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We present a Floquet theory approach for the analysis of homonuclear recoupling assisted by radio fre-
quency (RF) irradiation of surrounding heteronuclear spins. This description covers a broad range of sys-
tems from fully protonated to deuterated proteins, focusing in detail on recoupling via protons and
deuterons separately as well as simultaneously by the double nucleus enhanced recoupling (DONER)
scheme. The theoretical description, supported by numerical simulations and compared to experimental
results from a partially deuterated model compound, indicates that in perdeuterated systems setting the
RF amplitude equal to the magic angle spinning (MAS) frequency is not necessarily optimal for recoupling
via 1H and/or 2H nuclei and modified recoupling conditions are identified.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction tum (DQ) homonuclear rotary resonance (HORROR) [8], symmetry
Homonuclear recoupling techniques are a basic tool in the
study of protein structure with solid state NMR (ssNMR). Most
commonly these studies are based on isotope enrichment of either
15N or 13C nuclei or both [1,2]. The relatively weak homonuclear
dipolar interactions between these low gamma nuclei are easily
averaged out by magic angle spinning (MAS) to produce high res-
olution spectra. These line broadening interactions are, however,
essential for forming correlations between spins, which can then
be analyzed for spectral assignment and structure determination.

Several approaches exist for the reintroduction of homonuclear
couplings under MAS conditions. One type of recoupling experi-
ments is based solely on the interacting spin pairs. Such is the rota-
tional resonance (R2) experiment in which the MAS frequency is
set equal to the isotropic chemical shift difference between the
spins [3,4]. The dipolar interaction can also be actively recoupled
by radio frequency (RF) pulses at the frequency of the interacting
nuclei. Numerous sequences have been developed towards this
goal including dipolar recoupling at the magic angle (DRAMA)
[5,6], radio-frequency driven recoupling (RFDR) [7], double quan-
ll rights reserved.

ega).
y of Cambridge, Lensfield Rd,
based schemes such as POST-C7 [9] and SPC5 [10] and mixing by
stochastic recoupling [11]. These and many additional schemes
are reviewed in ref. [12].

Another approach to homonuclear recoupling is assisted by the
surrounding protons which are highly abundant and form a strong
network of couplings. In the passive approach, called proton driven
spin diffusion (PDSD) [13], no RF is applied and the strong hetero-
nuclear and homonuclear proton couplings mediate the formation
of matching conditions between the low-gamma pairs and efficient
recoupling of their homonuclear interaction. Alternatively, the sur-
rounding protons can be used actively by irradiating them with RF
pulses with an amplitude set equal to the MAS frequency, the so
called rotary resonance recoupling (R3) condition [14]. When the
proton RF is turned on during the mixing time of a two dimen-
sional (2D) experiment it assists in forming correlations between
homonuclear pairs coupled to these protons. This type of 2D exper-
iment is called dipolar assisted rotational resonance [15,16]
(DARR) or RF assisted diffusion [17] (RAD). It was also shown that
off-R3 conditions can also lead to efficient recoupling via a modi-
fied mechanism named resonance interference recoupling (RIR)
[16] or mixed rotational and rotary resonance (MIRROR) which is
suitable for fast MAS [18]. The later can also be made less sensitive
to RF inhomogeneity by phase or amplitude modulation. Phase
alternation is also used in a scheme called PARIS for similar reasons
[19]. Several new sequences were recently introduced which com-
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bine the two approaches: irradiating both the homonuclear pairs
and their surrounding heteronuclei. Among these are the proton
assisted recoupling [20] (PAR) and the resonant second order
transfer experiment [21] (RESORT).

In all these recoupling methods the strong heteronuclear cou-
plings increase the efficiency of the recoupling process. On the
other hand, the complicated network of homonuclear couplings
between the protons prevents them from being more accessible
themselves for structural studies, as they are in the study of soluble
proteins. Furthermore, outside of the mixing period they are often
a nuisance, causing line broadening when 13C or 15N are detected
and require the application of either high power heteronuclear
decoupling or very fast MAS frequencies. To overcome these diffi-
culties the proton network is diluted by fully deuterating the pro-
tein followed by re-protonation of all or part of the exchangeable
sites. This approach has lead to the introduction of many solution
like experiments to proton based ssNMR as well as 13C detection
with only low power decoupling required [22–25]. In perdeuterat-
ed systems, however, common proton assisted recoupling tech-
niques are not necessarily the most efficient. This has been
recently demonstrated by Akbey et al. with the introduction of
an efficient approach for homonuclear recoupling by double nu-
cleus enhanced recoupling (DONER) [26]. In the DONER experi-
ment carbon pairs are recoupled by the application of RF
irradiation on both highly abundant deuterons and sparse protons.
The superiority of the DONER scheme was demonstrated by the
formation of new cross-peaks in 13C homonuclear correlation
experiments which were absent in the regular RAD/DARR schemes.
Interestingly, the RAD experiment was originally demonstrated on
partially deuterated systems where it was shown that deuteration
helped in forming mostly long range carbon–carbon correlations
between the carbons which were still coupled to protons [17].
An extensive study comparing the efficiency of several commonly
used homonuclear recoupling schemes in perdeuterated proteins
has been recently published [27].

The DONER experiment presents several methodological as-
pects which require consideration: What is the recoupling mecha-
nism using RF irradiation of low abundance, weakly coupled,
protons? How does the RF irradiation affect quadrupole nuclei
which are only weakly coupled to the carbons? And finally, how
do these two processes operate simultaneously? In order to inves-
tigate these issues we employ Floquet theory which allows us to
derive a single framework describing all the various recoupling
mechanisms and conditions. The DARR experiment itself has been
previously studied using average Hamiltonian theory (AHT) in fully
protonated systems where the heteronuclear couplings are strong
[16]. Floquet theory was recently used in the description of the
MIRROR scheme [18] and its relation to the DARR experiment
has been discussed [28].

Here we present a step by step derivation of the Floquet
Hamiltonian for the DONER experiment. Each of the recoupling
processes, via protons and via deuterons, is discussed separately.
A wide range of RF amplitudes is considered (not only at the R3

condition), in order to get a broader understanding of the recou-
pling mechanisms. These are referred to as generalized RAD/
DARR recoupling as they take into account the R3 conditions.
Several approaches are described for getting insight into systems
with varying strength of heteronuclear couplings, ranging from
fully protonated compounds with strong couplings, to dilute pro-
ton networks. Next the recoupling Hamiltonian for a deuterated
system is considered where the most significant interaction is
the quadrupole coupling which dominates the recoupling mech-
anism. Finally the two processes are combined and their mutual
effect is discussed. The theoretical description is supported by
numerical simulations and compared to experimental results
from partly deuterated compounds.
2. Theory

2.1. RF assisted recoupling through surrounding spin 1/2 nuclei

2.1.1. The Floquet Hamiltonian
In order to appreciate the effect of homonuclear recoupling via

RF irradiation on neighboring spin 1/2 heteronuclei, let us consider
a system of two coupled 13C nuclei additionally coupled to a single
1H nucleus. We will later extend this description to include several
protons and account for the effect of the homonuclear couplings
between them. For the three spins system, the rotating frame Ham-
iltonian is given by

