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ABSTRACT

Zeolitic-imidazole framework ZIF-8 has attractecerrendous interests for the high-
resolution kinetic separation of propylene/propamgture due to its effective aperture size in
between the sizes of propylene and propane mokeclilés of great interest to fine-tune the
effective aperture size of ZIF-8 either to impratgepropylene/propane separation performances
or to extend its use to the separation of othemgatures. It has been shown that substituting Zn
with other metal nodes (e.g. Co) is a potential me@a fine-tune the effective aperture size of
ZIF-8. Here, we attempt to introduce another metalter, Cd, into ZIF-8 in a facile and scalable
manner. Phase-pure Cd-ZIF-8 was successfully sgizid in methanol using a conventional
solvothermal method, although it showed a narromtt®sis window. The presence of an organic
base (triethylamine, TEA) was found critical notyofor the facile synthesis of phase-pure Cd-
ZIF-8 but also for the suppression of its phasesf@mation. A battery of characterizations
including single-crystal X-ray structure solutioosnfirmed that the effective aperture size of
Cd-ZIF-8 is the largest among its iso-structures-ZAF-8 and Co-ZIF-8). Finally, for the first
time, mixed-metal CdZn-ZIF-8 crystals with varioU8d/Zn ratios were solvothermally
synthesized, demonstrating a further opportunitywéoying the effective aperture sizes of ZIF-8

and its iso-structures.

Keywords: Zeolitic-imidazolate frameworks, cadmium-imidazeldrameworks, mixed metal

MOFs, molecular sieves, gas separation.



1. Introduction

Zeolitic-imidazolate frameworks (ZIFs) [1-10], abslass of metal-organic frameworks
(MOFs), are an emerging class of nanoporous méedamprised of metal nodes and
imidazole-derivatives as linkers [1]. Among manyZ| ZIF-8 [1], constituted of zinc and 2-
methylimidazole (hereafter mim) forming sodaliteD{3) topology, has been most extensively
studied since it possesses robust synthesis pitstdhermal/chemical stability, and well-defined
micro-porosity. These unique features of ZIF-8 hgreatly facilitated its applications in various
fields, including gas separation [11-19], gasager[20, 21], catalysis [22, 23], and others [24].
Of particular interest is its use in gas separa#ipplications [25, 26]. For example, ZIF-8 has
been found extremely effective for the kinetic seian of propylene from propane [13, 27-31].

Substituting zinc nodes in ZIF-8 with other metalddas (i.e., M-ZIF-8), while keeping the
SOD structure, is of great interest not only frofuadamental scientific perspective but also
from a practical engineering perspective. For eXampartial or complete substitutions of Zn
centres in ZIF-8 with catalytically active metablnctransform the catalytically inactive ZIF-8 to
a catalytically active one [32, 33]. Furthermong poecisely controlling the metal substitution in
ZIF-8, one can potentially fine-tune the effectigperture sizes of ZIF-8 [34], which has
significant implications for gas separation appiimas. ZIF-8 was partially substituted with €u
and showed excellent catalytic activity in cycladdidn reactions, while further doping led to a
complete collapse of ZIF-8 structure [32]. ZIF-8tjmly doped with Nf* was synthesized by a
mechanochemical method and showed potentials tmhal sensing and photocatalysis [33].
Kitagawa and his co-workers recently reported bbtg-ZIF-8 [35] and Mn-ZIF-8 [36].
However, the synthesis of both ZIF-8 iso-structureguires delicate conditions (e.g., under

Argon) and expensive custom-made reactants (Mgtd MnBH, compounds), attesting to the
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challenging nature of metal substitution in ZIFT&is challenge stems primarily from the fact
that ZIF-8 structure requires a nondistorted teddaal M-N, coordination geometry [36]. More
importantly, fully-substituted Mg-ZIF-8 and Mn-ZI&-were found not stable in ambient
conditions, making them less attractive for pradtapplications.

