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Obtaining Molecular and Structural Information from 13C–14N Systems
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The effect of dipolar coupling to 14N on 13C FIREMAT ( five
π replicated magic angle turning) experiments is investigated. A
method is developed for fitting the 13C FIREMAT FID employ-
ing the full theory to extract the 13C–14N dipolar and 13C chemi-
cal shift tensor information. The analysis requires prior knowledge
of the electric field gradient (EFG) tensor at the 14N nucleus. In
order to validate the method the analysis is done for the amino
acids α-glycine, γ-glycine, l-alanine, l-asparagine, and l-histidine
on FIREMAT FIDs recorded at 13C frequencies of 50 and 100 MHz.
The dipolar and chemical shift data obtained with this analysis are
in very good agreement with the previous single-crystal 13C NMR
results and neutron diffraction data on α-glycine, l-alanine, and l-
asparagine. The values for γ-glycine and l-histidine obtained with
this new method are reported for the first time. The uncertainties
in the EFG tensor on the resultant 13C chemical shift and dipolar
tensor values are assessed. C© 2002 Elsevier Science (USA)

Key Words: 14N dipolar coupling; 14N quadrupolar coupling;
chemical shift principal values; FIREMAT; amino acids.
INTRODUCTION

The principal values of the chemical shift tensor are known
to be sensitive to the local electronic environment and contain
detailed information on the local three-dimensional electron dis-
tribution (1) It has been shown that principal values allow in-
sights into the molecular conformation and the chemical envi-
ronment that are unavailable from the isotropic chemical shift
(2–5). Combined experimental and ab initio studies on small
model peptides and terpenes revealed that the shift tensor prin-
cipal values may be used for a detailed structural analysis and
that this combination is a powerful method which may be uti-
lized when suitable crystals for X-ray analysis are not available
(6–10). However, these methods require accurate experimen-
tal principal shift values determined by reliable experimental
methods.

Recent solid-state magic angle turning (MAT) 2D isotropic/
anisotropic (I/A) experiments such as the FIREMAT experiment
1 To whom correspondence should be addressed.

26
permit the measurement of chemical shift tensor principal values
in powdered samples of large molecules (11, 12). These experi-
ments separate the slow spinning sideband patterns arising from
dilute, spin-1/2 nuclei such as 13C according to their isotropic
shifts. Usually the isotropic dimension of the spectrum exhibits
high resolution, permitting analysis of signals whose isotropic
shifts differ by as little as 0.2 ppm. The FIREMAT experiment
applied to natural abundance samples will measure 13C chemical
shift tensor principal values in molecules with dozens of carbons.
Complications arise, however, in the compounds of interest that
incorporate nitrogen atoms, such as amino acids, DNA/RNA
bases, natural products, drugs, and dyes. The quadrupolar inter-
action of the abundant spin-1 14N nucleus introduces terms into
the 13C–14N dipolar coupling that are incompletely averaged by
magic angle spinning (MAS) (13). This residual dipolar cou-
pling to 14N produces the well-known broad 2 : 1 doublet struc-
ture in the 13C MAS spectrum. Such lineshapes can be tolerated
in high-speed MAS experiments used to determine isotropic
shifts, particularly when high fields are employed to minimize
the quadrupolar effects. But the situation is much more compli-
cated for the FIREMAT and other 2D I/A experiments designed
to measure the chemical shift tensor principal values. Although
the effect of 13C–14N dipolar coupling on 1D slow spinning
experiments has been discussed earlier, its effect on the FIRE-
MAT experiment has not been examined (14). As will be shown
below, the effect of dipolar coupling to a 14N nucleus is quite
pronounced in 13C FIREMAT experiments; both the isotropic
and the anisotropic dimensions of the 2D FID are impacted by
the 13C–14N dipolar coupling and the lineshapes in the two di-
mensions are correlated. In some previous work the sideband
manifold was described by a model in which the 13C–14N dipo-
lar coupling was included, but the 14N quadrupolar coupling
was thought to have a negligible effect (6, 9). Elsewhere the
dipolar coupling to 14N was not considered (10, 15–17). Such
neglect precludes the reliable determination of chemical shift
tensor principal values for carbons bonded to nitrogen and the
14N quadrupolar interaction and 13C–14N coupling are required
to obtain accurate chemical shift tensor principal values from
FIREMAT and related experiments.
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Coupling to 14N is not entirely a liability, however, as pre-
vious static and variable-angle spinning 1D experiments have
demonstrated that orientation information on the 13C chemical
shift tensor may be obtained from such data (18–20, 49). But the
previous 1D methods are restricted to relatively small molecules
with a limited number of resonances, since any overlap of the
patterns complicates, or biases, the analysis. A complete analysis
of the effects of residual dipolar coupling in the FIREMAT ex-
periment, in which signals from different carbons are separated
from one another, can provide chemical shift tensor orientation
information in large molecules.

In this paper the effect of coupling to 14N on the 13C FIRE-
MAT experiment is investigated. A method based on a full sim-
ulation of the FIREMAT FID that includes the effect of the
14N quadrupolar interaction and the 13C–14N dipolar coupling
is developed here. Fitting the experimental FIREMAT FID with
the simulated 2D FIDs extracts the 13C chemical shift tensor
principal values, the 13C–14N dipolar coupling constant, and in
favorable circumstances, the orientation of the 13C–14N inter-
nuclear vector in the chemical shift tensor principal axis sys-
tem. The 14N quadrupolar interaction described by the electric
field gradient (EFG) tensor and the 14N quadrupole moment is
undetermined by the fitting of the FIREMAT FID; the EFG must
be found separately, either from experiment or from computa-
tion, and supplied to the simulations.

The new spectral analysis developed here is used to obtain
the 13C chemical shift tensor principal values, the dipolar cou-
pling constants, and the orientation of the 13C–14N internuclear
vectors in the chemical shift principal axis system in α-glycine,
γ -glycine, l-alanine, l-asparagine, and l-histidine. The analysis
is done in the time domain on complete 13C FIREMAT FIDs
recorded at 50 and 100 MHz. The values obtained are compared
with those available from previous 13C single-crystal studies in
order to assess the accuracy of the new method. The influence of
uncertainty in the assumed 14N EFG tensor on the 13C chemical
shift tensor principal values and the dipolar coupling constant is
explored.

