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[Cu(4-phenylpyridine)4(trifluoromethanesulfonate),] is a new
Werner complex that exhibits switching behaviour between non-
porous (apohost) and porous (guest-loaded) phases upon exposure
to o-xylene but not when exposed to other C8 isomers. High o-
xylene selectivity (>6) vs. the other C8 isomers was observed from

binary mixtures, only the third occurrence across all sorbent types.

The C8 aromatics, important chemical commodities for
production of polymers and fine chemicals, are purified by
energy intensive separation processes.! When the C8 isomers,
xylene regioisomers (ortho- (OX), meta- (MX) and para-xylene
(PX)) and ethylbenzene (EB), are catalytically reformed from
crude oil, they elute as a mixture and must be separated before
further use. However, their similar boiling points makes
distillation energy-intensive and time consuming. The current
distillation process requires more than 150 theoretical plates to
isolate commercial-grade OX. As many as 360 theoretical plates
are required to further separate MX and PX2 thanks to the small
boiling point difference of 0.6 K between MX and PX. Overall,
the energy footprint for separation/purification of industrial
commodities represents ~15% of global energy production; a
value which is set to triple by 2050.1 Physisorption offers high
potential to address this separation challenge because of the
low energy associated with sorbent recycling.? Unfortunately,
most physisorbents suffer from low selectivity so there is much
interest in the study of new classes of porous sorbents. Metal-
organic materials (MOMs),* also known as metal-organic
frameworks (MOFs)> or porous coordination polymers (PCPs)®
are of particular interest in this context. The C8 isomer
selectivity of some MOMSs’-12 has been found to be similar or
better than traditional sorbents such as zeolites and silica.13-17
Clathrates,'®19 including Werner complexes that form Werner

o Department of Chemical Sciences, Bernal Institute, University of Limerick,
Limerick V94 T9PX, Republic of Ireland.
Email: xtal@ul.ie
Electronic Supplementary Information (ESI) available: Experimental details, crystal
structure data (CCDC numbers: 1953546-1953550), PXRD patterns, TGA traces, etc.
see DOI: 10.1039/x0xx00000x.

Adrianna M. Katuza,® Soumya Mukherjee,? Shi-Qiang Wang,? Daniel J. O’'Hearn® and Michael J.

Typel ,

Working ., -
capacity .

capacity

Pressure Pressure

Figure 1: The working capacity of rigid (type | isotherm) sorbents
will typically be less than switching (type F-1V isotherm) sorbents.

clathrates,?° also offer promise.?t-2> The current OX-selective
benchmark sorbents are sql-1-Co-NCS 26 (OX/MX, PX, EB = 7.5,
9.6, 60.1, respectively), a coordination network for which the
molecular building block?” is a Werner complex, and the Werner
complex Ni(NCS) (ppp)a (OX/MX, OX/PX = 34.2 and 40.5,
respectively).28 An attractive feature of these materials is that
they reversibly switch between non-porous (apohost) and
porous (guest-loaded) phases as exemplified by single-step or
“type F-IV”2? sorption isotherms, which favour higher working
capacities than rigid porous materials (Figure 1). Whereas there
are numerous examples of Werner complexes of formula
[MLsX3] (M = transition metal cation, L = aromatic N-donor
ligand, X = anionic ligand) that can form Werner clathrates, their
sorption isotherms towards aromatics are understudied.
Indeed, to our knowledge, there are only five previous reports
on these Switching Adsorbent Molecular Materials, SAMMs.
The first sorption study of a SAMM was in 1969 by Allison and
Barrer,3® who reported the sorption behaviour of [Co(4-
ethylpyridine)4(NCS),], SAMM-1-Co-NCS (1 = 4-ethylpyridine),
with various sorbates including benzene and xylenes.
Subsequently, SAMM-2-Cu-PFs, (2 = 4-methylpyridine) and
SAMM-3-Ni-NCS (3 = 4-phenylpyridine) were studied by
Nakamura3! and Barbour,32 respectively. SAMM-4-Cu-PF¢ and
SAMM-4-Cu-BF; (4 = pyridine) were investigated by
Nakamura.33 That SAMM-3-Ni-NCS is one of the top-performing
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Figure 2: a) Asymmetric unit of SAMM-3-Cu-OTf; b) Crystal packing of SAMM-3-Cu-OTf, with packing view along the crystallographic a axis. Colour codes: orange (Cu),
dark grey (C), blue (N), red (O), yellow (S) and bright green (F). Hydrogens are omitted for clarity; c) Thermodynamic sorption isotherms of OX (blue), MX
(green), PX (red) and EB (purple) on SAMM-3-Cu-OTf. Filled symbols represent adsorption & empty symbols represent desorption.

