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Introduction

Macrocyclic (ring) polymers have attracted considerable inter-
est in both fundamental polymer chemistry and polymer
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We introduce an approach to synthesize macrocyclic poly(ethylene oxide)s containing a pendant pro-
tected thiol group (pSH-CPEO), which is demonstrated to be able to attach to gold surfaces without prior
deprotection. Our strategy is based on a bimolecular approach by which a di-alkyne molecule derived
from thiol-protected 3-mercapto-1,2-propanediol and a series of PEO bis(azides) of M,, = 2, 6, and 11 kg
mol™! are coupled via copper-catalyzed azide—alkyne cycloaddition. The cyclization reaction was verified
by size exclusion chromatography and matrix-assisted laser desorption ionization time of flight mass
spectrometry. In addition, we used fast scanning calorimetry to evaluate the glass transition temperature
(Ty) of the synthesized pSH-CPEOs. Thanks to the extremely rapid cooling power of this technique, PEO
crystallization can be circumvented and, therefore, its fully amorphous state can be investigated. The
results confirmed higher Ty values for macrocycles compared to their chemically equivalent linear precur-
sors. This result highlights the importance of the chain end in affecting the T4 of polymers. Finally, to
demonstrate the ability of pSH-CPEO to covalently attach to gold surfaces, pSH-CPEO samples were
allowed to react with gold-coated glass slides and the surface properties were compared with those of
the samples obtained by the reaction of linear a-thiol, m-methoxy PEO (with and without protection of
the thiol group) and gold-coated glass slides. X-ray photoelectron spectroscopy data confirmed the for-
mation of Au-S linkages as well as the removal of the thiol protector group through the quantitative ana-
lysis of the chemical composition at the surface. The contact angle data of pSH-CPEO/gold exhibited
increased hydrophilicity compared to bare gold and topological effects at the interface. A reaction
mechanism between the 2,4-dinitrobenzene-protected thiol group and the gold surface is also proposed.

physics.' Due to their unique topology consisting in the lack
of chain ends, macrocyclic polymers differ from linear and
branched polymers in terms of physical properties in solution
and the molten phase. Some of these properties include the
melt and intrinsic viscosity, glass transition temperature, crys-
tallization, hydrodynamic volume, thermal and hydrolytic
stability, etc.

Surface modification with ring polymers is a recent attrac-
tive subject given the possibilities of the rings to lubricate the
surfaces and prevent the adhesion of proteins more efficiently
than linear polymers.”*° In this field, the works developed by
Benetti’s group have been crucial demonstrating the superior
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surface properties of macrocyclic poly(2-alkyl-2-oxazoline)s
(C-PAOx)s grafted onto metal oxide surfaces (TiO, and
Fe;0,),””° cartilage,® and poly(glycidyl methacrylate)'® com-
pared to linear analogs. The enhanced properties of C-PAOx-
grafted surfaces, which include friction, lubrication, and anti-
fouling when exposed to full human serum, fibrinogen, and
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albumin, are correlated with the absence of chain ends pre-
venting interchain entanglements and increased grafting
density compared to linear brushes.

Poly(ethylene oxide) (PEO) is the “gold standard” polymer
for biomedical applications due to its biocompatibility, high
water solubility, and its low immunogenicity, antigenicity, and
toxicity."* The use of PEO for modifying the surface properties
of gold substrates to prevent nonspecific adsorption of pro-
teins and to improve the colloidal stability and biocompatibil-
ity of gold nanoparticles is well recognized.>** Linear PEO
and PEO architectures such as star-shaped, grafted, branched,
hyperbranched, and dendrimer-like structures have been
explored for a diversity of biomedical applications including
drug delivery, wound healing, and tissue and bone
engineering.'""*>'® However, only a limited amount of work
has focused on the utility of macrocyclic PEO structures for
biomedical applications,"”*° none of them on modifying gold
substrates. In fact, in those studies, the macrocycles were not
PEO homopolymers but copolymers where PEO was one of the
block components imparting amphiphilicity for generating
micelles."””™® The study of macrocyclic PEO homopolymers
has been mainly focused on their physical properties including
their crystallization and folding®®*" and ring dynamics.?**

