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ABSTRACT: By using a strategy of introducing hydrophobic groups to
the linkers, a hydrostable MOF was constructed based on S-nitro-
isophthalate and 2,2'-dimethyl-4,4"-bipyridine coligands, revealing a 3D
dia topology structure with a 1D channel parallel to the ¢ axis. TGA,
PXRD, and water vapor sorption results show high thermal and water
stability for the framework. The framework is very porous and possesses
not only high busulfan payloads with an encapsulation efficiency up to
21.5% (17.2 wt %) but also very high CO, selective capture compared
with that of other small gases (i.e, CHy, N,, O,, CO, and H,) at 298 K
based on molecular simulations due to the pore surface being populated
by methyl and nitryl groups. Furthermore, in vitro MTT assays were
conducted on four different cells lines with increasing concentrations of
the framework, and the results showed that the framework was nontoxic

(cell viability >80%) in spite of the concentrations up to S00 yg/mL.

B INTRODUCTION

Microporous metal—organic frameworks (MOFs), as a new and
vital class of porous crystalline materials, have received
considerable attention in the past decade for their potential
applications in gas adsorption and separation,' catalysis,”
magnetism,3 luminescence and detection,” drug loading and
release,” etc. However, more recently a number of reports have
shown that many MOFs, especially zinc-based MOFs, are
unstable and lose their structural integrity and high surface
areas rapidly when exposed to air.® The relatively weak metal—
oxygen bonds within the frameworks are easily attacked by
water molecules and lose their strucutres.” This drawback
greatly hinders the practical applications of the MOFs because
moisture is ubiquitous in the environment. For example, the
well-known MOF-S performs excellent H, uptake (up to 7.1 wt
% at 77 K and 40 bar);7b however, the Zn,O clusters are
moisture-unstable resulting in the collapse of the porous
structure.®

Rational design and synthesis of hydrophobicity porous
crystalline materials is one of the crucial challenges faced in the
field of MOF chemistry. Three main strategies are used to
tackle the stability of MOFs: (i) introducing high oxidation
state metals to enhance the metal-linker bond (e.g., Fe**, Cr*,
AP, Zr*, etc.);® (ii) introducing hydrophobic groups to the
linkers (e.g,, methyl, alkyl, ethyl ester, trifluoromethyl, etc.);*
and (iii) mixing the hybrid composites (e.g., carbon nanotubes
and heterometals) with the MOFs.” Furthermore, water-stable
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MOFs can be fully explored for water confinement,
dehumidification, thermal batteries, delivery of drinking water,
and so on.®>7%1°

As part of an ongoing study related to water-stable
MOFs,®'" we are interested in modifying the linkers by
introducing hydrophobic functional groups into the pores of
the structures. The incorporation of hydrophobic functional
groups within the frameworks might largely enhance the M-O
bonds and thus improve the water resistance of the MOFs in an
efficient manner. Stock and co-workers found that the
decoration of the CAU-10 walls by hydrophobic groups
(=NO,, —OCH;, and —CHj,) show much lower water vapor
adsorption than those modified by hydrophilic substituents
(=NH,, —OH)."? The introduction of methyl or nitryl groups
into the pores of the framework structures can largely improve
the CO, uptake and separation capacity.'”'® In addition,
introducing a —CHj functional group within the framework
might avoid the high-degree of framework interpenetration
and/or severe structural distortion when the guest molecules
were removed, and the enhancement of water/moisture
stability of the frameworks.®*

On the basis of this understanding, S-nitroisophthalic acid
with a nitro-group and 2,2'-dimethyl-4,4"-bipyridine decorated
by methyl groups were chosen to afford a new Zn-MOF:
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Table 1. Crystallographic Data of Complex 1

empirical formula C,HoN,0O¢Zn Z 8
formula weight 366.60 D (mgm®) 1.236
temperature (K) 296(2) limiting indices 24 <h<13,-38<k<37,-9<I1<10
size (mm) 0.33 X 0.27 X 0.21 reflections collected/unique 15863/4955
crystal system monoclinic R 0.0482
space group C2/c F(000) 1480
a (A) 18.203(S) 0 (deg) 1.66—26.00
b (A) 29.089(8) goodness-of-fit on F* 1.003
c (A) 7.637(2) R(I > 20) R, = 0.0407
wR, = 0.0885
B (deg) 103.008(6) R (all data) R, = 0.0576
wR, = 0.0923
V (A% 3940.3(19) largest diff. peak and hole (A™%) 0.84, 0.81

“R = Y (JIFJ=IF])/ SIFy. wR = [Yw(Fy* — E2)?*/ Y w(Fy) V2

[Zn(NO,~BDC)(dmbpy),s]-(C;Hs0)-(H,0) (1) (NO,—
BDC = S-nitroisophthalate, dmbpy =2,2'-dimethyl-4,4'-bipyr-
idine, C,HcO = ethanol). To assess the hydrostability of
complex 1, water vapor adsorption at low pressures is reported.
In addition, the material was soaked in aqueous solutions with
different pH values and then characterized using powder X-ray
diffraction (PXRD) and N, physisorption. Drug loading and
release capacity were assessed using an anticancer drug busulfan
as a model. To further evaluate and understand the role of
methyl and nitryl groups in activated 1, theoretical simulations
of the adsorption isotherms of CO,, CH,, N,, CO, and H, at
298 K were carried out.

B EXPERIMENTAL SECTION

Materials and General Methods. Reagent grade S-nitrobenzene-
1,3-dicarboxylic acid (NO,—H,BDC) and Zn(NO;),-6H,0 metal salt
were obtained from Aladdin and used as received. 2,2'-Dimethyl-4,4'-
bipyridine (dmbpy) was isolated based on the reported procedures.**
Elemental analyses were carried out with a Vario EL III Elemental
Analyzer. Infrared spectra were taken on a Shimadzu IR-440
spectrometer with a KBr disk in the 4000—400 cm™' region.
Thermogravimetric analyses (TGA) were carried out on an automatic
simultaneous thermal analyzer (DTG-60, Shimadzu) under N,
atmosphere at a heating rate of 10 °C/min within a temperature
range of 25—800 °C. Powder X-ray diffraction patterns (PXRD) were
collected using a Bruker AXS D8-Advance diffractometer with Cu—Ka
(A = 1.5418 A) radiation. The N, isotherm was measured with an
automatic volumetric adsorption apparatus (Micrometrics ASAP
2020) at 77 K. Water vapor adsorption isotherms were obtained
using a BELSORP aqua-3 volumetric adsorption instrument from
BEL, Japan.

