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Solid state NMR study of
hydrogen bonding,
miscibility, and dynamics in
multiphase polymer systems

Weigui FU (=2)" and Pingchuan SUN?

The application of solid state NMR (SS NMR) to the
study of multiphase polymer systems is growing
rapidly. This article aims to provide an overview of
the current state of development of this field, paying
particular attention to the study of hydrogen bonding in
hydrogen-bonded polymer materials through SS NMR
investigations. The effection of hydrogen bonds on the
miscibility, phase separation and dynamic behavior of
selected systems will also be discussed, based on work
during the last 10 to 15 years.

Keywords solid state NMR, hydrogen bonding, misci-
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1 Introduction

Multiphase polymers with nanostructures, such as polymer
blends, organic/inorganic hybrids, biologic macromolecules,
and block copolymers, are being paid much attention as an
important field in polymer science [1,2]. Since the physical
and chemical properties of the materials are strongly
influenced by the intimacy of mixing, a better understanding
of miscibility and phase behavior of polymer blends and
composites are essential for the development of materials
science. It is well known that hydrogen bonding (X-H...Y),
characterized as a relatively weak interaction involving a
proton donor X, a hydrogen, and a proton acceptor Y, plays an
important role in determining the structures and properties of a
range of materials [3—6], ranging from inorganic to biological
systems. Through introducing the intermolecular hydrogen
bonding [7,8], we can obtain miscible polymer blends, build
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new molecular self-assembled materials and ‘layer by layer’
polymer film [9—-14], make functional ion-exchange resins for
adsorption and separation, and control the peptide secondary
structures and miscibility behavior of peptides with resins
[15]. Meanwhile, high property polymer/inorganic particles
composites can be tailored by the incorporation of inter-
associated hydrogen bonds [16—18]. Furthermore, hydrophilic
polymer or proteins may be swollen by the adsorption of
water through the formation of hydrogen bonding with water,
thus induces considerable mechanical and chemical changes
[19-21]. So it is a topic of vital scientific research for
developing new methods to determine the hydrogen bonding
interactions in multiphase polymers, and illustrating the
relationship between the weak molecular interactions to the
polymer condensed structures and dynamic behavior at
molecular scale.

Nuclear magnetic resonance (NMR) is sensitive to the local
environment and is complementary to the longer range
structure information provided by imaging and diffraction
techniques. Unlike most other techniques, solid state (SS
NMR) measurements, such as 'H spin diffusion [22,23],
relaxation times observation [24,25], offer a very powerful
and convenient tool for studying the microphase structures,
segmental dynamics of multiphase polymeric materials
[26,27], and can provide detailed insights into the properties
of hydrogen bonded systems [28]. It has become increasingly
common to supplement the experimental data with adequate
numerical simulations. Ab initio calculations are often useful
to divide factors that influence chemical shifts into “through-
bond” effects that derive from the local chemical environ-
ment, and longer range effects arising from non-bonded intra
or intermolecular interactions, so they are becoming increas-
ingly popular for solid state SS NMR experiments [29]. To
date, some theoretical researches on small drug design [17]
and solid acid catalysis [18] mainly used quantum calculation
for the NMR isotropic chemical shifts. Although isotropic
shift can illustrate proton states and provide information on
the strength of hydrogen-bonding interactions as well as
molecular structures, for the >N and 'H chemical shifts of
some solid amino acids did not move obviously with the
change of its hydrogen-bonding environments.

With the development of quantum calculation on the NMR
chemical shifts, chemical shift anisotropy (CSA) will become
a new effective method for studying molecular conformations
and interactions [18,35,36]. MeDermott’s group first inves-
tigated the hydrogen-bonding interactions in amino acids by
calculating the CSA of hydrogen-bonding acceptors [37]. By
now, the work on studying hydrogen bonding interactions in
multiphase polymers combined CSA quantum calculation and
solid state SS NMR measurements is seldom reported. These
methods shall be discussed in the following sections.
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In addition, this weak interaction affects the dynamic
behavior of polymer chains in multiphase samples. Molecular
dynamics of the polymer chains are known to play an
important role for understanding correlations between micro-
structure and its properties. A large number of NMR works
have been published and some of them were reviewed
[38,39]. The importance of solid state SS NMR techniques for
the study of dynamics is due primarily to its ability to detect
correlation times of motion in the range 10" to 107'%s [40].
Different solid state SS NMR experiments in low resolution
(line-width, spin-diffusion) [41,42] and high resolution (line-
shape analysis at variable temperature [43], relaxation time
studies [44—46], CSA analysis [47], etc.) can be customized
for detecting and quantifying molecular motions involving
individual groups or entire molecules. The classical NMR
approaches for investigating dynamic information are the
determination of relaxation times [48] and ’H NMR [49], with
the latter being sensitive to the amplitude of segmental
motion, geometry property and time scale. However, it is
difficult to distinguish one chemical group from another,
which can be obtained by 2D WISE experiment [50-55].
Another common experiment is DIPSHIFT [56], which
measures the heteronuclear dipolar coupling between a 'H
spin and a heteronuclear spin S. While the DIPSHIFT
experiment provides information on the motional amplitude,
it typically does not yield the detailed information on
geometry of motion. In recent years, a new NMR method
has been developed by deGroot [55] and Hong et al. [57] to
detect the strength of '*C-'H dipolar coupling and the distance
of nuclei, which use LG-CP technique to remove 'H-'H
homonuclear dipolar interaction and 'H spin-diffusion while
obtaining the strength information of '*C-"H dipolar interac-
tion effectively. Combination with computer simulation, LG-
CP technique can obtain the information on the molecular
motion amplitude, geometry property and time scale, which is
more plentiful than that of the above classic methods. To date,
several approaches have been developed to characterize
3C-"H dipolar interaction, and have been widely applied to
research the liquid crystals and membrane proteins [58—61].
For rigid polymer system, polarization inversion spin
exchange at the magic angle (PISEMA) experiment was
used to probe strong '*C-'H dipolar interaction and determine
heteronuclear (‘H-"*C) distance of molecules and molecular
torsion angles.

