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Dipolar and J Encoded DQ MAS Spectra under Rotational Resonance
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A two-dimensional (2D) double-quantum (DQ) experiment
under rotational resonance (R2) conditions is introduced for eval-
uating dipolar couplings in rotating solids. The contributions from
the R2-recoupled dipolar interaction and the J coupling can be con-
veniently separated in the resulting 2D R2-DQ spectrum, so that the
unknown dipolar coupling can readily be extracted, provided that
the values of the involved J coupling constants are known. Since
the measured parameters are integral intensity ratios between suit-
ably chosen absorption peaks in the 2D spectrum, the proposed
method is characterized by a reduced sensitivity to relaxation pa-
rameters. The effect of rotor-modulated terms, including chemical
shift anisotropy, is efficiently averaged out by synchronizing the
excitation/reconversion time with the rotor period. All of these fea-
tures are demonstrated theoretically by the example of two model
systems, namely, isolated spin-pairs and a three-spin system. The
results of the theoretical models are applied to both 13C and 1H nu-
clei to extract dipolar couplings in uniformly 13C labeled L-alanine
and a crosslinked natural rubber. C© 2001 Academic Press

Key Words: solid-state NMR; magic angle spinning; rotational
resonance; double-quantum NMR.
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1. INTRODUCTION

The investigation of local structure by solid state nuclear m
netic resonance (NMR) often requires recoupling (1) of weak
dipolar interactions, which otherwise are efficiently averaged
by magic angle spinning (MAS) (2, 3). In addition to radiofre-
quency techniques (4–12), in homonuclear systems recouplin
methods also have been developed (13–17) that exploit the so-
called rotational resonance (R2) phenomenon (19). By this, one
can selectively reintroduce part of the dipolar interaction
tween two chemically distinct nuclear sites,j andk, provided
that their isotropic chemical shift difference matches a smal
teger multiple of the rotor frequency, i.e.,δ jk = ω j −ωk = nωR.
So far the R2 recoupling techniques have been applied on dil
nuclear spin probes, particularly13C and15N, because the high
spectral resolution needed for the observation of the R2 phe-
nomenon is easily achievable in such systems with inhomo
neous line broadening (20) and also because of the importa
1 To whom correspondence should be addressed. Fax: ++49 241 8888
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applications of these nuclei in the structural elucidation of co
plex biological molecules (21–24).

The main features under rotational resonance, i.e., enha
magnetization exchange and line splitting and broaden
(25–27), are all used for measuring dipolar couplings and, hen
internuclear distances. The dipolar coupling between two re
nant nuclei can readily be extracted from the decay of magn
zation exchange curves and from the splitting of single-quan
(SQ) or double-quantum (DQ) filtered lines, in experiments s
ably designed to exploit one or the other of these features.

In the conventional approach, quasi-isolated spin-pairs are
gineered by specific isotopic labeling of nonequivalent mol
ular sites, so that spin systems with very simple spin dynam
are determined, which can readily be manipulated. If adiffer-
ential longitudinal magnetizationis first prepared by selective
inversion of one resonance, the dynamics simplifies even
ther, because this initial state is expected to evolve solely un
the recoupled dipolar interaction. Such a strategy is emplo
in R2 magnetization exchange (14, 15) and DQ filtering exper-
iments (16). The simplicity of this concept is, however, spoile
in practice, because both methods also prove to be quite s
tive to relaxation parameters, in addition to the measured dip
coupling. In particular, the strong dependence on theT2,Z Q, the
relaxation time of the zero-quantum coherences, limits the a
racy of distance measurements by these methods to such v
for which the decay of the magnetization exchange signal
the splitting of the DQ filtered line, become smaller than t
T2,Z Q-induced decay, or line broadening, respectively.

Therefore, the development of efficient techniques by wh
the effect of relaxation can be conveniently handled is hig
desirable. Such alternative methods have already been prop
in the case of R2 magnetization exchange. For instance, in the
cently developed R2-tickling experiment (14), the sensitivity to
T2,Z Q is greatly reduced, which enables accurate distance ev
ation up to 5–6̊A in 13C-labeled compounds. In the present wo
we show that the disturbing effect of relaxation can be reduce
R2-DQ experiments as well. Unlike the case presented in R
(16, 17), the transverse magnetizationis employed here as a
initial state, which is then converted into DQ coherences us
an excitation scheme similar to that reported in Ref. (13). Nev-
ertheless, different from both methods (13, 16), the measured
4



n

,

i

m

o

i

e
i

y
-
c

r

y
i

p

w
d

e

g
a
n

his
ences.

to de-
rsion

y

nds
osed

ose

to
he
d

ly.
3.

es-

lei
our-

y
ame

s to
t the
one

ons
usly
not

n

DQ MAS SPECTRA UNDER

parameters areintegral intensity ratiosbetween suitably chose
absorption lines in a two-dimensional (2D) R2-DQ spectrum.