Synthesis of [Zn(NO,—BDC)(dmbpy), 5](C;Hs0)-(H,0) (1). To
an aqueous solution (5 mL) of Zn(NOs;),-6H,0 (0.089 g, 0.3 mmol)
and NO,—H,BDC (0.063 g, 0.3 mmol), dmbpy (0.028 g, 0.15 mmol)
in CH,CH,OH (5 mL) was added, and the solution was stirred for 30
min. Then, the solution was heated to 130 °C for 3 days in a 23 mL
Teflon-lined stainless steel autoclave, followed by cooling to room
temperature at 5 °C/h to yield colorless single crystals of 1 (yield:
82%, based on NO,—H,BDC). Anal. Calcd for C;H;;N,0¢Zn: C,
52.60; H, 4.66; N, 7.67. Found: C, 53.49; H, 4.74; N, 7.75. IR (KBr,
em™): 3426(s), 3096(m), 2919(w), 2022(s), 1657 (m), 1609(vs),
1566(m), 1537(s), 1460(m), 1432(m), 1345(vs), 1195(w), 1086(m),
1023(w), 928(w), 831(w), 788(m), 736(s), 572(m), 429(w) (see
Figure SS of the Supporting Information).

X-ray Crystallography Measurements. Single crystal data for
complex 1 were collected on a Bruker Apex II CCD diffractometer
equipped at 50 kV and 30 mA with MoKa radiation (4 = 0.71073 A).
Data collection and reduction were performed using the APEX II
software.'** The structure was solved using direct methods followed by
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least-squares on F* using SHELXTL.*? Non-hydrogen atoms were
refined with independent anisotropic displacement parameters, and
hydrogen atoms attached to carbon and oxygen were placed
geometrically and refined using the riding model. The routine
SQUEEZE (PLATON)'® was applied to remove diffuse electron
density caused by badly disordered water and ethanol molecules. The
formula unit of 1 was arrived at through a combination of elemental
analyses and infrared and thermogravimetric characterization. The
more detailed information is listed in the CIF file (Supporting
Information). Crystallographic data and structural refinement details
of compound 1 can be found in Table 1. Selected bond lengths and
bond angles are given in Table S1 (see the Supporting Information).
CCDC: 1026965.

Encapsulation of Busulfan. Busulfan (99%, Aladdin) encapsula-
tion of 1a was carried out with dichloromethane as solvents (99.9%,
Aladdin) based on its excellent solubility (10 mg/mL) and low boiling
point. Busulfan solubility in dichloromethane was determined
according to the reported procedures.”” Details of the encapsulation
of busulfan are as follows: 25 mg of activated 1 (1a) was suspended in
2.5 mL of busulfan solutions (the maximum solubility of busulfan in
dichloromethane is about 80%), then the mixture suspensions were
stirred for 48 h at room temperature. Finally, the busulfan-loaded 1a
was obtained through centrifugation (5600g) for 10 min and dried
under vacuum at 25 °C for 3 days.”” The experiment was carried out
four times. Compound 1a before and after the busulfan entrapping
were characterized by infrared spectra, PXRD, and N, sorption.

The adsorbed busulfan amount was quantified using a reversed
phase high performance liquid chromatography (HPLC) system Water
Alliance E2695 separations module (Waters, Milford, MA, USA),
equipped with a variable-wavelength photodiode array detector Waters
2998, and controlled by Empower software. Sunfire-C18 reverse-phase
column (S pm, 4.6 X 150 mm Waters) was employed. The mobile
phase, which consisted of acetonitrile/0.1%TFA = 35:65 (v/v), was
filtered by 0.4S pm micropores, followed by ultrasonic degassing for 15
min prior to use. The flow rate, column temperature, and injection
volume were 1 mL-min™!, 25 °C, and 50 uL, respectively. Several
dichloromethane busulfan solutions at concentrations of 0.1, 0.5, 1, S,
and 10 ugmL™" were used as standards. The standard calibration
curve showed good correlation for busulfan >0.99 (see Figure S12 of
the Supporting Information).

Busulfan encapsulation efficiency was obtained based on the
percentage of busulfan effectively encapsulated inside 1a with respect
to the total busulfan amount which was used in the encapsulation
experiment, as follows:

Busulfan encapsulation efficiency

total amount — without loading amount

X 100%
total amount

Busulfan Release. The busulfan-loaded 1a (25 mg) was placed in
a vial and dipped in 2 mL of a dissolution medium (phosphate buffer
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solution (PBS) pH 7.4) at 37 °C. The suspensions were kept under
stirring for different incubation times. An aliquot of 1 mL of
supernatant was recovered by centrifugation (5600g/1S min) and
replaced with the same volume of fresh PBS (at 37 °C) at each time
point. Released busulfan was quantified by HPLC.

