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Dynamic molecular materials, which involve mechan-

ical motions in crystals, usually exhibit tunable

properties related to conformational polymorphs.

Herein, we describe a solvent-free molecular crystal

[{FeIII(salten)}2(TPB)](BPh4)2 (I) developed by

associating the rotatable tetraphenylborate anion

with the spin crossover (SCO) binuclear iron(III)

cation. The solvent-free phase I can undergo a

temperature-induced phase transformation to phase

II, during which rotation of the BPh4
− anion interplays

with the SCO component, giving rise to fascinating

variations in SCO (from gradual to abrupt) and di-

electric properties. Most importantly, an unexpected

polymorphic transformation from II to III or IV, with

increasing magnetic hysteresis, is realized by expos-

ing II to water or ethanol vapor; the transition is

reversible by heating. This rare successive transfor-

mation is further rationalized by theoretical calcula-

tions. Hence, this multiresponse system provides a

new way for modulating synergistic effects and de-

signing dynamic SCO materials by integrating intra-

molecular motions in the crtystal lattice.

Keywords: intramolecular motion, iron(III), spin

crossover, polymorph, single-crystal-to-single-

crystal transformation

COMMUNICATION

Received: Mar. 7, 2020 | Accepted: Mar. 31, 2020 | Published: May 9, 2020

DOI: 10.31635/ccschem.020.202000204

Citation: CCS Chem. 2020, 2, 453–459
Citation denotes calendar and volume year of first online publication.

Issue Assignment: Volume 3 (2021), Issue 1 453

mailto:nizhp@mail.sysu.edu.cn
mailto:tongml@mail.sysu.edu.cn
https://doi.org/10.31635/ccschem.020.202000204


Introduction
Spin crossover (SCO) materials exhibiting bistable spin

states are conceivable candidates for magneto-memory

devices and molecular switches.1,2 The magnetic bistabil-

ity of high-spin (HS) and low-spin (LS) states can be

modulated by external stimuli such as temperature, light

irradiation, or pressure, in a detectable and reversible

way.3–6 Yet, the spin transition dynamics strongly depend

on the cooperativity among spin centers. For a weak

synergetic effect, the thermal SCO process can be grad-

ual or incomplete.7 Once the cooperativity exceeds a

threshold value, an abrupt or hysteretic spin transition

can be observed. Indeed, a hysteretic event is essential

for binary switching applications since the encoded in-

formation can be easily written in or read out through

different electronic states. Extensive research efforts

have been dedicated to promoting the SCO cooperativ-

ity through a supramolecular strategy8 via enhancing

intermolecular interactions (e.g., hydrogen bonding9,10

and π–π stacking11,12) or a polymeric strategy13–15 via intro-

ducing covalent linkages between spin centers. However,

the modulation of the characteristics of SCO usually

remains ineffective due to theweak perturbation ofmetal

sites and the inadequate propagation of synergy in the

lattice.

Integrating intramolecular motions, especially those

that cooperate with the SCO moiety, is a judicious

approach to regulate the synergism. The material under-

goes single-crystal-to-single-crystal (SCSC) transforma-

tion, affording an ideal platform for the exploration of

structure–property relationships. Then, the comprehen-

sion of structural factors contributing to spin transitions

can aid the design of high-performance SCO materials.

Moreover, reversible motions such as the generation/

breakage of chemical bonds16–18 and intramolecular rota-

tion/flipping19 are collectively accompanied by confor-

mational isomerization,20 and significantly affect material

properties, not to mention the SCO behavior. Herein, by

introducing the tetraphenylborate anion as the rotary

element, we report a solvent-free binuclear iron(III) com-

plex [{FeIII(salten)}2(TPB)](BPh4)2 [I, TPB= 1,2,4,5-tetra

(4-pyridyl) benzene, H2salten=N,N′-bis[2-hydroxy-

phenyl]methylene)-4-azaheptane-1,7-diamine] (Figure 1).

Intriguingly, complex I, isolated as a kinetic product, can

convert to the related thermodynamically stable phase (II)
by heating. This irreversible phase transition, accom-

panied by remarkable phenyl rotations of the BPh4
− anion,

associates with dramatic changes in SCO and dielectric

properties. Moreover, after exposing II to water or ethanol

vapor, polymorphic transformations to III or IV are ob-

served, which exhibit wider thermal hysteresis loops.

The solvent-free phases III and IV can revert to II by

heating.

