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rs containing main-chain-amino
acids: ADMET polymerization and crystallization†

Jan Freudenberg, a Silvio Poppeb and Wolfgang H. Binder *a

The synthesis of new poly(alkyl)-precision oligomers and polymers displaying different types of amino acids

(chiral/achiral, polar/non-polar) placed at every 19th carbon atom are presented. Placing u-alkenyl moieties

onto appropriately N- and C-terminus functionalized amino acids successfully enabled ADMET-

polymerization of these monomers. Grubbs 1st catalyst under melt-polycondensation-conditions was

found to be the most effective with respect to the obtained molecular weights of the polymers, the

isomerization of the olefins and their final yield, yielding molecular weights up to �22 kDa. The obtained

polymers and the subsequent hydrogenation of the double bonds with p-toluenesulfonhydrazide

(TsNHNH2) was proven by NMR, GPC, MALDI-ToF-MS and IR measurements. Investigation of the

thermal behavior of the monomers and polymers via DSC measurements displays amorphous structures

for monomers and polymers with unpolar amino acid side chains, whereas for polymers bearing the

polar glutamic- and aspartic acid moieties crystalline morphologies are observed. An ordered lamellar

crystal phase is observed where the amino acid branches are either incorporated or excluded from the

unit cell, as proven by WAXS data.
Introduction

Understanding the ordering within specic domains of a poly-
mer, based on regular arrangements of (sub-)units is among the
fundamental principles in biological and synthetic macromol-
ecules. In contrast to synthetic macromolecules, in which
structure formation is based on only a few, oen constrained
hierarchical levels,1–3 intra- and intermolecular interaction via
supramolecular bonds of exactly placed amino acids, combined
with rotational constrains caused by rigid bonds in a poly-
peptide chain are the basis for the formation of regular ordering
phenomena in biological macromolecules.4 Such inter- and
intrachain macromolecular ordering is oen kinetically driven
by nucleation dependent processes,5,6 in which the formation of
higher structure levels e.g. crystal lamellae,7 an (oligomeric- or
peptidic-) gel,8 or an brillar aggregate9 strongly depends on the
initial formation of primary nuclei.

Introducing amino acids as structuring and folding elements
into synthetic polymers thus is an important element of
molecular design, enabling to determine the molecular shape
in the solid state. Different mechanical and thermal properties
as well as the crystallization behaviour of such polymers can be
, Faculty of Natural Sciences II, Chair of

Germany

, Faculty of Natural Sciences II, Chair of

y

ESI) available: 1H and 13C NMR data of
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hemistry 2017
engineered by repetitively placing monomers at specic posi-
tions within a polymer chain of dened origin.10–15 Acyclic diene
metathesis polymerization (ADMET)16 has been proven to be an
excellent tool to achieve a polyethylene (PE)-like chain with
functional monomers at precise locations.17,18 Size, chemical
structure and the steric structure of such “defects” to a large
extent determine the nal crystallization behaviour in the solid
state: when the precisely placed chemical elements are small
(such as methyl19,20-, ethyl21- or halogen22–26-groups) they can be
incorporated into the crystalline region of a semicrystalline
polymer, whereas larger defects (higher alkyl substituents,19,27

phosphoesters28,29 or triazol-rings30 and sulfonic-moieties31) are
excluded from the nal crystal-lattice.

The synthetic preparation of biosimilar oligomers and
polymers with repetitive amino acid units in the main chains
has stimulated a plethora of different methods.32,33 Thus e.g. the
synthesis of optically active linear and branched poly(meth)
acrylamides bearing L-amino acid moieties by radical polymer-
ization34–37 or the periodically incorporation of amino acid units
via ROMP using Grubbs catalysts has been accomplished.38–40

Especially ROMP was found to be an excellent tool for synthe-
sizing polyolen-gra-oligopeptide polyelectrolytes which can
form extended, pearl-like, or multi-molecular structures.41 A
periodic arrangement of amino acid branches in precision
polymers via ADMET polymerization has been previously ach-
ieved allowing to prepare polyolenes bearing ester-terminated
and amide-terminated amino acids in the backbone.42

Currently, only lysine as a side-chain moiety and cysteine
(within the main chain) have been placed within a poly(alkyl)-
RSC Adv., 2017, 7, 47507–47519 | 47507
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Fig. 1 Schematic representation of the synthesis of PE precision polymers with amino acid defects.
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chain43,44 resulting in a semi-crystalline morphology of such
polymers.

We here report on the introduction of ve different amino-
acids (chiral/achiral, polar/non-polar) as basic bio-building
blocks into the main chain of PE-polymers, placed precisely
at every 19th carbon within the main chain by functionalizing the
N- and C-terminus of the amino acid (see Fig. 1). Our main
interest concerned the synthetic/preparative issue, most of all
how ADMET will comply with different amino acids to furnish –

aer hydrogenation – the nal polymers with precisely placed
amino acids. On the other hand we were interested in the
structure formation of such polymers in the solid (semi-
crystalline) state: which amino acid will allow crystallization of
the poly(alkyl)-chain, which onewill inhibit the crystal-formation,
and what will happen to the crystal structure if formed.
Experimental section
Materials

Amino acids L-glutamic acid g-benzyl ester and L-aspartic acid
b-benzyl ester were purchased from carbolution-chemicals,
1-aminocyclohexanecarboxylic acid, 2-aminoisobutyric acid
and LiAlH4 were purchased from ABCR and 10-undecenoyl
chloride was purchased from Acros Organics. All other chem-
icals were purchased from Sigma-Aldrich. All chemicals were
used without further preparations or purication steps. The
solvents which were used for reactions were dried and freshly
distilled before using. THF was dried and distilled over sodium
47508 | RSC Adv., 2017, 7, 47507–47519
and benzophenone under N2 atmosphere, for drying of
dichloromethane (DCM) and dimethyl formamide (DMF) CaH2

was used. For the reactions under protective gas atmosphere
nitrogen (N2) was used, which was purchased from LINDE.

Instrument and measurements

Nuclearmagnetic resonance (NMR) spectra were recorded at 27 �C
on a NMR spectrometer of VARIAN. The 1H-NMR spectroscopy
were performed at 400 MHz and 13C-NMR spectroscopy at 100
MHz. For all samples CDCl3 or DMSO-d6 were used as solvents, in
case of the hydrogenated polymers 4a–4e 15 vol% TFAwere added.
The splitting patterns were subdivided in singuletts (s), dubletts
(d), triplets (t) and multiplett (m) during analysis. Chemical shis
(d) were given in ppm referred to the solvent residue peak and
tetramethylsilane were used as internal standard.

Infrared-spectroscopy (IR) was measured by VERTEX 70 IR
spectrometer of Bruker by using a single reex-diamond-ATR-
unit. The absorption bands are reported in cm�1 in an area of
400–4000 cm�1. The soware OPUS was used for interpretation
of the obtained bands.

