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ABSTRACT: A series of defect-engineered metal—organic
frameworks (DEMOFs) derived from parent microporous
MOFs was obtained by systematic doping with defective
linkers during synthesis, leading to the simultaneous and
controllable modification of coordinatively unsaturated metal
sites (CUS) and introduction of functionalized mesopores.
These materials were investigated via temperature-dependent
adsorption/desorption of CO monitored by FTIR spectros-
copy under ultra-high-vacuum conditions. Accurate structural
models for the generated point defects at CUS were deduced
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defect free microporous framework

formation of mesopores

by matching experimental data with theoretical simulation. The results reveal multivariate diversity of electronic and steric
properties at CUS, demonstrating the MOF defect structure modulation at two length scales in a single step to overcome
restricted active site specificity and confined coordination space at CUS. Moreover, the DEMOFs exhibit promising modified
physical properties, including band gap, magnetism, and porosity, with hierarchical micro/mesopore structures correlated with
the nature and the degree of defective linker incorporation into the framework.

1. INTRODUCTION

Defects of various natures and length scales are well-established
key attributes of crystalline condensed matter, and under-
standing a material’'s defect structure offers control over its
performance.”” In contrast, the properties of metal—organic
frameworks (MOFs), a fascinating class of organic/inorganic
materials, are mainly conceived from coordination network
topology, implying both long-range and local structural
perfection.’ "> Some MOFs exhibit coordinatively unsaturated
sites (CUS) at the metal ion nodes of the framework, and this
local structural feature mediates adsorption, transport, and
reactive phenomena in analogy to active sites at the surface of
typical heterogeneous catalysts.m_25 However, the restricted
specificity and the confined coordination space of native CUS
are significant limitations.

Only recently it has become evident that defect-engineering
may be a powerful strategy going beyond the drawbacks of the
parent MOF system. A few groups have started out
investigating structural disorder in the crystal lattice of
MOFs**™*! or correlated defects with functions such as
catalysis®*>* and gas absorptions.’*™* Several approaches
were proposed to introduce defects in MOFs: (a) acid
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modulators have been used in the synthesis of missing-linker
MOFs such as HKUST-1*° and Ui0-66;>**" (b) the
postsynthetic treatment of MOFs with inorganic acids leads
to the generation of MIL-100(Fe) with missing linkers;>> (c)
fast precipitation can also result in the formation of missing-
linker defective MOFs;*® (d) the mixed-linker approach
including a metal—ligand—fragment coassembly strategy has
been adopted to synthesize defective MOFs.>”?' 7333638 Thege
studies primarily focus on the synthesis and application of
MOFs with defects; however, a detailed molecular-level
understanding of electronic and steric properties at the
defective CUS, as well as the relationship between the defect
sites and corresponding properties, presents a major challenge.
Such comprehensive and fundamental understanding of the
structural defects is a key step for a rational design of defect-
engineered MOFs (DEMOFs). It requires the combination of
analytical techniques suited to probe the local environment and
state of the art quantum chemical theory and molecular
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Figure 1. Defect-engineered MOFs (DEMOFs). The modulation of the defect structure on the micro- and mesoscales by defective linker doping of
the framework is shown. The blue and short red sticks represent perfect and defective linkers. The yellow and black balls represent perfect and
defective metal sites, respectively. The green highlighted unit indicates parent micropores.

modeling of MOFs to properly interpret the experimental
evidence.

In this work, we selected [Cu,(btc),] (btc*™ = 1,3,5-
benzenetricarboxylate),** also called HKUST-1 (MOE-199),
as the candidate of choice for our investigations on DEMOFs.
A series of defective HKUST-1 samples were obtained by
controlled framework incorporation of defective linkers during
synthesis and crystal growth. We employed carbon monoxide
(CO) as a probe molecule for characterization of the modified
CUS and studied low-temperature CO adsorption and
desorption by sophisticated ultra-high-vacuum Fourier trans-
form infrared spectroscopy (UHV-FTIRS).*"** The high-
quality IR data in conjunction with accurate density functional
theory (DFT) calculations allow us to gain detailed insight into
the structural and electronic properties of DEMOFs which are
significantly modified with respect to the parent MOFs by
systematic and controlled defective linker doping. Interestingly,
we found thus implemented small- and large-scale defects to be
correlated to each other. Both aspects are controlled by the
nature of the defective linkers integrated into the framework
through substitution of variable fractions of the parent organic
linkers without affecting the network topology. Our DEMOFs
described herein provide diverse modified CUS with multi-
variate electronic and steric properties. The coordination
modulating effect of defective linkers and anion of copper
salts combined by the cluster of local and small-scale point
defects finally results in the emerging mesoporosity of the
material, which offers the added value of a large-scale defect
structure (Figure 1).

