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tht-harvesting materials with dynamical management of light transmittance hold great
promisemimysmart photovoltaic (PV). Here, we present a novel organic-inorganic halide, MVBi,Ig (MV
plogen cation), exhibiting reversible thermochromism and constant bandgap of
yall 65 eV over a wide temperature range of 77K to 453K, as a candidate. The compound
ﬁorM-dimensional [Bisli6]* clusters and MV?* cations. And the adjacent [Biyl;4]* clusters are
in f@uch with each other, forming a 3-dimentional interaction for the inorganic part. The experimental
anLal studies reveal that the ionic and covalent interactions in the crystal undergo a self-
adjusting process in response to temperature changes. The self-adjustment and electron transfer
betWeen in@rganic clusters and organic cations enable excellent reversible thermochromism and
con ow bandgaps over a wide temperature range, which is expected for smart PV windows

integgat ith information displays and potentially other technologies.

Smart pho tal®”(PV) windows represent promising properties including switchable transparencies and stable

optoelectroni iveness to external stimuli, that can be combined with many emerging areas, including
architectural window8hand information displays, etc./! Among the external stimuli such as optical, electrical and
temperature, erature is the most practical one, not only because of its environmental maneuverability, but also
because the changes in lattice vibrations it induces are prone to renormalization of electronic structure and discrepancy
of photoelec ies.? However, the structural and performance stability of most semiconductor materials is
difficult to malintain over a sufficiently large temperature range.® Since smart PV windows should promise the ability of
stable solar rvesting and efficient electron transfer, it is extremely urgent to break through the material

constraints.™!

In the past{@lec:
attracted greatinté
hotspot.!
affected pl
perovskites beco
toxicity.!

BX3 halide perovskites, represented by CsPbX3 and (CH3NH3)PbX; (X = halide ions), have been
t as a promising class of photovoltaic materials and have rapidly developed into a research
udied the thermochromic properties of CsPbls..Bry (0<x<3) perovskites induced by temperature-
nsitions and demonstrated their potential for the smart PV Window."® Recently, Pb-free halide
didates for temperature-controlled smart materials mining due to their excellent stability and low
ple, Cs,AgBiBrs was demonstrated to be a stable reversible thermochromic material because of its
e to temperature caused by bond length changes.®! However, Pb-free halides tend to have wider
bandgaps especially at lower temperatures, which are detrimental for light-harvesting.” Even the observed color
changes are caused by the bandgap regulation in many cases."” Therefore, the transparency of the materials related to
light absorptis intensity is an issue that deserves to be focused on in the synthesis of candidates for smart PV windows.

Low-dimensjgaalarganic-inorganic hybrid halides synthesized by modulation of the A-site of ABX3 halide perovskites
have the potéfitial to B enriched with functionalized optoelectronic diversity.'" In particular, rigid amine, such as 1,1'-
disubstituted¥,4'-bipyfidinium salts, has been shown to direct the synthesis of quasi-3D lead-free perovskites for
desirable bandga@Ps'? In organic-inorganic hybrid halides containing both ionic and covalent bonds, the transfer of

electrons fro anic part to the organic moieties may be strongly influenced by the external temperature, which
is expected {8 endow the compounds with thermochromic properties. Following this conception, we construct a novel
bismuth iggli izlg(1) (molecular formula is Co4H2sN4Bislis, MV = methyl viologen cations), in this work using methyl
viologen as g structugal direction agent. The structure of its inorganic part presents as isolated 0-dimensional (0-D)
[Bial1e]*~ CM interact with each other through I--:| contact and ensure a narrow bandgap. MV?* cations are
distributed in i f the [Bisl1e]*~ clusters to balance the charges.

Compound 1 was syghthesized using a solvothermal method through introducing 4,4’-bipyridine in methanol. Scanning
electron mic EM) image showed the polyhedral morphology of compound 1 (Figure S1). Single crystal X-ray
diffraction anal al that it crystallized in triclinic system with space group P-1 at 293K. The crystallographic data
are displ able S1 and S2. As shown in Figure 1a, the structure of 1 is composed of [Bisli6]*” tetranuclear
clusters The [Bislss]* clusters are formed by linking four [Bils] octahedra via - or p*-I ions (Figure 1b). In
addition to the 3.1 ions, there are ten terminal | ions in the cluster. The MV?" cations sit around the inorganic
clusters to balance the negative charge of inorganic clusters.
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Figure 1. Crystallstructure of (a) 1 viewing along the [010] direction and (b) the structure of

A4 4

[Biglie]ln™ ; the contacts of inorganic clusters viewing along the (c) [010] and (d) [100]
directions

It is the fir of bismuth halides consisting of a tetranuclear [Bisl1¢]*~ cluster. The Bi-I bond lengths and I-Bi-I
angles in [Bial ers are in the range of 2.88-3.35 A and 84-97°, respectively, which are common in other bismuth

ost notably, the [Bisl16]*~ clusters interact with others through I---1 contacts, as the nuclear
al | ions of the neighboring [Bisl+e]*~ clusters are between 3.82 and 4.20 A, significantly shorter

0] directions (Figure 1c and 1d). This weak 3-D interaction of inorganic clusters is of signification
transport based on dimensionality effects for crystals. Rigid MV?* cations are inserted into the

V/?* cations some flexibility, which is anticipated to contribute to the stability of the crystals.

