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Abstract 

 

Development of techniques and research on plastic and nanostructured materials have provided a wide 

variety of formulations with versatile uses, such as binding and retouching media, adhesives, 

consolidants, coating materials, varnishes, or fillers for missing parts. However, the compatibility 

between artwork and applied products and their durability are tested only in very limited cases before 

application. In recent years, the awareness of the fact that conservative treatments applied without 

preliminary tests can cause damages or promote degradations processes, had leads to a growing interest 

towards the stability and durability of the materials used in conservation practices.  

In this work were studied and compared the degrading mechanisms occurring in different polymeric and 

nanostructured commercial products, in particular two acrylic co-polymers (Acril33 and Acril ME), two 

synthetic resins (Aquazol 500 and Laropal A81), a silicate consolidant (Estel 1000) and two 

nanoparticles dispersions (NanoEstel and NanoRestore), chosen for their widespread use and different 

physical-chemical characteristics and applications. The potentiality as consolidants or retouching 

materials was determined by means of Thermogravimetric Analysis (TGA), Dynamic Light Scattering 

(DLS), Centrifugal Separation Analysis (CSA), Viscometry, Size Exclusion Chromatography (SEC) 

and Fourier Transform Infrared Spectroscopy (FT-IR). Afterwards, thermal (80, 100, 120 and 140°C up 

to 15000 hours) and photo-oxidative (UVA λ=254 nm, UVC λ=366 nm up to 2000 hours) accelerated 

aging tests allowed to define behaviours, long-lasting performances, degradation kinetic parameters as 

well as degradation mechanisms of each commercial product by means of SEC, FT-IR, colorimetric and 

gloss measurements.  

Finally, luminescent materials were synthesized and tested with the aim to discriminate between original 

and retouched or consolidated areas. The visible emitting lanthanide complexes Eu(NO3)3(phen)2 and 

Tb(NO3)3(phen)2 were prepared and embedded in the commercial polymeric and nanostructured 

products herein tested. Appreciable photoluminescence was observed for the complexes once dispersed 

in the different matrices and after photo-oxidative aging (UVA λ=254 nm up to 2000 hours) tests. 
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Sommario 

 

La ricerca e lo sviluppo di nuove tecnologie riguardanti materiali plastici e nanostrutturati ha fornito 

un'ampia varietà di formulazioni le quali possono essere utilizzate, da parte di Restauratori e 

Conservatori, in modo versatile come leganti pittorici e da ritocco, adesivi, consolidanti, materiali di 

rivestimento, vernici o riempitivi per parti mancanti. Tuttavia, le prestazioni e la durata dei trattamenti 

a lungo termine, nonché la compatibilità tra l'opera d'arte e il prodotto applicato, sono state testate solo 

in casi molto limitati prima che il prodotto sia utilizzato nell’intervento conservativo. Negli ultimi anni, 

invece, la consapevolezza che trattamenti conservativi effettuati senza test preliminari possono causare 

danni o accelerare processi di degradazione, ha portato a un crescente interesse verso lo studio della 

stabilità e della durabilità dei materiali. 

In questo lavoro sono stati studiati e confrontati i meccanismi di degrado di diversi prodotti commerciali 

polimerici e nanostrutturati, in particolare due copolimeri acrilici (Acril33 e Acril ME), due resine 

sintetiche (Aquazol 500 e Laropal A81), un consolidante a base di silice (Estel 1000) e due dispersioni 

di nanoparticelle (NanoEstel e NanoRestore), scelti per il loro diffuso utilizzo e per le loro diverse 

caratteristiche fisico-chimiche e applicazioni. Le potenzialità come consolidanti o materiali da ritocco 

sono state determinate in seguito alla caratterizzazione dei prodotti commerciali mediante Analisi 

Termogravimetrica (TGA), Dynamic Light Scattering (DLS), Analisi in Campo Centrifugale (CSA), 

Viscosimetria, Cromatografia ad Esclusione Dimensionale (SEC) e Spettroscopia Infrarossa in 

Trasformata di Fourier (FT-IR). Successivamente, gli invecchiamenti accelerati di tipo termo-

ossidativo, effettuati alle temperature di 80, 100, 120 e 140°C per un massimo di 15000 ore e gli 

invecchiamenti di tipo foto-ossidativo UVA (λ=254 nm) e UVC (λ=366 nm), effettuati per un massimo 

di 2000 ore, hanno permesso, mediante analisi SEC, FT-IR, misure colorimetriche e di gloss, di definire 

i comportamenti prestazionali a lungo termine nonchè i parametri cinetici e i meccanismi di 

degradazione di ciascun prodotto commerciale studiato.  

Infine, sono stati sintetizzati e testati materiali luminescenti con lo scopo di ottenere una facile 

discriminazione tra aree originali e ritoccate o consolidate del manufatto. A tale fine, i complessi 

luminescenti Eu(NO3)3(phen)2 e Tb(NO3)3(phen)2 sono stati preparati e dispersi nei prodotti 

commerciali polimerici e nanostrutturati qui studiati. Apprezzabile fotoluminescenza è stata osservata 

per entrambi i complessi dispersi nelle singole matrici e in seguito a loro invecchiamento foto-ossidativo 

UVA (λ=254 nm) per un massimo di 2000 ore. 
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Aim 

 

While the progress in Materials Science furnished engineering polymers and nanostructured materials 

for different applications, the preservation of Cultural Heritage is still based on traditional 

methodologies and conventional products usually characterized by a low compatibility with the 

substrates that constitute the original works of art. Synthetic organic materials have been widely applied 

by Conservators, but their presence on artistic substrates has often shown to be detrimental because of 

the different physic and chemical properties of polymers with respect to the original materials. On the 

other hand, inorganic nanomaterials exhibit high compatibility with many artistic and architectonics 

substrates and thus represent a suitable alternative to organic coatings. For example, calcium and barium 

hydroxide nanoparticles dispersions are used with success for the deacidification and/or consolidation 

of paper, wood and wall paintings, but the restorers found many technical problems in their use. In 

particular, their usage is often unsatisfactory due to the poor penetration inside the porosity of the 

material and its inability to achieve complete consolidation of the damaged area. These drawbacks are 

due, as reported from Dillmann P. and Bellot-Gurlet L. in its book Nanoscience and Cultural Heritage 

(Atlas Press, 2016), to chemical, petrological and mineralogical incompatibility or to the specific 

environmental conditions they are applied and exposed. Therefore, the use of synthetic polymers is 

usually the only way to obtain a good restoration intervention.  

In this context, seven different polymeric and nanostructured commercial products have been chosen 

and studied for their different physical-chemical characteristics and applications: two acrylic co-

polymers (Acril33 and Acril ME), two synthetic resins (Aquazol 500 and Laropal A81), a silicate 

consolidant (Estel 1000) and two nanoparticles dispersions (NanoEstel and NanoRestore). Their 

potentiality as consolidants or retouching materials was determined by means of physico-chemical 

characterizations and thermal and photo-oxidative accelerated aging tests. In particular, the latter 

allowed to define behaviours, long-lasting performances, degradation kinetic parameters as well as 

degradation mechanisms of each commercial product. 

Moreover, the possibility to visually discriminate between original and retouched or consolidated areas 

was investigated. Visible-emitting lanthanide complexes with well-designed antenna-ligand, easily 

detectable with a common Wood lamp, were used as dopants for the commercial products to obtain 

luminescent materials. Coordination compounds with general formula Ln(NO3)3(phen)2 (Ln=Eu; Tb), 

were added in different concentrations (from 0.25 to 10% w/w) and the luminescence features of the 

samples were thus evaluated as a function of the dopants concentration and after UVA aging.  
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1. Introduction 

Since the last decades of the ‘800, novel polymeric materials have been developed and introduced in the 

market thus being quickly adopted in both production and conservation/restoration of artworks [1] 

thanks to their excellent physical properties and special functionalities. The wide variety of formulations 

available made these materials very versatile as binding and retouching media, adhesives, consolidants, 

coating materials, varnishes, or fillers for missing parts. Unfortunately, no preliminary tests were done 

beforehand to ensure their efficacy and long-lasting behaviour, and several drawbacks, adverse effects 

or even complete deterioration were recorded shortly after their application or use. In the last years, 

despite more attention has been given to compatibility and durability between artworks and applied 

products, just few materials have been tested before being applied [2]. 

Inappropriate use of commercial products can produce irreversible damages to the treated surfaces, 

leading to modification of several characteristics of the material, such as colorimetric parameters and 

porosity, and speeding up specific degradation processes such as cracking and powdering.  

It is a well know principle in conservation that materials used must not change or cause damages to the 

original objects. Therefore, a proper approach would require to analytically characterize every material 

that is going to be used in conservation and restoration. The knowledge of the mechanisms of alteration 

allows for better understanding of purposes and limits of the different conservation treatments and for 

their proper application. Chemical reactions triggered by light, heat, oxygen, water and pollutants may 

induce changes which make these materials unsuitable for conservation purposes. Yellowing, bleaching, 

changes in colour, embrittlement, loss of gloss, softening, increasing in solubility are just some of the 

physical alterations that materials can undergo. These changes are caused by chemical modifications of 

the materials which include cross-linking between chains, chain scission, volatilization of low molecular 

weight fractions and oxidation of the main chain or of the side groups.  

1.1 Artificial aging 

Degradation is defined as any process which leads to deterioration of the physical properties of a material 

[3]. Degradation is affected by many factors, the most important being: 

• chemical composition. For example, linear saturated polyolefins are resistant to oxidative 

degradation while unsaturated structures are not; amorphous regions are more susceptible to 

thermal oxidation as compared to crystalline areas because of their higher permeability to 

molecular oxygen; 

• molecular weight. Generally, the higher the molecular weight, the lower the rate of degradation; 

•  hydrophobic character; 

• presence of specific functionalities. The presence of chromophores, for example, generally 

causes an increase in the rate of photodegradation; 
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• additives [4], fillers and pigments affect the resistance to degradation. Photo-stabilizers decrease 

the chances of photodegradation of plastic materials and can be distinguished in light absorbers 

or antioxidants (such as benzotriazoles, benzophenones, and phenyl esters) and hindered amine 

light stabilizers (HALS); 

• synthesis. The size of the molecules in the polymers affects their mechanical and thermal 

degradation as well as the biodegradation and it is worth noting that an increase in molecular 

weight of the plastic material decreases the rate of degradation. Moreover, the linkage affects 

the degree of degradation. Thermoplastic polymers obtained by addition polymerization head-

to-head or tail-to-tail are susceptible to degradation. On the other hand, cross-linking decreases 

the rate of degradation by locking the polymer structure. The lamellar unfolding is prevented, 

together with the separation of photo-produced radicals, while the radical-radical combination 

is favoured; 

• environmental conditions (e.g. moisture, temperature, oxygen, and biotic presence) during 

storage and use. 

In most of the cases, physical and chemical changes due to natural aging are recordable in very long 

periods and are considerably slower in hot dry climates than in hot wet climates. Weathering is a 

degradation process and it is temperature dependent, i.e. it occurs faster at higher temperatures. The rule 

of thumb is that a 10°C-increase in temperature causes the reaction rate to double [5]. Therefore, to 

evaluate the long-term behaviour and stability of materials in opportunely short times, accelerated 

artificial aging is usually performed by speeding up the natural aging. Deterioration processes can hence 

be artificially induced in the laboratory to elucidate chemical reactions and mechanisms involved in the 

degradation and their effects on the materials. Surprisingly, to the best of knowledge, up to now only 

few studies concerning the permanence and chemical mechanisms of deterioration of protective coatings 

and painting materials have been published [2]. 

Accelerated aging tests allow to estimate the potential long-term serviceability of materials, defined as 

“the maintenance of performance above a threshold level that is regarded as acceptable” [6]. First of all, 

it is important to distinguish between stability and durability. Stability is defined as the resistance of a 

material to environmental factors such as oxygen, ozone, moisture, heat, and light, which primarily bring 

about chemical changes. Durability is commonly regarded as the physical resistance to degradation with 

respect to the stress imposed. Anyhow, it is generally held that changes in the chemical structure of 

materials are usually responsible for the physical disintegration and failure of materials. Hence, 

monitoring the changes in chemical properties of materials is by far the most common approach 

associated with accelerated aging tests [7]. 

 

Nevertheless, it is worth remembering that all predictions of long-term behaviour are essentially a 

simply rank of the relative stability of one material with respect to another under a given set of 

conditions. Feller R.L. suggested three classes of photochemical stability (Table 1) [6]. Unstable 
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materials (Class C) are those that would seriously degrade in less than 20 years of normal usage in a 

museum. Class A materials, of excellent quality, e.g. suitable for use in conservation practice, are 

materials that might give at least 100 years of satisfactory service. Class B materials are those falling 

between the two and guaranteed from 20 to 100 years of service. 

Table 1. Classification of useful lifetimes for conservation materials as proposed by Feller R.L. (1978). 

Class Classification Proposed lifetime 

A1 Excellent > 500 years 

A2 Excellent > 100 years 

B Intermediate 20-100 years 

C Unstable < 20 years 

T Temporary < 6 months 

 

The wide range of stability of materials makes it impossible to specify a standard accelerated-aging test 

that can effectively evaluate both highly fugitive and highly stable materials. Standard test procedures 

for artificial aging have been published only for commercial products such as paper, thermosetting 

powder coatings for architectonic surfaces, dyes, pigments [8] and, in most of the cases, they represent 

the basis for procedures used to evaluate the long-term stability of other types of materials applied in 

the conservation practice.  

In order to design the optimum accelerated aging test, chemical and physical properties (e.g. tensile 

strength, adhesion, brittleness and colour) to be controlled during aging have to be in principle defined 

beforehand. Unfortunately, it is usually not possible to decide ahead which property is going to be the 

most significant to monitor the aging process. The most commonly employed approach relies on 

measuring several chemical and physical properties and on recording changes that, collectively 

interpreted, may explain the relative stability of one material with respect to another.  

It is worth considering that in real practice, aging processes may be far more complex. Firstly, opposite 

reactions, such as yellowing and bleaching or cross-linking and chain cleavage, can take place 

concurrently during aging. Secondly, often it is not easy to define whether the property chosen and 

monitored represents an appropriate indicator of the point at which unacceptable changes occur.  

There are two main methods to artificially accelerate the aging processes: (1) changing/stressing only 

one environmental parameter at a time (e.g. light or temperature) while maintaining the others constant; 

(2) stressing several environmental conditions at once (i.e. climatic chamber). These experiments may 

reproduce the physical decay effects caused by natural aging, such as colour and gloss changes, change 

in the degree of polymerization and loss of hydrorepellence. Even though techniques have been 

improved, artificially accelerated aging processes are just approximations to the natural situation. Thus, 

the results of artificial and natural aging tests should always be compared for the same material.  
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1.2 Kinetics of degradation 

The kinetic of degradation is defined as the study of the rate at which deterioration reactions occur and 

the influence of conditions such as temperature, humidity, concentration of reactants on the rate [9]. The 

rate of reactions can be assessed by monitoring the change in the properties of the material, e.g. 

yellowing, over time [10]. When only one chemical process is responsible for the degradation, and hence 

for the change monitored, the interpretation in terms of chemical kinetics is usually easy. However, in 

most of the cases, two or more degradation processes occur simultaneously during aging and data might 

seem contradictory because the overall effect most likely depends on which chemical process is the 

dominant one under the specific aging conditions tested. 

In solution and gaseous mixtures (homogeneous conditions), the rate at which a chemical process takes 

place is related to the concentration of the substances undergoing the reaction. In the study of chemical 

kinetics, reactions can be interpreted according to the molecularity, i.e. the number of atoms or 

molecules taking part to each specific chemical reaction, or according to the order of the reaction. The 

latter refers to the number of atoms or molecules whose concentration determines the velocity of the 

process.  

Deterioration processes are generally the result of a series of reactions. Thus, if one measures the change 

in concentration of a chemical specie, the kinetic represents the result of the overall set of chemical 

reactions rather than of one specific chemical step. Materials generally tend to deteriorate not according 

to a first-order reaction, but following kinetics such as those illustrated in Figure 1. 

 

 

Figure 1. Models of chemical kinetics. 

 

Therefore, when accelerated-aging tests are designed and carried out, it is necessary to evaluate changes 

in physical and chemical properties up to the point of failure (or the point at which changes are no longer 

acceptable) and to determine whether the system follows one of the paths shown in Figure 1. If chemical 

properties tend to follow one of the principal kinetic processes, the respective mathematic model can be 

used to predict the progress of the accelerated aging as well as the course of aging under natural 

conditions. 
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1.3 Mechanisms of degradation 

The mechanism of degradation is the series of chemical reactions involved in the deterioration processes 

of a specific material. Depending upon the nature of the degrading agents, degradation have been 

classified as thermal-oxidative, photo-oxidative, ozone-induced, mechanochemical, catalytic and 

biodegradation [11]. In their review, Singh B. and Sharma N. [12] well described the different 

mechanisms of deterioration and discussed the methods used to study these degradations as well as the 

various influencing factors. Nevertheless, the mechanism of degradation depends firstly on the type of 

material. Polymeric materials can be synthesized via polyaddition or polycondensation of small 

molecules (monomers) and they are in general classified into two groups, thermoplastics and thermoset 

plastics [13]. Thermoplastics are linear chain macromolecules, obtainable from the reaction of the 

double bond of vinyl monomers, where the atoms and molecules are joined end-to-end (addition 

polymerization) into a series of long carbon chains. On the other hand, thermoset plastics are formed 

following step-growth polymerization allowing bi-functional molecules to condense inter-molecularly 

with the liberation of small products such as H2O, HCl, etc. at each reaction step. During these reactions, 

monomers condense and irreversibly convert into a no longer workable mass. 

 

1.3.1 Thermal degradation 

Both photochemical and thermal degradation processes are classified as oxidative mechanisms, with the 

main differences being the sequence of initiation steps leading to auto-oxidation cycle and the extent of 

degradation. In fact, while thermal degradation occurs throughout the bulk of the material, 

photochemical degradation concerns only the surface [15].                                                                                                                                          

Thermal degradation of polymers occurs through random chain depolymerization (or fragmentation) 

initiated by a thermal stress and consists of two distinct reactions which may occur simultaneously. The 

first is a chain-end scission of C-C bonds (known as unzipping route) generating volatile products, and 

the other is the random scission of chemical linkages (i.e. random degradation route or 

depolymerization) causing a reduction in the molecular weight of the polymer.  

The type and composition of pyrolysis products could give useful information about the mechanism of 

thermal degradation of polymers [12]. The chain-end degradation, for example, successively releases 

the monomer units and often this is the opposite of the propagation step in an addition polymerization. 

In fact, it occurs through a free radical mechanism (Scheme 1). In this type of degradation, the molecular 

weight of the polymer decreases slowly, and large quantity of the monomer is released. In general, chain-

end degradation occurs when the backbone bonds are weaker than the side groups bonds and only to 

polymer molecules carrying active chain ends with a free radical, a charged fragment, etc. On the other 

hand, random degradation occurs arbitrarily at any point along the polymer chain and it is the reverse of 

the polycondensation process, because the polymer degrades to lower molecular weight fragments, but 

no monomer is released. 
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Initiation 

~𝑅 − (𝑅)𝑛 − 𝑅 ~ 
         ∆𝑇       
→        ~𝑅 − (𝑅)𝑛 − 𝑅 ∙   

Propagation 

~𝑅 − (𝑅)𝑛 − 𝑅 ∙ 
                  
→      ~𝑅 − (𝑅)𝑛−1 − 𝑅 ∙  +𝑅  

Termination 

R· + R·  R-R 

R· + RO·  ROR 

RO· + RO·  ROOR 

RO· + ROO·  ROR + O2 

ROO· + ROO·  ROOR + O2 

Scheme 1. 

 

The most common method to induce thermal degradation in a material is by increasing the 

environmental temperature inside a ventilated oven or in a thermo-cycling system [16]. During a thermo-

oxidative aging, samples are exposed to moderately or extremely high temperatures in an air-circulating 

heating system where the volatile deterioration products possibly formed are continuously removed and 

further degradation induced by the released volatiles is avoided.  

The rate of a chemical reaction (k) can be determined from the activation energy (E) of the reaction and 

the temperature (T) using the Arrhenius equation Eq. (1): 

Eq. (1)                                                               k= Ae-E/RT 

where A is the pre-exponential factor and R is the gas constant (8.31 KJ/mol). According to this 

equation, an increase in the temperature implies an increase of the reaction rate. However, if more than 

one reaction occurs during the thermal degradation process, the increase in the temperature may change 

the relative importance of the different reactions. 

Another common method for investigating the thermal stability of the polymers is by means of 

thermogravimetric analysis (TGA) [17]. The rate of degradation in TGA (dα/dt) is defined as the rate of 

change of the degree of conversion and it is calculated in terms of mass as shown in Eq. (2): 

Eq. (2)                                                           α = W0-W/ W-Wf 

where W0, W and Wf are respectively the initial weight, the weight at each point of the curve, and the 

final weight measured at the end of the degradation process [18]. 

Thermogravimetry signals (TG) provide the weight losses W of the samples as a function of time and 

temperature, while the respective derivative thermogravimetry signals (DTG) are obtained by taking the 

time derivative, d(W/W0)/dt, of the ratio W/W0. The method allows to study the decomposition pathway 

of materials, i.e. the loss of volatile components such as moisture, the presence of retained solvents or 

unreacted monomers, the combustion of carbon black, and the presence of possible final residues (ash, 

fillers, glass fibers) and hence to draw conclusions about their individual constituents. TGA experiments 

can be additionally used to evaluate the apparent activation energy of the degradation process by 
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applying different equations and calculation methods [19], the most common being the Kissinger [19a, 

19l], Friedman [19l] and the modified Kissinger–Akahira–Sunose (KAS) [19 g] models. It was shown 

[20] that in the case of complex processes involving the overlapping of TG signals, the KAS and 

Friedman methods provide good qualitative information about the activation energy of the single 

processes. However, data are not easy to interpret and deconvolution procedures are necessary. On the 

other hand, in most of the cases the apparent activation energy determined by the Kissinger equation for 

the overlapped dominant peak is in agreement with the true value determined for the single process 

[19n]. This suggests that the Kissinger method is an advantageous approach to evaluate complex kinetic 

degradation processes. 

 

1.3.2 Photo-oxidative degradation 

Photo-oxidative degradation is a process initiated by UV and visible light. Most of the synthetic 

polymers are susceptible because photons, especially in the UV range, have sufficient energy to cleave 

C-C bonds. The damage induced depends, for each material, on the specific UV wavelength and on the 

chemical bonds present. Visible light causes slightly changes in properties as it provides just the 

minimum amount of energy sufficient to activate the breakage.  

Photo-oxidative reactions can be additionally triggered simply by extraneous groups and/or impurities 

in the polymer, which absorb light quanta and form excited states. 

Photodegradation generally changes the physical, chemical and optical properties of the materials. 

Common damages result in visual phenomena such as yellowing or opacification, as well as in the loss 

of mechanical properties and changes in molecular weight and molecular weight distributions [14]. 

Although some specific photo-aging chambers are available on the market, aging conditions and 

methods have not been yet standardized and thus results available in the literature are often not directly 

comparable.  

 

Radicalic initiator 

   R H R H
h

   •
      

Initiation 

R· + O2  ROO· 

ROO· + R - H  ROOH + R· 

n ROOH  ROO·, RO·, HO· 

Propagation 

R· + O2  ROO· 

ROO· + RH  ROOH + R· 

Termination 

R· + R·  R-R 

R· + ROO·  ROOR 

ROO· + ROO·  ROOR + O2 

Scheme 2. 
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In most of the cases, photo-oxidative degradation mechanism involves auto-oxidation cycle (Scheme 2) 

and it is determined by the groups and/or impurities in the polymer, which absorb light quanta and form 

excited states. Initiation is due to the absorption of UV light having sufficient energy to break C-C (375 

kJ/mol) and C-H (420 kJ/mol) bonds in the polymer chain.  

Under UV irradiation, the initial short-lived singlet state is transformed into long-lived triplet excited 

state which may cleave the polymer chains and form either (a) radical pairs according to a Norrish Type 

I reaction or (b) pairs of saturated and unsaturated chain ends by hydrogen transfer (Norrish Type II 

reaction) as shown in Scheme 3.  

 

 

Scheme 3. 

 

Free radicals formed by photon absorption act as initiator by reacting with oxygen to produce a polymer 

peroxy radical (ROO•) which reacts with a polymer molecule to generate polymer hydroperoxide 

(ROOH) and a new polymer alkyl radical (R•). 

Other sources of radicals initiator are peroxides, C=C sites and carbonyl groups eventually presented, 

as shown in Scheme 4. 

 

 

Scheme 4. 