Based on the inspiring results obtained by Benetti’s group
on C-PAOx-grafted surfaces, it is expected that cyclic PEO
brushes on gold substrates also promote enhanced surface
properties compared to linear PEO brushes. However, to
accomplish this task, synthetic routes for making macrocyclic
PEO chains containing reactive thiol groups must be devel-
oped. Macrocyclic PEO has been traditionally synthesized by
the reaction of polyethylene glycol with either dichloro-
methane or tosyl chloride in the presence of KOH at high
dilution.>>*" Allgaier et al. made an improvement of this tosyl
chloride route in order to scale-up into the production of gram
amounts of cyclic products.”® Other route to generate macro-
cyclic PEO homopolymers includes the ring closure of PEO bis
(alkyne) precursors via the alkyne-alkyne Glaser intra-
molecular coupling.>”

After click reactions emerged as an alternative to produce
cyclic polymers,*® several complex architectures were able to
be produced. For instance, click reactions were introduced in
the fabrication of macrocyclic PEO copolymers via the copper-
catalyzed azide-alkyne cycloaddition (CuAAC) intramolecular
reaction of poly(ethylene glycol)-co-polycaprolactone.'® Other
structures such as tadpole-shaped PEO copolymers (a cyclic
PEO head connected to a linear polystyrene tail) have also
been fabricated via the CuAAC bimolecular coupling between
PEO bis(azide) and polystyrene bis(alkyne).>*

Herein, we introduce an approach to synthesize macrocyclic
PEOs containing a pendant protected thiol group (pSH-CPEO)
based on a bimolecular homodifunctional approach, accord-
ing to the classification given by Laurent and Grayson.*® Our
method consists of the known reaction of a di-alkyne linker
and PEO bis(azide) (N;-PEO-N3) via CuAAC. Our efforts were
directed to produce PEO macrocycles that were reactive
towards gold surfaces by incorporating a thiol group that was
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not reactive during the multiple synthesis steps and that easily
reacted with gold surfaces. We found that by protecting the thiol
group with 1-fluoro-2,4-dinitrobenzene (Sangers reagent),
those aims were fulfilled. Moreover, we found that the obtained
macrocyclic PEO samples reacted with gold substrates without
the need for prior deprotection of the thiol group. These results
were confirmed by surface analysis of pSH-CPEO-grafted on
gold substrates (pSH-CPEO/Au) including X-ray photoelectron
spectroscopy (XPS) and contact angle measurements of water
droplets. Comparative samples obtained by grafting linear
a-thiol, @-methoxy PEO (with and without protection of the thiol
group) on the gold substrate additionally confirmed the above
results, as well as put in evidence the occurrence of topological
effects on the surface properties.

Experimental part

Materials

1-Thioglycerol (>97%,), 1-fluoro-2,4-dinitrobenzene (>99%),
triethylamine (>99.5%), 4-pentynoic acid (95%), N,N,N',N",N"-
pentamethyldiethylenetriamine (PMDETA, 99%), PEO bis
(azide) with M, of 2 kg mol™", 6.2 kg mol™", and 11 kg mol ™",
and copper(i) bromide (CuBr) were purchased from Sigma-
Aldrich. Tetrahydrofuran, ethyl acetate, and chloroform were
obtained from Scharlab, S.L. N-(3-Dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride (EDC) (>98%) and anhydrous
dichloromethane (DCM) were acquired from Acros Organics.
Linear a-thiol, -methoxy PEO (SH-PEO-OMe) of 2, 6, and
10 kg mol™ and o-azido, w-methoxy PEO (N3;-PEO-OMe) of
1 kg mol™" were purchased from Sigma-Aldrich. All the chemi-
cals were used as received without any further purification.

Synthesis of 3-((2,4-dinitrophenyl)thio)propane-1,2-diol
(product 2)

1-Thioglycerol (0.58 g, 5.36 mmol) and 1-fluoro-2,4-dinitro-
benzene (1 g, 5.36 mmol) were dissolved in 4 mL of CHCl; and
the mixture was cooled using an ice bath. Triethylamine (1.4 mL)
was slowly added to the reaction mixture under stirring. The
ice bath was removed and the reaction was stirred for 17 h at
room temperature. A yellow solid was precipitated during the
reaction. The solid was filtered and dissolved in ethyl acetate
with the aid of heating (up to 60 °C). Extraction was carried
out using HCI (1 M) and then with water. The organic phase
was separated, dried over anhydrous magnesium sulfate, and
filtered. The solvent was removed using a rotary evaporator
and the product was dried in a vacuum oven at 40 °C over-
night. Finally, a residual yellow fine powder (product 2) was
obtained. Yield: 70%.