HðtÞ¼HCSþHCCðtÞþHHCðtÞþHRF ð1Þ
HCS¼xaCz;aþxbCz;b ð2Þ

HCCðtÞ¼
X

n¼�1;�2

xabGCC
n;ab 2Cz;aCz;b�

1
2

Cþ;aC�;bþC�;aCþ;b
� �� �

einxr t ð3Þ

HHCðtÞ¼
X

n¼�1;�2

xajG
HC
n;ajHz;jCz;aþxbjG

HC
n;jbHz;jCz;b

n o
einxr t ð4Þ

HRF ¼x1Hx ð5Þ

where Hq and Cq (with q = x,y,z) are the linear spin angular momen-
tum operators of the proton and carbon nuclei respectively, xa and
xb are the isotropic chemical shifts of the carbon spins (the chem-
ical shift anisotropy will be considered later) and the dipolar inter-
actions are given by xab, xaj and xbj for the homonuclear and
heteronuclear pairs respectively. The magnitude of these dipolar
interactions is given by xij ¼ l0cicj�h=4pr3

ij where rij is the distance
between the interacting nuclei i and j. The orientation dependence
of the dipolar interactions is given by the GCC

n;ab;G
HC
n;aj and GHC

n;bj coeffi-
cients [29]. The RF irradiation is applied on resonance with an
amplitude given by x1.

At this point it is often common to transform the rotating frame
Hamiltonian to the RF interaction frame where it becomes modu-
lated by two frequencies, that of the MAS, xr, and the RF ampli-
tude, x1. However, since we would later consider the same
Hamiltonian in the case of spin 1 (where the quadrupole coupling
is the most dominant interaction and it is not justified to perform a
transformation to the RF interaction frame), we will directly trans-
form this Hamiltonian to its single mode Floquet representation
(for details on this transformation see Ref. [30]). This is given by

HF ¼ ðHCS
0 þHRF

0 ÞF0 þ
X

n

HCC
n þHHC

n

� �
Fn þxrN ð6Þ

HCS
0 ¼ RcsC1�4

z þ DcsC2�3
z ð7Þ

HRF
0 ¼ x1Hz ð8Þ

HCC
n ¼ xCC

n;abðC
1�2
z � C3�4

z � C2�3
x Þ ð9Þ

HHC
n ¼ RHC

n;j Hx;jC
1�4
z þ DHC

n;j Hx;jC
2�3
z ð10Þ

Here we have used fictitious spin 1/2 operators to describe the carbon
interactions [31]. With this representation the Floquet Hamiltonian is
spanned by a basis set composed of a cross product between the
Hilbert and Fourier states, given by jaa,m,p> � j1,m,p>,
jab,m,p> � j2,m,p>, jba,m,p> � j3,m,p> and jbb,m,p> � j4,m,p> where
m represent the Fourier state and p stands for the proton states (this
order of states is used for clarity). The interaction coefficients
are given by Rcs ¼ xa þxb;D

cs ¼ xa �xb;xCC
n;ab ¼ xabGCC

n;ab;R
HC
n;j ¼

xajG
HC
n;aj þxbjG

HC
n;bj and DHC

n;j ¼ xajG
HC
n;aj �xbjG

HC
n;bj. In addition we have

tilted the proton interactions such that the RF is along the z direction.

2.1.2. Recoupling conditions
In this time independent Hamiltonian the CC interaction is off

diagonal, connecting diagonal elements which are separated by
the chemical shift difference and the MAS frequency. Examining



M. Leskes et al. / Journal of Magnetic Resonance 209 (2011) 207–219 209
the form of the carbon interactions it can be expected that any
recoupling process will involve only the j2> � j3> subspace of the
carbon states (since for all the other combinations of states the
interactions commute). The CC terms that can lead to recoupling
connect the states j2,m,p> and j3,m + n,p>, which are separated
by Dcs + nxr. Since in most systems xCC

n;ab is fairly small (of the or-
der of 1 � 2 kHz) it is negligible relative to this diagonal elements
difference. In order for the CC interaction to become significant one
should find a way to eliminate this difference. One possibility is to
set the MAS frequency equal to the chemical shift difference, as is
done in the R2 experiment [3]. Another recoupling condition is
used in the RAD [17] and DARR [15] recoupling experiments by
exploiting the rotary resonance recoupling (R3) [14], where the
CH couplings become significant. To appreciate their effect let us
consider the schematic representation of the Floquet Hamiltonian
for thej2> � j3> subspace, plotted in Fig. 1. Examining the form
of this Hamiltonian it is clear that the only elements which differ
between the two diagonal blocks (j2> � j2> and j3> � j3>) and
which can compensate for the chemical shift difference belong to
the heteronuclear interaction. However, since they are off diagonal
we first have to diagonalize the diagonal blocks and then consider
their effect on the CC recoupling process. We can represent the
j2> � j3> subspace Floquet Hamiltonians spanned by
j2,m,p>, j3,m,p> with m = �1, . . . ,1 as

H2�3
F ¼

X
n

H2
F 0

0 H3
F

 !
þ

Dcs

2 IF0 �xCC
n;ab
2 IFn

�
xCC

n;ab
2 IFn � Dcs

2 IF0

0@ 1A8<:
9=; ð11Þ
H2
F ¼ x1HzF0 þ

DHC
n;j

2
Hx;jFn þxrN ð12Þ

H3
F ¼ x1HzF0 �

DHC
n;j

2
Hx;jFn þxrN ð13Þ

where I is a unit matrix with dimensions given by the size of the
proton spin system. In this representation H2

F and H3
F are spanned
Fig. 1. A schematic representation of the j2 > � j3> subspace Hamiltonian describing a
Fourier states are shown. Carbon states are separated by black solid lines, diagonal Floq
dashed lines.
by the jm,p> states and the contribution of the C1�2
z � C3�4

z

� �
part in

HCC
n to the j2> � j3> subspace is neglected as it will not affect the

following derivations.
In order to diagonalize H2

F and H3
F we can either apply a van

Vleck transformation [32] for block diagonalization or perform a
local exact diagonalization depending on the relative magnitude
of the heteronuclear dipolar interactions ðjDHC

n0 ;jjÞ and the diagonal
matrix elements they connect (jx1 � n

0
xrj). In general, we can dis-

tinguish three possible routes to obtain the (approximated) diago-
nalized Hamiltonians K2

F and K3
F :

(a) jDHC
n0 ;jj � jx1 � n0xr j: Away from a degeneracy in the Hamil-

tonians and when their off diagonal elements are small,
the van Vleck transformations can be applied to obtain K2

F

and K3
F .

(b-i) jDHC
n0 ;jj < jx1 � n0xr j: In the vicinity of a degeneracy, as in the

R3 scheme when x1 ’ n
0
xr (for a certain n

0
value) we must

compare the off diagonal heteronuclear couplings matrix
elements with the difference between the diagonal ele-
ments they connect, i.e. (x1 � n

0
xr). As long as these off

diagonal elements are much smaller than jx1 � n
0
xrj, the

degeneracy has a very local and well defined position (in
terms of the experimental parameters), so the van Vleck
transformation is still justified and the recoupled off diago-
nal elements can be easily identified.

