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ABSTRACT: Cellulose acetate (CA) was partially acrylated, and the OAc ~.  Thio-Michael click reaction
resulting cellulose acetate acrylate (acryl-substitution degree of 0.2) o= B S
underwent quantitative thio-Michael click reactions with various thiols. A
toolbox of functional CA polymers was obtained in this way, and their
properties were studied. The modification with fatty alkyl thiols led to

hydrophobic materials with large water drop contact angles. Octadecylthio-, g Transparency ;’ L?ftucst i Biode‘radable fN?;C}composdites
butoxycarbonylpropylthio-, and furanylthio-modifications formed highly e i morove

. . .. ! E UNIVERSITAT Q barrier ,
transparent materials. The new derivative CAASFur disintegrated completely | BAYREUTH n L p—
under industrial composting conditions. Films of modified CA polymers were A !!1#'_!'- >

cast and investigated in terms of barrier properties. The nanocomposite of
CAAS18 compounded with a synthetic layered silicate (hectorite) of a large
aspect ratio showed permeabilities as low as 0.09 g mm m™2 day™' for water vapor and 0.16 cm® mm m™> day ™' atm™" for oxygen.
This portfolio of functional CA polymers opens the door to new applications.

1. INTRODUCTION cellulose derivatives such as CA were successfully modified via
thiol-ene reactions."*™'® These reports described complex
reactions and modifications with expensive reagents and
catalysts for synthesizing the precursors required for the
thiol-ene reaction. A simple protocol for the acrylation of CA
to generate the known acryl ester CAA (substitution degree of
0.2) was previously published.'” In the present work, we
describe the modification of CAA by the thiol-Michael reaction
with various commercially available thiols, leading to new
functionalized cellulose esters. Furthermore, by incorporating
impermeable silicate nanosheets of delaminated hectorite
(Hec) into a modified CAA, we were able to cast nano-
composite films that show excellent barrier properties.

Natural and re-growing sources for the preparation of
functional polymer materials are getting more and more
important." Cellulose, for example, is an abundant poly-
saccharide accessible from plants. In particular, cellulose
acetate (CA), obtained from acetylation of cellulose followed
by partial deacetylation, can be applied for various purposes.”
In addition, the degradation of CA by various mild methods
was thoroughly studied.” Hence, CA can be an attractive
surrogate for petrol-based polymers and plastics. However, CA
also has disadvantages, such as insufficient water vapor barrier
properties, which have prevented a wider application of this
material so far.” Plasticizers are also needed to process cellulose

acetate at low temperatures.” Modifications of CA such as 2. MATERIALS AND METHODS
cellulose acetate butyrate (CAB), cellulose acetate propionate 2.1. General. Cellulose acetate (medium M, ~ 30.000

(CAP), fo rt}clellulo;e a]cjetalze phtclllalate (CAPt}}ll) Czﬁ oveicomg 39.3—40.3 wt % acetyl) was obtained from Sigma Aldrich, and
soinle) 1(; ese traw acks an HEPILOW € di ﬁercrlnac Aan the other starting materials were purchased from Alfa Aesar
SOlubILty properties as compared to unmodine (acryloyl chloride, 1-eicosanethiol, 1-hexadecanethiol), Fluka
Processing and mechanical properties of these materials are, (1-octadecanethiol), Sigma Aldrich (butyl 3-mercaptopropio-

however, still inadequate in comparison with other commodity i ; .
polymers such as PP (polypropylene) and PE (polyethylene). nate, 1-dodecanethiol), and TCI (ethyl thioglycolate). CAA

Therefore, further efforts are needed in order to overcome
these problems of CA-based polymers.”

The concept of “click chemistry” was initially described by
Kolb, Finn, and Sharpless in 2001 and is a reasonable option
for modifying polysaccharides in mild and quantitative
Ways.g’10 The thiol-ene click reaction, for instance, has found
numerous applications in material science.''™'* Cellulose and
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was prepared according to a literature procedure.'” Infrared
(IR) spectra: Perkin-Elmer Spectrum One FT-IR spectropho-
tometer with an ATR-sampling unit. Nuclear magnetic
resonance (NMR) spectra: Bruker Avance 300 spectrometer,
chemical shifts are given in parts per million (§) downfield
from tetramethylsilane as the internal standard.