Matrix-assisted laser desorption/ionization time-of-ight
mass spectrometry (MALDI-ToF-MS) measurements were per-
formed on a Bruker Autoex III system (Bruker Daltonics) using
a nitrogen laser operating at a wave length of l ¼ 337 nm in
reection or linear modes. The polymer was dissolved in THF
with a concentration of 10 mg mL�1. The matrix dithranol was
dissolved in THF with a concentration of 10 mg mL�1, for the
salt KTFA a concentration of 5 mg mL�1 in THF was used. The
This journal is © The Royal Society of Chemistry 2017
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volume ratio of the components was matrix : analyt : salt was
for all measurements 100 : 10 : 1. Calibration was done with
PEG-standard (Mp ¼ 2000 g mol�1 and 4200 g mol�1). Data
evaluation was carried out on exAnalysis soware (3.4).

For gel permeation chromatography (GPC) measurements
a Viscotek GPCmax VE 2002 with a HHR-HGuard-17369 and
a GMHHR-N-18055 column in tetrahydrofuran (THF) was used.
Measurements were done at 22 �C and concentration of the
samples were c ¼ 5 mg ml�1. Detection was realized by refrac-
tive index with a VE3580 RI detector of Viscotek at a temperature
of 35 �C and a ow rate of 1 mL min�1. External calibration was
done with polystyrene (Mp ¼ 1000–115 000 g mol�1).

For differential scanning calorimetry (DSC) measurements
a NETZSCH DC 204F1 Phoenix, which was calibrated with
indium, tin, bismuth, and zinc was used. Nitrogen was used as
purge gas and all samples (3g–8g) were placed in standard
aluminum pans. For analysis of obtained data Netzsch Proteus
– Thermal Analysis (version 5.2.1.) and OriginPro 8G was used.
For calculation of the crystallinity a equation below was used:

a ¼ DHm

DH0
m

� 100

where H0
m is the fusion enthalpy of eicosane DHm ¼ 247.3 J g�1.

X-ray diffraction (XRD) 2D patterns were detected on Vantec
500 detector (Bruker AXS) with a detector to sample distance of
9.00 cm. Measurements of the samples were done as droplet
which was heated up on a glass plate to isotropic state followed
by cooling the sample with a dene cooling rate of 5 K min�1 on
a temperature-controlled heating stage. Measuring temperature
for 4a was 60.0 �C and for 4b 70.0 �C, measuring time for both
samples were 30 min.

Dialysis tube (MWCO: 1000 g mol�1) was purchased from
Carl Roth GmbH.
Monomer synthesis

N-terminus functionalization
General procedure for the amino acids bearing a benzyl protec-

tion group in the side chain (method A) (1a–1b). N-terminus
functionalization was realized by the Einhorn method for the
amino acids bearing a benzyl protection group in the side chain.
Therefore, the protected amino acid (1 eq.) was dissolved in
THF (12 mL) and pyridine (10 mL) was added to the solution.
The mixture was cooled to 0 �C and 10-undecenoyl chloride
(1.3 eq.) was added dropwise to the solution, which then was
stirred for 24 h at room temperature. Then the reaction mixture
was poured into cold 1 M HCl-solution (300 mL) and diethyl
ether (200 mL) was added. The organic phase were separated,
extracted two times with 1MHCl solution (2� 100mL) and dried
over Na2SO4. Aer ltration the mixture was concentrated in
vacuum and recrystallized three times in ethyl acetate : n-hexane
(1 : 40) mixture to yield a white solid 1a–1b (72–76%).

N-Glu (1a): 1H-NMR (CDCl3, 27 �C, 400 MHz): d [ppm] 1.27
(m, 10H, Hd � Hh), 1.60 (m, 2H, Hi), 2.02–2.20 (m, 6H, H4 + Hc +
Hj), 2.49 (m, 1H, H3), 2.57 (m, 1H, H3), 4.54 (m, 1H, H2), 4.93 (m,
2H,Ha), 5.12 (s, 2H,H6), 5.79 (m, 1H,Hb), 6.56 (d,

3JH,H¼ 7.2 Hz,
1H, H13), 7.31–7.45 (m, 5H, H8 � H12).
This journal is © The Royal Society of Chemistry 2017
N-Glu (1a): 13C-NMR (CDCl3, 27 �C, 100 MHz): d [ppm] 25.4
(Ci), 26.5 (C3), 28.9–29.5 (Cd � Ch), 30.5 (C4), 33.7 (Cc), 36.3 (Cj),
52.3 (C2), 66.9 (C6), 114.1 (Ca), 128.2–128.7 (C8 � C12), 135.5 (C7),
139.1 (Cb), 171.5 (C1), 173.6 (C5), 174.1 (Ck).

N-Asp (1b): 1H-NMR (CDCl3, 27 �C, 400 MHz): d [ppm] 1.27
(m, 10H, Hd � Hh), 1.61 (m, 2H, Hi), 2.02 (m, 2H, Hc), 2.20 (m,
2H, Hj), 2.92 (m, 1H, H3), 3.09 (m, 1H, H3), 4.91 (m, 1H,H2), 4.96
(m, 2H, Ha), 5.14 (s, 2H, H5), 5.81 (m, 1H, Hb), 6.56 (d, 3JH,H ¼
7.2 Hz, 1H, H12), 7.31–7.45 (m, 5H, H7 � H11).

N-Asp (1b): 13C-NMR (CDCl3, 27 �C, 100 MHz): d [ppm] 25.4
(Ci), 28.9–29.3 (Cd � Ch), 33.8 (Cc), 36.3 (Cj), 36.5 (C3), 48.5 (C2),
67.0 (C5), 114.1 (Ca), 128.2–128.6 (C7 � C11), 135.23 (C6), 139.1
(Cb), 171.1 (C1), 173.8 (C4), 174.1 (Ck).

General procedure for the amino acids without a protection
group in the side chain (method B) (1c–1e). N-terminus func-
tionalization was realized by Schotten–Baumann synthesis for
the water soluble amino acids. The amino acid (1 eq.) and
NaOH (2 eq.) was dissolved in water (20 mL) and the mixture
was cooled in an ice-bath. 10-Undecenoyl chloride (1.1 eq.),
dissolved in dichloromethane (20 mL), was added dropwise to
the solution which was allowed to stir at room temperature for
24 h. The mixture was poured into cold 1 M HCl-solution
(200 mL) and the organic phase were then separated, dried over
Na2SO4, ltrated and concentrated in vacuum. The crude product
was recrystallized three times in ethyl acetate : n-hexane (1 : 40)
mixture to yield a white solid 1c–1e (64–75%).

