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An important challenge in molecular materials science is the 
design of functional compounds whose physical properties 
can be controlled by external stimuli — making them prom-

ising for a range of practical applications1–13. Numerous molecular 
materials exhibiting various switching effects in their electronic, 
magnetic, optical and mechanical properties — controlled through 
a variety of phenomena — have recently been reported, and are 
herein called dynamic molecular crystals (Fig. 1). Here, some rep-
resentative examples are discussed, under the categories of spin 
transition1,2, charge transfer3–5, proton transfer6,7, change in molecu-
lar structure8–11, and change in molecular orientation (Fig.  2)11,12. 
The ‘Charge transfer’ section is further divided into two parts: 
charge transfer and charge-transfer-coupled spin transition. These 
categories are used here for clarity, but they are not completely sepa-
rate from each other. Polyatomic entities in which atoms are linked 
through covalent or coordination bonds are defined as molecules in 
the present Review, and phenomena resulting from the rearrange-
ment of other chemical interactions, such as hydrogen bonds, are 
included in the section ‘Change in molecular orientation’, rather 
than ‘Change in molecular structure’. Proton transfer has been given 
its own section, although it can also be seen as a type of molecu-
lar structural change. Similarly, the spin-transition and charge-
transfer processes, discussed in separate sections, inevitably induce 
molecular structural changes. Furthermore, changes in a molecular 
structure are also accompanied by a modification of the electron 
distribution in the molecule.

Too many dynamic molecular crystals have been reported for 
them to all be included in this Review. Therefore, only representative 
examples are introduced and discussed in the text, with a focus on 
systems with atypical dynamic properties. For example, spin transi-
tions have mostly attracted attention in terms of change in magnetic 
properties, but they have also been used to switch conducting and 
mechanical properties of compounds. Charge- and proton-transfer 
processes, essential in biological systems, have recently been used 
in synthetic systems to control optical, ferroelectric, and conduct-
ing properties. Unusual photomechanical properties have also been 
engineered using several photochromic molecules that more com-
monly serve to control optical properties. Change in the molecu-
lar orientation within a material, including molecular rotation and 
displacement, have resulted in polarization switching and a change 
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in mechanical properties. These unusual and intriguing phenomena 
are the main topic of this Review.

To obtain dynamic molecular crystals, the design of appropri-
ate electronic characteristics through the ligand field and redox 
potential of the components is essential. It is also important to con-
trol the molecular arrangement within a crystal because it governs 
its dynamic properties. For example, processes such as molecular 
dimerization, intermolecular charge transfer and intermolecular pro-
ton transfer only occur when the participating molecules are suitably 
assembled within a crystal. Furthermore, intermolecular interactions 
also play a key role in a material’s response to external stimuli. The 
introduction of, for example, π-π interactions, coordination bonds, 
and hydrogen bonds can make dynamic behaviours cooperative, 
allowing the observation of a bistable character in the switching pro-
cess. Note that bistability refers to the ability of a system to take two 
different stable states in a certain range of an external perturbation 
(Fig. 1b) — for example spin crossover between high-spin (HS) and 
low-spin (LS) states, charge transfer, and charge-transfer-coupled 
spin transitions that occur over a temperature range. In the absence 
of these intermolecular interactions in a molecular crystal, thermally 
induced transitions occur gradually. In the presence of strong inter-
molecular interactions however thermal transitions often becomes 
abrupt, sometimes with hysteresis (Fig. 1b)14, because of the occur-
rence of a cooperative transition in the crystal. The induction of such 
a phase transition in a bistable system is a useful method to achieve 
an efficient switching behaviour, because the system exhibits large 
responses to subtle external stimuli15.

Dynamic molecular crystals can also be designed by combin-
ing two or more components. In particular, molecules that undergo 
a reversible switch in the crystalline state can be combined with 
another functional building block, and used as switching units to 
control the overall properties of the resulting multi-component 
material. For example, combining spin-crossover complexes (work-
ing as ‘switching units’) with molecular conductors can give materi-
als able to undergo conductivity switching. Two or more molecules 
can be combined, for example, using electrostatic interactions in 
ionic crystals or coordination bonds in metal complexes wherein 
tunable molecules are used as ligands.

By discussing phenomena ranging from spin transitions to 
molecular orientation changes, this Review aims to show how the 
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precise control of electron, proton, and molecular movement within 
crystals through the application of external stimuli can lead to con-
siderable changes in the crystals’ properties. It also aims to show 
that the approach taken in a given field may be applicable to other 
ones. For example, photoinduced molecular structural change, used 
to switch optical properties in the field of photochromism, can also 
be used to control magnetic properties. Proton transfer and molec-
ular displacement mechanisms, used to switch the polarization of 
materials in the field of ferroelectrics, can also be used to control 
characteristics such as conductivity.

Spin transition
Octahedral metal complexes that are based on a transition metal 
with d4–d7 configurations can adopt either a HS or LS state. The 
state adopted is determined by the complex’s ligand field strength, 
however in some cases — when the mean pairing energy required 
to accommodate two electrons in one orbital is between the ligand 
field splitting of the HS and LS states — it may be possible to induce 
a crossover between the HS and the LS states by a temperature 
change1,2,16. More specifically, when the enthalpy of the entropically 
favourable HS state is only slightly higher than that of the LS state, 
entropy (Setp) driven spin crossover from LS of the low-temperature 
(LT) phase to HS of the high-temperature (HT) phase is observed. 
The entropy gain in the HS state arises from both electronic (ΔSetp

el) 
and vibrational (ΔSetp

vib) contributions, where ΔSetp
el is derived 

mainly from spin degeneracy, because orbital degeneracy is gener-
ally removed since the structure around the metal centre in typical 
spin-crossover compounds normally deviates from an ideal sym-
metrical structure17. Spin-crossover phenomena have been observed 
in molecules both in crystalline and solution states.

