320 J. Am. Chem. S0d.999,121, 320-325

Sterically Controlled Architectural Reversion in Hydrogen-Bonded
Crystalline Clathrates

Cara C. Evans, Lisa Sukarto, and Michael D. Ward*

Contribution from the Department of Chemical Engineering and Materials Scienceetdity of
Minnesota, 421 Washingtonv@. S.E., Minneapolis, Minnesota 55455

Receied August 31, 1998

Abstract: Guanidinium cations and azobenzene-4ji$ulfonate ABDS) dianions form a host lattice with a
bilayer architecture in the presence of 1,4-dibromobenzene (DBB), 1,4-divinylbenzene (DVB), 1-nitronaphthalene
(NN), and nitrobenzene (NB) guest molecules. The guests occupy one-dimensional pores in bilayer galleries
created byABDS dianions, which behave as “pillars” that connect opposing hydrogen-bonded guanidinium-
sulfonate GS) sheets. This contrasts with our previous observation of a high porosity “brick” framework that
crystallized with these guests when the pillar was biphenykdislilfonate BPDS). The reversion to the
bilayer framework upon changing #BDS can be attributed to the increased length of this pillar. Whereas

the four guests are too large to fit in the pores of an ideal bilayer framework constructeBRDS they can

be accommodated in bilayer galleries of increased height provided by the 8B pillars. The control of
framework architecture in this manner demonstrates that the solid-state structure of these materials can be
rationally manipulated by systematic, stepwise adjustments to the size of the host components and of the
guests. The ability to tune the pore volume of these frameworks so that different guests can be included, while
retaining the essential structural features of@&hosts, provides a versatile route to the synthesis of functional
clathrates.

Introduction these efforts, systematic control of solid-state architecture
remains difficult, owing to facile polymorphismand the
structural sensitivity of clathrate frameworks to even minor
changes in the molecular componefits.

We recently demonstrated that control of three-dimensional
(3-D) solid-state structure in molecular crystals can be simplified
by the use of structurally persistent two-dimensional (2-D)
networks that serve as supramolecular building bléc&pecif-
ically, numerous crystalline materials with lamellar solid-state

Prediction of the solid-state structure of molecular crystals
is commonly frustrated by the complexity and lack of direc-
tionality of intermolecular force5This is particularly true of
porous molecular frameworks and related clathfateghich,
in the absence of suitable guest molecules occupying framework
voids, tend to collapse to more dense structures. Nevertheless
efforts aimed toward the synthesis of new clathrates are
expanding, Ia}rgely due to the potential applications Tor catalysis, 5rchitectures were generated from hydrogen-bonded sheets
optoelectronics, magnetics, and chemical separations. consisting of topologically and chemically complementary

The assembly of clathrate host frameworks frequently relies guanidinium (G) cations and a variety of organomonosulfonate
on noncovalent recognition of topologically and chemically (S) anions (Scheme 1). The organic residues of $hns
complimentary functional groups on the molecular components. projected from the surface of ti&S sheet, thereby introducing
For example, open networks have been constructed usingfunctionality to these layered materials. TB& sheets exhibited
strategies based on coordination of polyvalent ligands to metal an unprecedented resilience because of their ability to adjust to
center8>e4or intermolecular hydrogen bondifg*> Despite  the steric demands of different organic residues by (i) accordian-
like puckering, defined by the anghg, about an axis traversing
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interdigitated layers in which the organic residues alternate to Shar bilayes
opposite sides of a giveBS sheet. These properties illustrated e T T
the benefits of crystal engineering approaches basdigxible I . . .
2-D networks that can tolerate differently sized ancillary groups.
Our laboratory has exploited the unique properties ofage a + 5 R ————
network to synthesize a series of crystalline clathrates with host i [ W (S

frameworks based o ions and organdisulfonates. These *. .+ .*"

materials also exhibit lamellar ordering but with the organo-

disulfonate ions connecting opposigS sheets to generate - O .
“pillared” galleries between the sheéthe galleries contain Cruss-induced

(1-D) pores that can be occupied by a rather diverse variety of & ot Ricice

guest molecules. The size and shape of the pores can be tailore: -_— . . .
directly by judicious choice of the molecular pillar (e.g., 1,2-

ethane-, 1,4-butane-, 2,6-naphthyl-, or hiphenyldisulfonate). @ @
Notably, the 2-D GS network does not allow multifold M -
interpenetration and the associated loss of framework porosity,

a problem commonly encountered in crystalline clathrates and = ™= @ — ’ @
porous molecular frameworR&-14 The ability to retain the GS

motif while modifying the host framework through introduction T

of different pillars provides a facile and versatile route to tunable @ @
inclusion environments.

