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†   
M. Carmen Muñoz,

‡

Maksym Seredyuk,
†,§  

and Jose ́ Antonio Real*,†

†Institut de Ciencia Molecular (ICMol), Departament de Química Inorganica, Universitat de Valencia, C/Catedratico Jose ́ Beltrań 
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ABSTRACT: Understanding the origin of cooperativity and the 
equilibrium  temperature of transition (T1/2)  displayed  by the 
spin-crossover (SCO) compounds as well as controlling these 
parameters are of paramount importance for future applications. 
For this task, the occurrence of polymorphism, presented by a 
number of SCO complexes, may provide deep insight into the 
influence  of  the  supramolecular organization on  the  SCO 
behavior. In this context, herein we present a novel family of 
mononuclear octahedral   FeII   complexes with  formula   cis- 
[Fe(bqen)(NCX)2],  where bqen is the chelating tetradentate 
ligand N,N′-bis(8-quinolyl)ethane-1,2-diamine  and X = S,  Se. 
Depending on  the  preparation method,   these  compounds 
crystallize in either the orthorhombic or the trigonal symmetry 
systems. While the  orthorhombic phase is  composed of  a 
racemic mixture of mononuclear complexes (polymorph I), the trigonal phase contains only one of the two possible enantiomers 
(Λ or Δ), thereby generating a chiral crystal (polymorph II). The four derivatives undergo SCO behavior with well-differentiated 
T1/2 values occurring in the interval 90−233 K. On one hand, T1/2 is about 110 K (polymorph  I) and 87 K (polymorph  II) higher 
for the selenocyanate derivatives in comparison to those for their thiocyanate counterparts. These differences in T1/2  are ascribed
not only to the higher ligand field induced by the selenocyanate anion but also to a remarkable difference  in the structural 

reorganization of the [FeN6] coordination core upon SCO. Likewise, the higher cooperativity observed for the thiocyanate 
derivatives seems to be related to their stronger intermolecular interactions within the crystal. On the other hand, T1/2 is about 53 
K (thiocyanate) and 29 K (selenocyanate) higher for the trigonal polymorph II in comparison to those for the orthorhombic 
polymorph I. These differences, and the small changes observed in cooperativity, stem from the slightly different hetero- and 

homochiral crystal packing generated by the cis-[Fe(bqen)(NCX)2]  molecules, which determines subtle adaptations in the 
intermolecular contacts and the FeII coordination core. 

■ INTRODUCTION these complexes excellent candidates for memories and sensor 
1f,6

The spin-crossover (SCO) phenomenon is an outstanding 
example of molecular switching displayed by some coordination 

complexes containing transition metals with 3d4−3d7 electronic 

configurations.   Among   them,  octahedral   SCO  FeII   (3d6) 
complexes have   been,  largely, the  most  targeted  and 
investigated systems. This  is  likely because the  transition 

between the low-spin (LS; S  = 0,  t2g
6eg

0) and the high-spin
2 

applications. 

At the macroscopic  scale, the transmission  efficiency of the 
spin-state change within the  material is determined by its 

cooperativity.  Hence, materials presenting low cooperativity 

(weak coupling between SCO centers) will display smooth 

SCO  curves, whereas those  presenting high  cooperativity 

(strong coupling between SCO centers) will exhibit abrupt 
1b,7

(HS;  S  =  2,  t2g
4eg )  states is accompanied by measurable spin transitions. Thus, in principle, cooperative transitions 

changes in the magnetic, electrical, and optical properties.1 

Even if  thermally driven spin transition compounds have 

been traditionally the most studied and published systems, the 

are  expected for   extended polymeric systems (1D−3D 

frameworks) in  which the  SCO metal ions are connected 
through rigid bonds, allowing an efficient propagation  of the 

spin state change can also be triggered by the modification of 

pressure,2  a  magnetic   field,3    light  irradiation,4  or  guest 
adsorption processes.5  These  switchable properties make 
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spin state change. However, it is well documented  that, in the 
case of discrete mononuclear complexes (0D systems), the lack 

of covalent connections between FeII centers does not mean, 
necessarily, a low degree of cooperativity. This is because the 
packing of the molecular complexes can be established on the 
basis of a strong and dense lattice of intermolecular forces (i.e., 
π···π,  π···HC,    and/or   hydrogen bonds)  conferring high 
cooperative effects.8

The transition temperature (T1/2),  defined as the temper- 
ature of equilibrium  at which the molar fraction of the HS 
centers is equal to that of the LS centers (γHS  = γLS  = 0.5) is, 
together with the  cooperativity,  the  other  main parameter 
defining the SCO behavior. As was mentioned  before, the latter 
depends on how efficient  the connectivity  between the FeII

centers is, whereas the former is rather related to the octahedral 
environment of the metal center. Indeed, weak ligand fields are 
known to stabilize the HS configuration and consequently they 

lead to low transition temperatures. Conversely, strong ligand 

fields stabilizes the LS configuration and drive to higher T1/2.9

Nevertheless, both parameters, cooperativity and T1/2,  have a 
certain degree of interdependence,  since the crystal packing 
may induce subtle electronic (electron-donating or  -with- 
drawing) and/or   steric  (molecular distortion,   chemical 
pressure)  effects   transmitted through  the  intermolecular 
contacts. Thus,  the  control  and  understanding of  both 
parameters are key issues in the SCO research area. 

Polymorphism displayed by  some  SCO  FeII   complexes 
(especially  discrete 0D systems) offers  the possibility  of 
evaluating how the intermolecular interactions  influence both 

key parameters and constitutes a singular platform to shed light 
on  the  microscopic mechanisms that  control  the  SCO

temperatures. Although the molecular distortions presented by 
both polymorphs are comparable, the polymorphs B display 
partial disruption of the π delocalization  in the abpt ligand and 
slightly  longer Fe−N bond lengths. These subtle differences 
seem to be the reason for the different  magnetic behavior. 

Indeed, the S derivative of polymorph B displays a SCO at 0.86 
GPa similar to that of the homologous derivative of polymorph 
A at ambient pressure.13c

Along the same line, the complex cis-[Fe(PMBiA)2(NCS)2] 
can be obtained in two different forms, so-called polymorphs  I 
and II.14  Even if  both complexes are thermally induced spin 
crossover active, they  present  quite  different   SCO  curve 

features. Indeed, while polymorph I  displays a very abrupt 
spin crossover curve with a hysteresis 5 K wide centered at 167 

K, the SCO behavior of polymorph II is gradual with T1/2 = 205 
K. These two different behaviors have been explained by subtle
differences  in some angles of the FeII  coordination core and
different  S···HC  intermolecular  contacts established  between

adjacent complexes. Both parameters were demonstrated to be
related to  the  abruptness of the  spin transition curve and
therefore to the cooperativity of the SCO compound.

