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Dipolar filters are of considerable importance for eliminating the "H NMR signal of the rigid components
of heterogeneous compounds while selecting the signal of their mobile parts. On the basis of such filters,
structural and dynamical information of these compounds can often be acquired through further manip-
ulations (e.g. spin diffusion) on the spin systems. To overcome the destructive interferences between the
magic angle spinning (MAS) speed and the cycle-time of the widely-used Rotor-Asynchronized Dipolar
Filter (RADF) sequence, we introduce a new method called Rotor-Synchronized Dipolar Filter (RSDF). This
communication shows that this sequence does not present any interference with the spinning speed and
is more compatible than RADF with high MAS frequencies (vg > 12 kHz). This new pulse sequence will
potentially contribute to future researches on heterogeneous materials, such as multiphase polymer

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Heterogeneous materials, such as multiphase polymers and
membrane systems, are often constituted by two or even more
components, with different mobility or rigidity in the different
phases. In nuclear magnetic resonance (NMR), rigid segments lead
to uninformative broad peaks that often obscure the informative
narrow peaks of the mobile segments in the 'H spectra. There is
thus a significant interest of eliminating the rigid segment signals,
while only keeping those related to the mobile parts. Moreover,
elimination of the rigid segment signals can lead to polarization
gradients between two different segments, which combined with
spin diffusion sequences allow (i) to quantify domain sizes in
phase separated polymers [1], and (ii) to probe the chain inter-pen-
etration or miscibility in various polymer blends [2].

The Goldman-Shen sequence [3], or a simple 'H dipolar-echo
sequence [4], can be used for this purpose. Both methods can elim-
inate the signals of rigid segments and partially keep those of mo-
bile segments owing to the fact the transverse dephasing time of
the mobile segments is much longer than that of the rigid parts.
However, both sequences suffer from the fact that the magnetiza-
tion of the soft phase is decreased significantly by the filtering pro-
cess. Another disadvantage of the Goldman-Shen sequence is the
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distortion of the 'H time domain signal at very short spin diffusion
times [5].

These limitations are circumvented by the magic and polariza-
tion echo (MAPE) [6], and the Rotor-Asynchronous Dipolar-Filter
(RADF) sequence, proposed by Egger et al. in 1992 (Fig. 1a) [7-
12]. The RADF sequence (Fig. 1a), which was initially designed as
a homo-nuclear decoupling method for static samples, consists of
a basic cycle of 12 n/2-pulses of length 1, all separated by a delay
7, and repeated for M times. The period of the RADF sequence is
thus: Trapr = 12(7 + 75). The phases of the 12 ©/2-pulses in the basic
RADF element can be written explicitly as (x, -y, x, X, =y, X, —X, ¥,
—X, —X, ¥, —x). The RADF pulse sequence is designed to suppress
under static condition all spin interaction terms (homo- and het-
ero-nuclear dipolar, isotropic and anisotropic chemical shift and
J-coupling) for the irradiated isotope in the first-order Average
Hamiltonian (AH). In the following, the irradiated isotopes are pro-
tons and the largest spin interactions are the 'H-'H dipolar cou-
plings. Under static condition, if the magnitudes of '"H-'H dipolar
couplings for some 'H sites are small compared to the frequency
1/trapr the AH may be approximated by its first-order term and
the RADF sequence eliminates all spin interactions for these 'H
sites. On the contrary, in the case of 'H sites experiencing dipolar
interactions larger than 1/trapr, the truncation of Average Hamilto-
nian to its first-order term is not valid and the '"H-'H dipolar inter-
actions are not suppressed by the RADF sequence, which leads to
signal dephasing and hence attenuation at a long RADF time. This
signal decrease, related to a coherent process, is moreover en-
hanced by an incoherent process since the 'H sites experiencing
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Fig. 1. (a) Rotor-Asynchronous Dipolar-Filter (RADF) sequence [7]. (b) Rotor-
Synchronous Dipolar-Filter (RSDF) sequence. (¢) Basic cycle of C6i (x, —x) sequence
lasting nTg. All pulses correspond to a 90° flip-angle in (a-c).
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Fig. 2. Simulated "H spectra of a model spin system obtained using RSDF sequence,
shown in Fig. 1b at Bo=14.4 T and vk = 30 kHz, with n = 4. The pulse and window
lengths are 7=9.11 us and 7, = 2 ps, respectively. The M value is indicated on the
figure, and corresponds to T = 10.7 and 21.3 ms, for M = 20 and 40, respectively.
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Fig. 3. 'H MAS NMR spectra of the 1/1 GA mixture at By = 14.4 T, versus spinning
speed vg. The shielded narrow peak corresponds to the CH and CH, protons of
adamantane and the unshielded broad peaks correspond to the NH; and CH,
protons of a-glycine.

