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ABSTRACT: Two carbonate-terminated alkanethiol molecules
having different positional isomers of a six-membered cyclic
carbonate group, 3-COCI12SH and 2-COCI12SH, were synthe-
sized and used to generate self-assembled monolayers (SAMs) on
gold to serve as mimics of the surfaces of commercially available
poly(propylene carbonate) (PPC) and poly(ethylene carbonate)
(PEC). The adsorbate molecules were characterized using 'H and
3C nuclear magnetic resonance spectroscopy and high-resolution
mass spectrometry. The corresponding SAMs on gold were
characterized by ellipsometry, contact angle goniometry, polar-
ization-modulation infrared reflection-adsorption spectroscopy,
and X-ray photoelectron spectroscopy. The contact angle data

showed that the wettabilities of both SAMs were largely similar to each other and to the PEC samples for a wide range of contacting
probe liquids (with water correlating particularly well with PEC and both SAMs). As a whole, the wettability data suggest that the
carbonate-terminated SAMs can serve as mimics of nanoscale polycarbonate surfaces and can be used to investigate the interfacial
properties of polycarbonates without interference from the surface reconstruction.

KEYWORDS: carbonate-terminated, self-assembled monolayers (SAMs), polymer mimics, polycarbonates,
poly(propylene carbonate) (PPC), poly(ethylene carbonate) (PEC), wettability, interfacial properties

B INTRODUCTION

In 1962, Schnell et al. patented the first thermoplastic aromatic
polycarbonates (PCs) and their manufacture based on the
reaction of bisphenol A with phosgene.' In 1969, Inoue et al.
pioneered the synthesis of polycarbonates from carbon dioxide,
one of the main greenhouse gases.2 Since then, PC materials
have received considerable attention in various industries due
to their toughness, light weight, optical transparency, and
biocompatibility.” > In addition, the slow rates of biodegrada-
tion of PC materials to non-acidic products compared to other
biocompatible polymers (e.g, polyesters, polylactides, and
polycaprolactones) make them promising polymer coatings for
bioactive materials and applications.”®

PC polymer chains can have either amorphous or crystalline
morphologies. When amorphous, the polymer chains coil
irregularly, and the polymer chains are parallel to each other
when crystalline.” Despite the stability of PC polymers, they
tend to swell after being exposed to organic solvents.’ In
polymer swelling, an organic solvent diffuses into the polymer
matrix and allows polymer chains to reconstruct into their
most favorable conformation, leading to the development of a
crystalline structure.””'" Consequently, polymer swelling
induced by organic solvents leads to a change in the
hydrophobicity of the polymer layers and makes it difficult

© 2023 American Chemical Society
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to study the interfacial properties of the polymer layers in
contact with organic solvents."

Organic thin films have been widely used materials for
modifying the interfacial properties of various surfaces. These
nanoscale films, in the form of self-assembled monolayers
(SAMs), have been utilized in various applications such as
lubricants for microelectromechanical systems,'” catalyst
modifiers for hydrogenation reactions,'”'® anti-corrosion
protectants for metal surfaces,'”'” and anti-adhesive films for
surfaces and biosensors'*~*° due to their facile generation and
manipulation. In further efforts to generate nanoscale films that
mimic the surfaces of industrial polymers,”"** this paper
describes the preparation of SAMs derived from the adsorption
of alkanethiols terminated with 1,3-dioxane-2-one moieties on
gold to serve as mimics to the surfaces of commercially
available poly(propylene carbonate) (PPC) and poly(ethylene
carbonate) (PEC). As shown in Figure 1, these 3-COC12SH
and 2-COCI12SH monolayers possess terminal carbonate
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Figure 1. Molecular structures of the SAMs and polycarbonates examined in this study.

groups. Our hypothesis is based on the premise that SAMs
derived from 3-COCI12SH and 2-COC12SH would expose
interfaces composed of the carbonate groups that can mimic
the surfaces of polycarbonates but would not undergo surface
reconstruction or swelling found in bulk polymer coatings.
This study is part of a longstanding project to evaluate the
damage that occurs to polymer coatings that undergo ion
bombardment.””** Thus, we synthesized these two specific
adsorbates having different positional isomers of the carbonate
groups to generate SAMs and evaluate the interfacial
characteristics of the carbonate groups, which are structurally
similar to the backbones of PPC and PEC.

B EXPERIMENTAL SECTION

Details of the materials, synthesis of the adsorbates, preparation of
monolayers, procedures, and instrumental methods utilized in this
manuscript are provided in the Supporting Information (presented
graphically as Schemes S1 and S2 as well as Figures S1—S17).