2.2. Thiol-Michael Click Reaction: Typical Procedure.
CAA (1.14 g, 0.03 mmol, substitution degree of 0.2) was
placed in a flask and dissolved in DMSO (10 mL) under
stirring, whereupon triethylamine (3 equiv) was added. Then,
the respective thiol (6 equiv) was added and the reaction
mixture was stirred at room temperature for 24 h. The product
was precipitated by the addition of water (200 mL). The
formed solid was collected by suction and washed twice with
water (25 mL), followed by washing with EtOH (2 X 25 mL).
The crude product obtained was dissolved in THF (50 mL),
precipitated by the addition of n-pentane (200 mL), and
collected. The filter cake was washed twice with n-pentane (25
mL). Yield: 90%. The 'H NMR data given below list only
selected signals of the thiol residues for better clarity, while the
IR data and ">C NMR data enumerate all bands and peaks of
the product polymers.

2.2.1. CAAS12. Colorless solid; IR (ATR) v = 3502, 2924,
2856, 1740, 1639, 1433, 1367, 1216, 1161, 1126, 1034, 952,
901, 836, 692 cm™'; '"H NMR (300 MHz, CDCI,, §): 0.85 (t, J
6.3 Hz; dodecyl-Me), 1.2—1.4 (dodecyl-CH,), 1.5—1.7
(dodecyl-CH,); *C NMR (75.5 MHz, CDCl,, 6): 14.1, 204,
20.6, 20.8, 22.7, 26.7, 28.9, 29.3, 29.6, 31.9, 32.2, 34.6, 62.0,
71.8, 72.8, 100.5, 169.3, 169.7, 170.2.

2.2.2. CAAS16. Colorless solid; IR (ATR) v = 3452, 2924,
2854, 1739, 1644, 1435, 1367, 1317, 1221, 1162, 1127, 1031,
953, 901, 839, 811, 698 cm™"; '"H NMR (300 MHz, CDCl,, §):
0.85 (t, ] = 6.3 Hz; hexadecyl-Me), 1.2—1.4 (hexadecyl-CH,),
1.5—1.7 (hexadecyl-CH,); *C NMR (75.5 MHz, CDCI,, §):
14.1, 20.5, 20.8, 22.7, 26.8, 28.9, 29.3, 29.6, 29.7, 31.9, 32.2,
34.6, 62.0, 71.8, 72.8, 100.5, 169.2, 169.7, 170.2.

2.2.3. CAAS18. Colorless solid; IR (ATR) v = 3471, 2924,
2855, 1740, 1435, 1367, 1216, 1161, 1125, 1033, 952, 901,
840, 808 cm™; '"H NMR (300 MHz, CDCl,, 6): 0.85 (t, J =
6.3 Hz; octadecyl-Me), 1.2—1.4 (octadecyl-CH,), 1.5—1.7
(octadecyl-CH,); "*C NMR (75.5 MHz, CDCl,, 6): 14.1, 20.5,
20.8, 22.7, 26.7, 28.9, 29.3, 29.6, 29.7, 31.9, 32.2, 34.6, 62.0,
71.8, 72.8, 100.5, 169.3, 169.7, 170.2.

2.2.4. CAAS20. Colorless solid; IR (ATR) v = 3473, 2924,
2851, 1739, 1632, 1436, 1410, 1367, 1319, 1218, 1164, 1124,
1031, 953, 900, 836, 809, 698 cm™!; 'H NMR (300 MHz,
CDCl,, 5): 0.84 (t, ] = 6.3 Hz; eicosyl-Me), 1.2—1.3 (eicosyl-
CH,), 1.5—1.6 (eicosyl-CH,); *C NMR (75.5 MHz, CDCl,,
5): 14.1, 204, 20.5, 20.7, 22.6, 26.6, 28.9, 29.3, 29.6, 31.9, 32.0,
62.0, 71.8, 72.8, 100.5, 169.2, 169.7, 170.2.

