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Correlation of chemical shifts of low-c nuclei (such as 15N) is an important method for assignment of res-
onances in uniformly-labeled biological solids. Under static experimental conditions, an efficient mixing
of low-c nuclear spin magnetization can be achieved by a thermal contact to the common reservoir of
dipole–dipole interactions in order to create 15N–15N, 13C–13C, or 15N–13C cross-peaks in a 2D correlation
spectrum. A thermodynamic approach can be used to understand the mechanism of magnetization mixing
in various 2D correlation pulse sequences. This mechanism is suppressed under magic-angle spinning,
when mixing via direct cross-polarization with protons becomes more efficient. Experimental results
are presented for single-crystalline and powder samples of 15N-labeled N-acetyl-L-15N-valyl-L-15N-leucine
(NAVL). In addition to the thermodynamic analysis of mixing pulse sequences, two different new mixing
sequences utilizing adiabatic pulses are also experimentally demonstrated.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction do not require a direct coupling between low-c nuclei and, with a
Correlation spectroscopy in solids can provide valuable infor-
mation about the proximity of low-c nuclei such as 13C and 15N.
Cross-correlations can be created by a direct dipolar coupling
between a pair of homonuclear spins. This coupling allows a flip-
flop motion of the spins, leading to a transfer of magnetization
and spin diffusion. Since magic-angle spinning (MAS) averages
out the homonuclear dipolar coupling, dipolar recoupling
sequences are used to enable the polarization transfer among
low-c nuclear spins under MAS. Numerous recoupling schemes
have been developed to enable the polarization transfer under
MAS [1–6]. Protons can facilitate the polarization transfer, as it is
known from traditional proton-driven spin diffusion (PDSD) [7–9]
or more advanced PARIS [6] experiments. All recoupling tech-
niques, proton-assisted or not, rely on a direct coupling between
low-c nuclei. When the direct coupling is weak, a build-up of
cross-correlations is slow. For example, direct 15N–15N dipolar
coupling among amide-15N nuclei in polypeptides is so small that
a mixing time on the order of seconds is required [10,11]. There-
fore, a large effort has been devoted to speed up the spin diffusion
process among low-c nuclei. The most common approach is trans-
ferring the magnetization to protons and then back to low-c spins
under stationary [12] or magic angle spinning conditions [13–16].

Recently, several efficient solid-state NMR techniques [17–21],
implementing this two-step polarization transfer, have been pro-
posed for creating cross-correlations between 15N or 13C nuclei
with very weak direct dipolar coupling. In fact, these techniques
ll rights reserved.
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small modification, can be used for producing heteronuclear cross
correlations, e.g. between 15N and 13C nuclei. Despite different
names: cross-relaxation driven spin diffusion (CRDSD) [17], mis-
matched Hartmann–Hahn (MMHH) [18,19], or proton-assisted
recoupling (PAR) [20,21], the techniques share a common basic
mechanism. A common mechanism for the mixing of low-c nuclear
spin magnetization for both the published pulse sequences [17–21]
and the new ones is described in this study. It is shown that, for
static samples, the most efficient mechanism of mixing is the
thermodynamic coupling to a common reservoir of dipole–dipole
interactions. Under MAS condition, the major mechanism is a con-
ventional cross-polarization (CP). Experimental results obtained
from single-crystalline and powder samples of 15N-labeled N-
acetyl-L-15N-valyl-L-15N-leucine (NAVL) are presented.