The dependence of the spin transition behaviour on tempera-
ture is shown in Figure 1b. For a molecular crystal without strong 
intermolecular interactions, the thermally induced spin transition 
is gradual (Fig. 1b, left). In the presence of strong intermolecular 
interactions however it becomes abrupt, and sometimes exhibits 
hysteresis in temperature-dependent magnetization plots (Fig. 1b, 
right)1. Within the hysteresis loop, a compound can adopt two 
electronic states — this bistability is essential for practical appli-
cations. The spin-crossover behaviour of a complex is normally 
accompanied by a change in its optical and dielectric properties18–20, 

for example a change in colour — this has been applied to prepare 
display devices18.

In some cases, a spin transition can be induced by light irradiation 
rather than a temperature change. This is the case in FeII and FeIII 
spin-crossover complexes, and is known as the light-induced excited 
spin state trapping (LIESST) effect16,21,22. FeII moieties exhibiting the 
LIESST effect (photoinduced transformation from LS to HS) were 
incorporated into a CN-bridged coordination polymer with the 
structure NbIV–CN–FeII–NC–NbIV. In this system, photoinduced 
ferrimagnetic ordering was observed as a result of the photoinduced 
transformation from FeII

LS to FeII
HS, which switches the magnetic 

interaction between the metal centres23. Furthermore, spin transi-
tion systems can respond to additional stimuli: the application of 
external pressure can also induce a conversion from the HS to the 
LS state24,25.

Recently, single-molecule magnet (SMM) behaviour has been 
observed that arose through the LIESST process. Molecules that 
exhibit slow reversal of magnetization, even a hysteresis loop below 
a certain temperature due to the energy barriers arising from pure 
molecular origin (that is, large spin ground-states and large zero field 
splittings) are called SMMs (ref. 26) — the archetypal SMM being 
[Mn12O12(CH3COO)16(H2O)4]·2CH3COOH·4H2O, often referred to 
as {Mn12}. Engineering SMMs so that they are responsive to exter-
nal stimuli would make them very useful for applications such as in 
memory devices27–29. Several phototunable multinuclear SMM com-
pounds have been reported, with charge transfer and photoisomeri-
zation for photoswitching mechanisms28,29. Recently, mononuclear 
FeII complexes have also been reported whose HS metastable states, 
induced via the LIESST process, exhibit SMM behaviour after irra-
diation30,31. In particular, the reversible switching of SMM proper-
ties was observed in the FeII complex [Fe(1-propyltetrazole)6](BF4)2 
(Fig. 2a), through irradiation at 505 nm and 850 nm light, which 
induce LIESST and reverse LIESST (photoinduced transformation 
from HS to LS), respectively30. When these FeII moieties were incor-
porated in a CN-bridged one-dimensional (1D) structure, single-
chain magnetic (SCM) behaviour was observed through the LIESST 
process32 — which is different from the magnetic behaviour in 
typical bulk magnets. The preparation of such phototunable SMMs 
and SCMs is essential for the development of high-density photo-
recording devices.

Figure 1 | Dynamic molecular crystals wherein physical properties are switched by external stimuli such as light, electric field, temperature and 
pressure. a, Schematic of molecular crystalline materials that exhibit a dynamic change in physical properties in response to external stimuli such as light 
irradiation (hν), electric field (E), temperature (T), and pressure (P). b, Spin transition behaviour in crystalline FeII spin transition compounds, which are 
typical examples of dynamic molecular crystals. Top, spin transition behaviour in the 3d orbitals. When intermolecular interactions are weak, gradual spin 
transition occurs, as shown in the graph on the left. On the other hand, when intermolecular interactions are strong, the thermal transition becomes abrupt 
(transition occurs in a narrow temperature range). In some cases, the abrupt transition also involves hysteresis, as shown in the graph on the right wherein 
the transition temperatures of the cooling and heating modes are different14. In the temperature range within the hysteresis loop, the spin transition 
compound can have two different states (HS and LS); this property is known as bistability.
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A spin-crossover behaviour in a complex is normally 
accompanied by structural changes. The molecular volume of a HS 
state is larger than that of a LS state because the eg orbitals — which 
host more electrons when a metal is in its HS state than its LS 
state — exhibit anti-bonding character. This change in structure at 
a molecular level induces crystal deformation at the spin transition 
temperature, and can serve to promote a mechanical effect. This 
was demonstrated in a bilayer film composed of a spin-crossover 
layer and an aluminium layer. The spin-crossover phenomenon 
induced significant bending of the film around the transition tem-
perature, in a similar manner to the bending of bimetallic strips 
under a temperature change owing to the difference in thermal 
expansion of the two metals33.

