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Abstract

Probing the fast dynamics of surface sites using NMR spectroscopy is highly challenging owing
to the sites’ high dilution and the difficulties often associated with isotopic enrichment. Intra-CH>
'H-'H dipolar couplings are ideal probes of motions given that they only involve 'H’s and the
tensor has a well-defined size and orientation. We introduce a frequency-selective variant of the
double-quantum sideband method to measure like-spin 'H-'H dipolar coupling constants. The
experiment dramatically reduces the instrument time required to measure dynamically-averaged
intra-CH> dipolar couplings. We demonstrate the performance of the sequence using silica-
supported silanes as model highly-mobile surface species.
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1. Introduction

Structural dynamics play significant roles across fields of chemistry. For instance, transient
conformers have been shown to dominate in certain catalytic reactions[1-4]. Flexibility in
particular is often associated with enhanced catalytic activity for both heterogeneous and
enzymatic systems as this grants them the ability to stabilize intermediate and transition state
structures [5—8]. These processes require fast femto to microsecond dynamics that have long posed
a challenge to quantify experimentally. Enzyme dynamics are best probed using established
nuclear magnetic resonance (NMR) spectroscopy methods [9,10], however, these are not readily
transferable to heterogeneous catalyst sites that are more dilute and costly to isotopically enrich.

Anisotropic NMR interactions such as chemical shift anisotropy (CSA), quadrupolar
coupling, and dipolar coupling are highly prized for their ability to reveal dynamic motions with
atomic and spatial resolution. Given that their magnitude depends on the orientation of a moiety
relative to the magnetic field, molecular motions lead to controlled averaging that can be used to
elucidate the types of dynamics that are present [11]. The gold standard anisotropic interaction for
measuring dynamics is the H quadrupolar coupling tensor. This tensor is axially-symmetric, large,
and tends to align along the X-’H bond, enabling for straightforward analysis. It has also been
extensively used to study the dynamics of surface sites [ 12—20]. Dipolar coupling tensors are also
frequent probes of motions [21-24], including from surface sites [25-27], and share many of the
useful properties of the H quadrupolar coupling tensor.

For studies of heterogeneous catalysts, there is tremendous value in the development of
dynamic NMR methods that do not require isotope enrichment. To this end, some of us have
investigated the applicability of 'H CSA as a high-sensitivity dynamics probe [28]. Unfortunately,
it was determined that challenges with estimating tensor orientation, magnitude, and asymmetry
greatly limited its practicality. '"H-'H dipolar coupling strengths could also be applied to measure
dynamics, however, their quantitative measurement is complicated by long-range interactions.
Agarwal has addressed this problem in the case of unlike 'H spins through the development of
doubly band-selective methods which have been applied to extract distance restraints in proteins
[29-32].

An ideal 'H-'H dipolar coupling-based dynamics probe would be a methylene. The intra-
CH: dipolar coupling strength has a nearly constant magnitude and a well-defined orientation.
Band-selective methods that require the two protons to have disparate chemical shifts, however,
are not applicable to a methylene. Its relatively large magnitude, however, means that it can be
measured using simpler schemes. Kobayashi et al., for instance, recently used double-quantum
spinning sidebands under fast-magic-angle spinning (MAS) conditions to measure the intra-CH»
'H-'H dipolar couplings for a silica surface-supported site [26]. Their method leveraged the back-
to-back (BaBa) double-quantum recoupling sequence [33,34] most commonly used to acquire 2D
double quantum/single quantum (DQ/SQ) correlation spectra. When the DQ evolution period is
incremented in a rotor asynchronous manner, however, the sequence generates sideband patterns
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that are proportional to the recoupled dipolar interaction’s magnitude [35-38] and insensitive to
other anisotropic interactions, such as chemical shift anisotropy [39]. This makes it particularly
useful for the measurement of very strong dipolar couplings, such as short-range 'H-'H couplings.

