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ABSTRACT: A pillared layer network containing amide functional groups (Cu(pzdc)(pia); pzdc = pyrazine-2,3-dicarboxylate; pia =
N-(4-pyridyl)isonicotinamide) was used to test a postsynthesis metalation rationale to insert lithium and create a porous surface with
enhanced CO, adsorption capacity. Synchrotron powder X-ray diffraction (XRD) was used to determine variations after lithiation in
long-range and textural properties. CO, adsorption measurements at room temperature showed a concave up isotherm shape with an
increasing adsorption at high pressures, surpassing by 1 order of magnitude the values previously reported for the unmodified
material. There was significant hysteresis upon desorption, which suggests structural variations consequent to different or stronger
adsorption sites. Results from elemental, thermal gravimetric, and crystal refinement analyses indicate that the lithium content is ca.
3 Li atoms per asymmetric unit. Raman scattering showed N—Li and Li—O stretching bands, a shift of pia amide- and pyridyl-related
bands, and other significant skeletal vibrations associated with nitrogen and oxygen lone pair variations. In situ XRD and CO,
adsorption observations at up to 50 bar at ambient temperature were consistent with the anticipated structural dynamic variation.
The lattice changes observed at pressures below 10 bar following lithiation may be directly related to an enhancement in the CO,
adsorption amount.

1. INTRODUCTION adsorption applications, a group of pillared layer networks,
CO, emissions from fossil fuel burning remain a concern; Le, [Cu2+x(Pde)y(L)lzz]n (pzdc = pyrazine-2,3-dicarboxylate; L
values reached an unprecedented level of about 36 billion tons = ditopic ligand)’™'* have been of interest due to their
in 2016."” Traditional amine sorbents are usually employed to potential gas storage and separation capabilities and their
treat flue gases prior to emission under specific and constant stability at low to medium pressures, e.g, up to 6 atm at
operation conditions, but at the expense of high energy input ambient temperature, broadening the pressure scope to design

for regeneration and operational and practical problems that
include corrosion and toxicity.”* Porous coordination
polymers (PCPs) or metal—organic frameworks (MOFs)
present an alternative direction toward the development of
next-generation materials for CO, capture or separation at the
emission point. PCPs exhibit properties that can be tailored to
specific gas uptake requirements. These properties can be
manipulated a priori through the rational selection of the
factors that dictate the assembly route during synthesis or a
posteriori through functionalization strategies.”® For CO,

or optimize processes for CO, adsorption.””'" Although
adsorption and desorption equilibrium tests exhibit a hysteretic
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behavior that varies according to the highest gas pressure
attained before desorption, there is evidence of a structural
response without degradation of the long-range periodicity and
porosity.' "¢ Cu® (pzdc),(L), materials have favorable attrib-
utes, including one-pot crystallization under ambient con-
ditions and conformation of one-dimensional channels with
ligands that can accommodate functional groups along the
pores. There is thus a strong motivation to upgrade the
internal surface of PCPs or MOFs through chemical
functionalization.

The insertion of alkali or alkaline-earth metals onto
adsorbate-accessible sites along the pores of a crystalline
material can enhance the surface polarizability, which
calculations predict to be a key property in the adsorbate—
adsorbent interaction potential.”””’ The polarizability and low
atomic weight and size of Li could allow for the adjustment of
the adsorbate—adsorbent interactions, without significantly
diminishing the pore volume or causing a steric reduction in
the capacity for mass transport along the pores. A metalation
approach, i.e., lithium incorporation, could enhance the CO,
uptake capacity of PCPs. Lithiation strategies for the
functionalization of porous nets arranged through stable
coordination bonds are of interest, since the preservation of
the framework is essential when the metal atom is
incorporated.””> A postsynthesis metalation to change
intramolecular modifications is achievable by incorporating a
ligand with primary and secondary donor sites, in which the
primary site is coordinated to conform the framework structure
and the secondary site remains available for postsynthesis
modifications. This configuration can also be attained by the
choice of framework ligands and the metal center according to
the hard—soft acid—base theory to leave uncoordinated sites
available for functionalization.>*"****

There have been some reports that modifying the surface
chemistry of the pores with specific moieties leads to increased
CO, adsorption capacities, such as in the case of a MOF series
of SIFSIX pillared nets.”>~>” Another example is the case of
MOF-74-Mg, a framework featuring an alkaline-earth metal as
the central node, evidencing open metal sites (OMS) and
conforming one-dimensional porous channels. This material
adsorbed 8 mmol of CO, g~' at 296 K and 1 bar (or ca. 12
CO, molecules per unit cell), among the highest uptake
amounts for MOFs under such conditions.”***’ However, the
CO, uptake of MOF-74-Mg was reduced by the presence of
humidity, which is typically present in flue gas applications
such as power plants. Amines and alkylamines have been added
to the OMS, which leads to proper performance under humid
conditions but likely under a chemisorption regime.’*™**

There is still no consensus on the possible effects of size and
chemical properties of groups incorporated into PCPs or
MOFs. While some studies suggest structural or flexibility
changes,s’”_37 there remains much work to be done to
establish direct correlations. Much of the effort in the case of
alkali- and alkaline-earth-metal incorporation has focused on
hydrogen storage®”**™** and on the improvement of CO,
adsorption or selectivity in gas mixtures.”**>*”**73° Theoreti-
cal and experimental studies have been conducted to study Li
incorporation into frameworks with Zn metal cen-
ters 339397 42A5=47,5053,54057 4 d other metal nodes, including
Cu, Zr, Cr, Al, and In.>7384043444849.5L52 Ginyylations have
explored frameworks with (1) substitution of one or more
selected hydrogen atoms of the aromatic rings by Li or LiO or
(2) Li added to positions apparently prone to accept cations or
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estimated as less energetically demanding: e.g., above or on top
of the electron clouds of the aromatic
rings,*#3537,40742,4474648,30,513557 Gimilarly, experimental re-
sults show that Li has been inserted through the exchange of
hydrogen from hydroxy groups, pore guests, or even nodes and
the doping of carboxyl groups or their incorporation as a
cation, which in some cases resulted in sensitivity to air
exposure or retraction to unexposed adsorption
sites.”?%9434749,525% The gbserved gas uptake enhancements
were moderate in comparison to the targets predicted by
computational studies, in some cases ascribed to diminish-
ments in the isosteric heat of adsorption with pressure, effects
of the free pore volume, and transport characteristics.*”>*

In this work, a lithium alkoxide precursor (i.e., LiO-t-Bu)
was used to functionalize a pillared layer porous coordination
polymer, Cu(pzdc)(pia) (pzdc = pyrazine-2,3-dicarboxylate;
pia = N-(4-pyridyl)isonicotinamide), in which the pia ligands
could play a role in guiding the incorporation of lithium into
the framework: ie., lithiation through an amide directing
metalation group (DMG) (see Figure 1). The structures were

Cu(pzdc)(pia)(LiO),
D 4

Cu(pzdc)(pia)

Li-precursor
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Figure 1. Schematic representation for the structural conformation of
a lithiated Cu(pzdc)(pia) PCP. The Li precursor shown is a
representation of aggregates of LiO-t-Bu in THF, which comprises
a Lewis base (LB) and an alkyl group (R = tert-butyl).

