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ABSTRACT: Herein a further step towards self-assembly of poly-
mers exhibiting a lower critical solution temperature (LCST)
effect is presented. Ring opening metathesis polymerization
has been chosen as polymerization method because of its high
functional group tolerance, the reliability and the capability to
synthesize different polymer architectures such as self-assem-
bling block copolymers, which currently gain much attention in
nanotechnology, electronics, and biomedical applications. In a
first step, the polymerization behavior of oligo(ethylene glycol)
monoalkyl ether [HO—(CH,CH,—0),,—R, n = 2, 3 and 5-9, R =
Et or Me] substituted norbornene derivatives with [(H,IMes)
(py)CI,Ru(3-phenyl-indenylid-1-ene)] (H,IMes = N,N-bis(mesi-
tyl) 4,5-dihydroimidazol-2-yl, py = pyridine) was assessed.
While monomers bearing short oligo(ethylene glycol)mono-
alkyl ether groups (n = 2 or 3) allowed for controlled polymer-
ization, the monomers featuring long oligo(ethylene glycol)
monoalkyl ether groups could not be polymerized in a con-

trolled manner. Only polymers prepared from endo,exo-bicyclo
[2.2.1]hept-5-ene-2,3-dicarboxylic acid, bis[2-[2-(2-ethoxyeth-
oxy)ethoxylethyl] ester (2) showed satisfactory water solubility
and a LCST of about 25 °C. This temperature is largely inde-
pendent from the molecular weight and the macromolecular
architecture of the polymers as it was revealed from determi-
nation of the LCST of a series of statistic and block copolymers
incorporating less-polar comonomers. The molecular weight
affects the complete transition value (AT), which is rising
with increasing degree of polymerization. AT values smaller
than 1 °C can be obtained with statistic copolymers of 2 with
less polar monomers like endo,exo-bicyclo[2.2.1]hept-5-ene-
2,3-dicarboxylic acid dimethyl ester. © 2010 Wiley Periodicals,
Inc. J Polym Sci Part A: Polym Chem 48: 2098-2108, 2010
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INTRODUCTION In the last several years, the demand for
new and well defined water soluble polymers has gained
more and more interests because of their broad variety of
applications in fields like bioseparation, gene- or protein-
therapy, diagnostics, implants, sensor applications, or con-
trolled release of bioactive agents.!™ Drug release can be
achieved by diffusion of simple micelles,* by using pH-sensi-
tive micelles,”® or by breaking disulfide cross-links.”®
Another promising approach is to make use of phase separa-
tion driven by increasing temperature,”’ ' which is a feature
of, among other polymers, poly(ethylene oxide) (PE0)** and
polymers bearing oligo(ethylene oxide) groups in the side
chain.’® The temperature dependent phase separation, which
is characterized by the lower critical solution temperature
(LCST), is enthalpy-driven. Below the LCST ether-water
hydrogen bonds are formed because of the very favorable
AGE* (AGE* = G(solution) — [G(solvent) + G(ideal gas sol-
ute)], consistent with the solubility of PEO in water. By
increasing the temperature above the LCST the ether-water
interactions become unfavorable compared with water-water
hydrogen bonding. The entropy augments by the break-up of
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ether-water hydrogen bonds is more efficient then the
enthalpic effects going along with the break-up of the afore-
mentioned bonding.'**®

To encapsulate a desired drug in an amphiphilic polymer
and to obtain a new and well defined polymers, living poly-
merization’® such as atom transfer radical polymerization
(ATRP),'”'8 reversible addition fragmentation transfer'®?°
anionic polymerization,21 cationic polymerization,zz’23 and
ring opening metathesis polymerization (ROMP),>*~%° are the
methods of choice. Narrow molecular weight distributions
and the possibility to make block copolymers®” paved
the way for applications in nanomedicine?®?° and also in
optoelectronic applications and catalysis.>°

Herein the synthesis and characterization of a series of poly-
norbornenes bearing different oligoglycol side chains is
described with the aim to describe their ability to show a
LCST in water. ROMP was chosen as polymerization method.
ROMP became a very versatile and powerful tool in the last
decade because of its living nature, high functional group tol-
erance, and narrow distribution of polymer weights.!
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SCHEME 1 Investigated monomers and the used initiator.

Furthermore, it is already very well studied for obtaining
complex polymer structures.?*~3’

RESULTS AND DISCUSSION

Monomer Synthesis

To investigate ROM polymers on their LCST behavior, prereg-
uisites on the one hand in terms of sufficient solubility of
the polymers in water and on the other hand in organic sol-
vent, for example, dichloromethane, which is indispensable
for the polymerization process, with standard initiators must
be fulfilled.*®*° Oligo(ethylene glycol) esters of norbornenes
were anticipated to execute both requirements based on lit-
erature reports on ATRP of corresponding acrylate deriva-
tives.*™** However, research on ROMP as the polymerization
method and using properly functionalized norbornenes is
still in its infancy.*>*’

Disubstituted norbornene derivatives (cf. Scheme 1) were
synthesized via esterification of commercially available
endo,exo-5-norbornene-2,3-dicarbonyl chloride (1 eq) with
different types of ethylene glycol monoethyl ethers [tri(ethy-
lene glycol)monoethyl ether, di(ethylene glycol)monoethyl
ether, and an oligo(ethylene glycol)monomethyl ether with
an average molecular weight of 350 g mol™", purchased
from Sigma Aldrich, CAS Nr. 9004-74-4] (2.2 eq) by nucleo-
philic catalysis with 4-dimethylaminopyridine and pyridine
as the base was prepared according to literature.*®*° Purifi-
cation was done by column chromatography, using silica gel
as stationary phase. A mixture of cyclohexane and ethyl ace-
tate was used for 2 (ratio = 1:5, Ry = 0.6) and 3 (ratio =
1:2, Ry = 0.5), whereas a dichloromethane/methanol mixture
of 30:1 was used for 4 (R = 0.2-0.7). The solvent was
removed under reduced pressure and the oily product was
dried under vacuum. Characterization was done by 'H- and
B3C{*H}-NMR spectroscopy as well as IR-spectroscopy and
matrix assisted laser desorption ionisation time of flight
mass spectroscopy (MALDI TOF MS) (cf. experimental part).
MALDI data for 4 show a mass distribution from 650 to
1000 m/z with a maximum at 849.4460. This is in accord-
ance with the calculated product of 14 glycol groups
[C33H7,01g-Na]. Furthermore also the norbornene derivatives
with 10 (673 m/z), 11 (717 m/z), 12 (761 m/z), 13 (805
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m/z), 15 (893 m/z), 16 (938 m/z) and 17 (982 m/z) ethyl-
ene glycol units are found.

