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Abstract

Poly(d-valerolactone) (PVL) and its copolymers are currently widely used in medical applications such as drug delivery
systems, implants, tissue engineering, and packaging. In the medical field, PVL is one of the most commonly used materials
because it is biocompatible, flexible, and non-toxic. To produce PVL, ring opening polymerization (ROP) J-valerolactone (J-
VL) will be performed using a complex catalyst bis(dibenzoylmethanato)zirconium(lV) chloride (bis(dibzm),Zr). The
advantage of this catalyst is that it can be utilized in the tropics because it is not sensitive to water vapor and air. Moreover,
the Lewis acidity of the central atom can also be controlled by varying the electron-withdrawing and electron-donating groups
of the ligands. The PVL product characterization in this research was carried out by using FTIR, 'THNMR, *CNMR, XRD,
DSC, and TGA. The obtained PVL is semicrystalline with a low melting point. Thus, the obtained PVL can be applied as a

medical material and biodegradable packaging.

Keywords: Ring opening polymerization, dJ-valerolactone, bis(dibenzoylmethanato)-zirconium(lV) chloride, Poly(o-

valerolactone)

Introduction

In the twenty-first century, green materials
such as polylactones are becoming more popular in
the medical field for use in artificial implants, tissue
engineering, drug delivery, and wound dressings.
Polylactones have biocompatibility, non-toxic, and
thermoplastic properties, so that they are widely used
as medical materials, including implant materials.
After use, implants are easily removed from the body
in the form of small molecules that decompose
quickly and do not cause poisoning [1-3]. Apart from
in the medical field, polylactones are also used as
biodegradable packaging because polylactones
contain a carbonyl group [4]. Furthermore, the
microbe will come into contact with the polylactone,
causing it to change its nature and become more
hydrophilic. As a result, the polymer surface has the
potential ability to absorb water, thus making the
degradation process by bacteria easier [5].

Over the last few years, poly(J-
valerolactone) (PVL) which is part of polylactones
has become the main choice for use as medical

materials, especially in drug delivery systems. So far,
PVL has been used as a drug delivery agent to the
skin for antifungal drugs. Additionally, PVL has also
been used as a delivery system for chemotherapy
drugs such as the anthracycline antibiotic
daunorubicin (DNR) and several other hydrophobic
drugs . DNR is an antitumor drug used in the
treatment of lung, bladder, breast, ovarian,
lymphoma, brain, and lymphocytic leukemia [6]. The
use of PVL as one of the most desirable materials in
the medical field is due to its ease of processing, low
melting point, non-toxic, semi-crystalline, and
flexibility. Until now, various efforts by various
researchers to improve the quality of PVL as a
medical material have continued to be carried out by
means of synthesis, blending, and copolymers.

PVL (poly(s-valerolactone)) is a type of
polymer obtained through ROP. ROP is the preferred
reaction route in ring opening because of its ease of
carrying out polymerization reactions based on its
thermodynamic and kinetic factors. ROP is a chain
growth reaction in which the reactive center is
located at the terminal end of the polymer [7]. This
reactive center will react with other monomers
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resulting in ring opening, propagation, and polymer
chain elongation. Some of the catalysts used in ROP
0-VL include hydrochloric acid [1],
tris(pentafluorophenyl)borane [5], boric acid [6],
Triazabicyclo-[4.4.0]dec-5-ene (TBD) [10], 2,6-
Bis(amino)phenol Zinc Complex [11], copper
diketiminate complexes [12], Benzoheterocyclic
UreassMTBD [13], distannoxane [14], [15], and
Yttrium [16]. However, some of these catalysts have
a weakness because it is necessary to add an initiator
and a cocatalyst that is sensitive to air. As a result,
extra handling is required when performing the ROP
of 6-VL.

Unlike the previous catalyst, the
bis(dibzm)Zr catalyst complex does not require the
addition of an initiator and cocatalyst during ROP 4-
VL. Moreover, this catalyst is easier to handle when
reacted, so that it is suitable for being used as a
catalyst in 6-VL ROP. We previously reported on the
use of a bis(dibzm),Zr catalyst complex in the ROP
of &CL to produce PCL [17]. In this paper, we will
describe a simple ROP 4-VL method based on a
bis(dibzm),Zr catalyst complex. In addition, we also
characterized the physical and chemical properties of
the resulting PVL by using FTIR, '"HNMR, "CNMR.
XRD, DSC, and TGA.

