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Abstract: Neutral polymer bonding agent (NPBA) is one of the most promising polymeric
materials, widely used in nitrate ester plasticized polyether (NEPE) propellant as bonding
agent. The structure and dynamics of NPBA under different conditions of temperatures and
sample processing are comprehensively investigated by solid state NMR (SSNMR). The
results indicate that both the main chain and side chain of NPBA are quite rigid below its
glass transition temperature (Tg). In contrast, above the T, the main chain remains
relatively immobilized, while the side chains become highly flexible, which presumably
weakens the interaction between bonding agent and the binder or oxidant fillers and in turn
destabilizes the high modulus layer formed around the oxidant fillers. In addition, no
obvious variation is found for the microstructure of NPBA upon aging treatment or
soaking with acetone. These experimental results provide useful insights for understanding
the structural properties of NPBA and its interaction with other constituents of solid
composite propellants under different processing and working conditions.
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1. Introduction

Solid propellants of the composite type, a series of heterogeneous energetic materials composed of
intimately mixed fuel, oxidizer and polymeric binder, have a wide range of applications in the
chemical, chemical engineering, ordnance and propulsion industries and research communities. As an
important component, the binding matrix formed between binding agents and curative agents serves as
the interaction network and assures the mechanical properties of propellants. A good binding matrix
can maintain the geometric integrity of the propellant ingredients even when subject to severe extreme
temperature and pressure conditions. Poor performance of the binding matrix, e.g., debonding from the
solid fillers, greatly compromises the efficiency of propellants. In order to improve the binding ability,
a small amount of bonding agents is usually incorporated into propellants [1-10]. Ever since the 1960s,
an array of bonding agents such as aziridine, alkanolamine, polyamine and their derivatives were
developed for hydroxyl-terminated polybutyldiene (HTPB) propellants. To increase the interface
bonding strength of polyether binders and nitrate fillers in nitrate ester plasticized polyether (NEPE)
propellant, the neutral polymeric bonding agent (NPBA) was proposed by Kim ez al. in 1990s [11,12].
It has repetitive aliphatic main chains and branched side chains of varied lengths, showing strong
affinity to the polar filters. In addition, the hydroxyl-group rich side chains interact with the binder
matrix, promoting the interfacial bonding strength, defined as stretching amplitue of the binding
interface between propellants and linear parts [13,14].

Despite many studies characterizing the physical, chemical and mechanical properties of NPBA
agents, the molecular properties, describing the structural and dynamic basis of their affinity to binding
matrix, remains largely unknown. For example, the tensile strength of NEPE propellant with NPBA as
bonding agent decreased significantly when the temperature increased from 298 K to 343 K [15]. Such
an observation suggests that the glass transition of this polymeric molecule resulting from the
temperature change modulates its binding function. Thus, it becomes important to investigate the
dependence of the structure and dynamics on temperature changes, which can provide a mechanistic
rationale for the compromised performance of NPBA at high temperatures.

Solid-state NMR (SSNMR) has been proved to be an indispensible technique to investigate the
microstructural properties and dynamic behaviors of insoluble and non-crystalized biological systems,
carbohydrate complexes and advanced functional materials [16-34]. Specifically, an array of
techniques, including DIPSHIFT [35,36], 2D WISE [37], SUPER [38], >H-NMR [39], REDOR [40,41]
and relaxation parameters measurements [42], have been well established to investigate the rigidity or
mobility of a variety of functional (bio-)polymers. In recent years, lots of efforts have been made
towards better understanding the structure-property relationship of different kinds of polymeric species
at the atomic or molecular level using SSNMR. For example, Kameda and Tsukada [43] utilized
versatile SSNMR techniques to investigate the physical properties and chemical structure of silk fibers
grafted with methacrylamide. The chain conformations and dynamics of crystalline polymers forming
inclusion compounds have been successfully elucidated by SSNMR [44]. The domain structure and
mobility of poly(propylmethacryl-heptaisobutyl-pss)-co-styrene nanocomposites with different
polyhedral oligomeric silsesquioxane (POSS) contents were investigated by SSNMR techniques
including 2D WISE [37] and spin diffusion [45]. In addition, structures and thermal properties of the
multiple ordered phases in ethylene-octene and ethylene-butene copolymers have been studied using
the measurements of >C chemical shift tensors and NMR relaxation times [46].
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In this work, we utilize SSNMR to study the molecular dynamics of NPBA, an efficient bonding
polymer used in propellants and firstly synthesized by Kim [11], as a function of various temperatures.
Meanwhile, the structural and dynamic perturbations of NPBA upon aging at high temperatures up to
423 K are investigated. In addition, we examine the structural change upon the treatment of acetone,
which is frequently used as a dispersant for NPBA in the synthesis and propellant processing.

