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Abstract

It is shown that the anisotropic NMR parameters for half-integer quadrupolar nuclei can be determined using double rotation (DOR)
NMR at a single magnetic field with comparable accuracy to multi-field static and MAS experiments. The '"O nuclei in isotopically
enriched L-alanine and OPPh; are used as illustrations. The anisotropic NMR parameters are obtained from spectral simulation of
the DOR spinning sideband intensities using a computer program written with the GAMMA spin-simulation libraries. Contributions
due to the quadrupolar interaction, chemical shift anisotropy, dipolar coupling and J coupling are included in the simulations. In r-ala-
nine the oxygen chemical shift span is 455 4+ 20 ppm and 350 + 20 ppm for the O1 and O2 sites, respectively, and the Euler angles are
determined to an accuracy of +5-10°. For cases where effects due to heteronuclear J and dipolar coupling are observed, it is possible to
determine the angle between the internuclear vector and the principal axis of the electric field gradient (EFG). Thus, the orientation of the
major components of both the EFG and chemical shift tensors (i.e., 33 and d33) in the molecular frame may be obtained from the rel-
ative intensity of the split DOR peaks. For OPPhs the principal axis of the 'O EFG is found to be close to the O-P bond, and the

70-31P one-bond J coupling ('Jop = 161 + 2 Hz) is determined to a much higher accuracy than previously.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

In recent decades, solid-state NMR has developed into
an extremely important technique for the characterization
of structure and dynamics in condensed matter at an atomic
scale. However, the majority of solid-state NMR research
has focused on the study of spin I=1/2 nuclei, such as,
'H, 13C, N, etc., rather than nuclei of higher magnetic spin
1> 1/2, although these nuclei constitute ~75% of the NMR-
active nuclei in the Periodic Table. Part of the reason for this
is the presence of an electric quadrupole moment for nuclei
with spin 7 > 1/2 which interacts with any traversing electric
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field gradient (EFQG), giving rise to the quadrupolar interac-
tion (QI). The QI produces broadening which severely wors-
ens the resolution of resonances. Various techniques have
been devised in order to regain high-resolution/isotropic
NMR spectra for half-integer quadrupolar nuclei (1 = 3/2,
5/2, 7/2, 9/2) [1], namely, double angle rotation (DOR)
[2,3], dynamic angle spinning (DAS) [2,4], multiple quan-
tum magic angle spinning (MQMAS) [5-7] and satellite
transition (ST) MAS [8,9]. The former two techniques
require dedicated equipment, whereas the latter two can
be achieved using standard (commercial) solid-state NMR
equipment. Therefore, since their inception MQMAS and
STMAS have seen much greater popularity amongst
researchers aiming to obtain isotropic NMR spectra of
quadrupolar nuclei.
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Among the techniques mentioned above, only DOR is
capable of providing isotropic 1D spectra of quadrupolar
nuclei in real time. Rather than relying on sophisticated
pulse programming, DOR relies on mechanical sophistica-
tion in that the polycrystalline sample is spun simulta-
neously about two axes subtending the angles 54.74° and
30.56°. This process satisfies the conditions necessary to
time-average both first- and second-order perturbations
to the Zeeman interaction which have the angular depen-
dences P(cos f) =1(3cos* f—1) and Ps(cos f) = ¢
(35cos* B —30cos® B+ 3), respectively. Recently, another
method for, recording high-resolution 1D spectra in real
time using standard MAS probes has been reported. This
method (dubbed STARTMAS) is only applicable to
I=3/2 nuclei and refocuses the second-order quadrupolar
broadening which remains under MAS by correlation of
satellite and double quantum transitions [10].

Double rotation (DOR) NMR has seen a gradual devel-
opment since its original implementation in 1988 [2,3]. In
particular, spinning sideband (ssb) suppression [11-15]
has been actively pursued, since numerous ssbs are often
observed in DOR spectra due to the relatively low limits
in outer rotor spinning frequency (currently ~2 kHz).
The inherently low sensitivity of NMR has also led to the
application of satellite transition saturation/inversion sig-
nal enhancement techniques under DOR [16,17]. The
majority of DOR NMR studies reported have been con-
cerned with the differentiation of sodium, boron, alumin-
ium and oxygen sites in minerals [18-20], materials [21—
25] and molecular sieves, including, zeolites [26-29], soda-
lites [30-32] and aluminophosphates [33-37]. More
recently, focus has turned to exploiting DOR for the study
of oxygen sites in organic solids [17,38-41].

Almost all of the DOR NMR literature has concen-
trated on differentiation, rather than characterization, of
quadrupolar nuclei largely due to the predominance of
2D techniques such as MQMAS and STMAS, which serve
to provide high-resolution spectra for quadrupolar nuclei
using widely available MAS equipment. Hence, few reports
have explored the possibility of extracting other NMR
interaction parameters from analysis of DOR spectra,
particularly chemical shift anisotropy (CSA) [37,42]. The
present work aims to examine the usefulness of DOR as
a technique complementary to acquisition under MAS
and static conditions for the extraction of anisotropic
NMR interaction parameters. ' 'O provides an ideal testing
ground for this NMR approach because of the ubiquitous
nature of oxygen in a whole range of inorganic [43] and
organic [44] materials where oxygen sites play a crucial
role in determining properties/behavior and because its
NMR spectra often exhibit anisotropic quadrupole and
chemical shift effects of comparable strength. Furthermore,
the fact that oxygen is a light element means that
quantum mechanical calculations of the NMR interaction
parameters are feasible which will allow full comparison
between experiment and computed values. In the present
contribution, [35%-'"OJL-alanine (zwitterionic form) and

[40%-'"OJOPPh; are used as model compounds to demon-
strate the viability of using DOR as a routine tool for the
extraction of anisotropic NMR interaction parameters.

