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ABSTRACT

Valencene, a naturally occurring sesquiterpene that can be obtained from various citrus fruits,
was copolymerized as an unconjugated 1,1-disubstituted bulky vinyl monomer by radical
copolymerization with conjugated monomers possessing electron-withdrawing substituents, such
as maleimides, acrylates, methacrylates, acrylonitrile, and methacrylonitrile, in toluene and
PhC(CF;),OH. The fluorinated alcohol increased the copolymerizability, as in the radical
copolymerization of other unconjugated non-polar olefins with those electron-acceptor
comonomers. In particular, the copolymerization of valencene and N-phenylmaleimide in
PhC(CF;),0OH proceeded via concurrently occurring 1:1 and 1:2 propagation, in which the
monomer reactivity ratio of maleimide and valencene to the maleimide radical with the
penultimate valencene unit was close to 1 according to a kinetic analysis of the copolymerization
based on the penultimate model. Therefore, the copolymerizability of valencene was higher
than that of limonene, which is a similar unconjugated 1,1-disubstituted vinyl monomer with a
smaller cyclohexenyl substituent that undergoes selective 1:2 radical copolymerization with
maleimide derivatives under the same conditions. Reversible addition-fragmentation chain
transfer RAFT copolymerization using a trithiocarbonate resulted in copolymers with controlled
molecular weights and chain-end groups. The biobased copolymers of valencene and
N-phenylmaleimide showed relatively high glass transition temperatures (7,) of approximately
220-240 °C and relatively high thermal stability with 5% decomposition temperatures (7gs) of

approximately 330-340 °C due to their rigid main-chain structures.
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1. Introduction

Biobased polymers have attracted much attention in view of the sustainable development of
polymer industries due to the renewability of bioresources and future depletion of fossil resources
[1-26]. In addition to such environmental and social demands, the characteristic structures
originating from natural products can often provide interesting properties to the resulting
polymers such as biodegradability and good thermal, mechanical, and optical properties, which
depend on their structures and cannot be easily attained by rather simple petroleum-derived
compounds. Various biobased polymers with excellent properties have been produced, and
some of them have been commercialized. However, many of them are polyesters and
polyamides, which are obtained via the condensation polymerization of naturally occurring or
chemically or biologically transformed alcohols, amines, and carboxylic acids. In contrast,
there are not many biobased vinyl polymers, which may show high stability due to the stable
main-chain carbon-carbon single bond linkage in comparison to ester and amide linkages.

Among the various naturally occurring organic compounds, terpenes are a large and diverse
class of abundant compounds produced by a variety of plants [27-30]. Their structures vary
with many isomers, though they basically consist of multiples of the C5-unit according to the
biogenetic isoprene rule. Many terpenes have unsaturated carbon-carbon double bonds because
they are biologically synthesized from isopentenyl pyrophosphate as the building block.
Although the most abundant ones are monoterpenes consisting of two isoprene units with the
molecular formula of CioH;g, such as limonene and pinene, sesquiterpenes (C;sHy4), diterpenes
(CyHs3z), and other compounds consisting of a higher number of isoprene units are naturally
produced and seen in various plant oils.

Valencene is a sesquiterpene with an exo-olefin moiety that occurs in many citrus fruits such
as the orange, lemon, and grapefruit [31-39]. Since it is an important aroma component of
citrus fruits, it is widely used in the flavor and fragrance industries. Most valencene is obtained
from Valencia oranges, but the synthesis has been studied not only via chemical routes [40—42]
but also via biotechnological methods using microorganisms [43—45]. Valencene is also used
industrially as a starting material for nootkatone, which is another important sesquiterpenoid

aroma component of the grapefruit [46—50]. Although the market volume for valencene is not



so large in comparison to monoterpenes such as limonene and pinene, approximately 15 metric
tons per year including what is used for the production of nootkatone [45], it is commercially
available from chemical companies.

