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Abstract: A polymeric film of a biodegradable poly(1,5-dioxepan-2-one) (PDXO) was formed on a gold surface by
a combination of the formation of self-assembled monolayers (SAMs) presenting hydroxyl groups and the surface-
initiated, ring-opening polymerization (SI-ROP) of 1,5-dioxepan-2-one (DXO). The SI-ROP of DXO was achieved
by heating a mixture of Sn(Oct),, DXO, and the SAM-coated substrate in anhydrous toluene at 55°C. The resulting
PDXO film was quite uniform. The PDXO film was characterized by polarized infrared external reflectance spectro-
scopy, X-ray photoelectron spectroscopy, time-of-flight secondary ion mass spectrometry, atomic force microscopy,

ellipsometry, and contact angle goniometry.

Keywords: biodegradable, self-assembled monolayers, poly(1,5-dioxepan-2-one) (PDXO), surface-initiated, ring-

opening polymerization (SI-ROP).

Introduction

The coating of solid substrates with biocompatible and/or
biodegradable polymers has drawn a great deal of attention
because of its potential applicability to biomedical areas, such
as passivation of prosthetic devices and implants, coating for
drug-delivery devices, and scaffolds for tissue engineering.'
For polymeric coating of substrates, the “grafting-from”
approach, based on surface-initiated polymerization (SIP),
has intensively been studied because of its inherent superi-
ority to other conventional techniques, such as spin-casting
and “grafting-onto” approach, in the aspects of robustness
and controllability of density and thickness.? In the process
of SIP, polymer brushes are grown from initiators bound to
surfaces by reacting with monomers in solution. Among
various types of polymers, polymeric films of biocompatible
and biodegradable aliphatic polyesters, such as poly(lactic
acid) (PLA), poly(e-caprolactone) (PCL), and poly(p-diox-
anone) (PPDX), were produced by surface-initiated, ring-
opening polymerization (SI-ROP).>*
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There have been many efforts for polymeric coating of
aliphatic polyesters on a variety of solid substrates via SI-
ROP** Similar to synthesis in solution or bulk, organometallic
catalysts, such as Sn(Oct), and AlEt;, have generally been
employed for SI-ROP of biodegradable aliphatic polyesters
from surfaces presenting hydroxyl or amino groups. For
example, Choi and Langer explored the use of Sn(Oct), to
produce poly(L-lactide) (PLLA) brushes on gold and silicon
oxide surfaces by ROP of L-lactide,* and Husemann e al.
used diethylaluminium alkoxides prepared from AlEt; as a
catalyst to grow PCL brushes from gold surfaces presenting
hydroxyl groups.” Similar reaction conditions have widely
been applied to SI-ROP for coating of various aliphatic
polyesters, such as PLA,** PCL,** and PPDX,**  on vari-
ous types of substrates, such as gold,**? silicon oxide,***
particles,* and nanotubes.’’ To minimize harmful effects of
metallic residues in polyester-coated biomedical devices,
enzyme (lipase B)-catalyzed, SI-ROP of PCL and PPDX
was also reported.

One of the obstacles to the generation of a highly uniform
film of aliphatic polyesters via SI-ROP is the high crystal-
linity of most aliphatic polyesters.**** In the previous stud-
ies, SI-ROP of PLLA, a crystalline polymer, and PPDX, a
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semi-crystalline polymer, did not provide smooth polymeric
films.*** Because crystallinity of polymers must be consid-
ered in SI-ROP for uniform coating, we focused on amor-
phous poly(1,5-dioxepan-2-one) (PDXO).> PDXO has been
known as a highly viscous and amorphous polymer with a
glass transition temperature (7,,) of -39 °C.° PDXO also shows
characteristic behaviors, such as hydrolytic degradation and
bioadsorption, and its main chain is composed of alternating
ethylene glycol and Bhydroxypropionic acid.” In this study,
we formed a polymeric film of PDXO on a gold surface by a
combination of formation of self-assembled monolayers
(SAMs) presenting hydroxyl groups and SI-ROP of 1,5-
dioxepan-2-one (DXO) with Sn(Oct), as a catalyst, and
investigated the quality of the film, in particular, in the aspect
of uniformity.

Experimental

Materials. Toluene (from Aldrich) was purified by distil-
lation over sodium. All other solvents and reagents were
analytical-grade and used as received. The monomer DXO
was prepared by the Baeyer-Villiger oxidation of tetrahy-
dropyran-4-one (THP).*® The crude product was purified by
fractional distillation under reduced pressure. DXO was
characterized by 'H NMR spectroscopy and its purity was
determined by HP 5890 gas chromatograph. The gold sub-
strates were prepared by thermal evaporation of 5 nm of
titanium and 100 nm of gold onto silicon wafers.

