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Highlights
e An open-source program, INTERFACES, is presented for the determination of the three-
dimensional structure of surface sites
e The program automatically analyzes and fits molecular structures to various kinds of
RE(SP)DOR data
e  We describe how to build the input files necessary to use INTERFACES
e Structure determinations from the literature are reproduced

Abstract

Dynamic nuclear polarization surface enhanced NMR spectroscopy has enabled the
determination of high-resolution structures from surface-supported molecules, including single-
site heterogeneous catalysts. Structure determinations have largely mimicked the approaches used
in biomolecular NMR spectroscopy, namely, using distance measurements to constrain a
conformational search. These early demonstrations made use of purpose-built software, which has
limited the adoption of the technique. Herein, we describe the open-source program
INTERFACES (Interpret NMR to Elucidate or Reconstruct the Full Atomistic Configurations of
External Surfaces) which automates the analysis of RE(SP)DOR data as well as the structure
determination for surface sites. Distances, angles, dihedral angles, complex orientation, and
distance from the support can all be sampled to find all structures that agree with the experimental
data. A %> metric is used to define the error ranges of the REDOR fits and produce structures with
an arbitrary level of confidence. Structural solutions are then provided as both overlays and
ORTEP-like probability ellipsoids.
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1. Introduction

The surfaces and interfaces of materials are often critical in defining their properties but
are seldom characterized to the level that we are accustomed to seeing in molecular and crystalline
systems. Of particular interest is the determination of the precise structures of catalytic active sites,
which may yield mechanistic insights that could be leveraged for the design of new chemical
reactions, or catalytic sites with enhanced activity or selectivity.!

The difficulty in characterizing surface sites primarily stems from the facts that: 1) they are
incredibly dilute, often only consisting of a fraction of a percent of the mass of a sample, and 2)
surfaces and interfaces are generally disordered. Sparsely populated surface sites do not diffract,
their light atoms are largely invisible in electron microscopy, and they elicit extremely weak
nuclear magnetic resonance (NMR) signals. Their characterization has primarily been limited to
the use of chemical tools, such as titrations, X-ray absorption spectroscopy, and spectroscopic
methods (infrared, Raman, UV/vis, 1D NMR) that yield little spatial insights. The recent advent
of dynamic nuclear polarization (DNP) surface enhance NMR spectroscopy (SENS)”!? has,
however, made it possible to routinely perform multidimensional NMR experiments on surfaces
sites,!"!7 and even detect metal centers directly.'®?° Most critically, however, DNP SENS has
enabled for the measurement of both internuclear and surface-to-atom distances in supported metal
complexes and revealed the first truly high-resolution structures of surface sites.?!?* Recent work
also suggests that obtaining similar details may be possible without DNP through the use of fast
magic angle spinning (MAS) and 'H detection,”>*’ or isotope enrichment.?®

While the first surface structure determinations occurred over 5 years ago, very few
structures have been determined,?! including Sc,” Zn,? Ag,** Ir,*>?* and Pt*! complexes. Part of
the reasons for this slow adoption has been the limited availability of magic angle spinning (MAS)-
DNP instrumentation and the more stringent sample preparation requirements. In addition, the lack
of widely available software for solving such structures has been a large barrier for entry. To
address this latter problem, we have written a program to automate the structure determination of
surface sites using rotational-echo double-resonance (REDOR),? rotational-echo saturation-pulse
double-resonance (RESPDOR),* or other data, such as extended X-ray absorption fine structure
(EXAFS). The program, called INTERFACES (Interpret NMR to Elucidate or Reconstruct the
Full Atomistic Configurations of External Surfaces), uses a distance geometry approach’! to
modify an initial structure to maximize the agreement with the provided data. This paper will
describe the functioning of the program, how to build an INTERFACES input file, and, lastly, we
will use it to reproduce the results from five literature examples. These examples are available,
together with the source code, on a Github repository.

2. Theory

Solid-state NMR-based distance measurements are generally performed using one of four
closely related experiments, namely, the REDOR?* and RESPDOR?*° experiments and their
symmetry-based (S) counterparts: S-REDOR and S-RESPDOR.3? All four pulse sequences take
the same general form, depicted in Figure 1, wherein a Hahn echo is performed on one channel, a
zero-quantum heteronuclear dipolar recoupling sequence is applied to either channel during the



echo delays, and a perturbation pulse is applied to the non-detected nuclei. In the case of REDOR
experiments the perturbation pulse is an inversion pulse while it is a saturation pulse in RESPDOR
experiments. For optimal saturation in a RESPDOR experiment, it is generally recommended to
apply Nimerovsky et al.’s phase-modulated saturation pulse.** Experiments are performed in pairs,
with one of the two experiments neglecting the perturbation pulse in order to act as a reference.
The reference signal is typically labelled as So while the dipolar-dephased signal is labelled as S.
Data are most often normalized to compensate for transverse relaxation as: (So-5)/So, or more
simply: AS/So. AS/So is measured as a function of the total dipolar recoupling time, zrec, and grows
at a rate that is proportional to the dipolar coupling constant (D) squared. D is given by the
following expression and depends solely on the internuclear distance () and some fundamental
constants, enabling the measurement of precise internuclear distances.
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In the equation above, uo is the permeability of free space, yi is the gyromagnetic ratio of

spin i, and 7 is the reduced Plank constant.
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Figure 1. General RE(SP)DOR pulse sequence. In the case of REDOR the dashed pulse is an
inversion pulse while it is a saturation pulse in RESPDOR. The recoupling sequence can be
applied to either channel. fr corresponds to the rotor period, minus half the width of the central X
inversion pulse.