 

Propagating reactions in auto-oxidation cycle are common in all carbon-backbone polymers and lead to 

the generation of hydroperoxide species which are responsible for the polymer degradation through the 

cleavage of the hydroperoxide O-O bond. Polymer backbone cleavage occurs through Norrish Type I 

and II reactions following β-scission mechanism, which is the main route for photo-oxidative 

degradation. Specifically, polymer-derived radicals formed during the initiation can add molecular 

oxygen (oxidation reactions) to form peroxy radicals which abstract hydrogen and form hydroperoxide 

groups. In the latter, following the absorption of UV light or energy transfer, the weak O-O bonds break 

forming pairs of alkoxy and hydroxyl radicals. These new radicals can react in different ways such as 

hydrogen abstraction, chain scission, rearrangement, etc. and accelerate the photodegradation.  

Finally, termination reactions occur by free radicals coupling to create inert products. 
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Although light and heat represent important factors to initiate degradation, the greatest damages to 

polymers are caused by oxygen. Oxidation occurs in all organic materials, but their resistance can be 

greatly variable. For example, polymers that contain oxygen in their backbone, like acrylates and 

cellulose derivatives, are far less stable to oxidation then saturated polyolefins [21]. Oxidation reactions 

may result in an increase of the molecular weight by incorporation of oxygen, as in the case of drying 

oils, or in a loss of weight [22]. Four stages were identified during the oxidation processes [23]: 

• inception, adjustment of the material at the exposure conditions; 

• induction, formation of peroxides groups (in many cases this represents the maximum shelf life 

of a material which can be extended by adding antioxidants and/or UV stabilizers and/or 

absorbers); 

• propagation, reactions of the reactive groups in the polymer; 

• termination, reactions of radicals with formation of neutral species.  
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2. Acrylic Emulsion and Microemulsion: Chemistry and 

Degradation 

Acrylic resins, derived from the polymerisation of different esters monomers of acrylic and methacrylic 

acids, have been largely used in conservation practices. The most prominent polymers in the field of 

conservation as well as in modern and contemporary artworks are the so-called acrylics thanks to the 

possibility of developing a wide variety of resins, with specific molecular weights and tailored physico-

chemical characteristics, by simply varying the ratio of constituting monomers [7].  

In the early 1940s, the acrylic commercial products Lucite 44 and Lucite 45 based on poly(butyl 

methacrylate) (PBMA) started to be used as picture varnishes because of their optical clarity, mechanical 

properties, adhesion and chemical stability [1]. In particular, the first acrylic paints were formulated by 

Bocur and Golden as solutions of poly(n-butyl methacrylate) in organic solvent. Unfortunately, these 

resins have been found unsuitable for long-term use due to unexpected cross-link reactions, cracking 

and yellowing exhibited when the polymers were exposed to different natural environments [24]. 

At the end of the 1960s, more stable acrylic resins were introduced in the market with the generic name 

Paraloid. These resins, applied in an organic solvent with variable solid content, were recommended 

for a wide range of applications, such as textile, wood, pigments consolidant, as adhesives for paper, 

mosaics, amber, fossil, ceramic and glass and as consolidants and water repellent for stones thanks to 

their hydrophobicity [7, 25]. Considering the wide range of monomers used over time to produce acrylic 

resins, extensive studies have been conducted to define the aging behaviours of each acrylic and 

methacrylic monomer and of the different commercial Paraloids. The structural and molecular changes 

occurring under artificial aging were evaluated from different authors by means of UV-Vis, FT-IR 

Spectroscopy and by Size Exclusion Chromatography (SEC) [26]. The main aging behaviours observed 

are summarized in Table 2. 

Under photodegradative conditions, acrylate units are generally more reactive towards oxidation as 

compared to the methacrylate ones, but for both monomeric units scission reactions prevail over cross-

linking when the ester side group is short [26b, 26f]. When a butyl ester group is present the behaviour 

changes dramatically, and the polymer undergoes fast and extensive cross-linking [26g]. The overall 

stability of the acrylic polymers is strongly influenced by the presence of long alkyl side groups, such 

as butyl or isobutyl, whose oxidation is favoured by the presence of relatively labile hydrogen atoms. 

The Paraloid resins containing only ethyl and methyl esters showed a good stability towards oxidation, 

reaching an equilibrium between scission reactions and macromolecular coupling which allows 

maintaining their molecular characteristics during ageing [26b].  

Lazzari M. and Chiantore O. studied the mechanisms of thermal degradation of different acrylic resins 

and highlighted as chain scissions prevail over cross-linking in the systems where most of the alkyl side 

groups are short [26d]. FT-IR analyses revealed that the first step of aging involves the thermal 

decomposition of labile structures formed during synthesis. For longer times of treatment, the oxidative 
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decomposition of side groups may occur and it is favoured for longer esters containing isobutyl and 

butyl groups [27]. 

 

Table 2. Aging behaviour of acrylic and methacrylic polymers evaluated by SEC. 

Sample 
Chemical 

composition 
Eluent 

Mw 

(KDa) 

Aging 

conditions 
Degradation mechanism Ref 

PMA PMA 

THF 

82 
UV aging 

 

T=25°C 

 

RH=50% 

 

Up to 600 

hours 

Mainly cross-linking 

[26b] 

PEMA PEMA 328 Mainly chains scission 

P(MA-EMA) P(MA-EMA) 69 Mainly chains scission 

B72 P(MA-EMA) 105 Mainly chains scission 

PMA PMA 

THF 

28 
UV aging 

(λ>295nm) 

 

Tmax 45°C 

 

Up to 1550 

hours 

Chain scission 

[26c] 

PEA PEA 110 
Initial bimodal distribution but prevails 

extensive chain scission 

PEMA PEMA 310 

Prevails chain scission but in 

competition with cross-linking 

reactions 

PnBMA PiBMA 220 Cross-linking 

B44 
EA/MMA/BMA 

(28/70/1) 

CHCl3 

105 

Thermal 

aging 

T1=110°C 

T2=135°C 

T3=150°C 

 

Up to 200 

hours 

Initial Cross-linking followed by chain 

scission 

[26d] 

 

B82 
EA/MMA/BMA 

(43/56/1) 
96 Chain scission 

B48N 
MMA/BMA 

(74/25) 
184 

Initial cross-linking followed by chain 

scission 

B66 
MMA/BMA 

(48/52) 
55 

Tendency to form cross-linking 

structures with initial formation of low 

weight products 

B72 
MA/EMA/BMA 

(32/66/2) 
88 Chain scission 

B67 PiBMA 48 

Simultaneous cross-linking and 

fragmentation but branching reaction 

prevails in the long term or high 

temperature aging 

PMMA PMMA 

THF 

58 UV aging 

(λ=254nm) 

 

T=25°C 

 

 

Random chain scission 

[26e] 
PEMA PEMA 39 

PBMA PBMA 73 
Simultaneous chain scission and 

increase of molecular weight 
PHMA PHMA 63 

B66 
MMA/BMA 

(48/52) 

THF 

55 UV aging 

(λ>295nm) 

 

Tmax 45°C 

 

Up to 2500 

hours 

Strong tendency to give cross-linking 

reactions 

[26f] 

 

B72 
MA/EMA/BMA 

(32/66/2) 
88 

B82 
EA/MMA/BMA 

(43/56/1) 
96 

B67 PiBMA 48 

B67 PiBMA 

THF 

50.3 
UV aging 

(λ=340nm) 

 

Tmax 40°C 

 

RH=40% 

 

Up to 2000 

hours 

Competition between cross-linking 

reactions and chain scission 

[26i] 

B72 MA/EMA (30/70) 103.1 
Initial prevailing of fragmentation with 

respect to cross-linking  
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The influence of the ester groups size in the photochemical stability of some poly(alkyl methacrylate)s 

has also been estimated by Kaczmareka H. et al.. They revealed as PMMA undergoes slower 

photooxidation but faster photodegradation whit respect to higher poly(alkyl methacrylate)s and as the 

different behaviours of degradation is caused by the different reactivity of the macroradicals, depending 

mainly on the flexibility and mobility of macro chains at room temperature [26e]. 

On the other hand, only few studies have been reported on the chromatic stability upon artificial aging 

of the different Paraloid types [26b, 26i, 26h]. It has been demonstrated that photodegradation causes 

acrylates to yellow because of the formation of conjugated double bonds systems [28]. Melo M.J. et al. 

[26b] have highlighted also as the very fast yellowing is followed by discolouration due to the loss of 

polymer on the treated surface.  

Acrylic latexes, i.e. dispersions of acrylic polymers in water, became commercially available around 

1950, and quickly became the preferred materials for artist’s paints [29]. Learner T. has characterized 

by Pyrolysis–Gas Chromatography–Mass Spectroscopy (Py-GC/MS) a large number of modern 

paintings stored at the Tate Gallery (London), revealing a wide variety of compositions, including 

acrylic/styrene copolymers, vinyl/acrylic copolymers, poly(vinyl acetate), and vinyl acetate/vinyl 

neodecanoate copolymers [30]. Among paints based only on acrylic polymers, Learner revealed as 

poly(ethyl acrylate/methyl methacrylate) and poly(n-butyl acrylate/methyl methacrylate) copolymers 

are the most common types used.  

Moreover, the growing attention towards human health and environment has led water-based emulsions 

(safer than the initial solvent-based formulations) to become the most common acrylic products 

available on the market. However, despite these products are available from several years, just a limited 

literature concerns their long-term stability [31]. Furthermore, the mechanisms and the kinetics of their 

degradation have not yet been defined.  
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3. Aquazol 500: Chemistry and Degradation 

Aquazol is a class of hydrophilic-thermoplastic polymers manufactured by Polymer Chemistry 

Innovations Inc.. Aquazol (PEOX) is the commercial name of the tertiary amide polymer made by 

cationic ring opening polymerization of 2-ethyl-2-oxazoline [32]. The synthesis is typically initiated by 

an electrophilic initiator, such as methyl tosylate, and terminated by nucleophiles [33]. The molecular 

structure of the polymer is characterized, as showed in Scheme 5, by a backbone in which two carbon 

atoms are alternated with one nitrogen atom with a pendent propionyl group. 

 

Scheme 5. Methyl tosylate initiated cationic ring-opening polymerization of 2-ethyl-2-oxazoline.  

 

Aquazol is available in four different molecular weights, three of which (50, 200 e 500 g/mol) are 

suitable for conservation purposes. The polymers differ only in the chain size and they are completely 

miscible in one other. Moreover, thanks to this wide range of molecular weights, Aquazol is a versatile 

material that can be used as consolidant (in a 5-20% range of concentration (w/v)), as adhesive, as 

inpainting medium (thanks to its high flexibility and reversibility with deionised water or polar solvents) 

and as a barrier or filler [34]. 

Aquazol was introduced in conservation in the early 90’s, right after the first scientific studies on its 

chemicals properties [35]. The polymer was well accepted because since 1930s conservators attempted 

to replace the natural water-soluble glue adhesives that suffer from embrittlement and yellowing [35]. 

The row resin is an off-white solid with a glass transition temperature (Tg) of 69-71ºC [36]. However, a 

Tg of 55°C is reported for a dried film of Aquazol 500 made from aqueous solution [32, 37]. Aquazol 

has unusual physical and chemical properties compared to conventional polymers, one of the most 

interesting being its high solubility in water and its miscibility with a wide range of other polymeric 

materials. Polar and non-polar domains facilitate the interaction of Aquazol with a wide range of polar 

organic solvents, such as alcohols and ketones, and enable it to adhere to various surfaces [32, 38]. The 

long polymer chains have unusually low viscosity, heat stability, excellent flexibility and a high, glass-

like refractive index. Other interesting features of PEOX are the relatively good stability at room 

temperature and pressure, the neutral pH in aqueous solution, the compatibility with a broad range of 

materials, the non-toxicity and its biodegradability [32, 34g, 39].  

Wolbers R.C., McGinn M. and Duerbeck D. carried out accelerated photo-ageing tests on samples of 

Aquazol 50 and 500 and they detected a good stability of these two products [37]. They found that after 
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280 KJm-2 total radiant exposure, (corresponding to 24 years of exposure in a museum environment), 

the FT-IR spectra of the polymer do not change significantly, and no yellowing or discolouration are 

detectable. Moreover, viscosity and Size Exclusion Chromatography (SEC) measurements were 

performed revealing a decrease of the molecular weights of the polymers during the aging tests. 

However, despite depolymerization reaction occurs, the solubility of the aged material remains 

unchanged as compared to the fresh one samples. Finally, Thermogravimetric Analysis (TGA) 

confirmed the thermal stability of Aquazol, with Differential Thermal Analysis (DTA) yielding similar 

results before and after ageing [32].  

On the other hand, Camaiti M. et al. revealed as Aquazol 200 and Aquazol 500, aged in a solarbox with 

UV light (λ>280 nm) and irradiation of 500 W/m2 up to 3000 hours, exhibited extensive oxidation and 

depolymerization reactions with evident changes in the FT-IR spectra, in the molecular weights 

distributions and in the chromatic properties [40]. Thus, they concluded that Aquazol is too sensitive to 

UV light for outdoor use and its only acceptable use is as adhesive. Moreover, Ackroyd P. [41] revealed 

that Aquazol is very sensitive to water sorption especially at elevated humidity levels. In particular, 

relative humidity over 50% affects its mechanical behaviour and the induced dimensional variation can 

produce distortion of the treated materials. 

Orsini S. et al. characterized Aquazol using Pyrolysis coupled with Gas Chromatography and Mass 

Spectrometry (Py-GC/MS) and Direct Exposure Mass Spectrometry (DEMS) techniques [42]. The 

analyses allowed to determine that the pyrolitic degradation of Aquazol 500 is not based on unzipping 

mechanism, but it occurs by chain scissions of the polymer backbone followed by loss of side chains. 
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4. Laropal A81: Chemistry and Degradation 

Synthetic low molecular weight (LMW) resins have found wide applications as varnishes (or protective 

layers) and binding materials for paintings thanks to their excellent optical characteristics and chemical 

stability. Final varnishes modify microscopically the roughness of the paint surfaces by reducing surface 

scattering and by increasing gloss and colour saturation [43]. The main reason for the use of a varnish 

is, in fact, to unify and generally increase the gloss. The general rule is that colours become darker when 

a varnish, with a refractive index (RI) significantly higher than that of air is applied [44].  

Having excellent optical characteristics, low molecular weight resins are used in substitution for the 

traditional natural terpenoid varnishes, such as gum, dammar and mastic that are chemically unstable 

and over time may undergo yellowing and cracking or become difficult to remove. LMW resins appear 

good alternative to natural resins thanks to their comparable molecular weight distributions [45].  

LMW varnish resins can be divided into three broad groups: ketone resins, hydrogenated hydrocarbon 

resins and urea-aldehyde resins. Maines C.A. et al. [45a] determined the molecular weights distributions 

and glass transition temperatures of the three groups of resins, as well as changes in their molecular 

weights distributions during exposure to a xenon-arc lamp for approximately 3000 hours. Although 

some of these LMW resins, such as ketone resins (e.g. Laropal K-80) and reduced ketone resins (e.g. 

MS2A) are known to be unstable, hydrogenated hydrocarbon (HHC) resins (e.g. Arkon P-90 and 

Regalrez 1094) and some aldehyde resins (e.g. Laropal A81) exhibit high stability to aging as compared 

to the natural terpenoids varnishes [45a, 46]. 

Urea-formaldehyde (UF) resins are the most important type of the so-called aminoplastic resins and are 

based on the manifold reaction of two monomers, urea and formaldehyde. By using different conditions 

of reaction, a variety of condensed structures can be obtained. After hardening, UF resins form an 

insoluble, three-dimensional network that cannot be melted or thermoformed again [47]. In particular, 

Laropal A81 is a low molecular weight urea-aldehyde resin made by condensation of urea and aliphatic 

aldehydes, formaldehyde and isobutyraldehyde. It is soluble in most of the solvents, except water and 

aliphatics. It is commercialized by BASF and it was just only recently introduced in the field of 

conservation as varnish, consolidant and binding material. Laropal A81 was also investigated in binary 

mixtures with Paraloid B72 [48] and with different ethylene copolymers [49] to obtained specific 

characteristics of the final conservation blend product. 

A urea–isobutyraldehyde–formaldehyde (UIF) resin can be synthesized in two steps [50]. In the first, 

an α-ureidoalkylation reaction occurs between urea and isobutyraldehyde to give 4-hydroxy-6-

isopropyl-5,5-dimethyl-tetrahydro-pyrimidin-2-one (HIDTPO) as reported in Scheme 6 [51]. 
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Scheme 6. Reaction between urea and isobutyraldehyde to give HIDTPO. 

 

In the second step, HIDTPO reacts with formaldehyde and isobutyraldehyde to gradually produce the 

UIF resin, as reported in Scheme 7. 

 

 

Scheme 7. Reaction of HIDTPO with formaldehyde and isobutyraldehyde to produce the UIF. 

 

Although the nature of the monomers used in the synthesis of UIF is known, the specific molar ratio of 

urea, isobutyraldehyde and formaldehyde as well as the synthetic pathway are patented and therefore 

some data are not publicly available.  

Zhang Y. et al. [51a] have shown the changes in the yield of reaction and on the properties of UIF resins 

obtained from different molar ratio of U/I/F. The main results are listed in Table 3. 

 

Table 3. Effect of molar ratio of U/I/F on yield and properties of final resin. 

U/I/F (mol/mol/mol) Yield (wt%) Softening point Hydroxyl value (mg KOH/g) 

1.0/2.0/4.0 43.4 116 28 

1.0/3.0/3.0 70.1 102 38 

1.0/3.6/2.4 76.5 90 32 

1.0/4.0/2.0 73.2 83 30 
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As seen in Table 3, the yield of the reaction significantly depends on the ratio of urea, isobutyraldehyde 

and formaldehyde. Therefore, Zhang Y. et al. have hypothesized deviations from the scheme of reaction 

reported above (Scheme 7). In the specific, the low yield obtained for the reaction with molar ratio of 

1.0/2.0/4.0 is explained considering that only HIDTPO and formaldehyde are present in the reactive 

mixture of the second step thus, in this case, the reaction tends to proceed according to Scheme 8, 

producing water soluble units easily removed during the washing. Moreover, they have hypothesized 

that cross-linking condensation reactions might occur between HIDTPO units during distillation. 

 

Scheme 8. Reaction between HIDTPO and formaldehyde. 

 

On the other hand, Zhang Y. et al. observed as the softening points of the resins decrease on increasing 

the amount of isobutyraldehyde. For increasing amount of isobutyraldehyde, the secondary product of 

the reaction is the one reported in Scheme 9. 

 

Scheme 9. Reaction between HIDTPO, formaldehyde and isobutyraldehyde. 

 

Peris-Vicente J. et al. [52] have described only partially the pyrolysis profile of Laropal A81, detecting 

methyl-2,2-dimethyl-3-hydroxypropionate, ethylbutanal and isobutanal as main pyrolytic products. 

Only Bonaduce I. et al. [53] have completely characterized the molecular structure of Laropal A81 using 

FIA–ESI–Q–ToF, revealing a dimeric-like structure whose repeating unit is the cyclic structure 4-

hydroxy-6-isopropyl-5,5-dimethyltetrahydropyrimidin-2(1H)-one (186 uma) and confirming a structure 

like the one reported in Scheme 7.  

The structure of the final polymer was investigated also by FT-IR and NMR Spectroscopy [51] and by 

Direct Temperature Resolved Time of Flight Mass Spectrometry (DTMS) [54]. 

Tg values reported in literature range from 48°C [45a] to 59 [55] depending on the thermal history, purity 

of the sample, and eventually changes in formulation.  

SEC analysis performed on Laropal A81 revealed a molecular weight of 3.6 KDa [44a] for the unaged 

resin and little or no change in the molecular weight distributions after up to 3000 hours of accelerated 

photo-oxidative aging [45a]. On the other hand, Maines C.A. et al. [45a] reported a number-average 

molecular weight of 13 KDa for the fresh Laropal A81. 
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5. Inorganic commercial products: Chemistry and Degradation 

In the last years, engineering nanoparticles have been widely applied in the field of Cultural Heritage 

thanks to their compatibility with the artistic substrates, that reduces the possibility of drawbacks and 

negative effects of the conservative treatments. Inorganic nanoparticles (NPs) are mainly used as 

consolidants thanks to their precipitation into the porosities, as a consequence of the chemical reaction 

between the NPs and carbon dioxide in the air, the water or some components of the treated materials. 

Dispersions of Ca(OH)2 nanoparticles in water or short-chain alcohols have been largely studied to 

establish their potential use for consolidation of limestone and carbonatic painted surfaces [56], wood 

[57], paper and canvas deacidification [58], as well as for archaeological bones treatment [59]. Several 

methodologies for Ca(OH)2 NPs synthesis have been reported [60], and the related formulations showed 

different features such as the degree of dispersibility, the particle size distribution and the structure, 

which are expected to affect the consolidation process. Literature studies showed that Ca(OH)2 NPs 

dispersed in short-chain alcohols exhibit a higher colloidal stability than using water as dispersant, 

significantly improving the degree of consolidation by decreasing the rate of particles agglomeration 

[56d, 61]. 

As far as silica-based consolidants are concerned, commercial products containing alkoxysilanes, such 

as tetraethylortosilicate (TEOS), are commonly used [62]. These products, by polymerizing in situ via a 

sol-gel process within the porous structure of the materials to be consolidated, increase the mechanical 

properties of the material. However, they can form a dense microporous network of gel that tends to 

become brittle and susceptible to cracking. Moreover, this network can obstruct the pores of the 

materials promoting a significant reduction of water permeability [63]. To improve consolidation 

performances, nanosilica-based products were synthesized by a template synthesis in which a surfactant 

was used as structure-directing agent during the polymerization process [64]. Following this procedure, 

silica nanoparticles with uniform size and ordered mesopores were obtained. Moreover, the presence of 

surfactants avoids the cracking of the gel during the drying phase because of a coarsening of the gel 

network that reduces the capillary pressure [65]. Furthermore, the advantage of using nanosilica-based 

product with respect to the traditional solvent-based TEOS is the non-hazardous solvents employed and 

the reduced time necessary to obtain the gel network (3-4 days instead of 28) [66]. On the other hand, 

the capability of silica nanoparticles to penetrate porous materials with respect to the solvent-based silica 

products have not been yet deeply investigated [67]. 
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6. Lanthanide complexes 

The use of luminescent lanthanide complexes as dopants in retouching materials for restoration has been 

little studied, while their application in many frontier technology fields is well known. For example, 

these compounds are currently studied for optical amplifiers and laser materials and for efficient lighting 

devices and monitors [68]. Moreover, these species are successfully used as luminescent probes for 

biological and medicinal applications [69]. Luminescence studies in the field of works of art are instead 

limited to fluorescent organic pigments sometimes containing transition metal elements [70] or to novel 

non-toxic or high-temperature resistant pigments [71]. In previous papers [72], the possibility to visually 

discriminate between original and retouched areas by the use of photoluminescent lanthanide complexes 

was evaluated. The homoplectic scorpionate complexes Ln(Tp)3 (Ln=Eu; Tb) allow a facile recognition 

of the restored parts because these species are easily detectable with a common Wood lamp. Moreover, 

their high resistance towards thermal and photo-oxidative aging was highlighted.  

The major advantages of lanthanide complexes as luminescent species are the long emission lifetimes, 

narrow bandwidths and large Stokes shifts [73]. However, the photoluminescence of the common salts 

of lanthanides is very weak, primarily due to the very low absorption coefficients of these ions. To 

overcome the low emission efficiency stemming from the forbidden intra-4f transitions, it is common 

practice to select organic ligands that behave as antennae and can increase the Ln3+ luminescence 

efficiency. Thus, complexes with well-designed ligands, having broad and intense absorption band, are 

synthesized. An intense metal-centred luminescence can be observed if the excitation energy is 

transferred from the organic ligands to the excited states of the lanthanide ion by intramolecular 

mechanism. The efficiency of the energy transfer depends on the relative energies of the ligands excited 

states with respect to resonant levels of the metal centre. The excited state of the ligands must have 

energy greater than the emission level of the Ln3+ ion to reduce the back-energy transfer. However, a 

too high energy separation makes competitive other radiative decay processes such as fluorescence or 

phosphorescence. The radiative decay of the excited Ln3+ ion to the ground state causes an emission 

dependent upon its electronic structure (antenna effect). Several Ln(III) ions give emission in the visible 

range, such as Eu(III) and Pr(III) (red emitters), Sm(III) (orange emitter), Dy(III) (yellow emitter), 

Tb(III) (green emitter) and Tm(III) (blue emitter). Near infrared (NIR) emissions can be instead obtained 

from lanthanide ions such as Yb(III), Nd(III) and Er(III). However, non-radiative decay of the excited 

lanthanide ions can occur in the presence of high-frequency oscillators, such as the O-H bonds in water, 

or by concentration quenching phenomena. Thus, to avoid the quench of the luminescence, the ligands 

should keep water molecules outside the inner coordination sphere of the metal centre [69i, 69m, 69n, 

69r]. Moreover, concentration quenching, caused by excessive amounts of chromophore, can be avoided 

by dispersing the luminescent species in a matrix. These matrices can be identified among inorganic, 

usually silica- or alluminosilica-based materials, and organic polymers. Furthermore, the embedding of 

a lanthanide complex in a matrix improves some physical properties of the complex like the optical and 



27 
 

thermal stability.  

