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Hydrogen Bonding is Key Factor in Reversible NH3 Uptake
Causing Vapochromic and Magnetochemical Switching in
Ni(II) Paddlewheel Complexes
Sebastian Rücker, Jörg A. Schachner, Sergey M. Borisov, Ferdinand Belaj, Silvia Carlotto,*
Lidia Armelao, Antoine Dupé, and Nadia C. Mösch-Zanetti*

The bidendate ligands HPnMe (4-methyl-6-tert-butyl-3(2H)-thio-
pyridazine) and HPntBu (4,6-di-tert-butyl-3(2H)-thiopyridazine)
were coordinated to Ni(II) for the formation of paddlewheel
(PW) complexes [Ni2(PnR)4]. Starting from [NiCl2(HPnMe)4] (1Me),
the poorly soluble hexanuclear cluster [Ni6(PnMe)12] (2Me 0

) forms
which is capable of binding NH3 reversibly. The obtained mono-
meric PW complex [Ni2(PnMe)4(NH3)] (3Me) shows vapochromism
and magnetochemical switching. The third donor site in the pyr-
idazine heterocycle PnMe is found to be a key factor for selective
NH3 uptake due to the ideal position of these additional nitrogen
atoms in the second coordination sphere to form hydrogen
bonds to NH3. With excess NH3 the PW core of 3Me collapses,

and the octahedral bis–ammine complex [Ni(PnMe)2(NH3)2]
(4Me) is formed. Upon loss of NH3, 3Me is reformed. All three com-
pounds 2Me 0

, 3Me and 4Me have a very different color in solution or
suspension, which allows for basic sensing properties. Quantum
mechanical calculations on complexes clarify the preference for
the N site over sulfur in coordinating small molecules. The influ-
ence of hydrogen bonding on this preference is quantitatively
emphasized, providing confirmation of the high selectivity of
these systems for NH3. In contrast to HPnMe, with the bulkier
ligand HPntBu, two HPntBu molecules coordinate to NiCl2, giving
the tetrahedral complex [NiCl2(HPntBu)2] (5tBu) while a PW com-
plex was not observed.

1. Introduction

A paddlewheel (PW) complex of the general formula [M2(XY)4]
(XY= bidentate, bridging ligand) consists of two metal centers
that are coordinated by four bidentate ligands which are bridging

the two metals.[1–8] Compared with other metals, relatively few
group 10 PWs have been published and structurally characterized
(Pt � 100; Pd, Ni< 20 each). For Ni2-based PW complexes, both
symmetrically bridged by O, O-,[9] S, S-[10–14] or N, N-[15–20] type
ligands, as well as asymmetrically bridged by S, O-,[21,22] N,
O-[23] or S, N-[24,25] ligands have been reported. PW complexes
of Ni, Pd, or Pt can display interesting magnetic properties.
Based on the arising square-planar ligand field and the d8 elec-
tronic configuration in the predominant M(II) oxidation state,
metal–metal bonds should be absent in the respective PW com-
plexes.[17,19,26] This bonding situation has been confirmed for all
Pd(II) and Pt(II) PW complexes. For Ni2-PWs, the coordination of an
additional axial ligand at one or both Ni centers is often observed,
resulting in a change of ligand field to square-pyramidal, which
causes a switch of the magnetic state.[15–18,24,25]

Complexes for which both a diamagnetic state (with spin
quantum number S= 0) and a paramagnetic state (e.g. S= 1)
can be realized by reversible coordination of a ligand L are
referred to as spin crossover (SCO) metal complexes.[27,28] The
effect of magnetic bistability was mostly found in solid-state
materials and/or at very low temperatures.[29,30] Over the last
years though, more examples of discrete complexes that show
SCO properties in solution at room temperature have been
disclosed.[27,28,30–34] The magnetic crossover also influences other
physical properties of the complexes. Often, the color of the com-
plex changes upon de-/coordination of the L ligand, resulting in
an effect termed vapochromism.[34–37]

S,N-Bridged Ni2-PWs have been reported either with[24] or
without[25,38,39] axially bound ligand. The first example where both
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situations were obtained in the same PW core was reported by
our group in 2021.[40] By reacting the S,N-bidentate ligand 6-tert-
butyl-pyridazine-3-thione (HPnH) (Scheme 1)[41–46] with NiCl2, the
diamagnetic PW complex [Ni2(PnH)4] (2H) was obtained.[40] We
found remarkable coordination properties towards NH3, yielding
the PW complex [Ni2(PnH)4(NH3)] (3H). The latter is the first exam-
ple of an ammonia coordinated nickel paddlewheel. Furthermore,
it is paramagnetic after NH3 coordination (S= 1) and its formation
is accompanied by a significant color change rendering 2H the
first Ni2-PW complex to show both vapochromism and spin cross-
over (magnetic bistability). De-coordination of NH3 is triggered by
vacuum, which reverts [Ni2(PnH)4(NH3)] to [Ni2(PnH)4] under reten-
tion of the PW core. The analogous reactivity was also found in
fabricated thin, gas-permeable polyurethane films (Hydromed
D4), with the encapsulated PW complex which retained its
NH3-sensing capability.[40] The uptake (dipping in an NH3 solution)
and release (rinsing with H2O) of NH3 proved to be fully reversible
over several cycles, demonstrating basic sensing properties.[47]

