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ABSTRACT: Linseed oil, a renewable material obtained from the ripened seeds of the flaxwalant,
conjugated with C. I. Disperse Red 1 to yield a coloured macromolectioiexperimentally-simplistic
coupling steps. Firstly, the abundant presence of carbon-carbon double bonds in linsesdesjloited to
introduce carboxylic acid functionality to linseed oil via a thiol-ene readbetween linseed oil and 3-
mercaptopropionic acid. C. I. Disperse Red 1 was then grafted to the carlamiglignits now present via
esterification, offering a coloured produat high yields. On average, 39.1% of the carbon-carbon double
bonds in each linseed oil molecule were furnished with a C. |. Dispgrdel molecule. The remaining
carbon-carbon double bonds may therefore be further exploited for chenosslinking, ensuring that the
product formed is of potential significance as a coloured, bio-based, surface coating product

1. Introduction

Plant oils are naturally occurring molecules that offer several advantageatiwes including
renewability, biodegradability and cost-effective production. The positive enviroaimamnd economic
attributes of plant oils have been utilised to synthesise polyinetsding polyurethanes [1, 2] and
polyesters [23]. Additionally, plant oils have been exploited in the creation of numerous psaddakiding
coatings and inks [4, 5, &, 8], liquid resinmoulds [9, 10], plasticisers [1Q]], hardeners]2, 13|, diluents
[14], lubricants [15, 16 and emollients [17].

The main component of plant oil is a triglyceride molecule that possassgucture consisting of three
linear fatty acid chains that are conjugated to a glycerine molecule byester [1(. The fatty acid chains
are derived from various fatty acids; plant oils have a distinctive comgosiipending on the plant from
which they are obtained and the growing conditions of the plant [10, 18]. We amilpaitiinterested in
utilising linseed oil {) (Fig. 1) for the development coloured, bio-derived coatings. Linseed oil isreydry
oil, in which eachtriglyceride molecule contains 6.6 carbon-carbon double (C=C) bonds on aj&dhge
This plays a vital role in enabling the oil to dry via auto-oxidatit® PO]. Linseed oil contains fatty acid
chains derived from linolenic acid (18:3, 56.6%), oleic acid (18:1, 19.1%), linatéit (18:2, 15.3%)
palmitic acid (16:0, 5.5%), and stearic acid (18:0, 3.5%) [10], wher&ghees in the brackets signify the
number of carbon atoms @achfatty acid chain versus the number of C=C bonds, and the content ratio of
each fatty acid chain present in linseed oil, respectively. The abundant linaiehgoatent of oil promotes
its relatively fast drying (or hardening) and suitability to be exploited as a coatidgqpr

The chemical modification of plant oil [10, 21, 22, 23, 24] may be conducted on ssitesapresent
within the chemical structure of the oil including C=C bonds, allylic carbester bonds, and thecarbon
of the ester bonds [10]. Although a limited number of plant oils possesmadifunctionality, for example
the alcohol groups that are present in castor oil [25], the introductioeaofive groups to plant oils
imperative to enhance the reactivity of plant oils, and enables the subseytahiction of functional
groups to the oil [10]. 8ecting the appropriate type and number of reactive groups, incorporated within the
oil enables its properties, including the glass transition temperature ectthmical characteristics, to be
altered to match the desired levels [29,

There are a number of examplthat detail the use of the C=C sites in plant oils for chemical
modification. For instance, epoxidised plant oils, parti¢ulapoxidised linseed oil (ELO) [1£6, 28] and
epoxidised soy bean oil (ESO) [1D4], have received considerable attention as bio-based thermosetting

1



mailto:paul.d.thornton@leeds.ac.uk

resins with the potential to act adternative materials to petroleum-based products. Various plant oil-based
thrermosets were created by reacting ELO or ESO with cyclic anhydride harslectei@s maleic anhydride

or phthalic anhydride [3, 28]. ELO and ESO can also be converted into acrylated epoxidiseddihsee
(AELO) [5, 28] and acrylated epoxidised soy bean oil (AESO) [10, 26], respectiyeheating with acrylic

acid. They are subsequenftymulated to make thermosets by using a diluent such as styrene. Norbornene
rings and cyclopentadiene rings have also been introduced into soy bean oil to makgensous
thermosets that are commercially available as Dil(@argill Industrial Specialties) and ML189 (Archer
Daniels Midland Company), respectively [29]. Further examples of thermosetsgntue modification via

the C=C double bond of plant oils include the introduction of hydroxyl [1], sstdd3], enone [3]
aldehyde [3land phosphorous-based groupd [32

Herein, ve present a method to efficiently convey colour to linseed oil through the conjugationl.of
Disperse Red 1 (DR1) via the formation of covalent bonds. This enables thenuydistribution into the
substrate, preventing dye aggregation. DR1 is a commercially available dyexkfigits second-order
nonlinear optical (NLO) effect [33] and photo-responsive properties based onnligiced trans-cis
isomerisation 34]. The synthesis was accomplished in two straightforward reaction stepsy, Hiisilene
click (TEC) reactions are exploited to provide carboxyl (COOH) groups sedih oil through a reaction
with 3-mercaptopropionic acid. This reaction proceeds by following a simple rea@dmanism leading to
high product yield, a lack of hindrance by water and oxygen and without the procafctiodesirable side
products [35, 36]. Esterification was then employed to graft BRhe functionalised linseed oil, yielding
the desired product in a good, highly reproducible, yield. We have proposed the method of prathiclrg
bearing DR1 via chemical modification of DR1, aiming to incorporate the ido alkene-containing
materials by TEC reactions [37]. The method we propose here offers the advantagepleaf reaction
procedures and the need for less amount of dye compared to the previous method. ltgedethasahe
materials generated are excellent candidates for further employment as psetutsio-derived coloured
coatings.
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Linseed Qil (1)

Fig. 1 Chemical structure of Linseed di)(Three main fatty acid chains are shown here.