studied using synchrotron X-ray powder diffraction (XRD).
Rietveld refinement results were consistent with a porous-
pillared-layer lattice configuration and were consistent with the
structural changes expected to result from functionalization.
The incorporation of the Li ions was also probed by elemental
and thermal gravimetric analyses (TGA). Comparisons of
Raman scattering changes in intensity or band peak positions
indicated the effects of the amide DMG on the functionaliza-
tion approach. These observations offered crucial insights into
the transformations observed in the CO, adsorption—
desorption isotherms measured up to 7 bar at ambient
temperature and the hysteretic behavior for the lithiated
material. The lithiation-related structural variations upon CO,
adsorption were also apparent in in situ powder X-ray
diffraction measurements with CO, gas pressurization—
depressurization cycles at up to 50 bar at ambient temperature.
An isoreticular framework counterpart, Cu,(pzdc),(dpyg)
(dpyg = 1,2-bis(4-pyridyl)glycol), was also studied as a control
experiment isolating the effect of the absence of the amide
group on the effects of lithiation on CO, adsorption and the
structural response.

2. EXPERIMENTAL SECTION

2.1. Reagents and Materials. 2,3-Pyrazinedicarboxylic acid
(H,ypzde, 97%), copper(Il) perchlorate hexahydrate (Cu(ClO,),:
6H,0, 98%), denatured ethanol (95%), and methanol (99%) were

https://dx.doi.org/10.1021/acs.cgd.0c00202
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used for the synthesis steps. The functionalization was conducted
using lithium tert-butoxide (LiO-t-Bu, 97%) and tetrahydrofuran
(99.9%). The hydroxy-based pillar ligand 1,2-bis(4-pyridyl)glycol
(dpyg) and the other synthesis and functionalization reagents were
obtained from Sigma-Aldrich and used as received, except for the
amide-based pillar ligand N-(4-pyridyl)isonicotinamide (pia, 97%),
which was acquired from MolPort. Ultrahigh-purity-grade He and N,
gases used for the TGA measurements were obtained from Praxair.
Ultrahigh-purity-grade CO, gas was employed for the gas adsorption
isotherm measurements, as supplied by Praxair. Ultrahigh-purity-
grade CO, and N, compressed gases used for the in situ XRD
experiments were obtained from AirGas and used without further
treatment.

2.2. Cu(pzdc)(pia) and Cu,(pzdc),(dpyg) Syntheses. Cu-
(pzdc)(pia) and Cuz(lpzdc)z(dpyg) were prepared following routes
reported elsewhere.>”"*'* A mixture of a 0.04 M NaOH solution and
ethanol prepared in a 1:1 ratio was used to dissolve 1 mmol of H,pzdc
(0.1681 g) and 0.5 mmol of the pillar: (a) pia (0.0995 g) for
Cu(pzdc)(pia) or (b) dpyg (0.1171 g) for Cu,(pzdc),(dpyg).
Separately, another mixture composed of CuClO,-6H,0 (0.370S g)
and water was kept under strong and continuous agitation while the
initial reaction mixture was added dropwise. This step generated an
opaque light blue suspension that was kept under agitation for 24 h
and then was vacuum-filtered and repeatedly washed with methanol
and deionized water. The recovered solid was partially dried to
remove excess water or solvent, in a conventional oven at 363 K for
24 h. The final solid sample was maintained in a vacuum-sealed
desiccator until further use.

2.3. Postsynthesis Lithium Incorporation. The functionaliza-
tion procedure presented here is based on chemical insight into
metalation derived from the heterocycle chemistry literature,
including into the formation of lithiated amides and into experimental
assays for the characterization of alkoxide functionalization in
MOFs.”**** A room-temperature procedure involving tetrahydrofur-
an (THF) was chosen (i) to investigate the lithiation that is
thermodynamically favored under the particular conditions, (ii) to
keep a low aggregation number for the lithium source, and (iii) to
preserve the coordination stability of the parent framework. In order
to conduct the synthesis safely, the whole lithiation procedure was
carried out inside a controlled, dry atmosphere glovebox. A portion of
the dry powder sample recovered at the end of the synthesis stage
(~100 mg) was combined with excess THF to form a suspension that
was vacuum-filtered several times with fresh solvent. Afterward, the
PCP was kept soaking in THF for at least 12 h at room temperature.
Once ready, the sample was rewashed and left in fresh solvent (S0
mL) with continuous vigorous stirring. Separately, 0.68 mmol of LiO-
t-Bu in a solution at least 0.01 M in THF was prepared and stirred
vigorously until a clear, noncloudy pale liquor was obtained. This
liquor was kept under continuous agitation while it was added
dropwise to the PCP framework suspension. During this stage, the
initially pale blue opaque suspension turned turquoise. It should be
noted that a large lithium content can turn a suspension dark gray
within the first 1 h of mixing and the strong base could lead to a PCP
framework decomposition. After 24 h of agitation, the final suspension
was filtered under vacuum, washed with THF, and left to slowly dry at
room temperature inside a dry chamber before it was stored in a
vacuum-sealed desiccator for further analysis stages.

2.4. Thermogravimetric and Metal Content Analyses. TGA
was used to determine the solvent content and to identify variations in
the thermal degradation pathway of PCPs as a consequence of
lithiation. A thermogravimetric analyzer (TA-QS00) with a platinum
sample pan was employed for the thermal analyses. Each sample
before lithiation (~8 mg) was heated from room temperature to 1173
K at 5 K min~" under a constant helium flow rate (60 mL min™"). In
the case of the Li-containing samples, the heating programming
included a 4 h soaking stage after the temperature reached 1073 K.
The soaking stage was necessary to fully record the ultimate weight
loss. The Li and Cu contents of the PCPs were evaluated via
inductively coupled plasma mass spectroscopy (ICP-MS) at Galbraith
Laboratories Inc.
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2.5. Synchrotron Powder X-ray Diffraction. Synchrotron
source powder X-ray diffraction patterns for as-synthesized Cu(pzdc)-
(pia) and Cu,(pzdc),(dpyg) were recorded before and after lithiation
at the National Synchrotron Light Source II (NSLS-II) at Brookhaven
National Laboratory. Each sample was packed into a polyimide
capillary and probed using an X-ray wavelength of 0.183893 A,
corresponding to a photon energy of 67 keV. The diffracted intensity
was collected using 60 s exposure times with an area detector covering
a 26 angular range from 0.03 to 176°. The GSAS II software package
was used to perform the initial data integration, to determine the
initial instrument parameters with a Ni standard data set, and to
conduct indexing, structureless Pawley analysis, and Rietveld
refinement.”® The 26 range before and after lithiation used for fitting
and pseudo-Voigt peak shape modeling comprised diffraction
intensities collected from 0.5 to 10°. This 26 range covered the
most intense reflections. The fitting of the background scattering
before and after functionalization was carried out using 30- and 18-
term Chebyshev expressions, respectively. The structure was solved
on the basis of preliminary results from the ab initio charge-flipping
tool also available in GSAS II and the variation of the orientation,
position, and conformation of an asymmetric unit constructed with
the guidance of crystalline structures of other Cu-based pillared layer
networks, the crystal structures of the parent organic ligands, and the
octahedrally Cu®* coordinated node. These angles and atomic bond
distances were intrinsically restrained.