THEORY

In the following section it is outlined how the FIREMAT FID
may be described for a rotating powder. In the second section the
necessary spin quantum mechanics to calculate the FIREMAT
FID for the 13C–14N spin system is discussed. The isotropic
phase encoding of 14N dipolar-coupled lines by the 5π pulses
of the FIREMAT experiment is complicated and the details are
presented in the Appendix. In order to substantiate that the 5π

pulse sequence of the FIREMAT experiment correctly encodes
14N-coupled 13C isotropic shifts in the evolution dimension, the
P2DSS (pseudo 2D sideband suppression) (21) spectrum and
the high-speed MAS spectrum of l-histidine are compared and

both are found to yield the same phase encoding, as shown in
Fig. 1.
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FIG. 1. Comparison of the l-histidine P2DSS (ωr = 2π · 500 Hz) and high-
speed CPMAS (ωr = 2π · 4000 Hz) spectra in the aromatic isotropic shift region.
Both spectra are taken at 4.7 T.

FIREMAT FID. The 1D spectrum of a single crystal rotating
at the magic angle with angular frequency ωr consists of side-
bands of varying phase at frequencies W0 + k ·ωr with complex
amplitudes ak (22). The free induction decay (FID) of the com-
plex magnetization of this rotating crystallite after a wide band
π/2 pulse or cross polarization from protons may be expressed
as

ρ1D(α, β, γ | t2)

=
∑

k

ak(α, β, γ ) exp[−i(W0(α, β) + k · ωr) · t2], [1]

where α, β, and γ are the three Euler angles rotating the lab-
oratory frame into a frame fixed relative to the crystallite at
t = 0. The rotation is depicted in Fig. 2, where the rotor axis
S is defined to be the z axis of the laboratory frame; thus the
magnetic field Bo is described by all three Euler angles and the
magic angle. The complex sideband amplitudes are normalized
by

∑
k ak(α, β, γ ) = 1. The factor W0(α, β) is the isotropic an-

gular Larmor frequency around the γ circle. In the general case
treated here W0(α, β) is dependent on the rotor axis orientation
FIG. 2. Orientation of the spinner axis S and the Zeeman field Bo in the
molecular EFG principal axis system.
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described (25, 26).
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α and β. Terms describing transverse relaxation will be added
later since they are not necessary for the present discussion.

The 2D FID of a single crystallite in a complex phase-encoded
FIREMAT experiment is written as

ρ2D(α, β, γ | t1, t2) = exp[−i(W0(α, β)t1] · ρ1D(α, β, γ | t2),

[2]

where exp[−iW0(α, β)t1] represents the phase encoding of the
isotropic frequency resulting from the t1-dependent pulse se-
quence. The Appendix outlines how this phase encoding in the
evolution dimension may be obtained with an experiment based
on π pulses. Integrating Eq. [2] over the powder angles α, β,
and γ gives the evolution of 2D FID M+(t1, t2) for a uniformly
distributed powder

M+(t1, t2) = Mo

8π2

2π∫
0

dα

π∫
0

sin β dβ · exp[−iW0(α, β)t1]

·
2π∫

0

dγρ1D(α, β, γ | t2), [3]

where Mo is the initial magnetization in the transverse plane.
Substituting Eq. [1] into Eq. [3] and rearranging yield

M+(t1, t2) = Mo

4π

2π∫
0

dα

π∫
0

sin β dβ · exp[−iW0(α, β)t1]

·
∑

k

exp[−i(W0(α, β) + k · ωr)t2]

· 1

2π

2π∫
0

dγ ak(α, β, γ ). [4]

The integral over γ of the complex sideband amplitudes
ak(α, β, γ ) is positive and real (14, 23). Defining Ak(α, β) as
the γ average of ak(α, β, γ ) and substituting yield

M+(t1, t2) = Mo

4π

2π∫
0

dα

π∫
0

sin β dβ · exp[−iW0(α, β)t1]

·
∑

k

Ak(α, β) · exp[−i(W0(α, β) + k · ωr)t2]. [5]

This 2D FID contains only integrals over the α and β powder
angles and is used for the simulations. The sideband amplitudes

Ak(α, β) may be calculated using the banded matrix approach,
which requires the orientational dependent frequency function
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ω(α, β, γ ) expanded in a Fourier series around the γ angle (14):

ω(α, β, γ ) =
∞∑

m=−∞
W m(α, β) exp[i mγ ]. [6]

For purely second-rank interactions such as the chemical shift
and the dipolar coupling between spin-1/2 nuclei all expansion
coefficients Wm with m > 2 are zero. In addition, the average
Larmor frequency over γ, W0(α, β), is invariant under any rota-
tion of α and β for second-rank interactions. However, for the
dipolar coupling between a spin-1/2 and a quadrupolar nucleus
higher order expansion coefficients Wm(α, β) with m > 2 can be
nonzero and may have to be considered. Furthermore, the dipo-
lar coupling between a spin-1/2 and a quadrupolar nucleus with
spin ≥ 1 introduces higher rank quadrupolar terms into W0(α, β)
that depend on the powder angles α and β. This dependence is
the source of the 2 : 1 doublets often observed in 1D high-speed
MAS spectra of 13C–14N systems (13). Such inhomogeneous
broadening in the isotropic dimension of the FIREMAT FID
undermines the requirements of TIGER processing (24).

Spin quantum mechanics for the 13C–14N system. In order
to obtain the frequency function ω(α, β, γ ) for a spin A in an
AX spin system where nucleus A is spin-1/2 and nucleus X is
spin ≥ 1, the Zeeman, quadrupole, chemical shift, and coupling
interactions must be considered in the total Hamiltonian. This
total Hamiltonian may be conveniently divided into the A zero-
order Hamiltonian consisting of the A spin Zeeman (Z) term and
the X spin zero-order Hamiltonian including both the Zeeman
and quadrupolar (Q) terms. The perturbation Hamiltonian con-
sists of the A spin chemical shift (CS), the dipolar (D), and scalar
(J) coupling terms:

Ĥ total
AX = Ĥ Z

A︸︷︷︸ + Ĥ Z
X + Ĥ Q

X︸ ︷︷ ︸ + Ĥ CS
A + Ĥ D

AX + Ĥ J
AX︸ ︷︷ ︸

Ĥ 0
A Ĥ 0

X Ĥ pert
AX

. [7]

Diagonalization of the zero-order Hamiltonians yields the
zero-order wavefunctions, which are applied to the perturbing
Hamiltonian yielding the first-order energy shift. The frequency
function for the A spin transition is then obtained from the en-
ergy difference between states with the same X spin states.

The choice of reference system does not affect the result.
Here the EFG principal axis system (PAS) is chosen as the
crystallite-fixed reference axis system since simpler expressions
are obtained. The coupling and chemical shift Hamiltonians are
expressed in this system. The transformation strategy with the
corresponding angles is shown in Fig. 3. In the following part
the spin quantum mechanics in the EFG PAS, including explicit
expressions for all Hamiltonians in SI energy units, is briefly
The normalized Bo field direction defined by the Euler angles
α, β, and γ may be expressed in the EFG PAS by the directional
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FIG. 3. Outline of the transformation strategy. All spin quantum mechanics
are done in the EFG PAS.

cosines:




bx

by

bz


 =




√
2
3 cos α cos β cos γ +

√
1
3 cos α sin β −

√
2
3 sin α sin γ√

2
3 sin α cos β cos γ +

√
1
3 sin α sin β +

√
2
3 cos α sin γ

−
√

2
3 sin β cos γ +

√
1
3 cos β


 .

