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Reversible single-crystal to single-crystal phase
transformation between a new Werner clathrate
and its apohost†

Catiúcia R. M. O. Matos, a,b Rana Sanii, a Shi-Qiang Wang, a

Célia M. Ronconi b and Michael J. Zaworotko *a

In this work, we report the synthesis and structural characterisation of the ligand 2-(pyridin-3-yl)-benzo

[de]isoquinoline-1,3(2H)-dione, 5, its isostructural Werner complexes ML4(NCS)2 (L = 5; M = Co(II) and Ni

(II)), and five clathrates with three aromatic guests, ML4(NCS)2·2G (M = Co(II) and Ni(II), G = nitrobenzene

(NB); M = Co, G = 1,2-dichlorobenzene (1,2-DCB); M = Co(II) and Ni(II), G = o-xylene (OX)). 5 was pre-

pared in high yield by condensation in the solid-state (C3S3, Cocrystal Controlled Solid-State Synthesis).

The Werner complexes ML4(NCS)2 (M = Co(II) and Ni(II)) (apohosts) were prepared by reacting M(NCS)2 (M

= Co(II) and Ni(II)) and 5 in 1-butanol at 60 °C for 24 h. The Werner clathrates were prepared by reacting

M(NCS)2 (M = Co(II) and Ni(II)), G and 5 in 1-butanol at 60 °C for 48–96 h. The clathrates were observed to

transform to the apohost ML4(NCS)2 upon heating. CoL4(NCS)2·2NB was subsequently regenerated by

exposing CoL4(NCS)2 to liquid NB at 60 °C for 48 h. This phase change occurred as a single-crystal to

single-crystal phase transformation and was studied by single crystal X-ray diffraction, powder X-ray diffr-

action and thermal analyses. Structural analyses of the apohost CoL4(NCS)2 and its Werner clathrate

CoL4(NCS)2·2NB indicated that rotational freedom of the Co-N bonds together with torsional flexibility of

the ligand between the imide bond and the pyridine moiety are key to enabling the structural switching

induced by exposure to NB or its removal.

Introduction

Werner complexes of general formula ML4X2 are historically
important in the context of coordination chemistry1 and are
exemplified by octahedral transition metal (M) complexes that
involve coordination of four equatorial aromatic N-donor
ligands (L) and two axial anionic ligands (X). Powell intro-
duced the concept of “clathrate” in the 1940s to classify com-
pounds in which guest molecules are trapped within a void
present in the structure of host compound.2,3 By the late 1950s
it had been recognised that Werner complexes can form clath-
rates of general formula ML4X2·nG (G = guest).4–6 Schaeffer

reported that the Werner complex Ni(4-MePy)4(NCS)2, (4-MePy
= 4-methylpyridine) forms clathrates with xylenes, cymenes
and methylnaphthalenes and that selective clathration
enables separation of aromatic hydrocarbons.4 Several other
groups subsequently studied the inclusion chemistry of
Werner complexes. Radzitzk investigated Werner complexes
containing a variety of primary substituted benzylamine
ligands, e.g. Ni(α-propylbenzylamine)4(NCS)2, and their selec-
tive clathration of mono- and poly-substituted benzenes and
naphthalenes.5 Williams studied the clathrates of M(4-
MePy)4(NCS)2 (M = Fe, Co, Ni) formed in the presence of mix-
tures of dichlorobenzenes or methylstyrenes and observed
selectivity towards the respective para isomers.6 In the 1980s,
Lipkowski detailed how Ni(4-MePy)4(NCS)2 forms clathrates
with 1-bromonaphthalene and azulene.7 Lipkowski’s group
also studied clathrate formation in terms of kinetics and
thermodynamic stability for Ni(4-MePy)4(NCS)2.