N-Leu (1c): 1H-NMR (CDCl3, 27 �C, 400 MHz): d [ppm] 0.95
(m, 6H, H5 + H6), 1.28 (m, 10H, Hd � Hh), 1.60–1.71 (m, 5H, Hi +
H3 +H4), 2.02 (m, 2H,Hc), 2.23 (m, 2H,Hj), 4.61 (m, 1H,H2), 4.94
(m, 2H, Ha), 5.79 (m, 1H, Hb), 5.96 (m, 1H, H7).

N-Leu (1c): 13C-NMR (CDCl3, 27 �C, 100 MHz): d [ppm] 21.9–
22.8 (C5 + C6), 24.9 (C4), 25.5 (Ci), 28.9–29.5 (Cd � Ch), 33.7 (Cc),
36.5 (Cj), 41.1 (C3), 50.8 (C2), 114.1 (Ca), 139.1 (Cb), 173.9 (C1),
176.3 (Ck).

N-Aib (1d): 1H-NMR (CDCl3, 27 �C, 400 MHz): d [ppm] 1.27–
1.36 (m, 10H, Hd � Hh), 1.57–1.62 (m, 8H, H2 + H3 + Hi), 2.04 (m,
4H, Hc), 2.20 (m, 2H, Hj), 4.96 (m, 2H, Ha), 5.79 (m, 1H, Hb), 6.02
(m, 1H, H5).

N-Aib (1d): 13C-NMR (CDCl3, 27 �C, 100 MHz): d [ppm] 24.9
(C2 + C3), 25.5 (Ci), 28.9–29.5 (Cd � Ch), 33.7 (Cc), 36.8 (Cj), 57.0
(C1), 114.1 (Ca), 139.1 (Cb), 174.4 (Ck), 177.2 (C4).

N-ACHC (1e): 1H-NMR (CDCl3, 27 �C, 400 MHz): d [ppm]
1.29–1.45 (m, 12H, Hd � Hi), 1.66 (m, 6H, H3 + H4 + H5), 1.89 (m,
2H, H2 + H6), 2.04 (m, 4H, Hc + H2 + H6), 2.26 (m, 2H, Hj), 4.94
(m, 2H, Ha), 5.69 (m, 1H, H7), 5.79 (m, 1H, Hb).

N-ACHC (1e): 13C-NMR (CDCl3, 27 �C, 100 MHz): d [ppm] 21.3
(C3 + C5), 25.1–25.5 (Ci + C4), 28.9–29.5 (Cd � Ch), 32.0–33.7 (C2 +
C6 + Cc), 36.6 (Cj), 59.7 (C1), 114.1 (Ca), 139.1 (Cb), 175.1 (Ck),
176.0 (C4).

C-terminus functionalization
General procedure for chiral AA (2a–2c). Reactions were per-

formed under N2 atmosphere. N-terminus functionalized
amino acid 1a–1c (1.0 eq.) was dissolved in dried dichloro-
methane (20 mL) and then A2 (1.0 eq.) was added to the
mixture. The solution was cooled down to 0 �C and the coupling
reagents DIPEA (3.6 eq.), HOBt (13%H2O; 1.6 eq.) and EDC$HCl
(1.6 eq.) were added successively. The mixture was allowed to
RSC Adv., 2017, 7, 47507–47519 | 47509
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stir at room temperature for 4 hours before it was reuxed
overnight. Then the solution was cooled and extracted with
brine (20 mL), 1 M HCl (20 mL), brine (20 mL), saturated
NaHCO3-solution (20 mL) and brine (20 mL). The organic phase
was concentrated under vacuum and the crude product was
dissolved in THF (5 mL), precipitated in cold NaHCO3 (150 mL)
solution and isolated by ltration. Aerwards the obtained
brown solid was dissolved in Et2O (20 mL), dried over Na2SO4,
ltrated and concentrated in vacuum to yield products 2a–2c
(63–86%).

N- + C-Glu (2a): 1H-NMR (CDCl3, 27 �C, 400 MHz): d [ppm]
1.26–1.34 (m, 20H, Hd � Hh), 1.44–1.60 (m, 4H, Hl + Hi), 2.03–
2.20 (m, 6H, H4 + Hc + Hj), 2.40 (m, 1H, H3), 2.54 (m, 1H, H3),
3.18 (m, 2H, Hm) 4.42 (m, 1H, H2), 4.93 (m, 4H, Ha), 5.10 (s, 2H,
H6), 5.77 (m, 2H, Hb), 6.43 (d, 3JH,H ¼ 7.2 Hz, 1H, H13), 7.31–7.45
(m, 5H, H8 � H12).

N- + C-Glu (2a): 13C-NMR (CDCl3, 27 �C, 100 MHz): d [ppm]
25.5 (Ci), 26.8 (Ci), 27.8 (C3), 28.9–29.5 (Cd � Ch + Cl), 30.6 (C4),
33.8 (Cc), 36.5 (Cj), 39.6 (Cm), 52.3 (C2), 66.6 (C6), 114.1 (Ca),
128.2–128.7 (C8 � C12), 135.8 (C7), 139.1 (Cb), 170.9 (C1), 173.4
(C5), 173.4 (Ck).

N- + C-Asp (2b): 1H-NMR (CDCl3, 27 �C, 400 MHz): d [ppm]
1.27–1.40 (m, 22H, Hd � Hh + Hl), 1.59 (m, 2H, Hi), 2.02–2.20 (m,
6H,H4 +Hc +Hj), 2.91 (m, 1H,H3), 3.08 (m, 1H,H3), 3.17 (m, 2H,
Hm), 4.91 (m; 1H, H2), 4.94 (m, 2H, Ha), 5.14 (s, 2H, H5), 5.79 (m,
1H,Hb), 6.56 (d,

3JH,H ¼ 7.2 Hz, 1H, H12), 7.31–7.45 (m, 5H,H7 �
H11).

N- + C-Asp (2b): 13C-NMR (CDCl3, 27 �C, 100 MHz): d [ppm]
25.5 (Ci), 26.8 (Ci), 28.9–29.3 (Cd � Ch + Cl), 33.7 (Cc), 35.7 (Cj),
36.5 (C3), 39.6 (Cm), 49.1 (C2), 66.9 (C5), 114.1 (Ca), 128.2–128.6
(C7� C11), 135.4 (C6), 139.2 (Cb), 170.1 (C1), 172.1 (C4), 173.3 (Ck).

N- + C-Leu (2c): 1H-NMR (CDCl3, 27 �C, 400 MHz): d [ppm]
0.95 (m, 6H, H5 + H6), 1.28–1.43 (m, 22H, Hd � Hh + Hl), 1.60–
1.71 (m, 5H,Hi +H3 +H4), 2.02 (m, 2H,Hc), 2.20 (m, 2H,Hj), 3.22
(m, 2H,Hm), 4.61 (m, 1H,H2), 4.94 (m, 2H,Ha), 5.79 (m, 1H,Hb),
5.96 (m, 1H, H7).

