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The Effect of Hydrogen Bonding on Polymerization Behavior
of Monofunctional Vinyl Cyclopropane-Amides with
Different Side Chains

Sören Schumacher, Sanwardhini Pantawane, Stephan Gekle, and Seema Agarwal*

The synthesis of four different monofunctional vinyl cyclopropane (VCP)
amides and their photopolymerization behavior are presented. All VCPs can
form hydrogen bonds, with one being the amide linkage of the VCP unit and
the other one being the side chain. The number of additional hydrogen bonds
is regulated by the different side chains being, carbonate, urethane, urea, and
amide. Hydrogen bonds should lead to a preorganization of the monomers,
leading to a fast polymerization. Kinetic studies of the photopolymerization,
analysis of hydrogen bond strength via solid-state nuclear magnetic
resonance (NMR) experiments, and theoretical calculations are used to
correlate the degree of conversion and the amount of preorganization. A fast
polymerization could be observed due to hydrogen bonding near the active
site, while hydrogen bonds in the side chain make a minor difference.

1. Introduction

Vinyl cyclopropanes (VCPs) have found various interests in or-
ganic chemistry, where they act as starting materials for com-
plex structures[1] and polymer science.[2] They were introduced as
radically polymerizable monomers, showing low volume shrink-
age during polymerization.[3–5] This is due to the radical ring-
opening mechanism, whereby additional bonds are introduced
into the backbone, compensating for the shrinkage of the forma-
tion of covalent bonds. While both thermal and photopolymeriza-
tion of such systems were investigated, light-induced polymers’
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lowest shrinkage was observed.[4,6] Such
monomers are of interest as photopoly-
merizable systems, for example, for pre-
cise coatings,[7] dental fillings,[8] and
microlithography.[9] One disadvantage of
the well-studied VCP-ester derivatives is the
slow and incomplete polymerization.[6,10]

In previous work, we introduced a new
class of amide-linked bifunctional VCP
(bis-VCP-amide), which showed a much
faster and complete polymerization.[11] In
VCP-amides, the spacer is attached to the
cyclopropane ring via an amide linkage.
This linkage led to a preorganization in a
chain-like arrangement of the monomers
via hydrogen bonding and, therefore, fast
polymerization. Since then, several new
VCPs have been introduced, following

the same concept.[5,12] While bifunctional systems are needed for
getting a cross-linked thermoset for real applications, the concept
of preorganization cannot be investigated systematically in these
systems. The cross-linking introduces insolubility making struc-
tural characterization and kinetic studies difficult. Therefore, in
a recent study, we investigated the role of hydrogen-bond (H-
bond) sites by introducing different organic functional groups
in the side chain of monofunctional VCPs, keeping the linker
between the side chain and VCP as ester on polymerization be-
havior. Although H-bonding influenced the rate of polymeriza-
tion, the difference among the different functional groups was
little, as the hydrogen bonding site was too far from the active
site.[13] This finding agrees with a previous report, where the rate
of polymerization could be correlated to the distance between hy-
drogen bond and active site for acrylate monomers.[14] There-
fore, we now present a new set of monomers, which bear H-
bonding sites at two different positions in VCPs: an amide group
linking the sidechain to the cyclopropane ring and different or-
ganic functional groups (amide, urethane, and urea) capable of
H-bonding to different extents in the side chain to compare their
behavior in free-radical photopolymerization concerning the rate
of polymerization, and monomer conversion. For comparison, a
non-hydrogen-bonding side chain (carbonate functional group)
VCP-amide was also prepared. The aim is to obtain a full pic-
ture on how both the H-bonding sites affect the polymerization
behavior of monofunctional VCPs. In addition, we compare the
experimental findings with the theoretical calculations, which
might enable a better and faster prediction of structural designs
of mono- or bifunctional systems in the future.
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2. Experimental Section

2.1. Materials

1,4-Dibromo-2-butene, diethyl malonate, sodium, tert-butyl di-
carbonate, and camphorquinone (CQ) were supplied by Aldrich
and used without further purification. 4-(dimethylamino) pyri-
dine (DMAP) and ethyl 4-dimethylaminobenzoate (EDMAB)
(Fluka) were used without further purification. Ethyl iso-
cyanate, ethyl chloroformate, N-Boc-ethanolamine, N, N’-
dicyclohexylcarbodiimide (DCC), and ethylenediamine were
supplied by Alfa Aesar and used without further purification.
Potassium hydroxide (Carl Roth), magnesium sulfate, and tri-
ethylamine (Güssing) were used without further purification.
Sodium bicarbonate (Fisher chemical) was used without further
purification. Sulfuric acid and ammonium chloride were sup-
plied by VWR and used without further purification. All solvents
were distilled before use.

