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On the Use of NMR Distance Measurements for Assessing Surface Site
Homogeneity

Frédéric A. Perras*?? and Damien B. Culver?

The past decades have seen tremendous growth in the area of single-site heterogeneous catalysis which aims to marry the
best aspects of homogeneous and heterogeneous catalysis, namely molecular-level site control and ease of
separation/recycling. Despite this, we still do not have a means of assessing site homogeneity and whether the produced
catalyst is indeed “single-site”. Recent developments have enabled the use of NMR-based distance measurements to
determine the conformations and configurations of surface sites, leading to the question whether such measurements can
be used to distinguish materials containing either single or multiple surface sites with otherwise indistinguishable NMR
properties. We describe a Monte Carlo-based multi-structure search algorithm and its application to the determination of
multi-site structures from supported metal complexes. The sensitivity of REDOR data to the existence of multiple sites is
assessed using synthetic data and prior literature examples are revisited to determine whether the single-site approximation
was indeed appropriate. We lastly apply this new methodology to differentiate the configurations of zirconocene complexes

grafted onto alumina supports that were thermally treated at different temperatures.

Introduction

Dynamic nuclear polarization (DNP) surface-enhanced
nuclear magnetic resonance (NMR) spectroscopy (DNP SENS)*-3
has led to a dramatic rise in the applications of NMR to the study
of heterogeneous catalysts.*®* Among the new possibilities that
have been made available by the technique has been the high-
resolution structural characterization of surface sites using
NMR-based distance measurements. This idea was initially
introduced by Berruyer et al. in 2017 who used site-labeled
complexes to perform atom-to-atom distance measurements
and use these for distance constraints in a brute-force distance
geometry conformational search.” We later expanded on this
concept by applying surface-to-atom distance measurements,
which can be modeled accurately using multispin simulations.??
This later strategy has been applied to a growing number of
supported metal complexes, and has made use of surface 70,
271, 29Sj, 133Cs, and 2°7Pb nuclei.®14

Recently, Jabbour et al. have applied the strategy
introduced by Berruyer et al. to study the surface structure of
an Ir NHC complex.!! Using a 13C-labelled NHC they could detect
not only the simultaneous presence of free and coordinated
ligand, but a 13C-13C correlation experiment also showed the
existence of surface Ir centers coordinated to two NHC ligands.
A similar observation was later made on an analogous Pt
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complex.’® The revelation that this simple complex contained as
many as three distinct surface NHC species has important
implications to the manner in which surface structure
determinations have been performed.

The distance geometry strategy introduced by Berruyer et
al.” makes a key assumption that the structure can be described
by a single site. This assumption originates from the approach’s
roots in biomolecular NMR structure determinations of
proteins, which tend to adopt a single conformation.16 In sites
supported on amorphous surfaces, however, this assumption is
difficult to justify.1%1517 We thus sought to determine whether
solid-state NMR-based distance measurements could be used
to resolve distinct conformers with overlapping resonances.
Indications that this may be possible originate from the concept
of inverting rotational-echo double-resonance (REDOR)!8 data
and “de-Pake-ing”.1%22 Analogous regularization approaches
are commonly used to extract overlapping distances from a
single double electron-electron resonance (DEER) dataset.?3-2°
Herein, we describe a Monte Carlo-based multi-structure
distance geometry algorithm for the solution of surface
structures using REDOR data. The performance of the method
is evaluated using synthetic data calculated for known
compounds. We then reevaluate experimental data acquired
from these compounds in an attempt to determine whether the
existing 1-site fitting strategy is indeed justified or whether the
compounds in question contain multiple surface sites.

Finally, we deliberately synthesize an Al,Os-supported Zr
complex expected to contain multiple sites and attempt to
distinguish these using DNP-enhanced NMR-based distance
measurements and the aforementioned algorithm.

Experimental
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Solid-State NMR

All solid-state NMR experiments were carried out using a
400 MHz/264 GHz Bruker MAS-DNP spectrometer equipped
with an AVANCE Il console, and a 3.2 mm probe. The probe was
tuned in a double-resonance configuration and a REDOR box
was used to split the channel into two, such that 'H-13C-27Al
triple-resonance experiments could be performed.?6 Samples
were impregnated with a 16 mM solution of TEKPol?” in dry
perdeuterated 1,1,2,2-tetrachloroethane (TCE-d2),%82° packed
into sapphire rotors in an Ar glovebox, and spun to an MAS rate
of 10 kHz. Hyperpolarized 'H magnetization was excited using a
2.5 ps 90° pulse and transferred to 13C using 1 ms of cross-
polarization  (CP). 13C-?7Al dipolar interactions were
reintroduced using REDOR recoupling?® with 8 us 13C inversion
pulses. A 150 ps, 100 kHz, 27Al saturation pulse was applied to
prevent the refocusing of dipolar interactions in the rotational-
echo saturation-pulse double-resonance (RESPDOR)
experiments.3° Dipolar recoupling times were incremented in
steps of 0.4 ms, with the exception of the 1000 °C sample where
this was increased to 0.8 ms, to a final value of 5 ms. Each
subspectrum was acquired in 1280, 1280, 640, and 4096 scans
for the 400, 600, 800, and 1000 °C samples, respectively, with a
1.5 s recycle delay, corresponding to a time of 1.3Tpyp.
Structure Determination.

