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ABSTRACT: Glycopolymers consisting of styrene (St) and pentafluorostyrene (PFS) were synthesized by a
combination of nitroxide-mediated polymerization and “click”” chemistry. A series of well-defined homopolymers
as well as block and random copolymers of St and PFS were obtained with different ratios by using Bloc Builder
as an alkoxyamine initiator. Some copolymers showed self-assembly behavior into regular nanospheres with
diameters ranging from 70 to 720 nm by applying the nanoprecipitation technique. In addition, a thiol—glycoside
(2,3,4,6-tetra-O-acetyl-1-thio-f3-D-glucopyranose) was reacted under ambient conditions with PFS moieties on
the polymeric backbone utilizing a thiol—para fluoro “click” reaction. This nucleophilic substitution reaction
was performed with high yields, and the reaction kinetic was monitored online with ’F NMR spectroscopy.
Finally, the deacetylation of the protected glucose moieties was carried out to yield well-defined glycopolymers.
The polymers were characterized in detail by 'H, '3C, and '?F NMR spectroscopy, size exclusion chromatography,
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and MALDI TOF-MS.

Introduction

The synthesis of tailor-made macromolecules for sophisticated
applications in various fields, i.e., drug delivery, catalysis,
electronics, and nanotechnology, represents a major target of
current research efforts.' For drug delivery devices, increasing
attention has been paid to synthetic polymers substituted with
pendant carbohydrates as biological recognition units.>* There-
fore, controlled and “living” polymerization techniques have
been competing with other demanding polymerization tech-
niques to provide biocompatible and economically accessible
macromolecules with relatively efficient and simple synthetic
procedures.4 In addition, the conversion of the macromolecules
into functional structures, such as nanoparticles, represents a
challenge concerning the discussed applications, e.g., for the
efficient formulation of drugs.

Controlled radical polymerization (CRP) techniques have
attracted more attention than ionic polymerizations for the
synthesis of tailor-made complex architectures.” Although ionic
polymerizations provide macromolecules with extremely good
control over the molecular architecture, they are as similarly
sensitive to impurities and require sophisticated experimental
setups. In particular, nitroxide-mediated radical polymerization
(NMP) has been attracting the attention for the synthesis of
biopolymers since this technique does not require any catalyst
or a metal salt to mediate the reaction, which represents a major
disadvantage of most of the other methods.®

The “click” reaction concept, on the other hand, offers easy
and robust reactions, e.g., for combining macromolecules and
carbohydrates; as a consequence, they became very popular in
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the past few years also in polymer science.” The “click”
chemistry concept was first introduced by Sharpless and co-
workers utilizing the Cu(I)-mediated Huisgen 1,3-dipolar cy-
cloaddition reaction of azides and acetylenes.8 However, the
use of a copper salt remained in terms of biocompatibility and
cytotoxicity of the materials questionable.” Therefore, alternative
reactions that provide robust and efficient synthetic processes
for complex macromolecules and fulfill the concept of “click”
chemistry have been pursued persistently (see, e.g., ref 10).
Recently, Schlaad et al. reported a new type of “click” reaction
for polymers, “thio click”.'! Following that, Hawker et al.
employed thiol—ene “click” reactions to synthesize G4 den-
drimers.'> One considerable point in both thio “click” reports
is the need of a UV light source and, preferably, the use of a
photoinitiator. Moreover, very recently Lin et al. have synthe-
sized tetrazole-containing compounds which were further reacted
with an allyl phenyl ether in few minutes under UV irradiation."
They have called this reaction as “photoclick chemistry”;
however, an excess of allyl phenyl ether was necessary for the
cycloaddition reaction to obey first-order kinetics. In addition,
we have reported a synthetic procedure of well-defined multi-
functional graft copolymers using a postmodification approach
of pentafluorostyrene units with aminoterpyridine moieties.'
This reaction requires relatively short reaction times (20 min);
however, an excess (2.5 equiv) of the amino compound and
the use of microwave irradiation represents a prerequisite.'”