(b-ii) jDHC
n0 ;jjP jx1 � n0xr j and jDHC

n;j j < x1; nxr: When the off diag-
onal elements are of the order of or larger than (x1 � n

0
xr),

but not significantly larger than x1 and nxr themselves, we
have to perform an exact diagonalization even when the
degeneracy is not exactly met. In this case we can still
ignore other off diagonal elements which do not connect
nearly degenerate states.

(c) jDHC
n;j j � x1;nxr: Finally, when the off diagonal interactions

are much larger than both x1 and nxr we have to perform
an exact diagonalization taking into account all off diagonal
elements (for all n values).
system of two carbons coupled to a single proton. For simplicity only the m = 1, 0
uet blocks are in gray and off diagonal in white. The proton states are separated by
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In the case of a carbon pair coupled directly to protons the HC
interactions are relatively large and an exact diagonalization is
necessary, following route (b-ii), of the relevant off diagonal terms.
The diagonalization can be performed by diagonalizing sets of
2 � 2 matrices as has been discussed in detail in Ref. [30] and re-
sults in the following Hamiltonians

K2
F ¼ K3

F ¼ �xeff Hz;jF0 þxrN ð14Þ

xeff ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j
DHC

n0 ;j

2
j2 þ ðx1 � n0xrÞ2

s
� nxr ð15Þ

For obtaining this effective Floquet Hamiltonian we have as-
sumed that only the CH elements, which connect almost degener-
ate diagonal elements, are relevant, and that all other
heteronuclear interaction terms can be neglected. Practically this
means that these Hamiltonians, K2

F and K3
F ; are valid either in the

vicinity of x1 = xr (the n
0
= 1 R3 condition), or of x1 = 2xr (the

n
0
= 2 R3 condition). Away from these recoupling conditions (i.e.

away from the R3) we can use the van Vleck transformation (fol-
lowing route (a)).

After the diagonalization we observe that the two Hamiltonians
are diagonal and equal, K2

F ¼ K3
F ; thus it is not obvious that they

compensate for the chemical shift difference between states j2>
and j3>. This can be appreciated, however, when we consider the
diagonalization matrices D2

F and D3
F . Applying these matrices on

H2—3
F in Eq. (11) results in the following transformed off diagonal

block Hamiltonian:

fH2—3
F ¼ D2—3

F

� ��1
H2—3

F ðD2—3
F Þ ð16Þ

¼
X

n

K2
F þ Dcs

2 IF0 �
xCC

n;ab
2 D2

F

� ��1
ðD3

F ÞFn

�
xCC

n;ab
2 D3

F

� ��1
ðD2

F ÞFn K3
F � Dcs

2 IF0

0B@
1CA ð17Þ

with

D2—3
F ¼

D2
F 0

0 D3
F

 !
: ð18Þ

In fH2�3
F the CC interaction is still off diagonal, however, it does not

necessarily connect the same proton states as in H2�3
F . The transfor-

mation (and change of basis set) when applied to the CC interaction
results in elements connecting the same diagonal proton states as
well as different proton states j2,m,p> and j3,m + n,p

0
> with p –

p
0
. Since only the later can become degenerate, recoupling of the

CC interaction via a generalized condition can occur whenffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DHC

n0 ;j

2

					
					
2

þ x1 � n0xrð Þ2
vuut þ nxr ¼ Dcs ð19Þ

with jnj = 0, 1, 2, 3, 4. For x1 = n
0
xr this is the same condition de-

scribed by Takegoshi et al. as DARR [16].
The extent of the part of the CC interaction which contributes to

the recoupling depends on the diagonalization matrices. These can
be evaluated and have the form:

D2
F ¼ cos ux cos uzIF0 � 2i cos ux sin uzHzF0

� i sinuxðe�iuz HþF�n0 þ eiuz H�Fn0 Þ ð20Þ

D3
F ¼ � cos ux cos uzIF0 � 2i cos ux sin uzHzF0

þ i sinuxðe�iuz HþF�n0 þ eiuz H�Fn0 Þ; ð21Þ

where
tan 2uz ¼ �1= tanðun0 Þ ð22Þ

tan 2ux ¼
jDCH

n0 ;jj sinðun0 Þ
2ðx1 � n0xrÞ

ð23Þ

for x1 – n
0
xr and 2ux = p/2 for x1 = n

0
xr. The phase factor un0 is gi-

ven by DCH
n0 ;j ¼ jD

CH
n0 ;jjeiun0 (and is related to the geometric coefficients

of the heteronuclear dipolar couplings). Thus the magnitude of the
elements of the CC interaction connecting the degenerate states,
after the diagonalization, depends on the relative magnitude of
the CH interaction and the deviation from the exact R3 condition
with significant recoupling when x1 = n

0
xr is approached.

To demonstrate this dependence we consider a system of two
carbons coupled to a single proton. Simulations of this system were
performed using SPINEVOLUTION program [33] by applying on
resonance RF irradiation on the proton for a fixed duration of
smix = 15 ms. The detected signal is then calculated, by setting both
the starting density matrix and the detection operator equal to
C2—3

z , and used to evaluate the extent of recoupling. Maximal
recoupling is achieved when hC2—3

z iðsmixÞ ¼ �hC2—3
z iðt ¼ 0Þ ¼ �1.

Here, as well as in the following sections, we do not consider the
rates of the signal build-up (for smix = 15 ms the signal reaches a
plateau at a value which depends on the powder average).

The simulated powder averaged signal is plotted in Fig. 2a–c as
a function of the proton RF amplitude m1 = x1/2p and the chemical
shift difference between the coupled carbons, given by Dcs/2p, at
three different MAS frequencies. Several recoupling conditions
are observed in the figure. Most efficient recoupling is achieved
when Dcs/2p = 0 or at the R2 condition when Dcs = xr (this is seen
clearly in Fig. 2a, at Dcs/2p = 10 kHz). The rest of the recoupling re-
gions are attributed to the matching conditions given by Eq. (19).
These conditions are plotted in white lines for the different n and
n
0

values. As expected, significant recoupling occurs when the R3

conditions are met (with either n
0
= 1 or 2). At these conditions

the heteronuclear interactions have the largest effect and can cause
a matching of the chemical shift difference for different crystallite
orientations which makes the condition broad and not very sensi-
tive to exact matching. Also for combinations of parameters away
from R3 there is significant recoupling, these regions are more local
(and are linearly dependent on the RF amplitude) and can be de-
rived using the van Vleck transformation (following route (a) as de-
scribed above). This can be appreciated especially in the mr = 15,
20 kHz plots, where DHC

n0 ;j is small compared to (x1 � n
0
xr). They

have been identified by Takegoshi et al. [16] using secular average
Hamiltonian approach and were dabbed resonance interference
recoupling (RIR) (for off rotary resonant cases).

The fact that at the R3 regions the heteronuclear couplings are
most efficiently recoupled makes them preferable for RAD/DARR
recoupling in strongly coupled heteronuclear systems. In a sample
with many carbon pairs the chemical shift difference commonly
varies between 0 � 140 ppm (or 0 � 14 kHz at a 9.4 T magnet) thus
the R3 regions are more suitable for efficient recoupling in this
range. As will be demonstrated, in the presence of proton homonu-
clear couplings this robustness is increased.