However, based on the state-of-the-art sensing requirements,[47]

our molecular paddlewheel complex does not fulfill these criteria.
For example, the difference in wavelengths between the ammo-
nia coordinated and the parent Ni2-PW should be larger and the
sensitivity higher. We were therefore interested in further inves-
tigating the coordination chemistry of 4-Me and 4-tBu substi-
tuted pyridazine-3-thione ligands HPnMe[48] and HPntBu toward
nickel(II). Here, we present a combined synthetic and theoretical
study of the propensity for PW formation in the series of the
HPnR ligands (R= H, Me, tBu) with nickel(II) and small molecule
coordination (ammonia and water) at both nickel sites by focus-
ing the attention on their vapochromism and spin crossover
properties.

2. Results and Discussion

2.1. Formation of Paddlewheel Complexes using HPnMe

In analogy to HPnH, upon reaction of 4 equiv of HPnMe with
NiCl2 · 6H2O in EtOH, the octahedral complex [NiCl2(HPnMe)4]
(1Me) is obtained (Scheme 2). The chlorido ligands occupy the api-
cal positions while the four pyridazine-thione ligands are coordi-
nated in a monodentate fashion in the equatorial plane via their
sulfur atom. All four HPnMe ligands remain protonated, with the
N-H protons forming hydrogen bonds to the chlorido ligands.

Complex 1Me can be isolated in 84% yield by simple removal
of EtOH and washing of the crude product with pentane. Its octa-
hedral structure was confirmed by single crystal X-ray diffraction
analysis.[49] A molecular view and crystallographic data can be
found in the Supporting Information (Figure S9, Table S1,S4,
and S5, Supporting Information). The expected paramagnetism
of 1Me was observed both by magnetic susceptibility measure-
ments using a Gouy balance (χM= 5.45 � 10�8 m3 mol�1;
μeff= 3.17 (2.32 unpaired e�) and by 1H NMR spectroscopy which
only showed broadened and shifted peaks suggesting the pres-
ence of a high spin Ni(II) center (Figure S1, Supporting
Information). When a second equiv of NiCl2 · 6H2O and 4 equiv
of NaH were added to 1Me in MeOH, after heating, a brownish
precipitate of 2Me 0

formed (Scheme 2). Compound 2Me 0
is poorly

soluble in all common organic solvents, which hindered mean-
ingful characterization in solution. Nevertheless, by slow evapo-
ration from a saturated CHCl3 solution, single crystals were
obtained allowing X-ray diffraction analysis.[49] Surprisingly,
instead of the expected PW structure [[Ni2(PnMe)4] (2Me), a trimeric
structural isomer was obtained, namely a hexanuclear, cyclic,

Scheme 1. Reversible ammonia coordination in [Ni2(PnH)4] (2H).[40]

Scheme 2. Synthesis of [NiCl2(HPnMe)4] (1Me) and hexanuclear [Ni6(PnMe)12] (2Me 0
).
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torus-shaped structure of the formula [Ni6(PnMe)12] (2Me 0
)

(Figure 1, S10,S11, Supporting Information).
The octahedral coordination of each of the six Ni atoms

causes 2Me 0
to be paramagnetic. The number of unpaired elec-

trons was determined to be approximately 6 by magnetic suscep-
tibility measurements, lower than the theoretically possible
number of 12 if all six Ni atoms were magnetically isolated.
This seemingly contradicting result could be caused by an inho-
mogeneity of the sample, varying amounts of embedded solvent
molecules in the crystalline samples as well as antiferromagnetic
coupling, as observed in other PW and polynuclear Ni
complexes.[9,50–53] The synthesis of 2Me 0

can also be accomplished
without the isolation of 1Me when the base NaH is added directly
to the respective amounts of HPnMe and NiCl2 · 6H2O. Although
the choice of MeOH as reaction solvent seems counterintuitive

here, it consistently gave the best results and highest yields of
2Me 0

. The formation of other, differently sized cyclic or acyclic
oligomers cannot be excluded. The very low solubility in various
organic solvents of 2Me 0

hampers its detailed study but supports
the formation of the Ni6 oligomer as the PW complex [Ni2(PnMe)4]
is expected to be more soluble. This is in stark contrast to ligand
PnH, where predominantly the PW [Ni2(PnH)4] (2H) is formed.

Even though the ligand HPnMe did not allow for the isolation
of a monomeric PW complex of type [Ni2(PnMe)4], we were
delighted to observe a significant color change upon exposure
of solid 2Me 0

to NH3. If gaseous NH3 is bubbled through a suspen-
sion of poorly soluble 2Me 0

, in CHCl3 or CH2Cl2, a gradual color
change from brownish to red was observed upon dissolution
of the solids giving a bright red solution (Scheme 3).
Evaporation of the solvents gave the analytically pure PW

Figure 1. Right: molecular view of the asymmetric unit of the complex [Ni6(PnMe)12] (2Me 0
). The probability ellipsoids are drawn at the 50% probability level.

