Enzymatic Synthesis and Characterization
of Trans, B-Dimethyl Hydromuconate,
Thin-Films and Self-Standing Films

Ivana van Dasselaar
S3752887
i.l.van.dasselaar@student/rug.nl
05/07/22

First assessor: K. Loos
Second assessor: D. Maniar



Table of Contents

ADSITACT .ottt 2
L. INTFOAUCTION L.ttt e e e ettt e e e e s e e e e e e e e e e rn e e e e e s 2
2. Materials and MethOUS . .. ..o 4
3. RESUILS AN DiSCUSSION ...ciiiiiiiiiiii it e ettt e e e e e e e e e e e e e e e e e e e aaaes 7
3.1 POIYMET SYNINESIS ... 7
.2 TRIN FIIMIS et e e e e et e e e e e e s r e e e e e e e e 12
G0 30 = 11 || 1 LS 17
4. CONCIUSION Lottt e oo e e e e e e e e e e e bbb e et e e e e e e e e e e e e s 21
RECOMMENUALIONS ...ceiiiiiiiiiieiii ettt ettt e e e e e e e eeeeees 21
ACKNOWIEAGEMENTS ..ottt 22
RETEIBINCES ...ttt e e et e e e e e e e e r e e e e e e e e 22



Abstract

In general, commercial polymers are synthesized from non-renewable resources. In this
report, renewable resources were used to synthesize unsaturated polyesters. Thin-films and self-
standing films of these unsaturated polyesters were made to identify the properties for potential
future applications. Polycondensations of trans, B-dimethyl hydromuconate, a muconic acid
derivative, with 1,8-octanediol and 1,12-dodecanediol were performed. As a catalyst, an
immobilized CALB enzyme was used. The synthesis was conducted twice from which the
products 1.8-TBHM and 1.12-TBHM were obtained as yellow-white solids with 57% and 86.91%
yield respectively and as white powdery solids with yields of 54.91% and 56.35% respectively.
!H-NMR and FTIR analysis have shown that the obtained products were identified to be the
desired polymers for the first batch while crosslinking was observed in the second batch. Lowering
the pressure below 300 mmHg in the rotary evaporator led to reaction conditions which triggered
the double bond crosslinking to occur. GPC measurements show that 1.8-TBHM had the highest
molecular weight as well as the lowest polydispersity. From both the standard and synthesized
polymers, thin-films were made via the spin coating technique. The thin-films show a homogenous
phase and hydrophilic behavior with contact angles below 90°. Self-standing films were made
from standard polymers via solvent evaporation technique and followed by UV irradiation to
crosslink the polymer films. FTIR showed that the double bond peak disappeared after 4h for 1.8-
TBHM and 8h for 1.12-TBHM. A chemical resistance test was done with 4 different solvents of
different polarities. 1.8-TBHM was found to have the highest resistance to any of the solvents.

1. Introduction

One of the biggest challenges that the 21%'-century polymer industry faces is to switch from
fossil-based polymers to renewable resources. In other words, a way to mass-produce plastics
by means of green chemistry. Some of the advantages of using green chemistry over
conventional chemistry are the absence of health and environmental hazards by minimizing the
toxicity, the use of renewable resources and renewable energy, and a low carbon footprint
(Mulhaupt, 2013).

The renewable polymers can either be obtained from natural biopolymers or via
polymerization of bio-based monomers. Cellulose is the most abundant biopolymer in the world
and can be acquired from wood and plant fibers. Through the depolymerization of cellulose, the
intermediate glucose is obtained which in turn can be further converted to give bio-based
monomers. These monomers can be used to replace fossil based monomers. Some of the bio-
based monomers include succinic, lactic, glutamic, fumaric and muconic acid (Rose & Palkovits,
2011; Gandini, 2011).

Continuous research into the use of bio-based monomers from renewable resources has
led to the usage of monomer acid compounds in polymer synthesis. Muconic and fumaric acid,
for example, can be utilized for the production of unsaturated polyesters. Unsaturated polyesters
(UPEs) contain an interesting property, they all contain alkene functionality in their backbones



which can be used to enhance properties such as hardness, strength, and polarity. Due to their
unique properties, some of the applications for UPEs include photographic films and
thermosetting resins (Maniar, et al., 2021; Vilela, et al., 2014).

Typically, the conventional production of unsaturated polyesters leads to many unwanted
issues and side products. Some of these issues include undesirable side reactions and limitations
in the production of polymers at high temperatures. To circumvent these kinds of problems,
enzymatic polymerization can be used as an alternative. The enzymes replace the highly
environmental hazardous metals that would normally be used as a catalyst in these
polycondensation reactions (Gross, Ganesh, & Lu, 2010). Immobilized Novozym 435 (Candida
antarctica lipase B (CALB)) is one of the most reported enzyme catalysts for polycondensation
reactions (Mileti¢, Nastasovi¢, & Loos, 2021). CALB is a commercially available heterogeneous
biocatalyst that is physically immobilized on a macroporous resin of poly(methyl methacrylate).
CALB-catalyzed polycondensations follow the condensation between a carboxyl group and an
alcohol group. Knowing that these kinds of reactions are reversible, side products such as water
and alcohol have to be removed to push the reaction towards the product side (Kobayashi &
Makino, 2009). Advantages of using the immobilized enzyme are mild reaction conditions,
enantio-, and regioselectivity, easy removal by filtration or centrifugation, increased enzyme
activity in organic solvents, and reusability (Maniar, et al., 2021; Mileti¢, Nastasovi¢, & Loos, 2021;
Sen & Puskas, 2015).

The background behind this project is the research previously done by Maniar et al. In
their preceding work, they used muconic acid derivatives for enzyme-catalyzed polymerization.
The reason for interest in muconic acid derivatives stems from the alkene functional group. After
experimentation, trans, B-dimethyl hydromuconate had the most potential for research in future
applications. This project will aid as an extension in the research into the functionality of the alkene
group.