Tri(ethylene glycol)-terminated alkanethiol [ 1-mercaptoun-
dec-11-yl-tri(ethylene glycol), HS(CH,),(CH,CH,0);0H]
was prepared by following a previous report.” Reaction of
11-bromoundec-1-ene with a slight excess of 50% sodium
hydroxide and 3-10 equiv. of oligo (ethylene glycol) provided
the monoether in a reasonable yield (76%). Photochemical
addition of thioacetic acid (2-4 equiv.) to the double bond
(under a nitrogen atmosphere with a 450 W, medium-pressure
mercury lamp; irradiation for 4-6 h) gave the thioacetate in
a good yield (88%). To avoid oxidation of the thiol to the
corresponding disulfide, methanolysis of the thioacetate was
carried out in acid (0.1 M HCI in methanol) at reflux for 4 h
(yield: 91%).

Surface-Initiated, Ring-Opening Polymerization (SI-
ROP) of DXO. A hydroxyl-terminated SAM was formed on
a gold surface by immersing the gold substrate in a 2 mM
ethanolic solution of 1-mercaptoundec-11-y!-tri(ethylene gly-
col) for 12 h at room temperature. The SAM-coated gold
substrate was treated with Sn(Oct), (10 g#motl) in 20 mL of
dried toluene at 55°C for 1 h. The monomer, DXO (10 mmol),
was then added by syringe and the mixture was heated at
55°C. The resulting substrate was intensively washed with
chloroform, ethanol, THF and water, sonicated in chloroform
for 30 min, and dried under a flow of nitrogen. Finally, the
PDXO-coated film was dried under reduced pressure at room
temperature for 24 h.
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Instrumentation. Polarized infrared external reflectance
spectroscopy (PIERS) spectra were obtained in a single
reflection mode using a N,-purged Thermo Nicolet Nexus
Fourier transform infrared spectrometer. The p-polarized
light was incident at 80° relative to the surface normal of
the substrate and a narrow band mercury-cadmium-telluride
(MCT) detector was used. An ellipsometer (Gaertner L116s)
equipped with a He-Ne Laser (632.8 nm) was used to deter-
mine the thickness of the PDXO films, and a contact angle
goniometer (Phoenix 300, Surface Electro Optics Co. Ltd,
Korea) to determine the water contact angle of the films.
Atomic force microscopy (AFM) images were recorded by
a Nanoscope Illa (Digital Instruments) using tapping mode.
The X-ray photoelectron spectroscopy (XPS) study was per-
formed with a VG-Scientific ESCALAB 250 spectrometer
(UK) with monocromatized Al K, X-ray source. Time-of-
flight secondary ion mass spectrometry (TOF-SIMS) specira
were recorded by a PHI 7200 time-of-flight secondary ion
mass spectrometer.

Results and Discussion

As a platform for surface-initiated, ring-opening polymeri-
zation (SI-ROP), we prepared the SAM of 1-mercaptoundec-
11-yl-tri(ethylene glycol) on gold by immersing a gold sub-
strate in a 1 mM ethanolic solution of 1-mercaptoundec-11-
yl-tri(ethylene glycol) overnight and characterized the result-
ing SAM by PIERS and ellipsometry (Figure 1). The IR
spectrum of the SAM showed several characteristic bands,
such as C-O stretching band at 1133 ¢cm™ and CH, stretching
bands at 2920, 2873, and 2851 cm™ (Figure 2(a)). The thick-
ness of the SAM was measured to be 20 A by ellipsometric
measurement, in accordance with the reported value.” The
terminal ethylene glycol (EG) group plays two important
roles in SI-ROP. Terminal hydroxyl group acts as an initiation
site for SI-ROP, and the flexible nature of EG moiety is
critical in the successful SI-ROP.***

After the formation of the SAM, SI-ROP of DXO was per-
formed by heating a mixture of the gold substrate presenting
the SAM, DXO and Sn(Oct), in anhydrous toluene at 55°C.
We chose the reaction temperature at 55 °C because of thermal
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Figure 1. Schematic representation for surface-initiated, ring-
opening polymerization of 1,5-dioxepan-2-one (DXO) on a gold
surface.