2.1.3. Proton homonuclear interactions
We will now consider the effect of additional protons coupled

to the carbon pair. The homonuclear interactions between the pro-
tons can be added to the Floquet Hamiltonians (in the tilted frame)
H2

F and H3
F in Eq. (11) as

HHH
n ¼

X
j;k

xjk
n

ffiffiffi
3
8

r
ðHð2Þ2;jk þ Hð2Þ�2;jkÞ �

1
2

Hð2Þ0;jk

 !
ð24Þ

where xjk
n ¼

ffiffiffi
6
p

xjkGjk
n ;xjk are the dipolar couplings between pro-

tons j and k and Gjk
n are orientation dependent coefficients relating

the dipolar vector to the lab frame [29]. The HðlÞm;jk are the spin irre-



Fig. 2. The simulated signal intensity defined as hC2�3
z i ð15 msÞ for a system of two carbons (with 2 kHz dipolar coupling) and a single proton (23 and 3 kHz heteronuclear

couplings) averaged over a set of 1154 {a,b,c} angles at 400 MHz 1H Larmor frequency. The signal was calculated as a function of the isotropic chemical shift difference
between the carbons and the RF amplitude of the protons at MAS frequency of 10 kHz (a), 15 kHz (b) and 20 kHz (c). Color bar represents the signal intensity with
hC2�3

z ið0Þ ¼ 1 and maximal recoupling with hC2�3
z i ¼ �1: The solid white lines plotted on top are a result of an exact diagonalization, specifying conditions of efficient

recoupling following Eq. (19) with dipolar couplings corresponding to a single crystal orientation.
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ducible tensor operators. Due to its MAS time dependence the
homonuclear HH interaction appears as off diagonal Floquet ele-
ments, along with the heteronuclear interaction. When the R3 con-
dition is approached, almost degenerate states j2,m,p> and
j2,m + n,p

0
> with p – p

0
(and similarly for the j3 > subspace) can

be connected by significant heteronuclear elements but not by
homonuclear ones. Thus we can apply the same ‘local’ diagonaliza-
tion as in Eq. (16):

fH2—3
F ’ ðD2—3

F Þ�1
H2—3

F ðD2—3
F Þ ð25Þ

D2�3
F is again only a function of DCH

n0 ;j;x1 and n
0
xr. However, unlike

the simple case of a single proton, we have to take into account
the contribution of the additional off diagonal elements originating
from the homonuclear couplings and consider their contribution to
the recoupling process. These can be evaluated by calculating
ðD2

F Þ
�1
HHH

n FnD2
F and ðD3

F Þ
�1
HHH

n FnD3
F ; and it is reasonable to assume

that mainly the resulting diagonal contributions given by fHHH;2
0 andfHHH;3

0 are significant. After this transformation fHHH;2
0 and fHHH;3

0

contribute differently (and anisotropically) to the diagonal ele-
ments and the recoupling condition of the CC interaction must be
slightly modified and becomes a set of conditions:ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

DHC
n0 ;j

2

					
					
2

þ ðx1 � n0xrÞ2
vuut þ ~Djk

n0 þ nxr ¼ Dcs ð26Þ

where ~Djk
n0 ¼ ~xjk;2

n � ~xjk;3
n ; and ~xjk

n is calculated by applying the diag-
onalization matrices on the homonuclear interaction and extracting
their diagonal contributions for the energies of states j2,m,p> and
j3,m + n,p

0
> with p – p

0
. When one of the conditions in Eq. (26) is

met, carbon pair recoupling via the CC interaction can occur. Thus
we can expect that the homonuclear couplings between the protons
will make the recoupling condition less sensitive to the RF ampli-
tude and the chemical shift difference between the carbons. When
a certain crystallite orientation does not match the condition in Eq.
(19) it can still satisfy the condition in Eq. (26) assisted by the pres-
ence of the proton homonuclear couplings.

To demonstrate the effect of the proton homonuclear interac-
tion we have performed similar simulations, as in Fig. 2, but only
at the first R3 condition with x1/2p = xr/2p = 10 kHz. The spin sys-
tem used is composed of two carbons coupled to three protons and
the result is plotted in Fig. 3a. The black line was calculated with-
out the proton homonuclear couplings and the dotted gray line
with them. It can be seen that the homonuclear couplings improve
the polarization transfer process by allowing more crystallite ori-
entations to match the recoupling condition in Eq. (26). Fairly con-
stant recoupling efficiency is obtained, irrespective of the chemical
shift difference between the carbons, except at the occurrence of
the R2 condition when DCS/2p = 10 kHz which is much more
efficient.

2.1.4. Chemical shift anisotropy
The chemical shift anisotropy of the carbons can be added to the

Floquet Hamiltonian as

HCSA
n ¼ Rcsa

n C1—4
z þ Dcsa

n C2—3
z ; ð27Þ

where Rcsa
n ¼ raga

n þ rbgb
n and Dcsa

n ¼ raga
n � rbgb

n, r is the chemical
shift anisotropy and the gn are the orientation dependent coeffi-
cients of the interaction [29]. As other anisotropic interactions,
the CSA is also off diagonal in the Floquet representation, however,
since it commutes with the isotropic chemical shift difference term
of the carbon pair it can not affect the recoupling process signifi-
cantly. It can only contribute via a first order mechanism, by form-
ing a cross term with the CC interaction. This cross term can lead to
recoupling when degeneracies are formed between the j2> and j3>



Fig. 3. The simulated signal, hC2�3
z ið15 msÞ, at 10 kHz MAS frequency and RF amplitude. The system used in (a) consisted of two carbons (2 kHz coupling) and three protons

(heteronuclear couplings vary between 3 � 24 kHz) without homonuclear couplings (solid black) and with couplings in the range 8 � 24 kHz (in dotted gray). The system in
(b) was identical to that in Fig. 2 and the signal was calculated without the carbons CSA (solid black) and with CSA (dotted gray) of 2 and 10.3 kHz at a 400 MHz 1H Larmor
frequency.
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subspaces. However, we can expect that its influence is negligible
relative to the CC interaction itself. An example of the effect of the
CSA on the recoupling process is shown in Fig. 3b, where we have
performed the simulations on a carbon pair system, coupled to a
single proton at the condition of x1/2p = xr/2p = 10 kHz. Compar-
ing the simulations performed without (in solid black) and with
(in dotted gray) the carbons CSA interaction it is evident that no sig-
nificant change in the recoupling efficiency is observed.