One of the focus points of this project is the fabrication of thin-films by the use of the spin
coating technigue. Thin-films have gained more attention over the past years. This is due to the
unique properties they exhibit and the difference in properties compared to bulk material
(Mellbring et al., 2001). Applications include photosensitive insulation (Liu, Zhang, Sun, Ricky
Lee, & Wong, 2016) and photolithographic processing of silicon wafers. Thin-films are also very
useful for the examination of microstructures on the surface and chemical resistance tests.

The other point of focus is to produce self-standing films or bulk films. Bulk films can be
produced on a small scale with the use of Teflon casting molds. The solvent is typically evaporated
by air. After drying, the films are photosensitive, thus shining a certain wavelength of light on the
films will induce crosslinking of the polymer chains. Irradiation of the films is most often done with
UV light (Decker & Elzaouk, 1997). The degree of crosslinking can then be further examined by
techniques such as chemical resistance tests.

For this project, trans, B-dimethyl hydromuconate (TBHM) was polycondensated with 1,8-
octanediol and 1,12-decanediol using CALB as the catalyst. The synthesized polymers will be
referred to as 1.8-TBHM and 1.12-TBHM from here on out. Pre-synthesized 1.8-TBHM and 1.12-
TBHM polymers from Maniar’s research will be referred to as the standard polymers. The bulk
films are only produced from the standard polymers. UV light with different wavelengths was used
to test the crosslinking of the bulk films. The different properties, as well as the microstructures of
the products, thin-films and bulk films, were thoroughly examined.



2. Materials and Methods

Materials

Trans, B-dimethyl hydromuconate (TBHM), 1,8-octanediol (98%), 1,12-dodecandiol
(99%), 1.8-TBHM (standard), 1.12-TBHM (standard), molecular sieves (4A), methanol (MeOH,
AR grade), Novozyme® 435 (N435, Candida antarctica Lipase B (CALB) immobilized on acrylic
resin, 5000+ U/g), diphenyl ether (DPE, 99%), deuterated chloroform (CDCls-d1, 99.8 atom% D),
chloroform (CHCls, ChromAR, HPLC grade).

Methods
Synthesis of 1.8-TBHM

The following synthetic route can be found in Maniar et al’s (2021) paper, and was adapted
accordingly. To a round-bottom flask equipped with a magnetic stirrer, 229.7 mg 1,8-octanediol
(1.57 mmol, 1 eq), 74 mg pre-dried N435 (15 wt% of TBHM) and 746.6 mg 4 A molecular sieves
(150 wt% of TBHM) were added. 0.250 mL TBHM (1.6 mmol, 1 eq) and 2.3 mL DPE solvent (500
wt% of TBHM) were added to the mixture. The reaction mixture was then put under an inert
Nitrogen atmosphere and allowed to stir slowly (200 rpm) at 85 °C for 2 h. After 2 h, the pressure
was reduced stepwise to 2mm Hg for the next 22 h. For the next 24 h, the reaction temperature
was increased to 95 °C and for the last 24 h, the reaction temperature was increased to 105 °C.
After the polymerization was done, the reaction mixture was allowed to cool off. The product was
then dissolved in CHCIs after which the molecular sieves and N435 were filtered out and the
mixture was concentrated. The dissolved crude was precipitated in an excess amount of cold
MeOH while being stirred. The product was separated by centrifugation and set in the fridge
overnight. Finally, the solvent was removed by decantation and the resulting polymers were dried
and stored under vacuum at 30 °C. The obtained polymer was a yellow-white solid (227.7 mg,
57% yield). For the second batch, the twofold of the total monomer mass was taken. This polymer
was obtained as a white and powdery solid (446.1 mg, 54.91% vyield). The polymers were
characterized by *H-NMR, ATR-FTIR, and GPC.

!H-NMR batch 1 (400 MHz, chloroform-d): & 5.70 (m, 2H, -CH»-CH=), 4.06 (t, 4H, -COO-
CH3-), 3.69 (s, 3H, -OCHs end group), 3.09 (dd, 4H, -CH,-CH=), 1.62 (m, 4H, -COO-CHz-CH>-)
1.33 (m, 8H, -CH>-) ppm.

!H-NMR batch 2(400 MHz, chloroform-d): & 5.69 (m, 2H, -CH,-CH=), 4.07 (t, 4H, -COO-
CH>-), 3.69 (s, 3H, -OCHs end group), 3.63 (t, 1H, -OH end group), 3.08 (dd, 4H, -CH»-CH=),
1.62 (m, 4H, -COO-CH»>-CH>-), 1.53 (s, 4H, -CH,-CH>-CH,-CH>- muconic part), 1.27 (m, 8H, -
CH2-) ppm.

IR batch 1(ATR, cm™): v = 2930-2865 (C-H stretch), 1729 (C=0), 1585 (C=C), 1486-
1290 (-CH2-), 1230 (O-C-0), 1189-1157 (O-C-0), 865 (C=C), 753 (C=C), 693 (C=C).

IR batch 2 (ATR, cm™): v = 2921 (C-H), 1727 (C=0), 1473-1292 (-CH,-), 1174 (O-C-0),
961 (C=C).



Synthesis of 1.12-TBHM

To a round-bottom flask equipped with a magnetic stirrer, 265.7 mg 1,12-dodecanediol
(1.31 mmol, 1 eq), 76 mg pre-dried N435 (15 wt% of TBHM) and 775 mg 4 A molecular sieves
(150 wt% of TBHM) were added. 0.250 mL TBHM (1.6 mmol, 1.2 eq) and 2.3mL DPE solvent
(500 wt% of TBHM) were added to the mixture. The reaction mixture was then put under an inert
Nitrogen atmosphere and allowed to stir slowly (200 rpm) at 85 °C for 2 h. After 2 h, the pressure
was reduced stepwise to 2 mmHg for the next 22 h. For the next 24 h, the reaction temperature
was increased to 95 °C and for the last 24 h, the reaction temperature was increased to 105 °C.
After the polymerization was done, the reaction mixture was allowed to cool off. The product was
then dissolved in CHCIs after which the molecular sieves and N435 were filtered out and the
mixture was concentrated. The dissolved crude was precipitated in an excess amount of cold
MeOH while being stirred. The product was separated by centrifugation and set in the fridge
overnight. Finally, the solvent was removed by decantation and the resulting polymers were dried
and stored under vacuum at 30 °C. The obtained polymer was a yellow-white solid (354.3 mg,
86.91% vyield). For the second batch, the twofold of the total monomer mass was taken. The
reduced pressure step was only 19,5 h instead of 22 h due to broken glassware. This polymer
was obtained as a white powdery solid (460.7 mg, 56.35% vyield). The polymers were
characterized by *H-NMR, ATR-FTIR, and GPC.