2. Experimental
2.1. Materials

Linseed oil, C. I. Disperse Red 1 (dye content 95%),-az@big2-methylpropionitrile) (AIBN), and 4-
(dimethylamino)pyridine (DMAP) were purchased from the Sigma-Aldrich Chemical Company
Dichloromethane (DCM), 3-mercaptopropioic acid and 1-ethyl-3-(3-dimethgtgmopyl)carbodiimide
hydrochloride (EDC) were supplied by Alfa Aesar. All the materials were used askceiv




2.2 Synthesis
2.2.1 Reaction 1. Synthesis of M odified Linseed Oil (3)

Linseed oil 1) was reacted with 3-mercaptopropioic ac¥l i6 order to furnishl with pendantCOOH
units yielding modified linseed oiB) (Scheme 1 Reaction 1). TI@OOH group enabled to readily react
with the hydroxyl OH) group of DR1 by forming an ester bond in the next reaction step. The @averag
molecular weight ofl was assumed to be 873.60 g/mol based on reported literature value [10]. In order to
prevent oxidation, the equipment was purged with nitrogen prior to the reactaimtuke ofl (2.62 g, 3.00
mmol), 2 and ABN (325 mg, 1.98 mmol) was added to a round bottom flask and the mixture was heated
with stirring at 80°C under a nitrogen atmosphere for up to 30 hdd@M (50 mL) was then added to the
mixture, and the organic layer was washed with sodium chloride aqueous sd@atimb) four times, then
water (50 mL) twice. Following this, the organic layer was dried over anhydrous ssdipimide. The
product underwent heating at 80 under reduced pressure for seven holirpale yellow clear oil was
obtained. The reactions were carried out by varying the amouhtrahging from 0.2qg (0.344mL, 3.95
mmol) to 2.0eqg (345 mL, 39.6 mmol), relative to the number of C=C bonds (6.6 per mo)eiculmseed
oil [10]. A blank experiment withol was also conducted.

2.2.2 Reaction 2: Synthesis of DR1-Conjugated Linseed Oil (5)

The modified linseed oB was then grafted witbR1 (4) by esterification [38] to yieldR1-conjugated
linseed oil B) (Scheme 1 Reaction 2). 1-ethyl@dimethylaminopropyl)carbodiimide (EDC) was used as a
condensation reagent and 4-(Ddimethylamino)pyridine (DMAP) was used as astcaldlg average
molecular weight 0B was assumed to be 1282.26 g/mol as calculated from equation (6) (See Supplementary
Information for all equations used in this paper). In a round bottom flaskaimidtunder nitrogerd (256
mg, 0.200 mmol)4 (194 mg, 0.618 mmol), and DMAP (11 mg, 0.090 mmetre dissolved in DCM (20
mL). A solution of EDC (295 mg, 1.54 mmoh DCM (10 mL) was added at room temperaturérigg at
room temperature was then done for varied durations. Following the reactiningvavas performed in the
same way as for reaction 1. Following the complete removal of DCM fromgheiodayer by evaporation
5 was obtainedisa reddish oil. However, unreactddvas present as a solid and so the amotidt was
decreased to the optimal amount (167 mg, 0.532 mmol) (see section 3.2.2), and thecamegreaedure
was repeated. The produbtwas then obtained as a homogeneous reddish oil.
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Scheme 1 Synthesis of modified linseed 8jlgndDR1-conjugated linseedilo(5).
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2.3 Characterisation of Modified Linseed Qil (3) and DR1-Conjugated Linseed Oil (5)

'H and**C NMR spectra were recorded on a Bruker 500 MHz spectrometer using &®ele solvent
and tetramethylsilane (TMS) as the internal standard, and analysed using Mestré¢search Lab
software. The FT-IR spectra were measured using an ALPHA FT-IR Spectrometer (BpikeGmbH)
over a range of 4000 ¢tto 400 cnf. Mass spectra were measured with a Bruker Maxis Impact mass
spectrometer equipped with an electrospray ionisation (ESI) soupmesitive ion mode over a m/z range of
250 to 3000.

Thermogravimetric analyses (TGA) were undertaken using a TA Instruméws Q50 over the
temperature range of +30 to +500°C. The measurements were done at a heating rat#0siC#nin under
a dry nitrogen flow of 40 mL/mifor the balance purge flow, a0 mL/minfor the sample purge flow. The
onset temperature of the samples was obtained by extrapolating each curve tanstépnt mode using
Universal Analysis 2000 software. Differential scanning calorimetry (D81@)yss were undertaken using
a TA Instruments DSC Q20 over the temperature ranggd®fto +200°C at a heating rate of +1T/min
under a dry nitrogen flow of 50l0'min. An empty aluminum pan and lid were usathe reference.

UV-Visible absorption spectra were recorded using a Varian"GéryJV-Vis spectrophotometer over a
range of 210 nm to 800 nm. A blank glass cuvette containing acetonitrile was used as the referemce sampl

2.4 Quantification of the Reactions
The quantification of both reactions 1 and 2 were conducted by determining anyeshangeak
intensities in the relativiH NMR spectra (See Supplementary Information).

