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Abstract

The majority of nuclei available for study in solid state Nuclear Magnetic Resonance
have half-integer spin I > 1/2, with corresponding electric quadrupole moment. As
such, they may couple with a surrounding electric field gradient. This effect produces
anisotropic line broadening in spectra for distinct chemical species in polycrystalline
solids. In Multiple Quantum Magic Angle Spinning (MQMAS) experiments, a sec-
ond frequency dimension is created, devoid of quadrupolar anisotropy. As a result,
the bary centers of peaks in the high resolution dimension are functions of isotropic
quadrupole and chemical shifts alone. However, for complex materials, these param-
eters take on a stochastic nature due in turn to structural and chemical disorder.
Lineshapes may still overlap in the isotropic dimension, complicating the task of
assignment and interpretation. A distributed computational approach is presented
here which permits optimal simulation of the MQMAS spectrum, generated by ran-
dom variates from model distributions of isotropic chemical and quadrupole shifts.
In this manner, local chemical environments for disordered materials may be char-
acterized and via a re-sampling approach, error estimates for parameters produced.

Key words: Nuclear Magnetic Resonance, Multiple Quantum Magic Angle
Spinning, OpenMP, Sobol sequence, quasi-random numbers, simulated annealing,
distribution functions, quadrupole interaction.

1 Introduction

Since the discovery of Nuclear Magnetic Resonance (NMR), there has been
great interest in the study of quadrupolar nuclei. These nuclei have an electric
quadrupole moment () which couples with a non-zero electric field gradient [8].
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Depending on the magnitude of these quantities, the quadrupole interaction is
quite often the most significant perturbation to the Zeeman energy levels. At-
tention here is restricted to first and second order quadrupole effects, each of
which is proportional to a second rank tensor term Py () [41,36]. In addition,
the second order quadrupole perturbation is proportional to a fourth rank term
Py(0)!. These terms depend explicitly on the angle 6 between crystallite orien-
tations and the static, applied magnetic field of NMR. As a result, anisotropic
frequency dependence is introduced, promoting overlap between lineshapes
arising from distinct chemical sites in powdered solids. Additionally, an ap-
preciable second order isotropic shift occurs; the bary center of quadrupole
lineshapes is subsequently changed from the chemically shifted value. The
characteristic features of quadrupole spectra provide valuable local bonding
information and hence extensive work has been devoted to both resolving
individual chemical sites, as well as lineshape simulation. With regard to res-
olution, the issue has been addressed over the course of time by a number of
experimental approaches. Early in the development of solid state NMR, Magic
Angle Spinning (MAS) [18] was proposed, which reduces or eliminates sec-
ond rank interaction terms and therefore broadening associated with the first
order quadrupole interaction. However, if the magnitude of the quadrupole
interaction is significant, spinning sideband manifolds arising from satellite
frequency transitions may still obscure spectra in one dimension [37]. Double
Rotation (DOR) [5] is an extension of the Magic Angle Spinning technique,
where by virtue of sample spinning at two angles, on the time average first and
second order quadrupole anisotropy are alleviated. In order to enhance reso-
lution beyond that available in one dimension, a natural extension was made
to two dimensional experiments [6] where quadrupolar nutation frequencies
(and thus underlying parameters) could be extracted via simulation. Dynamic
Angle Spinning (DAS) [33,32] is successful in eliminating the effects of both
second and fourth rank tensor terms, and thus also second order quadrupole
broadening. More recently, Multiple Quantum Magic Angle Spinning (MQ-
MAS) [2,47] and Satellite Transition Magic Angle Spinning (STMAS) [25,24]
have become popular owing to mechanical simplicity. These procedures in-
volve collecting data as a function of two independent time intervals in the
pulse sequence [51] under Magic Angle Spinning conditions. Within these ex-
periments, directly observable single quantum coherence frequency transitions
are correlated with multiple quantum transitions [62], which evolve between
pulses and are selected via an appropriate phase cycle, figure 1.

