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Understanding Hydration in CPO-27 Metal-Organic
Frameworks: Strong Impact of the Chemical Nature of the

Metal (Cu, Zn)

Marvin Klof3, Michael Beerbaum, Dominik Baier, Christian Weinberger, Frederik Zysk,
Hossam Elgabarty, Thomas D. Kiihne,* and Michael Tiemann*

CPO-27 is a metal-organic framework (MOF) with coordinatively unsaturated
metal centers (open metal sites). It is therefore an ideal host material for small
guest molecules, including water. This opens up numerous possible
applications, such as proton conduction, humidity sensing, water harvesting,
or adsorption-driven heat pumps. For all of these applications, profound
knowledge of the adsorption and desorption of water in the micropores is
mandatory. The hydration and water structure in CPO-27-M (M = Zn or Cu) is
investigated using water vapor sorption, Fourier transform infrared (FTIR)
spectroscopy, density functional theory (DFT) calculations, and molecular
dynamics simulation. In the pores of CPO-27-Zn, water binds as a ligand to
the Zn center. Additional water molecules are stepwise incorporated at
defined positions, forming a network of H-bonds with the framework and with
each other. In CPO-27-Cu, hydration proceeds by an entirely different
mechanism. Here, water does not coordinate to the metal center, but only
forms H-bonds with the framework; pore filling occurs mostly in a single step,

alarge number of metals, including Znl®!
and Cu.l®l CPO-27 has 1D micropores
arranged in parallel with a honeycomb-
like cross section. The metal centers are
coordinated by three carboxylate and two
phenolate groups of the linker molecules,
as well as by a solvent molecule from the
synthesis (dimethylformamide (DMF)
or water). Removal of this molecule
through thermal activation creates the
open metal site that is exposed to (and
therefore accessible through) the pores.
Thus, a variety of guest molecules,
including H,O, can coordinate to the
open metal sites.[”?) Numerous applica-
tions are based on the uptake of water,
such as humidity sensing,'%'!] water
harvesting,['213] proton conduction,!*+#]

with the open metal site remaining unoccupied. Water in the pores forms

clusters with extensive intra-cluster H-bonding.

1. Introduction

Within the constantly growing diversity of metal-organic
frameworks (MOFs),l2] materials with open metal sites, that
is coordinatively unsaturated metal centers, are particularly
interesting.[*) One fascinating example is CPO-27,1*! also known
as MOF-74.0] It contains the linker ligand 2,5-dioxido-1,4-
benzenedicarboxylate (dobdc*~) and has been synthesized using

or adsorption-driven heat pumps.!*®]
Other applications aim at the uptake
of other molecules, for example, gas
sensing (other than water),2*2!l carbon
capture,l?223] or catalysis.**! In these
latter cases, water can be an interfering component that com-
petes with the target molecule for sorption sites. In addition, the
structural integrity of the framework materials may be affected by
humidity.[?! Hence, it is mandatory to understand the behavior
of water inside the pores of the CPO-27 host material.

CPO-27 may be regarded as an ideal system for compre-
hensive hydration/dehydration studies, because intra-pore water
molecules are known to occupy well-defined sites. Dietzel et al.

M. Klo®, D. Baier, C. Weinberger, M. Tiemann
Department of Chemistry — Inorganic Chemistry
Faculty of Science

Paderborn University

Warburger Str. 100, 33098 Paderborn, Germany
E-mail: michael.tiemann@upb.de

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/admi.202400476
© 2024 The Author(s). Advanced Materials Interfaces published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution License, which permits use, distribution
and reproduction in any medium, provided the original work is properly
cited.

DOI: 10.1002/admi.202400476

Adv. Mater. Interfaces 2024, 2400476 2400476 (1 of 11)

M. Beerbaum, T. D. Kiihne

Center for Advanced Systems Understanding (CASUS)
Untermarkt 20, 02826 Gorlitz, Germany

E-mail: t.kuehne@hzdr.de

M. Beerbaum, T. D. Kiihne

Helmholtz Zentrum Dresden-Rossendorf
Bautzner Landstr. 400,01328 Dresden, Germany
F.Zysk, H. Elgabarty

Department of Chemistry — Theoretical Chemistry
Faculty of Science

Paderborn University

Warburger Str. 100, 33098 Paderborn, Germany

© 2024 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH


http://www.advmatinterfaces.de
mailto:michael.tiemann@upb.de
https://doi.org/10.1002/admi.202400476
http://creativecommons.org/licenses/by/4.0/
mailto:t.kuehne@hzdr.de
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadmi.202400476&domain=pdf&date_stamp=2024-09-04

