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ABSTRACT: We report the design of a series of polyesters
containing pendant secondary amide groups to probe the cumulative
effects of hydrogen bonding and chain flexibility on their thermal,
mechanical, and rheological properties. Reported studies on
polymers with secondary amide groups have usually focused on
the effect of hydrogen bonding interactions on the mechanical, self-
assembly, or self-healing properties, whereas the effect of chain
flexibility has often been overlooked. In an effort to probe the
cumulative effects of hydrogen bonding and chain flexibility, in this
work polyesters were designed with either one or two pendant
secondary amide-propyl groups and compared to a control polyester with one pendant ester-propyl group. The results show
that hydrogen bonding increases glass transition temperature (Tg), Young’s modulus, and polymer brittleness. But at higher
temperature (Tg + 50 °C), rheometry shows that the polyester containing two amide groups has the shortest chain relaxation
time and the lowest zero-shear rate viscosity (η0). These results are counterintuitive, since the polymer with two hydrogen
bonding amide groups was expected to relax more slowly and have higher viscosity. Our results demonstrate the opposing
effects of side-chain flexibility and hydrogen bonding interactions can be used as a strategy to design materials with desired
rheological properties.

■ INTRODUCTION

Polymers reinforced through supramolecular forces such as
hydrogen bonds are explored widely and used in many fields
because of their enhanced mechanical and thermal properties.
The dynamic nature of hydrogen bonds endows materials with
various interesting behaviors, like viscosity modulation,1 self-
assembly,2−4 self-healing,5−8 adhesion,6,7,9 and reversible
properties.10 The extent of hydrogen bonds could be tuned
internally by selecting the type and density of functional
groups where hydrogen bonds can form and also by altering
external conditions like temperature, humidity, or solvent.11,12

In polymers such as polyamides, the secondary amide group
is frequently utilized to induce hydrogen bond formation,
which in turn plays key roles in determining material properties
and functions. For instance, in biological systems, hydrogen
bonds play crucial roles in organization of the secondary and
tertiary structures of proteins and nucleic acids.13

Hydrogen bonds can serve as dynamic cross-links that
strengthen the material and limit chain mobility.14,15 However,
secondary amide groups result in flexible chains that can switch
easily between conformations due to the large bond angles.16,17

But the inherent flexibility in secondary amide groups is not
often observed as it is overshadowed by hydrogen bonding
interaction and other factors. For example, many reports have

studied flexibility of proteins and peptides,18−22 where
numerous secondary amides exist in the backbone, but the
varied interactions (hydrophobic interactions, salt bridges, and
hydrogen bonding)20 and hierarchical structures of proteins
add further complexity to the system.23 Even for a single
polypeptide chain, the flexibility is limited. This is because the
C−N bond of the secondary amide group has significant
double bond character, and the atoms connecting to C−N
bond are coplanar.24 The internal rotation is limited due to the
sequential coplanar arrangements of adjacent amide groups.25

Additionally, hydrogen bonds in secondary amide-containing
polymers such as nylon-6 promote polymer chain alignment
into well-ordered structures, which in turn conceals chain
flexibility.
Rheological analyses of polymer melts with hydrogen

bonded side-chains have been reported. Small-amplitude
oscillatory shear (SAOS) measurements provide information
regarding the viscoelastic behavior of polymers. The storage
modulus (G′) corresponds to the stored energy, and the loss
modulus (G″) measures the dissipated energy. During SAOS
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analysis, materials are in their linear viscoelastic regions, where
the polymer structures are not disturbed. During SAOS
analysis of a high molecular mass polymer having entangle-
ments, with increasing frequency the material goes through
four regions: terminal region, rubbery region, transition region,
and glassy region. The material is more solid-like at higher
frequency and more liquid-like at lower frequency. In the
terminal region, the polymer chains can move freely, and for a
thermally simple polymer, G′ is proportional to the square of
angular frequency (ω) and G″ is proportional to ω.26 In the
rubbery region, the polymer chains are not deforming but
interlock with each other through entanglements. Shabbir et
al.27 synthesized a series of copolymers of n-butyl acrylate
(nBA) and acrylic acid (AA) with different fractions of P(AA)
obtained by hydrolysis of pure P(nBA). Their results showed
that hydrogen bonds did not influence the linear viscoelastic
behavior of the polymer, except in the terminal region, where
G′ ≈ G″ ∝ ω0.5. Lewis and co-workers28 studied viscoelastic
behaviors of copolymers made by n-butyl acrylate and various
comonomers (acrylic acid, carboxyl ethyl acrylate, amino-
pyridine, and ureidopyrimidine (Upy)-modified acrylate).
They showed that with the increase of hydrogen bonding
side group concentration both G′ and G″ of the four polymers
increased, and copolymers containing weak hydrogen bonding
groups behaved as unentangled melts. Nevertheless, a plateau
region appeared at intermediate frequencies in the polymer
with Upy groups, indicating formation of transient networks,
and in the terminal region, G′ ≈ G″ ∝ ω0.5. Osterwinter et al.29

synthesized polyglycerol where hydrogen bonds can form
between hydroxyl groups and its permethylated analogue.
Their results showed that polyglycerol had a higher plateau
modulus and lower entanglement molecular weight, indicating
there were more entanglements with polyglycerol. However,
the above studies have not enabled examination of the
cumulative effects of both hydrogen bonding interaction and
chain flexibility. For example, in the study reported by Shabbir
et al., hydrolysis of the nBA groups to the corresponding
acrylic acid resulted in a decrease of side-chain flexibility, and
with increasing hydrolysis the influence of hydrogen bonds
increased while chain flexibility decreased.
To create a polymer system where the influence of both

side-chain flexibility and hydrogen bonding can be observed,
we prepared amorphous polyesters containing either one ester-
propyl group (P(1EP)), one secondary amide-propyl group
(P(1AP)), or two secondary amide-propyl groups (P(2AP)) in
the side-chain. The polyesters were synthesized by room
temperature step-growth polyesterification of succinic acid and
glycerol or serinol modified diols catalyzed by carbodiimide
coupling.30 In P(2AP), the three methylene units between the
two secondary amide groups increase the distance between
amide groups and prevent the formation of sequential coplanar
arrangements of amide groups, which increases chain flexibility.
At high temperature where the hydrogen bond interactions are
weakened, the inherently flexible side-chains serve as “internal
diluents”, decreasing friction of polymer chains, and improving
the rotation of the polymer backbones.31 This effect is
especially obvious with P(2AP) due to its larger side-chain
length. With P(1AP) and P(2AP), hydrogen bonds served as
dynamic cross-links, increasing material stiffness and brittle-
ness, while at high temperature, the longer flexible side-chain
of P(2AP) decreased the modulus and induced faster
relaxation as observed from melt rheological analysis. Our
studies bear similarities between published reports of polymers

with hydrogen bonding side-chains28,27,32 but also show very
distinct behavior from such polymers, especially as it relates to
the interplay of chain flexibility and hydrogen bonding.

