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Abstract

This project comprises the testing and development of a new simulation program
for MAS NMR spectra of solid samples. The specific goal is the treatment of the
effect on the spectrum of a spin—% nucleus due to a dipolar coupled quadrupolar nu-
cleus. The simulation program is based on an average Hamiltonian approach, which
eliminates the large Zeeman and quadrupolar interactions from the Hamiltonian.
The averaged Hamiltonian is then used in Floquet theory to calculate the spectrum.
The new approach is tested by comparison with perturbation approaches and exper-
imental data. Different systems are considered, with principle attention given to *C
labeled acetanilide, which exhibits residual dipolar coupling to the *N-spin. The
syntheses, X-ray single-crystal structure determination and CP/MAS NMR data, at

different By-fields, are also presented.
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Chapter A

Introduction

In the last two decades Nuclear Magnetic Resonance (NMR) spectroscopy has be-
come one of the most powerful techniques to determine molecular structures. NMR
spectroscopy deals with the interaction of electromagnetic radiation with nuclear
spins placed in a magnetic field. The orientation of the angular momentum vector
of a nucleus is quantized with respect to the applied magnetic field. The magnetic
field interacts with the local magnetic moment of the nucleus and the resultant inter-
action energies vary with its different states. The applied radio frequency irradiation
excites the nuclei. The response is recorded to get a spectrum. For chemists, it is
key that the resonance frequency depends on the electronic and thus, the chemical
environment of the nucleus. This effect is called chemical shielding. The diverse
resonance frequencies of nuclei in a molecule then can be associated with functional
groups. The resonance frequencies are also influenced by neighboring nuclei, which
are only a few chemical bonds apart. For different quantum states of the neighbor-
ing nucleus, the spins of the binding electrons have different influences to the other
nucleus. This indirect coupling, called j-coupling, changes the resonance frequency
and splits the recorded line in a characteristic way. Both the chemical shielding

and the j-coupling provide much information, which is used to solve the structure



CHAPTER A. INTRODUCTION 2

of molecules in the liquid phase.

Solid state NMR spectra are quite different and more complicated. In liquid
phase the molecules are moving very quickly in comparison to the NMR time-scale.
The measured signals are averaged over all orientations of the molecule. These
frequencies are the isotropic resonance frequencies of the nuclei. In the solid state,
this motion does not exist or is very slow. NMR resonance frequencies are dependent
on the orientation of the molecule in the magnetic field (this is called anisotropy). In
addition to j-coupling and chemical shielding there is dipolar coupling. The dipolar
coupling results from the through-space interaction of the magnetic moments of
different nuclei. Its magnitude depends on the spin types, the distance between
the interacting nuclei and the relative orientation of the spins. The fast motion of
molecules in the liquid phase averages this interaction to zero.

It is important to note the magnitude of the various interactions. Whereas the
dipolar and chemical shielding are in the order of kHz - in the case of 3C for
example, j-coupling is in the range of Hz. In liquid phase NMR spectra only the
isotropic signals are measured. This normally results in a line width of a few Hz.
The spectrum, which is over a range of a few kHz, consists of narrow lines. Solid
state spectra, on the other hand, consist of signals which are several kHz broad. A
spectrum is typically comprised of one broad band (fig. A.2).

In addition to the previous mentioned interactions, quadrupolar coupling effects
are present for spins > % In case of a quadrupolar nucleus (I > %) the positive
charge distribution in the nucleus is not spherical (fig. B.1). Also, the nucleus is
generally surrounded by an anisotropic distribution of negative electron charge. The
resulting interaction energy can be quite large (on the scale of other spin interac-
tions). The resultant “precession” axis is consequently no longer in the direction of

the external magnetic field, but along another axis accounting for all large interac-

tions - the Zeeman and quadrupolar which are in the MHz range (fig. B.2). The
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electrostatic interaction ranges from weak to dominant in comparison to the Zeeman

term. The full range of quadrupole effects can be observed in nature.

1 Magic Angle Spinning in Solid State NMR

Magic Angle Spinning (MAS) is a method to narrow the signals of solid state NMR
spectra. Anisotropic interactions such as the dipolar and the chemical shielding
interactions can be averaged by macroscopic rotation of the sample about an axis
tilted by the magic angle § = cosfl\/g = 54.7° with respect to the static magnetic
field (fig. A.1). Total averaging is only possible, when the spinning frequency is

AB

a

Figure A.1: Schematic structure of the magic angle sample spinning in comparison to the static
field. The rotation angle of approximately 54.7° is the angle between the diagonal of a cube and

its edges.

larger than the range of the anisotropy - otherwise spinning sidebands appear. Lines
recorded with MAS are narrow like the lines of a liquid sample. A comparison
between a static solid state spectrum and fast MAS spectrum is given in Figure
(A.2). MAS is one of the most important utilities to simplify solid state NMR

spectra. Of course, it should be kept in mind, that averaging also results in an
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Figure A.2: Solid state NMR, spectrum of 13C enriched acetanilide.
left: Spinning about the magic angle at 8054Hz,
right: Static powder pattern

reduction of information about the system. However, information is retained in the
spinning side-band pattern.

If a quadrupolar nucleus is coupled to an observed spin—% a residual dipolar cou-
pling effect can appear. For quadrupolar nuclei the quantization axis is normally
not aligned in the direction of the magnetic field. Spinning of the sample causes a
time-dependent change of the molecular orientation with respect to the static mag-
netic field. Because the electric field gradient (which determines the quadrupolar
interaction - it is a measure of electron distribution anisotropy about the nucleus) is
fixed in the molecular frame, the alignment of the quantization axis of the quadrupo-
lar nucleus, which combines both effects, electrostatic and magnetic, changes with
spinning of the sample. Total averaging of the dipolar coupling with MAS is not
possible. The residual influence of the quadrupolar nucleus to the observed nucleus
differs for its quantum states m,. Therefore, in MAS spectra of spin—% systems

coupled to quadrupolar nuclei, the resonance frequency is split.
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2 MAS Spectra Simulations of Quadrupolar Cou-
pled Spin Systems

The simulation of MAS spectra is quite difficult, because the tensors in the Hamil-
tonian become time-dependent and the time-propagation of the wavefunction gets
problematic. In case of slow MAS, the spectrum consists of spinning sidebands (e.g.
fig. E.11). The calculation of these sideband intensities, for the simplest case of a
one-spin system, was solved in a convenient way by Herzfeld et al. [1]. In more
general cases the time-dependent Schrodinger equation is not solvable in an analytic
way, and approximations have to be considered.

