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a b s t r a c t 

The development of bio-based gels for the cleaning of historical artworks is an attractive area of re- 

search. In this work, we designed thiol-ene photocured organogels by combining five different thiol or 

allyl functionalized bio-based monomers. Isosorbide, pyrogallol, and limonene were used as the bio-based 

building blocks for derivatization. The chemical structures of the synthesized monomers were character- 

ized by proton nuclear magnetic resonance spectroscopy ( 1 H NMR) and Fourier transform infrared (FTIR) 

spectroscopy. The organogel structures were examined by FTIR analysis. Thermal and thermomechanical 

properties of the gels were determined by thermogravimetric analyses (TGA) and dynamic mechanical 

analysis (DMA), respectively. The swelling behavior of the organogels in various solvents was also inves- 

tigated. Gels swelled most in dimethyl carbonate (DMC). The confinement of the solvents in the gels de- 

creased their evaporation rate. The organogels displayed a two-stage degradation profile and were found 

to be thermally stable up to ∼200 °C. The gels were evaluated for the cleaning of dammar-based varnish 

from historical artwork. DMC swollen gels were found to be effective in removing the varnish from the 

surface of the artwork. None of the prepared gels adhered to the surface layer of the paintings. Scanning 

electron microscope (SEM) images proved that the surfaces were cleaned without leaving any gel residue. 

© 2022 Elsevier Masson SAS. All rights reserved. 

1

r

a

y  

p

p

[

u

o

b

b

o

o

w

s

n

l

T

m

g

c

w

a

p

s

w

s

w  

d

c

t

a

h

1

. Introduction 

The cleaning process of historical artworks for conservation and 

estoration purposes includes the removal of dirt, grime, stains, 

nd soil as well as the removal of degraded layers such as aged, 

ellowed varnishes, and coatings [ 1 , 2 ]. Even though it has been

erformed since antiquity, modern, systematic and scientific ap- 

roaches began to appear towards the end of the 20th century 

 2 , 3 ]. 

The traditional method is to clean the surface of paintings by 

sing pure solvents or solvent mixtures and applying them directly 

n the coating layers or paintings with the aid of cotton swabs or 

rushes [4] . This traditional approach suffers from several draw- 

acks. First, the toxic and flammable organic solvents are danger- 

us both for the environment and the health of the restorer. More- 

ver, non-confined solvents penetrate beneath the surface layer 

hich leads to unwanted swelling that damages the painting. The 

welling of the top layers creates mechanical stress over the lower 
∗ Corresponding authors. 
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ayers which in turn leads to softened layers and embrittlement. 

he solvent could also transfer the surface dirt or dissolved organic 

aterials to the layers underneath [ 3 , 5-7 ]. 

To overcome these disadvantages of this traditional method, 

el-based systems have been proposed. Gels are physically or 

hemically cross-linked semisolid systems that exhibit no flow 

hen in the steady-state [8] . In gels, a liquid phase is entrapped 

nd continuously dispersed within a 3-dimensional network. De- 

ending on the type of the liquid phase, gels can be simply clas- 

ified into two groups: 1) hydrogels in which the liquid phase is 

ater and 2) organogels in which the liquid phase generally con- 

ists of organic solvents or oils. 

Compared to organogels, hydrogels have been studied more 

idely for the cleaning of paintings [9–14] . The use of water in hy-

rogels is advantageous in terms of toxicity when compared to the 

ommon organic solvents in organogels. However, the use of wa- 

er brings several drawbacks as well. When using hydrogels, you 

re limited to only one solvent; water. Water is highly polar and 

rganic binders, pigments, oil residues, and degraded organic dirt 

n the paintings have low solubility in water due to their relatively 

onpolar nature. Enzymes, surfactants, co-solvents can be added to 

nhance cleaning power but it’s hard to adjust polarity and solubil- 

https://doi.org/10.1016/j.culher.2022.04.013
http://www.ScienceDirect.com
http://www.elsevier.com/locate/culher
http://crossmark.crossref.org/dialog/?doi=10.1016/j.culher.2022.04.013&domain=pdf
mailto:emrah.cakmakci@marmara.edu.tr
mailto:napohan@marmara.edu.tr
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ty, and thus cleaning with hydrogels is generally limited to the re- 