Experimental
Material and Methods

The Sigma-Aldrich company provided the
chemicals used in this study, including the J-VL,
dibenzoylmethane ligand, and ZrCl,. DSC and XRD
characterization were used to determine the physical
properties of PVL. Meanwhile, FTIR, '"HNMR, and
BCNMR were used to determine the chemical
characteristics of PVL.

The FTIR spectroscopy was measured using
a Perkin-Elmer spectrometer while the shape of the
sample used was in the form of solid KBr pellets.
Next, the measurements of 'H NMR and *C NMR
were analysed using an Agilent 500 spectrometer at
500 MHz in CDCl; solvent. Then, Shimadzu XRD-
6100 diffractometer was used to measure X-ray
powder diffractions (XRD) with Cu-Ka. radiation.
Meanwhile, the measurements of DSC were analysed
by using the SHIMADZU DSC-60 Plus Series at a
scanning speed of 10 °C/min, which covers a
temperature range between 27 °C and 500 °C. Last,
DTG 60 Shimadzu was wused to perform
thermogravimetry analysis of PVL at 10 °C/min with
a heating range from 36 °C to 600 °C in a nitrogen
atmosphere [17].

Synthesis of
Zirconium(lV) Chloride

Bis(dibenzoylmethanato)-
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A total of 0.93 g of zirconium tetrachloride
(4 mmol) was mixed with 2.16 g of
dibenzoylmethanato ligand (9.6 mmol) and refluxed
using 20 mL of benzene as solvent. The reaction was
carried out for 14 hours at a temperature of 85 °C.
Next, the cooling process is carried out until a solid
product is formed while the filtrate is removed. After
that, the complex formed was washed three times
using n-hexane with a volume of 8 mL. The final step
is drying the bis(dibzm),Zr complex catalyst using
vacuum [18]. [Zr(dibzm),]Cl, : Yield 59%.

Ring-Opening Polymerization of &Valerolactone

ROP §-VL was carried out in the following
manner: At 100 °C for 4 hours, 6-VL monomer (3.9
g, 38 mmol) and bis(dibzm),Zr (0.12 g, 0.19 mmol)
were reacted. After that, the product was cooled at
room temperature and dissolved in 15 mL of
chloroform and also stirred for 3 hours. To yield a
clear solution, the PVL was refluxed for 1 hour. Next,
PVL was precipitated with 20 mL of diethyl ether
and then vacuumed to obtain dry PVL. Last, FTIR,
XRD, DSC, '"HNMR, and "CNMR instruments were
used to characterize the PVL products. Yield 82%
[14].

Results and Discussion

The primary goal of this investigation is to
use the bis(dibzm),Zr complex as a catalyst in the
ROP §-VL. The resulting PVL was analyzed using
FTIR, '"HNMR, "CNMR, XRD, DSC, and TGA.

Characterization of Bis(dibenzoyl-methanato)
Zirconium(lV) Chloride Complex Compound
In this investigation, the complex was characterized
using XRD and '"HNMR.
XRD Analysis of complex catalyst

The XRD diffractogram pattern of the
[bis(dibzm,)Zr]Cl, complex catalyst is shown in
Figure 1. The diffractogram pattern of the complex
was different from the patterns of the two reactants of
it, the dibzm ligand and ZrCl,. Whereas, the XRD
pattern of ZrCl, can be seen from the results obtained
by Liu's research group [19]. These results indicate
that the catalyst complex [bis(dibzm,)Zr]Cl, has been
formed.

"HNMR Analysis of complex catalyst

An NMR analysis was carried out to
determine the structure of the [bis(dibzm), Zr]Cl,
complex catalyst by observing the chemical shifts of
atoms in different electronic environments.