Another reported  example of  SCO  polymorphs is  the 

compound fac-[Fe(dppa)2(NCS)2]  (dppa is the tetradentate 
ligand (3-aminopropyl)bis(2-pyridylmethyl)amine).  This com- 
pound crystallizes, affording three different polymorphs (A−C). 
The magnetic susceptibility measurements  revealed that while 
polymorphs   A and B exhibit SCO at 176 K (gradual without 
hysteresis) and 116 K (abrupt with an 8 K wide hysteresis), 
respectively, polymorph  C is paramagnetic  at all temperatures. 
These differences in SCO behavior seem to be related to small 

phenomenon in the solid state.10 Most reported examples in differences detected in the FeII
 octahedral environment and to 

SCO materials  on polymorphism are related to the ways in the  quite   distinct   packing   modes  displayed by  each 
15

 

which the complexes (including anions and solvents) can be 
packed in the crystal. In this respect, neutral complexes of the 

compound. 
A  more recent study of polymorphism and SCO relation- 

type [Fe(L)2(NCX)2] (L = bidentate α-diimine ligand; X = S, 
ships reported the compound trans-[FeL 

Me(NCS)2], where LMe
 

Se) have afforded relevant examples of polymorphism.  As far as is the  tetradentate ligand N,N′-bis[(1-methyl-1,2,3-triazol-4- 
16

 

we are aware, the first example of polymorphism  structurally
 yl)methylene]propane-1,3-diamine. This compound crystal- 

characterized corresponds to the complex cis-[Fe(bt)2(NCS)2] 
lizes in  two  di fferent   monoclinic space  groups, C2/c 

(bt  =  2,2′-bithiazoline),  which crystallizes  in  two different 
polymorphs (A and B).11 They display distinct crystal packing 
dominated by  strong  intermolecular S···S   contacts, which 
drastically influence the geometry of the FeII coordination core. 
Polymorph A’s  coordination core, exhibiting  smaller angular 

distortion θ and Σ parameters12  (ΣHS  = 78.75°, θHS = 230.4°),
undergoes a strong cooperative SCO centered at 181.5 K with a 
hysteresis  11.5 K wide, while the much more distorted FeII

coordination geometry (ΣHS   = 85.42°,  θHS  = 352.8°) of 
polymorph B stabilizes the HS state at all temperatures  even at 
pressures as high as 1 GPa.11b  Similarly,  the complex trans- 
[Fe(abpt)2(NCX)2]  (X  =  S,   Se;  abpt  =  4-amino-3,5-bis- 
(pyridin-2-yl)-1,2,4-triazole)  affords  two polymorphs (A and 
B).13   In  the  polymorph A  (X  =  S,  Se)  the  abpt ligands, 
characterized by an intramolecular hydrogen bond between the 
amino group and the uncoordinated pyridine ring, are almost 
planar, thus favoring a one-dimensional supramolecular array of 
FeII  complexes held together through π−π  interactions. In 
contrast, the NH2···N(pyridyl) hydrogen bond vanishes in the 

polymorphs B,  allowing  the uncoordinated pyridyl group to 
deviate 34° from planarity, thereby generating a distinct two- 

dimensional network of π−π  interactions.13b Polymorphs A 
display a gradual SCO behavior with T1/2  = 180 K (X = S) and 
224 K (X = Se), whereas polymorphs B are paramagnetic at all 

(polymorph  A)  and  P21/n  (polymorph  B).   Even  if   the 
structures of both polymorphs are very similar regarding  the 

environment of the FeII  ion, their crystal packings  are quite 
different, establishing a larger number of hydrogen bonds (S··· 

HC) for polymorph B than for polymorph  A. These additional 
bonds are responsible for the stabilization of the LS state in 
polymorph B and, therefore, its almost 100 K higher transition 
temperature. 

In  addition to  the  polymorphism, another  approach to 
evaluate the effect of structural features on the modification  of 

the SCO essential parameters is the comparison of isostructural 
compounds (i.e., chemically different  compounds sharing the 

same structure). A  relevant example is represented by the 
family of  FeII   mononuclear compounds [Fe(R2bapbpy)-

(NCX)2]  (bapbpy = N6,N6′-bis(pyridin-2-yl)-2,2′-bipyridine- 
6,6′-diamine, X = S, Se).17 In general, and as demonstrated in 
previous works,18 the substitution of S by Se on the NCX−

ligand leads to less cooperative SCO with higher transition 
temperatures because of the higher electronegativity  of the 
former. This is,  in general, the case of the [Fe(R2bapbpy)- 
(NCX)2] series with the exception of the complex derived from 
the bapbpy’s isoquinolin-3-yl version (R = phenyl), where the 
Se derivate is more cooperative. The lack of single-crystal X-ray 
data hindered an explanation for this observation, but  the 

http://dx.doi.org/10.1021/acs.inorgchem.7b02272
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authors hypothesized that structural factors could be behind 
this result. 

Here  we report  on  an  unprecedented example of poly- 
morphism relating the racemic and homochiral forms of two 
FeII SCO complexes. More precisely, we present the synthesis 
and characterization of a new family of SCO mononuclear FeII

complexes of general formula cis-[Fe(bqen)(NCX)2],  bqen 
being the tetradentate ligand N,N′-bis(8-quinolyl)ethane-1,2- 
diamine (Scheme  1),  and  X  =  S,   Se.  Both  thio-  and 

Scheme 1. Geometrical Representation of the Ligand bqen 

selenocyanate derivatives afford two polymorphs that crystallize 

in the heterochiral orthorhombic Pbca space group (polymorph 
I) and in the homochiral trigonal P3121 (or P3221) space group

(polymorph II). Each polymorph is accessible as a pure phase
by the control of the synthetic method. We also intend to
correlate the  different  SCO temperatures and cooperativity
degrees observed for each compound with the differences in the

available crystal structures.

RESULTS 

Synthesis. The bqen ligand was synthesized according to 
the method reported in the literature.19 The addition of a 
methanolic/ethanolic solution of bqen to a methanolic solution 
containing 1 equiv of Fe(SO4)·7H2O and 2 equiv of KSCN (or 
KSeCN) led to the precipitation of a red solid labeled as 1 (2). 
The good reproducibility of this synthesis is worth noting, as 
the same products presenting the same structural and magnetic 
properties were obtained on repeated occasions. Powder X-ray 
diffraction  (PXRD) patterns were also collected for 1 and 2, 
confirming   their  isostructurality   (vide  infra).   Aiming   at 

correlating the SCO behavior of 1 and 2 with their structure, 
we carried out numerous attempts to obtain single crystals of 
these systems. However,  the majority of the liquid to liquid 
diffusion  strategies tried for this purpose were unsuccessful, 

likely due to  the  oxidation of FeII   triggered by the  basic 
character of ligand bqen. This resulted in the formation of 
brown (almost black) solutions that yielded poorly crystalline 
solids of the same color. In view of these difficulties,  two 
different approaches were followed. 

Substitution of FeII Ion with NiII. The goal was to obtain the 
crystal structure of the non-SCO-active analogous compounds 
cis-[Ni(bqen)(NCX)2]  and,  thus, to  infer useful structural 
information for the homologous FeII complexes. Unexpectedly, 
following  this strategy, square- and hexagonal-shaped  single 
crystals were formed for both S and Se derivatives (Figure 1, 
left and middle). The four compounds show the same general 
formula [Ni(bqen)(NCX)2].  The  square-shaped thin plates 
with X = S (3) and X = Se (4) turned out to be isostructural 
with 1 and 2, as confirmed from comparison of the simulated 
single-crystal X-ray patterns for 3 and 4 with the experimental 
PXRD patterns for 1 and 2.  The hexagonal-shaped  crystals 
labeled 3′ (X = S) and 4′  (X = Se) exhibit different  crystal 

structures, thereby revealing the existence of two polymorphs 
hereafter called polymorph I  (compounds 1−4)  and poly- 
morph II (compounds 3′ and 4′). 