On the other hand, fully-substituted Co-ZIF-8 (femhy known as ZIF-67) [1, 7] and Cd-
ZIF-8 (formerly known as CdIF-1) [8] are more sw@lthereby more interesting from a practical
engineering perspective. The synthesis protoc@®ZIF-8 is as robust as ZIF-8. Consequently,
one can obtain Co-ZIF-8 with various microstructuircluding particles with their sizes ranging
from tens of nanometers to several hundred micrersets well as supported films, thereby
finding its use in various applications includiregalysis [37, 38] and gas separations [34, 39]. In
contrast, there have been no synthesis protocotstesl for the synthesis of Cd-ZIF-8 other than
the original single-crystal recipe by Tian et &@].[Moreover, the original Cd-ZIF-8 single-
crystal synthesis recipe seems not readily apdectdy practical applications: large single Cd-
ZIF-8 crystals with impurities and the use of ndndl as solvents. N-butanol is less compatible
for the synthesis of mixed-metal ZIF-8 with Cd c¢estsince the synthesis protocols of ZIF-8
and Co-ZIF-8 are mostly based on methanol or wadesolvents [40, 41].

Here we report a facile synthesis protocol for phasre Cd-ZIF-8 crystals in methanol.
Systematic investigations led to synthesis condiitifor high-quality Cd-ZIF-8 powder samples.
It was revealed that Cd-ZIF-8 has a relative narsgwthesis window and could undergo phase
transformations into other phases relatively eadiFA was found essential not only for the
facile synthesis of Cd-ZIF-8 but also for the diabtion of Cd-ZIF-8, preventing phase
transformation. With various characterizationsyés found that our Cd-ZIF-8 samples possess

thermal stabilities and porosities comparable $oniore well-known iso-structures, Zn-ZIF-8



and Co-ZIF-8. Single-crystal structures and FTsffectra confirmed that Cd-ZIF-8 possesses
larger effective apertures than Zn-ZIF-8. In aduditi mixed-metal CdZn-ZIF-8 samples with
various Cd/Zn ratios were solvothermally synthesjzehowing that Cd substitution can
potentially fine-tune the effective aperture siz&b--8. It should be noted here that Panda et al.
[42] synthesized the first mixed-metal CdzZn-ZIF-8 ball milling but no detailed structural

analysis was provided.

2. Experimental

2.1.Chemicals

Cadmium nitrate tetrahydrate (purum p.a., 99+%, m@ighldrich), cadmium acetate
dihydrate (purum p.a., 98+%, Sigma-Aldrich), ziritrate hexahydrate (98%, Sigma-Aldrich),
cobalt nitrate hexahydrate (98%, Sigma-Aldrich)d aobalt chloride (purum p.a. anhydrous,
98+%, Sigma-Aldrich) were used as metal sourcamethylimidazole (99%, Sigma-Aldrich)
and triethylamine (TEA, 99% reagent grade, Fishger8ific) were used as an organic ligand
and as a deprotonating agent, respectively. MetH&@S, absolute, low acetone, 99.8+%, Alfa
Aesar) was used for ZIF-8, Co-ZIF-8, and Cd-ZIFeBvder synthesis. N-butanol (98+%, Fisher
Scientific) and dimethylformamide (DMF, 98+%, Fist&cientific) were used for the synthesis
of Cd- and Co-ZIF-8 single crystals, respectivélil.these chemicals were used without further

purifications.

2.2.9ynthesis of Cd-ZIF-8

The molar ratio of Cd:mIm:TEA:methanol in the sye’ls precursor solution was 1:x:y:500

where x and y varied from 2 to 8. Reaction times @mperatures were varied from 6 hours to 7



days and from 66C to 110°C, respectively. In a typical synthesis, 0.761 gadmium nitrate
hexahydrate was dissolved in 19.76 g of methandeustirring to prepare the metal solution. 2
g of TEA and 1.622 g mim were dissolved into 1997&f methanol for the ligand solution. The
metal solution was then poured into the ligand tsmtuunder stirring and continually stirred for
1 h. The molar ratio of the resulting precursor tonig was Cd:mIim:TEA:methanol = 1:8:8:500.
The mixed solution was then transferred into adreflned autoclave. The autoclave was placed
in a convection oven at 61 for 48 h. After the reaction was done, powder wakected,

washed with fresh methanol, and dried under vacaturoom temperature.