8 The term
“Werner clathrate” was coined by Nassimbeni and co-workers
in the 1980s,9–12 who explored the versatility of [Ni(NCS)2(4-
MePy)4] complexes through substitution of the pyridine
ligands and/or counterions and their clathrates with xylenes
and other guests.13,14
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The porous (open) phases of the Werner clathrates are typi-
cally crystallised by forming a Werner complex in the presence
of guest molecules or through exposure of an as-synthesised
non-porous (closed) Werner complex to solid–liquid and/or
solid–vapour reactions with guests.15 The inclusion of guest
molecules within the structures of Werner clathrates can be
classified into four categories according to their crystal
packing motifs: (i) densely packed non-porous, α-phase; (ii)
porous β-phase, a cage-type clathrate; (iii) porous δ-phase, a
channel-type clathrate and (iv) porous γ-phase, a layer-type
clathrate.10,16,17

An important feature of Werner complexes is the rotational
freedom of metal-N bonds.11 For substituted pyridine ligands
there can be additional rotational freedom for the Werner
complex thanks to torsional flexibility at the substituent.13,18

In essence, this is what enables a Werner complex to adjust its
shape to accommodate a variety of guests of different sizes
and shapes11 while also facilitating the reverse phase trans-
formation through removal of guest molecules. The potential
utility of Werner complexes in separations is critically depen-
dent upon both the selectivity of Werner clathrates towards the
components of a mixture and whether or not guest uptake/
removal is reversible.19–27

A survey of the literature has revealed that some Werner
complexes can exhibit reversible sorption isotherms between
their non-porous and porous phases. We recently termed such
complexes Switching Adsorbent Molecular Materials
(SAMMs).15,16,28,29 Structural switching between non-porous
and porous phases in SAMMs is demonstrated by a single-step
or “Type F-IV”30 sorption isotherms. Such isotherms are of par-
ticular interest because which can offer higher working
capacities than rigid porous materials, which tend to exhibit
Type I isotherms.31,32 To our knowledge, the first reversible
sorption isotherm for a Werner complex was reported in 1969
by Allison and Barrer,31 who investigated the sorption pro-
perties of Co(4-ethylpyridine)4(NCS)2, SAMM-1-Co-NCS, when
exposed to benzene, toluene or C8 isomer.31 SAMM-2-Cu-PF6
(2 = 4-methylpyridine) was studied by Nakamura et al.28 and
found to form clathrates with guests such as acetone, buta-
none and benzene. Sorption isotherms were reported for
benzene and CO2. Nakamura et al. also reported on SAMM-4-
Cu-PF6 and SAMM-4-Cu-BF4 (4 = pyridine) and their acetone
and acetonitrile vapour sorption isotherms.29 Barbour et al.
studied SAMM-3-Ni-NCS (3 = 4-phenylpyridine) and its clath-
rates with o-xylene (OX), p-xylene (PX) and m-xylene (MX).
SAMM-3-Ni-NCS was found to exhibit the highest selectivity
observed for the three xylene isomers at that time.16 Sorption
isotherms of benzene and toluene were also reported.16

Recently, we reported that SAMM-3-Cu-OTf switches between
non-porous and porous phases upon exposure to OX but not
when exposed to other C8 isomers at high partial pressure.33

That Werner complexes and related materials, such as flex-
ible porous coordination networks, can exhibit selective
capture of organic compounds34,35 is a topical subject thanks
to the lack of scientific understanding about what drives
switching phenomena and the potential utility for separations.

With respect to coordination networks, we and others36–40

have demonstrated that square lattice topology coordination
networks based upon Werner complexes connected by linker
ligands41 can exhibit reversible phase transformations when
exposed to a range of guests. In addition, metal complexes
that undergo structural switching and reversible isotherms
triggered by a guest molecule remain quite rare. A survey of
the Cambridge Structural Database (CSD, ConQuest 2020 2.0,
CSD v5.41 + August 2020 update)42 revealed that 345 octa-
hedral metal complexes containing pyridine-based terminal
ligands are archived but only six are SAMMs that are known to
exhibit reversible clathrate formation (CSD database search
details, ESI†). SAMMs based upon Werner complexes therefore
remain an understudied class of compounds and represent an
attractive platform for structure–function studies thanks in
part to the ready availability of many N-donor ligands that in
turn allow for creation of families of closely related complexes.
In addition, we note that Werner complexes offer synthetic
simplicity and structural diversity in comparison to most
coordination networks. Our specific interest in the study of
Werner complexes lies with properties, especially the study of
Werner complexes that exhibit pore adaptive behaviour that
can result in selectivity towards a specific guest.32,33 Such
behaviour opens the opportunity to generate high working
capacity sorbents for selective separation by enclathration.