2.2. RF assisted recoupling through surrounding spin 1 nuclei

For the case of a carbon pair coupled to deuterium, with spin
I = 1, the recoupling conditions must be re-examined by taking
the quadrupole interaction into account. The deuterium quadru-
pole frequency is of the order of 100 kHz (for a and b sites in amino
acids, for example) and it is thus the most significant interaction in
the Hamiltonian of the system. Following the discussion above (Eq.
(11)) we can again restrict ourselves to the j2> � j3> subspace de-
scribed in the case of a carbon pair coupled to a single deuterium
nuclei by the Floquet Hamiltonian:

H2�3
F ¼ HCS

0 þHRF
0

� �
F0 þ

X
n

HCC
n þHDC

n þHQ
n

� �
Fn þxrN ð28Þ

HCS
0 ¼ DcsC2—3

z ð29Þ
HRF

0 ¼ x1Dx ð30Þ
HCC

n ¼ �xCC
n;abC2—3

x ð31Þ
HDC

n ¼ DDC
n;j Dz;jC

2—3
z ð32Þ

HQ
n ¼ xQ

n ð3D2
z � DðDþ 1ÞÞ ð33Þ

where xQ
n ¼ xQ gQ

n =3 and xQ/3 = eQeq/4⁄ is the quadrupole fre-
quency with eQ the magnitude of the nuclear quadrupole moment
and eq is the electric field gradient at the nucleus in the direction
of the magnetic field [34]. The gQ

n are coefficients relating the quad-
rupole principle axis system with the laboratory frame. Since HQ

n is
off diagonal and much larger than xr we cannot neglect its
contributions as we did in the case of other smaller interactions.
An exact diagonalization is required (described as route (c)) since
we can not even apply the same approximation we have used in
the case of the proton homonuclear dipolar couplings. For the diag-
onalization all the interactions involving the deuterium nucleus,
namely HRF

0 ;H
DC
n and HQ

n ; are taken into account. After performing
the diagonalization we can identify the recoupling conditions lead-
ing to magnetization transfer between the carbon pair.

To demonstrate the effect of the quadrupole interaction on the
recoupling process we have performed numerical simulations of a
three spins system – two carbon nuclei and a single deuterium nu-
cleus. As before, the observable hC2�3

z iðsmixÞ was calculated as a
function of the deuterium RF amplitude and chemical shift differ-
ence between the two carbons. The result is shown in Fig. 4a–c
for v = e2Qq/⁄ values varying between 0 and 120 kHz. Without
the presence of the quadrupole coupling (Fig. 4a) several lines of
efficient recoupling are observed (in addition to the R2 condition).
The positions of these lines, in terms of the dependence on the
chemical shift difference and the RF amplitude, are given by
DCS = mm1 + nxr, with mainly m = ± 1 and jnj 6 4. Weaker lines ap-
pear at m = ± 2 and jnj = 1, 2. Such dependence is typical for the for-
mation of accidental degeneracies in the Floquet Hamiltonian. To
understand this result we realize that for HQ

n ¼ 0 all the off diago-
nal interactions in the Floquet Hamiltonian are very small com-
pared to the diagonal elements ðjDDC

n;j j � jnxrjÞ, thus van Vleck
transformation can be applied to block diagonalize the Hamilto-
nian (route (b-i) above). The transformation removes the off diag-
onal elements and results in new, smaller, cross terms between the
CC and DC interactions of the form

fHCC�DC
n ¼ �

X
n0¼�1;�2;j

xCC
n�n0 ;abD

DC
n0 ;j

n0xr
Dx;jC

2�3
y ð34Þ

with �4 6 n 6 4 and defined in a frame tilted in the direction of the
RF irradiation (notice that this case, with no quadrupole interaction,
is analog to systems with weak heteronuclear couplings between
the carbons and spin 1/2, which can also be described by



Fig. 4. The simulated signal, hC2�3
z ið15 msÞ, at 10 kHz MAS of the system described in Fig. 2 with deuterium nucleus instead of a proton. The quadrupole coupling was v = 0 in

(a), 60 kHz in (b) and 120 kHz in (c). The signal was calculated as a function of the chemical shift difference between the carbons and mD
1 . In plots d–f the conditions for

recoupling were calculated by exact diagonalization (the procedure is described in the text).
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Eq. (34)). Since these terms are off diagonal (in the diagonal or non
diagonal Floquet blocks) they can only lead to recoupling if they
connect degenerate diagonal states, when an accidental degeneracy
is formed:

DCS ¼ mm1 þ nxr ð35Þ

jmj = 1, 2 and �4 6 n 6 4 (double quantum transitions with jmj = 2
are also expected through higher order terms formed at the acci-
dental degeneracy). These recoupling conditions are indeed ob-
served in Fig. 4a and we can conclude that when the quadrupole
Hamiltonian is zero, or very small, they describe the recoupling
mechanism. As the quadrupole coupling becomes larger (relative
to x1 and xr) this simple description is no longer valid. This can
be seen in Fig. 4b and c, where it is clear that with large (and real-
istic) coupling constants the recoupling conditions are not as well
defined as in Fig. 4a, especially for low values of x1. In this case
we separate the Hamiltonian into two parts-

H2—3
F ¼ ðHRF

0 F0 þHDC
n Fn þHQ

n Fn þxrNÞ þ ðHCS
0 F0 þHCC

n FnÞ
ð36Þ

and diagonalize the first part by a diagonalization matrix D2�3
F

resulting in

fH2�3
F ¼

X
j

xeff Dz;jF0 þ ðHCS
0 F0 þ D2�3

F

� ��1
HCC

n FnD2�3
F Þ þxrN

ð37Þ

After the diagonalization of the diagonal blocks of H2
F and H3

F the
Floquet states become j2; m; ~p > and j3; m; ~p >; where ~p are the deu-
terium spin states, which are a linear combination of the original p
states (with p = j � 1>, j0>, j1>). The exact form of these ~p states de-
pends on the details of the diagonalization and the reordering of the
Fourier state. Following the discussion in the former section recou-
pling will occur when
< 2; m; ~pjfH2�3
F j2; m; ~p >¼< 3; mþ n; ~p0jfH2�3

F j3; mþ n; ~p0 >; ð38Þ

with ~p – ~p0 which result in the generalized RAD/DARR conditions
for spin I = 1:

DCS ¼ xeff þ nxr ð39Þ

When these conditions are met, the carbon pair will be recoupled
only if

< 2; m; ~pjðD2�3
F Þ�1

HCC
n0 Fn0D

2�3
F j3; mþ n; ~p0 > – 0 ð40Þ

As in the former section, we can only expect a non zero off diag-
onal CC element connecting different deuterium j~p > states, when
the heteronuclear interaction DC contributes finite values to the
elements of fH2

F and fH3
F as well as to the diagonalization matrices.

Since we perform an exact diagonalization (there is no trivial ana-
lytical expression for D2�3

F ,) this approach is valid for the entire
range of x1 and xQ used in the simulations. We do, however, ex-
pect that for small xQ or large x1 values this approach will con-
verge to the approximate solution obtained with the van Vleck
transformation. Notice also that due to the very large quadrupole
off diagonal elements the values of xeff can deviate strongly from
x1 causing a spread of recoupling conditions at many RF and
chemical shift values in a powder sample. Thus, only in few crystal-
lite orientations the carbon pair is recoupled for each combination
of x1 and DCS and overall the recoupling efficiency is not high.

