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Abstract

An experimental procedure for CP/MAS polarization transfer from remote 1H nuclear spins is introduced, which is applicable to pro-
tonated carbons in organic solids. It is based on preparing a state of non-uniform polarization, where directly bonded 13C–1H nuclei are
de-polarized prior to recording the CP buildup curve. This curve is then expected to quantify the polarization transfer from remote pro-
tons only. The ability of the cross-polarization/polarization-inversion (CPPI) sequence to generate an initial state suitable for remote 1H
CP/MAS scheme is analyzed both theoretically and experimentally. Confining to aliphatic groups, it was found that complete de-polar-
ization of bonded proton is possible in the case of CH, whereas for CH2 and CH3 moieties only a partial de-polarization can be achieved.
The theoretical predictions have been verified in practice for the particular case of L-alanine. The significance of the results from funda-
mental, as well as practical point of view, is also discussed. In particular, it is shown that: (i) the coherent description of polarization
transfer under CP/MAS, including 1H polarization redistribution, is valid over time-scales longer than commonly assumed in many treat-
ments of cross-polarization, and (ii) the remote protons polarization transfer curve can be used in combination with the conventional
CP/MAS curve to get additional structural and dynamical information in organic systems.
� 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The combination of cross-polarization (CP) [1] with
high-power proton decoupling and magic angle spinning
(MAS) [2] is routinely used for increasing sensitivity in
high-resolution solid-state nuclear magnetic resonance
(SS-NMR) spectroscopy of low-c nuclear spins (13C, 15N)
in organic materials. CP is performed under simultaneous
irradiation with strong resonant rf fields of 1H and low-c
nuclei (designated here by the I and S spin, respectively).
An optimum polarization transfer between the two spin
species is attained at exact Hartmann–Hahn matching
[1,3].

The transfer process has been described using thermody-
namic [4,5] as well as quantum-mechanical treatments [6–
10]. In thermodynamic models, CP is viewed as a process
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of thermal equilibration between the I spin and S spin res-
ervoirs (via the I–S heteronuclear dipolar interaction),
which is parameterized through a CP transfer rate, T�1

IS

[4]. A modified spin thermodynamic theory has also been
developed [5] to describe the amount of transferred polar-
ization under different experimental conditions in terms
of quasi-invariant operators associated to the CP process.
The deterministic nature of cross-polarization, clearly dem-
onstrated by time-reversal CP [11], has been accounted for
in many quantum-mechanical treatments. This was done
by Demco et al. [6] for the static case based on a memory
function approach, and resulted in an explicit dependence
of the T�1

IS rate on I–S dipolar coupling parameters. Gener-
alization to the CP/MAS case was done by Stejskal et al.
[7], whereas a detailed quantum treatment in terms of ener-
gy level matching in the Hilbert (and Hilbert–Floquet
space for CP/MAS) was performed by Marks and Vega
[8]. The offset and CSA effects upon CP dynamics have also
been thoroughly investigated [9,10].
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The thermodynamic picture is usually applied to systems
with strong I–I couplings, where the evolution of the trans-
ferred polarization with the CP contact time can be described
through a single exponential function. By contrast, when the
dipolar coupling between directly bonded I–S spins exceeds
the I–I couplings, as in the case of protonated 13C, the CP
curve evolves in a damped oscillatory fashion, giving rise
to the so-called transient oscillations [12]. This phenomenon
is considered a clear indication of the coherent nature of the
polarization transfer process, and it has been extensively
used for extracting structural and dynamical information
in organic solids, liquid crystals, and oriented membrane
proteins. Important applications emerged in recent years
once more sophisticated coherent manipulation schemes of
the polarization transfer process, such as polarization inver-
sion spin exchange at the magic angle (PISEMA) [13], have
been introduced: this generally leads to better shaped tran-
sient oscillations and, consequently, increased accuracy in
extracting structural information—see Ref. [14] for a review
on this topic. Most of the applications rely on measuring het-
eronuclear dipolar couplings with 13C chemical site resolu-
tion by means of 2D separated local field (SLF)
spectroscopy [15]. For dipolar mixing, a large variety of
sequences were demonstrated, from the conventional CP/
MAS, to cross-polarization/polarization inversion (CPPI)
[16], Lee-Goldburg cross-polarization, (LG-CP) [17–21],
Phase Inverted LG Recoupling under MAS (PILGRIM)
[22], PISEMA [13], with its modified versions PISEMA-
MAS [17], PITANSEMA [23], PITANSEMA-MAS [24],
and Heteronuclear Isotropic Mixing leading to spin
Exchange via the Local Field (HIMSELF) [25,26].

