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Abstract

Solid-state nuclear magnetic resonance (NMR) has long emerged as a valuable technique 
for characterizing the molecular structure, conformation, and dynamics of polymer 
chains in various polymer systems. The principles of the solid-state 13C NMR cross-polar-
ization experiment are described along with corresponding relaxation measurements. 
The ensuing recent applications of these techniques to different polymer systems are 
reviewed, with selected examples that have appeared in the recent literature. All of these 
applications of solid-state NMR to polymers have one feature in common: the interpreta-
tion of spectroscopic observations as related to the structural features and physical prop-
erties of the polymer.

Keywords: polymers, solid-state NMR, structure-property relationship, polymer morphology, 
polymer dynamics, NMR relaxation time

1. Introduction

Solid-state nuclear magnetic resonance (NMR) spectroscopy is at this time well-established 

as a valuable technique for characterizing a variety of polymer systems. A multitude of NMR 

experiments can be used to gain valuable practical information about the molecular structure, 

conformation, and dynamics of polymer chains in various polymer systems. Such informa-

tion is useful in the design of polymer properties, and therefore the technique of solid-state 

NMR has been widely applied to numerous polymer systems.

The use of solid-state 13C NMR is well established for elucidation of cross-linking structures in 

elastomers and bonding structures in adhesives [1], and the technique continues to be applied 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



to new elastomer and adhesive systems. These same techniques are now being applied to new 

polymer systems such as self-assembled polymers, advanced functional polymers, electro-

conducting polymers, microporous materials, and proteins [2].

2. High-resolution 13C NMR spectroscopy of solid polymers

Nuclei with a spin quantum number of I = ½ such as 1H, 13C, 19F, 29Si, 15N, and 31P yield high-

resolution NMR spectra and are therefore particularly informative in the study of polymer 

systems. These nuclei display spectra with unique peaks for each magnetically inequivalent 

nuclei in the chemical structure, essentially enabling the study of individual atomic positions 

within the chemical structure of a polymer [3]. As such, localized information can be ascer-

tained about individual atomic sites within the chemical structure of a polymer.

In solution, local magnetic fields experienced by nuclei are averaged by rapid isotropic 
motions resulting in the observation of relatively sharp NMR peaks. Polymers however are 

largely used not in the solution state but as structural engineered materials such as plastics 

and elastomers in the solid state. Therefore, there is a need to study them as solids, to charac-

terize their properties in the solid state, which is the state that they will be used as structural 

materials. Observation of the 13C nucleus in the solid state is complicated by line broadening 

caused by strong dipolar interactions with the abundant 1H isotope. This line broadening 

is reduced by heteronuclear dipolar decoupling (DD), a high powered radio frequency (rf) 

pulse at the 1H frequency during the time in which the 13C signal is observed [4].

The collection of solid-state NMR spectra is also complicated by high chemical shift anisot-

ropy, which is motionally averaged in the liquid state. The line broadening caused by chemi-

cal shift anisotropy in the solid state is reduced by a technique termed magic angle spinning 

(MAS). The broad chemical shift anisotropy pattern of a solid is reduced to a single peak at 
the isotropic chemical shift by spinning the solid sample, typically at a rate of a few thousand 

hertz, at an angle of precisely 54.74° relative to the static magnetic field [5].

The 13C isotope being only 1.1% naturally abundant, and the heteronuclear dipolar cou-

pling and chemical shift anisotropy of solids being only partially reduced by DD and MAS, 

respectively, results in an inherently low signal-to-noise ratio for solid-state spectra. The 13C 

signal for solid samples is enhanced by a technique termed cross-polarization (CP). Cross-

polarization is achieved by simultaneously applying spin locking rf pulses to both 13C and 1H 

nuclei. The spin locking rf pulses are adjusted to reach a state where both nuclei process at the 

same frequency, a special condition referred to as the Hartmann-Hahn match. Under these 

conditions, magnetization is transferred from the naturally abundant 1H spin reservoir to the 

more dilute 13C spin reservoir, resulting in signal enhancement of the 13C spin reservoir. As a 

result, an enhanced 13C signal can be observed for solid samples [6].