2. Results and Discussion
2.1. Characterization of NPBA by 1D >C CP/MAS NMR Spectroscopy

We firstly obtained the 1D *C CP/MAS spectrum of NPBA to evaluate the sample homogeneity
and assign the resonances of various carbon groups. As shown in Figure 1A, the 1D Be spectrum
shows characteristic features, including high intensity of CH and CH, peaks at 2045 ppm and
downfield resonances of CN and CO groups, respectively, at 122.0 ppm and 175.8 ppm, in good
agreement with the structural motif of NPBA. The simple spectral features also suggest that the sample
is very unlikely to show large inhomogeneity. Based on the characteristic values and studies of
polymers containing similar functional segments [47,48], all peaks are assigned. The peaks at 29.6 and
36.1 ppm were respectively attributed to the methine and methylene groups present in the main chain.
The peak at 122.0 ppm was assigned to the only CN group [49]. The chemical shift at 50.4 ppm could
be tentatively assigned to the CH group directly bonded to CN. The signal at 175.8 ppm was from
C=0 of the ester groups [50]. The peak at 68.7 ppm was ascribed to methylenes in the side chain. The
signal at 61.8 ppm was assigned to methyl groups in the methacrylate side chain segment. All assigned
NMR chemical shifts are indicated in the schematic structure of NPBA in Figure 1B.

Figure 1. (A) °C CP/MAS NMR spectra of the NPBA acquired at room temperature and
under 6 kHz MAS. Asterisks (¥) represent spinning sidebands; (B) Schematic molecular
structure of the NPBA, with assigned chemical shifts for different carbon sites. The broad

base line at approximately 150 ppm arises from the probe background. The x, y, z values in
NPBA are ca. 1.0, 0.2, and 0.2, respectively.
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2.2. 'H-NMR Spectra of NPBA Showing Distinct Dynamics Above and Below the Phase
Transition Temperature

In order to investigate the structural perturbation upon heating, we conducted a variable temperature
(VT) study of NPBA. Figure 2 shows its 'H spectra at five different temperatures of 298 K, 318 K, 333 K,
353 K and 363 K. As the shared feature, all spectra show a major peak centered at 2.7 ppm along with
the spinning sidebands and are largely broadened due to the strong 'H homonuclear dipole interaction.
The central peak clearly experiences line narrowing when the temperature increases from 298 K to 353 K,
suggesting faster motions at higher temperatures. A significantly narrowed peak is obtained at 353 K
(Figure 2E). In addition, the broader shoulder decreases with increasing temperature and nearly
disappears at 353 K. As measured by differential scanning calorimeter (DSC), NPBA shows a glass
transition temperature, T,, at approximately 329 K. On one hand, the distinct spectra feature between
A-B and C-E suggest the faster motion above the T,. On the other hand, the broad line-width of the
central peak below T, indicates stronger 'H-"H dipole interactions, suggesting the higher rigidity of
NPBA. Since the 'H spectra show the lack of resolution to provide site-specific dynamics, we then
acquired the *C-detected CP/MAS spectra of NPBA at various temperatures.

Figure 2. 'H MAS NMR spectra of NPBA at five different temperatures: (A) 298 K;
(B) 318 K; (C) 333 K; (D) 353 K and (E) 363 K.
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2.3. Site-Specific Dynamics of NPBA Obtained from >C VT CP/MAS Spectra

To further study the temperature-dependent dynamic change and probe the structural perturbation at
high temperatures, *C-detected VT experiments are carried out. As shown in Figure 3, the chemical
shifts of different carbon sites remain unchanged upon heating, suggesting a stable structure of NPBA
below the glass transition. Interestingly, peaks at 68.7 ppm, 122.0 ppm and 175.8 ppm (assigned to
side-chain CH,, CN and CO, respectively) are well resolved in Figure 3A,B, but become very broad in
Figure 3D,E. These observations indicate that side chains adopt different motion at temperatures
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higher than T,, e.g., likely the intermediate motion interferes with the 'H decoupling and thus gives
broad lines [31,51]. Alternatively, the side chains could experience conformational disorder at above
the T,, resulting in inhomogeneous line broadening. In contrast, the C peak of the main-chain CH, at
29.6 ppm shows a consistent line width and intensity in spectra acquired above and below the T,,
suggesting a relatively rigid polymer backbone in the studied range of temperatures. To quantitatively
characterize the dynamic behavior of NPBA, we then measured the “C chemical shift anisotropy
(CSA) and dipolar coupling of the C-H bond. The comparisons between the motion-averaged strength
of these spin interactions and the value at a rigid limit can provide better understanding of the
backbone and side chain motions.