We have been focusing on terpenes and phenylpropanoids as renewable vinyl monomers for
novel biobased polymers with characteristic structures and interesting properties [51-70]. We
have been mainly investigating the controlled polymerization of the most abundant monoterpenes
with unsaturated carbon-carbon double bonds, such as pinene and limonene. Among these, we
found that limonene, which has a 1,1-disubstituted unconjugated vinyl group with a bulky
cyclohexene substituent and thus cannot be homopolymerized by any propagating species, was
efficiently  copolymerized  with  electron-acceptor = monomers having  conjugated
electron-withdrawing substituents using a fluoroalcohol as a solvent for the radical
copolymerization [55,59-63]. Especially with a maleimide derivative, which is one of the most
electron-deficient vinyl monomers, the selective 1:2-radical copolymerization of limonene (A)
and maleimide (B) produces in ABB-sequence regulated copolymers [55,59,61,62]. The
selective ABB-propagation is a consequence of the characteristic structure and
non-homopolymerizability of limonene, relatively good copolymerizability of maleimide with
electron-donor monomers, and hydrogen-bonding interaction of the fluoroalcohol with the
carbonyl groups of the maleimide units. Especially, the hydrogen-bonding interaction increased
the copolymerizability between limonene and maleimide derivatives by further decreasing
electron density of the maleimide radical as well as of the carbon-carbon double bond of
maleimide monomer [59,62].

Here, we focused on valencene, which has a 1,1-disubstituted unconjugated vinyl group
with a bulky substituent similar to limonene with an additional six-membered ring fused to the
cyclohexene substituent of the limonene skeleton as the additional CsHg unit found in the
sesquiterpene. Although valencene has a bulkier substituent than limonene, it is expected to
show similar reactivity or copolymerizability with maleimide due to the similar environment
around the vinyl group. In this paper, we investigated the radical copolymerization and
reversible addition-fragmentation chain transfer (RAFT) copolymerization of valencene with
those electron-acceptor monomers, especially maleimide derivatives, in fluorinated alcohol, for
selective propagation as well as for novel biobased polymers with the characteristic structure of

valencene, which will contribute to enhancing the thermal properties of the copolymers (Scheme

1.
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2. Materials and methods
2.1. Materials

(+)-Valencene (Val) (Aldrich, >70%), (+)-d-limonene (Lim) (Aldrich, 97%), methyl
acrylate (MA) (Tokyo Kasei, >99%), methyl methacrylate (MMA) (Tokyo Kasei, >98%),
acrylonitrile (AN) (Aldrich, >99%), and PhC(CF;),OH (Wako, >99%) were distilled over
calcium hydride under reduced pressure before use. The purity of Val based on the ratio of
protons of the exo-methylene vinyl group to others by "H NMR was 87% after the distillation.
N-Phenylmaleimide (PhMI) (Aldrich, 97%) and N-cyclohexylmaleimide (CyMI) (Aldrich, 97%)
were purified by recrystallization from acetone and toluene, respectively. Toluene (KANTO,
>99.5%; H,O <10 ppm) was dried and deoxygenized by passage through columns from Glass
Contour Solvent Systems before use. a,a-Azobisisobutyronitrile (AIBN) (Kishida, >99%) was
purified by recrystallization from methanol. S-Cumyl-S -butyl trithiocarbonate (CBTC) was
synthesized according to the literature [71].



2.2. Free radical copolymerization

Free radical copolymerization was carried out by the syringe technique under dry nitrogen in
sealed glass tubes. A typical example for Val and PhMI copolymerization with AIBN in
PhC(CF5),0H is given below. After PhMI (0.417 g, 2.4 mmol) was placed in a baked 25-mL
graduated Schlenk flask, a three-way stopcock was attached. After degassing and filling the
flask with dry nitrogen, Val (0.63 mL, 2.4 mmol based on 87% purity) and PhC(CF3),OH was
were added at room temperature to a total volume of 3.0 mL. Then, a 32 mM PhC(CF3),OH
solution of AIBN (1.0 mL, 0.032 mmol) was added, so that the total volume of the reaction
mixture was 4.0 mL ([Val]o/[PhMI]o/[AIBN]o = 600/600/8.0 mM). Immediately after mixing,
aliquots (0.6 mL each) of the solution were distributed via a syringe into baked glass tubes, which
were then sealed by flame under a nitrogen atmosphere. The tubes were immersed in a
thermostatic oil bath at 60 °C. At predetermined intervals, the polymerization was terminated
by cooling the reaction mixtures to —78 °C. The monomer conversion was determined from the
concentration of residual monomer measured by 'H NMR with PhC(CF3),0H as an internal
standard (48 h, 38% for Val and 56% for PhMI). The quenched reaction solutions were
evaporated to dryness to give the product copolymer (M, = 3500, M,/M, = 1.76).

