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/Abstract: In the past few years, defect-engineered metal-or-
ganic frameworks (DEMOFs) have been studied due to the
plethora of textural, catalytic, or magnetic properties that
can be enhanced by carefully introducing defect sites into
the crystal lattices of MOFs. In this work, the spatial distribu-
tion of two different non-defective and defective linkers,
namely 1,3,5-benzenetricarboxylate (BTC) and 5-cyano-1,3-
benzenedicarboxylate (CYDC), respectively, has been studied
in different DEMOF crystals of the HKUST-1 topology. Raman
micro-spectroscopy revealed a nonhomogeneous distribu-
tion of defect sites within the [Cu;(btc),_(cydc)] crystals,
with the CYDC linker incorporated into defect-rich or defect-

\

free areas of selected crystals. Additionally, advanced bulk
techniques have shed light on the nature of the copper spe-
cies, which is highly dynamic and directly affects the reactivi-
ty of the copper sites, as shown by probe molecule FTIR
spectroscopy. Furthermore, electron microscopy revealed
the effect of co-crystallizing CYDC and BTC on the crystal
size and the formation of mesopores, further corroborated
by X-ray scattering analysis. In this way we have demonstrat-
ed the necessity of utilizing micro-spectroscopy along with a
whole array of bulk spectroscopic techniques to fully de-
scribe multicomponent metal-organic frameworks.

/

Introduction

Metal-organic frameworks (MOFs) are an important class of
porous crystalline materials consisting of organic linkers coor-
dinated to metal atoms or clusters in a 3D fashion, which po-
tentially leads to the presence of cavities."! MOFs are industrial-
ly employed in gas storage” and are potential candidates for
use in other applications, such as catalysis,® chemical sens-
ing,” and biomedicine.”’ One of the advantages of MOFs com-
pared with other porous crystalline materials, such as zeolites
and mesoporous ordered aluminosilicates, is the tunability of
their building blocks. Furthermore, it is possible to obtain the
same topology with functionalized analogues of a given organ-
ic linker, the so-called multivariate (MTV) MOFs.”” Moreover, to
enhance performance in the aforementioned applications, it
has been demonstrated that some properties, for example,
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electronic, textural, or magnetic, can be tuned by the purpose-
ful introduction of defects within the lattice.”” The two main
methods used for the preparation of defect-containing MOFs
are 1) post-synthetic treatments, such as partial hydrolysis or
pyrolysis of the network, and 2) the de novo synthesis of de-
fective MOFs. In the case of the latter, the co-crystallization of
defects, that is, non- or weakly coordinating linker molecules,”
along with the putative parent linker for the topology of
choice leads to a mixed-linker framework with defect sites.””
Thus, the missing carboxylate, imidazolate, or phosphonate
fragments in the defect linker generate more exposed cationic
metallic centers. Consequently, the redox properties of the co-
ordinatively unsaturated sites (CUSs), if already present, can be
altered (e.g., reduced oxidation states)."” Representative exam-
ples of this strategy for the HKUST-1 topology (a MOF consist-
ing of copper with 1,3,5-benzenetricarboxylate linkers) have
been reported by Baiker and Fischer and their co-workers,®'
in which the presence of mixed-valence paddle-wheel units
with Cu**/Cu™ centers were observed. Indeed, Fang etal.
showed that [Cu;(btc),] (BTC=1,3,5-benzenetricarboxylate) can
be doped with different concentrations of low-coordinating
linkers,"? such as 5-cyano-1,3-benzenedicarboxylate (CYDC),
which leads to a particular variety of MTV-MOF in which addi-
tional Cu™ sites and mesopores are formed as compared with
the parent, undoped [Cus(btc),] material. This has also been
shown to be the case for its ruthenium analogue, ™" with
which very active olefin hydrogenation and dimerization cata-
lysts could be synthesized.”””’

An indirect method to determine the spatial distribution of
linkers was reported by Kong et al., who showed that a combi-
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nation of solid-state NMR spectroscopy combined with compu-
tational calculations can map differently tagged linkers in the
3D lattice."™ In the first example of chemical imaging of MTV-
MOFs, Katzenmeyer etal. used photothermally induced IR
(PTIR) spectroscopy coupled with atom force microscopy
(AFM)T™ to prove that the aminoterephthalate and terephtha-
late linkers aggregate in MIL-68(In) crystals. More recently,
Schrimpf et al."® used fluorescence lifetime imaging (FLIM) of
tagged UiO-67 crystals to study the distance between these la-
beled linkers. Most recently, Liu et al."” showed by means of
high-resolution transmission electron microscopy (HRTEM) how
ordered defect regions in UiO-66 crystals form mesopores and
change the overall symmetry of the lattice. Each of the above
studies demonstrate the challenges associated with determin-
ing the structure of defects within defect-engineered MOFs
(DEMOFs). One of the reasons for these challenges is the diffi-
culty of having suitable characterization methods to directly
probe the local structures within DEMOF crystals. This is the
topic of this article. We show that Raman micro-spectrosco-
py'® together with several advanced bulk characterization
techniques, can be used to unravel some of the key features of
linker distribution and relevant physicochemical properties, re-
spectively, of MOFs by using [Cus(btc),_,(cydc),] as a showcase.
In addition to Raman micro-spectroscopy, we used a vast array
of other techniques to systematically assess the variation in
the properties of crystals of [Cu;(btc),_,(cydc),].

