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Solvent-Induced Structural and Optical Transformations in a 

Hybrid Copper Phosphate Framework 

Isis P. Carmona-Sepúlveda, Adelaide R. Kerenick, and Julie L. Fenton* 

Department of Chemistry, The Pennsylvania State University, 

University Park, PA 16802, USA 

 

Abstract 

Crystalline materials that undergo coupled structural and optical transformations in response to 

external stimuli are of broad interest in solid-state chemistry. Here, we report a crystalline hybrid 

copper phosphate, Cu4(4,4’-bipy)4(H2PO4)4•6H2O, that exhibits solvent-programmable structural 

and optical switching driven by dehydration and methanol uptake. The material crystallizes with 

undercoordinated Cu(I) centers in a porous framework stabilized by π–π stacking and hydrogen 

bonding. Upon heating, dehydration induces a reversible color change from yellow to deep red, 

accompanied by a crystallographic transformation from a low-symmetry triclinic phase to a higher-

symmetry monoclinic phase with distorted tetrahedral Cu coordination. Variable temperature X-

ray diffraction and UV-Vis spectroscopy correlate this transformation with a red-shift in the metal-

to-ligand charge transfer (MLCT) band. Exposing the dehydrated phase to dry methanol drives a 

different symmetry-breaking crystallographic transformation, in which ordered, directional 

methanol-framework interactions stabilize trigonal planar Cu(I) centers and produce a distinct 

cyan color. Together, these results demonstrate how solvent identity, hydrogen bonding 

directionality, and coordination geometry can be crystallographically coupled to achieve multiple 

optical responses and switching in a single hybrid phosphate material. This work establishes hybrid 

Page 1 of 36 CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/2
6/

20
26

 8
:4

9:
20

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6CE00295A

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ce00295a


phosphate frameworks as a platform for post-synthetic structural and optical switching, accessing 

crystalline phases that are unreachable through traditional synthetic routes. 

Introduction 

Materials that respond predictably to external stimuli are of broad interest in solid-state and 

materials chemistry.1, 2, 3, 4 Thermochromic materials, which exhibit temperature-dependent color 

changes, exemplify this behavior and are widely studied as model systems for understanding 

structure-property relationships in solids.1, 5  Such behavior occurs across compositionally diverse 

systems, including polymers, liquid crystals, hybrid nanocomposites, and inorganic oxides.6, 7, 8, 9 

The mechanisms driving thermally-induced color changes vary widely with structure and 

composition.10, 11 Polymer systems typically rely on reversible chemical transformations like 

protonation/deprotonation or isomerization.7, 12 For example, spiropyran units undergo reversible 

ring-opening upon heating, producing distinct color changes used in temperature-sensitive 

coatings and sensor technologies.13 In contrast, inorganic solids frequently exhibit phase 

transitions that alter metal coordination environments.14, 15 VO2 is a classic example, switching 

from an insulating monoclinic phase to a metallic rutile-type structure, which has been exploited 

in smart window applications.9, 16 

Hybrid materials merge the tunability of molecular components with the stability of 

inorganic frameworks, yielding unique emergent properties that can transcend purely organic or 

inorganic solids. Optically responsive hybrids with diverse architectures, including coordination 

polymers, layered hybrids, halide perovskites, and metal-organic frameworks (MOFs), have been 

reported.12, 14, 17–19 Materials exhibit thermochromic mechanisms that combine features of both 

organic and inorganic systems, coupling structural and chemical transformations to temperature-

driven color change. For example, layered hybrid lead halide perovskites exhibit dynamic color 
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changes across a large continuum of colors, enabled by reversible phase transitions and hydrogen-

bond mediated ion shuttling.20, 21 The modular architectures and well-defined crystallinity of 

MOFs allow color changes to be directly correlated with structural changes; for instance, Zr-based 

UiO-66 changes from white to yellow upon dehydration, and Co-based frameworks transition from 

purple to pink during spin-state changes.22, 23 Copper-based hybrids are particularly intriguing 

because Cu centers offer accessible redox states and flexible coordination geometries, enabling 

temperature-driven changes in various materials. 6, 24 For instance, copper carboxylate frameworks 

exhibit color changes upon heating or dehydration, shifting from greenish-blue in the hydrated 

state to deep blue when water molecules are removed.25, 26 This transition is driven by the loss of 

coordinated water and subtle distortions in the Cu–O bonding environment, which modify ligand-

to-metal charge transfer pathways and produce a visible thermochromic response. Layered 

phenylmethylammonium (PMA) copper halides ((PMA)2CuX4, X = Br or Cl) change from green 

at room temperature to yellow at elevated temperature, related to thermal lattice expansion and 

increased electron-phonon coupling.27 In many such systems, guest molecules or solvent play a 

critical role in stabilizing specific coordination environments or framework symmetries, providing 

a pathway to tune optical responses through subtle structural reorganization. Collectively, these 

systems highlight the versatility of hybrid architectures for designing responsive materials with 

tunable optical properties. 

Metal phosphates are a structurally diverse class of materials that have long been studied 

for their stability, ion exchange capabilities, and catalytic properties.28–30 Inorganic phosphates are 

well known for their structural diversity, chemical robustness, and capacity for ion exchange and 

guest inclusion.31, 32 Building on this foundation, hybrid metal phosphate systems introduce organic 

ligands into the coordination sphere of the metal center, effectively disrupting the continuity of the 
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all-inorganic framework and enabling new structural motifs and functional behaviors. This 

substitution transforms the rigid, fully inorganic lattice into a more modular architecture, which 

combines the stability of phosphate networks with the chemical versatility of molecular ligands. 

Like their inorganic analogs, the resulting architectures are often porous, containing hydrophilic 

channels with numerous sites for dynamic hydration, hydrogen bonding, or ion exchange.33–36 

Varying the metal identity, its coordination geometry, and the nature of the ligand allows for fine-

tuning the framework connectivity and its resultant properties. This has recently been observed in 

other transition metal coordination polymers and MOF systems, where solvent inclusion and 

exclusion processes drive access to new structural states and emergent properties not observed in 

the as-synthesized phases.37–39 By leveraging the robustness of phosphate frameworks and the 

functionality of metal–organic interactions, hybrid metal phosphates offer a complementary 

platform to other crystalline hybrid solids like hybrid metal halides and MOFs for designing 

multifunctional materials, for designing multifunctional, stimuli-responsive materials. Despite 

these attributes, solvent-driven structural and optical responsiveness in hybrid metal phosphate 

frameworks remain comparatively underexplored, particularly in systems that preserve 

crystallinity and framework integrity through the transformation. 

Here we report the synthesis and characterization of a crystalline hybrid copper phosphate, 

Cu4(4,4’-bipy)4(H2PO4)4•6H2O, that undergoes solvent-driven crystallographic and optical 

transformations. The framework contains undercoordinated Cu(I) centers linked by 4,4-bipyridine 

(bipy) and phosphate ligands into a porous three-dimensional lattice containing structure-

stabilizing water molecules. Controlled dehydration induces a reversible thermochromic response, 

while subsequent methanol uptake enables access to alternative symmetry, coordination states, and 

optical response. Together, these transformations demonstrate how solvent identity, hydrogen-
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bonding interactions, and coordination changes can be leveraged to modulate structure and optical 

response within a single hybrid phosphate framework.  

Experimental 

Complete experimental details are available in the Supporting Information. 