The mild and efficient reaction conditions of “click” chemistry
allow the functionalization of macromolecules with bioactive
groups, e.g., for the construction of controlled drug delivery
devices. Receptor groups can ensure the interaction of functional
materials with the desired tissue or cells. As a further challenge,
the materials need to be transformed into nanoparticulate
systems in order (a) to encapsulate the specific drug and, hence,
to protect it from degradation, (b) to ensure the transport in
human tissues, and (c) to target the drug to the desired action.'®
Nanoprecipitation displays a general route to prepare polymeric
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Scheme 1. Schematic Representation of the Overall Reaction
Scheme for the Preparation of Glycopolymers 2 and 3
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nanoparticles under mild conditions and is well suitable in
particular for nanoparticles for biological applications. This
technique is based on the self-assembly of polymer molecules
in solution by displacement of a water miscible solvent against
the nonsolvent water.!” However, to the best of our knowledge,
this technique was up to date mainly applied for poly(lactic
acid), poly(lactic-co-glycolic acid),'® and diblock copolymers,
namely poly(lactic-co-glycolic acid)-b-poly(ethylene glycol),"
as well as for polysaccharide derivatives.”® The formation of
nanoparticles containing active moieties for cell recognition,
mainly carbohydrates, may be carried out via nanoprecipitation
of functional polymers with subsequent “click” reaction.

In the following, we describe an efficient route for the
synthesis of well-defined glycopolymers combining a controlled
radical polymerization technique and a metal-free “click”
reaction between thiol—glucose and pentafluorostyrene units.
We discuss for the first time the preparation of St and PFS
containing homo, block, and random polymers using a 3-phos-
phonylated alkoxyamine initiator, Bloc Builder. The nanoparticle
formation behavior of the copolymers is investigated via two
different routes, namely dialysis and dropping technique.
Furthermore, the kinetics of the “click” reaction of the PFS units
with thiol—glucose is examined in detail with an online
characterization technique. The deacetylation of the sugar units
was performed successfully to obtain well-defined glycopoly-
mers.

Results and Discussion

The synthetic approach to obtain designed glycopolymers is
based on three steps, as shown in Scheme 1. The first step was
the homo- or copolymerization of styrene (St) and pentafluo-
rostyrene (PFS) via nitroxide-mediated polymerization (NMP).
The polymerizations were performed in a closed vial using THF
as solvent and Bloc Builder (from Arkema) as initiator.
Subsequently, the homopolymer of PFS (H1) or the block
copolymer of PFS and St (B1) was reacted with 2,3.4,6-tetra-
O-acetyl-1-thio-3-D-glucopyranose (SH-GlcAc,) in the presence
of triethylamine (NEt;). In the final step, the deprotection
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reaction of the SH-GlcAc,s moieties was performed at room
temperature in the presence of sodium methanolate.

Preparation of St- and PFS-Containing Polymers. In our
previous studies, we have optimized the NMP conditions of St
and rert-butyl acrylate using an automated parallel synthesizer.”'
Confirming our results, Maric and co-workers have reported
that there is no effect of additional free nitroxide on the control
over the polymerization of St.**> Accordingly, we have per-
formed the polymerization of PFS without adding any free
nitroxide (SG-1) and used similar reaction conditions to the
NMP of St. However, in this study all reactions were carried
out in an oil bath instead of an automated parallel synthesizer.>*
The data of the synthesized homopolymers and random co-
polymers are listed in Table 1. Besides, the homopolymer of
PFS was synthesized on a relatively large scale, and used further
for the glycopolymer synthesis. In addition, we have prepared
a series of random copolymers of St and PFS with different
ratios varying from 90:10 to 50:50, respectively. According to
the GPC results, all synthesized polymers exhibited narrow
molar mass distributions. The monomer conversions were
determined by either GC or 'H NMR spectroscopy. Moreover,
the calculated experimental copolymer ratios of random co-
polymers were found to be very close to the feed ratios.