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
INTERFACES

Open Access,

www.advancedsciencenews.com

identified five crystallographically defined water molecules per
Zn center in fully hydrated CPO-27-Zn.[°] Based on temperature-
dependent, in situ powder X-ray diffraction (XRD) and thermal
analysis data, they categorized the five molecules in three dis-
tinct groups, according to their strength of interaction with the
host material and with neighboring water molecules:®! (i) The
water molecule that coordinates to the metal center exhibits the
strongest adsorption strength (chemisorption). (ii) Two more
molecules interact with the coordinating one by H-bonding and
show a weaker adsorption strength. (iii) Finally, the last two water
molecules interact only with the last-mentioned two molecules by
H-bonding and exhibit the weakest adsorption strength. The for-
mula of CPO-27-Zn is therefore [Zn, (dobdc)(H,0),]-8H, 0, indi-
cating that two water molecules (one per Zn) coordinate, while
eight molecules (four per Zn) are considered as crystal water
molecules inside the pores.

Obviously, measuring the adsorption (and desorption) of wa-
ter from the gas phase is a very promising means of studying the
hydration (and dehydration) behavior of MOFs.2627] However,
for CPO-27, water sorption studies to date have mostly employed
the gravimetric method (microbalance), with particular focus on
the structural integrity of the framework.[?®?] The manometric
technique, on the other hand, has proven to be a very powerful
means of studying water vapor sorption in many porous media
including some MOFs;[3%31] however, to the best of our knowl-
edge, it has not been applied systematically to CPO-27. The
manometric technique provides very high accuracy especially
for very low amounts of water, that is, low water vapor pressure.
This is particularly helpful for detailed hydration/dehydration
studies in CPO-27, due to the strong water-metal
interaction.

Further insight in the unique behavior of water in confined
space is obtained by computational methods. Density functional
theory (DFT) has been applied to CPO-27-M (M = Cu, Mg, Zn) to
study adsorption energies and preferred adsorption sites of small
molecules (e.g. CO,,32I N, 3233 and H,3234)). Studies focusing
on the adsorption of water in CPO-27-M (M = Mg, Zn)!*% out-
line differences between the first (open metal site), second (near
the oxygen atoms of the inorganic building units) and third wa-
ter sorption sites (near the phenylene backbone). While results
on CPO-27-Znl%] strongly suggest an energetically favorable ad-
sorption to the first site, simulations for CPO-27-Mgl*®¥7] sug-
gest otherwise. In the latter, similar sorption energies for the
first two sorption sites, after adsorption of one water molecule,
suggest a simultaneous occupancy of both positions, while
the third sorption site is far less attractive. Depending on the
metal center, these observations hint toward a different sorption
process.

Here we present a study on the hydration behavior and wa-
ter structure in CPO-27-Zn and CPO-27-Cu by a combined
experimental and computational approach. The objectives of
our investigation is to gain a better understanding of the in-
teractions between water molecules and the framework (co-
ordinative bonding, hydrogen bonds) on the one hand, and
the H-bonding behavior of the water molecules among them-
selves on the other hand. In particular, water-induced struc-
tural changes in the framework are investigated. We study
the adsorption and desorption of water by manometric va-
por sorption analysis. In addition, water-induced structural
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distortion and changes in charge distribution of the ma-
terials are discussed by employing density functional the-
ory (DFT). The DDEC6 atomic population analysis(*¥*I ob-
tains net atomic charges (NAC) by assigning valence elec-
trons as a function of the total electron density distribu-
tion to the observed system. The obtained NAC are cal-
culated on several criteria, such as transferability to differ-
ent conformations of the same molecules. The electron den-
sity distribution needed for the analysis is obtained by DFT.
Further, the spatial distribution of water molecules in the
pores is analyzed using semi-empirical (PM6-FM) molecular
dynamics (MD) simulations. Combination of static and dy-
namic calculations allows for a unique insight, understand-
ing the differences in macroscopic behavior on an atomic
levels.