2.3.9ynthesis of Zn-ZIF-8 and Co-ZIF-8

Zn-ZIF-8 powder was synthesized following the recipported by Zhang et al.[43] In short,
0.588 g of zinc nitrate hexahydrate was dissolvedd ml of methanol. 0.324 g of mim and
0.538 g of sodium formate were dissolved in 40 fninethanol. The two solutions were mixed
and reacted at 9C for 24 h. The sample was washed twice with fr@githanol and dried in
vacuum. Co-ZIF-8 powder was synthesized following@pe modified from the one by Tang et
al.[44] 0.519 g of cobalt chloride was dissolved 40 ml of methanol while 0.6 g of
polyvinylpyrrolidone (PVP) and 2.63 g of mim weresgblved into another 40 ml of methanol
under stirring. These two solutions were mixed tmedmixture was then kept at 180 for 12 h.

The sample was then washed with fresh methanoétamc dried in vacuum.

2.4.5ynthesis of mixed-metal CdzZn-ZIF-8

Mixed-metal CdZn-ZIF-8 samples were synthesizedetbasn the Cd-ZIF-8 synthesis
protocol described above with slight modificatioifie molar ratio of Cd/Zn in the synthesis

solution was varied from 9 to 1. After mixing thestal solution containing both zinc salt and
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cadmium salt with the ligand solution, the solutwas continued stirring for 1 min and then
transferred into a Teflon-line autoclave. The rieactvas conducted at 61C for 6 h. Gel-like
products were collected after centrifuging with 80@m for 20 min, followed by extensive

washing in methanol.

2.5.9ngle crystal synthesis of Zn-ZIF-8, Co-ZIF-8, and Cd-ZIF-8

Zn-ZIF-8 and Co-ZIF-8 single crystals were synthediaccording to the recipe reported by
Kwon et al.[39] For Zn-ZIF-8 single crystals, 1.74f zinc nitrate hexahydrate was dissolved
in 20 ml of methanol while 0.973 g of 2-methylimidée and 0.404 g of sodium formate were
dissolved in another 20 ml of methanol. These twlitns were mixed and the resulting
mixture was poured into a 45-ml autoclave contgranglass slide and placed in a convection
oven at 90°C for 6 h. For Co-ZIF-8 single crystals, 1.05 ¢cobalt nitrate hexahydrate and 0.27
g of 2-methylimidazole were dissolved in 108 midahethylformamide (DMF) with 6 drops of
1M HNOs. The two solutions were mixed and the resultingtone was placed in a convection
oven at 130C for 72 h. For Cd-ZIF-8 single crystals, the rapdrrecipe by Tian et al.[8] was
slightly modified. 0.267 g of cadmium acetate ditatd was dissolved in 20 ml of n-butanol and
0.410 g of 2-methylimidazole was dissolved in 15 ehin-butanol. The latter solution was
poured into the former solution. The mixture wasipuan autoclave, which was then placed in a

convection oven at 1T for 24 h.

2.6.Sngle-crystal X-ray structures

Diffraction data were collected for these threestals using synchrotron X-ray. Their
temperatures were maintained at 100(1) K by a fadwcold nitrogen gas. Preliminary cell

constants and an orientation matrix were determinath 72 sets of frames collected at scan
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intervals of 8 with an exposure time of 1 s per frame. The bssate file was prepared using the
HKL3000 program.[45] The reflections were succe$sfindexed by the automated indexing
routine of the DENZO program [45]. The diffractidata were harvested by collecting 72 sets of
frames with 8 scans with an exposure time of 1 s per frame. @héghly redundant data sets
were corrected for Lorentz and polarization effeatsd a very small correction for crystal decay
was applied. The space grol48m was determined by the XPREP program [46]. Fullsixat
least-squares refinement (SHELXL2014) [47] was domeF? using all data for the three

crystals.