S-REDOR and S-RESPDOR?* generally refers to sequences that apply an m=2 symmetry-
based dipolar recoupling sequence,** most often SR42 3 to simultaneously perform homonuclear
decoupling and heteronuclear recoupling. Their dipolar scaling factors are nearly halved and as
such the regular REDOR and RESPDOR sequences are preferred when possible. RESPDOR
sequences are most effective when the recoupled nuclei are quadrupolar (i.e. they have spin
quantum numbers, / > 1/2) and REDOR produces twice the dephasing as RESPDOR when the

recoupled spins have /= 1/2.
The REDOR dephasing is given by the following expression:

AS
So
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where a and f are the polar angles that define the orientation of an internuclear vector with respect
to the rotation axis. This expression assumes complete dephasing, which is not always the case
due to differences in isotopic abundance, heterogeneity, or pulse imperfections. As such, a
contribution factor, £, is often included to compensate for these effects.

AS F o2 . . .
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In the event that dynamics may affect the magnitude of the recoupled dipolar interactions,
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an order parameter, (S), can be used.

é—j =1- I—nfozn fon cos(2V2D(S)T ecsin2Bsina)sinfdadp 4)

If the REDOR experiment is performed to recouple half-integer quadrupolar nuclei, then
generally the inversion pulse is central transition selective. As such, dipolar interactions to nuclei
in one of the |m| # 1/2 states are not recoupled and fis reduced to a maximum value of 1/(/ + 1/2).
By applying a saturation pulse instead of a central transition selective pulse, i.e. a RESPDOR
experiment, we can involve more of the nuclei and as such the dephasing is stronger. For instance,

the RESDOR signal when the recoupled nucleus is a spin-3/2 nuclide is:*?

1/4 + 3/8cos(2\/§D(S)TrecsinZ,Bsina)
ﬁj fznf +1/4cos(4V2D(S)t ecsin2fsina) | sinBdadp 5)
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where we assume an equal probability of magnetization exchange over the 4 0Q coherences, 6 1Q
coherences, 4 2Q coherences, and 2 3Q coherences. Notice that the dipolar dephasing rate is
proportional to Am and as such RESPDOR not only leads to more pronounced dephasing, but also
faster dephasing, which enables the measurement of longer distances.

S-RE(SP)DOR sequences take the same form as their non-symmetry-based counterparts,
however, witha m/ (4\/5 ) slower dephasing rate.” For instance, in the case of S-REDOR, equation

3 is replaced with:
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One of the great benefits of using this style of dipolar coupling measurement is the ease
with which one can predict RE(SP)DOR dephasing curves in multispin systems. For instance, if
there are multiple sites that have overlapping chemical shifts, the final RE(SP)DOR dephasing
curve is simply the average of those from each of the individual sites, assuming they have
comparable transverse relaxation rates.

Simulating the RE(SP)DOR data from a multispin system containing multiple recoupled
spins is slightly more involved but can nevertheless be done without reverting to expensive spin
dynamics simulations. Dipolar interactions are effectively recoupled independently and as such
the total dephasing is simply the product of the dephasing generated by individual spin pairs. For
instance, in the case of a REDOR experiment we have:*®

io - fznf fzn ¥, cos(2V2D(S)Tecsin2pising;) sinfdadfdy. (7)

In equation 7 ¢; and p;j represent the orientation of internuclear vector j relative to the MAS
rotation axis while a, f, and y relate the orientation of the entire spin system to the rotor frame. g;
and f; are functions of ¢, 5, and y. Using the derivation of Goetz and Schaefer,*® sin2p;sina; is
rewritten to:



sin2f;sina; = 2(xsinfcosa + ysinfsina + zcosfB)(x(cosysina — cosPcosasiny) +

y(cosycosa — cosfsinasiny) + Z(sinysinﬁ)) (8)
where:

X = sinHjCOS(p]-, )
y = sinf;sing;, (10)
z = cosb) (11)

and 6; and ¢; are the polar angles that relate the internuclear vector j to the molecule frame.
Expressions 7-11 therefore enable the rapid calculation of REDOR dephasing curves involving
very large numbers of recoupled nuclei. It is worth noting also that a good first approximation to
the dephasing curve in such a system can be obtained by using equation 5 and adjusting the value
of D to root-sum-squares of all the recoupled dipolar interactions affecting the particular detected
nucleus. -

Given that 2-spin REDOR (or RESPDOR) dephasing curves always take the same form,
the REDOR dephasing for a particular combination of f, (S), D, twc, and dipolar recoupling
sequence can be quickly determined with the horizontal and vertical rescaling of a precomputed
dataset. This is the process used in the INTERFACES program when analyzing atom-to-atom
RE(SP)DOR data, which is distinguished from surface-to-atom RE(SP)DOR data. For atom-to-
atom RE(SP)DOR data involving numerous recoupled nuclei, INTERFACES uses the root-sum-
squares dipolar coupling value, which should be very accurate for representing the initial rise of
the RE(SP)DOR curve but may fail to reproduce the long-time behavior of the experiment.