[8]

The A and X Zeeman Hamiltonians in the EFG PAS are then
given by

Ĥ Z
A(α, β, γ ) = −h- γ A Bo(bx bybz)




Î x

Î y

Î z


 [9a]

Ĥ Z
X(α, β, γ ) = −h- γ X Bo(bx bybz)




Ŝx

Ŝ y

Ŝz


 , [9b]

where Î and Ŝ are the A and X spin operators, respectively. The
quadrupolar Hamiltonian in its PAS is

Ĥ Q
X = χ · h

4S(2S − 1)

[
3
(
Ŝ2

z − Ŝ2
) + 1

2
ηEFG(Ŝ+ Ŝ+ − Ŝ− Ŝ−)

]
,

[10]

where χ is the quadrupolar coupling constant and ηEFG is the
asymmetry of the EFG tensor. They are defined by

χ = e2 Qqo/h with eqo = Vzz, and ηEFG = Vxx − Vyy

Vzz
,

where the principal values of the EFG tensor are ordered
with the convention |Vxx | < |Vyy | < |Vzz|. The chemical shift
RMAN, AND GRANT

Hamiltonian for spin A is expressed by

Ĥ CS
Z (α, β, γ ) = −h- 10−6γ A Bref · (bx bybz)
(ι, κ, λ)

×


δ11 0 0

0 δ22 0

0 0 δ33


 
(ι, κ, λ)−1




Î x

Î y

Î z


, [11]

where 
(ι, κ, λ) is the transformation matrix that rotates the
shift tensor into the EFG PAS. The rotation is specified by three
Euler angles ι, κ, λ. The convention δ11 > δ22 > δ33 is used for
the principal shift values, and γ A Bref is the reference frequency.
The dipolar coupling Hamiltonian for an arbitrary internuclear
vector specified by the polar angles θ and φ in the EFG PAS is
given by

Ĥ D
AX = Dh

[
(1 − 3 cos2 θ )

(
Î z Ŝz − 1

4
( Î + Ŝ− + Î − Ŝ+)

)

− 3

2
sin θ cos θ (( Î + Ŝz+ Î z Ŝ+)e−iφ+( Î − Ŝz+ Î z Ŝ−)eiφ)

− 3

4
sin2 θ ( Î + Ŝ+e−i2φ + Î − Ŝ−ei2φ)

]
, [12]

where D is the dipolar coupling constant defined by Dh =
(γAγXh- 2/r3

AX) · (µo/4π ). The scalar coupling with coupling
constant J is written as

Ĥ J
AX = h J ( Î x Î y Î z)




Ŝx

Ŝ y

Ŝz


 [13]

It should be noted at this point that the quadrupolar and cou-
pling Hamiltonians are independent of the Bo direction; the ori-
entational dependence is introduced only by the Zeeman and
shift terms. Although the above Hamiltonians are applicable to
any X spin, what follows will be written for the X nucleus having
spin-1.

The zero-order eigenstates of the A spin system are readily
obtained from the zero-order Hamiltonian Ĥ o

A(α, β, γ ) by 2×2
matrix diagonalization so that

EA
f = 〈

φA
f (α, β, γ )

∣∣Ĥ o
A(α, β, γ )

∣∣φA
f (α, β, γ )

〉
,

[14]
f = {1, 2}, where E1 > E2

and similarly the X eigenstates by 3 × 3 matrix diagonalization
Ĥ o

X(α, β, γ ), giving

X
〈

X
∣∣ ˆ o

∣∣ X
〉

Eg (α, β, γ ) = φg (α, β, γ ) H X(α, β, γ ) φg (α, β, γ ) ,

g = {1, 2, 3}, where E1 > E2 > E3. [15]



The experimental data for all compounds were initially pro-
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These diagonalizations yield the exact A and X zero-order eigen-
functions as linear combinations of the spin basis functions in
the EFG PAS:

∣∣φA
f (α, β, γ )

〉 = c+ 1
2 f (α, β, γ )

∣∣∣∣+1

2

〉
+ c− 1

2 f (α, β, γ )

∣∣∣∣−1

2

〉
[16]∣∣φX

g (α, β, γ )
〉 = c+1,g(α, β, γ )|+1〉 + c0,g(α, β, γ )|0〉

+ c−1,g(α, β, γ )|−1〉. [17]

The six eigenfunctions of the combined AX spin system are then
constructed from the products of the A and X eigenfunctions:

∣∣ψo
f,g(α, β, γ )

〉 = ∣∣φA
f (α, β, γ )

〉 × ∣∣φX
g (α, β, γ )

〉
. [18]

The change in energy due to the chemical shift and the coupling
is obtained by applying the AX wavefunction to the first-order
perturbation Hamiltonian Ĥ pert

AX :

�Epert
f,g (α, β, γ ) = 〈

ψo
f,g(α, β, γ )

∣∣Ĥ pert
AX (α, β, γ )

∣∣ψo
f,g(α, β, γ )

〉
.

[19]

Assuming the adiabatic approximation (the sample rotation does
not change the coherence between the carbon eigenstates and
each nitrogen nucleus remains in one of its eigenstates), the
three observed frequencies, one for each spin-1 state labeled
with g, in the rotating frame for spin A relative to the reference
frequency is then simply

ωg(α, β, γ ) = 1

h-
(
�Epert

1,g (α, β, γ ) − �Epert
2,g (α, β, γ )

)
. [20]

The expansion coefficients Wg,m for each spin-1 state are then
obtained with

W g,m(α, β) = 1

2π

2π∫
0

dγ ωg(α, β, γ )e−imγ . [21]

The complete FID for one spin A consists of a superposition of
three FIDs, one for each state g. Each FID must be calculated
separately using the corresponding Wg,m(α, β).

This method may easily be extended to other AX systems such
as A = 15N, 29Si, 31P, and 19F, and X = 2H, 35,37Cl, and 27Al by
accommodating the four states of the spin-3/2 25,37Cl nuclei or
the six states of the spin-5/2 27Al in the X spin space.

EXPERIMENTAL

Natural abundance 13C and 14N α-glycine, l-alanine, l-

asparagine monohydrate, and l-histidine monohydrate mono-
chloride were obtained from Sigma–Aldrich and used without
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further purification. The γ form of glycine was obtained from
recrystallization of glycine from a methanol/water solution. All
samples were microcrystalline and ground to fine white powders.
The narrow linewidth (15–25 Hz) of the uncoupled resonance
lines confirms the crystallinity of the samples. The polymorphic
purity of α- and γ -glycine is confirmed by comparison to the re-
ported 13C isotropic chemical shifts and 1H T1 (27). In addition
the conformation of all investigated compounds is confirmed
by comparison to accurate ab initio calculations on the known
single-crystal structures (28).