Current available methods to calculate CP/MAS spectra for spin—% systems cou-
pled to quadrupolar nuclei use first-order perturbation theory [2, 3, 4, 5|]. This
approach is valid only for small quadrupolar and/or dipolar couplings, in compari-
son to the Zeeman term. This approach is very common in studies of the 3C — N
spin system. In this case the quadrupolar term is small enough and perturbation
theory is usually successful |2, 6, 7, 8, 9]. In other cases these couplings are often
too big for quantitative modeling using the perturbation approach.

In cases where the quadrupolar coupling is much bigger than the Zeeman interac-
tion, the latter term can be handled as a perturbation of the quadrupolar interaction.
This approach is than called “inverse” perturbation theory. An example of this is
the 13C — ™8 Br system [10]. In contrast, the quadrupolar coupling is in the same
range as the Zeeman interaction for the 1*C —3337Cl and *C —*?Co system [11]. In
this case the theoretical description with perturbation theory is not in general valid.
Other methods, e.g. polynomial fitting to the exact solution can be necessary [12], or
the simulation only of the central band for the fast spinning limit is considered [11].
A general and detailed illustration of the perturbation treatment and its validity is

given by Harris et al. [4].
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Relatively new is the use of Floquet theory for solving the complicated time-
dependent equations [13, 14, 15, 16]. In Floquet theory the periodic time alteration
of the Hamiltonian is expanded in a Fourier series, which leads to a time-independent
formulation involving larger matrices. The problem is, that current Floquet theory
is not practical for quadrupolar coupled spin systems, because the matrices arising
are often too big and the computation time to diagonalize the large matrices is
too long. In the new simulation program, LanXS5S5@), the large quadrupole and the
Zeeman interactions are effectively eliminated via average Hamiltonian theory. The
average residual components of the Hamiltonian, and consequently the Liouvillian,
are then be handled with Floquet theory.

This project comprises the testing and development of this program, and an
investigation of the theory by comparison of computed and experimental data. Dif-
ferent systems are considered, focusing on the case of a spin—% nucleus coupled
to a quadrupolar nucleus (I > ). The principle system treated was *C labeled
acetanilide (fig. E.1, page 37), which exhibits residual dipolar coupling to the *N-
spin. The syntheses, X-ray single-crystal structure determination and CP/MAS

NMR data, at different By-fields, are also presented.
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Residual Dipolar Coupling in MAS

Spectra

Residual dipolar effects through quadrupolar nuclei occur mainly in solid state NMR,
spectra, because in liquid phase tumbling of molecules averages the coupling and
eliminates it from a recorded spectrum.

Normally, a nucleus is quantized along the applied magnetic field (fig. B.1). In
most cases of a quadrupolar nucleus, this is not true. If an electric field gradient is
present, the non spherical charge distribution of the quadrupolar nucleus interacts
with the electric field gradient. The quadrupolar nucleus is influenced by a mag-
netic and an electrostatic interaction - the quantization axis is directed in a way
which combines both effects (fig. B.2). During MAS the orientation of the molecule
changes. Because the electric field gradient is fixed in the molecular frame, the
orientation of electric field gradient (electrostatic interaction) to the magnetic field
(magnetic interaction) changes with the rotation of the sample. The orientation of
the quantization axes of the quadrupolar nucleus thus depend on the relative orien-
tation of the molecule in the magnetic field. In this case, MAS cannot completely

average the dipolar coupling to the quadrupolar nucleus.
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Figure B.1: Schematic structure of a precessing nucleus, with a non-spherical charge distribution,

in the magnetic field.
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+ ©

Figure B.2: Schematic structure of a precessing quadrupolar nuclei in a magnetic field, with an
electric field gradient present. The quantization axis is now not equivalent to the direction of the

magnetic field.
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In case of residual dipolar coupling to a quadrupolar nucleus two extremes can be
distinguished. In the first case, the electrostatic interaction is small in comparison
to the magnetic one (high field approximation) and the quantization axes is almost
aligned with the axes of the magnetic field (fig. B.3). In the second case, the magnetic
interaction of the quadrupolar nucleus is small in comparison to the electrostatic
one and the quantization axis is almost directed along the electric field gradient
(fig. B.5). The influence of the quadrupolar nucleus on the observed spin—% nucleus
causes in the above mentioned cases different splitting and broadening effects of the
resonance line. In both cases perturbation theory approaches are useful to explain
these coupling effects.

In perturbation theory the first order change in the wavefunction and the second
order effect in energy is considered. A good understandable review article about
this problem is given by Grondona et al. [5]. They treat the electrostatic interaction
of the quadrupole nucleus as a perturbation in the case of *C coupled to *N. The
“N-nucleus has three different m, states, m,=1,0,-1 (see fig. B.3). The quadrupolar
coupling constant (electrostatic interaction) is in the range of 3 MHz. The resonance
frequency through the influence of a magnetic field varies from 14.4 MHz (4.7 T field
strength) to 36.1 MHz (11.75 T field strength), which are the most common field
strengths used in modern NMR spectrometers. Here, perturbation theory is a good
approximation.

The following equations represent the second order corrected transition frequen-

cies of the spin—% nucleus,

9D
va = vi—D(1—3cos*¢) — WX sin” € cos? & (B.1)
s
D
vip) = v+ X gin? £cos* & (B.2)
Vs
9D
viep€ = vi+D (1 — 3cos’ §) — WX sin? € cos® & (B.3)
S

where & gives the orientation of the dipolar vector relative to the magnetic field
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[A] [B] [C]

, z (B -field direction) Z new z (B -field direction) Z new 2 (B -field direction)

Figure B.3: Schematic presentation of the three orientations of a spin one nucleus in the magnetic
field under influence of a weak electric field gradient.

Figure [A]: m,,. =1, [B]: m.,,, =0, [C]: m.,, =-1

direction. The static single crystal spectrum of the spin—% nucleusisa 1 :1:1
triplet according to the frequencies in equation (B.1 - B.3).
In MAS, € is time-dependent and an averaging procedure is necessary to get the

resultant time-independent frequencies. The averaged transition frequencies,

Dx({ 3 3 ., 7
_ 3,3 ! B.4
N vr + Ve ( 8+4COS © g o8 @) (B.4)
_ Dx 3 9 [
v = v+ ” <4 5 €08 O+ 1 €08 @) (B.5)
B Dx( 3 3 ., 1T
Viep = vi+ ” ( 3 + 1 €08 © g 08 @) (B.6)

now depend on the relative orientation, ©, of the dipolar axis with respect to the
spinning axes. With MAS, the angle dependent dipolar term [D (1 — 3 cos?¢)] of
equations (B.1) and (B.3) is averaged to zero. The resonance frequencies 4 and
vp) become equivalent. The spectrum consists of two lines, with relative intensity
2:1. Diagram (B.4) shows the energy levels of a spin—% coupled to a quadrupolar

nucleus (spin-1). The outer levels include only the Zeeman interactions of the two

spin system. The middle levels include the quadrupolar interaction, while the inner
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Figure B.4: Schematic presentation of the energy levels of a two spin system, *C coupled to

14N. The changes in energy levels due to residual dipolar coupling are exagerated!

levels also include the residual dipolar interaction to the spin—% nucleus under MAS
condition. The three transition frequencies of the spin—% nucleus are denoted with
dotted arrows. MAS averages these transitions about the sample spinning axis.
The remaining of the frequencies results in Pake pattern for the two observed lines.
However, this effect is small compared with the splitting of the lines and is observed
as line-broadening patterns.

