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ABSTRACT: Defect engineering (DE) has been recognized as a
powerful approach to tune the structural, optical, and chemical
properties of metal−organic framework (MOF) materials. Here, a
detailed characterization using ultrahigh vacuum Fourier transform
infrared spectroscopy and X ray photoelectron spectroscopy was
performed for defect engineered NOTT 100 (Cu2(BPTC), BPTC =
biphenyl 3,3′,5,5′ tetracarboxylates). Defects were introduced either
via thermal defect engineering (TDE) or the defective linker approach
(synthetic defect engineering, SDE). A quantitative analysis of the
spectroscopic results revealed the formation of reduced, under
coordinated Cu+/Cu2+ dimer defects via both TDE and SDE
approaches in a controlled manner. Exposure of the MOFs to CO
led to various (CO)aCu

+ and (CO)aCu
2+ (a = 1,2) species. The

binding energies of these species as determined by temperature dependent experiments showed strong variations. The type and
doping concentration of defective linkers as well as the annealing temperatures played a crucial role in tuning the structural and
electronic properties of DE NOTT 100 MOFs. The Brønsted acid sites exposed by protonated carboxylic acids were unambiguously
identified by both the characteristic vibrational frequency of adsorbed CO and the corresponding red shift of the acidic OH group.

1. INTRODUCTION

Metal−organic frameworks (MOFs) are an emerging class of
porous materials that feature unique physical and chemical
properties due to the combination of inorganic (nodes) and
organic (linkers) building units.1−6 MOFs exhibit a high
degree of crystallinity and large surface areas (up to 10 000
m2/g).7 Compared with zeolites, MOFs also possess a higher
degree of porosity, and the size of the pores is tunable. These
favorable properties, together with the huge number of
available frameworks, have led to the introduction of MOFs
into a wide range of application fields, including gas storage,8,9

purification and separation,10−14 chemical sensing,15−18 and
catalysis.19,20 Recently, the optical properties of MOFs have
also been receiving substantial attention.21

MOFs are comprised of diverse metal nodes and organic
linkers. After assembly, many MOFs contain coordinatively
unsaturated metal sites (CUSs), which show pronounced
activity, conferring interesting catalytic properties to numerous
MOF materials. The metal cations in MOFs are well defined,
isolated, single active metal sites, and can be compared to
metal clusters supported on oxides. The application of the
latter for heterogeneous catalysis is presently a very active
field,22−28 but the generation and stabilization of metal single
sites on oxide substrates remain to be a challenge. Extensive
studies have been performed to explore the potential

application of MOFs in catalysis,19,20,29−36 particularly as
single site catalysts.37,38 A variety of intrinsic structural defects
in MOFs have been identified.39−42 Defect engineering (DE)
has been recognized as a powerful approach to tailor the
chemical properties of MOFs and thus has attracted
considerable attention.43−58

Cu based DE MOFs with the coexistence of Cu+ and Cu2+

entities have the potential to catalyze various reactions. While
structurally perfect HKUST I thin films were observed to be
chemically quite inert, the introduction of defects was found to
result in high activities for low temperature CO oxidation.58 In
this case, the crystalline nature and precise knowledge of the
defect geometry allowed for a thorough analysis of the reaction
mechanism, which involves a complex interplay between
electronic and steric effects at Cu+/Cu2+ dimers. Here, we
present systematic spectroscopic studies on a different type of
MOF Cu2(BPTC) (NOTT 100, BPTC = biphenyl 3,3′,5,5′
tetracarboxylates; see Figure S1), which also contains Cu
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dimers. Recent studies have demonstrated that Cu+ defects can
be successfully introduced into this Cu2(BPTC) framework by
incorporating various types of defective linkers.56 The defect
engineered NOTT 100 (DE NOTT 100) was found to show
enhanced catalytic activities for the cycloaddition of CO2 with
propylene oxide to propylene carbonate as well as the
cyclopropanation of styrene.56

In this work, we focus on a fundamental understanding of
the structural and electronic properties of various DE NOTT
100 MOFs. By combining temperature dependent ultra high
vacuum Fourier transform infrared spectroscopy (UHV
FTIRS) and high resolution X ray photoelectron spectroscopy
(HR XPS), we are able to provide a detailed characterization
of various defects. The IR spectroscopy using CO as a probe
molecule has been proven to be a powerful technique to
characterize the structural evolution of catalyst surfaces.59−63