Figure 2 shows a typical 'H-NMR
spectrum of complex.
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Figure 1: XRD analysis of bis(dibzm),Zr complex

In addition, Table 1 also displays the detailed data for
proton resonance of [bis(dibzm), Zr]Cl, complexes.
The '"HNMR complex signal (500 MHz, CDCl;) that
appears at 7.213 ppm is a proton of Ha (s,1H). Next,
the signal that appears at 7.375 -7.456 ppm is a
proton of Hb (t, 4H). Then, the signal that appears at
1.7 ppm is a proton of Hc 7.479-7.543 (t, 2H). Last,
the signal that appears at 8.065-8.202 ppm is proton
of Hd (d, 4H). The results of the 1H NMR analysis of
the complex compound were identical to those found

by other researchers [18].
Table 1. 'H resonances of bis(dibzm),Zr

H Chemical shift/

Integrated intensity

position ppm calculated observed
a 7.213 (9) 1 1
b 7.375 -7.456 (t) 4 4
c 7.479-7.543 (1) 2 3
d 8.065-8.202 (d) 4 4
s = singlet; t = triplet; d = duplet

60 10 60 50 40 a0
ppm

Figure 2: "HNMR spectrum of bis(dibzm),Zr
complex
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Ring-Opening Polymerization of &Valerolactone

In this investigation, the resulting PVL was
characterized using FTIR, NMR, XRD, DSC and
TGA.

FTIR Analysis of PVL

The PVL spectra obtained using a
bis(dibzm),Zr catalyst are shown in Figure 3.

The FTIR spectra of PVL showed that the
CH, assymmetric at 2949 cm™', CH, symmetric at
2877 cm’', carbonyl (C=0) at 1721 cm', CH
assymmetric elongation at 1457 cm ', CH, bending at
1319cm ™!, C-Cat 1257 cm™*, C-O at 1165 cm ', and
long chain methylene rock at 740 cm™'. The results
obtained have the same infrared band as those
obtained by other researchers [9].

CH,

Cc-C

C=0

’ . . v ’ ’ . T
4000 3200 2400 1600 800
wavenumber (cm™)

Figure 3: The FTIR spectrum of PVL generated by
bis(dibzm),Zr catalyst

NMR Analysis of PVL

An NMR analysis was performed to
determine the structure of the resulting PVL by
observing the chemical shifts of atoms in different
electronic environments.

cdel;
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Figure 4: "H-NMR spectrum of PVL
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Figure 4 shows a typical 'H-NMR spectrum
of PVL. The '"HNMR PVL signal (500 MHz, CDCl5)
that appears at 4.1 ppm is a proton of methylene
bound to an ester bond (Ha). Meanwhile, the signal
that appears at 2.4 ppm is a methylene proton bound
to a carbonyl group (Hb). The signal that appears at
1.7 ppm is a methylene proton at the center of the
PVL structure (Hc). Finally, the signal that appears at
3.6 ppm is the methylene proton at the end of the
PVL chain (Ha)). The results of the '"HNMR PVL
analysis obtained are alike to those obtained by
previous researchers [10] [20].

On the other hand, PVL polymer degree
(DP) analysis was also carried out by using the
'HNMR integration comparison method. The method
is to compare the ratio of repeated units integration
(Ha, Hb, Hc) to the integration of methylene at the
end of the polymer chain (Ha') [21]. Some of the 'H
NMR PVL data required for DP determination are
shown in Table 2.

Table 2. Determination the degree of PVL
polymerization by using 'H-NMR data

Feature Moiety o (ppm) Peak
area

End group (Ha) CH, 3.6 1

Repeating units C,Hg 4.1;24;, 62

(Ha,Hb,Hc) 1.7

To calculate DP PVL (n), we need data on
the peak area of the end group (aCH2 = 1), the peak
area of repeating units (aC4H8=62), the number of H
atoms in the end group (mCH?2 = 2), the number of H
atoms in repeating units (m C4H8= 8), and the
number of repeating units of the end group (nCH2 =
1). This data is then substituted into equation 1 [22].
nPVL =aC4Hg. mCH,.nCH,
=62x2x1

1x8
=15,5=15

The DP PVL obtained in this study was 15,
based on the calculation results (eq.1). The low DP
obtained can be caused by various factors. These
factors include deactivation of the catalyst, steric
hindrance from complex compounds, and the length
of the PVL chain. As a result, it is difficult for &VL
to perform insertions as illustrated in Scheme 1. The
low temperature factor can also be the cause of the
low DP because it can cause a slowdown in
translational motion, vibration, and rotation of the
molecule.

Previously, several other researchers have
also explored research on 5-VL polymerization using
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a catalyst. As a result, they obtained PVL with a
higher DP as described in Table 3.