In case of strong quadrupolar coupling, the electrostatic interaction is much
larger than the magnetic interaction and the quantization axis is almost in the di-
rection of the electric field gradient (fig. B.5). A good example is the residual dipolar
coupling between 8!Br and '*C. This system is described with “inverse” perturba-
tion theory, wherein the magnetic interaction is handled as a perturbation of the
electrostatic interaction [10, 17]. In the MAS spectrum, the residual dipolar cou-
pling is again averaged about the sample spinning axis. The remaining orientation
dependence again results in Pake patterns. But like the case of weak quadrupolar

interaction, the frequencies only vary a little with orientation and one only observed
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Figure B.5: Schematic presentation of the four orientations of a spin—% nucleus in the magnetic

field under influence of a strong electric field gradient.

Figure [A]: mznew:%, [B]: mzmw:%, [C]: mznew:—%, [D]: mznew:—%
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broadened lines. Note, that in the case of large quadrupolar coupling there are
distinct lines for each state of the quadrupolar nucleus.

If the quadrupolar interaction is comparable to the Zeeman interaction, the spec-
tra are more complicated. In the case of 3>3"Cl coupling to *C this situation is
present at magnetic fields around 4.7 T [18]. The basic four resonance frequencies
are still present, but the orientation dependence of the frequencies is larger and also
the splitting of these lines can be smaller and resulting Pake patterns can over-
lap. In experimental MAS spectra, Pake patterns are visible. Simulation of this
spectra requires numerical calculation of the Zeeman-quadrupolar eigenvalues and
eigenvectors - also, further assumptions are needed [18, 19].

We have considered three different magnitudes of quadrupolar interaction. For
each case different treatments and therefore different simulation programs are re-
quired. We wish to solve the problem more generally. The resulting simulation

program uses complete theory permitting simulation of spectra for all three cases.



Chapter C

Theoretical Overview

In quantum mechanics the time-evolution of an ensemble of nuclei is described with
the Liouville von Neuman equation (density matrix formulation of quantum me-
chanics),

~ L Op
1
Lp=1h y (C.1)

which is the generalization of the time-dependent Schrodinger equation. 2, the
Liouvillian, is defined as [H,] and p represents the density matrix. The use of
the Liouville von Neumann equation is necessary, if (differential) relaxation and/or
chemical exchange effects are important. Its formal solution can be written as in

equation (C.2).

p(t) = T el L) p(0) (C.2)

The calculation of the propagator U(t) = e Jo L) ig not trivial, because in the
case of spinning, L itself is time-dependent. Generally the Liouvillian for different

times does not commute with itself,

[L(t), £(t)] £0 (C.3)

14
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which causes the need of the time-ordered exponential function. This is expressed in
equation (C.2) with the time-ordering operator T. Details about the time-ordered
exponential function are given in reference [20]. If the evolution of the density matrix
is known, the spectrum can be calculated according to equation (C.4), where F[f(t)]
is fourier-transformed f(t) and df is the detector operator (i.e. I, or I,).

spectrum(v) = df F[p(t)] (C.4)

o0

= df/dt e p(t)

0

In the case of a spin—% coupled to a spin [ > %, the Hamiltonian consists of the

terms,
H = Hy+He+H,+Hp+Ho (C.5)

whereas 7, represents the magnetic interaction of the nuclei (Zeeman interaction),
H, the chemical shielding terms, 7, the j-coupling, Hp the dipolar coupling and
7:[Q the quadrupolar coupling. This Hamiltonian expressed in terms of angular

momentum operators has the form,

7‘2 = BT(’)/jj + ’)’59) - BT(’YIUIj+ 75059) +
I"JS+1"DS + 5TQS (C.6)

with the angular momentum operators

I +1_
2
I=|Lk (C.7)
I,
and
S1+S5_
2
S e S+7_S_ (CS)

21
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of the spin—% and quadrupolar nuclei respectively. The x and y components of the
angular momentum operators are expressed in terms of raising (7, S; ) and lowering
operators (I_, S_). The tensors o, J, D and Q correspond to the previous men-
tioned interactions in the Hamiltonian (C.5). The magnetic field vector is declared
with B (in this case the magnetic field is aligned with the z-axis of the coordinate
system) and 7, ¢ is the magnetogyric ratio of the corresponding nucleus.

Spinning causes the time-dependent change of the molecular orientation in the
magnetic field. This results in a time-dependence of the tensors o, J, D and Q in
equation (C.6). Therefore the Hamiltonian and consequently the Liouvillian are time
dependent. The time alteration is described with Floquet theory to solve equation
(C.1).

In case of quadrupolar coupling many Floquet blocks! would be needed to con-
verge a spectrum and the size of arising matrices is too large for spectra calculations.
To reduce the number of Floquet blocks, the large quadrupolar and Zeeman term
have to be incorporated via average Hamiltonian theory. This reduces the spectral
range, which is connected with the number of Floquet blocks needed to converge

the simulated spectrum (see eq. C.44).

1 Average Hamiltonian Theory

In the description of the time-evolution of quantum systems, such as spin systems,
the Hamiltionian consists of parts with different time-scales. In our case the time-
scale of the Zeeman and the quadrupolar terms are in the range of MHz. On the
other hand, the dipolar coupling and chemical shielding parts are roughly three
orders of magnitude slower. In average Hamiltonian theory the dominant fast part
can average a part of the slower Hamiltonian to zero - the slow Hamiltonian is

truncated. The averaged slow Hamiltionian is constructed as follows:

!The definition of a Floquet block is given on page 23
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The formal solution of the time-dependent Schrédinger equation?,

O

(U = j—— :
H e (C.9)
is given by

T(t) = Te i Jo 1 g (0). (C.10)

Suppose the Hamiltonian consists of two different parts (see section 3),
H="Hp+Hg (C.11)

which are distinguished in their energy spacing. The energy spacing of H e is much
bigger than that of H. This results in fast time evolution due to Hp in conjunction
with a slower evolution due to Hg. Hr represents the quadrupolar coupling and the
Zeeman term. Hg consists the chemical shielding, the J coupling and the dipolar

coupling term. Combination of (C.11) and (C.10) results in

U(t) = T et Jo RrtHs)at g ) (C.12)
we let

o(t) = e (¢) (C.13)

with the aim of removing the fast Hamiltonian. Here, we neglect the time-dependence
of H . This will be addressed below. Now the time evolution of ¢(t) is calculated.