Synthesis of Cu4(4,4’-bipy)4(H2PO4)4•6H2O. In a 40 mL septum-capped vial, Cu(NO3)2•3H2O 

(0.5 mmol), and 4,4’-dipyridyl (0.25 mmol) were dissolved in a solvent mixture of 

dimethylformamide (DMF, 4 mL) and distilled H2O (12 mL). After this, H3PO4 85% (1.6 mL) was 

slowly added into the solution and stirred until a clear blue solution was obtained, approximately 

5 minutes after addition. The solution was heated to 140 ºC for 24 h until yellow plate-like crystals 

were observed. The vial was then removed from the heat and slow cooled ambiently. The crystals 

were collected by vacuum filtration, washed with distilled water and ethanol to remove residual 

solvent, and air dried at room temperature. Samples were stored in vials for further 

characterization. Yield: 90% 

Dehydration and methanol-absorption. The as-synthesized crystals were loaded into a round-

bottom flask and desolvated under dynamic vacuum at 80 ºC for 15 minutes, until a color change 

was observed from yellow to red. The flask was then removed from heat and allowed to cool to 

room temperature under N2. Dry MeOH was subsequently injected into the flask, and the crystals 

were allowed to soak for 10 minutes, during which a complete color change to yellow was 

observed. The resulting material was transferred to a vial and stored under ambient conditions for 

further characterization.  

Variable temperature single-crystal x-ray diffraction. Data collections were performed using 

the Rigaku Oxford Diffraction Synergy Custom diffractometer comprising of Rigaku MicroMax 
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007 rotating anode Cu Kα radiation X-ray generator  (λ = 1.5418 Å) operating at 40 kV 30 mA 

and HyPix-Arc 150 photon counting detector. A suitable single crystal was selected and mounted 

on a quartz fiber with cyanoacrylate glue. Data collection was performed at 173–400 K 

temperature ranges using the Cobra Oxford Cryosystem. Data reduction was performed with the 

CrysAlisPro software using both numerical absorption and Gaussian correction methods. Using 

Olex2, the structure was solved with the SHELXT structure solution program using intrinsic 

phasing and refined with the SHELXL refinement package using least-squares minimization 

methods. 

Variable temperature powder x-ray diffraction. Data was collected on a Panalytical  

Empyrean® theta-theta X-ray diffractometer equipped with an Anton Parr HTK1200 non-ambient 

chamber and a copper (Cu) line source [Kα1-2 = 1.540598/1.544426 Å] X-ray tube at 45 kV and 

40 mA on a 240mm radius with a step size of 0.0167° from 5–60° 2-theta. The sample was finely 

ground into a powder and mounted into an alumina crucible (16 mm diameter and 0.8mm deep). 

The incident optics consisted of a Bragg-Brentano HD® Cu optic fitted with 0.04 rad. Soller slits, 

a 4 mm beam mask, 1/8° and 1/2° divergence, and anti-scatter slit respectively. The diffracted 

optics included a X’Celerator® detector with a 2.1223° active length in scanning line mode with 

a 1/2° programmable anti-scatter slit and 0.04 rad Soller slits. Experimental data was collected as 

the sample was heated from room temperature to 135 ºC, with 60 ºC/min temperature increments, 

and 10 min. hold times before each scan collection. 

Variable temperature diffuse reflectance UV-Vis spectroscopy. Data was collected using a 

PerkinElmer Lambda 950 equipped with the 150 nm integrating sphere detector. The sample 

compartment was equipped with the Praying Mantis (Harrick) diffuse reflection accessory, and the 

sample was introduced in the temperature chamber mounted with CaF2 windows. The sample was 
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diluted with BaSO4 and finely ground into a powder using a mortar and pestle prior to loading it 

inside the cell. The temperature was controlled using the automatic temperature controller (ATC, 

Harrick) autotuned at 200 ºC. Pure BaSO4 was used for the baseline. Data collection was performed 

under a flow of dry synthetic air (25 mL/min) between 30 ºC and 210 ºC with a heating rate of 5 

ºC/min, collecting a spectrum every 10 ºC steps with 5-min hold at the desired temperature before 

data acquisition. Data was collected between 200-1000 nm with 2 nm intervals, and 0.32 s 

integration with a 4 nm slit. The lamp changeover was set at 319.2 nm, while monochromator and 

detector changes was set at 860.8 nm. 

Results and Discussion 

Synthesis and structural characterization 

Single crystals of Cu4(4,4’-bipy)4(H2PO4)4•6H2O were synthesized by dissolving copper(II) nitrate 

and 4,4’-bipyridine (bipy) in a mixture of DMF and H2O at room temperature, followed by addition 

of H3PO4. The solution was heated to 140 ºC for 24 hours and ambiently cooled, forming yellow, 

plate-like crystals that were isolated by filtration (Figures 1A and S1).  Single crystal X-ray 

diffraction (scXRD) was used to obtain structural information from the as-synthesized crystals. 

The unit cell is shown in Figure 1B, and detailed crystallographic information is available in Table 

S1. The structure crystallizes in the triclinic P1̅ space group, with unit cell dimensions of 

a=8.8724(1) Å, b=16.9583(3) Å, c=17.6998(4) Å. Key structural features are highlighted in Figure 

2. The asymmetric unit is composed of four distinct copper sites, with two observed geometries. 

Three of the copper sites are coordinated to two nitrogen atoms from separate bipy ligands and a 

pendant oxygen from an [H2PO4]
- anion, forming a distorted trigonal planar building unit 

([Cu(4,4’-bipy)2(H2PO4)]n (Figure 2A). On the fourth copper site, two 4,4’-bipyridines are bonded 

to the copper center in a slightly bent geometry, forming a second [Cu(4,4’-bipy)2]n structural unit 
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(Figure 2A). This copper site is not directly bound to any phosphate groups. The site appears to 

weakly interact with phosphate oxygens, with extended Cu···O distances of 2.617 Å and 2.722 Å, 

considerably longer than reported Cu–O bond lengths.41, 42  

Low‑coordinate Cu(I) environments, while less common than the more typical tetrahedral 

geometries, are well established in systems where steric or electronic factors limit the coordination 

number. Linear, two‑coordinate Cu(I) centers have been structurally verified in complexes 

stabilized by sterically demanding N‑heterocyclic carbene ligands, demonstrating that such low 

coordination numbers are synthetically accessible.43, 44 Three‑coordinate Cu(I) sites are likewise 

precedented, particularly in systems supported by bulky or strongly donating ligands that enforce 

trigonal geometries and disfavor higher coordination.45, 46 Undercoordinated Cu(I) sites observed 

in porous or framework materials may also be stabilized by weak interactions with adjacent anions 

or solvent molecules, offering additional precedent for the low‑coordinate Cu(I) environments 

present in this structure.40, 47  In this system, the undercoordinated sites may similarly be stabilized 

by weak interactions with proximal phosphate anions and pore-occupying water molecules.  

 The two types of building units condense into a three-dimensional porous framework, with 

chemically distinct interactions stabilizing each dimension. In one dimension, metal-organic 

coordination bonds link alternating Cu and bipy moieties into planar 1D coordination polymers 

(Figure 2A-B). The threads are arranged to promote face-on π–π interactions between bipy 

molecules on adjacent chains, forming extended supramolecular columns in a second dimension. 

The interchain distance (3.40 Å) is close enough to allow for effective π–π overlap, indicating that 

non-covalent supramolecular interactions play a key role in stabilizing the framework in this 

direction (Figure 2B).48  The third dimension is defined by interactions among phosphate groups: 

copper-coordinated phosphate anions assemble into extended chains, formed by six-membered 

Page 8 of 36CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/2
6/

20
26

 8
:4

9:
20

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6CE00295A

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ce00295a


hydrogen-bonded rings of protonated -OH groups (Figure 2C). Together, the elongated phosphate 

chains and stacked coordination polymers form porous channels, visible along the crystallographic 

b-axis (Figure 2D). The approximately rectangular pores are framed on two sides by phosphate 

chains and on the other two by the edges of bipy ligands. The material displays a small measurable 

surface area as determined by nitrogen adsorption. The pore size distribution from these 

measurements reveals a pore size distribution centered around 10 Å, which is qualitatively aligned 

with the expected value of approximately 9 Å derived from the crystal structure (Figure S2). Water 

molecules occupy the structural pores and appear to engage in hydrogen bonding with nearby 

phosphate groups. However, their precise positions could not be refined crystallographically due 

to mobility-related disorder, and the single-crystal structure, illustrated in Figures 1 and 2, was 

accordingly refined using a solvent mask to account for the unresolved electron density in the 

pores, in accordance with standard practice for other porous framework solids.49 Although the 

water molecules do not directly coordinate to the metal centers, their presence influences local Cu 

coordination geometry through hydrogen-bonding interactions with proximal phosphate groups, 

acting in concert with the π–π stacking interactions that stabilize the framework. Pore solvent plays 

a subtler templating role, one that becomes apparent upon its removal, as discussed in the following 

section.  

