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It is often stated that of all the theories proposedin this century , the silliest

is quantum theory. In fact, somesay that the only thing that quantum theory

has going for it is that it is unquestionably correct.

| Michio Kaku \Hyp erspace"(1995) |
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Symbols and Abbreviations

Symbols

H classicalHamilton function

Ĥ quantum mechanical Hamilton operator (Hamiltonian)

�

i unit matrix/tensor of dimension i

B 0 magnetic induction

A vector object

Ŝ operators; here a spin vector operator

A tensor object

A scalar physical variable or mathematical index

Ŝz quantum mechanical operator

ex;y ;z Cartesian unit vector (basevector)

! rot rotation frequencyof the rotor (MAS frequency) in units of
� rad

s

�

! S
1 RF irradiation amplitude in units of

� rad
s

�

! RF RF irradiation frequency in units of
� rad

s

�

! S
0 Larmor frequencyof spin Ŝ in units of

� rad
s

�

Abbreviations

NMR Nuclear Magnetic Resonance

PAS Principal Axes System

CAS Crystal Axes System

AAS Arbitrary Axes System

LAB Laboratory Frame

MAS Magic Angle Spinning
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CP CrossPolarisation

ZQ Zero Quantum

SQ Single Quantum

DQ Double Quantum

DQF Double-Quantum Filtration
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CTP Coherence-Transfer Pathway
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1. Intro duction

Systemsof nuclear spins possessunique properties that predestine them for the use in

studies of molecular structural and dynamical properties. Nuclear spins are extremely

well localised to dimensionsof a few cubic femto meters (the nucleus) and tell about the

magnetic �eld in their closeenvironment with great sensitivity [1, 2]. Therefore nuclear

spinscanberegardedassensorsthat canbeusedto examinethe structure of moleculesand

matter in general. The interaction energy of a nucleuswith its environment is extremely

small [2, 3] (about 360 mJ
mol , corresponding to ca. 14mK), thus monitoring of a nuclear

spin is virtually perturbation free. Despite the weaknessof the interaction it is highly

sensitive to its local environment. In addition, interactions of nuclear spins amongst each

other are the key to further geometric information, such as internuclear distances. These

interactions canbedescribedby pairwisespin-spin interactions. For example,the magnetic

direct dipolar coupling interaction between two spins is related to the distance between

them [1, 4].

At �rst sight the determination of distancesof the order of 100pm to 1000pm by means

of radiofrequencyirradiation with wavelengthsof the order of 1m seemsto contradict the

Heisenberg uncertainty principle [5, 6]. This is in contrast to the situation in scattering or

microscopy experiments where the dimensionsof the object of study and the irradiation

wavelength have to be of the sameorder of magnitude [7]. This seemingcontradiction

to Heisenberg's uncertainty principle in nuclear magnetic resonance(NMR) experiments

is easily resolved: in NMR spectroscopy the geometric information is derived from the

inspection of the energy levels of nuclear spin systems[2]. This meansthat the accurate

determination of e.g. internuclear distances are measurements of energy di�erences. In

agreement with Heisenberg's uncertainty principle a measurement of an energydi�erence

canbe madearbitrarily preciseby extending the time of measurement. Therefore, in NMR

the accuracy of experimentally derived geometric information is solely restricted by the

lifetime of the corresponding energyeigenstates.

The principal information content of a NMR spectrum of a crystalline sample is very

high since it represents the magnitudes and orientations of all NMR interactions present

in the spin system [1]. However, the weaknessof the spin interactions, which keepsthe

nuclear spins quite immune to other in
uences, unfortunately bears a strong drawback.

In NMR spectroscopy the signal to noiseratio is usually very low [2, 8] leading to severe

detection problems. Therefore, relatively large numbersof spins in a sampleare necessary

to achieve an experimentally su�cien t signal-to-noiseratio [1, 2] (about 1014 to 1015 spins

on a modern high �eld NMR spectrometer). Accordingly, improvements of the signal-

to-noise ratio in experimental NMR spectra as well as the extraction of structural and

dynamical information from experimental NMR data, constitute important research areas
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in contemporary NMR.

This work deals with investigations on solid state NMR techniques, suitable for the

study of dipolar coupledspin S = 1
2 systemsin polycrystalline powders. The performance

of several pulse sequencesunder various conditions as well as proceduresfor data anal-

ysis, basedon numerically exact simulations, are the main focus here. In Chapter 2 the

theoretical principles of nuclear magnetic resonanceof nuclei with spin S = 1
2 will be

presented. In the following a description of the experimental and numerical methods used

will be given in Chapter 3. Chapter 4 will give an overview as well as a discussionof the

results obtained. Chapter 4 is thus a critical summary of the publications compiled in the

Appendix following it.
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2. Theory of Nuclear Magnetic Resonance

Nuclear magnetismcan be understood as a macroscopiccollective magnetic property of a

set of atomic nuclei. Many atomic nuclei in their ground state have non-zerospin angular

momentum S and a magnetic moment � , oriented parallel or antiparallel to S. The order

of magnitude of � is about � 10� 26 J
T (for S = � =
 seeTable 2.1 on page5). It is these

moments that give rise to nuclear magnetism. Generally there are three main categories

of magnetism [2, 3, 7]. First there is diamagnetism, which is the e�ect of magnetic mo-

ments induced in matter when exposedto an external magnetic �eld; diamagnetismexists

virtually in all forms matter. Secondthere is paramagnetism,which results from ordering

e�ects occurring when permanent magnetic moments are placed in contact with a strong

magnetic �eld which is the casee.g. for the nuclear paramagnetic moment used in NMR.

And there is ferromagnetism which arises from an exchange interaction in matter itself

and therefore is primarily independent of external magnetic �elds. In nuclear magnetic

resonanceon diamagnetic samplesat room temperature only the paramagnetism of the

nuclei and the diamagnetism of the sampleare of importance.

The phenomenonof nuclear magnetic resonancehas been �rst observed by I.I. Rabi

[9] in molecular beams. Afterw ards F. Bloch [10] and E.M. Purcell [11] independently

developed the method for its application to the solid state. The phenomenonis based

on the resonant interaction of a radiofrequency �eld with the sample placed in a strong

external magnetic �eld. In order to depict the way this resonanceoccursseveral approaches

exist. The two most common descriptions go back to the discoverersof nuclear magnetic

resonance.Bloch is describing the phenomenonby the resonant interaction of a magnetic

dipole oscillating in a strong magnetic �eld with a tuned coil surrounding the sample

[12]. The induced current in the coil is changed [4, 13] when the resonancefrequency is

hit. Purcell's description [11, 14] usesa di�eren t picture where the absorption of energy

quanta is leading to transitions betweenenergylevels,which happenswhen the irradiation

frequencymatches the energy di�erence �E = ~! betweentwo energyeigenstatesof the

nuclear magnetic moment. Both approaches account well for the magnetic resonance

phenomenonin general, but in di�eren t ways are insu�cien t to explain the full range of

e�ects occurring in NMR.

2.1. Nuclear Magnetic Moments

The basic property in magnetic resonancespectroscopy is the behaviour of a magnetic

moment � in the presenceof a strong magnetic �eld B 0. This is most easily described

using Bloch's approach [14]. The magnetic moment � is, in a semi-classicaldescription,
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subjected to a torque N when placed in a magnetic �eld B 0

N = � � B 0 (2.1)

This torque is equal to the change in angular momentum J over time when a rotational

motion is considered

N =
d
dt

J (2.2)

Using the gyromagnetic ratio 
 [7, 15] which de�nes the relative magnitude of magnetic

moment � and angular momentum J

� = 
 J (2.3)

the equation of motion of a magnetic moment in a magnetic �eld becomes

d
dt

� = 
 � � B 0 (2.4)

Assuming the external magnetic �eld is pointing in the positive z-direction, B 0 = B0ez,

the equation of motion is solved by

� (t ) =

2

6
4

� x (t)

� y (t)

� z (t)

3

7
5 =

2

6
4

� x (0) cos! 0t � � y (0) sin ! 0t

� y (0) cos! 0t + � x (0) sin ! 0t

� z (0)

3

7
5

=

2

6
4

cos! 0t � sin ! 0t 0

sin! 0t cos! 0t 0

0 0 1

3

7
5

2

6
4

� x (0)

� y (0)

� z (0)

3

7
5 (2.5)

This can be interpreted as a rotation applied to the initial magnetic moment � (0) which

is oscillating with the so-calledLarmor frequency

! 0 = � 
 B0 (2.6)

around the direction of the external magnetic �eld at a constant angle � . At equilibrium

the energy

E = � �B 0 cos� (2.7)

of the system has to be minimal and the magnetic moment will be aligned with the

magnetic �eld B 0. However, in order to produce an observable e�ect an alternating

magnetic moment is necessary. An additional (radiofrequency) �eld B 1 that is applied

perpendicular to the static magnetic �eld B 0 causesan additional torque perpendicular

to B 0 (compare Eq. (2.1)). Becauseof the Larmor precession,this is just causing a

quivering motion of the magnetic moment if B 0 � B 1. However, if the B 1 is constantly

perpendicular to B 0 and � (t ) and thus is rotating in the xy-planeat the Larmor frequency

! 0, the magnetisation undergoes additional rotations around B 1 and a resonancee�ect
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occurs. This model is capableof describing the behaviour of an ensemble of isolated spins

quite satisfactorily but is reaching its limits when also spin-spin interactions have to be

taken into account.

It is not enoughto introduceheuristic magneticmoments in the context of atomic nuclei.

As has beenshown by N. Bohr and H.J. van Leeuwen [16] the magnetisation at thermal

equilibrium vanishesif it is described classically (i.e. no spin). Accordingly theory needs

to take into account the multitude of spin interactions. This is achieved by the profound

treatment of spin provided by quantum mechanics.

2.1.1. Spins and the Magnetic Moment

The conceptof spin was�rst introducedby Uhlenbeck and Goudsmit [17] for the electron.

Spin was later recognisedto be an intrinsic property of all elementary particles including

atomic nuclei.

An atomic nucleus contains neutrons and protons which are commonly referred to as

nucleons[7]. A nucleon is characterised by three inherent properties: mass,charge and

spin. Both neutron and proton have the spin S = 1
2 , but di�er in their values of mass

and charge [7] (mproton = 1:6726231� 10� 27 kg, mneutron = 1:6749286� 10� 27 kg, qproton =

1:60217733� 10� 19 C, qneutron = 0C). The nucleusrepresents a combination of spins that

accordingto the relative orientation of the proton and neutron spinseither add or subtract

to yield a net spin. The resulting magnetic moment is dependent on the ratio proton-to-

neutron in the nucleus(protons and neutrons have di�eren t gyromagnetic ratios 
 ) aswell

as on its excitation state. Here only ground-state nuclei need to be consideredwhich is

generally true for NMR of samplesat ambient conditions [2]: For example, the energy

di�erence between the ground state and the excited state of a 2H nucleus is � 1011 kJ
mol

which greatly exceedsany energiesused in NMR experiments (seeChapter 1, Eq. (2.7)).

There is no easy rule to tell which of the many possible combinations of protons and

neutrons form the ground-state of a nucleussincethis is dependent on the structure of the

nucleusitself. Therefore, the ground-state spin is dealt with hereasan empirical property

of an isotope. The gyromagnetic ratio 
 can be seenas a visualisation of the complex

nuclear structure as it givesthe ratio betweenthe nuclear magnetic moment and the spin

angular momentum. As can be seenin Table 2.1 on page5 the value of 
 can be either

Isotope Natural Abundance [%] Gyromagnetic ratio 
 =106
� rad

s�T

�

1H � 100 267:522
13C � 1:1 67:283
29Si � 4:7 � 53:190
31P � 100 108:394

119Sn � 8:6 � 100:317
19F � 100 251:8148

195Pt � 33:8 58:385

Table 2.1.: Gyromagnetic ratios [15] for somenuclei with spin S = 1
2 . The corresponding

Larmor frequenciescan be calculated using Eq. (2.6).
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positive or negative, describing parallel or antiparallel orientations of spin and magnetic

moment.

2.1.2. Quantum-Mechanical Description [5, 18]

Whereasin classicalmechanicsall information about the state of a physical systemis �xed

by a point in its phasespace,in quantum mechanics the state of a system is represented

by a so-calledstate vector j i , which is de�ned in a complex vector space. This vector

spaceis called Hilb ert spaceH. Following the developments of P.A.M. Dirac [19], j i is

referred to as a ket vector and h j as a bra vector. Both are de�ned in their own but dual

Hilb ert spaceand are de�ned as to contain all the information about the physical system.

Classical observables such as angular momentum J are de�ned to be represented by

linear operators, like the angular momentum operator Ĵ . Theseoperators are de�ned in

the Hilb ert spaceof the corresponding physical systemwhich is de�ned by the state vector

j i .

In general an operator acting on a state vector is not keeping the state vector in its

original form. However, there are particular kets of importance, known as eigenkets of an

operator with the property

Â ja1i = a1 ja1i

Â ja2i = a2 ja2i (2.8)
...

...
...

where a1; a2 ; � � � are scalarsand called eigenvaluesof the operator Â. The physical state

corresponding to an eigenket is called eigenstate. From this it is clear that the vector

spaceover which an operator Â is de�ned is spannedby the N -dimensional basis of its

eigenkets jai i . Further it is postulated that all observablesare represented by hermitian

operators Â

Â � Ây (2.9)

and hencehave purely real eigenstates. Eq. (2.9) also implies that the set of eigenkets

fj ai ig forms an orthonormal basisof the Hilb ert spaceand therefore obeys

hai j aj i = � ij (2.10)

This is a reasonablepostulate sincewe identi�ed operators with the classicalobservables

and therefore the value measuredcorresponds to the eigenvaluesai which in turn have to

be real. Using this, any arbitrary ket j i can be linearly expandedas

j i =
X

i

jai i hai j j i

=
X

i

cai jai i (2.11)

in the basisof the eigenkets jai i of the operator Â, wherecai are in generalcomplexscalars.
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Looking at Eq. (2.11)
^� ai � jai i hai j (2.12)

can be interpreted asa projection operator which, becauseof the completenessof the basis

jai i , ful�ls X

i

jai i hai j = � dim (Â) (2.13)

Â is easiestrepresented as a matrix in the basisof its eigenstates.

Â =
X

i

X

j

jai i
D

ai

�
�
� Â jaj

E
haj j

Â ij = aj hai j aj i � ij (2.14)

In general this it not the caseand also o�-diagonal elements of Â are non-zero.

The measurement of an observable Â of a system in state j i puts the system into the

state jai i

D
 

�
�
� Â j 

E
=

X

i

h j ai i
D

ai

�
�
� Â jaj

E
haj j  i

= ai jhai j  i j2 (2.15)

yielding the eigenvalue ai . Every following measurement on the same system will now

yield the sameeigenvalue since j i (Eq. (2.11)) has been reduced to one eigenstate jai i

of the operator Â (state reduction). The probabilit y of measuring the eigenvalue ai on a

system in state j i is given in accordancewith Eq. (2.15) by

jhai j  i j2 = jci j
2 (2.16)

The time evolution of a state j (t)i is given by the time-dependent Schr •odinger equation

i~
@
@t

j (t)i = Ĥ j (t)i (2.17)

where the Hamilton operator Ĥ (p̂; q̂) is derived from the classical Hamilton function

H (p; q) by replacing the canonicalconjugatevariablesby operators (correspondenceprin-

ciple).

The equation of motion for a particle in a magnetic �eld B 0 with a potential A is

i~
@
@t

j (t)i =
1

2m
�̂ 2 j (t)i (2.18)

�̂ = p̂ � eÂ (2.19)

where �̂ is a generalisedcanonical momentum. While this equation is readily capableof

describing the orbital angular momentum L̂ , it does not yet involve the intrinsic spin Ŝ

of the nucleus. Motiv ated by Stern-Gerlach experiments which suggestedthe existence

of operators that have two eigenstates,Pauli introduced the so-calledPauli spin matrices

[20, 5]
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�̂ x =

 
0 1

1 0

!

�̂ y =

 
0 � i

i 0

!

�̂ z =

 
1 0

0 � 1

!

(2.20)

that obey the following rules

[�̂ i ; �̂ j ]� = i� ij k �̂ k (2.21)

[�̂ i ; �̂ j ]+ = 2� ij � 2 (2.22)

�̂ 2
i =

� 2 (2.23)

Eq. (2.22), the anticommutator, is special for spins S = 1
2 (fermions) and Eq. (2.21) is

de�ning an angular momentum algebra. Pauli replaced the classicalgeneralisedmomen-

tum �̂ in Eq. (2.18) by �̂ �̂ using the Pauli spin matrices, yielding

i~
@
@t

j (t)i =
1

2m

�
�̂ 2 � ~e(�̂ B 0

�
j (t)i (2.24)

i~
@
@t

j (t)i =
�

Ĥ � + Ĥ S
�

j (t)i (2.25)

Now the �rst term Ĥ � describes the classical generalisedmomentum �̂ of the particle,

which will be neglectedfrom now on sinceany orbiting motion of the nucleus itself shall

be neglected.The secondterm is describingan angular momentum and can be written as

Ĥ S = �
~e
2m

�̂ B 0

= � 
 SŜB 0 (2.26)

where 
 S is the quantum-mechanical gyromagnetic ratio. It is important to mention that

the quantum mechanical gyromagnetic ratio is not given exactly by ~e
2m (seeSection2.1.1).

Eq. (2.26) givesthe key to the correspondenceprinciple to convert the classicalmagnetic

moment to the quantum mechanical operator

� ! 
 S~Ŝ (2.27)

Ŝ will from now on be referred to as spin operator which ful�ls, together with its corre-

sponding eigenstatesjS;mS i , the following eigenequations

Ŝz jS;mS i = ~mS
�
�S;m0

S

�
� mS m0

S
S =

1
2

; � S � mS � S (2.28)

Ŝx jS;mS i = ~mS
�
�S;m0

S

�
� mS m0

S � 1 (2.29)

Ŝy jS;mS i = � i~mS
�
�S;m0

S

�
� mS m0

S � 1 (2.30)

Ŝ2 jS;mS i = ~2S(S + 1)
�
�S;m0

S

�
� mS m0

S
(2.31)

where jS;mS i are the two common eigenstatesof both the squaredspin operator Ŝ2 and

its z-component. Ŝ2 and Ŝz together form the complete set of compatible observablesof

a spin S = 1
2 . It follows that every possibleorientation of spin Ŝ must be representable

by a linear superposition of the two eigenstatesof Ŝ2 and Ŝz. The most generalstate of

8



a spin S = 1
2 , represented in the eigenbasisde�ned by Eq. (2.28), is

j i = c+ 1
2

�
�
�
�
1
2

; +
1
2

�
+ c� 1

2

�
�
�
�
1
2

; �
1
2

�
(2.32)

where the phasefactors c� 1
2

are related as

c+ 1
2

c� 1
2

=
cos �

2

ei � sin �
2

(2.33)

and � and � are the azimuth and altitude of the spin orientation. Thus, Eq. (2.32)

describes what is called a coherent superposition (coherence)of the eigenstates
�
� 1

2 ; + 1
2

�

and
�
� 1

2 ; � 1
2

�
. For example, j� i = 1p

2

�
� 1

2 ; + 1
2

�
+ 1p

2

�
� 1

2 ; � 1
2

�
is describing a spin pointing in

the positive x-direction.

The solution to the Schr•odinger equation of a single spin in a magnetic �eld is

i~
@
@t

j i = � 
 ŜzB0 j i (2.34)

with

j i = e
i
~ 
 Ŝz B 0 t jS;mS i = e� i

~ ! 0Ŝz t jS;mS i (2.35)

where B 0 = B0ez and ! 0 = � 
 B0 (compare Eq. (2.6)).

This is as far as one can go with a single spin. When being concernedwith more than

one spin all degreesof freedom (eigenstates)of every spin need to be preserved and the

common Hilb ert spaceis constructed by combining the Hilb ert spacesof the single spins

by a tensorial product

H = HS1 � HS2 � : : : (2.36)

where the dimension of the new Hilb ert spaceis (2S1 + 1) � (2S2 + 1) � : : : and the Hamil-

tonian for two uncoupled spins readsas

Ĥ S1S2 = ! S1
0 Ŝ1z � � 2 + � 2 � ! S2

0 Ŝ2z (2.37)

When combining the two Hilb ert spacesof the spin operators Ŝ1 and Ŝ2

Ŝ = Ŝ1 � � 2 + � 2 � Ŝ2 (2.38)

there exist two setsof mutually compatible observablesand their respective eigenstates

Ŝ2
1 jS1S2; mS1mS2i = ~2S1 (S1 + 1) jS1S2; mS1mS2i (2.39)

Ŝ1z jS1S2; mS1mS2i = ~m1 jS1S2; mS1mS2i (2.40)

Ŝ2
2 jS1S2; mS1mS2i = ~2S2 (S2 + 1) jS1S2; mS1mS2i (2.41)

Ŝ2z jS1S2; mS1mS2i = ~m2 jS1S2; mS1mS2i (2.42)
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and

Ŝ2
1 jS1S2; SmS i = ~2S1 (S1 + 1) jS1S2; SmS i (2.43)

Ŝ2
2 jS1S2; SmS i = ~2S2 (S2 + 1) jS1S2; SmS i (2.44)

Ŝ2 jS1S2; SmS i = ~2S (S + 1) jS1S2; SmS i (2.45)

Ŝz jS1S2; SmS i = ~m jS1S2; SmS i (2.46)

for which

mS = mS1 + mS2

and

jS1 � S2j 6 S 6 S1 � S2

is true. The basekets of thesetwo setsfor two spins S1 = 1
2 and S2 = 1

2 are related by

jS1S2; S = 1; mS = 1i =

�
�
�
�S1S2;

1
2

;
1
2

�
(2.47)

jS1S2; S = 1; mS = 0i =
1

p
2

� �
�
�
�S1S2;

1
2

; �
1
2

�
+

�
�
�
�S1S2; �

1
2

;
1
2

� �
(2.48)

jS1S2; S = 0; mS = 0i =
1

p
2

� �
�
�
�S1S2;

1
2

; �
1
2

�
�

�
�
�
�S1S2; �

1
2

;
1
2

� �
(2.49)

jS1S2; S = 1; mS = � 1i =

�
�
�
�S1S2; �

1
2

; �
1
2

�
(2.50)

Finally it is useful to make the distinction betweencaseswhere spins are indistinguish-

able, the so-calledhomonuclear case

h
Ŝ1i ; Ŝ2j

i
= i~� ij kŜk ; (2.51)

and the caseof distinguishable spins, the so-calledheteronuclear case

h
Ŝ1i ; Ŝ2j

i
= 0 (2.52)

Up to this point no interactions betweenspinshavebeenconsideredand the Hamiltonian

Ĥ S contains no structural information at all. In the following Section a closer look at the

nuclear spin interactions will be taken.

2.2. Nuclear Spin Interactions [1, 2, 14, 21]

Since the spin has no classicalanalogueit is not immediately possible to apply a corre-

spondenceprinciple enabling the transition from the classicalinteraction described by the

Hamilton function to the quantum mechanical Hamilton operator Ĥ . But Eq. (2.26) which

describes a spin - magnetic �eld interaction suggeststhe conversion � ! ~
 Ŝ from the

classicalmagnetic moment to the quantum mechanical spin term. Thus, in the following

spin-interaction terms will be derived from classicalmagnetic interactions. From classical

electrodynamics and especially from the Maxwell equations[4] it follows that every inter-
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action of magnetic moments amongst themselvesor with magnetic �elds can be described

by tensorsof rank two mediating a two-body interaction.

The Hamilton operator Ĥ usedto describe a systemof interacting spinsunder the in
u-

enceof a strong external magnetic �eld B 0 can be structured into di�eren t parts according

to the nature of the interactions. First there are the interactions of a spin with magnetic

�elds applied to the samplewhich are described by so-calledexternal Hamiltonians, and

secondthere are the interactions of a spin with magnetic moments that are contained in

the sampleitself and theseare described by so-calledinternal Hamiltonians.

Since the description of magnetic moments in the magnetic �eld leads to rotational

motion (seeSection 2.1) it is convenient to write Hamiltonians in dimensionsof angular

velocity
�h

Ĥ
i

=
� rad

s

� �
after conversion from energyunits by dividing the Hamiltonian Ĥ

by ~.

2.2.1. Zeeman Interaction

The only parameters the external Hamiltonian in Eq. (2.26) is dependent on are the

gyromagnetic ratio 
 S and the spin quantum number S which are the samefor all spins

of the sameisotope. The interaction of � with B 0 is called the Zeemaninteraction and

its Hamilton function is (seeEq. (2.7))

H Z = � �B 0 (2.53)

where the Hamilton operator becomes

Ĥ Z = � 
 S � Ŝ � � 3 � B 0 (2.54)

and where the external magnetic �eld will always be assumedto be B 0 = B0ez. Ŝ =

Ŝxex + Ŝyey + Ŝzez is the spin operator of spin S = 1
2 and � 3, is a unit tensor of dimension

3 introduced to permit describing all interactions by tensors.

As pointed out in Section2.1 nuclear magnetic moments in a magnetic �eld are rotating

at the Larmor frequency! 0=2� around the magnetic �eld B0ez. Sincethe nucleonsmaking

up the nucleusdo not only carry spin (magnetic moment) but also charge (protons) one

also has to consider the interaction of a rotating charge distribution with the external

magnetic �eld. For spin S = 1
2 nuclei the chargedistribution in the nucleusis spherical so

any rotation of the nucleuscannot introduce additional magnetic e�ects. For nuclei with

S > 1
2 the charge distribution is generally not spherical and additional interactions are

present (quadrupolar interaction).

2.2.2. Chemical Shielding

The magnetic �eld at the nucleusis equal to an external magnetic �eld B 0 only for a naked

atomic nucleus. In matter, B 0 induces magnetic moments in the electron distribution

surrounding the nuclei which leads to a local magnetic �eld B loc that can be written as

11



the sum of the external �eld B 0 and the induced �eld B CS

B loc = B 0 + B CS

= (1 + CS)B 0 (2.55)

The tensor CS is describing the orientation dependent chemical shielding interaction of a

spin Ŝ. This contribution is dependent on the electronic environment of the nuclear spin

and by this carries information about chemical bonding and structure. In diamagnetic

samples the magnitude of the chemical shielding interaction is about 10� 4 to 10� 9 of

the Zeemaninteraction. It is typically in the range of about 100Hz to 100kHz for both

isotropic and anisotropic shielding e�ects (CSiso � CSaniso) [22]. It increasesgenerally for

isotopesof increasingly heavy elements. In introducing this chemical shielding interaction

the spin Hamiltonian can be written as

Ĥ = H Z + H CS (2.56)

Ĥ = � 
 SŜ (1 + CS) B 0 (2.57)

with

Ĥ CS = � 
 S � Ŝ � CS � B 0 (2.58)

being the chemical shielding term of the spin Hamiltonian.

2.2.3. Direct Dipolar Coupling Interaction

If two spins are spatially close to each other their nuclear magnetic moments exhibit a

mutual dipolar magnetic interaction which is called direct dipolar coupling. Accordingly

the Hamilton function of a pair of spins Ŝ1, Ŝ2 in spatial proximit y to each other has a

contribution independent of the external magnetic �eld

H D 12 =
� 1� 2 � 3(� 1e12) (� 2e12)

jr 12j3
(2.59)

with r 12 = r 2 � r 1 = jr 12j e12. Using the correspondenceprinciple, this interaction can be

described by a dipolar coupling tensor D12 as

Ĥ D 12 = � b12

h
Ŝ1Ŝ2 � 3

�
Ŝ1e12

� �
Ŝ2e12

�i
(2.60)

Ĥ D 12 = � b12 � Ŝ1 � D12 � Ŝ2 (2.61)

with the direct dipolar coupling constant

b12 = �
� 0
 S1 
 S2 ~

4� jr 12j3
(2.62)

in units of
� rad

s

�
. � 0 = 4� � 107 Vs

Am is the vacuum permeability and D12
ij = � ij � 3e1i e2j the

dipolar coupling tensor using the Kronecker � ij tensor. Typical valuesof b12=2� are given
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in Table 2.2 on page13

Distance [pm] b12=2� [Hz] b12=2� [Hz] b12=2� [Hz]�
13C; 13C

	 �
13C; 1H

	 �
1H; 1H

	

140 -2767 -11001 -43772
200 -949 -3775 -15014
300 -281 -1119 -4449
400 -118 -472 -1877
550 -46 -182 -722

Table 2.2.: Sometypical interatomic distancesand the corresponding direct dipolar cou-
pling constants b12=2� for

�
13C; 13C

	
,

�
13C; 1H

	
,

�
1H; 1H

	
spin pairs.

2.2.4. Indirect Dipolar Coupling Interaction

Nuclearmagneticmoments interact not only by meansof the direct (through space)dipolar

coupling. They are also in
uenced by dipolar interactions mediated by the electrons

involved in the chemical bond between the two corresponding atoms. This coupling is

called J coupling or indirect dipolar coupling

H J12 = � 1J12� 2 (2.63)

Ĥ J12 = 
 S1 
 S2 Ŝ1 � J12 � Ŝ2 (2.64)

Typical magnitudes of J12
iso are about 1Hz to 1kHz [23, 24, 25, 26, 27, 28, 29]. The

anisotropic part J12
aniso has the same mathematical form as the direct dipolar coupling

tensor D12. Therefore, it is generally di�cult to distinguish contributions from J12
aniso and

D12. There are only few caseswhereJ12
aniso hasbeendetermined unambiguously, leading to

values that are generally of the order of the corresponding isotropic J -coupling constant

(J12
iso � J12

aniso) [23, 24, 25, 30, 26, 27, 28, 29].

2.2.5. High-Field Approximation and Rotating Frame of Reference

The Zeemaninteraction of a spin S with an external magnetic �eld is several orders of

magnitude (compare Subsections2.2.1 to 2.2.4) larger than the contribution of all other

terms in the Hamiltonian. This makes it possible to apply a perturbation approach [5]

which splits the Hamiltonian Ĥ into a part Ĥ 0 which is commuting with the Zeeman

interaction Ĥ Z , and a perturbation part Ĥ 1 which doesnot commute with Ĥ Z

Ĥ = Ĥ 0 + Ĥ 1 (2.65)

SinceĤ 0 and the ZeemanHamiltonian Ĥ Z commute, they sharea common set of eigen-

states
�
� � Z

�
= exp

�
i! 0Ŝzt

�
(Eq. (2.35)) and the perturbation up to �rst order can be
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written as

Ĥ = Ĥ (0) + Ĥ (1) + : : : (2.66)

Ĥ (0) = Ĥ 0 (2.67)

Ĥ (1) = e� i ! 0Ŝz t Ĥ 1ei ! 0Ŝz t (2.68)

The Larmor frequency! 0 = � 
 SB0 in the �rst perturbation term dependslinearly on the

strength of the magnetic �eld. Hencethe small �rst order perturbation terms are 
uctuat-

ing rapidly if B0 is large and can then safely be neglected. This high-�eld approximation

is generally applicable for spin S = 1
2 systemsbut sometimesneedsto be reconsideredfor

spins with higher quantum numberswhen quadrupolar interactions comeinto play.

The Hamiltonian within the limits of the high-�eld approximation Ĥ = Ĥ 0 is dominated

by the Zeemaninteraction. However, ascanbeseenfrom the spin-interaction Hamiltonians

(Section 2.2.1to 2.2.4) most of the information is contained not in the Zeemanterm but in

the remaining terms of the Hamiltonian. In order to accessthis information in a convenient

way and without having to deal with the contributions of the Zeemanterm it is common

practise to apply a coordinate transformation to a suitable referenceframe [21, 31]. Here

this is accomplishedby a transformation to a frame rotating at the Larmor frequency

about the z-direction of the magnetic �eld. The Hamiltonian in the rotating frame Ĥ R is

then

Ĥ R = Ĥ 0 � ! 0Ŝz (2.69)

The contribution of the Zeeman interaction Ĥ Z = ! 0Ŝz to the high-�eld Hamiltonian

Ĥ 0 in the rotating frame is cancelledand Ĥ R just dependson the more informativ e spin

interactions. The high-�eld approximation and the rotating frame of referencewill be used

from now on and the Hamiltonian Ĥ R will be referred to as Ĥ .

2.2.6. Representations of Nuclear Spin Interactions

All Hamiltonians in Eqs. (2.54), (2.58), (2.61), and (2.64) exhibit a common structure

[32, 33]

Ĥ � = C � U � A � � V (2.70)

where � is Z , CS, D or J for Zeeman, chemical shielding, direct dipolar coupling or

indirect dipolar coupling interactions, respectively. A � is the tensor corresponding to the

interaction � . U , V are either a spin operator Ŝi or the external magnetic �eld B0ez,

depending on the interaction � . C � is a constant factor. Expanding the Hamiltonian in a

Cartesian basis

Ĥ � = C �
3X

u

3X

v

h1j U jui hu j Ajvi hv j V j1i with u; v 2 f x; y; zg

= C �
3X

u

3X

v

hu j Ajvi hv j V j1i h1j U jui (2.71)
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the Hamiltonian can be further simpli�ed

Ĥ � = C � A � � X

= C �
3X

u;v

AuvXvu (2.72)

which is equal to the scalar product between the interaction tensor A � and a tensor X,

where X is de�ned as the dyadic product

X = V � U (2.73)

Xij = Vi Uj (2.74)

such that a Cartesian tensor of rank 2 is directly obtained. The Hamiltonian is now a

scalar product of two Cartesian secondrank tensors.

Generally tensors are de�ned, in a rather unintuitiv e way, by the transformation be-

haviour of an object under rotation. The di�cult y with Cartesian tensors such as X is

that they are reducible | that is, they can be decomposed into objects that transform

di�eren tly under rotations. Xij an be written as

Ui Vj =
1
3

Tr f U � V g� ij
| {z }

scalar

+
1
2

(Ui Vj � Uj Vi )
| {z }

vector

+

+
1
2

�
Ui Vj + Uj Vi �

2
3

Tr f U � V g� ij

�

| {z }
matrix

(2.75)

which corresponds to the irreducible decomposition of Ui Vj with respect to the three

dimensional rotation group SO(3) [34]. The �rst summand, Tr f U � Vg is clearly a scalar

product and thereforeinvariant under rotations. The secondsummandis an antisymmetric

tensor which can be written as � ij k (U � V )k and therefore behaves like a vector under

rotations [5, 34]. The third summand is a symmetric tensor of rank 2 and therefore

transforms like a matrix. For this reasonit would be preferable to write the secondrank

tensorsA � and X in terms of components that always transform equally under rotations

(see Section 2.2.6.1). The antisymmetric component of X is not commuting with the

Zeemaninteraction, leading to the suppressionof all terms of rank 1 of X and A � in the

high-�eld approximation.

A � can be broken up in the sameway as X into rank 0 and rank 2 irreducible terms.

Since the interaction tensors represented by A � are describing the physical properties of

the di�eren t interactions, it is convenient to de�ne someparametersthat re
ect the shape

of the interactions (isotropic, anisotropic) in a direct way [35]. In its principal axessystem
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(PAS) representation the interaction tensor can most easily be written as

A � (PAS) =

0

B
@

! �
xx 0 0

0 ! �
yy 0

0 0 ! �
zz

1

C
A

= ! �
iso

0

B
@

1 0 0

0 1 0

0 0 1

1

C
A + ! �

aniso

0

B
@

� 1
2

�
� � + 1

�
0 0

0 1
2

�
� � � 1

�
0

0 0 1

1

C
A (2.76)

where ! �
iso, ! �

aniso, and � � are de�ned as

! �
iso =

1
3

Tr
n

A �
o

(isotropic value) (2.77)

! �
aniso = ! �

zz � ! �
iso (anisotropy) (2.78)

� � =
! �

yy � ! �
xx

! �
aniso

(asymmetry parameter) (2.79)

Together with the ordering of the eigenvaluesof A � according to [35]

�
�
�! �

zz � ! �
iso

�
�
� �

�
�
� ! �

xx � ! iso

�
�
� �

�
�
� ! �

yy � ! �
iso

�
�
� (2.80)

the shape of the interaction tensors is now parameterisedin a meaningful way.