In this review, we would like to present investigations of
multiphase polymer systems with hydrogen bonding by solid
state SS NMR. Special emphasis will be laid on applications
of recently developed and advanced NMR methods available
to a spectroscopist for the complete understanding of the
interplay of intermolecular interactions with the miscibility,

phase behavior and dynamics of molecules in polymer
materials with a focus on polymer blends and polymer/clay
nanocomposites.

2 Hydrogen bonding interaction

Hydrogen bonding plays a fundamental role in structure,
function and dynamics of multiphase polymer materials for its
directionality, specificity, strength and selectivity [62—64].
Thus, a variety of methods were used to obtain the
information about hydrogen bonding in polymer systems,
such as IR [65-67] spectroscopy, Raman spectroscopy
[66,68,69], NMR [70-72] spectroscopy, neutron diffraction
[73,74], single-crystal X-ray diffraction [75] and so on.
Among these experimental methods, IR and NMR spectro-
scopy are the most effective and widely used methods to
characterize the hydrogen bonds in the systems of multiphase
polymer. Solid-state NMR is able to investigate the micro-
scopic environment at each individual site in a solid material
and has therefore emerged as a powerful technique especially
in solid systems lacking the order or homogeneity for
polymers. Therefore, it has also been used as one of the
most powerful means for probing miscibility, phase behavior,
intermolecular interaction and molecular motion in polymer
blends. However, these techniques have some intrinsic
limitations and cannot be universally applied. Furthermore,
quantum chemistry calculation methods are also employed to
investigate hydrogen bonds theoretically [32,76].

Several excellent reviews on hydrogen bonds and their
effects on the microstructures [77,78] and physical properties
of various materials such as polymer blends [79—81], peptides
and polypeptides [78], and crystal supramolecular systems
[82] and so on, are available. Here we briefly present some
new experimental and theoretical NMR studies on the main
parameters related to the hydrogen bonding interactions in the
solid state: (a) chemical shift, (b) double quantum transitions,
(c) chemical shift anisotropy (CSA), (d) ab initio calculations.

2.1 'H CRAMPS NMR

Hydrogen bonding interactions between polymer and bio-
macromolecules (such as hydrogels or proteins) and water
play a dominant role in the determination of the structure and
good mechanical properties of materials. Basic information
about hydrogen bonding can be gained from the solid-state 'H
chemical shifts. High-speed magic-angle spinning (MAS)
technology at spinning frequencies of 25-30 kHz allows the
location of chemical shifts of hydrogen bonded protons. 'H SS
NMR is still the most useful technique due to its high
sensitivity to the hydrogen bonding strength and the state of
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water [83-88], although the strong 'H-'H dipole-dipole
interaction veils many important structural information. Fast
MAS [89] or combined rotation and multiple-pulse spectro-
scopy (CRAMPS) [90-92] techniques are commonly used to
remove the homogeneous line broadening of protons to obtain
high-resolution solid state '"H NMR spectra. The continuous
phase modulation techniques proposed by Emsley’s group
provided better 'H-"H homonuclear dipolar decoupling at
high sample spinning frequencies vs. traditional CRAMPS
methods [93]. To observe the information from the proton
chemical shift, variable temperature 'H MAS NMR can be
used to determine the temperature dependence of various
types of hydrogen bonds. Sun’s group systematically
elucidated different types of hydrogen bonds and their
temperature dependence, as well as water-polymer interaction
in hydrated PAA using 1D and 2D 'H CRAMPS solid-state
NMR experiments based on continuous phase modulation
technique in the temperature range from 25 to 110°C [94].

It is generally accepted that three different states of water
are present in PAA polymers, known as “bound,” “inter-
mediate,” and “free” water, respectively. There are different
types of protons and they may be associated or not associated
with hydrogen bonds in the hydrated PAA samples. They are
denoted as the following abbreviations: Hpy represents the
protons of hydrogen bonds between COOH groups including
cyclic and open COOH dimers; Hrg denotes the non-
hydrogen-bonded protons on isolated COOH or open
COOH dimer; Hpyw represents the COOH protons which
can form hydrogen bonds with water; and Hyy, represents the
water protons which can form hydrogen bonds with polymer
(bound water) or with other water molecules (intermediate
water). As shown in Fig. 1, there exist three types of hydrogen
bonds which are associated with Hpyy, Hpyw and Hyy protons,
respectively. The different chemical environment of the
protons shown in Fig. 1 may significantly affect their 'H
chemical shift. On the other hand, it is expected that the
protons in different chemical environments should exhibit
difference in the molecular mobility.

Q/C\Q O/C\Q Q/C\Q CI)/c\o CI)/c\o
Ho H o f H H H
H ] H | H
O\C/o O\C/o T
A~ A PN
H H
- -
Hpm Heg Hpy, Hy
Rigid mobile
Figure 1 Schematic illustrations of different types of protons and

their associated hydrogen bonds (dotted line) in hydrated PAA
[94].