The guanidinium organodisulfonate host can conceivably e —
assemble into two different architectures that are best describec Filhe Sndund
as “bilayer” and continuous “brick” frameworks (Figure 1), the S b £
latter having nominally twice the pore volume as the bilayer
form. Both isomers have been observed for host lattices based
on the 4,4biphenyldisulfonate EPDS) pillar. The bilayer
architecture, having the formulaGj,(BPDS)-(guest), was
observed for a rather diverse variety of aromatic gu¥sts. = mm + + § B
However, 1,4-dibromobenzene (DBB), 1,4-divinylbenzene (DVB),
1-nitronaphthalene (NN), and nitrobenzene (NB) guests pro-
moted the formation of the brick framewotkThe preference
for the more open brick framework by DBB, DVB, and NN
was attributed primarily to the increased steric demands of these

Tall Lilayer

i
N NN B

Figure 1. Schematic representations of a short bilayer (top), short brick

(9) (@) Russell, V. A;; Evans, C. C,; Li, W.; Ward, M. Sciencel997, (center), and tall bilayer (bottom) assembled from guanidinium ions
%&iig&{%gwm J. A; Russell, V. A.; Ward, M. DAdv. Mater. (green), organodisulfonates (yellow for $Ogroups, black and red
(1b) Ermer. 0.J. Am. Chem S0d.988 110, 3747-3754 for short and tall organic residues, respectively), and guests (red or
(11) Simarfj, M.: Su. D.; Wuest, J. O. Am. Chem. Sod991 113 blue). Large guests'that are incgpable of fitting in th_e short pilayer can
4696-4698. template the formation of the brick architecture, which nominally has
(12) Copp, S. B.; Subramanian, S.; Zaworotko, M1.JAm. Chem. Soc. twice the void space as the bilayer and can pucker to create pockets
1992 114 8719872.0. ) . ) o that can hold the larger guests. For clarity, this puckering is not
Sof:lSEZﬁqundy(’:Erhr?ﬁm%rgélég'l?Dé?(—:I?%ge’ A. D.; Desiraju, G.JRChem. ilustrated. The tall pillar increases the pore size of the bilayer
(1’4) Batten. S. R.: Hoskins, B. F.. Robson,JRAm. Chem. S0d.995 architecture so that the larger guests can be accommodated.

117, 5385-5386. : :
(13) Swift. J. A Reynolds, A. M.: Ward, M. DChem. Matet.in press. molecular guests compared to those of guests included in the

(16) Swift, J. A; Pivovar, A. M.; Reynolds, A. MJ. Am. Chem. Soc. bilayer framework. In the case of NB, the selectivity was
1998 120, 5887-5894. attributed to the ability of the larger voids to accommodate
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Table 1. Crystallographic Data for (GJABDS)-Guest Clathrates