2. EXPERIMENTAL SECTION

2.1. Sample Preparation. Either Cu(NO;),-3H,0 or Cu(BF,),
6H,0 (1.614 mmol) was dissolved in 6 mL of distilled water, and
samples of Lx (n mmol) and Hibtc (1.076 — n mmol) were dissolved
in a 12 mL mixture of anhydrous N,N-dimethylformamide and ethanol
with a volume ratio of 1:1 (for D1-D3). For D4, however, samples of
Cu(NO;),-3H,0 (0.538 mmol) and the mixture of H;btc (0.359 — n/
3 mmol) and L4 (n/3 mmol) were dissolved in 9 mL of anhydrous
ethanol, respectively. Then the two clear solutions were combined in a
sealed bottle (25 mL), stirred for 20 min, and then heated at 70 °C for
12 h, followed by cooling to room temperature. The obtained
turquoise microcrystalline powders were filtered off, washed
thoroughly with ethanol, acetone, and dichloromethane, respectively,
to remove residual precursor species, and then dried in air for a few
hours. The samples were activated for 24 h (~107> mbar, D1-D3 at

9628

215 °C, D4 at 170 °C) and stored under argon. The full set of samples
and the numbering scheme are given in the Supporting Information.

2.2. Infrared Spectroscopy. UHV-FTIRS experiments were
performed using a special apparatus described elsewhere.””™** The
optical path inside the IR spectrometer and the space between the
UHV chamber and the spectrometer were evacuated, resulting in a
superior sensitivity and stability of the system. The samples were
pressed into a gold-plated stainless steel grid (previously cleaned by
heating to 850 K) and activated in the UHV chamber at 450 K. Prior
to each exposure, a spectrum of clean samples was used as a
background reference. All UHV-FTIR spectra were collected with 512
scans at a resolution of 4 cm™' in transmission mode.

2.3. Computational Methods. The structures were optimized by
a quantum mechanics/molecular mechanics (QM/MM) method for a
single defect, mechanically embedded in a perfect [Cu,btc,]
environment, using periodic boundary conditions for the MM system.
The QM-parametrized MOE-FF force field** was used to describe the
surrounding MOF. The QM region consists of the defect paddlewheel
and the adjacent aromatic system (phenyl or pyridyl), replacing a C—C
bond by a C—H bond in the QM system. A hydrogen link atom
saturates the QM system (see the Supporting Information for further
details). The same dispersion-corrected hybrid density functional
theory level (B3LYP/cc-pVDZ+D3) as used in the reference
calculation for the MOF-FF parametrization was utilized in the QM
part. The program packages pydlpoly* and TURBOMOLE 6.3 were
used to implement the QM/MM coupling. The normal modes were
computed via analytic second derivatives for the QM system in the
QM/MM-optimized structure. The CO stretching mode frequencies
were scaled to reproduce the experimental value for free CO in the gas
phase on the given level of theory.

2.4. Further Characterization Data. Full details on the analytical,
spectroscopic, and other important characterization methods and
respective data are given in the Supporting Information, including the
following: elemental analysis (EA), X-ray powder diffraction (PXRD),
thermogravimetry (TG), differential scanning calorimetry (DSC),
Brunauer—Emmett—Teller (BET) analysis, pore size distributions,
routine FTIR, 'H NMR, high-performance liquid chromatography
(HPLC) of quantitatively digested samples, UV—vis, diffuse
reflectance spectroscoy (DRS), magnetic susceptibility, electron
paramagnetic resonance (EPR), and high-resolution X-ray photo-
electron spectroscopy (XPS).

3. RESULTS AND DISCUSSION

3.1. Defective Linker Doping: Synthesis and Compo-
sition. [Cu,(btc),] holds promise for introducing defective
CUS by the mixed-component approach.”® Some examples of
mesostructured variants were also reported and are known to
be thermally robust>****” In this work, we systematically
incorporate a set of defective linkers into the parent framework
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Scheme 1. Defective Linker Concept for DEMOFs“
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Figure 2. Experimental confirmation of modified copper sites by varying the defective linkers. UHV-FTIR spectra were obtained after representative

DEMOF samples D1—-D4 with different defective linkers L1—-L4 were

exposed to various amounts of CO from 1 X 107 mbar (black line) to 3 X

107* mbar (blue line) at 90 K. Prior to exposure, each sample was heated to 450 K to remove all adsorbed species. Clean (activated) DEMOF
samples exhibit the general formula [Cuj(btc), 4(Ix);] (D1-D4): (a) [Cus(btc),] (parent); (b) [Cus(btc),s(L1)es3] (Dle); (c)
[Cuy(btc), 63(L2)g37] (D2d); (d) [Cus(bte);60(L3)ou0] (D3e); (e) [Cus(btc);71(L4)ga0] (D4b). See the Supporting Information for the full set

of samples and further characterization and analytical data.

