is convenient as an ideal technique should indeed be able to predict characteristic penetration depth

of agent into the medium irrespective of its initial amount and concentration.

In Fig. 6, the slope value of sample 1E is also reported (concentration profile type 2). Despite sample 1E
having the same penetration depth as 1C and 1D, it is grouped together instead with samples 1A and 1B.
What is different for this sample (1E) from the rest is its concentration profile, and this result indicates that
the concentration profile plays a significant role on the slope. Sample 1E sheds light on the need to
consider both penetration depth and concentration profile as major factors that influence the micro-SORS
curve slope. This confounding factor makes the interpretation of the micro-SORS data more challenging.
From this one would conclude that the prediction of penetration depth is potentially possible based on a
prior calibration measurement and subject to the diffusion agent, concentration profile type (e.g. one step
or two steps of different concentration) and the matrix being identical in the prediction and calibration data

sets [31].

3.2.2 Samples set 2

Samples set 2 is more challenging because the matrix (calcite) concentration changes along the depth. The
diffusion concentration profiles of these samples are more complex also because all samples have a
decreasing W/C from the top to the bottom layer, mimicking a more realistic concentration gradient
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compared to the samples set 1. In Fig. 7a, the normalized ratio trends of samples set 2 are shown. Also in
this case, the normalization was applied at 300 mm of defocusing to avoid the uncertainty of the first
defocusing steps which are subject to larger fluctuations due to sample inhomogeneities. In Fig. 7b, the
linear fitting of the curves is displayed. Similarly to the samples set 1, the ratio decay rate of the normalized
trends seems to be dominantly influenced by the penetration depth of the agent: 2A and 2B have the
smaller penetration depth of whewellite (152 pm and 140 um, respectively); accordingly, their ratio decay
rate is the fastest. 2D has the largest penetration depth of the agent (234 um), and its ratio decay rate is
the slowest as anticipated [29]. 2C ratio decay rate is in between the mentioned samples and this is
consistent with its penetration depth of whewellite (172 pm), in between samples 2A-2B and 2D. In Fig. 8,
the slopes of the linear fitting are reported. Here, given the underlying complexity of the diffusion process
and present variation of the concentration profiles with depth, a more detailed discussion of the results is
required. Samples 2A and 2B possess very similar penetration depths, as already mentioned. Moreover,
they have the same concentration profiles (W/C is halved in the second layer of both samples), whereas the
initial concentration of whewellite is different (the whewellite concentration is higher in both 2A layers).
The slope of the linear fitting of these two samples is very similar, and their confidence intervals are
partially overlapped. This indicates that similar penetration depth produces similar slope of the normalized
linear fitting of the ratio trends, whereas different concentration does not affect this slope markedly, as

was observed for the first samples set.

Samples 2C and 2D have different penetration depths and concentration profiles than samples 2A and 2B.
Nonetheless, sample 2C has been prepared using the same W/C concentration of sample 2B (in both
samples the W/C of the top layer is 0.46 whereas the W/C of the second layer is 0.20) and also the same

bottom layer thickness, whereas sample 2D is completely different (three layers with different W/C ratios).

Therefore, the degree of change in comparison with samples 2A and 2B of the concentration profile is
minor in sample 2C than in sample 2D. This is clearly visible in Fig. 8, where the sample 2C slope (absolute

value) is higher, and thus closer to 2B, than that of sample 2D.

Based on these results, samples set 2 confirms the major role of the penetration depth and concentration

profile on the micro-SORS curve slope.

4. CONCLUSIONS

The micro-SORS applicability to the study of diffusion processes has been demonstrated. The method is
effective both in simple situations, where the matrix has constant concentration and in more complex

materials, where the concentration of the matrix is altered along the profile in depth.



Micro-SORS is not dependent by the initial concentration of the agent applied to the surface; this is
extremely important because this characteristics makes micro-SORS suitable for comparing materials that

have a different amount of agent on the surface, a common situations in conservation yard.

However, micro-SORS is dependent on the shape of diffusion concentration profile inside matrix, since it
also influences micro-SORS ratio curves. This indicates that when the shape of concentration profile is
known, the thickness of the material involved in the diffusion process can be predicted using the slope of
the normalized agent/matrix Raman intensity decay rate. A systematic micro-SORS study of concentration
profile of the main products used in conservation treatments can be proposed for selected types of turbid
substrates. In this way, at least for a number of cases, micro-SORS could be effectively used for the relative

thickness prediction.

The limitation includes blind situations, when no information is available about the shape of concentration
profiles (e.g. because it is unknown the extent of the decay process that involves the matrix)the slope
values cannot provide any conclusive valid indications about the cross-compared penetration depths, and
the data needs to be treated individually. However, fortuitously, often a common concentration profile
shape can be assumed from the way the agent has been applied to matrix as discussed above - That is
whether applied through a thin film or by placing large amount of it on surface, the former concentration
profile established can be approximated by a half-Gaussian function and the latter by an error function

[24].
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Fig.4 Representative conventional Raman spectra collected on individual layers on their cross-sections of
samples set 2; reference spectrum of the calcite-based substrate is also shown. The reference spectra of

whewellite and calcite are also reported in red
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Fig.5 Normalized ratio plot (a) and linear fitting of the normalized ratio trend (b) of samples having the
concentration profile type 1 (1A-1D)
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Fig.6 Slopes (absolute values) with confidence interval of the linear fitting shown in Fig. 6b. Samples 1A-1D
(concentration profile type 1) can be divided in two groups basing on the slope of their ratio trends. Sample
1E (concentration profile type 2) belongs to group 1 despite its penetration depth being the same of the
group 2 samples
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Fig.7 Normalized ratio plot (a) and linear fitting of the normalized ratio trend (b) of the second samples set
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