oval of water-soluble matter [15] . To overcome these limitations 

f hydrogels, oil-in-water microemulsions (complex fluids) [16] or 

il-in-water nanostructured fluids [17] were also proposed in the 

iterature. On the other hand, organogels which can be used in 

ersonal care products, food processing, drug delivery, pharmaceu- 

icals, biotechnology, cosmetics, and food technology, are promis- 

ng materials for the cleaning of paintings [18] . Organogels of- 

er a wide range of solvents in contrast to hydrogels, leading to 

rganogels with highly tunable properties. Modulation of the sol- 

ents in the hydrogels allows controlling the freezing and boiling 

oint of the liquid phase in the organogel, which in turn expands 

he temperature-operating window of the organogels [19] . 

One of the first organogels suggested for the cleaning of 

rtifacts was consisted of methyl methacrylate (MMA, main 

onomer), ethylene glycol dimethacrylate (EGDMA, crosslinker) 

nd solvent (2-butanone (MEK), ethyl acetate (EA), cyclohexanone 

r butyl acetate) [20] . These organogels were found to be success- 

ul for the removal of unwanted varnishes from canvas painting 

amples and the authors stated that by changing the solvent used 

n the gel, different types of resins such as terpenes or acrylic ones 

ould be selectively removed. Later, researchers started to look for 

ore sustainable and green organogel alternatives derived from 

io-based polymers [21–23] . Samori et al., prepared organogels 

rom polyhydroxy butyrate (PHB), γ -valerolactone (GVL, as organic 

olvent), and triethyl citrate (TEC, as plasticizer) [22] . These gels 

emoved the protective varnishes on oil paintings without leav- 

ng residues. Later these PHB-based gels were also successfully ap- 

lied on water-sensitive varnished egg tempera paintings [15] . In 

nother work, Prati et al., utilized a biodegradable solvent; DMC 

hich has low toxicity for the cleaning of oil paintings [23] . PHB 

nd DMC were mixed for about an hour at 90 °C and then cooled 

o room temperature to form organogels. The gels were applied on 

ew and aged natural terpenic varnishes and they displayed excel- 

ent cleaning properties. 

. Research aims 

In this work, we aimed to prepare fully bio-based organogels 

y using thiol-ene photopolymerization (TEP) from three differ- 

nt bio-based building blocks; isosorbide, pyrogallol, and limonene. 

EP is an environmentally friendly, green, and economic method 

ith low energy consumption [24–26] . In TEP, upon light irra- 

iation, multifunctional thiols generate thiyl radicals (RS ·) which 

apidly react with double bond containing monomers via a radical- 

nduced step-growth mechanism to form crosslinked homogeneous 

etworks [ 25 , 26 ]. TEP technique has been successfully used for the

reparation of flame retardant and hydrophobic coatings [27–29] , 

iomolecule conjugation [30] , biobased coatings [31] , heavy metal 

emoval from aqueous solutions [32] , antibacterial networks [33] , 

tc. To our best knowledge, TEP was not previously used for art- 

ork cleaning, thus with this work, we intend to extend the ap- 

lication area of TEP. Yet the originality of this work not only 

tems from the use of TEP for the first time for the removal of 

irt on paintings, but also from the rationale behind the choice of 

hese bio-based monomers and the diversity in the design of the 

rganogels therefrom. We deliberately chose limonene and isosor- 

ide for they resemble natural resins like dammar, mastic, ter- 

enes, etc. Pyrogallol was chosen to introduce aromatic units that 

ould be beneficial for aiding the removal of aromatic groups bear- 

ng degraded organic pigments and organic residues. Generally, 

hese types of bio-based building blocks are considered to be non- 

oxic and indeed isosorbide [34] and limonene [35] are safe alter- 

atives. However, we must note that pyrogallol is relatively toxic 

nd affect vital organs [36] . This toxic effect of pyrogallol stems 

rom its ability to generate free radicals. 
392 
We synthesized 5 different monomers: isosorbide diallyl ether 

IDA), isosorbide bis-(3-mercapto)propionate (ISTMP), pyrogallol 

riallyl ether (PGTA), pyrogallol trithiol (PGTT), and a limonene 

dduct (LA). They were characterized by FTIR and 

1 H NMR tech- 

iques. Next, organogels with various compositions were prepared 

y using these monomers via thiol-ene photopolymerization. The 

repared organogels were utilized for the cleaning of a painting 

hich was coated with a dammar-based varnish. 

