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A B S T R A C T   

Transport of organic solvents in polymeric matrices plays a central role in many processes of interest to the 
coatings industry. Previous studies have focused on individual processes taking place in the solvent-paint system. 
In the present study, we report results on the molecular dynamics in a solvent/paint system during the entire 
sequence of absorption, diffusion, swelling, and evaporation processes, obtained non-invasively, in situ, and in 
real time using unilateral NMR relaxometry. The associated chemical structures were investigated using HR-MAS 
NMR spectroscopy. Four distinct ranges of molecular motion in the solvent/paint film were identified based on 
proton NMR transverse relaxation time (T2) data. The fast motion of the freely moving solvent molecules was 
discriminated from the slower motion of the so-called bound phase of the solvent molecules physically and 
chemically interacting with the cross-linked polymer network. In addition, two distinct domains of the cross- 
linked and mobile phases of the polymerized oil were observed, allowing the study of both the dynamics of 
the swelling-contraction process of the polymer and of the solubilization process. Such non-invasive analyses 
provide significant information on transport phenomena of the solvent in the paint film, as well as on the effects 
of various solvents applied to oil paintings.   

1. Introduction 

The manufacture of coatings is a batch process that involves the 
mixing of pigments, polymeric binders, and additives dispersed in 
organic solvents or water as the carrier. Although solvents and additives 
are mainly used to control the viscosity of the final product, they also 
indirectly affect many of the properties of the coatings such as drying 
time, durability, compatibility with other coatings, and emission of 
volatile organic compounds to the environment [1]. Molecular transport 
of solvents through swollen networks is a key process that critically 
determines the performance of such coatings [2,3]. The solvent/paint 
interactions that determine the ultimate properties of the coatings dis
cussed in this paper, are controlled by processes like diffusion, evapo
ration, retention, leaching, and swelling [4]. 

Several studies have focused on the individual processes taking place 
in the solvent-paint system. The degree of swelling in mock-up paint 
samples treated with a range of organic solvents was studied by Stolow 

in 1957 using an instrument based on a parallel plate viscometer to 
measure changes in thickness, while free films were measured under a 
microscope [5,6]. Based on the models of Hildebrand [7] and Hansen 
[8], Teas proposed the first three-dimensional map of solubility [9] in 
which the solvent/polymer interactions were expressed by three pa
rameters, fd, fh, fp, related to dispersion forces, hydrogen bonds, and 
dipolar intermolecular forces, respectively. More recently, various 
experimental techniques have been utilized to characterize the behavior 
of solvent/paint systems and to study the properties of solvents in 
polymers. These techniques include differential refractometry, optical 
microscopy, fluorescence spectroscopy, interferometry, FT-IR spectros
copy, and nuclear magnetic resonance (NMR) spectroscopy [10]. An 
integrated modeling of the aforementioned processes is challenging 
because each of them requires a different theoretical and experimental 
approach. 

Our interest in solvent/paint interactions is motivated by the need to 
understand the effects of treatments undertaken by museum 
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professionals for the conservation of easel paintings. In the conservation 
of cultural heritage, the removal of aged varnishes is one of the most 
important treatments performed by conservators. Cleaning paintings is 
an irreversible process that may cause damage to the surfaces [11–13]. 
Recently, the solvent treatment has been identified as an important 
factor that could seriously compromise the conservation of artworks by 
accelerating degradation processes such as the formation of metal soaps 
[14,15]. In this context, the details of solvent/paint interactions are 
important for optimizing the cleaning of painted surfaces and the 
removal of varnishes. 

In the case of easel paintings, the study of solvent/paint interactions 
is hindered by additional complicating factors. While providing relevant 
information, Stolow’s instrumental method cannot be applied to paint
ings, as it would be invasive and thus, from a conservation standpoint, 
unacceptable. Feller’s solubility test, [16] based on the Teas diagram, is 
the easiest method to determine the polarity of the surface of painted 
objects (expressed by the parameter fp). Despite it being easy to perform, 
this solubility test does not give information about swelling, leaching, or 
retention of solvents. A gravimetric approach involving small fragments 
collected from a real painting and treated with several organic solvents 
has been proposed by Masschelein-Kleiner [17]. Because of its invasive 
nature, this method cannot be applied routinely. More recently portable 
analytical methods such as Fourier transform laser speckle imaging (FT- 
LSI) [18], unilateral NMR spectroscopy, and solid phase micro- 
extraction (SPME) [19] have been applied to the characterization of 
solvent effects in artistic paintings and laboratory mock-ups. 