The H atoms and solvent molecules were omitted for clarity. tert-Butyl groups of the ligands are drawn as wireframe for clarity. Left: Molecular view of the
hexameric metal complex [Ni6(PnMe)12] (2Me 0

). The atoms are drawn with arbitrary radii, the H atoms were omitted for clarity.

Scheme 3. Reversible color changes upon exposure of 2Me 0
to NH3 (in CH2Cl2).
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[Ni2(PnMe)4(NH3)] (3Me) with a coordinated ammonia molecule.
Formation of 3Me is also observed if a slight excess of aqueous
ammonia is added to the suspension of 2Me 0

. Single crystals were
obtained from a saturated CHCl3 solution allowing for X-ray dif-
fraction analysis which confirms the formation of the paddle-
wheel, with the ammonia molecule forming at least two short
H-bonds with two available nitrogen atoms of the PnMe ligands
(Figure 2 and S12, Supporting Information).[49]

For quantification, NH3 gas was added stepwise by syringe to
a stirred suspension of 20 mg of 2Me 0

in 6 mL CH2Cl2. Starting with
0.2 equiv. up to 3 equiv. of NH3 gas (with respect to the paddle-
wheel or 0.6 equiv. with respect to the hexamer) were added to
the solution, and the reaction was monitored using UV-Vis spec-
troscopy. Spectra were recorded after 5 and 10 min of addition. A
band at 529 nm corresponding to 3Me appears with the addition
of the first 0.2 equiv. of NH3 and gradually increases until 3 equiv.
of NH3 were added and all hexamer 2Me 0

was dissolved (Figure S6,
Supporting Information). The absorption correlates linearly until
one equiv. of ammonia per paddlewheel (0.5 equiv. per Ni) was
added (Figure S7, Supporting Information). This demonstrates the
high sensitivity of the hexamer toward ammonia as a sub-
stoichiometric addition of NH3 gas leads to 3Me and a threefold
excess is enough for complete conversion. The expected para-
magnetism based on the solid-state structure of 3Me was con-
firmed by 1H NMR spectroscopy as well as magnetic susceptibility
measurements (Figure S2, Supporting Information).

Interestingly, when a large excess of ammonia was added to a
suspension of 2Me 0

or a solution of 3Me in dichloromethane, a color
change to yellow-green (Scheme 3) occurred. Using aqueous
ammonia, we found that at least 100 equiv. are required while
with 50 equiv. no color change was observed. The novel green
species was identified as the bis–ammine complex [Ni(PnMe)2
(NH3)2] (4Me) (Scheme 3). Its isolation proved to be challenging
as 4Me is very sensitive to loss of NH3, both in solution and solid

state, upon which it cleanly reverts to 3Me. For example, under a
vacuum of 10–2 mbar at 25 °C, 4Me reacts to 3Me within an hour.

Hence, the bis–ammine complex 4Me was best isolated in sub-
stance by carefully dry-blowing a saturated CH2Cl2 solution with a
stream of gaseous NH3. A green solution of 4Me in CH2Cl2
(�10 mg ml�1) reverts to a red solution of 3Me within 20 min
(Scheme 3). Solid samples of 4Me can only be stored for prolonged
times under an NH3 atmosphere. Suitable single crystals for X-ray
diffraction analysis were obtained by slow evaporation of a green
solution of 4Me in CH2Cl2 which was layered with a conc. aqueous
solution of NH3. Before mounting them on the diffractometer, the
crystals must be kept under a layer of conc. aqueous NH3. The
solid-state analysis of 4Me confirmed the octahedral surrounding
of the Ni(II) center with two NH3 ligands being cis to each other
(Figure S13, Supporting Information).

2.2. Formation of Nickel Complexes Using HPntBu

The coordination chemistry of ligand HPntBu differs significantly
from that of HPnH and HPnMe. The reaction of 4 equiv of HPntBu

with NiCl2 · 6H2O led to [NiCl2(HPntBu)2] (5tBu) together with two
equiv of unreacted HPntBu, regardless of the applied reaction con-
ditions (Scheme 4). By applying the correct stoichiometry of
Ni:HPntBu= 1:2, complex 5tBu could be isolated in 89% yield as
a brown-green solid. Single crystal X-ray diffraction analysis
revealed a tetrahedral coordination geometry around the Ni(II)
center, with two sulfur and two chloride atoms coordinated to
Ni.[49] The NH moieties are involved in hydrogen bonds to the
chloride ligands (Figure S14, Supporting Information).

The tetrahedral coordination of a Ni(II) center is a rather rarely
observed geometry.[54–58] The steric bulk imposed by the second
tBu group in HPntBu most likely does not allow for the coordina-
tion of four ligands to the Ni center as observed with HPnMe.
When two equiv of NaH are added to 5tBu deprotonation of
the HPntBu ligands occurs, resulting in bidentate coordination
of PntBu forming [Ni(PntBu)2] (6tBu). After work-up as described
in the supporting information, the latter was isolated in 71%
yields as a green solid. Complex 6tBu is quite soluble in chlorinated
solvents and toluene leading to deep yellow-green solutions.
Single crystals analyzed by X-ray diffraction revealed a square pla-
nar coordination around the Ni(II) center, with the two PntBu

moieties in a trans arrangement (Figure S15, Supporting
Information).[49] In accordance with this solid-state structure, com-
plex 6tBu was found to be diamagnetic. Finally, 6tBu did not react
with NH3 consistent with no observable color change. The ana-
lytical data collected together with the lack of vapochromic
behavior toward NH3 led us to conclude that ligand HPntBu does
not allow for the formation of PW complexes.