H-NMR batch 1(400 MHz, chloroform-d):  5.69 (m, 2H, -CH»-CH=), 4.07 (t, 4H, -COO-
CH>-), 3.69 (s, 3H, -OCH;s end group), 3.08 (dd, 4H, -CH»-CH=), 1.62 (m, 4H, -COO-CH>-CH-),
1.27 (m, 16H, -CH2-) ppm.

!H-NMR batch 2 (400 MHz, chloroform-d): & 5.69 (m, 2H, CH,-CH=), 4.07 (t, 4H, -COO-
CH>-), 3.69 (s, 3H, -OCH;s end group), 3.08 (d, 4H, CH»-CH=), 1.60 (m, 4H, -COO-CH,-CH>-)
1.27 (m, 16H, -CH2-) ppm.

IR batch 1 (ATR, cm™): v = 2917-2850 (C-H stretch), 1729 (C=0), 1583 (C=C), 1486-
1301 (-CH2-), 1235 (O-C-0), 1187-1161 (O-C-0), 865 (C=C), 753 (C=C), 693 (C=C).

IR batch 2 (ATR, cm™): v = 2932-2863 (C-H stretch), 1727 (C=0), 1476-1288 (-CHy-),
1155 (O-C-0), 957 (C=C).

Polymer Bulk Film Preparation
One concentration was used to make the bulk films. For both standard polymers, the
concentration picked was 0.8 wt% of polymer in 4mL of CHCIs solvent. The solution was cast into
a Teflon mold and left to air dry. The films were then peeled off to get self-standing films and the
thickness was measured using a caliper or micrometer. Characterization was both done before,
during, and after crosslinking the films with UV light. The UV irradiation of bulk films was done
with two sets of wavelengths. One of 365 nm and 525 nm. Cut pieces of film were put under the
light for either Oh, 2h, 4h, 8h, or overnight (~16h-18h). The degree of crosslinking was followed
by FTIR.
Polymer Thin-Film Preparation
Different concentrations of the standard polymers were made, namely 0.0165 wt%, 0.035
wt% and 0.8 wt% in 2 mL CHClIs. For the synthesized polymers only the 0.8 wt% concentration
was made. After completely wetting a 22x22 mm glass sheet in the polymer solution, the spin
coater was started. The rotational speed varied between 2000 rpm and 4000 rpm. The time was



set at the 60 sec for both speeds. For all of the concentrations, 2 to 3 samples were prepared.
After the films were spin-coated, they were left to air dry and characterized.

Chemical Resistance Test
Four solvents with different polarities were used with the polarity written in brackets. These
were hexane (0.1), chloroform (4.1), methanol (5.1), and water (10.2). Only the crosslinked bulk
films were used. The films were submerged in 2 mL of solvent for 10 min at room temperature.
The solvent was removed and the films were left to dry, either by air or in a 37 °C oven. The films
were weighed both before and after having been submerged. Changes in appearance were also
noted.

Instruments

Nuclear Magnetic Resonance (NMR). The samples analyzed were those of standard
polymers TBHM, 1.8-TBHM and 1.12-TBHM along with the 1.8-TBHM and 1.12-TBHM of both
batches. The chemical composition and the purity of the compounds were determined using
CDCls-d1 as a solvent. NMR spectra were acquired in deuterated solvents on a Varian VXR 400
MHz (1H: 400 MHz; 13C: 100 MHz) spectrometer at room temperature. Chemical shifts (&) are
reported in ppm, whereas the chemical shifts are calibrated to the main solvent residual peaks.
The collected spectra were analyzed using MestReNova (v14) (Mestrelab Research S.L,
Santiago, Spain)

Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR).
Infrared spectra of the unsaturated polyesters were recorded on a Bruker VERTEX 70
spectrometer equipped with an ATR diamond single reflection plate. The measurements were
performed in the range of 4000-500 cm™ with 4 cm™ resolution and 16 scans for each sample.
The samples were analyzed with the program OPUS viewer (v6.5) (Bruker Corporation,
Massachusetts, USA).

Size exclusion chromatography (SEC). Only the synthesized polymers were sampled for
SEC. The concentration used for the samples was 2 mg in 1 ml CHCI; of HPLC grade. After they
were dissolved they were filtered through a 0.45 um PTFE filter and analyzed by SEC. For the
reference, polystyrene was used. The number and weight average molecular weights (Mn and
Mw), as well as the dispersities (D) of the samples, were measured relative to narrow dispersity
polystyrene (PSt) standards (Agilent and Polymer Laboratories) in the range from 645 to 3.0 x
106 g mol™ on a SEC system equipped with a Viscotek GPCmax, GPC column oven VE2585,
and two PLgel MIXED-C, (5 um x 300 mm) analytical columns from Agilent Technologies with a
separation range from 200 to 2 x 106 g mol™ thermostatted to 35 °C in CHCI3 at a flow rate of
1.0 mL min? by using a Schambeck RI2012 refractive index detector. The collected
chromatograms were analyzed with the program OmniSEC (v5.0) (Malvern Panalytical B.V.,
Almelo, The Netherlands)

Contact angle. Thin films of 0.8 wt% concentration were used for contact angle
measurements. The wettability of the surfaces was investigated at room temperature with a
goniometer. For each measurement, 3 uL of water was put onto the surface with use of a syringe
by the sessile drop method. The measurements of the contact angle were made on both sides of
the two-dimensional projection of the droplet and picked manually. This was done for 3 different
measurements for each film.