Even though the measured M, gpc values of the random
copolymers were found close to the theoretical values, PFS
exhibits a slightly different hydrodynamic volume than St in
the GPC eluent. The solubility behavior of PFS containing
polymers is currently under investigation in detail with a special
focus on the micellization behavior of its block copolymers.

MALDI-TOF-MS has become a fundamental characterization
tool not only for the detection of end group but also for the
molar mass determination of polymers.”* However, this tech-
nique has some limitations depending on the chemical structure
of the polymer. Most importantly, the molar mass of the
polymers should be below a certain mass value, which differs
according to the ionization capability of the macromolecules.
For instance, PS is known as an easily ionized polymer, and on
the contrary, fluorinated polymers are very difficult to ionize
with available matrices and salts. Another consideration is that
labile end groups, i.e., nitroxide, dithioesters, or bromo, are
usually cleaved off during the MALDI-TOF-MS measurement
process. Several unexpected distributions in the obtained
spectrum are results of this instability of the end groups under
the high energy of the laser beam. Nevertheless, we have
succeeded to obtain relatively good resolved spectra for the PFS
containing random copolymer, as depicted in Figure 1. Although
the baseline is rather noisy, it was possible to determine seven
peaks that correspond to different ratios of St and PFS
monomers in copolymer R2.

Furthermore, we have performed a kinetic experiment for the
SG-1-mediated random copolymerization St and PFS with
monomer to initiator ratio of 45 to 5, respectively. The monomer
conversions were followed by GC, and the molar mass values
were determined by GPC in chloroform as eluent. As shown in
Figure 2, the calculated M,gpc values were found to be
increasing with higher monomer conversions, which is an
indication of a “living” polymerization process. Besides, linear
relationships were obtained for both monomers in the semi-
logarithmic kinetic plot. Fortunately, the polydispersity index
values of the polymers did not increase even at higher monomer
conversions and kept below 1.15 in all cases.

Moreover, block copolymers of St and PFS with different
block orders could successfully be prepared. The results are
listed in Table 2. Two different macroinitiator to monomer ratios
were employed to obtain PS-b-PFS copolymers with different
compositions. Both block copolymers, B2 and B3, were obtained
with relatively low PDI values. In addition, we used H1 as a
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Table 1. Characterization of the Synthesized Homopolymers and Random Copolymers

run [St]o/[1]o [PES]o/[1]o reac time (h) conv St (%) conv PES (%) M, theo (Da) Mmc,pcb (Da) M /M, structure
H1 50 5 78 7950 3500 1.03 PFS¢
H2“ 100 5.5 70 7670 5200 1.08 PS46
H3“ 200 6.5 70 14600 12500 1.11 PSii6
R1 25 25 5 51 49 3820 3120 1.08 PES>-r-PS),
R2 45 5 5 36 69 2750 3400 1.06 PFS3-r-PSj6
R3 50 50 5 58 58 9000 7800 1.07 PFSy9-r-PSyy
R4 75 25 5 38 59 6200 8650 1.09 PFS5-r-PSyy
RS 90 10 5 48 74 6300 6450 1.09 PFSg-r-PSu4

“ The data of H2 and H3 are taken from ref 21.  Calculated according to the PS standards using chloroform:isopropanol:triethylamine (94:4:2) as eluent.
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Figure 1. Left: MALDI-TOF-MS measurement of R2. Right: a zoom into the region of 3000—3550 Da.
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Figure 2. Left: Semilogarithmic kinetic plot for the copolymerization of St and PFS. Right: M, gpc and PDI values vs reaction time plot of the

synthesized copolymers.

Table 2. Characterization of the Synthesized Block Copolymers

CONViyon Mn.(heo Mn,GPC

run macroinitiator [M]/[MI] (%) (Da) (Da) M,/M, structure

B1 PPFSc (H1) 200/1 66 17300 17800 1.21 PFS4-b-PS)3;
B2 PS, (H2) 50/1 76 12600 7100 1.16 PSy-b-PFS),
B3 PSs 100/1 52 16000 12750 1.18 PSs4-b-PFS;3s

macroinitiator to have first a PFS containing block and then a
relatively long styrene block to synthesize PPFS-b-PS.

