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Abstract

Spectral lineshapes of MAS NMR spectra of dipolar (re)coupled spin pairs exhibiting considerable chemical shielding anisotro-
pies at and near the so-called n = 0 rotational resonance (R?) condition are considered. The n = 0 R* condition is found to be not
extremely sharp. Anisotropic interaction parameters such as chemical shielding tensor orientations and the magnitude of the dipolar
coupling constant remain sensitively encoded in such lineshapes even when differences in isotropic chemical shielding values of up to
400 Hz (corresponding to ca. half the size of the dipolar coupling constant) are present. Additional double-quantum filtration
(DQF) may enhance the sensitivity of spectral lineshapes to anisotropic interaction parameters for even larger differences in isotropic
chemical shielding values. The dependence of the DQF efficiency on spin-system parameters as well as on external parameters (Lar-
mor and MAS frequencies) is investigated. Away from R> conditions a trend to lower DQF efficiencies is found whereas some
spin-system parameters are more sensitively encoded in the corresponding spectral lineshapes. Our study is based on numerical sim-

ulations, with the known parameters of the *'P spin pair in NasP,0;- 10H,O representing our model case.
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1. Introduction

Amongst the numerous solid-state NMR techniques
designed to recouple anisotropic interactions in homo-
and heteronuclear spin systems under magic angle spin-
ning (MAS) conditions [1,2], the rotational resonance
(R?) phenomenon is quite unique [3-5]. R? recoupling
is not achieved by the application of r.f. pulses but is
triggered by the mechanical spinning of the rotor at
specific MAS frequencies, matching small integer mul-
tiples of the isotropic chemical shielding difference
w2 in homonuclear pairs of spins §=1/2 such that

iso
w? = nw,, where n is a small integer. Numerous stud-
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ies in the literature have been concerned with the the-
oretical description of the R? phenomenon [6-10],
with the exploitation of straightforward R*> MAS
NMR spectra for purposes of complete characterisa-
tion of small isolated clusters of spins [11-14] as well
as of extended spin systems [15,16], with combining
R? and double-quantum filtration (DQF) [17-21], and
with expanding the applicability of the R* phenomenon
to spin systems featuring small homonuclear dipolar
coupling constants [22,23].

Here we will focus on a specific R? condition, the so-
called n =0 R? condition [24]. This condition arises for
homonuclear spin pairs with vanishing difference in iso-
tropic chemical shielding, wg =0, but with differing
orientations of the two chemical shielding tensors. As
there is no difference in isotropic shielding, the n =10
R? condition persists at arbitrary spinning frequencies,
including spinning frequencies greatly exceeding the
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value of the dipolar coupling constant within the spin
pair. The effect is the consequence of an intrinsic prop-
erty of a given spin pair and obviously, if present but un-
wanted, a n=0 R’ condition cannot be avoided or
circumvented by choice of external experimental param-
eters such as MAS frequency or magnetic field strength.
For instance, spins belonging to molecular sites related
to each other by mirror symmetry or by a C, symmetry
axis fulfill the requirements for the occurrence of the
n=0 R? condition [11,24,25]. In fact, the presence of
such symmetry-related (molecular) sites is fairly com-
mon in small molecules as well as in extended three-di-
mensional network structures. Even more common as
a structural motif are pairs of sites representing a situa-
tion close to the n = 0 R? condition, that is the two sites
are not strictly related by a proper symmetry operation
but are not deviating much from this situation. In terms
of MAS NMR, this n ~ 0 R? scenario will often lead to
spin pairs characterised by a small difference in isotropic
chemical shielding wlso, with o2, often being smaller
than any of the remaining interaction parameters. Dis-
tinguishing MAS NMR spectra of spin pairs at or near
the n =0 R’ condition from each other is not possible
simply by inspection, the distinction requires careful
analysis by means of numerically exact simulations [26].