The combination of these three techniques (DD, MAS, and CP) into one experiment provides 

a method for the collection of high-resolution 13C NMR spectra of solids. The results observed 

by applying these techniques, in combination progressively and ultimately, simultaneously 

in one experiment, are shown in Figure 1 [7]. The method of simultaneously combining DD, 
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MAS, and CP has become routine for solid samples, and applications to polymer systems are 

sufficiently plentiful to fill entire professional reference textbooks [8]. Particularly, applica-

tion of the solid-state NMR technique has historically proven to be highly informative in 

elucidation on the conformational structure of solid polymers via chemical shift analysis and 

determination of cross-linking structures of cross-linked solid polymers.

Beyond the DD, MAS, and CP experiment to collect high-resolution solid-state spectra, sophis-

ticated and elegant rf pulse sequences are now used to perturb the magnetization in specific 
ways. As such, observation of the magnetization as it processes back to equilibrium via various 

cleaver rf pulse sequences allows the collection of information far beyond the simple spectrum.

Figure 1. The 13C NMR spectra of poly(methyl methacrylate) in the solid state under various experimental conditions: (a) 

using the experimental conditions for solution spectra, no discernible peaks are observed for the solid sample; (b) using 

dipolar decoupling with cross-polarization permits the observation of broad chemical shift anisotropy patterns; (c) using 
dipolar decoupling with magic angle spinning reduces the broad chemical shift anisotropy patterns to resolvable peaks; 
and (d) the combination of all three techniques, dipolar decoupling with magic angle spinning and cross-polarization, 

facilitates the observation of a high-resolution spectrum for the solid sample. Reprinted from Ref. [7].
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For example, the study of selectively pulsed magnetization as it relaxes back to equilibrium yields 

insight into not only the molecular structure, but also the molecular dynamics of a polymer sys-

tem. Relaxation of a nucleus back to equilibrium is modulated by fluctuations in the local magnetic 
field which the nucleus experiences, and the local field is modulated due to the local environ-

ment, including not only the physical-chemical structure around a nucleus, but also molecular 

motion that the nucleus is involved in. Various pulse sequences allow the measurement of relax-

ation parameters including T
1
, T

2
, and T1ρ, which yield information about molecular motions in 

different frequency ranges, which occur over different scales of distance [9]. Beyond the direct 

measurement of these relaxation parameters, other pulse sequences exploit these relaxation phe-

nomena to yield data which can be interpreted in terms of polymer structure and properties.

Two-dimensional (2D) NMR techniques enhance the resolution of a traditional one-dimen-

sional spectrum by spreading the peaks out in a second dimension. Two-dimensional NMR 

techniques also facilitate the observation of through bond or through space interactions, 

where through space interactions being particularly related to the physical structure of poly-

mers such as conformation [10]. While 2D NMR techniques are routine for solutions, they are 

still considered by some to be experimentally cumbersome in the solid state. Nonetheless, 

there has been considerable progress recently in the development of experimentally practical 

pulse sequences for 2D NMR of solid samples [11].

3. Applications to various polymer systems

3.1. Carbohydrates

Wood is a complex heterogeneous material composed mainly of hemicellulose, cellulose, and 

lignin. Solid-state NMR spectroscopy can discriminate wood samples based upon their prov-

enance. In that regard, the traceability of wood samples can be undertaken by analyzing the 

solid-state NMR peak patterns in their MAS and CP-MAS spectra.

This technique has been used to characterize the chemical composition of wood, and the 

effects of aging, decomposition, and some physical or chemical treatments on the polymer 
structure. Recently, this technique was used to analyze maple samples from Norway [12] 

and spruce samples from Finland, Poland, and Italy [13]. The chemical structures of various 

components in soft wood are shown in Figure 2. Carbon-13 CP-MAS NMR spectra for spruce 

wood from Finland, Poland, and Italy are shown in Figure 3 with resonance peaks labeled to 

correspond with the structures shown in Figure 2. While the same peak pattern is present in 
all three samples, small differences (mainly in peak intensity) can be distinguished between 
the three spectra.

