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A novel starch-based ether bearing cinnamyl functionalities, conferring photo-crosslinking properties, is
synthesised by reaction with cinnamyl chloride in the presence of sodium hydroxide. Natural yuca was
selected as a sustainable source of starch. Three different molar equivalents of reagents are used,
affording starch-cinnamyl ethers with different degrees of substitution, ranging from 0.09 to 1.24, as
determined by liquid phase nuclear magnetic resonance (NMR). The double bonds in the cinnamyl
moieties show reactivity towards photodimerization upon irradiation at 254 nm, affording a novel cross-
linked bio-inspired polymer. The formation of the covalent ether linkage and the [2+2] cycloaddition of
the cinnamyl units are confirmed by a combination of spectroscopic techniques, including solid state
NMR. The materials are further characterized by gel permeation chromatography (GPC),
thermogravimetric analysis (TGA), and X-ray diffraction analysis (XRD). Starch-cinnamyl ethers with a DS
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1. Introduction

In the last few decades, significant academic and industrial
research has been directed towards the development of inno-
vative bio-based polymers from renewable and biodegradable
biomass resources.'” Owing to its high availability, low cost,
high biocompatibility and biodegradability, renewability, good
film-forming ability and processability, about 50% of bioplas-
tics currently in use are derived from starch.*” Furthermore,
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research is fostering the development of starch-based innovative
products, to be applied in the expanding fields of biomaterials,
regenerative medicine and therapeutic area (e.g., hydrogels,
aerogels and biofoams).® The richness of hydroxyl groups makes
starch easy to modify in terms of structure and functional
properties exploiting chemical or enzymatic methods.”*°
Despite the widespread use of starch-derived products in the
market, moisture sensitivity and brittleness remain challenges to
be overcome. To this aim, acetylation,""* blending with syn-
thetic polymers (e.g. polyethylene, polyvinyl acetate or styrene
butadiene rubber), incorporation of nanometric bio-fillers,"* and
modification with cross-linking units which induce network
formation*™® have been employed to improve the tensile
strength and the hydrophobicity of starch. However, poor com-
patibility among starch, filler and synthetic polymers, non-
biodegradability or even toxicity of some incorporated com-
pounds raise concerns about the application of these materials
in specific fields, such as food packaging.™'” In this scenario, the
use of naturally occurring crosslinking agents has recently
attracted increased attention as a promising route to tackle
environmental and health concerns, along with economic
issues.* Among them, photo-catalyzed reactions are particularly
useful, since they proceed with high selectivity and efficiency
without producing toxic side products. Due to natural abun-
dance, cinnamyl moieties (3-phenylprop-2-en-1-yl moieties) can
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be fished out as a promising option. Many cinnamyl derivatives
are well-known antioxidants and are supposed to have several
benefits due to their strong free radical scavenging behavior,
antibacterial, antiviral and antifungal properties.'® Cinnamyl
derivatives can act as cross-linking agents, due to their well-
known ability to undergo a reversible [2+2] cycloaddition under
UV light at a specific wavelength, without the need for addi-
tional chemicals as photoinitiators.**?° This has been exten-
sively exploited for the production of several photo-cross-
linkable polymers, such as poly(vinyl cinnamate) applied in
liquid crystal displays, in tissue engineering,*' and in cellulose-
based organic transistors.”>”>* Recently, cinnamyl units have
also been employed in the so-called ‘“smart materials”, whose
molecular structure and subsequent properties can be changed
in response to external stimuli such as light, heat, and pH,
imparting them interesting and programmable properties for
advanced applications.”>?® In these systems, cinnamyl deriva-
tives allow replacing toxic and non-sustainable adducts such as
anthracene, thiols, or azo compounds;*’"2° furthermore, the
photoactivated cross-linking polymerization represents an eco-
friendly procedure as it does not require either heating or
solvents.>** Very few studies in the literature have reported
the synthesis of cinnamyl moieties grafted to starch,**** while,
as far as we are aware, there is only one example of the
photocross-linking reaction performed on such derivatives.*®
The present study proposes a synthetic protocol towards new
starch-based polymers bearing cinnamyl functionalities, where
for the first time the grafting strategy involves a cinnamyl
etherification reaction, in place of the more widespread cinna-
moyl esterification (Scheme 1). The ether bond is known to be
chemically more stable, and less polar than its ester counter-
part; in addition, it may modify the structural and mechanical
properties of the overall structure due to changes in carbon
hybridization and conjugation system.*’

The etherification reaction is studied under different condi-
tions, and the ability of starch-cinnamyl derivatives to undergo
photo-induced cross-linking is investigated by UV-Vis spectro-
scopy and, for the first time on such derivatives, by nuclear
magnetic resonance spectroscopy (NMR), allowing us to gain
interesting insights into the reactivity of the system. Finally, the
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Scheme 1 Acylation and etherification strategies towards cinnamyl
starch derivatives (in red the extended conjugated p-system).
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starch-cinnamyl ether was exploited for the preparation of
transparent films by the solvent casting method in view of
potential application as transparent biodegradable packaging
materials.