All structure determinations were performed using the
open-source INTERFACES program,!? recently
updated to include the routines described in the theory section.
In all cases, the number of conformers considered for the multi-
structure fits was set to two.

For the Al,Osz-supported Ir pincer,3! the structure search
consisted of varying the distance between the complex and the
surface in 31 steps of 0.1 A and rotating the complex around the
N-Ir-N axis in steps of 5°. 1 million pairs of conformers were
tried for the multi-structure search.

The conformation of the SiO,-tetheted Pt NHC complex’ was
performed by stepping each rotatable bond dihedral in 20°
increments, and also varying the TMS-NHC T site distance in
four steps of 1 A. The multi-structure search consisted of an
evaluation of 100 million conformer pairs.

The structure of the SiO,-tethered Zn phenanthroline complex!®
was searched in 100 million steps wherein the dihedral angles
of all four rotatable bonds were stepped in 10° increments.
The configuration of the SiO,-grafted Sc amidinate complex1932
was searched in 100 million iterations wherein the N-iPr
dihedral angles were stepped in 90° increments, in addition to
the Sc-amidinate angles, which enables the evaluation of both
trigonal bipyramidal and square pyramidal configurations. The
bond angle of the surface tether was also stepped in 10°
increments, while the complex was also allowed to rotate in 40°
increments around this tether.

The configuration of the Al,Os-supported zirconocene complex
was determined in 5580 steps wherein the distance between Zr
and the surface was searched in 31 steps of 0.1 A and the
orientation of the complex was stepped in 2° increments.

which was
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Theory
Simulation of Multi-site REDOR data

The conformations and orientations of supported complexes
can be determined using NMR-based distance measurements
that make use of the REDOR experiment, or its derivatives (such
as RESPDOR and symmetry-based (S)-REDOR).1830:33,34 Dye to
sensitivity limitations, these are often performed using some
form of sensitivity enhancement, such as DNP, 'H-detection,
and isotope enrichment. These experiments measure the direct
dipolar between nuclei, which is

characterized by the dipolar coupling constant (D).
_ kehviye, o
T 4m 2m (T‘ > (1)

In equation 1, uo represents the permeability of free space, y;
the gyromagnetic ratios of the coupled nuclei, and h the
reduced Planck constant. In a typical REDOR measurement,
experiments are performed in pairs, where the application of a

coupling interaction

pulse on the second, recoupled, channel is either applied or
omitted. The latter experiment is used to normalize the dataset
with respect to T, decay; the intensity of the NMR signal in that
experiment is termed S,. The signal intensity of the dipolar
dephased experiment
dephasing is typically presented as a normalized difference:
AS/So. The value of AS/S, depends on the duration of the
recoupling (te), D, and the orientation of the internuclear

is termed S, and the normalized

vector with respect to the rotor axis, as characterized by the
polar angles o and 8.
%f(rrec) =1 —ﬁ gnfgcos(z\/EDTrecsinZBsimx)sianadﬁ (2)

In equation 2, f is a factor used to compensate for
imperfections that may reduce the overall dephasing level. This
approach to predicting REDOR dephasing levels also lends itself
to the prediction of REDOR data in multispin systems, such as
from the interaction of a single *3C nucleus with a group of 2°Si
nuclei from a silica surface. In that case, the total dephasing
level is simply the product of the dephasing from each spin pair,
as REDOR recouples these interactions independently.3>
%f(rrec) =1 —#fsnfgfé”l_[?l: 1cos(2\/§D(S)‘rrecsinZBjsinaj)sinﬁ’dadﬁdy,

(3)

To date, structure determinations using REDOR data have
utilized brute force structure search algorithms wherein
structural variables including distances, angles, and dihedrals,
are sampled to find the structure that best agrees with the
experimental REDOR data.””’2 The quality of the fit is
conveniently quantified using a x2 metric, that also enables for
statistical analysis. For a given dataset, indexed as i, this is
calculated as follows.