The characterization of these block copolymers was per-
formed by means of GPC and MALDI-TOF-MS. The obtained
spectra for B1 are shown in Figure 3 as a representative. There
is a clear shift observed in the GPC spectrum with a slight
amount of nonfunctionalized macroinitiator left. Besides, there
is a small shoulder appearing at the lower elution volume
indicating the occurrence of chain coupling reaction, which is
the most favored side reaction in the case of styrene polymer-
ization.

Nanoparticle Formation of PS—PFS Copolymers. A basic
criterion for nanoparticle formation is the existence of dilute
solutions. No monomers, oligomers (after emulsion polymeri-
zation), or surfactants (after emulsification—evaporation) need
to be removed after the particle preparation, and only low-energy
requirements are necessary. There are mainly two routes to
prepare nanoparticles via nanoprecipitation.’®® The first one
involves the dissolution of the polymers in a water-miscible
solvent, i.e. DMA, with subsequent dialysis against distilled
water. Because of the slow exchange of the solvent against the

nonsolvent water, the molecules in the dilute solution self-
assemble into regular nanoscale particles. Another approach for
such a phase transition is the dropping of a dilute polymer
solution into water under stirring or water into the polymer
solution, respectively. Therefore, acetone is the preferred solvent
because it can be easily removed by evaporation. Table 3 lists
the results of dynamic light scattering (DLS) measurements of
the nanoparticle suspensions obtained after nanoprecipitation.
Dialysis leads to submicron particles of PS-r-PFS (R1A, R2B)
exhibiting large size polydispersity indices of the particles
(PDIp). PS-b-PFS of run B1A aggregates while transferring from
DMA into water may be due to the formation of stronger
intermolecular interactions, whereas PS-5-PFS of run B3A forms
small particles with a mean size of 67 nm but also with a
comparatively large PDIp. Dialysis of runs R1A and B3A yields
small amounts of larger precipitates that were filtered off.
Although not showing any trend for dialysis, it is remarkable
that dropping the acetone solution into water with subsequent
evaporation of acetone results in nanoparticles (R1B, R2B, B1B,
B3B) having mean diameters in the close interval of 100 and
130 nm with comparatively low PDIp values, indicating a narrow
size distribution. Even B1B shows nanoparticle formation during
dropping technique of the acetone solution.

The nanoparticle suspensions were further characterized by
scanning electron microscopy (SEM) imaging. Figure 4 displays
that the PS-r-PFS nanoparticles (R2) exhibited regular spheres
independent of the preparation technique used. The particles
obtained by the dropping technique (Figure 4b) were in some
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Figure 3. Left:t MALDI-TOF-MS spectrum of the PPFS macroinitiator H1. Right: GPC traces of macroinitiator H1 and block copolymer B1.

Table 3. Nanoparticle Formation of Selected PFS
method B dropping technique

method A dialysis DMA/H,0 acetone/H,O
run d (nm)“ PDI* d (nm)“* PDI*
R1 719° 0.189 122 0.120
R2 640 0.156 130 0.103
B1 —- - 99 0.127
B3 67” 0.184 105 0.222

@ Average values of three measurements; see Experimental Section. * Also
some larger, undefined aggregates. © Only large, undefined aggregates.

parts “melted” together, probably due to tiny residual amounts
of acetone that could not be removed by evaporation and
lyophilization.

For potential applications, the particle size can be tuned by
varying the concentration of the polymers.>> However, solutions
should be kept below the critical overlap concentration to
prevent aggregation.