2. Materials and methods
2.1 Materials

Before use, yuca (or cassava) starch powder from Colombia
(almidon de yuca dulce produced by Cimpa s.a.s.) was dried in a
static oven for 48 h at 65 °C; the average weight loss was between
9% and 11%. Cinnamyl chloride (3-chloropropenyl)benzene
(CINN-Cl, CAS 2687-12-9, purity 95%), [AMIM]CI (1-allyl-3-
methylimidazolium chloride, CAS 65039-10-3, purity > 97%),
pyridine (CAS 110-86-1, purity 99.8%) and benzoyl chloride
(PhCOCIl, CAS 98-88-4, purity 99%), anhydrous NaOH (pellets,
purity grade > 98%), and tetrahydrofuran (THF, inhibitor-free,
HPLC grade > 99.9%) were purchased from Sigma-Aldrich and
used without any further purification. Acetone (CAS 67-64-1,
96.6% purity grade), and analytical grade ethanol (EtOH, CAS
64-17-5) were purchased from Thermo Fisher Scientific. Anhy-
drous dimethyl sulfoxide (DMSO, CAS 67-68-5, analytical grade)
was purchased from VWR International. Ultrapure water was
obtained using the Milli-Q™ system with residual conductivity
of 13 uS cm™". DMSO-d (CAS 2206-27-1, 99.5 atom% D) and
trifluoroacetic acid-d (TFA-d, CAS 599-00-8, 99.5 atom% D) for
NMR spectroscopy were purchased from Acros Organics. Thin
layer chromatography (TLC) was performed on silica gel 60 F,s,
coated glass plates (Merck), using a 10:0.5 CHCl; : EtOH mix-
ture as the eluent and visualized with an UV lamp at a 254 nm
wavelength.

2.2 General procedure for the synthesis of starch cinnamyl
ether derivatives

Three different starch/NaOH/cinnamyl chloride ratios were
used in order to obtain different substitution degrees (DS).
The ratios are calculated on the mmol of anhydroglucose units
(AGU, MW = 162.14 g mol ).

Typically, 1 g (6.16 mmol AGU) of dried yuca starch is
suspended in 16 mL of dry DMSO (c = 62.5 g L") in a round-
bottom flask and heated to 90 °C with an oil bath under
magnetic stirring until dissolution (3 h). The solution is then
cooled to room temperature and powdered NaOH, previously
suspended in 2 mL of the reaction mixture, is added (6.16 mmol
or 18.48, Table 2). The mixture is homogenized for 1 hour.
Cinnamyl chloride (0.164 g, 0.940 g, or 4.236 g) is added
dropwise, and the reaction is kept under stirring for 24 hours
at room temperature. The solution is transferred into a plastic
centrifuge tube, cold acetone (30 mL) is added and gently
mixed. After 10 min the crude product precipitates, the suspen-
sion is centrifuged (5000 rpm, 20 °C, 10 min), the solvents are
carefully removed and the solids (white powder) are washed
under magnetic stirring for 10 min with a mixture of 30 mL of
acetone and 5 mL of deionized water in order to remove
residual organics (cinnamyl chloride or by-products derived

This journal is © The Royal Society of Chemistry 2025
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thereof) and inorganics (NaOH and NaCl); the suspension is
centrifuged (5000 rpm, 20 °C, 10 min), the solvents are carefully
removed and the washing is repeated once more with a fresh
acetone:water mixture, followed by a final washing with pure
acetone (30 mL). The collected solids are dried under vacuum
in a desiccator. TLC of mother liquors was used to monitor
washing effectiveness in removing organic by-products.

2.3 Starch cinnamyl ether film preparation

450 mg of cinnamyl-starch ether (DS 0.09, CS1) are dissolved in
10 mL of deionized water at 90 °C under magnetic stirring for
1 hour. After complete dissolution, 2 mL of the solution are cast
at room temperature on a Petri dish of low-density polyethy-
lene. The film is peeled-off, and dried at room temperature in
air for 3 days.