High-speed MAS and FIREMAT experiments were perfor-
med on a CMX200 (4.7 T) and a CMX400 (9.4 T) spectrometer
operating at carbon frequencies of 50.305 and 100.621 MHz,
respectively. Both spectrometers are equipped with 7.5-mm
PENCIL probes with a feedback circuit to synchronize the pulse
sequence to the rotor position. In all experiments transverse mag-
netization was produced by cross polarization from protons. The
π pulses for protons and carbons were approximately 8 µs for
all experiments on both spectrometer systems. TPPM (29, 30)
decoupling was used with a phase shift angle of 16◦ and 36◦ for
the high-speed CPMAS and FIREMAT experiments, respec-
tively. The spinning speed for the FIREMAT experiments was
ωr = 2π · 500 Hz at both fields. At 50.305 MHz 16 evolution
increments and at 100.621 MHz 32 increments were taken for
all compounds; the spectral widths in the acquisition dimen-
sion were 48 and 96 kHz and in the evolution dimension they
were 8 and 16 kHz, respectively. All spectra were referenced
externally to the TMS shift scale by the downfield resonance
of adamantane at 38.56 ppm. The sidebands in the high-speed
CPMAS experiments were suppressed using the TOSS sequence
(31). The proton T1 values were determined using the saturation
recovery method.

The FIREMAT FID was calculated numerically using Eq. [5]
by software written in Fortran77. The angular frequency
ωg(α, β, γ ) for 16 evenly spaced positions around a cone at
the magic angle to the spinner axis (see Fig. 2) is calculated
as described above. The expansion coefficients Wg,m are then
obtained by a numerical fast Fourier transformation of these 16
frequencies. Investigating numerically the size of the expansion
coefficients Wg,m(α, β) at the lowest field 4.7 T and a quadrupo-
lar coupling constant of 4 MHz reveals that in this case the
expansion coefficients Wg,m(α, β) with |m| > 4 are small and
may be neglected in the banded matrix. The sideband intensi-
ties Ag,k(α, β) were evaluated from the expansion coefficients
Wg,m(α, β) with |m| ≤ 4 using the banded matrix approach (14)
POWDER (32) was used with N = 16 to generate 513 spinner
axis orientations on one hemisphere and to interpolate the FIDs.
Thus, ωg(α, β, γ ) was calculated for 8208 different Bo orien-
tations. The resulting complex 2D FID was then fit to the ex-
perimental complex FIREMAT FID by nonlinear least-squares
fitting using a SIMPLEX algorithm (33).
cessed using TIGER (11) only for the purpose of obtaining good
starting values for the fitting procedure using the full theory on
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dipolar coupling to N, however, alters the amplitude of
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TABLE 1
Quadrupolar Coupling Tensors

χ /MHZ ηEFG θ/◦ φ/◦

α-Glycinea 1.18 0.54 7 28
γ -Glycineb 1.15 0.40 0 0
l-Alaninec 1.21 0.26 0 0
l-Asparagined N1 1.15 0.22 3 40

N2 −2.68 0.33 89 6
l-Histidinee N1 1.15 0.19 3 0

N2 1.47 0.27 33 0
N3 −1.29 0.95 90 126

Note. The quadrupolar coupling tensors are taken from: aRef. (39); bthe
quadrupolar coupling tensor for γ -glycine is an estimate based on the values
found for the other amino acids; cRef. (40); d Ref. (41); eRef. (42).

the complete FIREMAT FID as outlined above. Considering all
interactions encountered in this problem, 13 variable parameters
are required to fully characterize the sideband pattern. When the
known quadrupolar tensor values given by χ and ηEFG and the
internuclear vector defined by θ and φ are used, this is reduced to
9 remaining parameters. These fitted parameters are δ11, δ22, δ33,

(ι, κ, λ), the dipolar coupling constant D, and Gaussian and
Lorentzian line broadening. One avoids fitting the quadrupolar
coupling tensor because it is not well determined by the data
and correlation with other fitting parameters may introduce bias
to the results obtained for the more important shift and dipo-
lar parameters (see below). The quadrupolar coupling constants
and asymmetries for all compounds are given in Table 1. For γ -
glycine, approximations were based on the values for α-glycine
and l-alanine, since NQR data are not available.

RESULTS AND DISCUSSION

Sensitivity of sideband spectra to 13C–14N dipolar coupling.
In order to show the sensitivity of the spinning sideband manifold
to the attributes of the 13C–14N dipolar coupling, several simula-
tions at both 4.7 and 9.4 T with varying parameters are compared
in Figs. 4a through 4j. The difference plots of the simulations
with varying parameters with respect to the central simulation
which is shown at the bottom of each figure reveal that the side-
band manifold is sensitive to both the dipolar coupling constant
D and the orientation of the chemical shift principal axes at

both fields. On
the internucle

el describing
ly the rotation of the chemical shift tensor around
ar vector fails to produce significant spectral

the sidebands and cannot be neglected in the mod
the sideband manifold.
SCHEM
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effects, presumably because of the axial symmetry of the dipolar
interaction that is only weakly broken by the quadrupolar cou-
pling. When the residue values at the two fields are compared
it is apparent that the spectra at 4.7 T are two to three times
more sensitive to changes in orientation and D. In order to as-
sess the significance of the residues obtained by changing the
dipolar and orientational parameters, several simulations per-
formed with varying shift principal values at both 9.4 and 4.7 T
are shown in Figs. 4e and 4j. The differences in principal val-
ues for these simulations are in the range of typical accuracies
from sideband fitting. The relative residues with respect to the
signal intensity for changes in the principal values have mag-
nitudes similar to the ones resulting from changes in D and in
the orientation of the principal axes. This clearly shows that the
orientational and 13C–14N dipolar information may be extracted
from the 13C sideband manifolds, when the signal-to-noise is
adequate and when a sufficient number of sidebands is present,
as discussed by Hodgkinson and Emsley (34).

Amino Acid Experiments

For the following discussion the numbering shown in
Scheme 1 is used.

FIREMAT spectra. The FIREMAT absolute value spectrum
recorded at 4.7 T for l-histidine is shown in Fig. 5a. The best fit
of this spectrum in Fig. 5d shows excellent agreement with the
experimental data. The full expansion of the C1 sideband man-
ifold in Figs. 5b, 5c and 5e, 5f demonstrates that all features of
the dipolar-coupled sidebands are well described. The small de-
viations between theory and experiment may be due to different
linewidth of spins coupled to nitrogen in different angular spin
states (35), an effect that is neglected here to keep the number
of adjustable parameters reasonable. In Figs. 5b and 5e the 14N-
coupled C1 2D lineshape may be compared to the uncoupled C2
lineshape. It is apparent that the coupled 2D lineshape reveals
a complexity that is absent in uncoupled lines. This complexity
allows for a good determination of the fitted parameters.