Minimization of the Contact Time of FeII with bqen before 
the Formation of the Complex. For this purpose, an aqueous 

solution of the FeII salt was poured into the bottom of a test 
tube and a mixture of the KCNX salt and bqen in acetone was 
layered on the top. In order to slow down the mixing of the 
reactants, both solutions were separated by an intermediate 
acetone/water (1/1)   layer. Under these conditions, a pure 
phase formed by hexagonal single crystals (see Figure 1, right) 
suitable for single-crystal  X-ray studies was obtained in  a 
quantitative manner for the S and Se derivatives (compounds 
1′ and 2′, respectively). The crystal analysis for 1′ and 2′ (FeII 

derivatives) indicated that they are isostructural with 3′ and 4′ 
(NiII  derivatives) and, therefore, they belong to polymorph II. 
Table 1 gathers a summary of all compounds obtained in this 
work. 

Aiming at understanding the origin of the formation of these 
polymorphs,  the precipitation reaction of each of them was 
performed in   different   mixtures of   solvents. Indeed,  as 

explained before, in the case of FeII  complexes,  the use of 
methanol/ethanol solutions led invariably to the formation of 
polymorph I (1 and 2). Conversely, slow diffusion of acetone/ 
water solutions led to hexagonal  single crystals identified  as 
polymorph II (1′ and 2′). In view of these results, numerous 
attempts to crystallize polymorph I of the FeII compound were 
carried out in ethanol/methanol medium. Unfortunately,  we 

Figure 1. Optical images of the single crystals studied in this work: mixtures of polymorphs I and II for [Ni(bqen)(NCX)2] with X = S (3 and 3′) 
(left), and X = Se (4 and 4′) (middle) and a pure phase of [Fe(bqen)(NCS)2] polymorph II (1′) (right). The corresponding [Fe(bqen)(NCSe)2] 
polymorph II (2′) is morphologically  identical with 1′. 

http://dx.doi.org/10.1021/acs.inorgchem.7b02272
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1 Fe S powder I-orthorhombic Spin  Crossover Behavior. Magnetic Properties.  The 
2 Fe Se powder I-orthorhombic thermal dependence of the χMT product (where χM  is the 

Table 1. Summary of Compounds Presented in This Work 

II

(powder compounds) and 1′  and 2′  (crystal compounds), 
confirming that they can be ascribed to polymorphs I and II, 

compound M X texture polymorph respectively. 

3 Ni S crystals I-orthorhombic

4 Ni Se crystals I-orthorhombic

1′ Fe S crystals II-trigonal

2′ Fe Se crystals II-trigonal

3′ Ni S crystals II-trigonal

molar magnetic susceptibility and T is the temperature) was 
measured for the four FeII compounds. The temperature scan 
rate was kept at 2 K min−1 for 2, 1′, and 2′ while it was reduced 
by 1 K min−1 for 1 in order to minimize possible kinetic effects. 
The results are depicted in Figure 3. At 250 K, compounds 1 

4′ Ni Se crystals II-trigonal

did not succeed,  likely due to the low solubility of the bqen 
ligand in these solvents. In addition, the use of other solvents 
such as  CH2Cl2   and  water in  combination with alcohols 
systematically led to single crystals of polymorph II. 

In  the  case of NiII   derivatives,  no  clear correlation was 
observed between the obtained polymorph and the solvents 
used (see the Experimental Section). Indeed, a mixture of both 
polymorphs was the  most  frequent result for  this  metal, 
regardless of the mixture of solvents used. 

X-ray Powder  Diffraction.  X-ray powder  diffraction
(XRPD) patterns for 1 and 2 (polymorph I) and 1′  and 2′ 
(polymorph II)  are  depicted in  Figure 2.  Moreover, the 

Figure 2. X-ray powder diffraction patterns. Polymorph I: 1 and 3 (X 
= S; black); 2 and 4 (X = Se; blue). Polymorph II: 1′ and 3′ (X = S; 
red); 2′ and 4′ (X = Se; green). Patterns for 3, 4, 3′ and 4′ were 
simulated from single-crystal data. 

calculated patterns for  NiII   derivative complexes 3  and  4 
(polymorph I) and 3′ and 4′ (polymorph II), obtained from X- 
ray single crystal diffraction data (vide infra), are also shown for 

comparison. The  similarity  between the experimental  X-ray 
diffraction patterns for compounds 1′ and 2′ (Figure 2) 
confirms  their   isostructurality (polymorph II),   whereas a 

comparison with their corresponding simulated spectra (Figure 
S1 in the Supporting Information) indicates the presence of a 
pure phase. On the other hand, a comparison of the diffraction 

patterns of 1′ and 2′ with those of 1 and 2 clearly reveals that 
they  correspond  to  different   phases, where  the  latter 
correspond to isostructural  phases (polymorph I). The 
simulated diffraction  patterns of crystals 3 and 4 and 3′ and 

4′ fit, as expected, the experimental powder patterns of 1 and 2 

Figure 3. Magnetic behavior of compounds  1, 1′, 2, and 2′. 

and 1′  display χMT values of 3.50 and 3.33 cm3  K mol−1, 
respectively, in agreement with an FeII ion in the HS state. For 
1,  this value remains constant down to  150 K. At lower 
temperatures χMT decreases, first gradually and then abruptly,

reaching a value of 0.5 cm3 K mol−1 at 50 K (T1/2↓ = 86 K).
This result clearly indicates an almost complete HS to  LS 
transition of the FeII ions. The subsequent heating shows the 
reversibility  of this process, characterized  by an asymmetric 
hysteresis loop (T1/2↑ = 98 K). The asymmetric shape of the 
hysteresis and the low temperatures of the SCO suggest the 
occurrence of slow kinetics. In contrast, polymorph 1′ presents 
a reversible abrupt SCO at higher temperatures (T1/2↓ = 142 K 
and T1/2↑ = 147) with a narrower hysteresis loop 5 K wide. 

At 350 K, the χMT values of complexes 2 and 2′, 3.53 and 
3.36 cm3 K mol−1, respectively, are consistent with the almost 
fully populated  HS state FeII ion. Upon cooling, χMT decreases
gradually for both polymorphs, reaching values of 0.34 and 0.28 
cm3 K mol−1 at 100 K, respectively. The almost complete SCO 
behaviors are characterized by T1/2  values centered at ca. 204 
and 235 K for compounds 2 and 2′, respectively. Despite the 
gradual nature of the SCO, 2′ displays a narrow hysteresis loop 
5 K wide. 

