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The advantages offered by ultra-fast (>60 kHz) magic angle spinning (MAS) rotation for the study of bio-
logical samples, notably containing paramagnetic centers are explored.
It is shown that optimal conditions for performing solid-state '*C NMR under 60 kHz MAS are obtained

Available online 7 November 2008 with low-power CW 'H decoupling, as well as after a low-power 'H,'3C cross-polarization step at a dou-

ble-quantum matching condition. Acquisition with low-power decoupling highlights the existence of

Key V'./ords" L rotational decoupling sidebands. The sideband intensities and the existence of first and second rotary
Ilil/lls/lgléc angle spinning conditions are explained in the framework of the Floquet-van Vleck theory.

Proteins As a result, optimal '3C spectra of the oxidized, paramagnetic form of human copper zinc superoxide
Low power dismutase (SOD) can be obtained employing rf-fields which do not exceed 40 kHz during the whole

experiment. This enables the removal of unwanted heating which can lead to deterioration of the sample.
Furthermore, combined with the short 'H Tys, this allows the repetition rate of the experiments to be
shortened from 3 s to 500 ms, thus compensating for the sensitivity loss due to the smaller sample vol-
ume in a 1.3 mm rotor. The result is that 2D '*C-'3C correlation could be acquired in about 24 h on less
than 1 mg of SOD sample.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Interest in solid-state NMR (SSNMR) as a tool for studying the
structure and dynamics of biological molecules has considerably
grown during the last decades [1-6]. The past 10 years have nota-
bly witnessed a remarkable development in magic angle spinning
(MAS) probe technology, which has enabled a considerable in-
crease in sample spinning and decoupling frequencies, allowing
stronger dipolar couplings to be averaged better and better. For in-
stance, the size of commercially available rotors has progressively
decreased, and the range of attainable spinning frequencies has
correspondingly increased. Rotation frequencies have gone from
the so-called fast (20 kHz) and very-fast (35 kHz) regimes to the
actual “ultra-fast” regime of more than 60 kHz, reached using com-
mercial 1.3 mm rotors. This frequency exceeds the strength of
homonuclear protons dipolar coupling and is therefore expected
to enter a new regime for spin dynamics [7].

One of the first noticeable effects offered by high spinning fre-
quencies was the gain in resolution. For example, it was observed
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experimentally that the linewidth in uniformly '3C labeled com-
pounds decreases at faster MAS rates [8]. The increase in sensitiv-
ity is particularly striking in the case of paramagnetic nuclei [9-11]
or quadrupolar nuclei [12]. More recently, ultra-fast MAS applica-
tions have notably enabled the recording of indirect detection of
heteronuclei through 'H NMR signals in >N [13] and '3C experi-
ments [14,15].

A key advantage often intuitively connected to the use of
small rotor sizes is the possibility to apply stronger irradiation
fields, since smaller rf coils and sample volumes significantly in-
crease the nutation frequencies for a given rf power applied to
the probe coil. In solid-state NMR experiments, the size of the
anisotropic interactions is usually not much smaller than the
rf-field used to modulate them, and this often results in incom-
plete averaging. Large rf-fields would then be beneficial particu-
larly for experiments that use dipolar and quadrupolar
decoupling, recoupling, or broadband single and multiple quan-
tum excitation.

However, it may be more interesting to note that ultra-fast
MAS opens new perspectives for techniques which make use of
low-power irradiation. Meier and co-workers have indeed demon-
strated the use of low-power decoupling at high-frequency MAS
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in order to achieve heteronuclear spin decoupling [8]. Using aver-
age Hamiltonian theory, they showed the advantage of inversing
the averaging processes (w4 < w,) compared to the normal high-
power approach. They demonstrated this with XiX decoupling
[16] and then proved its applicability for the decapeptide antam-
anide at 60 kHz MAS [7]. Kotecha et al. recently compared the
efficiency of different decoupling sequences at high spinning
speeds depending on the multiplicity of the carbon under consid-
eration in ubiquitin samples [17]. Griffin et al. have also recently
discussed the use of low-load decoupling during spin-echo exper-
iments [18]. Low-field decoupling is thus an important alterna-
tive, in particular for the study of biological substrates with
high dielectric constants, where prolonged high-power irradia-
tions can lead to undesired, often disastrous, heating of the
sample.