Differentiation of equation (C.13) and use of the Schrodinger-equation (C.9)
results in (we can assume a time-independent Hp because we consider a time-

propagation which is small compared with sample spinning, but large compared

2In all following equations & is set to one.
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with the quadrupolar spin dynamics)

9 _ iHpt a7 i'ﬂpta\l’

& (t) = € ZHF\I/+€ E
ov

erFt[ZrHF\I/ + E

= emFt[iﬂF\If — iHU]

(C.14)

= el — H]
= e — W]
= —jeiflr s
From substitution of equation (C.13) in equation (C.14) follows

i%qﬁ(t) = et ge~Hri (1) (C.15)

Integration of equation (C.15), inserting with 3, |Er) (Er| = 1, and substituting

ZCE, NEr), (C.16)
results in
e / e 1)
LZ (1E6) (Er] ) FseHet > ()13

F

With use of the spectral theorem [21]
F(Hp) |Ep) = f(Ep) |Ep), where Hpl|Ep) = Ep|Ep), (C.18)

and definitions of equation (C.16) follows,?

t
Ep,Ep
¢ ‘EF " (Ev|Hs |E}) Cpy (') |Er)

remember: (Ep]| Hs |Er) is only a scalar. It is thus possible to change the arrangement of

|Er)

3
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Because the coefficients are unique, we must have
Cg.(t) = Cg.(0) (C.20)
t
_Z‘Z /dt' ei(EF*E’F)t, <EF| 7_25 |E};> OE‘% (tl)
Ep o
The integration over time, ¢, is split into a sum of integrations over a short time, 7;
t=Nrt (C.21)

7 is chosen to be short on the Hg time scale, but long on the Hp time scale. The

integral is expressed as

N nTt
Z / dt’ eiFr—Ep)t 7:[5, Ep, B, CE} (t,) (0.22)
n=1
(n—1)

nt

N
1 ~ (g
= ZCE‘;,((TL"’_ 5)7’) HS,E‘F,E‘;, / dt eZ(EF EF)t
n=1

(n=1)7

’

We distinguish two cases of the integral in equation (C.19): first, Er = E}, and

second Er # E7.. In the second case, we have

nTt

oi(Er—Ep)t!
> (C.23)

N
1 .
; e ll 2) ) Ms,pr. i(Er — EY)

(n—1)T

which is small because of the Ey — EY, denominator (large energy splitting of the Hz
eigenstates is assumed). We neglect these terms on this account. For the remaining

terms, with Er = E’,, the integral is given by

N
=Y CrponPs.pe, ™ (C.24)

n=1
and both cases combined results in,

t

o~ / dt' Cpy (t)Hs, e, By OFe B (C.25)

0
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In the last step the sum is changed back to the integration, but now with the separa-
tion of time scales invoked (i.e. neglecting (Ep — E})™" terms). With combination
of the remaining parts of equation (C.25) and equation (C.19), follows

t

Cgn(t) = Cg.(0) — i/dt’ Crp () s, 2p. B (C.26)

0
For simplicity, we neglect the possibility of degeneracy of eigenvalues, Er. This
possibility is easily included in the final result. The formalism is correct for all coef-

ficients in the wavefunction ¢(t). Equation (C.16) gives the complete wavefunction.

t

Y Cu.(t)|Er) = Y |Ch, (0)—i/dt' (Er| Hs |Er) Cp, (') | |Er)(C.27)
ou(t) ~ 0e(0) = =i [ dt' [(Ea|Hs |En)] or(t)
dop(t) = —idt [(EF|’HS|EF>] ér(t)
i S out) = [(E19s120)] 00
S e(t) = Hsorlt (C.28)

(Ep|#g |Ep)| is the matrix consisting only of the diagonal components of ﬁg in
the ﬂp—representation. The resulting ’HA—S commutes with 7:[1: This average Hamil-
tonian is easily constructed - with Hg expressed in the Hp eigen-representation
- by dropping all terms in the slow Hamiltonian matrix which correspond to dis-
tinct eigenvalues for Hp. The principle is illustrated in equation (C.29). The terms

marked with boxes, are cross terms connecting eigenstates of Hg associated with

distinct eigenvalues, Fj and E;. They are be dropped to form Hs in the Hp repre-
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sentation.

&

‘ﬂS‘W5h> <Wfk

ﬁs = <\ij_ll_1 7:25 \Iffk> <\ij-li-1 7:25 \Ijg-li—1> <\Ijg_l'_1 HS \Ijg_l'c_2>

(i, (s W) (i, [T Wi, ) | (i, [ Wity )

(C.29)

This action block-diagonalizes the Hamiltonian.

Equation (C.23) and (C.24) show that the average Hamiltonian theory is valid
when the energy differences associated with H» are much larger than those of He. If
no quadrupolar nuclei are present, the Zeeman interaction is the fast Hamiltonian.
It is generally more than 3 orders of magnitude faster than all other interactions in

such cases.

2 Floquet Theory

In simulations of MAS, the tensors in the Hamiltonian change with time. The sample
spins about a fixed axis resulting in periodic time-dependent tensors. This period-
icity can be exploited to get an useful expression for the density-matrix propagator.

Sample spinning results in a periodic average Hamiltonian (a 5 term series in the
case of no quadrupolar nuclei [16]) and Liouvillian, which we express in a Fourier
series:

2 "a0)
L= et (C.30)

j=-n
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In practice, this Fourier series is determined by computing the average Hamiltonian
for many rotor phases and inverse Fourier transforming (on an element by element
basis). Note that use of the average Hamiltonian for each rotor phase is permitted
only if the fast Hamiltonian is much faster than the sample spinning. This is why

we can neglect the time-dependence (due to sample spinning) of Hp in section (1).
2 () .
£ =[98, (C.31)

where H@ is the resulting jth Fourier component of Hs. The propagator associated
with E(t) can be written as a Fourier-like series where the coefficients are themselves

time-dependent.
Uty = ) UB) et (C.32)
k=—00
Substitution of the definition of the propagator in equation (C.2) shows, that the

propagator must satisfy the Liouville von Neuman equation.

0 A
EUU) = —iL(t)U(t) (C.33)

Combination of equation (C.30) and equation (C.32) with equation (C.33) results
in

> %(U(’“)(t)eik“’t) =—iy 3 L Um ()eitihet (C.34)

Taking the derivative on the left, and re-arranging, gives equation (C.35), in which

d;0 is the Kronecker delta and 1 is the unit matrix.

ikwt k — 4 k Ikt
Soe <§U( )(t)> =—iy > (5 +"M5j,01> U (1))

k=—o00 j=—mk=—c0

(C.35)
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The k£ index on the left is arbitrary, so equation (C.35) can be re-written as equation
(C.36).