Results and Discussion

Effect of the defect linker on mesopore formation and crys-
tallite size of [Cu,(btc),]

The characterization study centers around [Cus(btc),_,(cydc)]
crystals with theoretical defect concentrations x=0, 0.2, 0.6,
1.0, and 1.4. These crystals were prepared according to previ-
ously reported procedures (see Sections 1 and 2 in the Sup-
porting Information).'?

The linker composition was quantified as described by Fang
et al. by means of HPLC analysis (see Section 1 in the Support-
ing Information) of the dissolved frameworks."? Powder X-ray
diffraction (PXRD) analysis of the materials (Figure 1a) under
study showed a constant lattice parameter d for CYDC concen-
trations up to x=0.6, although impurities were present at this
and higher loadings of the defective linker (see Figure S4). This
suggests that an alternative [Cu,(cydc),] coordination polymer
phase is formed during crystallization and results in the addi-
tional peaks seen in the diffraction patterns (see Figure S5).
The N, adsorption isotherms recorded at 77 K (Figures 1b,c)
reveal hysteresis loops of type H4 according to the IUPAC clas-
sification, which are often associated with narrow pore slits.*”
Nonlocal density functional theory (NLDFT) calculations of the
pore size distributions with a slit geometry for an oxidic sur-
face showed the presence of mesopores of around 13 nm
when the [Cus(btc), (cydc),] crystal contained 30 mol% of
CYDC (Figure 1b). Larger mesopores in the range of 15-25 nm
were formed when a larger fraction of the defective CYDC
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Figure 1. a) Simulated PXRD patterns of the parent [Cu,(btc),] that is, x=0
(pink), and [Cus(btc), ,(cydc),] materials with x=0.2 (black), 0.6 (blue), 1.0
(red), and 1.4 (green). The asterisks (*) correspond to different impurities
present at high CYDC concentrations. b) Stacked plot of the nitrogen ad-
sorption isotherms at 77 K of the defect-engineered MOFs with increasing
concentration of CYDC: 0 (pink), 10 (black), 30 (blue), 50 (red), and 70 mol%
(green). c) Enlargement of part b) along the y axis to show the hysteresis
loops of type H4. The arrows indicate the limit of each loop. The lack of a
hysteresis loop in the samples with 0 and 10 mol% CYDC indicates the pres-
ence of mostly micropores (i.e., the absence of mesopores).

linker (i.e., 50 and 70mol% of CYDC) was present in the
[Cus(btc),_,(cydc),] crystal (see Figure S11 and Table 1).

Not only porosity, but also other properties of MOF materials
can be altered by different (defective) linkers. It is well estab-
lished that the presence of additional synthetic agents (e.g.,
modulators, surfactants)® in solution greatly affects the prop-
erties of a given MOF. In fact, the use of modulators in crystal
and defect engineering has been extensively studied in the
past. In particular, Kitagawa and co-workers®' as well as other
research groups® revealed how monodentate carboxylic
acids, among many other factors, such as the presence of

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. Evolution of the BET specific surface area (SSAg), total pore
volume (V,), t-plot micropore volume (micro-V,), and mesopore volume
fractions (meso-V,), calculated from the measured nitrogen adsorption
isotherms at 77 K, with concentration of CYDC linker in the lattice.

CYDC SSAger Total V, t-plot micro-V, Meso-V,
[mol %] [ng—W] [Cm3971][a] [Cm3g—1] [%][b]

0 1470 0.57 0.57 0

10 1592 0.58 0.58 0

30 1550 0.61 0.55 10

50 1372 0.56 0.49 125

70 1331 0.55 0.47 14.5

[a] Total V, at p/p,=0.99. [b] Meso-V, as a percentage of the total V.

[27] [28]

ions® or surfactants® in solution, pH,”® solvent, ultra-
sound,®” or even acoustic waves,”" can steer the kinetics of
the growth of either the {100} or {111} facet in HKUST-1 with a
subsequent change in the morphology from cubic to cubocta-
hedral and eventually to octahedral. In this study, to under-
stand the effect on morphology of co-crystallizing the BTC and
CYDC ligands under solvothermal conditions, we performed
scanning electron microscopy (SEM) on the materials synthe-
sized. The insets in the micrographs presented in Figure 2a-d
reveal that less secondary nucleation (on the growing crystal
surfaces) occurs for certain CYDC linker concentrations, leading
to well-defined octahedra and indicating that in most cases
the concentration is above the critical supersaturation concen-
tration (c,;).*?

It is also clear that the parent [Cu,(btc),] crystals appear as
truncated octahedra, which suggests that the growth rate (v)
of both faces is similar, that is, V0~ v15;. As the concentration
of the defective CYDC linker increases, the morphology evolves
to well-defined octahedra, as the growth rate is much higher
for the {111} facet than for {100}, that is, V45> Vpy135. Thus, we
hypothesize that the defective CYDC linker hinders the growth
of the {100} facet, although more detailed experimental and
theoretical studies of the molecular species formed in the first
stages would be necessary. Not only the crystal morphology,
but also the size is affected by the presence of the defective
CYDC ligand. For the parent material [Cus(btc),] (Figure 2a),
two large crystals of around 10-20 um and one crystal of very
small size (ca. 200-500 nm) can be seen. In contrast, when
CYDC was added as the defect ligand (Figure 2 b-e), the aver-
age size decreased significantly, as can be seen in the estimat-
ed crystal size distributions shown in Figure S13 in the Sup-
porting Information.