In the following, we provide an analysis of effects of fast
MAS on both decoupling and cross-polarization. This analysis
will summarize results that were already partially presented.
For example, Meier studied the effect of fast MAS on cross-polar-
ization and proved the possibility of double-quantum Hartmann-
Hahn matching [19]. A theoretical analysis of CPMAS using
Floquet theory as well as simulations were then developed by
Vega [20,21]. As for decoupling, several theoretical studies using
Floquet theory and van Vleck transformation were carried out
by Sachleben [22,23], Griffin and co-workers [24], Meier and co-
workers [25] and Vega and co-workers [26]. All these results will
be recast here using Floquet-van Vleck theory. We will then high-
light how the improved partial averaging of the homonuclear
hamiltonian by very-fast sample rotation affects the cross-polari-
zation and heterodecoupling processes. These effects are
examined and explained in a simple model compound, 2-('3C)-
L-alanine, as well as in copper(ll), zinc(Il)-superoxide dismutase
(SOD), a paramagnetic protein of 32 kDa.

2. Experimental section

All experiments were performed on a Bruker Avance III spec-
trometer operating at a proton frequency of 500 MHz, and
equipped with a double-resonance 1.3 mm CP-MAS probe.

Purified '3C, '>N-labeled, stabilized copper(Il), zinc(II)-superox-
ide dismutase was obtained from ProtEra srl (Sesto Fiorentino,
Italy). A microcrystalline crystallized sample was prepared as pre-
viously described [27], and directly centrifuged into the NMR rotor.

RF-field strengths were determined by recording 'H and '3C
nutation curves. Other experimental details are given in the figure
captions for each spectrum.

3. Theory
3.1. Cross-polarization during fast MAS

CP under MAS has been extensively studied in the past [28,29].
Meier studied the effect of fast MAS on cross-polarization and
proved the possibility of double-quantum Hartmann-Hahn match-
ing [19]. A theoretical analysis of CPMAS using Floquet theory as
well as simulations was then developed by Vega and co-workers
[20,21]. In the following, we will provide a summary of these
results.

In the framework of Floquet theory, the most general case of a
rotating IyS(1/2) spin system is represented by the Hamiltonian:

H= *(J)?Sz — C!)I]Iz + Ry + His + Hy. (1)

This Hamiltonian is written in a mixed quantization frame where I-
and S-spins are quantized along their respective rf-fields, with rf-
field strengths of w! and wj, respectively, and the rotation of the

sample (at a frequency w,) is quantized along the rotor axis. The
rotational quantum number operator, R,, measures the deviation
of the angular momentum from its average value about the rotation
axis. If the rotor state is defined by the ket, |n), where n is the num-
ber of rotor quanta in that state, then |n) is an eigenstate of R,, de-
fined by the eigenvalue equation

Ry |n) = nfn). 2)

The operators F, are the p rotor quantum raising and lowering oper-
ators defined by

Fpln) = In +p). 3)
These Floquet operators follow the commutation relations

[Fn, Fa] =0 4)
and

[Ry, Fy] = nF,. (3)

In this way, when the two irradiation fields are applied, the I\S sys-
tem can be represented by two basis manifolds of Floquet states
{{M,,n),|]M,B,n)}, where |M) is one of the m coupled
I-spin product functions with total spin number M, n is assumed
to take values from —oco to oo, and |o) and |B) are the eigenstates
of the S spin. The energy of these manifolds are, respectively,
—Mao' — w3 +nw: and —Mw!, + 1w} + now,. This is illustrated in
Fig. 1.

In this formalism, the homonuclear coupling can be expressed

as:
1 2 - 3 p . .
o= X 3 of T+ 53 3 0T T,
j p=-2 j p=-2
(6)
where
l® = wyDG) (04, By, 13)Dg 0, 1, 0). (7)

w; = —hy? /r?j is the proton-proton dipolar coupling constant, and
the D), (Q) are the second rank Wigner rotation matrix elements
that rotate from the principle axis system of the homonuclear cou-
pling to the rotor axis system, for ;; = (o, 8;)5), and from the rotor
axis system to the laboratory, Q =(0,8,,0). This term removes the
degeneracies between the Floquet manifolds of states, and creates
a band of mixed states that exhibit an energy spread of the order
of |ayl* /c?.