2.3. RAFT copolymerization

RAFT copolymerization was carried out by the syringe technique under dry nitrogen in
sealed glass tubes. A typical example for Val and PhMI copolymerization with CBTC/AIBN in
PhC(CF5),0H is given below. After PhMI (0.417 g, 2.4 mmol) was placed in a baked 25-mL
graduated Schlenk flask, a three-way stopcock was attached. After degassing and filling the
flask with dry nitrogen, Val (0.63 mL, 2.4 mmol based on 87% purity), a 510 mM PhC(CF;),OH
solution of CBTC (0.47 mL, 0.24 mmol), and PhC(CF;),OH was added at room temperature to a
total volume of 3.0 mL. Then, a 32 mM PhC(CF3),OH solution of AIBN (1.0 mL, 0.032 mmol)
was added, so that the total volume of the reaction mixture was 4.0 mL
([Val]o/[PhMI]o/[CBTC]o/[AIBN]o = 600/600/60/8.0 mM). Immediately after mixing, aliquots
(0.6 mL each) of the solution were distributed via a syringe into baked glass tubes, which were
then sealed by flame under a nitrogen atmosphere. At predetermined intervals, the
polymerization was terminated by cooling the reaction mixtures to —78 °C. The monomer
conversion was determined from the concentration of residual monomer measured by '"H NMR

with PhC(CF3),OH as an internal standard (48 h, 37% for Val and 58% for PhMI). The



quenched reaction solutions were evaporated to dryness to give the product copolymer (M, =
1500, My/M, =1.31).

2.4. Measurements

The monomer conversion was determined from the concentration of residual monomer
measured by 'H NMR spectroscopy with the reaction solvent as an internal standard. The 'H
NMR spectra for the monomer conversion and product copolymer were recorded in CDCl; at
25 °C and in (CD3),CO at 50 °C, respectively, on a JEOL ECS-400 spectrometer operating at 400
MHz. The MALDI-TOF-MS spectra were measured on a Shimadzu AXIMA-CFR Plus mass
spectrometer (linear mode) with
trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]-malononitrile (DCTB) as the ionizing
matrix and sodium trifluoroacetate as the ion source. The number-average molecular weight
(M,) and molecular weight distribution (M,/M,) of the product polymers were determined by
SEC in THF at 40 °C on two polystyrene gel columns [Tosoh Multipore Hx -M (7.8 mm i.d. x
30 cm) x 2; flow rate 1.0 mL/min] connected to a JASCO PU-2080 precision pump and a JASCO
RI-2031 detector. The columns were calibrated against standard polystyrene samples (Varian;
M, = 580-3053000, M,/M, = 1.02-1.23). The polymer samples for 'H NMR were purified by
preparative SEC (column: Shodex KF-2002) to be free from the unreacted remaining monomers.
The glass-transition temperature (7,: midpoint of the transition) of the polymers was recorded on
a Q200 differential scanning calorimeter (DSC) (TA Instruments Inc.). Certified indium and
sapphire were used for the temperature and heat flow calibration. The samples were first heated
to 300 °C at 10 °C/min, equilibrated at this temperature for 5 min, and then cooled to 40 °C at
10 °C/min. After being held at this temperature for 5 min, the sample was then reheated to
350 °C at 5 °C/min. All 7, values were obtained from the second scan, after removing the
thermal history. Thermogravimetric analyses (TGA) were performed on a Q500 system (TA

Instruments Inc.) at 5 °C/min under a N, gas flow.

3. Results and discussion
3.1. Radical copolymerization of valencene with various electron-acceptor monomers

The radical copolymerizations of Val with various electron-acceptor monomers such as
PhMI, CyMI, MA, MMA, and AN were investigated at a 1:1 molar feed ratio in PhC(CF;),OH at
60 °C using AIBN as a radical initiator (Table 1). Although the radical homopolymerization of



Val did not occur, Val was copolymerized with those electron-acceptor monomers. In all cases,
the conversion of Val was lower than that of its comonomers, and the incorporation (mol%) in
the copolymers was thus consistently below 50% due to the non-homopolymerizability of Val.
However, the incorporation of Val was high in spite of the bulkier substituent as a sesquiterpene
when compared with Lim as a monoterpene, which has a similar 1,1-disubstituted unconjugated
vinyl group attached to a less bulky cyclohexenyl substituent [55,59,61,62]. In addition, the
incorporation of Val in the copolymerization with maleimide derivatives such as PhMI and CyMI
was approximately 40% (entries 1 and 3), higher than the 33% theoretical value for 1:2 radical
copolymerization observed for Lim and maleimide derivatives in our previous paper (entries 2

and 4).