2.2. Analytical Methods

1H- (300 MHz) and 13C-nuclear magnetic resonance (NMR) spec-
tra (75 MHz) were recorded on a Bruker Ultrashied-300 spec-
trometer at room temperature. To distinguish between primary
and tertiary or secondary and quarterly carbons, 13C Attached
Proton Test (APT) was conducted. The 2-dimensional (2D) NMR
heteronuclear single quantum coherence (HSQC) experiments
were performed to observe 1 J coupling and Heteronuclear Mul-
tiple Bond Correlation (HMBC) experiments for coupling J > 1.
Solid-state NMR (2.0 kHz) was recorded on a Bruker Advance III
HD NMR 400 (field strength 9,4 T) with a 3.2 mm sample car-
rier. Variable 1H temperature experiments have been performed
from 25 to 60 °C. Differential scanning calorimetric (DSC) mea-
surements were performed on a NETZSCH DSC 204 F1 Phoenix
under a nitrogen atmosphere with 20 mL per min flow. Thermo-
gravimetric analysis was performed in alumina pans with sam-
ple masses of around 5 mg and a flow rate of 50 mL per min on
a NETZSCH Libra F1 device.

2.3. Monomer Synthesis

The VCP derivatives 1-(2-((ethoxycarbonyl)oxy)ethyl) 1-
ethyl 2-vinyl cyclopropane-1,1-dicarboxylate [Monomer 1],
1-ethyl 1-(2-propionamidoethyl) 2-vinyl cyclopropane-1,1-
dicarboxylate [Monomer 2], 1-ethyl 1-(2-(3-ethylureido)ethyl)
2-vinyl cyclopropane-1,1-dicarboxylate [Monomer 3] and 1-(2-
((ethoxycarbonyl)amino)ethyl) 1-ethyl 2-vinyl cyclopropane-1,1-
dicarboxylate [Monomer 4] were synthesized in three steps.
The first two steps were the typical reaction sequences for the
synthesis of VCP derivatives. Diethyl 2-vinyl cyclopropane-1,1-
dicarboxylate and the hydrolyzed diethyl 2-vinyl cyclopropane-
1,1-dicarboxylate in the first two steps were synthesized as per
the published procedure.[4,15] The last step was the amidation of
hydrolyzed diethyl 2-vinyl cyclopropane-1,1-dicarboxylate with
corresponding amines; 2-aminoethyl ethyl carbonate (5), ethyl
(2-aminoethyl)carbamate (6), 1-(2-aminoethyl)-3-ethyl urea (7),

N-(2-aminoethyl)propionamide (8). The synthesis of amines 5,
6, 7, and 8 are given in the Supporting Information (For reaction
schemes and corresponding NMR spectra, see Figures S1–S7,
Supporting Information).[16]

2.4. General Procedure for Preparation of VCP Ester Derivates

Under argon 1-(ethoxycarbonyl)-2-vinyl cyclopropane-carboxylic
acid (1.1 equiv.), 6-chloro-1-hydroxy benzotriazole (HOBt-Cl)
(1.15 equiv.), and the corresponding amine (1.0 equiv.) were dis-
solved in dry dichloromethane (DCM). At 0 °C, triethylamine
(NEt3 ) (2.2 equiv.) was added, and the reaction mixture was
stirred for 15 min. At 0 °C in dry DCM, dissolved DCC (1.1 equiv.)
was slowly added. The reaction mixture was stirred at 0 °C for 1
h and at room temperature for 17 h. The reaction mixture was
filtered, and the filtrate was washed three times with 0.5 m hy-
drochloric acid (HCl), saturated sodium bicarbonate (NaHCO3),
and saturated sodium chloride (NaCl) solution, respectively. The
organic phase was dried over magnesium sulfate (MgSO4), and
the solvent was removed under reduced pressure. The product
was obtained after purification using flash chromatography.

2.4.1. 1-(2-((ethoxycarbonyl)oxy)ethyl) 1-ethyl 2-vinyl
cyclopropane-1,1-dicarboxylate [Monomer 1]

4.17 g of 1-(ethoxycarbonyl)-2-vinyl cyclopropane-carboxylic acid
(22.6 mmol) was reacted with 4.05 g HOBt-Cl (23.9 mmol), 4.0 g
NEt3 (5.5 ml, 39.7 mmol), 2.51 g 2-aminoethyl ethyl carbonate
(18.9 mmol), and 4.09 g DCC (23.9 mmol). DCC was dissolved in
50 mL DCM, added into the reaction mixture, dissolved in 30 mL
DCM. Flash chromatography was used for purification (cyclohex-
ane: EtOAc 9:1→ 7:3). White solid, yield: 66%. NMR and FTIR
experiments were conducted for structural verification (see Fig-
ures 1–3 and Figures S8–S11, Supporting Information).

