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ABSTRACT: We demonstrate an effective design strategy of
photoswitchable phase change materials based on the bis-
azobenzene scaffold. These compounds display a solid phase in
the E,E state and a liquid phase in the Z,Z state, in contrast to their
monoazobenzene counterparts that exhibit less controlled phase
transition behaviors that are largely influenced by their functional
groups.
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Photoinduced phase transition of photoswitches between
solid and liquid has recently emerged as a strategy that

effectively increases the total energy storage density of
molecular solar thermal energy storage (MOST) systems.1−4

In particular, photoswitches including azobenzene5−8 and
azoheteroarene9,10 derivatives that undergo large structural
changes upon E−Z isomerization have been primarily
investigated for drastic phase transitions. E isomers generally
exhibit a planar molecular structure that forms a crystalline
phase, whereas Z isomers display a twisted11,12 or T-shaped13

geometry that is less prone to crystallization at room
temperature and forms a liquid phase under ambient
conditions. A generally established design of such molecules
for MOST applications involves a photoswitch core,
azobenzene or azoheteroarene, and a p-substituent (Figure
1a) that ranges from a small methoxy or ethoxy group14 to
longer alkyl chains.10,15−17 However, achieving distinct phases
of E and Z isomers remains a challenge due to the
inconsistencies in the properties displayed by each function-
alization and thus requires extensive screening of small
substituents, the length of alkyl chains, and the structure of
photoswitch cores to find suitable molecular structures.
For example, p-substitution of azobenzene with functional

groups including F, Cl, Br, I, CN, and NO2
14 result in the

formation of solid phase for both E and Z isomers, due to the
facile crystallization of twisted Z structures. Out of a large
series of arylazopyrazole derivatives p-substituted on the aryl
ring with various alkoxy groups (OCnH2n+1 and OCnH2n−1; n =
1−12),1 only one compound (OC8H15) displays a liquid phase
as Z isomer (i.e., melting point below room temperature),
while the rest of the compounds with shorter or longer chains
are solids as both E and Z isomers. The phase of Z isomer is
also impacted by the o-substituents on azobenzene core;18 for
example, azobenzenes o-substituted with halides (F and Cl)
undergo solid−liquid phase transition, while the o-MeO-

substituted azobenzene exhibits solid phases for both E and Z,
despite bearing an identical p-tridecanoate group. Other
examples include alkyl-functionalized ionic crystal−liquid
azobenzene derivatives,5 azobispyrazoles,9 and hydrazones,19

which reveal the challenges of controlling the phase of
photoisomer that is sensitive to both the chain lengths and
the type of counter-anions.
These examples highlight the critical need to develop more

generalizable and robust design principles of phase-transition
MOST compounds that present crystalline E and liquid Z
phases. One potential candidate is a multiphotoswitch system
that incorporates two or more azoarene moieties, which is
anticipated to maximize the structural difference between the
planar E and nonplanar Z isomers. Multiazoarene systems have
been previously investigated in solutions,20,21 and their light-
responsive behaviors in gels22 and polymer matrices23,24 have
been reported. Importantly, the photoinduced melting of
crystalline multiazoarene compounds,25−29 which was primar-
ily employed for the photocontrolled adhesion, gas uptake, and
catalysis, unveils the potential of such designs for the successful
development of phase-transition MOST systems.
Herein, we report a series of MOST compounds (Figure 1b)

that connect two azobenzenes by a short linkage, exhibiting
distinct solid and liquid phases as E and Z isomers,
independent of the length or rigidity of terminal groups (H,
octyl, and perfluorooctyl; compounds 1−3) that typically
challenge such phase transition in azobenzene designs. We

Received: August 28, 2023
Revised: September 19, 2023
Accepted: September 22, 2023
Published: September 26, 2023

