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ABSTRACT: Iron(II) complex salts of 2,6-di(1,2,3-triazol-1-yl)pyridine (L1) are unexpectedly unstable in undried solvent. This is
explained by the isolation of [Fe(L1)4(H2O)2][ClO4]2 and [Fe(NCS)2(L1)2(H2O)2]·L1,  containing L1 bound as a monodentate ligand
rather than in the expected tridentate fashion. These complexes associate into 44 grid structures through O‒H···N hydrogen bonding;
a solvate of a related 44 coordination framework catena-[Cu(μ-L1)2(H2O)2][BF4]2 is also presented. The isomeric ligands 2,6-di(1,2,3-
triazol-2-yl)pyridine (L2) and 2,6-di(1H-1,2,3-triazol-4-yl)pyridine (L3) bind to iron(II) in more typical tridentate fashion. Solvates of
[Fe(L3)2][ClO4]2 are low-spin and diamagnetic in the solid state and in solution, while [Fe(L2)2][ClO4]2 and [Co(L3)2][BF4]2 are fully
high-spin. Treatment of L3 with methyl iodide affords 2,6-di(2-methyl-1,2,3-triazol-4-yl)pyridine (L4) and 2-(1-methyl-1,2,3-triazol-
4-yl)-6-(2-methyl-1,2,3-triazol-4-yl)pyridine (L5). While salts of [Fe(L5)2]2+ are low-spin in the solid state, [Fe(L4)2][ClO4]2·H2O is
high-spin while [Fe(L4)2][ClO4]2·3MeNO2 exhibits a hysteretic spin-transition to 50 % completeness at T½ = 128 K (ΔT½ = 6 K). This
transition proceeds via a symmetry-breaking phase transition, to an unusual low-temperature phase containing unique three cation
sites with high-spin, low-spin and 1:1 mixed-spin populations. The unusual distribution of spin states in the low-temperature phase
reflects “spin state frustration” of the mixed spin cation site, by an equal number of high-spin and low-spin nearest neighbors. Gas
phase DFT calculations reproduce the spin-state preferences of these and some related complexes. These highlight the interplay
between the s-basicity and p-acidity of the heterocyclic donors in this ligand type, which have opposing influences on the molecular
ligand field. The Brønsted basicities of L1-L3 are very sensitive to the linkage isomerism of their triazolyl donors, which explains
why their iron complex spin states show more variation than the better-known iron(II)/2,6-di(pyrazolyl)pyridine system.

Introduction

Spin-crossover (SCO) compounds continue to be heavily
studied, for a number of reasons.1-3 SCO  switches  are  useful
components in switchable fluorescent,4 conducting,5 magnetic6

or dielectric materials,7,8 and retain their functionality in soft
materials9 and at the mesoscale10 and nanoscale11 for device
fabrication. More fundamentally, time-resolved switching of
SCO compounds has also yielded new insights into the
molecular mechanism of crystalline phase changes in the solid
state,12 and of fundamental charge-transfer processes in
solution.13 Two popular classes of SCO complexes are
derivatives of the isomeric iron(II)/2,6-di(pyrazolyl)pyridine
centers [Fe(1-bpp)2]2+ 14-18 and [Fe(3-bpp)2]2+ 14-16,19,20 (Chart 1).
Apart from their synthetic versatility, the SCO temperature of
[Fe(1-bpp)2]2+ derivatives can be predictably tuned using
appropriate combinations of ligand substituents.17 Moreover,
hydrogen bonding to the N‒H groups of [Fe(3-bpp)2]2+ has  a
strong influence on its spin state which, unusually, makes
[Fe(3-bpp)2]2+ stable in aqueous solution.16,21

The related 2,6-di(1,2,3-triazolyl)pyridines (b3tpR,  R  ≠ H;
Scheme 1) ligands are easily prepared by Click chemistry, and
are being increasingly employed as metal-binding domains in
supramolecular architectures and soft materials.22 Only  a

handful of [Fe(b3tpR)2]2+ complex derivatives have been
reported to date, however, which are mostly low-spin in
solution and the solid state.23-26 In contrast, isomeric
[Fe(b4tpR)2]2+ (R = H or Me) complexes are high-spin, with the
onset of SCO being detected in one solid complex salt at very
low temperature.27-29 This is a much wider range of spin state
properties than observed between analogous [Fe(1-bpp)2]2+ and
[Fe(3-bpp)2]2+ derivatives under similar conditions.16

To gain insight into this behavior, we report complexes of
three isomeric ligands 2,6-di(1,2,3-triazol-1-yl)pyridine (L1),
2,6-di(1,2,3-triazol-2-yl)pyridine (L2) and 2,6-di(1H-1,2,3-
triazol-4-yl)pyridine (L3 =  b3tpH), which are 1,2,3-triazole-
containing analogues of 1-bpp and 3-bpp (Chart 1). While
iron(II) compounds are the main focus of this work, a copper(II)
complex of L1 and a cobalt(II) complex of L3 are also briefly
presented. Two dimethylated derivatives L4 and L5 are also
investigated, including a solvate of [Fe(L4)2][ClO4]2 that
undergoes a cooperative, incomplete spin transition coupled to
a novel form of crystallographic symmetry breaking.30 Lastly,
we describe DFT calculations addressing why iron complexes
of 2,6-di(pyrazolyl)pyridine and 2,6-di(1,2,3-triazolyl)pyridine
ligand isomers show such different spin state properties.



Chart 1 Ligands referred to in this work (R = H or alkyl).

.

Experimental
Synthetic protocols and characterization data for the new
ligands are in the Supporting Information. Other reagents were
purchased commercially and used as supplied.

CAUTION Although we have experienced no problem when
using the perchlorate salts in this study, metal-organic
perchlorates are potentially explosive and should be handled
with care in small quantities.