OX selective sorbents prompted us to study the effect of
substitution of its axial thiocyano ligands by triflate (CF3SO3)
anions. We were attracted by the hydrophobicity and thermal
stability of triflate3* and we herein report the C8 sorption
properties of the resulting new Werner complex of formula
[Cu(4-phenylpyridine)s(trifluoromethanesulfonate),], SAMM-
3-Cu-OTf.

SAMM-3-Cu-OTf was prepared by slurrying Cu(OTf), and 4-
phenylpyridine in EtOH at room temperature (rt) and was
isolated as a dark blue powder. Single crystals of SAMM-3-Cu-
OTf were harvested following recrystallisation from EtOH (see
S| experimental section for details). The PXRD pattern of the
powder was observed to closely match the calculated PXRD
pattern of the single crystal structure (Figure S3). Analysis of the
crystal packing indicated that the as-synthesised phase of
SAMM-3-Cu-OTf is a non-porous apohost (Figure 2b) as
confirmed by its 195 K CO; isotherm (Figure S1) and PLATON
analysis, which revealed only 5.1% void space. The crystal
structure of SAMM-3-Cu-OTf revealed that it is an octahedral
metal-organic complex (Figure 2a) which packs in the triclinic
space group P1 with Z = 2. SAMM-3-Cu-OTf exhibits a Jahn-
Teller effect as the two Cu-OTf axial distances are elongated and
unequal (Cul-O1 and Cul-0O4 distances measure 2.450 A and
2.344 A respectively). This phase can be classified as the
“a—phase”?4 since it is densely-packed and non-porous. Being
stable until ca. 200 °C, SAMM-3-Cu-OTf features high thermal
stability (Figure S5).

Exposing SAMM-3-Cu-OTf to OX vapour results in a switching
isotherm (42 wt% uptake) at ca. 90% OX partial pressure. The
isotherm is accompanied by large hysteresis. Exposing the
complex to MX, PX or EB resulted in no uptake (Figure 2c) as
also confirmed by TGA (Figure S6) and PXRD (Figure S4). We
have also measured the sorption isotherms of OX, MX, PX and
EB on SAMM-3-Ni-NCS and the sorbent exhibited switching,
‘closed-to-open’ isotherms for all four isomers. Similarly, gate
opening occurred at a high partial pressure and a large
hysteresis was present (Figure S2). That SAMM-3-Cu-OTf
discriminates OX from the other C8 isomers prompted us to
investigate if it exhibits high OX selectivity.

The porous (guest-loaded) phase, SAMM-3-Cu-OTf-40X, was
isolated by recrystallising an OX solution of the a—phase by

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

stirring at 50 °C overnight. Standing this solution at rt for ca. 3
days afforded purple, block shaped crystals. The calculated
PXRD pattern obtained from the single crystal structure was
observed to match the experimental PXRD pattern obtained by
soaking the a—phase in OX for 18 h (Figure S4), signifying that
switching from closed to open phase occurs by exposing the
a—phase to liquid OX. SAMM-3-Cu-OTf-40X crystallises in the
triclinic space group P-1 (Z = 2) and contains ~ 45.3% of void
space as determined by PLATON which are occupied by four OX
molecules per unit formula (Figure 3a). This amount of OX
constitutes 30% by weight and is consistent with its
thermogravimetric profile (Figure S6). Following previous
nomenclature, we classify SAMM-3-Cu-OTf-40X as the
d—phase?* since it exhibits solvent channels (Figure 3b). OX
molecules lie within these channels and exhibit intermolecular
interactions comprised of multiple C-H---F, C-H---O, C-H:--7 and
-7 interactions (see Sl; Figure S24, Table S4).

Whereas the sorption isotherm suggested that selectivity values
for OX vs. the other C8 isomers could be near-infinite, this was
not the experimental outcome. Selectivity values obtained from
vapour guest adsorption were 6.1, 23.1 and 18 for OX/MX,
OX/PX and OX/EB respectively (see SI, section 9 for details). We
attribute these results to competing isomers entering the
channel structure of the 8—phase after it is formed. This
hypothesis was tested by analysing the crystal structures of
SAMM-3-Cu-OTf in two distinct solvated phases. Phase | forms
when the a—phase is crystallised from pure OX whereas phase
Il forms when the a—phase is crystallised from an OX-containing
binary isomer mixture, i.e. OX/MX, OX/PX or OX/EB (see
experimental section for details). Phases | & Il crystallise in the
same space group (P-1) and both contain four guest molecules
per unit formula, however their unit cell dimensions differ.
Unlike Phase I, phase Il exhibits disorder in the guest molecules.
When Phase Il is obtained by crystallisation from an equimolar
OX/MX mixture, we found substitutional disorder between an
OX and a MX molecule at one of the guest sites. By calculating
the total occupancy ratio of OX to MX in the unit cell, a
calculated selectivity was obtained (6.5 + 0.2). This value closely
resembles the OX/MX selectivity value from *H NMR. Presence
of MX in the structure supports the hypothesis that OX causes