Although the spin system response is more complex now
cause theJ coupling interaction also contributes to the spin d
namics and generally a smaller efficiency in the DQ excitat
process is obtained, the strategy proposed here has impo
advantages, namely (i) the absorption peaks originating froJ
coupling and dipolar interaction are separated from each o
in the resulting 2D spectrum, so that one can determine dip
couplings from their intensity ratio, provided that the values
the involvedJ couplings are known from solution spectra, (
the method is not restricted to isolated spin-pairs, but can
applied to multispin systems as well as that discussed in R
(13–17), (iii) the influence of relaxation can be greatly reduce
which increases the accuracy in evaluating dipolar couplin
and (iv) the effect of the remaining rotor-modulated terms,
cluding chemical shift anisotropy (CSA), is efficiently averag
out under fast MAS and also by rotor synchronizing the exc
tion/reconversion times.

All of these features have been demonstrated theoreticall
two model systems, namely isolated spin-pairs and a three
system. The theoretical results are used to extract dipolar
plings from the 2D R2-DQ spectra recorded on13C in uniformly
labeledL-alanine, and on1H, in a crosslinked natural rubbe
To our knowledge, no R2-induced line splitting on protons ha
been reported so far, although the basic condition for emplo
the R2 phenomenon, i.e., an inhomogeneous-like broaden
is fulfilled in such systems with strong molecular motion. He
one shows that the application of rotational resonance on
tons is feasible, and the proposed DQ experiment constitute
efficient method for estimating small dipolar couplings betwe
different chemical moieties in soft solids.

2. EXPERIMENTAL

The experiments were performed on a Bruker DSX 500 NM
spectrometer operating at 500.45 and 125.85 MHz for1H and
13C resonance frequencies, respectively. The DQ spectra
obtained employing the pulse sequence which is depicte
Fig. 1. The excitation of the DQ coherences is obtained us
the nonselective two-pulse sequence, where an additional
tral π -pulse eliminates the frequency-offset dependence of
DQ signal (Fig. 1b). This pulse divides the full excitation tim
into two equal periods ofτ = NτR, with N an integer andτR the
rotor period. For reconversion of the DQ coherences to obs
able magnetization, a similar pulse-sequence is used, but
a π/2 phase shift of its pulses. For recording 2D DQ spec
the TPPI procedure, combined with a four-step phase cyclin
the excitation pulses (12), was used. No cross-polarization w
applied in the case of13C spectra, only dipolar decoupling o
the proton channel.
The investigated spin systems are represented by proton
various functional groups in a crosslinked natural rubber a
carbons in uniformly13C labeledL-alanine, diluted 1:10 in the
ROTATIONAL RESONANCE 185
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FIG. 1. (a) Schematic representation of the 2D DQ MAS experiment. T
basic scheme can be used with different excitation/reconversion pulse sequ
The z-filter is represented by a rotor-synchronized purging periodτ0 (inserted
delay between reconversion and detection to allow undesired coherences
cay). (b) The pulse sequence used for exciting DQ coherences. For reconve
a similar pulse sequence was used, except that the phases were shifted bπ/2.

unlabeled compound. Both are well-characterized compou
and thus can be used to test the performance of the prop
method.

The DQ experiment described above was performed at th
R2 conditions for which no R2-induced line splitting was ob-
tained in conventional SQ spectra. Specifically, this refers
the n = 1 rotational resonance condition with respect to t
COOH–CH3 lines (νR = 19.8 kHz) in the case of carbons an
with respect to the CH–CH2 lines (νR = 1.53 kHz) and the CH–
CH3 lines (νR = 1.74 kHz) in the case of protons, respective
The resulting 2D R2-DQ spectra are illustrated in Figs. 2 and
To simplify the presentation, the COOH, CH, and CH3 carbon
and CH, CH2, and CH3 proton resonance frequencies are d
ignated in the following byω1, ω2, andω3. Also, the notations
σ jk = ω j + ωk andδ jk = ω j − ωk are used.

Figure 2a shows the13C R2-DQ spectrum recorded at 2τ =
52τR andνR = δ13. As can be seen from this figure, the nuc
which are subjected to rotational resonance give rise to a f
peak pattern, with the peaks symmetrically displaced by±δ13

with respect to the mean frequency,σ13, in the DQ dimension.
Their origin in the R2-recoupled dipolar interaction is clearl
demonstrated by the DQ spectrum presented in Fig. 2b. The s
experimental conditions were employed here, except thatνR was
set to 20.8 kHz. Although this spinning frequency correspond
only 1 kHz away from rotational resonance, one can see tha
four-peak pattern has completely vanished. In both spectra
also obtains two pairs of absorption peaks, located at (ω1, ω2)
and (ω1, ω3) along the SQ dimension and atσ12 andσ23 along
the DQ dimension, respectively. Since their spectral positi
do not change upon changing the spinning frequency, obvio
these four peaks are determined by an interaction which is
affected by MAS, that is, theJ coupling. Such an interpretatio
fits very well with the known values of the carbon–carbonJ

ndcoupling constants inL-alanine, namelyJCOOH–CH = 55 Hz,
JCH–CH3 = 35 Hz, andJCOOH–CH3 < 5 Hz (28). According
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FIG. 2. (a) The 2D R2-DQ spectrum of13C in uniformly labeledL-alanine,
obtained atνR = δ13 = 19.8 kHz (n = 1 R2 condition corresponding to th
COOH–CH3 lines), using a total excitation time of 2τ = 52τR = 2.62 ms. The
notationsω1, ω2, andω3 along the SQ dimension represent the13C resonance
frequencies of the COOH, CH, and CH3 carbons. Along the DQ dimension
σ jk = ω j + ωk andδ jk = ω j − ωk. (b) Similar to case (a), except thatνR =
20.8 kHz, i.e., 1 kHz away from the corresponding R2 condition.