AS AS 2
( /SO,i,expt_ /SO,i,calc)

Trec 2
rec (AS/SO,i,expt)

For instance, all structures that are acceptable within a given
confidence interval (C/) have x? values that are below a
threshold calculated as:1?

_ 2
)(iz,max = (Z(EI‘f 1(61)) + 1)X%min . (5)
where X%min is the lowest value found during the structure

Xt = (4)

search.

This journal is © The Royal Society of Chemistry 20xx
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Perform a single-structure fit of the data

|

Generate N random structures
(typically, N=2)

L
Satisfy

constraints?,

Load predicted REDOR AS/S,
levels for the N structures

!

For each 10% combination of the b, weights

Calculate AS/S,

0.total

Calculate y* |

@9

report final combination
Save structures; of structures, their
Calculate CI populations, and Cl

Figure 1. Flowchart describing the process used for the multi-
structure REDOR data fitting.

The prediction of REDOR dephasing levels in samples
containing mixtures of conformers is easily achieved by a
weighted sum of the dephasing levels calculated for the
individual conformers. Note that this assumes that all
conformers have identical T, relaxation times and that this may

not be the case in practice.

AS AS

?O(Trec)total - Zconformersbj?o(rre‘:)j (6)

In equation 6, the coefficients b; are the concentrations of the
various conformers, indexed as j.

z:conformersbj =1 (7)
Structure Search Algorithm

While previous applications of REDOR NMR experiments to
the determination of surface structures have applied brute
force searches, wherein each dihedral angle is searched in small
increments, this approach is intractable for multi-site structure
fitting.”12 For instance, if we consider a molecule with 6 degrees
of rotational freedom, each of which being searched in 10°
increments, then there are 36%=2.18x10° conformers to sample.
This is easily done using modern computer hardware, but the
same elucidation wherein two conformers are fitted
independently, together with their relative concentration in

This journal is © The Royal Society of Chemistry 20xx

10% increments, requires the evaluation of 11*3612=5.21x10%°
combinations of conformers. As such, we have opted instead for
a Monte Carlo search strategy wherein structural variables are
searched at random and the obtained x? for this combination of
structures is compared to an extensive single-structure search
to determine whether the improvement in agreement with the
experimental data is statistically meaningful. The overall
process is depicted in Figure 1.

Briefly, we start with an exhaustive single structure search and
then iterate over a series of N, combinations of N structures
that are generated using random values for the structural
variables being optimized (distances, angles, dihedrals). We
then load precomputed REDOR dephasing data for the N
structures, using data libraries, and take linear combinations of
these data by stepping b; values in increments of 10%. The
combination of b; values leading to the lowest x%i is then
compared to the lowest running X%wtal Value and that from the
single-structure search to determine if there was an
improvement. Any structures that do not pass any constraints
specified by the input, or which involve collisions between non-
bonded atoms or between an atom and the support, are
ignored.

Once N,,.x combinations of structures have been evaluated, the
reliability of the multi-structure fit is evaluated using equation
8. Only when there is significant improvement in the quality of
the fit will the confidence interval be significant and only then
can a multiple-structure fit be deemed significant.

2
Xsingle 1
Cr= erf« 2xEmulti T2 (8)

Results and Discussion

The following four subsections describe the application of the
multisite fitting strategy described in the theory section to four
different surface species whose structures have been
determined and analyzed elsewhere.”?1% We consider two
extremes of their possible conformations and use the
INTERFACES program?? to generate idealized REDOR or
RESPDOR data for the two structures. Linear combinations of
these datasets are then taken corresponding to mixtures of the
two conformers in concentrations ranging from 50 to 100%. We
then add a specified level of Gaussian noise to the data and then
apply the multisite structure determination approach from the
theory section, which is currently available in the INTERFACES
GitHub,3% to see whether the program can indeed recover the
two correct structures and their relative populations. Example
synthetic data is shown in Figure S1 at different signal-to noise
(S/N) levels. Gaussian noise is added as follows, where rand(1
to -1) indicates the generation of a random number between 1
and -1.

e = 5. (e (14 §3Zexp (ree/T)ert " (rand(1 to — 1)) (9)

This function generates noise of an amplitude that increases
with tec according to a T, relaxation decay. The specified signal-
to-noise ratio then corresponds to its value when t,..=0, and
increases with the recoupling time, as is typical of real
experimental data. In all cases, the T, value was set to the

J. Name., 2013, 00, 1-3 | 3
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maximum T, value used. No synthetic noise was added to
experimental data.
Al,03-Supported Ir Pincer

In 2021, we reported the application of surface-to-atom
13C{27Al} RESPDOR to determine the configuration of an Al,Os-
supported ("Phebox)Ir(OAc),(OH,) complex.® The complex
could graft in either monopodal or bipodal arrangements,
corresponding to the Ir center forming either one or two bonds
with surface aluminols. The main conclusion obtained from the
RESPDOR data itself was that it was inconsistent with a
monopodal structure, which would lead to the formation of a
more prone complex and homogeneous 3C-Al,03 distances. It
is nevertheless of interest to determine whether there might
have been a distribution of both monopodal and bipodal sites
on the surface, with the latter being more abundant.