Powder X-ray diffraction (pXRD) confirms the phase-purity of the bulk material and the presence 

of disordered water in the structure. An experimental pattern collected from finely ground single 

crystals was compared to a simulated pattern derived from the single crystal structure solution as 

detailed above (Figure S3). The peak positions in both patterns are in reasonable agreement, 

though the experimental data, collected at room temperature, shows slight shifts to lower angles 

consistent with the effect of thermal expansion. More notably, deviations in relative peak 
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intensities are observed, particularly for the (100), (102), and (200) reflections at 10.0º, 14.3º, and 

20.0º 2θ, respectively. We hypothesized that these differences may be due to the contribution of 

disordered solvent molecules in the experimental samples, the effect of which would be 

exacerbated for lower angle reflections.50, 51 To evaluate this, the experimental pXRD pattern was 

compared to a simulated pattern from a structure solution refined without a solvent mask (Figure 

1C), which retains the electron density from the disordered water molecules in the pores. Since the 

unit cell dimensions are consistent between the solvent-masked and unmasked models, the peak 

positions in both simulated patterns show similar agreement with the experimental data. However, 

the unmasked model shows improved alignment in relative peak intensities with the experimental 

pattern. This comparison supports the presence of water molecules in the as-synthesized material 

and highlights their influence on the diffraction pattern, despite not being part of the extended 

framework.   

X-ray photoelectron spectroscopy (XPS) suggests that copper atoms in the compound are 

exclusively monovalent (Cu+), consistent with a charge-neutral stoichiometry determined by 

single-crystal XRD. XPS measurements were performed on a polycrystalline sample of the as-

synthesized compound. The survey spectrum (Figure S4) displays characteristic signals for Cu, P, 

O, N, and C, consistent with the expected elemental composition. The spectral features observed 

for regions corresponding to N 1s, C 1s, O 1s, and P 2p are consistent with the expected presence 

of phosphate and 4,4’-bipyridine moieties in the compound. To confirm the oxidation state of 

copper, high-resolution scans were acquired in regions corresponding to the Cu 2p3/2 and Cu LMM 

transitions, observed at 931.8 eV and 915.5 eV, respectively. The oxidation state can be determined 

for Cu by calculating the Auger parameter, defined as the sum of the binding energy of Cu 2p3/2 

and the kinetic energy of the Cu LMM Auger electron. The measured Auger parameter of 1847.3  
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Figure 1. Characterization of the as-synthesized single crystals of Cu4(4,4’-bipy)4(H2PO4)4•6H2O, 

including (a) photograph and optical microscope image; (b) rendering of the structure solution 

obtained from single-crystal X-ray diffraction (XRD), and (c) indexed experimental powder XRD 

pattern compared to a simulated structure from the structure solution. The simulated pattern in (c) 

was obtained from a structure solution without a solvent mask, which better accounts for the 

electron density of disordered water in the pores. 
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eV closely matches the reported value for Cu2O (1849 eV), confirming the presence of Cu+ in the 

sample. The formation of Cu(I) from a Cu(II) precursor under these conditions is consistent with 

well-precedented in-situ reduction during solvothermal synthesis in DMF. Under hydrothermal 

conditions and in the presence of acid, DMF undergoes partial hydrolysis to generate formate, 

which can act as an in-situ reductant. This mechanism has been confirmed spectroscopically in 

analogous solvothermal syntheses of Cu(I)-containing materials from Cu(II) salts.52, 53 

UV-Vis spectroscopy further supports the assignment of Cu+ and clarifies the origin of the 

material’s yellow color. The diffuse-reflectance UV-Vis spectrum (Figure S5) lacks the d–d 

transition expected near 750 nm for Cu2+, consistent with the filled d10 configuration of Cu(I), 

which precludes ligand-field transitions. Instead, the optical response is dominated by charge-

transfer processes. A high-energy feature centered near 300 nm arises from the π–π* transitions 

intrinsic of the bipyridine ligands, while a broad absorption band extending from 350 to 530 nm is 

characteristic of a metal-to-ligand charge transfer (MLCT) transition. The onset wavelength of this 

feature is approximately 526 nm (2.38 eV). The MLCT involves electron transfer from filled Cu(I) 

orbitals to the π* orbitals of bipyridine, producing the observed yellow color. The observed spectral 

features align with expectations for Cu(I) complexes paired with electron-rich bipyridine and 

phosphate ligands.27, 41, 47 The energy of the MLCT onset is therefore sensitive to the Cu(I) 

coordination environment: changes in coordination geometry, ligand binding mode, or the identity 

of donor atoms directly modulate the relative energies of the Cu d-donor and bipyridyl π*–acceptor 

orbitals, providing a structural basis for the distinct optical responses observed across phases. 

Dehydration-induced structural reorganization and optical switching  

Taken together, the as-synthesized structure contains a framework stabilized by a combination of 

metal-organic coordination bonds, π–π stacking, and phosphate-directed hydrogen bonding, with
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Figure 2. Details of the structure solution obtained from single-crystal X-ray diffraction for 

Cu4(4,4’-bipy)4(H2PO4)4•6H2O. The structure of the Cu-bipy coordination polymer is shown in 

(a), highlighting the two distinct trigonal planar and bent Cu coordination sites. In (b), a view 

highlighting π-π stacking between neighboring coordination polymer chains. Panel (c) highlights 

the hydrogen-bound chains of phosphate anions that stabilize the b-axis of the structure. Viewing 

the structure along the b-axis in (d) reveals the structural pore size and shape. Disordered water 

molecules occupy the empty space in the rectangular pores and have been omitted for clarity from 

(d).
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significant disorder introduced by water molecules which occupy the structural pores. While these 

water molecules do not appear to participate directly in metal coordination, their presence 

influences packing and symmetry. Removal of pore solvent therefore provides a direct means to 

probe whether these interactions merely occupy free volume or actively determine the preferred 

structural arrangement and copper coordination environments. To evaluate this, we examined the 

effect of controlled dehydration on the synthesized structure. 

The prepared compound displays reversible, temperature-dependent color changes that are 

directly coupled to framework dehydration. Upon heating from room temperature to moderate 

temperatures, the material undergoes a visible transition from yellow to deep red, which is fully 

reversible upon cooling in air (Figure 3A, Videos S1-S2). Heating above 170 ºC results in 

irreversible color change, leaving the compound permanently dark green upon cooling. The color 

change behavior was monitored using variable temperature UV-Vis absorption spectroscopy 

(Figure 3B). Across the temperature range where reversible color change occurs, the spectral shape 

remains relatively consistent, with no additional features observed up to 170 ºC. The most notable 

change in the spectra between room temperature and 170 ºC is a prominent red shift in absorption 

onset as temperature increases, which is aligned with the observed yellow to red color change. The 

absence of the Cu2+ d–d transition near 750 nm verifies retention of the 3d10 state. Beyond 170 ºC, 

the spectrum shows an intensified feature below 300 nm and a new band near 750 nm (Figure S6), 

indicating copper oxidation at high temperature. The onset energy of absorption (Figure 3C), 

determined by extrapolating the linear portion of the main absorption feature, reveals three regimes 

of color change: a rapid redshift in onset energy between room temperature and 70 ºC, a plateau 

from 70 ºC to ~130 ºC, and above 140 ºC, a gradual redshift in values again. The steep initial slope 

suggests that initial solvent‑related changes within the framework dominate the reversible color  
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Figure 3. (a) Photographs depicting the material color changes, from yellow to deep red. The 

labeled temperatures indicate the readout from an external hot plate. (b) Diffuse-reflectance UV-

Vis absorption spectra collected at varied temperatures. (c) absorption onset energy as a function 

of temperature. 
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response, whereas more extensive chemical changes at higher temperatures, such as copper 

oxidation, account for the irreversible behavior. The accompanying red‑shift in the MLCT onset 

with increasing temperature likely reflects changes in the local environment of Cu(I) associated 

with dehydration. 

