Accepted Manuscript

Synthesis, photodegradable and antibacterial properties of polystyrene-
cinnamaldehyde copolymer film

Umeka Nayanathara, Nilwala Kottegoda, Inoka Perera, Thilini Kuruwita
Mudiyanselage

PII: S0141-3910(18)30243-X
DOI: 10.1016/j.polymdegradstab.2018.07.021
Reference: PDST 8605

To appearin:  Polymer Degradation and Stability

Received Date: 25 January 2018
Revised Date: 20 July 2018
Accepted Date: 21 July 2018

Polymer
Degradation
and
Stability

Please cite this article as: Nayanathara U, Kottegoda N, Perera |, Mudiyanselage TK, Synthesis,
photodegradable and antibacterial properties of polystyrene-cinnamaldehyde copolymer film, Polymer

Degradation and Stability (2018), doi: 10.1016/j.polymdegradstab.2018.07.021.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all

legal disclaimers that apply to the journal pertain.



https://doi.org/10.1016/j.polymdegradstab.2018.07.021

Synthesis, photodegradable and antibacterial propéies of
Polystyrene-cinnamaldehyde copolymer film

Umeka NayanathataNilwala Kottegoda > 3 Inoka Perefa Thilini Kuruwita

Mudiyanselage® 2
! Department of Chemistry, Faculty of Applied Sciendaiversity of Sri Jayewardenepura.

2 Center for Advanced Material Research, Faculty ppled Science, University of Sri

Jayewardenepura.

% Sri Lanka Institute of Nanotechnology, Nanoscieaod Technology Park, Mahenwatta,

Pitipana.
* Department of Zoology, Faculty of Science, Univigrsit Colombo.
*Corresponding author: Tel.: +94718512861; fax: ¥82804206

E-mail address: thilinidg@sjp.ac.lk (T Kuruwita Mydnselage)



ABSTRACT

Copolymerization of styrene (St) and different gatiof Cinnamaldehyde (Cin) from
cinnamon oil and synthetic cinnamaldehyde wereedmout by free radical polymerization,
and were characterized by Fourier Transform InffafETIR) spectroscopy, Thermo
Gravimetric Analysis (TGA), Differential Scanningal@rimetric (DSC) analysis, and Gel
Permeation Chromatography (GPC). Photodegradatiorcirmamaldehyde incorporated
copolymer (Poly (St-co-Cin)) films have been stddi¢ outdoor weathering and under direct
ultraviolet (UV) radiation. The extent of photodadation was assessed by FTIR
spectroscopy, percentage weight loss, surface sinalpverage molecular weights and
polydispersity indices. FTIR analysis confirms tpbhotodegradable mechanisms of the
copolymer films as Norrish Type I, Norrish Typedhd photo-oxidation. Extreme weight
loss was observed at outdoor weathering with 36.7A68tght loss for 75% (w/w)
cinnamaldehyde (natural-from cinnamon oil) incogied copolymer (Poly(St-co-N-Cin)),
and 45.58% weight loss for 75% (w/w) cinnamaldeh{giathetic) incorporated copolymer
(Poly(St-co-S-Cin)) with respect to 2.5% weightdder polystyrene (PS) homopolymer for
the period of 100 days. The average molecular ieighPoly(St-co-Cin) copolymers after
outdoor weathering have drastically reduced contpaoepolystyrene. Scanning Electron
Microscope (SEM) images clearly depict the fractgemeration on Poly(St-co-Cin) films
upon degradation. Embrittlement and color develagmef the copolymer films with aging
were noticeably evident. Furthermore, copolymersewtested positive for antibacterial

activity against both gram negative and gram paesitiacteria.

Keywords: Polystyrene; Photodegradation; Cinnamaldehydetdkeasitizer; Antibacterial

activity



1. INTRODUCTION

Due to the extraordinary properties and relatiwe tmst, polymers have become imperative
to mankind [1]. Albeit their attractiveness, duethe deficiency of degradability, polymeric
materials have impended environmental sustaingljfit A grand challenge facing today is
to develop environmentally friendly polymeric prats having similar particularity as
traditional materials. On that note, degradableg/mpeks could be considered as an emerging

resolution.

Different degradation mechanisms have been higtdjinecently as photo degradation [3],
thermal degradation [4,5], ozone-induced degradaft), mechanochemical degradation
[7,8], catalytic degradation [9] and biodegradatifif0,11]. In the view of the facts
concerning practical aspects, photodegradation verg attractive approach although not

much attention had been paid [12].

Incorporation of a photosensitizer is the key apploin this regard [13]. Two methods have
been practiced in literature for such developmenplwtodegradable products. The first
approach is centered on the impregnation of phasiseer into the polymer material, while
the second advancement is based on introducinghb®sensitizer into the polymer chain
itself through co-polymerization or grafting [13Pegradation is facilitated by both methods
through the generation of oxidizable polymeric cat. The main advantages of the latter
over the former is that there is no leachabilitytled sensitizer from the polymer with time,

and thus the higher degradable rate [14].

