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After the huge development occurred during the last 30 years, including the proposition of methods such
as magic-angle spinning, multiple-resonance experiments (cross-polarization, high-power decoupling, etc.),
multiple-pulses techniques, multiple quantum experiments, and multidimensional spectroscopy, pulsed Solid-
State NMR became one of the most important experimental tools for studying physical and chemical properties
of new materials in the solid-state. In this article we will review some of the NMR methods employed for study-
ing an important class of solid materials: organic materials, particularly polymers and derivatives, which allow
the application of a large number of different techniques for understanding their molecular dynamics and local
conformation.
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I. INTRODUCTION the NMR frequency can be written in a general form as [1,2]

Molecular Dynamics and local conformation have impor-
tant effects on the properties of polymers and derivatives, pro- W= Wiso + Waniso(6, ¢) =
teins, pharmaceuticals, amorphous materials near the glass
transition, ion transport in organic and inorganic ionic con- 5
ductors, and other structural properties of organic and in- VBO{Riso+ (3co§91+r]sin29c052p)} Q)
organic systems. Solid-state NMR provides powerful tech- 2
niques for elucidating details of segmental dynamics and lo
cal conformation in solid materials. NMR methods allow the
study of dynamics occurring in a wide frequency range (
Hz to~ 100MHz). Besides, NMR also provides a series of
methods capable of obtaining reliable measurements of to
sion angles between localized sites, short and intermedia
range structure, as well as interatomic distances. In the fol
lowing sections some of these methods and their applicatio

Rso, O, and n are respectively the isotropic term, the
anisotropy factor, and the asymmetry parameter, which define
the tensor representing the nuclear spin interacticghsnd
¢ are the Euler angles by which the laboratory frame (with
-axis defined as the main magnetic fieRs, direction) can

e brought into coincidence with the principal axes system
PAS) in which the interaction tensor is diagonal. Because
for studying molecular dynamics and local molecular confor- nsors that repre;ent the djpolar qnd quadrupolar interactions

are traceless, their isotropic contributions are equal to zero,

mation will be discussed. We will focus on examples thatand the only isotropic term different from zero is that of the

show how NMR methods are capable of providing such infor—Chemical shift interaction.

T e o escon g e MEGSrement o h enso paameRy & and,
ionic co.nductingypolymer,s P ' ' gs well as.the orientation angles are among Fhe. main purposes
' of the Solid-State NMR spectroscopy. In principle, they can
be obtained directly from the NMR line shape in the cases
where there is a strongly dominant spin interaction and the
Il INTERNAL SPIN INTERACTIONS nuclear spins are NMR equivalents (they are subject to the
same internal fields), Fig. 1. However, this is rarely achieved
All the NMR applications for solid-state characterization because in real samples the nuclear spins are not NMR equiv-
rely on the behavior of the so-called NMR internal spin in- alents (the internal fields reflect the chemical and local struc-
teractions. The internal interactions are associated to the coture of the molecular sites) and they are subjected to more
plings of the nuclear spins with, for example, magnetic fieldghan one NMR interaction. Actually, there are several main
originated from the orbital motion of the electrons inducedfactors governing the NMR experiment to access the tensor
by the static magnetic field (chemical shift interaction - CS),parameters: the relative intensity of the internal interactions
other nuclear spins through their magnetic dipole momentsompared to the Zeeman interaction (interaction of the spins
(dipolar interaction - DD), and (when the nuclear spins arewith the main magnetic field); the relative intensities of the
higher than%) the electric field gradients through their elec- internal interactions; the manner in which the internal interac-
tric quadrupole moments (quadrupolar interaction - Q). Usingions manifest themselves in the NMR spectra; and the natural
common rotation properties of these internal interactions, irfmolecular motions) or intentional (advanced NMR methods)
first order approximation the contribution of any interaction toaveraging of the internal interactions in both ordinary and/or
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spin spaces. Thus, for recovering the information about théhe fast exchange limit can be obtained simply by calculating
characteristics of the NMR interactions and their relationshipghe effective precession frequency (average frequency) under
with the local structure and dynamics of materials it is nec-the anisotropic spin interaction [2]. This effective precession
essary to perform specifically designed experiments. Indeedrequency is calculated according to an average tensor that de-
the development of NMR methods is itself a research aregends on the motion geometry. Because the average tensor is
A huge number of NMR techniques were and are still beingalso a second rank tensor, its anisotropy can also be character-
developed, not only to increase the reliability of the currentized by two parameters nameiyand3.

methods, but also to provide new information about the struc- The dependence @ andd with the geometry of the mo-