The heteronuclear part of this Hamiltonian can be rewritten in
terms of raising and lowering operators as

a)fﬂj/cozrt
M - 1.5.n)
1
0
|M 71.(‘/"/1>’ !
k ’|M,[3,n>
0 = ,
n=1 - o
|M,0(,n>{ n=0 (Dr$ 1
n=-1 r "M+1,B,I‘I>
o
B S
M +1,a,n>[ ——V._ 0

Fig. 1. Schematic representation of the Floquet energy states in the tilted rotating
frame of a IyS spin system under MAS.
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where
oY = oD (04, Bi, )D5H 0, ;. 0). 9)

and wjs = —hy,ys/r% is the heteronuclear dipolar coupling.

The heteronuclear coupling gives rise to both double- and zero-
quantum terms both of which can lead to cross-polarization
[19,20]. For the zero-quantum case, this can be seen by noticing
that when w§ — ! = pw, (for p= £ 1, £2), the zero-quantum heter-
onuclear term

1
Hzoer = *jwls O(i.S_F_p+1;_S.Fp), (10)
commutes with rf and rotation parts of the Hamiltonian,

Hp = —@3S; — @Iz + oRy. (11)

This thus couples the |[M,a,n) and |[M+1,8,n+k) manifolds with
p=+1, 2, allowing the term in Eq. (10) to drive zero-quantum
cross-polarization. Similarly, the term

1
Hpgep = — 26015 (I+S+F—p +1.5_Fp) (12)

will cause double-quantum cross-polarization between the |M,o,n)
and |[M — 1,,n + k) manifolds when their energies E}'(n) and E}' (n)
are about equal, that is for @ + w3 = pw, with p==+1, +2.

Cross-polarization under MAS can thus theoretically occur
through two kinds of mechanisms: one involves the zero-quantum
part of the heteronuclear dipolar coupling whereas the other one
relies on the double-quantum part of the same interaction.

Further analysis using quasi-equilibrium (QE) spin thermody-
namics allows us to determine the maximum polarization achiev-
able for ZQ- and DQCP under fast MAS. Such an analysis is provided
in Appendix A. It notably shows that DQCP will lead to negative
enhancements as compared to ZQ processes. The analysis predicts
that the maximum polarization achievable is the same for equiva-
lent conditions.

In conclusion, if the CP matching curve under ultra-fast MAS is
measured, ZQCP is expected to give rise to a series of strong posi-
tively phased peaks spaced by +pw, about the normal Hartmann-
Hahn condition of o} = 3. In addition, strong, negatively phased
peaks will appear at @ = pw, — w3 due to DQCP.

3.2. Decoupling during fast MAS

Several theoretical studies of heteronuclear decoupling have
been done using Floquet theory, and van Vleck transformation
were used in this context by several authors [22-26]. In the follow-
ing, we will provide a summary of these results, recast here in a
uniform Floquet-van Vleck formalism.

Most of the interesting decoupling effects at high spinning fre-
quencies can be demonstrated in an IS system. The Hamiltonian for
such a spin system undergoing heteronuclear decoupling and MAS is

H=-wiS; — wl; + o, Z,—Z Zw (I;,S7 +1;_S7)F,

i=1 p=-2
1 2
-5 > 0B T E, +\[Zw (199 +TY)F,  (13)
p=-2 p=-2

Here again the Hamiltonian is written in a mixed quantization
axis system, where the S-spin is quantized along the normal labo-
ratory rotating frame, and the I-spins are quantized along the
decoupling field.

Using the Hamiltonian in Eq. (13) and the commutation rela-
tions of the spin operators and of Egs. (4) and (5), Floquet-van
Vleck theory can be used to calculate the signal as a function of
time. Far from rotary resonance, the signal has been shown to be
[23]:

2 2 d® (2) 03t

= E . . centerband
{ 5.4 w, T (1),)2 Ao (Br)d 50 (Br) pe'™ot ( )
1 2 i(0S 1ol .
— x(m 7 +maoy)
+3 ; w' + o) diro(B)d %, o (B,)e s im0t (sidebands)
1 EZ 2 (ﬁ > (ﬁ ) 1((/)5 m‘ tmaop)t <51debands)
5 =, w ) m() r ﬂnO

(14)

At a fixed rotation rate, Eq. (14) predicts a spectrum contain-
ing a strong peak at the isotropic frequency, wj, flanked by rota-
tional decoupling sidebands at ®§+ o) +mw, and
§ — o} + mo,. The strongest of these is shifted from the isotro-
pic frequency by =+(w, — }). Rotary resonances occur when
these rotational decoupling sidebands overlap the centerband,
i.e. when ! = w, or w| = 2w,. Notably, the existence of decou-
pling sidebands has already been predicted and experimentally
observed [22]. In the presence of MAS, theory predicts that the
decoupling sidebands break up into a set of rotational decoupling
sidebands which, until now, have never been experimentally ob-
served [23].