In Vitro Toxicity Tests. The toxicity of la toward 3T3 (mouse
bone marrow fibroblasts), 4T1 (mouse breast tumor cell), AS49
(human lung cancer cell), and HEPG2 (human liver cancer cell) cells
was determined using MTT assays in 96-well flat-bottom microtiter
plates with eight different concentrations (0, 0.2, 1, S, 25, 125, 250, and
500 ,ug/mL). After incubation for 24 and 48 h, the chemosensitivity
was determined to be S mg/ 'mL.%’

Simulation. To get the conformation of busulfan molecule in
vacuum, we carried out the geometry optimization calculations by
Material Studio software. During the simulated annealing, the busulfan
molecule is able to explore the lowest-energy conformation with the
continuously decreasing temperature.16 Then a periodic DFT
geometry optimization procedure was applied to obtain the behavior
of busulfan in porous material 1. During the simulation, 1 is fixed, and
the busulfan molecule is flexible and can move around. The PW91
GGA density functional was employed in these calculations.'”'®

B THEORETICAL SIMULATIONS SECTION

Force Field. CO, was regarded as a rigid linear molecule
with 0.116 nm C—O bond length. The L] potential parameters
of the O atom (6, = 0.305 nm and &,/kz = 79.0 K) and C
atom (6. =0.280 nm and &./kz = 27.0 K) in the CO, molecule
were taken from the TraPPE force field."® Partial point charges
are gop = —0.35e and gc = 0.70e. CH, was represented by a
united-atom model (¢ = 0.373 nm and &/k = 148.0 K).'® The
N, molecule was treated as a three-site model with three sites
located at two N atoms and its center of mass COM (oy =
0.331 nm, ey/kp = 36.0 K, gy = —0.482¢, and qcoy = 0.964¢)
with an N—N bond length of 0.110 nm."® The SK model with
three sites developed by Straub and Karplusa was employed to
describe the CO molecule. Similar to N,, the SK model is
operated based on the combination of three Lennard-Jones pair
potentials and three partial point charges which are located at
the L] centers (i.e., the carbon and oxygen atoms) and center of
mass (COM) site'® (o, = 0.383 nm, e./kz = 13.18 K, 0, =
0.312 nm, &,/kp = 80.06 K, qo = —0.85¢, qc = 0.75e, and gcop
= 1.60e). H, molecule was regarded as a two-site L] molecule as
in our previous works (65 = 0.272 nm and &5/k; = 10 K)."

Monte Carlo Simulation Details. Grand canonical Monte
Carlo (GCMC) simulations were used to obtain the adsorption
isotherms of single gases (CH,, CO,, N,, CO, and H,) at 298
K. In our simulations, we have modeled the material framework
as rigid." The simulation box contains 2 X 1 X 4 unit cells. We
introduced a cutoff radius of 12.8 A to the L] interactions.
Meanwhile, the Ewald summation technique was applied to
handle the long-range electrostatic interactions with periodic
boundary conditions. For each state point, the number of steps
in GCMC simulation was 2 X 107, where the first 107 steps
were used to guarantee the equilibration and the subsequent
107 steps for sampling the desired thermodynamics proper-
ties.*”® The isosteric heat of adsorption (including gases and
drug molecule busulfan), Qy, was calculated by the following

equation:
(o)~ (up) (V) {u)- () ()
(N")—(N)(N) (N*)—(N)(N)
(1)
where R is the gas constant, N is the number of molecules
adsorbed, and ( ) indicates the ensemble average.”’

Q,=RT
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B RESULTS AND DISCUSSION

Structural Description. Single-crystal X-ray diffraction
measurements show that complex 1 crystallizes in the C2/c
space group and that the asymmetric unit of 1 contains one Zn"
atom, one NO,—BDC anion, half a dmbpy ligand, one
uncoordinated ethanol molecule, and a free water molecule.
As shown in Figure 1a, each Zn(II) center is four-coordinated

Figure 1. (a) Coordination environment for Zn(II) ion in 1. (b)
Sideview of network. (c) View of the 3D network of 1 along the c-axis.
(d) dia topological network. All H atoms are omitted for clarity in a, b,
and c. Color codes: Zn, turquoise; N, blue; C, black; and O, red.

by three oxygen atoms from three NO,—BDC ligands and one
nitrogen atom from a dmbpy ligand, to give a distorted
tetrahedral coordination geometry. The bond lengths surround-
ing the Zn(II) center (Zn—O and Zn—N bond distances) are in
the range of 1.9292(17)—2.0206(19) A, and the bond angles
are in range of 99.45(8)—116.55(8)°. The values are in
agreement with those found in other four-coordinated Zn(II)
complexes with oxygen and nitrogen donating ligands."'**" In
the crystal structure of 1, the NO,—BDC ligands act as a
bridging y4; mode to link three metal ions, whereas the dmbpy
ligand has a bridging 4, mode connecting two metal ions. In
this manner, each y3;-NO,—BDC ligand links two Zn atoms to
obtain an infinite chain of [Zn,(NO,—BDC),], with dinuclear
zinc cores separated by 9.822 A (see more details in Figure S1,
Supporting Information). The rigid u,-dmbpy struts point
alternately up and down with respect to the chain and link
neighboring chains to result in an ideal three-dimensional
structure with the channels of 10.5 X 8.9 A’ along the ¢ axis
(Figure S1, Supporting Information) (Figure 1b and c).
Moreover, the lattice water molecules and the ethanol
molecules present in the framework can be confirmed by FT-
IR and TGA spectra. The potential void is 1386.3 A%, which is
about 35.2% of the unit cell volume.'®

To better understand the nature of this framework, a
TOPOS analysis of 1 is provided.” In this structure, both the
dinuclear znic unit and the dmbpy ligand act as linear 2-
connected nodes. Compound 1 regresents 4-connected dia
topology with a Schlafli symbol of 6° (Figure 1d).

Thermal and Chemical Stability. To test the thermal
stability of 1, we performed thermogravimetric analysis (see
Figure S2 of the Supporting Information). The TG analysis
curve for complex 1 shows a weight loss of about 10.5% near
100 °C, which corresponds to the loss of one ethanol molecule
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(calc. 10.7%). Then, it follows a continuous weight loss from
160 to 300 °C attributed to consecutive loss of one water
molecule (obsd. 4.0%, calc. 4.2%). The compound begins to
decompose when the temperature is raised to 380 °C. Finally,
complex 1 was completely degraded into ZnO with a total loss
of 80.5 wt % (calc. 81.1 wt %). Furthermore, the pH-dependent
stabilities of 1 in aqueous solutions were investigated by XRPD
(Figure 2). For these tests, S0 mg of as-synthesized 1 was

In water(pH 2-3) for 3 days
In water(pH 11-14) for 3 days

In water(pH 5-6) for 3 days
In water(pH 8-9) for 3 days
In phosphate buffer solution (pH 7.4) for 3 days

In deionized water for 3 days
1 N 1a@busulfan

Activated 1a
As-synthesized 1
Simulated

15

20 25 30 35 40
2 Theta (deg.)

