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Abstract

In situ Fourier-transform infrared (FTIR) spectroscopy is able to probe
structural defects via site-specific adsorption of CO to the Cu-BTC (BTC = 1,3,5-
benzenetricarboxylate) metal-organic framework (MOF). The temperature-
programmed desorption (TPD) of CO chemisorbed to Cu-TDPAT (TDPAT = 2.4,6-
tris(3,5-dicarboxylphenylamino)-1,3,5-triazine) is virtually identical to Cu-BTC,
suggesting CO chemisorbs to the open metal site at the axial position of the copper
paddlewheel that is the building unit of both MOFs. Yet, despite an increased
gravimetric CO:Cu ratio, CO chemisorbed to Cu-TDPAT is FTIR inactive. We rule
out the presence of residual solvent, thermal degradation, adsorption temperature, and
ligand-induced electronic effects at the adsorption site. TPD at increased pressure
suggests the multiple CO per Cu site rearrange in Cu-TDPAT as a dynamic function
of temperature and pressure. Thus, the FTIR inactivity of CO chemisorbed to
CuTDPAT is attributed to orientation and/or packing of the CO relative to the Cu
binding site. The results suggest dynamic chemisorption complicate extension of a
site-specific in situ FTIR probe of gas adsorption. For both Cu-BTC and Cu-TDPAT,
the in situ FTIR probe is a less sensitive probe of defects than X-ray photoelectron

spectroscopy and nitrogen adsorption.

Keywords: Metal-organic frameworks, adsorption, chemisorption, Fourier-transform

infrared spectroscopy, defects
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1. Introduction

Metal-organic frameworks (MOFs) are comprised of metal clusters linked by
organic ligands that lead to crystalline structures with long range order. Different
combinations of metal clusters and ligand lead to almost an unlimited variation in the
accessible free space, surface area, pore dimension, and chemical topology.1 High
porosity, large surface area, and tunable porosity make MOFs ideally suited for gas
separation and storage,' ™ drug delivery,” chemical sensing,®’ and catalysis.*”
Performance of MOFs in these applications is determined by the affinity between the
MOF “host” and the guest species, which can be further tuned by pre- or post-
synthesis modification strategies, from varying the organic ligand,'”"" to catenation,'?

13-15

functionalization, and addition of alkali sites.'® Defects may also be

unintentionally generated by missing ligands in the framework,'”"

or intentionally
generated by altering the nature of the carboxylate - metal bond,”® thermal
annealing,®'** or using mixed ligands to build the framework.”>** There is an
increasing realization that defects in MOFs may play a critical role in the affinity of
the MOF host to accommodate a guest, as well as material stability. Thus,
understanding the effect of defects is very important in developing high performance
MOFs for the applications outlined above. /n situ spectroscopy, in particular, has the
potential to provide site-specific information of defects at the condition of
measurement. Interestingly, our results reported here suggest spectroscopic
measurements are not easily extrapolated from one MOF to another, even when the

binding sites are quite similar. The somewhat surprising finding suggests a dynamic

gas-surface interaction, even when the gas is chemisorbed.

The structural quality of MOFs is most often characterized by powder X-ray

diffraction (PXRD). Hafizovic et al. found defects from interpenetration or partial
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disconnection of the linkage between the metal cluster and organic ligand led to peak
splitting and change in the ratio of intensity of the various diffraction peaks.”
However, it is often quite difficult to assess the extent of defects and MOF structural
quality by PXRD alone. In a previous s‘[udy,26 we embedded a catalyst (platinum on
activated carbon) into three MOFs by introducing the catalyst into a solution of the
MOF precursors prior to crystallization. After embedding a secondary particle within
the crystal structure, the only evidence in PXRD for this significant heterogeneity was
a very slight shift in the diffraction peaks relative to the unmodified crystal, with no
evidence for peak splitting or noticeable changes in intensity. Catalyst insertion was
also undetectable via nitrogen adsorption isotherms, Fourier Transform infrared
spectroscopy (FTIR), or X-ray photoelectron spectroscopy (XPS). Although we noted
some loss of surface area after rapid pressurization in helium or hydrogen (from 0 to
80 bar), the PXRD pattern remained unchanged even with the surface area loss. The
loss of surface area was observed for MOFs with inserted catalyst, as well as
seemingly perfect unaltered structures. We suspect these innate defects correlated to
increased hydrogen chemisorption, perhaps facilitating nucleation of hydrogenation of
the ligand. Similarly, Tsao et al. found creation of a fractal porous network, perhaps
stimulated by physical grinding, facilitated catalysis and hydrogenation of the
framework.”” Variation of the local metal coordination in different batches of Cu-BTC
(copper 1,3,5-benzenetricarboxylate, a.k.a. Cuz(BTC), or HKUST), despite identical
PXRD patterns, gave rise to increased catalytic activity in the conversion of a-pinene

oxide.”®

In situ FTIR spectroscopy is emerging to probe structural defects in gas (e.g.
CO) adsorbed MOFs, particularly those that contain open-metal sites such as Cu-

BTC.?****" The Cu paddlewheel (PDW) in Cu-BTC consists of a Cu*" dimer
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covalently bound to four carboxylate groups that terminate the benzene tricarboxylate
ligand; repetition of this bonding arrangement gives rise to a porous framework with
square pores that are approximately 9 A by 9 A*'*? (Figure 1). Removal of water
molecules coordinated to the axial position via a mild thermal evacuation gives rise to
open metal sites that adsorb small molecules with a fairly strong binding energy, i.e.
the CO binding energy to the Cu-axial position was calculated to be 0.290 eV by

density functional theory (DFT) using a truncated Cuy(BTC)4 analog structure.?