In the last years 1,10-phenanthroline (phen) ligand has aroused growing interest thanks to its ability to 

coordinate in a bidentate fashion to form stable complexes with many different transition and rare-earth 

metal ions [74]. Phenanthroline has been used as an excellent antenna to sensitize lanthanide ions by 

absorbing light in the UV region and transfer it, usually from the triplet state, to the lanthanide ion [75]. 

Moreover, Taha Z.A. et al. [76] highlighted as Ln-phen complexes can be considered thermally stable 

and how the structure of the complexes is free of lattice or coordinated water or solvent molecules.  
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7. Materials and Methods 

 

7.1 Materials and preparation of films samples 

After detailed research, the most commonly used but so far scarcely investigated consolidants and 

binding media were selected to be tested in this project. The commercial products were chosen for their 

different physical-chemical characteristics and are: 

• Acril 33, an aqueous emulsion (solid content 46%) of ethylacrylate and methylmethacrylate 

(EA-MMA 70:30) co-polymer; 

• Acril ME, a water based micro emulsion (solid content 41%) of poly(butyl methacrylate) 

(PBMA); 

• Aquazol 500, the tertiary amide made by cationic ring opening polymerization of the monomer 

2-ethyl-2-oxazoline (PEOX); 

• Laropal A81, a urea-aldehyde resin; 

• Estel 1000, tetraethylortosilicate in white spirit D40; 

• NanoEstel, an aqueous colloidal dispersion of nano-sized silica (solid content 30%) stabilized 

with sodium hydroxide (NaOH < 0.5%); 

• NanoRestore, a 2-propanol dispersion of Ca(OH)2 nanoparticles (5 g/L solid concentration).  

Films samples were prepared using a silk-screen frame obtaining, onto microscope glass slices, averaged 

film thicknesses of about 60 µm. The main characteristics of the applied products are reported in Table 

4.  

Table 4. Chemical composition, glass transition temperature (Tg) (experimental data), solid content, solvent,  

and concentration of applied product (% w/w). 

Product Chemical composition Tg Solid content (%) solvent Conc. (% w/w) 

Acril 33 P(EA/MMA) (70/30) 27.8 46 Water 50 

Acril ME PBMA 29.8 41 Water 50 

Aquazol 2-ethil-2-oxazoline 49.4 -- Water 20 

Laropal A81 Urea aldehyde resin 65.5 -- Butyl acetate 50 

Estel 1000 TEOS --  White spirit D40  

NanoEstel SiO2 NPs -- 30 Water 30 

NanoRestore Ca(OH)2 NPs -- 0.5 2-propanol 0.5 

 

Moreover, to evaluate the influence of the porosity on the aging behaviour of the consolidants, solutions 

of the consolidants Acril 33, Acril ME, Estel 1000, NanoEstel and NanoRestore were applied on Vicenza 

white limestone, Arenaria and Istria stone specimens, by brushing until complete saturation. In fact, it 

is well known that the objects supporting the testing materials can make an enormous difference on the 
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aging behaviour of the applied polymers [7]. Before consolidating stone specimens, the supports were 

carefully washed and brushed to remove all the soluble salts. After, they were dried in a ventilated oven 

and kept in a desiccator until the application of the products. Samples stones 5 x 5 x 2 cm3 were provided 

by Laboratorio Morseletto (Vicenza, Italy). Vicenza stone is a light ivory calcareous rock, principally 

composed by calcite and dolomite, with total porosity of 27.8% [77], extracted from the Oligocene 

horizons in Colli Berici (Vicenza, Italy). It is the result of the sedimentation of innumerable minute 

fossils, which create its texture. Arenaria, characterized by a total porosity of 5.10% with a specific 

surface of 1.06 m2 g−1 and average pore radius of 0.06 μm (experimental data), is a clastic sedimentary 

rock composed mainly by sand-sized minerals or rock grains with a dark grey colour. Instead Istria stone 

is a sedimentary compact rock (total porosity of 0.7% with a specific surface of 0.2 m2 g−1 and pore 

radius ranging from 7 to 20 nm [78]) with a micritic structure and a whitish colour, formed during the 

lower Cretaceous. All the types of stones used in this study were chosen because they were commonly 

used as building architecture materials in Venice. Some examples of their use can be seen in the 

architectural decorative apparatus of numerous palaces and churches, such as the Basilica of S. Marco 

and Palazzo Ducale. Beside the consolidation effectiveness, the knowledge of the aesthetic variations 

occurring on historic surfaces treated with the different consolidants after aging is of interest for a large 

community of end-users (e.g. architects, curators, conservators). Moreover, only few studies have been 

focused on the effect of venetian environment on weathering of the stone investigated [79], with still a 

lack of knowledge about their consolidation and aesthetic surface variations before and after aging tests. 

The results concerning the influence of the porosity on the aging behaviour of the consolidants, and the 

effect of venetian environment on weathering of the stone, were published in a scientific paper [80] 

reported in the appendix A.  

The effective potential as consolidants or retouching materials of the commercial products were 

evaluated by physical-chemical characterizations and through thermal and photo-oxidative accelerated 

aging tests. 

7.2 Natural and accelerated ageing tests 

Ageing of materials used for conservation purposes may affect their original macroscopic properties as 

a result of the alteration of optical properties (like changes in colour and brightness) and changes in 

solubility, due to chemical alterations including cross-linking and depolymerization [81]. Therefore, the 

long-lasting stability is of great interest because it is closely related to the chemical stability.  

Aging tests allowed to define the long-lasting performances and behaviours, the kinetic degradation 

parameters and the degradation mechanisms of each commercial product. Samples have been submitted 

to a systematic investigation of their chemical and physical stability under different thermal (T=80, 100, 

120 and 140°C, up to 15000 hours in a ventilated oven) and photo-oxidative (UVA λ=254 nm and UVC 

λ=366 nm, 28 ± 2°C, relative humidity of 45%, up to 2000 hours) artificial aging conditions. The 

temperatures of the thermo-oxidative aging were chosen accordingly to the glass transition temperatures 



30 
 

of the different commercial products, while the two photo-oxidative wavelengths are the most common 

employed in artificial aging tests. The aging behaviours were followed at incremental times of aging by 

colorimetric and gloss measurements, Gel Permeation Chromatography (SEC) and FT-IR analyses. 

Thus, the results obtained were compared with the ones obtained from the natural aging of the same 

samples. Natural aging was performed, for the glass slides samples, by exposing the films at the natural 

light in normal indoor conser 

vative environment (25°C, UR%= 30, up to 670 days), while for the stone samples by exposing the 

treated supports over two years to Venice-Mestre (Italy) outdoor conditions using rigid plastic supports 

with an inclination of 60°. In Appendix B are collected the environmental parameters (ARPAV data, 

Favaro Veneto station) at which the stone samples were exposed during the outdoor natural aging. In 

particular are reported the monthly average and maximum and minimum values recorded for the 

parameters temperature (°C) and relative humidity (%), while for the parameters rainfall (mm/mounth) 

and total solar irradiation (MJ/m2) are reported only the values of the monthly average. 

7.3 Colorimetric measurements  

The colour variation of aged samples was monitored at increasing time intervals, monthly for natural 

aging and every 100 hours for the thermal and photo-oxidative aging.  

The colour measurements were carried out by a Konica Minolta spectrophotometer CM-2600d 

according to CIE Lab colour space method [82]. The parameters L*, a*, b* were simultaneously 

collected. L* stands for the lightness (L*=0 corresponds to black, L*=100 corresponds to white), while 

a* and b* are the colour-opponent dimensions: a* is the red/green balance (-a* corresponds to green and 

+a* corresponds to red) and b* is the yellow/blue balance (-b* corresponds to blue and +b* corresponds 

to yellow). The total variation of colour (ΔE*) was calculated by the equation Eq. (3) [83]: 

Eq. (3)                                                   ∆𝐸 =  √(∆𝐿∗)2 + (∆𝑎∗)2 + (∆𝑏∗)2  

where the parameters ΔL*, Δa* and Δb* refer to the difference between the aged samples at each aging 

time and the unaged ones (ΔL* = L*t=x - L*t=0; Δa* = a*t=x - a*t=0; Δb* = b*t=x - b*t=0) [84]. 

7.4 Gloss measurements 

The specular gloss, i.e. the ratio of the luminous flux reflected from the sample in the specular direction 

for a specified source and receptor angle, was determined with a Picogloss 503 instrument (Erichsen) at 

the beginning and at the end of each aging test at the incident angles of 60° with a resolution of 1 GU 

(Gloss Unit), according to ASTM D523-08:2004 [85]. The gloss retention (Δgloss %) was calculated 

between the fresh (gloss t=0) and aged (gloss t=x) gloss values as indicated in Eq. (4).  

Eq. (4)                                              ∆𝑔𝑙𝑜𝑠𝑠% = 
𝑔𝑙𝑜𝑠𝑠𝑡=0−𝑔𝑙𝑜𝑠𝑠𝑡=𝑥

𝑔𝑙𝑜𝑠𝑠𝑡=0
 x 100  
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7.5 Thermogravimetric (TGA) analyses 

TGA analyses were performed with a STA 409 PC Luxx Simultaneous thermal analyzer (Netzsch) to 

evaluate the decomposition pathway of materials, i.e. the loss of volatile components and moisture, the 

presence of restrain solvents or unreacted monomers, the combustion of carbon black, and the presence 

of eventual final residues (ashes, fillers, glass fibers) [86]. Moreover, by imposing different heating 

rates, the thermal stability of the polymers Acril 33, Acril ME, Aquazol 500 and Laropal A81 was 

evaluated.  

The emulsion Acril 33 and the micro emulsion Acril ME were diluted in distilled water (50% w/w), 

applied as thin films (60 µm) and, after drying, cut in small squares of 2x2 mm of width. The same 

method was followed for Aquazol 500 diluted at 20% in distilled water and for Laropal A81 diluted at 

50% in butylacetate. Before measurements the temperature scale was calibrated using an indium 

reference and the instrument was purged with nitrogen in the range temperature 25-700°C with a heating 

rate of 30°C min-1. Between 25 and 30 mg of bulk sample were weighed and analysed in an open alumina 

standard pan. The characterization analyses were performed by heating the samples from 25 to 700°C 

at heating rate of 25°C min-1 in controlled mixed gases (air and nitrogen in the ratio 70:30) atmosphere. 

The studies of thermal stability were carried out at different heating rates [87], from 5 to 25°C min−1
, in 

mixed atmosphere of nitrogen and air (70:30). TG signals give the weight losses W of the samples as 

function of time and temperature, meanwhile the derivative thermogravimetry (DTG) signals were 

obtained by taking the time derivative, d(W/W0)/dt, of the ratio W/W0, where W0 is the initial weight of 

the sample. 

Among the different methods that can be used [19], data were processed by means of the Kissinger’s 

method which requires only the temperature at the maximum rate of weight loss to determine the 

activation energy (E) value according to the Eq. (5) 

 

Eq. (5)                                                ln (
𝜙

𝑇𝑚
2) = ln(

𝑛𝑅𝐴𝑊𝑚
𝑛−1

𝐸
) − 

𝐸

𝑅𝑇𝑚
  

 

where ϕ is the heating rate in the TG experiment, Tm is the temperature at the maximum rate of weight 

loss, R is the universal gas constant, A is the pre-exponential factor, Wm is the weight of the sample at 

the maximum rate of weight loss and n is the apparent order of the reaction with respect to the weight 

of the sample. The activation energy values E were determined for each polymer from the slope of linear 

interpolations of ln(ϕ/T2
m) versus 1/Tm at various heating rates. 

7.6 Dynamic Light Scattering (DLS) and Centrifugal Separation Analysis 

(CSA) 

The stability of the dispersions of Acril 33, Acril ME, NanoEstel and NanoRestore was evaluated by 

Dynamic Light Scattering (DLS) and Centrifugal Separation Analysis (CSA). Analyses were made both 
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on fresh, diluted as well as on one-year aged samples and the overall results from DLS and CSA were 

reported as average of three independent measurements.  

Hydrodynamic particles diameter was measured by DLS by means of a multi-angle Nicomp ZLS Z3000 

instrument (Particle Sizing System, Port Richey, FL, USA) with an optical fiber set at 90° scattering 

angle (W=25 mW, λ=639 nm, 25°C).  Particles size diameter was calculated by Nicomp PSS software 

after imposing viscosity, density and refractive index values of both continuous and dispersed phases. 

Particles sedimentation velocity was calculated by CSA, employing the Multiwavelength Dispersion 

Analyzer LUMiSizer 651 (λ=470 nm). The samples were analysed in polycarbonate cuvettes with 10 

mm optical path every 50 seconds (25°C). Different Rotation Per Minute (RPM) values were selected 

to prove the linearity of the method. RPM values have been converted to Relative Centrifugal Force 

(RCF) by the Eq (6) 

 Eq. (6)                                                  RCF=1.1179∙10-3∙RPM2∙R 

where R [m] is the radius, calculated from the centre of the rotor to the point at which the transmittance 

values were considered. 

The variations of the transmission profiles over time and space provide information on the kinetic of the 

separation/sedimentation process and on the particles size distribution [88]. The transmission profiles, 

which are the raw data generated by CSA, moved from the lowest values of transmittance (indicating 

the highest number of particles in suspension) to the maximum transmittance, corresponding to the total 

sedimentation of particles in the cuvette (i.e. plateau). SEPView software was used to obtain 

sedimentation velocities distributions data at 1300, 1500, 1700, 2000, 2300, 2500 and 2800 RPM to 

finally extrapolate sedimentation velocity value at gravity. Moreover, SEPView software was employed 

to obtain particles size distribution of the fresh, diluted and one-year aged samples, imposing viscosity, 

density and refractive index values of both continuous and dispersed phases. 

7.7 Viscometric analyses 

The viscometric properties of the diluted polymeric solutions provided the rheological behaviour and 

the influence of the different aging tests on the degree of polymerization. Viscometric analyses were 

performed in a water bath (25 ± 0.1°C) using Ostwal-glass capillary viscometers. Each sample solution 

has been analysed three times and the values reported are the average of the repetitions. 

The determination of the intrinsic viscosity (η, mg ml-1) of Acril 33, Acril ME, Aquazol 500 and Laropal 

A81 was obtained by the measure of the flow time of the polymer solutions at different concentrations 

through a glass capillary [89]. Thus, polymer films obtained from the solutions described in Table 4 

were dried (25°C), cut into small pieces, weighted and solubilised under magnetic stirring (25°C). The 

characteristics of the analysed solutions and the conditions used for the viscometric analyses are reported 

in Table 5. 
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Table 5. Characteristics of the investigated solutions and conditions used for the viscometric analyses. 

Sample Solvent Conc. range (g dL-1) T(°C) Ostwald Type 

Acril 33 Acetone 0.25 - 1.25 25 100/200 

Acril ME Acetone 0.25 - 1.25 25 100/200 

Aquazol MilliQ Water 0.1 – 0.8 25 200/300 

Laropal A81 Butylacetate 1 - 10 25 100/200 

 

The reduced viscosity was calculated for each sample as reported in Eq. (7) 

Eq. (7)                                                             𝜂𝑟𝑒𝑑 =
 
𝑡

𝑡𝑠 −1
 

𝑐
 

where t and ts are the flowing times of the solvent and of the solution, respectively, and c is the 

concentration of the solution. A plot of the reduced viscosity versus concentration gives the intrinsic 

viscosity from the extrapolation to c = 0.  

Viscometric measurements were additionally carried out on the aged polymer samples solutions in order 

to investigate the degradation mechanisms by comparing their flowing time with respect to the fresh 

sample. 

7.8 Size Exclusion Chromatography (SEC) 

SEC analyses have been performed during the doctoral internship at Universität für Bodenkultur Wien, 

BOKU (University of Natural Resources and Life Sciences, Vienna) at the Biopolymer and Paper 

Analytics Laboratory, under the supervision of Univ. Prof. Dipl.-Chem. Dr. Antje Potthast. Analyses 

have been performed on selected samples of Acril 33, Acril ME, Aquazol 500 and Laropal A81 and 

allowed to evaluate the molecular masses values (Mn, Mw and Mz) and the molecular weight distributions 

(MWD).  

Firstly, the best solvent to dissolve the samples was investigated by evaluating the dissolution of the 

polymers Acril 33, Acril ME, Aquazol 500 and Laropal A81 (around 15 mg) in 1 mL of DMSO, THF, 

N,N-dimethylacetamide (DMAc) and 0.9% (w/V) lithium chloride/N,N-dimethylacetamide 

(DMAc/LiCl). As shown in Table 6, the solvents that provided a complete dissolution of all the polymers 

studied are DMAc and DMAc/LiCl 0.9% (w/V). It was chosen DMAc/LiCl 0.9% because it can be 

either used as solvent and as SEC mobile phase. 

Samples were dissolved in 0.9% (w/V) lithium chloride/N,N-dimethylacetamide at room temperature 

and filtrate through 0.45 µm PTFE filters prior injection. Measurements were performed with a 

SEC/MALLS system equipped with: a pump (Bio-Inert 1260 Infinity II, Agilent, Waldbronn, Germany), 

an autosampler (HiP-ALS 1200, Agilent, Waldbronn, Germany), a column oven (Gynkotek STH 585), 

a multiple-angle laser light scattering detector (MALLS, Wyatt Dawn HELEOS II, Wyatt Inc. Santa 

Barbara, USA) with argon ion laser (λ=663.6 nm), and a refractive index detector (RI, Shodex RI-71, 

Showa Denko Europe GmbH, Munich, Germany). Four serial SEC columns (Polymer Laboratories, 
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currently Varian/Agilent) PLgel mixedA LS, 20 µm, 7.5 X 300 mm were used as the stationary phase. 

Operating conditions: 1.00 ml/min flow rate, 100 µl injection volume, 45 minutes run time. DMAc/LiCl 

(0.9%, w/V) filtered through a 0.02 µm Anopore inorganic membrane (Anodisc Sigma Aldrich) was 

used as eluent. 

Unfortunately, both fresh and aged samples of Laropal A81 exhibited quite lower molecular masses 

values and MDW, resulting unfit to be analysed with this instrument set up.  

 

Table 6. Dissolution tests of polymer samples in DMSO, THF, DMAc and DMAc/LiCl 0.9% (w/V). 

Solvent Acril 33 Acril ME Aquazol Laropal A81 

DMSO 

    

THF 

    

DMAc 

    

DMAc/LiCl 0.9% 

(w/v) 
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The specific refractive index, i.e. the ratio of change of the refractive index with the concentration of a 

solution of polymer at a given temperature, wavelength, and a given solvent, was evaluated for the 

polymers Acril 33, Acril ME and Aquazol 500 samples in DMAc/LiCl 0.9% (w/V) at 25°C and λ=663.6 

nm. The δn/δc values were calculated on assuming that 100% of the injected analyte elutes from the 

columns and that integration of the chromatogram encompasses all the contributions from the analyte 

[90]. The δn/δc values used to evaluate the molecular masses values are reported in Table 7. 

Table 7. δn/δc values calculated for the polymer samples in DMAc/LiCl 0.9% (w/V) at 25°C and λ=663.6 nm. 

Sample δn/δc 

Acril 33 0.0306 

Acril ME 0.0351 

Aquazol 0.0775 

 

Together with the distribution of molar masses (MMD), given by the plot of the molar mass (g mol-1) 

against the differential weight faction, MALLS detector allows the determination of the molar masses 

averages Mn, Mw and Mz (representing three moments of the distribution) and the number ni of molecules 

of molar mass Mi in each slice of the resulting chromatogram. The following parameters were 

considered. 

The number average molar mass (Mn) is defined as the total molecular mass of n polymer molecules 

divided by the number n of polymer molecules, according to Eq. (8). 

Eq. (8)                                                                       𝑀𝑛 = 
∑𝑛𝑖𝑀𝑖

∑𝑛𝑖
  

Mn is sensitive to the presence of low molecular weights fractions and corresponds to the value for which 

there are equal numbers of molecules with lower and higher molecular weight. 

Weight average molar mass (Mw) is large-molecule sensitive and influences the bulk properties and 

toughness of the polymer. Mw reflects changes in the high-MM components and is defined as reported 

in Eq. (9). 

Eq. (9)                                                                       𝑀𝑤 = 
∑𝑛𝑖𝑀𝑖

2

∑𝑛𝑖𝑀𝑖
  

Z-average molar mass (Mz) is sensitive to very high-MM components and influences viscoelasticity and 

melt flow behaviour. It is defined according to Eq. (10).  

Eq. (10)                                                                     𝑀𝑧 = 
∑𝑛𝑖𝑀𝑖

3

∑𝑛𝑖𝑀𝑖
2  

The polydispersity index (Đ) represents the width of molecular mass distribution and is calculated by 

the Eq. (11). The larger is the Đ, the broader is the distribution (a monodisperse polymer is characterized 

by Đ = 1). 
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Eq. (11)                                                                       Đ =  
𝑀𝑤

𝑀𝑛
 

MALLS detector provided also the averaged root mean square radius (rms, or radius of gyration Rz) in 

the range between 10 to several hundred nm, independently from the shape of the scattering particles. 

Moreover, the conformation plot slope was evaluated. This parameter was calculated from the slope of 

the plot of logarithm of radius (rms) as a function of the logarithm of the molar mass. The slope values 

give a good estimation of the shape: sphere corresponds to conformation slope plot in the range 0-0.33 

(0 corresponds to a compact sphere), random coil to 0.5-0.6, rod to 1 and 1.8 to very stiff chain. 

Finally, the average number of chain scission (S) per macromolecules was calculated according to Eq. 

(12) [91] 

Eq. (12)                                               𝑆 = [ 𝑀𝑛(0) − 𝑀𝑛(𝑡)] − 1 

where Mn (0) and Mn (t) are respectively the number-average molecular weight of the polymer before 

and after t hours of aging. 

The weight- and number-average molar masses (Mw, Mn) and the molar mass distribution (MMD) were 

evaluated using Astra 6 (Wyatt Technologies) software. The relative standard deviation for Mw is below 

5% and around 10% for Mn. 

7.9 Fourier Transform Infrared Spectroscopy (FT-IR) 

In an effort to follow the changes occurred in the samples, Fourier Transform Infrared Spectroscopy 

(FT-IR) spectra were recorded before and during artificial and natural aging tests.  

FT-IR has been successfully employed to identify synthetic polymers in artworks and their degradation 

pathways [for some examples see: 26b, 26c, 26d, 26g, 26h, 26i, 31e, 32, 92]. In fact, this technique 

allows to detect characteristic absorption bands and their modifications due to degradation. 

Analyses were performed with a Perkin Elmer Spectrum One FT-IR spectrometer. Spectra were 

acquired with the software Spectrum (Perkin Elmer) in the spectral range between 4000 and 400 cm−1 

performing 64 scans at 4 cm−1 resolution. The resulting spectra were processing by Origin 8.0 software. 

Analyses were performed on films cast from one drop of polymer or of NPs solution directly on a KBr 

disks. Before being subjected to aging, the disks were held in a desiccator for one month (dark 

conditions) to allow the complete polymerization and formation of solid films.  

7.10 Synthesis of Ln(NO3)3(phen)2 (Ln= Eu; Tb) complexes and preparation 

of luminescent films  

Eu(NO3)3(phen)2 was synthesized from a dispersion of 0.2 g of Eu2O3 in 2 mL of H2O to which were 

added 6 equivalents of HNO3 (65% in water). The reaction mixture was heated at 80°C until the solution 

became clear. 30 mL of absolute ethanol were then added, and the solution was concentrated by heating 
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to ca. 3 mL. This step was repeated two times. Under stirring were added once again 30 mL of absolute 

ethanol and the solution was allowed to cool. The phenanthroline ligand (4 equivalents with respect to 

Eu3O3) was solubilized in 6 mL of absolute ethanol and then added drop by drop to the stirred solution 

of Eu(NO3)3(H2O)3 obtaining the pale-yellow Eu(NO3)3(phen)2 complex, which was collected by 

filtration. 

To prepare the analogous Tb(III) derivative, in a closed reflux system 0.2 g of Tb4O7 were allowed to 

react with 20 mL of concentrated aqueous HCl and 20 mL of CH3COOH for 2 hours. The solution was 

then filtered and taken to dryness. The solid was treated with 5 mL of distilled water and the resulting 

solution was filtered. An excess of NaOH (0.130 g) was then added to precipitate Tb(III) hydroxide, 

which was then filtered, washed with water and dried. The remaining part of the synthesis is identical 

to that affording the previously described Eu(III) derivative. 

