Monatshefte fiir Chemie (2002)

DOI 10.1007/500706-002-0509-4 Monatshefte fiir Chemie

Chemical Monthly

Printed in Austria

Potential and Limitations of 2D
'"H-'H Spin-Exchange CRAMPS
Experiments to Characterize
Structures of Organic Solids

Jiri Brus'*, Hana PetFi¢kova?, and Jiri Dybal'

! Institute of Macromolecular Chemistry, Academy of Sciences of the Czech Republic,
Heyrovsky Sq. 2, CZ-162 06 Prague 6, Czech Republic

2 Institute of Chemical Technology, CZ-Prague, Technicka 5, 166 28 Prague 6,
Czech Republic

Received May 28, 2002; accepted (revised) July 1, 2002
Published online November 7, 2002 © Springer-Verlag 2002

Summary. A brief overview of our recent results concerning the application of 2D CRAMPS experi-
ments to investigate a wide range of materials is presented. The abilities of the 2D 'H-"H spin-exchange
technique to characterize the structure of organic solids as well as the limitations resulting from seg-
mental mobility and from undesired coherence transfer are discussed. Basic principles of "H NMR line-
narrowing and procedures for analysis of the spin-exchange process are introduced. We focused to the
qualitative and quantitative analysis of complex spin-exchange process leading to the determination of
domain sizes and morphology in heterogeneous multicomponent systems as well as the characterization
of clustering of surface hydroxyl groups in polysiloxane networks. Particular attention is devoted to the
determination of the "H—'H interatomic distances in the presence of local molecular motion. Finally we
discuss limitations of the '*C—"3C correlation mediated by "H-"H spin exchange to obtain structural
constraints. The application of Lee-Goldburg cross-polarization to suppress undesired coherence trans-
fer is proposed.

Keywords. CRAMPS; 2D solid-state NMR; Lee-Goldburg; Miscibility of polymers; Clustering of
surface silanols; Molecular dynamics.

Introduction

The importance of NMR follows from its unique selectivity differentiating various
chemically distinct sites on the basis of their chemical shifts. In solution-state
NMR the protons are most important due to a nearly 100% natural abundance
and the highest gyromagnetic ratio . From this follows the best sensitivity of
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all naturally occurring nuclei. On the other hand, just this combination of proper-
ties dramatically complicates recording of "H NMR spectra in the solid state.
Missing isotropic tumbling leads to a severe broadening of the NMR signals as
a result of non-averaged anisotropic interactions. The dominant anisotropic inter-
action in solid-state '"H NMR is dipolar coupling hindering resolution of chemi-
cally different sites. That is why one broad signal with a line-width of several tens
of kHz is usually observed. The lack of '"H NMR spectrum resolution does not
mean the absence of structure information in the obtained spectra, it rather reflects
its overcrowding in such an extent that we are not able to read out and understand
it. Due to this fact various techniques have been proposed to increase the spectral
resolution of "H NMR spectra because they provide valuable indications about the
local chemical environment and a wide range of structural information.

In recent years we have investigated several systems by solid-state 'H NMR
spectroscopy. In the first part of this contribution we briefly summarize the basic
concept of techniques leading to the averaging of anisotropic nuclear interactions
and we introduce description and analysis of the spin-exchange process. In the
second part we present our recent results concerning applications of two-dimen-
sional (2D) 'H spin-exchange experiments applied to the characterization of the
structure and geometry of a wide range of materials. At first qualitative and quan-
titative data providing information about miscibility, morphology and domain sizes
are discussed. Further, the investigation of clustering of surface hydroxyl groups
including silanols and adsorbed water molecules in polysiloxane networks is
introduced. Particular attention is paid to the precise measurement of 'H—"H inter-
atomic distances in crystalline organic solids in the presence of local molecular
motion. Finally we discuss the application of *C—'°C correlation mediated by
"H-"H spin exchange to obtain precise data leading to the extraction of 'H-'H
spatial separation. The advantage of Lee-Goldburg irradiation to suppress unde-
sired coherence transfer during cross-polarization steps is introduced.

Methods and Principles

Magic Angle Spinning (MAS)

One possible way how to compensate missing molecular motion is mechanical
uniaxial rotation. It is known that anisotropic interactions such as dipolar coupling
between a pair of nuclei or chemical shift anisotropy (CSA) have an orientation
dependence that can be described by the second rank tensor [1, 2]. In such case
physical rotation of the sample around the axis, which is inclined at the angle 54.7°
(magic angle) with respect to static magnetic field leads to an averaging of anisot-
ropy broadening to zero [3, 4]. If anisotropic interaction is refocused at the end of
each rotor period (i.e. CSA) the originally broad static NMR signal is easily broken
up into a sharp central signal reflecting isotropic chemical shift and series of
spinning sidebands separated by the roation frequency v,. The line-widths of these
signals are independent of the spinning speed (see Fig. 1A).

However, in the case of a multibody strongly dipolar-coupled spin-system the
situation is quite different. In contrast to the previous case of CSA the line-widths
of all 'H signals are v, frequency dependent and the central signal and spinning
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Fig. 1. 13C NMR (A) and 'H NMR (B) spectra of B¢ selectively labeled (C=0) glycine measured
at various MAS spinning frequencies

side bands are still relatively broad. Even at moderately fast spinning speeds the 'H
NMR signals remain much larger than those observed in '*C MAS NMR spectra.
From Fig. 1B it is clear that a spinning speed of ca. 15 kHz, which is achieved with
a standard 4-mm probe-head, is still not sufficient to provide reasonable good
resolution. Recent development of new 2.5-mm probe-heads has made it possible
to routinely achieve much greater rotation frequencies up to 35kHz and even a
rotation frequency of 50kHz has been reported [5]. Such fast MAS leads to rela-
tively well resolved spectra. However, the resolution of "H MAS NMR spectra still
is not comparable with the resolution of spectra obtained for liquid samples and in
addition ultra-high spinning speed induced substantial friction heating of the sam-
ple [6—8]. Temperature increase within the sample due to fast rotation may make-
up to about 60 K, and temperature gradients within the samples (up to 17 K) may
cause an additional broadening of signals [9]. That is why alternative procedures of
narrowing 'H signals in the solid state should be used in particular cases.

