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Abstract

We report the application of rotor-assisted population transfer (RAPT) to measure the quadrupolar coupling constant ðCqÞ for spin
5
2

nuclei. Results from numerical simulations are presented on the magnitude of enhancement factor as a function of frequency offsets,

i.e. the RAPT profile. Experimental 17O RAPT profile is traced for the amino acid L-leucine. In addition, results from MQ-MAS

experiments are incorporated to determine the quadrupolar asymmetry parameter ðZqÞ. Unlike previous reports, the 17O NMR

parameters for an amino acid, L-leucine, is reported at a relatively low field of 9.4 T.

r 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Oxygen-17, which is a spin 5
2
nucleus, has never been as

successful as a probe of structure in organic molecules as
spin 1

2
nuclei such as 13C NMR. The combination of a low

natural abundance (0.037%), and the large quadrupolar
couplings of oxygen in organic molecules have made the
17O NMR measurement a daunting task. There have been
a number of renewed efforts in the study 17O NMR of
small organic molecules of biological interest in the solid
state. This stems from the advent of high-magnetic field
strengths ( X 500MHz 1H frequency), fast spinning rotors
and resolution enhancement techniques such as multiple-
quantum magic-angle spinning (MQ-MAS) [1]. These
recent reports vary from amino acids (alanine, L-glutamic
acid), nucleosides (thymine and uracil), monosodium
glutamate, polyglycines and polyalanines [2–5]. The
magnitude of nuclear quadrupolar coupling constants are
typically large, on order of 7–8MHz. Carbonyl groups
located in the a-helix and b-sheet have been distinguished
in polypeptides [2,3], and five distinct oxygen environments
have been identified in monosodium glutamate [5]. Small

differences in the quadrupolar coupling constants have
been attributed to the differences in the H-bonding
strengths in alanine and in polypeptides. Recently, Dupree
and co-workers have compiled 17O NMR parameters for a
series of amino acid salts [6] and a transmembrane peptide
[7]. Also, a theoretical study has been made to correlate the
17O shielding parameters to hydrogen bonding distances in
glutamic acid polymorphs [8].
Here we report NMR data on the amino acid L-leucine.

By combining the increased sensitivity of rotor-assisted
population transfer (RAPT) [9–11] with high-speed MAS
(20 kHz) we can obtain high-quality spectra and extract the
NMR parameters at a relatively lower magnetic field
(400MHz 1H frequency) than used in the previous studies.

2. Materials and methods

L-leucine was synthesized by acid catalyzed exchange of
oxygen in 17O labelled water at 80 1C. The resulting
solution was neutralized with aniline to precipitate the free
amino acid [12]. The purity of the sample was determined
by powder X-ray diffraction and 13C MAS NMR
measurements. All NMR measurements were made on a
Bruker Avance 400MHz spectrometer using 2.5mm MAS
probehead and spinning rates of 20 kHz. One-dimensional
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17O MAS spectra were measured using the sensitivity
enhancement scheme RAPT; to obtain the RAPT sensitiv-
ity enhancement, frequency switched Gaussian pulses
ðs ¼ 2:855ms, tp ¼ 16ms; 20 pulse pairs) were applied at
pre-determined frequency offsets [9–11]. A 2 ms delay
between each pulse in the RAPT pulse train was used to
allow time for the transmitter phase to stabilize. A
radiofrequency field strength of 35 kHz was used for the
RAPT pulse train and a recycle delay of 500ms. The
RAPT-enhanced MAS spectra were acquired with 8192
scans using a RAPT frequency offset of �500 kHz, 256
scans were acquired to trace the RAPT profile with varying
frequency offsets. Shifted-echo method [13,14] was used
for acquiring and processing triple quantum MQ-MAS
data [15]. A radiofrequency field strength of 72 kHz
was used for the excitation and the FAM conversion
pulses [16], and 22 kHz for the p pulse. 64t1 points (9600
scans) were acquired with an increment of 24ms at a recycle
delay of 100 ms. T1 measured using saturation recovery
method was 25ms. Tap water (0.0 ppm) was used to
calibrate the radiofrequency field and as chemical shift
reference.