2. Theory

A theoretical analysis of several mixing schemes is presented in
this section. We consider static samples, except for a brief discus-
sion of MAS at the very end of this section. Let us start with the
CRDSD pulse sequence given in Fig. 1a. The S-spin magnetization
(15N or 13C), created by cross-polarization from I spins (protons),
evolves under the chemical shift during t1, and then it is locked
for mixing by a spin-lock radio-frequency pulse. In the rotating
frame, the Hamiltonian for this mixing period is

H ¼ Hd �x1RiSiX; Hd ¼ HII þ HIS; ð1Þ

where HII is the Hamiltonian for the dipole–dipole interaction
between I spins, HIS is the heteronuclear dipole–dipole interaction
Hamiltonian, and x1 is the strength of the applied spin-lock
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Fig. 1. Radio-frequency pulse sequences to correlate the chemical shifts of rare
nuclear spins: (a) cross-relaxation driven spin diffusion (CRDSD) [9]; (b) with
ramped adiabatic demagnetizing and remagnetizing pulses; (c) CRDSD with a
ramped spin-lock mixing pulse; (d) a mismatched Hartmann–Hahn (MMHH)
mixing [18,19] or a proton-assisted recoupling (PAR) [20,21].
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radio-frequency field. The direct dipolar coupling between low-c S
spins is neglected as the 15N–15N dipolar coupling between ami-
de-15N nuclei in a protein is very small. The heteronuclear dipole–
dipole interaction HIS contains only the z-components of I and S
spins and, therefore, does not provide a direct mechanism for their
flip-flop. Due to flip-flop motions of I spins driven by the Hamilto-
nian HII, z-fields on S spins fluctuate causing transitions of the
locked S spins, and thereby changing the magnetization of S spins
along the x-axis of the rotating frame. The Hamiltonian (1) does
not depend on time, and the total energy <H> is conserved. There-
fore, any change in the Zeeman energy of S spins (in the rotating
frame) x1Ri < SiX > is compensated by corresponding change in
the dipolar energy <Hd>. These changes occur until the system
reaches an equilibrium state described by a common spin temper-
ature. The process of equilibration is very similar to the one in
homonuclear spin-locking experiment described in detail by Gold-
man [22]. The only difference is expected for small concentrations
of spins S where the equilibration becomes a two-step process. First,
an equilibrium is established with nearby I spins, then the dipolar
order propagates to larger distances by spin-diffusion [23].

In order to estimate the efficiency of building cross-correlations,
we assume that only one S1 spin is polarized at the beginning of the
mixing period and calculate equal x-polarizations of S spins at the
end of the equilibration process. The density matrix changes from
the initial qin to equilibrium qeq as given below.

qin ¼ ðTr1Þ�1ð1þ ax1S1XÞ ! qeq

¼ ðTr1Þ�1 1þ bðx1RiSiX � HdÞð Þ; ð2Þ

where a and b are the initial and final (inverse) spin temperatures.
By introducing the local dipolar fields xL [22] on spins I and
neglecting the heteronuclear contribution to the dipolar energy (a
lower concentration of S spins, when compared to I spins, is as-
sumed), one can calculate the initial Ein and final Eeq energies as

Ein ¼ ax2
1=4 ¼ Eeq ¼ b NSx2

1 þ NIx2
L

� �
=4; ð3Þ
where NS and NI are the number of S and I spins, respectively, in the
sample per one S1 spin. The efficiency p of cross-correlation can be
calculated from Eq. (3) as

p ¼ b=a ¼ NS þ NIx2
L=x

2
1

� ��1 ð4Þ

This quantity is the final x-polarization of each of the S spins cre-
ated from one unit of initial x-polarization of the S1 spin. One can
see that the efficiency decreases under the dilution of S spins: either
in the presence of a larger number of protons or non-equivalent S
spins. One can also realize that, for a higher efficiency, it is desirable
to use a larger RF field strength (x1) for the spin-lock (in Fig. 1a).
However, there is a kinetic limitation on the use of x1 values. The
rate of approaching the equilibrium can be calculated as [22]

W � x2
LSgðx1Þ; ð5Þ

where xLS is the amplitude of the local dipolar z-field created by I
spins on S spins and g(x) is a normalized spectrum of time fluctu-
ations of these z-fields at frequency x. g(x) describes a frequency
spectrum of flip-flops in the I spin system. The width of this func-
tion is comparable, but somewhat narrower, than that of the dipo-
lar-broadened spectrum of I spins. Therefore, when x1 is large
compared to the width of g(x), the rate W of the Zeeman-dipolar
equilibration is slow.