Moreover, the crystal size distribution is much narrower
when a higher amount of CYDC is present, which led to a re-
duction of crystal size from 10-20 um (10mol% CYDC in mix-
ture) to nearly monodisperse crystals of around 2 um for the
highest concentration of CYDC (i.e.,70 mol% CYDC). In the
crystallization of HKUST-1, analysis using the Avrami-Erofe’ev
model® in combination with the Sharp-Hancock®" method
showed that under preparative synthesis conditions, nuclea-
tion continues during growth and is the rate-limiting step.®”
This leads to the polydispersity of crystallite sizes. However,
CYDC as defective linker appears to limit crystal growth and to
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promote nucleation, leading to a large number of small octa-
hedral crystals. To rule out the possibility that the CYDC linker
alters the pH, we calculated the distribution of acid-base con-
jugates. The results are shown in Figure S12a,b in the Support-
ing Information. It could be seen that similar types of protonat-
ed molecules were present at different pH values. This sug-
gests a similar reactivity at the molecular level, in which case
the CYDC would act as a capping agent hindering growth
rather than modifying the acidity of the solution. Another pos-
sibility is related to the increased solubility of the CYDC linker
in the solvent mixture. In this case, following LaMer’s model,®®
a higher solubility of the CYDC linker would drive the system
to a faster supersaturation and hence to overcoming the acti-
vation energy for the nucleation burst sooner than in the case
of BTC. Thus, a mixture containing CYDC as linker would initial-
ly yield more nuclei leading to smaller DEMOF crystallites as a
result. Recent examples have shown that by controlling the su-
persaturation of Cu?>" and BTC one can, indeed, fine-tune the
crystallite size®” or the film thickness.®®

Small-angle X-ray scattering to probe the pore structure
with increasing defect linker concentration

In the second part of our study, we used small-angle X-ray
scattering (SAXS) to investigate the series of [Cus(btc),_,(cydc),]
materials with x=0, 0.2, 0.6, 1, and 1.4. The data are presented
in Figure 3.Theoretical studies have predicted that a lattice of
[Cus(btc), (L) ], in which L is a noncoordinating linker, may
have a certain number of mesoporous voids without compro-
mising mechanical stability."” An analysis of mesopore forma-
tion in MOFs by SAXS has previously been reported by Tsao
et al.”? In their case, a number of assumptions on pore geom-
etry and dispersion within the MOF matrix made it possible to
obtain model-dependent parameters such as form factor. In
this work, we also used SAXS to investigate the presence of
mesopores in the different crystals under study. In our case,
the structure of the mesopores remains unknown, so the anal-
ysis of the obtained SAXS data was limited to the fitting of
Guinier and Porod regions. In Figure 3, the log plot of I(q)
versus g shows large differences in the both regions with in-
creasing concentration of CYDC (g >0.03 nm™'). By extrapolat-
ing the SAXS data to g=0 using an approximation for single
particle scattering yields Equation (1)

I(q) = (0)e [+] (M

in which /(0) represents a contrast parameter, the excess of
electrons of the scatterer relative to its surroundings, and R, is
the radius of gyration, which is indicative of the size of the
scatterer.

As can be seen in Figure 3 and Table 2, the higher values of
I(g) in the g>0.03 nm™" region with increasing CYDC content
can be correlated with less dense materials, that is, more scat-
tered X-rays, due to the presence of more (or larger) meso-
pores. The presence of those mesopores is corroborated by
the two distinct regions at higher g values (g>0.2 nm™") for
the materials with high loadings of CYDC, that is, 50 and

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. SEM images of [Cus(btc),_,(cydc),] crystals prepared with the following compositions: a) [Cus(btc),], b) [Cus(btc), s(cydc),,], €) [Cus(btc), ¢(cydc)yal,

d) [Cus(btc); o(cydc), o], and e) [Cus(btc),4(cydc), ,1. The insets show individual crystals with less intergrown domains. Scale bars represent 10 um (and 5 pum in
the insets). See the crystal size distributions of each material in the Supporting Information. f) LaMer diagram showing the difference in time evolution of so-
lution concentration during crystallization for the mono- (including CYDC) and polydisperse (purely BTC) scenarios.

Table 2. Overview of the values of the different parameters obtained by
fitting the Guinier-Porod regions of the SAXS data of the defect-engi-
neered [Cu,(btc),_,(cydc),] powders.

CYDC [mol%][a] I(O)[a] Rg [nm][a,b] D1[<:] DZ[dJ
0 0.311x10° 20.2(+0.4) 4.5 -
10 0.354x10° 19.5(£0.4) 4.04 -
30 2.15x10° 19.3(£0.4) 4.03 -
50 24.2x10° 15.14(+0.2) 2.75 4.18
70 23.9x10° 15.6(£0.2) 2.86 4.14

[a] Calculated by using the Guinier equation in the range 0.01<g<
0.02 nm? [b] Values in parentheses indicate the relative error in the Ry
value. [c] Calculated by using the Porod equation in the range 0.14 <q <
0.2 nm™". [d] Calculated by using the Porod equation in the range 0.27 <

g<07nm.

