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Porous materials resembling zeolites that are composed of organic and inorganic building units were synthesized
and characterized. Control of pore and channel size was achieved by using different-sized cations. The metal-
assembled, anionic cage molecule, Co,1,%~, with a hydrophobic cavity and four carboxylate rich arms, was used
as a structural unit for the formation of materials with pores and channels. When assembled into a solid material
with dications (Mg?*, Ca?*, Sr**, and Ba?*), Co41,%~ arranges into sheets of cages linked together by cations. The
series of materials based on Co,1,®~ and containing alkaline earth cations was characterized using X-ray
crystallography. The magnesium material packs with cages close together, has small channels, and has cation—
carboxylate linkages in three dimensions. The calcium material has cages packed with voids between them and
has 5 x 10 A channels and 10 x 21 A pores. The strontium and barium materials also pack with voids between
the cages and similarly to each other. They have 11 x 13 A and 11 x 11 A channels and 10 x 27 A and 9 x 27
A pores, respectively. Each of these materials has many (20-50) solvent water molecules associated with each
cage. The associated water can be removed from and adsorbed by the materials. The heat of water binding has
been measured to be —52 kJ/mol (MgsCo41,); —47 kJ/mol (CasCo,l,); —48 kd/mol (SrsCo4ls); —49 kd/mol (Bas-
C0412).

Introduction can be used to change the size, shape, and polarity of the

Porous silica- and alumina-based materials are of greatP'eS and channels. _ o
past and current interest because of their use in catalysis and ¥2rious ligands with organic spacers between coordinating
separations. A relatively new class of porous materials which atoms when *?0“”0' _to meta_l lons can be used to produce:\
contain organic and inorganic components is likely to have POrous materials. Simple bidentate ligands can be used,
similar properties. These metadrganic materials have pores howeyer, most simple ligands that_mvoke little directional
and channels similar to zeolites; however, they are assemblecpc’nd'ngsg’ften promote the formation of metal-assembled
with organic compounds and often have organic substituentsPClYmers: Metal coordination polymers are of interest but
lining the pores and channels. They thus have unique in most cases are not porous. It is beneficial when the ligand
properties and are being investigated for chemical separation"VOkes some degree of bonding directionality, which forces
properties, catalytic activity, and the ability to store small e Metal ions to coordinate at certain angles and in certain
molecules: One very important aspect of this new field is Places. Nitrogen-containing ligands, such as pyridine and
the development of ways to control the size and shape Ofnitrile, have been used successfully to form porous matétials.
the pores and channels and the polarity of the surrounding!n addition to nitrogen-containing ligands are oxygen-

groups? Both the organic substituents and the metal ions SOntaining ligands, principally those with carboxylate grotips.
The development of new porous materials and materials with
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elaborate ligand$The use of more elaborate organic-based Scheme 1
building units is just beginning to be explored.

The metal ion also plays a critical role in the assembly of
the porous material. Its coordination number, ligand prefer-
ence, and preferred coordination geometry are all important
to what type of material forms. A wide range of metal ions
has been used including group | ions, lanthanides, and
transition metal4:® For these metals to be used successfully,
they must be matched with the correct ligand.

During our research on metal-assembled cage complexes,
we have found that, in the presence of the right cation, cages
pack into materials that are poroti©nce we discovered
that the cages can act as building blocks to make materials
with pores and channels, we sought to change pore and
channel size and shape. Herein, we report on how pore and
channel size and shape can be changed by using different
group |l cations to assemble the cages. The group Il cations
Mg?t, Ca&*, SP*, and B&", with their different sizes and
coordination number preferences, induce cages to pack in
different ways. As a result, channels and pores of varying
sizes are created. Because these materials have both organic
and inorganic components, the resulting pores are surrounded
by both polar and nonpolar groups. Water molecules, which
can be removed by heating and adsorbed back again by
cooling, occupy the pores. The heat of water adsorption for
the four group Il materials has been measured and falls within
the range typical of that for zeolitic materials.

Results and Discussion

1. CoCly/H,0
2. K,CO4/pH 6

to an aqueous solution of protonated iminodicarboxylate
The synthesis of the materials starts with the formation resorcinarend and the pH is raised to above 5 to promote
of cobalt-assembled cages. To form the cages, £ls@tded  cobalt coordination (Scheme 1). After the cages have been
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appropriate group Il and cage mixtures. For the magnesium
material, crystal growth takes weeks, while for the calcium,
strontium, and barium materials, single crystals are deposited
within days. The cage complex @g®~ has two resorcinarene
molecules brought together by four €oions in such a
manner that a pocket is formed between them. The cobalt
centers are six coordinate and ligated by both resorcinarenes,
via two amine nitrogens and four carboxylate oxygens. The
centers are also dianionic and coplanar and lie atvéith
respect to each other (Scheme 1). The oxygen atoms from
the carboxylate groups point away from the cages in four
directions, providing coordination centers for group Il metal
cations.