■ EXPERIMENTAL SECTION
Materials. 1,3-Dihydroxyacetone was purchased from Ark Pharm

Inc. tert-Butyldimethylsilyl chloride (TBDMSCl) and 2-amino-
propane-1,3-diol (serinol) were purchased from Oakwood Chemicals.
Imidazole, butyric anhydride, tetra-n-butylammonium fluoride (tBAF,
1 M solution in THF), methyl butyrate, and dioxane were purchased
from Alfa Aesar. Sodium borohydride was purchased from BDH
Chemicals. 4-(Dimethylamino)pyridine (DMAP) and N,N′-
diisopropylcarbodiimide (DIC) were purchased from Chem-Impex
International. 4-Aminobutyric acid was purchased from Acros
Organics. Thionyl chloride was purchased from TCI. Triethylamine
(TEA) was purchased from EMD Millipore Corp. Succinic acid,
methanol, dichloromethane (DCM), and tetrahydrofuran (THF)
were purchased from Fisher Chemical. THF and DCM were distilled
to remove water before use, and all other reagents were used as
received without further purification. 4-(Dimethylamino)pyridinium-
4-toluenesulfonate (DPTS) was synthesized based on a previous
report33. CDCl3 and DMSO-d6 were purchased from Cambridge
Isotope Laboratories, Inc.

Instrumentation. 1H and 13C NMR spectra were recorded with a
Varian NMR spectrophotometer (300 MHz). All chemical shifts were
reported in ppm relative to solvent residual signal (1H NMR CDCl3
7.27 ppm; 1H NMR DMSO-d6 2.5 ppm; 13C NMR CDCl3 77.16
ppm; 13C NMR DMSO-d6 39.52 ppm). Weight-average molecular
mass (Mw) and molecular mass distribution (dispersity, Đ) were
measured by a HLC-8320 GPC from TOSOH equipped with RI
detector using polystyrene as standard and DMF as eluent at a flow
rate of 1 mL/min. The glass transition temperature (Tg) of the
polymers was measured by differential scanning calorimetry (DSC)
using a TA Q2000 instrument at a scanning rate of 10 °C/min. FT-IR
spectroscopies were recorded with FT-IR (Thermo Nicolet 380). The
water contact angle measurement was done with a contact angle
goniometer (Rame-́Hart). Polymer thin films were prepared by
solvent casting using a spin coater (20.0 mg of polymer in 1 mL of
solvent; CHCl3 for P(1EP), MeOH for P(1AP) and P(2AP)).
Rheological properties of polymers were performed with an ARES-G2
rotational rheometer with fixed strain. Mechanical properties of the
polymers were measured by an Instron 5567. Morphology of samples
after tensile testing was observed by a scanning electron microscope
(SEM JSM7401) and an optical microscope (Leitz Laborlux 12
polarized light microscope).

Synthesis of 2-Butyryloxypropane-1,3-diol. 1,3-Dihydroxya-
cetone (2.0 g, 0.022 mol), TBDMSCl (8.03 g, 0.053 mol), and
imidazole (7.56 g, 0.11 mol) were added into a 200 mL round-bottom
flask equipped with a magnetic stir bar. Anhydrous THF (50 mL) was
added into the flask via a syringe under a N2 atmosphere. The mixture
was stirred for 12 h at room temperature with N2 protection. The
reaction mixture was concentrated under vacuum. The compound was
extracted by ethyl acetate (150 mL), followed by washing with water
(50 mL, 2×), 10% HCl solution (50 mL, 2×), and brine (50 mL, 1×)
and dried over anhydrous Na2SO4. The filtrate was concentrated
under vacuum and purified by silica column chromatography (10%
ethyl acetate and 90% hexane, Rf = 0.5) followed by silica column
chromatography (40% DCM, 60% hexane, Rf = 0.6) to give a colorless
liquid 1A (5.2 g, 74%).

1H NMR (300 MHz, CDCl3), δ (ppm): 0.08 (s, 12H), 0.91 (s,
18H), 3.65 (t, J = 3 Hz, 4H).

TBDMS protected 1,3-dihydroxyacetone 1A(5.0 g, 0.0157 mol)
was dissolved in a mixture of regular THF (48 mL) and water (3.2
mL), and the flask was cooled with an ice bath. NaBH4 (1 equiv, 0.6 g,
0.0157 mol) was added into the flask. The mixture was stirred for 30
min at 0 °C. Thin-layer chromatography (TLC) was used to monitor
the reaction process (10% EtOAc in hexane and stained with
KMnO4). After the reaction was completed, acetic acid was added
dropwise to consume the excess of NaBH4. THF was removed under
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vacuum, and the product was extracted by CHCl3. The organic layer
was washed by water (50 mL, 2×), saturated NaHCO3 (50 mL, 2×),
and brine (50 mL, 1×) and dried over Na2SO4 to give a colorless
liquid 1B (4.8 g, 92%).

1H NMR (300 MHz, CDCl3), δ (ppm): 0.08 (s, 12H), 0.91 (s,
18H), 2.45 (s, 1H), 3.65 (s, 5H).
1,3-Bis(tert-butyldimethylsilyloxy)-2-propanol 1B (2.0 g, 6.24

mmol) was dissolved in anhydrous DCM (12 mL) followed by
DMAP (0.153 g, 1.25 mmol) added with an ice bath, and butyric
anhydride (6.11 mL, 37.4 mmol) was added dropwise. The mixture
was stirred for an hour at room temperature with N2 protection and
was heated to reflux overnight. The reaction was quenched by
addition of water (∼5 mL), and the excess of butyric anhydride was
removed by pouring the mixture into saturated NaHCO3 (100 mL)
with vigorous stirring overnight. The product was extracted by ethyl
acetate (20 mL, 3×) and washed with dilute HCl solution (1 M, 20
mL), water (20 mL), and brine (20 mL) and dried over Na2SO4. The
filtrate was concentrated under vacuum and purified by silica column
chromatography (10% ethyl acetate, 90% hexane, Rf = 0.7) to give a
colorless oil 1C (1.75 g, 72%).