2.2.6.1. Rotational Properties of Nuclear Spin Interactions

The rotation of a Cartesian tensor A(X ; Y; Z ) from the coordinate systemf eX ; eY ; eZ g to

the systemwith the basis f ex ; ey ; ezg is generally described using the rotation matrix R

A (x; y; z) = R A(X ; Y; Z ) R � 1 (2.81)

The general form of theserotation operators is [34]

R̂n (' ) = e� i
~ ' n Ĵ (2.82)

Here Ĵ is a generalisedangular momentum operator that is the generator of rotation in

its Hilb ert space. HenceĴ ! L̂ is the orbital angular momentum operator for rotations

in real spaceand Ĵ ! Ŝ is the spin operator generating rotations in spin space. n is

a normal vector pointing along the rotation axis and ' is the rotation angle. Rotation

operators are most conveniently usedwhen describing rotations around the principal axes

of the tensor. It is advantageousto make useof Euler's theorem [34], stating that every

rotational transformation of a tensor can be uniquely de�ned by three successive rotations

that generally do not commute. Using this theorem Eq. (2.81) can be written as

A � (x; y; z) = R̂ (' ) A � (X ; Y; Z )R̂ (' )y

= R̂ (�; � ; 
 ) A � (X ; Y; Z )R̂ (�; � ; 
 )y (2.83)
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with R̂ (�; � ; 
 ) being either

R̂z;y0;Z (�; � ; 
 ) = e� i
~ Ĵz 
 e� i

~ Ĵy 0� e� i
~ ĴZ � (2.84)

or

R̂Z;Y;Z (�; � ; 
 ) = e� i
~ ĴZ � e� i

~ ĴY � e� i
~ ĴZ 
 (2.85)

depending on the de�nition of the rotation axes. R̂z;y0;Z (�; � ; 
 ) is describing the three

rotations about the body-�xed axes f z; y0; Z g of the tensor, while R̂Z;Y;Z (�; � ; 
 ) is de-

scribing the samerotation, but around the space-�xed axesf Z; Y; Z g.

So far the representation of the interaction tensors is Cartesian whereasthe represen-

tation of the rotation operators (Eqs. (2.84), (2.85)) is not yet de�ned. R̂ and R̂y are

functions of the angular momentum operator Ĵ and sincewe are concernedprimarily with

the rotation properties of the interaction tensors, it seemsa good idea to represent R̂

and R̂y in a basis most suitable for rotations. This basis is given by the eigenvectors of

the angular momentum operator Ĵ which in the caseof orbital angular momentum L̂ , is

given by the spherical harmonic functions Y m
l (� ; ' ) [34]. The Y m

l (� ; ' ) form a complete

orthogonal basisand therefore are suitable as a set of basisfunctions. Expanding e.g. the

tensor A � in this spherical basis it then transforms as a set of its (2l + 1) components

under the (2l + 1) dimensional representation of the rotation group SO(3) [34] as

A�;m
l (AAS) = R̂

�
� � ; � � ; 
 �

�
A�;m

l (PAS)R̂y
�

� � ; � � ; 
 �
�

=
lX

m0= � l

D l
m0m (� � ; � � ; 
 � )A�;m 0

l (PAS) (2.86)

D l
m0m (�; � ; 
 ) are the Wigner rotation matrix elements [34] and A�;m 0

l the tensor com-

ponents of tensor A � of rank l in its spherical representation. Using the fact that the

eigenstatesjl ; mi of L̂ 2 are also eigenstatesof L̂ Z , the Wigner matrix elements can be

written as

D l
mm 0 (�; � ; 
 ) =

D
l; m0

�
�
� e� i

~ L̂ Z � e� i
~ L̂ Y � e� i

~ L̂ Z 
 jl ; m
E

(2.87)

D l
mm 0 (�; � ; 
 ) = e� i�m 0

dl
m0m (� ) e� i
 m (2.88)

where the dl
m0m (� ) =

D
l; m0

�
�
� e� i

~ L̂ Y � jl ; m
E

are the reduced Wigner rotation matrix ele-

ments [34] (seeTable 2.3 on page18). Spherical tensor components are de�ned, according

to Racah [36], as objects Tm
l which obey Eqs. (2.89) to (2.91)

h
Ĵz ; Tm

l

i

�
= qTm

l (2.89)
h
Ĵ� ; Tm

l

i

�
=

p
(l � m) (l � m + 1)Tm� 1

l (2.90)

[Tm
l ]y = (� 1)T � m

l (2.91)

where Ĵ is an angular momentum operator ful�lling the commutation rule in Eq. (2.21).
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m = � 2 m = 0 m = 2

m0 = � 2 cos4 � =2
p

3=8sin2 � sin4 � =2
m0 = � 1 � 1=2sin � (cos� + 1)

p
3=2sin� cos� � 1=2sin � (cos� � 1)

m0 = 0
p

3=8sin2 � 1=2
�
3cos2 � � 1

� p
3=8sin2 �

m0 = 1 1=2sin � (cos� � 1) -
p

3=2sin� cos� 1=2sin � (cos� + 1)
m0 = 2 sin4 � =2

p
3=8sin2 � cos4 � =2

Table 2.3.: ReducedWigner matrix elements d2
m0m (� ) [34]

Using this set of rules the spherical tensor components of X are

X0
0 =

1
3

U V =
1
3

(U+ V� + U� V+ + UzVz) (2.92)

Xm
1 =

1

i
p

2
(U � V )m (2.93)

X� 2
2 = U� V� (2.94)

X� 1
2 =

1
p

2
(U� Vz + UzV� 1) (2.95)

X0
2 =

1
p

6
(U+ V� � 2UzVz + U� V+ ) (2.96)

2.2.6.2. Spherical Representation of Interaction Hamiltonians

As demonstratedabove, the representation of an interaction tensor is most straightforward

in its principal axessystem (PAS). The irreducible spherical components can be written

as functions of the parametersde�ned in Eqs.(2.77) to (2.79) as

A0;�
0 (PAS) = �

p
3! �

iso (2.97)

A0;�
2 (PAS) =

r
3
2

! �
aniso (2.98)

A� 1;�
2 (PAS) = 0 (2.99)

A� 2;�
2 (PAS) = �

1
2

� � ! �
aniso (2.100)

However, the Hamiltonian is usually dependent on multiple spin interactions represented

by interaction tensorswhich in generaldo not sharea commonprincipal axessystem. This

makesit necessaryto rotate tensorsfrom their PAS to several generalaxessystems(AAS)

by using setsof Euler angles
 �
PA =

�
� �

PA ; � �
PA ; 
 �

PA

	
[34]

A0;�
2 (AAS) = �

p
3! �

iso (2.101)

Am;�
2 (AAS) =

r
3
2

! �
anisoD2

0m

�

 �

PA

�
�

1
2

� � ! �
anisoD2

� 2m

h�

 �

PA

�
+ D2

2m

�

 �

PA

�i
(2.102)

The tensor X represents the magnetic �eld B 0ez (see Eq. (2.72)) and thus relates the

tensor directly to the laboratory frame (LAB). This makes it reasonableto use LAB as
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the �nal and common axessystemand the Hamiltonian can then be written as

Ĥ (LAB) =
X

�

C � A� (LAB) � X� (LAB ) where � 2 f Z i ; CSi ; D ij ; J ij g

=
X

�

C �
2X

l=0

lX

m= � l

(� 1)m Am;�
l (LAB )X� m;�

l (LAB )

=
X

�

� C �
p

3! �
isoX0

0 + C �
X

m

(� 1)m Am;�
2 (LAB )X� m

2 (2.103)

However, in solid state NMR usually several axes systemsare involved (molecular axes

system, crystal axessystem, etc.) making it necessaryto expresstensors in thesevarious

axessystems. Generally transformations will start with the respective PAS of the tensor

and end in the laboratory frame LAB

A � (PAS)

 �

PL� � � � � � � � � �!
f � �

PL ;� �
PL ;
 �

PL g
A � (LAB) (2.104)

A direct rotation to LAB is not always desirablenor is it always possible.Often it is better

to have interaction-dependent rotations 
 �
PA to a common system (AAS) that is related

to the LAB by a unique set of angles
 AL

A � (PAS)

 �

PA� � � � � � � � � � !
f � �

PA ;� �
PA ;
 �

PA g
A � (AAS)


 AL� � � � � � � � � !
f � AL ;� AL ;
 AL g

A � (LAB) (2.105)

For example, the direct dipolar coupling tensor D is directly related to the internuclear

distance between two interacting spins and therefore connectsdirectly to a molecule- or

crystal-�xed axessystem. This, in turn makesit often convenient to expressthe chemical

shielding tensor in relation to the PAS of D.

A look at X in Eqs. (2.92) to (2.96) shows that only terms with X0
l commute with the

Zeemaninteraction and the Hamiltonian is

Ĥ � = � C �
p

3! �
isoX0

0 + C � A0;�
2 (AAS) X0

2 (2.106)

where the two components of X for the chemical shielding are (where U ! Ŝ, V ! B0ez,

and � = CSi )

X0
0 = �

1
p

3
B0Ŝz (2.107)

X0
2 =

r
2
3

B0Ŝz (2.108)

For the direct and the indirect dipolar coupling (where U ! Ŝ1, V ! Ŝ2, and � =

D ij or J ij ) the X0
l terms become

X0
0 = �

1
p

3

�
Ŝ1zŜ2z +

1
2

�
Ŝ1+ Ŝ2� + Ŝ1� Ŝ2+

� �
(2.109)

X0
2 =

1
p

6

�
2Ŝ1zŜ2z �

1
2

�
Ŝ1+ Ŝ2� + Ŝ1� Ŝ2+

� �
(2.110)
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The generalstructure of the Hamiltonians can now be be written as

Ĥ CSi = ! CSi

�
! CSi

iso ; ! CSi
aniso; � CSi ; � CSi

PL ; � CSi
PL ; 
 CSi

PL

�
Ŝiz (2.111)

Ĥ D ij = ! D ij

�
bD ij ; � D ij

PL ; � D ij
PL ; 
 D ij

PL

� �
2Ŝiz Ŝj z �

1
2

�
Ŝi + Ŝj � + Ŝi � Ŝj +

� �
(2.112)

Ĥ J iso
ij = ! J iso

ij

�
2Ŝiz Ŝj z +

1
2

�
Ŝi + Ŝj � + Ŝi � Ŝj +

� �
(2.113)

Ĥ J aniso
ij = ! J aniso

ij

�
! J ij

aniso; � J ij � J ij
PL ; � J ij

PL ; 
 J ij
PL

� �
2Ŝiz Ŝj z �

1
2

�
Ŝi + Ŝj � + Ŝi � Ŝj +

� �
(2.114)

For heteronuclear coupling interactions in addition the commutation relation Eq. (2.52) is

valid and the Hamiltonian for thesespin-spin couplings can be further simpli�ed to

Ĥ D ij = ! D ij

�
bD ij ; � D ij

PL ; � D ij
PL ; 
 D ij

PL

�
2Ŝiz Ŝj z (2.115)

Ĥ J iso
ij = ! J iso

ij Ŝiz Ŝj z (2.116)

Ĥ J aniso
ij = ! J aniso

ij

�
! J ij

aniso; � J ij � J ij
PL ; � J ij

PL ; 
 J ij
PL

�
2Ŝiz Ŝj z (2.117)

In NMR the term \heteronuclear" is used as a description of two spins that have a sub-

stantial chemical shielding di�erence (di�eren t resonancefrequencies)compared to the

magnitude of internuclear (dipolar) couplings. Sometimeseven spin systemscomposedof

identical isotopescan be described su�cien tly well by the simpler heteronuclear coupling

Hamiltonians.

2.3. Time Dependence

So far the Hamilton operator in the Schr•odinger equation of motion

i
@
@t

j i = Ĥ j i (2.118)

is time-independent and the corresponding state vector j i is stationary. However, in or-

der to accessthe information described by the Hamiltonian it is necessaryto interact with

the spinswhich rendersthe Hamiltonian time-dependent. Here a quite unique property of

the Hamiltonian of NMR comesinto play. The weaknessof the NMR interactions makes

it possible to easily in
ict perturbations on the system that tailor the system in a way

that is impossible in many other spectroscopictechniques. The tools to manipulate the

Hamiltonian externally are generallyof two categories,inherent in the generalstructure of

the Hamiltonian in Eq. (2.72). The perturbations to the interaction tensorsA � are gener-

ally of spatial character, while the spin part X is modi�ed by electromagneticinteractions

with the magnetic moment.

The description of time dependencein quantum mechanics is dealt with by meansof

time-evolution operators Û [5]. It is in the sameway that angular momentum operator Ĵ

is the generatorof rotation that the Hamilton operator Ĥ is the generatorof time evolution

(seeEq. (2.35)). The expectation value of a generaloperator Ô (observable) is according
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to Eq. (2.15)

D
Ô

E
=

D
 

�
�
� Ôj 

E
(2.119)

where time evolution of the expectation value is described by the unitary time-evolution

operator Ûy = Û � 1

D
Ô

E
=

D
 

�
�
� ÛyÔÛj 

E
(2.120)

This equation can be interpreted in two ways. The operator Û can either be seenasacting

on the state vector

j i ! Û j i (2.121)

and therefore describing the time dependenceof the state ket (j (t)i = Û j (t0)i ) while

the operator stays time-independent. Or, analogousto the caseof rotations, it can be seen

as describing the time evolution of the operator

Ô ! ÛyÔÛ (2.122)

where the time evolution is described by the change of Ô(t) = ÛyÔ (t0) Û and the state

vector stays constant. The �rst way to look at time evolution resemblesthe way it is dealt

with in the Schr•odinger equation and therefore is called the Schr•odinger picture. The

secondapproach is called Heisenberg picture [5].

The time-evolution operator in its most general form is

Û (t; t0) = T̂ exp
�

� i
Z t

t0

dt0Ĥ
�
t0�

�

= lim
� t ! 0

e� iĤ (t )� � t e� iĤ (t � � t ) � t � : : : � e� iĤ (t � n� t ) � t � : : : � e� iĤ (t0 )� t (2.123)

which is a short form of writing the von Neumann time series [6] and where T̂ is the

Dyson time ordering operator [37]. It is possibleto greatly simplify the operator Û (t; t0)

if certain characteristics of the Hamilton operator apply:

� If the Hamiltonian Ĥ is not explicitly time-dependent ( @
@t Ĥ = 0) then Û (t; t0) is

Û (t; t0) = exp
�

� iĤ (t � t0)
�

(2.124)

This is the casefor all the Hamiltonians so far (seeEq. (2.103)).

� If the Hamilton operator Ĥ (t) is time-dependent but is commuting with itself at

di�eren t times t and t0
h
Ĥ (t) ; Ĥ

�
t0�

i
= 0 8 t; t0 (2.125)
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then time ordering becomesredundant and the time-evolution operator becomes

Û (t; t0) = lim
� t ! 0

exp

 

� i
1X

n=0

Ĥ (t � n� t)

!

= exp
�

� i
Z t

t0

Ĥ
�
t0� dt0

�
(2.126)

A Hamilton operator such as the one in Eq. (2.126) is called inhomogeneous,while

non-commuting Hamiltonians are referred to as homogeneousfollowing the classi�-

cation of Maricq and Waugh [38].

2.3.1. Rotations in Spin Space

A classicalcoherent radiofrequency (RF) �eld oscillating along the x-direction in LAB is

described by [4]

B 1 (t) = 2B1 cos(! RF t � � ) ex (2.127)

and the corresponding RF Hamilton operator Ĥ RF (t) can be constructed in the same

way as for the Zeemaninteraction (Eq. (2.53)) by using the correspondenceprinciple (Eq.

(2.27))

Ĥ RF (t) = � 2B1 cos(! RF t � � ) 
 SŜx (2.128)

Using the fact that every linearly polarised RF �eld can be decomposed into the sum

of two circularly polarised �elds rotating in opposite directions, the Hamiltonian can be

written as

Ĥ RF (t) = � B1
 Si Ŝ [cos(! RF t � � ) ex + sin(! RF t � � ) ey| {z }
counterclo ckwise

+ (2.129)

+ cos(! RF t � � ) ex � sin(! RF t � � ) ey ]
| {z }

clockwise

(2.130)

According to the description of rotations in Eq. (2.83) it is possible to describe a spin

rotating in the xy-plane with the frequency ! RF in clockwise direction by

Ĥ RF (t) = � B1
 Si e
i ! RF Ŝz t Ŝxe� i ! RF Ŝz t (2.131)

and in the counterclockwise direction by replacing ! RF with � ! RF . Representing Eq.

(2.131) in the rotating frame leadsto

Ĥ RF
R (t) = � B1
 Se� i! 0 Ŝz t ei ! RF Ŝz t Ŝxe� i! RF Ŝz t ei! 0 Ŝz t

= � B1
 Se� i( ! 0 � ! RF )Ŝz t Ŝxei( ! 0 � ! RF )Ŝz t (2.132)

If ! 0 = ! RF (on-resonant irradiation) Ĥ RF
R (t) becomestime-independent

Ĥ RF
R = � B1
 SŜx

= ! S
1 Ŝx (2.133)

22



for the clockwise rotation. Here the amplitude of the RF irradiation �eld hasbeende�ned

as ! S
1 = � B1
 S. For the counterclockwise component the time dependencedoes not

disappear but leadsto fast oscillations with twice the Larmor frequency ! 0 and therefore

can be neglected(compare Section 2.2.5).

The amplitudes of RF irradiation �elds ! S
1 = � B1
 S generally can vary over a broad

range. In typical NMR experiments this can be of the order of 1kHz to 100kHz and

therefore is generally much smaller than the Zeemaninteraction. Compared to the spin

interactions, Ĥ RF
R can be often regarded as dominant so that a perturbation approach

truncates the Hamiltonian during the RF irradiation to Ĥ = Ĥ RF
R . This Hamiltonian is

time-independent and the corresponding time-evolution operator can easily be calculated

using Eq. (2.124) to be

Û (t) = e� i ! 1Ŝx t (2.134)

This operator describesalsorotations around the positive x-axis by an angle� = ! 1t when

consideringEq. (2.82). The time evolution of a single spin in the pure eigenstate
�
� 1

2 ; 1
2

�
is

therefore

j (t)i = e� i! 1 Ŝx t
�
�
�
�
1
2

;
1
2

�
=

0

B
@

1X

n=0

�
� i! 1Ŝx t

� 2n

n!
+

1X

n=0

�
� i! 1Ŝx t

� 2n� 1

n!

1

C
A

�
�
�
�
1
2

; +
1
2

�

= cos
�

! 1t
2

� �
�
�
�
1
2

; +
1
2

�
� i sin

�
! 1t
2

� �
�
�
�
1
2

; �
1
2

�
(2.135)

and corresponds to a spin rotating in the yz-plane as can be seenby inspection of Eq.

(2.33). The RF �eld therefore transforms the system from a pure eigenstatejS;m si into

a coherent superposition state (coherence). The expectation valuesof the spin operators

Ŝx ; Ŝy ; Ŝz are no longer time independent but become

D
Ŝx (t)

E
=

�
1
2

; +
1
2

�
�
�
� e� i ! 1Ŝx t Ŝxei ! 1Ŝx t

�
�
�
�
1
2

; +
1
2

�

= 0 (2.136)
D

Ŝy (t)
E

= sin ! 1t (2.137)
D

Ŝz (t)
E

= cos! 1t (2.138)

For example,choosinga �nite duration of the RF irradiation (pulse) such that the rotation

angle is 90� (� = ! 1t = �
2 ) the spin system is prepared to have a spin pointing into the

� y-direction.

For weaker RF amplitudes the approximation usedabove is no longer valid. The time

evolution of the spin systemunder the in
uence of the completeHamiltonian is leading to

a complex time dependenceof the systemstate vector. Especially for larger spin systems

the number of eigenstatesincreasesby (2S + 1) for each spin and therefore a plethora of

coherencescan be created [1].
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2.3.2. Rotations in Real Space

The spin operators X are not a�ected by a spatial rotation of the spin system. This can be

seenfrom the fact that the orbital angular momentum operator L̂ is commuting with any

sort of spin operator. However, rotations in real spaceare a�ecting the interaction tensors

A � . In this context rotations can be understood in a less abstract way as a physical

rotation of a spin system in real spaceand not just as a transformation between two

referenceframes. This kind of rotation can originate, for example, from the mobilit y of

the spin system within the specimenas seenfrom a microscopic point of view. But also

macroscopicrotation of the specimenitself containing the spin systemis possible[21, 31].

To describe rotations in real spaceonecan think of a rotor, represented by its rotor axis

system (RAS), which is rotated around its z-axis. Then the spin system, and therefore

also the PAS of its interaction tensorsA � are �xed and oriented to RAS by setsof Euler

angles
 PR =
�

� �
PR ; � �

PR 
 �
PR

	
. Finally the rotor itself is described in LAB by a setof Euler

angles
 RL = f ! rot t; � RL ; 0g. Here the time-dependent angle ! rot t is replacing the angle

� RL , describing the rotation around the z-axis of the rotor. � RL is the angle betweenthe

z-axis of RAS and the z-axis of LAB and therefore represents the inclination of the rotor

with respect to the magnetic �eld B0ez. The third Euler angle 
 RL hasbeende�ned to be

zero and therefore restricts the rotor axis to orientations in the xz-plane of LAB. This is

possiblesinceLAB is actually just de�ned by the direction of the vector B 0 = B0ez and

the orientation of a vector with respect to RAS is uniquely de�ned by a set of two angles.

The Hamilton operator can therefore be written as

Ĥ (LAB) =
X

�

C �
2X

l

lX

m= � l

(� 1)m A�;m
l (LAB )

�
lX

m0= � l

D l
m0;� m (! r t; � RL ; 0)

lX

m00= � l

D l
m00;m 0(
 �

PR )Xm00

l (PAS) (2.139)

The time dependenceof the spin interactions in Eqs. (2.111) to (2.114) is periodic. That

can be taken advantage of by expanding Ĥ (t) in a Fourier series

! � (t; 
 PR ) =
2X

m0= � 2

! �
(m0)e

im0! r t (2.140)

where the complex Fourier components have the symmetry ! �
(� m0) = i! �

(m0) and obey

! �
m = ! �

iso� 0m0 + ! �
aniso

�
D2

0;m 0

�

 �

PR

�
�

� �
p

6

h
D2

� 2;m 0

�

 �

PR

�
+ D2

2;m 0

�

 �

PR

�i �
d2

m0;0 (� RL )

(2.141)

Here it is important to distinguish betweencasesof homogeneousand inhomogeneous

Hamiltonians (see Eq. (2.126)). The calculation of the time-evolution operator (Eq.
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(2.126)) makesit necessaryto evaluate

Z t

t0

Ĥ
�
t0� dt0 =

Z t

t0

! � (t) + : : : dt0 =
Z t

t0

2X

m0= � 2

! �
(m0)e

im0! rot t0
+ : : : dt0

=
2X

m0= � 2

! �
(m0)

im0! rot

�
cos

�
m0! rot t0� + i sin

�
m0! rot t0� � �

� t
t0

(2.142)

Eq. (2.142) shows that if the the rotation frequency! rot is much larger than the anisotropy

of the spin interaction ! �
aniso, the Hamiltonian only depends on time-independent terms

where m0 = 0. Eq. (2.141) then reducesto

! �
m = ! �

iso + ! �
aniso

�
D2

0;0

�

 �

PR

�
�

� �
p

6

h
D2

� 2;0

�

 �

PR

�
+ D2

2;0

�

 �

PR

� i �
d2

0;0 (� RL ) (2.143)

A closer look at the reducedWigner matrix element

d2
0;0 (� RL ) =

1
2

�
3cos2 � RL � 1

�
(2.144)

shows that the matrix element exactly vanishesfor rotation angles

� RL = � MAS = arccos
�

1
p

3

�
(2.145)

A rotation about an axis inclined at an angle arccos
�

1p
3

�
to the magnetic �eld B0ez

cancelsall anisotropic parts in Eq. (2.143) and this is why � MAS is called the magic angle.

However, if the Hamiltonian Ĥ (t) doesnot commute with itself at di�eren t times (e.g. for

Hamiltonians describing homonuclear coupled spin pairs) d2
m0;0 (� RL ) contains terms with

m0 6= 0. This meanseven fast spinning keepsanisotropic parts in the time-evolution opera-

tor. The same,incomplete averaginge�ect occursalso for an inhomogeneousHamiltonian

if the rotation speeddoesnot exceedthe anisotropies(! rot � ! �
aniso).

From Section 2.3.1 and 2.3.2 it can be concluded that real spaceand spin spacema-

nipulation of the Hamiltonian does not a�ect all terms of the Hamiltonian in the same

way. Especially the behaviour under rotations that is characteristic for the di�eren t spin

interactions provides a valuable tool to discriminate one type of interaction from another

[39, 40, 41] (seeTable 2.4 on page25).

Interaction Spacerank l Spacecomponents m Spin rank � Spin components �

Isotropic chemical shielding 0 f 0g 1 f � 1; 0; 1g

Chemical shielding anisotropy 2 f� 2; � 1; 1; 2g 1 f � 1; 0; 1g

Isotropic J -coupling 0 f 0g 0 f 0g

Anisotropic J -coupling 2 f� 2; � 1; 1; 2g 2 f � 2; � 1; 1; 2g

Direct dipolar coupling 2 f� 2; � 1; 1; 2g 2 f� 2; � 1; 0; 1; 2g

Table 2.4.: Spin rank � and spacerank l of the spin interaction Hamiltonians, describing
their di�eren t behaviour under rotations [41].
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2.3.3. Solution to the Equation of Motion - Pulse Response

The expectation value
D

Ô
E

of a general spin operator Ô can easily be written by using

the correspondenceprinciple (Eqs. (2.27) and (2.15))

D
Ô (t)

E
=

X

ij

D
oi

�
�
� Ôjoj

E
hoj j  (t)i h (t) j oi i

=
X

ij

Ôij �̂ j i

= Tr
n

Ô�̂ (t)
o

(2.146)

where the density operator

�̂ (t) = j (t)i h (t)j (2.147)

obeys the fundamental Liouville von Neumann equation [42, 5]

d
dt

�̂ (t) =
1
i
[�̂ (t) ; Ĥ (t)] (2.148)

Here it is important to note that Eq. (2.146) is independent of the representation used.

For example, for a two spin systemeither of the two basissystemsin Eqs. (2.47) to (2.50)

can be used.

Eq. (2.148) is equivalent to the Schr•odinger equation but implements the convenient

formalism of probabilities from the de�nition of the expectation values (seeEq. (2.15)).

Here the time dependence�̂ (t) and hencethe formal solution of Eq. (2.148) is

�̂ (t) = Û (t; t0) �̂ (t0) Ûy (t; t0) (2.149)

This must not be confusedwith the time evolution in the Heisenberg picture. �̂ (t) is

built of state vectors j (t)i and Eq. (2.149) therefore describes a time evolution in the

Schr•odinger picture. For a time-independent Hamiltonian Ĥ , �̂ (t) is

�̂ (t) = e� iĤ t �̂ (t0) eiĤ t (2.150)

�̂ (t0) Ĥ t� ! �̂ (t) (2.151)

Comparing this to Eq. (2.83) the similarities to rotations becomeobvious. In the Hamil-

tonian eigenbasis jS;msi the exponential operators e� iĤ t are diagonal and the density

matrix becomes



S;mS

�
� �̂ (t) jS;m0

S

�
= e� i

P
� ! �

m S
t 


S;mS
�
� �̂ (t0) jS;m0

S

�
e

i
P

� ! �
m 0

S
t

= e
� i

P
� ! �

m S m 0
S

t 

S;mS

�
� �̂ (t0) jS;m0

S

�
(2.152)

Then �̂ (t) describesthe evolution of the density matrix �̂ (t 0) under the in
uence of a static

Hamiltonian. The
P

� ! �
mS m0

S
are the energy di�erences between the spin states jS;mS i

and jS;m0
S i and the diagonal elements of �̂ (t) are therefore stationary and correspond to
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the population of the respective spin state while the o�-diagonal elements are oscillating.

It is convenient to classify the matrix elements with respect to the coherencethey are

representing [1, 21]. This is done by de�ning the coherence-orderparameter p as the

di�erence in magnetic spin-quantum number

p = mS � m0
S (2.153)

and naming the matrix elements after the value of p as zero-quantum (ZQ) coherences

, single-quantum (SQ) coherences, and so forth. The parameter p makes it possible to

write the density matrix as the sum of terms containing only coherencesof one kind

�̂ (t) =
2SX

p= � 2S

�̂ p (t) (2.154)

�̂ p (t) =
X

mS ;m 0
S



S;mS

�
� �̂ (t) jS;m0

S

�
jS;mS i



S;m0

S

�
� ; 8 mS � m0

S = p (2.155)

where S =
P

i Si is the sum of the spin quantum numbers of the spin system (compare

Eqs. (2.43) to (2.46)). Picking up the rotational transformation of the density matrix (Eq.

(2.150)) it is useful to represent the density matrix in terms of irreducible tensor elements

Tm;(i )
l

�̂ (t) =
X

i;l ;m

bm;(i )
l (t) Tm;(i )

l p = m = ; � l ; � l + 1; : : : ; l (2.156)

where the magnetic quantum number m can be identi�ed with the coherenceorder p and

the index (i ) distinguishes di�eren t operators with the same transformation properties.

The bm;(i )
l (t) represent the coherenceamplitude. For example, for a single spin S = 1

2 the

density matrix is described by the three tensor components [34]

T � 1;(1)
1 =

Ŝ1x � iŜ1yp
2

(2.157)

T0;(1)
1 = Ŝ1z (2.158)

T0;(1)
0 = � 2 (2.159)

and represent the p = � 1; 0 SQ, ZQ coherences,respectively. For a two spin-system

S1; S2 = 1
2 the Tm;(i )

l resemble the Xm;(i )
l of the spin tenors de�ned in Eqs. (2.92) to (2.96).

� Generally the tensor elements transform under the in
uence of a static Hamiltonian

without RF irradiation as

Tm;(i )
l

H t� !
X

i 0l0

bm;(i 0)
l0 Tm;(i 0)

l0 (2.160)

This is changing the rank of the tensor components, but is not changing the coher-

enceorder p. Therefore coherencesare conserved under free evolution without RF
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irradiation.

�̂ p Ŝz �
� � ! �̂ pe� ip� (2.161)

� Under the in
uence of a hard pulse,corresponding to a rotation in three-dimensional

space,the tensor elements transform as

Tm;(i )
l

P
i � Ŝiy

� � � � � !
X

m0

dl
mm 0(� )Tm;(i )

l ; p = m (2.162)

Thus, as already seenin Section 2.3.1, the RF pulse transforms coherenceswithout

a�ecting the rank l of the tensor elements.

RF �elds create coherenceswhich renders the density matrix time dependent. It is the

time dependenceof the density matrix elements that is characteristic for the spin system

and its spin states. However, for a coherenceto be detectable it is necessaryto �nd an

observable
D

Ô
E

that makesthe coherenceaccessibleto experiment.

2.3.4. NMR Signal of Bulk Samples

The most general quantum mechanical state a spin system can be in is the linear su-

perposition of all its eigenstates[5]. For a single spin S = 1
2 this is according to Eq.

(2.32)

j i = c+ 1
2

�
�
�
�
1
2

; +
1
2

�
+ c� 1

2

�
�
�
�
1
2

; �
1
2

�
(2.163)

This is su�cien t to describean isolatedspin system. In a macroscopicsolid samplethe size

of the spin systemis generally very large, which makesthe number of possibleeigenstates

immense. However, macroscopic samples can generally be regarded as being a set of

independent spin systemsi each one described by its own state vector
�
� ( i )

�
. Reasonsfor

this are:

� The r � 3 dependenceof the direct dipolar coupling rendersit rather short ranged.

� The pathway of the J couplingsvia the bonding electronsleadsto a natural limit of

molecular sizeat least in liquid-state NMR

� The limited abundanceof someNMR \activ e" nuclei.

The macroscopicmagnetic properties of the sample are therefore not derived from the

quantum mechanical expectation value (Eq. 2.146) but by an ensemble averageover all

quantum mechanical spin-systemstates [5, 42]. This is doneby de�ning weighting factors

wi that represent the normalised population density
P

i wi = 1 of the spin-systemstate
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�
�  ( i )

�
. The ensemble averageof the observable Ô is then

[Ô] =
X

i

wi

D
 ( i )

�
�
� Ôj ( i )

E

=
X

i

wi
^hOi

( i )

= Tr
n

�̂ Ô
o

(2.164)

and the density matrix becomes

�̂ =
X

i

wi

�
�
�  ( i )

ED
 ( i )

�
�
� (2.165)

Statistical mechanics now help to connect the quantum mechanical probabilities in the

density operator with the Boltzmann description of a systemat thermal equilibrium [42].

The probabilit y Pk of �nding the macroscopicsystemin the energystate E k comparesto

the quantum mechanical probabilit y as

Pk =
e

� E k
k B T

Z
= wk

�
�
�  (k)

ED
 (k)

�
�
� with Z =

X

k

e�
E k

k B T (2.166)

This simpli�es for high temperatures ( 1
kB T � 1) to

Pk = wk

�
�
�  (k)

ED
 (k)

�
�
� � 1 �

Ĥ k

kBT
(2.167)

Since Ĥ is dominated by the Zeemaninteraction, the high-�eld approximation (Section

2.2.5) leaves

Ĥ � ! 0Ŝz = ! 0mk (2.168)

The population di�erence for a systemof isolated spin S = 1
2 systemsis given by [2]

P� 1
2

� P+ 1
2

=
! 0

kBT
� 10� 4 � 10� 5 (2.169)

leaving only a very small fraction of spinsin the samplethat contribute to the macroscopic

net magnetisation

M z =
SpinsX

i


 Si

h
Ŝiz

i
(2.170)

Similarly for the magnetisation after a non selective �
2 -pulse M y becomes

M y = �
SpinsX

i


 Si

h
Ŝiy

i
(2.171)

After the pulsethe magnetisation M y is evolving under the in
uence of the time-evolution

operator dominated by the Zeeman term (Û = e� i! 0 Ŝz ), leading to a free precessionin
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the xy-plane [1, 21]. Placing the specimen in a coil that is oriented e.g. along the x-axis

inducesan alternating current, the NMR signal

�s (t) = �sx (t) � i �sy (t)

= Tr
n

�̂ (t) Ŝ�

o
with Ŝ� = Ŝx � iŜy (2.172)

The signal �s (t) is described in the complexplane. This is necessaryin order to identify the

senseof the rotation in the xy-plane which is not possibleby just measuringthe magnetic

�eld in one dimension [21, 43].

An important property of the NMR signal is that the coherencestate has only limited

life time [2, 14]. The NMR signal is decaying with time and is referred to as free induction

decay (FID).

The free precessionand the NMR signal are determined by the Hamiltonian which is

a function of the frequencies! � (seeEqs. (2.111) to (2.114)). In order to visualise the

contributions of the di�eren t spin interactions � , it is instructiv e to transform the time-

domain NMR signal to the frequency domain by a Fourier transformation (FT) [1, 44].

By applying FT to the FID the familiar NMR spectrum is obtained.
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3. Experimental and Numerical Metho ds

In order to obtain information about a spin system it needsto be manipulated so that

the resulting state vector (density matrix) is creating a spectrum containing the wanted

information. However, the resulting spectrum often is not only dependent on the wanted

information but alsocontains additional contributions, possiblymaking interpretation dif-

�cult or impossible. Several ways to handling this situation exist [45]: One is to develop

selective pulse sequences[35, 41] including two- and multi-dimensional FT-NMR exper-

iments [1, 46, 47]. Another approach is to evaluate experimental spectra by numerical

meansusing iterativ e �tting approaches. This makesit possibleto handle a fair amount of

parametersand is lessdemandingon the selectivity of the experiment. However, it makes

it necessaryto simulate spectra numerically exactly.

Here the latter approach is followed. First the experiments usedin this work are brie
y

described. Secondly, the numerical methods usedare brie
y explained.

3.1. Nuclei with Spin S = 1
2 under Magic Angle Spinning

Conditions

In reality it is often di�cult, if not impossible, to grow single crystals suitable for NMR

purposes.Polycrystalline samplesareoften much easierto prepare,thereforemaking NMR

applicable to a much broader range of solid samples. All aspects of this work deal with

polycrystalline powder samples.