2. Results and Discussion

2.1. General Characterization

CPO-27-Zn**l and CPO-27-Cul®®! were prepared by modified
solvothermal methods previously reported in the literature, as de-
scribed in detail in the Supporting Information section. Powder
X-ray diffraction (XRD) patterns (Figure 1a/b) confirm the frame-
work structure of all materials with no evidence of crystalline im-
purities. To assess the stability of the frameworks to an excess
of water, the materials were washed with water (approx. 50 mg
sample with 8 to 10 mL H,0) and then air-dried on filter paper
at room temperature. XRD confirms that both materials remain
crystalline. The microporous nature of the products is confirmed
by N, physisorption analysis, revealing type-I sorption isotherms
(Figure 1c).[*! The measurements prove high surface areas and
large pore volumes (Table S1, Supporting Information).

Elemental analysis of the hydrated materials reveals C/H ra-
tios that are reasonably consistent with mostly defect-free frame-
works (Table S2, Supporting Information). The calculated num-
ber of water molecules per formula unit (M,(dobdc)) is approxi-
mately ten for CPO-27-Zn, in accordance with literature data.!?’]
CPO-27-Cu-hyd has only 9 water molecules per formula unit,
which can be explained by generally weak interaction of the
Cu’* open metal site with guest molecules!***’! due to Jahn-
Teller distortion.[*¥] Thermogravimetric analysis coupled with
mass spectrometry (TGA/MS) of the hydrated frameworks reveal
very similar results to those obtained by Dietzel et al. (Figure S1,
Supporting Information).!

Fourier transform infrared (FTIR) spectra of the desolvated
frameworks (Figure 2a) show the absence of the carboxyl O—H vi-
bration, confirming the absence of unreacted (protonated) linker
molecules. Spectra of the hydrated samples show typical vibra-
tion bands of water (for a closer inspection of the stretching
modes, see below). Otherwise, the spectra show only slight differ-
ences (slight shifts in the oscillation frequencies) to those of the
desolvated materials. In the low wavenumber region (Figure 2b),
the M—O stretching vibration within the framework®* is ob-
served at slightly higher wavenumber for CPO-27-Cu (600 cm™)
than for CPO-27-Zn (580 cm™), suggesting a higher Cu—O than
Zn—0 bond strength. This is consistent with the observation of
shorter distances between the Cu center and the coordinating O
atoms in the framework (see below).
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Figure 1. Powder X-ray diffraction patterns of desolvated and hydrated frameworks, (a) CPO-27-Zn and (b) CPO-27-Cu, confirming structural integrity
after hydration. (c) N, sorption isotherms of CPO-27-Zn and CPO-27-Cu (the latter sample showed extra-pore condensation at the highest measured

pressure, p/po = 0.995; the respective data point was removed for clarity).
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Figure 2. FTIR spectra of desolvated and hydrated CPO-27-Zn and CPO-27-Cu. Hydrated samples show typical H,O vibration bands (a); the Cu—O

stretching vibration occurs at slightly higher wavenumber than Zn—O (b).
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Figure 3. Deconvolution by least-square fitting of the FTIR O-H stretching vibration band of water in hydrated (a) CPO-27-Zn and (b) CPO-27-Cu,
revealing a higher degree of H-bonding ('network water’) in CPO-27-Zn than in CPO-27-Cu (black lines are the sums of the three fitted Gaussian profiles).

2.2. Experimental Studies of Hydration

A closer inspection of the stretching vibration bands of H,O
in the hydrated samples by FTIR in attenuated total reflection
(ATR) mode provides some insight in the interactions of water
molecules within the pores. Previous studies have shown that for
water in confinement, the O—H stretching vibration band in the
range of 2800 ... 3700 cm™! can be deconvoluted into three contri-
butions originating from water in different environments.3031:501
Three bands that result from least-square fitting of Gaussian
profiles correspond to ‘network water’ (molecules that interact
strongly with adjacent ones by approximately four H-bonds),
‘multimer water’ (molecules that are poorly connected by only a
few H-bonds), and ‘intermediate water’ (H-bonding situation be-
tween ‘network’ and ‘multimer’). Figure 3 shows that the relative
contribution from network water is higher in CPO-27-Zn (71%)
than in CPO-27-Cu (55%), while the opposite is observed for the
contribution from multimer water (Zn: 5%; Cu: 14%). Hence,
water molecules in the pores of CPO-27-Zn seem to form more
extensive H-bonding networks than in CPO-27-Cu, as discussed
below.