Different kinds of monosubstituted norbornene derivatives
(cf. Scheme 1) were synthesized in a two step reaction.*
First, norbornene acyl chloride was prepared via [4 + 2]
cycloaddition.®® Freshly distilled cyclopentadiene (2 eq) was
dissolved in dry CH,Cl,. Then acryloyl chloride (1 eq) was
added drop wise. After three hours, the desired monomers
were synthesized via esterification of the not isolated inter-
mediate with the corresponding ethylene glycol monoether
derivatives (1.5 eq). In these cases, triethylamine (2.5 eq)
was used as the base. Characterization of the obtained prod-
ucts were again done by 'H- and **C{*H}- NMR spectroscopy
and IR-spectroscopy (cf. experimental part). In case of 7,
MALDI TOF MS revealed a mass distribution from 439 to
703 m/z with a maximum at 571 m/z, representing the cor-
responding monomer with 9 ethylene glycol units.

Polymer Synthesis

Homopolymers

All synthesized glycol functionalized norbornene derivatives
(2-7) were polymerized via ROMP, using [(H,IMes)
(py)Cl;Ru(3-phenylindenylid-1-ene)] (HzIMes = N,N-bis(me-
sityl) 4,5-dihydroimidazol-2-yl, py = pyridine) (M31) (cf.
Scheme 2) as the initiator.>* To achieve well-defined poly-
mers with a narrow molecular weight distribution, reaction
conditions and monitoring were done according to litera-
ture.3® Polymerizations of 2-7 using a monomer to initiator
ratio of 100:1, 200:1, and 300:1 were performed (Scheme 2).
The polymerization time necessary for complete conversion,
checked by TLC, varied from 2 to 4 h depending on the
desired polymer length. The series of poly4 and poly7
behaved differently and are discussed below. In some cases,
poor or moderate yield were obtained, which is because of
product loss during diligent purification of the polymers by
repeated precipitation (cf. experimental part).

Characterization of the obtained polymers was done by 'H-
NMR spectroscopy. Exemplarily, the 'H-NMR spectrum for
poly2-100 is discussed. The broad signal from 5.59 to 5.10
ppm represents the double bond situated in the backbone of
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the polymer. Distinctive cyclopentane signals are located
from 3.37 to 2.61 (cp***) and from 1.82 to 1.35 (cp*) ppm.
The typical signals of the oligoglycol moiety are located from
4.36 to 4.01 (COOCH,), from 3.86 to 3.41 ppm (OCH;) and
between 1.25 and 1.15 (OCH,CH3) ppm.

Number molecular weight (M,,) and polydispersity index (PDI)
were determined relative to poly(styrene) standards by gel
permeation chromatography (GPC) in Tetrahydrofuran (THF).
Results are presented in Table 1 and Figure 1. In case of the
series of poly2, poly3, poly5, and poly6 a linear increase of
the number molecular weights with decreasing initiator
amount was observed. The solid lines in Figure 1 represent
the linear fit of the relation of the number average molecular
weight and the monomer feed. The nice fit is a strong evi-
dence for controlled living polymerization of these monomers
under the employed reaction conditions. It is important to
note that PDIs of these polymers are higher than expected for
endo-exo disubstituted norbornene derivatives.>3%>?

The difunctionalized norbornene derivative 4 gave polymers
with a number average molecular weight of about 40 kg
mol ! independent from the used monomer to initiator ratio.
Comparing this value with published results on oligo-ethyl-
ene glycol functionalized polymers, with more than 3 repeat-
ing units, it became clear, that this is the highest molecular
weight ever reported for such polymers.*” Presumably, poly-
merization is hampered at a certain degree by the steric con-
ditions imposed by the polymer chain attached to the initia-
tor. This is corroborated by the fact that polymerizations of
4 and 7 did not reach completion, even after prolonged reac-

2100

,p =3, R=Et

,p =3, R=Et

,p=3,R=Et

,p=2,R=Et

,p=2,R=FEt

,p=2,R=Et

,p=7av,R=Me

,p=7av,R=Me

,p=7av,R=Me

,p=3,R=Et

,p=3,R=Et

,p=3,R=Et

,p=2, R=Et

,p=2 R=Et

,p=2,R=Et

,p=7av,R=Me

’ p = 7av, R = Me nthesize omopoly-
’ p = 7aV, R =Me iZTSEIZInEd tzhtfi»rllztrk])eling(.j " Py

tion times of 24 h. In case of the series poly7, a broadening
of the molecular weight distribution was noted. Presumably,
back-biting occurred.

Finally, the water solubility of the polymers was investigated.
Only poly2, poly4, and poly7 exhibited water solubility of
about 5-15 g/L. The solubility decreases with increasing
polymer length. Poly2-100 was already dissolved at 20 °C
after 30 min, whereas poly2-300 had to be stirred for 24 h
at 20 °C. The other polymers were not water soluble, that is,
solubility was less than 0.1 g/L.

As conclusion from the results presented above, 2 is the best
suited monomer within the investigated monomers. Poly-
mers prepared from 2 are water soluble and 2 allows the
preparation of block copolymers, which is not in the case for
monomers 4 and 7. Consequently, some copolymers, namely
statistic and block copolymers of 2 with nonwater soluble
monomers, were prepared and results are reported in the
forthcoming section.