Figure 2. PXRD patterns for 1.

soaked in aqueous solutions with different pH values and
stirred for 3 days at room temperature. According to these
results, complex 1 is stable in a pH range from $ to 9 but
unstable in either strong acid (pH 2—3) or strong base (pH
13—14). This stability is lower than several aluminum-
isophthalate-based MOFs (CAU-10-X, where X = H, CH,,
OCH,;, NO,, NH,, and OH),12 but the results are very
remarkable, especially when compared with those of other
MOFs constructed from aromatic carboxylate, N-containing
auxiliary ligands, and zinc ions.”*”* The H,O sorption isotherm
of 1 at 298 K has also been explored to further evaluate its
water stability (Figure 3), which shows sorption hysteresis,

16

14 o

. -
® o
L L A
Op
e O
-

Water Uptake (Wt%)
EN
1

0 0.2 0.4 0.6 0.8 1

Relative Pressure (P/Po)

Figure 3. Adsorption—desorption isotherm of 1 for H,O at 298 K.

indicating that there is a hydrophilic interaction between water
and the polar pore surface due to the presence of one guest
water molecule per asymmetric unit. Compound 1 displays a
type V water isotherm, with low water uptake (15.2 wt %) even
up to a P/P; value of 1 and pore filling at higher relative
pressures (about P/P, = 0. 4) indicating that 1 possesses a
hydrophobic pore.**'* The repeated experiments based on the
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same batch of material shows that 1 has excellent hydrostability
(see Figure S3 of the Supporting Information). In addition, N,
sorption measurements were used to examine the porosity of
the MOF samples after soaking in water for 3 days. Compound
1 was activated (1a) at 150 °C for 12 h under vacuum. The N,
sorption isotherms were performed at 77 K and show a type I
isotherm characteristic of a microporous material (Figure 4)

250 c
< ATV
200
—&—Ads 1a
—O—Des 1a

-
(3]
o

—w¥— Ads 1a in water for 3 days
—/— Des 1a in water for 3 days
—A— Ads Busulfan@1a
|—/— Des Busulfan@1a

Adsorption / cm® g
=
o

(3]
o

o

02 04 __06 08
PIP

0

o
=}

1.0

Figure 4. Nitrogen sorption isotherm at 77 K.

with the BET surface area of 925 m’g™', which is well
consistent with the value obtained through theoretical
calculations (see Figure S4 of the Supporting Information).
No significant loss in the BET surface area was observed (from
925 to 882 m’g™") for 1 after soaking in water for 3 days,
indicating the maintenance of the porous structures of 1 in
water. The hydrophobic functional groups (—NO, and —CHj)
are close to the zinc center within the framework of 1, and
could prevent the Zn—O and Zn—N bonds from attacking by
water and thus effectively enhance the hydrophobic properties
of 1. Additionally, bulk samples were also measured by X-ray
diffraction at room temperature to check the purity of 1. As
shown in Figure 2, all major peaks of the experimental PXRD
patterns of compound 1 matches well that of simulated PXRD
patterns, which clearly indicates the high purity of the complex.

Drug Delivery Studies. The surface area and pore
diameter play a critical role in drug adsorption and release in
porous frameworks as drug loading and release systems.”> N,
adsorption measurements (HK model) indicate that the pore
size of 1 is 8.9 A (see Figure SS of the Supporting Information).
Complex 1, with wide-open channels (10.5 X 8.9 A?), is
suitable for loading busulfan with a molecular size of 3.5 X 13.4
A2% Incorporation of the busulfan molecule during the
adsorption process was confirmed by FT-IR and N, sorption
(more details in Figure S6, Supporting Information) (Figure 4).
The characteristic peak of busulfan observed at 1349 cm™ is
assigned to the stretching vibration of the S=O group. The
BET surface area of the busulfan loaded MOF is 63 ng_l,
which shows ca. 93.2% reduction, as compared with the as-
synthesized sample (925 m*g™"). The result indicates that there
is almost no residual porosity after drug adsorption; thus, the
busulfan molecules approximately filled up the pores and
channels. HPLC was used to determine the effective storage
capacity of la. To achieve a maximal drug loading of busulfan
to the pore solid, different drug concentrations and contact
times were tested (see Table S2 of the Supporting
Information). It was observed that the optimal busulfan
concentrations and contact times were 0.6 mg/mL and 48 h,
respectively. Chemical analysis indicates that desolvated 1
shows a remarkable busulfan absorption capacity with the
encapsulation efficiency of 21.5% (17.2 wt %), which is higher
than the busulfan loading in MIL-88A, MIL-53, and MIL-89
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with the pore size ranging from 6 to 11 A.*® Moreover, the
amount of busulfan in the sample was determined by TGA and
elemental anslysis. The TGA curve is depicted in Figure S7
(Supporting Information). A weight-loss of 2.6% is observed
from 100 to 150 °C, which is assigned to the loss of residual
water molecules. Upon further heating, a weight-loss of 16.6%
is observed between 170 and 380 °C, due to the release of
busulfan molecules. The sharp weight-loss step that occurs
above 380 °C corresponds to the decomposition of the
framework. An elemental analysis technique was employed to
obtain the organic species (C, H, N, and S wt %) of the dried
busulfan-loaded 1a. The result indicated a busulfan content of
18.1 wt % on the basis of the data (C 43.3 wt %; H 2.9 wt %, N
6.5 wt %, and S 4.0 wt %).