ture, dynamics, and morphology of complex materials in anjon, js demonstrated in Figs. 2a and b, for the cases of chemi-
almost model free approach. cal shift anisotropy - CSA (for spin 1/2 nuclei) and first order
qguadrupolar (for spin 1 nuclei) interactions, respectively. Dif-
ferent spectra are observed according to the motional geom-
. MOLECULAR DYNAMICS etry and amplitude. Some general features shown in Fig. 2
are: i) for any uniaxial motion, such as the three-site jump,
Solid-state NMR provides powerful methods that allow de-the resulting average tensor becomes axially symmetric (it has
tailed studies of molecular dynamics occurring over a widen = 0); and ii) for isotropic motions the average tensor para-
range of frequencies [3]. Fast dynamies{00MHz) can be  meters ard] = 0 andd = 0, i.e., the anisotropy of the spin
characterized to some extent by NMR relaxation-time meainteraction is fully averaged. In the intermediate exchange
surements [4,5]. Dynamics occurring within the kHz fre- regime the line shape also changes according to the correla-
guency scale can be studied by line shape analysis [6] dion time. This is shown in Figs. 2c and d for chemical shift
dipolar-chemical shift correlation methods [7]. Slow dynam-and quadrupolar interactions.
ics (1 Hz - 1 kHz) can be studied by the so-called Exchange An example of'3C NMR line shape analysis to investi-
NMR experiments, where relatively slow conformational tran-gate molecular dynamics can be found in the study of the
sitions or segmental reorientations are observed in terms gfolymer molecular dynamics in siloxane/poly(ethylene gly-
changes of orientation-dependent NMR frequencies [2]. Ircol) (PEG) nanocomposites, also called ormolytes [9]. This
the following sections some of these methods and their apnybrid system belongs to a family of versatile compounds,
plications for studying molecular dynamics will be discussed.classified as di-ureasils, in which polyether-based chains are
Because NMR relaxation methods have been extensively rgyrafted at both ends to a siliceous backbone through urea func-
viewed elsewhere and there are many specialized books [5,8bnalities [10]. The polymer chain in ormolytes has the fol-
that address this topic, they will not be discussed. We willlowing chemical structure: R-[OG#H,],O-R, where R =
concentrate our attention on the NMR methods capable of olyCH,)sNHCONH(CH)s. The organic part of the ormolyte is
taining information about molecular dynamics and conformatomposed of a linker group, (Gh§NHC ONH(CH,)3, andn
tion of polymers and derivatives. ethylene glycol repeat units [OGBH,] [11]. When doped
with Li salts, these solid, transparent, and flexible nanocom-
posites exhibit a good ionic conductivity at room tempera-
A. Analysis of motions in the kHz frequency scale: Line shape  ture (~10°® S/cm). Due to the presence of covalent bonds
analysis and dipolar-chemical shift correlation experiments between the inorganic and organic phases, these hybrids ex-
hibit good chemical stability and mechanical properties. The
The analysis of the behavior of the NMR line shapes agiomenclature used to describe the composites ig[¥X]
a function of temperature is one of the most traditional pro-where X represents the weight percent of polymehe poly-
cedures for probing molecular dynamics using Solid-Statenerization degree, and [Y] the oxygen-to-lithium ratio, re-
NMR. Only under static conditions the NMR Hamiltonians spectively.
can be written as in Eq. 1, which results in the NMR powder The possibility of observing separaté#C chemical shift
patterns shown in Fig. 1. In other words, if there are molecupowder patterns is achieved by acquiring thé NMR spec-
lar motions, regular powder patterns will be observed only iftrum under high powetH decoupling (DD) [1]. This method
its correlation timejc, is much longer than the inverse of the consists on irradiating th&H nuclei on resonance in order to
anisotropy factor of the spin interaction, i.&t. >> 2m(slow  average out the dipolar interaction between'tHand*3C nu-
exchange regime). At larger motional rates, i.e., smallex, ( clei. Besides, the use of the cross-polarization excitation (CP)
&t ~ 211- intermediate exchange regime) the NMR spectrumenhances considerably th8C nuclei signal, making possi-
is not only defined by the static anisotropic NMR frequency,ble to perform such experiment without the necessity3af
Eq.1, but also depends on the time scale and geometry of tHabeling [2]. The use of standard methods such as cross-
molecular motion [2]. In the limit where many frequency polarization and heteronucledH decoupling makes possi-
changes occur during the signal acquisitiony, << 2r, (fast  ble to study the dynamics of polymer chains by analyzing the
exchange limit) [2] a fully averaged powder pattern with thechanges in the chemical shift powder patterns as a function of
shape defined by the characteristics of the molecular motiotemperature. Fig. 3a (left) shows thiC line shape tempera-
is observed. The characteristic shape of the spectrum obtaingéare dependence for Li doped ormolyte [$8B0]. The spec-
in the fast exchange regime is dictated by the amplitude anttal lines observed at the highest temperatures were already as-
geometry of the motion. In general, the NMR line shape insigned [9]. The resonances found between 20 to -20 ppm and
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FIG. 1: Calculated NMR spectra of polycrystalline or amorphous samples (powder patterns) corresponding to different NMR interactions: a:
Chemical Shift under different symmetry conditions; d) Dipolar interaction between two spins 1/2 distant each other by a fixed distance; a
e-f) Quadrupolar interaction for spins 1 and 3/2.

above 120 ppm (not shown) spectral regions are attributed tm Fig. 3a (right) for the ormolyte [88}[30]. The extracted
carbons in the linkage group (GHNHCONH(CH,)3, while  apparent activation energy was (&3) kJ/mol, which is sim-
the signal observed around 70 ppm to [CHH,O] groups in ilar to the activation energy found for theLimotion [12].
PEG chains. In the rigid-lattice regime, at the lowest temperNotice that the line widths were taken at 2/3 of the maximum
atures, a typical [CHICH,O] powder pattern is observed from intensity. This avoids the contribution of the linker signal and
35 to 100 ppm. In this case, the tensor paramedggsod, and  also produces a curve, which has a pronounced maximum that
n for the3C nuclei in the [CHCH,O] groups can be obtained can be taken as a reference temperature for glass transition.
directly from the powder pattermso = 69 ppm,d = 33 ppm,
andn = 0.3. The analysis of thé3C line shapes versus tem-  The use oftH line shapes is also a traditional method for
perature provides information about molecular motion in thestudying molecular dynamics. ThHed NMR spectrum of
Us to ms time scale. This is achieved by simulating the evolufigid materials is characterized by broad lines, usually with
tion of thel3C magnetization belonging to different sites (dif- gaussian or lorentzian shapes due to the strong coupling be-
ferent orientation of the molecules in respect to Badield)  tween the'H nuclei. As in the case of any other anisotropic
under the influence of the molecular motions [2]. However,interaction, molecular motion can induce the averaging of the
for performing such calculations it is necessary to know the!H-'H dipolar interaction, reducing the line widths. Mon-
geometry of the motion. In the specific case of the ormolytesitoring the line width as a function of temperature and us-
2D Exchange measurements suggest that the isotropic rotitg appropriate models, information about correlation times
tional diffusion model would be appropriated for describingand activation energies of molecular motions can be obtained
the dynamics of the PEG chains [9]. Thus, comparing thd12,13]. These studies, which can also be performed for other
simulated spectra with the corresponding experimental onesiuclei, are useful for the characterization of materials like
the temperature dependence of the mean correlation time #olid polymer electrolytes, where the line width afdre-
obtained and the apparent activation energy of the motions igxation of the charge carriers (usually Li, Be, Ag, or Cs),
extracted. Alternatively, a different analysis for obtaining theprovide information about their mobility [12,13]. However,
activation energy can be performed. It consists of measuringue to the lack of spectral resolution in the spectra, these
thelC line width as a function of temperature, Fig. 3a (right). studies have been limited to the cases where no local informa-
Because the line width versus correlation time can be simution about molecular motions are necessary. This is overcome
lated using the above method, from the comparison of thesky using the individual C-H dipolar coupling as a probe for
simulated curves with the temperature dependence of the liride molecular motion, which is achieved in a class of exper-
width it is possible to obtain the correlation time-temperatuéments based on Dipolar-Chemical Shift Correlation [6,14].
correspondence, which provides the activation energy of thé&hese experiments can be performed under magic-angle spin-
motion. This is particularly suitable in the case of ormolytes,ning (MAS) [2]. The concept of MAS is to induce a me-
because the partial superposition of the signals arising fromahanical rotation of the sample in such a way that the ori-
the [CH,CH,0] and linker groups makes difficult to compare entation dependence of the internal NMR interactions is fully
the simulated and experimental spectral patterns. Experimei partially averaged. Usually, in experiments on rare nuclei
tal as well as theoretical line width vs. temperature are showtike 13C, both heteronucledH decoupling and MAS are ap-
plied simultaneously to achieve reasonably narrow lines by
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FIG. 2: Series of CSA and quadrupol&H) powder patterns simulated for different kinds of molecular motions. a) CSA powder patterns.
b) 2H powder patterns. c) CSA powder pattern for three-site jump with 70.5° (methyl rotations) and different correlation times. )
Powder pattern for two-site jump with = 54.7° and different correlation times.