“Click” Reaction of SH-GlcAcs- and PFS-Containing
Polymers. Thiols are well-known as soft nucleophiles in
comparison to primary amines or alcohols, hence displaying
higher reactivity in nucleophilic substitution reactions.?® Besides,
this reaction occurs with quantitative yields under ambient
conditions without any need to a metal catalyst. Therefore, we
have dissolved the PPFS homopolymer H1 (1 equiv with respect
to the PFS units) and 2,3,4,6-tetra-O-acetyl-1-thio-f3-p-glucopy-
ranose (SH-GlcAc,) (1.2 equiv) in DMF and reacted them at
room temperature for 4 h in the presence of triethylamine (3
equiv) as a base. Afterward, the solution was precipitated into
methanol to result in a white precipitate with an isolated yield
of 93%.

'"H NMR spectra of the homopolymer H1, the acetylated
glycopolymer (PTFS-g-SGlcAcy), and also the deprotected
glycopolymer are depicted in Figure 5. The substitution of
glucose units to the polymer backbone is clearly seen in these
spectra. Besides, the hydroxy protons of the deprotected polymer
became visible following the deacetylation reaction. The
deacetylation reaction was also followed by measuring '*C NMR
spectra to detect the disappearance of the peaks corresponding
to the acetyl carbon atoms.?®

In addition, we have measured '"F NMR spectra of the
polymers to follow the efficiency and selectivity of the thiol—para-
fluoro “click” reaction. As illustrated in Figure 6, there are three
peaks visible in the starting homopolymer, which correspond
to fluoro atoms at the ortho, meta, and para positions. Since
YF NMR spectroscopy provides quantitative results, it was
possible to calculate the conversion of the “click” reaction
from the integrals of the para-fluoro atoms of H1 and,
consequently, the appeared peak of the ortho fluoro of the
product. Besides, the top spectrum (Figure 6a) shows the
stability of the formed thiol—glucose and tetrafluorostyrene bond
under the applied deacetylation conditions.

Thiol—ene “click” reactions are known as highly efficient
and rapid reactions.?” Similarly, the nucleophilic substitution
reaction between 1 and SH-GluAc, also exhibited a fast reaction
even at room temperature. Consequently, the kinetics of this
thiol-para-fluoro “click” reaction could be easily followed by
an online kinetic experiment with '’F NMR spectroscopy. The
reaction was started by adding the base into the mixture of
polymer and glucose derivative (the measurement was conducted
at 40 °C). A spectrum was recorded every 5 min for more than
1 h. The calculated conversions (as explained previously) are
shown in Figure 7. The reaction reached around 90% conversion
in less than 30 min.

This “click” reaction approach was extended to PS/PFS block
copolymers. For this purpose, PS4s-b-PFS ), (1.0 equiv) B2 was
reacted with SH-GIcAc, (1.2 equiv) in the presence of triethy-
lamine (3.0 equiv). The reaction was performed in DMF at 40
°C for 6 h. The product was precipitated into cold methanol,
filtered, and dried overnight. The characterization of the SH-
GlcAcy “clicked” block copolymer was performed by 'H NMR,
“F NMR, and GPC. As shown in Figure 8, the reaction reached
60% conversion under these reaction conditions. The relatively
low conversion might be due to the different solubility behavior
of St and PFS in DMF. Nevertheless, a clear shift in the GPC
indicated that the hydrodynamic volume of the block copolymer
was increased following the “click” reaction. In order to check
the existence of the unreacted para-fluoro groups the “clicked”
block copolymer (1.0 equiv) was dissolved in DMF and reacted
with SH-GlcAcy (0.5 equiv) for a second time. The reaction

Figure 4. SEM images of nanoparticles of PFS (R2) on a mica surface prepared (a) by dialysis of the polymer dissolved in N, N-dimethylacetamide
(¢ = 4 mg/mL; R2A) and (b) by dropwise adding of an acetone solution (¢ = 4 mg/mL; R2B) to water. The scale is 200 nm for both images.
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was performed at 50 °C for 6 h. The 'F NMR revealed an
increase of the conversion to 90%. Besides, there is a slight
shift observed in the GPC spectrum. These results show the
possibility of performing controlled “clicking” reactions se-
quentially on the same polymer. It was clearly seen that para-
fluoro groups were stable under the conditions utilized for
purification and also provided selective reactions toward thiols.
Our future studies will focus on the direction of preparing
copolymers with hetero sugar groups, e.g., thiol—glucose and
thiol —galactose.

