Chinese Journal of Polymer Science Vol. 33, No. 8, (2015), 1150-1161 Chinese Journal of Polymer Science

© Chinese Chemical Society
Institute of Chemistry, CAS
Springer-Verlag Berlin Heidelberg 2015

Synthesis, Characterization and Phase Behaviors of Polypeptides Bearing
Biphenyl Mesogens and Oligo-Ethylene-Glycol Tails

Qiu-lin Yuan, Wen-jun Liu, Yong Deng, Ying Ling and Hao-yu Tang
Key Laboratory of Polymeric Materials and Application Technology of Hunan Province, Key Laboratory of Advanced
Functional Polymer Materials of Colleges and Universities of Hunan Province, College of Chemistry, Xiangtan University,
Xiangtan 411105, China

Abstract A series of polypeptides bearing biphenyl mesogenic side-chains and oligo-ethylene-glycol (OEG) tails (PPLG,-g-
BPOEG,,, n = 26 and 63, m = 2, 3, and 7) has been synthesized via a 1,3-dipolar cycloaddition with quantitative grafting
density. FTIR results revealed that the polypeptides adopted highly stable a-helix in the temperature range of 25-200 °C.
DSC, POM and WAXS analysis revealed that PPLG,-g-BPOEG,, (m < 3) samples with short OEG tail length showed two
main phase transitions including crystal to liquid crystalline (smectic C, SmC) phase transition and the melting transition of
crystalline E-phase, while PPLG,-g-BPOEG; with longer OEG tail length (m = 7) exhibited the melting transitions without
the formation of liquid crystalline phase.
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INTRODUCTION

Synthetic polypeptides are mimics of natural peptides with many attractive properties, such as biocompatibility,
relatively stable conformation (e.g., a-helix and S-sheet), and highly ordered self-assemble structures in solution
and solid state!' ). Homopolypeptides and copolypeptides with various topological structurest*™"*! (e.g., block
copolymers!'*'”! and molecular bottle-brushes!'® ') can be readily prepared by controlled ring-opening
polymerization'”), which is possible for large-scale production. Some polypeptides with short main-chain length
can undergo unique conformationally coupled phase transition in the solid state!*": **), Therefore, polypeptide
materials have gained significant attention for potential applications that range from nanotechnology to
biomedical applications® ),

Polypeptides with mesogenic side-chains, namely side-chain liquid crystalline (SCLC) polypeptides can
form hierarchical supermolecular ordering due to a biaxial orientation of rigid polypeptide main-chain and
mesogenic side-chains® >, SCLC polypeptides have two mesogenic elements, i.e., the rigid helical main-chain
and the mesogenic side-chains which are likely oriented perpendicular to the main-chain. The competition of the
ordering principles of main-chains and side-chains plays an important role in the formation of thermotropic
liquid crystalline phases. This concept was firstly demonstrated by Watanabe and Tominaga®®. They prepared
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poly(glutamates) bearing biphenyl mesogens and alkyl tails by transesterification. These samples exhibited two
transitions and formed three distinct phases, including the crystalline, the smectic A and the cholesteric phases.
Later, Deming and coworkers reported a series of thermotropic polylysines bearing variable lengths of flexible
spacers between polypeptide main-chain and side-on mesogens'>”. These samples formed an unusual mesophase
where both mesogenic side-chain and polypeptide main-chain were ordered and coexist in a nematic-hexagonal
structure. Recently, we have demonstrated that liquid crystalline polypeptides bearing biphenyl mesogens and
alkyl tails (i.e., PPLG,-g-BPC,,) can be synthesized by a copper-mediated 1,3-dipolar cycloaddition with
quantitative grafting densities'*®!. The polypeptides underwent a reversible crystalline to liquid crystalline phase
(smectic C or smectic E phases) transition depending on the main-/side-chain lengths. Yet, there are still many
questions with regard to the structure-property relation of side-chain LC polypeptides to be addressed.
For example, the effect of the nature of the flexible side-chain tails on the molecular packing and phase
transitions are still unrevealed.

In this contribution, we report the synthesis and solid-state phase behaviors of polypeptides bearing
biphenyl mesogens and oligo-ethylene-glycol (OEG) tails (i.e., PPLG-g-BPOEGs). The molecular structures of
the resulting polypeptides were studied by 'H-NMR, FTIR, and GPC. The liquid crystalline structures and phase
transitions were strongly depending on their main-chain/OEG tail lengths, which were investigated by a
combination of characteristic techniques including DSC, POM and WAXS.

EXPERIMENTAL

Materials

Triethylene glycol monomethylether (98%)was purchased from TCI-EP. Polyethylene glycol monomethylether
(M, = 350) and p-toluenesulfonyl chloride were purchased from Alfa-Aesar. Diethylene glycol
monomethylether (99%), 4,4'-dihydroxydiphenyl (99%), 3-propargyl bromide (99%), N,N,N'.N",N"-penta-
methyldiethylenetriamine (PMDETA, 99%), copper bromide (CuBr, 99%), and all other chemicals were
purchased from Aladdin and used as received. Poly(y~azidopropyl-| -glutamates) (PAPLGs) were synthesized by
a reported procedure!®”).