NMR spectroscopy [20,21] and unilateral NMR are powerful tech
niques for studying the chemical-physical properties of polymers and 
coatings by the analysis of 1H NMR relaxation times T1 and T2, proton 
depth profiles, and self-diffusion coefficients [22,23]. Unilateral NMR 
has the additional advantage of carrying out these analyses without 
physical sampling, thereby completely preserving the integrity of the 
object under investigation [24–29]. Information about the dynamic 
properties of solvent molecules and binder polymer chains can be 
inferred from the relaxation of 1H spins [30]. The return of spins to 
thermal equilibrium in an external magnetic field, following various 
radiofrequency (rf) pulse sequences, is characterized by two relaxation 
time constants: the spin–spin (T2) and the spin–lattice (T1) relaxation 
time. The magnitude of each of these parameters depends on the 
interaction of spins with each other and with the environment. These 
interactions are modulated by molecular motions. 

Because they are non-invasive, unilateral NMR methods have been 
applied to the characterization of processes in art conservation. Exam
ples include their use to evaluate the stratigraphy of paintings [31,32], 
the changes in paint thickness after the removal of varnish layers [33], 
the absorption and diffusion of water into acrylic-based paints [34,35], 
and the removal of degraded coatings on mural paintings [36]. Other 
studies have reported the evaluation of T2 times of paint layers. Fire et al. 
[37] studied the embrittlement of the binder due to the action of sol
vents in a painting by analyzing the average T2 of the polymerized oil 
before and after treatment. Prati et al. [19] recently used 1H NMR depth 
profiles and the distribution of transverse T2 relaxation times to char
acterize the physicochemical properties of paint layers in contact with 
eco-friendly gels by observing the changes in polymer mobility. 

Recently, our group reported the distribution of T2 and the self- 
diffusion coefficients of water to calculate the open porosity of an oil 
paint layer, showing that water molecules in such systems are in a 
restricted-diffusion regime [38]. However little information is available 
about the nature of the various dynamic environments of organic sol
vents imbibed in paintings. 

In this paper, we present results on the dynamics of solvents of 
varying polarity in paint films made from linseed oil and basic lead 
white. The observed 1H T2 data, obtained by unilateral NMR, is strongly 
non-exponential, indicating dynamic heterogeneity. We show that 
analysis of the T2 data reveals several distinct dynamic states for the 
solvent and the binder polymer chains. We illustrate the ability to 

differentiate between solvent and polymer signals by the use of 
deuterated solvents, an approach used in unilateral NMR studies for the 
first time in this paper. Finally, we combine the results of unilateral NMR 
with proton high resolution magic angle spinning NMR (1H HR-MAS 
NMR) to gain an understanding of the solvent-binder interactions at 
the molecular level. 

2. Materials and methods 

2.1. Preparation of the paint films and solvent exposure 

Model paint films 500 μm thick were prepared following the protocol 
described in reference [38], where more details about the procedure can 
be found. Briefly, lead white (Sigma-Aldrich, 2PbCO3.Pb(OH)2) and 
pure linseed oil (Kremer Inc.) were mixed in a 5:1 w/w pigment-to-oil 
ratio and the mixture was applied on a canvas substrate using a 
manual film applicator. The samples were cured for nine months at room 
temperature, and subsequently subjected to accelerated aging in an oven 
at 65 ◦C for one week. 

Each film was exposed to one of the following solvents: acetone, 
deuterated acetone (acetone‑d6), ethanol, and mineral spirits (a mixture 
of aliphatic, or alicyclic C7 to C12 hydrocarbons). The paint samples were 
exposed to solvents by imbibing six sheets of filter paper in the solvent 
for 10 min, leading to an overall 2 g of solvent absorbed. The six imbibed 
sheets were then stacked over the paint film, which was placed over a 
glass slide for support. The whole glass/paint film/filter sheets assembly 
was then wrapped in plastic foil to reduce evaporation. To evaluate the 
absorption process, the imbibed sheets were left on the paint film for a 
total of 160 min, during which time the unilateral NMR analysis was 
conducted. After this time, to evaluate the evaporation process, the 
plastic foil and the filter sheets were removed, while the paint film was 
left on NMR probe for the rest of the analyses. 

After completion of the NMR measurements, one paint film was 
further re-dried by heating it at 65◦ for 8 h in an oven. To evaluate the 
effects of consecutive applications of the solvent, the sample was then 
exposed to ethanol once again for a second cycle of absorption, by 
following the same procedure previously described. 