The solid-state 'H PM-CRAMPS NMR spectra of PAAQ
(35 wt% solution sample) at different dehydration time from 1
day to 5 days (i.e., PAAl, which contains about 7 wt%
residual water) at room temperature with a relative humidity
(RH) of 80% are shown in Fig. 2. Fig. 2(a) shows that one
strong peak at 7.1 ppm and one weak and broaden peak at 2.0
ppm can be clearly observed for the 1-day dried sample,
which should be assigned to the overlapped signals of the
methine and methylene protons of PAA. And the strong peak
at 7.1 ppm should be reasonably assigned to the protons of
large cluster of water molecules (Hyw) that are mutually
hydrogen bonded and/or also interact with the COOH side
groups, as well as the COOH groups undergoing fast chemical
exchange with water (Hpy). It is observed that the signal of
water at 7.1 ppm gradually broadens out and shifts to 8.5 ppm
with the increase of the dehydration time from 1 to 5 days,
which indicates that the chemical shift of water signal depends
strongly on the water content. This is also a clear evidence of
the chemical exchange between water and PAA COOH
groups. The decreasing and broadening of the water peak
shown in Fig. 4 also suggest that the amount of the
intermediate water decreases while that of the bound water
increases with an increasing dehydration time. It is note-
worthy that a new broad peak at about 10—13 ppm occurs after
2 days’ dehydration and increases with further dehydration,
while the chemical shift of this broad peak keeps unchanged
during further hydration. Since dehydration cannot result in
the increase of Hpyy signals, the new broad peak at 10—13 ppm
should be reasonably assigned to the Hpy and Hgg instead of
the Hpw protons. The above result suggests that the stable
hydrogen bonds between COOH groups related to DM can

Figure 2 'H PM-CRAMPS NMR spectra of PAAO (representing
PAA 35 wt% solution sample) at dehydration time of (a) 1 day, (b)
2 days, and (c) 5 days (PAA contains about 7 wt% residual water,
denoted as PAAL).
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easily form in dehydrated PAA and are unfavorable in highly
hydrated PAA.

2.2 Double quantum (DQ) NMR

In recent years, noncovalent interactions in macromolecular,
organic-inorganic hybrid materials, and supramolecular
systems have been studied by a variety of high-resolution
homonuclear ('"H-"H) and heteronuclear (‘H-"*C, "*N) multi-
ple quantum (MQ), in particular double quantum (DQ) solid-
state. NMR techniques based on through-space dipolar
interactions between nuclei which are close in space [82,95—
99]. The largest MQ signals arise from strongly dipolar-
coupled protons. The dipolar coupling interaction is usually
averaged by fast MAS, and therefore it must be reintroduced
by a suitable pulse sequence to simultaneously detect strong
"H-'H dipolar couplings and enhance the 'H chemical shift
resolution. Recently, the 'H double quantum (DQ) NMR
spectroscopy under fast MAS NMR at very high magnetic
field and recoupling techniques using back to back (BABA)
sequence (as shown in Fig. 3(a)) was introduced for probing
dipolar couplings [100-102]. The BABA experiment corre-
lates a dipolar filtered 'H single quantum (SQ) dimension to a
'"H double quantum (DQ) dimension, as shown in Fig. 3(b)
(the slope of the 2D experiment is set to 2). For a given spin
system exhibiting protons strongly coupled by the homo-
nuclear dipolar interaction (Fig. 3(b)), the BABA experiment
is interpreted as follows: a pair of coupled protons exhibiting
different chemical shifts J, and J, is characterized by two off-
diagonal correlation peaks located at (d;, d,) in the SQ
dimension and (6; + J5) in the DQ dimension. For protons
exhibiting the same chemical shifts J;, one unique on-diagonal
correlation peak is observed at (J;) in the SQ dimension and
(26,) in the DQ dimension. Such a sequence has been

(a) T = qtg

previously used for the detailed study of supramolecular
systems involving hydrogen bonding and sol-gel derived
materials [103—107].

2.3 "0 solid-state NMR

The oxygen atom is probably the most chemically and
biologically important element on earth which contains about
50% by weight of oxygen. Oxygen forms compounds with all
elements except for a few noble gases and metals. Therefore, it
is valuable for oxygen-17 to probe both structure and function
of oxygen-containing compounds. Table 1 lists some useful
data of the '"O nucleus. It is a nuclear spin (/ = 5/2), and has a
moderate electrical quadrupole moment (Qe = — 2.63 x 107°
e m?), a very small magnetogyric ratio (y= — 3.688 x 10 "rad.
T's™), a low natural abundance (0.037%) and an extremely
low absolute sensitivity compared to that of 'H (1.1 x 107).
So, generally, the 'O NMR spectra are of low sensitivity and
complex. It is, however, of great interest to use oxygen, which
is located at strategic molecular sites, and gain inter- and intra-
molecular interactions imformation which is difficult or
impossible to obtain using other techniques. The 'O NMR
parameters, i.¢., isotropic shielding (d;s,), principal elements of
the '"O shielding and electric field gradient tensors and
transverse and longitudinal relaxation times can be considered
as excellent means for probing the structure, bonding and
dynamics of oxygen containing compounds [109].

One of the core interests in applying '’O solid-state NMR is
to probe hydrogen bonding. Oxygen atoms are usually
optimally located to monitor any hydrogen bonds, and due
to its quadrupolar nature, it should be very sensitive to any
changes of the strength of such interactions [110]. X-ray
crystallographers have stated that the N-H...O-C hydrogen
bond is a universal feature of amino acid aggregation in the

: (b)
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Figure 3 a) 2D '"H-'H DQ-SQ experiment using back to back (BABA) pulse scheme for the excitation and reconversion of DQ
coherence [108]; b) Schematic system of four dipolar coupled (close in space) 'H nuclei (H;...H;, H;...H, and H,...H,). For identical
chemical shifts, a unique on-diagonal correlation peak is observed. For different chemical shifts, two off-diagonal correlation peaks are

observed [107].
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Table 1 Magnetic properties and nuclear magnetic resonance parameters of the oxygen-17 nucleus (Adapted, with permission, from NMR-Basic

Principles and Progress. Copyright 1981, Springer.)

