N

N

Unravelling the Molecular Structure and Confining
Environment of an Organometallic Catalyst
Heterogenized within Amorphous Porous Polymers
Ribal Jabbour, Christopher W Ashling, Thomas C Robinson, Arafat Hossain
Khan, Dorothea Wisser, Pierrick Berruyer, Ashta C Ghosh, Alisa Ranscht,
David A Keen, Eike Brunner, et al.

» To cite this version:

Ribal Jabbour, Christopher W Ashling, Thomas C Robinson, Arafat Hossain Khan, Dorothea Wisser,
et al.. Unravelling the Molecular Structure and Confining Environment of an Organometallic Catalyst
Heterogenized within Amorphous Porous Polymers. Angewandte Chemie International Edition, 2023,
62 (44), pp.e202310878. 10.1002/anie.202310878 . hal-04304891v1

HAL Id: hal-04304891
https://hal.sorbonne-universite.fr /hal-04304891v1
Submitted on 26 Feb 2024 (v1), last revised 27 Feb 2024 (v2)

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.sorbonne-universite.fr/hal-04304891v1
https://hal.archives-ouvertes.fr

WILEY-VCH

Unravelling the Molecular Structure and Confining Environment
of an Organometallic Catalyst Heterogenized within Amorphous

Porous Polymers

Ribal Jabbour,® Christopher W. Ashling,” Thomas C. Robinson,? Arafat Hossain Khan,“ Dorothea
Wisser, [ Pierrick Berruyer,® Ashta C. Ghosh,® Alisa Ranscht,®! David A. Keen,! Eike Brunner,!
Jérdome Canivet,® Thomas D. Bennett,! Caroline Mellot-Draznieks,* Anne Lesage,*? Florian M.

Wisser+ld

[a] Dr. R. Jabbour, T. C. Robinson, Dr. P. Berruyer, Dr. A. Lesage
Centre de RMN a Trés Hauts Champs
Université de Lyon (CNRS/ENS Lyon/UCB Lyon 1)
69100 Villeurbanne, France
E-mail: anne.lesage@ens-lyon.fr
[b] Dr. C. W. Ashling, Dr. T. D. Bennett
Department of Materials Science and Metallurgy
University of Cambridge
27 Charles Babbage Road, Cambridge CB3 OFS, United Kingdom
[c] Dr. A. H. Khan, Prof. Dr. E. Brunner
Chair of Bioanalytical Chemistry
TU Dresden
BergstralRe 66, 01069 Dresden, Germany
[d] Dr. D. Wisser, Dr. F. M. Wisser
Erlangen Center for Interface Research and Catalysis (ECRC)
Friedrich-Alexander-Universitat Erlangen-Nurnberg
Egerlandstrale 3, 91058 Erlangen, Germany
E-mail: florian.wisser@fau.de
[e] Dr. A. C. Ghosh, A. Ranscht, Dr. J. Canivet

Univ. Lyon, Université Claude Bernard Lyon 1, CNRS, IRCELYON - UMR 5256

2 Avenue Albert Einstein, 69626 Villeurbanne Cedex, France
[f] Dr. D. A. Keen
ISIS Facility, Rutherford Appleton Laboratory
Harwell Campus
Didcot, Oxfordshire OX11 0QX, United Kingdom
[a] Dr. C. Mellot-Draznieks
Laboratoire de Chimie des Processus Biologiques (LCPB)
Collége de France, PSL Research University, CNRS Sorbonne Université
11 Place Marcelin Berthelot,75231 Paris Cedex 05, France
E-mail: caroline.mellot-draznieks@college-de-france.fr

Supporting information for this article is given via a link at the end of the document.

Abstract: The catalytic activity of multifunctional, microporous
materials is directly linked to the spatial arrangement of their
structural building blocks. Despite great achievements in the design
and incorporation of isolated catalytically active metal complexes
within such materials, a detailed understanding of their atomic-level
structure and the local environment of the active species remains a
fundamental challenge, especially when these latter are hosted in
non-crystalline organic polymers. Here, we show that by combining
computational chemistry with pair distribution function analysis, **°Xe
NMR and Dynamic Nuclear Polarization enhanced NMR
spectroscopy, a very accurate description of the molecular structure
and confining surroundings of a catalytically active Rh-based
organometallic complex incorporated inside the cavity of amorphous
bipyridine-based porous polymers is obtained. Small but significant
differences in the structural properties of the polymers are
highlighted depending on their backbone motifs.