weak dipolar interactions are more mobile and they display longer
coherence lifetimes than the 'H sites experiencing large dipolar
interactions. In summary, for a heterogeneous system comprising
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Fig. 4. RADF 'H MAS spectra of the 1/1 GA mixture at Bo=14.4T, versus MAS
frequency. The RADF sequence (Fig. 1a) employs 7,=1.3 pus and 7=10.1 ps, i.e. a
cycle time trapr = 12(7 + 1) = 136.8 ps. The number of dipolar filter cycles is M =6,
which results in a total filter length of 821 ps. The MAS frequencies in kHz are
indicated below the spectra. Integer and half-integer tgapr/Tx ratios, which results
in destructive interferences between MAS and rf averaging, are indicated on the
bottom of the figure. Whatever the MAS frequency, only the adamantane signals are
visible in the RADF spectra.
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Fig. 5. RSDF 'H MAS spectra of the 1/1 GA mixture at By=14.4T, versus MAS
frequency. For each MAS frequency, the integer n (#3 k) was chosen, and the delay
adjusted about t~12pus (1,=2.6 ps), in order for the RSDF cycle time
Trspr = 12(T + 7,,) to be equal to nTg, the cycle time of the CGfl (x, —x) sequence
(Fig. 1b). The number M of repetition cycles was chosen so that the total filter length
always remained around 0.8-1ms. Whatever the MAS frequency, only the
adamantane signals are visible in the RSDF spectra.

rigid and mobile segments, the RADF sequence suppresses the 'H
signal of rigid parts experiencing large 'H-'H dipolar interactions,
but affects much less the signal of mobile segments.

However, the RADF sequence has been designed under static
condition, and Magic-Angle Spinning (MAS) can interfere destruc-
tively with the rf-pulses [13]. Experimentally, the effectiveness of
the RADF sequence is indeed largely reduced when the cycle time
of the RADF pulse sequence, Trapr, is equal to an integer or half-
integer number of rotor periods, Tk (see Fig. 4). These destructive
interferences entail a careful adjustment of tgapr under MAS.

In this communication, we propose a Rotor-Synchronous Dipo-
lar-Filter (RSDF) sequence (Fig. 1b), which avoids destructive inter-
ferences between MAS and rf-pulses and benefits from high
resolution and high efficiency when the MAS frequency is larger
than 12 kHz.

2. RSDF sequence

The design of a rotor-synchronized dipolar filter is facilitated by
symmetry arguments [14,15]. In principle, all '"H-"H homo-nuclear
CN, decoupling sequences can be employed for dipolar filtering.
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For instance, we have recently shown that in the first-order AH,
some CN) sequences suppress the terms arising from the 'H-'H
dipolar interaction and the 'H chemical shift anisotropy (CSAy),
while the isotropic chemical shift and hetero-nuclear J-coupling
terms can be described as an effective field along the z-axis
[16,17]. In the case of an I,S spin system, with a suitable CN, dipo-
lar filter on the I channel, the first-order AH can be written [14]:

HY = Koo (9?1112 + QLo + 27 5112S: + 27'lezsIZZSZ)
+ 27y + 955, (1)

where 97 and Jjs denote respectively the isotropic chemical shift
and hetero-nuclear J-coupling of I spins (i = 1,2), J;;» the homo-nu-
clear J-coupling and @2 the isotropic chemical shift of S spin. The
calculation of the «§;,, scaling factor [14] is not required here since
this value does not affect the efficiency of the dipolar filter. The cy-
cle time of the CN,, sequence is equal to n rotor periods (Tg).

