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Abstract: Cationic frameworks can selectively trap anions
through ion exchange, and have applications in ion chroma-
tography and drug delivery. However, cationic frameworks are
much rarer than anionic or neutral ones. Herein, we propose
a concept, preemptive coordination (PC), for targeting pos-
itively charged metal-organic frameworks (P-MOFs). PC
refers to proactive blocking of metal coordination sites to
preclude their occupation by neutralizing ligands such as OH .
We use 20 MOFs to show that this PC concept is an effective
approach for developing P-MOFs whose high stability,
porosity, and anion-exchange capability allow immobilization
of anionic nucleotides and coenzymes, in addition to charge-
and size-selective capture or separation of organic dyes. The
CO, and C,H, uptake capacity of 117.9cm’g’ and
148.5 cm’ g™, respectively, at 273 K and 1 atm, is exceptionally
high among cationic framework materials.

Crystalline porous materials (CPMs) with exchangeable
ions are useful for many ion-exchange applications, such as
pollutant extraction.'! In nature, CPMs (for example, zeo-
lites) usually have an anionic framework. Cationic framework
materials with anion exchange capability are desired for
a variety of applications, such as removal of toxic C1IO,  and
AsO,’", separation of nucleotides and amino acids, or
immobilization of anionic pharmaceuticals.”!

Recent advances in MOFs have opened opportunities for
developing P-MOFs.P! In fact, cationic frameworks were
among the earliest MOFs to be studied.! Examples include
those formed by Cu* (or Ag") and neutral linkers, such as 4,4'-
bipyridine. However, these P-MOFs have limited structural
variety and low stability. One promising method for creating
stable P-MOFs is to use clusters.”! But not all cluster types are
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suitable, because of the extra attached negative ligands owing
to the increased node connectivity, as well as the trapping of
simple anions, such as O*~, can make the overall charge of the
cluster neutral or negative. It is the ratio between neutral and
negative ligand groups that plays a pivotal role in the overall
charge of a cluster. Synthetic strategies capable of controlling
this ratio are thus desirable.

An analysis shows that both tetrameric [Zn,O(RCOO),]
and dimeric M,(RCOO),(solvent), clusters usually form
neutral MOFs.! In comparison, trigonal planar trimers
could give a positive cluster, such as [M;O(RCOO)(L;]",
when all of the M ions are trivalent and all of the L. donor
groups are neutral.”! There are, however, two pitfalls that
could neutralize trimers: the inclusion of M*" or the
occupation of one L site by an anionic ligand (such as
OH—)'[S.I)]

To overcome the neutralizing effect of M*', the simplest
solution is to employ metal ions (such as In*') that are
unlikely to exist as M?**. However, it is advantageous to use
transition metal ions because of their desirable properties,
such as low cost, low toxicity, and high stability for applica-
tions in aqueous environments. Previous studies on trimers
with ions such as Co and Ni often assign an ideal ratio of M**/
M?* to make the cluster neutral.’"! There are, however, no
reasons why this must be the case. Here, we show that the
M?**/M?" ratio can deviate from the ideal value to give
a cationic framework.

Additionally, even under the ideal all-M*" conditions,
[M;O(RCOO)(L;]" clusters can still be neutralized by
coordinating anions. The concept of preemptive coordination
(PC) involves the use of specially chosen ligands or ligand
combinations with the goal to create 9-connected framework
topologies in which all of the open metal sites of the trimer are
occupied with neutral groups (Figure 1), precluding the
attachment by neutralizing anions. This strategy is necessary
because we cannot rely on solvent molecules, such as pyridine,
to compete successfully against neutralizing anions, such as
OH"™ (Supporting Information, Scheme S1).

Herein, three topological types were used to show specific
ways the PC concept can be implemented (Figure 1). One
common feature in three topologies is the presence of two
types of functional modules, a neutral pyridyl group (pre-
emptive coordination module) and negative carboxylate
groups (cluster-forming module), in a 1:2 ratio that was
predetermined by the nature of the trimer. An intriguing
aspect is the three different modes in which pyridyl and
carboxylate groups are introduced.
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Preemptive Coordination Strategy & Three Structural Examples
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Figure 1. Coordination environment around trimers with preemptive
coordination strategy (top) and 3 specific possibilities to construct
cationic frameworks through preemptive coordination, according to
the distribution of two functional modules in different ligand combina-
tions (middle). The four types (L, M, K, N) of ligands used are shown
(bottom).