coherent averaging of the heteronuclear dipolar interaction Figure 3c shows thel3C  CP/MAS spectrum of
and chemical shift anisotropy. As a result!3C spectrum the electroluminescent polymer poly(2-methoxy,5-(2’-ethyl-
acquired using a combination of cross-polarizatibi, de-  hexyloxy)p-phenylenevinylene), MEH-PPV, with the corre-
coupling, and MAS (CP/MAS) contains sharp lines associ-sponding line assignments. MEH-PPV is an electrolumines-
ated with the different chemical groups in the sample. Oneent active polymer [16] where the molecular chain dynamics
example of Chemical Shift Dipolar correlation experimentis directly related with its luminescent properties [17]. Fig.
for studying molecular dynamics is the two-dimensional Lee-3d shows thé3C 2D LG-CP spectrum in the side group re-
Goldburg cross-polarization (2D LG-CP) [7]. In this method, gion of MEH-PPV. As discussed before, the spectrum allows
the cross-polarization time is incremented to produce a 2btaining'3C-1H dipolar patterns for each different carbon in
spectrum that contains théC high-resolution NMR spectrum the side group, as shown by the spectrum traces of Fig. 3d.
along one spectral dimension and the corresponding scaleis a general trend, the narrowing of the spectrum due to the
13C.1H dipolar powder pattern spectrum along the other oneaveraging of the C-H coupling is readily observed, suggest-
(see pulse sequence shown in Fig. 3b). To achieve thang that the mobility might be different at each position in the
the use of a cross-polarization procedure combined with aide group. More specifically, the Pake doublet is well de-
homonucleatH-'H decoupling method (Lee-Goldburg cross- fined for CH carbons 12 and 13, while it is almost averaged
polarization) is crucial. This is so because the highnat-  out for CH, carbons 14 and 16. This shows that there is a
ural abundance and the strohd-1H dipolar coupling makes difference in the mobility even for chemical groups separated
the 'H magnetization transfefid spin-diffusion) during the by only one bond. Besides that, the spectral shape is also con-
cross-polarization period very effective [15]. This destroyssiderably changed and, because the 2D LG-CP pattern is very
the local character of the cross-polarization, and must beensitive to changes in the motional amplitude, this shows that
avoided if information about local motions is necessary. Bythe motional amplitude is increasing from carbons 11 to 14.
using Lee-Goldburg cross-polarization, the spin-diffusion . o _ .

is quenched and th8C-H dipolar powder spectrum of each Another useful chemical shift-dipolar correlation experi-

chemical group can be measured in the 2D spectrum. ment for studying molecular dynamics in organic materials
is the 1D DIPSHIFT method [18]. Simply put, the 1D DIP-
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SHIFT pulse sequence imposes a signal modulation to each a)

N -0-[88]47[30]
13C nucleus according to its dipolar coupling to the neigh- Ormolyte: [88],7(30] S ;
bor *H nucleus ¥3C-H coupling). As discussed before, mo- BN
tions with correlation times shorter than10 pusscale down s00c 10l E
the magnetic dipolar coupling betweéH and3C, making e i}
possible to distinguish rigid from mobile segments and also 0°C ‘§~§‘
to estimate the amplitude of the motion by specific model- 15C M
ing. The pulse sequence used in the 1D DIPSHIFT experi- 3080 @0 0 w080 ol ™
ments is shown in Fig. 4a. After the excitation of t€ nu- 13C Chemical Shift (pm) ~ -100 50 0 50 T (°C)
clei, usually using the cross-polarization procedure,fi@ b 902 ,35°

coherences evolve under the effect of the isotropic chemical
shift and**C-'H coupling during the perioty, which varies
from zero to one rotor periogl. This is achieved by applying

a 'H-'H Frequency-Switched Lee-Goldburg (FSLG) decou-
pling sequence [19] during this period. After this first evolu-
tion period, the transvers€C magnetizations are modulated

1645 17
by the correspondind’C-*H couplings scaled by a factor that ) 0 T w4 s
depends on the pulse sequence usedistH homonuclear 5 6 0‘C“z'cﬁ{'CHZ'CHZ'CHZ'li?G
decoupling [19]. Aftetty, 13C-'H heteronuclear decoupling is Ly :

applied for the remaining-t; period and exactly at one rotor
period art pulse is applied in thé3C channel. The applica-
tion of the Tt pulse produces an echo at,2due to the refo-
cusing of the isotropic chemical shift, with amplitude mod-

ulated by (cos(2mvct1)), wherevey = %H (3co$6 - 1), 250 200 150 100 50 0 '
dcH (~ cte/rd,) is the anisotropy factor for the heteronuclear 13C Chemical Shift (ppm)
13C-1H dipolar interaction, an@ is the angle between the CH d)

bond and the static magnetic fieR. In summary, the ex- 5 CH17)
periment basically produces an echo where the chemical shift ~  ~ J| o
interaction is refocused and the evolution due to the C-H dipo- ~  S—x|—

lar coupling is retained. Measuring the signal amplitude as a
function ofty, a typical curve whose shape dependyen is
obtained, Fig. 4b, allowing estimating the dipolar anisotropy
factor by fitting the experimental data by numerically simu-

a3

CH,(15)

Shift (ppm)

CH,(16,
14)
CH,(13,
12)

-

12,13

g
2
350 -

= CN CH (11)
lated curves for a givedcy. If molecular motions with cor- 4 M
relation times shorter than 10 ps are present, the strength 15 505 s 5010 0 10 20
of the anisotropic dipolar coupling is partially averaged and C-H Dipolar Coupling (kHz)

motionally averaged anisotropic couplivgy is measured _ _
in DIPSHIFT experiments. This motionally averaged dipolarFIG. 3: @) CSA powder pattern (left) and line width at 2/3 of the
coupling divided by its rigid limit value defines the molecular maximum intensity measured as a function of temperature (right) for

order parametes, of theCH, bonds, i.e., the order parameter the ormolyte [88)7[30]. The dashed lines represent simulated curves
associated to each chemical group; ' based on the isotropic rotational diffusion model. b) Pulse sequence