This journal is © The Royal Society of Chemistry 20xx
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Figure 3: a) Asymmetric unit of SAMM-3-Cu-OTf-40X; b) Crystal packing of SAMM-3-Cu-OTf-40X, with packing viewed along the crystallographic a axis. Colour codes: orange

(Cu), dark grey (C), blue (N), red (O), yellow (S), bright green (F) and dark green (OX). Hydrogens are omitted for clarity; c) Five consecutive cycles of OX sorption
on SAMM-3-Cu-OTf; d-f) Comparison of the OX uptake and selectivity of SAMM-3-Cu-OTf (red) vs. other MOMs (black) at 298 K and 1 bar: d) OX/MX; e) OX/PX; f)
OX/EB. 1-14 refer to MOMs reported in the literature (black shapes, see section 11 of Sl).

the uptake of other isomers when the open phase sorbent is
exposed to a mixture of xylenes. However, it was not possible
to resolve substitutional disorders in the phase Il structures
crystallised from OX/PX and OX/EB mixtures as the disorder was
too complex to model (see SI, section 7 for details). We suspect
that this is due to higher selectivities for OX/PX and OX/EB
compared to OX/MX.

Recyclability studies revealed that the sorbent retains stability
over at least five consecutive sorption cycles with no structural
collapse (Figure 3c). Kinetics of the 15t cycle was observed to be
slower, which might be attributed to an increased surface area
of the sorbent after the first cycle. Increased surface area might
be the result of one or more of the following factors: (i) increase
in surface roughness i.e. corrugation (Figure S7); (ii) reduced
particle agglomeration (Figure S8), as shown by SEM images.

As seen in Figures 3d-f, the separation performance of SAMM-
3-Cu-OTf compares favourably with the other OX selective
MOMs reported in literature, particularly with respect to its
preference for OX over PX and EB, where its selectivity is
outperformed only by one sorbent. In the case of PX, its
selectivity is surpassed by SAMM-3-Ni-NCS and, in the case of
EB, its selectivity is below only sql-1-Co-NCS. In terms of uptake
capacity at saturation, SAMM-3-Cu-OTf features a higher
uptake compared to the other C8 sorbents. We note that the
three sorbents that stand out in terms of OX selectivity are each
non-porous switching materials: SAMM-3-Ni-NCS, sql-1-Co-
NCS and SAMM-3-Cu-OTf (Table 1). We also note that a recently

This journal is © The Royal Society of Chemistry 20xx

reported leading PX sorbent is also a molecular material based
upon a coordination complex.33

Compound OX/MX OX/PX OX/EB
sql-1-Co-NCS 7.52 9.62 60.12
SAMM-3-Ni-NCS 34.22 40.52 N/A
SAMM-3-Cu-OTf 6.1 23.1b 18.0P

Table 1: Selectivity values for the benchmark OX-selective sorbents reported in the
literature: sql-1-Co-NCS, SAMM-3-Ni-NCS and SAMM-3-Cu-OTf (a: from literature; b:
this contribution), all data recorded at 298 K and 1 bar; N/A = not available.

In conclusion, the new Werner complex SAMM-3-Cu-OTf
displays strong affinity for OX vs. the other three C8 isomers.
When exposed to binary mixtures, SAMM-3-Cu-OTf is highly
selective towards OX and offers selectivity values which
outperform rigid porous sorbents. Whereas the switching
sorption isotherm is observed over multiple cycles, it requires a
high partial pressure and large hysteresis in the desorption step
is observed. The high uptake and selectivity associated with
non-porous, switching molecular sorbents3336 (as also
demonstrated by the high-performing OX sorbents in figures
3d-f), highlights that non-porous molecular materials offer
potential for C8 purification. Reflecting upon the OX selectivities
of the top-performing metal-organic sorbents (Figures 3d-f),
that the two top performing sorbents in terms of selectivity
both exhibit phase-switching behaviour suggests that such
switching is a desirable feature for selective molecular

J. Name., 2013, 00, 1-3 | 3
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recognition. Further, SAMMs and their 2D analogues SALMAs26
inexpensive and facile-to-synthesize,
making them amenable to ligand substitution, perhaps the
engineering design principles.3” This
counterintuitive approach to C8 separation (i.e. use of a non-
porous sorbent that switches to an open phase) may emerge
beyond C8 separations thanks to the low energy footprint

are highly modular,

simplest of crystal

ChemComm

generally associated with physisorptive processes.
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