2.2.5. CAASFur. Colorless solid; IR (ATR) v = 3488, 2932,
1738, 1643, 1542, 1523, 1505, 1435, 1367, 1217, 1155, 1122,
1033, 956, 935, 902, 840, 744 cm™'; 'H NMR (300 MHz,
CDCl,, 6): 6.1-6.3 (furan-H), 7.3—7.4 (furan-H); *C NMR
(75.5 MHz, CDCl,, 8): 20.6, 20.8, 26.6, 28.5, 34.4, 62.0, 71.8,
72.8, 100.6, 107.9, 110.6, 142.4, 169.3, 169.7, 170.2.

2.2.6. CAASE2MA. Colorless solid; IR (ATR) v = 3473,
2953, 2876, 1739, 1432, 1367, 1224, 1157, 1125, 1034, 900,
843, 685 cm™'; 'H NMR (300 MHz, CDCL,, 8): 0.91 (t, J =
7.1 Hz; ethyl-Me), 4.07 (t, ] = 7.1 Hz; ethyl-CH,0); *C NMR
(75.5 MHz, CDCL,, 8): 14.2, 20.5, 20.6, 20.8, 27.6, 33.8, 34.9,
41.5, 454, 61.5, 62.1, 71.8, 72.8, 100.5, 169.3, 169.7, 170.2,
171.1.
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2.2.7. CAASB3MP. Colorless solid; IR (ATR) v = 3476,
2964, 2878, 1738, 1432, 1367, 1217, 1163, 1131, 1034, 952,
901, 839, 675 cm™"; "H NMR (300 MHz, CDCI,, 8): 0.91 (t, ]
= 7.4 Hz; butyl-Me), 1.3—1.4 (CH,), 1.5—1.7 (CH,), 4.07 (t, ]
= 6.7 Hz; butyl-CH,0); *C NMR (75.5 MHz, CDCl,, §):
13.7, 19.1, 20.5, 20.6, 20.8, 26.9, 27.2, 30.6, 34.5, 34.8, 62.1,
64.6, 71.8, 72.8, 100.5, 169.2, 169.7, 170.2, 171.9.

2.3. Thermal Stability and Decomposition Behavior.
Thermal decomposition was monitored by combined TG-DSC
using a Linseis STA PT 1600 thermobalance with DSC sensor
head type S. All specimens were investigated in air atmosphere
using linear heating rates between r.t. and 1000 °C.

2.4. Contact Angle. Samples of polymer plates were
prepared by the dissolution of the indicated polymers (0.5 g)
in acetone (7 mL) and subsequent casting of the solution into
a glass Petri dish with a diameter of 40 mm. The solvent
evaporated completely in the open air overnight, leaving
polymer foils in the Petri dishes, which were cut into pieces of
4 cm?® for contact angle investigations. A drop of 10 uL of
water was added to each sample, and the contact angles were
investigated after 1 min by drop contour analysis using a Kriiss
G10 machine. Results are described as means of the left and
right angles of each sample drop.

2.5. Transparency. For the preparation of the polymer
films, the polymers were ground in a ball mill at 250 rpm for 1
h. The powder obtained was pressed to plates of 0.5 mm
thickness in a melting press. Transmission, haze, and clarity of
the polymer films were investigated with a BYK-Gardner Haze-
Gard Plus hazemeter using visible light according to ISO
13468 (total transmittance) and ISO/DIS 14782 (transmission
haze).

2.6. Disintegration Test under Industrial Composting
Conditions. The test set-up was executed according to ISO
20200 Plastics—Determination of the degree of disintegration
of plastic materials under simulated composting conditions in a
laboratory-scale test (2015).

Films (thickness of 100 um) of the polymer sample
CAASFur were mounted on slide frames (12 replicates) and
were positioned horizontally in a mixture of 1.2 kg of 14-
weeks-old compost (provided by OWS, Belgium) sieved to a
particle size of <10 mm and 0.3 kg of fresh vegetables in plastic
boxes with holes for aeration. The samples were incubated at
58 + 2 °C in the dark. The compost was mixed at regular
intervals, the moisture content was checked and adjusted when
needed, and the test items were visually monitored and
scanned for documentation.