2. Theory

Thorough theoretical treatments of NMR interactions
and the numerical simulation of their effects can be found
in the literature [45-49], including the case where samples
are spun about two axes simultaneously, such as for
DOR [42,50,51]. As such, the following presents only an
overview of the key elements, with particular focus on
the QI, for which DOR was developed.

DOR NMR spectra are simulated by density matrix cal-
culation of the expectation value of the spin angular
momentum lowering operator, 1, yielding a time-domain
free induction decay (fid), s(¢),

sy = (T-) =Tr{T p(n)}, (1)

which is given by the trace of the product between 7_ and
the density matrix as a function of time,

Pty =T0p0)T (1) @)
a
B A Q
0 . L < RL R
L z,
/
ﬂRL

Fig. 1. Schematic depiction of reference frame transformations involved
in (a) MAS: rotor (R) — laboratory (L) and (b) DOR: inner rotor
(IR) — outer rotor (OR) — laboratory (L).
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The propagator, U (¢), used to determine the density matrix
at time ¢ is calculated from the Hamiltonian operator for
the nuclear spin system of concern,

U (1) = exp(—iH1). (3)

According to time-independent perturbation theory, the
Hamiltonian can be expressed as the sum of operators
for each individual interaction:

I/‘}Zﬁzﬁ-l/‘}g-‘rl/‘\[cs‘i‘ﬁp“rﬁw (4)

For a single crystallite orientation, the Hamiltonian opera-
tor of each interaction (H, Zeeman;_ H 0» quadrupolar;
H cs, chemical shift; Hp, dipolar and H J, J or scalar) can
be expressed in the laboratory frame (L) as a sum of the
products of real- and spin-space irreducible spherical ten-
sor operators, A’: and 7"4 -» multiplied by a constant c,

7O Y UL, Q

J=0 m=—j

where j and m are the rank and order, respectively, of the
spherical tensor operators for the interaction 4. L is the
coordinate system in which the z-axis coincides with the ap-
plied magnetic field.

Determination of the space spherical tensors, [Ajm]L, in
the laboratory frame often requires numerous transforma-
tions through different reference frames. For example, the
transformation from a rotor-fixed frame (R) to L

(Fig. 1a) can be described as:

+J

"= > 4,10,

m'=—j

(Qne) (6)

where Qr; = (0zz, Prrs Vr.) are the Euler angles describing
the relative orientation between R and L. The so-called
Wigner rotation matrices, IV, (Qgy), are defined as:

Din’m(ale Brrs Vre) = exp(—im’ OCRL)d{n’m (Bae)
X exp(—imyg,), (7)

consisting of two exponential terms and a reduced Wigner
rotation matrix, @, (B ), which can be found tabulated
in angular momentum texts (for example, see Ref. [52]).

It can be shown that the Wigner rotation matrix which
performs a single transformation can be represented as a
composite transformation so that for the case of DOR,
R— L (Fig. la) can be decomposed into inner rotor
(IR) — outer rotor (OR) — L (Fig. 1b),

Q]RL Z

n=-j

o(Qiror) D, n(Qors). (8)

Therefore, the transformation sketched in Fig. 1b can be
adapted from that of Fig. la by modification of Eq. (6)
as follows:

+/

= ZAjm 1D}, (Qiror) D), (Qors).- 9)

m'=—j n=—j

Use of Eq. (7) allows expansion of Eq. (9) into

+/
m'=—j n=—j

x exp {—i[m'ouror + n(Ypor + %ore) + Myor.]}-
(10)

,BIROR) {mz (ﬁORL)

Due to the spinning of the two rotors under DOR, each of
the transformations described in Eq. (9) contains a time-
dependent Euler angle corresponding to their respective
rotation frequencies, o;ror = —wrt and oopr =
Therefore, Eq. (10) can be expressed as:

—WoRL.

+

il =D > 0",

m'=—j n=—j

x exp {—i[-m'ort + n(ypor —

(BIROR) {;m (ﬁORL)

Wort) +m)op.] }-

(11)

Prror and forr are the angles which /R and OR subtend
while spinning (i.e., f;ror = 30.56° and forr = 54.74° in
the DOR experiment, see Fig. 1b), and y;ror and yorr
are the respective phases of /R and OR. In particular, y;zor

YVikor"=180°

’”

’
YlROR +’)/IROR

5

Y. =180

' no
YIROR =0

15 ST

S R
Fig. 2. (a) Schematic depiction of the yj,,, =0° and y},,, =180° outer
rotor (OR) positions. (b) Simulated 'O DOR NMR spectra of L-alanine
Ol site (Co=7.86 MHz, 1o =0.28, Q=455ppm, « = 0.46, ocg=38°,
Pce=93° ycr=98°) at By =14.1T illustrating the effect of odd-order
spinning sideband suppression.