Copolymers

Two types of statistic polymers were synthesized using two
different nonpolar monomers, namely 1 and 8 (Scheme 1). A
solution of the initiator (M31) was added to a mixture
of monomer 2 as the polar part and either 1 or 8 as the
nonpolar part. The polymerization was finished typically
after 3 h.

Characterization was done by 'H-NMR spectroscopy and GPC
measurement. Exemplarily, the *H-NMR spectrum of poly8-
2stat is discussed. The broad signal from 5.61 to 5.08 ppm
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TABLE 1 GPC Characterization of the Synthesized Homopolymers

ARTICLE

Sample [MI:[1] Yield [%]
poly2-100 100:1 34
poly2-200 200:1 61
poly2-300 300:1 50
poly3-100 100:1 86
poly3-200 200:1 81
poly3-300 300:1 58
poly4-100 100:1 70
poly4-200 200:1 53
poly4-300 300:1 51
poly5-100 100:1 83
poly5-200 200:1 78
poly5-300 300:1 84
poly6-100 100:1 75
poly6-200 200:1 81
poly6-300 300:1 73
poly7-100 100:1 59
poly7-200 200:1 65
poly7-300 300:1 60

represents the double bond of the backbone. Distinctive gly-
col signals are located between 4.35 and 4.00 (COOCH,),
3.41 and 2.82 (CH;CH3) and a triplet from 1.26 to 1.13
(OCH,CH3) ppm, whereas the typical ether peaks are from
3.41 to 2.82 (CH,0CH3) and between 2.81 and 2.46 (OCH;)
ppm. All integrals are in good agreement with the applied
monomer ratios. The characteristic cyclopentane peaks are
located from 3.41 to 2.82 (cp™**°) and from 2.44 to 1.55
(cp*) ppm. The ratio of polar to nonpolar repeating units
was determined by integration of appropriate signals in the
'H-NMR spectra. In Table 2, the GPC data for polyl-2stat
and poly8-2stat are compiled. In both cases statistical
copolymers with narrow molecular weight distributions and
similar hydrodynamic volumes were obtained.

Finally, a series of block copolymers were synthesized using
monomers 2 (polar), 1 and 8 (nonpolar), and varying the
block lengths (Scheme 3). The glycol functionalized nor-
bornene derivative 2 was dissolved in dry CH,Cl, and then
the initiator (M31) was added. After consumption of the
monomer, the nonpolar monomer (either 1 or 8) was added.
After complete polymerization, the reaction was stopped
with an excess of ethyl vinyl ether, and the product was puri-
fied by precipitation in cold n-pentane. Block copolymers
were characterized by 'H-NMR spectroscopy, GPC measure-
ments, and dynamic light scattering (DLS). NMR spectra are
given in the experimental part. The ratio of polar to non-
polar repeating units in the corresponding polymer segment
was determined by integration of appropriate signals in the
"H-NMR spectra. The results are listed in Table 2. GPC data
revealed narrow molecular weight distributions, similar to
the statistic polymer samples. All block copolymers form
aggregates in water as determined by DLS measurements.

GLYCOL FUNCTIONALIZED ROM POLYMERS, BAUER AND SLUGOVC

M, [g mol™"] M, caic. [g mol™"] PDI
36,100 50,300 1.2
73,200 106,000 1.3

107,000 159,000 1.4
37,000 41,400 1.1
65,500 82,800 1.2

104,000 124,200 1.3
47,200 85,000 1.3
45,400 170,000 1.3
36,000 255,000 1.3
35,400 29,700 1.1
67,400 59,400 1.2

102,000 89,100 1.3
30,200 25,400 1.2
60,100 50,800 1.2
92,200 76,200 1.3
21,500 47,000 1.3
25,400 94,000 1.6
40,900 141,000 15

Aggregate sizes are in the range of 9 to 78 nm and vary
with polymer and/or segment length and with the nature of
the monomer.

LCST Effect

To characterize the LCST effect, a differential turbidity mea-
surement cell (DTM) (cf. experimental part) was used and the
polymers were measured in aqueous solution with a concen-
tration of 5 mg mL™% Only the polymers derived from 2
exhibited a LCST effect. Poly4 and poly7 did not show a LCST
effect up to 95 °C. This might be best explained by increased
water solubility of those two polymers bearing the longer oli-
goglycol side-chains attached to the polymer backbone.

1004 = poly2
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4 poly4
80 - o polys
v poly6
il o poly7
[¢)
£ 60 -
[
X,
c Y S
ST e .
= 40
o
20 4 &
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Monomer : Initiator

FIGURE 1 M, and PDI versus monomer to initiator ratio of the
synthesized homopolymers.
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TABLE 2 Characterization Data for the Copolymers

Polymer Polar:Nonpolar? Polar:Nonpolar® M, [g mol™"] M, caic. [g mol™] PDI  VYield [%] d [nm] (PDlps)
poly1-2stat 90:30 2.7:1 36,100 51,500 1.1 55 -

poly8-2stat 85:40 2.0:1 30,000 50,000 1.1 b4 -

polylio2e0  90:10 2.8:1 32,000 47,300 11 62 9 (0.290)
polylse-2e9  90:30 3.2:1 39,600 51,500 11 71 22 (0.080)
polyles-2120  120:60 1.6:1 32,100 72,900 12 54 38 (0.210)
poly1go-2210 210:60 2.8:1 50,700 118,000 1.2 65 78 (0.271)
poly290-83¢ 90:30 2.3:1 30,500 50,700 1.1 68 33 (0.111)

@ Equivalents of the corresponding monomers used in the preparation.
® Ratio from integration of the "H-NMR spectra + 10%.