As expected, thermogravimetric (TG) analyses shows 1 has almost no weight loss below 557K, suggest the good
stability of sSpIe (Figure S2). Interestingly, the powder X-ray diffraction (PXRD) pattern of 1 is consistent with the
simulated on exposed to air at ambient conditions for up to one year or after 6 hours of heating at 453K or
cooling at 77 e S3). These results demonstrate the toughness of 1, i.e. excellent thermal stability and good
antioxidative hich may be attributed to the flexibility factors of the crystal structure.

Visually, the™coter of the samples changed from red to dark red and then to almost black reddish-brown as the
temperature j from 77K to 453K, showing a distinct thermochromic behavior (Figure 2a). To inspect the
potential of tRls compound as a candidate for smart PV, we fabricated a simple device by dropping an organic solution
(DMF:D f dissolved 1 onto a FTO glass. Then a deep red film was obtained after annealing (Figure 2b).
The XRD patiern of this film is in good agreement with the simulation one, except that the peak at 9.05 is very strong,
implying tional growth tendency of the crystals (Figure S4). Similar to the powder sample, the film exhibits
a significant e-dependent color change. When we placed a piece of paper labled “SNNU” under the film, the

letters were visible afjroom-temperature, but became clearer at 150K (Figure 2b). As the temperature increased, the
until unrecognizable, demonstrating the thermochromism of the sample. Interestingly, this

n, the color and transparency of a film depends on its thickness and flatness. To increase the
film, we prepared a high-quality thin film of 1 by spin coating. Obviously, there is a huge chromatic
aberration betwei spin-coated film and the drop-coated one (Figure 2c). XRD indicated the purity of the crystals on
the film (Figure S4). SEM confirmed that the thickness of the film was about 400 nm (Figure 2d). From 77K to RT, the
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color of the film changed from pale-yellow to dark-yellow, and then becomes pale-yellow again after cooling to 77K.
Comparing to the powder sample or drop-coated film, the spin-coated film exhibits lighter color and better
photopermeability. This result suggests that the specific properties of the film is potential to be tuned by adjusting the

fabrication pr.cess ofﬁue device without disturbing its properties.
A series of UV-Vis-NIR absorption analyses were performed in situ to study the light-harvesting properties of 1 at

different tempg@fatureshAt RT, the powder sample exhibits an absorption edge end of 800 nm (Figure 2e), indicating that
ght-harvesting material. Correspondingly, the optical bandgap of 1 at RT estimated by using the
s¥about 1.65 eV, which is general agreement with the one estimated by reflectance being
transformgd fii@mgalserbance using the Kubelka-Munk function. Interestingly, the absorption edge on the spectrum
hardly chan whether the sample was heated up to 453 K or cooled to 77 K. The bandgap was not widened and even
tended to n?hewhat at low temperatures. It is obvious that the intensity of the UV-Vis absorption spectrum
gradually rises with the increase of the external temperature. Meanwhile, UV-Vis absorption analysis was performed on
ple. Due to the difference between the thin film and the powder, the observed absorption edge
und 690 nm, which is different from the powder sample (Figure 2f). However, the absorption of
the film sampl a similar trend to that of the powder sample in the response to the temperature change. These
results are inmwith its thermochromic behavior, which is different from our common belief that darker material

should have flarr@werBandgaps. And the thermochromic property of this sample may be caused by the variation of the
absorption in y V-Vis light.
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Figure 2. Optical images of (a) powder and (b) drop-coated film at different temperatures; (c)
optical images of spin-coated film at different temperatures; (d) SEM image of cross section

of the spin-coated, film; (e) in situ UV—Vis-NIR absorption spectra and corresponding optical
bandgander sample; (f) UV—Vis absorption spectra of the film sample on ITO

glass. Q
-

In order to disclo:
XRD. It rev tha

the mechanism of the thermochromism, we analyzed the structure of 1 at 150 K by single crystal
e structure at low temperature is very similar to that at RT. Meanwhile, the density functional
theory was Iculate the electronic band structures of 1 at different temperatures (Figure S5). Theoretical
bandgaps dem ed the peculiar phenomenon of bandgaps slight narrowing with the decreasing of temperature.
The theoretic of the crystal at RT is about 1.645 eV, which is corresponding well with the experimental value
of 1.65 eV. Wower theoretical bandgap of 1.637 eV was obtained for the crystal at 150K, which is consistent
with the expe t@Presults as well.