Chem. Eur. J. 2020, 26, 36143625 www.chemeurj.org

70 mol%. Porod’s law describes the scattering at higher g
values according to Equation (2)

I(q) = Kq ° (2)

in which K is a constant and the scattering depends on the ex-
ponential value D. In line with literature data, the fitting of the
scattering measured for the MOFs with 50 and 70mol% of the
defective CYDC linker in the 0.14<g<0.2 nm ' region yielded
exponential values of around —2.8. At higher g, this value ap-
proached the typical D=4, as it did for materials with lower
concentrations of the defective CYDC linker, corroborating the
lack of mesopores within those materials. The differences in
slope are typically associated with the presence of a higher
polydispersity of the scatterer volumes and confirm the pres-

3617  © 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a) Small-angle X-ray scattering (SAXS) curves of the four defect-en-
gineered [Cus(btc),_,(cydc),] powders under study (x=0.2, 0.6, 1, and 1.4)
and the reference material [Cus(btc),]. The dashed lines indicate the two dis-
tinct Porod regions for the materials with 50 (x=1) and 70% (x=1.4) CYDC
defective linker. b) Log /() versus g* plot showing the linear fit used to calcu-
late the Guinier parameters.’

ence of pores with different radii, that is, micropores of 13.2,
11.1 and 5 A diameter, in addition to the potential mesopores
generated by CYDC.

The above data indicate that there are mainly three types of
DEMOF materials, as can be distinguished by our SAXS data:
1) Materials with no defects or a negligible effect on the pore
structure (0 and 10mol% of CYDC), 2) materials with intermedi-
ate mesopores (30mol% of CYDC), and 3) materials with large
cavities within the MOF (50 and 70mol% of CYDC).

The long-range crystallinity, as shown in the PXRD patterns,
was further corroborated by collecting the wide-angle X-ray
scattering (WAXS) patterns of the different materials under
study (see Figure 4). These observations corroborate the find-
ings made with SAXS, PXRD as well as Raman micro-spectros-
copy (see below).

Chemical imaging of the CYDC spatial distribution by
Raman micro-spectroscopy

To study the distribution of CYDC in different crystals, we
made use of Raman micro-spectroscopy (Figure 5). The ob-
tained Raman micro-spectroscopy data clearly show the pres-
ence of interparticle heterogeneities rather than a homogene-
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Figure 4. WAXS profiles of the defect-engineered materials with increasing
concentration of CYDC showing the Bragg reflections indicative of
[Cus(btc),] at all concentrations: [Cu,(btc),] (pink), [Cus(btc), g(cydc),,] (black),
[Cus(btc), ¢(cydc),.] (blue), [Cu,(btc), o(cydc), o] (red), and [Cu,(btc),¢(cydc), 4]
(green).

ous distribution of the defective linker (CYDC) throughout the
different crystals. Here, a set of defective MOF crystals with the
theoretical composition [Cus(btc), o(cydc),,], drop-cast from a
CH,Cl, suspension onto a glass cover, was imaged. The optical
image in Figure 5a demonstrates that the CYDC linker is pres-
ent only in selected areas of the DEMOF crystals. Figure 5b
shows two exemplary Raman spectra recorded for 1) a pixel in
which the Raman band corresponding to the stretching mode
of the C=N bond at 2241 cm™' can be seen (green), and thus
the defective linker CYDC is visible, and 2) a pixel in which this
Raman band is not present and only the Raman bands associ-
ated with the [Cu;(btc),] structure are observable (orange). The
v(C=N) Raman band is observed at 2247 cm™' in pure CYDC
(see Figure S14b in the Supporting Information), which is a
blueshift (Av) of around 6 cm™' compared with the CYDC em-
bedded in the DEMOF lattice. This may be ascribed to the par-
tial donation of the nitrogen atom in the CN group to the
copper cations in the paddle-wheel structure, or to vibrational
restrictions imposed by the lattice structure itself. However,
the observed band shift also suggests that the CYDC linker is,
indeed, part of the crystal structure and not simply physically
deposited within the pores of the HKUST-1 structure. However,
the nature of the defects themselves (e.g., defective paddle
wheels and mesopores) within the lattice is still under
debate,'” thereby making it a complicated task to elucidate
the underlying reason for this observed band shift in the
Raman spectra. Representative signal-to-baseline ratio maps of
the region corresponding to the v(Cu—O) stretching mode at
505 cm™' (Figure 5¢, Map 1) and that of the stretching mode
of the v(C=N) band at 2241 cm™' of the CYDC linker (Fig-
ure 1d, Map 2) were obtained.

The obtained Raman micro-spectroscopy maps of the
[Cus(btc)oe(cydc), ] crystal exhibit similar phenomena, with a
higher number of pixels in which the v(C=N) Raman band is
observed (Figure 5 f,g). Three locations have been selected to
showcase the differences observed in the Raman spectra.

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. a) Optical image of a set of chemically mapped [Cus(btc), o(cydc), o] crystals. b) Raman spectra of two selected pixels in which the defective linker,
that is, CYDC (green), and the parent linker, that is, BTC (orange), can be observed. Signal-to-baseline maps of the Raman bands corresponding to c) the Cu—
O stretching vibration at 505 cm™' (480-520 cm™' region) and d) the C=N stretching mode at 2240 cm™' (2220-2260 cm ™' region). The white arrows show the
defect-rich areas of the selected [Cus(btc), o(cydc), o] crystals. e) Optical image of several [Cu;(btc),¢(cydc), 4] crystals with the corresponding Raman micro-spec-
troscopy maps of f) the 480-520 cm~' and g) 2220-2260 cm™' spectral regions. h) Raman spectra of selected, exemplary pixels in f) and g) showing different
contents of the CYDC linker and [Cus(btc),] material. Note that the different areas show a low intensity of the v(C=N) Raman stretching mode at 2240 cm™!
corresponding to a heterogeneous distribution of the defect linker CYDC. The intensities of the maps are signal-to-baseline normalized.

