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Adsorption of water induces a reversible structural phase
transition and colour change in new nickel (Il) macrocyclic
complexes forming flexible supramolecular networks

Brenda Lizette Ruiz-Herrera?, Marcos Flores-Alamo®, Rubén Alfredo Toscano®, Roberto Escudero?,
Martha Elena Sosa-Torres®*

Two novel 3D flexible supramolecular networks [Nix(tpmc)(u-NOs)](NOs)3(H20)2[LiNO3-3H,0] (1) and Nix(tpmc)(u-
NO3)]2[Ni2(tpmc)(u-NOs)Li(NO3).OH]2(LiIOH(H20)3)2(NOs)s(H20)13enH0  (2) (tpme, 1,4,8,11-tetrakis-(2-pyridylmethylene)-
1,4,8,11-tetraaza cyclotetradecane) were synthetisized and characterized by spectroscopic and X-ray techniques. Their
single crystal X-ray diffraction analysis showed that, in both compounds, nickel (l1) ions are in an octahedral environment,
due to an unusual binding mode of nitrate, acting as either tetradentaded ligand in 1, or as a pentadentated ligand in 2.
The blue compound 1 adsorbs water leading to the violet compound 2. The adsorption of water leads to a reversible
crystal-to-crystal structural phase transition, from the monoclinic structure of 1, to the triclinic structure of 2.
Phenomenon that was corroborated by XRPD. This phase transition is accompanied by a reversible reaction of ligand
exchange responsable for the color-change observed in the compounds, property which might be useful for the
development of molecular sensors. Adsorption-desorption isotherms at low and high pressure indicated 1 has capacity of
gas adsorption, such as dinitrogen, dioxygen, or carbon dioxide. Besides, dynamic water vapour isotherms confirm a
chemisorption highly selective for water vapor. This is the first time Ni (Il) — tomc complex has been observed to be
involved in a reversible gas adsorption process, furthermore, herein we report the first crystal structures of six-
coordinated nickel (Il) complexes with tpmc.

Introduction

Numerous heterocyclic multidendate ligands and their
transition metal complexes have been used as building blocks
and templates for the design of functional materials. »* 2 Such
supramolecular compounds include host-guest systems,
molecular devices, self-assemblies, stimuli-sensitive materials,
and nanoscale structures. 3 Within this, flexible solids are
functional materials that can be either coordination or
supramolecular networks. They possess flexible cavities able to
adsorb a wide variety of molecules, performing reversible
structural transformations, induced by the adsorption and
removal of guest molecules. # In particular, flexible solids are
involved in gas storage and sensing, in which water adsorption
is especially important for technological applications, such as
the design of water-delivering devices and adsorption-driven
heat exchangers also known as thermal batteries, as well as
their application as air-conditioning units in vehicles, or as
dehumidifiers.* 3
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We chose 1,4,8,11-tetrakis-(2-pyridylmethylene)-1,4,8,11-
tetraazacyclotetradecane (tpmc), as base for our compounds.
Tpmc is a macrocyclic ligand well known for its ability to form
stable complexes with transition metals in lower oxidation
states, e.g., copper (Il), cobalt (II) and nickel (II), among others.
6-10 |n these binuclear complexes, the metal ion remained exo-
coordinated from the macrocycle, where tpmc can adopt
either a chair or a boat conformation depending on the metal
ion and the nature (mono or polydentate) of a secondary
ligand bound to the metal centers.® 7 Figure 1 shows the
tetraazamacrocycle tpmc and its conformational structures
adopted in binuclear compounds.
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Fig. 1: a) Representation of the 1,4,8,11-tetrakis-(2-pyridyl
methylene)-1,4,8,11-tetraazacyclotetradecane (tpmc), b) chair
structure and c) boat structure.
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Like other tetraazamacrocyclic ligands, tpmc coordinates each
metal ion by the two cyclam ring nitrogens and by two donor
atoms of the pendant groups, leaving one of the axial positions
open for a secondary ligand, while the other position is
sterically blocked by the pendant groups. This arrangement
explains the preference for five-coordinated structures.’> 11-12
Nevertheless, six-coordinated structures of metal complexes
with tetraazamacrocycles become feasible when using an
appropriate secondary ligand. For example, Co(ll) and Ni(ll)
complexes with 1,4,8,11-tetrakis-(2-aminoethyl)-1,4,8,11-
tetraazacyclotetradecane (taec) show octahedrally distorted
metal sites, with carbonate as secondary ligand. Hereby, the
carbonate anion acts as a bridging ligand in a symmetrical
bidentate way.1- 12 So far, crystal structures of analogous tpmc
complexes have not been reported, however, infrared and
electronic spectra of [Co,COs(tpmc)](ClO4)2:2H,0  and
[Co,COs(tpmc)](BF4)2:2H,0  suggest the presence of six-
coordinated Co(ll) sites. Surprisingly, in view of the numerous
crystal structures of [May(tpmc)L] complexes, structures of
corresponding Ni(ll) complexes have not been reported to
date,’3 even though Ni(ll)-tpomc complexes are known since
many years.?

Here we describe the functional and structural
characterization of two new Niy(tpmc) complexes 1 and 2, with
nitrate as secondary ligand, stabilizing hexa-coordinated Ni(ll)
centers. The compounds form flexible supramolecular solids
involved in a reversibly adsorption-desorption water process.
The change in the hydrogen bonding network caused by the
inclusion of water, induced a structural phase transition, from
monoclinic to triclinic, accompanied by a reversible ligand
exchange. This results in a remarkable color change, from blue
(complex 1) to violet (complex 2), property which might be
useful for the development of molecular sensors.