The NMR spectrum �s (t) of spins in polycrystalline powders consistsgenerally of broad

lines (seeFigure 3.1a). The resonancefrequency of a spin (seeEqs. (2.111) to (2.114)) is

generally orientation dependent. Spectra of static powdered samplesare consequently a

superposition of the resonancesof individual singlecrystallites. The lineshape of this kind

of spectrum is determined by the spin-systemparametersof the respective Hamiltonian.

However, the orientational information of the spin-interaction tensorsis generallyaveraged

by the random orientations of the crystallites in a powder, leaving only information about

the interaction tensor magnitudes. Only in the presenceof dipolar couplings in multi-

spin systemsthe orientation of the interaction tensors with respect to each other can be

obtained from NMR spectra of polycrystalline powders.

Becauseof the broad lines in NMR spectra of static powders the resonancesof di�eren t

spins are likely to overlap. This makes it di�cult to interpret the spectra or makes it

even impossibleto identify the number of spins contributing to the spectrum. A common

way to cope with this situation is the use of magic angle spinning (MAS) [48, 49]. MAS

implies that the sample is physically spun around an axis which is inclined at the magic

angle � MAS (seeEq. (2.145)) with respect to the external magnetic �eld B 0.
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Figure 3.1.: Calculated spectra of a sampleof a polycrystalline powder with the isotropic
chemical shieldings! CS

iso marked by arrows: a) Static spectrum of an isolated spin S1 = 1
2

(! CS1
iso =2� = � 2250Hz, ! CS1

aniso=2� = 8303Hz, � CS1 = 0:6). b) Samespin but under MAS
with ! rot =2� = 3:2kHz. c) Spin from a) coupled to a secondspin S2 = 1

2 with ! CS2
iso =2� =

2250Hz, ! CS2
aniso=2� = � 6190Hz, � CS2 =0.5 (! rot =2� = 3:2kHz) by a strong homonuclear

dipolar coupling (b12=2� � �! CS1;2
iso =2� = 4kHz). d) Homonuclear spin pair (! rot =2� =

3:2kHz) with weakdipolar coupling (�! CS12
iso =2� � b12=2� = 1kHz) and CSA parameters

as in c).

For a single spin under MAS the Hamiltonian is inhomogeneousand the signal s (t) is

given by

s (t) = e� i � C S (t ) (3.1)

� CS (t) = ! CS
iso t +

X

m06=0

! CS
(m0)

im0! rot

�
cos

�
m0! rot t0� + i sin

�
m0! rot t0�� �

� t
t0

(3.2)

Spinning speeds! rot exceeding! CS
aniso result in a signal s (t) = e� i! C S

iso t and the FID becomes

independent of the crystallite orientation. The spectrum consistsof a single peak at the

isotropic shielding frequency! CS
iso . When consideringspinning speedssmaller than the size

of the anisotropic contributions in Eq. (3.2), the averaging as described in Section 2.3.2

is incomplete and the orientation dependenceof the Fourier components ! CS
(m0) becomes

visible. However, due to the periodic modulation by the samplerotation the magnetisation

is refocusedafter each completedrevolution of the rotor and consequently the signal obeys

�s (n� rot ) = e� in! C S
iso � rot (3.3)
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For a polycrystalline powder this results in a spectrum consisting of narrow peakssepa-

rated by ! rot = 1
� rot

around the resonanceof the isotropic shielding, the so-calledMAS

sidebandpattern [50, 51, 52] (compare Figure 3.1b{d)). The spectrum obtained contains

information about the magnitude of the CSA
�

! CS
iso ; ! CS

aniso; � CS
	

while the orientational

information of the CSA tensor is averagedby the random orientation distribution of the

powder.

For spinning speedsslower than any anisotropic interaction
�
! rot < ! �

aniso

�
the envelope

of the MAS sideband pattern resembles the static powder line shape. If not an isolated

spin is consideredbut, for example, a pair of coupled homonuclear spins (Figure 3.1c)

the Hamiltonian is generally homogeneous.For this kind of spin systema MAS sideband

pattern is also obtained. However, the sidebandsare no longer narrow lines but show

broadeningsand splittings, which are an e�ect of the incomplete averaging of an homo-

geneousHamiltonian [38] by MAS. Now not only the magnitudes of the spin interactions

but also their relative orientations are encoded in the spectrum. Only spinning speeds

substantially exceedingthe dipolar coupling reduce the spectrum to narrow lines. The

homogeneouscharacter of the homonuclear Hamiltonian is strongly dependent on the rel-

ative sizeof the dipolar coupling interactions (D; J) comparedto the di�erence in isotropic

shieldingsof the two spins. If �! CS1;2
iso � b12; ! J12 , the chemical shielding hasa truncating

e�ect on the Hamiltonian which leadsto narrow MAS sidebands.This is sometimescalled

a weak coupling regime [1].

It is generally impossibleto analytically describe the spin dynamics of a homonuclear

spin system under MAS. The Hamiltonian is generally homogeneousand only in the

weak coupling regime with small CSA interactions low-order theoretical approximations

are reproducing experimental NMR spectra in a reasonablemanner [53, 54, 55, 56, 30].

Heremostly caseswith large CSA and sizabledipolar coupling interactions are considered.

Generally the advantagesof the MAS experiment arean increasein resolution, especially

whenmore than onespin speciesis involved. In addition MAS alsoincreasesthe sensitivity

of the experiment in that the intensity of the static powder spectrum is condensedinto

more or less narrow spinning sidebands,hence improving the signal-to-noise ratio in a

MAS spectrum.

For thesetwo reasonsMAS is usedfor all experiments exploited here.

3.1.1. Rotational-Resonance Recoupling

The averaging or at least scaling of NMR interactions by MAS can be a desirable e�ect

when, for example, one is only concernedabout isotropic chemical shielding information

or CSA magnitudesof isolated spins. However, the Hamiltonian of a spin systemnormally

carries information that gives much more insight into molecular structure such as the

direct dipolar coupling which relates directly to internuclear distances, or the chemical

shielding anisotropy that allows to answer structural questionsthat can not be answered

by the determination of internuclear distancesalone.

One way to reintroduce (\recouple") those interactions that are normally averagedby

MAS while mostly keeping the advantages of MAS for homonuclear spin systemsis the
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Figure 3.2.: Calculated MAS spectra of a spin pair with parameters equivalent to those
in Figure 3.1d): a) away from a R2 condition with ! rot =2� = 4kHz; b) at the n = 1
R2condition with ! rot =2� = 4:5kHz.

rotational-resonance(R2) experiment [57]. This resonancee�ect has been discussedthe-

oretically using various approximation methods [30, 53, 54, 55, 56, 58, 59, 60, 61]. The

rotational-resonancee�ect occurs whenever the di�erence in isotropic chemical shieldings

�! CS1;2
iso is equal or very similar to a small integer multiple of the MAS frequency ! rot .

When

�! CS1;2
iso = n! rot ; n = 1; 2; : : : (3.4)

the dipolar couplings b12 and ! J12
aniso are reintroduced into the spectrum. The mechanical

rotation of the rotor is interfering with the processionalmotion of the spin coherences

resulting in a recoupling e�ect opposedto the averaging by MAS.

A special situation arises if the di�erence in chemical shielding between two dipolar

coupled spins is zero, or nearly zero

�! CS1;2
iso ' 0 (3.5)

This is leading to a recoupling e�ect which is virtually independent of the spinning speed

and is called the n = 0 R2 condition. It requires the two CSA tensors to be di�eren t,

either in magnitude or orientation. This condition is no longer an experimental parameter

but is dictated by the spin system. A n = 0 R2 condition occurs e.g. for two CSA tensors

related by a C2 axis of symmetry or a mirror plane.

The e�ect of R2 on the spectrum is that the recoupled dipolar interaction is causing

an increasein line broadeningand lineshape distortions (seeFigure 3.2). Theselineshape

e�ects encode structural information.
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Figure 3.3.: Pulse sequencessuitable for R2-DQF together with the respective coherence
transfer pathways (CTP) [1]. Crosspolarisation (CP) from the I -spin speciesto the S-spin
speciesis included as well as decoupling in the I -spin channel. Double-quantum �ltration
is accomplishedby phase cycling the hashed pulses.a) R2-DQF � ;
 experiment [66]. b)
R2-DQF � experiment [63].

3.1.2. Double-Quantum Filtration and Rotational Resonance

The presenceof resonancesfrom isolatedspinsin addition to thosestemming from e.g.a R2

recoupledspin pair often makesit awkward to interpret the resulting spectra. Commonly

this scenarioariseswhen dealing with spins that do not have 100% natural abundance,

leading to samplescontaining a variety of isotopomers. A way to removespectral contribu-

tions originating from isolated spins is double-quantum �ltration (DQF). DQF suppresses

the SQ coherencesstemming from uncoupled spins and leavesthe signature of DQ coher-

encesunique to the dipolar coupledspins. Here DQF has beenimplemented by the useof

suitable phasecycling techniques [1]. There are many possibilities to achieve DQF under

R2 conditions [62, 1, 63,64, 65]. A basicand straightforward way to do sois the R2-DQF � ;


pulsesequence[66] (seeFigure 3.3a)) It correspondsto the COSY-DQF [46, 67, 68] exper-

iment as known in liquid state NMR. During this pulse sequencethe initially excited SQ

35



�15 �10 �5 0 5 10 15

1

1.5

2

2.5

3

3.5

4

4.5

5

5.5

[kHz]

a)

b)

c)

wCS1
iso

wCS2
iso

Figure 3.4.:Simulated R2 MAS spectra of a two-spinsystem(sameparametersasin Figure
3.1d)). Isotropic chemical shielding is marked by arrows. a) n = 1, R2 MAS without DQF;
b) n = 1 R2, R2-DQF � ;
 ; c) n = 1 R2, R2-DQF � .

coherencesare evolving freely during an evolution interval � exc. Afterw ards DQ coherences

are excited by a single �
2 -pulseand are allowed to evolve during a short interval � . A �nal

�
2 -pulse reconverts DQ coherencesto detectable SQ coherencesand the FID is recorded.

The excitation time � exc has to be optimised depending on the spin system in order to

achieve optimum DQF e�ciency . Spectra of this kind of experiment show characteristic

anti-phase lineshapes(seeFigure 3.4b).

The R2-DQF � pulse sequence(seeFigure 3.3b)) deploys a three-pulsemodule (
� �

4

�
y �

� �
� �

2

�
x � � �

� �
4

�
�y) to �rst invert the magnetisation of one of the two resonating spins.

Afterw ards the ZQ coherencesevolve during an excitation time that is a multiple of the

rotation period (� exc = � rot ). A similar three-pulseblock is then usedto excite DQ that are

afterwards reconverted by an identical three-pulsesequenceto ZQ coherence.Afterw ards

a reconversion interval � rec = � exc is used to refocus the ZQ coherencesto the inverted

initial state. This is converted to SQ coherencesby a non selective �
2 -pulse to be detected

as FID. The resulting spectrum (seeFigure 3.4c)) displays the �nal inverted spin state.

A commoncharacteristic of MQ-�ltration processesis that the amount of detectedsignal

is generally less than is obtained for the same experiment without the �lter. The so-

called DQF e�ciency (ratio betweenthe signal amplitude in the �ltered and the un�ltered

experiment) refers to this fact. Theoretically for the R2-DQF � ;
 experiment a maximum

possibleDQF e�ciency of 50% is predicted [66]. This value is basedon the assumption
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that the spin system is determined by isotropic chemical shielding and dipolar couplings

only.

Then the Hamiltonian describing the e�ect of the pulse sequenceon a single crystallite

is dependent on the Euler angles� CR ; 
 CR [62]. It is possibleto reduce this dependence

of the Hamiltonian to � CR only. Theoretically it should then be possibleto reach � 73%

of DQF e�ciency . The R2-DQF � pulse sequence[63] (seeFigure 3.3c)) belongsto this

category of so-called
 CR -encoded [62] pulse sequence.

3.2. Numerical Metho ds

The Hamilton operator Ĥ (t) necessaryfor describing the spin systemsin this work gen-

erally depends on all spin interactions of the spin system and the numerical description

has to be basedon the spin Hamiltonians as de�ned in Eqs. (2.111) to (2.114). All the

information accessibleby experiment is stored in the spectra in a more or lesscomplexway

as spectral intensities and resonancesplittings and broadenings. The spin dynamics can

generally not be described in an analytical way and it is generally not su�cien t to usean

approximated description of the spin dynamics. It is assumedthat a reproduction of the

experimental lineshape by simulation [69, 70, 71, 72] is only possiblewith the parameter

valuesp0(i ) encoded in the experimental spectrum. Hencenumerically exact simulations

are needed.

Such simulations may be rather time consuming. Fortunately someof the experiments

chosendisplay properties that allow for numerical proceduresthat help to greatly speed

up thesenumerically exact simulations. Quite often it is the successfulexploitation of such

proceduresthat render the experiment feasiblefor the usein an iterativ e �tting approach.

A secondaspect of this numerical approach is the possibility to interpret the spin-system

parametersobtained regarding their accuracyand sensitivity.

3.2.1. Time Propagation

The time signal �s(t) of the NMR experiments used can always be calculated using Eq.

(2.123) where the time propagation operator Û (t; t0) is calculated in a chronological way.

Its numerical implementation assumesthat the Hamiltonian of a n-spin system in its

(2S + 1)n -dimensional matrix representation is constant during a su�cien tly short time

interval � t and that the actual time integration can then be broken up according to Eq.

(2.124) into a product of matrix exponentials

Û (t; t0) = Û (t; t � n� t) Û (t � � t; t � 2� t) � : : : � Û (t0 + � t; t0) (3.6)

Û (t; t � � t) = eĤ (t ) � t (3.7)

E�cien t ways of calculating thesematrix exponentials havebeendiscussedin the literature

[73]. This computation is calleddirect integration or direct method for calculating the time

propagator. It has the generaladvantage to be applicable independently of the properties

of the spin systemor the pulsesequence.However, the direct method is a computationally
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slow way of calculating time evolution [74]. The direct method may, however, serve as a

referencefor speedand accuracywhen comparing with more advancednumerical methods

described in the following.

For rotating powdered samplesit is often possibleto take advantage of the symmetric

time dependenceof the Hamiltonian induced by the physical samplerotation

Ĥ (t) = Ĥ (t + n� rot ) (3.8)

and consequently the time propagators obey

Û (t + � t; t) = Û (t + � rot + � t; t + � rot ) (3.9)

Therefore, propagators have to be calculated only once and can be reused at integer

multiple of rotation periods � rot later on. This implies that the pulse sequenceused

ful�ls the sameperiodicit y. The reuseof propagators obviously can be used to speedup

simulations.

The rotational symmetry of the Hamiltonian under MAS can be exploited further. In

the situation wherethe detection operators Q and equilibrium density matrix �̂ (0) display

excitation-detection symmetry [75]

�̂ (0) =
1
2

�
Q̂ + Q̂y

�
(3.10)

it is possible to use the so-calledCOMPUTE algorithm [76, 77, 78]. This algorithm is

basedon the fact that a periodic function is readily described by oneperiod. Therefore, a

time propagation over only one rotation period is su�cien t to simulate the complete �nal

spectrum. Depending on the ratio of the duration � rot to the length of the actual FID to

be simulated this leadsto gainsin calculation speedsof up to two ordersof magnitude [79].

Excitation-detection symmetry is generally given in standard MAS and R2 experiments.

For experiments involving RF pulsesapart from an initial CP transfer or single �
2 -pulse,

this symmetry is not usually given for the entire duration of the experiment. Hereonly for

the simulation of time evolution during the detection of the FID (� FID ) the COMPUTE

algorithm can be exploited while the preparation of the spin-systemmagnetisation under

the in
uence of RF pulses(� p) has to be calculated using the direct method [80].

Û (t; t0) = ÛCOMPUTE (t0 + � p + � FID ; t0 + � p) Ûdirect (t0 + � p; t0) (3.11)

Depending on the ratio of � p to � FID this combination of calculation methods still may

provide one order of magnitude of gain in calculation time.
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3.2.2. Powder Averaging

The numerically exact simulation of powder NMR spectra makesit generally necessaryto

calculate the sum of signals �s (t) originating from all n single crystallites in the specimen

�s (t) =
nX

i =1

s
�

t; 
 ( i )
CR

�
(3.12)

Assuming a completely random orientation distribution and a large number of crystal-

lites, this average signal �s (t) corresponds to an integral over the Euler angels 
 CR =

f � CR ; � CR ; 
 CR g

�s (t) =
Z 2�

0
d� CR

Z �

0
d� CR sin � CR

Z 2�

0
d
 CR s (t; 
 CR ) (3.13)

This integral can not be solved analytically. This makesit necessaryto numerically mimic

the powder average. In order to minimise the computation time, it is desirableto keepthe

number of sets
 CR as small as possible. The goal is to have a distribution of orientations

for which every crystallite contributes equally to the �nal signal. This can be achieved

by using a uniform distribution of orientations for which only the total number has to be

optimised to reproduce the experimental powder signal. To date there are no analytical

solutions describinga uniform distribution of setsof two or three Euler angles. Numerical

approachesto simulate such uniform distributions exist [81, 82, 83]. Such sets
 CR can be

pre-calculatedand stored so they only needto be read from a databaseduring the actual

simulation of the NMR experiment.

In the context of rotation operators the Euler angle 
 CR of the set 
 CR is connectedto

a rotation around the z-axis of RAS (Eq. (2.85)) which is identical to the rotation axis

of the MAS sampleholder. The signal from crystallites only di�ering by their orientation


 CR is therefore related by a time shift t 
 = 
 CR
! rot

of the signal and the Hamiltonian and

Û (t; t0) obey

Ĥ (t; 
 CR ) = Ĥ (t + t 
 ; 0) (3.14)

Û (t; t0; 
 CR ) = Û (t + t 
 ; t0 + t 
 ; 0) (3.15)

For MAS and R2 experiments this time shift (
 CR -average)can be calculated analytically

yielding the partially averagedsignal �s
 CR

�
t ; � ( i )

CR ; � ( i )
CR

�
and the numerical powder average

is then calculated according to

�s (t) =
NX

i =1

�s
 CR

�
t ; � ( i )

CR ; � ( i )
CR

�
wi ; with

NX

i =1

wi = 1 (3.16)

Analytical 
 CR -averaging is not always possible or may be tedious to calculate [77, 84]

for example, when the periodicit y of the experiment is modi�ed by RF pulses. For the

R2-DQF � , R2-DQF � 
 , and C71
2 experiments the average over 
 CR is better calculated

numerically, normally using 15 to 30 angles. This explicit calculation slows down the
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simulation by a factor equivalent to the number of 
 CR -anglesnecessaryfor the powder

average.

For the powder average over the Euler angles
n

� ( i )
CR ; � ( i )

CR

o
in Eq. (3.16) the number

of sets N is usually in the range of 100 to 700 crystallite orientations. This range can

be expected to be suitable for the simulation of MAS experiments, whereassimulation of

static or o�-magic angle spinning (OMAS) spectra require larger sets
n

� ( i )
CR ; � ( i )

CR

o
.

3.2.3. Computation

Another possibility to speed up the calculation of powder NMR spectra is to split serial

calculations in order to executethem on di�eren t computers(CPUs) in parallel [85, 86, 87].

The runtime of a parallel program can be characterised by two parameters: the size of

input data (n in ) and the number of processes(nproc) working on the data. The speedup

S (n in ; nproc) of a parallel execution over a serial execution can be de�ned as

S (n in ; nproc) =
T� (n in )

T� (n in ; nproc)
(3.17)

where T� (n in ) and T� (n in ; nproc) are the serial and parallel runtime of the calculation,

respectively. Ideally a linear speedup S (n in ; nproc) = nproc is achieved. In a more real

description the speedupis reducedby an overheaddue to programming the parallelisation

and the time usedfor interprocesscommunication

0 < S (n in ; nproc) � nproc (3.18)

This overheadis generally independent of the actual time of execution of the processand

can be bigger than the actual serial computation (T� (n in ) < T� (n in ; nproc)).

Two-spin and three-spin simulations using the COMPUTE algorithm together with


 CR -averaging (
 -COMPUTE) on contemporary hardware (CPUs with core frequency

exceeding600MHz) are prone to this slowdown. When consideringsmall spin systems(�

3) parallelisation is useful for the simulation of all experiments exceptwhere
 -COMPUTE

is exploitable. The most obvious candidate for serial calculation in the simulation of

NMR spectra of powder samplesis the calculation of the powder averageitself. Another

candidate for parallelisation is the calculation of the time propagators (Eq. (3.6)).

3.2.4. Extraction of Structural Parameters

The degreeof agreement (qualit y) of a simulated spectrum Ssim with an experimental

spectrum Sexp is denoted as

� 2 =
1
N

X

i

[Sexp (! i ) � Sexp (! i )]
2 (3.19)
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where N is the number of data points in the spectrum and � 2 is the chi-squared error.

Experimental and simulated spectra are normalised as

NX

i =1

Sexp (! i ) =
NX

i

Ssim (! i ) = 1 (3.20)

in order to make it possibleto comparespectra recordedat di�eren t experimental condi-

tions (! rot ; � exc; etc.). Otherwise a normalisation

max(Sexp (! i )) = max (Ssim (! i )) = 1 (3.21)

is used.

Beforestarting to extract parametersfrom experimental spectra it is important to opti-

mise someof the purely numerical parameters,for example, the number of powder angles


 CR , or the number of short time intervals � t during time evolution. Only if small varia-

tions of theseparametersdo not show signi�cant e�ects on the line shape of the simulated

spectra the next step is the actual extraction of the parametersfrom an experimental spec-

trum. The procedure of determining spin-systemparameters usually involves the use of

multiple experimental spectra/conditions, depending on the properties of the spin system.

3.2.4.1. Iterative Fitting

One way to determine the best-�t set of spin-systemparametersf p0 (1) ; : : : ; p0 (n)g is the

contin uousvariation of parameterswhile aiming to minimise the � 2 (p(1) ; : : : ; p (n))-error

di�erence betweenSexp and Ssim asde�ned in Eq. (3.19). This iterativ e �tting approach is

implemented here exploiting the MINUIT [88] minimisation package. It provides di�eren t

strategies to minimise a function � 2(p(1); : : : ; p(n)) dependent on a set of n parameters

p(i ). The characteristics of thesestrategieshave beencomparedin [89].

Fitting programmesrequire more hands-onguidancethe higher the number of param-

eters n varied are. This is due to various reasons: The �nal best-�t minimum is not

necessarilyfound by the �t when the initially guessedstarting parameters are too dif-

ferent from the best-�t set f p0 (1) ; : : : ; p0 (n)g(global minimum). The danger of local

minima has to be monitored carefully. Additionally , special attention has to be payed to

parametersthat are highly correlated and such onesthat display strongly di�ering overall

sensitivity (e�ect on � 2). Hence, it is usually good practise to combine iterativ e �tting

with calculations of low dimensional error hyperplanesas described in the following.

3.2.4.2. Calculation of Error Hyperplanes

It is possibleto calculate the full n-dimensional � 2-error plane by varying all parameters

over their full range of possible/reasonablevalues. This approach has the advantage that

the global minimum � 2
0 (p0 (1) ; : : : ; p0 (n)) is de�nitely found as opposed to the �tting

approach where careful additional checks are necessaryin order to ensure that no local

minimum wasfound. However, calculation of error hyperplanesis becomingmoreawkward

the larger the number n of parametersp(i ) becomesthat needto bevaried sincethe number
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Figure 3.5.: Two dimensional � 2(p(1); p(2))-error hyperplane visualised as a surfaceplot,
showing multiple minima.

of calculation steps is growing exponentially with n. The number of calculations can be

minimised for orientational parameters 
 �
PC =

�
� �

PC ; � �
PC ; 
 �

PC

	
by taking advantage of

the sets 
 CR as developed for powder averaging schemes. Thesesets 
 CR are optimised

to cover the range of these parameters more uniformly than e.g. a Cartesian grid of the

samenumber of coordinate points would do.

The interpretation of the error plane can only be visualised completely for dimensions

smaller than four. However, visualisation of the plane is desirable since it is a common

situation that there exist multiple equally good minima that are indistinguishable by an

NMR experiment. Some such minima are related by symmetry operations, especially

when a variation of Euler angles
 �
PC =

�
� �

PC ; � �
PC ; 
 �

PC

	
is describingphysically identical

situations. A graphical evaluation helpsgreatly to determine possiblecorrelations between

parameters. Here the maximum of simultaneously varied parametershas beenfour.

3.2.5. Errors and Sensitivities of Fitted Parameter

Once the global minimum � 2
0 (p0 (1) ; : : : ; p0 (n)) of � 2 (p(1) ; : : : ; p (n)) is determined it is

usefulto havea measurefor the quality of the best-�t parametersp0(i ). This so-callederror

of the best-�t values should provide limits within which the parameters are assumedto

be reproducible. Usually this task is accomplishedby calculating the standard deviation

of the parameters. However, a conciseerror calculation based on error propagation is

not easily possibledue to the complex dependenceof the signal (spectrum) on the spin

parametersand therefore a more heuristic error estimation is usedhere. The uncertainty

of a determined parameter p0(i ) is said to be equal to half the width of an one-dimensional

error scanof this parameter at twice the minimum error � 2
0 (p0 (1) ; : : : ; p0 (n)) (seeFigure

3.6).

An secondaspect which is focusing not directly on the accuracy of the parameter but
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Figure 3.6.: One dimensional � 2(p)-error scanof a parameter p. For a converged�t p0 is
the best-�t value of p and � 2

0 the best-�t � 2(p)-error . The con�dence in the accuracy of
p0 is estimated by de�ning �p = p2 � p1

2 as the error of the value p0.

on the sensitivity with which a parameter p(i ) is encoded in the spectrum. Knowledge

about this helps to tailor experimental conditions so that optimum sensitivity is provided

for all the spin-systemparameters. Alternativ ely, it can be used to tune experiments to

discriminate for or against someparameter and to justify a reduction of the dimension of

the error plane to be �tted/calculated. In this work, two approacheshave beenused. A

statistics-basedway is possibleby calculating Cram�er-Rao lower bounds c(p(i )) [90, 91]

and de�ning true reliabilit y r (p(i )) as

r (p(i )) =
p(i )

c(p(i ))
(3.22)

Cramer-Rao bounds are basedon the calculation of the covariance matrix and therefore,

describe the behaviour of the parametersp(i ) under the in
uence of variations. This ap-

proach to parametrise the sensitivity of parameter encoding is rather calculation intensive

and complex if the number of parametersrises. A secondde�nition of sensitivity is based

on the one-dimensionalerror scansshown in Figure 3.6. The sensitivity of a parameter

p(i ) is de�ned to be the integral

r (p(i )) =
Z pb(i )

pa (i )
� 2(p(i )) (3.23)

where the integration limits are chosensuitably (e.g. 0� � 360� for p(i ) = � CS
PC ). In com-
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bination with the de�nition of the accuracy �p (i ) of the parameter p(i ) this provides a

fast and intuitiv e estimation of parameter sensitivity. One-dimensional� 2-scansare not

only useful to examinethe parameterssensitively encoded in an experimental NMR spec-

trum (e.g. to set up an iterativ e �t) but also serve for the purposeof predicting/c hoosing

suitable experimental conditions for a given purpose.
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4. Summary and Conclusions

The objective of this work is the examination of one-dimensionalmagic angle spinning

(MAS) nuclear magnetic resonance(NMR) spectra. These spectra serve as a sourceof

spin-systemparameterswhich are related to structural and conformational parameters. It

is to show that all spin-systemparameterscan be derived in a robust and reliable manner.

Further on it is investigated how experimental conditions can be optimised in order to

determine parameters in a stepwise fashion and get best accuracy for the derived data.

This work is dealing with dipolar coupled spin S = 1
2 systemsin polycrystalline pow-

dered samples. MAS is used in order to increasespectral resolution and achieve gain in

signal-to-noiseratio. However, MAS alsocausesa substantial down scalingof the informa-

tion content about the anisotropic interactions of a spin system. A technique to remedy

this drawback, while keeping the advantages of MAS, is the use of pulse sequencesthat

reintroduce (\recouple") anisotropic dipolar coupling interactions.

To accessthe spin-systemparametersencoded in the lineshapesof MAS NMR spectra

an iterativ e �tting approach is applied. Theseproceduresmake numerically exact simula-

tions mandatory and involve accuratecalculations of the completespin-systemdynamics.

As a consequenceall spin-systemparameterssensitively encoded in the spectral lineshapes

can principally be extracted. Computation of numerically exact simulations can be quite

demanding on hardware (CPU speed). The algorithmic implementation of the spin dy-

namics has signi�cant impact on the time required to simulate a spectrum. Optimisation

and clever design of such algorithms is crucial especially when considering the need for

repeated simulations in the processof iterativ e �tting. Usually spin-systemsize and the

complexity of the pulse sequenceare the principal factors determining the computation

time of a spectrum. The numerical strategy adopted here is applied to one- to four-spin

systemswhere the limiting factor is lessthe size of the spin system but rather the spin-

systemcharacteristics themselves. Spin systemscomposedof one to four spins have been

chosensuch that a representativ e range of spin-systemparameters is covered. In the fol-

lowing the results presented in Appendix A to H are summarised. The contribution of

coautors is noted at the end of every of the following paragraphs.

Appendix A: 29Si MAS NMR spectra of R3SiF (R = 9-anthryl ) yield the magni-

tudes and orientations of the 29Si CSA tensor and the heteronuclear direct and indirect

dipolar coupling constants bij (29Si-19F) and 1J iso(29Si,19F), respectively. Heteronuclear
29Si-

�
1H; 19F

	
double decoupling is useful to selectively determine the 29Si CSA tensor

magnitudes. Based on the parameters of this 29Si-19F spin pair, the optimum choice of

experimental parameters (! rot ; ! 0) can be predicted when aiming at the complete deter-

mination of all spin-systemparameters.
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The X-f 1H;19 Fg double decouplingMAS NMR probe headhasbeendesignedand built

by Klaus Hain. Claire Marichal helped with �tting someof the experimental 29Si spectra.

Appendix B: MAS NMR spectra of two-spinsystemsgenerallyonly provide orientational

information relative to the symmetric dipolar coupling tensor and leave an ambiguit y re-

garding the orientation around the symmetry axis of the dipolar tensor. However, absolute

orientations are accessiblefor larger-than-two spin systems. The fully 13C labelled three-

spin system in triammonium phosphoenolpyruvate (PEP) monohydrate is providing this

kind of condition and absolute 13C CSA-tensor orientations are obtained. Additionally ,

these relate to the orientation of the carboxylic group in the PEP moiety yielding infor-

mation, which could not be derived from internuclear 13C-13C distance information alone.

The usually largenumber of unknown parametersin homonuclear three-spin systemsmake

it desirableto determine them by stepwiseprocedures.Theseproceduresrely on the com-

bination of the partial selectivity of di�eren t R2 conditions and the scalingof the chemical

shielding interaction asa function of the magnetic �eld strength (! 0) relative to the dipolar

couplings (bij (13C-13C)).

Stephan Dusold measuredall the experimental spectra of (NH 4)3(PEP) � H2O. W.A.

Shuttleworth, D.L. Jakeman, D.J. Mitc hell and J.N.S. Evans prepared the fully 13C-

enriched sampleof (NH 4)3(PEP) � H2O.

Appendix C: Two pulse sequences(R2-DQF � ;
 , R2-DQF � ) combining R2 and double-

quantum �ltration (DQF) are examined. They are tested for their DQF e�ciency and

their abilit y to encode spin parameterssensitively in the spectral lineshapes. An emphasis

is placed on spin systemswith large CSA magnitudes as compared to the direct dipolar

couplings constants (bij ) (as is even sometimesfound in 13C spin systemsof organic com-

pounds). For such spin systemsthe non-
 CR -encoded pulse sequenceR2-DQF � ;
 is per-

forming better in terms of e�ciency , while for the 
 CR -encoded pulse sequenceR2-DQF �

a slightly more sensitive encoding of the spin-systemparametersin the spectral lineshapes

is found.

Xavier Helluy measuredsomeof the experimental spectra and carried out all numer-

ical simulations of the sodium pyruvate 13C two-spin system. He also implemented the

combined COMPUTE- and direct-method time propagation as a parallelised routine.

Appendix D: The R2-DQF � ;
 sequenceis applied to a spin systemcharacterisedby large

CSA magnitudes. Both, direct and indirect, dipolar coupling interactions are present and

are of the sameorder of magnitude and are considerablysmaller than the CSA magnitude.

This situation is given for the 119Sn spin pair in (chex3Sn)2 S. R2-DQF � ;
 experiments

on this kind of spin system show that high DQF e�ciencies are not only possible for

spinning speeds(! rot ) matching a R2 condition. This is due to the isotropic J -coupling

(2J iso(Sn119; Sn119)) interaction which is una�ected by MAS.

Xavier Helluy measuredsomeinitial experimental spectra. Claire Marichal measured

someof the experimental spectra.
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Appendix E: The selectivity of the R2 e�ect in larger-than-two spin systemsis examined

when additionally applying DQF. The 13C three-spin system in sodium pyruvate serves

as a model making di�eren t R2 conditions accessible.Selectivity is found for certain R2

conditions resulting in virtual two-spin spectra. The selectivity of certain R2 conditions is

a feature of the respective spin system.

Xavier Helluy measuredsomeof the experimental spectra.

Appendix F: The narrowbandednessof the n = 0 R2 condition, for which �! CS1;2
iso = 0

has to be ful�lled, is investigated with and without DQF. The resulting lineshapes are

examinedregarding their information content. Di�eren t valuesfor the isotropic shielding

di�erence �! CS1;2
iso are used to examine the region around the resonancecondition on a

purely numerical basis. These simulations employed the known spin-system parameters

of the 31P spin pair in Na4P2O7 � 10H2O. Without DQF the lineshapes of the resulting

spectra display good sensitivities to all spin-systemparametersup to �! CS1;2
iso � 400Hz.

Additional DQF extends further the range of �! CS1;2
iso for which parameters can be ex-

tracted sensitively form the resulting spectral lineshapes. However, the DQF e�ciency is

decaying drastically when �! CS1;2
iso � 400Hz.

Appendix G: The 31P spin pairs in two Pt(I I)- bis(phosphine)dithiolate complexesserve

as test platforms for the numerical results found regarding the n � 0 R2 condition (Ap-

pendix F). For one of the two complexes�! CS1;2
iso = 0ppm for its two isotropic 31P

shielding values and the n = 0 R2 condition is ful�lled. The other complex displays a

shielding di�erence �! CS1;2
iso = 0:5ppm and represents a n � 0 R2 situation. Both cases

allow the determination of all spin-system parameters with good precision from a selec-

tion of suitable R2 and R2-DQF � ;
 spectra where good e�ciencies are obtained for DQF.

Further, the 31P CSA-tensor orientations point to a general trend for P atoms in a four-

fold coordination, according to which always one direction of the CSA principal axes is

perpendicular to a local pseudo-mirror plane.

StephanDusold carried out someinitial simulations and iterativ e �tting of the 31P and
195Pt MAS NMR spectra of the two Pt(I I) - Phosphine Complexes. Franz Geipel and

Dieter Sellmann provided the samplesof the two Pt(I I) PhosphineComplexes.

Appendix H: A di�eren t set of spin-systemparametersis characteristic for the 1H spins

of the two ole�nic protons in solid maleic acid where the 1H CSA magnitudes are small

as comparedto bij (1H-1H). Several samplesare preparedwith di�eren t degreesof deuter-

ation. Theseserve the purposeto examine the various degreesof isolation of the ole�nic
1H spin pairs from each other and the concomitant e�ects on 1H R2-DQF � ;
 lineshapes.

Hans F•orster measuredsomeof the experimental 1H R2-DQF � ;
 spectra. Heidi Maisel

prepared all the samplesof crystalline maleic acid.