Table 1
Free radical copolymerization of valencene or limonene with various electron-acceptor

monomers in PhC(CF;),OH at 60 °C.*

. Conv. i

entry M, M T(‘Se (M(lo//l(:;lz)f Mg My/ME 1(%‘; i\fé; &ﬁ%
1 Val  PhMI 48 39/56 3500 176 41/59  41/59
2 Lim  PhMI 113 50/99 9400 216  34/66  38/62
3 Val  CyMI 48 34/54 3300 1.54  39/61  40/60
4 Lim  CyMI 106 45/99 7700 200  31/69  34/66
5 Val MA 48 14/30 3100 1.71 32/68  30/70
6  Lim  MA 490 20/55 8500 1.96  27/73  20/80

7 Val  MMA 28 9/68 8400 1.95 12/88  0.2/99.8

8¢ Lim  MMA 27 1/95 25600  3.12 1/99  0.01/99
9 Val AN 24 4/7 1300 1.54  37/63  24/76
10°  Lim AN 144 23/51 4100 264 31/69  33/67

M, Jo/[M2]o/[AIBN]y = 600/600/8.0 mM.  °[M;]o/[M2]o/[AIBN], = 1000/1000/10 mM.
‘Reference 61. IMi]1o/[M2]o/[AIBN]o = 1000/2000/20 mM. °[M,]¢/[Ma]o/[AIBN], =
1000/1000/20 mM. "Determined by '"H NMR analysis of reaction mixtures. £Determined by
size-exclusion chromatography. "Determined by the monomer feed ratio and monomer

conversion. 'Determined by 'H NMR analysis of the obtained polymers.



3.2. Monomer reactivity in radical copolymerization of valencene and N-phenylmaleimide or
methyl acrylate

The radical copolymerization of Val and PhMI was then investigated at a 1:2 feed ratio in
PhC(CF5),0H at 60 °C using AIBN and was compared with that of Lim and PhMI under the
same conditions (Fig. 1). The consumption of both Val and PhMI was slower than that for Lim
and PhMI, and the conversion of Val was higher than that of PhMI, unlike the same conversions
that were achieved for Lim and PhMI at the 1:2 feed ratio. In addition, the nearly constant
conversions after approximately100 h can be ascribed to almost complete consumption of the
radical initiator. The molecular weight of the polymers was lower than that of the Lim and
PhMI reaction, most likely due to the slower propagation rate and/or higher chain transfer

constant of Val.
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Fig. 1. Time-conversion curves for radical copolymerization of valencene (Val) or limonene
(Lim) with N-phenylmaleimide (PhMI) at 1:2 monomer feed ratio in PhC(CF3),OH at 60 °C and
size-exclusion chromatography (SEC) curves of the obtained copolymers: [Val]y = [Lim], = 400

mM, [PhMI], = 800 mM, [AIBN], = 8.0 mM.

The 'H NMR spectrum (Fig. 2B) of the obtained polymers shows broad signals in the
aliphatic regions from 0.5 to 4.0 ppm, which are due to the pendent protons of the Val unit (Fig.
2A) and main-chain methylene and methine protons of the Val and PhMI units generated via the
vinyl copolymerization, and phenyl protons (p) of the PhAMI unit in the aromatic regions (7.0-7.5
ppm). The remaining internal olefin proton (f) at 5.1-5.4 ppm and disappearance of the

exo-olefin (a) at 4.7 ppm suggest that Val was incorporated into the copolymers via an addition



reaction of the 1,1-disubstituted vinyl group. The unit ratio of Val and PhMI calculated from
peaks f and p was 37/63 mol%, which is close to the calculated value (40/60 mol%) from the
initial feed ratio and conversions of the monomers, indicating that the incorporation of Val
measured by 'H NMR of the resulting copolymers was also higher than 33 mol%. These results
demonstrate that Val was radically copolymerized via a reaction of the exo-olefin and that its

copolymerizability with PhMI was higher than that of Lim with PhMI.

