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Our modern life is no longer conceivable without macromolecu-
lar materials. Important developments in materials science, for
example in the field of medical technology, electronic commu-
nication, transport and energy technology, became only possible
thanks to the extensive development in the field of polymer
chemistry. Although a large number of polymeric materials
have already taken their place in the market, there is still a great
need to develop novel materials for specific purposes and corre-
sponding practical applications. Consequently, the synthesis and
modification of macromolecules remain high priorities in scien-

tific research.

Neighboring group effects and cross over space effects play a
crucial role for the chain growth and chemical conversion of
polymers in many cases. Among the spatial effects are H-bonds,
van der Waals interactions, ionic forces, dipolar interactions,

self-ordering effects and steric influences.

Through IR-spectroscopic studies we have recently found that
the carbonyl group of, e.g., poly(acrylates) show different IR
signals when positioned side by side. If, for example, they are

separated by styryl units, these carbonyl signals are clearly
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shifted. Such effects also play an important role in the reactivi-
ty of, e.g., ester-side groups.

For example, the tacticity of a polymeric chain is a result of
spatial interactions between the active growing chain end and
the free monomer or a monomer—metal complex. Moreover, the
preferred head-to-tail chain growth of vinyl monomers can be a
result of such spatial effects. The spatial arrangement of
polymer chains in the solid phase is not only influenced by
external forces, for example, during extrusion, but is often also
a result of chain mobility and strong intermolecular interactions.
It should also be mentioned that the solubility of polymer chains
is a spatial interplay between the solvent molecules and the
polymer chains. Here, the LCST effects fit into the dynamic,

space-spreading strength model.

I am convinced that this systematic approach provides the
insights to allow a targeted and rapid development of new mate-
rials and methods. Findings concerned with spatial effects can
be further explored by modern spectroscopic methods and
model tests. The latter can often be carried out in a result-

oriented manner, which accelerates the gain of knowledge.
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Some of these points are emphasized in the present Thematic
Series and may offer different perspectives for developments —

right now and in the near future.
Helmut Ritter

Diisseldorf, July 2017
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The first detailed study on free-radical polymerization, copolymerization and controlled radical polymerization of the cyclic

push—pull-type monomer methylenelactide in comparison to the non-cyclic monomer a-acetoxyacrylate is described. The experi-

mental results revealed that methylenelactide undergoes a self-initiated polymerization. The copolymerization parameters of meth-

ylenelactide and styrene as well as methyl methacrylate were determined. To predict the copolymerization behavior with other

classes of monomers, Q and e values were calculated. Further, reversible addition fragmentation chain transfer (RAFT)-controlled

homopolymerization of methylenelactide and copolymerization with N,N-dimethylacrylamide was performed at 70 °C in

1,4-dioxane using AIBN as initiator and 2-(((ethylthio)carbonothioyl)thio)-2-methylpropanoic acid as a transfer agent.

Introduction

Methylenelactide (MLA) with the [UPAC name (65)-3-methyl-
ene-6-methyl-1,4-dioxane-2,5-dione is a radically polymeriz-
able vinyl-lactide derivative. The molecule’s quaternary carbon
atom located at the double bond is substituted with an electron
withdrawing (“pulling”) carbonyl group and an electron donat-
ing (“pushing”) oxygen atom. Monomers with such substitu-
tion patterns are defined as captodative or push—pull monomers
[1]. MLA was first synthesized in 1969 by Scheibelhoffer et al.
through a bromination of L-lactide followed by a basic HBr
elimination [2]. In 2008, the first Diels—Alder reaction employ-
ing MLA as dienophile was described [3-6]. In a recent NMR

study we demonstrated that, poly(MLA) prepared via free
radical polymerization contains mainly isotactic units. Further-
more, we found that the polymer attached lactide rings react
like activated esters and thus readily undergo quantitative
amidation reactions with aliphatic primary amines under mild
conditions [7]. In the underlying study, we focused on spatial
effects with respect to interactions between neighboring lactide
rings. Based on these findings, polymer analogous reactions of
poly(MLA) with different alcohols were recently investigated
[8]. Up to now, it was not possible to polymerize MLA via ring

opening [9]. Only indirectly, unsaturated polylactide carrying
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vinyl side groups can be obtained through a copolymerization
of chlorolactide with L-lactide followed by subsequent dehy-
drochlorination [10]. Recently, thiol-Michael additions on MLA
were reported [11,12].

In this paper, we wish to present a kinetic study of free radical
and controlled/living radical polymerization of MLA. The latter
reactions were conducted via a reversible addition fragmenta-
tion chain transfer (RAFT) mechanism. We also investigated
the copolymerization of MLA with styrene and methyl meth-
acrylate, respectively. The results were compared to the well-
known push—pull type monomer a-acetoxyacrylate.

Results and Discussion
Free-radical polymerization of methylenelac-
tide MLA

The push—pull type monomer MLA contains an electron-defi-
cient vinyl group which is structurally related to acrylate mono-
mers. Electron-rich vinyl groups are structurally related to vinyl
ester monomers. However, the free-radical polymerization of
MLA proceeds smoothly at elevated temperature without ring-
opening side reactions (see Figure S1 in Supporting Informa-
tion File 1). To evaluate the free-radical polymerization of
MLA, we compared the behavior to non-cyclic, pull-type
methyl methacrylate (MMA), non-cyclic, push—pull-type
methyl a-acetoxyacrylate (MAA) and ethyl a-acetoxyacrylate
(EAA), respectively and cyclic pull-type a-methylene-8-valero-
lactone (MVL, see Figure 1).

Since the polymerization kinetics are mainly controlled by
steric effects and the polarity of the double bonds, we evaluated
the electronic structure of the different monomers via
'H nuclear magnetic resonance (NMR) spectroscopy. As ex-
pected, the double bond protons of MLA at 5.77 and 5.56 ppm

Beilstein J. Org. Chem. 2016, 12, 2378-2389.

clearly differ from the double bond protons of MAA (6.02 and
5.65 ppm) and EAA (5.99 and 5.62 ppm). Surprisingly, their
chemical shifts are very similar to the double bond protons of
MMA (6.03 and 5.66 ppm). This suggests that the electron-
withdrawing substituent has a stronger influence on the elec-
tron density of the vinyl protons than the electron-pushing sub-
stituent (Table S1, Figures S2 and S3, Supporting Information
File 1). We further employed '3C NMR spectroscopy to provide
a better view on the electron density of the double bond. It
turned out that the quaternary carbon atoms of the double bond
of EAA (144.31 ppm), MAA (144.04 ppm) and MLA
(143.69 ppm) experience a stronger impact through the elec-
tron-withdrawing substituent than the corresponding carbon
atoms of MMA (135.77 ppm) and MVL (134.09 ppm). The
electron-pushing substituent influences preferentially the
methylene carbon atom. This methylene carbon atom shows a
relatively high electron density in case of MLA (108.31 ppm),
MAA (114.67 ppm,) and EAA (114.32 ppm) compared to the
lower electron density in MMA (125.59 ppm) and MVL
(127.74 ppm) (Table S1 and Figure S3, Supporting Information
File 1).

The homopolymerization reactions were carried out in presence
of 1 mol % of AIBN at 70 °C. The conversion after different
reaction times was determined via '"H NMR spectroscopy
(Figure 1). The molecular weights and dispersities (P) of the
obtained polymers are summarized in Table S2 (Supporting
Information File 1).

Interestingly, the polymerization kinetics of MLA are similar to
these of MMA. In contrast, the non-cyclic push—pull type
monomers MAA and EAA are both less reactive. This indi-
cates that in addition to steric hindrance, the mobility of the
substituents plays an important role in the spatially controlled
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i i o ]
yko/ Yko/\ o §
@) O 20 ] 4
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0 200 400 600 800 1000 1200 1400 1600
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Figure 1: Structures of used monomers and the time-conversion plot of the corresponding free-radical polymerization reactions (80 wt % DMF,

1 mol % AIBN, 70 °C).
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chain growth reactions. The molecular weights (M},) are
21 600 g mol™! for poly(MAA) and 31 600 g mol™! for
poly(EAA) with narrow dispersities (D) between 1.5 and 1.7,
indicating that chain termination mainly occurs through recom-
bination of polymer radicals [13].

The moderate conversion of MVL is presumably a result of the
relatively low ceiling-temperature of the corresponding polymer
(at 81 °C) [14]. This means that under the applied reaction
conditions the rate of the polymerization reaction is only
slightly higher than the depolymerization rate, which results in
slow polymer growth. The obtained data also indicates that the
electron densities of the vinyl groups of the used monomers
play a minor role with respect to the polymerization kinetics.
The higher mobility of the free substituents of the non-cyclic
push—pull type monomers MAA and EAA causes a reduced
polymerization rate (Figure 1) compared to that of the stiff
cyclic molecule MLA.

Stereochemistry of poly(MLA)

As we reported recently, MLA polymerizes via free-radical
polymerization to yield predominantly isotactic polymer struc-
tures (Figure S4, Supporting Information File 1). Similar find-
ings were reported by Tanaka et al. who investigated the poly-

O*
;'/B_—éH
0
A
Os  o_x CHs
0 H
R o)
A
B

Beilstein J. Org. Chem. 2016, 12, 2378-2389.

merization of methylene dioxolanone derivatives yielding pre-
dominantly isotactic polymers [15]. Our recently reported
spatial dipole—dipole interactions between neighboring lactide
units were supported by IR spectroscopy, as the interactions
causes two separate carbonyl stretching vibrations. This effect
may also play a crucial role in the isotactic propagation steps
during MLA polymerization [7]. In contrast, the polymer of
non-cyclic MAA shows a preferred syndiotactic (77) conforma-
tion caused by steric control of the free substituents as indicat-
ed by 13C NMR spectroscopy (Figure S5, Supporting Informa-
tion File 1). Scheme 1 shows the different potential propaga-
tion steps of MLA.

Deviation of classical polymerization kinetics
of MLA

Usually, the rate of polymerization is proportional to the square
root of initiator concentration [In] and the degree of polymeri-
zation (Py) is inversely proportional to the square root of [In].
To investigate the polymerization behavior of MLA at 70 °C,
different molar amounts of AIBN were used. The polymeriza-
tion reactions were evaluated after ca. 2 minutes at low conver-
sions up to 10% as determined by 'H NMR spectroscopy. The
precipitated polymers were analyzed by size exclusion chroma-
tography (SEC) in DMF (Table 1). The logarithmic plot

R J
* _CHs o 0] o o 0]
0 H o
o) 0=Vs 07V: O7YVa
isotactic

atactic

R J
FO0YG 3RO
O

syndiotactic

O
OJ\(* O\(SO O]/SO

atactic

Scheme 1: Stereospecific propagation of chiral MLA illustrating the triade formation [15].
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Table 1: SEC data from the polymerization of MLA with different amounts of AIBN (cquLa) = 1.812 mol L~in 1,4-dioxane, 15—1 mol % AIBN, 70 °C,

polymerization time 2 minutes).

sample 1 2 3
[AIBN]
15 12.5 10
mol %
Ml’l
35600 46 800 47 600
g/mol
b 1.8 5.7 4.6

displayed in Figure 2 shows the correlation between the degree
of polymerization and the initiator concentration. The slope was
determined to be —0.84, which significantly deviated from the
expected value of 0.5. This observation indicates some self-ini-
tiation beside AIBN initiation.

3.50
L
3.25 4
Cu
3.00 4 o
a” y=-084x-028 “_
o 2_ T
L 275 R=0.99 = .
250 "=
m expdata m
linear fit
225 T T T T T T T T T T T T T
4.4 42 -4.0 38 36 34 3.2
log [In]

Figure 2: Plot of log P,, versus log [In] of the polymerization of MLA
with different mol % AIBN.

Self-initiation of MLA

The self-initiation of some non-cyclic push—pull monomers is
already known [1]. However, up to now, the free radical self-
initiation of cyclic MLA has not been described in the literature.
Thus, we herewith show our postulated mechanism for the self-
initiation of MLA in Scheme 2. We propose that a homolyti-
cally H-C cleavage takes place in a first step yielding two radi-
cals. This process is accompanied by a change of hybridization
from a tetrahedral sp> structure of the chiral center to a trigonal
planar sp? structure of the resulting radical. Scheme 2 also
shows additional postulated radical reactions including the for-
mation of a bicyclic lactide radical to initiate the main polymer-
ization. Since the spontaneous homolytically C—H cleavage may
represent the first step in the reaction cascade, theoretical calcu-
lations on a DFT level were conducted. The above mentioned
hybridization change as driving force for C-H cleavage is veri-
fied in the reduced bond length of the C—CHj3 bond from

4 5 6 7
75 5 25 1
62 200 85 400 158 800 358 200
34 5 2.7 24

1.542 A (MLA) to 1.479 A for the corresponding radical. This
clearly indicates a stabilization of this C—C bond after C—H
cleavage (Figure 3).

Since only soluble polymers were obtained, the C—H bonds in
the linear MLA-polymer units must be more stable than in the
monomeric MLA. Otherwise, crosslinking should take place via
spontaneous C—H cleavage and chain recombination. This im-
portant point could be verified by IR spectroscopy and also by
theoretical calculations of the force constants of the C—H bonds
on a DFT level.

The C-H stretching vibrations v(c.py) = 2948 em™! of
poly(MLA) determined via IR spectroscopy correlate well with
the force constant of k=473 N m™~! (calculations see Figure S6,
Supporting Information File 1). In contrast, the monomer MLA
(Vic-H) = 2938 cm™!) has a significantly lower force constant of
k=467 N m L. This also gives a strong hint on the postulated
relatively easy C—H homolytical cleavage from MLA as de-
scribed in Scheme 2. This measured IR values correspond
nicely to the DFT calculations (poly(MLA) v(c.p) = 2922 em L,
MLA vc.py = 2914 cm™1). Figure 4 shows the IR spectra of
MLA and of the obtained poly(MLA).

To evaluate some kinetic solvent effects of the discussed self-
initiated polymerization reactions of MLA, the kinetics of the
AIBN-initiated and initiator-free radical polymerizations of
MLA were repeated in less polar 1,4-dioxane and dipolar DMF
as solvents (Figure 5). Surprisingly, the yields of self-initiated
polymerization in 1,4-dioxane are very similar to the yields of
AIBN-initiated polymerization. In contrast, the self-initiation
polymerization of MLA is much more retarded in DMF solu-
tion than in 1,4-dioxane. Taking our postulated radical forma-
tion process into account, the dipolar solvent DMF stabilizes the
polar educt MLA more than the less polar 1,4-dioxane. Since
the formed radical is planar and less polar, the activation energy
to this radical formation must be higher in DMF than in
1,4-dioxane [16]. Interestingly, the self-initiated poly(MLA) has
a relatively high molecular weight of M, = 180 000 g mol™!
(P = 2.5) compared to the AIBN initiated poly(MLA)
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Scheme 2: Postulated mechanism of the self-initiation of MLA.

14794

Figure 3: DFT-calculated C—C binding length (yellow) of (A) MLA and
(B) the corresponding radical.

(M =73 000 g mol™!, B =2.6). A self-initiated poly(MLA) ob-
tained at 30 °C yields with a reduced molar mass of
M, =28 600 g mol™!, B =1.9 (Figure S7, Supporting Informa-
tion File 1). Poly(MLA) polymerized in DMF could not be
analyzed by SEC because of some unknown side products

(Figure S8, Supporting Information File 1).

For comparison, the non-cyclic MAA shows even in bulk only a
very low yield of ca. 10 mol % of self-initiated polymer at
60 °C [13,17]. Thus, the ring shaped MLA is much more reac-

tive in respect to the self-initiated polymerization.

Calculated initial rate for the self-initiated
polymerization of MLA by the use of DPPH

As discussed above, the formation of free radicals is a key step
for spontaneous polymerization of MLA. Accordingly, sponta-
neously formed radicals can be proved by the use of the

strongly colored 1,1-diphenyl-2-picrylhydrazyl radical (DPPH)

Beilstein J. Org. Chem. 2016, 12, 2378-2389.

o)

N0 tMLA

o 0
0

0 o)
H + MLA .
O o M —, J\o0
O O o)
(@)
0 o)
dimer-radical macromonomer

(mono-initiator)

which reacts with H radicals under decolorization. The
consumption of DPPH-radicals can be followed by the naked
eye. Figure 6 shows the UV—vis absorption spectra of DPPH
from the beginning of the self-initiated polymerization at 70 °C
and after 15 h.

The concentration of DPPH plotted against the time at 70 °C
and 30 °C gives a straight line indicating that the reaction
follows pseudo zero-order kinetics (Figures S10 and S11, Sup-
porting Information File 1). The slope of this plot corresponds
to the reaction rate. The reaction rate of disappearance of DPPH
(Rpppn) is equal to the value of the rate of MLA self-initiation
(Rj). Accordingly, at 70 °C the self-initiated polymerization
with a rate of 2.4 x 107* mM s™! is 5 times higher than at 30 °C
with a rate of 4.42 x 107> mM s~! (Figure S12, Supporting
Information File 1). The actual polymerization reaction takes
place after DPPH was consumed, since the molecule acts as an
inhibitor. In a control experiment performed in absence of
MLA, the DPPH concentrations remained stable.

Free radical copolymerization behavior of
MLA

The copolymerization parameters of MLA with styrene and
MMA, respectively were evaluated through the method of
Kelen and Tiidos [18]. For this, the residual monomer ratio was
determined by high performance liquid chromatography (see
execution, characterization methods and Figures S14 and S15 in

Supporting Information File 1).
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Figure 4: IR spectra of (A) MLA and of (B) poly(MLA) prepared by the self-initiated polymerization at 70 °C.
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Figure 5: Conversion plot of the polymerization of MLA in 1,4-dioxane and DMF (cya = 1.8 mol L™, caigny = 1.8 x 1072 mol L™1, 70 °C) with AIBN (A)
and without initiator (B).

The copolymerization parameters obtained from the MLA and  partially alternating. The Alfrey—Price Q and e values were also
styrene system were ; = 0.8 (MLA) and r, = 0.7 (styrene) calculated from the experimental data. The values for MLA are
which indicates that the copolymerization process proceeds Q =0.79 and e =0.015 (see Figure S16 for Q and e value calcu-
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Figure 6: UV-vis spectra of the reaction mixture with DPPH radical at
the beginning (violet line, 0.23 mM) of the self-initiated polymerization
of MLA and after 15 h (yellow line) in a range from 380-800 nm
(cmua = 1.8 mol L71, 70 °C).

lation, Supporting Information File 1) [19]. The constant O
reflects the resonance stabilization of the growing radical. Large
QO values (>0.5) indicate stabilized monomers. The constant e
reflects the polarity of the double bond and of the growing
radical. For instance positive e values point to an electrophilic
character while negative e values point to a nucleophilic char-

acter.