I Hung et al. | Journal of Magnetic Resonance 188 (2007) 246-259 249

plays an important role in DOR odd-order spinning side-
band suppression (vide infra) [11], while yog is analogous
to the rotor phase described under MAS [53,54].

The Ajm terms for each NMR interaction can be
expressed most simply in its own principal axis system
(PAS). For example, the EFG space spherical tensors in
the EFG PAS (E) are given by:

4] = [4R)" = [48]° = [42)" =0, (12)

5" =1, (13)
1

[A2Q2]E = [AZQQ}E = _76’1@ (14)

Where ;/’Q = V“V;sz, | V33| > | V22| > | V] || and { Vnn\n =

1,2,3} are the principal/diagonal components of the EFG

tensor in E. For the QI, the constant in Eq. (5) is given

by C* = J-wo, where

o — 3Co
7 2001-1)

is defined as the quadrupolar frequency (the convention
that the satellite transitions appear at wo £ wy is adopted
here) and Cy = "QZ 3 is known as the quadrupole coupling
constant.

27, (15)

5
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Similarly, the chemical shift (CS) space spherical tensors
in the CS PAS (C) are given by:

[Agg]c = _\/55150; (16)

UGS = 4T = 471" =0, (17)

4551 = \/%50& (18)
1

A5 = [45]° = —§5CS “MNcs (19)

where 5iso = % (5)05 + 5yy + 5zz)a 5CS = 522 -

Oyy—Oxx
-

0iso and Nes =

5 are defined as the isotropic chemical shift, chemical
shift anisotropy (CSA) and CS asymmetry. The {J,,|n =
x,y,z} values are the principal components of the CS tensor
defined under the conditions [J.. — Jiso| = [0xx — isol
> |0,y — 0iso|. For the CS interaction, the constant in
Eq. (5) is given by the gyromagnetic ratio, C* = —y.

The parameters which characterize the CS interaction
(Jiso, Ocs, Mcs) are often defined alternatively as the isotropic
chemical shift i, = 1 (011 + 022 + 033), span Q =&y — 033

Oy —0 . .
and skew k = %, where instead the principal compo-

nents of the CS tensor are defined as d;; = 05, = 033 [55].

(x10)
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Fig. 3. (a) Simulated 70 DOR NMR spectra of L-alanine Ol site (Co="1.86 MHz, 1o = 0.28, Q =455 ppm, x = 0.46, acr = 38°, fcr = 93°, ycr = 98°)
at By = 14.1 T detailing the effects of changing the IR to OR spinning frequency ratio, vir/vor. (b) Vertical expansion of (a) by a factor of 10. Circular

markers (@) highlight shifting of the IR ssbs as v;z/vog is varied.
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Span and skew are used herein since they allow the effects
of systematic changes in the CSA to be more readily
observed as there is no discontinuity when the middle com-
ponent passes through the average of the outer
components.

The heteronuclear dipolar interaction between two
nuclei 7 and S can be described in its own PAS via the space
spherical tensor,

[45)° = V6bs, (20)

where all other [42]” are zero, C* =1, by = ”j";z”sh is the
dipolar coupling constant, r;gs is the dlstance betweén spins
I and S, and y; and yg are the respective gyromagnetic ra-
tios of 7 and S.

The underlying assumption of perturbation theory is
that most interactions are considerably weaker than the
Zeeman interaction. Therefore, in most circumstances it
is sufficient to treat NMR interactions as first-order pertur-
bations, such that Eq. (5) simplifies to:

H; = C'A%)' T%, (21)

However, the QI magnitude is often sufficiently large that
the perturbation approximation must be extended to sec-
ond-order. The QI Hamiltonian is then given by:

~

Hyo=Hy +HY (22)

(@)

where
_ 1
1Y = —6wQ[A2Q0]LT20, (23)
75 (2) ) 0L 40 o) 0 %0
7Y = oo { g UG T4 TS - T4 78)
1 o~ o~
+3 UGS (74TE, - 7879 . 24)

which result in the nuclear spin energy states
L

E(le[ wolA%) [3m? —1(1+1)], (25)
L

ED ‘wg{[Ang il (4] —2m,I” =il -3my) }
2m = 6o +%[A22] [Agz] (2m} —2m,1% — 2m 1+ my)
(26)

where I and m; are the spin angular momentum quantum
numbers, and wg is the Larmor frequency. In the case
where more than one perturbing anisotropic NMR interac-
tion is present, all interactions are conventionally trans-
formed from their respective PASs into a molecule-fixed
frame (M) and then into the subsequent frames (e.g., IR,
OR and L frames) as necessary. In the following, to avoid
introducing another frame, M is made equivalent to E.
As is usually the case in solid-state NMR, the case of
polycrystalline samples is considered here, such that it is

T T T T
400 350 300 250

T T T
200 150 100 50 ppm

Fig. 4. (a) 70 DOR NMR spectrum of L-alanine (in zwitterionic form), recorded with 'H continuous-wave decoupling (at ~30 kHz 'H nutation
frequency) and ssb suppression at vpog = 1805 Hz and By = 14.1 T. 2000 transients were co-added with a recycle delay of 1.0s, corresponding to an
experimental time of ca. 30 min. (b, c) Corresponding simulated spectra using the best-fit parameters (see discussion of Table 1) (b) excluding and (c)

including the oxygen CSA.