Atomic Force Microscopy (AFM). Thin-films of the standard polymers on glass sheets with
0.8 wt% concentration were used for AFM measurements to examine general structural features
of the films. The surface microtopography and the morphology of the films were measured tapping
mode. The AFM images were produced at RT and the sizes of the images differed in 5x5um and
15x15 um for the same film. Structures and the phases were analyzed with the program Gwyddion
(v2.61) (Department of Nanometrology, Czech Metrology Institute).

Ellipsometer. The thickness of thin-films of the standard polymers on silicon wafers with
0.8wt% concentration were measured. This was done with a VASE ellipsometer (A = 300-1800
nm). Thicknesses were analyzed with the program WVASE (J.A. Woollam Co., Lincoln, USA).

3. Results and Discussion

3.1 Polymer Synthesis

Enzymatic Polymerization

The enzymatic transesterification of TBHM was done with two different diols, 1.8-
octacanediol and 1.12-dodecanediol (Scheme 1). These have shown the best properties in
previous work conducted by Maniar et al. The polycondensations were performed throughout 72h
with the use of immobilized Candida antarctica lipase B (CALB) catalyst. The initial conditions for
the reactions were 85 °C under inert N2 gas, followed by a stepwise pressure reduction and
temperature increase. The two-stage method has been shown to improve the reaction
significantly. This is because a monophasic system is maintained and side products (i.e. MeOH)
are removed by evaporation due to the pressure reduction which in turn pushes the reaction
towards the products. The obtained products were analyzed by *H-NMR, ATR-FTIR, and GPC.
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Scheme 1. The polymerization reaction of TBHM with the diols (x=8 or 12)
Structure Characterization

All of the synthesized products were analyzed by NMR. The monomers and polymers
made in previous works were also analyzed for comparison. Information on those products can
be found in the appendix.

The *H-NMR spectra from the first batch of synthesized polymers can be seen in Figures
la and b. Both showed all of the peaks assign to the polymer, indicating that the wanted products
had been formed without any side products. Analysis of the spectra showed an additional peak f
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at 3.69ppm that belonged to the TBHM end group, -OCHs. For 1.12-TBHM this peak was found
to be of higher intensity compared to that of the 1.8-TBHM. A higher intensity of the end group
peak is typically an indication of lower molecular weight. Furthermore, the diol -OH peak was not
present in either of the spectra. This could be because -OCHz is more dominant as an end group,
and thus the favored species. (Maniar, et al., 2021).
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Figure 1. 'H-NMR spectra of a) 1.8-TBHM b) 1.12-TBHM from the first batch

The 'H-NMR spectra of the product from the second batch are shown in Figures 2a and
b. What became different between the two was the peak intensity of the end groups. In the 1.8-
TBHM H-NMR spectrum (Figure 2a), a very small end group intensity is observed. This is an
indication of high molecular weight polymers. The muconic end group (f) was observed at 3.69
ppm and the diol end group (g) at 3.64 ppm. An extra peak was also observed at 1.53 ppm which
corresponded to the appearance of a new hydrogen peak due to the crosslinking of the alkene
functionality. This might have taken place in the work-up step where a rotary evaporator was
used. For the first batch, the pressure was reduced to around 300-350 mmHg for about 30 to 40
min. However, for this batch, the pressure was reduced below 300 mmHg for about 20 min. This
could have caused the crosslinking of the alkene functionality in the polymer. To what degree is
not known quantitatively.

Figure 2b showed a very similar spectrum of 1.12-TBHM to the first batch. The end group
peak at 3.69 ppm was still present in relatively high intensity. This could be due to a combination
of having spent less time under reduced pressure and the crosslinking of the polymer. The main
cause is most likely the crosslinking which inhibited the formation of polymer strands. For the
same reason mentioned above (for 1.8-TBHM), an additional peak h was observed, due to the
crosslinking. The intensity of this peak was not of the same intensity as that of 1.8-TBHM and
thus the degree of crosslinking was less and resulted in a higher end group peak. Though overall
the same conditions applied for both polymer species, the degree of crosslinking was different,
implying that 1.12-TBHM is most likely harder to crosslink.



(o] o
a.) a ¢ a e d Cc b) a c a 5 d
#OWO AN (\OWO N c
b b a d e b b d e
d o h o
a
d
2 z
£ =
c £
- e b
e b
h
fg
VoL
_—_— \ e eavhog oy J L-
" 1 " 1 " 1 " Il " 1 1 1 1
6 5 4 3 2 1 6 5 4 3 2 1
Chemical Shift (ppm) Chemical Shift (ppm)

Figure 2. 'H-NMR spectra of a) 1.8-TBHM and b) 1.12-TBHM from the second batch

From the *H-NMR spectra, the number average molecular weight (M,,) was also calculated
polymers and listed in Table 1. This was done by first finding the integration, I, for each proton as
seen from equation 1.1. This was done for the monomer units and the end groups.

Iproton peaks/ #protons=Iper proton 11
The next step is to multiply the integrations per proton by the mass of either the monomer

unit or end group and sum them up. This is shown from equation 1.2, in which x is either 16 or 24
protons for the 1,8 and 1,12 diol monomer units.

I I3; I Iy
TBHM diol muc end diol end
( PR MTBHM) + ( < Mdiol) + ( 1 * Mipuc end) + ( 2 * Mgiol end) 12

The final step to calculate the M,, is by dividing the calculated values obtained by equation
1.2 by the sum of integration per proton of the end groups (1.3). The reason for multiplying the
sum of integration per proton of the end groups by 0.5 is due to the presence of two end groups.

—— _ (TBHM ldiol ! d ldiol end
M, = ( 4 * MTBHM) + ( 0% x lvldiol) + ( mui e « Mmuc end) + ( 102en * Mdiol end)/ 0.5 =

X

(Imuc end + ldiol end) 1.3
1 2 '




For both batches, IRs were taken for the functional group analysis. Figure 3a shows the
IR spectra from the first batch. For both polymer species, the bands are similar in intensity and
are found around the same wavenumber. The most important bands are those of the alkene at
around 1585 cm™ and ester groups at around 1230-1150 cm™ which are present in both spectra,
implying that this group is still intact and the enzyme was indeed selective.