2.4 Materials characterization

Yuca starch gel permeation chromatography (GPC). GPC
analysis is performed on perbenzoylated starch samples, pre-
pared as follows: 32 mg (0.196 mmol AGU) of dried yuca starch
are dissolved in 1 g of [AMIM]CI in a glass flask by stirring at
90 °C for about 1 hour. After complete dissolution, the mixture
is cooled to room temperature. Subsequently 200 pL of pyridine
(2.48 mmol), and 200 pL of PhCOCI (1.72 mmol) are added. The
mixture is vortexed for 10 min and stirred at room temperature
for 1 hour in order to afford a homogeneous solution.
The crude product is precipitated by adding 10 mL of a 7:3
EtOH : H,O mixture. The solids are recovered by centrifugation
(3000 rpm, 15 min), after removal of the supernatant. In order
to fully remove the ionic liquid, pyridine salts and excess
reagents, the precipitate is vortexed in a 7:3 fresh mixture of
EtOH:H,0 (10 mL, 10 min) followed by centrifugation
(3000 rpm, 15 min). These steps are repeated twice. The white
solid is dried under reduced pressure. 1 mg of perbenzoylated
starch is dissolved in THF and filtered with a GHP 0.45 um
Acrodis syringe filter for the GPC analysis.’” The analyses are
performed with a HP1100 series liquid chromatography con-
nected to a HP 1040 UV photodetector at a wavelength of
240 nm. The injector has a Rheodyne loop valve with a loop
capacity of 20 pL. The GP-column system was composed as
follows (according to the solvent flow direction): Agilent PLgel
5 um (500 A), Agilent PLgel 5 pm (1000 A) and Agilent PLgel 5
um (10 000 A). THF at a flow rate of 1 mL min~* was flushed. PL
Polymer Standards of Polystyrene from Polymer Laboratories
are used for calibration. The evaluation of the number-average
molecular weight (M,) and the weight-average molecular
weight (M,,) of the samples is performed. Moreover, the ratio
I = M,/M,, defined as the dispersity index is also calculated.
The reported M, and M, values are the average of three
analyses (standard error M,: 500 g mol *; M,: 100 g mol ).

ATR-FTIR. Fourier transform infrared spectra are acquired
in the attenuated total reflectance mode at room temperature
in the range of 4000-550 cm™ ' with a ThermoFisher Nicolet
iS20 instrument (spectral resolution of 4 cm™" and 64 scans).
The ATR-FTIR spectra are analyzed using OMNIC software and
reported after background subtraction and baseline correction.

This journal is © The Royal Society of Chemistry 2025
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Solution 'H and '*C-NMR. The solution NMR spectra are
recorded with a Bruker Avance 400 WB spectrometer operating
at a proton frequency of 400.13 MHz for "H-NMR and at a carbon
frequency of 100.61 MHz for the C-NMR. The analyte is
prepared by dissolving about 30 mg of starch samples in
750 pL of DMSO-dg (2 h, 70-90 °C, under stirring). The solution
is then transferred to an NMR test tube at room temperature, and
50 pL of deuterated trifluoroacetic acid*® are added in order to
quench residual hydroxyl group signals, for the determination of
the substitution degree (DS) and the degree of branching (DB).

Determination of the degree of substitution (DS) and degree
of branching (% DB)?®. The DS is defined as the number of
substituents per anhydrous glucose unit (AGU); the value may
vary between 0 and 3, for the hydroxyl groups on carbon 2, 3 and
6; the maximum value (3) can be obtained only in case the 6-OH
is not involved in o(1,6)-linkages. Since starch contains o(1,6)-
branched amylopectin, the DS cannot reach the maximum value.

The DS is determined by the ratio between the normalized
integration area of the aromatic protons (4pn/5) and the inte-
gration areas of the anomeric protons Ay 4) + Ay,6), following
eqn (1).

Apn

DS = 1)
5 (As14) + Aagr )

The % DB is estimated through the percent ratio between the
peak area of the anomeric proton involved in the o(1,6) linkage
(4.77 ppm) and the integration areas of the anomeric protons
As(1,a) + A:x(1,6)38 (eqn (2)

Atx(l,é)

DB (%) =——>——
(%) Aga) + Augr6)

-100 )

Solid State NMR. Solid state NMR spectra are recorded with
a Bruker (Billerica, MA, USA) 400 WB spectrometer operating at
a proton frequency of 400.13 MHz under the following condi-
tions for cross polarization magic angle spinning (CPMAS)
experiments: *C frequency 100.48 MHz, contact time 3 ms,
decoupling length 5.6 ps, recycle delay 10 s, 2k scans. For cross
polarization with polarization inversion (CPPI) experiment®® CP
and PI times were 50 us and 43 ps, respectively. In all the
spectra, adamantane was used as an external secondary refer-
ence. Samples were packed in zirconia rotors and spun at
11.2 kHz to avoid signal overlapping with spinning sidebands.

UV-Vis spectroscopy. UV-Vis analyses are performed with an
UV-vis Cary 60 spectrophotometer in a 5 mm quartz cuvette,
with samples 10~* M for cinnamyl functional group concen-
tration in water. The samples are irradiated with a UVLS-24
Fisher UV-lamp equipped with 35 W lamp emitting at wave-
lengths centered at 365 and with a Helios UV low pressure Hg
Lamp with emission peak at 4 = 254 nm. To avoid overheating
effects, the samples are cooled with an ice-cold water bath
during irradiation.

UV-DRS. Diffuse reflectance spectroscopy (DRS) was per-
formed using a PerkinElmer, precisely, Lambda 1050+ UV/vis/
NIR spectrophotometer. The powders were dispersed in EtOH
and drop-casted on a quartz slide.