Figure 2(a) shows the heating and cooling cycle for poly2-
200. It is obvious that hysteresis is very small, resulting in a
very steady and reversible system. The phase transition
occurs at 26.1 = 0.5 °C. Lowering or increasing the degree of
polymerization hardly affects the transition temperature [Fig.
2(b)], but affects the complete transition value (AT). AT is ris-
ing with increasing degree of polymerization (e.g, poly2-100:
AT = 3.0 °C, poly2-300: AT = 9.0 °C), compare Table 3,
entries 1-3. This is in accordance with observations of Schild
and Tirrell for poly(N-isopropylacrylamide).>* Although 3 °C is
a notable small AT value, it can be further improved by
copolymerization as revealed by the temperature dependent
turbidity measurement of poly1-2stat and poly8-2stat.

Complete transition is already reached in a temperature range
of only 0.7 °C (poly1-2stat) or 0.9 °C (poly8-2stat), respec-
tively, (cf. Fig. 3 and Table 3, entries 4 and 5). These values can
compete with typical AT values of modified polyoxazolines®*>®
and are even lower as those described for glycol modified**

and pyrrolidine containing methacrylates.>® A similar observa-
tion was made with the block copolymers with low-degree
of polymerization. AT values from 1.3 to 0.5 °C were observed.
However, as it was already described for the homopolymer
series the AT value increases with increasing polymer length
(Table 2, entry 8). Remarkably, the LCST is almost the same
for all polymers and copolymers, and block copolymer
aggregates under investigation, which means that the LCST
depends only on the water-oligoglycol interactions and not
influenced by incorporation of a less polar comonomer. This
is in accordance with the study of Smith and Bedrov'* on
the LCST of poly(ethylene oxide) in water with studies of
the LCST of poly(N-isopropylacrylamide) by Chung et al.>”

In case of polylig-299 and poly2¢¢-834, the LCST was not
only studied by transmission measurements but also with
temperature dependent DLS. LCST and AT are concurring in
both measurements. Additionally, DLS gives an impression of
the aggregation of the small polymer aggregates (9 and 33

poly1-2stat: n = 90, q = 30

block copolymers:
poly140-299: N =90, q =10
poly135-299: N =90, q = 30
pon150-2120: n =120, q= 60
poly1g0-2210: N =210, g = 60

poly8-2stat: n =85, q =40

block copolymers:
poly244-839: N =90, q = 30

SCHEME 3 Synthesized statistic and block copolymers.
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FIGURE 2 (a) DTM of poly2-200 dotted line represents the heat-

ing run; dashed line represents the cooling run and (b) DTM of
poly2 with different degrees of polymerization.

nm, respectively) above the LCST to objects of about 3-5 um
in diameter (cf. Figs. 4 and 5).

CONCLUSIONS

Evaluation of a series of mono- and disubstituted norbor-
nene derivatives bearing oligo(ethylene glycol)monoalkyl

TABLE 3 LCST of the Polymers

ARTICLE -
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FIGURE 3 DTM of poly1-2stat and poly8-2stat.
ether groups revealed

endo,exo-bicyclo[2.2.1]hept-5-ene-
2,3-dicarboxylic acid, bis[2-[2-(2-ethoxyethoxy)ethoxy]ethyl]
ester (2) as the preferred monomer for the preparation of
water soluble, temperature responsive polymers with ROMP.
Polymers of 2 can be prepared in a controlled manner and
combine satisfactory water solubility with the occurrence of
a LCST. The LCST of these polymers is about 25 °C and is
largely independent from the corresponding degree of poly-
merization. The molecular weight affects the complete transi-
tion value (AT), which is rising with increasing degree of
polymerization. AT values smaller than 1 °C can be obtained
with statistic copolymers of 2 with less polar monomers
like endo,exo-bicyclo[2.2.1]hept-5-ene-2,3-dicarboxylic acid
dimethyl ester (1). Amphiphilic block copolymers of 2 and 1
(or 8) formed nanoscale aggregates in water, which show a
very similar LCST as the homopolymers of 2. All findings
suggest that ROM polymers made of 2 provide a sharp LCST
at about 25 °C, which is hardly affected by incorporation of
other monomers. These features show great promise for
envisaged applications of thermo-responsive polymers. Cur-
rently, the possibility to tune the LCST to higher tempera-

tures and particularly to 37 °C is under investigation in our
laboratories.

Entry Polymer Polar:Nonpolar LCST [°C = 0.5] AT [°C]
1 poly2-100 - 25.3 3.0
2 poly2-200 - 26.1 3.4
3 poly2-300 - 24.2 9.0
4 poly1-2stat 90:30 23.1 0.7
B poly8-2stat 85:40 23.7 0.9
6 poly140-290 90:10 23.7 0.9
7 poly139-29¢ 90:30 22.4 1.3
8 polyTeo-2210 210:60 24.1 5.6
9 poly254-83¢ 90:30 23.5 0.5

The LCST was determined by the loss of 50% of the complete transmission.

GLYCOL FUNCTIONALIZED ROM POLYMERS, BAUER AND SLUGOVC
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ume of poly140-29o-