Letterpubs.acs.org/materialsau

© 2023 The Authors. Published by
American Chemical Society

30
https://doi.org/10.1021/acsmaterialsau.3c00069

ACS Mater. Au 2024, 4, 30−34

This article is licensed under CC-BY-NC-ND 4.0

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alejandra+Gonzalez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qianfeng+Qiu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Junichi+Usuba"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joshua+Wan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Grace+G.+D.+Han"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsmaterialsau.3c00069&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.3c00069?ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.3c00069?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.3c00069?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.3c00069?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.3c00069?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/amacgu/4/1?ref=pdf
https://pubs.acs.org/toc/amacgu/4/1?ref=pdf
https://pubs.acs.org/toc/amacgu/4/1?ref=pdf
https://pubs.acs.org/toc/amacgu/4/1?ref=pdf
pubs.acs.org/materialsau?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsmaterialsau.3c00069?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/materialsau?ref=pdf
https://pubs.acs.org/materialsau?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


investigate the importance of symmetrical molecular designs by
comparing the phase behavior of asymmetrical, monoazoben-
zene counterparts (Figure 1c) that are functionalized with the
identical terminal groups. Compounds 4 and 5 are substituted
with an octyl and perfluorooctyl group, respectively, and both
are designed to retain the terminal tertiary amine group on the
opposite p-position to examine the presence of intramolecular
interactions between two p-substituents. Compounds 6 and 7
bear an octyl and perfluorooctyl group, respectively, on the p-
position, which eliminates the impact of the terminal amine
group on molecular packing as E or Z isomers. As the summary
of their phase behavior indicates, it is extremely challenging to
predict and achieve the desired solid (E) and liquid (Z) phases
of monoazobenzene scaffold, which underlines the efficacy of
bis-azobenzene designs that yield such phase difference even in
the presence of large London dispersion and fluorous
interactions. We note that Z-rich samples with maximum
photostationary state (PSS) ratios were prepared in solutions
and then condensed by leveraging the facile and rapid E-to-Z
isomerization in solution state.
Our bis-azobenzene compounds 1−3 are connected by a

diethylmethylamine linker, which was primarily selected for the
synthetic ease of reductive amination that enables coupling of
two azobenzene units. The linkage also serves to electronically
decouple30 the photoswitching units and retain the desirable
optical and switching properties of azobenzene. Also, a small
linkage moiety is desired to achieve large energy storage

densities. Synthesis, NMR, and HRMS characterization of all
compounds are in the Supporting Information (Schemes S1−
S4, Figures S1−S28). To confirm the validity of the conceived
symmetric molecular design, X-ray crystallography of single
crystals of 1-E,E grown from ethyl acetate and diethyl ether
was performed. 1-E,E adopts a conformation in which a pair of
planar azobenzene moieties are arranged in a V-shape with an
angle of 108 ° (Figure S29). The V-shaped molecules stack in
1D columns and exhibit offset π-stacking among neighboring
azobenzene units (Figure 2a). Since the other compounds

were unable to form high quality crystals suitable for single
crystal X-ray crystallography, DFT calculations were performed
to predict their structures (Figures S30−S36). The optimized
V-shaped geometry of the core structure in 2-E,E (Figures 2b,
S31) and 3-E,E (Figure S33) is consistent with the crystal
structure of 1-E,E. Thus, we hypothesize that these compounds
would also form 1D columnar packing in the solid state. In
contrast, the DFT-optimized Z,Z isomers display an overall
circular shape consisting of two twisted azobenzene units and
two linear side chains that are not aligned to each other
(Figures 2c, S32). Based on the nonlinear, 3D circular
structure, the Z,Z isomers are anticipated not to form
crystalline packing in the absence of any favorable
intermolecular π interactions or London dispersion force.
The structures of compounds 4 and 5 in both E and Z isomeric
states were also optimized by DFT (Figures S35, S36),

Figure 1. (a) Azoarene derivatives that are reported to exhibit solid−
liquid phase transition upon reversible photoisomerization. (b)
Design of symmetric photoswitches bearing two azobenzene moieties
and varied terminal groups, which allows for solid−liquid phase
transition. (c) Design of azobenzene derivatives with p-substituent(s)
that serve for control experiments.

