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Porous metal-organic materials (MOMs) that incorporate
porphyrins can combine the physicochemical properties of
the porphyrin?! while retaining the permanent porosity® of
the MOM, thereby facilitating gas storage,*! separations,
and luminescence.®! There are two established approaches to
incorporate porphyrins into MOMs: the use of functionalized
porphyrins as nodes or linkers,”! porphMOMs; selective
encapsulation of porphyrins into cages, porph@MOMs. !
PorphMOMs are relatively well studied and their properties
have been of interest in the context of gas sorption and
catalysis.”! Porph@MOMs have been limited by the dearth of
MOMs with suitable cages and until very recently there were
just three examples.’l The use of porphyrins as structure
directing agents (SDAs) to template porph@MOMs with
hitherto unknown MOMs has afforded a series of porph@-
MOMs in which porphyrin moieties are trapped in a “ship-in-
a-bottle” fashion.”

That porph@MOMs are now readily available affords an
opportunity to fine-tune their structure and properties
through either pre-synthetic design or post-synthetic modifi-
cation (PSM).['12 PSM typically involves condensation™ or
coordination chemistry!'?! and in effect turns MOM s that are
amenable to PSM into platforms for the study of structure—
function relationships. Computational and experimental
studies™ have indicated that PSM by over-exchange with
metal ions alters the affinity of a MOM for guest molecules
and thereby enables improved H, or CO, uptake.!") PSM that
introduces metal ions has been accomplished as follows:
a) exchange of guest molecules or organic cations with metal
ions (Scheme 1a);™ b) exchange of a hydroxy proton for a Li
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Scheme 1. Four approaches to PSM of MOMs that introduce open
metal sites: a) replacement of cationic guests with metal cations;
b) exchange of a hydroxy proton for a Li* ion; c) chemical reduction
with Li; d) cooperative addition of metal salts to anion and cation
binding sites.

cation (Scheme 1b);!!%! ¢) chemical reduction of a MOM with
a reductive metal, such as Li (Scheme 1c).l'"”) For example,
Hupp et al. reported that the incorporation of Li* ions into
metal-organic frameworks (MOFs) by either chemical reduc-
tion or cation exchange enhances the isosteric heats of
adsorption (Qy,) for both H, and CO,."*'®l However, detailed
characterization of the composition and structure of such
PSM materials has been hampered by the highly disordered
nature of the added cations and/or the non-stoichiometric
loading of the metal cations. Herein, we describe a new
approach to PSM that exploits a porph@MOM with cation
and anion binding sites that enable stoichiometric addition of
metal salts. Specifically, immersing single crystals of a new
cadmium-based porph@MOM, porph@MOM-11, into
MeOH solutions of metal chloride salts leads to coordination
of metal ions to the walls of the MOM and binding of Cl™ ions
to the metalloporphyrin moieties (Scheme 1d).

Dark green prismatic crystals of porph@MOM-11 were
harvested from the reaction of biphenyl-3,4’,5-tricarboxylate
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(H;BPT),™ Cd(NO,),4H,0, and meso-tetra(N-methyl-4-
pyridyl) porphine tetratosylate (TMPyP) in DMF/H,O0.
Colorless prismatic crystals of a compound that exhibits
a different powder X-ray diffraction (PXRD) pattern were
harvested when the same reaction was conducted in the
absence of TMPyP (Supporting Information, Figure S1)
which is indicative of a templating effect by TMPyP. Single-
crystal X-ray diffraction (SCXRD) revealed that porph@-
MOM-11 is an anionic framework which encapsulates cat-
ionic porphyrins in alternating channels (Figure 1a). Fig-

Figure 1. a) View of the crystal packing in porph@MOM-11; b) coordi-
nation environments of the Cd*" ions in porph@MOM-11. Turquoi-
se Cd, beige C, red O, blue N.