to this picture, one can explain also the small absorption
located atσ13 in the DQ dimension (Fig. 2a): this is determin
by theJCOOH–CH3 coupling. This demonstrates the sensitivity
the proposed DQ experiment, by which even the effect of s

small interactions can be identified in the resulting spectrum

A similar behavior was found in the proton spectra as we
Figure 3 shows the1H R2-DQ spectra recorded with a total ex
T AL.

ine
d
f
ch

citation time of 2τ = 16τR at the spinning frequenciesνR = δ12

(Fig. 3a) andνR = δ13 (Fig. 3b). The symmetric four-peak pat-
tern, determined by the corresponding R2 recoupled dipolar in-
teraction, is obtained also in this case. Different from carb
spectra, however, only one pair ofJ lines occurs here, which
correlates to the CH–CH2 protons. This can be understood base
on the very small values of the other twoJ coupling constants,

FIG. 3. (a) The 2D R2-DQ spectrum of1H in a crosslinked natural rubber
(phr = 1), obtained atνR = δ12 = 1.53 kHz (n = 1 R2 condition corresponding
to the CH–CH2 lines), using a total excitation time of 2τ = 16τR = 10.46 ms.
The notationsω1,ω2, andω3 along the SQ dimension represent the1H resonance
frequencies of the CH, CH2, and CH3 protons. Along the DQ dimension,σ jk =
.
ll.
-

ω j + ωk andδ jk = ω j − ωk. (b) Similar to case (a), except that then = 1 R2

condition corresponding to the CH–CH3 lines is employed now (νR = δ13 =
1.74 kHz).
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DQ MAS SPECTRA UNDER

compared with JCH–CH2. As an estimation of the relative
strengths between the relevantJ couplings in natural rubber
one can take, for instance, the typical values of theJ cou-
pling constants between protons in similar structural arran
ments in liquids, i.e.,3JCH–CH2 ' 10 Hz,4JCH–CH3 < 3 Hz, and
4JCH2–CH3 < 1 Hz (29).

Apart from this intuitive explanation of the experiment
results, however, a theoretical analysis is needed for exp
itly relating the spectral parameters with interaction parame
characteristic to the investigated system. Such a theory, toge
with its application for a quantitative analysis of the measu
R2-DQ spectra, is provided in the following sections.

3. THEORY

The 2D R2-DQ experiment presented above is analyzed un
the assumption that the main features of the resulting spectra
determined by the static part of the spin Hamiltonian expres
into an interaction picture with respect to the isotropic chemi
shift interaction. In the Liouville space this is defined by

ρI (t) = ei ĤCStρ(t), [1]

whereρ(t) andρI (t) are the Schr¨odinger and the interaction
picture representations of the density operator, while

HCS=
∑

j

ω j I j z [2]

is the isotropic chemical shift (CS) Hamiltonian. Under the
conditions, the truncated spin Hamiltonian reads

H0,I = −1

2
ωD

J K

(
bJ K

1 I J+ IK− + bJ K
−1 I J− IK+

)
+
∑
j,k

(2π Jjk)I jz Ikz, [3]

whereωD
J K = µ0γ

2hÃ 2

4πr 3
J K

and Jjk are the dipolar andJ coupling

constants between the specified nuclei, withr J K the internu-
clear distance, while the functionsbJ K

±1 = (
√

2/4) sin (2βJ K ) ·
exp (±αJ K ) depend on the polar angles (αJ K , βJ K ), which give
the orientation of the dipolar tensor with respect to the ro
axis. The summation indices run over all possible spin pa
( j, k) in the case of theJ coupling interaction, while the labels
(J, K ) refer specifically to those nuclei which are subjected
rotational resonance.

In order to evaluate the NMR signal

S(t) = 〈I+ | ρ(t)〉 = 〈I+ | Û (t, 0) | ρ(0)〉, [4]

the density operator or, equivalently, the time propagatorÛ (t, 0),
should be brought back to the Schr¨odinger representation. Thi
is achieved by the transformation
Û (t, t ′) = e−i ĤCSt Û I (t, t
′) ei ĤCSt ′ , [5]
ROTATIONAL RESONANCE 187
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wheret andt ′ are two arbitrary moments of time and where

Û I (t, t
′) = e−i Ĥ0,I (t−t ′). [6]

In Eq. [4],Û (t, 0) is replaced by the productÛSQ
ev Û recÛDQ

ev Ûex

of the propagators corresponding to the four distinct time p
ods of the experiment, namely excitation, DQ evolution, rec
version, and SQ evolution, respectively. Wherever necess
they include also the action of the corresponding radiofreque
pulses, as shown in Fig. 1. The DQ filtration through phase
cling is accounted for by selecting only DQ terms in the ex
tation period, while in order to incorporate the TPPI proced
used for the DQ evolution, any periodic function int1 was con-
verted to only one trigonometric function (for instance, here
have chosen the cosine function).