Two different defect engineering strategies were employed to
create defects. One is the thermal defect engineering
(TDE),50,57 in which the pristine sample was heated to
elevated temperatures under UHV conditions in a controlled
manner. The other is synthetic defect engineering (SDE)47 by
doping of NOTT 100 with two defective linkers (Figure S2),
biphenyl 3,3′,5 tricarboxylates (LH) and 5 (5 carboxypyridin
3 yl) isophthalates (LPy). Quantitative analysis based on UHV
FTIRS and XPS reveals that the structural and electronic
properties of defect sites in DE NOTT 100 can be precisely
tailored by both defect engineering approaches. In addition to
the modification of metal nodes (Lewis acidic sites) yielding
undercoordinated Cu+/Cu2+ dimers, protonated −COOH
groups (Brønsted acid sites) are unambiguously identified by
the characteristic OH stretching vibration at 3497 cm−1 as well
as its red shift in frequency induced by CO adsorption via
hydrogen bonding.

2. EXPERIMENTAL SECTION
2.1. Synthesis of NOTT-100 Samples. Pristine NOTT

100 was fabricated using solvothermal synthesis according to
the method reported in the literature.64 The corresponding
SDE MOFs Py1 Py3 and H1−H3 were synthesized using
analogous procedures by varying the concentration of the
incorporated defective linkers LPy and LH: Py1 (10% LPy), Py2
(30% LPy), Py3 (50% LPy), H1 (19% LH), H2 (33% LH), and
H3 (59% LH). The details of the synthesis and characterization
(using powder X ray diffraction, 1H NMR, etc.) are reported
elsewhere.56 The TDE MOFs were obtained via the TDE
approach by the temperature induced creation of defects,
namely, annealing the pristine NOTT 100 at different
temperatures (450, 480, 520, and 550 K) for 30 min under
UHV conditions.
2.2. UHV-FTIRS and XPS Measurements. UHV FTIRS

measurements were conducted with a UHV apparatus that
combines a state of the art FTIR spectrometer (Bruker Vertex
80v) and a multichamber UHV system (Prevac).59,65 The
samples were first pressed into an inert metal mesh and
mounted on a sample holder that was specially designed for the
infrared transmission measurements in UHV. The base
pressure in the measurement chamber was ∼1 × 10−10 mbar.
The optical path inside the IR spectrometer and the space
between the spectrometer and UHV chamber were also
evacuated to avoid atmospheric moisture adsorption and to
achieve high sensitivity and stability. The SDE NOTT 100
samples in the UHV chamber were heated to 430 K, aiming to
remove the contaminants involved during synthesis and all of

the adsorbed species, e.g., water and hydroxyl groups. Prior to
measurement, a spectrum of the clean sample was recorded as
a background reference. Carbon monoxide (CO) was used as
the probe molecule. The exposure of the sample to CO was
carried out by using a leak valve based capillary doser. The
infrared data were accumulated by recording 1024 scans with a
resolution of 4 cm−1. XPS measurements were carried out in a
UHV setup equipped with a high resolution RG Scienta 4000
analyzer.

3. RESULTS AND DISCUSSION
3.1. TDE-NOTT-100: The TDE Approach. The defect

engineered NOTT 100 (DE NOTT 100) MOFs were pre
pared by two different strategies: thermal defect engineering
(TDE) and synthetic defect engineering (SDE), by incorporat
ing various defective linkers into the framework of NOTT 100
during synthesis.
First, we explore the TDE approach,50,57 i.e., generating

defect sites by annealing pristine NOTT 100 at elevated
temperatures under UHV conditions. Figure 1a presents the

UHV FTIR spectra of CO adsorption at 100 K on NOTT 100
MOFs that were pretreated at different temperatures (from
300 to 550 K) for 30 min under UHV conditions. The pristine
NOTT 100 shows just one IR band at 2173 cm−1 (Figure 1a),
which is attributed to CO species bound to intact Cu2+/Cu2+

nodes (CO−Cu2+).47,58 This finding indicates the formation of
nearly defect free NOTT 100, which is further supported by
the XPS analysis (∼3% Cu+).56 For TDE NOTT 100 MOFs,
two low lying vibrations at about 2120 and 2100 cm−1 appear
and grow on heating the sample to higher temperatures (see
Figure 1a). They are characteristic for CO molecules adsorbed
to Cu+ sites (CO−Cu+),45,47,58 indicating the creation of
reduced Cu+ CUS using the TDE approach. Furthermore, each
Cu site exposed by the Cu+/Cu2+ defect dimers is twofold
coordinatively unsaturated and is thus able to bind two CO
molecules. Indeed, the corresponding UHV FTIRS data shows
two additional IR bands at 2154 and 2195 cm−1 (Figure 1a),
which are assigned to (CO)2 dimers ligated to Cu+ and Cu2+