Busulfan-loaded samples were dispersed in phosphate
buffered saline (PBS) solution (pH 7.4) and sealed in a
dialysis bag. After the dialysis bag was submerged in solutions,
samples were collected and the content of released busulfan
analyzed by HPLC. As shown in Figure S, the delivery of

100 -

Released busulfan (%)

Time (h)

Figure S. Release of busulfan from drug-loaded 1 (% busulfan vs
time).

busulfan occurred within 36 h with no “burst effect”. Two
distinct stages of the drug release can be observed: 45% (0—20
h) in the first stage and 55% (20—36 h) in the last stage. The
complete release time of busulfan in 1a is significantly longer
than that of MIL-53 and MIL-100, for which the full release
times of busulfan are the same 8 h.”” The relatively slow release
might be attributed to the hydrogen-bonding interactions and
C—H---7 stacking interactions involving the busulfan molecules
and the pore chemical environment, which are in good
agreement with the molecular simulation results (Figure 6).
The optimized geometry of busulfan within the 1a pores reveals
the methyl and nitryl hydrophobic groups pointing to the
busulfan molecules. At infinite dilution, the isosteric adsorption
heat of busulfan in 1a at 298 K obtained from simulation is
167.95 kJ-mol™!, indicating the strong busulfan adsorption
capacity of la.

MTT Tests. MTT toxicity assays were taken from four
different cells lines (mouse bone marrow fibroblasts 3T3,
mouse breast tumor cell 4T1, human lung cancer cell A549, and
human liver cancer cell HEPG2) with increasing concentrations
of 1a. The results revealed that the complex 1 was nontoxic
(cell viability >80%) in spite of concentrations up to S00 ug/
mL (see Figures S8—S11 of the Supporting Information).
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Figure 6. (a) Optimized geometries of busulfan and (b) within the
MOF pores of 1.

Theoretical Simulations of Sorption. In recent years,
many studies have focused on MOF materials for the
adsorption and separation of CO,, CO, CH,, and H, gases.”®
The use of simulation in modeling the adsorption properties of
MOFs” has been increasingly established as a powerful tool in
the design of new materials with enhanced affinity and
selectivity for CO,. Several strategies have been deployed in
order to enhance CO,-framework interactions in MOPFs,
including ion-exchange, open-metal centers, etc.’® Besides,
ligand functionalization of MOFs has been shown to be a
powerful route in enhancing the CO,-framework interaction
with several advantages compared to the other approaches,
such as very wide chemical flexibility of possible ligands and
functional groups, and the high accessibility of the functional
groups to the adsorbates. Both experiments and simulations
have demonstrated that the methyl functionalization of the
MOFs can enhance their CO, affinity and consequently
improve their CO, uptake and separation capacity."**"

To continue the research on gas adsorption and separation in
MOFs based on molecular simulation,* the adsorption
properties in la for CO,, CH,, CO, N,, and H, have been
studied (Figure 7). In the MOF of la, CO, is more
preferentially adsorbed than CH,, N,, H,, and CO owing to
the more intense dispersion interactions with the 1a pores. In
fact, reports have shown that the enhancement of CO,-uptake
capacity can be achieved by introducing methyl or nitryl groups
within the framework.'>'® The pores within the framework of 1
are simultaneously populated by hydrophobic methyl and nitryl
groups, in which all of them are pointing to the center of the
channels, which results in the enhancement of CO,-framework
affinity. To further evaluate and understand the role of methyl
and nitryl groups, we analyzed the interactions between CO,
and nitryl/methyl-functionalized frameworks by calculating the
isosteric heats (Q,) of CO, adsorption on the basis of the
molecular simulation adsorption isotherms calculated at 298 K
(Figure 8). As shown in Figure 8, the Q,, values are in the range
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Figure 7. Comparison of adsorption isotherms of CO, and selected
gases of 1 at 298 K based on molecular simulation.
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Figure 8. Isosteric heat of adsorption of CO, on MOF 1 calculated
with molecular simulation isotherms collected at 298 K.

of 22.5—34.6 kJ-mol ™" for compound 1. It is worth noting that
the Q, value for 1 (at zero loading, 34.6 kJ-mol™") is higher
than that of [Zn,(bpdc)(2,2’-dmbpy)](DMF),(H,0)
[Zn,(bpdc)(3,3'-dmbpy) ] (DMF),(H,0),s structures’ 132 but
lower than that of Zn(BDC)(2,2’-DMBPY), s-
(DMF)ys(H,0)ps and Zn(NDC)(2,2'-DMBPY),-(DMF),
structures.>® These results indicate a strong interaction
between CO, and 1."** The Q, value of 1 is comparable with
those of other reported MOFs which show similar pore sizes,
such as MIL-53(Cr) (32 kJ-mol™"), MIL-53(Al) (35 kJ-mol~ 1),
and RPM4-Zn (37.6 kJ-mol™"), at similar temperature. 33,13
The introduction of the methyl and nitryl groups on organic
ligands can significantly enhance the quadrupole-7-electron
interaction owing to the smaller pore diameter and electron
donation by the methyl and nitryl groups to the aromatic
system, and as a result, it leads to enhanced CO, uptake.”
Table 2 shows the single-component separation ratios of
C0,/CH,, CO,/N,, CO,/CO, and CO,/H, defined as q,/q, at
a specified pressure (for which g; represents the adsorbed
amount of a pure gas), which were 17.4, 30.8, 13.7, and 29.6 for
1 at 298 K and 1 atm. The separation ratios of 1 are greatly
higher than those of the [Zn;(bpdc)(2,2’-dmbpy)]-
(DMF),(H,0),, [Zns(bpdc)(3,3"-dmbpy)](DMF),(H,0),s,
and Zn(BDC)(2,2"-DMBPY), s-(DMF),(H,0), s structures'>
but lower than those of RPM-3, RPM4-Zn, and Zn(NDC)-
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Table 2. Summary of Single-Component Separation Ratios
of CO,/CH,, CO,/N,, CO,/CO, CO,/0,, and CO,/H, at
Different Pressures and 298 K

P (atm) 02 0.6 1
CO,/CH, 17.1 18.8 17.4
CO,/N, 30.8 336 30.8
C0,/CO 12.9 14.5 13.7
CO,/H, 285 302 29.6

(2,2-DMBPY), s-(DMF), structures,>>'*® which show high
CO,-adsorption selectivity over other small gases.