Because of the common occurrence of structural fea-
tures leading to MAS NMR conditions at or near the
n=0 R* condition, in the following we will investigate
in some detail the dependence of n=0 and n~0 R’
conditions on spin-system properties and on external
experimental parameters. We will consider straightfor-
ward MAS NMR spectra as well as spectra obtained un-
der DQF conditions. Our starting point is represented
by the known properties of the *'P spin pair in
Nay4P,07-10H,O [11]: since the two phosphorus sites
in the P,O; unit are related by a C, axis bisecting the
P-O-P bond angle, the two *'P spins constitute a
n=0 R* case. Our investigation will mainly rest on
numerically exact simulations.

2. Experimental
2.1.7'P MAS NMR

Some experimental *'P MAS NMR spectra of
Nay4P,07-10H,O (commercially available (Aldrich
Chemicals)) were recorded on Bruker MSL 200 and
MSL 300 NMR spectrometers. The corresponding >'P
Larmor frequencies wo/2m are —81.0 and —121.5 MHz,
respectively 'P chemical shielding is quoted with re-
spect to w =0 ppm for the *'P resonance of 85%

H;PO4. MAS frequencies were generally in the range
,/2m = 2400-8000 Hz and were actively controlled to
within +£2 Hz. The sample was contained in a standard
4 mm o.d. ZrO, rotor. Cross polarisation with a contact

time of 1 ms was employed, *'P n/2 pulse durations were
3.0 ps, c.w. 'H decoupling with amplitudes of 83.3 kHz
was applied during signal acquisition.

The R*-DQF MAS NMR experiment chosen for
recording some experimental spectra as well as for all
simulations, is the simple COSY-like sequence CP .-
1—(11/2)(~4—(n/2)y-acquisition [17] where ¢ indicates
phase cycling suitable for DQF [27]. The duration of 4
was fixed as 4 = 3 ps, the duration of t was varied.

2.2. Definitions, notation, and numerical simulations

Shielding notation [28] is used throughout. For the
interactions 1 = CS (chemical shielding), 1 = D (direct
dipolar coupling), and 4 =J (indirect dipolar (J) cou-
pling) the isotropic part wlso, the anisotropy o/, ., and
the asymmetry parameter n”* relate to the principal ele-
ments of the interaction tensor o’ as follows [29]:

p p p —
wisg - (CU + (’U t (l) )/3 wdmso 50 C0150’ and ’7 -
(a)yl - wxx)/wamso Wlth |(U — Wiso |CO wlbO =
|}, — wf,|. For indirect dipolar couphng wlso = isos

and for direct dipolar coupling #” = w2 =0 and
WLl = by = — 7,71/ (4nr};), where y;, 7; denote gyro-
magnetic ratios and r; is the internuclear distance be-
tween spins S;, S;. The Euler angles Q= {«, B
yr7} [30] relate axis system 7 to axis system J, where I,
J denote P (principal axis system, PAS) and C (crystal
axis system, CAS), respectively. Here it is convenient
to define the PAS of the dipolar coupling tensor w as
the CAS, ng = {0,0,0}.

Our procedures for numerically exact spectral line-
shape simulations and iterative fitting are fully described
and discussed in detail elsewhere, in particular addressing
the n =0 R’ condition for isolated homonuclear spin
pairs [11] and various n = 0,1,2 R? conditions in an iso-
lated homonuclear '*C four-spin system [13]. In general,
these numerical procedures employ the REPULSION
[31]scheme for the calculation of powder averages, imple-
ment some of the routines of the GAMMA package [32]
and use, where possible, the y-COMPUTE approach [33-
36]. The pulse sequence of the R>-DQF experiment [17]is
not synchronous with the MAS rotation period and sim-
ulation of the underlying spin dynamics hence requires
application of the so-called direct method for the calcula-
tion of the time evolution. Calculations may be consider-
ably accelerated by using a cluster of processors and
splitting up, for instance, the calculation of powder aver-
ages into several parallel calculations. The Linux PC clus-
ter used here consists of 16 processors (450 MHz). This
combination of hard- and software leads to typical com-
putation times of 23 s for the calculation of a R*-DQF
MAS NMR spectrum. Calculations of error scans and
other error minimisation tasks employ the MINUIT
[37] and MATLARB packages [38].