X for 2D LG-CP experiments. ¢*C CP/MAS spectrum of the pho-
Using 1D DIPSHIFT, molecular order parameters wereio|yminescent polymer MEH-PPV (The symbols * indicate spinning

measured for each chemical group along the MEH-PPV polysidebands). dj*C 2D LG-CP spectrum of MEH-PPV. Only the spec-

mer chain, Figs. 4c and d [20,21]. These results show thatal region corresponding to the side-groups is shown. (Adapted with

carbons in the polymer main chain have temperature indepempermission from reference [21] - Copyright 2005 American Physical

dent order parameters of approximately 1. The order paramesociety)

ter for methoxy carbons (9) is also temperature independent

and the obtaine&value is 0.33+ 0.02, which is characteris-

tic of CHz groups executing axial rotations around its C3-axis.chain. Because the dipolar coupling for £arbon 10'\’&18’
For the CH carbon 11 in the side-group, the order parametgfas found to be temperature independent, the order parame-
decreases monotonically with temperature, indicating a gaifers were calculated using the dipolar coupling of this group as

of mobility. CHsz carbons in the side-groups (15 and 17) also /o, Cuwo : .
exhibit aSdecay as a function of temperature and in this cas& reference8-<vd|p/vdip>, for the side chain carbons. The

it is smaller than 0.33. This is a consequence of the fact thd€mperature dependence of the order parameter for all the side
these CH groups located in the side-chain follow the motion chain CH groups is shown in Fig. 4d. The order parameters
of the side-groups in addition to the axial rotations. Anotherfor side chain carbons (12, 13, 14, and 16) decrease as a func-
interesting issue is the temperature dependence of dipolar cotion of temperature.

pling for CH, groups 10, 12, 13, 14, and 16 along the side Figure 4e shows MEH-PPV photoluminescence (PL) spec-
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FIG. 4: a) Pulse sequence used in 1D DIPSHIFT experiments. b) Typidabendence of 1D DIPSHIFT curves for different CH couplings
(dcH in kHz). ¢) Order parameters for CH carbons in MEH-PPV obtained from 1D DIPSHIFT experiments. d) Same as ¢) farliids.

e) Photoluminescence spectrum of MEH-PPV as function of temperature. (Adapted with permission from reference [21] - Copyright 20C
American Physical Society)

tra at several temperatures, from 40 to 410 K.[20] Asitcan be B. Analysis of motions in the Hz-kHz frequency scale:

seen, there are three regimes in this series of spectra. From Exchange NMR experiments
40 to 220 K the spectral characteristics remain mostly un-
changed; betwee2?0and320K width and spectral intensity 1. 2D Exchange NMR

remain constant and a spectral blue-shift is observed; above

320K, besides blue-shift, width and spectral intensity increase ) ) o
continuously. Analyzing the order parameters for side chain Exchange NMR experiments provide the most specific in-
carbons (11, 12, 13, 14, and 16) shown in Figs. 4c and dormation about slow motions¢ ~ ms-s) in organic materi-
one can observe that they are about 1 at temperatures Iovv@s- In these experiments molecular reorientations on the mil-
than~ 230K and decrease for higher temperatures. BecaushSeconds to seconds time scale (that do not change the powder
the decrease of the order parameter is strictly related with th@Pectrum) are observed in terms of changes in the orientation-
increase of the amplitude of the polymer chain motion, it isdePendent NMR frequencies. Thus, using these techniques,
apparent the correlation between the PL changes and the ofiétails of slow molecular reorientations such as correlation
set of side group motion above 220K [22]. Therefore, the times ar_1d their distributions, reonenta_ltlon-angle dlstrlbunor_ls,
modifications in the PL spectra, which occur just above 22¢Prientational memory, rate memory, information on the exis-
K, might be correlated to the change in the microenvironmenténce of dynamic heterogeneities, and their sizes, can be di-
due to the onset of the side group motion, which produces ré€ctly probed [2,23,24]. Among the large variety of exchange
gions where interchain interactions are less effective than i§XPeriments that can be performed, the 2D Exchange experi-
the frozen state. This shows that the secondary relaxation of2€Nnt has been extensively applied to study dynamics of sev-

curring in side chain is directly related with the processes tha€ra! different systems, usirtgC or?H as probe nuclei for the
affect the photophysics of MEH-PPV [20]. molecular rotations [25-28]. Fig. 5a shows the pulse sequence

for the static 2D Exchange experiment. In this experiment the
orientation dependent NMR frequencies are monitored before
(o) and after(wy) a mixing timety,, when molecular reori-

entations can occur. The resulting spectrum is a 2D pattern
that correlates the NMR frequencies experienced by the nu-
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FIG. 5: a) Pulse sequence used in 2D Exchange NMR experiment§/G. 6: a) Pulse sequence for 1D Pure Exchange NMR experiments
/2 pulses are in black. bY®C 2D Exchange spectrum of the or- (1D PUREX). b) Left: Set of 1D PUREX spectra for poly(methyl
molyte [88Ls[]. Left: experimental spectrum; Middle: Simula- methacrylate) (PMMA). Right: 1D PUREXE (tm,dTcsp) VS.

tion using the isotropic rotational diffusion model; Right: schematic Tcsa(= 2t) obtained for PMMA. c) Pulse sequence for Centerband-
representation of the motions in different regions of ormolytes. c)Only detection of Exchange Experiments (CODEX)2 pulses are
Pulse sequence for the 2D PUREX experiment3d) 2D spectra of  in black. d) CODEXE (tm,8Nt) vs. Nt curves for protonated and
the isotatic poly(1-butene) semi-crystalline polymer. Left: Regularnon-protonated carbons of PPV.(Adapted with permission from ref-
2D Exchange spectrum; Middle: Experimental 2D PUREX spec-erence [31] - Copyright 2005 American Institute of Physics and from
trum; Right: 2D PUREX Simulation using the isotropic rotational reference [43] - Copyright 2005 Springer)

diffusion model. e) 2D MAS Exchange spectrum of the electrolumi-

nescent polymer polptvinylene phenylene) (PPV). (Adapted with

permission from re_ference [3] - C(_)pyright 2005 Elseyier, from ref- yith frequencyw, before andw, aftert,, Because these prob-
erence [9] - Copyright 2005 American Chemical Society, and fromy;iisies are dictated by the correlation time and the geometry
reference [31] - Copyright 2005 American Institute of Physics) of the motions, the 2D Exchange pattern is sensitive to both of
these features. If the molecular motion involves only one or
a few reorientation anglefg, the reorientation angle can be
clear spins during the periods andt,. If no reorientations directly obtained from the experimental spectrum in a model-
occur duringtm, w1 = wy, the 2D spectrum is purely diago- free approach [2]. On the other hand, if the molecular mo-
nal. In contrast, if molecular reorientations occur duripg tion does not involve only discrete jumps, the geometry of the
off diagonal intensities are observed. Because the changes molecular rotations is characterized by a reorientation angle
the NMR frequency during, is proportional to the molecu- distribution R@Bg, tm/T¢). In complex systems rarely the mole-
lar rotation angle, the shape of the 2D spectrB8(w, wp,tm),  cular rotations occur with a single correlation time. Instead,
strongly depends on the motional amplitude. The 2D specit involves a distribution of correlation times@j. In these
trum can be interpreted as a map of reorientation probabilitiegases, the 2D Exchange spectrum can be viewed as a superpo-
i.e., it represents the probability density of finding a segmensition of spectra, each one corresponding to a single reorien-
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tation angle and correlation tim&,, (w1, w2, tm), weighted by the 2D PUREX spectrum the off-diagonal intensity character-
the distributions of reorientation angles and correlation timesistic of diffusive motions is clearly observed, while the diag-
onal ridge is suppressed, Fig. 5d (middle). The simulation
of the 2D PUREX patterns using the isotropic rotation diffu-
S(wy, tp,tm) = sion model reveals the good reliability of the method, Fig. 5d
(right).
Another important variant of the 2D Exchange experiment
30700 is the so-called rotor synchronized 2D MAS Exchange tech-
- R(BR7%> 9(Tc) Spg (01,0, tm) dTcdBR  (2) nique. This method was initially proposed by Veeman et
Tc al.,[30] who introduced the idea of “rotor synchronization”
of pulse sequences when using MAS. This procedure makes