For every 13C chemically distinct site, the dipolar spectra
measured through 2D SLF spectroscopy are dominated by
the strongest C–H couplings, with smaller effects coming also
from more distant protons. In principle, each individual con-
tribution can be separated according to its 1H chemical shift
value by means of 3D LG-CP HETCOR [19,27–30]. Howev-
er, this is not a generally valid procedure due to the strong
dependence on the achievable proton resolution.

In the present work we introduce a simplified scheme for
separating distinct contributions to the CP/MAS curve
(thus, implicitly, to the C–H dipolar spectrum), which relies
on the large difference in polarization dynamics between
directly bonded, and remote 1H spins, respectively. As
such, it is applicable to the particular case of protonated
carbons in organic solids, where we demonstrate the possi-
bility of recording CP/MAS buildup curves that quantify
mainly the polarization transfer from remote protons. This
scheme is implemented in practice using a CPPI sequence.
A theoretical analysis of the underlying CP dynamics is
performed, which is then verified by the experimental
results acquired on L-alanine.

2. General principles

The dynamics of cross-polarization [6] is usually ana-
lyzed in a doubly tilted frame, of which z axes are aligned
along the direction of the spin-locking fields, x1I and x1S,
and also, in an interaction picture with respect to the dom-
inant term, x1IIz + x1SSz. In the following, one considers
the polarization transfer process at the first Hartmann–
Hahn matching condition (x1I � x1S = xR) in a system
composed of a single S spin (13C) surrounded by abundant
I (1H) spins. As demonstrated in Ref. [19], the lowest order
approximation, i.e., the truncation of the total Hamiltoni-
an to its static terms, is sufficient to describe the main fea-
tures of CP/MAS dynamics under fast sample spinning.
These static terms are given by

~H intðtÞ ¼
XN

j¼1

bj IjþS�eiuj þ Ij�Sþe�iuj
� �

ð1Þ
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is the recoupled part of the dipolar interaction, with rj, the
Ij–S distance, and (hj, /j), the azimuthal and polar angles of
the corresponding inter-nuclear vector in the rotor frame.
The contribution of the Ij spin to the transferred S-spin
polarization is given by

SjðtÞ ¼ Szh je�i ~̂H intt I jz

�� �
ð3Þ

Its exact analytical evaluation has been performed [19] in
the case of an SI2 spin system. It was found that
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where <� � �> represents the average over the all possible
orientations, and
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The summation over the individual j contributions, obvi-
ously gives the total polarization transferred to the S spin
in a classical CP/MAS experiment, i.e.,

SðtÞ �
X
j¼1;2

b2
j

x2
sin2 xt

* +
¼ hsin2 xti ð6Þ

The above relationships suggest that the polarization ac-
quired by the S spin under the action of the Hamiltonian
(1) brakes into independent Ij–S components, of which
contributions to the total signal strongly depend on the
corresponding dipolar couplings, through the (bj/x)2 scal-
ing factor. Such dependence cannot be distinguished in a
conventional CP/MAS curve, because this is acquired
based on an initial state of uniform 1H polarization, thus
giving rise to a 13C signal of the form (6). The Ij–S compo-
nents can be separated instead if starting from an initial
state of non-uniform proton polarization. For instance,
this is done in 3D LG-CP HETCOR [19,27–30], where
the decomposition is in principle complete. In practice,
however, well resolved absorption lines along the 1H
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dimension are required for achieving this goal. Here, it is
demonstrated that partial separation of different contribu-
tions to the total CP/MAS signal can be obtained also by
using an experimental setup which does not depend on
the achievable proton resolution. In particular, we confine
to the case of protonated carbons in organic solids, and
investigate the possibility of removing the dominant contri-
bution of directly bonded 1H nuclei from measured 13C
CP/MAS curves. These new buildup curves are thus
expected to quantify the polarization transfer process from
the remote protons only.