© "= 2 (4) ; ;
Z elkwt <2U(k)(t)> — —Z Z Z (,C J _|_ (k _ ])@(5],01> U(kfj)(t)elkwt

k=—00 at Jj=—nk=—00
(C.36)

The solution to this equation is unique, so it is satisfied by the solutions of equation

(C.37), for all values of .

0 n 2 () .
aUUf)(t) =iy (ﬁ + (k — j)waj,ﬂ) U9 (¢) (C.37)
j=—n
With the definitions of the Floquet Liouvillian matrix,*
2 (n—2) 2 (n—1) 2 (n)
L L L 0 0
2(0) 2 (1) 2(2) 2 (3) 2 (4)
L +2w L L L L
2(=1) 2 (0) 2 (1) 2(2) 2(3)
L L +w L L L
2(-2) 2 (1) 2 (0) 2 (1) 2(2)
L= L L L L L o, (C38)
2 (—3) 2(—2) 2(-1)  2(0) 2 (1)
L L L L —w L
2 (—4) 2 (—3) 2 (—2) 2 (1) 2 (0)
L L L L L —2w
2(-n)  z2(-n+l) 2 (—n+2)
0 0 L L L

4The number of Floquet blocks correspond to the block order of the used Floquet Liouvillian

2 (n
matrix (remember: each written element £  is itself a matrix).
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and the propagator matrix

, (C.39)

the differential propagator equation can be written in a compact matrix form, which
is shown in (C.40).
.0
i—U(t) = LU(t) (C.40)
ot
The advantage of this formulation is a time-independent Floquet Liouvillian. Equa-

tion (C.40) is easily solved to give (C.41).
U(t) = e~ ™ 1(0) (C.41)

Because at t = 0 no propagation has been occurred, U(0) is the identity operator,

and UU)(0) = 14;. The elements of the propagator matrix are given by

U (t) = [e ] (C.42)

J,k=0

The expression for the time-dependent propagator-coefficient in equation (C.42) is
substituted in equation (C.32) to determine the propagator in equation (C.2). The
combined equations give, after analytical powder averaging and use of the relation
in equation (C.4), an expression for the spectrum, which is shown in equation (C.43)
[16].

1
i(2mvl 4 jwl — L)

p(0) (C.43)

j=0,k=0

spectrum(v) = df
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The matrix LL is infinite in its dimension, but it can be truncated without an apparent
effect in the calculated spectrum. To solve equation (C.43) the huge Floquet matrix
LL is tridiagonalized with the dual Lanzcos method. Then, the system of equations is
solved with linear decomposition [22]. The number of Floquet-blocks (Nx) needed

to converge a spectrum is roughly given by,

Ny — 2 (spectral range) (C.44)
Vr

w

where vg = 5% is the rotor frequency.

3 Average Hamiltonian Approach in LanX55() and
its Implementation in Floquet Theory

In MAS experiments, the orientation of a molecule varies with time, which causes
the time-dependence of the Hamiltonian. To calculate the spectrum, we need a
time-dependent expression of the Hamiltonian. In case of sample spinning, each
time is associated with a rotor phase of the spinner. The time-dependence of the

rotor phase yg is given by,
YR = 27T1/Rt (045)

whereas vg is the spinning frequency and t the time. To get a time series of the
averaged slow Hamiltonian, it is calculated for a suitable number of rotor phases.
To use average Hamiltonian theory, the complete Hamiltonian is partitioned into

a fast and a slow part,

7:[ = ’HZ+’HU+’HJ+’HD+’HQ (C.46)
H = Hp+Hs
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with,

Hp = Hy+Ho (C.47)
Hs = 7‘204—7:[]-1-7‘2[)

whereas the fast (#z) and the slow Hamiltonian matrices (Hs) are calculated sep-
arately.
After the construction of the fast Liouvillian 2ZQ with the fast Hamiltionian,

the averaged slow Hamiltonian is calculated according to,

Hs(t:) = lim ————A(t) (C.48)

ie + Lzo(t:)
Index i denotes that this procedure is done for all considered rotor phases/time steps
respectively.
The time series of the averaged slow Hamiltonian is inverse Fourier transformed
on an element by element basis, to get the coefficients Fg(j) of
n
He(t) = Y Hg" it (C.49)
j=—n
In the next step the Floquet Liouvillian matrix is constructed with the Fourier
components of the averaged slow Hamiltonian according to equation (C.31) and
equation (C.38). This matrix is used in equation (C.43) to calculate the spectrum for
one specific molecular orientation. The whole procedure is repeated for all considered
orientations of the molecule and the single spectra are added to get the spectrum of

a powdered sample.
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Structure of Lan X550

1 Behaviour of the Fourier Components in the Trans-
formed Averaged Slow Hamiltonian

The Hamiltonian in MAS experiments is time-dependent (see page 25). In Floquet
theory we need to express this time-dependent Hamiltonian in the form of a Fourier

series,

H(t) = i Hye'Fent (D.1)

k=—00
with the time-independent Hamiltonian coefficients Hy. These coefficients can be
calculated with inverse fast Fourier transformation of the calculated time series
of the averaged slow Hamiltonian. The time-dependence of the Hamiltonian in
MAS spectra of spin systems without quadrupolar coupling can be expressed in a
5 term Fourier series,! but in our case, the Hamiltonian was additionally projected
(averaged) and therefore the resulting Fourier series is in principle infinite (eq. D.1).

The Fourier series coefficients are in general complex and the coefficients fulfill

!Simulations without quadrupolar coupling were done to check this property in LanXSSQ.

27
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the relation,
H,=(H.,) (D.2)

because the Floquet matrix is Hermitian. In the presented diagrams (fig. D.1-D.3)
the coefficients are presented in the form of their absolute values |H,|. Also, only
the positive coefficients are shown, because of the relation given in equation (D.2).

Because of the Hermiticity of the Hamiltonian matrix,
H= (H")" (D-3)

only the elements H;; with i < j need to be considered; H;; = (H;;)" for i > j.
Note that the subscripts here denote matrix indices. The behaviour of the Fourier
components of the Hamiltonian is studied here. In particular, we consider the decay
of the Fourier components with index n. In addition, we investigate convergence
of these numerically determined components with respect to number of rotor phase
increments.

In principle the decaying behaviour changes with

the Hamiltonian element,

the orientation of the molecule in the MAS frame,

the relative orientation of the tensors to each other,

the relative strength of the quadrupolar interaction in comparison to the mag-

netic field interaction.