Figure 3. °C CP/MAS NMR spectra of NPBA at five different temperatures: (A) 298 K;
(B) 318 K; (€) 333 K; (D) 353 K and (E) 363 K.
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2.4. Measurement of the Motion-Averaged > C CSA

The °C CSA of different groups are measured using a five-pulse scheme developed by Mao et al. [52]
to examine the dynamics of NPBA at room temperature (see the pulse sequence in Figure 4A). The
experimental data and numerical fitting for four different groups including CN, CO, CH; and CH/CH;
were shown in Figure 4B—E. The CSA simulation results were summarized in Table 1. The CN and
CO groups have relatively large CSA values at 75 and 150 ppm, compared with the same groups in
other rigid systems [53,54]. This confirms the rigidity of the side chains of NPBA at room temperature.
The °C CSA values of CH/CHj are intrinsically small and thus not suitable to sense the motion of the
polymer backbone. To investigate the motion of the main chain at room temperature and the dynamic
properties of NPBA at temperatures higher than T,, we measured the dipolar coupling of C-H bonds at
various temperatures.
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Figure 4. The pulse sequence (A) and numerical fittings (B—E) of CSA measurements of
four different carbon sites in NPBA: (A) CN; (B) CO; (C) CH; and (D) CH/CH,.
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Table 1. Simulated CSA values of different carbon groups from Figure 4. The unit of CSA
values is in ppm. The errors were deduced in the SIMPSON simulations.

Groups C-N C=0 CH; CH/CH,
CSA 75+38 150 +£ 20 11+£2 16 £2

2.5. Rigidity of NPBA Evaluated by the Motion-Averaged > C-' H Dipolar Coupling

The C-H dipolar coupling is measured using the DIPSHIFT experiment (Figure 5A), which allows
the evolution of magnetization under dipolar interaction in one rotor period. The dipolar order
parameter is the ratio of the measured dipolar coupling to the rigid limit, indicating the amplitude of
motion (as represented in 0). For example, an order parameter of 1.0 corresponds to the rigid limit
while a small order parameter near 0 indicates large-amplitude, e.g., isotropic motion. Main chain and
side chain CH; peaks at 29.6 ppm and 68.7 ppm, respectively, are well resolved and used to read out
the intensity that is modulated by C-H dipolar interaction in the DIPSHIFT experiment, as shown in
Figure 5B-D. The fact that the °C intensity does not fully recover at the end of the rotor period and
shows minor decay is due to the apparent T, decay at a longer time (Figure 5C). The measured *C-'H
dipolar coupling (wcy) and derived order parameters (Scy) are tabulated in Table 2. At 298 K, the
main-chain and side-chain CH; have dipolar couplings of 24.3 kHz and 21.7 kHz, respectively, giving
order parameters close to 1.0. These results indicate the high rigidity of NPBA molecules at room
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temperature, which agrees well with the finding of the °C CSA measurement. When it comes to 333
K, the backbone is still relative rigid (Scy = 0.96 and a small motional angle at 9.4 degrees), while the
side chain becomes mobile (Scy = 0.61 and a relatively large motional angle at 30.7 degree). At an
even higher temperature of 353 K, the main chain starts becoming a little bit flexible (Scy = 0.84).
Taken together, the side chain shows large mobility at above the glass transition temperature, whilst
the main chain remains relatively rigid in the phase change from 298 K to 353 K. These results are
consistent with the °C VT CP/MAS NMR observations in Section 2.3.

Figure 5. Measurement of motion-averaged >C-'H dipolar couplings of NPBA. (A) The
NMR pulse sequence of the DIPSHIFT experiment; (B) Representative 1D projection of
the DIPSHIFT spectrum, showing the resonances of backbone and side-chain CHy;
(C) The curve fitting of backbone CH, data measured at 298 K, 333 K and 353 K;
(D) Fitted side-chain CH, data measured at 298 K and 333 K. Time on x-axis refers to the
evolution time in t1 period.
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Table 2. Dipolar order parameters (Scy) of backbone and side-chain CH, groups measured
by the 2D "*C-"H DIPSHIFT experiment. The angle of motional amplitudes (0) is in degree.