'"H NMR (400 MHz, acetone-dg) § 8.97 (d, J = 2.6 Hz, 1H),
8.48 (dd, J = 9.0, 2.6 Hz, 1H), 8.06 (d, J = 9.0 Hz, 1H), 4.47 (d,
J = 5.3 Hz, 1H), 4.01 (dq, J = 10.1, 5.3 Hz, 2H), 3.68 (hept, J =
5.6 Hz, 2H), 3.50 (d, J = 11.5 Hz, 1H), 3.36-3.19 (m, 1H), 2.84
(s, OH). *C NMR (101 MHz, acetone) § 145.2, 141.10, 129.25,
127.89, 122.02, 71.10, 66.09, 37.25. FTIR (cm™): 3382, 3085,

This journal is © The Royal Society of Chemistry 2019
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2927, 1585, 1511, 1338, 1299, 1257, 1160, 1095, 1022, 917, 871,
833, 736, 671, 605.

Synthesis of 3-((2,4-dinitrophenyl)thio)propane-1,2-diyl bis
(pent-4-ynoate) (product 3)

100 mg of freshly dried product 2 (0.365 mmol) were dissolved
in 15 mL of anhydrous THF and cooled down to 0 °C under
inert gas flow (argon). 4-Pentynoic acid (358 mg, 3.65 mmol)
and EDC (623 g, 3.25 mmol) were dispersed in 15 mL of anhy-
drous DCM and the obtained dispersion was slowly injected
into the solution of (2) under an inert atmosphere. The stirring
was continued at 0 °C for 15 min, whereupon a solution of
DMAP (130.38 mg, 1.07 mmol) in a small amount of DCM
(<2 mL) was added to the reaction flask. The reaction pro-
ceeded for 48 h at 0 °C, and then the solvents were removed
using a rotary evaporator. The obtained material was redis-
solved in DCM (40 mL). The DCM solution was washed with
water (3 x 10 mL) and then dried over anhydrous MgSO,.
MgSO, was filtered off and the solution was concentrated
under reduced pressure at 30 °C. The final product 3, an oily
brown substance, was poured twice into hexane and separated
by decantation. The residual oil was dried at 25 °C in a
vacuum oven and stored at 5 °C before use. Yield: 70%.

'H NMR (400 MHz, chloroform-d) 6 9.12 (d, J = 2.6 Hz, 1H),
8.48 (dd, J = 9.0, 2.5 Hz, 1H), 7.89 (d, J = 9.0 Hz, 1H), 5.29 (dtd,
J = 7.6, 5.6, 3.4 Hz, 1H), 4.54 (dd, J = 12.2, 3.4 Hz, 1H), 4.37
(dd, J = 12.2, 5.3 Hz, 1H), 3.43 (dd, J = 14.1, 6.1 Hz, 1H), 3.30
(dd, J = 14.1, 7.5 Hz, 1H), 2.73-2.45 (m, 8H), 2.03 (m, 2H). *C
NMR (101 MHz, CDCl;) & 171.22, 171.10, 144.71, 144.35,
127.45, 127.14, 121.84, 82.14, 81.81, 69.50, 69.35, 69.25, 63.41,
33.18, 33.11, 32.13, 14.31. FTIR (cm™): 3289, 3093, 2942, 1735,
1592, 1523, 1423, 1338, 1238, 1149, 1103, 1045, 917, 833, 736, 648.

Synthesis of pSH-CPEO (product 4)

0.835 mL of PMDETA (693.2 mg, 4 mmol) was slowly added to
a solution of CuBr (0.574 g, 4 mmol) in anhydrous DCM
(20 mL) under an inert atmosphere and the solution was
stirred for 15 min. In a separate flask, a stoichiometric solu-
tion (1:1) of (3) (17.37 mg, 0.04 mmol) and PEO bis(azide)
2 kg mol ™" (80 mg, 0.04 mmol) was prepared in 22 mL of anhy-
drous DCM. The latter solution was added to CuBr/PMDETA
with the aid of a syringe pump, at a flow rate of 6 mL h™", at
25 °C. After addition, the reaction mixture was stirred at room
temperature overnight. The next day, the reaction mixture was
washed with 2 M solution of ammonium chloride (3 x 60 mL)
and finally with pure water. The solution was dried with
MgSO,, filtered, and concentrated under reduced pressure at
30 °C using a rotary evaporator. The final product 4 was preci-
pitated in hexane. Then, to remove chain extended products
generated in intermolecular oligomerization events, the
product was purified by a precipitation—fractionation pro-
cedure. First, the product was dissolved in chloroform at
50 °C. Since there were still non-soluble impurities, the solu-
tion was centrifuged and the solid impurities were removed.
Heptane was then slowly added to the obtained clear chloro-
form solution under stirring until the solution became cloudy.