(L1 = S-nitroisophthalate (nidc*”), L2 = S-cyanoisophthalate
(cydc*™), L3 = S-hydroxyisophthalate (hydc*~), L4 = pyridine-
3,5-dicarboxylate (pydc®”); see Scheme 1). Our approach is
different from the aforementioned methods a—d mainly
focusing on missing-linker defects,**>>%73% or defects resulting
from substitution of ligands with significantly different
structures.>>***® Herein, Lx (x = 1—4) have structures and
coordination chemistries very similar to those of the parent
linker, ie, btc’, and only one carboxylate ligator site is
replaced by weaker interacting ligators. This systematic doping
with defective linkers can offer the opportunity not only to
finely tune the engineered defects on CUS but also to modify
the MOFs’ porosity due to defect clustering and the
coordination modulation by defective linkers during synthesis

and crystal growth.e’8 In the parent, “perfect” form, [ Cus(btc),]
exhibits two Cu®" sites as the native CUS at the axial positions
of the Cu,(O,CR), paddlewheel nodes of the framework. We
obtained the series of DEMOFs (Dx) of formula
[Cuy(btc),_4(Lx);] (x = 1—4) listed in Table S1 of the
Supporting Information, in which the defects result from the
framework incorporation of defined amounts (d) of defective
linkers Lx. Notably, in the case of unchanged Cu®" oxidation
states for D1—D4, some anions A (NO;~, BF,”) stemming
from the applied copper salts CuA, for synthesis must be
present for charge compensation of the missing carboxylate of
L1-L4 with respect to trivalent btc*”. All materials were
characterized by EA, TG, DSC, N, gas adsorption/desorption,
routine FTIR, UV—vis, DRS, 'H NMR, and HPLC of
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quantitatively digested samples. The PXRD peaks of all samples
are indexed and match with the pattern of parent [Cusbtc,]
(see Figure S1 in the Supporting Information). The combined
data confirm the phase purity and sample composition,
substantiate framework incorporation of Lx, rule out the
presence of physisorbed btc*™ or Ly, and in addition preclude
the presence of any significant amounts of anions A.
Accordingly, the empirical formulas [Cuy(btc),_4(Lx);] and
structural assignments for D1—D4 are justified (see Table S1 in
the Supporting Information for details). We thus anticipate the
generation of modified CUS compared to the parent [Cusbtc,]
as a consequence of the Lx doping leading to mixed-valence
Cu'*/Cu®* defects by a reduction from one of the redox-active
species in the growth solution (ie., ethanol).

3.2. Probing Local Defects by UHV-FTIR Spectroscopy
and DFT Modeling. Representative samples were selected for
characterization of CUS by CO adsorption and in situ UHV-
FTIRS at 90 K. The corresponding IR spectra for different
DEMOF samples prepared by varying the defective linkers Lx
(L1-L4) with comparable doping levels (15—20%) or by
increasing the concentration of L4 (pydc®”) are presented in
Figures 2 and 3, respectively. The expected bands between
2179 and 2174 cm™" stem from CO molecules bound to native
Cu** CUS through electrostatic and o-donation interactions
similar to those of the parent [Cusbtc,].*' However, samples
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Figure 3. Experimental confirmation of modified copper sites by
varying the concentration of the incorporated defective linker L4.
UHV-FTIR spectra were obtained after [Cus(btc),_,(pydc)y] (D4)
was exposed to various amounts of CO from 1 X 107° mbar (black
line) to 3 X 107* mbar (blue line) at 90 K. Prior to exposure, each
sample was heated to 450 K to remove all adsorbed species. The
concentration (d) of the defective linker L4 (pydc®~) was varied: (a)
[Cus(btc),90(L4)o10] (D4a); (b) [Cus(btc),(L4)g] (D4); (c)
[Cuy(btc),41(L4)se] (D4c). (d) Integrated intensity ratio of IR
bands, i.e., Cu'*-related (2101, 2115, and 2127 cm™) to Cu>*-related
(2169 and 2177 cm™), as a function of the defect concentration.
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D1-D#4 exhibit an intense and broad second C—O stretching
region ranging from 2130 to 2100 cm™}, which turned out to be
highly sensitive to the nature (Figure 2) and doping level
(Figure 3) of Lx. The pronounced red-shifted IR bands suggest
a variety of CO species adsorbed at electronically modified, i.e.,
reduced, copper sites due to the enhanced 7 back-donation.*®
The assumption of Cu'* formation (defective Cu'*/Cu?* pairs)
is consistent with the absence of anions A and is confirmed by
XPS results (see Figures S11—-S1S in the Supporting
Information for details). In addition, the generation of reduced
Cu'* CUS by defective linker incorporation agrees with the
shift of the band gap to higher energies (diffuse reflectance
spectra, Figure 8) and the results of the magnetic measure-
ments (Figure 9). The framework is redox responsive, and thus,
it compensates for the missing carboxylate by Cu'’
formation.*”*® A quantitative analysis of the integrated intensity
ratio of the Cu'*-related to the Cu**-related CO bands (Figure
3d) reveals that the abundance of Cu'* CUS in D4 is gradually
increased with increasing degree of L4 incorporation. It should
be noted that the extinction coefficient of CO—Cu'* is
generally more than 1 order of magnitude higher than that of
CO—Cu*,**! indicating a very low abundance of Cu'*
(native) defects in the parent HKUST-1 (a few percent).

