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Vapour-phase surface-initiated cationic polymerisation of ethylvinyl-
ether occurs at single-crystals of the ¢-alkane complex [Rh(Cy,PCH,-
CH,PCy,)(NBA)I[BArf;]l. This new surface interface makes these
normally very air sensitive materials tolerant to air, while also
allowing for onward single-crystal to single-crystal reactivity at
metal sites within the lattice.

The modification of inorganic materials with covalently anchored
polymer chains installs a functional interface at their surface.
This allows for properties (e.g. chemical stability, hydrophobicity
and guest exchange rates) of the resulting composite material to
be systematically modified for applications in catalysis, medicine,
optoelectronics, sensors, coatings and separation.””* One important
method for the synthesis of such hybrid materials is surface-
initiated polymerisation,® where a surface site promotes polymer
chain growth on the platform material of choice; e.g. 2-D surfaces,*”
nanoparticles,® metal organic frameworks (MOFs)”® and supported
molecular catalysts.” Such grafting-from methodologies are distinct
from grafting-to techniques, where a preformed polymer chain is
attached to a surface.*'® The functionalisation of discrete single-
crystalline materials by surface-initiated polymerisation is, however,
much less common. Such single-crystal@polymer composites have
been reported for MOFs,” polyoxometallate frameworks (POMs),""
benzoic acids'? and alkali halides;" all of which present chemically
robust platforms for surface functionalisation. Closely related work
has shown that single-crystals of Co(OR)(salph) (R = Me, Ac)
promote ethylene oxide polymerization, with growth occurring
at specific loci on the surface of the molecular crystal rather
than the whole surface.™*

We have recently shown that addition of H, to the
Rh-precursor [Rh(Cy,PCH,CH,PCy,)(NBD)][BAr" ], [1-NBD][BAr",],
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Scheme 1 (A) The SMOM-concept and generation of a o-alkane complex.
(B) Surface-initiated polymerisation to give a SMOM@polymer. SC = single
crystal.

[NBD = norbornadiene, Ar* = 3,5-(CF;),C¢H;] leads to the
formation of the corresponding cationic c-alkane'® complex
[Rh(Cy,PCH,CH,PCy,)(NBA)|[BAr",], [1-NBA][BAr*;] (NBA =
norbornane), in a solid/gas single-crystal to single-crystal (SC-SC)
reaction, Scheme 1A."°"® The NBA-igand can be displaced in a
further SC-SC solid/gas transformation, by substrates such as
propene’” or isobutene,"® and this exchange is facilitated by the
hydrophobic network of CF;-groups in the non-porous lattice."®
We have termed this overarching concept solid-state molecular
organometallic chemistry (SMOM-chem)."”

We reasoned that if this displacement initially occurred at
the surface of the crystal®® use of a volatile monomer would
result in a vapour phase® cationic polymerisation at surface
{Rh(Cy,PCH,CH,PCy,)}" initiation sites. In this contribution we
report that this is the case, and that by careful control of
reaction conditions single-crystallinity can be retained in this
process, Scheme 1B. The polymer interface makes these normally
extremely air-sensitive crystalline materials tolerant to air, and also
allows for solid/gas reactivity to occur at the metal-sites within the
molecular crystal, in a SC-SC transformation.

This journal is © The Royal Society of Chemistry 2020
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Fig.1 (A) Vapour phase grafting-from polymerisation of EVE. (B) Experi-
mental setup for “Method A". Overlaid GPC traces, from single experiments, of
polymer formed using 1.5 mg crystals [1-NBAJ[BAr 4] formed by addition of H,
to [1-NBDI[BAY",] of different sizes [THF, 10 mg ml™%, M, (g mol™) relative to
polystyrene standards]. (C) Experimental setup for “Method B”, inset shows
single-crystal mounting of [1-NBAI[BAr JJ@polymer (30 seconds EVE
exposure time).