2.1. Simulations

For simulating the RAPT enhancement profiles we have
employed numerical density matrix simulations of a
polycrystalline sample containing spin I nuclei to calculate
the evolution of an initial density operator q0 in the
rotating frame according to

qðO; tÞ ¼ UðO; t; 0q0U
yðO; t; 0Þ, (1)

where

UðO; t; 0Þ ¼ T exp �i_

Z t

0

HðO; sÞ ds

� �
(2)

and T is the time ordering operator. The time-dependent
Hamiltonian in a frame rotating at the transmitter
frequency is

HðO; tÞ ¼ HqðO; tÞ þ _o1ðtÞ½Ix cosfðtÞ þ Iy sinfðtÞ�

þ _DoIz, ð3Þ

where HqðO; tÞ contains the first- and second-order quad-
rupolar Hamiltonians given by [17]

Hð1Þq ðO; tÞ=_ ¼ oqA2;0ðO; tÞT2;0 (4)

and

Hð2Þq ðO; tÞ=_ ¼ �
o2

q

o0

X
k¼1;2

A2;kðO; tÞA2;�kðO; tÞ½T2;k;T2;�k�

k
.

(5)

Here O ¼ ða; b; gÞ is a set of Euler angles describing the
orientation of the principal axis system of the electric field
gradient with respect to the rotor axis system. In all
simulations, we will follow the evolution of the powder
average of the fictitious spin half [18,19] observables

according to

hIr�s
a ðtÞi ¼

Z
TrqðO; tÞIr�s

a g da sin b db dg. (6)

For the simulations in this investigation, we typically start
with q0 ¼ Iz and observe Ir�s

z .
When dealing with a time-dependent Hamiltonian we

adopt the conventional numerical approximation of
discretizing the time-dependence into small time-indepen-
dent periods, and write the propagator matrix in Eq. (2) as

UðO; t; 0Þ ¼
Y

n

UðO; nDt; nDt� DtÞ,

where

UðO; nDt; nDt� DtÞ ¼ exp �i_HðO; nDtÞDt
� �

and the Hamiltonian is assumed to be time independent
during the time interval Dt. In this approximation 1=Dt

needs to much larger than the highest frequency in a
Fourier expansion of the time-dependent rotating frame
Hamiltonian.

3. Results and discussion

For odd-half-integer quadrupolar nuclei such as 17O, the
observed total frequency shifts in the MAS spectra ðdTotaliso Þ

are directly related to the isotropic chemical shifts ðdCSisoÞ
and isotropic second-order quadrupolar shifts ðd2Q

isoÞ by

dTotaliso ¼ dCSiso þ d2Q
iso (7)

The second-order isotropic shift is a function of the
quadrupolar product ðPqÞ, the Larmor frequency ðnLÞ and
the spin quantum number (I).

d2Q
iso ¼

�3½IðI þ 1Þ � 3=4�

40n2LI2ð2I � 1Þ2
P2

q � 106, (8)

where the quadrupolar product ðPqÞ is related to the
quadrupolar coupling constant ðCqÞ, which in turn is
related to the quadrupolar frequency ðnqÞ as

Pq ¼ Cq

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ

Z2q
3

s
, (9)

Cq ¼
e2qQ

h
, (10)

nq ¼
3Cq

2Ið2I � 1Þ
. (11)

Sensitivity enhancement schemes are particularly useful in
the study of low natural abundant 17O isotope. The
method of RAPT enhances the central transition signal
intensity by the saturation of the satellite transitions [20].
The method has been applied to higher spin systems [21]
and exploited to enhance the signal intensity in the
RIACT-MQ-MAS experiment [22–24]. The enhanced
RAPT sequence consists of a train of Gaussian pulses
with alternating off-resonant frequencies of �noff [9–11].
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