In contrast, the non-cyclic monomers MAA and EAA show
higher positive e values and are thus highly influenced by the
pull substituents. These higher e values are also indicated in the
13C NMR data described above and by higher dipole moments
in MAA (3.79 Debye) and EAA (2.26 Debye) compared to
MMA (4.10 Debye) and MLA (2.09 Debye) (refer to Table S1,
Supporting Information File 1).The Q and e values of various
monomers are summarized in Table 2 [20-22].

Table 2: Alfrey—Price Q and e values of various monomers with
styrene as reference system.

Monomer Q e
styrene 1 -0.8
MLA 0.79 0.015
MMA 0.78 0.40
MAA 1.65 0.57
EAA 0.52 0.77
vinyl acetate 0.026 -0.88
N,N-dimethylacrylamide (DMAa) 0.55 -0.56

The copolymerization parameters obtained from MLA and
MMA were 71 = 1.1 (MLA) and r, = 1.2 (MMA) which indi-
cate an almost statistical process, with a slight tendency to

Beilstein J. Org. Chem. 2016, 12, 2378-2389.

homoadditon. Figure 7 illustrates the obtained copolymer com-
position curves for the systems of MLA with styrene and

MMA, respectively.

1.0
0.8 - L
- Q, il
s
= 064
©
x, .
= L7
2 04 57
= -
S =z
02 iy
L - - = MLA/Styrol
020 MLA/MMA
i/ angle bisector
0.0 : . , . . . T T T
0.0 02 04 06 0.8 1.0

M VM. ]+[M,]

Figure 7: Copolymer composition curves for the systems MLA with
styrene and MMA.

Chain-transfer agents for free-radical poly-

merization

Attempts to reduce the molecular weight during the MLA poly-
merization by the use of classical chain-transfer agents such as
mercaptoethanol, mostly failed (Figure S17 and Table S7, Sup-
porting Information File 1). A preferred nucleophilic attack of
the thiol takes place. This can be clearly seen in the 'H NMR
spectra (Figures S18 and S19, Supporting Information File 1).

Thioacetic acid was used as a potential chain-transfer agent due
to its lower nucleophilicity. However, a complete thiol-Michael
addition can be seen in Figure 8 (not full conversion of MLA
due to the impurities of thioacetic acid like disulfide and acetic
acid). In this context, the iodine catalyzed thiol-Michael addi-
tion was investigated [11].

Controlled radical polymerization of MLA via
RAFT

Since MLA acts as a vinyl monomer, it was also interesting to
evaluate the controlled RAFT mechanism. Recently, the
MADIX (macromolecular design via the interchange of
xanthates) technique was found to be unsuccessful for the con-
trolled radical homopolymerization of the non-cyclic monomer
EAA. Only in the presence of acrylic monomers copolymeriza-
tion of EAA under MADIX conditions was possible [23]. For
MLA polymerization under controlled radical conditions, we
evaluated a similar type of polymerization, the RAFT mecha-
nism as shown in Scheme 3. The reversible series of addition
and fragmentation between dormant and active chain ensure
uniform growth of all chains with narrow dispersity (D).
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Figure 8: TH NMR spectrum of MLA with 1 equiv of thioacetic acid and 0.15 equivalents of an inhibitor 4-methoxyphenol (MEHQ) measured after
30 min at 70 °C in a NMR spectrometer (600 MHz, DMSO-dg, 70 °C, CmLA = CThioacstic acid 0.5 mol-L™1).
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Scheme 3: Mechanism of RAFT polymerization [24].

The general structures of the RAFT agents contain a thiocar-
bonylthio group with reactive C—S double bond and attached R-
and Z-group, whereas MADIX only refers to xanthates. Four

RAFT agents with different polarities based on trithiocarbonate
were examined in the RAFT homopolymerization of MLA
(Figure 9).
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The data of the RAFT homopolymerization of MLA are sum-
marized in Table 3. Only in the presence of the more polar
4-cyano-4-(((ethylthio)carbonothioyl)thio)pentanoic acid (CTA)
and 2-(((ethylthio)carbonothioyl)thio)-2-methylpropanoic acid
(EMP) a polymerization took place. However only with EMP
narrow dispersity was achieved (P = 1.6). This dispersity of 1.6
illustrates the upper limit for a successful RAFT process. Beside
the good dispersity, the M, in comparison to the theoretical
value M}, theo. 18 much higher due to the known parallel running
process of self-initiation. For this reason, the polymerization
with EMP was further examined.

Beilstein J. Org. Chem. 2016, 12, 2378-2389.

Upon further experiments with EMP (Table 4), the self-initia-
tion becomes evident. Run 6 show the extent of the self-initia-
tion with M, of 17 200 g mol™! and P = 2. A reduced amount of
MLA result in bimolecular M, (run 7, Table 4) and a doubling
of the amount of MLA in much higher M, (runs 8 and 9,
Table 4), by the dominant part of self-initiation. The runs in dry
DMF seem to be better in terms of M,,, but in terms of disper-
sity, too high for the RAFT process (runs 10 and 11, Table 4).
The isotacticity of the MLA polymers obtained in the RAFT po-
lymerization was identical to those measured in the free-radical
polymerization (Figure S20, Supporting Information File 1).
The RAFT copolymerization with N,N-dimethylacrylamide
(DMA) was investigated to reduce the self-initiated part [23].

RAFT-Copolymerization of MLA with
N,N-dimethylacrylamide (DMA)
Copolymerization of MLA with DMA was conducted
aiming for copolymers with a molecular weight of M, of
20 000 g mol™!. The results of the RAFT copolymerization are
summarized in Table 5 (see SEC traces Figure S21, Supporting
Information File 1).

As expected, the M, values come closer to the theoretical
values, the more DMA is used (Figure S21, Supporting Infor-
mation File 1). At runs 12, 14 and 16 (Table 5) the MLA

Table 3: RAFT polymerization of MLA with different RAFT agents in a ratio of 98.87:1:0.125 ([MLAJ/[RAFT]/[AIBN]) (80 wt % 1,4-dioxane, at 70 °C).

run [1/RAFT/[AIBN] Time Conversion M theo? M, secP D
[mol %] [h] [%] [g/mol] [g/mol]
1 98.87/DBTTC/0.125 16 2.7 - - -
2 98.87/CPDTTC/0.125 16 4.2 - - -
3 98.87/CTA/0.125 18 87 12 500 55 400 23
4 98.87/EMP/0.125 16 >99 14 30 43 000 1.6

aCalculated theoretical molecular weights see characterization method in Supporting Information File 1. PDetermined by PS-calibrated SEC.

Table 4: RAFT homopolymerization of MLA with EMP (80 wt % 1,4-dioxane at 70 °C).

run [MLAJ/[EMPY/[AIBN] Time Conversion M theo? M, sec® b
[mol %] [h] [%] [g/mol] [g/mol]
4 98.87/1/0.125 16 >99 14 300 43 000 1.6
5 98.87/0/0.125 17 >99 79 100 35800 23
6 98.87/0/0 16 100 - 17 200 2.0
7 49.44/1/0.125 16 97 7 000 16 600 1.5
8 197.74/1/0.125 18 >99 28 300 191 300 24
9c 197.74/1/0.125 18 58 16 400 80 900 1.9
109 197.74/1/0.125 20 92 26 200 18 500 1.9
114 98.87/1/0.125 18 70 10 000 50 000 22

aCalculated theoretical molecular weights (see characterization methods in Supporting Information File 1). PDetermined by PS-calibrated SEC.

180 wt % of 1,4-dioxane. 980 wt % dry DMF as solvent.
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Table 5: RAFT copolymerization of MLA with DMA (0.5 mol % EMP and 0.0625 mol % AIBN, 80 wt % 1,4-dioxane, 70 °C).

Beilstein J. Org. Chem. 2016, 12, 2378-2389.

run [DMA)/[MLA] Time Conversion M theo? M, sec? D Ty
[mol %] @ [h] (%] [g/mol] [g/mol] [°C]
12 50/50 18 43/91 17 400 31200 1.6 193
13 75/25 18 100/100 22 200 29 300 1.3 149
14 85/15 18 72/100 16 600 22 300 1.3 139
15 90/10 18 100/100 20 900 28 800 1.2 131
16 95/5 18 63/100 13 400 22200 1.3 127.
17 100/0 18 100 19 900 20 400 1.2 121

aCalculated theoretical molecular weights (see characterization methods in Supporting Information File 1). PDetermined by PS-calibrated SEC.

revenues were not quantitative with a slightly lower dispersity
may be due to a longer induction period, but this also occurred

in the repetition in other runs.

To investigate the process of the RAFT copolymerization of
DMA with MLA the semi-logarithmic plot of conversion
against time of run 15 (ratio 90/10, Table 5) was conducted
which shows linearity for both monomers after a very short
induction period (Figure 10A). This linearity confirmed a con-
stant radical concentration during the copolymerization. MLA
was converted quite rapidly in comparison to DMA. Therefore,
the copolymerization trend seems to follow a gradient
copolymer. This copolymerization process can be also identi-
fied in Figure 10B in which the highest value of the dispersity
(D = 1.35) corresponds to a quantitative conversion of MLA but
to approximately 20% of the total revenue. After this point, the
dispersity reduces until 1.23, corresponding to a dominant
DMA part. An evidence for the gradient copolymerization can
be found in the '"H NMR spectrum by two separate lactide

CH signals for the part of MLA and the copolymer part with
DMA (Figure S22, Supporting Information File 1). In addition,
at low conversion a rapid increase of the molecular weight of
M, =4 000 g mol™! (M, eo = 1300 g mol™!) can be observed
(Figure S23 and Table S8, Supporting Information File 1). This
observation has already been described in the literature and
termed “hydrid behavior”. It is characterized by a rapid increase
in molecular weight in the initial stage due to deviation from the
ideal kinetic behavior, leading to a mixed form of free radical
and controlled radical polymerization followed by a controlled
increase in molecular weight up to high monomer conversions
which is responsible for the poor matches to the theoretical M,

values.

The semi-logarithmic plot of conversion against time of run 13
(ratios 75/25, Table 5) refer to Figure S24 show almost
linearity for MLA, but with low conversion compared to the
known rapid polymerization behavior. However, from the

beginning until 8 h no conversion of DMA was observed, the

20
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® 12 'y . - 1.30
(7] — -
§ o 15000 1 \ =
3] £ X <
§ 0.8 k=) . =
= - =" 10000 4 -1.25
—_
= e .
Z 044 . T, R
& 5000 /
= n * -1.20
7 M, ® 90/10
00-{a 2 -m D - =-90/10
T T T T T T 0 T T T T T
0 50 100 150 200 250 300 350 400 0 20 40 60 80 100
t [min) conversion (%)

Figure 10: A) Kinetic plot for the RAFT copolymerization of MLA and DMA for the ratio 90/10 employing EMP. B) The evolution of M, (full symbols)

and D (empty symbols) with conversion of the copolymerization.
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finally 55% conversion of DMA were achieved afterwards until
22 h. The evolution of M, and P with conversion could not be
evaluated due to overlapping signals in the SEC with the sol-
vent DMF. Only at the end of the kinetic at 22 h the copolymer
shows a useful value of M, = 10 700 g mol™! and P = 1.6 with
incorporated ratio of DMA/MLA of 60/40 determined by
'H NMR spectroscopy. The theoretical molecular weight
M, theo = 14 000 g mol™! is higher than the achieved M,, which
is a sign for the occurrence of transfer reactions. However, in
the repetition of the kinetic of run 13 (Table 5) the conversion
started with linearity for both monomers after an induction
period (refer to Figure S24, Supporting Information File 1) with
otherwise the same results (conv. MLA completely and DMA
65%, at 24 h M, = 13 400 g mol™! with D =1.6 (M, peo Of
17 000 g mol™1)).

These findings support the thesis that the copolymerization
process of DMA and MLA is based on gradient copolymeriza-
tion. The low conversion of MLA could be based on a slowly
occurring sequence of addition and fragmentation between
dormant and active chains because of the radical stabilized by
the push—pull substituents. However, with this result it has been
shown that the RAFT polymerization is a successful technique
for MLA to achieve (co)polymers with narrow dispersities and
with almost low molecular weight.

Conclusion

This first detailed study on the radical polymerization behavior
of the cyclic push—pull-type monomer methylenelactide has
been conducted. This was performed in comparision to the anal-
ogous non-cyclic push—pull-type monomers methyl a-acetoxy-
acrylate (MAA), ethyl a-acetoxyacrylate, (EAA) and pull-type
methyl methacrylate (MMA) and cyclic pull-type a-methylene-
d-valerolactone (MVL).

A deviation from classical free-radical polymerization kinetics
was found and correlated with significant self-initiation. A
mechanism for the radical formation was proposed and sup-
ported by theoretical calculations. With the help of a strongly
colored 1,1-diphenyl-2-picrylhydrazyl radical (DPPH) the spon-
taneous radical formation could also be observed by the naked
eye. Furthermore, the copolymerization parameters of MLA
with styrene and MMA were obtained and the QO and e values
calculated. The latter allows the prediction of the copolymeriza-
tion process with further monomers. Finally, this work reports
on the first controlled polymerization of methylenelactide and
controlled copolymerization with N,N-dimethylacrylamide via
RAFT technique. From the above presented results it can be
summarized that MLA represents a highly reactive monomer
with a potential for many practical applications and further in-

vestigations.

Beilstein J. Org. Chem. 2016, 12, 2378-2389.

Supporting Information

Full experimental section containing the description of the

materials, characterization methods and syntheses of the
obtained polymers, spectroscopic data ('H, 13C and IR),

'H NMR kinetics, UV-vis measurements, polymerization

analytics to determine the chain transfer constant, SEC
curves of the RAFT initiated (co)polymers, the

determination of the copolymerization parameters Q and e

values and force constant.

Supporting Information File 1
Experimental part.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-12-232-S1.pdf]
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Six polymerizable N,N’-diacylamides containing spatially arranged N-acryl, N-allyl and/or N-alkyl groups were prepared via two-

step syntheses and characterized by "H/!3C NMR-spectra, refractive index (RI) and viscosity measurements. Photo DSC measure-

ments on activated samples provided reactivity parameters AH), Rp, max and fmax, while FTIR spectra before and after curing eluci-

dated the underlying polymerization mechanism. Mechanical testing of the obtained polymers exhibited gradual differences in

network densities, depending on the intramolecular arrangement and number of functional groups. Overall, a general building prin-

ciple for highly reactive, liquid diacrylamides via synergistic combination of optimally arranged functional groups could be identi-

fied. The highest possible level of intramolecular synergism was found for low viscous N,N'-diacryloyl-N,N'-diallyl-1,4-but-2-

enediamine.

Introduction

The selection of suitable monomers is a critical step for
any free-radical polymerization approach. Particularly for
(in situ) photo-induced polymerizations, monomers should
comprise sufficient solubility in a given matrix, moderate
viscosity, matching refractive indices as well as an optimized
reactivity — the proper design of these features ensures continu-
ous light transmittance, adequate propagation rates and,
ultimately, thorough polymerization [1,2]. The number of
applications for UV—vis curable monomer systems has
greatly increased over the last decades [3]. At the same time,
the selection of new monomers and crosslinkers remained
limited [4].

Mono-, di-, tri- and multifunctional (meth)acrylates are among
the first choices for photopolymerized mixtures as they exhibit
a favorable balance between reactivity and thermal stability
upon storage [5-7]. Moreover, they comprise compatibility with
different matrices/solvents together with an adequate reactivity
in a broad temperature range [8-10]. In general, acrylate mono-
mers exhibit a higher reactivity than the respective methacry-
lates [11-13], but tend to be more sensitive to oxygen inhibition
[14]. A major drawback of many (meth)acrylate-based compo-
sitions, however, is their susceptibility to premature hydrolysis
when used in aqueous solutions, especially at pH values <2.5
[15,16].
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One strategy to improve the hydrolytic stability is the oxygen-
to-nitrogen substitution. The obtained class of (meth)acryl-
amides is of interest in the field of biomedical applications, e.g.,
for dental materials, artificial cornea, or drug-delivery systems,
for which contact with body fluids is inevitable [17,18]. Whilst
some of the resulting secondary di(meth)acrylamides end up
being solids, tertiary di(meth)acrylamides can be obtained as
relatively low viscous, highly soluble/compatible liquids [19].
Furthermore, acrylamides are generally more reactive than the
respective methacrylamides. Regarding the substitution pattern,
N-monosubstituted acrylamides tend to homopolymerize more
readily than their N,N-disubstituted analogues [20]. Yet, acryl-
amides are particularly affected by the solvent regarding propa-
gation reaction in free radical polymerization, even more so, if

water is present [21].

Factors such as hydrogen bonding, hydrogen abstraction and the
overall electronic characteristics are crucial in the design of im-
proved monomer structures [22]. In this sense, Bowman et al.
demonstrated increased photo-polymerization rates for
monoacrylates equipped with secondary functionalities, yet
limiting discussion to oxygen-based (meth)acrylate derivatives
[23].

In this study, we present the synthesis and characterization of
tailor-made, liquid N,N’-diacyl diacrylamides with enhanced re-
activity through synergistic combination of spatially arranged
curing moieties. The obtained structures were investigated in

|
o (J 0
s Hy

QQ/KN/\Q%\\/NW(QQ'———*\\

o
| "+ CHy"

| "+ 2 Hy"

/ .

o)
\)kNJ\/\/N\n/\

o)
N/\/\/Nj(\ o] \)kN/\/\/N\n/\
(6]

ﬁ 3

\)kN/\/\/Nw(\ ]

Beilstein J. Org. Chem. 2017, 13, 372-383.

terms of underlying building principle, chemical and physical
properties as well as polymerization behavior upon photoinitia-

tion.

