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It is often stated that of all the theories proposedin this certury, 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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Abbreviations
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1. Intro duction

Systemsof nuclear spins possesaunique properties that predestine them for the use in
studies of molecular structural and dynamical properties. Nuclear spins are extremely
well localisedto dimensionsof a few cubic femto meters (the nucleus) and tell about the
magnetic eld in their closeenvironment with great sensitivity [1, 2]. Therefore nuclear
spinscanberegardedassensorghat canbeusedto examinethe structure of moleculesand
matter in general. The interaction energy of a nucleuswith its environment is extremely
small [2, 3] (about 360%, 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 ervironment. In addition, interactions of nuclear spins amongst ead
other are the key to further geometric information, sudch asinternuclear distances. These
interactions canbe described by pairwise spin-spininteractions. For example,the magnetic
direct dipolar coupling interaction betweentwo 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 1 m seemsto cortradict the
Heiserberg uncertainty principle [5, 6]. This isin cortrast to the situation in scattering or
microscopy experiments where the dimensionsof the object of study and the irradiation
wavelength have to be of the same order of magnitude [7]. This seemingcontradiction
to Heiserberg's uncertainty principle in nuclear magnetic resonance(NMR) experimernts
is easily resohed: in NMR spectroscofy 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 measuremets of energy di erences. In
agreemen with Heiserberg's uncertainty principle a measuremen of an energy di erence
canbe madearbitrarily preciseby extendingthe time of measuremen Therefore,in NMR
the accuracy of experimentally derived geometric information is solely restricted by the
lifetime of the corresponding energy eigenstates.

The principal information content of a NMR spectrum of a crystalline sampleis very
high sinceit represerts the magnitudes and orientations of all NMR interactions presert
in the spin system [1]. Howewer, the weaknessof the spin interactions, which keepsthe
nuclear spins quite immune to other in uences, unfortunately bears a strong drawbadk.
In NMR spectroscojy the signal to noiseratio is usually very low [2, 8] leading to seere
detection problems. Therefore, relatively large numbers of spinsin a sampleare necessary
to achieve an experimentally su cien t signal-to-noiseratio [1, 2] (about 10'* to 10'° spins
on a modern high eld NMR spectrometer). Accordingly, improvemerts of the signal-
to-noise ratio in experimental NMR spectra as well as the extraction of structural and
dynamical information from experimerntal NMR data, constitute important researt areas



in contemporary NMR.

This work deals with investigations on solid state NMR techniques, suitable for the
study of dipolar coupledspin S = % systemsin polycrystalline powders. The performance
of sewral pulse sequenceaunder 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 = % will be
presenried. In the following a description of the experimental and numerical methods used
will be givenin 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 compiledin the

Appendix following it.



2. Theory of Nuclear Magnetic Resonance

Nuclear magnetism can 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 magneticmomert , oriented parallel or antiparallel to S. The order
of magnitude of is about 10 26% (for S = = seeTable 2.1 0n pageb). It is these
momerts 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-
mernts 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 permanert magnetic moments are placedin contact with a strong
magnetic eld which is the casee.qg. for the nuclear paramagnetic moment usedin NMR.

And there is ferromagnetism which arisesfrom an exchange interaction in matter itself
and therefore is primarily independert of external magnetic elds. In nuclear magnetic
resonanceon diamagnetic samplesat room temperature only the paramagnetism of the

nuclei and the diamagnetism of the sample are of importance.

The phenomenonof nuclear magnetic resonancehas been rst obsened by I.I. Rabi
[9] in molecular beams. Afterwards F. Bloch [10] and E.M. Purcell [11] independertly
deweloped the method for its application to the solid state. The phenomenonis based
on the resonar interaction of a radiofrequency eld with the sample placedin a strong
external magnetic eld. In orderto depict the way this resonanceoccursseweral approaces
exist. The two most common descriptions go back to the discoverers of nuclear magnetic
resonance.Bloch is describing the phenomenonby the resonart 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 resonancefrequencyis
hit. Purcell's description [11, 14] usesa di erent picture where the absorption of energy
gquanta is leading to transitions betweenenergylevels, which happenswhen the irradiation
frequency matchesthe energydierence E = ~! betweentwo energy eigenstatesof the
nuclear magnetic momert. Both approades accourt well for the magnetic resonance
phenomenonin general,but in di erent 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 . This is most easily described
using Bloch's approac [14]. The magnetic momert is, in a semi-classicaldescription,



subjectedto a torque N when placedin a magnetic eld B g
N = Bo (2.1)

This torque is equal to the changein angular momertum J over time when a rotational
motion is considered

d
N o= 2.2)

Using the gyromagnetic ratio  [7, 15 which de nes the relative magnitude of magnetic
momert  and angular momertum J

the equation of motion of a magnetic momert in a magnetic eld becomes
- = B 0 (24)

Assuming the external magnetic eld is pointing in the positive z-direction, B o = Bge,,
the equation of motion is solved by

3 2 _ 3
x (1) x (0) cos! ot y (0) sin! ot
8 ,05=9 ,0)0cosiot+ «(0)sin! ot

(t)

z (1) z (0)
32 3
cos! ot sin! gt O x (0)
= 9 sinl ot coslot O Eﬁ y (0) g (2.5)
0 0 1 z (0)

This can be interpreted as a rotation applied to the initial magnetic moment  (0) which
is oscillating with the so-calledLarmor frequency

! 0= Bo (26)

around the direction of the external magnetic eld at a constart angle . At equilibrium
the energy
E= Bgcos 2.7)

of the system has to be minimal and the magnetic momert will be aligned with the
magnetic eld Bo. Howewver, in order to produce an obsenable e ect an alternating
magnetic momert is necessary An additional (radiofrequency) eld B ; that is applied
perpendicular to the static magnetic eld B g causesan additional torque perpendicular
to Bo (compare Eqg. (2.1)). Becauseof the Larmor precession,this is just causing a
quivering motion of the magnetic moment if Bg B 1. However, if the B 1 is constartly
perpendicularto By and (t) andthusisrotating in the xy-plane at the Larmor frequency
I 0, the magnetisation undergoes additional rotations around B 1 and a resonancee ect



occurs. This model is capable of describingthe behaviour of an ensenble of isolated spins
quite satisfactorily but is readching its limits when also spin-spin interactions have to be
taken into accourt.

It is not enoughto intro duceheuristic magnetic momerts in the corntext of atomic nuclei.
As has beenshowvn by N. Bohr and H.J. van Leeuwven [16] the magnetisation at thermal
equilibrium vanishesif it is described classically (i.e. no spin). Accordingly theory needs
to take into accourt the multitude of spin interactions. This is achieved by the profound
treatment of spin provided by quantum mecanics.

2.1.1. Spins and the Magnetic Moment

The conceptof spin was rst introducedby Uhlenbed and Goudsmit [17] for the electron.
Spin was later recognisedto be an intrinsic property of all elemenary 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 = % but dier in their values of mass
and charge [7] (Mproton = 1:6726231 10 27Ky, Mneytron = 1:6749286 10 27Ky, Goroton =
1:60217733 10 °C, gheutron = 0C). The nucleusrepreserns 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 dependert on the ratio proton-to-
neutron in the nucleus(protons and neutrons have di erent gyromagneticratios ) aswell
as on its excitation state. Here only ground-state nuclei needto be consideredwhich is
generally true for NMR of samplesat ambient conditions [2]: For example, the energy
di erence betweenthe ground state and the excited state of a 2H nucleusis 1011n‘f\—g|
which greatly exceedsany energiesusedin 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 dependert on the structure of the
nucleusitself. Therefore, the ground-state spin is dealt with here asan empirical property
of an isotope. The gyromagnetic ratio  can be seenas a visualisation of the complex
nuclear structure asit givesthe ratio betweenthe nuclear magnetic momert and the spin
angular momertum. As can be seenin Table 2.1 on page5 the value of can be either

Isotope | Natural Abundance [%] | Gyromagnetic ratio =10° ?—1‘.’
IH 100 267522
3¢ 1:1 67:283
29G;j 4:7 53190
3p 100 108394
119gn 8:6 100317
19k 100 251:8148
195pt 338 58:385

Table 2.1.: Gyromagnetic ratios [15] for somenuclei with spin S = % The correspnding
Larmor frequenciescan be calculated using Eq. (2.6).



positive or negative, describing parallel or antiparallel orientations of spin and magnetic
momert.

2.1.2. Quantum-Mechanical Description [5, 18]

Whereasin classicalmecanicsall information about the state of a physical systemis xed
by a point in its phasespace,in quantum medanics the state of a systemis represerted
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 dewelopmerts of P.A.M. Dirac [19], ] i is
referredto asa ket vector and h j asa bra vector. Both are de ned in their own but dual
Hilb ert spaceand are de ned asto contain all the information about the physical system.

Classical obsenables such as angular momertum J are de ned to be represered by
linear operators, like the angular momertum operator J*. These operators are de ned in
the Hilb ert spaceof the corresponding physical systemwhich is de ned by the state vector
joi.

In general an operator acting on a state vector is not keeping the state vector in its
original form. Howewer, there are particular kets of importance, known as eigenlets of an
operator with the property

Ajali = aljali
Rjai = azjai (2.8)
wherea;; ay; are scalarsand called eigervalues of the operator A. The physical state

corresponding to an eigenlet is called eigenstate. From this it is clear that the vector
spaceover which an operator A is de ned is spannedby the N -dimensional basis of its
eigenlets jaji. Further it is postulated that all obsenablesare represertied by hermitian
operators A

A A (2.9)

and hencehave purely real eigenstates. Eq. (2.9) also implies that the set of eigenlets
fj ajig forms an orthonormal basis of the Hilb ert spaceand therefore obeys

hajjaji = j (2.10)

This is a reasonablepostulate sincewe identi ed operators with the classicalobsenables
and therefore the value measuredcorrespndsto the eigervaluesa; which in turn have to
be real. Using this, any arbitrary ket i canbe linearly expandedas

X - - ) -
jaii hayjj i

—
I

X

Cy jai (2.11)

in the basisof the eigenletsja;i of the operator A, wherec,, arein generalcomplexscalars.



Looking at Eq. (2.11)
"o jaii haj (2.12)

canbeinterpreted asa projection operator which, becauseof the completenessf the basis

jai, fulls X
jaihei = g (2.13)

[
A is easiestrepreserted as a matrix in the basisof its eigenstates.
X X D E
A = jai a Aja hyjj
i

A\ij q ha j g i ij (2.14)

In generalthis it not the caseand also o -diagonal elemerts of A are non-zero.
The measuremen of an obsenable A of a systemin statej i puts the systeminto the
state jaji

D E X D E
Aj h jai a Aja hgj i

ajhaij if? (2.15)

yielding the eigervalue a;. Every following measuremen on the same system will now
yield the sameeigervalue sincej i (Eq. (2.11)) has beenreducedto one eigenstateja;i
of the operator A (state reduction). The probability of measuringthe eigenvalue a; on a
systemin statej i is givenin accordancewith Eq. (2.15) by

jhaij ij? = jaj? (2.16)
The time ewolution of a statej (t)i is given by the time-dependert Schredinger equation

i~gj )i =Hj @i (2.17)

where the Hamilton operator H (p; ) is derived from the classical Hamilton function
H (p; q) by replacing the canonical conjugate variables by operators (correspondenceprin-
ciple).
The equation of motion for a particle in a magnetic eld B with a potential A is
@. 1 ..

~g) O 52 () (2.18)

p L (2.19)

N

where " is a generalisedcanonical momertum. While this equation is readily capable of
describing the orbital angular momertum L, it doesnot yet involve the intrinsic spin S
of the nucleus. Motivated by Stern-Gerlach experiments which suggestedthe existence
of operators that have two eigenstates,Pauli intro duced the so-calledPauli spin matrices
[20, 5]



1
N = 0 Ny = . Ny = (2.20)

that obey the following rules

NN = k™ (2.21)
NN = 25 2 (2.22)
= (2.23)

Eqg. (2.22), the anticommutator, is special for spins S = % (fermions) and Eq. (2.21) is
de ning an angular momertum algebra. Pauli replacedthe classicalgeneralisedmomen-
tum " in Eq. (2.18) by ~” using the Pauli spin matrices, yielding

i~gj (t)i = % A2 —g(ABg | (b)i (2.24)
i~gj Wi = H +HS | i (2.25)

Now the rst term H describesthe classicalgeneralisedmomertum ” of the particle,
which will be neglectedfrom now on sinceany orbiting motion of the nucleusitself shall
be neglected. The secondterm is describingan angular momertum and can be written as

Bs =  Sap
2m 0

sSBo (2.26)

where g is the quantum-mechanical gyromagneticratio. It is important to mention that
the quantum mechanical gyromagneticratio is not given exactly by == (seeSection2.1.1).
Eq. (2.26) givesthe key to the corresppndenceprinciple to corvert the classicalmagnetic
momert to the quantum medanical operator

1 -8 (2.27)

S will from now on be referred to as spin operator which ful Is, together with its corre-
sponding eigenstatesjS; msi, the following eigenequations

§,jS;msi = ~ms S;m2 msmg s:%; S ms S (2.28)
SiSimsi = ~mg Sim  pome 1 (2.29)
SyiSimsi = i~ms S;M mgmg 1 (2.30)
$%jsimsi = ~?S(S+1) S;mE  nomg (2.31)

wherejS;msi are the two common eigenstatesof both the squaredspin operator $2 and
its z-componert. $2 and S, together form the complete set of compatible obsenables of
aspinS = % It follows that every possibleorientation of spin $ must be represerable

by a linear superposition of the two eigenstatesof $2 and $,. The most generalstate of



aspinS= % represetted in the eigerbasisde ned by Eq. (2.28), is

1 1
= = 2.32
> 3 (2.32)

where the phasefactors c L are related as

Cr1 COS>

(2.33)

c e sins

N

and and are the azimuth and altitude of the spin orientation. Thus, Eq. (2.32)
describeswhat is called a coheren superposition (coherence)of the eigenstates %; +%
and 3; 3 . Forexample,j i = p& 3;+3 + p5 3; 3 Iisdescribinga spin pointing in
the positive x-direction.

The solution to the Schredinger equation of a single spin in a magnetic eld is

@

i~—j i = $,Boj i 2.34
with
j i=e SBoliSimgi= e oSS mgi (2.35)
whereB o = Bpe; and ! o = Bo (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 needto be presened and the
common Hilb ert spaceis constructed by combining the Hilb ert spacesof the single spins
by a tensorial product

H=HSt HS2 @ (2.36)

where the dimension of the new Hilb ert spaceis (2S; + 1) (2S; + 1) ::: and the Hamil-
tonian for two uncoupled spins readsas

|_/rSng = | glélz 2+ o | gzézz (237)
When combining the two Hilb ert spacesof the spin operators S; and S5
é = §1 2+ - g\z (2.38)

there exist two setsof mutually compatible obsenablesand their respective eigenstates

$2iS1Sy;msimsai = ~2S;(Sy + 1)jS1S2; Ms1Mssi (2.39)
$12jS1S2i MsiMsai = ~M1jS1Sp; MsiMsai (2.40)
$2iS1So;msimsai = ~2S;(Sz + 1)jS1S2; Ms1Mssi (2.41)
$2,jS1S2i MsiMsai = ~M2jS1Sp; MsiMsai (2.42)



and

$2i$:S,:Smsi = ~25,(S1 + 1)jS1Sy; Smi (2.43)
$2iS1So;Smsi = ~2S, (S + 1)jS1Sy; Smi (2.44)
82iS:S,;Smsi = ~2S(S+ 1)jS1S,; Smsi (2.45)
8,iS15:;Smsi = ~mjS:Sy; Smasi (2.46)
for which
Ms = Ms1 + Ms2
and

jS1 $j6S6S1 S
is true. The baselets of thesetwo setsfor two spinsS; = 3 and S, = 3 are related by

11

i$1$2;S=1ms=1l = $Sy; 55 (2.47)
. . 1 1 1 11
Q= T me — _ . 1 11 _
jS1S2;S = 1;mg = Qi P—i S1Sy; 5 3 S1Sy; 55 (2.48)
. . P 1 1 1 11
jS1S2;S=0,mg = 0i = P—E S1Sy; 5 3 S1Sy; 55 (2.49)
. . 1 1
1$1$2;S=1Lmsg= 1L = S5y E; > (2.50)

Finally it is usefulto make the distinction betweencaseswhere spins are indistinguish-
able, the so-calledhomonuclear case

h i
Sii;Sy =i~ «Sk; (2.51)
and the caseof distinguishable spins, the so-calledheteronuclear case
h i
S8y =0 (2.52)

Up to this point nointeractions betweenspinshave beenconsideredand the Hamiltonian
H'S contains no structural information at all. In the following Sectiona closerlook 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 possibleto apply a corre-
spondenceprinciple enabling the transition from the classicalinteraction described by the
Hamilton function to the quantum medanical Hamilton operator K. But Eq. (2.26) which
describes a spin - magnetic eld interaction suggeststhe corversion ! ~ $ from the
classicalmagnetic momert to the quantum medanical 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-

10



action of magnetic momerts amongstthemsehesor with magnetic elds can be described
by tensorsof rank two mediating a two-body interaction.

The Hamilton operator K usedto describe a systemof interacting spinsunder the in u-
enceof a strong external magnetic eld B g canbe structured into di erent parts according
to the nature of the interactions. First there are the interactions of a spin with magnetic
elds applied to the sample which are described by so-calledexternal Hamiltonians, and
secondthere are the interactions of a spin with magnetic momerts that are corntained in
the sampleitself and these are described by so-calledinternal Hamiltonians.

Since the description of magnetic momerts in the magnetic eld leads to rotational
motion (gpe Hection 2.1) it is corveniert to write Hamiltonians in dimensionsof angular
velocity H = % after conversionfrom energyunits by dividing the Hamiltonian H
by ~.

2.2.1. Zeeman Interaction

The only parameters the external Hamiltonian in Eq. (2.26) is dependert on are the
gyromagnetic ratio g and the spin quantum number S which are the samefor all spins
of the sameisotope. The interaction of  with B g is called the Zeemaninteraction and
its Hamilton function is (seeEq. (2.7))

H?= B o (2.53)
where the Hamilton operator becomes
I—'TZ = S é 3 B() (2.54)

and where the external magnetic eld will always be assumedto be B o = Bge;. S =
Scex+ Syey+ Se, is the spin operator of spin S = 1 and 3, is a unit tensor of dimension
3 introducedto permit describingall interactions by tensors.

As pointed out in Section2.1 nuclear magnetic momerts in a magnetic eld are rotating
at the Larmor frequency! =2 around the magnetic eld Bge,. Sincethe nucleonsmaking
up the nucleusdo not only carry spin (magnetic momert) but also charge (protons) one
also has to consider the interaction of a rotating charge distribution with the external
magnetic eld. For spin S = % nuclei the chargedistribution in the nucleusis spherical so
any rotation of the nucleuscannot introduce additional magnetic e ects. For nuclei with
S > % the charge distribution is generally not spherical and additional interactions are
presen (quadrupolar interaction).

2.2.2. Chemical Shielding

The magnetic eld at the nucleusis equalto an external magnetic eld B g only for a naked
atomic nucleus. In matter, B induces magnetic momerts in the electron distribution
surrounding the nuclei which leadsto a local magnetic eld B '°¢ that can be written as

11



the sum of the external eld B and the induced eld B €S

B loc

Bo+ BC©®

(1+ C9By (2.55)

The tensor CS is describing the orientation dependert chemical shielding interaction of a
spin S. This cortribution is dependert on the electronic environment of the nuclear spin
and by this carries information about chemical bonding and structure. In diamagnetic
samplesthe magnitude of the chemical shielding interaction is about 10 4 to 10 ° of
the Zeemaninteraction. It is typically in the range of about 100Hz to 100kHz for both
isotropic and anisotropic shielding e ects (CSjso  CSaniso) [22. It increasesgenerally for
isotopesof increasingly heavy elemerts. In introducing this chemical shielding interaction
the spin Hamiltonian can be written as

H = H?Z+H®S (2.56)

H = sS(1+ CS) By (2.57)
with

HCS = s $ CS By (2.58)

being the chemical shielding term of the spin Hamiltonian.

2.2.3. Direct Dipolar Coupling Interaction

If two spins are spatially closeto ead other their nuclear magnetic momerts exhibit a
mutual dipolar magnetic interaction which is called direct dipolar coupling. Accordingly
the Hamilton function of a pair of spins $1, S, in spatial proximity to eac other has a
corntribution independert of the external magnetic eld

HD12 = 12 3( le;.Z)( 2612) (259)
Ir12)

with r12 = ro  rq = jrisjern. Usingthe correspondenceprinciple, this interaction can be
described by a dipolar coupling tensor D12 as

h i
bo 1S, 3 Sienn Soen (2.60)

b, $; D2 S, (2.61)

|_’iD12
KD

with the direct dipolar coupling constart

bp= —5 %20 (2.62)
4 jrip®
in units of % . 0= 4 10’ 2% is the vacuum permeability and Dﬁz = i 3eiey the

dipolar coupling tensor using the Kronecker j tensor. Typical valuesof b,=2 are given
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in Table 2.2 on page13

Distance [pm] | b12=2 [Hz] | b2=2 [HZz] | bio=2 [HZ]
13c;l3c 130;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 constarts bj»=2 for 3C;3C , 13C;'H , H;'H spin pairs.

2.2.4. Indirect Dipolar Coupling Interaction

Nuclear magnetic momerts 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

Hiz = 1J12 5 (2.63)
ﬁle = S1 Sz§l le §2 (264)
Typical magnitudes of J}S% are about 1Hz to 1kHz [23, 24, 25, 26, 27, 28, 29]. The

anisotropic part J12_  has the same mathematical form as the direct dipolar coupling
tensor D12, Therefore, it is generally dicult to distinguish cortributions from J12_ and
D12, There are only few casesvhere J12._  hasbeendetermined unambiguously, leading to
valuesthat are generally of the order of the corresponding isotropic J-coupling constart

Itz Ji2_ ) [23, 24, 25, 30, 26, 27, 28, 29.

ISO

2.2.5. High-Field Approximation and Rotating Frame of Reference

The Zeemaninteraction of a spin S with an external magnetic eld is sewral orders of
magnitude (compare Subsections2.2.1to 2.2.4) larger than the contribution of all other
terms in the Hamiltonian. This makesit possibleto apply a perturbation approad [5]
which splits the Hamiltonian K into a part By which is commuting with the Zeeman
interaction 2, and a perturbation part F; which doesnot commute with FZ

H = |‘/r()+ |41 (2.65)

Since Ho and the ZeemanHamiltonian HZ commute, they share a common set of eigen-

states Z = exp i! ¢S;t (Eq. (2.35)) and the perturbation up to rst order can be
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written as

H = HO+ A0+ (2.66)

HO = H, (2.67)

RO = e oSt oSt (2.68)

The Larmor frequency! g =  sBg in the rst perturbation term dependslinearly on the

strength of the magnetic eld. Hencethe small rst order perturbation terms are uctuat-
ing rapidly if B is large and can then safely be neglected. This high- eld approximation
is generally applicable for spin S = % systemsbut sometimesneedsto be reconsideredfor
spins with higher quantum numberswhen quadrupolar interactions comeinto play.

The Hamiltonian within the limits of the high- eld approximation H = H is dominated
by the Zeemaninteraction. Howewer, ascanbe seenfrom the spin-interaction Hamiltonians
(Section2.2.1to 2.2.4) most of the information is contained not in the Zeemanterm but in
the remaining terms of the Hamiltonian. In order to accesghis information in a corvenient
way and without having to deal with the cortributions 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 Ky is
then

Hr = Ho 105, (2.69)

The cortribution of the Zeemaninteraction BZ = 1,S, to the high- eld Hamiltonian
Ho in the rotating frame is cancelledand Hg 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 I4R will be referredto as H.

2.2.6. Representations of Nuclear Spin Interactions

All Hamiltonians in Egs. (2.54), (2.58), (2.61), and (2.64) exhibit a common structure
[32 33
H =CUA 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 S; or the external magnetic eld Bge;,
depending on the interaction . C is a constart factor. Expanding the Hamiltonian in a
Cartesian basis

S
S

H = cC hljUjui hujAjvi hvijVjli with u;v 2 fx;y;zg

% <
% <

= C huj Ajvi bvjVjli hij Ujui (2.71)
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the Hamiltonian can be further simpli ed

H CA X

x3
C  AwXw (2.72)

uv

which is equal to the scalar product betweenthe interaction tensor A and a tensor X,
where X is de ned asthe dyadic product

X V U (2.73)
Xi = ViU (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 dicult y with Cartesian tensors such as X is
that they are reducible | that is, they can be decompsedinto objects that transform
dierently under rotations. Xj an be written as

1 1
UV, = =TrfuU Vg ij+—(UiVj UjVi)+
ez} F—fz—}
scalar vector
1 2
+ 5 UV + UV :—%Tl’fU Vg (2.75)
( 7 )
matrix

which corresponds to the irreducible decomposition of U;V; with respect to the three
dimensional rotation group SO(3) [34]. The rst summand, Tr fU Vg is clearly a scalar
product and thereforeinvariant under rotations. The secondsummandis an antisymmetric
tensor which can be written as j;x (U V), and therefore behaveslike 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 preferableto write the secondrank
tensorsA and X in terms of componerts that always transform equally under rotations
(see Section 2.2.6.1). The antisymmetric componert 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.
Sincethe interaction tensorsrepresened by A are describing the physical properties of
the di erent 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) represertation the interaction tensor can most easily be written as

0 1
' O O
A (PAS) = E@O Ly OX
0 o !,
1 0 1
100 ;  +1 0 0
= | iso%0 1 Og"’ !aniso%} 0 % 1 OX (2.76)
001 0 0 1
where! .., ! sniso» @Nd  are de ned as
L .
liso = §Tr A (isotropic value) (2.77)
! aniso  — ! zz ! iso (anisotropy) (2-78)
! !
= Y XX (asymmetry parameter) (2.79)
* aniso
Togetherwith the ordering of the eigervaluesof A accordingto [35]
P22 liso e liso ! yy iso (2.80)

the shape of the interaction tensorsis now parameterisedin a meaningful way.

2.2.6.1. Rotational Properties of Nuclear Spin Interactions

The rotation of a Cartesiantensor A(X;Y;Z) from the coordinate systemfey ;ey;ezgto
the systemwith the basisfey;ey;e,g is generally described using the rotation matrix R

A(x;y;z) = RA(X;Y;Z)R 1 (2.81)
The generalform of theserotation operators is [34]
Ro()=e =" (2.82)

Here J' is a generalisedangular momertum operator that is the generator of rotation in
its Hilbert space. HenceJ'! L[ is the orbital angular momertum operator for rotations
in real spaceand J'! $ 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 corveniertly usedwhen describing rotations around the principal axes
of the tensor. It is advantageousto make use of Euler's theorem [34], stating that every
rotational transformation of a tensor can be uniquely de ned by three successie rotations
that generally do not commute. Using this theorem Eqg. (2.81) can be written as

R()A (X;Y;Z)R()Y
R(; ; )AOGY;Z)R(G ;)Y (2.83)

A (Xy;2)
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with R(; ; ) beingeither

Royoz(; ;) = e Fe Hyo g £z (2.84)
or

Revz(; ;) = e 9z et g 202 (2.85)
depending on the de nition of the rotation axes. IQZ;yo;Z(; ; ) is describing the three
rotations about the body- xed axesfz;y%Zg of the tensor, while IQZ;Y;Z(; ;) is de-

scribing the samerotation, but around the space- xed axesfZ;Y;Zg.