2.3. Theoretical Studies on Binding Properties, Spin
Crossover, and Reactivity

To rationalize the different behavior of the paddlewheel com-
plexes in the absence and presence of small molecules in the
series of the HPnR ligands (R= H, Me, tBu) with nickel(II),

Figure 2. Molecular view of [Ni2(PnMe)4(NH3)] (3Me). The probability ellip-
soids are drawn at the 30% probability level. Only one position for the dis-
ordered H atoms of the ammine ligand is shown, the other H atoms were
omitted for clarity.
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theoretical investigations by using quantum mechanical calcula-
tions were performed with the PnH system, especially to compare
our previously published [Ni2(PnH)4] (2H) and [Ni2(PnH)4(NH3))
(3H)[40] with 2Me 0

and 3Me (Scheme 3). All calculations are per-
formed by using the B3LYP functional with the inclusion of dis-
persion correction (see Supporting Information). First, the
selectivity of the coordination of NH3 for two possible nickel sites
(at the N side or the S side) was studied. Indeed, despite the pres-
ence of two Ni atoms in the PW complexes, the NH3 coordination
is only observed on the side where the nickel is coordinated by
four nitrogen atoms of the PnH ligands (Ni-4N). Moreover, the
magnetic property was investigated. The nickel(II) ion can have
a high spin (HS) (with two unpaired electrons) and a low spin
(LS) state (without unpaired electrons). The spin crossover due
to the coordination of NH3 is experimentally observed for 2H

and 2Me 0
, forming the HS state in both cases upon coordination.

For the former, SQUID magnetic measurements have shown that
only the Ni atom, where the coordination of NH3 takes place, is
involved.[40] In the absence of NH3, no spin state changes are
observed.

To explain the selectivity and the spin crossover properties,
the binding energies for both Ni sites as well as both spin states
are calculated by comparing the energy differences between the
energy of the paddlewheel complex with coordinated NH3 (3H)
and the sum of the energies of the precursor complex (2H)
and an isolated NH3 molecule. The binding energies of the
NH3 for HS states at the 4N- and 4S-sides are �18.75 and
�14.85 kcal mol�1, respectively (Table 1). Adding the NH3

molecule at the 4S-side is thus energetically less favored by
3.9 kcal mol�1, justifying the experimental evidence. However,
similar calculations considering LS states reveal a preference

for the 4S-side by 5.37 kcal mol�1 (Table 1). In agreement with
experimental data, calculations show that adding NH3 at the
more stable 4N-side to give 3H or 3Me causes the Ni(II) spin cross-
over from the LS to the HS state. In both compounds, the HS state
is significantly more stable than the LS one of �18.42 kcal mol�1

for 3H and �17.14 kcal mol�1 for 3Me (Table 1). Optimized geom-
etries for NH3 coordination at the 4N-side for LS and HS states for
H and Me substitutes are reported in Figures S17 and S18,
Supporting Information. Analogous calculations were performed
with NH3 binding on the 4S-side: the HS state is more stable than
the LS state for 3H (�9.16 kcal mol�1), however HS and LS states
for 3Me are almost identically stable.

Energy decomposition analysis with the combination of nat-
ural orbitals for chemical valence (EDA-NOCV, see computational
details in SI) analysis on the interaction between the fragment
ammonia and the paddlewheel (in 3H/3Me) has been performed,
including comparison of HS and LS state configurations. EDA-
NOCV offers valuable insight into the relative contributions of
electrostatic and orbital interactions, as well as the role of hydro-
gen bonding in modulating ligand binding across spin states. The
analysis reveals a marked spin-state dependence in the bonding
interaction, in agreement with experimental data. NH3 binds pref-
erentially and more strongly in the HS state due to stronger
orbital and electrostatic interactions, despite higher steric repul-
sion (Table S13, Supporting Information). The LS state does not
support favorable NH3 coordination. Similar results are obtained
for 3Me A more detailed description of the weight of each term
composing the interaction energy is reported in the SI. However,
this method is not suitable to explain the experimentally
observed preference for coordination at the 4N over the 4S site
and to fully quantify the role of the H–bond interaction.

Scheme 4. Synthesis of mononuclear complexes [NiCl2(HPntBu)2] (5tBu) and [Ni(PntBu)2] (6tBu).

Table 1. NH3 or H2O binding energies (in kcal/mol) in [Ni2(PnH)4(L)] (L= NH3 (3H) or H2O) and [Ni2(PnMe)4(L)] (L= NH3 (3Me) or H2O) at the 4N- and 4S-side for
both the diamagnetic (LS) and paramagnetic (HS) spin state. Δspin refers to the energy differences of the two spin states and Δsite to those of the coordination
site.