guest 1,4-dibromobenzene 1,4-divinylbenzene nitroberizene 1-nitronaphthalerfe
empirical formula GQH24BI’2N30552 Cz4H3oNgOeSz Con25N907SQf C24H27N90352f
formula weight (g/mol) 696.41 590.68
crystal habit plate rod plate powder
dimensions (mr) 0.25x 0.13x 0.025 0.38x 0.08 x 0.06 0.34x 0.22x 0.08 B
space group P1 P1 P1 P1
a(h) 6.1845(1) 6.1603(1) 7.1781(3) 6.062
b (A) 7.2317(2) 7.2903(2) 7.3188(4) 7.075
c(A) 15.5039(2) 15.9207(1) 16.7531 (7) 15.629
o (deg) 94.232(1) 95.679(1) 89.185(2) 93.31
S (deg) 99.868(1) 95.058(1) 89.696(2) 91.79
y (deg) 90.512(1) 96.741(1) 62.094(1) 86.48
volume (A3) 681.12(2) 702.97(2) 777.70(6) 667.64
VA 1 1 1
calculated density (g/ctn 1.698 1.395
F(000) 350 310 240
absorption coeff. (mm') 3.180 0.243 0.204
6 range for data collection (deg) 1.325.07 1.29-25.02 1.22-24.98
reflections collected 4984 4409 2660
independent reflections 2366 2429 2660
reflections withl >2a(1) 1870 2115 1973
GOR 1.091 1.054 1.122
R 0.0643 0.0400 0.0673
Ry¢ 0.1593 0.0989 0.2000
aGOF= [W(Fo2 - FCZ)Z]. bR— [IFql = |Fc|| c R,= y(w(':o2 B Fcz)z) 12 W= q .

(n—p™ > IF > WFSY) o*(F,") + (aP)” + bP

d Single crystal X-ray diffraction data allowed refinement of only the host framewo(Gp{ABDS)-NB. The NB guest molecules could
not be refined satisfactorily>. The quality of (G),(ABDS)-NN crystals was poor, prohibiting single-crystal X-ray diffraction. The data
provided were obtained by powder diffractidiempirical formula based ofH NMR data.

sterically demanding double-decker stacks of NB molecules. @commodate these guests, indicating that the selectivity toward
The brick framework displayed the adaptive nature that is a these ar_chltectures dependslonabmblnedsterlc requirements
signature of these materials, with the GS sheet puckering soOf the pillars and guests. This unprecedented ability to control

that the host lattice can conform to the contour of the guests solid-state structure in su_ch a predictable manner is a direct
and achieve efficient hosguest packing. consquence of crystal engineering through use of the robust 2-D

. . . GS network.
The observation of framework isomerism prompted us to

examine Whethe_r increasing the pore size t_hrough the use of 3results and Discussion

slightly longer pillar would promote reversion to the bilayer

framework by creating more pore volume for the aforementioned  Salmon-colored plates of th&],(ABDS)-(guest) clathrates

guest molecules. We report herein that the bilayer-to-brick were grown by slow evaporation of methanol solutions contain-

change in architecture observed f@)§(BPDS) with DBB, ing the appropriate guest and dissolv€j{ABDS), which had

DVB, NN, andNB can bereversedby employing azobenzene- been prepared in a prior step by metathesis of the acid form of

4,4-disulfonate ABDS) as a pillar. The “taller’ABDS pillar ABDS and guandinium carbonate. Crystals suitable for single-

expands the gallery height so that the bilayer framework can crystal X-ray diffraction were obtained foG(),(ABDS)-DBB,
(G)2(ABDS)-DVB, and G)2(ABDS)-NB, whereas®),(ABDS)-

o NN formed a microcrystalline powder that could only be
o 0. A9 analyzed by powder diffraction (Table 1). Unlike th&PDS
..,9>370 L analogues, all four clathrates form the bilayer architecture
(Figure 1). Although single-crystal data was not available for
@ (G)2(ABDS)-NN, the existence of the bilayer architecture was
10.6 A 124A Ny, verified from powder X-ray diffraction datd. Heating of the
clathrates resulted in guest loss at temperatures exceeding 160
\ @ °C (see Experimental Section). Powder X-ray diffraction data
o d of the guest-free G),(ABDS) crystallized from methanol
0'¢ So RPN indicated poor crystallinity, suggesting that the bilayer frame-
° 0/ 0 work could not be maintained in its original form in the absence
BPDS ABDS of guests.