I Hung et al. | Journal of Magnetic Resonance 188 (2007) 246-259

necessary to average over all possible values of the Euler
angles relating E and IR (otgr, Prips Yemr)s

~ 1 2n n )

5(1) = 2 / d“EJR/ dBgp sin g
0 0
2n

X dyes(t; %eirs Peirs Vem)
0

(27)

so as to obtain a fid representative of the whole powder
[47]. Note that it is only necessary to average over either

n =0
a C, [MHz] ¢
(x2)
10.0
| N W | A l 1 r i L 1 A A
(x2)
9.0 j l
i P | l l l r 1 l l
8.0
A A A l 1 A
7.0
A ‘ 1 A
6.0
‘ . J{ L.
5.0
A J{ i
4.0
.
+10 +8 +6 +4 +2 0 2 -4 -6 -8 —10 Vog
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YEIR OT Yorr, such that ypg; is redundant in the notation
presented here and can be omitted from Eq. (11). (Note
that a powder average over yporr With yz;z redundant is
equivalent.)

3. Experimental details

The '"O isotopic enrichment of [35%-'"O]L-ala-
nine("NH3CH,CO*0*") was carried out using methods
b n, C,=8.0 MHz

1.0

0.8 I u

0.6

_MJJ_LJLJL_JJ .

A a

0.4

Au.,le_J |

0.2

0.0

i LJLJ .
e ) LJLJ '1.1

+10 +8 +6 +4 +2 0 -2 -4 -6

-8 10y,

Fig. 5. Simulated 70 DOR NMR spectra at By = 14.1 T and vor = 1805 Hz (with ssb suppression) showing the effects of varying (a) Cyp with fixed

o= 0.0 and (b) 5o with fixed Cp = 8.0 MHz. CSA is neglected.
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described before [39]. Triphenylphosphine oxide (OPPhj;)
(Ph = C¢Hs) was labelled with [40%-'"OJH,O following
the reported method [56] and was recrystallized from ace-
tone to produce the monoclinic polymorph [57].

DOR NMR spectra were acquired on a Chemagnetics
Infinity spectrometer at an applied magnetic field of
By=14.1 T (vo('"H) = 600.1 MHz) operating at vy(!’0) =
81.3 MHz. Typical ‘central-transition’ selective, i.e., scaled
by (I+ 1/2)7', /2 pulses of 4.5 ps at rf fields of 18.5 kHz
were employed along with a recycle delay of 1.0 s and con-
tinuous-wave 'H decoupling of ~30 kHz. The chemical
shift reference for all experiments was H,O with J.
o(Y70 = 0.0 ppm. Unless otherwise stated, experiments were
acquired with an outer rotor spinning frequency of vor =
1805 +£ 5 Hz (inner rotor frequency of vz~ 7940 Hz)
stabilized by computer control, with odd-order spinning
sideband (ssb) suppression (henceforth simply denoted as
‘ssb suppression’) being achieved by synchronization of
the excitation pulse to the outer rotor spinning frequency
as described in Ref. [11]. Specifically, the start of acquisi-
tion for sequential fids is alternately synchronised to the
OR positions characterized by y;o0r =0° and y;ror =
180° (Fig. 2a), while each phase cycle step is kept fixed
for two acquisitions rather than one.

4. Density-matrix simulation of DOR NMR spectra

Numerical density-matrix simulations of 'O DOR
NMR spectra were performed in the time-domain using a
program written in C++ and the GAMMA spin-simula-
tion libraries [58]. Unless otherwise stated, simulations
were performed with ssb suppression at By=14.1T,
vor = 1805 Hz, v;z/vor = 5, and apodized by an exponen-
tial decay function corresponding to a line broadening of
~100 Hz prior to Fourier transformation. Simulation of
each DOR NMR spectrum typically required ca. 0.5—
3.0 min on a personal computer with a 2.8 GHz Pentium
4 processor and 1.0 GB of RAM.

Simulated spectra in Fig. 2b illustrate how ssb suppres-
sion is achieved by synchronization of the excitation pulse
to the outer rotor spinning frequency (see Fig. 2a) [11]. If a
spectrum is acquired by synchronizing the start of the fid
with the y},,r =0° OR position (Fig. 2b, lower trace),
and then recorded again by synchronizing to the
Vieor = 180° OR position (Fig. 2b, middle trace), their
sum would yield a spectrum with odd-order ssbs of signif-
icantly diminished intensity (Fig. 2b, upper trace).

Under spinning, the Hamiltonian describing the system
is time-dependent making it necessary to partition the
evolution period into small steps wherein the Hamiltonian
is treated as being time-independent [49]. For arbitrary
vir/vor, simulations require calculation of sufficient propa-
gators to cover the whole evolution period of the fid. How-
ever, for an integer value of v;r/vor, it suffices to
calculate the propagators spanning a single OR period
(tor = 1/vor). These propagators are then reused to calcu-
late the evolution of the whole fid, leading to much shorter

simulation times. This is the procedure for the simulations
presented in the following sections. As shown in Fig. 3a,
DOR simulations varying the v;z/vor ratio display
minimal variation of the prominent spectral features. At
a 10-fold magnification of the vertical scale differences
become obvious and the additional /R ssbs for non-integer
vir/vor ratios are clearly observed. (Fig. 3b).