The DQ spectra obtained under different experimental c
ditions are analyzed below by evaluating the integral intensi
of the absorption lines, whose values primarily reflect the e
lution under the HamiltonianH0,I during the excitation and re
conversion periods. Therefore, the excitation and reconver
propagators are taken in the form given by Eq. [5], while
the expressions for̂USQ

ev andÛDQ
ev only the evolution under the

isotropic CS is considered. Using this procedure, in the follo
ing we evaluate the integral intensities of the resulting 2D R2-DQ
spectra for two different spin configurations with relevance fro
both theoretical and practical points of view.

3.1. Isolated Spin-Pairs

The study of this system is important because it represent
so far most widely used spin configuration in R2 experiments,
and also, based on this simple example, one can more e
identify those features which are general to all R2-DQ spec-
tra, irrespective of the particular system that is investigated.
instance, applying the relation [5] to the spin-pair case one
tainsÛex(2τ, 0)= P̂90(x)Û ′ex(2τ, τ )P̂180(−x)Û ′ex(τ, 0)P̂90(x),
with

U ′ex(τ, 0) = exp[−i (2π J I1zI2z)τ ] exp

[
i
ωD

12

2

(
b12

1 ei δ12τ I1+ I2−

+ b12
−1e−i δ12τ I1− I2+

)
τ

]
. [7]

Thus, the dipolar part of the excitation propagator depe
explicitly on the excitation timeτ , unless it is synchronized
with the rotor period, i.e.,τ = NτR. In such a case one ha
τR = 2Nπ/δ12, and the modulation factors in the relationsh
above vanish. On the other hand, the dipolar terms in the re
version propagator,

U ′rec(τ + t1, t1)
∼ exp i
ωD

12

2

(
b12

1 ei δ12t1 I1+ I2− + b12
−1e−i δ12t1 I1− I2+

)
, [8]
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still preserve a phase factor,e±i δ12t1, which depends ont1, the
DQ evolution time. This dependence is, however, advantage
because it enables one to separate along the DQ dimensio
absorption lines determined by the R2 recoupled dipolar interac
tion from those generated byJ coupling. Such a mechanism
similar to the mechanism of sideband generation by rotor en
ing during the reconversion period, which was found previou
in MQ MAS spectra (12).

Besides the coherent evolution determined by the propaga
above, one has also to take into account the effect of relaxa
This can be done in a phenomenological way by multiply
the excited spin coherences with suitable relaxation functi
Rj (t − t ′) = exp[−(t − t ′)/T∗2, j ]. Corresponding to our exper
imental conditions,T∗2, j refers to the effective transverse rela
ation time of single-quantum coherences, since only such
herences evolve before the application of the last pulse in
excitation / reconversion period. For generality, we also cons
the case when each distinct chemical sitej is characterized by
its one relaxation time,T∗2, j . However, the use of this simpli
fied model is restricted to the case when the difference betw
the relaxation times corresponding to the R2 recoupled sites is
relatively small (30).

Including now both effects, and confining our attention to D
terms, the expression of the density operator at the end o
excitation period reads

ρ(2τ ) ∼ DQ12[sin (2π Jτ ) cos (ω12τ )

− cosα12 cos (2π Jτ ) sin (ω12τ )], [9]

with ω12 = ωD
12b

12
(1) and DQ12 = 1

2i (I1+ I2+ − I1− I2−)[R1(2τ )+
R2(2τ )]. A similar expression can be derived also if the reconv
sion propagator is considered instead, except that cosα12 must
be replaced by cos (α12+ δ12t1). Inserting this into relation [4],
the finally obtained result for the NMR signal reads

S(t2, t1) =
∑
p=1,2

3∑
q=1

I p,qeiωpt2 cos (Äqt1). [10]

Its Fourier transform constitutes a pattern of six absorp
peaks, located atω1 andω2 along the SQ dimension, and
Ä1 = σ12− δ12, Ä2 = σ12, andÄ3 = σ12+ δ12 along the DQ
dimension, respectively. The amplitude factorsI p,q correspond
to their integral intensities and are given by

I1,1 = I1,3 = 1

8
I (0)R2(2τ ) cos2 (2π Jτ )〈sin2 (ω12τ )〉

I2,1 = I2,3 = 1

8
I (0)R1(2τ ) cos2 (2π Jτ )〈sin2 (ω12τ )〉

[11]

I1,2 = 1
I (0)R1(2τ ) sin2 (2π Jτ )〈cos2 (ω12τ )〉
2

I2,2 = 1

2
I (0)R2(2τ ) sin2 (2π Jτ )〈cos2 (ω12τ )〉,
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where

I (0)= I1(0)R1(2τ )+ I2(0)R2(2τ ), [12]

with I1(0) and I2(0) the integral intensities of the two lines i
the corresponding SQ spectrum and where〈· · ·〉 represents the
powder average.