The direct incorporation of carbonyl group sensitizinto the polymer backbone is gaining
more attention as the best solution for the abaesvidack, also due to its performance on
accelerated degradation. Polymers containing cgtlgpoups undergo photodegradation via

Norrish type | and Norrish type Il degradation maalsms [12].



During the past few years, researchers were ablBntb photodegradable polymers by
directly incorporating the carbonyl functional gpoun to the polymer chain. Cernia et al. has
synthesized ethylene vinyl alcohol copolymer gihftath diazoacetophenones to study the
photodegradable behavior [15]. Tanaka et al. hgméhesized atactic and isotactic polymers
of tert-butyl vinyl ketone (t-BVK) as photodegradatpolymers. As those poly (t-BVK)
homopolymers were shown as highly photodegrad#indg, have synthesized the copolymers
of t-BVK with styrene andi-methyl styrenedo-MSt) by bulk polymerization, and found that
copolymers were highly photodegradable with styrévaama-MSt [16]. Li and Gulliet have
studied the photochemistry of ethylene copolymeith Wwetone photosensitizers such as
carbon monoxide, methyl vinyl ketone, and methgbi®penyl ketone [17]. Andrady et al.
has studied the degradation behavior of ethylertsocamonoxide (ECO) copolymer in terms
of changes in carbonyl index, molecular weight #kile test and found to degrade than
normal polyethylene films [18]. Hanner et al. harelyzed the degradation of polystyrene
blends and copolymers containing the same amouningf ketone content (methyl vinyl
ketone or methyl iso-propenyl ketone) confirmingttcopolymers degrade more efficiently
than that of the blend, because copolymer can degfeom both Norrish | and I
mechanisms while the Norrish | mechanism is dontimanhe blend [14]. In 1998, Choi et
al. has synthesized photodegradable polystyrerepglymerizing with methyl vinyl ketone
(MVK) and phenyl vinyl ketone (PVK) [19]. Han et .ahlso have synthesized a
photodegradable terpolymer by graft polymerizatadinMVK and styrene with ethylene-

propylene-diene terpolymer (EPDM) [20].

Unfortunately, common synthetic photosensitizeestakic and hostile to be applied in food
and medicinal related polymer applications. Cinnldetayde, as it is a natural sensitizer
which is most abundantly found i@innamomum zeylanicum bark oil [21] is a perfect

candidate to introduce into a polymer architectordevelop a photodegradable copolymer.



Its profound antibacterial activity would be an addadvantage of its utilization [22,23].
Thus, this investigation focuses on the developneérstyrene-co-cinnamaldehyde polymer
(Poly (St-co-Cin)) films for food and medicinal diggtions. The main objective of this work
is to evaluate the photodegradable and antibatteaf@ability of the subjected copolymer.
The cinnamaldehyde has been copolymerized withspgisne to develop photodegradable
PS film. Synthesized copolymer was characterizedByR spectroscopy, TGA, GPC and
DSC. Both outdoor weathering test and direct UMatoh were performed. The extent of
photodegradation was assessed by FT-IR spectrasaigiia, percentage weight loss,
molecular weight, polydispersity indices and moiphaal changes. Antibacterial property
of copolymers was further investigated qualitayvbly an overlay diffusion method [24]
respectively withEscherichia coli (ATCC 25922) Saphylococcus aureus (ATCC 25923),
Pseudomonas aeruginosa (ATCC 27853)and Bacillus cereus (ATCC 11778) bacteria

cultures.
2. EXPERIMENTAL
2.1 Materials

Styrene monomer was purchased from Daejung chesni@dnzoyl peroxide and 2, 2-
Diphenyl-1-picrylhnydazyl were purchased from Sigidrich. Cinnamaldehyde with 98%
purity was purchased from Loba Chemie Supplieréudiee and butan-2-one were purchased
from Research-Lab Fine Chem Industries. All solseatd chemicals used were in analytical

grade. Cinnamon bark oil was obtained from Rathima&non Pvt. Ltd., Sri Lanka.

2.2 Characterization of commercially available cinmamon oil
2.2.1 FTIR analysis
FTIR spectra of commercially available cinnamonanid analytical grade cinnamaldehyde

were compared to confirm the presence of cinnarhglii in the commercially available



cinnamon oil. The analysis was done by Thermo FIS@IENTIFIC NICOLET iS10 IR
spectrophotometer in ATR mode. The samples weatyzed in the range from 40 énto

4000 cnt with 32 number of background and sample scans.

2.2.2 Gas Chromatography-Mass Spectroscopy (GC-M&ahpalysis
GC-MS analysis was performed to determine the ypand composition of the commercially
available cinnamon oil. Oven temperature was irsgddrom 40°C to 230°C at a constant

heating rate of 5°C/min with a flow rate of 1 mlfminjector temperature was 250°C [25].
2.3 Synthesis of styrene-co-cinnamaldehyde copolyme

Poly(St-co-Cin) copolymer was synthesized explgittinnamaldehyde from both synthetic
and natural cinnamon oil. The selected amount gfese and cinnamaldehyde were
dissolved in 50 ml of toluene to develop polymeasing compositions of 75:25 and 25:75 of
styrene: cinnamaldehyde. The solution was stimneithé dark for about 1 h and 1% (w/w) of
benzoyl peroxide was added. Flasks were sealed elftarging with dried nitrogen gas.
Polymerization was carried out at 60°C for 4 h. Tésultant viscous solution was dissolved
in toluene and allowed to precipitate in 200 mlnoéthanol under vigorous stirring. Re-
precipitation was repeated twice to remove any algrperized components. The purified
polymer was dried in an oven at 50°C until it rezgtla constant weight [19]. Polymer films
of synthesized poly(St-co-Cin) were prepared byticgshe polymer on glass slides using

toluene as the solvent [26].