The mixing period of the CRDSD pulse sequence given in Fig. 1a
consists of three processes: (a) transfer of the Zeeman order of S
spins to the dipolar order, (b) propagation of the dipolar order by
spin diffusion of I spins, and (c) transfer of the dipolar order back
to the Zeeman order of S spins. These three processes can also be
achieved by the adiabatic demagnetization–remagnetization
scheme shown in Fig. 1b. The first spin-lock pulse (in Fig. 1b) with
decreasing amplitude locks the x-magnetization of S spins and
gradually converts it to the dipolar order of the entire system.
The dipolar order then propagates via the flip-flops of I spins. Final-
ly, the remagnetization pulse with increasing amplitude converts
the dipolar order into x-magnetization of S spins. The mechanism
of converting the dipolar order to magnetization of rare spins has
been studied in detail in the context of adiabatic cross-polarization
(CP) [24].

The mixing mechanism discussed above also suggests how one
can improve the efficiency of the scheme given in Fig. 1a. At the
beginning of the mixing period, it is desirable to convert more
polarization into the dipolar order for subsequent fast propagation
through the system. At the end of the mixing period, it is beneficial
to create a higher Zeeman order for S spins. Therefore, one expects
that replacing the spin-lock pulse of constant amplitude by a
ramped pulse with increasing amplitude, as shown in Fig. 1c, will
enhance the cross-correlation efficiency.

The scheme shown in Fig. 1d uses a mismatched Hartmann-
Hahn (MMHH) CP in the mixing period [18,19]. The scheme was
also named as the proton-assisted recoupling (PAR), when applied
under the magic angle spinning (MAS) condition [20,21]. Two
spin-lock fields here have different amplitudes x1S and x1I. (The
scheme in Fig. 1a can be viewed as a variant of this sequence at
x1I = 0.) The mechanism of creating the dipolar order by the
sequence given in Fig. 1d is similar to the one discussed above for
the pulse sequence given in Fig. 1a. The differences are the follow-
ing. Cross-polarization in the doubly-rotating frame (quantization
axis is x) is governed by zero-quantum interactions, S+I� + S�I+, pro-
viding flip-flops between I and S spins in the rotating frame. At the
exact match condition, x1S = x1I, flip-flops conserve the energy.
When x1S – x1I, the energy difference (x1S �x1I) goes to the res-
ervoir of dipole–dipole interactions and changes its spin tempera-
ture. The dipolar bath itself is also modified by a strong field x1I:
the dipolar interaction HII is truncated to �(1/2)HXII, where HXII

has the same form as HII except that the x- and z-axes are inter-
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changed. Depending on the parameters, the scheme in given Fig. 1d
can also convert the Zeeman order of S spins to the Zeeman order of
I spins and back. This type of mixing would be especially efficient
when two S spins are directly coupled to a common I spin. In this
case, the mechanism can be viewed as the third-spin assisted
recoupling (TSAR) [25].

So far, we have considered a static sample. The pulse sequence
given in Fig. 1d has already been successfully tested under fast ma-
gic-angle spinning (MAS) [20,21]. MAS averages out dipolar inter-
actions and, therefore, the dipolar reservoir disappears. Besides
mixing via the Zeeman reservoir of I spins, there is potentially
one more possibility. As it has been demonstrated elsewhere
[26], a long-lived pseudo-dipolar order can exist under fast MAS.
It has been shown [26] that non-averaged multi-spin effective
interactions form a reservoir of pseudo-dipolar couplings, which
can be treated very similar to the dipolar reservoir for static solids.
In particular, transfer of the Zeeman order to and from the pseudo-
dipolar order can be observed in the same set of experiments: off-
resonance saturation or two-pulse Jeener–Broekaert sequence
[27]. The experimental observation of the transfer of pseudo-dipo-
lar order to the Zeeman order is reported [28,29]. The strength of
the pseudo-dipolar couplings can be guessed from the width of
the central band of the proton spectrum under MAS. Under fast
MAS, it can only be a few percent of the original static line width.
Accordingly, the offsets, leading to the creation of the dipolar order
in the experiments shown in Fig. 1, should be scaled down. For
example, it could be expected that the maximum performance of
the MMHH mixing is reached for offset (x1S �x1I) values close
to the width of the central band of the proton MAS spectrum for
the central-band CP, or similar offsets from the first spinning side-
band matching. Unfortunately, we were unable to directly observe
mixing via pseudo-dipolar couplings in our experiments described
in the next section.