In this contribution, we report the solid-state synthesis 2-
(pyridin-3-yl)-benzo[de]isoquinoline-1,3(2H)-dione, 5, and its
use as a Werner complex ligand. The formation of imides from
Cocrystal Controlled Solid-State Synthesis (C3S3) has been pre-
viously exploited by our group as a mechanochemical
approach to prepare ligands43–45 and typically involves solvent-
drop grinding (SDG)46–48 followed by heating. Advantages of
C3S3 include the following: (i) little solvent is required,
especially compared to solution-based synthesis methods; (ii)
yields are typically high, often approaching quantitative; (iii)
new condensation products can be readily accessible from
simple organic building blocks.49

Results and discussion
Synthesis of ligand 5

(2-(Pyridin-3-yl)-1H-benzo[de]isoquinoline-1,3(2H)-dione), 5,
was previously reported as an intermediate of an N-oxide
organic ligand obtained by microwave-assisted synthesis50 and
has been used to form Eu(III), Gd(III)50 and Ru(II) complexes51

but is otherwise unstudied. We prepared 5 from condensation
of 1,8-naphthalene anhydride (1,8-NA) and the 3-amino-pyri-
dine (3APy) using C3S3 (Fig. 1a).43,44 A 1 : 1 ground mixture of
1,8-NA and 3APy formed an intermediate via SDG when using
120 μL of EtOH. The imide was obtained by heating the inter-
mediate at 185 °C for 5 h, affording 5 in 93% yield (Fig. 1a). In
the synthesis of 5, the selection of EtOH was guided by solvent
selection guidelines developed by and for industry.52 To our
knowledge, the synthesis of 5 through mechanochemistry has
not been previously reported.
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Synthesis of Werner complexes and clathrates

5 and M(NCS)2 (M = Co(II) and Ni(II)) were dissolved by heating
in 1-butanol or 1-butanol/MeOH and layered to form the
Werner complexes reported herein. Reaction of 5 with Co
(NCS)2 in 1-butanol at 60 °C afforded pink crystals of the
apohost, SAMM-5-Co-NCS (Fig. 1b, 3a, b and Scheme S1†),
whereas reaction with Ni(NCS)2 in 1-butanol/MeOH afforded
green crystals of SAMM-5-Ni-NCS (Scheme S1†). SAMM-5-Ni-
NCS was also obtained from heating the Werner clathrates
of Ni(II) with OX and NB.(Fig. S17a and b†) Reaction of 5
with M(NCS)2 (M = Co(II) or Ni(II)) in NB with 1-butanol
or 1-butanol/MeOH, afforded the isostructural Werner clath-
rates SAMM-5-Co-NCS·NB and SAMM-5-Ni-NCS·NB as pink
and green crystals, respectively (Fig. 1b, 3c, d, S17c, d and
Scheme S1†). A detailed description of the structure of
SAMM-5-Co-NCS·NB is presented below.

Reaction of 5 and Co(NCS)2 in a mixture of 1-butanol and
1,2-DCB formed SAMM-5-Co-NCS·(1,2-DCB) as pink crystals
suitable for SCXRD (Fig. 1b, 3e, f and Scheme S1†). Reaction of
5 with M(NCS)2 (M = Co(II) or Ni(II)) in a mixture of OX,
1-butanol or 1-butanol/MeOH afforded the isostructural
Werner clathrates SAMM-5-Co-NCS·OX and SAMM-5-Ni-
NCS·OX (Fig. 1b, 3g, h and Scheme S1†). Only the structural
details of SAMM-5-Co-NCS·OX are discussed in detail herein.
Our initial attempts to obtain Werner clathrates using OX at
60 °C for 48 h afforded SAMM-5-Co-NCS and SAMM-5-Ni-NCS
with some crystals of SAMM-5-Co-NCS·OX and SAMM-5-Ni-
NCS·OX, respectively (Fig. S9a†). However, reactions at room
temperature for 48 h resulted in the formation of the clathrate
phases SAMM-5-Co-NCS·OX and SAMM-5-Ni-NCS·OX as bulk
products (Fig. S9b†). Attempts to obtain Werner clathrates at
60 °C using ethylbenzene (EB), methylnaphthalene (MN),
meta-xylene (MX) and para-xylene (PX) were unsuccessful and
resulted instead in isolation of SAMM-5-Co-NCS. SAMM-5-Co-
NCS·EB was obtained at room temperature and found to be
isostructural with SAMM-5-Co-NCS·OX. Full characterisation
details are provided in ESI.†

Structural analyses

SCXRD studies revealed that 5 crystallised as an anhydrate in
the orthorhombic space group P212121 with one molecule of 5
comprising the asymmetric unit (Fig. 2a and Table S2, ESI†).
The torsional flexibility of the imide bond allowed for the
pyridyl ring to be twisted by 55.42° and −126.56° (torsion
angles) with respect to the imide moiety. A number of CH⋯π,
CH⋯N and CH⋯O contacts, π⋯π stacking directed the crystal
packing (Fig. 2b).