2.6. Adsorption/Desorption Measurements. CO, adsorption
and desorption equilibrium isotherms covering low- and high-pressure
ranges were volumetrically measured at 25 °C, employing Micro-
meritics ASAP 2020 and 2050 adsorption analyzers, respectively.
High-pressure volumetric discrepancies were accounted for by using
compressibility factor corrections in the calculations of the uptake
amount. Each PCP sample had a mass of approximately 100 mg,
carefully introduced into a quartz flask or a stainless-steel tube for the
high-pressure tests. Immediately after loading, the vessels were capped
using seal frits designed to achieve a valvelike interconnection with
the analysis port and to shield the samples from the external ambient
atmosphere. An initial activation step was performed to prepare the
sample before the adsorption stage through the removal of solvent or
contaminant molecules weakly attached to the pores. The sample was
activated by evacuating the sample holders at a rate of 50 mmHg s~
until a final pressure of S mmHg was reached. The sample was heated
under vacuum at a ramp rate of 10 K min™" to 373 K and held at that
temperature for at least 12 h. After this activation process was
complete, the sample was cooled to ambient temperature under
vacuum. The sample holder was backfilled with helium to facilitate the
sample relocation to the adsorption analysis port without exposure to
the atmosphere. The gas used for backfilling was evacuated using the
analysis port before the programmed adsorption cycle. The
instrument adsorption/desorption equilibration time interval used
was 100 s, which allowed collection of transient data for at least 1100
s during the assessment of equilibrium conditions.

Heats of desorption profiles for CO, loading onto lithiated
Cu(pzdc)(pia) or Cu,(pzdc),(dpyg) materials were estimated using

the expression”
-5
+ 7(ﬂDAE)5T [lnﬁ]
n q
(1)

which results after combination of the Dubinin—Astakhov isotherm
model (applied to the desorption legs)

1/n
9
—AH = AH,, + ﬁDAE[ n;]

q = q, exp[—(C In(R,/P))"] (2)

_RT
PoaE
and the Clausius—Clapeyron equation
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()
where AH,,, is the adsorbate heat of vaporization, q is the equilibrium
desorption amount, g, is the adsorbate loading amount at or near
saturation, T is the temperature during the desorption tests, f is the
affinity coeflicient of the adsorbate, E is the energy of desorption, P is
the gas pressure, P, is the adsorbate vapor pressure, n is a
heterogeneity coeflicient, ¢ is a thermal expansion coeflicient for
the adsorbate (assumed as 0.0024 K7'),°® and R is the ideal gas
constant.

2.7. In Situ CO, or N, Adsorption and Powder X-ray
Diffraction. The evolution of the X-ray diffractograms measured as a
function of CO, or N, gas pressure was recorded in situ for as-
synthesized Cu(pzdc)(pia) and Cu,(pzdc),(dpyg), before and after
lithiation, by using a gas supply system integrated with a laboratory
diffractometer. The sample holder consisted of a 1.2 mm diameter
polyimide capillary. The powder was loaded into the capillary and
connected to a stainless-steel gas delivery system providing CO, or
N,. The diffraction data were acquired using Cu Ka radiation with a
wavelength of 1.5406 A from a Rigaku Ultra-X 18 rotating anode X-
ray generator operating at 40 kV and 100 mA. The sample was
activated before the diffraction experiment in a continuous flow of
pure N, to remove solvent and impurities from the pores. The sample
holder was heated to the activation temperature of 373 K using a hot
air stream at a heating rate of 20 K min™" and kept at this temperature
for at least 1 h. The N, flow was interrupted only after the sample
reached ambient temperature after the end of the heating process.
The inlet and outlet gas valves were simultaneously closed after the
end of the activation process. The gas environment was chosen as
CO, or N, to start the experiment, and the corresponding gas was
delivered to the sample holder until the targeted working pressure was
reached (up to ca. 50 and 1S bar for CO, and N,, respectively). The
diffraction patterns were recorded for 26 values from 4 to 30° before
and after the activation and for each target pressure.

2.8. Raman Spectroscopy. Raman spectroscopy was employed
to characterize as-synthesized Cu(pzdc)(pia) and Cu,(pzdc),(dpyg)
before and after lithiation. Raman spectra were recorded at room
temperature using an InVia Renishaw microspectrometer with a 785
nm laser. The calibration of the laser was conducted using a Si (100)
standard. The spectrum range was covered from 100 to 3200 cm™’,
using an integration time of 120 s and five accumulations. The powder
sample was mounted on a gold plate and probed with a Leica
microscope equipped with a 50X objective. A Savitzky and Golay
least-squares digital polynomial filter was used to smooth the
spectrograms after regressing and removing the background signal.

3. RESULTS AND DISCUSSION

3.1. Effect of Lithiation on the Cu(pzdc)(pia) Structure
and Thermal Stability. The structures of the PCPs under
study in this work were elucidated via modification of the
lattice of isoreticular neutral three-dimensional pillared-layer
networks; similar structures have been reported and discussed
elsewhere.”'' ™' Here, the pia bidentate pillar ligand
contains a central nonsymmetrical amide functionality that
could affect the basicity of each pyridyl nitrogen donor dent
and promote a bias in the coordination to Cu. The Cu—ligand
bonding could thus possibly occur only at one dent of the
ligand backbone. Such a configuration was previously reported
for an homologous PCP ([Cu(pzdc)(pia),],) that was
synthesized with a methanol solution instead of ethanol.

The crystal lattice of the as-synthesized PCPs (i.e., before
and after lithiation with sorbed solvent) was determined using
Rietveld analysis of the synchrotron powder diffraction data.
Figure 2 shows the synchrotron powder X-ray diffraction
patterns of the as-synthesized nonlithiated and lithiated
materials. The pillared-layer conformation that was determined
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Figure 2. Synchrotron powder X-ray diffraction patterns for as-
synthesized Cu(pzdc)(pia) and Cu(pzdc)(pia)(LiO);, both contain-
ing sorbed H,0 and THF (i, solvents), respectively.

from the Rietveld refinement analysis is shown in Figure 3. As
is apparent, for the porous channels the key structural changes
induced by the Li precursor are a change in the orientation of
the pillars and the addition of LiO at sites near pia pillar
ligands.

Further structural details are illustrated in Figure 3. The
octahedrally coordinated Cu centers are interconnected by
pzdc ligands that fill the equatorial positions in a configuration
that chelates the metal ions. The pillars form nets with the
similar orientation into two-dimensional layers. The axially
oriented coordination positions of each Cu-containing layer
are filled at one end by pia ligands, which self-arrange to share
nonbonding aromatic #-stacking interactions with pia linkers
from neighboring layers. These nonbonding interactions
stabilize a parallel alignment of the layers that results in the
formation of porous channels with self-rearrangement
capabilities. For instance, the pore channel contents, such as
solvent molecules, can induce key changes in the orientation of
the ligands by hydrogen bonding and weak cooperative effects.