N- + C-Leu (2c): 13C-NMR (CDCl3, 27 �C, 100 MHz): d [ppm]
21.9–22.6 (C5 + C6), 25.0 (C4), 25.6 (Ci), 26.8 (Ci), 28.9–29.5 (Cd �
Ch), 33.7 (Cc), 36.6 (Cj), 39.5 (Cm), 41.1 (C3), 51.6 (C2), 114.1 (Ca),
139.1 (Cb), 172.0 (C1), 173.1 (Ck).

General procedure for achiral AA (2d–2e). Reactions were per-
formed under N2 atmosphere. To a solution of N-terminus
functionalized amino acids 1d–1e (1.0 eq.) and A2 (1.0 eq.) in
0 �C cold dried dichloromethane (20 mL) DIPEA (4.5 eq.), DMAP
(0.02 eq.) and EDC$HCl (2.6 eq.) were added successively. The
solution was heated to reux for 24 h followed by extraction with
brine (20 mL), 1 M HCl (20 mL), brine (20 mL), saturated
NaHCO3-solution (20 mL) and brine (20 mL). The organic layer
was separated, dried over Na2SO4 and concentrated in vacuum
to yield 2d–2e (78–82%).

N- + C-Aib (2d): 1H-NMR (CDCl3, 27 �C, 400 MHz): d [ppm]
1.27–1.36 (m, 20H, Hd � Hh), 1.50 (m, 2H, Hl), 1.55–1.62 (m, 8H,
H2 + H3 + Hi), 2.04 (m, 4H, Hc), 2.16 (m, 2H, Hj), 3.23 (m, 2H,
Hm), 4.96 (m, 2H, Ha), 5.81 (m, 1H, Hb), 6.08 (m, 1H, H5), 6.65
(m, 1H, H5).

N- + C-Aib (2d): 13C-NMR (CDCl3, 27 �C, 100 MHz): d [ppm]
24.8 (C2 + C3), 25.5 (Ci), 26.8 (Ci), 28.9–29.5 (Cd � Ch), 33.8 (Cc),
47510 | RSC Adv., 2017, 7, 47507–47519
37.4 (Cj), 39.8 (Cj), 57.4 (C1), 114.1 (Ca), 139.1 (Cb), 173.4 (Ck),
174.5 (C4).

N- + C-ACHC (2e): 1H-NMR (CDCl3, 27 �C, 400 MHz): d [ppm]
1.29–1.47 (m, 24H, Hd � Hi + Hl), 1.64 (m, 6H,H3 + H4 + H5), 1.88
(m, 2H,H2 +H6), 2.04 (m, 6H,Hc +H2 +H6), 2.21 (m, 2H,Hj), 3.20
(m, 2H,Hm), 4.97 (m, 4H,Ha), 5.30 (m, 1H,H7), 5.79 (m, 2H,Hb).

N- + C-ACHC (2e): 13C-NMR (CDCl3, 27 �C, 100 MHz): d [ppm]
21.6 (C3 + C5), 25.1–25.5 (Ci + C4), 26.9 (Ci), 28.9–29.5 (Cd � Ch +
Cl), 32.0–33.8 (C2 + C6 + Cc), 37.5 (Cj), 39.5 (Cm), 59.7 (C1), 114.1
(Ca), 139.1 (Cb), 175.1 (Ck), 176.0 (C4).

ADMET-polymerization. Polymerization of the monomers
2a–2e was done as bulk polymerization, following the methods
proposed by Wagener et al. in the past.16 The solid monomers
were placed in a dried Schlenk tube, removing oxygen by
ushing with nitrogen, subsequently heating in an oil bath to
65 �C. Aer the monomer becomes liquid, the appropriate
amount of the chosen catalyst (100 : 1 monomer to catalyst
ratio) was added to the bulk. Vacuum and repeated cycles
ushing with nitrogen are applied during the reaction to
remove evolving ethylene, further small amount of catalyst were
additionally added to the bulk-reaction mixture aer several
hours. Due to increasing viscosity during polymerization the
reaction temperature was increased stepwise starting from
65 �C up to 165 �C (for the last hour) and aerwards the reaction
was quenched by adding THF and precipitating of the obtained
polymer into cold MeOH to yield 3a–3e (61–87%).

ADMET-Glu (3a): 1H-NMR (CDCl3, 27 �C, 400 MHz): d [ppm]
1.26–1.34 (m, Hrep.unit, Hd � Hh), 1.44–1.59 (m, Hrep.unit, Hi + Hl),
1.95–2.01 (m, Hrep.unit, H4 + Hc), 2.16 (m, Hrep.unit, Hj), 2.41 (m,
Hrep.unit,H3), 2.55 (m, Hrep.unit,H3), 3.20 (m, Hrep.unit,Hm) 4.41 (m,
Hrep.unit, H2), 4.96 (m, 4H, Ha), 5.10 (s, Hrep.unit, H6), 5.36 (m,
Hrep.unit, Hx + Hy), 5.79 (m, 2H, Hb), 7.34 (m, Hrep.unit, H8 � H12).

ADMET-Asp (3b):1H-NMR (CDCl3, 27 �C, 400 MHz): d [ppm]
1.19–1.28 (m, Hrep.Einheit, Hd � Hh), 1.43 (m, Hrep.Einheit, Hl), 1.58
(m, Hrep.Einheit, Hi), 1.95 (m, Hrep.Einheit, Hc), 2.18 (m, Hrep.Einheit,
Hj), 2.68 (m, Hrep.Einheit, H3), 2.90 (m, Hrep.Einheit, H3), 3.16
(m, Hrep.Einheit, Hm), 4.78 (m, Hrep.Einheit, H2), 4.96 (m, 4H, Ha),
5.13 (m, Hrep.Einheit, H5), 5.36 (m, Hrep.Einheit, Hx + Hy), 5.79
(m, 2H, Hb), 7.33 (m, Hrep.Einheit, H7 � H11).

ADMET-Leu (3c): 1H-NMR (CDCl3, 27 �C, 400 MHz): d [ppm]
0.87 (m, Hrep.Einheit, H5 + H6), 1.19–1.38 (m, 12H, Hd � Hh + Hl),
1.46–1.66 (m, Hrep.Einheit, H3 + H4 + Hi), 2.03 (m, Hrep.Einheit, Hc),
2.17 (m, Hrep.Einheit, Hj), 3.19 (m, Hrep.Einheit, Hl), 4.48 (m,
Hrep.Einheit, H2), 4.90 (m, 4H, Ha), 5.35 (m, Hrep.Einheit, Hx + Hy),
5.78 (m, 2H, Hb).