2.4 Characterization of Poly(St-co-Cin) copolymers



2.4.1 Infrared spectroscopy

Poly(St-co-Cin) copolymer was analyzed by Thermah&r SCIENTIFIC NICOLET iS10 IR
spectrophotometer in ATR mode. The samples weatyzed in the range from 40 énto

4000 cnt with 32 numbers of background and sample scans.

2.4.2 Differential Scanning Calorimetry (DSC)

DSC measurements were performed using a TA DSCVQ2% Build 116 instrument.
Powdered samples of Poly(St-co-N-Cin) copolymer l@asled to an aluminium pan which
was then sealed. Once loaded on the DSC, samplesheated from 50°C to 250°C at a

heating rate of 10°C/min in nitrogen gas. The asialyas repeated for polystyrene [27,28].
2.4.3 Thermo Gravimetric Analysis (TGA)

The TGA analysis on Poly(St-co-N-Cin) copolymer wasducted on SDTQ600 Thermo
Gravimetric Analyzer at a heating rate of 10°C/rfiom 40°C to 500°C under nitrogen

atmosphere [28].
2.5 Photodegradation studies of Poly(St-co-Cin) cofymers

Direct UV radiation and outdoor weathering testsemgerformed to determine the extent of
photodegradation of Poly(St-co-Cin) copolymer witéspect to the control polystyrene

homopolymer.

OSRAM XBO 5000 W/H OFR xenon arc lamp with inteeiece filters for 254 nm and 365
nm ( Omega 280nm W3288 2541% and 380 SP W236 70% avg 365 nm ) respectively
were usedvhere samples were held 5 cm away from the lamp M@&ter cooling system
was used to maintain the temperature at 60°C. Szmpere exposed to a total of 100 h

under the lamp (6 h UV exposure followed by 6 laxation).



Outdoor weathering tests were performed by disptayine polymer films outside where the
samples were exposed to day to day weathering wonsli The location was selected
according to exposure of ample sunlight throughbatday [29] Weather information at the

site of exposure during the studied period are rgiuve Table 1 on the supplementary
documents. Samples were displayed horizontallyforonths (October 2016 to April 2017,

at the University of Sri Jayewardenepura, Gangoldanugegoda, Sri Lanka).
2.5.1 Fourier Transform Infrared (FTIR) measurements

FTIR spectra of each of aged polymer films wereawm®d periodically at different time

intervals.
2.5.2 Percentage weight loss

The Percentage weight loss of each polymer films @&culated according to the equation 1

at different time intervals.

Equation 1: Weight percentage Iossv—\%;iﬂ X 100%

Wi = Weight of polymer film before irradiation
Wt = Weight of polymer film after irradiated fonte, t
2.5.3 Gel Permeation Chromatography (GPC)

The average molecular weights of Poly(St-co-Cinpatgmers were determined by gel
permeation chromatography (GPC) (Shimadzu LC-10Aduid Chromatography). The

eluent was used as THF [19,20].
2.5.4 Morphological changes

Visual observations of Poly(St-co-Cin) copolymerreveéecorded periodically in terms of

their color and appearance with aging.



Scanning Electron Microscopy (SEM) analysis wa$goered using Hitachi SU6600 SEM in
the secondary electron mode before and after timg &d Poly(St-co-N-Cin) copolymer [20].

The Polymer films were coated with a thin coatihgald prior to observations.

2.6 Study the antibacterial activity of the Poly(Stco-Cin) copolymer films
2.6.1 Agar-disc diffusion assay

The antibacterial activity of Poly(St-co-Cin) copwler films was qualitatively investigated
against four bacterial strain€gscherichia coli (ATCC 25922) Saphylococcus aureus
(ATCC 25923), Pseudomonas aeruginosa (ATCC 27853)and Bacillus cereus (ATCC
11778) using agar-disc diffusion method [30]. Byiebacterial strains were grown in Muller
Hinton broth and diluted in 0.9% sterile salineusioin to obtain a turbidity comparable to
that of 0.5 McFarland standard (~1 x®I0FU/mI). Then, 100 pl of this suspension was
spread on Muller Hinton Agar plates and distributedmogeneously. Poly(St-co-Cin)
copolymer films and polystyrene polymer films (awht were cut into 6 mm diameter discs
and were placed on inoculated Muller Hinton Agarfates and incubated at 87for 24 h
and the antibacterial activity was evaluated. Tés tvas performed in triplicate for each

bacterial strain.