Mg2K 4Co41, Structure. The Mg material is structurally
very different from the Ca, Sr, and Ba materials. Thelgo
cages are brought together by magnesium ions in all three
dimensions. In one plane, six cages come together with their
carboxylate groups bonding to magnesiums and their methyl
groups pointing at the methyl groups of other cages (Figure
1). This arrangement of cages leaves very little empty space
between cages. The magnesium ions in the plane of the cages
are hydrophobic centers, and many waters surround them.
It is likely that potassiums are also located in this region;
however, due to their disorder they cannot be resolved using
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) . .. Figure 2. Structure of the Ca-assembled material. (a, top) A two-
Figure 1. Structure of Mg-assembled material. (a, top) Cage packing in dir?]ensional array of cages is formed by the calcquns brri?iging the

two dimensions. Each subunit is a cage with its carboxylate arms pointing ¢, oyviate arms of the cages. All of the carboxylate groups are in the
in the plane of the paper and in and out of the paper. Six cages come together,

. ) - S . “same plane as the cages. Note the voids created between the cages. (b,
with their carboxylate arms bridged by magnesium ions. (b, bottom) Stacking 0y The stacking of the layers of cages results in channels that run
of layers of cages showing the ABCA packing of the cages and the

connection of cages between layers. (Hydrogens and interstitial waters havebetween the layers and pores that span the space between_ every ot_her layer

been removed for clarity. Color cod.ing' graycarbon, blue= nitrogen of_ cages. The second and _forth I_a_yers of cages are behind the first _and

red = oxygen, dark blué cobalt greeﬁ: magnesiurﬁ ) ’ third layers. (Hydrogens and interstitial waters have been removed for clarity.
’ ’ ' Color coding: gray= carbon, blue= nitrogen, red= oxygen, dark blue=

cobalt, green= calcium.)

X'_ray crys_tallography. Potassium ions are_lncorporat_ed INtO Tapje 1. Comparison of Packing Arrangement, Channel Size, and Pore
this material as seen by elemental analysis, but not into thesize for the Group Il Materials

other materials, even though all of the materials are  compound packify  channelsize (8  pore size (A)
synthesized in the presence of. pgtassmm. We_ do n.ot MaaKCorls ABCA ormall ma
understand yet why potassium is incorporated into this caco,1, ABAB 5.4 x 10 10x 20.9
material. SuCaosl, ABCD 11x 13 10x 27.5
The other two carboxylate groups of each cage point above BaCail. ABCD 11x11 9.2x 27

and below the plane of cages. These two groups connect to @ The packing arrangement of cages alongdheis. ® Distance between

magnesiums of another layer of cages. This results in |ayersthe electron clouds of two group Il cations which lie across the void. The
. . 6-coordinate radius for Mg and 8-coordinate radii for G&, S#*, and

of cages being offset from each other and forming an ABCA g2+ were used.

type cage packing arrangement (Figure 1). There is very little

unoccupied space between the layers of cages, and thus, only g gjightly above and below each other. The next layer of
small channels are generated. These channels are lined Wi”&ages could position cages to fill the voids created in the
carboxylate groups and magnesiums and are occupied Withﬁrst layer; however, they do not. Instead, the cages are

water molecules. The overall packing in the magnesium " U
material is much more condensed than in the other threepOSItlo.ned abovg the. carboxylate groups and calcpm 1ons.
materials, which can be attributed to the magnesium ions’ The third layer lies directly over the first layer creating an

: ABAB cage packing arrangement. This type of cage packing

smaller size and preference for a lower coordination number. § A wi 7\
CauCoyl, Structure. Each cage with its four carboxylate  'eSults in pores that have 13 A widths and 21 A lengths