Synthesis of [Fe(L1)4(OH2)2][ClO4]2 (1[ClO4]2). A mixture
of  L1 (0.012 g, 0.056 mmol) and Fe[ClO4]2∙6H2O (0.051 g,
0.015 mmol) in MeCN (6 cm3) was stirred at room temperature
until all the solid had dissolved. Slow diffusion of diethyl ether
vapor into the filtered, colorless solution afforded colorless
crystals of formula 1[ClO4]2∙2MeCN, which decompose to a
polycrystalline material upon exposure to air. Yield 0.011 g, 69
%. Elemental analysis for C36H32Cl2FeN28O10 found (calcd) (%)
C, 37.9 (37.8), H, 2.79 (2.82), N, 34.2 (34.3). ESMS m/z
241.0460 (calcd for [Fe(L1)2]2+ 241.0435), 367.9571 (calcd for
[Fe(L1)(ClO4)]+ 367.9592), 385.9686 (calcd for
[Fe(L1)(OH2)(ClO4)]+ 385.9698), 581.0308 (calcd for
[Fe(L1)2(ClO4)]+ 581.0355), 834.8607 (calcd for
[Fe2(L1)2(ClO4)3]+ 834.8675), 1303.7667 (calcd for
[Fe3(L1)3(ClO4)5]+ 1304.3919).

Synthesis of [Fe(NCS)2(L1)2(OH2)2]∙L1 (2∙L1). Method as
for 1[ClO4]2, with the addition of NaNCS (0.003 g, 0.037
mmol) to the colorless metal/ligand solution. This rapidly

afforded a dark brown precipitate of unknown composition.
Upon standing for some days, the yellow solution also
deposited a small number of crystals of 2∙L1. These were
identified crystallographically, but were obtained in too small
quantities for analytical characterization.

Synthesis of [Cu(L1)2(OH2)2][BF4]2 (3[BF4]2).  Reaction  of
L1 (0.015 g, 0.070 mmol) and Cu[BF4]2∙6H2O (0.012 g, 0.035
mmol) in MeCN (8 cm3) initially afforded a blue suspension,
which dissolved upon gentle heating. Blue crystals of the
product deposited upon slow cooling of the solution. Yield
0.012 g, 48 %. Elemental analysis for C18H18B2CuF8N14O2

found (calcd) (%) C, 30.8 (30.9), H, 2.49 (2.59), N, 27.9 (28.0).
ESMS m/z 295.0135 (calcd for [Cu(L1)F]+ 295.0037), 508.0806
(calcd for [Cu(L1)2F]+ 508.0800), 576.0842 (calcd for
[Cu(L1)2(BF4)]+ 576.0846), 609.0046 (calcd for [Cu2(L1)2F3]+

609.0064), 677.0058 (calcd for [Cu2(L1)2F2(BF4)]+ 677.0110),
958.0912 (calcd for [Cu2(L1)3F(BF4)2]+ 958.0918).

Synthesis of [Fe(L2)2][ClO4]2·3H2O (4[ClO4]2·3H2O).
Fe[ClO4]2∙6H2O (0.019 g, 0.053 mmol) and L2 (0.022 g, 0.10
mmol) were mixed in nitromethane (9 cm3), which immediately
yielded a yellow solution. Slow diffusion of diethyl ether vapor
into the filtered solution afforded yellow crystals of formula
4[ClO4]2·2MeNO2, which decompose on exposure to air. The
dried material analyzes with a trihydrate formulation, where the
lattice solvent has been replaced by atmospheric moisture.
Yield 0.035 g, 47 %. Elemental analysis for
C18H14Cl2FeN14O8∙3H2O found (calcd) (%) C, 29.3 (29.4), H,
2.75 (2.74), N, 26.5 (26.7). ES-MS m/z 236.0658 (calcd for
[NaL2]+ 236.0655), 367.9591 (calcd for [Fe(L2)(ClO4)]+

367.9592), 581.0361 (calcd for [Fe(L2)2(ClO4)]+ 581.0355). 1H
NMR (CD3CN) δ ‒13.7 (s, 2H, Py H4), 57.2 (s, 8H, Tz H4/5),
69.7 (s, 4H, Py H3/5).

Synthesis of [Fe(L3)2][BF4]2 (5[BF4]2). A  mixture  of  L3

(0.020 g, 0.094 mmol) and Fe[BF4]2∙6H2O (0.016 g, 0.047
mmol) in acetonitrile (10 cm3) dissolved to give an orange
solution. This was filtered, and concentrated to ca 50 % of its
original volume. Slow diffusion of di-isopropyl ether into the
solution gave brown platelet crystals. Yield 0.020 g, 64 %.
Elemental analysis for C18H14B2F8FeN14 found (calcd) (%) C,
33.0 (32.9), H, 2.28 (2.15), N, 29.8 (29.9).

Synthesis of [Fe(L3)2][ClO4]2 (5[ClO4]2). Method as for
5[BF4]2, using Fe[ClO4]2∙6H2O (0.017 g, 0.047 mmol). Slow
diffusion of di-isopropyl ether vapor into the filtered solution
gave orange plates of formula 5[ClO4]2·2MeCN, which dried to
a solvent-free powder in vacuo. Yield 0.023 g, 73 %. Elemental
analysis for C18H14Cl2FeN14O8 found (calcd) (%) C, 31.7 (31.7),
H, 2.12 (2.07), N, 28.8 (28.5). ESMS m/z 241.0460 (calcd for
[Fe(L3)2]2+ 241.0435), 481.0706 (calcd for [Fe(L3)(L3‒H)]+

481.0791), 581.0274 (calcd for [Fe(L3)2(ClO4)]+ 581.0355). 1H
NMR (CD3CN) δ 8.45 (s, 6H, Py H3-5), 8.66 (s, 4H, Tz H5), 13.7
(br  s,  4H,  Tz  NH). Recrystallization of 5[ClO4]2 by slow
evaporation from aqueous solution afforded brown crystals
with a dihydrate formulation, which retain their lattice water
upon drying. Elemental analysis for C18H14Cl2FeN14O8·2H2O
found (calcd) (%) C, 30.0 (30.1), H, 2.31 (2.53), N, 27.2 (27.3).

Synthesis of [Co(L3)2][BF4]2 (6[BF4]2). A  mixture  of  L3

(0.012 g, 0.056 mmol) and Co[BF4]2∙6H2O (0.010 g, 0.028
mmol) in acetone (10 cm3) gave a pink solution upon stirring at
room temperature. Red crystals of the complex were obtained
upon slow diffusion of diethyl ether vapor into the filtered



solution. Yield 0.010 g, 53 %. Elemental analysis for
C18H14B2CoF8N14 found (calcd) (%) C, 32.9 (32.8), H, 2.25
(2.14), N, 29.6 (29.8). ESMS m/z 242.5435 (calcd for
[Co(L3)2]2+ 242.5426), 484.0778 (calcd for [Co(L3)(L3‒H)]+

484.0774). 1H NMR (CD3CN) δ 19.7 (s,  2H, Py H4), 33.2 (s,
4H, Tz NH), 68.5 (s, 4H, Tz H5), 93.5 (s, 4H, Py H3/5).