3. RESULTSAND DISCUSSION
3.1 Reaction 1: Synthesis of M odified Linseed Oil (3)
3.1.1 Synthesis
By following the reaction procedure, a pale yellow clear oil wasireaunder each reaction condition.
The reaction conditions of and the results for reaction 1 are summiariksule 1.




Table 1Reaction conditions and calculated conversion ratios in reaction 1.

No Mglar ratios Reaction time Conversion ratig NoO Mqlar ratios Reaction time Conversion ratio
" DB™/2/AIBN [hour] (X 1)?[%] " DB™/2/AIBN [hour] (X)) ?[%]
1 1.0/2.00.1 0.5 5.1 25 1.0/0.60.1 0.5 3.8
2 1.0/ 20/ 0.1 1 9.2 26 1.000.6/0.1 1 5.9
3 1.0/ 20/ 0.1 2 17.8 27 1.000.6/0.1 2 7.1
4 1.0/ 20/ 0.1 4 30.0 28 1.0/ 0.6/ 0.1 4 7.8
5 1.0/20/0.1 6 36.5 29 1.000.6/0.1 6 9.4
6 1.0/20/0.1 8 40.1 30 1.000.6/0.1 8 11.8
7 1.0/ 20/ 0.1 10 43.3 31 1.000.6/0.1 10 12.8
8 1.0/ 20/ 0.1 12 44.9 32 1.000.6/0.1 12 14.1
9 1.0/ 20/ 0.1 16 49.6 33 1.000.6/0.1 16 15.0
10 1.0/ 20/ 0.1 20 52.3 34 1.000.6/0.1 20 15.8
11 1.0/ 20/ 0.1 24 57.6 35 1.000.6/0.1 24 16.2
12 1.002.00.1 30 62.0 36 1.000.6/0.1 30 16.4
13 1.0/1.0/0.1 0.5 8.5 37 1.000.2/0.1 0.5 0
14 1.001.0/0.1 1 7.9 38 1.000.2/0.1 1 0
15 1.0/1.0/0.1 2 8.5 39 1.000.2/0.1 2 0
16 1.001.0/0.1 4 15.2 40 1.000.2/0.1 4 0.6
17 1.001.0/0.1 6 16.8 41 1.000.2/0.1 6 0.7
18 1.001.0/0.1 8 18.6 42 1.000.2/0.1 8 3.1
19 1.001.0/0.1 10 21.4 43 1.000.2/0.1 10 3.9
20 1.001.0/0.1 12 22.2 44 1.000.2/0.1 12 4.8
21 1.001.0/0.1 16 24.1 45 1.000.2/0.1 16 6.9
22 1.001.0/0.1 20 24.1 46 1.000.2/0.1 20 7.3
23 1.0/1.0/0.1 24 27.3 47 1.0/0.2/0.1 24 7.3
24 1.001.0/0.1 30 27.3 48 1.000.2/0.1 30 7.4
49 1.00 0/0.1 30 0

T The values represent the amount of C=C bonds (DB) presdribéfore reaction. The average number of Gx@dsin onel
molecule was assumed to 618)]  Calculated from equation (4).




3.1.2'"H NMR

'H NMR spectra of the starting materiabndthe product3 (No. 12 obtained in reaction 1 in Table 1) are
shownin Fig. 2 (a) and (b), respectively. THé¢ NMR spectra produced compare well with spectra obtained
in other, related, studies [1, 6, 39, 44].

For 1 [Fig. 2 (a)], the average number of C=C bonds per molecule was calculatel.®i fieom equation

(3) . As the reaction proceeded, the peak from the vinylic proton wiB=gBsconfiguration at 5.34 ppm)(g
decreased. Contrarily, the formation of peaks representative of treidGnds at B0 ppm (g were
observed.

For 3 [Fig. 2 (b)], the formation of &-S bond is shown by the presence ofdtwarbon of the C-S bond
protons at 2.58 ppm (K), signifying that the reaction had proceéttbdugh this peak was not clear because
of the broadening and overlappiofjadjacent peaks, the peak was clearly observed on the HQMC chart (See
Supplementary Information, Fig. S).IProtons present on thecarbons of the C-S bond also appeared at
1.51 ppm (I). The allylic protons adjacent to one C=C bond remained approyir@adeppm (f). The
methylene protons derived frotnwere observed around 2.6 ppm (n) and 2.7 ppm (m), respectively. On the
other hand, the disappearance of the peak from the allylic protoren (e carbon atoms interposed
between two C=C bonds were not clear due to the overlapping of peaks from the methylendmjoidres
peak representative of the methyl protons of the linolenic acid chair® &t8.9-1.0 ppm (i) decreased,
whereas the peaks representative of the methyl protons of the othemdidttghainsat 0.8-0.9 ppm (j),
increased. This indicates that the C=C bonds on the linolenic acid chains underwent a tieiattoe r




(@)

SEERTERaNREARISN ERAfcnas SEELS NRnRRARRAR®aR aRNARRARNE
& T Ay R P e RNy o
e
o d—2 . 99 99 99
Py c f h h f !
0" R gy B p—f
Ra O 0L Rz RuRaR3=< s S s SSS
Y P T c f f
o d —% g9 gg _ 8
R T N T
1 ¢ f h f /
g