Despite utilizing exclusively 'H spins, the BaBa DQ sideband method is time intensive.
Spinning sidebands are separated by twice the MAS spinning frequency (2v;), which can require
spectral windows in excess of 1 MHz in breadth while also maintaining chemical shift resolution
(<100 Hz), thus necessitating the acquisition of thousands of # increments. Herein we develop a
frequency-selective (fs)BaBa sideband method that enables the rapid measurement of the
dynamics of CH>-containing moieties by eliminating the need for chemical shift resolution along
the DQ dimension. The described strategy utilizes the selective inversion of the intra-CHz DQ
transition [40] using rotor-synchronized delays alternating with nutations for tailored excitation
(DANTE) pulses [41-45]. The resulting method considerably reduces the barriers to the
measurement of the motions of surface sites.

2. Experimental

Malonic acid was purchased from Fisher Scientific and used as-is. The synthesis of allyl-
and benzyl-functionalized mesoporous silica nanoparticles (AI-MSN and Bz-MSN) were
described in earlier publications [46,47].

All experiments were performed on a Bruker Avance NEO 600 MHz solid-state NMR
spectrometer equipped with a Varian 1.6 mm fast-MAS probe. All BaBa experiments utilized the
xy-16 supercycle [34] with 100 kHz 'H radiofrequency pulses. The MAS spinning frequencies
were set to 40 kHz for malonic acid and AI-MSN and 35.714 kHz for Bz-MSN for which we could
not achieve stable 40 kHz spinning. The number of 100 kHz DANTE pulses was optimized on
each resonance and ranged from 25 to 100 pulses. No z-filter delay was used. Experiments were
performed using recycle delays of 1, 1, and 2 s for malonic acid, AI-MSN, and Bz-MSN,
respectively. 16 ¢ increments of #/16 were acquired for all fsBaBa sideband acquisitions, with
each consisting of 32 scans. The excitation and reconversion recoupling times were set to 4 rotor
periods for malonic acid and 6 rotor periods for AI-MSN and Bz-MSN. Uncertainties in the
sideband intensities were estimated to equal the mean absolute noise level along the indirect
dimension of the 2D spectrum. ¢i-noise is the dominant source of noise and as such the
uncertainties are most strongly correlated with the rotor stability and the number of spinning
sidebands and not the overall sensitivity [48].

3. Theory
3.1. Averaging of Intra-CH: Dipolar Coupling Tensors

Nuclear spins interact through space via a direct dipolar coupling interaction with a
magnitude characterized by the dipolar coupling constant (D).
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In equation 1 uo is the vacuum permeability, y, 1s the gyromagnetic ratio of nucleus ‘n’ and  is the
internuclear distance between nuclei 1 and 2. This value is expected to be approximately 21 kHz
for an intra-CH, "H-'H spin pair when neglecting the averaging caused by vibrations and librations.

The orientational dependence of the interactions is represented by a traceless and axially-
symmetric second rank tensor (D). In its principal axis system (PAS), i.e. with the 'H-'H
internuclear vector oriented along the z direction, it is given by the following.

10 0
Dpas=D|[0 1 0 (2)
0 0 -2

Here we will consider the impact caused by rotations about a leading X-CH> bond on this
tensor. We will assume a constant 'H-'H distance, contained in a constant static D value. Note that
the X-C bond is perpendicular to the '"H-'H internuclear vector in the CH, and can thus be oriented
along the y direction. We can represent with rotation with the use of a Cartesian rotation matrix
with a rotation axis aligned along the X-C bond (Ry).

cosp 0 —sing
R, (¢) = [ 0o 1 0 ] €)
sing 0 cos¢
D;oc(¢) = Ry (¢)DpasRy (¢) 4)
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If we assume that there is equal probability of the CH> to have a X-CH; bond dihedral
deviation of ¢ or -¢ from its lowest energy conformation (i.e. that the ¢ probability distribution is
symmetric, see Fig. 1a) then the resulting 2-site exchanged dipolar coupling tensor is diagonal.