Main Chain Side Chain
CH,; Groups
298 K 333K 353 K 298 K 333K
ocy (kHz) 24.3 20.8 19.1 21.7 13.9
Scn* 1.07 0.92 0.84 0.96 0.61
Motional amplitude (0) 0 13.4 19.1 9.4 30.7

* The dipolar order parameter, Scy, is the ratio of measured ®cy to the rigid limit of 22.7 kHz, indicating the
motional amplitude between the motional axis and C-H bond.
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2.6. Structural Perturbation of NPBA upon Aging and Acetone Soaking

To investigate the effect of acetone treatment and aging on the structural properties of NPBA, four
different samples are prepared and used for °C CP/MAS and 'H measurements shown in Figure 6.
Surprisingly, no apparent spectral difference is observed by comparing the control (A), acetone-treated
(B) and aged (C—E) samples. The same consistency is observed for 'H spectra on the right panel of
Figure 6. Both *C CP/MAS and 'H spectra suggest that the microstructure of NPBA remains stable
after various aging and acetone treatments.

Figure 6. °C CP/MAS (left panel) and 'H (right panel) spectra of NPBA after acetone
treatment or aging. (A and A') NPBA without further treatments as the control spectrum.
(B and B') Acetone-treated NPBA. (C—E and C'-E') NPBA aged for 16 h at different
temperatures: 333 K (D and D'), 353 K (E and E') and 423 K (F and F').

250 200 150 100 50 O 150 100 50 0 -50 -100
13C Chemical Shift (ppm) 1H Chemical Shift (ppm)

3. Experimental
3.1. Sample Preparation

Polymer samples were synthesized according to a previous literature report [11]. In brief,
acrylonitrile, methacrylate and hydroxyethylacrylate were mixed at a desired molar ratio and
polymerized at 333 K. Azodiisobutyronitrile and mercaptoethanol serve as initiator and molecular
weight adaptor, respectively. The polymerization reaction lasted for ca. 6 h with stirring and refluxing
in acetone. After filtration, the solid phase was dehydrated at 323 K for 15 h, giving the NPBA product
as a white power. The average block length and monomer distribution in the synthesized copolymer
BPBA is determined to be around 50. The momomer should be randomly distributed in NPBA in
amorphous forms. The glass transition temperature of the synthesized product is approximately 329 K
as determined by differential scanning calorimeter (DSC). In order to study the structural perturbation
of NPBA at different temperatures, three samples were made via conditioning in aging ovens for 12 h
at temperatures of 333 K, 353 K, and 423 K. In addition, 0.5 g NPBA was immersed in 20 mL acetone
for 1 h and subsequently dried in the air, for the purpose of determining the stability of NPBA after
acetone treatment.
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3.2. Solid State NMR Experiment

All solid-state NMR experiments were carried out on a Varian Infinityplus-300 spectrometer
equipped with a 4 mm double-resonance MAS probe. The operating Larmor frequencies are 299.8 and
75.4 MHz respectively for 'H and "*C nuclei on a 300 MHz spectrometer. Typically, rf (radio
frequency) field strengths were 35-50 kHz for '*C and 42-83 kHz for the 'H channel. 'H and "*C
chemical shifts were externally referenced to the adamantine. The '*C cross-polarization magic angle
spinning (CP/MAS) NMR experiments were conducted using a contact time of 1.5 ms and under
6 kHz MAS. The '"H MAS NMR spectra were obtained with single pulse at 6.5 kHz MAS.

The C chemical shift anisotropy (CSA) of different samples was determined by using the five-
pulse CSA-recoupling sequence, a robust “C selecting pulse scheme in use of carbon bonding
symmetry as introduced by Schmidt-Rohr et al. [52]. In the *C CSA measurement, there are three ©
pulses in two rotor periods, where the second m pulse is fixed in the middle of one rotor period,
whereas the delay between the first @ pulse and initial as well as the third © pulse to the end were
varied simultaneously as manifested in the Figure 4. A © pulse length of 10 us was utilized during the
BC or "N CSA measurements. The measurements were conducted under 6 kHz MAS. The CSA
anisotropy parameter & for each "°C site were simulated by using the SIMPSON software package [55].
In the *C CSA measurement, there are three m pulses in two rotor periods, where the positions of
initial and last 1 pulses vary upon different t, and the second & pulse is fixed in the middle of one
rotor period. The pulse program is simulated using SIPMSON, which indicates that the fitting
remarktably depends on the >C CSA value and is insensitive to Euler angles or asymmetry parameters.
The motional averaged *C—"H dipolar couplings were measured using the Dipolar-chemical-shift
(DIPSHIFT) experiment under 6 kHz MAS [35]. The pulse block of PMLG [56] was used to achieve
'"H homonuclear dipolar decoupling during the rotor period. The TPPM scheme was used to achieve
80 kHz ">C-"H decoupling. The time domain data were fit to give the apparent dipole coupling values
and then were divided by PMLG scaling factor to derive the true coupling strength (ocn). The scaling
factor of the PMLG decoupling with transverse filed strength of 80 kHz was experimental calibrated to
be 0.54.