The recorded and best-fit FIREMAT spectra of l-histidine at
9.4 T appear in Fig. 6. The broadening due to the quadrupo-
lar interaction at 9.4 T is not apparent in the lineshapes of the
sidebands, and nearly symmetric lineshapes are observed. The

14
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FIG. 4. Comparison of the Fourier transform of the first evolution increment of a FIREMAT FID (48) that results from a 13C coupled to a 14N, (a–e) at
4.7 T and (f–j) at 9.4 T. The following parameters are used for the central simulation at the bottom of (a–j): χ = 4 MHz, ηEFG = 0.5, D = 800 Hz, δ11 = 60 ppm,

δ22 = 40 ppm, and δ33 = −100 ppm. The 33-axis of the shift tensor is collinear with the dipolar vector and the unique EFG principal axis. The spinning speed is
ωr = 2π · 500 Hz and 50 Hz line broadening was applied in all simulations. The parameter varied from the central simulation is given in the upper left corner of
the individual simulations. The residue to the central simulation is shown below each simulation.
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FIG. 5. Experimental and best-fit simulation FIREMAT absolute value spectra of l-histidine recorded at 4.7 T. The C0 sideband manifold is folded in the

isotropic dimension. (a) Full experimental spectrum. (b) Expansion of C1 and C2 sideband patterns from the experimental spectrum. (c) Expansion of highest
intensity C1 sideband from the experimental spectrum. (d) Full best-fit simulation. (e) Expansion of C1 and C2 sideband patterns from the best-fit simulation.

(f) Expansion of highest intensity C1 sideband from the best-fit simulation.

Dependence of the fitted parameters on the assumed
quadrupolar coupling. Fits were done with systematically al-

tered quadrupolar couplings and asymmetries to investigate the
influence of the quadrupolar tensor magnitudes on the dipolar
coupling and shift principal values obtained. The results for the
C1 resonance of α-glycine are plotted in Fig. 7. All 13C–14N

systems investigated showed the same trends as these examples.
At both fields the residue value is only weakly dependent on



13C FIREMAT EXPERIMENTS 271
FIG. 6. Experimental and best-fit simulation FIREMAT absolute value spectra of l-histidine recorded at 9.4 T. The C2 sideband manifold is aliased in

the isotropic dimension. (a) Full experimental spectrum. (b) Expansion of C1
(d) Expansion of C1 sideband pattern from the best-fit simulation.

the quadrupolar coupling when the dipolar and chemical shift
parameters are optimized by the SIMPLEX routine. The mini-
mum of the residue value for C1 with respect to the quadrupo-
lar coupling constant χ is at about χ = 1.1–1.2 MHz at both
fields. This is in agreement with the value found from single-
crystal 14N NMR of χ = 1.18 MHz. However, extracting χ from
the 2D datasets is aggravated by a large correlation between D
and χ . Other specialized methods are available to obtain more
reliable χ .

It can be seen from Fig. 7 that D obtained from the fitting
is strongly dependent on the assumed value of χ . This may be
explained with the fact that the lineshape of the sidebands con-
tributes significantly to the information content of the spectrum

FIG. 7. Correlation of the principal shift values and the dipolar coupling

constant D with the quadrupolar coupling constant for the C1 resonance of
α-glycine. The residue values represent the fit of both carbon positions of α-
glycine.
sideband pattern from the experimental spectrum. (c) Full best-fit simulation.

and lineshape discrepancies between model and data result in in-
creased residues. The 2 : 1 doublet lineshape, however, depends
approximately on the product of χ and D, as may be seen from
the relation derived by Olivieri et al. (36) and Gan and Grant (20)
for the splitting of the 2 : 1 doublet under MAS conditions

S = 9

20

D · χ

ω14N
(3 cos2 θ − 1 + ηEFG sin2 θ cos 2φ), [22]

whereω14N is the 14N Larmor frequency. Thus an underestimated
D results from fitting with an assumed value of χ that is too large,
and vice versa. This dependence is not expected at 9.4 T where
in most cases only slightly distorted lineshapes are observed.
The linewidth, however, is still sensitive to the broadening due
to the dipolar coupling and in addition the complicated sideband
intensities are affected by the 13C–14N dipolar coupling.

From Eq. [22] it is also evident that the correlation of the
asymmetry ηEFG of the quadrupolar coupling with the dipolar
coupling constant depends on the orientation of the dipolar ten-
sor relative to the principal axes of the EFG tensor, when the
same lineshape arguments are used. As θ approaches 0◦ the fits
become less dependent on ηEFG. This situation is encountered
for all C1 carbons where θ is small.

In Fig. 7 the chemical shift principal values obtained from the
fits are less correlated to χ than is D. In addition the shifts are
less dependent on the quadrupolar coupling at higher field, as
expected. At 9.4 T the changes in the chemical shift principal
values are generally within 1 ppm and at 4.7 T within about
3 ppm when χ is varied by 1 MHz. Therefore, it is apparent that
including the quadrupolar coupling among the fitted parameters
is not feasible. The quadrupolar coupling is better thought of as

a perturbation that must be considered in the analysis in order
to obtain improved principal shift values and dipolar coupling
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constants. The consequences of the quadrupolar coupling are
important for further applications of this method, since many
quadrupolar coupling tensors have not been measured and must
be estimated in order to extract the shift and dipolar parameters.
It should be noted that a greater impact upon the shift tensor may
be encountered in other compounds with larger quadrupolar and
dipolar coupling constants.

Chemical shift principal values. The chemical shift prin-
cipal values for the coupled resonances of α-glycine, l-alanine,
and l-asparagine extracted using the full theory on the FIREMAT
datasets are compared with the corresponding values obtained
by single-crystal NMR in Table 2. The values at 9.4 T are in
excellent agreement with the single-crystal data. The standard
deviation in the coupled shifts, those of carbons bonded to nitro-
gen, is 2.4 ppm, comparable to the accuracy for the uncoupled
carbons. Essentially the same standard deviation of 2.6 ppm for
the coupled resonances is obtained at 4.7 T when the full theory
is used. However, the insensitivity of the principal shift values
relative to variations in the assumed quadrupolar coupling and
the accuracy of the shift values at 9.4 T favors the collection of
the experimental data at higher field, when accurate quadrupolar
coupling data are not available.