So far the represertation of the interaction tensorsis Cartesian whereasthe represen-
tation of the rotation operators (Egs. (2.84), (2.85)) is not yet de ned. R and RY are
functions of the angular momertum operator J* and sincewe are concernedprimarily with
the rotation properties of the interaction tensors, it seemsa good idea to represen R
and RY in a basis most suitable for rotations. This basisis given by the eigenvectors of
the angular momertum operator J* which in the caseof orbital angular momertum [, is
given by the spherical harmonic functions Y, ( ;") [34]. The Y,™( ;') form a complete
orthogonal basisand therefore are suitable as a set of basisfunctions. Expanding e.g.the
tensor A in this spherical basisit then transforms as a set of its (2| + 1) componerts
under the (2| + 1) dimensional represenation of the rotation group SO(3) [34] as

A™(AAS) = R AT (PASRY
X | ‘m O
= Dmon( 5 5 )A" (PAS) (2.86)
mo= |
D'mom(; ; ) are the Wigner rotation matrix elemens [34] and A,;m ° the tensor com-

ponerts of tensor A of rank | in its spherical represenation. Using the fact that the
eigenstatesjl;mi of ['2 are also eigenstatesof 'z, the Wigner matrix elemerts can be
written as

D _ E

D! o(; ;) = Imle *fz e v g 2fz jim (2.87)
Dhmo(: 5 ) = € ™’dyon (e’ ™ (2.88)
D i E
wherethe dl 4, ()= I;mle *Cv jl;m  are the reduced Wigner rotation matrix ele-

merts [34] (seeTable 2.3 on page 18). Sphericaltensor componerts are de ned, according
to Racah [36], as objects T{" which obey Egs. (2.89) to (2.91)

h i
Jytm = gl (2.89)

h | p
Jomm = "0 m(@ m+ptn? (2.90)

=

-3

—=
1

( HT, ™ (2.91)

where J' is an angular momertum operator ful lling the commutation rule in Eq. (2.21).
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| m= 2 | _m=0 \ m= 2
mP= 2 cod =2 . 3Bsin? sin* =2
m°= 1| 1=2sin (cos + 1) | =~ 3=2sin cos 1=2sin (cos 1)
m°= 0 ~ 3-Bsin? 1=2 3co¢ 1 " 3-Bsin?
m°=1 || 1=2sin (cos 1) |- 3=2sin cos 1=2sin (cos + 1)
mO0= 2 sin* =2 " 3=8sin? cod =2
Table 2.3.: ReducedWigner matrix elemers dzmom( ) [34]
Using this set of rules the spherical tensor componerts of X are
o _ 1 1
X§ = FUV =3V +U Vet UV (2.92)
m 1
XP = B5(U V) (2.93)
X,2 = UV (2.94)
1
Xt = s (U Vet UV o) (2.95)
1
X9 = p—é(u+v 2U,V, + U V,) (2.96)

2.2.6.2. Spherical Representation of Interaction Hamiltonians

As demonstratedabove, the represenation of an interaction tensoris most straightforward
in its principal axessystem (PAS). The irreducible spherical componerts can be written
as functions of the parametersde ned in Eqgs.(2.77)to (2.79) as

. p_
AY (PAS) = R (2.97)
0; §
A2 (PAS) = é! aniso (2-98)
AT (PAS) = 0 (2.99)
. 1
A, & (PAS) = 2 ! aniso (2.100)

However, the Hamiltonian is usually dependert on multiple spin interactions represened
by interaction tensorswhich in generaldo not sharea common principal axessystem. This
makesit necessanto rotate tensorsfrom their PAS to seweral generalaxessystems(AAS)

by using setsof Euler angles 5 =  pas pas pa 34
0; P
A, (AAS) = . 3 iso (2.101)
m; § 2 1 2 h 2 |
A2Y (AAS) = é! anisoDOm PA E ! anisoD 2m pa T D2m PA (2-102)

The tensor X represers the magnetic eld Bge, (see Eq. (2.72)) and thus relates the
tensor directly to the laboratory frame (LAB). This makesit reasonableto use LAB as
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the nal and common axessystemand the Hamiltonian can then be written as

X
H (LAB) = C A (LAB) X (LAB) where 2 fZ;;CS;;Dj;Jij9
X X X o o
= C ( D7 A" (LAB)X, ™ (LAB)
x pr! X |
= C 3 XJ+C ( 1)™AT (LAB)X,™ (2.103)

m

Howevwer, in solid state NMR usually seweral axes systemsare involved (molecular axes
system, crystal axessystem, etc.) making it necessaryto expresstensorsin thesevarious
axessystems. Generally transformations will start with the respective PAS of the tensor
and end in the laboratory frame LAB

A (PAS) =1 A (LAB) (2.104)
| S

A direct rotation to LAB is not always desirablenor is it always possible. Often it is better
to have interaction-dependert rotations , to a common system (AAS) that is related
to the LAB by a unique set of angles a_

A (PAS) AT A (AAS)f A1 A (LAB) (2.105)

pas pas Pad AL; AL AL 9

For example, the direct dipolar coupling tensor D is directly related to the internuclear
distance betweentwo interacting spins and therefore connectsdirectly to a molecule-or
crystal- xed axessystem. This, in turn makesit often corvenient to expressthe chemical
shielding tensor in relation to the PAS of D.

A look at X in Egs. (2.92) to (2.96) shows that only terms with X|0 commute with the
Zeemaninteraction and the Hamiltonian is

p_ .
B = C 3 ,,X3+C AY (AAS)X] (2.106)

where the two componerts of X for the chemical shielding are (whereU ! S,V | Bye,,
and = CS§)

1

Xg = p—:_%Boéz (2.107)
"2

X9 = §Boéz (2.108)

For the direct and the indirect dipolar coupling (where U | $;, V. ! S, and =
Dj orJj) the XP terms become

X8 = p% é12§22+% é1+é2 + é]_ §2+ (2109)
X9 = pl—é 28,45, % 8.5 +& S (2.110)
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The generalstructure of the Hamiltonians can now be be written as

CS _ CSi CSi.;CSi . CSj. CSj. CS;j. Cs :
H = ! iso ! aniso’ » PL* PL ' PL élZ (2'111)
Mo = 1Py Py DI Dic Di 28§, 5 S+:5 +§ S (2.112)
iso iso 1
By = 1 2§iz izt > éi+ éj + éi éj + (2.113)
aniso aniso Jii = Jiio. Ji L i 1
1 = 1 ! arjﬂso; % Pi_’ PIJ_’ PIJ_ Zgiz éjz 2 éi*'gj + éi éi (2.114)

For heteronuclear coupling interactions in addition the commutation relation Eq. (2.52) is
valid and the Hamiltonian for these spin-spin couplings can be further simpli ed to

. i i Dj . Dij. Dj
ﬁD” = | Dij bD” ; p|_J ) p|_J ) p|_J 2§iZ éjZ (2115)
I = 1908, (2.116)
aniso aniso Jii i N N N I
1 = 1Y I - 25,5, (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 erent resonancefrequencies)compared to the
magnitude of internuclear (dip olar) couplings. Sometimeseven spin systemscomposedof
identical isotopes can be described su cien tly well by the simpler heteronuclear coupling
Hamiltonians.

2.3. Time Dependence

Sofar the Hamilton operator in the Schredinger equation of motion
. @. . .
i—j i=Hji 2.118
a j ( )

is time-independert and the corresponding state vector j i is stationary. Howewer, in or-
der to accesghe 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 possibleto easily inict perturbations on the systemthat tailor the systemin a way
that is impossiblein many other spectroscopictechniques. The tools to manipulate the
Hamiltonian externally are generally of two categories,inherert 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 momert.

The description of time dependencein quantum medanics is dealt with by means of
time-evolution operators 0 [5]. It is in the sameway that angular momertum operator J'
is the generatorof rotation that the Hamilton operator H is the generatorof time ewvolution
(seeEq. (2.35)). The expectation value of a generaloperator © (obsenable) is according

20



to Eq. (2.15)
4O = Oj (2.119)

where time ewolution of the expectation value is described by the unitary time-evolution
operator 0¥ = 0 1

D E D E
4O = 0YO0;j (2.120)

This equation can beinterpreted in two ways. The operator U can either be seenasacting
on the state vector

jir 0ji (2.121)

and therefore describing the time dependenceof the state ket (j (t)i = Oj (to)i) while
the operator stays time-independent. Or, analogousto the caseof rotations, it canbe seen
as describing the time ewolution of the operator

o 1 0o0 (2.122)

where the time ewlution is described by the changeof O(t) = YO (to) U and the state
vector stays constart. The rst way to look at time ewlution resenblesthe way it is dealt
with in the Sdredinger equation and therefore is called the Sdredinger picture. The
secondapproad is called Heiserberg picture [5].

The time-evolution operator in its most generalform is

Zt
Texp i dt¥ t°
0

0 (t to)
t
= lime H® tag it t ... il Nyt ... 5 iH(to)t (2.123)
t o

which is a short form of writing the von Neumann time series[6] and where T is the
Dyson time ordering operator [37]. It is possibleto greatly simplify the operator O (t; to)
if certain characteristics of the Hamilton operator apply:

If the Hamiltonian M is not explicitly time-dependert (QH = 0) then O (t; to) is
Ottg) = exp K@ to) (2.124)

This is the casefor all the Hamiltonians sofar (seeEqg. (2.103)).

If the Hamilton operator H (t) is time-dependert but is commuting with itself at
dierent timest and t° h i
Ha:;R t© =0 8tt° (2.125)
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then time ordering becomesredundant and the time-evolution operator becomes
I
R ' Z
O (t; to) = lim exp i Ht nt) =exp i H t°dt° (2.126)

n=0 to

A Hamilton operator such asthe onein Eq. (2.126) is called inhomogeneouswhile
non-commuting Hamiltonians are referred to as homogeneoudollowing 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]

Bi(t) = 2Bjcos(! grrt ) ex (2.127)

and the corresponding RF Hamilton operator HRF (t) can be constructed in the same
way asfor the Zeemaninteraction (Eq. (2.53)) by using the correspondenceprinciple (Eq.
(2.27))

HRF () = 2Bjcos(!ret ) sS« (2.128)

Using the fact that every linearly polarised RF eld can be decomposedinto the sum
of two circularly polarised elds rotating in opposite directions, the Hamiltonian can be

written as
HRF @) = B gi§[cos(! Ret )ex{; sin(! ret )e)}+ (2.129)
counterclo ckwise
+ |cos(! ret ) ex iz sin(! gret )eyﬂ (2.130)
clockwise

According to the description of rotations in Eq. (2.83) it is possibleto describe a spin
rotating in the xy-plane with the frequency! rr in clockwise direction by

HRE () = By sé'"rSte resit (2.131)

and in the counterclockwise direction by replacing ! g with ! gg. Represeting Eq.
(2.131) in the rotating frame leadsto

ﬁsF (t) B, se il oéztei! RE §ztéxe il re §Ztei! 0S:t

B, ge (o 'rr)%td dllo lre)Sit (2.132)

If ! o= ! grp (ON-resonan irradiation) IQEF (t) becomestime-independert

1 S8, (2.133)
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for the clockwise rotation. Herethe amplitude of the RF irradiation eld hasbeende ned
as!$ = Bjs. For the counterclockwise componert the time dependencedoes not
disappear but leadsto fast oscillations with twice the Larmor frequency! o and therefore
can be neglected(compare Section 2.2.5).

The amplitudes of RF irradiation elds ! $ = B 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, I4§F can be often regarded as dominant so that a perturbation approad
truncates the Hamiltonian during the RF irradiation to ¥ = HREF. This Hamiltonian is
time-independert and the corresponding time-evolution operator can easily be calculated
using Eqg. (2.124) to be

O(t) = e "15¢ (2.134)
This operator describesalsorotations around the positive x-axis by anangle = ! it when

consideringEq. (2.82). The time ewlution of a single spin in the pure eigenstate % % is
therefore

: F— il 1§xt 1‘1‘ —
jo(0i e 55

0 2n 2n ll

%) ! * ! g >3

=0 n! =0 n! 2 2
It 11 oot 1 1
= — o+ = —_— = = 2.1
cos > >t5 i sin > 5 3 (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; msi into
a coherent superposition state (coherence). The expectation values of the spin operators
5 5y; S, are no longer time independert but become

D E
1 1 . i 1 1
— .42 o ilaSkt PiSet 2., =
éx (t) > 5 e éxel 575
= 2.1
D £ 0 (2.136)
S () = sinlqt (2.137)
D E
§,(t) = cos!t (2.138)
For example,choosinga nite duration of the RF irradiation (pulse) sud that the rotation
angleis 90 ( = !t = ) the spin systemis preparedto have a spin pointing into the
y-direction.

For wealker RF amplitudes the approximation usedabove is no longer valid. The time
ewlution of the spin systemunder the in uence of the complete Hamiltonian is leading to
a complextime dependenceof the systemstate vector. Especially for larger spin systems
the number of eigenstatesincreasesby (2S + 1) for ead 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 canbe
seenfrom the fact that the orbital angular momertum operator [ is commuting with any
sort of spin operator. Howewer, 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 systemin real spaceand not just as a transformation between two
referenceframes. This kind of rotation can originate, for example, from the mobility 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 spaceone can think of a rotor, represered by its rotor axis
system (RAS), which is rotated around its z-axis. Then the spin system, and therefore
alsothe PAS of its interaction tensorsA are xed and oriented to RAS by setsof Euler
angles pr = pRr; pr pr - Finally the rotor itself is describedin LAB by a setof Euler
angles r. = f! ott; RrL;0g. Here the time-dependent angle! ot is replacing the angle

rL, describing the rotation around the z-axis of the rotor. g, is the angle betweenthe
z-axis of RAS and the z-axis of LAB and therefore represernts the inclination of the rotor
with respect to the magnetic eld Bge,. The third Euler angle r_ hasbeende ned to be
zero and therefore restricts the rotor axis to orientations in the xz-plane of LAB. This is
possiblesince LAB is actually just de ned by the direction of the vector B g = Bpe, 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

X X X ,
H (LAB) = C ( D™A™ (LAB)
I m= |
X X o
Dino. m(!rt RL;0) Drmoomol( pr)X[" (PAS) (2.139)
mo= | mo&k |

The time dependenceof the spin interactions in Eqgs. (2.111) to (2.114) is periodic. That
can be taken advantage of by expanding H (t) in a Fourier series

X2

! t; pr) = ! eimO! rt 2.140
(m9)
mo= 2
where the complex Fourier componerts have the symmetry ! ( mo = i! (m9) and obey
2 h 2 2 ! 2
Py = iso om0+ !aniso DO;m0 PR p_é D 2;m0 PR T D2;m0 PR dmO;O( RL)

(2.141)

Here it is important to distinguish between casesof 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 Z t Z t
H 0 dt® = Lo(t)+ :::dt¥= ! (mo)e'mo! ot 4 gt0
to to to mo= 2
X
= (qimq cos Mm% oit? + isin m3 o t° EO (2.142)

imQ
mo= 2 rot

Eq. (2.142) shownsthat if the the rotation frequency! ot is much larger than the anisotropy
of the spin interaction ! _...,, the Hamiltonian only depends on time-independert terms
wherem®= 0. Eq. (2.141) then reducesto
h i
'm='io* aniso Dbo PR Pz D?,0 pr *D30 pr 5ol rL) (2.243)

A closerlook at the reducedWigner matrix elemen
2 _1 2
dO;O( RL) = E 3co RL 1 (2.144)
shaws that the matrix elemen exactly vanishesfor rotation angles

1
RL = MAS = arccos p—é (2.145)

A rotation about an axis inclined at an angle arccos 91—5 to the magnetic eld Bge,
cancelsall anisotropic parts in Eq. (2.143) and this is why mas is called the magic angle.
However, if the Hamiltonian H (t) doesnot commute with itself at di erent times (e.g. for
Hamiltonians describing homonuclear coupled spin pairs) d%o;o( RL) contains terms with
m®6 0. This meanseven fast spinning keepsanisotropic parts in the time-evolution opera-
tor. The same,incomplete averaging e ect occursalsofor an inhomogeneousdHamiltonian
if the rotation speeddoesnot exceedthe anisotropies(! rot ! 4niso)-

From Section 2.3.1 and 2.3.2it can be concludedthat real spaceand spin spacema-
nipulation of the Hamiltonian doesnot a ect all terms of the Hamiltonian in the same
way. Especially the behaviour under rotations that is characteristic for the di erent spin
interactions provides a valuable tool to discriminate onetype of interaction from another

[39, 40, 41] (seeTable 2.4 on page 25).

Interaction Spacerank | | Spacecomponents m | Spin rank Spin componerts
Isotropic chemical shielding 0 f Og 1 f 1;0;1g
Chemical shielding anisotropy 2 f 2, 1,129 1 f 1,0;1g
Isotropic J-coupling 0 f Og 0 fOg
Anisotropic J-coupling 2 f 20 1,129 2 f 2, 1,129
Direct dipolar coupling 2 f 20 1,129 2 f 2, 1,0;1;29

Table 2.4.: Spin rank  and spacerank | of the spin interaction Hamiltonians, describing
their di erent behaviour under rotations [41].
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2.3.3. Solution to the Equation of Motion - Pulse Response
D E
The expectation value & of a generalspin operator O can easily be written by using

the corresppndenceprinciple (Egs. (2.27) and (2.15))
D E X D E

o) = o Ojo hoj (t)ih (t)joi
X
- . OIJ/\JI
! n (0}
= Tr O71) (2.146)
where the density operator
At = ) (D)ih (b)) (2.147)

obeysthe fundamental Liouville von Neumann equation [42, 5]
o = MWK ) (2.148)

Here it is important to note that Eq. (2.146) is independent of the represeration used.
For example, for a two spin systemeither of the two basissystemsin Egs. (2.47) to (2.50)
can be used.

Eq. (2.148) is equivalent to the Sdredinger equation but implemernts the corvenient
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

A) = O (1 to) A(to) 0Y (t; to) (2.149)

This must not be confusedwith the time ewlution in the Heiserberg picture. ~(t) is
built of state vectorsj (t)i and Eq. (2.149) therefore describes a time ewolution in the
Schredinger picture. For a time-independert Hamiltonian H, ~(t) is

At = e Mtagg) dhit (2.150)
At TE A (2.151)

Comparing this to Eq. (2.83) the similarities to rotations becomeobvious. In the Hamil-
tonian eigerbasis jS;msi the exponertial operators e Mt are diagonal and the density
matrix becomes

P P

e AYieml = el 'mst Gme A(t)igmd o  m2
S;ms " (1)jS;mg e S;ms " (tp) jS;mg e

Ot

!
= e ms"Y Simg A(to)jS;md (2.152)

Then " (t) describesghe ewlution of the density matrix " (tg) underthe in uence of a static
Hamiltonian. The ! msmo are the energy di erences betweenthe spin states jS;msi
and jS;m(S’i and the diagonal elemerns of ~(t) are therefore stationary and correspond to
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the population of the respective spin state while the o -diagonal elemerts are oscillating.
It is corvenient to classify the matrix elemens with respect to the coherencethey are
represerniing [1, 21]. This is done by de ning the coherence-orderparameter p as the
di erence in magnetic spin-quartum number

p=ms mg (2.153)

and naming the matrix elemens after the value of p as zero-quartum (ZQ) coherences
, single-quarium (SQ) coherences and so forth. The parameter p makesit possibleto
write the density matrix asthe sum of terms containing only coherencef one kind

s

MO AP (1) (2.154)
p:X 25

(1) = S;ms ~A(t)jS;m2 jS;msi S;m2 ;8ms m2=p (2.155)
mg;m2

where S = P i Si is the sum of the spin quantum numbers of the spin system (compare
Egs. (2.43) to (2.46)). Picking up the rotational transformation of the density matrix (Eq.
(2.150)) it is usefulto represen the density matrix in terms of irreducible tensor elemerns
e X y
A(t) = O TN p=m=; 1 1+ 1 (2.156)
i:l:m

where the magnetic quantum number m can be identi ed with the coherenceorder p and
the index (i) distinguishes di erent operators with the same transformation properties.
The q’"?(‘) (t) represen the coherenceamplitude. For example, for a singlespin S = % the
density matrix is described by the three tensor componerts [34]

7,5 = St 1Sy E'ély (2.157)

O = g, (2.158)

O =, (2.159)

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

S1;S; = 3 the T™ resenble the X™ ) of the spin tenors de ned in Egs. (2.92) to (2.96).

Generally the tensor elemerts transform under the in uence of a static Hamiltonian
without RF irradiation as

Tlm,(.) Ht q’Q'('O’T{Q'('O’ (2.160)
i90

This is changing the rank of the tensor componerts, but is not changing the coher-
enceorder p. Therefore coherencesare consened under free ewlution without RF
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irradiation.

oSy g ip (2.161)

Under the in uence of a hard pulse, corresponding to a rotation in three-dimensional
space,the tensor elemens transform as
P
. 8 X .
O Ao )T sp=m (2.162)
moO
Thus, as already seenin Section 2.3.1,the RF pulse transforms coherenceswithout
a ecting the rank | of the tensor elemers.

RF elds create coherenceswhich rendersthe density matrix time dependert. It is the
time dependenceof the density matrix elemerts that is characteristic for the spin system
and its spipystates. However, for a coherenceto be detectable it is necessaryto nd an
obsenable & that makesthe coherenceaccessibleto experimert.

2.3.4. NMR Signal of Bulk Samples

The most general quantum mecdhanical state a spin system can be in is the linear su-
perposition of all its eigenstates[5]. For a single spin S = % this is according to Eq.
(2.32)

1 1 1

1
§;+_ +C1 = = (2.163)

ji=c 2 1202

1
2

This is su cien t to describe an isolated spin system. In a macroscopicsolid samplethe size
of the spin systemis generally very large, which makesthe number of possibleeigenstates
immense. Howewer, macroscopic samplescan generally be regarded as being a set of
independert spin systemsi ead one described by its own state vector () . 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 leastin liquid-state NMR

The limited abundanceof someNMR \activ e" nuclei.

The macroscopicmagnetic properties of the sample are therefore not derived from the
gquantum medanical expectation value (Eq. 2.146) but by an ensenble averageover all
guantum medanical spin-systemstates [5, 42]. This is doneby de ning weighting factors

w; that represer the normalised population density ; w; = 1 of the spin-system state
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() . The ensenble averageof the obsenable O is then

x D E
01 = w 0G0
i
X .
= wil'ﬁi(')
'n o
= Tr " (2.164)
and the density matrix becomes
X ED
A O BN O (2.165)

Statistical medanics now help to connect the quantum mecanical probabilities in the
density operator with the Boltzmann description of a systemat thermal equilibrium [42].
The probability P, of nding the macroscopicsystemin the energy state E, comparesto
the quantum medanical probability as

Ex ED X .

e s’ K K , o
P, = > = W (k) (k) withZz = e ks' (2.166)

This simplies for high temperatures (v 1) to

ED |4k
Pk = Wi (k) (k) 1 -~

(2.167)
Since ¥ is dominated by the Zeemaninteraction, the high- eld approximation (Section
2.2.5) leaves

H o 18, =1 omyg (2.168)

The population di erence for a system of isolated spin S = % systemsis given by [2]

|
P Py = kB—OT 104 10° (2.169)

1
2

leaving only a very small fraction of spinsin the samplethat cortribute to the macroscopic
net magnetisation

Spins h i
M, = s S (2.170)

i
Similarly for the magnetisation after a non selectie »-pulse My becomes

Spins h i
My = s Sy (2.171)

After the pulsethe magnetisation My is ewolving under the in uence of the time-evolution
operator dominated by the Zeemanterm (0 = e ! OQZ), leading to a free precessionin
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the xy-plane [1, 21]. Placing the specimenin a coil that is oriented e.g. along the x-axis
inducesan alternating current, the NMR signal

SO = s is

Tr ~)S withS =5 i5 (2.172)

The signal s (t) is described in the complex plane. 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 signalis decaying with time and is referredto asfreeinduction
decayy (FID).

The free precessionand the NMR signal are determined by the Hamiltonian which is
a function of the frequencies! (seeEgs. (2.111) to (2.114)). In order to visualise the
contributions of the di erent 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 dependert on the wanted
information but alsocortains additional cortributions, possibly making interpretation dif-
cult or impossible. Seweral ways to handling this situation exist [45]: One is to dewelop
selectie pulse sequenceg35, 41] including two- and multi-dimensional FT-NMR exper-
iments [1, 46, 47]. Another approad is to evaluate experimental spectra by numerical
meansusing iterativ e tting approades. This makesit possibleto handle a fair amount of
parametersand is lessdemanding on the selectivity of the experiment. However, it makes
it necessaryto simulate spectra numerically exactly.
Here the latter approad is followed. First the experiments usedin this work are brie y

described. Secondly the numerical methods usedare briey explained.

3.1. Nuclei with Spin S = % under Magic Angle Spinning
Conditions

In reality it is often dicult, if not impossible,to grow single crystals suitable for NMR
purposes.Polycrystalline samplesare often much easierto prepare, therefore making 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 spinsin polycrystalline powders consistsgenerally of broad
lines (seeFigure 3.1a). The resonancefrequency of a spin (seeEqgs. (2.111) to (2.114)) is
generally orientation dependert. Spectra of static powdered samplesare consequetly a
superposition of the resonancef individual singlecrystallites. The lineshape of this kind
of spectrum is determined by the spin-system parameters of the respective Hamiltonian.
However, the orientational information of the spin-interaction tensorsis generally averaged
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 tensorswith respect to ead other can be
obtained from NMR spectra of polycrystalline powders.

Becauseof the broad linesin NMR spectra of static powders the resonancef di erent
spins are likely to overlap. This makesit dicult 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 sampleis physically spun around an axis which is inclined at the magic
angle mas (seeEq. (2.145)) with respect to the external magnetic eld B .
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Figure 3.1.: Calculated spectra of a sample of a polycrystalline powder with the isotropic

chemical shieldings! $$ marked by arrows: a) Static spectrum of an isolated spin S; = 5

(1 S3'=2 = 2250Hz, ! {1 =2 = 8303Hz, CS: = 0:6). b) Samespin but under MAS

with ! t=2 = 3:2kHz. c) Spin from a) coupledto a secondspin S, = 3 with ! =2 =

2250Hz, ! $22 =2 = 6190Hz, ©%2=0.5 (! =2 = 3:2kHz) by a strong homoruclear
CSiz

=2 = 4kHz). d) Homonuclear spin pair (! ot=2 =
CS12 9 b12=2 = 1kHz) and CSA parameters

iso

dipolar coupling (by2=2 ' iso
3:2kHz) with weakdipolar coupling (!
asin c).

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

s(t) el °°W (3.1)
X 1E o .
Sy = 155t+ —§—— cos Mm% o:t% + isin mY o t° & (3.2)

m+
m9%0 rot

Spinning speeds! o exceeding! $S. resultin asignals(t) = e "'t andthe FID becomes

independen of the crystallite orientation. The spectrum consistsof a single peak at the
isotropic shielding frequency! <. When consideringspinning speedssmaller than the size
of the anisotropic cortributions in Eq. (3.2), the averaging as described in Section 2.3.2
is incomplete and the orientation dependenceof the Fourier componerts ! f:mSO) becomes
visible. Howewer, dueto the periodic modulation by the samplerotation the magnetisation

is refocusedafter eac completedrevolution of the rotor and consequetly the signal obeys

s(N rot) = € n' 55" o (3.3)
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For a polycrystalline powder this results in a spectrum consisting of narrow peaks sepa-
rated by ! ot = %Ot around the resonanceof the isotropic shielding, the so-called MAS
sidebandpattern [50, 51, 52] (compare Figure 3.1b{d)). The spectrum obtained contains
information about the magnitude of the CSA 1 £3;1 55 - €S while the orientational
information of the CSA tensor is averagedby the random orientation distribution of the
powder.

For spinning speedsslower than any anisotropic interaction ! o <! ., the envelope
of the MAS sideband pattern resenbles 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. Howewer, 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 encaled in the spectrum. Only spinning speeds
substartially exceedingthe dipolar coupling reduce the spectrum to narrow lines. The
homogeneougharacter of the homonuclear Hamiltonian is strongly dependert on the rel-
ative sizeof the dipolar coupling interactions (D; J) comparedto the di erence in isotropic
shieldingsof the two spins. If | <542 Iyy;! 922, 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].
Here mostly caseswith large CSA and sizabledipolar coupling interactions are considered.

Generally the advantagesof the MAS experiment are an increasein resolution, especially
whenmore than onespin speciesis involved. In addition MAS alsoincreaseghe sensitivity
of the experiment in that the intensity of the static powder spectrum is condensedinto
more or less harrow spinning sidebands, hence improving the signal-to-noiseratio 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 magnitudes of 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 keepingthe 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 R? condition with ! ;=2 = 4kHz; b) at the n = 1
R2condition with ! ;t=2 = 4:5kHz.

rotational-resonance (R?) experimert [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 wheneer the di erence in isotropic chemical shieldings
| CSi2
*iso

When

is equal or very similar to a small integer multiple of the MAS frequency! (.

CSy:
o2 = nlyg ; n=1200 (3.4)

the dipolar couplingsby, and ! )22 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 arisesif the dierence in chemical shielding between two dipolar
coupled spinsis zero, or nearly zero

| CSl;Z 1
* iso

0 (3.5)

This is leading to a recoupling e ect which is virtually independert of the spinning speed
and is called the n = 0 R? condition. It requires the two CSA tensorsto be dierent,
either in magnitude or orientation. This condition is no longer an experimental parameter
but is dictated by the spin system. A n = 0 R? condition occurs e.g.for two CSA tensors
related by a C, axis of symmetry or a mirror plane.

The e ect of R? on the spectrum is that the recoupled dipolar interaction is causing
an increasein line broadening and lineshape distortions (seeFigure 3.2). Theselineshape
e ects encale structural information.
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Figure 3.3.: Pulse sequencesuitable for R>-DQF together with the respective coherence
transfer pathways (CTP) [1]. Crosspolarisation (CP) from the | -spin speciesto the S-spin
speciesis included as well as decouplingin the | -spin channel. Double-quartum lItration
is accomplishedby phase cycling the hashed pulses.a) R2-DQF . experiment [66]. b)
R?-DQF experimert [63].

3.1.2. Double-Quantum Filtration and Rotational Resonance

The presenceof resonancedrom isolated spinsin addition to thosestemmingfrom e.g.a R?
recoupledspin pair often makesit awkward to interpret the resulting spectra. Commonly
this scenarioariseswhen dealing with spins that do not have 100% natural abundance,
leadingto samplescontaining a variety of isotopomers. A way to remaove spectral cortribu-
tions originating from isolated spinsis double-quartum lItration (DQF). DQF suppresses
the SQ coherencesstemming from uncoupled spins and leavesthe signature of DQ coher-
encesunique to the dipolar coupled spins. Here DQF has beenimplemented by the useof
suitable phasecycling techniques[1]. There are many possibilities to achieve DQF under
R? conditions [62, 1, 63,64, 65]. A basicand straightforward way to do sois the R?-DQF ;
pulse sequencd66] (seeFigure 3.3a)) It correspndsto the COSY-DQF [46, 67, 68] exper-
iment as known in liquid state NMR. During this pulse sequencehe initially excited SQ
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Figure 3.4.: Simulated R? MAS spectra of a two-spin system(sameparametersasin Figure
3.1d)). Isotropic chemical shieldingis marked by arrows.a) n = 1, R?> MAS without DQF;
b) n= 1R? R?-DQF . ;c)n= 1R? R*DQF .

coherencesre ewlving freely during an ewolution interval 4. Afterwards DQ coherences
are excited by a single »-pulseand are allowed to ewolve during a shortinterval . A nal
>-pulse recorverts DQ coherencedo detectable SQ coherencesand the FID is recorded.
The excitation time ¢4 hasto be optimised depending on the spin systemin order to
achieve optimum DQF e ciency. Spectra of this kind of experiment show characteristic
anti-phase lineshapes (seeFigure 3.4b).

The R?-DQF pulse sequencgseeFigure 3.3b)) deploys a three-pulse module ( 7y

5 & i y) to rst invert the magnetisation of one of the two resonating spins.

Afterwards the ZQ coherenceswlve 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 recorverted by an identical three-pulsesequenceo ZQ coherence.Afterwards
a recorversion interval oc = exc IS Usedto refocus the ZQ coherencedo the inverted
initial state. This is converted to SQ coherencesy a non selective »-pulseto be detected
asFID. The resulting spectrum (seeFigure 3.4c)) displays the nal inverted spin state.