J. Mater. Chem. B, 2025, 13, 943-954 | 945
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Scheme 2 Benzoylation procedure of pristine starch PS.

TGA. The TGA analysis is performed with a Mettler Toledo
TGA/DSC1 STARe system. The thermograms span from 30 °C to
1000 °C, with a heating rate of 10 °C min~’, and a constant
50 mL min~* N, flow.

XRD. XRD patterns of the powder samples were recorded on
a Rigaku (Tokyo, Japan) DMAX III diffractometer in Bragg-
Brentano geometry, equipped with a Cu source (1 = 1.54056 A)
in the following conditions: 26 range from 2 to 45, steps of 0.05°
and 3 s counting time.

3. Results and discussion

Starch is a natural polymer characterized by two components, the
linear o(1,4)-polysaccharide amylose, and the branched o(1,6)-
polysaccharide amylopectin. For the present work, yuca (or
cassava) was selected as the starch source, since its cultivation
is sustainable, high yielding and it does not require demanding
agricultural practices.*’ The starch source defines starch compo-
sition in terms of the two components, which will have impact on
starch functionalization. For yuca starch, the literature reports*' a
17% amylose content and 83% amylopectin. Besides a compre-
hensive characterization of the native polysaccharide, the struc-
ture and the functionalized starch cinnamyl ether were carefully
studied by X-ray diffraction (XRD), attenuated total reflection
Fourier transform infrared (ATR-FTIR) spectroscopy, liquid and
solid-state nuclear magnetic resonance (NMR), and thermogravi-
metric analysis (TGA). To prove the efficacy of the proposed
synthetic strategy in supplying a photo-cross-linkable material,
the photochemical properties of the starch cinnamyl ether have
been carefully checked by UV-vis spectroscopy, and by NMR.
Finally, considering the high demand for transparent biodegrad-
able materials in the frame of packaging products,*” a proof of
concept of the potential applicability of the novel bio-based
polyether in the preparation of transparent and homogeneous
films is reported.

3.1 Characterization of yuca starch

Since the extent of substitution with the cinnamyl moieties will
be influenced by starch composition, a preliminary character-
ization of yuca starch was performed. Pristine yuca starch was
characterized in terms of its number-average molecular weight,
weight-average molecular weight, and dispersity index by GPC
analysis, together with its degree of branching by solution "H-
NMR.

946 | J Mater. Chem. B, 2025, 13, 943-954
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Perbenzoylated Yuca Starch (BS)

R = H, PhC(O)-
R, = H, AGUn, PhC(O)-

The determination of the average molecular weight of the
two components is usually performed through GPC chromato-
graphy after derivatization.”® Thus, a preliminary benzoylation
of the analyte both for the complete solubilization in the
chromatographic solvent and for the UV detection was per-
formed (Scheme 2), using the ionic liquid [AMIM]CI as the
solvent, under dark conditions.

GPC analysis (Fig. 1 and Table 1) allowed the determination
of the number-average molecular weight (M,), the weight-
average molecular weight (M,,) and the peak molecular weight
(Mp,), which is defined as the molecular weight at the maximum
absorbance, along with the polydispersity index (I).

—— BS GPC profile

—-—- deconv. profile 1
------------ deconv. profile 2
______ deconv. profile 3

107 108
MW (g/mol)

Fig.1 GPC chromatogram of yuca starch and the corresponding peak
deconvolution.

T T
1010 10° 108

Table 1 Contribution of the various MW fractions (1-3) in yuca starch
components as estimated by the deconvolution of the GPC profile. The
area (%) for each contribution is also reported

Yuca starch profile 1 2 3
Area (%) — 47 33 20
M, 1.4 x 10° 6.8 x 10° 1.5 x 10° 8.5 x 10°
M, 4.8 x 10° 8.7 x 10° 1.6 x 10°  1.45 x 107
M, 6.1 x 107 1.1 x 10° 1.8 x 10° 6.3 x 107
I 12.8 1.3 1.2 4.3

This journal is © The Royal Society of Chemistry 2025
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The GPC profile (Fig. 1) displayed a polymodal distribution,
thus the curve was deconvoluted by a Gaussian distribution,
affording three different contributions (profiles 1, 2, 3, Fig. 1);
the area (%) for each contribution is reported in Table 1.

The deconvoluted peaks 1, 2, and 3 correspond to molecular
weight (M,,) values of 1.1 x 10°, 1.8 x 10° and 6.3 x 10’ g mol ",
respectively. The higher M, peak (profile 3) was related to the
amylopectin component, in agreement with the literature data,
reporting values between 107 and 10° g mol*.**"*® Amylose has
a relatively lower M,, compared with amylopectin, ranging from
10° to 10° g mol . Accordingly, profile 2 was mainly (but not
uniquely) attributed to higher M,, amylose, whereas profile 1
was considered to comprise mostly (but not entirely) lower M,,
amylose.’