Synthesis of [Co(L3)2][ClO4]2 (6[ClO4]2). Method as for
6[BF4]2, using Co[ClO4]2∙6H2O (0.014 g, 0.038 mmol). The
product was a red crystalline solid. Yield 0.009 g, 42 %.
Elemental analysis for C18H14Cl2CoN14O8 found (calcd) (%) C,
31.4 (31.6), H, 2.12 (2.06), N, 28.5 (28.7).

Synthesis of [Fe(L4)2][ClO4]2 (7[ClO4]2). Reaction of
Fe[ClO4]2∙6H2O (0.011 g, 0.030 mmol) with L4 (0.015 g, 0.062
mmol) in nitromethane (7 cm3) afforded a yellow solution. This
was filtered, and two drops of triethyl orthoformate (a
dehydrating agent) were added to the filtrate. Slow diffusion of
diethyl ether vapor into the solution led to yellow crystals of the
product. Yield 0.015 g, 66 %. Elemental analysis for
C22H22Cl2FeN14O8 found (calcd) (%) C, 35.9 (35.8), H, 2.99
(3.01), N, 26.5 (26.6). 1H NMR (CD3CN) δ ‒3.3 (s, 12H, CH3),
8.2 (s, 2H, Py H4), 25.2 (s, 4H, Tz H5), 57.1 (s, 4H, H3/5).

Synthesis of [Fe(L5)2][BF4]2 (8[BF4]2). Treatment of
Fe[BF4]2∙6H2O (0.013 g, 0.038 mmol) with L5 (0.018 g, 0.075
mmol) in acetonitrile (5 cm3) gave an orange solution, which
deposited red single crystals upon slow diffusion of diethyl
ether vapor. Yield 0.021 g, 77 %. Elemental analysis for
C22H22B2F8FeN14 found (calcd) (%) C, 37.3 (37.1), H, 2.97
(3.11), N, 27.4 (27.5). ES-MS m/z 316.0447 (calcd for
[Fe(L3)F]+ 316.0404), 557.1439 (calcd for [Fe(L3)2F]+

557.1480), 625.1469 (calcd for [Fe(L5)2(BF4)]+ 625.1525). 1H
NMR (CD3CN) δ 3.24 (s, 6H, 1-CH3), 6.32 (s, 6H, 2-CH3), 7.16
(s, 2H, Py H4), 10.69 and 13.60 (both s, 2H, 2x Tz H5), 16.52
(s, 4H, Py H3/5).

Synthesis of Fe(L5)2][ClO4]2 (8[ClO4]2).  Method  as  for
5[BF4]2, using Fe[ClO4]2∙6H2O (0.014 g, 0.038 mmol). The
product was a red crystalline solid. Yield 0.018 g, 71 %.
Elemental analysis for C22H22Cl2FeN14O8 found (calcd) (%) C,
35.7 (35.8), H, 2.86 (3.01), N, 26.4 (26.6).

Single crystal X-ray structure determinations

Single crystals of the organic ligands were grown from
chloroform solution. Slow evaporation of an aqueous solution
of 5[ClO4]2 afforded a mixture of prismatic 5[ClO4]2·2H2O,
and a smaller number of needle-like crystals of uncertain
composition.31 Crystals of the other complexes were grown
from the following solvent/antisolvent combinations:
1[ClO4]2·2MeCN, 2·L1, 3[BF4]2·2MeCN and
8[BF4]2/8[BF4]2·yMeCN/8[BF4]2·H2O·MeCN, acetonitrile/
diethyl ether; 4[ClO4]2·2MeNO2 and 7[ClO4]2·3MeNO2/
7[ClO4]2·xMeNO2, nitromethane/diethyl ether;
5[ClO4]2·2MeCN, acetonitrile/di-isopropyl ether; 6[BF4]2·H2O
and 7[ClO4]2·H2O, acetone/diethyl ether.

Diffraction data were measured with an Agilent Supernova
dual-source diffractometer, using monochromated Cu-Ka (l =
1.5418 Å) or Mo-Ka (l = 0.7107 Å) radiation and an Oxford
Cryostream cryostat. Experimental details of the structure
determinations are listed in Tables S1 and S2. The structures
were all solved by direct methods (SHELXS9732), and
developed by full least-squares refinement on F2 (SHELXL-

201832). Crystallographic figures were prepared using
XSEED,33 and coordination volumes (VOh) were calculated
using Olex2.34 Detailed crystallographic refinement procedures
are described in the Supporting Information.

Other measurements

Elemental microanalyses were performed by the
microanalytical services at the University of Leeds School of
Chemistry, or the London Metropolitan University School of
Human Sciences. Electrospray mass spectra were recorded on a
Bruker MicroTOF-q instrument from CHCl3 solution.
Diamagnetic NMR spectra employed a Bruker AV3HD
spectrometer operating at 400.1 (1H) or 100.6 MHz (13C), while
paramagnetic 1H NMR spectra were obtained with a Bruker
AV3 spectrometer operating at 300.1 MHz. X-ray powder
diffraction measurements were obtained at room temperature
from a Bruker D2 Phaser diffractometer, using Cu-Ka radiation
(l = 1.5419 Å)

Magnetic susceptibility measurements employed a Quantum
Design MPMS-3 VSM magnetometer, in an applied field of
5000  G  with  a  temperature  ramp  of  5  K  min−1. Diamagnetic
corrections for the samples were estimated from Pascal’s
constants;35 a diamagnetic correction for the sample holder was
also applied to the data. Susceptibility measurements in solution
were obtained by Evans method using a Bruker AV-NEO
spectrometer operating at 500.2 MHz.36 A diamagnetic
correction for the sample,35 and a correction for the variation of
the density of the CD3CN solvent with temperature,37 were
applied to these data. Thermodynamic parameters and
equilibrium midpoint temperatures (T½) were derived by fitting
these data to eq 1 and 2, where nHS(T) is the high-spin fraction
of the sample at temperature T:

ln[(1‒ nHS(T))/nHS(T)] = ΔH/RT ‒ ΔS/R (1)

ΔS = ΔH/T½ (2)

DFT calculations were performed using SPARTAN’18,38 with
the B86PW91 functional and def2-SVP basis set. Low spin
systems were treated as spin restricted and high spin systems
spin unrestricted. The calculations were performed in the gas
phase, since a solvent gradient for iron was not implemented in
SPARTAN’18 at the time of writing. Crystallographic atomic
coordinates for the complexes were used as a starting point for
the geometry minimizations, where available. Otherwise, initial
models were constructed from crystallographic coordinates for
the high- and low-spin forms of [Fe(1-bpp)2]2+,39 with ligand C
atoms replaced by N atoms as appropriate.