Property

Spin number

Nuclear magnetic moment

Magnetogyric ratio

Resonance frequency (at 9.395T)

Chemical shift range

Quadrupole moment

Nuclear quadrupole coupling constant range
Relaxation times

Natural abundance

Relative sensitivity per nucleus ("H= 1)"

Absolute relative sensitivity at natural abundance ("H= H»

Units
52
—1.893997 Nuclear magneton
~3.688 x 1077 Rad.s 'T!
54227 MHz
>2500 ppm
—2.63 x 103 em’
—10to+ 14 MHz
<0.2 S
0.037%
29 x 1072
1.1x10°

a) Relative to proton, at constant field, for equal number of nuclei;
b) Product of relative sensitivity and natural abundance

solid-state [111]. Hydrogen bonding for carbonyl groups often
results in large upfield '’O chemical shifts [112]. Furthermore,
it seems that the whole network of the hydrogen bonds and the
general geometry of the local environment (i.e., secondary
structure) has also to be taken into consideration. In poly(l-
alanine), the a-helix and S-sheet forms show a difference in
diso of 33 ppm, which is related to the different hydrogen
bonding of these two secondary structures [113].

2.4 Intermolecular hydrogen bonds by 2D 'H-'H
spin-exchange

Traditional two-dimensional nuclear Overhauser effect spec-
troscopy (NOESY) has been used to characterize the
intermolecular interactions in the mixture of miscible blends.
The interacting groups can be identified and the forces that
lead to molecular level miscibility can be determined by such
high a resolution technique [114,115]. While the nuclear
Overhauser effect (NOE) is routinely used in solution for
structural and conformational analysis, it is rarely considered
for pure solid materials. Ernst et al. used two dimensional
(2D) 'H-'H spin-exchange experiments to probe the polymer-
polymer miscibility [116—-118].

To confirm the thermal-treating effect on the diffusion and
miscibility of the powder blend samples, 2D 'H-'H spin-
exchange experiments were performed for PMMA/PVPh
powder blends (denoted as Blend0) and its thermal-treated
samples under different annealing time at 220°C in our
previous work [119]. This work was desired to extend NOE
measurements to solid polymer blends in a high-resolution
multi-pulse and magic-angle spinning mode for the first time.
The 'H-"H spin-exchange spectra were obtained by the pulse
sequence as shown in Fig. 4 at different mixing time (¢,,) of
0.5, 1.0 and 2.0 ms. 2D experiments were taken with 100 data

SIE

DUMBO-1

fud ud
2 2
4 t, acq
'H

Figure 4 Pulse sequence of 2D 'H-"H spin-exchange NMR
experiments recorded with DUMBO-1 homonuclear decoupling
multi-pulse during 2,

M

t} > n

points along #, and with 128 #; increments.

The 2D spin-exchange spectra give the information of the
proximity due to the intermolecular hydrogen-bonding
interaction between the phenolic hydroxyl group (OH) of
PVPh and the C= O of PMMA, which is responsible for the
miscibility of these PMMA/PVPh blends. As examples,
spectra obtained at #,, = 2.0 ms are shown in Fig. 10(a-c) for
Blend0, Blend120 (annealed at 120°C for 120 min) and Cast-
film (made from solution), respectively. No intermolecular
cross-peak between the OH and the C = O can be seen in Fig.
10(a) for pure powder blend, even the mixing time, ¢, = 2 ms,
which indicates an immiscible polymer blend. For the
Blend120 annealed at 220°C for 120 min, Fig. 10(b) shows
the cross-peak of the intermolecular hydrogen bonds when ¢,
= 2 ms, that is to say, the sample is miscible. Cast-film (shown
in Fig. 5) gives a similar result with the Belnd120, while the
signal intensity of cross-peak is strong enough even at a short
mixing time of 0.5 ms (without being shown here). The results
indicate that as the time of heat treatment is increased, the
interchain diffusion of the polymers increases and the
miscibility becomes easier. When the time is long enough,
the heterogeneous powder blends become homogeneous like
the miscible blend from solution. The spin-exchange results
are in agreement with the above investigation results of 'H
spin-diffusion experiments.
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Figure 5 2D spin-exchange spectra of the PMMA/PVPh= 1/1
powder blends at mixing time (#,,) of 2 ms, for (a) Blend0 (powder
blends), (b) Blend120 (annealed at 120°C for 120 min) and (c)
Cast-film (made from solution). In the upper part the normal 1D
spectrum is shown.

2.5 High-resolution 'H-"*C HETCOR NMR experiments

Information about the molecular structures can be deduced
from the strength of heteronuclear ("H-'*C) dipolar interaction
[120]. Heteronuclear correlation (HETCOR) NMR experi-
ments can be applied to the analysis of '"H-'*C and other
heteronuclear correlations in a wide variety of crystalline and
amorphous materials of practical interest [121]. It separated
the dipolar interaction from the chemical shift interaction,
resulting in 2D spectra with the chemical shift of each nucleus
in one dimension correlated with its dipolar coupling to
neighboring spins in the second dimension [122].The
complete HETCOR experiment is illustrated in our previous
work (as shown in Fig. 6) [119]. It has the classic four-part
structure of preparation, evolution, mixing, and detection
which is common to virtually all 2D NMR. It was acquired
using 32 ¢ increments with 64 scans per increment, and 256
points in £,. In this case, the spin system is prepared by a single
pulse. During the evolution period, the protons are allowed to
evolve in order to “label” them according to their chemical
shifts under conditions of DUMBO-1 multiple-pulse for 'H
homonuclear decoupling. After the evolution period, a special
mixing pulse sequence is applied to transfer polarization
selectively from the protons to the carbon spins via the
heteronuclear dipolar interaction. Finally, the '*C FID is
acquired during dipolar decoupling. During the entire
experiment, the sample is rotated about the magic angle in
order to suppress broadening due to chemical-shift anisotropy.