Experimental
Materials and methods

Commercially available reagents were used without further
purification, gases were from Praxair. Fourier Transformed
Infrared spectra were recorded on a Perkin-ElImer 400 FT-
IR/FT-FIR spectrophotometer, over the range 4,000 to 400 cm™!
(attenuated total reflectance mode), and for the range of 600
to 50 cm?® (polyethylene pellets windows).
absorption spectra were measured on a Carry - 5E Varian
spectrometer over the range 40,000 - 4,000 cm! on the diffuse
reflectance mode. Elemental analyses were carried out on a
Perkin-Elmer 2400 microanalyser, using L-cystine as standard.

Electronic

Synthesis of tpmc

The ligand 1,4,8,11-tetrakis-(2-pyridylmethylene)-1,4,8,11-
tetraazacyclotetradecane (tpmc) was prepared following the
reported procedure; its characterization by !H-NMR and
elemental analysis agree with reported values. 10
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Synthesis of [Niz(tpmc)(u-NOs3)](NO3)3(H20)2[LiNO3-3H2Q1: 1. oniine

DOI; 10.1039/CENJ01621A
A solution of tpmc (0.5 g, 0.88 mmol) and LiOIj 0.848g, 2.0

mmol) in anhydrous ethanol was stirred under nitrogen gas
flux during 10 minutes. Hereafter, a solution of Ni(NOs),:6H,0
(0.52 g, 1.77 mmol) in anhydrous ethanol, was added dropwise
to the ligand solution over a period of 1 h. The mixture was
refluxed under nitrogen for 20 h. The blue precipitate was
collected by filtration, washed with a minimum amount of dry

dichloromethane, and finally dried under dinitrogen
atmosphere, giving the blue complex 1, [Nix(tpmc)(u-
NO3)](N03)3'(H20)2[UNO3'3H20]; Anal. Calc. for

Ni;C34N13Hs54020Li (%): C, 37.49; H, 4.99; N, 16.72; Found: C,
37.76 £ 1.79; H, 3.63 + 1.37; N, 15.59 + 0.56. The presence of
lithium, which comes from the reactants, was confirmed by
the lithium flame test.14

Synthesis of [Nix(tpmc)(u-NOs)]2[Niz(tpmc)(u-NOs)Li(NO3),
OH]z(LiOH(H20)3)2(N03)3(H20)13. nH,0: 2

Exposure of complex 1 to ambient laboratory conditions
leads to the violet complex 2: [Niy(tpmc)(u-NO3)]2[Nix(tpmc)(u-
NO3)Li(N03)20H]2(LiOH(H20)3)2(N03)3(H20)13onH20; where n =
32. Anal. Calc. for Ni3C135N43H2320103Li4 (%)Z C, 34.49; H, 6.00;
N, 14.19; Found: C, 34.63 + 0.65; H, 4.80 + 0.41; N, 14.14
0.26.

Additionally, 2 was obtained, exposing 1 to deuterated
water vapour, using deuterium oxide (99.9 atom %D) from
Aldrich.

X-ray diffraction (XRD) crystal analysis

Suitable crystals of complex 1 were obtained from the
original reaction mixture prior to the filtration step. A small
amount of the solution was kept at room temperature to allow
slow evaporation, giving blue crystals of complex 1. After an
aging period, the blue crystals turned into the violet crystals of
complex 2.

The structure of complex 1 was determined at 120 K on the
Oxford Diffraction Gemini "A" diffractometer, equipped with a
CCD area detector, a sealed tube X-ray radiation source (Amoka
= 0.71073 A), and a graphite monochromator. The CrysAlisPro
and CrysAlis RED software packages were used for data
collection and data integration.1> Analysis of the integrated
data did not reveal any crystal decay. Final cell constants were
determined by a global refinement of 5583 (3.462 < 6 < 29.565
°) and collected data were corrected for absorption effects.

The structure of complex 2 was determined on the Bruker
Smart Apex diffractometer, using Mo-Ka radiation, a graphite-
monochromator, and ® scans at 150 K. The intensities were
integrated using SAINT, absorption correction and scaling was
performed with SADABS.16
Both structures were solved with the program SHELXS97; the
full-matrix least-squares refinement was achieved with
SHELXL97 for complex 1 and SHELXL-2014 for complex 2. 17 All
atoms except hydrogen were refined anisotropically. The
hydrogen atoms of water were located in a difference Fourier
map and refined isotropically with Uiso(H) = 1.5 Ueq for (O). H
atoms attached to C atoms were placed in geometrically

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 12


http://dx.doi.org/10.1039/C6NJ01621A

Page 3 of 12

Published on 21 June 2016. Downloaded by FAC DE QUIMICA on 22/06/2016 16:06:39.

idealized positions and refined by a riding model with isotropic
displacement parameters tied to the parent carbon atoms.
ORTEP-3 for Windows was employed for molecular graphics.1®
Finally, the programs CCDC MERCURY and Diamond 4.0 were
used to prepare material for publication.1®

Many efforts to refine the structure of compound 2 in the
triclinic space group P-1 were unsuccessful, that is why, the
structure was refined in the triclinic space group P1, which
reveals a clearly overall centrosymmetric arrangement,
quantified by the PLATON-ADDSYM routine in 92%. The
presence of additional (Non) Crystallographic glide plane
between Ni cations was also detected by the PLATON-
NONSYM routine.