Figure 2. (a) Crystal structure and packing of 1-E,E in the thermal
ellipsoid at 50% probability. The hydrogen atoms are omitted for
clarity. Optimized structures of (b) 2-E,E, (c) 2-Z,Z, (d) 5-E, and (e)
5-Z calculated at the B3LYP/6-31+G(d,p) level of theory.
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showing planar E (Figure 2d) and bent Z (Figure 2e) cores
and linear chains attached to the core structures for compound
5. Similar structures of compound 4 are displayed in Figure
S35. Cartesian coordinates for optimized geometries are
available in the Supporting Information (Tables S2−S12).
All synthesized compounds display similar absorption

profiles as pristine azobenzene, featuring a π−π* band around
340 nm and a n−π* band around 430 nm for E isomers and
the blue-shifted π−π* band upon switching to Z isomers, as
shown in Figures 3a and S37. In bis-azobenzene derivatives,
each azobenzene unit is electronically isolated from each other
due to the presence of an N,N-diethylmethylamine linker. At
the PSS under irradiation of 365 nm in solution, nearly 100%
of E → Z conversion was achieved, and 77% of Z → E
isomerization was observed under irradiation of 430 nm
(Figure S38). Compounds 1−3 bearing two azobenzene
groups show distinct phases, i.e., crystalline E,E and liquid
Z,Z at room temperature, as confirmed by differential scanning
calorimetry (DSC) (Figure S39). Figure 3b shows an example
of such phase characteristics of compound 2, which features a
set of melting and crystallization peaks for the E,E isomer and
the lack of those for the Z,Z counterpart. The Z,Z isomer
exhibits an extreme liquid stability even at subzero temper-
atures as low as −80 °C that is the measurement limit of DSC.
The Z,Z state undergoes a thermally induced reverse
isomerization to E,E, releasing the isomerization energy
(ΔHiso) above 68 °C. The summary of DSC parameters for
all compounds is provided in Table S13. Such a phase
difference between two isomeric states is also corroborated by
the powder X-ray diffraction of solid E,E and liquid Z,Z,
showing distinct diffraction peaks for E,E and the amorphous
nature of Z,Z (Figure 3c). The E−Z diffraction patterns of all
compounds are included in Figure S40.
Compared to bis-azobenzenes 1−3, the monoazobenzene

derivatives 4−7 exhibit less predictable phase differences
between the E and Z isomers (Figure 3d). Indeed, whereas
compounds 1−3 exhibit a solid phase for E,E and a liquid
phase for Z,Z independent of functional groups, phases of E
and Z isomers of compounds 4−7 are largely influenced by

their functional groups. p-Octyl-functionalized compound 4
exhibits liquid phase for both E and Z at room temperature,
due to the large disorder of the flexible alkyl functional group
(Figure 3e). In contrast, compound 5 with a p-perfluorooctyl
substituent forms a crystalline state for both E and Z, as a result
of the strong intermolecular fluorous interactions between the
rigid perfluorooctyl chains (Figure 3f). It is predicted that
intramolecular interactions between the p-octyl (or perfluor-
ooctyl) and p-N,N-dimethylethylamine groups in Z isomers are
insignificant based on the DFT calculations of stable Z
conformations (Figures S35, S36) and NOESY NMR analysis
(Figures S41, S42). In addition, the presence of the terminal
amine group does not impact the Z stability, which is verified
by the Z thermal half-life measurements showing the similar
half-lives of compounds 1−7 spanning 1 to 3 days (Figures
S43−S49)
However, the flexibility of the N,N-dimethylethylamine

group contributes to the disorder of monoazobenzene
compound 4-E that displays a melting point (Tm) below
room temperature (15 °C). Eliminating the flexible amine
group thus raised the Tm of compound 6-E to 16 °C, resulting
in a waxy solid state at room temperature. The comparison
between compounds 4 and 6 highlights the challenges in
achieving desired phases of monoazobenzene derivatives,
which significantly depends on the subtle changes in chemical
structures and their flexibility, such as the chain length and
functional groups. The p-perfluorooctyl-functionalized com-
pound 7 shows crystalline state for both E and Z, similar to
compound 5, which emphasizes the lower disorder of
perfluoroalkyl chains and their rigidity that yield crystalline
packing of monoazobenzene derivatives. The impact of alkyl
and perfluoroalkyl chains on condensed-phase packing is also
confirmed by the lowered and raised Tm of E isomers, e.g., 70
°C (2) vs 155 °C (3), 15 °C (4) vs 109 °C (5), and 31 °C (6)
vs 102 °C (7). Despite the presence of two perfluorooctyl
groups in compound 3, the bis-azobenzene scaffold produces a
liquid state upon 340 nm irradiation, within a large window of
temperature (i.e., −80 to 57 °C, Figure S39), which is