In this article, we focus on C62 symmetries with n = 3k, where k
is an integer. These symmetries produce a first-order AH identical
to that of Eq. (1). Conversely, Cﬁgk symmetries reintroduce the
'H-H dipolar interaction and the CSAy and hence cannot be used
as dipolar filter.

As long as the AH can be approximated with its first-order term,
which means that the magnitudes of 'H—'H dipolar couplings are
small compared to 1/(nTg), the 'H longitudinal magnetization only
evolves under the effect of the Jy;_y scalar couplings during the C6]
sequences since the 'H longitudinal magnetization is not affected
by isotropic chemical shifts and hetero-nuclear J-couplings, which
are along the z axis (see Eq. (1)). The evolution under J;_y coupling
during C63 sequences is not observed when the j-coupled 'H sites
display unresolved NMR signals, since the J-coupling term com-
mutes with the total angular momentum operators along z axis.
For instance, in the case of an IS spin system, we have
[z + I, I1L] = 0.

Conversely, when the magnitudes of "H—'H dipolar couplings
are large compared to 1/(nTg), the first-order AH is not sufficient
to describe the spin dynamics and additional higher-order terms
must be taken into account. In this case, the 'H longitudinal mag-
netization decays under the influence of "H-'H dipolar-couplings,
which are not canceled in these higher-order terms.

In this article, we employ as basic element C = 90,-7-90;50-7 in
C6,31 sequences. Here 90y and 90,5¢ denote rectangular, resonant rf
pulses of length t, with flip angle 90° and phases 0° and 180°
respectively, while 7 is a window delay during which the rf-field
is turned off. This basic element benefits from low rf-field require-
ment compatible with high MAS frequencies. Another example of
windowed CN; basic element can be found in Eq. (76) of Brink-
mann and Eden [14b]. For the sake of brevity, the C6> (90o-7-
90,50-7) sequences will be denoted RSDF in the following. For these
sequences, the cycle time is Tgspr = nTg=12(7 + 7p) and the corre-
sponding pulse sequence is depicted in Fig. 1b.

Usually, the 'H-'H dipolar broadening for rigid segments is
about 25-30 kHz and the peak width of the static 'H spectra can
reach up to 125 kHz. Therefore, the pulse length 7, must be small
(e.g. T, =2 ps with vy =125 kHz) in order to excite uniformly the
proton spectrum of the rigid segments. Furthermore, in order to re-
lax the rigid segment signals efficiently, the delay 7 should be lar-
ger than the inverse of the dipolar broadening for the rigid
segments (e.g. T = 8-12 us). These two factors lead to large n values
since n=12(t +1,)/Tz. As an example, at vg=30kHz and with
T~ 12 ps and 1, =2 ps, it is easy to show that n should be equal
to 5. The total length of dipolar filter 7y, = nMTk must be increased
until the NMR signal of rigid segments is eliminated. More details
about the optimization of RSDF sequence are given in the Support-
ing Information (Fig. S1).

3. Simulation of the dipolar-filtering efficiency of RSDF

At first, we demonstrate in-silico the filter efficiency of RSDF se-
quence at fast MAS, vg = 30 kHz, with different repetition cycles M,
without considering the incoherent decay processes. The simula-
tions were performed using SIMPSON software (version 1.1.0)
[18]. The powder averaging was accomplished using 2816 orienta-
tions: 256 {omR, Pmr}-pairsx11 yygr- angles. The 256 {omg, Pumr}-
pairs, which relate the molecular and rotor frames, were selected
according to the REPULSION algorithm [19]. All simulations pre-
sented here have been calculated on a H1-H2-H3 three-spin sys-
tem, with dipolar coupling constants equal to byi_pa/
(21) = —12 kHz and by_p3/(27) = bya_p3/(21) = —2 kHz, and isotro-
pic chemical shifts equal to Q%,/(27) = —Q°,/(27) = 9kHz and
Q% /(2m) = 1.5kHz. The CSAy of the three protons as well as their
Ju_n couplings were neglected. Interestingly, even in the absence of
incoherent decay, Fig. 2 shows that the RSDF sequence effectively
reduces the signals of the H1 and H2 sites experiencing large dipo-
lar couplings, while the H3 intensity remains unaffected since |by;_
13/(27)| = |bua-13/(27)| < 1/trspr and  |by1-n2/(27)| > 1/trspe. This
RSDF filtering effect, which has never been demonstrated before,
is enhanced by incoherent decay processes and leads to a very
effective elimination of the signal of the rigid components.

