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Abstract

We examine the double-quantum magic angle spinning NMR spectra of pairs of 13C nuclei coupled to one or more 14N nuclei.

The experimental spectra of 13C2-glycine and glycyl-½13C2�-glycyl-glycine are used to demonstrate the sensitivity of the spectra to the

orientation of 14N quadrupole interaction tensors and to the molecular torsional angles.

� 2002 Elsevier Science (USA). All rights reserved.
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1. Introduction

Magic-angle spinning (MAS) is widely used for ob-

taining well-resolved spectra of dilute spin species in

powdered solids. The spectral narrowing achieved by

MAS is due to the averaging out of anisotropic second-

rank spin interactions such as the dipole–dipole

couplings and the chemical shift anisotropies. In most
circumstances, routinely available MAS frequencies of

tens of kHz are sufficient to obtain narrow spectral

peaks from dilute spin species such as 13C in the pres-

ence of a strong proton decoupling field.

The situation is more complicated if one or more of

the spin sites has an additional interaction which does

not commute with the dipole–dipole coupling and which

is comparable in magnitude to the Zeeman interaction
with the static magnetic field. The most common case is

when one or more spins have a significant electric

quadrupole interaction. For example, the MAS spectra

of 13C sites coupled to 14N spins ðI ¼ 1Þ often display an

asymmetric doublet structure which is due to the inter-

action of the large 14N quadrupolar coupling and the
14N–13C dipole–dipole coupling [1–3]. This residual di-

polar splitting is inversely proportional to the applied

magnetic field. The residual splitting structure may be

analysed to estimate the quadrupolar interaction pa-

rameters of the 14N site and the relative orientations of

the quadrupolar and dipolar interaction tensors [4].
In this paper, we investigate the double-quantum

spectra of 13C pairs coupled to one or more 14N spins.

This study falls within the scope of double-quantum

heteronuclear local field spectroscopy (2Q-HLF) [5–12]

which has been used to estimate molecular geometric

parameters such as torsional angles. In such experi-

ments, double-quantum coherence between pairs of 13C

spins is excited and allowed to evolve under the influence
of coupling to neighbouring heteronuclei. The first 2Q-

HLF experiment developed was HCCH-2Q-HLF [5], in

which 13C2 double-quantum coherence evolved under

the 1H–13C interactions, the homonuclear 1H–1H in-

teractions being removed by the application of a ho-

monuclear decoupling pulse sequence to the 1H nuclei.

The method was applied to carbohydrates [6,7] and to

retinal membrane proteins [8–10]. The NCCN-2Q-HLF
experiment [11,12] was also developed and applied to

samples which were labelled with 15N as well as 13C. In

this case, the small 15N–13C dipolar interactions were

recoupled by a suitable RF pulse sequence during the
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13C2 double-quantum evolution. The HCCH-2Q-HLF
and NCCN-2Q-HLF experiments were both used to

measure torsional angles since the double-quantum 13C

spectra are dependent upon the relative orientations of

the 1H–13C and 15N–13C vectors.

In this paper, we discuss the application of 13C2

double-quantum spectroscopy to samples containing

naturally abundant 14N nuclei, rather than samples la-

belled with 15N. In the case of 14N, there is often no need
to actively recouple the 14N nuclei to the 13C spins by

using RF fields, since the large quadrupole couplings of

the 14N spins accomplish a partial recoupling themselves

without outside intervention. The double-quantum

spectra of 13C pairs coupled to one or more 14N spins

display a complicated residual coupling structure which

is sensitive to the molecular geometry and to the ori-

entation of the 14N electric quadrupole interactions.
In the discussion below, we describe experiments in

which the 13C pair is coupled to a single 14N spin (called
14NCC-2Q-HLF) and experiments in which the 13C pair

is coupled to two 14N spin (called 14NCC14N-2Q-HLF).

The two experiments differ only in the sample used. The

basic experimental technique for the two is exactly the

same.

One of the most important opportunities of NCCN
torsional angle experiments is in the MAS NMR of [13C,
15N]-labelled peptides and proteins [11,12]. The evolu-

tion of the double-quantum coherence involving the
13Ca site and the neighbouring 13C0 site is sensitive to the

relative orientation of the 15N–13Ca and 13C0–15N di-

pole–dipole couplings and, hence, to the backbone tor-

sional angle, w (Fig. 1a). The NCCN experiment

involving 15N labels is not sensitive to the torsional
angle /, since this angle describes the rotation about the
15N–13C0 bond and does not modulate the relative ori-

entation of the two 13C–15N vectors. By contrast, the
14NCC14N-2Q-HLF experiment is sensitive to both the

angles / and w. This is because it is dependent upon

the orientation of the electric field gradient at the 14N

site which is, in turn, dependent upon the local envi-

ronment of the nitrogen. The 14NCC14N-2Q-HLF ex-
periment therefore has a potentially higher information

content than the 15NCC15N-2Q-HLF experiment. In

some cases, the use of naturally abundant 14N spins

rather than the enriched 15N isotope may also have

advantages of cost and convenience.