2.2. Unilateral NMR 

1H depth profiles and spin–spin relaxation times (T2eff) were 
measured at 0.36 T (proton Larmor frequency of 18 MHz) with an NMR- 
MOUSE® (MObile Universal Surface Explorer), consisting of an elec
tronic unit manufactured by Bruker Biospin interfaced to a single-sided 
ACT sensor (RWTH Aachen University, Aachen, Germany) [27]. By 
unilateral NMR, a CPMG echo-decay envelope was measured under a 
strong inhomogeneous magnetic field, as a consequence the transverse 
relaxation time is shorter than the one acquired under a homogeneous 
magnetic field and is usually called the effective T2eff. Relaxation times 
were measured from the damping of echoes in a CPMG pulse sequence 
consisting of 4096 echoes, with an echo time of 41 μs, a recycle time of 1 
sec, 2048 scans. Each CPMG sequence was acquired for a total time of 
approximately 27 min. The following measurement started after 
approximately three minutes, to space the data by 30 min. Before 
exposing each paint film to the solvent, a 1H depth profile was acquired, 
and a T2 relaxation time was measured at the center of the film thick
ness. Once the filter sheets imbibed with the solvent were placed on top 
of the paint film, a 1H depth profile was acquired, and T2eff was 
measured at the center of the film – thickness-wise – every 30 min for 
160 min (segment I, absorption phase). The response to a CPMG 
sequence was acquired 200 µm from the paint surface with a resolution 
of 100 µm. Then the imbibed sheets were removed and the procedure 
was repeated, by acquiring the 1H depth profile first, followed by a T2eff 
measurement at the center of the paint-film for 340 min (segment II, 
evaporation phase). The whole process lasted for 500 min. 
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2.3. HR-MAS NMR spectroscopy 

High resolution magic angle spinning (HR-MAS) proton spectra were 
acquired on a Bruker Avance II-600 NMR spectrometer (Bruker Biospin, 
Karlsruhe, Germany). The spectrometer was equipped with a triple- 
resonance 4-mm probehead, which included a 2H lock channel and a 
magnetic field gradient coil whose axis was aligned along the spinning 
axis. All measurements were carried out at 27 ◦C. 60 μg of the lead 
carbonate linseed oil sample was held with acetone‑d6 (fd = 47), 
methanol‑d4 (fd = 30) and cyclohexane‑d12 (fd = 96) in a rotor with a 
volume of 12 μL, using a spin rate of 5 kHz to increase the spectral 
resolution. A diffusion filter was applied using the stimulated-echo 
experiment with bipolar gradient pulses and a longitudinal eddy cur
rent delay (“ledbpgp1d” from the Bruker pulse-program library), at a 
magic angle spinning speed of 5 kHz. Each 1D-diffusion spectrum was 
acquired from 1024 acquisitions, a spectral width of 6009.6 Hz, and a 
data size of 32 K points. The T2-filter was implemented with a CPMG 
(“cpmgpr1d” from the Bruker pulse-program library) sequence having a 
suitable echo time of 2 ms (192 loops, rotor-synchronized interpulse 
delay of 0.4 ms) and a recycle delay of 4 s, with a magic angle spinning 
speed of 5 kHz. 

2.4. Data processing 

In unilateral NMR, the analysis of NMR signals is carried out without 
a Fourier transform of the time-domain data, allowing the study of the 
time evolution of the nuclear magnetization. This approach permits the 
study of domains with different dynamics. 

Because the transverse relaxation time, T2 depends on the molecular 
motions, protons in solids and cross-linked macromolecules relax 
rapidly, whereas protons in small molecules, in liquid and low-viscosity 
phases relax more slowly. To obtain physico-chemical information of the 
molecular system and to characterize the different dynamic domains of 
proton nuclei, appropriate techniques of data processing must be 
applied. It is well-known that in a liquid the decays of the longitudinal 
and transverse magnetizations of proton nuclei are described by a single 
exponential, usually with T1 ≅ T2 on the order of seconds. In the case of 
highly viscous materials, non-crystalline polymers, and liquids in porous 
materials, the proton nuclei exhibit multi-exponential decays with 
values of T1 and T2 distributed over a large time scale (µs-sec) [39]. 
Often magnetization decay data are analyzed by fitting them to discrete 
exponentials, however in heterogeneous systems relaxation time con
stants should not be reported without analyzing the data for a distri
bution of relaxation times. 

Many studies have proposed different methods based on the inverse 
Laplace transform (ILT) to convert the relaxation decay into a contin
uous distribution of relaxation components, however all of them are 
intrinsically affected by numerical problems and the reported solutions 
may not be unique [40,41]. Nevertheless, the decomposition of the T2 
decay into a sum of exponential decays remains a common practice used 
in phenomenological models of complex systems, where the more 
complex the molecular dynamics, the more exponential terms are 
required [42]. Supposing an NMR signal S(tk) measured at echo times tk 
with (k = 1,2, …, n), the decay of the transverse magnetization can be 
described as the sum of up to N exponential decays as shown in: 

S(tk) =
∑N

i=1
Aie−

tk
T2i (1) 

A mono or bi-exponential analysis of materials with different T2 time 
constants is a relatively accurate method as opposed to more complex 
systems with a number of exponentials N ≥ 3, where the T2 relaxation 
becomes a non-trivial problem. Thus, in our study the T2-distribution 
was used as a reference method to map out the number of distinct T2 
components and measure the range of T2 values. Based on multi- 
exponential functions, our model was focused on searching for the 
minimum number of exponential components able to fit the decays with 

the highest R2 and the best residuals distribution (see Figure S1 in 
Supplementary information). All calculations concerning the T2 relax
ation were performed in Sigmaplot (Systal Software Inc) apart from the 
distribution of T2 which was carried out in Matlab 2015a (Mathworks, 
Natick, Ma, USA) using the UPEN algorithm [43]. 