The yuca starch degree of branching calculated with respect
to the anhydroglucose unit was determined by solution 'H-
NMR as described in the Materials and methods section and
resulted in 3.7% (see Fig. 4); as a consequence, a maximum
degree of substitution of 2.96 can be expected.

3.2 Starch cinnamyl ether synthesis and characterization

Starch-cinnamyl ethers with different DS (namely low, medium
and high, samples CS1, CS2, and CS3 respectively) were synthe-
sized, in order to tune the physico-chemical properties, and
to check the readiness to undergo the photodimerization
reaction. The availability of starch-cinnamyl ethers with different
DS was considered as an opportunity to address several aspects:
(i) the identification of diagnostic signals, robustness and sensi-
tivity of the analytical techniques explored for the detailed char-
acterization, such as solution and solid state NMR, UV-Vis, ATR-
FTIR spectroscopies, (ii) solubility, thermal stability and optical
behavior, being key issues for the design of sustainable material
processing and features (i.e. the balance between water solubility
for sustainable processing and hydrophobicity as a water vapor
barrier is crucial for food packaging),"® (iii) the identification of
the best DS for the subsequent photocrosslinking reaction.

The synthesis of the cinnamyl-starch derivatives (CS1-3,
Scheme 3) required first the complete dissolution of starch in
DMSO at 80-90 °C; afterward the solution was reacted with
powdered NaOH at room temperature for 1 h, and finally
cinnamyl chloride was added.

In order to tune the substitution degree, different molar
equivalents of NaOH and cinnamyl chloride in respect to the
molar equivalents of AGU were tested (Table 2). Assuming that

OH
I
S o DMSO
HO 1) 80-90°C, 3 h
HO | . 2)NaOH, RT,1h

3) CINN-CI, RT, 24 h
Yuca Starch (PS)

View Article Online
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Table 2 Reagent amounts used for the etherification reaction (starch is
dissolved in DMSO, concentration ~ 60 g L™%)

Sample  Starch (g) and AGU NaOH/AGU  CINN-CI/AGU

name (mmol) amounts molar ratio  molar ratio Ds*
CS1 1.00, 6.16 1 0.2 0.09
CS2 1.00, 6.16 1 1 0.33
CS3 1.00, 6.16 3 4.5 1.24

“ Determined by NMR.

ya
7/

PS 3 H,0O

vO-H veo

//7\\“// ‘\

cs1 \

CS2
vC-H .,

Trasmittance (%)

vC-0 3C=C &C=C

T T
1000

vC=C
T

1500

7/

T T
4000 3500 3000

Wavenumber (cm™)

Fig. 2 FTIR-ATR of pristine yuca starch (PS), cinnamyl chloride (CINN-CL),
and cinnamyl starch samples CS1-3.

the maximum DS is very close to 3, reagent amounts corre-
spond to CINN-CI/AGU of 0.2, 1.0, 4.5 molar ratios, respectively.

The occurrence of the starch derivatization with the cinna-
myl moieties was first assessed by FTIR-ATR spectroscopy
(Fig. 2).

The 1200-800 cm ™' region shows the characteristic band
due to C-O vibrations in the COH and COC groups of starch. The
spectrum is modified by the presence of cinnamyl moieties, in
particular the appearance of the peaks at 691 cm ', 966 cm™*
and 1650 cm ™" could be attributed to the double bond stretching
(C=C) of the disubstituted alkene, and the peaks at 3000-
3100 cm ' to the C-H stretching of the alkene. The diagnostic

I

|

o O+ el + H,0
H

o~

CS1-3

Scheme 3 Starch etherification with cinnamyl moieties (CINN-CL, cinnamyl chloride). Three different molar equivalents of NaOH and cinnamyl chloride
were used, affording products CS1-CS3 with different degrees of substitution.

This journal is © The Royal Society of Chemistry 2025
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signals of the cinnamyl units are visible only for the CS3 sample,
with signal intensities as a function of the amount of reagents
used, qualitatively indicating the presence of cinnamyl moieties
in the starch derivatives.

Since the FTIR sensitivity confirms the presence of the
cinnamyl moiety only on the sample obtained with the highest
amount of reagents, solution and solid phase NMR were used to
further investigate the effectiveness of etherification reaction,
demonstrating the presence of the covalent ether bond between
the starch and the cinnamyl moieties. In addition, being
quantitative, "H-NMR allows the DS determination of the sam-
ples (Table 2). The spectra (Fig. 3) were recorded in the presence
of deuterated trifluoroacetic acid, since it quickly exchanges the
protons of the unsubstituted OH groups with deuterium atoms,
thus eliminating disturbing signals overlapping with the proton
peaks of the starch backbone, needed for an accurate DS
quantification. The non-deuterated trifluoroacetic acid resulting
from this equilibrium gives rise to a broad signal centered at
around 7.5 ppm, out of the diagnostic region of interest.