1H NMR (300 MHz, CDCl3), δ (ppm): 0.06 (s, 12H), 0.89 (s,
18H), 0.96 (t, J = 7.5 Hz, 3H), 1.60−1.73 (m, 2H), 2.30 (t, J = 7.5
Hz, 2H), 3.69−3.70 (m, 4H), 4.89 (quin, J = 5.25 Hz, 1H).
TBDMS protected 2-butyryloxypropane-1,3-diol 1C (1.75 g, 4.49

mmol) was dissolved in anhydrous THF (30 mL) at room
temperature under N2, and tBAF (12.6 mL, 1 M solution in THF)
was added. The mixture was stirred for 2 h and was concentrated
under vacuum. The product was purified by silica column
chromatography (100% ethyl acetate) to give a colorless oil (0.51 g,
70%).

1H NMR (300 MHz, DMSO-d6), δ (ppm): 0.89 (t, J = 7.5 Hz,
3H), 1.51−1.58 (m, 2H), 2.28 (t, J = 7.5 Hz, 2H), 3.32−3.36 (m,
2H), 3.60−3.66 (m, 1H), 3.87−3.93 (m, 1H), 4.02−4.07 (m, 1H),
4.59 (t, J = 6 Hz, 1H), 4.83 (d, J = 6 Hz, 1H).

13C NMR (300 MHz, DMSO-d6), δ (ppm): 13.44 (s), 17.93 (s),
36.35 (s), 62.63 (s), 65.48 (s), 69.28 (s), 172.82 (s).
ESI-MS ([M + Na]+): 185.0 (calcd: 162.0).
Synthesis of N-(1,3-Dihydroxypropan-2-yl)butanamide. Ser-

inol (9.11 g, 100 mmol) and methyl butyrate (5.16 g, 50 mmol) were
added into a 100 mL round-bottom flask, and the reagents were
heated at 80 °C overnight under vacuum. The product was purified by
silica column chromatography (10% MeOH, 90% DCM) to give a
white solid (8.14 g, 88%).

1H NMR (300 MHz, DMSO-d6), δ (ppm): 0.84 (t, J = 7.5 Hz,
3H), 1.43−1.55 (m, 2H), 2.05 (t, J = 7.5 Hz, 2H), 3.38 (t, J = 9 Hz,
4H), 3.65−3.75 (m, 1H), 4.53 (t, J = 6 Hz, 2H), 7.38 (d, J = 9 Hz,
1H).

13C NMR (300 MHz, DMSO-d6), δ (ppm): 13.58 (s), 18.72 (s),
37.36 (s), 52.77 (s), 60.30 (s), 172.03 (s).
ESI-MS ([M + Na]+): 184.2 (calcd: 161.2).
Synthesis of Monomer with 2-Amide-Propyl Groups in the

Pendant Group. 4-Aminobutyric acid (10.3 g, 99.6 mmol) was
dissolved in anhydrous MeOH (120 mL), and thionyl chloride (18.08
mL, 249 mmol) was added dropwise via an additional funnel at 0 °C.
The ice bath was removed after 30 min, and the reaction mixture was
stirred at room temperature overnight. Solvent and excess of thionyl
chloride were removed under vacuum to give a white solid 3A. The
crude product was used without further purification.
In a round-bottom flask equipped with a magnetic stir bar, methyl

4-aminobutyrate (16.6 g, 96 mmol) (3A) and a mixture of water (15
mL) and dioxane (45 mL) were added. TEA (24.3 g, 240 mmol) was
added at 0 °C. Butyric anhydride (38 g, 240 mmol) in a mixture of
water (10 mL) and dioxane (30 mL) was added into the round-
bottom flask dropwise, and the reaction was performed at room
temperature overnight open to the atmosphere. Solvents were
removed under vacuum, and the residue was poured into saturated
NaHCO3 solution (500 mL) overnight with vigorous stirring. The
product was extracted with ethyl acetate (60 mL, 3×), washed with
saturated NaHCO3 (50 mL, 2×) and brine (50 mL, 1×), and dried

over Na2SO4. The organic phase was concentrated under vacuum to
give a white solid 3B (16.33 g, 91%).

1H NMR (300 MHz, CDCl3), δ (ppm): 0.95 (t, J = 7.5 Hz, 3H),
1.60−1.72 (m, 2H), 1.85 (quin, J = 6.75 Hz, 2H), 2.14 (t, J = 7.5 Hz,
2H), 2.38 (t, J = 7.5 Hz, 2H), 2.30 (q, J = 7 Hz, 2H), 3.68 (s, 3H),
5.70 (br s, 1H).

Methyl 4-butanamidobutanoate (3B) (13.0 g, 69.5 mmol) and
serinol (9.4 g, 103.2 mmol) were added into a 200 mL round-bottom
flask, and the mixture was stirred at 80 °C under vacuum overnight.
After reaction, the monomer was purified by silica column
chromatography (20% MeOH, 80% DCM, Rf = 0.3) to give a
white solid (17.42 g, 81%).

1H NMR (300 MHz, DMSO-d6), δ (ppm): 0.84 (t, J = 7.5 Hz,
3H), 1.44−1.56 (m, 2H), 1.59 (quin, J = 7.5 Hz, 2H), 2.02 (t, J = 7.5
Hz, 2H), 2.07 (t, J = 7.5 Hz, 2H), 3.01 (q, J = 6 Hz, 2H), 3.38 (t, J =
6 Hz, 4H), 3.64−3.75 (m, 1H), 4.55 (t, J = 6 Hz, 2H), 7.44 (d, J = 9
Hz, 1H), 7.72 (t, J = 9 Hz, 1H).

13C NMR (300 MHz, DMSO-d6), δ (ppm): 13.63 (s), 18.69 (s),
25.59 (s), 32.97 (s), 37.41 (s), 38.05 (s), 52.82 (s), 60.26 (s), 171.77
(s), 171 89 (s).

