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ABSTRACT 

In this work is described the synthesis of a multifunctional thiolated squalene. Thiol-ene coupling reactions were em-
ployed to functionalize the six double bonds of squalene, using thiolacetic acid. Hydrolysis of the resulting thioacetates, 
rendered the corresponding hexathiolated squalene SQ6SH. This compound was further photopolymerized separately 
with triallyl cyanurate, pentaerythritol triacrylate and diethyleneglycol divinyl ether. Real Time FTIR kinetics revealed 
that homopolymerization of the ene monomers took place in addition to the thiol-ene photopolymerization. Flexible 
films were obtained when SQ6SH was photopolymerized in bulk with the above mentioned unsaturated monomers. 
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1. Introduction 

The search for new biobased raw materials to prepare 
polymers, has become an important issue due to increas-
ing depletion of oil sources. A wide array of compounds 
like, terpenes [1,2], vegetable oils [3,4], cellulosic mate-
rials [5,6], carbohydrates [7,8], etc., have been used ei-
ther as they are found naturally or chemically modified, 
to prepare polymeric materials.  

Squalene is a triterpenoid found in shark liver, in wheat 
germ, and in olive oil. It is also present in the human 
body at 5% - 8% w/w in the body fat [9]. It is produced 
industrially from the olive oil and it has found uses in the 
cosmetics industry and as skin humectant. Polyunsatura-
tion of this compound make it a very attractive candidate 
to use it in the preparation of biobased polymers. 

The “Click” thiol-ene Chemistry has acquired renewed 
interest due to the inherent characteristic of this kind of 
reactions. For instance, these reactions are very rapid, 
proceed almost quantitatively, and are not inhibited ei-
ther by oxygen or humidity [10-12]. If monofunctional 
thiols and alkenes are irradiated with UV light, occurs 
thiol-ene coupling, but if difunctional or multifunctional 
thiols and alkenes are used, photopolymerization takes 
place. 

In Scheme 1 is depicted the mechanism of thiol-ene 
photopolymerizations [13]. Initiation involves the photo-  

 

Scheme 1. Mechanism of thiol-ene photopolymerization. 

lysis of the photoinitiator when the photocurable system 
is irradiated with UV light. Then the produced primary 
radicals abstract the hydrogen atom of thiol groups 
forming thiyl radicals. These radicals can react with the 
double bonds of the unsaturated compound forming a 
secondary radical which in turn can abstract the hydro-
gen atom of a second molecule of the thiol generating a 
new thiyl radical to repeat the cycle. 

In continuing with our effort to utilize renewable start- 
ing materials to prepare monomers for thiol-ene pho-
totopolymerization, the main objective of this research 
was to develop a methodology to prepare thiols using 
biobased multiunsaturated compounds, such as vitamin A, 
polyisoprene and squalene. This last compound was pre-
ferred to start with, because of its low molecular weight 
and ease of handling. The hexathiolated squalene was 
synthesized and subsequently photopolymerized with 
unsaturated monomers. Kinetics of photopolymerization 
was determined by means of Real-Time FTIR spectros-
copy.  *Corresponding author. 
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2. Experimental Section 

2.1. Materials and Equipment 

Squalene (SQ), thiol acetic acid (TAA), sodium hydrox-
ide, 2,2-Dimethoxy-2-phenylacetophenone (DMPA), die- 
thylenglycol divinyl ether (DEGVE), triallyl cyanurate 
(TAC), pentaerythritol triacrylate (PETA), were all re-
agent grade and purchased from Aldrich Co (Toluca, 
Mexico). In Scheme 2 are shown the chemical structures 
of SQ, of the prepared compound 2, 6, 10, 15, 19, 23, 
hexamethyl tetracosane-3, 7, 11, 14, 18, 22-hexathiol 
(SQ6SH) and those of the unsaturated monomers men-
tioned above. Routine infrared spectra and photopoly-
merization kinetics were performed on a Magna Nicolet 
550 Infrared spectrometer (Middleton, WI). NMR spec-
tra were obtained using a 300 MHZ Jeol NMR spec-
trometer. Perkin Elmer Elemental Analyzer Series II 
CHNS/O 2400 (Waltham, MA). 