Surface-to-atom REDOR refers to experiments that recouple nuclei on a surface-supported
moiety to all the spins of a given isotope from the support. Examples would include *C{*’Al}
RESPDOR experiments performed on an Al,Os-supported organic species???%** or 3C{*Si}
REDOR experiments for SiOz-supported species.?* These are inherently multispin processes and
it is in fact often necessary to include upwards of 100 recoupled nuclei in order to converge the
dephasing curves.”? INTERFACES uses pre-computed libraries of AS/So vs. distance away from
the support surface and 7. to avoid repeating the expensive computations. The libraries are stored
externally, which enables for the easy addition of new support materials.

3. The INTERFACES Program

On a basic level, INTERFACES modifies input starting structures, compares the agreement
between these structures and the provided REDOR data, and either accepts or rejects a structure
based on whether it meets the given acceptance criteria. To determine whether a structure is
deemed acceptable, a %> metric is used. A y? value is calculated for each of the REDOR dephasing
curves using the following expression:?*#°
(AS/So,i,expt_AS/SO,i,calC)2

(AS/SO,i,expt)2

X = Yrre (12)



where i refers to the i REDOR curve. Note that AS/Sy is superior for this purpose, over the
sometimes-used S/So, because it emphasizes the initial rise of the RE(SP)DOR curves. If a search
over the conformational space is performed and the lowest value of y7 (best agreement) is found
to be Xfmin, then a threshold y? value (Xfmax) can be determined for an arbitrary confidence
interval of CI using the following expression.*’

Ximax = (2(erf1(CD)” + 1) aPin (13)

INTERFACES will only accept structures that are simultaneously within the experimental
uncertainty of all provided RE(SP)DOR data. Note that Equation 13 has another useful feature,
namely, that datasets with lower signal-to-noise will generally feature more scatter and a higher
)(fmin value. As such the fitting will deemphasize these datasets in favor of those of higher quality.
This can be seen in several of the examples in section 5 where a wider fan of RE(SP)DOR fits are
observed for curves with the largest scatter.

The structure determination process used in INTERFACES is summarized in Figure 2. To
minimize the recomputation of REDOR dephasing levels and y? values, INTERFACES begins by
creating y? vs. distance tables. In cases where there are multiple recoupled nuclei a two-
dimensional table is created where the second dimension is either the second distance, when there
are only 2 recoupled nuclei, or the standard deviation in a Gaussian distribution of distances, when
there are 3 or more recoupled spins. In our trials, we found minimal differences in the fitted curves
between the discrete and distributed models involving 3 or more spins, with the exception of
bimodal distributions where the initial rise is well-predicted, but not the plateau. The distributed
model dramatically reduces the computational cost and memory usage for the calculation of the
x? tables when large numbers of spins are detected.



-
1. Calculate ¥? library

REDORdats  |~——u
REDOR libraries | """
\

2. Find the best-fit structure and error ranges

1
initial structure, / iterate structure

constraints, and
structural variables

| calculate x? vs distance and distance distribution |

lowest
total ¥*?

lowest x* fo
curve i?

| save structure |

calculate error ranges

.

3. Find all structures within error ranges
1
initial structure, iterate structure %
constraints, and / @

structural variables

) <

J
~
2

find ¥? values in library

within error

ranges?

overlay identified structured
reorient and
save structure

| calculate probability ellipsoids |

\. /

Figure 2. Flowchart describing the data analysis and structure determination process.

Next, the program loads the starting structure, which is provided as a mol2 file. The mol2
file format is used due to its simplicity, ability to handle overlays of multiple structures, and the
fact that it stores not only the atomic coordinates but also the bonding network. An input file tells
the program what structural elements to iterate and these are surveyed to find 1) the best-fit
structure and 2) all the Xfminvalues. Once this search is complete, the best-fit structure is saved,
and the error ranges for all REDOR curves are calculated using equation 13. This structure search
is repeated a second time to find all the structures that agree with the experimental data (within the
provided CI, see equation 13). These structures are then combined to generate a structure overlay,
as has been used in prior surface 3D structure determinations.?!*>** The overlay is also converted
into ORTEP-like probability ellipsoids that are more familiar to most chemists and also less
unwieldy when the number of structures is large.

The probability ellipsoids are calculated using the algorithm described by Fyfe and
Brouwer.*%*” The center of the ellipsoids is simply the mean coordinates (X), where the coordinates
of a single model are denoted as x;. An ellipsoids is represented by a second-rank tensor, U. The



principal components of this tensor are the mean-squared deviations (MSD) along their
eigenvectors. The MSD along the direction of vector v is calculated using the following expression.

(v-(xa—%))?