L Coordination site [Ni2(PnH)4(L)] [Ni2(PnMe)4(L)]

LS HS Δspin LS HS Δspin

NH3 4N-side �0.32 �18.75 �18.42 1.00 �18.14 �17.14

4S-side �5.69 �14.85 �9.16 �5.28 �5.30 �0.02

Δsite 5.37 �3.90 – 4.28 �12.84 –

H2O 4N-side �11.76 �13.84 �2.08 �12.09 �13.25 �1.16

4S-side �5.07 �5.10 �0.03 �5.28 �5.30 �0.02

Δsite �6.69 �8.74 – �6.81 �7.95 –
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Energy decomposition analysis with the combination of nat-
ural orbitals for chemical valence (EDA-NOCV, see computational
details in SI) was employed to dissect the interaction between
NH3 and the dinuclear fragments [Ni2(PnMe)4] and [Ni2(PnMe)4]
(see Table S13, Supporting Information). The results underscore
the interplay of spin state and ligand substitution in governing
the magnitude and nature of the NH3 interaction. Across both
complexes, NH3 coordination leads to stabilization, with interac-
tion energies substantially stronger in the HS state (�–41 to
–42 kcal mol�1) than in the LS state (�–8 to –9 kcal mol�1).
This difference arises from more effective σ(NH3!Ni) donation
in the HS configuration, where partially filled d-orbitals provide
accessible acceptor states. In contrast, in the LS state orbital inter-
actions collapse (fivefold weaker), leaving binding dominated by
residual electrostatics. Pauli repulsion represents the principal
destabilizing component, with higher values in the HS state
(�110 kcal mol�1) reflecting enhanced electron–electron repul-
sion from unpaired d-electrons, while substantially lower values
in LS (�45 kcal mol�1) mirror reduced overlap. Substituent
effects are modest but systematic: The methyl substituent enhan-
ces both electrostatic stabilization (HS: –83.2 ! –84.0 kcal mol�1;
LS: –31.2 ! –32.4 kcal mol�1) and orbital interactions
(HS: –58.0! –59.3 kcal mol�1; LS: –11.9! –12.9 kcal mol�1). This
reflects the electron-donating character of the Me group, which
increases polarization of the Ni2 fragment, promotes σ donation
from NH3, and subtly strengthens the overall coordination.
Dispersion remains essentially invariant (�–9 to –10 kcal mol�1),
consistent with its origin in the aromatic framework. In terms of
hydrogen bonding, the EDA indicates that contributions emerge
primarily through the electrostatic and orbital components. The
stronger electrostatics in [Ni2(PnMe)4(NH3)] suggest that the
methyl substituent indirectly reinforces H-bonds by increasing
electron density on the pyridazine nitrogen atoms (confirmed
by Mulliken charge analysis, Figure S16, Supporting Information),
thereby strengthening N–H···N interactions. Orbital contributions,
associated with polarization and charge delocalization within
the H-bonding network, are also slightly enhanced in the methyl
substituted system. Spin state exerts a dominant effect: In the HS
state, robust electrostatic and orbital terms support significant
H-bond stabilization, whereas in the LS state, both contributions
collapse, consistent with the reduced donor–acceptor flexibility
of the low-spin configuration. In summary, EDA reveals a clear hier-
archy of effects: (i) Spin state dictates the overall magnitude of NH3

interaction, with HS strongly favored; (ii) ligand substitution fine-
tunes the electrostatic and orbital components, with methyl
groups modestly but systematically enhancing interaction; and
(iii) hydrogen bonding emerges as a cooperative stabilizing factor,
primarily electrostatic in nature but reinforced by polarization
effects in the Me–substituted complex. Together, these findings
rationalize the experimentally observed stronger NH3 coordination
in [Ni2(PnMe)4(NH3)] relative to [Ni2(PnH)4(NH3)], while underscoring
the dual control of spin state and ligand electronics on metal–
ligand binding.

The experimental selectivity can be further investigated by
quantifying the electrophilicity of the two Ni atoms in 2H. The
electrophilic condensed Fukui function or simply condensed

Fukui function fþk
[59] (see computational details) reflects the reac-

tivity of a site: the higher the function, the higher the capability to
accept electrons. It serves as the fundamental density-based reac-
tivity indicator for the location where the molecule is most sus-
ceptible to nucleophilic attack. In our case, the more electrophilic
Ni atom should be the preferred coordination site for NH3.
Unexpectedly, the calculated fþk for Ni at the 4S-side in 2H is sig-
nificantly higher (0.007) than for the Ni at the 4N-side (0.002).
Thus, the 4S-side should be the preferred coordination site based
only on the Ni electrophilicity. In the literature, coordination com-
pounds with a NiS4N cores are indeed known.[60] This result con-
trasts with experimental findings suggesting additional
influences. As coordination of NH3 in 3H and 3Me involves the for-
mation of two short NH···N hydrogen bonds and one longer one
(Figures S17 and S18, Supporting Information), we hypothesized
that such H-bonds are the main factor for the selectivity and sta-
bility of the complexes. In these PW, H-bonds are possible at the
Ni 4N-side, while this is impossible at the 4S-side. A model system
in which the original structural arrangement on 2H is maintained
but the pyridazines are replaced by pyridines (2Py, Figure S19,
Supporting Information) was used to verify this hypothesis. In
such a paddlewheel, no additional N atoms in the ligands are
available for H-bond formation to coordinate NH3 at the 4N-side.
For this model and in agreement with the calculated condensed
Fukui function fþk , the addition of NH3 at the Ni 4S-side in 2Py is
slightly more stable than the Ni 4N-side by 0.5 kcal mol�1