X-Ray powder diffraction (XRPD) analysis

Data were obtained on a Bruker D-8 Discover
diffractometer with the Bragg-Brentano 6-0 configuration,
equipped with a Cu-Ka radiation source, a Ni (0.5%) Cu-K@B
filter in the secondary beam, and a one-dimensional position-
sensitive silicon strip detector (Bruker, Lynxeye). XRPD
patterns were obtained under vacuum in a sealed sample
holder at 298 K; this temperature was gradually increased to
353 K with the Anton-Paar HTK 1200N high-temperature oven
chamber. In all cases, the diffraction intensity as a function of
20 angles was measured between 4.001 and 109.98°, with a 26
step of 0.019447°, for 264 s per point. Diffraction patterns
were indexed with the software EXP0O2014. 20

Analysis of functional properties

The complexes were investigated by thermogravimetric
analysis, BET adsorption-desorption and water-vapour
isotherms and scanning electron microscopy coupled to
Energy-dispersive X-ray spectroscopy (SEM-EDS).

Thermogravimetric analyses were performed under
dinitrogen (grade 5.0), with a heating rate of 5 °C/min (278
Kmin1) in a thermobalance Mettler-Toledo model
TGA/SDTA851e.

Isotherms at low relative-pressure, under nitrogen, were
acquired on a Bel-Japan Minisorp Il at 77 K, by using a
multipoint technique. Samples were degassed at 353 K for 20 h
under vacuum prior to the analysis. Data were analysed
applying the Brunauer-Emmett-Teller (BET) and the Barrett-
Joyner-Halenda (BJH) models. 2! Isotherms at high pressure,
under CO,, were obtained on a volumetric Belsorp-HP
from Bel-Japan. The equipment
additional degassing of the sample by applying vacuum.
Experiments were performed between atmospheric and 4.5
MPa of pressure, at 303.5 K.

Dynamic water adsorption/desorption studies were carried
out on a Q5000SA thermobalance from TA Instruments
(associated error of 0.1 wt %), equipped with a humidity and
temperature controlled chamber (associated error of 0.1 % of
relative humidity). Prior to the measurements the samples
were degassed (vacuum, 353 K, 20 h). Measurements were
performed using distilled water and carrier gases dinitrogen
(grade 4.8), carbon dioxide (3.0) and dioxygen (2.6). The total

instrument performs
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gas flow rate was 100 mL/min, and the relative humidity 4RH)

percentages were automatically controlleef By HE IR&tpiiAfeplA
The morphology and element composition of complexes

were determined on a JEOL JMS-7600F SEM-EDS instrument.

Results and discussion
Reversible switching between compounds 1 and 2

The reaction between Ni(NOs);:6H,O0 and tpmc in
anhydrous ethanol produced the blue Ni(ll) complex 1 when
performed under dinitrogen. Upon exposure to air (ambient
laboratory environment) complex 1 was transformed to the
violet complex 2. To get further insight into these findings, the
reaction was repeated several times recovering the product
under different atmospheres: carbon dioxide, dioxygen or
water vapor. It was found that the observed colour-change is
the result of an adsorption phenomenon of water vapour.
Phenomenon that is reversible even after several cycles.
Moreover, it is easy to interchange between the two
complexes; i.e. 1 can be obtained by warming 2 at 353 K for 2
h in a vacuum furnace, and 2 can be obtained exposing 1 to
the environment. Figure S1 show a schematic representation

of the described process.

Hexa-coordinated nickel (Il) complexes with tpmc

The electronic solid state reflectance spectra of both
complexes 1 and 2 (figure 2) revealed features consistent with
an octahedral environment of Ni(ll) (d8).22 For complex 1, the
first maximum at 968 nm (10,330 cm) corresponds to the
transition 3A,; & 3T (F) (v1); the second, at 575 nm (17,402
cm), to 3A; = 3Ty (F) (v3); and the third, at 375 nm (26,667
cm), to 3Az; > 3Ty (P) (V3). In the case of compound 2, the
corresponding transitions are at 952 nm (10,507 cm) with a
shoulder at 890 nm (11231 cm), 569 nm (17,575 cm) and
368 nm (27,152 cm). The maxima of complex 2 are slightly
shifted to higher energies consistent with the observed colour
change from blue to violet.

Wavelength [nm]

310 410 510 610 710810910 1210

T T T T T T LI BN B MR LR BB A A b L L

Absorption

T T T T T
30000 25000 20000 15000 10000
Wavenumber [em ]

Fig. 2: Electronic spectra of Ni(ll) complexes: 1 (blue line) and 2
(violet line).
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Ni () - tpmc complexes differentiated by infrared spectroscopy

Mid-infrared spectra (vs, very strong; s: strong; m:
medium; w: weak intensity) of complexes 1 and 2 (figure S2,
ESIT) revealed maxima at 2924 cm™ (m) and 2891 cm™! (m) for
Vv(CH,), 1610 cm™ (s) and 1574 cm! (m) for v(C=N), as well as a
maximum characteristic of mono-substituted pyridines at 760
cm (s). 22 These maxima are shifted relative to those of the
free ligand, in agreement with previously reported data of
tpmc comlexes.” ?

