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A B S T R A C T   

The dehydration of the CPO-27-M (M-MOF-74, M = Zn, Co, Ni, Mg, Mn, Cu) metal-organic framework series has 
been investigated comprehensively using in situ variable temperature powder X-ray diffraction (VT-PXRD) and 
thermal analysis (TG) coupled with mass spectrometry (MS). Significant differences in the order of water 
desorption from different adsorption sites on heating are found with varying metal cation in the otherwise 
isostructural material. For all CPO-27-M (except M = Cu), water is bonded significantly more strongly to the 
accessible open metal sites, and these water molecules are only desorbed at higher temperatures than the other 
water molecules. CPO-27-Cu is an exception, where all water molecules desorb simultaneously and at much 
lower temperatures (below 340 K). MS and TG data show that all CPO-27-M start to release traces of CO2 already 
at 300–350 K, and thus long before bulk thermal decomposition is observed. Only for CPO-27-Co, the CO2 release 
is essentially constant on its baseline between 450 and 700 K, and it is the only CPO-27-M member that shows a 
stable plateau in the TG in this region. Additional rehydration studies on CPO-27-Co show that the MOF in
corporates any water molecules present until the pores are fully loaded. CPO-27-Co consequently behaves as an 
efficient trap for any water present.   

1. Introduction 

Metal-Organic Frameworks (MOFs) are coordination networks 
composed of metal moieties and organic ligands that (at least poten
tially) contain voids [1]. Due to their porous nature and exceptionally 
high surface areas this class of materials is particularly attractive for 
applications in catalysis, gas storage, separation processes and as po
tential sensor material [2–13]. It is of paramount importance for their 
applications to understand how MOFs behave upon dehydration and, in 
particular, whether they remain stable upon solvent removal [14–17]. In 
addition, several MOFs are currently investigated for water harvesting 
applications, and the understanding of the water stability and degra
dation mechanisms is vital for the development of next generation 
MOF-based water adsorbents [18–29]. 

There are different mechanisms for the removal of solvent molecules 
and avoiding the collapse of the structure [30]. In some cases excep
tionally large breathing has been identified [31–36], as well as more 

complex single-crystal-to-single-crystal transformations [37–42]. Other 
frameworks manage the solvent removal by the re-arrangement of the 
coordination environment of the metal, either by a change in coordi
nation number and/or geometry [43–46], or by the substitution of the 
former solvent molecule with a less volatile ligand [47]. It has also been 
found that the dehydration can occur despite the lack of clear transport 
channels, indicating that cooperative structural exchange and replace
ment occur for water to leave the structure [48]. 

In the case of the isostructural series CPO-27-M, also denoted 
M2(dhtp), M2(dobdc) (dhtp/dobdc = 2,5-dioxido-1,4-benzenedi
carboxylate C8H2O6

4− ) or M-MOF-74, where M = Co [49], Ni [50], Mg 
[51], Mn [52], Zn [53], Fe [54,55], and Cu [56], the framework is robust 
enough to accommodate an empty coordination site at the metal after 
desolvation [49,50,57,58]. The presence of non-occupied coordination 
sites (open metal sites) renders the materials extremely interesting for 
applications relying on interaction with guest molecules in the pore 
[59–70]. The dehydration processes of CPO-27-Co and Zn were 
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investigated previously by in situ variable temperature powder X-ray 
diffraction (VT-PXRD), shedding light on the dynamic structural 
changes occurring upon dehydration and showing distinct differences 
between the two compounds [58]. CPO-27-Fe has also been investigated 
previously, and it was found that the iron can actually undergo a change 
in oxidation state from +2 to +3 and back, corresponding to three 
different crystalline phases, as methanol from the pore is converted into 
formaldehyde during the desolvation experiment [54]. 

Herein, we present the first comprehensive study of the dynamic 
structural changes in the CPO-27 series upon dehydration, linking VT- 
PXRD (M = Ni, Mg, Cu and Mn) and TG-MS (M = Ni, Mg, Cu, Mn, Co 
and Zn) results. The results are also compared with the already available 
data for CPO-27-Co and-Zn [58]. The combination of VT-PXRD with 
thermal analysis and the monitoring of the composition of the evolved 
gas stream through the direct TG-MS coupling gives a unique insight into 
the dynamic changes these materials undergo during the dehydration 
process. 

The behavior of materials upon hydration is another key aspect for 
potential applications [71–73]. It has been reported that the gas uptake 
for CPO-27 deteriorates upon exposure to water vapor, and upon hy
dration the material has reduced gas uptake capacity [74–84]. 
CPO-27-Co has been reported to have sensitivity towards humid air 
[85], causing a surface blockage, completely preventing the adsorption 
of even small guest molecules. Interestingly, this could at least be 
partially reversed by contact with methanol. When the desolvated ma
terial was exposed to humid atmosphere, a discontinuous phase change 
was observed by powder X-ray diffraction. This observation was in stark 
contrast to the continuous phase transition observed during dehydration 
[58]. Clearly additional investigations of the rehydration behavior of the 
material are needed, and we therefore performed VT-PXRD experiments 
to shed more light onto the structural changes observed for CPO-27-Co 
upon rehydration. 

2. Experimental section 

All reagents and solvents were purchased from Sigma-Aldrich and 
used as received without further purification. The samples used for gas 
adsorption measurements were processed under inert conditions. Gases 
used for gas adsorption measurements were of 99.9995%, or higher, 
purity and were purchased from Yara Praxair. 

2.1. Instrumentation 

2.1.1. Thermal analysis (TG-MS) 
Simultaneous thermogravimetry and differential scanning calorim

etry with simultaneous monitoring of the evolved gases (TG-DSC-QMS) 
was performed using a Netzsch Jupiter STA 449 F1 (TGA-DSC), con
nected to a Netzsch Aëolos QMS 403 C quadrupole mass spectrometer. 
The temperature program ran from 303 to 873 K, with a heating rate of 2 
or 5 K min− 1 and an Ar gas flow of 50 mL min− 1. 