From Figure 3b, the spectra of the second batch can be seen. Most of the bands were
found to be present at lower intensities than those of the first batch. The alkene bands were found
to be absent for both species. An absence of the alkene group is an indication of crosslinking, as
was found from the *H-NMR spectra in Figures 2a and b. This further proved that crosslinking did
occur during the work-up. To what degree both polymers were crosslinked was not determined.
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Figure 3. IR spectra of a) 1.8-TBHM and 1.12-TBHM from the first batch and
b) 1.8-TBHM and 1.12-TBHM from the second batch

Molecular weight, dispersity, and yield of the product

SEC samples were taken to analyze the molecular weight and distributions of all the
synthesized polymers. The obtained data from the SEC analysis are listed in Table 1. In all
batches, 1.8-TBHM was found to have a higher molecular weight and lower polydispersity. The
molecular weights of both polymers were found to be twice as high in the second batch. This
again confirms that the crosslinking had occurred in the second batch reaction.

Figures 4a and b depicted elugram obtained from SEC measurement, which shows the
distribution and retention volume of all of the synthesized polymers. In accordance with the
polydispersity index listed in Table 1, the graphs show a relatively narrow distribution in the
second batch. It is also observed that the elugram had shifted towards the lower retention volume,
which implies a higher molecular weight, due to the crosslinking.
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Figure 4. Elugram for both the first (B1) and second (B2) batches of a) 1.8-TBHM and b) 1.12-TBHM

Table 1. Yields and molar masses of polymers obtained from the first (1) and second batch (2) synthesis.

Yield NMR GPC
Polymer (%) Mn (g mol'Y) | Mn (g mol?)  Mw (g mol?) [5)
1.8-TBHM 1 57 2500 4100 6200 1.5
1.12-TBHM 1 87 2100 3100 5000 1.6
1.8-TBHM 2 55 3000 9500 13000 1.4
1.12-TBHM 2 56 3000 5700 9000 1.6

The yields of the first batch are not accurate, since diphenyl ether (DPE) solvent was still
detected in the final products. Thus, the actual yields are supposed to be lower than those listed

in the table. However, the yield calculation from the second batch is accurate.

The low molecular weights for the polymers of the first batch were possibly caused
by the impurities that were present in the DPE solvent and diol monomers. As for the second
batch, the doubled weight was caused by the crosslinking.

11




3.2 Thin films

The thin films used for the characterization of the standard polymers and polymers from
the second batch were made by the use of a spin coater. Spin coating polymer films is a very
effective method for preparing smooth coatings. The polymers are dissolved in a small amount of
solvent. A glass sheet is then coated completely in the solution and spun at high rotational speeds.
The excess solvent will be ejected and evaporated. After the solvent has completely evaporated,
the substrate is covered in a thick and viscous polymer film. The thickness of the film is dependent
on parameters such as speed, volatility of the solvent, and the concentration of the solution
(Mellbring et al., 2001).

Different concentrations of polymer solutions were made with CHCIl; as solvent. The
concentrations of the solutions were dependent on the chosen weight percentage which in turn
gave the polymer mass that should be added to 2mL of solvent. This was done by equation 2.1.

Psolvent
mLsolvent *=s0 ve_rll * Wt%polymer *1000
massy] (m/mg) = 2.1
polymer 100 - wt%polymer
. . . . 0.5mg 1mg 24mg
The solution concentrations used for the spin coating were those of —— , — and — of
2ZmL * Z2mL 2mL

standard polymers and only % (or 0.8wt%) of the polymer from the second batch. Onto a glass

sheet, the solutions were dropped until the glass sheet was completely covered. For each of the
concentrations, two different sets of films were spin-coated at 2000 rpm or 4000 rpm for 60 s.
This was done to get different film thicknesses. The films’ properties were analyzed by the contact
angle, AFM, and ellipsometry.

To determine the thin-films’ hydrophilicity/hydrophobicity behavior, the obtained thin films
were analyzed by the contact angle. A 0° angle indicates hydrophilicity and 180° angle is a
hydrophobic substance. A line is drawn around 90°, where below 90° the angle is seen as
hydrophilic and above 90° as hydrophobic (Law, 2014). The angles depend on the interactions
between liquid, solid, and vapor. A liquid can be introduced to the surface in various ways. For
example, by dipping the surface into the liquid or pulling it out, dripping it onto the surface, and
letting the liquid evaporate. The method that will be used in this project is the dripping method,
better known as the sessile drop method. Hereby a few microliters will be gently placed on the
surface through a syringe. This method uses optical imaging to show and calculate the contact
angle (Eral, 't Mannetje, & Oh, 2013).

For contact angle measurements, only the thin films from polymer solution with a
concentration of 0.8 wt% were used for measurements. Thin-flms from other solvent
concentrations did not properly coat the whole glass surface. This is due to the low concentration
hence didn’t show reliable data in CA measurements. For each sample, the contact angle was
measured at three different positions with the use of the sessile drop method and 3uL of water.
The average of obtained number was listed in Table 2. All of the samples displayed a contact
angle lower than 90°. Which indicates that the films have an affinity for water and were all found
to be hydrophilic. 1.8-TBHM thin-films from both spin-coating speeds showed a smaller contact
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angle than 1.12-TBHM thin-films. A smaller contact angle means a higher affinity towards the
water and this can be explained by the influence of methylene chain length. A longer methylene
chain of 1.12-TBHM gives more hydrophobic properties. This behavior could be explained by the
polarity of the chain itself: water is very polar while methylene chains are non-polar. We also
observed that, although the films were made from two different batches of polymers with different
molecular weights, the contact angle remains relatively constant. This implies that the molecular
weight doesn’t affect the surface hydrophilicity/hydrophobicity behavior.