A example of hé°C 2D Exchinge NUR experiment ap. S1e 13 i s an leger rumber of fotaon perode
plied to investigate the polymer molecular dynamics in silox-,, "'’ P 9

ane / poly(ethylene glycol) (PEG) nanocomposites is showrﬁhe same rofor orientation fou_nd at j[he beginning of the mix-
in Fig. 5b [9]. It shows thé3C 2D Exchange spectrum for the ing time. Otherwise, the reorientations of segments relative

non-doped ormolyte, [883[c]. The spectrum clearly shows :gtitgﬁ gﬁ‘ha;ngél&e'?etmk%‘;cxgﬁg %‘\J/Zrtv‘\)lggﬁn f?ﬁgfr?%crzp;% tf)O
two distinct regions. In the spectral region A the NMR signall P

is exclusively attributed t5°C nuclei in the linkage group, see tle effects of intrinsic segmental reorientations. The principle

Fig. 5b (right). The observed exchange pattern is fully diago-Of the experiment is the same as the conventional exchange

nal, indicating that these groups do not move inrttge- stime N'\ggrg}gtzgd;?;gg gj[:gta}gnlgu\jglifedﬁgﬁcsi:dir?bt(\?\\/f, dli.f? v
scale. On the other hand, inregion B a featureless Oﬁ_diagon%erent eriods of timet( zgndt ) se argted by a svnchro-
exchange pattern is observed, indicating that the motion of; P 2 P y y

the [CH,CH,O] groups does not involve defined jump angles.n'zed mixing timetr, [26]. The appearance of off-diagonal

Fig. 5b is a clear model free picture of the strong hindrancéjeaks in the two-dimensional spectra is directly associated

to the molecular motion due the siloxane structure, since it diWIth changes in the orientation-dependent NMR frequencies.

rectly reveals the distinct dynamic behavior of segments nei{\/hen pe.rformed under .SlOW spinning frequencies, relatively
%the anisotropy of the interaction used to probe the molec-

the siloxane structures. The experimental spectral shape Cular motion, the spectrum consists of a 2D sideband pattern

be well reproduced, Fig. 5b (middle), by a simulated patterrt ; 2
: : 30], which depends on the characteristics of the slow mole-
that considers R%z, tm/Tc) and gfc) corresponding toasmall &\ o e niations. Because isotropic chemical shifts may

tep isotropic rotational diffusion of th lymer chains in th . : .
step isotropic rotational diffusion of the polymer chains Calso change according to the local conformation of a given

reglgjlon I?ta?)d irr:g|d i\ignllents I(T rt:etl’rle%lloi?iA.difﬁ itt 2Dmolecular segment, MAS exchange is also a powerful tool for
espiie being a widely used method, 1t 1S ditficult to use studying conformational dynamics. In the absence of molec-

Exchange NMR in cases where only a small fraction of the, "1\ ion during, a normal MAS sideband pattern along
segments take part in the moleqular motions. In these CaSeRe diagonal is observed. In the case of molecular motions
the strong and sharp diagonal ridge (due to the NON-MOVINg, ot only change the orientation of the chemical shift tensor
segments) overwhelms the weak and broad ridges from th rincipal axis, cross peaks, labeled as auto-cross peaks, ap-
moving groups. This is particularly relevant for small angle ar at(w wz’) . (ooi +Mc’oR pt +NwR) N )
reorientations that produce exchange intensities concentrat A isotroéic ch;micgl(fshift fréqueoncy of a’nucleus iIr?Oa given
near the diagonal of the 2D spectrum. To overcome this dif- - . L

ficulty, a modified version of the 2D Exchange experimentmOIeCUIar Sitéi; Gx is the spinning frequency, and andN
called 2D-Pure Exchange (2D PUREX) has been develope

re the orders of the spinning sidebands. On the other hand, if
[29]. In these experiments, extra pulses with adequate pha%:e exchange process involves a change in the isotropic chem-
cycling, extra evolution periods, and spectral subtraction are

al shift, cross peaks, labeled as hetero-cross peaks, appear
used together to produce a 2D Exchange spectrum modulaté (61,w2) = (Q):so"’ MR, Wi+ NcoR>, wherei andj indi-
by the termsir? ([w; — w»]T/2), wherert is the extra evolution  cate the change in the isotropic chemical shift of a given nu-
period added to the pulse sequence, see Fig. 5c. Becauseabdus. Thus, if there is an exchange process that changes the
the sir? ([wy — wp] T/2) modulation segments that do not re- isotropic chemical shift, cross-peaks linking isotropic chem-
orient duringty, w1 = wyp, do not contribute to the exchange ical shift frequencies appear in the centerbald= N = 0)
signal and only segments reorienting on the milliseconds t@ven if no side bands are observed, i.e., at high spinning fre-
seconds time scale appear in the resulting 2D spectrum. Ornggiencies.
example of the 2D PUREX performance is shown in Fig. 5d, An example of motion that produces changes in the
where the technique was applied to study the crystal form | ofsotropic chemical shifts is the ring-flip in polg{vinylene
the semicrystalline polymer isotactic poly(1-butene), (([€H phenylene) (PPV) [31]. PPV has also been subject of great
CH-R-]-iPB1), at a temperature slightly above its glass tran-interest in the latest years due to its electroluminescent and
sition [29]. The regular 2D Exchange spectrum, Fig. 5d (left),semiconducting properties, and applications in optoelectronic
shows a pronounced diagonal ridge that arises from the rigidevices. Vibrational motions, such as phenylene ring flips,
crystalline portion, and an almost imperceptive off-diagonalstrongly couple to the electronic structure and accompanies
pattern, from the mobile amorphous region. In contrast, irnthe relaxation of the initial photoexcitation on the excited