To corroborate this reasoning and to gain deeper insight into
the nature of the generated defects at the copper paddlewheel
moieties, QM/MM calculations of isolated defects were
performed. The key strategy of the calculations is that a
sufficiently large QM part (dispersion-corrected hybrid DFT
level) is mechanically embedded into a (periodic) MM model
using the QM-derived MOF-FF force field™ to maintain the
defective linkers in the proper structure. Full details about the
theoretical methods and results are given in the Supporting
Information. The calculations focused on D4 with the largest
deviation from the parent structure and D1 with the smallest
deviation as inferred from the UHV-IR experiments (Figures 2
and 3). Different binding modes of CO at the CUS have been
considered, but only for ' C-coordinated CO stable minima
could be optimized, for which vibrational normal modes (for
the QM subsystem) have been computed in turn (Figure 4;
Figure S17, Supporting Information). First, an assignment of
the experimentally observed CO bands to a nonreduced Cu**/
Cu’" defect can safely be ruled out by the calculations,
corroborating the experimental results. On the other hand, the
matching of the calculations with the UHV-IR spectra is in
favor of the reduced Cu''/Cu®* defect. Importantly, a
theoretical estimate of the relative redox potentials (using a
continuum solvation model) indicates that the cationic Cu?**/
Cu®" defect is much more prone to reduction as compared to
the native Cu®'/Cu®* paddlewheel (see the Supporting
Information). The additional unpaired electron delocalizes
over both copper sites with a symmetric charge distribution for
the CO-free defective Cu'*/Cu®" paddlewheel unit (Table S6,
Supporting Information). This is supported by the XPS data,
which show that the Cu'* and Cu®** ions in the Cu'*/Cu®*
dimer cannot be distinguished (Figure S12, Supporting
Information).

Upon coordination of the first CO (Figure 4a), the
additional electron is localized to generate a Cu'" site binding
one CO with strong 7 back-donation. The calculated frequency
of 2097 cm™" together with the relatively high binding energy
of 28.1 kcal/mol for the (CO)Cu'" species generally explains
the red-shifted CO bands around 2120 cm™ of the spectra
(Figures 2 and 3). Coordination of the second CO at the
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Figure 4. QM/MM-computed binding modes of CO. (a—d) The QM/MM model for a local mixed-valence defect Cu'*/Cu®*(btc);(pydc) typical
for sample D4 is shown, and energetically feasible binding modes for one to three coordinated (adsorbed) CO molecules are given (only the QM
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(cm™). (e) For comparison the defect is shown in a close-up, indicating the embedding of the QM system in the MM environment.
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Figure S. Thermal stability of CO adsorbed on defective sites by varying the defective linkers Lx. UHV-FTIR spectra were obtained after CO (1 X
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= cydc’, L3 = hydc’”) in DEMOFs were varied: (a) [Cus(btc), ;(L1)o33] (Dle); (b) [Cus(btc), 63(L2)os;] (D2d); (¢) [Cus(bte); 6o(L3)oso]

(D3e).