4. Conclusions

The performance of NPBA agents relies remarkably on their molecular microstructures and
interactions to the bonded matrix [11,12]. It has been proposed that the functional groups in the NPBA
side chain could readily react with the binder. Additionally, the presence of NPBA forms a high
modulus layer around the oxidant fillers, which eliminate the direct interaction upon dewetting
between binder matrix and oxidant fillers. This architectural arrangement required for a functional
propellant could be corrupted under severe conditions, e.g., at high temperatures, due to debonding
between NPBA and the binder matrix. We utilized solid-state NMR to characterize the structure and
dynamics of a NPBA polymer at different temperatures and after treatment with acetone and aging.
The °C VT CP/MAS spectra and NMR parameters of °C CSA and Scy; show that main chain of the
studied polymer remains relatively rigid at temperatures up to 333 K. Interestingly, the side chains are
rigid at room temperature but become mobile at temperatures above T,. The identified rigidity of
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NPBA molecule below the T, presumably provides a structural basis for the stable binding between its
side chains and binder matrix. At temperatures higher than the Tg, e.g., 333 K, such binding becomes
weak due to the enhanced mobility of the side chain, as our dynamic results indicated. In addition, the
flexible side chains at high temperatures result in the reduction of the thickness of the modulus layer
around the oxidant. The temperature-induced dynamic change of NPBA results in its compromised
performance at high temperatures. This also suggests that the development of bonding agents with high
T, could significantly improve the thermal stability, which is crucial to maintaining the interaction
between bonding agent and binder matrix. Moreover, even though the NPBA has been aged at
temperatures above Ty, 'H and "C-NMR spectra remains unchanged, indicating that the microstructure of
NPBA was considerably stable and shows no deformation at high temperatures up to 423 K. NPBA
also shows no spectroscopic difference before and after soaking with acetone, suggesting the use of
this organic solvent as dispersant causes no structural perturbation to the NPBA polymer. These
findings provide a new insight into the storage and production processing of NEPE propellants.

Most of the previous studies on propellant bonding have mainly focused on engineering properties
and scarcely emphasized the investigation of the molecular microstructure and dynamics. Here we
utilize solid-state NMR spectroscopy to characterize the structure and dynamics of a NPBA polymer at
various temperatures and with different aging and acetone treatments. Our results indicated that both
the main-chain and side-chain in the microstructure of NPBA remained relatively rigid below T,,
whilst the molecular side chains become flexible at higher temperatures. These structural and dynamic
findings rationalize the stability of NPBA serving as a bonding agent at temperatures below T, and its
compromised performance at higher temperatures. Our study has shown that solid-state NMR is a
robust and efficient analytical technique to characterize the structure and dynamics of NPBA
polymers. Moreover, the findings provide the insight of improving the mechanical property of NEPE
propellants at high temperature by increasing the T, of the bonding agent.

Acknowledgments

S.L is grateful for the funding supported by National Natural Science Foundation of China
(21120102038, 21373265 and 21003154).

Author Contributions

W.H., Y.S., AP. and S.L. conceived the study. W.H., L.Z., A.P., R.C., X.M. and S.L. prepared
samples and performed SSNMR and other characterizations. Y.S., L.Z. and S.L. analyzed the NMR
data and made the figures. W.H., Y.S. and S.L. wrote the paper and all authors contributed to the
editing of the manuscript.

Conflicts of Interest

The authors declare no conflict of interest.



Molecules 2014, 19 1363

References

1.

10.

11.

12.

13.

14.

15.

16.

Oberth, A.E. Principle of strength reinforcement in filled rubbers. Rubber Chem. Technol. 1967,
40, 1337-1363.

Ottewill, R.H.; Schofield, A.B.; Waters, J.A.; Williams, N.S.J. Preparation of core-shell polymer
colloid particles by encapsulation. Colloid Polym. Sci. 1997, 275, 274-283.

Li, G.C.; Xing, Y.G.; Wang, Y.F.; Ding, B. Finite Element Analysis of Interfacial Debonding in
Solid Propellants. In Theory and Practice of Energetic Materials; Science Press: Beijing, China,
2007; pp. 731-735.