. Experimental 

.1. Materials 

The full materials list is given in the Supplementary File. 

.2. Characterization Methods 

Characterization methods and procedures are given in the Sup- 

lementary File. 

.3. Synthesis of pyrogallol triallyl (PGTA) 

PGTA was synthesized similar to previous publications [ 37 , 38 ]. 

2.61 grams of pyrogallol (0.1 moles) and 49.75 grams of K 2 CO 3 

0.36 moles, 1.2 eq.) were dissolved in 300 mL of acetone in a 500 

L three-neck round bottom flask equipped with N 2 inlet, drop- 

ing funnel, and condenser. The flask was placed in an ice bath 

nd 40.0 grams of allyl bromide (0.33 moles, 1.1 eq.) was added 

ropwise into the flask within 2 hours. After that, the mixture was 

efluxed for 24 hours. After that acetone was removed via rotary 

vaporator. 100 mL of CH 2 Cl 2 was added to the crude product, 

ltrated to remove undissolved salts and the organic phase was 

ashed with saturated NaCl solution (20 mL x3 times). Finally, the 

rganic phase was dried with MgSO 4 , filtrated, and organic solvent 

nd volatile unreacted monomers were removed by rotary evap- 

rator. PGTA was obtained as a yellowish liquid (Yield = 18.5 g, 

5%). 

.4. Pyrogallol trithiol (PGTT) 

The synthetic procedure for PGTT was adapted from literature 

39] . PGTT was synthesized in two steps. In the first step, a thiol- 

ne click reaction was employed. First, 3.69 grams of PGTA (0.015 

oles) was mixed with thioacetic acid (6.85 g, 0.09 moles, 2 eq) 

nd 0.25 grams of Darocur 1173 (photoinitiator) in a one-neck 

ound bottom flask. The flask was purged with nitrogen gas and 

hen irradiated with UV light in a photoreactor (Luzchem) under 

tirring for 1 hour. After that ethyl acetate (50 mL) was added to 

he mixture and it was washed several times with NaHCO 3 solu- 

ion (5%) until no more gas evolved. The ethyl acetate phase was 

ashed with saturated NaCl solution, separated, and dried over an- 

ydrous MgSO 4 . Finally, after filtration, the organic solvent and re- 

aining volatiles were removed under vacuum to obtain pyrogallol 

rithioester (Yield = 4.6 g, 65%). 

In the second step, the obtained thioester product was hy- 

rolyzed with methanolic NaOH solution. 2.37 grams (5mmol) of 

he thioester synthesized in the first step was mixed with 10mL 

f methanol and 0.60 grams of NaOH in a two-neck round bottom 

ask. A condenser was attached to the flask and the mixture was 

efluxed for 16 hours under nitrogen atmosphere. The flask was 

llowed to reach to room temperature. After that acidified (HCl) 

queous solution was added to neutralize NaOH and the obtained 

ixture was extracted with CH 2 Cl 2 (20 mL x3 times). The organic 

hase was then washed with saturated NaCl solution (40 mL x2 

imes), dried over MgSO , filtered, and evaporated under vacuum. 
4 
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Scheme 1. Synthesis of PGTA and PGTT. 

Scheme 2. Synthesis of LA. The idealized structure is shown here where all thiols are added to the endocyclic ene of limonene. The addition of thiols to the exocyclic enes 

also occurs as well as oligomeric products. 
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GTT was obtained as a yellow viscous liquid with a characteris- 

ic thiol odor (Yield = 1.26g, 72%). The synthetic route to PGTA and 

GTT are shown in Scheme 1 . 

.5. Limonene adduct 

Limonene adduct was synthesized similar to a previous publi- 

ation with slight modifications [40] . A 1:4 molar ratio of 4SH to 

imonene was employed. Required amounts of limonene and 4SH 

ere taken into a round bottom flask. Ethyl acetate was added to 

ake a 40% solution and finally, 2% Darocur 1173 (with respect 

o the total weight of the monomers) was added. The obtained 

ixture was purged with nitrogen gas and reacted under UV il- 
393 
umination in a photoreactor while vigorously stirring for 8 hours 

t room temperature. Finally, ethyl acetate was evaporated under 

acuum and limonene adduct of 4SH (LA) was obtained as a clear 

ighly viscous liquid. The synthetic procedure for LA is illustrated 

n Scheme 2 . 