To understand the hydration and dehydration of CPO-27-Zn
and CPO-27-Cu in more detail, we carried out manometric wa-
ter vapor sorption measurements at 25°C. Two consecutive cycles
of adsorption/desorption were performed without removing the
sample from the device between cycles, that is without additional
thermal activation after the first cycle. This allows to identify wa-
ter molecules that occupy the open sites, that is, coordinate to the
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metal centers, since these will not be removed by the desorption
process. In this case, a different situation is expected for the sec-
ond adsorption isotherm. For both materials, an overall higher
total uptake is observed during the second adsorption/desorption
cycle than during the first cycle (see below). We explain this find-
ing by a partial degradation of the frameworks due to cleavage of
metal-linker bonds during the time-consuming measurements
(several days), leading to the formation of additional open metal
sites. This is consistent with previous reports for MOFs with va-
cant coordination sites, including CPO-27-Mg.[*"!

The water sorption isotherms of CPO-27-Zn show a stepwise
progression (Figure 4a). Since most of the water is adsorbed at
low relative pressure (p/p, < 0.1), we show all isotherms both in
a linear and in a semi-logarithmic representation. (Figure 4b/c,
Missing data points below ca. p/p, = 0.002, except in the first
adsorption isotherms, are due to technical experimental restric-
tions) Initially, a step around p/p, = 0.01 is observed in the first
adsorption isotherm, during which ca. 20% of the total water up-
take takes place. This step is not reversible, that is these 20%
of water remain in the sample after the completed first adsorp-
tion/desorption cycle. We assign this uptake to the coordina-
tion of water molecules to the open Zn?* centers (first adsorp-
tion site). This is consistent with the above-mentioned findings
that the coordinating molecule is one out of five crystallograph-
ically defined water molecules in the fully hydrated material.l**!
Then, further water adsorption occurs in another three distin-
guishable steps: First, a well-defined step in the pressure range
p/p, = 0.01 ... 0.025 is observed. During this step, another ca.
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Figure 4. Water vapor sorption isotherms (25°C) of (a) CPO-27-Zn and (b) CPO-27-Cu (two consecutive adsorption/desorption cycles). Data are shown
at linear scale, in semi-logarithmic representation (c,d), and as the normalized first derivatives (e,f). Horizontal lines mark 20%, 40%, 60%, 80%, and

100% of the total water uptake during the first cycle.

40% of the total water uptake takes place, which we attribute
to two water molecules interacting quite strongly with the coor-
dinating water molecule through H-bonding (second and third
adsorption site), consistent with the above-mentioned observa-
tions made by Dietzel et al.’) Next, there is another step at p/p,
= 0.025 ... 0.05, whereby another approx. 20% of the total wa-
ter uptake occurs (fourth sorption site). This uptake can be at-
tributed to a water molecule with weaker interaction. Finally, the
uptake of the remaining ca. 20% occurs gradually, over a wide
pressure range of p/p, = 0.05 ... 1, which corresponds to one
last water molecule with the weakest interaction to neighboring
molecules.

Both consecutive cycles of adsorption/desorption in CPO-27-
Zn show significant hysteresis, which may be interpreted as a
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configurational rearrangement of the adsorbed water molecules.
Hysteresis in water sorption isotherms is often explained by
a rearrangement of water molecules (from a metastable state,
i.e., preliminary pore saturation) with increasing vapor pressure
(i.e., during adsorption). If such a rearrangement leads to an
increase in the density of the adsorbed water and is not re-
versible when the pressure decreases thereafter (i.e. during des-
orption), it will create hysteresis. This effect has been discussed
mainly for larger pores and/or for hydrophobic pores (including
micropores).[31°16 We hypothesize that a similar effect occurs
in our case, since the pore walls of CPO-27 contain hydropho-
bic (phenylene) units between the (hydrophilic) coordinated
metal centers. Assuming that all five water molecules are ulti-
mately located at crystallographically defined positions, they may
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temporarily (partially) exist in a different, metastable configura-
tion during the adsorption process.

CPO-27-Cu exhibits a completely different water sorption be-
havior than CPO-27-Zn (Figure 4b). Almost no uptake is observed
at pressures up to ca. p/p, = 0.1. Then, adsorption of ca. 80%
(i.e., four molecules per Cu) occurs all at once, followed by the
residual 20% (one molecule) in the remaining pressure range
(p/po, = 0.1 ... 1). This behavior resembles classical pore con-
densation, with no option to distinguish between crystallograph-
ically distinct water sites. Almost no hysteresis is observed. Most
notably, the adsorption of all five water molecules is reversible,
that is, any water molecule near the open site at the Cu?* cen-
ter, binds only weakly, if at all (see below). This is in accordance
with literature data that revealed weak interactions of H,O with
Cu?* centers in other open-metal-site frameworks due to Jahn-
Teller distortion.l®!] This leads to steric constraints that result in
drastically reduced Cu-O Coulomb interactions and significantly
lower partial charge than for the other members of the isoretic-
ular series.3* As a consequence, one oxygen atom of the linker
molecule is oriented into the pore, sterically blocking the metal
site and inhibiting interactions with water, as will be confirmed
by DFT calculation shown below. Ultimately, this oxygen atom
acts as a nucleation site facilitating water cluster growth through
hydrogen bonding.