Prepa- . . = - )
ration H Evolution Mixing C Detection
I [ I I |
DUMBO-1 CP
1 DD
H
—_—
R Cp t——
130

Figure 6 2D 'H-'3C heteronuclear-correlation experiment
(Homonulcear DUMBO-1 decoupling is applied during the 'H
evolution period.)

The 2D 'H-'>C heteronuclear-correlation spectrum of
PMMA/PVPh Cast film (polymer blends made from solution)
is shown in Fig. 7, along with the '*C chemical shifts and its
molecular structure on the top. In this spectrum, the direct
correlations are clearly resolved, and the long-range couplings
of the nonprotonated carbon spins to their nearest proton
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neighbors are also visible. A weak correlation circled with a
red circle is observed connecting the hydroxyl protons (~7.5
ppm) and the carbonyl signal (at 178.3 ppm) from PMMA,
indicating the formation of intermolecular hydrogen bonds in
polymer blends. It is in good agreement with the above 2D
"H-'H spin-exchange experiments results, indicating that the
Cast film samples made from solvent blend are intimately
mixed on molecular scale.

~CH,CH-
e
i} )
OH---0=COCH,
W !-H
_LHELI -
CH,
Co

C4

T
N (=]

Oiyy/ppm

S

™ T T [ rrr T

¥ L] I L} ]5
100 75 50 25
dise/ppm

175 150 125

Figure 7 High-resolution 2D 'H-">C heteronuclear-correlation
spectrum, 1D 3C CcP-MAS spectrum (top), and molecular
structure of PMMA/PVPh blends made from solution. Correlations
are evident both for directly bonded proton-carbon pairs and for
couplings between nonprotonated carbons and their nearest
neighbor protons (mixing time #,, = 10 ps).

2.6 Ab initio calculations

Ab initio calculations are now attainable and accurate enough
to predict the structure and structure-property relationships for
noncovalent interactions in complex hydrogen-bonded sys-
tems.

As it is well known, '"H NMR chemical shifts (Js) are
closely relevant to the understanding of the electronic
structure in a molecule. An intra- or intermolecular hydrogen
bonding will result in a decrease in diamagnetic shielding
around the hydrogen nucleus. It makes the resonance of the
proton concerned be shifted to a low field. This is referred to
as the deshielding effect on the bridging hydrogen atom. Thus,
"H S-values can be used for identifying and characterizing
hydrogen bonding. Ab initio density functional theory (DFT)

calculation provided a new approach for investigating the
NMR chemical shifts. Simulations using the software
Gaussian (G03) with B3LYP as a level of theory, G-311 +
FG as a basis set and exchange functions gauge including
atomic orbital (GIAO) basis have been performed to calculate
the CS shielding, parameters like y and the asymmetry factor
(). For example, the principal value o33 of '’O chemical shift
tensor moves up-field if the length of the hydrogen bond
decreases [123]. It was elucidated that the relative arrange-
ment of the hydrogen bonding groups in the polymer differs
significantly from that of the monomer.

2.6.1 Gaussion quantum calculations on structure constants

To explore the effect of the molecular environment on the
chemical-shift correlations between the 'H and '*C atoms of
the polymer blends, the optimized equilibrium configurations
with only one hydrogen bond by DFT/6-311G (2d, p)
methods with O-H length of hydrogen bonds and the nearest
distances between the methoxyl protons and the aromatic
carbons in PMMA/PVPh blends are shown in Fig. 8.
Wherein, the repeat units of the homopolymers are N = 5
with unfixed main chain dihedral angles and the molecular
main-chain adopting random configuration. It can be seen that

d H
O C
(PVPh)

c
(PMMA)

Qo

Figure 8 Hydrogen-bonded configuration between PMMA (N =
5) and PVPh monomer optimized by DFT methods. The hydrogen
bond is drawn as thick blue lines for easy visualization. Selected
interatomic distances (in A) are indicated.
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there are two side-chain OCHj groups of the random PMMA
polymer, those nearest to and on both sides of the hydrogen
bond (C= O...HO). Fig. 12 also displays that the distance
between the OH proton and the C = O carbon is about 2.8 A.
Whereas the distances from OCHj; protons to the nearest
carbons atoms in the aromatic ring range from 3.0 to 3.2 A,
which is in the range of 2.7 A (the distance from OCH;
proton to the C = O carbon in the same side-chain) to 3.4 A
(from a carbon atom bound to OH group atom to the next
nearest aromatic proton). The strength of the chemical-shift
correlation peaks depends on the length of the interatomic
distances, and therefore the correlation peaks of the
neighboring groups, the OCHj3 protons with aromatic carbons,
can be found in the "H-"*C HETCOR spectra (as shown in Fig.
7). We then calculated the NMR data at the B3LYP level using
the gauge-including atomic orbital (GIAO) method. It
approves the theoretical presumption that the special con-
formation of the intimate mixed blends is formed by the
intermolecular hydrogen bond interaction. The calculations
were also used to determine the hydrogen bonds in the
polymer blends.

2.6.2 "C chemical shift anisotropy (CSA) tensors: A
combination of density functional theory and SS NMR

The CSA patterns arise from the dependence of the chemical
shift on molecular orientation in an applied static magnetic
field. Therefore, they are sensitive to molecular motions and

local molecular structure. CSA parameters can be extracted by
a variety NMR techniques [124,132] and DFT calculations
[133]. Recoupling of anisotropy information (RAI) was
developed and applied here to Bombyx mori silk fibroin, a
protein that forms heterogeneous semicrystalline fibers by
Witter et al. [134,135]. Ernst’ group calculated the "N CSA
tensors of biomolecules, using DFT methods, to explore their
dependence on the environment and on intramolecular
dynamics, especially for the contribution of hydrogen
bonding to CSA.