.6. Preparation of photocured organogels 

After several trials of different compositions, we chose three 

ifferent thiol-ene photocured networks which displayed relatively 

etter film quality, curing profiles, and good solvent uptake. The 

ecipe of the photocurable formulations is presented in Table 1 . 

 1:1 thiol to ene ratio was maintained for the formulations F0 
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Table 1 

Recipe for the preparation of thiol-ene photocured organogels ∗ . 

PGTT (g) IDA (g) ISTMP (g) PGTA (g) LA (g) 

F0 0.2088 0.3395 0.1932 - - 

F1 0.2088 0.1450 0.1932 0.1230 - 

F2 0.2088 0.2267 0.1932 - 0.4132 

∗ Equal amounts of photoinitiators (TPO and Darocur 1173) were 

added at a 5% weight ratio with respect to the total weight of the 

monomers. 2 mL of ethyl acetate was also added to each formula- 

tion. LA’s molecular weight was calculated based on its theoretical 

structure without considering the formation of oligomers. 
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Table 2 

Thermal and thermomechanical properties of the gels. 

T 1 
a ( °C) T 2 

a Char (%) Tan δb ( °C) Tg c ( °C) E’ (20 °C) 
b (MPa) 

F0 187 379 5.4 -7.3 -12.65 2.6 

F1 184 394 8.1 3.4 -7.54 7.4 

F2 192 388 5.2 1.7 -8.63 3.3 

a T 1 and T 2 are the maximum weight loss temperatures, which were deter- 

mined from the maximum of the corresponding derivative curves. 
b Determined by DMA measurements. c Determined by DSC. 
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nd F1 while for the formulation F3, the ene ratio was taken 1.2 

imes higher than the thiol groups. All monomers, photoinitiators, 

nd 2 mL of ethyl acetate were weighed into a clean, aluminum 

oil-wrapped beaker and stirred for 20 minutes until transparent 

omogeneous mixtures were obtained. The liquid mixtures were 

oured into glass molds and each side of the mold was irradi- 

ted with UV light (OSRAM, 300W) (for 10 minutes for each side). 

fter curing gels were washed several times with ethyl acetate 

o remove unreacted monomers and photoinitiator residues. The 

tructure of all monomers used in this work and the photocured 

rganogels are illustrated in Scheme 3 . 

. Results and discussion 

.1. Characterization of the synthesized organogel precursor 

onomers 

Details for the characterization of the precursor monomers are 

iven in the Supplementary File. 

.2. Structural characterization of the organogels 

In this work, we tried to prepare bio-based organogels that 

an be used for the cleaning of artworks. We deliberately chose 

imonene and isosorbide for their structural similarity to terpene- 

ased resins and some components used in varnishes and coat- 

ngs such as rosin esters. We used difunctional isosorbide-based 

onomers (IDA and ISTMP) on purpose to form linear growth 

hains and anticipated obtaining crosslinked organogels with the 

id of crosslinker monomers like PGTA, PGTT, and LA. We tried sev- 

ral different compositions. However, in most cases, different com- 

inations of these monomers displayed poor curing profiles. Some 

f these compositions did not even produce gels while others were 

ound to be highly tacky due to a low degree of curing. We must 

ote that we also tried to use neat limonene (not its adduct; LA) in

he formulations but almost in all cases we could not be able to get 

atisfactory results and could not obtain gels with good mechani- 

al properties. We also could not be able to obtain soft gels with- 

ut tacky surfaces. When the amount of the crosslinker monomers 

as below a certain ratio, the gels became tacky and when left in 

 solvent they were degraded. 