ADMET-Aib (3d): 1H-NMR (CDCl3, 27 �C, 400 MHz): d [ppm]
1.27–1.36 (m, Hrep.unit,Hd�Hh), 1.48 (m, Hrep.unit,Hl), 1.55–1.59
(m, Hrep.unit, H2 + H3 + Hi), 1.94 (m, Hrep.unit, Hc), 2.16
(m, Hrep.unit, Hj), 3.23 (m, Hrep.unit, Hm), 4.96 (m, 2H, Ha), 5.36
(m, Hrep.unit, Hx + Hy), 5.76 (m, 1H, Hb), 6.08 (m, Hrep.unit, H5),
6.65 (m, Hrep.unit, H6).

ADMET-ACHC (3e): 1H-NMR (CDCl3, 27 �C, 400 MHz):
d [ppm] 1.23–1.47 (m, Hrep.unit, Hd � Hh + Hl + Hi), 1.62
(m, Hrep.unit, H3 + H4 + H5), 1.86 (m, Hrep.unit, H2 + H6), 1.94–2.12
(m, Hrep.unit, Hc + H2 + H6), 2.21 (m, Hrep.unit, Hj), 3.20
(m, Hrep.unit, Hm), 4.91 (m, 4H, Ha), 5.35 (m, Hrep.unit, Hx + Hy),
5.78 (m, 2H, Hb).
This journal is © The Royal Society of Chemistry 2017
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Scheme 1 Synthesis for (a) N- + C-terminus functionalized mono-
mers 2a–2e and (b) ADMET-polymers 3a–3e and hydrogenated/
deprotected polymers 4a–4e.
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Hydrogenation/deprotection of the polymers
General procedure for hydrogenation and deprotection of the

polymers bearing benzyl-protecting group in the side chain (4a–4b).
To a solution of the polymer 3a–3b (1.0 eq.) in DMF TsNHNH2

(5.0 eq. per double bond) and DIPEA (5.0 eq.) were added. The
solution was heated up to 150 �C for 6 hours. Then the solution
was cooled to 85 �C, NaOH (2.0 eq. per protection group) was
added and the resulting mixture was stirred overnight. The
reaction mixture was cooled to room temperature and dialyzed
against MeOH for 3 days to yield the hydrogenated and depro-
tected polymers 4a–4b (72–79%).

ADMET-Glu H (4a): 1H-NMR (CDCl3 + 15 vol% TFA, 27 �C,
400 MHz): d [ppm] 0.87 (m, 6H, Hz), 1.25–1.34 (m, Hrep.unit, Hb �
Hh + Hx + Hy), 1.54–1.60 (m, Hrep.unit, Hi + Hl), 2.00–2.16
(m, Hrep.unit, H3), 2.39 (m, Hrep.unit, H4), 2.54 (m, Hrep.unit, Hj),
3.29 (m, Hrep.unit, Hm), 4.73 (m, Hrep.unit, H2), 7.21 (m, Hrep.unit,
H13), 7.81 (m, Hrep.unit, H14).

ADMET-Asp H (4b):1H-NMR (CDCl3 + 15 vol% TFA, 27 �C, 400
MHz): d [ppm] 0.87 (m, 6H, Hz), 1.19–1.28 (m, Hrep.unit, Hb � Hh +
Hx +Hy), 1.59 (m, Hrep.Einheit,Hi +Hl), 2.35 (m, Hrep.Einheit,Hj), 3.01
(m, Hrep.Einheit, H3), 3.24 (m, Hrep.Einheit, H3), 3.59 (m, Hrep.Einheit,
Hm), 4.50 (m, Hrep.Einheit, H2), 7.05 (m, Hrep.unit, H12 + H13).

General procedure for hydrogenation of the polymers without
a protecting group in the side chain (4c–4e). To a solution of the
polymer 3c–3e (1.0 eq.) in DMF TsNHNH2 (5.0 eq. per double
bond) and DIPEA (5.0 eq.) were added. The solution was heated
up to 150 �C for 6 hours. The resulting mixture was cooled to
room temperature and dialyzed against MeOH for 3 days to
yield the hydrogenated polymers 4c–4e (67–83%).

ADMET-Leu H (4c): 1H-NMR (CDCl3 + 15 vol% TFA, 27 �C, 400
MHz): d [ppm] 0.89 (m, Hrep.Einheit, H5 + H6 + Hz), 1.19–1.38 (m,
12H, Hb � Hh + Hx + Hy), 1.50–1.59 (m, Hrep.Einheit, H3 + H4 + Hi +
Hl), 2.32 (m, Hrep.Einheit, Hj), 3.25 (m, Hrep.Einheit, Hm), 4.54 (m,
Hrep.Einheit, H2), 7.19 (m, Hrep.Einheit, H7), 7.39 (m, Hrep.Einheit, H8).

ADMET-Aib H (4d): 1H-NMR (CDCl3 + 15 vol% TFA, 27 �C,
400 MHz): d [ppm] 0.88 (m, 6H, Hz), 1.25 (m, Hrep.unit, Hb � Hh +
Hl + Hx + Hy), 1.55–1.59 (m, Hrep.unit, H2 + H3 + Hi), 2.28
(m, Hrep.unit, Hj), 3.29 (m, Hrep.unit, Hm), 6.70 (m, Hrep.unit, H5),
6.99 (m, Hrep.unit, H6).

ADMET-ACHC H (4e): 1H-NMR (CDCl3 + 15 vol% TFA, 27 �C,
400 MHz): d [ppm] 0.88 (m, 6H, Hz), 1.27–1.46 (m, Hrep.unit, Hb �
Hh + Hl + Hx + Hy + Hi), 1.74 (m, Hrep.unit, H3 + H4 + H5), 1.96–2.31
(m, Hrep.unit, Hj + H2 + H6), 3.37 (m, Hrep.unit, Hm), 7.12–7.26
(m, Hrep.unit, H7 + H8).

Results and discussion

The synthesis of the polymers was accomplished by ADMET
polymerization of the chosen N- and C-terminus u-alkene-chain
functionalized amino acids. For the investigation of the inu-
ence on the chiral/achiral and polar/nonpolar nature of the
amino acids on the crystallization behavior, chiral/polar amino
acids glutamic (Glu) and aspartic acid (Asp), chiral/unpolar
L-leucine (Leu) and achiral/unpolar 2-amino-2-methylpropanoic
(Aib) acid and 1-aminocyclohexane-carboxylic acid (ACHC) were
functionalized with terminal u-alkenyl-group, polymerized by
ADMET and hydrogenated (Fig. 1).
This journal is © The Royal Society of Chemistry 2017
Monomer synthesis

Conceptually, the amino acids were introduced in the polymer
structure by the xation of two u-alkenyl-chains of equal length
on either side. Therefore, N- and C-terminus functionalization
was realized by reaction of the amino acid with 10-undecenoyl
chloride and aerwards coupling with 10-undecen-1-amine (A2)
(see Scheme 1).

The chosen method and the yields of the functionalization
reactions for the different amino acids are shown in Table 1.