Instruments and Methods

'"H-NMR spectra were recorded on a BRUKER ARX 400 MHz spectrometer. Chemical shifts () were
referenced to the protio impurities in deuterated solvents. Gel permeation chromatography (GPC) measurements
were performed using a system equipped with an isocratic pump (Agilent 1100), four Phenomenex 5 pm,
300 mm x 7.8 mm columns (10 nm, 50 nm, 10> nm, and 10° nm), a DAWN HELEOS multiangle light scattering
(MALS) detector (4 = 658 nm), and a Wyatt OptilabrEX differential refractive index (DRI) detector. DMF
containing 0.1 mol-L™" LiBr was used as the eluent at a flow rate of 1.0 mL-min"'. The column temperature was
60 °C and the detector temperature was 25 °C for both MALS and DRI detectors. The measured dn/dc of
PAPLG in DMF/0.1 mol-L™" LiBr at 25 °C and 658 nm wavelength is 0.076 mL-g". Fourier transform infrared
(FTIR) spectra of samples at room temperature (25 °C) were recorded on a Thermo Scientific Nicolet 6700 FTIR
spectrometer. Variable-temperature FTIR spectra were recorded on a PE-Spectrum Oen FTIR spectrometer. The
MALDI-TOF mass spectra (MS) were recorded on a Bruker autoflexTOF/TOF. Thermogravimetric analysis
(TGA) was carried out on a STA 449C instrument at a heating rate of 10 K-min™' under nitrogen (flow rate =
60 mL-min"). Differential scanning calorimetry (DSC) experiments were carried out on a TA DSC Q100
calorimeter with a programed heating and cooling procedure under nitrogen at a heating/cooling rate of
10 K-min™" in the range from —70 °C to 200 °C. The temperature and heat flow were calibrated with benzoic acid
and indium. The samples were encapsulated in hermetically sealed aluminum pans with a typical sample weight
of ~4 mg. The crystalline and liquid crystalline textures of the samples were studied under a polarized optical
microscope (POM, Leica DM-LM-P) coupled with a Mettler-Toledo hot stage (FP§2HT). The films for POM
test were prepared by drop casting from polymer/DMF solutions onto glass slides and dried at room temperature
inside a drybox. One-dimensional wide-angle X-ray scattering (1D WAXS) measurements were performed on a
Bruker D8 Advance diffractometer equipped with an SSD160’ celerator detector in the reflection mode. The
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powder samples were placed in tinfoil slots (size: 12 mm % 8 mm) with a typical sample weight of 70—80 mg.
Two-dimensional wide-angle X-ray scattering (2D WAXS) experiments were conducted on a Bruker
D8Discover diffractometer with a 2D detector of GADDS in the transmission mode. The X-ray sources (Cu Ka,
A =0.154 nm) were provided by 3 kW ceramic tubes, and the peak positions were calibrated with silicon powder
(260 > 15°) and silver behenate (20 < 10°). The background scattering was recorded and subtracted from the
sample patterns. The oriented samples used in 2D WAXS were prepared by mechanical shearing at respective
liquid crystalline phase. The point-focused X-ray beam was aligned perpendicular to the shear direction.

Synthesis of 4-Toluenesulfonyl-terminated Oligo-ethylene-glycols (Ts-OEGs, 2a—2c)

In an ice-water bath, the THF solution (7.0 mL) of diethylene glycol monomethylether (1a, 3.1 mL, 27 mmol)
was mixed with the NaOH aqueous solution (4.8 mol-L™", 8.2 mL) in a round-bottomed flask (50 mL), followed
by slow addition of the THF solution (7.0 mL) of p-toluenesulfonylchloride (5.00 g, 26 mmol). The solution was
stirred at 0 °C for 4 h, and the THF was evaporated under vacuum to yield a liquid residue that was extracted
with diethyl ether (7.0 mL X 3). The organic layers were combined and washed with brine until pH = 7. Drying
with anhydrous sodium sulfate, filtration and removing the solvent under vacuum afforded the final product as a
pale yellow liquid (2a, 3.80 g, 53% yield). "H-NMR (CDCL, 8): 7.79 (d, 2H, CH;Ar—), 7.33 (d, 2H, —ArSO,),
3.69-4.16 (m, 4H, —CH,CH,0S0,), 3.47-3.57 (m, 4H, —OCH,CH,0—), 3.34 (t, 3H, —OCH,), 2.44 (s, 3H,
CH;Ar—). Ts-OEG; (2b, 75% yield) was synthesized using the same method as Ts-OEG, (2a). 'H-NMR
(CDCls, 9): 7.79 (d, 2H, CH;Ar—), 7.33 (d, 2H, —ArS0O,), 3.68-4.16 (m, 4H, —CH,CH,0S0,), 3.52-3.58 (m,
8H, —OCH,CH,0—), 3.36 (t, 3H, —OCH;), 2.44 (s, 3H, CH3Ar—). Ts-OEG; (2¢, 69% yield) was synthesized
using the same method as Ts-OEG, (2a). 'H-NMR (CDCl, 9): 7.79 (d, 2H, CH;3;Ar—), 7.33 (d, 2H, —ArS0O,),
3.67-4.15 (m, 4H, —CH,CH,0S0,), 3.54-3.64 (m, 24H, —OCH,CH,0—), 3.37 (t, 3H, —OCH,), 2.44 (s, 3H,
CH;Ar—).