Multipulse 'H Homodecoupling (Combined Rotation
and Multiple-Pulse Spectroscopy)

The first classical multiple-pulse homodecoupling technique (WHH-4) was
designed in 1968 [10]. It consists of many cycles, each made up of two solid-echo
pulse pairs: that is, four 90° pulses are separated by windows of duration 7 or 27 (see
Fig. 2A). As we would like to avoid a quantum mechanical treatment, we use only
highly simplistic and intuitive description of the techniques. For more detailed
analysis see e.g. [11-13]. In the analysis of these techniques, the duration of the
pulses is assumed to be negligible. After a cycle of 67 (for sufficiently short pulse-
spacing 7) the spins effectively evolve under the average Hamiltonian reflecting
only chemical shift and resonance offset. Stroboscopic detection at these times
(t= 67, in Fig. 2 asterisks indicate acquisition of one data point) therefore produces
a time signal that is modulated only by chemical shift, resonance offset and hetero-
nuclear dipole couplings. During the multiple-pulse sequence the precession
no longer occurs around the direction of the static magnetic field; instead, the
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Fig. 2. Pulse schemes of homodecoupling sequences: (A) WHH4; (B) BR-24 (one half of the
sequence) and (C) 2D CRAMPS-MAS experiment exploiting Lee-Goldburg decoupling during f,
detection (the black block corresponds to the 54° pulse)

Fig. 3. '"H CRAMPS spectra of glycine (A) and aspartic acid (B) measured by the BR-24 pulse
sequence (/2 'H pulse — 1.8 pis, small and large window 3.8 and 1.0 us, MAS 2 kHz)

first-order average Hamiltonian causes a precession with an effective frequency
Wl = w// /3 around the effective-field unit vector (1/4/3)(1,1,1). The ratio
wig/w’ is generally known as the frequency scaling factor. The applied train of rf
pulses causes the rotation in spin space [10, 11] and dipolar broadening is sup-
pressed. Well resolved "H MAS NMR spectra are achieved by simultaneous appli-
cation of MAS refocusing chemical shift anisotropy [14—16] (see Fig. 3). This
combination is termed as ‘“‘combined rotation and multiple-pulse spectroscopy”
(CRAMPS).

Several preconditions and approximations in the derivation of action of these
pulse sequences indicate the special requirements for the use of multipulse
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techniques: pulses with accurate flip angles and relative phases are needed. Also
the pulse length and the spacing 7 must be as small as possible. To reduce effects
of pulse imperfection and higher-order terms of dipolar couplings, other pulse
sequences based on WHH-4 have been developed. Among the various techniques,
the MREV-8 sequence (Mansfield-Rhim-Elleman-Vaughan; consisting of two
phase-cycled WHH-4) [17] seems to be highly robust. Further improvement pro-
vides technique BR-24 developed by Burum and Rhim [18] consisting of three
partly nested MREV-8 cycles, which averages out the homonuclear interaction
up to the third order (see Fig. 2B). Therefore this sequence provides best results
in a well tuned spectrometer.

As mentioned above, sufficiently fast MAS considerably reduces dipolar broad-
ening. From this fact one would expect that a multipulse sequence could be per-
formed more easily at a high spinning speed leading to much more resolved
spectra. However, both averaging techniques mutually interfere [19], which causes
a rather dramatic loss of spectral resolution when a multipulse sequence is simply
applied at high speed MAS conditions [20]. In fact, a spinning frequency less than
3kHz is usually used. Under this condition (quasi-static limit) the sample is con-
sidered to be static during each cycle of the multipulse sequence. The mutual
interference can be reduced by synchronization of the multiple-pulse sequence
with MAS (variants of WHH-4 sequence were applied at moderately fast MAS,
10—15kHz) [20-22]. Under such conditions the original philosophy of CRAMPS
experiments is shifted. At fast MAS multipulse sequence may not completely
remove dipolar broadening as required in quasi-static limit; rather, it is sufficient
if the given sequence reduces dipolar couplings to such an extent that fast MAS can
remove the residual contribution. Such experimental techniques are known as
“multiple-pulse assisted MAS”.

An alternative approach leading to averaging of homonuclear dipolar couplings
is based on the Lee-Goldburg experiment [23], in which the offset of 'H rf irradia-
tion is set equal to w;/ V2, where w; is the nutation frequency of the 'H pulse
(|wi| = |yB1|). Using the vector model, the 'H spins rotate under this irradiation
around an effective field inclined at the angle 54.7° with respect to the static
magnetic field. A significant enhancement of this technique was achieved by the
frequency-switched modification of the Lee-Goldburg experiment (FSLG) [24, 25].
Instead of continuous irradiation, a series of 27 'H pulses with an offset switched
between two LG conditions F w; / /2 accompanied by a phase shift of 7 is applied.
This technique works well for spinning speeds ranging from 10 to 16 kHz [26]. An
alternative interpretation of the Lee-Goldburg technique was recently presented by
Vinogradov and co-workers [28]. In this experiment (phase-modulated Lee-
Goldburg — PMLG) only the phase of a series of adjacent pulses is changed.
The frequency of the B; field remains constant. It was shown that the zero-order
term of the average Hamiltonian vanishes when the modulation of the pulse phase
$(f) = wpmrct statisfies the condition: |wpmrg| = wi/v/2 and the duration of the
LG irradiation unit corresponds to a 27 rotation of the proton magnetization about
the effective field, i.e. f,g = \/(2/3)(27/w; ). From this it is evident that the angle
through which rf precesses in one LG unit is given by oy g = |wpmig|tic = 207.8°.
As symmetrization is required to ensure the removal of odd-order terms in the
dipolar Hamiltonian, the sign of the phase modulation has to be negated between
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alternate LG units. Hence, during the first part of the PMLG sequence, the rf field
precesses from 0° to 208° and then to 180°, after a 180° flip, during the second half
of the PMLG unit. This constitutes a unit of PMLG which is executed by a series of
short pulses with well-defined phases, «;, for the i-th pulse. The duration of each
pulse has been chosen to be ca. 1 ps and rf field strength 82 kHz. These originally
developed pulse sequences applying both concepts of Lee-Goldburg irradiation
(FSLG and PMLG) have no windows for direct signal detection; that is why 'H
NMR spectra are obtained using an indirect detection scheme (see Fig. 2C). The
resolution of the obtained spectra (#; projection of the 2D experiments) is very
promising. For instance, the halfwidth of '"H NMR signals of malonic acid is
0.3ppm [28]. Recently, a wide range of two-dimensional (2D) and three-dimen-
sional (3D) experiments has been designed on the basis of these homodecoupling
schemes [26—30]. Quite recently, successful insertion of detection windows in the
PMLG schemes has been reported [31]. It has to be noted that the first attempt in
this direction was made by Levirt et al. [32] by inserting windows in the FSLG
sequence. By this way high-resolution "H NMR spectra can be measured in a 1D
fashion. Application of windowed PMLG simplifies '"H-'H correlation experi-
ments for signal assignment and distance measurements and enables an inverse
detection to enhance the sensitivity to experiments.