c,d,e,g,h,il
—

a b k|l J

d
e

a_y/
j

o

(A)

}p
N__o a,b,c,d.e,g,h,ijklo
M /
o o
n

8.0 7.0 6.0 5.0 4.0 3.0 20 1.0ppm

Fig. 2. 'H NMR spectra ((A): CDCls, 25 °C, (B): (CD;),CO, 50 °C) of valencene (Val) (A) and
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copolymers (B) of Val and N-phenylmaleimide (PhMI) obtained in the radical copolymerization
at 1:2 monomer feed ratio in PhC(CF3),OH at 60 °C: [Val]p = 400 mM, [PhMI], = 800 mM,
[AIBN], = 8.0 mM

To further evaluate the copolymerizability of Val with PhMI, Val (M;) was copolymerized
with PhMI (M) under varying feed ratios in PhC(CF3),OH as well as toluene at 60 °C. The
incorporation of Val units obtained at the initial stages (total conversion < 15%) in the radical
copolymerization was plotted against the initial feed ratio of the monomers (Fig. 3). The plots
obtained in PhC(CF;),OH (red-filled circles) were consistently higher than those obtained in
toluene (red-filled triangles), suggesting that the copolymerizability of Val is higher in the



fluorinated alcohol than in toluene. The plots for Val in PhC(CF;),OH were also higher than
those for Lim in the same fluoroalcohol (green-filled circles), namely, the line for 1:2
copolymerization (0.33). Furthermore, almost all the plots for Val in PhC(CF;),OH were
located below the dotted line (0.5) for 1:1 alternating copolymerization and above that (0.33) for
1:2 copolymerization. These results indicate again that no homopolymerization of Val occurs
and further suggest that the 1:1 and 1:2 copolymerizations of Val and PhMI concurrently occur in
PhC(CF;),OH.
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Fig. 3. Copolymer composition curves for radical copolymerization of valencene (Val) or
limonene (Lim) as M; and N-phenylmaleimide (PhMI) as M, in PhC(CF3),OH or toluene at
60 °C obtained at varying the monomer feed ratios: [M;]o+[Mz2]o = 1.2 M, [AIBN]y = 8.0 mM.
The curved lines were fitted by the Kelen-Tiidds method for the penultimate model assuming that

no homopropagation of Val or Lim occurs (7] = r2; = 0).

These data were analyzed using the penultimate model and assuming that the
homopropagation of Val does not occur (r1; = 72 = 0) [72,73]. They were fitted well with the
solid red line, which was obtained by the monomer reactivity ratios using the Kelen-Tiidds
method [55,59,62]. The r; value in PhC(CF3),0OH was 1.1, which means that the PhMI radical
with a penultimate Val unit has almost no preference for Val or PhAMI monomers, resulting in a
Val radical with a penultimate PhMI unit (path a) and a PhMI radical with a penultimate PhMI
unit (path b) at almost the same probability, particularly under the same concentrations of both
monomers (Scheme 2). In addition, the 7, value was 0.020, nearly zero, which indicates that

the PhMI radical with a penultimate PhMI unit highly selectively reacts with Val to complete the
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1:2 sequence. These results demonstrate that both the 1:1 and 1:2 copolymerizations
concurrently proceed in PhC(CF3),OH and occur at almost the same probability, particularly with
similar monomer feed ratios. Therefore, the copolymerizability of Val was proven to be higher
than that of Lim, which only results in the 1:2 monomer sequence and a lower incorporation of

the terpene unit.