Synthesis of 4'-Prop-2-ynyloxy-biphenyl-terminated Oligo-ethylene-glycols (Pr-BPOEGs, 4a—4c)
A round-bottom flask (100 mL) was charged with 4,4"-dihydroxydiphenyl (1.00 g, 5.37 mmol), potassium
hydroxide (1.11 g, 19.82 mmol) and dimethyl sulfoxide (DMSO, 50.0 mL) under nitrogen. The mixture was
stirred at 60 °C for 6 h. Ts-OEG, (2a, 1.81 g, 6.60 mmol) was slowly added and stirred at 60 °C for 24 h.
Deionized water (12.5 mL) was added to the above mixture, followed by extracting with diethyl ether (30.0 mL
x 3). The aqueous solution was collected and acidified by HCI aqueous solution (1.0 mL, 12 mol-L™"). Then, the
aqueous solution was extracted with chloroform (30.0 mL x 3). The organic layers were combined and washed
with brine (50.0 mL x 3). Drying with anhydrous sodium sulfate, filtration and removing the solvent under
vacuum afforded the intermediate (3a) as an orange-red solid (obtained 0.92 g).

3a (0.92 g, 3.19 mmol), potassium carbonate (1.32 g, 0.095 mol) and acetone (40 mL) were mixed in a
round-bottomed flask (100 mL). The mixture was heated to the reflux temperature (56 °C)and stirred for 3 h,
followed by slow addition of 3-propargyl bromide (0.75 mL, 9.60 mmol). The mixture was stirred at the reflux
temperature for 24 h. Filtration and removing the solvent afforded an orange solid that was purified by silica gel
chromatography using ethyl acetate/methanol/petroleum ether(volume ratio = 19:1:5, Rf = 0.93) as the eluent.
Crystalline product (Pr-BPOEG,, 4a, 0.40 g, 22% yield) was obtained after recrystallization from methanol.
'H-NMR (CDCls, 6): 7.47 (d, 4H, biphenyl), 7.02 (d, 2H, biphenyl), 6.96 (d, 2H, biphenyl), 4.73 (s, 2H,
—OCH,C=CH), 3.59—-4.18 (m, 8H, —OCH,CH,—), 3.40 (s, 3H, —OCHs;), 2.54 (s, 1H, —OCH,C=CH).
MALDI-TOF-MS (m/z) [M]" calculated for C,H,O,4 326.152; found 326.187. Pr-BPOEG; (4b) was
synthesized using the same method as 4a (Rf = 0.84, obtained 0.53 g, 34% yield). 'H-NMR (CDCl;, 6): 7.47 (d,
4H, biphenyl), 7.02 (d, 2H, biphenyl), 6.96 (d, 2H, biphenyl), 4.73 (s, 2H, —OCH,C=CH), 3.38-4.16 (mm,
12H, —OCH,CH,—), 3.38 (s, 3H, —OCH;), 2.54 (s, 1H, HC=). MALDI-TOF-MS (m/z) [M]" calculated for
CxnHy0s, 370.178; found 370.231. Pr-BPOEG; (4¢) was synthesized using the same method as 4a (Rf =
0.57-0.86, obtained 1.64 g, 54% yield). '"H-NMR (CDCl, 6): 7.47 (d, 4H, biphenyl), 7.02 (d, 2H, biphenyl),
6.96 (d, 2H, biphenyl), 4.73 (s, 2H, —OCH,C=CH), 3.54-4.16 (t, 28H, —OCH,CH,—), 3.37 (s, 3H, —OCHy,),
2.54 (s, IH, HC=). MALDI-TOF-MS (m/z) [M]" calculated for C3,H4,0,, 546.283; found 546.337.
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Synthesis  of  Poly(y-propyl-;-glutamate)-grafit-(biphenyl-terminated  oligo-ethylene-glycols) (PPLG-g-
BPOEGs, 5a—5¢)

Poly(j-3-azidopropyl-; -glutamate) (PAPLG, 10 mg, 0.047 mmol of azido groups), 4a (16 mg, 0.050 mmol),
CuBr (8 mg, 0.050 mmol) and PMDETA (12.1 pL, 0.050 mmol) were mixed in DMF (3 mL) under nitrogen.
The click reaction was stirred at room temperature. The conversion of azido groups was monitored by FTIR
spectroscopy. The signal of azido groups at around 2094 cm™' disappeared within an hour. Nevertheless, the
reaction was stirred at room temperature for 24 h before purification to ensure quantitative grafting density. The
product was purified by dialysis against DI-H,O (HCl,q was added to remove the copper ion at pH = 5-7) in a
dialysis bag with a cutoff molecular weight of 3000 g-mol™" for 4 days. The product (PPLG-g-BPOEG,, 5a) was
collected by evaporating the solvent under vacuum. 5a (18.2 mg, 70% yield) was further purified by dissolving
in chloroform and precipitation from diethyl ethertriple times. 'H-NMR (CDCl;, 0): 7.69 (s, 1H, triazole),
6.88—7.35 (m, 8H, biphenyl), 5.05 (s, 2H, —CH,OAr—), 4.38 (t, 2H, —ArOCH,CH,O—), 4.07 (br s, 5H,
—COCHCH,CH,—, —CH,CH,CH,N and —CH,CH,CH,N), 3.81 (t, 2H, —ArOCH,CH,0—), 3.68 (t, 2H,
— OCH,CH,0OCH3), 3.55 (t, 2H, — OCH,CH,OCHj), 3.36 (t, 3H, — OCH;), 2.67 (br s, 2H,
—COCHCH,CH,—), 2.36 (t, 2H, —COCHCH,CH,—), 2.15 (m, 2H, —CH,CH,CH,N). PPLG-g-BPOEG; (5b)
was synthesized using the same method as 5a (66% yield). 'H-NMR (CDCl, ): 7.72 (s, 1H, triazole), 6.89—7.35
(m, 8H, biphenyl), 5.09 (s, 2H, — CH,OAr —), 439 (t, 2H, — ArOCH,CH,0 — ), 4.06 (br s, 5H,
—COCHCH,CH,—, —CH,CH,CH,N and —CH,CH,CH,N), 3.81 (t, 2H, —ArOCH,CH,0—), 3.55-3.64 (m,
8H, — OCH,CH, — ), 3.34 (t, 3H, — OCHj), 2.66 (br s, 2H, — COCHCH,CH, — ), 2.43 (t, 2H,
—COCHCH,CH,—), 2.15 (m, 2H, —CH,CH,CH,N). PPLG-g-BPOEG- (5¢) was synthesized using the same
method as 5a (74% yield). "H-NMR (CDCl;, 0): 7.71 (s, 1H, triazole), 6.89-7.35 (m, 8H, biphenyl), 5.03 (s,
2H, —CH,0Ar—), 4.39 (t, 2H, —ArOCH,CH,0—), 4.06 (br s, SH, —COCHCH,CH,—, —CH,CH,CH,N
and —CH,CH,CH,N), 3.80 (t, 2H, —ArOCH,CH,0—), 3.52-3.62 (m, 24H, —OCH,CH,—), 3.35 (t, 3H,
— OCH;), 2.68 (br s, 2H, — COCHCH,CH, — ), 2.43 (t, 2H, — COCHCH,CH, — ), 2.17 (m, 2H,
—CH,CH,CH,N).