We used SPUPER NMR technique to obtain powder
patterns of PMMA, PMMA/PVPh polymer blends [119]. The
3C CSA patterns of the C = O in PMMA and the C = 0O...H-O
hydrogen-bonded groups in PMMA/PVPh polymer blends
from simulation by quantum chemical shift calculation and
SPUER experimental spectra at room temperature are shown
in Fig. 9. The corresponding theoretical calculation values
(absolute values), "*C anisotropic chemical shift tensor (J;;,
05, and d33) and isotropic chemical shift (d;5,) of C= O group
for the PMMA monomer and PVPh monomer blend with one
hydrogen bond are listed in Table 2. Meanwhile, we
calculated the corresponding chemical shift asymmetry (1)
and chemical shift anisotropy (¢), which are defined as the
following equation [136,137]. For 0<x<1, when
1611 = Giso| <1033 = bisols 1 = (022—011)/(033—Jiso), and 6 =
033— (611 + 22)/2. While, when |6 — biso| 2= 633 — iso]> 11 =
(022 —033)/(011 — Jis0), and 0 = 011 —(d2» + 933)/2. As can be
seen in Fig. 9(a), *C CSA powder patterns calculated from

(a) J @ H
c
(PVPh)
C
(PMMA)
Qo
e (b)
A
\ PMMA/PVPR
. \V
350 300 250 200 150 100 ppm 350 300 250 200 150 100 ppm

Figure 9 (a) Simulated powder patterns obtained with the average principal values given by ab initio chemical-shift calculation, for
PMMA and PMMA/PVPh blend (its molecular structure on the top); (b) cross sections of C = O carbon powder spectra obtained from 2D
super spectra of PMMA and PMMA/PVPh blends made from solution.
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Table 2 Theoretical calculations on '*C isotropic chemical-shift and principle values of CSA tensors (absolute values, ppm) for PMMA (denoted as

PMMAT1) and PMMA/PVPh monomer (denoted as PM1/PV1)

Tiso 011 033 n o
PMMAL —10.38 —113.86 24.53 58.17 0.325 —155.21
PM1/PV1 -12.79 —106.01 12.10 55.54 0.456 -139.78
%f = Oper— 0y, (1= 1, 2, 3), anisotropic chemical shift, o,.r (= 182.46) is the shielding tensor of the reference compound, tetramethylsilane (TMS) for

the principal values obtained from the ab inito calculations for
PMMA and PMMA/PVPh models show features of an axially
symmetric CSA tensor with the *C isotropic shift changes
downfield near 2 ppm (as shown by a pink arrow). It is noted
that after the hydrogen bond was formed, J,, changed
obviously about 50.7% and # increased by 40.3%, respec-
tively. Fig. 9(b) shows the cross sections of C= O group
powder spectra obtained from 2D SUPER spectra of PMMA
and the PMMA/PVPh blends made from solutions. The
changes of the CSA patterns and the '*C isotropic shifts are
found to be in good agreement with the simulation.

3 Misibility and phase behavior

Polymer blends are of major economic importance in the
polymer industry. The physical and chemical properties of the
materials depend not only on the nature of the constituent
polymers but also on how intimately they are mixed [138].
Knowledge of the spatial proximity between the chains on
different scales unveils information on compatibility, which
has profound influence on the macroscopic properties of the
final products. The compatibility in polymer blends has been
received substantial attention in the past decades [139—-141].
Intermolecular-specific interactions (e.g., hydrogen bonding,
dipole-dipole interaction, or ionic interaction) are increasingly
used for compatible polymer blends. This approach is
especially versatile because the degree of blend miscibility
should be controlled directly by the chemical structure,
composition, strength of the interaction, and the concentration
of functional groups used to induce phase mixing. Today, it is
well-established that inter-associated hydrogen bonding
between the components promotes the compatibility and the
miscibility of polymer blends as well [142]. In fact, nowadays,
the introduction of hydrogen bonds is a routine and effective
strategy to achieve the compatibility and modify the proper-
ties of the blends [138—141].

During the past two decades, a lot of work on determining
miscibility in polymer blends with hydrogen bonding based
on NMR measurements have been reported [143], mainly
including relaxation time (T, 1%, T1,) [144], 2D WISE, spin
diffusion, and so on. Here, a new chemical-shift filtered high-
resolution NMR pulse sequence based on a recently

C; diso = 1/3(011 + 925 + 033), isotropic chemical shift; 7, chemical shift asymmetry; o, chemical shift anisotropy

developed continuous phase modulation technique is pro-
posed, which is used to clearly elucidate the miscrostructure
and miscibility by being simultaneously combined with the
spin-diffusion experiments.

'H chemical-shift-filter spin diffusion new methods. The
nuclear magnetization of specific protons in one polymer
phase can be selected either by exploiting differences in the
molecular mobility or in the chemical composition of the
constituents. For PMMA/PVPh rigid/rigid polymer blends
system, proton spin-diffusion experiments (Fig. 10) based on
the differences in proton chemical shifts under CRAMPS
conditions were used [119]. To select a specific proton-
magnetization component, one has to suppress at least two
other components using 'H CRAMPS filter [145]. By
properly adjusting the proton carrier frequency, the duration
of the multipulse irradiation, and the preparation pulse, one
can indeed select the proton magnetization of the phenyl rings
in PVPh, or of the methoxy group in PMMA.