Results and Discussion
Treatment of 2,6-difluoropyridine with 2 equiv of sodium 1,2,3-
triazolate in DMF affords L1 in 57 % yield (Chart 1). The
moderate yield reflects competitive electrophilic attack at N2 of
the triazolate anion during the reaction.40 Consistent with that,
L2 could  also  be  obtained  in ca.  10  %  yield  from
chromatographic purifications of these reactions. The
unsymmetric derivative 2-(1,2,3-triazol-1-yl)-6-(1,2,3-triazol-
2-yl)pyridine was also present in the product mixture, but
wasn’t isolated in NMR purity. Methylation of L3 41 with MeI
in the presence of Na2CO3 afforded L4 (33 % yield) and L5 (14
% yield) after chromatographic separation (Chart 1). Poorly
selective alkylation of the triazolyl N1 and N2 atoms under
these conditions is consistent with previous reports.40 The



identities of all the new ligands were confirmed
crystallographically (Figures S5-S12).

Reactions of L1 and FeX2·6H2O (X‒ = BF4
‒ or ClO4

‒) in as-
supplied MeNO2 or MeCN, under ambient conditions, initially
afford dark orange or yellow solutions implying complex
formation. However, the solutions bleach over a period of
minutes, sometimes with the formation of a white precipitate.
Colorless crystals of trans-[Fe(L1)4(OH2)2][ClO4]2·2MeCN
(1[ClO4]2·2MeCN) could be obtained from the filtered MeCN
solutions, upon slow addition of Et2O antisolvent. The iron
centres in this compound coordinate to four monodentate L1

ligands via a triazolyl N3  donor  atom  (Figure  1).  This  is  the
usual coordination mode for iron complexes of monodentate 1-
alkyl- or 1-aryl-1,2,3-triazoles.42 A  tendency  for  L1 to
coordinate in monodentate rather than tridentate fashion would
explain the hydrolytic instability of its iron complex.

Figure 1 One of the two unique [Fe(L1)4(OH2)2]2+ cations in the
crystal structure of 1[ClO4]2·2MeCN. Atomic displacement
ellipsoids are at the 50 % probability level, and C-bound H atoms
are omitted for clarity. Symmetry code: (i) 1–x, 2–y, 1–z. Color
code C, white; H, grey; Fe, green; N, blue.

Each [Fe(L1)4(OH2)2]2+ cation donates four intermolecular
O‒H···N hydrogen bonds from its water ligands, to a pendant
triazolyl N3 atom from four different neighbor molecules. That
associates the cations into a 44 hydrogen bond network
topology, within the (110) crystal plane (Figure S14). Each wall
of  the  grid  is  formed from two stacked  L1 ligands, which are
oriented almost coplanar with the 2D network. Hence the grid
cavities are lined with C‒H groups, and have approximate
dimensions of 3.7 x 8.4 Å. Adjacent cation layers in
1[ClO4]2·2MeCN are horizontally offset, so the voids within
each layer are filled by the vertices of its two neighbors (Figure
S15).

Following this result, a covalent 44 network structure
containing [Fe(m-L1)2X2]n+ nodes (X = a monodentate ligand or
anion) was sought, which might exhibit SCO when X = NCS‒

or NCSe‒ for example.43 However, the only crystalline product
obtained of this type was mononuclear cis,trans,cis-
[Fe(NCS)2(L1)2(OH2)2]·L1 (2·L1), which formed in low yield

when NaNCS was added to freshly prepared solutions of
1[ClO4]2. The complex molecules in 2·L1 associate into
hydrogen-bonded sheets along the (001) plane, through O‒
H···N hydrogen bonds between aqua ligands and L1 triazolyl
groups, with the uncoordinated L1 acting as a linear linker in the
hydrogen bond network. However, in contrast to
1[ClO4]2·2MeCN,  the  L1 ligands in 2 associate into stacks
along the [100] direction which makes the network in 2 more
compact. Hence, although the hydrogen bonding topology of
2·L1 is also 44, there are no cavities in the 2D network of that
compound (Figures S17-S18).

While no coordination networks of L1 were obtained from
iron(II) reagents, a copper(II) framework catena-[Cu(μ-
L1)2(OH2)2][BF4]2·2MeCN (3[BF4]2·2MeCN) was prepared
with this topology. This compound forms a canted 44 grid
structure along the (101) crystal plane, based on approximately
square Cu(II) nodes with axial water ligands. The L1 ligands are
oriented approximately perpendicular to the grid structure, so
its cavities are lined by the ligand p-systems. These cavities
have approximate dimensions 7.8 x 7.8 Å and are occupied by
BF4

‒ and MeCN molecules (Figure 2). The grids in the lattice
are co-parallel, non-interpenetrating, horizontally offset and
linked into three dimensions by O‒H·· ·O hydrogen bonding
between water ligands (Figure S20). There is no long-range
porosity in any of these L1 complex crystals.

Figure 2 Fragment of the 44 network in 3[BF4]2·2MeCN, showing
its unit cell. Color code C {complex}, white; H {complex}, grey;
Cu, green; N {complex}, blue; BF4

‒ and MeCN, yellow. The view
is parallel to the [101] crystal vector.



Although 2·L1 was not prepared in sufficient quantity for
bulk characterization, 1[ClO4]2 and 3[BF4]2 lose their lattice
solvent on drying by microanalysis while retaining their
framework structures by powder diffraction (Figure S21).
Electrospray mass spectra of 1[ClO4]2 and 3[BF4]2 from MeCN
solution contain strong peaks corresponding to [M(L1)2]2+

and/or [M(L1)2Y]+ (M = Fe2+ or  Cu2+,  Y‒ = anion) molecular
ions, although these putative homoleptic species were not
isolated in practise (Figure S22). Both spectra also contain
weaker peaks derived from [M2(L1)2Y3]+, [M2(L1)3Y3]+ and/or
[M3(L1)3Y5]+ species which indicate partial aggregation of the
complexes in solution.