Introduction

Molecular catalysis is a key process for producing goods in our
industrialized society and is a powerful tool to improve the
sustainability of many processes. The advantages of transferring
molecular catalysts from the homogeneous to the heterogenous
phase by immobilization within porous supports are not
restricted to site-isolation, easy separation and recycling ability.
In fact, the heterogenization of molecular complexes within
porous supports has been reported for different reactions,
including asymmetric catalysis, photocatalytic water oxidation or
CO; reduction, to allow for reactivities, productivities and
selectivities inaccessible in the homogeneous phase due to the
controlled confinement of the active site into a three-dimensional
porous framework.[*-8l

The knowledge acquired about the homogeneous molecular
catalyst’s structure-activity relationship is now so precise that
computational chemistry can be used to predict reactivity and
selectivity.[®19 Unfortunately, this level of maturity has not yet
been reached for heterogenized molecular catalysts.



Porous organic polymers (POPs) have recently emerged as a
new platform to disperse catalytically active complexes.t151
Despite these recent achievements in increasing -catalytic
activity, selectivity or lifetime of the catalyst, little is known about
the very local and more distant environment of the metal centre.
Notably, the detailed molecular structure of the heterogenized
active sites and their confinement-induced interactions with the
POP remain unsolved to this date.!®! Even in the case of
crystalline metal-organic frameworks (MOFs), which are easier
to study than amorphous systems, it is generally assumed, that
the molecular structure of active sites remains unaltered.
However, recent reports provided evidence that confinement in
MOFs affects the structure of heterogenized complexes,*”]
enhances stabilization by Van-der-Waals or t-mr-interaction, 718l
affecting the diastereo- or enantioselectivity in asymmetric
catalysis,"*! or changes physicochemical properties.”% Hence
there is a pressing need to develop methodologies to elucidate
the precise positioning of functional groups with respect to the
pore surface, which is essential for an in-depth understanding of
these promising multifunctional materials.?%

Here we report an integrated methodology combining diffraction
and spectroscopic techniques with computational chemistry to
unravel the atomic-level structure and confinement of an
organometallic rhodium complex embedded within two different
POPs. For the first time, detailed and complete pictures of the
cavity containing the active sites are provided portraying the
catalytic materials, from the first coordination sphere of the metal
(€ 3.5 A) to its environment beyond the second coordination
sphere (< 7 A) and the pore structure at the nanometer scale.
The structural models obtained by force field simulations are
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confirmed by a range of experimental evidence, including pair
distribution function analysis and dedicated nuclear magnetic
resonance (NMR) methodologies that probe short and long-
range proximities. Slight but significant differences in the pore
structure, as well as in the interactions between the metal
complex and the polymer walls, are revealed, highlighting the
analytical power of the proposed methodology.

Results and Discussion

Design and Synthesis of the Materials.

Recently, we have reported heterogeneous rhodium"
pentamethylcyclopentadienyl (Cp*Rh) catalysts within bipyridine
containing POPs, namely Cp*Rh@BpyMP-1 (Figure 1), that
showed very promising results in the selective CO,-to-HCOOH
photoreduction and transfer hydrogenation reaction.?223 Despite
the wide use of the Cp*Rh catalytic unit within porous
frameworks,[18:223123-30 jt5 exact molecular structure, positioning
and accessibility have remained unexplored caused by a
particularly  challenging  structural  determination  when
immobilized in amorphous solids. In particular, the molecular
arrangement of the catalyst, including its possible distortion
when confined in a micropore and the distances and nature of
the interactions between the outer ligand sphere of the catalyst
and the pore wall, has never been explored in detail.