A combination R2 and DQF proved to build robust and reliable experiments making

all spin-systemparametersaccessibleto an iterativ e �tting approach in a usually stepwise
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manner. The numerical simulations usedin this approach additionally can serve for opti-

mising existing pulsesequences.This usually results in better experimental spectra due to

a better prediction of optimum experimental setup parameters. Such pre-experiment sim-

ulations are especially useful when large CSA interactions are present in dipolar coupled

spin systems,a scenarionot amenableto a complete theoretical description. Numerically

exact simulations can also be regarded as an additional way of designing new pulse se-

quences.However, there is a certain lack of insight in the physical mechanismsof a pulse

sequencewhen obtained by numerical methods only.

Spin-systemparameters determined by NMR relate to structure. This NMR informa-

tion can serve as referencedata used in the development of new structure investigation

approachessuch as ab initio calculations. Ab initio calculations are already quite capable

of calculating structures of (bio)moleculescontaining only light elements. However, there

are still problemshandling ionic structures and heavy elements which by themselvesoften

do not put di�culties to NMR.

A spectral lineshape �tting approach also bears somecaveats. Spectral lineshapes en-

code all spin-systemparametersin a way accessibleto lineshape �tting only if originating

from well-crystallised samples. Non-crystalline (rigid) samples display a dispersion of

the chemical shieldings which manifests itself as broadenings in the spectral lineshapes.

Theseinhomogeneousbroadeningstend to blur the meaningful lineshape featuresthat are

essential to a lineshape-�tting approach aiming at the determination of all spin system

parameters. Furthermore, the presenceof dynamic disorder in a sample is adding com-

plexity to a numerically exact simulation of spin dynamics. Samplesin this work have

beenchosensuch that spectral lineshapesare not a�ected by any dynamical disorder.

NMR is not always the only technique to obtain a desiredstructural information. How-

ever, there are unique properties to NMR that often render it the preferredmethod. NMR

provides the possibility to selectively investigate only parts of a molecule, for instance by

isotopic labelling. The spectra of such isolated spin systems only contain information

speci�c to this systemmaking it possibleto neglect parts of the sample. Another charac-

teristic of NMR is the existenceof a plethora of di�eren t experiments tailored to investigate

speci�c aspects of the spin dynamics. NMR experiments, therefore can give answers to

speci�c questionsaswell as it may be possibleto determine all spin parametersin a single

experiment. All this together promotesNMR asa tool to investigateprimarily local struc-

ture. The examination of large structures by NMR is con�ned by the relative weakness

of long range direct dipolar couplings and therefore the lack of long range internuclear

distance information. Extended structures therefore can be determined by NMR only by

combining piecewiseinformation. This makes NMR in a sensecomplementary to x-ray

di�raction which can handle extended crystalline structures well, but in turn x-ray has

di�culties in resolvingthe location of light elements such ashydrogenatoms, or describing

dynamically disorderedgroups in molecules.

For the future it would be useful to improve further the techniques of NMR that give

complete and accurate information about local structure. This includes dipolar recou-

pling experiments of improved selectivity like R2-DQF. But when aiming for the abilit y
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to handle larger dipolar coupled spin systems it would also be advantageous to exploit

pulse sequencesthat completely suppressthe in
uence of CSA interactions while main-

taining/recoupling the information about dipolar interactions. Further it is important to

vary the information content of the spectra, a task for which e.g. OMAS experiments

could be used.

49



50



5. Short Summary

The objective of this work is the examination of one-dimensionalmagic angle spinning

(MAS) nuclear magnetic resonance(NMR) spectra. These spectra serve as a sourceof

spin-systemparameterswhich are related to structural and conformational parameters. It

is to show that all spin-systemparameterscan be derived in a robust and reliable manner.

Further on it is investigated how experimental conditions can be optimised in order to

determine parameters in a stepwise fashion and get best accuracy for the derived data.

This work is dealing with dipolar coupled spin S = 1
2 systemsin polycrystalline pow-

dered samples. MAS is used in order to increasespectral resolution and achieve gain in

signal-to-noiseratio. However, MAS alsocausesa substantial down scalingof the informa-

tion content about the anisotropic interactions of a spin system. A technique to remedy

this drawback, while keeping the advantages of MAS, is the use of pulse sequencesthat

reintroduce (\recouple") anisotropic dipolar coupling interactions.

To accessthe spin-systemparametersencoded in the lineshapesof MAS NMR spectra

an iterativ e �tting approach is applied. Theseproceduresmake numerically exact simula-

tions mandatory and involve accuratecalculations of the completespin-systemdynamics.

As a consequenceall spin-systemparameterssensitively encoded in the spectral lineshapes

can principally be extracted. Computation of numerically exact simulations can be quite

demanding on hardware (CPU speed). The algorithmic implementation of the spin dy-

namics has signi�cant impact on the time required to simulate a spectrum. Optimisation

and clever design of such algorithms is crucial especially when considering the need for

repeated simulations in the processof iterativ e �tting. Usually spin-systemsize and the

complexity of the pulse sequenceare the principal factors determining the computation

time of a spectrum. The numerical strategy adopted here is applied to one- to four-spin

systemswhere the limiting factor is lessthe size of the spin system but rather the spin-

systemcharacteristics themselves. Spin systemscomposedof one to four spins have been

chosensuch that a representativ e range of spin-systemparameters is covered.

A combination R2 and DQF proved to build robust and reliable experiments making

all spin-systemparametersaccessibleto an iterativ e �tting approach in a usually stepwise

manner. The numerical simulations usedin this approach additionally can serve for opti-

mising existing pulsesequences.This usually results in better experimental spectra due to

a better prediction of optimum experimental setup parameters. Such pre-experiment sim-

ulations are especially useful when large CSA interactions are present in dipolar coupled

spin systems,a scenarionot amenableto a complete theoretical description. Numerically

exact simulations can also be regarded as an additional way of designing new pulse se-

quences.However, there is a certain lack of insight in the physical mechanismsof a pulse

sequencewhen obtained by numerical methods only.
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For the future it would be useful to improve further the techniques of NMR that give

complete and accurate information about local structure. This includes dipolar recou-

pling experiments of improved selectivity like R2-DQF. But when aiming for the abilit y

to handle larger dipolar coupled spin systems it would also be advantageous to exploit

pulse sequencesthat completely suppressthe in
uence of CSA interactions while main-

taining/recoupling the information about dipolar interactions. Further it is important to

vary the information content of the spectra, a task for which e.g. OMAS experiments

could be used.
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6. Kurze Zusammenfassung

Das Ziel dieser Arb eit ist es eindimensionale
"
magic angle spinning" (MAS) magnetische

Kernresonanz(NMR) Spektren zu untersuchen. Derartige Spektren dienen als Quelle f •ur

SpinsystemParameter welche wiederum Aussagen•uber Struktur und Konformation erlau-

ben. Es wird gezeigt,dasssich alle SpinsystemParameter auf reproduzierbareund pr •azise

Art und Weisebestimmen lassen.Des Weiteren wird untersucht wie die experimentellen

Bedingungengew•ahlt werdenk•onnenum SpinsystemParameter schritt weiseund auch mit

bestm•oglicher Genauigkeit zu bestimmen.

Die Arb eit behandelt dipolar gekoppelte Spin S = 1
2 Systemein polykristallinen, Pul-

vern. MAS wird verwendet um sowohl die spektrale Au
 •osung zu erh•ohen als auch um

dasSignal-zu-Rausch Verh•altnis zu verbessern.Au�erdem f•uhrt MAS auch zu einemstark

reduzierten Informationsgehalt •uber die anisotropen WechselwirkungeneinesSpinsystems.

Eine Methode um dieseEigenschaft von MAS zu unterdr •ucken, w•ahrend die Vorteile er-

halten bleiben, ist die Verwendung von Pulssequenzendie die anisotrope dipolare Wech-

selwirkung wieder einf•uhren.

Um die SpinsystemParameter, die in den Linienformen der MAS NMR Spektren ko-

diert sind, zu bestimmen wird die Methode einer iterativ er Anpassung experimenteller

Spektren (
"
Fitten" ) angewandt. DiesesVorgehenbedingt die Verwendung numerische ex-

akter Simulationen und setzt eine pr•aziseBerechnung der gesamten SpinsystemDynamik

voraus. Als Konsequenzlassensich daher prinzipiell alle Spinsystem Parameter bestim-

men die sensitiv in den spektralen Linien kodiert sind. Die computergest•utzte Berechnung

numerisch exakter Simulationen stellt bisweilen hohe Anforderungen an Hardware (CPU

Geschwindigkeit). Die Implementierung der Algorithmen zur Berechnung der Spindynamik

hat entscheidendenEin
uss auf die Dauer der Simulation einesSpektrums. Eine clevere

Wahl und Optimierung solcher Algorithmen ist entscheidendbesondersin Anbetracht wie-

derholter Simulation im Verlauf desFittens. Generell sind die Gr•o�e desSpinsystemsund

die Komplexit •at der verwendeten Pulssequenzendie bestimmendenZeitfaktoren f•ur die

Dauer der Simulation eine Spektrums. Die numerische Strategie die hier verwendet wird,

wird auf Systeme bestehendaus zwei bis vier Spins angewandt wobei der limitierende

Faktor weniger die Gr•o�e desSpinsystemsals die jeweilige Charakteristik der Spinsyste-

me selbst ist. Spinsystemewurden hier so gew•ahlt, dass eine repr•asentativ e Bandbreite

von SpinsystemParametern abgedeckt ist.

Die Kombination von R2 und DQF ergab reproduzierbareund pr•aziseExperimente die

alle Spinsystem Parameter bestimmbar machen. Dabei k•onnen die Spinsystem Parame-

ter meist schritt weisemittels der Strategie des iterativ en Fittens bestimmt werden. Die

numerische Simulationen die in diesem Rahmen verwendet werden lassensich auch be-

nutzen um bereits existierendePulssequenzenzu optimieren. Ein solchesVorgehenerm•og-
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licht verbesserteexperimentelle Spektren, da die optimalen Parameter desexperimentelle

Aufbaus besservorhergesagtwerden k•onnen. Derartige vor-experimentelle Simulationen

sind dann besondersn•utzlich wenn gro�e CSA-Wechselwirkungen in dipolar gekoppelten

Spinsystemenauftreten, einem Szenariof•ur das die Theorie keine analytische Komplett-

l•osung bietet. Des weiteren k•onnen numerisch exakte Simulationen auch benutzt werden

um neuePulssequenzenzu entwickeln. Allerdings existiert bei einer auf rein numerischem

Weg entwickelten Pulssequenzimmer ein gewissesDe�zit im Bezug auf das physikalische

Verst•andnis f•ur die Methode.

F•ur die Zukunft w•are es n•utzlich NMR-Metho den f•ur die komplette und genaueBe-

stimmung lokaler Strukturen zu verbessern. Das beinhaltet Experimente, die bei der

Wiedereinf•uhrung der dipolaren Wechselwirkung eine sehr gute Selektivit •at aufweisen

wie z.B. R2-DQF. F•ur die Untersuchung gr•o�ere dipolar gekoppelte Spinsystemew•are

es au�erdem vorteilhaft Pulssequenzenverwenden zu k•onnen die den Ein
uss der CSA-

Wechselwirkung ganz unterdr •ucken w•ahrend die Information •uber die dipolaren Kopp-

lungen erhalten bleibt. Des Weiteren w•are es wichtig den Informationsgehalt der NMR-

Spektren optimal variieren zu k•onnen, eine Forderung die z.B. durch OMAS Experiment

erf•ullt werden kann.
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Abstract

Theabsoluteorientationsof thethree13C chemicalshielding tensors in thephosphoenolpyruvate (PEP) moiety in aPEP-modelcompound
with known crystal structureare reported. Thestudyusesa fully 13C-enrichedpolycrystallinesampleof triammoniumphosphoenolpyruvate
monohydrate, (NH4)3(PEP)·H2O, and 13C MAS NMR experiments ful�llin g various different 13C rotational-resonanceconditions.The
absolute 13C chemical shielding tensor orientations are derived by iterative �ttin g, employing numerically exact simulations, of various
rotational-resonance13C MASNMR lineshapesof thethree-13C-spin system in fully 13C-enriched(NH4)3(PEP)·H2O. The implicationsof
the results of this study for future, biochemically oriented solid-state NMR studies on the PEPmoiety are outlined.
Ó 2004Elsevier SAS. All rights reserved.

Keywords: Phosphoenolpyruvate; 13C solid-stateNMR; Rotationalresonance;Numerically exact lineshapesimulations; Chemical shielding tensor
orientations

1. Intr oduction

Phosphoenolpyruvate (PEP) is a simple three-carbon
moleculethatoccupiesacentral role in primary metabolism.
The transfer of its phosphate group provides free energy
for a wide rangeof metabolic events [1]. It is also im-
portant in a class of enzymescalled enolpyruvyltrans-
ferases, in which PEP participatesby providing C3 (see
Fig. 1) of its enolpyruvyl moiety rather than its phosphate
group. There are at least four known enolpyruvyltrans-
ferases: 5-enolpyruvylshikimate-3-phosphate(EPSP)syn-
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thase, uridinediphosphateN-acetyl-glucosamineenolpyru-
vyltransferase (MurA), 3-deoxy-D-manno-2-octulosonate-
phosphate(KDO8P) synthase, and 3-deoxy-D-arabinohep-
tulosonate-7-phosphate(DAHP) synthase. In the reactions
catalyzedby these enolpyruvyltransferases, C3 of PEP can
reactin two signi�cantly differentways: eitherwith a pro-
ton (as in EPSP synthase and MurA), or with a carbonyl
group (as in KDO8P synthase and DAHP synthase). Ac-

Fig. 1. Schematic representation of the phosphoenolpyruvate moiety in
(NH4)3(PEP)·H2O, 1, thenumberingof thecarbonatoms (and,whereap-
plicable, of oxygenatoms) is identical to the numbering scheme used in
thedescription of theX-ray diffractionstructure of 1 [30] andwill beused
throughout.

1293-2558/$– see front matter Ó 2004Elsevier SAS.All rightsreserved.
doi:10.1016/j.solidstatesciences.2004.04.021
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cording to Pearson’s hard±soft acid±base (HSAB) theory
[2], these are very dif ferent moieties (the proton being a
hard acid, and the carbonyl group being a soft acid). We
have, therefore,investigatedthechemicalreactivity of PEP
by quantumchemistry methods, throughmakinguseof den-
sity functional theory in a mannervery similar to that of
Parr and co-workers [3], but with some modi®cations [4].
While variousversionsof this approachhave beenreported
in the literature for small molecules[5], no attempthasbeen
madeto use it for predictingreactivity in anenzymeactive
site. These investigationscorroborate the HSAB principle
by energy perturbation methods, showing that ‘hard likes
hard’and ‘soft likessoft’. For a ‘hard reaction’, it is shown,
in contrast to the ®ndings predicted by frontier molecular
orbital theory, that the site of minimal Fukui function is
preferred.TheFukui function is relatedto the electron den-
sity in the frontier molecular orbitals. For a ‘soft’ reaction,
the site of maximal Fukui function is preferred.We have
extended[6] thisapproachto examinethreeof theenolpyru-
vyltransferasesmentionedabove, and it was foundthat the
reactivity of PEPin all theseenzymaticreactionmechanisms
canbe understood in terms of its ionization state andcon-
formation. In particular, varying the torsion angle between
the COO planeand the C1±C2±C3 plane would appearto
control the reactivity of C3 and C2 towardsnucleophiles.
Thus the motivesby which enzymescontrol the reactivity
of their substrate may be explainedin termsof the HSAB
principle. This hasled to our hypothesis, in which we pro-
pose thateachenolpyruvyltransferaseenzymecontrolsPEP
reactivity throughcontrol of the PEP conformationin the
enzyme-boundstate.

If solid-stateNMR techniques are to be used to testthis
hypothesis, this task cannotbesolvedby NMR experiments
aiming at the determination of, e.g., internuclear 13C±13C
distances.In order to examine the relative orientation of the
carboxylate group in the PEP moiety in a variety of bio-
chemicallyrelevant circumstances, insteadit is necessary to
derive this molecular conformational parameter from con-
sideration of 13C chemicalshielding tensor orientations. For
instance, it is often assumed that the typical orientation of
a carboxylate-13C chemical shielding tensor is suchthatthe
direction of the most shielded tensor componentis perpen-
dicular to the molecular carboxylate plane. Several com-
poundsfor which theorientationsof carboxylate-13C chem-
ical shielding tensors have beendeterminedexperimentally
conformto this rule of thumb to within less than 10� de-
viation from this molecular direction [7±12], but there are
also caseswherethis deviation is considerablylarger. This
is the case, for instance, in oxalic acid dihydrate [13] and
in sodium pyruvate [14]. Accordingly, making assumptions
as to the orientation are inadvisable as the starting point
for the determination of unknown conformationalPEP pa-
rameters. To lend validity and reliability to solid-stateNMR
approachesbased on 13C chemicalshielding tensor orien-
tations, the 13C chemical shielding tensor orientations in a
suitable PEP-model compoundwith known structure have

to be determined ®rst. We have chosen the triammonium
salt monohydrate of PEP, (NH4)3(PEP)·H2O, 1 (Fig. 1) for
this purpose. 13C NMR experiments on an oriented single
crystal of 1 with 13C in natural abundancewould seeman
obviouschoiceof solid-stateNMR experimentto determine
theabsoluteorientationsof the three13C chemicalshielding
tensorsin 1. However, thepresenceof the100percentnatu-
rally abundant31P spin-1/2 isotopemaynecessitate a rather
specializedsingle-crystal probewith thecapability to simul-
taneously decouple1H and 31P[15]. We describeadifferent
route to determine the absolute orientationsof these three
13C chemical shielding tensors. We use a polycrystalline,
fully 13C-enrichedsample of (NH4)3(PEP)·H2O, 1-U13C,
andderive the absolute 13C chemical shielding tensor ori-
entations from numerically exact lineshape simulations of
variousrotational-resonance[16±22](R2) 13C MAS NMR
experimentson thethree-13C-spin system in 1-U13C.

2. Experimental

2.1. Enzymatic synthesisof (NH4)3(PEP)·H2O, 1-U13C

1-U13C was synthesized by literature methods [23].
Adenosinetriphosphate(ATP, 250mg),[1,2,3-13C3] sodium
pyruvate (50 mg), and MgCl2 (0.5 mL of 1 M) were dis-
solved in TrisHCl (5 mL, 50 mM, pH 8.4). PEPsynthetase
(1 mL, 18 mgmLŠ1) wasaddedand the pH keptabove 8.0
by addition of NaOH(1 M). Af ter36 h at room temperature,
the reaction mixture was passed througha 10 kDa molec-
ular weight cutoff membraneand lyophilized.The sample
was taken up in 5 mL ammonium bicarbonate (10 mM,
pH 9.0)andloadedonto aFPLC (Pharmacia)MonoQ16/10
column. Elution with a linear gradient of ammonium bi-
carbonate (10 mM±1 M, pH 9.0) gave [1,2,3-13C3]PEP
(27 mg, at 0.2M), which wasobtainedas thetriammonium
monohydratesalt, (NH4)3(PEP)·H2O, 1-U13C, after adjust-
mentto pH 9.0 with ammoniumhydroxideandlyophiliza-
tion. The purity of 1-U13C was con®rmedby 1H, 13C, 31P
solution-stateNMR on a Varian Mercury-300NMR spec-
trometer.

2.2. 13C MASNMR

13C MAS NMR spectrawererecordedon Bruker MSL
200, MSL 300, DSX 400 andDSX 500 NMR spectrome-
ters, exceptwherestatedotherwise.Thecorresponding 13C
Larmor frequencies � 0/ 2� areŠ50.3, Š75.5, Š100.6 and
Š125.8 MHz. Standard4 mm double-bearing probeswere
used, the sample was containedin a 4 mm o.d. ZrO2 rotor
with a Kel-F insert that restricts the sample to a spheri-
cal volume in the centerpart of the rotor and accommo-
dates approximately 25 mg of sample. MAS frequencies
were generally in the range � r / 2� = 1±14 kHz and were
actively controlled to within ± 2 Hz. Lineshapesof experi-
mental 13C MAS NMR spectrawerecheckedto beidentical
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when using either Hartmann±Hahncross polarization (CP)
or 13C single-pulseexcitation.Optimum1H decouplingper-
formanceis important to obtain reliable 13C R2 MAS NMR
lineshapes[24,25]. Experimental 13C R2 MAS NMR spec-
tra of 1-U13C, subsequently used for purposesof iterative
lineshape®tting, were recordedon the DSX 400 andDSX
500 NMR spectrometers with TPPM [26] 1H decoupling
(amplitudesof 83±105kHz) applied during signal acquisi-
tion.

2.3. De�ni tions, notation andnumerical methods

Shielding notation [27] isusedthroughoutand13C chem-
ical shielding is quoted with respect to � CS

iso = 0 ppm for
the 13C resonanceof SiMe4. For the interactions � = CS
(chemical shielding), � = D (direct dipolar coupling), and
� = J (indirectdipolar (J ) coupling) the isotropic part � �

iso,
theanisotropy � � , and theasymmetryparameter� � relateto
the principal elementsof the interactiontensor � � as fol-
lows [28]: � �

iso = (� xx + � yy + � zz)/ 3, � � = � �
zz Š � iso

and� = (� yy Š � xx)/� with |� zz Š � iso| � |� xx Š � iso| �
|� yy Š � iso|. For indirectdipolarcoupling � J

iso = �J iso, and
for directdipolar coupling � D = � D

iso = 0 and � D ij = bij =
Šµ 0� i � j h̄/( 4�r 3

ij ), where � i , � j denote gyromagnetic ra-
tios and r ij is the internucleardistancebetweenspins Si ,
Sj . The Euler angles � IJ = { � IJ, 	 IJ, � IJ} [29] relate axis
system I to axis systemJ , where I , J denote P (principal
axis system, PAS), C (crystal axis system, CAS), R (rotor
axis system, RAS), or L (laboratory axis system). For line-
shapesimulationsof R2 MAS NMR spectraof three-spin
systems (Si ,Sj ,Sk) ful®lling a Si Š Sj R2 condition, it is
convenient to de®ne the PAS of the corresponding dipolar
coupling tensor � D ij astheCAS Cij , �

D ij
PC = { 0, 0, 0}. The

known crystal structure of (NH4)3(PEP)·H2O, 1, [30] pro-
videsthe recipe for interconversion betweenthe CAS Cij ,
Cik , Cj k of the three-13C-spin system in the 1-U13C PEP
moiety.

Our proceduresfor numericallyexact spectral lineshape
simulations and iterative ®tting are fully described and
discussed in detail elsewhere, in particular addressing the
n = 0 R2 conditionfor isolatedhomonuclearspin pairs[31],
variousn = 0, 1, 2 R2 conditionsin isolated homonuclear
13C two-, three-and four-spin systems [14,24], as well as
heteronuclear 31P±13C [32] and 31P±113Cd [33] spin sys-
tems underconditionsof rotary resonancerecoupling.In
general, thenumericalsimulationsemploy theREPULSION
[34] or Lebedev [35] schemes for the calculation of powder
averages,implement some of the routinesof the GAMMA
package[36] anduse, wherepossible, the � -COMPUTE or
carousel averagingapproaches[37±39]. TheMigradmethod
from the MINUIT optimization package [40] is used for
error minimization of e2 =

� N
i = 1(Sexp(� i ) Š Scalc(� i ))2,

wheremax(Sexp(� i )) = 1; the MATLAB program[41] is
usedfor calculatingandevaluatingerror mapsandscans.

3. Resultsand discussion

In order to be able to determine absolute 13C chemi-
cal shielding tensor orientations from 13C MAS NMR ex-
periments on polycrystalline powders, 13C isotopic label-
ing schemeshave to be combined with so-called dipolar
recouplingMAS NMR [42] experiments. MASNMR exper-
iments suitable for the determination of chemical shielding
tensor orientationsmust reintroduceall anisotropic interac-
tions and should permit ef®cient numerical simulationsof
the spin dynamicsto allow for in-depth iterativeapproaches
to extract the unknown parameters. Amongst numerousre-
coupling schemesapplicable for homonuclearspin systems
underMAS conditions[42], the rotational-resonance(R2)
[16±22]phenomenon ful®lls thesecriteria particularly well.
The R2 recouplingeffect arises at speci®cMAS frequen-
cies � r ful®lling the condition� iso � n� r (where� iso de-
notesan isotropic chemical shielding differenceand n is a
small integer).Sincetherecoupling occurswithoutapplica-
tion of radio-frequency pulses, R2 experimentsarebasically
straightforwardto carryoutandcanbesimulatedef®ciently.
When applied to an isolated homonucleartwo-spin system
in a polycrystallinepowder sample, the R2 experiment, like
any other dipolar recouplingscheme,can only reveal rel-
ative chemicalshielding tensor orientations. In the general
two-spin case rotation aroundthe direction of theuniquez-
axis of the corresponding dipolar coupling tensor remains
undetermined. For homonuclear two-spin systemsthereis
oneexception,that is caseswherethe two chemicalshield-
ing tensorsarerelatedby atwo-fold axisof symmetrywhich
isnecessarily perpendicular to theuniquez-axisof thecorre-
spondingdipolarcoupling tensor: heretheabsolutechemical
shielding tensor orientationsarere�ected in n = 0 R2 MAS
NMR spectra[31]. Apart from this specialtwo-spin case, it
generally takes morethantwo dipolar coupledspin-1/2 nu-
clei in orderto beable to deriveabsolutechemicalshielding
tensor orientationsfrom MASNMR experimentson powder
samples. More speci®cally, morethanonedipolar coupling
interaction tensor must be present, and thesetwo (or more)
dipolar coupling interaction tensors must not be colinear.
Several examplesfor thecompletedeterminationof all inter-
action tensors form the analysis of MAS NMR experiments
on homo- and heteronuclear three- and four-spin-1/2 sys-
temsin polycrystallinepowdersrecently havebeenreported
in the literature [24,33,43,44].

Two different13C R2 MAS NMR routesexist to deter-
minetheabsolute13C chemicalshielding tensor orientations
in (NH4)3(PEP)·H2O,bothwith distinct advantagesanddis-
advantages.Onepossibility is to employ selectively pairwise
[1,2-13C2]-, [1,3-13C2]- and[2,3-13C2]-labeledsamplesand
to determine the relative 13C chemical shielding tensor ori-
entations for eachof thesepairs.The resulting relative ori-
entationalparameterscould then be convertedinto absolute
orientations, by usingtheknown absoluteorientations(from
the crystal structure)of the dipolar couplingtensors � D12,
� D13, � D23.
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Thisapproachwould solely require two-spin simulations
for the complete data analysis. Two-spin simulations are
muchfaster thanthree-spin simulations, hencethis approach
would be far preferable from a point of view of ef®cient
numericalanalysis. The drawback here is the considerable
demandin terms of chemical synthesis. The secondroute
offers conveniencein termsof sample preparation, it only
requiresa fully 13C-enrichedsampleof (NH4)3(PEP)·H2O,
1-U13C. With thenow required three-spin simulationsbeing
aboutan orderof magnitudeslower than two-spin simula-
tions, the inconvenienceof this route rests with the numeri-
cal analysis anderror minimizationprocedures, which now
becomeseveral ordersof magnitudemoretime consuming.
It is the 1-U13C-based three-13C-spin-system approachwe
havechosenfor (NH4)3(PEP)·H2O.

Neglecting the anisotropy of indirect dipolar coupling
13Ci ±13Cj , it takes thirty parameters for the full descrip-
tion of the 13C three-spin system in 1-U13C. Several of
these parametersare known or canbedetermined indepen-
dently. From 13C MASNMR experimentson 1 (with 13C in
natural abundance)the magnitudesof the three13C chemi-
cal shielding tensors areobtained,solution-state13C NMR
measurementson 1-U13C provide a good estimate of the
three values Jiso(13C,13C), and the known crystal structure
of (NH4)3(PEP)·H2O [30] yields the magnitudesand ab-
solute orientationsof the threedipolar coupling tensors in
1-U13C (seeTables1 and2). Employing all this preliminary
information, nine unknown parameters remain to be deter-
mined from 13C R2 MAS NMR experiments on 1-U13C,
that is the Euler angles� CSi

PC , 	 CSi
PC , � CSi

PC (i = 1, 2, 3) rep-
resenting theorientation of the three13C chemicalshielding
tensors. For oneof these anglesanadditionalconstraint ex-
ists from 13C±31P rotary-resonancerecoupling experiments
on 1: theanglebetweenthedirection of the(least shielded)
� CS

zz componentof the 13C2 chemicalshielding tensor and
theuniquez-axisof the13C2±31Pdipolarcoupling tensor in
1 isknown to be8± 8� [32]. Thedifferencesin isotropic 13C
chemical shieldings for solid 1-U13C are� 12

iso = 20.3 ppm,
� 23

iso = 52.4 ppm and � 13
iso = 72.7 ppm; the 13C chemical

shielding anisotropies� CS1 = Š 68 ppm, � CS2 = Š 98 ppm,
� CS3 = Š 88ppmtendto exceedthevaluesof � ij

iso (seeFig. 2
and Table 1). Accordingly, many different 13C R2 MAS
NMR spectraof 1-U13C ful®lling dif ferent � ij

iso � n� r R2

conditionswith n = 1, 2, 3, . . . , are accessible experimen-
tally over a wide range of 13C Larmor frequencies and
should re� ect the orientational parameters � CSi

PC . Further,

the dif ferencesin � ij
iso in solid 1-U13C aresuch that most

of the variousi Š j R 2 conditionssimultaneously represent
additionali Š k, j Š k near-R2 conditions. Thisbroadset of
experimental spectra formstheinputbasis for thenumerical
lineshape simulations and plays an important role in identi-
fying thecorrectorientationalparameters.

In principle, onecould choose oneexperimental 13C R2

MAS NMR spectrumof 1-U13C and start an iterative line-

Table1
Magnitudesand orientationsof the 13C chemical shielding tensors in
1-U13C

13C1 13C2 13C3

� CS
iso (ppm)a Š171.5 ± 0.1 Š151.2± 0.1 Š98.8± 0.1

� CS (ppm)a Š68± 1 Š98± 1 Š88± 1

� CSa 0.77± 0.05 0.32± 0.1 0.77± 0.05

� CS
PC12

(deg)b,c 334± 33d 308 85

	 CS
PC12

(deg)b,c 169± 13 31 146

� CS
PC12

(deg)b,c 249± 33d 195 13

� CS
PC23

(deg)b,c 67 321 74± 36d

	 CS
PC23

(deg)b,c 125 88 89± 11

� CS
PC23

(deg)b,c 347 188 7 ± 9

� CS
PC13

(deg)b,c 51 316± 29d 78

	 CS
PC13

(deg)b,c 155 57± 2 120

� CS
PC13

(deg)b,c 334 189± 6 8

a Taken from Ref. [32], determinedon 1 with 13C in naturalabundance.
b Theuncertaintiesquotedaregivenin theCAS in whichthey werecalcu-

lated,they result from thecombinedconstraintsfrom several experimental
spectra,obtainedby severalone-and/ortwo-dimensional error calculations
ator very neartheminimum valuesof thenonscannedparameters.

c Althoughredundant,for theconvenienceof thereadertheEuler angles

� CSi
PC , i = 1, 2, 3, are given in the three CAS C12, C23, C13, for which

the C2 � C1, C3 � C2, C3 � C1 directionsde®nethe + z-directions,
respectively. The y-axes of theCAS are taken as perpendicularto theC1±
C2±C3plane,with the+ y-direction(seealso Fig. 5(a)) de®nedsuch thata
right-handedCartesiancoordinatesystemresults.

d Seetext for furtherexplanations.

Table2
Direct andindirectdipolarcouplings13Ci ±13Cj in 1-U13C

ij = 12 ij = 13 ij = 23

bij / 2� (Hz)a Š2159 Š493 Š3283

� Jiso
ij (Hz)b + 75.8 ± 7.3 + 80.7

a Calculatedfrom theknown internucleardistances[30].
b Determined by solution-state 13C NMR of an aqueoussolution of 1-

U13C.

Fig. 2. 13C MAS NMR spectrum of 1 (� 0/ 2� = Š 100.6 MHz, � r / 2� =
4162Hz); the assignment of the three13C resonancesis indicatedby ar-
rows, all other resonancesare spinning sidebandsdue to anisotropic 13C
chemical shielding.
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shape®t with all nine Euler angles� CSi
PC asfree®t parame-

ters. The ®t would converge to someminimum valuesand
would leave us with the task to verify that the minimum
foundisthecorrectsolution.Clearly, with nineunknownpa-
rametersto be determined,precautionshave to be taken to
ensure that local minima areavoided andthat all unknown
parameters areindeedsensitively encodedin the particular
experimental spectrumchosen.

Our approachto determine the valuesof the nine Euler
angles � CSi

PC exploits a large set of different experimen-
tal 13C R2 MAS NMR spectraof 1-U13C: the sensitivities
with which the variousEuler angles � CSi

PC are encodedin
R2 spectral lineshapesvary strongly from oneR2 condition
and/or Larmor frequency to another. In a ®rst and rather
coarse-grid search,we screenthe set of different experi-
mentalspectraby calculatingscansof all orientationalpa-
rametersfor eachspectrumto ®nd out which experimental
spectrare�ect whichEulerangleswith high or low sensitivi-
ties. A suitablesubsetof experimental spectrais thenchosen
asthe inputbasis for subsequentstepwisedetermination and
re®nementof the unknown parameters. The remaining ex-
perimentalspectraaresaved for latercross checks, but are
not actively used for any iterative ®tting, error calculations,
or parameter-re®nement procedures.Theseinitial selection
steps are schematically illustrated in Fig. 3, wheretherela-
tive sensitivities of the ®tparameters � CSi

PC for threediffer-
entexperimental 13C R2 MAS NMR spectraof 1-U13C are
symbolized by the relative heights of bar codes, denoting
ratios of maximum to minimum errors over the full range
of each®t parameter� CSi

PC . Of course,such initial screen-
ing calculations neither permit identi®cation of minimum
regions, nor do they de®ne how well a particular parame-
ter is characterized.However, in this way we can identify
the most promising strategies to make the best (stepwise
andcomplementary) use of the variousexperimental spec-
tra in thenumericalsimulations. For instance(seeFig. 3a),
the 13C MAS NMR spectrum of 1-U13C with the n = 1 R2

condition ful®lledfor 13C2±13C3 at � 0/ 2� = Š 100.6 MHz
is strongly dominated by only four orientational parame-
ters, 	 CS2

PC , 	 CS3
PC , � CS2

PC and � CS3
PC while, in particular, the

angles� CS1
PC do not contribute signi®cantly to this R2 line-

shape.Thiskindof pseudo-spin-pair behavior ina13C-three-
spin systemunderR2 conditionsalso occurs, e.g., for solid
sodium pyruvate [14], for 1-U13C it providesa convenient
starting point. The ®rst error-minimization steps based on
this experimental spectrum canbefocused on only thefour
parameters 	 CS2

PC , 	 CS3
PC , � CS2

PC , � CS3
PC , and the possible min-

imum regions for those can be considerably narrowed to
within ca. ± 30� by calculationsof several complete three-
dimensional error maps. The results of theseinitial calcula-
tionsregarding 	 CS2

PC turn out immediatelycompatible with
the independentconstraint for this parameter from 13C±31P
rotary-resonancerecoupling experiments on 1 [32]. With
possible minimum regionsof these four parameters already

Fig. 3. Graphical representationof the sensitivities of the ®t parameters

� CSi
PC encodedin different experimental 13C R2 MAS NMR spectra of

1-U13C; the heightsof the bars indicate the values (e2
max Š e2

min)/ e2
min

(where e2 is the rms error betweenexperimental and simulatedspectra),
for eachEuler angle from scanningthe full rangeof the respective angle.
(a) n = 1 R2 conditionful®lled for 13C2±13C3 at � 0/ 2� = Š 100.6 MHz,
� r / 2� = 5244 Hz; (b) n = 2 R2 condition ful®lled for 13C2±13C3 at
� 0/ 2� = Š 125.8 MHz, � r / 2� = 3290 Hz; (c) n = 1 R2 condition ful-
®lled for 13C1±13C2 at � 0/ 2� = Š 125.8 MHz, � r / 2� = 2551Hz.

fairly well prede®ned,the numerical calculationsare next
expandedto includethose experimental spectra wheremore
and other Euler anglesare sensitively encodedin the R2

lineshapes(see, for instance,Fig. 3(b) and 3(c)). Not un-
expectedly, the 13C MAS NMR spectrum of 1-U13C with
the n = 2 R2 condition ful®lledfor 13C2±13C3 at � 0/ 2� =
Š125.8 MHz (Fig. 3(b)) re�ects all orientationalparame-
ters, including those of 13C1, with higher sensitivities than
at then = 1 R2 condition.The13C MAS NMR spectrum of
1-U13C with then = 1 R2 condition ful®lledfor 13C1±13C2
at � 0/ 2� = Š 125.8 MHz (Fig. 3(c)) servesasan illustra-
tive example that in a three-spin systemit is not necessarily
the set of Euler angles of the `actively' recoupled pair of
spins which is most sensitively re� ected in the correspond-
ing R2 lineshapes. The numerical re®nementprocedures
continue to switch betweendifferentexperimentalspectra,
includenumerousversionsof iterative ®ts, calculationsof
error maps, single-parameterscans, as well as occasional
cross-checkcalculationsof spectranot actively used in the
re®nement, until no further improvementin agreementbe-
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Fig. 4. Comparison of experimental (lower traces) and best-®t calculated
(uppertraces) 13C R2 MAS NMR spectra of 1-U13C. (a) n = 1 R2 condi-
tion ful®lled for 13C2±13C3at � 0/ 2� = Š 100.6 MHz, � r / 2� = 5244Hz;
(b) n = 2 R2 conditionful®lled for 13C2±13C3 at � 0/ 2� = Š 125.8 MHz,
� r / 2� = 3290 Hz; (c) n = 1 R2 condition ful®lled for 13C1±13C2 at
� 0/ 2� = Š 125.8 MHz, � r / 2� = 2551 Hz; (d) n = 2 R2 condition ful-
®lled for 13C1±13C3 at � 0/ 2� = Š 125.8 MHz, � r / 2� = 4565Hz. The
spectra shown in (a)±(c) were actively used for there®nement of the®t pa-
rameters. The experimental spectrum shown in the lower tracein (d) was
not usedfor any parameter determination.Thecalculatedspectra in (a)±(d)
are based on the (minimum) parameters given in Tables1 and 2.

tweenall experimental R2 spectra and the corresponding
calculatedspectrafrom a single set of `best-®t' parameters
canbeachieved. The`best-®t' set of Euler angles� CSi

PC , re-
sulting from this `interactive' numerical procedure is given
in Table 1. A comparison of variousexperimental to `best-
®t' calculatedR2 spectra of 1-U13C is shown in Fig. 4.
Note the strong variations in the R2 lineshapes with differ-
ing R2 conditionsand Larmor frequencies. Fig. 4(a)±4(c)
display spectrawhich wereactively used in the parameter
re®nement.Fig. 4(d) shows 13C MAS NMR spectraof 1-
U13C with the n = 2 R2 condition ful®lledfor 13C1±13C3
at � 0/ 2� = Š 125.8 MHz; at no point this experimental
spectrumwasused for error minimization calculations, the
correspondingcalculated spectrumresultsfrom the`best-®t'
parametersderived from thespectrashown in Fig.4(a)±4(c).