Ma, C.B.; Qiang, H.F.; Wu, W.M.; Xue, J. Microstructure and damage analysis of solid
propellant. In Proceedings of the Third International Conference on Heterogeneous Material
Mechanics, Shanghai, China, 22-26 May 2011; pp. 218-221.

Matous, K.; Inglis, H.M.; Gu, X.; Rypl, D.; Jackson, T.L.; Geubelle, P.H. Multiscale modeling of
solid propellants: From particle packing to failure. Compos. Sci. Technol. 2007, 67, 1694—1708.
Sih, G.C. A model of debonding instability for solid propellant rocket motor 1. Uniform
longitudinal and transverse stress rate. Theor. Appl. Fract. Mec. 1996, 24, 93—113.

Yildirim, H.C.; Ozupek, S. Structural assessment of a solid propellant rocket motor: Effects of
aging and damage. Aerosp. Sci. Technol. 2011, 15, 635-641.

Zhang, M.; Zhang, J.T.; Zhai, P.C.; Liu, L.S.; Shi, H.J. Numerical simulation on the interface
debonding in solid propellant under large deformation by a cohesive zone model. Int. J. Mater.
Prod. Technol. 2011, 42, 98—109.

Zhao, J.L. HTPB Propellant Debonding Damage Research. In Advances in Heterogeneous
Material Mechanics (Conference); DEStech Publications, Inc.: Lancaster, PA, USA, 2008;
pp. 352-355.

Zhao, J.L. Composite Propellant Dewetting Simulation based on Czm Model and Contact Angle
Measurements. In Proceedings of the Third International Conference on Heterogeneous Material
Mechanics, Shanghai, China, 22-26 May 2011; pp. 1100-1103.

Kim, H.-S. Filler Reinforcement of Polyurethane Binder Using a Neutral Polymeric Bonding
Agent. U.S. Patent 4915755, 1990.

Kim, H.-S. Improvement of mechanical properties of plastic bonded explosive using neutral
polymeric bonding agent. Propell. Explos. Pyrot. 1999, 24, 96-98.

Landsem, E.; Jensen, T.L.; Hansen, F.K.; Unneberg, E.; Kristensen, T.E. Neutral polymeric
bonding agents (npba) and their use in smokeless composite rocket propellants based on
HMX-GAP-BuNENA. Propell. Explos. Pyrot. 2012, 37, 581-591.

Shokri, S.; Afshani, M.E.; Sahafian, A. Improvement of Mechanical Properties in CMDB
Propellant by NPBA. In Theory and Practice of Energetic Materials; Science Press: Beijing,
China, 2005; pp. 1153—-1159.

Yu, Y.; Wang, N.F.; Zhang, P. Deformation Analysis of Free Loading Propellant in Storage. In
Theory and Practice of Energetic Materials; Science Press: Beijing, China, 2007; pp. 240-243.
Hong, M. Oligomeric structure, dynamics, and orientation of membrane proteins from solid-state
NMR. Structure 2006, 14, 1731-1740.



Molecules 2014, 19 1364

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

McDermott, A. Structure and dynamics of membrane proteins by magic angle spinning solid-state
NMR. 4nnu. Rev. Biophys. 2009, 38, 385—-403.

Hong, M.; Su, Y.C. Structure and dynamics of cationic membrane peptides and proteins: Insights
from solid-state NMR. Protein Sci. 2011, 20, 641-655.

Su, Y.C.; Li, S.H.; Hong, M. Cationic membrane peptides: Atomic-level insight of
structure-activity relationships from solid-state NMR. Amino Acids 2013, 44, 821-833.
Krushelnitsky, A.; Reichert, D.; Saalwachter, K. Solid-state NMR approaches to internal
dynamics of proteins: From picoseconds to microseconds and seconds. Accounts Chem. Res.
2013, 46, 2028-2036.

Lewandowski, J.R. Advances in solid-state relaxation methodology for probing site-specific
protein dynamics. Accounts Chem. Res. 2013, 46, 2018-2027.

Laws, D.D.; Bitter, H.M.L.; Jerschow, A. Solid-state NMR spectroscopic methods in chemistry.
Angew. Chem. Int. Ed. 2002, 41, 3096-3129.

Rabone, J.; Yue, Y.F.; Chong, S.Y.; Stylianou, K.C.; Bacsa, J.; Bradshaw, D.; Darling, G.R.;
Berry, N.G.; Khimyak, Y.Z.; Ganin, A.Y.; et al. An adaptable peptide-based porous material.
Science 2010, 329, 1053—-1057.