Deacetylation Reaction of the Glycopolymer. As the final
step of the procedure, the deacetylation of PTFS-g-SGlcAcy (2)
was performed. For this purpose, polymer 2 was dissolved in
DMF and sodium methanolate was added in methanol. The
mixture was stirred at room temperature for 1 h. Subsequently,
the solution was concentrated and purified by simple precipita-
tion into cold ethanol. The disappearance of the acetyl groups
was confirmed by both 'H NMR and '*C NMR spectroscopy.
Further information on the optimization of the deacetylation
conditions can be found as ESIL
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Following the deacetylation, PTFS-g-SGlc (3) exhibited a
hydrophilic character, whereas PTFS-g-SGlcAc, has a hydro-
phobic character. This phase transition resulted in an increase
in the hydrodynamic volume of the glycopolymer in N,N-
dimethylacetamide (DMA), which was observed in SEC mea-
surements (Figure 8). The molar mass and polydispersity indices
of 1, 2, and 3 were calculated according to polystyrene standards
as 4850 Da (M,/M, = 1.12), 9200 Da (M/M, = 1.11), and
19 400 Da (M/M,, = 1.13), respectively. Although 1 and H1
are exactly the same polymers, they provide different molar
masses (3500 and 4850 Da in CHCI; and DMA, respectively)
in GPC systems running with different eluents. This behavior
is caused by the different hydrodynamic volume in the different
systems. We have measured GPC in DMA since it dissolves
all three polymers, which are shown as 1, 2, and 3. The obtained
GPC traces of these samples are depicted in Figure 9.

Conclusions

We have demonstrated the synthesis of a series of homo,
random, and block copolymers of St and PFS using NMP.
Besides, a kinetic study was performed for the random copo-
lymerization, and the synthesized polymers were characterized
using GPC, NMR spectroscopy, and MALDI-TOF-mass spec-
trometry techniques. Selected polymers show self-assembly into
spherical and uniformly distributed nanoparticles during nano-
precipitation with diameters ranging from 70 to 720 nm. The
dropping technique from acetone solutions results in smaller
particles possessing a more uniform distribution in size, as
indicated by the low polydispersity index of the particles,
compared to the dialysis technique from DMA solution for the
majority of the samples. Furthermore, we have established an
alternative route of synthesizing glycopolymers using a nucleo-
philic substitution reaction of thiols to pentafluorophenyl
functional groups. We believe that this reaction is a good
candidate to be accepted as a metal-free “click” reaction. The
kinetics of this reaction were investigated in detail, and well-
defined polymers with a fluorinated backbone and bearing
glucose substituents were synthesized. Moreover, the “click”
reaction was performed on the block copolymers; i.e., the
syntheses of heterofunctional block copolymers by sequential
“click” reactions was performed. Consequently, this “click”
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Figure 6. °F NMR spectra (200 MHz, DMF-d,) for (a) glycopolymer 3, (b) protected glycopolymer 2, and (c) homopolymer of PFS 1.
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reaction may also provide a versatile synthetic route toward the
selective incorporation of active sites on the surface of the PFS
containing nanoparticles, e.g., for cell recognition in drug
delivery devices.

Future work will include the conversion of thiol—para-fluoro
“clicking” to particle surfaces and the investigation of phase
separation and micellization behavior of the polymers. On the
basis of our initial cyctotoxicity test results, the materials could
also represent promising candidates as a potential coating
material of body implants. In addition, the thiol—para-fluoro
“click” chemistry approach will be extended to the synthesis
of well-defined copolymers bearing both bio-based functional-
ities and stimuli-responsive blocks.