For N-terminus functionalization pyridine was used for the
protected L-glutamic acid and L-aspartic acid 1a–1b or alternatively
via a two phase system of aqueous NaOH/CH2Cl2 mixture
(Schotten–Baumann-method) for the synthesis of 1c–1e. Free
carboxylic group in products 1a–1e could then be reacted with 10-
undecen-1-amine (A2), which was synthesized before in a two-step
synthesis by reaction of 10-undecenoyl chloride with ammo-
niumhydroxid to the corresponding amide (A1), followed by
reduction with LiAlH4 as described in the literature.45 All synthe-
sized monomers 1a–1e and 2a–2b were analysed by 1H, 13C-NMR
and ESI-ToF-MS spectroscopy (see Fig. S1–S28 ESI†), A1–A2 were
analysed by 1H and 13C-NMR spectroscopy (see Fig. S29–S30 ESI†).
ADMET-polymerization and hydrogenation of the polymers

Synthesis of the precision PE-polymers was realized by ADMET-
polymerization followed by hydrogenation with p-toulene-
sulfonhydrazide (TsNHNH2) as shown in Scheme 1.
RSC Adv., 2017, 7, 47507–47519 | 47511
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Table 1 Chosen methods and yields for N- and C-terminus functionalization of the different amino acids

Amino
acid R1 R2

N-terminus functionalization C-terminus functionalization

Method Product Yield (%) Cat. Product Yield (%)

Glu H A 1a 76 A 2a 86

Asp H A 1b 72 A 2b 79

Leu H B 1c 75 A 2c 63

Aib Me Me B 1d 67 B 2d 78

ACHC B 1e 64 B 2e 82
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Polymerization of themonomers 2a–2e can be done as a bulk
polymerization due to the low melting points. The solid
monomers were heated up in an oil bath to 65 �C till they
became completely liquid.16 The appropriate amount of catalyst
(100 : 1 monomer to catalyst ratio) was added to the monomer-
melt in which the same amount of catalyst was additionally
added to the bulk aer several hours. Due to the increasing
viscosity during polymerization the reaction temperature was
increased stepwise from 85 �C up to 165 �C. Finally the reaction
was quenched by adding THF and precipitating the obtained
polymer into cold MeOH.

Due to different activity and isomerization rates46–49 Grubbs
Catalyst rst generation (Grubbs 1st), second generation
(Grubbs 2nd) and Hoveyda–Grubbs Catalyst rst generation (GH
1st) were tested for the chosen reaction conditions. In Table 2
the results of the molecular weights (obtained by NMR and GPC
as well as the PDI's), the yields and the obtained trans : cis ratio
of the internal double bonds for the different catalyst are dis-
played. A low isomerization rate48 and good yields for mono-
mers 3a–3c by using Grubbs 1st catalyst were obtained. GH 1st

catalyst under complete oxygen-free conditions also achieved
good results with respect to yield and molecular weights of the
products, whereas Grubbs 2nd catalyst was found to be the
catalyst resulting in the lowest molecular weights. Probing the
optimized conditions described by Wagener et al.16 molecular
weights as high as 22 kDa were obtained – higher molecular
weights were not obtained. This might be due to the high
temperature at which most of the monomers are melting (oen
above 165 �C), which is limiting the activity of the catalysts.
Even though such high reaction temperatures could lead to
various side reactions, only a low isomerization rate was
observed in MALDI-Tof-MS analysis.

Hydrogenation of the terminal and internal double bonds
in the backbone to yield the polymer 4a–4e was realized by
reaction of the polymers with p-toluenesulfonhydrazide
47512 | RSC Adv., 2017, 7, 47507–47519
(TsNHNH2) and DIPEA in DMF at 150 �C according to litera-
ture50–53 (see Scheme 1). For the hydrogenation the ADMET
polymers 3a–3e synthesized with Grubbs 1st generation cata-
lyst were used and molecular weights from 3100 g mol�1 to
18 500 g mol�1 were obtained (Table 3). Reactions were
stopped aer 6 h, complete deprotection of the asparagine
and glutamic acid unit in the polymer backbone could be
realized by subsequent ester hydrolysis with aqueous NaOH-
solution. The resulting mixture was dialysed against MeOH
for 3 days to remove the obtained p-toluenesulfonic acid and
benzyl alcohol in case of 4a and 4b. During dialysis, the ob-
tained hydrogenated polymers precipitated due to their
complete insolubility in the organic solvents used. The
monomer and polymer synthesis as well as hydrogenation/
deprotection can be followed by 1H-NMR, MALDI-TOF-MS
and IR as shown in Fig. 2 for the 1H-NMR data of monomer
2c (top), the ADMET-polymer 3c (middle) and the hydroge-
nated polymer 4c (bottom). Successful polymerization of the
monomer can be proven by detection of the internal double
bonds, which occur during ADMET-polymerization and can
be found at 5.3 ppm. All other signals become broader and
show higher intensity in relation to the terminal double
bonds, which are still present aer polymerization at 5.8 ppm
and 4.9. Thus, this resonance can be used for calculation of
the molecular weight by comparison of the ratio of the inte-
grals for the terminal and internal double bonds, which can
be determined as 10 : 1 which leads to a molecular weight of
4200 g mol�1 in 1H-NMR for 3c and is agreeable with the
molecular weight of 3500 g mol�1 determined by GPC.

Due to complete insolubility of the nal product in common
organic solvents complete hydrogenation and deprotection can
be demonstrated by 1H-NMR in CDCl3 only aer adding 15 vol%
TFA to the mixture. The characteristic signals for the internal
double bonds at 5.3 ppm as well as for the terminal double
bond at 5.8 ppm and 4.9 ppm are no longer present in the 1H-
This journal is © The Royal Society of Chemistry 2017
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Table 2 Obtained molecular weights calculated by NMR and GPC, PDI's, yields and trans : cis ratio of the internal double bonds for ADMET-
polymerization of the monomers 2a–2e to polymers 3a–3e by using different types of catalyst

Polymer R1 R2 Cat. Mn GPC (Da) Mn NMR (Da) DP (n) PDI trans : cis ratio Yield (%)

3a H
Grubbs 1st 7600 9200 17 1.7 68 : 32 77
Grubbs 2nd 700 800 2 1.5 89 : 11 67
GH 1st 2300 2400 5 2.2 78 : 22 70

3b H
Grubbs 1st 10 500 22 000 41 1.9 68 : 32 87
Grubbs 2nd 800 700 2 1.4 82 : 18 61
GH 1st 4000 5400 10 1.5 72 : 28 72

3c H
Grubbs 1st 3500 4300 10 1.8 75 : 25 73
Grubbs 2nd 1000 700 2 1.4 78 : 22 69
GH 1st 4100 5500 12 1.6 76 : 24 71

3d Me Me Grubbs 1st 2500 3000 7 1.4 79 : 21 73

3e

Grubbs 1st 9400 14 600 32 1.9 76 : 24 70
GH 1st 11 500 18 200 40 1.9 79 : 21 62

Table 3 Obtained molecular weights calculated by NMR, DP and
yields of the unsaturated ADMET polymers 3a–3e obtained with
Grubbs 1st catalyst and saturated polymers 4a–4e

Polymer Mn NMR (Da) DP (n) Yield (%)

3a 9200 17 77
4a 8400 19 72
3b 22 000 41 87
4b 18 500 43 79
3c 4300 10 73
4c —a — 62
3d 3000 7 73
4d 3100 7 55
3e 14 600 32 70
4e 15 500 33 85

a Calculation of Mn not possible due to overlapping of the methyl end
groups and methyl groups in the repeating unit.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
O

ct
ob

er
 2

01
7.