The scheme of reaction and the chemical structure of the lanthanide Ln(NO3)3(phen)2 (Ln=Eu; Tb) 

complexes obtained is shown in Scheme 10. 

 

 

Scheme 10. 

 

The X-ray structural analyses indicate that Ln(NO3)3(phen)2 complexes crystallize in the monoclinic 

space group C2/c (no. 15) [93]. Zeng Y.Q. et al. [93c] reported values of cell dimension, for Ln= Eu, of 

a=11.165 Å, b=17.972 Å, c=13.052 Å, β=100.57°, V=2574.5 Å3, Z=4. On the other hand, Mirochnik 

A.G. et al. [93d] reported, for the same complex, cell values of a=11.168 Å, b=17.976 Å, c=13.053 Å, 

β=100.57°, Z=4. In the mononuclear complex, the rare earth atoms are coordinated by four N atoms of 

two phenanthroline ligands and six O atoms of three nitrato groups to complete a 10-fold coordinated 

polyhedron. The Eu-O bond distances vary in the range 2.495-2.540 Å and are slightly shorter than the 

Eu-N bond distances, which range between 2.541 and 2.593 Å [93c, 93d]. 

A weighted and variable quantity (from 0 to 10%) of the pure Ln(NO3)3(phen)2 (Ln= Eu; Tb) complexes 

have been added to the polymers/NPs solutions prepared as described in Table 4 and the dispersions 

were kept under stirring until obtaining homogeneous systems suitable for the depositions. Samples 

have been spread by brushing on glass slides and let to dry in laboratory conditions. 

7.11 Photoluminescence measurements  

Photoluminescence emission (PL), excitation (PLE) and luminescence lifetimes measurements on solid-

state samples have been performed during the doctoral internship period at the Department of 
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Engineering Sciences and Mathematics (Luleå University of Technology) in Luleå, Sweden, under the 

supervision of Univ. Prof. Dr. Alberto Vomiero.  

Photoluminescence excitation (PLE) and emission (PL) spectra were recorded by an Edinburgh 

Instruments FLS980 Photoluminescence Spectrometer. A continuous-wave xenon lamp or a 

microsecond xenon flash lamp were used as excitation sources for steady-state or time-resolved 

measurements respectively, coupled to a double-grating monochromator for wavelength selection. The 

light emitted from the samples was also collected by a double-grating monochromator and recorded by 

a photon counting R928P photomultiplier tube.  

The intrinsic quantum yield (Qi) allows to evaluate the influence of the non-radiative decay processes 

between the radiative ones and can be calculated from the Eq. (13) 

Eq. (13)                                                           𝑄𝑖 = 
𝑘𝑟

𝑘𝑟+𝑘𝑛𝑟
    

where kr and knr are, respectively, the rate constant of the radiative and non-radiative decays. The 

reciprocal of the rate constant is a lifetime. τrad is the radiative lifetime while the reciprocal of the sum 

of the rates constant is the observed lifetime, τobs. The intrinsic quantum yield of the Ln ion has been 

estimated on the basis of Eq. (14), where τ is the measured luminescence lifetime. 

Eq. (14)                                                              𝑄𝑖 = 
𝜏𝑜𝑏𝑠

𝜏𝑟𝑎𝑑
 

τrad has been obtained for the europium-based samples from Eq. (15)  

Eq. (15)                                                

5 7
3 0 J

5 7

rad 0 1

I( D F )1
14 65

τ I( D F )
. n





  

where n indicates the refractive index of the sample (value of 1.5 is assumed in this work for comparative 

purposes) and I(5D0-7FJ)/I(5D0-7F1) is the ratio between the total integrated emission from the Eu(5D0) 

level to the 7FJ manifold (J=0–6) and the integrated intensity of the transition 5D0-7F1 [94]. 

On the other hand, the intrinsic quantum yield (Qi) for the terbium-based samples was calculated, as 

suggested by Kaback R.H. et al. [95], on the basis of the Eq. (16), where τobs is expressed in ms. 

Eq. (16)                                                                       𝑄𝑖 = 
𝜏𝑜𝑏𝑠

4.75
 

The chromaticity coordinates x and y were estimated from the PL spectra of the pure and dispersed 

Ln(NO3)3(phen)2 (Ln= Eu; Tb) complexes as indicated by the International Commission for Illumination 

(Commission Internationale de l’Eclairage, CIE) which has standardized the measurements of colour by 

means of colour-matching functions and by the chromaticity diagram (CIE, 1931) [96]. The CIE 1931 

colour-matching functions individuate three functions x(λ), y(λ), and z(λ) which reflect the fact that 

human colours vision is trichromatic. For a given spectral density P(λ), the degree of stimulation 

required to match the colour of P(λ) is given by the tristimulus values X (red), Y (green), and Z (blu) as 
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reported in Eq. (17-19). 

Eq. (17)                                                   𝑋 = ∫ 𝑥(𝜆) 𝑃(𝜆) 𝑑𝜆𝜆
 

Eq. (18)                                                   𝑌 = ∫ 𝑦(𝜆) 𝑃(𝜆) 𝑑𝜆𝜆
 

Eq. (19)                                                   𝑍 =  ∫ 𝑧(𝜆) 𝑃(𝜆) 𝑑𝜆𝜆
 

The chromaticity coordinates x and y are calculated as the stimulation of each primary light divided by 

the entire stimulation (X + Y + Z) from the tristimulus values according to Eq. (20) and Eq. (21). 

 

Eq. (20)                                                         𝑥 =  
𝑋

𝑋+𝑌+𝑍
 

Eq. (21)                                                         𝑦 =  
𝑌

𝑋+𝑌+𝑍
 

z chromaticity value can be obtained from x and y values, then no useful chromaticity information is 

provided from this coordinate. 

The (x, y) chromaticity diagram shows a detailed attribution of colours: reddish and greenish colours are 

found for respectively large values of x and y, while bluish colours are found for low values of x and y, 

or near the origin of the chromaticity diagram. Moreover, all colours can be characterized in function of 

their position in the chromaticity diagram: monochromatic or pure colours are located on the perimeter, 

while white is at the centre of the diagram. Thus, the colour purity is the relative distance of the sample 

under test from the centre of the chromaticity diagram.  
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8. Results and Discussion 

 

8.1 Colorimetric measurements 

The degree of colour can give useful information in following the changes in the properties of materials. 

Therefore, colour parameters in aged samples was monitored at increasing time intervals, monthly for 

natural aging and every 100 hours for the thermal and photo-oxidative aging. The results obtained are 

reported as plots of total variation of colour (ΔE parameter calculated as in Eq. (3)) over the time of 

thermo- (T=80, 100, 120 and 140°C up to 15000 hours) and photo-oxidative (UVC λ=366 nm and UVA 

λ=254 nm up to 2000 hours) as well as natural aging (up to 670 days). However, ΔE shows only the 

total colour change magnitude but does not specify in what way colour varies. Therefore, colour 

parameters L*, a* and b* of fresh and aged samples are reported as average of three independent 

measurements, together with the colour graph (plot of a* vs b*) and the histogram of L* values. 

 

The results of colorimetric analyses obtained for increasing times of thermo- and photo-oxidative aging 

as well as during natural aging of Acril 33 (P(EA-MMA)) are shown in Figure 2.  

As shown in Figure 2a, only the thermo-oxidative aging of Acril 33 at 120 and 140°C induces a variation 

of colour higher than 5, thus detectable by naked eye. In particular, at the end of the thermo-oxidative 

aging at 120 and 140°C of Acril 33, ΔE values of 11.53 and 42.24 were determined respectively for the 

two temperatures. As shown in Figure 2e, the colour variation is due to a shift towards orange shade due 

to a contemporary increment of the parameter a* (green-red opponent coordinate), which implies a shift 

towards reddish shade, and of b* (blue-yellow opponent coordinate) value, which determines a shift 

towards yellowish shade. Moreover, it is important to note that the high standard deviation associated 

to the a* and b* values highlights wide inhomogeneity of the colour of the acrylic film aged at 140°C. 

Instead, as shown in Figure 2f, the L* parameter (brightness) slightly influences the total variation of 

colour. 

On the other hand, the thermo-oxidative degradation at 80 and 100°C, the photo-oxidative aging 

conditions, as well as the natural aging, do not affect significantly the colorimetric parameters (Figures 

2a, 2b, 2c and 2d) of the polymeric films of Acril 33. At the end of the experiments the ΔE values 

determined are 0.67 and 3.12 for the samples subjected to thermal degradation at 80 and 100°C, 0.47 

and 1.54 for the samples subjected to UVC and UVA radiations and 1.16 for the sample aged under 

natural conditions. 

The high resistance in terms of colour variation of the polymeric films of Acril 33 with respect to the 

UV aging herein reported, is in contrast with the high instability reported in literature for the acrylic 

resin Paraloid B72 (P(EA-MMA)). In the specific, Melo M.J. et al. [26b] accordingly with Bracci S. and 

Melo M.J. [26h], reported fast yellowing since the first hours of UV or accelerated (climatic chamber) 

aging of the acrylic resin. Therefore, is herein revealed as the films obtained from the solubilization of 
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P(EA-MMA) resin in solvent show a higher instability with respect to the films deriving from the water-

based emulsion.  

 

 

Figure 2. ΔE parameters determined for Acril 33 subjected to (a) thermal aging at 80, 100, 120 and 140°C, (b) photo-

oxidative aging (UVC and UVA) and (c) natural aging; (d) colour parameters L*, a* and b* of fresh and aged Acril 33 films; 

(e) plot of a* vs b* values (colour graph) of unaged and aged samples; (f) plot of L* values of fresh and aged samples. 

 

As for Acril 33, only the thermo-oxidative aging at 120 and 140°C induces significant variations in the 

colour of Acril ME (PBMA) films (Figure 3a). More specifically, the two aging temperatures induced 

total variation of colour of, respectively, 4.60 and 10.23. The colour changes are caused by a shift 

towards yellow-green shades (Figure 3e), while the L* parameter remains substantially unchanged 

during thermal aging (Figure 3f). Also in this case, the high standard deviation associated to a* and b* 

parameters of the sample aged at 140°C can be attributed to inhomogeneity of the colour of the 
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polymeric film. 

 

 

Figure 3. ΔE parameters determined for Acril ME subjected to (a) thermal aging at 80, 100, 120 and 140°C, (b) photo-

oxidative aging (UVC and UVA) and (c) natural aging; (d) colour parameters L*, a* and b* of fresh and aged Acril ME 

films; (e) plot of a* vs b* values (colour graph) of unaged and aged samples; (f) plot of L* values of fresh and aged samples. 
 

Also for Acril ME, the thermo- and photo-oxidative aging as well as the natural aging did not induce 

significant variations in the colour parameters. In fact, ΔE values determined at the end of the tests are 

0.42, 1.26, 0.48, 0.98 and 0.30 respectively for the aging at 80°C, 100°C, UVC, UVA and natural aging. 

Anyway, higher stability in terms of colour changes was herein demonstrated for Acril ME with respect 

to Acril 33, in good agreement with the results reported in literature [31e]. It is important to note that 

the transition between solvent-based to microemulsion not only improves the human and environmental 
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safety, but also increases the stability of the PBMA. In fact, differently from the low values of ΔE 

reported in this work and by Camaiti M. et al. [31e], Favaro M. et al. [26i] determined colour variation 

close to 10 for Paraloid B67 sample exposed to 2000 hours of UV radiation. 

Aquazol 500 appears more susceptible to thermal aging with variations of colour slightly detectable at 

naked eyes also for the samples aged at low temperatures (Figure 4a). More specifically, at the end of 

the thermo-oxidative aging at 80, 100, 120 and 140°C were determined ΔE values of, respectively, 2.72, 

4.49, 5.12 and 8.84. These changes in colour are due to a slight shift to yellow-greenish shades (Figures 

4d) but also to a darkening of the surfaces detectable as decrease of L* values (Figure 4f).  

 

 

Figure 4. ΔE parameters determined for Aquazol 500 subjected to (a) thermal aging at 80, 100, 120 and 140°C, (b) photo-

oxidative aging (UVC and UVA) and (c) natural aging; (d) colour parameters L*, a* and b* of fresh and aged Aquazol 500 

films; (e) plot of a* vs b* values (colour graph) of unaged and aged samples; (f) plot of L* values of fresh and aged samples. 
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As the acrylic samples, Aquazol 500 exhibits high stability in terms of colour changes on considering 

the UVC, UVA and natural aging, with total colour variation of, respectively 1.38, 1.83 and 0.31 at the 

end of the experiments. Even if the ΔE values of the samples aged at 80, 100 and 120°C are higher whit 

respect to those determined for Acril ME, Aquazol guarantees better performance (lower ΔE) for the 

aging at high temperature. These results are in contrast with those reported by Camaiti M. et al. [31e], 

which determined high values of ΔE (30-40) also after short time of exposure of Aquazol to UV 

radiation. Nevertheless, also Wolbers R.C. et al. [37] reported that no significant variation in terms of 

discolouration occurs during UV aging of Aquazol 500 with a xenon lamp. 

 

 
Figure 5. ΔE parameters determined for Laropal A81 subjected to (a) thermal aging at 80, 100, 120 and 140°C, (b) photo-

oxidative aging (UVC and UVA) and (c) natural aging; (d) colour parameters L*, a* and b* of fresh and aged Laropal A81 

films; (e) plot of a* vs b* values (colour graph) of unaged and aged samples; (f) plot of L* values of fresh and aged samples. 
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Laropal A81 revealed high resistance not only towards the photo-oxidative conditions, but also towards 

thermal aging, with ΔE values always lower then 5 (Figures 5a, 5b and 5c). Values of a*, b* and L* 

parameters remain practically unchanged during the different aging tests (Figures 5d and 5f) and finally 

ΔE values are 0.63, 1.19, 1.26 and 1.21 for the samples subjected to the thermal degradation at 80, 100, 

120 and 140°C, 0.44 and 1.44 for the samples subjected to UVC and UVA aging and 0.98 for the sample 

aged under natural conditions. Anyway, the low changes of colour imply a shift towards yellow-orange 

shades (Figures 5e) while, as shown in Figure 5f, the L* values remain practically unchanged along the 

aging. These data allowed to individuate in Laropal A81 the polymer with the higher stability in terms 

of colour retention under the aging conditions investigated. 

 
Figure 6. ΔE parameters determined for NanoRestore subjected to (a) thermal aging at 80, 100, 120 and 140°C, (b) photo-

oxidative aging (UVC and UVA) and (c) natural aging; (d) colour parameters L*, a* and b* of fresh and aged NanoRestore 

films; (e) plot of a* vs b* values (colour graph) of unaged and aged samples; (f) plot of L* values of fresh and aged samples. 
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NanoRestore films, obtained from the colloidal dispersion of Ca(OH)2 NPs, showed a good resistance 

in terms of colour changes on considering all the aging tests conducted (Figures 6a, 6b and 6c). ΔE 

values determined are 1.55, 1.63, 2.98 and 3.17 for the samples subjected to thermal degradation at 80, 

100, 120 and 140°C, 0.56 and 1.04 for the samples subjected to UVC and UVA aging conditions and 

0.86 for the sample aged under natural conditions. The slightly colour changes are due to a shift towards 

yellow-orange shades (Figure 6e) and to darkening of the surface (low displacement of L* values visible 

in Figure 6f). This colour changes, mainly observed for the samples aged at 120 and 140°C, are 

detectable since the first 4000 hours of aging time, after which the colour parameters vary only slightly. 

 

 

Figure 7. ΔE parameters determined for Estel 1000 subjected to (a) thermal aging at 80, 100, 120 and 140°C, (b) photo-

oxidative aging (UVC and UVA) and (c) natural aging; (d) colour parameters L*, a* and b* of fresh and aged Estel 1000 

films; (e) plot of a* vs b* values (colour graph) of unaged and aged samples; (f) plot of L* values of fresh and aged samples. 
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The high stability to colour changes observed in this study for NanoRestore is opposite to the data 

reported by Pondelak A. et al. [97], which determined ΔE value higher than 6 since the first month and 

higher than 11 after three months of natural aging of NanoRestore applied as wall painting consolidant. 

In its study, Pondelak A. attributed the colour changes recorded mainly to strong increase of lightness 

due to the formation of white haze on the surface of the material treated with NanoRestore. However, 

the results here reported leads to attribute these colour changes to a drawback of the specific environment 

of application rather than to a aging behaviour of the nanoparticulated product. 

The inorganic Estel 1000 consolidant based on TEOS showed a good resistance (Figures 7a, 7b and 7c), 

in terms of colour changes, towards all the aging tests conducted.  

 

Figure 8. ΔE parameters determined for NanoEstel subjected to (a) thermal aging at 80, 100, 120 and 140°C, (b) photo-

oxidative aging (UVC and UVA) and (c) natural aging; (d) colour parameters L*, a* and b* of fresh and aged NanoEstel 

films; (e) plot of a* vs b* values (colour graph) of unaged and aged samples; (f) plot of L* values of fresh and aged samples. 
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ΔE values of 1.01, 1.39, 1.52 and 1.78 have been determined for the samples subjected to thermal aging 

at 80, 100, 120 and 140°C, of 0.54 and 1.99 for the samples subjected to UVC and UVA photo-aging 

and of 0.74 for the sample aged under natural conditions. Colour changes are due to a slight shift towards 

yellow-orange shades (Figure 7e), but in films subjected to thermal aging a decrease of the L* values 

was recorded, differently from the increment observed for the photo-aged samples (shift towards more 

clear tone, Figure 7f). The decrease of lightness can be attributed to the cracking of the brittle silica gel 

during the thermal aging [98], while the higher values determined for the L* parameter after photo-

aging can be explained on assuming forward cross-linking of the silica-based consolidant. 

The total chromatic variations determined for NanoEstel are 1.05, 1.61, 2.10 and 2.73 for the samples 

subjected to thermal aging at 80, 100, 120 and 140°C (Figure 8a), 0.46 and 1.91 for the samples aged 

with UVC and UVA radiation (Figure 8b) and 1.54 for the sample aged under natural conditions (Figure 

8c). NanoEstel exhibited colour changes strictly comparable (Figure 8e, shift towards yellow-orange 

shades) with those recorded for Estel 1000. However, for both the thermal- and photo-aging, as well as 

for the natural aging, no significant changes in the L* parameter were revealed (Figure 8f). This can be 

explained taking into account that, as reported from Kim E.K. et al. [62d], films containing SiO2 NPs 

do not crack during drying or aging, thus avoid variations of lightness of the treated surfaces. 
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8.2 Gloss measurements  

Gloss is defined as the capability of a surface to reflect incident light, thus it is strictly related to the 

roughness of the surface and it is commonly used to assess the brilliance parameter of stone [99] and 

thermosetting films [100]. To the best of knowledge, only de la Rie E.R. et al. [44] have used gloss 

measurements to relate the roughness of the surface with the molecular weight and the refractive index 

of polymers used in conservation practice.  They revealed that for an ideal specular surface the gloss is 

100% and deviation from this value can be attributed to the refractive index and the molecular weight 

of the material as well as to light-scattering from the air-coating interface. In particular, they reported 

that the low molecular weight resins Regalrez 1094, Laropal A81 and AYAT produced smoother coatings 

and higher gloss with respect to the high molecular weight resins Paraloid B72 and Paraloid B67. 

 

First of all, the gloss data collected for the fresh polymer samples surfaces allowed to confirm the 

observation of de la Rie E.R. et al., since higher gloss values (137.1 GU) was determined for the polymer 

film based on the low molecular weight resin Laropal A81, with respect to the values obtained for the 

two acrylic-based polymers Acril 33 and Acril ME (74.5 and 84.1 GU, respectively). On the other hand, 

high gloss value (131.7 GU) was measured also for the Aquazol 500 sample. However, the high value 

recorded cannot be attributed to a different refractive index of the polymer PEOX, its value (1.520 [36]) 

being comparable with that of Laropal A81 (1.5 [44a]) and with that of acrylic polymer films (1.48 [7]). 

The gloss of the films under investigation was assessed by measuring at the beginning and at the end of 

each aging test the specular reflection using 60° incident and reflected light [85]. Data reported are the 

average of three independent measures. The Δgloss parameter was determined as reported in Eq. (4) 

because of the degree of gloss can give useful information since it can describe the variation of a surface 

from glossy to opaque (Δgloss positive values) or vice versa (Δgloss negative values). 

 

Table 8. Gloss variation (Δgloss %) determined for Acril 33, Acril ME, Aquazol 500, Laropal A81, NanoRestore, Estel 1000 

and NanoEstel at the end of thermal (T=80, 100, 120 and 140°C), photo-oxidative UVC (λ=366 nm) and UVA (λ=254 nm) 

and natural aging. 

 Thermo-oxidative aging Photo-oxidative aging Natural aging 

Sample 80°C 100°C 120°C 140°C UVC (λ=366 nm) UVA (λ=254 nm)  

Acril 33 18.5 36.5 69.5 99.5 -4.8 -7.3 -0.8 

Acril ME 2.7 4.6 18.1 29.6 -1.5 -3.7 5.7 

Aquazol 500 53.2 54.1 60.2 67.3 10.2 11.1 23.2 

Laropal A81 15.5 22.6 24.8 28.4 1,1 1,8 15,8 

NanoRestore 23.2 32.7 34.7 35.9 -5.2 -7.2 5.3 

Estel 1000 -12.0 -17.9 -29.6 -49.1 -0.9 -6.6 -12.1 

NanoEstel 9.0 13.1 14.2 29.6 -1.0 -2.8 7.0 
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Data in Table 8 revealed higher resistance of all the materials tested to the photo-oxidative aging 

conditions with respect to the thermal ones. The high resistance in terms of gloss retention is confirmed 

by Δgloss values lower then 12, which indicate negligible variation of gloss, thus of the roughness, of the 

surfaces.  

High stability was shown also by all the materials tested during the two years of natural aging. The only 

significant gloss variation was recorded for the sample of Aquazol 500, for which Δgloss value of 23.2 

was determined. Therefore, it is possible to identify in Aquazol 500 the polymer with the lowest 

resistance in terms of gloss retention to the natural aging conditions. 

As observable from the data reported in Table 8, for both the acrylic-based products a decrease of the 

gloss values during the thermal-aging tests was recorded. However, if these changes are acceptable for 

the Acril ME samples (Δgloss lower then 50), great variation of the brilliance (with surfaces varying from 

glossy to matt) was recorded for Acril 33 after thermo-oxidative aging at 120 and 140°C. As reported 

above, both acrylic samples show great resistance, in terms of gloss retention, to the photo-oxidative 

UVC and UVA aging. However, it is important to note that, while the thermo-oxidation of the films 

implies a decrease of gloss values, the photo-oxidative aging leads to slightly increase of the brilliance 

of the polymer films. Anyway, also in terms of gloss retention, the acrylic product which exhibited the 

best performance with respect to the aging conditions studied is Acril ME.   

Exactly as revealed from the colorimetric analyses, Aquazol 500 showed low resistance with respect to 

the other polymers studied to thermal- and photo-oxidative aging as well as to natural aging. Δgloss values 

determined point out the clear shift from glossy to matt surface (Δgloss>50) and, with the exceptions of 

the sample of Aquazol 500 aged at 120 and 140°C, are higher with respect the other samples investigated 

under the same conditions.  

The slight variations of gloss values (Δgloss lower then 30) determined for Laropal A81 samples revealed 

high stability of this polymer to the aging conditions imposed, strictly comparable with Acril ME. 

However, for Acril ME significant variations were measured in the colour parameters, while Laropal 

A81 guarantees high performance in terms of both colour and gloss retention. 

NanoRestore samples subjected to thermal aging revealed a decrease of the gloss values (Δgloss positive), 

associated to opacification of the surface.  

On the other hand, the aging of Estel 1000 samples has involved an increase of the gloss values, probably 

due to an increase of the degree of the polymerization of the applied silica-based product.  

Best performance in terms of gloss retention was however revealed by the nano-sized silica-based 

NanoEstel. On considering also the performances in terms of colour retention, NanoEstel appears the 

best inorganic product here considered in terms of retention of colorimetric and gloss parameters. 
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8.3 Thermogravimetric analyses 

Thermogravimetric analyses (TGA) were performed to evaluate the decomposition pathway and the 

thermo-oxidative stability of the studied polymeric materials. The results are reported as the percentage 

mass as function of temperature (TGA curve) and its derivative curve (DTG). The activation energy (E) 

of the main stage, associated to the degradation of the polymeric fraction, was determined by means of 

Kissinger’s method, which is based on the use of the temperature at the maximum rate of weight loss 

(Tm) at different heating rates. 

Thermograms recorded for Acril 33, Acril ME, Aquazol 500 and Laropal A81 at heating rate of 25 °C 

min-1 are shown in Figure 9.  