The compound is thermally stable up to 170 ºC and decomposes through a multi-step 

pathway, with the loss of water coinciding with the onset of the observed color change. 

Thermogravimetric analysis (TGA) was performed to understand the thermal stability of the as-

synthesized single crystals (Figure S7). Between 25 ºC and 100 ºC, a 7.5% mass loss is observed, 

consistent with the water content occupying the structural pores (Table S2). The mass loss plateaus 

off between 100 ºC and 170 ºC, when a second mass loss event begins. Between 170 ºC and 400 

ºC, approximately 45% of the material is lost, corresponding to the complete volatilization of the 

bipy ligands. This temperature range is consistent with the reported thermal stability of bipy in 

similar framework materials.24, 54 Above 400 ºC, the mass loss plateaus, leaving a final residual 

mass of approximately 48%, which is aligned with the total mass attributed to phosphate groups 

and copper in the original structure. The final product of the decomposition process is presumed 

to be an oxidized, dehydrated Cu(II) phosphate species.55 Taken together, the reversible color 

changes observed visually and by UV-Vis spectroscopy occur between room temperature and 

170 ºC, and based on TGA data, begins to occur with the loss of structural water. Beyond 170 ºC, 

the compound decomposes into oxidized products, leading to a loss of the framework and its 

reversible color change behavior. 

To directly correlate dehydration with framework reorganization and copper coordination 

changes, variable-temperature single crystal X-ray diffraction (scXRD) analysis was employed to 

probe the structural evolution of a single crystal across the dehydration regime. A hydrated crystal 
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was mounted on a glass fiber with heat-resistant glue. An initial data set at -100 ºC confirmed the 

hydrated structure as described above. The temperature was then raised gradually to 125 ºC, 

collecting data sets at intermediate temperature. Refinement at intermediate temperatures yielded 

structures with poor statistics, with difficulties attributed to the combination of disordered water 

and increased thermal lattice vibrations. In contrast, the final data set, collected at 125 ºC where 

water is presumed absent from the structure, resulted in a structure solution with reasonable 

refinement statistics. This structure closely resembles the low-temperature structure: coordination 

polymers of alternating copper atoms and bipy ligands extend in one dimension, π–π stacking 

defines a second, and hydrogen bound phosphate chains stabilize the third, forming pseudo-

rectangular pores. As expected, no electron density is observed in the pores, indicating complete 

water removal and resulting in improved data quality and refinement statistics. Water loss is 

accompanied by increased structural symmetry, with the original low-symmetry P1̅ trigonal space 

group transformed into a higher symmetry monoclinic P2/c space group, with a correspondingly 

smaller unit cell (a=8.5755(3) Å, b=8.7283(2) Å, and c=8.5690(3) Å). Beyond water removal, the 

most notable structural change is in the copper coordination environment: the high-temperature 

structure contains a single crystallographic site, consistent with the increase in symmetry (Figure 

4). In this site, Cu adopts a distorted tetrahedral geometry, coordinated by two bipy ligands and 

two oxygens from phosphate anions. This change in coordination geometry, from the mixed 

trigonal planar and undercoordinated environments of the hydrated phase to a single distorted 

tetrahedral site with direct Cu–O(phosphate) bonding, modifies the Cu d-orbital energies and their 

overlap with the bipyridyl π* acceptor levels, consistent with the observed red-shift in MLCT onset 

and the yellow-to-red color change. The structural transformation was further corroborated by 

variable temperature powder XRD measurements. These data (Figure S8), shown alongside  
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Figure 4. Results from variable temperature single-crystal x-ray diffraction experiment. Photos at 

top show color change of crystal during experiment, yellow under cryogenic conditions at -100 ºC 

and red at elevated temperatures (+125 ºC) upon dehydration. Panel (a) contains the unit cell of 

Cu(4,4’-bipy)(PO3), highlighting the distance between neighboring coordination polymers. (b) 

Viewing the structure along the c-axis highlights the pseudo-rectangular pores present in the 

structure. Panel (c) shows the single distorted tetrahedral coordination site, bond distances, and 

angles for Cu in the dehydrated structure. 
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simulated patterns for the hydrated and dehydrated structures, reveal a clear progression between  

the two phases. A systematic shift to lower diffraction angles is observed as temperature increases, 

consistent with the transition from the lower-symmetry triclinic structure to the higher-symmetry 

monoclinic phase. Overall, the temperature-dependent evolution of the powder patterns mirrors 

the single-crystal results and confirms that removal of solvent from the pores drives reorganization 

into the higher-symmetry phase. 

Dehydration is accompanied by a symmetry‑increasing single‑crystal‑to‑single‑crystal 

transformation rather than a framework collapse, indicating that the solvent‑free framework 

represents a favorable structural arrangement of the host lattice.56, 57  In this high‑symmetry phase, 

the framework converges to a single crystallographic Cu site, with Cu adopting a distorted 

tetrahedral coordination environment. The emergence of a unique, well‑defined dehydrated 

structure places this phase as a potential structural nexus from which alternative, lower‑symmetry 

arrangements may be accessed through solvent inclusion. This further supports our hypothesis that 

the included solvent molecules stabilize the framework through intermolecular interaction, where 

disordered hydrogen-bonding interactions template a lower-symmetry hydrated triclinic phase. 

The loss of these interactions upon solvent removal promotes a dynamic structural rearrangement 

to a less distorted Cu coordination environment and results in a higher-symmetry monoclinic 

lattice, where π–π stacking interactions predominate.  

Motivated by this observation, we investigated whether re‑introduction of guest molecules 

could direct the dehydrated framework into distinct structural states by modifying symmetry, 

copper coordination geometry, and optical response. Dehydrated crystals were exposed to a range 

of common off-the-shelf solvents varying in size, polarity, and hydrogen-bonding ability, including 

methanol, ethanol, butanol, and isopropyl alcohol. In all cases using off-the-shelf (i.e., water-
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containing) solvents, the crystals rapidly reverted to a yellow color, consistent with rapid and 

kinetically favored water uptake and regeneration of the hydrated phase. In contrast, when 

submerged in rigorously dried, air-free conditions, the dehydrated crystals remained red 

indefinitely in all solvents examined except methanol.  

Exposure to dry methanol induced a rapid color change from red to green-yellow within 

approximately 5 minutes, indicating stabilization of a new solvent-directed structural state. Single-

crystal X-ray diffraction performed immediately after solvent uptake shows that the methanol-

absorbed crystals adopt a non-centrosymmetric monoclinic Pc space group (Table S3). The 

asymmetric unit contains a single crystallographic Cu site coordinated by two bipy ligands and 

one oxygen from the pendant phosphate anion (Figure 5). Methanol resides within the pores and 

engages in directional hydrogen bonding with terminal phosphate groups, resulting in a more 

ordered and anisotropic solvent-framework interaction than observed for water and stabilizing a 

distinct Cu(I) coordination environment. Consistent with this assignment, the optical response of 

the methanol-absorbed phase is dominated by ligand-centered π–π* and MLCT transitions, with 

no high-wavelength features associated with Cu(II), confirming the retention of the Cu(I) oxidation 

state (Figure S9).  