SAMM-5-Co-NCS crystallised in the monoclinic space group
P21/n (Table S3 and Fig. S17a and b, ESI†) with two crystallo-
graphically independent molecules of 5, one Co2+ cation on a
special position, and one independent NCS− anion comprising
the asymmetric unit (Fig. S13a, ESI†). The crystal structure of
SAMM-5-Co-NCS revealed that each Co2+ cation adopts octa-
hedral coordination geometry with nitrogen atoms from four
different ligands forming the equatorial plane and Co–N bond
distances ranging from 2.218(6) to 2.293(7) Å. Octahedral
coordination is completed by two NCS− anions at the axial
positions of the Co2+ with Co–N bond distances of 2.055(9) Å
(Fig. 3a). These distances are in good agreement with related
coordination compounds.53–55 As mentioned earlier, Werner
complexes and clathrates can be classified into four categories,
α, β, δ or γ, according to the type of crystal packing.10,16,17

SAMM-5-Co-NCS and SAMM-5-Ni-NCS are therefore classified
as α-phases since they are densely-packed and non-porous
(Fig. 3a, b and Fig. S17a, b†).10 Intermolecular interactions
include CH⋯π, CH⋯N and CH⋯O contacts along with π⋯π
stacking (Table S5, ESI†).

SAMM-5-Co-NCS·NB crystallised in the monoclinic space
group P21/n, whereas SAMM-5-Co-NCS·OX adopted the triclinic
space group P1̄ (Fig. 3c, g, S17, S18, Tables S3 and S6, ESI†).
The asymmetric unit of each Werner clatharate contains two
crystallographically independent molecules of 5, one Co2+

cation at a special position, one coordinated NCS— anion and
one guest molecule (NB or OX) (Fig. S13, ESI†). The octahedral
geometries around Co2+ are retained in SAMM-5-Co-NCS·NB
and SAMM-5-Co-NCS·OX, with Co–N bond distances ranging
from 2.055 (18) to 2.213(19) Å. The structural analysis revealed
that NB or OX molecules lie in channels of SAMM-5-Co-
NCS·NB and SAMM-5-Co-NCS·OX, respectively, classifying
them as porous δ-phases (Fig. 3d and h). The rotational
freedom about Co–N bonds, as well as the flexibility between
the imide bond and the pyridine moiety of 5, provided two dis-

Fig. 1 (a) Synthesis of 5 was accomplished using Cocrystal Controlled
Solid-State Synthesis (C3S3) approach via solvent-drop grinding (SDG).
(b) Preparation of SAMM-5-Co-NCS and its Werner clathrates with nitro-
benzene, NB, SAMM-5-Co-NCS·NB; o-xylene, OX, SAMM-5-Co-NCS·OX
and 1,2-dichlorobenzene, 1,2-DCB, SAMM-5-Co-NCS·(1,2-DCB).

Fig. 2 (a) Asymmetric unit of 5 and its torsion angles. (b) Supramolecular
interactions I, II, III and IV.
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tinct conformations and crystal packing for each δ-phase
(Fig. 3c and g). Intermolecular interactions in both δ-phases
are governed by CH⋯π and CH⋯O contacts as well as π⋯π
stacking enabled by the structural flexibility of 5 (ESI†). When
single crystals of SAMM-5-Co-NCS·NB and SAMM-5-Ni-NCS·NB
were stored at room temperature for two days they underwent
polymorphic transformations from P21/n to C2/m (Tables S3
and S4, ESI†). Both polymorphs can also be classified as
δ-phases. In the P21/n phases, NB molecules lie within 1D
channels (Fig. 3c, d and S17a, b†) whereas in the C2/m phases
NB molecules are disordered inside the channels. SAMM-5-Co-
NCS·(1,2-DCB) was found to be isostructural to the C2/m
phases of NB clathrates with disordered 1,2-DCB molecules
inside the channels (Fig. 3e, f and Table S4, ESI†).