During data processing, a so-called ‘shearing transformation’ is applied af-
ter the Fourier transform in the direct dimension. This takes place before a
Fourier transform in the second dimension, in order to create a high resolu-
tion spectrum in the indirect dimension, devoid of anisotropy. Alternatively,
a high resolution axis may be created during the experimental acquisition us-

1 Relevant expressions are listed in Appendix A
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Fig. 1. (a) Schematic of a 1D NMR experiment; p; is the pulse duration, and the
free induction decay is recorded during the acquisition time period to. Coherences
which have a change in magnetic quantum number Am equal to +1 are detected,
as supported by the electric dipole selection rule. (b) Schematic of a 2D NMR
experiment; acquisition takes place during to and time period t; is varied to create a
second, indirect dimension. Multiple quantum Am # 41 as well as single quantum
coherences evolve during this period. Ultimately, a particular coherence transfer
pathway (CTP) is selected in an MQMAS experiment via a phase table; phases of
pulses are varied in a prescribed manner to ensure the desired CTP amplitude is a
maximum.

ing the split-t; method [14]. Figure 2 displays the Al MQMAS spectrum
of the large-pore aluminophosphate VPI-5 as a contour plot, alongside the
MAS (F2) frequency dimension projection. Clearly resolved are two distinct
chemical sites in the tetrahedral coordination region of the aluminum spectral
window.

From the bary centre of peaks along the high resolution axis, isotropic shifts are
deduced which are a function of both isotropic chemical and quadrupole shifts.
In turn, the isotropic quadrupole shift is a function of both the quadrupole
coupling constant C, and asymmetry parameter n. The importance of these
quantities lies in the fact that they are directly related to the electric field
gradient tensor, and thus the details of the local bonding environment. In
order to unequivocally determine both C, and 7, simulation of experimental
spectra is necessary. Work in this area was initially devoted to static line-
shapes [11,52] and has since been extended to spinning solids. Several exam-
ples of the latter include extraction of quadrupolar parameters using spinning
sideband manifolds [30,1] and the use of the stochastic Liouville von-Neumann
equation to incorporate molecular motion [27]. In the last decade, simulation
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Fig. 2. (a)2” Al MAS spectrum of tetrahedral region within VPI-5 (b) Contour plot
of MQMAS spectrum of same compound; clearly resolved are two chemical sites
with distinctive lineshapes and hence local environments.

tools including SIMPSON [35] and GAMMA [54] have been created. Cal-
culations performed by these packages can take into account radio frequency
pulse powers and durations, time delays, expected NMR parameters and other
variables to provide a system response. There also exists lineshape modeling
tools such as DMFIT [15] which provides simulation capabilities for a large
variety of experiments and interactions. In the case of disordered chemical
environments [23,9,57,56], calculations of powdered lineshapes for MQMAS
becomes a formidable task. This is due to the fact that parameters relevant
to simulation take on a distributed nature [49,22]. Whether using a high level
of theory, inversion methods [67], or the use of table-lookup in calculating
powder patterns, computational demands become excessive. The focus of this
paper is devoted to the optimized simulation of multiple quantum magic an-
gle spinning spectra, in the presence of low to significant disorder. This is
accomplished using quasi-random numbers sampled from model distributions
of isotropic chemical shift and quadrupole coupling constant. Simulated an-
nealing is used to optimize the non-convex cost function. In distinction to
spectrum-inversion approaches [19], the method proposed here also gives in-
sight into the asymmetry parameter and is highly amenable to distributed
computing [26].

2 Theory

2.1 Quadrupole Interaction

The density operator is a popular means of describing experimental NMR. The
matrix representation of this operator in a particular basis is diagonalized
and the time evolution propagated using an average Hamiltonian [61]. The
important assumption in this approach is the synchronization of the Magic
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Angle Spinning (MAS) speed with evolution periods in the pulse sequence.
A more general theory for time-dependent Hamiltonians is given via Floquet
theory [7,59,55] and will not be treated here. The quadrupole interaction in
terms of irreducible tensor operator notation [39,40,53] may be expressed as:

2
Ho = No Y (=1)"Vo o K*Y

u=-—2

e@
where Ng = 21T — 1)h (1)
Tensor V' contains electric field gradient terms, and tensor K spin angular
momentum operators; expressions for these are given in appendix A. It is as-
sumed for the remainder of this work that the quadrupole interaction may be
treated as a weak perturbation on the Zeeman levels. One begins by consid-
ering the time evolution of the operator in the interaction representation (ie.,
the rotating frame):

Hq(t) = exp(iH.t)Hg exp(—iH.,t)

2
=No > (—1)”/2,7“}((2’”) exp(—iuw,t), (2)

u=—2

where wy is the Larmor frequency. The Magnus expansion [38] is employed
in order to find the average value of the Hamiltonian, assuming that the
Hamiltonian may be considered piece-wise constant during short time inter-
vals. Ignoring highly oscillating and non-secular terms (retaining only those
that commute with the Zemman Hamiltonian), one finds to first and second
order for the quadrupole interaction:

tr,
o _ 1/ _ L
HY — = [ Ho(t)dt = Np—=[31% — I(I + 1)V, 3
Q oy o(t) Q\/é[z ( Va0 (3)
i tr t
HY = 2% [t [[avlg(), Ho) =
L
0 0
_f%% 1
(5o Vaalan(1 1) 822 -
wWo 2
1
5 Va2 Vaal2l (1 +1) = 212 — 1]) L. (1)



us  For the purposes of determining frequency shifts, these expressions are sim-
us  plified using higher rank tensors e.g.,

N3 /1
wo HY =8 <—\/7W470[17L(3’0)—6L(1’0)]
wWo 70
1
+—= W0 o[3LB30 4 L10)] — f Woo[3LB — 4L(1’°)> (5)

u7 The tensor W contains components of the electric field gradient, whilst tensor
us L is a function of spin operators. Explicitly, the tensor W is related to the

e tensor V' via the Clebsch-Gordon coefficients,

=

120 VVj,M = Z <j1j2m1m2‘JM>le,m1Vj2,M2 (6)

mi,m2

11 and the L are given by:

1 3

L3O = 5\/10[1(1 +1) = 1L (7)
1

LGO = g\/10[31(1 +1) =512 —1]I, (8)

s The latter are not normalized; in terms of normalized tensor operators P10
s and P®Y one may write:

2 3
L0 — \@ [I(I+1)— Z]P(LO) (9)

127 LB = _opE0 (10)

18 Therefore

—N2 [ —17 3 /16 3
g9 _ Q( “tw o PBO I(I+1) ==
129 Q o 5\/— 4,0 35 5 [ ( + ) 4]
6 v/ 14 3
pLo) _ Wo o P3:0) I(J+1)=2=
130 X W4,0 \/% 2,0 + —= 35 [ ( + ) 4]
3v2 4 3
pao L 2V~ pBO L " rr(r+1)=2 p.0) 11
131 xWay + = Woo +5\/5[( +1) = 1Woo (11)

12 If one denotes distinct energy levels by r, ¢, then the shift to the standard
13 Zeeman frequency may be determined as,

Wre = (r|(HY + HS|r) — (c|(HS + HS|¢)
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which is the sum of first and second order contributions:

w4+ (12)

,C ,C

To first order, the shift is:

3
N (13)

which for a symmetric transition (r = —c¢) is zero. To second order:

1 /35 1 1
c){% ?W470A(4)+2—8\/QW270A(2)—%WO,OA(O)} (14)

where expressions for constants A, which depend upon I,r, ¢, are given in
appendix A.

2.1.1 Static Crystal

It is convention to express frequencies in terms of the principal axis system,
the frame of reference where the tensor of interest is diagonal. Referring to
figure 3, the transformation for V5 from the principal axis system is rather
simple in the case of a static single crystal:

E: I%%SL) ﬁ;¢)::

u=—2
1., 1,
Geq[§(3 cos”f—1)+ 57sin 3 cos 2a], (15)

where D is the Wigner rotation matrix. One may then write the 1st order
quadrupole interaction as:

1
HY = (I = I(1 + 1))Qg[3cos® f — 14 sin®  cos 2] (16)

with

eqQ C,
21(2 — )R 21(21 — 1)