Free gas-phase CO has 2 peaks at ~2120 and ~2170 cm™, corresponding to the
R branch vibrational transition and P branch rotational transition, with a cleft at 2143
cm’!, a transition that is forbidden for diatomic molecules under infrared selection
rules.>® When associated with a surface, the vibrational modes of CO become
perturbed, as a Cu-CO type ionic carbonyl is formed, which is sensitive to the Cu
oxidation state and the presence of nearby CO species. This technique was used to
characterize Cu-containing surfaces well before the development of MOFs. For
example, adsorption of CO to 1 wt% CuO/SiO; gave rise to a perturbation of the CO
IR spectra: peaks at 2216, 2199, and 2180 cm™ were attributed to CO adsorption to
Cu**, whereas a feature at 2126.5 cm™ was attributed to CO adsorption to Cu"
Adsorption of CO to the Cu” species in copper zeolite (Cu-ZSM-5) gave rise to a
mode at 2137 cm™, which was augmented with additional modes at 2177.5 and 2151
cm™ with increased CO surface coverage that were assigned to dicarbonyl Cu’(CO),

species.*

Adsorption of CO to the Cu*" axial position of Cu-BTC gives rise to a
perturbation in the CO spectra at ~2170 cm™ .*'****% An additional feature, typically
at ~2120 cm™ is an indication of CO interacting with Cu”, and the origin of this Cu"

site is more controversial. Both Alaerts et al.*® and Szanyi et al’” claimed CO
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adsorption led to reduction of Cu (from Cu® to Cu"), particularly as the intensity of
this mode increased with time at moderate temperatures but not at low temperatures
(<150 K).*® Bordiga et al. attributed this to trace amounts of Cu,O impurities.*” Using
DFT, StPetkov et al. demonstrated the Cu” mode was consistent with a defect formed

by the removal of a ligand.*

The original intent of this work was to extend the FTIR CO adsorption
technique from Cu-BTC to Cu-TDPAT (TDPAT = 2,4,6-tris(3,5-
dicarboxylphenylamino)-1,3,5-triazine or Cu3(TDPAT)). Like Cu-BTC, Cu-TDPAT
is built from the Cu PDW structure. Substitution of the BTC ligand for TDPAT leads
to three cages with diameters estimated to be 9.1, 12, and 17.2 A.*® Although the pore
structure of Cu-TDPAT is a bit more complex (see Figure 1), we anticipated
chemisorption of CO to the axial Cu binding positions of the Cu PDW within the
framework would be similar. Although we found evidence for increased CO
adsorption in Cu-TDPAT via gravimetric techniques, we found no corresponding
evidence for perturbation of the CO spectra in FTIR. To explain this apparent
anomaly, we explore the effect of both introduced and inherent defects on the in situ
CO FTIR probe, and compare this probe to more traditional characterization methods
of gas adsorption, XRD, XPS, and temperature-programmed desorption. Our results
suggest dynamic realignment of the adsorbed layer and a high sensitivity to the

orientation of the adsorbed layer.

Page 6 of 39
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2. Experimental
2.1 Sample Preparation

Basolite C300, a.k.a. Cu-BTC, obtained from Sigma-Aldrich (SA) is
abbreviated as B(SA), and Cu-BTC obtained from Rutgers University is abbreviated
B(RU). B(RU) was prepared in a microwave reaction’’ of 0.81 mmol copper nitrate
precursor and 0.6 mmol 1,3,5-benzene tricarboxylic acid in 6 ml DMF
(Dimethylformamide) at 413 K for 1 hr. The crystals were collected and washed with
DMEF, and further exchanged with ethanol every 1 hr for one week. FTIR of B(RU)
was collected after storage in an inert (Ar) environment for over one year prior
(abbreviated B(RU)-1) the experiments herein, and over time, the color changed from
a deep blue to a more vibrant blue (See Figure S10, Supporting Information). The

remaining characterization data was collected for both B(RU) and B(RU)-1.

Cu-TDPAT (T) was prepared following previously reported procedures.*® In
brief, solvothermal procedures used 0.68 mmol copper nitrate precursor, 0.05 mmol
H¢TDPAT in 2 ml DMA (Dimethylacetamide), 2 ml DMSO (Dimethyl sulfoxide), 0.2
ml H,O, and 0.9 ml HBF, at 358 K for three days. The blue polyhedron crystals were
washed with DMA and exchanged with methanol every 1 hr during daytime for one

week.
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Figure 1. Diagram of copper paddlewheel (Cu PDW) (A), Cu-BTC (B), and Cu-
TDPAT (C), in which Cu PDW is a metal cluster, while TDPAT and BTC serve as
the organic linkers to connect with metal cluster and form the long-range order MOF

structure. (Gray: C, Red: O, Cyan: Cu, Blue: N)

2.2 Characterization

The powder X-ray diffraction (PXRD) patterns were collected from
PANalytical XPert Pro MPD multipurpose powder diffractometer with a Cu Ko (A =
1.543 A) X-ray source, using 20 from 5° to 70° at 45 kV, 40 mA, step size 0.026°, and

scan speed 0.067°/sec, with MOF powders on a silica disk. The textural properties of
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MOFs were determined by nitrogen physisorption isotherms at 77 K up to 1 bar,
obtained on a Micromeritics ASAP 2020 unit. The gas adsorption measurements were
preceded by pretreatment at high vacuum (<10 pmHg = 10 mbar) at elevated
temperature (Cu-BTC: 423 K for 10 hr, and Cu-TDPAT: 393 K for 10 hr, based on
TGA data’ 8). BET surface area’” was determined with the relative pressure range
(P/P,) from 0 to 0.04, with zeolite-N, surface interaction parameters.2 Total pore
volume was calculated by single point adsorption at P/P, = 0.99. Micropore volume
was estimated from H-K model (Horvath-Kawazoe equations) with carbon cylindrical
pore parameters.” Pore size exceeding 20 A was estimated from BJH model (P/P,

ranging from 0.001-0.99).%°

X-ray photoelectron spectroscopy (XPS) used a Kratos Axis Ultra with a
monochromatic Al Ka X-ray source operated at 14 kV and 20 mA in hybrid slot
mode. The samples were placed on carbon tape to fixate the material to either copper
or silicon wafers. In the high-resolution scan we used a pass energy of 20 eV and a
step size of 0.1 eV. Surface residual charges in high-resolution spectra were corrected
based on C 1s assigned to 284.5 eV. The peak assignment were based on the

Handbook of X-Ray Photoelectron Spectroscopy.*!