Over time, the methanol-absorbed crystals undergo a gradual color change from green-

yellow to cyan (Figure 6). Initial hypotheses attributing this behavior to solvent mobility or 

framework reorganization were ruled out by scXRD performed on samples stored for two months 

under ambient conditions, which revealed no structural or Cu coordination changes (Table S3). 

Additionally, no thermally-induced color switching of the methanol-laden materials was observed 

on heating. This enhanced stability may be due to the stronger and more specific methanol-

framework interactions relative to water, including directional hydrogen-bonding and van der  
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Figure 5. Structure solution obtained from the single-crystal X-ray diffraction of the methanol-

absorbed crystals: Cu(4,4’-bipy)2(H2PO4)(MeOH). The asymmetric unit is shown in (a), 

highlighting the Cu trigonal planar coordination with two bipys and one phosphate anion. In (b), 

phosphate-phosphate interactions and π–π stacking are also observed. Viewing the structure along 

the c-axis shows the structural pore that is occupied by methanol molecules that interact through 

hydrogen-bonding and van der Waals interactions. 
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Figure 6. Optical micrographs of representative single crystals in the hydrated, dehydrated, and 

methanol-absorbed phases, illustrating the distinct color changes associated with each structural 

transformation driven by solvent identity. 

Waals interactions between the methyl group and the pore scaffold.58, 59 Consistent with this 

interpretation, TGA of the methanol-absorbed crystals (Figure S11) reveals a gradual mass loss 

extending to 170 ºC, rather than a sharp, low-temperature dehydration previously observed. The 

elevated onset temperature and broadened mass-loss profile indicate multiple interaction strengths 

and diffusion-limited solvent removal from the pores, confirming that methanol is stabilized within 

the framework. 58 XPS performed on methanol-absorbed crystals stored under ambient conditions 

for two months (Figure S10) reveals partial surface oxidation to Cu(II), consistent with the known 

susceptibility of Cu(I) surfaces to prolonged air exposure. The bulk framework structure remains 

unaffected over this period, as confirmed by scXRD (Table S3). 

Methanol inclusion triggers a further solvent-induced transformation within the same 

single-crystal to single-crystal framework flexibility observed during dehydration, but with a 

different structural outcome (Table S19). Methanol uptake drives a symmetry-breaking 

transformation from the centrosymmetric dehydrated phase to a non-centrosymmetric structure. 
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This reduction in symmetry is consistent with ordered and directional incorporation of methanol 

within the pores, in contrast to the more disordered interactions of water. The progression of space 

groups across the series (P1̅  P2/c  Pc), identifies the dehydrated phase as a crystallographic 

branching point, from which solvent identity dictates access to two distinct lower-symmetry 

arrangements with different properties. 

Conclusion 

We report a hybrid copper phosphate framework, Cu4(4,4’-bipy)4(H2PO4)4•6H2O, that 

undergoes solvent-driven structural transformations coupled to distinct optical responses. The as-

synthesized material features undercoordinated Cu(I) centers bonded to 4,4’-bipyridine and 

phosphate ligands, forming a porous 3D architecture stabilized by π–π stacking and hydrogen 

bonding. Controlled dehydration induces a reversible yellow-to-red thermochromic response, 

which temperature-dependent X-ray diffraction and UV-Vis spectroscopy correlate to a transition 

in copper coordination geometry that modulates the metal-to-ligand charge transfer band. Removal 

of pore solvent triggers a symmetry-increasing single-crystal-to-single-crystal transformation into 

a high-symmetry framework with distorted tetrahedral Cu(I) centers. In contrast, methanol 

inclusion drives a symmetry-breaking transformation to a non-centrosymmetric phase, 

accompanied by a progressive color change to cyan and stabilization of trigonal planar Cu(I) 

centers. Together, the three-stage evolution of the hydrated, dehydrated, and methanol-absorbed 

phases illustrates the central role of solvent identity in directing framework symmetry, local 

coordination geometry, and optical response. Hydration templates a low-symmetry structure with 

multiple Cu coordination environments, dehydration reveals a higher-symmetry phase with 

distorted tetrahedral Cu(I) sites, and methanol inclusion drives a symmetry-breaking 

transformation that stabilizes trigonal planar Cu(I) centers. These solvent-dependent coordination 
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changes directly govern observed optical behavior and establish solvent identity as a key parameter 

in controlling crystallographic symmetry and electronic structure in hybrid phosphate frameworks.  

Conflict of interest 

There are no conflicts of interest to declare. 

Data availability 

Supplementary Information (SI): includes synthesis & experimental details, crystallographic 

summary information, additional materials characterization data (PDF) 

Video S1: sample heating to 170ºC (mp4) 

Video S2: sample cooling from 170ºC (mp4) 

Accession codes 

CCDC numbers 2496744, 2496747, and 2539939 contain crystallographic data for this paper. 

These data can be obtained free of charge via www.ccdc.cam.ac.uk/data_request/cif. 

 

AUTHOR INFORMATION 

Corresponding Author 

*Julie L. Fenton – Department of Chemistry, The Pennsylvania State University, University Park, 

Pennsylvania 16802, United States; orcid.org/0000-0002-6485-0405; Email: fenton@psu.edu 

Authors 

Page 24 of 36CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/2
6/

20
26

 8
:4

9:
20

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6CE00295A

http://www.ccdc.cam.ac.uk/data_request/cif
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ce00295a


Isis P. Carmona-Sepúlveda – Department of Chemistry, The Pennsylvania State University, 

University Park, Pennsylvania 16802, United States; orcid.org/0000-0001-6038-5625 

Adelaide R. Kerenick – Department of Chemistry, The Pennsylvania State University, University 

Park, Pennsylvania 16802, United States; orcid.org/0009-0006-5274-7212 

Author Contributions 

I.P.C.S. and J.L.F. planned the experiments and analyzed the data. I.P.C.S. conducted synthesis and 

structural characterization of all samples. I.P.C.S. and A.R.K. conducted methanol uptake 

experiments. A.R.K. conducted surface area analysis. I.P.C.S. and J.L.F. wrote the manuscript. All 

authors have given approval to the final version of the manuscript. 

Acknowledgments 

This research was supported by the Eberly College of Science and the Department of Chemistry 

at Penn State. I.P.C.S. acknowledges support from the National Science Foundation Graduate 

Research Fellowship through grant DGE-1255832. Scanning electron microscopy, UV-Vis 

spectroscopy, variable-temperature pXRD, X-ray photoelectron spectroscopy, and 

thermogravimetric analysis were conducted at the Materials Characterization Lab of the Materials 

Research Institute at Penn State. Single crystal X-ray diffraction was conducted at the Small 

Molecule X-ray Crystallography Facility of the Huck Institute of Life Sciences at Penn State, with 

instrumentation supported by National Institutes of Health through grants 1S10-OD028589-01 and 

1S10-RR023439-01. The authors thank Dr. Hemant Yennawar, Dr. Jeff Shallenberger, Dr. Jordan 

Meyet, and Dr. Nichole Wonderling for their assistance with scXRD data analysis, XPS data 

collection and analysis, UV-Vis spectroscopy, and variable-temperature pXRD data collection, 

Page 25 of 36 CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/2
6/

20
26

 8
:4

9:
20

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6CE00295A

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ce00295a


respectively. The authors thank Pedro R. Trinidad-Pérez and Dr. Daniel Chica for helpful 

discussions. 