The experimental approach is based on generating an
initial state of non-uniform 1H polarization by employing
a CPPI scheme similar to that used in the past for SLF
spectroscopy [16], and spectral editing [31]. As can be seen
in Fig. 1, the setup consists of three distinct CP blocks,
where the phase of the second proton contact pulse is
reversed with respect to the first and the third pulse. The
first two CP blocks of fixed durations, s1 and s2 (i.e., the
CPPI sequence) act as a preparation period, during which
the desired state of non-uniform 1H polarization is generat-
ed. This sequence is followed by a dephasing period, sdeph,
which is included with the purpose of removing the effect of
unwanted spin correlations. The CP buildup curve corre-
sponding to the initial state prepared in this way is record-
ed by incrementing the third CP contact pulse, sCP.

To get buildup curves that quantify mainly the polariza-
tion transfer from non-bonded (remote) protons there are
two important conditions to be met: (i) the CPPI sequence
should simultaneously bring to zero the polarization of the
central carbon and of its bonded protons, while also keep-
ing significant polarization on the remote protons, and (ii)
the influence of other spin-correlations (besides the remote
protons polarization) present in the initial state prepared
by the CPPI sequence should be made negligible small.
The extent to which these requirements are fulfilled in the
particular case of aliphatic groups is quantitatively ana-
lyzed below by numerical simulations. The computations
are performed on representative C-H7 spin systems using
the Spinevolution program [32]. In particular, for CH and
Fig. 1. The pulse sequence employed for the remote protons polarization trans
standard CP/MAS sequence. The remote protons CP/MAS curve is recorded
phase of the first two proton contact pulses (the CPPI sequence) an initial state
dephasing period, sdeph, has been also added with the purpose of removing ad
CH3 groups we use the specified 13C spin surrounded by
the seven protons in L-alanine, whereas for CH2 one con-
siders the five intra-molecular protons in glycine, and also
the closest two inter-molecular 1H spins (which belong to a
CH2 group). The corresponding atomic coordinates have
been extracted from their reported crystal structures
[33,34].

The evolution of spin polarization with increasing the
inversion time in the CPPI sequence, s2, is shown in
Fig. 2 at three distinct spinning frequencies, mR = 5, 8,
and 15 kHz. For each of the investigated systems, the first
CP block has a fixed duration corresponding to maximum
polarization transferred from the bonded 1H nuclei, name-
ly s1 = 70, 60, and 185 ls, for the CH, CH2, and CH3

group, respectively. The 13C polarization is drawn by thick
line, the bonded protons polarization by thin line, whereas
the dashed lines correspond to the remote 1H polarization.
A close inspection of these dependencies clearly demon-
strates that one can simultaneously bring to zero the car-
bon and the bonded proton polarization only in the case
of the CH group (at 8 kHz spinning frequency, and an
inversion time s2 of 42 ls). For the other two aliphatic
groups, the condition (i) is only partially fulfilled, because
the cancellation of the 13C polarization is accompanied
by a finite polarization left on the bonded 1H spins, which
is proportional with their number. With respect to the
polarization left on the remote protons at the moment s2

of 13C polarization inversion, one can consider it sufficient-
ly high to give significant transfer signal in all investigated
systems.