The orientationalparametersof the three13C chemical
shielding tensors in relation to the molecular geometry of
thePEPmoiety in 1 areillustratedin Fig. 5. TheO5±C1±O6
andtheC1±C2±C3 planesin 1 are closeto, but not exactly,
coplanar. The torsion angle of 5.6� [30] betweenthese two

Fig. 5. The structure of the PEP moiety in 1 and the orientationsof the
three 13C chemical shielding tensors. (a)ThePEPmoiety viewedalongthe
C1±C2bond direction, highlighting the torsion angle betweenthe mole-
cular C1±O5±O6and C1±C2±C3planes; also shown are the normal to
the C1±O5±O6plane(transparentarrow) andthe directionof the + y-axis
of the CAS (shadedarrow, denotedyCAS), taken as perpendicularto the
C1±C2±C3plane.(b) The`best ®t' orientationsof the13C1,13C2and13C3
chemical shielding tensors in 1; the orientationof the principal directions
(denotedx, y, z) associatedwith the13C chemical shielding tensors is indi-
catedby arrows, for all threetensorsthez-directioncorrespondsto theleast
shieldeddirection,also shown is thenormal to theC1±O5±O6plane(trans-
parent arrow). (c) The orientation of the13C2 chemical shielding tensor in
relationto theC3±C2±O4planein 1. (d) Left: thepossibledirectionsof the

(most shielded)� CS1
xx componentof the13C1 chemical shielding tensor in

relationto theC1±O5±O6planein 1, thearrow indicatesthenormal to the
C1±O5±O6plane,the conedescribes the set of possible directionsof the

� CS1
xx component,for thesake of clarity thecorresponding`errorcone' for

thepossible directionsof the� CS1
yy componentis omitted.Right: view onto

thebaseplaneof the� CS1
xx `error cone', de®ned by theerror limits of 	 CS1

PC

vs. (� CS1
PC + � CS1

PC ) (deg), themain coneaxisis indicatedby � , thelocation
of thenormal to theC1±O5±O6planeis given by €.

molecular planes is best seen in a view along the C1±C2
bonddirection (Fig. 5(a)). The directions of the � CS

xx , � CS
yy ,

� CS
zz componentsof thethree13C1, 13C2and 13C3 chemical
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shielding tensors in the three-dimensional structure of the
PEP moiety in 1 accordingto the`best-®t' values(Table 1)
areshown in Fig. 5(b),whileFig.5(c)and5(d)display zoom
versionsof the 13C2 and13C1 chemicalshielding tensor ori-
entationswhenviewing selected parts of thePEP fragment
from differentdirections.

Two independentsets of constraintsexist for theorienta-
tion of the13C2 chemicalshieldingtensor, thereare`best-®t'
values from the various 13C R2 MAS NMR experiments
on 1-U13C and from 13C±31P rotary-resonance-recoupling
(R3) experiments on 1 [32]. Each of the two approaches
separately yields 	 CS2

PC with an accuracy of ± 8� in the two
differentCAS, while consideration of the combinedR2 and
R3 constraintsde®nesthisangleas 	 CS2

PC = 57± 2� (in CAS

C13, see Table 1). Accordingly, the direction of the � CS2
zz

componentis known with very goodprecision. Neither the
R2 nor the R3 experiments aloneyield high precision for
the angle � CS2

PC . Again, the constraints from both indepen-

dentexperiments together de®ne � CS2
PC = 189± 6� (in CAS

C13, see Table 1). Owing to thesmall asymmetryparameter
of the 13C2 chemicalshielding tensor (� CS2 = 0.32± 0.1)
not eventhe combinedconsideration of theR2 andR3 con-
straintsde®nes� CS2

PC any betterthan within ± 29� . TheEuler

angles� CS2
PC describethe following orientation of the 13C2

chemicalshielding tensor in the PEPmoiety of 1. The di-
rection of the(least shielded)� CS2

zz componentliesnearly in
the C1±C2±C3 plane (within 8� ± 5� ) and is perpendicular
to the C2= C3 bonddirection (within 2� ± 2� ), it subtends
an angleof 30� ± 1� with the C1±C2 bonddirection. The
direction of the (most shielded) � CS2

xx componentsubtends
an angleof 39� ± 27� with the C1±C2±C3 plane, the an-
gle betweenthe C1±C2±C3 planeandthe � CS2

yy component
amounts to 50� ± 29� . Thedirectionsof the � CS2

xx and� CS2
yy

componentsof the13C2 chemicalshielding tensor ¯ ankthe
C2= C3 bonddirection at anglesof 39� ± 25� (� CS2

xx ) and
51� ± 30� (� CS2

yy ), respectively. The relatively large uncer-
tainties in the directions of the � CS2

xx and� CS2
yy components

arise as a consequenceof the imprecision of the value for
� CS2

PC . Sincethe 13C2 chemicalshielding tensor doesnotde-
viatemuch from being axially symmetric, in practicalterms
it is more important that the direction of the � CS2

zz compo-
nent is known with good precision. Recasting these 13C2
data for the C3= C2±O4 molecular plane in 1, which char-
acterizesthe typical bonding environmentof the enolic C2
site, yields the following picture for the orientation of the
13C2 chemicalshieldingtensor (seeFig. 5(c)).Thedirection
of the (most shielded) � CS2

xx tensor componentis orientedat
an angleof 39� ± 27� to the C3= C2±O4 molecular plane,
while the (leastshielded) � CS2

zz tensor componentis tilted
awayfrom theC2±O4 bonddirection by 39� ± 2� . Our ®nd-
ingsfor theorientationof the13C2 chemicalshieldingtensor
in 1 favorably agree with the results of 13C single-crystal
NMR studiesof otherenolic 13C sites[45,46].

For the 13C1 chemicalshielding tensor the direction of
the (least shielded) � CS1

zz componentsubtendsan angle of
11� ± 13� with the direction of the C1±C2 bonddirection.
Thus, within the error limits for 	 CS1

PC , thedirectionsof the
principal z-axes of the 13C1 chemicalshielding tensor and
the 13C1±13C2 dipolar coupling tensor coincide. This co-
incidence(or nearly so) of two principal z-axes directions
is of consequencefor the determination of � CS1

PC and� CS1
PC .

With � CS1
PC describingarotationaroundthez-axisof the13C1

chemicalshielding tensor and � CS1
PC correspondingto a rota-

tion around the z-axis of the 13C1±13C2 dipolar coupling
tensor, � CS1

PC and � CS1
PC becomehighly correlatedparame-

ters and cannotbe consideredseparately. The presenceof
a third interacting spin, 13C3, in 1-U13C helps to restrict
the possible minimum rangefor (� CS1

PC + � CS1
PC ), but cannot

resolve it completely: within the minimum region the two
parameters remain highly correlated. Theconsequencesre-
garding thepossible directionsof the (most shielded) � CS1

xx
componentrelative to the O5±C1±O6planeare illustrated
in Fig. 5(d). Thepossible directionsof the � CS1

xx component
are described by a cone at a certain angle to the O5±C1±
O6 plane,also drawn is the normalto this plane.Note that
the main axis of the cone is tilted away (by 13� ) from the
normal to the carboxylate plane, towardsthe O5, O6 oxy-
genatomsof the carboxylategroup.Oneof thelimits of the
� CS1

xx `errorcone' just includestheorientation of the (most
shielded) � CS1

xx componentperpendicular to theO5±C1±O6
plane,theother limit of the`errorcone' correspondsto adi-
rection of the � CS1

xx component26� away from the normal
to theO5±C1±O6 plane.Thecombinedeffectsof theuncer-
taintiesin 	 CS1

PC and(� CS1
PC + � CS1

PC ) on thepossibledirections

of the � CS1
xx componentare further illustratedin Fig. 5(d),

where in addition a view onto the base plane of the `er-
ror cone' for � CS1

xx is depicted.Similarly, of course, also a
coneof possible corresponding directionsof the intermedi-
ate � CS1

yy componentof the 13C1 chemicalshielding tensor
results; for thesakeof clarity this � CS1

yy `errorcone'hasbeen
omitted from Fig. 5(d). Tilting of the most shielded13COO
tensor componenttowardsthetwo oxygenatomsin theCOO
planehas beenreported for the13COO chemical shielding
tensors in, e.g.,solid oxalic acid dihydrate [13] andsodium
pyruvate [14]. These two compoundsand the PEP moiety
have in commonthat in all threecases a carbonatomen-
gagedin a C±O bondof somesort isdirectly attachedto the
COO group.Thisstructuralmotiveisabsent in most of those
caseswherethe directionof the most shielded13COO ten-
sor componentis found to be very nearly perpendicular to
the COO plane [7±12,24]. The 13C spin systemsin 1 andin
sodium pyruvate have something else in common.For the
13COO shielding tensor in sodium pyruvate, it is also the
� CS1

zz componentwhich correspondsto the least shieldeddi-
rection, and it is again this direction which coincides with
the uniquez-axis of the13C1±13C2 dipolarcoupling tensor,
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creatingasimilar conditionof highly correlatedorientational
parameters [14].

The most prominent features of the orientation of the
13C3 chemical shielding tensor are the following. The di-
rection of the(least shielded)� CS3

zz tensor componentiswell
de®nedandis, within experimental error, parallel to thatof
the � CS2

zz tensor component(seeFig. 5(b)) andthusnearly
perpendicular to theC2= C3 bonddirection andnearly in the
C1±C2±C3 plane.Thedirection of the(most shielded)� CS3

xx
tensor componentsubtendsan angle of 74� ± 36� with the
C1±C2±C3 plane.This re¯ects the large uncertainty we as-
cribe to theminimumvaluefor theangle � CS3

PC = 74� ± 36�

(in CAS C23, see Table 1). These large error margins oc-
cur because the minimum region for � CS3

PC , in fact, consists
of two, poorly resolved and indistinguishable minima, at
� CS3

PC = 65� and� CS3
PC = 89� with individually muchsmaller

error margins. These two minima would correspond to a
deviation of the direction of the (intermediate) � CS3

yy ten-
sor componentfrom the C2= C3 bond direction by 25�

(� CS3
PC = 65� ) and by 1� (� CS3

PC = 89� ), respectively. 13C R2

MAS NMR experimentson a selectively [1,3-13C2]-labeled
sample of (NH4)3(PEP)·H2O should be able to resolve this
remaining ambiguity.

4. Summary and conclusions

A certain unavoidable degreeof uncertainty is inherent
to all solid-stateNMR experimentsdesignedto derivemole-
cular torsion anglesfrom chemicalshielding tensor orien-
tations, simply because small dif ferencesin bondingand
geometry betweenthe modelcase and anapplication±target
compoundwill be accompaniedby small changesin mag-
nitudesand orientationsof the chemical shielding tensors.
Themoreimportant it appearsthatapplicationsof chemical
shielding tensor correlation experiments are backed up by
precisecharacterization of closely related model-spin sys-
tems. The accuracy with which the 13C chemical shielding
tensor orientationsin 1-U13C have now beencharacterized,
will be adequate to test the conformationalmodulation hy-
pothesis, wherespeci®c predictionsfor thePEPdihedralan-
gles have beenmadefor several enzymes(EPSPsynthase
and MurA: 30� ± 10� , KDO8P synthase and DAHP syn-
thase: 80� ± 10� ) [6]. At the same time, the results of our
13C MAS NMR study of 1-U13C outline the most promis-
ing 13C-labeling strategies for such experiments. With the
13C2 chemicalshielding tensor notdeviating muchfrom ax-
ial symmetry and with the direction of the (leastshielded)
� CS

zz componentof the13C1 chemicalshielding tensor nearly
coinciding with thedirection of the z-axisof the13C1±13C2
dipolar coupling tensor, it is likely that 13C NMR experi-
mentson selectively [1,2-13C2]-enrichedPEPsamples may
meetseriousdif®cultiesin providing unambiguousinforma-
tion aboutthe torsionanglebetweentheO5±C1±O6 andthe
C1±C2±C3 plane.Despite the smaller dipolarcoupling con-

stant involved, selectively [1,3-13C2]-enrichedPEPsamples
should be more suitable: the 13C1±13C3 spin pair avoids
potential problems arising from nearly axially symmetric
chemicalshielding tensors and nearlycoincidingdirections
of principal z-directionsof chemical shielding and dipolar
coupling tensors. Alternatively, onecould use fully [1,2,3-
13C3]-enriched PEPsamples.However, iterative ®tting with
numerically exact simulation approachesfor a three-spin
system under conditions of MAS NMR pulse sequences
moresophisticatedthantheR2 phenomenon,will only come
at adearpricein termsof computationtimes.

The protocol we describe to derive quasi single-crystal-
NMR-like information from the lineshapesof R2 MAS
NMR spectra of dipolar (re)coupled spin-1/2 systems in
powder samples is quite generally applicable. Invariably,
for all dipolar coupled, larger-than-two-spin-1/2 systems,
for which information aboutabsolute interaction tensor ori-
entations is encoded in R2 MAS NMR spectraof powder
samples,this will involve thesimultaneousdetermination of
multiple unknown parameters. The most suitable and eco-
nomicstrategiesto keepmultipleunknownparametersunder
control will vary slightly from caseto case.Thepropertiesof
the 13C-three-spin system in 1-U13C makenumerousdiffer-
ent experimental R2 MAS NMR spectraaccessible, which
greatlyhelps to disentangle the multiple-parameterspacein
the numericalminimization procedures. For cases with a
slimmer input basis of experimental data, suitable numeri-
cal procedureshave to rely more heavily on iterative ®tting
strategies, followed by sometimesbrute-forceandoften time
consuming numerical veri®cation of thebest-®tparameters.
Regardless of the relative weight of experimental and nu-
merical data in such R2 MAS NMR lineshape-based ap-
proaches,thefeasibility and accuracy limits aremoretightly
de®nedby the numberand the natureof theunknown para-
meters thanby thesize of the spin system.

Acknowledgements

Thisresearchwassupportedby theDeutscheForschungs-
gemeinschaft, theFondsderChemischenIndustrie, andNIH
Grant R01 GM43215.The WSU NMR Center equipment
was supported by NIH Grants RR0631401and RR12948,
NSF Grants CHE-9115282andDBI-9604689,anda grant
from theMurdockCharitableTrust. WethankH. Förster and
S. Steuernagel, Bruker Analytik GmbH, Rheinstetten, for
generousaccess to theDSX 400andDSX 500NMR spec-
trometers and for experimental support. B. Wrackmeyer,
Bayreuth, is thankedfor recording solution-state 13C NMR
spectraof 1-U13C, andT. Lis, Wroclaw, for providingasam-
pleof 1.

References

[1] C.T. Walsh, T.E. Benson,D.H. Kim, W. Lees, J. Chem. Biol. 3 (1996)
83.



M. Bechmannet al. / SolidStateSciences6 (2004)1097–1105 1105

[2] R.G. Pearson,J. Amer. Chem. Soc.85 (1963)3533.
[3] R.G. Parr, W. Yang, Density Functional Theoryof Atoms andMole-

cules, Oxford Univ. Press, New York, 1989.
[4] Y. Li, J.N.S.Evans, J. Amer. Chem. Soc.117(1995)7756.
[5] M. Galván, A. Dal Pino Jr., J.D. Joannopoulos, Phys. Rev. Lett. 70

(1993)21.
[6] Y. Li, J.N.S.Evans, Proc.Natl. Acad.Sci. USA 93 (1996)4612.
[7] A. Pines, J.J. Chang,R.G. Grif®n,J. Chem. Phys. 61 (1974)1021.
[8] J.L. Ackermann, J. Tegenfeldt,J.S. Waugh,J. Amer. Chem. Soc.96

(1974)6843.
[9] J.J. Chang,R.G. Grif®n,A. Pines, J. Chem. Phys. 62 (1975)4923.

[10] J. Tegenfeldt,H. Feucht,G. Ruschitzka, U. Haeberlen,J. Magn. Re-
son.39 (1980)509.

[11] K. Takegoshi, C.A. McDowell, J. Amer. Chem. Soc.108(1986)6852.
[12] W. Scheubel,H. Zimmermann, U. Haeberlen,J. Magn. Reson. 80

(1988)401.
[13] R.G. Grif®n, A. Pines, S. Pausak, J.S. Waugh, J. Chem. Phys. 63

(1975)1267.
[14] S.Dusold, A. Sebald,J. Magn.Reson.145(2000)340.
[15] C.A. McDowell, A. Naito, D.L. Sastry, K. Takegoshi, J. Magn. Re-

son.78 (1988)498.
[16] E.R. Andrew, A. Bradbury, R.G. Eades, V.T. Wynn, Phys. Lett. 4

(1963)99.
[17] D.P. Raleigh,M.H. Levitt, R.G. Grif®n, Chem. Phys. Lett.146(1988)

71.
[18] M.H. Levitt, D.P. Raleigh,F. Creuzet,R.G. Grif®n, J. Chem. Phys. 92

(1990)6347.
[19] A. Kubo,C.A. McDowell, J. Chem. Phys. 92 (1990)7156.
[20] A. Schmidt, S.Vega,J. Chem. Phys. 96 (1992)2655.
[21] T. Nakai,C.A. McDowell, Mol. Phys. 77 (1992)569.
[22] T. Nakai,C.A. McDowell, J. Chem. Phys. 96 (1992)3452.
[23] D.L. Jakeman, J.N.S.Evans, Bioorg. Chem. 26 (1998)245.
[24] S.Dusold, H. Maisel, A. Sebald,J. Magn.Reson.141(1999)78.
[25] M. Helmle, Y.K. Lee, P.J.E. Verdegem, X. Feng, T. Karlsson, J.

Lugtenburg, H.J.M. deGroot,M.H. Levitt, J. Magn.Reson.140(1999)
379.

[26] A.E. Bennett,C.M. Rienstra, M. Auger,K.V. Lakshmi, R.G. Grif®n,
J. Chem. Phys. 103(1995)6951.

[27] M.H. Levitt, J. Magn.Reson.126(1997)164.

[28] U. Haeberlen,High resolution NMR in solids. Selective averaging, in:
J.S. Waugh (Ed.), Advancesin MagneticResonance,Supplement 1,
Academic Press, New York, 1976.

[29] A.R. Edmonds, AngularMomentum in QuantumMechanics, Prince-
ton Univ. Press, Princeton,NJ, 1974.

[30] A. Weichsel, T. Lis, Polish J. Chem. 68 (1994)2079.
[31] S. Dusold, W. Milius, A. Sebald,J. Magn.Reson.135(1998)500.
[32] M. Bechmann,S. Dusold, H. Förster, U. Haeberlen, T. Lis, A. Sebald,

M. Stumber,Mol. Phys. 98 (2000)605.
[33] S.Dusold, A. Sebald,Mol. Phys. 95 (1998)1237.
[34] M. Bak,N.C. Nielsen, J. Magn.Reson.125(1997)132.
[35] M. Edén,M.H. Levitt, J. Magn.Reson.132(1998)220.
[36] S.A. Smith, T.O. Levante, B.H. Meier, R.R. Ernst, J. Magn. Reson.

A 106(1994)75.
[37] T. Charpentier, C. Fermon, J. Virlet, J. Magn. Reson. 132 (1998)

181.
[38] M. Hohwy, H. Bildsoe, H.J. Jakobsen, N.C. Nielsen, J. Magn.

Reson.136(1999)6.
[39] M.H. Levitt, M. Edén,Mol. Phys. 95 (1998)879.
[40] F. James, M. Roos, MINUIT computercode,ProgramD-506,CERN,

Geneva, 1977.
[41] MATLAB, Version 5.3, TheMathworks Inc., Natick MA, 1999.
[42] For generalreview articleson dipolar recouplingunderMAS NMR

conditionssee:
(a) A.E. Bennett,R.G. Grif®n,S. Vega,Recouplingof homo- andhet-
eronucleardipolar interactionsin rotatingsolids, in: B. Blümich (Ed.),
Solid-StateNMR IV: MethodsandApplicationsof Solid-StateNMR,
in: NMR Basic Principles and Progress, vol. 33, Springer-Verlag,
Berlin, 1994,pp.1±78;
(b) S. Dusold, A. Sebald,Dipolar recoupling under magic-angle-
spinning conditions, in: G. Webb (Ed.), Annual Reports on NMR
Spectroscopy, vol. 41, Academic Press, London,2000,pp. 185±264,
andreferencesgiven in (a) and(b) on methodologyandapplications
of rotational-resonanceNMR.

[43] M. Bak,N.C. Nielsen, J. Chem. Phys. 106(1997)7587.
[44] J.T. Rasmussen, M. Hohwy, H.J. Jakobsen,N.C. Nielsen,Chem. Phys.

Lett. 314(1999)239.
[45] K. Takegoshi, C.A. McDowell, Chem. Phys. Lett.123(1986)159.
[46] K. Takegoshi, A. Naito, C.A. McDowell, J. Magn. Reson. 65 (1985)

34.





C. Double-Quantum Filtered

Rotational-Resonance MAS NMR in the

Presence of Large Chemical Shielding

Anisotropies

M. Bechmann, X. Helluy, and A. Sebald, Journal of Magnetic Resonance, 152, 14{25

(2001).

doi:10.1006/jmre.2 001.2 393

c
 2001Academic Press.

All rights are reserved by Academic Press. The article is reproduced with the rights

granted to the author.

89



90



Journalof MagneticResonance152,14Ð25(2001)
doi:10.1006/jmre.2001.2393,availableonlineathttp://www.idealibrary.comon

Double-Quantum-Filtered Rotational-Resonance MAS NMR
in the Presence of Large Chemical Shielding Anisotropies

MatthiasBechmann,Xavier Helluy, andAngelikaSebald1

BayerischesGeoinstitut,Universit¬at Bayreuth,D-95440Bayreuth,Germany

Received October30,2000;revisedMay 24,2001

Double-quantum Þltration under rotational resonance MAS
NMR conditionswherethechemicalshieldinganisotropiesinvolved
exceedthe differencesin isotropic chemicalshielding is considered
by meansof numerical simulations and 13C MAS NMR experi-
ments. The responsesof two different pulse sequences,suitable
for double-quantum Þltration speciÞcallyunder rotational reso-
nanceconditions,to large chemicalshieldinganisotropiesare com-
pared. In the presenceof large chemical shielding anisotropiesa
very recently introduced pulse sequence(T. Karlsson, M. Ed«en,
H. Luthman, and M. H. Levitt, J. Magn. Reson. 145, 95Ð107,
2000)suffers lossesin double-quantum-Þltration efÞciencies.The
double-quantum-Þltration efÞciency of another pulse sequence
(N. C. Nielsen, F. Creuzet, R. G. GrifÞn, and M. H. Levitt, J.
Chem. Phys. 96, 5668Ð5677,1992) is less afßicted by the pres-
enceof large chemical shielding anisotropies.Both sequencesde-
liver double-quantum-Þltered lineshapes that sensitively reßect
chemical shielding tensor orientations. It is further shown that
double-quantum-Þltered rotational-resonance lineshapesof spin
systemscomposedof more than two spins offer a suitable ex-
perimental approach for determining chemical shielding tensor
orientations for caseswhereconventionalrotational-resonanceex-
perimentsarenot applicabledueto thepresenceof additional back-
ground resonances. C° 2001AcademicPress

Key Words: MAS NMR; rotational resonance;double-quantum
Þltration; numerical simulations; 13C spinsystems;chemicalshield-
ing tensors.

INTRODUCTION

Considera scenariowhere magic-anglespinning (MAS)
NMR techniquesarefacedwith thetaskof determiningamolec-
ular conformationalparameter. Further supposethat neither
MAS NMR experimentsdesignedfor thedeterminationof in-
ternucleardistancesnor so-calleddouble-quantum(DQ) het-
eronuclearlocalÞeld(HLF) experiments(1) cansolvetheprob-
lem posed.As an example,considera carboxylategroupand
its orientationin anorganicmolecule,in theabsenceof struc-
turalmotifsthatwouldenableDQ-HLFexperiments.Obviously,
measurementsof internuclear13C Ð13Cdistancesarealsounable

1 To whom correspondenceshould be addressed.E-mail: angelika.sebald
@uni-bayreuth.de.

to revealtheorientationof this COOgroupin themolecule.To
solve a taskof this kind, MAS NMR mustrely on 13C chemi-
cal shielding tensororientations.Whenever reasonablyaccu-
rate assumptionsaboutthe relationshipsbetween13C chemi-
calshieldingtensororientationsandmoleculargeometriesfor a
given classof compoundsor molecularfragmentscanbemade,
knowledgeof the mutualorientationsof 13C chemicalshield-
ing tensorscanbe translatedto the desiredinformationabout
molecularconformations,for instance,abouttheorientationof
aCOOgroupin anorganicmolecule.

The rotational-resonance(R2) condition(2Ð8) makes infor-
mation aboutchemicalshieldingtensororientationsin small,
isolated homonuclearspin systemsaccessiblein an experi-
mentallystraightforwardmanner. With a R2 conditionfulÞlled
(i.e., whentheMAS frequency matchesan integermultiple of
the isotropicchemicalshieldingdifferencebetweentwo spins,
! 1

iso ¼n! r , wheren is a small integer),all anisotropicinterac-
tions are reintroducedinto the R2 MAS NMR spectra.It has
beendemonstratedthat chemicalshieldingtensororientations
canbereliably extractedfrom R2 lineshapesby iterative Þtting
approaches,basedon numericallyexact lineshapesimulations
(9Ð13). ThisconventionalR2 MAS NMR approach,however, is
limited to caseswherethe (re)coupledspinsystemis spatially
isolatedin thecrystallatticeandwherenoadditionalresonances
interferewith thelineshape-analysisprocedures.Combiningthe
R2 MAS NMR approachwith double-quantumÞltration(DQF)
circumventsthesesevererestrictionson samplepropertiesand
considerablybroadenstheapplicationrangeof lineshape-based
one-dimensionalMAS NMR experiments.Mostof thecurrently
known,quitenumerousMAS NMR recouplingschemes(1) that
may be employed for R2-DQF purposessuffer reductionsin
DQF efÞciency as soon as nonnegligible chemicalshielding
anisotropies(csa)are involved. The presenceof considerable
csa,preferablyunderconditionsof relatively slow MAS, how-
ever, formsthebasisof a problem-solvingstrategy for thesce-
nariomentionedabove.

Thepurposeof thisstudyis to investigatehow well csaorien-
tationalparametersmaybederived from experimentalR2-DQF
lineshapes.We will do so by meansof numericalsimulations
and13C MAS NMR experiments.Different13C isotopomersof
threedifferentcompoundswill beused(seeFig. 1). Thecrystal

141090-7807/01$35.00
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FIG. 1. Schematicrepresentationof themolecularstructuresof 1, 2, and3;
thenumberingschemeof thecarbonatomsis usedthroughout.It is identicalto
thenumberingschemesin thedescriptionof thecrystalstructuresof 1 (14) and
2 (15), but differs from that usedin the descriptionof the crystalstructureof
3 (16).

structuresof 1 (14), 2 (15), and3 (16), aswell asall param-
etersof the 13C spin systemsof 1 (12) and2 (11) areknown.
Theknown parametersof the 13C spinsystemsof 1 and2 will
serve to studythepropertiesof two differentR2-DQFpulseex-
periments(17,18) in thepresenceof considerablecsa.Criteria
for the selectionof thesetwo pulsesequenceswere the ease
and robustnessof their experimentalimplementation,the ab-
senceof potentiallylimiting 1H-decouplingrequirements,and
thenarrowbandednessof theR2 condition,whichholdspromise
for somenaturallyoccurringdegreesof selectivity in multiple
spin systems.Finally, we will determinethe so far unknown
13C chemicalshieldingtensororientationsof 3 from 13C R2-
DQFlineshapesof afully 13C-enrichedsampleof diammonium
fumarate.

EXPERIMENT AL

Samples

The sodiumpyruvate samplesusedin this study are com-
merciallyavailable(1, with 13C in naturalabundance(Aldrich
Chemicals);1-C1/C2, selectively 13C1, 13C2-enrichedsodium
pyruvate (IsotecInc.)). The educts(maleicanhydrideand fu-
maricacid:natural13C abundance(Aldrich Chemicals);13C2,
13C3-enriched,andfully 13C-enriched(IsotecInc.andCIL)) for
the synthesisof various13C isotopomersof monoammonium
maleate(2, with 13Cinnaturalabundance)anddiammoniumfu-
marate(3, with 13Cinnaturalabundance)arealsocommercially

available.2-C2/C3 (selectively 13C2, 13C3-enrichedmonoam-
moniummaleate),2-U13C (fully 13C-enrichedmonoammonium
maleate),and 3-U13C (fully 13C-enricheddiammoniumfu-
marate)weresynthesizedby reactingtherespectiveeductswith
the appropriateamountsof (NH4)(HCO3) in aqueoussolution
underambientconditionsin the dark. In addition,isotopically
diluted samplesof almost all 13C-enrichedcompoundswere
madeby cocrystallizationof the13C-enrichedcompoundswith
their counterpartswith 13C in naturalabundance.Theratiosof
enrichedto unenrichedmaterials(by weight) are the follow-
ing: 1-C1/C2dil 1 : 5, 2-U13Cdil 1 : 9, 3-U13Cdil 1: 10. R2-DQF
MAS NMR experimentswererun on thedilutedandundiluted
13C-enrichedsamples.In all casesidenticalR2-DQFlineshapes
for thedilutedandundiluted13C-enrichedsampleswerefound.
Consequently, the experimentallineshapesobtainedfrom the
undiluted13C-enrichedsampleswereusedasexperimentaldata
input in lineshapesimulations.

13C MASNMR
13C MAS NMR spectrawererecordedon Bruker MSL 100,

MSL 200,MSL 300,andDSX500NMR spectrometers.Thecor-
responding13C Larmor frequencies! 0=2¼ are¡ 25.2,¡ 50.3,
¡ 75.5,and¡ 125.8MHz. The 13C resonanceof SiMe4 serves
as the 0 ppm referenceof 13C chemicalshielding.MAS fre-
quencieswere generallyin the range! r =2¼D 0:8±10.0kHz
andwereactively controlledto within § 2 Hz.Lineshapesof ex-
perimental13C MAS NMR spectrawerecheckedto beidentical
when using either Hartmann-Hahncross-polarization(CP) or
13C single-pulseexcitation.13C R2-DQFMAS NMR spectraof
3-U13C for purposesof iterative lineshape®ttingwererecorded
on theDSX 500NMR spectrometerwith 13C ¼=2 pulsedura-
tions of 4.0 ¹ s andTPPM (19) 1H decoupling(amplitudeof
83 kHz) appliedthroughout.13C MAS NMR experimentson
the MSL 100 spectrometeremployed 7 mm o.d. ZrO2 rotors,
13C¼=2 pulsedurationsof 4.0 ¹ s, andc.w. 1H decouplingam-
plitudes of 62.5 kHz; on the MSL 200 and MSL 300 spec-
trometers,4 mm o.d. ZrO2 rotors,13C ¼=2 pulsedurationsof
3.5 ¹ s, andc.w. 1H decouplingamplitudesof 71.4 kHz were
used.

Two differentpulsesequencesfor purposesof DQ ®ltration
underR2 conditionsin the presenceof considerablechemical
shieldinganisotropieswill be considered.The two pulsese-
quenceschosenaredepictedin Fig.2.Bothsequencesareexper-
imentallystraightforwardandrobust.Thetwo sequencesdiffer
with respectto theirhighestpossibleDQFef®cienciesin powder
samplesunderidealconditions,thatis, in thepresenceof dipo-
lar couplingandthe absenceof csaandisotropic J coupling.
Thesequencedepictedin Fig.2a(17) onlydependsonthepow-
der angle¯ D

PR andthus its highesttheoreticallypossibleDQF
ef®ciency amountsto 73%. The sequencedepictedin Fig. 2b
(18) hasanuppertheoreticallimit of its DQFef®ciency of 50%
dueits orientationdependenceon two angles,̄ D

PR and° D
PR. For

thesake of brevity, we will refer to thetwo pulsesequencesas
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FIG. 2. Thepulsesequencesandcoherencetransferpathsof two different
R2-DQF MAS NMR experiments,with cross-polarization.(a) The R2-DQF̄
MAS NMR experiment(17), where¿r denotesrotationperiod,thetwoperiods¿
haveequaldurations,andthethree-pulsesubsequencesconsistof equallyspaced
¼=4 ±¼=2±¼=4 pulses,spanningonerotationperiod.(b) The R2-DQF̄ ; ° MAS
NMR experiment(18), consistingof an excitation period ¿ and two closely
spaced¼=2 pulses,separatedby a shortdelayperiod1 . Phasecycling follows
thestandardrecipesfor DQF (32).

R2-DQF̄ ((17); seeFig. 2a)andR2-DQF̄ ; ° ((18); seeFig. 2b).
Notethatthespin-systemcircumstancesconsideredherearefar
away from theseidealconditions.