The thermal decomposition of Acril 33 shows that three reaction stages occur during degradation. The 

first degradation step appears around 247°C and it is composed of a main peak and a shoulder (Figure 

9a). It corresponds to the massive thermal degradation associated to the decomposition of the polymeric 

fraction with a weight loss of 92.5%. The second and the third stage, with a weight loss of 5.3% and 

2.2% respectively, are probably caused by impurities and additives present in the commercial sample. 

The decomposition of the sample ends at around 600°C with a weight loss of 100%. 

The thermogram of Acril ME shows that two reaction stages occur during degradation. As for Acril 33, 

the first step is composed by a main peak and a shoulder (Figure 9b) and it is associated to the 

decomposition of the polymeric fraction. This stage starts from 276°C and implies a weight loss of 

95.8%. The second stage appears around 472°C (4.2% weight loss) and is probably caused by the loss 

of the emulsion stabilizer. The decomposition of Acril ME ends around 600°C with a weight loss of 

100%. 

 

 

Figure 9. TGA (straight-line) and DTG (dots-line) curves recorded for (a) Acril 33, (b) Acril ME, (c) Aquazol 500 and 

 (d) Laropal A81 at heating rate of 25°C min-1 in the temperature range 25-700°C. 
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As shown in Figure 9c, the thermal decomposition of Aquazol 500 in air is composed by three 

degradation steps. The first reaction stage is associated with the loss of the solvent retained by the dry 

polymer and resulted in a weight loss of 5.6%. The second stage appears around 344°C and it is caused 

by the massive degradation (89.9%) of the polymer. The third step starts from 485°C with a weight loss 

of 4.5%, most probably caused by additives or impurities present in the prepolymer. The decomposition 

of the sample ends around 600°C with a weight loss of 100%. This result does not agree with that 

reported by Orsini S.et al. [42], which have determined that the decomposition of Aquazol in nitrogen 

atmosphere happens in only one stage (degradation begins at 360°C), revealing the absence of 

compounds such as monomers, dimers, oligomers, co-polymers or additives. 

The thermogram recorded at heating rate of 25°C min-1 for Laropal A81 shows that three reaction stages 

occur during degradation. The first step starts from 130°C and with a weight loss of 5.8%, is associated 

to the volatilization of the solvent (butylacetate) retained by the dry polymeric film. The second step 

appears around 239°C and it is composed by a broad peak with a series of shoulders (Figure 9d), 

suggesting that the polymer has a wide range of molecular weights. This stage leads to a weight loss of 

90.2% and it is associated to the decomposition of the polymer. The third stage appears around 562°C 

and is probably caused by the degradation of some additives. The decomposition of Laropal A81 ends 

around 670°C with a weight loss of 100%. 

TGA measurements were carried out at several heating rates to determine the global kinetic constants 

of the main degradative step of the polymers. In Figures 10 are reported, as examples, the DTG curves 

recorded for the samples of Acril ME and Aquazol 500 at different heating rates.  

 

 

Figure 10. DTG curves recorded at 5 (straight line), 10 (discontinues line), 15 (dots), 20 (dots-line) and 25 (line-double dots) 

°C min-1 for (a) Acril ME and (b) Aquazol 500. 

 

 

The Kissinger’s plots obtained for the samples Acril 33, Acril ME, Aquazol 500 and Laropal A81 are 

shown in Figure 11, while in Table 9 are reported the values of the extrapolated activation energies.  



53 
 

 

Figure 11. Kissinger’s plot obtained for (a) Acril 33, (b) Acril ME, (c) Aquazol 500 and (d) Laropal A81. 

 

Table 9. Values of slope (B), R2 and activation energy (E) determined from the linear interpolations of ln(ϕ /Tm
2) 

versus 1/Tm at various heating rates for Acril 33, Acril ME, Aquazol 500 and Laropal A81. 

Sample B R
2
 E(kJ/mol) 

Acril 33 -13120 ± 641 0.99643 109 (±5%) 

Acril ME -13498 ± 306 0.99922 112 (±2%) 

Aquazol 500 -6103 ± 154 0.98967 51 (±2%) 

Laropal A81 -21351 ± 171 0.9955 177 (±1%) 

 

The two acrylic-based products show closely similar apparent activation energy, respectively of 109 (± 

5%) and 112 (± 2%) kJ mol-1 for Acril 33 and Acril ME (Table 9). The activation energies of the 

decomposition processes of several acrylic polymers and copolymers were extensively studied, although 

widely divergent data are reported [101]. As expected from these data, even if they are not directly 

comparable with ours because of the interaction between the two monomers which compose the 

commercial product [102], the unsaturation of the EA and MMA groups influences the thermal stability 

of Acril 33. In fact, the thermal degradation of Acril 33 starts at lower temperature, 247°C, with respect 

to Acril ME (276°C), and its stability is slightly lower.  

The apparent activation energies of the commercial products clearly follow the order Laropal A81 >> 

Acril ME > Acril 33 >> Aquazol 500 and for this reason we can identify in Laropal A81 the more stable 

material here studied. 
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8.4 Dynamic Light Scattering (DLS) and Centrifugal Separation Analysis 

(CSA) 

The colloidal stability and the hydrodynamic diameter of the two emulsions Acril 33 and Acril ME and 

of the two nanoparticulated consolidants NanoRestore and NanoEstel were studied by means of CSA 

and DLS. Accordingly to the technical data sheets, the different materials were opportunely diluted 

before being analysed. Moreover, since in the technical data sheet of NanoRestore the product is 

recommended to be used within the year after the package opening, its colloidal stability was evaluated 

also after one-year of aging to reveal eventual modifications in the physical properties of the NPs 

dispersion. 

 

The stability of dispersions was assessed by setting RPM from 1300 to 2800 (the linearity of the method 

was proved). The extrapolated sedimentation velocity values at gravity, obtained as the slope of the best 

fitting, was calculated and it is reported together with the correlation coefficient (R2). The time analysis 

at each RPM tested was selected accordingly to the time needed to reach the complete sedimentation. 

The best conditions in terms of particles separation speed and time analysis were obtained at 2800 RPM.  

The colloidal stability of fresh and diluted (1:1, 1:2 and 1:100 or 1:10 in MilliQ water) Acril 33 and 

Acril ME emulsions was investigated by means of CSA, and the transmission profiles recorded along 

the length of the cuvette are reported respectively in Figures 12 and 13.  

 

 

Figure 12. Transmission profiles of (a) fresh Acril 33 and diluted (b) 1:1, (c) 1:2 and (d) 1:100 acrylic emulsion 

with MilliQ water. 

 

The transmission profiles begins with very low transmission values (Figures 12a and 13a), between 0 

and 15%, and in all the cases the settling of the particles is negligible at gravity. It was necessary to 
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dilute 1:100 for Acril 33 and 1:10 for Acril ME to calculate the sedimentation velocity at gravity force 

by CSA, which resulted respectively ≤ 8x10-4 (R2 > 0.994) and ≤ 3x10-4 μm s-1 (R2 > 0.999).  

DLS measurements on diluted (up to 1:100) Acril 33 gave a distribution of 70 ± 15 nm, while for diluted 

1:10 Acril ME a population of micelles with hydrodynamic diameter of 47 ± 7 nm was determined.  

In general, high colloidal stability for both the two emulsions investigated was observed. 

 

 

Figure 13. Transmission profiles of (a) fresh Acril ME and diluted (b) 1:1, (c) 1:2 and (d) 1:10 acrylic emulsion  

with MilliQ water.   

 

The colloidal stability of fresh and diluted (1:2, 1:5 and 1:10 in 2-propanol) NanoRestore was 

investigated. As shown in Figure 14a, the transmittance profiles of the dispersion recorded along the 

length of the cuvette range from a minimum of transmittance (5%-35%) at the beginning of the analysis, 

when all the particles are dispersed, to 90% of the total transmittance, which represents the complete 

sedimentation of the particles. Moreover, the separations among the profiles in the fresh sample show 

different trends, suggesting the presence of at least two different populations of particles. As shown in 

Figures 14b, 14c and 14d, an increase of the dilution factor leads to a more homogeneous distribution 

of the transmittance profiles, phenomenon that can be tentatively attributed to a decrease of the 

interactions among particles. Finally, the sedimentation velocity of one-year aged NanoRestore revealed 

as the aging did not affect the main features of the starting dispersion in terms of sedimentation velocities 

distribution.  

Particles size distribution of NanoRestore dispersion has been calculated through SEPView software 

and data are shown in Figure 15. As expected from the separations of the profiles depicted in Figure 

14a, two different populations of particles can be detected in the fresh Ca(OH)2 NPs. The first population 

has an average diameter around 25 nm, while the second around 300 nm. As shown in Figures 15b, 15c 

and 15d the dilution of the dispersions with 2-propanol slightly decreases the width of particle size 

distributions, especially for 1:5 and 1:10 dilutions. As for unaged NPs Ca(OH)2 dispersion, the one-year 



56 
 

aged sample shows two populations of particles with a decrease of the biggest aggregates size towards 

200 nm.  

Accordingly to the results obtained by CSA, the transmission profiles of the fresh and one-year aged 

dispersions were analysed by considering two populations of particles through SEPView software. The 

profiles of the fresh sample were divided between 1 and 10 (first population) and between 11 and 131 

(second population), while the profiles of the one-year aged dispersion were divided between 1 and 23 

(first population) and between 24 and 131 (second population). This increased number of profiles of the 

first population moving from fresh to one-year aged dispersion, also associated to a reduced separation 

among them, indicates the presence of an increased number of large particles. However, as depicted in 

boxplots of Figure 15f, the one-year aged dispersion resulted to be more homogeneous. 

 

 

Figure 14. Typical transmission profiles of (a) fresh and diluted (b) 1:2, (c) 1:5 and (d) 1:10  

Ca(OH)2 NPs in 2-propanol. 

 

The sedimentation velocity was calculated for the two populations of particles fitting experimental 

sedimentation data with linear regression (R2 > 0.992) extrapolating sedimentation velocity values at 

gravity for each population. The results suggested a decrease of the settling values for the largest 

population of particles (6.1∙10-2 ± 6.6∙10-4 vs. 5.1∙10-2 ± 6.9∙10-4 µm s-1), from the fresh to the one-year 

aged dispersion, while similar values (5.8∙10-3 ± 2.1∙10-4 vs. 5.5∙10-3 ± 1.8∙10-4 µm s-1) have been obtained 

for the smallest population of particles. 
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Hydrodynamic particles size of the tested dispersions has been determined also by DLS. Differently 

from CSA results, a single population with an average hydrodynamic particles size of 336 ± 34 nm was 

detected for the fresh dispersion, accordingly to the data reported in the literature [56a, 103], and 665 ± 

68 nm for one-year aged sample. On the other hand, agglomerates (ϕ > 1 µm) were detected for 1:2, 1:5 

and 1:10 diluted samples. The different results obtained from DLS and CSA can be ascribed to the 

physical principle of DLS, which is more sensitive to aggregates rather than to primary NPs.  

 

 

Figure 15. Particles size distributions obtained from CSA of (a) fresh and diluted (b) 1:2 (c) 1:5 and (d) 1:10 Ca(OH)2 NPs 

dispersion in 2-propanol, (e) particles size distribution of one-year aged NPs dispersion and (f) box plot of particles size 

values obtained for fresh, diluted and one-year aged samples. 

 

The colloidal stability of fresh and diluted (1:1 and 1:2 with MilliQ water) NanoEstel dispersions was 

also investigated by CSA technique (Figure 16).  

 

 
Figure 16. Typical transmission profiles of (a) fresh NanoEstel and (b) 1:2 diluted with MilliQ water. 
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Also for NanoEstel the settling of the NPs was very low at gravity (sedimentation velocities ≤ 0.01 µm 

s-1, R2 > 0.999). However, the initial transmission profiles of both fresh and diluted dispersions begin 

with high transmission values, between 65 and 85%, indicating a certain instability of the dispersions. 

The hydrodynamic diameter of NanoEstel NPs was investigated by DLS, and the resulting average 

diameter is 19 ± 3 nm. 
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8.5 Viscometric measurements  

By dissolving a polymer in a suitable solvent, an increase of the solution viscosity is generally observed. 

Viscometry allows to determine the intrinsic viscosity of the polymer solution, which can be used to 

characterise the material under investigation, being dependent on the molecular weight. Moreover, the 

variation of the retention times of aged polymer with respect to the fresh ones allows to hypothesize the 

mechanism of degradation. 

 

The flow times of Acril 33 and Acril ME polymers solutions in the concentration range 0.25-1.25g dL-1 

(acetone, 25°C) through a 100/200 Ostwald-glass capillary were evaluated. In Table 10 the retention 

times are reported as average of three independent measures, together with the calculated relative (ηrel), 

specific (ηsp) and reduced (ηred) viscosity.  

 

Table 10. Flow times (s) of Acril 33 and Acril ME solutions (concentration range 0.25-1.25 g dL-1, acetone, 25°C, 100/200 

Ostwald-glass capillary), relative viscosity (ηrel), specific viscosity (ηsp) and reduced viscosity (ηred). 

[g dL-1]  Flow time ηrel ηsp ηred  Flow time ηrel ηsp ηred 

solv  63.4 ± 0.4         

0.25 

A
cr

il
 3

3
 

84.3 ± 0.6 1.330 0.330 1.320 

A
cr

il
 M

E
 

66.6 ± 0.2 1.051 0.051 0.204 

0.50 112.3 ± 0.1 1.772 0.772 1.544 70.8 ± 0.3 1.117 0.117 0.233 

0.75 146 ± 1 2.299 1.299 1.732 74.9 ± 0.2 1.182 0.182 0.243 

1.00 182 ± 2 2.882 1.882 1.882 81.2 ± 0.1 1.280 0.280 0.280 

1.25 229 ± 1 3.624 2.624 2.099 87.3 ± 0.2 1.377 0.377 0.301 

   

The plot of the reduced viscosity versus concentration gives an intrinsic viscosity of 1.15 ± 0.02 and 

0.180 ± 0.007 dL g-1 for, respectively, Acril 33 and Acril ME. These data show as Acril 33 exhibits an 

intrinsic viscosity of one order of magnitude higher than Acril ME, therefore lower molecular weight is 

expected for this last. 

Solutions (0.1 g dL-1) have been obtained from Acril 33 and Acril ME samples aged under thermal 

(80°C) and photo-oxidative (UVA λ=254 nm) conditions. However, the samples subjected to thermo-

oxidative aging did not completely dissolve and are therefore not suitable for viscometric analyses. 

Anyway, the loss of solubility indicates the formation of polymer fractions with higher molecular 

weight, thus probably the degradation mechanism involves at least cross-linking between polymer 

chains. On the other hand, solutions coming from the samples of Acril 33 subjected to photo-oxidation 

showed a slight decrease of the retention times (Table 11). This result, together with the absence of 

formation of insoluble fractions, suggests that probably only fragmentation reactions occur during the 

degradation. Moreover, no significant variations in the retention times were recorded for Acril ME along 

2000 hours of UVA aging, suggesting that no meaningful change occurs in the molecular weight of the 

polymer. Therefore, higher stability of Acril ME with respect to Acril 33 to the photo-oxidative 
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conditions imposed was observed. 

 

Table 11. Flow times (s) of aged Acril 33 and Acril ME (concentration 0.1 g dL-1, acetone, 25°C, 100/200 Ostwald type) 

under photo-oxidative (UVA λ=254 nm) conditions. 

Sample 0 h 1000 h 2000 h 

Acril 33 69.9 ± 0.8 64.4 ± 0.1 64.2 ± 0.1 

Acril ME 64.8 ± 0.3 64.7 ± 0.5 64.9 ± 0.2 

 

Flow times of Aquazol 500 solutions in the concentration range 0.1-0.8 g dL-1 in MilliQ water (25°C) 

through a 200/300 Ostwald type glass capillary were evaluated as average of three independent 

measurements. Data are reported in Table 12 together with the calculated relative, specific and reduced 

viscosity.  

An intrinsic viscosity of 0.75 ± 0.03 dL g-1 was evaluated from a plot of ηrel versus concentration. This 

value is in good agreement with the viscosity of 0.81 dL g-1 reported for PEOX by Bernard A.M. [39a]. 

 
Table 12. Flow times (s) of Aquazol 500 solutions (concentration range 0.1-0.8 g dL-1, MilliQ water, 25°C, 200/300 Ostwald 

type), relative viscosity (ηrel), specific viscosity (ηsp) and reduced viscosity (ηred). 

[g dL-1]  Flow time ηrel ηsp ηred 

solv  197.6 ± 0.8    

0.1 

A
q

u
a

zo
l 

5
0
0
 213.1 ± 0.7 1.079 0.079 0.785 

0.3 251.8 ± 0.4 1.274 0.274 0.914 

0.6 326 ± 1 1.649 0.649 1.082 

0.8 374 ± 1 1.893 0.893 1.116 

 

Solutions (0.1 g dL-1) have been obtained from Aquazol 500 aged under thermal (80°C) and photo-

oxidative (UVA λ=254 nm) conditions. The flow times of aged samples are reported in Table 13.  

As for the acrylic polymers subjected to thermo-oxidative aging, the presence of insoluble fractions in 

the solutions indicates an increase in the molecular weight of the polymer, thus probably at least cross-

linking reactions occur during the degradation of the polymer.  

On the other hand, for Aquazol 500 subjected to photo-oxidative degradation, a slight decrease of the 

retention times was recorded, suggesting that fragmentation reactions occur. 

 

Table 13. Flow times (s) of aged Aquazol 500 (concentration 0.1 g dL-1, butylacetate, 25°C, 100/200 Ostwald type) 

under photo-oxidative (UVA, λ=254 nm) conditions. 

Aging 0 h 1000 h 2000 h 

UVA 210.8 ± 0.5 208.5 ± 0.8 206.5 ± 0.9 

 

The flow times of Laropal A81 solutions in the concentration range 1-10 g dL-1 in butylacetate (25°C) 

through a 100/200 Ostwald type glass capillary were evaluated and are reported in Table 14 as average 

of three independent measurements, together with the calculated ηrel, ηsp and ηred.  
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An intrinsic viscosity of 0.042 ± 0.001 dL g-1 was evaluated for Laropal A81. 

 
Table 14. Flow times (s) of Laropal A81 solutions (concentration range 1-10 g dL-1, butylacetate, 25°C, 100/200 Ostwald 

type), relative viscosity (ηrel), specific viscosity (ηsp) and reduced viscosity (ηred). 

[g dL-1]  Flow time ηrel ηsp ηred 

solv  115.9 ± 0.4    

1.0 

L
a

ro
p

a
l 

A
8
1
 121.5 ± 0.6 1.037 0.037 0.366 

5.0 140.9 ± 0.1 1.048 0.048 0.048 

7.5 174 ± 1 1.216 0.216 0.043 

10.0 194 ± 1 1.505 0.505 0.067 

   

Solutions (0.1 g dL-1) have been obtained from aged Laropal A81 samples under thermal (80°C) and 

photo-oxidative (UVA, λ=254 nm) conditions. The flow times of aged samples are reported in Table 15.  

 

Table 15. Flow times (s) of aged Laropal A81 (concentration 0.1 g dL-1, butylacetate, 25°C, 100/200 Ostwald type) 

under thermal (80°C) and photo-oxidative (UVA, λ=254 nm) conditions. 

Unaged Aging 813 h 2402 h Aging 834 h 2000 h 

120.1 ± 0.8 80°C 117 ± 1 117 ± 1 UVA 118.0 ± 0.1 116.6 ± 0.4 

 

For the samples subjected to both aging tests a slight decrease in the retention times was recorded. This, 

together with the absence of insoluble fractions, indicates that both thermal and photo-oxidative 

degradations of Laropal A81 probably occur through fragmentation reactions rather than cross-linking 

mechanism.  
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8.6 Size Exclusion Chromatography (SEC) measurements  

SEC analyses allowed to follow changes in the molecular weight distributions (MWD) and average 

molar masses (Mw, Mn and Mz) occurred over 2000 hours of thermo- and photo-oxidative (UVA λ=254 

nm) aging. However, the samples aged at 100, 120 and 140°C remained insoluble in the solvent 

DMAc/LiCl 0.9%, thus only the samples aged at 80°C were analysed by means of SEC. Conclusions 

were drawn regarding the degradation kinetics and mechanisms of the polymers Acril 33, Acril ME and 

Aquazol 500.  

 

SEC chromatograms of Acril 33 after different thermo-oxidative (80°C) aging times are shown in Figure 

17. As the aging time increases, the polymer increasingly degrades as shown by the shift of the MWD 

towards lower molar masses values.  

 

 

Figure 17. Molecular weight distributions (MWD) of Acril 33 after increasing thermo-oxidative aging times. 

 

 

Figure 18. (a) Kinetics of the depolymerization process of the lower-MM, non-crosslinked soluble fractions; 

 (b) Conformation plots of Acril 33 along thermo-oxidative aging. 
 

The cleavage of the polymer backbone with the formation of shorter-chain fragments seems the main 

degradation mechanism. However, the evaluation of the percent mass recovery (MS%) after SEC 

analysis (Table 16) reveals that upon thermo-oxidative aging, Acril 33 most likely undergoes cross-
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linking reactions rather than fragmentation. The evident decrease in RM% may, in fact, indicate that the 

portion of soluble polymer strongly decreases with aging. It is therefore reasonable to hypothesize that 

samples actually analysed were constituted by the lower-MM, non-crosslinked soluble fractions.  

 

Table 16. Molar masses (Mn, Mw, Mz, kDa), dispersity (Ð, Mw/Mn), radius of gyration (Rz, nm), percent recovery mass (RM 

%) and conformation plot slope (CPS) for increasing times of thermo-oxidative aging of Acril 33. 

Aging time Mn Mw Mz Ð Rz RM % CPS 

0 73 1490 6801 20.5 104.7 100 0.425 

24 72 1345 5029 18.7 87.5 39 0.4325 

48 63 1121 4835 17.8 83.8 43 0.4419 

192 27 1082 5075 40.2 74.5 15 0.317 

336 15 599 2932 39.6 63.7 11 0.406 

2089 3 344 9245 101.5 38.3 28 0.468 

 

The kinetic constant (k) of the degradation process was evaluated from the decay curve of the Mw values 

versus the aging time (Figure 18a) and is equal to 3.26x10-3 (h-1). As shown in Figure 18b, the 

conformation plot slope parameter remains unchanged during the thermo-oxidative aging at 80°C, 

indicating that no significant variation in the shape of the polymer molecules occurs. 

As showed in Figure 19, the exposure of Acril 33 to UVA light (λ=254 nm) causes a similar reduction 

of the molar masses of the polymer. However, as highlighted by the recovery mass values reported in 

Table 17, the polymer remains completely soluble in the solvent DMAc/LiCl 0.9% during the whole 

aging process. Therefore, it is reasonable to assume that a fragmentation mechanism is responsible for 

the polymer degradation.  

 

 

Figure 19. Molecular weight distributions (MWD) of Acril 33 after increasing photo-oxidative aging times. 

 

The kinetic constant of the depolymerization process (Figure 20a), calculated (as mentioned above) from 

the Mw-time decay curve, was found to be 2.93x10-3 (h-1). In addition, changes in the slope of the 

conformation plots towards lower values (Table 17, Figure 20b) indicate that the shape of polymer 

molecules in solution modifies upon aging from random coil to sphere. 
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Figure 20. (a) Kinetics of the depolymerization process; (b) Conformation plots of Acril 33 along UVA aging. 

 

Table 17. Molar masses (Mn, Mw, Mz, kDa), dispersity (Ð, Mw/Mn), radius of gyration (Rz, nm), percent recovery mass (RM 

%) and conformation plot slope (CPS) for increasing times of photo-oxidative aging of Acril 33. 

Aging time Mn Mw Mz Ð Rz RM % CPS 

0 73 1490 6801 20.5 104.7 100 0.425 

188 35 1039 9041 29.8 86.2 100 0.354 

367 62 999 5216 16.1 76.0 100 0.3846 

599 32 899 8587 28.2 81.0 100 0.3302 

1261 15 865 12029 59.0 66.7 100 0.2582 

1572 16 749 10700 46.7 66.3 100 0.2660 

1896 21 582 5938 28.2 65.3 100 0.1373 

 

The Acril ME unaged sample showed a bimodal distribution of molar masses (Figure 21, red curve). As 

the thermo-oxidative aging proceeds, the MWD broadens and shifts to lower MM values, the distribution 

becoming monomodal (Figure 21).  

 

 
Figure 21. Molecular weight distributions (MWD) of Acril ME after increasing thermo-oxidative aging times. 

 

Recovery mass % values significantly decrease during the first hours of aging (Table 18), indicating that 

the thermo-oxidative degradation of Acril ME may be primarily caused by cross-linking reactions. For 
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the lower-MM non-crosslinked soluble fractions the calculated kinetic constant (k) of the degradation 

process (Figure 22a) is 7.63x10-3 (h-1). The conformation plots (Figure 22b) provide evidence that in 

solution Acril ME experiences a change in shape from sphere to random coil as a consequence of thermal 

aging. 