2.1.2. Gas sorption 
Nitrogen adsorption was carried out on a BELSORP-max instrument 

at 77 K to confirm the specific surface area and pore volume for CPO-27- 
Co used in the rehydration experiment. The sample was prepared under 
inert conditions and transferred to the sample cell in a glove box. Prior to 
the measurements, the samples were treated at 423 K for 24 h in a dy
namic vacuum. 

2.1.3. Variable temperature synchrotron powder X-ray diffraction (VT- 
PXRD) 

Samples were measured at the Swiss–Norwegian Beamlines (BM01) 
at the European Synchrotron Radiation Facility (ESRF) in Grenoble 
(France). A specially modified capillary sample holder was used for the 
variable temperature X-ray powder diffraction experiments [86]. The 
sample was fixated in a borosilicate glass capillary with the help of a 

small amount of glass wool. In a typical experiment, diffraction data was 
recorded while a slow flow of inert gas (He or Ar) was applied through 
the capillary and the sample was heated from room temperature with a 
heating rate of 2 K min− 1 below 473 K and of 5 K min− 1 above 473 K. 

2.1.4. X-ray diffraction of the hydration of CPO-27-Co 
A sample of CPO-27-Co was pre-treated in our home lab by heating 

the sample in a dynamic vacuum until it completely lost the guest water 
molecules; afterwards it was packed and transported in a sealed capil
lary. This capillary with the empty MOF was installed in the experi
mental setup at the beamline. The capillary was opened up and X-ray 
diffraction data was recorded at 298 K while an Ar stream, which was 
led through a Woulff’s bottle type steel apparatus to saturate it with 
water vapor, was led through the capillary containing the sample. 

2.1.5. X-ray data analysis 
Full pattern matching and Rietveld refinements of the powder 

diffraction patterns were performed using TOPAS 4.2 [87]. Crystal 
structures of CPO-27-M samples fully loaded with water molecules at 
room temperature (as-synthesized samples) were solved by simulated 
annealing and subsequently refined using the Rietveld method. A Che
byshev function of 6 terms was used to fit the background and a broad 
Pseudo-Voigt peak was used to account for the contribution of the 
capillary to the background. 14 soft distance restraints and 20 angle 
restrains were applied to maintain the connectivity of the atoms of the 2, 
5-dioxido-1,4-benzenedicarboxylate linker. Anisotropic displacement 
parameters were defined for all metal atoms, except copper. Isotropic 
displacement parameters were used for all other atoms in the structure. 
The resulting crystal structures of the fully hydrated CPO-27-M mate
rials (M = Mg, Mn, Co, Ni, and Zn) were used as starting models for 
sequential Rietveld refinements [88] performed across the whole tem
perature range, where the site occupancy factors of the oxygen atoms 
representing the water molecules were permitted to refine (with a 
maximum upper limit at 1). The water molecules were allowed to move 
freely in the whole temperature range. An anti-bump restraint, as 
implemented in TOPAS, was used to prevent the oxygen atoms of the 
water molecules from approaching closer than 1.5 Å during the 
sequential Rietveld refinements. A different approach was implemented 
with the dehydration experiment of CPO-27-Cu and the hydration 
experiment of CPO-27-Co, because both samples show a phase mixture 
at some point of the experiment. In these two cases the starting points of 
the sequential Rietveld refinements were in the middle of the phase 
mixture (scan 3959 for CPO-27-Co and 314.8 K for CPO-27-Cu). Two 
different sequential refinements were then implemented proceeding in 
both directions of data from the starting point. 

2.2. Synthesis 

The members of the CPO-27 family with different cations were 
synthesized according to established procedures: CPO-27-Cu [89], 
CPO-27-Ni [90], CPO-27-Mg [51], CPO-27-Mn [89], CPO-27-Co [49], 
CPO-27-Zn [58]. After synthesis, the materials were filtered open to 
atmosphere and washed with water to replace the solvent from the 
synthesis with water. All samples were air-dried before being analyzed 
by TG-MS and VT-PXRD to study the stability of the sample and the 
behavior upon dehydration. 

CPO-27-Co for the hydration experiment was synthesized according 
to literature procedure [49]. The material was filtered in an inert at
mosphere, washed with water and subsequently immersed in methanol 
for 3 × 30 min to replace all solvent molecules, before being dried at 
423 K in dynamic vacuum. The textural properties from the synthesis 
result in BET specific surface area of 1286 m2 g− 1, and total pore volume 
(at p/p0 = 0.500) of 0.48 cm3 g− 1. 
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3. Results and discussion 

VT-PXRD experiments were carried out to better understand the 
behavior of CPO-27-M upon dehydration for M = Ni, Mg, Cu and Mn. 
The corresponding results for M = Co and Zn have been published 
previously by us [58]. Complementary information on the behavior 
upon dehydration was obtained by performing TG-DSC-MS analysis for 
M = Ni, Mg, Cu, Mn, Co and Zn. We first present the details for each of 
the members of the series individually before we compare the results 
and present the investigation of the hydration process for CPO-27-Co. 

3.1. Dehydration of CPO-27-Mg 

The crystal structure determination of the data collected at room 
temperature shows that the water molecules occupy five different sites 
inside the CPO-27-Mg cavities (Fig. 1), in accordance with the previ
ously reported structure [51]. In addition to the water molecule coor
dinated to the metal cation (O4), there are four crystallographically 
independent (crystal) water molecules in the structure. Two of these (O5 
and O7) have a short O–O distances to O4 (O4⋯O5 is ~2.6 Å, O4⋯O5 is 
~3 Å in CPO-27-Mg) that indicates they are hydrogen bonded to the 
coordinated water. The other two (O6 and O8) have short contacts to 
O5, O7 and between each other. 