QQ::@qAb::

Therefore, apart from orientation angles, quadrupole frequencies are com-
pletely specified in terms of parameters 7 and C,, which are sufficient to de-
scribe the electric field gradient tensor, since in the PAS the tensor is diagonal
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Fig. 3. Euler angles for: (a) the Principal Axis System (PAS) in the crystal frame
(b) VAS /rotor relationship to static magnetic field By.

and satifies Laplace’s equation. Tensor components Wy o, Ws o and Wy o of the
electric field gradient transform as;

Wao= 3 WEASDE) (4,5, 9) (17)

U=—x

Hence for the second order quadrupole frequency:

0,1,2 k
r—=c
wif = =5 -0 2 AN Ure) 3 Buan)Di(esBi0)  (18)
k u=—=k

Boo(n) = =10 +3), Bao(n) = &(1* - 3),
B2,i2(77) = ﬁﬁ\/_ Bio(n) = %(77 + 18),

B 1o(n) = 1407]\/10 Ba14(n) = 4%/%7]

2.1.2 Magic Angle Spinning

Referring again to figure 3, in performing sample or variable angle spinning
(VAS) at angle 0, to the static field, with angular velocity w,, an additional
step in transforming between PAS and the rotor frame is necessary:

VS — ZVQASD o, 8, 0), (19)

Jj=—2

Z VASD t7 07’7 ¢7’) (20)

u=—2
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For this case, the first order Quadrupole Interaction:

wf,}CVAS _

1 2 2
_\/E(TZ _02> Z DI(LZ,())(th7 6r7¢?“) Z ‘/ZI,Z;ASD](,ZJ(O‘aﬂ7¢)

NQ2

u=—2 j=—2

Similarly, in determining the second order shift, one finds:

WYAS _ S~ PAS pen 5 g)

2z,u
j=—x

2

WQI,O == Z xWQ\g{ASD@x (wrt 9T7¢T)

u=—2x

and hence:

(2 VAS _ _ QZ A (2z) [
Wr,e 2W0 Q Z T, C)X

Z DuO wrt 9r>¢r Z B2x,2j( 2gu( ﬂ ¢)

u=-—2x j=—x

(21)

(24)

Now fog) is proportional to exp(—iuw,t) and thus spinning sidebands are
observed in the frequency domain. In the high spinning speed approximation,

one assumes that the only non-zero term is for v = 0, thus:

w7(n1 VAS" _ VQ \/_(7“ _ C d(2 Z VPASD(2 ﬂ7¢)

,C
j=—2

VAS/ x (2z)
wﬁ?c = 2w0 Qé ZAZ (I,r,c)dyy (0,)%

> Baupi(n) DG (a, B, 9)

j=—a

C
5o Yol A L1, 0) Boo(n) + AP (L7, €)dio(01) Bz (n)de'o(9)

+2By5(1)dS () cos 2a] + AD (1,7, ¢)dS3(0,) [Bao(n)dsa(8)

+2B42(1)ds)(3) cos 20 + 2B4.4()ds () cos 4al}

(25)

(26)

(27)
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Further, under the Magic Angle Spinning condition of P(cosf,) = 0, there
remains for the first and second order quadrupole interactions:

wﬁ}c)fast MAS _ 0, (28)
wﬁ?c)faSt MAS _

DR = SO (AL, 7,0)Boo(m) + AV (L. ) [Buo(m)dy(5)+
2B12(1)dso(3) cos 2a + 2By 4(n)d () cos 4a] Py(cos 0,,) }. (29)

This expression? will be used to describe frequencies in the direct dimension
for which » — ¢ = —1 as well as the indirect dimension. The MQMAS experi-
ments performed in this work use the triple quantum transition, ie., r —c = 3.