In Figure (D.1) Hamiltonian elements of the spin system '*C-'*N in acetanilide

are shown.? The straight lines in this figure show the exponential decay of the Fourier

2Note, the Hamiltonian elements in Diagrams (D.1-D.4) are plotted in a logarithmic scale. The

input parameters are taken from Eichele et al. [23].
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Figure D.1: Fourier coefficients of Hamiltonian elements of the spin system '*C-'*N and their

decaying properties for different orientations.

1N quadrupolar coupling constant: 3.2 MHz, Bo=4.7 T
Orientation [A]: ¢=285.0", #=112.5"

Orientation [B]: ¢=22.5", 0=3.2"
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coefficients. The decaying behaviour is almost equivalent for all Hamiltonian matrix
elements. However, it does depend on the molecular orientation (fig. D.1).

The decay rate of Hamiltonian matrix elements also depends on the relative
orientation of the tensors. This is seen in the difference between graph [A] and
graph [B| in figure D.2. On the other hand, the strength of the dipolar coupling
doesn’t influence the decaying behaviour(graph [B] and [C| in Figure D.2). The
absolute values of the coefficients change, but the slope of the straight line remains
the same in both graphs. This also applies to the chemical shielding.

In Figure (D.3) the calculated Fourier components of some Hamiltonian elements
for the ¥C-3*Cl spin pair at three different magnetic fields are shown. The input
parameters were taken from Eichele et al. [18|. The general decaying trend is again
indicated with a straight line. At a high magnetic field (relatively weak quadrupole
interaction) the coefficients decay quickly, but in case of dominant quadrupolar
interaction at a field strength of 2.4T the decay is quite slow. In general it can
be pointed out that an increasing quadrupolar coupling interaction or decreasing
magnetic field strength necessitates the use of more Fourier components - chosen
according to a specific truncation threshold.

In the next step the dependence of the Fourier coefficients on the number of
vr increments is considered. In Figure (D.4) the absolute values of the Fourier co-
efficients of one Hamiltonian matrix element is presented. The difference of these
coefficients is about 1072 and does not depend on their absolute value. Therefore
the relative error between the coefficients with large values (> 0.1) is distinct below
1%, but the small valued coefficients (<0.01) are almost arbitrary, if they are calcu-
lated with a small number of increments. This behaviour is, as far as investigated,
independent of Hamiltonian elements, orientation of the molecule and the spin sys-
tem. The variation of vy increments in the range from 256 to 8192 have no effect in

the calculated spectrum. It is even possible to cut off all Fourier coefficients which
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Figure D.2: Fourier coefficients of Hamiltonian elements of the spin system *C-*N and their

decaying properties for a different relative tensor orientation and dipolar coupling.

Quadr. coupling constant: 3.2 MHz

[A]: equals A in Figure (D.1)

[B]: all tensors are lined up

[C]: like b, but with reduced dipolar coupling (390 Hz instead of 865 Hz)

Orientation: ¢=22.5",6=3.2"

Bo=4.7 T
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Figure D.3: Fourier coefficients of Hamiltonian elements of the spin system *C-3Cl and their
decaying properties for different magnetic fields.

35C1 quadrupolar coupling constant: 72 MHz Orientation: ¢=45.0", §=53.1"

[A]: 94T, [B]: 47 T,[C]: 24 T
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Figure D.4: Fourier coefficients of a Hamiltonian element calculated with different numbers of

~r increments/time steps.

are lower than 0.2 without any effects in the simulated spectrum. If the truncation
is done for a lower threshold (e.g. 107%), than the Lanzcos method [22| can have
convergence problems when not enough 75 increments were used.

The results presented here demonstrate that the Fourier series of the Hamiltonian
decays exponentially, but the rate of decay varies. Mainly it dependents on the
strength of the quadrupole interaction in comparison to the magnetic interaction.
The dependence on molecular orientation and tensor arrangement on the other side
is not as distinct.

The number of coefficients which should be used to convert the simulated spec-
trum depends on many parameters. In the Floquet matrix the Fourier coefficients
with higher indices get less important, which is a result of the convergence crite-
ria of the Floquet expansion. Therefore it is possible, that even large coefficients

can be omitted without a change in the spectrum. In principle, when there are
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many spinning sidebands in a simulated spectrum more Floquet blocks and hence
Fourier components will be required for convergence. However, truncation of all
small components (smaller than 1% of the largest coefficient values) is, as far as
investigated, invisible in simulated spectra. It is also recommended that relatively

few g increments be used to speed up the calculation.

2 Dependence of Resonance Frequencies on Molec-
ular Orientation

The resonance frequencies of the spin half nucleus depend on the absolute orientation
of the molecule in the MAS reference frame. In case of small quadrupolar coupling,
the frequencies for the fast spinning limit can be calculated with perturbation theory
expressions [5], which is shown in graph [A] of figure (D.5). The dotted lines show
the calculated frequencies with LanXSSQ. In both cases equivalent input parameters
were used. The trend of the lower frequency is almost equivalent for perturbation
theory and our program. But the orientation dependence of the higher frequency
is quite different. In particular, whereas perturbation theory predicts degeneracy
of the two higher frequencies, LanXSS@) produces two distinct frequencies for most
orientations. However, the former prediction is more in keeping with experimental
observations (F.3). The trouble with LanXSS@ is that it ignores the effects of T
relaxation - in particular, the 75 relaxation of the quadrupolar nucleus.

In case of fast T, relaxation of the quadrupolar nucleus (i.e. fast compared with
sample spinning), the quadrupolar nucleus is always in a mixture of H eigenstates
even though such states vary with sample spinning. The rapid 75 relaxation quenches
coherences resulting from the changing of Hp eigenstates.

In the perturbation approach, the frequency calculation is done in the quadrupole

eigenbasis, with the quadrupolar nucleus taken to be in a mixture of eigenstates.
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This corresponds to Fourier analyzing resonance frequencies with respect to rotor
phase instead of Fourier analyzing the Hamiltonian, as prescribed by average Hamil-
tonian theory.

In case of large quadrupolar coupling, inverse perturbation theory is used to
calculate the orientation dependent resonance frequencies of the spin—% nucleus cou-
pled to a spin—% quadrupolar nucleus (solid lines in graph [B] of fig. D.5). The with
LanXSSQ) calculated frequencies are again quite different (dotted lines in graph [B|
of fig. D.5) for the same reason as in the case of weak quadrupolar interaction.
Again, experimental observations are more in accord with the inverse perturbation
theory with fast 7} relaxation [18].