Besides, there are a maxima which can be assigned to a
coordinated nitrate anion,24 at 1483 cm (vs) [vs(NOs)], 1277
cm? (vs) [vi(NOs)] and 1027 cm-? (s) [v2(NOs)] for complex 1,
compared to 1511 cm? (vs) [vs(NOs)], 1272 cm® (vs) [vi(NO3s)]
and 1025 cm (s) [v2(NOs)] for 2. The difference A(vsv1)(NOsz)
of 206 cm™ (complex 1) and 239 cm! (complex 2) originates
from a chelating nitrate ligand, whereas the maximum at 1335
cm™ (vs) is assigned to nitrate anions not involved in metal
binding. 23,24

Finally, the mid IR spectra of complexes 1 and 2 differ with
regard to characteristic bands resulting from lattice water.23
Compound 2 shows a maximum at 3400 cm! which is assigned
to the stretching H-O-H vibration mode, with the
corresponding bending vibration maximum at 1640 cm1. These
features are absent in the spectrum of compound 1.

Far infrared spectra of complexes 1 and 2 (figure 3) show a
band centered at 270 cm [v¢(M-O, NOs)] consistent with a
coordinated nitrate,23 24 the second maximum at 420 cm™ has
been assigned to [vs(M-N, NOs)].23 In the spectrum of complex
2 there are two additional maxima at 537 and 574 cm-, which
are absent in the spectrum of complex 1.

The origin of these bands has been discussed
controversially in the literature, they were either assigned to
the M-O bond of a coordinated water molecule (v(M-O,H,0)),
or to the M-O bond of a coordinated nitrate anion (v(M-O,
NOs7)). 24 In order to assign these bands, complex 2 was
produced by exposure of complex 1 to D,0 vapour.

100 A
80+
s
& 60
pu
£
wvl
@
£ 40+
204 \/
v(M-0) Noi‘
0- NO,’

700 600 500 400 300 200 100
Wavelength [em™]
Fig. 3: Far-infrared spectra of Ni(ll) complexes: 1 (blue line) and 2

(violet line), showing the position and assignment of the individual
bands.
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The resulting mid infrared spectrum of deuterated complex
2 (figure S3a, ESIt)) revealed the expectéPsRFLFFBINOE.U002t0
2,523 cm ! for the D-O-D stretching vibration23. While in the far
infrared spectrum (figure S3b, ESIT) none of the bands were
shifted. Thus, the bands, at 537 and at 574 cm'1, were assigned
to coordinated nitrates.

Crystal structures of complexes 1 and 2

of 1, single-crystal X-ray
diffraction, were obtained directly from the reaction mixture.

Blue crystals suitable for

When these crystals were exposed to ambient laboratory
conditions for several days, the violet crystals of 2 were
obtained. Crystallographic parameters are compiled in Table 1.

Table 1. Crystal data and structure refinement for complexes 1

Page 4 of 12

and 2.

Compound 1 2

Empirical formula  C34 H54 Li N13 Ni2 020  C136 H218 Li4 N48 Ni8 071
Formula weight 1089.26 4159.01

Temperature 120(2) K 150(2) K

Crystal system Monoclinic Triclinic

Space group P 2i/n P1

Unit cell
dimensions

Volume

z

Density
(calculated)
Absorption
coefficient
F(000)

Crystal size /
colour / shape
Theta range for
data collection
Index ranges

Reflections
collected
Independent
reflections
Completeness to
theta
Refinement
method

Data / restraints
/ parameters
Goodness-of-fit

on F2

Final R indices
[1>2sigma(l)]
R indices (all
data)
Extinction
coefficient
Absolute
structure
parameter
Largest diff. Peak
and hole

a=11.2417(7) A
b=18.3142(11) A
c=22.6389(13) A
a=90°

B =101.822(6)°
y=90°

4562.1(5) A3

4

1.586 Mg/m3

0.918 mm!

2272

0.58 x0.20x 0.19
mm / blue / prism
3.462 t0 29.565°

-11<=h<=14,
-12<=k<=23,
-29<=I<=31
23469

10724 [R(int) = 0.0323]
99.8 % (6= 25.242°)

Full-matrix least-

squares on F2
10724 / 0/ 655

1.040

R1=0.0586, wR2 =
0.1470

R1=0.0825, wR2 =
0.1661

n/a

1.979 and -0.912 e.A3

a=11.2964(8) A
b =18.8819(14) A
€=20.7624(13) A
a = 87.453(5)°

B =89.238(4)°

y = 83.960(5)°
4399.5(5) A3

1

1.570 Mg/m3

0.944 mm*

2174

0.383x0.229 x0.196

mm / violet / prism

1.432 to 27.641°

-14<h<11,

-24< k<24,

-26</<26

43154

28357 [R(int) = 0.0498]

99.3 % (6=25.242°)

Full-matrix least-squares on
FZ

28357 /83 /2524

1.015

R1=0.0624, wR2 = 0.1551

R1=0.0844, wR2 = 0.1699

0.423(12)

0.699 and -1.998 e A3

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4: Structural comparison between cations present in compounds 1 (left) and 2 (right). Perspective view of the molecular structures,
C (black); H (white); O (red); N (blue); Ni (green) and Li (pink). Thermal ellipsoids are shown at the 50% probability level

Ni(ll) complex 1 crystallized in a monoclinic structure with a
space group P2;/n. The asymmetric unit was formed by one
[Niy(tpmc)(u-NOs)]3+ cation, three nitrate anions, two water
molecules and one Li(NOs)(H20)s unit (figure S4).