Example surface orientations consistent with mono and
bipodal sites are shown in Figure 2, and their idealized 3C{?’Al}
RESPDOR simulations are shown in Figure S2. Data
corresponding to mixtures of the two configurations with six
bipodal concentrations ranging from 100% to 50% were then
synthesized and a multi-site structure solution was performed
at various noise levels.

Each structure solution was then
repeated 5 times for each noise level. The averaged results from
these searches are summarized in Figure 2c-e and the raw data
are tabulated in Tables S1-S6.

(a) monopodal structure

(b) bipodal structure

(c) confidence (d) structure (e) population
- .
2

8 < £
>~ 80 asn T8
¢ 8 g
L 60 3 60 T 60
] 2 <
W =46 « 50 bipedal] | -2 40
% . © + 60%bipodal | | &
g E : el | 2
g g Lomai) | B
S E o podal | | S

a 20 40 60 a0 100 K 20 40 60 80 100 80 100

SIN S/N

Figure 2. Three-dimensional representation of the monopodal
(a) and bipodal (b) (“"Phebox)Ir/Al,O3 structural models used to
generate synthetic 13C{?’Al} RESPDOR datasets. Plots of the S/N-
dependence of the confidence level for the multi-structure fits
(c), the accuracy of the determined structures (d), and the
relative populations of the determined structures (e) are shown
on the bottom. Results are shown for synthetic mixtures of the
two components in 50-100% concentration for the monopodal
constituent.

We can see in Figure 2c that, as expected, the confidence
interval of the multi-site fit (equation 8) increases with
increasing S/N in an exponential manner. All concentrations
follow the same line, with the exception of the 100% bipodal
model that maintains a very low confidence that there are two
sites, as would be expected.

In a similar, albeit steeper, trend, we can see that the
percentage of the determined structures that are qualitatively
correct increases with increasing S/N (Figure 2d). Interestingly,

4| J. Name., 2012, 00, 1-3
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this suggests that the confidence interval metric
underestimates the reliability of the structures and that
accurate structures are expected at S/N values above 20.

The accuracy of the population of the two sites also
increases with increasing S/N (Figure 2e) and in this, and other
(vide infra), samples is found to correlate relatively well with the
confidence interval (Figure S6). It would thus seem that the
confidence interval can be used directly to estimate the
uncertainty in the determined site populations (0population,
equation 10). A factor of % in equation 10 is included to reflect
the fact that the error in the relative site populations equals
2o_pcxpulation-

100% — CI
Opopulation = 2

(10)

It would thus seem from this analysis that prior
experimental 13C{?’Al} RESPDOR data should be sufficient to
distinguish mixtures of mono and bipodal sites given that the
signal to noise ratio surpasses ~30. This data from reference 9

is reproduced in Figure 3.
(a) experimental RESPDOR data and fits
1

1-structure
2-structure

Figure 3. (a) Experimental 13C{?’Al} RESPDOR data obtained for
(9mPhebox)Ir/Al,03.° Fits are shown that include only a single
molecular model (black) or two (red). The best-fit structures
from the 2-structure fit are shown in (b) together with their
fitted concentrations.

Performing a single-structure fit on this data yielded the fits
shown in black in Figure 3 and a structure that agreed with that
from the prior study. A multisite structure determination was
then performed, which only managed to reduce the x? from
9.62 to 9.51, corresponding to a confidence interval of 8.7%.
This best-fit 2-structure combination was composed of 90%
bipodal and 10% monopodal sites, however, the uncertainties
in these populations equal 46% which indicates that we cannot
conclude the existence of a second site. When considering that
our analysis of synthetic data revealed that we should be able
to differentiate multiple sites in this compound, we can thus
conclude that the supported complexes in this material are
homogeneous in their podality and form overwhelmingly
bipodal species.

SiO,-Tetheted Pt NHC

This journal is © The Royal Society of Chemistry 20xx
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We next revisit the tethered Pt N-heterocyclic carbene
(NHC) complex, initially studied by Berruyer et al. in 2016.7 In
their study, they used 13C,2°Si{*>N} REDOR data on two singly
15N-labelled analogues of the complex to obtain a series of
distance constraints for a 3D structure determination. They
concluded, based on the observation of a shifted TMS 2°Si
signal, and its interactions with the aforementioned *°N spins,
that the Pt formed a secondary interaction with the siloxane of
this moiety. The analysis, however, assumes site homogeneity
and that all Pt centers have this intermolecular interaction
between Pt and the TMS groups. This may not necessarily be
the case.