TIGER processing of the 9.4 T FIREMAT data and fitting
the extracted sideband pattern with a chemical shift sideband
model results in a standard deviation of 4.4 ppm for the coupled
carbons. This is somewhat higher than the precision achieved
for the analysis of sideband manifolds resulting from carbons

TABLE 2
Shift Principal Values for the 13C–14N Coupled Resonances

δ11/ppm δ22/ppm δ35/ppm

α-Glycine SCa 65.7 45.1 26.3
9.4 T 60.3 46.0 24.8
4.7 T 59.3 47.2 24.9

l-Alanine SCb 64.6 56.0 30.8
9.4 T 66.0 55.2 32.3
4.7 T 65.6 56.5 31.2

l-Asparagine C1 SCc 71.3 53.0 29.6
9.4 T 68.5 53.3 31.3
4.7 T 69.0 53.5 30.6

l-Asparagine C3 SCc 245.7 196.1 88.0
9.4 T 246.2 196.7 84.0
4.7 T 247.2 194.9 84.6

γ -Glycine 9.4 T 59.2 44.5 20.6
4.7 T 58.2 48.1 21.8

l-Histidine C1 9.4 T 68.5 57.0 37.8
4.7 T 72.9 58.6 31.4

l-Histidine C3 9.4 T 202.7 132.3 49.8
4.7 T 203.3 131.5 50.0

l-Histidine C5 9.4 T 190.9 122.8 44.3
4.7 T 193.0 122.3 44.6

Standard deviation 9.4 T 2.4 ppm
to SC 4.7 T 2.6 ppm
Note. SC, Single-crystal NMR data; 4.7 T, FIREMAT at 4.7 T; 9.4 T, FIRE-
MAT at 9.4 T. Principal shift values taken from: aRef. (39); bRef. (40); cRef.
(41).
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TABLE 3
Dipolar Coupling Constants

Neutron FIREMAT FIREMAT
diffraction at 4.7 T at 9.4 T

r C–N/A
❛

D/Hz D/Hz r C–N/A
❛

D/Hz r C–N/A
❛

α-Glycinea 1.476 680 676 1.48 696 1.46
γ -Glycineb 1.461 701 685 1.47 751 1.43
l-Alaninec 1.486 666 630 1.51 609 1.53
l-Asparagined C1–N1 1.490 661 659 1.49 664 1.49
l-Asparagined C3–N2 1.332 924 896 1.35 1027 1.29
l-Histidinee C1–N1 1.485 666 661 1.49 655 1.49
l-Histidinee C3–N2 1.383 826 791 1.40 768 1.42
l-Histidinee C5–N3 1.375 840 818 1.39 828 1.38

Note. Neutron diffraction data taken from: aRef. (43); bRef. (44); cRef. (45);
d Ref. (46); eRef. (47).

without 14N couplings. It is also apparent from the larger and
systematic residues that a less than adequate model has been
applied. However, these approximate principal shift values pro-
vide a convenient starting point for fitting the FIREMAT FID
with the full theory.

Dipolar coupling. The dipolar coupling constants obtained
from fitting the FIREMAT FIDs are given in Table 3 along with
the expected ones calculated from the neutron diffraction data
and the respective bondlengths; the correlation is shown in Fig. 8.
The standard deviation of the dipolar coupling constants is 24 Hz
for the data recorded at 4.7 T and 50 Hz for the data recorded at
9.4 T. At 4.7 T a distinct 2 : 1 doublet is observed in the exper-
imental data and the dipolar coupling determines not only the
FIG. 8. Correlation plot of D determined from the FIREMAT FIDs at 4.7
and 9.4 T with D calculated from neutron diffraction structures.
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sideband intensities but also each sidebands’ lineshape. At 9.4 T
D is primarily determined by the sideband intensities, as only a
small lineshape perturbation is noted from the quadrupole inter-
action. This results in reduced sensitivity to D and less accuracy
at 9.4 T. This sensitivity on D is also observed in the simulations
of Figs. 4a and 4f where the residual values for changes in D are
about twice as large at 4.7 T than at 9.4 T. Since D is highly cor-
related with the quadrupolar coupling constant χ at both fields,
see Fig. 7, it is important to have an accurate quadrupolar cou-
pling tensor available when reliable dipolar coupling constants
are needed at both fields.

Orientation of the dipolar tensor in the shift principal axis
system. The orientational information extracted from the
FIREMAT FIDs and the single-crystal results are shown in
Table 4 for comparison; the angles used are explained in Fig. 9.
In dipolar-coupled systems involving two spin-1/2 nuclei only
partial information on the orientation of the shift principal axes
in the molecular frame may be extracted from powdered solids.
This limitation of dipolar spectroscopy results from the axially
symmetric dipolar tensor in the chemical shift PAS. The axial
symmetry of the dipolar tensor is broken by the quadrupolar
interaction at the 14N nucleus, and the complete shift tensor in-
cluding the orientation may in principle be extracted from the
sideband spectrum, provided that the EFG tensor is known. How-
ever, due to the small quadrupolar interaction at the 14N and the

TABLE 4
Orientation of the Dipolar Tensor in the Shift

Principal Axis System

� 11 � 22 � 33 � SC/FIREMAT

α-Glycinea SC 77.7 54.7 38.0
9.4 T 82.0 56.8 34.4 5.0
4.7 T 82.2 60.6 30.7 7.8

l-Alanineb SC 82.8 65.7 25.5
9.4 T 81.2 63.6 28.1 2.8
4.7 T 71.8 75.3 23.7 14.1

l-Asparaginec C1–N1 SC 83.1 64.7 26.3
9.4 T 79.2 59.5 32.7 6.7
4.7 T 81.3 63.0 28.6 2.6

l-Asparaginec C3–N2 SC 40.7 49.3 89.7
9.4 T 43.5 46.5 89.3d 2.9
4.7 T 43.5 46.5 89.3d 2.9

γ -Glycine 9.4 T 87.4 60.1 30.1
4.7 T 83.7 65.2 25.7

l-Histidine C1–N1 9.4 T 72.9 63.8 32.0
4.7 T 67.6 71.3 29.5

l-Histidine C3–N2 9.4 T 19.2 70.8 90.0d

4.7 T 19.4 70.6 90.0d

l-Histidine C5–N3 9.4 T 25.5 64.5 90.0d

4.7 T 23.4 66.6 90.0d

Average angle 9.4 T 4.3
to C–NSC 4.7 T 6.8

Note. SC, Single-crystal NMR data; 4.7 T, FIREMAT at 4.7 T; 9.4 T,
a b c
FIREMAT at 9.4 T. Orientations taken from: Ref. (39); Ref. (40); Ref.