A perspective view of the molecular structure of the
[Niz(tpmc)(n-NOs)]3* cation in compound 1 is shown in figure 4
(left). Nickel ions are bridged by a tpmc ligand and by a nitrate.
As in previous tpmc complexes, 710 the octadentate ligand is
coordinated to the two nickel (ll) ions through the nitrogen
atoms of the four pendant pyridine rings and through the four
nitrogen atoms of the macrocycle. Metal centres are exo-
coordinated, out of the cyclam ring which adopts a SRSR(RSRS)
configuration. Added to this, the coordination mode of the
nitrate anion gives an octahedral geometry for the nickel
atoms, consistent with the electronic spectrum of the
compound. In this environment one macrocyclic amine, one
methylpyridine and two of the oxygen atoms of the nitrate
group occupy an equatorial plane, while the remaining
macrocyclic amine and methylpyridine pendant occupy the
apical positions for each nickel (Il) ion. The found Ni — N bond
lengths in complex 1, 2.049(3) to 2.147(3) A, are within the
expected range, according to the bond lengths of analogous
cobalt and copper complexes. 7-10. 25 Table S1 lists the selected
bond distances and angles for complex 1.

A further description of the nitrate ligand, indicates, it
behaves as a tetradentate bridging ligand, connecting the two
nickel (Il) centres in a bis-bidentate way.26 This can be
described as w?-nitrate-1x10,2x10,3x20; which means two
oxygen atoms from the nitrate ligand are coordinated each to
one of the two nickel (Il) ions, while the third oxygen is bonded
to both metal centres. 27

There are few examples of this coordination by a nitrate
anion. 26 28,29 An equivalent coordination mode was observed
for a carbonate anion in the binuclear nickel (Il) complex with
the ligand taec.’? In which the u-carbonate-bridge ligand is
bound to the metals centres by its oxygens, in the same way as
our nitrate bridges the nickel (I1) ions. The distorted octahedral
geometry of the metal centres in complex 1 results from the

This journal is © The Royal Society of Chemistry 20xx

presence of this symmetrically bidentate ligand. The O-Ni-O
angles (62.15(9) and 62.69 (9)°) in complex 1, show the
deviation of the ideal octahedral geometry. Table S1 compiles
the main bond lengths and angles of compound 1.

The lithium site in Li(NOs3)(H,0)s; present in complex 1
shows a pentacoordinated Li* cation in a distorted trigonal
bipyramidal geometry, formed by three water molecules and
one chelating nitrate anion. Such coordination is rather
uncommon for lithium and has mostly been observed in
organometallic lithium compouds 3932 and in LiBsOgoF, the first
reported lithium fluorooxoborate.33 Accordingly, the mean Li-
O distance (1.921(8) to 2.429(9)) in complex 1, is in agreement
with the distances observed in these previous reported
compounds (see Table S2).

Figure 5 shows the crystal lattice of 1, where the
intermolecular interactions through hydrogen bonding can be
observed around the binuclear nickel complexes. In general,
these interactions form a DJ?(5), D,?(7) and R»*(8) graphical
set, 34 corresponding to chains and rings where two donor
atoms and two acceptors form the hydrogen bonding, leading
to a three-dimensional supramolecular architecture, that gives
structural stability to the network of complex 1. Table 2
summarizes the main hydrogen bonding interactions present
in the compound 1.

Fig. 5: Crystal lattice of complex 1 along plane a-b. Intermolecular
hydrogen bond interactions are marked in green.
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Table 2. Hydrogen bonding interactions in complexes 1 and 2

Complex 1

D-H H--A D---A D-H-A
Donor-H-:-Acceptor R R o

[A] [A] [A] [
0O(3W)-H(3WA)...0(2) 0.80(10) 1.92(10) 2.721(4) 172(9)
0O(3W)-H(3WB)...O(1A)b 0.78(10) 2.11(9) 2.842(5) 158(10)
O(4W)-H(4WA)...0(11A)c  0.96(9) 1.88(9) 2.825(6) 166(8)
O(5W)-H(5WB)...0(3)? 0.85(9) 1.98(9) 2.824(4) 173(9)

Symmetry transformations used to generate equivalent atoms:
a) -x+2,-y+1,-z+1; b) x+1/2,-y+3/2,2+1/2; c)-x+3/2,y+1/2,-2+3/2

Complex 2
Donor-H:--Acceptor P — H H.:A D-;.A D-H-A
[A] [A] [A] [

0(1)-H(1)...0(227) 0.818(13) 2.07(5) 2.815(14) 150(9)
0(7)-H(7C)...0(215) 0.849(13)  2.27(4) 2.851(12)  125(4)
0(4)-H(4)...0(211) 0.826(13) 1.97(3) 2.751(9) 157(7)
0(10)-H(10C)...0(210) 0.852(13) 1.86(3) 2.684(10)  163(10)
0(13)-H(13D)...0(215)¢ 0.851(13) 2.26(11) 2.977(14)  141(15)
0(16)-H(16A)...0(217)¢ 0.848(13) 2.08(3) 2.910(13) 165(11)
0(1)-H(1)...0(227) 0.818(13) 2.07(5) 2.815(14) 150(9)

Symmetry transformations used to generate equivalent atoms:
d) x-1,y,z

The exposure of the blue crystals of complex 1 to ambient
conditions produced the violet crystals of complex 2, which
crystallizes in a triclinic structure with space group P1. The unit
cell of complex 2 (figure S5), consists of two types of binuclear
Ni(ll) cations, two lithium entities: Li(OH)(H20)s, eight nitrate
anions and thirteen water molecules. Table 1 summarizes
crystallographic parameters.