"H-"H Spin Exchange (Spin Diffusion)

Although the strong spin interaction (given by the combination of nearly 100%
natural abundance of 'H nuclei and the highest gyromagnetic ratio +) highly com-
plicates the recording of '"H NMR spectra for the solid state, it offers interesting
structural information. For instance, it can be provided by the spatial transfer of z
magnetization between dipolar-coupled spins. Such a transfer is termed ‘“‘spin
exchange” or “spin diffusion” [33] and it is most efficient between protons.
The quantum mechanical treatment of spin exchange between two spins revealed
its oscillatory behavior. However, for systems of many spins the complicated
network of couplings cancels all oscillations thus leading effectively to diffusive
behavior [2].

It has to be stressed that 'H spin diffusion in the solid-state is a coherent, fully
reversible process [34] in contrast to relayed 'H polarization transfer based on the
multistep nuclear Overhauser effect (NOE) observed in certain solution-state NMR
experiments, which is also termed spin diffusion. The latter process is an incoherent
cross-relaxation induced by the stochastic modulation of local fields by molecular
motion. Due to its stochastic time dependence this process cannot be refocused.

Spin-diffusion experiments are typical exchange experiments, consisting of an
evolution or selection period, a mixing time #,,, and a detection period. The time
dependence of the spin-diffusion process contains information on the domain size
in heterogeneous materials: in systems with small domains, the magnetization
equilibrates faster than in a system consisting of large particles. Generally, spin
diffusion typically probes the smallest distances since the equilibrium occurs via
the shortest path. For spin diffusion to occur, a spatially inhomogeneous z magne-
tization distribution has to be generated. The magnetization of one component is
selected while the magnetization of the second component is suppressed. During a
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Fig. 4. (A) Basic scheme of the spin-diffusion experiment: Magnetization of the A component is

selected during the selection period to generate the magnetization gradient. During mixing time #,,

spin-diffusion occurs, which is detected by an increase of the signal intensity of the B component.
(B) Spin-exchange built-up data

mixing period, magnetization of the selected component is transferred by double
and zero-quantum transitions to neighboring spins. At short mixing times, 'H
polarization is transferred between the nearest spins, while at longer times, relayed
polarization transfer to further spins occurs at a rate proportional to 1/ rs Then, the
distribution of magnetization of one component is monitored in the NMR spectrum
(see Fig. 4). Thus, 'H-"H spin-exchange experiments can be used to measure short-
range distances providing constraints for structure determination and signal assign-
ment using detection of spin-exchange process at very short mixing times, while
relayed '"H-"H spin exchange (spin diffusion) makes it possible to study long-
range ordered structures on a 0.5-200 nm scale.

Analysis of Spin-Exchange Built Up-Curves

In order to obtain information about the domain size from spin-exchange data, a
simulation of the time-dependence of polarization exchange has to be performed.
In general, the rate of magnetization exchange P(f) between two nuclei j and & is
given by Eq. (1)

P(1) = Lrgl(w; — wi)wit (1)

where the term gék (wj — wy) is proportional to the overlap between the j-th and k-th
"H NMR signals, while wp, measures the dipolar coupling between the two nuclei
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[35]. In a strongly dipolar-coupled multibody spin-system, however, the phenom-
enological description based on Fick’s second law is usually used. Up to now,
several approaches and procedures to extract the desired information have been
proposed: a general initial-rate approximation, a rigorous solution for lamellar
structures, related approximation for more complicated disordered morphologies,
and a versatile lattice-calculation approach for arbitrary distributions of diffusivity
values and initial z magnetization [2, 36—39]. In the simplest initial-rate approx-
imation, analyzing the straight-line part of the spin-exchange built-up curve, the
displacement of polarization between two neighbouring spins can be described by

relation (2)
1/2
r= ( thm> (2)

proposed by Van der Hart et al. [40], which is a special case of a generally derived
spin-diffusion equation for two-component systems [2, 41, 42]:

el 1/2
da 2fB (WDtm> (3)
dy is the size of A component, fg the volume fraction of B component, #,, the time
of the straight line intersection with the I =100% (i.e. [ = Iy (¢,, — 00)) and ¢ is the
dimensionality of the spin-exchange process (i.e. the number of orthogonal direc-
tions relevant for the magnetization transfer). From the dimensionality €, one can
estimate the morphology of the studied system (lamellar — € =1; cylindrical —
€ =2; spherical — € =3). However, a recent study [37] has indicated that the
determination of the morphology of an unknown system is very rough, because all
models are based on assumptions which are not quite realistic (e.g., regular repeti-
tion of the domains, the same shape of the domains, and Gaussian distribution of
their size, etc.). The crucial parameter for accurate analysis is the spin-diffusion
(spin-exchange) coefficient D reflecting the strength of '"H—"H dipolar interactions
within each component. For the analysis of clearly motionally heterogeneous two-
component systems, the knowledge of the diffusivity of both components is
required. If the diffusivities of the components differ (Da # Dg), an effective spin
diffusion D¢ coefficient has to be used.