In Fig. 4d–f the results of the exact diagonalization are pre-
sented for the system used in the simulations (choosing the geo-
metric coefficients of all interactions as �0.25 which correspond
to a certain single crystal orientation) and limiting the Fourier
states to �25 6 m 6 25. In order to evaluate the extent of recou-
pling in these figures we extracted the values of the off diagonal
elements in Eq. (40) for values satisfying jDCS � (xeff + nxr)j 6
0.5 kHz (resulting in a certain width for the recoupling condition).
Examining the form of the recoupled patterns we see that they
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reproduce very nicely the results from our simulations for the
whole range of interactions. With no quadrupole coupling (or in
the range of large RF amplitudes) we get a linear dependence on
m1 (following approximately Eq. (35)). As the interaction is in-
creased exact diagonalization becomes inevitable. The results from
the simulations were obtained using powder averaging. This leads
to the smearing of the recoupling conditions, which is not observed
in the calculation performed for a single crystal orientation.

In the case of deuterated systems we expect the influence of the
homonuclear deuterium couplings to be very small and insignifi-
cant for the recoupling process.

2.3. Double nucleus enhanced recoupling

Finally we would like to consider the carbon homonuclear
recoupling scheme which involves two RF frequencies; irradiating
both proton I = 1/2 and deuterium I = 1 spins simultaneously. This
scheme is useful in partially deuterated systems, where the major-
ity of the protons have been replaced with deuterons. Experimen-
tally it was found that this double irradiation, dubbed DONER,
results in improved recoupling when both RF amplitudes equal
the MAS frequency [26]. This experiment can be applied to (par-
tially) deuterated proteins, where the backbone and side-chains
are fully labeled with 2H and the exchangeable proton sites, such
as the amide and hydroxyl groups, are back exchanged to protons
to some extent. Thus deuterons are directly attached to the carbons
(as in the case we have previously considered) and the protons are
further away. As a result the heteronuclear couplings DC and HC
are comparable and the homonuclear HH couplings are not as
dominant as in the fully protonated systems.

The relevant part of the Floquet Hamiltonian in this case can be
approximated as follows

H2�3
F ¼ HCS

0 þHRF
0

� �
F0

þ
X

n

HCC
n þHHC

n þHQ
n þHDC

n þHHD
n

� �
Fn þxrN ð41Þ

HRF
0 ¼ x1Dx þx1Hz ð42Þ

HHD
n ¼

X
j;k

xHD
n;jkHx;jDz;k ð43Þ
Fig. 5. The simulated signal, hC2�3
z ið15 msÞ, at 10 kHz MAS of the system of two carb

0.5 � 3.4 kHz, v = 120, 130 kHz and g = 0.2,0.8) and adjacent to two protons (with CH cou
shift difference and mH

1 with mD
1 ¼ 0 in (a), mD

1 with mH
1 ¼ 0 in (b) and mD

1 ¼ mH
1 in (c) and (

0.5 � 1.5 kHz were added in (d).
with xHD
n;jk ¼ xjkGHD

n;jk and all other interactions are as defined above.
Here we have neglected the proton and deuterium homonuclear
couplings. All operators are again defined by a product between
the j2> and j3> subspaces with all proton and deuterium states, as
well as with the Fourier states.

The only difference between this Hamiltonian and the former
two cases (in Eq. (11) and Eq. (28)) is the presence of the heteronu-
clear couplings between the protons and deuterons. However these
interactions are small (about 1 kHz) and do not influence directly
the carbon states. Thus, if at all, they can only affect the recoupling
process via high order terms formed after a van Vleck transforma-
tion of the Hamiltonian. Therefore we expect that the improved
recoupling observed during double nucleus irradiation is a result
of the sum of the two independent processes – recoupling through
the CH and CD interactions autonomously.

To examine this we performed simulations on a system of two
carbons coupled directly to two deuterium nuclei (one on each car-
bon) and indirectly to two protons. The extent of carbon recoupling
under RF irradiation on 1H and/or 2H nuclei was evaluated from the
simulated signal hC2—3

z iðsmix ¼ 15 msÞ and is plotted in Fig. 5. In
Fig. 5a and b the separate recoupling processes are demonstrated,
with RF on the protons (a) and on the deuterons (b). Since the CH
interactions are relatively weak (a few kHz only) the recoupling
conditions are localized and appear at the positions expected from
the formation of accidental degeneracies as in Eq. (35), for both
single and double quantum conditions. Since the localization of
these degeneracies is independent of the anisotropic interactions
they are very well defined. When the RF is applied only on the deu-
terons we observe the patterns discussed in the former section
since with quadrupole interactions beyond 100 kHz recoupling be-
comes a complicated function of both HQ

n and HDC
n . Simultaneous

RF irradiation (with equal amplitudes) resulted in the recoupling
patterns plotted in Fig. 5c and d, where we have left the HD inter-
actions intact in (d) and scaled them to zero in (c). A comparison of
the two plots reveals that the recoupling patterns are practically
identical, thus the HD couplings are probably not very contributing
to the recoupling process (at least in this small system). Comparing
the plots with (a) and (b) it seems that no new recoupling
ons (2 kHz couplings) directly bonded to two deuterons (CD couplings between
plings 1.5 � 4 kHz). The signal was calculated as a function of the carbons chemical

d). The HD couplings were scaled to zero in plots (a–c) and couplings in the range



Fig. 6. Calculated recoupling conditions for a system of two carbons, a proton and a deuteron (v = 120 kHz) following the procedure described in the text. The calculation was
done as a function of the carbons chemical shift difference and mH

1 with mD
1 ¼ 0 in (a), mD

1 with mH
1 ¼ 0 in (b) and mD

1 ¼ mH
1 in (c) and (d). The HD couplings were scaled to zero in

plots (a–c) and added in (d).
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conditions were formed and that the two recoupling processes
contributed simultaneously (and independently).

To further substantiate these results we have performed an ex-
act diagonalization of the Hamiltonian describing a system of four
spins – two carbon nuclei, one proton and one deuterium nucleus.
The couplings chosen are of the order of the couplings used in the
simulations. We have repeated the procedure described above for
exact diagonalization of the Floquet Hamiltonian (for a slightly big-
ger system) and evaluated the recoupling extent by extracting the
non zero elements as in Eq. (40) when the condition in Eq. (39) is
met with a threshold of 0.5 kHz. The results of this calculation are
shown in Fig. 6a–d. The cases of single RF irradiation on the proton
and on the deuterium are shown in plots (a) and (b) respectively.
As expected, for the small CH couplings all recoupling position
(i.e. combinations of x1 and DCS) follow Eq. (35) with m1 as the pro-
ton RF irradiation in this case. The deuterium case in Fig. 6b is very
similar to the recoupling process discussed before, in Fig. 4c, and it
leads to recoupling at positions dependent on all deuterium inter-
actions. The combined effect of the two RF irradiations is shown in
Fig. 6c and d with the HD couplings set equal to zero and to
1.5 kHz, respectively. From this exact calculation it can be appreci-
ated that almost no new recoupling conditions are formed. The HD
couplings lead only to very shallow new conditions in which the
recoupled CC interaction is relatively small.