Figure 3. (a) UV−vis absorption spectra, (b) DSC plots, and (c) PXRD patterns of compound 2 as E and Z isomers. Tm: melting point, Tc:
crystallization point, ΔHiso: isomerization energy. (d) Optical images of all compounds as E and Z isomers and their Tm measured by DSC. Tm of
compounds 1−4 Z could not be detected by DSC. Schematic illustrations of E and Z isomers in condensed phases for compounds (e) 4 and (f) 5.
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governed by the remarkably twisted, nonplanar structure of the
Z,Z configuration.
As a result of the different phase behaviors, the total energy

storage density (ΔHtotal) in each MOST compound is varied.
The solid−liquid MOST systems (Figure 4a) store the largest

amount of energy in the Z-rich state, combining ΔHiso and
phase transition enthalpy, or the melting enthalpy (ΔHm) of
the E,E (or E) isomer. The larger ΔHtotal of compound 2
compared to that of 1 is primarily attributed to the larger ΔHm
of 2-E,E (51 kJ/mol) than that of 1-E,E (35 kJ/mol) (Table
S13). Due to the large London dispersion of the octyl chains
that increases the phase transition energy, compound 2
displays the largest ΔHtotal of 136 kJ/mol, which equates to
68 kJ/mol per azobenzene unit. The perfluorooctyl-substituted
bisazobenzene 3, however, shows a greatly reduced ΔHtotal of
86 kJ/mol. The accurate quantification of ΔHiso for compound
3 is challenging, because of the significant overlap between the
Z → E thermal reversion, the crystallization of the formed E,E
isomers, and the subsequent melting of E,E (Figure S39),
which may result in the underestimation of ΔHiso. Compound
6 shows an overall large ΔHtotal of 82 kJ/mol, despite the
narrow range of temperature that allows for the solid−liquid
phase transition, which is limited by the Tm of Z at −2 °C and
that of E at 31 °C.
Compound 4 that undergoes isomerization in a condensed

liquid can store only ΔHiso (49 kJ/mol) and no phase
transition enthalpy (Figure 4b). Compounds 5 and 7 that form
crystalline phases for both E and Z can store ΔHiso and the
crystal-to-crystal phase transition enthalpy that is calculated by
the difference between ΔHm (E) and ΔHm (Z) (Figure 4c).
The ΔHtotal values of compounds 5 and 7 (51 kJ/mol) are
similar to that of compound 4, revealing the unique advantage
of solid−liquid phase-transition MOST compounds illustrated
in Figure 4a in achieving larger ΔHtotal. In addition, we note
that ΔHiso values obtained for bis-azobenzene compounds 1−3
are less than twice the ΔHiso of monoazobenzene compounds

4−7 (Table S13). We hypothesize that intramolecular
interactions within the circular Z,Z configurations could
stabilize the metastable state isomers, thus reducing the energy
gap between the thermodynamically stable E,E and metastable
Z,Z states, which translates to smaller ΔHiso values.
In summary, a series of bis-azobenzene compounds was

systematically investigated to elucidate the significance of
multiphotoswitch design and symmetry of molecule on
achieving distinct solid and liquid phases upon isomerization.
In contrast to their monoazobenzene analogues, bis-azoben-
zene compounds exhibit predictable solid and liquid phase
characteristics for E,E and Z,Z states, respectively, regardless of
the rigidity of functional groups on photochromes. This is
primarily due to the high planarity and symmetry of the E,E
state and the largely disordered and circular geometry of the
Z,Z state. These results offer an effective strategy for
controlling the phase of MOST compounds and maximizing
their energy storage densities, which may be broadly applicable
to other E−Z photoswitches for energy applications.
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Figure 4. Energy diagrams of phase change and isomerization for
three classes of compounds that undergo (a) solid−liquid, (b) liquid−
liquid, and (c) solid−solid transitions upon photoisomerization and
the total energy storage density (ΔHtotal) of each compound.
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