One of the nickel cations in compound 2 is exactly as that
one described in 1, corresponding to the molecule
[Nix(tpmc)(n-NOs)]3+. In the second cation, the mode of
coordination of tpmc and the nitrate ligand is retained, but, it
differs by the presence of a lithium coordinated to one of the
oxygens (0201) of the bridging nitrate, resulting in the non
equivalence of the nickel ions. The interatomic distance Li(1) —
0(201) is 1.972(17) A corresponding to a covalent bond. The
tetrahedral geometry of this lithium attached to the oxygen of
the nitrate-bridging ligand, is completed by one hydroxyl and
two nitrate anions. The second cation in compound 2,
corresponds then, to the molecule [Nix(tpmc)(u-
NO3)Li(NO3),0H]* shown in figure 4 (right).

A similar way, in the carbonato-bridged cobalt (ll)-taec
complex, a sodium ion is located at close proximity to one of
the carbonate oxygens, suggesting a Na — O bond. 12

The nitrate in the second cation acts as a pentadentate
bridging ligand described as y3-nitrate-1k10,2k20,3k2?0. ?’ This
is the first observation of this coordination mode for nitrate
(see Table S1).
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Fig. 6: Crystal lattice of complex 2. Intermolecular hydrogen bond
interactions are marked in green.

Worth is to mention that the incorporation of the lithium
entity into the coordination sphere of nickel in complex 2
changes its electronic environment, resulting in the observed
colour change.

The adsorption of water induces the coordination of
lithium entities towards the bridging nitrate, process that is
completely reversible when water is removed. This switching
in the coordination sphere has been described as a reaction of
ligand exchange.35

Crystal lattices of complexes 1 and 2 are stabilized mainly
by intermolecular interactions of hydrogen bonding. The
structure of 1 owns cavities and channels along the network.
When the adsorption process takes place, water molecules
occupy these positions, causing a distortion and expansion of
the original frame, giving rise to a new lattice in complex 2.

The crystal lattice of 2 contains water molecules
distributed in open channels along the c axis (figure 6). These
interactions, summarized in table 2, correspond to hydrogen
bonds of the type D3(8), D4(9) and R24(8). 3* An additional
representation of the crystal lattice of compound 2 is shown in
figure S6, where the molecules involved in the hydrogen
bonding are emphasised in order to get a better perspective of
these supramolecular interactions.

The hydration process modifies the supramolecular
networks promoting the reversible phase transition from
monoclinic in 1 to triclinic structure in 2. Figure 7 shows the
reaction of reversible ligand exchange and compares different
views of the supramolecular frameworks of complexes 1 and 2,
underling the importance of lithium units in the stabilization of
the crystal lattices and its role in the reversible reaction of
ligand exchange upon adsorption of water. Figure 8 represent
a plausible motion of molecules involved in the ligand
exchange reaction.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 7: Reversible ligand exchange and structural phase transition
induced by water adsorption. a) Interconversion between the
Ni(ll)-tpmc cations present in compounds 1 and 2. Perspective
view of the supramolecular network of complex 1 and 2 along a
axis (b); b axis (c), and c axis (d). Nickel polyhedrons are marked in
green.
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Fig. 8: Drawing of a possible motion of molecules involved in
the ligand exchange reaction.

The non-equivalence of nickel atoms derived of this water-
induced ligand-exchange process, explains the shift to higher
energies of the bands in the electronic spectrum of compound
2 (figure 1) and the observed colour change. This also explains
the differences observed in the infrared spectra of the
compounds. The observed shifted to higher energies bands of
complex 2, at 1511 cm™ [vs(NOs)], 1272 cm? (vs) [v1(NOs)] and
1025 cm™ (s) [v2(NOs)] (figure S2) are in agreement with a new

This journal is © The Royal Society of Chemistry 20xx
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coordination mode of the nitrate. On other hang,,in.the far
region (figure 3), the bands at 537 and 57Q/'cii038Aly prdse it
in spectrum of compound 2, correspond to a second vibration
mode of the oxygen-nitrate atom coordinated simultaneously
to nickel and lithium atoms. These bands disappear when the
sample is dehydrated, leading to compound 1, and reappear
upon adsorption of water, giving evidence of this reversible
structural change.

Powder X-ray diffraction

As stated by single crystal X-ray diffraction analysis, the
binuclear nickel (ll) complexes here reported, undergo a
crystalline-to-crystalline transformation induced by adsorption
of water. This dynamic structural behaviour was verified by
powder X- ray diffraction (XRPD).

When complex 2 is heated in a vacuum furnace at 353 K for
two hours, complex 1 is obtained, which remains dehydrated
for several days if kept under nitrogen atmosphere in a
desiccator. When 1 was exposed to ambient conditions
compound 2 was obtained almost immediately. Figure 9 shows
the XRPD patterns of the described samples. The identity of
each compound was confirmed by infrared spectroscopy and
by elemental analysis. These results indicate a phase transition
from a triclinic structure for compound 2 (Anal. Calc. (%): C,
34.49; H, 6.00; N, 14.19; Found: C, 34.63 + 0.65; H, 4.80 + 0.41;
N, 14.14 £ 0.26), (fig. 9-a), to another crystalline structure,
corresponding to compound 1 (Anal. Calc. (%):C, 37.49; H,
4.99; N, 16.72; Found: C, 37.76 £ 1.79; H, 3.63 + 1.37; N, 15.59
+ 0.56), (fig. 9-b). The original crystalline phase was restored
after rehydration process (fig. 9-c) producing the complex 2
[Niz(tpmc)(u-NOs)]2[Niz(tpmc)(u-NOs)Li(NO3),OH],(LiOH
(H20)3)2(N03)3(H20)130nH20; where n = 20. (Anal. Calc. C,
36.15; H, 5.75; N, 14.87; Found: C, 36.23+ 0.02; H, 5.10 + 0.02;
N, 14.96 + 0.025)
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Fig. 9: XRPD patterns for complex 2 (a), complex 1 (b) and the
recovered complex 2 (c).
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Fig. 10: Assignment of the reflexions in the XRPD patterns for
complex 2 and complex 1, and comparison between them.