1H NMR (300 MHz, CDCl3) 𝛿 8.66 (s, 1H), 5.71–5.57 (m, 1H),
5.33 (dd, J = 17.1, 1.5 Hz, 1H), 5.16 (dd, J = 10.2, 1.5 Hz, 1H),
4.28–4.13 (m, 6H), 3.64–3.54 (m, 2H), 2.53 (dd, J = 17.1, 8.7 Hz,
1H), 2.08–1.99 (m, 1H), 1.91–1.83 (m, 1H), 1.29 (dt, J = 8.5,
7.1 Hz, 6H). 13C NMR (75 MHz, CDCl3) 𝛿 171.2, 168.6, 155.2,
133.3, 119.8, 66.5, 64.3, 61.6, 39.1, 37.3, 34.4, 21.7, 14.4, 14.3 ppm.
FT-IR (ATR mode): 3361, 2384, 2938, 1744, 1704, 1657, 1528,
1466, 1447, 1371, 1250, 1142, 1019, 917, 866, 790741, 626 cm−1.

2.4.2. 1-ethyl 1-(2-propionamidoethyl) 2-vinyl
cyclopropane-1,1-dicarboxylate [Monomer 2]

1.45 g of 1-(ethoxycarbonyl)-2-vinyl cyclopropane-carboxylic acid
(7.9 mmol) was reacted with 1.41 g HOBt-Cl (8.3 mmol), 1.60 g
NEt3 (2.2 mL, 15.8 mmol), 950 mg ethyl (2 aminoethyl)carbamate
(7.2 mmol) and 1.63 g DCC (7.9 mmol). DCC was dissolved in
10 mL DCM, added into the reaction mixture, dissolved in 20 mL
DCM. Flash chromatography was used for purification (Cyclo-
hexane: EtOAc 100:0 → 8:2). White amorphous solid, yield: 94%.
NMR and FTIR experiments were conducted for structural veri-
fication (see Figures S12–S18, Supporting Information).
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Figure 1. 1H NMR spectrum of monomer 1 as measured in CDCl3.

Figure 2. HSQC 2D NMR experiment of monomer 1.

1H NMR (300 MHz, CDCl3) 𝛿 8.62 (s, 1H), 5.64 (ddd, J = 17.1,
10.2, 8.7 Hz, 1H), 5.37–5.28 (m, 1H), 5.16 (dd, J = 10.2, 1.1 Hz,
1H), 4.24–4.04 (m, 4H), 3.49–3.26 (m, 4H), 2.53 (dd, J = 17.1,
8.7 Hz, 1H), 2.03 (dt, J = 8.7, 4.3 Hz, 1H), 1.87 (dd, J = 8.0,
4.3 Hz, 1H), 1.31–1.18 (m, 7H). 13C NMR (75 MHz, CDCl3) 𝛿
171.3, 169.2, 157.0, 133.3, 119.8, 61.7, 61.0, 41.4, 40.1, 37.2, 34.4,
21.6, 14.8, 14.3 ppm. FT-IR (ATR mode): 3326, 2981, 2929, 1716,
1691, 1641, 1531, 1479, 1450, 1373, 1344, 1314, 1258, 1239, 1146,
1030, 1018, 991, 971, 961, 915, 868, 838, 789, 738, 653 cm−1.

2.4.3. 1-ethyl 1-(2-(3-ethylureido)ethyl) 2-vinyl
cyclopropane-1,1-dicarboxylate [Monomer 3]

3.0 g of 1-(ethoxycarbonyl)-2-vinyl cyclopropane-carboxylic acid
(16.3 mmol) was reacted with 2.89 g HOBt-Cl (17.0 mmol), 3.30 g
NEt3 (4.5 mL, 32.6 mmol), 1.94 g 1-(2-aminoethyl)-3-ethylurea
(14.8 mmol) and 3.36 g DCC (16.3 mmol). DCC was dissolved in
20 mL DCM, added into the reaction mixture, dissolved in 45 mL
DCM. Flash chromatography was used for purification (DCM:
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Figure 3. HMBC 2D NMR experiment of monomer 1.

EtOAc 3:7 → 0:100). Light yellow highly viscous liquid, yield:
19%. NMR and FTIR experiments were conducted for structural
verification (see Figures S19–S25, Supporting Information).

1H NMR (300 MHz, CDCl3) 𝛿 8.69 (s, 1H), 5.75–5.56 (m, 1H),
5.39–5.25 (m, 1H), 5.20–5.09 (m, 1H), 4.29–4.09 (m, 2H), 3.43
(ddt, J = 10.8, 8.3, 6.0 Hz, 2H), 3.36–3.26 (m, 2H), 3.18 (q, J =
7.2 Hz, 2H), 2.58–2.42 (m, 1H), 2.05–1.93 (m, 1H), 1.93–1.84
(m, 1H), 1.26 (dt, J = 6.0, 4.8 Hz, 4H), 1.12 (t, J = 7.2 Hz, 3H).
13C NMR (75 MHz, CDCl3) 𝛿 171.1, 169.7, 158.6, 133.2, 119.8,
61.7, 41.1, 40.5, 37.0, 35.5, 34.5, 21.6, 15.5, 14.3 ppm. FT-IR (ATR
mode): 3345, 2978, 2874, 1707, 1633, 1531, 1444, 1372, 1312,2
1242, 1142, 10 462, 1020, 993, 959, 915, 864, 773, 632 cm−1.