In this paper, we investigate the 1H-decoupled evo-

lution of 13C2 double-quantum coherence in two model

samples: [13C2]-glycine, in which the two 13C nuclei have
a significant dipole–dipole coupling with the 14N site,

and glycyl-[13C2]-glycyl-glycine, which contains the 14N–
13C–13C–14N moiety typical of peptides and proteins.

We examine the structure of the 13C2 double-quantum

spectra and assess their information content, with re-

spect to the orientation of the interaction tensors ori-

entations and the molecular torsional angles.

2. Theory

2.1. One 13C coupled to one 14N

The calculation of the MAS 13C spectrum in a 13C–
14N system has been presented in several different ways

[4,13–15]. It is summarized below to establish the

notation and to emphasize the dependence upon the
molecular geometry and quadrupole interaction pa-

rameters.

The Hamiltonian for coupled I ¼ 1 and I ¼ 1=2 nu-

clei is given by

H ¼ HZ þHCS þHJ þHD þHQ; ð1Þ
where HZ, HCS, and HJ are the Zeeman, chemical

shift, and J-coupling Hamiltonians. HD and HQ are the

heteronuclear dipole–dipole and quadrupolar interac-
tion Hamiltonians, given by

HD ¼
X
n

ð�1Þn½AD
2;n�

F½TD
2;�n�

F
;

HQ ¼
X
n

ð�1Þn½AQ
2;n�

F½TQ
2;�n�

F
;

ð2Þ

where TD
2;�n and T Q

2;�n are the irreducible spherical tensor

spin operators for the dipole and quadrupole interac-

tions expressed in an arbitrary reference frame, F. These

tensor components are defined elsewhere [16]. The spa-

tial components of the irreducible spherical tensors in

the laboratory frame, ½AD
2;n�

L
and ½AQ

2;n�
L
, are given by

Fig. 1. (a) Backbone conformation of an amino acid within a peptide

chain, showing the Ramachandran torsional angles / and w. Dotted

lines indicate the planes of the two peptide bonds. (b) Standard ori-

entations for the 14N electric field gradient in a peptide bond assumed

to be planar. The largest component (Vzz) is perpendicular to the

peptide plane. The smallest component (Vyy ) is along the N–H bond.

The two shades of grey indicate regions of opposite sign of the EFG.
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½AD
2;n�

L ¼
X
m

½AD
2;m�

PD2
m;nðXD

PLÞ;

½AQ
2;n�

L ¼
X
m

½AQ
2;m�

PD2
m;nðX

Q
PLÞ;

ð3Þ

where the principal axis components, ½AD
2;n�

P
and ½AQ

2;n�
P
,

are given by

½AD
2;0�

P ¼ �
ffiffiffi
6

p l0cNcC�h
4pr3

ij

; ½AD
2;
1�

P ¼ ½AD
2;
2�

P ¼ 0;

½AQ
2;0�

P ¼ 2p
ffiffiffiffiffiffiffiffi
3=8

p
CQ; ½AQ

2;
1�
P ¼ 0;

½AQ
2;
2�

P ¼ �2pgC=4:

ð4Þ

Here XD
PL ¼ faD

PL; b
D
PL; c

D
PLg and XQ

PL ¼ faQ
PL; b

Q
PL; c

Q
PLg are

the Euler angles relating the principal axis systems of the

dipole and quadrupole interactions to the laboratory

frame, which is defined such that the z-axis is along the

static field. In this paper, the quadrupole interaction is

defined such that CQ ¼ eQVzz=h, where Q is the nuclear

electric quadrupole moment and e is the proton charge.
As in [17], the principal values of the electric field gra-

dient (EFG) tensor are ordered such that

jVzzjP jVxxjP jVyy j: ð5Þ
The asymmetry parameter of the quadrupolar inter-

action is defined as g ¼ ðVyy � VxxÞ=Vzz. The relation-

ship between the reference frames is sketched in

Fig. 2a.

In a 13C–14N system, the 13C spectrum is generated by

the three ()1)-quantum coherences, denoted here as

Liouville kets [18,19] fj þ 1;�Þ; j0;�Þ; j � 1;�Þg, and

defined through

jn;�Þ ¼ jn;�1=2ihn;þ1=2j; ð6Þ
where jn;mi is a perturbed eigenstate of the 14N–13C

system, given in powers of jCQ=xN
0 j through

jn;mi ¼ jn;mið0Þ þ jn;mið1Þ þ � � � ð7Þ
Here, jn;mið0Þ is the unperturbed eigenstate with Zeeman

quantum numbers n for 14N and m for 13C, and
xN

0 ¼ �cNB0 is the 14N Larmor frequency in the static

field B0. If relaxation is neglected, the three coherence

operators obey the eigenequation

ĤHcommjn;�Þ ¼ �xðnÞjn;�Þ; ð8Þ

where the commutation superoperator is defined as

[18,19]