Br Br

L <
BN, q
4 b 5 c
o _5 g N 2 )
o] l PNsyy

Br

Br
Br
a)
e
Br

Br

Cp*Rh @ IV(NOy)

W
4
a
°
W
v/

> H,""N

=~ O

l 15NH
Br

d), e)

Yo

T5NH,

Cp*Rh @ V(NH,) Cp*Rh @ BpyMP-1

Figure 1. Left: Rection scheme for the synthesis of Cp*Rh@IV(NO2) and Cp*Rh@V(NH>), including the synthesis of *°N-lablled monomers 4,4’-dibromo-2,2’-
{*5N}-dinitro-biphenyl (1) and 2,2’-{**N}-diamino-4,4’-dibromo-biphenyl (ll1): a) HNOs/H2SO4 in CH2Clz, 0°C to RT; b) Cu, DMF 125°C, 30 min; c¢) SnClz, HCI/EtOH,
RT 18 h; d) 1 eq. triethynylbenzene (TEB), 0.375 eq. 5,5'-dibromo-2,2’bipyridine, 1.125 eq. Il or Ill, Pd(PPhs)s, DMF/NEts, 100°C, 24 h; e) (Cp*RhCI)NOs, MeOH,
24 h, RT. Right: Reaction scheme for literature-known catalyst Cp*Rh@BpyMP-1.12%

In order to get structural insights into the environment of Cp*Rh
complexes within POPs, we considered two materials, based on
biphenyl motifs functionalized with (**N-labelled) NH, or NO;
groups, providing additional probe nuclei for the NMR studies.
The synthesis of the required !°N-labbeled monomers was
achieved starting from 1,4-dibromo-benzene. In the first step,
one NO- group was introduced in the 2 position of 1,4-dibromo-

benzene (1) using *°N labelled nitric acid (Figure 1, Sl section 2).
1,4-dibromo-2-{**N}-nitro-benzene was selectively coupled in the
1 position using the Ullmann cross-coupling reaction to yield
4,4’-dibromo-2,2’-{**N}-dinitro-biphenyl (Il). In a last step, NO;
groups were reduced to NH; groups using SnCl, to give 2,2’-
{**N}-diamino-4,4’-dibromo-bipheny! (l1I).



Co-polymerization of Il or Il with 5,5’-dibromo-2,2’bipyridine and
1,3,5-triethynyl benzene, gave the {!*N}-nitro POP IV(NO2) or
the {**N}-amino POP V(NH.), adapting a literature procedure.
Cp*Rh was introduced by infiltration of a methanolic solution of
[Cp*RhCIINO3 into the materials to provide Cp*Rh@IV(NO2) and
Cp*Rh@V(NH2). Using this approach, Rh loadings of approx.
6.0 and 7.0 wt-% for IV(NO2) and V(NH2) respectively were
achieved (Table S2).

The composition and integrity of the different POPs were
confirmed by physisorption measurements, IR and solid-state
NMR spectroscopies. Nitrogen physisorption at 77 K reveals a
microporous character (Figure Sla), with apparent surface
areas of ~330 and ~480m?g for Cp*Rh@IV(NO2) and
Cp*Rh@V(NH), respectively, in line with reported values for
similar materials (280 — 610m?/g, see Sl section 4).2% Both
materials also show significant CO, uptake at 273 K (Figure
S1b). In the IR spectra, no signal around 2100 cm™? (vasC=CH),
characteristic of unreacted terminal ethynyl moieties,® can be
detected (Figure S3), indicative for a high degree of
polymerization.®23% The presence of the NO, groups in IV(NO2)
is evidenced by its characteristic vibrations at 1530 and
1350 cm®, while the presence of NH. groups in V(NH2) is
evidenced by the N-H stretching vibrations between 3470 and
3190 cm™* (Figure S3).

Molecular structure from DNP SENS.