2.7.Characterizations

Powder X-ray diffraction (PXRD) patterns were cotedl from Rigaku Miniflex 1l powder
X-ray diffractometer with Cu-i radiation § = 1.5406 A). Field emission scanning electron
micrographs were acquired from a JEOL JSM-7500kesy®perated at an acceleration voltage
of 2 keV and a working distance of 15 mm. &isorption measurements were conducted using a
Micrometrics ASAP 2010 system at 77K. FT-IR wer#demted using a Nicolet 100 FTIR system
and potassium bromide was used to form sample mairfihermal gravimetric analysis (TGA)
was conducted using a Shimadzu TGA-50 system itetimperate range from room temperature
to 600 °C with a ramp rate of 5 °C/min under nigogenvironment. Elemental analysis was
performed on an energy dispersive X-ray fluoreseepectrometer (Shimadzu EDX-7000) with
a measured range 6fNa to U, a 3-mm collimator with a silicon drift detect(8DD). Each
sample was analysed under air with the non-desteuquantitative approach. The quantitation
method was carried out with an NAVI ® software. TRa X-ray tube was operated at an

excitation voltage and current of 50 kV and 100Q pe&pectively. A spectrum collection time of



1000 s was used per sample. Optical micrographs ta&en using an optical microscope (Zeiss

Axio Imager A1m).

3. Results and discussion

Fig. 1 shows the PXRD patterns and SEM images ofZIEeB crystals with various
TEA/Ligand (hereafter, TEA/L) ratios synthesized6@t°C for 6 h. The PXRD patterns of Cd-
ZIF-8 match well with the simulated one, indicatihhg powder samples are phase-pure Cd-ZIF-
8. The presence of TEA as a deprotonator in théhegis solution was found essential (unlike
Zn-ZIF-8) to synthesize highly crystalline Cd-ZIFpdwders in methanol (i.e., no precipitates
without TEA). It should be mentioned that when wat@s used as a solvent, only hydroxides of
cadmium were formed regardless of the TEA/L ratmbjch further illustrates the delicate
conditions required for Cd-ZIF-8 synthesis. It i®rthy of mentioning here that despite our
repeated attempts, it was not possible to syntaqgsiase-pure Cd-ZIF-8 crystals without any
impurities following the recipe by Tian et al. [@ee Fig. S1).

The use of an organic base to promote the syntloéd4OFs, in particular ZIFs, has been
well studied. For example, Gross et al. [40] regarhat Zn-ZIF-8 and Co-ZIF-8 crystals could
be synthesized even at room temperature in watdrerpresence of TEA, while Schejn et al.
[48, 49] reported the synthesis of ZIF-8 crystalsnethanol with TEA. It is noted that even with
an excess amount of mim (mlIm to metal molar ratiasohigh as 96 in methanol), there were no
precipitates formed without TEA. Furthermore, otiempts to use sodium formate (pKa = 7.0 -
8.5), an inorganic deprotonator, failed to prodGceZIF-8 crystals. These observations suggest

that TEA plays a key role in the formation of Cd=A3 crystals.
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Fig. 1 Cd-ZIF-8 powder samples with different TEA ratiaféer reactions at 68C for 6 h: (a)
PXRD patterns and SEM images of Cd-ZIF-8 samplék thie TEA/L of (b) 1, (c) 0.5 and (d)
0.25.