ESI-MS ([M + Na]+): 269.2 (calcd: 246.2).
Synthesis of Polyesters. The polyesters were obtained by step-

growth polymerization of ester-functionalized diol and amide-
functionalized diols and succinic acid. As an illustrative example, the
synthesis of P(1EP) is as follows: 2-butyryloxypropane-1,3-diol (0.50
g, 3.08 mmol), succinic acid (0.364 g, 3.08 mmol), and DPTS (0.36 g,
1.23 mmol) were added into a 100 mL round-bottom flask. The flask
was evacuated and backfilled with N2 for three times. Anhydrous
DCM (6 mL) was added into the flask via a syringe under N2
protection. DIC (1.5 mL, 9.5 mmol) was added dropwise into the
reaction mixture at 0 °C. The mixture was stirred at room
temperature for 48 h. Polymer was purified by dialyzing against
MeOH and dried under vacuum to give a viscous polymer.

P(1EP). 1H NMR (300 MHz, DMSO-d6), δ (ppm): 0.87 (t, J = 7.5
Hz, 3H), 1.49−1.59 (m, 2H), 2.27 (t, J = 7.5 Hz, 2H), 2.56 (s, 4H),
4.1−4.25 (m, 4H), 5.17 (quin, J = 4.5 Hz, 1H).

P(1AP). 1H NMR (300 MHz, DMSO-d6), δ (ppm): 0.84 (t, J = 7.5
Hz, 3H), 1.44−1.56 (m, 2H), 2.05 (t, J = 7.5 Hz, 2H), 2.56 (s, 4H),
3.95−4.09 (m, 4H), 4.18−4.24 (m, 1H), 7.88 (d, J = 9 Hz, 1H).

P(2AP). 1H NMR (300 MHz, DMSO-d6), δ (ppm): 0.83 (t, J = 7.5
Hz, 3H), 1.43−1.55 (m, 2H), 1.59 (quin, J = 6.75 Hz, 2H), 2.01 (t, J
= 7.5 Hz, 2H), 2.07 (t, J = 7.5 Hz, 2H), 2.56 (s, 4H), 3.01 (q, J = 6
Hz, 2H), 3.96−4.09 (m, 4H), 4.19 (quin, J = 6 Hz, 1H), 7.76 (t, J =
4.5 Hz, 1H), 7.94 (d, J = 9 Hz, 1H).

Temperature Dependence of IR Absorption. FT-IR samples
were prepared by casting thin film of polymers on potassium bromide
(KBr) pellets from 5% (w/w) polymer solution (DCM was used for
P(1EP), and MeOH was used for P(1AP) and P(2AP)). Samples
were kept in ambient environment for 12 h to remove the majority of
solvent and then kept into a high vacuum oven at 70 °C overnight to
remove the residual solvent and moisture. An FT-IR spectropho-
tometer (Thermo Nicolet 380) with a temperature chamber was used
to monitor the change of the spectra over temperature. Temperature
was raised from 40 to 200 °C with an interval of 20 °C. Samples were
kept isothermal for 5 min at each temperature before testing. 32 scans
and a resolution of 2 cm−1 were used in the test. Peak fitting of the
bonded and “free” N−H stretching peaks was done with OriginPro
9.0, and the integration of each peak was obtained.

Mechanical Properties. Thin films of polymers were prepared by
a vacuum compression machine (TMP technical Machine Products
Corp.) and cut into specimens. Mechanical properties of the polymers
were tested by tensile test at 21 °C using an Instron 5567. The speed
of crosshead was set as 3 mm/min. Dimensions of samples are 20.0
mm in length, 2.0 mm in width, and 0.5 mm in thickness. Reported
data were based on triplet results of each sample under the same
testing condition. P(2AP) fractured every time between clamps before
stretching due to its brittleness, so cardboard was used to cover
specimen ends when clamped. Even so, the sample fractured inside or
by the edge of the clamps during stretching, resulting in quite small
strain at the break. The ultimate strength and strain at break were
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expected to be higher if dumbbell-shaped specimens were used, but
the dumbbell-shaped specimens were not achievable with P(2AP)
because the brittle material fractured when cut into a dumbbell shape.
Handling instructions for these hygroscopic materials are provided in
the Supporting Information.
Rheological Properties. Storage modulus (G′), loss modulus

(G″), and complex viscosity (η*) were measured with a TA
Instruments ARES-G2 rheometer with 8.0 mm parallel stainless
steel plates. For polymer P(1AP) and P(2AP), thin films (1 mm
thickness and 8 mm diameter) were fabricated by compression
molding and placed between the plates for testing. P(1EP) was too
soft to be molded into a film; thus, it was loaded between the plates
directly. All samples were loaded at Tg + 70 °C. Before each test, a
strain sweep at a frequency of 1 rad/s and strains varied between 0.1
and 100% was used to determine the linear viscoelastic (LVE) region
of the samples. Each sample was run at different temperatures with a
strain value within the LVE region and a frequency range from 0.1 to
100 rad/s. A master curve with a reference temperature of Tg + 50 °C
was obtained using time-temperature superposition for each sample,
where the shift factors for G′ and G″ were calculated by TRIOS
software. Handling instructions for these hygroscopic materials are
provided in the Supporting Information.
Hygroscopic Properties. P(1AP) and P(2AP) absorb water from

the ambient environment due to amide groups. A chamber with
constant relative humidity (60%) was built to provide moisture to
study the hygroscopic property. Polymer specimens with dimensions
of 3 mm × 3 mm × 0.5 mm and 5 mm × 5 mm × 0.5 mm were
incubated for a specific time for TGA and DSC studies. The weight of
the absorbed water was performed on TGA where temperature was
raised from 20 to 400 °C with a heating rate of 10 °C/min. The
decrease of Tg with incubating time was monitored by DSC with a
scanning range of −50 to 50 °C and a scanning rate of 10 °C/min.