Results and Discussion

As stated earlier [24] we strive to investigate the unique physi-
cal properties and reactivity of tertiary N,N’-diallyl-diacryl-
amides. Closely related to this class of crosslinkers are bifunc-
tional N-alkyl-N-allylacrylamides, which are known to undergo
radical cyclopolymerization due to their adjacent double-bond
functionalities [25-27]. The propagation reaction of these
structures proceeds intramolecularly between acryl and
allyl groups and intermolecularly (mostly) between polymer-
radical and acrylamide groups. Cyclo- is preferred over linear
polymerization due to the preformed five or six-membered
lactams and gets even more predominant with increasing
chain length of N-alkyl groups [28]. Expanding this concept
in view of an optimized spatial layout, we synthesized mole-
cules with additional “internal” (at the molecules’ center), sym-
metrical allyl functions, connecting two N-allylacrylamide
groups, thus adding a two-way, intramolecular reaction site. In
order to individually assess the effect of “internal” and
“external” (at the molecules’ periphery) N-allylic functions on
the physical/polymerization properties, a systematic variation of
the molecular structure has been realized. When allyl- and
acrylamide functionalities were spatially adjacent, a “syner-

gistic potential” beneficial in radical polymerization was ex-

pected (Scheme 1).
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Scheme 1: Top: Overview of the synthesized crosslinkers 1-6 and their correlation to each other via formal reactions. Bottom: Schematic of 1-6 in
terms of their structural synergistic potential due to adjacent acrylamide and allyl functions.
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Synthesis
Six derivatives of highly functionalized crosslinkers 1-6 were
synthesized as outlined in Scheme 2. We started from dibro-
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mide 7 to gain access to the corresponding compounds 1, 2 and
5. In case of the alpha-methyl compound 4, we started from
trans-1,3-pentadiene (14) and synthesized the dibromide 15 ac-
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Scheme 2: Synthetic pathways to structurally related compounds 1-6.
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cording to the work of Heasley et al. [29]. Intermediates like
compound 8 have already been synthesized in the 1990s by
Havis et al. through the dropwise addition of 7 in chloroform to
a solution of primary amines such as aminocyclohexane at room
temperature [30]. After stirring for 24 hours the resulting
diamino hydrobromide was isolated in moderate yield. To avoid
quenching/scavenging of the hydrobromide in the later stages,
we decided to use a procedure which would allow the isolation
of the free diamine. Therefore, we used a substantial excess of
the alkylamine without any other/further solvent and potassium
carbonate as scavenger base for the hydrobromide (leading to
insoluble potassium bromide). After work-up, we could isolate
crude diamines 8 and 9, containing significant amounts
(10-15%) of the tertiary amines 8a and 9a (Scheme 3) or di-
amine 16, respectively; each could be used without further
purification. Classical acylation with acetyl chloride or acryloyl
chloride in the presence of triethylamine led to the correspond-
ing diallyl diacylamides 1, 2 and 5 in 24-45% yields or, in the
case of the alpha-methyl-substituted system, to compound 4, in
14% yield. In all systems, we were able to remove acylated by-
products of 8a and 9a by washing the organic solutions several
times with 2 N HCI after which the compounds could be used
without further purification. The synthesis of diamines 11 and
12 on the other hand was not possible by reacting 1,4-dibromo-
butane (10) with the corresponding alkyl or allylamines due to
the lower reactivity of 10 compared to the unsaturated dibro-
mide 7.

Scheme 3: Byproducts 8a and 9a.

Feuer et al. reported the synthesis of 12 and other similar deriv-
atives through a multistep reaction with the final step com-
prising the treatment of N,N'-dipropylperhydropyridazine-3,6-
dione with a borane solution in THF [31]. Considering the high
reactivity of 7 and the assumption, that the allylic double bond
to the halide is responsible for this effect, we decided to use 1,4-
diaminobutane (13) and allyl chloride for the synthesis of di-
amine 11. This also resulted in the positive side effect, that a
formation of tertiary amines, comparable to compounds 8a and
9a, is not possible in this case. Interestingly, during the addi-
tion of allyl chloride to 13, we could not observe any exother-
mic behavior or fast formation of the desired compound. So we
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decided to raise the temperature to 60 °C for 24 hours resulting
in a significant increase of product formation. The subsequent
direct acylation of the crude product 11 with acryloyl chloride
afforded 3 in 35% yield. Based on this result, the analogous
reaction of propyl chloride with 1,4-diaminobutane resulted in
compound 6 in 26% yield.

In this context, attempts were made towards a cost-efficient
synthesis of a possible cis-compound 19 (Scheme 4). For this,
cis-dibromobut-2-ene (18) was synthesized from cis-but-2-ene-
1,4-diol (17) using two different pathways; both reactions
resulted in poor yields and product quality. Unfortunately, the
reaction of 18 with allylamine did not result in the formation of
19, but to the undesired cyclic compound 20. The formation of
the latter compound can only be explained by an intramolecular
reaction of 21 (Scheme 4).

PPh3, BFZ
CH4CN
16%

OH/—\ Br
Ho/\)/ Br/\)/
17 v 18

HBr, toluene
<10%

allylamine,
JBr e M\
THF N
=
Br — Q
=
18

20
>80%

Scheme 4: Synthetic pathways towards the planned cis-intermediate
19.

The NMR spectra of the final compounds show interesting
aspects, reflecting the similar characteristic for this family of
compounds (Scheme 5). Most importantly, all compounds ex-
hibit line broadening ('"H NMR) or multiple signal sets
(13C NMR) for the possible E/Z-rotaisomers resulting in
doubled signal sets in the 'H and '3C NMR spectra. The
broader spectral field of the !3C spectra as well as the used
decoupled method provided generally high resolution, led to
hardly any overlap of the signals and resulted in the observed
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Scheme 5: Comparison of structural elements of 1-6 in the 'H NMR spectra (400 MHz).

multiple signal sets. In the 'H NMR spectra, however, the small
differences of the chemical shifts for the different rotaisomers
lead to a decrease of the resolution. This makes it quite
demanding to read out any coupling constants, as broad multi-
plets for the many methylene and double bond protons are ob-
served. Nevertheless, the 'H NMR spectra (in combination with
the two-dimensional methods COSY and HSQC) provided sig-
nificant information for the classification of the compounds
(Scheme 5).

Due to the increasing number of double bonds, refractive
indices (RI) nP5 ranged from 1.505 to remarkable 1.529. Rls
of 1 and 4 are thus close to that of aromatic crosslinkers such as

ethoxylated bisphenol-A dimethacrylate, EBPADMA (2 ethoxy
groups, n2 1.525, 1~ 900 mPa-s), but at a significantly lower
viscosity and with the important difference, that all double
bonds can take part in polymerization reactions. Compound 1
exhibits the most pronounced combination of a rather low
viscosity and a high refractive index (Figure 1). Next, the solu-
bility of the compounds 1-6 was tested in water, ethanol,
isopropanol, acetone and methacrylic acid. Whereas all com-
pounds 1-6 were highly soluble in acetone and methacrylic
acid, no solubility in water was observed. A more differentiated
analysis was possible using water/ethanol and water/
isopropanol mixtures. By adding small amounts of alcohol to
water (around 5% v/v), all compounds except 3 became fully
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Figure 1: Refractive indices (RI) and viscosities (n) of crosslinkers 1-6
(* solid at room temperature).

soluble. Interestingly, compound 3 remained insoluble — even in
pure ethanol or isopropanol — in contrast to compounds 1, 2 and
4-6. Overall, a broad solubility spectrum was found (Table 1).

Polymerization behavior

Bulk homopolymerization of 1 and 3—6 was monitored by
photo-DSC. Curing plots showed a rapid polymerization for 1,
4 and 5 (¢ax = 20 s, 24 s and 21 s, respectively), while curing
of 3 (tmax = 1 min 58 s) and 6 (fyax = 4 min 15 s) was delayed
to later stages (Figure 2, Figure 3). As expected, irradiation of
activated samples of 2 did not lead to any detectable polymeri-
zation heat at all, most likely due to obstructed allylic
homopolymerization. As a) linear copolymerization of acryl-
amido and allyl moieties heavily favors acrylamide homopoly-
merization [28,32] and b) the allyl group is known for its chain-
transfer behavior, but still ¢) reaction is fastest for the highest
(intramolecular) occurrence of acryl/allyl groups, a dominant,
non-classical polymerization mechanism of molecules contain-
ing both acrylamido and allyl functions can be assumed. The
theoretical value for AH}, of the well-studied acrylamide-double
bonds is 19.8 kcal-mol™! (82.8 kJ-mol™!). For allyl double
bonds, the disclosure is more complex. As mentioned, the ten-
dency of allyl groups to homopolymerize is weak and in many

cases, no polymerization can be observed at all. Therefore, we

Table 1: Solubility parameters of compounds 1-6.2

compound water ethanol
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Figure 2: Exemplary photo-DSC plots for the curing of 1 and 3-6 at
37 °C.
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Figure 3: f4x for the curing of 1 and 3—-6 at 37 °C (* no polymeriza-
tion heat detected).

suggest a two-step estimation: In a best case, AH,, of allyl
groups should be as high as that of 1-butene, which is
20.9 kecal'mol™! (87.5 kJ'mol™!) [33]. In a worst case, the reac-
tivity of allyl groups is only half of 1-butene’s reactivity, giving
modest 10.5 keal-mol™ (43.7 kJ-mol™!). The borderline case
that allyl groups would show no reactivity at all was not re-
flected in our calculations (however, it would result in the
highest maximum polymerization rates, R, max values).
Regarding Ry yax of 1 it stands out with a value of 0.147/0.102
(Figure 4). In case of compound 5 (0.052/0.043) and 4 (0.045/
0.031) the values were slightly higher as or comparable to the
often used 2-hydroxyethyl methacrylate (HEMA), as measured

isopropanol acetone methacrylic acid

a Hh ON =
1
|

+ o+ o+ o+ o+ 4+
+ o+ + o+ o+ o+

2+ soluble in the respective solvent, — insoluble in the respective solvent.
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by a different work group (0.032) [34]. Interestingly, equipping
the amide a-carbon with a methyl group (1—4) led to
a ~70% decrease of Rp max from 0.147/0.102 to 0.045/0.031, in-
dicating the special role of the internal double bond. Also, when
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comparing 5 (0.052/0.043) and 3 (0.005/0.003), the internal
allylic function contributes to a remarkable 10-fold higher
Rp max than both external allyl functions.

The AH}, values ranged from ca. =35 to —153 kJ-mol~! and,
again, were highest for 1 (Figure 5). Notably, the AH,, of
—153 kJ'mol™! corresponds to almost two times the polymeriza-
tion heat of primary acrylamide when fully converted
(82.8 kI'mol™1) [35]. However, as incomplete conversion under
the tested bulk conditions has to be expected, spatially adjacent
allyl groups have to take part in the polymerization. Interest-
ingly, the internal allylic function again seems to contribute to a
much higher extent to the overall reactivity when compared to
two external allyl functions (5 vs 3).

In order to verify an assumed, underlying cyclopolymerization
mechanism, FTIR spectra of the crosslinkers were recorded
before and after photopolymerization (Figure 6). All com-
pounds containing both, acrylamido and allyl functions (1, 3-5),
showed two peaks for the acrylamide vibration at ~1645 cm™!
and 1610 cm™! before, and 3 peaks at =1645 cm™ !,
=1610 cm™! and 1680 cm™! after the polymerization. Com-
pound 6 showed only two peaks before and after polymeriza-
tion, while the spectrum of 2 contains the typical acetamide
peak at 1633 cm™! before and after polymerization. In accor-
dance with the FTIR data and literature [27,28], we propose that
some of the possible intramolecular reaction products (intermo-
lecular cyclization products are conceivable as well) start most
likely from the formed acrylamide radical as depicted in
Scheme 6. Upon subsequent cyclization, either 6-membered
§-lactams, or 5-membered y-lactams can be formed. The
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Figure 5: Polymerization heat, AH,, for the curing of 1-6 at 37 °C (* no polymerization heat detected).
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Figure 6: FTIR spectra of 1-6 before (top) and after (bottom) curing; the arrows indicate emerging, characteristic y-lactam vibration at ~1680 cm™" for
polymers 1 and 3-5.
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emerging FTIR signal at ~1680 cm™! strongly indicates the for-
mation of y-lactams as it can be attributed to the stretching
vibration of y-lactam carbonyl groups [28]. However, the corre-
sponding d-lactam peak could be located below the amide peak
at ~1645 cm™!. After one intramolecular ring is formed, there
are three general options for a further radical reaction: a) Inter-
molecular radical propagation, b) intermolecular cyclization,
and/or c) intramolecular cyclization. Assuming an incomplete
conversion and judging from the remaining IR signals in the
finger print regime, we can only assume that all three propaga-
tion pathways a), b) and c) take place simultaneously. Further-
more, taking in account FTIR and DSC data, we expect that
ring formation significantly contributes to the overall reaction
enthalpy. It is quite clear, that the combination of internal allylic
and acrylamide functions is more favored than one of
acrylamide functions with external allylic moieties. A reason
for that might be the spatial arrangement of the rotationally
obstructed double bond of the acrylamide group, which
has two favorable out of three possible orientations to initiate
the lactam formation with the internal butene group, whereas
there is only one favorable orientation for the external allyl
group.

Polymer network properties

To assess the influence of functionalities on the network densi-
ties of the obtained polymers, mechanical data of rod-like sam-
ples according to ISO 4049 3-point bending was collected. The
photocured sample of 2 was gel-like and could not be tested
whereas compound 6 led to brittle material. Concerning the
other samples, flexural moduli (E-moduli) were statistically dif-
ferent. The polymer of 1 exhibited the highest flexural-modulus
and thus highest apparent network density. This means that ring
formation, which in principle should reduce the amount of
covalent network points in the cured material, is superimposed
by effects of conversion, entanglement and rigidity of the
formed polymer. The decreasing trend of flexural modulus from
1, 4, 5 to 3 is in accordance with the data on reactivity obtained

from photo-DSC measurements (Figure 7).

Conclusion

In this study, six polymerizable N,N’-diacylamides containing
N-acryl, N-allyl and/or N-alkyl groups were synthesized in two
steps. With the exception of the single solid N,N'-diacetyl-N,N'-
diallyl-1,4-but-2-enediamine, all compounds were obtained as
remarkably low-viscous liquids, characterized by high refrac-
tive indices above 1.500 and good solubilities in exemplary sol-
vents. A significant increase in the polymerization reactivity
and rate was achieved by systematic spatial intramolecular
arrangement and the substitution with N-allyl, N-acyl and
N-acrylamide functional groups. Surprisingly, the contribution

of internal N-allyl groups was higher than that of external ones
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Figure 7: Flexural strength (FS) and E-modulus of cured crosslinkers
1-6; letters refer to statistical groups (* gel-like polymer, pretest failure;
T brittle polymer, pretest failure).

indicating a dominant, non-classical polymerization mecha-
nism. The results support exothermic ring formation on the
N,N’-diallyl-diacrylamide moieties being responsible for the
considerable plus in reactivity. Due to the flexible character of
the functional groups, intermolecular cyclization is also prob-
able and thus, will contribute to the overall polymerization reac-
tivity. A general building principle was found based on the
synergistic combination of spatially adjacent functional groups.
It allows a tremendous increase in the overall double-bond
susceptibility in the studied molecules. The N,N'-diacryloyl-
N,N'-diallyl-1,4-but-2-enediamine revealed the highest level of
intramolecular synergism rendering this type of crosslinkers
highly attractive for a broad range of free radical (photo)poly-
merization applications, for example in the constantly growing
medical device sector.

Experimental

Materials. Chemicals and reagents were purchased from Acros,
Carl Roth, ChemPUR, Sigma-Aldrich, TCI or ABCR or have
been used from the MCAT company stock and were used with-
out further purification.

Measurements. TLC was carried out on Silica Gel 60 F254
(Merck, layer thickness 0.2 mm) with detection by UV light
(254 nm) and/or by charring with 15% sulfuric acid in ethanol.
Flash column chromatography (FC) was performed on M&N
Silica Gel 60 (0.063-0.200 mm). 'H NMR and '3C NMR spec-
tra were recorded on a Bruker Avance Il 400. Chemical shifts
are reported in ppm relative to solvent signals (CDClj:
Sy = 7.26 ppm, dc = 77.0 ppm). Signals were assigned by first-
order analysis and assignments were supported, where feasible,
by two-dimensional IH,1H and 'H,!13C correlation spectrosco-
py. The polymerization enthalpies AH were measured with a
photo-DSC 7/DPA 7 (Perkin-Elmer) having a light intensity in
the visible portion of the spectrum of 108 mW/cm? in an

isothermal mode at 37 °C. Each sample was activated with

380



0.3 wt % camphorquinone, 0.4 wt % ethyl 4-dimethylamino-
benzoate and irradiated twice. After the first run a second run
was made that was subtracted from the first one. The subtrac-
tion of these runs from one another removed the effect of sam-
ple heating by illumination. The DSC experiments were carried
out twice and maximum rates of polymerization, R}, max, Were
calculated according to Equation 1.

R =((Q/s-M)/n-AH, -m) 1)

p,max

With QO/s being the heat flow per second at the global minimum
of the first deviation of the respective measurement (maximum
Q/s), M the molar mass of the monomer, n the number of
double bonds per monomer molecule, AH,, the heat released per
mole of double bonds reacted, and m the mass of the monomer
in the sample. Mechanical data was measured in the 3-point
bending mode according to ISO 4049:2009 using a Zwick
instrument. Sample activation was done by adding 0.3 wt %
camphorquinone and 0.4 wt % ethyl 4-dimethylaminobenzoate.
FTIR spectra were measured using an iS10 FTIR spectrometer
(Thermo Scientific). Viscosity was measured on an Anton Paar
Physica MCR 300 equipped with CP 50-1 plate—plate geometry
at a shear stress T of 5 Pa and 25 data points from 0.72 to
1450 rad were taken and averaged. Refractive indices (RI) were
measured using an Anton Paar Abbemat 200 refractometer at
20 °C.

General procedure for the synthesis of
N,N'-diacyl-N,N -dialkyl-1,4-diamines 1-6
Amination

a) Synthesis of 1,4-but-2-enediamine: Potassium carbonate
(2.5 equiv) was added to the alkylamine (15 equiv) and cooled
to 05 °C. The corresponding dibromide (1 equiv) was added in
portions and the resulting mixture was stirred for 3-5 h at rt.
Then the remaining amine was removed by distillation and the
resulting residue was suspended in acetone. After removing the
salts by filtration the acetone was evaporated.

b) Synthesis of the 1,4-butanediamine: The corresponding alkyl
chloride (2.1 equiv) was added drop wise to a solution of 1,4-
diaminobutane (1 equiv) in methanol at 50 °C. The resulting
mixture was stirred at 60 °C for 24 h. Then methanol was re-
moved by distillation and the residue was diluted with 2 M
NaOH and extracted with DCM. The organic layer containing
the crude product was dried (Na;SOy4) and the solvent evaporat-
ed.

Acrylation

The resulting diamines were dissolved in THF and triethyl-
amine (3.5 equiv) was added. Acryloyl chloride (2.2 equiv) was
addeddrop wise at 0—5 °C after which the resulting mixture was
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stirred for 2.5 h at rt. Then, the THF was evaporated, ethyl
acetate was added and the resulting mixture was washed 3 times
with 2 N HCl and once with water. The organic layer was dried
(NaySQOy), the solvent was evaporated and the residue was puri-
fied by flash chromatography.