In contrast, L2-L5 all form stable complexes with iron(II)
salts, where the ligands are bound in the expected tridentate
manner. These were characterized as either their BF4

‒ or ClO4
‒

salts, as in each case only one of these anions yielded useful
single crystals. Some of these compounds were investigated in
different solvate crystal forms, since lattice solvent can strongly
perturb the properties of a solid SCO complex, even in
isostructural solvate crystals.44 However, this is only discussed
in detail for one of the following compounds, where different
solvates of the same complex salt were indeed found to have
distinct spin state properties.

The nitromethane solvate of [Fe(L2)2][ClO4]2·2MeNO2

(4[ClO4]2·2MeNO2) was crystallographically characterized,
which converts to a hydrate phase 4[ClO4]2·3H2O upon drying
through replacement of its lattice solvent by atmospheric
moisture. Crystallographic and magnetic susceptibility data
revealed this material is high-spin between 5-300 K (Table 1,

Figures S23 and S43). High-spin iron complexes of 1-bpp and
3-bpp derivatives, which might otherwise be expected to exhibit
SCO, can adopt distorted coordination geometries which trap
them in their high-spin form in the solid state.14,16 However, the
geometry of 4[ClO4]2·2MeNO2 is sufficiently regular that this
is unlikely to contribute to its high-spin nature (Figure S42).

Three forms of [Fe(L3)2][ClO4]2 (5[ClO4]2) were obtained: an
acetonitrile solvate 5[ClO4]2·2MeCN; and two hydrated forms
which crystallize together upon slow evaporation of aqueous
solutions of the compound. The majority form in the hydrate
samples has the stoichiometry 5[ClO4]2·2H2O by microanalysis
and powder diffraction (Figure S24). However, this is often
contaminated by a second [Fe(L3)2]2+-containing product,
which was crystallographically characterized but whose exact
composition is uncertain (Figure S25).31 All  three  forms  of
5[ClO4]2 contain low-spin [Fe(L3)2]2+ cations at 120 K (Tables
1 and S13), which is consistent with most other compounds of
the [Fe(b3tpR)2]2+ type.23-25 The L3 ligand binds exclusively as
its di(1H-1,2,3-triazol-4-yl)pyridine tautomer (Chart 1), with
extensive hydrogen bonding between the cations, anions and
solvent in the lattice.

Magnetic susceptibility data confirmed that 5[ClO4]2·2H2O
and 5[ClO4]2·2MeCN remain fully low spin at T ≤ 350 K
(Figure S43). In view of this, the cobalt complex [Co(L3)2]2+

was also examined, since imine-donor ligands that yield low-
spin iron(II) complexes may support SCO when bound to
cobalt(II).45,46 This compound was crystallized as its hydrated
BF4

‒ salt 6[BF4]2·H2O (tetragonal, I41/a), which has a complex
cation with crystallographic 4 symmetry and extensive

Table 1 Selected metric parameters for representative iron(II) complexes in this study with tridentate heterocyclic ligands (Å,
Å3, º). VOh, S and Q are indices characteristic for the spin state of a complex, while ϕ and θ relate to structural distortions
often found with this tridentate ligand geometry.47 More detailed bond length and angle Tables are given in Tables S12 and
S16-S18.

4[ClO4]2∙2MeNO2 5[ClO4]2∙2H2Oa,b 7[ClO4]2∙H2Oa,b 7[ClO4]2∙3MeNO2 phase 1a

Fe−N{pyridyl} 2.134(2), 2.135(2) 1.929(2), 1.931(2) 2.134(2) 2.117(3)

Fe−N{triazolyl} 2.194(2)‒2.203(2) 1.940(2)‒1.970(2) 2.202(2), 2.224(2) 2.199(2), 2.214(2)

VOh 12.472(8) 9.608(7) 12.834(7) 12.783(11)

S 154.1(3) 85.5(3) 144.8(3) 142.3(10)

Q 492 277 459 439

ϕ 170.33(8) 178.20(10) 179.57(12) 179.97(15)

θ 88.11(2) 89.86(2) 81.69(2) 86.63(3)

7[ClO4]2∙3MeNO2 phase 2 8[BF4]2
b

Molecule A Molecule Ba Molecule Ca

Fe−N{pyridyl} 2.004(5), 2.004(6) 1.918(5) 2.166(6) 1.916(4), 1.925(4)

Fe−N{triazolyl} 2.077(7)‒2.096(8) 1.978(7), 1.999(7) 2.223(6), 2.259(7) 1.943(4)‒2.013(4)

VOh 10.98(2) 9.82(2) 13.43(3) 9.624(12)

S 118.6(10) 86.2(11) 142.3(10) 86.5(6)

Q 379 279 452 280

ϕ 179.0(3) 179.8(5) 179.7(5) 176.24(16)

θ 87.88(6) 88.58(5) 87.68(6) 88.34(5)

aThis molecule has crystallographic C2 symmetry. bOther solvate crystals of these complexes, with similar metric parameters to those here,
are also described in the Supporting Information.



disorder of the unique anion and lattice water. However,
6[BF4]2 and 6[ClO4]2 were both high-spin from magnetic
susceptibility data, so no SCO was observed (Figures S30 and
S43).

The spin-state behavior of solid [Fe(L4)2][ClO4]2 (7[ClO4]2)
is more varied. A high-spin monohydrate crystal of this salt was
obtained by crystallization from undried acetone (Figure S32).
However, recrystallization from MeNO2/Et2O yielded a mixture
of solvates: high-spin 7[ClO4]2·xMeNO2 (x ≈ 0.93), which has
a needle morphology (Figure S35); and, cubic crystals of
7[ClO4]2·3MeNO2, which undergo an abrupt spin transition
upon cooling. While these forms crystallized together, the
needle crystals could be removed by decantation to give the
SCO-active phase in pure form. Since 7[ClO4]2·3MeNO2

slowly transforms to 7[ClO4]2·H2O upon standing in air for 1-2
hrs by powder diffraction (Figure S45), its magnetic
measurements were performed using freshly isolated crystals
protected under saturated Et2O vapor.