DeÞnitions,Notation,andNumericalMethods

Shielding notation (20) is used throughout. For the in-
teractions¸ D CS (chemical shielding), ¸ D D (direct dipo-
lar coupling), and ¸ D J (indirect dipolar (J) coupling) the
isotropic part ! ¸

iso, the anisotropy ±̧ , and the asymmetrypa-
rameter´ ¸ relateto the principal elementsof the interaction
tensor! ¸ as follows (21): ! ¸

iso D (! ¸
xx C ! ¸

yy C ! ¸
zz)=3, ±̧ D

! ¸
zz ¡ ! ¸

iso, and´ ¸ D (! ¸
yy ¡ ! ¸

xx)=±̧ with j! ¸
zz ¡ ! ¸

isoj ¸ j ! ¸
xx ¡

! ¸
isoj ¸ j ! ¸

yy ¡ ! ¸
isoj. For indirectdipolarcoupling! J

iso D ¼Jiso,
andfor direct dipolar coupling´ D D ! D

iso D 0 and±Di j D bi j D
¡ ¹ 0° i ° j hÃ=(4¼r 3

i j ), where° i , ° j denotegyromagneticratios
andr i j is the internucleardistancebetweenspinsSi , Sj . The
Euler anglesÄ IJ D f ®IJ, ¯ IJ, ° IJg (22) relateaxis systemI to
axissystemJ, whereI, J denoteP (principalaxissystem,PAS),
C (crystalaxis system,CAS), R (rotor axis system,RAS), or
L (laboratoryaxis system).For lineshapesimulationsof R2

MAS NMR spectraof isolatedtwo-spinsystems(Si , Sj ) it is

convenientto take the PAS of the correspondingdipolar cou-
pling tensor! Di j astheCAS,Ä Di j

PC D f 0; 0; 0g.
Suitablenumericalsimulationapproachesmustbe exact as

well asef®cient.Especiallywhenunknown parametersare to
be determinedby meansof iterative (lineshape)®ttingmeth-
ods,numericalef®ciency becomescrucial.For thein-depthnu-
merical analysisof conventionalR2 MAS NMR spectra,the
REPULSION(23) or Lebedev (24) schemesfor thecalculation
of powderaverages,togetherwith someroutinesof theGAMMA
package(26) andtheuseof COMPUTE(26) or ° -COMPUTE
approaches(27±29), yield suf®cientcomputationalef®ciency to
enablethesecalculationswithin reasonableamountsof timeon
commoncontemporaryPCs(30). The situationchangeswith
the needto calculateR2-DQF spectra.Calculationof the time
evolution of the spin dynamicsunderthe pulsesequencenow
requiresthe applicationof the so-calleddirect method.While
direct-methodcalculationsaregenerallyapplicable,they arenu-
merically highly inef®cient.For example,if the calculationof
the conventionalR2 MAS NMR spectrumof a two-spin sys-
tem, employing the ° -COMPUTE approach,takes 3 s on a
given PC, the samecalculationtakes 20 min when using the
directmethod.For realisticapplicationsanddeterminationsof
unknown parametersfrom experimentalspectra,thelatteris too
slow. Improvementsin theef®ciency of thenumericalsimula-
tionsareneeded.Two additionalfeatureshavebeenincludedin
oursimulationprograms.Weonly usethedirectmethodfor the
calculationof the time evolution whereabsolutelynecessary,
andswitchto COMPUTE(26) wherepossible.For thecalcula-
tion of R2-DQF spectra,the calculationmay be divided into a
direct-methodpartduringtheexecutionof thepulsesequence,
anda COMPUTEpartduring theacquisitionof theFID. This
ÒmixedmethodÓoffersconsiderablesavingsaslongastheFID
occupiesthelargerpartof thetotaldurationof timeover which
thecalculationmustbecarriedout.Anothermajorpotentialfor
acceleratingthenumericalprocedureslies in thepossibilitiesof
parallelcomputing.Regardingnumericalsimulationsof MAS
NMR spectraof polycrystallinepowdersamples,themostobvi-
ousandstraightforwardpartin thecalculationsthatlendsitself
to theadvantagesof parallel-computingcodeis thecalculation
of thepowderaverages(31). Ourpresentimplementationmakes
useof a master/slave programwherethe masterdistributesto
theslavesasubsetof REPULSIONanglesassoonasslavesbe-
comeidleandwhereeachslavecomputestheNMR subspectrum
correspondingto thesubsetof REPULSIONanglesit received
from the master. At the end, the mastersumsup all the sub-
spectracomputedby the slaves.This parallel-computingcode
for powderaveragingwas implementedusingtheParallelVir-
tualMachine(PVM) library (33) andcurrentlyrunsonaLinux
clusterwith eightdual450MHz IntelPentiumprocessorPCs.A
generalimpressionof thevariouscontributionsto thereduction
of computationaltimesmaybeobtainedfromTable1.Thecom-
putionaltimesquotedin Table1 referto theabovemotedLinux
cluster. They arevalid for thecalculationof R2-DQF̄ ; ° spectra
of 2-, 3-, and4-spinsystems,wherea setof 376REPULSION
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TABLE 1
Typical Times[s] Required to Calculate R2-DQF Spectra

(SeeText for Details) of 2-, 3-, and 4-Spin Systemsa

2-spinsystem 3-spinsystem 4-spinsystem

Directmethod,singleprocessor 8016 b b

Mixedmethod,singleprocessor 291 1454 9395
Mixedmethod,parallelmode 23 100 654

a Seetext for a descriptionof theLinux clusterused.Thesavingsin parallel
modeareonly slightly lessthanthevaluesexpectedwhendividing thesingle-
processor-baseddurationsby thenumber(16 in ourcase)of CPUsused.

b Not determined.

(23) powderangles,a durationof ¿ D 1 ms,anda FID lasting
for 17mshavebeenassumed.Somesimulationsreportedin this
studywerecarriedout in single-processormode,while calcula-
tionsof errorscansandplanes,R2-DQF ef®ciency curves,and
iterative lineshape®tsemployedparallelcomputing.For itera-
tiveminimizations,oursimulationprogramsarecombinedwith
theoptimizationroutinesof theMINUIT package(34).

RESULTS AND DISCUSSION

Thefollowing is organizedin threesections.The®rstsection
examinesthe performanceof the R2-DQF̄ experiment((17),
Fig.2a)in thepresenceof largechemicalshieldinganisotropies;
thisparttakesadvantageof theknownparametersof the13Cspin
systemin sodiumpyruvate,1 (12). Thesecondsectiondealsin a
similarmannerwith thepropertiesof theR2-DQF̄ ; ° experiment
((18), Fig. 2b), including the n D 0 R2 conditionencountered
in various,fully characterized,13C isotopomersof monoam-
monium maleate,2 (11). The third sectionis devoted to the
determinationof the13C chemicalshieldingtensororientations
in the fumarateanion in diammoniumfumarate,3, from 13C
R2-DQF̄ ; ° lineshapesof 3-U13C.

TheR2-DQF¯ MASNMRExperimentin thePresenceof csa

For the R2-DQF̄ MAS NMR experiment(17) it hasbeen
demonstratedthat experimentallineshapescanbe reproduced
well numericallyandreßecttheanisotropicinteractionparame-
tersof agivenspinsystemwith similarsensitivitiesasthecorre-
spondingconventionalR2 lineshapes(12). This demonstration
employed the 13C2±13C3 spin pair in selectively 13C-labeled
sodiumpyruvate,1-C2/C3, underthen D 1 R2 condition.This
spinpairischaracterizedbyalargedifferencein isotropicchem-
ical shieldingvalues(! 1 23

iso D 176:8 ppm),andasmallchemical
shieldinganisotropy of 13C3 (±CS3 D 0:14 ! 1 23

iso ). Underthese
conditionsb23 is by far themostsensitively encodedparameter
in the n D 1 R2 aswell asin the R2-DQF̄ lineshapes.In ad-
dition, for the parametersdescribingthe spin pair in 1-C2/C3
a maximumn D 1 R2-DQF̄ ef®ciency of 47%was predicted
numerically, while 35% werefound experimentally(both at a
Larmorfrequency ! 0=2¼ D ¡ 50:3 MHz).

Wecontinueto usethe13C spinsystemin solidsodiumpyru-
vate, but now switch to 1-C1/C2. The most prominent fea-
tures of this spin pair are a large dipolar coupling constant
b12 (b12=2¼ D ¡ 2004Hz),asmalldifferencein isotropicchem-
ical shielding(! 1 12

iso D 37:3 ppm), and large csaat both 13C
sites(±CS1 D 2:20! 1 12

iso , ±CS2 D 2:95! 1 12
iso ). Figure3 displaysa

selectionof differentexperimentalR2-DQF̄ spectraof 1-C1/C2
in comparisonwith the correspondingsimulatedspectra,em-
ploying theknown spin-pairparametersof 1-C1/C2 (12). The
spectrashown in Fig.3 emphasizetwo points:(i) TheR2-DQF̄
lineshapesarevery sensitive to thechoiceof theexperimental
parameter¿ (while slight misjudgmentsof thepulsedurations
by up to ca. 0.3 ¹ s are found to have no signi®cantimpact
on the resultinglineshapes).(ii) The simulatedspectra,based
ontheknown parametersof thespinpair in 1-C1/C2, reproduce
well theexperimentallyobservedR2-DQF̄ lineshapes.With our
originalgoalin mind,thatis,thedeterminationof molecularcon-
formationsbasedoncsatensororientations,weneedtoexamine
in moredetailhow sensitively theEuleranglesÄCSi ; j

PC ; i ; j D 1; 2
areencodedin theselineshapes.

Thisexaminationfollowsapurelynumericalapproachandis
illustratedin Fig.4.First,aR2 spectrumbasedontheexperimen-
tally determinedbest-®tparametersof thespinpair in 1-C1/C2
(12) is calculated,followedby one-dimensionalerrorscansfor
eachof theEuleranglesÄCSi ; j

PC . Theresultingerrorcurvesfor this

FIG. 3. Comparisonof experimental(top traces)and simulated(bottom
traces)13C n D 1 R2 and R2-DQF̄ lineshapesof the spin pair in 1-C1/C2
at ! 0=2¼ D ¡ 75:5 MHz and! r =2¼ D 2793Hz; thesimulationsemploy the
knownparametersof thisspinpair(12). (a)ConventionalR2 spectraof 1-C1/C2;
arrowsindicatetheisotropicchemicalshieldingof 13C1,13C2.(b±e)R2-DQF̄
spectraof 1-C1/C2, where¿ D 0:1 ms(b), ¿ D 0:3 ms(c), ¿ D 0:5 ms(d), and
¿ D 0:7 ms (e).
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FIG. 4. One-dimensionalerrorscans,illustratingthesensitivity of conven-

tionaln D 1 R2 andR2-DQF̄ lineshapesto theEuleranglesÄ
CS1;2
PC in 1-C1/C2

at ! 0=2¼ D ¡ 75:5 MHz and! r =2¼ D 2793Hz. Theerrorscansarebasedon
simulatedspectraaccordingto the parametersof the spin pair in 1-C1/C2, so
thateachindividualerrorscanaddressesthesituationwhereall otherparameters
areat preciselytheir optimumvalues.(a) Error scansfor theconventionalR2

lineshape.(b±d)Error scansfor the R2-DQF̄ lineshapeswith ¿ D 0:1 ms (b),
¿ D 0:7 ms(c), and¿ D 2:0 ms(d). Theverticalaxesin theplotsarede®nedas

Error¤ D

r P
i [(s(i )¡ ref (i )]2
P

i [ref (i )]2
¢100.

Thispurelynumericalcomparisoncangiveonly animpressionof idealcircum-
stances,in theabsenceof any (unavoidable)experimentalimperfections.

purelynumericalconventionalR2 spectrumareshown in Fig.4a
asareference.Thesameprocedureis thencarriedoutwith sev-
eralnumericallysimulatedR2-DQF̄ spectrafor a rangeof dif-
ferentvaluesof ¿:Theone-dimensionalerrorcurvesfor the®ve
EuleranglesÄCSi ; j

PC resultingfrom thesenumericallygenerated
R2-DQF̄ spectraaredepictedin Figs.4b±d.Obviously, these
virtualexperimentsindicatethatfor awholerangeof values¿the
EuleranglesÄCSi ; j

PC mightbeslightlymoresensitivelyencodedin
theR2-DQF̄ lineshapesthanin theconventionalR2 lineshapes.
In practice,basedon lineshape®ttingof realexperimentalR2-
DQF̄ spectra,wehavebeenunabletore®nethecsaorientational
parametersof thespinpairin 1-C1/C2beyondtheprecisionpre-
viously obtainedfrom conventionalR2 lineshapes(12).

As far asthesensitivitiesof thelineshape-®tparametersÄCSi ; j

PC
are concerned,the R2-DQF̄ experiment in the presenceof
considerablecsaÕs is promising,but lessso whenconsidering
theachievableR2-DQF̄ ef®cienciesundertheseconditions.In
Fig. 5a the R2-DQF̄ ef®cienciesfor 1-C1/C2 areplottedasa
function of ¿, the expectedsimulatedef®ciency curve (Ñ) is
comparedto theexperimentallymeasuredcurve (s ). Thetheo-

retically highestpossibleef®ciency of 9% for this spin pair is
predictedto occurat ¿ D 0.7ms, while 6% arereachedexper-
imentally. The strongßuctuationsin R2-DQF̄ ef®ciency as a
functionof ¿ leadto relativemaximanotonly ator nearvalues
of ¿ thataremultiplesof therotationperiod.Thisfeaturemakes
it ratherdif®cultto selectoptimumexperimentalparametersin
arealisticapplicationsituation,unlessall parametersof thespin
systemareknown in advanceandthebestchoiceof ¿ canthus
bepredictedfrom numericalsimulations.A sharpdropin DQF
ef®ciency accompanyingthepresenceof nonnegligiblecsafrom
the theoreticallyhighestpossibleef®cienciesunderÒidealcir-
cumstancesÓisnothinguniquetotheR2-DQF̄ experiment.This
problemafßicts,moreor less,many pulsesequencessuitablefor
DQFexperimentsonpolycrystallinepowdersunderMAS condi-
tions.WhentheR2-DQF̄ experimentwasoriginally introduced
(17), it was pointedout that thepresenceof csawill generally
degradethe DQF ef®ciency of the experiment.It was further
motedthatreplacingthe®rstthree-pulsesubsequence(theinver-
sionsubsequence,seeFig. 2a)by moresophisticatedinversion
sequencesmight improve ef®ciency mattersin thepresenceof
csa.This ideacanbetestedby numericalsimulations.Numer-
ically it is easyto producenot just an improved,but a perfect,
inversionconditionat thebeginningof thepulsesequence.As
canbeseenin Fig. 5b,againfor theparametersof the1-C1/C2
spin pair, an assumedperfectinversionsituationsmoothesthe
oscillationsin theR2-DQF̄ ef®ciency asafunctionof ¿,butonly
slightly booststheoverall R2-DQF̄ ef®ciency in thepresence
of largecsaÕs.

For very trivial but important reasonsof experimentally
achievablesignal-to-noiseratio,it isdesirabletohaveadditional
experimentaloptionswhereinformativeR2-DQFlineshapesare
obtainedwith higheref®cienciesin thepresenceof largecsaÕs
(i.e.,when±CSi ; j ¸ 2! 1 i j

iso ), andwhereit is easierto predictsuit-
ableexperimentalconditionswithoutextensiveadvanceknowl-
edgeof all spin-systemparameters.

TheR2-DQF¯; ° MASNMRExperimentin thePresenceof csa

At a ®rstglance,it mayseemsurprisingthatwe explore the
practicalperformanceof theR2-DQF̄ ; ° MAS NMR experiment
(Fig. 2b), a pulsesequencethat is characterizedby a consider-
ably lower limit (50%) of its highesttheoreticalR2-DQF ef®-
ciency underidealcircumstances(18). However, thepresenceof
largechemicalshieldinganisotropiespresentsratherÒnonideal
circumstances,Óleadingto lessobviouschoicesof themostsuit-
ableexperimentalapproach.

Again, we take the 13C spin pair in 1-C1/C2 as the model
case.Figure 5c comparesthe numerically expected to the
experimentallyobserved R2-DQF̄ ; ° ef®cienciesfor this spin
pair, plotted as a function of ¿. This comparisonyields two
argumentsfor theR2-DQF̄ ; ° experimentfor spinsystemswith
large csaÕs. First, the optimum choiceof experimentalvalues
¿ is easilypredictable,asmaximaof theDQF ef®ciency occur
only for valuesof ¿verycloseto integermultiplesof therotation
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FIG. 5. Numericallypredictedandexperimentallyobserved13C R2-DQF
ef®cienciesfor the 13C spin pair in 1-C1/C2 at ! 0=2¼ D ¡ 75:5 MHz and
! r =2¼D 2793Hz.(a)Plotof numericallypredicted(Ñ) andexperimentallyob-
served(s )n D 1 R2-DQF̄ ef®cienciesasafunctionof ¿. (b)Plotofnumerically
predictedR2-DQF̄ ef®cienciesasafunctionof ¿, where(Ñ) referstoassuming
the three-pulseinversionsubsequence(seeFig. 2a) inverting the lessshielded
13C2resonance,and(*) refersto assumingperfectinversionat thebeginningof
the pulsesequence.(c) Plot of numericallypredicted(Ñ) andexperimentally
observed(s ) n D 1 R2-DQF̄ ; ° ef®cienciesasafunctionof ¿. Also shown are
thecorrespondingnumericallypredicted(±¢±¢) n D 1 R2-DQF̄ ef®ciencies.

period.Second,theef®ciency maximaareconsiderablyhigher
thanfor the R2-DQF̄ MAS NMR experimentunderotherwise
identicalconditions.ThehighestR2-DQF̄ ; ° ef®cienciesfor the
13C spin pair in 1-C1/C2 (33% theoretical,26% experimental
at ¿ D 0:72 ms and ! 0=2¼ D ¡ 75:5 MHz; seeFig. 5c) are
quite reasonable.Experimental13C R2-DQF̄ ; ° lineshapesof

FIG. 7. One-dimensionalerror scans,illustrating the sensitivity of conventionaln D 1 R2 (Ñ), R2-DQF̄ ; ° (±¢±¢), and R2-DQF̄ (± ± ±) lineshapesto the
EuleranglesÄ

CS1;2
PC in 1-C1/C2at ! 0=2¼D ¡ 75:5 MHz and! r =2¼D 2793Hz. Theprocedureis thesameasdescribedin thelegendof Fig. 4. Theerrorcurves

arecalculatedfor valuesof ¿D 0.30msfor the R2-DQF̄ sequenceand¿D 0.72msfor the R2-DQF̄ ; ° sequence.

FIG. 6. Comparisonof experimental(top traces)and simulated(bottom
traces)13C n D 1 R2 and R2-DQF̄ ; ° lineshapesof the spin pair in 1-C1/C2
at ! 0=2¼D ¡ 75:5 MHz and ! r =2¼D 2793 Hz; the simulationsemploy the
knownparametersof thisspinpair(12). (a)ConventionalR2 spectraof 1-C1/C2;
arrowsindicatetheisotropicchemicalshieldingof 13C1,13C2.(b±d)R2-DQF̄ ; °

spectraof 1-C1/C2,where¿D 0:36ms(b),¿D 0:54ms(c),and¿ D 0:72ms(d).

1-C1/C2arewell reproducednumericallyby theknown param-
etersof thisspinpair, ascanbeseenin Fig.6.Closerinspection
of thesensitivity of theR2-DQF̄ ; ° lineshapesto the13C1,13C2
chemicalshieldingtensororientationsin 1-C1/C2 revealsthat
the Euler anglesÄCS1;2

PC are aboutequally sensitively encoded
as in the correspondingconventional R2 lineshapes.This
comparisonis depictedin Fig. 7, wherethe purely numerical
explorationfrom Fig. 4, employing the parametersof the 13C
spinpair in 1-C1/C2for thecalculationof one-dimensionaler-
ror scansis now extendedto includethe R2-DQF̄ ; ° lineshapes
andtheir sensitivities to chemicalshieldingtensororientations.

Anotherusefulfeatureof the R2-DQF̄ ; ° experimentis that
it also works underthe n D 0 R2 condition,as was already
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demonstratedfor the 13C spin pair in diammoniumoxalate
monohydratein the original paperdescribingthe experiment
(18), with roughly15% R2-DQF̄ ; ° ef®ciency reportedfor this
spin pair at a relatively low MAS frequency (! 0=2¼D
¡ 79:9 MHz, ! r =2¼D 1560 Hz, ¿D 2¿r D 1:28 ms). Another
n D 0 R2 caseis encounteredin the13C spinpair in themaleate

FIG. 8. 13C R2-DQF̄ ; ° experimentsat the n D 0 R2 condition.(a) Experimental(top) andsimulated(bottom)n D 0 R2-DQF̄ ; ° spectraof 2-C2/C3 at
! 0=2¼ D ¡ 75:5 MHz, ! r =2¼ D 2626Hz, and¿ D 0.12ms;thesimulationemploys theknown parametersof thisspinpair (11), thearrow indicatestheisotropic
13C2,13C3chemicalshielding.(b) Numericallypredicted(Ð) andexperimentallyobserved(s ) n D 0 R2-DQF̄ ; ° ef®cienciesasa functionof ¿, for 2-C2/C3at
! 0=2¼ D ¡ 75:5 MHz and! r =2¼ D 2626Hz; notethemirror-planesymmetryof 2-C2/C3andtheminimain theR2-DQFef®ciency at ¿ D N¿r . (c) Numerically
predictedR2-DQF̄ ; ° ef®cienciesasa functionof ¿, for the13C spinpair in diammoniumoxalatemonohydrate(18); notetheC2 symmetryof this spinsystem
andtheoccurrenceof maximain the R2-DQFef®ciency at ¿ D N¿r .

anionin 2-C2/C3: herethetwo 13C chemicalshieldingtensors
arerelatedby mirror-planesymmetry, in the former spin pair
a twofold symmetryaxis relatesthe two sites.The known pa-
rametersof thespinpair in 2-C2/C3 (11) yield simulationsof
R2-DQF̄ ; ° spectrathatmatchtheexperimentallyobservedline-
shapesverywell (seeFig.8a).Alsounderthen D 0 R2 condition
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in thepresenceof largecsa's,fairly high R2-DQF̄ ; ° ef®ciencies
canbeachieved,but underthen D 0 R2 conditionthemaxima
in the ef®ciency as a function of ¿ are lessobviously related
to the rotationperiodthanunderthe n D 1 R2 condition(35).
This is illustratedin Figs.8b andc. In Fig. 8b thetheoretically
expected(Ð) andtheexperimentallyobserved(±) R2-DQF̄ ; °

ef®cienciesfor the 2-C2/C3 spin pair are plotted as a func-
tion of ¿. Underthen D 0 R2 conditioninvolving mirror-plane
symmetry, the ef®ciency is minimal at ¿ valuesthat are in-
teger multiples, N of the rotation period ¿r . In contrast,the
n D 0 R2 conditioninvolving C2 symmetryyieldsmaximaof
theef®ciency when¿ D N¿r . This is shown in Fig. 8c, where
the theoreticallyexpectedR2-DQF̄ ; ° ef®ciency as a function
of ¿ is plotted for the 13C spin pair in diammoniumoxalate
monohydrate(18).

In 2-U13C, the 13C1±13C4 and the 13C2±13C3 pairsalways
ful®ll then D 0 R2 conditiondueto themolecularmirror-plane
symmetry. If the MAS frequency is chosensuchthat ! r =2¼
ful®lls in addition the n D 1 or n D 2 R2 condition between
13C1±13C2 and 13C3±13C4, the resultingconventional13C R2

lineshapessensitively re¯ect all EuleranglesÄCS1;2

PC in this 13C
4-spinsystem.The 13C chemicalshieldingtensororientations
in 2-U13C deviate slightly, but signi®cantlyfrom the typically
assumedorientations. For instance, the directions of the
most shielded13C1, 13C2 tensorcomponentsare not exactly
perpendicularto themolecularplane,andthedirectionsof the
intermediateshielded13C1, 13C2 tensorcomponentsdeviate
slightly from the 13C1==O and 13C2==13C3 bond directions,
respectively (11). Theseminordeviationsfrom theªtypical 13C
shieldingtensororientationºaresensitively re¯ectedin thecon-
ventionaln D 2 R2 spectrallineshapesof 2-U13C. This is also
truefor thecorrespondingR2-DQF̄ ; ° lineshapes.Figure9ade-
pictsanexperimentalR2-DQF̄ ; ° spectrumof 2-U13C, obtained
at ! 0=2¼ D ¡ 125:8 MHz underthen D 2 R2 conditionwith
¿ D 0:453ms.Thecorrespondingsimulatedspectrumin Fig.9b
is basedon thebest-®tvaluesof theEuleranglesÄCS1;2

PC previ-
ouslyobtainedfrom conventionaln D 2 R2 spectrallineshapes
of 2-U13C (11), thesimulatedspectrumin Fig.9cassumesEuler
anglesÄCS1;2

PC suchthattheªtypical orientationscenarioºwould
be preciselyrealized(i.e., the directionsof the mostshielded
tensorcomponentsare taken as exactly perpendicularto the
molecularplane,andthe directionsof the intermediatetensor
componentsare assumedto be precisely collinear with the
C==C andC==O bonddirections,respectively). Clearly, thetwo
simulatedR2-DQF̄ ; ° spectraaresigni®cantlydifferent,despite
the relative small differencesin Euler anglesÄCS1;2

PC between
them.The simulatedspectrumin Fig. 9b agreesmuch better
with the experimentalR2-DQF̄ ; ° spectrumthan the typical
orientationscenariosimulationin Fig.9c.Obviously, exerimen-
tal R2-DQF̄ ; ° spectranot only of spin pairsbut alsoof spin
systemscomposedof morethantwo spinsmaywell serveasthe
startingpointfor thedeterminationof chemicalshieldingtensor
orientations.

The13C ChemicalShieldingTensors
in DiammoniumFumarate, 3

The 13C chemicalshieldingtensororientationsin diammo-
nium fumarate,3, arenot known, but various13C isotopomers
of diammoniumfumaratehave beenadoptedas model com-
poundsto illustratetheperformanceof novel MAS NMR pulse
sequencesandrecouplingschemes(36±39). Thecrystalstruc-
tureof 3 (16) explainsthedif®cultiesin determiningthechem-
ical shielding tensororientationsfor 3 by meansof conven-
tional 13C R2MAS NMR experiments.The fumarateanion in
solid3 possessesacenterof inversionsymmetry, whichrenders
13C MAS NMR spectraof thepairwiselabeled13C1, 13C4 and
13C2,13C3isotopomersuninformativeregardingthe13C chemi-
calshieldingtensororientations.Further, thelimitedmutualspa-
tial isolationof thefumarateanionsin thecrystallatticeof 3 a
priori discouragestheuseof undiluted13C-labeledisotopomers
of 3. Thefully 13C enrichedfumaratemoietyin 3-U13C (and/or
3-U13Cdil ) lifts the symmetry-relatedproblemswith the pair-
wise 13C-labeledisotopomersof 3. A modestdifferencein
isotropic13C chemicalshielding! 1 12

iso D ! 1 34
iso D 35:6 ppm in 3

makesn D 1; 2 R2 conditionsexperimentallyaccessible,where
the lineshapessensitively re¯ect the 13C chemicalshielding
tensororientations.While conventional13C R2 lineshapesof
3-U13Cdil arenotsuitablefor purposesof iterative lineshape®t-
ting, thecorrespondingR2-DQF lineshapeseliminatetheprob-
lem of natural-abundance13C backgroundresonances.Above
we have demonstratedthat indeedthe (known) 13C chemical
shieldingtensororientationsof the closely related13C 4-spin
systemin 2-U13C aresensitively encodedin the R2-DQF line-
shapes.Wearenow readyto determinethe13C chemicalshield-
ing tensororientationsin thefumaratemoietyof diammonium
fumarate.

Of the numerousparameterscharacterizingthe 13C 4-spin
systemin 3-U13C, many canbedeterminedindependently. The
known crystalstructureof 3 (16) yieldsmagnitudesandorien-
tationsof the dipolar coupling interactiontensors! Di j , while
solution-state13C NMR spectraof 3-U13C provide the values
of the isotropic J-coupling constants(seeTable 2). Isotropic
13C chemicalshieldingvaluesand the magnitudesof the 13C
chemicalshieldingtensorsareobtainedfrom 13C MAS NMR
experimentson 3 (seeTable3). Theinversionsymmetryof the
fumarateanionin 3 reducesthenumberof Eulerangles,needed
todescribetheorientationof thefour13Cchemicalshieldingten-
sors,to six (®CSi

PC , ¯ CSi
PC , ° CSi

PC ; i D 1; 2). Thesearetheremaining
six unknown parameterswhichmustbedeterminedby iterative
®ttingof 13C R2-DQF lineshapes.Thevery ®rstpracticalstep
is devotedto thedecisionwhetheror not 13C R2-DQF spectra
of theundilutedsample3-U13C canserveasexperimentalinput
datafor the numericalminimization.Experimentallywe ®nd
identicalR2-DQFlineshapesfor 3-U13C and3-U13Cdil undera
variety of experimentalconditions.Accordingly, experimental
13C R2-DQFspectraof 3-U13C mayserveasexperimentalinput
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FIG. 9. Comparisonof experimental(a) andsimulated(b, c) 13C n D 2 R2-DQF̄ ; ° spectraof 2-U13C at ! 0=2¼ D ¡ 125:8 MHz, ! r =2¼ D 2207Hz, and
¿ D 0:453ms;thearrowsindicatethe13C2,13C3and13C1,13C4isotropicchemicalshieldingregions.Thesimulatedspectrumbisbasedonthebest-®t13Cchemical
shieldingtensororientationsderived from conventionaln D 2 R2 spectraof 2-U13C (11). Thesimulatedspectrumc assumesEuleranglesÄ

CSi ; j
PC corresponding

to theªtypical csaorientationºscenario(seetext). Also shown arethedifferencecurvesbetweenexperimentalandcalculatedspectraa,b, anda,c, respectively.

data.Theresultsof subsequentiterative lineshape®tsaresum-
marizedin Table3 andFig. 10. The experimentalR2-DQF̄ ; °

spectrumof 3-U13C, obtainedat ! 0=2¼ D ¡ 125.8MHz under
then D 2 R2 conditionwith ¿ D 0:446ms(Fig.10a)agreesvery

well with the simulatedspectrum,basedon the best-®tvalues
of ÄCS1;2

PC (Fig. 10b).The simulatedspectrum,basedon a typi-
calcsaorientationassumption(Fig.10c)disagreessigni®cantly
with thespectrashownin Figs.10aandb,eventhoughthebest-®t
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FIG. 10. Comparisonof experimental(a) andsimulated(b, c) 13C n D 2 R2-DQF̄ ; ° spectraof 3-U13C at ! 0=2¼ D ¡ 125:8 MHz, ! r =2¼ D 2240Hz, and
¿ D 0:446 ms; the arrows indicatethe 13C1, 13C4 and13C2, 13C3 isotropicchemicalshieldingregions.The simulatedspectrumb is basedon the best-®t13C
chemicalshieldingtensororientationsderived from theexperimentalspectruma.Thesimulatedspectrumc assumesEuleranglesÄ

CSi ; j
PC correspondingprecisely

to a ªtypical csaorientationºscenario.Also shown arethedifferencecurvesbetweenexperimentalandcalculatedspectraa,b, anda,c, respectively.

valuesof ÄCS1;2
PC donotdeviatemuchfromtheEuleranglescorre-

spondingtothetypicalcsaorientations(seeTable3).In addition,
thebest-®tvaluesof ÄCS1;2

PC equallywell reproduceexperimental
R2-DQF spectraof 3-U13C obtainedunderotherexperimental
conditions.Figures9and10underscoretheimportanceof avery

goodsignal-to-noiseratio in experimentalspectrathatserve for
purposesof iterative lineshape®tting.Figures9 and10 further
illustratethesimilaritiesof thefour-13C spinsystemsin 2-U13C
and3-U13C: in bothcasesthe R2-DQFlineshapesrevealsmall,
but signi®cant,deviationsof the13C chemicalshieldingtensor
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TABLE 2
Direct and Indirect Dipolar 13Ci±13Cj Couplings

in Diammonium Fumarate, 3

i j D 12or 34 i j D 13or 24 i j D 23 i; j D 14

bi j =2¼[Hz]a ¡ 2274 ¡ 500 ¡ 3355 ¡ 130
¯ D

PC[±]a;b C56:3 C30:1 0 C39:9

! Jiso
i j [Hz]c C64:5 C1:5 C68:0 (§ )7:0

a Calculatedfrom theknown crystalstructureof 3 (16).
b TakingÄ D23

PC D (0; 0; 0).
c Determined by solution-state13C NMR of an acqueoussolution of

3-U13C (Larmor frequency ! 0=2¼ D ¡ 125:8 MHz, Bruker DRX 500 NMR
spectrometer).

orientationsfrom the typical csaorientationsscenario.In rela-
tiontothegeometryof thefumarateanionin 3, thebest-®tvalues
of theEuleranglesÄCS1;2

PC describethe following 13C chemical
shieldingtensororientations.Thedirectionsof themostshielded
componentsof the 13C1/13C4 and13C2/13C3 shieldingtensors
both deviate from being perpendicularto the molecularC1±
C2±C3±C4planeby 15 and25±, respectively. Thedirectionof
theleastshieldedcomponentof the13C1/13C4shieldingtensors
subtendsanangleof 11± with theC1±C2andC3±C4bonddirec-
tions,respectively.Thedirectionof theleastshieldedcomponent
of the13C2/13C3shieldingtensorsis nearlyperpendicularto the
C2==C3 bond direction (102±) and nearly lies in the molecu-
lar plane(within 8±). Thedirectionof theintermediateshielded
componentof the 13C2/13C3 shieldingtensorsdeviatesby 28±

from beingcollinearwith theC2==C3bonddirection.

TABLE 3
13C ChemicalShielding in Diammonium Fumarate, 3

13C1,13C4 13C2,13C3

! CS
iso [ppm] ¡ 173:6 ¡ 138:0

±CS [ppm] 64.8 ¡ 94:2

´ CS 0.82 0.59

®CS
PC23

[±]a ¡ 126§ 28b ¡ 65§ 30b

¯ CS
PC23

[±]a ¡ 75§ 28c ¡ 102§ 13

° CS
PC23

[±]a ¡ 93§ 12 C9 § 12

a EuleranglesÄCS
PC23

relateto theprincipalaxissystemof the 13C2±13C3
dipolar couplingtensorasthe CAS, with its y axis de®nedasperpendicular
to themolecularC1±C2±C3±C4plane.13C1/13C4 (and13C2/13C3) in thefu-
marateanionof 3 arerelatedby inversionsymmetry(16), implying identical
orientationsof the 13C1/13C4 (and13C2/13C3) chemicalshieldingtensordi-
rections.Theªtypical csaorientationsºin thefumarateanionof 3wouldcorre-
spondtoEuleranglesÄCS1

PC23
D (¡ 124; ¡ 90; ¡ 90)andÄCS2

PC23
D (¡ 90; ¡ 90; 0).

Uncertaintiesof the best-®tvaluesÄCS
PC23

are quotedfor the rangespan-
ning 2e2

min in one-dimensionalerror scansof eachof the individual best-®t
parameters.

b The error curve in the 2e2
min minimum region in one-dimensionalerror

scansof thisparameteris broadandfeatureless.
c The error curve in the 2e2

min minimum region in one-dimensionalerror
scansof thisparameterdisplaysasharp(¡ 75§ 8±) minimumwithin abroader
curve.

SUMMARY

In concluding,we brie¯y summarize,in our view, the most
important®ndingsof ourcombinednumericalandexperimental
study.

1. The R2-DQF̄ and R2-DQF̄ ; ° pulse sequences(17,
18) have experimentaland numericalrobustnessand easein
common.

2. Both pulsesequencesconsiderablyexpandthe practical
rangeof spin systemson which R2 experimentsmay be suc-
cessfullycarriedoutin termsof lineshapesimulationsbut where
conventionalR2 lineshapescannotbe used.A generalareaof
applicationwherethis is importantis, for instance,MAS NMR
applicationson inorganicsolidswith spin-1/2isotopesin low
naturalabundance(40).