CUS, respectively.47,58 We note that the occurrence of two

Figure 1. (a) UHV FTIR difference spectra of CO adsorbed at 100 K
on TDE NOTT 100 MOFs prepared by annealing the pristine
NOTT 100 at different temperatures for 30 min in UHV. The inset
shows the intensity (peak area) ratio of the Cu+ related bands to the
Cu2+ related CO bands as a function of the pretreatment temperature.
(b) Temperature dependent IR spectra of CO desorption from DE
NOTT 100 prepared by the TDE approach at 550 K.
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Cu+ related CO bands at 2120 and 2100 cm−1 could be due to
the presence of various Cu+ defect sites with slightly different
chemical environments.
As shown in Figure 1a, the Cu+ related CO bands increase in

intensity with increasing pretreated temperatures, whereas the
Cu2+ related peaks gradually attenuate, revealing that the
defect concentration increases on annealing the NOTT 100 to
higher temperatures. This finding is more clearly presented in
the inset of Figure 1a, which plots the ratio of the intensity of
Cu+ to Cu2+ related IR bands as a function of preheated
temperatures. Overall, our results provide direct evidence that
the Cu+/Cu2+ dimer defects can be created via the thermally
induced reduction of the pristine Cu2+/Cu2+ pairs in a
controlled manner.
Temperature dependent UHV FTIR spectroscopy of CO

desorption on DE MOFs allows us to gain detailed insight into
the binding strength of guest molecules at CUS. As shown in
Figure 1b, CO is weakly bound to Cu2+ sites with relatively low
binding energies. The (CO)2−Cu2+ peak at 2195 cm−1

vanishes first at about 130 K, which is followed by the
disappearance of the (CO)−Cu2+ signal (2174 cm−1) at ∼135
K. This reveals the subsequent desorption of the two CO
molecules adsorbed at the same Cu2+ site. In comparison, the
interaction between CO and the Cu+ defect sites is much
stronger, as confirmed by the observation of the desorption of
two Cu+ related CO molecules at higher temperatures: ∼145
K for the (CO)2−Cu+ species at 2154 cm−1 and 220−240 K
for the (CO)−Cu+ one at frequencies ranging from 2090 to
2140 cm−1. The spectral evolution of the Cu+ bonded CO
vibrations could be related to the modification of the chemical
environments along with the desorption of different CO
species (see Figure S3). The complex pattern indicates the
structural and electronic complexity of the reduced, under
coordinated Cu+/Cu2+ dimer defects.
The DE NOTT 100 MOFs prepared by annealing at

different temperatures under UHV conditions were further
investigated by XPS. Figure 2a displays the deconvoluted Cu
2p XPS data obtained for the pristine NOTT 100 and TDE
NOTT 100 MOFs. On the basis of a quantitative analysis, the

relative concentration of the Cu+ species (∼933 eV) as a
function of the pretreatment temperature is shown in Figure
2b. It can be seen that the content of Cu+ species increases
with increasing heating temperature. These XPS results clearly
reveal the creation of Cu+ defects in the MOF lattice via the
controlled thermal reduction of pristine Cu2+/Cu2+ dimers at
the metal nodes to the Cu+/Cu2+ defects, where both the
electronic and structural properties are significantly modified.
The XPS observation is in excellent agreement with the UHV
FITRS results (see Figure 1a), demonstrating again that
thermal defect engineering is an effective approach to
introduce defects into the frameworks of NOTT 100.
We propose that annealing NOTT 100 to high temperatures

leads to Cu2+ catalyzed oxidative decarboxylation. Conse
quently, the Cu2+/Cu2+ dimers are partially reduced to Cu+/
Cu2+ CUS, as reported for UHM 350 and HKUST 1
SURMOFs.58 In addition, our IR data reveals the appearance
and growth of two IR bands at 1707 and 3497 cm−1 along with
the TDE treatment (see Figure 3). They are ascribed to the

CO and O−H stretching modes, respectively. Furthermore,
the 3497 cm−1 band is characteristic of the OH group exposed
by carboxylic acids.66,67 These results indicate that the
reduction of Cu2+/Cu2+ paddlewheels is also accompanied by
the formation of protonated carboxylates exposing free OH
groups (Brønsted acid sites). This assignment is further
supported by the CO induced frequency shift, as will be
discussed later in detail (see Section 3.4).