Thus we can conclude that in the relatively small systems con-
sidered here the DONER effect is a combination of the two separate
generalized RAD/DARR processes of the 1H and 2H nuclei. To fur-
ther support our theoretical observations experiments were per-
formed on a partially deuterated model compound. In addition
initial results are presented comparing these recoupling schemes
on a perdeuterated protein.
3. Experiments

To demonstrate the effect of the recoupling schemes described
above we have performed experiments on a partially deuterated
model compound. The model compound studied was [U-13C2,
2,2-D2,15N]-glycine purchased from Cambridge Isotope Laborato-
ries, Inc. and used without further purification. A powder of the
compound was packed into a Bruker 4 mm zirconia rotor and cen-
tered between two Teflon spacers. Experiments were performed on
a Bruker DSX 300 MHz and AvanceIII 500 MHz spectrometers with
4 mm triple resonance probes tuned to 1H–13C–2H frequencies. RF
amplitudes were calibrated by nutation experiments performed on
adamantane and [U-D]-hexamethylbenzene for 1H and 2H irradia-
tions respectively.

The pulse sequences used for recoupling are shown in Fig. 7a–d.
On the 13C channel the sequence is composed of a preparation
period followed by a mixing time and detection. The 13C RF offset
is set exactly between the carbonyl, CCO, and aliphatic, Ca, sites
(separated by 133 ppm) and their magnetization components are
allowed to evolve for a duration s = 1/(2D), where D is the chemi-
cal shift difference in Hz (equal to DCS/2p). When the two sites
magnetization vectors are 180� out of phase they are aligned along
the z direction with an additional p/2 pulse. They are recoupled
during smix either passively (with no RF irradiation, so called PDSD
mixing) as in Fig. 7a and b, or by RF irradiation on the 1H (Fig. 7c),
2H (Fig. 7d) channels or both (Fig. 7e). The signal is then detected
during 1H cw decoupling with a single scan. The relaxation delays
used in the experiments were set equal to roughly twice and four
times the longitudinal relaxation times in the 300 and 500 MHz
spectrometers, respectively. The MAS frequency was kept at
7 kHz in all experiments. The intensity of the signal acquired
with the various recoupling schemes is given by S(t) =
{Cz, CO(smix) � Cz,a(smix)}/{Cz, CO (0) � Cz,a(0)}, where Cz, CO and Cz,a
are the z magnetization components of the carbonyl and alpha
carbons respectively. The analysis was based on the lines intensity.

Experiments were compared to numerical simulations per-
formed using the SPINEVOLUTION program [33]. The atomic coor-
dinates for glycine were extracted from neutron diffraction data
[35]. The dipolar couplings between the amine protons and sur-
rounding nuclei were scaled by three to account for its dynamics.
The deuterium nuclei quadrupole parameters were estimated as
v = e2Qq/⁄ = 170 kHz and g = 0 (following Ref. [36]). Powder aver-
aging was performed using 168 {a,b} pairs and 20 c angles,
increasing the number of orientations did not lead to different re-
sults. For the carbon nuclei, only the isotropic chemical shift was
included in the simulations (the CSA effect was verified to be
insignificant).



Fig. 7. The RF sequences used for carbon recoupling. The 13C channel in (a) was
used in all experiments, the 1H sequence in (b) used for the PDSD experiment and in
(c) for the RAD/DARR via 1H recoupling. The 1H and 2H sequence in (d) was used for
RAD/DARR via the deuterons and that in (e) was used for double nucleus enhanced
recoupling.
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Preliminary results comparing the recoupling mechanisms in
13C–13C correlation experiments where obtained by monitoring
the cross peaks intensity acquired with various mixing schemes.
These experiments were done on a 400 MHz Bruker spectrometer
with a 3.2 mm Bruker triple resonance probe, at 10 kHz MAS fre-
quency and temperature of 275 K. Full details on the pulse se-
quence can be found in ref. [26]. We have used a sample of
perdeuterated alpha-spectrin SH3 domain [37,38] and the proton
content of the sample (at the exchangeable sites) was tuned to
40% by re-crystallizing the protein in an appropriate H2O/D2O buf-
fer. A detailed description of the sample preparation can be found
in Ref. [37].

3.1. Results and discussion

The results of the 1D recoupling experiments on the model
compound from the 300 and 500 MHz spectrometers are plotted
in Fig. 8a–d. Let us first consider the signal obtained with recou-
pling by 1H RF irradiation (sequence in Fig. 7a and c), these are
plotted in black circles in Fig. 8a (300 MHz spectrometer) and c
(500 MHz) for smix = 10 ms. On both spectrometers we observe
similar behavior in which S(t) is decreasing with the proton RF
power and several distinct recoupling conditions are formed. Con-
sidering the chemical shift difference between the two sites in Hz
we can expect that recoupling via the 1H nuclei will be observed at
mH

1 ¼ DCS=2pþ nmr (with mH
1 ¼ xH

1 =2p and mr = xr/2p). The recou-
pling conditions that are observed experimentally are for n = 0, 1,
2, 3, 4 (Fig. 8a) and for n = �1, 0, 1, 2 (Fig. 8c). These conditions cor-
respond to Eq. (35), which can also be used to describe recoupling
via 1H nuclei when these are weakly coupled to the carbons. This is
indeed the case in the measured sample, where the protons are not
directly bound to the carbons resulting in relatively weak hetero-
nuclear dipolar couplings which are additionally attenuated by
the rotation of the amine group. As the RF amplitude decreases
the experimental results can be roughly interpolated to the values
observed with no RF irradiation (the sequence in Fig. 7a and b) for
smix = 10 ms (marked with dashed black line).

To verify these effects the experimental data is compared to the
simulated data (plotted in solid black lines). The simulation is in
good agreement with the experimental results (at both fields) in
terms of the positions of the recoupling conditions. However, com-
paring the experimental and simulation results, there is an addi-
tional effect which only appears in the former showing an overall
decay in the signal as the RF power is decreased.

Next we consider the signal obtained after mixing with 2H irra-
diation only (as in Fig. 7a and c). These results are plotted in black
full circles in Fig. 8b and d for the 300 MHz and 500 MHz respec-
tively. As expected, with large quadrupole couplings (of the order
of 170 kHz), there are no well defined conditions for recoupling.
For our model compound and the magnetic fields used we ob-
tained maximal recoupling around mD

1 ¼ 23 kHz and 20 kHz at
300 and 500 MHz respectively. The simulated data show a similar
trend but the overall effect is a bit lower than that observed exper-
imentally as was in the 1H case.

The effect of both 1H and 2H irradiations simultaneously is also
shown in Fig. 8b and d. The 2H RF amplitude was varied while the
proton irradiation was fixed at three values (corresponding to dif-
ferent recoupling efficiencies in Fig. 8a and c). The recoupling ex-
tent (manifested in a decrease in S(t)) after mixing with both RF
irradiations is increased compared to the extent achieved with
each of the irradiations separately. However, the profile as a func-
tion of the 2H RF irradiation is independent of the proton RF ampli-
tude and is identical to its profile with mH

1 ¼ 0 kHz. From this we
can infer that the two RF irradiations affect the signal indepen-
dently and the overall effect is a contribution of the two. From
these results we should not necessarily expect that the two mech-
anisms (recoupling via 1H or 2H irradiations) will operate construc-
tively and it seems that there is some interference between them
resulting in smaller effect than could be expected. The combination
of the two RF fields does not lead to new recoupling conditions, as
was already demonstrated in the theoretical section.