N,N'-Diacryloyl-V,N'-diallyl-1,4-but-2-enediamine (1):
Yield: 45%; purity ('"H NMR) >98%; 133oc = 338 mPa-s;
nPyy = 1.529; 'H NMR (CDCl3) § 6.50-6.43 (m, 2H,
H,CCHC(0)), 6.37-6.33 (m, 2H, H,CCHC(O)), 5.81-5.72 (m,
2H, H,CCHCH)), 5.69-5.66 (m, 2H, H,CCHC(0)), 5.59-5.56
(m, 2H, HyCHCCHCH,), 5.22-5.11 (m, 4H, H,CCHCH,), 4.02
(m, 4H, H,CHCCHCH,), 3.92 (m, H,CCHCH>); !3C NMR
(CDCl3) & 166.3, 166.1 (C(O)CHCH,), 132.9, 132.8
(H,CCHCH),), 128.5-127.3 (H,CCHC(0), HCHCCHCH,),
117.5-116.7 (H,CCHCH,), 49.3-48.1 (H,CCHCH,), 47.1
(HyCHCCHCH,); FTIR ¥ max [em™1]: 3517, 3080, 3018, 2986,
2917, 1645, 1611, 1463, 1416, 1363, 1276, 1213, 1129, 1059,
975, 919, 794.

N,N'-Diacetyl-N,N'-diallyl-1,4-but-2-enediamine (2): Yield:
24%; purity ('"H NMR) >97%; Ty, = 32 °C; nPy = 1.505;
'H NMR (CDCl3) 8 5.69-5.61 (m, 2H, H,CCHCHy), 5.43 (m,
2H, H,CHCCHCH,), 5.12-4.98 (m, 4H, H,CCHCH,)
3.88-3.74 (m, 8H, H,CHCCHCH,, H,CCHCH,), 2.00 (s, 6H,
C(O)CHs»); '3C NMR (CDCl3) § 170.3-169.4 (C(O)CHz),
132.9-132.3 (H,CCHCH,), 127.9-127.0 (H,CHCCHCH,),
116.7-116.2 (H,CCHCH,), 49.9-46.2 (H,CCHCH,,
H,CHCCHCH,) 21.1-21.0 (C(O)CH3); FTIR ¥ pax [cm™1]:
3074, 3012, 2986, 2916, 1633, 1468, 1411, 1360, 1242, 1187,
1035, 978, 919.

N,N'-Diacryloyl-N,N'-diallyl-1,4-butanediamine (3): Yield:
35%; purity (!\H NMR) >94%; na30c = 382 mPa-s;
nPyy = 1.515; 'H NMR (CDCl3) & 6.58-6.28 (m, 4H,
H,CCHC(0)), 5.80-5.71 (m, 2H, H,CCHCH,), 5.68-5.60 (m,
2H, H,CCHC(0)), 5.21-5.10 (m, 4H, H,CCHCH,), 4.02-3.93
(m, 4H, HyCCHCH,), 3.41-3.40 (m, 4H, H,CH,CCH,CH>),
1.55 (m, 4H, H,CH,CCH,CH,); '3C NMR (CDCl3) § 166.6,
166.0 (C(O)CHCH,), 133.3, 133.0 (H,CCHCH,), 128.2-127.5
(H,CCHC(O)), 117.1-116.7 (H,CCHCH,), 50.1-48.6
(H,CCHCH,), 46.9-45.9 (H,CH,CCH,CH,), 26.5-25.0
(H,CH,CCH,CHy); FTIR ¥ max [em™!]: 3472, 3082, 2924,
1646, 1609, 1428, 1374, 1217, 1163, 1133, 1059, 978, 957, 918,
794.

N,N'-Diacryloyl-N,N'-diallyl-2,4-pent-2-enediamine (4):
Yield: 14%; purity ("H NMR) >98%; 130c = 409 mPa-s;
nP,o = 1.526; '"H NMR (CDCl3) & 6.50—6.26 (m, 5H, 2x
H,CCHC(0)), 5.84-5.70 (m, 2H, H,CCHCHj3), 5.68-5.60 (m,
2H, H,CCHC(0)), 5.61-5.51 (m, 2H, H,CHCCHCH,), 5.31
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(m, 1H, HC(CH3)HCCHCHS,), 5.25-5.08 (m, 4H, H,CCHCH)),
4.06-3.71 (m, 6H, HC(CH3;)HCCHCH,, 2x H,CCHCH,);
13C NMR (CDCl3) § 166.4, 166.3, 166.1 (C(O)CHCH,),
135.1-132.8 (H,CCHCH,), 128.5-126.5 (H,CCHC(O),
HC(CH3)HCCHCH,), 117.5-116.4 (H,CCHCH,), 50.0
(HC(CH3)HCCHCH,), 49.1-45.5 (H,CCHCH,,
H,CHCCHCH),), 18.7, 17.1, 16.8 (HC(CH3)HCCHCH,); FTIR
Vmax [em™1]: 3532, 3491, 3080, 2977, 2924, 1644, 1609, 1416,
1362, 1328 1276, 1217, 1184, 1129, 1059, 976, 919, 794.

N,N'-Diacryloyl-N,N'-dipropyl-1,4-but-2-enediamine (5):
Yield: 33%; purity ("H NMR) >97%; n30c = 428 mPa-s;
nP,y = 1.5095; 'H NMR (CDCl3) & 6.54—6.47 (m, 2H,
H,CCHC(0)), 6.33-6.25 (m, 2H, H,CCHC(0)), 5.66-5.58 (m,
2H, H,CCHC(0O)), 5.56-5.51 (m, 2H, H,CHCCHCH,),
3.99-3.89 (m, 4H, H,CHCCHCH,), 3.30-3.18 (m,
H3CCH,CH)), 1.54 (‘quint’, 4H, H3CCH,CH;), 0.85 (t, 6H,
H;CCH,CH,); !3C NMR (CDCl3) & 166.1, 165.9
(C(O)CHCH3y), 128.1-127.3 (H,CCHC(O), HCHCCHCH),),
117.5-116.7 (H,CCHCH,), 49.1-47.4 (H3CCH,CHj,,
H,CHCCHCH,), 22.5-20.9 (H,CH,CCH,CH,, H3CCH,CH,),
11.2-11.0 (H3CCH,CH,); FTIR ¥ pmay [em™!]: 3525, 2963,
2932, 2875, 1645, 1609, 1442, 1426, 1368, 1279, 1224, 1123,
1059, 975, 888, 794.

N,N'-Diacryloyl-N,N'-dipropyl-1,4-butanediamine (6):
Yield: 26%; purity ('"H NMR) >96%; 133oc = 486 mPa-s;
nPyo = 1.515; 'H NMR (CDCl3) & 6.40-6.33 (m, 2H,
H,CCHC(0)), 6.16-6.09 (m, 2H, H,CCHC(0)), 5.49-5.43 (m,
2H, H,CCHC(0)), 3.21-3.05 (m, 8H, H,CH,CCH,CH,,
H3CCH,CH,), 1.38 (m, 8H, H3CCH,CH,, H,CH,CCH,CH,),
0.70 (m, H3CCH,CH,); 13C NMR (CDCl3) & 165.5, 165.4
(C(O)CHCH,), 127.5-126.9 (H,CCHC(0)), 49.1-45.3
(H3CCH,CH,, H,CH,CCH,CH;), 26.3-20.5
(H,CH,CCH,CH,, H3CCH,CHj), 10.9-10.6 (H3;CCH,CHy);
FTIR ¥ may [em™1]: 3314, 2963, 2933, 2874, 1645, 1608, 1481,
1449, 1426, 1374, 1263, 1227, 1166, 1136, 1058, 978, 954, 794.
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Abstract

Water-soluble shape-persistent cyclodextrin (CD) polymers with amino-functionalized end groups were prepared starting from
diacetylene-modified cyclodextrin monomers by a combined Glaser coupling/click chemistry approach. Structural perfection of the
neutral CD polymers and inclusion complex formation with ditopic and monotopic guest molecules were proven by MALDI-TOF
and UV—vis measurements. Small-angle neutron and X-ray (SANS/SAXS) scattering experiments confirm the stiffness of the
polymer chains with an apparent contour length of about 130 A. Surface modification of planar silicon wafers as well as AFM tips
was realized by covalent bound formation between the terminal amino groups of the CD polymer and a reactive
isothiocyanate—silane monolayer. Atomic force measurements of CD polymer decorated surfaces show enhanced supramolecular
interaction energies which can be attributed to multiple inclusion complexes based on the rigidity of the polymer backbone and the
regular configuration of the CD moieties. Depending on the geometrical configuration of attachment anisotropic adhesion charac-

teristics of the polymer system can be distinguished between a peeling and a shearing mechanism.
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Introduction

Shape-persistence is an important key feature in self-organisa-
tion strategies of supramolecular building blocks resulting in
high structural perfection of the obtained molecular assemblies
[1], such as shape persistent macrocycles, cage compounds or
rotaxanes [2-4]. Especially shape-persistent polymers are of sig-
nificant scientific interest as their defined structural characteris-
tics offer various applications as sensor materials, biomimetic
filaments or organic electronics [5-7]. Furthermore, compared
to polymers with flexible chains, shape persistent macromole-
cules with high structural rigidity are able to form stable aggre-
gates based on multiple supramolecular interactions, which can
be detected and quantified without the presence of side effects,
such as self-passivation or coiling processes. Dendrimers, nano-
particles and shape-persistent polymers had been previously
discussed as scaffolds for the design of multiple ligands of high
affinity [8]. Nevertheless, well-defined model systems in which
the influence of rigidity and regularity on cooperativity of
binding was systematically investigated have not been reported
so far.

Rigid linear polymers have been considered as suitable scaf-
folds for the design of supramolecular systems showing
multiple interactions. A high rigidity of the macromolecule is
maintained by rigid, linear repeat units, such as trans-etheny-
lene, ethynylene, or p-phenylene moieties. The observed persis-
tence lengths of polyconjugated polymers ranged from 6 to
16 nm, depending on the side groups and the method of deter-
mination [9-11].

Figure 1: Interaction of a shape-persistent CD polymer with ditopic guests.

Beilstein J. Org. Chem. 2017, 13, 938-951.

Among many supramolecular interactions, such as hydrogen
bonding, n—z-interactions or hydrophobic host—guest interac-
tions [12-16], the interactions of cyclodextrins (CDs) with
hydrophobic guest molecules are of special interest, since CDs
are readily available bio-based materials and interactions take
place under physiological conditions [17]. CDs are ideal candi-
dates for the investigation of multivalent interactions as they
combine high affinities with a versatile integrability in macro-
molecular systems [18]. CDs have already been employed for
the construction of supramolecular polymers [19-21], supramo-
lecular hydrogels [22,23], molecular printboards [24,25] or
multivalent interfaces [26-28] with tunable chemical and physi-
cal properties. Herein, for the first time, we present studies con-
cerning the synthesis of shape-persistent CD polymers to inves-
tigate multivalent binding with ditopic guest molecules on the
molecular level (Figure 1). The ditopic guest (shown in red
colour) should act as a connector between opposing CD
moieties.

Only a few examples of shape-persistent CD polymers have
been reported so far, including CD-modified conjugated
oligomers and polymers composed of rigid phenylene ethynyl-
ene (PPE) structure units which are able to form self-inclusion
complexes with tunable electrochemical properties [29-35]. The
synthesis of PPE, in which two B-CD rings were attached to
every second phenylene group, was described by Ogoshi et al.
[36] using a Sonogashira—Hagiwara coupling. We preferred a
poly-phenylene-butadiynylene backbone, synthesized by a
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Glaser—Eglington coupling, since the repeating unit is long
enough (/ = 0.944 nm) to allow the connection of one CD
moiety at each phenylene unit. Based on the stiffness of the
polymer chain self-passivation of CD polymer modified sur-
faces is reduced to a minimum. Furthermore, the ethynyl end
groups are easily functionalized by click chemistry.

Isothermal titration calorimetry (ITC), fluorescence spectrosco-
py, quartz crystal microbalance (QCM), surface plasmon reso-
nance (SPR) and atomic force microscopy (AFM) have been
employed to quantify the strength of the multivalent interac-
tions [8]. Because binding affinities can be very high for multi-
valent supramolecular systems, the constituents are commonly
used in low equilibrium concentrations. Since AFM even allows
the investigation of single molecules, such as DNA [37,38] or
molecular self-assembling based on “Dip-Pen” nanolithogra-
phy [39], it was chosen as the most reliable technique to probe
highly cooperative recognition processes.

The investigation of cooperativity of multiple host—guest inter-
actions using AFM has been reported by several groups [40-45].
Huskens and co-workers measured the supramolecular interac-
tions between a B-CD-modified planar surface and mono-, di-
and trivalent adamantane guest molecules attached to an AFM
tip and found enhancement factors up to 2, depending on the

Beilstein J. Org. Chem. 2017, 13, 938-951.

force loading rate [46]. We have previously explored the adhe-
sion characteristics of dense CD layers on an AFM tip and a
planar silicon surface connected by various ditopic linker mole-
cules. In this system we were able to switch adhesion and fric-
tion by applying external stimuli onto the responsive ditopic
linkers [47-49]. In contrast to previous work our molecular
toolkit, based on ditopic connector molecules, allows the inde-
pendent determination of unspecific interactions between CD
polymers at tip and planar surface as well as the specific inter-
actions to ditopic connector molecules. In the following, we
describe the first example of multivalent interaction of ditopic
guest molecules with shape-persistent CD polymers covalently
attached to an AFM tip and a planar surface. Nano force mea-
surements between CD and CD polymer, CD polymer and CD,
and CD and CD at the tip and the planar surface, respectively,
exerted by the adamantane ditopic connector molecules were
systematically investigated. All four configurations are
schematically depicted in Figure 2.

Results and Discussion

Synthesis of the shape-persistent CD
polymer

Our synthetic approach for the preparation of modified
poly(phenylene butadiynylene)s bearing one CD molecule per
repeat unit started from 2,5-dibromo-4-methylbenzoic acid (2)

- =

CD-CD

polymer-CD

CD-polymer

polymer-polymer

Figure 2: Schematic representation of tip and surface modifications realized in this study (bottom). Blue lines symbolize the CD polymers, red circles

the complexed ditopic linkers.
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[50,51], which was esterified to 3 with tert-butanol catalyzed by
H,SO4 (Scheme 1). The TMS-protected diacetylene derivative
4 was prepared by Sonogashira reaction of 3 with trimethyl-
silylacetylene. Subsequent deprotection of the TMS groups
using tetra-n-butylammonium fluoride and saponification of the
tert-butyl ester with trifluoroacetic acid resulted in the corre-
sponding benzoic acid 6. The latter was coupled to
6-monoamino-6-deoxy-pf-CD [52] using N,N’-dicyclohexyl-
carbodiimide (DCC) and 1-hydroxybenzotriazole (HOBt)
applying a procedure known for terephthalic acid [53]. The re-
sulting product, monomer 7, was easily isolated due to its low
solubility in water which was attributed to self-inclusion be-
tween hydrophobic phenyl moieties and $-CD rings leading to
daisy chains [54].

The polymerization of 7 was performed through Glaser cou-
pling in pyridine catalyzed by Cu(I)/Cu(Il). After removal of
low molecular weight material by ultrafiltration polymer 8 was
isolated as a light orange solid in 91% yield. Polyrotaxane

Beilstein J. Org. Chem. 2017, 13, 938-951.

formation, which might prevent the accessibility of the
CD-moieties located on the polymer backbone, was avoided by
the presence of pyridine as a non-polar solvent. Both NOESY
NMR experiments and circular dichroism (results not shown)
do not indicate any significant interaction of the CDs and the ar-
omatic backbone. Compared to monomer 7, peak broadening
and the disappearance of the 'H NMR signals of the acetylene
protons at 4.54 and 4.36 ppm indicate the formation of polymer
8. The presence of the conjugated backbone was confirmed by
UV-vis and fluorescence measurements in water. Compared to
7, a characteristic bathochromic shift could be observed both in
the absorption and emission spectra of polymer 8 (Figure 3)
showing the presence of the extended polyconjugated m-system.

Quantitative information about the molecular weight distribu-
tion of 8 was obtained by MALDI-TOF measurements using an
ionic liquid matrix (HABA/TMG;) [55]. A representative
MALDI spectrum, shown in Figure 4, exhibits a wide range of
broad signals starting from the signal of the dimer at

Scheme 1: Synthesis of the CD polymer. a) conc. HNOg, reflux, 6 d; b) tert-butanol, cat. HSO4, MgSQy4, CHCly, rt, sealed vessel, 4 d; c) TMSA,
PdCI; (10 mol %), Cul (5 mol %), PPh3 (0.5 equiv), Et3N, 80 °C, 48 h; d) TBAF, THF, —20 °C, 30 min; e) TFA, CHyCly, rt, 18 h; f) 6-monoamino-6-
deoxy-R-CD, DCC, HOBt, DMF, rt, 8 d; g) cat. CuCl, cat. Cu(OAc),, pyridine, 60 °C, 24 h.
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Figure 3: Absorption spectra of monomer 7 (solid red line) and
polymer 8 (solid blue line) in water. Emission spectra of monomer 7
(dotted red line) and polymer 8 (dotted blue line) in water excited at
290 nm and 335 nm, respectively.

m/z 2,621.33 Da detected as [M + Na]" and ending at the 38mer
at m/z 48,196.23 Da for a S/N ratio >3, with an average
1297.4 mass units shift corresponding to one additional
repeating unit. Among each discrete envelope, one to three
supplementary ions, have been detected with a constant
165.2 mass unit shift, revealing the presence of small quantities

All species are noted as (n ; n,), with :

Beilstein J. Org. Chem. 2017, 13, 938-951.

of the repeat unit originating from unmodified benzoic acid de-
rivative 6, e.g., at 2,621.33 and 2,786.52 Da (Figure 4). The MS
analysis reveals the high structural perfection of the polymer 8
where at most one CD entity per polymer molecule is missing.
Integration of the relative distribution of the most intense ions
of each population allowed to estimate both the number aver-
age molecular weight, M, and the mass average molecular
weight, My, of 8,765.77 Da, and 22,023.56 Da, respectively.
These values result in a polydispersity index PDI = M,/M,, of
2.59 typical for normal distributions. From the value of My, an
average contour length L = 17 nm of the macromolecule was
calculated. A more detailed analysis of the MS data is provided
in Supporting Information File 1.