B RESULTS AND DISCUSSION

Ellipsometric Measurements. Monolayer films were
characterized using ellipsometry after incubating gold slides
in ethanolic solutions of the adsorbates for 24 h.>® Ellipsometry
data are shown in Table 1. The thicknesses of SAMs generated

Table 1. Ellipsometric Thicknesses of SAMs Derived from
C18SH and Carbonate Thiols

adsorbate thickness (A)
C18SH 19+1
3-COCI12SH 14 +1
2-COCI12SH 16 + 1

from well-known n-alkanethiols having comparable chain
lengths (Table 1, row 1) can serve as references for our new
SAMs.”' With the +2 A uncertainty in ellipsometric measure-
ments, the thickness of our reference C18SH SAMs is within
the experimental error of the literature values; " notably,
these values can vary with the quality and cleanliness of the
evaporated gold substrates. Comparison between carbonate-
terminated monolayers and their analogous n-alkanethiols
SAMs possessing a similar number of atoms in their alkyl chain
revealed that the 3-COCI12SH and 2-COC12SH monolayers
were thinner than the analogous n-alkanethiols SAMs, which
can be attributed to the bulkiness of the six-membered rings on
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the 3-COC12SH and 2-COCI12SH adsorbate molecules and
the consequent decrease in molecular packing density on the
gold surface. We note also that the thickness of the 2-
COCI12SH SAMs (16 A) is within experimental error of the
thickness of the 3-COCI2SH SAMs (14 A), which is
consistent with the polarization-modulation infrared reflec-
tion-adsorption spectroscopy (PM-IRRAS) data for the films
(vide infra).

X-ray Photoelectron Spectroscopy Analysis of the
Films. X-ray photoelectron spectroscopy (XPS) is a surface-
sensitive technique that provides reliable quantitative analyses
of the elemental composition of surfaces.”””° In XPS, the
binding energy (BE) of the emitted photoelectrons of
individual atoms is detected, and each atom produces a
unique set of characteristic XPS peaks in which the chemical
environment of atoms, as well as their oxidation state, can be
determined.”*™>* The XPS spectra of the S 2p, C 1s, and O 1s
regions of the studied monolayers are shown in Figure 3 and
referenced to the Au 4f,,, peak at 84 ev.?®

As shown in Figure 2A, the spin—orbit-split doublet for
bound thiol appears at ~162 and ~163 eV, in a 2:1 ratio,
assigned to S 2p;;, and S 2p; ), respectively.”****’ On the
other hand, the BE of unbound thiol groups and highly
oxidized sulfur species have been reported to have spin—orbit-
split S 2p peaks centered at ~164 and ~166 eV, respectively.””
The absence of both ~164 and ~166 eV peaks in Figure 2A
indicates that SAMs derived from n-alkanethiols and
carbonate-terminated thiols in this study have no significant
unbound or oxidized sulfur species.”>** The peak position of
the C 1Is region for the CH;/CH, unit in CI18SH, 3-
COCI12SH, and 2-COC12SH SAMs appears at ~284.8 eV
(Figure 2B). Moreover, the XPS spectra show two more peaks
for 3-COC12SH and 2-COC12SH with the BEs of ~286.8 eV
for C—O and ~290.6 eV for C=O0 species, confirming the
presence of carbonate groups in the monolayers.’>*" In Figure
2C, the peak positions of the O 1s region for C=0 and C-O
are shown with BEs of ~532.4 and ~533.8 eV, respectively.’”

The relative packing density of SAMs can be determined by
calculating the ratio of the integrated areas of peaks in the S 2p
region to the integrated area of peaks in the Au 4f region and
normalizing the adsorbate packing density to be 100% for the
C18SH SAMs.”" As shown in Table 2, the BEs of the S 2p;),
and C 1s bands are within the experimental error for all three
SAMs. Both of the SAMs derived from 3-COCI12SH and 2-
COCI12SH, which are different structural isomers of
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Figure 2. XPS spectra for the (A) S 2p, (B) C Is, and (C) O 1s of the C18SH, 3-COC12SH, and 2-COC12SH SAMs.

Table 2. Binding Energies and Relative Packing Densities of the SAMs Derived from C18SH, 3-COC12SH, and 2-COC12SH

S 2papn C 1s (CH,) C 1s (C-0) C 1s (C=0) 0O 1s (C-0) 0 1s (C=0) relative packing density
adsorbate (eV) (eV) (eV) (eV) (eV) (eV) (%)
C18SH 161.9 284.8 100
3-COCI12SH 161.9 284.8 286.9 290.6 533.9 532.4 94 + 4
2-COCI12SH 161.8 284.7 286.8 290.5 533.8 532.4 95 +3
carbonate-terminated thiols, showed relatively high packing
densities of 94 and 95%, respectively. Further evidence of high vSH:
packing density for both carbonate-terminated SAMs was 2918 cm"!
provided by the C 1s binding energies, which are
indistinguishable from the C 1s binding energies of the ngz

densely-packed SAMs derived from C18SH. Notably, densely
packed films act as better insulators than loosely packed films,
preventing positive charges generated by photoelectron
emission from being discharged and thereby giving rise to
high C 1s binding energies.”