3.2. SDE-NOTT-100: Doping with Defective Linker LPy.
In addition to the TDE method, it has been reported that DE
MOFs can be synthesized via incorporating various defective
linkers into the MOF framework.47,48 Here, a series of SDE
NOTT 100 MOFs (Py1 to Py3) were prepared via the SDE
approach by doping the pristine NOTT 100 with defective
linkers LPy1 to LPy3, in which the Cu sites are modified with
different concentrations of LPy (5 (5 carboxypyridin 3 yl)
isophthalates, Figure S2; for details, see ref 56).
Figure 4 presents the UHV FTIR spectra obtained after CO

adsorption at 100 K on different SDE NOTT 100 MOFs. The
presence of various Cu related CO species is clearly identified
by the characteristic CO bands including (CO)2−Cu2+ at
∼2195 cm−1, CO−Cu2+ at 2175 cm−1, (CO)2−Cu+ at 2153
cm−1, and CO−Cu+ centered at ∼2106 cm−1, in line with the
observation for DE NOTT 100 prepared by the TDE

Figure 2. (a) Deconvoluted XPS data of the TDE NOTT 100 MOFs
prepared by annealing at different temperatures for 30 min under
UHV conditions. (b) Concentration of Cu+ species as a function of
the pretreatment temperature. (c) Schematic presentation of the
creation of DE NOTT 100 MOFs via the TDE approach.

Figure 3. (a) UHV FTIR spectra of the DE NOTT 100 MOFs
prepared via the TDE approach by annealing at different temperatures
for 30 min under UHV conditions: (a) CO stretching vibrations
and (b) O−H stretching vibrations.
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approach (see Figure 1a). In contrast to pristine NOTT 100,
SDE NOTT 100 MOFs are dominated by the intense Cu+−
CO bands, revealing the formation of reduced Cu+/Cu2+

paddlewheel defects after doping of the framework with LPy.
Figure 4c shows the integrated intensity ratio of Cu+ related
bands to the CO−Cu2+ bands as a function of the defect
concentration. The relative intensity of CO−Cu+ bands
significantly increases with increasing content of the LPy linker.
These IR results demonstrate the successful incorporation of
defective linker LPy, yielding Cu+/Cu2+ defect dimers in a
controlled manner.
The thermal stability of various CO species bound to SDE

NOTT 100 prepared by doping with defective linker LPy was
investigated by temperature dependent UHV FTIRS. Figure 5
shows the IR spectra recorded after exposing SDE NOTT 100
(Py1 to Py3) to CO at 100 K and subsequently heating to
higher temperatures. For all samples, the CO bands originating
from (CO)2−Cu2+, CO−Cu2+, and (CO)2−Cu+ disappear at
relatively low temperatures up to approximately 150 K,

indicating a low binding energy of CO bound to these Cu
sites, whereas the CO−Cu+ related bands at 2120−2100 cm−1

are more stable and disappear only upon heating to 220−240
K, revealing a stronger binding of CO to the reduced Cu+ CUS
because of the enhanced π back donation. These results are in
good agreement with the observation for TDE NOTT 100
MOFs as discussed above (see Figure 1b).

3.3. SDE-NOTT-100: Doping with Defective Linker LH.
To gain insight into the influence of different kinds of defective
linkers on DE MOFs, a series of SDE NOTT 100 MOFs (H1
to H3) were prepared by introducing defective linkers, LH
(biphenyl 3,3′,5 tricarboxylates, Figure S2; for details, see ref
56). The corresponding UHV FTIRS data were obtained after
exposure of the MOF to CO at 100 K (Figure 6). A large
number of IR bands are observed, which are attributed to the
presence of various Cu2+ and Cu+ related CO species, in line
with the results for DE NOTT 100 MOFs prepared by the
TDE approach (Figure 1) and by doping with defective linker
LPy (Figure 4). Figure 6c shows the integrated intensity ratio of

Figure 4. Experimental confirmation of modified copper sites by varying the concentration of the incorporated defective linker LPy. (a, b) UHV
FTIR difference spectra obtained after CO adsorption (0.01 mbar for 80 min) at 100 K on SDE NOTT 100 MOFs synthesized by doping with LPy:
(a) [Cu2(BPTC)0.9(LPy)0.1] (Py1) and (b) [Cu2(BPTC)0.5(LPy)0.5] (Py3). Prior to exposure, each sample was heated to 430 K to remove all
adsorbed species. (c) Integrated intensity ratio of IR bands, i.e., Cu+ related to Cu2+ related, as a function of the defect concentration.