For both cases, weak and strong quadrupolar interaction, the basis of our simu-
lation program was changed to the quadrupole eigenbasis to calculate the resonance
frequencies for the fast relaxation limit of the quadrupolar nucleus. The resul-
tant frequencies are shown in graph [A] and [B] respectively of figure D.5 (green
triangles). LanXSS@ produces almost equivalent orientation dependent resonance
frequencies compared to the perturbation approaches. However, computed spectra,
shown in Figure (F.3), show that the fast quadrupolar T, relaxation assumption
may not be exactly correct, because the relative intensities of the simulated bands
do not match the experimental spectrum. Future work will focus on implementation
of finitely fast quadrupolar 75 relaxation. The LanXSS(@) program is well suited to

such implementation.
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Figure D.5: Molecular orientation dependence of the resonance frequencies. A Comparison

between LanXSSQ and perturbation theory.

All tensors (dipolar and quadrupolar) in these simulations have the same direction and they are

axially symmetric. The angle between the z-axes of the MAS frame and the cylindrical symmetric

spin system is given by ©.

[A]: Spin-1 coupled to spin—%, with weak quadrupole interaction

[B]: Spin—% coupled to spin—%, approximately infinite quadrupolar interacion



Chapter E

Experimental

1 Synthesis of *C-Labeled Acetanilide

An interesting well researched system with residual *C — N dipolar coupling is
acetanilide |23|. To simplify the '3C solid state NMR-spectra and increase the signal

to noise, the syntheses of *C-enriched acetanilide (I) was necessary (fig. E.1).

Figure E.1: Structure of *C-labeled acetanilide

Compound (I) is synthesized according to following reaction,

1d, EDC-HCI
—

NaCH;»,COZ + CGH5NH2 06H5)NH(COCH3) + ”NaOH”

37
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EDC =1 — [3 — Dimethylaminopropyl] — 3 — ethylcarbodiimide

and it was prepared by dissolving 0.62 g of 1*C-sodium acetate (7.5 mmol) and 1.52 g
EDC (10.0 mmol) in 25 ml dried tetrahydrofuran. To the stirred mixture 0.68 ml
fresh distilled aniline (7.5 mmol) was added. Then the suspension was stirred for one
day. After evaporation of the solvent, 50 ml water with 1 ml conc. HCl was added.
The crystallized product was separated and vacuum dried. 'H-NMR (fig. E.2) and
a C-NMR spectrum (fig. E.3) were obtained on a Bruker AC-200 in deuterated
chloroform as solvent to specify the purity.

The proton and carbon spectra show the J-coupling between the labeled carbonyl
group and the neighboring hydrogen and carbon atom respectively. Also almost no
signals from the starting materials are present and the product is used without

further purifications.
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2 X-ray Crystal Structure Determination of Acetanilide

The crystal was centered on a P4 Siemens diffractometer, equipped with a Siemens
SMART 1K charge-coupled device (CCD) area detector (using the program SMART)
and a rotating anode using graphite-monochromated Mo-K « radiation (A = 0.71073 nm).
The diffraction data collection consisted of a full ¥ rotation at x = 0° using 0.3°
frames, followed by a series of short (100 frames) w scans at various ¥ and y settings
to fill the gaps. The crystal-to-detector distance was 5.000cm, and the data collec-
tion was carried out in a 512 x 512 pixel mode using 2 x 2 pixel binning. Processing
was carried out by using the program SAINT, which applied Lorentz and polariza-
tion corrections to three-dimensionally integrated diffraction spots. The program
SADABS was used for the scaling of diffraction data, the application of a decay
correction, and an empirical absorption correction based on redundant reflections.

The XPREP program was used to confirm the unit cell dimensions and the
crystal lattice. The final refinement of the structure was obtained by introducing
anisotropic parameters for all the atoms, except the hydrogen atoms, an extinction
parameter, and the recommended weight factor.

The calculations were performed with the SHELXL package for structure deter-
mination, refinement, and molecular graphics.

The data collection parameters and crystallographic information are summarized
in table (E.1). The bond length, bond angles and dihedral angles are listed in
table (E.2). The results are in good agreement to previous obtained x-ray and
low temperature neutron diffraction data |24, 25|. In figure (E.4) the geometry
of one acetanilide molecule in the crystal is shown. Interesting is the fact that
the molecule is not planar (fig. E.5) (torsion angle C(7)-N(1)-C(1)-C(2)=19.4"),
which has effects in the strength of the electric field gradient, chemical shielding
anisotropy and orientation of the considered tensors in the C-N spin system. It exists

a strong hydrogen bonding between acetanilide molecules in the crystal (fig. E.6).
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Table E.1: Summary of Crystal Data and Refinement Results for acetanilide

empirical formula

space group (No.)

molecules
unitcell

M (55)

calculated density (cmig)

T (K)

i ()

A (A) used for data collection

final agreement factors

CsHoNO
Pbca(61)
9.498(6)
8.002(6)
19.656(14)
90

90

90
1493.8(18)
8

135.16
1.202
298(2)
0.080
0.71073
R1=0.0427
wR»=0.0918
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Figure E.4: Structure of acetanilide (X-ray data)

The distance between the hydrogen atom and the oxygen is 193.4 pm. Figure
(E.7) and (E.8) show the packing of the crystal. Two different kind of layers can
be distinguished, first the hydrogen bonding layer (hydrophilic) and second the
layer with the stacked aromatic rings (hydrophobic). The packing of the molecule
and especially the energy gain of the hydrogen bond compensates the energetic

disadvantage of the twisting.
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Figure E.5: Twisted geometry of acetanilide (X-ray data)

Figure E.6: Hydrogen bonding between acetanilide molecules in the crystal
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Figure E.7: Packing of acetanilide in the orthorhombic crystal (view 1)
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Figure E.8: Packing of acetanilide in the orthorhombic crystal (view 2)
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3 Solid State NMR Spectra of Acetanilide

The *C solid state CP/MAS spectra were obtained at 50.323 MHz on a Bruker
DSX-200 (By=4.7 T) and at 100.630 MHz on a Bruker DSX-400 (By=9.4 T) spec-
trometer. Crystalline samples were ground packed into 4 mm zirconium oxide rotors.
All spectra are obtained at room temperature. Cross-polarization (CP) was achieved
under Hartmann-Hahn matching condition using 90 ° pulses of 3.0 us. The opti-
mum contact time was found to be approximately 4 ms. The spectra were acquired
with high-power 'H decoupling. A recycle time of 20 s was used to acquire the 3C
spectra.