The first mode involves the total separation of carboxylate
and pyridine functionalities in two ligand types, resulting in
structure type I (CPM-83 to CPM-89; Tables S1 and S2). This
type consists of M>" trimers, a linear dicarboxylate (L type),
and a tritopic pyridine ligand (N type) in 1:3:1 ratio (Figures 1
and S8), leading to its general formula of [(In;O)(L);(N)]-
(NO;). This structure can be considered as the MIL-88 type
with its open metal sites blocked by a tripyridine ligand. In the
original MIL-88 type, the trimer is 6-connected and the open
metal sites are occupied by neutral solvents or anions, such as
Cl™, rendering the framework either neutral or positive.”
With preemptive coordination, the pyridyl groups from the
tripyridine ligand preoccupy all of the open metal sites,
preventing such sites from being occupied by terminal anions
(for example, OH"), and leading to P-MOFs with the 9-
connected trimer.
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The second mode also involves the use of two types of
ligands: isonicotinate-type (M type) and a linear dicarbox-
ylate (L type). The resulting structure type I (CPM-91 to
CPM-98; Tables S1 and S2) adopts the ncb net originally
reported as a neutral framework owing to mixed-valence Ni
trimer.'” This structure type has the general formula of
[In;O(M);(L), 5](NO;) (Figures 1 and S9). Similar to structure
type I, the metal trimer is 9-connected. Therefore, the indium
trimer and the entire framework are positively charged.

Unlike structure types I and II involving the co-assembly
of two types of ligands, in structure type III (CPM-70,
Tables S1 and S2), carboxylate and pyridyl functionality is
fused in a single ligand (K type) in the 2:1 ratio (Figures 1 and
S10), leading to a formula of [In;O(K);](NO;). This structure
type was known for Ni, Fe, Mg, and Co.['"'l While the Mg form
is anionic, Fe, Co, and Ni forms were reported as neutral,
owing to mixed M*"/M**. Here, the all-M>' system renders
the framework positive.

A series of isoreticular structures have been synthesized
from different ligand combinations (Tables S1 and S2). These
frameworks contain apertures of different sizes and geometry,
and can incorporate or exclude anionic guests according to
their shape and size. These examples show great potential to
prepare a library of P-MOFs with tunable pore properties,
which are essential for applications as a selective ion
exchanger or separation medium.

The P-MOFs reported here exhibit considerable porosity
and large pore apertures, which allows for the incorporation
of large organic species. For CPM-83-In, CPM-85-In, and
CPM-87-In, the Langmuir surface areas determined from N,
sorption isotherms are 1036.7cm’g!, 962.6cm’g™!, and
1257.2 cm’g™!, respectively (Figure S4). They show high
uptake capacity for CO, and C,H,. At 273 K and 1 atm, the
CO, uptake reaches 117.9cm’g™, 58.9cm’g™!, and
34.4 cm®g™!, respectively. The corresponding values for C,H,
are 148.5cm’g™!, 92.0 cm®’g ™!, and 76.0 cm’g .

Ion exchange of differently charged organic dyes was
performed with CPM-85-In (Figure 2). A sample of CPM-85-
In was immersed in a DMF solution of cationic methylene
blue (MLB™), neutral Sudan I (SDI°), and anionic orange G
(OG?"), respectively, and UV/Vis absorbance was used to
monitor their concentration changes over time. The results
showed no obvious concentration change for MLB* and SDI"
solution, indicating the absence of ion-exchange between
NO;™ and cationic or neutral dyes (Figure 2b). In comparison,
an obvious concentration drop was observed for OG*", and
the color of the crystalline powder turned orange. This shows
there was charge selectivity during ion exchange. It was
further observed that, when the neutral nickel analogue was
immersed in the OG*~ solution, no concentration change of
OG?* solution was observed (Figure 2b), which again dem-
onstrates ion exchange only occurs between hosts and guests
of the opposite charge.

In addition to charge selectivity, CPM-85-In also exhibited
size selectivity during ion exchange. Five anionic dyes with the
same —2 charge, but different formula weight and size, were
selected to probe the size selectivity. The dyes were orange G
(OG™), ponceau 6R (P6R*"), croscein scarlet 3B (CS3B*"),
croscein scarlet 7B (CS7B*"), and acid blue 1 (AB1°7;
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(@)@ o) [ | 11 polycrystalline Fe-MOFs in all three structure families
o 000 ' ‘ were synthesized (Table S2). Their powder XRD patterns
match well with those simulated from structural models based
@ 6 & (] .: on In-MOFs (Figure S1-S3).