Over the last decade, Dynamic Nuclear Polarization Surface-
Enhanced NMR spectroscopy (DNP SENS) has emerged as a
powerful approach for an in-depth structural characterization of
functionalized surfaces and materials.4% Following the first
proofs of concepts reported on mesoporous silicas,®%%" recent
applications have successfully covered a much wider range of
materials.®%-42 In particular, we and others have demonstrated
the relevance of this methodology for the investigation of the
backbone structure of POPs.[23:43-45]

One- and two-dimensional DNP SENS spectra were recorded to
address the molecular composition of Cp*Rh@IV(NO2) and
Cp*Rh@V(NH2). NMR data were also recorded on the non-
functionalized Cp*Rh@BpyMP-1. As described in the
experimental section, the materials were impregnated by
incipient wetness with solutions of TEKPOL in 1,1,2,2-
tetrachloroethane (TCE) and signal enhancements of around 20
were obtained for the polymer’s '3C resonances at 9.4 T (Figure
S4), while as expected, more moderate enhancement factors (of
around 3) were measured at 18.8 T.

The DNP enhanced 3C CPMAS (Cross Polarization Magic
Angle Spinning) spectra of exhibit the expected aromatic
resonances in the 120-150 ppm range, as well as the C=C
signal at 90 ppm of the polymer backbone (Figure 2Figure 2a
and Figure S5). The additional resonance at ~143 ppm in the
spectra of Cp*Rh@IV(NO2) and Cp*Rh@IV(NH2), can be readily
assigned to the carbon atom bonded to the functional NO, or
NH. group (Figure 2a). The resonances at 96.6 and 8.5 ppm
corresponding to the quaternary carbons and methyl groups of
the Cp* moiety, respectively.

The DNP enhanced nitrogen-15 CPMAS spectra further confirm
the integration of either NO; (366 ppm) or NH, groups (57 ppm)
into Cp*Rh@IV(NO2) and Cp*Rh@V(NH2), respectively. The
agreement of the >N chemical shift between monomers and
polymers as well as the absence of any further peak excludes
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any chemical modification or metal coordination of the NO2/NH-
g)roups (Figure 2b and Figure S6).
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Figure 2. a) DNP SENS 3C CPMAS spectra of Cp*Rh@V(NHz) (blue),
Cp*Rh@BpyMP-1 (black) and Cp*Rh@V(NO:) (green) recorded at 9.4 T and
10 kHz MAS. Asterisks denote spinning sidebands. b) DNP SENS SN CPMAS
spectra of Cp*Rh@V(NH) (blue) and Cp*Rh@IV(NO2) (green) recorded at
9.4 T and 10 kHz MAS. c) DNP SENS !H-3C HETCOR spectrum of
Cp*Rh@V(NHz) along with the corresponding 1D carbon-13 spectrum
recorded at 18.8 T and 12.5 kHz MAS. The strong correlation at about 72 ppm
in the carbon and 6 ppm in the proton dimension is due to TCE signal, its
spinning sideband (*) does not overlap with other correlations.

The molecular composition of the materials was further
confirmed using *H-C dipolar-based heteronuclear correlation
(HETCOR) experiments. These data were acquired at higher
magnetic field to improve resolution in the indirect (proton)



dimension. The 'H-*C HETCOR spectrum of Cp*Rh@V(NH2)
(Figure 2c) shows strong correlations between aromatic protons
centred at 7 ppm and the carbon resonances at 151.6, 143.6,
135.5, 131.3, and 122.0 ppm. In addition, a cross-peak is
observed between the methyl carbon and proton resonances
centred at 8.5 ppm and 1 ppm, respectively. The correlation
signal between aromatic protons at 6-7 ppm and the methyl
carbon atoms at 8.5 ppm indicates close proximity between the
Cp* ligand and the surrounding pore wall in Cp*Rh@V(NH2). A
similar correlation was observed for Cp*Rh@BpyMP-1 (Figure
S7). The absence of any correlation around 80 ppm in the
carbon dimension, characteristic 13C chemical shift of unreacted
terminal ethynyl moieties,®? and ca. 3 ppm in the proton
dimension, characteristic proton chemical shift of unreacted
terminal ethynyl moieties,*® demonstrates that hardly any
unreacted end-groups remain in the materials.

Polymer Linkage by Quantitative 3C MAS NMR.