A duplicate measurement was performed to estimate the reproduc
ibility of the data set. Due to the lack of temperature control and the fact 
that time-consuming acquisition of data show high error, the average 
relative standard deviation in T2cr and T2mp was ~20%, whereas in T2bs 
and T2fs was ~10%. The average relative standard deviation in the 
weight fraction Wi for all components was found to be ~10%. 

3. Results and discussion 

3.1. Transverse relaxation times and the solvent-paint polymer motional 
regime 

The interaction between a solvent and a paint film is a complex 
process that depends on the diffusion of the solvent in the polymeric 
network as well as the solubility and swelling properties of the polymer. 
In a dynamic, multi-phase system, the interpretation of the observed 
multicomponent transverse relaxation rate requires the determination of 
the number of distinct proton dynamic states and their fraction of the 
total proton population as well as a molecular-level model for their 
relative mobility. 

Fig. 1 shows 2D-contour plots of the T2-distributions obtained as a 
function of the solvent application time in three linseed oil-lead white 
paint films (PbLO) treated with ethanol, acetone, or mineral spirits (each 
single distribution is reported in the Supplementary information file, 
figure S2). 

An analysis of the T2-distribution indicates a complex multimodal 
distribution of relaxation times, consistent with the presence of four 
main distinct dynamic states, each with its own characteristic median 
transverse relaxation time. 

The relaxation time T2 ranges of the four distinct dynamic states in 
Fig. 1, are: 

1. [0.1–0.8] ms slow-motion domain (characterized by long corre
lation times and short T2). 

2. [1–8] ms first intermediate-motion domain. 
3. [10–50] ms second intermediate-motion domain. 
4. [70–120] ms fast-motion domain (short correlation times, T2 

long). 
In general, the decay rate of the magnetization is affected by the 

molecular dynamics (restricted chain motions, rotation, translation), 
changes in molecular weight, order, packing, and temperature. A unique 
description of the molecular motions contributing to the transverse 
relaxation in a multi-phase system is not straightforward. Standard 
Bloembergen–Purcell–Pound (BPP) theory describes the relaxation 
constants in terms of molecular dynamics assuming that the autocorre
lation function of the microscopic fluctuations causing the relaxation 
can be described by a single correlation time, τc [44]. The theory agrees 
well with experiments in homogeneous systems. Disordered heteroge
neous systems require a more complex computational treatment [44]. In 
paints, besides the chemical composition, the T2 is strongly affected by 
the polymer chain mobility, order and packing. An appropriate analysis 
of T2 data can reveal information about the macro-scale dynamics of the 
system. However, in the present case, because of the complexity of the 
system and the processes involved, such as evaporation, absorption, 
swelling, solubilization, and diffusion, it is not possible to unequivocally 
assign each individual T2 mode shown in the 2D-maps of Fig. 1. 
Furthermore, the T2-distribution is sensitive to noise and is susceptible 
to artifacts. Nevertheless, it is possible to propose a basic molecular-level 
model based on the minimum number of dynamic states resolved using a 
multi-exponential function. 

To describe the dynamic heterogeneity of the system we propose a 
multi-phase model associating each of the four dynamic states (identi
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fied by the four distinct components of T2 linked to the dynamic ranges 
listed above) with possible structures at the molecular level. The overall 
relaxation behavior f(t) is then given by: 

f (t) = Acr*e

(

t
T2cr

)

+Amp*e

(

t
T2mp

)

+Abs*e

(

t
T2bs

)

+Afs*e

(

t
T2fs

)

(2) 

Where: 
- T2cr is the relaxation time T2 of protons in aliphatic chains of the 

“cross-linked” oil phase. 
- T2mp is the relaxation time T2 of protons in the “mobile oil” phase. 
-T2bs is the relaxation time T2 of protons in the “bound” phase of the 

solvent. 
-T2fs is the relaxation time T2 of protons in the “freely moving” phase 

of the solvent. 
- Acr, Amp, Abs, and Afs are the respective fractions of proton density 

contributing to each of the four dynamic states T2s. 
Unlike NMR spectroscopy, unilateral NMR does not provide chemi

cal information. The following hypothetical model for the molecular 
level structures giving rise to the four proton dynamic states is proposed. 
The T2 values of the four phases based on our model are reported in 
Fig. 2. The cross-linked oil phase, T2cr, arises from protons on the rela
tively rigid framework of the polymeric network. However, not all 
protons in linseed oil are part of this network. The protons in saturated 
acyl chains, polymer segments plasticized by the solvent and polymer 
regions of low cross-link density are more mobile than the protons in the 
fully cured cross-linked polymer and their dynamic state contributes to 
the “mobile oil” phase, T2mp. The presence of these species is a function 
of the degree of polymerization, and therefore time dependent, and 
varies for each time segment within the experimental sequence. These 
two components of T2 are also found in the dry oil paint-film (t = 0) 
where the T2-decay can be modelled by a bi-exponential function [30]. 