2.4.4. 1-(2-((ethoxycarbonyl)amino)ethyl) 1-ethyl 2-vinyl
cyclopropane-1,1-dicarboxylate [Monomer 4]

6.80 g of 1-(ethoxycarbonyl)-2-vinyl cyclopropane-carboxylic acid
(36.9 mmol) was reacted with 6.68 g HOBt-Cl (39.4 mmol),
7.64 g NEt3 (10.5 mL, 75.4 mmol), 3.98 g N-(2-aminoethyl) pro-
pionamide (34.0 mmol) and 5.,47 g DCC (37.7 mmol). DCC was
dissolved in 40 mL DCM, added into the reaction mixture, dis-
solved in 15 mL DCM. Flash chromatography was used for pu-
rification (EtOAc: MeOH 100:0 →9:1). Light yellow viscous liq-
uid, yield: 41%. NMR and FTIR experiments were conducted for
structural verification (see Figures S26–S32, Supporting Infor-
mation).

1H NMR (300 MHz, CDCl3) 𝛿 8.73 (s, 1H), 6.38 (s, 1H), 5.64
(ddd, J = 17.2, 10.1, 8.8 Hz, 1H), 5.39–5.25 (m, 1H), 5.17 (dd, J
= 10.2, 1.4 Hz, 1H), 4.19 (q, J = 7.2 Hz, 2H), 3.55–3.30 (m, 4H),
2.51 (q, J = 8.7 Hz, 1H), 2.20 (q, J = 7.6 Hz, 2H), 2.02 (dd, J =
9.1, 4.3 Hz, 2H), 1.88 (dd, J = 8.0, 4.3 Hz, 1H), 1.28 (t, J = 7.1 Hz,
3H), 1.13 (t, J = 7.6 Hz, 3H). 13C NMR (75 MHz, CDCl3) 𝛿 174.5,
171.2, 169.9, 133.2, 119.9, 61.8, 41.0, 39.6, 37.3, 34.3, 29.8, 21.7,

14.3, 10.0. ppm. FT-IR (ATR mode): 3317, 2981, 2939, 1707, 1642,
1529, 1464, 1434, 1372, 1339, 1238, 1143,1046, 959, 915, 863, 774,
634 cm−1.

2.5. Polymerization

The polymerization was carried out in a glass vial with a
septum seal, degassed by purging with argon prior to use.
The 5 m monomer solution in anisole was introduced, along
with 1 mol% campherquinone (CQ) and 2 mol% ethyl 4-
(dimethylamino)benzoate (EDMAB), as a photoinitiator system.
The radical light source was a white-light light emitting diode
(LED) lamp of GSVITEC Company (Marathon MultiLED). The
lamp head consisted of 25 cells. The lamp’s power was 800 W
halogen equivalents (data as per the lamp manual provided by
GSVITEC). The white light LED lamp’s emission spectrum was
recorded by a Shimadzu fluorescence spectrometer RF type 1502.
The white-light LED lamp emits primarily at 442 and 540 nm
wavelengths. The light emission between 400 and 480 nm (ab-
sorption range of CQ) corresponds to 43% of the lamp head’s
emitted light’s total emission power. The degree of conversion
was calculated by gas chromatography (GC). Therefore, to the
polymer–monomer mixture, Et2O for monomers 1 and 4 and
toluene for monomers 2 and 3 were added. The solution was
stirred for three days, after which the polymer was removed by
filtration. The residual monomer was analyzed by GC, using phe-
nol as an internal standard.

3. Results and Discussion

The role of hydrogen bonding in enhancing the polymerization
rate and monomer conversion by preorganization of monomers
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Scheme 1. Synthetic route to the preparation of four different monofunctional VCP-amides.

in forming a polymer network is known from our previous works
for bifunctional vinyl cyclopropane derivatives.[11] Since bifunc-
tional vinyl cyclopropane derivatives lead to a cross-linked net-
work structure, a systematic study regarding H-bonding is not
possible. In the present work, we prepared four new monofunc-
tional vinyl cyclopropane derivatives. An amide bond capable
of H-bonding links the vinyl cyclopropane ring with the rest of
the side chain. Also, different functional groups capable of H-
bonding, such as amide, urea, and urethane, were introduced in
the side chain to study the combined effect on polymerization
behavior. The chemical structures of the monomers with their
synthetic route are shown in Scheme 1.