In the spectral region 110–160 ppm, differences in the lignin aromatic components can be 
distinguished, whereas in the spectral region from 15 to 110 ppm, differences in the signals 
for cellulose and hemicellulose can be observed. In that regard, the most intense peaks in the 

spectra 12 and 13 are due to the C-2, C-3, and C-5 carbons of the carbohydrates. The two peaks 

10 and 11 are assigned to C-4, in crystalline and amorphous (or less ordered surface) cellulose, 
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respectively. Peak 15 is related to C-6 in cellulose and Cγ in lignin. Peak 8 represents the C-1 of 
cellulose, with a high-field shoulder 9 attributed to hemicellulose (102 ppm). Only two signals 
can be undoubtedly attributed to hemicellulose: the methyl carbon peak 18 and the carboxylic 
carbon peak 1; both of these are rather weak in intensity. Three groups of signals in the range 

160–105 ppm are attributed to the three aromatic units constituting the lignin lattice. Finally, 
the small peak 16 is assigned to the lignin methoxyl group.

As differences in peak pattern intensities for the three samples are small, 1H T1ρ measurements 

were obtained using a variable CP contact time experiment. The results suggest that higher 

polymer mobility and a higher homogeneity are observed in spruce wood from Finland, rela-

tive to a lower homogeneity measured in samples from both Italy and Poland.

3.2. Protein systems

Solid-state NMR spectroscopy has been widely applied to study a variety of protein systems. 

Various modern solid-state NMR techniques can be applied to gain insights into biophysics 

and structural biology in proteins.

Figure 2. Chemical structures of various wood components in softwood. The numbering scheme corresponds to the 

resonance peaks as labeled in Figure 3. Reprinted from Ref. [13].
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Peptide nanoassemblies have been studied by solid-state NMR. Using the recent development 

of high-field MAS dynamic nuclear polarization (MAS-DNP), an increase in sensitivity for 
the peaks of crystalline components of the polymer system can be achieved [14]. Using this 

approach, self-assembled structures of systems based on diphenylalanine dipeptide (FF) have 

been studied. These proteins have applications as organic semiconductors, and have been 

reported as a core motif of Alzheimer’s amyloid-β. Supramolecular structural information 
such as hydrogen bonding and π-π stacking can be improved using dynamic nuclear polariza-

tion. Ultimately, an increase in sensitivity by an overall factor of 320 is achieved by using DNP.

Self-assembly peptide nanostructure can be studied by solid-state NMR. MAX8 is an 

amphiphilic peptide composed of 20 amino acids, having the amino acid sequence 

VKVKVKVKVDPPTKVEVKVKVNH2, where K and E are hydrophilic residues and V hydro-

phobic residues [15]. The self-assembled peptide contains a β-strand hairpin structure aligned 
into antiparallel β-sheets. As is commonly observed, changes in supramolecular structure 
can be induced by changes in temperature, pH, and ionic strength. The CP-MAS spectra of 

labeled and unlabeled MAX8 nanofibers are shown in Figure 4. The observed chemical shifts 

for the amino acid residues 1–8 and 13–20 indicates that they form part of a β-hairpin confor-

mation. Polymorphism of K residues occurs uniformly across the MAX8 amino acid system. 

Calculations of φ and ϕ backbone torsion angles, derived from peak positions using com-

mercial software, were consistent with β-strand secondary structures for residues 1–8 and 

Figure 3. Solid-state 13C NMR spectra of spruce woods differing in provenance and their peaks assignments. Differences 
in peak intensities can be used to distinguish between the geographic origins of woods. Reprinted from Ref. [13].
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13–20. Further evidence of the existence of a close β-hairpin conformation was obtained by (a) 
the analysis of cross-peaks in a 2D DARR 13C─

13C NMR experiment, and (b) 13C─
13C dipolar 

recoupling NMR experiments using the PITHIRDS-CT technique. The PITHIRDS-CT tech-

nique is a constant-time dipolar recoupling sequence in solid-state NMR with MAS, which 

yields experimental data that is insensitive to rf pulse imperfections and nuclear spin relax-

ation processes. This sequence has been widely used to determine intermolecular distances 

and molecular conformations in solid 13C and 15N labeled compounds, and as such one of the 

most important applications of this technique has been the study of biological samples such 

as amino acids and amyloid fibrils.

