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Hydrogen Bonding in Polymeric Materials

1.1 Introduction

Hydrogen-bonding, dipole–dipole, and ionic interactions in polymers have been
of great interest to fundamental polymer science, and also industrially, for over
30 years. These secondary or noncovalent interactions can be introduced specifi-
cally into polymeric materials to form supramolecular materials displaying inter-
esting thermal, mechanical, surface, and optoelectronic properties. The concept
of noncovalent bonding has changed the thinking of polymer scientists, who had
been focused for many years primarily on the effects of covalent interactions.

Hydrogen bonds (H-bonds) are interactions that result from dipole–dipole
forces between strongly electronegative atoms (e.g., fluorine (F), nitrogen (N),
oxygen (O)), and hydrogen atoms; they affect the physical properties and
microstructures of many materials [1–6]. For example, water is recognized
to form tetrahedral clusters comprising 14 molecules of H2O; the unusual
properties of water arise mainly from the fact that water molecules readily
form H-bonds—4 of them—per water molecule, in a tetrahedral geometry
[7]. Other famous examples are the H-bonds found in biological systems [8],
where they play important roles affecting the three-dimensional structures of
nucleic bases and proteins. The DNA double helix is formed from multiple
H-bonding interactions between complementary cytosine/guanine (C/G) and
adenine/thymine (A/T) base pairs; these noncovalent interactions link the
two complementary strands and enable replication. Furthermore, H-bonds
greatly influence the secondary structures of polypeptides: the α-helix confor-
mation is stabilized by intramolecular (or intrachain) H-bonding, while the
β-sheet conformation is stabilized by intermolecular (or interchain) H-bonding
[9, 10]. In addition to these famous natural examples, H-bonding also has several
profound effects in unnatural polymeric materials, influencing various physical,
thermal, and mechanical properties, including melting points (Tm), crystalline
structures, glass transition temperatures (Tg), surface properties, optoelectronic
properties, and solubilities (in solvents) and miscibilities (in polymer blends).

Although there are already several reviews on H-bonded polymer blends,
copolymers, self-assembled supramolecular structures, and nanocomposite sys-
tems [11–21], this book aims to provide a thorough discussion of how H-bonding
interactions have been used in research into polymer blends, surface properties,
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self-assembled block copolymers, mesoporous materials, biomacromolecules,
and polyhedral oligomeric silsesquioxanes (POSS) nanocomposites.

1.1.1 Hydrogen Bonds

Hydrogen bonding is a fundamental interaction in chemistry, physics, and
biology and has been described extensively in many books [22] and reviews
[23]. The H-bond is a directed, attractive, noncovalent bonding interaction
between an A–H unit (proton donor) and a B atom (proton acceptor) in the
same molecule or in different molecules, where the A and B atoms are generally
highly electronegative (e.g., F, N, O), although even C–H groups can be involved
in H-bonding and some π-electrons can act as weak H-bond acceptors [24, 25].
The H-bond can also be characterized by its effect on the physical properties
or molecular characteristics of a material. A covalent bond usually has strength
on the order of 50 kcal mol−1; H-bonds most often have stabilities in the range
1–40 kcal mol−1 (in comparison, van der Waals attraction is favorable by only
approximately 0.2 kcal mol−1). A strong H-bond has strength in the range
10–40 kcal mol−1; a moderate H-bond, 4–10 kcal mol−1; and a weak H-bond,
1–4 kcal mol−1 [26].