Pixel 1 (gray color) shows a high intensity of both the finger-  of the defective linker CYDC. In contrast, the l—y/Ic,_o ratio was
print bands corresponding to [Cus(btc),]®® and the v(C=N)  0.75 and 0.99 for the Raman spectra collected in pixels 2 and
Raman band. The count ratio v(C=N)/v(Cu—0) was I/lc, o= 3, respectively. It is worth mentioning that the differences in
1.66 for the Raman spectrum measured in pixel 1, which indi-  Raman intensity may arise when using a laser, given that the
cates the presence of a large number of C=N bonds, and thus  probed objects might be at different focal planes.
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The Raman micro-spectroscopy data of the crystals with
lower content of CYDC, namely [Cu,(btc),,(cydc),e] and
[Cus(btc), g(cydc),,], reveal the lack of observable defect-rich re-
gions (see Figure S14 in the Supporting Information) in com-
parison with the other two materials (see Figures 1 and 2). This
can be ascribed to 1) the low sensitivity of the Raman micro-
spectroscopy method, 2) the insufficient spatial resolution of
Raman micro-spectroscopy, and 3) the absence of defect-rich
regions. Moreover, spherical aberration and scattered light,
which varies as a function of the depth to which the incident
beam is focused on the crystals, could also have an impact.
However, for the experimental configuration employed here,
Everall described how these phenomena become relevant only
at probing distances >3-5 um,”" which are more than the
average size of the crystals measured in this work, thereby
suggesting that the differences in Raman intensity are not as-
sociated with spectral artefacts.

Presence of Cu?>"/Cu* on the paddle-wheel clusters with in-
creasing defect linker concentration

As mentioned above, the introduction of noncoordinating link-
ers results in the presence of Cu™ as well as a higher tendency
towards the reduction of Cu’* to Cu™ in the paddle-wheel
units. Thus, we have systematically studied the oxidation state
of copper in the [Cus(btc),_,(cydc),] crystals by means of diffuse
reflectance (DR) UV/Vis/NIR spectroscopy. In Figure 6a.b, the
different DR UV/Vis/NIR spectra show that the absorption band
at around 14200 cm™', which corresponds to Cu** with O, dis-
torted symmetry and oxygen or OH-like ligands, that is, the
metal sites, decreases with increasing CYDC concentration in
the [Cus(btc),_,(cydc),] materials, as expected for the reduction
of Cu?™ to Cu™. Accordingly, the ligand-to-metal charge-trans-
fer (LMCT) band at around 33333 cm™' decreases in intensity
with increasing content of the CYDC linker, in accord with the
spectrum of pure 5-cyano-1,3-benzenedicarboxylic acid (see
Figure S14 in the Supporting Information), which shows a
sharper m—m* excitation band than 1,3,5-benzenetricarboxylic
acid.?

To exclude the effects of solvent in the pores, the materials
were degassed under vacuum at 423 K for a short period of
time (only 5 min, to avoid Cu** autoreduction as much as pos-
sible).*” The DR UV/Vis/NIR spectra show a shoulder at around
25000 cm™', which corresponds to a change in the symmetry
of the copper centers upon loss of axial water. The intensity of
this shoulder decreases with higher content of the CYDC linker
in the [Cus(btc), ,(cydc),] crystals. At higher concentrations of
the CYDC linker (x=1.4), both spectral features, that is, the
Cu®" d-d transition and the high-energy shoulder at around
25000 cm™', are distinguishable as different absorption bands.
This indicates two effects induced by the presence of the de-
fective CYDC linker: 1) Even before activation, a certain fraction
of copper is already in the Cu™ state and 2) degassing leads to
large fractions of Cu™ in the framework.

To further study the nature of the copper species present in
the [Cus(btc),_,(cydc),] materials, we recorded X-band continu-
ous wave (CW) EPR spectra at 100 K. Poppl and co-workers
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Figure 6. DR UV/Vis/NIR spectra of the [Cus(btc), (cydc),] crystals with x=0
(pink), 0.2 (black), 0.6 (blue), 1.0 (red), and 1.4 (pink) a) after and b) before
degassing under vacuum (p <1 mbar) at 423 K for 15 min. The peak indicat-
ed by * corresponds to the monochromator switch at 860 nm. The arrows in
a) indicate the presence of two distinct types of d- transitions of Cu®" ions
in the lattice. c) EPR spectra of [Cus(btc),_,(cydc),] crystals with x=10 (black),
30 (blue), 50 (red), and 70mol% CYDC (green). The full-width sweep show-
ing the hyperfine coupling lines of Cu?* with S="/, and its nuclear spin
lcu=3/2 becomes diluted as the concentration of the defective CYDC linker
increases.

have previously shown a multitude of copper species within
[Cus(btc),] (including Cu®" dimers, that is, paddle-wheels, and
extra-framework monomeric [Cu(H,0)s** complexes)®" as well
as the presence of Cu™ sites present before activation in
defect-engineered [Cus(btc),] samples. Moreover, Todaro and
co-workers“*“*? reported the presence of different types of
copper sites in [Cus(btc),] crystals, formed by the activity of
water in the air on the paddle wheels that yields both Cu®"
and Cu™ centers. In their work, they showed how the typical
antiferromagnetic coupling arising from the overlapping wave
functions of both d° cations in Cu,(OR), carboxylate paddle-
wheel dimers with S="/, is not maintained when one of the
cations is reduced to Cu*.