The single-crystal data reveal that thBDS pillars connect
opposing GS sheets, creating nonpolar galleries with one-

Br 7 NO, NO,
dimensional pores flanked by the pillars. These pores are
@@ occupied by fully ordered rows of guest molecules that are
Br =
NN N

commensurate with the host lattice (Figure 2 and 3). Gi&e

(17) The bilayer isomer can be distinguished from its brick counterpart
DBB DVB B by the relative intensities and positions of thg deflections.
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Figure 2. (G)(BPDS)-DBB brick (left), (G)(ABDS)-DBB bilayer (center), and@).(ABDS)-DVB bilayer (right) frameworks as viewed along

the one-dimensional channels in the galleries betwee@fsheets (top) and normal to the channels (bottom). The representatiGi(BPDS)-

DBB is adapted from ref 5; the guests are depicted as ovals for clarity. The normal views depict the channel walls flank8#®bBiieABDS

pillars. For clarity, only two guest molecules are depicted to illustrate the packing of the guests along the channel. Puckering of @g-brick (
(BPDS) framework results in pockets with heights similar to the bilayer heights in @gABDS) framework. The 5.6 A height of the pore
aperture in G)2(BPDS)-DBB, as measured between guanidinium nitrogen atoms of opp@$gheets, is depicted by the short arrrow. The 10.2

A height of the puckered pocket, as measured between the closest sulfonate oxygen atoms of Gfehiegts, is depicted by the long arrow.

The bilayer pores of®),(ABDS)-DBB and G).(ABDS)-DVB have nominally uniform heights of 9.0 and 9.6 A, respectively, as measured between
the mean planes of guanidinium ions in oppos§ sheets. The angles used as a measure of pillar and guest-tilt are indicated. The structure of
(G)2(BPDYS)-DBB is described in detail in ref 16.

with 86% 1,4-DVB included. Similar behavior was previously
observed for theG),(BPDS) brick clathrateé

The pore structure in these materials also resembles that
observed in theG),(BPDS) bilayer clathrates. However, pore
heights are necessarily greater @)§(ABDS) bilayers than in
(G)2(BPDS) bilayers because of the 1.8 A height difference
between the two pillars (the height differences can be deduced
from the projected intramolecular sulfusulfur distances of 10.6
and 11.4 A forBPDS and ABDS, respectively). The phenyl
rings in eachABDS pillar of (G)2(ABDS)-DBB, (G)2(ABDS)-
DVB, and G)2(ABDS)-NB are coplanar. However, the azo
moiety twists slightly out of the phenyl planes, the dihedral

(b) angles ranging from-16°. This degree of twist is comparable
Figure 3. Space-filling representation of the gallery region of @):£ to that observed in solittans-azobenzen&: The (G)2(ABDS)
(ABDS)-DBB and (b) G)(ABDS)-DVB, illustrating the herringbone  host frameworks, neglecting guests, exhibit packing fractions
packing of the aromatic rings of the guests aB&DS pillars. near 0.5. If the guests are considered, the packing fractions

Guanidinium ions and sulfonate oxygen atoms in the top layer have exceed 0.7, typical of densely packed organic crystals. Deter-
been removed so that the packing of the guests and pillars can bemination of theABDS geometry and packing fraction iGj,-
observed. The Br atoms of tH#BB guests are darkened for clarity. (ABDS)-NN was precluded by the absence of single-crystal
) diffraction data.
sheets in G)2(ABDS)-DBB and G),(ABDS)-DVB adopt the An obvious feature of theQ@)2(ABDS) clathrates is the
shifted-ribbon motf, as previously observed fpr the.blla)@)z( .. absence of puckering, which is sterically prohibited for the
(BPDS) clathrate§.'l'_he-_ occurrence of the s_hlfte_d-rlbbon motif bilayer architecture. Consequently, bilayer heights are fairly
must reflect an o_ptlmlzed hosgu_est packing in t_he gall_ery uniform among these clathrates, differing only slightly because
region that outweighs the energetic penalty associated with Iossof minor tilting of the pillars. Two angles, both subtending the
of one hydrogen bond compared to the quasihexagonal motif. long axis of the pillar and the normal to %S sheet, are needed
In contrast, G)A(ABDS)-NB displays the quasihexagonal motif. completely describe the pillar tilt. One anglé is measured
Interestingly, the G)(ABDS) host lattice exhibits a pro-  \hen the structure is viewed perpendicular to the (1-D) pore
nounced selectivity for 1,4-DVB. Crystallization from methanol (4 ) and the other when viewed along the poyg)( The tilting
solutions containing a commercial mixture of isomers (23%1,4- of the pillars is accompanied by slight movement of the;SO
DVB, 57% 1,3-DVB, 17% 1,3-ethylvinylbenzene, and 17% 1,4-
ethylvinylbenzene) produced crystallin@)p(ABDS) material (18) Brown, C. J. Acta Crystallogi966 21, 146-152.
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Table 2. Structural Features fG).(ABDS)-Guest Clathrates