Saalwaechter, K. Proton multiple-quantum NMR for the study of chain dynamics and structural
constraints in polymeric soft materials. Prog. Nucl. Magn. Reson. Spectrosc. 2007, 51, 1-35.
Sakellariou, D.; le Goff, G.; Jacquinot, J.F. High-resolution, high-sensitivity NMR of nanolitre
anisotropic samples by coil spinning. Nature 2007, 447, 694—697.

Thomas, J.M.; Raja, R. Exploiting nanospace for asymmetric catalysis: Confinement of
immobilized, single-site chiral catalysts enhances enantioselectivity. Accounts Chem. Res. 2008,
41, 708-720.

Spiess, H.-W. Structure and dynamics of solid polymers from 2D-NMR and 3D-NMR. Chem. Rev.
1991, 917, 1321-1338.

Brown, S.P.; Spiess, H.W. Advanced solid-state NMR methods for the elucidation of structure
and dynamics of molecular, macromolecular, and supramolecular systems. Chem. Rev. 2001, 101,
4125-4155.

Zhang, Y.; Zhang, W.; Li, S.-H.; Ye, Q.; Cai, H.-L.; Deng, F.; Xiong, R.-G.; Huang, S.D.
Ferroelectricity induced by ordering of twisting motion in a molecular rotor. J. Am. Chem. Soc.
2012, 734, 11044—-11049.

Sun, Z.; Luo, J.; Zhang, S.; Ji, C.; Zhou, L.; Li, S.; Deng, F.; Hong, M. Solid-State reversible
quadratic nonlinear optical molecular switch with an exceptionally large contrast. Adv. Mater.
2013, 25, 4159-4163.

Fu, D.-W.; Cai, H.-L.; Li, S.-H.; Ye, Q.; Zhou, L.; Zhang, W.; Zhang, Y.; Deng, F.; Xiong, R.-G.
4-Methoxyanilinium Perrhenate 18-Crown-6: A new ferroelectric with order originating in
swinglike motion slowing down. Phys. Rev. Lett. 2013, 110, 257601.

Abdiryim, T.; Jamal, R.; Ubul, A.; Nurulla, I. Solid-State Synthesis of Poly(3 ',4 '-dimethoxy-2,2 ":5 ',
2 "-terthiophene): Comparison With Poly(terthiophene) and Poly(3 ',4 '-ethylenedioxy-2,2 ":5 ',2 "-
terthiophene). Molecules 2012, 17, 8647-8660.

Honda, H. H-1-MAS-NMR chemical shifts in hydrogen-bonded complexes of chlorophenols
(pentachlorophenol, 2,4,6-trichlorophenol, 2,6-dichlorophenol, 3,5-dichlorophenol, and p-



Molecules 2014, 19 1365

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

chlorophenol) and amine, and H/D isotope effects on H-1-MAS-NMR spectra. Molecules 2013,
18,4786—4802.

Saari, A.-L.; Hyvonen, H.; Lahtinen, M.; Ylisirnio, M.; Turhanen, P.; Kolehmainen, E.;
Peraniemi, S.; Vepsalainen, J. Systematic study of the physicochemical properties of a
homologous series of aminobisphosphonates. Molecules 2012, 17, 10928—10945.

Hong, M.; Gross, J.D.; Rienstra, C.M.; Griffin, R.G.; Kumashiro, K.K.; Schmidt-Rohr, K.
Coupling amplification in 2d mas nmr and its application to torsion angle determination in
peptides. J. Magn. Reson. 1997, 129, 85-92.

Su, Y.; Mani, R.; Doherty, T.; Waring, A.J.; Hong, M. Reversible sheet-turn conformational
change of a cell-penetrating peptide in lipid bilayers studied by solid-state NMR. J. Mol. Biol.
2008, 381, 1133-1144.

Schmidt-Rohr, K.; Clauss, J.; Spiess, H.W. Correlation of structure, mobility, and morphological
information in heterogeneous polymer materials by two-dimensional wideline-separation NMR
spectroscopy. Macromolecules 1992, 25, 3273-3277.

Liu, S.F.; Mao, J.D.; Schmidt-Rohr, K. A robust technique for two-dimensional separation of
undistorted chemical-shift anisotropy powder patterns in magic-angle-spinning NMR. J. Magn.
Reson. 2002, 155, 15-28.

Cady, S.D.; Schmidt-Rohr, K.; Wang, J.; Soto, C.S.; DeGrado, W.F.; Hong, M. Structure of the
amantadine binding site of influenza M2 proton channels in lipid bilayers. Nature 2010, 463,
689—692.