Table 3. DP PVL was obtained using several
catalysts.

Catalyst t(h) T(°C) DP
ZrCl, 4 100 0
Bis(dibzm),Zr 4 100 15
Boric acid [6] 70 130 44
B(CsFs)s [5] 4 80 96
Benzoheterocyclic 0.14 25 96

Ureas/MTBD [13]
Bis(amino)Ph Zinc [11]  0.14 30 247

The high DP of PVL (44 to 247) obtained by
other researchers was due to the catalyst having a
higher activity compared to Bis(dibzm),Zr complex
catalyst. As a result, the catalyst can still be inserted
into the PVVL even though the chain is getting longer.
As a result, a PVL with a higher DP was obtained.
On the other hand, if the &VL polymerization
reaction is carried out using ZrCl, substrate as a
catalyst, there is no polymerization reaction occurs.
Besides that, other researchers also added the initiator
of benzyl alcohol (BnOH) during the reaction so that
the initiation process of the polymerization reaction
could take place more easily. Meanwhile, PVL has
good solubility in chloroform, acetone, and THF [1].

The results of the C-NMR analysis are
shown in Figure 5. The PVL signals obtained from
the "C-NMR spectrum are: 175, 65, 32, 28, 20, and
61. The signal is the carbon of the carbonyl appearing
at 175 ppm (a). Furthermore, carbon from methylene
at the center of the PVL structure appeared at 32 ppm
(b), 28 ppm (d), and 20 ppm (c). While the carbon
attached to the ester group appears at 65 ppm (e). The
carbon at the end of the PVL chain appears at 61 ppm
(¢). The results of the "CNMR PVL analysis
obtained are alike to those obtained by previous
researchers. The *CNMR analysis also indicated that
the PVL obtained had a linear structure due to the
absence of a signal appearing at around 40 ppm [15].
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Figure 5: *C-NMR spectrum of PVL
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Scheme 1: The proposed mechanism for the difficulty
of &~VL insertion in PVL

XRD (X-Ray Diffraction) Analysis of PVL

XRD analysis was performed to observe the
crystalline and amorphous structure of the resulting
PVL. The crystalline peak will be sharp, whereas the
amorphous peak will be broad [23].
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Figure 6: XRD analysis of PVL

Based on Figure 6, PVL was observed to
have crystalline and amorphous peaks. The PVL
crystalline phase in the XRD results was indicated by
the presence of two sharp peaks at an angle of 21.96°
and 24.44°. These peaks are identified according to
the lattice planes (110) and (200). Therefore, the
crystal structure of PVL is orthorhombic, where the
crystallite size of D110 is 16.21 nm. Meanwhile, the
crystallite size of the D200 is approximately 12.56
nm (Table 4) [1] [8].

The degree of crystallinity (Xc) of PVL
obtained in this study was 62%. The Xc calculation
method have identical method to those used in earlier
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investigations [9]. The crystalline phase of PVL has a
more regular structure. In this section, the structure
will be more rigid because of the strong bonds
between atoms in the PVL structure. Unlike the PVL
crystalline phase, the amorphous phase appears to be
widened whose 20 angle is other than the crystalline
phase. While the amorphous part of PVL has an
irregular structure with a percentage of 38%. Thus,
these results indicate that PVL is a semicrystalline
polymer with a flexible structure, so that it is suitable
for use for medical purposes [10].

On the other hand, PVL is also easily
biodegradable because it has an amorphous phase.
This phase will be more easily degraded than the
crystalline phase because it has a less regular
structure [15]. After that, the amorphous phase will
be added as a result of the biodegradation process
using microbes, and there will be a decrease in the
crystallinity of PVL.

Table 4. Crystallite Size (nm) for PVL (110), and
(200) Orientation Planes

Crystallite | 26 nm Xc
size (%)
D110 21.97 16.21 62
D200 24 .45 12.56

DSC Analysis of PVL

DSC analysis was performed to provide
information on the glass transition temperature (Tg),
crystallization (Tc), and melting point (Tm). The
glass transition state (Tg) is the phase in which the
polymer changes to a rubber-like material (rubbery)
from the solid state. Crystallization point (Tc) is the
temperature at which the polymer is crystalline. The
melting point (Tm) is the temperature at which the
polymer is a liquid. While in this study, DSC was
used to measure the melting point of PVL.