Calorimetric  Properties. Differential  scanning calorimetry 
(DSC) measurements were carried out for 1′, 2, and 2′ in the 
cooling and heating modes. The  corresponding anomalous 
variation of the heat capacity ΔCp  vs T plots is depicted in 

Figure 4. Compound 1 could not be measured, since T1/2  falls 
below the minimum temperature reached by our DSC device. 
The transition temperatures in the cooling (T1/2↓) and heating 

(T1/2↑)  modes extracted from the maximum value of the ΔCp 

vs T plots are T1/2↓ = 145 K and T1/2↑ = 146 K for 1′, T1/2↓ = 
197 K and T1/2↑ = 200 K for 2, and T1/2↓ = 232 K and T1/2↑ = 
233 K for 2′. These values fit satisfactorily with those obtained 
from the magnetic data. The average  variations  of enthalpy 

http://dx.doi.org/10.1021/acs.inorgchem.7b02272
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b02272/suppl_file/ic7b02272_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b02272/suppl_file/ic7b02272_si_001.pdf


Article 

13539  

1 1′ 2 2′ 

ΔH/J mol−1 4512 3628 8792 6063 

ΔS/J K−1  mol−1 48 25 43.1 25.8 

Γ/J mol−1 2000 2645 2473 3860 

T1/2 94 145 204 235 

C = Γ/2RT1/2 1.27 1.09 0.73 0.99 

χMT/cm3  K mol−1 3.55 3.65 3.75 3.86 

HS 

R 

Figure 4. DSC measurements for the SCO compounds 1′, 2, and 2′. 

(ΔH)  and entropy (ΔS)  associated with the SCO calculated 
from the recorded DSC curves are 3.6 kJ mol−1  and 25.0 J 
mol−1 K−1 for 1′, 8.5 kJ mol−1 and 43.1 J mol−1 K−1 for 2, and 
6.0 kJ mol−1  and 25.8 J  mol−1  K−1  for 2′,  respectively.  As 
expected, ΔS  is larger than that calculated  from the purely 
electronic spin contribution (ΔS = 13.38  J K−1 mol−1) for the 
LS ↔ HS transition. The remaining excess corresponds  to the 
entropic contributions stemming from the  molecular vibra- 
tional modes and lattice phonons. Although these ΔS values are 
below those expected for a complete SCO in an FeII complex 
(50−65 J mol−1 K−1), they are in line with those reported for 
related compounds.9b,18 This observation could be rationalized 
in terms of possible structural constraints induced by this type 

value of the pure LS, and (χMT)R  represents the residual χMT
value due to HS species blocked at low temperature. Given that 
the ΔH,  ΔS,  T1/2,  and (χMT)R  values have been estimated
directly from the magnetic and/or the DSC curves, the fitted 
parameters were Γ and (χMT)HS. The obtained parameters for

the best simulations together with the experimental values are 
gathered in Table 2. 

Table 2. Thermodynamic Parameters (See Text) 

γR 0.16 0.06 0.09 0.07 

Crystal Structure of Polymorph I. Given that we did not 
succeed in synthesizing single crystals of compounds 1 and 2, 
an analysis of the single-crystal structures of the homologous 
isostructural  Ni   derivatives (compounds  3  and  4)  was 
undertaken. Tables S1 and S2 in the Supporting Information 
contain respectively a selection of relevant crystal data and Ni− 
N bond lengths and angles for 3 and 4. 

Ni(bqen)(NCS)2 (3). The crystal structure of 3, determined at 
120 K, displays the  orthorhombic Pbca  space group. The 
asymmetric unit cell is formed by a NiII  center surrounded by 
one tetradentate bqen ligand, which adopts a cis-α coordination 
mode, and two cis NCS− groups that complete the octahedral 
coordination sphere (see Figure 5a). The average Ni−N bond 

of rigid tetradentate ligand, which in turn could favor a certain   
degree of incompleteness of the SCO, particularly in the HS 
state. Indeed, an unexpected relatively small increase of the Fe− 
N average bond length upon spin transition is observed (vide 
infra). These results strongly contrast with those observed for 
the  aforementioned polymorphs A  and  B of  the  complex 
[Fe(LMe)(NCS)2] characterized by ΔS values of about 60 J K−1 

mol−1.  The much larger ΔS values in the latter case may be 
related to the more flexible nature of the tetradentate ligand 
LMe.16

Taking advantage of the obtained thermodynamic data, the 
spin  conversions have  been  simulated and  additional 
thermodynamic parameters have been  inferred from eq  1 
derived from the regular solution model:20

⎡  1 − γ  ⎤ ΔH + Γ(1 + γ R
 

− 2γ  )
ln⎢   HS   ⎢  =   HS  HS  − 

ΔS 

⎣⎢ γHS 
− γ

HS ⎦⎢ RT R (1) 
Figure 5. ORTEP representations of the coordination site for 3 and 4 
(M = Ni, X = S, Se) (polymorph I) (a) and for 1′−4′ (M = Fe, Ni; X 

where ΔH,  ΔS,  and Γ  are the  enthalpy and the  entropy 
variations  and the parameter accounting for the cooperative 
nature of the spin conversion, respectively.  The  molar HS 
fraction, γHS, has been deduced from the magnetic susceptibility 
through eq 2: 

= S, Se) (b). Thermal ellipsoids are represented at 50% probability. 

length, 2.086(6) Å, is characteristic  of an octahedral NiII

complex. The calculated angular octahedral  distortion param- 
eters are Σ = 50.4(8)° and θ = 124(2)°.12

γ
HS 

= [(χ
M 

T) − (χ
M 

T)LS ]/[(χ
M 

T)HS  − (χ
M 

T)LS ]

R

(2) The  crystal packing is  made up  of  neutral [Ni(bqen)-
(NCSe)2] molecules arranged in sheets defined by parallel rows

The molar fraction γHS  accounts for the HS species blocked at 
low temperatures and is calculated as follows (eq 3): 

R R HS

of complexes, which extend along the [100] direction and stack
along the [010] direction. Within each row, the complexes
display the same orientation and chirality, but the molecules ofγ

HS 
= (χ

M 
T)  /(χ

M 
T) (3) 

the adjacent rows are twisted approximately by an angle of 51°
χMT is the value of χMT at any temperature, (χMT)HS is the χMT
value of the pure HS state (T → ∞), (χMT)LS ≈ 0 is the χMT

and display the opposite enantiomeric form (Figure 6a). Within
the  sheets, each  complex  interacts   with  its  four   closest

http://dx.doi.org/10.1021/acs.inorgchem.7b02272
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b02272/suppl_file/ic7b02272_si_001.pdf
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Figure 6. Compound 3 (polymorph I): (a) view of a fragment of sheet down the [001] direction; (b) view of the packing of four consecutive sheets 
down the [100] direction. 

Figure 7. Compound 1′ (polymorph II): perspective views down the [001] (a) and [100] (b) directions of a fragment of one sheet and a stack of 
four consecutive sheets. In this case the molecules all display the Λ configuration.  Labels ..., i, ii, iii, i, ... indicate  consecutive  stacked  chiral sheets 

related through a ternary helical axis running along [001]. Red dashed lines represent the NH···S interactions. 

neighbors via N−H···S  hydrogen bonds, the distances being 
3.244(6) Å  between chains and 3.518(6) Å  within chains. 
Moreover,  six additional  C−H···S  intermolecular contacts are 
observed between each complex and the  six  adjacent 
complexes. Two of these contacts (3.796(8) Å) are established 
with molecules within the chain whereas the remaining four 
with molecules situated in  adjacent chains (3.639(7)  and 
3.712(8) Å). The racemic sheets are packed along the [001] 
direction through the interdigitation of the quinoline moieties 
that stack  via π···π interactions (Figure 6b), as is evidenced by 
the numerous short C···C contacts, smaller than the sum of the 
C van der Waals radii, between adjacent aromatic rings (see 
Table S3 and Figure S2a in the Supporting Information). 