RESULTS AND DISCUSSION

Synthesis

Polypeptides bearing biphenyl mesogens and oligo-ethylene-glycol tails (i.e., PPLG-g-BPOEGs, 5) were
synthesized by click chemistry (i.e., copper-mediated alkyne-azide [2 + 3] 1,3-dipolar cycloaddition) between
4'-prop-2-ynyloxy-biphenyl-terminated oligo-ethylene-glycols (Pr-BPOEGs) and poly(y-3-azidopropyl-; -
glutamate) (PAPLG) with quantitative grafting density (Scheme 1). Pr-BPOEGs having biphenyl mesogens and
oligo-ethylene-glycol (OEQG) tails were synthesized in three steps. Specifically, Pr-BPOEGs (4) with variable
OEG tail length (m = 2, 3 and 7) were synthesized via the esterification of 1 with p-toluenesulfonyl chloride in
the presence of sodium hydroxide to afford 2, followed by the mono-etherification of 4,4"-dihydroxydiphenyl in
the presence of potassium hydroxide to afford 3 which was further etherified with 3-propargyl bromide in
K,COs/acetone. Purification of 4 was achieved by silica gel chromatography and recrystallization in methanol.

0 wTsCl NaOH, THF, H,0 | HOH SOy = B
OH - = S-O n m
I KOH DMSO K,CO;, CH;COCH;

la-le m=2.3,7 0 _
2a-2c¢ 0 H 3a-3c¢

I . d
N
h Ny,
o O/(\/O PAPLG N
m . ~
= PMDETA, Cubr, DMF 07 OMN;LOO*\/O* s
m 3

4a—4c Sa—5¢

Scheme 1 The synthetic route to poly(y~-propyl-,-glutamate)-graft-(biphenyl-terminated
oligo-ethylene-glycols) (PPLG-g-BPOEGs)
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The molecular structures of 4 were verified by '"H-NMR (Fig. 1a, Figs. S1-S2) and FTIR spectroscopy (Fig. 2).
The integrations and chemical shifts of "H-NMR resonances are consistent with their chemical structures. In the
FTIR spectra, the characteristic bands at 2128, 1498, and 1100 cm™! correspond t0 Vaikyne, Vbiphenyl» and ve_o—c,
respectively. A series of PAPLGs with various degree of polymerization (DP = 26 and 63, Fig. S3) was prepared

by a reported procedure™.

c d e f g

]
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O (6] . O
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10 9 8 7 6 5 4 3 2

Fig. 1 'H-NMR spectra of (a) Pr-BPOEG; and (b) PPLG,4-g-BPOEG; in CDCl,

The click chemistry between PAPLGs and Pr-BPOEGs was catalyzed by CuBr in the presence of
N,N,N',N",N"-pentamethyldiethylenetriamine (PMDETA) at room temperature under nitrogen. Purification of
poly(ypropyl-. -glutamate)-graft-(biphenyl-terminated oligo-ethylene-glycols) (PPLG-g-BPOEGs, 5) involved
dialysis against deionized water at pH = 5-7 to remove the copper ions and repeat dissolution-precipitation in
chloroform-diethyl ether to remove any excess 4. The molecular structures of PPLG,-g-BPOEG,, samples with
variable main-chain (n = 26 and 63) and OEG tail length (m = 2, 3, and 7, Scheme 1) were verified by 'H-NMR
(Fig. 1b, Figs. S4-S5), FTIR (Fig. 2b) and GPC (Fig. S3). For example, the appearance of 'H-NMR resonance at
&=17.70 in the "H-NMR spectrum (Fig. 1b) and characteristic peaks at 1498 and 1100 cm™" in the FTIR spectrum
(Fig. 2b) suggested the formation of triazole groups and covalent assembly of the polypeptide backbones and
biphenyl and OEG tails. The 1:2 integration ratio of Hy and H, in the '"H-NMR spectrum (Fig. 1b) and the
absence of vy=n=y in the FTIR spectrum (Fig. 2b) suggested a quantitative grafting density. The successful
grafting of Pr-BPOEGs to the polypeptide main-chains was also verified by GPC (Fig. S3), which showed a
noticeable peak shift by comparing PPLG-g-BPOEG; sample with PAPLG,4 and Pr-BPOEG; samples. FTIR
has been used to investigate the secondary structures of PPLG-g-BPOEGs (5) in the solid-state (Fig. 2b).
Typically, polypeptides exhibit amide I bands at around 1630, 1656, and 1693 cm™" that are characteristic of
[sheet, a-helix and random-coil conformations®” *"!. PPLG,-g-BPOEG,, samples showed exclusive o-helical
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conformation in temperature range of 25-200 °C (Fig. S6). This is consistent with previous reports that only
polypeptides with short main-chain lengths (e.g., DP < 18) exhibited a mixture of lamellar assembly of fF-sheets
and columnar hexagonal arrays of a-helices!*" ).