5. L-Alanine—the effects of the QI and CSA

An experimental 'O DOR NMR spectrum of
[35%-'7O]L-alanine (in the zwitterionic form), recorded
with ssb suppression is shown in Fig. 4a. The two reso-
nances observed at dpor = 227 ppm and 217 ppm corre-
spond to the two oxygen sites (Ol and O2) of the CO,
moiety in L-alanine, respectively. Previously reported ''O
EFG parameters [59] were employed to simulate a DOR
spectrum including only the effects of the QI (Fig. 4b). It
is evident that inclusion of only the QI provides an inade-
quate fit of the experimental spectrum particularly for the
high-frequency O1 resonance (dpor = 227 ppm). Oxygen
CSA must also be considered to obtain good agreement
with experiment (vide infra) (Fig. 4c).

In the following discussion, the effects of the different
EFG and CSA parameters on simulated DOR spectra
(obtained with ssb suppression) are considered in turn.
Consider first the effect of Cp and o on DOR spectra
(in the absence of CSA). A gradual increase in the number
of ssbs is observed with increasing Cy at no = 0.0 (Fig. 5a)
in analogy to an increase in CSA under MAS. In particular
when Cg reaches ca. 9.0 MHz, much of the signal intensity
is distributed into the ssbs and the isotropic resonance is no
longer most prominent. A similar effect is observed when
o is increased beyond 0.6 for Cp = 8.0 MHz. In the pres-
ence of small/null CSA, an analysis of the DOR NMR

Table 1
Best-fit 70O DOR simulation parameters

L-Alanine O1 L-Alanine O2 OPPh;
Co (MHz) 7.86 +0.10* 6.53 +0.10* 4.5740.05°
o 0.28 +0.10* 0.70 +0.10* 0.1+0.1°
diso (Ppm) 285.0 +0.5% 262.5 + 0.5% 53.0+0.1
Q (ppm) 455 +20 350 +20.0 160 + 10
K 0.46 +0.15 0.40 +0.20 —0.75+0.2
d11 (ppm) 478 + 14 414 + 14 153+7
02> (ppm) 355420 309 +20 13+£10
033 (ppm) 23+ 14 64+ 14 -7+7
oce (°) 3845 30+ 10 24 4 5°¢
Pece (°) 93+5 95+5 4 +5°
yee (°) 98 +15 102+5 82 £ 5¢
Jop (Hz) — — 161 +2
bop/2n (Hz) — — —2100 =+ 400¢
BpE (°) — — =5+10

& Parameters from Ref. [59].

® Parameters from MAS experiment.

¢ The Euler angles in Ref. [56] can be converted to the convention used
in this paper by (ace, feg, Yer) = (90° — 2,90° — ,90° — y).

4 Calculated from the O-P distance measured via single-crystal X-ray
diffraction [64].
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spectrum could serve to extract EFG parameters (Cop, #¢)
in a similar fashion as performed with MAS spectra.
Consider now the combined effect of CSA and QI. For
parameters corresponding to the O1 site in L-alanine (see
Table 1), a marked sensitivity to the effects of 'O CSA
(Fig. 6a) is observed. As the oxygen CS span () is

increased, the intensity of the centreband diminishes with
respect to the +2 ssbs, while other peripheral ssbs become
more intense. The DOR ssb manifold also exhibits sensitiv-
ity to the CS skew (k) as it is varied from —1 to +1 with
Q =500 ppm (Fig. 6b). Notably when x > 0.0, the ssbs
spread over a region of approximately 50 kHz. Considering

a2 ppm] k=-0.5 b K Q =500 ppm
900 1.0
o l.LllnlAlllAl.l.n e TY N ' O B T O Y O
800
I i 1 l 1 lllnl.l.l ) 06
lAl‘llll 11 111 l A 1 1.1 111
700
L N | l l L—Ll | R
oL AT SN U SRS BN DI U D O
500 LLJ
40 0 -40kHz
il ll .l.k " 00
.1.]1111111.11111A1.
400 Li
.lu L. . JL
40 0 -40kHz
300 -0.2 I ‘ I
. A 1_JL_1 A -‘l lll s
200
, lle s
0.6
A c |
100 Ll
e )
0 Ll -1.0 (
N ) l lJ l. 4 L 1 1 l' A (.
15 410 45 0 5 10 v, +15  +10  +5 0 5 10 vy

Fig. 6. Simulated 70O DOR NMR spectra at By = 14.1 T of the L-alanine Ol resonance (Co="1.86 MHz and 5, = 0.28) at vog = 1805 Hz with ssb
suppression and (ocg, feg, Yer) = (0°,0°,0°) showing the effects of varying (a) Q with fixed x = —0.5 and (b) x with fixed Q = 500 ppm. Insets show static
NMR spectra simulated with the same parameters corresponding to the DOR spectra with x = 0.0 and —0.2.
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that Q = 500 ppm translates into a breadth of ca. 40 kHz, it
is in fact the spectra with x <0.0 that only possess ssb
orders up to +6 which are intriguing. This is a consequence
of the well known fact that the interplay of the EFG and
CS tensors has a dramatic effect on the shape and breadth
of static NMR powder patterns [56,60,61]; the resulting fre-
quency range is not simply an addition of the effects caused
by the individual anisotropic interactions. Hence, it
appears that when x <0.0 the effects of CSA are being
counteracted by the QI, whereas in the case of x = 0.0
the QI seems to add to the frequency spread caused by
the CSA. This is illustrated by insets for k = —0.2 and
0.0 showing simulated static spectra: whilst for x = —0.2
the major part of the static spectrum is ~30 kHz wide,
for k = 0.0 the static spectrum covers a frequency range
of ~55 kHz.