The overall relaxation behavior of the solvent-paint system is also 
determined by protons belonging to the solvent that was applied to the 
surface of the paint. Our model is consistent with two dynamic states for 
the protons assigned to the solvent: one with a short relaxation time, 
T2bs, related to a “bound” solvent phase and another with a long trans
verse relaxation time, T2fs, related to the “freely moving” solvent. We 
assume that the bound phase of the solvent, T2bs arises mostly from 
solvent molecules whose mobility is restricted by interactions at the 
polymer/solvent interface or confinement within the polymer. Howev
er, protons from polymer chain ends and small oligomers solvated by the 
solvent may also contribute to the signal. 

Finally, we assume that the more mobile fraction of the solvent, T2fs, 
is dominated by the free translational motion of solvent molecules 
through the polymeric network. The fraction of this dynamic state 
strongly depends on the amount of solvent absorbed by the paint, the 
path length of the unrestricted diffusion, the length of time the solvent 
was applied, and the environmental conditions such as temperature and 
relative humidity. However, free triglycerides not yet polymerized and 
leached-out chain-scission products could also contribute to this frac
tion. It is also important to note that the apparent value of the T2fs 
component might be the most affected by the strong magnetic field 
gradient of the unilateral NMR apparatus and the impact of diffusion. 

During the absorption of the solvent (segment I), T2cr showed a slight 
increase in the paint sample treated with ethanol, whereas it was mostly 
unchanged in acetone, and shortened in mineral spirits (Fig. 2a). After 
the removal of the solvent (segment II), T2cr linearly decreases in ethanol 
and acetone, reaching a constant value at longer evaporation times. The 
T2cr in minerals spirits remained mostly unchanged for the whole pro
cess. The weight fraction of the cross-linked oil in mineral spirits showed 
the same evolution. On the contrary, the weight fractions of the cross- 
linked oil component in ethanol and acetone decrease first (segment I) 
and then, at longer evaporation times (segment II), increase, showing a 
similar trend without reaching the values found in the dry paint 
(Fig. 2c). 

After the first 15 min of solvent application, in the presence of 
ethanol and acetone, our results show a fast reduction of the proton 
mobility in the mobile oil phases T2mp, (Fig. 2b). The reduced mobility of 
the protons in the oil mobile phase is most likely due to the leaching out 
of small oligomers that act as plasticizers. We hypothesize that these 
small molecules at the equilibrium swelling migrate across the mesh of 
the polymer into the solution, thus their protons motion contribute to 
the fractions of the bound and free solvent phases. 

After this first fast reduction, the values of T2mp do not change as a 
function of time in segment I. At this time, a quasi-stationary state is 
reached where the transport of the molecules from the polymer surface 
into the solution prevents an increase of the swollen layer and a further 
absorption of the solvent [10]. Both T2cr and T2mp may be affected by the 
swelling of the polymer, by the solvent and the stretching-contraction of 
polymer chains [45,46]. As reported by Stolow, the swelling equilibrium 
state in an oil paint layer is reached in a few minutes (5–10 min) [6]. 
However, the time-to-equilibrium swelling greatly depends on the sol
vent and the depth at which the film is probed. Considering the inter
diffusion coefficients for acetone and ethanol reported in reference [47] 

Fig. 1. T2 distributions as a function of time in a linseed oil-lead white paint film (PbLO) after solvent application. a) Acetone; b) ethanol; and c) mineral spirits. The 
white dashed lines divide the absorption segment (I) from 0 to 160 min from the evaporation segment (II) from 160 to 500 min. The color gradient encodes the 
population density normalized on the maximum value of each distribution. 
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and the depth probed by unilateral NMR, we estimate that the equilib
rium swelling is reached after 3 min for acetone and 55 min for ethanol. 
To our knowledge, for mineral spirits in lead-oil paints, no interdiffusion 
coefficient has been published, however considering the interdiffusion 
coefficient of cyclohexane we estimated that the equilibrium swelling 
might be reached in approximately 200 min. It is important to note that 
these interdiffusion coefficients were obtained in a non-porous model 
paint system whereas in a porous oil paint film, as those used in our 
experiments [38], the equilibrium swelling could be reached faster. 