EXPERIMENTAL

Methods

If not otherwise explicitly mentioned, then all reactions were
carried out under inert atmosphere (Ar) using standard
Schlenk techniques. Solvents were purified, dried, and
degassed according to standard literature.”® Furthermore all
chemicals, if not noted otherwise, were obtained from com-
mercial sources (Aldrich, Fluka or Lanchester) and used
without further purification. Endo,exo-Bicyclo[2.2.1]hept-5-
ene-2,3-dicarboxylic acid dimethyl ester (1) was provided
by Orgentis Chemicals GmbH and further purified by dis-
tillation.>® Endo,exo-Bicyclo[2.2.1]hept-5-ene-2,3-dicarboxylic
acid dimethyl ester (8) was prepared according to litera-
ture.’>* The pyridine initiator RuCl,(pyridine)(H,IMes)(Ind)
(M31) was prepared according to literature.>* NMR spectros-
copy was performed on a VARIAN INOVA 500 MHz spec-
trometer. 'H spectra were recorded at 499.764 MHz,
whereas '2C{'H} spectra were recorded at 125.665 MHz.
Deuterated solvents were obtained from Cambridge Isotope
Laboratories, and the remaining peaks were referenced
according to literature.? Peak shapes are indicated as fol-
lows: s (singlet), d (doublet), dd (doublet of doublets), t (tri-
plet), q (quadruplet), m (multiplet), b (broad), and bs (broad
singlet). The relaxation time of the polymer "H-NMR spectra
was set to 5s to guarantee complete relaxation. FT-IR spectra
were recorded with a Perkin-Elmer Spectrum One and a
DTGS-detector. Samples were measured on NaCl-plates (di-
ameter 20 mm, width 2 mm) as thin films. Intensities at dif-
ferent wave numbers (cm™') were characterized as w
(weak), m (medium), and s (strong). GPC measurements for
obtaining both number average M, and PDI were performed
in THF using following settings: Merck Hitachi L6000 pump,
separation columns of polymer standards service, 8 x 300
mm STV 5 um grad size (10° 4, 10* A, and 103 A), refractive
index detector from Wyatt Technology, and model Optolab
DSP interferometric refractometer. Calibration was done with
polystyrene standards purchased from polymer standard
services. Particle sizes were determined with a Malven
Instruments ZetaSizer NanoZS provided with a 633 nm laser.
If not otherwise mentioned, then the polymers were mea-
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sured against a polystyrene latex standard at 20 °C, sample
concentration was 5 mg mL™"' and equilibration time was
24 h. Identification of the cloud point was done with a DTM
cell (cf. Fig. 6).

In a heat- and cool able copper pipe a test tube with an
aqueous polymer solution was placed. Two drill holes in an
arrangement of 180° were made next to the bottom. In the
first one, a light source (white light emitting diode, 3.6 V,
20 mA, 1000 mcd) and in the second one a photo diode
(BPW 34, 500-10,000 nm, 0.62 AWfl) for sensing the differ-
ential transmission was placed. On the shell of the copper
pipe, a heating element (heating cable 50W, using a PTFE
isolation, Horst GmbH, Lorsch, Germany), for linear heating,
was placed, using a KS 40 controller (Prozefs- und Maschi-
nen-Automation GmbH, Kassel, Germany). Furthermore, the
temperatures down to 14 °C were achieved by cooling coils,
which is placed on the outside of the copper pipe. The
typical heating up- and cooling down curve is shown in
Figure 6.

Monomer Synthesis
Endo,Exo-Bicyclo[2.2.1]Hept-5-Ene-2,3-Dicarboxylic Acid,
Bis[2-[2-(2-Ethoxyethoxy) Ethoxy]Ethyl] Ester (2)

Monomer 2 was prepared according to literature.”®> The
crude product was purified by column chromatography
(silica; Cy:EE = 1:5). Yield: 9020 mg (80%) colorless oil.

IR and NMR data were in accordance with the reference.
MALDI MS (m/z): [C25H420:¢p-Na] 525.2657 (calcd
525.2676).

Endo,Exo-Bicyclo[2.2.1]Hept-5-Ene-2,3-Dicarboxylic Acid,
Bis[2-(2-Ethoxyethoxy)Ethyl] Ester (3)

Compound 3 was prepared according to 2, using endo,exo-5-
norbornene-2,3-dicarbonyl chloride (0.75 mL, 4.56 mmol, 1
eq), di(ethylene glycol)monoethyl ether (1.37 mL, 10.0
mmol, 2.2 eq), 4-dimethylaminopyridine (DMAP; 0.0278 g,
0.23 mmol, 0.05 eq), and pyridine (0.93 mL, 11.4 mmol, 2.5
eq) in 10 mL dry CH,Cl, as starting materials. Purification
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FIGURE 5 Transmission and average size distribution by vol-

ume of poly2g0-83o.
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FIGURE 6 Schematic assembly and temperature program of the DTM cell.

was done by column chromatography (silica, Cy:EE = 1:2).
Yield: 1360 mg (72%) colorless oil.

'H-NMR (6, 20 °C, CDCl3, 500 MHz): 6.26 (m, 1H, nb®), 6.08
(m, 1H, nb®), 4.33-4.10 (m, 4H, COOCH,), 3.71-3.56 (m,
16H, OCH3), 3.53 (q, 4H, CH,CH3), 3.43 (t, 1H, nb%), 3.28 (bs,
1H, nb*), 3.14 (bs, 1H, nb"), 2.73 (dd, 1H, nb?), 1.61, 1.44
(2x d, 2H, nb7®P), 1.21 (t, 6H, CH3). **C-NMR (9, 20°C, CDCl;,
125 MHz): 174.3, 173.2 (2C, C=0), 137.5 (1C, nb®), 135.1
(1C, nb®), 70.6, 69.8, 69.1 (6C, OCH,), 66.7 (2C, CH,CH3),
63.9, 63.6 (2C, COOCH,), 47.9 (1C, nb%), 47.7 (1C, nb"), 47.2
(1C, nb”), 47.1 (1C, nb?), 45.8 (1C, nb*), 15.1 (2C, CHj).
MALDI MS (m/z): [C21H340g-Na] 437.2181 (calcd
437.2151).

Endo,Exo-Bicyclo[2.2.1]Hept-5-Ene-2,3-Dicarboxylic Acid,
Bis[Oligo(Ethylenglycol)Methyl] Ester (4)

Compound 4 was prepared analogously to 3, using endo,exo-
5-norbornene-2,3-dicarbonyl chloride (0.75 mL, 4.56 mmol,
1 eq), oligo(ethylene glycol)monomethyl ether (3.18 mlL,
10.0 mmol, 2.2 eq, av. 350 g mol™?, purchased from Sigma
Aldrich, CAS Nr. 9004-74-4), 4-dimethylaminopyridine
(DMAP; 0.0285 g, 0.23 mmol, 0.05 eq), and pyridine (0.93
mL, 11.4 mmol, 2.5 eq) as starting materials. The reaction
was monitored by TLC (CH,Cl,:MeOH = 30:1; detection: UV/
VIS, 2% KMnO, solution, R; value: 0.2-0.7). Purification was
done by column chromatography (CH,Cl,:MeOH = 30:1)
sampling R 0.2-0.7. Yield: 2360 mg (61%) colorless oil.