VT-PXRD indicates good crystallinity of CPO-27-Mg (Fig. 2a) until 
770 K, then decomposition starts. There is no change in the crystalline 
phase below 823 K, indicating that the dehydration of CPO-27-Mg is a 
second order process. Only small and smooth changes of reflection po
sitions are observed in the CPO-27-Mg stability range. The most 
noticeable changes in peak intensity occur between room temperature 
and 373 K, i.e. in the temperature range where one expects the water to 
desorb from the pores. 

When studying the evolution in occupancy of the water molecules, 
three different groups can be distinguished (Fig. 2b). The first group 
corresponds to the water molecules O6 and O8, which mostly leave the 
framework below 320 K. The second group corresponds to the water 
molecules O5 and O7, which are hydrogen bonded to the coordinated 
water (O4) and begin to desorb slightly above 320 K. For both groups, 
the occupancy of the water molecules is negligible at 350 K. The third 
group, which consists of the coordinated water molecule (O4), is unaf
fected until 350 K. Above 350 K the occupancy of this water molecule 
begins to decrease slowly and smoothly until the dehydration is nearly 
complete at 460 K. 

The observed variation in unit cell parameters is related to the water 

content. Between 293 and 350 K, in accordance with the loss of the non- 
coordinated water molecules, the a parameter decreases, except for a 
small kink at 323 K. Meanwhile, the c axis follows a different tendency; 
it remains constant between 293 and 323 K and increases between 323 K 
and 353 K (Fig. 2c). At higher temperatures between 353 and 463 K, the 
a parameter increases and the c axis decreases smoothly, in coincidence 
with the loss of the coordinated water molecule (O4). Finally, above this 
temperature, when no water molecules are found inside the cavity, the 
cell parameters remain roughly constant until the final decomposition of 
the material. There is a significant intensity drop of the peak intensities 
at 620 K, which indicates the onset of the final decomposition. 

When comparing with the previously reported PXRD experiments 
monitoring the dehydration of CPO-27-Mg [51], we observe that the 
temperature range where the material appears stable is higher herein, 
which we ascribe to kinetic effects due to the significantly higher 
heating rate in this experiment (5 K min− 1 above 473 K) than in the 
previous experiments (6 and 16 K h− 1). 

From the MS traces recorded simultaneously during the TG-DSC 
measurements of CPO-27-Mg (Fig. 2d), it is apparent that H2O evolves 
immediately. The shape of the initial water signal (m/z = 18) for CPO- 
27-Mg is broad with a clear tail from 420 to 650 K. This is also re
flected in the TG and DSC traces. There is a fairly stable plateau observed 
in the TG trace from about 550 to 880 K, with only a minor gradual 
decline. This coincides with the MS trace for m/z = 44 signal (CO2) that 
increases (almost imperceptibly) already from 330 K and more notice
ably from 500 K. The signal becomes much more intense from 750 K, 
with a final maximum centered between 850 and 1000 K, which we 
interpret as evolution of CO2 from the thermal decomposition of the 
framework (see Fig. S1). Two independent endothermic peaks are 
observed in the DSC trace at approx. 800 K and 900–1000 K. Mass loss 
assigned to the final decomposition of the material commences at 850 K 
in the TG trace, coinciding with the intense m/z = 44 signal between 850 
and 1000 K. 

3.2. Dehydration of CPO-27-Ni 

VT-PXRD shows good crystallinity of CPO-27-Ni (Fig. 3a) in the 
range of temperatures measured (293–473 K). Only small and smooth 
changes of reflection positions are observed, mainly in the temperature 
range between 343 and 373 K. The most noticeable changes in peak 
intensity occur between room temperature and 373 K. The evolution in 
occupancy of the water molecules for CPO-27-Ni shows a similar trend 
to that observed for CPO-27-Mg, where three different groups can be 
distinguished. The water molecules O6 and O8 leave the framework at 
temperatures below 340 K and O5 and O7 below 373 K (Fig. 3b). The 
occupancy of the coordinated water molecule (O4) is stable up to 365 K, 
at which the occupancy begins to decrease slowly. 

The variation in unit cell parameters of CPO-27-Ni (Fig. 3c) show 
that between 293 and 370 K the a parameter decreases, which co
incidences with the loss of the non-coordinated water molecules. The a 
parameter reverses the trend of its direction and shows a small 
maximum between 330 and 340 K, then a sharp decrease is observed 
until 370 K, above which its value declines more slowly. The c parameter 
shows a gentle increase from 293 to 340 K, followed by a much steeper 
increase from 340 to 375 K. Above 370 K, the c parameter decreases in 
parallel with the a parameter, in coincidence with the loss of the coor
dinated water molecule (O4). 

The experimental setup used for this measurement at the synchro
tron facility did not allow temperatures above 473 K. An additional set 
of data covering the full temperature range including the decomposition 
of the MOF was collected later, and the results from the Rietveld analysis 
are reported in the SI as an indication of the expected evolution (Figs. S2 
and S3). It confirms the trends for the changes in lattice parameter and 
site occupancy factors discussed above. However, there is an unexpected 
shift to higher temperatures for these changes. We think this is caused by 
too much sample packed in the capillary, which means water that is 

Fig. 1. Excerpt of the crystal structure of CPO-27-Mg, showing one channel 
with all water molecules present. Short O–O distances below 3 Å are identified 
by dashed lines. The connectivity is also representative for the other members 
of the series. 
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desorbed from the sample material positioned upstream (outside the 
heating zone) affects the gas phase concentration of water and the 
equilibrium between adsorption and desorption in the material in the 
beam. The processes then happen at higher temperature than they 
would if the inert gas stream was completely dry, e.g.in the MS signal 
assigned to evolution the coordinated water molecule remains coordi
nated until 573 K in this experiment instead of desorbing earlier and at 
in the MS signal assigned to evolutionmore realistic lower temperatures. 