The critical role of TEA likely results from thelagively weak acidity (strong basicity for
TEA) of its conjugate acid (pKa = 10.75). Grossakt[40] showed that the desired values of
TEA/L ratios were 1 and 0.5 in water and in metharespectively. In our case, no crystal was
formed with the TEA/L ratio less than 0.25 in metbl Unlike Zrf* ions almost always forming

tetrahedral coordination, €dions can form octahedral coordination as wellhia presence of
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water [50]. Cd" ions, however, need to be tetrahedrally coordihdtiesirably undistorted) to
form Cd-ZIF-8 structure. To reduce the coordinatrmmmber of C8' ions to form Cd-ZIF-8
structure, a reconfiguration of the surroundingvent molecules is required, resulting in an
energy barrier [51]. This possibly explains why #thesis window for Cd-ZIF-8 is much
narrower than those for Zn- and Co-ZIF-8, requiriagstronger base to promote the
deprotonation of ligands.

Figs. 1b-d show the morphologies of Cd-ZIF-8 crgspaepared with various TEA/L ratios.
As can be seen in the SEM images, high TEA/L rgto8.5) appear to promote the formation of
crystals with a relatively wider size distributiamcluding micron-sized Cd-ZIF-8 crystals. On
the contrary, with the TEA/L of 0.25, crystals aetatively uniform in size of less than 500 nm
and no micron-sized crystals can be detected. Tdgerity of the individual Cd-ZIF-8 crystals
are nano-sized, looking somewhat different fromdspZIF-8 crystals of similar size. As can be
seen in the inset of Fig. 1d, individual crystad®m to be inter-grown to each other, forming
agglomerates of similar size. Li et al. [52] obszhthat many of nano-sized Zn-ZIF-8 and Co-
ZIF-8 formed agglomerates when synthesized in thegmce of TEA. They attributed this to the
high nucleation rates resulting from the preseric@EA, thereby leading to the formation of

small crystals.

(a)

Intensity (a.u.)
[
o
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A

5 0 15 20 25 30
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Fig. 2 (a) PXRD patterns for Cd-ZIF-8 with different réaa times and (b) SEM image of
powder sample with a reaction time of 2 days. Tames prepared with the molar ratio of
Cd:mIim:TEA:MeOH = 1:8:8:500 at 61C

Encouraged by the successful synthesis of phase{@d+ZIF-8 within its narrow synthesis
window, the time-dependent formation of Cd-ZIF-8swsudied by varying the synthesis time
from 6 h to 7 days. Fig. 2a shows the PXRD pattefthe resulting samples. Cd-ZIF-8 was
found undergoing phase changes, which has not dleserved in Zn- and Co-ZIF-8 synthesis.
As presented in Figs. 2a and S2, the increaseeimeifiction time led to the improvement in the
crystallinity of Cd-ZIF-8 crystals until 2 days. d-i2b shows the SEM image of Cd-ZIF-8
crystals synthesized for 2 days, exhibiting mucprowed morphology as compared to those for
6 h. Further characterizations were carried ouhWit-ZIF-8 crystals synthesized for 2 days.
When the reaction time was extended to 4 days, henvéhere was an unknown phase formed
along with Cd-ZIF-8. Furthermore, the crystallini;éd morphology of the Cd-ZIF-8 phase
synthesized for 4 days were found greatly compredthiss shown in Figs. 2a and S2b. Upon 7
days of reaction, an unidentified crystalline impuphase (hereafter, UIP-1) was observed. This
phase change upon elongated reaction time strauggests that Cd-ZIF-8 is not as stable as

Zn-ZIF-8 and Co-ZIF-8.

90°C (UIP-2)
3 /{
8 75°C
3 ——//‘ ~MJL_,MJLJLMWMM_M«_/\_‘7,JV\A\
‘B \‘
c H
21/ \ 60°C
£ L/ _Ju IS T S
,\ Cd-ZIF-8 Simulated
5 10 15~ 20 25 30

2 Theta (degree)



Fig. 3PXRD patterns of Cd-ZIF powder samples synthesaatifferent reaction temperatures.