(41); d the angle was not optimized because of the local symmetry at the
carbon position.
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FIG. 9. Description of the dipolar vector orientation in the shift principal
axis system.

small dipolar coupling constant for 13C–14N, the sideband man-
ifold exhibits only minor effects on rotation of the CSA around
the unique dipolar axis, as shown in Figs. 4d and 4i. Hence, only
two of three shift tensor orientational angles may be retrieved
from the sideband spectra.

When the local symmetry of the molecule requires a unique
orientation of one of the shift principal values, the complete ori-
entational information of the shift tensor may be found. This
is the case for the shift tensors of C3 in l-asparagine and C3
and C5 in l-histidine, where the δ33 shift principal value can
be assumed to be perpendicular to the local planar geometry.
The orientations of the C3 and C5 shift principal axes within
the molecular frame are shown in Fig. 10, since they are not
known from single-crystal results. In order to allow comparison
between single-crystal data and FIREMAT results the orienta-
tion of the unique axis of the dipolar tensor (i.e., the CN bond
vector) within the shift principal axis system for all 13C–14N
systems is compared. The results are shown in Table 4. The
FIG. 10. Orientation of the principal shift values for C5 and C3 of l-histidine
relative to the molecular frame. Only δ11 is shown, since δ33 is perpendicular to
the aromatic plane. The orientation of δ22 follows from the orthogonality.
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average angle between the CN vector obtained from fitting the
FIREMAT FID (CNFIREMAT) and the CN vector from single-
crystal data (CNSC) is about 5◦ for the 9.4 T data and 7◦ for the
4.7 T data. These deviations may be compared to those obtained
by separated local field experiments and GIAO ab initio methods
in which standard deviations of about 5◦ are observed. (37) As
for the dipolar coupling, the effect of the number of sidebands
present in the spectrum on the uncertainty of the orientation is
not addressed. The method described here has an accuracy that
is suitable for determining orientational information on the shift
principal values without the need for a more elaborate experi-
ment. This additional orientational information provides a more
detailed discussion of electronic effects and better comparison
between experiment and ab initio methods.

CONCLUSIONS

The effects of dipolar coupling in 13C–14N systems on 13C
FIREMAT experiments can be accommodated with an accu-
rate theoretical model. Fitting this model to the FIREMAT FID
extracts chemical shift principal values and dipolar tensor in-
formation with good accuracy when the quadrupolar tensor is
known. The chemical shift principal values obtained from the fits
are less dependent, as is well known, on the assumed quadrupo-
lar coupling at higher field. Accurate dipolar tensors may be
found at either field only when the exact quadrupolar coupling
tensor is available because of high correlation between these two
interactions at either field strength.

APPENDIX

Isotropic/anisotropic separation in (2N − 1)π experiments.
The pulse sequences for a general (2N − 1)π experiment where
N is an integer and the commonly used 5π pulse sequence of
the FIREMAT experiment where N is 3 are shown in Fig. a.
The initial transverse magnetization Mo is created at t = 0 using

cross polarization from protons. Then during one rotor period of
duration T = 2π/ωr, π pulses are applied, in N cycles consisting
of two pulse

� j (α, β, γ | t1) = ω(α, β, γ | t) dt. [c]
s each. The first π pulse in the first cycle is replaced ta
FIG. a. X channel (2N − 1)π pulse sequence and
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with the cross polarization. The pulses are applied at times

τ j = j
T

2N
− t1

2N
for even j

τ j = j
T

2N
for odd j,

where t1 is the evolution time and j goes from 1 to 2N . The
acquisition is started at t = T .

The FID for this slow spinning 2D (2N−1)π MAT experiment
for a single crystallite may be written as (11)

ρ2D(α, β, γ | t1, t2) = exp[−i�(α, β, γ | t1)] ·
∑

k

ak(α, β, γ )

· exp[−i(Wo(α, β) + kωr)t2], [a]

where t2 is the detection time. The α, β, γ powder angles
relate the crystallite reference frame to the lab frame at t =
0. The

∑
k ak(α, β, γ ) · exp[−i(W0(α, β) + kωr)t2] detection-

dimension term represents the FID of a rotating crystallite. The
term exp[i�(α, β, γ | t1)] represents the evolution of the mag-
netization during the rotor period occupied by the (2N − 1)π
pulses. The net phase angle �(α, β, γ | t1) accumulated during
the rotor period may be expressed by the sum of the 2N indi-
vidual phase angles � j (α, β, γ | t1) that accumulate between the
π pulses. Since a π pulse reverses the sign of the accumulated
phase, the total phase angle is given by

�(α, β, γ | t1) =
2N∑
j=1

(−1) j� j (α, β, γ | t1). [b]

The individual phase angles � j (α, β, γ | t1) may be expressed
as integrals of the Larmor frequency ω(α, β, | γ ):

tb
5π pulse sequence of the FIREMAT experiment.
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The limits ta and tb are defined by the times the π pulses are
applied to reverse the phase:

Odd j Even j

ta
( j − 1)

2N
· T

( j − 1)

2N
· T − t1

2N

tb
j

2N
· T − t1

2N

j

2N
· T

[d]

The Larmor frequency ω(α, β, γ | t) depends on the orientation
of each crystallite relative to the external magnetic field Bo.
When the sample is rotated around the rotor axis S with angular
frequency ωr, Bo and thus the Larmor frequency ω become time
dependent. Figure b shows the mechanical rotation in the EFG
PAS. Because of the periodicity of ω(α, β, γ | t) in the angle γ ,
it may be conveniently expanded in a Fourier series as has been
employed previously (38, 14). Since the powder angle γ and the
mechanical rotation ωr · t describe rotations around the same
axis, the time dependence of ω(α, β, γ | t) may be expressed as

ω(α, β, γ | t) =
∞∑

m=−∞
W m(α, β) exp[imγ ] · exp[imωr · t]. [e]

Explicit expansion coefficients may easily be obtained, analyti-
cally for the most common interactions or numerically in com-
plicated cases (14).

Substituting the Fourier expansion for ω(α, β, γ | t) into
Eq. [c] yields integrals of the form

� j (α, β, γ | t1)

=
∞∑

m=−∞
W m(α, β) · exp[imγ ]

tb∫
ta

exp[imωrt] dt. [f]

Solving these integrals and substituting the results into Eq. [b],
FIG. b. Description of the mechanical sample rotation that defines the time-
dependent field direction Bo in the EFG PAS. η is the magic angle.
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combining the sums over odd and even j , collecting terms, and
combining Wm and W−m for terms with m = ±p · N yield for
the phase angle accumulated by the (2N −1)π pulses at the start
of the acquisition

�(α, β, γ | t1) = W0(α, β) · t1 +
∞∑

m=1

�m(α, β, γ | t1). [g]

�m(α, β, γ | t1) is the accumulated phase angle due to the cor-
responding Wm term. When m is not an integer multiple of the
sequence number N , �m(α, β, γ | t1) vanishes; if m is a nonzero
integer multiple of N it becomes

�m(α, β, γ | t1) = 4N

mωr
[Re(W m(α, β)) · A

+ Im(W m(α, β)) · B], [h]

where m = p · N and p = {1, 2, . . . ,∞}. The factors A and B
are

A = sin pγ + (−1)p sin

(
pωrt1

2
− pγ

)

B = cos pγ − (−1)p cos

(
pωrt1

2
+ pγ

)
.