The results of the Rietveld refinement and corresponding
reliability factors are given in Table 1 and illustrated in Figure
S-1 in the Supporting Information. The most important
structural features of the original framework are retained after
lithiation. Similarly, the most intense X-ray reflections, those
related to the spacings of the backbone of the frameworks, are
observed in the X-ray diffraction patterns of both materials in
Figure 2. The similarity of the diffraction patterns acquired
before and after lithiation provided the starting point for the
determination of the structure of the lithiated framework. This
initial structure guided the determination of the location of the
Cu atoms but provided less insight into the positions of Li and
other light atoms. Raman spectroscopy results, which are
discussed in detail in the section 3.2, gave insight into the Li
moiety (i.e., LiO) location. Mesomeric effects, inductive effects
and nonbonding interactions that lead to disorder, also served
to explain the position of the Li moiety near the pia pillar
ligands. Crystallographic results for the lithiated framework
indicated that Cu atoms have a distorted coordination
geometry in which the pillar positions are displaced. These
two effects also suggested a complementary reorientation of
the pyrazine rings from axial to equatorial, as illustrated in

https://dx.doi.org/10.1021/acs.cgd.0c00202
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Figure 3. Rietveld refinement structural models for (a) Cu(pzdc)(pia) and (b) Cu(pzdc)(pia)(LiO);. The insets shown in (a) and (b) are
amplified views of the pore channels of each framework. Hydrogen atoms are omitted for clarity.

Figure 3. The pyrazine ring reorientation is consistent with the
change in color of the powder sample due to the
functionalization stage. ORTEP drawings with 30% probability
ellipsoids are available in Figure S-2 in the Supporting
Information.*®

The crystalline structure of the lithium tert-butoxide (LiO-t-
Bu) precursor has a folded hexameric or octameric aggregated
configuration.”* The X-ray diffraction patterns and the
crystallographic results in Figures 2 and 3 and in Table 1
show no sign that the bulky organic portion of the lithiation
precursor is incorporated into the final structure. At the
lithiation stage, the LiO-t-Bu crystals were initially dissolved in
THEF, which has been reported to lead to aggregation in
tetramers.”> %" Solvation can produce the THF heterocycle
ring aperture through weak interactions originating in the
oxygen m-orbital electron delocalization toward the lithium
nuclei. A tetrameric alkoxide configuration with four Li—O—
Li—O squares in which the tert-butyl units flank out bonded to
the oxygen corners could stabilize the Li—O bonds through
inductive effects. During lithiation, interactions of the alkoxide
aggregates with the framework possibly promoted a further
unfolding of the lithium tetramers to a more fragmented
configuration, facilitating the incorporation of Li—O and
impeding the attachment of bulky tert-butyl segments. This
“selective softness” could be explained by a combined influence
of steric and collective effects from the nonbonded free pyridyl
nitrogen site in the pia and the amide, pyrazyl, and pyridyl
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conjugate systems, although further investigations are needed
to confirm this hypothesis. Neutral ligands may fulfill the
lithium coordination sites produced by the unfolding of the
aggregates. The free electron pair donors from the framework
and solvents such as THF and THF cleavage derivatives can
bind to lithium through a neutral—neutral connectivity. Similar
connections can take place with any other charge-comple-
mentary ligand small that is enough to move into the pore
cavities.

Because of its low atomic number, Li makes a negligible
contribution to the distribution of X-ray intensity in a
diffraction pattern. For the structural model, the Li—O had
initial interatomic distances similar to those reported elsewhere
for the octameric and hexameric aggregates. The location of
LiO in the backbone of the framework was established from
the Raman spectroscopy results that are discussed in section
3.2. Thus, the positions of Li and surrounding atoms were
adjusted by refinement, and the resulting positions were kept
in the structural model as shown in Figure 3b.

The thermal stability of the lithiated framework and the
possible chemical effects of the functionalization were studied
using TGA. The decomposition profiles for the materials
before and after lithiation are shown in Figure 4. The profiles
were used to indirectly analyze chemical variations, considering
that under limited constraints the decomposition of the
lithiated framework could follow paths similar to those of the
framework before lithiation and of other isoreticular Cu-

https://dx.doi.org/10.1021/acs.cgd.0c00202
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Table 1. Unit Cell Parameters and Rietveld Refinement
Reliability Factors for as-Synthesized Cu(pzdc)(pia) and
Cu(pzdc)(pia)(LiO)s, Including Sorbed Solvents

Cu(pzdc)(pia)DH,0  Cu(pzdc)(pia)(LiO);DTHF

empirical formula C;,H,,CuN;O, C,7H,,CuLi;N;Oy,
formula wt 492.85 545.67
T (K) 300 300
cryst syst monoclinic monoclinic
space group C2/c C2/c
a (A) 32.73(3) 32.80(3)
b (A) 10.910(5) 10.926(5)
cA) 9.682(3) 9.441(3)
B (deg) 102.131 100.716
volume (A%) 3380(4) 3324(4)
VA 8 8
R, 0.0783 0.0494
R, 0.1172 0.0704
Ry 02225 02379
R(F?) 0.1704 0.1796
R(F) 0.0707 0.0802
no. of rflns 1499 1482
instrument synchrotron synchrotron
x 338.005 106.102
GOF 0.53 0.3
7> 0.2809 0.09
100
90 1 v 12.4 %]
. 16.9 %,
80 1 —— Cu(pzdc)(pia)(LiO), (nitrogen)
—  Cu(pzdc)(pia)(LiO), (helium)
70 1 —— Cu(pzdc)(pia) (helium)
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Figure 4. Thermal gravimetric profiles of Cu(pzdc)(pia) and
Cu(pzdc)(pia)(LiO), under either helium or nitrogen gas.

pillared layer networks.'®"> The profile of the lithiated
framework in helium carrier gas exhibits decomposition
starting at 433 K, followed by an abrupt weight loss of 19.4
wt % at 540 K that is associated with structural decomposition
and also involves losses of organic segments from pzdc and pia
ligands (second and third losses: ca. 51.5 wt %). At lower
temperatures, the mass loss of 12.4 wt % arises from solvent
molecules that are weakly attracted to the pores and outer
surfaces of the crystallites. A loss that probably tracks oxygen,
nitrogen, and carbon traces that reacted or formed an adduct
with lithium during the thermal analysis generates a less active
weight loss (fourth loss: 13.9 wt %).
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In a final stage, the TGA in helium was prolonged to 4 h at
1073 K with a loss of 5 wt % until no further mass loss was
discernible, leaving a remnant solid with 17.2 wt % of the initial
solid. The remnant solid is presumably composed of copper
and lithium oxides. The decomposition profile, including the
extended final stage, was also recorded under nitrogen. In
comparison with the typical mass low rate of decomposition
observed at temperatures over 750 K for the unmodified
framework (Figure S-4 in the Supporting Information), the
lithiated compound in nitrogen showed an unusual mass gain
that reached stabilization. The incremental weight loss only
concerning the lithiated sample could be explained by a
reaction between a lithium oxide evolving at early stages of the
TGA and the carrier gas. The TGA profiles gathered in helium
and nitrogen were similar to those recorded for another
pillared layer, Cu,(pzdc),(dpyg) (i-e., network holding dpyg
pillars with hydroxide functionalities),"” before and after the
same lithiation approach (Figures S-3—S-5).