Changes in molecular structure at the spin-crossover tem-
perature have also been used to modulate the conductivity 
in materials comprising both a spin-crossover complex and a 

conducting molecule34–36. In the [FeIII(qnal)2][Pd(dmit)2]5·acetone 
salts (Hqnal  =  N-(8-quinolyl)-2-hydroxy-1-naphthaldimine, 
dmit2− = 1,3-dithiole-2-thione-4,5-dithiolato), the Pd(dmit)2 mole-
cules form a two-dimensional conducting layer. The change in volume 
at the molecular level between the HS and LS states in [FeIII(qnal)2]+ 
induces uniaxial strain in the [FeIII(qnal)2][Pd(dmit)2]5·acetone salt, 
which in turn affects its conductivity, resulting in the appearance of 
a conductivity anomaly at the spin transition temperature of the FeIII 
complex (around 200  K)35. Another example of a spin-crossover-
based conductor is [FeII(tpma)(xbim)](ClO4)(TCNQ)1.5·DMF 
(tpma  =  tris(2-pyridyl methyl)amine, xbim  =  1,1ʹ-(α,αʹ-o-xylyl)-
2,2ʹ-bisimidazole, TCNQ  =  7,7ʹ,8,8ʹ-tetracyanoquinodimethane)36. 
The change in the activation energy (Ea) of the complex occurs at 
approximately 100–125 K (which corresponds to the area between 
8 × 10–3 and 10 × 10–3 K–1 on the 1/T plot on the right of Fig. 3a). This 
temperature corresponds to the one at which the spin transition 

Figure 2 | Examples of systems in which the physical properties of molecular crystalline materials are altered by manipulating spin, electron transfer, 
proton transfer, molecular structure and orientation. a, Spin transition in an FeII complex [FeII(1-propyltetrazole)6]2+ (refs 16,21). b, Charge transfer 
between Yb and a ligand in a dinuclear Yb complex [{(dpp-bian)Yb(μ-Cl)(1,2-dimethoxyethane)}2] (Ar = 2,6-diisopropylphenyl)3,64. See ‘Charge transfer’ 
section and Fig. 4b for further details. c, Charge-transfer-coupled spin transition in a cyanide-bridged hexanuclear Fe4Co2 complex4,29. d, Proton transfer 
between 2-methylbenzimidazole molecules under an external electric field94. e, Structural change via photoinduced [4 + 4] cyclodimerization reaction 
of two 9-anthracenecarboxylic acid molecules106. f, Orientation change of an oxalate anion (left) and an m-fluoroanilinium cation (m-FAni+, right), which 
exhibit 90° rotation and 180° flip-flop motion, respectively, within the crystalline lattices of [NiII(en)3](ox) (en = ethylenediamine and ox = oxalate anion) 
and (m-FAni+)(crown-ether). See text and Fig. 8 for further details126,129.
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from HS to LS is completed, showing the presence of synergy 
between the spin transition and conductivity in the compound. 

Many organic radicals also exhibit a reversible conversion 
between monomers that exhibit S (spin quantum number)  =  1/2 
and dimers with S = 0, which is accompanied by a change in the 
system’s magnetic properties. This transformation, which involves 
a change in the spin state of the organic species, is often called spin 
transition (or spin crossover), although its mechanism is very dif-
ferent from the spin transition of coordination compounds dis-
cussed above37–46. Several of these compounds also exhibit thermal 
hysteresis39. Photomagnetic properties were observed in a bisdithi-
azolyl radical43, which exhibits dimer-to-radical interconversion at 
approximately 380 K with a narrow hysteresis loop of 5 K (ref. 42). 
When the σ dimer of the bisdithiazolyl radical is excited with a light 
wavelength of 650 nm at 10 K, a substantial increase in magneti-
zation was observed as the σ dimer (S = 0) converted to a pair of 
π radicals (each with S  =  1/2) on breakage of the central σ bond 
(Fig. 3b)43. The relaxation temperature from the meta-stable π radi-
cals back to the σ dimer is approximately 242 K. This temperature 
of 242 K is higher than those of any FeII or FeIII LIESST complexes, 
which is an important advancement toward practical applications 
at room temperature. Furthermore, a two-step spin transition 

was recently reported in a linear array of the organic compound 
3ʹ-methylbiphenyl-3,5-diyl bis(tert-butylnitroxide) (S = 1) (ref. 46). 
This system is somewhat unusual in that the spin state changes from 
S = 0 to S = 1 through S = 1/2, rather than the typical change of spin 
in organic compounds between S = 0 and S = 1/2.

In the future, spin-crossover complexes may be more widely 
used as switching units to modulate various materials properties 
by combining them with other functional molecules. Organic radi-
cals provide new types of spin-crossover behaviour, and the recent 
achievement of a high relaxation temperature (242  K) (ref.  43), 
mentioned above (Fig. 3b), suggests that they may have potential 
for future photomagnetic applications.

Charge transfer
Dynamic change in the physical properties of molecular com-
pounds can also be induced by modulating redox states through 
charge transfer. Several organic charge-transfer complexes — com-
prising an electron-donor (D) and an electron-acceptor (A) — are 
known to exhibit a thermal neutral–ionic transition via charge 
transfer between D and A (refs 47,48). Such a neutral–ionic transi-
tion is observed when the difference between the ionization poten-
tial of D (ID) and the electron affinity of A is close to the electrostatic 
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energy, called Madelung energy (M). The driving force of the 
transition is an increase of the Madelung energy induced by ther-
mal contraction; the neutral and ionic states correspond to the HT 
and LT phases, respectively. Such neutral–ionic transitions can also 
be induced by pressure49.