Ethylvinylether (EVE) was chosen as the volatile monomer,
due to its low boiling point (33 °C), well-established cationic
polymerisation chemistry to form poly(ethylvinylether) using
homogeneous®>*> and heterogeneous catalysis,” and use in
grafting-from processes on silica surfaces.>* Two methodologies
were developed to use discrete SMOM single-crystals under
vapour-phase polymerisation conditions, Fig. 1.

For Method A, a single crystal of precursor [1-NBD][BAr",]
(1.5 mg, 1 x 1 x 2 mm) was mounted, using a dab of silicon
grease, on the side of a 50 cm? flask fitted with a PFTE greaseless
stopcock and a glass insert to contain EVE monomer, Fig. 1B. The
active catalyst, [1-NBA][BAr",], was generated in a SC-SC trans-
formation by adding H, (1 bar) for 30 min. H, was removed and
EVE (0.15 cm?, [Rh]porar : [monomer] ~ 1:1000) placed in the
insert and the stopcock closed, generating a vapour atmosphere.
After 15 minutes the formation of liquid polymer was observed
around the crystal. Over a 48 h period this pooled at the bottom
of the flask, removing it from the locus of the solid-catalyst.
Analysis of this colourless oil by gel permeation chromato-
graphy (GPC) and NMR spectroscopy showed it to be atactic**
poly(ethylvinylether): Miyerage) = 21500 g mol ™ (B = 2.5).>° While
the crystal maintained visual integrity, after 15 minutes crystallinity
was lost (vide infra). Using the same total mass of precursor
but smaller crystals (3 x 0.5 mg, 0.5 x 0.5 x 1 mm) led to
shorter polymer chains with a wider distribution (Mpayerage) =
10900 g mol ™', P = 3.6), consistent with an increased number
of surface initiating sites.”” No polymerisation was observed
using [1-NBD][BAr",].

While this methodology allowed for bulk polymer to be prepared,
a temporal analysis of the catalyst was challenging. This was over-
come by a modification of the experimental procedure (Method B),
in which 5-6 crystals of precursor [1-NBD][BAr* ;] (~ 1 mg each) were
mounted on specially adapted PFTE stopcock fitted with a metal
needle, Fig. 1C. This technique allowed for expedient analysis of
crystalline SMOM@polymer by scanning electron microscopy (SEM),
NMR spectroscopy and single-crystal X-ray diffraction; especially
at the early stages of surface polymerisation (0-15 minutes).

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 SEM images of different single-crystal samples in polymer grafting-
from experiments. (A) [1-NBDI[BArf4]. (B) [1-NBDI][BAr"4] + H, to form
[1-NBAIIBArf4]. Inset shows microcracks. (C) [1-NBAIIBArsl@poly-
(ethylvinylether) formed after exposure to EVE for 30 seconds, (D) 2.5 minutes
EVE exposure. (E) 15 minutes EVE exposure.

Longer reaction times resulted a viscous polymer drop forming
that dissolved the catalyst (see ESIT for Movie).

SEM images of samples from these experiments are shown
in Fig. 2. Precursor [1-NBD][BAr",] shows a clean, unpitted
surface (Fig. 2A). While addition of H, to form [1-NBA][BAr",]
is a SC-SC transformation,'® significant microcracking of the
surface of the crystal occurs (Fig. 2B) that likely opens up more
initiating sites. This SEM analysis confirms previous suggestions
made by ourselves,”?*?® and others,* for micro-cracking in
solid/gas SMOM transformations. Analysis of the surface of
[1-NBA][BAr,] by Energy-Dispersive X-ray spectroscopy (EDX)
showed significant amounts of fluorine, consistent with the
-CF; groups of the [BAr",]~ anion being at or near surface.