Hydrogen bonding can be either an intermolecular or intramolecular phe-
nomenon. An intermolecular H-bond (Figure 1.1) is one for which the donor
and acceptor units are found in two different molecules; for an intramolecular
H-bond (Figure 1.2) they are in the same molecule. Intermolecular H-bonds
are usually linear or near linear, whereas intramolecular H-bonds usually
feature some degree of bending. In polymers, two different types of H-bonding
can occur for the same functional group, namely, interchain and intrachain
H-bonding interactions. For example, the α-helix conformation of a polypeptide
is stabilized by intrachain H-bonding, while the β-sheet conformation is stabi-
lized by interchain H-bonding. The strength of an H-bond is strongly dependent
on the solvent polarity; the addition of a polar solvent can decrease the H-bond
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Figure 1.1 Intermolecular H-bonding between two molecules. (a) Urethane–ether complex;
(b) hydroxyl–carbonyl complex; (c) acid–pyridine complex; and (d) adenine–thymine complex.
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Figure 1.2 Intramolecular H-bonding of a single molecule. (a) Malonaldehyde; (b) salicyclic
acid; and (c) formazan.

strength significantly, over several orders of magnitude, because the solvent
molecule can also take part in H-bonding interactions. As a result, nonpolar
solvents (e.g., toluene, CHCl3, and linear and cyclic alkanes) are mostly used for
the preparation of H-bonded supramolecular materials.

1.1.2 Characterization of Hydrogen Bonding

Several spectroscopic methods are commonly used to characterize H-bonds:
(i) Fourier transform infrared (FTIR) and Raman spectroscopy, in which the
stretching and bending vibrations of the donor or acceptor functional groups
are influenced by the presence of H-bonds; (ii) ultraviolet (UV) and fluores-
cence spectroscopy, which reveal changes in the electronic levels of molecules
experiencing H-bond interactions; (iii) nuclear magnetic resonance (NMR)
spectroscopy, where changes in chemical shifts can arise from H-bond interac-
tions of the donor and acceptor functional groups; and (iv) X-ray photoelectron
(XPS) spectroscopy, where a new shoulder or even a new peak can appear as
a result of a change in the chemical environment of an atom perturbed by the
H-bonding [27–30].

Among these methods for characterizing H-bonds, by far the most inexpen-
sive and sensitive is FTIR spectroscopy. For example, Figure 1.3 presents the CO
stretching range of the FTIR spectra of H-bonded phenolic/PCL blends of various
compositions. The signal for C=O stretching in this phenolic/PCL blend splits
into two bands: a signal at higher wavenumber (1734 cm–1) corresponding to the
free C=O groups of PCL, and one at relatively lower wavenumber (1708 cm–1)
representing the C=O groups of PCL H-bonded with phenolic OH groups. If we
can resolve these peaks into two Gaussian functions, we can quantify the fraction
of H-bonded C=O groups using the appropriate absorptivity ratio between the
two peaks. Using this approach, we can see that the fraction of H-bonded C=O
groups of PCL increased upon increasing the content of phenolic in the blend
[31].

In addition to one-dimensional (1D) infrared (IR) spectra (e.g., in Figure 1.3),
two-dimensional (2D) correlation spectroscopy can also be used to characterize
H-bonding interactions in polymer materials [32–34]. Through measurements
of spectral perturbations in response to temperature, time, composition, or
pressure, we can identify inter- or intramolecular H-bond interactions through
analyses of the selected bands based on the corresponding 1D infrared spectra.
Figure 1.4 displays a typical 2D-IR correlation spectrum of PVPh/PVPK blends
in the region 1500–1700 cm–1 [35]. The spectrum features two independent axes
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Figure 1.3 Typical infrared (IR) spectra,
displaying the C=O stretching region,
of phenolic/PCL blends.
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Figure 1.4 2D Fourier transform infrared (FTIR) correlation maps of PVPh/PVPK blends:
(a) synchronous and (b) asynchronous maps [35].