 D
ow

nl
oa

de
d 

on
 7

/2
/2

02
4 

7:
21

:2
1 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
NMR spectra of 4c. Furthermore, protons next to the terminal
double bonds at 2.0 ppm are disappearing and signals for the
methyl groups at 0.9 ppm become broader due to protons of
the resulting methyl end group. The successful deprotection
of the benzyl-group in the case of 4a and 4b can be proven by
the disappearance of the signals of the CH2-group next to the
aromatic system at 5.1 ppm as well as the characteristic
aromatic system signals at 7.3 ppm which is shown in Fig. 3.
New methyl end-group can be detected at 0.9 ppm and was
used for calculation of the molecular weight, indicating
successful hydrogenation of the double bonds, whereas all
other signals are still present showing slightly changed
chemical shis due to interaction with TFA molecules. Degree
of polymerization (DP) calculated for the hydrogenated poly-
mers 4a, 4b, 4d and 4e are always higher as for unsaturated
polymers.
This journal is © The Royal Society of Chemistry 2017
All other NMR-spectra of the ADMET- and hydrogenated
polymers are shown in the ESI (Fig. S31–S36†). The successful
hydrogenation can also be proven in IR-spectroscopy by disap-
pearance of the deformation vibration band of the double
bonds at 990 cm�1 and 915 cm�1 in the IR spectrum (Fig. S42–
S51†).

MALDI-ToF-MS analysis

In Fig. 4 and 5 MALDi-ToF-MS spectra of the ADMET-polymer
3b and the hydrogenated polymer 4e are shown. All other
MALDI-Tof-MS spectra are shown in Fig. S42–S51† with the
exception of 3d, 4a and 4d, which cannot be detected under
the chosen conditions. The MS spectra of the ADMET-polymer
3b (Fig. 4) shows a mass distribution from 1091 g mol�1 to
4165 g mol�1 (Fig. 4a) with a maximum peak at 1604.041 g
mol�1. Two series can be assigned and the distance between
signals of the same series amounts to 512 g mol�1. The distance
between signals of different series is 14 g mol�1, in which the
signal with the lower molecular weight has always a lower
intensity (Fig. 4b). This signal indicates the loss of a CH2-group
during ADMET-polymerization due to olen isomerization,
leading to polymers having a slightly different chain length of
the alkyl chain,46,54 with a small amount of isomerization in e.g.
3b. The low isomerization rate can be proven by the appearance
of only one series displaying isomerization products for 3b and
three series for 4e (Fig. 5), whereas high isomerization rates
have been observed at cysteine functionalized polymers,
resulting in 6 series of isomerized side products.54 The signal at
2117 g mol�1 can be assigned to the polymer [E-M2-EK]

+ with
potassium as counter ion, which is conrmed by the agreement of
the experimental and simulated data (see Fig. 4c). Thus, the ob-
tained main series denitely indicates the expected polymer
structure by ADMET polymerization including internal and
RSC Adv., 2017, 7, 47507–47519 | 47513
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Fig. 2 1H-NMR spectra of monomer 2c (top), ADMET-polymer 3c (middle) and hydrogenated polymer 4c (bottom) in CDCl3. For 4c 15 vol%. TFA
was added.
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external double bonds and the loss of ethylene in the repeating
unit.

For polymer 4e (Fig. 5) a mass distribution from 937 gmol�1 to
2242 gmol�1 is obtained, in which the highest absorption peak at
1372 g mol�1 indicates the polymer structure [E-M-EK]+. Distance
Fig. 3 1H-NMR spectra of monomer 2b (top), ADMET-polymer 3b (middl
was added.

47514 | RSC Adv., 2017, 7, 47507–47519
between the main series is 434 g mol�1, which is in agreement
with the molecular weight of the repetitive unit. In addition to the
obtainedmain series up to three different series with a distance of
14 g mol�1 can be observed, again indicating the isomerization of
the olen. In comparison to 3b, the isomerization is higher and
e) and hydrogenated polymer 4b (bottom) in CDCl3. For 4b 15 vol%. TFA

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 (a) MALDI-ToF-MS of ADMET polymer 3b (b) zoom in to [E-M2-
EK]+ to show isomerization of the olefin (c) measured and simulated
pattern for [E-M2-EK]

+.
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occurs at more than one site. The main series however proofs the
complete hydrogenation of the polymer.
DSC analysis

The thermal properties of the hydrogenated polymer in
comparison to the monomer and the unsaturated polymers
were investigated by DSC-measurements. Fig. 6 shows the
cooling and heating curve for the monomers 2a and 2b (dotted
lines) and the polymers 4a and 4b (straight lines) aer ADMET
and hydrogenation.

For monomer 2a melting at 53 �C and crystallization at
�10 �C could be observed, whereas monomer 2b has
Fig. 5 (a) MALDI-ToF-MS of ADMET polymer 4e (b) zoom in to [E-M-EK]+

for [E-M-EK]+.

This journal is © The Royal Society of Chemistry 2017
a signicant higher melting and crystallization point (Tm ¼
64.4 �C; Tc ¼ 34.7 �C). Aer ADMET-polymerization the inves-
tigated compounds 3a–3e become completely amorphous,
presumably due to sterically hindrance caused by incorporation
of the internal double bonds into the polymer. Crystallization of
such polymers strongly depends on the packing of the alkyl
chains, which in this case is limited due to the presence of the
thus different olen isomers and the incorporated amino acid
in the polymer backbone.

Aer hydrogenation and deprotection the polymers 4a and
4b display a crystalline structure as visible by their melting
points. In comparison to the corresponding monomer, melting
and crystallization of 4a and 4b shis to signicantly higher
temperatures, in which 4b has a higher melting and crystalli-
zation temperature than 4a. However, in comparison to the
unsaturated monomers and polymer 4a, DSC-curves of 4b are
more complex. Melting at 122.8 �C and 142.9 �C indicate
a melting-recrystallization, which can be due to formation of
metastable crystals during the cooling process.55 Such crystals
are melting rst and reorganizing again into more stable areas
resulting in an exothermal signal in the DSC curve. These areas
are melting later, similar to the behavior found for precision
polyolenes with different functional groups acting as defects.56

Furthermore, two crystallization temperatures can be observed
at 103.6 �C and 74.4 �C, which may be due to microphase
separation. In Table 4 thermal behavior as well as characteristic
melting and crystallization data of these samples are
summarized.