ĤHcommjAÞ ¼ j½H;A�Þ: ð9Þ

The frequencies of the three single-quantum transi-

tions are given by second-order perturbation theory [15]

as

xðnÞ ¼ hn; 1=2jHjn; 1=2i � hn;�1=2jHjn;�1=2i

¼ xC þ xðnÞ
NC; ð10Þ

where

xC ¼ xiso þ ½ACS
2;0�

L
;

xðnÞ
NC ¼ 2npJ þ n

ffiffiffiffiffiffiffiffi
2=3

p
½AD

2;0�
L

þ ð1 � ð3=2Þn2Þ
½AD

2;1�
L½AQ

2;�1�
L þ ½AD

2;�1�
L½AQ

2;1�
L

xN
0

:

ð11Þ
Here, xiso is the isotropic chemical shift of the 13C spin,

½ACS
2;0�

L
is a component of the laboratory frame chemical

shift tensor and J is the 13C–14N J-coupling. Terms

quadratic in the dipolar or J-coupling and dipolar-J
cross terms have been neglected.

In the presence of rapid MAS, it is appropriate to

take the time average of Eq. (11) over the sample rota-

tion. This neglects the MAS sideband structure and re-

laxation and assumes that the time-dependent perturbed

states jn;mi are followed adiabatically as the sample

rotates. This assumption is expected to be valid for

spinning frequencies which are much less than the
quadrupolar coupling and the Zeeman interaction. The

time average coherence frequency under MAS is given

by

xðnÞ ¼ xiso þ xðnÞ
NC; ð12Þ

Fig. 2. (a) The relationship between the reference frames PD, PQ, M, R,

and L. (b) A sketch of the NCC moiety in glycine, showing the

numbering scheme used. C1 and C2 correspond to Ca and C0, re-

spectively. (c) A sketch of the central NCCN moiety of glycyl-glycyl-

glycine, showing the numbering scheme used. C1 and C2 correspond to

Ca and C0 of the central glycine unit, respectively. N1 and N2 corre-

spond to the nitrogens of the central and C-terminus glycine units,

respectively.
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where

xðnÞ
NC ¼ 2pnJ þ ð1 � ð3=2Þn2Þ

�
X
m

d2
m;1ðb

RLÞd2
�m;�1ðb

RLÞ
�

þ d2
�m;1ðb

RLÞd2
m;�1ðb

RLÞ
� ½AD

2;m�
R½AQ

2;�m�
R

xN
0

: ð13Þ

Here, bRL is the angle between the rotor axis and the

static magnetic field, equal to cos�1ð1=
ffiffiffi
3

p
Þ ffi 54:7� for

exact MAS. The terms d2
m;m0 ðbÞ are reduced Wigner

matrix elements [20] and the rotor frame components of
the dipolar and quadrupolar Hamiltonians, ½AD

2;m�
R

, and

½AQ
2;m�

R
are given by

½AD
2;m�

R ¼
X
m0 ;m00

½AD
2;m00 �PD2

m00;m0 ðXD
PMÞD2

m0 ;mðXMRÞ;

½AQ
2;m�

R ¼
X
m0 ;m00

½AQ
2;m00 �PD2

m00;m0 ðXQ
PMÞD2

m0 ;mðXMRÞ:
ð14Þ

This expresses the dependence upon the Euler angles

XD
PM ¼ faD

PM; bD
PM; cD

PMg and XQ
PM ¼ faQ

PM; bQ
PM; cQ

PMg,

which relate the interaction principal axis systems (de-

noted as P) with a common molecular frame (M). The
Euler angles XMR ¼ faMR; bMR; cMRg relate the molecu-

lar frame with the rotor-fixed frame (R) and are random

angles in a powder (Fig. 2a).

Eq. (13) may be used to predict the powder MAS

spectra of 13C spins coupled to 14N and corresponds to

the formulae given in previous papers [4,13–15]. Note

that the coherences j þ 1;�Þ and j � 1;�Þ are only split

in frequency by the J-coupling. If the J-coupling is
smaller than the residual dipolar coupling, the spectrum

has the appearance of a 1:2 doublet [1–3,13,21].

2.2. Two 13C coupled to one 14N

In the case of two 13C spins, the spin Hamiltonian is

more complicated because of the existence of multiple

heteronuclear interactions as well as homonuclear in-

teractions. The spin Hamiltonian may be written as

H ¼ HN
Z þHC1

Z þHC2

Z þHC1;C2
J þHC1;C2

D

þHC1;N
J þHC1;N

D þHC2;N
J þHC2;N

D : ð15Þ

The numbering system for the 14N–13C–13C system is

shown in Fig. 2b. The homonuclear and heteronuclear

terms do not commute with each other, leading to a

complicated spectral behaviour in general.