Vi Vi
a C—0—C biphenyl
. Amifie I 69_‘*\' 7\ + Amide 1 b
Amide 11 o= | ««Amide I1

A

\W“MM\”WM\_/\JL

=0 VN=N=N

C—H

Ve—o—c

Absorbance (a. u.)
Absorbance (a. u.)

4_;/Vbiph enyl

e K
W___J\_J

. A
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SN

Fig. 2 FTIR spectra of (a) Pr-BPOEG,, (m =2, 3 and 7, curves 1-3), PAPLG, (n =26 and 63, curves 4-5)
and (b) PPLG,6-g-BPOEG,, (m =2, 3 and 7, curves 6—8), PPLG¢;-g-BPOEG,, (m =2, 3 and 7, curves 9-11)

Phase Behaviors
Differential scanning calorimetry (DSC, Fig. 3) was used to study the thermal properties of the mesogenic side-
chains (i.e., Pr-BPOEGs) and PPLG-g-BPOEGs. Pr-BPOEG samples showed melting transition temperatures
(Tws) at 93.2, 85.7, and 47.3 °C (Table S1), respectively, as shown in the second heating cycles (Fig. 3, curves 1,
4, and 7). The T,s decreased as the OEG tail length increased due to an increase of side-chain flexibility.
Pr-BPOEG samples exhibited two crystallization transition temperatures (7.s), which is likely due to either a
polymorphism of respective crystallites or different crystal perfection during crystallization process. Their heat
of melting (AH,) and total heat of crystallization (AH.) were tantamount, suggesting a reversible
melting/crystallization behavior (Table S1). The phase transitions of Pr-BPOEG were further studied by
polarized optical microscopy (POM, Fig. 4). All Pr-BPOEG samples showed birefringence at the temperatures
below respective 7,,s and exhibited isotropic phases above the 7,8, suggesting the melting transitions (Fig. S7).
Prior to the DSC test, thermogravimetric analysis (TGA) was used to investigate the thermal stabilities of
PPLG-g-BPOEGs. All samples showed initial decomposition temperatures above 250 °C (Fig. S8). In the DSC
thermograms (Fig. 3), PPLG-g-BPOEGs exhibited glass transitions and melting/crystallization transitions in the
heating/cooling cycles, suggesting the coexistence of amorphous domains and crystalline domains. The glass
transition temperature (7,) was determined directly by DSC and marked by a downward pointing arrow (Fig. 3).
Meanwhile, the melting transition temperature (7},) was determined by the combination of DSC and variable-
temperature wide-angle X-ray scattering (WAXS) which indicated the transitions of crystal E-phases in the
solid-state. For example, PPLGy-g-BPOEG; showed a weak endothermic peak at 105.9 °C where the E-phase
started to disappear as confirmed by the variable-temperature WAXS result, indicating a melting transition
temperature of crystal E-phase at 105.9 °C. In the heating cycle, the glass transition temperature (7,) and T,
increased as increasing the main-chain length due to the increase of van der Waals interaction between the
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adjacent polymers. For example, PPLG,-g-BPOEG; showed a T, at 131.1 °C (Table 1, entry 1) while PPLGe;3-g-
BPOEG; showed a T, at 136.9 °C (Table 1, entry 4). PPLGy-g-BPOEG; exhibited a T}, at 105.9 °C (Table 1,
entry 2) while PPLGg;-g-BPOEG; exhibited a T, at 114.4 °C (Table 1, entry 5). The T, and 7}, significantly
decreased as increasing the side-chain length due to the increase of side-chain flexibility. For instance, the 7, of
PPLGg;-g-BPOEG,; was 47.3 K higher than that of PPLGg;-g-BPOEG; (Table 1, entry 4 and 5). The Tp, of
PPLGg;-g-BPOEG; was 27.9 K higher than that of PPLGg;-g-BPOEG; (Table 1, entry 5 and 6). In the cooling
cycle, we observed crystallization transitions and glass transition temperatures, indicating a reversible thermal
behavior.

C
9‘
Tg:l; Tnset*
*
8
*
/2 /
J/7

~—Cooling ~——=Cooling

*
*
J\Ll
~——Cooling

*
. Heating—
Heating—
- Heating—— 4 74
N 5 1 |
2 \
\\ ” . P
3 ‘\/Fr 1 *
*
1 N 8.
*
. . 9

<
"
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Heat flow
Heat flow
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1 1 1 1 1 1 1 1 1
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Fig. 3 DSC thermograms of (a) Pr-BPOEG;, (curve 1), PPLG,-g-BPOEG, (n = 26 and 63, curves 2-3),
(b) Pr-BPOEG:; (curve 4), PPLG,-g-BPOEG; (n = 26 and 63, curves 5-6), and (c¢) Pr-BPOEG; (curve 7),
PPLG,-g-BPOEG; (n =26 and 63, curves 8-9)