The room temperature FTIR spectra were measured in a Bruker IFS 66/S
Spectrometer in transmittance mode to confirm 2000 to 2300 cm™ window in MOFs
for further CO spectra. The MOF samples were pressed with KBr to form pellets with
a quick press handle and a die set. The low temperature (100 and 150 K) in situ FTIR
spectra in CO (and Ar) were obtained on a Bruker Hyperion 3000 Microscope using a
Linkam stage (THMS600PS Pressure System). The aperture has the diameter 1.3 mm,
and the stage has top and bottom IR permeable ZnSe window adaption. MOF

powders were pressed on to a 400-mesh TEM grid with a quick press handle and a die
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set, and then placed on the Linkam stage aperture. After an Ar purge to remove air,
the MOF samples were pretreated in situ at high temperature in ~0.34 bar Ar gas
flow. The pretreatment temperature was varied (from 373 K to 633 K; see Table S1,
Supporting Information) to retain coordinated water molecules or introduce thermal
degradation, as discussed below. In all cases, the samples were then cooled to either
100 K or 150 K, temperatures that were previously found to minimize Cu reduction.*
The following spectra were collected in sequence at constant temperature, with the
numbers referring to labels in the figures below: (0) an initial baseline spectrum in Ar,
(1) introduction of 0.34 bar CO (labeled as “excess CO”), (2-3) stabilization of the
spectra in 0.34 CO to ensure steady state, (4-further spectra) subsequent Ar purging,
anticipated to remove gaseous and physisorbed CO, while chemisorbed CO was
retained (labeled “CO chemisorption”), and in select cases, the temperature was
subsequently raised (in flowing Ar) to probe the desorption temperature of strongly
bound CO. This last step is referred to as temperature-desorption FTIR (TD-FTIR)
below. Multiple FTIR spectra were collected to ensure there were no changes in the
spectra with time, and the labels below refer to sequential measurements with time,
(separated by ~10 minutes, see also Supporting Information, Figure S2). The pressure
of 0.34 bar was chosen as it corresponds to the 10 molar dosing used by Szanyi et
al.*® for our system volume. Peak positions discussed below were determined via
fitting with a Gaussian-Lorentzian mixed function (fitting parameters: position,

intensity, FWHM, and Gaussian-Lorentzian ratio) with Shirley background fitting.

CO adsorption isotherms and temperature-programmed desorption (TPD)
spectra were collected at comparable conditions using a Hiden thermogravimetric
analyzer IGA-001. After pretreatment (Cu-BTC: 423 K for 10 hr, and Cu-TDPAT:

393 K for 10 hr), the temperature was cooled to 300 K under high vacuum (107 torr),
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and then immersed in liquid nitrogen to bring the system temperature to 77 K. An
adsorption isotherm up to 0.34 bar CO at 77 K (P/P, = 0.59) was performed to match
the conditions of the FTIR experiments. After CO adsorption, the temperature was
raised from 77 K to 300 K (at approximately 2 K/min), by manually lowering the
liquid nitrogen bath. This TPD experiment was performed in both high vacuum (107
torr) and in a closed system of 0.34 bar CO. Unlike the FTIR measurements, CO was
used instead of Ar as our IGA system is not currently set-up for immediate gas
switching. Sample weights were corrected for buoyancy effects based on density
measurements from helium isotherms at 300 K to 20 bar. The molar ratio of CO
adsorbed/desorbed was normalized to both total pore volume, and to the amount of
Cu present in each MOF based on the theoretical formula unit (3 Cu atoms in 1 MOF
unit cell). In TPD, the normalized weight derivative was calculated with effective
interval 20 points span (~1 K in x-axis). TPD data was normalized to the weight prior
to introduction of CO. The sample weight was converted to the amount of Cu using
the ideal stoichiometric formula to reflect the adsorption at the axial positions of
interest. For estimation of activation energy from the TPD profile with a Redhead
analysis (see Supporting Information), the temperature at which desorption was a
maximum was determined via curve fitting of the derivative of the TPD derivative

profile.
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3. Results and Discussion
3.1 Structural Characterization

PXRD analysis and N, adsorption isotherms indicate the samples are robust,
with high crystallinity and surface area. The experimental PXRD patterns of Cu-
TDPAT (T) and both sources of Cu-BTC, i.e. B(RU) and B(SA) (Figure 2), match the
expected patterns (T*® and B'****)_ with no signs of peak splitting and/or variation in
the relative peak intensities that would be indicative of structural degradation.”> As
reported elsewhere, neither Cu-TDPAT>® or Cu-BTC"” have appreciable changes in
their PXRD patterns when coordinated water molecules are removed. As only minor
variations in relative intensities are observed between B(RU) and B(SA), PXRD is
fairly insensitive to the different synthesis procedures. A subtle difference was noted
in the relative peak intensity ratios of B(RU) relative to of aged B(RU)-1, with the
relative intensity of the first peak increased by 50% (Figure 2B), but no peak splitting

was observed.

(A) Cu-TDPAT

20
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(B) Cu-BTC

MLA_M_}LA_AJ\A R

5 10 15 20 25 30 35 40
26

Figure 2. The PXRD of Cu-TDPAT (A) and Cu-BTC (B) series. The diffraction peak

18,36,38

positions agree with the literature. Note that the relative intensity of the first

peak of B(RU)-1 (20 = 6.7°) is increased by 50% relative to B(RU).