Investigation of the reversibility of phase transformations

We next investigated whether or not the δ-phase (SAMM-5-Co-
NCS·NB) can revert back to the α-phase (SAMM-5-Co-NCS) in a
SC to SC phase transformation. Thermogravimetric Analysis
(TGA) of the as-synthesised crystals of SAMM-5-Co-NCS·NB

revealed a weight loss of 15% between 152 and 188 °C consist-
ent with the loss of two NB molecules per formula unit
(Fig. 6). A single crystal of as-synthesised SAMM-5-Co-NCS·NB
was heated at 185 °C for 1 h to remove NB (process I, Fig. 4a
and b). PXRD and SCXRD data from the single crystal obtained
after heating were consistent with as-synthesised SAMM-5-Co-
NCS (Fig. 5 and Table S7, ESI†). Single crystals of SAMM-5-Co-
NCS as obtained from process I were then soaked in NB at
60 °C for 48 h (process II, Fig. 4a and b). The PXRD patterns of
the single crystals obtained after soaking in NB matched well
with the calculated and experimental PXRD patterns of as-syn-
thesised SAMM-5-Co-NCS·NB (Fig. 5). TGA (Fig. 6) and SCXRD
results also support the reversibility of process II (Fig. 4a and b
and Table S7, ESI†). A video recording of a single crystal of
SAMM-5-Co-NCS in contact with liquid NB revealed evolution
of bubbles from the crystal surface, which we attribute to the
release of gases trapped in cavities during transformation from
non-porous to porous phases (ESI†). SAMM-5-Co-NCS prepared
from 5 and Co(NCS)2 in 1-butanol also formed SAMM-5-Co-
NCS·NB when soaked in NB at 60 °C for 48 h (process II)

Fig. 3 Crystal structure of the: α-phase of SAMM-5-Co-NCS representing (a) the coordination environment around Co2+ cations; (b) crystal packing
of SAMM-5-Co-NCS molecules viewed along the a-axis; δ-phase of SAMM-5-Co-NCS·NB representing (c) the coordination environment around
Co2+ cations; (d) crystal packing viewed along the a-axis; δ-phase of SAMM-5-Co-NCS·(1,2-DCB) representing (e) the coordination environment
around Co2+ centre; (f ) view of the crystal packing through c-axis; δ-phase of SAMM-5-Co-NCS·OX representing (g) the coordination environment
around Co2+ centre; (h) view of the crystal packing through a-axis.

Fig. 4 (a) Reversible SC-SC phase transformation occurs upon heating single crystals of the δ-phase SAMM-5-Co-NCS·NB at 185 °C to remove NB
(process I, removal) followed by soaking crystals of the α-phase SAMM-5-Co-NCS in NB to regenerate SAMM-5-Co-NCS·NB (process II, uptake). (b)
Images of a single crystal subjected to processes I and II.
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(Fig. S20, ESI†). However, no phase transformation occurred
following exposure of SAMM-5-Co-NCS to NB vapour at 60 °C
for 48 h or after soaking in OX, MX, PX or EB at 60 °C for 48 h
(Fig. S21a, ESI†). As-synthesised SAMM-5-Ni-NCS did not
undergo phase transformation when soaked in NB at 60 °C for
96 h or after soaking in OX, MX, PX or EB for 48 h. PXRD
revealed that SAMM-5-Ni-NCS remains after soaking in NB.
(Fig. S21b and S22a, ESI†). The δ-phase SAMM-5-Ni-NCS·NB
transformed to the α-phase of SAMM-5-Ni-NCS upon heating
at 185 °C for 1 h (Fig. S21b and S22b, ESI†). SAMM-5-Ni-NCS
did not undergo a reversible phase transformation upon
soaking in liquid NB at 60 °C for 72 h as indicated by the TGA
curve of a sample that had been soaked in NB (Fig. S21b and
S22b, ESI†). Single crystals of the δ-phase SAMM-5-Co-

NCS·1,2DCB prepared from 5, Co(NCS)2 and 1,2-DCB trans-
formed to SAMM-5-Co-NCS upon heating at 200 °C for 30 min
(Fig. S23a ESI†). The reverse structural transformation did not
occur following soaking in 1,2-DCB at 60 °C for 48 h according
to TGA and PXRD data (Fig. S23a and b, ESI†).