3. The R2-DQF̄ and R2-DQF̄ ; ° pulsesequencescomple-
ment eachother. In the presenceof large chemicalshielding
anisotropiesandmodestdifferencesin isotropicchemicalshield-
ing, the R2-DQF̄ ; ° sequence(18) is thepreferableexperimen-
tal choicefor the determinationof chemicalshieldingtensor
orientationsfrom R2-DQF lineshapes.TheR2-DQF̄ sequence
(17) worksbestwherelargeisotropicchemicalshieldingdiffer-
encesandsmall chemicalshieldinganisotropiesare involved,
especiallyincludingcaseswith relative smalldipolarcoupling
constants(12,17), andthusis thepreferableexperimentaltool
whenaiming at the determinationof internucleardistancesin
suchspinsystems.

4. Providedsuf®cientlyfastandexactnumericalmethodsare
available, R2-DQF experimentscanbe expanded,in a quanti-
tative andreliablemanner, to spin systemscomposedof more
thantwo spins.

5. Finally, it should be moted that both pulse sequences
preserve the narrowbandednessand, hence, selectivity, of
the correspondinconventional R2 condition in multiple-spin
systems(41).
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Selectivity of Double-Quantum Filter ed Rotational-Resonance 
Experiments on Larger-than-Two-Spin Systems  

Matthias Bechmann, Xavier Helluy, and Angelika Sebald 
Bayerisches Geoinstitut, Universität Bayreuth, 95440 Bayreuth, Germany 

Introductio n 

Characterizing the orientation and molecular conformation of small organic molecules 
bound to the inner or outer surfaces of proteins represents an important step in drug 
design and in understanding the mechanisms of biochemical reactions, and similarly, of 
non-biological catalytic reactions. In a biochemical context, such molecular units or 
subunits may often contain only three or four carbon atoms, examples being the 
pyruvate anion, fumaric and maleic acid derivatives, or the phosphenolpyruvate moiety 
in differing degrees of ionization. Magic-angle spinning (MAS) NMR experiments, 
capable of delivering reliable information about the conformational properties of these 
molecular units, have to combine several properties in order to be able to fulf ill these 
tasks in realistic application situations. First, the 13C resonances originating from the 
(fully or partially) 13C enriched substrate molecules of interest have to be separable 
from additional natural-abundance 13C resonances; this calls for the application of 
double-quantum filtration (DQF) techniques. Second, many of these small substrate 
molecules feature structural subunits that require using the orientation dependence of 
13C chemical shielding as the source of information about molecular conformation; this 
calls for MAS NMR experiments where magnitudes and orientations of chemical 
shielding tensors are sensitively reflected. Third, for reasons of synthetic feasibility, the 
chosen MAS NMR techniques must be applicable in a quantifiable manner to larger-
than-two-spin systems. The ease and robustness of the experimental and numerical 
implementations are an additional consideration.  
 With these selection criteria in mind, we turn to the so-called rotational-
resonance (R2) condition [1-5] in conjunction with double-quantum filtration (DQF). In 
the context of larger-than-two-spin systems, a certain preserved narrowbandedness of 
(some of) the R2 condition(s) can be at an advantage over more broadbanded 
alternatives, such as the DQ-DRAWS experiment [6] or the C7 sequence [7] and its 
 23 
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derivatives [8]. We will employ a recently introduced R2-DQF pulse sequence [9] to 
investigate aspects of selectivity when applying R2-DQF experiments to spin systems 
composed of more than two 13C spins. We use the 13C-three spin system in fully 13C 
enriched sodium pyruvate, 1-U13C, as our model case. 1-U13C was chosen because i) the  

 
Fig. 1: 13C MAS NMR spectrum of sodium pyruvate (Z0/2S = – 75.5 MHz; Z r/2S = 1888 Hz) 
with 13C in natural abundance; the assignment of the three 13C isotropic chemical shielding 
values is indicated.  

crystal structure of sodium pyruvate is known [10], ii) the parameters of its 13C three-
spin system have been determined [11], and iii) this spin system makes a range of rather 
different R2 conditions accessible, as can be seen in Fig. 1, where a 13C MAS NMR 
spectrum of sodium pyruvate with 13C in natural abundance is depicted.  

Methods 

Fully 13C-enriched sodium pyruvate, 1-U13C, is commercially available (ISOTEC Inc., 
USA) and was used as received. 13C R2-DQF experiments at 13C Larmor frequency 

SZ 2/0  = –50.3 MHz were run on a Bruker MSL 200 NMR spectrometer using a 4 mm 
double-bearing CP MAS probe. A range of 13C R2-DQF experiments on 1-U13C and 1-
U13Cdil (sample diluted by co-crystallization with 13C natural abundance material in a 
1:5 enriched:unenriched ratio) yielded identical spectral lineshapes.  

The pulse sequence used for DQF at the n = 1 R2 condition [9] is depicted in Fig. 
2. Experimentally 13C S/2 pulse durations of 3.5 Ps and a c.w. 1H decoupling amplitude 
of 83 kHz were employed.  

The parameters of the 13C spin system in solid sodium pyruvate [11] and a full 
description of the notation, definitions, and numerical simulation methods used are 
given elsewhere. [12] 
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Fig. 2: Pulse sequence to achieve DQF at the n = 1 R2 condition, where Wr denotes rotation 
period, and the three-pulse subsequences consist of S/4-S/2-S/4 pulses [9] . 

Results and Discussion 

For the R2-DQF pulse sequence ([9], see Fig. 2) it has been demonstrated that high R2-
DQF efficiencies are achieved for large and small dipolar coupling interactions, 
provided that the chemical shielding anisotropies (csa; GCS�) are substantially less than 

the difference in the isotropic chemical shielding, rnZ  = u , with n being a 
small integer [11]. In the presence of large CSA's, another R

'
isoZ jiCS ,G
2-DQF pulse sequence [13] 

maintains higher R2-DQF efficiencies.  
The 13C three-spin system in 1-U13C presents a set of three, rather different n = 1 

R2 conditions. When choosing the 13C2-13C3 pair,  = 23'
isoZ rZ  substantially exceeds the 

magnitude of all spin interactions in 1-U13C. The 13C1-13C3 pair is similarly 
characterized by a fairly large value Z iso

' 13 , but features a much smaller dipolar coupling 
constant b13 than the 13C2-13C3 pair. The n = 1 R2 condition for the 13C1-13C2 pair in 1-
U13C differs strongly: these two 13C spins are characterized by a small value of , by 

substantial chemical shielding anisotropies, 

Z iso
' 12

GCS1,2 , and by a large value of b12. At a 13C 
Larmor frequency of SZ 2/0  = –50.3 MHz, GCS1,2 (considerably) and b12 (slightly) 

exceed Z r. A comparison of theoretically expected (___) and experimentally observed (o) 
R2-DQF efficiencies, plotted as a function of W, for these three n = 1 R2 conditions in 1-
U13C is shown in Fig. 3. 

The trends in R2-DQF efficiencies for 1-U13C follow the expectations based on 
previous investigations of pairwise selectively 13C2,13C3 [11] and 13C1,13C2 [12] 
isotopomers of sodium pyruvate. The pulse sequence depicted in Fig. 2 yields fairly  
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Fig. 3: Theoretically expected (___) and experimentally observed (o) n = 1 R2-DQF efficiencies 
in 1-U13C, plotted as a function of W. The simulations employ the known parameters of this 13C 
three-spin system [11] ; the individually chosen i,j R2 conditions are indicated. The experimental 
data were obtained at Z0 / 2�   = –50.3 MHz, with Zr / 2�  = 1832 Hz (13C1,13C2 pair), Zr / 2�  = 

7020 Hz (13C1,13C3 pair), and Zr / 2�  = 8882 Hz (13C2,13C3 pair). The efficiency is given in 
percent with the integrated spectral intensity of the chosen i,j pair in the corresponding 
conventional R2 spectrum taken as 100 percent.  

high to high efficiences for small and large dipolar coupling constants at R2 conditions 
where Z r considerably exceeds the chemical shielding anisotropies present. In the 
presence of substantial chemical shielding anisotropies, other sequences [13] yield 
higher efficiencies and offer a more suitable experimental route to the determination of 
chemical shielding tensor orientations from R2-DQF lineshapes [12].  

The R2-DQF efficiency curves for the 13C2,13C3 pair in 1-U13C follow very 
closely the corresponding curves for the pairwise selectively 13C2,13C3 enriched 
isotopomer; in addition, the experimentally observed R2-DQF lineshapes for this spin 
pair in the two isotopomers were found to be indistinguishable [11]. This is further 
corroborated by numerical simulations employing three-spin calculations (see Fig. 4 a) 
or two-spin simulations (see Figure 4 b). The large difference in isotropic chemical 
shielding  in conjunction with the 23'

isoZ 13C2,13C3 n = 1 R2(-DQF) condition reduces the 
three-spin system in 1-U13C to an effective 13C2,13C3 two-spin system. This 
simplification is accompanied by a reduced information content: under these specific n 
= 1 R2 and R2-DQF conditions, only the magnitude of the dipolar coupling constant b23  
is sensitively reflected in the resulting lineshapes. 
 Analogously, the situation for the 13C1,13C3 n = 1 R2-DQF lineshapes of 1-U13C 
is now examined more closely, addressing the situation where  < , and b13'

isoZ 23'
isoZ 13 u  
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Fig. 4: Simulated n = 1 R2-DQF spectra for the 13C2,13C3 pair in 1-U13C, with  Z0 / 2�  = –50.3 
MHz, Zr / 2�  = 8882 Hz, W = 250 Ps, employing the known parameters of the pyruvate 13C spin 
system. a): full three-spin simulation; b): two-spin simulation ignoring 13C1. 

b23. The smaller value b13 / 2�  = –430 Hz does not dramatically reduce the R2-DQF 
efficiency since  > ; but the slightly reduced overall efficiency as compared to 
the previous 

13'
isoZ

G

1CSG
13C2,13C3 case does arise as a function of the now slightly increased 

'relative weight' of  in relation to  as compared to the  to  ratio. Of 
course, the smaller value b

1CS 13'
isoZ 2CSG 23'

isoZ

13 / 2�  = –430 Hz is reflected in less pronounced splittings of 
the 13C1,13C3 selected n = 1 R2-DQF lineshapes of 1-U13C. An experimental 13C1,13C3 
selected n = 1 R2-DQF spectrum is shown in Fig. 5 a, in comparison with the 
corresponding simulated spectrum employing a three-spin simulation in Fig. 5 b. The 
two lineshapes agree quite well. Describing the spectrum by a 13C1,13C3 two-spin 
simulation with the known parameters of the two spins does not give acceptable 
agreement between experimentally measured and simulated lineshapes. Extending the 
13C1,13C3 two-spin simulation to iterative fitting with b13 as a free fit parameter 
eventually leads to good agreement between experimental and best-fit simulated 
lineshapes (see Fig. 5 c). However, then the two-spin best-fit value found for b13 is –510 
Hz. In other words: treating the 13C1,13C3 n = 1 R2-DQF lineshapes of 1-U13C as 
originating from a 13C1,13C3 two-spin system, underestimates the 13C1-13C3 
internuclear distance as being 246 pm, compared to the known value of 260.5 pm. 
Similar deviations are found when using other experimental 13C1,13C3 selected n = 1 
R2-DQF lineshapes of 1-U13C as input for simulations and iterative lineshape fits. There  
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Fig. 5: n = 1 R2-DQF spectra for the 13C1,13C3 pair in 1-U13C, with Z0 / 2�  = –50.3 MHz, Zr / 
2�  = 7020 Hz, W = 400 Ps, and employing the known parameters of the pyruvate 13C spin system 
in the simulations. a): experimental spectrum; b): three-spin simulation; c): best-fit simulation 
with a 13C1,13C3 two-spin approximation, corresponding to b13 / 2  = –510 Hz. The simulations 

shown in b) and c) employ the known Euler angles . 3,1CS
PC:

may well be applications where this approximation would appear as sufficiently 
accurate. 

A completely different situation is encountered with the R2-DQF spectra of 1-
U13C adjusted for the 13C1,13C2 n = 1 R2 condition, with  = 2.20  and  = 

2.95 . At 

1CSG 12'
isoZ 2CSG

12'
isoZ SZ 2/0  = –50.3 MHz, the appropriate MAS frequency SZ 2/r  = 1832 

Hz is slightly less than the dipolar coupling constants b12 and b23, and is fairly close to 
the n = 4 13C1,13C2 and n = 5 13C2,13C3 R2 conditions, respectively. Figure 6 illustrates 
the properties of the 13C1,13C2 n = 1 selected R2-DQF spectra of 1-U13C.  
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Fig. 6: n = 1 R2-DQF spectra for the 13C1,13C2 pair in 1-U13C, with  Z0 / 2	  = –50.3 MHz, Zr / 
2	   = 1832 Hz, W = 700 Ps. a): experimental spectrum; b): three-spin simulation based on the 
known parameters from R2 spectra [11] ; c): same, but 13C1,13C2 two-spin simulation; d): three-
spin simulation based on the known parameters of the spin system, but orientation of the 13C 

chemical shielding tensors changed from the correct values  = {135,0,0},  = 

{0,95,90} to 

1CS
PC: 2CS

PC:
1CS

PC: assumed = {180,90,0}, 2CS
PC: assumed = {0,45,0}.  

An experimental spectrum, obtained with W = 0.7 ms is shown in Fig. 6 a, the 
corresponding simulated spectrum is displayed in Fig. 6 b. Agreement of the two 
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lineshapes is fairly good, though with some room for improvement: the spin system 
parameters of 1-U13C had previously been determined by iterative lineshape fitting of 
conventional R2 spectra; it has been shown that csa orientational parameters are more 
sensitively reflected in R2-DQF lineshapes than in the corresponding R2 spectra [12]. 
Clearly, describing this R2-DQF spectrum of 1-U13C by a 13C1,13C2 two-spin 
approximation is an invalid approximation (see Fig. 6 c). The simulated R2-DQF 

spectrum in Fig. 6 d illustrates that changes in the Euler angles , describing the 
orientations of the chemical shielding tensor orientations, are sensitively reflected in the 
R

2,1CS
PC:

2-DQF lineshapes. Depending on the kind of information one is aiming to extract, one 
may consider the 'all included' character of these 13C1,13C2 n = 1 selected R2-DQF 
spectra of 1-U13C as a blessing or a curse. It is a blessing if, for instance, one wants to 
determine the absolute orientations of the chemical shielding tensors in a three-spin 
system from as few experimental spectra as possible. It is a curse if the main interest is 
focussed on the 13C1,13C2 pair itself. Then, however, it would be straightforward to 
emphasize the 13C1,13C2 two-spin character of these spectra, simply by running similar 
experiments at a (much) higher Larmor frequency. 

Conclusions 

A protocol that combines R2-DQF experiments [9,13] with iterative lineshape fitting 
approaches, based on numerically exact simulations should be capable of delivering 
complete information on the geometry of small, isolated molecules or molecular 
fragments in nearly unrestricted circumstances. With only minimal advance knowledge 
of the spin-system properties, it is possible to predefine a suitable set of three to four 
different R2-DQF experiments (pulse sequence, R2 order, and/or Larmor frequency). 
Since the degree of selectivity of the various R2-DQF experiments can be tailored to 
some extent by the choice of the experimental R2 conditions, a small set of one-
dimensional R2-DQF spectra with complementary properties will be sufficient for the 
determination of the complete geometry of small molecular (sub)units. The R2-DQF 
sequence depicted in Fig. 2 [9] is particularly useful at R2 conditions corresponding to 
high MAS frequencies and in the absence of chemical shieldings anisotropies. Other R2-
DQF schemes [13] are more suitable for spin systems characterized by large chemical 
shielding anisotropies [12]. By focussing on short-range order questions, this combined 
experimental / numerical R2-DQF MAS NMR approach should be particularly useful in 
complementing diffraction experiments. Furthermore, it offers an experimental 
alternative for the indirect determination of molecular torsion angles from csa 
orientations for cases where a direct determination of these molecular geometries from 
so-called double-quantum heteronuclear local field experiments [14] is not possible, 
either due to the lack of a suitable 1H,13C spin-(sub)system or due to a lack of spatial 
isolation of the 1H part of an otherwise suitable 1H,13C spin-(sub)system.  
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Abstract

Spectral lineshapesof MAS NMR spectraof dipolar (re)coupledspin pairs exhibiting considerablechemicalshielding anisotro-
piesat and near the so-calledn = 0 rotational resonance(R2) condition are considered.The n = 0 R2 condition is found to be not
extremelysharp.Anisotropic interaction parameterssuchaschemicalshieldingtensororientations and the magnitudeof the dipolar
coupling constant remain sensitivelyencodedin suchlineshapesevenwhendi�erences in isotropic chemicalshieldingvaluesof up to
400Hz (corresponding to ca. half the size of the dipolar coupling constant) are present. Additional double-quantum “ltration
(DQF) may enhancethe sensitivityof spectrallineshapesto anisotropic interaction parametersfor evenlarger di�erencesin isotropic
chemicalshieldingvalues.The dependenceof the DQF e�ciency on spin-systemparametersaswell ason externalparameters(Lar-
mor and MAS frequencies)is investigated.Away from R2 conditions a trend to lower DQF e�ciencies is found whereassome
spin-systemparametersare more sensitivelyencodedin the correspondingspectrallineshapes.Our study is basedon numerical sim-
ulations, with the known parametersof the 31P spin pair in Na4P2O7Æ10H2O representingour model case.
� 2005Elsevier Inc. All rights reserved.

Keywords:MAS NMR; Rotational resonance;Double-quantum “ltration ; Numerical simulations

1. Introduction

Amongst the numerous solid-state NMR techniques
designed to recouple anisotropic interactions in homo-
and heteronuclear spin systemsunder magic angle spin-
ning (MA S) conditions [1,2], the rotat ional resonance
(R2) phenomenon is quite unique [3…5]. R2 recoupling
is not achieved by the application of r.f . pulsesbut is
triggered by the mechanical spinning of the rotor at
speci“c MAS frequencies, matching small integer mul-
tiples of the isotropic chemical shielding di� erence
x D

iso in homonuclear pairs of spins S = 1/2 such that
x D

iso � nx r , where n is a small integer. Numerous stud-

ies in the literature have been concernedwith the the-
oretical description of the R2 phenomenon [6…10],
with the exploitation of straightforward R2 MAS
NM R spectra for purposes of complete characterisa-
tion of small isolated clusters of spins [11…14] as well
as of extended spin systems [15,16], with combining
R2 and double-quantum “ltr ation (DQF) [17…21], and
with expanding the applicability of the R2 phenomenon
to spin systems featuring small homonuclear dipolar
coupling constants [22,23].

Here we will focus on a speci“c R2 condition, the so-
called n = 0 R2 condition [24]. This condition arisesfor
homonuclear spin pairs with vanishing di�erence in iso-
tropi c chemical shielding, x D

iso ¼ 0, but with di�eri ng
orientations of the two chemical shielding tensors. As
there is no di�erence in isotropic shielding, the n = 0
R2 condition persists at arbitrary spinning frequencies,
including spinning frequencies greatly exceeding the
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value of the dipolar coupling constant within the spin
pair. The e�ect is the consequence of an intrinsi c prop-
erty of a givenspin pair and obviously, if presentbut un-
wanted, a n = 0 R2 condition cannot be avoided or
circumventedby choiceof external experimental param-
eterssuchasMAS frequencyor magnetic “e ld strength.
For instance,spins belonging to molecular sitesrelated
to eachother by mirror symmetry or by a C2 symmetry
axis ful“l l the requirements for the occurrence of the
n = 0 R2 condition [11,24,25]. In fact, the presenceof
such symmetry-related (molecular) sites is fairly com-
mon in small molecules as well as in extendedthree-di-
mensional network structures. Even more common as
a structural moti f are pairs of sitesrepresenting a situa-
tion closeto the n = 0 R2 condition , that is the two sites
are not strictly related by a proper symmetry operation
but are not deviating much from this situation. In terms
of M AS NMR , this n � 0 R2 scenariowill often lead to
spin pairs characterisedby a small di�eren cein isotropic
chemical shielding x D

iso, with x D
iso often being smaller

than any of the remaining interaction parameters. Dis-
tinguishing M AS NMR spectraof spin pairs at or near
the n = 0 R2 condition from each other is not possible
simply by inspection, the distinction requires careful
analysis by meansof numerically exactsimulations [26].

Becauseof the common occurrenceof structural fea-
tures leading to MAS NMR conditions at or near the
n = 0 R2 condition, in the followin g we will investigate
in some detail the dependence of n = 0 and n � 0 R2

conditions on spin-system properties and on external
experimental parameters. We will consider straightfor-
ward M ASNMR spectraaswell asspectra obtainedun-
der DQF conditions. Our starting point is represented
by the known properties of the 31P spin pair in
Na4P2O7Æ10H2O [11]: since the two phosphorus sites
in the P2O7 unit are related by a C2 axis bisecting the
P…O…Pbond angle, the two 31P spins constitute a
n = 0 R2 case. Our investigation will mainly rest on
numerically exact simulations.

2. Experimental

2.1. 31P MAS NMR

Some experimental 31P MAS NMR spectra of
Na4P2O7Æ10H2O (commercially available (Ald rich
Chemicals)) were recorded on Bruker MSL 200 and
MSL 300 NMR spectrometers. The corresponding 31P
Larmor frequenciesx 0/2p are � 81.0 and � 121.5MHz,
respectively. 31P chemical shielding is quoted with re-
spect to x CS

iso ¼ 0 ppm for the 31P resonanceof 85%
H3PO4. M AS frequencies were generally in the range
x r/2p = 2400…8000Hz and were actively control led to
within ±2 Hz. The sample was contained in a standard
4 mm o.d. ZrO2 rotor. Cross polarisation with a contact

timeof 1 mswasemployed,31P p/2 pulsedurationswere
3.0 l s, c.w. 1H decoupling with amplitudes of 83.3kHz
was applied during signal acquisition.

The R2-DQF MAS NMR experiment chosen for
recording some experimental spectra as well as for all
simulations, is the simple COSY-like sequence CP(x)…
s…(p/2)(y)…D…(p/2)(/ )…acquisition [17] where / indicates
phasecycling suitable for DQF [27]. The duration of D
was “x ed as D = 3 l s, the duration of s was varied.

2.2. De“ni tions, notation, and numericalsimulations

Shielding notation [28] is used throughout. For the
interactions k = CS (chemical shielding), k = D (direct
dipolar coupling), and k = J (indirect dipolar (J) cou-
pling) the isotropic part x k

iso, the anisotropy x k
aniso, and

the asymmetry parameter gk relate to the principal ele-
ments of the interaction tensor x k as follo ws [29]:
x k

iso ¼ ðx k
xx þ x k

yy þ x k
zzÞ=3, x k

aniso ¼ x k
zz � x k

iso, and gk ¼
ðx k

yy � x k
xxÞ=x k

aniso with jx k
zz � x k

isoj P jx k
xx � x k

isoj P
jx k

yy � x k
isoj. For indirect dipolar coupling x J

iso ¼ pJ iso,
and for direct dipolar coupling gD ¼ x D

iso ¼ 0 and
x Dij

aniso ¼ bij ¼ � l 0cicj �h=ð4pr3
ij Þ, where ci, cj denote gyro-

magnetic ratios and rij is the internuclear distance be-
tween spins Si, Sj. The Euler angles XIJ = { aIJ, bIJ,
cIJ} [30] relate axis system I to axis systemJ, where I ,
J denote P (principal axis system, PAS) and C (crystal
axis system, CAS), respectively. Here it is convenient
to de“ne the PAS of the dipolar coupling tensor x D

ij as
the CAS, XDij

PC ¼ f 0; 0; 0g.
Our procedures for numerically exact spectral line-

shapesimulations and iterative “tti ng are fully described
and discussedin detail elsewhere, in particular addressing
the n = 0 R2 condition for isolated homonuclear spin
pairs [11] and various n = 0,1,2 R2 condition s in an iso-
lated homonuclear 13C four-spin system[13]. In general,
these numerical proceduresemploy the REPULSIO N
[31]schemefor thecalculation of powderaverages,imple-
ment someof the routines of the GAMM A package[32]
and use,wherepossible,thec-COMPUT E approach[33…
36]. The pulsesequenceof the R2-DQF experiment [17]is
not synchronous with the M ASrotation period and sim-
ulation of the underlying spin dynamics hencerequires
application of the so-calleddirect method for the calcula-
tion of the time evolution. Calculations may beconsider-
ably accelerated by using a cluster of processors and
splitting up, for instance,the calculation of powder aver-
agesinto several parallel calculations.TheLinux PCclus-
ter usedhereconsists of 16 processors (450MHz) . This
combination of hard- and software leadsto typical com-
putation times of 23 s for the calculation of a R2-DQF
M AS NMR spectrum. Calculations of error scansand
other error minimisation tasks employ the MINU IT
[37] and MATL AB packages[38].

Table 1 lists the parameters of the 31P spin pair in
Na4P2O7Æ10H2O [11].
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3. Resultsand discussion

Someexperimental and best-“t simulated (seeTable
1) n = 0 R2 31P MAS NMR spectra of Na4P2O7Æ10H2O,
with and without DQF, are shown in Fig. 1, illu strating
the typical lineshape e�ects, broadenings and splittings,
encountered at the n = 0 R2 condition as well as the
commonly observed dispersion lineshapesunder these
DQF conditions. The 31P spin pair in Na4P2O7Æ10H2O
may be considered as a prototype of an isolated spin
pair where chemical shielding is the largest anisotropic
interaction tensor but not overwhelmingly so: with the
31P chemical shielding anisotropy amounting to
x CS

aniso ¼ � 79� 1 ppm, at x 0/2p = � 81.0MHz and at
x 0/2p = � 121.5MHz, x CS

aniso is about 8…10times larger

than the dipolar coupling constant (bij/2p = � 791Hz),
whereasthe indir ect coupling constant, 2Jiso(31P,31P) =
� 19.5± 2.5Hz is comparatively small [11]. Thisconstel-
lation is not only typical for 31P spin systemsin many
inorganic condensed phosphates but may also be
encountered,at various magnetic “e ld strengths, in spin
systemscomposedof other isotopes in a wide range of
chemical compounds, including 13C in isotopically la-
belled organic molecules. Accordingly, our results do
not only re”ect the NMR propertiesof a particular spin
system in a particular compound but should be seenas
representative for spin systemswith properties similar
to those of the 31P spin pair chosenas our example.

In the followi ng we will “rst consider lineshapesof a
rangeof MAS NMR spectraat andnear then = 0 R2 con-
diti on, focussing on the sensitivity with which various
anisotropic interaction tensorsarere”ectedby thesespec-
tral lineshapes,both with and without the application of
DQF. Section 2will dealwith aspectsof DQF e�cie ncies,
againfor arangeof di�erencesin isotropic chemicalshield-
ing, coveringthewholerangefrom x D

iso ¼ 0up to valuesof
x D

iso being equivalentto n = 1 R2conditions,assumingdif-
ferentLarmor andMAS frequencies.

3.1. Sensitivities of lineshapesto spin-pair parameters

All anisotropic interaction parameters present are
usually sensitively encoded in the spectral lineshapesat
the n = 0 R2 condition (seeFig. 1, Table 1) at modest
M AS frequencies. In practical terms this means that
such experimental lineshapes may be used to extract
these parameters by lineshape simulations in conjunc-
tion with iterative “tti ng approaches,and thus to char-
acterise the parameters of a spin pair in a
comprehensive way from few, experimentally straight-
forward spectra. Here we take essentially the opposite
approach. Wetake the known setof parametersdescrib-
ing the 31P spin pair in Na4P2O7Æ10H2O and use these
parametersto calculatehypothetical spectra for a range
of valuesx D

iso, ranging from x D
iso ¼ 0 to x D

iso beingequiv-
alent to the n = 1 R2 condition. Thesecalculations are
carried out for several di�erent Larmor frequencies
x 0/2p and for several di�erent MAS frequenciesx r/2p.
Each of thesecalculated spectra in a next step is sub-
jected to computing error scansfor each of the aniso-
tropi c interaction parameters of the spin pair. In this
way a map is created that permits us to predict which
parametersare likely to be sensitively encodedin MAS
NM R spectra, depending on the value of the di�erence
in isotropic chemical shielding, x D

iso, of the two spins
in a spin pair.

The results of thesecalculations for the Euler angle
bCS

PC and for the dipolar coupling constant bij/2p aresum-
marisedin Fig. 2, assuming straightforward MAS NMR
spectra being recorded. The rows (A), (B), and (C) in
Fig. 2 assume di�eren t M AS frequencies x r/2p =

Table 1
NMR parametersof the 31P spin pair in Na4P2O7Æ10H2O [11]

31P1 31P2

x CS
iso (ppm)a +2.3 +2.3

x CS
aniso (ppm) � 79± 1 � 79± 1

gCS 0.35± 0.1 0.35± 0.1
aCS

PC (� )a � 117± 4 � 117± 4
bCS

PC (� )a � 23± 2 157± 2
cCS

PC (� )a 0 ± 6 180± 6
b12/2p (Hz) � 791 � 791
2Jiso (Hz) � 19.5± 2.5 � 19.5± 2.5

a The two 31P chemical shielding tensors are related by C2

symmetry; the Euler angles are given relative to the principal axis
systemof the 31P1…31P2 dipolar coupling tensor.

Fig. 1. 31P M AS NMR spectra of Na4P2O7Æ10H2O (x 0/2p =
� 121.5MHz, x r/2p = 4000Hz). (A) Conventional n = 0 R2 MAS
NMR spectrum, experimental spectrum (bottom trace) and best-“t
simulation (top trace). (B) n = 0 R2-DQF MAS NMR spectrum,
experimental spectrum (bottom trace) and best-“t simulation (top
trace).The arrow indicatesisotropic chemical shielding, parameterssee
Table 1.
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2 kHz, x r/2p = 4 kHz, and x r/2p = 8 kHz, respectively.
The columns in Fig. 2 increment the value of x D

iso from
x D

iso ¼ 0 to x D
iso being equivalent to the three n = 1 R2

conditions, as indicated by the scale at the bottom.
The colours in each segment indicate three di� erent
Larmor frequencies, blue traces assume x 0/2p =
� 81.0M Hz, green traces x 0/2p = � 121.5M Hz, and
red tracesx 0/2p = � 202.5M Hz. Only the minimum re-
gions of eacherror scanare plott ed. The main “nding s
are as foll ows. Clearly, the n = 0 R2 condition is not ex-
tremely sharp. Independentof the Larmor frequency, al-
waysup to x D

iso � 400Hz, that is up to x D
iso � 0:5 bij =2p,

both bCS
PC and bij remain encoded in the spectral line-

shapes.Increasing x D
iso further, covering the region inbe-

tween the n = 0 R2 condition and the n = 1 R2

conditions, not surprisingly leaves a region in which
none of theseparameters are encodedin the lineshapes.
In this intermediate region, spectra are strongly domi-
nated by the magnitude of the chemical shielding ten-
sors. Sensitivity of the spectral lineshapes to furth er
anisotropic interaction parameters is recovered upon
increasingx D

iso further, approaching the n = 1 R2 regime.
Again, also the n = 1 R2 condition is not extremely
sharp, displaying a similar n � 1 R2 region as does the

Fig. 2. Selectionof error scansfor bCS
PC (0� …90� ) and bij/2p (� 1400to � 200Hz) each,basedon simulatedMAS NMR spectra(parametersseeTable

1). In the columnsfrom left to right x D
iso is incremented as indicated by the scaleat the bottom. Colours indicate di�erent Larmor frequencieswhere

red corresponds to x 0/2p = � 202.5MHz, greento x 0/2p = � 121.5MHz, and blue to x 0/2p = � 81.0MHz, respectively.Scansare shown for x r/
2p = 2000Hz (A), x r/2p = 4000Hz (B), and x r/2p = 8000Hz (C).
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n = 0 R2 condition, spanning approximately ±400 Hz,
equivalent to approximately 0.5 bij/2p.

Fig. 2 furth er indicatesthat, at and near the n = 0 R2

condition, both the dipolar coupling constantbij and the
Euler angle bCS

PC are best de“ned from the lineshapesof
31P MAS NMR spectra obtained at x 0/2p =
� 81.0MHz. As far asbij is concerned one may be intu-
itively inclined to predict that this parameter might be
bestobtained from experimental spectra run at a moder-
ate Larmor frequency. Regarding the orientation of the
31P chemical shielding tensor, this “ndi ng may seem
more surprising as one may tend to predict that chemi-
cal shielding tensor parameters may becomemore sensi-
tively encoded as one operates at higher Larmor
frequencies. An optimum Larmor frequency where
simultaneously chemical shielding and dipolar coupling
parameters are encodedwith the highest sensitivities in
spectral lineshapesof homonuclear spin pairs at or near
the n = 0 R2 condition dependson the ratio of the chem-
ical shielding anisotropy x CS

aniso to the dipolar coupling
constant bij, as well as on the spinning frequency x r.
The optimum choiceof experimental conditions is then
in a regime where x CS

aniso 6 8bij and x r 6 x CS
aniso 6 2x r .

The same choice of the experimental parameters x r

and x 0 remains the optimum regime with the highest
sensitivities of spectral lineshapes to all interaction
parameters for a wide rangeof chemical shielding tensor
orientations (simulations not shown). Fig. 2 illustr ates
another general trend. One can generally expect to be
able to extract magnitudes of interaction tensors with
the highest accuracy from those experimental spectra
in which theseparameters are encodedwith the highest
sensitivity. The situation regarding expected accuracies
is slightly more complicated regarding the orientational
parameters where highestsensitivities do not necessarily
correlate with highestaccuracies.For example (seeFig.
2A), bCS

PC is most sensitively encodedat a Larmor fre-
quency x 0/2p = � 81.0MHz, though with a fairly broad
minimum-error region, whereasa slightly lower sensitiv-
ity combined with a more sharply de“ned minimum re-
gion is found at x 0/2p = � 121.5M Hz.

Similar to the n � 0 R2 scenario considered here,
optimum experimental conditions exist for isolated
spin-1/2 caseswhen aiming at the determination of
the eigenvalues of the chemical shielding tensor from
MAS NMR spectra, where an optimum choice of Lar-
mor and MAS frequency would generate about 6…10
spinning sidebands [39]. Also for the full characterisa-
tion of some heteronuclear spin pairs from M AS
NMR spectra an optimum choice of the experimental
parameters can be predicted, where a ratio of
x r:bij � 1:6 turns out the most suitable condition for
full spectral analysis [40].

Next, we consider the spectral lineshapes resulting
from additional application of DQF. This issummarised
in Fig. 3. The setof error scansis identical to the setdis-

played in Fig. 2, exceptthat now all error scans refer to
spectral lineshapes obtained after application of a
COSY-like DQF pulse sequence.Whereas under con-
ventional MAS NMR conditions an intermediate re-
gime of x D

iso exists where spectral lineshapes are
insensitive to chemical shielding tensor orientations
and dipolar coupling, no such regime exists anymore
after DQF. Essentially for the entire range of values
x D

iso, from the n = 0 R2 condition all the way to the
n = 1 R2 condition, spectral lineshapes now re”ect all
anisotropic parameters of the spin pair. Note that in
some regionsorientational and dipolar coupling param-
eters are more sensitively encoded away from the n = 0
R2 condition than at or very near the n = 0 R2 condition.
All other trends remain the sameasunder conventional
M AS NMR condition s. This increasedsensitivity of the
lineshapesto all spin-systemparameterscould beseenas
good news if one is aiming at the full characterisation of
these parameters from spectral lineshapes. In fact,
applying DQF evenif not necessary for reasonsof back-
ground suppression of unwanted signals,can be bene“-
cial for the characterisation of homonuclear spin pairs
at or near the n = 0 R2 condition [26]. The vanishing
of an intermediate regime inbetween R2 conditions
which is insensitive to orientational parameters, how-
ever, may also be an unwanted feature. For instance,
when aiming to determine internuclear distanceswith-
out having to pay attention to magnitudesand orienta-
tions of the chemical shielding tensors involved,
sensitivity of experimental spectra to theseparameters
is certainly not a helpful feature. The extent and precise
location of regionswherespectra are highly sensitive to
all spin-system parameterswill vary slightly, depending
on the pulse sequenceused (including so-called c-en-
coded pulsesequences[41]). Nevertheless,it is to be ex-
pected that almost always for certain regions over the
rangeof x D

iso all spin-systemparametersneedto be taken
into account to obtain precise infor mation, for instance,
about internuclear distancesbasedon the evaluation of
dipolar coupling interactions [42].