The fit we observe between the experimental results and the
recoupling conditions derived theoretically and by simulations in
Fig. 8a–d suggests that following the signal intensity after a fixed
mixing period is a good measure for the recoupling extent. A more
common observable is the build-up rate of cross peaks formed be-
tween interacting carbons or build-down rate of S(t) as defined
above. For a single crystal orientation rate measurements are in-
deed the only observable which can be used to compare recoupling
processes which lead to S(t) oscillating between 1 and �1. In a
powder sample, however, this oscillation is attenuated or not ob-
served and S(t) reaches a plateau which is a good estimation for
the robustness and extent of recoupling in the whole powder. To
demonstrate this S(t) was simulated as a function of the mixing
time and either mH

1 or mD
1 . The values of S(tmin), where tmin is the

time when S(t) reaches a minimal value, are plotted in Fig. 9a
and b respectively for every RF amplitude. The values of tmin for
several RF amplitudes are specified on the plot. These values are
well correlated with the corresponding S(tmin) (i.e. when maximal
recoupling is observed). Therefore efficient recoupling is observed
at shorter mixing times and S(smix) is a good estimate of the recou-
pling process.

Next we consider the overall difference in the magnitude of the
recoupling observed in the experimental results and the simulated
ones. With both schemes, in Fig. 7c and d, we observe decreased
signal intensity compared to that observed in the simulations. This
difference does not arise from additional interactions present in
the experimental system. This was verified by adding the chemical
shift anisotropy of the 13C nuclei and introducing additional



Fig. 8. Experimental results showing S(t) on a 300 MHz spectrometer (top row) and 500 MHz (bottom). Full black circles correspond to experimental results obtained with a
single RF irradiation, left column as function of mH

1 with mD
1 ¼ 0 and right column as a function of mD

1 with mH
1 ¼ 0 during smix. Dashed lines represent the signal intensity

acquired with no RF. Solid lines are the signal simulated with SPINEVOLUTION including all relevant nuclei from a single molecule of glycine. Data in circles, triangles and
diamonds was acquired with simultaneous RF irradiations as a function of mD

1 with fixed mH
1 specified on the plot.

Fig. 9. Simulated signal of the glycine system at 500 MHz 1H Larmor frequency. The values of S(tmin) are plotted as a function of mH
1 (left) and mD

1 (right). tmin is defined as the
time the signal reaches a minimal value, corresponding to maximal recoupling. Representative values of tmin are specified on the plots.
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protons/deuterons forming inter-molecular contacts, which did
not lead to further decrease in the simulated signal. To study the
source of this discrepancy we measured the signal on the
500 MHz spectrometer as a function of the mixing time, smix, with
a fixed RF amplitude, on either the 1H or 2H channels. The results
are plotted in black dots in Fig. 10a and b. The simulated curves
for the two cases are plotted in solid black lines and show a signif-
icant deviation from the experimental results. In order to fit our



Fig. 10. Experimental results (gray circles) of S(t) as a function of the mixing time
on the 500 MHz spectrometer at 7 kHz MAS. mH

1 ¼ 17 kHz (top) and mD
1 ¼ 23 kHz

(bottom). The simulated curves for similar conditions are plotted in solid black lines
and after multiplication with a decaying exponential function in dotted lines.
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simulations to the experimental results the simulated data was
multiplied by a decaying exponent with a decay coefficient of
70 ms for the 1H irradiation (Fig. 10a) and 25 ms for the 2H irradi-
ation (Fig. 10b). This processing resulted in the dashed lines which
fit the experimental data well. We did not investigate further the
source of this decay but it could be attributed to zero-quantum
relaxation effects. Similar effects were observed by Levitt et al. in
R2 experiments where they were thoroughly studied and explained
by the presence of zero-quantum transverse relaxation [39].

Finally we present initial results from a perdeuterated protein, a
much larger system than our model compound. In this case we
have compared the cross peaks intensities formed between Ca � Cb

pairs in two residues of a perdeuterated alpha-spectrin SH3 do-
main. Cross-peak intensities are plotted as a function of the mixing
Fig. 11. Comparison of Ca � Cb cross peak intensities for the two selected residues (T24
13C–13C correlation spectra. The MAS frequency was 10 kHz and the mixing schemes used
mD

1 ¼ 10 kHz (triangles) and DONER with mH
1 ¼ mD

1 ¼ 10 kHz (full circles).
time in a 2D 13C–13C correlation experiment in Fig. 11. Four mixing
schemes are compared: PDSD (squares), 1H RAD/DARR with
mH

1 ¼ mr ¼ 10 kHz (circles), 2H RAD/DARR with mD
1 ¼ mr ¼ 10 kHz

(triangles) and DONER with mH
1 ¼ mD

1 ¼ mr ¼ 10 kHz (filled circles).
For the two residues compared, T24 and K60, the cross peaks inten-
sities are significantly different with the four mixing schemes with
DONER leading to maximal recoupling. For K60, recoupling with
DONER results in cross peaks which are more intense than the
sum of those obtained with the two separate RF irradiations, while
for T24 the DONER effect is lower than this sum. Thus we can ex-
pect that the contributions from the two RF fields would vary for
different residues in the protein and most probably depend on
the proton content around the recoupled carbons. These consider-
ations and the optimization of the RF amplitudes for carbon mixing
will be further discussed elsewhere [40].
4. Conclusions

Conditions for homonuclear recoupling via RF irradiation on
strongly coupled proton systems were identified and discussed in
the context of the RAD/DARR experiments. It was found that when
the heteronuclear couplings are strong relative to the MAS fre-
quency, recoupling occurs for a broad range of chemical shifts
and is very efficient when the RF equals the MAS frequency. As
the MAS frequency is increased recoupling becomes more localized
and more selective to certain chemical shift values (as in Ref. [18]).
This is similar to the mechanism in dilute proton systems, where
the recoupling conditions occur at well defined RF amplitudes
which depend on the MAS frequency and on the chemical shift dif-
ference. Recoupling via deuterons in deuterated systems was de-
scribed for the first time using Floquet theory, taking into
account a broad range of quadrupole couplings. It was shown that
due to the quadrupole couplings there is only a weak dependence
on the RF amplitude. Thus in these systems the R3 condition is not
necessarily the most efficient. With the combination of irradiating
both protons and deuterons in a partially deuterated system al-
most no additional recoupling conditions are formed and the two
processes operate independently, though the recoupling extent is
not additive and there is some interference between the two mech-
anisms. Overall the combined effect achieved by simultaneous irra-
diation is bigger than in experiments with single RF irradiation and
its extent depends on the details of the spin system. Further
improvements with double irradiation can be expected by increas-
ing the robustness of the proton assisted conditions, for example
by additional modulation of the RF parameters. Experiments per-
formed on a partially deuterated model compound suggest that
for maximal recoupling the RF amplitude of the protons should
and K60) in perdeuterated alpha spectrin SH3 domain extracted from several 2D
were PDSD (squares), 1H RAD/DARR with mH

1 ¼ 10 kHz (circles), 2H RAD/DARR with
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be optimized and that of the deuterons used at RF amplitudes
exceeding the MAS frequency. Although our theoretical description
did not take into account the effect of relaxation on the mixing of
homonuclear pairs we could reproduce general trends in the
dependence on the RF amplitudes and identify the significant
recoupling conditions. These effects should be further investigated
in perdeuterated proteins.
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