for the ionic nt interactions in the crystal. Consistent with the law of thermal expansion and cold contraction,
the distances between the inorganic clusters and MV?* cations at low temperature are shortened, as manifested by a

slight decreC’lit cell volume, V = 1398.8(3) A® vs. V = 1413.87(8) A®. The |-l contacts of cluster-cluster are

By studying the st§ture of 1 in response to temperature changes, a self-adjustment behavior have been observerd

slightly tighteflat low temperature as well. Two new |-+l contacts are formed along the [011] direction with a distance of
4.32 A (Figu
3a). This is seeming

ever, most Bi-l bond lengths in the [Bisl4¢]*™ clusters are even longer at 150K than at RT (Figure
ontrary to our concept of the expansion and contraction of objects with heat. In order to describe
for temperature-dependent of compound 1 with structural properties, Ab Initio Molecular
Dynamics (AIMD )is ations were carried out at 150K and RT, respectively. The distribution of Rgibond lengths were
collected by uUSing®Gaussian functions fitting (Figure 3b). A subtle fluctuation is observed on the Bi-I lengths that
deviates ic Gaussian shape that may be attributed to the diversity of | in the [Bilig]*~ cluster.

length may be the result of self-adjustment of structure. The [Biaslis]*” cluster consists of the soft
acid Bi** cation containing an 18+2 electron configuration and the soft base I~ ion. Based on the soft and hard acid-base
theory, a stable covalent force is formed between the Bi®* cation and the I~ ion, which drives the inorganic cluster to be
very stable. flie MV?* cations is stable as well due to its conjugation property. And the inorganic cluster and organic
amine cation hrough ionic bonding, just like two fat people hugging each other. Upon the temperature cooling,
the electron be inactive. So the distance between the clusters and amines becomes closer to maintain sufficient
e repulsive force between the MV?* and Bi®" limits the shortening of that distance. In that case,
etween them may move slightly away from the Bi to balance this contradiction. The hypothesis is
corroborated by act that the length of the Bi-I bond in the inorganic cluster becomes longer at 150 K. This self-

adjustmern may be responsible for the enhanced band gap stability.

r
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The temperature-dependence distances regulation between cluster and organic cation + :Positive Charge @ : Free Radical
Figure aLbond lengths and average Rg;.jof 1 at different temperature obtained from

the crystal data; (b) the pair distribution function g(r) (fitted by Gaussian function) of Bi-I

atomic paigs at 150K and RT; (¢) in situ Raman spectra of 1 from 77 K to 453 K revealing the
VBi.l stretcLations; (d) in situ Raman spectra of 1 during heating/cooling cycles (RT-

2 RT); (e) the shift of the signals for v on the Raman spectra in (d) at

afire during heating/cooling cycles; (f) in situ ESR spectra of 1 at different
temperature the distances between the inorganic cluster and MV*" cation at different
temper@hermal excitation behavior of MV™" radical obtained from MV*",

T

The temperature-reiyonsive fluctuations of bond lengths were studied by using in situ Raman spectroscopy of the
powder sam ifferent temperatures. As shown in Figure 3c, there are four Raman shifts in the range of 90-180

cm™, which may bagdttributed to the vs. stretching vibrations.""! From 77 K to RT and then to 453 K, there is a
significant red of about 10 cm™', which can be restored after cooling (Figure 3d). The blue-shift of vg. from RT to 77
K on the ift spectra indicates that the bond energy of Bi-l is enhanced despite its extension during the cooling
process. The p menon of the extension and enhancement of Bi-I verify our hypothesis about the self-adjustment of
Bi-l in response to the law of cold shrinkage. Correspondingly, the signal around 26 cm™ assigned as the bending
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vibrations of §.si.)y is more pronounced at high temperature. This may be due to the fact that the crystal tends to be
nervous under freezing and become livelier with increasing temperature. The repeatable shifts on the Raman spectra
are correspond to their reversible thermochromic phenomenon (Figure 3e).