2+/DaD
VDot = _“VZAPB
VDa + v/Ds

The exact diffusivity D was determined from spin-diffusion built-up curves
only for a well-defined material with known morphology and domain size, such
as the diblock copolymer PS-PMMA (polystyrene-polymethylmethacrylate) the
structure of which as been investigated by small-angle X-ray scattering and trans-
mission electron microscopy [36]. The obtained value D = 0.8 +0.2nm?> ms~! is
generally used for highly rigid organic solids. However, for systems with unknown
geometry other approaches have to be used. In general, the diffusivity is expressed
in terms of local dipolar fields proposed by Cheung [43, 44]. For instance, the

following Egs. (5) and (6), relating D with the 'H line-width at half intensity

(4)
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Avy,, were proposed for the Gaussian line-shape reflecting the rigid component
[38, 45].

1 T
Diig = 12 211’12<r2>AV1/2 (5)
2
;
Drig = AIJI/ZQ (6)

3

Here (r*) is the square average of the 'H—'H internuclear distance, which is
assumed to be ranging in organic solids from 0.2 to 0.25 nm. For mobile compo-
nents characterized by Lorentzian "H NMR line-shape, the diffusivity is expressed
by Eq. (7), where « is the cutoff parameter.

1
Dmob = 6 <}"2> [OZAVI/Z]UZ (7>

Alternative expressions relating diffusivity to 7, relaxation have been reported
by Mellinger et al. [41]:

Diob = 8.2x 10767, 1 +0.007 (8)

Dinob = 4.4x107°T; 1 4+0.26 9)

Relations (8) and (9) are supposed to be valid for regions corresponding to
0<T,!' <1000 and 1000 < 7 ' < 3500 Hz.

For mobile amorphous poly(ethylene oxide) (PEO) with the "H NMR linewidth
of ca. 0.6—1.7kHz and amorphous polyethylene (PE) with the linewidth of ca.
1.8 kHz, diffusivities in the range of 0.09-0.15 nm’ms ! have been reported [36,
46-48]. Lower values ranging from ca. 0.03 to 0.08 nm?ms ' have been deter-
mined for mobile PEO and polyisoprene by Mellinger et al. [41]. Spiegel et al. [49]
have found a diffusivity of 0.05nm?ms ~ ' for polyisoprene. For soft polyurea seg-
ments [50] and highly mobile aliphatic side-chains [51] spin-diffusion coefficients
have been determined to be 0.04 and 0.05 nm”*ms ~ . For a rubbery poly(epichloro-
hydrin)/poly(vinyl acetate) blend [52], even a value of 0.01 nm”ms ' has been
reported. Mobile poly(dimethylsiloxane) chains cross-linking polyimide chains
have been characterized by D =0.09 nm*ms ~ ' [53]. A diffusivity of 0.4 nm*ms
has been determined [51] for the aromatic main-chain protons of hard segments
of poly(1,4-phenyleneterephthalimide) and poly(1,4-phenylenepyromellitimide),
as well as for an aromatic poly(ester-urethane) elastomer [43, 54]. For crystalline
domains of PEO, spin-diffusion coefficients [46] are assumed to be 0.29—
0.32nm”ms ~ . Much higher diffusivities have been reported for rigid crystalline
solids and densely packed polymers; the diffusivity of PE [46, 47] is 0.7-
0.8 nm”ms ! and of crystalline alanine [55] it is 0.6—-0.8 nm’ms .

Results and Discussion

Due to the relatively low resolution of "H NMR spectra of solids, one-dimensional
(1D) spin-diffusion experiments have been predominantly used up to the recent
past to study the homogeneity of various mixtures and the miscibility of their
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components [36, 40, 56]. The application of such 1D experiments only for the
investigation of relatively simple systems follows also from the necessity to create
an initial magnetization gradient to provoke spin diffusion. This selection period is
often based on 7, or T relaxation [57, 58] or multiple-pulse dipolar filters [50, 51,
58, 59], which discriminate components substantially differing in mobility. That is
why spin diffusion has been predominantly studied only between two dynamically
different components, although techniques based on chemical shift filtering [36,
58, 60] and selective saturation transfer [61, 62] have been also applied. A sig-
nificant increase in resolution and generalization of spin-exchange experiments has
been provided by two-dimensional (2D) technique proposed by Caravatti et al.
[63] making it possible to observe polarization transfer between all sites resolved
in a 2D '"H-"H CRAMPS correlation spectrum. If various protons in a magnetic
field resonate at different energy levels the observation of spin exchange between
these protons is permitted [35].

During the past two decades, a wide range of materials has been analyzed by
this or similar 2D techniques [64—69]. A typical example of a semi-quantitative
interpretation of 2D spin-exchange CRAMPS experiment can be demonstrated on
the investigation of the extent of mixing of multicomponent polymer blends based
on semicrystalline polycarbonate (PC) and semicrystalline PEO (PC-PEO) [48].
As displayed in Fig. 5, cross-peaks indicating proximity between aromatic and
methyl protons of PC molecules are fully equilibrated after 250 ps. This indicates
the shortest interatomic distance between methyl and aromatic protons within one
monomer unit of ca. 0.3 nm, which is in accord with structural models of PC. The
first cross-signals indicating dipolar interaction between methylene protons of PEO
and both-type protons of the PC molecule are perceptible in a 2D spectrum mea-
sured with 500 ps mixing time. This indicates an intimate mixing of the amorphous
phases of both components. However, even after 10 ms mixing time, the signals in
the 2D spectrum are not yet completely equilibrated, which means that heteroge-
neities larger than several nanometers are present in this system. This heterogene-
ities correspond to crystallites of PEO and PC. These results reveal the complex
morphology and arrangement of both polymer components.