The phase transition temperatures and phase behaviors of PPLG,-g-BPOEG,, samples were determined by
the combination of DSC (Fig. 3), POM (Fig. 4) and WAXS (Fig. 5). For example, all samples showed
birefringence under POM at the temperatures below respective T,s or Tp,s and they showed ordered structures as
evidenced by the WAXS results, suggesting crystalline phase below respective Tes or T,s. As increasing the
temperature, some samples (e.g., PPLGyg63-g-BPOEG;) showed extinction under POM and disappearance of
sharp scattering peaks in WAXS, suggesting a transition to isotropic phases. Above respective T,s, some samples
(e.g., PPLGyg63-g-BPOEG;;3) showed liquid crystalline phase (i.e., SmC) and crystal E-phase as determined
from WAXS. The E-phase transition was also determined by WAXS and the transition temperature was obtained

from DSC.
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Table 1. Compositional parameters and DSC results of PPLG-g-BPOEG samples

Entry PPLG,-g-BPOEG,, Second heating First cooling
M,* MJM,° n® m! 7,° (°C) T ' (°C) 7,° (°C) T.2(°C)
1 14000 1.20 26 2 131.1  160.5,178.1 125.8 155.0,167.9
2 15100 1.20 26 3 82.2 105.9 74.9 100.8
3 19700 1.20 26 7 -15.6 73.5 -14.6 58.6
4 33900 1.28 63 2 136.9  172.5,190.3 129.6 152.3,173.2
5 36700 1.28 63 3 89.6 114.4 89.0 116.2
6 47800 1.28 63 7 - 86.5 - 80.1

¥ Number-average molecular weights were calculated from the molecular weight of repeating units x 1; ° Molecular
weight distribution of PAPLG was determined from GPC; © Degree of polymerization of PAPLG was determined by
GPC; ¢ Degree of polymerization of OEG tails; © Glass transition temperatures; ' Melting transition temperature;
& Crystallization transition temperature

Specifically, PPLG,-g-BPOEG; samples with long OEG tails (m = 7) exhibited crystalline textures at
temperatures below respective T,s and became isotropic above the 7,,s (Fig. S9), suggesting a crystal to
isotropic transition (Table 2, entry 3 and 6). In the cooling cycle, the crystalline texture (spherulite) appeared,
indicating a reversible crystalline behavior, which was consistent with the DSC results. PPLG,-g-BPOEG,,
samples with short OEG tails (i.e., m < 3) exhibited stable birefringence below respective decomposition
temperatures (Fig. S10).

00 100 um
, 3, and 7, images a, d, and g), PPLG,-g-BPOEG, (n = 26 and
63, images b, ¢), PPLG,-g-BPOEG; (n = 26 and 63, images e—f), and PPLG,-g-BPOEG; (n = 26 and 63,
images h—i) at 25 °C
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Fig. 5 Variable-temperature 1D WAXS data of PPLG,,-g-BPOEG; in the (a) heating and (b)
cooling cycles; (c) proposed molecular packing of PPLG,4-g-BPOEG, and PPLG,-g-BPOEG;

(The helix and ellipsoid signify the a-helix and biphenyl mesogen, respectively.)

Table 2. WAXS data and phase transitions of PPLG-g-BPOEG samples

Smectic C ° ..
Entry * - S Phase transition ¢ (°C)
ayer (NM) Tilt angle (°)
N 1311 1781
1 5.07 NA Crystal <= SmC + E phase <—> SmC
125.8 167.9
2 5.32 53.2 Crystal 22, SmC + E phase &9 SmC
: : vstal Tie P 100.3
73.5
3 — - Crystal ;ﬁlsotropic
4 5.32 NA ¢ c t|1ﬂ8mc+.E hase <3 SmC
| O
5 5.37 58.7 Crystal So SmC + E phase pPPY SmC
86.5
6 - - Crystal gﬁlsotropic

aThe entry number is the same as in Table 1; ° Smectic C phase was determined by 1D/2D WAXS experiments;
®The tilt angle was not available due to poor flow ability of the samples above respective T)ys; ¢ Phase transition
of each sample was determined by combination of DSC, POM and WAXS results.
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The crystalline and liquid crystalline structures were studied by variable-temperature WAXS. PPLG,-g-
BPOEG, samples with short side-chain length (i.e., m = 2) exhibited two sets of scattering peaks (Fig. 5 and
S11). For example, in the low-angle region (< 5°), the scattering peaks of PPLG,c-g-BPOEG, were found to
possess a periodicity of 1, 2, 3 and 4 (¢ = 4nsinf/A, where 26 is the scattering angle and A is the X-ray
wavelength), indicating a lamellar structure with a d-spacing (d = 2m/q) of 5.07 nm (Fig. 5¢). The scattering
intensity increased and the d-spacing decreased as increasing the temperature, indicating a promoted ordering. In
the high-angle region (> 15°), the scattering peaks showed the scattering peaks at 26 = 19.48°, 21.82° and 27.18°
ascribing to the crystal E phase"™**. When the temperature was above the 7, ¢ (131.1 °C for PPLG-g-BPOEG,
and 136.9 °C for PPLGg;-g-BPOEG;) and below the T;, (178.1 °C for PPLGy-g-BPOEG, and 190.3 °C for
PPLGg;-g-BPOEG,), the scattering peaks at low-/high-angle regions were retained, indicating heterogeneous
phases comprising of liquid crystalline Smectic C (SmC) phase®>*® and crystal E phase (Table 2, entry 1 and 4).
The phase transitions of PPLG,-g-BPOEG, sample exhibited no isotropic phase below respective decomposition
temperatures. The full width at half-height (fwhh) was used to investigate the phase transition of the crystal E
phase of PPLGg;-g-BPOEG, (Fig. S12). The fwhh of scattering peak at 26 = 19.48° decreased from 2.85° to
2.00° in the temperature range of 30—160 °C, indicating a promoted side-chain ordering due to the increase of
molecular mobility above 7, (136.9 °C). The fwhh started to increase at ~170 °C corresponding to the melting
transition temperature observed by DSC, suggesting the melting transition of the crystal E-phase. The fwhh
continued to increase until at 190-200 °C corresponding to the second melting transition temperature of the
crystal E-phase (Table 2, entry 1 and 4). This was consistent with the DSC results that PPLG,-g-BPOEG, with
short OEG tail length (m = 2) likely processed crystalline polymorphism of E-phase.