'H-NMR (8, 20 °C, CDCl3, 500 MHz): 6.27 (m, 1H, nb®), 6.07
(m, 1H, nb®), 4.25-4.11 (m, 4H, COOCH,), 3.72-3.61 (m, 52H,
OCH,), 3.54 (m, 4H, CH,0CH3), 3.42 (t, 1H, nb*), 3.37 (q, 6H,
OCH3), 3.28 (bs, 1H, nb*), 3.14 (bs, 1H, nb"), 2.72 (dd, 1H,
nb?), 1.60, 1.43 (2x d, 2H, nb”*"). 13C-NMR (4, 20°C, CDCl,
125 MHz): 174.3, 173.1 (2C, C=0), 137.6 (1C, nb®), 135.1
(1C, nb®), 71.9, 70.6-70.5, 69.1 (28C, CH,), 63.9, 63.6 (2C,
COOCH,), 59.0 (2C, OCH3), 47.9 (1C, nb%), 47.7 (1C, nbY),
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47.2 (1C, nb”), 47.1 (1C, nb?), 45.8 (1C, nb*). MALDI MS (m/
z): maximum: [C33H;,0,g-Na] 849.4446 (calcd 849.4460).

Bicyclo[2.2.1]Hept-5-Ene-2-Carboxylic Acid,
[2-[2-(2-Ethoxyethoxy)Ethoxy]Ethyl] Ester

(Mixture of the Endo- and Exo-Form) (5)

Modifying a procedure by Carlise et al,*® cyclopentadiene
(1.25 mL, 15.1 mmol, 2 eq) was diluted with 15 mL dry
CH,Cl,. Then, acryloyl chloride (0.62 mL, 7.56 mmol, 1 eq)
was added dropwise. The clear reaction mixture was stirred
for 3 h at room temperature. Afterwards, tri(ethylene glycol)
monoethyl ether (1.6 mL, 9.08 mmol, 1.2 eq) was added.
Then, the reaction mixture was cooled with an ice bath and
triethylamine (2.7 mL, 19.4 mmol, 2.5 eq) was added drop-
wise. After 30 min of stirring, the ice bath was removed and
the reaction mixture was stirred for further 18 h at room
temperature. The reaction was monitored by TLC (Cy:EE =
1:2; detection: UV/VIS, 2% KMnO, solution, Rg 0.5). The
reaction was quenched with 15 mL H,0 and stirred for addi-
tional 30 min. The organic layer was extracted with a satu-
rated NaHCO3 solution (4 x 250 mL) and with 2% HCI (4 x
200 mL). The organic layer was dried over Na,SO, and the
solvent was removed under reduced pressure. Purification
was done by column chromatography (silica gel, Cy/EE =
1:2). Yield: 1400 mg (62%) colorless oil. It is a mixture of
27% exo- and 73% endo-derivative.

'H-NMR (8, 20 °C, CDCl3, 500 MHz): 6.18 (m, 1H, nb®), 5.93
(m, 1H, nb®), 4.23-4.15 (m, 2H, COOCH,), 3.71-3.56 (m, 10H,
OCH,), 3.52 (q, 2H, OCH,CH3), 3.22 (bs, 1H, nb%), 2.97 (m,
1H, nb%), 2.90 (bs, 1H, nb*), 1.89 (m, 1H, nb®?), 1.41, 1.26
(2x d, 3H, nb’*"*3"), 1.20 (t, 3H, CH;). **C-NMR (5, 20°C,
CDCls, 125 MHz): 174.7 (1C, C=0), 137.7 (1C, nb®), 132.3
(1C, nb®), 70.6, 69.8, 69.2 (3C, OCH,), 66.6 (1C, CH,CHj),
63.3(1C, COOCH,), 49.6 (1C, nb”), 45.7 (1C, nb%), 43.2 (1C,
nb?), 42.5 (1C, nb*), 29.2 (1C, nb®), 15.1 (1C, CH;). MALDI
MS (m/z): [C16H2605-Na] 321.1692 (calcd 321.1678).
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Bicyclo[2.2.1]Hept-5-Ene-2-Carboxylic Acid,
[2-(2-Ethoxyethoxy)Ethyl] Ester (Mixture of

the Endo- and Exo-Form) (6)

Compound 6 was prepared according to 5, using cyclopenta-
dien (1.25 mL, 15.1 mmol, 2 eq), acryloyl chloride (0.62 mlL,
7.56 mmol, 1 eq), di(ethylene glycol)monoethyl ether (1.25
mL, 9.19 mmol, 1.2 eq) and triethylamine (2.7 mL, 19.4
mmol, 2.5 eq) as reactants. Purification was done by column
chromatography (silica gel, Cy/EE = 2:1). Yield: 1150 mg
(60%) colorless oil. It is a mixture of 23% exo- and 77%
endo-derivative.

'H-NMR (8, 20 °C, CDCl3, 500 MHz): 6.17 (m, 1H, nb®), 5.93
(m, 1H, nb®), 4.25-4.17 (2H, COOCH,), 3.70-3.56 (m, 6H,
OCH,), 3.52 (m, 2H, OCH,H3), 3.21 (bs, 1H, nb'), 2.96 (m,
1H, nb%), 2.89 (bs, 1H, nb*), 1.89 (m, 1H, nb®?), 1.41, 1.26
(2x d, 3H, nb’*"®3"), 1.20 (t, 3H, CH;). **C-NMR (5, 20°C,
CDCls, 125 MHz): 174.7 (1C, C=0), 137.7 (1C, nb®), 132.3
(1C, nb®), 70.6, 69.8, 69.2, 66.6, 63.3 (5C, CHy), 49.6 (1C,
nb’), 45.7 (1C, nb'), 43.2 (1C, nb?), 42.5 (4C, nb*), 29.2 (1,
nb®), 15.1 (2C, CH3). MALDI MS (m/z): [C14H220,4-Na]
277.1432 (caled 277.1416).