A commoncharacteristic of MQ- Itration processess that the amount of detectedsignal
is generally lessthan is obtained for the same experiment without the Iter. The so-
called DQF e ciency (ratio betweenthe signal amplitude in the Itered and the un Itered
experimert) refersto this fact. Theoretically for the R?-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 systemis determined by isotropic chemical shielding and dipolar couplings
only.

Then the Hamiltonian describingthe e ect of the pulse sequenceon a single crystallite
is dependent on the Euler angles cr; cr [62. It is possibleto reducethis dependence
of the Hamiltonian to cr only. Theoretically it should then be possibleto reach  73%
of DQF eciency. The R?-DQF pulse sequence[63] (see Figure 3.3c)) belongsto this
category of so-called cr-encaled [62] pulse sequence.

3.2. Numerical Metho ds

The Hamilton operator H (t) necessaryfor describing the spin systemsin this work gen-
erally dependson all spin interactions of the spin system and the numerical description
hasto be basedon the spin Hamiltonians as de ned in Egs. (2.111) to (2.114). All the
information accessibleby experiment is storedin the spectrain 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
valuespo(i) encaded 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 successfukxploitation of such
proceduresthat render the experiment feasiblefor the usein an iterativ e tting approad.
A secondaspect of this numerical approad is the possibility to interpret the spin-system
parametersobtained regarding their accuracy and 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 U (t; to) is calculated in a chronological way.
Its numerical implementation assumesthat the Hamiltonian of a n-spin system in its
(2S + 1)"-dimensional matrix represeration is constart during a su cien tly short time
interval t and that the actual time integration can then be broken up accordingto Eg.
(2.124) into a product of matrix exponertials

0 (t; to) Ot nt)0@ tt 2t) 111 Oto+ tto) (3.6)
Ot t) = 0t (3.7)

E cien t ways of calculating thesematrix exponertials have beendiscussedn the literature
[73]. This computation is called direct integration or direct method for calculating the time
propagator. It hasthe generaladvantage to be applicable independertly of the properties
of the spin systemor the pulse sequence.However, the direct method is a computationally
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slow way of calculating time ewlution [74]. The direct method may, however, sere 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

H)=H@t+n o) (3.8)

and consequetly the time propagators obey

O(t+ t;t):O(t+ ot + L+ o) (3.9

Therefore, propagators have to be calculated only once and can be reused at integer
multiple of rotation periods ot later on. This implies that the pulse sequenceused
ful s the sameperiodicity. The reuseof propagators obviously can be usedto 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]

A 0) = % Q.,. Qy (3.10)

it is possibleto usethe so-called COMPUTE algorithm [76, 77, 78]. This algorithm is
basedon the fact that a periodic function is readily described by one period. Therefore, a
time propagation over only onerotation period is su cien t to simulate the complete nal

spectrum. Depending on the ratio of the duration ot to the length of the actual FID to
be simulated this leadsto gainsin calculation speedsof up to two orders of magnitude [79].
Excitation-detection symmetry is generally given in standard MAS and R? experimerts.
For experiments involving RF pulsesapart from an initial CP transfer or single »-pulse,
this symmetry is not usually given for the ertire duration of the experiment. Hereonly for
the simulation of time ewolution during the detection of the FID ( gp) the COMPUTE

algorithm can be exploited while the preparation of the spin-systemmagnetisation under
the in uence of RF pulses( ) hasto be calculated using the direct method [80].

O (t; to) = Ocompute (to+ p+ rpito+ p) Odrect (to+ p;to) (3.11)

Depending on the ratio of , to gp 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 signalss(t) originating from all n single crystallites in the specimen

X .
s)= st 9 (3.12)
i=1
Assuming a completely random orientation distribution and a large number of crystal-
lites, this average signal s(t) correspnds to an integral over the Euler angels ¢cr =
f cri cr: crO
z, z z,
s(t) = d cr dcrSin cr d crS(t; cr) (3.13)
0 0 0
This integral can not be solved analytically. This makesit necessaryto humerically mimic
the powder average. In order to minimise the computation time, it is desirableto keepthe
number of sets ¢r assmall aspossible. The goalis 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 hasto be
optimised to reproduce the experimental powder signal. To date there are no analytical
solutions describing a uniform distribution of setsof two or three Euler angles. Numerical
approachesto simulate such uniform distributions exist [81, 82, 83]. Such sets ¢r canbe
pre-calculated and stored sothey 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 ¢g is connectedto

a rotation around the z-axis of RAS (Eqg. (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 = % of the signal and the Hamiltonian and
O (t; to) obey

H(t cr) = B+t ;0 (3.14)
Oty cr) = O+t to+t:0) (3.15)

For MAS and R? experimerts this time shift ( cr-average)can be calculated analytically

yielding the partially averagedsignals <R t; gé; gg and the numerical powder average
is then calculated accordingto

s(t) = s CR 1 g%e; g; w; ; with wi=1 (3.16)

i=1 i=1
Analytical cr-averaging is not always possible or may be tedious to calculate [77, 84]
for example, when the periodicity of the experiment is modi ed by RF pulses. For the
R2-DQF , R?>-DQF , and C7; experimerts the averageover 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 equivalernt to the number of cgr-anglesnecessaryfor the powder
average.

n .0

For the powder average over the Euler angles (C'é; gg in Eq. (3.16) the number
of setsN is usually in the range of 100 to 700 crystallite orientations. This range can
be expectedto be suitable for the simulation of MAS experimerts, whereassimulation of

static or o -magic angle spinning (OMAS) spectra require larger sets gé; g;

3.2.3. Computation

Another possibility to speedup the calculation of powder NMR spectra is to split serial
calculationsin orderto executethem on di erent computers(CPUSs) in parallel [85, 86, 87].
The runtime of a parallel program can be characterised by two parameters: the size of
input data (niy) and the number of processegnyroc) working on the data. The speedup
S (nin; Nproc) Of a parallel execution over a serial execution can be de ned as

T (nin)

S(Nin; Nproc) = T(T;nproc) (3.17)
where T (nin) and T (Nnin; Nproc) are the serial and parallel runtime of the calculation,
respectively. Ideally a linear speedup S (Nin; 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(Nin;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 (nin) < T (Nin; Nproc))-

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

cr-averaging ( -COMPUTE) on contemporary hardware (CPUs with core frequency
exceedingbO0MHz) are prone to this slovdown. When consideringsmall spin systems(
3) parallelisation is usefulfor 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 agreemem (quality) of a simulated spectrum Sgj,, with an experimental
spectrum Seyp is denoted as

X
2 _

[Sexp (' 1) Sexp (! 1)1° (3.19)

1
N
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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

X
i=1 [
in order to make it possibleto compare spectra recordedat di erent experimental condi-
tions (! rot; exc; €tc.). Otherwise a normalisation

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

is used.

Before starting to extract parametersfrom experimental spectrait 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 ewlution. Only if small varia-
tions of theseparametersdo not show signi cant e ects on the line shape of the simulated
spectra the next stepis the actual extraction of the parametersfrom an experimental spec-
trum. The procedure of determining spin-system parameters usually involvesthe use of
multiple experimental spectra/conditions, depending on the properties of the spin system.

3.2.4.1. lterative Fitting

di erence betweenSey, and Sgim asde ned in Eq. (3.19). This iterative tting approad is
implemented here exploiting the MINUIT [88] minimisation padkage. It providesdi erent
strategiesto minimise a function 2(p(1);::::p(n)) dependert on a set of n parameters
p(i). The characteristics of these strategies have 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 fpo(1);:::;po(n)g(global minimum). The danger of local
minima hasto be monitored carefully. Additionally, special attention hasto be payed to
parametersthat are highly correlated and sudch onesthat display strongly di ering overall
sensitivity (e ect on 2). Hence, it is usually good practise to combine iterative 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 approac hasthe advantage that
the global minimum 3 (po(1);:::;po(n)) is de nitely found as opposedto the tting

approach where careful additional cheds are necessaryin order to ensurethat no local
minimum wasfound. However, calculation of error hyperplanesis becomingmore awkward
the larger the number n of parametersp(i) becomeghat 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 stepsis growing exponertially with n. The number of calculations can be
minimised for orientational parameters .- =  pc; pec: pc DYy taking advantage of
the sets cr as deweloped for powder averaging schemes. Thesesets ¢r 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. Howewer, visualisation of the plane is desirable sinceit is a common
situation that there exist multiple equally good minima that are indistinguishable by an
NMR experiment. Some sudh minima are related by symmetry operations, especially
when a variation of Euler angles - = pc; pes pe IS describing physically 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

usefulto have a measurefor the quality of the best- t parameterspg(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. Howewer, a conciseerror calculation basedon 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 po(i) is saidto be equalto half the width of an one-dimensional

3.6).
An secondaspect which is focusing not directly on the accuracy of the parameter but
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c?(p)-Error

Figure 3.6.: One dimensional 2(p)-error scanof a parameter p. For a corverged t pg iS
the best-t value of pand 3 the best-t 2(p)-error . The con dence in the accuracy of
Po is estimated by de ning p = PP asthe error of the value po.

on the sensitivity with which a parameter p(i) is encaded in the spectrum. Knowledge
about this helpsto tailor experimental conditions sothat optimum sensitivity is provided
for all the spin-system parameters. Alternativ ely, it can be usedto 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 approaceshave beenused. A
statistics-basedway is possibleby calculating Cramer-Rao lower bounds c(p(i)) [90, 91]
and de ning true reliability r (p(i)) as

p(i)
c(p(i))
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 parametrisethe sensitivity of parameter encaling is rather calculation intensive
and complexif the number of parametersrises. A secondde nition of sensitivity is based
on the one-dimensionalerror scansshowvn in Figure 3.6. The sensitivity of a parameter
p(i) is de ned to be the integral

r(p() = (3.22)

Z py(i)
r(p()) = _ 2(p(i)) (3.23)

Pa(i)

where the integration limits are chosensuitably (e.g.0 360 for p(i) = gg). 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 usefulto examinethe parameterssensitively encaled in an experimental NMR spec-
trum (e.g.to setup aniterative t) but also serwe 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 serwe as a source of
spin-systemparameterswhich are related to structural and conformational parameters. It
is to show that all spin-systemparameterscan be derivedin a robust and reliable manner.
Further on it is investigated how experimental conditions can be optimised in order to
determine parametersin a stepwise fashion and get best accuracy for the derived data.

This work is dealing with dipolar coupled spin S = % systemsin polycrystalline pow-
dered samples. MAS is usedin order to increasespectral resolution and achieve gain in
signal-to-noiseratio. Howewver, MAS alsocausesa substartial down scaling of the informa-
tion content about the anisotropic interactions of a spin system. A technique to remedy
this drawbadk, while keepingthe advantagesof MAS, is the use of pulse sequenceghat
reintroduce (\recouple™) anisotropic dipolar coupling interactions.

To accesghe spin-systemparametersencaded in the lineshapesof MAS NMR spectra
an iterativ e tting approach is applied. Theseproceduresmake numerically exact simula-
tions mandatory and involve accurate calculations of the complete spin-systemdynamics.
As a consequencall spin-systemparameterssensitively encaded 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 suc algorithms is crucial especially when considering the need for
repeated simulations in the processof iterative 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-
system characteristics themseles. Spin systemscomposedof oneto four spins have been
chosensud that a represenativ e range of spin-systemparametersis covered. In the fol-
lowing the results preseried in Appendix A to H are summarised. The cortribution of
coautorsis noted at the end of every of the following paragraphs.

Appendix A:  29Si MAS NMR spectra of R3SiF (R = 9-arthryl) yield the magni-
tudes and orientations of the 2°Si CSA tensor and the heteronuclear direct and indirect
dipolar coupling constarts by (2°Si-'°F) and 1Jis0(?°Si,'%F), respectively. Heteronuclear
29Si- 1H;'°F double decoupling is useful to selectively determine the 2°Si CSA tensor
magnitudes. Based on the parameters of this 2°Si-'°F spin pair, the optimum choice of
experimental parameters (! ot;! o) can be predicted when aiming at the complete deter-
mination of all spin-systemparameters.
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The X-f1H;'° Fg double decouplingMAS NMR probe head has beendesignedand built
by Klaus Hain. Claire Marichal helped with tting someof the experimental 2°Si spectra.

Appendix B: MAS NMR spectra of two-spin systemsgenerally only provide orientational
information relative to the symmetric dipolar coupling tensor and leave an ambiguity 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 systemin triammonium phosphcenolpyruvate (PEP) monohydrate is providing this
kind of condition and absolute 13C CSA-tensor orientations are obtained. Additionally ,
theserelate to the orientation of the carboxylic group in the PEP moiety yielding infor-
mation, which could not be derived from internuclear 13C-3C distance information alone.
The usually large number of unknown parametersin homonuclearthree-spin systemsmake
it desirableto determine them by stepwise procedures. Theseproceduresrely on the com-
bination of the partial selectivity of di erent R? conditions and the scaling of the chemical
shieldinginteraction asa function of the magnetic eld strength (! o) relative to the dipolar
couplings (b (:3C-13C)).

Stephan Dusold measuredall the experimental spectra of (NH4)3(PEP) H>O. W.A.
Shuttleworth, D.L. Jakeman, D.J. Mitchell and J.N.S. Evans prepared the fully 3C-
enriched sampleof (NH 4)3(PEP) H»O.

Appendix C: Two pulse sequencegR?-DQF . , R-DQF ) combining R? and double-
quantum lItration (DQF) are examined. They are tested for their DQF e ciency and
their ability to encade spin parameterssensitively in the spectral lineshapes. An emphasis
is placed on spin systemswith large CSA magnitudes as comparedto the direct dipolar
couplings constarts (b ) (as is even sometimesfound in 13C spin systemsof organic com-
pounds). For such spin systemsthe non- cr-encaled pulse sequenceR?-DQF . Is per-
forming better in terms of e ciency, while for the cr-encaled pulse sequenceR2-DQF
a slightly more sensitive encaling of the spin-systemparametersin the spectral lineshapes
is found.

Xavier Helluy measuredsome of the experimental spectra and carried out all numer-
ical simulations of the sadium pyruvate 3C two-spin system. He also implemerted the
conbined COMPUTE- and direct-method time propagation as a parallelised routine.

Appendix D: The R?-DQF . sequencas applied to a spin systemcharacterisedby large
CSA magnitudes. Both, direct and indirect, dipolar coupling interactions are presen and
are of the sameorder of magnitude and are considerablysmallerthan the CSA magnitude.
This situation is given for the 119Sn spin pair in (chexsSn),S. R*-DQF . experiments
on this kind of spin system show that high DQF e ciencies are not only possible for
spinning speeds(! ;) matching a R? condition. This is due to the isotropic J-coupling
(%Jiso(SN1?; Snt19)) 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 R? e ect in larger-than-two spin systemsis examined
when additionally applying DQF. The 13C three-spin systemin sadium pyruvate senes
as a model making di erent R? conditions accessible.Selectivity is found for certain R?
conditions resulting in virtual two-spin spectra. The selectivity of certain R? conditions is
a feature of the respective spin system.

Xavier Helluy measuredsomeof the experimental spectra.

CSi12 _
iso =0

has to be fullled, is investigated with and without DQF. The resulting lineshapes are
examinedregarding their information corntent. Dierent valuesfor the isotropic shielding
di erence ! gfl?z are usedto 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 NayP,0O; 10H,O. Without DQF the lineshapes of the resulting
spectra display good sensitivities to all spin-systemparametersup to ! gf‘l;z 400Hz.
Additional DQF extends further the range of ! iig’l?z for which parameters can be ex-
tracted sensitively form the resulting spectral lineshapes. However, the DQF e ciency is

decaing drastically when ! S3%2  400Hz.

iso

Appendix F: The narrowbandednessof the n = 0 R? condition, for which !

Appendix G: The 3P spin pairs in two Pt(l I)- bis(phosphine) dithiolate complexesserve
as test platforms for the numerical results found regardingthe n 0 R? condition (Ap-
pendix F). For one of the two complexes ! EOS“ = Oppm for its two isotropic 3!P
shielding values and the n = 0 R? condition is ful lled. The other complex displays a
shielding di erence ! iig’l?z = 0:5ppm and represeris an 0 R? situation. Both cases
allow the determination of all spin-system parameterswith good precision from a selec-
tion of suitable R? and R?-DQF . spectra where good e ciencies are obtained for DQF.
Further, the 3P CSA-tensor orientations point to a generaltrend for P atoms in a four-
fold coordination, according to which always one direction of the CSA principal axesis
perpendicular to a local pseudo-mirror plane.

Stephan Dusold carried out someinitial simulations and iterativ e tting of the 3P and
195pt MAS NMR spectra of the two Pt(I 1) - Phosphine Complexes. Franz Geipel and

Dieter Sellmann provided the samplesof the two Pt(I I) Phosphine Complexes.

Appendix H: A dierent set of spin-systemparametersis characteristic for the *H spins
of the two ole nic protons in solid maleic acid where the *H CSA magnitudes are small
ascomparedto by (*H-1H). Seweral samplesare preparedwith di erent degreesof deuter-
ation. These sere the purposeto examinethe various degreesof isolation of the ole nic
IH spin pairs from ead other and the concomitart e ects on H R?-DQF . lineshapes.

Hans Ferster measuredsomeof the experimental 'H R?-DQF . spectra. Heidi Maisel
prepared all the samplesof crystalline maleic acid.

A combination R? and DQF proved to build robust and reliable experiments making
all spin-systemparametersaccessiblgo an iterativ e tting approad in a usually stepwise
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manner. The numerical simulations usedin this approach additionally can sere for opti-
mising existing pulse sequencesThis usually resultsin better experimertal spectra due to
a better prediction of optimum experimental setup parameters. Such pre-experiment sim-
ulations are especially useful when large CSA interactions are presen 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-
guences.However, there is a certain lack of insight in the physical mecanismsof a pulse
sequencewnhen obtained by numerical methods only.

Spin-system parameters determined by NMR relate to structure. This NMR informa-
tion can sere as referencedata usedin the developmert of new structure investigation
approachessud asab initio calculations. Ab initio calculations are already quite capable
of calculating structures of (bio)moleculescontaining only light elemens. However, there
are still problems handling ionic structures and heavy elemens which by themselesoften
do not put di culties to NMR.

A spectral lineshape tting approad also bears somecaveats. Spectral lineshapes en-
code all spin-systemparametersin a way accessibleo lineshape tting only if originating
from well-crystallised samples. Non-crystalline (rigid) samplesdisplay a dispersion of
the chemical shieldings which manifests itself as broadeningsin the spectral lineshapes.
Theseinhomogeneousroadeningstend to blur the meaningful lineshape featuresthat are
essetial 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
beenchosensud 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 propertiesto NMR that often renderit the preferred method. NMR
provides the possibility to selectiwely investigate only parts of a molecule, for instance by
isotopic labelling. The spectra of sudc isolated spin systemsonly contain information
speci ¢ to this systemmaking it possibleto neglectparts of the sample. Another charac-
teristic of NMR is the existenceof a plethora of di erent experimernts tailored to investigate
speci ¢ aspects of the spin dynamics. NMR experimerts, therefore can give answers to
speci ¢ questionsaswell asit may be possibleto determine all spin parametersin a single
experiment. All this together promotesNMR asatool to investigate primarily 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
conbining piecewiseinformation. This makes NMR in a sensecomplemenary 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 elemens such ashydrogenatoms, or describing
dynamically disorderedgroupsin 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 ability
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to handle larger dipolar coupled spin systemsit would also be advantageousto exploit
pulse sequencedhat 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 experimerts
could be used.
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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 source of
spin-systemparameterswhich are related to structural and conformational parameters. It
is to shaw that all spin-systemparameterscan be derivedin a robust and reliable manner.
Further on it is investigated how experimental conditions can be optimised in order to
determine parametersin a stepwise fashion and get best accuracyfor the derived data.

This work is dealing with dipolar coupled spin S = % systemsin polycrystalline pow-
dered samples. MAS is usedin order to increasespectral resolution and achieve gain in
signal-to-noiseratio. However, MAS alsocausesa substartial down scaling of the informa-
tion content about the anisotropic interactions of a spin system. A technique to remedy
this drawbadk, while keepingthe advantagesof MAS, is the use of pulse sequenceghat
reintroduce (\recouple™) anisotropic dipolar coupling interactions.

To accesghe spin-systemparametersencaded in the lineshapesof MAS NMR spectra
an iterativ e tting approad is applied. Theseproceduresmake numerically exact simula-
tions mandatory and involve accurate calculations of the complete spin-systemdynamics.
As a consequencall spin-systemparameterssensitively encaded 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 suc algorithms is crucial especially when considering the need for
repeated simulations in the processof iterative 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-
system characteristics themselhes. Spin systemscomposedof oneto four spins have been
chosensuch that a represenativ e range of spin-systemparametersis covered.

A combination R? and DQF proved to build robust and reliable experiments making
all spin-systemparametersaccessiblgo an iterativ e tting approad in a usually stepwise
manner. The numerical simulations usedin this approad additionally can serwe for opti-
mising existing pulse sequencesThis usually resultsin better experimertal spectra due to
a better prediction of optimum experimental setup parameters. Such pre-experiment sim-
ulations are especially useful when large CSA interactions are presen 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-
guences.Howeer, there is a certain lack of insight in the physical medanismsof a pulse
sequencewnhen 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 R>-DQF. But when aiming for the ability
to handle larger dipolar coupled spin systemsit would also be advantageousto exploit
pulse sequenceghat completely suppressthe in uence of CSA interactions while main-
taining/recoupling the information about dipolar interactions. Further it is important to
vary the information corntent of the spectra, a task for which e.g. OMAS experimernts
could be used.
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6. Kurze Zusammenfassung

Das Ziel dieser Arbeit ist eseindimensionale, magic angle spinning" (MAS) magnetisde
Kernresonanz(NMR) Spektren zu untersuchen. Derartige Spektren dienen als Quelle fur
SpinsystemParameter welche wiederum Aussageneber Struktur und Konformation erlau-
ben. Eswird gezeigt,dasssich alle SpinsystemParameter auf reproduzierbare und prazise
Art und Weisebestimmen lassen.Des Weiteren wird untersucht wie die experimentellen

Bedingungengewahlt werdenkennenum SpinsystemParameter schritt weiseund auch mit

bestmeglicher Genauigkeit zu bestimmen.

Die Arbeit behandelt dipolar gekoppelte Spin S = % Systemein polykristallinen, Pul-
vern. MAS wird verwendet um sowohl die spektrale Au esung zu erhehen als auch um
das Signal-zu-Raust Verhaltnis zu verbessern.Au erdem feuhrt MAS auch zu einemstark
reduzierten Informationsgehalt eber die anisotropen WedselwirkungeneinesSpinsystems.
Eine Methode um diese Eigenstaft von MAS zu unterdr eicken, wahrend die Vorteile er-
halten bleiben, ist die Verwendung von Pulssequenzerdie die anisotrope dipolare Wed-
selwirkung wieder einfehren.

Um die Spinsystem Parameter, die in den Linienformen der MAS NMR Spektren ko-
diert sind, zu bestimmen wird die Methode einer iterativer Anpassung experimenteller
Spektren (,,Fitten") angewandt. DiesesVorgehenbedingt die Verwendung numerische ex-
akter Simulationen und setzt eine praziseBeredinung der gesanten SpinsystemDynamik
voraus. Als Konsequenzlassensich daher prinzipiell alle Spinsystem Parameter bestim-
men die sensitiv in den spektralen Linien kodiert sind. Die computergestitzte Beredinung
numerisch exakter Simulationen stellt bisweilen hohe Anforderungen an Hardware (CPU
Gesdwindigkeit). Die Implementierung der Algorithmen zur Berechnung der Spindynamik
hat entscheidendenEin uss auf die Dauer der Simulation einesSpektrums. Eine clevere
Wahl und Optimierung soldcher Algorithmen ist entscheidendbesondersn Anbetracht wie-
derholter Simulation im Verlauf desFittens. Generellsind die Gre e desSpinsystemsund
die Komplexitat der verwendeten Pulssequenzendie bestimmenden Zeitfaktoren fur die
Dauer der Simulation eine Spektrums. Die numerische Strategie die hier verwendet wird,
wird auf Systemebestehendaus zwei bis vier Spins angewandt wobei der limitierende
Faktor weniger die Gre e des Spinsystemsals die jeweilige Charakteristik der Spinsyste-
me selbst ist. Spinsystemewurden hier so gewahlt, dass eine reprasenative Bandbreite
von SpinsystemParametern abgede&t ist.

Die Kombination von R? und DQF ergab reproduzierbare und praziseExperimerte die
alle Spinsystem Parameter bestimmbar machen. Dabei kennen die Spinsystem Parame-
ter meist sdritt weise mittels der Strategie des iterativ en Fittens bestimmt werden. Die
numerische Simulationen die in diesem Rahmen verwendet werden lassensich auch be-
nutzen um bereits existierendePulssequenzerzu optimieren. Ein solchesVorgehenermeg-
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licht verbesserteexperimentelle Spektren, da die optimalen Parameter des experimentelle
Aufbaus besservorhergesagtwerden kennen. Derartige vor-experimentelle Simulationen
sind dann besondersnutzlich wenn gro e CSA-Wedselwirkungenin dipolar gekoppelten
Spinsystemenauftreten, einem Szenariofur das die Theorie keine analytische Komplett-
losung bietet. Des weiteren kennen numerisch exakte Simulationen auch benutzt werden
um neue Pulssequenzerzu entwickeln. Allerdings existiert bei einer auf rein numerischem
Weg entwickelten Pulssequenzimmer ein gewissede zit im Bezug auf das physikalische
Verstandnis fur die Methode.

Fur die Zukunft ware es nutzlich NMR-Methoden fur die komplette und genaueBe-
stimmung lokaler Strukturen zu verbessern.Das beinhaltet Experimente, die bei der
Wiedereinfehrung der dipolaren Wedselwirkung eine sehr gute Selektivitat aufweisen
wie z.B. R>-DQF. Fur die Untersuchung gre ere dipolar geloppelte Spinsystemeware
es au erdem vorteilhaft Pulssequenzerverwenden zu kennen die den Ein uss der CSA-
Wedselwirkung ganz unterdr eicken wahrend die Information uber die dipolaren Kopp-
lungen erhalten bleibt. Des Weiteren ware es wichtig den Informationsgehalt der NMR-
Spektren optimal variieren zu kennen, eine Forderung die z.B. durch OMAS Experiment
erfullt werdenkann.
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Abstract

The absolite orientationsof the three13C chemical shielding tensos in the phosphoengilyruvate (PEP) moiety in a PEP-modelcompound
with known crysta structure are repoted. The study usesa fully 13C-enricheq:)olycrystalIinesampke of triammoniumphosphoenolruvate
monohydate, (NH,)3(PEP)H20, ard 13C MAS NMR experiments ful llin g various different 13¢ rotationatresonanceconditions. The
absdute 13C chemical shielding tensar orientations are derived by iterative ttin g, employing numerically exact simuations, of various
rotationatresonance-3C MASNMR lineshapesf thethree-13C-spn systan in fully 1:”C-enr'r:hed(NH4)3(PEP)HZO. The implicaionsof
the results of this study for future, biochemically oriented sdid-stae NMR studies on the PEP maiety are outlined.

O 2004Elsevier SAS. All rights reseved.

Keywords Phoghoenolyruvate; 13C solid-stateNMR; Rotationalresonance;Numerically exactlineshapesimulations Chenical shielding tensor

orientations

1. Introduction

Phogphoenopyruvate (PEP) is a simple three-carbon
moleculethatoccupiesacental role in primary metatolism.
The trander of its phophat group provides free enegy
for a wide range of metabolic evens [1]. It is dso im-
portant in a class of enzymescaled enolpyruvyltrans
ferases,in which PEP participatesby providing C3 (see
Fig. 1) of its enobyruvyl moiety rather thanits phogphat
group. There are at leas four known enopyruvyltrans
ferags. 5-enolpyruvylshikimate-3phosphate (EPSP) syn-

* Correpondingauthor
E-mail address. angelikasebald@uni-bayeuth.de (A. Sebald)
1 current addres: Department of Chenistry, Univerdty of Exeter
Stocler Road,ExeterEX4 4QD, UK.
2 Currentaddres: College of Pharmacy, Dalhouse Universty, Halifax,
Nova Scotia,B3H 35, Canada.
Deceasd.

1293-2558/$- see front matter O 2004Elsevier SAS.All rightsreserved.
doi:101016/jsolidstatesienas.200404.021

thase, uridine diphogphateN-aceyl-glucosamine enolpyru-
vyltrangerage (MurA), 3-deoxy-Dmanno-2ectulosonate-
phophate(KDO8P) syntha®, and 3-deoxy-D-arabinoép-
tulosonate-7-phgshate(DAHP) syntha®. In the reactions
catalyzedby the enolpyruvyltrangerags C3 of PEP can
reactin two signi cantly differentways eitherwith a pro-
ton (asin EPSP synthag and MurA), or with a carboryl
group (asin KDOS8P synthase and DAHP synthase). Ac-

® OJNO) 3-
CH,= c= co,

7

3NH,

Fig. 1. Schenatic repregntation of the phogphoenolyruvate moiety in
(NH4)3(PEP)-H20, 1, the numberingof the carbonatons (and, whereap-
plicable, of oxygenatoms) is identicalto the nunbering schene used in
the description of the X-ray diffraction structure of 1 [30] andwill beused
throughout.
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cording to Pear®n’s hard+®ft acidtbas (HSAB) theory
[2], these are very different moieties (the proton being a
hard acid, and the carboryl group being a soft acid). We
have, therefore jnvedigatedthe chemicalreactvity of PEP
by quanumchemstry methods throughmaking use of den-
sity functional theoryin a mannervery similar to that of
Parr and co-workers[3], but with some modiRcaions [4].
While variousversionsof this approacthave beenrepored
in the literature for small molecues[5], no attempthasbeen
madeto use it for predictingreactvity in an enzymeactive
site. The® investigatons corrobora¢ the HSAB principle
by enegy perturbaton methods showing that ‘hard likes
hard’ and ‘soft likessoft’. For a‘hardreacton’, it is shown,
in contag to the @dings predcted by frontier moleculr
orbital theory that the site of minimal Fukui function is
preferred.The Fukui function is relatedto the electron den-
sity in the frontier molecuar orbitals. For a ‘sdt’ reactio,
the site of maximal Fukui function is preferred.We have
extended[6] this approactio examine threeof the enolpyru-
vyltrangeragsmentonedabove, and it was foundthat the
reactvity of PEPin all these enzymaticreactiormechaniss
canbe undersoodin terms of its ionizaton state and con-
formaion. In paricular, varying the torson angke between
the COO planeand the C1+(2+C3 plane would appearto
control the reactvity of C3 and C2 towardsnucleophiles
Thusthe motives by which enzymescontrol the reactvity
of their subdrate may be explainedin termsof the HSAB
principle. This hasled to our hypotess, in which we pro-
po< thateachenolp/ruvyltrangerag enzymecontrolsPEP
reactvity throughcontrol of the PEP conformationin the
enzyme-boundtate.