for the wavenumber, as well as the correlation intensity. White and shadowed
areas represent positive and negative cross-peaks, respectively, in the 2D contour
maps. Two types of 2D correlation spectra are generally obtained: synchronous
spectra (Figure 1.4a), in which the correlation intensity indicates the relative
in-phase degree, and asynchronous spectra (Figure 1.4b), in which the correla-
tion intensity indicates the relative out-of-phase degree. The correlation map in
the 2D synchronous spectrum in Figure 1.4a was symmetrical corresponding
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to the diagonal line. These intensities of auto-peaks in 2D synchronous spectra
should be positive when located at the diagonal line, corresponding to the
autocorrelation degree from perturbation-induced molecular vibration. The
cross-peaks in 2D synchronous spectra may possess positive (white) or negative
(shadow) intensities, corresponding to simultaneous and coincidental changes
in the variations of the correlation intensities measured at off-diagonal positions
for two different wavenumbers (v1, v2). A positive cross-peak results when the
changes in the signals at these two wavenumbers (v1, v2) occur in the same
direction under the environmental perturbation (i.e., both increase or both
decrease). If the signals at the two wavenumbers (v1, v2) change in opposite
directions under the environmental perturbation (i.e., one decreases while
the other increases), a negative cross-peak will appear. The asynchronous
cross-peaks can also be either positive or negative, giving sequential order
information for the external variable. Figure 1.4b displays the asymmetric 2D
asynchronous spectrum corresponding to the diagonal line.

Figure 1.4a reveals positive cross-peaks for the correlation intensity of the
signal at 1680 cm–1 with those at 1612 and 1510 cm–1, implying intermolecular
H-bonding between the phenolic OH groups of PVPh (1612 and 1510 cm–1) and
the C=O groups of PVPK (1680 cm–1), with changes in the same direction. It
also reveals positive cross-peaks between the signals at 1612 cm–1 (PVPh) and
1580 cm–1 (PVPK), implying π–π interactions among the aromatic rings of PVPh
and PVPK, again in the same direction. As a result, the intermolecular inter-
actions in PVPh/PVPK blends arise not only from intermolecular OH· · ·O=C
H-bonding but also from π–π interactions of the aromatic rings. Figure 1.4b
displays the 2D asynchronous spectrum of the PVPh/PVPK blend. The positive
peaks at (1580, 1612 cm–1), (1612, 1680 cm–1), and (1680, 1580 cm–1) imply that
the sequence of order in the spectra is 1612> 1680> 1580 cm–1, based on the
changes in intensity of these three observed bands according to Noda’s rule [36].

Solid-state NMR spectroscopy can also provide useful information for identify-
ing H-bonding, by observing the line shapes or chemical shifts in the spectra that
are sensitive to the local chemical environment. Figure 1.5 provides an example of
this chemical shift in the 13C solid-state NMR spectra of a phenolic/PVAc binary
blend [37]. Downfield chemical shifts occurred for the signals of the C=O groups
of PVAc (by about 3 ppm) and the OH-substituted carbon atoms in the pheno-
lic resin (by about 2.3 ppm), implying that the H-bonding interactions existed
in the phenolic/PVAc blend. The chemical environments of neighboring nuclei
can also be influenced by H-bonding in polymer blend systems, leading to down-
field chemical shifts that are widely used to provide evidence for H-bonding in
polymer blend systems. In addition, the C=O units in the 13C solid-state NMR
spectra were also resolved into two peaks—similar to the situation in FTIR spec-
tra (cf. Figure 1.3)—that represented the free (high field at about 171 ppm) and
H-bonded (downfield at about 174 ppm) C=O groups of PVAc. The fraction of
H-bonded C=O groups of PVAc increased upon increasing the concentration
of phenolic resin, similar to the observation in the FTIR spectroscopic analysis.
Solid-state NMR spectroscopy can also provide evidence for the miscibility scale
of H-bonded polymer blend systems, determined from the proton spin–lattice
relaxation time [T1(H)] [38–40]; a single, composition-dependent value of T1(H)
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Figure 1.5 Solid-state nuclear
magnetic resonance (NMR) spectra and
corresponding curve-fitting results for
phenolic/PVAc blends [37].

in a polymer blend system represents a homogeneous amorphous phase to the
scale by the spin diffusion within the time occurring.
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