SANS and SAXS measurements of the CD
polymer

Structural characteristics of the CD polymer 8 have been inves-
tigated by small-angle neutron and X-ray scattering experi-
ments (SANS/SAXS). SANS data (KWS-1, JCNS at Heinz
Maier-Leibnitz Zentrum [56]) for a polymer concentration
range from 0.005 to 0.03 g/cm? are presented in Figure 5.
SANS intensities are normalized to polymer concentration and
therefore scattering intensities depend on polymer chain mass
(or mass of chain aggregates), square of scattering contrast,
conformation of polymer chain, and interaction between the

ny = number of B-CD M@q05+Na]* [Ms0.34+Na]* [Mss5:56)+NaJ*
n, = number of monomer 31329.59 37816.68 44303.75
; [Ms.26)+ Na]* ; [M@1.32*Na]* ; [M36.37*Na]*
i 32627.00 1 3911410 ! 45601.19
E : M 27+ NaJ* ' : [M(32;33+Na]* ' i [M(37,38tNa]*
oo 339244 | I 40411.55 | ! 46898.46
| : : [M27,26+Na]* : i [M33.34+Na]*! : ; Moo . +Nal*
R T R Tt A R M
100 ; : | E Mg 29+ Najt 3 : [Ms565*Nal* E !
90 b P 3651924 | 4300636 i [
80 P b ' !
1196.35 Z o
100 7 I \
g 50
% [Mz.+Na]* :\e 40
80 {| 2621.33 30
! 20 ‘
09 ! [Mgg+Nal* 10
> &0 3918.75
2 |
2 [Mq.q*Na]* $oo00 34000 38000 42000 46000 50000
*2 5_’216-17 SS - Mass (m/z) \
= 40 1 . [Ms;5tNa]* S 1
30 I* 6513.59 S~ 1
M.c)¥NaJ* ~ 1
20 [78%616_)04 ! [M12;15*Na]* D el 1
10 - : [Mg;e)+NaJ* 15761'64 [M 15,16+ Nia]* 1
10405.92 ; 19653.86 | |
0 — - . . )
I ]
900 10720 20540 30360 ZoT80 “50000
Mass (m/z)

Figure 4: Positive linear MALDI-TOF spectrum of polymer 8 using HABA/TMG, matrix.
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chains (aggregates). There are only minor differences in scat-
tering for concentrations up to 0.02 g/cm? indicating no signifi-
cant aggregation between polymer chains with increasing con-
centration which would lead to highly ordered polymer species.
The decrease of scattering intensity for the highest concentra-
tion of 0.03 g/cm? can be attributed to interaction of polymer
chains. The SAXS curve measured at 0.03 g/mL shows a simi-
lar shape as the neutron data (Supporting Information File 1,
Figure S1).
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Figure 5: SANS data for polymer 8 and fit by cylindrical model (solid
line).

The low-g range of scattering data has been analyzed with a
Debye function. The apparent radius of gyration Rg 55, and the
scattering at “zero angle”, 1(0), were obtained by fitting the
scattering data for ¢ < 0.02 A~! [57]:

IDebye (x) = 2(e_x—1+x)/x2, 1)

where x= ¢° Rg,app2. The scattering intensity is given by

I(q)/c = 1(0) fDebye (x) = MappDrszDebye (x), (2)

Beilstein J. Org. Chem. 2017, 13, 938-951.

where the apparent molar weight, My, is connected with the
real molar weight, M, via a structure factor S(0) (interaction
among polymer chains) as M x S(0) = M,pp, and Apyy, is the
difference in neutron scattering length density between polymer
and solvent normalized to the density of polymer. The local
structure of the polymer cylindrical cross-section was extracted
by applying indirect Fourier transformation (IFT) [58] to the ex-
perimental data from the high-q range. Detailed information
applying this method is presented in Supporting Information
File 1. The resulting parameters for the concentration depen-
dence of /(0), scattering at “zero angle” of a cylindrical cross-
section of polymer /cs(0), radius of gyration Ry ,p,p, and radius
of gyration of a cylindrical cross-section Ry cs are presented in
Table 1. The ratio between /(0) and /cg(0) provides the apparent
contour length of the polymer chain. SAXS and SANS indicate
a contour length of 130160 A, i.e., 15 monomer units with the
length of one unit of Ly, = 9.2 A and the chemical composi-
tion Cs4H75NO3s (molecular weight 1298.17 g/mol). Ry cs has
been used to calculate the cross-section diameter of the homo-
geneous cylinder to be 30 A.

Scattering intensities do not change significantly with concen-
tration indicating that the value of S(0) is close to 1. We
consider the values for Lyp, and My, as lower limits. They are
probably affected by the inexact determination of the scattering
contrast.

The apparent mass and contour length of polymer 8 with values
of about 18 kDa and 130-160 A are in the same range as those
obtained by MALDI measurements (M, = 22 kDa, L = 170 A)
and confirm the structural characteristics of the stiff CD

polymer.

The flexibility of chains of polymer 8 was determined by means
of a Holtzer plot [59]. Detailed information and the correspond-
ing data are presented in Supporting Information File 1. The
absence of a characteristic inflection point, where the scattering
intensity changes from ¢! as for rigid cylinder to g2 (or to

¢~>"3 when self-avoidance is important) as for flexible chains,

Table 1: Structural parameters of polymer 8 (apparent radius of gyration, scattering at zero angle, radius of gyration of polymer cross-section, scat-
tering at zero angle of polymer cross-section, apparent contour length obtained from the ratio between /(0) and /cs(0), and calculated apparent mass
of polymer 8, obtained from the length of monomer unit Mapp = Mmon % Lapp/Lmon)-

Conc, g/mL Rg.app A 1(0), cm2-g™" Rgcs A
0.03 (SAXS)  38.0%15 680+ 10au. 10.2+0.5
0.005 37.4+35 16.2+0.3 9.8+0.5
0.01 31.6+25 15.0+0.2 9.7+05
0.02 327+16 14.9+0.2 95+0.5
0.03 346+15 13.0 £ 0.1 94+05

Ics(0), A=1-em2-g™1 Lapp, A Mspp, kDa
5.23 +0.05 a.u. 130 18
0.099 + 0.002 164 23
0.119 + 0.002 126 18
0.117 + 0.002 127 18
0.100 + 0.002 130 18
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indicates that polymer chains are short and rigid, i.e., that the
persistence length is of the same order as the contour length of

the polymer.

The SAXS data has been analyzed by models representing the
expected shape of polymers. It was assumed that there is no
interaction between aggregates, which means that the scattering
intensities depend only on the size and shape of the aggregates

[60]. Details are shown in Supporting Information File 1.

The scattering data could be described (Figure 5 above and
Figure S1 in Supporting Information File 1) by a population of
rigid cylinders of length 110 + 5 A and radius of cross-section
of 12 + 2 A. Neglecting the interaction between polymer chains
in the model leads to the slightly lower length values.

Complexation of monotopic and ditopic

guests

In contrast to monomer 7, polymer 8 was soluble in water up to
a concentration of 0.15 mM (based on the repeating unit). This
allows the investigation of the complexation of ditopic and
monotopic guests, 9 and 10, respectively. The solubility of the
host polymer 8 as a function of the concentration of both guests
9 and 10 (Scheme 2) was determined by UV—vis spectroscopy
using the extinction coefficient € of 8 (14,800 M lem™) at
425 nm. A more detailed description of the solubility measure-

ments is presented in Supporting Information File 1.

Addition of hydrophilic guest 10 caused an increase in solu-
bility of host polymer 8 in water (Figure 6). The surprisingly
steep initial slope of the phase solubility diagram, m = 1.4
(repeating unit/guest) could be well represented by a model
where every second CD moiety has to be complexed by the
hydrophilic guest to significantly improve the solubility in
water. Binding constants of about 40,000 ML, which were in
the same range as literature values for the incorporation of
adamantane derivatives into $-CD, [61] were obtained using

©
®

|
\_/ \_/ AV

Scheme 2: Ditopic and monotopic guest molecules.

Beilstein J. Org. Chem. 2017, 13, 938-951.

ITC measurements considering a two-step sequential complex-
ation with guest 10. Further information is provided in Support-
ing Information File 1. Incomplete complexation with cationic
guest molecules is indicated by a significant lower binding con-
stant of 670 M™! for the second binding complexation step,
which is strongly inhibited as a result of the electronic repul-
sion of charged guest molecules in close proximity to each
other. In contrast, a pronounced reduction of the solubility of
CD polymer 8 was observed in the presence of ditopic guest 9,
which was attributed to the interconnection of polymer chains
through the complexation of the ditopic guest. The very low
concentration of connector 9 necessary for the almost complete
precipitation of the host polymer 8 can be explained by the high
integrability of the host—guest system based on the shape-persis-
tence of the polyconjugated polymer backbone of 8.

ditopic guest 9 in H,0

3000 — guest 10 in HZO
7
2500 d &
e
/
—. 2000 4 // 150
= 4 —
= /,/- 5
© 1500 - e = 100
@ ¥ F
3 / € s
- 1000 - S 3
Q. /
//i [} =
400 800
5009 ~ guest [UM]
o m. . -I - T - T - T - T
0 400 800 1200 1600 2000
guest [uM]

Figure 6: Solubility of polymer 8 in the presence of ditopic connector 9
(black graph) and 1-aminoadamantane hydrochloride 10 (red graph),
respectively in water at 25 °C.

Attachment of polymer 8 to silicon surfaces
Planar silicon wafers, as well as the silicon AFM tip, were first
functionalized by a polysiloxane monolayer bearing isothio-

NH? a®

10
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cyanate groups, which smoothly react with amines forming
stable thiourea links [48]. Monolayers of B-CD or B-CD-
polymer were obtained by attachment of monoamino -CD or
amino-modified CD polymer 12, synthesized from polymer 8
(Scheme 3) through Cu(I)-catalyzed azide—alkyne cycloaddi-
tion (CuAAC) with the triethylene glycol linker 11 (N3-TEG-
NH;) which had been prepared in a five-step procedure [62,63].

Probing multivalent interactions by AFM

The adhesive forces of 12, due to supramolecular interactions
with ditopic guest 9, between a planar silicon surface and an
AFM tip both modified with the CD polymer 12 or
6-monoamino-6-deoxy-B-CD were systematically investigated
by AFM. While adhesion was very weak in pure water, signifi-
cant adhesion took place over a wide range of distances in a
10 uM solution of ditopic guest 9 (Figure 7a—d). For compari-
son, we also investigated the adhesion forces between CD and
12, 12 and CD, and CD and CD at the tip and the planar sur-
face, respectively, caused by the adamantane connector 9.
Adhesive forces were recorded as function of the tip—surface
distance upon retracting of the tip from the surface for all four
configurations. The pull-off force required to detach the tip
from the surface in the presence of connector molecules was of
the order of 500 pN for the CD—CD configuration and about
1 nN for all configurations involving CD polymers (12). These
values are significantly higher than the pull-off forces of about
250 pN measured in control experiments for all configurations.
The graphical summary in Figure 7a suggests that the pull-off
forces for the 12—12 configuration are slightly higher than for
the 12—-CD and for the CD-12 configuration.

Beilstein J. Org. Chem. 2017, 13, 938-951.

While the pull-off force is similar, the overall appearance of the
force curves differs for the three polymer configurations. The
interaction distance varies significantly for the different config-
urations. The CD-CD configuration has the shortest and the
polymer—polymer configuration the longest range of interac-
tions. The interaction range can be quantified by the tip—sur-
face distance at which the last rupture occurs, referred to as
maximum rupture length. The histograms of the maximum rup-
ture length for all four configurations are presented in Figure 7.
For the CD-CD configuration, the most probable maximum
rupture length of 5 nm corresponds to the combined height of
the monolayers on tip and surface, each of about 2.5 nm. The
typical rupture length for the CD—-12 configuration is 10 nm,
while it is 29 nm for the 12—CD configuration. The difference in
maximum rupture length indicates a difference in the detach-
ment mechanism. In the CD-12 configuration, the polymers
bind to the sloped facets of the asperity of the AFM tip. Upon
pulling, the polymers are sheared from the tip apex by rupturing
all bonds simultaneously leading to one large rupture peak at a
small tip—surface distance. For the 12—CD configuration, a force
plateau observed in the force-distance curve in Figure 7c
reveals the peeling of a polymer chain from the CD-coated sur-
face resulting in a rupture length similar to the length of the
polymer chains.

For the 12-12 configuration, many additional small detachment
events lead to a broadening of the pull-off curve and reveal the
rupture of bonds for tip—surface distances as large as 110 nm in
Figure 7d. The broad distribution of rupture length, which
extends to roughly the double of that of the 12-CD configura-

11 (N5-TEG-NHy)

HzN\/\O/\/O\/\'Tj N2 {_ /}—\\ _-‘ o

Polymer 8
Cu*

N:N

0]

Scheme 3: Synthesis of amino functionalized polymer 12.

3

12

945



(a)

Z 00~
g

8 05
©

£

S 1.0

100 120

0 20 40 60 80
distance [nm]

—~
(o)
~

o
o

normal force [nN]
o
(@) ]

|
i
|
!
|
1

0 20 40 60 80 100 120
distance [nm]

—~
(@)
N

©
o

T
|
|
|
Hi
¥

normal force [NN]
o)
(&)

N
(=}

0 20 40 60 80 100 120
distance [nm]

—~~
Q.
o ~

o

normal force [nN]
o
(6]

0 20 40 60 80 100 120
distance [nm]

Beilstein J. Org. Chem. 2017, 13, 938-951.

40 5nm CD-CD
- 30
(=
820
10
0 il =
0 50 100 150 200 250
max. rupture length [nm]
60}y 10 nm CD-poly
40
Q
(&]
20
00 50 100 150 200 250
max. rupture length [nm]
30
20nm P oly-CD
~20
C
>
o
©10
00 50 100 150 200 250
max. rupture length [nm]
30
ssnom  POly-poly
20
c
>
8
10
0

50 100
max. rupture length [nm]

150 200 250

Figure 7: Characteristic force curves recorded during retraction of the AFM tip from the surface. Four functionalizations are compared: (a) cyclo-

dextrin (CD) layers on tip and surface, (b) CD layer on the tip and polymers (12) on the surface, (c) polymers (12) on the tip and CD layer on the sur-
face, and (d) polymers (12) on tip and surface. Black curves represent control experiments in pure water, red curves experiments in solution contain-
ing ditopic connector 9. The maximum negative force is referred to as the pull-off force. The histograms summarize the distribution of maximum rup-

ture length for every configuration.

tion, indicates that individual long polymer chains interlock,
explaining also the characteristic stretching events in the force-
distance curve. The most probable maximum rupture length for
the 12—12 system is 38 nm, which is double of the average
polymer length of 17 nm predicted from the MALDI-TOF and
SANS/SAXS results. The agreement confirms the picture that

the maximum rupture length reflects the final detachment of
supramolecular bonds at the end of stretched polymer chains at-
tached to AFM tip and surface.

The higher sensitivity of our AFM set up compared to the
MALDI-TOF instrument allowed us to even detect single rup-
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ture events at a distance up to 250 nm, which proved that some
individual chains had a length of at least 125 nm. Compared to
MALDI-TOF measurements in which the small number of high
molecular weight polymer chains are hardly detectable, AFM
experiments overemphasize the few longest polymer chains
probing the interactions of the regularly spaced CDs in CD
polymer 12 and ditopic connector molecules. Due to this obser-
vation AFM is an excellent detection tool for analysing cooper-

ative effects in ordered supramolecular systems.

The differences between the four configurations of functionali-
zation can be further quantified by integration of the force
curves, resulting in the work of separation which has been em-
ployed before as a suitable parameter for the quantification of
polymer detachment [45]. In line with the characteristic shape
of the example force curves, the work of separation increased
significantly in the order CD-CD, CD-12, 12-CD and 12-12
configuration (Figure 8). The relative increase in the work of
adhesion from control experiments to measurements of the spe-
cific interactions caused by the connector molecule 9 was even
higher than the respective increase in pull-off force due to the
very short range of the non-specific adhesive interactions.

The significant difference in the interaction range and thus in
the work of separation between CD—-12 and 12—CD configura-
tion can be explained by the asymmetry between curved tip and
flat surface and the resulting difference in the detachment mech-
anism. Polymers attached to the surface bind to the side faces of
the tip with its nanometer-scale apex radius. Upon retraction,
the force acts along the polymer and shears the polymer off the
tip, with all bonds rupturing more or less simultaneously. In
contrast, polymers attached to the tip bind to the flat surface
such that upon retraction the polymer is peeled from the sur-
face by the orthogonal force, one bond breaking after another.
The different detachment scenarios are depicted in the

—
)
N

—
N

©
~

pull-off force [NN]
o
(0]

o
o

water

CD-CD CD-Poly Poly-CD Poly-Poly

Beilstein J. Org. Chem. 2017, 13, 938-951.

schematic drawings in Figure 2. The shearing configuration
(CD-12) leads to simultaneous rupture of all bonds, while the
peeling configuration (12-CD) involves bending of the polymer
and consecutive rupture. The strongest adhesion is offered by
the supramolecular interlocking of polymers attached to tip and
surface. Supramolecular interconnection between two CD
polymer 12 molecules through the ditopic guest 9 is expected to
be superior to the one between CD polymer 12 and CD because
of the higher regularity of the CD spacing at the polymer com-
pared to the spacing within the CD monolayer. We conclude
that the regularity of the CD polymer 12 allows to establish a
much higher number of supramolecular bonds with the
connector 9 giving rise to about a fivefold enhancement of the

work of separation.

Many force curves exhibit a well-defined last rupture event. A
representative example is shown in Figure 9a, where the force
drops from around 63 pN to zero at a distance of 110 nm. The
distribution of rupture forces for the last rupture events, shown
in Figure 9b, has a clear maximum at 63 pN, determined by a
Gaussian fit to the distribution, and a weak second maximum at

about double this value.

We conclude that 63 £ 10 pN is the rupture force for a single
bond between our supramolecular polymers 12 established by
the ditopic guest 9. The value agrees with rupture force
measured for adamantane—-CD complexes with CD molecules in
the surface layers when the stiffness of the AFM cantilever is
taken into account [64].

Force curves like those shown in Figure 7 can be repeated on
the same spot of one sample many times with very similar
results. The repeatability confirms the reversibility of the under-
lying interactions. It is difficult to estimate the number of supra-
molecular bonds contributing to pull-off forces of 1 nN in

(b)
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Figure 8: Graphical summary of experimental results for the four configurations of CD attachment introduced in Figure 2: (a) pull-off forces,
(b) work of separation. The error bars indicate standard deviations for averages over different lateral positions on the functionalized surface.
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Figure 9: (a) Detail of the end of a force curve for a polymer-functionalized tip retracted from a polymer-functionalized surface. This is the last
unbinding event which occurs at a tip—surface distance of about 110 nm, indicating the possible range of interaction for polymer functionalization of tip
and surface. (b) Distribution of force drops for the last unbinding event with a maximum at 63 pN and a possible second maximum at about double

this value.

Figure 7. Based on the single bond rupture force one could
assume contributions by 16 supramolecular bonds or even more
since it is unlikely that all bonds are loaded to their rupture
force. As long as we have no experimental means to exactly de-
termine the number of polymers molecules involved we cannot
evaluate the number of interconnections per polymer. Since a
significant number of single rupture events at large tip—surface
distances require forces of around 200-250 pN (Figure 7d) up
to four bonds per polymer pair appear reasonable.