If sdid-state NMR techmiques are to be used to testthis
hypotess, thistask cannotbe solvedby NMR experimens
aiming at the determinatim of, e.g., internuckar :3C+3C
distarces.In order to examine the relative orientation of the
carboxyhte group in the PEP moiety in a variety of bio-
chemicallyrelevant circumgancesingeadit is necesary to
derive this molecubr conformatonal paramegr from con-
sideration of 13C chemical shielding tensar oriertations. For
instarce, it is often assumed that the typical orientation of
a carboxyhte-13C chemical shielding tenr is suchthatthe
direcion of the mog shielded tensor components perpen-
dicular to the molecubr carboxyhte plane. Several com-
poundsfor which the orienttionsof carboxyhte-13C chem-
ical shielding tensars have beendetermined experimentally
conformto this rule of thumbto within less than 10 de-
viation from this molecuar direction [7+12], but there are
also caeswherethis deviation is condderablylarger. This
is the ca®, for ingance,in oxalic acid dihydrat [13] and
in sodium pyruvate [14]. Accordingly, making assumptions
as to the oriertation are inadvisalle as the stating point
for the deermination of unknovn conformatonal PEP pa-
rameters. To lend validity and reliakility to sdid-stateNMR
approachedasd on 13C chemicalshielding tensr orien-
tations the 13C chemical shielding tensor oriertations in a
suitable PEP-model compoundwith known structure have

to be deermined @rst. We have chosen the triammonum
salt monohydrat of PER, (NH4)3(PEP)-H20, 1 (Fig. 1) for

this purpo. 13C NMR experimens on an orienkd single
crygal of 1 with 13C in natural abundancewould seeman
obviouschoice of solid-state NMR experimentto deermine
the absolute orienttionsof the threel3C chemical shielding

tensorsin 1. However, the preenceof the 100percentatu-
rally abundant®P spin-1/2 isotopemay necesitate a rather
specializedsingle-crystal probe with the capahility to simul-

taneousy decoupé 'H and 3P [15]. We de<cribea different
route to determine the absolute orienttions of thes three
13C chemical shelding tersars. We use a polycrystalline,
fully 13C-enrichedsample of (NH4)3(PEP)-H,0, 1-U3C,

and derive the abslute 13C chemical shielding tensor ori-

ertations from numerically exact linestape simulations of

variousrotationatremnancgd16+22] (R?) 13C MAS NMR

experimenson thethree23C-spin system in 1-U3C.

2. Experimental
2.1. Engymatic synthess of (NH4)3(PEP)-H,0, 1-U3C

1-U8C was syntheszed by literature methods [23].
Adenosnetriphophate (ATP, 250mg),[1,2,313C3] sodium
pyruvate (50 mg), and MgCl, (0.5 mL of 1 M) weredis-
sdvedin TrisHCI (5 mL, 50 mM, pH 8.4). PEPsynthetase
(1 mL, 18 mgmL®>1) wasaddedand the pH keptabove 8.0
by addition of NaOH (1 M). After 36 h at room temperature,
the reacton mixture was passed througha 10 kDa molec-
ular weight cutoff membraneand lyophilized. The sample
was taken up in 5 mL ammonum bicarbonag (10 mM,
pH 9.0)andloadedonto a FPL C (Pharmaca) MonoQ16/10
column. Elution with a linear gradent of ammonium bi-
carbona¢ (10 mM+1 M, pH 9.0) gave [1,2,343C3]PEP
(27 mg, at0.2 M), which wasobtainedas the triammonium
monohydrae salt, (NH4)3(PEP)-H»0, 1-U3C, after adjug-
mentto pH 9.0 with ammoniumhydroxideandlyophiliza-
tion. The purity of 1-UC was con@medby H, 13C, 31p
solution-gate NMR on a Varian Mercury-300NMR spec-
trometer

2.2. 13C MASNMR

13C MAS NMR spectrawere recordedon Bruker MSL
200, MSL 300, DSX 400 andDSX 500 NMR spectome-
ters, exceptwherestated otherwise. The correponding 13C
Larmorfrequencés o/2 areS50.3,575.5, 51006 and
S$1258 MHz. Standard4 mm doubk-bearnng probeswere
used, the sample was containedin a 4 mm o.d. ZrO» rotor
with a Kel-F inset that restricts the sanple to a spheri-
cal volume in the centerpart of the rotor and accommo-
dakes approximaely 25 mg of sample. MAS frequences
were generaly in therange /2 = 1+14 kHz and were
actively controlled to within = 2 Hz. Linesapesof expert
mentl 13C MAS NMR spectrawerechecledto beidentical
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when usng either Hartmannzkahncross polarizaion (CP)
or 13C single-puke excitation. Optimum *H decouplingper-
formarceis importart to obtainreliade 13C R2 MAS NMR
lineshapeg24,25] Experimentl 13C R2 MAS NMR spec-
tra of 1-USC, subsquenty used for purpo®sof iterative
lineshape@tting, were recordedon the DSX 400 and DSX
500 NMR spectometers with TPPM [26] 'H decouping
(ampltudesof 83+105kHz) appled during signal acqusi-
tion.

2.3. Deni tions nofation andnumnrerical methods

Shelding notation [27] is usedthroughound3C chem-
ical shielding is quoted with reectto  $5= 0 ppm for
the 13C remnanceof SiMes. For the interactons = CS
(chemical shielding), = D (directdipolar couping), and

= J (indirectdipolar (J) coupling)the isotropic part
theanisaropy , andtheasymmetryparameter
the principal elementsof the interactiontensor
lows [28]: iso = (xx* gyt VZZ)/S, =
and = ( ywS xx)/ with| 2zS iso
| yS isol- Forindirectdipolarcouping .= J iso, and
for directdipolarcouping P = B =0and Pi = by =
Suo i jhi(4r ij3), where j, j denok gyromagnet ra-
tios and rj is the internucleadistancebetweenspins S,
ﬁ . The Euler angles 13 ={ 13, 13, 13} [29] relate axis
system | to axis systemJ, where |, J denot P (principal
axis systam, PAS), C (crystd axis systam, CAS), R (rotor
axis system, RAS), or L (laborabry axis system). For line-
shapesimulatons of R2 MAS NMR spectraof three-pin
systams (Si, S, Sk) ful®ling aS S § R2 condition, it is
convenient to de®e the PAS of the correponding dipolar
coupingtensr Pi asthe CAS Cj, Sg ={0,0,0}. The
known crydal structure of (NHg4)3(PEP)-H20, 1, [30] pro-
videsthe recipe for intercorverson betveenthe CAS Cj ,
Cik, Cjk of the three3C-spin system in the 1-U*C PEP
moiety.

Our proceduredor numericallyexact spectrallineshape
simulations ard iterative ®tting are fully desciibed and
discussed in defail elsewhere,in partcular addresing the
n= 0 R? conditionfor isolatedhomonucleaspin pairs[31],
variousn = 0, 1, 2 R? condiionsin isolated homonuckar
13C two-, three-andfour-spin systems [14,24], as well as
heteronuckar 31P+13C [32] and 31P+13Cd [33] spin sys-
tems under conditions of rotary resonancerecoupling.In
generalthe numertalsimulationsempby the REPULSION
[34] or Lebede [35] schemes for the calcuation of powder
averages,implement same of the routinesof the GAMMA
packagd36] anduse, wherepossible,the -COMPUTE or
carougl averagingapproache$37+39] TheMigradmethod
from the MINUIT optimization package [40] is used for
emor minimization of €= L, (Sew( i) S Sear( 1))2
where max(Sexp( i)) = 1, the MATLAB program([41] is
usedfor calculatingand evaluatingerror mapsand scans

iso’
relateto

as fol-
2z S iso
| XX S iso|

3. Results and discussin

In orderto be able to determine abslute 13C chemi-
cal shielding tersar oriertations from 13C MAS NMR ex-
periments on polycrystalline powders, 13C isotopic label-
ing schemeshave to be combired with so-called dipolar
recaipling MAS NMR [42] experimens. MASNMR exper
imerts sutable for the detemination of chemical shelding
tensor orientaonsmug reintroduceall anisotropic interac-
tionsand should permit ef@ient numertcal simulations of
the spin dynamtsto allow for in-deph iteratve approaches
to extractthe unknovn parametrs. Amongs numerouse-
couplng schemesappicabk for homonuctarspin systems
underMAS conditions[42], the rotationatrenance(R?)
[16+22]phenomeron ful®lls thesecriteria particulady well.
The R? recouplingeffect arises at speci®cMAS frequen-
cies , ful®lling the condition jso n  (where jso de-
notesan isotropic chemrial shielding differenceand n is a
small integer). Sincetherecouping occurswithoutappica-
tion of radio-frequeny pulses, RZ experimensare bascaly
straightforwardto carryoutandcanbesimulatedef@ciently.
When appled to an isolated homonucgartwo-sin system
in a polycrystalline powder sanple, the R? experiment like
ary other dipolar recouplingscheme,can only reveal rel-
ative chemicalshielding ten%r orientations In the general
two-spin ca% rotation aroundthe direcion of the uniquez-
axis of the correponding dipolar couping tenr remans
undeermined. For homonuckartwo-gin systemsthereis
oneexception,thatis cagswherethe two chemicalshield-
ing tenorsarerelatedby atwo-fold axisof symmetrywhich
isnecesarily perpendiular to theuniquez-axis of thecorre-
spondingdipolarcouping tensr: herethe ablutechemical
shielding tensor orientationsarere ectedin n= 0 RZ MAS
NMR spectra[31]. Apartfrom this specialtwo-in cag, it
generdly takes morethantwo dipolar couplked spin-1/2 nu-
cleiin orderto be able to derive absolute chemical shielding
tensor orientaionsfrom MAS NMR experiments on powder
samples. More speci®caly, morethanonedipolar couping
interaction tersar must be presert, and thesetwo (or more)
dipolar couping interacton tensrs mug not be colinear
Several examplesfor the completedetemination of al inter
acion tenrs form the analysis of MAS NMR experimens
on homo- and heteronuckar three- and four-spin-12 sys-
temsin polycrystalline powdersrecerily have beenreported
in the literature [24,33,43,44]

Two different13C R? MAS NMR routesexist to deter
minethe absolute 13C chemicalshielding tersar oriertations
in (NH4)3(PEP)-H20, bothwith distinct advantagesanddis-
advantages.One possilility is to employ selectvely pairwise
[1,2-13C;]-, [1,3-13C;]- and[2,3-13C;]-labeledsamplesand
to detemmine the relative 13C chemical shielding tersar ori-
entations for eachof thesepairs. The resuting relative ori-
entationalparametergould then be convertedinto absdute
orientations by using the known abglute orientations(from

the crystal structure)of the dipolar couplingtenrs P12
D1z D23
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This approactwould solely require two-pin smulations
for the compkte dat analysis. Two-spin simulations are
muchfasterthanthree-pin simulations, herncethis approach
would be far preferabé from a point of view of ef@cient
numericalanalyss. The dravback here is the considerable
demandin terms of chemcal synthess. The secondroute
offers conveniencein termsof sample preparabn, it only
requiesa fully 13C-enrichedsample of (NH4)3(PEP)-H,0,
1-USC. With the now required threespin simulations being
aboutan orderof magntude slower than two-sin simula
tions theincorvenienceof this route regs with the numert
cal analyss anderror minimizationprocedureswhich now
becomeseveral ordersof magntudemoretime conauming.
It is the 1-U'3C-basd three13C-spin-system approachwe
have choenfor (NH4)3(PEP)-H20.

Neglecing the anisotropy of indirect dipolar couping
13Ci+13Qj | it takes thirty parameters for the full desciip-
tion of the 13C three-spin system in 1-U'3C. Several of
these parameersare known or canbe deerminedindepen-
denty. From13C MAS NMR experimenson 1 (with 13C in
naural abundance}he magntudesof the three13C chemi-
cal shielding ten®rs are obtained solution-gate13C NMR
measirementson 1-U'3C provide a good edimate of the
three values Jiso(13C,13C), and the known crystal structure
of (NH4)3(PEP)-H20 [30] yields the magniudesand ab-
solute orientations of the threedipolar coupling tensrs in
1-USC (seeTables1 and 2). Employing al this preliminary
informaion, nine unknovn paranetkers reman to be detr-
mined from 13C R2 MAS NMR experimens on 1-U'SC,
thatis the Euler angles gg gg F(,:CS (i=1,23)rep-
reserting the orientation of the three 13C chemical shielding
tensors For oneof these anglesanaddtional condraint ex-
ists from 13C+31P rotary-remnancerecouping experimens
on 1: theanglebetweenthe direction of the (leas shielded)

€S componenbf the 13C2 chemicalshielding tensor and
the uniquez-axis of the 13C2+31P dipolar coupling tenr in
lisknowntobe8+ 8 [32]. Thedifferencesn isotropic 13C
chemical shieldings for solid 1-U3C are 12 = 20.3 ppm,

2 = 524 ppmand 2 = 72.7 ppm; the 13C chemical
shielding anisdropies = =S 68 ppm ©% =S 98 ppm,

CS = S 88ppmtendto exceedthevaluesof . (seeFig. 2
and Table 1). Accordingly, mary different3C R? MAS
NMR spectraof 1-UC ful®lling different [, n (R?
condtionswith n = 1,2,3,..., are accesible experimen-
tally over a wide rangeof 3C Larmor frequencés and
should re ect the orienttional parameers F(,:g‘ Further,

the differencesin . in sdid 1-U'3C are such that most
of the variousi S j R 2 condiionssimultaneousy repregnt
addiionali Sk, j S k nearR? condiions This broadset of
experimental spectaformstheinputbass for the numercal
lineshape simulations ard plays animportart role in iderti-
fying thecorrectorientationaparameters

In principle, onecould choo® oneexperimentl 13C R?

MAS NMR spectrumof 1-U3C ard start aniterative line-

Table1
Magnitudesand orientationsof the 13C chenical shielding tenrs in
1-ulsc

lSCl 13C2 13C3
CS (ppm)2 §1715+ 0.1 §1512+ 0.1 §988+ 0.1
CS (ppm)2 $68+ 1 §98+ 1 8§88+ 1
Csa 0.77+ 0.05 0.32+ 0.1 0.77+ 0.05
gglz (deg)P:© 334+ 3¢ 308 85
gglz (deg)P:© 169+ 13 31 146
F‘,:Cslz (deg)P:© 249+ 33 195 13
§§23 (deg)P-© 67 321 74+ 364
,%23 (deg):c 125 88 89+ 11
5323 (deg)P:© 347 188 7+ 9
ggls (deg)P-© 51 316+ 2o 78
ggls (deg)®:c 155 57+ 2 120
chls (deg)P:© 334 189+ 6 8

@ Taken from Ref. [32], deteminedon 1 with 13C in naturalabundance.

b The uncertaintiegjuotedaregivenin the CAS in whichthey werecalcu-
lated, they result from the combined condraintsfrom several experimental
spectra,obtainedoy several one-and/ortwo-dimensonal error calculations
ator very nearthe minimum valuesof the nongannedparaneters

¢ Althoughredundantfor the corvenienceof the readerthe Euler angles

gg ,1=1,2,3, are given in the three CAS Cqo, Co3, Cq3, for which

theC2 C1,C3 C2 C3 Cl1 directionsde®nethe + z-directions
respectively. The y-axes of the CAS are taken as perpendicularto the C1+
C2+C3plane,with the + y-direction (see aso Fig. 5(a)) de@edsuch thata
right-handedCartesan coordinatesystemreaults.

d Seetext for further explanations

Table 2
Direct andindirectdipolar couplings'3Ci +13Gj in 1-Ul3C
i =12 i =13 j =23
b /12 (H2)? $2159 $493 $3283
;‘50 (Hz)° +758 +73 +80.7

@ Calculatedirom the known internucleardistanceq30].
b Determined by solution-state 13C NMR of an aqueoussolution of 1-
ulsc.

lC1
lCZ
lCS
e .” LL .

[Ppm]

Fig. 2. 13C MAS NMR spectrumof 1 ( o/2 =8 1006 MHz, (/2 =
4162 Hz); the assignment of the three 13C remnancess indicatedby ar-
rows, al otherrenancesare spinning sidebandsdue to anisotropic B¢
chenical shielding.
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shape@t with all nine Euler angles Eg asfree®t parame-

ters. The @ would converge to some minimum valuesand
would leare us with the tak to verify that the minimum
foundisthe correctsolution. Clearly, with nineunknownn pa-
rameterdo be determinedprecautionshave to be taken to
engure that local minima are avoided andthatall unknavn
parametrs areindeedsengtively encodedn the paricular
experimentl spectum chosen.

Our approachto detemine the valuesof the nine Euler
angks Sg exploits a large set of different experimen-
tal 13C R?2 MAS NMR spectraof 1-U'3C: the sersitivities
with which the various Euler angles Sg are encodedin
R? spectal lineshapesvary strongly from oneR? condition
andbr Larmor frequeng to another In a ®@st and rather
coarg-grid search,we screenthe set of differentexperi-
mentalspectraby calculatingscansof al orientationalpa-
rameterdor eachspectrumto @d out which experimental
spectrare ect which Euleranglkeswith high or low sersitivi-
ties. A suitable subsetof experimentl spectaisthenchosn
astheinputbassfor subquenstepwise deermination and
re@ementof the unknovn paramedrs. The remaning ex-
perimentalspectraare saved for latercross checks but are
not actively used for ary iterative ®tting, error calcuations,
or parameter-re®rement procedires. Theseinitial selectiin
sters are schematically illustratedin Fig. 3, wheretherela-
tive sersitivities of the ®tparameters 5~ S for threediffer-
entexperimentl 13C R2 MAS NMR spectraof 1-U3C are
symbolized by the relative heights of bar codes denotng
ratos of maximum to minimum errors over the full range
of each®t parameter PS Of course,such initial screen
ing calcdations neither permit iderti®catian of minimum
regions nor do they de@e how well a particular parame-
ter is characterizedHowever, in this way we canidentify
the most promising strategies to make the best (stepise
and complemenéry) use of the variousexperimentl spec-
train the numericalsimulations For instance(seeFig. 3a),
the 13C MAS NMR spectrum of 1-U3C with then = 1 R?
condition ful®lledfor 3C2+13C3a /2 =S 1006 MHz
is strongly dominated by only four orientatonal parame-
ters, ,ng 533 ch’z and PCCS3 while, in patticular, the
angkes F(,:gl do not contibute signi®anty to this R? line-
shape Thiskind of pseudo-pin-pair behavior inal3C-three-
spin systemunderR? condtionsalso occurs e.g., for solid
sodium pyruvate [14], for 1-U3C it providesa corvenient
starting point. The &st errorminimizaton steps basd on
this experimengl spectum canbefocused on only the four
paramedrs ng ggg ,fg’z F(,:CSB and the possible min-
imum regions for those can be consderably narraved to
within ca.+ 30 by calculationsof several complete three-
dimensional error maps. The resuts of theseinitial calcua-
tionsregarding PSQ turn out immediately compatible with
the independentongraint for this paramegr from 13C+31p
rotary-reonancerecouping experimens on 1 [32]. With
possible minimum regionsof these four parametrs already
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Fig. 3. Graphical repreentation of the sengtivities of the @ parameters

gg encodedin different experimental 13C RZ MAS NMR spetra of
1-U'3C; the heightsof the barsindicate the values (€5,ax S €2,/ €
(where €? is the rms error between expelimental and simulated spectia),

for eachEuler angle from scanningthe full rangeof the repective angle.
(@ n= 1 R? conditionful@led for 13c2+3C3at /2 =$ 1006 MHz,
/2 = 5244 Hz; (b) n= 2 R? condition ful@led for 13c2+43C3 at
o/2 =81258 MHz, (/2 = 3290Hz (c) n= 1 R? condition ful-
@led for13c1#3c2at /2 =8 1258 MHz, (/2 = 2551Hz.

fairly well prede®ed,the numerical calculationsare next
expandedo includethos experimenal spectawheremore
and other Euler angles are senstively encodedin the R?
lineshapes(see, for ingance,Fig. 3(b) and 3(c)). Not un-
expectedly the 13C MAS NMR spectrum of 1-U3C with
the n = 2 R? condition ful®lledfor 13C2+13C3a ¢/2 =
S1258 MHz (Fig. 3(b)) re ects al orientationalparame-
ters, including those of 13C1, with higher sersitivities than
atthen = 1 R? condtion. The3C MAS NMR spectrum of
1-U13C with then = 1 R? condition ful®lledfor 13C1+3C2
at o/2 =S 1258 MHz (Fig. 3(c)) sevesasan illustra-
tive exanple that in athreespn systemit is not necessaly
the set of Euler angles of the “acively' recoupkd pair of
spins which is mog sendtively re ecedin the correpond-
ing R? lineshapes The numerical re®nemenprocedures
continue to switch betweendifferentexperimentalspectra,
include numerousversions of iterative ®s, calculations of
error maps single-parametescans as well as occasonal
cross-checkcalculationsof spectranot actively used in the
re@&ement untl no furtherimprovementin agreemenbe-
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Fig. 4. Comparison of expeiimental (lower trace3 and beg-@t calculated
(uppertrace$ 13C R2 MAS NMR spetra of 1-ULSC. (a) n= 1 R? condi-
tion ful@lled for 13C2+13C3at ¢/2 =8 1006 MHz, /2 = 5244Hz;
(b) n= 2 R2 conditionful@lled for 13C2+43C3at /2 =3 1258 MHz,

/2 = 3290 Hz; (c) n= 1 R? condition ful@led for 13C1+3C2 at

o/2 =S1258 MHz, (/2 = 2551Hz (d)n= 2 R2 condition ful-
@lled for 13c1#3C3at /2 =$1258 MHz, (/2 = 4565Hz. The
spectra shown in (a)t(c) were actively used for the re@enent of the @ pa-
rameters. The expeiimental spectium shown in the lower tracein (d) was
notusedfor any patameter detemination. The calculatedspecta in (8)£(d)
are based on the (minimum) parameters given in Tables1 and 2.

tweenall experimenal R? specra and the correponding
calculatedspectrafrom a single set of "beg-®t' parameters
canbeacheved. The bes-®' set of Eulerangkes §§ re-
suting from this “interactive' numerical procedure is given
in Table 1. A comparson of variousexperimengl to "beg-
®t' calculatedR? spectraof 1-UC is shown in Fig. 4.
Note the strong variations in the R? linestapes with differ-
ing R? condtions and Larmor frequencis. Fig. 4(a)+4(c)
display spectrawhich were actively used in the parameter
re®nementFig. 4(d) shows 13C MAS NMR spectraof 1-
U13C with the n = 2 R? condition ful®lledfor 13C1+3C3
at o/2 =S 1258 MHz; at no point this experimenal
spectrumwas used for error minimization calcuations, the
correpondingcalculated spectumresaultsfromthe "beg-@'
parametrsderived from thespectashownin Fig. 4(a)+4(c)
The orientationalparametersf the three3C chemical
shelding tersa's in relation to the molecuar geometry of
the PEPmoiety in 1 areillustratedin Fig. 5. The O5+C1+06
andthe C1+C2+C3 planesin 1 are closeto, but not exactly,
coplanar Thetorsion angle of 5.6 [30] betweerthes two

c)

c1

d)

T E ET] o 10 20 30

fiEE. [deg]

()

(of +i2) 1dog)

Fig. 5. The structure of the PEP moiety in 1 and the orientationsof the
three 13C chenical shielding tenrs. (a) The PEP moiety viewed alongthe
C1+C2bond direction, highlighting the torson angle betweenthe mole-
cular C1+O5+06and C1+C2+C3planes also shown are the norma to
the C1+O5+06plane (trangarentarron) andthe direction of the + y-axis
of the CAS (shadedarrow, denotedycas), taken as perpendicularto the
C1+C2+C3lane.(b) The beg ®t orientationsof the13C1,13c2and13c3
chenical shielding tensrs in 1; the orientationof the principal directions
(denotedx, y, z) associatedwith the13C chenical shielding tenors s indi-
catedby arraws, for all threetenrsthe z-directioncorrepondsto theleas
shieldeddirection,also shown isthenormal to the C1+O5+Oflane(trans
parent arrow). () The orientation of the 13C2 chenical shielding tensr in
relationto the C3+C2+04lanein 1. (d) Left: the possible directionsof the

(mogt shielded) S componentof the 13C1 chenical shielding tensor in
relationto the C1+O5+O6planein 1, thearrow indicatesthe normal to the
C1+05+06plane, the conede<ribesthe set of possible directions of the

)c(:xsl conponent,for the sake of clarity the correponding error cone' for
thepossible directionsof the )(,:ysl conponentis omitted. Right: view onto
theba planeof the )((:xsl “error coné, de®nel by the error limits of F(,:gl

vs. ( Sgl + ggl) (deg), themain coneaxisis indicatedby , thelocation
of thenormal to the C1+O5+O6planeis given by €.

molecuar planes is bestseenin a view along the C1+C2
bonddirecion (Fig. 5(a)). The directions of the &, &5,

€S componergof thethree!3C1, 13C2 and *3C3 chemical
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shielding tersars in the threedimensional structure of the
PEP moietyin 1 accordingto the “beg-®t' values(Table 1)
areshownin Fig. 5(b), while Fig. 5(c)and5(d) display zoom
versionsof the 3C2 and'3C1 chemicalshielding tensor ori-
entationsvhenviewing seleced part of the PEP fragment
from differentdirecions

Two independerdets of congraints exist for the orienta-
tion of the 13C2 chemicakhieldingtersor, thereare “beg-@'
values from the various 13C R?> MAS NMR experiment
on 1-U'C and from 13C+31pP rotary-re®nance-recoufig
(R3) experimens on 1 [32]. Each of the two approaches
separatly yields ggq with anaccurag of £ 8 in the two
differentCAS, while consderation of the combined R? and
R3 condraintsde@esthisangleas &2 = 57+ 2 (in CAS
Ci13, see Table 1). Accordingly, the direction of the fzs’z
components known with very goodprecsion. Neither the
R? nor the R® experimens aloneyield high precision for
the angle PCCSQ Again, the congraints from both indepen-

dentexperimens togeher de@e ,Sg'z = 189+ 6 (in CAS
Ci13, see Table 1). Owingto the small ayymmetryparameter
of the 13C2 chemicalshielding tensor ( ©2 = 0.32+ 0.1)
not eventhe combinedcondderaton of theR? andR? con-
straints de®res ,§§2 ary betterthan within + 29 . The Euler

angks ,Sg‘z desribethe following orientation of the 13C2
chemicalshielding tensr in the PEPmoiety of 1. The di-
recion of the (leas shielded) ZCZSZ componentiesnearly in
the C1+C2+C3 plane (within 8 + 5 ) and is perpendiular
to the C2= C3 bonddirecion (within 2 + 2 ), it subtends
anangleof 30 £ 1 with the C1+Q bonddirecion. The
direcion of the (mog shielded) Sf’z componensubtends
anangleof 39 + 27 with the C1+Q+C3 plane, the an-
gle betweenthe C1+2+C3 plane andthe )%,SZ component
amounsto 50 = 29 . Thedirecionsof the )((:XS2 and )(,:fq
componergof the®C2 chemicalshielding tenr “ankthe
C2=C3 bonddirecion at anglesof 39 + 25 ( Sf’z) and
51 + 30 ( §,:y32), regectively. The relatively large uncer

tainties in the directions of the ;2 and )(,:ysz componerg
arise as a conequenceof the imprecsion of the value for

ng. Sincethe 13C2 chemicalshielding tensor doesnotde-
viatemuch from being axially symmetric, in practicalterms
it is more importart that the direction of the ZCZSZ compo-
nentis known with good precison. Recasing thes 13C2
dat for the C3= C2xO4 molecubr planein 1, which char
actkerizesthe typical bonding ervironmentof the enolc C2
site, yields the following picture for the oriertation of the
13¢2 chemicakhielding tensor (see Fig. 5(c)). Thedirecion
of the (most shielded) fxsz tensor components oriented at
anangleof 39 * 27 to the C3= C2+O4 molecubr plane,
while the (leastshielded) ZCZSQ tenor components tilted
away from the C2+0O4 bonddirecion by 39 + 2 . Our @d-
ingsfor theorientation of the13C2 chemicakhieldingtensor
in 1 favorably agreewith the resuts of 13C single-crygal
NMR studiesof otherenolic 13C sites[45,46].