MSD =¥, (14)

To determine the first eigenvector of the tensor, we define a coordinate system (i,j,k) and
rotate the probe vector k using two polar angles, f and y.

k' = R(0,5,7)k (15)

A brute search of § and y is performed to determine the vector with the largest MSD for this atom.
The second eigenvector is found by fixing f and y and applying a third rotation with an angle of a
over which a linear search is again performed to determine the direction with the second largest
MSD.

i’ = R(a, B, 7)j (16)
Finally, the last eigenvector is obtained directly as:
i’ =R(a,B,7)i (17)

The U tensor is then obtained by rotating a diagonal matrix (Q) having the MSD eigenvalues along
the diagonal with the determined values of a, £, and .

U=R(a,B,7)'Q R 1(aB,y) (18)

The process is repeated for each atom and the results are saved in a crystallographic information
file that can be read by most crystallography programs to plot the probability ellipsoids.

4. INTERFACES Input File

The various input file keywords that are supported by INTERFACES are tabulated in
Tables 1-3. Table 1 summarizes how to provide INTERFACES with the initial guess structure,
using the structure keyword, as well as how to provide the program with RE(SP)DOR data.
Importantly, the structure must be organized such that the support surface is defined by the z=0
plane. REDOR data must be stored as a 2-column text file with the first column being the total
recoupling time (zrec, see Figure 1) in seconds and the second being AS/So. The user specifies if
this is intramolecular (i.e. atom-to-atom) or surface-to-atom RE(SP)DOR data as well as the
plateau of the curve (f). (S) is assumed to be equal to 1.0, unless it is specified using the
order parameter keyword. If the data includes some surface-REDOR data, then it is also
necessary to specify the support using the support keyword. The program will look for the
surface-REDOR libraries with the following structure: support element.txt, for instance, the
29Si02_C.txt file contains the *C{*°Si} REDOR library for a carbon atom situated over a 2*Si-
enriched silica surface. It is best to avoid datapoints with very low values of AS/So (below 5% of
the plateau value) as these are likely to be overfitted.

Following the declaration of a REDOR dataset, the lists of detected and recoupled spins
must be specified using the detected spins and recoupled spins keywords. Note that



a surface-REDOR dataset does not require the declaration of recoupled spins. If the detected
nuclei are either 'H or '°F, a S-RE(SP)DOR experiment is assumed. If the recoupled nuclei are
quadrupolar, a RESPDOR experiment is assumed. The most popular nuclear isotopes are assumed
in cases where a given element has multiple NMR-active isotopes; for instance, ’N and not '“N.
At present, if a different isotope is desired, the source code must be altered. More specifically, the
functions RDD 1A () and spin () in the REDOR data.hpp file, which specify the relative
gyromagnetic ratios and spin quantum numbers, would need to be updated.

Table 1. Keywords to specify the structure and REDOR data
structure filename
specifies the filename of the initial structure in a *.mol2 format

support name
specifies the name of the support used (ex. 295102, 27A1203)*

intramolecular-REDOR filename f
specifies the filename for an intramolecular REDOR curve organized as a 2-column text file with
recoupling time in the first column (in seconds) and AS/S in the second. The detected spins
and recoupled spins need to be specified immediately after. The value of £, the contribution
factor for the REDOR curve, is also given here.

surface-REDOR filename f
specifies the filename for a surface to atom REDOR curve organized as a 2-column text file with
time in the first column (in seconds) and AS/S in the second. The detected spins need to be
specified immediately after. The support must be specified. The value of £, the contribution
factor for the REDOR curve, is also given here.

detected spins atom atom; .. atomy
a list of the atom indices for the detected nuclei contributing to a given REDOR curve

recoupled spins atom atom: .. atomy
a list of the atom indices for the recoupled nuclei affecting a given intramolecular REDOR curve.
Note that if there are multiple recoupled spins, the program will used the root-sum-squares dipolar
coupling constant and assume a single recoupled spin.

order parameter curve index <S>

Specifies that REDOR data from the curve curve index (curves are indexed in the order that they
appear in the input file) is affected by dynamics, with the dipolar coupling reduced by the order
parameter <5>. Note that this can also be used to alter the rate of RESPDOR dephasing in the event
that the quadrupolar nucleus is incompletely saturated.

aThe provided 29Si02 and 27AI203 surface-REDOR libraries were calculated using the
amorphous silica surface model of Comas-Vives,?>*® and a 110 terminated y-AL>Os structure.”> A
probe nucleus was placed above the surface and its RE(SP)DOR curves were calculated as a
function of the distance to the topmost 2°Si or 2’Al layer, while considering the interactions to the
closest 100 surface nuclei. Instructions and code are provided on the github repository for the
generation of additional surface-REDOR libraries.

Table 2 lists the various constraints that can be used to limit the structural calculation. This
includes structural constraints obtained from other data (for instance EXAFS) such as distance
ranges between atoms or between an atom and the surface, and angle and dihedral ranges. It is also
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possible to exclude structures with atoms within a minimum distance from one another, or the
surface, such that they collide.

A maximum cutoff RMSD value (cutoff rmsd) between a structure and the best-fit
structure can be specified to potentially exclude a different conformer from the calculation of the
probability ellipsoids. All structures that agree with the experimental data are nevertheless
provided.