remaining Cu’* site (Figure 4b) exhibits a lower binding energy
of 9.6 kcal/mol, with the corresponding (CO) mode (2179
cm™) falling in the same range as that of nondefect Cu**/Cu?
paddlewheels, which are also present in the samples. The
alternative, simultaneous coordination of the first and second
CO molecules at the same Cu'* site (Figure 4c), keeping the
Cu?* site vacant, is ~6.5 kcal/mol less stable; consequently,
such a situation is unlikely in the real samples. Most
significantly, the calculated results indicate that a third CO
molecule may weakly bind (2 kcal/mol) to the electron-rich
Cu'" site if the Cu®" site is already occupied (Figure 4d). The
frequency of the resulting asymmetric CO stretch mode of this
geminal (CO),Cu'" species calculated to be 2123 cm™!
corresponds to the characteristic feature around 2150 cm™ in
the UHV-IR spectra. Due to the weak binding, it will be the
least populated and is the first thermally removed (see Figures
5 and 6 and the discussion below). This third CO coordination
results from the more open coordination space at the defective
CUS. Such species could not be found for the parent [Cusbtc,]
by our DFT calculations.*'
minimum could not be located in the case of D1 as the steric
situation of L1 (5-nitrobenzene-1,3-dicarboxylate, nidc*”) is
much closer to that of btc®~ than that of L4 (pydc®~; see Table
S6, Supporting Information). This is in accord with the
experimental observation that the feature around 2150 cm™ for
D1 is nearly invisible (Figure 2b).

Interestingly, a similar stable
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The data derived from modeling of D1 and D4 are used to
assign the ©(CO) bands for D2 and D3. Noticeably, the
molecular models considered in this study could not explain the
blue-shifted band around 2200 cm™ in the experimental
spectra. It may be related to minority CO bound to other types
of defect sites probably located at the external crystallite surface
or at cracks inside the crystallites.*' These theoretical results are
used to extrapolate to the real systems, which is particularly
valid for a lower framework-incorporated Lx concentration (d =
~5%), e.g, D4a (Figure 3a). For higher concentrations (d >
20%) the influence of nearest neighbor defects is likely to
become more important, leading to an increasing diversity of
environments for different species, and thus, the spectroscopic
signatures are more complicated (e.g., D4c, Figure 3¢).

On the basis of this theoretical analysis, we have a closer
inspection of the experimental data set of Figures 2 and 3
obtained by probing CUS of D1-D4 with CO adsorption,
starting out again from D4 (Figure 3). Upon increasing the
concentration of L4 (pydc®”), the dominating CO bands
located at ~2179 cm™ assigned to Cu**—CO species (either
parent or defective sites) become more and more asymmetrical,
wider, and gradually red-shifted, before splitting into two bands
at 2177 and 2169 cm ™. Increasing the CO equilibrium pressure
makes these changes more visible. Accordingly, the band at
2127 cm™ with a shoulder band becomes wider and red-
shifted. Subsequently, the shoulder evolves into a sharp peak at
2115 cm™" superimposed by a new shoulder band at ~2101

dx.doi.org/10.1021/ja503218j | J. Am. Chem. Soc. 2014, 136, 9627—9636
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shown in red in (A)—(D). For clear display, the curves for D1c (A, a) and D1d (A, b) are vertically moved up by 30 and 50 cm

3,1

g

, while those of

D2d (B, b) and D3d (C, c) are vertically moved down by 30 cm® g™". See the Supporting Information for pore size distributions.

cm™". High incorporated concentrations (d > 20%) of L4 result
in a quite complex pattern with red-shifted and superimposed
bands (Figure 3c). These band evolutions upon stepwise
increasing incorporation of L4 prove that the defect degree, i.e.,
mixed-valence Cu'*/Cu?* formation, can be precisely con-
trolled by the choice of Lx and doping level d. Interestingly,
D1—D3 exhibit similar but less drastic effects depending on the
nature of L1—L3 and the applied doping level (Figure 2b—d).
For example, the lowest intensity bands ranging from 2150 to
2157 em™" of D1—D4 (Figures 2 and 3), assigned to the weakly
bound second CO—Cu'" species, is indicative of the enhanced
coordination space at the defect (Figure 4c; Figures S16 and
S17, Supporting Information). Such a band is almost absent in
Dle (Figure 2b), although it has a significant doping
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concentration (16%). This observation is clearly related to
the ligator properties of the nitro group with the largest steric
bulk among Lx and closest similarity to the missing carboxylate
ligator of btc®~. Finally, notice the case of D3. The pronounced
bands at 2125 and 2105 cm™" assigned to Cu'" (Figure 2d)
illustrate that this system prefers copper reduction over
deprotonation of the S-hydroxy group for charge compensation
in the course of L3 incorporation.