2.2 Lineshape Simulation and Optimization

Since the introduction of MQMAS experiments, there have been significant
improvements in excitation efficiency and coherence transfer using Double
Frequency Sweep (DFS) [4,3] and Fast Amplitude Modulation [47,48]. The
discovery of the rotatory resonance phenomena has been exploited particu-
larly for low gamma nuclei [65,60] and there have been improvements made
in sensitivity based around the inclusion of signal intensity from additional
coherence transfer pathways [64,43]. The Z-filter [28] method ensures that
amplitudes for echo and anti-echo pathways are co-added with equal inten-
sity under States [17] acquisition, providing after phase correction a purely
absorptive 2-D spectra. Therefore, using the second order perturbation theory
expression for multiple quantum transition frequencies given in eq. 29, one
may model the general 2D correlation spectrum between the r < ¢ quan-
tum transition (indirect frequency dimension) and central transition (direct

frequency dimension r — ¢ = —1) as [34,13,8]:
A1 A2
F(f1, f2) = (1 —
LI =0 O i L X+ (72 2,7
1 (—(fl;kf;m)Q+—(f22—kf22m)2)
+627T/\1/\2e 1 2 (30)

Where 27 f1,, = w,(?c) and 27 f2,, = w(_21) are the indirect and direct second
order quadrupole frequency expressions. This model is pertinent to the dipole

2 The isotropic chemical shift 553 is implicit within equation 29; wi?co = (r—c)dss wo

10
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Table 1
Powder averaging schemes

Method a 3 "
Planar Grid % 7r(j+;15) n(5,)
Spherical Grid % arccos (1 — 21]\[—;1) 1
Planar ZCW 27 (j M, ]{[IZIOd N.) (j+]3;5)w Sin(ﬂj)
Spherical ZCW 27T(J'MZ—HZlOsz) ArCCOs <1 B QJTtl ) ,

broadened lineshape (broadening factors A1, A2) of a single crystallite orien-
tation with unique isotropic chemical shift 0f5 , asymmetry parameter n and
quadrupole coupling constant Cy. As such, it provides a suitable kernel for a
more general lineshape intensity function, weighted by crystallite angle distri-

bution G(«, 3) and probability density P(6%°, C,,n):

I(f1,f2) =

L
S A [ [ PG ConGla, BEL f2dla, SIS, o) (31)

6359070‘1777 a,,@

where L is the number of chemical sites and A; the individual site amplitude.
There are two aspects to a numerical evaluation of this expression, including
powder averaging over the crystallite orientations specified by angles o and
(. In addition, contributions to the overall spectrum from random variates
Cy, 055, and 1 are weighted by a multi-variate probability distribution function.
Powder averaging in magnetic resonance is an example of a problem in broader
quantum mechanics, evaluating integrals over the unit sphere [21,20]. There
exists several reviews in the literature with regard to powder averaging in
magnetic resonance [50,46]. It is assumed that the equally probable crystallite
orientations within a powder have been equally irradiated. Table one lists
various schemes for performing powder averaging under these assumptions,
where the integral over angles is replaced by a sum:

SN wiFy(a, B)
ZZN w; (32)

F(f1,f2) =

with various choices for weights w; and angles «, (3.

In the Planar grid or Alderman-Solum-Grant scheme [16], as well as for the
Spherical Grid method, a and 3 are varied independently with N, and Ng
steps and k = 0...N, — 1,5 = 0...Ng — 1. For the Zaremba-Conroy-Wolfsberg
method [66,12,63], N, and M, are chosen to satisfy M, = F(m) and N, =
F(m + 2), where F(m) the mth Fibonacci number. The latter method has

11
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been employed for the simulations in this work, and is anticipated to be op-
timal for fast MAS and few crystallite contributions [46]. To incorporate the
multivariate distribution in isotropic chemical shift and quadrupole param-
eters, variables are sampled from a model distribution and a Monte Carlo
simulation performed. In general, statistical distributions may be symmetric
or asymmetric. The nature of the model distribution used in the simulation
is directly related to the underlying chemical and/or structural disorder. Tra-
ditional random number generators which create variates according to dis-
tributions such as these are usually one of two types. They may be of the
acceptance/rejection type, or rely on transformations of the uniform distri-
bution, eg., the Box-Muller method for normal-distributed variables [45]. The
latter was used here for ease of adaptation to a parallel programming envi-
ronment. By creating variates after this fashion and converting the integral of
eq. 31 to a summation, the integral is solved via a Monte Carlo approach. By
the law of large numbers, Monte Carlo approximations converge to the true
value in the limit as the samples N approach infinity. In reality, convergence is
slow, and the error in using pseudo random numbers is O(N~1/2). This situa-
tion is improved via using quasi-random numbers such as the Sobol sequence,
which have an error O((log N)*N~!) for k dimensions [42]. For the purposes
of this work, attention is restricted to the multi-variate normal distribution
with density:

p(xy,...x,) = W exp (—%([L‘ — )Tz — ,u)) (33)

where random variates zq,...x,, may represent quadrupole coupling constant
Cy, asymmetry parameter 7 and isotropic chemical shift 675, parameters (ie.,
n = 3). Other symbols have their usual meaning; ¥ is the covariance matrix
with determinant |X| and p is the vector of mean values. There is a well estab-
lished method for generating normally distributed variates which is employed

here, specifically:

(1) The Cholesky decomposition of AAT = ¥ is calculated, providing matrix
A.

(2) A vector Z of normal random variates are created via the Box-Muller
transform

(3) Multivariate parameters X with the desired properties are generated from
X=pn+AZ

For the remainder of this work, attention is restricted to bi-variate distribu-
tions in C, and 9455, parametrized by i, 0y, fty, 0y, p, using single values of
asymmetry parameter 1 per chemical site. Using the theory outlined thus far,
an experimental spectrum may be simulated and attempts made to optimize
the simulation parameters. Figure 4 is a plot of the cost function obtained by

varying only chemical shifts in a fit to the two site, VPI-5 tetrahedral region.

12
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Fig. 4. Cost function, sum of squared difference between simulated and experimental
VPI-5 MQMAS spectrum, as a function of the two isotropic chemical shifts

The global minima is toward the center of the plot, within a larger area
containing local minima. Simulated annealing [31] is a stochastic method for
global optimization suited to non-convex cost functions. The method is analo-
gous to the metallurgical process of annealing. The application to the current
problem ensures that the iterative procedure avoids being trapped within local
minima. The overall algorithm applied here is as follows:

(1)

Least squares cost function generation, the trace of the Grammian: F; =Trace{(A—

B) x (A — B)T} where A — B is a matrix of residuals, the difference be-
tween simulated A and experimental absorption spectra B. If this is the
initial step, a generalized temperature is defined T' ~ E;

Each unconstrained parameter x is changed by a random amount +Ax,
sampled from the uniform distribution [0,1). The corresponding energy
E; is calculated as before.

If £y < E;, the change is accepted, else,

Parameter changes are accepted or rejected in the traditional Metropo-
lis [44] scheme, using the probabilistic factor: e~(Fr=F)/T

The process is repeated and the temperature lowered according to some
schedule, until such time as convergence is reached.

13
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In order to give confidence intervals for parameters

= (AL AS €F uk okl ok pf ot AR k=1, L}

optimized in the simulation, strictly speaking the measurement or MQMAS
experiment in conjunction with simulations ought to be repeated and statistics
created from fitted data. However, owing to the considerable time multiple ex-
periments and simulations requires, a more suitable approach to error analysis
is found in statistical re-sampling, such as jackknifing or bootstrapping [29].
In the original jackknife approach, ¢_; is defined as the least squared estimate
of parameter ¢ when the ith data point of n total is removed from the set.
Pseudo values are created,

Pi=n¢—(n—1)¢_; (34)

with average P and variance matrix Vp:

P:dlf:nlzn:Pi (35)
nVp — Z \(P— P)T (36)

In the present application, this method implies n + 1 non-linear optimizations
which is still far too time consuming. Fox et al [58] propose a solution in the
form of an approximate jackknife, which requires instead a single non-linear
optimization, via a Taylor expansion of the least squares estimate equation
for ¢;, assuming it is a stationary point for the sum of the residuals. In this
method, an estimate of the variance matrix is given by:

V=(Z"2)" zn: 2z z)~ (37)
where:
— Vf(i,6) = {a F (@1, 8).e o f ¢>>}T (38)
’ ad)l a¢l 7 b=
ZT = (21, ..., %) (39)

and r; is the vector of residuals. The model as presented here consists of ten
free parameters per chemical site (ie., (=10), so in the case of N chemical
sites, this corresponds to the creation of a 10N x 10N variance matrix from
the quantities listed here. These are evaluated at best-fit parameters ¢, using
the partial derivatives as listed in Appendix B.