1103

For the 13C1 chemicalshielding tensr the direcion of

the (leas shielded) fzsl componentubtendsan angk of
11 + 13 with the directon of the C1+C2 bonddirecion.
Thus, within the error limits for ggl the direcionsof the
principal z-axes of the 3C1 chemicalshielding tensor and
the 13C1+13C2 dipolar couping tensr coincide. This co-
incidence(or nearly so) of two principal z-axes directions
is of conequencdor the determinaion of ggl and Pccsl
With ,Sgl desribingarotation aroundthe z-axis of the'3C1
chemicalshielding tensr and ,Scsl correpondingto arota-
tion around the z-axis of the 13C1+13C2 dipolar couping
tensor, ggl and F(,:gl becomehighly correlatedparame-
ters and cannotbe consderedseparatly. The preenceof
a third interacting spin, 13C3, in 1-U'3C helps to restict
the possible minimum rangefor ( ggl + PCCSl), but cannot
resdve it completely. within the minimum region the two
parametrs reman highly corrdated. The consequencese-
garding the possible direcionsof the (mog shielded) N
componentelative to the O5+CL+O6 plane are illustrated
in Fig. 5(d). The possible direcionsof the o component
are de<sribed by a cone at a cerin angk to the O5+Cl+
06 plane,also drawn is the normalto this plane. Note that
the main axis of the cone is tilted away (by 13 ) from the
normalto the carboxyhte plane, towardsthe O5, O6 oxy-
genatomsof the carboxyhte group.One of thelimits of the
S “error cone' justincludesthe orientation of the (mog
shielded) ff’l componenperpendiular to the 05+C1+06
plane the otherlimit of the “errorcone' correpondsto a di-
rection of the fxsl componen6 away from the normal
to the O5+C1+C6 plane.The combiedeffects of theuncer
taintiesin Sgl and( ggl + PCCSl) onthepossibledirecions
of the )%(Sl componentre furtherillustratedin Fig. 5(d),
where in addition a view onto the base plare of the “er-
ror cone' for fxsl is deprcted. Similarly, of cour®, also a
coneof possible correponding direcionsof the intermedi
& componenof the 13C1 chemicalshielding tensor

ate yy
resuts; for the sake of clarity this §,3y81 “errorcone'hasbeen
omitted from Fig. 5(d). Tilting of the most shelded'3C0OO
tensor componentowardsthetwo oxygenatomsin the COO
plane has beenrepored for thel3COO chemical shielding
tensorsin, e.g.,solid oxalic acid dihydrae [13] andsodium
pyruvate [14]. Thes two compoundsand the PEP moiety
have in commonthatin al threecassa carbonatomen-
gagedn a C+O bondof somesort is direcly attachedto the
COO group.Thisstructuralmotiveis abentin mog of those
cagswherethe directionof the mog shielded :3COO ten-
sor components foundto be very nearl perpendtular to
the COO plare [7+12,24] The 13C spin systemsin 1 andin
sodium pyruvate have someting else in common.For the
13CO0 shielding tensor in sodium pyruvate, it is aso the
Ezsl componentvhich correpondsto the leas shieldeddi-
rection, and it is again this direction which coincides with
the uniquez-axis of the 13C1+13C2 dipolar couping tensor,
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creatirg asimilar condition of highly correlatedorientational
parametrs[14].

The mog prominent feaures of the orienttion of the
13C3 chemical shielding tersar are the following. The di-
rection of the (leas shielded) 5253 tensor componenis well
de®edandis, within experimengl error, paralel to that of
the ZCZSZ tensor componenisee Fig. 5(b)) andthusnearly
perpendiular to theC2= C3 bonddirecion andnearl in the
C1+@+C3 plane.Thedirecion of the(mog shielded) )%(53
tensor componensubtendsan angke of 74 + 36 with the
C1+Q+C3 plane.Thisre” ects thelarge unceréinty we as
cribe to theminimumvaluefor theangke gg” =74 + 36
(in CAS Cp3, see Table 1). Thes large error margins oc-
cur becaus the minimum region for 533 in fact, consists
of two, poorly reolved and indistinguishable minima, at

Sgs = 65 and g? = 89 with individualy much smaller
error margins Thes two minima would correpondto a
deviation of the direcion of the (intermedate) §3y33 ten
sor componentfrom the C2=C3 bond direction by 25
( §§3 =65)andby1 ( §§’3 = 89), regectively. 13C R?
MAS NMR experimens on a selecively [1,3-13C;]-labeled
sample of (NH4)3(PEP)-H20 should be able to reslve this
remaining ambiguity.

4., Summary and conclusions

A cettain unavoidable degree of uncettainty is inherent
to all solid-state NMR experimens dedgnedto derive mole-
cular tordon anglesfrom chemicalshielding tensor orien-
tations simply becaus small differencesin bondingand
geomety betveenthe modelcas and anappicaiontarget
compoundwill be accompaniedby small changesn mag-
nitudesand orientations of the chemrtal shielding tenors.
Themoreimportant it appearshatapplicaionsof chemtal
shielding tersar correlation experiments are backed up by
precisecharacteization of closely related model-spin sys-
tems The accuray with which the 13C chemical shielding
tensor orientationsin 1-U'3C have now beencharacterized,
will be adequat to test the conformatonal modulation hy-
pothess, wherespeci®e predctionsfor the PEP dihedralan-
gles have beenmadefor several enzymeqEPSPsyntha®
and MurA: 30 + 10, KDO8P synthase and DAHP syn-
thae: 80 + 10) [6]. At the sane time, the restts of our
13C MAS NMR study of 1-U'3C outline the most promis-
ing 13C-labeling strategies for such experiments. With the
13C2 chemtal shielding tensr notdeviating muchfrom ax-
ial symmetry and with the direction of the (leastshielded)

€S componenof the *C1 chemicakhielding tensor nearly
cainciding with the direction of the z-axis of the 13C1+3C2
dipolar coupling tersa, it is likely that 13C NMR experi
mentson selectively [1,2-13C;]-enriched PEP samples may
meetseriousdif@cultiesin providing unambiguougforma-
tion aboutthe torson angk betweenthe O5+Cl+ (06 and the
C1++C3 plane.Dewite the smaler dipolar couping con-

stantinvolved, selecively [1,3-13C;]-enrichedPEP samples
should be more suitable: the 13C1+3C3 spin pair avoids
potertial problems arising from neaty axally symmetric
chemicalshielding tenrs and nearly coincidingdirections
of principal z-direcionsof chemtal shielding and dipolar
couplng tensrs. Alternatvely, one could use fully [1,2,3-
13¢;]-enriched PEP sanples. However, iterative ®tting with
numerically exact simulation approachedor a three-gin
system under conditions of MAS NMR pulse sequences
moresophisticaedthanthe R2 phenomenorwill only come
atadearpricein termsof computatiortimes

The protocol we describe to derive quas single-crysal-
NMR-like informaton from the linehapesof RZ MAS
NMR specta of dipolar (re)coupéd spin-1/2 systemsin
powder sanples is quite generally applicable. Invarably,
for all dipolar coupkd, lamgerthan-wo-spin-1/2 systems
for which informaion aboutablute interacion tengr ori-
ertations is encoded in R2 MAS NMR spectraof powder
sanples,this will involve the simultaneous detemination of
multiple unknovn parametersThe mog suitable and eco-
nomicstrategiesto keepmultiple unknovn parameterander
control will vary slightly from caseto caseThe propertiesof
the 13C-three-spin system in 1-U'C make numerousliffer-
ent experimenal R2 MAS NMR spectraaccesible, which
greatly helps to disertangle the multiple-parameterspacein
the numericalminimization proceduresFor caes with a
dimmerinput bass of experimentl dat, suitable numert
cal procedureshave to rely more heavily on iterative ®tting
strategies followed by someimesbrute-forceand often time
consuming numercal veri®cation of the beg-®tparameters
Regardkss of the relative weight of experimenal and nu-
merical datain such R? MAS NMR lineshape-basd ap-
proactes,the feasilhlity and accuacgy limits aremore tightly
de®ed by the numberand the nature of the unknown para-
meters thanby the size of the spin system
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Double-quantum bltration under rotational resonance MAS
NMR conditionswherethe chemicalshieldinganisotropiesinvolved
exceedhe differencesin isotropic chemicalshieldingis considered
by meansof numerical simulations and 3C MAS NMR experi-
ments. The responsesof two different pulse sequencessuitable
for double-quantum Pltration specibcallyunder rotational reso-
nanceconditions, to large chemicalshielding anisotropiesare com-
pared. In the presenceof large chemical shielding anisotropiesa
very recently introduced pulse sequence(T. Karlsson, M. Eden,
H. Luthman, and M. H. Levitt, J. Magn. Reson 145 95P107,
2000) suffers lossesin double-quantum-Pltration efpcienciesThe
double-quantum-Pltration efbciency of another pulse sequence
(N. C. Nielsen, F. Creuzet, R. G. Grifen, and M. H. Levitt, J.
Chem. Phys 96, 5668D5677,1992) is less af3icted by the pres-
enceof large chemical shielding anisotropies.Both sequencesle-
liver double-quantum-pPltered lineshapesthat sensitively re3ect
chemical shielding tensor orientations. It is further shown that
double-quantum-Pltered rotational-resonance lineshapesof spin
systemscomposedof more than two spins offer a suitable ex-
perimental approach for determining chemical shielding tensor
orientations for caseswvhere conventionalrotational-resonanceex-
perimentsare not applicabledueto the presenceof additional back-
ground resonances. < 2001AcademicPress

KeyWords: MAS NMR; rotational resonance;double-quantum
bltration; numerical simulations; 3C spin systemschemicalshield-
ing tensors.

INTRODUCTION

Considera scenariowhere magic-anglespinning (MAS)
NMR techniquesirefacedwith thetaskof determiningamolec-
ular conformationalparameter Further supposethat neither
MAS NMR experimentsdesignedor the determinatiorof in-
ternucleardistancesnor so-calleddouble-quantum(DQ) het-
eronucleafocal Peld(HLF) experimentg1) cansolvetheprob-
lem posed.As an example,considera carboxylategroup and
its orientationin an organicmolecule,in the absencef struc-
turalmotifsthatwouldenabldDQ-HLF experimentsObviously,
measurementsf internucleat3C 83C distancesrealsounable

1To whom correspondencshould be addressedE-mail: angelika.sebald
@uni-bayreuth.de.
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to revealthe orientationof this COOgroupin themolecule.To
solve a taskof this kind, MAS NMR mustrely on *3C chemi-
cal shieldingtensororientations.Wheneer reasonablyaccu-
rate assumptionsboutthe relationshipsbetween'®C chemi-
calshieldingtensororientationsandmoleculargeometriegor a
given classof compound®r molecularfragmentsanbemade,
knowledgeof the mutual orientationsof **C chemicalshield-
ing tensorscan be translatedo the desiredinformationabout
molecularconformationsfor instance aboutthe orientationof
aCOOgroupin anorganicmolecule.

The rotational-resonancéR?) condition (2D§ makesinfor-
mation aboutchemicalshieldingtensororientationsin small,
isolated homonuclearspin systemsaccessiblein an experi-
mentallystraightforvard mannerWith a R? conditionfulPlled
(i.e.,whenthe MAS frequeng matchesaninteger multiple of
theisotropicchemicalshieldingdifferencebetweenwo spins,
I 1 %n! , wheren is a smallinteger), all anisotropicinterac-
tions are reintroducednto the RZ MAS NMR spectralt has
beendemonstratedhat chemicalshieldingtensororientations
canbereliably extractedfrom R? lineshape®y iterative ptting
approacheshasedon numericallyexact lineshapesimulations
(9D13. This corventionalR? MAS NMR approachhowever, is
limited to caseswvherethe (re)coupledspin systemis spatially
isolatedn thecrystallatticeandwherenoadditionalresonances
interferewith thelineshape-analysigroceduresCombiningthe
R? MAS NMR approactwith double-quantunipliration(DQF)
circumwentsthesesevererestrictionson samplepropertiesand
considerablyproadensheapplicationrangeof lineshape-based
one-dimensiondAS NMR experimentsMostof thecurrently
known, quitenumerousMAS NMR recouplingschemesl) that
may be employed for R2-DQF purposessuffer reductionsin
DQF efbcieny as soon as nonngligible chemicalshielding
anisotropieqcsa)are involved. The presenceof considerable
csa,preferablyunderconditionsof relatively slov MAS, how-
ever, formsthebasisof a problem-solvingstratey for the sce-
nariomentionedabove.

Thepurposeof this studyis to investigatehow well csaorien-
tationalparametersnaybederived from experimentalR>-DQF
lineshapesWe will do so by meansof numericalsimulations
and**C MAS NMR experimentsDifferent'3C isotopomerf
threedifferentcompoundswill beused(seeFig. 1). Thecrystal
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FIG. 1. Schematicepresentationf themolecularstructuresf 1, 2, and3;
thenumberingschemeof the carbonatomsis usedthroughoutlt is identicalto
thenumberingschemes#n thedescriptionof the crystalstructureof 1 (14) and
2 (15), but differs from thatusedin the descriptionof the crystal structureof
3(16).

structuresof 1 (14), 2 (15), and3 (16), aswell asall param-
etersof the 13C spin systemsof 1 (12) and2 (11) areknown.
The known parametersf the 13C spin systemsf 1 and 2 will
sene to studythe propertiesof two differentR?-DQF pulseex-
perimentg17, 18) in the presenc®f considerablesa.Criteria
for the selectionof thesetwo pulse sequencesvere the ease
and robustnessof their experimentalimplementationthe ab-
senceof potentiallylimiting *H-decouplingrequirementsand
thenarravbandednessf theR? condition,whichholdspromise
for somenaturally occurringdegreesof selectvity in multiple
spin systems Finally, we will determinethe so far unknavn
13C chemicalshieldingtensororientationsof 3 from 13C R?-
DQFlineshapesf afully 3C-enrichedsampleof diammonium
fumarate.

EXPERIMENT AL

Samples

The sodium pyruvate samplesusedin this study are com-
mercially available (1, with 13C in naturalatundance(Aldrich
Chemicals);1-C1/C2, selectiely 3C1, 13C2-enrichedsodium
pyruvate (Isotecinc.)). The educts(maleic anhydrideand fu-
maric acid: natural*C abundance(Aldrich Chemicals);}3C2,
13C3-enrichedandfully 3C-enrichedlIsotecinc. andCIL)) for
the synthesisof various'3C isotopomersof monoammonium
maleatg2, with 13C in naturalabundancejnddiammoniuntu-
marate(3, with 13C in naturalabundanceprealsocommercially
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available.2-C2/C3 (selectvely 13C2, 3C3-enrichednonoam-
moniummaleate)2-U'3C (fully 13C-enrichednonoammonium
maleate),and 3-U'3C (fully 3C-enricheddiammonium fu-
marate)weresynthesizedby reactingtherespectie eductswith
the appropriateamountsof (NH,)(HCOs) in aqueoussolution
underambientconditionsin the dark. In addition,isotopically
diluted samplesof almostall *C-enrichedcompoundswere
madeby cocrystallizatiorof the 1*C-enricheccompoundswith
their counterpartsvith 13C in naturalabundanceThe ratiosof
enrichedto unenrichedmaterials(by weight) are the follow-
ing: 1-C1/C2; 1:5, 2-U3Cgq; 1:9, 3-U'3Cy; 1:10. R?-DQF
MAS NMR experimentsvererun on thediluted andundiluted
13C-enrichedsamplesin all casesdenticalR2-DQF lineshapes
for thedilutedandundiluted**C-enrichedsamplesverefound.
Consequentlythe experimentallineshapesbtainedfrom the
undiluted*C-enrichedsamplesvereusedasexperimentabata
inputin lineshapesimulations.

13C MASNMR

13C MAS NMR spectrawererecordedon Bruker MSL 100,
MSL 200,MSL 300,andDSX500NMR spectrometerd.hecor
respondingt®C Larmor frequencied (=2Ysarej 25.2,; 50.3,
i 75.5,andj 125.8MHz. The 13C resonancef SiMe, senes
asthe 0 ppm referenceof 13C chemicalshielding.MAS fre-
qguencieswere generallyin the range!  =2%D 0:8+10.0kHz
andwereactively controlledto within 8 2 Hz. Lineshapesf ex-
perimental3C MAS NMR spectraverechecledto beidentical
when using either Hartmann-Hahrcross-polarizatio{CP) or
13C single-pulsexcitation.’*C R>-DQF MAS NMR spectreof
3-USC for purposef iterative lineshape®ttingwererecorded
onthe DSX 500 NMR spectrometewith 13C %42 pulsedura-
tions of 4.0 s and TPPM (19) *H decoupling(amplitudeof
83 kHz) appliedthroughout.’*C MAS NMR experimentson
the MSL 100 spectrometeemplo/ed 7 mm o.d. ZrO; rotors,
13Cy,2 pulsedurationsof 4.0 s, andc.w. *H decouplingam-
plitudes of 62.5 kHz; on the MSL 200 and MSL 300 spec-
trometers4 mm o.d. ZrO, rotors,*3C %2 pulsedurationsof
3.5 s, andc.w. *H decouplingamplitudesof 71.4kHz were
used.

Two differentpulsesequencefor purposef DQ ®ltration
underR? conditionsin the presenceof considerablehemical
shielding anisotropieswill be considered.The two pulse se-
guenceshoseraredepictedn Fig. 2. Bothsequenceareexper
imentally straightforvard androbust. Thetwo sequencediffer
with respectotheirhighespossibleDQFef®cienciesn povder
samplesunderideal conditions thatis, in the presencef dipo-
lar couplingandthe absenceof csaandisotropic J coupling.
Thesequencedepictedn Fig. 2a(17) only depend®nthepow-
derangle™ 5z andthusits highesttheoreticallypossibleDQF
ef®cieny amountsto 73%. The sequencalepictedin Fig. 2b
(18) hasanuppertheoreticalimit of its DQF ef®cieng of 50%
dueits orientationdependencen two angles, 5 and°® 2. For
the sale of brevity, we will referto the two pulsesequenceas
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FIG. 2. Thepulsesequenceandcoherencéransfemathsof two different
R2-DQF MAS NMR experimentswith cross-polarization(a) The R2-DQF-
MAS NMR experiment(17), where¢, denotesotationperiod,thetwo periods,,
haveequaldurationsandthethree-pulssubsequenceonsisof equallyspaced
Y44 /4,24, pulses spanningonerotationperiod.(b) The R?-DQF- - MAS
NMR experiment(18), consistingof an excitation period ¢, and two closely
spaced/s2 pulsesseparatedby a shortdelayperiodl . Phasecycling follows
thestandardecipesfor DQF (32).

R?-DQF- ((17); seeFig. 2a)andR?>-DQF- - ((18); seeFig. 2b).
Notethatthespin-systentircumstancesonsideredherearefar
away from theseideal conditions.

DebnitionsNotation,and NumericalMethods

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! ;,, the anisotroly +, and the asymmetrypa-
rameter” - relateto the principal elementsof the interaction
tensor! - asfollows (21): ! ;,D(*;,C !, C!1;)=3,+ D
Pygi ! fSO'and” D( Yy i Pid=2 Withjl o Diggl ] ! sk
Vi .1 1yyi !isd- Forindirectdipolarcoupling! 20D YaJiso,
andfor directdipolarcoupling”® D! 2D 0 and+”i D by; D
it o°i°,-H\:(41/4rﬁ), where°;, °; denotegyromagneticratios
andr;; is the internucleardistancebetweenspinsS, ;. The
Euler anglesA ; Df®;3, ~13, °130 (22) relate axis systeml to
axissystemJ, wherel, J denoteP (principalaxissystemPAS),
C (crystal axis system,CAS), R (rotor axis system,RAS), or
L (laboratoryaxis system).For lineshapesimulationsof R?
MAS NMR spectraof isolatedtwo-spinsystemss, §;) it is
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corvenientto take the PAS of the correspondinglipolar cou-
pling tensor! Pi asthe CAS,ApL D f0; 0; Og
Suitablenumericalsimulationapproachesustbe exact as
well as ef®cient.Especiallywhenunknavn parametersre to
be determinedoy meansof iterative (lineshape)®tting meth-
ods,numericalef®cieng becomegrucial. For thein-depthnu-
merical analysisof corventional RZ MAS NMR spectra,the
REPULSION(23) or Lebede (24) schemedgor the calculation
of powderaveragestogethemwith someroutinesoftheGAMMA
packagg26) andthe useof COMPUTE(26) or ° -COMPUTE
approache@7+29, yield suf®cienicomputationaéf®cieny to
enablethesecalculationswithin reasonablamountof time on
commoncontemporaryPCs (30). The situationchangeswith
the needto calculateR2-DQF spectra Calculationof the time
evolution of the spin dynamicsunderthe pulsesequenceow
requiresthe applicationof the so-calleddirect method.While
direct-methoaalculationsaregenerallyapplicablethey arenu-
merically highly inef®cient.For example,if the calculationof
the corventionalR> MAS NMR spectrumof a two-spin sys-
tem, emplgying the ° -COMPUTE approach,takes 3 s o a
given PC, the samecalculationtakes 20 min when using the
directmethod.For realisticapplicationsand determination®f
unknovn parameterfrom experimentakpectrathelatteris too
slow. Improvementsin the ef®cieny of the numericalsimula-
tionsareneededTwo additionalfeatureshave beenincludedin
our simulationprogramsWe only usethedirectmethodfor the
calculationof the time evolution where absolutelynecessary
andswitchto COMPUTE(26) wherepossible For thecalcula-
tion of R>-DQF spectrathe calculationmay be divided into a
direct-methodart during the executionof the pulsesequence,
anda COMPUTE partduring the acquisitionof the FID. This
Omixdmethod®ffersconsiderablesaingsaslong asthe FID
occupieghelargerpartof thetotal durationof time over which
thecalculationmustbe carriedout. Anothermajorpotentialfor
acceleratinghenumericalproceduresiesin the possibilitiesof
parallelcomputing.Regardingnumericalsimulationsof MAS
NMR spectraf polycrystallinepovdersamplesthemostobvi-
ousandstraightforvard partin the calculationghatlendsitself
to theadwantagef parallel-computingodeis the calculation
of thepowderaverage431). Ourpresentmplementatiomales
useof a master/slae programwherethe masterdistributesto
theslaves asubsebf REPULSIONanglesassoonasslaves be-
comeidle andwhereeachslavecomputesheNMR subspectrum
correspondingo the subsebf REPULSIONanglesit receved
from the master At the end, the mastersumsup all the sub-
spectracomputedby the slaves. This parallel-computingcode
for powder averagingwas implementedusingthe Parallel Vir-
tual Machine(PVM) library (33) andcurrentlyrunsonaLinux
clusterwith eightdual450MHz Intel PentiumprocessoPCs A
generaimpressiorof thevariouscontributionsto thereduction
of computationalimesmaybeobtainedrom Tablel. Thecom-
putionaltimesquotedin Table1 referto theabos/emotedLinux
cluster They arevalid for the calculationof R>-DQF- - spectra
of 2-, 3-, and4-spinsystemswherea setof 376 REPULSION
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TABLE 1
Typical Times[s] Required to Calculate R>-DQF Spectra
(SeeTextfor Details) of 2-, 3-, and 4-Spin System$

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 the Linux clusterused.The savingsin parallel
modeareonly slightly lessthanthe valuesexpectedwhendividing the single-
processaebaseddurationsby the number(16 in our case)of CPUsused.

b Not determined.

(23) powderanglesadurationof ¢ D 1 ms,andaFID lasting
for 17 mshave beenassumedSomesimulationseportedn this
studywerecarriedoutin single-processanode,while calcula-
tions of errorscansandplanes R2-DQF ef®cieny curves,and
iterative lineshape®tsemployed parallelcomputing.For itera-
tive minimizations oursimulationprogramsarecombinedwith
the optimizationroutinesof the MINUIT package34).

RESULTS AND DISCUSSION

Thefollowing is organizedn threesectionsThe®rstsection
examinesthe performanceof the R>-DQF- experiment((17),
Fig.2a)in thepresencef largechemicakhieldinganisotropies;
thisparttakesadvantagef theknown parametersf the'3C spin
systenin sodiumpyruvate,1 (12). Thesecondsectiondealsin a
similarmannewith thepropertiesf theR2-DQF- - experiment
((18), Fig. 2b), includingthen D 0 R? conditionencountered
in various, fully characterized!®C isotopomersof monoam-
monium maleate,2 (11). The third sectionis devotedto the
determinatiorof the13C chemicalshieldingtensororientations
in the fumarateanionin diammoniumfumarate,3, from 3C
R?-DQF- - lineshape®f 3-U'SC.

TheR?-DQF- MASNMR Experimenin the Presencef csa

For the R>-DQF- MAS NMR experiment(17) it hasbeen
demonstratedhat experimentallineshapes<an be reproduced
well numericallyandreRectheanisotropidnteractionparame-
tersof agivenspinsystemwith similarsensitvitiesasthecorre-
spondingcornventionalR? lineshape€12). This demonstration
employed the 13C2+3C3 spin pair in selectvely 3C-labeled
sodiumpyruvate,1-C2/C3, underthen D 1 R? condition.This
spinpairis characterizetly alargedifferencen isotropicchem-
ical shieldingvalues(! ilsga D 1768 ppm),andasmallchemical
shieldinganisotroy of 13C3 (¥ D 0:14! 1»). Underthese
conditionsh,3 is by far the mostsensitvely encodecparameter
in then D 1 R? aswell asin the R>-DQF- lineshapesln ad-
dition, for the parameterslescribingthe spin pairin 1-C2/C3
amaximumn D 1 R>-DQF- ef®cieny of 47% was predicted
numerically while 35% werefound experimentally(both at a
Larmorfrequeng ! (=2v4D | 50:3 MHz).
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We continueto usethe'3C spinsystemin solid sodiumpyru-
vate, but now switch to 1-C1/C2 The most prominentfea-
tures of this spin pair are a large dipolar coupling constant
b1, (b1,=2v4D | 2004Hz),asmalldifferencan isotropicchem-
ical shielding(! 222 D 37:3 ppm), and large csaat both 13C

iso
sites(+°S D 2:200 112, #°% D 2:95! L1%). Figure3 displaysa

{o]
selectiorof differentexperimentaR2-DQF- spectraf 1-C1/C2
in comparisonwith the correspondingsimulatedspectra,em-
ploying the known spin-pairparametersf 1-C1/C2(12). The
spectrashovn in Fig. 3 emphasizéwo points:(i) TheR>-DQF-
lineshapesrevery sensitve to the choiceof the experimental
parameteg, (while slight misjudgmentf the pulsedurations
by up to ca. 0.3t s are found to have no signi®cantmpact
on the resultinglineshapes)(ii) The simulatedspectrabased
ontheknown parametersf thespinpairin 1-C1/C2 reproduce
well theexperimentallyobseredR?-DQF- lineshapeswith our
originalgoalin mind,thatis, thedeterminatiorof molecularcon-
formationshasedn csatensororientationsye needo examine
in moredetailhoNsensil\'/elytheEuIerangIesﬁgg“; i;jD12
areencodedn thesdineshapes.

This examinationfollows a purelynumericalapproachandis
illustratedin Fig. 4. First,aR? spectrunbasedntheexperimen-
tally determinedest-®parametersf thespinpairin 1-C1/C2
(12) is calculatedfollowed by one-dimensionatrror scansor
eachof theEuIerangIes;ﬁ\(ngj . Theresultingerrorcurvesfor this

c2 cCt
LA

e M AN e
a)_,__/k_/\m_/L/\LM___M__

c)

d)

e) A
-350 -300 -250 -200 -150 -100 -50
Ppm

FIG. 3. Comparisonof experimental(top traces)and simulated(bottom
traces)!3C nD 1 R? and R?-DQF- lineshapesf the spin pair in 1-C1/C2
at! 0=2v4D j 755 MHz and! ,=2% D 2793Hz; the simulationsemploy the
known parametersf thisspinpair(12). (a) CorventionalR? spectraf 1-C1/C2
arronsindicatetheisotropicchemicalshieldingof 13C1,13C2. (b+e)R2-DQF-
spectraof 1-C1/C2 where¢, D 0:1 ms(b), ¢, D 0:3ms(c), ¢ D 0:5ms(d), and
¢ D 0:7ms(e).
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FIG. 4. One-dimensionatrrorscansillustratingthe sensitvity of corven-
tionaln D 1 R? andR2-DQF- IineshapeiaotheEuI(—:‘rangIes&(F:,?;2 in1-C1/C2
at! o=2%D j 755MHz and! ,=2¥4D 2793Hz. Theerrorscansarebasedn
simulatedspectraaccordingto the parametersf the spin pairin 1-C1/C2, so
thateachindividualerrorscanaddressethesituationwhereall otherparameters
areat preciselytheir optimumvalues.(a) Error scansfor the corventional R?
lineshape(b+d)Error scansfor the R?-DQF- lineshapesvith ¢, D 0:1 ms (b),
¢, D 0:7ms(c),and¢, D 220 ms (d) Theverticalaxesin theplotsarede®neds

,Qs(l). ref (i) ]2 ¢100.

Error’ D e

This purelynumericalcomparisorcangive only animpressiorof idealcircum-
stancesin theabsencef ary (unavoidable)experimentaimperfections.

purelynumericakconventionalR? spectrurmareshavn in Fig. 4a
asareferenceThesameprocedurds thencarriedoutwith sev-
eralnumericallysimulatedR?-DQF- spectraor arangeof dif-
ferentvaluesof(fS Theone-dimensionatrrorcurvesfor the®we
EuleranglesA ;2" resultingfrom thesenumericallygenerated
R2-DQF- spectraaredeplctedm Figs. 4b+d.Olviously, these
virtual experimentsndicatethatfor awholerangeof values;, the
EuIerangIes&S?j mightbeslightly moresensitvely encodedn
the R2-DQF- lineshapeshanin thecorventionalR? lineshapes.
In practice basedon lineshape®tting of real experimentalR?-
DQF- spectrawehavebeerunableore®néghecsaorientational
parametersf thespinpairin 1-C1/C2beyondtheprecisiorpre-
viously obtainedfrom conventionalR? lineshapeg12).