A typical compound exhibiting neutral–ionic transition is the 
charge-transfer complex between tetrathiafulvalene (TTF) as the 
electron donor and p-chloranil (CA) as the electron acceptor47,50, 
for which the neutral–ionic transition temperature is approximately 
81 K. Below that, TTF–CA exhibits ferroelectric properties — that 
is, a spontaneous electric polarization that can be reversed under an 
external electric field.

Typically, the displacement of cations and anions from their 
symmetric positions can induce a polar structure in crystals — this 
is an important mechanism of ferroelectric phase transitions. For 
most donor–acceptor compounds that undergo such a ferroelectric 
polarization, the ferroelectric properties are accounted for by 
the components’ ionic displacement (as static charges) under an 

electric field. In the case of the TTF–CA compound however, nei-
ther the direction nor the magnitude of the components’ displace-
ment correspond to those expected with the static-point charge 
model. Recently, this has been explained by the fact that its ferro-
electric properties are governed by intermolecular charge transfer 
instead51–53, as shown in Fig. 4a. This type of electronic ferroelectric-
ity has recently attracted considerable attention, and the generation 
of polarization originating from charge disproportionation has been 
identified in several compounds54–56, including α-(BEDT–TTF)2I3 
(BEDT–TTF = bis(ethylenedithio)tetrathiafulvalene)56. 

Charge transfer has also been observed between two different metal 
centres in coordination compounds. One such example is a bi metal-
lic pentadecanuclear cluster, {Fe9[W(CN)8]6(MeOH)24}·xMeOH. 
Thermal charge transfer occurs within the clusters, accompanied by 
a change in both the oxidation states and the spin quantum num-
ber of Fe and W: the LT phase consists of WIV

(S = 0)–CN–FeIII
HS(S = 5/2) 

and the HT phase of WV
(S=1/2)–CN–FeII

HS(S=2) (ref. 57). This charge-
transfer process is reminiscent of that of the iron compound 
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(n-C3H7)4N[FeIIFeIII(dto)3] (dto  =  1,2-dithiooxalate)58,59, in which 
the difference in the spin entropy between the LT phase with 
FeII

LS(S=0)-dto-FeIII
HS(S=5/2) and HT phase with FeIII

LS(S=1/2)-dto-FeII
HS(S=2) 

is a major factor in driving the phase transition. The magnetic prop-
erties of the WFe cluster show a ‘reverse’ thermal hysteresis loop at 
the charge-transfer phase transition temperature, in which the χT 
(χ = molar magnetic susceptibility) value of the HT phase is smaller 
than that of the LT phase. This is in contrast to the spin transition 
and charge-transfer-coupled spin transition phenomena, in which 
the χT value of the HT phase is larger than that of the LT phase 
because the entropically favored HS state is the HT phase. The WFe 
charge-transfer complex without spin transition therefore exhib-
its a different type of temperature-dependent magnetic behaviour. 
Magnetization switching through photoinduced charge transfer 
has also been reported in many cyanide-bridged MoCu systems, 
which convert from MoIV–CN–CuII to MoV–CN–CuI (refs 60–62),  
although the mechanism in MoCu systems is still controversial.

Another type of charge transfer, that between a metal centre and a 
redox-active ligand within a metal complex, has also been observed — 
and is usually referred to as valence tautomerism (or redox isomer-
ism)3,63. Although most valence tautomeric complexes are comprised of 
3d transition metals, this behaviour has also been observed in the rare-
earth metal complex [{(dpp-bian)Yb(μ-Cl)(1,2-dimethoxyethane)}2] 

(dpp-bian  =  1,2-bis[(2,6-diisopropylphenyl)imino]acenaphthene) 
(Fig. 2b)64. Because of the metal-to-ligand charge transfer, the redox 
state of the metal centres in the dinuclear Yb2 complex changes from 
YbIIIYbIII at LT to YbIIIYbII at HT. This Yb complex also displays a reverse 
thermal hysteresis (ΔT  =  7  K) as the magnetic moment decreases 
from 6.6 to 5.2 μB upon heating (transition temperature ≈ 150 K) and 
returns back to 6.6 μB after cooling (Fig. 4b).

Because a diverse range of metals, including lanthanides, and 
of organic molecules can also be used in charge-transfer systems, 
a great variety of dynamic crystals based on this phenomenon is 
expected to be developed, by choosing donors and acceptors with 
appropriate redox potentials.

Coupled charge transfer and spin transition
Charge transfer can also be coupled with spin transition, and used to 
induce dynamic change in molecular compounds. In this process — 
referred to as charge- (or electron-) transfer-coupled spin transi-
tion (CTCST or ETCST) or charge-transfer-induced spin transition 
(CTIST) — the configuration of a metal centre changes from high to 
low spin, or vice versa, with the charge transfer4.

The ligand field splitting tends to increase with increasing oxi-
dation number of central metal ions. Therefore, when the ligand 
field in a charge-transfer system is just within the conditions of a 
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HS state for a low oxidation state (for example, +2) and LS state for a 
high oxidation state (for example, +3), coupled charge transfer and 
spin transition can be observed. Note that ETCST is also a type of 
valence tautomerism (redox isomerism). The metal-to-metal charge 
transfer, which is coupled to spin transition, in coordination com-
pounds was extensively investigated for cyanide-bridged coordina-
tion polymers such as FeCo, WCo, and OsCo systems5,62,65,66. The 
FeCo Prussian blue analogue with a three-dimensional Fe–CN–Co 
structure was the first example of a molecular photomagnet4,67–69, 
and phototunable FeCo single-chain magnets with a one-dimen-
sional Fe–CN–Co structure have also been reported70–72.