This journal is © The Royal Society of Chemistry 2019
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Equilibrium phase separation was ensured by heating the
cloudy solution until it became clear and then cooling it slowly
with gentle stirring to 25 °C. The solution was centrifuged, the
separated clear dilute phase was concentrated using a rotary
evaporator, and the product was dried in a vacuum oven at
room temperature.

The above procedure was repeated with higher molecular
weight PEO bis(azide). In the case of LPEO6.2k, the following
amounts of reagents are used: 120 mg (0.02 mmol) of PEO bis
(azide), 6.2 kg mol™*; 8.69 mg (0.02 mmol) of (3); 0.287 g of
CuBr (2 mmol); 0.417 mL of PMDETA (346 mg, 2 mmol), and
proportional amounts of anhydrous DCM. In the case of
LPEO11K, the following amounts of reagents are used: 100 mg
(0.01 mmol) of PEO bis(azide), 11 kg mol™’; 4.34 mg
(0.01 mmol) of (3); 0.143 g of CuBr (1 mmol); 0.210 mL of
PMDETA (173.3 mg, 1 mmol), and proportional amounts of
anhydrous DCM.

Functionalization of gold-covered glass slides. First, glass
microscope slides from Menzel-Gldser, with dimensions of
21 x 26 mm and a thickness of 1.5 mm, were sputtered with
gold for 10 minutes in a Scancoat Six sputter coater. The gold-
coated surface was then immersed in an aqueous solution of
PSH-CPEO (2 mg ml™") and was subjected to mixing for
30 minutes in an ultrasonic bath and then overnight without
ultrasonication. The next day, the modified gold surface was
thoroughly washed with fresh ultra-pure water. Similar experi-
ments were performed with a-thiol, ®-methoxy PEO with and
without protection of the thiol group (SH-PEO-OMe and
PSH-PEO-OMe, respectively).

To provide evidence of the removal of the 2,4-dinitro-
benzene group upon gold functionalization, 1 mL of product 2
in acetonitrile (c = 4 x 10™* M) and a spoon of small gold
pieces were shaken overnight in a vial. The filtered solution
was monitored as a function of time by UV-Vis spectroscopy.
After 24 h, the solution was dried and the product was
redissolved in acetone-d, to be analyzed by "H NMR.

Results and discussion
Synthesis and characterization of pSH-CPEO

PSH-CPEO samples were synthesized by using a bimolecular
homodifunctional approach, where a bis(alkyne) linking agent
containing a protected thiol group and a series of commer-
cially available PEO bis(azide) of M, = 2, 6.2, and 11 kg mol™*
were coupled via CuAAC (Scheme 1). To synthesize this bis
(alkyne) linker, we first protected the thiol group via the reac-
tion of thioglycerol with 1-fluoro-2,4-dinitrobenzene.>* We
then esterified the hydroxyl groups with 4-pentynoic acid in
the presence of EDC/DMAP without observing thiol
deprotection.

'H NMR and FTIR data (Fig. 1 and S17) of products 2 and 3
confirm the structures obtained. "H NMR signals corres-
ponding to 2,4-dinitrobenzene corroborate the presence of this
protector group for thiol in both products. The protection of
thiol groups was also evaluated by RAMAN spectroscopy

Polym. Chem., 2019, 10, 6495-6504 | 6497
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Fig. 1 'H NMR data of (a) pSH-CPEO 2.4 kg mol™ (4) (in CDCls), (b) 3-((2,4-dinitrophenyl)thio)propane-1,2-diyl bis(pent-4-ynoate) (3) (in CDCls),

and (c) 3-((2,4-dinitrophenyl)thio)propane-1,2-diol (2) (in acetone-dg).

through the disappearance of S-H stretching at 2570 cm™" in

going from product 1 to 2 (Fig. 2). This signal did not appear
in any product obtained in further steps of the pSH-CPEO syn-
thesis, indicating the high stability of the 2,4-dinitrobenzene
protector group during esterification (product 3) and the sub-
sequent CuAAC click reaction (product 4).