As demonstrated by the DR UV/Vis/NIR spectra shown in
Figure 6a,b, the CW EPR spectra also reveal that the frame-
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works with increasing amounts of CYDC have higher amounts
of Cu™ (Figure 6c and Table S4 in the Supporting Information).
This can be seen in the less-defined hyperfine lines corre-
sponding to the hyperfine quadruple (S="/) in g, as the load-
ing of the CYDC linker increased. It is interesting to highlight
that the highest concentration of Cu® appears to be present
in the crystals with a loading of 50 mol% CYDC. This may be
ascribed to the formation of a [Cu,(cydc),] coordination poly-
mer or extra-framework Cu®*" cations when higher concentra-
tions of the defective linker are used, rather than to co-crystal-
lization in the MOF lattice as defects.

Redox pairs and defect clusters studied by means of pyri-
dine and NO probe FTIR spectroscopy

To better understand the behavior of the copper sites as Lewis
acids, we used pyridine (Py) as a molecular probe in combina-
tion with FTIR spectroscopy. It can be seen in Figure 7 that in
addition to the v,, vibrational mode of Py adsorbed onto the
Lewis CUS of Cu?* at around 1038 cm™',* a shoulder at
around 1046 cm™' is observed, assigned to the interaction of
the o-donating nitrogen lone pair of Py with the defect Cu™
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sites,* in contrast to previous literature reports.”* The intensi-

ty of this shoulder gradually increased with increasing concen-
tration of the defective CYDC linker in the MOF lattice, further
corroborating our hypothesis. Py FTIR spectroscopy has previ-
ously been used for the characterization of acid and redox
metal sites in MOF materials.*® However, to the best of our
knowledge, up to now, no studies have been carried out with
defective HKUST-1 systems in which redox-active Cu*"/Cu*
sites are also present.

Moreover, in the spectra of the DEMOF crystals containing
50 and 70 mol% CYDC, a shoulder develops at around
1014 cm™". Previously, the formation of such a shoulder has
been ascribed to the interaction of pyridine with reduced Fe?*
/Fe*" in MIL-100(Fe) systems."*? A shoulder next to the v,
band, at around 1045 cm™', simultaneously develops over time
for each sample, and its relative intensity (compared with the
band at ca. 1037 cm™') increases with increasing amounts of
the defective CYDC linker in the HKUST-1 crystals. Fang et al.
demonstrated by means of CO probe FTIR spectroscopy and X-
ray photoelectron spectroscopy (XPS) that higher amounts of
reduced Cu™ sites are present with increasing amounts of the
CYDC linker."? Thus, this shoulder can be correlated with pyri-
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Figure 7. Pyridine-probed FTIR spectra of the [Cus(btc),_,(cydc),] crystals with x=0.2 (a), 0.4 (b), 1.0 (c), and 1.4 (d) showing the bands corresponding to v,,
and v, (ca. 1038 and 1008 cm ™', respectively) asymmetrical ring-stretching modes. e) Evolution of the shift of the v, mode (band at ca. 1008 cm™') with in-
creasing CYDC concentration. f) Increase of the relative intensity of the shoulder at around 1045 cm™' with increasing CYDC concentration.
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dine interacting with the less acidic Cu™ sites, because ring
bending appears at higher energy. This stems from a weaker
N-Cu™ interaction (less o-donation than for Cu®*), which
allows for higher-energy flexing of the C—C and C—H bonds. In
the case of the material containing 70 mol% CYDC, two addi-
tional features appeared after exposure to pyridine for 60 min,
namely a shoulder at 1031 cm™" and a band at 990 cm™.
These bands correspond to non-coordinated pyridine gas (to
the v, and v,, modes, respectively),® which indicates that all
the Cu*" sites are saturated with pyridine. We hypothesize that
this is related to the lower surface area of this material, in
which not all the copper sites are available for coordination by
pyridine. Further experiments making use of larger probes,
such as collidine,” may help in elucidating whether the Cu*
sites are indeed present inside the pores or on the external
surface of the [Cus(btc), ,(cydc),] crystals.