14
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3 Numerical Results
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Fig. 5. (a) Annealing schedule versus iterations; temperature is rapidly annealed
and reannealed (b) Variation of energy and best energy value versus iteration. In
addition to the algorithm outlined, a separate heuristic is applied whereby every p
steps, the parameter values are reset to their best values to date corresponding to the
stored best energy value (c¢) Simulated MQMAS spectrum. Comparing with fig. 2b,
while the general shape and peak positions have been re-produced, small differences
arising from distributed values are apparent. The number of powder increments used
was 1597 (d) Comparison of simulated and experimental F2 frequency projection

The aforementioned theory was implemented in C, using a number of func-
tions from the GNU Scientific Library (GSL), as well as the math and stan-
dard libraries. A single application was written which performs calculations
of frequency equation 29 as a function of each powder angle «, 3 according
to the ZCW scheme. For each frequency dimension Sobol sequences are gen-
erated and used to create bi-variate distributions of isotropic chemical shift
and quadrupole coupling constant according to the given algorithm. Finally,
summation over powder angles and variates are performed using the kernel of
eq. 30. The results of initial simulations pointed to single values of asymme-
try parameter being sufficient for distinct chemical sites. A single OpenMP
pragma was used to parallelize inner frequency loops,

#pragma omp parallel for private(h,i)
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using the private declaration on loop indices to prevent a race condition oc-
curring between separate threads. The OpenMP application programming in-
terface is essentially a set of libraries and associated compiler directives which
permits shared memory processing (SMP) on machines with the appropri-
ate hardware. In order to perform optimization of the simulation parameters,
the simulated annealing algorithm was implemented in the OCTAVE script-
ing language. This allowed for tuning of heuristic parameters, particularly the
annealing schedule and size of random fluctuations taken by individual param-
eters per iteration. In addition, parameter values corresponding to the lowest
energy obtained are stored every iteration and used for occasional resets. In
order to determine the appropriate number of crystallite orientations neces-
sary for a simulation as well as sample numbers from the distribution, the
MQMAS spectrum of the tetrahedral region within simple-crystalline model
compound VPI-5 was simulated and results are displayed in figure 5.

F1(kHz) F1(kHz)
1.0 a
j N a0 b)
-1.5 15
2.0 -2.0
-3.0 -3.0
1.5 1.0 -05 0 1.5 1.0 -05 0
F2(kHz) F2(kHz)

Fig. 6. (a)’"Al 3QMAS experimental spectrum, hydrous aluminosilicate. Thir-
teen equally spaced contours are drawn from 10 to 90% of the total intensity
(b)Simulation for the same

It is anticipated that the number of crystallite orientations required for ad-
equate convergence in a particular summation will increase with linewidth,
which in turn is proportional to the quadrupole coupling constant. Fitting to
a crystalline model compound provides a good means of determining the min-
imum number of crystallite orientations required for a comparable linewidth.
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Table 2
Results for simulation of hydrous aluminosilicate MQMAS spectrum

Site # 655 (Hz) Cy(MHz) n Area
o o 1 o
1 -1399 127 2.9 0.9 0.52 0.39
2 -1163 333 3.3 0.8 0.52 0.49
3 =747 167 3.6 1.7 0.23 0.12
Table 3

Jackknife parameter error estimates for simulation of hydrous aluminosilicate MQ-
MAS spectrum

Site # 052 (%) Cq(%) n (%) Area (%)
0 o u o

1 0.5 5.1 3.8 4.5 0.7 12.2

2 2.1 4.9 4.7 6.6 1.1 21.1

3 2.9 8.6 15.7 14.8 7.2 31

Convergence or lack thereof is more easily observed in a crystalline system as
compared to a more disordered material, which is devoid of the characteristic
features. In this case, 1597 angle pairs (Fj7) were minimal for quadrupole cou-
pling constants in the range less than 4MHz, as determined from 27Al (spin
I =5/2) MQMAS of VPI-5. The Second Order Quadrupole Effect (SOQE) pa-
rameters® determined from the simulation for the tetrahedral region of VPI-5
were 2.6 and 1.15 MHz, which compare favorably with literature values [10].