] )
726 ——=————13

18 i 2 S O
~ A -~ [(=] o0 (] w0nom
© 0 - 0 N o ~Ao
- N o o [(s] (=) < <t
— =
6.0 5.0 4.0 3.0 2.0 1.0 [ppm]
G292 REIRSRERY s{cL20 LEP28c AR SBRRS sRUGIRIAVIBREE
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN BRZ2EE
R NN Q2 G Gizm (P ra{7ees
e
(e}

trans cis
) b
g ga 5
NE: f |
ﬁi’ b a5 5 gt
o~ [=N =)
~ S o
w NN
6.0 5.0 4.0 [ppm]

Fig. 2'"H NMR spectra of (a) and (b)3 (No. 12 obtained in reaction 1). The chemical structures in (b) show
the partial structures & (the bonding betweehand fatty acid chain, and the C=C bonds




3.1.3. Quantification of Introduced COOH Unitsin Modified Linseed Oil (3) under Different Reaction
Conditions

Fig. 3 reveals the effect that the amounpfind the reaction time had on the conversion rafigs (
When 2.0eq of 2 was used (No.-112 in reaction 1), the conversion ratio increased with reaction time,
finally reaching 62.0% after 30 hours (No. 12), calculated from equation (4) . This vatpevalent to 3.85
units of2 molecules per one triglyceride molecule, calculated from equation (5). iMb@mount oR was
changed to 1.0 eq. (N&3-24), 0.6 eq. (No. 2536) or 0.2 eqg. (No. 3748), similar behaviour asobserved.
However, the resulting conversion ratios after 30 hours were 27.3% (No. 24), 16.4% (No. 36), and 7.4% (No.
48), respectively, which were less thhie value obtained in No. 1Zhe reason why the high concentration
of 2 yielded high conversions is explained by the fact that thiole-ene reactiondgsealate-determining
step where carbon radicals abstract a hydrogen from a thiol compound u@iJasdigher concentrations
of 2 more effectively trap the carbon radicals [40]. In all the experiments performed, washiregjuiasd to
remove any remaining following the reactions. As a result, using 2 of 2 was considered to be optimal
for high product yield and minimal remdvaf unreacted2. When a blank experiment was undertaken
without 2 (No. 49), no conversion was observed, signifying that ene-ene homocoupling otivexida
reactions did not take place under the reaction conditions of No. 49.
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Fig. 3 The effect of the amount &fand the reaction time on the conversion rati3. (




3.14.FT-IR

FT-IR results of the starting materidland the producB, produced by using 2.8q of 2 at different
reaction times are shown in Fig. 4 [20, 40].

In 1, peaks corresponding to the cis-C=C bonds ([Ci##)=CH stretching: 3010 ¢ cis-(C=C)
stretching: 1658m™)] and triglyceride esters (C=0 stretching: 1Z88") were observed.

In 3, these cis-C=C peaks decreased upon conversion acctvdimgreaction, disappearing completely in
30 hours (No. 12). Another peak of cis-C=C bonds [cis-(C-H)=CH waggingcm2]Ldecreased due to the
reaction, but itis not certain that this peak disappeared completely or not, because of the existance
(CH,).rocking peak at the same region. On the other hand, an isolated transaE@67cm’: trans{C-
H)=CH wagging] was formed. In the thiol-ene reaction, the addition dhtyeradical, which is generated
during the reaction, to C=C bonds proceeds reversibly, and the thiyl radicerises cis-C=C bonde
trans-C=C bonds, becausmns formation is more thermodynamically stable than cis formadigin [n
No.12, peaks representing the trans-C=C bonds were still observed,is@m&omplete conversiorAs 1
contains fatty acid chains with more than one C=C bond, such as the linolenihacid18:3), it may be
suggested that the steric effect of the additional side chain made the C=Cldssndasceptible to thiyl
attack and subsequent hydrogen abstraction, and thus prevented the quantitative conversion of C=C bonds [1
39]. In contrast, quantitative conversation may be predicted for the fadtgla@in which includes one C=C
bond, such as the oleic acid chain (18:1), within its structure J1, 39

COOH groups derived fron2 were also observed in all the products3afbtained [OH stretching: 2500
3500cmi’, C=0 stretching1711 cnt, (C-C-O) asymmetric stretching: 124mm*, (C-O) stretching: 1159
cm?, (O-CH,-C) asymmetric stretching: 1106m’]. Those peaks increased with reaction time, before
reaching a plateau, as clearly demonstrated by the C=0 stretching band amt714 addition to CH
bending ofl at 1458cm’*, other2-derived CH,bending peaks were observed at 148# and 1414cm’.
The absence of a thiol peak fran(SH stretching: 256&m™) indicated tha? was almost removed by
treatment following the reaction. As i other CH peaks were observed3drsuch as the asymmetric
stretching of CHat 2960 crit, and of CH at 2923 crif, and the symmetric stretching of €& 2853 crit.

1 ¢is-HC=CH (3010 cm-', 1658 cm-")
W
= C=0 from triglyceride ester
o
.i. 17.8%
8 30.0%
,
S |_401% [
= 49.6%
w
© 62.0%
OH from COOH * \trans-HC=CH
(2500—3500 cm-1) \ (967 cm)
C=0 from COQOH
(1711 cm-)
T T T T T T T
4000 3000 2000 1000 0

Wavenumber [cm™]

Fig. 4FT-IR spectra ofl and3 obtained with different conversion ratios [9.2% (No. 2), 17.8% (No. 3),
30.0% (No. 4), 40.1% (No. 6), 49.6% (No. 9), 62.0% (No. 12) obtained in reagtion 1




3.15.°CNMR

3C NMR analysis also confirmed tHasuccessfully reacted with the C=C bond4.okssignments were
compared to the literature [1, 39, 4Q, 42] and HMQC results (See Supplementary Information, Fig SI 1).
The'*C NMR spectra ofl and3 (No. 12 obtained in reaction 1) are shown in Fig. 5 and Fig. 6, respectively.