The PVL obtained in this study has a Tm
value of 56.41 °C with an enthalpy (AHm) of 106.53
J/g as shown in Figure 7. The resulting PVL melting
point curve is also relatively sharp. Both the Tm
value and the Tm curve obtained are alike to be the
results obtained by previous researchers [20], [24].
On the other hand, the low value (Tm) of PVL is
caused by its natural characteristics, such as structure,
bonding, and molecular weight. Meanwhile, the low
melting point of PVL makes it easy to combine with
other materials for use as medical materials and
biodegradable packaging.

In the other hand, the Tg temperature of
PVL is in the range of -60 °C. In this study, Tg could
not be measured because the lowest temperature limit
of the DSC instrument used was only 27 °C [1], [25].
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Figure 7: DSC analysis of PVL
TGA Analysis of PVL

TGA analysis was conducted to provide
information on the decomposition temperature (Td)
of PVL.

In the Figure 8 shows the decomposition of
PVL starting at a temperature of around 0 °C. In the
temperature range of 0 °C to 115 °C, PVL
decomposition occurs, resulting in a weight loss of
10%. In the temperature range of 115 °C to 284 °C,
there was a dramatic decomposition of PVL, resulting
in a weight loss of 95.8%. Finally, in the temperature
range of 284 °C to 600 °C, PVL decomposition
occurs until its weight becomes zero. The results
obtained are alike to those obtained by the Jitonnom
research group [24]. However, the decomposition
temperature obtained was lower because the resulting
polymer had a low DP (DP = 15). While the DP
obtained by the Jitonnom research group was 187
[24].

The thermal degradation of PVL s
explained via the unzip mechanism. In the early
steps, PVL will be degraded into &VL. After that,
PVL will be degraded into 4-pentanoic acid and CO,.
Finally, CO,, H,O, and methyl butanoate will be
formed [26].
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Figure 8: TGA analysis of PVL
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Reaction Mechanism
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Scheme 2: The possible ROP of &VL reaction
mechanism pathway using a bis(dibzm),Zr catalyst

The possible ROP of &VL reaction
mechanism starting from complex Zr to complex 3
has the same route as we reported in our earlier
investigation [27], [28]. In this study, we will focus
on the reaction mechanism from TS1 to TS4 as
shown in Scheme 2. At TS1, the Zr-O coordination is
released to form a positive charge on the &VL
carbonyl and a negative charge on the O atom. Then
at TS2, the negatively charged O atom attacks the Zr
atom so that a new Zr-O bond is formed. Then at
TS3, the Zr-O bond will be released, resulting in a
negative charge on the O atom. After that at TS4, the
positively charged carbonyl C atom will be attacked
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by the negatively charged O atom, causing the 5VL
ring to open. The next step is the insertion of 4-VL to
form an J-VL dimer [29].

Some of the optimized molecular geometries
are shown in Figure 9 including the bis(dibzm),Zr
complex, &-VL, and 5~VL dimer.

[ < ®
0-VL ring opening

Figure 9: The molecular geometry of bis(dibzm),Zr,
0-VL, and ¢-VL dimer compounds

Conclusion

The ROP of §-VL has been completed
successfully using a bis(dibzm),Zr complex catalyst
at 100 °C for 4 hours. This catalyst is suitable for use
in equatorial regions such as Indonesia because it is
not sensitive to water vapor and air. Because of the
Lewis acidity of the bis(dibzm),Zr complex catalyst,
0-VL can be easily inserted into the complex.
Moreover, the 5-VL insertion will be able to continue
if the Lewis acid charge of the catalyst remains
active.

On the other hand, the PVL obtained in this
study has a semicrystalline structure, a low melting
point, and a linear structure with a DP of 15 based on
the results of FTIR, '"HNMR, "CNMR, XRD, DSC,
and TGA analysis. These properties are suitable for
biomedical purposes that require biocompatibility,
flexibility,  non-toxicity, = and  biodegradable
properties.

However, the low DP PVL (15) obtained
indicates that there has been a faster deactivation of
the catalyst so that the J-VL is difficult to insert. To
get a higher DP PVL, further research needs to be
done with variations in the use of Lewis acid
catalysts, ligand variations, addition of cocatalysts,
addition of initiators and increasing temperature.
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