A single crystal of the δ-phase SAMM-5-Co-NCS·OX prepared
from 5, Co(NCS)2 and OX transformed to SAMM-5-Co-NCS
upon exposure to ambient conditions for 12 h (Table S7, ESI†).
This phase transformation can also be induced by heating
crystals of SAMM-5-Co-NCS·OX and SAMM-5-Ni-NCS·OX at
200 °C for 1 h, resulting in the formation of SAMM-5-Co-NCS
and SAMM-5-Ni-NCS, respectively (Scheme S1, Fig. S9b, ESI†).
After heating, SAMM-5-Ni-NCS was washed with MeOH to
remove residual 5, while SAMM-5-Co-NCS required no
additional purification (Fig. S24, ESI†). The reverse transform-
ation did not occur following soaking of the regenerated
phases of SAMM-5-Co-NCS and SAMM-5-Ni-NCS in OX at 60 °C
for 48 h. Rather, SAMM-5-Co-NCS and SAMM-5-Ni-NCS were
isolated, respectively (Fig. S24, ESI†). Therefore, among the
Werner complexes reported herein, only the NB clathrate of
SAMM-5-Co-NCS exhibited reversible transformations analo-
gous to those seen in other Werner complexes and related
coordination networks.56,57

Structural flexibility of Werner complexes and the
enclathration process

The rotational freedom of the Co–N bonds and the additional
rotational freedom around the imide moiety is a feature of
SAMM-5-Co-NCS that is evident from the structural results and
could be key to enabling reversible transformations.11

Fig. S25† reveals the torsion angles between the nitrogen atom
from the pyridyl group and the Co2+ cation (Co–N bonds). For
the α-phase of SAMM-5-Co-NCS, there are two sets of torsion
angles ranging from 8.27° to 9.16° and from −80.13° to 99.87°.
In the δ-phase SAMM-5-Co-NCS·NB, torsion angles about the
Co–N bond were found to range from 63.57° to −116.46° and
from 64.64° to 115.36°. The δ-phase of SAMM-5-Co-NCS·OX
exhibits two sets of torsion angles ranging from 81.80° to
98.20° and from 57.69° to −122.31° (Fig. S25, ESI†). For the
δ-phase SAMM-5-Co-NCS·OX, one set of torsion angles about
Co-N bonds (−81.80° to 98.20°) are close to those encountered
in the corresponding α-phase SAMM-5-Co-NCS (−80.13° to
99.87°) (Fig. S25, ESI†). Fig. S26† reveals the torsion angles
about the C–N bond between pyridyl and imide group for each
ligand of the Werner complex. In the α-phase SAMM-5-Co-NCS,
the torsion angles about C–N bonds are ±51.93°/129.89° and
±70.60°/109.80°. In the δ-phase SAMM-5-Co-NCS·NB, the torsion
angles about C–N bonds are ±60.74°/119.18° and ±63.27°/
116.82°, while in the δ-phase SAMM-5-Co-NCS·OX the torsion
angles are twisted by ±64.18°/114.50° and ±76.59°/101.74°.

Conclusions

In conclusion, ligand 5 was synthesised in high yield by
mechanochemistry and formed new Werner complexes that

Fig. 5 PXRD pattern of (a) calculated SAMM-5-Co-NCS generated from
SCXRD; (b) experimental SAMM-5-Co-NCS·NB after heating at 185 °C
resulting in α-phase SAMM-5-Co-NCS; (c) calculated SAMM-5-Co-
NCS·NB generated from SCXRD; (d) experimental SAMM-5-Co-NCS·NB
as-synthesised; and (e) SAMM-Co-NCS·NB obtained after soaking
α-phase SAMM-5-Co-NCS in NB at 60 °C resulting in δ-phase.