arms binds to four calciums, which bond to other cages. The (Table 1). The widths span between two cages, and the length
calciums connect two cages together and in so doing create'uns from the calciums of every other layer of cages. The
a two-dimensional array of cages (Figure 2). Voids are channels that connect the pores lie between the layers and
formed between neighboring cages, and water moleculesrun parallel to each other in one direction only. In the other
bound to calciums surround them. The cages alternate abovelirection, the cages form a wall without channels. Methyl
and below each other with their carboxylate arms at the sideand carboxylate groups line the channels, and water mol-
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Ba,Co,1, Structure. Similar to the other group Il cations
in the magnesium, calcium, and strontium materials, barium
cations bind to carboxylates of two cages and link the cages
together. As is also observed in the calcium and strontium
materials, voids are created between the cages when they
are assembled by barium cations. The bariums and cages lie
in the same plane, and the layers of cages pack in an ABCD
arrangement, as they do in the strontium material (Figure
3). The pores in the material@® A wide by 27 A long and
are similar in size to the strontium material’'s pores. The
channels are likewise similar to the strontium material’'s and
are 11x 11 A. However, the pores and channels are slightly
smaller than they are in 041, due in part to the increased
radii of barium cations compared to strontium cations. As
in the strontium material, the channels run perpendicular to
each other between the layers of cages. The channels and
pores are lined with methyl and carboxylate groups.

Water Adsorption. As is seen in the crystal structures of
each of these materials, they contain many water molecules,
from 20 to 50 per eaciM ,Co,1, molecule. These waters
can be removed and readsorbed by the materials. Simply
blowing air over the materials removes some of the waters,
while heating removes the remainder. When a small sample
of material, 23 mg, is placed on a thermogravimetric
balance, and the material is heated while nitrogen is blowing

Figure 3. Structure of the Sr-assembled material. (a, tog) &ms bond over it, the material steadily losses water until 120.
befW;;neﬁzifgr?;?/zf; af@gig;tgfecggeifezngemgge r:hti gi%esetsog(%fhggtitgfg )@ooling the material and blowing water vapor over it results
EI\'Arl1c()a Iallyers of cages p)z;-cktogether, creating channels that r?m berpéndiculalm _the material ganing Welght and wat_er bemg adsorbed.
to each other and between the layers. Pores linked together by the channeld his process of desorption and adsorption can be repeated
Ispan the; space E:t\évsrﬁﬂdaitﬁénﬁart;f;gsfggrzz 0; ;jgﬁtsh ;hzrtshif((i' agg) lerllf;hNithout a change in the amount of water adsorbed. The
;r%/c?riitgrsiiétiigle?/vaters have been rémoved f’or clarity. Cglor (‘:odixg: gray external appearance Of_ the cryste}ls does not Chan_ge du.e to
= carbon, blue= nitrogen, red= oxygen, dark blue= cobalt, greer= water loss. However, evidence for internal structural integrity
strontium.). was not obtained. The crystals do not give clear X-ray
] o o . powder diffraction patterns before or after sorption, and

ecules res!de yvlthm them. Their width (10 A) is almost single crystals exposed to air do not diffract well.
double their height (5.4 A). The materials lose about 15% of their weight when heated

SrsCo41, Structure. As with the calcium material, the  from 25 to 180°C. The number of water molecules lost per
cations, in this case r, bridge between carboxylate groups  M,Co,1, molecule is as follows: 26, M#,Cosl5; 20, Ca-
from two cages and result in the formation of an array of Co,1,; 34, SkCo1,; 31, BaCal,. This accounts for an
cages (Figure 3). Again, as with the calcium material, the average of 6.5, 5, 8.5, and 8 water molecules per group I
cages of the next layer do not occupy the voids, but position cation for the series from Mg, Ca, Sr, and Ba materials,
themselves over the cation bridges. However, unlike the respectively. The number of water molecules per cation
calcium material, the cages lie in the same plane and theincreases, except for @ao,1,, as the cation size becomes
strontium ions bridge each other side by side. Furthermore, larger, matching to some degree the ability of the cation to
the third layer packs in a new position, as does the fourth coordinate to more water molecules. The number of waters
layer, which creates an ABCD cage packing arrangement. per MyCos1> unit determined thermogravimetrically is, in
The cage packing promoted by strontium results in strontiums most cases, less than the number observed in the crystal
all lying in the same plane and results in pores that have structures because the TGA measurements were conducted
greater length (28 A) than those in the calcium material. The with crystals exposed to air at 2&, whereas the crystals
pore widths of 10 A, however, are very similar to those of used for X-ray analysis where analyzed in the presence of
the calcium material. The channels that connect the poressolvent water.
run perpendicular to each other and between different layers Heat of Adsorption. After observing the materials’ ability
of cages. They are significantly larger, ¥113 A2, than the to adsorb water, we attempted to measure the heat of
channels in the calcium material, and, unlike the channels adsorption of the water so as to measure the strength of water
in the calcium material, they run in two directions. The bonding, facilitating comparison of these materials to zeolites.
channels run between every layer of cages but do so inThe heat of adsorption is found by measuring the amount of
alternating directions. The channels are lined by methyl and water adsorbed at different temperatures and calculating
carboxylate groups and are occupied by water molecules.equilibrium constant8 Plotting InK versus inverse temper-
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ature yields a slope proportional to the heat of adsorption Table 2. Crystal Data and Structure Refinement for MgCas1, and
(AHa.9). We found the heats of adsorption to be as follows: StCol