Probing multivalent interactions by friction
AFM

Finally, friction force experiments have been performed for the
12-CD configuration. The tip of the AFM slides in contact
across the surface, where polymers attached to the tip may
interact with the CD layer on the surface. A characteristic result
is presented in Figure 10. The average friction force increases
by a factor of 2.5 due to the supramolecular interactions in com-
parison with control experiments in water. The friction force
curve exhibit peculiar spikes when adamantane connector mole-
cules are present. These spikes represent an irregular stick-slip
motion of the tip. When one or several polymers are bound to
the surface, the tip is stuck and the increasing force leads to
torsion of the cantilever until the force is large enough to detach
the polymers and drag them further across the surface. The
highest friction force spikes of the 12—CD configuration exhibit
a force drop of 2 nN, similar to the highest pull-off forces for
the same system. Shearing of a series of bonds, as described for
adhesion in the CD-12 configuration, is also the mechanism
underlying friction in the 12-CD configuration. Stick spike
forces of 2 nN are enhanced by at least a factor of 3 compared

to the one for the CD-CD system previously described [48].
This spike force may be enhanced by the multivalency effects
discussed above, but its strength indicates that more than one
polymer molecule might be involved.
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Figure 10: Characteristic result of a friction experiment for a polymer-
functionalized tip sliding on a surface carrying a CD layer. Lateral
forces are plotted as a function of lateral tip position when sliding

500 nm back and forth with a velocity of 45 nm/s.

Conclusion

In conclusion, regular water-soluble shape-persistent CD poly-
mers based on poly(phenylene butadiynylene) were prepared by
a straightforward Glaser coupling/click chemistry approach,
which can be attached to planar silicon surfaces as well as AFM

tips. Structural perfection of the resulted polymers was con-

948



firmed by MALDI-TOF measurements revealing the presence
of high molecular weight materials with up to 38 repeat units.
High integrability of the scaffold was proven by UV—vis sup-
ported solubility measurements upon addition of ditopic
adamantane connectors. Small-angle neutron scattering and
X-ray experiments reveal the presence of stiff cylindrical
polymer chains with contour lengths of about 13—16 nm, which
corresponds to the values obtained by MALDI and AFM mea-
surements. Hard substrates with the shape-persistent polymers
and interconnected by ditopic guest molecules require about
five times higher separation energies than those functionalized
with conventional CD monolayers. This significant enhance-
ment of adhesion can be attributed to a strong cooperative effect
favored by the rigidity of the polymer backbone and the regular
spacing of the CD moieties. The range of adhesive interactions
could be extended from 5 to 38 nm, which will also allow the
interconnection of surfaces with higher roughness. The stiff
polymers exhibit a clear contrast between shearing and peeling
mechanisms, depending on the geometrical configuration of
attachment. The distribution of the maximum rupture lengths in
the force microscopy experiments confirms the molecular
weight distribution of the CD polymers estimated by
MALDI-TOF and the average contour length determined by
SANS/SAXS. In addition, force microscopy experiments em-
phasize the longest polymer chains and their maximum length.

Supporting Information

Supporting Information File 1

Experimental procedures, MALDI-TOF spectra, details on
SANS/SAXS instrumentation and analysis, surface
preparation protocols and other instrumentation parameters.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-13-95-S1.pdf]
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The aqueous reversible addition fragmentation chain-transfer (RAFT) copolymerization of isoprene and bulky comonomers, an

acrylate and an acrylamide in the presence of methylated B-cyclodextrin was employed for the first time to synthesize block-copoly-

rotaxanes. RAFT polymerizations started from a symmetrical bifunctional trithiocarbonate and gave rise to triblock-copolymers

where the outer polyacrylate/polyacrylamide blocks act as stoppers for the cyclodextrin rings threaded onto the inner polyisoprene

block. Statistical copolyrotaxanes were synthesized by RAFT polymerization as well. RAFT polymerization conditions allow

control of the composition as well as the sequence of the constituents of the polymer backbone which further effects the CD content

and the aqueous solubility of the polyrotaxane.

Introduction

Polymer necklaces, i.e., polyrotaxanes and pseudopolyrotax-
anes, are supramolecular assemblies comprising polymeric axes
with macrocycles threaded on them [1-4]. In the case of poly-
rotaxanes, the dethreading of the macrocycles is prevented by
bulky stopper groups placed along the chain or at the chain
ends. The importance of these supramolecules lies in the possi-
bility to modify the properties, or even cross-link polymers
without chemical modification of the backbone. Through poly-
rotaxane formation solubility [2-5], as well as mechanical

[1-3,6-9] and electrical properties [10], can be improved. Cross-

linking of threaded macrocycles gives rise to so-called slide-
ring gels with unique mechanical properties [6,11-13]. One of
the most important class of important macrocycles, applied in
polyrotaxane chemistry, are cyclodextrins (CDs) because they
are nontoxic, biodegradable and available in industrial scale.
Furthermore, CDs can be simply functionalized by modifica-
tion of the hydroxy groups [14].

There are several CD-based polyrotaxanes known with homo-

and block-copolymer axes, mostly based on poly(ethylene
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oxide), poly(propylene oxide) or their copolymers [15-21],
since these polymers can form sufficiently stable complexes
with CDs. The application potential of these polyrotaxanes was
already investigated in the fields of biomedicine, as drug [22] or
gene [23] delivery vehicles, or in materials sciences, as slide
ring gels [6]. Polyrotaxanes are mostly synthesized by a
threading approach [2], a multistep method starting from pre-
synthesized (co)polymers. Due to the hydrophobic interaction,
as the driving force of complex formation, the threading of the
CDs is only achievable in aqueous solution, but the hydrogen
bonds between the hydroxy groups impede the water solubility
of the products. Thus, the stoppering reaction is mostly limited
to organic solutes, in which dethreading already takes place.
This multistep reaction methodology hinders the large-scale

production and broad application of these materials.

Recently our group has developed a method for a simple and
environmentally friendly synthesis of polyrotaxanes. This, so
called rotaxa-polymerization, is an aqueous, free radical copo-
lymerization of a hydrophobic monomer, complexed in a host,
with a stopper comonomer [24,25]. This latter has to be large
enough to prevent the dissociation of the growing axis and the
host, as it happens in the case of aqueous CD assisted
homopolymerizations of hydrophobic monomers [26-28] in-
cluding dienes [29]. This approach drastically widens the range
of suitable hydrophobic polymeric axes, to all monomers being
complexed in CD or hydrophilic CD derivatives. Up to now,
rotaxa-polymerization was only performed via free radical reac-
tion without control of the polymer chain length as well as
statistical distribution of stopper groups along the axis. Herein,
we report for the first time a simple one-pot synthesis of poly-
rotaxanes with control of length and sequence of the polymer
axis through RAFT rotaxa-polymerization of isoprene in water.
RAFT polymerization was indeed already started from a PEG
0-CD pseudopolyrotaxane, but unthreading of a-CD was found
to be a severe problem during polymerization, which could only
be overcome by elaborate attachment of “molecular hooks” to
both chain ends [30]. Furthermore, polyisoprene is advanta-
geous for biomedical applications because of its high biocom-
patibility and biodegradability [31-33]. Here should be noted
that polyisoprene was already subjected to pseudopolyrotaxane
formation, with limited success, i.e., with 3-CD only oligoiso-
prenes (degree of polymerization < 9) could form complexes
with low coverage (3.0%) [34].

RAFT polymerization is a useful tool to form well-defined
block-copolymers starting from a chain transfer agent (CTA)
that drastically reduces the actual radical concentration in a fast
equilibrium reaction [35-37]. This controlled polymerization
should be advantageous for this work, compared to other poly-

merization techniques, such as atom transfer radical polymeri-

Beilstein J. Org. Chem. 2017, 13, 1310-1315.

zation, because of the lack of toxic metal additives, and because
of good control exerted in aqueous solution. The water-soluble
bifunctional CTA §,5"-bis(a,a'-dimethyl-a""-acetic acid)trithio-
carbonate (DMATC) was selected because it allows synthesis of
symmetrical triblock-copolymers in two steps. Other benefits of
trithiocarbonate CTAs are the good hydrolytic stability [38], as
well as their approved application in controlled isoprene poly-
merization [39,40]. Randomly methylated B-CD (RAMEB) was
chosen as the CD derivative for this polyrotaxane synthesis
since it is highly water-soluble and provides a sufficiently high
binding constant for isoprene [24,25].

Results and Discussion

In a first trial, statistical RAFT copolymerization of isoprene
complexed in RAMEB was performed with water-soluble bulky
comonomers, namely N-[tris(hydroxymethyl)methyl]acryl-
amide (TRIS-AAm) or 2-hydroxyethyl methacrylate (HEMA),
shown in Scheme 1. The role of these bulky comonomers was
to prevent the unthreading of RAMEB rings from the poly-
meric axis during and after polymerization. The resulting statis-
tical copolymers were clearly soluble in water thus they could
be purified by ultrafiltration. Besides water, the polyrotaxanes
were also soluble in DMSO and less polar solvents, such as
THF and chloroform. The weight fraction of RAMEB (Table 1)
in the product was quantified from the optical rotation of a solu-
tion of the polymer (for the detailed description see Supporting
Information File 1). The eventual content of free RAMEB in the
product was checked by isothermal calorimetry (ITC) and was
around 3 wt %. The conversion of the monomers was calcu-
lated from the yield of polyrotaxane minus the total RAMEB
content. In both cases, the monomer conversions were around
60 wt % and the amount of threaded CD ranged between 47 and
65 wt %. These compositions were also supported by the inte-
grals of the 'H NMR spectra (Supporting Information File 1).

VA-044

o——o"n

HO

Scheme 1: Synthesis route of RAMEB based statistical polyrotaxane.
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Table 1: Yields, CD contents and weight average molar masses (M), degrees of polymerization (Py,) and isoprene/stopper ratios (i/st) and dispersi-

ties (P) of the produced RAMEB based polyisoprene polyrotaxanes.

Polymerno.  comonomer  Yield (wt %) RAMEB content (wt %) Mpnd (kDa) Py ilst D
1 TRIS-AAm 67 47 40.5 270 8.5 1.8
2 HEMA 58 60 41.0 205 4.6 2.2

aMolar mass calculated from the molar mass of the acetylated polyrotaxanes measured by GPC; Pi/st: molar ratio of isoprene/stopper in the polymer

as calculated from "H NMR.

The restricted mobility of the threaded macrocycles should lead
to peak broadening in the '"H NMR spectra of the poly-
rotaxanes [41]. This peak broadening was indeed observed in
the 'H NMR spectra of both polymers (Figure 1b and Support-
ing Information File 1) and was regarded as the first indication
for a polyrotaxane structure. In addition, the agreement of the
diffusion coefficients D for all proton NMR signals of the poly-
meric axis, RAMEB and the stopper in the diffusion-ordered
NMR spectrum (DOSY, Figure 1b) further proved the exis-
tence of the polyrotaxane [42]. The D values of 1.0 x 10719 and
4.1 x 107! m%/s were found for TRIS-AAm, and HEMA stop-
pered polyrotaxanes, respectively. The weight average molar
mass M,, determined by GPC was in both cases around 40 kDa,
which means that the choice of the stopper was not critical for
the composition and the size of the polyrotaxane. The amount
of stopper integrated into the polyrotaxane was indeed difficult
to quantify because of superposition of the 'H NMR signals
with the ones of RAMEB, but the molar ratio isoprene/stopper
(i/st) in the polymer could be estimated based on the integral
values from the 'H NMR spectrum, using the region A
(0.5-2.5 ppm) of the polymer backbone and the corresponding
peaks of the stopper comonomers (Supporting Information
File 1). Based on this calculation the estimated i/st values 8.5
and 4.6 were obtained for polyrotaxanes 1 and 2, respectively.
Also, the C=0 vibrations of the polyacrylate units in the IR
spectra of the polyrotaxanes were indicative for the integration
of the stopper units into the polymer (see Supporting Informa-
tion File 1).

The molar masses of polyrotaxanes 1 and 2 were determined
after complete acetylation by GPC in THF (for results see
Table 1). From the molar ratio i/st, the average molar mass per
=79 Da for both poly-

rotaxanes 1 and 2, which allows to calculate the degree of poly-

monomer repeat was derived M,

merization P,, of the polymer backbone according to

Py, =(-wep)M . | My, the values of P, were in reason-
able agreement with the molar ratio of the related monomer vs
CTA (175), which was indicative for a significant control of the
radical polymerization by the CTA. The observed polydisper-
sity indices M,,/M, = 1.8-2.2 being higher than for regular
RAFT polymerizations was attributed to a broad distribution of

(a)

13 12 P 10
elution volume (mL)

5.00 4.00 3.00 2.00 1.00 ppm
m2/s

Figure 1: (a) GPC trace of the polyHEMA-co-polyisoprene poly-
rotaxane 1 and (b) 500 MHz "H NMR and DOSY spectra of poly(TRIS-
AAm)-co-polyisoprene polyrotaxane 2 in DMSO-dg.

the number of methylated CD rings threaded on the polymer
chains and the additional distribution of the number of methyl
groups in the randomly methylated B-CD.

After the success of a rotaxa-RAFT polymerization, we investi-
gated the synthesis of ABA triblock-copolyrotaxanes from the
same building blocks in a two-step process as displayed in
Scheme 2. First, one of the stopper monomers was homopoly-
merized by RAFT process starting from the bifunctional CTA,
DMATC. In the second step, isoprene, complexed in RAMEB,
was further polymerized utilizing the homopolymeric poly-
HEMA or polyTRIS-AAm as macro CTAs in water. Since the
resulting block-copolyrotaxanes were nearly insoluble in water,
they could be isolated through simple heat filtration, i.e., were
heated up to 80 °C and filtered off at this temperature. Since the
polymers were soluble in DMSO, the composition could be in-
vestigated by polarimetry and 'H NMR spectroscopy (see
Table 2) as described in the first part.
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OH OH

Scheme 2: Schematic representation of the synthetic procedure for the preparation of randomly methylated B-CD based block-copolymeric poly-

rotaxane.

Table 2: Yields, RAMEB content and weight average molar masses (M) and degrees of polymerization (Py,) of the polymers obtained by RAFT po-

lymerization.
Polymer CTA Monomer Molar ratio
no. monomer/CTA
3 DMATC HEMA 16
4 3 isoprene 77
5 DMATC  TRIS-AAm 16
6 5 isoprene 80

Yield RAMEB Mprxa b Py, of new
(wt %) (Wt %) (kDa) block?
95 0 9 2.5 21
48 49 47 2.8 62
90 0 4 1.8 29
51 65 45 1.9 77

aMolar mass calculated from the molar mass of the acetylated polyrotaxanes measured by GPC; PP,, of the new polyisoprene block was calculated

from "H NMR.

The 'H NMR spectrum (Figure 2b) of the polymer 4 shows the
signals of all RAMEB constituents at 3.0—4.1 and 4.5-5.0 ppm,
polyisoprene at 1.0-2.3 and 5.0 ppm and of polyHEMA at
0.7-2.1 and 3.3-4.0 ppm. The noticeable peak broadening again
is indicative of the formation of ABA triblock-copolyrotaxane.
The DOSY measurements were carried out for the block-
copolymer polyrotaxanes in DMSO. The same diffusion coeffi-
cients were detected for all components, such as RAMEB,
isoprene, and stopper segments, verifying the polyrotaxane for-
mation, as presented in Figure 2b. Diffusion coefficients of both

block-polyrotaxanes were around 3.0 x 10711 m?%/s, due to the

similar molar masses for both polyrotaxanes after block-copoly-

merization.

The molar masses of polyrotaxanes 3—6 were determined after
complete acetylation by GPC in THF (Table 2). First, after
homopolymerization, the molar masses were 9 and 4 kDa for
the polyHEMA and polyTRIS-AAm stoppers blocks, respec-
tively. After block copolymerization with isoprene complexed
in RAMEB, the corresponding molar masses increased signifi-
cantly to 50 and 45 kDa, indicating further polymerization and
coinciding polyrotaxane formation. Starting from both poly-
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Figure 2: (a) GPC traces of the macroCTA 5 (solid line) and the
poly(TRIS-AAm)-b-polyisoprene-b-poly(TRIS-AAm) polyrotaxane 6
(dashed line), and (b) 500 MHz, "H NMR and DOSY spectra of poly-
HEMA-b-polyisoprene-b-polyHEMA polyrotaxane 4 in DMSO-dg.

HEMA and polyTRIS-AAm CTAs, monomer conversions were
around 50%. For these block-copolymers with polyrotaxane
middle blocks, the CD contents were 49 and 65 wt % of
RAMEB. For the polyHEMA based polyrotaxane 4, this cover-
age was a bit lower than for the statistical copolymerization and
also the obtained polyisoprene block length P, was slightly
lower than the theoretical value. These deviations are most
likely explained by the limited aqueous solubility and the high
molar mass (9 kDa) of the polyHEMA CTA 3. In contrast to
HEMA-based block-copolyrotaxane, the coverage of polyTRIS-
AAm-based block-copolyrotaxane 6 was higher than that of for
the statistical one, while the molar mass remained the same, and
the polyisoprene block length P,, being close to the theoretical
value (77 instead of 80). This indicates a good control of the
CTA over the polymerization. The composition of the back-
bone i/st can be easily calculated from the molar masses of the
blocks to the polymeric axes. These i/st ratios were 4.70 and
8.75 for polyrotaxanes 4 and 6, respectively. The correspond-
ing i/st values, estimated from the "H NMR spectra were 3.00
and 8.30. The too low value obtained for the HEMA stoppered
polyrotaxane was attributed to the superposition of the signals
of -CH,»-OH from HEMA and of RAMEB which hinders the
accurate determination of the polymer composition. The poly-
dispersity indices were again slightly higher than that of for
regular RAFT polymerizations, 2.8 and 1.9 for polyrotaxanes 4
and 6, respectively. This increased PDI is connected to the

Beilstein J. Org. Chem. 2017, 13, 1310-1315.

statistical threading of the cyclodextrin rings, which also have
some mass distribution. The higher PDI 2.8 of the polyHEMA
block-copolyrotaxane 4 was attributed to the low aqueous solu-
bility of the polyHEMA CTA.

Conclusion

The above-described procedure is the first controlled rotaxa-po-
lymerization resulting in well-defined statistical and block-
copolymeric polyrotaxanes. The method is versatile and should
work for many monomers and CD derivatives. The resulting
triblock-copolyrotaxanes might be good stocks for the synthe-
sis of highly elastic slide-ring gels and hydrogels. Due to the
biocompatibility of the constituents and the ability of the poly-
rotaxanes to self-assemble, these materials might also be applic-

able for drug delivery or tissue engineering.
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For over the last twenty years there has been a multitude of sophisticated three-dimensional radiation delivery procedures de-

veloped which requires a corresponding verification of the impact on patients. This article reviews the state of the art in the devel-

opment of chemical detectors used to characterize the three-dimensional shape of therapeutic radiation. These detectors are

composed of polyurethane, radical initiator and a leuco dye, which is radiolytically oxidized to a dye absorbing at 630 nm.