Summarizing the water sorption data, we can conclude that
the high water uptake at low relative pressure (p/p, < 0.1) is clear
evidence of the hydrophilic nature of CPO-27-Zn. The affinity of
the open metal site becomes evident by the coordination of water
(strong bonding; 20% of total water uptake). The irreversibility of
this sorption process verifies the existence of vacant coordination
sites prior to sorption measurements (i.e. after activation). Devi-
ating from this behavior, CPO-27-Cu shows a (nearly) reversible
pore condensation behavior driven by water-water interactions.
Distortion of the local coordination environment causes one oxy-
gen atom from the inorganic building unit to be oriented into
the pore, thereby initiating water cluster formation via hydrogen
bonding without participation of the Cu?* site (see theoretical cal-
culations below).

2.3. Computational Studies

DFT simulation of the hydration utilizes supercells of the frame-
works (1 X 1 X 4) under periodic boundary conditions (pbc); the
studied structures possess a total of three independent pores with
no defects. The supercells are based on crystallographic data of
the dehydrated frameworks, that is with unoccupied, open metal
sites (M, (dobdc)).1*”] We distinguish three types of framework
oxygen atoms (O,or) according to their respective environment:
(i) carboxylate oxygen atoms exposed to the pore (Oc,), (ii) car-
boxylate oxygen atoms pointing “inward”, that is slightly away
from the pore (O), and (iii) phenolate oxygen atoms (O;), as
displayed in Figure 5a/b. One water molecule was placed next to
each metal site at a distance of 2 A, resulting in the monohydrate
framework (M,(dobdc)(H,0),, that is, one water molecule per
metal center). The system was then allowed to relax into the ge-
ometrically optimized structure. Higher hydration degrees were
obtained by filling the pores of less hydrated frameworks with
bulk water from centroid molecular dynamics (cmd) simulations
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Figure 5. Distinguishable framework O atoms in hydrated (a) CPO-27-Zn
and (b) CPO-27-Cu, not showing coordinating water molecules for clarity.
Top views (c,d) and side-on views (e,f) of the changes in the local coordi-
nation environment before (transparent atoms/bonds) and after (colored
atoms/bonds) hydration and geometric optimization. (g) Comparison of
the coordination environment in hydrated CPO-27-Cu (solid color) and
CPO-27-Zn (hollow). (Color code: O - red, C - dark gray, Zn - green, H -
white).

using the second-generation Car-Parinello-based quantum ring
polymer contraction method, as described in the Supporting In-
formation section.

For CPO-27-Zn, we observe that the water molecule forms a co-
ordinative bond (Figure 5c/d) to the metal. Its oxygen atom O,,,.,
is at a distance to the Zn center of 2.32 A (0.2 A farther than in the
hexaaqua zinc(II) complex!®?)); its hydrogen atoms H,,,., are in
proximity to one O, and one O, atom. This results in a distorted
octahedral coordination geometry with most bonds being slightly
elongated (see Table S3, Supporting Information). Seven Oy;qp—
H,..., distances are below 3.0 A, which indicates a strong affinity
of the Zn site to water, in agreement with the water sorption data
(Figure 4) and with previous studies.*”!