The interference of decoupling with MAS can therefore be
summed up by two main results: the existence of rotational decou-
pling sidebands and a drastic loss of signal expected at rotary
resonances.

4. Results and discussion
4.1. Cross-polarization during fast MAS

Fig. 2 shows the profiles of the C* carbon signal in 2-(*3C)-1-ala-
nine after a conventional CP experiment as a function of the proton
rf-field strength, in which the carbon rf-field is kept constant at
§ /21 = 160 kHz (Fig. 2a) or o§/2m = 45 kHz (Fig. 2b). The MAS
frequency w,/27 was 68 kHz. The orders of the various matching
conditions are labeled on the figure and correspond to both zero-
and double-quantum cross-polarization conditions. Zero-quantum
cross-polarization (ZQCP) occurs when w! — w§ = pw, and give
rise to peaks with positive intensity as illustrated in the theoretical
section above. Double-quantum cross-polarization (DQCP) occurs
when of + w§ = po, and gives rise to peaks with negative inten-
sity. Most importantly, we note that the CP efficiency obtained at
the p=1 DQCP condition in Fig. 2b with w$/27 =45 kHz and
ofl )21 = 23 kHz is at least as great as any other available CP con-
ditions at higher rf-fields.

In most CP studies until now, with spinning rates up to 30 kHz,
the best CP transfers have always been obtained with high-power
'H irradiation. Low-power schemes performed poorly in this re-
gime, although fields of a few kHz should in principle be sufficient
to lock 'H and '3C magnetization and drive the polarization trans-
fer process. On the contrary, at the high rotation frequencies used
in the experiments presented, comparable transfer efficiencies are
found for the high-power regime and for the low-power p=1
DQCP condition.

This phenomenon can be understood in the Floquet theory
framework. At slow MAS, rotor states in different |M,x,n) and
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Fig. 2. '3C CP profiles of 2-(*3C)-L-alanine at 68 kHz MAS. The intensity of the C* carbon signal is monitored in a CP experiment (1 ms contact time) where the field strength
§ /27 on the carbon channel is set to 160 kHz (a) or 45 kHz (b), and proton rf-field strength ! /27 is varied from 320 to 2 kHz.

|M,g,n) are matched as soon as @) and 3 differ by integer multi-
ples of w, to within the width of the manifolds, which is of the or-
der of \wﬁ/wﬁ (Fig. 3). Fig. 3a shows this for the classic case where
the rf-fields are significantly larger that the rotor frequency. Only
ZQ transitions are observed in the CP profile. Fig. 3b shows the
CP profile expected when rf-fields are used with slow (here
10 kHz) spinning. In this case, overlapping ZQ and DQ transitions
lead to partial cancellation of the transferred polarization
(Fig. 3b), and the overall efficiency is reduced.

This behavior is substantially changed in the ultra-fast MAS re-
gime. Here, first the width of the manifolds is substantially nar-
rower (sharper Hartmann-Hahn matching) and, second, their
spacing is substantially larger. As shown in Fig. 3c and d this allows
overlap of ZQ and DQ transitions to be easily avoided for both high
(3c) and low (3d) values of w!.

As a result, ultra-fast MAS rates allow efficient low-power CP
experiments using low power on both channels, as verified by
the experiments shown in Fig. 2. This situation is now reminiscent
of the CP behavior observed at moderate spinning speeds on low-y
nuclei such as '>N-13C pairs [30].

4.2. Decoupling during fast MAS

Fig. 4 shows the intensity of the 2-(13C)-L-alanine carbon signal
under continuous wave (CW) heteronuclear decoupling as a func-
tion of the decoupling rf-field strength.

As notably discussed by Ernst et al. [8], three main phenomena
contribute to the shape of this profile, namely the two n=1 and
n=2 rotary resonances [31], clearly visible at v =60 and
120 kHz, and the HORROR condition [32].