4. Samples and experimental conditions

The filtering efficiencies of the RADF and RSDF sequences were
compared on a mixture of a-glycine and adamantane. These pro-
tonated solids are submitted to strong and weak 'H-'H dipolar
couplings, respectively. The mixture we used, hereinafter referred
to as GA, had a 'H molar ratio of 1/1 or 2/1 in Figs. 3-5 and 7,
respectively. Both samples were purchased from Aldrich-Sigma
Corp. and used without any further treatment.

A three-block copolymer PCL/MDI/BDO (PCL: poly-caprolac-
tone, MDI: 4,4’- di-phenyl-methane di-isocyanate and BDO: 1,4-
butanediol) was also investigated. The samples of segmented poly-
urethanes were prepared by a two steps method involving end-
capping appropriate quantities -OH terminated PCL with liquid

T e
14131211109 8 7 6 56 4 3 2 1 0 -1-2-3-4-5-6 ppm

Fig. 6. The 'H single pulse (above) and RSDF (below) MAS spectra of the three-block
copolymer PCL/MDI/BDO at vg=30kHz and Bo=14.4T. The pulse and window
lengths are T =11.3 ps and 7, = 2.6 ps, respectively (Fig. 1b). The n and M values are
5 and 6, respectively, i.e. Tios = 1 ms. The spectra are clipped in order to emphasize
the dipolar filter effect.
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MDI followed by the reaction with the liquid chain extender BDO in
solution [20].

NMR experiments of Figs. 3-6 were performed at 14.4T on a
Bruker AVANCE-III spectrometer, with 'H frequency of 600 MHz,
and a commercial Bruker triple-resonance 2.5 mm probe, which al-
lows spinning frequencies up to 35 kHz. NMR experiment of Fig. 7
and Fig. S1-3, were performed at 18.8 T on a Bruker AVANCE-III
spectrometer, with 'H frequency of 800 MHz, and a commercial
Bruker triple-resonance 1.3 mm probe, which allows spinning fre-
quencies up to 70 kHz. All experiments were carried out at room
temperature and processed with Bruker Topspin 2.0 software. Each
spectrum was accumulated with 8 scans separated with a recycling
delay of 8 s.

5. RADF and RSDF experiments at MAS frequency below 30 kHz

Fig. 3 represents the 1/1 GA MAS spectrum versus spinning
speed. With the increase of the MAS speed, the glycine resonance,
which is very broad below v < 10 kHz, becomes observable, and
the adamantane resonance narrows, thus leading to larger signal
amplitude. The comparison between Figs. 3 and 4 shows the filter-
ing effect of RADF sequence, as the broad glycine component is
nearly not observable in Fig. 4, whatever the spinning speed. How-
ever, the destructive interference between MAS speed and RADF
cycle-time can be observed through the dips in intensity displayed
in Fig. 4. In principle, the effectiveness of the RADF sequence is
strongly reduced, or even canceled out, if the ratio between the cy-
cle-time and the rotor period, Trapr/Tr, iS equal to an integer or a
half-integer number, since these destructive conditions recouple
TH-'H dipolar interactions and CSAh. At ultra-fast MAS, e.g.
vg =80 kHz [21], the dips should occur every 6 s change for Trapr
value, and this may lead to poor efficiency, especially when taking
into account the spinning speed fluctuations which are not negligi-
ble with so small rotors. These interferences between MAS fre-
quency and cycle time can also be observed in PMLG [22],
DUMBO [23], and TIMES [24,25] sequences.