Ni(bqen)(NCSe)2 (4). The structure of 4 was also determined 

at 120 K, its asymmetric unit cell being analogous to that of 3, 
presenting the  same orthorhombic Pbca  space group and 

similar crystal packing. However, the following relevant changes 
occur on moving from the S derivative (3) to the Se derivative 
(4):  (i) the average Ni−N bond length 2.091(5) Å  and the 
octahedral distortion parameters (Σ  =  52.2(6)°  and  θ = 
131(2)°) are slightly larger in relation to 3; (ii) the average 
distances of the NCX···N and NCX···HC interactions increase 
by 0.10 and 0.05 Å, respectively;  (iii) the average   π···π short 
contacts between adjacent sheets are slightly larger for 4 (see 
Table S3 and Figure S2a in the Supporting Information). 

Crystal Structure of Polymorph II. Tables S1 and S4 in 
the Supporting Information contain respectively a selection of 
relevant crystal data and Fe−N/Ni−N  bond lengths and angles 
for 1′−4′. 

Fe(bqen)(NCS)2  (1′). Hexagonal-shaped  single crystals of 1′ 
were measured at 120 K (dark red) and 180 K (orange). At 120 
K, the complex  crystallizes in the trigonal chiral space group 

http://dx.doi.org/10.1021/acs.inorgchem.7b02272
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b02272/suppl_file/ic7b02272_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b02272/suppl_file/ic7b02272_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b02272/suppl_file/ic7b02272_si_001.pdf
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Table 3. Average M−N Bond Lengths (Å), Angular Distortion Parameters θ and Σ (deg) of the [FeIIN6] Coordination Core,
and Relevant Average NCX···HY Intermolecular Contacts (Å) (X = S, Se; Y = N, C) 

compound (M/X) M−N θ Σ NCX···HN NCX···HC 

Orthorhombic Polymorph I 

1 (Fe/S) 

2 (Fe/Se) 

3 (Ni/S) 2.086(6) 124(2) 50.4(8) 3.381(6) 3.716(8) 

4 (Ni/Se) 2.091(5) 131(2) 52.2(6) 3.482(5) 3.765(6) 

Trigonal Polymorph II 

1′ (Fe/S) LS 1.999(9) 91(3) 36(2) 3.342(7) 3.702(13) 

HS 2.170(6) 164(2) 73(1) 3.366(15) 3.678(17) 

2′ (Fe/Se) LS 1.989(12) 102(6) 36(2) 3.405(12) 3.694(20) 

HS 2.160(14) 154(6) 61(3) 3.389(12) 3.746(18) 

3′ (Ni/S) 2.094(8) 121(3) 50(2) 3.336(11) 3.707(12) 

4′ (Ni/Se) 2.086(9) 128(4) 49(2) 3.423(14) 3.712(17) 

P3121 (or P3221 depending on the chirality of the complexes). 

The asymmetric unit includes a half-molecule of [Fe(bqen)- 
(NCS)2],  generating an octahedral environment around the 
FeII center through a binary axis that bisects the angle defined 
by the two SCN− groups, the FeII ion, and by the two amino 
groups (see Figure 5b). Thus, similarly to the NiII complexes 3 
and 4, the FeII center is coordinated by the tetradentate ligand 
bqen, which adopts a cis-α coordination mode. The slightly 

Fe(bqen)(NCSe)2 (2′). Hexagonal-shaped single crystals of 2′ 

were measured at 120 K (dark red) and 280 K (dark orange), 
resulting in 2′  being isostructural with 1′.  Indeed, at 120 K 
compound 2′ presents the same trigonal space group (P3121) 

and  an  asymmetric unit  similar   to  that  of   1′.   At   this 
temperature, the average Fe−N bond length of 1.989(12) Å 

is associated with the LS state of the FeII  ion. The angular 

distortion from the regular octahedral geometry of the [FeIIN6]
distorted octahedral [FeIIN6] sphere (ΣLS  = 36(2)° and θLS = core gives the parameters ΣLS

 = 36(2)° and θLS
 = 102(6)°, 

91(3)°)  is  completed by two equivalent negatively  charged 
thiocyanate  ligands in a cis conformation. The average Fe−N 

bond length, 1.999(9)  Å, is consistent with that of an FeII ion in 
an LS configuration, in good agreement with the magnetic data. 

The packing mode of 1′  is made up of sheets formed by 
complexes [Fe(bqen)(NCS)2]   which  display the  same 

orientation and, therefore, the  same chirality (Figure 7a). 
Within the  sheets, each  complex interacts via N(2)H···S 
intermolecular interactions (3.342(7) Å) with four of its six 
adjacent neighbors (see Figure 7a).  Furthermore,  eight 
additional S···HC interactions take place between each complex 
and its six adjacent  counterparts.  Four of them (S···C(1)H  = 
3.569(12) Å) occur between the four closest neighbors, 
whereas the  remaining four   interactions   (S···C(8)H   = 
3.835(13) Å)  are  established with  the  two  more  distant 
neighbors. 

Differently from 3 and 4, the sheets are consecutively pillared 
in such a way that they are related by a ternary helical symmetry 
defining the infinite sequence ...,  i,  ii,  iii,  i,  ... (Figure 7b), in 

which all the molecules present the same chirality,  thereby 
giving enantiopure  single crystals. Nevertheless,  single crystals 
displaying either the P3121 or P3221 space group, differing in
the chirality (Λ or Δ) of the complexes, were found within the 
same batch of crystals, revealing that the compound is indeed a 
mixture of chiral crystals. Similarly to polymorphs I, complex 1′ 
displays short  C···C  contacts indicating the  occurrence of 
intermolecular   π···π   interactions between  the  quinoline 
moieties (see Table S5 in the Supporting Information). 

At 180 K the structure is basically the same as that at 120 K, 
but the average  Fe−N bond length is 0.171 Å  longer. This 
change, although smaller than the 0.2 Å  expected for FeIIN6 

complexes, is consistent with the occurrence of a SCO for LS 
↔ HS, as also evidenced by the color change of the crystal from 
dark red to orange. In addition, and as expected, the angular 
octahedral distortion parameters around the FeII center slightly 
increase with the LS ↔ HS spin state change (ΔΣHL  = 37(2)° 

and ΔθHL = 73(3)°). 

which are clearly above those found for 1′(LS). Likewise, the 

crystal packing observed for 2′ is essentially the same as that 

described for 1′. However, it is worth noting that, likely due to 

the  larger volume of Se in  comparison to  that  of S,  the 
arrangement of the mononuclear units leads, in general, to 
longer intermolecular contacts. For example, the N(2)H···Se 

distances are 3.405(12) Å: namely, 0.063 Å longer than for 1′. 
Furthermore, the average CH···XCN intermolecular contact is 

practically the same as that of 1′ (3.694(13) vs 3.702(20) Å), 

while the π···π  short contacts between the interdigitated 

quinoline moieties are slightly weaker in 2′ (Table S5 in the 

Supporting Information). 
At 280 K the structure of 2′ remains in the trigonal P3121 

space group. The increase in the unit cell volume (ΔV ≈ 79 Å3) 
and the observed red to orange color change are accompanied 
by an increase in the average Fe−N bond length by 0.171 Å 
(2.160(14) Å), which suggests the occurrence of an almost 

complete LS to HS transition of the FeII centers. Similarly to 1′, 
the spin state change in 2′  also involves  an increase in the 

angular distortion of the [FeIIN6] octahedral geometry (ΔΣHL

= 25(3)° and ΔθHL = 52(6)°). 
Ni(bqen)(NCX)2  (X = S (3′), Se (4′)). The crystal structures of 

3′ and 4′ have been measured at 120 K and, as in the case of 
compounds 1′ and 2′, display the trigonal space group P3121. 