 

REFERENCES 

(1) Yan, D.; Wang, Z.; Zhang, Z. Stimuli-Responsive Crystalline Smart Materials: From 

Rational Design and Fabrication to Applications. Acc. Chem. Res. 2022, 55 (7), 1047–1058. 

https://doi.org/10.1021/acs.accounts.2c00027. 

(2) Josey, R. F.; Fenton, J. L. Variable Mechanical Properties in Layered Copper Bromide 

Hybrid Solids Based on Configuration of Organic Cations. Inorg. Chem. 2024, 63 (13), 6026–

6032. https://doi.org/10.1021/acs.inorgchem.4c00233. 

(3) Muñoz, J. Rational Design of Stimuli-Responsive Inorganic 2D Materials via Molecular 

Engineering: Toward Molecule-Programmable Nanoelectronics. Adv. Mater. 2024, 36 (8), 

2305546. https://doi.org/10.1002/adma.202305546. 

(4) Jiang, F.; Yu, K.; Kieffer, R.; de Jong, D.; Parker, R. M.; Vignolini, S.; Aubin-Tam, M.-E. 

Thermochromic Hydrogel with High Transmittance Modulation and Fast Response for Flexible 

Smart Windows. Commun. Mater. 2025, 6 (1), 239. https://doi.org/10.1038/s43246-025-00956-3. 

(5) Day, J. H. Thermochromism of inorganic compounds. Chem. Rev. 1968, 68 (6), 649-657. 

(6) Brown, C. M.; Carta, V.; Wolf, M. O. Thermochromic Solid-State Emission of Dipyridyl 

Sulfoxide Cu(I) Complexes. Chem. Mater. 2018, 30 (16), 5786–5795. 

https://doi.org/10.1021/acs.chemmater.8b02821. 

Page 26 of 36CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/2
6/

20
26

 8
:4

9:
20

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6CE00295A

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ce00295a


(7) Wei, M.; Gao, Y.; Li, X.; Serpe, M. J. Stimuli-Responsive Polymers and Their 

Applications. Polymer Chemistry. 2017, 8, 127–143. https://doi.org/10.1039/c6py01585a. 

(8) Coudert, F. X. Responsive Metal-Organic Frameworks and Framework Materials: Under 

Pressure, Taking the Heat, in the Spotlight, with Friends. Chemistry of Materials.  2015, 27 (6), 

1905–1916. https://doi.org/10.1021/acs.chemmater.5b00046. 

(9) Jiang, C.; He, L.; Xuan, Q.; Liao, Y.; Dai, J. G.; Lei, D. Phase-Change VO2-Based 

Thermochromic Smart Windows. Light: Sci. Appl. 2024, 13, 255. https://doi.org/10.1038/s41377-

024-01560-9. 

(10) Zuo, K.; Yu, R.; Bao, W.; Shao, S.; Cao, Q. L.; Du, H.; Tian, L.; Zhao, J. J.; Chen, L. Z. A 

Stable and Sensitive Organic-Inorganic Hybrid Reversible Thermochromic Material: [1-(2-

Fluoroethyl)Piperazine]2[CuCl4]. Cryst. Eng. Comm. 2025, 27 (27), 4707–4712. 

https://doi.org/10.1039/d5ce00330j. 

(11) Pan, X.; Zhai, L.; Zhang, J.; Ren, X. Thermotropic Structure Phase Transitions and Two 

Types of Thermochromic Behaviors in a Bromoargentate Cluster [Pr-Dabco]2Ag4Br6. Inorg. 

Chem. 2024, 63 (5), 2640–2646. https://doi.org/10.1021/acs.inorgchem.3c03933. 

(12) Wang, H.; Lu, Y.; Wang, J.; Qi, T.; Tian, X.; Yang, C.; Huang, Y.; Wang, M.; Zhang, B.; 

Qu, Z.; Zhou, W.; Sun, F.; Gao, J.; Zhao, G. Hydrated Ionic Polymer for Thermochromic Smart 

Windows in Buildings. Nat. Comm. 2025, 16 (1). https://doi.org/10.1038/s41467-025-61776-0. 

(13) Shiraishi, Y.; Itoh, M.; Hirai, T. Thermal Isomerization of Spiropyran to Merocyanine in 

Aqueous Media and Its Application to Colorimetric Temperature Indication. Phys. Chem. Chem. 

Phys. 2010, 12 (41), 13737–13745. https://doi.org/10.1039/c0cp00140f. 

Page 27 of 36 CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/2
6/

20
26

 8
:4

9:
20

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6CE00295A

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ce00295a


(14) Chigari, S. S.; C. C., V.; Bonageri, G.; Jiménez-Pérez, V. M.; Nayaka Yanjerappa, A.; S., 

R. Reversible Thermochromism in Lead-Free 2D Copper-Based Perovskites for Smart Solar 

Applications. ACS Appl. Opt. Mater. 2025, 3 (8), 1777–1799. 

https://doi.org/10.1021/acsaom.5c00199. 

(15) Li, J.; Zhang, Z. X.; Zhang, T.; Huang, P. Z.; Shao, T.; Zhang, Y.; Fu, D. W. Switchable 

Dielectric Two-Dimensional Lead-Free Perovskite with Reversible Thermochromic Response. J. 

Phys. Chem. C 2022, 126 (38), 16437–16446. https://doi.org/10.1021/acs.jpcc.2c04707. 

(16) Zhou, J.; Gao, Y.; Zhang, Z.; Luo, H.; Cao, C.; Chen, Z.; Dai, L.; Liu, X. VO 2 

Thermochromic Smart Window for Energy Savings and Generation. Sci. Rep. 2013, 3. 

https://doi.org/10.1038/srep03029. 

(17) Zhang, S.; Zhang, S.; Yin, N.; Huang, Z.; Xu, W.; Yue, K.; Li, X.; Li, D. Exploring 

Reversible Thermochromic Behavior in a Rare Ni(II)-MOF System. ACS Appl. Mater. Interfaces 

2021, 13 (5), 6430–6441. https://doi.org/10.1021/acsami.0c21116. 

(18) Kronstein, M.; Kriechbaum, K.; Akbarzadeh, J.; Peterlik, H.; Neouze, M. A. Irreversible 

Thermochromism in Copper Chloride Imidazolium Nanoparticle Networks. Physical Chemistry 

Chemical Physics 2013, 15 (30), 12717–12723. https://doi.org/10.1039/c3cp50430a. 

(19) Siddiqui, S. A.; Domanov, O.; Schafler, E.; Vejpravova, J.; Shiozawa, H. Synthesis and 

Size-Dependent Spin Crossover of Coordination Polymer [Fe(Htrz)2(Trz)](BF4). J. Mater. Chem. 

C 2021, 9 (3), 1077–1084. https://doi.org/10.1039/d0tc03878d. 

(20) Rosales, B. A.; Mundt, L. E.; Allen, T. G.; Moore, D. T.; Prince, K. J.; Wolden, C. A.; 

Rumbles, G.; Schelhas, L. T.; Wheeler, L. M. Reversible Multicolor Chromism in Layered 

Page 28 of 36CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/2
6/

20
26

 8
:4

9:
20

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6CE00295A

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ce00295a


Formamidinium Metal Halide Perovskites. Nat. Commun. 2020, 11 (1). 

https://doi.org/10.1038/s41467-020-19009-z. 

(21) Liu, Y.; Lv, W.; Feng, J.; Tian, J.; Wang, P.; Xu, L.; Long, Y.; Yao, L. Emerging 

Thermochromic Perovskite Materials: Insights into Fundamentals, Recent Advances and 

Applications. Adv. Funct. Mater. 2024, 34, 2402234. https://doi.org/10.1002/adfm.202402234. 