Asfar asthesensitiitiesof thelineshape-@tarameters 5o
are concernedthe R-DQF- experimentin the presenceof
considerablecsa®is promising,but lessso when considering
the achievableR2-DQF- ef®cienciesindertheseconditions.In
Fig. 5athe R?-DQF- ef®cienciedor 1-C1/C2 areplottedasa
function of ¢, the expectedsimulatedef®cieng curve (N) is
comparedo the experimentallymeasureaure (s ). Thetheo-
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retically highestpossibleef®cieng of 9% for this spin pair is
predictedto occurat¢, D 0.7 ms, while 6% arereachedxper
imentally The strongRuctuationsn R>-DQF- ef®cieny as a
functionof ¢ leadto relative maximanotonly ator nearvalues
of ¢ thataremultiplesof therotationperiod.Thisfeaturemakes
it ratherdif®cultto selectoptimumexperimentaparameterin
arealisticapplicationsituation,unlessall parametersf thespin
systemareknown in advanceandthe bestchoiceof ¢, canthus
be predictedfrom numericalsimulations A sharpdropin DQF
ef®cieny accompaying thepresencef nonngligible csafrom
the theoreticallyhighestpossibleef®cienciesinderOideakir-
cumstances®nothinguniqueto theR?>-DQF- experimentThis
problemaff3icts,moreorlessmary pulsesequencesuitablefor
DQFexperimentonpolycrystallingpowdersundeMMAS condi-
tions.WhentheR?>-DQF- experimentwas originally introduced
(17), it was pointedout thatthe presencef csawill generally
degradethe DQF ef®cieny of the experiment.It was further
motedthatreplacinghe®rstthree-pulssubsequendgheinver-
sionsubsequenceaeeFig. 2a) by moresophisticatednversion
sequencemightimprove ef®cieng mattersin the presencef
csa.This ideacanbetestedby numericalsimulations Numer
ically it is easyto producenotjust animproved, but a perfect,
inversionconditionat the beginning of the pulsesequenceAs
canbeseenin Fig. 5b, againfor the parametersf the1-C1/C2
spin pair, an assumegerfectinversionsituationsmootheghe
oscillationsn theR>-DQF- ef®cieng asafunctionof ¢, butonly
slightly booststhe overall R>-DQF- ef®cieng in the presence
of largecsaf

For very trivial but important reasonsof experimentally
achievablesignal-to-noiseatio, it is desirabldo have additional
experimentabptionswhereinformative R?-DQF lineshapesire
obtainedwith higheref®ciencie9’.n the presencef large csa
(i.e.,when#SSi | 21 L) andwhereit is easietto predictsuit-
ableexperimentabond|t|onSW|thoutextensve advanceknowl-
edgeof all spin-systenparameters.

TheR2-DQF- - MASNMREXxperimentn the Presencef csa

At a®rstglance,it may seemsurprisingthatwe explore the
practicaperformancefthe R>-DQF- - MAS NMR experiment
(Fig. 2b), a pulsesequencehatis characterizedby a consider
ably lower limit (50%) of its highesttheoreticalR>-DQF ef®-
cieng/ underidealcircumstance€l8). However, thepresencef
large chemicalshieldinganisotropiegpresentsatherOnonideal
circumstance€leadingto lessobviouschoicesof themostsuit-
ableexperimentalapproach.

Again, we take the *C spin pair in 1-C1/C2 asthe model
case. Figure 5¢c comparesthe numerically expectedto the
experimentallyobsened R>-DQF- - ef®cienciegor this spin
pair, plotted as a function of ¢. This comparisonyields two
argumentdor the R?-DQF- - experimentfor spinsystemswith
large csa& First, the optimum choice of experimentalvalues
¢, is easilypredictable asmaximaof the DQF ef®cieng occur
onlyfor valuesof ¢, verycloseto integermultiplesof therotation
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FIG. 5. Numericallypredictedandexperimentallyobsered 13C R2-DQF
ef®cienciedor the 13C spin pairin 1-C1/C2at! ¢=2¥4 D j 75:5 MHz and
| =2¥4D 2793Hz. (a) Plotof numericallypredictedN) andexperimentallyob-
sened(s )n D 1 R?-DQF- ef®ciencieasafunctionof ¢, (b) Plotof numerically
predictedR2-DQF- ef®cienciessafunctionof ¢, where(N) referstoassuming
the three-pulsénversionsubsequencgseeFig. 2a) inverting the lessshielded
13C2resonanceand(*) refersto assumingperfectinversionat thebeginningof
the pulsesequence(c) Plot of numericallypredicted(N) andexperimentally
obsered(s ) n D 1 R>-DQF- - ef@cienciesmisafunctionof ¢. Also shavn are
the correspondingumericallypredictedz¢® n D 1 R2-DQF- ef®ciencies.

period.Secondthe ef®cieng maximaareconsiderablyhigher
thanfor the R>-DQF- MAS NMR experimentunderotherwise
identicalconditions ThehighestR?>-DQF- - ef®cienciesor the
13C spin pair in 1-C1/C2 (33% theoretical 26% experimental
at¢ D 0:72msand! (=2v4 D | 755 MHz; seeFig. 5¢) are
quite reasonableExperimental*C R2-DQF-- lineshapesof
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FIG. 6. Comparisonof experimental(top traces)and simulated(bottom
traces)®C nD 1 R? and R?-DQF- - lineshape®f the spin pair in 1-C1/C2
at! o=2v4Di 755 MHz and! =2v.D 2793 Hz; the simulationsemploy the
known parametersf thisspinpair(12). (a) CorventionalR? spectraf 1-C1/C2
arravsindicatetheisotropicchemicakhieldingof 13C1,13C2. (b+d)R?-DQF- -
spectraf 1-C1/C2 whereg, D 0:36ms(b), ¢, D 0:54ms(c),and¢, D 0:72ms(d).

1-C1/C2arewell reproducechumericallyby theknown param-
etersof this spinpair, as canbeseenin Fig. 6. Closerinspection
of thesensitvity of the R2-DQF- - lineshapeso the!3C1,3C2
chemicalshieldingtensororientationsin 1-C1/C2revealsthat
the Euler anglesA(F:,(sf2 are aboutequally sensitvely encoded
as in the correspondingcorventional R? lineshapes.This
comparisonis depictedin Fig. 7, wherethe purely numerical
explorationfrom Fig. 4, emplagying the parametersf the 13C
spinpairin 1-C1/C2for the calculationof one-dimensionagr-
ror scandgs now extendedo includethe R>-DQF- - lineshapes
andtheir sensitvities to chemicalshieldingtensororientations.
Anotherusefulfeatureof the R>-DQF- - experimentis that
it alsoworks undertnen D 0 R? condition, as was already
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FIG. 7. One-dimensionagrror scans,llustrating the sensitvity of corventionalnD 1 R? (N), R2-DQF-. (@&, and R?>-DQF- (+ + #) lineshapego the
EuleranglesA(P:i“2 in 1-C1/C2at! ¢=2v4D 75:5 MHz and! =2¥4D 2793Hz. The procedurds the sameasdescribedn thelegendof Fig. 4. Theerrorcurves
arecalculatedor valuesof ¢, D 0.30msfor the R-DQF- sequencand¢ D 0.72msfor the Rz-DQF-; - sequence.
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demonstratedor the '3C spin pair in diammoniumoxalate
monohydraten the original paperdescribingthe experiment
(18), with roughly 15% R?>-DQF- - ef®cieng reportedor this
spin pair at a relatively low MAS frequeny (! ¢=2¥D

i 799 MHz, ! ,=2%D 1560Hz, ¢ D 2¢; D 1:28 ms). Another
n D 0 R? casds encountereih the 3C spinpairin themaleate

a)
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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 the spin pair in 2-C2/C3(11) yield simulationsof
R?-DQF- - spectrahatmatchtheexperimentallyobseredline-
shapeserywell (seeFig. 8a).Alsounderthen D 0 R? condition

C2

|

— - N
= (5] (=]

DQF-efficiency [%]
(4]

DQF-efficiency [%]

15 2 25

1[ms]

FIG. 8. 13C R®-DQF-- experimentsatthen D 0 R? condition.(a) Experimentaltop) andsimulated(bottom)n D 0 R?-DQF- - spectreof 2-C2/C3 at
1 0=2v4D j 755MHz,! (=2v4D 2626Hz, and¢, D 0.12ms;the simulationemploy/s theknown parametersf this spinpair (11), thearrow indicatestheisotropic
13¢2,13c3 chemicalshielding.(b) Numericallypredicted®) andexperimentallyobsered(s ) n D 0 R?-DQF- - ef®cienciessafunctionof ¢, for 2-C2/C3at
1 0=2%4D j 75:5MHz and! \=2¥%4D 2626Hz; notethemirror-planesymmetryof 2-C2/C3andtheminimain the RZ-DQF ef®@cieny at ¢, D N¢; . (c) Numerically

predictedR?>-DQF- »
andtheoccurrencef maximain the R2-DQF ef®cieny at ¢, D N¢; .

ef®cienciesasa function of ¢, for the 13C spin pairin diammoniumoxalatemonohydratg18); notethe C, symmetryof this spin system
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in thepresencef largecsas, fairly high R?>-DQF- - ef®ciencies
canbe achieved, but underthen D 0 R? conditionthe maxima
in the ef®cieng as a function of ¢, arelessolviously related
to the rotation periodthanunderthe n D 1 R? condition (35).
Thisis illustratedin Figs.8b andc. In Fig. 8b thetheoretically
expected(®) andthe experimentallyobsered (+) R?>-DQF- -
ef®cienciedor the 2-C2/C3 spin pair are plotted as a func-
tion of ¢. Underthen D 0 R? conditioninvolving mirror-plane
symmetry the ef®cieny is minimal at ¢, valuesthat are in-
teger multiples, N of the rotation period ¢;. In contrast,the
n D 0 R? conditioninvolving C, symmetryyields maximaof
the ef®cieng when¢, D N¢,. Thisis shovn in Fig. 8c, where
the theoreticallyexpectedR?-DQF- - ef®cieny as a function
of ¢ is plotted for the 13C spin pair in diammoniumoxalate
monohydrate€18).

In 2-URC, the 3C1+3C4 andthe 13C2+3C3 pairs always
ful®ll then D 0 R? conditiondueto themoleculamirror-plane
symmetry If the MAS frequeng is chosensuchthat! =2
ful®lls in additionthe nD 1 or nD 2 R? condition between
13C143C2 and 13C3+43C4, the resultingconventional 13C R?
lineshapesensitvely re ect all EuIerangIesA(F:,g2 in this 13C
4-spinsystem.The 13C chemicalshieldingtensororientations
in 2-UC deviate slightly, but signi®cantlyfrom the typically
assumedorientations. For instance, the directions of the
most shielded'3C1, *C2 tensorcomponentsare not exactly
perpendiculato the molecularplane,andthe directionsof the
intermediateshielded*3C1, 13C2 tensor componentsdeviate
slightly from the 3C1=0 and 3C2="3C3 bond directions,
respectiely (11). Theseminor deviationsfrom the2typical 13C
shieldingtensomrientation®aresensitvely re ectedin thecon-
ventionaln D 2 R? spectralineshape®f 2-UC. Thisis also
truefor thecorrespondindR?>-DQF- - lineshapesFigure9ade-
pictsanexperimentalR?>-DQF- - spectrunof 2-U'3C, obtained
at! ;=2%4D j 1258 MHz underthen D 2 R? conditionwith
¢, D 0:453ms.Thecorrespondingimulatedspectrumin Fig.9b
is basedon the best-®aluesof the EuleranglesA(Ff%?2 previ-
ouslyobtainedirom corventionaln D 2 R? spectralineshapes
of 2-UC (11), thesimulatedspectrunin Fig. 9cassumeg&uler
anglesA,(.f(S:L2 suchthattheatypical orientationscenariodould
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=0 bonddirections respectrely). Clearly, thetwo
simulatedR?2-DQF- - spectraaresigni®cantlydifferent,despite
the relative small differencesin EuIerangIesA(Ff(s;i‘2 between
them. The simulatedspectrumin Fig. 9b agreesmuch better
with the experimental R>-DQF-- spectrumthan the typical
orientationscenarisimulationin Fig. 9c. Obviously, exerimen-
tal R>-DQF-- spectranot only of spin pairsbut also of spin
systemsomposedf morethantwo spinsmaywell sene asthe
startingpointfor thedeterminatiorof chemicalshieldingtensor
orientations.
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The®3C ChemicalShieldingTensos
in DiammoniunFumarate, 3

The 13C chemicalshieldingtensororientationsin diammo-
nium fumarate 3, arenot known, but various3C isotopomers
of diammoniumfumaratehave beenadoptedas model com-
poundgto illustratethe performancef novel MAS NMR pulse
sequenceandrecouplingscheme436+39. The crystalstruc-
ture of 3 (16) explainsthe dif®cultiesn determiningthe chem-
ical shieldingtensororientationsfor 3 by meansof corven-
tional 13C R?MAS NMR experiments.The fumarateanionin
solid 3 possessescenterof inversionsymmetrywhichrenders
13C MAS NMR spectraof the pairwiselabeled*C1,3C4 and
13C2,3c3isotopomersininformative regardingthe3C chemi-
calshieldingtensormrientationsFurther thelimited mutualspa-
tial isolationof thefumarateanionsin the crystallattice of 3 a
priori discouragetheuseof undiluted*C-labeledsotopomers
of 3. Thefully 13C enrichedfumaratemoietyin 3-U3C (and/or
3-UCy;) lifts the symmetry-relategproblemswith the pair
wise 13C-labeledisotopomersof 3. A modestdifferencein
isotropic 13C chemicalshielding! 12D ! £ D 35:6 ppmin 3
makesn D 1; 2 R? conditionsexperimentallyaccessiblewhere
the lineshapessensitvely re ect the 3C chemicalshielding
tensororientations While corventional **C R? lineshapesf
3-UBCy; arenotsuitablefor purpose®f iterative lineshape®t-
ting, the correspondindR?-DQF lineshapegliminatethe prob-
lem of natural-abindance**C backgroundresonancesAbove
we have demonstratedhat indeedthe (known) 13C chemical
shieldingtensororientationsof the closely related*C 4-spin
systemin 2-U3C aresensitvely encodedn the R>-DQF line-
shapesWe arenow readyto determineghe3C chemicalkhield-
ing tensororientationsin the fumaratemoiety of diammonium
fumarate.

Of the numerousparametersharacterizinghe 3C 4-spin
systemin 3-U'3C, mary canbedeterminedndependentlyThe
known crystalstructureof 3 (16) yields magnitudesindorien-
tationsof the dipolar couplinginteractiontensors! Pi, while
solution-state'3C NMR spectraof 3-U'C provide the values
of the isotropic J-coupling constantyseeTable 2). Isotropic
13C chemicalshieldingvaluesand the magnitudesof the 3C
chemicalshieldingtensorsare obtainedfrom 3C MAS NMR
experimenton 3 (seeTable3). Theinversionsymmetryof the
fumarateanionin 3 reduceghenumberof Euleranglesneeded
todescribaheorientatiorof thefour 13C chemicakhieldingten-
sors,to six (G55, “r2, °sa ;i D 1;2). Thesearetheremaining
six unknovn parametersvhich mustbedeterminecy iterative
®ttingof 13C R2-DQF lineshapesThe very ®rstpracticalstep
is devotedto the decisionwhetheror not 2*C R?-DQF spectra
of theundilutedsample3-U3C cansene as experimentainput
datafor the numericalminimization. Experimentallywe ®nd
identical R>-DQF lineshapesor 3-UC and3-U%Cg; undera
variety of experimentalconditions.Accordingly, experimental
13C R?-DQF spectraof 3-U'SC maysene as experimentalnput
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FIG. 9. Comparisorof experimental(a) andsimulated(b, ¢) 3C n D 2 R?-DQF- - spectraof 2-U3C at! ¢=2¥4D j 1258 MHz, ! ,=2¥4 D 2207Hz, and
¢ D 0:453ms;thearrowsindicatethe3C2,13C3and'3C1,13C4isotropicchemicakhieldingregions Thesimulatedspectrunbisbasednthebest-®#3C chemical
shieldingtensororientationsderived from corventionaln D 2 R? spectraof 2-U3C (11). Thesimulatedspectrunc assumeEuIerangIes&gg” corresponding
to thetypical csaorientation®scenariqseetext). Also shavn arethe differencecurvesbetweenrexperimentakndcalculatedspectraa, b, anda, c, respectiely.

data.Theresultsof subsequeriterative lineshape®tsaresum- well with the simulatedspectrumpasedon the best-®tvalues
marizedin Table3 andFig. 10. The experimentalR?-DQF--  of Agé“z (Fig. 10b). The simulatedspectrum pasedon a typi-

spectrunof 3-U3C, obtainedat! (=2¥4D j 125.8MHz under calcsaorientationassumptiorfFig. 10c)disagreesigni®cantly
then D 2 R? conditionwith ¢, D 0:446ms(Fig.10a)agreevery withthespectrashavnin Figs.10aandb, eventhoughthebest-®t
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FIG. 10. Comparisorof experimentala) andsimulated(b, c) :3C n D 2 R>-DQF- - spectraof 3-U3C at! ¢=2v4D j 1258 MHz, ! ;=2¥4D 2240Hz, and
¢ D 0:446 ms; the arraws indicatethe 13C1, 13C4 and 13C2, 13C3 isotropic chemicalshieldingregions. The simulatedspectrumb is basedon the best-®£3C
chemicalshieldingtensororientationsgderived from the experimentakpectruma. The simulatedspectrunc assumeEuIeranglesﬁ\ggj correspondingrecisely
to adtypical csaorientation®scenarioAlso shavn arethe differencecurvesbetweerexperimentabndcalculatedspectraa, b, anda, c, respectiely.

valuesof A5 do notdeviatemuchfromtheEuleranglescorre- goodsignal-to-noiseatio in experimentakpectrahatsene for
spondingothetypicalcsaorientationgse€eTable3).In addition, purposesf iterative lineshape®tting.Figures9 and 10 further
thebest-®valuesof A 522 equallywell reproducesxperimental  illustratethesimilaritiesof thefour-13C spinsystemsn 2-U'3C
R2-DQF spectraof 3-UC obtainedunderotherexperimental and3-U'3C: in bothcaseshe R2-DQF lineshapesevealsmall,
conditions Figures9 and10underscor¢heimportanceof avery  but signi®cantdeviationsof the 13C chemicalshieldingtensor
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TABLE 2

Direct and Indirect Dipolar 3Ci+'3Cj Couplings
in Diammonium Fumarate, 3

ijD120r34 ijD130r24 ijD23 i;jD14
bij =2¥4[Hz]? i 2274 i 500 i 3355 i 130
~D [#ab C563 c301 0 C399
! 150 [Hz]e C645 C15 C680 §)7:0

a Calculatedrom the known crystalstructureof 3 (16).

b TakingABZ D (0; 0; 0).

¢ Determined by solution-state’3C NMR of an acqueoussolution of
3-UC (Larmor frequeng ! ¢=2% D j 1258 MHz, Bruker DRX 500 NMR
spectrometer).

orientationsfrom the typical csaorientationsscenarioln rela-
tiontothegeometryof thefumarateanionin 3, thebest-®values
of the Euler anglesA 5 describethe following 13C chemical
shieldingtensomrientationsThedirectionsof themostshielded
component®f the 13C1/A3C4 and 3C2/43C3 shieldingtensors
both deviate from being perpendiculato the molecularC1+
C2+C3+C4shlaneby 15 and25*, respectiely. Thedirectionof
theleastshieldeccomponenbf the*C1/A3C4 shieldingtensors
subtendsnangleof 11* with theC1+C2andC3+C4bonddirec-
tions,respectiely. Thedirectionof theleastshieldeccomponent
of the'*C2/A3C3 shieldingtensords nearlyperpendiculato the
C2=C3 bonddirection (102) and nearly lies in the molecu-
lar plane(within 8*). Thedirectionof theintermediateshielded
componenbf the 13C2/3C3 shieldingtensorsdeviatesby 28*
from beingcollinearwith the C2=C3 bonddirection.

TABLE 3
13C Chemical Shielding in Diammonium Fumarate, 3

13c1,13c4 13¢c2,1%c3
1S3 [ppm] i 1736 i 1380
+CS[ppm] 64.8 i 94:2
‘cs 0.82 0.59
@ [° i 126§ 28° i 658 30°
TresM? i 75§ 28° j 1028 13
° 5551 i 938 12 Cc9§ 12

3EuleranglesASE | relateto the principal axis systemof the 3C2+%C3
dipolar couplingtensorasthe CAS, with its y axis de®nedas perpendicular
to the molecularC1+C2+C3+Cslane 13C1/A3C4 (and13C2A3C3)in thefu-
marateanionof 3 arerelatedby inversionsymmetry(16), implying identical
orientationsof the 13C1/43C4 (and13C2/3C3) chemicalshieldingtensordi-
rections The2typical csaorientationsin thefumarateanionof 3would corre-
spondoEuk::ranglesﬁggl23 D(j 124 90; i 90)andA§(sf23 D(j 90;i 90;0).
Uncertaintiesof the best-®tva|uesAS§23 are quotedfor the range span-
ning Zeﬁ“n in one-dimensionaérror scansof eachof the individual best-®t
parameters.

b The error curve in the 22, minimum region in one-dimensionarror
scanf this parameters broadandfeatureless.

€ The error curwe in the €2, minimum region in one-dimensionagrror
scan®f thisparametedisplaysasharp(j 758 8*) minimumwithin abroader
cune.

BECHMANN, HELLUY, AND SEBALD

SUMMARY

In concluding,we brie'y summarizejn our view, the most
important®ndingof ourcombinechumericalandexperimental
study

1. The R?>-DQF- and R?-DQF-- pulse sequenceq17,
18) have experimentaland numericalrobustnessand easein
common.

2. Both pulse sequencesonsiderablyexpandthe practical
rangeof spin systemson which R? experimentsmay be suc-
cessfullycarriedoutin termsof lineshapeimulationsout where
corventional R? lineshapesannotbe used.A generalareaof
applicationwherethisis importantis, for instance MAS NMR
applicationson inorganic solids with spin-1/2isotopesin low
naturalabundancg40).

3. The R?-DQF- and R?>-DQF-- pulsesequencesomple-
ment eachother In the presenceof large chemicalshielding
anisotropiesndmodestifferencedn isotropicchemicakhield-
ing, the R%-DQF- - sequenc¢l8) isthe preferablesxperimen-
tal choicefor the determinationof chemicalshieldingtensor
orientationdrom R?-DQF lineshapesThe R?-DQF- sequence
(17) worksbestwherelargeisotropicchemicalshieldingdiffer-
encesand small chemicalshieldinganisotropiesare involved,
especiallyincluding caseswith relative small dipolar coupling
constantg12, 17), andthusis the preferableexperimentaltool
whenaiming at the determinatiorof internucleardistancesn
suchspinsystems.

4. Providedsuf®cientlyfastandexactnumericaimethodsare
available, R?>-DQF experimentscan be expandedjn a quanti-
tative andreliable mannerto spin systemsomposedf more
thantwo spins.

5. Finally, it should be moted that both pulse sequences
presere the narravbandednessand, hence, selectvity, of
the correspondincorventional R? condition in multiple-spin
systemg41).
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Selectivty of Double-Quantum Fiter ed Rotational-Resorance
Experiments on Largerthan-Two-Spin Systems

Matthias Bechmann, XavierHelluy, and Angelika Sebald
Bayerisches GeoinstitutiniversitatBayreuth, 95440 Bayreutiermany

Introductio n

Characterizing the ori¢ation and molecutaconformation of gnall organic nolecules
bound to the inner or outer surfaces of prageiepresents amportant step in drug
design and in understding the mechanisrs of biochenical reactionsand sinilarly, of
non-biological catalyt reactions. In a biochenal conext, such rolecular units or
subunits may often contain only three ofour carbon ato examples being the
pyruvate anion, furic and naleic acid derivéives, or the phosphenolpyruvateiety
in differing degrees ofonization. Magt-angle spinning (MAS) NMR experents,
capable of delivering reliableformation about the conforational properties of these
molecular wits, have tocombine several progrties in aderto be able toddfill these
tasks in ealistic apfication stuations. Firs, the *°C resorences oiginating fom the
(fully or patially) *C enricted sibstrate mlecules of interestdve to be separable
from additional natural-abundanc€C resonaces; tfis calls for the applicaion of
double-quatum filtration (DQF) techniquesSecond, rany of these sl substrate
molecules éature structurasubunits that requer using the orientation dependence of
13C chenical shielding as the source of infieation about rolecular conforration; this
calls for MAS NMR experirents where regnitudes andoriertatiors of chemcal
shieldng tensors age sesitively refected. Thid, for reasons ofynthetic €asibility, the
chosen MAS NMR techniquesust be apjicable in a gantifiable manner to lger-
than-two-spin system1 The ease and robuess of the experiemtal and nurarical
implementations are ardditional consideration.

With these selection criteria inind, we turn to the so-called rotational-
resonanceR?) conditian [1-5] in conjunction withdouble-giantumfiltration (DQF). In
the context of larger-than-twspin ystens, a certairpreserved narrobandedness of
(sone of) the R’ cordition(s) can be & an advantageover nore broadbaded
alternatives,such as the DQ-DRAWS experent [6] or the C7 sequence [7] antbi
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derivatives [8]. V¢ will employ a ecently introduced?>-DQF pulse sequence [9] to
investigate aspectsf selectivity when applyng R>-DQF experinents to spin systems
conposed of more than twbC spins. V& use the'*C-three spin syste in fully *C

enriched sodiunpyruvate, 1-3°C, as our radel case. 1-HC was chosen because igth

R Jg /\.J \JLJ L A \W,fLJ"\\_J\‘ J/ L _JF\._‘ﬂmk,,/hﬁmw,wk A G

1 1 1 1 1 1 1
-300 -250 -200 -150 -100 -50 0
[ppm]

® ® O] c3
CH,— C — CO, Na® l
|
o
2 c1
i
WJU ﬁ

Fig. 1: *C MAS NMR spectrum of sodinpyruvate £,/25= — 755 MHz; Z,/25= 1888 Hz)
with *C in natural abundance; thassignment of the thréi isotropic chemical shielding
values is indicated.

crystal structure of sodiumpyruvate isknown [10], ii) theparaneters of its**C three-
spin systenhave beendermined [L1], and iii) this spin syem nekes a range afather
different R? conditiors accesible, as can beeen in Fig. 1, where ¥C MAS NMR
spectrunof sodiumpyruvate with*>C in natural abundance is depicted.

Methods

Fully **C-enriched sodiunpyruvate, 1-°C, is commercially available (ISOTEC Inc.,
USA) and was used as receivedC R>-DQF experinents at'*C Larnor frequency
Z,12S =-50.3 MHz were run on a Bruker MSL 200 NMR specttemusing a 4 mm

double-bearing CP MAS probe. A range’i® R-DQF experinents on 1-U°C and 1-
U™Cqi (sample diluted by corydallization with **C natural abundanceaterial in a
1:5 enriched:unenriched ratio) yietl identical pectral linebapes.

The pulse sequenceagsfor DQF at then = 1 R? condition [9] is depicted in Fig.
2. Experinentally **C §/2 pulse durations of 38s and a c.w'H decoupling amplitude
of 83 kHz were emloyed.

The pararaters of the™C spin system in solid sodiupyruvate [11] and a full
description of the notation, definitionsnda nunerical simulation rethods used are
given elsewhere. [12]
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(n/2),
1 Decouplin
Hll cp, Ping
y Xy y x yy x ¥y (T/2),
S o
CP,
T T T T T

Fig. 2: Pulse sequence to achiev®Pat the n = 1 Rcondition, wherd4tenotes rotation
period, and the three-pulse subsequences consi#-«¥2-94 pulseq9].

Results and Discussion

For theR2-DQF pulse sequence ([9], see Fig. 2) it has beerodstrated that higR?-
DQF efficienciesare achievedfor large and snall dipolar coupling interactions,
provided that the cherical shieldiy anisotropes (csa;G°) are subsntialy less than

the differerce in the isdropic chemical shieldm nZ, = Z ,u G, with n being a

small integer [11]. In the presence of large CSA's, andfd@QF pulse sequence [13]
maintains higheiR>-DQF efficiencies.
The'’C three-spirsystemin 1-U™C presets a st of three,rather differatn = 1

R® conditions. Wien choosing th&*C2-°C3 pair, Z 2 = Z, substatialy exceeds the

1SO
magnitude of all sgn interadions in 1-U¥C. The *C1-3C3 pair is similarly

characterized by a fairllarge valueZ,gg’, but features a ach snaller dipolar coupling
constanb;s than the'*C2-3C3 pair. Then = 1 R? condition for the*C1-*C2 pair in1-
U'3C differs strondy: these twa"*C spins are dracterized by a sail value of Z 2, by

substantibchemical shidding anisaropies, %2 | and by a large value bf,. At a*’C
Larmor frequency ofZ,/25 = -50.3 MHz, e (consicerably) and by, (slightly)

exceedZ;. A conparison oftheoreically expected (—) and experirantally observed (0)
R’-DQF efficiencies, plotted as a function iffor these threa = 1 R? conditions inl-
U™C is shown in Fig. 3.

The trends irR-DQF efficienciesfor 1-U*C follow the expectations based on
previous iwvestigatiors of pairwise seleively *C2°C3 [11] and ®C1XC2 [17
isotoponers of sodiunpyruvate. The pulse gaence depicted in Fig. 2 yields fairly
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Fig. 3: Theoretically expeed (—) and experinentally observed (0) n = 1FDQF efficiences
in 1-U™C, plotted as aunction d WThe simulations employ the known paetens of this=C
three-spin syem[11]; theindividually chosen i,j Reonditions areindicated. e experimental
data were obtainedt Zp/2 =-50.3 MHz, withZ, /2 = 182 Hz (*C1*C2pair), Z, /12 =
7020 Hz ¥C1,*C3 mair), and Z; / 2 = 8882 Hz £{C2°C3 pair). The efficiency is givemi
percent withthe integrated spectraintensity of the chosen jJ, pair in the correspondig
conventional Rspectrum taken as 1@@rcent.

high to highefficiences for smll and large dipolar coupling constantsR&tconditions
where Z; consideraly exceeds th chenical shielding anisotropiepresent. Inthe
presence of substantial chieal shieldng anisotropies, other sequences [13Idyi
higher efficiencies andfier a nore suitalbe experinental route to the detetimation of
chenical shielding tensooriertations from R>-DQF lineshapes [12].