Gullion, T.; Schaefer, J. Rotational-echo double-resonance NMR. J. Magn. Reson. 1989, 81,
196-200.

Su, Y.; Doherty, T.; Waring, A.J.; Ruchala, P.; Hong, M. Roles of arginine and lysine residues in
the translocation of a cell-penetrating peptide from (13)C, (31)P, and (19)F solid-state NMR.
Biochemistry 2009, 48, 4587-4595.

Su, Y.; Hong, M. Conformational disorder of membrane peptides investigated from solid-state
NMR line widths and line shapes. J. Phys. Chem. B 2011, 115, 10758-10767.

Kameda, T.; Tsukada, M. Structure and thermal analyses of maa-grafted silk fiber using dsc and
13c¢ solid-state NMR. Macromol. Mater. Eng. 2006, 291, 877—-882.

Lu, J.; Mirau, P.A.; Tonelli, A.E. Chain conformations and dynamics of crystalline polymers as
observed in their inclusion compounds by solid-state NMR. Prog. Polym. Sci. 2002, 27, 357-401.

Zou, Q.; Zhang, L.; Li, S.; Gao, X.; Deng, F. A solid-state NMR study of structure and segmental
dynamics of poly(propylmethacryl-heptaisobutyl-pss)-co-styrene nanocomposites. J. Colloid
Interf. Sci. 2011, 355, 334-341.

Gao, X.Z.; Wang, L.Y.; Luo, H.A.; Zou, Q.; Feng, N.D.; Feng, J.W. Crystalline phases in
ethylene copolymers studied by solid-state NMR and DSC. Macromolecules 2010, 43,
5713-5722.

Borsacchi, S.; Martini, F.; Geppi, M.; Pilati, F.; Toselli, M. Structure, dynamics and interactions
of complex sol-gel hybrid materials through SSNMR and DSC: Part II, ternary systems based on
PE-PEG block copolymer, PHS and silica. Polymer 2011, 52, 4545-4552.



Molecules 2014, 19 1366

48.

49.

50.

51.

52.

53.

54.

55.

56.

Pollard, M.; Klimke, K.; Graf, R.; Spiess, H.W.; Wilhelm, M.; Sperber, O.; Piel, C.; Kaminsky, W.
Observation of chain branching in polyethylene in the solid state and melt via C-13 NMR
spectroscopy and melt NMR relaxation time measurements. Macromolecules 2004, 37, 813-825.
13C Chemical shifts. Available online: http://www.science-and-fun.de/tools/13c-nmr.html
(accessed on 2 December 2013).

Castellani, F.; van Rossum, B.; Diehl, A.; Schubert, M.; Rehbein, K.; Oschkinat, H. Structure of a
protein determined by solid-state magic-angle-spinning NMR spectroscopy. Nature 2002, 420,
98-102.

Cady, S.D.; Goodman, C.; Tatko, C.D.; DeGrado, W.F.; Hong, M. Determining the orientation of
uniaxially rotating membrane proteins using unoriented samples: A (2)H, (13)C, and (15)N
solid-state NMR investigation of the dynamics and orientation of a transmembrane helical bundle.
J. Am. Chem. Soc. 2007, 129, 5719-5729.

Mao, J.D.; Schmidt-Rohr, K. Separation of aromatic-carbon 13C NMR signals from
di-oxygenated alkyl bands by a chemical-shift-anisotropy filter. Solid State Nucl. Magn. Reson.
2004, 26, 36-45.

Sait6, H.; Ando, I.; Ramamoorthy, A. Chemical shift tensor—The heart of NMR: Insights into
biological aspects of proteins. Prog. Nucl. Magn. Reson. Spectrosc. 2010, 57, 181-228.

Ye, C.H.; Fu, R.Q.; Hu, J.Z.; Hou, L.; Ding, S.W. C-13 Chemical-shift anisotropies of solid
amino-acids. Magn. Reson. Chem. 1993, 31, 699-704.

Bak, M.; Rasmussen, J.T.; Nielsen, N.C. Simpson: A general simulation program for solid-state
nmr spectroscopy. J. Magn. Reson. 2000, 147, 296-330.

Vinogradov, E.; Madhu, P.K.; Vega, S. High-resolution proton solid-state NMR spectroscopy by
phase-modulated Lee-Goldburg experiment. Chem. Phys. Lett.1999, 314, 443—450.

Sample Availability: Samples of the compounds are available from the authors.

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).