3. RESULTS AND DISCUSSION

3.1 Characterization of commercially available cinmmon oil
3.1.1 FTIR Spectroscopy

The FTIR spectra of commercially available cinnammhand synthetic cinnamaldehyde
displayed clear peaks at 1624 t(C=C bond; stretching vibration), 1668 ¢fC=0 bond:;

9



stretching vibration), 2854 c¢fand 2748 ci (aldehyde C-H bond:; stretching vibration)
and 3028 ci (aromatic C-H; stretching vibration) [22Thus, thecomparison of the FTIR

spectra of cinnamon oil and synthetic cinnamaldehgdidently displayed the resemblance
of all the characteristic peaks of the two specawhich confirms the presence of

cinnamaldehyde in commercially availalsienamon oil consumed in the study (Figure 3.1).
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Figure 3.1 The FTIR spectra of (spectrum 1) analytical grade synmtltgthamaldehyde,
and (spectrum 2) commercially available cinnamon oil

3.1.2 GC-MS analysis

The Gas Chromatogram of cinnamon oil (Figure 3i&pldyed the peak for cinnamaldehyde
at a retention time of 17.234 with a clear MS fragmation pattern for cinnamaldehyde
(Figure 3.3). Cinnamaldehyde is the second majorpament of cinnamon oil with the area
percentage of 22.409%. No further purification wasducted on this commercially available
cinnamon oil to separate cinnamaldehyde since nbtiee components in the oil neither can

affect negatively on the polymerization nor arenmfait in food/medicinal application of the

10



final product. Further any un-polymerized compdeenould be removed during the
purification stages. Major components identified ®¢ analysis of cinnamon oil has been

tabulated in Table 2 in supplementary documents.

Abundance

TIC 2016.07.11._ANNANMON OlIL.D\ data.ns
19.705

3.8e+07

3.6e+07

3.4e+07

3.2e+07

2.8e+07 17.234
2.6e+07
2.4e+07 20.953
2.2e+07

2e+07
1.8e+07

1 & 12.091

1.ae+07 9-*‘336 28.869

1.2e+07 0.965

1e+07 M 23H503
17.465

8000000 9236 10.757

7.282 i

14.665

=~ 9.
= s 14.264

i 8.448|

7.1079 3911.6¢131 4. 97318.126| || 255 5.25:26.806 33.4€35.736
S VAT :mfjsuw Ll R ZEEEOPOC | o A
5.00 10.00 15.00 20.00 25.00 30.00 35.00

2000000

Time—

Figure 3.2 The GC chromatogram of commercially available cinnamon oil

11



Abundance

Scan 2907 (17.249 min): 2016.07.11_CINNANMON OIL.D\ data.ns ((2756) ()
131.1

ooooooo

0000000

ooooooo
103.1
0000000

ooooooo

0000000

‘\ ‘\“\ L — \‘H . ‘ 147.1165.0___189.0207.0, 252.9.
[=te)

Figure 3.3The mass spectrum of cinnamaldehyde with retention time of 17.234

3.2 Characterization of synthesized copolymer
3.2.1FTIR-ATR

The structure of Poly(St-co-Cin) copolymers werearelsterized with respect to homo-
polymer polystyrene (PS) by FTIR analysis (Figuré).3General representative peaks of
polystyrene can clearly be seen in styrene-cinnd@hgide copolymers. Poly(St-co-Cin)
copolymers depicted characteristic peaks at 69% anul 752 cnif (aromatic C-H bond; out-
of-plane vibration), 1480-1600 chtaromatic C=C bond; stretching vibration), 2850300
cm® (aliphatic C-H bond; stretching vibration) aB800-3100 cnrit (aromatic C-H bond:;
stretching vibration) respectively due to the stgrecomponent. In addition, the peak
appeared at 1678 ¢chon the copolymers could be assigned to C=0O stregctibrations of
cinnamaldehyde moiety. Abundance of the functiogabups are proportional to its

corresponding peak intensities according to ther Reenbert law. It was observed clearly

12



that the intensity of the peak assigned to C=0O mgrawcreased with the increasing
cinnamaldehyde composition denoting that the numidfercarbonyl groups within the

copolymer increases accordingly from 25% (w/w) @B#o (w/w) respectively.

'WI'—
(©)
(] 3
(&3 i
o :
Z ®)
= P
= P i
Bt (a)
vy — 0O o0 o ™
sa e 2
- ; : ; . . . : : : : : .
3500 3000 2500 2000 1500 1000 500

Wavenumber(cm’')

Figure 34 FTIR spectra of (a) Polystyrene (b) 75% (w/w) Poly(St-co-N-Cin) gopeit

(c) 75% (w/w) Poly(St-co-S-Cin) copolymer

It would be reasonable to doubt on confirming P8ty¢o-Cin) copolymer through FTIR
spectra as similar peaks would have appeared dviérproduces a polymer blend with
cinnamaldehyde instead of copolymerization. The Gy@d stretching vibration peak of
cinnamaldehyde which appeared at 1624"evas not noticeable in the copolymer spectra
which could indicate the consumption of double I®nthrough polymerization.
Nevertheless, synthesized polymer has triply reipi@ted in methanol to obtain the final
polymer. During the re-precipitation unreacted,pp@d or loosely bound styrene and

cinnamaldehyde can be easily removed from the pedyas they are completely miscible in

13



methanol. Thus, the carbonyl band observed fronH& spectra is due to the polymerized

cinnamaldehyde.