1:2 ' Kooo
Sequence Ipo = =0.02

Scheme 2. Radical copolymerization of valencene (val) with N-phenylmaleimide (PhMI) via

1:1 and 1:2 concurrent propagation

On the other hand, the highly selective 1:2 monomer sequence for Lim can be ascribed to
the presence and location of the internal olefin in the penultimate Lim unit because similar
selective 1:2 monomer propagation occurs for -pinene and 4-isopropenylcyclohexene that can
both result in similar endocyclic olefins at the same position in the cyclohexenyl ring of the
penultimate unit relative to the terminal maleimide radical [62]. However, in the case of Val,
the endocyclic olefin is located slightly far from the terminal PhMI radical. The endocyclic
olefin at the specific position in the penultimate olefin unit may interact with the terminal PhMI
radical intramolecularly to enhance the selective reaction with the electron-deficient PhMI to
form the ABB sequence selectively in the case of Lim, B-pinene, and 4-isopropenylcyclohexene.

In toluene, the 7, value was 6.1, indicating that the PhMI radical with a penultimate Val
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unit reacts with PhMI at a rate approximately six times greater that than with Val to preferentially
form the PhMI radical with the penultimate PhMI unit. Furthermore, the 72 (= kxo/ka21) value
of 0.63, i.e., ~ 4/6, means that the resulting PhMI radical with a penultimate PhMI unit will
statistically react with PhMI approximately 4 times out of 10 (= 4 + 6) propagations with both
PhMI and Val, particularly with similar monomer concentrations. This indicates that a PhMI
sequence of more than three units can occur due to the low copolymerizability of Val in toluene.
Thus, PhC(CF;),OH enhances the copolymerizability of Val with PhMI via hydrogen bonding
interactions with the carbonyl groups in PhMI as well as in the terminal and penultimate PhMI
units as in the copolymerization of Lim and PhMI [55,59,62].

1
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Fig. 4. Copolymer composition curves for radical copolymerization of valencene (Val) as M;
and methyl acrylate (MA) as M, in PhC(CF3),OH at 60 °C obtained at varying the monomer feed
ratios: [Mi]ot[M2]o = 1.2 M, [AIBN]p = 8.0 mM. The curved lines were fitted by the
Kelen-Tiidds method for the penultimate model assuming that no homopropagation of Val occurs
(r11=r21=0).

A higher copolymerizability of Val than Lim was also observed for radical copolymerization
with acrylate in PhC(CF3),OH. As shown in Fig. 4, the incorporation of Val (red-filled circles)
was consistently higher than that of Lim (green-filled circles) in the copolymers with MA as a
comonomer. The copolymer composition curves, which were similarly obtained by using the
Kelen-Tiidds method for the penultimate model, were fitted well with these plots. Both the i,
and ry; values for Val were smaller than those for Lim (712: 5.8 (Val) < 7.5 (Lim), r2,: 0.76 (Val)

< 2.3 (Lim)), indicating again the relatively high reactivity of Val in comparison to Lim, even in
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the radical copolymerization of MA. Interestingly, the copolymer composition curve as well as
the monomer reactivity ratios for Val/MA in PhC(CF;),OH were similar to those for Val/PhMI in

toluene.

3.3. RAFT copolymerization of valencene and N-phenylmaleimide

To obtain copolymers with controlled molecular weights and chain-end groups, which will
lead to clarifying the formed monomer sequences and developing functional polymers, the RAFT
copolymerization of Val and PhMI was investigated using CBTC as the RAFT agent, which is
effective in controlling the radical copolymerization of Lim and PhMI [59,62], in PhC(CF;),OH
at 60 °C. Fig. 5 shows the SEC curves and M, of the copolymers obtained in the RAFT
copolymerization while varying the initial feed ratios of the monomers and RAFT agent (([Val]o
+ [PhMI],)/[CBTC], = 80, 40, and 20; [Val]y = [PhMI], = 600 mM) and at various conversions.
Although the molecular weight distributions (MWDs) were slightly broad (M,,/M, = 1.3—1.5), the
SEC curves shifted to high molecular weights as the feed ratios and conversions became larger.
The M, values increased with the feed ratios and the total monomer conversions, aligning in
almost a single line, whereas they were lower than the calculated values, assuming that one
RAFT agent generates one polymer chain, partially due to the difference in hydrodynamic