—52 kJ/mol, MgK4Cosl,; —47 kd/mol, CaCosl,;, —48 kJ/ Mg2K4Cosla StuCul,

. o empirical formula Ga1H104Ng048C04- C112H10MNg048C0s &
mol, SuCosly; —49 kJ/rPoI, .BaCo412. This is over the K iMay 20040 a2 510
temperature range 253 °C with a water vapor pressure of (g mol) 3128.73 3656.26
20 mmHg. At these low temperatures, the materials are ina T(K) 173(2) 293(2)
state that is close to full water occupancy. The magnesium g;y:ésﬁup F;ggmbOhedra' | 433;390”3'
material’s heat of adsorption is slightly greater than the cojor of cryst pink pink
others. However, all of the heats of adsorption are very a(A) 31.683(2) 19.911(2)
similar, which indicates that water is being removed from géﬁ‘)) %'5622(22()11) %32217((%))
similar sites within each material. The heats of adsorption o (deg) 90 00
are also indicative of strong attractive forces between the /3 (deg) 90 90
water molecules and the materials and can be attributed to 7 (49 20 20
the water molecules being hydrogen-bonded to each other gor 1.897 1.063
and bound to the metal ions within the materials. These heats R 0.1365 0.0878

of water adsorption suggest that the strength of water binding “R? 03465 0.3075

in these materials is on the same order as that of the silicasynthesized as previously published. TGA was run on a Seiko DSC/
zeolites!® This is noteworthy, given the large organic TGA workstation SSC5200H. MHW laboratories performed el-
component of these materials. Especially in the case gf Ca emental analyses. ICP was done with a Perkin-Elmer optical
Coyl,, there is a slight decrease in heats of adsorption asemission spectrometer Optima 2000 DV.

temperature increases<B kJ/mol), which may imply that Synthesis of MgK 4Co415-xH:0. The synthesis of Mg,Cos1,
the sites of adsorption are changing with temperature. was done in a manner similar to the synthesis of2gl,-xH:0.

. To Bal (65.8 mg, 0.027 mmol) stirred in 4 mL of water and 1
Conclusion mL of 1 M HCl was added KSO, (34.0 mg, 0.195 mmol), and the

The cobalt-assembled cage compounglg®o can be used  resultant precipitate was removed by decantation. To the remaining
as a building unit to make porous materials. The four solution were added Mggl(66.4 mg, 0.327 mmol) and Cogl
carboxylate-containing arms of ¢l®~ bind to metal ions ~ 6Hz0 (19.6 mg, 0.082 mmol). The solution was brought to pH 6.1
and act as linking units to assemble the cages into arraysVith powdered KCOs. The white precipitate that formed was
The packing of the arrays by group Il cations creates remO\_/ed, and the pink solution was layered with 2-propanol. Upon
materials with channels and pores. The size and dimensions21ding for 3 weeks at ambient temperature, pink crystals of

%\/IgzK4Co412-xH20 formed (30.6 mg, 0.0086 mmol, 64% yield).
of the pores and channels can be controlied by the group Il ICP analysis gave a 2:1:2 ratio of Co:Mg:K. Anal. Calcd for

cation used for assembly. Magnesium creates a tightly packedc, | 1y, . ca,Mg,K NgO,50H,0: C, 36.63; H, 5.56; N, 3.05. Found
material, which has magnesiums linking the cages togetherc, 36.29: H, 4.08: N, 3.16.

in three dimensions. It has only small channels filled with  Synthesis of S§Co41,-xH,0. Compound Bzl (100 mg, 0.0410
water and no pores. Calcium, however, causes the formationmmol) was stirredri 1 M hydrochloric acid (10 mL) until a clear

of channels that run between layers of cages and that leadsolution was obtained. Water (10 mL) and3O, (80 mg, 0.46

to pores. Materials with |arger channels and pores can bemmol) were added, and the white precipitate of barium sulfate that
formed by using strontium or barium in place of calcium. formed was removed by filtration. Co%6H,O (40 mg, 0.168
Also, strontium and barium cause the channels to run in two MMol), SrCk (100 mg, 0.375 mmol), Mg(C4COO), (50 mg, 0.234
directions, unlike the calcium material, which has channels MM} and cyclohexane (0.5 mL) were added, and the resultant
in only one direction of the material. Like calcium and unlike pale orange/pink mixture was stirred vigorously for 20 min.