To obtain detailed insight into the number of unreacted end-
groups, quantitative (q) °C MAS spectra were recorded.
Deconvolution of the g-'3C signals observed between 80 and 90
ppm reveals less than 5 % of unreacted end-groups remaining in
the polymers (Figures S9, S10).5341 From the number of
unreacted  end-groups the  probability that 1,3,5-
triethynylbenzene (TEB) moieties have reacted once, twice or
three times was calculated. Here, we applied the ideal network
assumption for cross-linked polymers, i.e. assuming (i) the same
reactivity of bipyridine and biphenyl based B2-type monomers,
(ii) that all groups react independently from each other, and (iii) a
stepwise copolymerisation between A3-type monomer (TEB)
and B2-type monomers.“84% The probability of TEB moieties to
be a cross-linkage (m = 3), a linear linkage (m =2) or to be a
dangling end-group could thus be calculated using the following

equation:
—rp2\3TM —rp2\™
o = () (52) - (5] "

with r the stoichiometric ratio of functional groups (r < 1), p the
conversion of ethynyl groups obtained from g-*C NMR and m
the number of ethynyl groups reacted per TEB molecule.
Whatever the functionalisation of the linear monomer used, we
found that ~76 % of the TEB moieties are fully branched, ~22 %
are linearly linked and only 2 % are dangling end-groups (Table
S2). Those results were confirmed by 'H spectra yielding a
branching probability of approx. 80 % (S| section 5.3). This
result highlights that important insights about the structure and
the composition of POPs can be obtained from *H MAS NMR
spectroscopy.

Structural Models of Porous Polymers.

Based on the required information on the polymers’ composition
from NMR we have undertaken a computational approach to
build plausible structural models of Cp*Rh@IV(NOz) and
Cp*Rh@V(NH2) frameworks. In a first step, DFT-D3 level
geometry optimizations of each repeating molecular unit, i.e.
TEB-biphenyl(NH2).-TEB, TEB-biphenyl(NO,).-TEB and TEB-
Cp*Rh@bpy-TEB, were performed prior the construction of each
polymer model (see Sl section 8 for details). In a second step,
models of both polymers were grown in a stepwise fashion using
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the DFT geometry-optimized repeating units and attaching
covalently either a biphenyl(NH2).-TEB or a biphenyl(NO,),-TEB
unit to a [Cp*Rh@bpy]-TEB repeating unit through its terminal
ethynyl groups. The Cp*Rh@IV(NO2) and Cp*Rh@V(NH2)
polymers were thus both grown sequentially using the
experimental Cp*Rh@bpy : biphenyl ratio as a guideline.
Considering the very large size reached for both resulting
structural models (~25 units lead to simulation boxes of more
than 80 A edge), geometry optimizations of both polymers were
performed at each construction step using the generic universal
forcefield (see Sl section 7).

Interestingly, the construction and optimization steps resulted in
entangled structures (Figure 3). The entanglement allows
recurrent t—n interactions between biphenyl and TEB moieties
within distances of 3.6-4.1 A (Table S4). Notably, the TEB-
Cp*Rh@bpy-TEB units were found in both models close to
branching TEB moieties, placing the Cp*Rh-complex in the
vicinity of NH, or NO. groups of neighbouring biphenyls, with
Ccray"NwHzinoz) distances in the 3.8-7.0 A range (Table S4). In
the Cp*Rh@IV(NO2) structural model, the entanglement of the
polymer allows the occurrence of T—T interactions between
Cp*Rh and a neighbouring biphenyl linker (Figure S16), bringing
several methyl groups of the Cp* moiety close to one NO; group
(Figure 3c), with interatomic CicusyN distances of 3.8-6.4 A.
The next closest pore wall is at a Cchz)-*Npo2) distance of 10-
12A. We do not observe such T interactions in
Cp*Rh@V(NH2), which might be due to less beneficial electronic
interaction between electron rich Cp* and electron rich
biphenyl(NH.),-moieties compared to the Cp* interaction with
electron poor biphenyl(NO;).-moieties in Cp*Rh@IV(NO)a.
Similarly, -1 interactions have been reported between Cp*
ligands and electron deficient linkers in MOFs. 12l

Another situation is illustrated in Figure 3d in the
Cp*Rh@V(NH2) model, where the methyl carbon atoms of the
Cp* moiety are embedded between two NH, groups belonging to
two different biphenyl(NH>), ligands of a branching TEB node,
resulting in slightly longer interatomic Ccns)--*N distances of 4.4-
6.0 A as compared to Cp*Rh@IV(NOy).