The R-DQF efficiency curves for the'*C2*C3 pair in 1-U*C follow very
closely the corresponding curves for the pairwise selectiVé®p,*C3 enriched
isotoponer; in addition, the experientally observed?’-DQF lineshaps for this in
pair in the two isotoposrs were found to be indistinguishable [11]. This is further
corroborated by nuarical sinulations enploying three-spin calculimns (see K. 4 a)
or two-spn simulations (seeFigure 4 b). The large diffence inisaropic chemcal

shieldng Zz in conjunction with thé’C2,*C3n = 1 R¥(-DQF) condition reduces the
three-spin systemin 1-U™C to an effective **C2,°C3 two-spin system This
simplification is accomanied bya reducednformation content: uret these spafic n

= 1 R? andR*-DQF conditions, only the agnitudeof the dipolar coupling constabss
is sengively refected in the resting lineshapes.

Analogously, the situation for tHéC1°C3n = 1 R*-DQF lineshapes df-U**C
is now examined wre closely addressing the situation whefe2 < Z 2, andb;s u
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C3

b) 02l lC1 Jbt

-

-400 Z300 Z200 2100 0 100 200
[ppm]

Fig. 4: Simusted n =1 R-DQF spectra for the®*C21*C3 pair in1-UC, with Zp/2 = -50.3
MHz, Z; | 2 = 8882Hz, W& 250 A, employing theknown parareters of the pyruvatéC sin

systen. a): full three-spin simulatiorb): two-spin simulation ignoring’C1.

bys. The sraller vaue bys / 2 = —430 Hz does not dmetically reduce theR-DQF
efficiency sinceZi'sg,3 > G2 but the slighly reduced overall efficierycas corpared to
the prevous *C2°C3 case does arise as a functiohthe now sligptly increasd

'relative weightof G°% in rdation to Z,.* asconpared to theG"% to Z. 2 ratio. Of

course, the saller valuebi3/ 2 =-430 Hz is reflected iless pronounced splittings of
the °C11%C3 selectech = 1 R*-DQF lineshapes af-U'C. An experimentat®c1,.°C3
selectedn = 1 R>-DQF spectrum is shown in Fig. 5 a, in quarison with the
corresponding simlated spectrunenploying athree-spin simalation in Fig. 5 b. The
two linestapes agre quite well. Describing the spectrurby a **C1°C3 twospin
simulation with the known parameters of the two spins does not give tabtep
agreenent between experientally measuredand sinulated lineshapes. Extending the
3c12C3 two-spin Bnulation to iteraive fitting with bz as a fee fi paametr
eventually leads to good agreemh betweenexperinental and best-fit sinlated
lineshapes (see Fig. 5 c¢). However, thantwo-spin best-fit value found fbgs is —510
Hz. In other words: treating th€C1*C3 n = 1 R*-DQF lineshapes ofl-U*C as
originating from a '°C1'C3 two-spin system underestimtes the **C1-%C3
internuclear distance as being 246, puonpared to the known value of 260.5 pm.
Similar deviations are found vem using otheexperimental *C1*C3 selectech = 1
RP-DQF lineshapes df-U™C as input for simlations and iterative lineshape fits. There
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Fig. 5: n = 1 R*-DQF spectra for thé®C1,C3 pairin 1-UC, with Zo/ 2 = -503 MHz, Z; /
2 = 7020 Hz,W£ 400 A, and employing the known parametdrthe pyruvaté®C spin systm
in the simulations. a): experimental spectrun; three-spin simiation; c): best-fit simulation
with a**C1®C3 two-spinapproximation, corresponding tms/ 2t = -510 Hz. The simulatis

. . C§
shown in b)and c) employ the known Eu angles: p3°.

o

may well be applications where this @pximation would appear as sufficiently
accurate.
A conpletely different sitution is encountered with the>-DQF spectra ofl-

U™C adjusted for thé°’C1,"°C2 n = 1 R® condition, with G** = 2.20Z 2 and G =
2.957 12 At Z,125 = -50.3 MHz, the appropriate MAS frequengy/2S = 1832

1SO
Hz is slighly less than the dipotacoupling corstantsb;, and bps, and isfairly close to
then = 4'%C13C2 andn = 5%°C2,*C3 R? conditions, respectivelfsigure 6 illustates
the properties of thEC1°C2n = 1 selected®-DQF spectra bl-U™C.
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Fig. 6: n =1 R-DQF spetra for the'*C12C2 pairin 1-U**C, with Z5/2 = -503 MHz, Z; /
2 = 1832Hz, £ 700 As. a): experinental spectim; b): three-spin simulation based on the
known parameters from’Rpectra[11]; c): same, but*C1°C2 two-spin simulationd): three-
spin simulation based on the known parameterthefspin system, but orientation of tHe

chemical shielding tenssrchanged im the correct values ‘,;21 = {135,0,0}, : (F:,% =
{0,95,90} to: S cimea= {18090,0}, : 52 assumar = {0,45,0}.

An experinental spectrumobtained withiU& 0.7 ns is shown in Fig. 6 a, the
corresponding simlated spectrum is disptad in Fig. 6 b. Agreement of the two
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lineshapes is fairly good, thoughitiv sorme room for improvenent: the spin syem
parangters of 1-U'C had previously been deteimed by iterative linshape fitting of
conventionalR? spectra; it has beeshown that csarientational parameters areore
sensitivéy reflected inR>-DQF lineshapes than in the correspondiigspectra [12].
Clearly, describing thisR>-DQF spectrumof 1-U¥C by a *C1!*C2 two-spn
approximation is an invalid approxiation (see Fig. 6 c). The sifated R>-DQF

spectrumin Fig. 6 d illustrées ttat changes in the Euler gles : g?z , describing the

oriertations of the chemal shieldng tensororientations, are senssiely reflected in te
R*-DQF lineshapes. Depending on the kind déimation one is aifimg to extract, one
may consider te 4l included' character of thes&C1%C2 n = 1 selected?*-DQF
spectra ofLl-U'C as a blessing or a curse. It iblassing if, for instance, one wants to
deternine the absolie oriertatiors of the chemical shielding tenss in a threespin
systemfrom as few experiental spectra as gsble. It is acurse ifthe nmain interes is
focussed on thé®C1°C2 pair itself. Then, howeveit would be straightforwardot
enphasize thé®C1*C2 two-spin character of thespectra, simply by running similar
experiments at a (mach) higher Larmor frequency.

Conclusions

A protocol that corhines R>-DQF experinents [9,13] withiterative lineshape fitting
approaches, based on refioally exact similations should be capable of delivering
conplete infomation on the geometry ofmall, isolatedmolecules or nwolecular
fragments in nearly unrestricted circwtances. Wh only minima advance knowledge
of the spin-systenproperties, it is possible goredefine a suitde sé of three to four
different R>-DQF experinents (pulse sequenc& order, and/or Larmor frequency).
Since thke degree of sedctivity of the variousR>-DQF experinents can be tailored to
some extent by the choice of the expeemal R? conditions, a sail set of one-
dimensional R*-DQF spectra with coplementary properties will be sufficient for the
deternination of the complete gevetry of small molecular 6ub)urits. The R*-DQF
sequence depicted in Fig. 2 [8] particularly useful aR? conditions corresponding to
high MAS frequencies and in the absencehanical shieldngs anistropies. OtheR’-
DQF schenes [13] are more suitable for spmystens characterizethy large cremical
shielding anisotropies [12]. By focsisg onshort-range order quésis, this corbined
experimental / nunerical R*-DQF MAS NMR approach shoulte particularly useful in
conplementing diffraction experirents. Furhernore, it offers an experiemtal
alternative br the indred ddemmination of nolecular torsion angles frontsa
orientations for cases kere a direct detenmation ofthese moleculageometries fom
so-called double-quantum heteronuclear Ideell experinents [14] is not possible,
either due to the lackf@ suitabe *H,"*C spin-(sub)system or due to a lack of spatia
isolation of the'H part of an otherwise suitablel,**C spin-(sub)system
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Abstract

Spectrallineshapesof MAS NMR spectraof dipolar (re)coupledspin pairs exhibiting considerablechemicalshielding anisotro-
piesat and near the so-calledn = 0 rotational resonance(R?) condition are considered.The n=0 R? condition is found to be not
extremelysharp. Anisotropic interaction parameterssuchaschemicalshieldingtensororientations and the magnitude of the dipolar
coupling constantremain sensitivelyencodedin suchlineshapesevenwhendi erencesin isotropic chemicalshieldingvaluesof up to
400Hz (correspondingto ca. half the size of the dipolar coupling constant) are present. Additional double-quantum “ltration
(DQF) may enhancethe sensitivity of spectrallineshapego anisotropic interaction parametersfor evenlarger di erencesin isotropic
chemicalshielding values.The dependencef the DQF e ciency on spin-systemparametersaswell ason external parameters(Lar-
mor and MAS frequencies)is investigated. Away from R? conditions a trend to lower DQF e ciencies is found whereassome
spin-systemparametersare more sensitivelyencodedin the correspondingspectrallineshapesOur study is basedon numerical sim-

ulations, with the known parametersof the 31p spin pair in Na4P,O,AO0H,0 representingour model case.

2005ElsevierInc. All rights reserved.

Keywords:MAS NMR; Rotational resonance;Double-quantum “ltration ; Numerical simulations

1. Introduction

Amongst the numerous solid-state NMR techniques
designel to recouple anisotropic interactions in homo-
and heteronuckar spin sysemsunder magic angle spin-
ning (MA S) conditions [1,2], the rotational resonarce
(R? phenomenaon is quite unique [3...5]R? recoupling
is not achieval by the application of r.f. pulsesbut is
triggered by the mecharncal spinning of the rotor at
speci‘c MAS frequencies, matching small integer mul-
tiples of the isotropic chemical shielding di erence
x 2, in homonuclear pairs of spins S= 1/2 such that

nx ., where n is a small integer. Numerous stud-

D
X iso
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iesin the literature have beenconcernedwith the the-
oretical descrigtion of the R? phenomenon [6...10]
with the exploitation of straightforward R® MAS

NM R spectra for purposes of complete characterisa-
tion of smal isolated clusters of spins [11...14as well

as of extended spin sysems [1516], with combining
R? and double-quantum “Itr ation (DQF) [17...41 and

with expandng the applicability of the R? phenomeron

to spin systemsfeaturing small homonuclear dipolar

coupling constants [22,23]

Here we will focus on a speci“c R? condition, the so-
called n=0 R? condition [24]. This condition arisesfor
homonuclear spin pairs with vanishing di erence in iso-
tropic chemical shielding, x2, %20, but with dieri ng
orientations of the two chemical shielding tensors. As
there is no dierence in isotropic shieding, the n=0
R? 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 consequene of an intrinsic prop-
erty of a givenspin pair and obviously, if presentbut un-
wanted, a n=0 R? condition cannot be avoided or
circumventedby choiceof extemal experimental param-
eterssuchasMAS frequencyor magneic “eld strength.
For instance, spins belonging to moleaular sitesrelated
to eachother by mirror symmetry or by a C, symmetry
axis ful“l I the requirements for the occurrence of the
n=0 R? condition [1124,25] In fact, the presenceof
such symmetry-related (molecular) sitesis fairly com-
mon in small moleaules as well asin extendedthree-di-
mensbnal network structures Even more common as
a structural motif are pairs of sitesrepresening a situa-
tion closeto the n=0 R? 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 MASNMR , thisn 0 R? scenariowill often lead to
spin pairs characterised by a small di eren cein isotropic
chemical shielding x2,, with x 2 often being smaler
than any of the remaining interaction parameers. Dis-
tinguishing M AS NMR spectraof spin pairs at or near
the n=0 R? condition from each other is not possible
simply by inspecion, the distinction requires carefu
analyds by meansof numerically exactsimulations [26].

Becauwseof the common occurrence of structural fea-
tures leading to MAS NMR conditions at or near the
n=0 R? condition, in the followin g we will investigate
in some detail the depencenceof n= 0 and n 0 R?
conditions on spin-system properties and on external
experimenta parameters. We will consider straightfor-
ward MASNMR spectraaswell asspecta obtained un-
der DQF conditions. Our starting point is repreented
by the known properties of the 3 spin pair in
Na4P,0;A0H,0O [11} since the two phosphorus sites
in the P,O, unit are related by a C, axis bisecing the
P...O...Bond angle, the two 3'P spins constitute a
n=0 R? case.Our investigaion will mainly rest on
numerically exactsimulations.

2. Experimental
2.1.%P MAS NMR

Some experimenta 3P MAS NMR specta of
Na,sP,O;AfOH,O (commercidly available (Aldrich
Chemicals)) were recorded on Bruker MSL 200 and
MSL 300 NMR spectometes. The corresponding *'P
Larmor frequenciesx o/2p are 81.0and 121.5MHz,
respecively. 3*P chemical shielding is quoted with re-
spectto xS ¥ 0ppm for the 3'P resonanceof 85%
HsPO4. MAS frequencies were generaly in the range
X /2p = 2400...8008i1z and were actively controlled to
within £2 Hz. The sample was contained in a standard
4 mm o.d. ZrO, rotor. Cross polarisation with a contact

time of 1 mswasemployed, 3'P p/2 pulsedurationswere
3.0l s, c.w. *H demupling with amplitudes of 83.3kHz
was applied during signal acquisition.

The R%-DQF MAS NMR experiment chosen for
recording some experimental spectra as well as for all
simulations, is the simple COSY-like seqience CPy...
S.. f0/2)y)- D.. §§/2) y...acyisition [17] where/ indicates
phasecycling suitable for DQF [27] The duration of D
was“x ed asD = 3 | s, the duration of s was varied.

2.2. De“nitions, notation, and numerical simulations

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 ¥ , the anisotropy x X ..., and
the asymmetry parameer g° relate to the principal ele-
ments of the interaction tensor x¥ as follows [29]
Xikso 1/46(>5xb Xt/yb Xi;zpzs' Xgnisol/‘lxi;z Xikso’ and gk Ya
&Y, XX with  jx&  xKjP jxX xKjP
jx%, xij. For indirect dipolar coupling x3., ¥4 pJiso,

aniso
iso

and for direct dipolar coupling g° %xR2 %0 and
X oo Yoy Yo 140G h=34pri B where ¢, ¢; denote gyro-
magneic ratios and rj; is the internuclear distance be-
tween spins S, ;. The Euler angles X,; ={ a3, bys,
c3} [30] relate axis sysem | to axis systemJ, where |,
J denote P (principal axis sysem, PAS) and C (crystal
axis system, CAS), respecively. Here it is convenient
to de‘ne the PAS of the dipolar coupling tensorx}jD as
the CAS, XpL v, f0; 0; Og.

Our procedures for numerically exact spectial line-
shape simulations and iterative “tti ng are fully described
and discussedin detail elsewherein particular addressng
the n=0 R? condition for isolated homonuclear spin
pairs [11] and various n= 0,12 R? conditionsin an iso-
lated homonuclear *3C four-spin system[13]. In genera|
these numerical proceduresemploy the REPULSIO N
[31]schemdor the calculation of powderaverages,imple-
ment someof the routines of the GAMM A package[32]
and use,wherepossiblke,the c-COMPUT E approach[33...
36]. The pulseseqienceof the R%-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 evalution. Calculations may be consider
ably acceleated by using a cluster of proces®rs and
splitting up, for instance,the calculation of powder aver-
agesnto severdparallel calculations.The Linux PCclus-
ter usedhere consigs of 16 proces®rs (450MHz) . This
combination of hard- and software leadsto typical com-
putation times of 23s for the calculation of a R>DQF
MAS NMR spectum. 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 3'P spin pair in
Na,P,0; AO0H,0 [11]
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Table 1
NMR parametersof the 3P spin pair in Na,P,0;40H,0 [11]

31P1 31'32
x S5 (ppm)? +2.3 +2.3
x S35 (ppm) 79+ 1 79+ 1
g°s 0.35+ 0.1 0.35+ 0.1
aSg () 117+ 4 117+ 4
bS3 ()2 23+ 2 157+ 2
eSS ()2 0+ 6 180+ 6
by./2p (Hz) 791 791
2Jiso (H2) 19.5+ 2.5 19.5+ 2.5

@ The two 3P chemical shielding tensors are related by C,
symmetry; the Euler angles are given relative to the principal axis
systemof the 3P1.3'P2 dipolar coupling tensor.

3. Resultsand discissian

Some experimental and best-t simulated (seeTable
1) n=0 R?*P MAS NMR spectm of Na,P,0;A0H,0,
with and without DQF, are shownin Fig. 1, illustrating
the typical lineshape e ects, broadenings and splittings,
encauntered at the n=0 R? condition as well as the
commonly observed dispersion lineshapesunder these
DQF conditions. The *'P spin pair in Na,P,0;A0H,0
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
3'p  chemical shielding anisotropy amounting to
xS Y, 79 1lppm, at xo/2p= 81.0MHz and at

aniso
Xo2p= 121.5MHz, x$3 is about 8...1Qimes larger

A }

-100 -50 0 50 100
[Ppm]

Fig. 1. %P MAS NMR spectra of NasP,0;40H,0 (xo/2p=
121.5MHz, x./2p= 4000Hz). (A) Conventional n=0 R? MAS
NMR spectrum, experimentd spectrum (bottom trace) and best-“t
simulation (top trace). (B) n=0 R*DQF MAS NMR spectrum,
experimentd spectrum (bottom trace) and best-“t simulation (top
trace). The arrow indicatesisotropic chemicd shielding parametes see

Table 1.

than the dipolar coupling constant (b;/2p = 791Hz),
whereasthe indirect coupling constant, 2Jis, (3P ,3P) =

19.5+ 2.5Hz is comparatively small[11] Thisconstel-
lation is not only typical for 3'P spin systemsin many
inorganic condersed phosphates but may also be
encountered, at various magneic “eld strengths, in spin
sysiems composed of other isotopesin a wide range of
chemical compounds, including *3C in isotopically la-
belled organic moleaules. Accordingly, our results do
not only re’ect the NMR propertiesof a particular spin
sysem in a particular compound but should be seenas
representative for spin systemswith properties similar
to those of the 3P spin pair chosenas our example.

In the followi ng we will “rst consider lineshapesof a
rangeof MAS NMR spectraat andnear then = 0 R%con-
dition, focussng on the sensiivity with which various
anisotropic interaction tensorsarere”ected by thesespec-
tral lineshapes,both with and without the application of
DQF. Secton 2 will dealwith aspectsf DQF e cie ncies,
againfor arangeof di erencesinisotropic chemicalshield-
ing, coveringthewholerangefrom x 2, ¥ Oup to valuesof
x 2. beingequivalentton=1 R? conditions,assumingdif-
ferentLarmor and MAS frequercies.

3.1. Sersitivities of lineshapedo spin-par parameters

All anisotropic interaction parameers present are
usually sensiively encodedin the spectral lineshapesat
the n=0 R? condition (seeFig. 1, Table 1) at modest
MAS frequencies. In practical terms this means that
such experimenta lineshgoes may be used to extract
these parameers by lineshape simulations in conjunc-
tion with iterative “tti ng approaches,and thus to char-
acterise the paramders of a spin pair in a
comprehengve way from few, experimentally straight-
forward spectra Here we take essenilly the opposite
approach. Wetake the known setof parameers describ-
ing the 3P spin pair in Na,P,0,40H,0 and usethese
parametersto calculate hypothetical spectia for a range
of valuesx 2., ranging from x 2, %20 to x 2, being equiv-
alent to the n=1 R? condition. Thesecalculations are
carried out for severd dierent Larmor frequencies
X of2p and for severa di erent MAS frequenciesx ,/2p.
Each of thesecalculated spectia in a next stepis sub-
jected to computing error scansfor each of the aniso-
tropi ¢ interaction parameters of the spin pair. In this
way a map is createdthat permits us to predict which
parametersare likely to be sensiively encodedin MAS
NM R spectrg dependng on the value of the di erence
in isotropic chemical shielding, x 2., of the two spins
in a spin pair.

The resuls of thesecalculations for the Euler angle
bSS and for the dipolar coupling constant by/2p are sum-
marisedin Fig. 2, assuning straightforward MAS NMR
spectra being recorded The rows (A), (B), and (C) in
Fig. 2 assune dierent MAS frequencies x,/2p =
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Fig. 2. Selectionof error scansfor bgg (0 ...90 and by/2p ( 1400to 200Hz) each,basedon simulated MAS NMR spectra(parameersseeTable
1). In the columnsfrom left to right x 2_is incrementel as indicated by the scaleat the bottom. Colours indicate di erent Larmor frequencieswhere

iso

red correspords to x o/2p= 202.5MHz, greento xo/2p= 121.5MHz, and blueto xo/2p=81.0MHz, respectively.Scansare shown for x ./

2p = 2000Hz (A), x,/2p = 4000Hz (B), and x ,/2p = 8000Hz (C).

2kHz, x,/2p= 4kHz, and x ,/2p = 8 kHz, respectivey.
The columnsin Fig. 2 increment the value of x 2, from
x2 %0 to x2  being equivalert to the three n=1 R?
conditions, as indicated by the scale at the bottom.
The colours in each segmeat indicate three di erent
Larmor frequencies, blue traces assune X2p=

81.0MHz, green traces x¢/2p= 121.5MHz, and
red tracesx o/2p = 202.5MHz. Only the minimum re-
gions of eacherror scanare plotted. The main “nding s
are asfoll ows. Clearly, the n= 0 R? condition is not ex-
tremely sharp. Ind ependentof the Larmor frequency; al-
waysup to X2, 400Hz, that isupto x2,  0:5 b;=2p,

iso iso

both bSS and b; remain encoced in the spectral line-
shapes.Increasng x 2 further, covering the region inbe-
tween the n=0 R? conditon and the n=1 R?
conditions, not surprisingly leavesa region in which
none of theseparameers are encodedin the lineshapes.
In this intermediate region, spectra are strongly domi-
nated by the magnitude of the chemical shielding ten-
sors. Sensitivty of the spectral lineshapes to further
anisotropic interaction parameers is recovered upon
increasingx 2, further, approachingthen=1 R? regime.
Again, also the n=1 R? condition is not extremely
sharp, displaying a similar n 1 R? region as doesthe
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n=0 R? condition, spanning approximately +400 Hz,
equivalent to approximately 0.5 by;/2p.

Fig. 2 further indicatesthat, at and near then=0 R?
condition, both the dipolar coupling constantb; and the
Euler angle b5 are bestde“ned from the lineshapesof
3l MAS NMR specta obtained at X/2p=

81.0MHz. As far asbj is concerred one may be intu-
itively inclined to predict that this parameer might be
bestobtained from experimertal spectiarun at a moder-
ate Larmor frequency. Regarding the orientation of the
31p chemical shieldng tensor, this “nding may seem
more surprising as one may tend to predict that chemk
cal shieldng tensor parameters may become more senst
tively encodel as one operates at higher Larmor
frequencies. An optimum Larmor frequency where
simultaneously chemical shieldng and dipolar coupling
parameters are encodedwith the highest sensfivities in
spectal lineshapesof homonuclear spin pairs at or near
the n=0 R? condition dependson the ratio of the chem-
ical shielding anisotropy xS, to the dipolar coupling
constant b, as well as on the spinning frequency X ..
The optimum choice of experimental conditions is then
in a regime where x$5,,6 8b; and x,; 6 x$5,6 2x,.
The same choice of the experimental parameers x,
and x o remains the optimum regime with the highest
sensfivities of spectral lineshapes to all interaction
parameers for a wide range of chemical shielding tensor
orientations (simulations not shown). Fig. 2 illustrates
ancther generaltrend. One can generaly expectto be
able to extract magnitudes of interaction tensors with
the highest accuracy from those experimertal spectia
in which theseparameters are encodedwith the highest
sensfivity. The situation regarding expectel accuraces
is slightly more complicated regarding the orientational
parameters where highestsensfivities do not necessarily
correlate with highestaccuracies.For example (seeFig.
2A), bSS is most sensitively encodedat a Larmor fre-
quency X o/2p = 81.0MHz, though with afairly broad
minimume-error region, whereasa slightly lower sensiiv-
ity combined with a more sharply de'ned minimum re-
gion is found at x o/2p= 121.5MHz.

Similar to the n 0 R? scenard considered here,
optimum experimental conditions exist for isolated
spin-1/2 caseswhen aiming at the determination of
the eigenvdues of the chemical shielding tensor from
MAS NMR spectra where an optimum choice of Lar-
mor and MAS frequency would generat about 6...10
spinning sidebands [39]. Also for the full characterisa-
tion of some heteronuclea spin pairs from MAS
NMR spectia an optimum choice of the experimental
parameers can be predicted, where a ratio of
X by 1:6 turns out the most suitable condition for
full spectral analysis [40].

Next, we consider the spectral lineshapes resuting
from additional application of DQF. Thisissummarised
in Fig. 3. The setof error scansis identical to the setdis-

playedin Fig. 2, exceptthat now all error scars refer to
spectral lineshapes obtained after application of a
COSY-like DQF pulse sequenceWhereas under con-
ventional MAS NMR conditions an intermediate re-
gime of x2 exsts where spectral lineshapes are
insengtive to chemical shielding tensor orientations
and dipolar coupling, no such regime exists anymore
after DQF. Essentally for the entire range of values
x2,, from the n=0 R? condition all the way to the
n=1 R? condition, spectral lineshapesnow re"ect all
anisotropic parameters of the spin pair. Note that in
some regionsorientational and dipolar coupling param-
eters are more sensiively encoced away from the n=0
R? condition than at or very near then = 0 R? condition.
All other trends remain the sameas under convertional
MASNMR conditions. This increasedsensitivity of the
lineshapesto all spin-systemparameters could be seenas
good newsif oneis aiming at the full characterisation of
these parameers from spectial lineshapes. In fact,
applying DQF evenif not necessey for reasonsof back-
ground suppres#on of unwanted signals,can be bene*-
cial for the characterisation of homonuclear spin pairs
at or near the n=0 R? condition [26] The vanishing
of an intermediate regime inbetween R? conditions
which is insengtive 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 magnitudes and orienta-
tions of the chemical shieldng tensors involved,
sersitivity of experimenta spectrato these parameters
is certainly not a helpful feature. The extentand precise
location of regionswhere spectia are highly sersitive to
all spin-sysem parameterswill vary slightly, depending
on the pulse sequenceused (including so-caled c-en-
coded pulse seqences[41]). Nevertheless, it is to be ex-
pected that almost always for certain regions over the
rangeof x 2, all spin-sysem parameters needto betaken
into accountto obtain precise infor mation, for instance,
about internuclear distancesbasedon the evaluaton of
dipolar coupling interactions [42]

3.2. DQF e ci enciesat and nearthe n= 0 R? condition

Excellent signal-to noiseratio in experimenta specta
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
eciencies at the n=0 R? condition, plotted asa func-
tion of the duration of the excitation period s, and con-
sidersthe e ectof di erent MAS frequenciesx . Asone
can see(from left to right), increasing x , 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 eciency occur when s equals an integer
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Fig. 3. Sameas Fig. 2, exceptthat now error scansare shown for R>-DQF MAS NMR spectrawith s= 2ms.

multiple of a rotation period. Fig. 4B illustrates another
practically important point. The only di erence between
this graph and Fig. 4A is that now x 2, is taken as
x R, 2 400Hz, whereasbeforex 2, ¥4 0. Obviously, away
from the n=0 R? condition, there is a gereral decrease
in DQF e cien cy with maxima in DQF e ci ency now
appeaing at durations of s that are quite di erent from
those where maximum DQF e cien cy occurs when the
n=0 R? 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 2. The broad-
ness of the regions around the R? conditions with rea-
sonalde DQF e cien ciesvaries as a function of s, as

doesthe maximum DQF e ci ency.DQF e ci enciesof

approximately 25% at the n=0 R? condition and
approximately 10% when xR2 %400Hz may seem
rather low and will only be su cien t for somepractical
applications where signal-to-noise is not a limiting fac-
tor. In the presene of fairly large chemical shieldng
anisotropies, howeve, DQF e cien cies are generaly
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-sysem
parametersexceptx 2.. Of course,also the relative mag-
nitudes and orientations of x 5> and b; generaly play
an important role in de“ning the maximum DQF e -

aniso
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Fig. 4. DQF e ciencies plotted asa function of s (A and B) and x 2_ (C); simulations basedon spin-pair parameters givenin Table 1 and assuming
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Xo/2p=121.5MHz. (A) X2, ¥ 0; from left to right x /2p = 2454Hz, x ,/2p = 4000Hz, and x ,/2p = 8000Hz. (B) x 2, ¥ 400Hz; from left to right

X /2p = 2454Hz, x /2p = 4000Hz, and x ,/2p = 8000Hz. (C) x ,/2p = 4000Hz, s=8s,= 2ms(,...), S=4s = 1ms(

ciencies. For instance,we “nd that increasing x 55, at
then=0 R? condition tendsto shift the DQF maximum
to occur at longer durations of s, whereasno suchclear

cut trends can be seenaway from the n = 0 R? condition.