From this reference data, we hypothesize that, in segment I, in the 
time-scale of our experiment, a gel-liquid layer in equilibrium with the 
swollen polymer is formed in which the solvent is partially bound and 
free-moving as showed by the T2bs and T2fs (Fig. 2e and f). At this time, 
the weight fractions of protons in the bound phase Wbs in acetone and 
ethanol were found to be greater than the one in mineral spirits. Acetone 
and ethanol diffuse faster than mineral spirits and they have a higher 
capability of extraction of small polar oligomers [48]. During segment II, 
this equilibrium is broken because the solvent absorbed by the paint 

Fig. 2. Transverse relaxation times T2 (ms) versus 
time elapsed from the initial application of solvent. a) 
Cross-linked phase of the PbLO; b) mobile domain of 
the PbLO; c) and d) normalized relative weight of 
each T2 component in % for cross-linked and mobile 
domain of PbLO, respectively. Transverse relaxation 
times T2 (ms) of e) bound solvent domain; f) solvent 
free-moving domain; g) normalized relative weight of 
the bound solvent domain; h) normalized relative 
weight of the free-moving solvent domain. Wi is the 
weight of each T2 component and is expressed as Ai

At0
* 

100 were At0 =
∑N

i=1Ai (N = 4). Black dashed lines 
divide the absorption segment (I) from 0 to 160 min 
and the evaporation segment (II) from 160 to 500 
min.   
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evaporates causing the contraction of the polymer network (shrinking), 
thus the values of T2 decrease in all motion domains (Fig. 2e and 2f). 

To understand the various interactions during the evaporation pro
cess (segment II) better, we compared the T2 values acquired in acetone 
and deuterated acetone (Fig. 3). By using deuterated solvents, the sig
nals from the solvent protons can be suppressed leaving only the signals 
from the oil phases. Unlike the hydroxyl proton in ethanol, acetone‑d6 
has no exchangeable protons under the conditions of our experiments. 

As expected, the T2cr and T2mp values show similar trends regardless 

of solvent deuteration, consistent with our assignment of these two 
dynamic states to cross-linked and mobile oil phases respectively 
(Fig. 3a and b). On the other hand, a different trend is observed in the 
bound and free-moving solvent phases T2fs and T2bs (Fig. 3c and d). In 
acetone‑d6, the proton mobility is faster (longer T2fs) than that observed 
in acetone (Fig. 3c). After 100 min of evaporation, the proton mobility 
decreases and no contribution of the longest T2fs is observed. 

On the other hand, the T2bs values for acetone and acetone‑d6 show a 

Fig. 3. Transverse relaxation times T2(ms) vs time 
elapsed since the application of acetone and ace
tone‑d6. Mobility domains: a) cross-linked oil protons; 
b) mobile oil protons; c) bound solvent; and d) free- 
moving solvent. e) and f) normalized relative weight 
of each T2 component in % for the cross-linked and 
mobile domains of PbLO, respectively; g) normalized 
relative weight of the bound solvent domain; h) 
normalized relative weight of the free-moving solvent 
domain. Black dotted lines divide the absorption 
phase (I) from 0 to 160 min; and the evaporation 
phase (II) from 160 to 500 min.   
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similar time dependence (Fig. 3c) but a different time dependence in the 
weight fraction of the bound phase, Wbs (Fig. 3g). These results indicate 
that some moieties of the cross-linked oil phase are plasticized by the 
bound phase of the solvent along with the polar small oligomers that are 
solvated. This effect is completely masked by the solvent protons when 
using non-deuterated acetone. In fact, the weight fraction of the bound 
phase Wbs, in deuterated acetone show a fast decrease during the 
evaporation phase (segment II), indicating that the contribution of 
protons of solvated small oligomers and polymer moieties persist until 
the gel-liquid layer is in equilibrium with the swollen polymer (Fig. 3h). 
During segment II, due to solvent evaporation, the diffusive motion of 
these molecules is quickly hindered, as they might possibly precipitate 
or form larger micellar structures. 

Little information is available about the effect of the oil polymer
–solvent interface on molecular motion. The interaction between some 
moieties of the polymer with the solvent molecules may also delay the 
evaporation of the solvent causing its retention in the paint, as we 
observed at long evaporation time where a residual proton mobility of 
the acetone is still observed (Fig. 3e). 

3.2. 1H HR-MAS NMR spectroscopy to chemically analyze the solvent- 
paint polymer system 

To characterize the liquid-gel layer, we acquired 1H HR-MAS NMR 
spectra of the polymerized oil and lead white paint swollen in ace
tone‑d6, methanol‑d4 and cyclohexane‑d12. HR-MAS NMR spectroscopy 
is a powerful tool for the characterization of soft matter and multiphase- 
systems [49,50]. HR-MAS produces high resolution spectra without the 
extraction processes required in liquid-state NMR spectroscopy, pre
serving the polymer network structure suitable for the swollen state 
examination. The 1H HR-MAS spectra obtained in the swollen paint 
samples with deuterated acetone, methanol, and cyclohexane are re
ported in Fig. 4a, b, and c, respectively. 