To validate these plausible structural models and to confirm
experimentally the discussed changes in long-range distances
(vicinity of RhCp* to NH2/NO, groups) between the two polymers,
pair distribution function analysis as well as advanced '*°Xe and
Rotational Echo-Double Resonance NMR experiments were
performed (see below).

First Coordination Sphere from PDF Analysis.

To explore experimentally the coordination sphere of the Rh
atom in the heterogenized molecular complex, total scattering
experiments were performed. The pair distribution functions
(PDFs) of IV(NO2) and Cp*Rh@IV(NO-) were gained by Fourier
transforming the structure factors S(Q) (Figure S13a). The PDFs,
D(r) show local structural information such as inter-atomic
distances between pairs of atoms even from amorphous
materials.®! Both PDFs display features up to 5 A, though they
are relatively featureless after this point (Figure 3e and Figure
S13b), consistent with the amorphous nature of the materials.
Peaks at 1.4, 2.4, 3.7, 4.2 and 4.8 A are attributed to interatomic
carbon-carbon distances across one to four C-C bonds of the
backbone (Figure 3e, f).52



Those correlations overlap with those arising from the

heterogenized Cp*Rh-complex. To visualize the contributions
from Cp*Rh, we applied a differential PDF (d-PDF) approach.>
While the application of PDF and d-PDF has been extended to

study amongst other local ordering in MOFs,B154%5] or the
c)

a)
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molecular structure of adsorbed species in MOFs and COFs, 5%
0 to the best of our knowledge no study concerning the
molecular structure of an organometallic complex within an
amorphous polymer has been reported yet.

e) 30]
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Figure 3. a) and b) computed structural models for Cp*Rh@IV(NO2) and Cp*Rh@V(NH2), respectively. ¢) and d) local environment of a Cp*Rh moiety in
Cp*Rh@IV(NO2) and Cp*Rh@V(NH2), respectively, highlighting selected Ccrz)*"Nnoz and Ccrz)*NHz) intermolecular distances between the CHs of Cp* (in
orange) and NO2 or NH2 groups of the polymer backbone. Colour code: C, H in grey, N in blue, O in red and Rh in turquoise. e) PDF of IV(NO.) (light green) and
Cp*Rh@IV(NO2) (green), f) corresponding d-PDF together with DFT optimized molecular clusters. Coloured atoms in the molecular structures in PDF / d-PDF
illustrate the interatomic distances detected by PDF analysis and follow the same colour code (other possible pairs of atoms for d=3.7 A are shown in Figure
S14b). The interatomic C-C distance across one benzene ring (light green) is hardly visible.[% In the d-PDF (f), the distances of rhodium’s primary coordination
sphere are indicated by orange lines (Rh-*N, and Rh--C), of its secondary coordination sphere are illustrated by one pair of atoms in cyan (Rh and one CHs-

carbon). Cr and NOz

The d-PDF highlights two additional interatomic distances below
5 A for Cp*Rh@IV(NO>) (Figure 3f). The distance peak centred
at 2.2 A corresponds to the intramolecular distances of both the
Rh-N and the Rh-Cuart cpy bonds. The distance peak at 3.3 A is
assigned to the intramolecular distances between the Rh centre
and the C(cns) of the Cp* moiety. Those distances fit perfectly
with the distances that are obtained from single crystal analysis
of Cp*Rh(bpe-bpy)Cl,, proving that no significant distortion of the
molecular geometry is caused by the confinement. Furthermore,
they are in line with the distances obtained from the plausible
structural models (Table S3), providing first evidence that these
models reflect the structure in the amorphous polymers.

Pore Size by 1?°Xe Adsorption Experiments at 237 K.