Experimental Section

Materials. Styrene (=99%, Aldrich), pentafluorostyrene (99%,
Aldrich), and Bloc Builder (Arkema) were used as received. 2,3,4,6-
Tetra-O-acetyl-1-thio-f-D-glucopyranose (>99%) was purchased
from GLYCON Biochem. GmbH, triethylamine from Merck (for
synthesis, 299%), N,N-dimethylformamide (=99.5%) and DMA
from Fluka, and methanol from J.T. Baker (HPLC gradient grade,
0.008% water). Sodium methanolate was purchased from Fluka and
stored under argon prior to use. All other chemicals were used as
received, unless otherwise noted.

Instruments. For the determination of the monomer conversions,
GC measurements were performed on a Shimadzu GC used with a
Trace column RTX-5 and an autosampler. 'H and *C NMR
spectroscopy was recorded on a Bruker Avance 250 MHz in
deuterated methylene chloride or DMF. The chemical shifts were
calibrated with respect to tetramethylsilane (TMS). Size exclusion
chromatography (SEC) was measured on two different systems.

The first system (Shimadzu) is equipped with a SCL-10A system
controller, a LC-10AD pump, a RID-10A refractive index detector,
a SPD-10A UV detector, and both a PSS Gram30 and a PSS
Gram1000 column in series. A chloroform:isopropanol:triethy-
lamine (94:4:2) mixture is used as an eluent. The other GPC system
(Agilent) is equipped with triple detectors that are diode array
detector, refractive index detector, and a multiangle light scattering
detector. Two PSS SDV (5 um pore size) columns placed in series.
DMA with 5 mmol of LiCl was used as eluent at 1 mL/min flow
rate, and the column oven was set to 50 °C. The reported number-
average molar masses were calculated according to polystyrene
standards in both systems. An Ultraflex III TOF/TOF (Bruker
Daltonics, Bremen, Germany) was used for the MALDI TOF-MS
analysis. The instrument is equipped with a Nd:YAG laser and a
collision cell. The instrument was calibrated before every measure-
ment with an external standard PMMA from PSS Polymer
Standards Services GmbH (Mainz, Germany). MS data were
processed using PolyTools 1.0 (Bruker Daltonics) and Data Explorer
4.0 (Applied Biosystems). The particle size and polydispersity index
of the nanoparticles were determined by dynamic light scattering
using a Zetasizer Nano ZS (Malvern Instruments, Malvern, UK).
The suspensions were diluted with demineralized, filtered water to
a concentration of about 0.005%. The mean particle size was
approximated as the z-average diameter and the width of the
distribution as the polydispersity index (PDI) obtained by the
cumulants method assuming spherical shape. Each sample was
measured for 7.5 min (corresponding to three runs over 150 s).
For SEM studies, one droplet of the nanoparticle suspension was
lyophilized on a mica surface and covered with gold. The images
were obtained using a LEO-1530 VP Gemini (LEO, Oberkochen,
Germany) SEM operating at 10 kV.
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Figure 9. Normalized SEC traces of 1, 2, and 3 in N,N-dimethylac-
etamide as eluent with LiCl (2.1 g/L).

Synthesis of PPFS and PS Homopolymers. Pentafluorostyrene
(7.11 mL, 51.5 mmol) or styrene (11.8 mL, 103 mmol), Bloc Builder
(393 mg, 1.03 mmol), and tetrahydrofuran (10 mL) were added in a
25 mL pressure-resistant round-bottom flask. The mixture was bubbled
with argon while stirring at least for 30 min. Afterwards, the flask
was capped and placed into an oil bath that was preheated to 110 °C.
The reaction was continued for 5 h. The reaction flask was cooled
down immediately with tap water, and the slightly viscous solution
was precipitated into methanol to remove the residual monomer. The
isolated polymers, which were white powders for both PS and PPFS,
were dried in the vacuum oven for 24 h.