Table 1 lists the parameters of the *'P spin pair in
NayP,07-10H,0 [11].
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Table 1
NMR parameters of the 3p spin pair in NayP,07-10H,0 [11]
3lpy 31py
gg (ppm)* +2.3 +2.3
oSS, (ppm) =79+ 1 =79+ 1
n<s 0.35+0.1 0.35+0.1
a8 (o) —-117+4 117+ 4
S () —2342 157 +2
758 (o) 0+6 180 + 6
b1»/2n (Hz) -791 -791
2J.so (Hz) —-19.54+25 —-19.54+25

2 The two >'P chemical shielding tensors are related by C,
symmetry; the Euler angles are given relative to the principal axis
system of the *'P1-*'P2 dipolar coupling tensor.

3. Results and discussion

Some experimental and best-fit simulated (see Table
1) n =0 R**'P MAS NMR spectra of NasP,O;-10H,0,
with and without DQF, are shown in Fig. 1, illustrating
the typical lineshape effects, broadenings and splittings,
encountered at the n =0 R> condition as well as the
commonly observed dispersion lineshapes under these
DQF conditions. The *'P spin pair in NasP,0,-10H,0
may be considered as a prototype of an isolated spin
pair where chemical shielding is the largest anisotropic
interaction tensor but not overwhelmingly so: with the
3P chemical shielding anisotropy amounting to
oSS = —79 41 ppm, at a)0/21t = —81.0 MHz and at

wo/2n = —121.5 MHz, ¢ _ is about 8-10 times larger
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Fig. 1. 3P MAS NMR spectra of NayP,0;-10H,O (wo/2n=
—121.5 MHz, ,/21 =4000 Hz). (A) Conventional n=0 R> MAS
NMR spectrum, experimental spectrum (bottom trace) and best-fit
simulation (top trace). (B) n=0 R>-DQF MAS NMR spectrum,
experimental spectrum (bottom trace) and best-fit simulation (top
trace). The arrow indicates isotropic chemical shielding, parameters see
Table 1.

than the dipolar coupling constant (b,,/21'c = —791 Hz),
whereas the indirect coupling constant, 2J,, C'P,*'P) =

—19.5 + 2.5 Hz is comparatively small [11]. This constel-
lation is not only typical for *'P spin systems in many
inorganic condensed phosphates but may also be
encountered, at various magnetic field strengths, in spin
systems composed of other isotopes in a wide range of
chemical compounds, including '*C in isotopically la-
belled organic molecules. Accordingly, our results do
not only reflect the NMR properties of a particular spin
system in a particular compound but should be seen as
representative for spin systems with properties similar
to those of the *'P spin pair chosen as our example.

In the following we will first consider lineshapes of a
range of MAS NMR spectra at and near the n = 0 R con-
dition, focussing on the sensitivity with which various
anisotropic interaction tensors are reflected by these spec-
tral lineshapes, both with and without the application of
DQF. Section 2 will deal with aspects of DQF efficiencies,
again forarange of differencesin isotropic chemical shield-
ing, covering the whole range from o, = 0 up to values of

wf beingequivalentton = 1 R? condrtrons assuming dif-
ferent Larmor and MAS frequencies.

3.1. Sensitivities of lineshapes to spin-pair parameters

All anisotropic interaction parameters present are
usually sensitively encoded in the spectral lineshapes at
the n =0 R? condition (see Fig. 1, Table 1) at modest
MAS frequencies. In practical terms this means that
such experimental lineshapes may be used to extract
these parameters by lineshape simulations in conjunc-
tion with iterative fitting approaches, and thus to char-
acterise the parameters of a spin pair in a
comprehensive way from few, experimentally straight-
forward spectra. Here we take essentially the opposite
approach. We take the known set of parameters describ-
ing the 3p spin pair in Na4P,O7-10H,O and use these
parameters to calculate hypothetical spectra for a range
of values wf , ranging from o =0 to w?  being equiv-
alent to the n =1 R’ condition. These calculations are
carried out for several different Larmor frequencies
wo/2m and for several different MAS frequencies w,/2.
Each of these calculated spectra in a next step is sub-
jected to computing error scans for each of the aniso-
tropic interaction parameters of the spin pair. In this
way a map is created that permits us to predict which
parameters are likely to be sensitively encoded in MAS
NMR spectra, depending on the value of the difference
in isotropic chemical shielding, w{ , of the two spins
in a spin pair.