ure 1b illustrates how the framework of porph@MOM-11
contains two crystallographically independent Cd atoms (Cd1
and Cd2). Cd1 exhibits pentagonal bipyramidal geometry as
a result of coordination to five carboxylate moieties, two of
which are bidentate. Cd2 adopts distorted octahedral coordi-
nation geometry through six carboxylate oxygen atoms from
five carboxylate moieties, one of which is bidentate. Cd—O
bond distances of 2.241(4)-2.598(4) A are consistent with
expected values.” Both Cdl and Cd2 exist as dimers that
serve as 6-connected, 6-c, molecular building blocks (MBBs),
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[Cd,(COO)]*", which are not yet archived in the Cambridge
Structural Database (CSD).?!! These MBBs serve as 6-c
nodes that are linked by 3-c BPT*" ligands to afford a (3,6)-
connected rtl topology net that contains channels that are
based upon eight-membered rings formed from alternating 6-
¢ and 3-c nodes (Figure S2). Blatov and Proserpio addressed
(3,6)-connected nets and there is a variant which has been
classified zzz in the RCSR database but had not yet been
observed.””) Porph@MOM-10, which is built by the SBBs of
trimetallic [Cd;CL(COO),]*, represents the prototypal zzz
net.® Although rtl has the same point symbol {4.6%},{4%.6".8"}
as zzz, rtl and zzz exhibit different connectivity. Figure S2
reveals how the eight-membered rings adopt 1,3-alternate
geometry in zzz whereas they exhibit 1,2-alternate geometry
in rtl. Porph@MOM-11 exhibits approximately 11.0 A x
11.0A square channels parallel to the aaxis (distance
between opposite pore walls and subtracting the van der
Waals radii). Interestingly, half of the channels are occupied
by CATMPyP moieties whereas the remaining channels are
occupied by solvent molecules (DMF/H,0). CdTMPyP
cations tightly fit the rtl net through a series supramolecular
interactions: m--m interactions (ca. 3.5 A) between the
porphyrin arms (pyridyl groups) and phenyl groups from
adjacent BPT ligands; hydrogen-bonding interactions
between the terminal methyl groups of CdTMPyP cations
and oxygen atoms from p,-n'n' chelate carboxylates (ca.
3.35 A, C—H--O =145°); electrostatic interactions between
the anionic framework and CdTMPyP cations. The two types
of channels are interconnected by windows of approximately
50Ax80A, thereby affording access to the CdTMPyP
cations (Figure S3). As revealed by Figure 1b, the Cd atom of
the CdTMPyP moieties, Cd3, exhibits square-pyramidal
geometry through four TMPyP nitrogen atoms and an axially
coordinated solvent molecule. Cd3 lies out of the porphyrin
plane with AC; of 0.76 A and Cd—N distances are 2.234(6) A
t0 2.305 (6) A. The axial oxygen atom (Cd—0 2.322(1) A) is
weakly bonded and is amenable to replacement by ligands
such as CI~, therefore, the porphyrin moiety is in effect an
anion binding site.

Immersion of single crystals of porph@MOM-11 in
0.125m NaCl in MeOH for five days afforded a new phase
(Figure S4), porph(Cl")@MOM-11(Na") that exhibits similar
unit cell parameters to those of its parent porph@MOM-11.
Site occupancies of the Cl, Cd, and Na ions were determined
by refinement of their site occupancy factors. Chloride anions
replaced the axially coordinated solvent molecules with a Cd—
Cl bonds of 2.555(8) A that is consistent with reported
values."! As shown in Table 1, Cd1 paddlewheels bind sodium
cations over two equivalent binding sites through coordina-
tion to two carboxylate oxygen atoms (Figure S5 and S6)
whereas Cd2 paddlewheels do not bind to sodium cations. The
Na—O(carboxylate) distances of 2.344(17) and 2.495(18) A
are within the range that would be expected (see Supporting
Information).””! There are also cation—m interactions between
sodium cations and the pyrrole groups of an adjacent
CATMPyP moiety at a distance of 3.6 A. No metal exchange
was seen in the framework or in the CATMPyP moieties as
confirmed by structure refinement and solution-state UV/Vis
spectroscopy (Figure S7). The site occupancy of sodium is in
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accord with atomic adsorption spectroscopy (AAS; Table S6).
Porph@MOM-11 was immersed in a solution of BaCl, in
MeOH using the same procedure as for NaCl and single
crystals of porph(Cl")@MOM-11(Ba*") were formed. Porph-
(CI")Y@MOM-11(Ba*") exhibits similar unit cell parameters to
those of porph@MOM-11 and once again chloride anions
replace the axially coordinated solvent molecules of the Cd
porphyrin moieties. However, in porph(Cl")@MOM-11-
(Ba®) it is the Cd2 paddlewheels that bind to Ba®*" ions
over two equivalent binding sites by coordination through
three carboxylate oxygen atoms (Figure S8). The Ba—O(car-
boxylate) distances of 2.772(9), 3.067(8), and 3.192(7) A are
within expected values (see supporting information).”®! Ba®*
ions in porph(Cl" )@MOM-11(Ba*") are located within the
open channels (Figure S8) and thereby reduce the pore
dimensions to approximately 8.5 A. Pore dimensions were
verified by pore size distribution analysis (DFT method, Ar as
analysis gas at 87K, Figure2). In contrast, porph-
(CI")@MOM-11(Na") retains the same pore dimensions as
porph@MOM-11, around 11.0 A, as the Na* ions coordinate
to the channels that contain metalloporphyrin moieties
(Figure S5).