DUMBO-1 || ¢ 4 acq | DUMBO-1

{y—
—logg—> 2

Figure 10 Pulse sequence of 'H spin diffusion CRAMPS based
on the chemical shift filter (CSF)

Fig. 11 shows the 'H high-resolution CRAMPS spectra
after CSF selection of methoxy protons in PMMA during
different mixing time (#y), from 0.0002 to 10 ms for the
PMMA/PVPh polymer blends: Blend0 (powder blends),
Blend120 (annealed at 120°C for 120 min) and Cast film
(made from solution). These chemical shift filter (CSF) spin
diffusion experiments will provide information about the
domain sizes of the PMMA/PVPh blends. For Blend0
(Fig. 11(a)), the increase in the signal intensity in the spectral
region of aliphatic protons (dy = 1-2ppm) reflects spin
diffusion from the methoxy protons to the main chain protons
of PMMA, while hardly any proton magnetization reaches the
aromatic proton in PVPh structures (6 = 7-8 ppm), even after
mixing times as long as 50 ms (without being shown here).
For Blend120 (Fig. 11(b)), the equilibration of the proton-
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magnetization distribution occurs on a time scale of 10 ms.
For the Cast film (Fig. 11(c)), the intensity of the aromatic
proton signal of PVPh is relatively large compared with that of
the Blend120 in shorter mixing times. This indicates that spin
diffusions occurring fairly fast give evidence of intimate
mixing for PMMA and PVPh.

B

(a)

Figure 11 Spectra of "H CSF spin-diffusion of PMMA/PVPh
samples for (a) Blend0 (b) Blend120 and (c) Cast film.
Corresponding spin diffusion times are from 0.0002—10 ms.

4 Molecular dynamics

Molecular dynamics on different length and time scales
dominate the mechanical properties of solid polymers [146].
SS NMR is a very suitable technique for the study of the

structure and dynamics of polymers and biomacromolecules
at a molecular level [147]. Traditionally, line shape analysis
[41,57,148—151], or relaxation time measurements of protons
or deuterons [152—155] can be used for this purpose.

Fast local motions fall in the domain of NMR methods
based on longitudinal spin relaxation of suitable nuclei such as
protons or carbon-13, where the study of the relaxation
dispersion over a large frequency range for the former via
field-cycling methods [156,157] or the chemical resolution of
the latter [158] are the basis of the most powerful strategies,
and do not even require isotopic labeling. Kevin S. Jack and
Andrew K. Whittaker [154] investigated the changes in
molecular motions in blends of PEO/PVPh using measure-
ments of solid-state 7', relaxation times. A short T, has been
observed for protonated aromatic carbons, and assigned to
phenyl rings undergoing large-angle oscillatory motion. The
effects of blending, and temperature on the proportion of rings
undergoing oscillatory motion are analyzed.

NMR spectra are dominated by the nuclear shielding tensor
(anisotropic chemical shift), which can be analyzed to yield
quantitative information about rotational motions [159]. In
polymer science people are particularly interested in the
mobility of macromolecular chains, the basic ones being
aliphatic. Unfortunately, the anisotropy of the nuclear
shielding is generally small for both '"H and "*C in aliphatic
groups [160] and, moreover, the shielding tensors are not
axially symmetric. However, ’H NMR techniques allow us to
monitor rotational motions over a wide range of characteristic
frequencies, including the fast (200-107 kHz), intermediate
(15-150kHz), and slow (0.4—10kHz) motions. The chain
mobility of a series of hydrogen-bonded polymer complexes
and multilayers were compared by variable temperature wide-
line deuterium NMR spectroscopy by Reven’s group [161].
Wherein, the series of water saturated complexes took form
from deuterium labeled poly (methacrylic acid), PMAA-d3
and a range of hydrogen accepting polymers that have been
used to produce pH responsive multilayer films and capsules.
The polymers examined are listed, along with some thermal
parameters, in Table 3.

’H NMR line shape analysis. The “H NMR spectra of the
series of PMAA complexes saturated with acidic water over a

Table 3 Polymer properties[161].

Polymer T,/°C Solution critical temperature

PMAA 228

PVPon 177

PVCL 145 31°C-37°C LCST

PEO -55

PVME -31 35°C LCST

PAAM 165 20°C-25°C UCST for the PAAmM/PAA network
chitosan 203
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temperature range of 21°C—70°C are presented in Fig. 12. The
onset of chain mobility with increasing temperature is
indicated by the averaging of the Pake pattern to an isotropic
peak. In the case of the weak PEO (low-7}, mobile polymer)/
PMAA complex, a significant isotropic component is present
even before heating, and the broad component vanishes upon
warming just above room temperature. The PAAM (a high Tg,
thermoresponsive polymer)/PMAA complexes display an
isotropic component with moderate heating but, unlike the
PEO complex, retain broad components at the highest
temperatures examined. The chitosan-PMAA polyelectrolyte
complex displays an onset of motion with frequencies in the
intermediate rather than fast regime as signaled by the gradual
attenuation of the Pake pattern intensity. Despite the polymers

that form the strongest complexes with PVPon, the PMAA
chain motion remains restricted with no significant change in
the *H Pake pattern line shapes with heating. Even the
thermoresponsive properties of PVME and PVCL have little
or no effect on the PMAA chain dynamics as expected since
complexes of polymers with LCSTs are known to stabilize
with heating. It is concluded that through the selection of
appropriate partner polymers, the chain mobility and related
properties of PMAA-based complex can be continuously
tuned, ranging from highly mobile for hydrophilic polymers
(PEO or PAAM) where fast isotropic motion is observed to
dominate, to a thermally stable glassy state for partner
polymers with significant hydrophobic character (PVPon or
PVCL).

N
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Figure 12 Variable temperature ’H NMR of ~40 wt% PMAA-d; complexes saturated with acidic deuterium depleted water, with the
exception of the chitosan complex which was saturated with untreated deuterium depleted water [161].
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Proton multiple-quantum NMR method. Purely geo-
metric confinement of small molecules and polymers on the
nanometer scale has attracted much attention recently, mainly
because of the unusual and sometimes counterintuitive
changes which occur in the molecular conformation, the
dynamics, and the glass transition. Understanding the surface-
induced phenomena is of paramount importance for the
proper design of new materials that are structured on the
nanometer level, such as polymers filled with nano-sized
fillers or thin films for sensor applications.