(Table 2). This result supports our hypothesis and confirms the
crucial role of the H-bond in stabilizing the Ni 4N- over the
4S-side. Interestingly, if NH3 cannot form H-bonds, as in 2Py, there
is indeed no preferred binding site. Furthermore, a comparison of
the NH3 binding energies of [2Py(NH3)] (3Py) to those of 3H pro-
vides an estimation of the share of the H–bond interaction of
the total bonding energy. Results show that the binding energy
only due to the NH3-Ni interaction in 3Py is lower than the one in
3H (�8.27 kcal mol�1 at the 4N-side and �3.90 kcal mol�1 at the
4S-side; Table 2). Since binding NH3 at the Ni 4N-side in 3H

involves three H-bonds, the resulting energy per H-bond is
2.76 kcal mol�1 (8.27/3). This value is in perfect agreement with
the literature where in the NH3-NH3 dimer the H-bond is calcu-
lated around 2.5 kcal mol�1 with a MP2/6–31þþG(d, p) level of
theory.[61]

The reactivities of 2H and 2Me 0
, respectively, toward the addi-

tion of NH3 are very similar, while a striking difference is observed
when 3H and 3Me, respectively, react with excess NH3 leading only
for the latter to the bis–ammine complex [Ni(PnMe)2(NH3)2] (4Me).
Calculations on both complexes, 4Me and the not experimentally
observed 4H, show the HS to be more stable than the LS states

Table 2. Binding energies (in kcal/mol) for NH3 in [Ni2(PnH)4(NH3)] and
[Ni2(PnPy)4(NH3)] together with the difference between the values for HS
configuration.

Coordination site [Ni2(PnH)4(NH3)] [Ni2(PnPy)4(NH3)] Difference

4N-side �18.75 �10.48 �8.27

4S-side �14.85 �10.95 �3.90
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(10.60 kcal mol�1 for 4H and 15.94 kcal mol�1 for 4Me). A reason for
the different reactivity can be obtained by comparing the stability
energies of 4H or 4Me to those of 3H or 3Me and one molecule of
NH3. The comparison reveals 4Me to be more stable than 3Me by
over 3 kcal mol�1 explaining its formation. In contrast, such a sta-
bility increase cannot be found with 4H explaining why it is not
formed.

2.4. Studies on the Vapochromic Behavior: Experiment and
Theory

As mentioned above, hexanuclear complex 2Me 0
reacts with gas-

eous NH3 when suspended in CH2Cl2 or CHCl3 under the forma-
tion of the PW complex 3Me. The conversion to 3Me occurs also
upon exposing the finely dispersed solid of 2Me 0

, to gaseous
NH3, apparent by a color change to bright red after several
minutes. The 1H NMR spectrum of the latter in CDCl3 is identical
to that of isolated 3Me, supporting reactivity in the solid state.
Ammonia coordination was found to be reversible: If a red
CHCl3 solution of 3Me was left standing for over 16 h, a gradual
de-coloration and precipitation of the brown solid of 2Me 0

was
observed. In contrast, in the solid state at ambient pressure
and room temperature, 3Me retains its characteristic red color
for several months. Only upon applying vacuum (10�2 mbar)
and temperature (100 °C), the solid material of 3Me changed color
to brownish within 3 h, finally giving 2Me 0

. The analogous reaction
[Ni2(PnH)4(NH3)] (3H) was found to be faster, as thermal treatment
at 110 °C for 1 h led to full conversion to 2H.[38] Interestingly, NH3

coordination/decoordination experiments, repeated multiple
times, show full reversibility, without apparent decomposition
of the respective complexes.

The calculated binding energies for NH3 at 3H and 3Me reveal
the latter to be slightly more stable (0.6 kcal mol�1, Table 1), in
contrast to experimental findings. However, it is well established
that the energy accuracy of DFT is limited to approximately
2 kcal mol�1,[62] so this difference is not significant. The Ni-(NH3)
bond lengths are also similar between the two complexes
(Table S14, Supporting Information). Thus, to better quantify
the strength of the N–Ni bond in NH3-Ni complexes and to better
highlight the effect of ligand substitution on NH3 coordination,
the Mayer bond order (MBO)[63] values were calculated for the
Ni-(NH3) bond. A larger MBO is found for 3Me (0.5447) versus 3H

(0.5340). These values clearly indicate, in agreement with experi-
mental observations, that NH3 coordination is strengthened upon
substituting PnH by PnMe (Table S14, Supporting Information).
This trend can be rationalized by examining the electronic struc-
ture, particularly the Mulliken charge distribution. As illustrated in
Figure S16, Supporting Information, the PnMe ligand, although
not directly engaged in hydrogen bonding, increases the nega-
tive charge on the nitrogen atoms involved in H-bonds (from
–0.163e in PnH to –0.176e in PnMe). Moreover, variations in the
charge density on the nitrogen atoms directly coordinated to
Ni significantly affect the overall stability of the complex.
Taken together, these results demonstrate that ligand substitu-
tion subtly but decisively modulates both the hydrogen-bonding

network and the metal–ligand interactions, thereby providing a
consistent rationale for the experimentally observed differences
in NH3 coordination strength.