Fig. 6 TGA of the (a) as-synthesised δ-phase SAMM-5-Co-NCS·NB; (b)
α-phase SAMM-5-Co-NCS obtained by heating δ-phase SAMM-5-Co-
NCS·NB at 185 °C 1 h−1 and (c) δ-phase SAMM-5-Co-NCS·NB obtained
after soaking α-phase SAMM-5-Co-NCS in NB at 60 °C 48 h−1.
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can exist as δ-phase Werner clathrates with channels that
contain NB, 1,2-DCB or OX. Regarding the ligand, its potential
for widespread use is good given that it is facile to prepare
using simple and low-cost starting materials. Likewise, both
the Werner complexes and the clathrates reported herein can
be synthesised under mild conditions. A reversible transform-
ation from the porous δ-phase SAMM-5-Co-NCS·NB to its non-
porous α-phase SAMM-5-Co-NCS occurred via a SC-SC process,
making it a rare example of a Werner clathrate that undergoes
switching between non-porous and porous phases. Whereas
earlier examples are known to readily undergo phase trans-
formation via liquid or vapour contact with multiple guests,
SAMM-5-Co-NCS transformed only in the presence of liquid
NB. The isostructural analogue SAMM-5-Ni-NCS did not trans-
form to its NB porous δ-phase in the same manner. The
torsion angles about Co-N bonds or the C–N bonds from the
imide moiety in the structures of SAMM-5-Co-NCS·NB,
SAMM-5-Co-NCS·OX and SAMM-5-Co-NCS can help to explain
why SAMM-5-Co-NCS reversibly switches from porous to non-
porous phase in the presence of NB, although it did not
undergo any structural switching in the presence of the other
guests. In the case of SAMM-5-Co-NCS·NB, enclathrated NB
molecules induced higher structural distortion in the host
compared to SAMM-5-Co-NCS·OX. The OX Werner clathrates
exhibited one set of torsion angles analogous to the guest-free
SAMM-5-Co-NCS, which means that the OX molecules induced
smaller structural distortion, resulting in an irreversible
adsorption process in SAMM-5-Co-NCS. We consider that the
inherent torsional flexibility of the Werner complex with
respect to its Co-N bonds and the ligand with respect to its
imide moiety play important roles in enabling the observed
reversible phase transformation.

Experimental section
General aspects

Reagents and solvents were purchased from Sigma-Aldrich,
Fluorochem, Alpha or TCL and used without further purifi-
cation. C3S3 reaction was performed using agate mortar and
pestle. 1H and 13C Nuclear Magnetic Resonance (NMR) spectra
of 5 were recorded on a Jeol ECX400 at a frequency of 400 and
100 MHz, respectively. PXRD of the Werner complexes, clath-
rates and the reversible phase transformation in SAMM-5-Co-
NCS·NB to SAMM-5-Co-NCS were acquired on Empyrean diffr-
actometer (PAN-analytical, Philips) using CuKα (λ = 1.54178 Å)
source. PXRD data of 5, (SAMM-5-Co-NCS and SAMM-5-Ni-NCS
after soaking in OX) and (SAMM-5-Co-NCS after removal and
soaking in 1,2-DCB) were acquired on Proto AXRD Benchtop
Powder Diffractometer. TGA curves were performed on a TA
Instrument Q50 TG under flow of N2 with heating rate of 10 °C
min−1. The balance purge was 40 mL min−1 and the sample
purge was 60 mL min−1 of N2. Differential scanning calorime-
try (DSC) analyses were carried out on a TA Instrument DSC
Q20 under a sample purge of 50 mL min−1 of N2 with the
heating rate of 10 °C min−1 for all compounds. Fourier

Transform Infrared (FTIR) spectra of 5, Werner complexes and
clathrates were collected on a PerkinElmer Spectrum 100
spectrometer with ATR accessory.

X-ray crystallography

Crystal structures of all compounds were determined by
SCXRD using either MoKα or CuKα radiation in either Bruker
D8 Quest fixed-chi diffractometer equipped with Photon II or
Photon 100 detector, respectively. The unit-cells, data
reduction and absorption correction (multi-scan method) were
conducted using APEX358 suit (Bruker) including SADABS soft-
ware.59 Space groups were determined using XPREP60

implemented in APEX3. Structures were solved using intrinsic
phasing method (SHELXT)61 and refined on F2 using non-
linear least-squares techniques with SHELXL62 contained in
OLEX2 v1.2.8 programs packages.63 All non-hydrogen atoms
were refined anisotropically. Hydrogen atoms were added to
the structure in idealised positions and were further refined
according to the riding model. All crystal structures have been
deposited with the Cambridge Crystallographic Data Centre
(CCDC 1995785–1995796 and 2065192).