Thus, in the case of CH moiety, the CPPI sequence is
well suited for preparing the initial state required by the
experimental scheme depicted in Fig. 1. The CP buildup
curve obtained by increasing sCP is expected to quantify
here only the transfer from remote protons. The CH2,
and CH3 curves will be instead ‘‘contaminated’’ with polar-
ization transferred from bonded protons, in an amount
which depends on its remnant value at the end of the prep-
aration time. Therefore, the analysis of the condition (ii)
stated above will be confined to the CH case. This is illus-
fer scheme. It consists of a preparation period (shaded area), followed by a
by incrementing the value of the third contact time, sCP. Alternating the
with zero polarization on both, the 13C and its bonded 1H is prepared. A

ditional (unwanted) spin correlations.
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Fig. 2. Simulated spin polarization dependencies on the inversion time s2 in the CPPI sequence at mR = 5, 8, and 15 kHz spinning frequencies. For each of
the illustrated moiety, they are performed on representative C-H7 spin systems by using appropriate values of s1, as described in the text. By continuous
lines are shown the polarization inversion curves of the central 13C (thick line), and of its directly bonded 1H (thin line). By dashed lines is drawn the
polarization left on the non-bonded (remote) 1H spins. Specifically, they are represented by the (CH3, NH3), (CH3, inter-molecular CH2), and (CH, NH3)
protons for CH, CH2, and CH3, respectively.
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trated in Fig. 3 by comparing two CP curves, which are
generated from the same non-uniform distribution of spin
polarization, but employing different experimental
schemes. The polarization on each spin in the system is
chosen here to coincide with that produced by a CPPI
sequence where s1 and s2 are set to 70, and 42 ls, respec-
tively—see the figure caption for details. In the first case
(thick line), this non-uniform polarization is simply used
as an initial state in a conventional CP/MAS experiment.
This imaginary experiment gives an ideal CP curve, which,
in practice, should be approached as much as possible for
achieving efficient remote protons polarization transfer.
To get a real CP curve (thin line), however, the CPPI
sequence has to be explicitly included into the simulations
as a preparation period. The dephasing time was set to
sdeph = 50 ls, and the spinning frequency to mR = 8 kHz.
Besides the desired differential spin polarization, this
sequence is expected to generate also unwanted spin
correlations.

In Fig. 3a, the computed CP curves corresponding to the
two distinct experimental conditions are represented for
sCP ranging from 0 to 3 ms. Although both follow the same
general trend, small differences still exist between them. In
particular, a slightly lower saturation level is reached by the
transferred polarization in the real case compared to the
ideal one, and also, small oscillations are superimposed
over the real CP curve, whereas the ideal curve shows a rel-
atively smooth evolution. The oscillations are more clearly
evidenced in Fig. 3b, which expands the short-time region
(0–0.5 ms) of the previous figure. Despite these effects of
the spurious spin correlations generated by the CPPI
sequence, the deviation of the real CP curve from the ideal
behavior is not very significant: thus, in a first approxima-
tion, it describes the remote protons polarization transfer
process fairly well.

Important conclusions with respect to possible applica-
tions of the proposed scheme to structural refinement in
organic systems can be drawn from a comparison between
the remote protons polarization transfer curve and the
curve obtained by conventional CP/MAS, i.e., starting
from uniform spin polarization (dashed line in Fig. 3a).
According to the relationships (4) and (6), both of them
evolve with the same dipolar oscillation frequency, but
the former can provide additional structural information
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Fig. 3. Simulated remote protons CP/MAS curves of the CH group
performed on the C-H7 spin system at mR = 8 kHz. An ideal curve (thick
line) is obtained by standard CP/MAS starting from an initial state of
non-uniform spin polarization—this represents an imaginary experiment
where the effect of the preparation period is only implicitly assumed. The
employed polarization distribution, i.e., Sz = 0 (the CH carbon), Iz = 0
(the CH proton), Iz = 0.95 (the CH3 protons), and Iz = 0.77 (the NH3

protons) is the same as the distribution that would be produced by a CPPI
sequence with s1 = 70 and s2 = 42 ls. The real curve (thin line) is obtained
starting from an initial state of uniform spin polarization, but by explicitly

incorporating the preparation sequence in the simulations. For compar-
ison, the conventional CP/MAS curve (dashed line) is also shown in (a). In
(b), it is illustrated an expansion of the short-time region (0–0.5 ms).
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through the scaling factor (bj/x)2, which explicitly incorpo-
rates the distances to the remote protons. As shown in Ref.
[19], this scaling will affect the saturation level, as well as
the buildup rate of the corresponding transfer curve. These
features can be clearly distinguished in Fig. 3a. For
instance, the remote protons CP curve is characterized by
a slower buildup rate, in agreement with the reduced dipo-
lar couplings between the CH carbon and the more distant
1H spins (in our example, the CH3 and NH3 protons). In
the case of the saturation level, one has also to consider
the dependence on the number of non-bonded protons that
significantly contribute to the polarization transfer process
within the investigated time scale.