Results and Discussion
Complex I was synthesized via self-assembly of the pre-

cursor Fe(salten)Cl and TPB ligand in the presence of

BPh4
− anion. More experimental details and characteriza-

tions are available in Supporting Information. Thermo-

gravimetric analysis (TGA) indicates that I is solvent-free
and maintains thermal stability until 450 K (Supporting

Information Figure S2). Differential scanning calorimetry

(DSC) data show a pair of weak exothermic/endothermic

peaks around 270 K during cooling/heating, with a small

enthalpy change (ΔH = 2 kJ mol−1). Unexpectedly, after

holding I at 380 K for 2 h, the DSC peaks shift to 229 and

Figure 1 | The moiety [{FeIII(salten)}2(TPB)]
2+ (top) and the schematic single-crystal-to-single-crystal (SCSC) trans-

formation pathways (bottom). Hydrogen and anions are omitted for clarity. Color code: gray (C), blue (N), red (O), and

orange (FeIII).
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233 K with prominent enthalpy change (ΔH = 13 kJ mol−1),

suggesting the formation of a new phase II via a

thermal-induced phase transition (Supporting

Information Figure S3).21

To better understand the aforementioned phase tran-

sition, in situ variable-temperature single-crystal X-ray

diffraction measurements were carried out. I crystallizes
in the triclinic P1̄ space group, consisting of a binuclear

[{FeIII(salten)}2(TPB)]
2+ cation and two BPh4

− anions

(Figure 1 and Supporting Information Table S1). The

asymmetric unit cell only contains half of the binuclear

molecule. Two Fe(salten)+ moieties are linked by a TPB

ligand in trans geometry, which can be related to each

other via an inversion at the center of TPB. The Fe(III)

center adopts a distorted octahedral geometry, with

three nitrogen atoms and two oxygen atoms from the

pentadentate salten2− ligand and one nitrogen atom from

the TPB ligand. The salten2− ligand shows twofold disor-

der relative to temperature, wherein the occupancy ratio

of configurations A:B changes from 66∶34 at 120 K to

60∶40 at 298 K. In configuration A, the secondary amine

group (N1) from salten2− ligand interacts with phenyl ring

from BPh4
− anion, giving the N1−H1A···π(C40−C45) distance

of 3.3568(1) Å at 120 K and 3.4965(2) Å at 298 K

(Figure 2c). Meanwhile, the C−H···π(C15−C20) interactions

are formed between the alkyl chain from the salten2−

ligand and the phenyl ring from the neighboring cation

(Supporting Information Table S6). In contrast, the N1

atom and aliphatic chain in configuration B are involved

in the N1−H1B···π(C15−C20) and C−H···π(C40−C45) interac-

tions, respectively. When the two structures at 120 and

298 K (Supporting Information Figure S9) are compared

by the overlay, it can be observed that the cation moiety

does not change much. The most obvious difference is in

the bond length related to Fe(III) ion. The average bond

lengths of Fe–N and Fe–O are 1.984(2) and 1.878(2) Å at

120 K, while 2.105(4) and 1.909(3) Å at 298 K, indicating

the occurrence of a spin transition. For the BPh4
− anion,

rotational motions of phenyl rings are revealed through

structural comparison. The largest rotation occurs in the

C34−C39 phenyl ring with a rotation angle of 36.72°,

which results in subtle modulation of C−H···π interactions

(see the Supporting Information).

Phase II, obtained via a thermal-induced SCSC trans-

formation from I, shows the samemolecular components

but with distinct conformational changes (Figure 2).

Figure 2 | Structural transformations of I and II. (a) and (b) reveal the packing views along b axis for I and II at 120 K,

respectively. (c) and (d) show the related N1−H···π interactions. The disordered parts in (c) are marked in yellow (A)

and light blue (B) for discrimination. The phenyl rings of BPh4
− are shaded in different colors for identification: yellow

(C34−C39), light blue (C40−C45), red (C46−C51), and green (C52−C57). (e) and (f) indicate the change of Fe(III)

geometry as well as the rotational movements of the BPh4
− anion for I and II.
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Conspicuously, four phenyl rings of the BPh4
− anion

rotate by 41.03°, 13.87°, 21.23°, and 30.38° in II at 120 K

when compared with I (Supporting Information

Figure S12). Due to the movement of the C40−C45
phenyl ring away from the cation, the C−H···π(C40−C45)
interactions in configuration B and N1−H1A···π(C40−C45)
interaction in configuration A are weakened significantly.