PM-IRRAS Analysis of the Films. Polarization modu-
lation infrared reflection-adsorption spectroscopy (PM-
IRRAS) has been used to explore structural information of
SAMs such as chain orientation and conformational order.**
Specifically, the conformational order or “crystallinity” of the
alkyl chains can be evaluated by the peak position of the anti-
symmetric methylene C—H stretching vibration (v52).%*
highly crystalline films, this band appears at ~2918 cm’,
indicating well-ordered alkyl chains that are predominantly
trans-extended; the presence of gauche defects in the alkyl
chains causes this band to blue-shift to higher wave-
numbers.”*® PM-IRRAS spectra of the C—H stretching
region for the SAMs generated from CI8SH and the
carbonate-terminated monolayers are shown in Figure 3 and
are tabulated in Table 3.

Table 3 provides the peak positions and assignments of the
C—H stretching region for the studied SAMs. The 3-

COCI2SH and 2-COCI2SH SAMs display a v band at
~2920 cm™! indicating a well-ordered monolayer and having

For
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Figure 3. PM-IRRAS spectra of the C—H stretching region for SAMs
derived from C18SH, 3-COC12SH, and 2-COC12SH.

largely trans-extended alkyl chains since the peak position is
close to the v-"" band of the trans-extended alkyl chains of
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Table 3. PM-IRRAS Data for SAMs Generated from C18SH,
3-COCI12SH, and 2-COCI12SH

CH, CHj CH, CHj
vS 1'IS vas VQS
adsorbate (em™) (em™) (em™) (em™)
C18SH 2850 2878 2918 2964
3-COC12SH 2853 2920
2-COCI12SH 2853 2920

C18SH at ~2918 cm™'.>*° Interestingly, monolayers bearing
the terminal carbonate groups studied here showed greater
conformational order than cyclohexyl-terminated films having
the same chain length for which the vS™2 band appears at
~2924 cm™'' This phenomenon is consistent with the
observations above obtained from ellipsometric thickness
measurements and XPS (vide supra). It is possible that the
greater conformational order for the carbonate-terminated
SAMs arises from favorable dipole—dipole interactions of the
carbonate groups compared to the weaker van der Waals
interactions of the cyclohexyl groups in the cyclohexyl-
terminated SAMs reported previously.”'

Wettability of the Films. The wettability of carbonate-
terminated SAMs and their counterparts (PPC and PEC) were
examined using various types of probe liquids including polar
protic solvents such as water (W, 7.y = 72.8 mN/m, 7} =
51.0 mN/m, y,¢ = 21.8 mN/m), glycerol (Gly, 7y = 64.0
mN/m), formamide (FA, y;y = 582 mN/m), and N-
methylformamide (MF, y;y = 38.0 mN/m); polar aprotic
solvents such as dimethyl sulfoxide (DMSO, y;y = 43.7 mN/
m), N,N-dimethylformamide (DMF, y;y = 37.1 mN/m), and
acetonitrile (MeCN, 1y = 29.1 mN/m); and apolar aprotic
solvents such as diiodomethane (DIM, 7,y = 50.8 mN/m, y;y*
= 0.0 mN/m, 7y = 50.8 mN/m), decalin (DC, y;y = 31.5
mN/m), squalane (SQ, 7.y = 28.9 mN/m), and hexadecane
(HD, 71y = 27.5 mN/m).”” 7 Table 4 lists the advancing
contact angles and the hysteresis values, which correspond to
the difference between the advancing and receding contact
angles for all probe liquids on the surfaces of the polymers
PEC and PPC as well as the SAMs derived from 3-COC12SH
and 2-COCI12SH. The corresponding optical images of the
advancing contact angles are provided in Figures S7—S17 in
the Supporting Information. Importantly, the surfaces of PEC
and PPC became swollen (and likely reconstructed) when
contacted with MF, DMSO, DMF, and MeCN; notably, the
carbonate-terminated SAM surfaces also interacted strongly
with these probe liquids due to polar interactions and were
completely wet by them. The probe liquids having low surface
tensions (i.e, DC, SQ, and HD) also wet the surfaces as
expected.””*!