The results of these calculations for the Euler angle

and for the dipolar coupling constant b;/2m are sum-
mar1sed in Fig. 2, assuming straightforward MAS NMR
spectra being recorded. The rows (A), (B), and (C) in
Fig. 2 assume different MAS frequencies ,/2n =
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Fig. 2. Selection of error scans for ﬁgg (0°-90°) and b;;/2m (—1400 to —200 Hz) each, based on simulated MAS NMR spectra (parameters see Table
1). In the columns from left to right w?_ is incremented as indicated by the scale at the bottom. Colours indicate different Larmor frequencies where

iso

red corresponds to wo/2n = —202.5 MHz, green to wy/2nt = —121.5 MHz, and blue to wy/2n = —81.0 MHz, respectively. Scans are shown for ,/

21 = 2000 Hz (A), w,/2r = 4000 Hz (B), and w,/2r = 8000 Hz (C).

2 kHz, w,/2n = 4 kHz, and w,/2r = 8 kHz, respectively.
The columns in Fig. 2 increment the value of @?  from

ol =0 to w! being equivalent to the three n=1 R
conditions, as indicated by the scale at the bottom.
The colours in each segment indicate three different
Larmor frequencies, blue traces assume /21 =
—81.0 MHz, green traces wo/2m = —121.5 MHz, and
red traces wy/2n = —202.5 MHz. Only the minimum re-
gions of each error scan are plotted. The main findings
are as follows. Clearly, the n = 0 R condition is not ex-
tremely sharp. Independent of the Larmor frequency, al-
ways up to wi ~ 400 Hz, that is up to wf ~ 0.5 b;;/2m,

180 180

both 5 and b; remain encoded in the spectral line-
shapes. Increasing ! further, covering the region inbe-
tween the n=0 R® condition and the n=1 R’
conditions, not surprisingly leaves a region in which
none of these parameters are encoded in the lineshapes.
In this intermediate region, spectra are strongly domi-
nated by the magnitude of the chemical shielding ten-
sors. Sensitivity of the spectral lineshapes to further
anisotropic interaction parameters is recovered upon
increasing w? further, approaching the n = 1 R? regime.
Again, also the n=1 R’> condition is not extremely
sharp, displaying a similar n ~ 1 R* region as does the
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n=0 R’ condition, spanning approximately +400 Hz,
equivalent to approximately 0.5 b;/2m.

Fig. 2 further indicates that, at and near the n = 0 R?
condition, both the dipolar coupling constant b; and the
Euler angle ﬁgg are best defined from the lineshapes of
3P MAS NMR spectra obtained at w/2n =
—81.0 MHz. As far as b;; is concerned one may be intu-
itively inclined to predict that this parameter might be
best obtained from experimental spectra run at a moder-
ate Larmor frequency. Regarding the orientation of the
3P chemical shielding tensor, this finding may seem
more surprising as one may tend to predict that chemi-
cal shielding tensor parameters may become more sensi-
tively encoded as one operates at higher Larmor
frequencies. An optimum Larmor frequency where
simultaneously chemical shielding and dipolar coupling
parameters are encoded with the highest sensitivities in
spectral lineshapes of homonuclear spin pairs at or near
the n = 0 R? condition depends on the ratio of the chem-
ical shielding anisotropy <% to the dipolar coupling
constant b;, as well as on the spinning frequency w,.
The optimum choice of experimental conditions is then
in a regime where 0S5 < 8b; and o, < 0S5 < 2w,.
The same choice of the experimental parameters w,
and @, remains the optimum regime with the highest
sensitivities of spectral lineshapes to all interaction
parameters for a wide range of chemical shielding tensor
orientations (simulations not shown). Fig. 2 illustrates
another general trend. One can generally expect to be
able to extract magnitudes of interaction tensors with
the highest accuracy from those experimental spectra
in which these parameters are encoded with the highest
sensitivity. The situation regarding expected accuracies
is slightly more complicated regarding the orientational
parameters where highest sensitivities do not necessarily
correlate with highest accuracies. For example (see Fig.
2A), ﬁgg is most sensitively encoded at a Larmor fre-
quency wo/2n = —81.0 MHz, though with a fairly broad
minimume-error region, whereas a slightly lower sensitiv-
ity combined with a more sharply defined minimum re-
gion is found at wy/2n = —121.5 MHz.