Two limiting cases have to be distinguished now, nam
ωD

12→ 0, for which I1,1 = I1,3 = I2,1 = I2,3 = 0, andJ → 0
where I1,2 = I2,2 = 0. This indicates that the four absorptio
lines located atσ12±δ12 along the DQ dimension originate from
the R2 recoupled dipolar interaction, while the other two lines
σ12 are determined by theJ coupling. Correspondingly, in the
following they will be referred to as the dipolar and theJ lines,
respectively.

Apart from the two extremes, however, the integral intensit
of all these lines are encoded by both interactions and thus ca
used for evaluation of the dipolar coupling. For this purpose,
J coupling is approximated by its value determined from NM
spectra in solution, so that only the dependence on relaxa
parameters remains. This can also be removed by adding
two DQ slices and then taking the ratio between the dipolar
J lines, i.e.,

η = I1,1+ I2,1

I1,2+ I2,2
= 1

4

cos2 (2π Jτ )〈sin2 (ω12τ )〉
sin2 (2π Jτ )〈cos2 (ω12τ )〉 . [13]

The above result shows us that even in the most general
when the relaxation times associated to different chemical s
are not equal to each other, one can still find a parameter w
value is independent of relaxationand thus can be used for a
accurate evaluation of the dipolar coupling.

However, this conclusion is no longer valid when the diffe
ence between the relaxation times (or linewidths) of the reson
sites is comparable with the measured dipolar coupling. In s
cases,ω12 in Eq. [13] must be replaced by (ω2

12−12)1/2, with
1 = 1

T∗2,1
− 1

T∗2,2
(30). Thus, a small dependence on relaxati

parameters still remains in this case, which in practice can
taken into account, for instance, by replacing1 with the differ-
ence between the corresponding linewidths. Nevertheless, m
elaborate models are needed when such line broadening d
ences come primarly from the incomplete proton decoupl
(30). Therefore, an accurate evaluation of dipolar couplings
this method requires either efficient decoupling techniques
an adequate theoretical treatment of the residual heteronu
interaction.

3.2. The Three-Spin Model

Using this example, one can explicitly show the complicatio
by going from the classical spin-pair approach to a multis

system. Also, the three-spin case is important for practical ap-
plications: in the case of1H nuclei one always deals with
multispin systems, while in the case of13C techniques, the
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tendency now is to employ uniformly labeled compounds
stead of the more expensive compounds selectively label
specific molecular positions.

Corresponding to the experimental conditions employe
acquire the13C R2-DQ spectra, first one considers the follo
ing interaction parameters: the resonance frequencies of th
volved spins are all different from each other, with|ω1| < |ω2| <
|ω3|, J12 6= J23 6= 0 6= J12, J13 ' 0, andωR = δ13. The theoret-
ical analysis follows exactly the same steps as in the spin
case, so that no further details about the calculation are ne
Here, we only mention that the expression of the resulting N
signal is similar to that in Eq. [10], except that one obtains th
DQ slices now (p = 1, 2, 3), and also the structure of ea
slice along the DQ dimension is more complex. Specifica
the 2D R2-DQ spectrum is made up of 17 peaks. However,
all of them are equally important. For instance, the domin
eight lines in this pattern can be easily understood base
the previous example, since their spectral positions along
DQ dimension,Ä1 = σ13 − δ13, Ä2 = σ12, Ä3 = σ23, and
Ä4 = σ13+δ13, can be correlated with the particular interactio
they originate from. The corresponding integral intensities
given by

I1,1 = I1,4 = 1

8
〈A2〉R1(2τ )[ I1(0)R1(2τ )+ I3(0)R3(2τ )]

I3,1 = I3,4 = 1

8
〈A2〉, R3(2τ ) [ I1(0)R1(2τ )+ I3(0)R3(2τ )]

I1,2 = 1

2

[
〈B2
+〉I1(0)R2

1(2τ )+ 1

2
〈B+C+〉R1(2τ )I2(0)R2(2τ )

]
I3,3 = 1

2

[
〈B2
−〉I3(0)R2

3(2τ )+ 1

2
〈B−C−〉R3(2τ )I2(0)R2(2τ )

]
I2,2 = 1

8

[〈C2
+〉I2(0)R2

2(2τ )+ 2〈B+C+〉I1(0)R1(2τ )R2(2τ )
]

I2,3 = 1

8

[〈C2
−〉I2(0)R2

2(2τ )+ 2〈B−C−〉I3(0)R3(2τ )R2(2τ )
]
,

[14]

with the coefficients

A = ω13

ω
cos (2π Jσ τ ) sin (ωτ )

B± = sin (2π Jσ τ ) cos (ωτ )± 2π Jδ
ω

cos (2π Jσ τ ) sin (ωτ )

C± = sin (4π Jσ τ )± 2π Jδ
ω13

sin (ω13τ ), [15]

whereJσ = 1/2(J12+ J23) andJδ = 1/2(J12− J23), and
ω =
[
4π2J2

δ +
1

8
sin2 (2β13)

(
ωD

13

)2]1/2

. [16]
ROTATIONAL RESONANCE 189
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In analogy to the spin-pair case, one can show that the first
lines are dipolar lines, while the last four areJ lines, respectively.