Macrocyclization was then performed at high dilution by
using a dropwise addition technique.”® In this case, a 1:1
equimolar solution of 3 and PEO bis(azide) was continuously
dropped into a solution of Cu(1)Br and PMDETA. In this way, a
very low concentration of unreacted chemical groups is
ensured. To avoid intermolecular oligomerization events, the
addition rate was reduced from 6 mL h™" to 2 mL h™" with the
increasing molecular weight. After cyclization, size exclusion
chromatography (SEC) data (Fig. 3) showed an increase of the

6498 | Polym. Chem., 2019, 10, 6495-6504

retention time for all the synthesized pSH-CPEO samples in
comparison to their linear precursors, as expected from the
more compact structure and reduced hydrodynamic volume
for macrocycles.

'"H NMR data of pSH-CPEO2.4k (representative sample)
exhibited the disappearance of the alkyne proton signal at
2.03 ppm in going from 3 to 4 and the appearance of a signal
at about 7.64 ppm attributed to a triazole ring formed upon
the CuAAC click reaction (Fig. 1). Furthermore, the FTIR data
of pSH-CPEO2.4k showed the disappearance of the N=N
stretching band of its PEO bis(azide) precursor at 2100 cm™",
confirming the complete consumption of reactive azide groups
(Fig. S17).

MALDI-TOF MS was used to analyze the mass composition
of the synthesized pSH-CPEO samples (Fig. 4). The data

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Raman spectra of (a) pSH-CPEO 2.4 kg mol™ (4), (b) 3-((2,4-
dinitrophenyl)thio)propane-1,2-diyl bis(pent-4-ynoate) (3), (c) 3-((2,4-
dinitrophenyl)thio)propane-1,2-diol (2), and (d) 1-thioglycerol (1).

exhibit high intensity signals for both the macrocyclic product
and the PEO bis(azide) precursor. The signals are separated by
44 Da, which corresponds to the mass of ethylene oxide repeat
units. The data also revealed the formation of specimens with
an overall offset of +434 Da relative to the peak distribution of
starting PEO bis(azide). This mass corresponds to the mass of
product 3, thus confirming the addition of a single moiety of 3
to PEO by means of the CuAAC click reaction according to
Scheme 1. Similar results were observed for higher molecular
weight products, indicating the viability of the synthetic
method to produce pSH-CPEO samples (Fig. S2 and S3+).

To provide further evidence of the formation of macrocyclic
PEO structures, thermal transitions of pSH-CPEO samples
were evaluated by means of fast scanning calorimetry (FSC).
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This technique works at extremely high cooling rates (>1000 K
s7') and, therefore, allows the evaluation of glass transition
temperature (7,) of fully amorphous PEO samples, which is
otherwise not possible at the standard rates of conventional
DSC (<40 K min™") due to the unavoidable crystallization of
PEO. At a first glance, FSC data of Fig. 5 show notable differ-
ences in the thermal transitions of pSH-CPEO samples with
respect to those of their linear precursors. The lowest mole-
cular weight pSH-CPEO2.4k sample exhibited no crystallization
at all, in contrast to its linear N;-PEO-N; 2k precursor, which
exhibits cold crystallization and melting. Importantly, the
PSH-CPEO2.4k sample exhibited a significant increase of the
T, of about 20 °C with respect to its linear counterpart. With
the increasing molecular weight, pSH-CPEO samples crystal-
lize after T, (cold crystallization) but still the T, values of the
fully amorphous samples exhibit an increase with respect to
their linear precursors. This T, increment in the cyclic
samples is reduced with respect to their linear precursors of
higher molecular weight in 6 °C and 2 °C as depicted in Fig. 6.

As known from the literature, ring polymers present higher
T, values compared to their linear analogs in the medium-low
molecular weight range.”> However, the molecular weight
dependence of the T, for rings has been found to decrease,
increase, or remain unaltered with the decreasing molecular
weight, depending on the polymer type and the ring
purity.>** For instance, macrocyclic poly(dimethylsiloxane)
showed increasing T, values with the decreasing molecular
weight,**?® in agreement with the theoretical model of Di
Marzio and Guttman.’” In contrast, macrocycles of poly-
styrene,*® poly(2-vinylpyridine),*® poly(a-methylstyrene),*® poly
(2-vinylnaphthalene),®®  poly(phenylmethylsiloxanes),** and
poly(glycidyl phenyl ether)'® exhibited decreasing 7, values
with the decreasing molecular weight. This is also the case for
cyclic PEO according to the data recovered from the literature
on amorphized samples of low molecular weight*"**> and
plotted in Fig. S4.