The facile addition of Groupl and?2 metal salts to
porph@MOM-11 prompted us to study whether transition-
metal cations such as Mn?" and Cd*" would also engage in
PSM. A similar procedure to that for NaCl afforded porph-
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Figure 2. Pore size distribution of a) porph@MOM-11 and porph-
(CI")@MOM:-11(Na*); b) porph(CI") @MOM-11(Ba?").
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(CIN@MOM-11(Mn**) and porph(ClI")@MOM-11(Cd*")
from MnCl, and CdCl,, respectively. SCXRD revealed that
they adopt the same space group (P-1) as porph@MOM-11
but exhibit different unit cell parameters as listed in Table 1.
Table 1 also reveals that different MBBs of composition
[Cd,Mn(COO)((S),] and [Cd;CI(COO)4(S);] are formed by
rotation of one p*-n'n' carboxylate unit of the Cdl paddle-
wheels to coordinate with the pendant Mn?>" or Cd*" ions that
coordinate to the walls of the open channels and reduce pore
dimensions (Figure S9 and S10). The partial exchange of
framework Cd atoms by Mn is in accord with our earlier
observation.! However, there is no metal exchange with
respect to the Cd porphyrins as verified by crystallographic
refinement and solution-state UV/Vis spectroscopy (Fig-
ure S7).

The partial site occupancy of added sodium (0.5), Ba
(0.25), and Mn (0.5) cations can be attributed to two factors:
1) the charge balance as required by the stoichiometry of the
metalloporphyrin moiety; 2) the presence of crystallographic
centers of inversion. The observed site occupancies depend on
the charge of added cations and whether there are one or two
porphyrin moieties per unit cell (Table 1). There are two unit
cell types because of the manner in which the added metals
bind to the MBBs (Table 1) which means that there is only
one constant amongst the four PSM structures—the Cd that is
coordinated to porphyrin moieties binds to one Cl™ ion. The
cations balance this extra negative charge. That there is full
occupancy of added Cd*" in porph(Cl")@MOM-11(Cd*") can
be ascribed to an additional Cl~ that coordinates to a Cd*"
ion.

Thermogravimetric analysis (Figure S11) of porph@-
MOM-11, porph(Cl")@MOM-11(Na"), porph(Cl")@MOM-
11(Ba*"),  porph(CI")@MOM-11(Cd**), and  porph-
(CI")@MOM-11(Mn*") indicated that they exhibit similar
thermal stability with weight losses of approximately 7.8, 6.4,
10.3,9.0, and 12.0 %, respectively, below 110°C and no further
weight loss below 330°C (following pre-exchange with
methanol before TGA analysis). The Ar adsorption isotherms
(Figure S12) at 87 K exhibit type I sorption behavior, which is
characteristic of microporosity. BET and Langmuir surface
areas for these compounds were calculated in the low-
pressure region and the PSM variants exhibit comparable
surface areas to that of the parent porph@MOM-11 (Table 2).
However, some PSM variants exhibit higher CO, gravimetric
uptake than their parent and all have higher CO, volumetric
uptake despite their higher density (Table 2). To address these
observations, we calculated the isosteric heats of adsorption
(Qg) for CO, from CO, isotherms collected at 273 K and
298 K. All the PSM variants were found to exhibit higher Q
than porph@MOM-11 (Figure 3a) at both low and high
loading of CO,. Q, increases of up to approximately 36 %
(109 kJmol™") were observed in porph(ClI")@MOM-11-
(Cd*") at low loading. The increase of Q for CO, may be
attributed to any or all of three factors: 1) smaller pore size ;"
2) the introduction of Cl~ and metal ions into the structure
might enhance induced-dipole/induced-dipole interactions
between the struts and CO,;* 3) the introduction of cations
that bind to CO,.” The increased Q, for CO, affects
selectivity for CO,. TAST calculations™ based on the
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Porph@MOM-11

porph(CI")@MOM-11-
(Na*)

porph(CI")@MOM-11-

porph(ClI") @MOM-11-
(Mn*")

porph(ClI")@MOM-11
(Cd™)