For practical purposes, such multiple spin effects should
be appropriately taken into account. In particular, they
determine a global character to the structural and dynam-
ical information encoded into the measured remote 1H CP/
MAS curve, which will therefore reflect only an averaged
effect of the proton environment. Still, the proposed
approach could add useful structural details to the infor-
mation provided by conventional CP/MAS in many cases
of practical interest, for instance when poor proton resolu-
tion prevents us from using the 3D LG-CP HETCOR tech-
nique [19,27–30]. In such cases, the experimental setup can
be further improved, e.g., one can perform active proton
decoupling by replacing the Hartmann–Hahn CP with
Lee-Goldburg CP. However, before attempting to better
characterize a range of possible applications for the remote
protons CP/MAS scheme, a more important issue to inves-
tigate here is the reliability and accuracy level that can be
reached through its proposed experimental implementa-
tion. This will be done in the remainder of the present work
by comparing the experimental and computed results on L-
alanine, i.e., on a system with very well-known structure
[33].

3. Experimental

Solid state 13C NMR spectra were recorded at 100 MHz
13C Larmor frequency with a Bruker AVANCE-400 spec-
trometer. All NMR experiments were performed on L-ala-
nine at room temperature. The sample was purchased from
Alfa Aesar and used without further purification. It was
center-packed to minimize the effect of rf field inhomogene-
ity. Standard cross-polarization magic angle spinning (CP/
MAS) experiments were performed at a spinning frequency
mR = 8 kHz, using a 1H 90� pulse length of 3.8 ls. The 13C
NMR spectra were acquired under two-pulse phase-modu-
lated (TPPM) 1H decoupling at 70 kHz by averaging 256
scans with a recycle delay of 3 s.

The CP transfer was optimized for the first Hartmann–
Hahn matching condition (m1C = m1H � mR), where the rf
fields on the 1H and 13C channels have been calibrated to
50 and 42 kHz, respectively. The conventional CP curves
were acquired through the standard CP/MAS sequence,
whereas the experimental setup illustrated in Fig. 1 has
been employed for acquiring the remote protons CP/
MAS curves. In both cases, the evolution of spin polariza-
tion is obtained by incrementing the length of the appropri-
ate contact pulse from 0 to 5 ms: this was done in steps of
5 ls at short times, while at longer times the increment val-
ue has been progressively increased, so that in the end a
total number of 64 points was employed to define the mea-
sured CP buildup curves.

The conventional 13C CP/MAS curves have been
acquired in a single experiment, with the carrier frequency
set in the middle between the CH and CH3 resonances.
Since they are separated by only 3 kHz, the induced offset
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Fig. 4. Comparison between the experimental and computed buildup
curves of the CH carbon in L-alanine acquired by conventional- (the upper
curves), and remote protons CP/MAS (the lower curves). Measured data
are represented by filled symbols: they have been collected as described in
Section 3. Simulations performed in representative C-H7 (dashed line) and
C-H9 (continuous line) spin subsystems (see the text for details), are both
shown for comparison. Rapid rotation around the trigonal axis is
considered here only for the CH3 moiety, whereas the contribution of
the NH3 group to CP dynamics is treated in the rigid approximation. The
reported signal intensities correspond to CP/MAS starting from unit
proton polarization in the investigated subsystems. The illustrated
dependencies for sCP in the range 0–3, and 0–0.5 ms, are shown in the
figures (a), and (b), respectively.
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effect can be considered negligible. In the case of the remote
protons CP/MAS curves, two distinct experiments were
carried out, because of the different preparation conditions
characteristic to the two aliphatic moieties. Corresponding
to the CH and CH3 groups, the duration of the contact
pulses in the CPPI sequence were found to be s1 = 70,
and 175 ls, and s2 = 47, and 80 ls, respectively. The form-
er was determined as the short-time maximum of the con-
ventional CP/MAS curve, whereas the latter represents the
inversion time of the 13C signals in the corresponding CP
polarization inversion experiment (performed separately,
for each resonance). The dephasing period was set to
sdeph = 50 ls.