As was done for the Ir pincer complex, we designed two
extreme conformers that either include or exclude this
interaction (Figure 4a,b). The predicted REDOR data are given
in Figure S3, which show notable differences suggesting that we
may be able to differentiate the two conformers using REDOR.
Taking a 50:50 mixture of these two sites, we again evaluated
the reliability of a multisite fit on this system, the results of
which are shown in Figure 4c-e and Table S7. We broadly
observe the same dependence as was seen for the Ir complex,
suggesting that with S/N values above ~30 that we can reliably

differentiate these two sites in a mixture.
(a) TMS-bonded structure (b) non-TMS-bonded structure

(c) confidence (d) structure (e) population
10 2, 10
-
* fd L
= 80 & 89 T 8],
¢ 5 . 2
W 60| S 60| @ 60]
[ © = .
2 o) © a0fsf o 2 40
v
3 2 -
& 20 S 29 3 20 o
(= e =) Q
<] = 2
Yo L] Qo
20 40 60 8 100 0 20 40 60 8 100 0 20 40 60 80 100

S/N S/N S/N

Figure 4. Three-dimensional representation of the TMS-bonded
(a) and non-TMS-bonded (b) (NHC)Pt/SiO, structural models
used to generate synthetic 13C,2°Si{!>N} REDOR datasets. Plots
of the S/N-dependence of the confidence level for the multi-
structure fits (c), the accuracy of the determined structures (d),
and the relative populations of the determined structures (e)
are shown on the bottom, all calculated for a 50:50 mixture of
the structures in (a) and (b).

A new analysis of the experimental data from reference 7
was performed to search for potential minor species (Figure 5).
The result was a more sizeable reduction in y2 from 9.04 to 6.86,
corresponding to a confidence of 43% that there are multiple
sites. The major structure, corresponding to an estimated 80%
of the surface sites, was indeed that determined by Berruyer et
al, with a minor unbound species. This secondary species’ low
population of 20 + 29%, nevertheless indicates that we cannot
conclude its existence outside error. The results are thus
consistent with the earlier analysis that there is a dominant
species interacting with surface TMS groups, with no minor
species being identifiable outside of error.

This journal is © The Royal Society of Chemistry 20xx
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. (a) experimental RESPDOR data and fits
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(b) best-fit structures

Figure 5. (a) Experimental 13C,2°Si{?>N} REDOR data obtained for
(NHC)Pt/SiO,. Fits are shown that include only a single
molecular model (black) or two (red). The best-fit structures
from the 2-structure fit are shown in (b) together with their
fitted concentrations.

In this particular type of application, wherein the bulk of the
structural constraints come from intermolecular contacts, it is
important to consider potential issues caused by there being an
excess of a particular site. For instance, if there were insufficient
TMS groups to bind with each Pt site, we would nevertheless
determine the same structure while there could be “invisible”
Pt centers that do not possess such an interaction. In fact, a later
study found that this system did indeed contain multiple sites.?®
SiO,-Tethered Zn Phenanthroline

© <) confidence
(a) standing (b) prone 0l
3
> 80|
[
>
2 60)
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€ 40)
@
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20 40 60 80 100
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= ]
I Qo
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SIN
Figure 6. Three-dimensional representation of the standing (a)
and prone (b) Zn/Phen-SiO, structural models used to generate
synthetic 13C{?°Si} REDOR datasets. Plots of the S/N-
dependence of the confidence level for the multi-structure fits
(c), the accuracy of the determined structures (d), and the
relative populations of the determined structures (e) are shown
on the right, all calculated for a 50:50 mixture of the structures
in (a) and (b).

In 2021 we used 13C{?°Si} REDOR experiments to probe the
proximity between carbon sites in various complexes and the
silica surface to determine their conformations.’® Among these,
was a tethered Zn phenanthroline complex which was found to
form potential secondary Zn-silica interactions, as evidenced by

J. Name., 2013, 00, 1-3 | 5
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its prone conformation being more proximate with the silica
than in the free ligand. We thus sought to determine, using the
approach described herein, whether mixtures of prone and
upright complexes (Figure 6a,b) are indeed distinguishable.