Synthesis of 5. 1,8-Naphthalene anhydride (0.5 g,
2.52 mmol) and 3-amino-pyridine (0.23 g; 2.52 mmol) were
ground until a homogeneous powder was obtained. Upon
addition of 120 μL of EtOH the resultant paste was further
ground for 15 min until a free-flowing powder was obtained as
intermediate. The yellow solid was heated at 185 °C for 5 h to
isolate 5. Ligand 5 was further purified by recrystallisation in
MeOH, in 93% yield. Suitable crystals for SCXRD were
obtained upon dissolving 5 in a 1 : 1 mixture of CH2Cl2
(1.0 mL) and MeOH (1.0 mL). The final solution was sonicated
for one min. Instantly suitable needles precipitated from the
solution.

Synthesis of the α-phase SAMM-5-Co-NCS. A solution of Co
(NCS)2 (6.4 mg, 0.036 mmol) in 3.0 mL of hot butanol was
added to a solution of 5 (40 mg, 0.145 mmol) dissolved in
3.0 mL of hot butanol. The vial was capped and heated in the
oven at 60 °C for 24 h. Pink crystals suitable for SCXRD were
obtained in 89.30% yield (40.9 mg).

Synthesis of the α-phase SAMM5-Ni-NCS. A solution of Ni
(NCS)2 (6.4 mg, 0.036 mmol) dissolved in 0.5 mL of hot metha-
nol and 2.5 mL of butanol was added to a solution of 5
(40 mg, 0.145 mmol) dissolved in 3.0 mL of hot butanol. The
vial was capped and heated in an oven at 60 °C for 24 h. Green
crystals suitable for SCXRD were obtained in 72.1% yield
(33.0 mg).

Synthesis of the δ-phase SAMM-5-Co-NCS·NB. A solution of
Co(NCS)2 (6.4 mg, 0.036 mmol) in 2.0 mL of hot butanol was
added to a solution of 5 (40 mg, 0.145 mmol) dissolved in
2.0 mL of hot nitrobenzene. A navy blue solution was formed
and the vial was capped and heated in an oven at 60 °C for
48 h. Pink crystals suitable for SCXRD were obtained in 51.2%
yield (28.0 mg).

Synthesis of the δ-phase SAMM-5-Ni-NCS·NB. A solution of
Ni(NCS)2 (6.4 mg, 0.036 mmol) dissolved in 0.5 mL of hot
methanol and 1.5 mL of butanol was added to a solution of 5

Paper Dalton Transactions

12928 | Dalton Trans., 2021, 50, 12923–12930 This journal is © The Royal Society of Chemistry 2021

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
A

ug
us

t 2
02

1.
 D

ow
nl

oa
de

d 
on

 0
4.

08
.2

02
5 

20
:3

8:
49

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1dt01839f


(40 mg, 0.145 mmol) dissolved in 2.0 mL of hot nitrobenzene.
The vial was capped and heated in an oven at 60 °C for 48 h.
Green crystals suitable for SCXRD were obtained in 69.2%
yield (37.8 mg).

Synthesis of the δ-phase SAMM-5-Co-NCS·(1,2-DCB). A solu-
tion of Co(NCS)2 (6.4 mg, 0.036 mmol) in 3.0 mL of hot
butanol was added to a solution of 5 (40 mg, 0.145 mmol) dis-
solved in 3.0 mL of hot 1,2-dichlorobenzene (1,2 DCB). A navy
blue solution was formed and the vial was capped and heated
in an oven at 60 °C for 96 h. Pink crystals suitable for single-
crystal X-ray diffraction were obtained in 28.5% yield
(16.1 mg).

Synthesis of the δ-phase SAMM-5-Co-NCS·OX. A solution of
Co(NCS)2 (6.4 mg, 0.036 mmol) in 2.0 mL of hot butanol was
added to a solution of 5 (40 mg, 0.145 mmol) dissolved in
2.0 mL of hot o-xylene. A navy blue solution was formed and
the vial was capped and stored at room temperature for 48 h.
Pink crystals were obtained in 54.8% yield (29.3 mg).

Synthesis of the δ-phase SAMM-5-Ni-NCS·OX. A solution of
Ni(NCS)2 (6.4 mg, 0.036 mmol) dissolved in 0.5 mL of hot
methanol and 1.5 mL of butanol was added to a solution of 5
(40 mg, 0.145 mmol) dissolved in 1.5 mL of hot o-xylene. The
vial was capped and heated at room temperature for 48 h.
Green crystals were obtained in 47.9% yield (25.6 mg).
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