The spectral positions along the DQ dimension,Ä5,6 =
σ12 ± δ13, Ä7,8 = σ23 ± δ13, andÄ9 = σ13, of the other nine
peaks no longer fit into such a correlation scheme. Their inte
intensities,

I1,5 = I1,6 = 1

8

[〈D2〉I3(0)R2
3(2τ )− 〈DE〉I2(0)R3(2τ )R2(2τ )

]
I2,5 = I2,6 = 1

8

[〈E2〉I2(0)R2
2(2τ )− 〈DE〉I3(0)R3(2τ )R2(2τ )

]
I1,7 = I1,8 = 1

8

[〈D2〉I1(0)R2
1(2τ )+ 〈DE〉I2(0)R1(2τ )R2(2τ )

]
I2,7 = I2,8 = 1

8

[〈E2〉I2(0)R2
2(2τ )− 〈DE〉I1(0)R1(2τ )R2(2τ )

]
I2,9 = −1

2
I2(0)

[〈F2〉R2
2(2τ )

]
, [17]

with

D = ω13

ω
sin (2π Jσ τ ) cos (ωτ )

E = 2π Jδ
ω

sin2
(ω13

2
τ
)

[18]

F = sin2

(
2π Jσ

2
τ

)
,

are smaller than those of the first eight lines. This is due
the fact that, except for the negative line located atÄ9 = σ13,
they are all scaled by2π Jδ

ω
, which is a small parameter fo

typical values of theJ coupling constants between carbo
nuclei.

For practical applications, thus, only the dominant lines giv
by Eq. [14] are considered. Again, the values of the involvedJ
couplings are taken from solution NMR spectra or from so
state NMR experiments designed for measurements ofJ cou-
plings (i.e., the TOBSY sequence (18)), so that the only un-
known parameters are the relaxation functionsRp(2τ ), with
p = 1, 2, 3. As a general feature, the dependencies on the d
lar coupling,ωD

13, and on relaxation parameters are more co
plex now than in the spin-pair case. Nevertheless, perform
the summation of all DQ slices, and taking the ratio between
dipolar andJ lines, one gets

η = I1,1+ I3,1

I1,2+ I2,2+ I2,3+ I3,3

= 1

4

〈A2〉(1+ r31)2〈(
B+ + 1

2C+r21
)〉2〈(

B− + 1
2C−r21

)〉2 , [19]
which is less sensitive to errors determined by uncertainties in
the measurement of the relaxation times. In the ideal case when
all the nuclear sites are characterized by relaxation times whose
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values are close to each other, one finds that the values of al
sible ratiosr jk = Rj /Rk are close to 1. In this case there is on
a marginal influence of relaxation upon the measured para
ter,η. However, even in the other extreme, when the differe
between the relaxation times is large, the use of the dimens
less parametersr jk , whose values can be approximated by
ratio between the corresponding linewidths, is expected to
to a more accurate evaluation of the dipolar couplingωD

13, than
in the case when the absolute values of the relaxation funct
are employed. Similar to the spin-pair case, the same res
tion to a small difference between the relaxation times of
R2 recoupled sites also applies here. For the particular exam
investigated above, this condition translates tor13 ' 1.

To include also the case of1H R2-DQ spectra in the theory, w
briefly analyze below a three-spin system made up of one
with the resonance frequencyω1 and two spins withω2. Distinct
features occur now in the resulting spectrum, which can be b
understood if the effect ofJ coupling is disregarded. Thus, on
the dipolar terms in the expression of the Hamiltonian [3]
considered here, and, for simplicity, the two coupling consta
are assumed to be equal to each other, that is,ωD

12 = ωD
13 = ωD.

Following the same procedure described in the previous
tion, the structure of the corresponding R2-DQ spectrum can be
easily evaluated. The four-peak pattern, with absorption li
located atσ12± δ12 along the DQ dimension, characterizes th
spectrum as well, but, in addition, one obtains also absorp
peaks located atσ12 andσ12±2δ12. This resembles the sideban
pattern structure obtained in MQ MAS spectra (12), which can
be used for measuring the dipolar couplingωD, for instance,
from the ratio between the first order sidebands and the ce
line, i.e.,

η = I1,1+ I2,1

I1,2+ I2,2

= 1

4

〈(3 sin (
√

2ω12τ )+ sin (2
√

2ω12τ ))2〉〈(
8 sin2

(√
2

2 ω12τ
)+ sin2 (2

√
2ω12τ )

)2〉 . [20]

Thus, distinct from the case of13C spectra, theJ lines are no
longer needed here as a reference for the dipolar lines in o
to determine the dipolar coupling, because this can be extra
in a more direct and simple way from the sideband pattern
termined solely by the dipolar interaction. Indeed, if also thJ
terms are considered in Eq. [3], the corresponding expres
of η depends in a much more complex way on both interac
parameters.