To further explore in the synthesis window, thectiem was conducted from 6C to 130°C
for 2 days with the Cd:mIm:TEA:MeOH of 1:8:8:500.héh the reaction temperature was
increased to 78C, an unidentified crystalline impurity phase diéfiet from UIP-1 (hereafter,
UIP-2) was formed as shown in Figs. 3 and 5b. Af®0only pure UIP-2 was formed with Cd-
ZIF-8 phase. Phase changes upon elevated reaetiopetature as well as upon elongated
reaction time strongly indicate that Cd-ZIF-8 ist tiee most thermodynamically stable phase
under the current investigated reaction environs)etfiereby relatively easily transforming to
two unknown phases (UIP-1 and UIP-2).

The effect of TEA on the stabilization of Cd-ZIF-8.e., resistance to the phase
transformation) was determined by extending theth®gis time (i.e., 2 days) with various
TEA/L ratios. As shown in Fig. 4a, with the TEA/atro of 0.25, CdIF-3 phase [8] was formed,
while with the TEA/L ratio of 0.5, Cd-ZIF-8 formealong with CdIF-3 (see Fig. 4b). When the
amount of TEA was further increased (TEA/L = 1)wawer, phase-pure Cd-ZIF-8 crystals were
obtained. This strongly suggests that TEA not gmtymotes the formation of Cd-ZIF-8 but also
stabilizes Cd-ZIF-8 (i.e., prohibiting Cd-ZIF-8 frotransforming into CdIF-3).

As described above, Cd-ZIF-8 appears to readilyetgw phase transformations into three
different phases depending on conditions as suraewin Fig. 5. Careful control over reaction

conditions is required to obtain phase-pure Cd-Zfystals even in the presence of TEA.
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Fig. 4 Cd-ZIF-8 powder samples synthesized with varioB#/L ratios at 6°C for 2 days: (a)
PXRD patterns and (b) SEM image of the sample WHEA/L = 0.5. Large crystals in rhombic

prism shapes are CdIF-3. Inset image shows Cd-Alfygals
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Fig. 5 SEM images of (a) CdIF-3, (b) UIP-2, and (c) UlIRidd the phase transformation
conditions of Cd-ZIF-8 into these three differehtipes.

Figs. 6 and S3 present the Notherms of Cd-ZIF-8 in comparison with thoseZotZIF-8
and Co-ZIF-8 in semi-log and linear scales, respelgt The isotherms of Zn-ZIF-8 and Co-
ZIF-8 exhibit a typical two-step adsorption resuitifrom the flexibility of the ligands [43, 53].
On the contrary, the isotherm of Cd-ZIF-8 is distively different in two ways: 1) only single
sharp step around R/P 0.00001 and 2) subsequent gradual increasesuoiriibn without no
obvious plateau (i.e., no saturation). This indisahat the flexibility of linkers in Cd-ZIF-8 has
less effect on the Nadsorption as compared to its iso-structures aredaéively large external
surface for Cd-ZIF-8 is present possibly due touhgue morphology of Cd-ZIF-8. As shown in
Table 1, Cd-ZIF-8 has much larger external surtgea as compared to Zn-ZIF-8 and Co-ZIF-8.
It is noted that the Langmuir surface area of CB-&Iis slightly lower than that reported by Tian
et al. [8] (1985 m#/g vs. 2400 m?/g). The use oRATIE aqueous synthesis often leads to ZIF-8
powders with the BET surface area of ~ 1,000gn{40, 49] significantly less than that of ZIF-8
(~ 1,500 mM/g) [1] prepared in the absence of TEA. This sligitrease in the surface area might

—r

be attributed to stetts testnting mom TEA.” *
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Fig. 6 Nitrogen isotherms (adsorption branches) of Zn-&IFCo0-ZIF-8 and Cd-ZIF-8 at 77 K.
Note that the isotherms are presented in a sensdatg.