. . d bari ials that h Potassium carbonate was then added until the solution became pink
magnesium, strontium an_ arlum create materials that ave(approximately pH 5), at which time it was filtered and layered
carboxylate-metal bonds in only one plane.

with 2-propanol. After 6 days, pink prism crystals of;So,1;,:
Removal of the water that resides within the pores can be cgH,,-xH,0 formed (42 mg, 0.011 mmol, 55% yield). Anal. Calcd

achieved by heating the materials. Thirteen to seventeenfor Cy;H04C0sSHNgOagCeH1239H,0: C, 38.27; H, 5.28; N, 3.03.

percent of the materials’ weight is water. The heats of water Found C, 38.31; H, 4.35; N, 3.01.

adsorption are similar for all of the materials46 to —52 X-ray Crystallography for Compounds Mg:K4Cos1 and

kJ/mol) and similar to those of silica-containing zeolites. ~ Sr4Cosl. Crystallographic and structural refinement data are listed
in Table 2. The data for Mgl4Co,1 were collected on a Bruker

Experimental Section SMART CCD diffractometer at-100 °C while the data for Sf
General. All commercial reagents and solvents were used as Co1, were collected using a Bruker P4 diffractometer at ambient
supplied unless noted. BB’ CaCo41,2 and BaCol,” were temperature. Both diffractometers used graphite-monochromated

(9) Do, D. D. Adsorption Analysis: Equilibria and Kineticsmperial Mo Ka radiation ¢ = 0'7107:_3 A). Lattice parameters for t_he
College Press: London, 1998. (b) Drago, R. S.; Webster, C. E.; compounds were calculated using a least-squares procedure involv-
McGilvray, J. M.J. Am. Chem. S0d.998 120, 538. ing carefully centered reflections. The solution and refinement of

(10) A direct comparison of heats of adsorption is difficult because the egch structure was carried out using the SHELXTL PC program
literature values are often reported at intermediate adsorbent occupan- K 4! Partial struct btained using direct thod
cies and ours is measured at high adsorbent occupancy. (a) Breck, p.packages: Fartial structures were obtained using direct methods,
W. Zeolite Molecular Siges Wiley: New York, 1974. (b) Szostak,
R. Molecular Siees Principles of Synthesis and Identificati@nd (11) Sheldrick, G. MSHELXTL PCversion 5.03; Bruker Analytical X-ray
ed.; Thomas Science: New York, 1998. Systems: Madison, WI, 1994.
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and the structures were completed using Fourier methods. The non-at the desired temperature, water vapor was passed over the samples
hydrogen atoms were refined anisotropically, except for oxygens and their weight gain was recorded, after which the samples were
of partial occupancy. The positions of the hydrogen atoms bound heated and dried again. The same sample was used for a given
to carbon atoms in the structure were calculated, and the hydrogenadsorption study. Equilibrium constants,y, were calculated by
atoms were allowed to ride on their neighboring carbon atoms usingK,q = [H,0 on surface]/[surface without@](H.O vapor
during the refinement. Complex §&¥o,1, had disordered strontium  pressure). Generating a van't Hoff plot by plotting theél versus
and cobalt (4:1 ratio) as countercations. The cobalt counterions wereinverse temperature (K) gives a slope that is proportional to the
slightly displaced from the strontium, and the countercations were heat of adsorptiom\H. A straight line was drawn to find the slope,
coordinated to carboxylate oxygens from the resorcinarene as welleven though we realized the curves were not exactly linear and
as to water molecules. In the structures of the complexes there werethat there might be more than one site of water binding. Thus, the
loosely held solvent water molecules outside of the cavity and heats of adsorption are an average value for the water in the
disordered molecules within the cavity. These disordered moleculesmaterials.
were given partial occupancy and resulted in Revalues for . . .
Mg2K.Cos1 being greater than desired. Due to the loss of water by Acknowledgment. We thank Brigham Young University
both compounds, crystals of MgsCos1 were rapidly frozen and ~ for its financial support.
crystals of SyCo,1, were immersed in mother liquor and sealed in
a capillary tube for data collection.

Thermogravimetric Analysis. Samples +5 mg in size were
used for analysis. The samples were heated to°C38nd cooled
to the desired temperature (295 °C) under a nitrogen purge. Once  1C0111350
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for Mg,K4Co41, and SECo4l, (CIF). This material is available free
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