3.2.2 DSC analysis
DSC analysis was performed on polystyrene and Awfd)(Poly(St-co-N-Cin) copolymer
and the results are summarized in Table 3.1. ([2etaDSC curves are displayed in

supplementary documents (Figure 2))

Table 3.1DSC data of Polystyrene and 75% (w/w) Poly(St-c&iN} copolymer

Sample name Glass transition Melting point Degree of
temperature (°C) (°C) crystallinity (%)
Polystyrene 100.43 164.37 0.1220
75% (w/w) Poly(St-co- 100.31 165.24 0.2118
N-Cin) copolymer

The glass transition temperature (Tg) of polystgreand 75% (w/w) Poly(St-co-N-Cin)
copolymer were almost the same. Closely relatedvdlges suggest that the amorphous
nature of polystyrene remained quite the same ewfler copolymerizing with

cinnamaldehyde.

The melting point of a polymer is related to itystalline nature. The melting point of the
copolymer was about one degree higher than thpblytyrene which is nearly negligible.

The crystallinity percentage of the copolymer w&sl08% which is a minute amount higher

14



than that of polystyrene, 0.1220%. The percenttalysity refers to the relationship with the
crystalline regions to its amorphous regions. frteute increment of percent crystallinity of
the copolymer could be due to the arrangement pblgmerized polymer chains in a more

ordered manner due to higher intermolecular inteyas through carbonyl functional groups.

3.2.3 TGA Analysis

TGA analysis was conducted to compare the thermtadior of polystyrene and 75% (w/w)

Poly(St-co-N-Cin) copolymer in an inert environmeiihe TGA curve of homopolymer
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Figure 3.5TGA and DTGA curves of polystyrene

The TGA curve of copolymer had two main weight &sssat 177°C and 413°C
correseponding to cinamaldehyde decompsoition, degtadation of the styrene segment
respectively (Figure 3.6). Degradation of styreagnsents took place around 320°C-420°C

with a weight loss of 86.34%.

15



100 t 3

1363% A 413.77°C
(1.516mg)

80+

604

86{34% B

(9.p04mg)
40 L1

Weight (%)
Deriv. Weight (%/°C)

20+
177.92°C.

-20

Kl
0 100 200 300 400 500
Temperature (°C) Universal 1V4.5A TA Instruments

Figure 3.6 TGA and DTGA curves of 75% (w/w) Poly(St-co-N-Cin) copolymer

3.3 Photodegradation studies of synthesized copolygns
3.3.1 FTIR spectroscopic data

The incorporation of the carbonyl group into a pody would accelerate photodegradation
because the carbonyl group functionalizes as a gbotbsensitizer. Synthesized Poly(St-co-
Cin) copolymers are expected to undergo Norrish Il @egradation reactions through the
carbonyl functional group. Radicals produced byéhprocesses would continue degradation
by means of autoxidation. FTIR spectroscopy is gom#ol to determine the structural

changes occurred during the polymer degradatioh [29
Direct UV radiation:

Figure 3.7 and Figure 3.8 represent the comparaefocarbonyl and hydroxyl absorption
bands of 25% (w/w) and 75% (w/w) Poly(St-co-N-Cagpolymer films in different time
intervals of UV exposure (8 h, 16 h and 24 h). HidR spectra of 25% (w/w) and 75%
(w/w) Poly(St-co-N-Cin) film for 8 h UV exposure edrly indicate generation of two

additional peaks in the range of 1716-1721'@nd 3400-3500 cthwhichare attributed to

16



different C=0 stretching and OH stretching frequesicespectively [31]. Existing carbonyl
absorption peak at 1672 nuecreases its intensity upon irradiation, while eavrpeak
appears at 1721 ¢ The intensity of those new peaks subsequenitye@sed with

irradiation time.
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Figure 3.7 The changes of the Figure 3.€ The changes of
intensity of carbonyl peak at the intensity of hydroxyl
1721 cniof Poly(St-co-N-Cin) peak at 3431 citof Poly(St-
copolymer vs. irradiation time co-N-Cin) copolymer vs.

irradiation time

The hydroxyl peak that began to appear at 3431 evith increasing irradiation time
suggests the formation of unstable hydroperoxideernmmediates. The hydroperoxide
intermediates transpire due to oxidation of polymaglicals in the presence of air [29]. Those
which are intermediate within the main chain decosato form a new carbonyl groups
through chain scission. The generation of the natanyl group upon irradiation indicates
that both copolymers had undergone photodegradettbar by Norrish | or Il mechanisms.
Appearance of C=C peak (1672 &mntogether with the carbonyl peak indicates that
copolymer had undergone Norrish Il mechanism. Theas no significant change observed
for polystyrene films with increasing UV irradiaticime. (Detailed FT-IR spectrums are

displayed in supplementory document ( Figure 3).)
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Outdoor weathering test:

The FTIR spectroscopic data of outdoor weatherdgnper films were obtained for the
period of 6 months. Similar IR peaks were obsera®with the direct UV radiation tests with
minute differences. FTIR spectra of 25% (w/w) R8tyco-N-Cin) copolymer showed
generation of new C=0 peak (1721 tnand OH stretching peak (3464 ¢)rafter 40 days
of outdoor weathering while the 75% (w/w) Poly($H¢-Cin) copolymer peak generation
was observed after 20 days. On the other handigndisant change was observed on FTIR
spectra of polystyrene even after 6 months of autdeeathering (Figure 3.9 & Figure 3.10).