The conversion of yellow-green 4Me (λmax(CH2Cl2)= 582 nm)
to 3Me (λmax(CH2Cl2)= 529 nm) could be followed by UV-Vis
spectroscopy and occurred within 30 min (Figure S8,
Supporting Information). The different molecular stoichiometry
of [Ni(PnMe)2(NH3)2] (4Me) and [Ni2(PnMe)4(NH3)] (3Me) explains the
absence of an isosbestic point for this conversion. An interme-
diate such as [Ni(PnMe)2(NH3)] was not observed. The formation
of a monomeric species similar to 4Me but with only one or no
coordinated ammonia from 3Me is found to be unfavored from a
computational point of view of over 30 kcal/mol calculated as
the difference between the 4Me and 3Me in the presence of one
or zero NH3 molecules.

2.5. Theoretical Study on the Selectivity for NH3

To rationalize the small molecule basic sensing properties of our
Ni PW, it is critical to rationalize their ability to reversibly coordi-
nate NH3 and their selectivity when different molecules (NH3 and
H2O) are also present in the solution. Therefore, it is interesting to
focus on the nature of the coordinated molecule (NH3 vs H2O). We
have previously reported that the addition of water to 2H leads to
the formation of the paddlewheel complex [Ni2(PnH)4(H2O)]
although coordination of H2O seems to be far weaker.[22]

Indeed, magnetic susceptibility measurements of the isolated
materials always showed less than two unpaired electrons point-
ing toward a mixture of the aqua complex and 2H. Moreover, as
soon as ammonia is around, water is substituted to obtain 3H.
Quantum mechanical calculations were performed with 2H for
the coordination of water. Similar to NH3 as described above,
the water molecule was considered to coordinate to 2H at
the 4N- or 4S-side as well as in the paramagnetic or diamagnetic
spin states. Results in Table 1 show that for H2O coordination at
the 4N-side, the HS state is again more stable than the LS by
2.08 kcal mol�1. This small difference between the LS and HS state
suggests that the interaction does not involve the rearrangement
of the electrons in the Ni 3d molecule orbitals, but rather that a
weak bonding takes place. Moreover, the preferred coordination
site is the 4N-side which is more stable than the 4S-side by
8.74 kcal mol�1 for the HS state. This suggests that in the presence
of both NH3 and H2O, competition for the same coordination site
at 2H takes place. The small difference between the LS and HS
state after water coordination at the 4N-side can explain the
found magnetic data:[22] Some water molecules are coordinated
to give the HS state and other water molecules give the LS state.
The optimized structures for both spin states of [Ni2(PnH)4(H2O)]
are displayed in Figure 3.

The most striking difference is observed in the Ni-O distances
with 3.292 Å for the LS and 2.141 Å for the HS state. The shorter
Ni-O distance observed in the low-spin (LS) complex compared to
the high-spin (HS) complex contrasts with typical trends. This dif-
ference can be attributed to variations in the coordination envi-
ronments: The LS complex adopts a square-pyramidal geometry,
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while the HS complex displays an octahedral configuration. The
pentacoordination in the LS state and hexacoordination in the HS
state are further supported by the Mayer Bond Order (MBO)
index. In the LS state, the Ni–O bond order is below 0.1, indicating
a negligible interaction, whereas the HS state shows an MBO of
0.4070 (Table S14, Supporting Information). Despite the different
Ni-O distances and MBO indexes in the two systems, the binding
energies are very similar (�13.84 and�11.76 kcal mol�1, in the HS
and LS states, respectively). This finding further supports our con-
clusion that the larger part of the binding energy value is due to
the H-bond and not to the direct interaction of the small mole-
cule with the Ni center, even for [Ni2(PnH)4(H2O)]. The calculated
binding energy in [Ni2(PnH)4(H2O)] for the more stable 4N-side in
the HS state is �13.84 kcal mol�1, which is 4.91 kcal mol�1 less
stable than in 3H, explaining the experimentally observed prefer-
ence for NH3 over H2O. The stronger binding energy of the NH3

with respect to water is certainly due to NH3 being a better nucle-
ophile which can be quantified with the condensed nucleophilic
Fukui function f�k , (1.012 vs. 0.789 for N atom of NH3 and O atom
of water, respectively). Finally, similar trends are observed with
the methylated system where the water molecule coordinates
in [Ni2(PnMe)4(H2O)] (Table 1 and Figure S20, Supporting
Information): preferred coordination at the 4N-side and lower

binding energies for H2O in comparison to NH3 which is in agree-
ment with the experiment where [Ni2(PnMe)4(H2O)] has not
isolated. Similar observations regarding Ni–O bond distances
and MBO indices for [Ni2(PnH)4(H2O)] also apply to complexes with
Me substituents in both LS and HS states (Table S14, Supporting
Information).