As we did in the case of the Pt complex, we generated a
synthetic 50:50 mixture of these two species to probe the
possibility of the task in silico. The synthetic data calculated for
each conformer are shown in Figure S4 with the final results
shown in Figure 6c-e and tabulated in Table S8. The drastic
difference between the species means that they are easily
differentiated, however we found that the accuracy of the
upright conformation was reduced due to the weak 13C -2°Sj
interactions in this orientation. The reliability with which the

Journal Name

program could discern the existence of a second site, and its
abundance, was, however, quite reasonable.

The experimental data from reference 10 is reproduced in
Figure 7 where we again show the results from fits obtained
with 1 and 2 conformers. The x? could be reduced from 15.9 to
14.2, corresponding to a negligible confidence that there are
two sites of 27%. The major species corresponded to the
previously determined conformer at a 70% concentration while
the secondary structure was also in a prone conformation,
albeit rotated relative to the main structure. The existence of a
second site could not be affirmed outside of error and the
determined fit suggests that such a second site would be very
similar to the primary one. We can again, thus, reasonably
conclude that there is primarily a single species in this material.

(b) best-fit structures

(a) experimental RESPDOR data and fits
0

i
t./ms

Figure 7. (a) Experimental 13C{?>°Si} REDOR data obtained for Zn/Phen-SiO,. Fits are shown that include only a single molecular
model (black) or two (red). The best-fit structures from the 2-structure fit are shown in (b) together with their fitted concentrations.

Si0,-Grafted Sc Amidinate

The last complex we are revisiting from prior literature is a
Sc amidinate complex that is grafted to 2°Si-enriched silica.
Similarly, to the Zn sample, this complex’s conformation was
studied using surface-to-atom 13C{?°Si} REDOR experiments.1°
The main structural unknown for this complex is its
could exist as trigonal
bipyramidal or square pyramidal. We thus took the previously
determined conformation and rotated one amidinate ligand by
90° to produce a trigonal bipyramidal structure that is as close
to the square pyramidal structure as possible (Figure 8a,b).
The predicted REDOR data for these two configurations are
shown in Figure S5 and are in fact quite similar. This similarity is
also reflected in the results obtained when attempting to
differentiate them in a synthetic 50:50 mixture (Figure 8c-e,
Table S9). We found that even with a S/N of 100 that the
software could only correctly identify one of the two structures
(the square pyramidal one). This compound has the most
degrees of freedom of the compounds in this paper and is

coordination geometry which

difficult to sample in a Monte Carlo manner. Probabilistically,
more square pyramidal conformers avoid contacting the

6 | J. Name., 2012, 00, 1-3

surface and thus more of them are considered in the multisite
fitting.

(a) square pyramidal

(b) trigonal bipyramidal

(c) confidence (d) structure (e) population

1 R 100 1
=
L = R
=80 2 80 T 80
2 g 5
Beo Yool . o 6o \*
g g g 5
£ 40 B 40 -8 ag)
7 ‘:!' ;
© 2 ]
ué 20} g 20| g_ 20| P
= o
8 0 ) Qg
0 20 40 &0 80 100 20 40 60 80 100 20 40 60 80 100
S/N SIN S/IN

Figure 8. Three-dimensional representation of the square
pyramidal (a) and trigonal bipyramidal (b) (k2-(NiPr),CH),Sc/SiO,
structural models used to generate synthetic 3C{2°Si} REDOR
datasets. Plots of the S/N-dependence of the confidence level
for the multi-structure fits (c), the accuracy of the determined
structures (d), and the relative populations of the determined

This journal is © The Royal Society of Chemistry 20xx
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structures (e) are shown on the bottom, all calculated for a
50:50 mixture of the structures in (a) and (b).

When we fit the experimental data to a 2-site model, the y?> was
reduced from 0.78 to 0.58, corresponding to a 43.7%
confidence interval (Figure 9). Again, this is quite low, but
considering the confidence intervals calculated in the idealized
model (Figure 8c), this may be significant. As expected, both
sites were determined to be square pyramidal, but their site
populations of 60 +28 and 40 + 28 % suggest that there are likely
multiple sites in this material. This is consistent with a previous
study that found the #°Sc quadrupolar coupling parameters to
be distributed, something that was reproduced by density
functional theory (DFT) calculations of sites grafted to different
silanols on amorphous silica.32 While we cannot expect to
reliably elucidate the configurations of the Sc sites, the data
suggests that we can conclude that this material is in fact

heterogeneous and contains an array of different
conformations or configurations.
(a) experimental RESPDOR data and fits
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15

Figure 9. (a) Experimental 13C{2°Si} REDOR data obtained for (k-
(NiPr),CH),Sc/SiO,. Fits are shown that include only a single
molecular model (black) or two (red). The best-fit structures
from the 2-structure fit are shown in (b) together with their
fitted concentrations.