These observations indicate the big inuence of the molec-
ular size and hydrogen-bonding of the amino acids acting as
to show isomerization of the olefin (c) measured and simulated pattern
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Fig. 6 (a) DSC thermograms of monomer 2a (dotted lines) and the hydrogenated polymer 4a (straight lines) (b) DSC thermograms of monomer
2b (dotted lines) and the hydrogenated polymer 4b (straight lines).
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defects, in which the polymer 4b bearing aspartic acid aer
every 19th carbon shows a higher melting and crystallization
temperatures than 4a. Such effects of the defect size on the
melting and crystallization were reported early e.g. for alkyl
branches27 and butyl branched polyethylene's and
polyphosphoester's.28

For all other monomers 2c–2e and polymers 4c–4e no crys-
talline behavior could be observed as those amino acids with an
aliphatic backbone disturbed crystallinity, whereas amino acids
with a functional group able to form dened crystal structures.
Thus, an additional intermolecular interaction of the
carboxylic-acid-defects is proposed for crystallization of the
samples, e.g. by dimerization of the carboxylic-acid moieties.
XRD-analysis

Crystalline structure of polymers 4a and 4b was pre-investigated
by WAXS measurements (Fig. 7), observing four reections for
both polymers (Table 5). The rst reection in the small angle
Table 4 Thermal behavior of the monomers and polymers with
aspartic acid and glutamic acid acting as defects (2a–4a and 2b–4b)

Amino acid R1 Tm (�C) Tc (�C)
DH
(J g�1)

a

(%)

Glu

2a 52.8 �10.1 60.9 25
3a — — — —

4a 88.2 69.5 26.1 11

Asp

2b 64.4 34.7 51.4 21
3b — — — —

4b 142.8 103.6 60.9 25

47516 | RSC Adv., 2017, 7, 47507–47519
area at a 2q of 3.09� for 4a and 3.60� and 4b is the (001)
reection, indicative of the distance between two amino acid
groups along the chain of 2.86 nm for 4a and 2.45 nm for 4b,
which is in good agreement with the length of the precision
polymers. At almost exactly the doubled value of 2q higher order
reection (002) can be detected which was also found for
precision sulfone polyethylenes,31 demonstrating that the
reection intensity for 4a is not as intensive as for 4b. These
(002) reections are describing the evolution of a lamellar
morphology and both (001) and (002) reections could have also
been observed for other precision PE-polymers of different meth-
ylene sequences lengths bearing DAP-units at 16th, 18th or 20th

carbon atom, shiing to higher 2q values with decreasing length of
the alkyl chain.57 Formation of lamellae in 4a could be more
hindered than in 4b, caused by the glutamic acid as amajor defect,
so that the intensity of this reex for 4a is signicantly smaller than
for 4b. As previously reported for ADMET-PE and high density
polyethylene, two characteristic reections at scattering angles of
21.7� and 24.0� can be detected, containing information about
crystal morphology of the alkyl chains and corresponding to (110)
and (200) reections of a orthorhombic crystal system.58 For both
polymers 4a and 4b, broad reections with maxima at 2q of 19.58�

and 21.33� and 18.98� and 20.68� can be observed and thus the
crystalline structure is denitely dissimilar to ADMET-PE.19,27 The
width of the signals can be explained due to the low crystallinity as
the defects are large, in accordance with DSC data and literature.27

Similar to other precision PE-polymers of different methylene
spacer length bearing alkyl moieties19,27 chlorines25 and meta-
substituted aryl ether branches56 in the main backbone it is likely
that orthorhombic, triclinic and other metastable crystal systems
are coexistent as supported by the strong asymmetric distribution
of the reections.19,27 Corresponding to the observations for
ADMET-polyethylene containing m-substituted arylene the amino
acid defect presumably can either be excluded from or included
into the PE crystals.56
This journal is © The Royal Society of Chemistry 2017
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Fig. 7 Wide-angle-X-ray diffraction patterns for precision oligomers 4a and 4b.

Table 5 Obtained WAXS data for hydrogenated polymers 4a and 4b

Sample Reection 2q/� q/nm�1 d/nm

4a 1 3.09 2.20 2.86
2 6.21 4.42 1.42
3 19.58 13.87 0.45
4 21.33 15.10 0.42

4b 1 3.60 2.56 2.45
2 7.14 5.08 1.24
3 18.98 13.46 0.47
4 20.68 14.64 0.43
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Conclusion

We here report a strategy for the synthesis and characterization
of newly developed precision polyalkyl-polymers with amino
acid defects at every 19th CH2 carbon atom. Chiral/achiral as
well as polar/nonpolar amino acids were functionalized on the
N- and C-terminus with alkyl branches, bearing terminal double
bonds at each end. The synthesis of precision polymers with
molecular weights up to 22 kDa was realized by ADMET poly-
merization under melt-polymerization conditions, followed by
complete hydrogenation of the internal double bonds with p-
toluenesulfonhydrazide (TsNHNH2). For ADMET polymeriza-
tion Grubbs 1st, Grubbs 2nd and Grubbs Hoveyda 1st catalyst
were tested, the former was found to be the best catalyst in
handling and in synthesizing low isomerized, high molecular
weight polymers in good yields, proving the structures of the
obtained products by 1H-NMR, GPC, MALDI-ToF-Ms and IR.
Thermal investigation of the monomers and polymers demon-
strated that all compounds having unpolar amino acids (L-
leucine, 2-amino-2-methylpropanoic acid, 1-aminocyclohexane-
carboxylic acid) in the chain are amorphous, whereas the
monomers and the hydrogenated polymers of polar amino
acids (glutamic and aspartic acid) show crystalline morphol-
ogies. Melting points for glutamic acidmodiedmonomers and
This journal is © The Royal Society of Chemistry 2017
polymers are lower in comparison to aspartic acid, demon-
strating that the bigger the size of the defect the lower the ability
to pack into an ordered structure. The hydrogenated polymer
bearing aspartic acid moieties (4b) shows a complex thermal
behavior, which is represented by melting-recrystallization and
two crystallization points. WAXD-measurements show four
reections for both 4a and 4b, indicating a distance between the
two amino acid groups of 2.86 nm for 4a and 2.45 nm for 4b
along the PE-chain, together with the formation of a lamellar
structure. We also assume an orthorhombic crystal in which
amino acids can either be excluded from or included into the PE
crystals – a nal statement however cannot be accomplished on
basis of the current data.
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