For a quantitative analysis of the1H R2-DQ spectra it is thus
preferable to employ such experimental conditions for wh
the dipolar sideband pattern is not too much affected by
J coupling interaction. In principle, this holds in the limit o
short excitation times, provided thatJτ ¿ 1. Fortunately, due

to the relatively small values ofJ coupling constants in proton
systems, the above requirement is well satisfied for the smal
value ofτ that can be employed in our experiment, i.e.,τ = τR.
T AL.
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Finally, one mentions that, although necessary, the shor
citation time limit is not sufficient for neglecting theJ coupling
from analysis. Whether such an approximation can be use
pends also on the relative values between theJ coupling con-
stants and the R2 recoupled dipolar interaction. Two distin
situations must be distinguished now. In the case of thosej and
k spins which are subjected to rotational resonance, addition
one must fulfill the requirement 2π Jjk ¿ ωD

jk . For any other
J couplings,Jjl , with l 6= k, such a condition is not neede
in principle, because the correspondingJ lines and the dipola
lines do not overlap.

4. RESULTS AND DISCUSSION

A first comparison between the theoretical and experim
tal results clearly indicates that the truncation of the interac
Hamiltonian to its static terms can very well explain the pro
nent features of the recorded R2-DQ spectra. For a rigorous ana
ysis, however, also the effect of the rotor-modulated terms,
chemical shift anisotropy and off-R2 dipolar couplings, must b
appropriately taken into account. Such an extension of the th
is beyond the purpose of the present investigation, so that b
we only provide a qualitative discussion about the importa
of this effect.

During the excitation/reconversion periods there are two
tinct mechanisms by which the rotor-modulated terms are a
aged out, namely the scaling of these terms with increased
ers of the spinning frequency (31) and the rotor synchronizatio
of the excitation/reconversion times. During the DQ evolut
period, however, only the first mechanism is present. As dem
strated previously, this mechanism alone can efficiently ave
out the rotor-modulated spin interactions provided that the
MAS condition is fulfilled. As a criterion for this limit, one ca
take, for instance, the requirement that the strongest couplin
rameter associated to the rotor-modulated terms must be sm
than the spinning frequency (31).

4.1. The13C Three-Spin System inL-Alanine

In the case of13C nuclei in L-alanine, the strongest roto
modulated contribution comes from the CSA term correspo
ing to the COOH carbon. Here, the ratioδa

3/ωR ' 3/5, with
δa

3 kHz—the CSA coupling constant (33), fits rather well the
condition for fast MAS. Therefore, the discussion of the13C R2-
DQ spectrum in Fig. 2 is straightforward, since the theoret
results obtained in the case of the three-spin system can b
rectly applied for its quantitative analysis. Consequently, for
evaluation of the dipolar couplingωD

13, one first adds togethe
all three DQ slices. The resulting 1D DQ spectrum is then u
to determine the ratioη between the integral intensities of th
dipolar andJ lines. Finally, the experimental value,η = 0.48, is

D

lest
inserted in Eq. [19], where, besidesω13, all the other parameters
are considered known. Specifically,Jσ = 45 Hz andJδ = 10 Hz
result using theJ coupling constantsJ12 and J23 given in



n

e

a

b
r

e

e
d
e

v

th

u

d
h
g

r

e
e
h
t
p

rum.

e

time

tern

l-
the
e in-
tion.
le.
atio
ide-
lue
,

ex-

t of
DQ MAS SPECTRA UNDER

Ref. (28), while the ratios between the specified relaxation fu
tions have been approximated byr21 = 1ν(2)/1ν(1) = 1.71
andr31 = 1ν(3)/1ν(1) = 1.05. The1ν( j ) are the linewidths
of the specified absorption lines, measured away from any2

condition: here we employedνR = 25 kHz. The value of the
dipolar coupling,ωD

13 = 450 Hz, obtained using this procedur
agrees very well with the value of 460 Hz that corresponds
the known COOH–CH3 internuclear distance (33). Figure 2 is
a nice illustration of the benefits of on and off-rotational res
nance conditions in terms of stepwise assignment (off-rotatio
resonance) and assignment plus internuclear distance estim
(on-rotational resonance).

4.2. 1H Residual Dipolar Interactions in Crosslinked
Natural Rubber

The 1H R2-DQ spectra presented in Fig. 3 can no longer
analyzed using Eq. [20]. According to the discussion in the p
vious section, for a more accurate evaluation of the resid
dipolar couplings (32) between the CH and CH2 protons,ω̄D

12,
or between the CH and CH3 protons,ω̄D

13, it is preferable to em-
ploy the short excitation time limit. Considering now the valu
of J12 and J13 given in Section 2, one obtainsJ12τR ' 1/751
and J13τR ' 1/1700, respectively. That is, usingτ = τR, the
first requirement for the short excitation time approximatio
Jτ ¿ 1, is fulfilled in both cases.

The results of the experiments performed atτ = τR are il-
lustrated in Fig. 4, in the form of 1D R2-DQ spectra, which are
obtained by adding all DQ slices in the corresponding 2D sp
tra. The sideband pattern predicted by theory can be easily i
tified in both cases. A quantitative analysis will be consider
however, only for the spectrum obtained under the R2 condi-
tion with respect to the CH–CH2 lines (Fig. 4a), since only this
case approaches the theoretical model presented in the pre
section.