Al,03-Grafted Zirconocene

The assessments performed on the literature examples that
were discussed in the preceding subsections showed that under
favorable circumstances it should be possible to identify
multiple surface species outside of error using only REDOR data.
Most of the examples shown to date, however, do not show
significant evidence for the existence of multiple sites. To
determine whether such structure determinations are indeed
possible, supported a complex
(Me,SiCp,ZrMe;) on the surface of y-Al,0; activated at
temperatures of 400, 600, 800, and 1000 °C (see SI for details).
As with complexes grafted to silica surfaces, we expect that
grafting can lead to the formation of bi or monopodal species
through protonolysis reactions with surface aluminols (Figure
10a,b), but the complex can also react with the Lewis acid sites
that are present on the surface and form a cationic species
through methyl abstraction (Figure 10c).° Increases in activation

we zirconocene
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temperature should reduce the concentration of surface
hydroxyls and disfavor the formation of bipodal species. Further
increases in temperature are also expected to lead to a larger
number of Lewis acid sites as the surface becomes drier.3” The
lowest temperature we selected, 400 °C, is lower than the 450
°C used in the synthesis of the bipodal Ir complex described
earlier® and should produce an alumina surface with roughly 5
OH nm2,383% which is higher than that found in non-thermally
treated silica.*® As such, this temperature maximizes the
chances of producing a bipodal species.

(a) bipodal grafting o’
Si
OH %
Moo g a
4, g‘ ./0‘_-\0\ 6\0
sz e o
/00
'

(b) monopodal grafting

= e ,"‘Siﬁ;-\
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(c) reaction with Lewis acid site @ Si-
'-Zr® |
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Si_ zr” 0 . A0
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Figure 10. Possible grafting reactions between a zirconocene
complex and thermally activated y-Al,0s. Grafting can either
proceed through protonolysis and the formation of bi or
monopodal species (a and b, respectively) or through methyl
abstraction at a Lewis acid site (c).

Measuring the average number of methane molecules that
are released for every chemisorbed Zr atom should provide
some insight into the monopodal, bipodal, and cationic site
content. Mass balances of the chemisorption reactions indicate
that 1.6, 1.2, 0.8, and 0.6 equivalents of methane are released
per surface bound zirconium for y-Al,O5 activated at 400, 600,
800, and 1000 °C, respectively (see Sl for details). This result
indicates that each material indeed contains multiple sites.
CHy:Zr ratios >1, as seen in the 400 and 600 °C samples, imply
the existence of bipodal and other sites and ratios <1, seen in
the 800 and 1000 °C samples, similarly indicating the presence
of cationic sites along with protonolysis products.

Spectroscopically, we should be able to distinguish between
bipodal and monopodal/cationic species by the fact that they
would differ in their orientation with respect to the support
surface, as previously demonstrated on the Ir complex revisited.
Specifically, due to the tetrahedral geometry of Zr, we would
expect bipodal complexes to form a ~90° angle between the Zr-
Si vector and the surface plane while this angle would be closer
to 0° in the monopodal and cationic complexes.
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In all four samples we observed a broad signal from 125 to
105 ppm, due to the overlap of the three chemically
inequivalent 13C sites in the Cp moieties, a broad signal at 25
ppm from Zr-CH3 groups, and a sharper resonance at -5 ppm
from the two Si-CH; groups.*! The relative intensity of the Zr-
CHs signal was comparable in all four samples, suggesting a high

level of monopodal Zr throughout the series (Figure S7).
(a) RESPDOR data
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(b) Structure comparison

Figure 11. (a) Comparison of the 3C{?’Al} RESPDOR data
acquired on the Zr/Al,0; complex grafted on alumina thermally
treated at different temperatures, as indicated on the Figure.
Dashed lines represent the best-fit curves from the 400 °C
sample. (b) Overlay of the best-fit molecular orientations
determined for the 400 and 800 °C samples.

The 13C{?’Al} RESPDOR data acquired on the four Zr/Al,O;
complexes are shown in Figure 11. Due to resolution and T,
limitations, we could only extract two RESPDOR datasets
corresponding to the Si-CH; groups, and the Cp carbon sites in

8 | J. Name., 2012, 00, 1-3
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aggregate. This is nevertheless sufficient information to allow
us to gauge relative complex orientations. Notably, while
comparable dephasing rates were measured for the Cp sites in
all four materials, the 800 and 1000 °C samples showed a
significantly faster dephasing for the Si-CHs groups, suggesting
that they are situated closer to the surface, as would be
expected from a monopodal complex as compared to a bipodal
one. This difference is highlighted in Figure 11 where the best-
fit curves from the 400 °C sample are shown as dashed lines in
the other datasets.