For 1 (Fig.5), strong peaks corresponding to the C=C bonds atLl32%pm (8) are characterist€ plant
oils. Linseed 0il3 hasa high concentration of fatty acid chains derived from linolenic acid chain) @8:3
observed at 20.5 ppm (10). Also, methyl carbons derived from linolenic acid cBai, @eic acid chain
(18:1), and linoleic acid chain (18:2) were observed at-13.2 ppm {1).

For 3 (Fig. 6), a decrease in the intensity of the peak representative GE@donds (8) was observed.
Additionally, the allylic carbon peaks adjacent to one C=C bond at27.2ppm (7), and located between
two C=C bonds at 25.25.6 ppm (9) decreased significantly. On the other hand, peaks corresponding to the
carbon atoms that are part of the newly formed C-S bowagd &t  positions, adjacent to the sulphur atom,
were observed at 46.3 ppm (14), 34.9 ppm (15) and-26.8 ppm (16), respectively, signifying the
formation of a C-S bond. Also, two different methylene carbons and the carboxplim deom2 units were
observedat 24.9-25.2 ppm (17), 34-85.1 ppm (18), and 178.0 ppm (19) respectively. No peaks
representative of residual(19 ppm and 39 ppm) were observed.
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Fig. 5"3C NMR spectra of: (a) The range of 9190 ppm, (hA magnified view of the range of 187 ppm.
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view of the range of 187 ppm. The chemical structure in (a) shows a partial struct@¢loé bonding
betweer? and fatty acid chain). Peaks1B derive from the chemical structure shown in Fig. 5 (a).

3.2 Reaction 2: Synthesis of DR1-Conjugated linseed oil (5)
3.2.1 Synthesis

Modified linseed oil3 (No. 12 obtained in reaction 1) was utilised to afford coloured linseednoil. |
experiment No.1, 0.8@q of 4 relative to the amount ofCOOH groups available i3 (calculated using
equation (6)) were used. During the reaction, the TLC spdt lmfcame weadt but it did not disappear
following five hours of reaction. The reaction was continued for up to 24 hbutsho clear change was
observed by TLC. Upon reaction completion, a mixture of reddish oil and reddish soéicbbtaied and
the solid was confirmed b{H NMR to be unreacted. In experiment No.2, the initial amount éfwas
decreased so that the molar concentratiod efjualled the molar concentration of availaBl@OH sites
present or8. The required concentration§ ®and4 were calculated usingd NMR, as described in 3.2.2. In
this case, a homogeneous reddish oil was obtained exclusively, signifying an egtim@éstion. The
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reaction conditions and the results for reaction 2 are summarised in Table 2.

3.2.2."H NMR

'H NMR spectra of the obtained compounds (No. 1 and No. 2 in reaction 2 in Table 2) are show# in Fig.
(a) and (b), respectively. In reaction No.1 [Fig. 7 (a)], the methylerntensdn proximity to the OH group,
which appeared at 3.88.90 ppm (0), 3.3.61.63 ppm (p, and 3.563.59 ppm (§ of 4, were shifted to
4.27-4.32 ppm (9, 3.68 ppm (f), and 3.53 ppm () respectively, due to the esterification between the OH
group of4 and the COOH group &. Unreactedd was quantified by comparing the remaining isolated o
peak with peaks corresponding to the aromatic protodsuait observed at 8.3 ppm (v), 7.9 ppm (t and u),
and 6.8 ppm (s), and was found to be @®flcompared to the COOH amount, which was calculated from
equation (% Thus, inNo. 2, the amount o4 was decreased to 0.69 (= 0:80.11)eq in order to consume
all of 4 in the reaction. ThéH NMR results in No. 2 [Fig. 7 (b)] show the disappearance of o peak,
signifying the complete consumption df by the esterification. This change suggests that the product
obtained in No. 2 was the desired prodbicOther distinct peaks were similar peaks in3, and displayed
negligible change during the reaction.

(@)

(b)

827
787
726

tu .
I ]
v |
| | | } ‘ i ‘
1 e | A
el o o VL
i | i ) [ L
U L__J,djk A )\ Lq"ul‘\-\wj WV W ! (S
T T ¥ — e,
S 8 3 3 Ry
o~ -+ - o~ NO NN
T 8‘0 o bT'O. - '6-0 S 5'0 4:0 ' 3"0 S 2A0 o TiU ' [l;Pﬂ-'ll

Fig. 7'H NMR spectra of the compounds obtained from reaction 2; different amouhtgené used: (a)
0.8g (No. 1), (b) 0.6%g (No. 2) relativeo the amount of COOH groups available3irChemical
structures show the partial structurebdthe bonding betweefand fatty acid chain). Peaksjare derived

from the chemical structure shown in Fig. 2.
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Table 2. Reaction conditions and results in reaction 2

No Molar ratios Reaction time Products Conversion ratio$
' COOH*'/4/EDC/DMAP [hour] X [%] Xoverai[%0]