The mechanism of creating cross-correlations discussed above
is certainly not limited to homonuclear spins. For example, to cre-
ate a correlation among 15N and 13C nuclei, one can first convert
the Zeeman order of 15N to the dipolar order and then the dipolar
order to the Zeeman order of 13C. The modification of the pulse se-
quences shown in Fig. 1 to accomplish correlation of heteronuclei
is straightforward.

An important fact, that makes the above-discussed mechanism
possible, is the presence of a common dipolar reservoir in hetero-
nuclear spin systems [22]. Even if one type of low-c spins is dilute,
so that these spins do not interact between themselves and do not
change their z-components, the flip-flops of abundant spins (pro-
tons) are sufficient to establish a common dipolar spin tempera-
ture. Thus the insights into the mechanism of magnetization
mixing provided here suggest that numerous modification of
CRDSD (given in Fig. 1a) is possible; pulse sequences given in
Fig. 1b–d are essentially modifications of Fig. 1a. They can be
grouped together by the mechanism of mixing – the ZDZ-mixing
(Zeeman–Dipolar–Zeeman).
Fig. 2. 1D 15N chemical shift spectrum of an NAVL single crystal with an arbitrary
orientation relative to the external magnetic filed recorded using a ramped CP
sequence (80% ramp, solid line) and adiabatic CP [24,30] (dots line). A 55 kHz
SPINAL-64 decoupling was applied during acquisition for both sequences. 1 ms CP
time and 37 kHz spin-lock field were used in ramp-CP; whereas a 1 ms ramp down
pulse (from 40 kHz to zero) was applied for proton demagnetization and 6 ms ramp
up pulse (from zero to 37 kHz) was used for 15N remagnetization in adiabatic CP.
3. Experimental results and discussion

3.1. Static sample

A single crystal of uniformly 15N labeled dipeptide N-acetyl-
L-15N-valyl-L-15N-leucine (NAVL) at an arbitrary orientation with
respect to the external magnetic field was used to demonstrate
the pulse sequences shown in Fig. 1. All NMR experiments were
performed at 15 �C. The sample preparation and molecular struc-
ture of NAVL are described in the literature [17]. There are two
NAVL molecules per unit cell; so, the 1D 15N chemical shift spec-
trum obtained under proton decoupling (SPINAL-64 [31]) consists
of four peaks (shown in Fig. 2). The large distance between 15N
atoms in a crystal makes the direct coupling to be negligibly small
(<30 Hz), so that the direct nitrogen flip-flops are totally sup-
pressed by the chemical shift difference. For the chosen NAVL crys-
tal orientation in Fig. 2, no cross peaks were observed in the PDSD-
based 2D 15N–15N correlation spectra obtained using a mixing
time as large as 4 s.

Fig. 3 shows 2D 15N–15N chemical shift correlation spectra ob-
tained using the pulse sequences given in Fig. 1a–d with a 10 ms
mixing time. The observation of cross peaks in these spectra clearly
demonstrates similar high efficiency of all four pulse sequences in
establishing 15N–15N cross-correlations. All cross peaks, both in-
tra- and inter-molecular, are fully developed after only 10 ms mix-
ing. In fact, the intensities of the cross peaks are already saturated,
which can be clearly seen in the traces shown in Fig. 4. The inten-
sities of cross-peaks and diagonal peaks are comparable. It should
be mentioned that the performance of the pulse sequences shown
in Fig. 1a and d has also been studied for a single crystal of NAVL in
a recent work [32].