2.2. Synthesis of the Hexathioacetate of Squalene 
(SQ6TA) 

In quartz tube were weighed 1 g (2.43 × 10–3 mol) of SQ, 
2.22 g (2.92 × 10–2 mol) of TAA and 1.25 × 10–2 g (4.86 
× 10–5 mol) of DMPA. Once that all components were 
added to the tube, it was placed in an UV light oven pro-
vided with a 300 W Fusion lamp. The tube was irradiated 
during 15 minutes and after this time the tube was al-
lowed to cool to room temperature. The reaction mixture 

was dissolved in chloroform and extracted with 10% 
NaOH w/w (3 × 30 mL) in order to eliminate the excess 
of TAA. Then, the organic phase was washed with dis-
tilled water and subsequently dried with anhydrous so-
dium sulfate. The solvent was rotoevaporated and the 
crude SQ6TA was obtained at 85% yield.  

2.3. Synthesis of SQ6SH 

In a three neck round-bottomed flask provided with con-
denser, thermometer, nitrogen inlet and magnetic stirring, 
were added 5.5 g (6.34 × 10–3 mol) of the crude SQ6TA, 
1.1 g (2.75 × 10–2 mol) of powdered NaOH and 40 mL of 
methanol. Vigorous stirring was needed to dissolve the 
sodium hydroxide. Then, the reaction mixture was re-
fluxed by 5.5 hours under nitrogen atmosphere. After-
wards, the solvent of reaction mixture was evaporated 
and the residue was dissolved in water and acidified with 
a 0.1 N HCL solution. The aqueous phase was extracted 
with chloroform, (3 × 30 mL) and the resulting organic 
phase was washed with distilled water, dried with anhy-
drous sodium sulfate and rotoevaporated to eliminate the 
solvent. The crude product was further purified by col-
umn chromatography using silica gel as support and a 
mixture hexane: ethyl acetate 98:2 as eluent. A yellowish 
liquid with astringent odor was obtained at 77% yield. 
Elemental Analysis: Theory C 58.57, H 10.16, S 31.27, 
Experimental C 58.22, H 9.96, S 31.06. 

 

Scheme 2. Chemical structures of squalene (SQ), of synthesized compound SQ6SH and of ene monomers used in this study.    
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2.4. Determination of Kinetics of Thiol-Ene  

RT- of photo-

Photopolymerizations by RT-FTIR 

FTIR was used to monitor the kinetics 
polymerization of the synthesized monomer SQ6SH with 
a Nicolet Magna 550 FT-IR spectrometer equipped with 
a DTGS detector fitted with a UVEXS model SCU 110 
mercury lamp. The intensity of the UV irradiation was 
measured with a UV Process Supply Inc. Control cure 
radiometer. Thiol-ene formulations were prepared by 
mixing 0.5 g of SQ6SH with each of the ene monomers 
in stoichiometric ratios, considering the number of func-
tional groups. DMPA was added to each formulation at 1 
mol %. All kinetics experiments were conducted at 25˚C. 
The course of the photopolymerization was followed by 
simultaneously monitoring the decrease of the peaks of 
the corresponding functional groups. For instance, the 
thiol was monitored following the infrared absorption 
band at 2560 cm–1 due to its S-H group. Allyl group 
conversion was monitored using the carbon-carbon dou-
ble bond absorption peak at 1646 cm–1. Each kinetic run 
was carried out a minimum of five times. Data were col-
lected at a rate of one spectrum per second and processed 
with the OMNIC Series software. Conversions were cal-
culated using the ratio of peak areas to the peak area 
prior to photopolymerization. The kinetic parameter 
Rp/M0, was determined from the initial slopes of the irra-
diation time-conversion curves according to Equation (5): 

      p 0R M conversion t2 conversion t1 t2 t1    

(5

where Rp and M0 are respectively the rate of photopo

) 

ly-
merization and the initial monomer concentration as well 
as the conversions are as determined from the curves at 
irradiation times t1 and t2. The obtained profile of dimi-
nution of the absorbance of a determined peak, using the 
Series software included in OMNIC, is processed in ex-
cel, by using the Equation (6), where Ct is the conversion 
at any time, B0 is the absorbance of the peak at zero time 
and Bt is the absorbance at any given time 

 0 0Ct B Bt B 100              (6) 

In Table 1 are shown the amounts 
co

TA DMPA

and ratios of the 
monomers used in the determination of the photopoly-  

Table 1. Amounts and ratios of SQ6SH and of the three ene 
monomers. SQ6SH was formulated separately with each of 
the three monomers and 3 mol % of DMPA. 

 SQ6SH DEGVE TAC PE

Eq tion ua 1 3 2 3 0.03 

mol 

merization kinetics by RT-FTIR. 