The terms in the Hamiltonian responsible for rotary resonance
are

H® = — PO, S,F, — wPV1_S;F_,, (15)

where p =1 or 2 and i labels the I-spin. Terms such as I;_SzF_,, cause
the state of the ith I-spin to flip from the |1) — | — ]) state while the
rotor state decreases by p rotor quanta (|n) — |n — p)). At the rotary
resonance conditions described above, the energy levels connecting
these transitions are degenerate and directly driven by the Hamilto-
nian terms given in Eq. (7). This recouples the heteronuclear dipolar
interaction, leading to broadening of the S-spin resonance and thus
to a dramatic loss of signal.

Homonuclear couplings have significant effects on rotary reso-
nance. It has been shown theoretically [33], that the 1st and 2nd
rotary resonances are partially quenched by the presence of homo-
nuclear couplings. At high spinning frequencies, w, > w1, Eq. (13)
is truncated by the rotation of the sample, w,R,, leading to reduc-
tion of the homonuclear part of the Hamiltonian. Under these con-
ditions, the n =1 and 2 rotary resonances are narrow and intense;
however, in the low spinning regime, when w1, > w,, the homonu-
clear coupling can truncate the terms that lead to rotary reso-
nances in Eq. (15), and partially quench and broaden the rotary
resonances.

The best decoupling over the whole range from 0 to 240 kHz is
found here at ultra-fast MAS when v =24 kHz, which corre-
sponds roughly to % =1, that is the HORROR condition. At the
HORROR condition, homonuclear dipolar couplings between 'Hs
are reintroduced [32,33], leading to partial removal of the hetero-
nuclear coupling. This explains the improved decoupling observed
under such conditions [33]. Interestingly, no evidence of improved
decoupling at the HORROR condition is evident in similar profiles
recorded under slow and moderate MAS rates, since in this regime
the n=1 and 2 rotary resonances are broader, and partially cancel
the effect of the HORROR matching. In the slow spinning regime,
the best overall decoupling is always found at the highest available
power.

A more detailed analysis can be drawn from the spectra shown
in Fig. 5, which presents a 2D array of CP/MAS carbon spectra of 2-
(*3C)-1-alanine recorded under CW heteronuclear decoupling for
different values of the decoupling rf-field, at 60 kHz MAS.

Here we observe the predicted first order rotational decoupling
sidebands (at frequencies of o, — w4 and —, + ') which clearly
appear in the range where o, < ¥ < 2w;, as illustrated in Fig. 5c
and d. As predicted, the rotational decoupling sidebands increase
in intensity as they get closer to the centerband while the intensity
of the centerband decreases. The centerband changes dramatically
in the well known fashion when the rotary resonance is exactly
matched (Fig. 5b). Second order rotational decoupling sidebands
(at frequencies of 2w, — w! and —2w, + w!') are observed weakly
at the approach to the second rotary resonance.

Decoupling sidebands have only been previously observed
experimentally in liquid crystalline samples [22] and rotational
decoupling sidebands have not been observed previously in solid
samples undergoing MAS. This is probably because as predicted
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Fig. 3. Schematic explanation of cross-polarization occurring under low spinning speed (a and b) or ultra-fast MAS (c and d), at high irradiation fields (a and c) or low fields (b

and d).

above, the sidebands narrow under fast MAS since their linewidths
are determined by homo- and heteronuclear dipolar couplings.
Better averaging of these dipolar couplings by fast MAS will reduce
the width of the sidebands, making quite logical their observation
for the first time here under ultra-fast MAS.

4.3. Application to fast acquisition of SSNMR spectra

Overall, the discussion above allows us to conclude that (i) effi-
cient cross-polarization can be achieved at low rf power under

ultra-fast MAS, and (ii) efficient decoupling can also be achieved
with low rf-fields.

Fig. 6 confirms the effect of CW heteronuclear decoupling rf-
field strengths on the CP/MAS carbon spectra of fully carbon-la-
beled SOD at 60 kHz MAS. Again, as illustrated in Fig. 6b and g, best
resolution is obtained with low power decoupling (V¥ = 27 kHz) as
compared to decoupling at 110 kHz. As for the case of alanine, first
order rotational decoupling sidebands of the aliphatic peak are
observed at frequencies of w, — w4 and —w, + ®¥ (6a-d). They
appear as broad resonances whose intensity increases on
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Fig. 4. Intensity of the '>C resonance in 2-('3C)-1-alanine in a CP experiment at
60 kHz MAS under CW 'H decoupling, as a function of the decoupling rf-field
strength.
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Fig. 5. (a) Array of CP/MAS carbon spectra of 2-('3C)-L-alanine recorded at 60 kHz
MAS under CW heteronuclear decoupling, with different values of the decoupling
rf-field wf. Projections at different values of the decoupling rf-field w!, are shown
in (b)-(e).
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Fig. 6. CP/MAS carbon spectra of fully (*°N,'>C)-labeled, oxidized human SOD
recorded at 60 kHz MAS under CW heteronuclear decoupling, with different values
of the decoupling rf-field wf.

approaching rotary resonance, though they are observable even
40 kHz away from rotary resonances.