Further evidence of the interplay of these effects is evi-
dent in simulations of DOR spectra varying the relative
orientation of the EFG and CS tensors (see Fig. 7).
The relative orientation of the '’O EFG and CS tensors
is given by the three Euler angles (ocg, feg,Vce) that
describe the transformation which brings the CS PAS
into coincidence with the EFG PAS. Simulated ''O
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DOR NMR spectra corresponding to the Ol resonance
(Co=7.86 MHz, no=0.28, Q=455ppm, x =0.46) are
observed to be very sensitive to variation of
(otces Per, Yop) in both overall shape as well as in the total
number of constituent ssbs (Fig. 7), e.g., contrast spectra
with (ocg, Beg, Yep) = (45°,45°,0°) and (0°, 45°, 45°). This
indicates that acquisition of DOR spectra represents a
useful alternate/additional tool to multi-field static/
MAS NMR spectra for the determination of CS/EFG
relative orientations. For the Ol resonance, best fit to
the experimental spectrum (see Fig. 4c) is found for
(orces Begs Yor = (48°,93°,98°) corresponding to approxi-
mately the case of (45°, 90°, 90°) in the bottom middle
simulated spectrum in Fig. 7.

The determination of CS parameters for a given site
from DOR spectra depends heavily on accurate knowledge
of the EFG parameters. It is generally assumed that MAS
NMR spectra of quadrupolar nuclei are devoid of CSA
effects, allowing extraction of accurate EFG parameters.
However, this is not always the case and Fig. 8 presents
simulations of MAS (18.05 kHz) powder spectra (per-
formed using SIMPSON [45]) for different magnitudes of
Q at By=14.1T. The EFG and CS skew are those deter-

o B.Y o, B,Y o, B,Y
00, 00, 00 l 45, 00, 00 90, 00, 00 ll
ST AT L L
00, 45, 00 45,45, 00 90, 45, 00
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Fig. 7. Simulated 70O DOR NMR spectra at By=14.1 T of the L-alanine Ol resonance (Co=1.86 MHz, np=0.28, Q =455ppm, x = 0.46) at
vor = 1805 Hz with ssb suppression showing the effects of varying the Euler angles (o.cg, Sz, ) describing the relative orientation of the CS and EFG

tensors.
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Fig. 8. Simulated (using SIMPSON) 'O MAS NMR spectra at
By=14.1T and vg = 18050 Hz showing the effects of increasing CS span
(Q) for EFG and skew corresponding to the r-alanine Ol resonance
(Co=17.86 MHz, 1o =0.28, k=0.46) and acp=0° Bcp=0° ycp=0°
The inset shows that rotor-synchronized MAS spectra (spectral width =
MAS frequency) are independent of CSA.

mined from the fit of DOR ssbs for the Ol site in L-alanine
(see Table 1), but Euler angles of (¢cr= fce=7ce=0°)
were used as effects on the MAS spectrum are more notice-
able. While the positions of the singularities (upon which
spectral fits are based on) in the centreband are indepen-
dent of the CSA, the shape of the centreband changes con-
siderably as more of the signal intensity is distributed into
the ssbs at larger Q values. Note that at Q > 600 ppm, the
high-frequency discontinuity declines to such an extent that
the incorrect conclusion of the pattern arising from a high
asymmetry EFG (i.e., 5o close to 1.0) could be drawn.
Importantly, the rotor-synchronised (spectral width =
MAS frequency) MAS spectrum is independent of the
CSA parameters, (Fig. 8, inset), i.e., the EFG parameters
(Cp and 1) could be determined from rotor-synchronised
MAS spectra. An alternative solution to this difficulty
would be to refocus more of the signal intensity into the
centreband using higher MAS frequencies, which will not
always be possible. While, in principle, the CS parameters
can be determined from a fit to the centreband and side-

band lineshapes, a high signal-to-noise ratio would be
required for the low-intensity outer sidebands, and an anal-
ysis would be very difficult in the case of multiple overlap-
ping sites.

Table 1 presents the best fit CS parameters for the Ol
and O2 r-alanine resonances as determined from a fit of
the 70O DOR spectrum in Fig. 4a. The accuracy for the fits
is estimated to be 420 ppm for Q and +£5°-15° for the
Euler angles. For comparison, Table 1 also lists the princi-
pal components of the CS tensor (see Section 2). The 'O
diso» Co and 5o were kept as fixed parameters since they
have been determined to a good degree of accuracy from
MAS NMR spectra at multiple external magnetic fields
[39].