Domain Size in the Diblock Copolymer PE-PEQO

Detailed analysis of the spin-diffusion built-up curve demonstrates the power of
this technique. The diblock copolymer PE-PEQO provides an example of a system
with relatively complicated morphology, because both polymer blocks are semi-
crystalline. Both chemically distinct —CH,— units are resolved in a 2D CRAMPS
spectrum (see Fig. 6) allowing to obtain accurate spin-exchange data (see Fig. 7).
From the known composition of the copolymer and taking into account the fraction
of crystalline and amorphous phase, we estimated the effective spin diffusion
coefficient Degr=0.4nm”ms ~'. In the first approximation, a simple two-compo-
nent phase-separated system consisting of domains of PE and PEO was assumed.
From the analysis of spin diffusion by this model (dashed line in Fig. 7) it was
found that both components form domains with the average size ca. 6.5nm in
lamellar morphology (¢ =1). Consequently the long period is 13 nm. From the
known number-average polymerization degree (X;,) 170 and 109 of PE and PEO
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Fig. 5. 2D '"H CRAMPS spectrum of the polymer blend PC-PEO measured with a 500 us (A) and
10 ms mixing period (B)

chains it is clear that lamellae do not consist of extended chains, the theoretical
lengths of which are 41 and 30 nm. This indicates extensive folding of both types
of polymer chains. However, the model of a simple two-phase system does not
quite fit the experimental dependence. That is why we modified the numerical
simulation of the spin diffusion so that the single-spin-diffusion process was
extended to a double-spin-diffusion process. The slow and fast spin-diffusion pro-
cesses are superimposed and take place simultaneously. We propose that the first
process apparent at the beginning of spin diffusion is a fast magnetization transfer
between both components intimately mixed in the amorphous phase. For well-
mixed polymer chains, cylindrical morphology and thus a dimensionality of
€ =2 is the best choice. The slow spin-diffusion process corresponds to the mag-
netization transfer involving substantially larger crystallites of both polymer
chains. Simulation of spin exchange process according to this model revealed that
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Fig. 7. Experimental (dots) and simulated (dashed and solid lines) spin-diffusion dependences of
cross-peak intensity on mixing time obtained for the diblock copolymer PE-PEO

both components (PE and PEO) form relatively small domains with diameters ca.
1.0 and 0.5 nm in the amorphous phase, while crystallites are substantially larger,
ca. 6.0nm. The long period is ca. 13.5nm, which exactly corresponds with the
long period calculated for the simple model discussed above. This self-consistence
of the obtained results proves the reliability of the applied model.

Clustering of Surface Hydroxyls in Siloxane Networks

Characterization of structure and geometry of organic polymer systems is not the
only use of spin-exchange experiments. Recently, the simulation of a build-up
curve has been used to investigate membrane peptide topology [70], as well as
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Fig. 8. '"H CRAMPS NMR spectra of silica networks TE, TE-D,O, and TE-DM

hydrogen-bonding and the size of clusters of various hydroxy groups in organi-
cally-modified polysiloxane networks [71].

Polysiloxane and polysilsesquioxane networks are short-range-ordered materi-
als intermediate between the completely crystalline cristobalite and the least
ordered silicate glasses [72—75]. Four basic types of hydroxyl groups have been
detected in the CRAMPS spectrum even in hydrated silica gel (TE) prepared by
polycondensation of tetraethoxysilane (see Fig. 8): strongly hydrogen-bonded (s-
HB OH) and weakly hydrogen-bonded hydroxyl groups (w-HB OH), physisorbed
water (p-H,0) and non-hydrogen-bonded silanols (n-HB OH) at 7.0, 4.3, 5.2, and
1.4 ppm. Well-resolved signals in CRAMPS spectra of partially deuterated silica
network (TE-D,0) excludes fast chemical exchange between various hydroxyl sites
and reflect a limited number of possible arrangements of strongly and weakly
hydrogen-bonded OH. As the position of these 'H NMR signals reflects the
strength of hydrogen bonds it is clear that the network of hydrogen bonds is neither
uniform nor random. Rather, both types of hydroxyl groups form several structures
differing by the most probable length of hydrogen-bonds.

The presence of methyl substituents in the modified network prepared by co-
condensation of tetracthoxysilane and dimethyldiethoxysilane (TE-DM) moves
chemical shifts of signals of both strongly and weakly hydrogen-bonded hydroxyls
toward higher field (see Fig. 8). Although this indicates a decrease in the hydrogen-
bond strength, the replacement of silanol sites by methyls does not completely
destroy the formation of hydrogen-bonding networks involving silanols and water
molecules.

We have studied "H—'H interatomic distances and the size of various OH clus-
ters in detail [71]. Even though it is generally accepted that silanols reflected by the
signal at 1.4 ppm are isolated and ‘‘water-inaccessible’’, the appearance of a cross-
peak correlating it to the 5.2 ppm signal clearly proves spin exchange between
these silanols and physisorbed water (see Fig. 9A). Their mutual distance is smaller
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Fig. 9. 2D 'H spin-exchange CRAMPS spectra of TE, TE-D,0, and TE-DM systems measured at
20 ms spin-diffusion mixing time (A, B, and C)

than 0.4 nm. More detailed structure information was obtained for a partly deuter-
ated sample (TE-D,0O). Quantitative data were derived from the simulation of spin-
diffusion process for a two-component system with an interface with variable
diffusivity and dimensionality (¢ =1, 2,3). An effective spin diffusion coefficient
was estimated according to Assink’s relation [76] from the 'H T, relaxation con-
stant. Basic parameters used for spin diffusion simulation are listed in Table 1.
The clusters of strongly and weakly hydrogen-bonded OH in the system TE-
D,O form relatively large regions and non-hydrogen-bonded silanols are dipolar-
coupled with both types of these protons (see Fig. 9B). The absence of the interface
following from the analysis of the spin-diffusion dependences (see Fig. 10A) indi-
cates that all three types of OH are in mutual contact and the majority of strongly
and weakly hydrogen bonded clusters are located at the surface. As the cross-peak
intensity correlating strongly and weakly hydrogen-bonded OH does not tend to
reach the theoretical equilibrium intensity, we suggest that a part of weakly hydro-
gen-bonded OH protons is quite isolated. From the best fits, employing our
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Table 1. Transverse relaxation time, 75, and calculated spin-diffusion coefficients, D