DZ—site(¢) = (Drot(¢) + Drot(_¢))/2 (6)
%(3c052gb ~1) 0 0
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As such, from the 2-site exchange between two X-CH; bond rotation angles, we obtain a
dynamically-averaged dipolar coupling tensor (Dosite) with principal components of D,
D/2(3cos2¢ - 1) and D/2(3cos2¢ + 1). These dynamically-averaged principal components, (Dp,),
are generally re-ordered as: [(D33)| > [{D,2)| > |{D11)|- The factor by which (D53) is reduced relative
to the static value, 2D, is known as the order parameter, (S). Evaluation of the expressions for the



principal components reveals that the order parameter oscillates from 1 to 0.5, depending on the

value of ¢.
_ |0
(5) = |= (8)

Dynamics may also lead to a non-zero dipolar asymmetry [49], quantified by an
asymmetry parameter #p, which ranges from 0, in an axially-symmetric tensor, to 1.
Dy1-D
We, however, do not expect methylene groups to undergo 2-site exchange, but rather
undergo Gaussian librational motions. We can adapt equation 5 to calculate the dynamically-
averaged principal components, and thus the order parameter, for librations by integrating them
over a Gaussian distribution of ¢ with a width of A¢[50,51].

PhA9) = U2 Lexp (212) (10)

In this case, the dynamically-averaged intra-CH> dipolar coupling tensor principal
components can be calculated numerically as follows and the order parameter is calculated as
described in equation 8.

(Dun)(Bp) = [*_ P($, A) Dy} () dp (11)

The dependence of (S) and 7p on the amplitude of the librations is depicted in Fig. 1¢,d.
Higher-amplitude librations lead to a monotonic decrease in (S) until A¢ = n/2 after which it
plateaus to a value of 0.5, corresponding to the (D33) component being oriented along the X-C
bond, unaffected by the librations. For low amplitude librations we thus expect (S) values ranging
from 1 to 0.5. The observation of a value below 0.5 would indicate that a second dynamic mode is
present in the sample, such as librations about two leading single bonds.
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Fig. 1. (a) Illustration of librational dynamics of a CH,. (b) Gaussian probability distribution of
the dihedral angle ¢, describing the amplitude of the librations. (c) Intra-CH, 'H-'H dipolar order
parameter and (d) asymmetry parameter as a function of librational amplitude.

3.2. fsBaBa Pulse Sequence

One of the more common experiments that utilizes homonuclear dipolar recoupling is the
double-quantum/single-quantum (DQ/SQ) correlation experiment. This experiment utilizes rotor-
synchronized pulse sequences that generate a double-quantum average Hamiltonian to excite DQ
coherences that can be detected indirectly in a 2D NMR experiment. The experiment reveals which
sites are spatially proximate, albeit quantitative distance information is typically lost. The DQ
build-up times can be used to estimate weak dipolar couplings in certain cases [35], however, the
DQ sidebands are preferred for the measurement of strong dipolar couplings, such as those
between the two 'H spins of a methylene.

Dipolar coupling sensitive DQ sidebands are available if a y-dependent dipolar recoupling
sequence, such as BaBa [33,34], is used. We chose to apply the popular BaBa-xy16 sequence here,
although the frequency-selection approach is transferable to other recoupling sequences
[38,39,52,53]. BaBa is a non y-encoded sequence that recouples DQ dipolar terms with space and
spin components: m ==+1 and p = £2 [54]. This indicates that efficient refocusing of the recoupled
dipolar interactions is achieved when # is a multiple of #/2 [55]. As such, the signal evolution
along #1 will have a beat frequency equal to 2v; and odd-ordered spinning sidebands will be
produced if # is incremented in a non-rotor synchronized manner. The number of spinning
sidebands that are produced will depend on the dipolar phase accumulation created during the
recoupling and is thus proportional to Dt.../2n, with values from 0.5 to 1 being ideal to measure D
[56].