Fortunately, the behaviour of the ð
2Þ-quantum 13C2

coherences is still relatively simple. There are three ()2)-

quantum coherences, notated jn;�;�Þ, and defined by

jn;�;�Þ ¼ jn;�1=2;�1=2ihn;þ1=2;þ1=2j; ð16Þ
where jn;m1;m2i is the perturbed Zeeman eigenstate
with quantum numbers n, m1, and m2 for the 14N spin

and the two 13C spins. These ()2)-quantum coherences

obey the following commutation relationship:

ĤHcommjn;�;�Þ ¼ �xðnÞjn;�;�Þ; ð17Þ
where the frequencies of the three double-quantum co-
herences are given by

xðnÞ ¼ xC1
þ xC2

þ xðnÞ
NC1

þ xðnÞ
NC2

: ð18Þ

Each of the terms has the form given in Eq. (11). Av-
eraging over the magic-angle rotation gives

xðnÞ ¼ xiso
C1

þ xiso
C2

þ xðnÞ
NC1

þ xðnÞ
NC2

; ð19Þ

where the individual coupling terms are specified in Eq.

(13). Note the absence of the homonuclear couplings in

this expression. The form of the spectrum is again a 1:2

doublet in the case that the 14N–13C J-couplings are

smaller than the residual dipolar couplings. An experi-

mental demonstration of this is given below for [13C2]-
glycine.

2.3. Two 13C coupled to two 14N

In this case, the double-quantum 13C spectrum has

nine components, corresponding to the nine possible

combinations of the quantum numbers n1 ¼ fþ1; 0;�1g
and n2 ¼ fþ1; 0;�1g for the two 14N spins. The indi-
vidual coherences are notated as

jn1;�;�; n2Þ ¼ jn1;�1=2;�1=2; n2i
� hn1;þ1=2;þ1=2; n2j; ð20Þ

and have a precession frequency defined by

ĤHcommjn1;�;�; n2Þ ¼ �xðn1;n2Þjn1;�;�; n2Þ: ð21Þ
Under MAS, the time average frequencies of the nine

double-quantum transitions are given by

xðn1;n2Þ ¼ xiso
C1

þ xiso
C2

þ xðn1Þ
N1C1

þ xðn1Þ
N1C2

þ xðn2Þ
N2C1

þ xðn2Þ
N2C2

;

ð22Þ

where each of the coupling terms has the form specified

in Eq. (13). The numbering system for the NCCN sys-

tem is shown in Fig. 2c. If the J-couplings are negligible

and the residual dipolar couplings are of similar mag-
nitude for the two 13C sites, the double-quantum spec-

trum takes the form of a 1:4:4 triplet. The weakest

peak of the triplet is formed by the j0;�;�; 0Þ coher-

ence. The central peak is formed by the near

degenerate fj0;�;�;þ1Þ; j0;�;�;�1Þ; j þ 1;�;�; 0Þ;
j � 1;�;�; 0Þg coherences. The strong outer peak of

the triplet is formed by the fj þ 1;�;�;þ1Þ;
j � 1;�;�;�1Þ; j þ 1;�;�;�1; Þ; j � 1;�;�;þ1Þg co-
herences.

The precise form of the spectral multiplet depends

upon the relative orientations of the 14N–13C dipolar

couplings and the quadrupolar interaction tensors of

the 14N nuclei. This is illustrated by the simulations in

Fig. 3, which shows the powder average double-quan-

tum spectra of an 14N–13C–13C–14N group with two
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different torsional angles, broken down into the nine

spectral components.

If the 14N–13C–13C–14N moiety forms part of a pep-

tide backbone, the double-quantum 13C spectrum de-
pends not only on the NCCN torsional angle w but also

on the / torsional angle of the preceding residue, since

the quadrupole interaction tensors are approximately

fixed with respect to the peptide planes. The ‘‘standard’’

orientation of the 14N quadrupolar tensor with respect

to the peptide plane, as determined by single crystal

measurements on two dipeptides (gly-gly and gly-ala)

[4], is sketched in Fig. 1b. The largest tensor component
(z-axis) is approximately perpendicular to the peptide

plane, while the smallest component (y-axis) is approx-

imately along the NH bond direction, which is assumed

in this paper to subtend angles of 119.4� and 118.2� with

respect to the C0N and NCa bonds in gly-gly-gly, re-

spectively. If these relationships are assumed to hold

exactly, while the bond lengths and bond angles are

taken from crystal structures, it is possible to predict the
dependence of the double-quantum spectrum on the

angles / and w.

The predicted dependence of the double-quantum
13C2 spectrum upon / and w for ‘‘standard’’ values of

the quadrupole interaction tensors, molecular geometry,

and electric field gradient orientations in peptides is

sketched in Fig. 4. As may be seen, the predicted form of

the spectrum is sometimes sensitive to the values of /
and w but a given spectral shape does not define the

values of / and w uniquely. These simulations neglect

the orientational dependence of the pulse sequence used

to excite the double-quantum coherence.