Finally, Fig. 7 illustrates an exciting perspective raised by these
spin-dynamics properties at ultra-fast MAS. Since relaxation is
considerably enhanced in paramagnetic systems (T; is less than
about 100 ms for all the 'H in SOD), the repetition rate of signal
acquisition is most of the time limited by the duty cycle of the
probe. Combined with the low power CP (! =5 kHz) and low
power 1f irradiation during acquisition (w4 = 15 kHz), the short
H T;s of oxidized SOD allow the repetition rate of the experiments
to be shortened from 3 s to 500 ms, still respecting the duty cycle,
thereby compensating for the sensitivity loss due to the small sam-
ple volume of a 1.3 mm rotor. The overall result here is that quite
remarkably, the 2D RFDR (Radio-Frequency-driven Dipolar Recou-
pling) correlation spectrum shown in Fig. 7 could be acquired in
about 24 h with about 1 mg of SOD sample.

5. Conclusion

We have demonstrated that the use of MAS at so-called ultra-
fast spinning speeds in solid-state NMR experiments makes possi-
ble the use of “totally low power” experiments. This is notably a
way to reduce the duty cycle of the probe and, above all, to dramat-
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Fig. 7. '>C-'3C RFDR pulse sequence (a) and the resulting spectrum (b) of the
experiment performed on fully (*°N,'>C)-labeled, oxidized human SOD recorded at
60kHz MAS (CP time 250pus, ns=280, t; increments=600, tYAX=5ms,
Y% = 20 ms, total acquisition time = 25 h).

ically reduce unwanted heating which can lead to deterioration of
the sample. Furthermore, provided that relaxation times are short
enough, the recycling delay in the experiment can be reduced with
a spectacular gain in overall sensitivity per unit time. Here this ef-
fect was demonstrated with a paramagnetic metalloprotein sam-
ple, ensuring short T;s. However, paramagnetic doping could
make similar experiments possible on diamagnetic samples [34].
We have also shown that because of interferences between MAS
and decoupling, special care should be taken in the choice of the
relative values of the decoupling and rotation frequencies. One
can also observe rotational decoupling sidebands under ultra-fast
MAS.
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Appendix A. Quasi-equilibrium analysis of CP under MAS

Using quasi-equilibrium spin thermodynamics and following
the formalism presented in [35], the maximum polarization
achievable for ZQ- and DQCP under fast MAS can be predicted.
The Hamiltonian giving rise to ZQCP at the Hartmann-Hahn
matching condition of W} = ®§ — pw;, is

1
— pwp)lz + w Ry — iw,s (.S F ,+1S,Fp).
(A1)

This Hamiltonian implies that there are three energy reservoirs in
the system: the I- and S-spin and rotation reservoirs. These reser-
voirs correspond to three mutually commuting parts of the
Hamiltonian,

H=-iS; — (@

H? = *CO‘?SZ
H) = —(0 — pw,)Iz (A2)
H) = w,R,.

These three reservoirs are coupled together by the terms that lead
to ZQCP,

1
V= —Ew,g OI.S_F ,+1.S.F) (A3)

Quasi-invariants are operators that do not change the states
connected by V. Two quasi-invariants can be formed in the case
of ZQCP in an IS system:

Q=

(pr —207)(Iz + S7) (Ad)

[\J\»—A

and

1

Q= 5 r(pl; — PS; + 2Ry). (A5)
PI‘OJECtlIlg the initial spin-locked density matrix, ;, = oyl; where
O = — Tr ;and Iz is quantized along the rf-field, onto these qua-
si-mvarlants allows the quasi-equilibrium density matrix to be
found. Using a superoperator formalism where for the operators A
and B, (A|B) = Tr{AB}, the projection of the initial density matrix onto
Qi is

(ain]Q1)

0,— Tr{oul; [ (pwr —2w3) Iz +52)] }
@len ="