0 0
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state, making important to understand details of such dynamichanges and the CSA is not completely refocused. The re-
process. Fig. 5e (left) shows the 2D MAS Exchange of PP\&sulting dephasing of the stimulated-echo is observed as a de-
acquired at 258 K and spinning frequency of 7.5 kHz. Autocrease in the detected spectral intensity. To renvand
cross-peaks are clearly observed, indicating the presence @ relaxation effects duringy, and tcsa respectively, a ref-
slow moving groups in the the aromatic rings of PPV. Be-erence spectrurfy = S(t;, d1csa), which has the same relax-
sides that, the spectrum also clearly shows the presence afion factors, but no motion effects duritig is measuredS
hetero-cross peaks linking the 2,5 and the 3,6 lines, indicats obtained by simply swappirtg, andt,. To remove the con-
ing the presence of an exchange process where the isotrogitbution of segments that do not move on the milliseconds to
chemical shifts of the 2,5 and 3,6 carbons are interchangedeconds time scale, the 1D PUREX intenSty S(tm, dtcsa)

Fig. 5e (right). Since the isotropic chemical shifts of carbonds subtracted from the reference spectr8n Dividing this

2,5 and 3,6 depend on the conformation of these segmentifference byS), one can obtain a normalized pure-exchange
relative to the vinylene carbon, the interchange between thimtensity E (tm, 8tcsp) = (S9—9) /S, which does not con-
isotropic chemical shifts can be attributed to a 18®tation  tain relaxation effects and just accounts for the signals from
of the phenylene rings around the 1,4 axis. Some other exanthe reorienting segments. For discrete jumps with correlation
ples of applications of rotor synchronized 2D MAS Exchangetimest. in the range of milliseconds to seconds (slow-motion
NMR are the study of conformational dynamics in amorphougegime), the normalized pure-exchange interSifm, 6tcsa)

and semicrystalline polymers, liquid crystals, and the studyan be approximated by the following expression:

of tautomerism and molecular dynamics in molecular crystals

[25,32,33]. E (tm,OTcsa) =

2. 1D Exchange NMR - W {1-®(tm)} <25inz [((01 — ) TCTSA} > @)

Beyond the 2D Exchange NMR methods, there is a claswhere fy, is the fraction of slow mobile segments, (mobile
of one dimensional (1D) techniques that have been used fdraction), M is the number of magnetically non equivalent
extracting two- and multiple-time correlation functions of ro- sites accessible to the moving segmedt$ty,) is the corre-
tational molecular motions occurring on the milliseconds tolation function of the molecular motion, arjdy — wy) is the
seconds time-scale [34-39]. In particular, the Stimulated-Echdlifference between the NMR frequencies before and &fter
experiment (STE) [37] has been widely employed for study-Therefore, they, dependence d (ty, dtcsp) yields the time
ing the rates, amplitudes, and heterogeneities of slow motionscale of the motion, while itecsadependence provides infor-
in organic and inorganic solids. However, the use of this techmation on the magnitude ¢ty — wy), which is proportional
nigque for studying motions in chemically complex systemsto the amplitude of the slow molecular reorientations that oc-
suffers from the same problem as the regular 2D Exchangeur duringtm.
experiment, i.e., there is no specific site resolution, and it is An example of the application of 1D PUREX NMR in the
very difficult to characterize the exchange intensity if only study of a discrete jump process is the case of the molecu-
a small fraction of the molecular segments takes part in théar motions responsible by th@-relaxation of poly(methyl
molecular motion. To overcome the later problem a 1D Puranethacrylate) (PMMA), see inset in Fig. 6b. PMMA be-
Exchange version of the stimulated-echo technique was ddengs to an important class of glassy polymers, where me-
veloped [29,40]. This technique, named 1D Pure Exchangehanical and dielectric properties are strongly affected by the
NMR (1D PUREX), suppresses the signals of immobile mole-relaxation process, which is one of the most widely studied
cules and thus provides spectra selectively from segments thiatcal relaxations in glassy polymers [41-43]. Because the ex-
reorient during the mixing time. Thus, the amplitude and timechange NMR experiments essentially detect reorientations of
scale of slow motions can be determined even for a smalhe 3C chemical shift anisotropy (CSA) tensors, the molec-
fraction of mobile segments. The pulse sequence for the 1Dlar motion occurring as part of thferelaxation can be well
PUREX NMR, Fig. 6a, experiment is obtained from the 2D probed by the carbonyl groups COO.
PUREX pulse sequence simply by removing thevolution Figure 6b (left) shows the referenc®,, the 1D PUREX,
and the firstz-period (the two 90 pulses flanking thé, pe- S and the difference§ — S, *3C spectra obtained for PMMA
riod, Fig. 5c¢). Hence, after excitation the spins immediatelyat T = 295 K. TheS — S spectrum shows significant inten-
start evolving under their chemical-shift anisotropies (CSA)sity for all carbons confirming that tHerelaxation of PMMA
during the period. The magnetization is then stored along involves both the side group and main chain motions. The
the z-direction, so that it does not precess or dephase duringcsxdependence oE (tm, dtcsa) for the carbonyl group in
a long mixing time ty. In the absence of slow motions dur- PMMA is shown in Fig. 6b (right). The bimodal character
ing tm, the CSA is refocused after a read-out pulse and anef the curve is promptly recognized, showing the presence of
other evolution period (total evolution time ofticsa= 21).  both small (slow build-up) and high (fast build-up) angular
At this point, the magnetization is stored again alongzhe motions. The3-relaxation of PMMA involves rotations of the
direction for a short periot) (<< ty) and then flipped back ester side group around the C-COO bomefl{p) accompa-
to the transverse plane for detection. If segmental reoriennied by rearrangements of the main chain (small-angle twists),
tations occur duringy, the orientation-dependent frequency which occur in several steps: starting from a given orientation,
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the asymmetric ester side group executes a flip coupled towhere slow molecular motions are quantified based on the in-
twist around the main chain axis (component I), which avoidgensities of the isotropic lines (centerband) in a high resolution
a steric clash with the local environment. Subsequently, afMAS spectrum, without the necessity of observing MAS side-
ter a new flip (flip-back), also accompanied by small-anglebands [35,36,44]. The CODEX experiment is essentially the
twist, the side group orientation is slightly different from its MAS version of 1D PUREX NMR. However, the averaging
original position (component II), which results in a small an- of the chemical-shift anisotropy under MAS provides higher
gle reorientation of the carbonyl group. Another fraction of site resolution and sensitivity. On the other hand, MAS makes
the molecular segments do not executes flips, but only twistthe NMR frequency insensitive to segmental orientations and
around the main chain (component Ill). The best-fit simula-reorientations. Thus, it is necessary to reintroduce (recouple)
tion of the E (tm, dtcsa) 1D PUREX intensities as a function the chemical shift anisotropy during the periods used to cod-
of Tcsausing this model is also shown in Fig. 6b [42,43]. All ify the exchange process, i.e., the evolution periods. This is
small-angle rotations were simulated using Gaussian distribperformed by using a train of rotor synchronize8> pulses
utions of reorientation angles centeredatwvith root-mean- capable of reintroducing the chemical shift anisotropy even
square widthg. TheE (tm, dTcsa) VS. Tesasimulated curves  under high MAS spinning frequencies, Fig. 6c¢. This scheme,
for each component are also shown in Fig. 6b. These resultamown as recoupling of the CSA, was originally developed
are in very good agreement with those ones obtained by 2[br using in the so-called Rotational-Echo Double-Resonance
Exchange NMR irt3C labeled samples [41]. (REDOR) experiments, which are a very useful class of NMR