In a similar approach, β-sheet nanocrystalline domains in phosphorylated serine-rich motifs 
in caddisfly larval silk were studied by 13C and 31P solid-state NMR [16]. 13C NMR data from 

isotopically enriched caddisfly silk, packed in its natural hydrated environment, are shown 
in Figure 5. 13C chemical shifts were identified using 13C─

13C DARR and 1H → 31P → 13C DCP 

NMR experiments. Differences between CP-MAS and DD-MAS spectra are due to the aque-

ous environment. Water-solvated residues with a short T
1
 exhibit enhanced signals in the 

DD-MAS spectrum, whereas carbons located in more rigid environments are better observed 
in the CP-MAS spectrum. An enhanced peak for the unmodified serine β carbon is seen in the 
DD-MAS spectrum, suggesting higher mobility. On the other hand, the signal of the phos-

phorylated serine β carbon is broader, indicating that these moieties mainly reside in the 
β-sheet regions. Similar conclusions have been derived for Valine residues. However, glycine 
and leucine residues, often seen in GGX repeats, exist predominantly in a random or disor-

dered conformation.

Figure 4. Solid-state 13C CP-MAS spectra of labeled and unlabeled MAX8 nanofiber, a peptide composed of 20 amino 
acids. Observed chemical shifts for the amino acid residues allow determination of the three dimensional conformational 

structure of the peptide. Reprinted from Ref. [15].
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3.3. Conducting polymers

Advances in conducting and semiconducting materials have led to enhancements in the per-

formance of organic thin transistors, organic photovoltaics, and other devices. High molar 

mass poly(3-hexylthiophene) (P3HT), an organic semiconductor, has been studied by solid-

state 13C CP-MAS NMR. Information at the subnanometer length scale can be obtained via 

solid-state NMR.

Recently, a modified approach to this technique has facilitated a correlation between peak pat-
tern observed in CP-MAS spectra and the degree of crystallinity [17]. Measurements of order in 

semicrystalline, high molar mass poly(3-hexylthiophene) (P3HT) were made via solid-state 13C 

CP-MAS. The relative degrees of order were compared between two films under different dry-

ing conditions: one slow-dried and one fast-dried. Ordered and disordered fractions within 

the polymer were separated using a T1ρ filtered CP-MAS experiment. The spectrum for the 
ordered P3HT component is then obtained by spectral subtraction, as shown in Figure 6. The 

peak pattern of the crystalline component for slow-dried P3HT is narrower than that observed 
for the fast-dried sample. NMR does not measure long-range order, but instead is sensitive to 

order on a subnanometer scale. Line shape analysis shows that chains in noncrystalline regions 

Figure 5. Solid-state 13C NMR of isotopically enriched caddisfly silk from the species Hyllisia consimilis in its natural 

water-hydrated environment. (A) 1H → 13C CP-MAS NMR, and (B) 13C DD-MAS NMR using a fast (1 s) repetition time. 

Peaks, which have a higher intensity without cross-polarization are in more mobile water-solvated regions, whereas 

peaks which have a higher intensity with cross-polarization are in more rigid environments in the β-sheet regions. 
Carbonyl spinning side bands are marked with a double asterisks. Reprinted from Ref. [16].
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Figure 6. Solid-state 13C CP-MAS spectra of the fast-dried organic semiconductor poly(3-hexylthiophene) (P3HT) (a) without and (b) 

with a T1ρH spectral editing (spin-lock) pulse prior to cross-polarization, as well as the difference spectrum: (c) = (b) – (0.35 × (a)). The 
(d) CP-MAS spectrum for fast-dried P3HT, and (e) its ordered and (f) disordered fractions. The (g) CP-MAS spectrum for slow-dried 

P3HT, and (h) its ordered and (i) disordered fractions. Reprinted from Ref. [17].
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can exhibit uniform local packing, which is presumed to be the result of uniform molecular 

conformations. Ultimately, observation of a narrower peak pattern of the crystalline compo-

nent for slow-dried than for fast-dried is interpreted to mean that the quality of order is differ-

ent, and that P3HT may be classified as a conformationally disordered crystal.