The dipolar filtering effect of RSDF can be observed in Fig. 5,
which shows no interference with the spinning speed. By comparing
Figs.4 and 5, we can thus conclude that the RSDF sequence is the bet-
ter choice at fast or ultra-fast MAS: v > 12 kHz. Indeed, the RADF se-
quence has been originally designed for static and quasi-static cases,
and hence it performs well at slow MAS speed: vg < 12 kHz. It should
be pointed out that RSDF has a trace residue of glycine, because the
same dipolar filter time as RADF is used here and partial recoupling
of 'H homo-nuclear coupling of RADF would better suppress the gly-
cine signal. To fully eliminate the glycine residue, longer dipolar fil-
ter time ~1.4 ms can be used for RSDF.

The efficiency of RSDF sequence was also investigated in the
case of three-block copolymer PCL/MDI/BDO. This copolymer com-
prises a rigid MDI segment, which is composed of benzene rings,
and two soft PCL and BDO segments with the molar ratio of
1:4:3, respectively. The rigid MDI segment is obviously eliminated
by RSDF sequence in Fig. 6, while the other two components are
kept.

6. Experimental demonstration of RSDF filtering at ultra-fast
MAS v = 60 kHz

Fig. 7 represents the effect of the total dephasing time, T,
when the RSDF sequence is used at ultra-fast MAS with
vg = 60 kHz. It is interesting to note that the CH, group in glycine
is quickly dephased with 7+ > 0.8 ms, while the NH3 group is
attenuated more slowly. However, the NH;5 group is almost elimi-
nated at vg = 30 kHz with the same dephasing time of 7y, = 0.8 ms
(Fig. 5). At ultra-fast MAS, the effective attenuation of NHs3 group

unfiltered MAS

NH,
x2
——adamantane ; ; ; ; ; ; ;
0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Tiot (MS)

Fig. 7. Evolution of RSDF 'H MAS spectra of the 2/1 GA mixture at vg = 60 kHz and
By =18.8 T as function of 7. The pulse and window lengths are 7,=1.13 ps and
T = 8.6 s, respectively, and n = 7. The CH, and NH3 signal intensities of glycine are
multiplied by a factor of 4 and 2, compared to that of adamantane. The intensities of
glycine signals decrease with increasing 7. while that of adamantane remains
unaffected. Top: unfiltered MAS spectrum of the mixture allowing the evaluation of
initial relative concentration and RSDF efficiency.

needs a much longer dephasing time of 7., > 4 ms. This behavior
suggests that the NH3 group is detached from the proton bath at
vg =60 kHz and rotates independently around its tetrahedral axis,
which leads to a smaller dipolar coupling constant. The fact that
the MAS spectrum of glycine gets fully resolved at this speed also
indicates that its proton bath is broken and that it loses a part of its
homogeneous characteristic, which means smaller homo-nuclear
dipolar coupling constants. Another factor is that at ultra-fast
MAS the coherence lifetimes are increased. At last it should be
pointed out that the temperature rises from 30 °C to 50 °C when
the spinning speed increases from 30 to 60 kHz, thus leading to
more mobility of two species. More details about dipolar filtering
at ultra-fast MAS are given in Fig. S2,3.

7. Conclusion

In this work, a new dipolar filter pulse sequence, called RSDF,
has been proposed, which has the advantage of being rotor-syn-
chronized, thus leading to a very simple experimental set up with
a single parameter to be optimized. Therefore, compared to RADF
sequence, RSDF does not suffer from destructive interferences be-
tween rf and MAS averaging. Furthermore, the RSDF sequence is
more compatible with high MAS frequencies, while RADF can be
a good choice in static and quasi-static condition (i.e. vg < 12 kHz).
Consequently RSDF complements the RADF sequence and it should
be used for characterizing heterogeneous systems where high MAS
frequencies are mandatory in order to record high-resolution pro-
ton 1D or 2D DQ-SQ spectra [26]. It should be interesting to probe
the spin diffusion coefficient at fast or ultra-fast MAS with this new
dipolar filter sequence [27]. It should be also interesting to study
the “intra-molecular” NOE effect in systems exhibiting weak
mobility contrast: a RSDF filter can be used to select the mobile
side-group of a stiff-chain polymer and NOE effects instead of spin
diffusion will lead to polarization re-equilibration [1b,28]. All these
studies are in progress.
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