Figure (E.9) shows the static powder pattern from C labeled acetanilide at
a magnetic field strength of 4.7 T. The other spectra are maintained at different
rotation speeds around the magic angle. The spinning speed were varied from 200
Hz to 8kHz. The spectra are maintained at 4.7 T (fig. E.10-E.16)and at 9.4 T (fig.
E.17-E.21) respectively.
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Chapter F

Results

The X-Ray single crystal data of acetanilide the reported! orthorhombic structure.
So we can expect to get comparable CP/MAS NMR spectra to Eichele et al. [23].
Eichele et al. simulated the central band of these spectra with a perturbation theory
based simulation program. The input parameters for the simulation with LanXS5@Q
are listed in table (F.1). The relative tensor orientations and parameters were taken
from the prementioned reference.

Figure (F.1) shows simulated central bands of acetanilide MAS spectra, at a
spinning speed of 1991 Hz, in comparison to the experimental spectrum. Although
the fast relaxation of the quadrupolar nucleus in these simulations is not considered
(see page 36), the basic change in the spectrum with variation of the magnetic field
is correct. The low field spectrum consists of the expected asymmetric doublet with
comparable relative intensities and splitting of the two main signals. At higher field
the resonance frequencies are almost combined to a single band. In Figure (F.2)
the experimental and simulated spectrum at 4.7 T with two spinning sidebands is
shown. The shape of the spinning sidebands is not modeled accurately, which is an

additional indication, that the fast 75 relaxation of the quadrupolar nucleus has to

L Acetanilide can crystalize in an orthorhomic or plate crystal system
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be considered.

The lineshape of the simulated spectrum is different compared to the experiment
caused by inhomogenities in the sample, which results in gaussian line-shapes. The
simulated bands have the form of lorenzian functions, which are at the top narrower
and at the bottom wider. It is possible to improve the band shapes, if gaussian
broadening would be used.

The fast 15 relaxation limit of the quadrupolar nucleus is implemented in LanXS55@)
and simulations of 3C-acetanilide MAS spectra at 8054 Hz and the experimental
spectrum are shown in figure (F.3). The spectrum calculated with the changed
version of LanXSS@ (including fast T5 relaxation) is almost identical to simulations
based on perturbation theory programs. Now, the spectrum consists of the expected
two bands rather than three, but the relative intensities of the asymmetric doublet
is not as good as simulations without considering the relaxation of the quadrupolar
nucleus. Here it seems to be that the relaxation time of the quadrupole nucleus plays

an important role in respect to the relative intensities of the asymmetric doublet.
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[A] £

1000 500 0 -500 -1000
(relative scale in Hz)

[B]

1000 500 -1000

(relative scale in Hz)

Figure F.1: Experimental and simulated central band of the MAS spectrum of the **C-'*N spin
system in acetanilide. The experimental spectrum is represented through a blue and the simulated
spectrum through the purple graph.

[A]: Bp=4.7T T, vg=1991 Hz

[B]: Bp=9.4 T, vr=8000 Hz
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----LanXSSQ fast
relaxation

------ LanXSSQ

—— Experimental

200 150 100 50 0 -50 -100 -150 -200
relative frequency [Hz]

Figure F.3: Simulated spectra and experimental spectrum of the 3C-!*N spin system
acetanilide with and without the 75 relaxation of the quadrupolar nucleus.
Input parameters are listed in table (F.1), except the lorenzian broadening is set to 50 Hz.

Bo=4.7 T, vp—=8054 Hz
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Table F.1: Input parameters for the simulations of acetanilide MAS spectra,

Spin system parameters

chemical shielding tensor || quadrupole tensor
Ozz | 77 PpmM Gz | 0.624 MHz
Oyy | 4 Ppm Qyy | 0.976 MHz
0,, | -81 ppm q,, | -1.6 MHz
a, |-30.0° a, | -137.0°
g, |0 B, |0°
atom coordinates
C: x and y 0.0 pm
C: 2z 134.8 pm
N: z, y and 2 0.0 pm
Magnetic field dependent parameters

low magnetic field high magnetic field
By 47T By 94T
ve | 50.3 MHz ve | 100.6 MHz
vy | 14.2 MHz vy | 28.4 MHz
vgr | 1991 Hz vgr | 8000 Hz

Program specific parameters

v increments 1024
molecule orientations 956
Floquet blocks 21

maximal Fourier components | 11

Lorenzian broadening 25 Hz

cut off Hamiltonian elements | <0.2



Chapter G

Conclusions

This work presented a new, more general method for the simulation of MAS NMR
spectra with quadrupolar interactions. The simulation program (LanXSS(Q) was
tested for the weak and strong quadrupole interaction limits. In case of weak
quadrupole interaction, the spectra of acetanilide were considered and the program
was compared with perturbation theory based calculations from Eichele et al. [23]. In
case of approximately infinite quadrupole interaction the spin—% coupled to a spin-
% system was considered and inverse perturbation theory based calculations [17]
were compared with our simulation program. In both cases the original version of
LanXSS@) didn’t reproduce the perturbation theory based calculations, because our
program didn’t consider the fast 75 relaxation of the quadrupolar nucleus. Relax-
ation terms could be included in the current formulation of LanXSS@), which is not
done at this stage. But the fast relaxation limit, which is equivalent to the assump-
tion that the quadrupole nucleus is for all considered rotor phases in its eigenstate,
was implemented in LanXSS(Q. In this case our program reproduces the frequencies
calculated with perturbation theory based programs, since this assumption is used
in all today used simulation programs of this kind.

Most simulation programs consider only the central band of MAS NMR spectra.
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The implementation of Floquet theory in LanXSS@ allows it also to simulate the
spinning sidebands accurately. Simulation of spinning sidebands is especially useful
because of the additional information content. Solid state spectra require large
number of parameters. It is desirable to obtain as much experimental observation
as possible to ensure good parameter assignments.

The formulation of average Hamiltonian theory to eliminate the fast quadrupolar
spin dynamics time-scale is unique - especially in the context of a Floquet treat-
ment. The theoretical formulation seems to work correctly, but it was shown, that
quadrupolar spin relaxation has to be implemented in future versions of LanXSS@Q. In
most cases it would be enough to consider the fast relaxation limit of the quadrupo-
lar nucleus, but it is worth implementing a more general formulation and see how
different relaxation times affect the simulated spectrum - potentially giving a better
fit to experimental spectra.

In acetanilide, for example, the perturbation approaches within the fast relax-
ation limit cannot reproduce the relative intensities of the asymmetric doublet. It is
possible that in this case the fast relaxation approximation is not accurate enough.

After the implementation of the quadrupolar nucleus relaxation, spin systems
with intermediate quadrupolar coupling can be considered - that is cases for which
the quadrupolar interaction has the same magnitude as the Zeeman interaction. In
such cases perturbation approaches are not valid. Examples of such spin system
are 1*C coupled 3>3¥7Cl at low magnetic fields (e.g. 4.7 T) and ¥C coupled **Co
in organo metallic complexes. LanXSS@Q also handles multiple spin systems and

chemical exchange.
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