Thus the sum over m in Eq. [g] may be replaced with a sum over
p and the net phase accumulation may be expressed as

�(α, β | t1) = W0(α, β) · t1 +
∞∑

p=1

�pN (α, β, γ | t1). [i]

The term W0(α, β) · t1 represents the intended function of the
pulse sequence, to encode the isotropic frequency. The sum rep-
resents any imperfections in that encoding. Substituting Eq. [i]
in Eq. [a] yields for the FID of one crystallite

ρ2D(α, β, γ | t1, t2)

= exp

[
−i

(
W0(α, β) · t1 +

∞∑
p=1

�pN (α, β, γ | t1)

)]

·
∑

k

ak(α, β, γ ) · exp[−i(W 0(α, β) + kωr)t2]. [j]

Integrating over the γ angle yields the magnetization µ2D for
the set of crystallites with common α and β angles.

µ2D(α, β|t1, t2)

=
2π∫

dγ exp

[
−i

(
W0(α, β) · t1 +

∞∑
p=1

�pN (α, β, γ | t1)

)]
·
∑

k

ak(α, β, γ ) · exp[−i(W 0(α, β) + kωr)t2]. [k]
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As it is apparent from Eq. [i] terms with m �= p ·N do not con-
tribute to the phase encoding of the (2N − 1)π sequence. Only
terms with m = 0 and m = p · N result in a nonvanishing phase
angle and affect the observed spectrum, where the phase angle
accumulated due to the term with m = 0 results in the isotropic
spectrum. Further examination of the A and B terms in Eq. [h]
reveal that the phase angle accumulated due to the Wm terms with
m = p · N , �pN , is scaled by ωr and periodic with an angular
frequency of p · ωr/2. In order to explore the effects of the higher
order expansion coefficients WpN on the I/A separation, the evo-
lution dimension with t2 = 0 of µ2D(α, β | t1, t2) is simulated
by assuming different magnitudes for WpN (α, β). The Fourier
transform of µ2D(α, β | t1, 0) gives the isotropic spectrum shown
in Fig. c. The periodicity of the phase angle �(α, β, γ | t1) results
in sidebands at p · ωr/2 in this spectrum, i.e., an incomplete I/A
separation.

However, the Wp3 terms (N = 3 for the FIREMAT experi-
ment) in 13C–14N systems are generally small compared to the
spinning speed. Thus, their effect on the isotropic phase encod-
ing is negligible in the FIREMAT experiment at sufficient high
spinning speeds. This may be verified experimentally by com-
paring the evolution dimension with t2 = 0 of the FIREMAT
FID (P2DSS) with the high-speed MAS FID. This is done for
the aromatic region of the l-histidine spectra at 4.7 T in Fig. 1.
It is apparent that the l-histidine high-speed MAS and P2DSS
spectra are identical and spectral features resulting from higher
order Wp3 are absent. Thus, at sufficiently high spinning speeds
the phase angle �(α, β, γ | t1) accumulated by the (2N − 1)π
pulses becomes W0(α, β) · t1, and consequently independent of
γ . Hence, Eq. [k] may be rewritten as

µ2D(α, β | t1, t2)

= exp[−i(W 0(α, β) · t1)] ·
∑

k

exp[−i(W 0(α, β) + k · ωr)t2]

× 1

2π

2π∫
0

dγ ak(α, β, γ ). [l]

Substituting the γ average of ak(α, β, γ ) with Ak(α, β) yields

µ2D(α, β | t1, t2) = exp[−iW 0(α, β)t1] ·
∑

k

Ak(α, β)

· exp[−i(W 0(α, β) + k · ωr)t2]. [m]

In Eq. [m] the I/A separation is achieved by a combination of
the number of cycles N and spinning speed ωr. The complete
2D FID for a uniformly distributed powdered solid is obtained by
integrating over the powder anglesα andβ and introducing terms

accounting for the transverse relaxation with time constant T2

during the evolution exp[−T/T2] and acquisition exp[−t2/T2]
RMAN, AND GRANT

FIG. c. Simulation of the evolution dimension spectrum with t2 = 0 for a
5π pulse experiment (N = 3). The spectra represent only the average over the
“γ -carousel” for powder angles α and β. The spinning frequency is ωr = 2π ·
500 Hz; the real and imaginary parts of the expansion coefficient W3(α, β) used
for the simulation are equal and given next to the spectra.

period:

M+(t1, t2) = Mo

4π

2π∫
0

dα

π∫
0

sin β dβ exp[−T/T2]

· exp[−iW 0(α, β)t1] · exp[−t2/T2]

·
∑

k

Ak(α, β) · exp[−i(W 0(α, β) + k · ωr)t2].

[n]

Most commonly only interactions with rank 2 such as the
chemical shift and the dipolar coupling between spin-1/2 are
present in spin systems that are investigated resulting in ex-
pansions coefficients Wm with m ≤ 2. Thus an experiment with
N = 3 (5π experiment) is sufficient at any spinning speed to
obtain the pure isotropic spectrum in the evolution dimension.
However, in the case of the dipolar coupling in spin-1/2 spin ≥ 1
systems higher order Wm terms are present. Therefore, the num-
ber of cycles N and the spinning speed have to be appropriate
to separate isotropic and anisotropic information.

The results derived here are general and a (2N − 1)π se-
quence may be used to eliminate interactions with m �= p · N in
the evolution dimension. Hence, a suitable number of π pulses
for any spinning speed may be found to separate isotropic and
anisotropic dimensions for any interaction that result in higher
order expansion coefficients Wm . Figure d summarizes the terms
that vanish using a (2N − 1) sequence. The concept of applying
(2N − 1)π pulses over one rotor period may be used to set up
a family of 2D solid-state experiments. In order to extend this
method to higher spin quadrupolar nuclei, such as 35,37Cl and
27Al with larger quadrupolar and dipolar couplings, one must
still effective. This may be done effectively by comparing the
high-speed MAS spectrum and the evolution dimension of the
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FIG. d. Filtering scheme for the (2N − 1)π experiments. X indicate Wm

terms that contribute to the evolution dimension spectrum. o indicate Wm terms
that are averaged by the (2N −1)π sequence and have no effect on the evolution
dimension spectrum.

FIREMAT spectrum. If serious imperfections are found then the
number of π pulses must be increased.
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