Meanwhile, the opposite displacement of adjacent

cations enhances the N1−H1B···π(C15−C20) interaction in

configuration B. Thus, the disorder in the alkyl chain

disappears and only configuration B is retained in II.
Additionally, the crystal packing in II becomes tighter,

which is proven by a 2.2% decrease in unit cell volume

when compared to I at 120 K. Hence, a stronger coop-

erativity is realized in polymorph II.
The average Fe–N/Fe–O distances in II increase from

1.986(1)/1.882(1) Å at 120 K to 2.142(2)/1.920(2) Å at

298 K, suggesting a more significant change of bond

length than that in I. Structural transformations between

different spin states are more prominent in II. In particu-

lar, the four phenyl rings of the BPh4
− anion experience

different degrees of rotation, with the C34−C39 phenyl

ring rotating themost by 89.58°. Hence, a thoroughgoing

change in the surrounding intermolecular interactions

is triggered (Supporting Information Figure S6).

Moreover, the uncoordinated pyridine rings of the TPB

ligand also rotate concertedly (Supporting Information

Figures S11 and S13), leading to the changes in

hydrogen-bonding interactions [C5–H5···N5: 2.527(2) Å at

120 K and 2.397(2) Å at 298 K; C32−H32···N5: 2.607(1) Å at

120 K and 3.375 (2) Å at 298 K] (Supporting Information

Table S6). Given all these structural rearrangements, the

O1−Fe1−O2 angles as well as the octahedral distortion

parameters ΣFe alter from 177.68° to 169.47° and from

15.48° to 54.26°, respectively.

Magnetic susceptibility measurements (Figure 3) re-

veal a gradual and incomplete SCO behavior for I. The
χMT value is 7.57 cm3 mol−1 K at 380 K, which is lower than

the theoretical value of 8.75 cm3 mol−1 K for two HS Fe(III)

ions. Hence, they aremainly in the HS state. Upon cooling,

the χMT value decreases slowly to 1.01 cm3 mol−1 K at

160 K, corresponding to two isolated LS Fe(III) ions.

During multiple annealing cycles from 160 to 380 K, the

SCO dynamics shift to lower temperature, with an obvi-

ous change of Tc↓ values: 268 K → 246 K→ 231 K→ 227 K

during cycles 1−4. Meanwhile, the phase transition pro-

cess is accompanied by progressive amplification of

hysteresis as well as a slight increase in χMT value. Ulti-

mately, an abrupt spin transition with T1/2↓ = 229 K and

T1/2↑ = 236 K is observed after four thermal cycles.

Indeed, the cycle-dependent SCO behavior can be

ascribed to the phase transition I → II. During the endo-

thermic process, the metastable phase can transform

into a more thermodynamically stable one with signifi-

cant conformational isomerization.22 The polymorphic

movements effectively propagate across the lattice

through intermolecular interactions, which facilitate

the SCO cooperativity between spin centers. As a result,

more robust phenyl rotations of the BPh4
− anion and

striking variations of Fe(III) geometry are achieved be-

tween LS and HS states, leading to an abrupt spin transi-

tion in II.
To gain further insight into the alterations of electronic

polarizability caused by the structural transformations

and electron rearrangements, dynamic dielectric suscep-

tibility was monitored with a pelleted powder sample

(Figure 4). Upon cooling, the in-phase dielectric constant

ε′ shows a slight decline due to the less voluminous

and ionic nature of the LS state. However, the ε′ value

Figure 3 | Variable-temperature magnetization (160

−380 K) of I→ II with a sweep rate of 2 K min−1 under

0.5 T dc field.

Figure 4 | Temperature dependence of in-phase dielec-

tric constant ε′ performed on powdered sample of I
following: 298 K→ 120 K→ 380 K (hold for 2 h)→ 120 K→
298 K with a sweep rate of 2 K min−1.
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increases first and then falls down in the warming mode,

resulting in an atypical peak at 294 K. This abnormal

dielectric behavior, which might be relative to lattice

effects (e.g., hydrogen bonding and orientation of the

anion),23 has rarely been reported in SCO materials.24 In

our case, the decrease of ε′ value upon heating above

room temperature is likely attributed to the I → II phase
transition. During this process, the molecule experiences