Temperature-dependent experiments of CO desorption on
different DEMOFs (D1—D4) monitored by UHV-FTIRS can
provide solid spectroscopic evidence for the binding strength of
guest molecules at CUS, which is important for the catalytic
behavior of materials (Figure S, varying the defective linkers La;
Figure 6, increasing the doping level d of L4). In all cases, with
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increasing sample temperatures, the bands ranging from 2200
to 2160 cm ™" assigned to (CO)Cu*', and the bands at 2160—
2150 cm™" characteristic for one CO additionally binding to a
(CO)Cu'* site, show a rapid decrease in intensity with
relatively low binding energies (CO desorption at 100—130
K). The CO bands at lower frequencies (2150—2100 cm™)
originating from (CO)Cu'* species are more stable and
disappear only upon heating to 200—230 K, revealing that
CO is more strongly bound to reduced Cu'* CUS with a higher
binding energy due to enhanced 7 back-donation. Notably, the
stability of the (CO)Cu®* species in DEMOFs is comparable to
or only sli%htly lower than that of (CO)Cu*" in the parent
[Cusbtc,].*" These general features of the modified CUS of
DEMOFs match very well with our QM/MM results of CO
binding energies (Table S6, Supporting Information). Interest-
ingly, D3e exhibits a very special behavior in that the band at
2157 cm™ (assigned to the asymmetric stretch mode of
(CO),Cu'") appears significantly more stable compared to
those of all the other samples. A probable reason for this
inconsistency is that CO molecules at the Cu'" site may form a
weakly stabilizing hydrogen bond with the proximal S-hydroxy
group of L3 (hydc*”; see Scheme 1), which is not possible for
the other Lx (Figure S10, Supporting Information). Sample
D3e shows that DEMOFs with electronically modified CUS
and simultaneously functionalized proximal coordination space
can be derived. Such local tailoring of CUS may be very useful
in multistep or cascade catalytic reactions.®

The derived atomistic model of diluted defects indicates
control of the adsorbate stability at the modified CUS of
DEMOFs. The stabilities of (CO)Cu®* for D4a—c tend to
decrease with increasing doping level of L4 (Figure 6),
illuminating that the introduced local defects may have effects
on the whole framework. Notably, the corresponding behavior
of the (CO),Cu'* species (a = 1, 2) is particularly sensitive to
Lx. Overall, these close inspections of the UHV-FTIR data
show band evolutions and stability differences of CO adsorbed
at Cu sites upon either doping the different kinds of Lx or
increasing the degree of Lx incorporation, indicating that the
particular effects on the relative abundance and stability of the
specific (CO),Cu™ species can be considered as a function of
Lx and the doping level.

3.3. N, Adsorption—Desorption Properties. Standard
N, adsorption—desorption experiments were carried out for
D1-D4 with various Lx concentrations (Figure 7). The
obtained isotherms confirm permanent porosity, framework
rigidity, and different types of introduced mesopores. To gain a
deeper understanding of these results, they should be correlated
with the modification of CUS as discussed above. As
qualitatively expected from the structure of L1 with a NO,
ligator of steric bulk comparable to that of carboxylate (Scheme
1), the isotherms of Dlc (Figure 7A, trace a) reveal no
formation of mesopores. In contrast, linkers L2—L4 are more
effective in modifying CUS locally and creating large-scale
defects. Accordingly, D2b (Figure 7B, trace a) and D3c (Figure
7C, trace b) exhibit pronounced type H4 hysteresis loop
isotherms.>> D4b (Figure 7D, trace a) shows a type H2
hysteresis loop,” and D4c (Figure 7D, trace b) with further
increased concentration of L4 exhibits an even more
pronounced hysteresis loop with a stepwise desorption
isotherm.>* These findings reveal the formation of mesopores
with different structures in D2—D4. The pore size distribution
curves of both D3 and D4 determined by the Barret—Joyner—
Halenda (BJH) method show the modulated and hierarchical
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porosity upon varying the defective linkers and their frame-
work-incorporated concentrations (Figure 7C,D).>* All sam-
ples, except D4c, exhibit high values for the BET surface areas,
being comparable to that of the parent [Cusbtc,] (Table SS,
Supporting Information).*® The observation of a slight decrease
of the BET surface area values for DEMOFs D1—D4 obtained
by doping with defective linkers can be attributed to an increase
of the pore sizes, resulting in the formation of mesopores.® It is
well-known that the presence of mesopores is typically
accompanied by certain loss of specific surface areas for the
modified MOFs. 374475657 15 addition, the corresponding
IR and TGA data in the Supporting Information show that all
the dominating features are characteristic for HKUST-1
frameworks, indicating no significant unreacted ligands
remaining in their pores after being washed and activated.
Therefore, we conclude that the hysteresis loops of isotherms
observed for the DEMOFs result from mesopore formation
with different pore structures. The origin of mesopore
formation for all DEMOFs may be ascribed to the different
types of local vacancies associated with the molecular structure
and the different coordination modulation properties of the
defective linkers Lx during the MOF synthesis.’® The
coordination chemistry of Lx (coordination bond equilibria)
affects nucleation and crystal growth differently from that of the
parent linker btc>™.>* Upon raising the concentration of the
introduced Lx, the associated, slightly different kinds of
coordination vacancies at the (defective) copper paddlewheel
units may cluster. This effect eventually breaks the three types
of neighboring pores of the parent structure (Figure S8,
Supporting Information) and may connect them to each other
to generate the observed large mesopores due to missing
copper paddlewheels and/or linkages between them. However,
the involved mechanisms are certainly very delicate as the
isotherms of Dle and D3e exhibit type H2 hysteresis loops
which are distinct from those of the corresponding reference
samples synthesized from Cu(NO;), rather than Cu(BF,),,
while, notably, the parent [Cusbtc,] derived from Hibtc with
either of the two salts CuA, shows no mesopores at all. These
observations illuminate template effects during synthesis, which
are attributed to cooperative interactions between counter-
anions A (i.e, NO;~ and BF,”) of the employed CuA, and Lax.
Consequently, the small-scale and large-scale defects are closely
correlated and can be controlled by the choice of Lx, doping
level d, and template anion A.