Fig. 4. Simulated 13C2 double-quantum spectra of gly-[13C2]-gly-

gly �HCl for a range of torsional angles at a magnetic field B0 ¼ 4:7 T.

The simulation parameters are: 14N quadrupolar interaction parame-

ters ðCQ=2p; gÞ ¼ ð�3:01MHz; 0:48Þ; electric field gradient orienta-

tion as in Fig. 1b for both sites; direct dipole–dipole couplings bN1C1
=

2p ¼ �791:1 Hz, bN1C2
=2p ¼ �153:5 Hz, bN2C1

=2p ¼ �157:5 Hz, and

bN2C2
=2p ¼ �938:1 Hz; J-couplings JN1C1

¼ 7:77 Hz, JN1C2
¼ 0 Hz,

JN2C1
¼ 5:92 Hz, and JN2C2

¼ 10:55 Hz; Larmor frequencies

xC
0 =2p ¼ �50:372 MHz and xN

0 =2p ¼ �14:471 MHz. All simulations

were broadened by a Lorentzian function with full width at half

height¼ 17 Hz.

Fig. 3. The nine components of the 13C2 double-quantum powder

spectrum for two different values of (a)–(e) / ¼ w ¼ 180�, (f)–(j)

/ ¼ w ¼ 0�. Plots (a) and (f) show the components due to the

fj0;�;�;þ1Þ; j0;�;�;�1Þ; j þ 1;�;�; 0Þ; j � 1;�;�; 0Þg coherences.

Plots (b) and (g) show the components due to the

fj þ 1;�;�;þ1Þ; j � 1;�;�;�1Þ; j þ 1;�;�;�1Þ; j � 1;�;�;þ1Þg co-

herences. Plots (c) and (h) show the component due to the j0;�;�; 0Þ
coherence. Plots (d) and (i) show the sum of the nine components. Plots

(e) and (j) show the sum of the nine components with lorentzian line

broadening added (full width at half height¼ 17 Hz). The simulation

parameters were: 14N quadrupolar interaction parameters

ðCQ; gÞ ¼ ð�3:01MHz; 0:48Þ; electric field gradient orientation as in

Fig. 1b for both sites; direct dipole–dipole couplings bN1C1
=2p ¼

�791:1 Hz, bN1C2
=2p ¼ �153:5 Hz, bN2C1

=2p ¼ �157:5 Hz, and

bN2C2
=2p ¼ �938:1 Hz; J-couplings JN1C1

¼ 7:77 Hz, JN1C2
¼ 0 Hz,

JN2C1
¼ 5:92 Hz, and JN2C2

¼ 10:55 Hz; Larmor frequencies

xC
0 =2p ¼ �50:372 MHz, xN

0 =2p ¼ �14:471 MHz.
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3. Materials and methods

To acquire a double-quantum spectrum, experiments

conforming to the general scheme given in Fig. 5 were

used. Ramped cross-polarization [22] was used to pre-

pare enhance 13C magnetization which was converted

into (
2)-quantum coherence by an excitation sequence.

The double-quantum coherences were allowed to evolve

for an interval t1 and reconverted into observable
transverse magnetisation for detection. Phase cycling

was used to select signals passing through (
2)-quantum

coherence.

Two different methods were used to excite and ob-

serve the 13C–13C double-quantum coherence (see Fig.

6). One was based upon the experiments carried out by

Karlsson et al. [23,24] using pulse-assisted rotational

resonance. The other was the SC14 pulse sequence de-
veloped by Brinkmann et al. [25]. In both cases the only

RF irradiation during the t1 interval was 1H decoupling.
The experiments were carried out on a Chemagnetics

Infinity-200 spectrometer at a field of 4.7 T using 4 mm

zirconia rotors.

Experiments were carried out on 13C labelled samples

of two different model compounds, glycine and glycyl-

glycyl-glycine hydrochloride (gly-gly-gly �HCl). The

glycine sample was labelled with 13C in both positions in

10% of the molecules, the remaining 90% of molecules
being unlabelled. To avoid the formation of polymor-

phs, the mixture of natural abundance glycine and la-

belled glycine was crystallized slowly from aqueous

solution with the atmosphere exposed to a saturated

NaCl solution.

The gly-gly-gly �HCl sample was prepared by solid-

state synthesis and was labelled with 13C in both posi-

tions on the central glycine unit in 10% of the molecules,
the remaining 90% of molecules being unlabelled. The

mixture of isotopomers was crystallized from a strong

HCl solution. The crystal structure of gly-gly-gly �HCl

has been determined by X-ray diffraction [26]. The

molecule adopts an extended conformation, with tor-

sional angles at the central glycine residue given by

f/;wg ¼ f�154:4�;þ159:7�g.