Both series of compounds are isostructural, and consequently 
we refer to the structural description of 1′ and 2′. Concerning 

the [NiIIN6] coordination core, the average Ni−N bond lengths

are 2.094(8) Å (X = S) and 2.086(9) Å (X = Se). These values 
are consistent with the ionic radius of NiII  in an octahedral 
environment, which is approximately halfway between the ionic 
radii of the HS and LS states of the FeII ion. Consistently, the 

[NiIIN6] coordination site angular distortions are approximately

between values observed for the HS and LS states of the FeII in 
1′ and 2′: namely, Σ = 50(2)° and θ = 121(3)° (X = S) and Σ 
= 49(2)° and θ = 128(4)° (X = Se) for 3′ and 4′, respectively. 

The crystal packing of 3′  and 4′ shows short intermolecular 

http://dx.doi.org/10.1021/acs.inorgchem.7b02272
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b02272/suppl_file/ic7b02272_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b02272/suppl_file/ic7b02272_si_001.pdf
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contacts that are close to those observed for the homologous 
FeII compounds. 

The  replacement   of   S  with   Se  provokes   important 
modifications in the intermolecular contacts (see Table 3 and 

Figure S2b in the Supporting Information). Let us highlight, for 
example, the increase in the NCX···HN distances by 0.087  Å. 

DISCUSSION 

The single-crystal X-ray diffraction study carried out during this 
work has revealed the  presence of two different  types of 

supramolecular arrangements  of the mononuclear complexes 
[M(bqen)2(NCX)2] (M = Fe, Ni, X = S, Se). The two different
arrangements  give rise to either the orthorhombic Pbca or the 

line,11,23   4-amino-3,5-bis(pyridin-2-yl)-1,2,4-triazole,13     or  N- 
(2′-pyridylmethylene)-4-(phenylethynyl)aniline24,25  but are on 
the same order of magnitude as that observed for the system 
derived from the ligand L = 3-(2-pyridyl)-[1,2,3]triazolo[1,5- 
a]pyridine).26,27  This effect may be associated with two main
reasons. On one hand, the higher electronegativity  of the S
atom, in comparison with that of Se, causes a larger electron
density withdrawal from the N donor atom, thereby decreasing
the  ligand field  around the  FeII   center and, consequently,
stabilizing  the HS form. On the other hand, the octahedral 
distortion around the FeII  ion also influences  T1/2.  Indeed,
remarkable  differences  can be observed in the values of the 

angular distortion parameters (θ and Σ)  when SeCN−  and 
−

 

trigonal P3121 (or P3221) space group, which have been labeled SCN counterparts are compared. In general, the substitution 

as polymorphs I and II, respectively. 
By  control  of   certain  synthetic parameters, a  given 

polymorph can be obtained instead of the other. For example, 
the slow diffusion of a FeII (or NiII) salt solution and a solution 
of the bqen ligand and the corresponding KXCN precursor in a 
water/acetone medium result in the exclusive  formation of 
polymorph II. Similarly, the precipitation reaction using these 
precursors leads to a microcrystalline compound  also assignable 
to polymorph II, as long as acetone and water are used as 
solvents. In  contrast, the  same  experiment performed in 
MeOH/EtOH solutions involves the formation of polymorph I. 
This solvent-dependent effect, already  observed for similar 

compounds,13 does not seem to be the unique aspect 
determining the nature of the resulting polymorph. Indeed, 
the slow diffusion of the NiII salt on bqen and KXCN yielded 
mainly mixtures of both polymorphs regardless of the solvents 
used. All  of these observations suggest that the stabilities of 
both polymorphs are very close, as indicated by the similar 
intermolecular interactions established between complexes in 
the  crystal, and  indeed,  only  subtle  differences   in   the 
preparation mode can discriminate one polymorph from the 
other. 

Interestingly, the subtle differences in the structural features 
detected for each polymorph, essentially  observed in  their 
crystal packing, seems to be governed by the presence of either 
a racemic mixture (polymorph I) or a pure enantiomeric form 
(polymorph II) of the complexes  within the structure. This 
observation makes the title compounds particularly interesting, 
since the examples of synergy between chirality and SCO so far 
reported are relatively scarce in the literature.21 Moreover, to 
the best of our knowledge, this is the first SCO polymorphic 
system where one of the polymorphs is chiral whereas the other 
represents a racemic mixture. 

In  addition, the  slightly different   arrangement of   the 
complexes observed for each polymorph has a  remarkable 
effect on the SCO properties. To go deeper into the analysis of 

the magneto-structural correlations, we have analyzed, on one 
hand, the  influence  of the  structural aspects on  the  SCO 

temperature (T1/2)  and, on  the other hand, the degree of 
cooperativity of the SCO. 

SCO Temperature. The four SCO complexes display quite 
distinct T1/2  transition temperatures: 1 (94 K), 1′ (145 K), 2 
(204 K), and 2′ (235 K). At first glance, one can rapidly notice 
that the replacement of S with Se strongly influences  T1/2.
Effectively,  the difference  in T1/2   values between the seleno- 

and thiocyanate  derivatives is about 100 K. These values are 
larger than those observed (40−75  K) for mononuclear 
[Fe(L)2(NCX)2]  complexes,  where L is  an α-diimine  ligand 
such  as,  for  example, 1,10-phenanthroline,22 2,2′-bithiazo- 

of SCN− by SeCN− leads to larger distortion parameters (see 
Table 3).  However, we should not  take into  account the 
absolute values of these parameters but rather the differences 

between the HS and LS spin states (ΔθHL and ΔΣHL). Actually, 
it has been observed that the higher the ΔθHL and ΔΣHL values, 

the lower the T1/2.8b  This is because higher ΔθHL  and ΔΣHL

values imply a larger energy cost in terms of rearrangement of 
the ligands around the FeII ion upon the SCO; consequently, it 
involves a stabilization of the HS form. Keeping this in mind, 
the [ΔθHL; ΔΣHL] values observed for 1′ [73(3)°; 37(2)°] are 

about 24% higher than for 2′ [52(6)°; 25(3)°] and, therefore, 
this extra octahedral distortion in 1′  may contribute to the 
observed large  T1/2     difference   (90  K)  between  both
compounds. Although the same comparison cannot be carried 
out between 1 and 2, due to the lack of single crystals of these 
compounds, even larger differences  in [ΔθHL; ΔΣHL]  values

between SCN−  and SeCN−  derivatives  should be expected, 
taking into account that the difference  in T1/2  is even higher