For 1H nuclei in elastomers, the strongest contribution of
rotor-modulated terms comes from the proton–proton dipo
interaction inside the CH2 functional group. Using the value
ω̄D

CH2
' 300 Hz (32) of the corresponding residual dipolar co

pling, one obtains ¯ωD
CH2
/ωR = 0.2, which indicates that the

fast MAS approximation applies also here. Nevertheless,
tinct from the13C spectra, in the case of protons there is anot
effect which limits the accuracy in evaluating dipolar couplin
based on the three-spin model presented above. Specific
here one should take into account that, besides the dipola
teraction of the CH proton with the nearest CH2 protons, also
the interactions with the next nearest neighbors will encod
some extent the resulting R2-DQ spectrum. Therefore, the valu
ω̄D

12 = 220 Hz obtained using Eq. [20] must be considered wit
the error limits introduced by neglecting the multispin charac
of the investigated system. As in the case of the carbon s

trum, this value was determined by inserting the experimen
ratio, η = 1.4, into its corresponding theoretical expressio
Eq. [20]. Finally, comparing this value of ¯ωD

12 with J12, one can
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FIG. 4. (a) The 1D R2-DQ spectrum of1H in natural rubber (phr = 1),
obtained by adding together all DQ slices of the corresponding 2D spect
It was recorded under then = 1 R2 condition corresponding to the CH–CH2

lines, using a total excitation time of 2τ = 2τR = 1.31 ms. (b) Similar to case
(a), except that then = 1 R2 condition corresponding to the CH–CH3 lines is
employed. The absorption line marked with an asterisk originates from thJ
coupling between the CH–CH2 protons.

see that also the second requirement for the short excitation
approximation is satisfied for this spectrum.

In a similar way one can analyze also the sideband pat
in Fig. 4b, which corresponds to the R2 condition with respect
to the CH–CH3 lines. Here we refrain from a quantitative eva
uation of the corresponding dipolar coupling: this requires
extension of the theoretical model to a six-spin system, whos
vestigation is far beyond the purpose of the present investiga
However, a qualitative discussion of the result is still possib
For instance, compared with the previous spectrum, the r
between the intensity of the central line and the first-order s
bands is smaller now, which basically reflects a reduced va
of the CH–CH3 dipolar coupling. This result is not surprising
taking into account the increased CH–CH3 distance. Due to the
r−3 distance dependence of the dipolar coupling, it is even
pected that ¯ωD

13 is several times smaller than ¯ωD
12. Based on this

conclusion, one can also explain the reason why the effec

tal
n,
the JCH–CH2 coupling is no longer negligible here, as can be
judged from the rather large intensity of the correspondingJ
line (marked with an asterisk in Fig. 4b).
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5. CONCLUSION

The major difficulty in applying the rotational resonance tec
niques for structural investigations in rotating solids is det
mined by their increased sensitivity to relaxation paramete
in addition to the measured dipolar coupling. This particula
holds in the case of weakly coupled nuclear spins, that is, exa
those cases which are important for practical applications. In
present work we introduce a new R2-DQ technique where the
influence of relaxation upon the measured parameters is m
reduced, thus leading to increased accuracy in the evaluatio
dipolar couplings.

The theory necessary for the basic understanding of the re
ing 2D R2-DQ spectra is derived by confining the analysis to t
static terms of the interaction Hamiltonian under R2 conditions.
With the help of the theoretical models and the experimen
examples treated, it is shown that even a quantitative analys
possible under this approximation, provided that the condit
for the fast MAS regime is fulfilled. For a discussion of the fa
MAS see, for instance, Ref. (31). In this limit, the contribution
of the rotor-modulated terms, i.e., chemical shift anisotropy a
off-R2 dipolar couplings, can be neglected in a first approxim
tion, which leads to a simplified spectral analysis. For a more
orous description, an extension of the theoretical descriptio
required which includes also the effect of such rotor-modula
terms. Such an extension will be reported elsewhere, becau
is beyond the purpose of this work, which is intended to p
vide physical insights into the structure of the resulting R2-DQ
spectra.

The potential for practical applications of this method
demonstrated by the examples of13C and1H R2-DQ spectra
recorded in uniformly13C labeledL-alanine and a crosslinked
natural rubber. In the first case, which corresponds to the m
common application of rotational resonance techniques in b
chemical structural investigations, it is shown that the propo
method is well adapted for use in uniformly labeled compoun
The agreement between the internuclear distance meas
by the proposed method and the previously reported va
shows that not only the influence of relaxation is small here,
also the contribution of CSA. Nevertheless, for biomolecules
distances of interest are usually between sites that have a n
gible mutualJ coupling. The new R2 DQ technique discussed
above is advantageous in these cases because of the re
effect of relaxation.

The latter example demonstrates, for the first time, that
application of the R2 phenomenon is not confined to rare is
topes in rigid biomolecules, but can be also used for determin
small proton–proton residual dipolar couplings between diff
ent functional groups in soft solids. The short excitation / reco
version time limit, which was found to be important in proto
systems, can be used in addition for simplifying the multisp
dipolar network.
In conclusion, it is emphasized that the use of this method
attractive in high magnetic fields. The dipolar network topolog
T AL.
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is expected to further simplify here, because the fast MAS reg
under R2 dipolar recoupling is easier to reach at high magne
fields.
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