4. Results

4.1. 13C2-glycine

The double-quantum spectrum of [10%-13C2]-glycine

was acquired using the scheme shown in Fig. 6a. The

method is described in detail in [24]. Fig. 7a shows the
full 2D spectrum of [10%-13C2]-glycine acquired in this

manner. The experimental parameters were; spinning

Fig. 5. General experimental scheme for the acquisition of 13C2 dou-

ble-quantum spectra and associated coherence transfer pathway dia-

grams. The shaded pulse sequence elements are varied in a standard

four step phase cycle to select signals passing through 13C2 double-

quantum coherence.

Fig. 6. Double-quantum pulse sequences used to acquire the experimental results in this paper. (a) Pulse-assisted rotational resonance (see [24]). (b)

SC14 (see [25]). The shaded pulse sequence elements are varied in a standard four step phase cycle to select signals passing through 13C2 double-

quantum coherence.
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frequency xr=2p ¼ 8:351 kHz, cross-polarization con-

tact time of 2.0 ms, sexc ¼ 307ls, d ¼ 73ls, CW decou-

pling with 1H nutation frequency of 103 kHz during
excitation and reconversion, TPPM decoupling [27]

during t1 with 1H nutation frequency of 103 kHz, pulse

length of 4.6 ls and phase shift of 10�, and TPPM de-

coupling during t2 with 1H nutation frequency of

84 kHz, pulse length of 5.7 ls, and phase shift of 13�.
The elements C consisted of two pulses with phases 0

and p, each of duration 29.94 ls with a nutation fre-

quency of 38 kHz.
The pulse-assisted rotational resonance method gen-

erates a spectrum with one peak inverted in sign. Fig. 8a

shows a projection of this 2D spectrum onto the x1-axis

after sign inversion of one of the peaks. This double-

quantum spectrum displays a partially resolved 1:2

doublet structure, as discussed above.

The principal values of the 14N quadrupolar coupling

(as well as its orientation) have been measured for gly-
cine using single crystal 14N NMR [28]. In this study, the

two symmetry related molecules in the unit cell were

investigated separately, leading to two different mea-

surements of the same principal values and orientation.

For both measurements, the quadrupole interaction is

characterized by CQ ¼ 1:182 MHz, g ¼ 0:54, with the

Vzz-axis approximately along the NC bond and the

Vxx-axis nearly perpendicular to the C–C–N plane. A
simulation of this spectrum, using these interaction

parameters, is shown in Fig. 8b. This simulation neglects

the orientational dependence of the double-quantum

excitation and reconversion processes. Nevertheless, it

fits the main features of the experimental spectrum ra-

ther well.

The simulation in Fig. 8c includes the orientational

dependence of the double-quantum excitation and re-

conversion, by weighting each component of the powder
average by a function calculated as in Eqs. (10)–(26) in

[24]. This orientational weighting does not have a sig-

nificant effect on the simulated spectrum.

We wished to establish whether the double-quantum

spectrum in Fig. 8a could be used to determine the

orientation of the electric field gradient, assuming that

only the principal values of the quadrupolar interaction

were known. For this purpose, double-quantum spectra
were simulated for a set of orientations of the electric

field gradient keeping the molecular geometry fixed. The

set of EFG orientations was constructed using the ZCW

algorithm [29–31] and consisted of 1154 elements span-

ning all possible orientations. The molecular structure

was taken from the published neutron diffraction study

[32]. The J-couplings were taken from [28] and the ori-

entational dependence of the double-quantum excitation
and reconversion was taken into account based on the

experimental parameters. Fig. 9 shows those EFG ori-

entation which gave acceptable fits to the experimental

spectrum, superimposed onto a representation of the

CCN moiety of the glycine molecule. These 81 orienta-

tions provided simulations for which the mean square

difference between the simulated and experimental

spectra (v2) was less than
ffiffiffi
2

p
times the minimum value

[33]. As can be seen, this group have Vzz components

which are clustered around the C–N bond, whilst the Vxx
and Vyy components are distributed roughly uniformly

around the plane perpendicular to the C–N bond. Thus,

the orientation of the Vzz component conforms with that

determined by earlier experiments [28].

Fig. 7. (a) Experimental 13C2 double-quantum spectrum of [10%-13C2]-glycine in a field of 4.7 T, obtained with the pulse sequence in Fig. 6a. The left

hand peak is negative. The projection of the two-dimensional spectrum onto the x1 axis, with the negative left hand peak inverted in sign, is also

shown. (b) 13C2 double-quantum spectrum of gly-[10%-13C2]-gly-gly �HCl in a field of 4.7 T, obtained with the pulse sequence in Fig. 6b. The

projection of the two-dimensional spectrum onto the x1-axis is also shown. (c) and (d) Expanded views of the spectral peaks in (b).
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The present study gives no information as to the

orientation of the Vxx and Vyy components. This is be-

cause the EFG tensor has a low asymmetry parameter

and the C2–N coupling is relatively weak.