Similar to the n~0 R* scenario considered here,
optimum experimental conditions exist for isolated
spin-1/2 cases when aiming at the determination of
the eigenvalues of the chemical shielding tensor from
MAS NMR spectra, where an optimum choice of Lar-
mor and MAS frequency would generate about 6-10
spinning sidebands [39]. Also for the full characterisa-
tion of some heteronuclear spin pairs from MAS
NMR spectra an optimum choice of the experimental
parameters can be predicted, where a ratio of
w,:b;~ 1:6 turns out the most suitable condition for
full spectral analysis [40].

Next, we consider the spectral lineshapes resulting
from additional application of DQF. This is summarised
in Fig. 3. The set of error scans is identical to the set dis-

played in Fig. 2, except that now all error scans refer to
spectral lineshapes obtained after application of a
COSY-like DQF pulse sequence. Whereas under con-
ventional MAS NMR conditions an intermediate re-
gime of w{ exists where spectral lineshapes are
insensitive to chemical shielding tensor orientations
and dipolar coupling, no such regime exists anymore
after DQF. Essentially for the entire range of values
@, from the n=0 R* condition all the way to the
n=1 R* condition, spectral lineshapes now reflect all
anisotropic parameters of the spin pair. Note that in
some regions orientational and dipolar coupling param-
eters are more sensitively encoded away from the n =0
R? condition than at or very near the n = 0 R? condition.
All other trends remain the same as under conventional
MAS NMR conditions. This increased sensitivity of the
lineshapes to all spin-system parameters could be seen as
good news if one is aiming at the full characterisation of
these parameters from spectral lineshapes. In fact,
applying DQF even if not necessary for reasons of back-
ground suppression of unwanted signals, can be benefi-
cial for the characterisation of homonuclear spin pairs
at or near the n =0 R? condition [26]. The vanishing
of an intermediate regime inbetween R’ conditions
which is insensitive to orientational parameters, how-
ever, may also be an unwanted feature. For instance,
when aiming to determine internuclear distances with-
out having to pay attention to magnitudes and orienta-
tions of the chemical shielding tensors involved,
sensitivity of experimental spectra to these parameters
is certainly not a helpful feature. The extent and precise
location of regions where spectra are highly sensitive to
all spin-system parameters will vary slightly, depending
on the pulse sequence used (including so-called y-en-
coded pulse sequences [41]). Nevertheless, it is to be ex-
pected that almost always for certain regions over the
range of @? all spin-system parameters need to be taken
into account to obtain precise information, for instance,
about internuclear distances based on the evaluation of
dipolar coupling interactions [42].

3.2. DQF efficiencies at and near the n =0 R’ condition

Excellent signal-to noise ratio in experimental spectra
is an important prerequisite for the meaningful analysis
of spectral lineshapes. Accordingly, consideration of
DQF efficiencies plays an important part in the experi-
mental work. Fig. 4 gives an overview of trends for
the COSY-like DQF approach. Fig. 4A depicts DQF
efficiencies at the n = 0 R” condition, plotted as a func-
tion of the duration of the excitation period 7, and con-
siders the effect of different MAS frequencies w,. As one
can see (from left to right), increasing w, leads to a de-
crease in overall DQF efficiency, and the overall maxi-
mum shifts to longer durations of 7. As usual, maxima
of DQF efficiency occur when t equals an integer
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Fig. 3. Same as Fig. 2, except that now error scans are shown for R-DQF MAS NMR spectra with =2 ms.