The VCP derivatives 1-(2-((ethoxycarbonyl)oxy)ethyl) 1-
ethyl 2 vinyl cyclopropane-1,1-dicarboxylate [Monomer 1], 1
ethyl 1 (2-propionamidoethyl) 2 vinyl cyclopropane 1,1 di-
carboxylate [Monomer 2], 1-ethyl 1-(2-(3-ethylureido)ethyl)
2-vinyl cyclopropane-1,1-dicarboxylate [Monomer 3], and 1-(2-
((ethoxycarbonyl)amino)ethyl) 1-ethyl 2-vinyl cyclopropane-1,1-
dicarboxylate [Monomer 4] were synthesized in three steps. Di-
ethyl 2-vinyl cyclopropane-1,1-dicarboxylate and the hydrolyzed
diethyl 2-vinyl cyclopropane-1,1-dicarboxylate in the first two
steps were synthesized as per the published procedure.[5,17] The
first two steps are the typical reaction sequences for synthe-
sizing all VCP derivatives. The last step in the present work
is the amidation of hydrolyzed diethyl 2-vinyl cyclopropane-
1,1-dicarboxylate with corresponding amines; 2-aminoethyl
ethyl carbonate (5), ethyl (2-aminoethyl)carbamate (6), 1-(2-
aminoethyl)-3-ethylurea (7), N-(2-aminoethyl)propionamide (8).
The corresponding amines (5,6,7, and 8) were prepared in the
laboratory. NMR confirmed their structure. The synthesis and
characterization are described in the supporting information
(Figures S1–S7, Supporting Information).

The new monofunctional VCP-amide derivatives were struc-
turally analyzed using different nuclear magnetic spectroscopy
(NMR) techniques. For monomer 1, the 1H spectrum with peak
assignments is given in Figure 1 as the representative example.

While 1H NMR signals of CH3 protons (9, 11) at 1.25 ppm
and -O-CH2-protons 7, 8, and 10 with peaks between 4.15 and
4.25 ppm overlap and are indistinguishable, the area under peaks
matches very well with the monomer structure. Heteronuclear
single quantum coherence (HSQC) was used to assign 13C-peaks
based on the 1 J cross-coupling of peaks from 1H NMR proton
signals with the 13C spectrum peaks (Figure 2 and Figure S8,
Supporting Information). With the help of the 13C APT spectrum,
where secondary and quaternary protons show positive, primary,
and tertiary protons show a negative signal, a further distinction

is possible (Figure S9, Supporting Information). The heteronu-
clear multiple-bond correlation (HMBC) experiment shows sig-
nals with a coupling J > 1, allowing the assignment of quaternary
13C peaks (Figure 3).

The cross-peaks- (3, 4) and (4, 12) helped to identify the qua-
ternary carbon at the cyclopropane ring (position 12). The three
carbonyl carbon peaks could be assigned by coupling to different
1H-signals. While C14 showed only coupling to the overlapping
peak of 7,8, and 10, distinctions between C13 and C15 were pos-
sible due to the cross-peaks (6, 13) and (10, 15). With the help
of correlation spectroscopy (COSY), identifying the NH proton
was possible (for spectrum, see Figure S10, Supporting Infor-
mation). A similar technique was used for peak assignment and
structural clarification in NMR of monomers 2–4 (please refer to
supporting information Figures S12–S17, Supporting Informa-
tion (monomer 2), S19-24 (monomer 3), and S26-31 (monomer
4)).

Temperature-dependent solid-state NMR enables us to observe
the strength of hydrogen bonds. In the solid-state NMRs, the NH
unit connecting the side chain to the VCP ring and the other in
the side chain functional groups, like urethane, urea, and amide,
could be distinguished. The evaluation of amine proton signals’
temperature dependency shows a shift toward a higher field with
an increased temperature (Figure 4).

Hydrogen bonds are weakened with higher temperatures, and
a higher deshielding can be observed. The strength of the hy-
drogen bonds can be correlated to the slope of the change in
chemical shift with temperature (Figures 5–6). In general, the
VCPC(O)NH proton can be observed at a much lower field than
the sidechain protons.

For monomer 1, only one amide proton signal is visible, with a
slope of−4.34× 10−3 ppm K−1, as it has no other H-bonding units
in the sidechain. For monomer 2 the VCPC(O)NH proton shows
a slope of −6.70 × 10−3 and the side chain of −8.35 × 10−3 ppm
K−1. Monomer 3 shows two signals for both nitrogen protons in
the sidechain with a slope of −6.00 × 10−3 and −5.70 × 10−3 and
−3.77 × 10−3 ppm K−1 for the VCPC(O)NH proton. In the case of
monomer 4, the VCPC(O)NH proton has a slope of −4.54 × 10−3

and the sidechain of−7.87× 10−3 ppm K−1. Variable-temperature
1H-NMR measurements of monomer 2 between 25–60 °C are
shown in Figure 4.