It is worthy to note that in our macrocyclic polymer
samples, the mass contribution of moiety 3 into pSH-CPEO is
much higher as the molecular weight of the PEO fragment is
lower. These values present a variation of 20, 7, and 4 wt% for
PEO M, of 2, 6.2, and 11 kg mol ™", respectively. The presence

a) —— N3-PEO-N; 2 b) ——N;PEON;62k  |C) —— Ny-PEO-N, 11k
_ pSH-CPEO 2.4k —— pSH-CPEO 6.6k —— pSH-CPEO 11.4k
g
R
)
7]
|
°
@
N
©
£
S
b4
7 8 9 10 11 127 8 9 10 1 12
time (min) time (min) time (min)

Fig. 3 SEC data (MALS) of pSH-CPEO samples (in red) obtained from linear PEO bis(azide) (in black) of M,, = 2 kg mol™ (a), 6.2 kg mol™* (b), and

11 kg mol™ (c).

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 MALDI-TOF MS data of pSH-CPEO2.4k and its PEO bis(azide) precursor. The mass shift of +434 Da corresponds to the mass of (3) and that

of +44 Da to the ethylene oxide monomer unit. Cation: Na*.
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Fig. 6 Evolution of Ty as a function of the molecular weight. Obtained
at 1000 K s™* by FSC.
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of an organic moiety with a mass of 434 g mol™' and a
different chemical structure from that in PEO is likely to be
the responsible for the T, increase with decreasing M,. This
hypothesis is supported by the opposite trend observed in the
Ty values of cyclic PEO samples composed only of ethylene
oxide units (Fig. S4t). Moreover, a two-arm linear PEO
(pSH-2armPEO) with a similar composition to pSH-CPEO 2.4k
was synthesized by the reaction of product 3 and two equiva-
lents of N;-PEO-OMe of 1 kg mol™" (Scheme S1t). The higher
T, value obtained for this product compared to N3-PEO-N; sup-
ports that moiety 3 contributes to the slower segmental
dynamics observed for both pSH-2armPEO and pSH-CPEO
samples. However, the much higher T, value still exhibited by
PSH-CPEO compared to pSH-2armPEO indicates that the cyclic
topology, lacking of relatively fast chain ends, is the predomi-
nant factor in the distinct T, behavior. Hence, our results
allow quantifying the effect of chain ends on the decrease of

This journal is © The Royal Society of Chemistry 2019
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T, In this case, the observation of Fig. 6 provides a T, differ-
ence between cyclic and linear PEOs of the analogous chemi-
cal structure and a molecular weight of about 13 K. This differ-
ence is analogous to that found on other flexible polymer,
PDMS, at a similar molecular weight.*®

The crystallization and melting behavior of pSH-CPEO
samples were also different from those of their linear precur-
sors. Crystallization was avoided in pSH-CPEO2.4k unlike in
its equivalent pSH-2armPEO sample, which exhibits a cold
crystallization peak at 10.6 °C (Fig. S51). We attribute this be-
havior to the cyclic topology, which hinders chain folding. In
PSH-CPEO samples of 6.6 and 11.4 kg mol ™', we found higher
cold crystallization temperature (7..) values but lower melting
temperatures (7,,) than in their linear precursors (Fig. 5 and
S61). These differences can be probably attributed also to the
cyclic topology, since in these two samples, the mass contri-
bution of 3 in the polymer is of only 7 and 4 wt%. The lower
T values (out of equilibrium) found for the rings are in agree-
ment with previous work of Floudas et al.>' on the study of the
crystallization behavior of macrocyclic PEO by using standard
DSC. It is important to note that our melting/crystallization
temperatures are not comparable with their values since the
cooling/heating rates used in both studies are different by a
factor of 6000.

Decoration of gold surfaces with pSH-CPEO

Finally, to demonstrate the ability of pSH-CPEO to covalently
attach to gold surfaces without needing the prior deprotection
of the thiol group, pSH-CPEO samples were allowed to react
with gold-covered glass slides by soaking the gold substrate
into an aqueous solution of pSH-CPEO (Scheme 2). For com-
parison, similar experiments were performed with a-thiol,
o-methoxy PEO with and without protection of the thiol group
(SH-PEO-OMe and pSH-PEO-OMe, respectively). The obtained
samples were characterized by XPS and contact angle measure-
ments with water droplets.