Unit cell a=10.027(3) A
b=18.420(5) A
c=20.577(6) A
0. =89.269(7)°
B=84.180(7)°
=88.402(6)°
V=3779.3(2) A*

Formula in ([Cd4(BPT),)-

unit cell [Cd(CysH36N5) (Solvent)]-
[Solvent]

Site

occupancy®!

MBBs!

MBBs!d

Porphyrins

Channels

incorporating
metal cations

a=9.9445(6) A
b=18.539(1) A
c=20.288(2) A
3)°
B=83.648(3)°
3

)
V=3688(8) A’
([Cd4Na(BPT),(Solvent)s]-
[Cd(c44H36N8) (Cl)]'
[Solvent]

(Ba™)

a=9.9445(6) A
b=18.539(1) A
c=20.289(1) A
0 =88.904(3) °
B=83.648(3)°

y=86.713(3)°

V=3711.1(4) &

[Cd4Bays(BPT),(Solvent)s]-
[Cd(cqust) (Cl)]'

[Solvent]

Ba 0.25

a=19.834(3

[CdsMn (BPT)g(Solvent),]-
2[Cd(CyeH36Ng) (C)]:
[Solvent]

Mn 0.5

a=18.3226(9) A
b=19.9426(8) A
c=21.8982(9) A
a=67.945(2)°
B=288.290(3)°
y=85.086(3)°
V=7388.8(6) A’
[Cd,4Cl,(BPT)g(Solvent)]:
2[Cd(CasH36N3) (CI))-
[Solvent]

Cd1

[a] Cd (turquoise), Cl (green), Mn (pink), Na (lime), Ba (indigo). [b] Incorporated metals. [c] Cd1 is the right Cd atom, Cd2 the left Cd atom.

Table 2: Properties of porph@MOM-11 and its PSM derivatives.

Property porph@MOM-  porph(CI")@MOM-11-  porph(CI")@MOM-11-  porph(CI")@MOM-11-  porph(ClI")@MOM-11-
i (Na®) (Ba2") (cd?") (Mn?)

Density [gcm ™) 1.043 1.094 1.108 1.149 1.122

Increase of density 0 4.9% 6.2% 10.2% 7.6%

BET/Langmuir surface area  997/1096 965/1077 919/1020 893/995 995/1077

[m’g"]

CO, gravimetric uptake 90.2 and 59.4 96.9 and 65.6 92.5 and 64.3 84.5 and 54.5 96.4 and 64.4

[cm’g™]

at 273 K and 298 K (1 atm)

CO, volumetric uptake [gL™"] 184.4 and
at 273 K and 298 K (1 atm)  121.6

Initial Qst of CO, [k)mol™"]  30.3

208.2 and 141.5

323

201.3 and 136.7

335

190.2 and 122.6

41.2

211.7 and 138.3

40.0

experimental CO, and CH, isotherms at 298 K are presented
in Figure 3b and reveal that the PSM variants exhibit higher
selectivity for CO, versus CH, than the parent porph@MOM-

Angew. Chem. Int. Ed. 2012, 51, 9330-9334
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11. Porph(CI")@MOM-11(Mn*") exhibits the largest increase
in selectivity (up to ca. 42% (ca. 3.0) in the low-pressure
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Figure 3. a) Q,;, of CO,; b) IAST calculated selectivities for adsorption
from equimolar gas-phase mixtures based upon the experimentally
observed adsorption isotherms of the pure gases.

In summary, a cadmium-based porph@MOM (porph@-
MOM-11) was synthesized using TMPyP as a template and it
enabled a new strategy for PSM involving cooperative
addition of metal salts by a single-crystal-to-single-crystal
processes. The stoichiometric incorporation of the salts
allowed a systematic study of the effect of metal cations
upon gas adsorption. In the context of CO,, improved
volumetric uptake and CO, versus CH, selectivity were
observed, even with species with lower surface area and
higher density than the parent porph@MOM-11.
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