Tr{ [} (pwr —2w3) (I +S2)| 3 (pwr — 2003) (I +S7)] }

oL Tou(pey — 200%)[Tr{I2} + Tr{I;S;}]
[3tpor—260):+50)| - T e

% B(pw, _zw§><zz+sz)] (A6)

Canceling terms and using that Tr{I2} = Tr{S3} = 1 and the orthog-
onality of I; and Sz, Tr{l; Sz} = Tr{Sz I} = 0, it is found that

(Gin|Ql) _ 1
Qo) & = 2%z 52 (A7)

2
Similarly for the projection onto Q,

_ Tr{oulz [ (pl; — pS; +2R7)] }
Tr{ [} (pl; —pSz +2Rz)] [;or (Pl — PS; + 2Ry )|}
Ly [pTr{lg} —pTr{lzSz} +2Tr{IzRy }]
10T {(pl; — pS; + 2Rz )(pl; —PS; +2Ry )}

x E(ur(plz -pS, +2Rzr)] . (A8)

(04]Q)
@)%

1
X [jwr(plz —-pS;+ ZRZV)] =

Again using the orthogonality of I; and S; as well as their orthogo-
nality to Ry, Tr{IzR, } = Tr{SzR,} = 0 and canceling like terms, (A8)
can be simplified to

(Gin|Q2) _ palTr{Ig} (pl _ps
(Q21Q2) P2Tr{l2} + p?Tr{S2} + ATr{R3} ~ © * 7
+2Ry)
1
— 2P (pl, —pS, +2Ry). (A9)

p? + 4Tr{R2}

Since the Tr{R%} = oo, Eq. (A9) becomes
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(0in|Q,) 3%
= )} S, +2R,) = 0. A10
(Q,Q,) 2 P2+ 4(0) (pl; - pS; 7) ( )
The quasi-equilibrium density matrix for ZQCP is
1
oo =5 u(lz +S7). (A11)

Thus the expectation value of S-spin magnetization after ZQCP is

(So)gr" = Tr{S;058"} = oc,(Tr{SZIZ} + Tr{S%})
(A12)
<SZ>ZQCP % o

The quasi-equilibrium transfer due to DQCP can be similarly calcu-
lated. In this case the three mutually commuting parts of the Ham-
iltonian and the coupling term are

H? :—(l)]sz

HY = — (pos, — )l

HO — o0y, (A13)
v_%co,s (IS, Fy+1.S_F_p),

The two quasi-invariants that can be formed in the case of DQCP in
an IS system are

1
Q E (2601 pcor)(lz — SZ) (A14)
and
1

027 g Pl 2 (a15)
The projection of the initial density matrix onto Q; is
(0in|Q1) 1

=5%llz =5 A16
@lg) @ =2t (A16)
while that onto Q,,
(0in|Q>) 1P

= I, + pS. 2R,) =0, Al7
@Iy & ™ pr s atr(ry Pz P52~ 2Re) (A17)

since the Tr{R%} = co. These results imply that the quasi-equilib-
rium density matrix for DQCP is

1
UZI:QCP = *OCI(IZ — Sz)

5 (A18)

Thus the expectation value of S-spin magnetization after DQCP is

(Sohap " = Tr{Sz008%} = 5 ou(Tr{Szlz} — Tr{S;})
(A19)
S8~ L

Both ZQCP and DQCP lead to enhancement of the S-spin signal
by an amount } o;; however, the sign of the enhancement is oppo-
site for the two types of CP. Thus it is expected that the if the re-
sults of ZQCP are phased for positive peaks, DQCP will produce
negatively phased peaks. This result can be seen by examining
which energy levels have their population equalized by the CP pro-
cess. In ZQCP, the populations of the [M — 1,&) and |M,p) states are
equalized while the |M — 1,8) and |M,x) are unaffected. This leads
to population difference for the S-spin transition of }oy. Similarly
for DQCP the populations of the |M — 1,8) and |M,x) states are
equalized while |[M — 1,&) and |M,8) are unaffected, leading to pop-
ulation difference for the S-spin transition of — ;. If the CP match-
ing curve under ultra-fast MAS is measured, ZQCP is expected to
give rise to a series of strong positively phased peaks spaced by

+pw, about the normal Hartman-Hahn condition of @} = w3. In
addition, strong, negatively phased peaks will appear at
o} = pw, — w3 due to DQCP.
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