Recently various multinuclear cyanide-bridged FeCo clus-
ters exhibiting thermal and photoinduced charge transfers have 

also been synthesized73–78. The charge transfer process of FeCo 
compounds is expressed through a reversible phase transition 
between low-temperature phase with FeII

LS(S=0)–CN–CoIII
LS(S=0) 

and a high-temperature phase with FeIII
LS(S=1/2)–CN–CoII

HS(S=3/2) 
(Fig. 2c). This phase transition is driven by entropy originating 
from both ΔSetp

el and ΔSetp
vib, and the temperature at which it 

occurs can be tuned by controlling the redox potential of either 
the Co or the Fe ion, through modifications of their coordination 
ligands75. The CoII

HS complex has a larger molecular volume than 
its CoIII

LS counterpart because it comprises two electrons occupy-
ing the eg orbital with anti-bonding character. These structural 
changes at the molecular level induce crystal deformation during 
the phase transition33.
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A recent noteworthy achievement is the preparation of 
photo tunable SMM, [Co2Fe4(bimpy)2(CN)6(μ-CN)6(pztp)4]·2(1-
PrOH)·4H2O (bimpy  =  2,6-bis(benzimidazol-2-yl)pyridine, 
pztp  = tetrakis(1-pyrazolyl)borate) (Fig.  5a)29. The Fe4Co2 hexa-
nuclear compound exhibits thermal charge transfer. The redox state 
of the metal centres changes from [FeIII

LS{(CoII
HS)2(FeIII

LS)2}FeIII
LS] 

(HT phase) to [FeIII
LS{(CoIII

LS)2(FeII
LS)2}FeIII

LS] (LT phase). When the 
LT phase compound is irradiated with 808 nm light to excite the 
charge transfer band from FeII

LS to CoIII
LS, a photoinduced meta-

stable state — assigned the same electronic structure as that of the 
HT phase — exhibits slow relaxation of magnetization, suggesting 
that it behaves as an SMM (ref. 29).

Charge transfer coupled with spin transition has also 
been observed in several other cyanide-bridged hetero-
bimetallic complexes79–80. In particular, unusual charge trans-
fer was observed in a trimetallic cyanide-bridged cluster, 
{CoII

3FeII
6[WV(CN)8]6(MeOH)24}·xMeOH (Fig.  5b)80, which 

has two active electron-transfer channels. One is the transition 
WIV

(S=0)–CN–CoIII
LS(S=0) (LT phase) ←→ WV

(S=1/2)–CN–CoII
HS(S=3/2) 

(HT phase). Additionally, a charge transfer can also occur with-
out spin transition between W and Fe ions, which is expressed 
by WIV

(S=0)–CN–FeIII
HS(S=5/2) (LT phase) ←→ WV

(S=1/2)–CN–FeII
HS(S=2) 

(HT phase). The overall change in the redox state is shown in 
Fig.  5b. These concomitant charge-transfer processes endow the 
cluster with thermal bistability.

Numerous metal complexes with redox-active ligands such 
as catechol and semiquinone ligands also exhibit charge trans-
fer between a metal centre and a ligand that involves a spin tran-
sition in the metal3,63. As described above, the charge transfer 
between a metal and a ligand, regardless of whether it involves a 
spin transition, is typically called valence tautomerism. It can be 
induced by changes in temperature or pressure, and is accompa-
nied by changes in the magnetic and optical properties of the com-
plex3,25,63,81,82. In the presence of strong intermolecular interactions, 
the temperature-dependent magnetic behaviour shows an abrupt 
change with hysteresis83.

Valence tautomerism in cobalt complexes can also be induced by 
exposure to visible light or soft X-ray81,82,84. Photoinduced valence 
tautomerism has been observed within crystals as well as diluted 
in a rigid-glass matrix82. This means that cobalt valence tautomeric 

complexes can potentially be combined with other functional 
molecules, as in spin-crossover complexes, and serve as thermal- 
and photo-tunable molecular units within crystalline compounds to 
modulate various physical properties, such as conductivity. Notably, 
an interesting phenomenon reported in a cobalt compound is that of 
a photoinduced crystal bending85; an even larger photomechanical 
effect reported has also been observed in a rhodium compound86.

Proton transfer
Proton transfer events play an important role in biological systems, 
and also drive interesting reversible behaviours in molecular mate-
rials6,7. For example, the 4,4ʹ-bipyridinium salt of squaric acid 
exhibits a colour change that arises from temperature-induced pro-
ton transfer87,88. Similarly, proton transfer processes have also been 
involved in pressure-induced colour changes87,88 and mechano-
chromism (a change of colour under mechanical stress)89. 