TG-DSC-MS traces for CPO-27-Ni were recorded in both air and 
inert atmosphere, with thermal decomposition starting at much lower 
temperatures in air (around 450 K) than in Ar (about 600 K) (Fig. 2d). 
For the inert TG-DSC-MS run, H2O is evolved immediately when the 
heating program has started (Fig. 3d). The initial MS trace for the m/z =
18 signal shows a broad maximum, with a clear shoulder from 420 to 
550 K (see Fig. S4 for further details). This coincides with weight loss in 
the TG trace and an endothermic peak in the DSC trace, as one expects 
for desolvation. The TG trace shows a semi-stable plateau from 485 to 
600 K, with a small gradual decline which is mirrored by a gradual in
crease in the MS signal assigned to evolution of CO2 (m/z = 44) from 
about 350 K. This indicates that decomposition of the material might 
have commenced with a slow rate. Above 550 K the CO2 trace increases 
more rapidly, with a local maximum at 620 K before the main maximum 
at 720 K. This corresponds well with the decomposition of the material, 
starting just above 600 K according to the TG trace and the corre
sponding endothermic maximum in the DSC trace, which is in line with 
previously reported values [50]. 

3.3. Dehydration of CPO-27-Mn 

VT-PXRD attests to the good crystallinity of CPO-27-Mn (Fig. 4a). A 
sharp change in some reflection positions and intensities is observed 
between 320 and 340 K, followed by the most significant changes in 
peak intensities just below 350 K. Afterwards, the intensities remain 

fairly unchanged up to about 515 K, followed by a significant decrease 
between 500 and 550 K. The intensities then decrease more slowly in the 
range from 550 to 720 K, followed by a second sharp reduction until all 
reflections belonging to CPO-27-Mn have disappeared and reflections 
corresponding to manganese oxide appear as result of the final decom
position of the MOF. The observed variation in peak intensities and unit 
cell parameters is related to the water content (Fig. 4b). Between 293 
and 350 K, in coincidence with the loss of the non-coordinated water 
molecules, the a parameter decreases and the c parameter increases. 
Between 350 and 390 K, there is a slight decrease in the c parameter, 
corresponding with the loss of the coordinated water molecule (O4). 
Above 350 K for the a parameter and above 390 K for the c parameter, 
the cell parameters remain roughly constant, when almost all of the 
water molecules have left the pore. At 530 K the values become slightly 
less stable, especially for the c parameter, where also the FWHM starts to 
increase, probably because the average crystallite size decreases 
(Fig. S6). This coincides with the intensity plot for the (110) reflection, 
suggesting that the structure starts to partly decompose at approx. 520 
K, followed by the final decomposition of the sample around 700 K 
(Fig. S7). Also, the increase in the low-angle scattering intensity at about 
530 K shows that small particles or structures with large voids are being 
formed, which is in agreement with decomposition of the original MOF 
(Fig. S7). 

The TG-DSC-MS traces for CPO-27-Mn (Fig. 4d) indicate that H2O 
(m/z = 18) starts to evolve immediately, corresponding to the solvent 
loss in the weight signal, and mirrored by a much smaller maximum for 
CO2 (m/z = 44, Figs. S8 and S9). The shape of the initial MS maximum 
for m/z = 18 for CPO-27-Mn is broad, and only returns back to the base 
line by 550 K. For m/z = 44 the signal returns to the baseline by 475 K. 
There is an almost stable plateau in the TG and DSC traces from 450 to 
770 K. From 495 K there is a gradual increase in the MS trace for the m/z 
= 44 signal, indicating that decomposition of the material has 
commenced. The m/z = 44 signal levels out around 640 K, before an 

Fig. 2. CPO-27-Mg a) VT-PXRD data in Ar flow. b) Development of the site occupancy factor of the water molecules in the pore as the temperature is increased. c) 
Temperature dependence of lattice parameters and cell volume. d) Thermal analysis (TG trace: blue, DSC trace: red, MS traces for m/z = 44 and 18: black). (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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intense and sharp maximum appears in the range 750–860 K. This is in 
agreement with the sharp weight loss starting just above 780 K in the TG 
trace. This limit for the stability of CPO-27-Mn in the TG trace is slightly 
higher than observed by VT-PXRD. 

3.4. Dehydration of CPO-27-Cu 

It is well known that CPO-27-Cu shows a different adsorption 
behavior towards adsorptives such as hydrogen and carbon dioxide than 
the other members of the CPO-27 series [68,89]. Thus, it is of special 
interest to investigate how this translates into its behavior during 
dehydration. 

VT-PXRD shows good crystallinity of CPO-27-Cu until it decomposes 
above 520 K (Fig. S10). A sharp change in some reflection positions and 
intensities is observed around 313 K (Fig. 5a). Rietveld refinements of 
the powder diffraction data carried out at temperatures below and above 
313 K reveals that there are two phases present that correspond to the 
hydrated (at 293.15 K, Fig. S11) and dehydrated (at 339.15 K, Fig. S12) 
forms of CPO-27-Cu. The space groups of the hydrated and dehydrated 
crystal structures are identical (R3), with only small differences in the 
reflection positions and intensities (Fig. 5b and Fig. S13). This makes the 
quantification of their individual contribution to the overall diffracto
gram challenging. The Rietveld analyses of the variable temperature 
diffractograms indicate that the new dehydrated phase first appears 
around 323 K (Fig. 5c). The two phases coexist in the temperature range 
323 K–335 K, with the amount of the dehydrated phase increasing with 
increasing temperature, until 335 K, where only the dehydrated phase is 
detected. 