Experimental agreement is calculated using equations 12 and 13 with the CI provided as a
percentage with the confidence level keyword.

Table 2. Keywords to specify certain structural constraints.
confidence level CI

specifies the confidence level used in percent (ex. one standard deviation corresponds to 68 %,
default is 90 %)

cutoff rmsd RMSD (4)

specifies a maximum rmsd from the structure of best-fit to use in the creation of the structure
overlay (default is 2.5 A)

surface collision distance dnin (4)
specifies the closest distance to the surface that an atom will be allowed to occupy. (default is 1.5
A) Atoms situated exactly on the surface (i.e. 0 A) are ignored.

interatomic collision distance dain (4)
specifies the closest distance that two non-bonded atoms can be from one another (default is 1.5 A)

max structures Nstructures
maximum number of structural solutions. (default is 1000)

distance constraint atom atom dmin(4) daax (4)
limits the distance between atoms with indices atom and atom; to between dumin and dmax

angle constaint atom atom, atoms Omin(°) Onax (°)
limits the angle between atoms with indices atom,, atom,, and atoms to between Gmin and Gmax

dihedral constaint atom atomp; atoms atoms Quin(°) Guax(°)
limits the dihedral angle between atoms with indices atomi, atom,, atoms, and atoms to between @min
and Pmax

o

surface distance constraint atomi duin(A) duax (4)
limits the distance between atom; and the surface plane to between dmin and dmax

Finally, Table 3 lists the various structural variables that can be searched in the structure
determination. These are also depicted in Figure 3. There are three functions (z_distance,
rotate x, rotate y) that affect the entire molecule and can be useful for probing the
orientation of adsorbed molecules on a support. The last three (revolve, stretch, bend)
affect only a subset of the molecule. Which atoms are affected by the structural modification is
defined by the bonding network, which is treated as a directed chemical graph.*’ All bonded atoms
that are situated beyond the last listed atom in the string, for example atom: in the stretch and
revolve functions, are moved, while the atom: end of the molecule remains static. Rotations
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are performed according to the procedure described by Parsons et al.>® Note that the atoms in the
string do not need to be bonded (see example in section 5.2). The z_distance, stretch, and
bend functions require the specification of a range, while the rotate and revolve functions
perform full 360° rotations. It is still nevertheless possible to restrict dihedral angles using
constraints (see example in section 5.1). Importantly, the ranges specified in the structural
modifications are not absolute values but rather relative changes. For instance, if a bond angle in
the starting structure is 100° and it should be searched from 80° to 120°, then the 6,:» and 6Gnax
values would be -20° and 20°.

Table 3. Keywords to specify the structural variables.
z distance dimin(R) dimax () Noteps
translate the entire molecule away from the surface from d, min t0 d7max in Nyieps StEPs

rotate X Nsteps

rotate the entire molecule about the x axis in Neps Steps.

rotate y Nsteps

rotate the entire molecule about the y axis in Neps Steps.

revolve atom; atom: Nsteps
specifies that the bond between atom,; and atoms is rotatable and to sample it in Nyeps. The atom:
side of the bond is rotated while the atom; side is kept fixed. Atoms need not be bonded to use this
function.

stretch atom; atomy; duin (A) Anax (A) Nsteps
increase the distance between atom; and atom: from dmin t0 dmax In Nsteps Steps. The atom; side of the
bond is moved away while the atom, side is kept fixed. Atoms need not be bonded to use this
function.

bend atom; atomr atoms Omin(°) Omax (°) Nsteps
bends the angle formed by atom,, atom;, and atoms from Gnin toO 6Gmax N Nyeps steps. The atoms
side of the bond is rotated while the atom; side is kept fixed. Atoms need not be bonded to use this
function.
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(a) Whole molecule (b) Part of the molecule
z_distance revolve atom atom,

/@\ (

atom atom,

rotate x stretch atom; atom,
/ % \ atom; atom,
rotate_y bend atom; atom, atoms

atom ‘\‘ atoms,

atom,

Figure 3. Pictorial description of the six types of structural modifications supported by
INTERFACES. Certain operations affect the entire molecule (a) or only a part of it (b).

5. Examples

This section applies INTERFACES to replicate five structure determinations from prior
studies. Most of INTERFACES’ features are used in these examples, which should help future
users in writing their input files and solving new surface structures with the program. All the files
from the examples described here are available from the Github repository.

5.1. Surface-Tethered Zn Complex

The first example we will cover is a surface-tethered Zn phenanthroline, originally
described in reference 23. The molecular structure is drawn in Figure 4a where all the atoms are
numbered in accordance with their order in the mol2 file which describes the starting structure.
Nine surface-to-atom *C{?*’Si} REDOR curves were measured, the support is a 2’Si-enriched
mesoporous silica. The REDOR data are shown in Figure 4b, together with the fitted ranges output
by INTERFACES following the structure determination.