Table 2. Average contact angles of thin-films made from standard and second batch polymers

Standard Left Angle (°) Right Angle (°) Batch 2 Left Angle (°) Right Angle (°)
1.8 2000rpm 67 68 1.8 2000rpm 68 67
1.8 4000rpm 71 71 1.8 4000rpm 68 67
1.12 2000rpm 79 76 1.12 2000rpm 77 75
1.12 4000rpm 79 76 1.12 4000rpm 75 73

A good way to analyze the microstructures of thin films is by using Atomic Force
Microscopy (AFM). This can be done in either vacuum, liquid or air. A big advantage of the
technique is that it’s not dependent on the environment or the type of surface. Furthermore, it can
be used to look at the structures’ qualities and properties along with following changes in different
conditions over a period of time (Aliofkhazraei & Ali, 2014). Different scanning modes can be
used, but for thin-film analysis, the tapping mode is most often used as it non-destructive and can
also image the phase of the said film (Schénherr, 2016).

For the AFM measurements, the thin films of the standard polymers spin coated on glass
sheets were used. Scanning was done by using the tapping method with a scan size of 5x5 um
and 15x15 um. 1.8-TBHM showed a lot of small holes with a depth of around 10 nm (Figure 5a).
It is not understood if the holes reached the glass sheet surface. The formation of holes could
have been due to the fast evaporation of the solvent, causing the residual stresses to influence
the nucleation sites and the formation of the dewetting holes. Presence of dust particles and other
impurities can induce ruptures to happen and will eventually lead to dewetting nucleation sites
(Liu, Yu, Xue, & Han, 2016). Due to the difference in hydrophobicity between the glass sheet and
the polymer these holes can also form. The holes could therefore not be omitted. This type of
behavior is often seen in polystyrene thin-films on a silicon substrate (Xue & Han, 2011).

On average, the formed thin-film was around 20 nm in height. The parts where there was
a significant increase in height might be due to some impurities such as dust particles. The phase
of the film, however, was found to be relatively homogeneous and continuous, both on a small
and bigger scale (Figure 5b). This means that the film preparation for this polymer was effective,
even with the inclusion of the holes. Slower solvent evaporation, changing the type of substrate
and working in a dust free environment measurements can be taken to limit and prevent the
formation of dewetting holes.
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Figure 5. AFM imaging of the 1.8-TBHM thin-film on 5x5um and 15x15um scale, where shows the a) height
image, b) phase image, and c) is a 3D mapping of the height profile.

Compared to 1.8-TBHM, 1.12-TBHM thin-films possess holes with bigger sizes and a
lesser frequency (Figure 6a). The holes were still found to be around 10 nm in depth. Due to 1.12-
TBHM being more hydrophobic than 1.8-TBHM, it is less compatible with the glass surface and
thus bigger holes were formed. As observed in the height image, thin films of 1.12-TBHM were
almost two times thicker than 1.8-TBHM.

The imprints of the holes could be seen in the phase image of 1.12-TBHM thin films,
implying the phase itself had been interrupted and was less homogeneous. A big crack through
the film’s surface was observed in the height image. The cracks might have formed during the
drying process while the solvent was evaporating. It could be that the polymer detached over time
and was no longer stuck to the glass plate, thus causing the film to easily tear (Signh Tomar,
Shanhinb, & Tirumkudulu, 2020). Changing the substrate, as mentioned above, could prevent
detachment. It could also be due to the brittleness of the formed films, corresponding to the
crystalline phase. As previously observed in the WAXD and POM data reported by Maniar et al.,
1.12-TBHM polyesters show semi-crystalline properties. No research into the crystallinity of 1.8-
TBHM has been done as of yet, thus it cannot be said with certainty if the film also possesses a
crystalline phase.

Mellbring et al. have also performed AFM analysis of polymer thin-films, in their case with
polyethylene. The thin-films were also spin coated onto silicon sheets. For a thickness of 34 um,
similar to that of 1.12-TBHM, the crystalline phase is observed to be comparable. They also show
that for thinner films, the crystalline phase becomes more irregular and disordered. This could
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also hold for the thin-flms made from trans, B-dimethyl hydromuconate. No research into the
crystallinity of 1.8-TBHM however has been done as of yet, thus it cannot be said for sure if the
film also possesses a crystalline phase.

0 um 5 10
116nm b) 0 EREE : 66 deg
i 60
100
50
80 5
40
60 20
40 10 20
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Figure 6. AFM imaging of the 1.12-TBHM thin-film on 5x5um and 15x15um scale, where a) shows the sensor
imaging, b) shows the phase imaging and c) is a 3D mapping of the sensor image.

The thickness of thin films can be measured by using ellipsometry. This method relies on
the polarizability of materials using a polarized light source. The biggest advantage of this method
is that it is entirely non-destructive. It is possible to measure thin film properties like the refractive
index and the thickness with very high accuracy and without the need for a reference (Cobet,
2018).

The thickness of the polymer thin-films was analyzed by ellipsometry. However, due to the
instrument limitations, thin-films for ellipsometry measurement were prepared on a silicon wafer
instead of the glass sheet. From table 3, it can be observed that for 1.12-TBHM thin-films, the
thickness is quite consistent. For a higher spin-coating speed, the thickness was measured to be
less, as would be expected. The film thicknesses of 1.8-TBHM can’t be compared to each other
since the 1.8-TBHM 2000rpm sample fell off during the spin coating. Similar to the AFM analysis,
ellipsometry data also show that, in general, the 1.12-TBHM thin-film is thicker than the 1,8-TBHM
thin-films.
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Table 3. The thickness of the polymer thin films on silicon surface as measured by ellipsometry

Sample Thickness (nm)
1.8 2000rpm 180.005
1.8 4000rpm 58.145
1.12 2000rpm 86.887
1.12 4000rpm 82.106
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3.3 Bulk Films

The self-standing films were made by using 0.8 wt% standard polymers solution in CHClI;,
The polymer solutions were poured into a Teflon mold and subsequently left to dry by air. The
film thickness was measured and photos were taken to display the transparency (Figure 7a-d).
The self-standing films were then cross-linked with UV irradiation. Finally, the films were
characterized by FTIR and by a chemical resistance test.