(Detailed FT-IR spectra are mentioned in suppleorgrdocument ( Figure 4).)
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Figure 3.9The changes of the Figure 3.10The changes of the
intensity of carbonyl peak at intensity of hydroxyl peak at
1721 cnof Poly(St-co-N-Cin) 3464 cnit of Poly(St-co-N-Cin)
copolymer vs. weathering time copolymer vs. weathering time

Similarly, C=0 and OH stretching peaks generati@renobserved in both 25% (w/w) and
75%(w/w) Poly(St-co-S-Cin) copolymer films after Ifays of weathering respectively
(Figure 3.11 and 3.12). The intensity of the abpe&aks was subsequently increased with the

weathering time period. (Detailed FT-IR spectra rmentioned in supplementory document

( Figure 5).)
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Absorbance

Conclusively, it can be resolved that both copolgsndegrade under outdoor weather
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1721 cmof Poly(St-co-S-Cin)
copolymer vs. weathering time
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Figure 3.1z The changes of the

intensity of hydroxyl peak at
3464 cni of Poly(St-co-S-Cin)
copolymer vs. weathering time

conditions through Norrish | and Il mechanisms aagtoxidation mechanism while

polystyrene remained un-degraded. The proposedadation mechanism is displayed in

Scheme 3.3. Radicals produced by these proceslasmdergo autoxidation to cause further

degradation of the polymer [14].
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Scheme 3.3roposed degradation mechanism for styrene-co-cialtehyde copolymer

3.3.2 The percentage of the weight loss

The percentage of the weight loss was taken inrdaldetermine the extent of degradation
of each polymer sample. Figure 3.13 representspdreentage weight loss of direct UV
radiation test results of 25% (w/w) Poly(St-co-NaCfilms, 75% (w/w) Poly(St-co-N-Cin)

films and polystyrene films with increasing irratoa time.
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Figure 3.13 The percentage of the weight loss vs. increasing irradiatiom itfindirect

UV radiation test (n = 3)
The percentage of the weight losses of copolymerg wuch higher than that of polystyrene
indicating the efficiency of the photo-sensitizérincreased slowly during the first 60 h of
irradiation and became rapid subsequently. Theeméage of the weight loss of 75% (w/w)

Poly(St-co-N-Cin)) was higher than that of 25% (WRwly(St-co-N-Cin) as expected.

The percentage of the weight loss of outdoor weatheests (Figure 3.14) clearly illustrates
that the cinnamon oil incorporated copolymers degdarapidly over the homopolymer

polystyrene. 75% (w/w) Poly(St-co-N-Cin) films hasteown higher percentage of the weight
loss than 25% (w/w) Poly(St-co-N-Cin) copolymentd, as well as the film embrittlement as

expected.
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Figure 3.14 Percentage weight loss of cinnamon oil incorporated copolymer films

VS. increasing exposure time in outdoor weatheringnes)

Furthermore, outdoor weathering tests were perfdrore Poly(St-co-S-Cin) copolymers up
to 100 days of exposure time (Figure 3.15). Pobg(s6-Cin) copolymers have shown
higher percentage weight loss compared to thatobf(8t-co-N-Cin) copolymers in each

time intervals.

Results further confirm that cinnamaldehyde acaragfficient photosensitizer in instigating

the degradation of polymer. The higher the semsittbncentration in the polymer, the higher
the rate of degradation, as then the number ofrget radicals would be high. The rate of
degradation of the Poly(St-co-S-Cin) was obsensedraater than that of the Poly(St-co-N-
Cin)) and could explain considering the amount wfepsensitizer percentage in each of the
initial sources. The outdoor weathering tests weoge effective than acclerated tests. Even
though the initiation of the degration mechanismlddappen through the photosensitizer,

many other channels of degradation could involveroceeding the degradation. Outdoor
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whethering opens up many more degradation pathweaydd be the reason of higher

effeciency of polymer degradation.
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Figure 3.15 The Percentage of the weight loss of cinnamaldehyde incorporated
copolymer (Poly(St-co-S-Cin)) films with increasing exposumme in outdoor
weathering tes{n=3)

3.3.3 GPC analysis

The average molecular weights and polydispersiticas of Poly(St-co-Cin) copolymers
(before and after outdoor weathering) are showable 3.2 together with polystyrene
homopolymer. The number average molecular weightséb (w/w) Poly(St-co-N-Cin) after

180 days of outdoor weathering was 34795 comparéd W063653 before outdoor

weathering. In 75% (w/w) Poly(St-co-S-Cin) of thenmber average molecular weight after
100 days of weathering was 41974 compared with 288before outdoor weathering. The
polydispersity indices of 75% (w/w) Poly(St-co-Nr{ihas deviated from 1.8 to 3.7 after
outdoor weathering, whereas in 75% (w/w) Poly(S&e€in) polydispersity indices has

deviated from 1.4 to 3.0. Therefore, it has cleatown that Poly(St-co-Cin) copolymers
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after outdoor weathering have low molecular weiglatsd broad molecular weight

distribution compared to that of before weathering.