Furthermore, proton transfer is a key mechanism in some 
molecular ferroelectric compounds — which exhibit a spontaneous 
and electrically reversible polarization90–95. This phenomenon in a 
two-component system typically involves an acid and a base, and a 
proton shuttling between them91. In an electric field, the migration 
of a proton between the two components changes their polariza-
tion, thus inducing a switch in the electric polarity of the material 
and giving rise to ferroelectricity. Recently a ferroelectric behaviour 
arising from an intermolecular proton transfer has been identified 
in a single-component system, crystalline croconic acid, owing to 
a keto–enol tautomerization. Croconic acid crystals showed ferro-
electric behaviour at high temperatures (400 K; ref. 93), and also 
showed the highest spontaneous polarization reported so far (about 
20 μC cm−2) in organic ferroelectrics (Fig. 6a). Following this study, 
various other ferroelectric organic components have been identi-
fied, such as 2-methylbenzimidazole whose ferroelectricity arises 
from the imidazole motif, wherein the polarity inversion is induced 
by proton tautomerism involving proton transfer and concomitant 
π-bond switching (Fig. 2d)94. 

Proton transfer coupled with electron transfer is also observed 
in biological systems96 — photosynthesis for example involves the 
transfer of no less than 24 electrons and 24 protons. Many attempts 
have been made to couple these two events in solid-state compounds. 
Cooperative proton–electron transfer has been reported for several 
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organic co-crystals97,98, for example between a p-benzoquinone and 
its corresponding hydroquinone. More recently, synergy between 
proton dynamics and conductivity, and between proton dynam-
ics and magnetization, have been observed in a hydrogen-bonded 
molecular crystal (Fig.  6b)99,100. The conducting organic crystal 
κ-D3(Cat–EDT–TTF)2 (Cat–EDT–TTF  =  catechol-fused ethylene-
dithiotetrathiafulvalene, D = deuterium) undergoes a phase transi-
tion at 185 K, where deuterium transfer occurs along the hydrogen 
bond pathway and is accompanied by electron transfer between 
the Cat–EDT–TTF molecules (Fig. 6b). When cooled below room 
temperature, the paramagnetic semiconductor with a dimer-Mott-
type electronic structure converts into a nonmagnetic insulator with 
a charge-ordered electronic structure. Figure  6b shows that, upon 
cooling, the resistivity abruptly increases at the phase transition 
temperature. It should be noted that the non-deuterated parent com-
pound, κ-H3(Cat–EDT–TTF)2, does not show this semiconductor–
insulator-like phase transition, but exhibits continuous monotonic 
semiconducting behaviour. This is attributed to the isotope effect on 
the geometry and potential energy curve of the hydrogen bond.

Proton-transfer processes are very versatile because suitable sites 
can be introduced into numerous organic molecules and coordina-
tion compounds (in ligands), this makes them promising for the 
rational preparation of functional materials.

Change in molecular structure
Many molecules are known to undergo structural changes triggered 
thermally or by light irradiation8–11, or through the application of 
pressure101,102. Changes in a molecular structure are in turn accom-
panied by a modification of its electronic structure, through a 
change in the electron distribution in the molecule. Thus, molecular-
level structural changes in crystalline compounds inevitably cause 
dynamic changes in their properties.

The most extensively studied molecular systems that undergo 
external stimuli-induced structural changes are photochromic mol-
ecules, which exhibit reversible conversion between two isomers 
under light irradiation. The two isomers exhibit different absorption 
spectra, and hence different optical properties. Such photochromic 
molecules have been widely used to switch various properties of 
molecular crystals8,103. 

Typical examples of photochromic molecules include diaryle-
thene and its derivative compounds, which adopt a closed or an 
open form (Fig. 7a, top)8. Photoisomerization of many diarylethene 
derivatives can be induced in the crystalline state, depending on 
the conformation of the molecule within the crystal104. Recently, 
rapid and reversible shape changes in diarylethene crystals have 
been observed105. The change between the open and closed forms 
of the diarylethene unit affects the shapes or sizes of their single 
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crystals substantially enough to be observed at the macroscopic 
scale (Fig. 7a, bottom). This change of shape can be triggered on one 
side of the crystal only, leading to photoinduced crystal bending. A 
similar crystal bending behaviour was observed for 9-anthracene-
carboxylic acid (Fig. 2e), which exhibits photoinduced cycling, and 
azobenzene molecules, which undergo cis–trans photoisomeriza-
tion106,107. Recently, reversible photoinduced twisting of molecular 
crystals has also been observed, in both 9-anthracenecarboxylic 
acid (Fig. 7b) and diarylethene108,109. 

Photoinduced molecular structure changes have also been 
observed in several coordination compounds, through linkage 
isomerization, and ligand isomerization mechanisms9,28,110. In link-
age isomers, the same ligand can (and does) coordinate the cen-
tral metal through different atoms9,110. A typical example is sodium 
nitroprusside Na2[Fe(CN)5NO]·2H2O (ref. 9). When the complex is 
irradiated at low temperature, the Fe–NO structure changes to the 
Fe–ON configuration or the side-on bonded type structure (corre-
sponding to a 180° or 90° rotation of the NO moiety, respectively)111. 
The resulting photoinduced metastable state can only be trapped 
below room temperature. In contrast, in ligand isomerization the 
ligand itself undergoes isomerization, with no changes to the atom 
coordinating to the metal centre. Such a photochromic behaviour 
has been observed for example in a crystalline organorhodium dith-
ionite complex with photoresponsive dithionite group (μ-O2SSO2), 
[(RhCp*)2(μ-CH2)2(μ-O2SSO2)] (Cp*  =  η5-C5Me5) (refs 112,113). 
When the Rh complex is irradiated with 385–740  nm light, the 
(μ-O2SSO2) ligand is converted to a (μ-O2SOSO) one. A colour 
change from red-orange to yellow-orange is observed along with a 
slight expansion (about 1%) in the volume of the unit cell.