The TGA of the lithiated sample under helium exhibited
decomposition of the organic components that extended to a
higher temperature, possibly indicating the influence of new
intermolecular interactions. In a previous study, a LiO-t-Bu
TGA that was performed under nitrogen showed a single mass
loss (~97%) starting at 393 K, in which 90% was lost between
498 and 548 K.°° In another report for this alkoxide,
sublimation occurred without decomposition between 443
and 478 K at 1.01 bar.”® The absence of a larger mass loss in a
TGA profile gathered under helium that is probably related to
sublimation also suggests a lack of physically mixed LiO-t-Bu
crystals.

The TGA profiles also allow the Li content of the lithiated
compound to be estimated. The mass loss starting at 973 K
and the distinctive mass loss corresponding to the final
isothermal step at 1073 K are not observed for the framework
before lithiation or similar pillared networks reported in the
literature. The new features indicate that there is an inorganic-
based Li—O alkoxide moiety in the framework. The TGA mass
gain reported for the lithiated framework under nitrogen
(Figure 4; mass gain ca. 3.8 wt % at 1073 K) was used to
estimate an approximate lithium content in the solid, assuming
a hypothetical reaction kinetically favored under conditions
similar to those of the final isothermal TGA stage and similar
to those reported elsewhere, following a global stoichiometry
of 2Li(s):1N,(g) between a lithium adduct or oxide and
nitrogen.”” " Using this approximation, the lithium content
was found to be ca. 3.76 wt %. Furthermore, the cell lattice
previously elucidated in the crystallographic studies was used
to substantiate the lithium content, Li 3.72 wt %, as well as the
framework building block weight compositions (wt %): THF,
11.42; pzde, 29.62; pia, 35.33; LiO, 12.29, Cu, 11.34
(elemental analysis: Li 3.19 wt %and Cu 14.6 wt %).

3.2. Raman Spectroscopy and Long-Range Function-
alization Evidence. Figure S5 shows Raman spectra recorded
for as-synthesized PCPs before and after lithiation. While both
spectra exhibit many similar features, several uneven band peak
displacements and relative intensity variations are discernible.
The band at 149.8 cm™ and other minor low-frequency bands
were weaker after lithiation, indicating the influence of porous
steric restrictions and weak crystal long-range nonbonding
interactions that arise due to the change of solvent from water
to THEF. As a result, the hindrance of THF librations and the
changes in the external modes could also explain the
appearance of a ring-breathing vibration at 914.8 cm™".
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Figure 5. Room-temperature Raman scattering spectra for as-
synthesized Cu(pzdc)(pia) and Cu(pzdc)(pia)(LiO);, both contain-
ing sorbed H,0 and THF (i.e, solvents), respectively.

The bands that appreciably shifted with lithiation are shown
in Table 2, indicating not only symmetry similarities but also
structural modifications such as those observed in the
crystallographic results. These Raman shifts can guide the
explanation of bonding alterations in the ligands or around the
metal node produced by the incorporation of lithium. Raman

Table 2. Raman Peak Interpretation and Estimated
Differences of Homologous Bands for Cu(pzdc)(pia) and
Cu(pzdc)(pia)(LiO);, Containing Sorbed H,O and THF
(i.e., Solvents), Respectively”

obsd Raman peak position, R
1

(em™)
Raman
Cu(pzdc)(pia) variation
Cu(pzdc)(pia) (LiO), cm™!
interpretation of
Aw shift  vibration contributions
1022 s 1049 s 2.7  blue CuO, CuN in-plane
bending-equatorial
165.6  vs 1643 vs —13 red  CuN bending tilt
deformation-axial
3146 m 3095 m =51 red CuO, CuN stretching-
equatorial
4211 m 4224 m 1.3 blue CuO, CuN stretching-
equatorial
4824 m 4749 m =75 red  pyridyl out of plane ring
deformation
SS1S m 5417 m -98 red amide O=C-N
bending
6777 m 6753 m  —24 red  pyridyl CC stretching
and pyrazine ring
deformation
7064 m 7088 m 24  blue amide NH out of plane
deformation
11243 w 11210 w =33 red  pyrazine ring CC and
CN stretching
12938 vs 12960 s 2.1 blue pyridyl CC, CN
stretching, and CH
bending
16139 s 1609.8 s —40 red  pyridyl CC and CN
stretching amide NH
uneven deformation
1684.6 s 1679.6 s —49 red  amide CO stretching

“Peak intensity: vs, very strong; s, strong; m, medium; w, weak. Aw =
Wiithiated — Dinitial*
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bands of crystals of the building blocks of the PCP or
assemblies for M-—ligand pairs (M = Cu, Li) available
elsewhere were used to make band peak assignments.”* ™"

The shifts given in Table 2 correspond to band peak
displacements to lower or higher frequencies relatable to
chemical variations, with reference to the original framework
(i.e, spectrum for Cu(pzdc)(pia) shown in Figure S). For
instance, the shift of the amide O=C~—N bending vibrations
(Aw = —9.8 cm™) could depend on the disturbance of the
nitrogen lone pair electron delocalization and negative
inductive effects, suggesting the location of Li at a distance
from the amide short enough to produce variations in the force
constants associated with these vibrations. Similarly, the
change in the pyridyl out-of-plane ring deformation vibrations
(Aw = —7.5 cm™) could result from the altered destabilization
of the pia aromatic 7 electrons, due to the influence of the
electrophilic character of lithium near the amide and the
pyridyl free nitrogen site. Effects over the amide I bands related
to the displacement of the CO stretching vibrations (Aw
—4.9 cm™"), caused by emerging forces of interaction over the
amide oxygen by an electrophile, could influence the carbonyl
covalency and force constants. The pyridyl CC and CN
stretching vibrations also showed a frequency shift to lower
values (Aw = —4 cm™'), probably induced by mesomeric
effects due to the filling of the free donor site at the pyridyl
nitrogen lone pair occurring simultaneously with the already
mentioned pia aromatic 7-electron-cloud destabilization and
the amide group modification. This shift could also involve
changes of the amide II bands, in which the uneven bending
deformation is restricted and weakened due to electronic
variations at the amide nitrogen produced by the proximity of
lithium and the amide induction effect, an observation
congruent with the noted decrease in relative intensity (at
~1613.9 ecm™" in Figure S).

On the other hand, changes in the copper in-plane bending
vibrations at equatorial positions (Aw = +2.7 cm™") could be
due to a strengthening interaction, which is also manifested in
the changes probably related to stretching vibrations of CuO
and CuN at equatorial positions (Aw = —S5.1 cm™") as bonding
shortens. Curiously, bands related to the CuN bending tilt
deformation at axial positions followed an opposite trend (Aw
—1.3 cm™"), denoting the possible existence of an attenuated
distortion typically found due to the Jahn—Teller effect. This
distortion can be inferred from crystallographic results
obtained around the coordination of copper after lithiation
as well. Other less representative but equally relevant changes
include the amide NH out-of-plane deformation bands (Aw =
+2.4 cm™"), in which enlarged nonbonding interactions could
have produced this increased frequency of vibration, and the
pyrazine ring deformation bands (Aw = —2.4 cm™) that
indicate a stabilization of this heterocycle. Additionally, a
group of band frequencies remained at the same position after
lithiation, such as some of the equatorial bending and
symmetric bridge stretching vibrations around copper, ie.,
230.9 and 360.5 cm™!, in agreement with the possible
attenuated octahedral distortion previously mentioned. Fur-
thermore, the invariability of other contributions to the NH
out-of-plane deformation bands (784.6 cm™') happening in
addition to these changes could manifest local disorder effects
of noncovalent interactions.