1 1.0/0.80/20/0.01 24 5 andunreactedt 63.1 39.1

2 1.0/0.69/20/0.01 5 5 63.1 39.1

I The values represent the amount of COOH groups pres@nbéfore reaction. The average number of COOH groups irBone
molecule was assumed to 3.85 as calculated from equatich@8)culated from equation (8) f&% and (9) for.X overait

3.2.3. Quantification of Conjugated DR1 in DR1-Conjugated Linseed Oil (5)

The quantification of the mean extent to whithvas conjugated to one molecule ®fo yield 5 was
accomplished using equation (9). It was found that 2.43 molecules@fe conjugated teachmolecule on
average in both No. 1 and No. 2. The number is equal to 39.1% of the C=C bonds presendiniliisee
overal)- The correspondence of both figures shows #llabf the presumably reactive COOH units ®f
conjugatedo 4. The results indicate that the amount of conjugdtedhs less than the number ©OOH
units (3.85), and 63.1% of COOH units3rwere used for DR1 conjugatiox §), signifying the possibility
that some C=C bonds Bparticipated in side reactions such as ene-ene homocouplindudi3g reaction 1,
and/or some COOH units @&were not reactive towardsduring reaction 2.

3.24.”C NMR

The™*C NMR spectra o6 are shown in Fig. §he shift of the peak that is representative of the carboxylic
carbon in3 from 178 ppm (19) to 172 ppm (}9%uggests the formation @n ester bond. A peak
representative of EDC was not observed in any experiment conducted.
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theoretical values [44Peaks 113 derive from the chemical structure shown in Fig. 5 (a) and Fig. 6 (a).
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325 FT-IR

The FT-IR spectra of the dye coupling reactaBi®No. 12 obtained in reaction 1) adjd and the obtained
products in reaction 2 (No. 1 amb. 2) are provided in Fig. 9 [44]. The FT-IR spectrum corresponding to
the product (No. 2) showed the large decrease of both the OH grdu@b®0-3500cm™*) and the COOH
group of 3 (OH stretching: 2508500 cnT, C=0 stretching: 171tm"). These changes suggested the
consumption o8 and4, and thesuccessful formation of an ester bond between them. In the product of No.
1, however, a weak OH peak was observed, which indicated the existence of urtehrtdad an excess of
4 used. Other peaks derived frahrunits were observed i& which are from N@ (asymmetric stretching:
1515 cnt, symmetric stretching: 1336 ¢ scissoring: 858mi’, C-NO, stretching: 1104 cif), CN
(stretching: 1387 cil), phenylene (C=C-C stretching: 168", 1515cm’, and 1131cm’, out-of-plane
bending of CH 858 cnt, in-plane bending of CH: 1131 &) CH, (wagging andwisting : 1387 cril), and
CH; (wagging: 1387 cif). No peak corresponding to EDC was observed.

4
i
OH (3100—3500 cm-')
3

/
OH from COOH
(2500—3500 cm-')

\C=0 from COOH
No.1 (5 + unreacted 4) (1711 cm)

OH

Transmittance [arb. unit]

No.2 (5)

C=0 from triglyceride ester
and newly formed ester
(1738 cm™)

4000 3000 2000 1000 0

Wavenumber [cm-]

Fig. 9FT-IR spectra of reactant8 [No. 12 obtained in reaction 1) adjdand obtained products [No.1 and
No. 2(5) obtained in reaction 2].
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3.2.6. Mass-spectrometry

The results of mass spectrometry also supported the characterisations. Figd&hshB® mass spectra
of (a)1, (b) 3 (No. 12 obtained in reaction 1), and faNo. 2 obtained in reaction2)

The spectrum correspondingXdFig. 10 (a)] reveals multiple peaks due to the existence of varidys fat
acid chains and their different adducts, including hydrogen adducts ([M)+ak] sodium adducts ([M +
NaJ"). Strong peaks at m/z = 8914 derive from triglyceride molecules with different number of C=C
bonds.

The spectrum corresponding3dgFig. 10 (b)] reveals that the strong peaks observédigcreased, while
several main peaks were observed. The peal/at 1216.81 was considered to derive from the sodium
adduct of triglyceride molecul@ which has four C=C bonds and three COOH groups (#DB/#COOH = 4/3)
in its three fatty acid chains which consist of 18 carbon atoms per chain. The défdremeen the
observed value and theoretical value (m/2217.74) might be due to one hydrogen abstraction occurring
during measurements and/or weak intensities. Around each strong peak, several peatsonarserved.
Around at m/z = 1216.81, for instance, peaks were observed at m/z = 1214.79 and 1218.82. These value
differ from 1216.81 by approximately 2.02, signifying the difference of these thobseufes comes from
the difference in the number of C=C bonds among them. These strong peaks had theintéral106.01
or 106.01 + 2.02. The interval of m/z = 106.01 is equivaleanhtocreasén mass that equates to a single
molecule being attached to ohemolecule. Accordingly, the synthesis@dvas considered to have ois&
COOH groups. These results supported the calculated conversion ratioTtfe absence of higher species
above m/z 1700 signified that homo-homo coupling hardly occurred during reaction 1.