Nevertheless, some of the formulations as described in 

able 1 worked well, and thus, we were able to prepare rigid 

rganogels. Here, it must be stated that to overcome the low poly- 

erization tendency of the selected monomers we used two differ- 

nt photoinitiators at a relatively high ratio, and also the amount 

f the crosslinker monomers was relatively higher as opposed to 

he general approach where lightly crosslinked gels are preferred 

or high swelling ratios. Therefore, the prepared gels were rigid. In 

0 and F1 encoded formulations we employed a 1:1 thiol to -ene 

atio while in the third formulation (F2) we utilized from the Off- 

toichiometry thiol-ene (OSTE) route and took excess allyl func- 

ionality (thiol to ally ratio was 1:1.2). The digital images of the 

repared organogels are presented in Figure S6. 
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The structural characterization of the organogels was performed 

y FTIR spectroscopy. The FTIR spectra of the liquid precursors of 

he organogels prepared in this work as well as the cured gels 

re presented in Figure S7. In the FTIR spectra of the liquid pre- 

ursors, a weak band seen at 1647 cm 

−1 is due to allylic double 

onds of IDA and PGTA while the band at 1735 cm 

−1 is due to the

arbonyl stretching vibrations of ethyl acetate and ISTMP. The very 

eak thiol bands of ISTMP and PGTT at around 2557 cm 

−1 are also 

resent in these spectra. The band at 1676 cm 

−1 is ascribed to the 

hotoinitiator (Darocur 1173). After curing the allyl and the thiol 

ands were completely disappeared as is evident from the spec- 

ra of the cured organogels in Figure S6. It must be noted that the 

arbonyl band of the photoinitiator (Darocur 1173) is also present 

n these spectra. After washing the gels with ethyl acetate to re- 

ove unreacted monomers and photoinitiator residues these car- 

onyl bands were disappeared in their FTIR spectra (results are not 

hown). Thus, we can conclude that the gels were successfully pre- 

ared. 

In terms of structural characterization, we also determined the 

hermal and thermomechanical properties of the resulting gels. 

GA, DSC, and DMA plots of the gels are presented in the sup- 

lementary file (Figure S8-S10) and the key results are listed in 

able 2 . 

According to the TGA results, all photocured gels prepared in 

his work displayed a two-stage degradation profile. The first max- 

mum weight loss temperatures (T 1 ) were found to be at around 

88 ±4 °C. This weight loss in the organogels was attributed to the 

esidual solvent, photoinitiator, and unreacted monomers. The sec- 

nd maximum weight loss temperature (T 2 ) of the F0 encoded gels 

as found as 379 °C. The addition of the aromatic crosslinker; PGTA 

n F1 formulation led to an increase in this T 2 temperature which 

an be attributed to the additional crosslinking and the thermal 

tability of the aromatic groups. When PGTA was replaced by LA 

F2), the T 2 was also found to be higher than the first formulation 

F0) but it was lower than F1. This situation was again attributed to 

he additional thermal stability brought by the increased crosslink- 

ng density due to the tetra-functional LA. The effects of the aro- 

atic moieties and the crosslinking density are also reflected in 

he obtained char yields. The char yield of F0 was improved 50% 

y the addition of PGTA and raised to 8.1% from 5.4%. On the other 

and, the addition of LA did not make any difference in terms of 

har yields and F2 exhibited a comparable char yield to F0. 

Due to the use of di-functional monomers and the flexible na- 

ure of the thioether bonds in the photocured gels, they displayed 

ow Tg values. Both the addition of PGTA and LA separately led to 

n increase in Tg with respect to the F0 gel. The increase in Tg was

ound to be much more when PGTA was used. It can be said that 

he additional crosslinking introduced by PGTA and LA is responsi- 

le for this increment in Tg values. 

The E’ value of F0 was determined as 2.6 MPa. When PGTA 

r LA was incorporated into this F0 formulation, storage modu- 

us increased significantly which can be ascribed to the increased 

rosslinking density. PGTA was found to be much more effective in 

nhancing the storage modulus of the gels. A similar trend to the 

g values was observed for tan δ temperatures. When the tan δ tem- 
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Scheme 3. Preparation of the photocured bio-based organogels. The zig-zag patterns represent polymer chains. One of the double bonds of PGTA is shown without altering 

to distinguish it from PGTT in the figure. Some of the double bonds of the LA were also shown to illustrate the OSTE route. 
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eratures of the gels were compared, it can be seen that the gels 