Unvarying bands suggesting that the pzdc ligand remained
unmodified include the pyrazine CCC bending (658.5 cm™),
pyrazine CCCN, CCOO, CH, and N-ring out-of-plane
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bending and CO in-plane bending (784.6 cm™"), and the ring
in-plane deformation vibrations (1063.2 cm™"). Other typical
bands such as the pyrazine CH in-plane bending and CC and
CN stretching vibration contributions also displayed small blue
and red shifts (Aw < +1 cm™'). However, the change
observed for pyrazine CC and CN stretching and ring
breathing vibrations (A@w = —3.3 cm™") could result from a
displacement in the electron distribution of the aromatic ring
due to structural partial distortion effects. The COO groups of
pzdc showed in-plane and out-of-plane bending vibration
changes (Aw < +1 cm™"), which in addition to the reduced
gap in the difference between COO symmetric and asymmetric
stretching bands after the modification hinted to no significant
variations in electron distribution.

Regardless of the complex crystal lattice and nonbonding
interactions of the PCPs under study here, the group frequency
approximation interpreted from Raman shifts offered chemical
evidence of the framework lithiation (Table 2). Similarly,
Raman measurements for Cu,(pzdc),(dpyg) before and after
lithiation showed other apparent variations related to the
functionalization approach for future analysis (Figure S-Sb in
the Supporting Information). Complementary evidence of
lithium to framework bonding was inspected by the
resemblance of the spectra from Figure S to the alkoxide
assignments available in the literature (i.e, NaO stretching
bands for the NaO-tert-butoxide spectrum). The stretching
vibrations expected for the LiO counterpart probably
contributed to new features peaking at 212.7 cm™', while the
corresponding peaks for CO and CC stretching and OC-
(CH;); and CH; bending from skeletal bands that would
originate from an eventual fert-alkoxide or tert-butane group
were absent.

Other bands of interest that emerged after the modification
show contributions to LiN bending vibrations at the pia
nitrogen lone pair of the pyridyl ring, which could explain the
observed increase in intensity at ~164 cm™". The hypothesis of
pyridyl nitrogen site occupation by lithium is coherent with
new bands that appeared after the modification at 446.2 and
644 cm™!, probably corresponding to LiN stretching
vibrations. Additional evidence of disturbance in this pia
nitrogen lone pair electron ambience includes not only the
slight blue shifts of the pyridyl ring breathing vibrations at
847.8 and 1027.4 cm™' (Aw =~ +1 cm™") but also slight red
shifts on the out-of-plane pyridyl ring deformation vibrations at
706.4 and 752.8 cm™ . These blue shifts are typically observed
on bonding formation at the nitrogen position in pyridine-like
rings; while the red shifts could indicate the presence of two
pia pyridyl rings energetically surrounded in a different way or
slight changes in z-stacking interactions. Therefore, the
available donor sites of Cu(pzdc)(pia), such as the amide
nitrogen, the carbonyl oxygen, and the pyridyl ring free
nitrogen from pia ligands, are more likely to constitute
positions for lithium, in contrast to the pyrazine ring nitrogen
and the carbonyl oxygen from pzdc ligand on the basis of
scarcer evidence of frequency variations found for these bands.

3.3. CO, Adsorption Enhancement. Figure 6 presents
the CO, equilibrium adsorption and desorption isotherm
gathered up to 7 bar at 298 K for the lithiated PCP
Cu(pzdc)(pia)(LiO);. The adsorbed amount increased as a
function of pressure without reaching a saturation plateau
within the prescribed gas pressure range. The increase in
loading turned more notorious with CO, pressure increments
approaching 7 atm, depicting a concave up adsorption path.
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Figure 6. (left) CO, equilibrium adsorption (filled symbols) and
desorption (open symbols) isotherms for Cu(pzdc)(pia) and
Cu(pzdc)(pia)(LiO); at 298 K. (right) Schematics of the PCP

structural response concomitant with the CO, adsorption from point
A to B, for the indexed (200) crystallographic planes along the a axis.

The adsorption behavior of the lithiated PCP is significantly
different from CO, adsorption results previously reported at
the same temperature for Cu(pzdc)(pia) by Hernandez-
Maldonado and co-workers.'* Cu(pzdc)(pia) showed a
concave down isotherm and did not exhibit a definitive
loading plateau within a 0—8 bar pressure range. The
maximum CO, adsorption loading observed for Cu(pzdc)(pia)
at 7 bar was 3.2 mmol g™".'* At the same gas pressure, the
lithiated PCP has a loading that is a factor of S larger than that
of Cu(pzdc)(pia), providing clear evidence of stronger
adsorbate—adsorbent interactions due to the presence of
lithium.

Figure 6 shows pronounced hysteresis in desorption, which
is also evidence for stronger adsorbate—adsorbent interactions
as a result of the lithiation. Hysteretic adsorption—desorption
has been reported by Hernandez-Maldonado and co-workers
for other isoreticular PCPs during CO, adsorption measure-
ments up to 8 atm at ambient temperature.m’15 However, the
lithiated framework in this work depicted an unusual and
pronounced adsorption path evolution. Cu(pzdc)(pia) is
microporous with a surface area of ca. 400 m* g™ and a
micropore volume of ca. 0.1 cm® g™.'* Calculations of Conolly
pore volume obtained for the unit cell model excluding any
solvent before and after lithiation are 0.16 and 0.05 cm’ g™,
respectively. These values translate to CO, maximum loadings
of ca. 2.5 and 0.8 mmol g™' in the PCP before and after
lithiation, respectively, assuming that the CO, is packed within
the pores with a density similar to that of a liquid state. The
larger loadings observed at high pressure (Figure 6) are
therefore an indication of pressure-induced structural flexi-
bility.

The increase in the CO, adsorption amount is likely due not
only to the inclusion of lithium but also to the formation of
adsorption sites in positions exposed to the pore channels,
where CO, can interact without much steric hindrance.
Computational studies suggest that CO, is attracted to Cu
nodes of PCPs but that such an interaction is limited due to
shielding of the nodes by adjacent ligand functional groups.'
In terms of gas—adsorbent interaction forces, the incorporation
of lithium could influence the adsorption site polarizability,
which is known to play a key role in the contributions to the
potential of adsorption. The polarizability would be 3 orders of
magnitude larger for a covalently incorporated lithium atom
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versus one weakly physisorbed as a cation (ie, weakly
attracted to heterocycle electron-rich clouds or similar). Also,
polarizability values can be 1 order of magnitude larger in
comparison to other atoms already present in the backbone of
the PCP framework such as carbon, nitrogen, and oxygen.
Thus, the observed 2- and up to 4-fold adsorption uptake
improvements seen in Cu(pzdc)(pia)(LiO); (i.e., Figure 6), if
derived solely from nonelectrostatic interaction potentials,
could agree with the conformation of adsorption sites with Li-
bond to porous surface approaching covalency, considering
that these potentials, such as the combined dispersion and
repulsion energies, typically involve terms with polarizability in
an almost direct proportion to the adsorption uptake.