Introduction

Radiotherapy treatment is a complex 3D process, which is the
principle treatment modality for most cancers [1]. The two main
types of radiation therapy are external beam and internal beam.
External beam radiation can be sorted into 2 main types of
ionizing radiation: photon (X-rays and gamma rays) and parti-
cle radiation (electron, protons, neutrons, and carbon ions) [1].
Internal radiation therapy can be delivered by either a solid
radioactive source (brachytherapy), or a liquid radiation source

placed near or inside the cancerous area.

In the last decade the sophistication and complexity of radia-
tion therapy treatment has increased dramatically. Advances
have been so swift that an imbalance has arisen with verifica-
tion technologies (dosimeters) with sufficient capability to

verify complex treatments and ensure accurate, safe implemen-

tation [2]. There have been reports of high failure rates for com-
plex radiation treatments [3,4]. These concerns and others have
led many to recognize an urgent need to strengthen the founda-
tions of quality assurance (QA) in radiation therapy [3,4]. One
of the most frequently used dosimetric tools is two-dimensional
radiochromic film where a color is formed upon reaction with
ionizing radiation [5].

A ferrous sulfate solution (Fricke solution) where ferrous (Fe2™)
ions are oxidized to ferric ions (Fe>") was the first chemical ap-
proach to quantifying ionizing radiation [6]. During irradiation
water is decomposed to reactive HO- and H- radicals which
further react with oxygen to produce the hydroperoxy radical
which oxidizes the ferrous ions (Scheme 1) [7,8]. The ferric ion

generates a blue color that is quantified spectrophotometrically.
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H-+ 0, — HOy

HO, + Fe?* — HO, +Fe®
HO,” +H* —— H,0;

HO- + Fe?* — HO™ +Fe’

H202 + F92+ —_— HO + Fe3+ + HO-

Scheme 1: lonizing radiation reactions in the Fricke dosimeter.

In order to stabilize the geometric dose information in the
Fricke solution aqueous based gel matrices containing the
chelator xylenol orange were reported [9-11] with the molecu-
lar structure shown in Figure 1. When analyzed spectrophoto-
metrically, a non-irradiated ferrous/agarose/xylenol orange
(FAX) gel shows visible-light absorption at 440 nm; after expo-
sure to ionizing radiation, there is an increase in absorption at
585 nm. Even though diffusion has been diminished it continues

to be an issue [12].

Figure 1: Structure of xylenol orange.

These diffusion limitations were overcome in a gel matrix by
the polymerization of acrylamide with N,N’-methylenebisacryl-
amide and various monomers to yield a cloud like precipitate in
the aqueous gel [13]. Due to the nature of their radical chem-
istry, polymer gel dosimeters have several limitations. They are
susceptible to atmospheric oxygen inhibiting the polymeriza-
tion processes. Irradiated dosimeters scatter light during optical
scanning. The solutions are toxic, require 24 hours to equili-
brate, and require a container to maintain the dosimeter shape
[13].

Interest in a 3D dosimeter made of a transparent plastic was
initially reported in 1961 [14]. The ideal dosimeter would be
firm in structure and tissue equivalent [14]. This review de-
scribes such a 3D dosimeter, which we have been studying
since 2004, composed primarily of the polymer polyurethane

containing a radiochromic leuco dye and a radical initiator [15].

Beilstein J. Org. Chem. 2017, 13, 1325-1331.
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Leuco dyes and radical initiators

Our initial studies focused on a broad class of compounds re-
ferred to as leuco dyes which switch between two chemical
forms of which one is colorless. The transformations are caused
by the in put of energy either from heat, light or change in pH
[16]. The leuco dyes by themselves are not oxidized at clinical
radiation doses. Consequently, radical initiators were necessary
to promote the transformation. A variety of leuco dyes and
radical initiators were screened for response to ionizing radia-
tion. Initially the most promising leuco dye was leucomalachite
green (LMG) which is a N,N-dimethyl-substituted triaryl-
methane (DTM) [17].

Triarylmethanes (TAMs) have wide ranging commercial, tech-
nological and medical applications [17]. In mechanistic chem-
istry, a triarylmethane demonstrated the first observable organic
radical species [18]. TAMs were first synthesized using the
Baeyer condensation in 1877 where one equivalent of aryl alde-
hyde is reacted with 2 equivalents of an electron-rich aromatic
compound such as N,N-dimethylaniline [19] (Scheme 2). This
reaction is usually carried out in the presence of various acids
[16,20-35]. Microwave radiation procedures have also been re-
ported [36,37].

N CHO

Scheme 2: Sulfuric acid/urea promoted synthesis of LMG.

/ l
_N l ] N—
LMG
1

We prepared several DTMs (Table 1) and measured their
respective sensitivities to radiation [38-40] and confirmed struc-
tures by 'H and '3C NMR [20-36]. Progress of the reaction to
form the DTMs was conveniently achieved by monitoring the
'H NMR spectra, in which the representative CHO proton
singlet of the starting aryl aldehyde (ca. 11 ppm) diminishes as
the characteristic singlet of the methine DTM product
(ca. 5.5 ppm) grows during the course of the reaction. The con-
formational structure of a DTM has been experimentally deter-
mined by computational modeling and vibrational spectra to be
twisted much like a three-bladed propeller [20]. We found that
numerous other aromatic aldehydes gave good results while
highly hindered aryl aldehydes, such as pentamethylbenzalde-
hyde, 2-fluorenecarboxaldehyde, 9-anthracenecarboxaldehyde,
and 1-pyrenecarboxaldehyde, yielded no detectable DTM prod-
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Table 1: Synthesized DTBs and their LMG (1) relative radiation dose sensitivity.

DTB Relative dose
sensitivity
/ |
_N l ] N—
100
1
/ |
_N l ! N—
450
O Br
2
/ |
_N l ! N—
340
! Cl
3
/ |
_N l ] N—
60
F

ucts. N,N,N-trialkyl-substituted triarylmethanes (e.g., leuco
crystal violet) were also synthesized using the above synthetic
procedures (e.g., 4-dimethylaminobenzaldehyde as starting aryl
aldehyde) but these were too easily oxidized during fabrication
of the dosimeters to be useful. Other N,N-dialkylaniline dervia-
tives, (diethyl, dipropyl and dibutyl) provided the correspond-
ing DTMs. However, only the N,N-diethyl derivatives proved to

be useful as leuco dyes in our dosimeters.

Radical initiators

In order for the dosimeter to be reactive to a clinical radiation
dose a radical initiator is required. The most effective class of
initiators are halocarbons while azo- and peroxide-based initia-
tors were unstable to the temperatures generated during the

manufacture of the dosimeters [17,41]. The dose sensitivity was

DTB Relative dose
sensitivity
/ |
_N l ] N—
400
5
/ |
_N l ] N—
| 200
6
/ |
_N ! ! N—
200
<98
7
/ |
_N ! ! N—
350

found to be consistent with the bond energy of the
carbon—halogen bond. The observed sensitivity was in the order
R3C—I > R3C-Br > R3C—Cl [42-44]. Due to the high electron
density of radical initiators containing iodine even at relatively
low concentrations (100 mM) result in dosimeters that are not
tissue equivalent [43-45].

Polyurethane

Acrylic, epoxy, polycarbonate, polyester, polystyrene,
polyurethane, polyvinyl chloride and silicone were the common
transparent plastics that were evaluated as potential 3D
dosimeter matrices [17]. Polyvinyl chlorides and silicones were
not further considered since their effective atomic number is not
tissue equivalent. Acrylates, polyesters, polystyrenes and poly-

carbonates were also eliminated due to the relatively high
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exotherms created (>100 °C) during polymerization which
prematurely oxidize the leuco dyes and rendered the dosimeter
product unusable due to high background color. Epoxy resins,
which use basic curatives, oxidize leuco dyes making them
inappropriate for use as dosimetric matrices. This left the
polyurethanes as the most viable option.

Transparent polyurethane starting materials are commercially
available in two parts where part A is typically a mixture of
dicyclohexylmethane-4,4'-diisocyanate (HMDI, Figure 2) and
it’s polyether prepolymer (CAS 531-70-03-9). While part B is a
polyether or polyester polyol mixture which is proprietary [46].
Other aliphatic diisocyanate also used are 1,6-hexamethylene
diisocyanate (HDI) and isophorone diisocyanate (IPDI) [47].
The polymerization reaction is exothermic and the rate of
curing is dependent on the temperature, concentration of reac-
tive groups, total volume of the reactants and type and concen-
tration of metal catalyst. A number of metals have been studied
in the polymer reaction but the most frequently used are
dibutyltin dilaurate and phenyl mercuric acetate [48,49].
Besides catalyzing the polyurethane reaction metals (such as Bi,
Sn, and Zn) at 1-3 mM have also have demonstrated an effect
on the dose sensitivity of the dosimeter [50].

= .
0o HMDI 0
o
e e~ Ns
N o
HDIH
_0
N/
N=-=0
IPDI

Figure 2: Aliphatic diisocyantes HMDI, HDI, IPDI.

The formulation procedure involves solubilizing the reactants,
introducing the resulting solution into a mold; then allowing the
polymer to cure at ambient temperature (>20 °C) in a pressure
tank (30-60 psi). Performance of the reaction under pressure
eliminates formation bubbles of carbon dioxide which is formed
as a byproduct of the reaction of adventitious moisture with the
diisocyanate. The degree of hardness of the dosimeter can be
contolled by the type of polyol and catalyst utilized. Hardness
ranging from rigid to tissue-like can be achieved [46]. The

urethane reaction also tolerates up to relatively high addition

Beilstein J. Org. Chem. 2017, 13, 1325-1331.

(50%) of various solvents such as butyl acetate and most phtha-
lates.

Dosimeter radiolysis

The initial radiolytic reaction is the dissociation of the radical
initiator and subsequent reaction with LMG to create a radical
which absorbs at ca 425 nm followed by the formation of the
malachite green cation absorbing at 630 nm [51,52] (Figure 3).

The density of the radical is primarily on the central carbon
with some charge distribution to the nitrogen substituents [51-
53]. Radical stability is largely due to steric protection [53] of
the central carbon which is consistent with what is observed for
the radiation dose sensitivities of the eight DTMs which varied
from 4.5 times greater than LMG for the most sterically
hindered bromide derivative 2 to the least for the ortho-fluoride
4 with 0.6 less dose sensitivity than LMG (Table 1). This is also
consistent for the ortho-methyl derivative 5 being more dose
sensitive than it’s para-methyl derivative 6. There are elec-
tronic contributions of the para-methyl 6 in stabilizing the
radical relative to 1 which has no para-substituent. For the
ortho- and para-methoxy derivatives, 7 and 8, respectively, the
interpretation of the steric and electronic contributions is not as
straight forward since 8 is more dose sensitive than 7 and
almost that of 5. The addition of polar aprotic solvents such as
DMSO also enhances the dose sensitivity [52].

The other important characteristic is the post-irradiation color
stability where in general those DTMs with the greatest steric
hindrance near the methine carbon provide the greatest color
stability. In contrast the para-substituent DTBs have demon-
strated the most facile color fading [39]. A combination of
singlet oxygen and light is thought to be the cause of bleaching
of DTBs [54] even though for these dosimeters the effect is

minimal [55].

Dosimeters

Due to the versatile nature of the dosimeter system described
above virtually any shaped dosimeter can be fabricated as illus-
trated below (Figure 4).

Optical computed tomography (OCT)
scanning

In order to create a 3D image of the irradiated dosimeter, it is
placed inside a tank of refractive index matching solvent and on
one side of the tank there is a collimated light source that shines
through the dosimeter, a stepper motor rotates the dosimeter
360 degrees as the C-mount camera /lens [56] captures images
at 1 degree increments (Figure 5). The 360 2D images are reas-
sembled to give a full 3D image of the color density within the
dosimeter [56].
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Figure 4: 3D dosimeters fabricated in our lab for a variety of radiation
therapies. Top left a head dosimeter (12 kg); on the right a breast
dosimeter with an inset for brachytherapy; bottom left an irradiated
hemisphere; bottom right a cylindrical brachytherapy dosimeter with
5 mm channel for insert the radiation seed.
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Overview

Due to the DTMs that differ in their physiochemical properties
and polyurethanes that are commercially available a wide array
of clinical related radiation treatment applications have been
demonstrated. These include internally delivered radiation in
which a cavity is created in the dosimeter for placement of
radioactive seeds, deformable dosimetry in which the elastic
properties of the dosimeter are manipulated to mimic those of
human tissue, and reusable dosimetry [39,43,44]. Clinical
research dosimeter adaptions have also made possible the study
of alternative treatment approaches such as the addition of
nanoparticles containing metals to the dosimeter to evaluate en-
hanced radiation effects [57] and utilizing mice in evaluating ra-
diation treatment plans [58].

Conclusion

Over the last twelve years there has been significant progress
made in developing chemical-based three-dimensional radia-
tion detection systems but as of this review these dosimeters are
primarily used in clinical research settings. This is partially due
to the lack of a viable commercially available OCT scanner and
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Figure 5: OCT scanner used in our lab to create 3D images.

availability of alternative semi-3D radiation measuring systems
that interpolate 3D radiation dose distributions based on a
sparse array of point detectors [59] which does not measure true
3D.
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This paper describes the controlled radical polymerization of an ionic-liquid monomer by RAFT polymerization. This allows the

control over the molecular weight of ionic liquid blocks in the range of 8000 and 22000 and of the block-copolymer synthesis. In

this work we focus on block copolymers with an anchor block. They can be used to control the formation of TiO, nanoparticles,

which are functionalized thereafter with a block of ionic-liquid polymer. Pyrolysis of these polymer functionalized inorganic nano-

particles leads to TiO, nanoparticles coated with a thin carbonaceous shell. Such materials may, e.g., be interesting as battery mate-

rials.

Introduction

Ionic liquids (ILs) are organic salts. Most of them have a
melting point below 100 °C [1,2]. These organic salts do not
have the same structure like inorganic salts. This is due to the
structure of the ion pairs. They are built of organic asymmetric
cations, like imidazolium, pyridinium or alkylammonium and
inorganic anions, such as halides, mineral acid anions, or poly-
atomic inorganic anions (PFs, BF4 ) [3]. Because of the steric
hindrance, they are not able to build a strong lattice like inor-

ganic salts. Therefore, not much energy is needed to overcome

the lattice energy and melt the salt. Ion liquids are also called
“green solvents”, because of their low vapor pressure, fire resis-
tance and thermal stability [4]. Beside this, they have a high
ionic conductivity, large heat capacity and good thermal and
chemical stability [S]. Properties, like solubility can be varied
easily by exchanging the anion. Ionic liquids are often used as
an electrolyte or organic solvent. Furthermore, they are also
used in catalysis or in organic synthesis. Due to their selective

solubility for ions [6-8], they can be used to predetermine the
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presence of ions on surfaces, a property which is very impor-
tant for electrochemical conversions or the uptake of ions into
the crystal lattice [9].

Polymeric ionic liquids (PILs) are made of ionic liquids with a
polymerizable group, like a vinyl or acrylate group. They build
a new class of macromolecules with unique properties. Alterna-
tively, it is possible to coordinate low molar mass ionic liquids
to polymers by complexation of their anions to cyclodextrin
side chains. This can have an influence on their lower critical
solution temperature (LCST) [10,11]. Beside their use as
organic solvent, they are applied as catalytic membranes, ther-
motropic liquid crystals [12], polymer electrolytes, ionic
conductive materials, CO, absorbing materials, microwave
absorbing materials and porous materials [4]. Most of these
polymers were synthesized by free radical polymerization.
There are just few reports about controlled/living radical poly-
merization, like nitroxide-mediated polymerization (NMP),
atom transfer radical polymerization (ATRP) and reversible ad-
dition—fragmentation chain transfer polymerization (RAFT) [2].
In general, by controlled radical polymerization techniques it is
possible to prepare polymers with narrow polydispersity, con-
trolled molecular weight and also well-defined block copoly-
mers. Such block copolymers with ionic liquid blocks might
enable to control the properties of PILs spatially. An interesting
aspect of this might be (i) a reduction of the dimension of the
ion conductivity in PIL block copolymers due to their demixed
morphology or (ii) the control of ion conduction near surfaces,
if PIL brushes are fixed to a surface [13]. This last example of a
spatially restricted access of ions to a surface can be very inter-
esting in combination with redox reactions [14,15], a case in
which the accessibility of special ions to the surface is crucial.
Another aspect where spatial control gets crucial is the locally
directed formation of thin carbonaceous shells. As demon-
strated by Yuan et al., PILs are suitable carbon precursors with
high carbon yields and good electric conductivity [16]. There
are many different morphologies of carbon achievable, like
hallow carbon spheres [17], nanotubes, membranes and fibers
[18]. Due to their charged nature the PILs show a low vapor
pressure and are non-volatile, leading to high carbon yields
[19]. Furthermore, PILs offer the possibility of selective doping
of the carbon by the choice of the counter ion. Heteroatoms like
nitrogen and phosphor can be incorporated into the carbona-
ceous shell to improve or enhance properties like catalytic and

electronic conductivity [18,20,21].

Independently from the work on polymeric ionic liquids, thin
shells of carbonaceous materials around inorganic nanoparti-
cles have been intensively investigated recently [22-25]. This
interest is related to the search for improved battery materials

for the reversible storage of electricity. To further improve

Beilstein J. Org. Chem. 2017, 13, 1693-1701.

batteries in terms of energy and power density, current research
activities are directed, for example, towards new electrode
active materials like TiO,, ZnO, Si or LiFePOy4 [26]. However,
both electronic and ionic conductivity of these materials are
typically rather low. To overcome this issue, the combination of
nanostructuring and the incorporation of conductive carbon was
shown to be a successful strategy [27]. While nanostructuring of
inorganic particles increases the electrode/electrolyte contact
area and allows an easier diffusion of the cations, the incorpora-
tion of electronic transport pathways allows an improved
charging of the nanoparticles [27]. In this context carbonaceous
secondary structures and coatings [27,28] can be applied to
increase electronic conductivity. In addition, the surface reactiv-
ity of the nanosized particles in contact with the electrolyte is
reduced. Recently, it could be shown that block copolymers
with an anchor group could bind to inorganic nanoparticle sur-
faces, where a second polymer block could be converted into a
conductive carbon shell, improving the properties of nanoparti-
cles like TiO, or ZnO with respect to the reversible storage of
lithium or sodium ions [22-25]. Using a block copolymer with
an anchor group to bind on the nanoparticle surface allows the
formation of a homogenous and thin coating. So far, polyacry-
lonitrile has been used as a carbonizable block, but polymeric
ionic liquids are attractive as well.