omposed of only PGTT, IDA, and ISTMP (F0) displayed the lowest 

emperature among other studied compositions. PGTA and LA ad- 

itions led to almost 147% and 123% increase in this temperature, 

espectively. Thus, these results show that the relatively softer base 

rganogel (F0) becomes rigid to some extent with the increased 

rosslinking. 
395 
.3. Swelling and solvent evaporation properties 

The swelling capacity of the organogels was investigated in dif- 

erent organic solvents. The gels were kept in contact with the 

olvents for 24 hours and after this period their swelling percent- 

ges were calculated. The results of the swelling tests are plotted 

n Fig. 1 . When considered in general, the gels displayed much 
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Fig. 1. Swelling percentages of the organogels in different solvents. The error bars represent a standard deviation obtained from at least three different measurement. 
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Fig. 2. The easel painting by Nalan Afet Ku ̧s lu. 
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t
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n

ore absorption tendency towards the relatively polar solvents 

EA, DMC, acetone) than to the non-polar ones (limonene and hex- 

ne). Since the gels are relatively highly crosslinked compared to 

heir analogs synthesized in literature, they also exhibited rather 

ower swelling percentages. Nevertheless, lower swelling results for 

rganogels were also reported in the literature, for instance, Doll 

t al., prepared organogel polymers by using 10-undecenoic acid 

nd poly(vinyl acetate), measured the swelling ratios of the gels 

n different solvents and the gels reached a maximum swelling of 

30% [41] . 

Among all gels in this work, F2 encoded formulation displayed 

he highest swelling capacity in all studied solvents except for EA 

here F1 had the most swelling percentage value. The solvent 

hich swelled the gels the most was found to be DMC. When 

he behavior of the gels toward the absorption of limonene is 

onsidered, we can see how LA dramatically affects the swelling. 

hile F0 encoded gel displayed only 6.5% swelling in limonene, 

he swelling percentage of OSTE photocured organogel containing 

A (F2) was found as 14%. This result demonstrates that the struc- 

ural similarity is effective in absorption. 

The evaporation rate of the confined solvent from the gels is 

n important parameter in terms of application and also for the 

ealth of the conservators [20] . Since the gels did not swell too 

uch in hexane and limonene, this test was only conducted with 

A, DMC, and acetone. The evaporation percentage versus time 

lots of the gels in different solvents are presented in Figure S11. 

hen the evaporation rate of EA is considered, it can be seen from 

his figure that the gels display good performance in confining EA. 

2 and F0 gels displayed almost a similar behavior for EA. For in- 

tance, F2 gel which absorbs approximately 24.7% EA, retains more 

han 5% of this solvent even after 1 hour at room temperature 

hereas F2 and F1 gels gradually lose almost all the solvent con- 

ned in their structure. In the case of DMC, gels displayed a simi- 

ar behavior and the absorbed DMC gradually evaporated from the 

el matrix whereas the neat DMC evaporated at a higher rate. It 

s clear from these results that the rate of evaporation is slowed 

own when confined within the gel matrix. Similar results were 

lso obtained in the literature [ 20 , 23 , 42 ]. 

.4. Cleaning test results 

The cleaning procedure is detailed in the supporting informa- 

ion file. Several preliminary trials were conducted by using the 

ynthesized gels on different parts of the painting. Organogel F0 
396 
id not give satisfactory results during our preliminary cleaning 

rials and therefore only the results of F1 and F2 gels are given 

ere. Since the gels swelled much more in DMC and since it is 

 green solvent we chose it as the main solvent for the cleaning 

ests. F1 and F2 encoded films were separately kept in DMC for 

 hour. This period as well as the 20-minute treatment time were 

elected after several optimization trials. The swelled gels were ap- 

lied onto a varnish-coated painting. The digital photograph of the 

rtwork is given in Fig. 2 . 

Digital images of a dirty area on the painting before and af- 

er cleaning with the DMC swollen F2 film are shown in Fig. 3 .

s it can be clearly seen from these photographs the varnish is 

lmost completely removed from the surface after cleaning. The 

lue color of the original sample appeared after the removal of 

he dirty greenish top layer. We further investigated the surface 

y SEM. From the SEM micrographs, it is clear that the degraded 

arnish and organic residues which were present before cleaning 

ere almost all removed after the gel treatment. Furthermore, no 

el residue was observed on the cleaned surfaces as is evident 

rom the SEM images. To verify these findings, we also recorded 

he FTIR spectra of the surfaces before and after the gel treatment. 