Figure 5. Thermal stability of various CO species adsorbed on SDE MOFs Py1 Py3 monitored by temperature dependent IR spectra. (a−c) UHV
FTIR difference spectra obtained after CO adsorption on SDE NOTT 100 MOFs at 100 K and then heating to the indicated temperatures. The
SDE MOFs were synthesized by varying the concentration of the incorporated defective linker LPy: (a) [Cu2(BPTC)0.9(LPy)0.1] (Py1), (b)
[Cu2(BPTC)0.7(LPy)0.3] (Py2), and (c) [Cu2(BPTC)0.5(LPy)0.5] (Py3).
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the CO−Cu+ bands to the CO−Cu2+ ones for different SDE
NOTT 100 MOFs (H1−H3). The fraction of the Cu+ defects
clearly increases with increasing defect concentration, revealing
a controlled creation of electron enriched Cu+/Cu2+ defects.
Interestingly, for Py1 (Figure 4a) and H1 (Figure 6a), the

Cu+ bonded CO vibrations are characterized by a more
complex spectra pattern, whereas only one broad CO−Cu+
band between 2140 and 2090 cm−1 appears for Py3 (Figure
4b) and H3 (Figure 6b). This finding reveals that the
superimposed bands cannot be resolved in Py3 and H3, which
is probably due to the increased complexity in both electronic
and steric properties with increasing concentration of defective
linkers LPy and LH.
The corresponding temperature dependent UHV FTIRS

results are displayed in Figure 7. These IR data provide
detailed information about the thermal stability of various
(CO)a−Cu+ and (CO)a−Cu2+ (a = 1 or 2) species, which is in
excellent agreement with the observation for DE NOTT 100
MOFs prepared using other DE approaches (see Figures 1b

and 5). Overall, close inspections of the UHV FTIRS results
show that the spectral evolution depends strongly on the
doping type and level of defect linkers, which lead to the
formation of various Cu related CO species with different
binding energies.
The comprehensive IR results show that the framework

incorporation of both defective linkers LPy and LH into pristine
NOTT 100 leads to a significant increase of the relative
intensity of the CO−Cu+ bands, confirming the generation of
type I defects (modified metal paddlewheels). However, a
close analysis of the IR data for DE NOTT 100 MOFs,
prepared by incorporating with LPy and LH in comparable
doping levels, reveals that the relative intensity (peak area) of
CO−Cu+ bands of H1 and H3 (Figure 6a,b) is much lower
than that of Py1 and Py3 (Figure 4a,b), although a comparable
doping concentration of LPy and LH was adopted. These
findings imply that the LH incorporation prefers to generate
type II defects (i.e., missing metal paddlewheels). However, in
the case of defective linker LPy, the pyridyl N atom acts as a

Figure 6. Experimental confirmation of modified copper sites by varying the concentration of the incorporated defective linker LH. (a, b) UHV
FTIR difference spectra obtained after CO adsorption (0.01 mbar for 80 min) at 100 K on SDE NOTT 100 MOFs prepared by doping with LH:
(a) [Cu2(BPTC)0.81(LH)0.19] (H1) and (b) [Cu2(BPTC)0.41(LH)0.59] (H3). Prior to exposure, each sample was heated to 430 K to remove all
adsorbed species. (c) Integrated intensity ratio of IR bands, i.e., Cu+ related to Cu2+ related, as a function of the defect concentration.

Figure 7. Thermal stability of various CO species adsorbed on H1−H3 monitored by temperature dependent IR spectra. (a−c) UHV FTIR
difference spectra obtained after CO adsorption on SDE NOTT 100 MOFs (H1−H3) at ∼100 K and then heating to the indicated temperatures.
The SDE MOFs were synthesized by varying the concentration of the incorporated defective linker LH: (a) [Cu2(BPTC)0.81(LH)0.19] (H1), (b)
[Cu2(BPTC)0.67(LH)0.33] (H2), and (c) [Cu2(BPTC)0.41(LH)0.59] (H3).
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Lewis base ligand that weakly interacts with Cu cations (Lewis
acid sites). We propose that the creation of metal node
vacancies is suppressed by this metal−ligand interaction.56