The spectrum correspondinggdFig. 10 (c)] reveals strong peaks starting from around m/z = 1114.91,
separated by the regular intahof m/z=400.12. Tls intervalis equivalent tanincreasén mass that
equates to one hydrogen on a methylene ch&rb&ing substituted with orecongugated unit [as shown
in the chemical structure in Fig. 10 (c)]. The strong peak, for example atls15.03 was considered be
from the molecule which has unreacted both three C=C bonds and two COOH groups, and one cdnjugated
(#DB/#COOH/#conjugated = 3/2/1 theoretical value of m/z = 1515.88). Around the peak other peaks such
asm/z=1517.04 (2/2/1), 1513.22 (4/2/1) were observed. The results also supported the calculated
conversion ratio of{,.
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Fig. 10 ESI (positive) mass spectra of {afb) 3 (No. 12 obtained in reaction 1), and §q)No. 2 obtained in
reaction2) in the range of mgz2250-3000. Figures written at the top of each group of peaks means the
observed main peaks with the estimated number of following structures per molecule: C=C double bonds
(#DB), COOH groups (#COOH) which derive from bon@ednd the number &f conjugated to the COOH
group on3 (# conjugated!).
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4. Thermal Properties and UV-Vis Spectroscopic Properties

Thermal analyses andV-Vis spectroscopic analyses were conducted on the starting materials and the
products formed. The results are summarised in Table 3.

Table 3. Thermal properties and UV-Vis spectrogcppoperties of various compounds.

TGA DSC

Samples T,[C) T T, 10 Amax[NM]
Linseed d (1) 368.7 -25.9 - -
Modified Linseed Oil )™ 286.6 -3.90 —279 -
DR1 @) 263.1 165.2 - 487
DR1-Congugated Linseedild5)? 223.6328.3 41.2 - 476

Tq: thermal decomposition temperature,: Tnelting temperature, ;Tphase transition temperaturén.. maximum absorption
wavelength’* No. 12 obtained in reaction 1 aifdNo. 2 obtained in reactich
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4.1. Thermal Properties
4.1.1. TGA

Fig. 11 shows the TGA curves of samplks3 (No. 12 obtained in reaction ¥, and5 (No. 2 obtained in
reaction 2). A decrease in the mass due to thermal decomposition of the saagubserved upon heating
all of the samples. Linseed oll,showed the onset of thermal decomposition temperatirat(368.7°C.
For modified linseed ofB, the onset of decomposition temperature was 286.8he data obtained indicates
that a higher conversion ratio results in a loikgeof 3 (See Supplementary Information, Fig. Sl 2). The dye,
4, showedanT, of 263.1°C. The final produch showed two decomposition points that originate228t6°C
and328.3°C and corresponded to the decompositioB ahd4, respectively.

100 -

80 A

60 +

Weight [%]

40 -

20 A

.....\(...........
: va

0 100 200 300 400 500
Temperature [°C]

Fig. 11 TGA curves ofl, 3 (No. 12 obtained in reaction 3, and5 (No. 2 obtained in reaction 2).
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4.1.2.DSC

Fig. 12 shows the DStermograms of the same samples used for the TGA measureinshtsved an
endothermic peak corresponding to the melting temperatyjeat —25.9 °C, and an exothermic peak at
140.8 °C. The latter peak is from the formation of hydroporoxides which are primary psodtiche
oxidation of 1 [45, 46] caused hyits reaction with dissolved oxygen. Sampikand5 did not show the
corresponding peak suggesting thatirthirying properties are lower than thatlpfbecause of the decrease
in the number of C=C bonds due to the bonding @ith

The modified oil3 also showed &, at—3.90°C. Additionally, 3 revealed an exothermic peak-&7.9°C
which might reflect a phase transition at the lower temperature regiondafheobtained indicates that a
higher conversion ratio correlates to a leigi,, and a higher phase transition temperattige for 3 (See
Supplementary Information, Fig. SI 3)terestingly,5 did not show the endothermic peak at 16%,2vhich
is the T, of 4, but showed a different endothermic peak at 4d,.2ue to the material melting.

T

TExothermic I1 Owg!

Heat Flow [W g]

-70 20 110 200
Temperature [°C]

Fig. 12 DSC curves df, 3 (No. 12 obtained in reaction 3, and5 (No. 2 obtained in reaction 2).
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4.2. UV-Vis spectroscopic properties

The UV-visible spectra 08 (No. 12 obtained in reaction 14, and5 (No. 2 obtained in reaction 2) in
acetonitrile are shown in Fig. 13. The modified linseed@a@howed minimal absorption in this region. The
dye 4 had a maximum absorption wavelength..f at 487 nm, while5 had a A..x at 476 nm. The
hypsochromic shifof 11 nmin 4 following the chemical modification signified the successful conjugation
3 and4 [37, 47]. This shift was not caused by solvatochromism, a mixturg afid 4 (with the same
concentrationgs5) produced a similar spectroscopic curgg.{= 488 nm) to that o#l. This hypsochromic
shift may be explained by the introduction of the chemical bond (-O-C=0) whicth decreass the

----------------------------- electron=donating ability of the donor unit, resulting in a decrease in the HOMO Idvel of

Absorbance [arb. unit]

200 300 400 500 600 700 800
Wavelength [nm]

Fig. 13UV-visible absorption spectra 8f(No. 12 obtained in reaction ¥ and5 (No. 2 obtained in
reaction 2).