Table 2 compares the 'O NMR parameters for L-ala-
nine as obtained by using the DOR ssbs intensities in the
present work with those determined by Yamada et al. from
a very recent 'O static, MAS and MQMAS study at multi-
ple external magnetic fields [62]. (Note that we only became
aware of the study by Yamada et al. after carrying out the
analysis of our '’0O DOR data.) The 'O CSA parameters
agree very well to within the stated accuracy of the two
studies. In particular, all three Euler angles agree to within
3° for Ol and 7° for O2 (once all values are converted into
the same convention). The only discrepancy between the
two sets of data appears to be in the values of d;, and/or

Py = Cgy/1+13/3. The observed 'O DOR NMR shift

2 2

dpor = Jiso — 335 %2?(1 +%9).10°  ppm
By=14.1T from the (diw,Pp) values of Yamada et al.
are 230.4 and 219.8 ppm, which contrast with the values
of 227.3 and 217.4 ppm observed for the Ol and O2 sites,
respectively. The difference of 3.1 ppm and 2.4 ppm from
the experimentally observed dpor values is greater than
the reported error of +1 ppm for J;s, or that arising from
Py. Thus, the error estimates reported in [62] for di
and/or Py seem to be slightly optimistic.

It is interesting to compare the eight NMR parameters
obtained here for L-alanine with recent DFT calculations
(also shown in Table 2). The calculation of Gervais et al.
[59] was performed under periodic boundary conditions
employing the full crystal structure, whereas that of
Yamada et al. [62] considered a cluster of molecules.
Gervais et al. have compared the values of i, Co
and yo with experiment and found that the calculated
values are very sensitive to the structure (the values
shown in Table 2 were calculated using the crystal struc-
ture refined from neutron diffraction experiments). The
Euler angles from both reported calculations agree well
with experimental values derived in the present work.
However, although x is in reasonable agreement with
experiment, the calculated Q is about 10% too large prin-
cipally because d;; is approximately 35 ppm larger than
the value found experimentally. Such an overestimation
of Q is consistent with other DFT calculations of CSA
[63].

calculated at
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Table 2
Comparison of anisotropic 1’0 NMR parameters extracted for L-alanine

L-Alanine O1

L-Alanine O2

Experimental Calculation Experimental Calculation

This work Ref. [62] Ref. [59] Ref. [62] This work Ref. [62] Ref. [59] Ref. [62]
Co (MHz) 7.86° 7.80 8.20 8.62 6.53° 6.70 6.90 6.97
o 0.28% 0.28 0.29 0.23 0.70° 0.69 0.67 0.68
Jiso (ppm) 285.0 £ 0.5° 287 + 1 293 312 262.5 +0.5° 267 + 1 274 287
Q (ppm) 455 +20 443 + 10 505 490 350 4 20 342410 389 362
K 0.46 £0.15 0.39 +0.05 0.44 0.39 0.40 £ 0.20 0.25 +0.05 0.30 0.21
11 (ppm) 478 + 14 480 508 526 414 + 14 424 449 455
5 (ppm) 355420 344 368 375 309 4 20 295 314 312
33 (ppm) 23414 37 3.0 36 64 + 14 82 60 93
acr (°) 38+5 38 +4° 40 37° 30+ 10 35 +4° —30° 29°
Bee (°) 93+5 90 + 4° —90 91° 95+5 93 +4° —95% 88°
yer () 98 + 15 95 +4° 95 97° 102+5 95 +4° —95% 94°

4 Parameters from Ref. [59]. Note that a change in sign of all 3 Euler angles gives equivalent result.
® The Euler angles in Ref. [62] have been converted to the convention used in this paper by using (o, feg, ver) = (180° — 7, B, 90° — o).

6. OPPhsz—the effects of the QI, CSA, and heteronuclear J
and dipolar interactions

In [40%-'"OJOPPh;, one-bond '"O-°'P J coupling
("Jop) leads to a splitting of both the centreband and ssbs,
which is shown in the slow spinning 7O DOR spectrum
without ssb suppression (Fig. 9a). A relatively low OR spin-
ning rate (vor = 900 Hz) was employed so that the effects
of the smaller QI and CSA for this sample (relative to
L-alanine) can be observed in the ssb intensities. As with
L-alanine, line narrowing was achieved using 'H decou-
pling. Even for the weak O --- H interactions in OPPhs,
where the shortest O-H distances are ca. 2.5 A [64], the
linewidth of each peak in the DOR centreband narrowed
from 136 to 80 Hz when a 'H decoupling field of approxi-
mately 28 kHz was used during acquisition. Owing to the
high spectral resolution achieved via DOR, a splitting of
the isotropic resonance due to !Jop can be clearly observed
and readily determined to high accuracy (~1%). The
observed 'Jop (161 + 2 Hz) agrees well with values mea-
sured in the 7O MAS NMR spectrum (150 + 20 Hz) [56]
and in CDClI; solution (160.0 + 2.4 Hz) [57].