3.4. Brønsted Acid Sites in DE-NOTT-100 MOFs. The
present results demonstrate that the structural and electronic
properties of NOTT 100 can be substantially modified by the
TDE approach or incorporation of defect linkers (i.e., the SDE
method), which consequently has a significant impact on their
chemical reactivity.56 As discussed above, our IR data show
that the type II defects are the dominant ones generated in DE
NOTT 100 MOFs of H1−H3. This will facilitate the
formation of Brønsted acid sites originating from protonated
carboxylates with dangling OH groups. In contrast, for DE
NOTT 100 MOFs of Py1 to Py3, the type I defects are the
major ones that expose Lewis acid sites at the metal CUS.
IR spectroscopy is also capable of identifying the Brønsted

acid site. Pyridine is usually used as the probe molecule to

determine the density of Brønsted acid sites. However, it is not
well suited for the detection of Brønsted acid sites in MOFs,
because its vibrations overlap with the vibrations of the MOF
framework.68 In this work, CO was successfully used as a probe
molecule to monitor Brønsted acid sites formed in DE NOTT
100. It is known that the binding of CO to acidic OH sites will
result in a shift of the OH stretching vibration to lower
frequencies.69 Thus, CO is suitable for detecting the Brønsted
acid sites in MOFs.70

Figure 8 shows the UHV FTIR spectra in the regions of CO
(Figure 8a) and OH (Figure 8b) vibrations obtained before
and after CO adsorption at 100 K on two representative DE
NOTT 100 MOFs: H2 and Py2. The two DE MOF samples
contain defective linkers (LH/LPy) with comparable concen
trations (∼30%). For the DE MOF H2, we clearly observe an
OH stretching band at 3497 cm−1 that is characteristic of
hydroxyl groups of protonated carboxylates (Figure 8c).66,67

Figure 8. UHV FTIR spectra recorded after CO adsorption (0.01 mbar) at 100 K on [Cu2(BPTC)0.67(LH)0.33] (H2) and [Cu2(BPTC)0.7(LPy)0.3]
(Py2): (a) CO vibrations and (b) OH vibrations. For comparison, the spectra in the OH region obtained before CO adsorption are shown as
dashed lines. (c) Brønsted acid sites (OH) exposed by carboxylic acids at metal node vacancies, which are generated via incorporating defective
linker LH. Lower panel: “free” COOH; upper panel: CO adsorption on OH via H bonding.

Figure 9. (a, b) UHV FTIR spectra recorded after CO adsorption (0.01 mbar) at 100 K on DE NOTT 100 MOFs prepared via the TDE approach
by annealing at different temperatures for 30 min under UHV conditions: (a) CO vibrations and (b) OH vibrations (the spectra obtained before
CO adsorption are shown as dashed lines). (c) Corresponding difference spectra recorded after CO adsorption at 100 K on DE NOTT 100 MOFs.
(d) Comparison of the UHV FTIR spectra of DE NOTT 100 MOFs prepared via different approaches: TDE NOTT 100 and H2 (SDE NOTT
100).
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Exposing H2 to CO leads to a slight shift of the OH vibration
to 3491 cm−1. This CO induced frequency shift is attributed to
the weak interaction between CO and hydroxyls via hydrogen
bonding (Figure 8c). Interestingly, the IR data for DE MOF
Py2 does not show any indications for the presence of such
“free” or CO adsorbed OH groups (Figure 8b). According to
the literature,68−70 the OH related CO vibration is located at
about 2155 cm−1, which is overlapped with the (CO)2−Cu+
species. However, a close look at the IR data reveals that for
H2, the intensity (peak area) ratio between the 2153 cm−1

band and the CO−Cu+ bands is higher than that of Py2
(Figure 8a). Considering the fact that much fewer Cu+ defects
are formed in H2 compared with Py2, the more intense signal
at 2153 cm−1 is attributed to the presence of OH bonded CO
species in H2.
These IR results provide direct evidence that the doping of

NOTT 100 with LH, instead of LPy, promotes the generation of
protonated carboxylates exposing Brønsted acid sites in DE
NOTT 100. As shown in Figure 8c, the acidic OH groups
exposed by carboxylic acids are formed along with the creation
of metal node vacancies. We note that despite the importance
of protonated carboxylic acids as functional groups in MOFs, a
thorough characterization using IR spectroscopy has not been
achieved so far.
The Brønsted acid sites are also identified by IR using CO as