Sequential Rietveld refinements reveal the temperature dependence 

of the unit cell parameters of the hydrated and dehydrated phases 
(Fig. 5d). The lattice parameters of the hydrated phase decrease with 
increasing temperature, with the most pronounced decrease occurring 
below 298 K. Initially, the cell parameters of the dehydrated phase 
decrease with increasing temperature, suggesting that the phase still has 
some residual water in the pores, but quickly the values are relatively 
constant, indicating that the pores are essentially empty. The a axis 
parameter differs by about 0.1 Å between the two phases, whilst we 
observe no significant difference for the c axis parameter. It is evident 
from the overall water occupancy as a function of temperature that the 
material transforms from fully hydrated to dehydrated within a tem
perature range of 30 K (Fig. 5e). The transformation is complete at 335 
K. In the water containing phase, which exists below this temperature, 
two molecules (O6 and O8) start to leave already at 305 K, one just 
below 313 K (O4, the coordinated water ), one at 328 K (O5) and the 
final one just below 333 K (O7) (Fig. S14). Notably, both water mole
cules O5 and O7 start to leave the framework after the coordinated 
water molecule, O4. The process is relatively slow for the first 20 K, 
before the total water occupancy in the sample is reduced from over 3.5 
to zero within the 325–335 K range. 

The TG-DSC-MS traces for CPO-27-Cu (Fig. 5f) show that H2O (m/z 
= 18) evolves immediately from the start of the experiment. From the 
endothermic peak observed in the DSC trace and the H2O trace it is 
evident that the evolution of H2O is completed abruptly already at 360 
K. This is in good agreement with the VT-PXRD data (Fig. 5c and d). 
Correspondingly, the TG trace shows a plateau from 380 K to 575 K, 
where only a slight decrease in weight is observed. It coincides with a 
small increase of signal intensity for m/z = 30 and 44 in the MS trace, 
where m/z = 44 is likely CO2, indicating either miniscule decomposition 

Fig. 3. CPO-27-Ni. a) VT-PXRD data in Ar flow. b) Development of the site occupancy factor of the water molecules in the pore as the temperature is increased. c) 
Temperature dependence of lattice parameters and cell volume. d) Thermal analysis (TG trace: blue, DSC trace: red, MS traces for m/z = 44 and 18: black). (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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of the material or evolution of residual DMF, the solvent used in the 
synthesis (see Figs. S15 and S16 for further details). Above 550 K the MS 
trace for m/z = 44 increases significantly, as does evolution of oxygen 
and water, indicating the final decomposition of the framework. This 
coincides with the sharp weight loss and the endothermic peak just 
above 600 K. The stability of CPO-27-Cu to about 570 K in the thermal 
analysis is in good agreement with the VT-PXRD data, where it was 
found that decomposition occurs above 520 K. 

3.5. Dehydration of CPO-27-Co 

The TG-DSC-MS traces for CPO-27-Co (Fig. 6) show that the evo
lution of H2O (m/z = 18) essentially starts as soon as the measurement 
begins, reaching a maximum at 398 K. The shape of this first MS 
maximum for m/z = 18 is broad, and the signal returns to the baseline 
only at around 500 K (see Figs. S17 and S18 for further details). This 
behavior of the water signal is mirrored in the TG and DSC traces that 
indicate endothermic solvent loss in this temperature range. A stable 
plateau is observed in the TG trace from 450 to 690 K. There is a 
maximum of very low intensity for m/z = 44 between 320 and 450 K, 
before the signal remains stable at the base line until 650 K. Just above 
675 K a significant shoulder appears prior to the main maximum, 
observed between 740 and 875 K. Interestingly, these two peaks are 
clearly present in the DSC trace as two separate endothermic peaks and, 
to a lesser extent, visible in the sharp decline in the TG between 700 and 
800 K. The data show that CPO-27-Co is stable up to 680–690 K and is 
completely decomposed at around 800 K, which agrees well with the 
previously reported VT-PXRD data that was recorded using an identical 
heating program, where it decomposed in the temperature range 723- 
770 K[58]. 

3.6. Dehydration of CPO-27-Zn 

The TG-DSC-MS traces for CPO-27-Zn (Fig. 7) show that water 
desorption (m/z = 18) starts at low temperatures with a maximum peak 
at 405 K. The shape of the MS maximum for m/z = 18 for CPO-27-Zn is 
broad, and only returns to the base line by 480 K (see Figs. S19 and S20 
for further details). The TG trace has an almost stable plateau between 
430 and 500 K, where the gradual decrease can be explained by the 
slight evolution of water still observed in the MS signal. The MS trace for 
water has another, weaker peak at 490–590 K, before a smaller second 
peak at 590–630 K. This coincides with a step in the TG trace, which 
might be ascribed to the desorption of residual water from the open 
metal site. However, the water peak (m/z = 18) at 590–630 K, the 
increased CO2 signal (m/z = 44) at 510–660 K, and the small endo
thermic peak observed in the DSC trace from 500 to 600 K indicate that 
more is happening here. 

There is a gradual decrease observed for the TG signal from 500 K, 
and due to the lack of a proper plateau it is difficult to identify the onset 
of decomposition. The MS trace for m/z = 44 shows a gradual increase 
from about 475 K, with the shoulder peak from 510 to 660 K, followed 
by the main maximum from 660 to 900 K, peaking at 790 K. This in
dicates that the material starts to decompose slowly already at about 
500 K, with onset of final and more rapid decomposition above 730 K. 
This is in good agreement with previous VT-PXRD data, where it was 
found that CPO-27-Zn stays basically unchanged until it decomposes in 
the range 660–760 K [58]. 