(22) Getzner, L.; Paliwoda, D.; Vendier, L.; Lawson-Daku, L. M.; Rotaru, A.; Molnár, G.; Cobo, 

S.; Bousseksou, A. Combining Electron Transfer, Spin Crossover, and Redox Properties in Metal-

Organic Frameworks. Nat. Commun. 2024, 15 (1). https://doi.org/10.1038/s41467-024-51385-8. 

(23) Wu, H.; Chua, Y. S.; Krungleviciute, V.; Tyagi, M.; Chen, P.; Yildirim, T.; Zhou, W. 

Unusual and Highly Tunable Missing-Linker Defects in Zirconium Metal-Organic Framework 

UiO-66 and Their Important Effects on Gas Adsorption. J. Am. Chem. Soc. 2013, 135 (28), 10525–

10532. https://doi.org/10.1021/ja404514r. 

(24) Sánchez-Férez, F.; Calvet, T.; Font-Bardia, M.; Pons, J. Cu(II) Coordination Polymers with 

4,4′-Bipyridine. Synthesis and Crystal Structures. J. Mol. Struct. 2021, 1235. 

https://doi.org/10.1016/j.molstruc.2021.130219. 

(25) Wang, X. Y.; Scancella, M.; Sevov, S. C. Studies of the Mechanism of a Single-Crystal-to-

Single-Crystal Reversible Dehydration of a Copper Carboxylate Framework. Chem. Mater. 2007, 

19 (18), 4506–4513. https://doi.org/10.1021/cm071005z. 

(26) Hulushe, S. T.; Watkins, G. M.; Khanye, S. D. Enhanced Catalytic Activity of a Copper(II) 

Metal-Organic Framework Constructed via Semireversible Single-Crystal-to-Single-Crystal 

Dehydration. ACS Omega 2023. https://doi.org/10.1021/acsomega.3c05999. 

Page 29 of 36 CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/2
6/

20
26

 8
:4

9:
20

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6CE00295A

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ce00295a


(27) Bartoszewicz, R.; Zienkiewicz, J. A.; Hartati, S.; Arramel, A.; Kopaczek, J.; Birowosuto, 

M. D.; Kudrawiec, R. Thermochromism versus Piezochromism in (PMA)2CuX4 (X = Br, Cl) 

Halide Perovskites. J. Mater. Chem. C 2025, 13 (33), 16929–16936. 

https://doi.org/10.1039/d5tc02326b. 

(28) Ramos-Garcés, M. V.; González-Villegas, J.; López-Cubero, A.; Colón, J. L. New 

Applications of Zirconium Phosphate Nanomaterials. Acc. Mater. Res. 2021, 2 (9), 793–803. 

https://doi.org/10.1021/accountsmr.1c00102. 

(29) Matsuda, A.; Tateno, H.; Kamata, K.; Hara, M. Iron Phosphate Nanoparticle Catalyst for 

Direct Oxidation of Methane into Formaldehyde: Effect of Surface Redox and Acid-Base 

Properties. Catal. Sci. Technol. 2021, 11 (21), 6987–6998. https://doi.org/10.1039/d1cy01265g. 

(30) Zhang, K. M.; He, F. Y.; Duan, H. B.; Zhao, H. R. An Alkali Metal Ion-Exchanged Metal-

Phosphate (C 2 H 10 N 2 ) x Na 1-x [Mn 2 (PO 4 ) 2 ] with High Proton Conductivity of 10 -2 

S·cm -1. Inorg. Chem. 2019, 58 (10), 6639–6646. https://doi.org/10.1021/acs.inorgchem.8b03278. 

(31) Yu, Y.; Li, X.; Krishna, R.; Liu, Y.; Cui, Y.; Du, J.; Liang, Z.; Song, X.; Yu, J. Enhancing 

CO 2 Adsorption and Separation Properties of Aluminophosphate Zeolites by Isomorphous 

Heteroatom Substitutions. ACS Appl. Mater. Interfaces 2018, 10 (50), 43570–43577. 

https://doi.org/10.1021/acsami.8b11235. 

(32) Malik, R.; Abdellahi, A.; Ceder, G. A Critical Review of the Li Insertion Mechanisms in 

LiFePO 4 Electrodes. J. Electrochem. Soc. 2013, 160 (5), A3179–A3197. 

https://doi.org/10.1149/2.029305jes. 

Page 30 of 36CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/2
6/

20
26

 8
:4

9:
20

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6CE00295A

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ce00295a


(33) Neeraj, S.; Forster, P. M.; Rao, C. N. R.; Cheetham, A. K. A New Route for the Synthesis 

of Open-Framework Metal Phosphates Using Organophosphates. Cheml Comm. 2001, 1 (24), 

2716–2717. https://doi.org/10.1039/b107898b. 

(34) Natarajan, S.; Neeraj, S.; Choudhury, A.; Rao, C. N. R. Three-Dimensional Open-

Framework Cobalt(II) Phosphates by Novel Routes. Inorg. Chem. 2000, 39 (7), 1426–1433. 

https://doi.org/10.1021/ic991223x. 

(35) Wu, J.; Yan, Y.; Liu, B.; Wang, X.; Li, J.; Yu, J. Multifunctional Open-Framework Zinc 

Phosphate ‖C12H14N2‖[Zn6(PO4)4(HPO4)(H2O)2]: Photochromic, Photoelectric and 

Fluorescent Properties. Chem. Comm. 2013, 49 (44), 4995–4997. 

https://doi.org/10.1039/c3cc40936h. 

(36) Murugavel, R.; Shanmugan, S. Assembling Metal Phosphonates in the Presence of 

Monodentate-Terminal and Bidentate-Bridging Pyridine Ligands. Use of Non-Covalent and 

Covalent-Coordinate Interactions to Build Polymeric Metal-Phosphonate Architectures. Dalton 

Trans. 2008, 39, 5358–5367. https://doi.org/10.1039/b805848b. 

(37) Jin, K.; Park, N.; Ahn, Y.; Seo, D.; Moon, D.; Sung, J.; Park, J. Solvent-Induced 

Transformation in a One-Dimensional Coordination Polymer. Nanoscale 2024, 16,4571–4577. 

https://doi.org/10.1039/D4NR00265B. 

(38) Evariste, S.; Khalil, A. M.; Kerneis, S.; Xu, C.; Calvez, G.; Costuas, K.; Lescop, C. 

Luminescent Vapochromic Single Crystal-to-Single Crystal Transition in One-Dimensional 

Coordination Polymer Featuring the First Cu(I) Dimer Bridged by an Aqua Ligand. Inorg. Chem. 

Front. 2020, 7, 3402–3411. https://doi.org/10.1039/D0QI00691B. 

Page 31 of 36 CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/2
6/

20
26

 8
:4

9:
20

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6CE00295A

https://doi.org/10.1039/b805848b
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ce00295a


(39) Xie, Y.; Bai, Y.; Shen, R.; Zhu, D. Dramatic Structural Upheavals of 3D Lanthanide-

Organic Frameworks Triggered by Moisture-Induced Single-Crystal-to-Single-Crystal 

Transformation. Inorg. Chem. 2026, 65 (18), 10316–10324. 

https://doi.org/10.1021/acs.inorgchem.6c00987. 

(40) Nguyen, T. T.; Tran, H. Van; Nguyen, L. H.; Nguyen, H. M.; Phan, T. B.; Nguyen-The, T.; 

Kawazoe, Y. Impact of Ligand Fields on Kubas Interaction of Open Copper Sites in MOFs with 

Hydrogen Molecules: An Electronic Structural Insight. RSC Adv. 2024, 14 (36), 26611–26624. 

https://doi.org/10.1039/d4ra03946g. 

(41) Yang, L.; Powell, D. R.; Houser, R. P. Structural Variation in Copper(i) Complexes with 

Pyridylmethylamide Ligands: Structural Analysis with a New Four-Coordinate Geometry Index, 

Τ4. Journal of the Chemical Society. Dalton Transactions 2007, No. 9, 955–964. 

https://doi.org/10.1039/b617136b. 