The reversible 77 K nitrogen isotherms of B (Figure 3) are typical of a
microporous samples. Three distinct steps in the type-VI isotherm® are indicative of
filling of three adsorption sites with distinct binding energies. The steps cannot be
attributed to differences in pore size, as the crystal structure of B has uniform, semi-
spherical pores along all dimensions (Figure 1). No significant differences are found
in the N, isotherms of B(RU) and B(SA), despite different sources for these materials
and the scale of synthesis used. Differences in the corresponding BET surface areas
are 1770 m*/g and 1760 m*/g for B(RU) and B(SA), respectively, well within the

error of the measurement. The increased surface area relative to previous reports (i.e.
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1.2~1.5-fold of those reported previously’ ***) reflects the sensitivity of the BET
analysis to the selected pressure range. The BET surface area of the aged B(RU)-1
was 1600 m*/g, reduced by 10% relative to the B(RU) precursor; with a similar
reduction in total pore volume (Table 1). The pore-size distribution (PSD) of all B
samples estimated via the Horvath-Kawazoe (H-K) method suggests the pores of B

are <12 A and 14 — 17 A (Figure S8, Supporting Information).

The N, isotherm of T lacks the distinct steps in the N, adsorption isotherm.
The calculated BET surface area of T is 1640 m*/g (Table 1), ~85% of a previously
reported value.™ It is notable that the T isotherm lacks distinct steps, despite a
crystalline structure with two distinct pores sizes (Figure 1). The calculated H-K PSD

of T is quite broad, with pore sizes ranging from 10 — 20 A (Figure S8).

XPS spectra of B(SA) consisted of a major (88%) Cu”" peak at 934.5 eV, and
a small (12%) reduced Cu'/Cu’ peak at 932.4 eV (Figure 4). The spectra of B(RU)
was very similar with a Cu?":Cu"/Cu” of 89:11, within the error of measurement. With
aging, the fraction of Cu’/Cu” in the sample increased by 6%, with a Cu”":Cu’/Cu’ of
83:17 for B(RU)-1. In the absence of any reduced Cu phase in PXRD (Figure 3), the
Cu’/Cu” peak has been associated with structural defects. The O 1s spectra are
included in the Supporting Information (Figure S9), and it reflects the oxidation
trends for the Cu spectra. Discussion of the differences between B(SA) and B(RU) is

left for section 3.2.3.
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Figure 3. Nitrogen 77 K, 1 bar isotherms of Cu-TDPAT (T in blue) and Cu-BTC

(B(SA) in red, B(RU) in purple, and B(RU)-1 in black).

Table 1. Textural properties of Cu-TDPAT (T) and Cu-BTC (B(SA), as-received

B(RU), and aged B(RU)).
Samples SA BET  V_total V_micro BJH 20A- BJH 20A-
(m*/g) (cc/g)  (cclg) 3000A Ads  3000A Des
P/P, 0.99 HK cumulated(cc/g) (cc/g)
to 20A

T 1640 0.67 0.51 0.069 0.039
B(SA) 1760 0.72 0.62 0.061 0.071
B(RU) 1770 0.74 0.62 0.080 0.090

B(RU)-1 1600 0.66 0.56 0.062 0.082
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Figure 4. XPS spectra of Cu 2p3/2 of Cu-BTC B(RU), B(RU)-1, B(SA), and Cu-

TDPAT (T).

3.2 In situ CO FTIR measurements of Cu-BTC
3.2.1 CO perturbation by B(SA) Cu-BTC

FTIR spectra of B(SA) in 0.34 bar CO at 150 K (i.e. spectra (1) to (3), Figure
5A) reproduces previous findings.”'*****> Specifically, CO perturbations are
observed at ~2120 and ~2170 cm™, which are assigned to interactions of CO with Cu"
and Cu®", respectively, for reasons discussed previously.*® In 0.34 bar CO, one would
expect the dominant vibrations to be attributed to gas-phase CO, yet there is also a
sharp feature in the spectra centered at 2169 cm™ which can be attributed to

interaction of CO with B(SA). This feature was not observed in certain defected
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samples, discussed subsequently, and demonstrates a portion of the gaseous CO is

affected by the electronic environment of the B(SA) surface.

As gaseous CO is removed via Ar purging, CO that binds to the surface with
an energy greater than the thermal energy is expected to be retained by the surface.
Most notably, broad shoulders at 2156 and 2191 cm™ (see (4), Figure 5A) quickly
disappear as excess CO is removed. These shoulders were previously assigned to
multiple CO molecules per the Cu®" adsorption site,”®” but after an isotopic labeling
experiment, tentatively reassigned to single CO bound to the organic ligand.*’ After
30 minutes of Ar purging (spectrum (11), Figure 5A), modes at 2172 cm™ and 2120
cm’ remain in the spectra (See also peak fitting Figure S3 of the Supporting
Information), and are assigned to CO chemisorbed to Cu*” and Cu”, respectively, as
there is no corresponding gas-phase CO. The red-shift in the CO-Cu’ mode (from
2123 cm™ to 2120 cm™) was previously attributed to differences in how CO was
interacting with the aromatic ligand.”” However, we can find no corresponding
perturbations in the FTIR spectra of either the organic ligand (Figure S4, Supporting
Information) or the Cu-O vibrational modes (Figure S11, Supporting Information)
that clarify the role of the ligand. The similarity of the CO TPD profiles of the two
materials at 0 bar (discussed below) suggests the CO does not interact strongly with
the ligand. The blue-shift in the CO-Cu®" mode with removal of gaseous CO (from
2169 cm™ to 2172 cm™) was previously attributed to a decrease in the number of CO
interacting with the Cu*",”>> which is consistent with our TPD discussed below that

suggest multiple CO per Cu®" adsorption site.
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Figure 5. FTIR spectra of (A-C) B(SA), and (D) aged B(RU)-1 at 150 K in 0.34 bar
CO (1-3), and subsequently, in 0.34 bar Ar to retain chemisorbed CO (4-11). The
label number represents the sequence of each spectrum, with increasing time. (0) was
collected in Ar prior to introduction of CO. B(SA) has been subjected to the following
variations in pretreatment: (A) 543 K for 1 minute to removed coordinated water; (B)
no heating to retain coordinated water; and (C) 633 K for 1 minute to induce thermal
degradation. In (D), B(RU) was “aged” in an inert atmosphere for one year, and then
pretreated at 543 K for 1 minute prior to the FTIR measurement. The dotted lines are

meant to guide the eye, and are at positions of 2169 and 2129 cm™ in both panels.