Similar measurements for other monomers are presented in
supporting information (Figures S32–S35, Supporting Informa-
tion). In all cases, the shift of the sidechain protons is bigger than
for the ones next to the VCP unit, probably due to less steric hin-
drance, which allows a stronger bonding. In our previous work,

Macromol. Chem. Phys. 2022, 223, 2200155 2200155 (5 of 11) © 2022 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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Figure 4. Variable-temperature 1H-NMR measurements of monomer 2 between 25 and 60 °C.

Figure 5. Change of chemical shifts with the temperature of the different
NH signals next to the VCP unit of monomers 2–4.

we showed that hydrogen bonding in the side chain only has a mi-
nor effect on the rate of polymerization.[13] When VCPC(O)NH
proton shifts are compared, monomer 2 shows a more signifi-

Figure 6. Change of chemical shifts with the temperature of the different
NH signals of monomer 2–4 sidechains. The two curves of Monomer 3
belong to the two different urea NH signals.

cant shift than the other three monomers. Monomers 1 and 4
show a comparable shift, while for monomer 3 the change in
the chemical shift is the smallest. Monomers 2 and 4 show al-
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Figure 7. Conversion over time of monomers 1–4. Polymerization was car-
ried out under a LED lamp with a maximum at 440 nm. 1 mol% CQ and 2
mol% EDMAB was used as a photoinitiator.

Table 1. Overall conversion and initial rate (Rp) of photopolymerization of
monomers 1–4.

Monomer Rp [% s−1] SRp Overall conversiona)[%] Sconversion

1 1.62 0.71 90.2 4.3

2 1.99 0.70 92.5 1.8

3 2.35 0.98 95.1 2.1

4 1.35 0.51 98.7 1.9

Polymerization performed in GSVITEC Company (Marathon MultiLED) Photoreac-
tor, S = standard deviation,

a)
by GC measurement (50–300 °C 28 min, internal stan-

dard: Phenol).

most the same behavior for the amide protons in the sidechain.
For monomer 3 two distinct signals can be observed, both show-
ing a smaller shift. Nevertheless, because of the three hydrogen
bond donors, monomer 3 is expected to have the highest degree
of preorganization, resulting in the highest rate of polymeriza-
tion. Monomer 2 shows only two strong hydrogen bonds. There-
fore, a slightly lower degree of preorganization can be expected,
followed by monomer 4, with two weaker hydrogen bond sites,
and monomer 1, with only one hydrogen bond donor.

After this, the free-radical photopolymerizations were followed
at different time intervals to study the polymerization rate by fol-
lowing the monomer conversion with time. The monomer con-
version versus time plots is given in Figure 7. To get a meaning-
ful comparison, the polymerizations were carried out in solvent
as the bulk polymerizations were too fast to follow the kinetics by
NMR. Also, the physical state of all monomers was not the same
(the monomers 1 and 2 were solid whereas 3 and 4 were viscous
liquids) making us study polymerization in solution.

The initial rate of polymerization (Rp) was calculated by the
average slope of the first three points being 5, 20, and 45 s. The
overall conversion is the conversion obtained after 24 h of irradi-
ation. Rp and overall conversion are shown in Table 1.

The highest initial Rp with 2.35%/s was observed during the
polymerization of monomer 3, followed by monomer 2 (1.99%
s−1) and 1 (1.62% s−1). The amide functional group bearing

monomer in the side chain (monomer 4) showed the lowest Rp
(1.35% s−1). This trend is maintained for 6 h, when monomer
3 still shows the highest conversion with ≈95%, followed by
monomer 2 (≈92%), 4 (≈83%), and 1 (≈76%). Monomer 3 is
the fastest polymerizing monomer due to the highest Rp and
because it reaches almost complete conversion after 30 min al-
ready. There was a slow increase in the conversion after a fast
start for other monomers. The H-bonds in urea with two N–H
groups are stronger than the N-H/oxygen H-bonds in other func-
tional groups, such as urethane, which is already known in the
literature.[17] This strength might be responsible for the faster
polymerization kinetics. One must mention that the strength of
hydrogen bonds was calculated from bulk, while the polymeriza-
tion takes place in solution. For this reason, the solvent effect
needs to be considered. The used solvent, anisole, was selected
since it does not prevent hydrogen bonding. The ether group can
act as a hydrogen bond acceptor[18] and, therefore, as a bridge
between two hydrogen donor-containing monomers.

A comparison between the conversion of the here presented
monomers and the corresponding VCPEsters is shown in Figure
S36, Supporting Information. Although VCPEsters were poly-
merized in bulk, their polymerization rate is still much slower
than that of the corresponding VCP-amides, proving once more
the role of preorganization via H-bonding on the rate of polymer-
ization. The only difference between the VCP-Esters and VCP-
amides was the linking functional group between the side chain
and the VCP ring. It was an H-bond forming –NH group in the
case of VCP-amides and –C(O)– group for VCP-esters. Compar-
ison of monomer 1 with the corresponding VCP-esters with the
side chain having a carbonate functional group clearly showed
the effect of the linking –NH group on the increased rate of poly-
merization. This effect improves the rate of polymerization and
monomer conversions when the sidechain also contains func-
tional groups capable of forming H-bonds.