Bicyclo[2.2.1]Hept-5-Ene-2-Carboxylic Acid,
[(Oligoglycol)Ethyl] Ester (Mixture of

the Endo- and Exo-Form) (7)

7 was prepared analogously to 5, using cyclopentadien (1.25
mL, 15.1 mmol, 2 eq), acryloyl chloride (0.62 mL, 7.56
mmol, 1 eq), oligo(ethylene glycol)monomethyl ether
(29 mL, 9.17 mmol, 1.2 eq, av. 350 g mol ™, purchased from
Sigma Aldrich, CAS Nr. 9004-74-4) and triethylamine (2.7
mL, 19.4 mmol, 2.5 eq) as educts. Purification was done by
column chromatography (silica gel, CH,Cl,/MeOH = 30:1).
Yield: 163 mg (56%) colorless oil. It is a mixture of 19%
exo- and 81% endo-derivatives.

'H-NMR (4, 20 °C, CDCls, 500 MHz): 6.18 (m, 1H, nb®), 5.93
(m, 1H, nb®), 4.27-4.08 (2H, COOCH,), 3.73-3.59 (m, 26H,
OCH,), 3.54 (m, 2H, CH,OCH3), 3.37 (s, 3H, CH3), 3.21 (bs,
1H, nb), 2.97 (m, 1H, nb?), 2.90 (bs, 1H, nb*), 1.90 (m, 1H,
nb>?), 1.44-1.22 (m, 3H, nb’*7>3P), B3C.NMR (6, 20°C, CDCl;,
125 MHz): 174.7 (1C, C=0), 137.7 (1C, nb®), 1324 (1C,
nb®), 718, (1C,COOCH,), 70.7-70.4, 69.2, 63.3, 60.4
(12C, CH,), 59.0 (1C, CHs), 49.6 (1C, nb’), 45.7 (1C, nb"),
43.2 (1C, nb?), 42.5 (4C, nb*), 29.2 (1C, nb*). MALDI MS (m/
z): maximum: [C23H40049-Na] 483.2570 (calcd 483.550).

Preparation of Homopolymers

Monomers 2-7 were polymerized by using M31 as initiator
and varying the ratio of monomer to initiator from 1:100 to
1:300. Exemplarily, the polymerization procedure with
monomer 2 is given.

To a solution of 2 (220.0 mg, 0.44 mmol, 100 eq) in dry
CH,Cl; (5 mL), a solution of the initiator M31 (3.13 mg,
0.0043 mmol, 1 eq) in dry CH,Cl, (1 mL) was added. After
consumption of the monomer, monitored by TLC (Cy:EE =
1:5; detection: UV/VIS, 2% KMnO, solution, R¢ 0.0), the
reaction was terminated with ethylvinyl ether (100 ulL,
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excess) and stirred for 15 min at room temperature. The
polymer was purified by repeated precipitation of CH,Cl,
solutions (1 mL) of the polymer into cold n-pentane (80
mL). Yield: 150 mg (81%) brownish, gluey solid.

Spectral characterizations for the synthesized homopolymers
of monomer to initiator ratios of 100 to 1 are given; data for
200 and 300 monomer units were identical. IR spectra only
vary in their intensities.

Poly2-100: 'H-NMR: (9, 20 °C, CDCl3, 500 MHz): 5.59-5.10
(bt, 2H, CH=CH), 4.36-4.01 (m, 4H, COOCH,), 3.86-3.41 (m,
20H, OCH,), 3.37-2.61 (m, 4H, CH,CHs;, 4H, cp™**° ), 1.82-
1.35 (m, 2H, cp*) 1.25-1.15 (m, 6H, OCH,CH3). FT-IR (film on
CaF,, cm™): 2921-2864 (m), 1732 (s, vc—o), 1645 (m), 1465
(w), 1362 (w), 1352 (w), 1264 (w), 1177 (w), 1099 (s).

Poly3-100: 'H-NMR: (4, 20 °C, CDClz, 500 MHz): 5.60-5.12
(bt, 2H, CH=CH), 4.37-4.02 (m, 4H, COOCH,), 3.72-3.45 (m,
12H, OCH,), 3.33-2.63 (m, 4H, CH,CHs, 4H, cp**° ), 1.77-
1.30 (m, 2H, cp*) 1.26-1.09 (m, 6H, OCH,CH3).

Poly4-100: 'H-NMR: (9, 20 °C, CDCl3, 500 MHz): 5.62-5.09
(m, 2H, CH=CH), 4.38-3.99 (m, 4H, COOCH,), 3.85-3.44, (m,
52H, OCH,) 3.45-2.83 (m, 6H, CHs, 4H, cp™**®), 2.33-1.13
(m, 2H, cp™).

Poly5-100: 'H-NMR: (J, 20 °C, CDCl3, 500 MHz): 5.60-5.12
(bt, 2H, CH=CH), 4.37-4.02 (m, 2H, COOCH,), 3.72-3.45 (m,
10H, OCH,), 3.33-2.63 (m, 2H, CH,CHs, 3H, cp™*%), 2.09-
1.30 (m, 2H, cp3, m, 2H, cps) 1.26-1.09 (m, 3H, OCH,CH5;).

Poly6-100: *H-NMR: (5, 20 °C, CDCls, 500 MHz): 5.47-5.11
(m, 2H, CH=CH), 4.34-3.98 (m, 2H, COOCH,), 3.72-3.44, (m,
6H, OCH,) 3.21-2.36 (m, 2H, CH,CHs, 3H, cp***), 2.10-1.27
(m, 2H, cp?, m, 2H, cp®), 1.23-1.15 (m, 3H, OCH,CHS3).