The fabrication of bulk films could only be done with the standard polymers. This is due to
the very low molecular weight of the polymers synthesized from both batches. Samples from lower
molecular weight polymers were easily broken and thus a film couldn't be formed. Upon removing
the films from the mold, 1.8-TBHM can be easily removed, whereas 1.12-TBHM films were very
brittle and consequently they are more prone to tear apart. This can be explained by the difference
in the methylene chain length. As reported previously, the methylene chain length can highly
influence the properties of polymers and can thus be the cause of the brittleness (Kobayashi &
Makino, 2009). As measured by a thickness gauge, Table 4 lists the thickness of the obtained
bulk films. In general, we observed that the 1.8-TBHM films are thicker than those of 1.12-TBHM.

To identify the transparency of the formed films, all obtained films were put on top of a
paper with the university logo. A noticeable difference in transparency was not observed between
any of the films of either of the polymers. They are however barely translucent. Translucency can
be an indication for crystal arrangements and could therefore be used for qualitative analysis of
the degree of crystallinity (Pritchard, 1964). As was mentioned previously, the crystallinity of 1.12-
TBHM had been determined by Maniar et al. Therefore the translucency can be regarded as an
indication for the degree of crystallinity. If this also accounts for 1.8-TBHM will have to be
determined by first performing WAXD analysis as was done for 1.12-TBHM.

S ol o

-~ Table 4. Self-standing film thicknesses in mm
y. Film Thickness (mm)
- b 1.8-TBHM a 0.060
i 1.8-TBHM b 0.042
> & 1.12-TBHM ¢ 0.034
1.12-TBHM d 0.038
c) Wp—— o

Figure 7. Self-standing films of 1.8-TBHM (a and b) and 1.12-TBHM (c and d)

17



Degree of crosslinking

For the crosslinking of the bulk films, two different types of UV wavelengths were used for
irradiation; 365 nm and 525 nm. The bulk films were cut up into smaller pieces and put under the
lights for a set amount of time to crosslink the polymers (Table 5). The crosslinking was then
followed by FTIR.

Figure 8 shows the FTIR spectra of all the obtained bulk films. The most interesting area
that we want to observe are those of the alkene functional group bands of around 1600 cm™.
These bands should either change in intensity or be gone entirely due to the UV irradiation which
initiates crosslinking. As shown in Figures 8c and d, the 525 nm UV light did not crosslink any of
the polymer films, as the peak at 1585 cm™ remains to be present even after overnight irradiation.
Either the films had to be irradiated for a much longer time or the wavelength itself contains too
little energy to initiate the crosslinking. As previously reported, a wavelength of 500 nm is in
general not powerful enough to crosslink materials and therefore not used (Decker & Elzaouk,
1997). However, we observe a change in the IR spectra when we irradiate the films using 365
nm UV lights. As shown in Figures 8a and b, the intensity of the C=C bands decreased and
eventually disappeared completely. This indicates that crosslinking has happened during UV
irradiation. The C=C peak in FTIR of 1.8-TBHM films completely disappeared after 4h and 1.12-
TBHM films after 8h.

Table 5. Crosslinking of the films followed by FTIR where x= not crosslinked and v'=crosslinked

365nm Control 2h 4h 8h Overnight
1.8-TBHM X X V4 V4 V4
1.12-TBHM X X X N4 V4
525nm Control 2h 4h 8h Overnight
1.8-TBHM X X X X X
1.12-TBHM X X X X X

We observed degradation of the 1,8-TBHM and 1,12-TBHM films when we left them under
UV light for more than 3 days. The FTIR spectra (Figures 8e and f) looked very different from the
ones that we obtained using the same irradiation with a much shorter time (Figures 8a and b).
We observe the appearance of a hydroxyl band of around 3475 cm™* which is an indication for the
presence of diol end groups. However, the alkene peaks were still disappearing, which indicates
that the crosslinking has also occurred beforehand. The other peaks belonging to the alkane and
ester groups are no longer clearly defined and have merged to form very broad bands instead.
The carbonyl peaks have also become broader. Long exposure to UV light caused the polymers
to degrade. This implies that the polymers can be degraded by UV irradiation. However, the
degradation could also be caused by heat generated in the reactor from the UV light, which can
initiate thermal degradation of the polymer films.
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Figure 8. The IR spectra of self-standing films under 365nm and 525nm UV light. Spectra a) 1.8-TBHM 365nm, b)
1.12-TBHM 365nm, c) 1.8-TBHM 525nm, d) 1.12-TBHM, e) 1.8-TBHM 365nm and f) 1.12-TBHM 365nm.
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Chemical Resistance Test

The UV crosslinked films were dipped in solvents with polarities ranging from 0.1 to 10.2.
This was done to observe if there would be a difference in both appearance and weight of the
films. The films were weighed before being submerged in 2 mL of solvent at room temperature.
After 10 to 15 min, the solvent was removed and the films were left to dry by air or put inside a 37
°C oven. After drying, the films were weighed once more.

The weight differences and observations are shown in Table 6. For both polymers, a
similar trend in either weight loss or gain can be seen. Water however is the odd one out in being
the only one displaying weight gain for 1.8-TBHM and weight loss for 1.12-TBHM. The most
significant change in both weight and appearance is observed with CHCls;. The 1.8-TBHM film
lost around 30 wt% after submerging it in CHCls. For 1.12-TBHM, the film was destroyed into
small pieces after 15 min in CHCIs. This was repeated by decreasing the time to only 5 min in
CHCIz. The 1.12-TBHM film lost 40 wt% of its initial weight. Upon submerging in CHCIs, both
polymer films turned fully transparent and swelled up. Another important mass reduction can be
observed for 1.12-TBHM in methanol for which the mass was reduced by 7 wt%. The other weight
differences are relatively negligible and no difference in appearance observe after film submersion
in methanol, hexane, and water. A comparison between the 1.8-TBHM and 1.12-TBHM films did
show a difference in their resistance to the tested solvent. Almost all of the 1.8-TBHM remained
in one piece after solvent removal, apart from CHCIs. For 1.12-TBHM, almost all of the films broke
into several pieces during the second weighing. This indicates that 1.12-TBHM film is less
resistant to the same types of solvents compared to 1.8-TBHM. A clear connection was not found
between the solvents' polarity to the polymer film's chemical resistance. It could be that the films
in general are not resistant to chloroform-like substances.