The gas diffusion properties of isostructural ZIBt#uctures with different metal centers
(i.e., ZIF-8, Co-ZIF-8, and CozZn-ZIF-8) were foundlependent on both their
crystallographically-defined aperture sizes anddtiféness of the corresponding metal-nitrogen
(hereafter, M-N) bonds [34, 39]. M-N distances andtal-mim-metal (hereafter, M-mim-M)
bond angles are important factors for determiningstallographically-defined aperture sizes.
The structure of Cd-ZIF-8 was compared with thosBmeZIF-8 and Co-ZIF-8. Since structures
solved at different temperatures might lead toediéhces in bond distances and angles, the single
crystal structures of all three ZIF-8 iso-structuveere determined under the same conditions at
100 K (see Tables S1-S3 and Fig. S4). Table 2 coedphe M-mIm-M bond angles, the M-N
bond lengths, and unit cell parameters of three&Z#tuctures at 100 K (see Fig. S5). While Co-
ZIF-8 and Zn-ZIF-8 shares similar bond angles, bdisiances, and unit cell parameters, Cd-
ZIF-8 shows longer M-N bond length, smaller M-mim-&hgle, and larger cell parameter,
thereby exhibiting the largest crystallographicaibfined aperture size of ~ 3.6 A [54].

In addition to the crystallographically-defined dpee size, the effective aperture size is
determined by the stiffness of the M-N bonds [19], By affecting the flopping motion of the
linkers. For example, if the M-N bonds are moradiighe flopping motion of the linker is more
restricted, thereby resulting in smaller effectaperture. Fig. 7 shows the FT-IR spectra of Zn-
ZIF-8, Co-ZIF-8, and Cd-ZIF-8. As compared to thgn, thevco.n Shows a clear blue shift as
reported by Kwon et al., [39] while theqy.n exhibits a red shift. They attributed the blueftsioi

the fact that the Co-N bond is mechanically moggdrithan the Zn-N bond, leading to the
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smaller effective aperture in Co-ZIF-8 [39]. Sinija the red shift can be caused by the fact that
the Cd-N bond is mechanically less rigid than timeNZbond in Zn-ZIF-8. In combination with
the fact that the crystallographically-defined apex size of Cd-ZIF-8 is ~ 3.6 A, the fact that
the Cd-N bond is stiffer than the Zn-N and Co-N d®rstrongly suggests that its effective
aperture is likely much larger than Zn-ZIF-8. ltreasonable to expect Cd-ZIF-8 with its larger
effective aperture than ZIF-8 useful for separat@dnmolecules bulkier than propylene and

propane.

Table 1 Surface areas and pore volumes of Cd-, Zn- andIE3.

BET surface Langmuir Pore volume External surface
area m2/g surface area m3/g cm’/g area m2/g
Cd-ZIF-8 1746 + 11 1985 + 2 0.5913 218
Zn-ZIF-8 1434 + 4 1941 + 4 0.6791 28
Co-ZIF-8 1616 + 32 1861 +2 0.6390 46

Table 2 Topologies, M-N bond distances and unit cell patams of Cd-, Zn- and Co-ZIF-8,

solved from single crystal analysis at 100 K.

Bond angle
M-N distance/A Cell parameter/A
M-(mIm)-M /degree

Cd-ZIF-8 138.502 2.182(4) 17.902(2)
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Zn-ZIF-8 143.714 1.980(2) 16.985(2)

Co-ZIF-8 144.542 1.994(3) 17.003(2)
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Fig. 7 FT-IR spectra and enlarged spectra (right) of €d-,and Co-ZIF-8.

Fig. 8 shows the TGA curves obtained underfdt activated Zn-ZIF-8, Co-ZIF-8, and Cd-
ZIF-8. It appears that Zn-ZIF-8 and Cd-ZIF-8 arerthally most and least stable, respectively,
indicating that the Zn-N and Cd-N bonds are likéty be the strongest and the weakest,
respectively.