To estimate the average pore size in these materials, we
implemented '2°Xe NMR spectroscopy. Since the seminal paper
from Ito and Fraissard,®4 ?°Xe NMR has become an important
tool to probe the average pore size of modern materials. 6253

In the 12°Xe NMR spectra measured at 237 K and at a relative
pressure of 1, the signal at approx. 197 ppm can be attributed to
bulk liquid xenon (Figure 4a). The low field shifted signal present

are omitted for clarity.

in all spectra is attributed to xenon interacting with the pore walls
of the different materials, its chemical shift increases with
decreasing pore diameter.[54%% To correlate the chemical shift of
absorbed xenon with the pore size, a series of Zr-based MOFs
with known pore size was used as reference materials (see Sl
section 5.4). Average pore sizes of 10.0 A (Cp*Rh@IV(NOy))
and 10.5A (Cp*Rh@V(NH.)) are obtained (Figure 4b). A
possible explanation for the smaller pore size of
Cp*Rh@IV(NO2) might be weaker interactions between the
growing polymer chain and the solvent used during synthesis.
While NO, groups can act as H-bond acceptor (from
triethylamine), NH; groups in V(NHz) can act as H-bond acceptor
and donor. The weaker interaction during the synthesis of
IV(NO2) may thus result in a more pronounced macrophase
separation as observed for other nitro-functionalised POPs.[6¢]
Thus, the 12°Xe NMR data experimentally verify (i) the pore wall
distance (C(chs)~"Npoamnz) distance) of 10-12 A and (i) the
tendency of shorter average distances between the backbone of
the polymer and the Rh complex in Cp*Rh@IV(NO2) observed
in the computational models.
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Figure 4. a) ?*Xe NMR spectra recorded at 237 K and p/po = 1 for Cp*Rh@IV(NOz) (green) and Cp*Rh@V(NH>) (blue). b) ?°Xe NMR calibration curve (grey) of
pore sizes as a function of measured AJ, determined on different Zr-based MOFs with known pore sizes, together with the pore sizes for Cp*Rh@IV(NO:) (green)
and Cp*Rh@V(NHz) (blue). Details are provided in section S 5.4. c) Experimental **C{*>N} REDOR dephasing curve up to 16 ms measured for Cp*Rh@IV(NO2)
(green dots) and Cp*Rh@V(NH2) (blue dots). The solid lines are the theoretical dephasing curve for an average dipolar coupling value extracted from the

structural

Confinement Beyond the Second Coordination Sphere

by ¥C{!*N} REDOR DNP SENS Experiments.

In the past Rotational Echo-Double Resonance (REDOR) has
been used to study e.g. spatial distribution of functional
groups,®” distances in molecular vices,®® or defect alignment in
crystalline MOFs with mixed linkers.[®® In parallel, the sensitivity
boost provided by DNP has recently enabled the measurement
of long-range proximities between supported metal complexes
and solid surfaces via the implementation of REDOR
experiments over long evolution times.'®"  To further
corroborate the structural features revealed by atomistic
simulations, *C{!>N} REDOR DNP SENS experiments were
carried out on Cp*Rh@V(NO2) and Cp*Rh@V(NHz). In these
experiments, 3C-*N heteronuclear dipolar couplings that are
averaged out by MAS are reintroduced by applying rotor-
synchronized 1 pulses to nitrogen-15 nuclei, during a dipolar
recoupling period which is progressively incremented. Two sets
of experiments are recorded for each recoupling time, one
where the nitrogen pulses were omitted to get a reference
spectrum (of signal intensity Sg) and a second (of signal intensity
S), where the dipolar interaction is reintroduced. Figure 4c
shows the intensity ratio S/Sp as a function of the recoupling
times for the carbon-13 resonance of the methyl groups at
8.5 ppm. Dephasing curves corresponding to aromatic
resonances are provided in Figure S8. The REDOR curves were
analysed considering that both polymers were fully *N-enriched
on the NH; and NO; groups. As the N atoms of the bipyridine
motifs bearing the metal centre are not SN-labelled and
therefore only present in 0.37 % natural abundance, the
dephasing of the CH3 signal arises from spatial proximities with
NO2/NH, groups. The slope of the dephasing curve reflects the
size of the dipole—dipole interactions and can in principle be
interpreted in terms of 2C-*N internuclear distances in a
system of isolated dipolar-coupled spin pairs and then compared
to the experimentally measured S/S, values.['? However, the
analysis may be complicated by multiple heteronuclear dipolar
coupling interactions”®7l as well as by a distribution of >N-3C
distances.