5. CONCLUSION

DR1-conjugated linseed oil was synthesised by conjugating BRInseed oil in two chemically-
straightforward coupling steps. The formatiorD#t1-conjugated linseed oil was verified By, **C NMR,
FT-IR and mass spectrometry. Linseed oil was initially reacted with 3-mercapiojoracid via a highly-
effective thiol-ene reaction to introduce COOH functionality to tHe By varying the amount of 3-
mercaptopropionic acid and the reaction time, the extent of COOH functionalityeamodified oil was
controlled. Using'H NMR it was calculated that a maximum of 62.0% of the C=C bonds availabée wer
modified. The incorporated COOH usihen underwent esterification with DR1 to forntevalent bond
between the modified oil molecules and the dye molecules. In total, 39.1% woitidled=C bonds available
in linseed oil were conjugated with DR1 on average. Thermal analysesgé\that the product has two
decomposition temperatures at 223.6due toDR1, and at 328.3C due to linseed oil. Moreover, the
product expressed a melting temperature at €lvzhich is approximately 120 °C lower than that of DR1.
UV-Vis spectroscopy revealedmaximum absorption of the product at 476 nm, and a 11 nm hypsochromic
shift from DR1. These features signified the formation of a covalent betweeen modified linseed oil and
DR1, formedin a chemically simplistic manner. It is anticipated that this method afyeileonjugation,
which enables the extent of dye conjugation to be readily controlled, may be extoithe creation of
coloured, bio-derived, molecules that possess the desired properties to be applied as coatings.
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1. Quantification of the Reactions
The quantification of reactions 1 and 2 were conducted by monitoring changes inethgtiad of
selected peaks found dH NMR spectra, as follows:

(1) Reaction 1

The conversion ratios of C=C bonds reacting \Rithere calculated from the decrease in the peak area in
the region of 5.3 ppmdk ,pn) (Fig. 2). k3 pmiS composed of the peak from the vinylic pretam the C=C
carbons (g) ¢) and the proton from the glycerol unit (a)) (IGiven, all molecules it are triglyceride,

I5.3ppm = |g+ Ia (1)
One triglyceride molecule includes one CHCOO proton (a) (1H), and@bk€OO protons (b (4H).
The intensities of the latter protons were normalised to 4.00, enabling each peakyiran theH NMR

chart to represent the number of hydrogen atoms in one triglyceride molecule. Thugnisigea of vinylic
protons (g) in the region of 5.3 ppm become:

lg=15.3ppm— 1 (2
Then, the number of C=C bonds in one triglyceride molecule-{ldecomes

chc = IﬂC=C}j/ 2
= (Is.3ppm=1) / 2 3)

Thus, the conversion ratio of reactionX)(is represented as

/Yl = [( NC:C)before reaction” (NC:C)after reactio}n X 100 / (NZ:C)before reaction [%] (4)

By using Xy, the average number of functional groups (COOH) on one triglyceride molegglg)Bnd
the average molecular weight®{M) are expressed as follows

I\ICOOH = (NC:C)before reactior¥Yl (5)
M =M; + My Ncoon [g/mOI] (6)

where M (= 873.60 g/mol), is the average molecular weight of linseed oil as reportedliterthteire [LQ],
and M (= 106.14 g/mol) is the molecular weight2f
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(2) Reaction 2

The quantification of reaction 2 was also conducted WithNMR as follows (Fig. 7). The peaks from the
protons of the CHCOO units (B which are fron3 (4H) are found at both 4:@.1 ppm and 4:-2.3 ppm at
equal intensities. Also, the peaks from the protons of th&cO® units, which are frord (2H) conjugated
to 3 (0), are found at 4:2.3 ppm. By comparing both peaks at-412 ppm, the average numberdofDR1)
molecules conjugated to oBanolecule (Ngy) is calculated as follows.

Nor1=[(lo)a/ 2]/ [(Ib)s / 4]
= [(la243ppr la0a1ppm / 2]/ (laoa1ppm* 2/ 4)

=[l424.3ppm—14.04.1ppr] / 14.04.1 ppm (7)
Thus, the conversion ratio of reaction 2)(i¥ represented as
X2 = (Nor1/ Ncoor) % 100 [%] (8)
and the overall conversion rati& {,e.a) iS represented as

Xoverall = [NDRl/ (NC:C)before reactio]‘l x 100 [%] (9)
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2.HMQC
HQMC charts of (a) and (b)3 (No. 12 obtained in reaction 1) are shown in Fig. SI 1.
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Fig. SI 1 HQMC charts of (d) and (b)3 (No. 12 obtained in reaction 1). A magnified view of the range of
0.5-3.3 ppm tH NMR), and the range of50 ppm {°C NMR). Assignments were done for characteristic
peaks which signify the formation of the C-S bond in reaction 1. Alphabetical lettergares fin the
brackets signify the assignments of protons (as in Fig. 2) and carbon atoms (as in Fig. 6),alyspectiv
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3. Thermal Properties
TGA and DSC results of 3 with different conversion ratios are summarised in Table Sl 1, and shown in Fig.
Sl 2 and Fig. S| 3, respectively.

Table $ 1. Thermal Properties &with different conversion ratios.

Sampled TGA DSC
Pe Ty [°C] Tw [°C] T, [°C]
Modified Linseed Oil 8) (No. 2) 347.2 -11.1 —60.0
3(No. 3) 329.7 -109 —48.2
3 (No. 4) 313.7 -103 401
3(No. 6) 303.7 -91 -334
3(No. 9) 295.8 7.0 -312
3 (No. 12) 286.6 -3.9 —279

Tq: thermal decomposition temperature,: Tnelting temperature, ;Tphase transition temperaturén.. maximum absorption
wavelength.* Obtained irreaction 1. Conversion ratios of each sample are shown in Table 1.
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Fig. SI 2 TGA curves of and3 with different conversion ratios.
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Fig. SI 3 DSC curves & with different conversion ratios.
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