There is a difference in the relative intensities of the two
components of the line (observable in both the centreband
and ssbs) which can only be accounted for by inclusion of
the '"O-*'P dipolar interaction. In the cases where only the
combination of interactions J+ QI (Fig. 9b) or
J+ QI + CSA (Fig. 9c) are included, the two components
have the same relative intensities in the centreband and
ssbs. Whilst the effect of including the dipolar coupling
and neglecting CSA changes their relative intensity
(Fig. 9d), only by including all interactions is it possible
to obtain agreement with the experimental spectrum
(Fig. 9¢). Simulations demonstrate that the relative intensi-
ties of the two peaks in the centreband are very sensitive to
Q (Fig. 10a). For small Q, the low-frequency peak is signif-
icantly smaller than the high-frequency peak, however
when Q = 120 ppm their relative intensities are reversed.

The ssbs initially decrease in intensity as € increases but
begin to increase significantly for Q > 100 ppm. The rela-

tive intensities of the two centreband components are much

(@)

—~
(2]
-

LI DR B B D B B N B B N B I B B B B (N B B B B N N B B B N B

60 50 40 30 20 ppm

Fig. 9. 'O DOR NMR spectra without ssb suppression of OPPh; at
By=14.1T, vor=900Hz, vr/vor~4.7, and 'H continuous-wave
decoupling (~28 kHz 'H nutation frequency): (a) experimental (7516
transients were co-added with a recycle delay of 10.0 s, corresponding to
an experimental time ~20 h); simulations including NMR interactions (see
Table 1) (b) J+QI, (¢) J+QI+CSA, (d) J+QI+D and (e)
J+ QI+ CSA+ D.
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Fig. 10. Simulated '’0 DOR NMR spectra (without ssb suppression) of OPPh; at By = 14.1 T showing effects of varying (a) Q, (b) bop/2m, the 7O->'P
dipolar interaction, and (c) the Euler angle i between the dipole vector and the principal axis of the EFG with all other parameters held to the best fit

values given in Table 1. Best-fit simulations shown as dashed lines.

less sensitive to the magnitude of the dipolar interaction
(Fig. 10b), although they do exhibit significant sensitivity
to the Euler angle (pz) between the ?O->'P internuclear
vector and the principal axis (V33) of the EFG tensor at
the 'O nucleus. For the centreband it can be seen that
the simulation at fipz = +20° is significantly further from
the best fit (fpr = —5°, shown dashed) than when fpr =
— 20° (Fig. 10c).

The parameters determined from these '’O DOR NMR
simulations (Table 1) are found to agree well with previous
reported data from a combination of MAS and static spec-
tra [56], but with much higher accuracy in the value of 'Jop

(note that the Euler angles are defined differently in [56]).
Note that, as was the case for L-alanine, the observed spec-
trum is also sensitive to x and the angles relating the CS
and EFG PASs. For the determination of fpr the value
of the dipolar coupling constant was fixed at that calcu-
lated from the known O-P distance in the crystal structure
[64]. The uncertainty in fpr would be somewhat greater if
bop/2m were unknown, nevertheless both Bpz and bop/2n
could be determined solely from the DOR spectrum with
approximate accuracies of +20° for fpr and +£400 Hz for
bop/2n. A further advantage of DOR is that since the Euler
angle fpg is determined, the CSA and EFG parameters
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may be directly related to the molecular frame and, since
PpEe~ —5°, V33 1s close to the O-P internuclear axis as pre-
dicted in the calculation of Ref. [56]. Furthermore, given
that Sz =4°, 033 is also nearly coincident with the O-P
internuclear vector.

7. Conclusion

This work shows that using the spinning sideband inten-
sities observed in high-resolution DOR NMR spectra, the
chemical shift anisotropy and relative orientation between
EFG and CS tensors can be determined to an accuracy
comparable to multi-field static and MAS studies of similar
compounds. Although the spectrum can become more
complex when Cyp and/or Q is large, it should still be pos-
sible to extract these parameters. However, for best results,
it is necessary to have an accurate description of the EFG
parameters which can usually be provided by MAS spectra.
The high resolution provided by DOR also has the advan-
tage that more precise values of smaller couplings such as
the J coupling in OPPh; can be obtained. Furthermore,
for such a case where a splitting due to the heteronuclear
J coupling is observed, it is possible to determine the angle
between the internuclear vector and the principal axis of
the EFG from the relative intensity of the split DOR peaks.
Thus the orientation of the major components of both the
EFG and chemical shift tensors in the molecular frame
may be obtained. While a comparison with MQMAS is
beyond the scope of this article, it has been shown that
the spinning sideband patterns in isotropic MQMAS spec-
tra are sensitive to the chemical shift tensor parameters [65]
and its relative orientation to the EFG tensor [66,67].

It is envisioned that DOR can be of particular value for
systems with multiple quadrupolar sites, which would be
difficult to characterize otherwise (even with MQMAS).
Take for example, monosodium glutamate, which has 8
oxygen sites, whose '’O MAS NMR spectrum is almost
featureless [38,41]. The much higher sensitivity achieved
by utilizing DOR, not only attains high-resolution spectra
without requiring lengthy 2D acquisitions, but also opens
up the possibility of fully characterizing each site by using
the simulation program described herein. Another poten-
tial application arises when CSA is relatively small, as sim-
ulations have shown that the DOR ssb intensities are still
affected for spans of >20 ppm unless the second-order
quadrupole broadening is very much larger than the CSA.
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