Figure 10 evidences the structural phase transition by
comparison between indexed reflexions of the diffraction
patterns of complexes 1 and 2. All the reflexions were
assigned. 20

Microstructural characterization and description of sorption
phenomenon

Thermogravimetric (TG) and differential thermogravimetric
analysis (DTG and DTA) were performed for 1 and 2. Figure 11
shows the decomposition pattern of compound 2. The first
transition corresponds to the loss of 12.51 %w (30-180 °C)
assigned to 32 molecules of water (calc. 12.20 %), confirming
the formula: [Nix(tpmc)(u-NOs)]2[Niz(tpmc)(u-NOs)Li(NOs)2
OH]z(LiOH(HzO)a)z(NOa)s(HzO)13032Hzo, found by elemental
analysis. This transition corresponds to the loss of adsorbed
water. At the beginning (* 50 °C) an abrupt change is
observed, corresponding to the loss of the most superficial
water. As temperature rises, the chemisorbed water is lost
gradually until all water is desorbed at 180 °C.
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TGA | 40

o
L

exo x

sndol

DTA
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50 100 150 200 250 300 350 400 450 500
Temperature [°C]

Fig. 11: Thermal analyses of 2 run under N, at 5 °C/min.
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Fig. 12: Comparison between thermogravimetric and differential
thermogravimetric curves for compounds 1 (blue line) and 2
(violet line). Measurements run under N, at 5 °C/min.

The second transition corresponds to the loss of 36.46%
(215-350 °C) is assigned to nitrates, lithium entities and lattice
water (calc. 34.38 %). Finally, the last transition of 44.13 %
(350-440 °C) is assigned to the loss of tpmc ligand (calc. 47 %)
and the residue of 6.5 % corresponds to NiO (calc. 6.3 %).
These assignments are in agreement with those reported for
the analogous copper-tpmc compound, 36 and nickel nitrate. 37

Thermogram of 1 exhibits a very little loss of 2.35 % (~50
°C), corresponding to 1.6 water molecules (-2.5 %). This little
amount of water, is due to the high affinity of 1 towards water
(during its manipulation, even though is made under nitrogen).
The comparison between TGA and DGA curves for 1 and 2 is
shown in figure 12.

TGA curves for compounds 1 and 2 are the same from 200
°C to the end; this being consistent with previous findings,
giving an extra evidence that after heating compound 2, this
becomes compound 1.

Additionally, the thermograms for 1 and 2 were carried out
under air, as well as under nitrogen. The observed transitions
were the same in both cases.

N> adsorption-desorption isotherm for 1 was acquired to
determine its microstructural features. Figure S7 (ESIT) shows
the resulting curve. According to the IUPAC classification, 21 it
corresponds to a type llb isotherm with a very narrow
hysteresis loop, feature that is typical for a macroporous
adsorbent, which allows unrestricced multimolecular
adsorption, favoured at high relative pressures. The observed
hysteresis is also characteristic of a chemisorption process
where a slight change in the active surface takes place.

The resulting isotherms were analysed by using the BET
and BJH models. 2! According to BET the surface area of 1 was
found 4.24 m?/g, the total pore volume 0.015 cm3/g and the
average pore diameter 14.48 nm. However, according to BJH
analysis, the average pore diameter was aleatory distributed.
Therefore, the value found by BET studies, corresponds to the
size among particles of the bulk solid. In order to understand
this behaviour, adsorption-desorption measurements at high
pressure (until 4.5 MPa), by using CO, flow, were performed.

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins



http://dx.doi.org/10.1039/C6NJ01621A

Page 9 of 12

Published on 21 June 2016. Downloaded by FAC DE QUIMICA on 22/06/2016 16:06:39.

The resulting isotherm is shown in figure S8 (ESIT). A
continuous adsorption increment was observed, indicating the
presence of big size porous, most probably, located in the
outer layer of the compound. 38

To get a deeper insight into the adsorption process, water
vapour isotherms of complex 1 were obtained as a function of
the humidity percentage at 303, 313 and 333 K, using nitrogen
as carrier gas (figure 13). The adsorption process began at the
same relative humidity percentage (RH %) and the saturation
was reached almost at the same weight percentage,
independently of applied the temperature. The differences
between curves were the total weight gain favoured at lower
temperature. At 303 K, the maximum adsorbed water was 5 %
wt, while at 313 K it was only of 3 % wt. The gained weight and
the fact that the curve did not end at the starting point, is
attributed to a chemisorption process.?? 3% In contrast, at 333
K, the curve returned to the starting point, indicating that all
the adsorbed water was completely desorbed, which is
characteristic of a physisorption process. 2% 39 Therefore, at
333 K the energy of the chemisorption was overcome.