2.7. Barrier Properties. Samples of polymer films were
prepared by dissolution of the indicated polymers (0.5 g) in
acetone (7 mL) and casting the solution into a glass Petri dish
with a diameter of 40 mm. For the preparation of the
nanocomposite film, refer to chapter 2.8.

2.7.1. Water Vapor Transmission Rates. Water vapor
transmission rate (WVTR) values of the casted nanocomposite
and polymer films were measured on a Mocon PERMATRAN-
W Model 3/33 (Mocon Inc., USA). The measurements were
conducted at 23 °C and 85% RH. Sufficient time for moisture
conditioning was guaranteed.

2.7.2. Oxygen Transmission Rates. Oxygen transmission
rate (OTR) values of the casted nanocomposite and polymer
films were determined by employing a Mocon OX-TRAN 2/
21 (Mocon Inc., USA) at 23 °C and 50% RH. The CAAS18/
Hec film was carefully equilibrated at 50% RH. A mixture of 98
vol % nitrogen and 2 vol % hydrogen gas was used as the

https://doi.org/10.1021/acsomega.2c06811
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carrier gas and pure oxygen gas as the permeant (>99.95%,
Linde Sauerstoff 3.5). Sufficient time for moisture conditioning
was guaranteed.

2.7.3. Thickness Determination. The thickness of the
casted films was determined by employing a High Accuracy
Digimatic Micrometer (Mitutoyo, Japan) with a measuring
range of 0—25 mm and a resolution of 0.1 ym.

2.8. Hectorite Nanocomposites. 2.8.1. Materials and
Sample Preparation. Synthetic clay sodium fluorohectorite
(Hec, [Nags]™[Mg,sLiys]*[Si,]*"O,oF,) was synthesized
and annealed according to a published literature proce-
dure.'®"? For modification, 18-crown-6 (18C6) with 99%
purity was provided by abcr GmbH, and N-methyl formamide
(NMF) was used as a dispersant with 99% purity provided by
Alfa Aesar.

A 4 wt % solution of CAASI8 in NMF was prepared by
mixing overnight in an overhead shaker positioned in an oven
set to 60 °C. The 18C6/Hec suspension (3 wt % Hec) was
prepared by adding 0.15 g of Hec and an amount of 18C6
corresponding to 300% of the cation exchange capacity of Hec
(0.151 g) to NMF, followed by mixing in an overhead shaker
for three days. The suspension used to prepare the self-
standing barrier film (total solid content 3.9 wt %) was
prepared by adding 8.7 g of the CAAS18 solution to 1.3 g of
the Hec suspension, followed by mixing overnight in an
overhead shaker. This suspension was then cast in a Teflon
dish (diameter of ~80 mm) and transferred to an oven at 50
°C to dry for two weeks. To ensure complete solvent removal
at the end of two weeks, the dish was transferred to a vacuum
oven at 50 °C and 107> bar for 24 h before peeling the
CAAS18/Hec film out of the dish.

2.8.2. Characterization of Nanocomposite Films.
2.8.2.1. X-ray Diffraction. The XRD pattern of the nano-
composite film was recorded on a Bragg—Brentano-type
diffractometer (Empyrean, Malvern Panalytical BV, The
Netherlands) using Cu K-a radiation (4 = 1.5406 A). The
diffractometer was equipped with a PIXcel-1D detector. All
patterns were analyzed using Malvern Panalyticals’s HighScore
Plus software.

2.8.2.2. Transmission Electron Microscopy. Cross-sections
were prepared from the films by employing a Leica
Ultramicrotome UC-7 equipped with a diamond cutter type
Diatome Ultra 35° MF-3763 at room temperature. TEM
images of these cross-sections were recorded by applying a
JEOL-JEM-2200FS (JEOL GmbH, Germany) microscope.