Equally high performance of all the pulse sequences shown in
Fig. 1 is based on the common mechanism. Namely, the transfer
of the 15N Zeeman order to the common dipolar reservoir of pro-
tons and nitrogens and then back to the nitrogen polarization. Be-
low, we present more experimental evidence supporting this
mechanism. It is mentioned in the recent reports [18,32] that the
CRDSD pulse sequence given in Fig. 1a relies on the direct coupling
between nitrogen nuclei, while the pulse sequence in Fig. 1d does
not require the direct coupling. This is disproved by our results
(Figs. 3 and 4) which suggest that the pulse sequence given in
Fig. 1a does not require the low-c nuclei to be dipolar-coupled, just
like it is not required for the other pulse sequences in Fig. 1.

It has been shown that the dipolar order can also be created by
adiabatically demagnetizing protons [30]. For protons, we used a
90�-pulse followed by a demagnetizing spin-lock pulse with a lin-
ear decrease in the amplitude. Adiabatic demagnetization of pro-
tons is fast and therefore the demagnetizing pulse can be as
short as 0.5 ms. A subsequent spin-lock pulse on 15N establishes
a Zeeman-dipolar contact leading to an equilibrium (described by
Eq. (2)) and, therefore, creating the 15N magnetization. The situa-
tion for the second step is very similar to the one described by
Eqs. (2)–(4) except that the initial order is now the dipolar order.
Again, we expect that the 15N magnetization will reach maximum
when the spin-lock amplitude x1S is close to the dipolar coupling
frequencies. Experimental results are presented in Fig. 5. For a
6 ms mixing time, peaks 1, 3, and 4 reach a maximum at x1S/



Fig. 3. (a–d) 2D 15N–15N correlation spectra of an NAVL single crystal recorded using the pulse sequences shown in Figs. 1a–d, respectively, with a 10 ms total mixing time;
(a) the 15N spin-lock field x1S/2p = 13.3 kHz; (b) two 3 ms ramped spin-lock pulses with a maximum amplitude x1S/2p = 23.6 kHz and a zero minimum amplitude; a 4 ms
delay applied between these two spin-lock pulses. (c) A spin-lock pulse with the amplitude x1S/2p ramped from 12.5 kHz to 16.7 kHz; (d) MMHH with x1I/2p = 27.7 kHz and
x1S/2p = 30 kHz. 32 t1 increments were applied for all experiments and the 2D spectra were process using covariance NMR [33].

Fig. 4. A comparison of 1D spectral slices extracted from 2D spectra given in Fig. 3.
(a–d) Horizontal 1D 15N chemical shift slices taken at 200.9 ppm from the 2D
spectra given in Figs. 2a–d; the leftmost peak is the diagonal peak while other peaks
are cross peaks. Fig. 5. Peak intensities as a function of x1S/2p for a 6 ms 15N spin-lock pulse.

Dipolar order was created by a direct adiabatic demagnetization of protons by
applying a 1 ms ramp pulse (40 kHz to zero). The intensities of peaks 1, 3, and 4
reached a maximum at x1S/2p = 13.3 kHz; peak 2 intensity reached a maximum at
x1S/2p = 18.7 kHz.
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2p = 13.3 kHz whereas the peak 2 reaches a maximum at a higher
RF field x1S/2p = 18.7 kHz. From this, we expect that the pulse se-
quence given in Fig. 1a will have maximum performance near
these values of x1S. At longer mixing times, the maximum will
be reached at higher values of x1S and will result in larger nitrogen
polarization. This conclusion is consistent with our measurements
(not shown). The x1S dependence with a maximum for the CRDSD
performance in the NAVL single crystal has also been reported [32].