Coordination complexes with photo-switchable properties can 
thus be engineered through ligand isomerization, by using photo-
responsive molecules exhibiting a structural change as ligands. For 
example, using diarylethene as a ligand in a SMM complex resulted 
in a SMM whose magnetic behaviour was reversibly controlled by 
photoisomerization28. The realization of photoinduced SMM behav-
iour in a crystal — where molecules are closely packed — is essential 
for the application of SMM to high-density photomagnetic record-
ing media. The nitroprusside compound mentioned above also 
introduced into a cyanide-bridged network structure, in which it 
served to optically modulate magnetic interaction114. 

Thermally induced structural changes have also been observed 
in numerous molecular compounds, often involving significant 
change in physical properties such as optical, or mechanical. In 
the pseudorotaxane [(N-(xylylammonium)-methylferrocene)
(DB24C8)](PF6) (DB24C8  =  dibenzo[24]crown-8), a conforma-
tional change was observed at the phase-transition temperature115. 
This molecular crystal exhibits significant thermochromic behav-
iour, where the colour changes from green (LT phase) to orange 
(HT phase), and is accompanied by an anisotropic change in the 
crystal’s optical properties. Characterization of the compounds by 
single crystal X-ray diffraction showed that the colour change is 
accompanied by a thermally induced crystal deformation: at the 
phase-transition temperature, upon heating the b axis expands by 
7.3% and the c axis contracts by 4%.

In coordination compounds, thermally induced distortion of the 
coordination environment around a metal centre can also induce the 
modification of the compound’s polarization and magnetic proper-
ties. Recently, a ferroelectric compound, Ca(NO3)2(15-crown-5), 
with a transition temperature of 205  K, was developed116, in 
which the ferroelectricity mechanism was attributed to the coor-
dination distortion of the central calcium atom. Furthermore, in 
[Co(NO3)2(2,6-di(pyrazol-1-yl)pyrazine)], the distortion in coordi-
nation environment around the CoII centre was observed to modify 
the splitting of the d-orbital, in turn inducing a change in the orbital 
contribution to the magnetization117 and resulting in an abrupt switch-
ing of the magnetization with hysteresis. In a CuII-nitroxide cluster, 

[Cu(hfac)2]4L2, (hfac = hexafluoroacetylacetonato, L = 2-(3-pyridyl)-
4,4,5,5-tetramethyl-4,5-dihydrlo-1H-imidazolyl-1-oxy-3-oxide), 
a thermally induced switch between HS (six S = 1/2 spins) and LS 
(two S = 1/2 spins) was observed118. The spin-transition-like behav-
iour arises from the change in the magnetic interaction between CuII 
and the nitroxide radical, which is derived from an equatorial–axial 
conversion of coordination of an oxyl oxygen in the CuII–nitroxide 
cluster119. Recently, 1D CuII–nitroxide compounds have also been 
found to exhibit a LIESST-like effect120,121. Devising a different type 
of photomagnetic complex would be important for the exploration 
of new materials applicable to future photomemory devices.

Change in molecular orientation
A change in the molecular orientation of crystals that occurs without 
significant change in the molecular structure itself can also alter the 
physical properties of crystalline materials11,12,122. Although molecu-
lar movement is restricted in the solid state, molecules in crystals can 
still undergo displacement and rotational motion123,124. Furthermore, 
their orientation exhibits transition between the frozen state and 
dynamically disordered state, which can lead to changes in the prop-
erties of crystals — for example mechanical and ferroelectric ones. 

The typical mechanical response of materials under tempera-
ture changes is thermal expansion, but unusual thermomechanical 
properties may be observed through changes in molecular orien-
tation within crystals. Dumbbell-shaped molecules (S,S)-octa-3,5-
diyn-2,7-diol, for example, stack along the crystallographic a axis, 
where the angle of the diyne spines relative to the stacking direction 
is 54.2° at 225 K (ref. 125). Upon heating, the stacking angle changes 
to 51.0° at 330 K. This change in molecular orientation results in 
an anisotropic and gradual crystal deformation with temperature; 
exceptionally large uniaxial (a axis) positive thermal expansion and 
biaxial (b and c axes) negative thermal expansion of the crystal. In 
contrast to this gradual change, abrupt and anisotropic crystal defor-
mation was observed in a crystalline Ni complex, [NiII(en)3](ox) 
(en = ethylenediamine and ox = oxalate anion), where cooperativ-
ity was derived from intermolecular hydrogen bonding (Fig. 8a)126. 
Single-crystal X-ray diffraction analysis showed that 90° molecular 
rotation of the oxalate molecules (Fig. 2f) in the crystal induced a 
size change on the order of 0.4 Å per molecule in the c axis direc-
tion. The change in subnanometre size induced by a molecular scale 
rotor is amplified to contraction/expansion at a micrometre scale 
along the long axis of the crystal due to the collective motion of 
molecules in the whole crystal through cooperative interactions. 
The size change of the crystal can be clearly observed under an opti-
cal microscope (Fig. 8a, right). Such amplification from the nano-
metre to micrometre scale via a concerted process is reminiscent of 
muscles in biological systems.