■ RESULTS AND DISCUSSION

Polymer Synthesis and Characterizations. Gokhale et
al.30 reported the synthesis of a library of “peptide-like”
polyesters by carbodiimide coupling of functionalized diols and
diacids under mild reaction conditions. The functionalized
diols are derived by functionalizing diethanolamine by a
transamidation reaction with various methyl esters. This

provides a tertiary amide substituted diol, and the resulting
polyesters are relatively of low modulus due to the absence of
hydrogen bonding donor atoms. However, if the tertiary amide
is substituted with a secondary amide, it will introduce
hydrogen bonds and can strengthen the material. In this work,
we explored this aspect by using serinol, a diol with primary
amine groups, instead of diethanolamine, to make function-
alized diols. Three different polyesters were designed for this
study. Two of them were synthesized by transamidation of
serinol, and methyl esters had either one secondary amide-
propyl group or two secondary amide-propyl groups. As a
control, a diol containing an ester group (instead of the
secondary amide) was made. Synthetic routes are illustrated in
Scheme 1, and 1H NMR spectra of the three polyesters are
presented in Figure 1.
Polymers with similar Mw were synthesized and charac-

terized (Table 1). Molecular mass distributions (dispersity, Đ)
of the polymers are ∼2, which is the theoretical Đ value for
step growth polymerization. P(1EP) has the lowest Tg of −18
°C and is in its rubbery state at ambient conditions. The
substitution of an amide group in P(1AP) for the ester group
in the side-chain of P(1EP) increased the Tg to 28 °C for
P(1AP) as a result of stronger supramolecular bonding
between amide groups. Ester groups form dipole-dipole
interactions between the carbonyl groups34,35 but do not
form hydrogen bonds because of the unavailability of
covalently bonded hydrogen to highly electronegative atoms
like N, O, and F. The higher polarity of amide groups enables
formation of strong hydrogen bonds between the carbonyl
oxygen and the hydrogen of the N−H group.36 As a result, the
amide groups in P(1AP) are more effective than the dipolar
interactions of the ester groups in P(1EP) in suppressing
segmental motion, which increases Tg. The increase of Tg due
to hydrogen bonding interaction has been reported by several
groups.37,28,27,32 Lewis and co-workers observed that Tg
increased almost linearly with concentration of hydrogen
bonding groups in copolymers of which one component has

Scheme 1. Synthetic Routes for Functionalized Diols and Polyestersa

aReagents and conditions: (i) serinol, 80 °C, overnight; (ii) tert-butyldimethylsilyl chloride, imidazole, THF, RT, 12 h; (iii) sodium borohydride, 0
°C, 1 h; (iv) butyric anhydride, DMAP, CH2Cl2, 0 °C to RT, 1 h, 50 °C, 1 h; (v): TBAF solution, 1.0 M in THF, THF, RT, 2 h; (vi) succinic acid,
DIC, DPTS, DCM, 0 °C to RT, 48 h.
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either acrylic acid, carboxy ethyl acrylate, or aminopyridine
side-chain.28 It was expected that P(2AP) would have a
significantly higher Tg than P(1AP) because the amide group
concentration with P(2AP) is twice as that of P(1AP).

However, the Tg of P(2AP) is only 6 °C higher than that of
P(1AP), and it is hypothesized that the inherent flexibility and
the longer length of the secondary amide containing side-chain
of P(2AP) play roles in decreasing Tg. Flexible polymers tend

Figure 1. 1H NMR spectra of (a) P(1EP), (b) P(1AP), and (c) P(2AP) in DMSO-d6.
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to have low Tg, while formation of hydrogen bonds limit chain
mobility, which results in increase of Tg. The combined effects
of chain flexibility and increased hydrogen bonding lead to a 6
°C higher Tg in P(2AP) compared to P(1AP). More evidence
of the side-chain flexibility of P(2AP) is shown in the rheology
study.
Temperature-Dependent IR Absorption Spectrosopy.

The strength of hydrogen bonds is highly dependent on
temperature.38,39 The FT-IR spectrum of P(1EP) did not
change with tempeprature (Figure S1), while those of P(1AP)
and P(2AP) varied significantly with increase of temperature
(Figure S1). For P(1AP) and P(2AP), bands of N−H
stretching peaks (∼3300 cm−1) and amide I/II modes
(∼1650 and 1550 cm−1) were analyzed in detail to study the
extent of hydrogen bonding in the system.40 All spectra were
normalized against the asymmetric C−H stretching peak
(∼2964 cm−1) whose intensity did not change with increase of
temperautre, and peak fitting was done to the N−H stretching
region with Gaussian band shapes using OriginPro 9.0. As an
example, major infrared peaks of P(1AP) are assigned in Table
2.

Figure 2a shows evidence for intense hydrogen bonded N−
H stretching peaks (∼3280 cm−1) in P(1AP) and P(2AP),
while the “free” N−H peak (∼3378 cm−1) is a small shoulder
of the main peak. With increase in temperature, the intensity
and area of the H-bonded N−H stretching peaks decrease, and
the peak position shifts to higher wavenumber (Figure 2 and
Figure S2b). They indicate the decrease of the averaged
hydrogen bond strength.40 However, the area of the “free” N−
H stretching peak remains almost constant (Figure 2b). It has
been pointed out that absorption coefficients of hydrogen
bonded and “free” N−H streching are dependent on
temperautre, with a 3.2:1 ratio of absorption coeffeicents
between the hydrogen bonded N−H and free N−H bonds
based on three model polyurethanes.40,41 Therefore, the
nonlinear reduction of the hydrogen bonded N−H stretching
peak area with increase of temperature is mainly due to the
significant decrease of the absorption coefficient of the
hydrogen bonded N−H mode.40 Thus, the increase of

temperature has a greater influence on the reduction of the
hydrogen bonded N−H stretching peak than it has on the
“free” N−H stretching peak.
In the FT-IR spectrum of P(1AP), the peak at 1650 cm−1 is

assigned as the amide I mode with major contribution from
CO stretching (main peak: hydrogen bonded CO
stretching; shoulder of the peak: “free” CO stretching).
The main peak shifts from 1652 to 1664 cm−1, and the peak
intensity decreases with increase of temperature. The behavior
of amide I mode with temperature is consistent with that of
N−H stretching vibration because of the correspondence
between N−H and CO groups.40 The peak at 1550 cm−1 is
assigned as amide II mode which originates from N−H in-
plane deformation vibration. The peak shifts from 1544 to
1522 cm−1, and the intensity decreases with the increase of
temperature, indicating the weakening of hydrogen bonds.
Similar trends of changes with increase of temperature were
observed from P(2AP) (Figure S2a). The intensities of the N−
H stretching band as well as amide I and amide II modes of
P(2AP) are stronger than those of P(1AP) due to the higher
mol % of amide groups. As shown below, the higher
concentration of secondary amide groups in P(2AP) compared
to P(1AP), will have a corresponding influence on the
mechanincal properties as well as the hydrophilic and
hygroscopic nature of the polymers.