2.6. Fabrication into Thin Foils

The potential of 3Me as a NH3 probe was investigated by fabricat-
ing it into a thin foil (f-3Me), similar to previously described
[Ni2(PnH)4] (2H).[40] However, due to the low solubility of 2Me 0

,
the ammonia–PW complex 3Me was encapsulated into the hydro-
gel Hydromed D4 and knife-coated to 7.5 μm thickness onto a
gas-permeable poly(ethylene terephthalate) support. The foils
are thin enough to be measured in transmission mode by a
standard UV-Vis photometer. The typical red color of 3Me

(λmax= 529 nm dissolved in CH2Cl2) was observed as a broad
absorption of weak intensity in f-3Me at λmax= 520 nm
(Figure 4, red line).

In contrast to [Ni2(PnH)4(NH3)], soaking the foil of f-3Me in H2O
worked quite poorly. After 3 h, the typical red color of the foil and
its UV-Vis spectrum is essentially unchanged (Figure 4, blue line).

Figure 3. Optimized structures of the low spin state a,b) and high spin state c,d) of [Ni2(PnH)4(H2O)]. Top row: views along the N4 plane; bottom row: views
along the Ni–Ni axis. Yellow, lilac, gray, red, green and white spheres are S, N, C, O, Ni, and H atoms. Bond distances are in Å.
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Alternatively, heating the foil of f-3Me to 60 °C for 3 h in an oven
led to a color change to light-brown. In the UV-Vis spectrum, this
resulted in the disappearance of the red color and the broad
absorption at 520 nm (Figure 4, brown line). It remains unclear
if the hexanuclear cluster of 2Me 0

is formed when encapsulated
in the hydrogel foil (f-2Me). Longer heating times (e.g., 1 day)
or higher temperatures (e.g. 120 °C) led to the loss of the NH3

sensing capabilities and the appearance of a yellowish color of
the foil pointing towards decomposition. Overall, the removal
of NH3 from encapsulated f-3Me requires more drastic conditions
(60 °C, 3 h) than from encapsulated [Ni2(PnH)4(NH)3] (soaking in
H2O, 20 min).[40] Nevertheless, foils of f-2Me revert to f-3Me by sim-
ply soaking the foil in concentrated aqueous NH3 solution, giving
the same red color and spectral features. Therefore, also f-3Me is in
principle capable of reversibly losing and taking up NH3. In con-
trast to the solution chemistry of 3Me, encapsulated f-3Me does not
turn green upon exposure to gaseous NH3 or prolonged soaking
in aqueous NH3, indicating that bis–ammine complex 4Me does
not form in the foil.

3. Conclusion

The influence of ligand substituents in the HPnR ligand family has
drastic consequences on their coordination chemistry and the
resulting vapochromic paddlewheel (PW) complexes. The previ-
ously published system where the ligand PnH exhibits a hydrogen
atom in 4-position allowed isolation of both the PW complexes
[Ni2(PnH)4] and [Ni2(PnH)4(NH3)], including the study of their vapo-
chromic behavior both in the molecular and encapsulated state.
In contrast, the PnMe with a methyl group in 4-position leads
initially to the formation of a macrocyclic, hexa–nuclear com-
plex [Ni6(PnMe)12] (2Me 0

) instead of the targeted PW complex
[Ni2(PnMe)4]. Nevertheless, 2Me 0

showed vapochromism towards
NH3, resulting in a change of color and spin state, giving PW com-
plex [Ni2(PnMe)4(NH3)] (3Me). Again in contrast to [Ni2(PnH)4(NH3)],

3Me showed further reactivity to NH3, resulting in the highly
unstable bis–ammine complex [Ni(PnMe)2(NH3)2] (4Me). Finally,
for ligand HPntBu, with a second tBu group in 4-position, no
PW complex is formed, but only the formal monomer of a PW
complex, [Ni(PntBu)2] (6tBu) is isolated. Our quantum mechanical
calculations explain the preferential coordination to the Ni atom
at the nitrogen (N) site over the sulfur (S) site. A key factor in this
selectivity is the role of hydrogen bonding to the third donor site
in the pyridazine ligand, which stabilizes coordination at the
4N-site and influences the overall geometry of the complex.
Indeed, in absence of an additional nitrogen atom in the ligand,
as modeled with pyridine substituents ([Ni2(PnPy)4(NH3)]), no pref-
erence of the 4N- vs. the 4S-site is observed. Furthermore, the
calculated binding energies of the complexes with NH3 and
H2O confirm the high selectivity for ammonia of these systems
due to stronger hydrogen bonds in the ammonia PW complex.
This selectivity is particularly relevant for their potential applica-
tion as sensors, where precise molecular recognition is essential.
While still not yet applicable, this in-depth study contributes to a
more comprehensive understanding of the behavior of these
paddlewheel complexes, guiding experimental efforts and facili-
tating the development of novel sensor materials with enhanced
performance.
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Figure 4. UV-vis spectra of encapsulated 3Me in hydrogel D4 (f-3Me): red
line: f-3Me after fabrication; blue line: f-3Me after soaking in H2O; brown line:
f-3Me after heating to 60 °C.
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