The input file for the structure determination identifies the name of the starting mol2 file,
the support, and the CI.

structure Zn-phen.mol?2
support 29Si02
confidence level 95
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We note that the molecule has 4 rotatable bonds that need to be sampled, between atoms 2 and 3,
3 and 4, 4 and 5, and 8 and 21 (see structure in Figure 4a). These bonds are samples in 36 steps,
corresponding to 10° increments.

revolve 2 3 36
revolve 3 4 36
revolve 4 5 36
revolve 8 21 36

We then reduce the surface collision distance to 1.3 A so that the leading silicon site is not thought
to collide with the surface. We also constrain the dihedral angle between atoms 2 and 21 to restrict
the solution to one of the two possible conformers.

surface collision distance 1.3
dihedral constraint 1 2 21 15 -180 O

The input file ends with the declaration of the nine different REDOR datasets, and the detected
atoms associated with each of the curves (labelled on Figure 4b). Given that the recoupled atoms
are from the support, they do not need to be declared. The value of fis set to 1.0 for all nine curves.

surface-REDOR Zn-curvel.txt 1.0
detected spins 2

surface-REDOR Zn-curve2.txt 1.0
detected spins 4

surface-REDOR Zn-curve3.txt 1.0
detected spins 15 9 18

surface-REDOR Zn-curved.txt 1.0
detected spins 13 19

surface-REDOR Zn-curveb.txt 1.0
detected spins 11 17

surface-REDOR Zn-curveb6.txt 1.0
detected spins 14 20

surface-REDOR Zn-curve7.txt 1.0
detected spins 10 16

surface-REDOR Zn-curve8.txt 1.0
detected spins 6

surface-REDOR Zn-curve9.txt 1.0
detected spins 25 29

Providing INTERFACES with this input file, the starting mol2 structure, and the nine
REDOR files leads to the structure determination shown in Figure 4c. The program outputs both
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a combined mol2 file with all the various structural solutions overlaid onto the best-fit structure
along with a conversion of this file to probability ellipsoids. All the images of the structures shown
in this article were generated by exporting the structures to the ray tracing program POV-Ray using
Diamond.

INTERFACES also produces a comma-delimited file with the REDOR curves simulated
using the best-fit structure in addition to the ranges of fitted curves from the various models in the
structure overlay.

(a) structure and assignment (b) REDOR data {c) 95% confidence level
(i) structure overlay

(ii) probability ellipsoids

2 . ¢|[1016

9,15,18 11,17

(d) 85% confidence level

(i) structure overlay (ii} probability ellipsoids

13,19

2 4 6 8 100 5 10 15
Trec / MS

Figure 4. Structure determination of the supported Zn phenanthroline complex with the molecular
structure shown in (a); sites are numbered in accordance with their indices in the mol2 file. (b)
Experimental 1*C{*Si} REDOR curves; shaded areas show the range of simulated curves found
in structures within a 95% confidence level. Structures determined at the 95% (c) and 85% (d)
confidence levels shown as structure overlays (i) as well as using probability ellipsoids (ii).

Figure 4d shows the impact of reducing the confidence level from 95% to 85%. Doing so
narrows the fitting criteria and produces a tighter structure overlay with smaller probability
ellipsoids. This easily allows the user to probe the precision of the determined atomic coordinates.
It is important to remember, however, that the precision of the fit will depend on the structural
variables and constraints that are provided to the program. In addition, note that INTERFACES
assumes a single surface structure and that the ellipsoids represent the uncertainties on this fit,
although unusually large uncertainties may indicate the presence of multiple surface sites.

5.2. Grafted Sc Complex

The second example covers the structure solution of the Sc amidinate complex from
references 23 and 51. This structure can be solved using two different approaches, which we will
cover in turn to show two ways that INTERFACES input files can be constructed. In the first
approach we define the complex as floating on the surface without a tether and simply optimize
its orientation and conformation. The z_distance, rotate xand rotate y keywords are
all specified to allow the program to fully reorient the complex. In addition, to this, we sample the
N-iPr dihedral angles in 90° increments, which enables us to probe all four potential energy
minima. Lastly, we rotate one of the two amidinate ligands along its Sc-C vector to search both
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square planar and trigonal bipyramidal structures. This is an example of how the revolve
functionality can be used to rotate a moiety about the internuclear vector formed by two nonbonded
atoms. Because the complex is reoriented it is only necessary to sample one of the two ligands.

z distance -1 3 41
rotate x 9

rotate y 9

revolve 1 13
revolve 2 5
revolve 3 6
revolve 11 14
revolve 12 15

[ T T

We also specify a cutoff rmsd value of 1.5 A to prevent the program from confusing
symmetry-related atoms when calculating the probability ellipsoids. The structure determination
and fits of the surface-to-atom REDOR data can be seen in Figure 5b and c.

We can alternatively use an approach akin to that used for the Zn complex (section 5.1)
and tether the Sc to the surface using a silanol group (Figure 5d). We can then replace the
orientational functions with the bend and revolve functions, to alter the angle between the O-
Sc bond and the support, and reorient the entire complex about its O-Sc bond (revolve 21 1).
We also need to probe the orientation of the second amidinate ligand and as such we also perform
a revolve operation between atoms 1 and 4.

bend 20 21 1 -40 40 9
revolve 21 1 9
revolve 1 4
revolve 1 13
revolve 2 5
revolve 3 6
revolve 11 14
revolve 12 15

[ T NS NN

As can be seen in Figure 5d, the same structural solution is found when using the two approaches.
The only differences, namely the size of the thermal ellipsoids from the iPr groups closest to the
surface are caused by the use of a different surface collision distance in the second
example due to the introduction of the silanol oxygen.