Moreover, the adsorption selectivities for CO, from the
equimolar CO,/CH,, CO,/CO, CO,/H,, and CO,/N,
mixtures between 0 and 1 atm are shown in Figure 9. In the
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Figure 9. Selectivities for CO, in an equimolar CO,/CH,, CO,/CO,
CO,/H,, and CO,/N, mixture at 298 K.

MOF of 1, CO, is more preferentially adsorbed than CH,, CO,
H,, and N, because of the stronger dispersion interactions with
the pores. All of them show the same trend in the pressure-
dependent selectivity, viz. slight/obvious increases with
increasing pressure, indicatin§ the existence of one type of
small size pore in MOF 1.°* This trend of the pressure-
dependent selectivity can be assigned to the packing effect that
favors CH,, CO, H,, and N, adsorption, leading to the slight or
obvious 1ncrease of carbon selectivities with increasing
pressure.”” Obviously, 1 shows much higher selectivity values
for CO,/H, than CO,/CH,, CO,/CO, and CO,/N,.
Furthermore, the hydrogen-adsorption isotherm and the
corresponding isosteric heats (Q,,) of 1 were calculated at 77
K based on molecular simulation (Figure S13—14, Supporting
Information), and the results reveal that 1 has poor H, uptake
with a value of 0.86 wt % at 1 atm.

B CONCLUSIONS

The incorporation of hydrophobic functional groups (e.g.,
methyl and nitryl) on the ligands leads to a hydrostable MOF
that shows a 3D dia topology. Nontoxic 1 shows high busulfan
payloads with the encapsulation efficiencies up to 21.5% (17.2
wt %) and performs a progressive release of the drug without
any “burst effect”. The delivery of busulfan occurred within 36
h, and 100% of the loaded drug was released in PBS.
Furthermore, the molecular simulation results show that 1
has a very high adsorption for CO, compared with other small
gases, including CH,, N,, O,, CO, and H, at 298 K. Such high
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selectivity makes hydrostable 1 a potential material for CO,
capture applications like flue gas and natural gas.
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An X-ray crystallographic file, crystal structure views of 1,
thermogravimetric curves, reusability of 1la for H,O vapor
adsorption at 298 K, N,-sorption isotherm at 77 K based on
simulation, micropore size distribution, IR spectra, TG analysis
of busulfan-loaded 1a, MTT toxicity assays, bond lengths,
encapsulation efficiency affected by drug concentrations, and
contact times. The Supporting Information is available free of
charge on the ACS Publications website at DOIL: 10.1021/
acs.inorgchem.5b0033S.

B AUTHOR INFORMATION

Corresponding Authors

*(H.-F.G.) Tel: +86 758 2716357. Fax: +86 758 2716447. E-
mail: guohaifu@zqu.edu.cn.

(B.L.) *E-mail: liub@cup.edu.cn.

(J-Q.L.) *E-mail: jianqiangliu2010@126.com.

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by the Special Funds of Guangdong
College Students’ Scientific and Technological Innovation
Cultivation (2015), the Project of Provincial Key Platform of
Guangdong Province (2014KTSPT040), the Program for New
Century Excellent Talents from Ministry of Education (NCET-
12-0968), the National Natural Science Foundation of China
(21201044), and Training Plan of Guangdong Province
Outstanding Young Teachers in Higher Education Institutions
(Grant No. YQ2013084).

B REFERENCES

(1) (a) Wy, H; Gong, Q; Olson, D. H,; Li, J. Chem. Rev. 2012, 112,
836—868. (b) Wang, D.; Zhao, T.; Cao, Y.; Yao, S.; Li, G; Huo, Q;
Liu, Y. Chem. Commun. 2014, 50, 8648—8650. (c) Sen, S.; Neogi, S.;
Ajjaz, A.; Xu, Q; Bharadwaj, P. Inorg. Chem. 2014, 53, 7591—7598.
(d) Yuan, B,; Ma, D.; Wang, X; Li, Z;; Li, Y;; Liu, H;; He, D. Chem.
Commun. 2012, 48, 1135—1137. (e) Kunduy, T.; Sahoo, S. C.; Banerjee,
R. Cryst. Growth Des. 2012, 12, 4633—4640. (f) Mallick, A; Saha, S.;
Pachfule, P.; Roy, S.; Banerjee, R. J. Mater. Chem. 2010, 20, 9073—
9080. (g) Li, J.; Fu, H. R; Zhang, J.; Zheng, L. S.; Tao, J. Inorg. Chem.
2015, 54, 3093—309S.

(2) (a) Kholdeeva, O. A, Skobelev, I. Y.; Ivanchikova, I. D,
Kovalenko, K. A,; Fedin, V. P.; Sorokin, A. B. Catal. Today 2014, 238,
54—61. (b) Liu, Y,; Xi, X; Ye, C; Gong, T.; Yang, Z.; Cui, Y. Angew.
Chem.,, Int. Ed. 2014, 126, 14041—14045. (c) Dhakshinamoorthy, A.;
Asiri, A. M,; Garcia, H. Chem. Commun. 2014, 50, 12800—12814.
(d) Liu, L.; Han, Z. B; Wang, S. M.; Yuan, D. Q; Ng, S. W. Inorg.
Chem. 2015, S4, 3719—3721. (e) Dau, P. V.; Cohen, S. M. Inorg.
Chem. 2015, 54, 3134—3138.

(3) (a) Zhang, W.; Xiong, R. G. Chem. Rev. 2012, 112, 1163—1195.
(b) Vasylevskyy, S. I; Senchyk, G. A.; Lysenko, A. B.; Rusanov, E. B;
Chernega, A. N,; Jezierska, J.; Krautscheid, H.; Domasevitch, K. V,;
Ozarowski, A. Inorg. Chem. 2014, 53, 3642—3654. (c) Sanda, S,
Goswami, S.; Hena, H. S.; Parshamoni, S. S.; Konar, S. CrystEngComm
2014, 16, 4742—4752. (d) Li, B.; Li, Zhao; Wei, R. J.; Yu, F.; Chen, X;
Xie, Y. P,; Zhang, T. L.; Tao, J. Inorg. Chem. 2015, 54, 3331-3336.