It’s worth noting that the appearance of the peaks related to
the cinnamyl moieties can be observed even for the low sub-
stitution sample CS1, thus suggesting NMR as sensitive enough
for the determination of etherification effectiveness. The aro-
matic protons (H-11-H-13) resonate in the range of 7.5-
7.2 ppm, while the vinyl protons are detected at 6.65 ppm (H-9),
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and at 6.35 ppm (H-8). The allyl methylene protons (H-7) resonat-
ing at 4.34 ppm in the cinnamyl chloride are shifted to slightly
higher fields (4.26 ppm) in the corresponding starch-cinnamyl
ethers.

The broadening of the signals of the cinnamyl substituent in
the functionalized samples if compared to the pure CINN-CI is
a consequence of the positional distribution of the group
within the AGU moiety (C-2, C-3, and C-6), and of the three
different starch components observed by GPC. The related *C-
NMR spectrum for the starch-cinnamyl ether (CS1) is reported
in the ESIt (Fig. S1).

The anomeric protons o(1,4) and o(1,6) resonate at 5.10 ppm
and 4.77 ppm, respectively; the integrals of these peaks in 'H-
NMR spectra allow to quantitatively determine the DS (Table 2),
as described by eqn (1).

Since it is expected that the photocross-linking reaction may
afford insoluble products, solid state '*C CPMAS NMR spectra
were recorded in order to obtain reference spectra before the
photocatalytic process and fully characterize all cinnamyl-
starch derivatives (Fig. S2, ESIt). Spectra of starch-cinnamyl
ethers with 0.33 DS (CS2), pristine starch (PS), and cinnamyl
chloride (CINN-CI) are reported in Fig. 4. The resonances of
starch carbons are found in the region of 94-105 ppm for C-1,
80-84 ppm for C-4, 68-77 ppm for C-2, C-3, C-5 and 58-65 ppm
for C-6."

DMSO

H3,5,6 H2,4

H4’
H1’

H7

18]

T T T T T T T T T

95 90 85 80 75 70 65 60 55

45 40 35 30 25 20 15 1.0 ppm

Fig. 3 Comparison of *H-NMR in DMSO-dg of pristine starch (PS), CS1 (green) and cinnamyl chloride (black). For the sake of clarity, numbering of the
cinnamyl moiety in cinnamy! chloride and in the starch derivatives has been arbitrarily assigned (not compliant with [IUPAC nomenclature); H1 refers to
the anomeric protons involved in the «(1,4) glycosidic linkage; H1' refers to the anomeric protons involved in the a(1,6) glycosidic linkage; H4' refers to

the non-reducing terminal glucose units.
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Fig. 4 3C CPMAS NMR of (a) CINN-CL, (b) pristine yuca starch (PS), (c)
cinnamyl starch CS2, and (d) *C CPPI NMR spectra of CS2 sample
(cinnamyl methylene carbons involved in the ether linkage are highlighted).

The vinyl carbons of CINN-CI resonate at 134 and 125 ppm
(C-9 and C-8, respectively, Fig. 4), while the phenyl ring reso-
nances are located in the range 125-130 ppm (C11-13) and
136 ppm (C10). The presence of the corresponding peaks,
despite being broader, in the substituted starch CS2 further
confirms the presence of the cinnamyl moiety. The allylic
carbon C-7 in the cinnamyl chloride resonates at 46 ppm
(Fig. 4a), while it is not detected in the cinnamyl-starch samples
(Fig. 4, and Fig. S2 in the ESIY). In agreement with the literature
data on cinnamyl ethers*® the occurrence of the etherification
reaction is expected to cause a shift of the allylic carbon C-7 to
about 70 ppm, in the same spectral region of starch carbon atoms.
In order to try to identify the C-7 signal and to definitely ascertain
the formation of the covalent bond between starch and the
cinnamyl moieties, a cross polarization with polarization inversion
(CPPI) pulse sequence was applied to the solid-state NMR analysis
of sample CS2. The parameters were optimized in order to obtain
3C spectra with CH, resonances as negative peaks and suppressing
all the other carbons resonances (e.g:: CHz;, CH and quaternary).*
The ®*C CPPI NMR spectrum of CS2 (Fig. 4d) shows three signals.
The first centered at 61 ppm is due to the C-6 carbon of the glucose
units. The other two located at about 68 and 71 ppm represent the
cinnamyl allylic CH, involved in the ether linkages (C-7), in
agreement with the literature.” The presence of two peaks may
be due to different sites of grafting onto starch chains. Never-
theless, these signals, together with the absence of the peak at
46 ppm related to the allyl chloride, definitely prove the successful
covalent grafting of cinnamyl moieties on yuca starch.

It is worth mentioning that the C-1 carbon signal is sensitive
to starch crystalline conformations.”® As a matter of fact, the
signal shape of the C-1 resonance of yuca starch is typical of
crystalline starches, while the C-1 line shape of derivatized
samples (CS1-3) indicates amorphization as a result of the
processing, in agreement with XRD analyses (see Fig. S3, ESIT).