The Tg’s of the prepared polymers were measured on 
yzer (TA instruments, Inc.) with a 

3.1. Synthesis of SQ6SH 

sed on renewable source 
ne of the main interests of 

The prepared SQ6SH was photopolymerized with three 
ely, vinyl ether 

(DEGVE), allyl isocyanurate (TAC) and pentaerithritol     

2.5. Study by DSC 

DSC2920 thermal anal
heating rate of 10˚C/min under nitrogen atmosphere. The 
average weight of test samples was 3 - 5 mg.  

3. Results and Discussion 

The development of monomers ba
derived materials has been o
our research group. Previously, we have reported the use 
of vegetable oil [14], sucrose [15-17] and isosorbide [18], 
as starting materials to prepare epoxy monomers for ca- 
tionic photopolymerization, and allylated carbohydrates 
to use them as comonomers in thiol-ene photopolymeri- 
zation. To go further to obtain purely biobased polymers 
using the thiol-ene photopolymerization technique, we 
needed to prepare multifunctional thiols derived from 
natural sources. The “Click” thiol-ene coupling between 
an unsaturated compound such as SQ with TAA under 
UV irradiation, and subsequent hydrolyzation of the ob- 
tained thioacetate, proved to be an effective method to 
synthesize the hexafunctional thiol (see Scheme 3). Here, 
is worth mentioning that hydrothiolation of internal dou-
ble bonds is not as fast as that of terminal double bonds. 
Hoyle, et al., [19,20] found that hydrothiolation of 
1-hexene is eight times faster than that of trans- 2-hexene 
and 18 times faster than of trans-3-hexene. This differ-
ence in reactivity was attributed to steric effects and also 
to the reversibility of the addition reaction of the thyil 
radical to the double bond. As in our case, all double 
bonds of SQ are internal, adjacent to a methyl group and 
of type trans, they were not very reactive, therefore, it 
was necessary to add a 100% excess of TAA to force the 
completion of the reaction. Figure 1 shows the 1H NMR 
spectrum of SQ6TA. It can be observed the presence of 
the peak at 2.3 ppm corresponding to the methyl of the 
thioacetate groups and the absence of the signals at 5 
ppm corresponding to the double bonds of SQ. The pro-
ton NMR spectrum of SQ6SH depicted in Figure 2 re-
veals the disappearing of the peak at 2.3 ppm. Also, in 
Figure 3 are shown the IR spectra of the starting material 
SQ, of the intermediate compound SQ6TA and that of 
the final product where the SH peak is marked at 2560 
cm–1. 

3.2. Photopolymerization Studies 
3.2 75 6.50 50 9. 6

MW ol) 

5E–04 9. E–04 E–04 6. E–04 75E–0

 (g/m 615.2 158.2 249.27 298.30 256.30

g 0.2 0.15 0.16 0.19 0.002 
types of unsaturated monomers, nam
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Scheme 3. Methodology to prepare SQ6SH. 

triacrylate (PETA). All three compou
based on their different reactivities. The reactivity de-

onomers are achieved as a result of 
the higher amount of trapped functional groups in the 

nds were selected conversions of com

pends on the substitution in the double bond group. The 
higher the electron density in the double bonds the higher 
the reactivity. Figure 4 shows the kinetics curves ob-
tained by RT-FTIR of the photopolymerization of the 
photocurable system SQ6SH/TAC. It was observed that 
this photocurable system was rather reactive, with the 
double bonds groups being consumed more rapidly and 
with higher conversion than the thiol groups. As in the 
step-growth polymerization, both thiol and ene com-
pounds must be consumed at the same time, it is clear 
that two polymerization mechanisms are occurring con-
currently: the thiol-ene photopolymerization and the radi- 
cal homopolymerization of TAC. On one hand, although 
it has been reported that allylic bonds can homopolymer-
ize to some extent [21], in our case, monomer TAC po-
lymerize readily achieving 42% conversion in the first 20 
seconds and 75% after 120 seconds. On the other hand, 
low conversion of thiol group (25%) was produced in the 
same run as a result of the multifuncionality of SQ6SH. 
As usual, in thiol-ene photopolymerizations, if multi-
functional enes and thiols are used, crosslinked polymers 
are obtained. The higher the multifunctionality, the higher 
the crosslink density in the produced polythioether. Lower 

tridimensional crosslinked network. One of the main 
characteristics of the thiol-ene photopolymerization is the 
delayed onset of gel formation in comparison with the 
radical photopolymerization of acrylates. Jacobine and 
collaborators [22] proposed an equation (Equation (7)) to 
calculate the gel point of thiol-ene systems considering 
the functionality of comonomers: 

  
1

1 1thiol ener f f
 

 
          (7) 

where α is the gel point, r is the thiol-ene molar ratio 
based on functional groups, fthiol is the th
and fene is the ene functionality. In the ca
curable system TAC/SQ6SH, as the functionality of thiol 

iol functionality 
se of our photo-

compound is 6 and that of the ene compound is 3, the gel 
point obtained by using Equation (1), is 22%, which cor-
responds fairly with the observed conversion of SQ6SH. 
The difference between the conversion of the thiol and 
that of the ene compound correspond to the amount of 
homopolymerization of TAC. 