(4) (a) Liu, D.; Lu, K;; Poon, C.; Lin, W. Inorg. Chem. 2014, 53,
1916—1924. (b) Ma, D.; Wang, W.; Li, Y.; Daiguebonne, C.; Calvez,
G.; Guillou, O. CrystEngComm 2010, 12, 4372—4377. (c) Cui, Y.; Yue,
Y.; Qian, G.; Chen, B. Chem. Rev. 2012, 112, 1126—1162. (e) Carboni,

6725

M,; Lin, Z. K.; Abney, C. W.; Zhang, T.; Lin, W. B. Eur. J. Chem. 2014,
20, 14965—14970. (f) Xie, W.; Zhang, S. R;; Du, D. Y; Qin, J. S.; Bao,
S.J; Li, J; Su, Z. M.; He, W. W,; Fu, Q;; Lan, Y. Q. Inorg. Chem. 2018,
54, 3290—3296.

(5) (a) Horcajada, P.; Gref, R; Baati, T.; Allan, P. K;; Maurin, G;
Couvreur, P.; Ferey, G.; Morris, R. E.; Serre, C. Chem. Rev. 2012, 112,
1232-1268. (b) Liu, J. Q; Wu, J; Jia, Z. B,; Chen, H. L; Li, Q. L;
Sakiyama, H.; Soares, T'; Fei, R,; Daiguebonne, C.; Guillou, O.; Ng, S.
W. Dalton Trans. 2014, 43, 17265—17273. (c) Taylor-Pashow, K. M.
L.; Roccy, J. D.; Xie, Z.; Tran, S.; Lin, W. J. Am. Chem. Soc. 2009, 131,
14261—14263. (d) He, C.; Ly, K; Liu, D.; Lin, W. J. Am. Chem. Soc.
2014, 136, 5181—5184. (e) Hu, Q,; Yy, J,; Liu, M; Liu, A;; Dou, Z.;
Yang, Y. J. Med. Chem. 2014, 57, 5679—5685. (f) Kundu, T.; Mitra, S.;
Patra, P.; Goswami, A.; Diaz, D. D.; Banerjee, R. Chem.—Eur. J. 2014,
20, 10514—10518.

(6) (a) Ma, D; Li, Y;; Li, Z. Chem. Commun. 2011, 47, 7377—7379.
(b) Canivet, J.; Fateeva, A.; Guo, Y.; Coasne, B.; Farrusseng, D. Chem.
Soc. Rev. 2014, 43, 5594—5619. (c) Kaye, S. S.; Dailly, A,; Yaghi, O.
M,; Long, J. R. J. Am. Chem. Soc. 2007, 129, 14176—14177.

(7) (a) Tan, K; Nijem, N.; Gao, Y.; Zuluaga, S.; Li, J.; Thonhauser,
T.; Chabal, Y. J. CrystEngComm 2015, 17, 247—260. (b) Yang, J;
Grzech, A;; Mulder, F. M,; Dingemans, T. J. Chem. Commun. 2011, 47,
5244—5246.

(8) (a) Cavka, J. H.; Jakobsen, S.; Olsbye, U.; Guillou, N.; Lamberti,
C.; Bordiga, S.; Lillerud, K. P. J. Am. Chem. Soc. 2008, 130, 13850—
13851. (b) Fateeva, A,; Chater, P. A, Ireland, C. P,; Tahir, A. A;
Khimyak, Y. Z.; Wiper, P. V,; Darwent, J. R.; Rosseinsky, M. J. Angew.
Chem,, Int. Ed. 2012, §1, 7440—7444. (c) Zheng, B.; Lin, X.; Wang, Z;
Yun, R; Fan, Y,; Ding, M,; Hu, X;; Yi, P. CrystEngComm 2014, 16,
9586—9589.

(9) Chun, J; Kang, S. H.; Park, N.; Park, E. J; Jin, X; Kim, K. D;
Seo, H. O; Lee, S. M,; Kim, H. J.; Kwon, W. H.; Park, Y. K; Kim, J.
M,; Kim, Y. D,; Son, S. U. J. Am. Chem. Soc. 2014, 136, 6786—6789.

(10) (a) Furukawa, H; Gandara, F.; Zhang, Y. B.; Jiang, J.; Queen,
W. L; Hudson, M. R; Yaghi, O. M. J. Am. Chem. Soc. 2014, 136,
4369—4381. (b) Nijem, N.; Canepa, P.; Kaipa, U.; Tan, K.; Roodenko,
K; Tekarli, S.; Halbert, J.; Oswald, I. W. H.; Arvapally, R. K; Yang, C,;
Thonhauser, T.; Omary, M. A;; Chabal, Y. J. J. Am. Chem. Soc. 2013,
135, 12615—12626.

(11) (a) Ma, D. Y,; Ly, K; Qin, L,; Guo, H. F,; Peng, X. Y,; Liu, J. Q.
Inorg. Chim. Acta 2013, 396, 84—91. (b) Ma, D. Y,; Li, X;; Wu, X. G,;
Chen, X. Q; Xu, Z. R;; Liy, F. D.; Huang, D. F,; Guo, H. F. ]. Mol.
Struct. 2015, 1083, 421—428.

(12) Reinsch, H;; Van der Veen, M. A, Gil, B.; Marszalek, B.;
Verbiest, T.; De Vos, D.; Stock, N. Chem. Mater. 2013, 25, 17—26.

(13) (a) Liu, H; Zhao, Y.; Zhang, Z.; Nijem, N.; Chabal, Y. J.; Peng,
X.; Zeng, H; Li, ]J. Chem.—Asian ]. 2013, 8, 778—785. (b) Liu, H;
Zhao, Y.; Zhang, Z.; Nijem, N.; Chabal, Y. J.; Zeng, H,; Li, J. Adv.
Funct. Mater. 2011, 21, 4754—4762.