If multiple resonances are present in the DQ/SQ correlation spectrum, then it is necessary to
acquire very large numbers of #1 increments to distinguish the spinning sideband patterns
associated with distinct pairs of signals. Consider for instance that you wish to resolve the sideband
patterns from two DQ signals separated by 1 ppm at 600 MHz (600 Hz), are spinning at 50 kHz,
and expect 5 sidebands on either side of the spectrum. The spectral window along the indirect
dimension would then need to equal 1 MHz and a minimum of 1700 ¢ increments would be
required. In contrast, if chemical shift resolution were not required along the indirect dimension,
then only 20 # points would be required, corresponding to an 85-fold reduction in experiment
time.

The same result could be achieved using a frequency-selective BaBa experiment. Here, we
took inspiration from the strategies used to collect DQ/SQ correlation spectra correlating
exclusively the central transitions of quadrupolar nuclei [57-59]. In these experiments, a central-
transition selective inversion pulse is applied after DQ excitation to perform a selective +2—+2
coherence transfer and eliminate the intraspin DQ coherences that may have been excited during
the dipolar recoupling. A similar strategy was recently applied to excite a 3-spin ''B 3Q coherence
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[60]. Like-spin DQ correlation, such as those between the two 'H spins of a methylene, could
similarly be selectively excited using a frequency-selective inversion pulse. Our fsBaBa pulse
sequence is depicted in Fig. 2 where we have inserted a DANTE [41-45] inversion pulse to
perform the frequency-selective £2—+2 coherence transfer. This DANTE pulse has a total
duration of n rotor periods/pulses with each pulse applying a 180°/n tip angle.
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Fig. 2. (a) fsBaBa pulse sequence and coherence transfer pathway. We applied a 32-step phase
cycle wherein the phases of the first recoupling cycle and the final 90° pulse were cycled in 4 steps
while the DANTE pulse was cycled in two steps (0°, 45°) with a commensurate inversion of the
transmitter phase. The BaBa pulses are cycled using the xy-16 supercycle [34]. SIMPSON
simulations of the efficiency of the DQ reconversion as a function of the transmitter offset (b) and
resonance separation (c) for the values of ‘n” described on the Figure.

The performance of the DANTE selection pulse was evaluated using SIMPSON numerical
simulations [61,62] of a simple, dipolar-coupled, 2-spin system with a dipolar coupling constant
equal to 21 kHz (Fig. 2b,¢). The plots in Fig. 2b display the effect of shifting the transmitter offset
on the DQ reconversion efficiency for an increasing number of DANTE pulse segments (n),
assuming two 'H nuclei with identical chemical shifts. In contrast, the plots in Fig. 2¢ show that
similar selection from the DANTE pulse is obtained if the chemical shift difference between the
two recoupled sites is nonzero.

Given that a fast Fourier transform will be applied to process the spectra, #1 should be
incremented in N=2" steps of #/N. This will reveal N/4 unique DQ spinning sidebands, with 1
datum per v; frequency offset. In this study we acquired 16 #; increments for the fsBaBa spectra,
which yields four positive and negative spinning sidebands.

4. Results and Discussion



In the following sections we evaluate the performance of the fsBaBa sequence for
determining strong like-spin dipolar coupling constants using malonic acid’s CHz as a model
system. We subsequently use the sequence to characterize the dynamics occurring in two silica-
supported species. Experimental sideband patterns are fitted using SIMPSON simulations of
simple 2-spin models using identical conditions as those used in the experiments.

4.1. Malonic Acid

To test whether the fsBaBa sequence can measure accurate like-spin dipolar coupling
constants we selected malonic acid. This compound possesses a rigid structure with a spectrally-
resolved methylene signal. The "H NMR spectrum contains two signals from the central methylene
and the terminal carboxylic acid moieties at 2.4 and 12.3 ppm, respectively.