In addition, the coordination of water causes a change in
the electron densities within the framework, which we quan-
tify using the DDEC6 atomic population analysis charges
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(see Table S4, Supporting Information). Compared to the (origi-
nal) desolvated structure, the charge of the O, atoms is now sig-
nificantly higher (—0.526 before — —0.560 after hydration). The
same effect, though to a weaker extent, is observed for the O,
atoms (—0.603 — —0.610), while the O, atoms are now slightly
less negatively charged (—0.592 — —0.585). The Zn center is now
slightly more positively charged (+0.977 — +0.987). The changes
in electron densities result from both polarization and charge
transfer effects due to the presence of the water molecule itself,
and also from the subsequently induced geometrical relaxation of
the framework, as shown in Table S4 (Supporting Information);
the charge increases to +1.000 upon relaxation only, excluding
the influence of water. These findings suggest a significant trans-
fer of electron density from the coordinating water molecule to
the CPO-27-Zn framework. In the monohydrate framework, this
creates a positive net charge (+0.105) on the coordinating water
molecule. Addition of more, non-coordinating water molecules,
gradually reduces this net charge through H-bonding.[®*! For
50% and 70% hydration (Zn,(dobdc)(H,0),, Zn,(dobdc)(H,0),,
obtained by MD simulation), the net charge of the coordinating
molecule is reduced to 0.071 and 0.051, respectively. In turn, a
positively charged layer in the non-coordinating water domain
is observed at a distance between ca. 3 and 5 A from the pore
center. However, we do not observe the creation of a negatively
charged sublayer or significant changes in charges of all hydro-
gen atoms (Figures S2 and S3, Supporting Information). We note
that our observations stand in slight contrast to previous DFT
calculations on gas-phase fragments of desolvated CPO-27-M,**)
where higher charges for all atoms as well as a higher charge
for O, than for O, were observed, contrary to our results. We
attribute these differences to the different approach and applied
methods (here: continuous framework) and to deviating degrees
of pore filling.

CPO-27-Cu shows an entirely different picture, consistent with
our experimental findings. After hydration and geometric relax-
ation, the local Cu environment undergoes a radical change from
a distorted square-pyramidal to a highly distorted, nearly square-
planar configuration (Figure 5d/f). This is a consequence of the
elongation of the axial Cu—O,; bond from 2.42 to 2.60 A (as the
Cu center moves into the direction of the pore space) and the low
affinity of the Cu center to water resulting in a large Cu—0,,,,,
distance of 2.64 A (for the closest water molecule). Both axial
bonds are ca. 0.2 A longer than for the loosely bound axial wa-
ter molecules in the hexaaqua copper(I1) complex,[**%%] which is
right at the boundary of the combined van-der-Waals radii.’] Ad-
ditionally, the water molecule is tilted toward the equatorial CuO,
plane (bond lengths of 1.99 + 0.02 A) with one hydrogen atom
pointing toward the O, and O,, atoms, highlighted by two short
Oyrior—H ey distances below 2.5 A (see Table S3, Supporting In-
formation). These observations verify our previously mentioned
assumption that water does not coordinate to the open Cu metal
site and instead interacts with the O atoms of the inorganic build-
ing unit via H-bonding.

Upon hydration, the atomic charge of the Cu center increases
notably; for 20% hydration (Cu,(dobdc)(H,0),), the charge be-
comes less positive (+0.873 — +0.840, see Table S5, Supporting
Information). Further, charges of O, increase (—0.537 — —0.532)
while the opposite is observed for O¢,, (—0.508 — —0.522). At the

Adv. Mater. Interfaces 2024, 2400476 2400476 (7 of 11)

www.advmatinterfaces.de

Og; atom, the charge also decreases (—0.601 — —0.587), with its
negative charge remaining the highest observed. For 50% hydra-
tion (Cu,(dobdc)(H,0)s, obtained by MD simulation), remark-
ably similar values are observed, which confirms that the im-
pact of the first water molecule can hardly be distinguished from
additional ones. Interestingly, we observe a broadening of the
standard deviation for all oxygen atoms, which seems to depend
on their accessibility to form H-bonds (O¢, > Op > O().’! In
addition, we observe a minor intra-molecular electron density
transfer from the O to the H atoms, which is more pronounced
for water molecules near the framework atoms, but does not af-
fect the charge balance in water (Figure S4, Supporting Informa-
tion). In contrast to previous experiments on water surfaces,[®!
no (positively or negatively) charged sub-surfaces are observed
in our study, which we attribute to (i) the confined space, as the
reported depths for negatively charged subsurface layers lay be-
tween 3 and 8 A,/ and (ii) the limited interactions of the frame-
work atoms with the confined water molecules. Except for the
already mentioned significantly higher charges in previous DFT
calculations,**! we observe the same trends in our calculations
on CPO-27-Cu.