3.2. DQF e�ci enciesat and near the n = 0 R2 condition

Excellent signal-to noiseratio in experimental spectra
is an important prerequisite for the meaningful analysis
of spectral lineshapes. Accordingly, consideration of
DQF e�ci enciesplays an important part in the experi-
mental work. Fig. 4 gives an overview of trends for
the COSY-like DQF approach. Fig. 4A depicts DQF
e�ciencies at the n = 0 R2 condition, plotted as a func-
tion of the duration of the excitation period s, and con-
siders the e� ect of di�erent MAS frequenciesx r. As one
can see(from left to right), increasing x r leadsto a de-
creasein overall DQF e�cien cy, and the overall maxi-
mum shifts to longer durations of s. As usual, maxima
of DQF e�ciency occur when s equals an integer
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multiple of a rotat ion period. Fig. 4B illustrates another
practically important point. The only di�erence between
this graph and Fig. 4A is that now x D

iso is taken as
x D

iso ¼ 400Hz, whereasbeforex D
iso ¼ 0. Obviously, away

from the n = 0 R2 condition , there is a general decrease
in DQF e�cien cy with maxima in DQF e�ci ency now
appearing at durations of s that are quite di�erent from
those where maximum DQF e�cien cy occurs when the
n = 0 R2 condition is ful“lled. Fig. 4C expands on this
aspectby depicting DQF e�ci enciesfor severaldi�erent
durations of s plotted asa function of x D

iso. The �broad-
ness� of the regions around the R2 conditions with rea-
sonable DQF e�cien cies varies as a function of s, as
doesthe maximum DQF e�ci ency. DQF e�ci enciesof

approximately 25% at the n = 0 R2 condition and
approximately 10% when x D

iso ¼ 400Hz may seem
rather low and will only be su�cien t for somepractical
applications where signal-to-noise is not a limit ing fac-
tor. In the presence of fairly large chemical shielding
anisotropies, however, DQF e�cien cies are generally
low [41]. Amongst the many pulse sequencessuitable
for DQF under MAS conditions, the simple COSY-like
sequenceperformsrelatively well in the presenceof large
chemical shielding anisotropies [20].

Here we have not varied any of the spin-system
parametersexceptx D

iso. Of course,also the relative mag-
nitudes and orientations of x CS

aniso and bij generally play
an important role in de“ning the maximum DQF e�-

Fig. 3. Sameas Fig. 2, exceptthat now error scansare shown for R2-DQF MAS NMR spectrawith s = 2 ms.
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ciencies. For instance, we “nd that increasing x CS
aniso at

the n = 0 R2 condition tendsto shift the DQF maximum
to occur at longer durations of s, whereasno suchclear-
cut trendscanbeseenaway from the n = 0 R2 condition.

4. Summaryand conclusions

The so-called n = 0 R2 condition covers a consider-
able range of values x D

iso, from x D
iso ¼ 0 up to x D

iso �
0:5bij (here ca. 400Hz). This perseveranceof linebroa-
dening and -splitting e� ectsmay add complexity to the
interpretation of simple MAS NMR spectra of dipolar
coupled spin systems,for instance31P MAS NMR spec-
tra of condensedphosphatesor 13C MAS NMR spectra
of 13C enriched compounds. On the other hand, this
property lends a higher infor mation content to simple
MAS NMR spectra as these then sensitively re”ect
anisotropic spin-system parameters such as the orienta-
tion of chemical shielding tensors as well asdipolar cou-

pling constant. Additional r.f. irradiation at and near
the n = 0 R2 condition by applying pulse sequences,
for instance for purposes of DQF, may extend the
occurrenceof R2 e�ects to evenlarger valuesx D

iso. This
may sometimesbe a welcome feature. In many applica-
tion circumstancesaiming at the determination of inter-
nuclear distances,dependenceof experimental data on
magnitudes and orientations of chemical shielding ten-
sors adds further complications. These e�ects are not
easy to predict when dealing with spin systemscharac-
terisedby largely unknown parameters but will mainly
a�ect pairs of spins with similar isotropic chemical
shielding values, displaying considerable chemical
shielding anisotropies and relatively large dipolar cou-
pling constants. Such R2 e�ects may contribute system-
atically to e.g., the intensity of o�-diag onal peaks in
two-dimensional dipolar recoupling experiments. Since
the evaluation of short-range dipolar coupling constants
from such experiments usually is the starting point in
series of experiments aiming to construct three-dimen-

Fig. 4. DQF e�ciencies plotted asa function of s (A and B) and x D
iso (C); simulations basedon spin-pair parameters given in Table 1 and assuming

x 0/2p = � 121.5MHz. (A) x D
iso ¼ 0; from left to right x r/2p = 2454Hz, x r/2p = 4000Hz, and x r/2p = 8000Hz. (B) x D

iso ¼ 400Hz; from left to right
x r/2p = 2454Hz, x r/2p = 4000Hz, and x r/2p = 8000Hz. (C) x r/2p = 4000Hz, s = 8sr = 2 ms („…), s = 4sr = 1 ms (��� ), s = sr = 0.5 ms (- - -).
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sional structural constraints for multi-spin systems,we
feel that it is important not to neglect thesee�ects in
the data analysis [42].
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31P MAS anddouble-quantumfiltered 31P MAS NMR experimentsat andnearthen ) 0 rotationalresonance
condition, as well as off-magic anglespinning 31P NMR experimentson two polycrystallinesamplesof
Pt(II)- phosphinethiolatecomplexesarereported.Numericalsimulationsyield completedescriptionsof the
two 31P spin pairs.195Pt MAS NMR spectraarestraightforwardto obtainbut sensitivelyreflect only some
parametersof the 195Pt(31P)2 three-spinsystem.Basedon the 31P NMR resultsobtainedand in conjunction
with a largebodyof literaturedataandirrespectiveof thechemicalnatureof thespecimen,a unified picture
of the dominating motif of 31P chemical shielding tensor orientationsof phosphorussites with 4-fold
coordinationis identified asa local (pseudo)planeratherthan the directionsof P elementbonddirections.

Introduction

Small isolatedspin systemsplay an important role in the
contextof many contemporarysolid-stateNMR approaches,
rangingfrom applicationsaimingat structureelucidationto the
evaluation of the performanceof newly developedpulse
sequences.Isolated homonuclear31P spin pairs occur, for
instance,in molecularfragmentsP- M- P in transition-metal-
phosphinecomplexes.If M happensto beamagneticallyactive
isotope,thentheP- M- Pfragmentrepresentsanisolatedthree-
spinsystem.It is usuallystraightforwardto obtainhigh-quality
experimental31Psolid-stateNMR spectraof these(andsimilar)
spinsystemsin polycrystallinesamples.Themorechallenging
aspectsare concernedwith the extractionof the full set of
unknownparametersdescribingthesespin systems.Analysis
of such experimental31P NMR spectrarequiresnumerically
exactspectralline shapesimulationsin conjunctionwith iterative
fitting procedures.The challengefor 31P spin systemsmainly
arisesasa consequenceof the 100 percentnaturalabundance
of theisotope31P,causingtheneedto determinesimultaneously
relativelylargenumbersof unknownparametersevenfor small
spin systems.

Here we take the cis-PtP2 fragment in two square-planar
Pt(II)- phosphinecomplexesas representativeexamples.The
spin1/2 isotope195Pthasanaturalabundanceof 33.8%.Accord-
ingly, thePtP2 fragmentconsistsof 33.8%isotopomerscontain-
ing a (31P)2(195Pt) three-spinsystemand66.2%(31P)2 spin-pair
isotopomers.Typical ordersof magnitudeof theNMR interac-
tionsin thecis-PtP2 fragmentareasfollows. Chemicalshielding
anisotropiesare of the order 103- 104 Hz (31P) or 105 Hz
(195Pt) for commonexternalmagneticfield strengths,homo-
nuclear 31P- 31P and heteronuclear195Pt-31P direct dipolar
couplingconstantsbothareof theorder102 Hz, magnitudesof

indirectheteronucleardipolarcouplingconstants1Jiso(195Pt,31P)
areof theorder103 Hz, whereasindirecthomonucleardipolar
coupling constants2Jiso(31P,31P) are of the order 100- 101 Hz
andmayhaveeitherpositiveor negativesign.1,2 Theanisotropy
of indirectdipolarcoupling31P- 31P maybeneglected,but the
anisotropyof indirect dipolar coupling195Pt- 31P may amount
to the orderof 103 Hz andthusmay exceedthe magnitudeof
the correspondingdirect dipolar couplingconstants.

The two compoundscontainingcis-PtP2 fragmentschosen
for this studyrepresentonecasefor which thecrystalstructure
is not known (compound1) whereasthe crystal structureof
compound2 is known(Figure1). 31P MAS NMR spectrawith
and without double-quantumfiltration (DQF), as well as 31P
NMR spectraobtainedunderoff-magic-anglespinning(OMAS)
conditionsserveas the basisfor the determinationof all 31P
NMR parametersin 1 and2. In addition,we considerbriefly
195Pt MAS NMR spectraof 1 and2 andwill discussin more
generaltermstheorientationof 31P chemicalshieldingtensors
in molecularmoietieswith phosphorusin 4-fold coordination.

Experimental Section

Samples. Compound1. Following a published synthesis
procedure,3 pure1 wasobtainedin 92% yield after recrystal-
lization from CH2Cl2/Et2O. Solution-state31P NMR (CD2Cl2)
of 1: ö iso

CS ) - 52.2 ppm, 1Jiso(195 Pt,31P) ) 2702 Hz; 13C
CP/MAS NMR of 1 (aromaticregion): ö iso

CS ) - 150.5ppm;
- 130.9ppm (2Jiso(195 Pt,13C) ) 63 Hz); - 121.3ppm.

Compound2. Reactionof cis-(nBu3P)2PtCl2 with anequimolar
amountof 1,2-dimercapato-benzenein CH2Cl2 in thepresence
of asmallamountof NEt3 atambientconditionsfor 12h yielded
crude2 after evaporationof the solvent.Pure2 wasobtained
in 63%yield after recrystallizationfrom MeOH at T ) 243K.
Solution-state31P NMR (CD2Cl2) of 2: ö iso

CS ) 5.0 ppm,
1Jiso(195Pt,31P) ) 2745Hz; 13C CP/MAS NMR of 2 (aromatic
region): ö iso

CS ) - 149.8ppm and - 146.8ppm; - 129.4ppm
(2Jiso(195Pt, 13C) ) 63 Hz) and- 128.5ppm (2Jiso(195Pt,13C) )
68 Hz); - 121.5ppm and- 120.8ppm. Crystalsof 2 suitable
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for structuredeterminationby single-crystalX-ray diffraction
were obtainedby slow crystallizationfrom a MeOH solution
at room temperature.2 crystallizesin spacegroupPbca,4 the
relevant internuclear distancesare Pt- P1, 229.4 pm, and
Pt- P2,229.3pm,andtheP1- Pt- P2bondangleis 98.0°. The
molecularstructureof 2 is depictedin Figure4.

31P and 195Pt MAS NMR. 31P MAS NMR spectrawere
recordedon Bruker MSL 100,MSL 200,MSL 300,andDSX
500 NMR spectrometers,equippedwith standard4 or 7 mm
double-resonancedouble-bearingCP MAS probes.The corre-
sponding31P Larmor frequenciesö 0/2ð are - 40.5, - 81.0,
- 121.5,and- 202.5MHz. Hartmann- Hahncrosspolarization
(CP) was used(1H ð/2-pulsedurations2.5- 3.5 í s, recycle
delays3- 5 s, andCPcontacttimes0.5- 2.0 ms).Line shapes
of experimental31P MAS NMR spectrawere checkedto be
identicalwhenusingeithercrosspolarizationor 31Psingle-pulse
excitation. 31P chemical shielding is quotedwith respectto
ö iso

CS ) 0 ppm for the 31P resonanceof 85% H 3PO4. 195Pt CP
MAS NMR spectrawererecordedontheMSL 100(7 mmrotor,
ö 0/2ð ) - 21.4 MHz) andMSL 200 (4 mm rotor, ö 0/2ð )
- 42.8MHz) spectrometers,employing1H ð/2-pulsedurations

of 3.5- 4.5 í s and CP contacttimes of 5 ms. 195Pt chemical
shieldingis given relativeto ¥(195Pt) ) 21.4MHz.5

MAS frequenciesweregenerallyin therangeö r/2ð ) 1- 10
kHz and were actively controlledto within ( 2 Hz. 1H c.w.
decouplingwith amplitudesin therange55 kHz to 85 kHz was
employedduring signalacquisition.Specialcarewastakento
adjust the magic angle âRL ) tan- 1x 2 for all MAS NMR
experimentsas accuratelyas possibleby optimizing the line
shapeof the 31P resonanceof (Et2 Pd S)2 underMAS condi-
tions.6 Theshapeof the 31P resonanceof P(C6H11)3 servedfor
calibrationof thespinninganglein OMAS NMR experiments.
For double-quantumfiltration experimentsthe COSY-like
sequenceCP(x) - ô - (ð/2)(y) - ¢ - (ð/2)(� ) - acqusitionwas
used7 where� indicatesphasecycling suitablefor DQF.8 The
durationof ¢ wasfixed as¢ ) 3.5 í s, the durationof ô was
varied.

Definitions, Notation, and Numerical Methods. Shielding
notation9 is used throughout.For the interactionsì ) CS
(chemicalshielding),ì ) D (directdipolarcoupling),andì )
J (indirect dipolar (J) coupling) the isotropic part ö iso

ì , the
anisotropyö aniso

ì , andtheasymmetryparameterèì relateto the
principal elementsof the interactiontensorö ì as follows:10

ö iso
ì ) (ö xx

ì + ö yy
ì + ö zz

ì )/3, ö aniso
ì ) ö zz

ì - ö iso
ì , andèì ) (ö yy

ì

Figure 1. Schematicrepresentationof molecules1 and2.

Figure 2. Experimental(uppertraces)andbest-fit simulated(lower
traces)31P NMR spectraof 1. Thearrowindicatestheisotropicregion
of the(31P)2- isotopomerspectrum,simulatedspectraonly takethe(31P)2
isotopomerinto account.(a) 31Pn ) 0 R2 MAS NMR, ö 0/2ð ) - 121.5
MHz, ö r/2ð ) 3521Hz; (b) R2-DQF 31PMAS NMR, ö 0/2ð ) - 121.5
MHz, ö r/2ð ) 2650Hz, ô ) 3.0ms,¢ ) 3.5í s; (c) 31POMAS NMR,
ö 0/2ð ) - 81.0MHz, ö r/2ð ) 2028Hz, âRL ) 56.023°.

Figure 3. Illustrationof theorientationof the 31P chemicalshielding
tensorsin the S2PtP2 fragmentof molecule1.

Figure 4. Molecular structureof solid 2 accordingto single-crystal
X-ray diffraction.4

5276 J. Phys.Chem.A, Vol. 109,No. 24, 2005 Bechmannet al.



- ö xx
ì )/ö aniso

ì with jö zz
ì - ö iso

ì j g jö xx
ì - ö iso

ì j g jö yy
ì - ö iso

ì j.
For indirect dipolar coupling ö iso

J ) ðJiso, and for direct
dipolar couplingèD ) ö iso

D ) 0 andö aniso
Dij ) bij ) - í 0ç iç jp/

(4ðr ij
3), whereç i andç j denotegyromagneticratiosandr ij is

the internucleardistancebetweenspinsSi and Sj. i, j ) 1, 2
refersto the homonuclear(31P)2 part of the (31P)2(195Pt) three-
spin system.The Euler angles¿ IJ ) { RIJ, âIJ, çIJ} relateaxis
systemI to axis systemJ; I,J denoteP (principal axis system,
PAS),C (crystalaxissystem,CAS),R (rotoraxissystem,RAS),
or L (laboratoryaxis system).11 In the contextof MAS NMR
experimentson the(31P)2(195Pt) spinsystem,it is convenientto
define the PAS of ö D12 as the CAS, ¿ PC

D12 ) { 0, 0, 0} . Our
proceduresfor numericallyexactspectralline shapesimulations
anditerativefitting arefully describedanddiscussedin detail
elsewhere,in particular addressingthe n ) 0 rotational
resonance(R2) conditionfor isolatedhomonuclearspinpairs,12,13

variousn ) 0, 1, 2 R2 conditionsin an isolatedhomonuclear
four-spinsystem,13 anddifferentheteronucleardipolarde-and
recouplingMAS conditionsfor isolatedheteronucleartwo-14

and three-spinsystems.15,16 For meaningful simulations of
OMAS NMR spectra,largersetsof powderanglesareneeded
(e.g.,700 setsof anglesselectedby REPULSION17) than in
simulationsof MAS NMR spectra(e.g.,232 sets).

Resultsand Discussion

Thefollowing sectionis organizedinto threeparts.First,we
will discussthe experimentaldeterminationof the parameters
of the 31P spin pairs in 1 and 2. The secondpart will briefly
describe195Pt MAS NMR spectraof 1 and2. In the third part
wewill discussgeneraltrendsin theorientationsof 31Pchemical
shieldingtensorsfor phosphorusatomsin 4-fold coordination.

31P NMR of Solid 1 and 2. Experimentaloptionsto generate
31PNMR spectraof polycrystallinepowdersamplescontaining
thePtP2 fragmentincludeexperimentsonnonspinningsamples,
onsamplesspinningunderoff-magic-angle(OMAS) conditions,
andonsamplesunderMAS conditionswith or withoutso-called
dipolarrecoupling16 and/ordouble-quantumfiltration techniques
applied.With theexceptionof 31PNMR spectraof nonspinning
samplesof 1 and2 hereall theseexperimentaltechniquesare
used. Static powder patterns of samplessuch as 1 or 2,
containingnotonly isolated31Pspinpairsbutalsoisotopomers
195Pt(31P)2, are not a suitable starting point for the full
characterizationof the31Pspinpairas31Pspectralcontributions
from both isotopomersoverlapheavily.This is not a problem
for thesimulationof spectra,but it would bea majorproblem
for the extractionof multiple parametersfrom experimental
spectra.Therefore,our dataanalysisis basedon experimental
data for which samplespinningprovidesa separationof the
31P spectralcontributionsfrom the two isotopomers.

(i) 31P NMR of 1. Inspectionof a 13C MAS NMR spectrum
of 1 is a goodstartingpoint for theanalysisof 31P MAS NMR
spectraof 1. Only threesharp13C resonancesareobservedfor
thearomaticthiolateligand,indicatingmolecularsymmetry(see
the ExperimentalSection).Either a C2 axis or a mirror plane
bisectingthe P- Pt- P angleare possible,both renderingthe
two phosphorussites in a moleculeof 1 crystallographically
equivalent. The correspondingtwo 31P chemical shielding
tensorsthus representa so-calledn ) 0 rotationalresonance
(R2) condition12,18 with identical isotropic chemicalshielding
valuesbut nonidenticalchemicalshieldingtensororientations.
The n ) 0 rotational resonanceR2 condition gives rise to
complicatedspectralline shapesin which the magnitudesand
orientationsof all interactiontensorsof thespinpairareusually
sensitivelyencoded12- 14 at arbitrary spinning frequencies.A

priori, in the absenceof knowledgeof the crystalstructureof
1, we do not know which of the two symmetryoperationsis
present,andexperimental31PMAS NMR spectraof 1, obtained
at differentMAS andLarmorfrequencies,haveto befitted for
eitherof the two possibilities.Note that the presenceof a C2

symmetryelementis a specialcasefor a spinpair asit defines
the absoluteorientation of the two 31P chemical shielding
tensors13 whereasa symmetryplaneonly definestheir relative
orientations,leaving free rotation of the tensorsaround the
uniqueaxis of the 31P- 31P dipolar couplingtensorpossible.

Figure2a depictsa 31P MAS NMR spectrumof 1, together
with thecorrespondingfinal best-fitsimulatedspectrum.Itera-
tive fitting of variousdifferentstraightforward31P MAS NMR
spectraof 1 convergesto identical solutionswhen assuming
eitherof thetwo symmetryelementsto bepresent.In principle
the two different symmetriesaredistinguishablebut they turn
out indistinguishablefor the 31P spin pair in 1 becauseof the
valuesof the Euler anglesbeingRPC

CS1 ) 90° ( 9° andçPC
CS1 )

0° ( 3° (seeTable1). Iterativefitting of several31PMAS NMR
spectraof 1 defines,for instance,thesetof angles¿ PC

CS1 ) { 87
( 11, 51 ( 6, 0 ( 6} . This resultcanbe further improvedby
additionalanalysesof the 31P spectralline shapesobtainedby
applying a COSY-like pulse sequencewith double-quantum
filtration (DQF) under MAS conditions and by analyzing
experimentalspectraobtainedunder OMAS conditions.Ex-
perimental31P R2-DQF and OMAS NMR spectraof 1 are
depicted in Figure 2, panels b and c, together with the
correspondingbest-fit simulations.R2-DQF MAS NMR line
shapesat andnearthen ) 0 R2 conditionareknownto exhibit
higher sensitivitiestoward anisotropicinteractionparameters
thanconventionalR2 line shapes.12 Spinningthe sampleat an
angle âRL * tan- 1x 2 (OMAS) leads to spinning sideband
patternswhereeachsidebandrepresentsascaledpowderpattern,
slightly different from the spinningsidebandpatternobtained
when spinningexactly at the magic angle.19- 23 With OMAS
conditionsonly slightly deviatingfrom themagicanglewe find
thatoftenminimaregionsin errormapsaremoresharplydefined
than basedon R2 or R2-DQF MAS NMR line shapes.The
uncertaintiesof the data given in Table 1 are the combined
constraintsfrom fitting experimental31P R2 andR2-DQF MAS
aswell OMAS spectraof 1. Our 31P NMR datayield a P- P
distancein 1 of 305 ( 2 pm, in excellentagreementwith the

TABLE 1

1 (C2)a 1 (ó)a 2

ö iso
CS1 [ppm] - 60.0 - 60.0 + 2.1

ö iso
CS2 [ppm] - 60.0 - 60.0 + 2.5

ö aniso
CS1 [ppm] 78.0( 1 77.8( 1 - 57 ( 3

ö aniso
CS2 [ppm] 78.0( 1 77.8( 1 - 68 ( 3

èCS1 0.52( 0.02 0.50( 0.02 0.35( 0.1
èCS2 0.52( 0.02 0.50( 0.02 0.35( 0.1
RPC

CS1 [°]b 90 ( 9 92 ( 9 95 ( 21
âPC

CS1 [ °]b 51 ( 3 45 ( 3 40 ( 11
çPC

CS1 [°]b 0 ( 3 0 43 ( 30
RPC

CS2 [°]b 90 ( 9 - 92 ( 9 49 ( 21
âPC

CS2 [°]b 231( 3 88 ( 9 130( 10
çPC

CS2 [°]b 180( 3 0 0
2Jiso(31P,31P) [Hz] - 9.3( 5 - 13.0( 5 - 23.0( 6
b12/2ð [Hz] - 708( 31 - 683( 31 - 475c

a The Euler angles¿ PC
CS1,2 arerelatedby symmetry.If relatedby C2

symmetry: RPC
CS2 ) R PC

CS1; âPC
CS2 ) âPC

CS1 + ð; çPC
CS2 ) - çPC

CS1 + ð. If
relatedby a mirror planeó: RPC

CS2 ) - R PC
CS1; âPC

CS2 ) ð - âPC
CS1; çPC

CS2 )
çPC

CS1. b The Euler angles¿ PC
CS are given relative to ¿ PC

D12 ) { 0, 0, 0}
with the x axis of the dipolar couplingtensortakenasparallel to the
C2 symmetryaxis. c Calculatedfrom the crystalstructure.4
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resultsof X-ray diffraction studiesof numerouscloselyrelated
compoundscontaininga cis-S2PtP2 moiety.24

Figure 3 illustratesthe orientationof the two 31P chemical
shielding tensorsin the molecule 1. For the 31P chemical
shielding tensorsin 1, the zz componentrepresentsthe most
shieldeddirection and is orientedalong the direction of the
respectivePt- P bonds.For themoment,we leavethe issueof
the 31P chemicalshieldingtensororientationat this stagebut
will returnto this topic later (seebelow).

(ii) 31P NMR of 2. Thestartingpoint for theanalysisof 31P
MAS NMR spectraof 2 is thecrystalstructure.Themolecular
structureof solid 2 is shownin Figure4. The two phosphorus
sitesin themoleculearenotcrystallographicallyequivalentand
will thusgive rise to two slightly different 31P resonances.In
accordancewith the crystal structuredata, 13C MAS NMR
spectraof 2 displaysix 13C resonancesfor thearomaticring of
the thiolate ligand (seethe ExperimentalSection).From the
known internuclear31P- 31P distancein 2, the corresponding
dipolarcouplingconstantis calculatedanddoesnot haveto be
determinedfrom iterativefitting of 31P MAS NMR spectraof
2. Other than for 1, however, in 2 there is no symmetry
relationshipbetweenthe two 31P chemicalshielding tensors,
and accordingly, simulations have to allow for a (small)
differencein isotropicchemicalshieldingof thetwo resonances
aswell asfor unrelatedEuleranglesdescribingtheorientations
of the two 31P chemicalshieldingtensors.Despitethe known
crystalstructure,simulationsof the 31P MAS NMR spectraof
2 involve moreunknownparametersthanwasthe casefor 1.

We follow the sameprocedureas before.After recording
severaldifferent31PR2 andR2-DQFMAS aswell OMAS NMR
spectraof 2 andcombiningall results,weobtainthedatagiven
in Table1. Thesebest-fitparametersyield thesimulatedspectra
shownin Figure5, togetherwith thecorrespondingexperimental
31P NMR spectraof 2. Determinationof the 31P chemical
shieldingvaluesof 2, representinga nearn ) 0 31P R2 spin
system,particularlygainsfrom R2-DQFMAS NMR experiments

whereall orientationalparametersaremoresensitivelyencoded
than in the conventionalR2 MAS or OMAS NMR spectra.12

Note that for 1 and 2 the valuesas well as the signsof the
isotropicJ-couplingconstants2Jiso(31P,31P)arewell definedfrom
theline shapeanalysesevenif theseJ couplingsarenot resolved
in the spectraandnoneof the splittingsvisible in someof the
spectradirectly depict theseJ couplings.

Again, just asbeforefor 1 (seeFigure3), we illustrate the
orientationsof the two 31P chemicalshieldingtensorsin 2 in
Figure6. Also for 2 the directionof the zzcomponentsof the
two chemicalshieldingtensorsnearlycoincidewith thedirec-
tions of the correspondingPt- P bonddirections.However,in
contrastto 1, for 2 the zz componentsof the two chemical
shieldingtensorsrepresentthe leastshieldedcomponents.We
will returnto this seemingpuzzlebelow.

195Pt MAS NMR of 1 and 2. 195Pt MAS NMR spectraof 1
and2 aredepictedin Figure7. GiventhatweobservetheX-part
spectrumof the 195Pt(31P)2 three-spinsystemsin 1 and2 and
that we know all parametersof the 31P parts of thesespin
systems,onemight expectto beableto fully characterizealso
the195Pt partof thespinsystems,providedsomeheteronuclear
dipolarrecouplingpulsesequence16 is applied,or asufficiently
slowMAS rateis usedsothattheheteronuclear195Pt- 31Pdirect
dipolar couplinginteractionsarenot completelyaveragedout.

Obviously(Figure7), experimental195PtMAS NMR spectra
of 1 and2 arewell reproducedby numericalsimulations.Closer
inspectionof variousexperimentaldata,however,revealsthat
evenat a low Larmor frequencyö 0/2ð ) - 21.4 MHz andat
very slow spinningratesö r/2ð e 800Hz, theonly sensitively
encodedfit parametersaretheanisotropyof the195Pt chemical
shieldingandtheisotropicJ-couplingconstants1Jiso(195Pt,31P).

Figure 5. Experimental(uppertraces)andbest-fit simulated(lower
traces)31P NMR spectraof 2. Thearrowindicatestheisotropicregion
of the(31P)2-isotopomerspectrum,simulatedspectraonly takethe(31P)2
isotopomerinto account.(a) 31Pn ) 0 R2 MAS NMR, ö 0/2ð ) - 121.5
MHz, ö r/2ð ) 2046Hz; (b) R2-DQF 31PMAS NMR, ö 0/2ð ) - 121.5
MHz, ö r/2ð ) 2740Hz, ô ) 3.3ms,¢ ) 3.5í s; (c) 31POMAS NMR,
ö 0/2ð ) - 81.0MHz, ö r/2ð ) 2075Hz, âRL ) 56.196°.

Figure 6. Illustrationof theorientationof the 31P chemicalshielding
tensorsin the S2PtP2 fragmentof molecule2.

Figure 7. Experimental(uppertraces)and simulated(lower traces)
195PtMAS NMR spectraof 1 (a)and2 (b); arrowsindicatecenterband
resonances,ö 0/2ð ) - 42.8MHz. (a) ö r/2ð ) 7449Hz; (b) ö r/2ð )
7439Hz.
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In addition, it turns out that the spinning angle is a highly
sensitivefit parameter:deviationsfrom themagicangleassmall
as( 0.05° leadto significantchangesin thespinningsideband
patternsof these195PtMAS NMR spectra.This finding for MAS
NMR spectraof spin-1/2 isotopeswith very large chemical
shieldinganisotropiesis familiar from MAS NMR experiments
onquadrupolarnucleiwherelargequadrupolarinteractionsalso
leadto spectrabeinghighly sensitiveto theaccuratesettingof
the magic angle.25 Even if the large 195Pt chemicalshielding
anisotropywould not be the overwhelmingly large interac-
tion parameterin the 195Pt(31P)2 three-spinsystemsin 1 and
2, we may be faced with anotherdifficulty in determining
the geometryof the PtP2 moiety from 31P and 195Pt MAS
NMR experiments.The values of the J-coupling constants
1Jiso(195Pt,31P) in 1 and 2 are ca. 2700 Hz. Therefore,an
anisotropyof thisJ-couplinginteractionof asimilarmagnitude
is likely to be present.ö aniso

J may addto, or subtractfrom, the
respectivedipolarcouplingconstants,with theJ-couplingtensor
having an unknown orientation. This may then lead to an
apparentdipolarcouplingconstantbeff whichwouldnotdirectly
reflecttheinternuclear195Pt- 31Pdistances,makingit impossible
to deducetheseinternucleardistances.In fact, it hasbeenfound
earlier for the CdP2 fragmentin a Cd(II)- phophinecomplex
that the heteronuclear113Cd- 31P dipolar coupling and the
anisotropyof theJ coupling1J(113Cd,31P)essentiallycanceleach
other.15

31P Chemical Shielding Tensor Orientations. There is a
fair numberof 31P solid-stateNMR studiesin the literaturein
which 31P chemical shielding tensor orientationshave been
determinedexperimentally.31P NMR experimentson oriented
singlecrystals14,26- 43 aswell as31P NMR studieson polycrys-
talline powders1,13- 15,44- 47 havebeenreported.Most often,the
31P chemicalshieldingtensororientationsarebeingdiscussed
by describingtheorientationof certainbonddirectionsrelative
to the directionsof the xx, yy, and zz componentsof the 31P
chemicalshieldingtensors.Implicitly, we havesofar followed
this commonpractice(seeFigures3 and6) by mentioningthat
in both1 and2 the 31P chemicalshieldingtensorsareoriented
suchthat thedirectionsof their zzcomponentsnearlycoincide
with therespectivePt- Pbonddirections.This line of argument,
however,leadsto someconfusion.Why shouldin oneof these
two verycloselyrelatedcompoundsthemostshieldeddirection
coincidewith Pt- P bonddirection,andwhy shouldthis bethe
leastshieldeddirectionin thesecondcompound?Obviously,it
is not thePt- P bonddirectionthatrevealsthecommonpattern
of these31P chemicalshieldingtensororientations.

Hereit helpsto consultresultsin the literaturewhich cover
a wide rangein termsof chemistry,rangingfrom phosphorus
in organophosphatesand in inorganicphosphatesall the way
to phophorusin transition-metalphosphinecomplexes.All these
diversecompoundshavein commonthat thephosphorusatom
is 4-fold coordinatedin a more or less distortedtetrahedral
PE4 environment(E ) C, O, S, Pt, Hg, Cd, ...). The corre-
sponding31P chemicalshieldingtensorsalso havesomething
in common,irrespectiveof the chemicalnatureof the com-
pounds.Onecanalwaysfind a local (pseudo)planeof symmetry,
definedby the P atom and two of its neighboredatoms,and
alwaysthedirectionof oneof the31Pchemicalshieldingtensor
componentsis perpendicularto this plane.Sometimesthefinal
resultis suchthatoneof theremainingtwo componentsof the
31P chemical shielding tensor will actually coincide with a
molecularP- E bonddirection (for example,in 1 and2), but
the local planeis the dominatingelementin defining the 31P
chemicalshieldingtensororientation.Recastingour resultson

1 and2 in thelight of a local planeasthedeterminingelement,
immediatelyrevealsthecommonpropertyof the 31P chemical
shielding tensorsin thesetwo compounds.Drawing a plane
definedby the local coordinationPtPC3, containingthecentral
P atom in its distortedtetrahedronenvironment,the platinum
atomandthe directly bondedcarbonatomof oneof the three
organicsubstituentsof the phosphineligand, identifiesthat in
both casesthe direction of the intermediateyy-componentof
the 31P chemicalshieldingtensoris orientedperpendicularto
this idealizedlocal plane.This is illustratedin Figure8.

Thedeterminingroleof a localplanein defining31Pchemical
shielding tensororientationsbecomesparticularly clear from
the exampleof an organicphosphatesalt. The 31P chemical
shieldingtensorin tris-ammoniumphosphoenolpyruvate14 has
a very small asymmetryparameterèCS andthe P atomis in a
nearlytetrahedrallocal O3PO- C coordination.Chemicalintu-
ition might thussuggestthat thedirectionof thenearlyunique
zz-componentof this 31P chemical shielding tensor should
approximatelycoincidewith thechemicallydistinctP- C bond
direction in this O3PO- C moiety. This is not the caseas is
revealedby 31P single-crystalNMR, againit is a local plane
spannedby two of theoxygenatomsandthephosphorusatom
thatmarkstheorientationof the31P chemicalshieldingtensor,
the directionsof neither of the shielding tensorcomponents
coincidewith a bonddirection in this molecule.

Summary and Conclusions

Combining31PR2 andR2-DQFMAS NMR andOMAS NMR
experimentsprovidesa gooddatabasefor thefull characteriza-
tion of 31P spinpairsin polycrystallinepowdersamplesby line
shapeanalysis.Evenif notnecessaryfor reasonsof background-
signalsuppression,R2-DQFMAS experimentsandin particular
OMAS NMR spectraarea usefulcomplementto conventional
R2 MAS NMR experimentsin thattheseadditionalexperiments
displaydifferent, andoften higher,sensitivitiesto the various
anisotropicinteractionparametersof the spin pair. Owing to
the very large 195Pt chemicalshielding anisotropiesand the

Figure 8. Orientationsof the 31P chemicalshieldingtensorsin 1 (a)
and 2 (b) with the local planes defined by C- P- Pt shown; the
directionsof the intermediateyy componentsof the shieldingtensors
areperpendicularto theseplanes.
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unknownanisotropiesof the J couplings1J(195Pt,31P) it turns
out impossibleto derive the orientationof the 195Pt chemical
shieldingtensorin molecularfragmentsP2Pt from 195Pt MAS
NMR experiments,althoughgood quality 195Pt MAS NMR
spectraareeasilyobtained.Fromthe31PNMR resultson1 and
2 andfrom numerousliteraturedataaunifiedpictureconcerning
thedominatingmotif of theorientationof 31Pchemicalshielding
tensorsof phosphorussitesin 4-fold coordinationemergesasa
local (pseudo)planeratherthanthedirectionsof theP-element
bond directions, irrespectiveof the chemical nature of the
specimen.
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