Monomer 3 and its corresponding VCP-ester with urea func-
tional group in the side chain shows the highest effect of H-
bonding depicted in the highest rate of polymerization and the
monomer conversions. Interesting to see was almost the exact
behavior of VCP-amide and VCP-ester with the amide functional
group in the side chain. The synergistic effect of the two H-
bonding positions and H-bond strength, in addition to other fac-
tors, like a steric hindrance, dipole effects,[14] and the conforma-
tions, might be responsible for this behavior which will be stud-
ied in detail in future studies.

The polymers were characterized for molar mass by gel perme-
ation chromatography. The low-medium molar mass polymers
were obtained with unimodal GPC curves (Figure S37, Support-
ing Information). To determine the thermal stability, thermal-
gravimetric analysis (TGA) was performed. While polymer 3 is
stable up to 220 °C, changing the urea sidechain to urethane or
amide results in an increased onset temperature of 100 K (Ta-
ble 2 and Figure S38, Supporting Information). With the help
of differential scanning calorimetry (DSC), the polymer proper-
ties were investigated (for curves, see Figure S39, Supporting In-
formation). No melting peak is observed in the shown temper-
ature range, leading to amorphous polymers. Polymer 1 has a
Tg at 32 °C, around room temperature, while the Tg increases
from polymer 2 (55 °C) over polymer 4 (69 °C) toward polymer
3 (89 °C). The low Tg of polymer 1 can be explained by the side

Macromol. Chem. Phys. 2022, 223, 2200155 2200155 (7 of 11) © 2022 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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Table 2. Properties of polymers 1–4, containing glass transition tempera-
ture, degradation temperature, molecular weight, and weight distribution.

Polymer Mn
a) ÐM Tg [°C]b) Tonset [°C]c)

1 6.9 ∙103 2.10 32 275

2 1.6 ∙104 2.14 55 324

3 1.1 ∙104 1.34 89 221

4 4.6 ∙104 – 69 323

a)
GPC(DMF, PS standard);

b)
DSC(-60 – 150 °C, N2, 20 K min−1, Tonset);

c)
TGA(25–

600 °C, N2, 10 K min−1).

chain, where no hydrogen bond can be formed. This way, flexibil-
ity between polymer chains is increased. While the difference be-
tween polymers 2 and 4 might be due to the difference in molec-
ular weight, the high Tg of monomer 3 is explained by the higher
degree of preorganization from the urea side chain.

3.1. Theoretical Calculations

We carried out molecular dynamics (MD) simulations using
GROMACS software for the theoretical part. The structure and
topology for the four VCP amide derivates were created using
automated topology builder (ATB) site,[19] and the GROMOS54a7
all-atom force field[20] was used throughout all the simulations.
The automated topology builder (ATB) handles the issue of creat-
ing force-fields models for molecules not known or studied previ-
ously, thereby allowing the user to extract GROMOS-compatible
topologies for virtually any molecule. All the parameters (bonded
and non-bonded) were kept as provided in the original ATB topol-
ogy files. They can be tracked by inserting the IUPAC InChI key
provided in the Supporting Information into the ATB database.
The foundational form of the atomistic force field in this work
follows the equation below. For short-range forces, we apply a
harmonic potential for bond stretching and angle bending and
a dihedral potential for torsion. For long-range forces, we use
Coulomb force for electrostatic interactions and Lennard Jones
12_6 (LJ 12_6) for van der Waals interactions.

V =
∑

bonds

1
2

kbonds

(
r − r0

)2 +
∑
angles

1
2

kangle

(
𝜃 − 𝜃0

)2

+
∑

torsions

1
2

k𝜙
(
1 + cos

(
n𝜙 − 𝜙s

))2 +
i<j∑

Coulomb

qiqj

rij

+
i<j∑

VdW

⎧⎪⎨⎪⎩4𝜀ij

⎡⎢⎢⎣
(
𝜎ij

rij

)12

−

(
𝜎ij

rij

)6⎤⎥⎥⎦
⎫⎪⎬⎪⎭ (1)

Four simulation boxes of initial dimensions 7× 7× 7 nm3 with
periodic boundary conditions in all dimensions were filled with
one type of monomer each. The number of monomers was 404,
397, 390, and 416 for types 1, 2, 3, and 4. NPT simulations were
carried out at 300 K for 125 ns with 1 fs time step. The box size
shrunk because of the NPT ensemble to give average side lengths
of 5.50533, 5.53847, 5.55004, and 5.55921 nm for monomers 1,
2, 3, and 4, respectively.