To compare the behavior of the defect sites towards reactive
probes, FTIR spectroscopy in combination with NO as a probe
was used. The spectra of the parent [Cus,(btc),] material under
different NO pressures and temperatures are shown in
Figure 8. It can be seen that two large sets of bands at 1720-
1800 and 1840-1920 cm™' develop with increasing NO pres-
sure. This contrasts with previous reports, in which only a
strong band was observed, although different evacuation pro-
cedures were used.”® However, FTIR spectra similar to those
described here have previously been observed for copper-ex-
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changed zeolites.*® A very intense, broad band centered at
around 1763 cm™’, ascribed to Cu™-+(NO), dimers, appears at
low temperature and became more intense at pyo>1 mbar.
This band shows similar behavior to the one at 1857 cm™'. A
low intensity band at around 1774 cm™' may correspond to
either the trans isomers of Cu'--(NO), species, or to (NO)Cu*
(NO) species.”? Despite its high intensity, which suggests a
high number of Cu™ sites, a high molar extinction coefficient
has been reported for adsorbates interacting with Cu™ sites.®
A small band at around 1735 cm™' appears at low pressures, as
well as a shoulder at around 1797 cm™'. These bands are as-
signed to different reduced Cu* species with a slightly differ-
ent chemical nature to that of the paddle-wheel metal atoms,
for example, defects and extra-framework copper cations. On
the other hand, the band at around 1881 cm™" has previously
been assigned to Cu?*--NO species, which remain strongly ad-
sorbed after desorption over time, the band decreasing in inten-
sity only at T>200 K. An overlapping band at around 1787 cm™'
showing very similar behavior is assigned to slightly different
Cu’" sites. It has previously been reported that up to around
40% of copper in HKUST-1 may be reduced®" due to the pres-
ence of different types of paddle-wheel (Cu?*/Cu™ or Cu’"
/Cu*™) units, and this might explain the presence of this band.
Two small features at around 1896 and 1913 cm™' are present
before the introduction of NO, and have been previously as-
signed to combination bands of the aromatic backbone.**>?
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Figure 8. FTIR spectra of parent HKUST-1: a) After dosing with the 10% NO/He v/v pressures indicated at 85 K, b) at high NO pressures, up to 35 mbar (the
dashed line represents the clean cell) at 85 K, ) the desorption of NO at constant temperature at p < 10~° mbar over time at 85 K, and d) at increasing tem-
perature (the dashed pink lines correspond to previous spectra recorded at 0 and 10 mbar). The pellet was activated under p < 10> mbar (pink dashed line
with no bands) at 298 K for 24 h and further at 423 K (5 Kmin~") for 5 min (to avoid heat-induced reduction).
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In contrast, Figure 9a-c shows that, although a similar pro-
file with two sets of bands is seen for the [Cu,(btc),o(cydc), ]
material, a number of differences are evident. First, the materi-
al, upon activation under similar conditions to the parent
HKUST-1 (RT for 16 h, then 5 min at 423 K), showed a redshift
of 17 cm™" of the band corresponding to the v,,(N—0) mode of
the Cu™+(NO), dimer. This was not observed for the symmetric
mode v,(N—0), which appears at around 1857 cm™', as for the
parent HKUST-1. Moreover, the shape of the band looks rather
asymmetric, which suggests that another band of lower inten-
sity at around 1758 cm™', corresponding to Cu™-~NO adsor-
bates in different types of copper sites, may be overlapping.
The bands at around 1898 and 1917 cm™' corresponding to
the framework are strongly affected by the dosing of NO, espe-
cially the former one. The intensity of this band is much higher
after longer thermal pretreatment, which indicates that the ac-
tivation procedure affects not only the metal CUS sites, but
also the organic backbone. At higher energies, around 2200-
2400 cm™', a set of bands are visible that are typically assigned
to N,, NO,, and N,O, which indicates that similar pretreatments
affect the fraction of reduced Cu™ sites, as well as their reactiv-
ity, in a different manner.

A number of mechanisms for the adsorption of NO have
been described for zeolite materials loaded with copper, for ex-
ample, Cu-ZSM-5, that may be applicable to this case.””
Others argue that the chemistry is more related to that of
copper-containing enzymes due to the single-site character of
the copper sites.” In any case, the results of this study clearly
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show that different surface N,O, species are formed depending
on the pretreatment. Although the spectral profile is similar,
the maximum of the band corresponding to the Cu™--NO ad-
ducts is slightly blue-shifted from around 1740 to around
1756 cm™', which suggests that the species present after pre-
treatment for 5 min are different to those formed after 16 h of
heating at 423 K.

In summary, we have found that both the amount of CYDC
and the pretreatment conditions greatly affect the nature of
the copper sites in the materials. Experiments with other non-
reactive probes for Lewis acids, for example, CD,CN, may be
beneficial for better determining the properties of these
copper sites.

Conclusions

The spatial distribution of two different non-defective and de-
fective linkers, namely 1,3,5-benzenetricarboxylate and 5-
cyano-1,3-benzenedicarboxylate, respectively, in different MOF
crystals of the HKUST-1 topology has been studied. We have
shown that the defective linkers (CYDC) are heterogeneously
dispersed throughout the [Cu;(btc),_,(cydc),] MOF crystals and
aggregate in relatively small clusters rich in defective linkers.
These small clusters result in the formation of mesopores that
are also heterogeneous in size and geometry. Furthermore, the
introduction of these defective linkers results in a decrease in
the crystallite size due to different supersaturation regimes.
Additionally, we have demonstrated the presence of a higher
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with NO after 5 min. c¢) Experiments with identical pressures but with a heating pretreatment of 16 h. For a) and b), the pellet was activated under

p<10"° mbar at 298 K for 24 h and further at 423 K (5 Kmin~") for 5 min (to avoid heat-induced reduction). For c), the second treatment was carried out for
16 h instead of 5 min. d) Scheme for the adsorption of NO on the copper sites, as described in ref. [54].
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fraction of Cu™ sites within the pores. These sites have differ-
ent reactivities towards molecular probes such as NO. Our
work highlights the importance of using a wide variety of ad-
vanced characterization tools, such as vibrational spectroscopy
(Raman and FTIR with probe molecules), electronic spectrosco-
py (DR UV/Vis/NIR), magnetic resonance spectroscopy (EPR), X-
ray scattering and diffraction (SAXS, WAXS, and PXRD), and
electron microscopy (SEM), for understanding the underlying
chemistry of complex, multicomponent porous materials, in-
cluding MOF materials, and provides guidelines for the im-
proved design of defect-engineered frameworks.