3.7. Comparison of results for the different CPO-27-M materials 

VT-PXRD in this and previous studies [50,54,58] show similarities 
and differences between the different members of the isostructural 

Fig. 4. CPO-27-Mn. a) VT-PXRD data in Ar flow. b) Development of the site occupancy factor of the water molecules in the pore as the temperature is increased. c) 
Temperature dependence of lattice parameters and cell volume. d) Thermal analysis (TG trace: blue, DSC trace: red, MS traces for m/z = 44 and 18: black). (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 5. CPO-27-Cu. a) Intensity profile of the VT- 
PXRD data of CPO-27-Cu under Ar flow in the tem
perature range where the hydrated and dehydrated 
phases coexist. b) Excerpt of the Rietveld refinement 
plot of data measured at 332 K. The blue points and 
the red line represent the experimental and calculated 
diffraction patterns, respectively. The magenta and 
green lines represent the calculated diffraction pat
terns for the hydrated and dehydrated forms, 
respectively. The blue line represents the difference 
plot. The magenta and green tick marks represent the 
Bragg reflections for the hydrated and dehydrated 
forms, respectively. c) Temperature dependence of 
the phase ratio for hydrated and dehydrated CPO-27- 
Cu. d) Temperature dependence of the unit cell pa
rameters for the hydrated and dehydrated phase of 
CPO-27-Cu in their respective range of existence. e) 
Temperature dependence of the overall water occu
pancy. To calculate the overall water occupancy, the 
sum of occupancies of the water molecules in the 
hydrated phase has been multiplied by the percentage 
of the hydrated phase in the mixture of both phases. f) 
Thermal analysis (TG trace: blue, DSC trace: red, MS 
traces for m/z = 44 and 18: black). (For interpretation 
of the references to color in this figure legend, the 
reader is referred to the Web version of this article.)   

Fig. 6. Thermal analysis of CPO-27-Co (TG trace: blue, DSC trace: red, MS 
traces for m/z = 44 and 18: black). The “wobble” in DSC signal at 523 K is due 
to a change in heating rate from 2 K min− 1 to 5 K min− 1. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 

Fig. 7. Thermal analysis of CPO-27-Zn (TG trace: blue, DSC trace: red, MS 
traces for m/z = 44 and 18: black). The “wobble” in DSC signal at 523 K is due 
to a change in heating rate from 2 K min− 1 to 5 K min− 1. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 
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series. For CPO-27-Mg, Co, Mn and Ni the dehydration is a topotactic 
transition, while discontinuous phase transition are observed for 
CPO-27-Zn and Cu. The influence of the metal cation on the dehydration 
is also evident when comparing the onset of decomposition from the 
VT-PXRD and TG-DSC-MS (see Table 1). Generally, the decomposition of 
the framework is observed at lower temperatures in the VT-PXRD data 
than the onset of combustion in the TG-DC-MS data. CPO-27-Co and Zn 
are an exception, and it was proposed that kinetic effects and the fast 
heating rate led to an overestimation of the framework stability from the 
XRD data [58]. 

A main aspect of interest is to gain a mechanistic understanding of 
how the water molecules leave the frameworks. Typically, the water 
molecules located in the center of the pore (O6 and O8) start to leave 
first, followed by the water molecules in van der Waals contact to the 
pore surface or hydrogen bonded with the coordinated water (O5 and 
O7), and finally the coordinated water molecule (O4). This is the case for 
CPO-27-Co, Mg, Mn and Ni. Also for CPO-27-Zn, O5–O8 leave the 
framework before O4, even though the situation is more complicated 
due to the intermediate phase transitions. The coordinated water 
molecule starts to leave the frameworks at similar temperatures for the 
CPO-27-M with M = Co (380 K), Ni (365 K), Mg (340 K) and Mn (335 K). 

Interestingly, the dehydration process is very different for CPO-27- 
Cu, where all the water molecules leave at lower temperatures. The 
coordinated water molecule even starts to leave the framework prior to 
both O5 and O7, and all the water molecules have left by 335 K. CPO-27- 
Cu has previously been found to have the weakest interaction and the 
longest distance between metal cation and coordinated adsorbate 
molecule, which is a consequence of the Jahn-Teller effect [68,89]. For 
example, hydrogen sorption studies in the CPO-27-M framework have 
shown that all the other members of the series have a significantly 
higher affinity for the adsorbent on the open metal site compared to the 
other sorption sites. This was found to not be the case for CPO-27-Cu, for 
which there was no apparent difference in enthalpy of adsorption be
tween the first and second adsorption site. The same behavior is 
observed during CO2 adsorption, in that the first and second adsorption 
sites fill simultaneous in CPO-27-Cu, whereas for the other compounds 
in the series the first and second adsorption sites are filled predomi
nantly in sequence [68]. 

The TG-DSC-MS data shows that H2O evolves immediately for all the 
members of the series investigated in this study. This is especially 
evident in the MS trace for H2O (m/z = 18, Fig. 8) and coincides with an 
endothermic peak in the DSC trace and weight decrease in the TG 
-traces. In general, this is due to the loss of the non-coordinated water 
molecules, but for CPO-27-Cu, it also accounts for the loss of the coor
dinated water molecule. 

Despite this common trend, there are noticeable differences between 
the materials. CPO-27-Cu looses water at a lower temperature than the 
rest. CPO-27-Co and Mn have similar signal traces, with a maximum just 
above 400 K. CPO-27-Ni and Mg have maxima around the same tem
perature, in addition to a significant shoulder around 500 K. CPO-27-Zn 
has its initial maximum at around 400 K, followed by several smaller 
peaks at higher temperatures. 

For all the members of the series, the initial MS-water signal is 
typically mirrored in low intensity by the m/z = 44 signal, representing 
evolution of CO2 (Fig. 9). The origin of this signal at these low 

temperatures is not entirely clear; we suggest it might indicate decom
position of a small amount of material on the external, more defect 
prone surface of the crystallites that occurs in parallel with the water 
evaporation. 

All members of the isostructural series do have a relatively stable 
plateau in the TG trace (Fig. 10), but only CPO-27-Co shows a 
completely horizontal plateau over a significant temperature range. The 
other members of the series show a varying degree of a slight decline 
over the temperature range of the plateau, which is typically mirrored 
by evolution of water (m/z = 18) and/or CO2 (m/z = 44). This tail of the 
water-signal might be due to residual coordinated water molecules, 
whilst the evolution of CO2 is most likely due to a slow, surface- 
dominated decomposition. 