Similarly, the small atomic radii of lithium could
advantageously introduce internuclear distances with lower
values for the adsorption interacting pairs at the new sites. This
is beneficial, since the interacting pair distance is inversely
proportional to the nonspecific and specific interaction
potentials, the latter including the interaction of a CO,
permanent quadrupole with the electric field gradient of the
surface.”” Further, the conformation of new lithium-based sites
over the pia ligands probably induces overlapping of the
surface potential in areas nonhindered to the adsorbate,
favoring mass transport conditions even when the pressure is
increased. The premise is perhaps in agreement with the CO,
tendency to follow zones with high electrostatic potentials
along the pores during the adsorption, but whether this
mechanism is explicitly occurring in Cu(pzdc)(pia)(LiO); will
require further investigation. An increase in the Li content
could also produce a larger CO, uptake if new adsorption sites
decorate the pore surface. Exploration of the limit of Li
incorporation may require additional functionalization steps to
avoid structural decomposition, as the high basicity of the Li
precursor could decompose the framework.

The pronounced hysteresis shown in Figure 6 also suggests a
distinctive adsorption mechanism closely related to induced
structural distortions. Indeed, the gap between the leg of
adsorption and desorption (i.e, hysteresis gap) at an
intermediate pressure of 3.5 bar was ca. 28 times superior to
the value estimated from measurements reported previously by
our group for Cu(pzdc)(pia).”” During adsorption, the
physicochemical properties of the adsorbed phase could differ
from those found in the bulk phase (i.e., liquid, solid, or
gaseous) at a fixed thermodynamic state. A similar behavior
may be found for a porous flexible framework in comparison to
rigid structures. If both factors operate simultaneously, the
fluctuations on the crystal free energy change due to induced
structural transitions could be typically connected to hysteretic
or stepped adsorption isotherms, which could still lead to gas
uptake mechanisms divergent from the micropore filling or the
capillary condensation seen for some stiff structures that are
yet under research currently. Therefore, the hysteretic
desorption stage observed in Figure 6 probably involves a 3-
fold interrelated effect originating from (1) an increase in the
potential of interactions anchoring the CO, to the framework,
(2) an adsorbed phase electron density located at positions
unresponsive to mild negative changes in gas pressure, possibly
obeying a reinforced interaction by the whole structure
stability through cooperative effects from the aromatic ring
m—m stacking, combined with the influence of contiguous pores
sharing boundary wall-ligands in three dimensions, and (3) an
increase in the minimum energy of the structural rearrange-
ment required for the progression and achievement of the
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desorption. Room-temperature CO, adsorption results (Figure
S-6 in the Supporting Information) of lithiated
Cu,(pzdc),(dpyg) (e, isoreticular pillared-layer network
holding dpyg pillars with hydroxy groups) showed a moderate
improvement in the adsorbed amount in comparison to
adsorption values obtained before the modification'® (i.e.,
maximum improvement in loading up to 2.7-fold), added to a
hysteresis gap at 3.5 bar without apparent change, indicating
that the attained pore surface modification was less effective
toward the improvement of the adsorption of CO,.

An attempt to quantify the level of interactions between
CO, and either of the lithiated Cu(pzdc)(pia) or
Cu,(pzdc),(dpyg) PCPs was made via the desorption legs of
the data shown in Figures 6, Figure S-6, and eq 1. The resulting
Dubinin—Astakhov isotherm model parameters and heat of
desorption profiles are shown in Table 3 and Figure 7,

Table 3. Dubinin—Astakhov (DA) Isotherm Model
Parameters from CO, Desorption Isotherms at 25 °C

DA isotherm params

adsorbent 9o (mmol/g) PpsE (kJ/mol) n std dev
Cu(pzdc) (pia) (LiO) 17.705 14.536 2964  +0.145
lithiated 1.516 17.083 7.133 +0.059
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Figure 7. CO, heat of desorption profiles. Adsorbate coverage is
defined as 6 = g/q,.

respectively. The steep slope of the heat profile for Cu(pzdc)-
(pia)(LiO), at near-zero coverage evidences CO, interactions
with the material that are much stronger in comparison to
those in the lithiated Cu,(pzdc),(dpyg). Interestingly, the
desorption energy parameter (fp,E) as estimated from a fit of
the Dubinin—Astakhov isotherm model (eq 2 and Table 3) is
similar in both PCPs, but the heterogeneity parameters (1) are
quite different. This could be plausibly interpreted as
dominance of the lithium-containing sites in terms of
adsorption sites and surface homogeneity.

The near-zero CO, loading heats of these lithiated PCPs are
also larger than those of the nonlithiated Cu(pzdc)(pia) or
Cu,(pzdc),(dpyg) reported previously by Hernandez-Maldo-
nado and co-workers.'* For example, the near-zero CO,
loading heat of adsorption observed in nonlithiated Cu(pzdc)-
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(pia) is ca. 27 k] mol™,'* in comparison to ca. 34 k] mol™ in
the lithiated counterpart. In the case of Cu,(pzdc),(dpyg), the
heats at near-zero CO, loadings are ca. 12 and 28 kJ mol™" for
the nonlithiated'* and lithiated PCP, respectively, which
evidence considerable interactions between the lithium-
containing surface and the adsorbate.

3.4. Structural Framework Distortion upon CO,
Adsorption. In situ adsorption and powder X-ray diffraction
experiments conducted under CO, and N, pressures as high as
50 and 15 bar, respectively, at ambient temperature allowed a
direct observation of the structural changes suggested by the
adsorption results discussed above. The sequence of diffraction
patterns presented in Figure 8 was measured following a cycle
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Figure 8. In situ powder X-ray diffraction and CO, adsorption for (a)
Cu(pzdc)(pia) and (b) Cu(pzdc)(pia)(LiO);. The patterns labeled
“As-synthesized” correspond to the as-synthesized material containing
sorbed synthesis solvent, and the “Activated” label corresponds to
materials scanned immediately after the activation stage (i.e., powder
kept under a N, gas atmosphere; Pco, = 0 bar, Py, = 1 bar).

of CO, pressurization—depressurization for Cu(pzdc)(pia) and
Cu(pzdc)(pia)(LiO);. The pattern recorded immediately after
the activation of the samples (labeled “Activated” in Figure 8)
was interpreted as a guest-free structure, in which several peak
positions were displaced without the dismantlement of the
frameworks and ,therefore, were used to portray a criterion an
the analysis of the forthcoming structural changes along the
cycle. The diffraction peak shifting gradually progressed with
the CO, pressure increase, depicting changes toward a pattern
apparently like that recorded before the activation stage (“As-
synthesized” in Figure 8). Once the CO, pressure was reduced,
the peak positions shifted toward the positions of the pattern
acquired immediately after activation. The path of the angular
shifts is not consistent with a phase change and instead
provides structural evidence of CO, loading in the pores of the
framework. The most intense reflection for both PCPs,
indexed as the (200) crystallographic plane, showed a d
spacing shift to higher values until the maximum pressure of S0
bar was attained. The reduction in CO, pressure produced a
shift of this reflection to lower d spacing, a behavior correlated
with a pressure-induced expansion—contraction structural
response. Comparatively, the same reflection for a cycle
under nitrogen also showed variations, as a result of negligible
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adsorption or just pressure effects (Figure S-7 in the
Supporting Information).