3.2.2 CO perturbation by B(SA) Cu-BTC with introduced defects

We next explored how residual water, coordinated to the axial Cu®" position,
would influence the CO FTIR spectra in the presence of B(SA). This serves as a
means to introduce a “defect” (i.e. residual solvent) into the structure, as well as a

control experiment for the T measurements of the next section. To retain water, the

Page 18 of 39
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thermal pretreatment was eliminated, and water retention was confirmed with a strong
OH stretch in FTIR (See Supporting Information, Figure S6A). The presence of
residual water blocks CO chemisorption at the axial Cu®" position, as the 2160 cm™
shoulder in the gas phase is missing (spectra (1)-(3), Figure 5B), as is the ~2170 cm’
feature in the chemisorbed phase (spectra (4)-(8)). As CO does not displace
coordinated water, this is an indication the Cu®" axial position binds water more

strongly than CO.

Interestingly, residual water had little effect on CO chemisorption to the Cu"
site, as the ~2113 cm™ feature remains in the chemisorbed phase (spectra (4) to (8),
Figure 5B). The nature of the Cu" defect site in Cu-BTC has been the subject of some
debate, as discussed briefly above. Recent DFT calculations suggest the Cu" feature is
consistent with a missing ligand defect.” If this model is true, the retention of CO
chemisorption to the Cu’ missing ligand defect would imply the missing ligand
creates a hole that may accommodate CO, even as coordinated water is retained. As
no change in porosity was detected in the N, isotherms (Figure 3 and Figure S8), the

number of these missing defects must be quite small.

B(SA) was then pretreated at a temperature (633 K for 15 minutes) close to
the onset of thermal degradation (~640 K, Figure S7) as an alternate (and more
extreme) method to introduce defects. Examination of the full FTIR spectra (Figure
S6B) demonstrates this high temperature pretreatment attacked the Cu-O bond
without altering the ligand. Specifically, the Cu-O modes (at 758 em’;*®at 1114 cm™
and 1706 cm™*’) were decreased or eliminated; the C=0 stretch of carboxylic acid
(1215 cm™'2%*) was partially regenerated; while the aromatic C=C (at 1448 cm™,
1606 cm™) and C-H features (3085 cm™***®) were unperturbed. The degraded B(SA)

showed no evidence of CO adsorption to the cu* position, and virtually no CO
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adsorption to the Cu' position (Figure 5C). This demonstrates an intact Cu-O-C bond
and/or an intact framework is necessary for CO chemisorption at the conditions of
measurement. Although other Cu and Cu-O surfaces (e.g. the oxides and zeolites
discussed in the introduction) may interact with CO, the retention of CO will be
strongly dependent upon the adsorption conditions as well as gas accessibility to the

surface sites.

3.2.3 CO perturbation by aged B(RU) Cu-BTC

B(RU) and B(SA) were synthesized on very different scales, yet no
appreciable differences in any characterization results were noted between B(RU) and
B(SA). After storage for one year, B(RU)-1 had the following evidence for increased
defects relative to the as-received B(RU): (1) it had visibly changed color (See Figure
S10), (2) it had a 10% reduction in surface area (Figure 3), and (3) a 5% increase in
the fraction of Cu” sites in XPS (Figure 4). Despite this, the Cu*/Cu” FTIR peak ratio
of B(RU)-1 was almost double that of B(SA) (blue spectra, Figure 5A and 5D, peak
fitting in Figure S3, and parameters in Table S3, Supporting Information, which
shows a Cu”"/Cu" peak ratio of 0.667 for B(RU)-1 and 0.375 for B(SA)). Thus, the
FTIR spectra of chemisorbed CO did not follow the trends of the other
characterization methods. The FTIR spectra of gas phase CO (red, Figure 5) show an
apparent increase in the intensity of the 2169 cm™ peak in B(SA) relative to B(RU)-1.
However, there was high variability in the intensity of this peak in subsequent
measurements (see, e.g., “150 K_CO”, in Figure 6 below), and thus, the intensity of

the 2169 cm™ shoulder is a poor metric for defects.
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To further explore the differences in FTIR of B(SA) versus B(RU)-1, the
FTIR measurement was repeated with subsequent heating (in 0.34 bar Ar) to a
number of discrete temperatures, for a combined temperature-desorption FTIR (TD-
FTIR) measurement. For B(SA), the CO chemisorbed to the Cu®" site was retained up
to ~200 K (Figure 6), corresponding to an estimated activation energy of ~0.60 eV
(see Redhead Analysis, Table S2 Supporting Information). CO chemisorbed to the
Cu' site was retained up to ~400 K (Figure 6), an activation energy of ~1.2 eV
(Supporting Information). Activation energies and binding energies are often assumed

4748 and these trends

to be linearly related through the Brénsted-Evans-Polanyi rule,
are in qualitative agreement with the DFT binding energies calculated for adsorption
of the first CO to Cuy(BTC)4 and Cuy(BTC)3, i.e. 0.290 ¢V and 0.710 eV,
respectively.”” (The DFT calculated binding energies for the second CO adsorbed to
Cuy(BTC)4 and Cuy(BTC); are 0.290 eV and 0.210 eV, respectively.) The shape of
the CO vibrations remained symmetric for B(SA) as the temperature was increased.
The only difference observed in the TD-FTIR of B(RU)-1 was asymmetry in the CO

spectra with heating. Without a more rigorous modeling study, we were unable to

interpret these subtle differences in symmetry.