The relaxation time T1D for the dipolar reservoir can be mea-
sured by introducing a delay between the 15N demagnetization
and remagnetization as shown in Fig. 1b. Fig. 6 shows the decay
of the dipolar order in the NAVL single crystal measured by the
15N remagnetizing pulse applied after a variable delay. The average
T1D value obtained from this measurement is about 0.25 s. A
slightly different result obtained for different peaks could be due
to imperfect adiabatic remagnetization in the experiment. The
spin–lattice relaxation time T1D sets a limiting time scale for the
mechanism of mixing. In some samples, T1D can be much shorter
than T1.



Fig. 6. The decay of the dipolar order in 15N labeled NAVL single crystal, measured
by introducing a delay between 15N demagnetization and remagnetizing pulses
(Fig. 1b); T1D values, obtained from fitting the peak intensities by exponential
decays are 0.29, 0.22, 0.26, and 0.25 s for peaks 1–4, respectively. The peak intensity
at time zero was normalized to 1 for all four peaks.
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The experimental results (Figs. 3b and 4b) obtained for the
pulse sequence given in Fig. 1b is a direct proof that an efficient
mixing can occur via an intermediate dipolar-ordered state. A
4 ms RF-free delay was used between the demagnetizing and
remagnetizing pulses (in Fig. 1b). The dipolar order is the only type
of order that can survive during such a long RF-free interval in this
experiment. The main advantage of this pulse sequence is that it is
very robust and does not require an optimization of the experi-
mental parameters.

As shown in Figs. 3c and 4c, the performance of the pulse se-
quence with a ramped spin-lock pulse (depicted in Fig. 1c) is
slightly better than the performance of the pulse sequence with
a constant-amplitude spin-lock pulse (depicted in Fig. 1a). The
ramped pulse also makes it less sensitive to the optimized value
of x1S.

For the MMHH pulse sequence shown in Fig. 1d, the depen-
dence of its performance on the Hartmann–Hahn (HH) mismatch
is shown in Fig. 7a. In the experimental result shown in Fig. 7,
the RF amplitude applied for 15N was fixed at x1S/2p = 30 kHz.
Fig. 7. (a) Integral (projected) intensities of the peaks for 10 ms MMHH as a function of x
spectrum (200.9 ppm) that were obtained using x1I/2p = 24.7, 27.7, 31.1, and 34.8 kHz.
Fig. 7a displays the sum-projected intensities of the four peaks as
a function of the amplitude x1I/2p of the RF field applied on pro-
tons. All peak intensities reach a minimum at the exact match
x1I = x1S. The efficiency of creating cross-correlation peaks can
be seen in Fig. 7b. Again, the intensities of the cross-peaks are
the smallest near the match (indicated as x3 in Fig. 7b). It is inter-
esting that at x1I = x1S the intensities are small but not zero, as we
would expect from our thermodynamic description. The reason is
that, in addition to the ZDZ-mixing, there is also Zeeman–Zee-
man–Zeeman (ZZZ) mixing when the 15N polarization is trans-
ferred to proton polarization and then back to 15N polarization.
This type of mixing has the same mechanism as the Hartmann–
Hahn CP. While the ZDZ-mixing increases with HH mismatch,
the ZZZ-mixing has a maximum rate near the exact match. One
can see in Fig. 7b that the mixing via the dipolar reservoir is more
efficient for a static sample. This situation changes under MAS
which suppresses the dipolar reservoir and the ZDZ-mixing mech-
anism leaving the ZZZ-mixing as the dominant mechanism.