3.4. Evaluation of Reactive Properties. The parent
[Cusbtc,] is highly active for CO oxidation under clean UHV
conditions at temperatures as low as 105 K.*' Accordingly, the
most defect-rich samples D4 were tested for CO oxidation
under the same conditions (Figure S20, Supporting Informa-
tion). The IR data revealed that high levels of mixed-valence
Cu'*/Cu®" sites present in D4 exhibit special reactive
properties due to the electronic modification at the CUS.
The Cu®* sites at Cu'*/Cu®" defects remain highly active for
CO oxidation which occurs at 93 K, while CO is more strongly
bound to the reduced Cu'* CUS and does not react with O, to
form CO, at low temperatures. Currently, we are investigating
more complex reactions such as alcohol oxidation at DEMOFs.
It was found that the parent [Cusbtc,] is inactive for methanol
oxidation, whereas this reaction occurs at the CUS of D4 due to
the coexistence of Cu''/Cu**dimers and the functional
defective linker L4 (pydc®”). A detailed account of the high
reactivity of DEMOFs for methanol oxidation will be published
elsewhere. Furthermore, we have been studying the analogous
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[Ru,btc, ] case>”® and have discovered that the same kind of

defect engineering modulates the electronic structure of the
framework Ru sites very significantly. The obtained multifunc-
tional DEMOFs (Ru) show quite unusual reactivity for CO,
reduction in UHV at 90 K in the dark (Figure S21, Supporting
Information) and are active catalysts for selective hydro-
genation of olefins and for tandem reactions (cyclization/
hydrogenation).

3.5. Optical and Magnetic Properties. The systematic
defective linker doping offers fine-tuning of the DEMOFs’ band
gap. Figure 6a compares the diffuse reflectance spectra of
perfect HKUST-1 with D1—D4. The reflection peaks of the
DEMOFs exhibit a wider range and a stronger intensity. The
band gap of as-synthesized (hydrated) parent HKUST-1 is
determined to be about 2.87 eV, while the as-synthesized
DEMOFs have larger band gaps ranging from 3.31 to 3.87 eV
(Figure 8b). Accordingly, the visible color of the as-synthesized
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Figure 8. Diffuse reflectance spectrum (a) and band gap energy
determination (b) of perfect HKUST-1 synthesized with Cu(NO;),,
namely, Perfect-a and D1—-D4. The absorption spectra were calculated
from reflectance spectra using the Kubelka—Munk function a/S = (1 —
R)?*/(2R), where a is the absorption coefficient, S is the scattering
coefficient, and R is the reflectance, and are represented as a Tauc plot,
(a/S'hv)* vs hv. Evidently, the doping with Lx allows band gap
engineering.

DEMOFs is paler than that of the parent material, showing that
the Cu'" sites are already present in the as-synthesized samples.
From these data it is concluded that the Cu'* species are
predominantly formed during synthesis (ethanol as the
reducing agent) and are not significantly generated by the
activation protocol (heating under vacuum).