anion reorientation as well as the extinction of alkyl chain

disorder in lattice. The ε′ value at room temperature

decreases ca. 5%, corresponding to the concomitant

consequence of closer packing of molecules. Finally, a

typical dielectric bistability, which mainly comes from

electron rearrangements, is recorded in II with a hyster-

esis width of 20 K. The dielectric dynamics shifting to-

ward low temperature matches well with the magnetic

change from I to II.
Surprisingly, II exhibits reversible polymorphic trans-

formation to III or IV. As shown in Figure 5, the

solvent-free phases III and IVwere obtained by exposing

II to the saturated vapors of water and ethanol for 48 h. III
and IV display larger thermal hysteresis loops up to 15

and 11 K, respectively. The T1/2↓ values of III and IV move

down to 221 and 225 K, while the warming dynamics are

unchanged. In addition, III and IV can convert to II by

annealing at 380 K for 2 h (Supporting Information

Figure S15). The SCO behaviors of III and IV were further

verified by DSC measurements. The endothermic peaks

of III and IV shift to 215 and 217 K while the exothermic

peaks remain at 234 K (Supporting Information

Figure S3). Although similar in molecular structure and

packing to II, subtle differences in III and IV were

revealed by carefully checking the structural deviations

(Supporting Information Table S9). In the LS state, we

noticed small deflections of the BPh4
− anion by 0.54° and

0.14° for the C46−C51 phenyl ring, while 0.06° and 0.28°

for the C40−C45 phenyl ring in III and IV, respectively.
In addition, the ΣFe values of III and IV slightly change

to 54.33° and 53.48° at HS states, suggesting the inevi-

table change of ligand field of Fe(III). Hence, the SCO

properties of III and IV are sensitive to these subtle

structural rearrangements. The polymorphic transforma-

tion from II to III or IV may be induced by interfacial

hydrogen-bonding interactions between the polar sol-

vents and the external molecules, which then trigger a

cascade of the subtle structural rearrangement through-

out the whole crystal.

In order to clarify the SCO behavior in I−IV, the spin

structure of an individual Fe ion and the magnetic inter-

action between Fe sites were computed by density func-

tional theory (DFT) methods (see the Supporting

Information). It was found that the individual Fe site in

I at low temperature (120 K) is in the LS state (S = 1/2).

This fact correlates well with the magnetic susceptibility

value at low temperature. It is also in the LS state at high

temperature (298 K), in which the energy of HS state

(S = 5/2) is only 405 cm−1 higher than that of LS state

(Supporting Information Table S10). The rise of magnetic

susceptibility with temperature in I derive from the grad-

ual thermal population of the HS state on the Fe site. For

compounds II−IV, all Fe sites are in LS states at low

temperature, while they turn to HS states at high tem-

perature (Supporting Information Tables S10 and S11),

which exhibits a drastic difference to I. Their LS→HS

transitions are the reason for the sharp rise of the mag-

netic susceptibility. The values of χMT at high tempera-

tures for II−IV are close to the sum of two independent

HS Fe(III) ions. From the electronic point of view, the

presence of two axial Fe–O bonds leads to a strong,

mostly axial splitting of the 3d orbitals of Fe sites. This

large orbital splitting favors the LS state in I−IV, over-
coming the energy gain of the Hund’s coupling of spins in

a HS configuration. Upon heating, the lengths of both

Fe–O and Fe–N bonds increase to stabilize the HS state,

which has an opposite effect on the orbital splitting. For

compound I, the increase in the bond lengths is smaller

than those in II−IV, explaining why the spin transition is

not complete. Having established the ground state spin

values of all Fe sites, we computed the magnetic inter-

actions via the broken-symmetry approach. As shown in

Supporting Information Table S13, the magnetic interac-

tions between Fe sites in I−IV are rather weak (<5 cm−1)

and ineffective at the investigated temperatures.

Conclusion
In summary, a multiresponse system was constructed

by integrating a rotatable tetraphenylborate anion into

the SCO active module. The synergy effect was modu-

lated and propagated across the lattice with significant

conformational isomerization amid thermal treatment.

Figure 5 | Variable-temperature magnetization of the

polymorphs I−IV with a sweep rate of 2 K min−1.
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Taking advantage of the enhancement of cooperativity,

SCO behavior was implemented from gradual to abrupt

via intramolecular motions. Simultaneously, the relevant

dielectric dynamics were observed to correspond to the

structural transition. Most importantly, the nonporous

annealed phase (II) shows reversible solvent–vapor and

temperature-induced polymorphic transformations,

which could be applicable as solvent sensors. Hence, this

work provides a strategy to enhance cooperativity in the

SCO field by introducing intramolecular motions to the

lattice, which might also be extended to switchable

molecule-based materials.

Supporting Information
Supporting Information is available.
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