Poly7-100: 'H-NMR: (J, 20 °C, CDCl3, 500 MHz): 5.58-5.11
(m, 2H, CH=CH), 4.35-3.98 (m, 2H, COOCH,), 3.88-3.36, (m,
26H, OCH,) 3.34-2.38 (m, 3H, CHs, 3H, cp**), 1.98-1.28
(m, 2H, cp3, m, 2H, cps).

Preparation of Statistic Copolymers

Poly1-2stat: To a solution of monomer 2 (186.7 mg, 0.37
mmol, 90 eq) and monomer 1 (24.5 mg, 0.12 mmol, 30 eq)
in dry CH,Cl, (5 mL), a solution of the initiator M31 (2.9
mg, 0.0039 mmol, 1 eq) in dry CH,Cl, (1 mL) was added. Af-
ter consumption of the monomers, monitored by TLC (Cy:EE
= 1:5; detection: UV/VIS, 2% KMnO, solution, R¢ 0.0) the
reaction was terminated with ethylvinyl ether (100 uL,
excess) and stirred for 15 min at room temperature. The
polymer was purified by repeated precipitation of CH,Cl,
solutions (1 mL) of the polymer into cold n-pentane (80
mL). Yield: 110 mg (55%) brown, gluey polymer.

'H-NMR (4, 20 °C, CDCl;, 500 MHz): 5.60-5.09 (m, 2H,
CH=CH), 4.35-4.04 (m, 3H, COOCH,) 3.80-3.46 (m, 18H,
OCH,, 1.5H COOCH3), 3.38-2.65 (m, 4H, cp® % ¥ %), 2.15-
1.35 (m, 2H, cp*), 1.27-1.12 (m, 4.5H, OCH,CH3).

Poly8-2stat was prepared according to polyl-2stat, using
monomer 2 (180.7 mg, 0.36 mmol, 90 eq), monomer 8 (30.3
mg, 0.16 mmol, 30 eq) in dry CH,Cl, (5 mL) and a solution
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of the initiator M31 (3.2 mg, 0.0043 mmol, 1 eq) in dry
CH,Cl, (1 mL) as starting materials. Yield: 97 mg (54%)
brown, gluey polymer.

'H-NMR: (4, 20 °C, CDCl;, 500 MHz): 5.61-5.08 (m, 2H,
CH=CH), 4.35-4.00 (m, 3H, COOCH,), 3.76-3.44, (m, 15H,
OCH,) 3.41-2.82 (m, 3H, CH,CHs, 1H CH,0CH3, 4H, cp>*3%),
2.81-2.46 (m, 1.5H, OCHj), 2.44-155 (m, 2H, cp* 0.5H
cp™?), 1.26-1.13 (m, 4.5H, OCH,CH3). *C-NMR (5, 20°C,
CDCls, 125 MHz): 174.4-172.1 (2C, C=0), 134.9-127.6 (2C,
CH=CH), 75.4-73.4, 71.1-70.6, 70.0, 69.3-69.0, 66.8, 64.3-
63.5 (12C, OCH,), 59.2-58.7 (0.5C, OCH3), 54.2-51.3, 50.8-
47.6, 46.2-43.5, 424-383 (5C, cp'™®), 154 (21.5C,
OCH,CH3). FT-IR (film on CaF,, cm™"): 2976-2867 (m), 1731
(s, veo), 1638 (m), 1452 (w), 1380 (w), 1354 (w), 1261
(w), 1181 (w), 1105 (s).

Preparation of Block Copolymers

Poly1,9-290: To a solution of monomer 2 (198.8 mg, 0.39
mmol, 90 eq) in dry CH,Cl, (5 mL), a solution of the initiator
M31 (3.2 mg, 0.0043 mmol, 1 eq) in dry CH,CI, (1 mL) was
added. After consumption of the monomer, monitored by
TLC (Cy:EE = 1:5; detection: UV/VIS, 2% KMnO, solution,
R¢: 0.0), monomer 1 (9.2 mg, 0.044 mmol, 10 eq) was added
directly in the solution. After finished polymerization, moni-
tored by TLC (Cy/EE = 5:1, Rg 0.0) the reaction was termi-
nated with ethylvinyl ether (100 uL, excess) and stirred for
15 min at room temperature. The polymer was purified by
repeated precipitation of CH,Cl, solutions (1 mL) of the
polymer into cold n-pentane (80 mL). Yield: 136 mg (62%)
brown, gluey polymer.

'H-NMR (4, 20 °C, CDCl;, 500 MHz): 5.63-5.08 (m, 2H,
CH=CH), 4.34-3.98 (m, 3H, COOCH,) 3.76-3.44 (m, 18H,
OCH,, 1.5H COOCH3;), 3.38-2.83 (m, 4H, cp'**®), 2.23-1.33
(m, 2H, cp*), 1.26-1.09 (m, 4.5H, CH;). FT-IR (film on CaF,,
em 1): 2967-2869 (m), 1732 (s, veeo), 1645 (m), 1444 (w),
1382 (w), 1357 (w), 1259 (w), 1177 (w), 1110 (s).

Poly290-839 was prepared according to polyl;o-299, using
monomer 2 (179.4 mg, 0.36 mmol, 90 eq), a solution of the
initiator M31 (3.2 mg, 0.0043 mmol, 1 eq) in dry CH,Cl, (1
mL) and monomer 8 (22.8 mg, 0.13 mmol, 30 eq) as reac-
tants. Yield: 139 mg (68%) brown, gluey polymer.

'H-NMR: (5, 20 °C, CDCl;, 500 MHz): 5.60-5.08 (m, 2H,
CH=CH), 4.36-4.00 (m, 3H, COOCH,), 3.73-3.41, (m, 15H,
OCH;) 3.41-2.82 (m, 3H, OCH,CHs;, 1H CH,0CH;, 4H,
cp¥#5), 2.81-2.44 (m, 1.5H, OCH3), 2.65-1.57 (m, 2H, cp*,
0.5H cp™?), 1.23-1.09 (m, 4.5H, OCH,CHs).
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