Matching the transmitter frequency to that of the methylene resonance, we evaluated the
frequency selection from the DANTE pulse. The dependence of the DQ-filtered '"H NMR spectra
as a function of the number of DANTE inversion pulse segments (n) is shown in Fig. 3a. We
observed a rapid elimination of the unwanted acid-correlated DQ signals after only five segments,
suggesting that the required number of segments to select a signal from a pair separated by Ao is
empirically approximated by:

vy 50ppm

NS e (10)

2D DQ/SQ correlation spectra acquired with the fsBaBa sequence and n values of 1 and
10 are shown in Fig. 3b, with the n = 10 spectra also being acquired with the transmitter positioned
on either signal. From these correlation spectra we can ascertain that the sequence is behaving as
designed and is indeed selecting only a single like-spin DQ correlation. Intensity losses that result
from decoherence during the DANTE train were moderate at 42 and 64% reductions when n =5
and 10, respectively. Some of these intensity losses are nevertheless desired as they originate from
the elimination of intersite correlations. The double-quantum filtering efficiency, as compared to
a Hahn echo experiment, was 0.6%.
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Fig. 3. (a) Optimization of the number of DANTE pulse segments for the methylene signal of
malonic acid (v = 40 kHz). (b) 2D DQ/SQ correlation spectra acquired with n=1 (left) and n=10
(center and right) with the transmitter placed on either signal.

DQ sideband patterns were acquired selecting either of the 'H NMR signals in malonic
acid to measure their dipolar coupling constants (Fig. 4). The CH2 DQ sideband pattern was best
fit to a D value of 17.7 kHz. This value is lower than the expected value of 21 kHz from a typical
methylene, likely due to low-amplitude motions such as C-H stretching and H-C-H bending
modes. These factors are expected to be present in for all methylenes and as such, a value of 17.7
kHz will be used to approximate the static D value for the remainder of this study.
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Fig. 4. (a) DQ-filtered 'H fast-MAS NMR spectra of malonic acid acquired without any frequency
selection (bottom, black) and with the selection of the methylene (red, top) and carboxyl (blue,
middle) signals. Experimental (black) and simulated (white) normalized DQ sideband patterns for
the CHz (b) and COOH (d) signals. Plots of the RMSD between the experimental and SIMPSON-
calculated sideband patterns are shown in (c) and (e) for the same respective signals as a function
of D. Red dashed lines indicate the dipolar coupling value best fit.

The acid groups of malonic acid form hydrogen bonded pairs in the solid state [63] and as
such the COOH-COOH 'H-'H dipolar coupling constant is sizeable and expected to be of
approximately 8-9 kHz. Its DQ sideband pattern is shown in Fig. 4 and is best-fitted to a D value
of 7.7 kHz, in agreement with the crystal structure when also considering vibrational
averaging.[64] We can thus conclude that the fsBaBa experiment should enable for the rapid and
sensitive estimation of dynamics involving CH; moieties. In the following sections we apply it to
the study of the motions of surface-supported sites.

4.2. Allyl-Functionalized Mesoporous Silica



Recently, the dynamics of silica-supported allyl moieties in AI-MSN were evaluated using
the conventional BaBa DQ sideband experiment, with the primary goal of evaluating intersite
distances [26]. We have thus selected the AI-MSN sample as the ideal first sample to test the
fsBaBa method. The allyl moieties contain two CH> groups that enable us to probe dynamics across
both of the moiety’s single C-C bonds.