Overall, we were unable to use the CO FTIR technique to differentiate B(RU)-
1 from B(SA), despite these two samples having notable differences in XPS, N, BET
surface area, and XRD. The CO FTIR measurement was able to detect defects
introduced via residual “guest” species and those introduced via thermal degradation.
We anticipate the XPS would be insensitive to these types of defects, although they
would be apparent in N, adsorption isotherms. Although prior DFT calculations

suggest the intensity of the CO bound to the Cu" defect site should have a five-fold
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increased sensitivity relative to XPS,” our results suggest use of in situ FTIR is a less

sensitive probe of defects relative to XPS and N, adsorption.

(A) cu? (B)

0.05 a.u. 0.05 a.u.

D 2124

i 2124

: 150K CO ; 150K_CO
: 150K_Ar ; 150K_Ar
200K Ar ; 200K_Ar
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1 1 1 : 1 1 1 1 1 : 1 1
2250 2200 2150 2100 2050 2250 2200 2150 2100 2050
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Figure 6. TPD-FTIR spectra of (A) B(SA) and (B) B(RU)-1 after a preliminary
exposure in CO at 150 K (red; note that the intensity is normalized for clarity),
followed by purging in Ar at 150K, then heating (in Ar) to 200 K (brown), 300 K
(purple), and 400 K (green), as shown. The spectra shown represent data after no

change was observed with time. The scale bar, a.u., denotes absorbance units.

3.3 In situ CO perturbation absent in the FTIR spectra of Cu-TDPAT
3.3.1 Lack of CO perturbation by Cu-TDPAT

Somewhat surprisingly, measurement of the CO spectra in the presence of T
led to no evidence for gas-phase CO perturbation or chemisorption after CO removal,
despite the similar axial Cu*" adsorption site as B for CO chemisorption (Figure 7).
Thus, there is no real evidence found in the in situ FTIR measurement for either
physisorption or chemisorption of CO to T. The pores of T, as determined by the H-K

method (Figure S8, Supporting Information), are 10-20 A, large enough to easily
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accommodate CO (with a kinetic diameter of 3.76 A* and a Lennard-Jones diameter
of 3.763 A>’). We repeated the FTIR measurement at 100 K, yet did not observe
residual CO chemisorption (Supporting Information, Table S1 and Figure S1), thus
ruling out a lower CO binding energy in the T structure. We also varied the
pretreatment conditions (from 373 to 573 K) to rule out the potential for residual
water or thermal degradation to eliminate chemisorption to the axial Ccu** position.
We also attempted to introduce defects via grinding to magnify the CO adsorption
signal (Supporting Information, Table S1). As no CO perturbation was found for any
of the pretreatment conditions studied (see Supporting Information), the lack of CO
chemisorption could not be attributed to residual water, thermal degradation, or

insufficient defects.
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Figure 7. FTIR spectra of T at 150 K in excess CO exposure (1-3) and in Ar purging
to remove gas phase CO for CO chemisorption (4-6). The number represents the

sequence of each spectrum, where (0) was collected in Ar purging before the sample
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was exposed to CO. No evidence for CO chemisorption was observed for any

pretreatment temperature, adsorption temperature, or sample preparation method.

3.3.2 Ligand Induced Electron Density Effects

We compared the low wavenumber Cu-O stretch modes of T to B (Figure 8)
to examine how the ligand may affect the electron density at the Cu®" axial adsorption
site. Both the Cu-O stretch (v) and bend (8) modes of B(SA) are red-shifted by 10-15
cm™! relative to T, which corresponds to a decreased electron density of T. This has
been demonstrated in studies that probe the nature of various coordinated organic
molecules on the frequency of the Cu-O bond in mixed copper complexes.”’ As T has
amino groups that are generally thought of as electron-donating, the decreased
electron density of T (relative to B(SA)) appears to have more to do with the spatial
density of the Cu paddlewheel than the nature of the organic functional groups of the
ligand. The longer TDPAT ligand decreases the spatial density of the electron-rich Cu
in T. An electron deficiency in T can also explain our observation for a high tendency

for Cu reduction in Cu-TDPAT.*® The effect of electron density is revisited below.
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Figure 8. FTIR fingerprint region for Cu-TDPAT (T; blue) and Basolite (B(SA); red)
in Ar at 300K. Cu-O bond assignments are based on prior DFT calculations (black
bars).*® The C-H aromatic bend assignment is based on aromatic C-H bend at 750-
800.% Notation is as follows: & = bend; v = stretch. A 10-15 wavenumber red shift is

observed in the Cu-O bonds for B(SA) relative to T.

3.3.3 CO Adsorption and Desorption Isotherms

To better understand the lack of CO perturbation in the pores of T, we utilized
gravimetric adsorption of CO at 77 K, followed by temperature-programmed-
desorption (TPD) to 300 K. The CO adsorption isotherms of both T and B(SA)
followed a general Langmuir shape, with a limiting surface coverage. When the CO
adsorption is normalized per total pore volume (as measured by N, 77 K adsorption,
Table 1), the density of chemisorbed CO retained in the pores of the two materials is
similar at 0 bar (desorption) and 77 K (Figure 9, inset). Per unit Cu, T had higher CO

adsorption than B(SA) at 77 K and all pressures studied (Figure 9).