CH:;
s
02
S
SO~ H-CH3
HS’ C “O _

Scheme 2 Surface functionalization of gold substrates with (a)
pSH-CPEO and (b) SH-PEO-OMe and pSH-PEO-OMe.
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Fig. 7 shows the S 2p core level spectra of pSH-CPEO6.6k
and modified gold substrates with pSH-CPEO and
SH-PEO-OMe samples. The S 2p core level appears as a
doublet because of the spin orbit coupling. The doublet with
the 2p;, component at binding energies of 162.1 eV for
SH-PEO-OMe/Au and 162.5 eV for pSH-CPEO/Au is attributed
to Au-S linkage, whereas the doublet with the 2p;/, component
located at a binding energy of about 164 eV is attributed to S
not bonded to Au (in this case of S-C linkage).*>** The spec-
trum of the not bonded cyclic polymer is dominated by the
S-C component, as expected. The peak position for the S 2p3,
components for all the samples is reported in Table S1}, and
the quantitative analysis of the chemical compositions is
reported in Table 1. The data show that the not bonded cyclic
polymer (pSH-CPEO6.6k) contains a nitrogen to sulfur atomic
ratio (N/S) of 15.5. This amount is reduced to 3.8 in the
PSH-CPEO6.6k/Au sample confirming that the polymer has
been covalently linked to the gold substrate via the removal of
2,4-dinitrobenzene moieties and the formation of S-Au lin-
kages. The reduction of the N/S value obtained for
PSH-PEO-OMe after the reaction with the gold substrate also
supports the above conclusion.

An estimation of the grafting density can be performed by
analysis of the surface coverage obtained from the sulfur to
gold atomic ratios.*> The results exhibit a higher value for the
cyclic structure than for its equivalent linear compound,
PSH-PEO-OMe/Au, both containing the protected thiol group.
These results are in agreement with the results obtained by
Benetti et al., who observed higher grafting densities for cyclic
brushes than for linear ones.>®

The effect of the 2,4-dinitrobenzene protecting group on
the efficiency of gold functionalization was evaluated by com-
paring the surface coverage values in both linear samples with

S-Au
S-C

S2p

pSH-CPEOG6.6k

Intensity (a.u.)

/\
VAVISSTVVES !
V/ I\ \, V Vo

166 164 162 160

Binding energy (eV)

170 168

Fig. 7 XPS data of the S 2p core level and corresponding fitted curves
(S 2p3/2 and S 2py/» peaks are separated by 1.2 eV). The spectral intensity
of the S 2p doublet for S—Au linkage is blue shaded.
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Table 1 Relative chemical composition in atomic concentration
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Sample Au (at%) C (at%) N (at%) S (at%) O (at%) N/S Sulfur coverage” (atoms per cm?)
PSH-CPEO6.6k — 82.6 3.1 0.2 14.2 15.5 —

PSH-CPEO6.6k/Au 31.3 43.2 1.9 0.5 17.9 3.8 6.8 x 10"

PSH-PEO-OMe6.2k — 98.0 1.4 0.6 24.6 2.3 —

PSH-PEO-OMe6.2k/Au 42.2 54.2 1.7 1.9 141 0.9 4.8x 10"

SH-PEO-OMe6k/Au 31.6 47 — 0.6 20.8 — 8.1 x 10"

“ Calculated according to ref. 45 and 46.

Table 2 Contact angle (CA) values of water droplets on polymer-
modified gold substrates. CA of bare gold: 79.3 + 0.3°

M, CA (pSH-CPEO) CA (pSH-PEO-OMe) CA (SH-PEO-OMe)
(kg mol™)  (°) ©) ©)

2 32+1 25+ 1 28 +2

6 41+ 2 32+1 31+2

11 45+ 1 33+1 34+1

protected and unprotected thiol groups (pSH-PEO-OMe/Au vs.
SH-PEO-OMe/Au, respectively). The results showed a lower
value for the sample containing a protected thiol group, which
we attributed to the bulkier 2,4-dinitrobenzene group demand-
ing more space to reach the surface, or that the reaction kine-
tics is slightly slower compared to that of unprotected thiol.
Nonetheless, the advantages of using a protected thiol group
for surface modification (easier manipulation and storage) out-
weigh this disadvantage.