The tha# of 1 is mainly promoted by the temperature-dependent electron transfer between the inorganic
anion clusters and the organic cations. As shown in Figure 3f, sharp signals are gradually displayed on the electron

paramagnetigffésonafice (EPR) spectra from 77 K to 453 K, and the g values of 2.003 implies the generation of MV*

radicals fro % his result indicates that the generation of MV™ radicals is a thermal excitation process.
DensitHurMory was used to calculate the organic and inorganic parts density of states. Comparativelly, the

valence ban$is mainly contributed from the inorganic parts, especially iodine, while the conduction band is mostly

contributed fi ganic part (Figure S7). Under thermal excitation, electrons may be readily transferred from the

[Bisl1g]*~ cluster 1o , leading to the formation of the radical cations.!"®! As shown in Figure 3g, the closest distances
between the inal of the inorganic cluster and the N of the MV?* cation are in the range of 3.78-4.06 A, which is
short enougito allowlelectron transport. Thus, the terminal | near the MV cation acts as the electron donor, MV?*
cation acts as tron acceptor, and electron-transfer behavior is implemented between the | atom and MV?* cation

under therm (Figure 3h). The electrons in the conjugated rings of MV?" are then rearranged to form MV*",
which make$§l theé¥comipound more stable to withstand large temperature changes. The electron transfer between
[Bisl1g]*~ and isgiKe a cache of energy.

More importantly,

+o

cation radicals are a characteristic chromogenic group because of their strong absorption in

the visible light regioflj during the intramolecular photoelectron transfer.'”'®! The formation of MV* radicals may be
responsible nhancement of the optical absorption intensity of 1 on the UV-Vis-NIR spectra with increasing
temperature, its absorption edge is approximately constant. The idea of using viologens and then creating
radical cation)§ for color change has already been demonstrated by N. Mercier et al. more than a decade ago.l"®! These
original pap important discussions on mechanisms of photochromism. To test whether 1 has photochromic

d the film samples of 1 with a UV lamp for 24 hours. However, there was little change in either

properties, we irradiat

the color or absorption spectrum of the film (Figure S8). In particular, the absorption spectra were almost
unchanged i e range of 400-600 nm, which further indicates that 1 has no significant photochromic behavior
under UV irradfatio is result may be due to the unique 0-D cluster structure of the compound.

To st temperature-dependent semiconducting properties of 1, we investigated the conductivities of the
compressed table at different temperatures. From RT to 373K, the conductivity gradually increases from 1.79 x 10°
' S/cm to 1 S/cm, which is in the range of typical semiconductors (Figure $9).*% The temperature-dependent
conducti impli t the thermal excitation facilitates the transport of charge in this compound. In addition, the

photo-conductivity of the tablet sample and the film sample were measured separately with a bias voltage of 10 V under
the irradiation of a 300 W xenon lamp. As shown in Figure S10, repetitive photo-current responses were observed over
several lampfion/off cycles, indicating that 1 is a potential candidate for a light-harvesting material. In contrast, the
photoelectriL of the film is more sensitive than that of the tablet, which may be ascribed to the different
densities and coanectivity of the devices prepared by different methods.

w s embodied in dynamical management light transmittance and are becoming increasingly
eellent energy-saving capabilities for building energy. However, for the exploitation of halide as
is still in the development stage. Since the bandgap of halides is determined by the metal halide
the construction of compounds is crucial in the bandgap engineering related to electron transport, which
ting capabilities. Based on the self-adjusting properties of the crystals observed in this work, it is
anticipate e desired compounds with stable properties by designing low-dimensional halides. In addition,
besides harge and stabilizing the structure, cations with conjugation are expected to take on additional
tasks, such as colouring. Therefore, it is potential to acquire halides with electro-, thermo-, mechano-, photo-chromics

and other cgtures by choosing some organic amines, such as aniline, diimidazolium, N,N-dimethyl-1,4-

and the cati
affacts thgi

diazoniabicyclo[2.2.2]@étonium, protonation pyridine, etc. (Figure 4).1'61721

<C
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Figure 4. % blueprint of coloring strategy for organic-inorganic halides as smart photovoltaic
window.

In summa@sent a novel organic-inorganic halide, MVBizls, as a light-harvesting candidate for smart PV
windows. This halid€ features excellent thermal stability, constant bandgap and reversible thermochromic behavior in

the tempera from 77 K to 453 K, which meet key requirements for smart PV windows. The compound
consists of 0-D [Bi4|1ei clusters with 3-D interactions and MV?" cations that fill the space in pairs. The structure-activity
relationship tal was studied by single crystal analyses, in situ Raman spectroscopy and density functional
s found that the cystal structure was self-adjusted against temperature changes. The excellent
constant bandgap of MVBizlg may be attributed to the self-adjustment of the crystal. The
is_ascribed to the formation of MV" cation radicals caused by the transfer of electrons from the
organic cations in the process of self-adjusting. The self-adjustment characteristics of crystals
revealed in thi potential to guide the synthesis of halide for switchable optoelectronics.
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