Figure 5 depicts the kinetics curves of double bonds 
of DEGVE and of thiol groups of SQ6SH. It was observed  
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Figure 1. 1H NMR spectrum of SQ6TA run in CDCl3. 

a similar situation than in the case of TAC, as in this case 
it also took place homopolymeriz
addition to the step-growth thiol-ene photopolymeriza-

thiol groups was 17.5%. 
Th

mulations of SQ6SH with the three unsaturated 
d in bulk, as thin films 
ere obtained with sub- 

 

Table 2. Tg’s of the polymers derived from SQ6SH with the 
rom their homopolymers. The Tg 
onsidering the second heating of 

ation of vinyl ether in three ene monomers and f
was determined by DSC c

tion, although it was slightly slower than the formulation 
with TAC. The hexafunctionality of SQ6SH and the bi-
functionality of DEGVE resulted in 25% conversion of 
the thiol groups (theory 25%).  

The kinetics curves of the system PETA/SQ6SH are 
shown in Figure 6. Although PETA is also trifunctional, 
the achieved conversion for the 

is apparently slightly lower conversion could be ex-
plained by the higher reactivity of PETA, as the ho-
mopolymerization of this monomer was somewhat faster 
than the other two ene monomers. In this way, the 
chances to react with the thiol are reduced to some ex-
tent.  

3.3. DSC of Produced Films 

The for
monomers were photopolymerize
on glass slides. Flexible films w
zero Tg’s. The values of Tg of the obtained polymers are 
shown in Table 2. In the resulting mixture of polymers, 
the inherent high mobility of the aliphatic hexathiolated 
squalene backbone added to the flexibility imparted by 
the tioether groups resulted in the formation of polymers 

the sample. 

Sample Tg ˚C 

SQ6SH/TAC –22.61 

SQ6SH/PETA –25.12 

SQ6SH/DEGVE –20.29 

TAC 28.75 

PETA 25.24 

DEGVE 41.02 

 
with Tg’s a For comparison e Ene 
monomers wer merized in bulk a e Tg of 
these polym as also determined. It can be seen that 
the Tg of t opolymers are around - 60˚C 
higher than f the polymers obtain ing the 

Q6SH, due to the already mentioned higher flexibility 

produce the hexathio-  

round –20˚C. 
so poly

 pristin
e al

ers w
nd th

he phot 50˚C 
 that o ed us

S
of the formed polythioethers.  

4. Conclusion 

A novel biobased multifunctional thiolated comonomer 
was prepared using SQ as starting material. The co-
monomer was produced in two stages. First, SQ was ir-
radiated in the presence of TAA to  
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Figure 2. 1H NMR spectrum of SQ6SH run in CDCl3. 

 

Figure 3. Comparison of FTIR spectra of SQ, SQ6TA and SQ6SH. 
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Figure 4. Comparison of conversion vs time curves for thiol groups of SQ6SH () and double bonds of TAC, (), UV light 
intensity was 15 mW/cm2. 

 

Figure 5. Comparison of conversion vs time curves for thiol groups of SQ6SH () and double bonds of DEGVE (), UV light 
intensity was 15 mW/cm2. 

 

Figure 6. Comparison of Conversion vs Time curves for thiol groups of SQ6SH () and double bonds of PETA, (), UV light 
intensity was 15 mW/cm2.  
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ester. Then in the second stage the thioester was hydro-
lyzed in basic methanolic solution to obtain the hexathio- 
lated monomer SQ6SH. Photopolymerization of this com- 
pound separately with three unsaturated monomer re-
sulted in the formation of very flexible polythioether 
films with Tg’s in the range –20˚C to –25˚C. The photo-
curable systems involving the prepared multifunctional 
thiol were rather reactive observing in all cases, that both 
homopolymerization and step-growth thiol-ene photo-
polymerization occurred concurrently.  
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