(42) Zhan, Z.; Sun, W.; Zhang, Z.; Xiong, X.; Xu, Y.; Zeng, Y.; Yin, J. Properties of -O-Cu-O- 

Bridged Copper Phosphate-Based Thermal Insulation Materials. ACS Omega 2019, 4 (22), 19969–

19976. https://doi.org/10.1021/acsomega.9b02914. 

(43) Manna, S. C.; Zangrando, E.; Ribas, J.; Chaudhuri, N. R. Synthesis, Crystal Structure and 

Magnetic Properties of a One-Dimensional Copper(II) Coordination Polymer with End-to-End 

Azide Bridges. Polyhedron 2006, 25, 1607–1612. https://doi.org/10.1016/j.poly.2006.01.025. 

(44) Hölzel, T.; Belyaev, A.; Terzi, M.; Stenzel, L.; Gernert, M.; Marian, C. M.; Steffen, A.; 

Ganter, C. Linear Carbene Pyridine Copper Complexes with Sterically Demanding N,N′-

Bis(trityl)imidazolylidene: Syntheses, Molecular Structures, and Photophysical Properties. Inorg. 

Chem. 2021, 60, 18529–18543. https://doi.org/10.1021/acs.inorgchem.1c03082.  

Page 32 of 36CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/2
6/

20
26

 8
:4

9:
20

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6CE00295A

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ce00295a


(45) Sorrell, T. N.; Malachowski, M. R. Mononuclear Three-Coordinate Copper(I) Complexes: 

Synthesis, Structure, and Reaction with Carbon Monoxide. Inorg. Chem. 1983, 22, 1883–1887. 

https://doi.org/10.1021/ic00155a012.  

(46) Zhao, Y.; Nakae, T.; Segawa, K.; Yoshida, M.; Kato, M.; Omoto, K.; Ito, S.; Yamada, T.; 

Yamanoi, Y. Structural and Photophysical Differences in Crystalline Trigonal Planar Copper 

Iodide Complexes with 1,2-Bis(methylpyridin-2-yl)disilane Ligands. Inorg. Chem. 2024, 63, 

22361–22371. https://doi.org/10.1021/acs.inorgchem.4c02758. 

(47) Carvajal, M. A.; Novoa, J. J.; Alvarez, S. Choice of Coordination Number in D10 

Complexes of Group 11 Metals. J. Am. Chem. Soc. 2004, 126 (5), 1465–1477. 

https://doi.org/10.1021/ja038416a. 

(48) Janiak, C. A Critical Account on N-n Stacking in Metal Complexes with Aromatic 

Nitrogen-Containing Ligands. Dalton Trans. 2000, No. 21, 3885–3896. 

https://doi.org/10.1039/b003010o. 

(49) Spek, A. L. PLATON SQUEEZE: A Tool for the Calculation of the Disordered Solvent 

Contribution to the Calculated Structure Factors. Acta. Crystallogr. C Struct. Chem. 2015, 71, 9–

18. https://doi.org/10.1107/S2053229614024929. 

(50) Weichenberger, C. X.; Afonine, P. V.; Kantardjieff, K.; Rupp, B. The Solvent Component 

of Macromolecular Crystals. Acta Crystallogr. D Biol. Crystallogr. 2015, 71, 1023–1038. 

https://doi.org/10.1107/S1399004715006045. 

(51) Linden, A. Obtaining the Best Results: Aspects of Data Collection, Model Finalization and 

Interpretation of Results in Small-Molecule Crystal-Structure Determination. Acta Crystallogr. E 

Crystallogr. Commun. 2020, 76, 765–775. https://doi.org/10.1107/S2056989020005368. 

Page 33 of 36 CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/2
6/

20
26

 8
:4

9:
20

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6CE00295A

https://doi.org/10.1107/S2056989020005368
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ce00295a


(52) Rath, D.; Rana, A.; Ghosh, K.; Sen, S.; Ghosh, S. Probing the Origin and Stability of 

Bivalency in Copper Based Porous Coordination Network and Its Application for H2S Gas 

Capture. Sci. Rep. 2022, 12, 15756. https://doi.org/10.1038/s41598-022-19808-y. 

(53) Scăețeanu,G.; Daniliuc,C.G.; Olar,R.; Badea,M. An Interesting Conversion Route of 

Mononuclear Zinc Complex to Zinc Mixed Carboxylate Coordination Polymer. Molecules 2023, 

28(5), 2011.https://doi.org/10.3390/molecules28052011. 

(54) LaDuca, R. L.; Rarig, R. S.; Zubieta, J. Hydrothermal Synthesis of Organic - Inorganic 

Hybrid Materials: Network Structures of the Bimetallic Oxides [M(Hdpa)2V4O12] (M = Co, Ni, 

Dpa = 4,4′-Dipyridylamine). Inorg. Chem. 2001, 40 (4), 607–612. 

https://doi.org/10.1021/ic000224i. 

(55) Moreno, Y.; Cárdenas, G.; Tissot, A.; Peña, O.; Pivan, J. Y.; Baggio, R. Structure and 

Magnetic Properties of the Hybrid System Copper(II) Μ2-2,2′-Bipyridine-3-Carboxylate-N,N′: O-

Μ2-Phosphate-O,O′. Inorg. Chem. 2008, 47 (7), 2334–2337. https://doi.org/10.1021/ic701137d. 

(56) He, Y-C; Yang, J.; Liu, Y-Y; Ma, J-F. Series of Solvent-Induced Single-Crystal to Single-

Crystal Transformations with Different Sizes of Solvent Molecules . Inorg. Chem. 2014, 53, 14, 

7527–7533. https://doi.org/10.1021/ic5008457.  

(57) Zhang, X.-F.; Yan, T.; Wang, T.; Feng, J.; Wang, Q.; Wang, X.; Du, L.; Zhao, Q.-H. Single-

Crystal-to-Single-Crystal (SCSC) Transformation and Dissolution–Recrystallization Structural 

Transformation (DRST) among Three New Copper(II) Coordination Polymers. CrystEngComm 

2018, 20, 570–577. https://doi.org/10.1039/C7CE01919J. 

Page 34 of 36CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/2
6/

20
26

 8
:4

9:
20

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6CE00295A

https://doi.org/10.1038/s41598-022-19808-y
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ce00295a


(58) Hoa, V. T. Density Functional Theory Insights into the Solvent Effect on the Binding Energies 

of Cd²⁺ in Functionalized MOFs. RSC Adv. 2025, 15, 46649–46663. 

https://doi.org/10.1039/D5RA08324A. 

(59) Qin, T.; Gong, J.; Ma, J.; Wang, X.; Wang, Y.; Xu, Y.; Shen, X.; Zhu, D. A 3D MOF Showing 

Unprecedented Solvent-Induced Single-Crystal-to-Single-Crystal Transformation and Excellent 

CO₂ Adsorption Selectivity at Room Temperature. Chem. Commun. 2014, 50, 15886–15889. 

https://doi.org/10.1039/C4CC06588C. 

 

Page 35 of 36 CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/2
6/

20
26

 8
:4

9:
20

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6CE00295A

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ce00295a


Data Availability Statement

The data supporting this article have been included as part of the Electronic Supplementary 
Information (ESI), which contains full experimental and synthetic details, crystallographic 
summary information, and additional characterization data. Video files showing sample heating 
to 170 °C (Video S1) and cooling from 170 °C (Video S2) are also provided. Crystallographic 
data for this study have been deposited with the Cambridge Crystallographic Data Centre 
(CCDC) under deposition numbers 2496744, 2496747, and 2539939, and can be obtained free of 
charge from the CCDC via https://www.ccdc.cam.ac.uk/data_request/cif/.
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