The contact angle (CA) measurements of polymer-functio-
nalized gold surfaces and bare gold substrate are reported in
Table 2. The CA obtained for the unmodified gold is similar to
that reported by other groups.”” As observed, the gold sub-

strate became much more hydrophilic when modified with
PSH-CPEO indicating successful functionalization of the metal
surface. Similarly, the modification of the gold substrate with
SH-PEO-OMe and pSH-PEO-OMe led to reduced CA values
compared to that of the gold substrate, as expected from the
high hydrophilicity of PEO chains. Moreover, linear chains
with protected and unprotected thiol groups exhibited similar
CA values and a slight increase with the molecular weight.
Based on the distinct surface coverage previously observed for
both samples, we can conclude that the CA of water droplets
on these types of samples is not much sensitive to the grafting
density. Interestingly, gold surfaces modified with pSH-CPEO
exhibited increased CA values with respect to linear analogs
and increased differences between cyclic and linear analogs
with the increasing molecular weight. These differences can be
originated from both the distinct topologies and due to the
presence of moiety 3 in the cyclic samples. The latter effect
was evaluated by measuring the CA value of a gold surface
modified with pSH-2armPEO (M, = 2.4 g mol™"), which
resulted in a value of 33 + 2°, similar to that obtained in the
analogous cyclic sample. It is likely that the presence of moiety
3 promotes increasing hydrophobicity; however, this effect

' %.w

k

Bj*wj

* from reaction products

)

90 89 88 87 86 85 84 83 82 B1 80 78 78 727 728 75 74

& (ppm)

Fig. 8
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*H NMR (acetone-dg) of (a) starting product 2 and (b) product 2 after the reaction with gold metal pieces in acetonitrile for 24 h.
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OoN kSNWV + Au(0) —— Au—S~ + OyN Nu
“Nu
NO, NO>

Scheme 3 The proposed reaction mechanism of gold modification with the 2,4-dinitrobenzene-protected thiol group.

should decrease with the increasing molecular weight.
Therefore, we attribute the higher CA values for the gold sur-
faces modified with pSH-CPEO compared to linear analogs to
a topological effect on the surface wettability. Similar results
were previously observed by Grubbs et al. in thin films of cyclic
and linear polyethylenes.*® They observed a higher CA value
for the cyclic polymer, with a difference of 9 + 2° with respect
to that of the linear analog. They explained these results as an
effect of the migration of the linear polymer’s end group to the
surface. This effect is absent in the cyclic polymer as well as in
higher molecular weight samples (as they also observed), thus
confirming the existence of topological effects at the interface.

To provide further evidence of the removal of the 2,4-di-
nitrobenzene group upon gold functionalization, a diluted
solution of product 2 in acetonitrile (no water soluble) and
small gold pieces were allowed to react for 24 h. The reaction
was monitored by UV-Vis spectroscopy, which exhibited the
appearance of a shoulder at about 300 nm after 24 h of reac-
tion (Fig. S7t). Then, the solution was filtered off, and the
product was dried and analyzed by "H NMR and 'H-'H COSY
NMR (Fig. 8 and Fig. S8,} respectively). The aromatic region of
the spectrum showed the presence of unreacted product 2, as
expected from its excess amount with respect to the gold
surface area, and the appearance of peaks that indicate the for-
mation of reaction products. Total structural identification of
the formed molecules has not been possible, although their
peak position and COSY data suggest that they are composed
of 2,4-dinitrobenzene moieties and that their structure is
different from that of starting product 2. The results suggest
that gold reacts with the protected thioether, likely assisted by
a nucleophile, leading to the formation of a Au-S linkage and
the release of 2,4-dinitrobenzene moiety (Scheme 3).

Conclusions

Macrocyclic poly(ethylene oxide)s containing a pendant pro-
tected thiol group have been synthesized by the click reaction
of PEO bis(azide) with a bis(alkyne) linker previously designed
and synthesized by us. This linker provides the cyclic polymer
with a thiol group protected with 2,4-dinitrobenzene, which is
stable under conditions of esterification and the CuAAC reac-
tion. Moreover, the thiolated macrocyclic poly(ethylene oxide)s
are able to covalently attach to a gold surface without the need
for prior deprotection of the thiol group. This method is
advantageous since it allows an easy manipulation and storage
of thiolated compounds before usage.

This journal is © The Royal Society of Chemistry 2019

Owing to the proved differences in the physical and chemi-
cal properties between the ring and linear polymers observed
in the past and in current study in terms of the hydrophilicity
of modified gold surfaces, we expect that our approach can
also be used to address fundamental questions related to
polymer topology at the surface. From a broader perspective,
we foresee the use of this system as a means of decorating
gold nanoparticles with potential applications in biomedical
devices.
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