PPLG,-g-BPOEG; samples with medium OEG tail length (m = 3) showed molecular packing (Fig. S13 and
S14) and phase transitions (Table 2, entry 2 and 5) similar to those of PPLG,-g-BPOEG,. Yet, the higher ordered
scattering peak in the low-angle region is fewer and the scattering intensity in the high-angle region is weaker,
indicating a less ordered molecular packing due to the increased flexibility of OEG tails and decreased rigidity of
the polypeptides. Nevertheless, PPLG,-g-BPOEG; samples with longer OEG tail length (m = 7) exhibited ill-
defined scattering peaks in the high-angle region corresponding to a spherulite crystal (Fig. S15). The absence of
liquid crystalline phase of these samples suggested disordered molecular packing by increasing the OEG tail
length. The WAXS diffractogram of PPLG,-g-BPOEG; became futureless at high temperatures (i.e., 73.5 °C for
PPLG,4-g-BPOEG; and 86.5 °C for PPLGg;-g-BPOEG5) due to the melting transition of the spherulite crystal
(Table 2, entry 3 and 6). These results suggest that long main-chain length and short OEG tail length are
essential to form liquid crystalline phase of polypeptides.

Two dimensional wide-angle X-ray scattering (2D WAXS) was used to further identify the phase structures
of PPLG-g-BPOEGs. The samples were mechanically sheared at a proper temperature above the 7,5 and then
quenched to room temperature. Specifically, the shearing temperatures for PPLGy4-g-BPOEG; and PPLGg;-g-
BPOEG; are 170 and 180 °C, respectively. The samples with OEG, tails showed poor flow ability above
respective T,,s and were not able to be sheared. In the 2D WAXS patterns (Figs. S16 and S17), the shearing
direction was along the meridian and normal to the incident X-ray beam. The scattering arcs were ill-defined
because that the polymers were too rigid to flow well above respective 7y,,s, which led to poor orientation. Yet,
the azimuthal integrity of the scattering halos at 26 = 3.29°-3.41° and 21.86°-21.87° revealed the orientation of
the main-chain and mesogenic side-chains. Two scattering arcs in the low-angle region were concentrated on the
meridian (y = 90° and 270°) while four scatting arcs in the high-angle region are mainly located at y = 36.8°,
139.2°, 210.4° and 331.1° for PPLG,5-g-BPOEG; (Fig. S16¢) and at y = 31.3°, 141.6°, 208.7°, and 329.3° for
PPLGg;-g-BPOEG:; (Fig. S17c¢), suggesting the smectic C phases of PPLGy-g-BPOEG; and PPLGg;-g-BPOEG;
with tilt angles®*! of 53.2° and 58.7° (Table 2, entry 2 and 5), respectively.
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CONCLUSIONS

We have demonstrated that polypeptides bearing biphenyl mesogens and oligo-ethylene-glycol tails (i.e., PPLG,-
2-BPOEG,;s, n = 26 and 63, m = 2, 3, and 7) can be facilely synthesized by a 1,3-dipolar cycloaddition with
quantitative grafting density. FTIR analysis revealed that the polymers adopted only o-helical conformation in
the temperature range of 25-200 °C. DSC, POM and WAXS results indicated that the phase behaviors of
PPLG,-g-BPOEG,, samples strongly depended on the main-chain and OEG tail lengths. Samples with short
OEG tail length (m < 3) exhibited a phase transition sequence of crystal «» smectic C (SmC) + E-phase <> SmC,
while samples with longer OEG tail length (m = 7) possessed a phase transition of crystal «<» isotropic. The phase
behaviors of the resulting polypeptides will shed some light on future molecular design of crystalline and liquid
crystalline polymers.

ELECTRONIC SUPPLEMENTARY INFORMATION (ESI) AVAILABLE

"H-NMR spectra of Pr-BPOEGs/;, PPLG,s-g-BPOEG;,; (Figs. S1-S2, S4-S5), GPC data (Fig. S3), variable-temperature
FTIR spectra of PPLGy-g-BPOEG; (Fig. S6), POM images of Pr-BPOEG,, (Fig. S7), PPLG,4-g-BPOEG; (Fig. S10), and
PPLG,s-g-BPOEG; (Fig. S9) at different temperatures, TGA thermograms of PPLG,-g-BPOEG,, (Fig. S8), variable-
temperature 1D WAXS data of PPLGy-g-BPOEG;,; (Figs. S13 and S15), PPLGg;-g-BPOEG,; (Figs. S11 and S14),
temperature dependence of d-spacing and fwhh for PPLGg;-g-BPOEG, (Fig. S12), 2D WAXS patterns and azimuthal scan
data of PPLGy¢/s3-g-BPOEG; (Figs. S16 and S17). DSC results of Pr-BPOEG samples (Table S1).