a probe molecule (Figure 9a) for DE NOTT 100 MOFs,
prepared via the TDE method by annealing NOTT 100 at
different temperatures. A shown in Figure 9b, the correspond
ing IR spectra reveal a typical OH band at 3497 cm−1, which
shifts to a lower frequency (3489 cm−1) due to the weak
interaction with CO. The latter is further characterized by the
OH bonded CO vibration at 2154 cm−1 (Figure 9a), in line
with the observation for H2 (Figure 8a). However, the OH
signal observed for TDE NOTT 100 samples is about an order
of magnitude weaker in intensity than that of H2 (see Figure
9d), revealing that protonated carboxylic acids exist only as
minority species in DE NOTT 100 prepared via the TDE
method. Since the oxidative decarboxylation does not yield
COOH groups, we speculate that this small density of free
acid groups is attributed to the rupture of carboxylate−(Cu2+)2
bonds, caused by mechanical stress resulting from the
thermally induced creation of defects.
In comparison to SDE, the TDE approach enables to create

more undercoordinated single active sites by removing guest
molecules bound to metal nodes via annealing at elevated
temperatures. More importantly, TDE allows to precisely tune
the electronic and steric properties of metal nodes via the
controlled thermal reduction of pristine Cu2+/Cu2+ dimers
while retaining the structural integrity of the framework. This
feature makes TDE an efficient method, in particular, for the
generation of defects in mixed metal MOFs (e.g., CuPd
HKUST 153 and RuRh HKUST 1 MOFs57).

4. CONCLUSIONS
In this work, the local chemical environments of Cu
paddlewheel nodes in the defect engineered NOTT 100
MOFs were characterized using temperature resolved UHV
FTIRS in conjunction with HR XPS. The DE NOTT 100
MOFs were prepared using two different defect engineering
strategies: thermal defect engineering (TDE) and synthetic
defect engineering (SDE) by doping with defective linkers.
The combined results demonstrate that the structural and
electronic properties of DE NOTT 100 MOFs can be

modified by both approaches in a controlled manner. The
temperature dependent UHV FTIRS provides detailed insight
into the thermal stability of various (CO)a−Cu+ and (CO)a−
Cu2+ (a = 1 or 2) species. The observation of geminal (CO)2
dimers on Cu+ and Cu2+ CUS reveals the steric modification
on both defect sites that are twofold coordinatively
unsaturated. Importantly, the interplay between steric and
electronic effects at reduced Cu+/Cu2+ defect nodes allows for
tailoring the chemical reactivity of Cu MOFs as single site
catalysts.58

Furthermore, the comprehensive IR results reveal that the
incorporation of defective linker LH preferentially forms type II
defects (metal node vacancies), whereas the type I defects
(modified metal paddlewheels) are identified as the predom
inant ones in Py Py3. Type II defects in H1−H3 facilitate the
generation of protonated carboxylic acids exposing free OH
groups as Brønsted acid sites in DE MOFs. The latter were
unambiguously identified by the characteristic stretching mode
at 3497 cm−1 and its red shift induced by the weak interaction
with CO via hydrogen bonding. In addition, our IR data
provided evidence for the presence of Brønsted acid sites
inside DE NOTT 100 prepared via the TDE approach, in
which the protonated carboxylate groups are formed along
with the partial thermal reduction of pristine Cu2+/Cu2+

dimers.

AUTHOR INFORMATION
Corresponding Authors

Christof Wo ̈ll − Institute of Functional Interfaces (IFG),
Karlsruhe Institute of Technology (KIT), 76344 Eggenstein
Leopoldshafen, Germany; Email: christof.woell@kit.edu

Yuemin Wang − Institute of Functional Interfaces (IFG),
Karlsruhe Institute of Technology (KIT), 76344 Eggenstein
Leopoldshafen, Germany; orcid.org/0000 0002 9963
5473; Email: yuemin.wang@kit.edu

Authors
Junjun Wang − Institute of Functional Interfaces (IFG),
Karlsruhe Institute of Technology (KIT), 76344 Eggenstein
Leopoldshafen, Germany

Weijia Wang − Institute of Functional Interfaces (IFG),
Karlsruhe Institute of Technology (KIT), 76344 Eggenstein
Leopoldshafen, Germany

Zhiying Fan − Catalysis Research Center and Faculty of
Chemistry, Technical University of Munich, D 85747
Garching, Germany

Shuang Chen − Institute of Functional Interfaces (IFG),
Karlsruhe Institute of Technology (KIT), 76344 Eggenstein
Leopoldshafen, Germany

Alexei Nefedov − Institute of Functional Interfaces (IFG),
Karlsruhe Institute of Technology (KIT), 76344 Eggenstein
Leopoldshafen, Germany; orcid.org/0000 0003 2771
6386

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christof+Wo%CC%88ll"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuemin+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Junjun+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Weijia+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhiying+Fan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shuang+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexei+Nefedov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stefan+Hei%C3%9Fler"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf


Stefan Heißler − Institute of Functional Interfaces (IFG),
Karlsruhe Institute of Technology (KIT), 76344 Eggenstein
Leopoldshafen, Germany

Roland A. Fischer − Catalysis Research Center and Faculty of
Chemistry, Technical University of Munich, D 85747
Garching, Germany; orcid.org/0000 0002 7532 5286

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpcc.0c09738

Notes
The authors declare no competing financial interest.