Although being a more efficient method for detecting andmethods for measuring internuclear distances [45]. The CSA
characterizing small moving fractions, the problem concernfecoupling during the evolution periods is achieved by replac-
ing the low site resolution still remains in the 1D PUREX ex- ing each evolution periodin the 1D PUREX pulse sequence
periment. This is particularly problematic f&fC studies of by a train ofN/2 180 pulses spaced hy/2, wheret; is the
chemically complex systems, where the overlap between theample rotation period, Fig. 6¢. This leads to a total evolution-
powder patterns of different chemical groups migth make im-and-refocusing period dfit,. With the CSA recoupling, the
possible to study motions occurring at different sites indepenphase accumulated during the first and second evolution peri-
dently. This problem was overcome by a class of methodsds before®,, and after®,, the mixing time are given by:
called Centerband-Only Detection of Exchange (CODEX),

/2 Zt
® = g —  [wiso+ Wanisaz ()] dt+  [Wiso+ Wanisaz ()] dt » =
0 tr/2
w/2
= —N (k)anisql(t)dt )
0
N /2 Ztr
®2 = 5~ [Wso+Wanisaz(t)]dt+  [@so+ Wanisaz (t)]dt ¢ =
0 t/2
/2
= —N (a'J.';\niso,Z(t)dt ®)

0

wherewanisq1 (t) andwanisq2 (t) are the NMR frequencies due to the anisotropic part of the chemical shift under MAS, before
and aftetty, respectively.

2
Wanisai (t {Z Ci.coslk (axt +Y)] +Csinfk (u»t+v)]} 6)

The elementsCy and S depend on the elements of the a given molecular frame with respect to the rotor frame [2].
anisotropic interaction tensor, expressed in the moleculaFhe periodicity of the MAS signal with the MAS-rotation pe-
frames of the exchanging sites, as well as on the Euler amiods

glesa andf. Together withy, these specify the orientation of
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a)
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b= wt)dt=0 @ U\ A
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0 DQ excite DQ reconvert V
was used to derive the expressions for the phas@s, # ©,, - "
i.e., if no exchange occurs the total phase accumulation is b) rans G‘”‘; .
1 + Dy = |®1] — |®,| = O; in other words, the magnetiza- o A/ L V=TONT
tion is refocused in a stimulated-echo along its original di- C \C/C\
o} / 0

N
rection. Molecular motions durinty, reduce the stimulated- /C\ y=180° d \
echo and the observed line intensities. Therefore, the analysis HH 9]
of the motional amplitude and time scale can be performed
in the same way as for the 1D PUREX measurements. ThEIG. 7: a) INADEQUATE pulse sequence. Black and white pulses
CODEX intensityS= S(tm, 3Nt) and the reference intensity representl_80” :_;md 9C° pulses, respectively; b) Trans and gauche
with no motion effectsS = S(t,, 8Nt;), also obtained after conformations in PEO.
swappingty, andt,, are combined to produce the normalized

pure exchange intensit§ (tn, ONt) = (S5—9) /. A plot . . .
of E(tm,dNt;) as afunctior(1 nc;tm or)Ntr ;()rovidgs/information a set of techniques that show great potential for determin-
’ ng molecular conformations on the level of individual bonds,

on the motional rate and amplitude, respectively. The mair?) N ) . . ) )
y probing relative segmental orientations or internuclear dis-

advantage of CODEX is the possibility of studying the mole- ; . . . .
cular motion of each chemical site independently, since a higg:pnces through various anisotropic nuclear interactions, such
s dipolar couplings and chemical shifts. Particularly, de-

resolution MAS spectrum is acquired. This makes it possibl@ ed inf ; ) | d their distributi
to probe local motions at each individual site of chemicallytal € bltn _orrgakt)lon on t?r?'on ﬁlr&%Res_ atn ¢ t(_alr t'sm utions ctan
complex systems. A CODEX spectrum is similar to a regula® ©Ptained by correlating Inteéraction-tensor orienta-

CP/MAS spectrum with reduced intensities due to the dephadions in two-dimensional NMR spectra without magic-angle
ing by molgculal: mcv)\;lion . I " . P spinning. The techniques are based on 2D Exchange NMR

Figures 6d shows the experimental and simulate42’23’25'28] or on correlation of dipolar couplings with the

E(tm, 8Nt ) vs. Nt, CODEX curves for protonated (2, 3, 5, and ch;m:gil shifts [51,52], mostly on specificallyC labeled
6) and non-protonated (1 and 4) phenylene carbons in the pPYATIPIES. . . .
Recently, one useful experiment to determine the torsion

polymer [31]. It is not possible to fit the experimental data 13~ 13 . .
considering only ring flipsi80 rotation around the 1,4 axis), anglg for >C- C pairs was proposed [53,54] bemg_ very
ﬁ_ractlcal for providing information about the conformation of

indicating that there are some segments also executing sma . )
; o _ : polymers [55-58]. This experiment, called Double-Quantum
angle motions. Thus, in Fig. 6d the long-dashed line Correé\lMR (DO-NMR) is based on the INADEQUATE [59,60]

line accounts for groups just executing small-angle motionspms‘3 sequence (Fig. 7a). In order to pgrform the DQ.'
groups | 9 g NMR experiment, the sample has to contain a pair of di-

From the fitting of both protonated and non-protonated car- o3 R . . .

bons CODEX curves the average amplitude of the flip im-r€Ctly bonded™C nuclei with individual anisotropic chemi-

precision was estimated &g,, = (30+5)°. The fraction of cal shiftsw, andaw, and cqupled thrqugh Q|polar Interaction.

segments executing small-angle oscillations was evaluated t he pulse sequence consists of two identical blocks, which in-

be f95¢= (0.3+0.1), and the average amplitude of these 0s-C ude two evolution times separated by &pulse ¢ —m—1).

cillartTons was found’ {0 b, — (9+2)° The first { — 1— 1) block produces a non-observable double-
osc :

. . uantum coherence, represented in this case by the sum of
. Mar_1y extensions of the CODEX technique have appeareqy, . anisotropic chemical shifts of the dipolar coupled sites
including a four-time pulse sequence used for studying mo-

tional memory [36], a triple resonance CODEX applied to (a + wy), which evolves during the peridg. Subsequently,

. : - the double-quantum coherence is reconverted, through the
study protein dyna_lmlcs [46,47], a scaled CODEX eﬁ'C'en.tlysecond {— 19[71) block, into an observable magnetizagon,
:ﬁ;?e:t Jggri?ilrr\];tlirc])?\ rizri]ti;"[g’g]’[ 4a8]Clg[I__3 I?(()BSS? J(;reéog'onwhich is modulated by the double-quantum coherence and
study the oligomerization in lipid bilayers proteins [49], and ameasured during the detection perigd The signal acquired

b . . duringty, f (t2), under continuous-wave proton decoupling,
CO.DEX variant to measure mter_nuclear distances between volves the individual anisotropic chemical shiftg andwy,
spin 1/2 and a quadrupolar nuclei [50].