T
mg e Entag,
107 4 eentr Rpgandin
Desorptlof‘ ..-':::”:'t*'iﬁ:n;!?"‘
4 L * ]
o T L R
Ll eI * ®
..".‘,t..‘o :
" e X .
054" " . .
~ - *
(=] 1 -
-
e} 7 e 5y
i & & * _9
=) . S
[ - *" éQ
= 103 52 S
] * L]
" o <
102 .
1333k e
¥ -3
1014 . e
dw * c:u:'.-'= o
100-’;‘:"'::5'::'***"'.'
x
¥ T ¥ T ¥ T L T L T
0 10 20 30 40 50

Relative Humidity [%]

Fig. 13: Water adsorption — desorption isotherms of complex 1
measured at 30, 40 and 60 °C, using N, as carrier gas.
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Fig. 14: Water adsorption — desorption isotherms of complex 1,
using carrier gases: N,, CO; and O, measured at 303 K.

This journal is © The Royal Society of Chemistry 20xx

New Journal of Chemistry

A second kind of water vapour isotherms wags.performed
for 1 at 303 K using different carrier gase53duth!830;@NA1604
The corresponding curves are shown in figure 14. A slight
increase in the maximum water adsorbed was observed when
CO3-H,0 or 0;-H,0 flows were used in comparison to the N,-
H,O flow. This is indicative that either O, or CO; can also be
adsorbed by 1. Then, the binuclear nickel (Il) compound 1, is
able to adsorb carbon dioxide, dioxygen, nitrogen and water
vapour, however, only the adsorption of water changes the
original blue colour of 1 into the violet colour of 2.

Interestingly, analogous compounds based on cobalt and
copper, published elsewhere, 7-10. 13 did not present adsorption
properties, leading us to conclude this phenomenom is
inherent of nickel. 3>

The morphological characteristics of the binuclear nickel
(I1) compound, after the adsorption process, were studied by
scanning electron microscopy coupled to Energy-dispersive X-
ray spectroscopy (SEM-EDS). Figure 15 shows corresponding
micrographs and figure S9 (ESIt) show the EDS analysis results.

Two different phases were identified. The irregular
polyhedron-shaped particles were assigned to compound 1,
according to the X-ray identification and composition
determined by EDS. These dense particles, of about 10 pum,
present a corrugated surface which could be associated with a
large surface area and therefore with the capacity of
adsorption. 4% 41 The second phase is a set of small particles of
about 0.1 um corresponding to a phase rich in oxygen, which
was assigned to compound 2. The observed agglomeration is
related to a small surface area, which is expected after the
adsorption process took place. 400 41 Elemental percentages
found by EDS agree with those found by elemental analysis
(see experimental section).

-

— 1pm
10.0kV LABE SEM

ITM-UNAM
WD 8.1lmm

Fig. 15: Backscattered electron image for the complex 2. The
different phases observed correspond to compounds 1 and 2.

Conclusion

Two novel flexible supramolecular solids based on
binuclear nickel(ll) complexes with tpmc and nitrate were
obtained. The blue compound 1, [Nix(tpmc)(u-NOs3)](NOs)s
(H20)3[LiNO3:3H,0], adsorbs water leading to the violet
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compound 2, [Nix(tpmc)(u-NOs)]2[Niz(tpmc)(u-NOs)Li(NOs);
OH]2(LiOH(H20)3)2(N0O3)s(H20)13+32H,0.

Nickel (1) ions in both compounds are in an octahedral
environment, due to a non-common coordination mode for
nitrate, acting as a tetradente ligand in 1, described as u?-
nitrate-1«x10,2«10,3k20; while as a pentadente ligand in 2,
described as t3-nitrate-1x'0,2k?0,3k?0. These are the first
crystal structures of six-coordinated nickel (II) complexes with
tpmc ligand. It is also the first report where tpmc compounds
are involved in a reversible gas-adsorption phenomenon. The
adsorption of water by 1 changes its crystal network, leading
to a reversible structural phase transition, accompanied by a
colour change, from the monoclinic structure of 1, to the
triclinic of 2, characterizing them as flexible supramolecular
networks. This structural phase transition was also confirmed
by XRPD.

Crystalline packings of 1 and 2, contain lithium entities,
which play a critical role in the stabilization of the
supramolecular networks. The incorporation of water induces
a reaction of ligand exchange consisting of a coordination of a
lithium entity towards the bridging nitrate, process that is
completely reversible when water is removed. Also the
incorporation of the lithium entity into the coordination
sphere of nickel in complex 2 changes its electronic
environment, resulting in the observed colour change.

Two phases were identified by SEM-EDS analysis, that
according to their morphology and composition were assigned
toland 2.

Adsorption-desorption isotherms at low and high pressure
indicated 1 has capacity of gases adsorption. Dynamic water
vapour isotherms confirms the binuclear nickel (II) complexes
adsorbs water through a chemisorption process. At 333 K the
chemisorption energy is overcome and a physisorption takes
over. Therefore, at high temperature all adsorbed water is
completely desorbed, reversibility of the
adsorption phenomenon.

The binuclear nickel (II) compound 1, has also the ability to
adsorb carbon dioxide, dioxygen and nitrogen, according with
the isothermal only the
adsorption of water changes the original blue colour of 1 into
the violet colour of 2, property which might be useful for the
development of molecular sensors.

confirming the

measurements; nevertheless,
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A reversible reaction of ligand-exchange in a nickel(ll)-tomc complex, promoted by water

adsorption, results in a structural phase transition accompanied by colour change.

New Journal of Chemistry Accepted Manuscript


http://dx.doi.org/10.1039/C6NJ01621A