Mechanical Properties. The hydrogen bonded secondary
amide groups are expected to serve as supramolecular cross-
links and reinforce the material. Tensile tests were performed
to evaluate structure-mechanical property relationships of
P(1AP) and P(2AP). (P(1EP) is a sticky liquid and is too
soft to be used for a mechanical test at room temperature.)
Engineering stress versus strain curves of P(1AP) and P(2AP)
are plotted in Figure 3, and the mechanical properties are
summarized in Table 3. The results show that P(1AP) is a
tough material with strain at break exceeding 400%. With
P(1AP), after yielding it was observed that necking appeared
near the clamped parts of the specimen (stress concentrated
spots), and the material turned white and became opaque due
to formation of crazing (Figure S3). During stretching, crazing
still bears load and continues to dissipate energy before
formation of a crack, which leads to failure of the sample.42

Formation of crazes is regarded as a toughening mechanism.43

The occurrence of yielding indicates the beginning of plastic
deformation. The elongated material tended to retract back to
its original shape after fracture due to dynamic cross-linking by
hydrogen bonding interactions and rubber elasticity. Tensile
measurements of P(2AP) showed that the material is stiffer
and more brittle than P(1AP) with a Young’s modulus 12
times higher than for P(1AP) while a strain at break 1/800 of
P(1AP). Tensile results are consistent with the expectation
that the extra hydrogen bonding amide-propyl group will lead
to increased supramolecular cross-links and a stiffer, stronger,
and more brittle material.44−46 In addition, as shown by the
mechanical tests, introduction of an extra amide-propyl group
raised the Tg of P(2AP) and resulted in P(2AP) exhibiting
greater glassy behavior than P(1AP).

Rheological Properties. To weaken the effects of
hydrogen bonds and highlight the role of side-chain flexibility,
the materials were characterized at higher temperatures.
Because the polymers were too weak for tensile testing at
high temperature (higher than Tg), rheological analysis was
done instead to observe the interplay of the hydrogen bonding
and chain flexibility on viscoelasticity of the materials. Figure 4

Table 1. Characterization of Polyesters with Different
Pendant Groups

sample Mn
a (kDa) Mw

a (kDa) Đa Tg
b (°C)

P(1EP) 51.7 100.0 1.93 −18
P(1AP) 51.3 97.7 1.90 28
P(2AP) 48.4 89.3 1.85 34

aDetermined by GPC with DMF as eluent. bDetermined by DSC
with heating rate of 10 °C/min.

Table 2. Assignments of Infrared Peaks of P(1AP)40

peak position (cm−1) description

3378 free N−H stretching
3280 hydrogen bonded N−H stretching
3200 amide B mode
3069 overtone of N−H stretching vibration
2964 asymmetric CH2 stretching
2876 symmetric CH2 stretching
1739 CO stretching
1652 amide I mode
1544 amide II mode
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is a schematic of the idealized linear viscoelastic behavior of a
high molar mass amorphous polymer above its Tg. The G′ and

Figure 2. (a) Expanded FT-IR spectra of N−H stretching band of P(1AP) and P(2AP) at various temperatures. Temperature increases toward the
direction of the arrowhead. (b) Peak areas of H-bonded and “free” N−H stretching peak of P(1AP) and P(2AP) at different temperatures.

Figure 3. Engineering stress versus strain curves of P(1AP) (black)
and P(2AP) (red).

Table 3. Summary of Mechanical Properties with P(1AP) and P(2AP)

sample stress at break (MPa) strain at break (%) Young’s modulus (GPa) yield stress (MPa) strain at yield point (%)

P(1AP) 11.6 ± 1.20 423 ± 11.2 0.470 ± 0.0600 16.3 ± 2.20 6.87 ± 1.13
P(2AP) 16.4 ± 2.87 0.530 ± 0.0800 5.53 ± 0.830 N/A N/A

Figure 4. Schematic of the idealized LVE behavior of a high molecular
mass amorphous polymer above Tg.
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G″ data cross at two distinct frequencies, ωt and ωe, which are
the onset of terminal (i.e., viscous flow) behavior and the
reciprocal of Rouse time of a strand between two
entanglements, respectively. In the terminal region, polymer
chains have enough time to relax and flow freely. The Rouse
time is the longest relaxation time for an unentangled chain,
while in an entangled network, the Rouse model is only
applicable where ω > ωe. The two dotted lines in Figure 4
indicate the demarcation from terminal to rubbery plateau
behavior at the lower frequency and from rubbery to the
transition region at higher frequency. The material properties
that can be extracted from the data in Figure 4 include the
Rouse relaxation time for the entangled strands (τe), the
terminal relaxation time (τ), and the plateau modulus (Ge),
which is the value of G′ at ω = ωe.

47 The molecular mass
between entanglements or supramolecular cross-links (Me) can
be obtained from the equation

ρ=M RT G/e e

where ρ is the mass density of the polymer, R is the gas
constant, and T is the absolute temperature.

To study rheological behaviors of the three polymers in a
wider frequency range, the principle of time-temperature
superposition48 (TTS) was used to prepare linear viscoelastic
(LVE) master curves of G′ and G″ versus reduced frequency
(aTω) from the LVE data measured at 5−6 temperatures
between −10 and 90 °C. The results are shown in Figure 5 at a
reference temperature of Tr = Tg + 50 °C for each polymer to
remove the influence of Tg. Theoretically, TTS is valid for a
homogeneous system where all relaxation modes have the
same temperature dependence.49 It fails in some complex
systems, like some polymer blends and branched polymers,
and in some polymers with temperature dependent supra-
molecular interactions. TTS works well for the current
polymers although these polymers have supramolecular
interactions, i.e., dipole-dipole interaction and hydrogen
bonding, and the data points collected from the range of
temperatures were superposed for each polymer. The effects of
temperature over the relatively narrow range of temperatures
used in this study did not significantly affect the relaxation
times of the polymers. Previous reports pointed out that TTS
was applicable to systems with weak hydrogen bonding
interactions such as systems with urazole groups, acrylamido-

Figure 5. Comparison of the G′ and G″ master curves for the three polymers at a reference temperature of Tr = Tg + 50 °C.