In summary, solution and solid-state NMR spectroscopy
techniques definitively confirm the covalent ether bond of yuca

This journal is © The Royal Society of Chemistry 2025
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starch with the cinnamyl moiety, while FTIR analysis qualita-
tively allows the identification of typical signals only with high
DS samples.

It is expected that the solubility of starch derivatives could
be influenced by the degree of substitution, since apolar groups
derivatize the polar and hydrogen bond donors hydroxy groups.
Hence, solubility behavior was studied on starch cinnamyl
ethers CS1-3. Low substituted CS1 (DS = 0.09) was soluble in
demineralized water; CS2 (DS = 0.33) was soluble in ethanol
after a long mixing time at room temperature but not in water,
whereas the CS3 derivative (DS > 1), was insoluble in polar
solvents such as water, ethanol and acetone both at r.t. and
under reflux, while it could be dissolved in toluene at 90 °C.
Thus, tuning the degree of substitution allows starch to become
water soluble when slightly functionalized, disturbing the
strong intra- and intermolecular hydrogen bond network, while
higher derivatization increases its solubility in less polar organic
solvents, possibly influencing its applicability.

The ability to absorb light is at the basis for photoinduced
reactions. In order to check this ability for the subsequent
photo-crosslinking reaction, the optical properties of the starch-
cinnamyl derivatives were investigated (Fig. S4, ESIT). Due to the
solubility features in water of the derivatives, the UV-vis study
was performed exclusively on the low substitution sample,
namely CS1, and compared with cinnamyl chloride and pristine
starch (Fig. S4a, ESIt). As expected, pristine yuca starch does not
display any absorption; maximum absorption of CINN-CI and
CS1 was detected at 257 and 252 nm wavelength, respectively.
The low hypsochromic shift in the absorption band for
cinnamyl-starch may be reasonably related to the substitution
of the allyl chloride with the ethereal oxygen, further confirming
the occurrence of the etherification reaction, even in the low
substitute sample. The optical properties of substituted deriva-
tive CS3, rendering it insoluble in water, were inspected by UV-
DRS (Fig. S4b, ESIt). The diffuse reflectance spectrum of the CS3
powders revealed a remarkable depletion of the reflectance
intensity, that is, an increase of the absorption ability, when
compared to pristine starch; the observed behavior is an addi-
tional evidence of the cinnamyl chromophore grafting.

TGA analysis enables assessing both the thermal stability
and the alteration of the degradation behavior of starch as a
function of the substitution degree and distribution of cinna-
myl units. These properties constitute an important attribute
for its potential use in packaging products. Fig. 5 summarizes
the TGA profiles of CS1, CS2 and CS3 samples in comparison to
pristine yuca starch.

The thermal degradation of pristine starch (PS) under a
nitrogen atmosphere resulted in a two-step process, starting
with a dehydration step between 35 °C and 144 °C corres-
ponding to a weight loss of about 10%, followed by the
decomposition of the polysaccharide initiating at 270 °C with
a maximum weight loss at 297 °C. In the case of starch ethers
with a lower DS (CS1 and CS2), a multi-step decomposition was
observed, indicating the presence of non-functionalized and
functionalized fractions of the polymer.*® As long as the sub-
stitution degree increases (i.e. CS3 sample), a single step profile
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Fig. 5 TGA of pristine yuca starch (PS), compared to starch cinnamyl
ethers CS1 (DS = 0.09), CS2 (DS = 0.33) and CS3 (DS = 1.24).

is detected as well as a slight enhancement of the thermal
stability, indicating a more homogeneous derivatization of
polymer chains. These changes are better appreciated in the
first derivative function (Fig. 5, inset).

3.3 Starch cinnamyl ether photodimerization

Cinnamyl moieties are known to give photocatalyzed reactions,
based on a [2+2] pericyclic mechanism, upon exposure to
irradiation at a suitable wavelength. Competing reactions have
been observed by researchers, such as thermal cross-linking
through a radical mechanism,*® and double bond isomeriza-
tion (Scheme 4). The starch-cinnamyl ether CS1 (DS 0.09)
was subjected to photoinduced dimerization by exposure at
365 nm (Scheme 4). The wavelength selection was based on
the UV-Vis spectrum, showing a maximum absorption
at ~250 nm, featuring an extended tail terminating at

CH,0OStarch
Ph— D—ph
StarchOCH;
a)
- * pPh
Ph
2X »;::J' StarchOCH, Ph
Starch.. .~ CH,OStarch
Ph
_Ph
b) _,.-\[,,.Ph ﬂ
Starch. J A
arch. (_1)
O Starch”
Starch~ —

Scheme 4 Cross-linking products expected by (a) photoinduced reac-
tion and (b) thermal radical reaction; inset: double bond isomerization by-
product. New bonds are highlighted in red (Ph = phenyl).