SCO in 7[ClO4]2·3MeNO2 occurs  abruptly  to  50  %
completeness with narrow thermal hysteresis, at T½↓ = 125 and
T½↑ = 131 K (Figure 3). A crystallographic symmetry- breaking
is associated with this spin-transition. At 180 K, phase 1 of the
crystal (space group P2/c, Z = 2) contains one unique high-spin
half-molecule of the complex, with crystallographic C2

symmetry (Figure S33). At 120 K the crystal has transformed
to  phase  2  (P2, Z = 4) whose asymmetric unit includes one
whole molecule of the complex, plus two unique C2 symmetric
half-molecules (Figure S34). The phase 1→phase 2 transition
does not simply reflect loss of the crystallographic c glide, but
involves reorientation of the unit cell within the (010) plane
(Figure S37). Metric parameters imply whole molecule A in
phase 2 is a disordered mixture of high- and low-spin molecules
at 120 K, while half-molecule B is low-spin and half-molecule
C is high-spin (Table 1). This affords an approximate 1:1
population of high- and low-spin molecules in the crystal, as
predicted by the magnetic data. The phase 1/phase 2
transformation occurs concurrently with the magnetochemical
spin transition, at 125±5 K in cooling mode and at 135±5 K in
warming mode (Figure S44).

Figure  3 Variable temperature magnetic susceptibility data for
7[ClO4]2·3MeNO2 (black) and 7[ClO4]2·H2O (red). Data were
measured in cooling and warming modes, at 5 K min‒1 scan rate.

The spin state distribution in phase 2 can be visualized from
its molecular packing in the (010) plane, where the cations are
arranged in puckered layers. Each cation has four nearest
neighbor cations within its layer, while adjacent layers are
separated by anions and solvent (Figure S36). While low-spin
molecule B and high-spin molecule C are both surrounded by
four ‘A’ sites in their layer, the mixed-spin cation A site has two
low-spin and two high-spin nearest neighbors, in an
arrangement that breaks the local C2 symmetry at that lattice
point  (Figure  4).  SCO  is  propagated  through  a  material  by
changes in the local pressure exerted at each lattice site, as the
spin-state population evolves in each region of the lattice.48

Thus, the intermediate lattice pressure exerted on molecule A
by two high-spin and two low-spin nearest neighbors, could
frustrate the spin state of cation A into a 1:1 high:low-spin
population.

Figure  4 Packing diagram of phase 2 of 7[ClO4]2·3MeNO2,
viewed perpendicular to the (010) crystal plane. The high-spin
(white), low-spin (purple) and mixed-spin (pink) molecules in the
lattice are highlighted, while anions and solvent (yellow) are de-
emphasized for clarity.

There are two noteworthy interactions between the cations in
phase 1 (Figure S38). First, is a short face-to-face p···p contact
between triazolyl rings of two cations, across a crystallographic
inversion center. The overlapping rings are coplanar by
symmetry, and separated by 3.240(11) Å. Second are anion···p
interactions to a ClO4‒ ion, which is encapsulated by four
triazolyl rings from two cations related by translation along a.
While the p···p interactions are retained, some anion···p
contacts are lost in phase 2 because those anions are now
crystallographically ordered. We propose these intermolecular
contacts are responsible for propagation of the cooperative spin-
transition through the lattice in 7[ClO4]2·3MeNO2. The



disposition of these intermolecular contacts in phase 2 also
leads to the spin state frustration of molecule A, as described
above.

Finally, [Fe(L5)2][BF4]2 (8[BF4]2) formed better crystals than
the corresponding perchlorate salt, so this complex was
characterized in that form. Three forms of 8[BF4]2 co-
crystallized from MeCN/Et2O mixtures: the solvent-free
compound, and two MeCN solvates (Figures S39-S41). All
these were low-spin at 120 K by crystallography. The Fe‒N
bond lengths to the L5 2-methyltriazolyl donor groups are
0.027(6)-0.068(6) Å longer than to the 1-methyltriazolyl
donors, reflecting the steric influence of the distal 2-methyl
substituents on the metal coordination sphere (Table S20). This
has no wider impact on the structure of the complex, however,
which is a typical low-spin molecule of this type. A bulk sample
of 8[BF4]2 from the same solvent mixture was a mixture of
phases by powder diffraction, and was fully low-spin from
magnetic measurements (Figures S43 and S46). Hence, phase-
pure samples of 8[BF4]2 for more detailed characterization were
not pursued further.

The spin states of 4[ClO4]2-8[BF4]2 in CD3CN solution were
determined by Evans method. This is a better measure of the
ligand field experienced by each complex, in the absence of
lattice effects that also influence their spin states in the solid
state.49 They showed that 4[ClO4]2, 6[BF4]2 and 7[ClO4]2 are all
fully high-spin over the liquid range of that solvent; 5[ClO4]2 is
fully low-spin; and 8[BF4]2 undergoes a spin-state equilibrium
with T½ = 342 K and DH = 21.8(3) kJ mol‒1 (Figure 5).50 While
the results for the latter compound contrast with its low-spin
nature in the solid state, the stability of the high-spin state of
5[ClO4]2 < 8[BF4]2 < 7[ClO4]2 mirrors the number of 2-
methyltriazolyl substituents in each compound. Distal methyl
substituents in complexes of related tridentate ligands exert a
steric influence on the metal coordination sphere, which
disfavors the low-spin state.51,52

Figure 5 Solution phase magnetic susceptibility data for 4[ClO4]2

(yellow triangles), 5[ClO4]2 (black circles), 6[BF4]2 (green circles),
7[ClO4]2 (red squares) and 8[BF4]2 (blue diamonds) in CD3CN
solution. The line shows the best fit of the data for 8[BF4]2 to eq 1
and 2.50

Isomeric L1-L3 form iron(II) complexes with very different
stabilities and spin state behavior; and, methylation of the
triazolyl N2  positions  in  L3 progressively stabilizes the high-
spin state in [Fe(L4)2]2+ and [Fe(L5)2]2+.  Gas  phase  DFT
calculations of these and some related molecules (Chart 2) were
undertaken to explore these results. The calculations employed
the B86PW91 functional and def2-SVP basis set, which we
have used to probe the effects of ligand geometry on metal ion
spin state.53-55 They are the closest analogues in SPARTAN’1839

of the BP86/def2-SVP functional/basis set combination, which
performed well in studies of comparative spin state energies in
[Fe(bpp)2]2+ derivatives17 and other iron(II) compounds.17,56 The
energies of the corresponding free ligands were also minimized
by the same protocol, in conformations consistent with
tridentate metal coordination (Table S21, Figure S49).57

Chart 2 Additional ligands included in the computational
study. L3’,  the unmethylated analogue of L4, is a tautomer
of L3 (Chart 1).