In homopolymer polystyrene, the number averageeoubar weights after 180 days of
weathering slightly differed from that of before atleering in which polydispersity indices
deviate from 3.2 to 3.16. Thus, it can be conclutted copolymers have undergone main
chain scission reactions due to the presence otdhegonyl group which can absorb UV

radiations in order to cause photodegradation.

Table 3.2The Changes of average molecular weights accotdingtdoor weathering time

Sample Weathering time M My Mw/Mp
75% (w/w) 0 days 1063653 1924646 1.80
Poly(St-co-N-Cin) 180 days 34795 130612 3.7
75% (w/w) 0 days 2342985 3368270 1.4
Poly(St-co-S-Cin) 100 days 41974 126182 3.0
Polystyrene 0 days 455018 1459589 3.2
180 days 461846 1461428 3.16

The number average molecular weight of homopolypaystyrene has slightly increased
after outdoor weathering from 455018 to 461846 @oti/dispersity index has slightly

decreased from 3.2 to 3.16. This might be due & dtosslinking reactions. (The GPC
chromatograph of each copolymer before and aftgradiation is displayed in supplementary

documents (Figure 6)).

3.3 Morphological changes

3.3.3.1 Visual changes
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Direct UV radiation test

Films of 25% (w/w) Poly(St-co-N-Cin) started to shaignificant increase in stiffness and
brittleness while decreasing the flexibility af&® h of UV light exposure, while 75% (w/w)
Poly(St-co-N-Cin) films showed the same after 6(MHbwever, polystyrene films remained
flexible throughout the time of experiment. Disaalitons, from white to yellow, were
observed in 25% (w/w) and 75% (w/w) Poly(St-co-NyCcopolymer films with increasing
irradiation time (Figure 3.16). (More pictures alisplayed in the supplementary documents

under Figure 7).

60 h UV exposure

Figure 3.16 Appearance of (a) Polystyrene (b) 25% (w/w) Poly(St-co-N-Cin) (c) 75%
(w/w) Poly (St-co-N-Cin) with respect to UV irradiation time

Outdoor weathering test:

All films remained flexible nearly for 30 days ofitloor weathering. 75% (w/w) Poly(St-co-
N-Cin) showed brittleness after 30 days and staxieshdergo serious fragmentation, while
25% (w/w) Poly(St-co-N-Cin) films showed brittlesesnly after 45 days of weathering.
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Moreover, color changes were observed in both gopet films with increasing exposure
time from white to yellow. Nevertheless, polystyediims did not show any color change or

embrittlement throughout the tested weatheringopke(frigure 3.17).

Before outdoor 15 days of outdoor

30 days of outdoor 45 days of outdoor

70 days of outdoor 120 days of outdoor

180 days of outdoor

Figure 3.17 Visual appearance of polymer films with weathering timeiogge
(a) polystyrene, (b) 25% (w/w) Poly(St-co-N-Cin)) copolyme), {5% (w/w) Poly(St-

co-N-Cin)) copolymer 2
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Furthermore, outdoor weathering test was perforfoed®5% (w/w) and 75 % (w/w) Poly
(St-co-S-Cin) copolymer films. Both copolymers &drto show color change within 10 days
of weathering while there was no any change in hmotyoner polystyrene film (Figure 3.18).
After 20 days of weathering both copolymers hadtetihto undergo fragmentation and
within 100 days a remarkable amount of fragmentaticas observed for 75 % (w/w)

Poly(St-co-S-Cin) copolymer.

Before outdoor 10 days of outdoor

60 days of outdoor 100 days of outdoor

Figure 3.18 Appearance of polymer films with weathering time period (a) gighene, (b)

25% (w/w) Poly(St-co-S-Cin) copolymer, (c) 75% (w/w) Poly(St-co-S-Copolymer

3.3.3.2 SEM analysis

SEM micrographs of 75% (w/w) Poly(St-co-N-Cin)) obymer film before outdoor
weathering (Figure 3.19(a)) showed clear smootliasarwhile that of after 80 days of

outdoor weathering showed extensive surface frast{Figure 3.19(b)). Meanwhile, SEM
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micrographs of homopolymer polystyrene film afté days of outdoor weathering had not

indicated any fractures at all (Figure 3.19(c)).

Figure 320 SEM micrograph of 75% (w/w) Poly(St-co-N-Cin)) copolymer filfa)
before outdoor weathering (x150) (b) after 80 days of outdoor weathesl’a®)( (c)

Polystyrene film after 80 days of outdoor weathering (x150).