950 | J Mater. Chem. B, 2025, 13, 943-954

View Article Online

Journal of Materials Chemistry B

~370 nm (ESL,t Fig. S4a). The study was performed exclusively
on the low substitution sample due to its water solubility.

The evaluation of the absorbance in the UV range is a
commonly used method to monitor cycloaddition reactions in
cinnamyl derivatives,'” where the decrease in the peak intensity
of the C-C double bond is considered diagnostic of the
cycloaddition reaction. Thus, the photo-cross-linking ability
of the cinnamyl-substituted starch was investigated by UV-Vis
spectroscopy after irradiation at 4 ~ 365 nm and, subse-
quently, at A = 254 nm (Fig. 6).

A progressive decrease of the absorption band at ~250 nm
was detected, especially upon irradiation at 4 = 254 nm; this
observation can be ascribed to the conversion of double bonds
into a saturated cyclobutane ring, thus losing p-conjugation
with the benzene ring (Fig. 6a).”" The variation of the maximum
absorbance (4 ~ 250 nm) plotted against the irradiation time
(Fig. 6b), showed an exponential decay until a plateau was
reached after 140 min of irradiation. These preliminary results
confirm that the double bonds in cinnamyl ether starch are
photoreactive. However, UV-Vis spectroscopy does not give any
insight into the reaction products (and related mechanism), i.e.
photodimerization vs. isomerization. Here, for the first time on
such complex derivatives, the photodimerization products were
further studied through "H-NMR analysis (Fig. 7 and Fig. S5, S6
in the ESIf). In order to overcome solubility and sensitivity
problems in the NMR analysis, photodimerization was per-
formed on the CS2 starch ether sample in DMSO-ds and
irradiated at 4 ~ 365 nm for 24 h. The cyclobutane signals,
resonating between 3 ppm and 4.5 ppm, are usually considered
a proof of the photodimerization reaction.’>”>® However, these
diagnostic peaks are expected in the crowded region of the
starch signals. Upon UV exposure, NMR spectra showed
changes in the aromatic and vinyl signals (shaded areas) and
new peaks (*) at ~5.9 and ~6.9 ppm (Fig. 7). The new signals
at ~5.9 and ~6.9 ppm can be ascribed to H-8 and H-9 ina Z
configuration, as a result of photoinduced isomerization.
Indeed, in the Z configuration, vinyl hydrogens resonate
slightly more upfield.>* Even so, the decrease of the integral
value of vinyl protons with respect to the aromatic H11-H13
may suggest partial photodimerization. This observation is an
interesting hint deserving further investigation. Taken
together, data indicate that, under the used experimental
conditions, a competition between the two processes occurs,
as widely reported for cinnamyl derivatives in several literature
studies.”*>*

In summary, UV-Vis and NMR investigations support a
partial but successful cross-linking reaction through the [2+2]
cycloaddition of the double bonds of the starch cinnamyl units.
Further investigations are needed in order to study the best
degree of substitution and conditions (i.e. solvent) in order to
reduce the isomerization side-reaction.

3.4 Cinnamyl starch film

To provide proof of the potential applicability of the novel bio-
based polymer, films were produced by the solvent-casting

This journal is © The Royal Society of Chemistry 2025
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spectra and * indicates new peaks; relevant integrals are indicated (/).

technique. CS1 derivatives were used, due to their water solu-
bility (a biocompatible solvent).

The obtained film appears homogeneous and transparent
(Fig. 8a). The observation of the films under a TLC UV lamp at
A=254nmor A ~ 365 nm shows emission in the Vis range as a
qualitative confirmation of the surface exposure of the cinna-
myl chromophoric units (Fig. 8b and c). Control films made by
pristine starch are used as control (Fig. 8d-f).

4. Conclusions

An innovative bio-based polymer based on starch grafted with
cinnamyl moieties was synthesized. FTIR, solution and solid-
state NMR definitively demonstrate the effectiveness of the

This journal is © The Royal Society of Chemistry 2025

grafting process through a covalent ether bond. The degree of
substitution can be tuned by varying the reagent ratio. Inter-
estingly, starch is converted into a water soluble bio-inspired
polymer when the degree of substitution is low, allowing film
formation under biocompatible conditions.

The crosslinking ability of the cinnamyl moieties was effec-
tive at 4 > 254 nm as demonstrated by UV-Vis spectra and
suggested by solution-phase 'H-NMR analysis. NMR studies
provided a more detailed understanding of the photochemical
process, revealing a double bond isomerization competing with
the cycloaddition and cyclobutane ring formation.

These outcomes appear encouraging and demonstrate the
efficacy of the methodological approach adopted in supplying a
bio-based light responsive system potentially applicable to
packaging products.
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Fig. 8
film under UV lamp at (e) 254 nm and (f) at 365 nm wavelengths.
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