4. Results and discussion

In this section, one compares the predictions of the
above theoretical analysis with the experimental results.
To get reliable conclusions, however, a high accuracy level
is required for describing the polarization transfer process
by means of numerical simulations on suitably selected spin
subsystems. From this point of view, L-alanine represents
an ideal model system. In particular, the precise value of
the proton positions (±0.003 Å) determined by neutron dif-
fraction [21] removes possible errors due to uncertainties in
the involved C–H and H–H dipolar couplings. Also, the
fast (compared with the CP time-increment, DsCP = 5 ls)
methyl rotation around its symmetry axis has been explic-
itly accounted for in computations, as described in the
Spinevolution reference manual [32].

Unlike CH3, the strength of the hydrogen bonding net-
work formed by NH3

þ will generally determine high activa-
tion energies for its rotational motion and, implicitly,
slower hoping rates around the symmetry axis. In the case
of L-alanine [35], the corresponding hoping time becomes
comparable with DsCP, so that special caution is needed
when describing the NH3 contribution to the CP dynamics.
As such, the measured CP/MAS curves of the CH carbon
are compared in the Figs. 4 and 5 with simulations per-
formed under both, rigid approximation, and fast rotation
limit of the NH3 group, respectively. To get a feeling about
the errors one might expect when working on a reduced
number of spins, the results on the C-H7 spin arrangement
used in the Section 2 are supplemented here with simula-
tions performed on an extended C-H9 system, which incor-
porates two extra CH intermolecular protons (located at
3.5 and 3.8 Å from the central CH 13C spin). The effect
of the spin-lattice relaxation in the rotating frame is
accounted for by multiplying the computed buildup curves
with exponential functions; their decay rates have been
extracted from the exponential fit of the long-time evolu-
tion in the corresponding experimental curves. Also, to
enable direct comparison between experiment and theory,
a suitable scaling factor had to be applied upon the mea-
sured CP/MAS curves: its value was determined from the
best fit between the short-time (0–100 ls) parts of the
experimental and simulated curves acquired by convention-
al CP/MAS. The scaling factor determined in this way was
then applied upon the measured remote protons CP/MAS
curve. The reported intensities correspond to CP/MAS
starting from unit proton polarization.

The dependencies depicted in Figs. 4 and 5 clearly show
that the correspondence between the theoretical and exper-
imental data is much better in the rigid NH3 approxima-
tion than in the fast rotational regime. However, small
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Fig. 5. The same as in Fig. 4, except that both, CH3 and NH3 moieties are
assumed in a fast rotational regime.
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deviations still exist even in the former case. A possible
cause is represented by the limited size of the simulated sys-
tem. However, this assumption seems rather implausible as
it appears from comparing the seven and nine 1H spins sim-
ulations (the dashed and continuous lines in the illustrated
dependencies). Indeed, the additional two protons are seen
to mostly affect the magnitude of the transferred polariza-
tion, while the overall shape of the buildup curve is kept
almost unchanged (at least up to 0.5 ms—see Figs. 4b
and Fig. 5b). Thus, the observed deviations are more likely
indicative for NH3 being in a slow rotational regime. Also,
a small contribution coming from rf field inhomogeneity
cannot be completely ruled out. Unfortunately, the
employed simulation program is not yet adapted to incor-
porate slow molecular motion, so that the results illustrat-
ed in Fig. 4 set the accuracy level one can reach at the
present stage. Finally, it is worth mentioning that the C-
H9 simulations also provide a higher accuracy level in
describing the polarization inversion process. Specifically,
a better correspondence between the measured and com-
puted 13C polarization inversion time is obtained on the
C-H9 system (s2 = 46 ls), compared to C-H7 (s2 = 42 ls).