3. RESULTS AND DISCUSSION

Initially, acryl-modified CA (CAA) with an acryl-substitution
degree of 0.2 was prepared by esterification of CA with acryloyl
chloride."” CAA was used as the starting material for the thiol-
Michael reactions with various thiols. Thiols with long alkyl
chains such as dodecanethiol, hexadecanethiol, octadecane-
thiol, eicosanethiol, and esters such as ethyl 2-mercaptoacetate
and butyl 3-mercaptopropionate, and with arenes such as
furan-2-ylmethylthiol were applied as modifying agents of CAA
(Scheme 1). Fatty alkyl modified CA derivatives CAAS12,
CAAS16, CAASI1S, and CAAS20, the ethyl ester CAASE2MA
and butyl ester CAASB3MP, and the furanyl-modified
CAASFur were synthesized in this way in high yields (90%).
DMSO was used as a solvent for the click reactions, but THF
was also applied successfully as an alternative organic solvent,
leading to comparable yields. The modified polymer products
showed excellent solubility in organic solvents such as acetone.
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Scheme 1. Reagents and Conditions: Thiol (6 equiv), Et;N
(3 equiv), DMSO or THF, r.t., 24 h
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The obtained modified CA materials were colorless to off-
white solids. They were analyzed by NMR and IR spectroscopy
(see the Supporting Information for original "H and *C NMR
spectra). The fatty alkyl rests of polymers CAAS12—20 are
clearly visible in the NMR and IR spectra. Strong alkyl bands
between 2800 and 3000 cm™" were observed in the IR spectra.
A weak broad signal between 3400 and 3500 cm™" indicates
the presence of hydroxyl groups, which were kept in the new
polymer molecules at the carbohydrate backbone in line with
the acryl-substitution degree of 0.2. '"H NMR spectra displayed
distinct peaks for the terminal methyl groups at 6 = 0.84—0.85
ppm, as well as strong methylene signals at 6 = 1.2—1.7 ppm.
The terminal methyl groups were also visible in the *C NMR
spectra at 0 = 14.1 ppm. Similar signals were observed in the
NMR spectra of the ester-modified polymers CAASE2MA and
CAASB3MP (*H NMR, 6 = 0.91 ppm, *C NMR, § = 13.7 and
142 ppm). In contrast, the furanyl derivative CAASFur
exhibited characteristic downfield signals in its NMR spectra,
which can be attributed to the furanyl ring (6 = 6.1-6.3, 7.3—
7.4 ppm in the "H NMR spectrum; 100.6, 107.9, and 110.6
ppm in the *C NMR spectrum). In the "H NMR spectra, the
integrals of the signals attributed to the modification were in
line with the acryl-substitution degree of 0.2 of the CAA
starting compound.

Thermogravimetric analyses (TGA) and differential scan-
ning calorimetry (DSC) of the modified CA polymers did not
reveal significant differences when compared with pure CA
(see the Supporting Information). The new polymer
derivatives were amorphous solids without visible crystalline
components nor with distinct melting points of crystalline
components as to the obtained DSC spectra. Plates and foils of
selected polymer derivatives were cast from solutions in
acetone upon evaporation of the solvent and compared with
casted plates made of CA.

3.1. Contact Angles. The contact angles of water drops on
the surface of plates prepared from the alkyl-modified CA
derivatives CAAS12, CAAS16, CAAS18, and CAAS20 were
determined in order to evaluate the hydrophobic surface

https://doi.org/10.1021/acsomega.2c06811
ACS Omega 2023, 8, 9889—-9895
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properties of these polymers, and the results were compared
with the contact angles observed for plates of the starting
material CA and the hydrophobic synthetic polymer PS
(Figure 1A). The contact angle depended on the fatty alkyl

A)
Contact angles (°)

it 101:0.6

ups
mca

cans12

= CAAS16

= CAAS1S

cAAS20

B)
A

CA CAAS16
—n_ = 4

CAAS18 CAAS20

89+2.4
84+23
7440726228

Figure 1. (A) Contact angles of water drops on plates made from
derivatives CAAS12-20 or from the control polymers PS and CA after
1 min (means of the left and right angles). (B) Representative images
of water drops on the indicated polymer plates after 1 min.

chain and as expected, increased with longer alkyl chains.
Hence, polymers such as CAAS18 and CAAS20 had
considerably more hydrophobic surfaces (contact angles
above 100°) than CA (74°), PS (84°), and the close dodecyl
and hexadecyl analogs CAAS12 (76°) and CAAS16 (89°)
(Figure 1B).