System Hydroxyl type T, D?
ms mm’ms
TE p-H,O 0.55 0.05
s-HB OH 0.45 0.06
w-HB OH 1.70 0.02
n-HB OH 20.0 0.001
TE-DM s-HB OH 0.60 0.05
w-HB OH 1.80 0.02
—CH, 0.25 0.11

% Calculated by Assink’s method [76] D = 2(r0)2 /T», where rg is the van der Waals radius
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Fig. 10. Experimental (dots) and simulated (line) spin-diffusion curves: dependences of cross-peak
intensity on mixing time
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assumption about main dimensionality (¢ =2) we estimated the average size of
hydroxyl clusters. Thus, it seems to be reasonable to conclude that weakly hydro-
gen-bonded OH groups form the largest clusters with a maximum diameter of
about 1.5-2.0 nm, while clusters of strongly-hydrogen bonded OH are smaller with
diameters below 1.0 nm. The smallest size was obtained for non-hydrogen-bonded
silanols (ca. 0.5-0.4nm) indicating that they can be formed by two geminal
silanols and/or by two neighboring single silanols, which are in a geometry inap-
propriate to form a hydrogen bond.

The size of domains in a modified network TE-DM of strongly and weakly
hydrogen-bonded OH groups is approximately the same as in the case of a net
silica network. Methyl groups are in close contact with both types of clusters
confirming that the presence of a small number of methyl units at the surface does
not interrupt the hydrogen-bonding network. A high rate of equilibration of cross-
peak intensity correlating methyls and strongly hydrogen-bonded OH (see Fig.
10B) reflects their intimate mixing. The calculated size of the dimethylsiloxane
domains of about 1 nm indicates that the dimethylsiloxane monomer units occur in
pairs. Significant interface was found between methyls and weakly hydrogen-
bonded silanols. We propose that this interface reflects a portion of methyl groups
which are surrounded only by strongly hydrogen-bonded OH.

Determination of "H-"H Interatomic Distance

Significant progress has recently been made in the improvement in homonuclear
dipolar decoupling sequences [27, 28, 77, 78]. Resolutions sufficient to distinguish
signals having chemical shift differences as small as 0.5 ppm have been achieved.
As '"H NMR signals are usually detected indirectly, three-dimensional (3D) tech-
niques [29, 30] have been used to measure 'H—'H correlations, although quite
recent applications of windowed PMLG scheme has reduced the dimensionality
of these experiments [31]. For instance, a 3D 'H-"H-'">C correlation experiment
[30] correlated two high-resolution 'H spectra with the 3C NMR spectrum.
Thereby the nearest '"H-'H interatomic distances can be selectively probed for
each carbon resolved in the '*C NMR spectrum. From this follows the possibility
to measure 'H—'H correlations in solids providing structural constrains similar to
those used to determine structures in liquid-state NMR.

On the basis of these facts, recently we have performed a detailed analysis of a
spin-exchange process leading to the determination of the nearest 'H—'H inter-
atomic distances [79]. We have found that difference in local molecular motions of
various groups, even in virtually motionally homogeneous highly rigid systems
(crystals of small organic molecules) substantially affect simulation of spin-
exchange process. Our analysis of the spin-exchange process has been carried out
on crystalline a-glycine, which is a highly suitable sample. The resulting 'H
CRAMPS spectrum is well resolved with a line-width of ca. 0.5-0.8 ppm and exhib-
its splittings of signal of a-protons reflecting their magnetic nonequivalence (dif-
ferent electrostatic potential charges [80]; see Fig. 11). Since fast rotation of NH3™
groups is assumed from the shape of the "H CRAMPS NMR signal reflecting a
partial averaging of '*N—"H dipolar interactions [81, 82], NH3 ™" protons are consid-
ered to be a relatively mobile 'H moieties, while a pair of a-protons is more rigid.
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Fig. 11. 2D spin-exchange "H CRAMPS spectra measured at various mixing times, (A, 50 ps and
B, 300 ps)

In practice it is impossible to detect this difference in molecular motion from a simple
static '"H NMR spectrum or a standard inversion recovery 7| relaxation experiment,
because fast 'H spin flip-flop leads to a homogeneously broadened 'H NMR spec-
trum (line-width ca. 50kHz) and single-component relaxation behavior.

Evolution of cross-peak intensities as a function of /#,, is displayed in Fig. 12.
Analysis of the linear part of spin-exchange built-up curves was performed accord-
ing to Eq. (3), which has been recently used [83] to calibrate spin-diffusion
coefficients by analysis of intramonomer polarization transfers involving CHjz
and CH, protons in a polyisobutylene sample. It has been shown that the main
pathway for magnetization exchange occurs only within the monomer unit of a
single chain [83]. That is why we assume that intermolecular spin-exchange involv-
ing the shortest interatomic '"H—'H distance within one molecule (see Fig. 13) is
the dominant process during the initial step of polarization transfer.

Dependences of cross-peak intensities on mixing time as depicted in Fig. 12A
clearly reflect a substantial difference in the spin-exchange rate between two non-
equivalent a-protons and between a-protons and NH; ™ groups. There is a remark-
able decrease in intensity of the signal correlating nonequivalent a-protons during
later stages of polarization transfer, which clearly indicates a substantially smaller
spin-exchange rate constant driving polarization transfer between oH and NH3™
protons. To determine the spin-exchange coefficient exactly and to avoid the
decrease of cross-peak signal intensity, polarization transfer between nonequivalent
a-protons was analyzed separately (see Fig. 12B). On the basis of the known
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Fig. 12. (A) Evolution of the correlation signal intensity as a function of +/#,; (B) Experimental
spin-exchange built-up curve and simulation of its linear part for polarization transfer between

nonequivalent a-protons; (C) Experimental spin-exchange built-up curves and simulation of the
linear parts for polarization transfer between nonequivalent a-H and NH3™ protons in glycine
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Fig. 13. Geometry of glycine molecules in the crystal unit cell obtained from neutron diffraction
data [84]

interatomic distance between «-protons (1.77nm) [84], and mixing time
(tmy =32 ps), which is necessary to achieve the equilibrium intensity of the corre-
sponding cross-peak, the spin-exchange constant D=0.77 nm*ms ' was derived.
The calculated spin-exchange coefficient corresponds to the values generally
reported in literature for rigid organic solids, D =0.7-0.8 nm”*ms ~ .