 

 

Figure 22. (a) Kinetics of the depolymerization process; (b) Conformation plots of Acril ME along thermo-oxidative aging. 

 

Table 18. Molar masses (Mn, Mw, Mz, kDa), dispersity (Ð, Mw/Mn), radius of gyration (Rz, nm), recovery mass % (RM %) and 

conformation plot slope (CPS) for increasing times of thermo-oxidative aging of Acril ME. 

Aging time Mn Mw Mz Ð Rz RM % CPS 

0 49 972 5203 19.8 50.9 100 0.223 

336 2 157 3904 93.9 35.8 31 0.429 

1003 37 114 295 3.1 26.3 38 0.564 

2089 21 67 212 3.2 43 6 -0.24 

 

Conversely, photo-oxidation of Acril ME does not induce significant variations in the MWD (Figure 23) 

in addition to the loss of the highest MM fractions already recorded after about 200 hours of aging. A 

slight decrease of the average molar masses was recorded and 3.10x10-3 (h-1) was calculated as kinetic 

constant for the depolymerization process (Figure 24a).  

 

 

Figure 23. Molecular weight distributions (MWD) of Acril ME after increasing photo-oxidative aging times. 
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Figure 24. (a) Kinetics of the depolymerization process; (b) Conformation plots slope of Acril ME along UVA aging. 

 

The maintenance of the percent recovery mass parameter around 100% indicates that under photo-

oxidative condition the main degradative process is the chain fragmentation, while the increased 

conformation plot slope values (Table 19, Figure 24b) indicate that the shape of the polymer molecules 

in solution changes from sphere to random coil upon aging. 

 

Table 19. Molar masses (Mn, Mw, Mz, kDa), dispersity (Ð, Mw/Mn), radius of gyration (Rz, nm), recovery mass % (RM %) and 

conformation plot slope (CPS) for increasing times of photo-oxidative aging of Acril ME. 

Aging time Mn Mw Mz Ð Rz RM % CPS 

0 49 972 5203 19.8 50.9 100 0.223 

188 23 932 6280 39.7 52.2 100 0.389 

599 32 912 5685 28.2 54.7 90 0.411 

2000 24 893 5760 36.5 55.1 100 0.387 

 

Comparably to the other investigated polymers, upon thermal aging Aquazol 500 suffers from 

degradation primarily associated to chain cleavage. As depicted in Figure 25, MWDs shift towards lower 

molar masses and the distribution changes from bimodal to broad and monomodal, thus indicating a 

primary fragmentation of the higher-MM portions and the consequent accumulation of shorter-length 

fractions. The kinetic constant (k) of the depolymerization process (Figure 26a) was calculated as 

4.37x10-3 (h-1).  
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Figure 25. Molecular weight distributions (MWD) of Aquazol 500 at increasing thermo-oxidative aging times. 

 

 

Figure 26. (a) Kinetics of the depolymerization process; (b) Conformation plots slope of Aquazol 500  

along thermo-oxidative aging. 

 

Table 20. Molar masses (Mn, Mw, Mz, kDa), dispersity (Ð, Mw/Mn), radius of gyration (Rz, nm), recovery mass % (RM %) and 

conformation plot slopes (CPS) for increasing times of thermo-oxidative aging of Aquazol 500. 

Aging time Mn Mw Mz Ð Rz RM % CPS 

0 174 506 953 2.9 28.9 100 0.517 

48 46 347 912 7.5 27.5 91 0.378 

144 36 262 729 7.4 28.7 73 0.401 

192 33 231 678 7 27 75 0.363 

336 30 161 489 5.4 26.8 86 0.43 

1003 17 68 176 4 25.1 87 0.289 

2089 10 30 93 3 25.4 7 --- 

 

When subjected to the UVA light (λ=254 nm), Aquazol 500 exhibits a decrease in molar masses with 

Mw almost halved after 2000 hours (Figure 27). Since the recovery mass % (Table 21) remains 

sufficiently high and constant (i.e. the polymer remains completely soluble in the solvent DMAc/LiCl 

0.9%), the degradation likely owes to fragmentation of the polymer backbone.  

 



68 
 

 

Figure 27. Molecular weight distributions (MWD) of Aquazol 500 at increasing photo-oxidative aging times. 

 

 

Figure 28. (a) Kinetics of the depolymerization process; (b) Conformation plots slope of Aquazol 500 UVA aging. 

 

The constant (k) of the depolymerization process (Figure 28a) was calculated as 1.05x10-3 (h-1) while 

the conformation plots (Figure 28b) suggest that a random coil to sphere transition occurs to the polymer 

in solution during the photo-oxidative aging. 

 

Table 21. Molar masses (Mn, Mw, Mz, kDa), dispersity (Ð, Mw/Mn), radius of gyration (Rz, nm), recovery mass % (RM %) and 

conformation plot slope (CPS) for increasing times of photo-oxidative aging of Aquazol 500. 

Aging time Mn  Mw Mz Ð Mn RM % CPS 

0 174  506 953 2.9 28.9 100 0.517 

599 74  356 833 4.8 26.6 100 0.4 

1000 58  326 824 5.6 19.5 100 0.466 

1572 44  253 668 5.7 20.9 100 0.353 

2000 42  246 697 5.8 24 100 0.377 

 

Tables 22 and 23 show the average number of chain scissions (S) per macromolecule calculated, 

according to Eq. (12), respectively for the samples subjected to thermo- and photo-oxidative aging.  
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Table 22. Average number of chain scission (S) per macromolecule of polymer samples during 

thermo-oxidative aging (-- represents not available data). 

Aging time 24 48 144 192 336 1003 2089 

Acril 33 0 9 -- 45 57 -- 68 

Acril ME -- -- -- -- 46 11 27 

Aquazol 500 -- 127 137 140 143 156 163 

 

Table 23. Average number of chain scission (S) per macromolecule of polymer samples during  

photo-oxidative aging (-- represents not available data). 

Aging time 188 367 599 1261 1572 2000 

Acril 33 37 10 40 57 56 51 

Acril ME 25 -- 16 -- -- 24 

Aquazol 500 -- -- 99 -- 129 131 

 

Data herein reported show as Aquazol 500 exhibits the highest values of number of chain scissions in 

both the aging tests, suggesting its lower resistance to both thermal and photo-oxidative aging. On the 

other hand, Acril ME seems to be the polymer with the highest resistance to degradation under the same 

conditions.  
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8.7 FT-IR analyses  

After proper characterization, the modifications of the characteristic absorption bands occurred due to 

thermo- and photo-oxidative aging as well as during natural aging were monitored by means of Fourier 

Transform Infrared Spectroscopy (FT-IR).  

 

Acril 33 was characterized by means of FT-IR analysis after polymerization on KBr disk. The FT-IR 

spectrum collected is reported in Figure 29, while the characteristic peaks and their interpretation, 

according to Melo M.J. et al. [26b], Pintus V. et al. [92c] and Scalarone D. et al. [92h] are collected in 

Table 24. 

 

 

Figure 29. FT-IR spectrum of Acril 33. 

 

Table 24. FT-IR absorptions peaks observed for Acril 33. 

Wavenumber (cm-1) Functional group Assignments 

3626, 3547, 3442 ν O-H Hydroxyl groups 

2983, 2952, 2905 ν C-H Aliphatic bonds in EA MMA 

1735 ν C=O Carbonyl group 

1448, 1383 δ CH3 CH3 in -COOCH3 

1160, 1240 ν C-C-(=O)-O C-C-(=O)-O MMA 

1176 ν C(=O)-O-C C(=O)-O-C MMA 

1383, 1474 δ (CH2) CH3 α CH3 

1025, 1160,1240 δ C-O O-C-C 

997 ν C-C Chain C-C 

761, 852 ρ C-H Aliphatic bonds in EA MMA 
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The FT-IR spectrum of Acril 33 is characterized by the C=O stretching absorption at 1735 cm-1, by the 

C–H stretching frequencies at 2983 cm−1 complemented by two smaller peaks at 2952 and 2905 cm−1, 

and by a double peak of the C–H bending at 1474 and 1448 cm−1 and a less intense one at 1383 cm−1. 

The O-C–C bending is detectable at 1025 cm-1 [26b], while the C–C vibration is detectable from the 

peak at 997 cm−1. Additionally, the characteristic absorption bands of a polyethoxylated surfactant 

(Triton X), commonly used as emulsion stabilizer [104], were detected at 2875, 1635, 1466, 1112, 949, 

842 and 613 cm−1. 

 Isothermal treatment at 80°C extended up to 10000 hours induced slight structural changes in the FT-

IR spectrum of Acril 33 (Figure 30), summarized as: 

• broadening and increase followed by a decrease of the signal at 1735 cm-1, associated to the 

stretching absorption of the carbonyl groups; 

• appearance of a shoulder at 1782 cm-1, attributable to the formation of lactone groups;  

• decrease in intensity of all absorption bands in the finger print region; 

• decrease of the intensity of the signal at 1448 cm-1 associated to the bending of the CH3 in the 

lateral groups; 

• decrease of the signal at 1025 cm-1, associated to the bending of the O-C-C groups. 

 

Figure 30. FT-IR spectra of Acril 33 at increasing time of thermo-oxidative aging at 80°C. 

 

On the other hand, the isothermal degradation of Acril 33 at 100, 120 and 140°C implies a massive 

modification of the FT-IR spectrum. In particular, as shown in Figures 31 and 32, the thermo-oxidative 

aging lead to a massive reduction of the intensity of all the characteristic pecks of the sample. Moreover, 

two new signals are detected as broad shoulders at 3234 and 2565 cm-1. These signals appear since the 

first hours of aging and increase their intensity during thermo-oxidative aging. These bands, together 
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with the decrease and broadening of the C=O groups, can be attributed to the decomposition of the 

laterals groups, induced by the oxidation on the side chains [26d]. Furthermore, the signal at 1782 cm-1, 

has been associated to the formation of lactone groups, while the appearance of the signal at 1620 cm-1, 

characteristic of a C=C double bond, has been ascribed to the formation of terminal insaturations as a 

consequence of chain scission. 

 

 
Figure 31. FT-IR spectra of Acril 33 at the beginning and end of thermo-oxidative aging at 100°C. 

 

 
 Figure 32. FT-IR spectra of Acril 33 at increasing time of thermo-oxidative aging at 140°C. 

 

Therefore, the results above reported, together with those of the SEC analyses, suggest that the 

mechanism of thermal degradation of Acril 33 involved both cross-linking reactions of the polymer 

backbone and scission on the ester side group, resulting in the loss of volatile molecules and formation 

of lactone and hydroxyl groups. A possible scheme of reactions is shown in Scheme 11. 
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Scheme 11. 

 

More specifically, the double mechanism is likely to initiate through the addition of oxygen molecules 

to the tertiary radical formed by abstraction of the labile hydrogen atom of the acrylic units, followed 

by hydrocarbon oxidation and progressive formation of OH groups [26c, 26d, 26e, 26g]. On the other 

hand, the tendency to form insoluble fractions observed during the SEC analyses is due to the accessible 

decomposition of the unstable secondary hydroperoxides [92n], which gives alkoxy radicals that decay 

via cross-linking.  

 

 

Figure 33. FT-IR spectra of Acril 33 at increasing time of UVA photo-oxidative aging. 
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Conversely, the photo-oxidation under UVA irradiation over 2000 hours of aging (Figure 33) or over 

two years of natural aging (Figure 34) implies a decrease and loss of resolutions of all the Acril 33 

characteristic signals, due to progressive loss of sample fractions, confirming that the photodegradation 

of Acril 33 involved solely depolymerization mechanism, as reported above on the basis of SEC results.  

 

 

Figure 34. FT-IR spectra of Acril 33 at increasing time of natural aging. 

 

It is important to note that, if the mechanisms identified as responsible for thermal degradation of Acril 

33 are in good agreement with the results reported in the literature for similar acrylic resins [26d], the 

mechanism herein described for the photo-oxidation is in contrast with the data reported for the same 

commercial product in the literature [92i]. However, the different behaviour observed can be attributed 

to different aging conditions (irradiation wavelength, temperature, humidity) used in this work. 

 

The Acril ME FT-IR spectrum is reported in Figure 35, while the characteristic peaks and their 

interpretation, according to Melo M.J. et al. [26b] and Favaro M. et al. [26i], are shown in Table 25. 

The FT-IR spectrum of Acril ME is characterized by the C=O stretching absorption at 1731 cm-1, by the 

C–H stretching frequencies at 2957 and 2919 cm−1, and by the bending of α-CH3 of the butyl groups at 

1469 and 1365 cm−1. The C-C(=O)-O bending (butyl groups) is detected at 1050 cm-1 [26b], while the 

C-C(=O)-C vibration is detectable from the peak at 1167 cm−1. Moreover, also in the spectrum of Acril 

ME the characteristic absorption bands of the emulsion stabilizer Triton X were detected at 2875, 1620, 

1466, 1240, 1147, 1061, and 843 cm−1. 
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Figure 35. FT-IR spectrum of Acril ME. 

 

Table 25. FT-IR absorptions peaks observed for Acril ME. 

Wavenumber (cm-1) Functional group Assignments 

3536, 3444 ν O-H Hydroxyl groups 

2957, 2919 ν C-H Aliphatic bonds in EA MMA 

1731 ν C=O Carbonyl group 

1449 δ CH3 CH3 in -COOCH3 

1469, 1365 δ CH3 α- CH3 

1240, 1268 ν C-O C-O 

1150 ν C-C(=O)-O C-C(=O)-O in BMA 

1167 ν C-C(=O)-C C-C(=O)-C in BMA 

 

The isothermal degradation at all the four temperatures (80, 100, 120 and 140°C) of Acril ME induce, 

as shown for example in Figures 36 and 37, significant variations in the FT-IR spectrum of the polymer. 

The variations in the spectra and then in the chemical structure of Acril ME can be summarized as: 

• growth of the main carbonyl absorption at 1731 cm-1 after the initial decrease, ascribable to the 

formation of ketone and aldehyde groups;   

• decrease of the absorptions in the hydroxyl region, between 3220 and 3600 cm-1, and of the 

stretching of the CH bonds in the region between 2750 and 3070 cm-1; 

• appearance of two broad peaks centred at 3155 and 2550 cm-1, which appear since the first hours 

of aging and increase their intensity for further time of thermo-oxidative aging. These new 

signals, together with the decrease and broadening of the C=O groups, can be attributed to the 

decomposition of the butyl lateral groups, induced by the oxidation of the side chains [26d]. The 
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alkoxy radicals formed by the decomposition of the unstable secondary hydroperoxides may 

give β-scission followed by hydrogen abstraction or decay via cross-linking;  

• appearance of a shoulder at 1782 cm-1 that may be assigned to stretching of C=O groups of γ-

lactone, whose formation was demonstrated under the same aging conditions and it is due to the 

dehydration of two adjacent acid groups [28, 81c, 105] (Scheme 12). 

 

 

Figure 36. FT-IR spectra of Acril ME at the beginning and end of thermo-oxidative aging at 80°C. 

 

 

Figure 37. FT-IR spectra of Acril ME at the beginning and end of thermo-oxidative aging at 140°C. 

 

 

AM_KBr_T=80°C_t=0

AM_KBr_T=80°C_t=10000 hours

 0,00

 0,05

 0,10

 0,15

 0,20

 0,25

 0,30

 0,35

 0,40

 0,45

 0,50

A
b

s
o

rb
a

n
c

e

 500    1000   1500   2000   2500   3000   3500  

Wavenumbers (cm-1)

AM_KBr_T=140°C_t=0 hour

AM_KBr_T=140°C_t=10000 hours

 0,0

 0,1

 0,2

 0,3

 0,4

 0,5

 0,6

 0,7

 0,8

 0,9

 1,0

 1,1

A
b

s
o

rb
a

n
c

e

 500    1000   1500   2000   2500   3000   3500  

Wavenumbers (cm-1)



77 
 

 

Scheme 12. 

 

Another mechanism affording the formation of lactones is reported in Scheme 13.  

 

Scheme 13. 

 

Moreover, through intramolecular reactions, hydroxyl groups can form cross-linked structures, as 

shown in Scheme 14. 

 
Scheme 14. 
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Possible mechanisms of degradation are shown in Schemes 15 and 16. The degradation is initiated by 

the addition of oxygen molecules to the tertiary radicals formed by abstraction of the labile hydrogen 

atom of the methacrylic moiety, and then the β-induced scission of alkoxy radicals can follow two 

distinct pathways [26d]. The first one leads to the formation of ketones (Scheme 15), while the second 

pathway induces the formation of alkoxy radicals which easily decompose to anhydrides and lead to the 

formation of γ-lactones following the dehydration of two adjacent acid groups (Scheme 16). Moreover, 

as shown in Scheme 16, cross-linked structures can be easily formed through bimolecular combination 

of radicals. 

 

 

Scheme 15. 

 

 

Scheme 16. 

 

However, in the spectra reported above, the band at 1449 cm-1 decreases more than the one at 1050      

cm-1, indicating that the scission of ester groups prevails with respect to the elimination of the α-methyl 

groups in the lateral butyl units. Therefore, accordingly with the SEC results, it is possible to hypothesize 
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that the thermal degradation mechanism of Acril ME involves both oxidation of lateral butyl groups, 

leading to the formation of cyclic anhydrides, and cross-linking. Nevertheless, the growing insolubility 

of the polymer observed on increasing the time of thermo-oxidative aging suggests that prolonged aging 

favours reticulation instead of chain scission.  

As reported for Acril 33, the photo-oxidation of Acril ME during 2000 hours of aging (Figure 38) implies 

only the decrease and loss of resolution of all the polymer characteristic signals, without the appearance 

of new peaks. Therefore, according to the results of the SEC analyses, the mechanism of photo-oxidative 

degradation is the reverse of the propagation step in an addition polymerization. 

 

 

Figure 38. FT-IR spectra of Acril ME at increasing time of photo-oxidative UVA aging. 

 

Figure 39. FT-IR spectra of Acril ME at the beginning and end of natural aging. 
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In particular, it is important to note that all the peaks intensities in the spectrum decrease to the same 

extent during the aging, allowing to suppose that the depolymerization is due to chain-ends degradation 

(a type of radicalic mechanism), i.e. it would occur through the successively release of the monomer 

units rather than only the lateral butyl groups. 

Natural aging of Acril ME, on the contrary, induces spectral modifications strictly comparable with 

those observed during the thermal aging (Figure 39). Therefore, it is possible to identify the formation 

of γ-lactones and the cross-linking of radicals as the reactions responsible for polymer degradation. 

 

As shown in Figure 40 and reported in Table 26, the spectrum of Aquazol 500, a tertiary amide, is 

characterized by a strong absorption peak at 1635 cm-1 attributed to the stretching of the amidic C=O 

bonds, by the stretching of the C-H bonds at 2980, 2941 and 2878 cm-1 and by the peak at 1476 cm-1, 

relative to the stretching of the C-N groups.  

 

 

Figure 40. FT-IR spectrum of Aquazol 500. 

 
Table 26. FT-IR absorptions peaks observed for Aquazol 500. 

Wavenumber (cm-1) Functional group Assignments 

3278 ν N-H Amidic N-H 

2980, 2941 ν C-H Aliphatic bond 

1635 ν C=O Amidic C=O 

1476 ν N-C N-C(=O)-CH2CH3 

 

In addition, there are strong absorption peaks at 1427, 1378, 1203, 1064 and 816 cm-1 attributed to 

methyl tosylate used as initiator in the polymerization process or to its hydrolysis product p-

toluenesulfonic acid [37, 42, 106]. On the other hand, the broad signal at 3495 cm-1 is due to the solvent 

(water) retained in the dry film. 
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The isothermal degradation of Aquazol 500 at 80°C (Figure 41) leads to the appearance of a shoulder at 

1730 cm-1, compatible with lactone groups (C=O stretching). Moreover, the new peak at 1540 cm-1 (NH 

bending) together with the signals at 3078 and 3303 cm-1 (NH stretching) can be attributed to a secondary 

amide. The lactone groups formed because of oxidation and the secondary amides deriving from 

depolymerization reactions have been identified as responsible for the reduction of solubility and 

molecular weight decrease observed by SEC analyses. 

 

 

Figure 41. FT-IR spectra of Aquazol 500 at increasing time of thermo-oxidative aging at 80°C. 

 

   

Figure 42. FT-IR spectra of Aquazol 500 at the beginning and end of thermo-oxidative aging at 100°C. 
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Also the thermal degradations at 100, 120 and 140°C induced the same variations in the spectrum of 

Aquazol 500. However, as shown for example in Figure 42, a contemporary relevant decrease of the 

signal intensity of the more important peaks of the amides is also observed, suggesting that prolonged 

aging or aging at high temperatures favour cross-linking reaction rather than chain scission, in agreement 

with SEC results.  

The photo-oxidative aging of Aquazol 500 (Figure 43) induces a decrease and loss of resolution of all 

the polymer characteristic signals, and new peaks were not observed. Accordingly to the results of the 

SEC analyses, only depolymerization reactions are involved in the mechanism of photo-oxidative 

degradation. 

 

 

Figure 43. FT-IR spectra of Aquazol 500 at increasing time of UVA photo-oxidative aging. 

 

 

Figure 44. FT-IR spectra of Aquazol 500 at increasing time of natural aging. 
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As reported for Acril ME, the natural aging of Aquazol 500 (Figure 44) induces spectrum variations 

similar to those reported for the thermal-oxidative aging. Therefore, most probably the depolymerization 

mechanism forecast the loss of low molecular weight fractions, with the consequent formation of 

lactones groups and the conversion from tertiary to secondary amides. 

 

The FT-IR spectrum of the sample of Laropal A81 is reported in Figure 45, while the characteristic 

peaks and their interpretation, accordingly to Zhang Y. et al. [51a] are summarized in Table 27. 

 

 

Figure 45. FT-IR spectrum of Laropal A81. 

 

Table 27. FT-IR absorptions peaks observed for Laropal A81. 

Wavenumber (cm-1) Functional group Assignments 

3287 ν N-H Amidic group 

2965, 2936 ν C-H Amidic group 

2874 ν C-H Aldehydic group 

1738 ν C=O Aldehydic group 

1653 ν C=O Amidic group 

1393 δ -CH(CH3)2  

1368 δ -C(CH3)2  

1311 ν N-C N-C(=O)-C- 

1217, 1191 δ -C(CH3)2 carbon framework 

 

The FT-IR spectrum of Laropal A81 is dominated by the stretching vibration of C=O bonds (1653        

cm-1). This signal, together with the C-N stretching at 1311 cm-1, is associated to the amide groups 

deriving from the α-ureidoalkylation reactions between urea and isobutyraldehyde. The absorption peak 

7
5

5

8
4

5

1
0

0
7

1
0

6
0

1
0

8
8

1
1

5
5

1
1

9
1

1
2

1
7

1
2

6
4

1
3

1
1

1
3

6
8

1
3

9
3

1
4

4
4

1
4

8
9

1
6

5
3

1
7

3
8

2
8

7
4

2
9

6
5

3
4

5
4

-0,00

 0,05

 0,10

 0,15

 0,20

 0,25

 0,30

 0,35

 0,40

 0,45

 0,50

 0,55

 0,60

 0,65

 0,70

A
b

s
o

rb
a

n
c

e

 500    1000   1500   2000   2500   3000   3500   4000  

Wavenumbers (cm-1)



84 
 

at 1738 cm-1 and the relatively weak peak at 2874 cm-1 are instead assigned respectively to the stretching 

vibration modes of the C=O and C–H bonds in the aldehyde groups. The peaks at 1393 and 1368 cm-1 

are assigned to the symmetric bending of C–H bonds in the -CH(CH3)2 and -C(CH3)2 groups, 

respectively. Moreover, the two peaks at 1217 and 1191 cm-1 are attributed to the bending of the -

C(CH3)2- groups in the framework and confirm the presence of gem-dimethyl structures. On the other 

hand, the broad band centred at 3454 cm-1 is ascribed to the stretching vibrations of the O–H groups 

involved in hydrogen-bonding interaction [107] while the weak peak at 3287 cm-1 is attributed to the  

stretching of N–H groups, due to the presence in the prepolymer of 1,3-bis-hydroxyisobutyl-urea, 

derived from side reaction between urea and isobutyraldehyde [108].  

The isothermal degradation of Laropal A81 at the two lowest temperatures (80 and 100°C) does not 

induce significant variations in the structure of the polymer, as shown for example in Figure 46. Only a 

slight reduction of the intensity of the peaks in the hydroxyl and aliphatic regions was observed.  