Accordingly, the magnetism of the mixed-valence DEMOFs
responds to the degree of defective linker doping and the
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corresponding modulation of the CUS. The data obtained for
the parent HKUST-1 and D4b and D4c are discussed in the
following. In general, all yyT vs T plots (Figure 9) show a

(a)
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o
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b

o
[
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o
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Figure 9. y T vs T for (a) Perfect-a, i.e., the parent HKUST-1 MOFs
synthesized with Cu(NO;),, (b) [Cus(btc);7;(L4)g20] (D4b), and (c)
[Cus(btc);41(L4)gso] (D4c) (red solid lines represent the best
theoretical fitting curves for plots of yT vs T when T > 80 K).

continuous decrease upon cooling. This behavior is character-
istic of antiferromagnetic exchange coupling for the parent
paddlewheel units of Cu®', which are abundant within all the
samples. Noticeably, the T vs T plots deviate from each other
due to the different structural changes, affecting the electron
spin resonance, magnetic coupling constant ] of the Cu®'
dimers, and additional spin exchanges (Z]') via btc*~ and L4.
The cw X-band EPR spectra at room temperature (Figure S9,
Supporting Information) of all three samples show a broad
signal with an isotropic g value of about 2.14 and different line
widths ranging from 820 to 1060 G. This signal is typical for
the S = 1 excited spin state of the antiferromagnetically coupled
parent dimers of Cu®' that are involved in additional spin
exchange interactions via the aromatic framework.’" The
defective Cu'*/Cu®" dimers can be considered as monomeric,
open-shell Cu** species (3d°, S = 1/2, while closed-shell Cu'" is
diamagnetic, no coupling). Therefore, on the basis of the
measured g values, the magnetic susceptibility data can be fitted
using a refined model. It is based on the one described by O.
Kahn for such samples containing Cu** paddlewheel units
together with (diluted) monomeric Cu** species62 and takes
the additional spin exchange via btc*” and L4 (pydc®”) into
consideration. In the Supporting Information, the used model
and fitting procedure are described in detail. The model fits
well with yyT vs T plots for all the samples (Figure 9; the best
fitting parameters and agreement factors R are listed in Table
S7, Supporting Information). The increasing number of defects
and fraction of diamagnetic impurities, assigned to Cu'*, are
reflected in the growing values of the fitting parameters p
(uncoupled copper centers) and ¢ (copper centers coupled via
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L4; see Table S7) and the lower g value compared to the
experimental results. The sum of p and o is larger than that
deduced from the compositional data (elemental analysis and
HPLC). The number of copper centers that do not couple over
the pi-acetato bridge is not directly related to the number of
Cu'* ions in the sample. The ] values of D4b and D4c of
—330.2 + 4.0 and —262.1 + 9.3 cm™, respectively, are lower
than that of the parent sample, —365.9 + 1.7 cm™" (which is
comparable to previously reported data). The comparison of
the J values indicates that the spin exchange interactions in the
Cu’* dimers decrease with increasing framework-incorporated
concentration (d) of L4. For the parent sample, the value of
spin exchange interactions via the aromatic framework (Z]') is
70.1 + 2.2 em™", while those for D4b and D4c are —63.5 + 2.7
and —41.8 + 2.6 cm™', respectively. These characteristic
differences are attributed to the different spin exchange
interactions between the dimers, which are regulated by the
doping linker as well as its framework-incorporated concen-
tration and spatial distribution. These results further confirm
the assumption of specific Cu'* formation (already during
synthesis, while not during activation and/or thermal treat-
ment), which is controlled by the chosen doping linker Lax.

4. CONCLUSIONS

Our experimental results combined with theoretical calculations
demonstrate consistently that MOFs can be surprisingly
tolerant of systematic incorporation of defective linkers with
broad functional variations of modified ligators to generate
libraries of single-phased materials isoreticular to the parent
structure. Defect engineering of MOFs will simultaneously
modify the electronic properties and the proximate coordina-
tion space at reactive framework metal centers (ie., CUS), as
well as the pore structure of the MOF, eventually giving rise to
functionalized mesopores in the case of stronger defect-
generating properties and higher concentrations of imple-
mented fragmented linkers. More recently, it has been reported
that the introduction of “missing node” type defects into
HKUST-1 by using isophtalic acid can finely tune the sorption
properties of MOFs.> This multivariate nature of DEMOFs
represents a new dimension for tailoring functions, which holds
promise for moving beyond adsorption, separation, and
catalysis by also targeting physical properties such as band
gap engineering (Figure 8), magnetism (Figure 9), and
eventually conductive properties.
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