An approach to coat nanoparticles with either (i) a thin film of
PILs or (ii) a homogeneous carbonaceous layer derived from
ionic liquids requires — at first — a synthetic route to block
copolymers, which possess besides an anchor block [29], a
block of polymerized ionic liquid monomers. Such a route will
be presented here.

Results and Discussion

The schematic synthesis route to carbon-coated TiO, nanoparti-
cles using block copolymers is displayed in Figure la. The
block copolymers containing an anchoring block and a
carbonizable block should function — at first — as a ligand for
the nanoparticle synthesis to produce polymer functionalized
nanoparticles. The heat treatment at 650 °C of the hybrid mate-
rial enables the conversion of the polymer shell into a carbon
shell. The required block copolymers containing the carboniz-
able block and the anchoring block, which can bind onto the
nanoparticle surface, was synthesized by RAFT polymerization

as described in Figure 1b.

In a first step the PIL block is synthesized using 1-vinyl-3-
cyanomethylimidazolium bromide (1) as an IL monomer, which
was prepared following a literature procedure [16]. During this
process the nitrogen atom in the imidazole ring in position 3 is
quaternized. Monomer 1 was polymerized with 2-dodecylsul-

fanylthiocarbonylsulfanyl-2-methylpropionic acid (DMP, 2)
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Figure 1: (a) Schematic illustration of the synthesis route of carbon coated TiO, nanoparticles. (Left) in situ synthesis of the TiO, nanoparticles with
the block copolymer as a ligand on the surface followed by the pyrolysis of the particles resulting in homogenously coated nanoparticles.
(b) Synthesis route for the preparation of the block copolymer, beginning from the monomer synthesis to the block copolymer and finally

the post-polymerization modification step.

[30] as a chain transfer agent (CTA) and o,a’-azoisobutyroni-
trile (AIBN) as the initiator in the RAFT polymerization. Even
though the synthesis of PILs by applying a controlled process
has been reported to be difficult [1], we could obtain PILs in a
controlled way by using a high ratio of initiator to CTA (1:2).
Following this procedure we could vary the molecular weight of
the PIL by variation of the CTA:monomer ratio and synthesize
different block copolymers (see Table 1). The obtained poly-
mers were characterized by size-exclusion chromatography
(SEC), the elugrams are shown in Figure 2 and Figure S4 (Sup-
porting Information File 1). The polymers described in our
work have a narrow polydispersity index (PDI) varying from
1.11 (for the PIL block) up to 1.23 for the block copolymer. In

order to show how controllable the polymerization of IL by
RAFT polymerization is, we synthesized three block copoly-
mers with different chain lengths for both the PIL block and the
anchor block. For the PIL block we could synthesize short
blocks, containing only 22 repeating units, as well as longer
chain lengths consisting of 38 or 72 monomer units (as esti-
mated by 'H NMR). The corresponding SEC elugrams
(Figure 2 and Figure S4, Supporting Information File 1) reveal
that the dispersity of the first block is quite narrow in all cases
(PDI < 1.20). All the data regarding molecular weight and poly-
dispersity are listed in Table 1. The average block length of the
anchor group was kept constant with 20 repeating units (esti-

mated by 'H NMR spectroscopy).

1695



Beilstein J. Org. Chem. 2017, 13, 1693-1701.

Table 1: Molecular weight and polydispersity of all synthesized polymers. P1A-C represents the PIL block. P2A-C represent the block copolymer

and P3A-C the polymer after post-polymerization.

P1 M, (g mol™") PDI P2 M, (g mol™") PDI P3 M, (g mol™") PDI
P1A 8400 1.12 P2A 12 501 1.25 P3A 13 660 1.31
P1B 15930 1.11 P2B 22718 1.17 P3B 23922 1.23
P1C 21926 1.20 P2C 27 205 1.26 P3C 29 459 1.54

a 10 P1A b 104 PicC
5 s
& 0.8 — P2A L 0.8 P2C
K P3A = P3C
(= [
2 0.6 — 2 0.6
@ 4
[ ©
- 04 — < 0.4
N 3
w 0.2 — = _
E g 0.2
2 00 — 2 0.0 -

I | | | I |
15 16 17 18 19 20
Elution Volume (mL)

[ I I I I I
14 15 16 17 18 19

Elution Volume (mL)

Figure 2: a) Size-exclusion chromatography of P1A (blue), P2A (black) and P3A (red) and b) size-exclusion chromatography of P1C (blue), P2C
(black) and P3C (red) in hexafluoroisopropanol (HFIP). As expected, P2 shows a shift towards higher molecular weight, which confirms the success-
ful synthesis of the block copolymer. P3 shows no further shift but a broader distribution, due to the dopamine group which interacts with the column

material.

All synthesized polymers were characterized by 'H NMR spec-
troscopy, which is shown in Figure 3. For the PIL block the
spectrum is shown in blue. The resonance signals which occur
at higher chemical shifts (7.8-9.8 ppm) belong to the protons in
the imidazolium ring. The chemical shifts at 0.8 ppm and
1.2 ppm belong to the alkyl chain of the CTA, while the
remaining signals are attributed to the polymer. The DOSY
NMR spectrum (Figure S3 in Supporting Information File 1)
proves that there is only one polymeric species. This excludes a
mixture of homopolymers and demonstrates that block copoly-
mers are obtained. The anchor block was thereby introduced in
two synthetic steps. First, a block copolymerization using a
reactive ester monomer was performed. Subsequently, the reac-
tive ester block was aminolyzed to introduce dopamine (4) as
the anchoring unit. Dopamine has been proven to coordinate
well on transition metal oxide surfaces [29,31,32]. This route
was chosen because dopamine cannot be polymerized in a
radical process due to its phenolic structure that would act as an
inhibitor. Hence we use the reactive ester chemistry by first
introducing an active ester block, which can be easily substi-
tuted afterwards in a post-polymerization modification process.
N-Acryloxysuccinimide (NAS, 3) was chosen as a reactive ester
because of its tolerance towards trace amounts of water present
in DMSO, which is required for the block copolymerization as a
polar solvent to solubilize the PIL macro-CTA. Optimized reac-

tion conditions using 2,2-azobis(4-methoxy-2,4-dimethyl-
valeronitrile) (AMDVN) as an initiator, resulted in the success-
ful block copolymerization. This was confirmed by '"H NMR
spectroscopy after stirring for 20 hours at 45 °C. The broad
signal which is typical for the NAS block can be observed at
2.8 ppm as shown in Figure 3. Another proof for the formation
of a reactive ester block was given by IR spectroscopy. A new
band can be observed at 1732 cm™! and is assigned to the car-
bonyl group of the reactive ester (see Figure S5, Supporting
Information File 1). In the last step the aminolysis of the reac-
tive ester block with dopamine was performed, which leads also
to a partial removal of the thioester end group. For this purpose
a large excess of dopamine was applied. The 'H NMR spec-
trum in Figure 3 proves the successful conversion of the reac-
tive ester to the corresponding amide. The NAS shift at 2.8 ppm
vanished, while new shifts appeared at 6.5 ppm and in the range
of 8.5-8.8 ppm corresponding to the aromatic ring of dopamine.
This can be further confirmed by IR spectroscopy (Figure S6,
Supporting Information File 1), where the NAS band disap-
peared, whereas a new band at 1647 cm™! appears, which is
assigned to the newly formed amide bond.

The block copolymers P1C-P3C were used for the in situ syn-

thesis of TiO, particles [33,34]. Here, the block copolymer has
several functions. It acts as a ligand during the nanoparticle syn-
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12 11 10

6

3 (ppm)

Figure 3: "H NMR spectrum of P1, P2 and P3, all measured in DMSO-dg. In blue the spectrum of the PIL block is shown. The black spectrum
belongs to the block copolymer with the reactive ester block. At 2.8 ppm a new shift can be seen, which is dedicated to the succinimide group in the
reactive ester. The spectrum in red shows the polymer after the post-polymerization step. The shift at 2.8 ppm from the reactive ester disappeared.
At 6.5 ppm and 8.8 ppm the chemical shifts from the dopamine group are shown.

thesis avoiding the aggregation of nanoparticles, which would
lower the surface area and increases the diffusion distances in
the final particles for Na or Li ions. For the in situ nanoparticle
synthesis TiCly was dissolved in benzyl alcohol and the block
copolymer was added and stirred at 80 °C for 72 hours. The re-
sulting brown suspension was precipitated using chloroform
and hexane (1:3) and the precipitated product was centrifuged.
The process was repeated three times to remove solvent and
unbound ligand. The product was dried under vacuum at room
temperature. To examine the content of ligands on the surface,
thermogravimetric analysis was performed (TGA) after several
centrifugation steps, as shown in Figure 4a. A total weight loss
of 20% was determined. Although the particles were dried
proper in high vacuum a shoulder around 200 °C shows up.
This shoulder belongs to benzyl alcohol, which was used as a
solvent for the synthesis. As a rough estimate for the weight
loss of the coordinated polymer only the weight loss above
240 °C is considered to 20%. For the carbonization process the
hybrid material was pyrolyzed in argon atmosphere and heated
up to 650 °C. The application of higher temperatures (above
700 °C) is not advisable. Due to the use of TiO, phase transi-

tions of the anatase TiO, might occur, which leads to a mixture
of anatase and rutile TiO,. XRD measurements (Figure 5) show
that under the applied conditions, the pyrolyzed nanoparticles
still contain TiO,.

In addition, a macroscopic color change of the hybrid material
can be observed. As-synthesized TiO, nanoparticles coated with
the block copolymer looks brown due to the bound catechol.
However, the color turns black after the pyrolysis (Figure 4d)
indicating the presence of carbon material. This was proven by
Raman spectroscopy revealing typical carbonaceous bands,
such as the G-band at 1584 cm™! and the D-band at 1355 cm™!,
which is shown in Figure 4c. Furthermore, the residual carbona-
ceous content was determined by TGA, where the weight loss
decreases from 20% (for the block copolymer coated particles)
to 10% for the carbon coated particles (Figure 4a).

The resulting particles were also characterized by transmission
electron microscopy (TEM), and corresponding images are
shown in Figure 6a and 6b. The average particle diameter

is =8 nm. Figure 6b shows nanoparticles sheathed and

1697



100 —

90 —

80 —

70 —

Normalized Weight ( %)

60 —

I I I I T I I 1
100 200 300 400 500 600 700 800

Temperature (°C)

1.0 -

0.8

0.6

0.4 -

Normalized Intensity (a.u.)

0.2

I I I I I
1000 1200 1400 1600 1800

Raman Shift (cm™)

Beilstein J. Org. Chem. 2017, 13, 1693-1701.

b
1.0 -
_ 0.9 i; ::b
3
< 0.8
c
2
g 0.7 -
£
2 06|
o
[
0.5 -
0.4 -
| [ [ [ [ 1
2400 2100 1800 1500 1200 900
Wavenumber (cm™)
d
M
: 650 °C, Ar i Wi
& , -".;“ .,
&, I

Figure 4: a) TGA measurement of the particles coated with block copolymer and particles coated with carbon, measured under oxygen atmosphere
with a heating rate of 5 °C/min. In red the functionalized particles before pyrolysis. The weight loss up to 200 °C indicates the presence of the solvent
(benzyl alcohol) which was used for the preparation of the particles. A mass loss of 20% can be observed. The black curve shows the functionalized
particles after pyrolysis. b) IR spectrum of pure TiO, particles (black) and the functionalized particles with the block copolymer on the surface (red).
New bands are visible from 1685 cm™" to 1166 cm™! attributed to the block copolymer, showing their presence on the surface. ¢) Raman spectrum of
pyrolyzed particles, showing the D-Band (1355 cm™') and G-band (1584 cm~"), which proves the carbonaceous structure. d) Picture of the functionali-

zed particles before (brown) and after pyrolysis (black).

connected through lattices which might also help to provide
longer paths for electrons to travel within the electrode.
Summarizing, the Raman spectrum, the TGA measurements
and the TEM images proves the success of the formation
of a thin coating around the TiO, particles. Currently, we
are investigating the application of the hybrid material in
batteries.

Conclusion

In conclusion, we were able to synthesize well-defined block
copolymers containing a PIL block and a reactive ester block.
Besides, we showed the post-polymerization modification of
these polymers, while remaining the block copolymer structure

and simultaneously introducing an anchor group. Afterwards,

we showed the successful in situ synthesis of TiO, particles
with the block copolymer as a ligand on the surface. Raman
spectroscopy and TEM images show that PILs are suitable car-
bon precursors and the herein introduced materials can be
further applied as anode material in lithium or sodium ion
batteries.

Experimental

All chemicals were acquired from commercial sources (Acros
or Sigma-Aldrich) and used without further purification. Syn-
thesis and structural characterization: NMR spectroscopy was
applied with a Bruker ARX 400 spectrometer. Fourier-trans-
form infrared (FTIR) spectroscopy was conducted on a Jasco
FT/IR 4100 spectrometer with an attenuated total reflectance
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Figure 5: PXRD pattern of carbon-coated TiO5 particles.

(ATR) unit. The SEC measurements were carried out at 40 °C
with a solution of HFIP with 3 g L™! K'TFA™ as eluent. Modi-
fied silica was used as stationary phase and a refractive index
detector, JASCO G1362A RID, was used. Poly(methyl meth-
acrylate) (PMMA) was used as calibration standard. TGA was
performed with a Perkin Elmer Pyris 6 instrument with an
oxygen flow. Raman spectroscopy was conducted with Horiba
Jobin Y LabRAM HR spectrometer with a frequency doubled
neodymium-doped yttrium aluminum garnet (Nd:YAGQG) laser.
X-ray diffraction was performed on a Siemens D 5000 diffrac-
tometer equipped with Cu Ka radiation source (wavelength of
1.54056 A) for both as synthesized as well as carbon coated
TiO; nanoparticles. TEM samples were prepared by dispersing

Figure 6: TEM images of the carbon coated TiO, nanoparticles.
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the sample in ethanol and drop casting on 300 mesh carbon
coated copper grids. The images were captured with a transmis-
sion electron microscope, a Tecnai G2 Spirit with an accelera-
tion voltage of 120 kV.

Synthesis of PIL: The IL and also DMP which was used as
chain transfer agent, were synthesized as already described in
the literature [16,30]. For the RAFT polymerization the
IL monomer (1 equiv), DMP (0.05 equiv for P1A, 0.02 equiv
for P1B, 0.013 equiv for P1C) and the initiator AIBN
(0.025 equiv for P1A, 0.01 equiv for P1B, 6.5-1073 equiv for
P1C) were mixed together and dissolved in DMSO, followed
by three freeze-pump-thaw cycles. The reaction mixture was
stirred for 20 h at 70 °C. Afterwards the mixture was purified
by precipitation in acetone. 'H NMR (400 MHz, DMSO-dg)
S (ppm) 9.85 (m, C-2 of imidazolium ring), 8.01 (m, C-4 and
C-5 of imidazolium ring), 5.63 (s, CH,CN), 4.62 (br, polymer
backbone), 2.91 (m, polymer backbone), 1.23 (m, CTA dodecyl
chain), 0.85 (t, dodecyl-CH3 of CTA); FTIR v: 2973 (w),
2255 (w), 1626 (m), 1553 (s), 1425 (m), 1159 (s), 1019 (m),
748 cm™! (w).

Synthesis of P (IL-b-NAS): PIL was used as macro-CTA.
Together with NAS (20 equiv) and 2,2-azobis(4-methoxy-2,4-
dimethylvaleronitrile) (0.2 equiv) PIL was dissolved in DMSO.
After three freeze-pump-thaw cycles the mixture was stirred at
40 °C for 20 h. Afterwards the polymer was worked up by
precipitation in acetone. 'H NMR (400 MHz, DMSO-d)
S (ppm) 9.85 (m, C-2 of imidazolium ring), 7.85 (m, C-4 and
C-5 of imidazolium ring), 5.64 (s, CH,CN), 4.51 (br, polymer
backbone), 2.91 (m, polymer backbone), 2.80 (s, CH,-CH; of
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NAS), 1.23 (m, CTA dodecyl chain), 0.85 (t, dodecyl-CH3 of
CTA); FTIR v: 2969 (w), 2255 (w), 1808 (m), 1732 (s, C=0,
reactive ester), 1553 (s), 1204 (m), 1161 cm™! (m); SEC
(eluent: HFIP): 23 098 g mol™!, PDI = 1.17.

Synthesis of P (IL-b-DAAM): P (IL-b-NAS) (1 equiv) and
lithium bromide (50 equiv) were dissolved in DMSO in a
Schlenk flask. Dopamine hydrochloride (50 equiv) and triethyl-
amine (50 equiv) were also dissolved in DMSO. The two solu-
tions were combined and stirred overnight at 50 °C. For work-
up, the polymer was precipitated in acetone. 'H NMR
(400 MHz, DMSO-dg) 6 (ppm) 9.97 (m, C-2 of imidazolium
ring), 8.85 (br, OH of dopamine), 7.94 (m, C-4 and C-5 of
imidazolium ring), 6.58—6.36 (br, ArH of dopamine), 5.66 (s,
CH,CN), 4.58 (br, polymer backbone), 3.15 (br, polymer back-
bone), 2.91 (m, polymer backbone), 1.23 (m, CTA dodecyl
chain), 0.85 (t, dodecyl-CH3 of CTA); FTIR v: 2969 (w),
2255 (w), 1691 (m), 1645 (m, C=0, amide of dopamine), 1553
(s), 1434 (m), 1160 (m), 1020 cm™! (m); SEC (eluent: HFIP):
23 180 g mol™!, PDI = 1.22.

Synthesis of in situ functionalized TiO; nanoparticles:
400 mg of catechol containing polymeric ligand was dissolved
in 10 mL of DMSO (Sigma-Aldrich) and added to 70 mL of
benzyl alcohol (Acros). The content of the flask was heated to
80 °C. The solution was degassed and filled with argon using a
Schlenk line. The process was repeated three times. To this
argon filled solution 3.2 mL of TiCl4 was slowly injected under
vigorous stirring. The dark red solution was kept at 80 °C for
72 hours while constantly stirring at 750 rpm. The resulting
brown suspension was precipitated using CHCl3 and hexane
(1:3) and the precipitated product was centrifuged. The process
was repeated three times to remove the solvent and unbound
ligand. The product was dried under vacuum at room tempera-
ture.

Pyrolization of as-functionalized TiO; nanoparticles: All
samples were pyrolyzed using the same conditions. 40 mg of
the as-functionalized TiO, nanoparticles were filled in a
corundum boat, which was placed in a tube furnace. The
heating rate was 5 °C/min up to a temperature of 650 °C, which
was held for 1 h under a constant flow of argon. After that, the
samples were cooled down naturally.

Supporting Information

Supporting Information File 1

Additional spectra.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-13-163-S1.pdf]
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