Finally, ZIF-8 with mixed metal centres (Zn and ®@éyeafter CdZn-ZIF-8) was synthesized
to demonstrate the possibility of tuning the effectperture size of Zn-ZIF-8 by systematically
incorporating Cd centers. As the Cd/Zn ratio insesa there were systematic left-shifts in the
PXRD peaks (see Fig. 9a) and systematic red-shiftse M-N stretching bands (see Fig. 9b).
Given the fact that the {110} peaks of Cd-ZIF-8 afwtZIF-8 are noticeably separated (by ~
0.48 degree in 2 theta angles) in combination withpresence of single {110} peaks in CdZn-
ZIF-8 samples, it is likely that Cd centres wereoirporated into the ZIF-8 frameworks, rather
than a simple physical mixture of two structurehétv Cd-ZIF-8 and Zn-ZIF-8 were physically
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mixed, the mixture exhibited two distinctive {11(jeaks (see Fig. S6). Judging from the
intensity of the PXRD patterns, our CdZn-ZIF-8 s&spare not as crystalline as single-metal

ZIF-8. Further synthetic optimization is necesdarimprove the crystallinity of CdZn-ZIF-8.
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Fig. 9 (a) PXRD patterns and (b) FTIR spectra of CdzZn-&Iwith various Cd/Zn ratios in
comparison with Cd-ZIF-8 and Zn-ZIF-8. Cd and Zpresents Cd-ZIF-8 and Zn-ZIF-8 while
Cd.Zn, 4 represents ZIF-8 with x fraction of Cd and (1-vgction of Zn in the synthesis solution.
Finally, Table S4 presents the amount of cadmiuih Zinc metal nodes in CdZn-ZIF-8
determined by elemental analysis. The Zn conten@dizn-ZIF-8 samples are much higher than
those in the synthesis solution. This preferentielusion of zinc ions is possibly attributed to

their smaller size as compared to cadmium ions [50]

3. Conclusion

Phase-pure Cd-ZIF-8 was successfully synthesizedgumethanol as a solvent. The
synthesis window for Cd-ZIF-8 was found much naeo¥han Zn- and Co-ZIF-8, indicating the
meta-stable nature of Cd-ZIF-8 easily undergoingsghtransformation into either CdIF-3 or
unknown crystalline phases. The presence of TEA feaad critical not only for the facile
synthesis of phase pure Cd-ZIF-8 but also for thproved resistance of Cd-ZIF-8 to phase
transformations. Single crystal structure analgsiswed that Cd-ZIF-8 possessed a larger unit
cell with the longer M-N bonds compared to both Zmd Co-ZIF-8, thereby the largest
crystallographically-defined aperture (~ 3.6 A)rtRermore, the Cd-N vibration was red-shifted
relative to both Zn-N and Co-N vibrations, suggegtihe Cd-N bond is the stiffest. The largest
crystallographically-defined aperture in combinatiof the stiffest Cd-N bond in Cd-ZIF-8
strongly indicate that the effective aperture sze&Cd-ZIF-8 is likely to be the largest among
three ZIF-8 phases. Finally, the first mixed m&dFn-ZIF-8 crystals with various Cd/Zn ratios
were solvothermally synthesized and shown to ekkystematic down-shifts in the XRD peaks
as well as systematic red-shifts in the M-N vilmasi. While the systematic down-shift in the

XRD peaks correlate with the systematic increas¢hen unit cell dimension, the systematic
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down-shift in the M-N vibration has to do with tegstematic control in the stiffness of the M-N
bonds. This ability to systematically control bdtie unit cell dimension and the M-N bond
stiffness by varying the framework Cd/Zn ratio webyrovide an important means to fine-tune

the effective aperture sizes of ZIF-8 iso-structure
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. A facile synthesis of phase-pure Cd-ZIF-8 is developed
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