To test their stability, CPM-85-Fe and CPM-93-Fe were
B F e gfﬁ e immersed in water for 3 weeks. The powder XRD before and
(,)100- (c)wo_ after the treatments (Figure S5) shows little change in
S ' . X 901 e, p— crystallinity. To test their stability under more hash condi-
5 ao—¥ I Sbigtrssin E 80 %’"{’\ — tions, CPM-85-Fe was treated in aqueous acidic solution
g Zg Y A % ;z: IR (pH 1) for 24 hours, or soaked in boiling water for 2 hours.
£ 50] o 5ol . % Cs3B Again, the sample remained intact after the treatment. Such
g 40] € 40 \ \‘E, high water and chemical stability renders them useful
§ Zg \ g Zg: \ \. candidates for applications, such as enzyme immobilization,

0 0] L 2 40] S BE drug delivery, and ion chromatography.
8 ol '\’ 8 ol ‘\‘ Compared to In-MOFs, the framework charge of Fe-
k-] gf,) 0 e T Tme MOFs is not straightforward, owing to variable Fe*'/Fe’*

Figure 2. (a) Optical images of as-synthesized and dye-exchanged
CPM-85. (b) The ion exchange is charge-dependent, shown by ion
exchange of differently charged dyes in CPM-85 and its neutral nickel
analogue. (c) The ion exchange process is size-dependent, demon-
strated by different ion-exchange kinetics of five differently sized
anionic dyes with the same charge. (d) Column chromatography
showing the separation of the OG*"/MLB" mixture. At the end of
separation, the orange colored OG*~ was trapped at the top of column
while the blue-colored MLB* eluted out. Chemical structures of dyes
molecules are shown in Scheme S2.

Scheme S2). The concentration versus time plots of the five
dyes show clear differences (Figure2c), indicating size-
dependent ion exchange kinetics.

Column chromatography, with an anion exchange column
made of CPM-85-In, was used to show the separation process
of a dye mixture (MLB"/OG®") based on their charge
differences. As shown in Figure 2d, while the blue-colored
MLB" eluted out immediately owing to the lack of ion
exchange, the orange-colored negatively charged OG*~ was
trapped at the top of the column. Upon washing with excess
amount of NaNOj solution, OG*~ can be eluted out again.
The efficient separation of MLB" and OG*  indicates P-
MOFs can recognize and isolate charged organic species,
which could lead to applications including selective trapping
of drug molecules.

In this work, In*" was studied first because its single
crystal structure allows us to model other MOFs made in
polycrystalline form, and because it is free from the neutral-
ization effect of M**. For applications as an ion exchanger or
separation medium, materials with lower cost, greater water
stability, and biocompatibility are desirable. Here, a total of
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ratios. It is worth noting that to make P-MOFs, it is
unnecessary to have 100% Fe**. For [M;0(COO)], as long
as the Fe?"/Fe’" molar ratio falls into the range of 0-0.5, the
framework would be positive, although the concentration of
exchangeable anions would be affected by the Fe*'/Fe’*" ratio.

Previous studies were less concerned with the framework
charge of the trimer-based structures because those reports
did not focus on the ion exchange properties. For those
containing metal ions with two possible oxidation states, an
ideal ratio is often reported to give a neutral framework. In
this work, we demonstrate a synthesis-based method for the
evaluation of the framework charge.

Specifically, instead of directly determining the M**/M?*"
ratio, we focus on the concentration of charge-balancing
anions. For this purpose, nitrate forms are not ideal, owing to
difficulties in following the concentration changes of NO; .
Our method is based on the use of ClO," salts, followed by
elemental analysis using energy dispersive spectroscopy
(EDS). By determining the Cl/Fe molar ratio, the charge of
the framework can be estimated and the progress of ion
exchange can be monitored. Table 1 summarizes the Cl/Fe
molar ratio from the EDS study, which shows a significant
amount of ClO, counter anions, indicating these samples all
have positively charged frameworks. For CPM-98-Fe, the Cl/
Fe ratio is 0.33, indicating all of the Fe sites are in + 3 state.

X-ray photoelectron spectroscopy (XPS) further con-
firmed the oxidation state of iron (Figure S11). The binding
energy for Fe in CPM-92-Fe shows two characteristic peaks at
712.4 eV for Fe 2p;;, and 726.0 eV for Fe 2p,,,, consistent with
previously reported Fe*" compounds. These values are larger
than the characteristic peaks for Fe’" compounds or mixed
valence compounds, such as Fe;O,. The presence of ClO,~
was also confirmed with two peaks at 207.1 eV and 208.7 eV,
consistent with the reported value for Cl1O,".