In the next step, we analyzed the spin-exchange process between aH and NH3™
protons. Generally it is accepted that in a system with uniform internal mobility,
the determined spin-exchange constant is the same for all spin-pairs. Thus, as-
suming that the motion of the system is homogeneous (i.e. applying D=
0.77nm*ms '), the analysis of spin-exchange processes between a-H and NH3™
protons should reveal interatomic distances corresponding to ca. 0.24—0.25 nm
(neutron diffraction data [84]).

The long delay at the beginning of the polarization transfer process during
which no off-diagonal cross-peak correlating oH and NH; " protons evolves (see
Fig. 12C) probably corresponds to back polarization exchange within each 'H
moiety. A similar, but not quite the same phenomenon has been observed by
de Groot et al. [85] in heteronuclear polarization transfer experiment probing
"H-'3C interatomic distances in tyrosine. Due to this fact we believe that this
delay-time can be substracted from the experimentally determined equilibrium
mixing times (¢, =205 ps). However, even with this correction and using equili-
brium mixing times #,, = 181 us the calculated distance between NH3 " and oH is
very large (r=0.43nm). This deviation cannot be simply explained by relayed
coherence transfer, because assuming the largest coherence pathway (aH-1—
aH-2 — NH-1 — NH-2) the time which would be necessary to achieve equilibrium
intensity is only #,, =32 4 58 +29 =119 ps. From this, it is clear that the rotation
of the NH;" group predominantly affects the rate of spin-exchange. The local
molecular motion averages dipolar interactions and consequently the correspond-
ing spin-exchange rate constant is reduced. The corresponding spin-exchange rate
constant driving polarization transfer between NH;* and oH is scaled down by a
factor of approximately 3.5 (D* = 0.24nm*ms ).

Although the difference in internal motions cannot be observed by standard 'H
NMR experiments, analysis of “H NMR line-shapes of selectively deuterium
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Fig. 14. ’H MAS spectra of selectively deuterated samples: (A) NH;*CD,COO~, (B)
ND;3; "CH,COO~

labeled samples (see Fig. 14) directly proved a difference in the local mobilities of
CD, and ND;* moieties. The *H quadrupole splitting QCC is approximately three
times smaller for the amino group compared with the methylene one, which nicely
correlates to the observed decrease of the spin-exchange constant: D*/D =~
QCC(ND;")/QCC(CD,) =2 1/3.5.

Hence, the relative spin-exchange rate constants can be evaluated on the basis
of the knowledge of the “H line-shape of specific sites.

Determination of 'H-'H Interatomic Distance Through Be-13¢ Correlation

The simple 'H—"H correlation experiment just discussed is sufficient only for small
molecular systems. For larger macromolecules, spectral resolution has to be
increased, e.g. by application of 3D "H-"H-">C techniques [30] as mentioned above
or 2D '3C-"C correlation mediated by "H-"H spin-exchange [55, 86] (see Fig. 15).
Although the later experiment looks very promising as it should allow to determine
short "H-"H interatomic distances (see Fig. 16A), it has been used so far only to
assign '°N resonance in uniformly labeled biological solids [87], to study the degree
of mixing of principal and secondary phase of Zn(O;PC,H,COOH)0 - 5C¢HsNH,
through *'P—>'P correlation [88], or to evaluate the degree of phase separation and
domain size in selectively labeled polymer blends [86]. This means that predomi-
nantly distances in the nonometer length scale have been probed. The impossibility
to determine shorter distances by this experiment follows from the application of a
cross-polarization (CP) step for coherence transfer. It is known that '"H—'H spin-
exchange occurs not only for z magnetization but also for spin-locked transverse 'H
magnetization, for instance under Hartman-Hahn CP [89, 90]. Under sample rota-
tion, the locking field scales the dipolar coupling by a factor 1/2, which causes
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Fig. 15. (A) Pulse scheme of 3D spin-exchange experiment with Lee-Goldburg decoupling during

both indirect 'H detection period [30]; (B) 2D B3¢ correlation experiment mediated by 'H-'H

spin-exchange [54]; (C) Modification of B by Lee-Goldburg-CP and magic angle pulses (SL — spin
lock, CP — cross-polarization, LG — Lee-Goldburg, Dec. — heteronuclear decoupling)

slowing down of the spin-exchange process by one half during CP as compared with
the standard spin-exchange rate taking part in z direction. However, the spin
exchange is not completely quenched. As the spin-exchange process in rigid solids
is very fast (several tens of microseconds is sufficient to achieve equilibrium), a high
degree of equilibration is achieved even at very short cross-polarization times with-
out any mixing time.

In the case of this 2D '*C—"2C correlation experiment, the relevant CP steps
complicating the evolution of cross-peak intensity are the second and the third one.
As the result of this undesired coherence transfer one can clearly see cross-peaks in
the 2D spectrum of uniformly '*C enriched alanine which was acquired with zero
mixing time and very short cross-polarization periods (see Fig. 16B). Due to these
artificial signals, the experimentally determined dependence of cross-peak intensity
on mixing time is not suitable for accurate analysis (see Fig. 17A).
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Fig. 16. 2D '*C-'3C correlation spectra of U-">C, >N Alanine measured at: (A) 100 ms cross-
polarization (CP) time and 1 ms mixing time; (B) 100 ms CP time and zero mixing time; (C) 100 ms
Lee-Goldburg CP time and zero mixing time