3.2. Transparency. A hazemeter was used to determine
the transparency parameters of the plates of the new polymer
materials CAAS18, CAASB3MP, and CAASFur in comparison
with plates of CA and PS. The plates of all three tested
modified CA polymers exhibited improved optical properties
in terms of transmission, haze, and clarity when compared with
CA (Table 1). The modified polymers also showed trans-

Table 1. Transparency of CA Polymers CAAS1S,
CAASB3MP, and CAASFur in Comparison with PS and
CA*

polymer transmission (%) haze (%) clarity (%)
PS 94.2 4.72 95.8
CA 93.2 339 72.9
CAAS18 94.3 1.0 99.0
CAASB3MP 94.4 1.0 99.1
CAASFur 94.8 0.94 99.4

“Plates of 0.5 mm thickness were prepared from each sample for
testing.

mission values similar to PS, as well as reduced haze and
increased clarity compared to PS. These results indicate that
the new polymers CAAS18, CAASB3MP, and CAASFur can
be applied as transparent films/foils and plastic glass materials,
which can replace oil-based plastics for these applications. The
transparencies of these new CA-based polymers can be
explained by a low or absent crystallinity and their strongly
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amorphous solid character, along with excellent solubility in
low-boiling organic solvents. In nanocomposites of starch
nanocrystals acetate (SNA) with hydrophobic cellulose laurate
ester, the cellulose ester was the well-transmitting component
whose transmission was reduced by increasing amounts of
SNA.” The combination of high transparency with consid-
erable hydrophobicity in cellulose acetate-based polymers can
lead to valuable applications such as sensoring and electronics,
UV protection, and packaging including active packaging,”' ~*°

3.3. Disintegration under Industrial Composting
Conditions. As a proof of principle, the polymer sample
CAASFur was selected and its disintegration under industrial
composting conditions was investigated according to ISO
20200. Films with a thickness of 100 um were used for this
experiment. Although disintegration does not give ultimate
proof of complete biodegradation of the material, it can
indicate the potential of the material to be biodegraded by
natural microbes. The polymer sample passed the test
successfully and disintegrated completely after 69 days (Figure
2). Substantial disintegration was already observed after 42

days.

55 d (96%)

69 d (99%)

Figure 2. Time-dependent disintegration (in %) of the new polymer
CAASFur under industrial composting conditions according to ISO
20200.

3.4. Barrier Properties and Nanocomposite Prepara-
tion. The water vapor barrier properties of some modified CA
polymers were evaluated by measuring the water vapor
transmission rates through casted films. With this sensitive
measurement method, the hydrophobicity of the differently
modified CA derivatives can be probed. However, gas
transmission rates strongly depend on the thickness of the
films, and therefore, the values were normalized to 1 mm,
yielding water vapor permeability (WVP). Permeability values

https://doi.org/10.1021/acsomega.2c06811
ACS Omega 2023, 8, 9889—-9895


https://pubs.acs.org/doi/10.1021/acsomega.2c06811?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06811?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06811?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06811?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06811?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06811?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06811?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06811?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06811?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Table 2. WVP and OP at 23 °C and Respective RH

polymer WVP/g mm m~> day ™" at 85% RH OP/cm® mm m™ day™" atm™ at 50% RH
CAAS16 36.4
CAASIS8 24.8
CAAS20 9.9
CAASB3MP 21.5
CAAS18/Hec 0.09 0.16
PET 0.5-2 1-5
PP 0.2-0.4 50—100
PE 0.5-2 50-200
PS 1-4 100—150
PVC 1-2 2-8
A) ~ B)
dyor = 1.7 nm b
=
—
.

Intensity / a.u.