As mentioned above when describing the unusual example 
of the TTF–CA charge-transfer compound, polarization can be 
induced in crystals through the displacement of cationic and ani-
onic component from their symmetric positions, resulting in 
ferroelectric properties. An example of such displacive-type fer-
roelectrics is 4-(cyanomethyl)anilinium perchlorate127. This com-
pound exhibits second-order phase transition from a paraelectric 
phase to a ferroelectric phase at 184 K, where the displacement of 
4-(cyanomethyl)anilinium cations and perchlorate anions occur in 
the crystal. A characteristic of this compound is the observation of 
a ferroelectric hysteresis loop even at a high frequency of 10 kHz.

Another important mechanism behind ferroelectric phase tran-
sitions involves order–disorder transitions. Numerous order–disor-
der-type ferroelectric compounds have recently been reported12,128. 
In an (m-FAni)(dibenzo[18]crown-6)[Ni(dmit)2] crystal, m-FAni+ 

(m-FAni+ = m-fluoroanilinium) molecules undergo dynamic rota-
tional motion (Fig.  8b)129. The molecular motion of m-FAni+ is 
frozen at low temperature, whereas a 180° flip-flop motion of the 
supramolecular rotator, m-FAni+, takes place at high temperature, 
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where thermal energy overcomes the potential energy barrier of the 
two structures. When an electric field is applied to a single crystal, 
the dipole rotation is induced through the 180° rotation of m-FAni+ 

(Fig. 2f). A polarization–electric field dependence at 298 K measured 
below its ferroelectric phase transition temperature (346 K) shows 
hysteresis behaviour. The chemically designed dipole unit is used 
to realize ferroelectricity. Note that the piezoelectric effect (where 
application of mechanical force induces electric polarity) and the 
inverse piezoelectric effect (where application of electric field induces 
mechanical strain) are observed in ferroelectric compounds130.

Although only mechanical and ferroelectric properties were 
introduced in the present section, a change in molecular orienta-
tion within a crystal can also be used to control many other func-
tions131,132. The challenge is the elucidation of a strategy to purposely 
induce such orientational changes within crystals.

Summary and outlook
Numerous molecular compounds have recently been developed 
whose magnetic, conductive, ferroelectric, optical, and mechani-
cal properties can be rationally controlled. The precise control of 
electron-, proton- (atom), and molecular-transfer from one site to 
another in molecular crystals under external stimuli is essential in 
switching the crystals’ physical properties. Furthermore, changes 
in crystals’ properties can be achieved by introducing tunable 
molecules that undergo structural change, such as diarylethene as 
discussed above.

The design of a system that will undergo reversible conversion 
between two isomers requires that the isomers have nearly equiva-
lent energies. Several parameters, such as ligand field, redox poten-
tial, and acidity constant, are useful in controlling the energy level of 
the isomers. In the case of thermal switching, the entropy term also 
needs to be carefully considered, as an entropically favourable state 
is realized at high temperature as a result of the thermodynamics 
(G = H – TSetp, where G is the Gibbs free energy and H the enthalpy). 
For example, thermally induced spin crossover only occurs when 
the enthalpy of the entropically favourable high-spin state is slightly 
higher than that of the low-spin state. The design of compounds dis-
playing dynamic changes in molecular orientation through which 
the physical properties are greatly modified is a challenging crystal 
engineering undertaking. Consulting the literature for informa-
tion on phase transitions in terms of thermodynamics is useful for 
the design of dynamic crystalline materials133. Furthermore, in the 
case of crystalline materials, molecular interactions play an essen-
tial role in the dynamic process. Intermolecular interactions can be 
strengthened by introducing hydrogen bonds, π-π interaction, and 
coordinate bonds between molecules. 

Many more interesting properties are expected to be accessed in 
molecular compounds in the near future. The control of physical prop-
erties through external stimuli shown in this Review can be applied 
to the development of various dynamic materials. Photoinduced 
charge transfer within the crystal, and photoinduced molecular 
structural changes, can be used to control various functions such 
as superconducting and ferroelectric properties. Reversible photoin-
duced charge transfer can also serve to control the polarization in a 
polar compound; the switching speed achieved using charge transfer 
is faster than that arising from ion displacements.

The combination of two or more approaches may give access 
to other, or improved, functional materials. The electrical con-
trol of proton transfer and molecular displacement is a common 
phenomenon in ferroelectric compounds. Exerting a similar control 
through the application of an external electric field to control the 
magnetic and optical properties of materials is also attractive. For 
example, if both intermolecular proton transfer in ligands and pro-
ton-dependent ligand fields were simultaneously engineered in the 
design of dynamic coordination crystals, proton transfer coupled 
spin transition may be achieved in crystalline state.

Additionally, it is important to investigate the minimum size of 
crystals that can exhibit bistability through intermolecular interac-
tions in each molecular system134. Synthesizing uniform dynamic 
crystals with the optimum size for bistability is a challenge. The 
preparation of nanosized crystal via top-down approaches always 
leads to the generation of size distributions, and methods to synthe-
size nanosized functional crystals via bottom-up approaches have 
not been fully explored yet.

Notably, biological systems often contain molecular assemblies 
exhibiting dynamic properties135, and their dynamic properties have 
typically remained much more complex than those so far achieved 
in synthetic systems. These can help guide chemists on the way to the 
successful preparation of dynamic molecular crystals with switch-
able functions that will find applications in molecular devices136.
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