(14) (a) Bruker. APEXII Software, version 6.3.1; Bruker AXS Inc.:
Madison, WI, 2004. (b) Sheldrick, G. M. Acta Crystallogr, Sect. A
2008, 64, 112—122.

(15) Spek, A. L. PLATON, A Multipurpose Crystallographic Tool;
Utrecht University: Utrecht, The Netherlands, 2005.

(16) Babarao, R.; Jiang, J. J. Phys. Chem. C 2009, 113, 18287—18291.

(17) Perdew, J. P.; Wang, Y. Phys. Rev. B 1992, 45, 13244—13249.

(18) Horcajada, P.; Serre, C.; Maurin, G.; Ramsahye, N. A; Balas, F.;
Vallet-Regi, M.; Sebban, M.; Taulelle, F.; Ferey, G. J. Am. Chem. Soc.
2008, 130, 6774—6780.

(19) Yang, Q;; Zhong, C. J. Phys. Chem. B 2005, 24, 11862—11864.

(20) (a) Frenkel, D.; Smit, B. Understanding Molecular Simulation:
From Algorithms to Applications; Academic Press: San Diego, CA, 2002.
(b) Yang, Q; Zhong, C.; Chen, J. J. Phys. Chem. C 2008, 112, 1562—
1569.

(21) (a) Evans, O. R;; Lin, W. Chem. Mater. 2001, 13, 2705—2712.
(b) Li, G; Li, Z; Hou, H.; Meng, X; Fan, Y.; Chen, W. J. Mol. Struct.
2004, 694, 179—183.

(22) Blatov V. A,; Shevcenko, A. P. TOPOS Version 4.0 Professional
(Beta Evaluation). Available at http://www.topos.ssu.samara.ru.

DOI: 10.1021/acs.inorgchem.5b00335
Inorg. Chem. 2015, 54, 6719-6726


http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.inorgchem.5b00335
http://pubs.acs.org/doi/abs/10.1021/acs.inorgchem.5b00335
mailto:guohaifu@zqu.edu.cn
mailto:liub@cup.edu.cn
mailto:jianqiangliu2010@126.com
http://www.topos.ssu.samara.ru
http://dx.doi.org/10.1021/acs.inorgchem.5b00335

Inorganic Chemistry

(23) Chen, B; Liang, C; Yang, J.; Contreras, D. S.; Clancy, Y. L;
Lobkovsky, E. B.; Yaghi, O. M,; Dai, S. Angew. Chem., Int. Ed. 2006, 43,
1390—1393.

(24) Burtch, N. C; Jasuja, H.; Walton, K. S. Chem. Rev. 2014, 114,
10575—10612.

(25) Vallet-Regi, M.; Balas, F.; Arcos, D. Angew. Chem., Int. Ed. 2007,
46, 7548—7558.

(26) Horcajada, P.; Chalati, T.; Serre, C.; Gillet, B.; Sebrie, C.; Baati,
T.; Eubank, J. F.; Heurtaux, D.; Clayette, P.; Kreuz, C.; Chang, J. S;
Hwang, Y. K;; Marsaud, W.; Bories, P. N.; Cynober, L.; Gil, S.; Ferey,
G.; Couvreur, P.; Gref, R. Nat. Mater. 2010, 9, 172—178.

(27) Chalati, T.; Horcajada, P.; Couvreur, P.; Serre, C.; Yahia, M. B;
Maurin, G.; Gref, R. Nanomedicine 2011, 6, 1683—1695.

(28) (a) Kuppler, R. J.; Timmons, D. J.; Fang, Q. R; Li, J. R.; Makal,
T. A; Young, M. D,; Yuan, D.; Zhao, D.; Zhuang, W.; Zhou, H. C.
Coord. Chem. Rev. 2009, 253, 3042—3066. (b) Li, J. R; Ma, Y. G;
McCarthy, M. C; Sculley, J.; Yu, J. M.; Jeong, H. K; Balbuena, P. B;
Zhou, H. C. Coord. Chem. Rev. 2011, 255, 1791—1823.

(29) (a) Duren, T.; Sarkisov, L.; Yaghi, O. M,; Snurr, R. Q. Langmuir
2004, 20, 2683—2689. (b) Torrisi, A.; Bell, R. G.; Mellot-Draznieks, C.
Microporous Mesoporous Mater. 2013, 168, 225—238.

(30) (a) Valenzano, L.; Civalleri, B.; Chavan, S.; Palomino, G. T.;
Arean, C. O,; Bordiga, S. J. Phys. Chem. C 2010, 114, 11185—11191.
(b) Dietzell, P. D. C.; Johnsen, R. E.; Fjellvag, H.; Bordiga, S.; Groppo,
E.; Chavan, S.; Blom, R. Chem. Commun. 2008, 44, 5125—5127.

(31) Torrisi, A; Bell, R. G.; Mellot-draznieks, C. Cryst. Growth Des.
2010, 10, 2839—2841.

(32) (a) Huang, H; Zhang, W.; Liu, D; Liu, B.; Chen, G.; Zhong, C.
Chem. Eng. Sci. 2011, 66, 6297—6305. (b) Wu, D.; Wang, C.; Liu, B;
Liu, D; Yang, Q; Zhong, C. AICKE J. 2012, 58, 2078—2084.

(33) Bourrelly, S.; Llewellyn, P. L.; Serre, C.; Millange, F.; Ferey, G. J.
Am. Chem. Soc. 2005, 127, 13519—13521.

(34) Torrisi, A.; Mellot-Draznieks, C.; Bell, R. G. J. Chem. Phys. 2009,
130, 194703.

(35) (a) Wy, H. H,; Reali, R. S.; Smith, D. A;; Trachtenberg, M. C,;
Li, J. Chem.—Eur. J. 2010, 16, 13951—13954. (b) Zhang, J.; Wu, H;
Emge, T. J; Li, J. Chem. Commun. 2010, 46, 9152—9154.

6726

DOI: 10.1021/acs.inorgchem.5b00335
Inorg. Chem. 2015, 54, 6719-6726


http://dx.doi.org/10.1021/acs.inorgchem.5b00335