4. Summaryand conclusions

The so-calledn=0 R? condition coversa consider
able range of values x 2, from x2 %40 up to x{,
0:5b; (here ca. 400Hz). This perseveranceof linebroa-
dening and -splitting e ectsmay add complexty to the
interpretation of simple MAS NMR spectra of dipolar
coupled spin systemsfor instance**P MAS NMR spec-
tra of condensedphosphatesor 13C MAS NMR spectia
of *3C enriched compounds. On the other hand, this
property lends a higher infor mation content to simple
MAS NMR spectia as these then sensitively re”ect
anisotropic spin-sysem parameters such as the orienta-
tion of chemical shielding tensors as well asdipolar cou-

Iso

),s=s5=05ms(---).

pling constant Additional r.f. irradiation at and near

the n=0 R? condition by applying pulse sequences,
for instance for purposes of DQF, may extend the

occurrenceof R? e ects to evenlarger valuesx .. This

may someimes be a welcome feature. In many applica-
tion circumstancesaiming at the determination of inter-
nuclear distances,deperdenceof experimenta 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-
terised by largely unknown parameers but will mainly
aect pairs of spins with similar isotropic chemical
shielding values, displaying consideable chemical
shielding anisotropies and relatively large dipolar cou-
pling constants. Such R? 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-



M. BechmannA. Sebald/ Journal of Magnetic Resonancel 73 (2005) 296...304 303

sional structural constraints for multi-spin sysems, we
feel that it is important not to neglect thesee ects in
the data analyss [42]
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31P MAS anddouble-quantunfiltered 3P MAS NMR experimentsatandnearthen) O rotationalresonance
condition, as well as off-magic angle spinning*'P NMR experimentson two polycrystalline samplesof
Pt(Il)- phosphinghiolatecomplexesarereported Numericalsimulationsyield completedescriptionsof the
two 3P spin pairs.°*Pt MAS NMR spectraare straightforwardto obtain but sensitivelyreflect only some
parameter®f the 19Pt(P), three-spinsystem.Basedon the 3P NMR resultsobtainedandin conjunction
with alargebody of literaturedataandirrespectiveof the chemicalnatureof the specimena unified picture
of the dominating motif of 3P chemical shielding tensor orientationsof phosphorussites with 4-fold
coordinationis identified as a local (pseudo)planeatherthan the directionsof P elementbond directions.

Introduction

Small isolated spin systemsplay an importantrole in the
contextof many contemporarysolid-stateNMR approaches,
rangingfrom applicationsimingat structureelucidationto the
evaluation of the performanceof newly developedpulse
sequenceslsolated homonuclear3P spin pairs occur, for
instancejn molecularfragmentsP- M- Pin transition-metal
phosphineeomplexeslf M happendo bea magneticallyactive
isotope thentheP- M- P fragmentrepresentsnisolatedthree-
spinsystemlt is usuallystraightforwardo obtainhigh-quality
experimentaf!P solid-stateNMR spectraof these(andsimilar)
spinsystemdn polycrystallinesamplesThe morechallenging
aspectsare concernedwith the extractionof the full set of
unknown parameterglescribingthesespin systems Analysis
of suchexperimentaPP NMR spectrarequiresnumerically
exactspectraline shapesimulationsn conjunctionwith iterative
fitting proceduresThe challengefor 3IP spin systemsmainly
arisesas a consequencef the 100 percentnaturalabundance
of theisotope®lP, causingthe needto determinesimultaneously
relatively largenumbersof unknownparametergvenfor small
spin systems.

Here we take the cis-PtR fragmentin two square-planar
Pt(ll)- phosphinecomplexesas representativexamples.The
spinY/, isotope!®*Pt hasa naturalabundancef 33.8%.Accord-
ingly, the PtR; fragmentconsistf 33.8%isotopomersontain-
ing a GP),(19%Pt) three-spinsystemand66.2%(31P), spin-pair
isotopomersTypical ordersof magnitudeof the NMR interac-
tionsin thecis-PtR, fragmentareasfollows. Chemicalshielding
anisotropiesare of the order 10%- 10* Hz (3'P) or 10 Hz
(19%Pt) for commonexternalmagneticfield strengthshomo-
nuclear 31P- 31P and heteronuclear!®Pt-31P direct dipolar
couplingconstantdoth areof the order1(? Hz, magnitudef
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indirectheteronucleadipolarcouplingconstantsJiso(19%Pt, 31P)

areof the order 16® Hz, whereasndirecthomonucleadipolar
coupling constantsJiso(31P 31P) are of the order 10°- 10! Hz

andmay haveeitherpositiveor negativesign-2 Theanisotropy
of indirectdipolar coupling3!P- 3P may be neglectedput the

anisotropyof indirect dipolar coupling1%5Pt- 3P may amount
to the orderof 10° Hz andthus may exceedthe magnitudeof

the correspondinglirect dipolar coupling constants.

The two compoundscontainingcis-PtR fragmentschosen
for this studyrepresenbnecasefor which the crystalstructure
is not known (compoundl) whereasthe crystal structureof
compound? is known (Figure1). 31P MAS NMR spectrawith
and without double-quantunfiltration (DQF), aswell as 3P
NMR spectraobtainedunderoff-magic-anglespinning(OMAS)
conditionsserveas the basisfor the determinationof all 31P
NMR parametersn 1 and 2. In addition, we considerbriefly
195pt MAS NMR spectraof 1 and2 andwill discussin more
generakermsthe orientationof 3P chemicalshieldingtensors
in molecularmoietieswith phosphorusn 4-fold coordination.

Experimental Section

Samples. Compoundl. Following a published synthesis
proceduré, pure 1 was obtainedin 92% yield after recrystal-
lization from CH,CI,/Et,0. Solution-state’P NMR (CD,Cl,)
of 1. 650) - 52.2 ppm, Wiso(*% Pt3WP) ) 2702 Hz; 13C
CP/MAS NMR of 1 (aromaticregion): 655 ) - 150.5ppm;
- 130.9ppm (Ziso(**° PLC) ) 63 Hz); - 121.3ppm.

Compounc. Reactiorof cis-("BuzP),PtChL with anequimolar
amountof 1,2-dimercapato-benzeire CH,Cl; in the presence
of asmallamountof NEt; atambientconditionsfor 12 h yielded
crude?2 after evaporationof the solvent.Pure2 was obtained
in 63%yield afterrecrystallizationfrom MeOHatT) 243K.
Solution-state3? NMR (CD,Cly) of 2. 65 ) 5.0 ppm,
Uiso(19%Pt31P) ) 2745Hz; 13C CP/MAS NMR of 2 (aromatic
region): 6 & 149.8ppm and - 146.8ppm; - 129.4ppm
(3Jiso(19%P1, 13C) ) 63 Hz) and- 128.5ppm (&iso(19%Pt13C) )
68 Hz); - 121.5ppmand- 120.8 ppm. Crystalsof 2 suitable
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Figure 1. Schematiaepresentatiomf moleculesl and?2.
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Figure 2. Experimental(uppertraces)and best-fit simulated(lower
tracesf*P NMR spectraof 1. Thearrowindicatestheisotropicregion
of the ®*P),- isotopomesspectrumsimulatedspectraonly takethe (3'P),
isotopomeiinto account(a)3'Pn) ORPMAS NMR, 6426 )- 121.5
MHz, 6,/28 ) 3521Hz; (b) R-DQF 3P MAS NMR, 6¢/23 ) - 121.5
MHz, 6,/28 ) 2650Hz,6) 3.0ms,¢ ) 3.5is;(c) 3P OMAS NMR,
00/20 ) - 81.0MHz, 6,/28 ) 2028Hz, 4r. ) 56.023.

for structuredeterminationby single-crystalX-ray diffraction
were obtainedby slow crystallizationfrom a MeOH solution
at room temperature2 crystallizesin spacegroup Pbca* the
relevant internuclear distancesare Pt P1, 229.4 pm, and
Pt P2,229.3pm,andtheP1- Pt P2bondangleis 98.¢°. The
molecularstructureof 2 is depictedin Figure4.

31p and 9Pt MAS NMR. 3P MAS NMR spectrawere
recordedon Bruker MSL 100, MSL 200, MSL 300,andDSX
500 NMR spectrometersequippedwith standard4 or 7 mm
double-resonancdouble-bearingcP MAS probes.The corre-
sponding3!P Larmor frequenciest ¢/28 are - 40.5, - 81.0,
- 121.5,and- 202.5MHz. Hartmana Hahncrosspolarization
(CP) was used (*H &/2-pulsedurations2.5 3.5 i s, recycle
delays3- 5 s, andCP contacttimes0.5- 2.0 ms). Line shapes
of experimentaP'P MAS NMR spectrawere checkedto be
identicalwhenusingeithercrosspolarizationor 31P single-pulse
excitation. 3P chemical shielding is quotedwith respectto
65>) 0 ppm for the 3P resonancef 85% H sPO;. 195Pt CP
MAS NMR spectravererecordecbnthe MSL 100(7 mmrotor,
00/20 ) - 21.4MHz) andMSL 200 (4 mm rotor, 6 ¢/20 )
- 42.8MHz) spectrometergmploying'H &/2-pulsedurations
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Figure 3. lllustration of the orientationof the 3P chemicalshielding
tensorsin the S;PtR, fragmentof moleculel.

C63

Figure 4. Molecular structureof solid 2 accordingto single-crystal
X-ray diffraction#

of 3.5 4.51 s and CP contacttimes of 5 ms. 19Pt chemical
shieldingis givenrelativeto ¥ (1°%Pt)) 21.4MHz.5

MAS frequenciesveregenerallyin theranged /26 ) 1- 10
kHz and were actively controlledto within ( 2 Hz. 'H c.w.
decouplingwith amplitudesn therange55 kHz to 85 kHz was
employedduring signalacquisition.Specialcarewastakento
adjust the magic angle 8r. ) tarm ’x 2 for all MAS NMR
experimentsas accuratelyas possibleby optimizing the line
shapeof the 3P resonancef (Et, Pd S} underMAS condi-
tions® The shapeof the 31P resonancef P(CHi1)s servedfor
calibrationof the spinninganglein OMAS NMR experiments.
For double-quantumfiltration experimentsthe COSY-like
sequence€Py - 6- (8/2)y - ¢ - (8/2))- acqusitionwas
used where indicatesphasecycling suitablefor DQF 2 The
durationof ¢ wasfixed as¢ ) 3.5i s, the durationof 6 was
varied.

Definitions, Notation, and Numerical Methods. Shielding
notatior? is used throughout. For the interactionsi ) CS
(chemicalshielding),i ) D (directdipolarcoupling),andi )
J (indirect dipolar (J) coupling) the isotropic part 6}50, the
anisotropyd ..., andthe asymmetryparamete@! relateto the
principal elementsof the interactiontensor6' as follows:*

Oiso) (Ot Oyt 0,)/3,0445) 0~ Oispande’) (6,
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- OLX)/blanisoWithjdlzz' 6=soi g jé;x' Ogsoi g jdl/y' O:sol

For indirect dipolar coupling C‘),JSO ) 8Jiso, and for direct
dipolar couplingeP) 62,) Oanddi.) by)- 1oGigp/

(48r;;3), whereg; and¢; denotegyromagneticratios and rjj is

the internucleardistancebetweenspins§ and§. i, j ) 1,2

refersto the homonuclea3'P), part of the (3!P)(19%Pt) three-
spinsystem.The Eulerangles¢, 13) {Ruy, a3, ¢15} relateaxis

systeml to axis systemJ; I,J denoteP (principal axis system,
PAS),C (crystalaxissystemCAS), R (rotor axissystemRAS),

or L (laboratoryaxis system)i! In the contextof MAS NMR

experimenton the (31P)(19%Pt) spinsystemijt is conveniento

define the PAS of 6Pz asthe CAS, ¢ p2) {0, 0, 0}. Our

proceduresor numerlcalIyexactspectrallne shapesimulations
anditerativefitting arefully describedanddiscussedn detail

elsewhere,in particular addressingthe n ) 0 rotational
resonancéR?) conditionfor isolatedhomonucleaspinpairs!?13

variousn) 0, 1, 2 R? conditionsin an isolatedhomonuclear
four-spinsystem3 anddifferent heteronucleadipolar de-and

recouplingMAS conditionsfor isolatedheteronucleatwo-14

and three-spin systems516 For meaningful simulations of

OMAS NMR spectrajargersetsof powderanglesareneeded
(e.g., 700 setsof anglesselectedby REPULSION?Y) thanin

simulationsof MAS NMR spectra(e.g.,232 sets).

Resultsand Discussion

Thefollowing sectionis organizednto threeparts.First, we
will discussthe experimentadeterminatiorof the parameters
of the 31P spin pairsin 1 and 2. The secondpart will briefly
describe!®>Pt MAS NMR spectraof 1 and2. In the third part
wewill discusggeneratrendsin the orientationsof 31P chemicall
shieldingtensorsfor phosphorusitomsin 4-fold coordination.

31P NMR of Solid 1 and 2. Experimentabptionsto generate
31P NMR spectraof polycrystallinepowdersamplesontaining
the PtR, fragmentincludeexperiment®n nonspinningsamples,
on samplespinningunderoff-magic-anglg OMAS) conditions,
andon samplesinderMAS conditionswith or without so-called
dipolarrecoupling® and/ordouble-quanturfiltration techniques
applied.With the exceptionof 3P NMR spectraof nonspinning
samplesof 1 and2 hereall theseexperimentatechniquesare
used. Static powder patterns of samplessuch as 1 or 2,
containingnot only isolated®!P spin pairsbut alsoisotopomers
195pt@1P),, are not a suitable starting point for the full
characterizatiowf the31P spin pair as3!P spectrakontributions
from both isotopomersverlapheavily. This is not a problem
for the simulationof spectraputit would be a major problem
for the extractionof multiple parameterdrom experimental
spectra.Therefore our dataanalysisis basedon experimental
datafor which samplespinning providesa separationof the
31p spectralcontributionsfrom the two isotopomers.

(i) 3P NMR of 1. Inspectionof a 13C MAS NMR spectrum
of 1 is agoodstartingpoint for the analysisof 31P MAS NMR
spectraof 1. Only threesharp!3C resonanceareobservedor
thearomaticthiolateligand,indicatingmolecularsymmetry(see
the ExperimentalSection).Either a C, axis or a mirror plane
bisectingthe P- Pt P angleare possible,both renderingthe
two phosphorussitesin a moleculeof 1 crystallographically
equivalent. The correspondingtwo 3P chemical shielding
tensorsthus represent so-calledn ) 0 rotationalresonance
(R?) conditiort?18 with identicalisotropic chemicalshielding
valuesbut nonidenticalchemicalshieldingtensororientations.
The n) 0 rotational resonanceR? condition gives rise to
complicatedspectralline shapesn which the magnitudesand
orientationof all interactiontensorof the spinpair areusually
sensitivelyencodeéd? 14 at arbitrary spinning frequencies A
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TABLE 1
1(Cy2 1(6)2 2
|so [ppm] - 60.0 - 60.0 +2.1
|so [ppm] - 60.0 - 60.0 +25
6 o PP 78.0( 1 77.8( 1 -57( 3
anlso[ppm] 78.0( 1 77.8( 1 -68( 3
ecx 0.52( 0.02 0.50( 0.02 0.35( 0.1
ec% 0.52( 0.02 0.50( 0.02 0.35( 0.1
Rcsl[]b 90( 9 R(9 B( 21
é§§[°]b 51( 3 45( 3 40( 11
2[°P o( 3 0 43( 30
%[]b 90( 9 -92( 9 29( 21
‘ng["]b 231( 3 8( 9 130( 10
QC [°1° 180( 3 0 0
2Jiso(31P,31P) [Hz] -93( 5 -13.0( 5 -23.0( 6
b12/26 [Hz] - 708( 31 - 683( 31 - 475

aThe Eulerangles(, €12 gre relatedby symmetry If relatedby C,
symmetry: RS2 ) R $2; ag(sf ) ST + 8, ¢o2) - ¢ox+ 6 If
relatedby a mirror planeé: RSZ) - R S atZ) o - éggl, co2)
¢S2. b The Euler anglese, 5o are given relativeto ¢ b2 ) {0, 0, 0}
with the x axis of the dlpolar couplingtensortakenas parallelto the
C, symmetryaxis. ¢ Calculatedfrom the crystal structure?

C

priori, in the absenceof knowledgeof the crystal structureof
1, we do not know which of the two symmetryoperationss
presentandexperimentaf’® MAS NMR spectraof 1, obtained
atdifferentMAS andLarmor frequencieshaveto befitted for
either of the two possibilities.Note that the presenceof a C,
symmetryelementis a specialcasefor a spin pair asit defines
the absoluteorientation of the two 3P chemical shielding
tensord® whereasa symmetryplaneonly definestheir relative
orientations,leaving free rotation of the tensorsaroundthe
uniqueaxis of the 31P- 31P dipolar couplingtensorpossible.
Figure 2a depictsa 3P MAS NMR spectrumof 1, together
with the correspondindinal best-fit simulatedspectrumitera-
tive fitting of variousdifferentstraightforward®’P MAS NMR
spectraof 1 convergeso identical solutionswhen assuming
eitherof thetwo symmetryelementgo be presentin principle
the two different symmetriesare distinguishablébut they turn
out indistinguishablefor the 31P spin pairin 1 becauseof the
valuesof the EuIerangIesbeingR ) 90° ( 9° andg )
0° ( 3°(seeTablel). Iterativefitting of severaPP MAS NMR
spectreof 1 defines,for instancethe setof angles¢, Pgl) {87
( 11,51( 6,0( 6}. Thisresultcanbe furtherimprovedby
additionalanalyseof the 31P spectralline shapesbtainedby
applying a COSY-like pulse sequencewith double-quantum
filtration (DQF) under MAS conditions and by analyzing
experimentalspectraobtainedunder OMAS conditions. Ex-
perimental3P R2-DQF and OMAS NMR spectraof 1 are
depicted in Figure 2, panelsb and c, together with the
correspondingoest-fit simulations.R2-DQF MAS NMR line
shapestandnearthen) 0 R? conditionareknownto exhibit
higher sensitivitiestoward anisotropicinteraction parameters
than conventionalR? line shaped? Spinningthe sampleat an
angle ar. * tarm x 2 (OMAS) leadsto spinning sideband
patternsvhereeachsidebandepresents scaledoowderpattern,
slightly different from the spinningsidebandpatternobtained
when spinning exactly at the magic angle!® 22 With OMAS
conditionsonly slightly deviatingfrom the magicanglewe find
thatoftenminimaregionsin errormapsaremoresharplydefined
than basedon R? or RZ-DQF MAS NMR line shapes.The
uncertaintiesof the datagiven in Table 1 are the combined
constraintdrom fitting experimentaf’P R2 andR2-DQF MAS
aswell OMAS spectraof 1. Our 3P NMR datayield a P- P
distancein 1 of 305( 2 pm, in excellentagreementvith the
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Figure 5. Experimental(uppertraces)and best-fit simulated(lower
traces)'P NMR spectraof 2. The arrowindicatestheisotropicregion
of the (3'P)-isotopomeispectrumsimulatedspectreonly takethe (3*P),
isotopomeinto account(a)3*Pn) ORPMAS NMR, 6428 )- 121.5
MHz, 6,/28 ) 2046Hz; (b) R-DQF 3P MAS NMR, 6¢/28 ) - 121.5
MHz, 6,/28 ) 2740Hz,6) 3.3ms,¢ ) 3.5is;(c) 3P OMAS NMR,
00/20 ) - 81.0MHz, 6,/28 ) 2075Hz, 4r. ) 56.196.

resultsof X-ray diffraction studiesof numerousloselyrelated
compoundsontaininga cis-S;PtP, moiety24

Figure 3 illustratesthe orientationof the two 3P chemical
shielding tensorsin the molecule 1. For the 3P chemical
shieldingtensorsin 1, the zz componentrepresentthe most
shieldeddirection and is orientedalong the direction of the
respectivePt- P bonds.For the moment,we leavethe issueof
the 31P chemicalshieldingtensororientationat this stagebut
will returnto this topic later (seebelow).

(i) 3P NMR of 2. The startingpoint for the analysisof 3P
MAS NMR spectraof 2 is the crystalstructure The molecular
structureof solid 2 is shownin Figure4. The two phosphorus
sitesin the moleculearenot crystallographicallyequivalentand
will thusgive rise to two slightly different 3P resonancedn
accordancewith the crystal structuredata, 13C MAS NMR
spectraof 2 displaysix 13C resonancefor the aromaticring of
the thiolate ligand (seethe ExperimentalSection). From the
known internuclear®!P- 3P distancein 2, the corresponding
dipolarcouplingconstanis calculatedanddoesnot haveto be
determinedrom iterativefitting of 3P MAS NMR spectraof
2. Other than for 1, however,in 2 thereis no symmetry
relationshipbetweenthe two 3P chemicalshielding tensors,
and accordingly, simulations have to allow for a (small)
differencein isotropicchemicalshieldingof thetwo resonances
aswell asfor unrelatecEuleranglesdescribingthe orientations
of the two 3P chemicalshieldingtensors. Despitethe known
crystalstructure simulationsof the 3'P MAS NMR spectraof
2 involve more unknownparametershanwasthe casefor 1.

We follow the sameprocedureas before. After recording
severaldifferent3!P RZ andR2-DQF MAS aswell OMAS NMR
spectreof 2 andcombiningall resultswe obtainthedatagiven
in Tablel. Thesebest-fitparameteryield the simulatedspectra
shownin Figure5, togethewith the correspondingxperimental
3P NMR spectraof 2. Determinationof the 3P chemical
shieldingvaluesof 2, representinga nearn ) 0 3P R? spin
systemparticularlygainsfrom R2-DQF MAS NMR experiments
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Figure 6. lllustration of the orientationof the 3P chemicalshielding
tensorsin the S,PtR fragmentof molecule2.
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Figure 7. Experimental(uppertraces)and simulated(lower traces)
195t MAS NMR spectraof 1 (a) and2 (b); arrowsindicatecenterband
resonances) ¢/20 ) - 42.8MHz. (a)6,/20 ) 7449Hz; (b) 6,/20 )
7439Hz.

whereall orientationaparameteraremoresensitivelyencoded
thanin the conventionalR? MAS or OMAS NMR spectral?

Note that for 1 and 2 the valuesas well as the signsof the

isotropicJ-couplingconstantJiso(31P 31P) arewell definedfrom

theline shapeanalyse®venif thesel couplingsarenotresolved
in the spectraandnoneof the splittingsvisible in someof the

spectradirectly depicttheseJ couplings.

Again, just as beforefor 1 (seeFigure 3), we illustrate the
orientationsof the two 3P chemicalshieldingtensorsin 2 in
Figure 6. Also for 2 the direction of the zzcomponent®f the
two chemicalshieldingtensorsnearly coincidewith the direc-
tions of the correspondind®t- P bonddirections.However,in
contrastto 1, for 2 the zz componentsof the two chemical
shieldingtensorsrepresenthe leastshieldedcomponentsWe
will returnto this seemingpuzzlebelow.

19t MAS NMR of 1 and 2. 9Pt MAS NMR spectraof 1
and2 aredepictedn Figure7. Giventhatwe observehe X-part
spectrumof the 19%Pt(@1P), three-spinsystemsin 1 and?2 and
that we know all parametersof the 3P parts of thesespin
systemspnemight expectto be ableto fully characterizealso
the 195Pt part of the spinsystemsprovidedsomeheteronuclear
dipolarrecouplingpulsesequenc¥ is applied,or a sufficiently
slowMAS rateis usedsothatthe heteronucleat®™Pt 3P direct
dipolar couplinginteractionsare not completelyaveragedut.

Obviously(Figure7), experimental®®t MAS NMR spectra
of 1 and2 arewell reproducedy numericalsimulations Closer
inspectionof variousexperimentabata,however,revealsthat
evenat a low Larmor frequency® ¢/20 ) - 21.4MHz andat
very slow spinningrateso /26 e 800Hz, the only sensitively
encodedit parameterarethe anisotropyof the 19%Pt chemical
shieldingandtheisotropicJ-couplingconstantdJis,(195Pt, 31P).
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In addition, it turns out that the spinning angleis a highly
sensitivefit parameter:deviationsfrom themagicangleassmall
as( 0.05 leadto significantchangesn the spinningsideband
patternof these'9Pt MAS NMR spectraThis finding for MAS
NMR spectraof spin-1/2 isotopeswith very large chemical
shieldinganisotropiess familiar from MAS NMR experiments
on quadrupolanucleiwherelargequadrupolainteractionsalso
leadto spectrabeinghighly sensitiveto the accuratesettingof
the magic angle?® Evenif the large 1Pt chemicalshielding
anisotropywould not be the overwhelmingly large interac-
tion parameteiin the 1°Pt@1P), three-spinsystemsin 1 and
2, we may be faced with anotherdifficulty in determining
the geometryof the Pt moiety from 3P and 19%Pt MAS
NMR experiments.The values of the J-coupling constants
Liso(19%Pt3P) in 1 and 2 are ca. 2700 Hz. Therefore,an
anisotropyof this J-couplinginteractionof a similar magnitude
is likely to be presentd .., may addto, or subtractfrom, the
respectivalipolarcouplingconstantswith the J-couplingtensor
having an unknown orientation. This may then lead to an
apparentlipolarcouplingconstanbes which would not directly
reflecttheinternucleaf®Pt 3P distancesmakingit impossible
to deducehesenternucleadistancesln fact, it hasbeenfound
earlierfor the CdR, fragmentin a Cd(Il)- phophinecomplex
that the heteronucleart’3Cd- 3P dipolar coupling and the
anisotropyof theJ coupling'J(*13Cd 3'P) essentiallycanceleach
other?s

31p Chemical Shielding Tensor Orientations. Thereis a
fair numberof 3P solid-stateNMR studiesin the literaturein
which 3P chemical shielding tensor orientationshave been
determinedexperimentally 3P NMR experimentson oriented
singlecrystald42% 43 aswell as3!P NMR studieson polycrys-
talline powders13 1544 47 havebeenreported Most often, the
31p chemicalshieldingtensororientationsare being discussed
by describingthe orientationof certainbonddirectionsrelative
to the directionsof the xx, yy, and zz componentf the 3P
chemicalshieldingtensorsimplicitly, we havesofar followed
this commonpractice(seeFigures3 and6) by mentioningthat
in both 1 and2 the 3P chemicalshieldingtensorsare oriented
suchthatthe directionsof their zzcomponentsiearly coincide
with therespectivePt P bonddirections.Thisline of argument,
however leadsto someconfusion.Why shouldin oneof these
two very closelyrelatedcompoundshe mostshieldeddirection
coincidewith Pt P bonddirection,andwhy shouldthis bethe
leastshieldeddirectionin the secondccompound®bviously,it
is notthePt P bonddirectionthatrevealsthe commonpattern
of these3'P chemicalshieldingtensororientations.

Hereit helpsto consultresultsin the literaturewhich cover
a wide rangein termsof chemistry,rangingfrom phosphorus
in organophosphatesnd in inorganicphosphatesll the way
to phophorusn transition-metaphosphinecomplexesAll these
diversecompoundsavein commonthatthe phosphorustom
is 4-fold coordinatedin a more or less distortedtetrahedral
PE, environment(E ) C, O, S, Pt, Hg, Cd, ...). The corre-
sponding®'P chemicalshieldingtensorsalso have something
in common,irrespectiveof the chemicalnature of the com-
poundsOnecanalwaysfind alocal (pseudo)planef symmetry,
definedby the P atom and two of its neighboredatoms,and
alwaysthedirectionof oneof the 31P chemicalshieldingtensor
componentss perpendiculato this plane.Sometimeghefinal
resultis suchthatoneof the remainingtwo component®f the
31p chemical shielding tensor will actually coincide with a
molecularP- E bonddirection (for example,in 1 and 2), but
the local planeis the dominatingelementin defining the 3P
chemicalshieldingtensororientation.Recastingour resultson
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Figure 8. Orientationsof the 3P chemicalshieldingtensorsin 1 (a)
and 2 (b) with the local planesdefined by C- P- Pt shown; the
directionsof the intermediateyy component®f the shieldingtensors
are perpendiculato theseplanes.

1 and2in thelight of alocal planeasthe determiningelement,
immediatelyrevealsthe commonpropertyof the 3P chemical
shielding tensorsin thesetwo compoundsDrawing a plane
definedby thelocal coordinationPtPG, containingthe central
P atomin its distortedtetrahedrorenvironmentthe platinum
atomandthe directly bondedcarbonatomof one of the three
organicsubstituentof the phosphindigand, identifiesthatin
both casesthe direction of the intermediateyy-componentof
the 3P chemicalshieldingtensoris orientedperpendiculato
this idealizedlocal plane.This is illustratedin Figure 8.
Thedeterminingole of alocal planein defining3!P chemical
shielding tensororientationsbecomesparticularly clear from
the exampleof an organic phosphatesalt. The 3P chemical
shieldingtensorin tris-ammoniumphosphoenolpyruvattéhas
a very small asymmetryparamete®S andthe P atomis in a
nearlytetrahedralocal OsPO- C coordination.Chemicalintu-
ition might thussuggesthatthe directionof the nearlyunique
zzcomponentof this 3P chemical shielding tensor should
approximatelycoincidewith the chemicallydistinctP- C bond
directionin this OsPO- C moiety. This is not the caseasis
revealedby 31P single-crystalNMR, againit is a local plane
spannedy two of the oxygenatomsandthe phosphorustom
thatmarksthe orientationof the 3P chemicalshieldingtensor,
the directionsof neitherof the shieldingtensorcomponents
coincidewith a bonddirectionin this molecule.

Summary and Conclusions

Combining®'P R2 andR?>-DQF MAS NMR andOMAS NMR
experimentgprovidesa gooddatabasdor the full characteriza-
tion of 31P spinpairsin polycrystallinepowdersamplesy line
shapeanalysisEvenif notnecessarfor reason®f background-
signalsuppressionR2-DQF MAS experimentandin particular
OMAS NMR spectraarea usefulcomplemento conventional
R2 MAS NMR experimentsn thattheseadditionalexperiments
display different, and often higher, sensitivitiesto the various
anisotropicinteractionparameterf the spin pair. Owing to
the very large 1°*Pt chemical shielding anisotropiesand the
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TABLE 2: 1% Pt NMR Data of 1 and 2

1 2
ozsg [ppm] 338 225

Qéarsﬂso [ppm] 8540 6 ?_07

e . .
iso(195PL3P) [H2] 2666 2708;2772

unknown anisotropiesof the J couplingsJ(*9Pt31P) it turns
out impossibleto derive the orientationof the 19%Pt chemical
shieldingtensorin molecularfragmentsP,Pt from 19t MAS
NMR experiments,although good quality 1°Pt MAS NMR
spectraareeasilyobtained Fromthe 3P NMR resultson 1 and
2 andfrom numerousditeraturedataa unified pictureconcerning
the dominatingmotif of the orientationof 3P chemicalshielding
tensorsof phosphorusitesin 4-fold coordinationemergessa
local (pseudo)planeatherthanthe directionsof the P-element
bond directions, irrespectiveof the chemical nature of the
specimen.
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