Limiting our further discussion to the probe liquids where
measurable contact angles were observed, Figure 4 shows the

90 @® 3-COC12SH
¥ 2-coc12sH
80 + ® PEC
@® PPC
70 - ™Y
_ 604 [
0
o
Q 50 v $
o °
T 404 @™
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Water Glycerol Formamide Diiodomethane

Contacting Liquid

Figure 4. Advancing contact angle values obtained on the carbonate-
terminated SAMs and the corresponding polycarbonates. Error bars,
which are not visible, fall within the symbols. Contact angles having
identical values are slightly offset horizontally for clarity.

advancing contact angle values for water, formamide, glycerol,
and diiodomethane on the studied surfaces. The contact angles
of water were the same for the 3-COC12SH and 2-COC12SH
SAMs (~52 to 54°), indicating a similar interaction with water
for both of these films (e.g, due to hydrogen bonding). The
advancing contact angle values for formamide and glycerol
were also roughly the same on the 3-COCI12SH and 2-
COCI12SH SAMs, and the only notable differences were
observed for diiodomethane whose large steric bulk prohibits
intercalation into the films.*> Comparison of the wettabilities
of the SAMs with that of the polymers (see Figure 4) found
that the wettabilities of the SAMs toward the polar protic
probe liquids W, Gly, and FA are more comparable to PEC
than to PPC, particularly for water. This trend can be
rationalized by the presence of the methyl group in each repeat
unit of PPC, which makes this polymer more hydrophobic
than PEC and thereby diminishes its wettability toward the
polar protic probe liquids.

Interestingly, the contact angles on the carbonate SAMs and
polymer surfaces of the polar protic probe liquids, when
ordered based on their surface tensions (from highest to
lowest) in Table 4, showed a decreasing trend in value when

Table 4. Advancing Contact Angles of the Investigated SAMs and Polymers Using Various Probe Liquids

polar protic solvents

polar aprotic solvents

non-polar solvents

adsorbate W Gly FA MF DMSO
3-COC12SH 52 (9) 51 (13) 39 (5) <10 (=) <10 (=)
2-COCI12SH 54 (8) 49 (12) 39 (6) <10 (=) <10 (=)
PEC 54 (11) 65 (12) 24 (8) b X
PPC 78 (15) 69 (8) 60 (12) X4 X

DMEF MeCN DIM DC SQ HD
<10 (=) <10 (=) 36 (7) <10 (=) <10 (=) <10 (=)
<10 (=) <10 (=) 26 (6) <10 (=) <10 (=) <10 (=)
X X4 23 (6) <10 (=) <10 (=) <10 (=)
X X 44 (8) <10 (=) <10 (=) <10 (-)

“Contact angle measurement was not possible due to the change in polymer structures caused by interaction with the liquid. Values of hysteresis
are given in parentheses. Water (W), glycerol (Gly), formamide (FA), N-methylformamide (MF), dimethyl sulfoxide (DMSO), N,N-
dimethylformamide (DMF), acetonitrile (MeCN), diiodomethane (DIM), decalin (DC), squalane (SQ), hexadecane (HD), poly(ethylene

carbonate) (PEC), and poly(propylene carbonate) (PPC).
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the surface tension decreased. This trend can be rationalized
by the decrease in surface tension of these probe liquids caused
by systematically decreasing the intermolecular forces within
the liquids, leading to stronger interactions with the surfaces
(i.e.,, increasing wettability). Further, the advancing contact
angles of the polar protic liquids are consistent with a model in
which the polar probe liquids interact favorably with the
carbonate terminal groups of the 3-COC12SH and 2-
COCI12SH SAM:s.

Similarly, decalin, squalene, and hexadecane, the apolar
aprotic liquids with lower surface tensions than diiodo-
methane, fully wet all monolayer and polymer surfaces due
to the strong van der Waals interactions between the probe
liquids and the methylene groups in the SAMs and in the
polymers. Finally, the hysteresis data, which provide insight
into the roughness and/or heterogeneity (e.g., surface
reconstruction) of the surfaces,*”** showed similar values for
all surfaces for which reliable advancing and receding contact
angles could be measured.

B CONCLUSIONS

Two carbonate-terminated thiol adsorbates 3-COC12SH and
2-COCI12SH were designed, synthesized, and used to generate
nanoscale monolayers on gold substrates. From PM-IRRAS
analysis, the C—H antisymmetric stretching vibration of the
alkyl spacer of the SAMs showed that the 3-COC12SH and 2-
COC12SH SAMs adopted an all trans-extended conformation.
The packing densities of the monolayers were calculated by the
integrated area of S/Au in XPS measurements. The results
showed that both SAMs have high packing densities and are
conformationally ordered. Importantly, the contact angle data
showed that the wettability of both 3-COCI12SH and 2-
COCI12SH SAMs was largely similar to each other and to the
PEC samples for a wide range of contacting probe liquids
(with water correlating particularly well with PEC and both
SAMs). Consequently, the SAMs studied here can serve as
mimics of nanoscale polycarbonate surfaces and can be used to
investigate the interfacial properties of polycarbonates in the
absence of swelling and/or surface reconstruction.
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