Therefore, it could clearly be concluded that fuaetformation leads to embrittlement of
75% (w/w) Poly(St-co-N-Cin) copolymer films afterO8days exposure to outdoor
weathering, while polystyrene remained unchangeithout any indication of brittleness.
This indicates that copolymerization of cinnamaldih with polystyrene initiate

photochemical reaction, which results in physicairdegration of copolymer films faster

than control polystyrene films.

3.4 Antibacterial Study

Cinnamaldehyde has antibacterial activity agail& gram positive and gram negative
bacterial strains tested. It was reported thatararbgroup of cinnamaldehyde plays a major
role for its antibacterial activity because it che bound with protein to inhibit the
production of essential enzymes in the bacteriaarte end could damage the cell wall of
bacteria [22].Also cinnamaldehyde inhibit the growth of bactebg inhibiting energy

generation and glucose uptake [32].
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The Agar-disc diffusion assay was used to evaltteeantibacterial activity of synthesized
copolymers against gram-negatizscherichia coli and Pseudomonas aeruginosa and gram-
positive Staphylococcus aureus and Bacillus cereus bacterial cultures. Poly(St-co-Cin)
copolymer films did not demonstrate clear inhibitory zones. Thefudibn ability of
cinnamaldehyde is reduced when cinnamaldehydepslygmerized. Hence inhibition zones
of synthesized copolymers were not sharp and clddowever, copolymerized
cinnamaldehyde can successfully destroy bactetizeatontact surface of the polymer films.
Thus, a positive inhibitory effect was observerediy underneath the contact area of the
film disc [33](Figure 3.20).

Table 3.3Inhibition at the contact surface of Poly (St-eén}aopolymers (+ symbolizes an

inhibitory effect and — symbolizes no inhibitoryesdt)

Microorganisms Contact area

Control 25% (wiw) 75% (wiw) 75% (w/w)

Polystyrene Poly(St-co-N- Poly(St-co-N- Poly(St-co-

Cin) Cin) S-Cin)
Gram — positive bacteria
S. aureus - + + +
B. cereus - + + +
Gram — negative bacteria
E. cali - + + +
P. aeruginosa - + + +
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(c) Escherichia cali (d) Pseudomonas aeruginosa

Figure 3.20Representative pictures of overlay diffusion tespectively. (C- control, 1-25%
(w/w) Poly(St-co-N-Cin), 2 - 75% (w/w) Poly(St-co-@in), 3 - 75 %(w/w) Poly(St-co-S-

Cin))

Polystyrene is a hydrocarbon polymer which doeshavie antibacterial activity. But each
styrene-co-cinnamaldehyde copolymer has shown itoimbactivity against tested bacteria

cultures: gram-positive and gram-negative bactéFiable 3.3). Therefore it is clear that
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copolymerized cinnamaldehyde has had positive actial effects, and antibacterial
activity of Poly (St-co-N-Cin) occurs due to cinnadehyde. In addition, 25% (w/w)
Poly(St-co-N-Cin) also depicts a positive inhibytaffect compared to 75% (w/w) Poly(St-
co-N-Cin) copolymer film.

4. CONCLUSION

Styrene-co-cinnamaldehyde copolymers have provemdergo Norrish | and Il reactions as
well as autoxidation degradation mechanisms uporekiposure. The percentage weight loss
of 75% (w/w) Poly(St-co-N-Cin) copolymer was highban 25% (w/w) Poly(St-co-N-Cin)
copolymer, in both outdoor weathering and accederatging tests as expected. In outdoor
weathering tests, average molecular weights of lmatholymers after weathering were
reduced compared to homopolymer polystyrene, duen&n chain scission reactions
occurred due to absorption of UV light by the caryd@roup. Further, Poly(St-co-S-Cin) has
shown fast degradable properties compared to Petg(®I-Cin). Clear fragmentation was
observed in SEM micrograph of 75% (w/w) Poly(StN«zin) copolymer after weathering
for 80 days. Poly(St-co- Cin) copolymers undergmagkable fragmentation after 2, 3
months of outdoor weathering compared to polysgréomopolymer films. Moreover,
Poly(St-co-Cin) copolymer has antibacterial acyivét its contact surface against gram

positive and negative bacteria

Thus, the developed copolymer will have potentippligations in high end medicinal
submissions such as medicinal packaging and equipagewell as in the food packaging

industry.
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Synthesis, photodegradable and antibacterial properties of

Polystyr ene-cinnamaldehyde copolymer film

Highlights:

Photodegradable Styrene-co-cinnamaldehyde (Poly(St-co-Cin)) copolymer was
developed using synthetic cinnamaldehyde or cinnamal dehyde from cinnamon oil.
Poly(St-co-Cin) polymers have followed Norrish Type I, Norrish Type Il and photo-
oxidation mechanisms.

75% (w/w) Poly(St-co-Cin) showed fast degradation compared to that of 25% (w/w)
Poly(St-co-Cin).

Synthetic cinnamaldehyde incorporated copolymer (Poly(St-co-S-Cin)) showed fast
degradation compared to natural cinnamaldehyde incorporated copolymer (Poly(St-
co-N-Cin)).

Poly(St-co-Cin) copolymers have antibacterial activity.