The proton multiple-quantum NMR method is often
employed to stabilize multicomponent polymer systems and
to achieve favorable wetting conditions or good dispersion,
and therefore increase the mechanical properties such as
superior elongation property [162], flexible modulus and
thermal stability [163,164]. What has particular commercial
relevance is the modification of inorganic filler particles for
reinforcement or viscosity control of elastomers and polymer
melts. Blumich and coworkers [165] studied the dynamics of
ultra thin flexible polymer, poly-dimethylsiloxane (PDMS)
films (up to about four monomer thick) adsorbed on porous
substrates by employing '"H DQ NMR techniques. Fig. 13
shows DQ build-up curves for a low temperature (221 K),
where two distinct maxima are observed and can be attributed
to a rather rigid surface layer and another more mobile
domain. This method can also be applied to study interphase
interaction of the organic/inorganic, such as poly(N-
isopropylacrylamide (PNIPA), polyurethane foam/clay net-
works.

Usually, a 'H-"H DQ signal can be observed when the two
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Figure 13 500 MHz proton DQ build-up curves for short PDMS
grafts on silica, measured with the two-pulse segment. The surface
coverage, thus the average length of PDMS dangling ends and
loops decreases from PDMS1 to PDMS3. Note that “normalized”
here refers only to an intensity scale where the unity corresponds to
the full sample magnetization. Figure reprinted with permission
from Ref. [103]

protons have a maximum distance of ~350 pm. The 2D DQ
MAS NMR correlation spectra can serve as a method to
determine the local packing environment of amorphous
materials. Traer and Goward [105] used DQ MAS NMR to
determine the proton dynamics. A combination of solid-state
"H NMR techniques, namely MAS, CRAMPS, and DQ MAS
spectroscopy, was used to investigate the hydrogen bonding
properties of a range of alkyl-substitued benzoxazine dimmers
by Schnell et al. [167].

PISEMA experiment. Although a variety of SS NMR
techniques have been successfully used to study the hydrogen
bonding interactions in polymers and other organic solids
[94,145,168-170], few NMR studies have been reported so
far to elucidate the local molecular dynamics dependence on
hydrogen bonding in polymer blend [171]. To examine the
influence of strong intermolecular hydrogen bonding on the
local molecular dynamics of polymer blends, we studied
miscible PVPh/PMMA mixtures with different compositions
using *C-"H PISEMA method [119].

The polarization inversion spin exchange at the magic
angle (PISEMA) experiment [172] is a widely used technique
for measurements of heteronuclear dipolar couplings in
membrane-bound peptides and proteins [173,174], as well
as liquid-crystalline samples [175]. Fig. 14 shows the pulse
sequence of amplitude modulated PISEMA [176] spectrum of
our polymer blends. After standard 'H-'*C CP, the 'H
magnetization is aligned at the magic angle to the static
magnetic field by means of a "H 35° pulse. It is subsequently
spin-locked by off-resonance flip-flop LG irradiation and
matched by a phase-alternated *C RF field. The heteronuclear
dipolar couplings are monitored through the oscillations
resulting from coherent polarization transfer between 'H and
13C spins during ¢,. Under MAS with a spinning frequency c,
the Hartmann-Hahn (HH) matching condition must be
satisfied for efficient spin exchange, wegrn—@c = nw;, n
=+ 1, where wegn = (3/2)*yuBiy and ;¢ = y1¢Bic. The
spinal-64 pulse sequence is used during the acquisition period,
t.

The influence of the local chain mobility on the cooperative
chain motion between the CH; of PMMA and the aromatic

4l
olﬂm

"

Figure 14 PISEMA pulse sequence for molecular dynamic study
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proton of PVPh can be studied by PISEMA high resolution
solid state SS NMR techniques. Fig. 15(a) shows the 2D
"H-"*C experimental dipolar spectrum using PISEMA method
for PMMA/PVPh polymer blend made by mixing solutions,
with the '*C spectrum and its corresponding molecular
structures shown on the top. The cross section of aromatic
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Figure 15 (a) 2D PISEMA spectrum of PMMA/PVPh polymer
blends made from Cast film. Cross sections of (b) the aromatic
proton (0 = 116.0 ppm) for Blend120 (bottom) and Cast film (top)
at room temperature.

carbon (C5) at 116.0 ppm have two splits for both the two
blends, the Blend 120 (powder blend annealed for 120 min)
plotted as black line and the Cast film (made from solution)
plotted as blue line (Fig. 15(b)) at room temperature. The
splitting width (Av) depends on the intensity of "H-"*C dipolar
coupling, especially for the strong interactions, and thus
indicates the mobility of molecular motions. The wide
splitting denotes the rigid aromatic group, while the narrower
peak results in the wobbling motion. Due to the existing
plentiful hydrogen bonds in the miscible Cast film, the
motivation amplitude of aromatic proton in PVPh can be
increased greatly by the 180° flipping of methyl proton in
PMMA [144,177]. Therefore, it can be seen that the intensity
of the narrower peak (Av = 7.8kHz) in the Cast film is
stronger (Fig. 15(b)).

5 Conclusions

We hope that we have provided useful information in this
article about how solid-state NMR affords valuable and
detailed insight into the miscibility, phase behavior and
dynamics of a wide range of hydrogen-bonded polymer
materials. This account outlined the recent progress in this
field with a focus on latest contributions. The use of a
multinuclear and multi-quantum approach in the solid-state
NMR investigation allows us to obtain information, at the
local level, opening new perspectives in the prediction and
design of multiphase polymer systems. Hydrogen bonds,
phase behavior, and dynamics of molecular segments can be
investigated in great details, in most cases without the need for
special sample preparation. This implies new possible
applications in many important fields such as drug delivery,
sensor probes, tissue engineering.
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