Using the same number of crystallite angles, optimized simulations were per-
formed for the tetrahedral region within a hydrated aluminosilicate sample,
using 200 samples for each of three bi-variate distributions and results are
displayed in figure 6 and table 2. The Gaussian/Lorentzian ratio, correlation
coefficient and broadening constants in both dimensions were constrained to
0.5, 0, and 100 Hz respectively and 1000 simulated annealing iterations were
performed. The experimental spectra displays regions of both order (narrow,
horizontal peaks) and disorder (broad, indistinct). In order to test the validity
of the simulated, optimized model, jackknife parameter error estimates were
determined and are presented in table 3.

3 SOQE = Cp\/1+ %
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The chemical sites with narrow distributions (assigned here to crystalline al-
bite and zeolitic material) have corresponding parameters with least error.This
may be attributed to a number of factors, in this case most likely to the lower
signal to noise ratio of the disordered region, assigned here to amorphous albite
glass. For chemical sites with larger quadrupole coupling constants, there is
also the possibility that due to experimental excitation deficiency, the second
order perturbation frequency expression breaks down. Finally, the assump-
tions of a Gaussian statistical model may be inappropriate for the system
in question. As mentioned earlier, model distributions reflect the underlying
stochastic nature of bonding in a disordered material. Regardless of the con-
vention applied in describing the EFG tensor, the sign on the quadrupole
coupling constant should be single valued and therefore a more appropriate
distribution may be found in the positive tailed log-normal distribution. Under
this assumption, random variable y representing the quadrupole coupling con-
stant is transformed as z = exp(y), ie.,y = log(z). The resulting distribution
would be a bi-variate normal-lognormal distribution in the chemical shielding
and quadrupole coupling constant respectively.

4 Conclusions

Theory has been outlined and an application implemented in the C program-
ming language that permits the simulation of an MQMAS spectrum, as a func-
tion of underlying parameter distributions. This simulation relies on the use of
quasi-Monte Carlo variates to promote convergence and utilizes the OpenMP
library to permit execution on SMP machines. Owing to the manner in which
random variates are created in the application, the program is amenable to
High Throughput Computing (HTC) platforms such as Condor or PBS. Dif-
ferent nodes within a cluster or grid can be attributed different sections of
the sample space using a submission script. In addition, an OCTAVE script
implementing a simulated annealing algorithm is used to optimize the simu-
lation, providing reliable estimates of NMR parameters. Finally, theory was
outlined and implemented for providing parameter variance estimates using a
jackknife approach. As an alternative to the essentially parametric approach
outlined here, the application may be used to optimize a very large number
of chemical sites of equal amplitude. In this event, kernel density estimation
may be applied to parameter estimates to provide a more arbitrary probabil-
ity distribution model for chemical order. In conjunction with the MQMAS
experiment, the application described herein enables the characterization of
materials which may vary greatly in the degree of underlying chemical and
structural order.
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Appendix A

Py(0) = (3 cos? ) — 1)
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Appendix B

Referring to equation 31, the kernal of the integrand is:

T —
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where it is understood that the total intensity is computed via summation of Z
over all L chemical sites, as well as powder angles «, 3. Each partial derivative
listed is performed independently for each chemical site and the total variance
matrix calculated in the manner described previously. Random variates for
chemical shift and quadrupole coupling constant are x and y respectively, with
corresponding mean p and standard deviation o labeled with the appropriate
subscript. Frequency coefficients:

clbp =—I(I+1)+3/4
clby = —18I(I +1) 4 34/4+5
clby = (r—e)(I(I +1) = 3(r* + rc+¢c))
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