Table 4. Rheological Properties of the Three Polymers According to TTS at Tr = Tg + 50 °C and Activation Energy for Flow
Based on the Arrhenius Equation

sample ωt
a (rad/s) ωe

a (rad/s) τa (s) τe
a (s) Ge

a (Pa) η*0
b (Pas) Ea

c (kJ/mol)

P(1EP) 1.54 × 101 2.12 × 103 4.08 × 10−1 2.9 × 10−3 4.80 × 105 2.33 × 104 45.3
P(1AP) 5.19 × 100 1.89 × 103 1.21 × 100 3.3 × 10−3 8.44 × 105 9.42 × 104 60.6
P(2AP) 1.03 × 102 2.50 × 102 6.1 × 10−2 2.5 × 10−2 2.02 × 105 1.08 × 104 67.4

aDetermined from Figure 5. bDetermined from Figure 7. cDetermined from Figure S7.

Figure 6. Comparison of the (a) storage moduli and (b) loss moduli for the three polymers at a common reference temperature of Tr = Tg + 50 °C.
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pyridines, and acrylic acid moieties but failed in systems with
stronger interactions such as trimeric and quadruple hydrogen
bonding groups.29

The LVE response at low frequency, which corresponds to
the data at higher temperatures, shows terminal behavior of the
polymer melt. That is confirmed by the scaling of the moduli
with frequency, G′ ∝ ω2 and G″ ∝ ω, which indicates that all
three polymer melts are thermally simple in the terminal
region. The terminal (longest) relaxation time of the polymers
which corresponds to translation of chains was calculated from
the crossover frequency, τ = 2π/ωt, where G′ = G″ (tan δ =
1.00), and the values for the three polymers are listed in Table
4. P(2AP) has the shortest τ, which is 6.1 × 10−2 s, and
P(1AP) has the longest τ of 1.21 × 100 s. P(1EP) has an
intermediate τ value of 4.08 × 10−1 s.
From the LVE master curves in Figure 5, the terminal

relaxation time (τ) increased by 3 times when the ester side
group (P(1EP)) was replaced with an amide group (P(1AP)).
The increase in τ is due to the hydrogen bonds in the latter
polymer, which act as temporal cross-links that suppress
translation of the polymer chains. Besides, P(1EP) showed
lower moduli than P(1AP) at specific frequencies as well as
lower plateau modulus and complex viscosity (Figures 6 and
7).

Surprisingly, the addition of a secondary amide group in the
side-chain did not further increase τ. On the contrary, P(2AP)
had the shortest terminal relaxation time. That difference
cannot be fully explained by the differences in the Mw of the
two polymers (Mw of P(1AP): 97.7 kDa; Mw of P(2AP): 89.3
kDa). In general, for high-Mw linear polymers, τ ∝ Mw

3.4. τ for
P(1AP) is 1.21 s (Table 4), and that for P(1AP) with the same
Mw as P(2AP) is calculated to be 0.891 s (Supporting
Information). However, τ for P(2AP) is 0.061 s, which is 14
times smaller than that of P(1AP) with the same Mw.
The plateau modulus (Ge) for P(1AP) is 4 times that of

P(2AP). Based on the above equation and by measuring the
density of P(1AP) and P(2AP) (ρP(1AP) = 1.24, ρP(2AP) = 1.19,
measured by dividing mass by volume), it is calculated that Me
of P(2AP) is 4 times as high as that of P(1AP). In addition, τe
for P(2AP) is 7.5 times as high as that for P(1AP). Thus,
P(1AP) has a higher physical cross-link density than P(2AP).
As a matter of fact, P(2AP) has even lower relaxation time and
plateau modulus than P(1EP), which theoretically does not
participate in hydrogen bond formation. It indicates that at

higher temperature where the strength of hydrogen bonds is
decreased, the effect of side-chain flexibility plays a significant
role. The energy of rotation of the backbone decreases and free
volume increases because the longer flexible side-chains
function as “internal diluents”.31 In polyvinyls it is observed
that the more methylene groups the side-chain has, the lower is
the Tg, as long as crystallization does not occur.50−53 P(2AP)
has the longest inherently flexible side-chain, and at higher
temperature where hydrogen bonds strengths are weakened,
the roles of chain flexibility and side-chain length are more
dominant, and thus the material shows the shortest terminal
relaxation time and the lowest Ge.
In rheological studies, the viscoelastic behaviors of polymers

are normally compared at a fixed temperature interval above Tg
(Tr = Tg + T) to remove the influence of Tg. However, this
does not provide a complete picture as the strength of the
hydrogen bonds is influenced by temperature. The strength of
a hydrogen bond in P(2AP) will be weaker when compared to
P(1AP) as the former is performed at 84 °C (Tr = Tg + 50 °C),
while the latter is performed at 78 °C. To remove the influence
of temperature on the strength of the hydrogen bonds, the
LVE behavior of the three polyesters was also compared at a
common temperature of 52 °C as shown in Figure S4. Ge for
each polymer remains the same when the reference temper-
ature changes. P(1AP) has the highest τ of 154 s and P(1EP)
has the smallest τ of 0.0322 s because of its low Tg. P(2AP)
shows an intermediate τ of 21.6 s. τe for P(1AP) and P(2AP)
are 0.421 and 13.4 s, respectively. In this comparison, P(2AP)
has a higher terminal relaxation time than P(1EP) but still has
a shorter terminal relaxation time and lower physical cross-link
density than P(1AP), even though P(2AP) may have a greater
glassy contribution to its LVE behavior than P(1AP). The
comparison at a constant temperature, however, is consistent
with the weakening of the amide hydrogen bonds, such that
the flexibility of the longer side-chain in P(2AP) at 52 °C
produces a lower terminal relaxation time.
The G′(ω), G″(ω), and η*(ω) master curves for all of the