, and the'3C-13C dipole-dipole interaction. In an experiment
with complete dipolar decoupling during detection [54], the
signal involves only the individual anisotropic chemical shifts
IV. CONFORMATION Wa andwy, f(t2) = exp(iwaty) + exp(inptz), so that in the
2D spectrum the intensities are observe(uat+ oy, ws) and
The experimental elucidation of molecular conformations(ta -+t tx). Therefore, the pulse sequence yields 2D spec-
in unoriented solids, such as amorphous polymers or polytra where the first spectral dimensiam, reflects the torsion
crystalline proteins, is a challenge. Solid-state NMR providegingle in terms of the sum of the anisotropic chemical shifts of
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Without 13C-13C  With 13C-13C
decoupling decoupling

FIG. 8: Simulated3C DQ-NMR spectra of PEO with and witho#C-13C dipolar decoupling for torsion angles of (a/c)°A@auche) and

(b/d) 180 (trans). e}3C DQ-NMR spectrum of PEO/RES without decoupling measured at 75.5 MHz and 250 K. f) The best simulation for

spectrum shown in e}3C DQ-NMR spectra of PEO/PNP measured at 75.5 MHz and 293 K: g) without decoupling and i) with decoupling.

The best simulations of both the undecoupled (h) and decoupled (j) spectra.(Adapted with permission from reference [56] - Copyright 20
American Chemical Society )

the dipolar coupled site@o, + wy), without any interference to the PEO/RES complex, the conformation of the chains in
from the dipolar coupling. The conformational information PEO/PNP complexes is very different from thehelical con-
is enhanced by the correlation with the individual anisotropicformation [66]. IR and WAXD analyses suggested that 1/3 of
chemical shifts in the directly detected dimension @, and  the OC-CO bonds are in the trans conformation. The hydro-
wyp), With or without13C-13C homonuclear decoupling [54]. gen bonding between the host and guest molecules is believed
The application of this experiment is going to be demonstratedb induce the chain to adopt a TTGTTGTTT TTG'TTG'TTT
on polyethylene oxide (PEO) with dilute-(13%) 13C-13C  structure [67].
spin pairs in different chemical environments in the crystalline Examples of simulated DQ-NMR spectra obtained for
and amorphous phase, determining the amount of trans (Tgauche and trans torsion angles of @d 180, respectively,
and gauche (G) conformations (Fig. 7b). for the G3C-13CO bond are shown in Figs. 8a through d [56].
PEO chains in the crystalline state have been studied byhe observed and simulaté8C-13C undecoupled DQ-NMR
infrared, Raman, and X-ray techniques [61,62]. The resultspectra of PEO/RES are shown in Figs. 8e and f. The ob-
have shown that the chains adopZa helix conformation  served spectrum shows that all of the OC-CO torsion angles
with a TTG sequence: all OC-CO bonds are gauche and alire gauche. The simulation suggests that the average torsion
CO-CC bonds are trans. However, the helix is distorted to imangle is(W = 744+9)° with an angle distribution width of
prove intermolecular interactions. A detailed analysis of thes < 10°. The observed and simulated undecoupled and decou-
X-ray diffraction data suggested a possible model for chairpled static DQ-NMR spectra of PEO/PNP are shown in Figs.
conformation: the helix is highly distorted with the OC-CO 8g through j. The spectra show a strong slope-two diagonal
bonds having discrete torsion angles of 37.67.8, 74.2, ridge due to trans OC-CO bonds. The simulations of the ob-
49.0°, 91.8, 60.2, and 79.1[63]. 2D DQ-NMR spectra served spectra were produced by factoring 0.33 for trans and
indicated that the OC-CO bonds are all gauche with an av0.67 for gauche conformers. Both the undecoupled and de-
erage torsion angle ol = (744 4)° and a narrow torsion coupled static DQ-NMR spectra are consistent with one third
angle distributionoy < 8° [58]. This is different from the of OC-CO bonds of the PEO/PNP in the trans conformation
wider range of gauche torsion angles in the distorted helical¥ = 180°,0 < 7°), and two-thirds in the gauche conforma-
structure previously proposed based on X-ray fiber diffractiortion (W = 704+9°,0 < 10°). The 2D*3C DQ-NMR spectrum
[63]. Other interesting materials to be studied by DQ-NMR confirmed that the OC-CO torsion angles in PEO/RES are all
are the crystalline complexes of PEO with resorcinol (RES)gauche. In contrast, one third of the OC-CO torsion angles
andp-nitrophenol (PNP). WAXD and IR data suggest that thein PEO/PNP are trans and two thirds are gauche, confirming
conformation of the PEO in the complex with RES is only the previously suggested structure [63C DQ-NMR exper-
slightly distorted from the originaf, helix [64]. The con- iments were additionally performed for studying amorphous
formation of the chains in these systems remains TTG buPEO intercalated in clays and Mg&nd the spectra indicated
the periodicity of the helix changes slightly [65]. Contrary that in both situations approximately 10% the OC-CO tor-
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sion angles are in the trans conformation [55]. Moreover, thisnost model free fashion, making NMR a unique tool for the

method was used successfully to determine the conformatiocharacterization of complex materials. Besides, despite its 50

of other polymers [48,68,69] and biomaterials [70,71]. years of history, the development of new NMR methods is still
and opened area, being one of the main challenges for NMR

researchers.
V. CONCLUSIONS AND OUTLOOK

In this article basic and advanced aspects of modern mul-
tidimensional multiple-resonance NMR methodologies, used
to the study molecular dynamics and conformation in solid
materials, have been described. The use of such methods forThe authors would like to dedicate this article to the mem-
studying solid polymers and derivatives has been illustrated bgry of Professor Hdacio C. Panepucci, who played the
several examples. A remarkable characteristic of new NMRmnajor role in several periods of their professional careers.
methods is the possibility of getting important information The authors acknowledge support from CAPES, CNPq, and
about molecular structure and dynamics of materials in an alFAPESP.
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