The geometries of the complexes were minimized in their
low-spin and high-spin states. The computed and
crystallographic low-spin Fe‒N bond lengths lie within
experimental error, except for [Fe(L4)2]2+ where the discrepancy
is up to 5 crystallographic esds (Table S23). That suggests the
steric influence of the L4 methyl groups might be imperfectly
modelled by this functional, which does not account for
dispersion interactions between non-bonded atoms.58 The
computed high-spin Fe‒N distances are up to 2.5 % longer than
the experimental values, but are still within reasonable
agreement for a calculation of this type. While the biggest
apparent discrepancy is for high-spin [Fe(3-bppMe)2]2+, the
experimental values for that compound are complicated by
crystallographic disorder.52

The calculated energies of the low- and high-spin states of
these complexes are listed in Table 2. Since GGA functionals
like B86PW91 overstabilize the low-spin state,59 the relative
stabilities of the spin states DErel(HS‒LS) are scaled relative to
[Fe(1-bpp)2]2+, which undergoes SCO in solution at T½ = 248
K.40 A positive value of DErel(HS‒LS) means a molecule’s low-
spin state is more stabilized than in [Fe(1-bpp)2]2+, and vice

versa. The comparative DErel(HS‒LS) values reproduce the
solution-phase spin state trends in these compounds well
(Figure 6).



Table 2 Computed energies of the high-spin (HS) and low-spin (LS) states of iron(II) complexes of the ligands in Charts 1 and
2. Experimental solution-phase SCO T½ data are also included, where available.

T½ / K E(HS) / Ha E(LS) / Ha ΔErel(HS‒LS) / kcal mol‒1

1 [Fe(1-bpp)2]2+ 248a −2659.474752a −2659.500527a 0

2 [Fe(3-bpp)2]2+ 247b −2659.522601 −2659.548142 −0.2

3 [Fe(3-bppMe)2]2+ HSc −2816.714724 −2816.730311 −6.4

4 [Fe(L1)2]2+ − −2723.509188 −2723.547458 +7.8

5 [Fe(L2)2]2+ HSc −2723.528232 −2723.550877 −2.0

6 [Fe(L3)2]2+ LSd −2723.593076 −2723.631224 +7.8

7 [Fe(L3’)2]2+ − −2723.552709 −2723.577149 −0.8

8 [Fe(L4)2]2+ HSc −2880.761382 −2880.779386 −4.9

9 [Fe(L5)2]2+ 342 −2880.781287 −2880.810482 +2.2

10 [Fe(b3tpMe)2]2+ LSd −2880.796513 −2880.833878 +7.3

11 [Fe(b4tpH)2]2+ <180e −2723.683544 −2723.705047 −2.7
aData from refs 40 and 53. bT½ of this compound is solvent-dependent. The value quoted is observed in weakly interacting organic solvents
(ref. 21). cFully high-spin in solution (ref. 52 or this work). dFully low-spin in solution (ref. 23 or this work). eRef. 27.

Figure 6 Correlation between measured solution T½ values and the
computed spin state energies in Table 2. Each data point is
identified by the corresponding entry in the Table, and the line
shows the best fit linear regression of the black data points.
Compounds showing SCO near room temperature are black circles;
low-spin compounds (T½ > 350 K) are green squares, and high-spin
compounds (T½ < 180 K) are white diamonds.

There is mostly good agreement between the complex spin
states and the Brønsted basicity of the metal-free ligands (Table
S22). Thus, the most basic ligands in this study, L3 and b3tpMe,
form the most strongly low-spin complexes; and, two of the
least basic ligands, L2 and L3’, form complexes computed to be
high-spin. It’s not possible to quantify the contributions of the
individual heterocyclic N-donors to this correlation, because
there is extensive mixing of the N lone pair MOs (Figures S51-
S56). However, the average energy of the three coordinating
lone pair MOs in most of the ligands correlates reasonably with
the spin state energies of its iron complex (Figure 7). The scatter
in this correlation should reflect the influence of Fe‒L p-
bonding to the spin state energies, as a smaller perturbation to
the Fe←L s-bonding trend in this series of compounds.17

Figure 7 Correlation between the computed spin state energies of
the di(1,2,3-triazolyl)pyridine complexes (Table 2), and the
average energy of the three coordinating lone pair MOs in the
corresponding free ligands (Table S22). The outlier data points are
[Fe(L1)2]2+ (red square); and [Fe(3-bppMe)2]2+ and [Fe(L4)2]2+

(white triangles). Other details as for Figure 6.

Three molecules are particular outliers to the trend in Figure
7. Two of them are the complexes bearing four distal methyl
substituents, [Fe(3-bppMe)2]2+ and [Fe(L4)2]2+, which are more
high-spin than expected from their ligand basicity. That should
reflect destabilization of their low-spin state by the steric
influence of those methyl groups. Evidently four distal methyl
groups are required to influence the complexes’ spin states,
since DErel(HS‒LS) for [Fe(L5)2]2+ follows the same trend as the
unsubstituted molecules. The other outlier is [Fe(L1)2]2+, which
is discussed further below.

By the average lone pair MO energy measure, ligands with
C−C bonds between their pyridyl and azolyl groups (3-bpp, L3-
L5 and their methylated derivatives, plus b4tpH) are mostly more
basic than ligands whose heterocycles are linked by C−N bonds
(1-bpp, L1 and L2; Table S22). For example, the average lone
pair MO energy of 1-bpp is 0.46 eV lower in energy than for its
isomer 3-bpp. That could reflect the impact of two electron-



withdrawing N-azolyl substituents adjacent to the pyridyl N-
donor atom, in lowering the energy of that lone pair. The
inductive effect of C‒C/C‒N linkage isomerism on the azolyl
N-donor basicities should be smaller, since the orientation of
the pyrid-2-yl substituents with respect to the azolyl donors is
the same in each case.