4.2. Glycyl-[13C2]-glycyl-glycine

The double-quantum spectrum of gly-[10%-13C2]-gly-

gly was acquired using the scheme shown in Fig. 6b. The

SC14 pulse sequence is a supercycled version of the C145
4

pulse sequence, as described in [25]. Fig. 7b shows the

full 2D spectrum of gly-[10%-13C2]-gly-gly acquired in
this manner. Figs. 7c and d provide expanded views of

the major peaks. The tilted appearance of these peaks

arises because the residual dipolar shifts of the single-

quantum and double-quantum coherences are in the

same sense. The experimental parameters were; spinning

frequency xr=2p ¼ 11:0 kHz, cross-polarization contact
time of 2.0 ms, sexc ¼ 727ls, CW decoupling during

excitation and reconversion with 1H nutation frequency

of 109 kHz, TPPM decoupling during t1 with 1H nuta-

tion frequency of 109 kHz, pulse length of 4.6 ls and

phase shift of 15�, and TPPM decoupling during t2 with
1H nutation frequency of 85 kHz, pulse length of 5.9 ls

and phase shift of 9�. Fig. 8d shows a projection of this

2D spectrum onto the x1-axis.
The crystal structure of gly-gly-gly �HCl is known

[26], but information on the quadrupolar interaction

tensor is incomplete. An NQR study of gly-gly-gly (not

the hydrochloride) [34] gives values of ðCQ; gÞ ¼
ð�3:01MHz; 0:48Þ and ()3.08 MHz, 0.76) for the cen-

tral and C-terminal 14N sites, respectively. The orienta-

tions of the electric field gradient may be guessed from

the single crystal studies of gly-gly and gly-ala [4]. A
simulation based on the X-ray structure [26], the known

J-couplings [35], the quadrupolar interaction principal

values of gly-gly-gly and the ‘‘standard’’ quadrupolar

interaction parameters is shown in Fig. 8e. As may be

seen, the general features of the double-quantum spec-

trum are reproduced but the amplitudes of the peaks are

Fig. 8. (a) 13C2 double-quantum spectrum of [10%-13C2]-glycine in a

field of 4.7 T. (b) Simulation using the following parameters: direct

dipole–dipole couplings bNC1
=2p ¼ �660 Hz, bNC2

=2p ¼ �138 Hz,

bC1C2
=2p ¼ �2084:3 Hz, C1–C2–N angle of 111.8�, J-couplings

JNC1
¼ 4:5 Hz, JNC2

¼ 0 Hz, CQ ¼ 1:182 MHz, g ¼ 0:54, electric field

gradients oriented with Vzz along the N–C bond and Vxx perpendicular

to the N–C–C plane, lorentzian line broadening with full width at half

height¼ 17 Hz. (c) Simulation using the same parameters as (b) but

taking into account the double-quantum excitation and reconversion

efficiency. (d) 13C2 double-quantum spectrum of gly-[10%-13C2]-gly-

gly �HCl in a field of 4.7 T. (e) Simulation using the following pa-

rameters: 14N quadrupolar interaction parameters for both sites

ðCQ; gÞ ¼ ð�3:01MHz; 0:48Þ; Electric field gradients orientated with

Vzz perpendicular to the peptide bond plane and Vyy parallel to the N–H

bond; Direct dipole–dipole couplings bN1C1
=2p ¼ �791:1 Hz,

bN1C2
=2p ¼ �153:5 Hz, bN2C1

=2p ¼ �157:5 Hz, and bN2C2
=2p ¼

�938:1 Hz; J-couplings JN1C1
¼ 7:77 Hz, JN1C2

¼ 0 Hz, JN2C1
¼

5:92 Hz, and JN2C2
¼ 10:55 Hz; torsional angles / ¼ �153�, and

w ¼ �160�; Larmor frequencies xC
0 =2p ¼ �50:372 MHz, xN

0 =2p ¼
�14:471 MHz, Lorentzian line broadening with full width at half

height¼ 17 Hz. (f) Simulation using the same parameters as (e) but

taking into account the double-quantum excitation and reconversion

efficiency.

Fig. 9. Ensemble of principal axis directions of the 14N electric field

gradient in glycine giving an acceptable fit to the experimental spec-

trum. The atoms are labelled as in Fig. 2b. The two rows show the

molecule viewed from two different directions.
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not in agreement with experiment. If the double-quan-
tum orientational dependence is taken into account, as

discussed in Ref. [25], then the form of the spectrum

does not change significantly (Fig. 8f).

The match of the simulation with experiment cannot

be improved significantly by adjusting the principal

values of the quadrupole interaction tensors. Fig. 10a

shows a simulation in which the two quadrupolar in-

teraction tensors take their ‘‘standard’’ orientations Vzz
perpendicular to the peptide plane, Vyy along the N–H

bond) but with the principal values set to the same

value, ðCQ; gÞ ¼ ð�3:01 MHz; 0:48Þ. The simulation

shown at the right hand side is still not a quantitative

match with the experimental spectrum.