Macromol. Res., Vol. 14, No. 2, 2006



SI-ROP of 1,5-Dioxepan-2-one

1123

(b)

1133
2920

2]851

(a) :
4 T Y T T T T T 4 T
3000 2500 2000 1500 1000
Wavenumber (cm™!)

Figure 2. FTIR spectra of (a) tri(ethylene glycol)-terminated
SAMs and (b) PDXO films.

instability of the Au-S bond." After washing the substrate
thoroughly to remove any physisorbed PDXO, the resulting
PDXO film was characterized by ellipsometry, contact angle
goniometry, PIERS, XPS, TOF-SIMS, and AFM. The thick-
ness of the film was measured to be 4.5 nm by ellipsometry
after 1 h reaction and the film thickness seemed to be de-
pendent on the reaction time. The film thicknesses increased
to 10 nm after 2 h reaction and 25 nm after 6 h reaction. We
conducted further characterizations with the 25 nm-thick
film as a representative.

Figure 2(b) shows the IR spectrum of the PDXO film. The
characteristic peaks of PDXO were observed: at 2966 and
2881 cm™' due to the C-H stretching, at 1743 cm™ due to the
the C=0 stretching, at 1267 cm™ due to the C-O stretching
of ester, at 1123 cm™! due to the C-O stretching of ether, and
at 812 cm™ due to the CH, deformation. The polymer film
was further characterized by XPS (Figure 3). Three elements
-carbon, oxygen, and tin-were investigated from survey
spectrum (Figure 3(a)). Carbon and oxygen are elements for
the composition of PDXO and the SAM, and tin was used as
a catalyst for polymer growth. In the previous report on SI-
ROP of dioxanone, it was found that tin remained at surfaces
after the polymerization, and the result supported the coor-
dination-insertion mechanism in Sn(Oct),-catalyzed SI-ROP.!
The C(1s) region of the XPS spectra confirms the chemical
structure of the PDXO film. Three carbon peaks were found
at 284.6 eV (C-C-C), at 288.6 eV (COO0), and at 286.1 eV
(C-C-0) (Figure 3(b)). The SIMS spectrum showed peaks at
m/z 58 (C;Hy0,), m/z 59 (C,H;0,), m/z 71 (C3H;0,), m/z 87
(C3H;05), and m/z 115 (CsH,O5), which are characteristic
fragments of PDXO. The grafting of PDXO also induced the
change in water contact angles on gold. The water contact
angle of the SAM-coated gold surface was 32° and it was
changed to 60° after grafting the polymer. The increase of
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Figure 3. (a) Survey XPS spectrum and (b) high-resolution XPS
spectrum of C(1s) region of PDXO films.
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Figure 4. AFM image of PDXO films.
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contact angle may be due to the hydrophobic methylene
backbone of PDXO, different from the hydroxyl-terminated,
EG moiety of the SAM-coated surface.

We used a tapping-mode AFM to investigate microstruc-
tures and uniformity of the PDXO film (Figure 4). The
PDXO film was quite uniform: the root-mean-square (RMS)
was about 1 nm with the 25 nm-thick film. In the previous
reports, the surfaces coated with PLLA or PPDX were not
smooth, indicating microscopic nonuniformity of the films:
the RMS values of 38 and 34 nm were observed in the
70 nm-thick PLLA film and 90 nm-thick PPDX film,
respectively.”>¢ From the comparison of the results, we
confirm that crystallinity of polymer at room temperature is
crucial for a uniform coating of biodegradable aliphatic
polyesters on solid substrate by SI-ROP, because PDXO has
been known as a highly viscous and amorphous polymer® in
contrast to crystalline structure of PLLA'? and semi-crystal-
line structure of PPDX."

Conclusions

We demonstrated the surface-initiated, ring-opening poly-
merization (SI-ROP) of 1,5-dioxepan-2-one (DXO) on a
gold surface catalyzed by Sn(Oct),. A polymeric film of a
biodegradable PDXO was grown from a gold surface by
combination of formation of SAMs presenting hydroxyl
groups and SI-ROP of DXO. The resulting surface present-
ing PDXO films was quite uniform because of the amor-
phous nature of PDXO.

PDXO is a promising candidate as a biodegradable and
biocompatible coating material. The coating of solid sub-
strates with biodegradable polymers will be important for
fundamental studies in biological fields, such as cell biology,
and for fabrication of prosthetic devices, implants, drug-
delivery devices, and scaffolds for tissue engineering. In
particular, the uniformity of PDXO films grown in this
study will provide great advantages for the use of solid sub-
strates coated with biodegradable polymers.
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