The substitution pattern of 1,2,3-triazoles has another
influence on the basicity of L1-L5,  in  that  the  basic pKa of 2-
substituted 1,2,3-triazoles is 4-6 units lower than for 1- or 4-
substituted triazoles.60 That contributes to the weak ligand field
exerted by L2 and the tautomer L3’, which is the least basic of
the “C−C linked” ligands.57 Thus, [Fe(L3’)2]2+ is  computed  to
be 8.6 kcal mol‒1 more high-spin than [Fe(L3)2]2+ itself,
reflecting the reduced basicity of the 2H-triazolyl N-donors in
L3’, compared to the 1H-triazolyl N-donors in L3 (Table 2).60

Finally, the “C−N linked” ligands have a narrower ligand bite
angle,61 which should further stabilize their high-spin forms.53,62

That aspect wasn’t quantified in this study, however.

Two aspects of Table 2 cannot be explained by these simple
pKa arguments. First, SCO in the [Fe(bpp)2]2+ isomers occurs at
essentially the same temperature in organic solvents, although
1-bpp is computed to be a significantly weaker Brønsted base
than 3-bpp (Figure 7). The frontier orbital energies of the
ligands and their complexes show 1-bpp is a better p-acid than
in 3-bpp, as well as being a weaker s-base (Figure S50). The
stronger p-back-donation and weaker s-donation in [Fe(1-
bpp)2]2+ have opposite influences on its ligand field,17 which
counterbalance each other almost perfectly (Figure S58). That
explains why [Fe(1-bpp)2]2+ and [Fe(3-bpp)2]2+ exhibit identical
T½ values in solution. Similar p-bonding considerations also
apply to [Fe(L2)2]2+ and [Fe(L3)2]2+ for example, but only as a
perturbation to the much larger differences in their Fe−L s-
bonding mentioned above (Figure 7).

The second apparent anomaly is that [Fe(L1)2]2+ is computed
to be low-spin with a similar DErel(HS‒LS) to [Fe(L3)2]2+,
despite L1 being the weakest Brønsted base in this study for
tridentate coordination (Table S22). Its d-orbital energies show
this again arises from its strong metal−ligand s-bonding,
particularly  the  Fe−N{triazolyl} bonds in the molecular xy

plane (Figure S61). Evidently, forcing L1 to adopt tridentate
coordination in silico causes significant rehybridization of its
triazolyl donors.

The experimental preference of L1 for monodentate
coordination reflects that its triazolyl N2 lone pairs, which are
required for metal chelation, are very low in energy. Rather, the
HOMO and HOMO−1 of L1 are its divergent triazolyl N3 lone
pair combinations, which are oriented for monodentate
coordination of L1 as observed in 1-3 (Figure S53). In practice,
the computed low-spin state of tridentate [Fe(L1)2]2+ would
make it a thermodynamic sink in mixtures of iron(II) salts and
L1. Since solutions of that metal and ligand are labile and
hydrolytically sensitive, we conclude [Fe(L1)2]2+ does not exist
under the conditions employed in this work. Hence, the
[Fe(L1)2ClO4]+ and [Fe(L1)2]2+ molecular ions detected by mass
spectrometry from 1[ClO4]2 might only be stable in the gas
phase (Figure S22).

Conclusion
Iron(II) complexes of the regioisomeric 2,6-di(1,2,3-
triazolyl)pyridine ligands L1-L3 show more variable
coordination and spin state properties than their better-known
pyrazolyl analogues, 1-bpp and 3-bpp (Chart 1). L1 acts
exclusively as a monodentate or bis-monodentate ligand in this
work, binding metals through its triazolyl N3 donor atoms. That
reflects that these are the most basic N-donors in that molecule,
according to gas phase DFT calculations. Thus, it resembles its
analogue 2,6-di(1,2,4-triazol-1-yl)pyridine, which also forms
coordination polymers through bis-monodentate
coordination.63 Since  L1 can form covalent coordination
polymers under the correct conditions (Figure 2), it has
potential as a basic or exogenous metal binding linear linker in
functional framework materials.64

The other ligands in this study bind metal ions in the expected
tridentate fashion. Unexpectedly, the spin state properties of
[Fe(L2)2]2+ and [Fe(L3)2]2+ show much greater variation than the
comparable isomeric pair [Fe(1-bpp)2]2+ and [Fe(3-bpp)2]2+.
DFT calculations rationalize this from the large difference in
Brønsted basicity between the triazol-4-yl N-donor groups in L3

and the triazol-2-yl donors in L2, which differ by around 6 pKa

units.58 This is the main factor controlling the different spin
states of their iron complexes (Figure 7). In contrast, the basic
pKas of the pyrazol-1-yl donor groups in 1-bpp and the pyrazol-
3-yl donors in 3-bpp should be more similar, at within around
1-2 units of each other.65 These pKa predictions are confirmed
by the computed lone pair orbital energies for each ligand
(Table S22).

Another contributor to the spin states of the complexes is the
significantly different electronic character of pyridyl donors
bound to two N-azolyl or C-azolyl substituents. The lower s-
basicity and greater p-acidity of the 2,6-di(N-azolyl)pyridyl
moiety have opposing effects on a metal’s ligand field. These
offset each other almost perfectly in [Fe(1-bpp)2]2+ and [Fe(3-
bpp)2]2+, giving those molecules almost identical spin state
properties (Figure S58). However, the larger variation in the s-
basicity of the triazole donors dominates the properties of those
complexes. That explains the different spin state characteristics
of the bpp and L1-L3 ligand series.

Sequential methylation of the distal N2 atoms in [Fe(L4)2]2+

and [Fe(L5)2]2+ progressively stabilizes their high-spin states
(Table 2). That trend has an electronic as well as a steric origin,
because of the relative lone pair energies of N1 vs N2-alkylated
triazoles (Figure S52).60 As a result, thermal SCO was observed
in  a  solvate  salt  of  [Fe(L4)2]2+, 7[ClO4]2·3MeNO2. This spin-
transition occurs abruptly with a narrow thermal hysteresis, to
only  50  %  completeness  (Figure  3).  The  crystal  undergoes  a
crystallographic phase-change during the transition, to a low-
temperature phase containing a 1:1 high:low-spin state
population distributed between three unique lattice sites (Figure
4).

Cooperative spin-transitions are often associated with
crystallographic phase transitions, which can lead to complex
multi-phase behavior.30,66,67 However, incomplete SCO
involving symmetry breaking from a spin-pure to a mixed-spin
phase is less common.66 Moreover this is the first example of
this form of symmetry-breaking in an SCO material,  giving a
1:1 high:low-spin population distributed across three unique
crystallographic sites.
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