After 30 seconds exposure of [1-NBA][BAr" 4] to EVE vapour a
polymer layer had formed on the surface of the crystal (Fig. 2C)
giving [1-NBA][BAr* ;J@poly(ethylvinylether). Fluorine is still
observed by EDX, suggesting a polymer layer of <1-2 pm. Dissolving
these crystals in MeCN solvent formed the previously reported
complex [Rh(Cy,PCH,CH,PCy,)(NCMe),][BAr",]:"" &*'P{'H} =
91.0 [J(RhP) = 175 Hz]. In addition to this complex, in the
"H NMR spectrum a low intensity, broad, resonance at § 3.5 is
observed that is assigned to the ether protons, -CH(OCH,CHj;)-,
of poly(ethylvinylether).>® Integration relative to [BAr",]~ gives a
ratio of 0.1: 1 respectively. *'P{"H} solid-state NMR spectroscopy
(SSNMR) of polymer-coated crystals shows that [1-NBA][BAr" ] is
the major species present, [d 110.3, virtual triplet J(RhP) = 209,
214 Hz].'® Additional signals at § 105 and § 80 are tentatively
assigned to polymer-bound surface species.

After 2.5 minutes exposure to EVE vapour the polymer layer
has increased, as shown by SEM (Fig. 2D), EDX that now reveals
no fluorine, and in the 'H NMR spectrum of the dissolved
sample in which the polymer ether groups are now clearly
observed: ratio with [BAr",]” 0.7:1. Further exposure to EVE
(15 minutes, Fig. 2E) results in a polymer corona around the
sample, and an increase in the polymer ether signals in the
'H NMR spectrum of dissolved material (ether : [BAr",] = 4.4:1).

Single crystallinity is retained in early stages of surface-
polymerisation. After 30 seconds exposure to EVE (Fig. 2C) analysis

Chem. Commun., 2020, 56, 4328-4331 | 4329
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by single-crystal X-ray diffraction provides a very good refinement
and solution for [1-NBA][BAr* ;J@poly(ethylvinylether) (R = 7.5%)
that is essentially isostructural with [1-NBAJ[BAr*,].'® After
2.5 minutes exposure (Fig. 2D) all high-angle data is lost and no
structural refinement was possible. 15 minutes exposure to EVE
resulted in complete loss of Bragg reflections.

The grafted-from polymer coating on [1-NBA][BAr" JJ@poly-
(ethylvinylether) makes crystals of this o-alkane complex
remarkably tolerant to air. Fig. 3A and B compare single-crystalline
samples of [1-NBA[[BAr",] with [1-NBA][BAr",|@poly(ethylvinylether)
formed after 30 seconds exposure to EVE, when both are contacted
with air. For the uncoated samples there is a progressive colour
change from red to green over 30 minutes, which is accompanied by
a complete loss in diffraction and a *'P{"H} SSNMR spectrum that is
broad and ill-defined. By contrast the polymer-coated crystals are air
stable over this time as measured by *'P{*H} SSNMR and single-
crystal X-ray diffraction. The resulting structural refinement for
[1-NBA][BAr*,] is essentially no different from pristine sample
synthesised under strict anaerobic conditions'® (Fig. 3C, R = 4.9%).
While longer contact times with air resulted in significant decom-
position, low-angle Bragg peaks are still evident after 8 hours.
Polymer matrices have been previously used to protect electro-
chemical hydrogen oxidation catalysts towards oxygen damage,® or
stabilise MOF nanoparticles towards decomposition by air.®

The polymer coating in [1-NBA][BAr" ;]@poly(ethylvinylether)
allows for solid/gas SC-SC transformations to occur at the metal
centre in the bulk crystal, albeit at an attenuated rate. Exposure
to propene (1 bar, 298 K) for 5 days resulted in exchange of the
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[1-NBA][BArF,]

[1-NBA][BArF,] py

Fig. 3 Optical images of samples of [1-NBAI[BAr"4] (left) and [1-NBAI[BArf Jl@
poly(ethylvinylether) (right, 30 seconds EVE vapour) after: (A) 1 minute exposure
to air and (B) 30 minutes exposure to air. Grid = 2 x 2 mm. (C) Solid-state
molecular structure of the cation in [1-NBAIIBAr" J@poly(ethylvinylether)
(30 minutes exposure to air). (D) Solid-state molecular structure of the cation
in [1-propenel[BArJ@poly(ethylvinylether) (only one disordered component
shown).
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NBA ligand for propene, to form [1-propene][BAr" JJ@poly(ethyl-
vinylether), in a SC-SC transformation. This is much slower
than for uncoated crystals (2 h'”) consistent with the polymer
layer, as measured by NMR spectroscopy. The structural refine-
ment (R = 10%) shows a propene ligand bound through alkene
and agostic Rh- - -H;C groups, as reported for unfunctionalised
[1-propene][BAr",]."”