In summary, the DFT data confirm significantly different sit-
uations for CPO-27-Zn and CPO-27-Cu (Figure 5g). Coordina-
tion of water to the open metal site in CPO-27-Zn results in a
slightly distorted octahedral coordination environment of the Zn
center, which becomes more positive in charge. Further, the more
approachable O, atoms possess the highest negative charge of
all O atoms, thus favoring H-bonding with water, acting as sec-
ondary sorption sites. Otherwise, minor changes to the local
Zn environment are observed. CPO-27-Cu shows a more dras-
tic change. As a result of the higher electron densities of Cu and
Og; after hydration, the Cu-O; distance is strongly elongated,
suggesting that O; leaves the Cu coordination sphere. Further,
no water molecules are in close proximity to the Cu center as wa-
ter molecules interact with the O atoms of the framework (O,
and O,) via H-bonding. As a consequence, the previously square-
pyramidal environment of the Cu center is transformed to nearly
square-planar geometry.

Next, we studied the spatial distribution of water molecules
in the pores of CPO-27-Zn and CPO-27-Cu for different degrees
of pore filling by molecular dynamics simulation. For CPO-27-
Zn, the stepwise water uptake in the vapor sorption isotherm
(Figure 4) suggests that the water molecules occupy defined, in-
dividual sites within the pores, similar to what crystallographic
data revealed.[?’] Addition of the first water molecule per Zn (i.e.
Zn,(dobdc)(H,0),, monohydrate material) results in the satura-
tion of the first site, which is the open metal site, as shown in the
H, O density probability histogram (Figure 6a). In the water sorp-
tion isotherm (Figure 4), this corresponds to the first, irreversible
adsorption step (20% total water uptake). In the radial O, den-
sity distribution (Figure S5, Supporting Information), this corre-
sponds to the single, narrow peak at 5.5 A distance from the pore
center. We note that the coordinating water molecules show only
slight vibrational displacement.

Addition of another ca. 1.5 water molecules per Zn (i.e.
Zn,(dobdc)(H,0)s) results in a weighted O occupancy of the
other four sites. These are located at distances (from the pore cen-
ter) of 5.5 A (second site, same distance as the first site, compare
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Figure 6. Probability density distribution histograms of water in CPO-27-Zn = Zn, (dobdc) (H,0),; (a) x = 2 (monohydrate), (b) x=5, and (c) x = 7. For
clarity, values > 3.5 and > 6.0 g cm™3 (occurring at the coordinating water molecule) are not shown in images (b) and (c), respectively; histograms with
the full density value range are shown in Figure S7 (Supporting Information). (White lines are due to periodic boundary conditions of our simulations.
Missing bonds in the framework structure are an artefact of the used VMD software package and do not refer to the real connectivity between the
framework atoms. Unusually high densities stem from the small grid, that is, < 0.1 x 0.1 A2, that was used to track the position of the atomic nuclei,
used for density calculations.).
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Figure 7. Probability density distribution histograms of water in CPO-27-Cu = Cu, (dobdc) (H,0),, (a) x = 2 (monohydrate) and (b) x = 5. Molecules
form a star-like structure, resulting in seven pillars in the pore center. No molecules are found close to Cu, creating an empty space in its vicinity. Water
shows a clear preference for H-bond formation with the framework carboxylate O atoms.

Figure S6, Supporting Information), 4.85 A (third site), 4.05 A
(fourth site), and 1.3 A (fifth site) (Figures S5 and S6, Support-
ing Information). This is supported by the density probability
histogram (Figure 6b) that shows high occupancies at the sec-
ond, third, and fourth site, because of the previously described
H-bonding to framework oxygen atoms (O, and Oy, see also
H,.r atom distribution, Figure S8, Supporting Information).
The non-coordinating water molecules (i.e. second to fifth site)
are ‘mobile’, that is, they exchange between sites,!*! resulting in
broad density distributions along preferred paths. Negligible oxy-
gen density is found near the center of the pore (fifth site), which
makes it virtually indistinguishable from random movement
through the pore. Again, this is consistent with the water sorption
isotherms.

Further addition of another water molecule per Zn (i.e.
Zn,(dobdc)(H,0),) increases the population of all available po-
sitions (Figure 6¢). Those near the pore center experience the
largest growth in occupancy (fourth and fifth adsorption site).
In addition, the H,,,., atom distribution (Figure S8, Support-
ing Information) shows a strong preference for the added water
molecules toward the pore center, resulting in the connection of

Adv. Mater. Interfaces 2024, 2400476 2400476 (9 of 1 1)

all oxygen atoms via a H-bond network. This aligns with the third
step in the water sorption isotherm (Figure 4a), expecting a pre-
liminary pore saturation (i.e., meta-stable state). We hypothesize
that further addition of water to the framework will result in more
distinct positions, matching those found in previous hydration
experiments.°l This is a gradual process that slowly progresses
over alarger relative water pressure range as the movement of wa-
ter molecules between different sorption sites becomes severely
more hindered with each adsorbed water molecule. This is what
the water sorption data (Figure 4a) suggest; future work will
be dedicated to confirm this hypothesis by molecular dynamics
simulation. We note that our radial water densities in CPO-27-
Zn matches the general trend previously reported for CPO-27-
Mg .31 However, we observe a different weighting of the individ-
ual peaks, which may stem from (i) the incomplete pore filling in
our system and/or (ii) the different metals discussed and/or (iii)
the different methods used.