The solid-state NMR technique provides information about the conducting polymer system, 

which is close to the natural state and natural local conformation and packing arrangement. 

As such, information from solid-state NMR experiments may be regarded as favored to 

information derived by other techniques such as wide-angle X-ray scattering and differential 
 scanning calorimetry.

4. NMR relaxation

The magnetic properties of a nucleus are modulated by the magnetic fields of neighboring 
nuclei. As molecular motions occur in the local environment changes resulting in altered 

interactions between nuclear spins. The study of NMR relaxation parameters yields informa-

tion about the molecular motions in polymer systems.

The NMR relaxation parameters, which are most commonly measured are T
1
, T

2
, and T1ρ. T1

 

is the so-called spin-lattice relaxation time, T
2
 is the spin-spin relaxation time, and T1ρ is the 

spin-lattice relaxation time in the rotating frame. These various relaxation parameters are 
related to molecular motions on varied time scales, and the correlation time of a molecular 

motion is related to the scale or distance over which a molecular motion occurs. As such, each 

of the relaxation parameters T
1
, T

2
, and T1ρ is characteristic of molecular motions involving 

different frequency ranges, which occur accordingly over different distance scales as shown 
in Figure 7. The relaxation parameter T

1
 probes fast motions with frequencies in the MHz 

regime; such fast motions are small-scale short-range motions, which are typically internal 

to a molecule. The relaxation parameter T1ρ probes slower motions with frequencies in the kHz 

regime; these relatively slower motions occur over a larger distance and correspond to long 

chain motions in polymers. The theoretical relationship between the 13C NMR relaxation 

parameters T
1
, T

2
, and T1ρ in the solid state and correlation time τ

c
 are shown in Figure 8 [18].

Figure 7. The solid-state 13C NMR relaxation parameters T
1
, T

2,
 and T1ρ (in seconds) and the corresponding correlation 

times τ
c
 (in seconds) for the motions which they are sensitive to. Each of the relaxation parameters T

1
, T

2,
 and T1ρ are 

characteristic of molecular motions in different frequency ranges which occur over different distance scales.
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Semi-crystalline polymers are composed of amorphous (noncrystalline) bulk material, which 

contains crystalline domains. As NMR relaxation is modulated not only by physical-chemical 

structure, but also by molecular motions, the study of NMR relaxation yield insight into phases 

and phase structure in such multiphase polymer systems. The different domains present in 
such polymer materials display differences in molecular mobility, with the motion in crystal-
line domains being more restricted. Nuclei in amorphous domains show a higher mobility 

than those of nuclei in more rigid crystalline domains. Insight into polymer phase structure 

can be gained by the measurement of the NMR relaxation parameters T
1
, T

2
, and T1ρ [19].

There are numerous examples of how such NMR relaxation studies have been exploited to yield 

valuable information about the phase structure in polymer blends. In the interest of blending 

thermoplastics with biodegradable polymers, the degree of crystallinity of microbial poly(ε-l-

lysine) has been estimated via 13C T
1
 relaxation experiments [20]. In another study, the domain 

size of poly(ε-l-lysine) blended with poly(vinyl isobutyl ether) was estimated via 1H spin-lattice 
relaxation experiments, and further miscibility of blends prepared under various processing 

conditions was explained in terms of crystallinity observations from the relaxation experiments 

[21]. In a similar study, phase separation in starch/polycaprolactone blends was investigated and 

the length scale over which phase separation occurs was determined via 13C T
1
, 1H T

1
, and 1H T1ρ 

Figure 8. Theoretical dependence of the relaxation times T
1
, T

2
, and T1ρ on the correlation time τ

c
 of the molecular motions 

responsible for the relaxation, as predicted by molecular motions that result in changes in dipole-dipole interactions. 