polymers at the reference temperature of Tr = Tg + 50 °C are
plotted in Figures 6 and 7. In Figure 6, both G′ (Figure 6a)
and G″ (Figure 6b) of P(1AP) and P(2AP) overlap at high
frequency, where the materials enter into glassy state. P(2AP),
however, exhibits a shorter rubbery region, which indicates that
the chemical structures of the two materials have a significant
influence on the motion of polymer chains. In the complex
viscosity versus frequency plot (Figure 7), a constant, zero-
shear rate viscosity is observed at low frequency. P(1AP) and
P(2AP) show the highest and lowest zero-shear viscosity: 9.42
× 104 Pa·s and 1.08 × 104 Pa·s (Table 4), respectively.
Viscosity data also confirmed the greater diluting effect of
longer flexible side-chain. With the increase of frequency,
complex viscosity decreases and the viscosity difference
between P(1AP) and P(2AP) decreases.
Master curves of G′(ω), G″(ω), and η*(ω) for the three

polyesters are compared at Tr = 52 °C as well (Figures S5 and
S6). In the terminal region, G′ and G″ of P(2AP) are lower
than those of P(1AP). In addition, P(2AP) shows a lower zero
shear viscosity than P(1AP). These observations are in keeping
with the study at Tr = Tg + 50 °C. With the frequency
increasing, G′, G″, and η* of P(2AP) surpass those of P(1AP)
due to the influence of Tg (P(2AP) enters into the glassy
region earlier). P(1EP) shows the lowest G′, G″, and η* at all
frequencies due to its low Tg. The rheological properties of the
three polyesters at Tr = 52 °C are summarized in Table S1.

Figure 7. Comparison of the complex viscosity for the three polymers
at a common reference temperature of Tr = Tg + 50 °C.
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The activation energy (Ea) for flow can be calculated from
the Arrhenius equation (Figure S7) using shift factors obtained
from TTS. The activation energy reflects the restriction of
viscous flow of a material.54 P(2AP) and P(1EP) have the
highest and lowest Ea of 67.4 and 45.3 kJ/mol, respectively
(Table 4). It shows that P(2AP) with two amide groups in the
side-chain has to overcome a higher energy barrier to attain
viscous flow compared to P(1AP) with one amide group. The
viscous flow of P(2AP) requires a cooperative dissociation of
two hydrogen bonds, whereas P(1AP) can relax with
dissociation of one hydrogen bond. Besides, the activation
energy indicates how fast the viscosity and polymer structure
change with temperature.54,55 The sensitivity of polymer
properties such as modulus and viscosity to temperature is
high when the Ea value is large. The increase of Ea with
hydrogen bond concentration and the temperature depend-
ence of hydrogen bond strength have been observed in several
previous reports.29,56,57 In this work, P(2AP) has the largest Ea
because of the highest concentration of hydrogen bonds, and it
exhibits the strongest competition between hydrogen bonding
interactions and diluting effect of the long flexible side-chain
on the polymer properties.
The mechanical and rheological behaviors of P(2AP) could

be advantageous. If all the hydrogen bonds persisted at higher
temperature, the material would be difficult to process due to
the high viscosity. However, the weakening of hydrogen bonds
at higher temperature and the flowability introduced by side-
chain flexibility make processing easier. The addition of the
second amide group in the side-chain improves processability
at higher temperature yet gives better properties at room
temperature.
Hygroscopic Properties. Because of the existence of

amide groups, both P(1AP) and P(2AP) can absorb water
molecules from the ambient environment. After keeping these
polymers in a humidifier with 60% relative humidity for a
specific time, the amounts of water absorbed by P(1AP) and
P(2AP) were determined from TGA, and the change of Tg
with the two polymers was monitored by DSC (Figure 8).
TGA data showed that for both materials the initial water
absorption rates were high. P(2AP) had a higher water
absorption rate than P(1AP) and absorbed twice as much
water as P(1AP). DSC data show that the Tg decreases
dramatically with exposure time during the initial phase and

then becomes constant. Hydrogen bonds formed between
water molecules and amide groups weaken molecular
interaction among polymer chains. Water molecules function
as plasticizers and increase the polymer free volume and
molecular mobility, which reduces the Tg.

58,59 After 1 h
exposure of P(2AP) to 60% humidity, there were two thermal
transitions at 33 and −6 °C (Figure S8). It is possible that the
exposure time is not long enough for water molecules to
diffuse in to the sample homogeneously and that the hydrated
surface gives a low Tg, while the bulk remains dry. After 6 h
exposure, there was only one thermal transition indicating the
homogeneous wetting of the whole polymer. Once hydrated,
Tg of P(2AP) was lower than that of P(1AP). P(2AP)
absorbed more water molecules, and the longer side-chain of
P(2AP) has a greater “dilution” effect. Because P(1AP) and
P(2AP) can absorb moisture from the ambient environment,
samples for mechanical and rheological analysis were run right
after vacuum compression molding. After the run, TGA was
used to confirm there was no water absorbed by samples in
such short time. The experimental details for minimizing
moisture absorption by the polymers before characterizations
are provided in the Supporting Information. The hydrophilicity
of the three materials was determined by static water contact
angle measurement over a period of 2 min. It shows that
P(2AP) and P(1EP) are the most hydrophilic and hydro-
phobic materials, respectively (Figure S9).

■ CONCLUSION

In this work, three polyesters with the same backbone but side-
chains containing various numbers of hydrogen bonding
amide-propyl groups (0, 1 and 2) were developed using
carbodiimide-mediated coupling of succinic acid and function-
alized diols. Effects of amide group derived hydrogen bonding
and chain flexibility on thermal, mechanical, and rheological
properties were studied. Temperature-dependent FT-IR
absorption showed that the hydrogen bond strength decreased
with increase of temperature. Hydrogen bonds functioned as
supramolecular cross-links, which strengthened the material
and limited chain mobility. Having more amide groups in the
side-chain raised Tg, stiffness, and brittleness of the material at
room temperature. However, influences of hydrogen bonds
diminished as temperature increased, and the effect of chain
flexibility became more prominent, as shown by rheometry.

Figure 8. (a) Amount of water absorbed by P(1AP) and P(2AP) at room temperature and 60% relative humidity determined from TGA. (b)
Change of Tg of P(1AP) and P(2AP) determined from DSC.
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This work provides a platform where both effects of hydrogen
bonding and chain flexibility can be observed, and the results
show that polymer behavior can be modulated by selecting the
amount of amide groups in the side-chain and regulating
environmental conditions such as temperature and humidity to
achieve desirable properties.
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