A possible mechanism for the surface-initiated cationic
polymerisation of EVE is shown in Fig. 4. [Rh(Cy,PCH,CH,PCy,)-
(NBA)]" cations close to the surface undergo rapid substitution
with EVE to form an intermediate such as A, similar to those
proposed as initiating sites for homogeneous cationic polymer-
isations using transition metal complexes.>* Chain-propagation
then leads to polymer brushes' and the resulting SMOM@®@
polymer. Mechanical stress from growing polymer chains may
well lead to detachment from the crystal surface over time,
which would also contribute to the observed loss in crystallinity.

In support of this mechanism we have characterised a model
complex for intermediate A by using diethyl ether as a saturated
analogue of EVE, that mimics initiation but does not propagate.
Fig. 5 shows the synthetic methodology and solid-state structure
of [Rh(Cy,PCH,CH,PCy,)(Et,O)][BAr,], [1-Et,O][BAr*,] formed
by exposing crystalline [1-NBA][BAr* 4] to diethyl ethyl vapour for
24 hours after which excess vapour is removed with an argon
flush.*® Unsurprisingly, [1-NBD][BAr*,] was unreactive. The
cation is a pseudo square planar {Rh(L,)}" fragment bound with
a diethyl ether ligand, through Rh-O [2.204(6) A] and y-agostic®?
Rh- - -H;C [Rh-C27, 2.522(9) A] interactions. Reflecting the different
trans influence of ether versus agostic groups, Rh-P1 is shorter than
Rh-P2. In the *'P{"H} SSNMR spectrum two sharp environments are
observed at 6 107.0 [J(RhP) = 201 Hz] and 99.2 [ J(RhP) = 223 Hz),
the latter assigned to P1 on the basis of the larger coupling to
103Rh. While the formation of [1-Et,O][BAr" ] from [1-NBA][BAr",] is
a SC-SC process, the amorphous [BAr*,]-coordinated zwitterion
[Rh(Cy,PCH,CH,PCy,){(n°®(F5C),CeH;)BAr";}] [1-BAr",]'® is also
formed by subsequent loss of Et,0,%" as signalled in the *'P{'"H}
SSNMR spectrum by a broad peak at é 91. This hampers further
solid-state reactivity studies of [1-Et,O][BAr*4]. It is also not
stable solution and dissolving in cold CD,Cl, or Et,O (183 K)

®
-H NN Et\
H H /\ O/\ O \ Q
it o I I
[1-NBAJ[BAF,]

YRt

model surface of [1-NBA][BArF J@polymer

Fig. 4 Suggested mechanism of grafting-from cationic surface poly-
merisation to form [1-NBA][BAr"J@poly(ethylvinylether). [BAr",]~ anions
not drawn.

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 (A) Synthesis of [1-Et,Ol[BArf,4] from [1-NBAI[BArF4]. (B) Solid-
state molecular structure of [1-Et,O1[BArf 4] with selected bond distances.
Hydrogen atoms in calculated positions. See ESI.¥

results in the formation [1-BAr",]. While structurally char-
acterised diethyl ether complexes are known,** [1-Et,O][BAr" 4]
is the first example of a diethyl ether complex that also contains
an agostic interaction.

In summary, vapour phase grafting-from SMOM@polymer
method provides a simple method for stabilisation of reactive,
crystalline, molecular organometallic species towards air while
also allowing for single-crystal structural determinations and
retaining bulk SC-SC reactivity. That this methodology results in a
c-alkane complex becoming air tolerant in the solid-state further
extends the potential use of these fascinating, and reactive,'’
complexes as precursors in synthesis and catalysis.”®
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