Much of the CO accommodated within the pore of T is desorbed via pressure
reduction at 77 K, suggesting the desorbed CO molecules are physisorbed. From
Figure 9, 2.5 CO molecules (per Cu) are physisorbed to T, while 4.4 CO molecules
(per Cu) are chemisorbed. In contrast, virtually all of the 3.4 CO molecules (per Cu)
within the pores of B(SA) are retained upon pressure reduction at 77 K, and thus are
attributed to chemisorption. Given the FTIR results above, it is notable that the

amount of chemisorbed CO retained by T at 77 K is greater than that of B(SA).
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Figure 9. The CO 77 K adsorption-desorption (filled-empty symbol) isotherms of Cu-
BTC (B(SA); red) and Cu-TDPAT (T; blue) up to 0.34 bar (P/P, = 0.6, where P, of
CO =0.58 bar at 77 K), which is the same total pressure as the FTIR experiments.

Higher CO adsorption is observed in T than that in B(SA).

3.3.4 Temperature-Programmed Desorption, 0 bar

This residual chemisorbed CO was desorbed by heating in vacuum to both
estimate the amount of CO associated with the two structures at 150 K, and estimate
the binding energy of the chemisorbed CO. Both T and B(SA) have similar bimodal
TPD profiles (Figure 10). From 77 K to ~160 K the amount of chemisorbed CO is
reduced to 1 in both T and B(SA). The last CO (per Cu) is desorbed between 160 K
and 210 K. The TD-FTIR (Figure 6) suggests this desorption can be attributed to
Cu®", as CO bound to the Cu" is retained up to 400 K. Thus, although amplified in
FTIR, the CO-Cu’ is a very small fraction of the total CO adsorbed, and may be

disregarded in subsequent discussion of the TPD.
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Most notably, the TPD suggests both T and B(SA) will have (at least) one CO
associated with the Cu axial position at vacuum and 160 K, a temperature exceeding
that of the FTIR measurement. In fact, the TPD suggests more than one CO will bind
to the Cu axial position at the conditions of the FTIR measurement, even in vacuum.
Although prior studies do consider the possibility of multiple CO molecules per Cu

2835 this has generally been considered at “high loading” (i.e. P>>0) conditions

site,
only. These excess CO molecules are more readily desorbed than the final CO

molecule that binds at the axial position.

Based on the corresponding CO:Cu ratio, the first TPD peak up to 160 K
corresponds to “excess” CO molecules, i.e. those that exceed a 1:1 CO:Cu
stoichiometric ratio. A Redhead analysis (See Equations S1-S5, Figure S5, and Table
S2 Supporting Information) suggests the activation energy for desorption of these
excess CO molecules is 0.4 eV. The second peak in the TPD profile corresponds to
desorption of the final CO molecule that is more strongly bound to the Cu*" axial
position. A Redhead analysis shows this desorption temperature corresponds to an

activation energy of 0.6 eV.

The similarity of the T and B(SA) TPD profiles suggest equivalent adsorption
sites, indicating the chemisorbed CO is interacting with the Cu axial position rather
than the ligand. In fact, when the TPD is normalized per pore volume, the TPD of the
two materials is virtually indistinguishable (Figure 10, inset). This suggests the
density of the residual CO in the two materials is similar, despite differences in pore
structure. As the pore structures of B(SA) and T differ substantially (Figure 1), equal
CO density implies either rearrangement of the CO molecules or flexibility of the

structure under different gaseous environments.
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Considering the final CO, T binds this more strongly than B(SA), as the TPD
profile is shifted to higher temperature (Figure 10). Estimated activation energies are
0.57 eV (for B) and 0.59 eV (for T; see Table S2 Supporting Information). This slight
difference is likely attributed to differences noted in the electron density above.

However, this minor difference is unlikely to explain the absence of CO perturbation

in the FTIR spectra of T.
51 1
S 4.
3 I 5 7-0.08
Q
3“4 -
no | & -.0.06 2
ot ] Ry
X 37 <
o ] Qo
o [ —4-0.04 G
B 2T ] G
2 I [a)]
Q ]
2 1 H-0.02 &
g 1f ]
g ]
6 - ]
or ., . L L o -0
100 150 200 250 300

Sample Temperature (K)

Figure 10. Temperature-programmed desorption (2 K/min) of CO after CO adsorption
and desorption at 77 K for B(SA) (red) and T (blue), conducted in vacuum. Data in
inset is reprocessed to pore volume ratio, based on the textural properties reported in

Table 1.

3.3.5 Temperature-Programmed Desorption “Isobar” at 0.34 bar

The TPD experiment was repeated at 0.34 bar to better match the conditions
of the FTIR measurement. This isobar desorption profile of B(SA) has an additional
low temperature peak at ~100 K, but otherwise closely resembles the 0 bar TPD

profile, albeit shifted to higher temperatures (Figure 11). At 0.34 bar, “excess” CO
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(i.e. CO:Cu>1) is retained up to 230 K. The final CO is retained to almost 300 K.
Once again, this is clear evidence that CO:Cu likely exceeds unity at the conditions of

the FTIR measurement.

The T isobar differs markedly from that of B(SA), as well as its own 0 bar
TPD profile (Figure 11). Unlike B(SA), no low-temperature peak is observed in the T
isobar, despite more CO physisorption expected for T (Figure 9). The “excess” CO
(i.e. CO:Cu>1) bound to T is desorbed by 230 K, but with no delineation in the
binding energies. The broad and indistinct isobar profile of T suggests the CO
molecules rearrange within the structure and are not associated with distinct binding
sites. Above 230 K, removal of the final CO from T closely resembles B. Once again,
this suggests the binding of the final CO molecule is fairly independent of the ligand

or the pore structure.