Table 6. The difference in weight and appearance of the crosslinked bulk films in different solvents.

1.8-TBHM Before After Weight Weight Observations
dipping dipping difference difference
(mg) (mg) (mg) (Wt%)
CHCl3 2.8 1.98 -0.72 -30 Fully swollen and fully
transparent in solvent
Hexane 8.32 8.50 +0.18 +2 No observation
Methanol 4.60 450 -0.10 -2 No observation
Water 2.24 2.27 +0.03 +1 Floats
1.12-TBHM Before After Weight Weight Observations
dipping dipping difference difference
(mg) (mg) (mg) (Wt%)
CHCl3 12.61 7.72 -4.89 -40 Fully swollen and transparent
in the solvent, in pieces after
removal of solvent
Hexane 5.23 5.37 +0.14 +3 No observation
Methanol 5.44 5.08 -0.36 -7 No observation
Water 11.90 11.49 -0.41 -3 Floats
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4. Conclusion

To summarize everything, green polycondensations were conducted with trans, B-
dimethyl hydromuconate reacting with 1,8-octanediol and 1,12-dodecanediol where CALB was
used as an enzyme catalyst. As confirmed by the *H-NMR and FTIR, the desired polymers were
obtained in the first batch. However, in the second batch, it was discovered the product had
already been crosslinked. This is due to the excessive pressure reduction in the rotary evaporator
during the work-up. 1.12-TBHM was found to have the highest yield. From the SEC data, it was
concluded that 1.8-TBHM had the highest molecular masses.

Neither of the synthesized polymer batches could form bulk films, this was due to the low
molecular weights. The obtained low molecular weights of the product was caused by the
impurities in diol monomers or the DPE solvent. For future experiments, this should be taken into
account and better purification should be done before conducting any further syntheses.

The thin-films were made with the spin coater method. The most optimal solution used to
make the films was that of 0.8 wt% of the polymer in 2 ml CHCls. Characterization of the films
was done by the contact angle, AFM, and ellipsometry.

From the contact angle, it can be concluded that the difference in polymer molecular
weights does not significantly influence the hydrophobicity/hydrophilicity of the thin films.
Furthermore, all of the films had a water contact angle between 65° and 80°, which indicates their
hydrophilic properties. 1.12-TBHM showed the highest contact angles and was therefore found
to have the least affinity to water. The AFM data showed that thin films of 1.8-TBHM had a
homogeneous phase, unlike that of 1.12-TBHM. Measurements done with ellipsometry were
performed for the film thickness. From both AFM and ellipsometry data, we can conclude that the
obtained 1.12-TBHM thin films are thicker in comparison to the 1.8-TBHM thin films.

Only the standard polymers were used for the production of self-standing/bulk films due
to the previously mentioned low molecular weights of the synthesized polymers. For these films,
1.8-TBHM was proven to have thicker films. The bulk films were crosslinked with the use of UV
light where a wavelength of 365 nm proved to be competent for crosslinking. FTIR showed
complete disappearance of the C=C bond in 1.8-TBHM films after 4h UV irradiation and 8h for
1.12-TBHM films. Chemical resistance was tested with 4 different solvents. Based on how much
weight was lost, the resistance of the polymer films to chemicals was assessed. In comparison to
1.12-TBHM films, 1.8-TBHM films were found to be more resistant to the tested solvent. The 1.12-
TBHM polymer was overall found to be quite brittle. 1.8-TBHM showed promising properties for
further research. By optimizing the synthesis and thus increasing the molecular weight, 1.8-TBHM
can be further analyzed and used in future applications.

Recommendations

The occurrence of crosslinking that took place in the second batch could not be explained
on basis of reducing the pressure during the work-up alone. No NMR samples were taken during
or after the reaction finished, only after the work-up. For future research, it is recommended to
take more frequent NMR samples to observe during which step the crosslinking could have
occurred and to prevent it from happening again.
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Appendix

'H-NMR of standard polymers

Intensity

6,0 5,5 5,0 4,5 4,0 3,5 3,0
Chemical Shift (ppm)

Trans, B-dimethyl hydromuconate (TBHM): *H NMR (400 MHz, chloroform-d): & 5.69
(2H, dd, -CH2-CH=CH-) , 3.68 (6H, s, -OCHz3), 3.09 (4H, dd, -CH>-CH=CH-) ppm.
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1.8-TBHM: *H NMR (400 MHz, chloroform-d): & 5.69 (2H, dd, -COO-CH,-CH=), 4.07
(4H, t, -COO-CH,-), 3.09 (4H, d, -COO-CH,-CH=), 1.62 (4H, m, -CH-) 1.27 (8H, m, -CHy-) ppm.
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1.12-TBHM: *H NMR (400 MHz, chloroform-d): 3 5.69 (2H, dd, -COO-CH,-CH=), 4.07
(4H, t, -COO-CHz>-), 3.09 (4H, d, -COO-CH,-CH=), 1.62 (6H, m, -CH»-) 1.27 (14H, m, -CH,-)

ppm.
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'H-NMR of standard vs second batch polymers
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FTIR of standard polymer bulk film, unknown concentration

Transmittance (%)
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1.8-TBHM: IR (ATR, cm™): v 2926-2858 (C-H stretch), 1713 (C=0), 1625 (C=C), 1467-
1306 (-CH>-), 1273 (O-C-0), 1204-1169 (O-C-0).

1.12-TBHM: IR (ATR, cm™): v 2938-2863 (C-H stretch), 1728 (C=0), 1634 (C=C), 1478-
1315 (-CH>-), 1301 (O-C-0), 1205-1180 (O-C-0).
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