The most important conclusion one can draw from the
above analysis, is the increased sensitivity of remote pro-
tons CP/MAS to structural and dynamical details of dis-
tant protons. Indeed, very large deviations between
simulated and measured remote protons polarization trans-
fer curves have been obtained in this case under fast rota-
tional assumption (Fig. 5) compared to a general good
agreement that characterizes the rigid NH3 approach (see
Fig. 4). By contrast, the difference between the rigid-, and
fast NH3 rotation limit, is by far not so well pronounced
in the case of conventional CP/MAS buildup curves. Nev-
ertheless, the fact that conventional CP/MAS is less sensi-
tive to details of the NH3 molecular motion is not
completely surprising, as these details can be easily
obscured under the dominant effect of bonded proton.
From practical perspective, the two polarization transfer
schemes can be thus combined together to provide more
structural and dynamical information than would result
from using standard CP/MAS alone.

The derived results are important also from fundamen-
tal point of view. In particular, one has to remark the
extended time-scale over which is valid the coherent
description of cross-polarization dynamics within a rela-
tively small spin cluster. This is already suggested by the
good agreement between the simulated and measured con-
ventional CP/MAS buildup curves up to 0.5 ms (Fig. 4b).
However, the strongest arguments arise again from the
analysis of remote protons CP/MAS, especially if one takes
into account that a relatively long period (�170 ls) of
coherent manipulation of the 1H spins has been applied
prior to acquiring the corresponding buildup curve: yet,
the agreement between the theoretical and experimental
results is remarkably good in this case as well. This is, to
some extent, in contrast to many theoretical descriptions
of CP/MAS, where the surrounding protons are considered
to form a strongly coupled spin reservoir that reaches rapid
thermodynamic equilibrium after polarization transfer to
the central 13C has been accomplished.

Overall, one can conclude that the proposed scheme
for polarization transfer from remote protons under
CP/MAS is fully confirmed by the results obtained on
L-alanine. A similar analysis has been performed for
the CH3 resonance, but the results will no longer be pre-
sented here from the following reasons: (i) as shown pre-
viously, the CPPI sequence cannot generate in this case
an initial state suitable for pure remote protons CP/
MAS (the corresponding curve will contain also a small
contribution from directly bonded protons), and (ii) the
measured (and simulated) CH3 buildup curves do not
provide essentially new insights into polarization transfer
process compared to those already discussed on the
example of CH group.
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5. Conclusions

In the present work it was shown that polarization
transfer from remote protons is possible if a suitable initial
state of non-uniform polarization is prepared prior to
record the CP/MAS buildup curve. By this procedure it
was demonstrated that the coherent control of the spin sys-
tem evolution can be extended over time scales longer than
commonly considered in many theoretical treatments of
CP/MAS. For instance, the present results are inconsistent
with the assumption of a rapid thermal equilibrium
reached within the abundant 1H spins reservoir after the
polarization has been transferred to the central carbon.
With respect to possible practical applications of the pro-
posed remote protons CP/MAS scheme, here, we refrained
from getting into a very detailed investigation. Neverthe-
less, the findings of the present analysis are encouraging.
In particular, this procedure was shown to: (i) represent a
quick and convenient alternative for separating different
contributions to the total transferred polarization, which
is applicable when poor 1H resolution prevents us from
employing more sophisticated techniques, like 3D LG-CP
HETCOR, (ii) show increased sensitivity to structural
and dynamical details of distant protons, and (iii) provide
information that, in combination with the results of stan-
dard CP/MAS, can lead to a better structural and dynam-
ical characterization of organic solids. The present
practical implementation of the proposed scheme, where
the required initial state is prepared by means of the CPPI
sequence, enables one to approach an ideal remote protons
polarization transfer for CH group only. However, further
improvements, either to its preparation part, or during the
CP/MAS buildup curve acquisition (as suggested in Sec-
tion 2), could in principle extend the practical applicability
of this scheme.
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