   

 

Figure 46. FT-IR spectra of Laropal A81 at increasing time of thermo-oxidative aging at 100°C. 
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massive variations in the spectrum of Laropal A81. As shown for example in Figure 47 (purple curve), 

thermal degradation induced (since the first until 6000 hours of aging) spectral modification summarized 

as: 

• disappearance of the peaks at 1653 and 1311 cm-1, attributable to an overall change of the 

polymeric structure due to the loss of the amidic groups; 

• disappearance of the peaks at 1393 and 1368 cm-1, assigned to the symmetric bending of C–H 

bonds in the -CH(CH3)2 and -C(CH3)2 groups; 

• appearance of new peaks at 1610 and 3137 cm-1, attributed respectively to stretching vibrations 

of C=O and linked H-bonded OH groups. 
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Instead, for prolonged exposure to high temperature (pink curve in Figure 47), Laropal A81 exhibited a 

completely loss of spectral resolution together with the disappearance of all the characteristic peaks of 

the polymer. Moreover, the appearance of new signals at 2969, 2930, 2860, 1732, 1687, and 1383 cm-1 

was recorded, attributable to non-aromatic hydrocarbons compounds. 

Therefore, the mechanism identified as responsible for thermal degradation of Laropal A81 is 

depolymerization due to the progressive loss of low molecular weight fractions. 

 

 

Figure 47. FT-IR spectra of Laropal A81 at increasing time of thermo-oxidative aging at 120°C. 

 

Conversely, the photo-oxidation under UVA radiation of Laropal A81 revealed a high stability of the 

polymer whit negligible variations in the intensity of the characteristic signals (Figure 48).  

 

 

Figure 48. FT-IR spectra of Laropal A81 at increasing time of UVA photo-oxidative aging. 
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Moreover, no changes were recorded also after two years of natural aging (Figure 49). 

 

 

Figure 49. FT-IR spectra of Laropal A81 at the beginning and end of natural aging. 

 

The FT-IR spectrum of Estel 1000 is shown in Figure 50, while the characteristic peaks and their 

interpretation are collected in Table 28. The spectrum of the sample is dominated by the peak at 1081 

cm-1 which, together with the signals at 1442, 1483, 2878 and 2930, cm-1, has indicates the formation of 

a silica gel following the polymerization of the TEOS-based commercial product. 

 

 

Figure 50. FT-IR spectra of Estel 1000. 
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Table 28. FT-IR absorptions peaks observed for Estel 1000. 

Wavenumber (cm-1) Functional group Assignments 

3414 ν O-H Hydroxyl groups 

2978, 2930, 2895 ν C-H Aliphatic bond 

1628 δ O-H Hydroxyl groups 

1483, 1442 δ C-H Aliphatic bonds 

1394 δs C-H methyl group 

1167 ρ C-H methyl group 

1099 ν Si-O-Si Siloxane chain in linear structure 

1081 ν Si-O-Si Siloxane chain in cyclic structure 

 

As shown for example in Figure 51 (purple curve), the isothermal and photo-UVA aging of Estel 1000 

induced firstly the loss of the ethylic fractions from the silica-gel network, observable mainly on the 

basis of the disappearance of the signals at 1394 and 1167 cm-1, attributed respectively to the bending 

and the rocking of the C-H bonds in the lateral methyl groups.  

  

 
Figure 51. FT-IR spectra of Estel 1000 at increasing thermo-aging at 120°C. 

 

Nevertheless, for extended aging times a shift of the peak at 1081 towards 1062 cm-1 was observed (pink 

curve in Figure 51). This spectral modification, together with the appearance of the peaks at 852 and 

800 cm-1, as well as the weak signal at 1260 cm-1, suggest that the mechanism of thermal- and photo-

degradation involved the formation of amorphous silica and silicone.  

The same aging behaviour was observed also for the sample subjected to natural aging (Figure 52), 

allowing to suppose low stability of the inorganic TEOS consolidant.  
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Figure 52. FT-IR spectra of Estel 1000 at the beginning and end of natural aging. 

 

On the other hand, the film obtained from the silica NPs NanoEstel exhibited high stability respect both 

thermal- and photo-aging as well as natural aging, showing no changes in the spectra of aged samples 

with respect to the fresh one. As shown in Figure 53, also for prolonged aging the spectrum of NanoEstel 

is dominated by the peaks at 1108 and 800 cm-1, associated to amorphous silica. The only detected 

variation in the spectrum is the disappearance of the broad band centred at 3435 cm-1, due to the retention 

of solvent (water) in the fresh dry film. 

 

 

Figure 53. FT-IR spectra of NanoEstel at increasing time of thermo-oxidative aging at 100°C. 

                                                                                                                                                                          

The spectrum of NanoRestore (black curve in Figure 54) is characterized by all the peaks of a basic 

carbonate, the most important being the stretching of the C=O bonds at 1625 cm-1 and the spike signal 

E1000_KBr_nat aging_t=0 days

E1000_KBr_nat aging_t=672 days

 0,00

 0,05

 0,10

 0,15

 0,20

 0,25

 0,30

 0,35

 0,40

 0,45

 0,50

 0,55

 0,60

 0,65

 0,70

 0,75

 0,80

 0,85

 0,90

 0,95

A
b

s
o

rb
a

n
c

e

 500    1000   1500   2000   2500   3000   3500  

Wavenumbers (cm-1)

NE_KBr_T=100°C_t=0 hour

NE_KBr_T=100°C_t=10000 hours

NE_KBr_T=140°C_t=10000 hours

-1,4

-1,2

-1,0

-0,8

-0,6

-0,4

-0,2

 0,0

 0,2

 0,4

 0,6

 0,8

 1,0

A
b

s
o

rb
a

n
c

e

 500    1000   1500   2000   2500   3000   3500  

Wavenumbers (cm-1)



89 
 

at 3643 cm-1, this last associated to the stretching vibration of the basic O-H bonds.  

NanoRestore exhibited high stability towards both thermal- and photo-aging, as well as towards natural 

aging. No changes were in fact recorded in the FT-IR spectra of the samples after all the aging 

experiments. Therefore was observed that NanoRestore preserves its basic character also after prolonged 

aging at high temperature (curve purple in Figure 54), corroborating its use as alkaline reservoir for 

deacidification of wood [57b, 57c], paper and canvas [ 56a]. 

 

 

Figure 54. FT-IR spectra of NanoRestore at the beginning and end of thermo-oxidative aging at 140°C. 
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8.8 Photoluminescence measurements 

The phenomenon of luminescence in lanthanide complexes is due to intra-energy conversion from the 

ligand singlet to the triplet, and then to the excited state of the central lanthanide ion followed by 

narrowband f-f* electronic transitions. The influence of the ligands and of the matrices in the 

luminescence behaviour of lanthanide-based materials was extensively studied [69o, 109]. However, for 

the best of knowledge, the photoluminescence behaviours of the complexes Ln(NO3)3(phen)2 (Ln=Eu; 

Tb) dispersed in matrices useful for conservation practice, have not yet been investigated. 

Analyses have been carried out on pure complexes and doped matrices as well as on selected aged (UVA 

λ=254 nm, T=28 ± 2°C, UR=45%, up to 1200 hours) samples.  

 

The photoluminescence emission (λex=292 nm) and excitation spectra (λem=615 nm) of the pure 

Eu(NO3)3(phen)2 complex were collected at room temperature and are reported in Figure 55. PL, PLE, 

lifetime (τ) and quantum yield (Qi) data are reported in Table 29, where the intensity ratio of the 

individual 5D0-7Fj transition in the PL spectra is also provided.  

 

 

Figure 55. Normalized (a) PL (λex=292 nm) and (b) PLE (λem= 615 nm) spectra of Eu(NO3)3(phen)2 complex. 

 

Table 29. PL (λex=292 nm, 298 K, nm), PLE (λem=615 nm, 298 K, nm), luminescent lifetime (λex=292 nm, λem=615 nm, 298 

K, nm) and Qi data of pure Eu(NO3)3(phen)2 complex. 

Eu(NO3)3(phen)2 

PL data (λex=292 nm, 298 K, nm): 591, 595 (5D0-7F1, 8%); 615, 620, 623, 628 (5D0-7F2, 67%); 648, 

650 (5D0-7F3, 3%); 683, 686, 690, 702 (5D0-7F4, 22%). 

PLE data (λem=615 nm, 298 K, nm): λ<385 (max at 274); 396, 400 (Eu3+ excitation). 

Luminescent lifetime (λex=292 nm, λem=615 nm, 298 K): τ =1.24 ms.  

Qi =77%. 

Chromaticity coordinates: x=0.664; y=0.336. 

 

The emission spectrum of pure Eu(NO3)3(phen)2 complex is dominated by the 5D0-7F2 transition centred 

at 615 nm. Excitation at 350 nm instead of 292 nm did not cause any meaningful variation. 

The excitation spectrum (PLE) of pure Eu(NO3)3(phen)2 complex was collected using λem=615 nm. A 

broad band in the near UV region (λ<385 nm) with maximum at 274 nm was recorded, associated to the 
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excitation of the ligand. In the PLE spectrum can be also detected peaks at 396 and 400 nm associated 

to the direct excitation of the Eu(III) trivalent ion.  

The luminescence lifetime (τ) of pure Eu(NO3)3(phen)2 is 1.24 ms (Figure 56a), and an intrinsic quantum 

yield (Qi) around 77% was calculated.   

The chromaticity coordinates x and y were estimated from the PL spectrum of the pure Eu(NO3)3(phen)2 

complex and are, respectively, 0.664 and 0.336. As observable from the chromaticity diagram in Figure 

56b, these coordinates correspond to a red-orange dye with colour purity close to 1.00. 

 

 

Figure 56. (a) Luminescence decay curve (λex=292 nm, λem=615 nm) of pure Eu(NO3)3(phen)2 complex; 

 (b) Chromaticity diagram of pure Eu(NO3)3(phen)2 complex. 

 

The IR solid-state spectrum of pure Eu(NO3)3(phen)2 complex is reported in Figure 57. According to 

the literature [76], the FT-IR spectrum shows the C=N stretching at 1627 cm−1, and two intense 

absorptions associated to the N=O and O-N-O asymmetric stretching of к2-NO3 at 1498 and 1314 cm−1 

respectively.  

 

 
Figure 57. FT-IR solid-state spectrum of pure Eu(NO3)3(phen)2 complex. 
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The luminescence properties of trivalent europium complexes dispersed in polymer and inorganic 

matrices were intensively investigated [110]. However, a direct comparison of the luminescence yields 

can be done only among systems showing the same PL and PLE spectra of the pure complex.  

 Samples containing Eu(NO3)3(phen)2 have been prepared by adding weighted amounts (from 0 to 10% 

w/w) of the complex to the consolidants or binder materials Acril 33 (AC), Acril Me (ME), Aquazol 500 

(A500), Laropal A81 (LB), Estel 1000 (E1000) and NanoEstel (NE). These matrices have been chosen 

to investigate the effects of different chemical structures on the photoluminescence behaviour of the 

pure complex. High luminescence was observed, in most of the cases, for concentration of the dopant 

of the 0.25% w/w. Therefore, for comparative purpose, was decided to evaluate the luminescence 

characteristics of coatings obtained adding 0.25% w/w of europium complex to each matrix. Table 30 

reports the pictures of the samples of Eu(NO3)3(phen)2-doped films (0.25% w/w) under visible and UV 

(λex=254 nm) light. 

 

Table 30. Samples of Eu(NO3)3(phen)2-doped films (0.25% w/w) under visible (above) and UV (below, λex=254 nm) light. 

Laropal A81 Estel 1000 Acril 33 Acril ME Aquazol 500 

     

     
 

The photoluminescence emission and excitation spectra of doped films have been recorded and are 

collected in Figures 58 and 59, respectively.  

In the samples where Laropal A81 and Estel 1000 have been used as matrices the PL spectra are strictly 

comparable to those reported above for the pure compound, as also observable from the data collected 

in Table 31. The luminescence of Eu(III) is in all the cases dominated by the 5D0-7F2 transition centred 

at 615 nm. This indicates that no meaningful interaction between Eu(NO3)3(phen)2 and the matrices 

occurs or that the site symmetry of the lanthanide centre is maintained with respect to the pure compound 

[111]. 

The radiative lifetimes (τ) collected for Laropal A81 and Estel 1000 matrices (see Figure 60 for the 

decay curves) are strictly comparable with that of the pure complex Eu(NO3)3(phen)2, with variations 

below 10%. These results agree with the negligible changes in the PL spectra described above. The 

lower values obtained for the intrinsic quantum yields of these doped matrices with respect to the pure 

dopant can be attributed to the different refractive index of the two binders/consolidants. 
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Figure 58. Normalized PL spectra (298 K, λex=292 nm) of europium-based (0.25% w/w) samples. (a) Eu(NO3)3(phen)2; (b) 

LB_Eu(NO3)3(phen)2; (c) NE_Eu(NO3)3(phen)2; (d) E1000_Eu(NO3)3(phen)2; (e) AC_Eu(NO3)3(phen)2; (f) 

AM_Eu(NO3)3(phen)2; (g) A500_Eu(NO3)3(phen)2. 

 
On the other hand, the use of Acril 33, Acril Me, Aquazol 500 and NanoEstel matrices caused relevant 

changes in the emission and excitation spectra. One of the main changes detected is, in the PL spectrum 

of the nanosilica doped matrix (NE_Eu(NO3)3(phen)2), the drop of the relative intensity of the 

hypersensitive 5D0-7F2 transition between 615 to 612 nm. This suggests an increase of symmetry of the 

inner coordination sphere of the Eu(III) centre [111]. 
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Figure 59. Normalized PLE spectra (298 K, λem=615 nm) of europium-based (0.25% w/w) samples. (a) Eu(NO3)3(phen)2; (b) 

LB_Eu(NO3)3(phen)2; (c) NE_Eu(NO3)3(phen)2; (d) E1000_Eu(NO3)3(phen)2; (e) AC_Eu(NO3)3(phen)2; (f) 

AM_Eu(NO3)3(phen)2; (g) A500_Eu(NO3)3(phen)2. 

 

 

Chromaticity changes of pure Eu(NO3)3(phen)2 once dispersed in different matrices were evaluated. The 

chromaticity coordinates x and y reported in Table 31 highlight scarce variations in the colorimetric 

parameters, despite the changes in PL spectra above observable for most of the matrices.  
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Table 31. PL (λex=292 nm, 298 K, nm), PLE (λem=615 nm, 298 K, nm), luminescent lifetime (λex=292 nm, λem=615 nm,  

298 K, nm) and Qi data of europium-based (0.25% w/w) films. 

Eu(NO3)3(phen)2 

PL data (λex=292 nm, 298 K, nm): 591, 595 (5D0-7F1, 8%); 615, 620, 623, 628 (5D0-7F2, 

67%); 648, 650 (5D0-7F3, 3%); 683, 686, 690, 702 (5D0-7F4, 22%). 

PLE data (λem=615 nm, 298 K, nm): λ<385 (max at 274); 396, 400 (Eu3+ excitation). 

Luminescent lifetime (λex=292 nm, λem=615 nm, 298 K): τ =1.24 ms. 

Qi=77%. 

Chromaticity coordinates: x=0.664; y=0.336. 

LB_Eu(NO3)3(phen)2 

PL data (λex=292 nm, 298 K, nm): 590, 592, 595 (5D0-7F1, 10%); 615, 620, 623, 628 (5D0-

7F2, 66%); 648, 651 (5D0-7F3, 3%); 683, 686, 702 (5D0-7F4, 21%). 

PLE data (λem=615 nm, 298 K, nm): λ<308; 319, 335, 350, 396 (Eu3+ excitation). 

Luminescent lifetime (λex=292 nm, λem=615 nm, 298 K): τ =1.14 ms. 

Qi=60%. 

Chromaticity coordinates: x=0.660; y=0.340. 

NE_Eu(NO3)3(phen)2 

PL data (λex=292 nm, 298 K, nm): 579 (5D0-7F0, 2%); 587, 589, 591, 595, 597 (5D0-7F1, 

13%); 612, 616, 619, 623 (5D0-7F2, 64%); 650, 653, 654, 656 (5D0-7F3, 4%); 687, 700, 702, 

705 (5D0-7F4, 17%). 

PLE data (λem=615 nm, 298 K, nm): 273, 295, 301, 313, 328, 344, 395 (Eu3+ excitation). 

Luminescent lifetime (λex=292 nm, λem=615 nm, 298 K): τ =0.60 ms. 

Qi=22%. 

Chromaticity coordinates: x=0.651; y=0.349. 

E1000_Eu(NO3)3(phen)2 

PL data (λex=292 nm, 298 K, nm): 591, 593, 595 (5D0-7F1, 8%); 615, 620, 623, 628 (5D0-7F2, 

67%); 648, 650, 652 (5D0-7F3, 3%); 683, 686, 690, 701, 702 (5D0-7F4, 22%). 

PLE data (λem=615 nm, 298 K, nm): λ<321 (max at 308); 334, 336, 350, 396 (Eu3+ excitation). 

Luminescent lifetime (λex=292 nm, λem=615 nm, 298 K): τ =1.18 ms. 

Qi=65%. 

Chromaticity coordinates: x=0.661; y=0.339. 

AC_Eu(NO3)3(phen)2 

PL data (λex=292 nm, 298 K, nm): 580 (5D0-7F0, 1%); 590, 591, 593 (5D0-7F1, 11%); 615, 620 

(5D0-7F2, 65%); 650 (5D0-7F3, 2%); 687, 695, 700 (5D0-7F4, 21%). 

PLE data (λem=615 nm, 298 K, nm): 272, 290, 293, 313, 326, 342 (Eu3+ excitation). 

Luminescent lifetime (λex=292 nm, λem=615 nm, 298 K): τ =1.20 ms. 

Qi=56%. 

Chromaticity coordinates: x=0.646; y=0.345. 

AM_Eu(NO3)3(phen)2 

PL data (λex=292 nm, 298 K, nm): 580 (5D0-7F0, 7%); 592 (5D0-7F1, 12%); 615, 618, 620, 

631, 635 (5D0-7F2, 51%); 646, 650, 654 (5D0-7F3, 5%); 686, 693, 700, 701, 703 (5D0-7F4, 

25%). 

PLE data (λem=615 nm, 298 K, nm): 256, 265, 273, 294, 313, 328, 346, 396 (Eu3+ excitation). 

Luminescent lifetime (λex=292 nm, λem=615 nm, 298 K): τ =1.25 ms. 

Qi=49%. 

Chromaticity coordinates: x=0.632; y=0.368. 

A500_Eu(NO3)3(phen)2 

PL data (λex=292 nm, 298 K, nm): 579 (5D0-7F0, 1%); 590, 592 (5D0-7F1, 10%); 615, 620, 627 

(5D0-7F2, 65%); 648, 649, 652 (5D0-7F3, 3%); 687, 690, 693, 698 (5D0-7F4, 21%). 

PLE data (λem=615 nm, 298 K, nm): 275, 295, 313, 328, 345 (Eu3+ excitation). 

Luminescent lifetime (λex=292 nm, λem=615 nm, 298 K): τ =0.76 ms. 

Qi=38%. 

Chromaticity coordinates: x=0.660; y=0.340. 
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Figure 60. Comparison between the luminescence decay curves (λex=292 nm, λem=615 nm) of pure Eu(NO3)3(phen)2  

complex (black), LB_Eu(NO3)3(phen)2 (green) and E1000_Eu(NO3)3(phen)2 (blue). 

 

Although the PL spectra of Tb(III) are less informative about changes of the coordination sphere around 

this metal ion with respect to Eu(III), the closely similar chemistry of the two trivalent lanthanide ions 

allows to suppose comparable behaviour of the corresponding complexes. Also in this case, for 

comparative purpose, was decided to evaluate the luminescence behaviour of the coatings obtained 

adding 0.25% w/w of terbium complex to each matrix. 

The photoluminescence emission (λex=292 nm, 298 K) and excitation (λem=544 nm) spectra of the pure 

Tb(NO3)3(phen)2 complex were collected and are reported in Figure 61. PL, PLE, τ and Qi data are 

collected in Table 32.  

The emission spectrum (Figure 61a) of the pure Tb(NO3)3(phen)2 complex is dominated by the 5D4-7F5 

transition centred at 544 nm. The PL spectrum was collected also in this case using λex=350 nm, showing 

no meaningful changes. The excitation spectrum of pure Tb(NO3)3(phen)2 complex was collected at λem 

of 544 nm (298 K). As observable in Figure 62b, the excitation range of the ligands useful for Tb(III) 

emission is the UV region (λ<380 nm) with maximum at 270 nm. 

 

 

Figure 61. Normalized (a) PL (λex=292 nm) and (b) PLE (λem=544 nm) spectra of Tb(NO3)3(phen)2 complex. 

 

The luminescent lifetime (τ) is 0.14 ms at room temperature, about one order of magnitude lower than 

the typical values for strongly emitting terbium complexes and corresponds to an intrinsic quantum yield 
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(Qi) of 3% on the basis of the equation Qi = τ/4.75 [95]. This result was expected because it is known 

that the sensitization of Tb(III) by 1,10-phenanthroline is lower with respect to Eu(III) because of the 

closeness of the 5D4 resonance level and phenanthroline triplet state. 

The chromaticity coordinates x and y were estimated from the PL spectrum of pure Tb(NO3)3(phen)2 

and are, respectively, 0.336 and 0.593. As can be seen in the chromaticity diagram in Figure 62, these 

colorimetric coordinates correspond to a bright green dye. 

Despite the quite poor luminescent features of Tb(NO3)3(phen)2, appreciable photoluminescence was 

observed for the complex dispersed in different matrices. In Table 33 are shown the pictures of the 

Tb(NO3)3(phen)2-doped films (0.25% w/w) under visible and UV (λex=254 nm) light.  

 
Table 32. PL (λex=292 nm, 298 K), PLE (λem=544 nm, 298 K, nm), luminescent lifetime (λex=292 nm, λem=544 nm, 298 K, 

nm) and Qi values of Tb(NO3)3(phen)2. 

Tb(NO3)3(phen)2 

PL data (λex=292 nm, 298 K, nm): 490 (5D4-7F6, 19%); 544, 548 (5D4-7F5, 61%);583, 593 

(5D4-7F4, 11%); 616, 621(5D4-7F3, 9%). 

PLE data (λem=544 nm, 298 K, nm): λ<380 (max at 270). 

Luminescent lifetime (λex=292 nm, λem=544 nm, 298 K): τ =0.14ms.  

Qi=3%. 

Chromaticity coordinates: x=0.336; y=0.593. 

 

 
Figure 62. Chromaticity diagram (x, y) of pure Tb(NO3)3(phen)2 complex. 

 
Table 33. Samples of Tb(NO3)3(phen)2-doped (0.25% w/w) films under visible (above) and UV (below, λex=254 nm) light. 

Laropal A81 Estel 1000 Acril 33 Acril ME Aquazol 500 
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The PL and PLE spectra of the terbium-based (0.25% w/w) samples were collected and are reported, 

respectively, in Figures 63 and 64. PL, PLE, τ, Qi and the chromaticity coordinates x and y are collected 

in Table 34. 

 

 

Figure 63. Normalized PL spectra (298K, λex=292 nm) of terbium-based (0.25% w/w) samples. (a) Tb(NO3)3(phen)2; (b) 

LB_Tb(NO3)3(phen)2; (c) NE_Tb(NO3)3(phen)2; (d) E1000_Tb(NO3)3(phen)2; (e) AC_Tb(NO3)3(phen)2; (f) 

AM_Tb(NO3)3(phen)2; (g) A500_Tb(NO3)3(phen)2. 
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As highlighted in Figure 63, the emission spectrum of pure Tb(NO3)3(phen)2 appears comparable only 

with the samples where the matrix is Laropal A81. Besides changes in the shapes of the bands, in the 

cases of NE_Tb(NO3)3(phen)2 and AM_Tb(NO3)3(phen)2 the superposition of fluorescence bands is 

clearly observable.  

 

 

Figure 64. Normalized PLE spectra (298K, λem=544 nm) of terbium-based (0.25% w/w) samples. (a) Tb(NO3)3(phen)2; (b) 

LB_Tb(NO3)3(phen)2; (c) NE_Tb(NO3)3(phen)2; (d) E1000_Tb(NO3)3(phen)2; (e) AC_Tb(NO3)3(phen)2; (f) 

AM_Tb(NO3)3(phen)2; (g) A500_Tb(NO3)3(phen)2. 
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Table 34. PL (λex=292 nm, 298 K, nm), PLE (λem=544 nm, 298 K, nm), luminescent lifetime (λex=292 nm, λem=544 nm,  

298 K, nm) of terbium-based (0.25% w/w) films. 

Tb(NO3)3(phen)2 

PL data (λex=292 nm, 298 K, nm): 490 (5D4-7F6, 19%); 544, 548 (5D4-7F5, 61%);583, 593 

(5D4-7F4, 11%); 616, 621(5D4-7F3, 9%). 