The sideband patterns measured by selecting either of the methylene signals are shown in
Fig. 5. Narrower sideband patterns than observed in malonic acid were detected, in agreement with
the presence of motions. In the case of the a-CH,, we measured a 10.2 kHz (D) value,
corresponding to an order parameter of 0.58 or, equivalently, a librational amplitude (A¢) of
approximately 72°. This amplitude is in good agreement with that predicted by Kobayashi et al.
[26] using molecular dynamics simulations.
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Fig. 5. (a) DQ-filtered 'H fast-MAS NMR spectra of AI-MSN acquired without any frequency
selection (bottom, black) and with the selection of the Si-CH; (red, top) and terminal CHa> (blue,
middle) signals. Experimental (black) and simulated (white) normalized DQ sideband patterns for
the Si-CH> (b) and terminal CH> (d) signals. Plots of the RMSD between the experimental and
SIMPSON-calculated sideband patterns are shown in (¢) and (e) for the same respective signals as
a function of D. Red dashed lines indicate the dipolar coupling value best fit.

The y-CH> (D) value is a further averaged to 6.2 kHz, equating to a (S) value of 0.35. As
expected, the dynamics across both single bonds are compounded and a (S) value below the single-
dynamic mode limit of 0.5 is produced. The fact that this value is nearly equal to the square of the
value measured for the a-CH> suggests a similar librational amplitude of ~72° is available across
both single bonds.

4.3. Benzyl-Functionalized Mesoporous Silica
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We lastly study the structurally-related benzyl-functionalized silica (Bz-MSN). Given the
bulkier nature of the phenyl moiety in Bz-MSN, as compared to the ethenyl moiety in AI-MSN,
we would expect the former to undergo lower amplitude motions. We measured the DQ sideband
patterns for both the methylene and phenyl signals using the fsBaBa sequence. These are depicted
in Fig. 6 together with their numerical fits. We measured a CH> (D) value of 10.8 kHz,
corresponding to (S) = 0.61. While this value is somewhat larger than that measured in AI-MSN,
it corresponds only to a slight reduction in the librational amplitude from 72° to 69° from the
increased sterics, suggesting that the phenyl group is not sufficiently large to lock the group’s
orientation on the surface
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Fig. 6. (a) DQ-filtered 'H fast-MAS NMR spectra of Bz-MSN acquired without any frequency
selection (bottom, black) and with the selection of the Si-CH» (red, top) and aromatic (blue,
middle) signals. Experimental (black) and simulated (white) normalized DQ sideband patterns for
the Si-CH; (b) and aromatic (d) signals. Plots of the RMSD between the experimental and
SIMPSON-calculated sideband patterns are shown in (c) and (e) for the same respective signals as
a function of D. Red dashed lines indicate the dipolar coupling value best fit.

In the case of the phenyl resonance, at this MAS frequency, the ortho-, meta-, and para-'H
NMR signals are not resolved. As such, the experiment should primarily report on the strength of
the nearest neighbor dipolar couplings (ortho-meta and meta-para), which are expected to equal
7.8 kHz. From the experimental sideband pattern, we obtained a (D) value of 5.5 kHz,
corresponding to an intra-Ph (S) value of 0.70. This relatively large value indicates that while there
is significant freedom along the Si-CH> bond, the CH>-Ph librational dynamics are comparatively
restricted.

5. Conclusions
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We designed a frequency-selective variant of the double-quantum sideband method used
for the measurement of homonuclear dipolar coupling strengths. The pulse sequence uses a
DANTE pulse to perform a selective +2—+2 coherence transfer and isolate a single like-spin
double quantum coherence. Given dramatic reductions in the required number of # increments,
this experiment reduces the time needed to measure strong 'H-'H dipolar coupling constants by
two orders of magnitude.

We discussed the applicability of this method for studies of dynamics in difficult to
isotopically-enrich samples, such as heterogeneous catalysts. In these cases, the well-defined intra-
CH, 'H-'H dipolar coupling can be leveraged as a dynamics probe. We elaborated on how this
dipolar coupling is impacted by librational and rotational dynamics and specify how it can be
further used to reveal combined motions. This methodology was applied to study the motions of
silica-supported allyl and benzyl moieties and the impacts of increased sterics on the motions of
surface sites.
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