The final decomposition of all the CPO-27 materials is reflected in 
the respective DSC signal. Notably, for CPO-27-Co the decomposition is 
shown as two clearly identifiable endothermic peaks, which is mirrored 
in the MS trace for CO2 (m/z = 44). To a lesser extent this seems to be 
also the case for CPO-27-Ni (only in MS trace), CPO-27-Mg and CPO-27- 
Mn. This indicates the presence of at least two overlapping decompo
sition processes. 

Table 1 
Comparison of the onset of decomposition observed in VT-PXRD and TG-DSC- 
MS experiments.  

Material VT-PXRD TG-DSC-MS 

CPO-27-Mg 620/770 K (this work), 510 K [51] 880 K 
CPO-27-Ni 540 K [50] 590 K 
CPO-27-Mn 515/720 K 770 K 
CPO-27-Cu 520 K 570–580 K 
CPO-27-Co 723 K [58] 680–690 K 
CPO-27-Zn 660 K [58] 500 K (730 K)  
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Fig. 8. Comparison of the H2O evolution in the CPO-27 series as observed by 
TG-MS. 
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Fig. 9. Comparison of the CO2 evolution in the CPO-27 series as observed by 
TG-MS. 
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3.8. Hydration of CPO-27-Co 

The structural changes and properties associated with the hydration 
of CPO-27-Co have also been investigated to confirm the existence of a 
discontinuous phase transition previously observed on rehydration in a 
previous experiment [85]. This experimental finding was in contrast to 
the continuous transition that is observed when transforming from the 
hydrated to dehydrated structure [58]. However, CPO-27-Co has been 
shown to undergo phase transitions after adsorption of CO2 and xylene 
[91,92]. These differences indicated that it is necessary to gain more 
insight into the behavior of the material on rehydration. A dehydrated 
sample was measured by time-resolved PXRD at a temperature of 298 K 
and under a constant argon stream saturated with water vapor. The 
diffractograms exhibit good crystallinity of CPO-27-Co during the whole 
hydration experiment (Fig. 11a). Changes in reflection positions and 
intensities are observed in the time range of 253–262 min after begin
ning the experiment (Fig. S21). Specifically, the Rietveld refinements of 
the powder diffraction data show that from 255 until 261 min two 
phases coexist (Fig. 11b and Fig. S22). The first phase corresponds to an 
almost completely dehydrated form of CPO-27-Co (phase I), where only 
the open metal site is partially coordinated by water (s.o.f. < 0.5). The 
second phase corresponds to a fully hydrated form of CPO-27-Co (phase 
II). The changes observed between 253 and 255 min are due to increased 
hydration of the initial phase I, whilst the changes observed between 
261 and 263 min are due to changes in the hydration of phase II. 

The conversion between the two phases was also observed visually 
(see Fig. S23). The hydration front is clearly visible due to the difference 
in coloration between the dehydrated form (brown-grey, phase I) and 
the hydrated one (orange-red, phase II), allowing to follow the water 
adsorption in the upstream part of the capillary. A profile fit at 257 min 
(Fig. 11c) shows that at this point both phases (hydrated and dehy
drated) are present in the pattern, i.e both phases coexist in the area 
irradiated by the X-ray beam. Plotting the ratio of the two phases vs. 
time (min) it is evident that the material transforms from 100% phase I 
to 100% phase II in less than 10 min (over a range of about 100 scans) 
(Fig. 11d). 

It is intriguing that there appears to be a rapid transition from the 
empty structure to the fully hydrated one over the beam width. The 
uptake of water in the structure is de facto instantaneous from almost 
zero to five water molecules per formula unit as the water front passes 
through. This means that there is a sharp hydration front moving 
through the bed. This highlights the strength of interaction of CPO-27- 
Co with water, not only at the open metal site but also for the rest of 
the adsorption sites. 

We can’t exactly match the observations here to the ones from the 

experiments reported by us previously [85]. Both findings correspond to 
a co-existence of the hydrated and dehydrated phase. However, in the 
previous experiment a significant reduction of the PXRD intensities was 
observed which should indicate the existence of an amorphous inter
mediary phase during the rehydration process, which was in contrast to 
the continuous crystallinity during dehydration. This previous finding is 
clearly not observed in the hydration experiment reported here. It 
should be mentioned, though, that the CPO-27-Co samples in these two 
experiments were prepared using different synthesis procedures (e.g. 
different solvents). This should not affect the dehydration behavior 
when the desolvated material is structurally identical, unless crystal size 
effects play an underestimated role. Such size effects have been reported 
for rigid and flexible MOFs [93–98], but they were beyond the scope of 
this study to investigate. There are also differences in the experimental 
setup between the two hydration experiments, such as the continuous 
flow of saturated water through the sample here. This experiment shows 
that the rehydration of CPO-27-Co can occur rapidly, in confirmation of 
thermogravimetric dehydration/hydration experiments [49]. There is 
no indication of an occurrence of an intermediary non-crystalline phase. 
It is interesting to point out that the dehydration and rehydration pro
cess, as investigated under the conditions described in this study, show 
profound mechanistic differences. During dehydration (in a dry inert gas 
stream under heating) a gradual decrease in occupation of the different 
water sites, distributed over all crystallites in the beam, was observed, 
while during rehydration (with a very similar experimental setup, but at 
room temperature with wet gas stream) a given CPO-27-Co crystallite 
first adsorbs the maximum amount of water possible before break
through of water proceeds to the still dehydrated material downstream. 

4. Conclusions 

We have carried out detailed VT-PXRD and TG-DSC-MS studies of 
desolvation and rehydration of the CPO-27 family. The results highlight 
differences and similarities of the members of this series depending on 
the metal cation. 