While a '"H{*Sc} S-RESPDOR dataset was acquired for this complex, shown in Figure 5b
along with its fit generated by INTERFACES, this distance is not sensitive to the coordination
geometry and was not included in the structure determination. It does, nevertheless, confirm that
the ligands are coordinated to the Sc in a bidentate manner.
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(i) probability ellipsoids
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Figure 5. Structure determination of a grafted a Sc amidinate complex with the molecular structure
shown in (a); sites are numbered in accordance with indices in the mol2 file. (b) Experimental
"H{*Sc} S-RESPDOR and *C{?’Si} REDOR curves; shaded areas show the range of simulated
curves found in structures within a 90% confidence interval. Structures were determined either by
reorienting the complex on the surface (c) or by revolving around and bending a surface tether.
Determined structures are shown as an overlay (i) as well as using probability ellipsoids (ii).

5.3. Measuring the Distance Between Surface Species

The next example is taken from reference 27 where the proximity between a surface-
supported Pd olefin polymerization catalyst and its perfluorinated Al alkoxide counter anion were
probed using a '"H{'’F} S-REDOR experiment (see structure in Figure 6a). Here, INTERFACES
is not applied to perform a full structure search, but instead to simply measure the distance between
the two complexes. Fitting the data using other software, such as SIMPSON, is likely to lead to
grossly underestimated distances if the multispin nature of the data is not considered. A total of 44
'H spins are simultaneously detected and these are all coupled to 27 '°F spins. In such a system,
interfaces will calculate the root-sum-squared dipolar coupling constants for each of the 'H spins
coupling to the 27 '°F nuclei and use this value in lieu of the dipolar coupling constant in a single
spin pair simulation. The 44 obtained REDOR curves are then averaged to yield the final result.

In this example the input file is quite simple. We built a model with the two complexes on
the surface and simply use the stretch function to probe the distance between the two. In the
initial structure the Pd-Al distance was set to 11 A and it is probed from 9 to 17 A in 81 0.1 A
increments. The input file is given below.
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structure Pd-Al.mol2
stretch 1 122 -2 6 81

confidence level 90
surface collision distance 1.2
cutoff rmsd 4.0

intramolecular-REDOR SREDOR.txt 1.0
detected spins 16 17 26 27 40 46 48..
recoupled spins 135 136 137 138 139 140..

The long lists of detected and recoupled spins were truncated. The CI is specified to be 90% and
at this confidence level the Pd-Al distance is determined to be 11 + 1 A. This range of distances is
visually depicted in Figure 6¢ using probability ellipsoids. The experimental S-REDOR data is
fitted very well to this range in distances, as shown in Figure 6b.

(a) structure =i
Ph
ko
Ph @ Ph

&) “Pd’
FaC)sCO)AIT_ 322 =
(« d = N A
h P
(b) REDOR data (€) 90% confidence level structure
1.0
0.8 Harom'F
A 06
=
w1 0.4
0.2
0O g —T10 15 20
Trec/ ms

Figure 6. (a) Structure of a silica-supported Pd olefin polymerization catalyst. The ionic Pd
complex is charge balanced by a perfluorinated aluminum alkoxide anion. (b) 'H{'°F} S-REDOR
curve measured for the 44 aromatic protons coupling to the 27 '°F spins from the counter anion.
(c) Determined structure optimizing only the Pd-Al distance.

5.4. Pt NHC Complex

We next reproduce the structure determination of a supported Pt NHC complex (structure
in Figure 7a), first solved in reference 21. Unlike the examples in sections 5.1 and 5.2, this structure
determination uses exclusively atom-to-atom *C,?Si{!°N} REDOR data. A total of eight REDOR
datasets are specified, see Figure 7b. The NMR measurements are sensitive to four dihedral angles,
which are sampled in 10° increments.

revolve 23 18 36
revolve 22 3 36
revolve 3 4 36
revolve 4 5 36
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The values for f were measured using the REDOR curves from bonded atoms.?! The
determined structure is shown in Figure 7c as both an overlay as well as probability ellipsoids.
Note that an alternative structure determination approach for this sample could be to manually fit
the REDOR data and define the experimental ranges of distances directly using distance
constraints instead of relying on INTERFACES to fit the data.

It is possible to further narrow the fit by using the Pt EXAFS data that Berruyer, et al.
measured which showed that there was a 2.7 A Pt-O contact (Figure 7d). This EXAFS result can
be included in the fit through the use of a distance constraint.

distance constraint 18 19 2.6 2.8

In their structure determinations?! Berruyer, et al. manually probed the Si-Si distance
between the two moieties in discrete increments, with values of 3.17 A, 4.50 A, and 5.59 A. These
values were taken from a density functional theory model of the amorphous silica surface,
however, on an amorphous solid nearly any internuclear distance between these sites should be
possible. The stretch function can be used to accomplish a similar goal and systematically
probe the distance between the two silicon atoms.

stretch 22 23 -1 2 4

From this fit, we obtain a Si-Si distance of 4.7 + 1.2 A. This broad distribution of distances agrees
with the statements made in the 2017 paper that the distance is ill-defined and likely highly
variable. In other words, equally good fits are obtained with a very wide distribution of this Si-Si
distance.