(110 K). 
In view of the lack of single-crystal X-ray information  for 1 

and 2  (polymorph I),  a direct correlation between [ΔθHL; 
ΔΣHL]  and the difference  in T1/2   between the two different
polymorphs 1 and 1′  (56 K) or 2 and 2′  (29 K) was not 
possible. However, the [θ; Σ] values for the NiII derivatives, 3 
[124(2); 50.4(8)], 3′  [121(3); 50(2)], 4 [131(2); 52.2(6)], 
and 4′  [128(4); 49(2)], are very similar, indicating  that the 
influence of the crystal packing on the angular distortion of the 
[NiIIN6] core is negligible. If we extrapolate this situation to the
FeII title compounds, the differences in T1/2  between the two
polymorphs should be tentatively attributed to larger values of 

the [ΔθHL; ΔΣHL]  parameters for polymorph I. It is worth 
noting that no significant  differences  in the average  MII−N 

bond lengths for MII = Ni (3,  3′,  4, 4′)  and Fe (1′,  2′)  are 
observed and, consequently,  this situation can also be 
extrapolated to  1  and 2,  suggesting that  the  Fe−N  bond 
lengths have a minor influence on T1/2.

Cooperativity. The measurements of the magnetic proper- 

ties (Figure 3) of the cis-[Fe(bqen)(NCX)2]  complexes have 
revealed two well-differentiated  types of SCO behaviors: a 

rather abrupt spin transition observed for compounds 1 and 1′ 
and a less abrupt conversion between the HS and the LS states 
registered for compounds 2 and 2′.  It seems, hence, that the 
selenocyanate ligand favors gradual spin transitions whereas the 
coordination of  thiocyanate ligands leads  to  first-order 
transitions. Indeed, the values of cooperativity calculated from 
simulations of the magnetic curves, defined as C = Γ/2RT1/2,

are 1.27 (1), 1.09 (1′), 0.73 (2), and 0.99 (2′) (Table 2) and 
thereby are consistent with these observations. Thus, aiming at 
establishing a correlation between the observed cooperativity 

http://dx.doi.org/10.1021/acs.inorgchem.7b02272
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b02272/suppl_file/ic7b02272_si_001.pdf
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and  the  structural aspects, we  have  analyzed the  main 
parameters extracted from the  available X-ray data. More 
specifically, we have focused on the comparison between the 
NiII complex structures 3 (3′) (S derivatives) and 4 (4′) (Se 
derivatives), since they are isostructural with 1 (1′) and 2 (2′), 
respectively. The  length  of  the  intermolecular interaction 
NCX···HN  seems to  be behind the  observations explained 
above, as it presents values of 3.381(3) (3.336(11)) Å  and 
3.482(5) (3.423(14)) Å for 3 (3′) and 4 (4′), respectively, and 
therefore a difference of ca. 0.1 Å. In addition, the π···π stacking 

interactions are also stronger for the thiocyanate derivatives and 
may enhance the cooperativity of these complexes. 

Compounds  2  and  2′   exhibit a  subtle   difference   in 
cooperativity  (C = 0.73 and 0.99, respectively),  which may 
originate in their different  packing modes. Indeed, the slight 
differences  observed in the NCX···HN  (3.482(5) Å  (4)  and 

3.423(14) Å (4′))  and NCX···HC  distances (3.765(6) Å (4) 
and 3.712(17) Å (4′)) for their NiII counterparts support this 
observation. However, this correlation is not observed for 1 and 
1′. Indeed, the former shows higher cooperativity (C = 1.27 vs 
1.01) despite the  larger NCX···HN  and  NCX···HC  inter- 
molecular contacts observed for the counterpart 3. This larger 
C value for 1 is most likely overestimated  due to kinetic effects 
associated with the low T1/2  (<100 K) values. These kinetics 
are responsible for the asymmetric appearance and width of the 
thermal  hysteresis that  overestimates the  cooperativity 
parameter. 

CONCLUSION 

An unprecedented family  of mononuclear complexes 
[MII(bqen)(NCX)2] (MII  = Fe, Ni; X = S, Se) based on the
tetradentate chelating ligand bqen has been synthesized  and 
characterized.  Single-crystal X-ray studies have revealed that, 
depending on the synthetic procedure, these compounds (X = 
S, Se) crystallize in two different crystal systems leading to two 
types of polymorphs (I and II). While polymorph I crystallizes 
in the orthorhombic space group Pbca, polymorph II displays a 
trigonal P3121 (or P3221) space group differing mainly in the

packing mode. Interestingly, the orthorhombic phase presents a 
racemic Λ−Δ  mixture of  chiral cis-[MII(bqen)(NCX)2]
complexes. In contrast, the trigonal phase is built from only 
one  enantiomer. The  four  FeII   derivatives undergo SCO 
behavior, enabling, for the first time, correlation of the SCO 
properties with their racemic and chiral polymorphic  forms. 
Although there are no sharp differences  between the short 

intermolecular contacts of both polymorphs, it is important to 
point out  that  the  crystal packing generated by the  chiral 
polymorphs, for  X  =  S,  Se, favors higher T1/2    values in 
comparison to the corresponding  racemic forms. Our results 
suggest that the  differences  in the  crystal packing of each 
polymorph are subtly transferred to  the [FeIIN6]  core and
reflected  in the change in the angular distortion parameters 

ΔΣHL   and ΔθHL  upon the LS ↔ HS transition, which 
represents a  different  energy “cost” in  terms of geometry 

change and hence a distinct T1/2  value. This mechanism  is, in 
part, responsible for the large change in T1/2  on moving from 
the NCS−  to the NCSe−  derivatives in each polymorph, the 
other important influence being the electronic  effects derived 
from the substitution of S with Se in the NCX− group. Finally, 
the  small differences   found  in  cooperativity for  the  four 

■ EXPERIMENTAL SECTION

Materials. The  ligand N,N′-bis(8-quinolyl)ethane-1,2-diamine
(bqen)  was obtained using the same synthesis conditions reported 
elsewhere.19

 

cis-[Fe(bqen)(NCS)2] (1, Polymorph I). A solution  of bqen (36.4 

mg) in a hot mixture of MeOH and EtOH (14 and 10 mL) was added 
dropwise to a methanolic solution (8  mL) containing 22.4 mg of 
KSCN, 32.2 mg of FeSO4·7H2O, and a catalytic amount of ascorbic 
acid (to avoid the FeII to FeIII oxidation process). An instantaneous 
precipitation of a dark red solid was observed, and the mixture was 
stirred for an additional 30 min. Afterward, the solid was filtered off, 

washed with methanol, and dried under vacuum. Anal. Calcd for 
C22H18FeN6S2: C,  54.33; N, 17.28; H, 3.73. Found: C, 53.84; N, 
16.74; H, 3.70. 