Despite the visual cues that the materials contain variable
levels of bi and monopodal sites, we were able to obtain nearly
perfect agreement with the data using structural models that
incorporate only a single configuration. Instead, we see that the
surface-Zr-Si angle in the best-fit single-structure search
gradually decreases from 24 to 21, 14, and finally 16° as the pre-
treatment temperature is increased from 400 to 600, 800, and
1000 °C. The variation in this angle is undoubtedly caused by
variations in the mono and bipodal site concentrations with the
fit merely reporting on a weighted average structure. The
gradual decline of the angle as the temperature is increased
implies an increase in the concentration of monopodal sites,
which agrees with the mass balance data. The relatively low
angle of 24° measured in the 400 °C sample, and the high
concentration of Zr-CHs groups, also suggests that bipodal
species are kinetically or thermodynamically disfavored for this
complex. This conclusion is also supported by our unsuccessful
attempts to synthesize the dimethoxy version of the precursor,
which has also, as of the time of this publication, not been
reported in the literature (see Sl for details).

Outlook

As evidenced by this last example, distinguishing multiple
sites from an ensemble average can be quite challenging,
particularly when the molecules are small and thus the
differences in the interatomic distances are also limited. This is
not a challenge that is unique to NMR-based distance
measurements, and it is also seen in analyses of X-ray
absorption spectroscopy (XAS) data.*? There, much like the
REDOR example studied here, multisite data are treated as a
sum of discrete XAS spectra; inverting this sum is an ill-posed
problem. A particularly successful approach has been to use the
dynamics of supported clusters to isolate individual
contributions to XAS spectra,*? for instance in variable-
temperature studies, or following an exposure to external
reactants.*®> Machine learning models are also being used to
more directly invert spectral data,***> but again some
preliminary structural knowledge is required to aid in the
analysis.

Like the XAS examples, NMR distance measurements may
contain insufficient information for simultaneous structure and
population determinations. If multisite behavior is suspected, it
may be preferable to postulate structural models and fit
populations alone. In ideal circumstances, obtaining both XAS
and NMR data may provide sufficient data to perform this site

This journal is © The Royal Society of Chemistry 20xx
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and population determination than either method alone
struggle to achieve, but this remains to be seen.

We stress that, at least in the case of NMR, the primary
challenge is in the differentiation of highly similar structures,
such as conformations, or changes in podality. These
differences can be far clearer when using methods such as SERS,
which has been shown to be highly sensitive to molecular
orientation of metal nanoparticle surfaces,’” and titration
methods, which enable the independent measurement of the
average podality. When structures differ in their bonding, or
when the NMR of the metal center can be done directly, large
changes in chemical shifts and quadrupolar coupling do enable
the resolution of multiple sites with little difficulty.11,1546-52

Conclusions

Evaluating the homogeneity of surface sites is one of the
greatest challenges in the characterization of so-called single-
site catalysts. The past few years have shown tremendous
progress in the application of NMR-based distance
measurement methods for the determination of high-
resolution 3D structures for surface sites, but these studies
make the flawed assumption that the surface sites are
homogeneous. The key question we set out to answer in this
study is whether REDOR data is sufficiently information dense
to allow for the identification of multiple surface conformers or
configurations that are otherwise unresolved in 1D NMR.

We described a Monte Carlo structure search algorithm that
compares pairs of conformers to experimental REDOR data and
the best-fit single-structure result to assess confidence. The
method was benchmarked using synthetic REDOR data
produced from various examples found in the literature. We
found that the approach could reliably distinguish drastically
different conformers when signal-to-noise exceeded 30 but
could not distinguish closely related structures. In all but one of
the cases studied here, we could not find any evidence of site
heterogeneity outside of error. The multi-structure fits agreed
with the best-fit single-structure fits, providing some support
for the argument that these are indeed single sites. We further
cautioned against the use of intermolecular REDOR data to
evaluate site heterogeneity.

We lastly applied RESPDOR measurements to gauge the
concentration of mono and bipodal zirconocene complexes
supported on y-Al,03 that was thermally activated at different
temperatures. While we did notice important changes in the
RESPDOR data in agreement with an increase in monopodal
species at higher pre-treatment temperatures, we found that all
datasets were well fitted to a single configuration, albeit with
different surface-to-ligand angles.

In all, we can thus conclude that in ideal circumstances
REDOR data can indeed differentiate different surface
orientations but cannot differentiate closely related structures.
It is advisable to assess the reliability of a given fit using
idealized simulations, as was done here, before REDOR data is
used to support a claim for site homogeneity or lack thereof.

This journal is © The Royal Society of Chemistry 20xx
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