efore cleaning the FTIR spectrum of the painting surface displays 

he characteristic bands for dammar/linseed oil-based varnish. The 

ands at around 2932 cm 

−1 are due to –CH vibrations while the 

haracteristic carbonyl stretching band of the ester groups was de- 

ected as 1730 cm 

−1 . Moreover, in this spectrum, the band seen 

t 1647 cm 

−1 was attributed to the double bond vibrations of the 

ammar resin and the linseed oil. After cleaning, the intensities 

f–CH, -C = O, and the –C = C- bond vibration bands decreased sig- 

ificantly. 
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Fig. 3. Removal of dammar/linseed varnish from the painting by using the 

organogel F2/DMC system. (a) and (b) are the digital photographs of the surface 

before and after cleaning. For better visualization, contrasted images are given as 

inlay images. (c) and (d) are the SEM micrographs of the surface and (e) is the FTIR 

spectra of the surface before and after cleaning. 
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Fig. 4. Removal of dammar/linseed varnish from the painting by using the 

organogel F1/EA system. (a) and (b) are the digital photographs of the surface be- 

fore and after cleaning. For better visualization, contrasted images are given as inlay 

images. (c) and (d) are the SEM micrographs of the surface and (e) is the FTIR spec- 

tra of the surface before and after cleaning. 
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Similarly, the F1/DMC system was also studied and similar re- 

ults were obtained (Figure S12). However, since F1 encoded pho- 

ocured gels displayed the highest swelling in EA, we also studied 

he cleaning performance of the F1/EA system. As it can be seen 

rom the digital photographs and the SEM images given in Fig. 4 , 

his system was found to be highly efficient for dammar/linseed 

il removal. As it is evident from the FTIR spectra in Fig. 4 , all

he peaks related to the varnish are completely disappeared. Thus, 

t can be concluded that the use of EA was superior to DMC in

erms of cleaning efficiency. Nevertheless, the low toxicity of DMC 

akes it a much safer choice as a solvent. Besides the absorption 

f the solvent by the layers underneath the top varnish can lead 

o swelling. Even though we did not observe swelling in our tri- 

ls visually, owing to the confinement of the solvent within the 

el matrix which relatively declined the aggressive penetration of 

he solvent compared to free solvent. Therefore, in the case of EA, 

horter application times could be beneficial to prevent this ad- 

erse effect. 

Recently, Jia et al., developed a novel composite material by 

andwiching an organogel 

(poly(3-hydroxybutyrate) + γ -valerolactone) between two lay- 

rs of electrospun membranes (either poly(vinyl alcohol) or 

olyamide 6,6) [43] . Similar to the F1/EA system in this work, the 

haracteristic FTIR bands of dammar resin were completely van- 

shed after cleaning. 

Finally, we must note here that the original binder of the paint- 

ng is not known and its analysis is rather difficult (due to the 

resence of the varnish). Even though the smooth, spotless sur- 

aces of the cleaned sections (as evident from SEM images) indicate 

hat the painting layer underneath the varnish was not damaged, 

he gels developed in this work could be too aggressive and could 

ave removed the original binder of the painting. In future stud- 
397 
es, we intend to expand our studies by testing our gels on aged 

amples with known binders. 

. Conclusions 

In this work, we showed that thiol-ene photocured organogels 

hich were prepared by using bio-based monomers are suitable 

aterials for cleaning of artworks. To increase the greenness of the 

els and to decrease toxicity we also used a green solvent; DMC. 

he thiol-ene photocured organogels were prepared by using thio- 

ated or allyl derivatives of isosorbide, pyrogallol, and limonene. In 

ne of the compositions, the OSTE route was also employed. The 

onfinement of the solvents within the gel matrix slowed down 

he evaporation rate of the solvent concerning the evaporation rate 

f the neat solvent. None of the prepared gels adhered to the sur- 

ace layer of the paintings which is a preferred feature for han- 

ling and removing the prepared films after application. DMC and 

A swollen gels were found to be effective in removing the varnish 

rom the surface of the artwork where EA outperformed. Scanning 

lectron microscope (SEM) images proved that the surfaces were 

leaned without leaving any gel residue. 

The method offered here is tunable, green, energy-efficient, and 

ow toxicity. Thus, there is a great potential in photocured thiol- 

ne organogels for the conservation of cultural heritage. We be- 

ieve more bio-based organogels will be developed in the future 

ith elegant designs and innovative chemical routes to be used for 

he cleaning of historical artworks. 
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