cis-[Fe(bqen)(NCSe)2] (2, Polymorph I). A 9 mL methanol 

solution consisting of 24.8 mg of KSeCN, 24.0 mg of FeSO4·7H2O, 

and a few milligrams of ascorbic acid (to avoid the FeII oxidation) was 
treated with a solution of 27.1 mg of bqen in 14 mL of hot ethanol. 
From almost the first drop a red precipitate was observed. The mixture 
was stirred for an additional 30 min, and the red solid was filtered off, 

washed with methanol, and dried under vacuum. Anal. Calcd for 
C22H18FeN6Se2: C, 45.54; N, 14.49; H, 3.13. Found: C, 44.59; N, 
14.35; H, 3.01. 

cis-[Ni(bqen)(NCS)2]  (3, Polymorph I). Crystals of 3 were 
obtained through a liquid to liquid diffusion method using a 10 mL H- 
tube. One side of the tube was filled with a MeOH solution (2 mL) of 

Ni(NO3)2·6H2O  (14.21 mg) and KNCS (9.43 mg), whereas on the 
other side was placed a CH2Cl2 solution (0.5 mL) of 15.35 mg of bqen 
ligand. The rest of the tube was filled with methanol and sealed. Two 
weeks later, a mixture of pale pink hexagonal-shaped  crystals (3, 
polymorph I) and pale pink plate-shaped  crystals (3′, polymorph II) 
were grown within the tube, which were collected and separated with 
the aid of a binocular lens. Since these crystals  were used only as 
reference of polymorphs I and II, their composition was confirmed 
exclusively from crystallographic  analysis. 

cis-[Ni(bqen)(NCSe)2]  (4, Polymorph I). Crystals of 4  were 
prepared in a way similar to that for 3. In this case, one side of the tube 
was filled with a MeOH solution (2 mL) of NiSO4·6H2O (18.83 mg)
and KNCSe (14.08 mg). On the other side of the tube was placed a 
CH2Cl2 solution (2 mL) of 15.35 mg of bqen. The rest of the tube was 
filled with methanol and sealed. After 3 weeks a pure phase made up of 
pale orange plate-shaped single crystals was formed. Similarly to 3 and 
3′,  the composition of 4 was confirmed  exclusively from crystallo- 
graphic analysis. 

cis-[Fe(bqen)(NCS)2]  (1′,  Polymorph II). Crystals of 1′  were 
obtained by diffusion methods using a layering tube, where an aqueous 
solution (10 mL) of Fe(ClO4)2·6H2O  (30 mg) was poured at first.

Then, an interlayer of acetone/water (1/1, 4 mL) was deposited on 
the previous aqueous phase and, finally, an acetone solution (10 mL) 

of bqen ligand (34.3 mg) and KSCN (14.9 mg) was layered on the top 
of the interlayer. One week later hexagonal orange crystals of 1′ were 
collected from the middle of the tube. Anal. Calcd for C22H18FeN6S2: 

C, 54.33; N, 17.28; H, 3.73. Found: C, 53.89; N, 16.95; H, 3.77. 
cis-[Fe(bqen)(NCSe)2] (2′,  Polymorph II). Crystals of 2′  were 

prepared through a strategy analogous to that used for obtaining 1′ but 
replacing KNCS with KSeCN (22.2 mg). Hexagonal orange crystals 
were observed in the middle part of the tube around 1 week after its 
preparation.  Anal. Calcd for C22H18FeN6Se2:  C, 45.54; N, 14.49; H, 
3.13. Found: C, 45.66; N, 14.85; H, 3.21. 

cis-[Ni(bqen)(NCS)2]  (3′,  Polymorph II). Crystals of 3′  were 

obtained in the same batch as 3 (see above). They crystallize  as 
hexagonal pale pink plates that represent the majority of the product. 
The composition of 3′ was confirmed exclusively from crystallographic 
analysis. 

cis-[Ni(bqen)(NCSe)2]  (4′,  Polymorph II). Crystals of 4′  were 
ffusion  methods using an H-shaped

 

compounds can be explained by taking into account the effect 

of the S ↔ Se replacement on the intermolecular interactions 
and the different crystal packing between the two polymorphs. 

obtained as a pure phase by di 
tube. In one side was placed a mixture of 11.62 mg of NiCl2·H2O and 
14.08 mg of KSCN in MeOH (1.5 mL), while a solution of bqen 
ligand in CH2Cl2 (0.5 mL) was poured into the other side. The tube 

http://dx.doi.org/10.1021/acs.inorgchem.7b02272
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was finally filled with MeOH and sealed. Orange crystals of 4′ were 
collected 4  weeks later. The  composition of  4′  was confirmed 

exclusively from crystallographic  analysis. 
Physical Measurements. Variable-temperature magnetic suscept- 

ibility data were recorded with a Quantum Design MPMS2 SQUID 
magnetometer equipped with a 7 T magnet, operating at 1 T and at 
temperatures of  1.8−400  K.   Experimental susceptibilities   were 
corrected for diamagnetism of the constituent atoms by the use of 
Pascal’s constants. Powder X-ray measurements  were performed on a 
PANalytical Empyrean  X-ray powder diffractometer (monochromatic 

Cu Kα radiation). Calorimetric measurements were performed using a 
Mettler Toledo DSC 821e differential  scanning calorimeter. Low 
temperatures were obtained with an aluminum block attached to the 
sample holder, refrigerated with  a  flow  of  liquid nitrogen, and 

stabilized at a temperature of 110 K. The sample holder was kept in a 
drybox under a flow of dry nitrogen gas to avoid water condensation. 

The measurements were carried out using around 10 mg of 1′,  2′ 
(single crystals), or 2 (microcrystalline sample) sealed in aluminum 
pans with a mechanical crimp. Temperature and heat flow calibrations 

were made with standard samples of indium by using its melting 

transition (429.6 K, 28.45 J  g−1). An overall accuracy of ±0.2 K in 
temperature and  ±2%   in  the  heat  capacity is  estimated.   The 
uncertainty increases for the determination of the anomalous enthalpy 
and entropy due to the subtraction of an unknown baseline. 

Single-Crystal X-ray Diffraction. Single-crystal  X-ray data were 
collected on an Oxford Diffraction  Supernova diffractometer  using 

graphite-monochromated  Mo  Kα radiation (λ  =  0.71073 Å).  A 
multiscan absorption correction was performed. The structures were 
solved by direct methods using SHELXS-2014 and refined  by full- 

matrix least squares on  F2   using SHELXL-2014.28   Non-hydrogen 
atoms were refined anisotropically, and hydrogen atoms were placed in 
calculated positions, refined using idealized geometries (riding model), 
and assigned fixed isotropic displacement parameters. 

Responses to type B alerts appearing in some title compounds are 
provided in  the  corresponding CIF  files  and  are related to  low 
diffraction intensity of the crystals. Nevertheless,  the crystallographic 

data fully convey all the chemical and structural meaning required to 
explain correctly the structures and the spin crossover behavior in this 
series   of  compounds. Supplementary crystallographic   CIF  data 
(CCDC  1572177 (1′-HS),   1572178 (1′-LS),   1572179 (2′-HS), 
1572180 (2′-LS),  1572181 (3),  1572182 (4),  1572183 (3′),  and 
1572184 (4′))  can be obtained free of charge from the Cambridge 
Crystallographic Data Centre. 
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