Synthesis of PPFS- and St-Containing Copolymers. For the
preparation of random copolymers the required amounts of PFS,
St, Bloc Builder, and THF were added into a flask, and the
solution was bubbled with argon for at least 30 min. Similarly,
the required amounts of St or PFS as monomers, PS or PPFS as
macroinitiators, and THF were added into a vial for the synthesis
of block copolymers. These polymerizations were carried out
on a 5—20 mL scale. The prepared vial was immersed into a
preheated oil bath at 110 °C, and the reaction was stopped after a
certain reaction time. The polymerization was terminated by cooling
down the vial with tap water. The obtained polymers were
precipitated into methanol and dried in the vacuum oven.

Substitution of 2,3,4,6-Tetra-0-acetyl-1-thio-#-p-glucopyra-
nose to PPFS;s. PPFS (433 mg, 2.231 mmol) and 2,3,4,6-tetra-
O-acetyl-1-thio-f-D-glucopyranose (984 mg, 2.70 mmol) were
dissolved in 15 mL of dry DMF, and triethylamine (940 uL, 6.74
mmol) was added to the solution with the dissolved polymer. After
stirring for 4 h at room temperature, the reaction mixture was
concentrated on a rotary evaporator to an approximate volume of
2.5 mL and precipitated into cold methanol. The white precipitate
was filtered, washed twice with methanol, and dried in a vacuum
oven to yield 1.003 g of a white powder (isolated yield = 93%).

Substitution of 2,3,4,6-Tetra-O-acetyl-1-thio-f-D-glucopyra-
nose to PSys-b-PFSy,. PS46-b-PFS, (100 mg, 0.156 mmol PFS
units) and 2,3.4,6-tetra-O-acetyl-1-thio-f-D-glucopyranose (67
mg, 0.185 mmol) were dissolved in 5 mL of dry DMF, and
triethylamine (64 uL, 0.456 mmol) was added to the solution with
the dissolved polymer. After stirring for 6 h at 40 °C, the reaction
mixture was concentrated on a rotary evaporator to an approximate
volume of 1 mL and precipitated into cold methanol (10-fold). The
powder was filtered, washed twice with methanol, and dried in a
vacuum oven to yield 0.137 mg of a white powder (isolated yield
= 60%). The isolated glycopolymer was reacted for the second
time. PSy6-b-(PFS2-g-(SGlcAcy)75) (100 mg) and 2,3,4,6-tetra-O-
acetyl-1-thio-f-D-glucopyranose (35 mg, 0.096 mmol) were dis-
solved in 5 mL of dry DMF, and triethylamine (33 uL, 0.237 mmol)
was added to the solution with the dissolved polymer. After stirring
for 6 h at 50 °C, the reaction mixture was concentrated on a rotary
evaporator to an approximate volume of 1 mL and precipitated into
cold methanol (10-fold). The powder was filtered, washed twice
with methanol, and dried in a vacuum oven (isolated yield = 90%).
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Deacetylation of Poly-p-(f-p-glucopyranosylthio)tetrafluo-
rostyrene. Poly-p-(2,3,4,6-tetra-O-acetyl-£-D-glucopyranosylth-
io)tetrafluorostyrene (150 mg, 0.279 mmol) was dissolved in dry
DMF (0.4 mL). Sodium methanolate (0.28 mL, 0.1 M solution in
dry MeOH) was added dropwise. After stirring for 1 h at room
temperature, the reaction mixture was concentrated on a rotary
evaporator to a volume of 0.5 mL and precipitated into cold ethanol.
The precipitate was washed with ethanol and dried to give 56 mg
of the final product (isolated yield = 55%).

Nanoparticle Preparation. A. By Dialysis. The polymer (10 mg)
was dissolved in 2.5 mL of purified DMAc and dialyzed against
500 mL of distilled water in a regenerated cellulose dialysis
membrane (Spectra/Por) with a molar mass cutoff of 3500 g/mol.
The water was renewed five times after at least 3 h.

B. By Dropping Technique. The polymer (20 mg) was dissolved
in 2.5 mL of acetone. The solution was added dropwise to 10 mL
of distilled water; i.e., water was added dropwise to the polymer
solution. The resulting nanoparticle suspension was stirred at
60 °C until acetone was completely removed from the aqueous
suspension.
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