The 1H HR-MAS NMR spectra (Fig. 4 a, b and c) in all solvents show 
the most intense signals in the spectral range from 0.85 to 1.2 ppm due 
to protons of the aliphatic chains. Detailed resonance assignments are 
given in Table 1. 

In all spectra, the overlap between sharp and broader resonance 
bands due to protons with different mobilities at the liquid-polymer 
interface is observed. It is well known that, in the absence of inhomo
geneous broadening, the line width is inversely proportional to the 
effective relaxation rate. The 1H HR-MAS spectrum shows better reso
lution because the local mobility is increased by using deuterated sol
vents and by the reduced contribution of dipolar interactions and 
anisotropic shift interactions. Differences in magnetic susceptibility are 
reduced by magic angle spinning. However, in polymers the spinning 
rate is not sufficient to suppress the effects of strong 1H–1H dipolar 
coupling, and some macromolecules moieties may show larger bands 
overlapping those which spread in the swollen polymer network. By 
combining diffusion (PFG-SE) and T2-filter (CPMG) sequences, it is 
possible to carry out spectral editing, and fast, slow, and static moieties 
can be successfully separated. Under the use of a diffusion filter, 1H HR- 
MAS spectra may show resonances due to macromolecular moieties that 
are not diffusing but have a residual mobility mostly due to the protons 
in unsaturated aliphatic chains (Figs. 4 a1, b1, and c1). By using a CPMG 
T2-filter, the PbLO paint spectra show only the sharper signals mostly 
due to the diffusing molecules of the esterified and free fatty acid res
onances. Interestingly, in acetone and ethanol, the glycerol proton 
resonance at 4.4 ppm is still observable, while the resonances at 5.3–5.5 
ppm from unsaturated vinyl protons are completely truncated (Figs. 4 
a2, b2, c2). 

These results are consistent with the observations reported by Kehlet 
et al. for ultra-fast MAS solid-state NMR spectroscopy measurements on 
Zn-containing paint samples. These authors suggest that their results 
indicate the presence of a mobile fraction due to triglycerides (TG) that 
are partially cross-linked. In addition, the signal is also attributable to an 

extractable fraction composed of free fatty acids (FFA), di-glycerides, 
and mono-glycerides [51]. Further research is needed to extract more 
quantitative information, and to calculate the correlation times and the 
self-diffusion coefficients of the species involved in the liquid-polymer 
interface. 

3.3. Swelling degree calculated by NMR T2 decay 

As previously reported, transverse relaxation times allow a deter
mination of the number of dynamically distinct populations in the 
solvent-paint system. Another important piece of information that can 
be obtained by fitting T2-decays is the swelling capacity of the polymer 
during solvent absorption and evaporation. The swelling capacity is 
defined as the change in the dimensions of the polymer and can be 
calculated by different methods [49]. One of the simplest methods is to 
calculate the ratio between the volume fraction or weight of the polymer 
before and after the absorption of a solvent. As the solvent volume 
fraction increases in the polymer meshes, one expects to observe an 
increase in the proton density. By extrapolating the proton density, At, to 
zero time, following eq.3, one can obtain a value directly correlated to 
the free volume of the solvent. In this study, we calculated the swelling 
degree (SD) as a percentage of the ratio between the total proton density 
in the dry polymer (At0d) and the total proton density in the swollen 
polymer (At0s) as a function of time, using the following equation:  

SDNMR(%)=(At0s-At0d)/At0s *100 (3)                                                          

During the evaporation phase (segment I), the swelling degree re
mains mostly unchanged. In the case of acetone, a reduction is observed, 
probably due to the evaporation of the solvent. However, due to the 
significant error associated with the limited resolution of unilateral 
NMR, the time-consuming acquisition, and the lack of temperature 
control during the absorption phase, the change may be smaller than 
appears in Fig. 5. 

During the evaporation phase (segment II), the paints treated with 
mineral spirits show a slower drying speed compared to the paints 
treated with ethanol and acetone; at long evaporation times, the drying 
of the polymer network in ethanol and acetone reaches a constant value 
whereas in mineral spirits it continues to decrease. This result is not 
surprising, as shown previously in Fig. 2h, the weight fraction of free- 
solvent in mineral spirits, Wfs, decreases more slowly than in ethanol 
and acetone. For all solvents, the degree of swelling after 500 min of 
evaporation does not return to the initial value (Fig. 5). 

To check the sensitivity of the SDNMR, we applied ethanol II cycle to 
the same sample after it was dried in an oven for two days at 45 ◦C. 
Interestingly, the sample showed the same kinetics of swelling-drying 
but had a smaller SD value, which is not surprising since the extrac
tion of plasticizers and a stiffening of the paint may take place after the 
first solvent application. 