Region A is characteristic of a rigid lattice, region B of a nonrigid solid, region C of a viscous liquid, and region D of a 
nonviscous liquid. Reprinted from Ref. [18].
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relaxation experiments [22]. Further, the effect of the concentration of poly(ethylene glycol) in 
poly(ethylene glycol)/silica blends has been investigated via 13C T

1
 and 1H T1ρ relaxation experi-

ments yield information about inhomogeneous separated phases [23]. As a final example, blends 
of poly(ethylene terephthalate) toughened by natural rubber have been studied by 13C chemical 

shift and 1H T1ρ relaxation experiments, yielding evidence of interactions between the carbonyl 

groups of the poly(ethylene terephthalate) with some functionality in the natural rubber [24].

Likewise, there are numerous examples of how such NMR relaxation studies have been exploited 

to yield practical and useful information about copolymer systems. For example, poly(styrene-

butadiene-styrene) has been found to compatibilize otherwise incompatible blends of polysty-

rene/polybutadiene, and 1H T
1
, 1H T

2
 and 1H T1ρ relaxation experiments have been used to explain 

this observation in terms of preferential localization of the copolymers at the polystyrene/poly-

butadiene interface [25]. Likewise, the content and length of soft/hard segments and microphase-

separated morphology of poly(ether-block-amide) copolymers have been elucidated by and 13C 

T
1
, 13C T1ρ, and 1H T1ρ relaxation experiments [26]. As a final example, segmented copolymers of 

poly(N-isopropyl acryl amide) and poly(tetrahydrofuran) have been studied by 1H T
1
 and 1H T1ρ 

relaxation experiments, to monitor the multiphase characteristics of the segmented copolymer 

networks as the polymerizable end group of the copolymer was varied [27].

Further, there are numerous examples of how NMR relaxation studies have been exploited to 

yield practical and useful information about polymer composites. For example, a 1H T
1
 and 1H 

T1ρ relaxation study of poly(p-phenylene benzobisoxazole) fibers demonstrated the observation 
of crystalline and noncrystalline regions, and further allowed determination of the crystal size 

[28]. As another example, the dispersion of organomodified clay fillers in nanocomposites with 
various thermoplastics was investigated by 1H T

1
 relaxation. The comparison in Figure 9 of the 

1H T
1
 saturation-recovery curve for polyamide 6 with that of a nanocomposite of polyamide 6 

Figure 9. Solid-state 1H T
1
 saturation-recovery curves for polyamide 6 and a nanocomposite of polyamide 6 with an 

organomodified clay. The presence of clay shortens the relaxation time, indicating nanodispersion of the clay in the 
composite. Reprinted from Ref. [29].
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with an organomodified clay, shows that the presence of clay shortens the relaxation time. The 
nanocomposites have a shorter relaxation time due to paramagnetically induced relaxation at 

the polymer-clay interface, indicating nanodispersion of the clay. Through a detailed and sys-

tematic study thereby, quantitative measurements of the degree of nanodispersion have been 

made [29].

Finally, in an example involving the combination of copolymers and composites, cotton fibers 
for composites were modified by surface copolymerization of ethyl acrylate followed by sty-

rene. The graft copolymer-encapsulated cotton fibers were studied by 1H T
1
 relaxation experi-

ments, yielding the observation of a heterogeneous morphology of the grafted skin [30].

5. Concluding remarks

Solid-state NMR continues to advance as a valuable technique for characterizing the molecu-

lar structure, conformation, and dynamics of polymers. There is already a rich history of 

applications of various solid-state NMR experiments to numerous polymer systems. Not 

only are advances occurring in the development of new solid-state NMR techniques, but also 

techniques which are now considered traditional are finding application to newly developed 
modern polymer materials. Ultimately, the application of solid-state NMR to polymers pro-

vides for the interpretation of spectroscopic observations as related to the structural features 

and physical properties of the polymer in the solid state, the state in which they are predomi-

nately used in as materials.
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