volumes between the obtained copolymers and standard polystyrenes.
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Fig. 5. RAFT copolymerization of valencene (Val) and N-phenylmaleimide (PhMI) with
S-cumyl-S’-butyl trithiocarbonate (CBTC) and AIBN in PhC(CF3),OH at 60 °C by varying
[CBTC]o: [Val]p = [PhMI] = 600 mM, [CBTC], = 60, 30, and 15 mM, [AIBN]y = 8.0 mM.
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To clarify the monomer sequences, the copolymers obtained in the RAFT copolymerization
were subjected to MALDI-TOF-MS analysis (Fig. 6). The spectrum is relatively simple and
consists of several series of peaks. Almost all the relatively large peaks marked by pink-filled
circles can be assigned to the copolymers consisting of the 1:1 and 1:2 monomer sequences of
Val and PhMI units and capped with cumyl and trithiocarbonate groups at the a- and w-ends,
respectively, whereas the peaks marked by pink-filled triangles are those generated via the loss of
the trithiocarbonate moiety at the w-end, most likely during the laser irradiation for the analysis.
Furthermore, the peaks marked by red-filled symbols are ascribed those of the copolymers
mainly consisting of the 1:1 monomer sequence. The MALDI-TOF-MS analysis also indicates
the coexistence of 1:1 and 1:2-sequenced propagations during the radical copolymerization of
Val and PhMI in PhC(CF3;),0OH, which is different from what was observed for the 1:2-selective

radical copolymerization of Lim and PhMI in the same solvent [55,59,62].
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Fig. 6. MALDI-TOF-MS spectrum of copolymers of valencene (Val) and N-phenylmaleimide
(PhMI) (M,, = 1300, M,/M, = 1.27) obtained at conversion of Val/PhMI = 28%/44% in RAFT
copolymerization with S-cumyl-S’-butyl trithiocarbonate (CBTC) and AIBN.
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3.4. Thermal properties of copolymers of valencene and phenylmaleimide

The thermal properties of the copolymers of Val and PhMI with different incorporation
ratios, which were obtained by the free radical copolymerization in PhC(CF3),OH at 60 °C by
changing the monomer feed ratios, were analyzed using DSC and TGA (Fig. 7). The glass
transition temperatures (7) of the copolymers were above 220 °C due to the two rigid vinyl
monomer units and slightly increased from 220 to 242 °C with an increase in the PhMI
incorporation from 59 to 68 mol%. The 7, of the copolymers with Val/PhMI = 32/68 mol%
was almost the same as that (7, = 243 °C) of the copolymers of Lim and PhMI with a similar
incorporation ratio (Lim/PhMI = 33/67 mol%), despite the bulkier sesquiterpene unit of Val
[59,62]. The 5% decomposition temperatures (74s) were approximately 330-340 °C and almost
independent of the incorporation ratio, suggesting the relatively high thermal stability of the

copolymers.

100
: A B
Val/PhMI: Tg &) Val/PhMI: Tys ©)

41/59: 220 °C 41/59: 338 °C
- 37/63: 332 °C
\ 32/68: 336 °C

32/68: 242 °C

\_—\

1 | 1 0 1 | 1 | 1 | 1 ] 1
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Endotherm
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3
T

Fig. 7. (A) Differential scanning calorimetry (DSC) and (B) thermogravimetric analysis (TGA)
of valencene (Val) and N-phenylmaleimide (PhMI) copolymers with different incorporation
ratios (Val/PhMI in mol%) and almost the same molecular weights (M,) obtained in the radical
copolymerization in PhC(CF;),OH at 60 °C: [Val]o+t[PhMI]y = 1.2 M, [AIBN]p = 8.0 mM:
Val/PhMI, M,: 41/59, 4300 (red lines); 37/63, 4400 (green lines); 32/68, 4900 (blue lines).

4. Conclusion
In conclusion, valencene, which is a naturally occurring sesquiterpene having an

unconjugated 1,1-disubstituted vinyl group attached to a fused ring consisting of two C6-rings
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and an internal olefin, was radically copolymerized with maleimides, acrylates, and other
(meth)acrylic monomers. Valencene showed a higher copolymerizability than limonene, which
has a similar unconjugated 1,1-disubstituted vinyl group attached to a single C6-ring with an
internal olefin, in spite of the bulkier substituent and underwent concurrent 1:1 and 1:2-radical
copolymerization with N-phenylmaleimide in PhC(CF3),OH. The obtained copolymers had
relatively high glass transition temperatures and high thermal stabilities. The characteristic
chemical structures of the biobased products thus enable radical copolymerization with specific

monomer sequences to produce novel biobased polymers with unique properties.
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