4. General discussion and conclusions 

In addition to correlating the transverse relaxation times of oil paints 
during the absorption and evaporation phases, the T2-based model al
lows one to discuss how these processes differ depending on the type of 
solvent. 

During the absorption phase, the diffusivity of acetone in paint is 
greater than that observed for mineral spirits and ethanol, both in the 
bound- and free-moving phases of the solvent (Fig. 2e-h). It is well 
known that the diffusivity of acetone in linseed oil paints is greater than 
that of ethanol and mineral spirits [4]. 

During absorption, the weight fractions of the bound phase of sol
vents are greater for acetone and ethanol than for mineral spirits 
(Fig. 2g). In accordance with the solubility parameters [7,8,52], acetone 
and ethanol have higher contributions of polar and hydrogen-bond 
forces than mineral spirits and in oil paints are able to interact with 
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Fig. 4. 1H HR-MAS NMR spectra of linseed oil and lead white paint in a) acetone‑d6; b) methanol_d4; and c) cyclohexane‑d12. 1H HR-MAS diffusion filter for the 
paint samples in a1) acetone; b1) methanol; and c1) cyclohexane. 1H HR-MAS NMR spectra T2-filter (TE 2 ms) for the paint samples a2) acetone; b2) methanol; and 
c2) cyclohexane. The labelling of the assignments is summarized in Table 1. 
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polar groups in small molecules such as –COOH of carboxylic acids and 
aldehydes arising from hydrolysis and autoxidation of the oil paint. They 
also interact with hydrogen-bonding acceptors like C = O groups 
[46,52]. 

In ethanol, the polymerized oil maintains a higher flexibility during 
the absorption phase, as demonstrated by the cycle of contraction and 
stretching due to proton mobility. On the contrary, mineral spirits re
duces the paint mobility in both the cross-linked and mobile phases, as 
compared to ethanol and acetone. Mineral spirits show poor capability 
to extract small molecules. For example, the weight fraction of its bound 
phase (Wbs) is small in comparison to ethanol and acetone for both ab
sorption and evaporation. Minerals spirits are characterized by a high 
value of fd, compared to acetone and ethanol. Clearly, a low value of 
polarity might increase the probability of interaction between the sol
vent molecules and the fatty acid chains of the cross-linked triglycerides. 
As previously reported, the possible interactions between the solvent 
molecules and some moieties of polymer chains might also affect the 
dynamics of solvent transport, as well as the equilibrium state at the gel- 
liquid layer. In fact, 1H HRMAS spectra show better resolution for 
samples solvated in acetone or cyclohexane (whose fd value is close to 
that of mineral spirits) than in ethanol. 

During evaporation, the decrease in paint mobility in ethanol is 
observed after a few minutes, whereas in acetone the paint mobility 

requires more time for a noticeable effect. At longer evaporation times, 
the mobility of the oil remains limited in all solvents, indicating that, at 
the end of oil drying process, all solvents have induced a stiffness in the 
oil paint film. These results are in accordance with results previously 
reported [4]. 

Ethanol was retained by the paint for a shorter period of time than 
acetone and mineral spirits. In fact, the bound phase of acetone and the 
free-moving phases of mineral spirits remain in the paint for a longer 
time than does ethanol (Fig. 2e-h). The degree of swelling of the paint 
film in mineral spirits shows a slow reduction after 300 min of evapo
ration. The solvent with the highest retention in the paint is mineral 
spirits, its solvent bound phase persisting in the paint the longest. 
Ethanol shows the fastest rate of drying (Fig. 5), in contrast to mineral 
spirits that shows a very slow decrease of the SD as function of time. 

In conclusion, this multi-T2 component model describes significant 
qualitative information about the diffusion, evaporation, and retention 
of solvents in paint layers. The solvent transport through paint layers can 
be studied by observing the different effects on the mobility of protons in 
the polymerized oil, as well as by comparing the behavior of different 
types of solvents. Measurements by unilateral NMR can be applied in 
situ, in a non-invasive manner, on artworks to study the effect of organic 
solvents in aged and degraded oil paints and to determine their influence 
in the activation of degradation phenomena. 
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Table 1 
Labeling of the assignments in Fig. 4.  

Peak Assignment  

E CH2 –CH2 – COOH CH2 second next to carbonyl groups in all FA and 
diacids 

A CH2-CH = CH Allylic protons 
Bf CH2 –COOH  Methylene groups of FFA and diacids 

Be CH2 –COOR Methylene group of esterified FA 
g CH–OCOR Glycerol moiety 
o CH = CH CH Double bounds 
s  Solvent peak  

Fig. 5. Swelling degree calculated using equation 3. Black dashed lines divide the absorption segment (I) from 0 to 160 min and the evaporation segment (II) from 
160 to 500 min. The relative standard deviation was found to be 15%. 
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