Whereas VT-PXRD and TG-DSC provide detailed information on the 
stability of the materials, the evolution of water and CO2 observed by 
mass spectrometry gives invaluable information on the dehydration and 
decomposition processes on a molecular scale. It is interesting to note 
that the CPO-27 series starts to evolve minute amounts of CO2 at tem
peratures slightly above room temperature, long before one expects any 
decomposition to occur. This experimental finding is ascribed to the 
decomposition of a small amount of the MOF at the external surface, 
where it is expected to be more reactive due to the termination of the 
crystal structure, occurring in parallel with the water evaporation. 

The In situ VT-PXRD experiment of the rehydration highlights that 
CPO-27-Co adsorbs water quickly and completely. In an adsorption 
column, the CPO-27-Co material upstream would adsorb all the water 
available until it is completely hydrated before CPO-27-Co located 
downstream starts to adsorb, resulting in a close to maximum achievable 
capacity (for the material) before breakthrough is observed. No struc
tural degradation is observed by VT-PXRD. The high affinity for water 
implies that CPO-27-Co could be a suitable candidate for dehumidifi
cation applications. We expect the other members of the series, all of 
which have water uptake capacities larger than 30 wt %, to behave very 
similarly. For applications such as water harvesting from air or in 
adsorption chillers one needs materials that are stable upon water 
exposure, and where the water molecules can be easily released. In this 
respect, CPO-27-Cu appears to be an especially promising candidate 
within the CPO-27 series because all the water molecules are released by 
the comparably low temperature of 360 K. 

Actual implementation in water sorption based applications requires 
significant long term stability of the material and its properties over 
many adsorption and desorption cycles, and more application oriented 
studies will be needed to establish the suitability of the CPO-27 materials 
for heat pump applications [99]. As we have shown here, the different 
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Fig. 10. Comparison of the TG data for the CPO-27-M series.  
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CPO-27 materials do behave to varying degrees different in their water 
sorption properties. Thus, one has to expect that the individual com
pounds will also behave possibly decisively different in a specific 
application. Application oriented future studies should therefore also 
pay attention on identifying which of the materials in the series is most 
useful for the particular application. 
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Fig. 11. a) VT-PXRD data of the hydration of origi
nally dehydrated CPO-27-Co in a water saturated Ar 
stream. b) PXRD patterns, showing the exclusive ex
istence of the dehydrated phase I 253 min after the 
start of the experiment, a mixture of phase I and II 
after 257 min, and the exclusive existence of the hy
drated phase II after 263 min. The blue points and the 
red line represent the experimental and calculated 
diffraction patterns, while the magenta and green 
lines represent the calculated diffraction patterns. 
The magenta and green tick marks represent the 
Bragg reflections for phase II and phase I, respec
tively. c) Rietveld refinement plot at 257 min, with 
magnified excerpt of the region from 12.5◦ to 16.5◦. 
The blue points and the red line represent the 
experimental and calculated diffraction patterns. The 
magenta and green lines represent the calculated 
diffraction patterns for phase II and phase I, respec
tively. The blue line at the bottom represents the 
difference between experimental and calculated pat
terns. The magenta and green tick marks represent 
the Bragg reflections phase II and phase I, respec
tively. d) Evolution of the ratio between the two 
phases. e) The development of unit cell parameters.   
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Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.micromeso.2020.110503. 
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yttrium-based metal–organic frameworks with breathing effect, Inorg. Chem. 56 
(2017) 1193–1208. 

[37] K. Biradha, M. Fujita, A springlike 3D-coordination network that shrinks or swells 
in a crystal-to-crystal manner upon guest removal or readsorption, Angew. Chem. 
Int. Ed. 41 (2002) 3392–3395. 

[38] T.K. Maji, G. Mostafa, R. Matsuda, S. Kitagawa, Guest-Induced asymmetry in a 
Metal− Organic porous solid with reversible single-crystal-to-single-crystal 
structural transformation, J. Am. Chem. Soc. 127 (2005) 17152–17153. 

[39] J.-P. Zhang, Y.-Y. Lin, W.-X. Zhang, X.-M. Chen, Temperature- or guest-induced 
drastic single-crystal-to-single-crystal transformations of a nanoporous 
coordination polymer, J. Am. Chem. Soc. 127 (2005) 14162–14163. 

[40] G.J. Halder, C.J. Kepert, In situ single-crystal X-ray diffraction studies of desorption 
and sorption in a flexible nanoporous molecular framework material, J. Am. Chem. 
Soc. 127 (2005) 7891–7900. 

[41] P.K. Allan, B. Xiao, S.J. Teat, J.W. Knight, R.E. Morris, In situ single-crystal 
diffraction studies of the structural transition of Metal− Organic framework copper 
5-sulfoisophthalate, Cu-SIP-3, J. Am. Chem. Soc. 132 (2010) 3605–3611. 

[42] D. Sarma, S. Natarajan, Usefulness of in situ single crystal to single crystal 
transformation (SCSC) studies in understanding the temperature-dependent 
dimensionality cross-over and structural reorganization in copper-containing 
metal–organic frameworks (MOFs), Cryst. Growth Des. 11 (2011) 5415–5423. 

[43] M.P. Suh, Y.E. Cheon, E.Y. Lee, Reversible transformation of ZnII coordination 
geometry in a single crystal of porous metal-organic framework 
[Zn3(ntb)2(EtOH)2]⋅4 EtOH Chem, Eur. J. 13 (2007) 4208–4215. 

[44] C.-L. Chen, A.M. Goforth, M.D. Smith, C.-Y. Su, H.-C. Zur Loye, [Co2(ppca)2(H2O) 
(V4O12)0.5]: a framework material exhibiting reversible shrinkage and expansion 
through a single-crystal-to-single-crystal transformation involving a change in the 
cobalt coordination environment, Angew. Chem. Int. Ed. 44 (2005) 6673–6677. 

[45] J. Jia, X. Lin, A.J. Blake, N.R. Champness, P. Hubberstey, L. Shao, G. Walker, 
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