3.2. MAS

For a better comparison with the static case, we used a powder
sample of NAVL for MAS experiments. A moderate spinning speed
of 10 kHz, not compromising the efficiency of ramped-CP, was cho-
sen. Fig. 8a shows a 2D 15N–15N correlation spectrum, recorded
with the MMHH pulse sequence depicted in Fig. 7d. The mixing
time was only 5 ms. Intensities of both the diagonal and cross-
peaks can be improved by using a 90% ramped proton pulse, as it
is illustrated in Fig. 8b. The expected mechanism of mixing in this
case is the HH-CP. The better performance of the ramped-CP can be
explained by inhomogeneities of the two RF fields, created by dif-
ferent coils in the probe. To explore the mixing mechanism in more
detail, we compared the dependences on the HH mismatch of a
2 ms CP performance and of the intensities of the diagonal and
cross-peaks in the 2D correlation experiment with a 5 ms mixing
time. The results are presented in Fig. 9. The CP performance
(shown in Fig. 9a) is irregular (due to many factors, including RF
field inhomogeneity) but shows distinct maxima at mismatches
|x1I �x1S| = 0, 10 kHz. The diagonal peak in Fig. 9b, expectedly,
shows maxima in the areas where CP is less efficient. When the
CP mechanism is turned off, the nitrogen magnetization is simply
locked by the spin-lock pulse. On the contrary, the cross-peaks
are high in the regions where the CP efficiency is high (Fig. 9c).
1I/2p with x1S/2p fixed at 30 kHz; (b) horizontal 1D slices taken from the 2D MMHH



Fig. 8. 2D 15N–15N correlation spectra of NAVL powder under 10 kHz MAS obtained using (a) a pulse sequence shown in Fig. 1d with x1I/2p = 36 kHz, x1S/2p = 37 kHz, and
(b) the same pulse sequence with a 90% ramp-up proton spin-lock pulse, a maximum of x1I/2p = 36 kHz, x1S/2p = 37 kHz. A mixing time of 5 ms was applied for both pulse
sequences.

Fig. 9. (a) The 15N CPMAS signal intensity with respect to the proton spin-lock
amplitude, while the 15N spin-lock pulse amplitude was fixed at 37 kHz. A 2 ms CP
time was used. The diagonal peak intensity (b) and the cross peak intensity (c) of
the 2D correlation spectra (at 127.19 ppm) obtained using the PAR pulse sequence
with a 5 ms mixing time, 37 kHz 15N spin-lock, and varying the proton spin-lock
amplitude. 10 kHz MAS and 55 kHz TPPM decoupling were used in all experiments.
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Arbitrary vertical scales was chosen in Fig. 9, but the scales in
Fig. 9b and c show the relative intensities of the diagonal and
cross-peak.

Even though the explanation of the mixing mechanism by the
HH-CP alone is roughly consistent with the experimental observa-
tions, Fig. 9 reveals some interesting details. As an example, the CP
dependence in Fig. 9a has a very sharp maximum at the exact HH
match x1I �x1S = 0. At the same time, the intensity of the cross-
peak has a local minimum at the exact match. Cross-peaks are
higher at few kilohertz offsets. This may be an indirect indication
that the mixing via a reservoir of pseudo-dipolar couplings [26]
also contributes to the process. If this is the case, an explanation
of the local minimum in Fig. 9c can be similar to the one for the
local minimum in Fig. 7b.
4. Conclusions

Our study demonstrated that for static samples, fast and effi-
cient mixing to create cross-correlation of weakly coupled 15N or
13C spins can be achieved by converting the Zeeman order of these
spins into a common dipolar reservoir (with heat capacity mostly
contributed by protons) and then back to the Zeeman order of
15N or 13C spins. We have shown that there is a common mecha-
nism of mixing for various CRDSD sequences and that the mecha-
nism can be explained in terms of spin thermodynamics. Since the
efficiency of building cross-peaks decreases at dilution, as it is pre-
dicted by Eq. (4), the CRDSD techniques described in this study are
mostly suited for uniformly labeled systems. While the cross-cor-
relation growth curves important for distance estimations and can-
not be derived from equilibrium thermodynamics, a concept of
spatially inhomogeneous spin temperature and its time-evolution
may be a useful tool for semi-quantitative description; simulation
of the spin diffusion process could provide insights into the pulse
sequences reported in this study [34]. Our results show that the di-
rect Hartman–Hahn cross-polarization remains the main mixing
mechanism under MAS as the dipolar bath disappears. There is also
a possibility that, under fast-MAS, mixing can be facilitated by a
thermal contact with the reservoir of pseudo-dipolar couplings.
Scalar couplings, which are relatively weak in static solids, can also
provide useful mixing mechanisms under fast MAS.
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