REFERENCES

Schlaad, H., Adv. Polym. Sci., 2006, 202: 53

Huang, J. and Heise, A., Chem. Soc. Rev., 2013, 42(17): 7373

Deng, C., Wu, J., Cheng, R., Meng, F., Klok, H.A. and Zhong, Z., Prog. Polym. Sci., 2014, 39(2): 330
Chen, C., Wu, D., Fu, W. and Li, Z., Biomacromolecules, 2013, 14(8): 2494

Chang, X. and Dong, C.M., Biomacromolecules, 2013, 14(9): 3329

Gao, H., Hu, Z., Guan, Q.,Liu, Y., Zhu, F. and Wu, Q., Polymer, 2013, 54(18): 4923

Wever, D.A.Z., Riemsma, E., Picchioni, F. and Broekhuis, A.A., Polymer, 2013, 54(21): 5456

Fu, X., Ma, Y., Shen, Y., Fu, W. and Li, Z., Biomacromolecules, 2014, 15(3): 1055

Huang, Y.C. and Jan, J.S., Polymer, 2014, 55(2): 540

Zhuang, Z., Cai, C., Jiang, T., Lin, J. and Yang, C., Polymer, 2014, 55(2): 602

Yang, W.X., Wang, L.L., Zhu, H., Xu, R.W. and Wu, Y.W., Chinese J. Polym. Sci., 2013, 31(12): 1706
Zhang, S., Chen, C. and Li, Z., Chinese J. Polym. Sci., 2013, 31(2): 201

Peng, H., Chen, W.L., Kong, J., Shen, Z.Q. and Ling, J., Chinese J. Polym. Sci., 2014, 32(6): 743

Zhou, F., Ye, T., Shi, L., Xie, C., Chang, S., Fan, X. and Shen, Z., Macromolecules, 2013, 46(20): 8253
Zhou, Q.H., Zheng, J.K., Shen, Z., Fan, X.H., Chen, X.F. and Zhou, Q.F., Macromolecules, 2010, 43(13): 5637
Birke, A., Huesmann, D., Kelsch, A., Weilbécher, M., Xie, J., Bros, M., Bopp, T., Becker, C., Landfester, K. and
Barz, M., Biomacromolecules, 2013, 15(2): 548

17 He, P., Zhao, C.W., Xiao, C.S., Tang, Z.H. and Chen, X.S., Chinese J. Polym. Sci., 2013, 31(2): 318

18 Tang, H., Li, Y., Lahasky, S.H., Sheiko, S.S. and Zhang, D., Macromolecules, 2011, 44(6): 1491

19 Rhodes, A.J. and Deming, T.J., J. Am. Chem. Soc., 2012, 134(47): 19463

20 Deming, T.J., Adv. Polym. Sci., 2006, 202: 1

21 Papadopoulos, P., Floudas, G., Klok, H.A., Schnell, 1. and Pakula, T., Biomacromolecules, 2004, 5(1): 81
22 Lecommandoux, S., Achard, M.F., Langenwalter, J.F.and Klok, H.A., Macromolecules, 2001, 34(26): 9100
23 He, C., Zhuang, X., Tang, Z., Tian, H. and Chen, X., Adv. Healthcare Mater., 2012, 1(1): 48

24 Hadjichristidis, N., latrou, H., Pitsikalis, M. and Sakellariou, G., Chem. Rev., 2009, 109(11): 5528

O 00 9 N L A W N =

— e b e e e
AN N WD~ O



Side-Chain Liquid Crystalline Polypeptides Bearing Biphenyl Mesogens and Oligo-Ethylene-Glycol Tails 1161

25
26
27
28
29
30
31
32
33
34

35
36

Deming, T.J., Prog. Polym. Sci., 2007, 32(8-9): 858

Watanabe, J. and Tominaga, T., Macromolecules, 1993, 26(15): 4032

Schaefer, K.E., Keller, P. and Deming, T.J., Macromolecules, 2005, 39(1): 19

Yuan, Q., Liu, D., Deng, Y., Ling, Y. and Tang, H., Macromol. Chem. Phys., 2015, 216(2): 196

Tang, H. and Zhang, D., Biomacromolecules, 2010, 11(6): 1585

Susi, H., Timasheff, S.N. and Stevens, L., J. Bio. Chem., 1967, 242(23): 5460

Kuo, S.W. and Chen, C.J., Macromolecules, 2012, 45(5): 2442

Klok, H.A., Langenwalter, J.F., and Lecommandoux, S., Macromolecules, 2000, 33(21): 7819

Koltzenburg, S., Wolff, D., Springer, J. and Nuyken, O., J. Polym. Sci., Part A: Polym. Chem., 1998, 36(15): 2669
Xie, H.L., Jie, CK., Yu, Z.Q., Liu, X.B., Zhang, H.L., Shen, Z., Chen, E.Q. and Zhou, Q.F., J. Am. Chem. Soc.,
2010, 132(23): 8071

Wang, X.J. and Zhou, Q.F.,"Liquid crystalline polymers", World Scientific Publishing, Singapore, 2004

Yu, Z.Q., Lam, JW.Y., Zhu, C.Z., Chen, E.Q. and Tang, B.Z., Macromolecules, 2013, 46(3): 588




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 2400
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 2400
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (sRGB IEC61966-2.1)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /DEU <>
    /ENU <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