The Verlet neighbor search[21] scheme was used to update the
neighbor list, whereas short-range electrostatic, as well as van
der Waals cutoff, was set to 1.0 nm, and particle mesh ewald
(PME)[22] with cubic interpolation for long-range electrostatics
was used. Parrinello-Rahman barostat[23] and velocity rescaling
thermostat[24] were applied to maintain a constant pressure of
1 bar and temperature at 300 K, respectively. Hydrogen bonds
were constrained using the LINCS algorithm.[25] A snapshot of
the simulation box filled with monomer 1 is shown in Figure 8a.
Figure 8b–e present the individual atomistic structures used for
monomers 1, 2, 3, and 4 respectively.

Of the total 125 ns simulations, the last 115 ns were used
for RDF and H-bond calculations. The root mean squared de-
viation (RMSD) curves reach a plateau after the first 10 ns im-
plying that the system has reached equilibration (documented
in the SI). The resulting trajectories were analyzed using the
Gromacs tools gmx hbond, gmx rdf, and gmx rms. The hydro-
gen bonds were derived based on the distance cutoff of 0.35 nm
between the hydrogen and the acceptor and an angle cutoff of
30° for the hydrogen – donor-acceptor angle. They are shown
in Figure 9a as a function of time. The OH and NH groups
were considered donors and O and N as acceptors. The average
number of H-bonds in monomers 1, 2, 3, and 4 are 285, 323,
528, and 334, respectively and are shown in Figure 9b with error
calculation.

To examine if there exists pre-existing order due to hydrogen
bonding, we calculate the angle one monomer’s C=C makes with
the other and compute Herman’s orientation parameter[26] or S-
factor

S = ⟨P2 cos 𝜃⟩ = 3⟨cos2𝜃⟩ − 1
2

The value of the above equation in case of perfect alignment
is S = 1, in case of partial alignment is 0 < S < 1, for a com-
pletely random alignment is S = 0 and for an anti-aligned sys-
tem is S = 0.5. Figure 10a presents the S factor as a function of
time, and Figure 10b shows its average with error bars (calculated
via block averaging). As seen from Figure 10a,b, all monomers
have their S factor ≈0.25. The values are close to zero, indicat-
ing that the monomers are almost randomly arranged. They all
have an S factor in the same range, which shows no difference
in arrangement preference before polymerization for all the four
monomers.

Furthermore, Figure 11a shows the radial distribution func-
tions (RDF) for the first in the C=C bond (termed C1, see Sup-
porting Information) and Figure 11b for the carbon atom next
to the functional group of the side chain (termed C10, see Sup-
porting Information) for all the four monomers. The RDFs show
no difference for the first carbon atoms in Figure 11a, indicating
no difference in the distance distribution for all monomers near
the cyclic region. The RDFs of the carbon atom of the side chain
(C10) shown in Figure 11b also show a similar trend. Thus, all the
monomers are similarly aligning themselves before polymeriza-
tion.

The time behavior of other properties, such as root-mean-
square deviation, time convergence of simulations, and the radial
distribution functions between individual atoms, are provided in
the Supporting Information.

Macromol. Chem. Phys. 2022, 223, 2200155 2200155 (8 of 11) © 2022 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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Figure 8. a) Snapshot of the simulation box in the NPT ensemble. Structures of b) monomer 1, c) monomer 2, d) monomer 3, and e) monomer 4, used
during simulations.

Figure 9. a) The average number of H-bonds of the system as a function of time. b) The total number of H-bonds averaged over time.

Figure 10. S factor calculated for angles between double C=C for all the averaged over all the monomers as a) a function of time and b) averaged over
time.

Macromol. Chem. Phys. 2022, 223, 2200155 2200155 (9 of 11) © 2022 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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Figure 11. Radial distribution function for a) the first and b) the last carbon atoms of the monomers

4. Conclusions

Four new monofunctional VCPs, containing an amide linkage
to their side chains have been synthesized. The number and
strength of hydrogen bonds have been investigated. The urea
containing monomer 3, with the highest amount of possible hy-
drogen bonds, showed the highest rate of polymerization and
overall conversion. Monomer 2 (urethane) shows a stronger hy-
drogen bonding compared to monomer 1 + 4 and also a higher
rate of polymerization. While the amide containing monomer 4
can form two hydrogen bonds, the strength of the VCPC(O)NH
donor in comparison to monomer 1 (carbonate) is the same. A
similar rate of polymerization suggests the high dependency be-
tween the hydrogen bond and polymerization speed. In general,
the amide-linked VCPs showed a much faster polymerization
than the ester-linked ones investigated in our previous work.[15]

Theoretical calculations showed only a slight difference in the
number of hydrogen bonds between monomers 1, 2, and 4, sug-
gesting that the side chain does not form many bonds in their
case. For monomer 3, almost twice the amount of hydrogen
bonds could be observed. All monomers show a similar aline-
ment and energy pattern, suggesting that hydrogen bonds do not
play any role in the orientation of the monomers but have a mas-
sive role in their polymerization speed. This knowledge helps se-
lectively design new bifunctional fast polymerizable VCPs with a
complete conversion.
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the author.
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