ACKNOWLEDGMENTS
This work was supported by the German Research Foundation
(DFG) through projects WO 464/41 1 and FI 502/34 1
(DEMOFs). J.W. and Z.F. are grateful for PhD fellowships
from the China Scholarship Council (CSC). W.W. thanks the
Helmholtz Association and China Postdoctoral Council
(OCPC) for a Postdoc fellowship.

REFERENCES
(1) Kitagawa, S.; Kitaura, R.; Noro, S. Functional Porous
Coordination Polymers. Angew. Chem., Int. Ed. 2004, 43, 2334−2375.
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Matolín, V.; et al. Creating Single Atom Pt Ceria Catalysts by Surface
Step Decoration. Nat. Commun. 2016, 7, No. 10801.
(27) Therrien, A. J.; Hensley, A. J. R.; Marcinkowski, M. D.; Zhang,
R.; Lucci, F. R.; Coughlin, B.; Schilling, A. C.; McEwen, J. S.; Sykes, E.
C. H. An Atomic Scale View of Single Site Pt Catalysis for Low
Temperature CO Oxidation. Nat. Catal. 2018, 1, 192−198.
(28) Ye, C.; Zhang, N.; Wang, D.; Li, Y. Single Atomic Site
Catalysts: Synthesis, Characterization, and Applications. Chem.
Commun. 2020, 56, 7687−7697.
(29) Lee, J.; Farha, O. K.; Roberts, J.; Scheidt, K. A.; Nguyen, S. T.;
Hupp, J. T. Metal Organic Framework Materials as Catalysts. Chem.
Soc. Rev. 2009, 38, 1450−1459.
(30) Yoon, M.; Srirambalaji, R.; Kim, K. Homochiral Metal Organic
Frameworks for Asymmetric Heterogeneous Catalysis. Chem. Rev.
2012, 112, 1196−1231.
(31) Noei, H.; Amirjalayer, S.; Muller, M.; Zhang, X. N.; Schmid, R.;
Muhler, M.; Fischer, R. A.; Wang, Y. Low Temperature CO
Oxidation over Cu Based Metal Organic Frameworks Monitored by
Using FTIR Spectroscopy. ChemCatChem 2012, 4, 755−759.
(32) Valvekens, P.; Vermoortele, F.; De Vos, D. Metal Organic
Frameworks as Catalysts: The Role of Metal Active Sites. Catal. Sci.
Technol. 2013, 3, 1435−1445.
(33) Dhakshinamoorthy, A.; Garcia, H. Metal Organic Frameworks
as Solid Catalysts for the Synthesis of Nitrogen Containing Hetero
cycles. Chem. Soc. Rev. 2014, 43, 5750−5765.
(34) Liu, J.; Chen, L.; Cui, H.; Zhang, J.; Zhang, L.; Su, C. Y.
Applications of Metal−Organic Frameworks in Heterogeneous
Supramolecular Catalysis. Chem. Soc. Rev. 2014, 43, 6011−6061.
(35) Zhu, L.; Liu, X. Q.; Jiang, H. L.; Sun, L. B. Metal Organic
Frameworks for Heterogeneous Basic Catalysis. Chem. Rev. 2017, 117,
8129−8176.
(36) Huang, Y. B.; Liang, J.; Wang, X. S.; Cao, R. Multifunctional
Metal Organic Framework Catalysts: Synergistic Catalysis and
Tandem Reactions. Chem. Soc. Rev. 2017, 46, 126−157.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Roland+A.+Fischer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf


(37) Rogge, S. M.; Bavykina, A.; Hajek, J.; Garcia, H.; Olivos Suarez,
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(38) Wang, Y.; Wöll, C. Chemical Reactions at Isolated Single Sites
inside Metal Organic Frameworks. Catal. Lett. 2018, 148, 2201−
2222.
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Structural Complexity in Metal Organic Frameworks: Simultaneous
Modification of Open Metal Sites and Hierarchical Porosity by
Systematic Doping with Defective Linkers. J. Am. Chem. Soc. 2014,
136, 9627−9636.
(48) Kozachuk, O.; Luz, I.; Llabreś i Xamena, F. X.; Noei, H.; Kauer,
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