The structural variations of Cu(pzdc)(pia) and Cu(pzdc)-
(pia)(LiO), during the CO, adsorption—desorption cycle were
analyzed geometrically by assigning the Cu positions to nodes
that subsequently dictated the orientation of the organic
building blocks. The layers were pictured as a set of flat two-
dimensional meshes parallel to the crystallographic bc plane. A
projection of the lattice into the plane ab or ac displays the
ordered parallel layering and the alignment of the nearby
pillars, in which the pyridyl rings are placed one in front of
another, generating the porous channels along the ¢ axis, as
illustrated in Figure 3.

Figure 9 shows the changes in d spacing, Ad, as a function of
CO, and N, pressure for (200) and other key indexed
reflections of Cu(pzdc)(pia) before and after lithiation. The set
of changes for CO, experiments revealed structural distortion
variations with different magnitudes in each crystallographic
direction. The changes in d spacing for the high-intensity
indexed reflections (200), (110), (310), and (402) were used
to understand the structural changes with pressure through the
crystallographic ab and ac planes, which are related to the
porous cavities (i.e., along the ¢ axis). The larger changes in d
spacing corresponded to the (200) planes (Figure 6 (right)
and Figure 9), which evidenced the variations along the a axis
as an essential determining factor in the structural response,
specifically for the adsorption of CO,. The observed changes in
the (200) planes for Cu(pzdc)(pia) in N, experiments (Figure
9b) shed light on the flexibility of this structure even in
response to low quadrupole moment molecules such as N,, for
the pressure range covered. The structural changes that were
observed for the as-prepared and lithiated samples under N,
take place under weak adsorption interaction forces. Figure
9b,d shows that the full structural reversibility was not reached
by the end of the pressurization and depressurization cycles.
Thus, the complete isothermal structural recovery may require
an additional step (i.e, vacuum).

Figure 10 shows d spacing and Ad for the (200) reflection
for frameworks with pia and dpyg pillar ligands (i.e.,
Cu(pzdc)(pia) and Cu,(pzdc),(dpyg), in which dpyg pillars
contain hydroxy groups). At CO, pressures below 10 bar, the d
spacing for Cu(pzdc)(pia)(LiO); displayed a different
behavior in comparison to the nonmodified material (Figure
10a). A concave up shape in d spacing and Ad for the same
pressure range indicates that the enhancement in the CO,
adsorbed amount after lithiation (Figure 6) and the induced
structural enlargement along the a axis may be directly related.

The key result from the structural variations implied in
Figure 10 is that the lithiation appears to yield Li sites directed
toward pia ligands on the internal pore surface. Several
observations support this conclusion. First, the alternative case,
in which Li is instead absorbed on the external surface of the
large PCP crystallites, would not yield distinct structural
behavior along the crystallographic axes of the crystal during
CO, adsorption. Further, before any CO,—adsorbent inter-
action (Pco, = 0 bar), this lithiated framework showed a d

spacing 2.6% larger than that for the nonmodified PCP (Figure
10a), indicating a pore enlargement along the a axis, which
agrees with the slight increase in the a lattice parameter. Even
though the refinement results also reveal a diminishment in the
unit cell volume (~1.6%), it could be attributed to structural
distortions as a result of the increase in the crystallographic 3
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cycle path.

lattice parameter. Finally, and most importantly, Ad during the
pressurization stage is larger for both PCPs before lithiation
(Figure 10c,d), indicating that the adsorption was happening
under nonequivalent porous environments. Variations in
adsorption energy, pore size, and shape could explain the
improvements in the adsorbed amount previously discussed,
consequent to the enriched surface energetics obtained after
lithiation.

The d spacing and Ad for Cu,(pzdc),(dpyg), i.e, PCP with
pillars with hydroxy groups, also exhibited a change in behavior
with functionalization when the CO, pressure was increased
(Figure 10b,d), although moderate CO, adsorption enhance-
ments were achieved for the same material after lithiation
(Figure S-8). Measurements under N, for this material showed
no significant changes before and after lithiation (Figure 10f).
It is important to note that, although the heat of desorption
profiles (Figure 7) suggest that the lithiation of Cu(pzdc)(pia)
and Cu,(pzdc),(dpyg) was capable of improving the near-zero
CO, loading in both cases, the in situ diffraction experiments
under N,, which has a much smaller quadrupole moment in
comparison to CO,, hence correspond to measurements of
structural responses under considerably low adsorption
interaction forces. Therefore, the structural changes shown in
Figure 10e for Cu(pzdc)(pia)(LiO); are mainly associated
with cooperative stress, physical strain, and other structural
factors, such as the micropore volume and shape. A synergy,
which can play a key role in adsorption, between the structural
response and the isosteric heat improvement produced after
lithiation was not observed under N, for lithiated-
Cu,(pzdc),(dpyg) (Figure 10f). Thus, the lithiation effects on
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the structural response along with the adsorption uptake
improvements demonstrate a lower performance for the PCP
with pillars with a hydroxy versus an amide functionality.

4. CONCLUSIONS

This work reveals a connection between amide functional
groups located along the pore channels of a pillared layer
porous coordination polymer, Cu(pzdc)(pia), and the effects
of lithiation on CO, adsorption at room temperature. Similar
results may be possible with other alkali-metal alkoxide
functionalization steps. The incorporation of Li into this
PCP results in dramatic increases in CO, adsorption, which
can be linked directly to enhancements in the pore surface
electric field potential of interaction. Synchrotron powder X-
ray diffraction and Rietveld refinement revealed a porous
crystal structure with a pore size accommodating rapid CO,
transport. This crystal structure is observed both before and
after lithiation. Elemental and thermal gravimetric analyses,
with results from the fitted structural model, showed a Li
incorporation of 3 Li atoms per asymmetric unit. Further,
Raman spectroscopy showed that LiO units were found
proximal to the lone pair of the pia amide and pyridyl groups.
The CO, adsorption isotherm gathered at 25 °C and up to 7
bar for Cu(pzdc)(pia)(LiO); showed gas uptake enhance-
ments of at least 1 order of magnitude greater than those of the
material before lithiation. Furthermore, a concave up behavior
with notorious hysteresis indicated the internal pore surface
modification, in which structural flexibility effects take place
due to the presence of new or stronger adsorption sites
influencing the adsorbed phase. CO, adsorption and in situ X-
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consecutive points only for better overall visualization of each cycle path.

ray powder diffraction experiments at up to 50 bar at ambient
temperature were used for the observation of the structural
response alongside this process. Changes in 26 angles with
pressure for the most intense reflection in successive powder
X-ray diffraction patterns were interpreted through d spacing
variations in the crystallographic (200) planes. During the
pressurization stage, at pressures below 10 bar, the d spacing
pathway resembled the behavior followed by the CO,
adsorption uptake for a similar pressure range, indicating
possible new cooperative structural global distortions induced
by CO, pressure and triggered by effects of narrow and strong
surface potential alterations produced by the functionalization.
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