For CPO-27-Cu, addition of the first water molecule per Cu
center (i.e. Cu,(dobdc)(H,0),, monohydrate material) does not
suggest occupation of the open metal site (Figure 7a), consistent
with the above-made observations. Rather, the water molecules
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tend to reside at the center of the pore (see also Figure S5, Sup-
porting Information). We note that this state is not observed in
the water sorption measurement, since adsorption of the first ca.
80% water occurs nearly simultaneously (Figure 4). Addition of
another ca. 1.5 water molecules per Cu (i.e. Cu,(dobdc)(H,O)s,
Figure 7D) allows a more conclusive view on the interactions and
arrangement of the water molecules, even though it marks a tran-
sition state during the sole sorption step in our experiments. As
stated above, no oxygen atoms are found in proximity to the Cu
center, resulting in an empty pocket. The nearest water molecules
form H-bonds toward the O, and O, atoms, while others form
additional H-bonds toward the O, atoms. This eventually en-
forces a curved, star-like water arrangement (Figure S9b, Sup-
porting Information). The pronounced peak in the radial density
plots centered at 4.0 A (see Figure S5, Supporting Information)
indicates the accumulation of water close to the phenylene ring
(third sorption site), which matches our findings on CPO-27-Zn
and previous findings on CPO-27-Mg.3%! Close to the center of
the pore, no preferred hydrogen atom orientations or positions
are visible (Figure S9, Supporting Information). We observe the
formation of seven pillar-like water clusters along the channel
axis, one of which is located in the exact center of the pore (peaks
at 2.5 and 0 A, respectively, see Figure S5, Supporting Informa-
tion). We assume that at higher loadings, the visible arrangement
becomes more pronounced, as our results suggest that the per-
pendicular water clusters increase in intensity with water uptake.
As soon as enough water molecules can be adsorbed (ca. 80% of
total uptake with respect to our sorption experiments), accumu-
lation of the aforementioned interactions results in pore conden-
sation.

In summary, the molecular dynamics simulations confirm
that water shows much stronger affinity to the open metal site
in CPO-27-Zn than in CPO-27-Cu. As a result, the mechanism
of pore filling and the structure of water in the filled pore are
entirely different.

3. Conclusion

By combining experimental methods (manometric water vapor
sorption analysis and FTIR spectroscopy) with DFT and MD cal-
culations, we were able to obtain a comprehensive picture of the
uptake of water in CPO-27-Zn and CPO-27-Cu. This includes the
distinction of individual sorption sites and water-induced struc-
tural relaxation of the frameworks. CPO-27-Zn and CPO-27-Cu,
though topologically identical, show completely different prop-
erties with respect to hydration. The uptake of water into the
micropores occurs via different mechanisms, and the resulting
structure of the water in the pores is also different. In CPO-27-
Zn, water first coordinates to the Zn center. The coordinated wa-
ter molecule serves as an anchor for adsorption of further water
molecules by H-bonding, although the latter also form H-bonds
with framework oxygen atoms. Adsorption occurs stepwise, with
water molecules occupying defined positions inside the pores
and exchanging between them. In CPO-27-Cu, water does not
coordinate to the metal center for geometric reasons and for re-
sulting electron density distribution; the respective position re-
mains unoccupied. Water molecules adsorb to the pore wall by
H-bonding to framework oxygen atoms. Pore filling occurs all at
once, like classical pore condensation. Water in the pores of CPO-
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27-Cu show high mobility, forming clusters along the pore axis.
The DFT as well as the MD calculations validate the distinct dif-
ference in behavior in the two CPO-27 materials. We have shown
that the water in CPO-27-Zn accumulates at defined positions.
The strength of interaction depends on the position inside the
cell and relates to the electronic interactions between the frame-
work and water molecules, which favor a step-wise pore conden-
sation process. For CPO-27-Cu we observe a distinct difference
in both structure and electronic interactions in the simulations.
We found little interactions between MOF and water, which favor
a complete pore condensation in one step.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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