In the limit of short dipolar evolution times (S/So < 0.2-0.3),
Bertmer and Eckert showed that for multi-spin interactions (here

models..

a 13C spin coupled to multiple N spins),/ a geometry-
independent assessment of the dipolar coupling strength can be
obtained using a first-order approximation according to the
following equation:

s 16 , (.,
S—O=1—E'T . ZDL (2)

i=1
where 7 is the dephasing time and D; the dipolar coupling
constants of different 3C-'5N spin pairs with
YitVs-h o o
Di_Z'ﬂ.”Ti3.m (3)
The experimental curves were fitted up to 16 ms, yielding ¥, D?
of 1060+50 and 600+70 Hz> for Cp*Rh@IV(NO2) and
Cp*Rh@IV(NHz), respectively (Figure S9). The higher Y, D? is
indicative of larger dipolar couplings (for the same number of
terms) or of more terms in the sum (due to multiple couplings).
This in turn suggests that the pore size is smaller in
Cp*Rh@IV(NOy).
In an alternative way to interpret the REDOR data, we used the
I5N-13C distances up to 7 A from the computed structural
models (Table S4) to extract average dipolar coupling constants.
Subsequently the theoretical REDOR curves were calculated,
using the exact analytical function (see Sl section 5.1).
Remarkable agreements with the experimental data are
observed for those long-range distances (Figure 4c), providing
the strongest evidence for the soundness of the calculated
models. Thus, the REDOR data further support the finding that
the pores slightly contract when NH, are substituted by NO,
groups.
Based on the calculated model we concluded that most of the
Ccray"NHzinoz) distances are in a range of 3.8 to 6.4 A for
Cp*Rh@V(NO2) and in a range of 44 to 6.0A for
Cp*Rh@V(NH2). Moreover, as the uptake of the solvents TCE
(used in DNP) and acetonitrile (used in photocatalysis) are
comparable at similar pressure (Figure S2), the results from
REDOR, and thus from computational chemistry, can be
translated to the photocatalytic conditions in the CO,-to-HCOOH
model reaction (Figure S17). The similar Cchs)-*NnHamoz)
distances as well as pore openings of ~10A confirm
experimentally that the accessibility of the active Cp*Rh-site for
the [Ru(bpy)s]?* photosensitizer is not restricted, which in turns is
seen in the similar catalytic activity of ~3 mmolcoz/h/geat (Figure
S17).



Conclusion

In summary, we characterized the molecular structure and local
environment of an organometallic complex heterogenized within
amorphous POPs with an unprecedented level of detail. We
propose accurate molecular pictures established by
computational chemistry approaches that could only be
confirmed by a range of advanced DNP surface enhanced NMR
technigues as well as 12°Xe NMR and PDF analysis. Importantly,
the molecular structure of the heterogenized organometallic
moiety is not altered by the confinement within POPs, the
intramolecular distances in the first coordination sphere of the
central Rh atom being the same as in molecular model clusters.
Additionally, our results show that the overall ligand-pore wall
distances, as well as the pore size, are affected by the
functionalisation of the polymer, yielding significantly stronger
Cechzy*N dipolar couplings for the POP with NO groups,
compared to the one with smaller NH, groups. Using 1?°Xe NMR
spectroscopy, pore diameters of 10.0 A (Cp*Rh@IV(NO2)) and
10.5 A (Cp*Rh@V(NHz)) were obtained, providing experimental
evidence for the size of substrates which can access the Rh
catalytically active site within a porous matrix. This information
corroborates literature reports on the catalytic activity of Cp*Rh
functionalised POPs, which suggested no diffusion limitation for
small substrates (cross-section ~ 5 x 7 A?) to occur.[?2-24 Precise
knowledge of the molecular structure of an organometallic
complex heterogenized within a porous support material and of
its interactions with the surrounding pore is expected to open
new perspectives for the design of novel discrete molecular
catalysts heterogenized within chemically stable microporous
polymers.
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