Spin-exchange during CP has to be suppressed and the artifacts have to be
removed to be able to analyze the evolution of cross-peak intensity. A very promis-
ing tool to suppress 'H—'H dipolar interactions is provided by Lee-Goldburg irra-
diation [23]. Applying this technique, for instance during acquisition of the '*C
resonance, the 'H—'H spin-diffusion is suppressed and the resulting spectrum con-
tains multiplets reflecting the number of J-coupled protons. It has been shown that
the Lee-Goldburg irradiation can also be applied during the cross-polarization
transfer step [85]. Observation of intense transient dipolar oscillation in the case
of Lee-Goldburg CP confirms the suppression of "H—'H spin-exchange. Recently,
it has been shown that an analysis of this dipolar oscillation reflecting dipolar
coupling between directly bonded "H-">C spin pairs can be used to obtain accurate
"H-13C interatomic distances [85]. In the case of conventional on-resonance CP
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Fig. 17. Spin-exchange built-up curves obtained by application of conventional experiment (A) and
by modified pulse sequence with Lee-Goldburg-CP (B)

such dipolar oscillation is almost completely destroyed as a result of fast 'H—"H
spin exchange involving many 'H spins. By application of Lee-Goldburg CP for
the second and the third polarization transfer in the 2D '*C—'C correlation pulse
sequence the unwanted spin-exchange was suppressed. The original 90° 'H pulses
(exactly, the third and the fourth one) have been replaced by magic angle pulses.

In the resulting 2D spectrum measured with Lee-Goldburg CP and without any
mixing period the unwanted artificial cross-peaks are completely canceled. In addi-
tion, signal intensities of diagonal signals are not distorted when applying LG-CP.
From the obtained dependence of cross-peak intensity on mixing time (see Fig.
17B), which is now suitable for accurate analysis, one can determine the desired
information about 'H-"H interatomic distance with high accuracy according to the
procedures mentioned in the previous sections.

Conclusion

In this contribution, we briefly summarized basic experimental techniques leading
to averaging of 'H-'H dipolar interaction and allowing thus to obtain highly
resolved "H NMR spectra of organic solids. Spin-diffusion experiments providing
an interesting probe to geometry and structure of several systems were introduced
and analysis of resulting data was discussed. The power of theses 2D spin-
exchange experiments was demonstrated on several complex systems. At first,
the degree of mixing of polymer components was evaluated for the semicrystalline
blend PC-PEO and a further detailed analysis of complex spin-diffusion process
led to an estimate of the size of polymer domains in the diblock copolymer PE-
PEO. The same approach was used to investigate clustering of surface hydroxyls
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on a silica network and to determine the average size of various hydroxyl clusters.
It was also shown that the same experiments and procedures can be used to deter-
mine very short interatomic '"H-'H distances, although the variation in internal
motions has to be carefully investigated and described. Finally we discussed the
llz)ossibility of the application of 2D '*C—'C correlation experiments exploiting
H-"H spin exchange to determine structural constrains.

Experimental

NMR Spectroscopy

NMR spectra were measured using a Bruker DSX 200 NMR spectrometer (Karlsruhe, Germany) in 4
and 7 mm ZrO, rotors at frequencies 50.33 and 200.14 MHz (**C and 'H, respectively). For acquisition
of "H MAS NMR spectra, the spinning frequency was 0—16 kHz and the strength of the B, field 62.5 kHz
(m/2 pulse 4 pus). ID CRAMPS spectra at slow MAS (2kHz) were acquired using the BR-24 pulse
sequence [18]. A 2D spin-exchange experiment proposed by Caravatti et al. [63] was used to observe
"H-"H correlation. In direct and indirect detection periods the BR24 pulse sequence was used. Spin-
diffusion mixing times varied from 0.1 to 40 ms. The intensity of the B, field was 140kHz (/2 pulse
1.8 ps) and small and large windows were 1.0 and 3.8 s, respectively. The 'H scale was calibrated with
glycine as an external standard (Iow-field NH;™ signal at 8.0 ppm and the high field a-H signal at
2.8 ppm). 2D '*C—-"3C correlation spectra were obtained with a pulse sequence proposed by de Groot
et al. and Spiess et al. [55, 86] at 11 kHz. The strength of the B, field applied for the Lee-Goldburg cross-
polarization was 83 kHz, with 'H resonance offset 64.6 kHz.

Materials

The PC-PEO blend was prepared from commercial-grade Bisphenol A polycarbonate SINVET 251
(ENI, Italy) with a weight-average molecular weight (M,,) of 24000 and a number-average molecular
weight (M,,) of 9600, and from PEO (M,,= 6 x 10°) produced by BDH Chemicals, Ltd. (UK). The
sample of PC-PEO blend was obtained by dropwise precipitation from a CHCl; solution (2% w/w)
into pentane, slow evaporation of the solvents at room temperature and subsequent heating in a vacuum
oven at 85°C for 1h.

The block-copolymers PE-PEO M, (PE)=4700, M,(PEO) =4700 was used without any purifica-
tion as purchased from Polymer Source, Inc.

Siloxane materials TE and TE-DM were prepared by acid-catalyzed sol-gel polycondensation of
mixtures: tetrachoxysilane (TEOS)/C,HsOH/H,0O/HCI and tetracthoxysilane /dimethyldiethoxysilane
(DMDEOS)/C,Hs0H/H,0/HCI in mole ratios 1/4.50/3/0.03 and 0.75/0.25/4.50/3/0.03, respec-
tively. TEOS and DMDEQOS were purchased from Wacker-Chemie GmbH., Germany. HCI was added
to a mixture of alkoxysilanes with ethanol. The resulting mixture (ca. 10 g) was stirred for 30 min and
subsequently poured onto a Petri dish (5.5 cm in diameter). Polycondensation then took place under
laboratory conditions. After a year, the products were finely powdered and placed into an air-condi-
tioned box (relative humidity — RH = 55%, t = 25°C) for one month. Partially deuterated samples were
obtained by simple exchange with deuterium oxide at laboratory temperature and pressure in a close
vessel containing a dish with D,0O. After the deuteration procedure the samples were not subsequently
dried. Deuterium exchange periods were 24 h.

Glycine and U-"°N,"3C Alanine were used as purchased from Aldrich.
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