(a) structure and assignment (b) REDOR data (c) NMR-only fit, 90% confidence level
bR 3-2 (i} structure overlay

‘f‘gb © 10 150 10 20 30 40
2 /ﬁ 08221 22-2
N 1 0.6
N <8

(ii} probakility ellipsoids

Ccl_19 5 »wo%y S L
\Pt\ i 09 (d) NMR+EXAFS fit, 90% confidence level

~di24 Cl 4 < .5 231 23-2 (i) structure overlay (i) probability ellipsoids

- I\Qﬁ 3 0.6
122 0.4

zgl 53 l\n\fw o M _:ﬁ
W W 0.0 .
b by 24-1 242

Do 1003040 0 10203040
Trec / MS

Figure 7. Structure determination of the supported Pt NHC complex with the molecular structure
shown in (a); sites are numbered in accordance with indices in the mol2 file. Experimental
BC{>N} and ?Si{!>N} REDOR curves; shaded areas show the range of simulated curves found
in structures within a 90% confidence interval. Structures determined by using only REDOR data
(c) or by using both REDOR data and constraints to limit the Pt coordination environment (d) are
shown as structure overlays (i) as well as using probability ellipsoids (ii).

5.5. Grafted Dynamic Zr complex
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The last example covers the structure determination of a Zr alkoxide complex**»>* (Figure
8a) using *C{*Si} REDOR data with the complex grafted to 2°Si-enriched silica. Using a 3C {'H}
dipolar recoupling experiment the complex was shown to remain very dynamic at 100 K, with
both the methyl and tert-butyl groups rotating at a rate that is faster than the timescale of the dipolar
couplings. Only two REDOR curves are measured for this complex, as there are only two
chemically-distinct sites, and INTERFACES’ handling of spectral overlap is key to extracting the
structural information from the data. Because the /Bu groups are rotating,?? and that the Zr-O-C
angles are nearly 180°,% the structure determination is defined by varying the angle between the
O-Zr bond and the surface, and probing the orientation by revolving the whole complex about the
O-Zr bond.

bend 19 1 2 -60 60 13
revolve 2 3 36

Note that the bend operation employs a ghost atom (Gh) to maintain the Zr-O-Si bond angle.”
Ignoring dynamics, the best fit is given by the red curves in Figure 8a, corresponding to the
structure solution in Figure 8c. As can be seen the quality of the fit for the methyl groups is sub-
optimal, likely because of the dynamics that they experience. If we reduce the dipolar interactions
that are felt by these atoms using a (S) value of 0.7 a better fit is obtained (Figure 8b, grey), and
the complex adopts a slightly different conformation (Figure 8d).

order parameter 1 0.7

Note that in the above string we specify that the order parameter for the first REDOR curve listed
in the input file is 0.7. The order parameter for the second curve is assumed to be 1.0, which is the
default. The ability to alter the dipolar scaling factor using the order parameter keyword, in
addition with the option to change the contribution factor for different curves, could also be applied
to fit other types of data, such as transfer of population double-resonance (TRAPDOR)*¢-’
dephasing curves, by first calculating the relative dipolar scaling factor using a spin dynamics
simulation program, such as SIMPSON.>?

(a) structure and assignment (b) REDOR data
12 13 14

1.0
1 10-18 7-9 o
1|>L7 dii#fr‘e 08 i
30 9 17 p .
10 O\er‘O% @iu.s ;
J J
T L 7
19Ch------- 2984 02 -
[OEN ook
de o o 5 10 150 5 10 15
A Tree / MS

(d) dynamic

Figure 8. Structure determination of a grafted Zr tert-butoxide complex with the molecular
structure shown in (a); sites are numbered in accordance with indices in the mol2 file. (b)
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Experimental 1*C{*Si} REDOR curves; shaded areas show the range of simulated curves found
in structures within a 95% confidence interval with the inclusion of dynamics (grey) as well as in
a static model (red). Determined structures are shown assuming no dynamics (c) as well as
compensating for the Bu rotation (d).

6. Conclusions

We have presented a new open-source program called INTERFACES for the structure
determination of surface sites using RE(SP)DOR dipolar recoupling data in addition to constraints.
INTERFACES allows the user to freely alter distances, angles, dihedrals, in addition to a
molecule’s orientation on the support and automatically compares those structures to multispin
REDOR data, either between atoms, or between an atom and the spins in the support. An error
analysis is performed to provide structure overlays and thermal ellipsoids at arbitrary levels of
precision. This automatic fitting and error analysis can also be used for the rapid fitting of multispin
REDOR curves, as shown in section 5.3 where the distance between two surface complexes was
measured. Five example structure determinations were covered to emphasize the flexibility of the
software. The examples are freely accessible, together with the source code, on a Github
repository.
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