multiple of a rotation period. Fig. 4B illustrates another
practically important point. The only difference between
this graph and Fig. 4A is that now i is taken as
wi = 400 Hz, whereas before wf = 0. Obviously, away
from the n = 0 R? condition, there is a general decrease
in DQF efficiency with maxima in DQF efficiency now
appearing at durations of 7 that are quite different from
those where maximum DQF efficiency occurs when the
n =0 R* condition is fulfilled. Fig. 4C expands on this
aspect by depicting DQF efficiencies for several different
durations of 7 plotted as a function of w? . The ‘broad-
ness’ of the regions around the R? conditions with rea-
sonable DQF efficiencies varies as a function of 7, as
does the maximum DQF efficiency. DQF efficiencies of

approximately 25% at the n=0 R> condition and
approximately 10% when o =400Hz may seem
rather low and will only be sufficient for some practical
applications where signal-to-noise is not a limiting fac-
tor. In the presence of fairly large chemical shielding
anisotropies, however, DQF efficiencies are generally
low [41]. Amongst the many pulse sequences suitable
for DQF under MAS conditions, the simple COSY-like
sequence performs relatively well in the presence of large
chemical shielding anisotropies [20].

Here we have not varied any of the spin-system
parameters except o . Of course, also the relative mag-
nitudes and orientations of wSy  and b; generally play

an important role in defining the maximum DQF effi-
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Fig. 4. DQF efficiencies plotted as a function of 7 (A and B) and ! (C); simulations based on spin-pair parameters given in Table 1 and assuming
wo/2m = —121.5 MHz. (A) o = 0; from left to right w,/2n = 2454 Hz, w,/2n = 4000 Hz, and w,/2r = 8000 Hz. (B) w? = 400 Hz; from left to right
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,/2n = 2454 Hz, o,/2n = 4000 Hz, and o,/2r = 8000 Hz. (C) w,/2r = 4000 Hz, 1 =87, =2ms (—), t =47, = I ms (eee), 1 =17, = 0.5 ms (- - -).

ciencies. For instance, we find that increasing oS at

the n = 0 R? condition tends to shift the DQF maximum
to occur at longer durations of 7, whereas no such clear-
cut trends can be seen away from the n = 0 R* condition.

4. Summary and conclusions

The so-called n =0 R* condition covers a consider-
able range of values !, from w! =0 up to vl ~
0.5b;; (here ca. 400 Hz). This perseverance of linebroa-
dening and -splitting effects may add complexity to the
interpretation of simple MAS NMR spectra of dipolar
coupled spin systems, for instance *'P MAS NMR spec-
tra of condensed phosphates or ?°C MAS NMR spectra
of 13C enriched compounds. On the other hand, this
property lends a higher information content to simple
MAS NMR spectra as these then sensitively reflect
anisotropic spin-system parameters such as the orienta-
tion of chemical shielding tensors as well as dipolar cou-

pling constant. Additional r.f. irradiation at and near
the n=0 R* condition by applying pulse sequences,
for instance for purposes of DQF, may extend the
occurrence of R* effects to even larger values o . This
may sometimes be a welcome feature. In many applica-
tion circumstances aiming at the determination of inter-
nuclear distances, dependence of experimental data on
magnitudes and orientations of chemical shielding ten-
sors adds further complications. These effects are not
easy to predict when dealing with spin systems charac-
terised by largely unknown parameters but will mainly
affect pairs of spins with similar isotropic chemical
shielding values, displaying considerable chemical
shielding anisotropies and relatively large dipolar cou-
pling constants. Such R? effects may contribute system-
atically to e.g., the intensity of off-diagonal peaks in
two-dimensional dipolar recoupling experiments. Since
the evaluation of short-range dipolar coupling constants
from such experiments usually is the starting point in
series of experiments aiming to construct three-dimen-
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sional structural constraints for multi-spin systems, we
feel that it is important not to neglect these effects in
the data analysis [42].
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