The positive framework, together with the excellent water
stability, offers these iron based P-MOFs great potential as
cationic hosts for incorporation of various anionic species.
Here, we demonstrate the ability of these Fe-MOFs to
incorporate large anionic biomolecules, such as nucleotides
and coenzymes including NADP and FAD, which play key
roles in metabolism and enzymatic reactions in biosystems.
The immobilization of these molecules into solid substrates
can lead to enhanced resistance to environmental changes,
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Table 1: Characterization of Fe-MOF samples by elemental analysis with EDS.

MOF FeAtom %[alC| TriaICI/Fe ratioAvg. Proposed Formula®

CPM-95-Fe 1 (7)17 g:?; 8:1 ;Z 0.177 [Fe",ssFe"s.;0(pba);(ndc); 5] (ClO4)g.s3
CPM-97-Fe 1 (2); g;; g;ig 0.274 [Fe", 5,Fe"s150 (pvba);(ndc), 5] (ClO4) o5,
CPM-98-Fe ?:23“7) 8:2 g;i: 0.332 [Fe";0(pvba); (bpdc), 5] (ClO)
CPM-85-Fe 1 :;‘5‘ 8:2 g:;ig 0.250 [Fe", ;sFe"o250 (bpdc); (tpt), s](C1OL) 075
CPM-70-Fe 16162 8:1‘21 g:g;f; 0.0721 [Fe", 2.Fe"0750 (pbpc)s](C1O,) o2

[a] Two separate areas of each sample were selected for elemental analysis by EDS. [b] Full names of abbreviations used here can be found in Table S2.

which is desirable for applications in drug delivery and
catalytic reactions.

CPM-97-Fe and CPM-98-Fe were selected in this study
owing to their large window apertures and channels. To
monitor the anion exchange process, we focused on the nature
of counter anions within the pores before and after anion
exchange. In this case, the exchangeable anion in CPM-97-Fe
and CPM-98-Fe is ClO, , which is exchanged out by
phosphate-containing anionic guests. EDS was used to
monitor the change of Cl/Fe and P/Fe ratios during ion
exchange. For all four of the host—guest combinations studied
here, a dramatic decrease in the Cl/Fe ratio, coupled with
simultaneous increase in the P/Fe ratio were observed, which
reveals the anion exchange nature of the process (Table 2).
The total charge of exchanged-out ClO,” is approximately
balanced by exchanged-in anions. To evaluate the extent of
ion exchange, the fraction of the exchanged-out ClO," to the
total amount of ClO," in the original compound is used. The
EDS results showed that all of the ion exchange processes
reached near completion in a short amount of time. For

example, 97 % of C10,” in CPM-98-Fe was replaced by ATP*~
within 2 hours. Impressively, some large-sized dinucleotide-
type coenzyme anions, such as NADP?>~ and FAD?", can
replace >80% of the original ClO,” in CPM-97-Fe in
a similar time scale. This ion exchange-based route represents
a novel method for enzyme immobilization.

In summary, we demonstrate the use and effectiveness of
the PC concept as a strategy to synthesize 20 new P-MOFs.
The high stability, especially of Fe-MOFs in aqueous media,
makes them promising candidates for biocompatible applica-
tions. The charge- and size-selective anion exchange, separa-
tion, or immobilization of organic dyes, nucleotides, and
coenzymes was demonstrated. A method for estimating the
degree of framework -cationization and related anion
exchange capacity, as well as for monitoring the anion
exchange process, was also demonstrated by tracking
charge-balancing anions. We believe this materials design
and synthesis strategy can lead to the development of a
large number of useful P-MOF materials for various appli-
cations.

Table 2: lon exchange-promoted immobilization of nucleotides and redox coenzymes.

P-MOF Anionic Guest N .CI/Fe ratio o P/Fe ratio Extent of Loading |
initial final initial final lon Exchange [%)] Amount [mgg™]
¢ g g OO
CPM-98-Fe T i 0.3318 0.0083 0 0.5058 97.5 203.2
ATPZ. OH OH
So. CX
CPM-97-Fe i Lol ° 0.2743 0.0228 0 0.1236 91.7 206.4
CMPZ &y Gy
o NH,
O™ ¢ XY
N —B—O—P— N
CPM-97-Fe e o 0.2743 0.0467 0 0.3478 83.0 215.1
AHO C‘)H OH
NADP? fo
o
N\ NH
poeed
HO. NHz
CPM-97-Fe HO\EiH 5 0.2743 0.0351 0 0.2281 87.2 2385
¢ 9 W
O*E O E 0“ o
FAD? OH OH
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