Normalization of the isobar profiles by pore volume suggests the CO density
retained in the pores differs at 0.34 bar up to ~180 K (Figure 11, inset). As this was
not the case in the TPD, this suggests the presence of other gaseous molecules leads
to a restructuring of the adsorbed layer or expansion of the substrate. Clearly, the CO
adsorbed-phase density within the pores of T is affected by the gas over pressure.
This is also consistent with the very broad pore-size distribution calculated from the
N, isotherm (Supporting Information Figure S8): the N, molecules likely rearrange

themselves leading to indistinct adsorption sites.
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Figure 11. IGA-TPD profiles (isobar) of B(SA) (red) and T (blue) after CO
adsorption isotherms at 77 K, 0.34 bar in molar ratio of CO/Cu and in CO to pore
volume ratio (inset) with ramping rate 2 K/min. The solid curves indicate the profiles
of molar ratio of CO to Cu, and the long dash lines show the derivatives individually.
The short black dash line represents the working temperature 150 K in FTIR in Figure

5-6.

3.3.6 Discussion

In all cases, the amount of CO chemisorbed to the axial Cu position of T
exceeds that of B(SA) up to temperatures well above 150 K, the temperature of the
FTIR measurement. Thus, the lack of FTIR perturbation in T seen at 150 K certainly

cannot be attributed to lack of CO adsorption.

The data above suggest the “excess” CO molecules are likely arranged
differently in the two structures, yet retain at least partial association with the Cu axial
position. An increased number of “excess” CO molecules in T likely corresponds to a

larger CO-Cu distance to accommodate a greater number of CO molecules. Although

Page 30 of 39



Page 31 of 39

Physical Chemistry Chemical Physics

adsorption of “excess” CO will be driven by a thermodynamic incentive to decrease
the free energy of the system, subsequent adsorbed CO molecules are expected to
have a decreased binding energy, and may decrease the average binding energy per
CO molecule for those adsorbed at low coverage. Accommodation of multiple CO
may lead to a weakened CO-Cu interaction at high coverage, even as the overall
energy is decreased. In other words, an increased number of CO molecules associated
with the Cu adsorption site of T should decrease the electronic perturbation of any

individual CO atom.

Alternatively, the absence of a CO perturbation for T may be due to the
orientation of chemisorbed CO. The CO ligand is expected to bind to Cu either
through a (i) CO-Cu sigma (terminal) bond (illustrated in Figure 12A), or through a
(ii) CO-Cu m-backbonding arrangement (Figure 12B>%). Both of these bonding
arrangements will affect the C-O frequency, and lead to an IR-active dipole moment.
Thus, either of these bonding arrangements can explain the CO spectra in the
presence of B. In contrast, chemisorbed CO arranged in pairs that are bonded trans to
one another about the Cu site will not be IR active due to a symmetric arrangement
that lacks a dipole moment. One illustrative example (of perhaps many possible
scenarios) is illustrated in Figure 12C. A symmetric bonding arrangement could
explain the lack of CO perturbation observed in T. The retention of an even number
of chemisorbed CO (i.e. ~4) for T and an odd number of CO molecules for B (~3) at
77 K is consistent with this explanation. Another alternative is if surface selection
rules led to IR inactivity, which would require CO to be oriented parallel to the
incident beam.”** For example, CO adsorbed parallel to a Pt electrode surface via a

“bridging” configuration gives rise to FTIR-inactivity.” However, it seems highly



Physical Chemistry Chemical Physics Page 32 of 39

unlikely that all CO molecules in a porous, powdered, polycrystalline material would

all have this orientation.
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Figure 12: Possible bonding types for CO with Cu: (A) CO-M terminal sigma bond,

l‘-

and M to CO z-backbonding for (B) one and (C) two CO molecules. (A) and (B)
would give rise to a dipole and thus be IR-active; the symmetric bonding arrangement
in (C) would have no dipole and not be IR active. The specific structures are meant to

be illustrative examples only.

Others have also suggested multiple CO molecules per Cu adsorption site on
Cu-BTC,”* although one group thought subsequent CO molecules were associated
with unique adsorption sites on the ligand.” The similarity of TPD profiles for Cu-
BTC with Cu-TDPAT suggest all CO are likely associated with the Cu axial position.
The multiple COs are retained by the structure more strongly than that expected for
physisorption to the ligand. Moreover, the TPD results demonstrate two distinct
binding energies for the CO, associated with weakly bound “excess” CO molecules
(CO:Cu>1) and a final CO (CO:Cu=1) that is bound more strongly. Notably, the
adsorbed film is a dynamic function of temperature and pressure, even when

chemisorbed.
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4. Summary and Conclusions

In situ FTIR of CO molecules adsorbed to Cu-BTC is an emerging technique
to assess defects.”'*****> At low CO coverage, FTIR features at ~2120 cm™ and 2170
cm™ are assigned to CO interacting with Cu” and Cu®" adsorption sites, respectively.
Although DFT studies suggest this technique amplifies the Cu” signal,” we found the
technique to be relatively insensitive to Cu” defects that were observed in XPS and

evident via a reduced N, adsorption, and more subtlety in PXRD.

The extension of the CO FTIR technique from Cu-BTC to Cu-TDPAT was
not straightforward, despite similar Cu adsorption sites on the Cu paddlewheel.
Although Cu-TDPAT adsorbed and retained more CO at all conditions studied, it had
no perturbation in the in situ CO FTIR measurement. We attribute this to either a
decrease in the relative binding energy per molecule and/or orientation of the CO

molecules chemisorbed to the Cu axial position.

An in situ probe of gas-surface interactions in MOFs is not necessarily
transferrable from one structure to another, even when the adsorption sites are similar.
Thus, development of a site-specific, in situ probe of MOF defects will likely require
development of a unique probe for each structure. The following factors must be
taken into account: the potential for dynamic arrangement (and rearrangement) of the
adsorbed layer as a function of temperature and gas-loading, the binding energy of the
probe molecule as a function of loading, the temperature of the FTIR measurement,
the electronic environment induced by the ligand, and the packing of the probe
molecule next to the adsorption site. For CO adsorption to Cu-BTC and Cu-TPDAT,

the latter had the greatest influence on the CO FTIR spectra.
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