The match with experiment is improved significantly

if the orientation of one of the electric field gradient

tensors is rotated around its own x-axis by about 51�
(Fig. 10b). The positions and amplitudes of the double-

quantum peaks are now in good agreement with the

experimental spectrum (Fig. 10c).

Unfortunately it is not possible to deduce the orien-
tations and magnitudes of the quadrupolar interaction

parameters uniquely from this projection of a single

double-quantum spectrum. There are too many pa-

rameter sets which provide an equally good fit to the

experimental data. More information is likely to be

provided by a combination of double-quantum spectra

with single-quantum spectra or simulations of the full

two-dimensional peaks shown in Figs. 7c and d.
Fig. 11 shows the v2 values of the fit of simulations to

the gly-gly-gly �HCl double-quantum spectrum as a

function of the two torsional angles, / and w, taken in

steps of 10�. The plot shows the expected symmetry that

v2ð/;wÞ ¼ v2ð�/;�wÞ. The lowest contour is at a level

corresponding to
ffiffiffi
2

p
times the minimum value of v2, so

that all of the black areas correspond to acceptable fits.

The simulations used for this plot use the same ‘‘stan-
dard’’ orientations and magnitudes for the principal

components of the EFG tensors as were used for the

simulation shown in Fig. 10a. The orientational depen-

dence of the double-quantum excitation and reconver-

sion is also included. The known torsional angles

obtained from X-ray diffraction correspond to the white

triangle, which lies just outside a region of acceptable fit.

As mentioned above, this indicates that the principal
values and/or the principal axes of the quadrupolar

tensors are in error but, at this point, we are unable to

assign a corrected set of tensor components in a unique

way.

Fig. 11. Mean square difference between experiment and simulation

(v2) for the experimental spectrum of gly-[10%-13C2]-gly-gly �HCl, as a

function of the torsional angles (/;w) of the central glycine residue.

The standard orientations of the electric field gradients, depicted in

Fig. 4, were used. The lowest contour corresponds to a level equal toffiffiffi
2

p
times the minimum value of v2. The torsional angles determined by

X-ray diffraction are represented by a white triangle. The simulation

parameters for this plot are the same as in Fig. 4.

Fig. 10. (a) Graphical representation of the 14N electric field gradients

for the 14N nuclei flanking the central glycine residue in gly-gly-gly and

a simulation of the 13C2 double-quantum spectrum of gly-[10%-13C2]-

gly-gly. The quadrupolar interaction tensors for both 14N nuclei have

principal values defined by (CQ; gÞ ¼ ð�3:01MHz; 0:48Þ, with the

principal axes oriented as in Fig. 1b. (b) Graphical representation and

corresponding simulation in the case that the EFG tensor of the N1 site

is rotated by the Euler angles faQ
1 ; b

Q
1 ; c

Q
1 g ¼ f91:7�; 51:0�; 56:8�g from

the orientation shown in Fig. 1b. (c) Experimental double-quantum

spectrum of gly-[10 %-13C2]-gly-gly �HCl.
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5. Conclusions

We have examined the 13C2 double-quantum spectra

of powdered materials in which the 13C2 pair is coupled

to one or two 14N nuclei. In [10%-13C2]-glycine, the 13C2

pair is coupled to a single 14N nucleus, to a good ap-

proximation. The double-quantum spectrum has the

form of a 1:2 doublet, as predicted. The spectrum is

sensitive to the orientation of the largest component of
the 14N quadrupolar interaction, enabling an estimation

of the corresponding principal axis direction in agree-

ment with previous single crystal studies.

In gly-[10%-13C2]-gly-gly �HCl, the 13C2 pair is cou-

pled to two 14N nuclei. The double-quantum spectrum

has the form of a 1:4:4 triplet, as predicted. However,

the quantitative form of the spectrum is not entirely in

agreement with simulations employing principal values
of the quadrupolar interactions obtained from mea-

surements on gly-gly-gly, together with standard orien-

tations of the EFG tensors with respect to the peptide

planes. We are able to achieve a good match between

experiment and simulation by adjusting the quadrupolar

interaction parameters, but we are unable to define the

revised parameters uniquely, since there are too many

possibilities. Nevertheless, the double-quantum experi-
ment described here is a sensitive test of the validity of

assumed electric field gradient orientations. It is not, at

the moment, a feasible way of determining torsional

angles unambiguously.

There are a number of restrictions upon the appli-

cation of the experiment. First, glycine residues present

a favourable case since there are no side chains. In

general, 13C nuclei in the amino acid side chains will
complicate the appearance of the 13C2 double-quantum

spectrum through the participation of homonuclear J-

couplings and dipole–dipole couplings. Second, exper-

iments described in this paper are difficult to perform at

high magnetic field, since the second-order dipolar

shifts are inversely proportional to the Larmor fre-

quency. It is possible to employ similar effects in high

magnetic field by using RF fields to recouple the 14N
spins (e.g., REDOR, REAPDOR, and TRAPDOR),

for example by irradiating the overtone transition

[36,37].
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