~
i UNIVERSITAT
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Figure 3. Characterization of the CAAS18/Hec nanocomposite film. (A) XRD pattern of the neat CAAS18 film (black) and CAAS18/Hec
nanocomposite film (blue). Top inset sketches the tortuous path theory for an oxygen molecule. Bottom inset shows the transparent CAAS18/Hec
nanocomposite film. (B) TEM image of the CAAS18/Hec cross-section indicating segregated domains of CAAS18 slabs (bright) and restacked

Hec-only domains (dark).

facilitate comparison with other polymers (Table 2) at 85%
relative humidity (RH).”°

In general, the permeability (P) of a barrier material can be
expressed as P = S X D with the solubility parameter (S) and
diffusivity parameter (D) of the permeate.”’ Polar molecules
like water are less soluble in hydrophobic matrices and vice
versa. As expected, an increase in the chain length of the alkyl
side groups of CAAS derivatives led to a decrease in the WVP
due to a more hydrophobic character of the polymers (Table
2). Increasing the aliphatic chain length of the fatty alkyls from
16 carbons in CAAS16 to 20 carbons in CAAS20 reduced the
WVP by more than a factor of three. This can be attributed to
the reduced solubility parameter S. The butyl-ester-modified
CAASB3MP ranks between the CAAS derivatives in terms of
WVP. Nevertheless, the barrier values of neat polymer films
were still distinctly below the requirements for food packaging
and the specifications of commonly used polymer foils. Thus,
further improvement is needed.

Compositing polymers with impermeable clay nanosheets
improves the barrier properties of polymer matrices based on
the tortuous path theory (Figure 3A top inset).”® The
incorporation of large aspect ratio synthetic sodium
fluorohectorite (Hec) was shown to improve the WVP and
oxygen permeability (OP) by orders of magnitudes.””** To
illustrate this concept for the new CA-based polymers
presented in this study, CAASI8 was selected and mixed
with a modified Hec, yielding a high barrier and transparent
nanocomposite film upon drying (Figure 3A bottom inset).”
The obtained CAAS18/Hec film showed WVP at 85% RH and
OP at 50% RH as low as 0.09 g mm m~> day ' and 0.16 cm®
mm m~> day™! atm™, respectively. Hereby, the WVP of the
pristine CAAS18 could be reduced by 99.6% compared to the
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initial WVP of 24.8 ¢ mm m™> day'. Besides the hydro-
phobization arising from the fatty alkyl side groups in CAAS18,
the modification of Hec additionally reduces its ability to swell
in the presence of water vapor, explaining the solid WVP at a
high 85% RH for the CAAS18/Hec nanocomposite.”> While
the suspensions applied for wet coating were homogeneous,
segregation was observed upon drying. TEM images revealed
separated domains of neat CAAS18 and restacked Hec-only
domains with a thickness of up to 100 nm (Figure 3B). This
thermodynamically induced phase segregation was further
evidenced via XRD. The XRD pattern of CAAS18/Hec
exhibits a basal spacing of 1.7 nm that can be assigned to the
intercalated 18C6 crown ether complexing the sodium
interlayer cation (Figure 3A).”” Pure CAAS18 shows a typical
XRD pattern of an amorphous polymer, which corroborates
the observed transparencies and DSC spectra of CAAS18 and
its closely related hydrophobic derivatives. The segregation
might actually be advantageous when it comes to degradation.
We could recently show that such phase segregation
accelerates the biodegradation of nanocomposite films due to
fragmentation and concomitantly increased the surface area by
swelling of the Hec domains.** The transparent CAAS18/Hec
nanocomposite film outperforms commonly applied packaging
polymers like PET, PE, or PVC in terms of water vapor and
oxygen barrier properties (Table 2), rendering these biobased
materials promising alternatives for currently applied packaging
materials.

4. CONCLUSIONS

In summary, we described a simple and efficient method for
the preparation of a series of new CA-derived polymers with
interesting and adjustable functionalities. For instance,
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modified CA polymers with considerable barrier properties and
hydrophobic surfaces were obtained this way. The barrier
properties of CAAS18 were significantly improved by adding
large aspect ratio nanosheets of a synthetic clay (hectorite),
leading to nanocomposite materials with excellent water vapor
and oxygen barriers. In addition, rapid disintegration of the
cellulose polymers under laboratory industrial composting
conditions was observed, proving the potential of these
materials to be biodegraded by natural microbes. Hence,
these modified CA derivatives could be an interesting
alternative to conventional plastics, although further inves-
tigations based on respirometric methods are needed to prove
their biodegradability. The described method also enables fine-
tuning of materials by using appropriate thiol compounds for
the thio-Michael click reaction.
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