Experimental Section

Synthesis of [Cu;(btc),_,(cydc),]: Crystals of [Cus(btc),_,(cydc),]
were synthesized according to the protocol described in the litera-
ture.”? More details can be found in the Supporting Information.

Methods of characterization: Raman micro-spectroscopy measure-
ments were carried out with a Renishaw Raman InVia™ microscope
with laser excitation at 532 nm, a power density of 6x 107> Wcm ™2,
operated at 36 mW total power (power output=1%), a
1200 linesmm™' grating, detector slits, and a CCD detector. A sili-
con wafer was used as reference and samples were prepared by
dispersing the crystals in dichloromethane (VWR International, 98 %
CH,Cl,), dropping onto a glass cover, and measuring after the sol-
vent had dried in air at room temperature. The crystals were then
imaged with a x50 objective and the spectra collected with a pixel
size of 1x1 um? one accumulation, and 10s per accumulation.
Multiple exposures were carried out to ensure that sample
damage was not observed. Data processing was performed with
Wire 3.4° of the TXM Wizard software package™ and Matlab
R2015a"® by generating signal-to-baseline maps of the spectral re-
gions described in the main text (cosmic ray signals and artefacts
were manually subtracted).

1

PXRD patterns were obtained by using a Bruker-AXS D2 Phaser
powder X-ray diffractometer operated at 30 kV in Bragg-Brentano
geometry using Coy,, radiation (A=1.79026 A). Measurements
were carried out between 5 and 70° in steps of 0.05° at a scan
speed of 1s. Simulated patterns were obtained by processing the
corresponding cif files using Mercury 3.7° (1=1.79026 A, FWHM =
0.2).

SEM images were recorded on a PhenomPro X microscope with a
CsB filament operated at 10 kV. The powder samples were support-
ed on carbon tape deposited over aluminum stabs (FEl stabs) and
inserted in the microscope vacuum chamber without gold or plati-
num coating.

SAXS and WAXS experiments were carried out at the BM26b beam-
line of the Dutch/Belgian line (DUBBLE) at the European Synchro-
tron Radiation Facilities (ESRF) in Grenoble, France. The samples
were mounted in quartz capillaries and the SAXS images were col-
lected by using a Pilatus 1M detector (169 mmx 179 mm active
area), whereas the WAXS patterns were collected by using a 300K-
W linear Pilatus detector (254 mmXx33.5 mm active area) using a
beam energy of 1.033 A. Data acquisition, analysis, and fitting were
performed by using the FIT2D and SASfit packages.

FTIR spectra were recorded on a PerkinElmer System 2000 spec-
trometer (32 scans, 4 cm™' resolution, DTGS detector, cell with KBr
windows). The samples were prepared in a press tool by pressing
around 10 mg of powder into self-supported pellets (2 cm? area),
which were then activated under the conditions described in the
main text. Thereafter, the cell was cooled with liquid N, at a tem-
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perature down to 85K, and then a mixture of 10% NO/He (v/v,
Linde AG, 99.9%) was introduced stepwise into the cell through a
stainless-steel manifold and a three-way valve to the pressures in-
dicated in the main text. After dosing, the cell was let to warm nat-
urally to the indicated temperatures and the spectra collected at
the pressure described above. Pyridine was used as a probe mole-
cule, similar pellets were placed in a cell similar to the one de-
scribed above and the spectra recorded with a ThermoFisher Nico-
let iS5 spectrometer (32 scans, 4 cm™' resolution, DTGS detector).
The pellet was evacuated by thermal treatment in a cell at 498 K
(ramp of 10 Kmin™") for 24 h at p<10~° mbar and then cooled to
323 K. At that temperature, pyridine (redistilled, 99.9%, Sigma-Al-
drich) vapor was introduced into the cell and the equilibrium pres-
sure set to 15 mbar. Spectra were recorded in adsorption mode up
to 60 min after introduction of the gas.

DR UV/Vis/NIR spectra were recorded with a PerkinElmer Lambda
950 S spectrometer equipped with InGaAs and photomultiplier
(PMT) detectors and D, and W halogen lamps (4 nms™', 2nm™'
resolution, Halon polymer reference). Powders measured in air
were placed in a holder with quartz windows and the spectra were
recorded immediately. In the case of activated materials, the pow-
ders were dried at 423 K under primary vacuum (p <1 mbar) for
15 min, then transferred into a glovebox (BraunTM, O,< 1 ppm,
H,O <1 ppm), subsequently placed in a sealed quartz holder, and
finally the spectra were recorded.

EPR experiments were carried out in a Bruker EMX spectrometer at
a frequency of about 9.5 GHz (X band). The magnetic-field modula-
tion frequency was 100 kHz. The temperature was set to 100 K by
spraying liquid nitrogen on the quartz tubes filled with around
20 mg of each MOF sample.
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