PLE data (λem=544 nm, 298 K, nm): λ<380 (max at 270). 

Luminescent lifetime (λex=292 nm, λem=544 nm, 298 K): τ =0.14 ms.  

Qi=3%. 

Chromaticity coordinates: x=0.336; y=0.593. 

LB_Tb(NO3)3(phen)2 

PL data (λex=292 nm, 298 K, nm): 490 (5D4-7F6, 17%); 544 (5D4-7F5, 56%); 584, 594 (5D4-

7F4, 13%); 615, 621(5D4-7F3, 13%). 

PLE data (λem=544 nm, 298 K, nm): 272, 292, 335, 349. 

Luminescent lifetime (λex=292 nm, λem=544 nm, 298 K): τ1=0.09 ms (68%); τ2=1.19 ms 

(32%).  

Chromaticity coordinates: x=0.337; y=0.568. 

NE_Tb(NO3)3(phen)2 

PL data (λex=292 nm, 298 K, nm): 489 (5D4-7F6, 22%); 542, 546 (5D4-7F5, 52%); 584, 599 

(5D4-7F4, 12%); 623 (5D4-7F3, 4%). 

PLE data (λem=544 nm, 298 K, nm): 274, 279, 295, 315, 326, 333, 344. 

Luminescent lifetime (λex=292 nm, λem=544 nm, 298 K): τ =0.12 ms.  

Qi=2%. 

Chromaticity coordinates: x=0.320; y=0.535. 

E1000_Tb(NO3)3(phen)2 

PL data (λex=292 nm, 298 K, nm): 490 (5D4-7F6, 17%); 542, 544, 548 (5D4-7F5, 51%); 580, 

583, 592, 595 (5D4-7F4, 14%); 618, 622 (5D4-7F3, 18%). 

PLE data (λem=544 nm, 298 K, nm): 280, 288, 292, 322, 333, 337, 349. 

Luminescent lifetime (λex=292 nm, λem=544 nm, 298 K): τ1=0.16 ms (72%); τ2=0.06 ms 

(18%). 

Chromaticity coordinates: x=0.384; y=0.538. 

AC_Tb(NO3)3(phen)2 

PL data (λex=292 nm, 298 K, nm): 489 (5D4-7F6, 19%); 544 (5D4-7F5, 62%); 583, 587 (5D4-

7F4, 12%); 618, 619, 621(5D4-7F3, 7%). 

PLE data (λem=544 nm, 298 K, nm): 273, 292, 313, 327, 344. 

Luminescent lifetime (λex=292 nm, λem=544 nm, 298 K): τ =1.29 ms.  

Qi=27%. 

Chromaticity coordinates: x=0.337; y=0.567. 

AM_Tb(NO3)3(phen)2 

PL data (λex=292 nm, 298 K, nm): 490 (5D4-7F6, 28%); 544 (5D4-7F5, 47%); 583, 588 (5D4-

7F4, 11%); 621(5D4-7F3, 14%). 

PLE data (λem=544 nm, 298 K, nm): 254, 262, 274, 290, 293, 300, 326. 

Luminescent lifetime (λex=292 nm, λem=544 nm, 298 K): τ =1.53 ms.  

Qi=32%. 

Chromaticity coordinates: x=0.321; y=0.536. 

A500_Tb(NO3)3(phen)2 

PL data (λex=292 nm, 298 K, nm): 490 (5D4-7F6, 19%); 544 (5D4-7F5, 60%); 583, 586, 587, 

588 (5D4-7F4, 13%); 620, 621(5D4-7F3, 8%). 

PLE data (λem=544 nm, 298 K, nm): 275, 294, 315, 327,345. 

Luminescent lifetime (λex=292 nm, λem=544 nm, 298 K): τ =1.01 ms.  

Qi=21%. 

Chromaticity coordinates: x=0.338; y=0.592. 
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Variations in the coordination sphere are suggested also by lifetime measurements. For instance, in the 

case of LB_Tb(NO3)3(phen)2 two decay processes were determined. The first, fast, has a lifetime of 0.09 

ms, while for the second, slow, the τ value is about 1.19 ms. For the samples AC_Tb(NO3)3(phen)2, 

AM_Tb(NO3)3(phen)2 and A500_Tb(NO3)3(phen)2 an enhancement of the luminescence was recorded 

with τ values of, respectively, 1.29, 1.53 and 1.09 ms. 

Moreover, also the comparison of the PL spectra of the doped matrices with that of the pure compound 

indicates alteration of the terbium compound. The broad band collected for the pure compound is 

replaced by a series of peaks whose wavelengths depend upon the choice of the matrices. 

The chromaticity of the terbium-doped films was evaluated. Higher variability in the colorimetric 

coordinates were revealed with respect to the europium-based films, with variations in terms of colour. 

In the samples LB_Tb(NO3)3(phen)2, E1000_Tb(NO3)3(phen)2 and AC_Tb(NO3)3(phen)2 a shift to 

green-yellow dye was determined, while for the samples NE_Tb(NO3)3(phen)2 and 

AM_Tb(NO3)3(phen)2 a shift to green-cyano dye was observed. 

 

Finally, the photoluminescence emission and excitation spectra of doped films were evaluated after 2000 

hours of UVA (λ=254 nm) aging. Luminescent lifetimes (τ) and quantum yields (Qi) determined for the 

europium- and terbium-doped (0.25% w/w) matrices are collected in Table 35.  

Happily, in most of the cases the photoluminescence of the samples is sufficient to be easily detectable 

by human eye also after ageing (Tables 36 and 37) and this is particularly true for the films based on the 

red emitter Eu(NO3)3(phen)2. 

 

Table 35. Radiative lifetimes (τ) and intrinsic quantum yields (Qi) of europium- (λem=615 nm) and terbium-based (λem=544 

nm) (0.25% w/w) samples before and after 2000 hours of photo-oxidative UVA (λ=254 nm) aging. 

 unaged aged  unaged aged 

Sample 
τ 

(ms) 

Qi 

% 

τ 

(ms) 

Qi 

% 
Sample 

τ 

(ms) 

Qi 

% 

τ 

(ms) 

Qi 

% 

LB_Eu(NO3)3(phen)2 1.14 60 1.15 59 LB_Tb(NO3)3(phen)2 
τ1=0.09 

τ2=1.19 
- 

τ1=0.03 

τ2=1.26 
- 

NE_Eu(NO3)3(phen)2 0.60 22 0.67 26 NE_Tb(NO3)3(phen)2 0.12 2 0.14 3 

E1000_Eu(NO3)3(phen)2 1.18 65 1.17 64 E1000_Tb(NO3)3(phen)2 
τ1=0.16 

τ2=0.06 
- 0.03 0.6 

AC_Eu(NO3)3(phen)2 1.20 56 1.13 53 AC_Tb(NO3)3(phen)2 1.29 27 1.21 25 

AM_Eu(NO3)3(phen)2 1.25 49 1.39 34 AM_Tb(NO3)3(phen)2 1.53 32 1.12 23 

A500_Eu(NO3)3(phen)2 0.76 38 0.75 37 A500 Tb(NO3)3(phen)2 1.01 21 1.02 21 

 

 

 

 

 

 

 



102 
 

Table 36. Samples of Eu(NO3)3(phen)2-doped (0.25% w/w) films before (above) and after (below) 2000 hours of photo-

oxidative UVA (λ=254 nm) aging under UV (λex=254 nm) light. 

Laropal A81 Estel 1000 Acril 33 
Acril ME 

Aquazol 500 

     

     
 

Table 37. Samples of Tb(NO3)3(phen)2-doped (0.25% w/w) films before (above) and after (below) 2000 hours of photo-

oxidative UVA (λ=254 nm) aging under UV (λex=254 nm) light. 

Laropal A81 Estel 1000 Acril 33 Acril ME Aquazol 500 

     

     
 

As shown in Figure 65, the PL spectra of the aged europium-based films showed no meaningful 

variations of the emission spectra with respect to the fresh samples, except for the Acril ME- and Aquazol 

500-based films. The variations in the PL spectra of these samples are due, in the case of Acril ME, to 

fluorescence from the binder (raising of the baseline) and to the decrease of the intensity of the 5D0→7F4 

transition (Figure 65e), while in the case of Aquazol 500 to an enhancement of the relative intensity of 

the 5D0→7F1 and 5D0→7F4 transitions and to a contemporary broadening of the 5D0→7F4 transition 

(Figure 65f).  

Similar effects of photo-oxidative ageing can be supposed also for the corresponding terbium-based 

samples. However, if this is true for the AM_Tb(NO3)3(phen)2 sample (Figure 66e), the PL spectrum of 

the A500_Tb(NO3)3(phen)2 (Figure 66f) sample remains unchanged after the aging. On the other hand, 

an enhancement of the relative intensity of the 5D0→7F3 and 5D0→7F4 transitions with respect to the 

5D0→7F1 one was observed for the sample E1000_Tb(NO3)3(phen)2 (Figure 66c). 

Moreover, the comparison between the excitation spectra (PLE) suggested that negligible changes occur 
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in the ligands field around both europium and terbium ions after ageing (for example see Figure 67). 

 

 
Figure 65. Comparison between normalized PL spectra (298 K, λex=292 nm) of europium-based freshly (straight line) and 

aged (dot-line) (0.25% w/w) samples. a) LB_Eu(NO3)3(phen)2; b) NE_Eu(NO3)3(phen)2; c) E1000_Eu(NO3)3(phen)2; d) 

AC_Eu(NO3)3(phen)2; e) AM_Eu(NO3)3(phen)2; f) A500_Eu(NO3)3(phen)2. 

Further information about the photo-stability of the doped films was obtained considering the radiative 

lifetimes (τ) reported in Table 35. Photo-oxidative ageing caused really small variations of τ values 

(below 1%) with respect to the freshly prepared samples, a result in agreement with the negligible 

variations of the PL spectra above described.  At the same time, the intrinsic quantum yields are quite 

similar between unaged and aged samples. 

Only for the samples NE_Eu(NO3)3(phen)2 and NE_Tb(NO3)3(phen)2 an increase of the radiative 

lifetime was detected after the photo-oxidative aging. As revealed from the FT-IR analyses, aging 

involves the removal of the water (solvent) retained from the silica films. This aging feature has a 

positive effect on the luminescence properties of the doped films because it leads to the decrease of the 

non-radiative decay by reducing the vibrational interactions between the lanthanide complexes and the 

O-H oscillators. 
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Figure 68. Comparison between normalized PL spectra (298 K, λex=292 nm) of terbium-based unaged (straight line) and aged 

(dot-line) (0.25% w/w) samples. a) LB_Tb(NO3)3(phen)2; b) NE_Tb(NO3)3(phen)2; c) E1000_Tb(NO3)3(phen)2; d) 

AC_Tb(NO3)3(phen)2; e) AM_Tb(NO3)3(phen)2; f) A500_Tb(NO3)3(phen)2. 

 

 

 

Figure 67. Normalized PLE spectrum (298 K, λem= 615 nm) of freshly (straight line) and aged (dots-line) (0.25% w/w)  

a) AM_Tb(NO3)3(phen)2 and b) A500_Tb(NO3)3(phen)2 samples. 
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9. Concluding Remarks 

The first aim of the study was to characterize and ascertain the degrading mechanisms occurring in 

different polymeric and nanostructured commercial products. In order to achieve this result, several 

samples were previously analyzed mainly by Thermogravimetric Analysis (TGA), Dynamic Light 

Scattering (DLS), Centrifugal Separation Analysis (CSA), Viscometry, Size Exclusion Chromatography 

(SEC) and Fourier Transform Infrared Spectroscopy (FT-IR). Afterwards, long-lasting experiments 

carried out, never attempted before, allowed to evaluate the degradation mechanisms and kinetics by 

means of SEC, FT-IR, colorimetric and gloss measurements. Therefore, different aging behaviours and 

mechanisms have been identified as responsible of thermo- and photo-oxidative aging as well as natural 

aging. 

 

Thermogravimetric analyses (TGA) revealed that Acril 33 and Acril ME have similar activation energy, 

respectively of 109 (± 5%) and 112 (± 2%) kJ mol-1. However, the lower stability of Acril 33 was 

revealed by the fact that thermal degradation begins at lower temperature with respect to Acril ME, 247 

instead 276°C. On the other hand, Laropal A81 and Aquazol 500 showed, respectively, the highest and 

lowest resistance to the thermal-degradation with activation energy of 213 (± 1%) and 61 (± 2%)              

kJ mol-1, respectively. The activation energy calculated by thermogravimetric analyses follows the order 

Laropal A81 >> Acril ME > Acril 33 >> Aquazol 500, identifying in Laropal A81 the polymer more 

stable towards thermal decomposition. 

 

High colloidal stability was revealed for both Acril 33 and Acril ME, for which were calculated 

sedimentation velocities at gravity force of, respectively, ≤ 8x10-4 and ≤ 3x10-4 μm s-1. Moreover, DLS 

measurements allowed to determine particle size distributions centered at, respectively, 70 ± 15 and 47 

± 7 nm.  

 

SEC and FT-IR analyses showed that the mechanism of thermal degradation of Acril 33 involves both 

cross-linking reactions of the polymer backbone and scission on the ester side groups, resulting in the 

loss of volatile molecules and formation of lactone and hydroxyl groups. Moreover, the tendency to 

form insoluble fractions observed during SEC and viscometric analyses was attributed to decomposition 

of the unstable secondary hydroperoxides, which gives alkoxy radicals that decay via cross-linking. The 

kinetic constant (k) of the degradation process was calculated and it is equal to 3.26x10-3 (h-1). The high 

values of ΔE determined at the end of the thermo-oxidative aging tests, which correspond to a shift 

towards yellow-orange shades, were attributed to the formation of lactone groups, that act as 

chromophores. Moreover, high instability of the polymer was recorded also in terms of gloss retention, 

with surfaces varying from glossy to matt. 

On the other hand, photodegradation of Acril 33 involves solely depolymerization mechanism, and the 

Mw-time decay curve allowed to calculate a kinetic constant of depolymerization of 2.93x10-3 (h-1).                                      
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The higher stability to photo-oxidative aging with respect to thermal-aging was highlighted not only by 

the lower kinetic constant of the depolymerization process, but also from the negligible variations 

recorded in the colour and gloss parameters after 2000 hours of UVA aging.  

 

Thermal decomposition of Acril ME has involves both fragmentation and cross-linking reactions with 

the last prevailing for prolonged aging. SEC analyses allowed to calculate the kinetic constant of the 

depolymerization process (7.63x10-3 h-1) while FT-IR analyses revealed that thermal degradation leads 

to the formation of ketones and alkoxy radicals, followed by further decomposition to anhydrides and 

formation of γ-lactones by dehydration of two adjacent acid groups. The variations in the colour 

parameters, particularly high for the sample aged at 140°C, are attributed to the formation of lactone 

groups. On the other hand, Acril ME exhibited high resistance in terms of gloss retention also for 

prolonged aging at high temperature. 

Conversely, photo-oxidation of Acril ME occurred only by chain-ends degradation, although no 

significant variation in the MWD was recorded after 2000 hours of aging. SEC analysis gave a kinetic 

constant of the fragmentation process of 3.10x10-3 h-1, while FT-IR showed that this process is the 

reverse of the polymerization, since the degradation occurred through the elimination of the entire 

monomeric BMA units rather than only the lateral butyl groups. Moreover, the high stability of Acril 

ME to photo-oxidation was also revealed by the negligible variations in the colour and gloss parameters 

after 2000 hours of aging. 

 

In general, higher stability of Acril ME with respect to Acril 33 was observed. 

 

The isothermal degradation of Aquazol 500 occurred through a double mechanism of degradation. On 

one hand, chain scissions of the polymer backbone followed by loss of side chains lead to the formation 

of lactone groups and secondary amides (kinetic constant of the process 4.37x10-3 h-1). On the other 

hand, it was showed as prolonged aging or aging at higher temperatures favour cross-linking reactions 

rather than chain scission. As reported above, the great variation in the colour parameters can be 

attributed to the formation of chromophores groups (lactones), while the variation in the chemical 

structure is responsible of the massive decrease of the gloss parameter, with surfaces varying from gloss 

to matt during the aging.   

It was shown as depolymerization reactions (kinetic constant equal to 1.05x10-3 h-1) are exclusively 

involved in the mechanism of photo-oxidative degradation of Aquazol 500. Although good stability in 

terms of colour and gloss retention was observed, the variations in the gloss parameter of the samples 

of Aquazol 500 exposed to both UVC and UVA radiations are the highest registered among all the 

materials tested. This suggests that Aquazol 500 has the lowest stability to photo-oxidation among the 

samples herein studied. 

As expected from the TGA results, Laropal A81 exhibited the higher resistance to thermo-oxidative 

aging. Only the aging at high temperatures (120 and 140°C) induced variations in the FT-IR spectrum 
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attributable to the progressive loss of low molecular weight fractions and to the formation of non-

aromatic hydrocarbons compounds. The high stability was confirmed also by the slight variation of 

colour parameters (ΔE lower than 5 also after 15000 hours of thermo-oxidative aging at 140°C) as well 

as by the negligible variation in the retention times of aged solutions determined by viscometric 

analyses. On the other hand, structural changes are recognized as responsible of the slightly variations 

of gloss.  

Moreover, Laropal A81 revealed high stability also with respect to photo-oxidation with negligible 

variations in both chemical and physical properties. 

Overall, the results obtained indicate that both thermal and photo-oxidative degradations of Laropal A81 

probably occur through fragmentation rather than cross-linking reactions. 

 

CSA and DLS measurements gave interesting information about the alcoholic dispersion of CaOH2 NPs. 

The transmittance profiles of NanoRestore allowed to individuate two populations of particles in both 

fresh and one-year aged dispersions. Average diameters of 25 and 300 nm were determined by CSA for 

the two populations in fresh dispersion. However, a decrease of the biggest aggregates size towards 200 

nm was revealed after one-year of aging. Good colloidal stability was revealed, since only slight 

decrease of the settling values was measured for the largest population of particles after one-year aging 

(from 6.1∙10-2 ± 6.6∙10-4 to 5.1∙10-2 ± 6.9∙10-4 µm s-1). Moreover, similar values have been obtained for 

the smallest population of particles before and after aging (5.5∙10-3 ± 1.8∙10-4 and 5.8∙10-3 ± 2.1∙10-4      

µm s-1). 

NanoRestore exhibited high stability towards both thermal- and photo-aging. FT-IR analyses showed 

that the CaOH2 NPs preserved their basic character also for prolonged aging at high temperature, 

corroborating their use as alkaline reservoir for deacidification of wood, paper and canvas. No 

significant variation was recorded in the colour parameters, except the decrease of the L* parameter, 

attributable to partial loss of the sample from the treated surface. Moreover, NanoRestore exhibited, 

together with Acril ME, the best performance in terms of gloss retention. 

 

FT-IR analyses have revealed as thermal- and photo-aging of Estel 1000 involves the formation of 

amorphous silica and silicone. However, good resistance was revealed in terms of colour changes 

towards all the aging tests conducted. On the other hand, gloss measurements showed that silica films 

become bright after aging. 

 

Good performance was observed in terms of colloidal stability for the NPs NanoEstel dispersion. The 

sedimentation velocity of the silica NPs was found to be very low at gravity (≤ 0.01 µm s-1) and a sharp 

distribution of the hydrodynamic diameter of the particles, centred at 19 ± 3 nm, was revealed by DLS 

measurements. 

Silica NPs NanoEstel exhibited high stability with respect to both thermal- and photo-aging, showing 

no changes in the spectra of aged samples with respect to the fresh one and negligible variations in both 
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colour and gloss parameters. Therefore, given the results here reported, the use of silica NPs is preferable 

to the TEOS solvent-based product not only for the non-toxicity of the first, but also for its better 

performance over time. 

 

The second objective of this work consisted in the synthesis and characterization of visible-emitting 

lanthanide complexes with well-designed antenna-ligands, to be used as dopants for the commercial 

products here studied in order to obtain luminescent materials allowing easy discrimination between 

original and retouched or consolidated areas. To this scope, the complexes Eu(NO3)3(phen)2 and 

Tb(NO3)3(phen)2 have been synthesized, characterized pure and embedded in Acril 33, Acril Me, 

Aquazol 500, Laropal A81, Estel 1000 and NanoEstel. First of all, it is important to note that very low 

concentration of complex Ln(NO3)3(phen)2 (0.25% w/w) was, in most of the cases, sufficient to 

guarantee a high luminescence of the doped film. 

The pure Eu(NO3)3(phen)2 exhibited luminescence lifetime of 1.24 ms and an intrinsic quantum yield 

of 77%. No meaningful interaction between Eu(NO3)3(phen)2 and the matrix occurred only using 

Laropal A81 and Estel 1000, with radiative lifetimes strictly comparable with that of the pure complex. 

On the other hand, the use of Acril 33, Acril Me, Aquazol 500 and NanoEstel matrices caused a variation 

of the inner coordination sphere of the Eu(III) centre.  

The luminescent lifetime of Tb(NO3)3(phen)2 complex is 0.14 ms, corresponding to an intrinsic quantum 

yield of 3%. Despite the quite poor luminescent features of pure Tb(NO3)3(phen)2, appreciable 

photoluminescence was observed for the complex once dispersed in the different matrices, although 

variations in the coordination sphere were revealed. In particular, a positive effect was determined for 

the samples AC_Tb(NO3)3(phen)2, AM_Tb(NO3)3(phen)2 and A500_Tb(NO3)3(phen)2, for which an 

enhancement of the luminescence was recorded with τ values of, respectively, 1.29, 1.53 and 1.09 ms. 

Finally, the photoluminescence features of the doped films were evaluated after 2000 hours of UVA 

(λ=254 nm) aging. High stability to photo-oxidative aging was revealed by all the samples tested with 

luminescence easily detectable by human eye also after aging. 
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Appendix A 
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Appendix B 

Temperature (°C, Figure B1), relative humidity (%, Figure B2), rainfall (mm/mounth, Figure B3) and 

total solar irradiation (MJ/m2, Figure B4) parameters (ARPAV data, Favaro Veneto station) at which 

the consolidated stones samples were exposed during the two years of outdoor natural aging.  

 

Figure B1. Monthly average (black dots) and maximum (red dots) and minimum (blue dots) values 

recorded from June 2015 and 2017 for the parameter temperature (°C). 

 

 
Figure B2. Monthly average (black dots) and maximum (red dots) and minimum (blue dots) values 

recorded from June 2015 and 2017 for the parameter relative humidity (%). 
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Figure B3. Monthly average (black dots) values recorded from June 2015 and 2017 for the parameter 

rainfall (mm/mounth). 

 

 
Figure B4. Monthly average (black dots) values recorded from June 2015 and 2017 for the parameter 

solar irradiation (MJ/m2). 
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Appendix C 
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Appendix D. Scientific publications and conferences papers 

 

• Gheno G, Ganzerla R, Bortoluzzi M, Enrichi F, Sintesi e proprietà luminescenti di scorpionato-

complessi impiegati come marcatori in interventi di restauro, Atti del XV Congresso della Società 

Chimica Italiana divisione Chimica dell'Ambiente e dei Beni Culturali, Bergamo, June 2015. 

• Gheno G, Ganzerla R, Bortoluzzi M, Paganica R, Accelerated weathering degradation behaviour of 

polyester thermosetting powder coatings, in Progress in Organic Coatings 101 (2016) pp 90–99. 

• Uzumyemezoglu VS, Orsega EF, Gheno G, Le ceramiche di Iznik (XVI-XVII sec.): caratterizzazione 

storico-stilistica e indagini chimico-fisiche di campioni rappresentativi, Atti del Congresso "I Giovani 

e il Restauro”, Roma, Gennuary 2016. 

• Gheno G, Brunelli A, Badetti E, Marcomini A, Ganzerla R, On the stability of colloidal calcium 

hydroxide nanoparticles dispersion for stone conservation, Atti del XVI Congresso della Società 

Chimica Italiana divisione Chimica dell'Ambiente e dei Beni Culturali, Lecce, June 2016. 

• Cavraro F, Ganzerla R, Gheno G, Manente S, Redolfi Bristol S, Zucchetta M, Franzoi P, Malavasi S, 

The price of beauty: habitat constraints on carotenoid-based colouration in a small euryhaline teleost, 

I Congresso Nazionale Congiunto SITE - UZI - SIB, Milano, August 2016. 

• Gheno G, Badetti E, Brunelli A, Ganzerla R, Marcomini A, Consolidation of Vicenza, Arenaria and 

Istria stones: a comparison between nano-based products and acrylate derivatives, in journal of cultural 

heritage (2017). 

• Cavraro F, Gheno G, Ganzerla R, Zucchetta M, Franzoi P, Malavasi S, Habitat constraints on 

carotenoid-based coloration in a small euryhaline teleost, Ecology and Evolution 00 (2018) 1-9. 
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