guest 1,4-dibromobenzene 1,4-divinylbenzene nitrobenzene
PF (without gues®) 0.54 0.52 0.47
PF (with gues® 0.73 0.73
ABDS tilt, view normal to pore ¢,, deg} 18 15 5
ABDS tilt, view parallel to pore ¢,,deg¥ 15 12 1
guest tilt, view normal to porep, degp 33 24
guest tilt, view parallel to porey(y,degy 15 16
ABDS dihedral twist angle (def) 6 1 3
pore direction a a a
pore width (A 7.2 7.3 7.3
estimated pore height 9.0 9.6 10.7

a PF = packing fraction, calculated by Connolly surfaces using C&ruslecular modeling software (version 1.6). A comparison of arbitrarily
chosen examples from the Cambridge Structural Database revealed that the PF values calculated witar€esisematically lower, by an
average of 1.2%, than the Ck values reported by others [see Kitaigorodskiividldcular Crystals and Moleculegcademic Press: New York,
1973 and Gavezzotti, ANow. J. Chim.1982 6, 443]." Tilt defined by the angle between the long axis of kDS or guest molecule and the
normal to theGS mean plane, as viewed normal to the pore direction (see Figufe ) defined by the angle between the long axis of ABDS
or guest molecule and the normal to & mean plane, as viewed parallel to pore direction (see Figuréhedral angle between the azo
moiety and the coplanar phenyl ringore widths are calculated from the center-to-center distance be@®eibbons, neglecting van der
Waals radii." Bilayer pore heights are calculated from the separation between the mean planes of ofpasisg accounting for the van der
Waals radii of the guanidinium carbon atoms.

Scheme 2 The actual pocket heights in the brick frameworks can be
deduced from the distance between two sulfonate oxygen atoms
on opposite sides of the pocket, based on the van der Waals
radii of these atomsr{gw = 1.5 A)2° The bilayer pore heights
can be calculated from the separation between the mean planes
of opposingGS sheets, adjusted to account for the van der Waals
radii of the guanidinium carbon atoms,dy = 1.7 A). These
atoms were chosen in their respective frameworks because they
represent the closest contacts between the guest molecules and
the host.
puckered BPDS brick The pocket heights calculated in this manner for 6Gg{
(BPDS)-DBB and G)2(BPDS)-1.5 DVB brick clathrates are

moieties out of th&sS plane. Apparently, the energetic penalty 10.2 an_d 11.0 A, respectively. The smaller po_cl_<et height in the
resulting from less optimum hydrogen bonding is compensated former is a consequence of the more severe tilting oBRBS

by host-guest packing forces in the gallery region. The tilt of Pillars and greater puckeringg pgs = 63°; Oirpve = 130°).

the guest molecules can be described by a convention similarT"ese characteristics can be attributed to BR(@PDS) host

to that of the pillars, using angles between the 1,4 axis of the conforming to the shape of the smalBBB guest in order to
guest and the normal to the GS sheet. As expected, in eachOPlimize host-guest interactions. In each case, the pocket
case the guest-tilt when viewed along the parg) s essentially  heights exceed the maximum pore height of 7.8 A that can be
identical toy,. However, the guest-tilt viewed perpendicular 2achieved by an ideald)>(BPDS) bilayer framework:®

to the pore ¢,) differs from ¢,. This can be attributed to the In contrast, the expansion of the bilayer @)¢(ABDS) that

combination of achieving commensurism and optimizing guest results from the longeABDS pillar creates pore heights of 9.0

guest interactions in the pores. and 9.6 A for ()(ABDS):DBB and (G)(ABDS)-DVB,
The brick-to-bilayer reversion upon changing fr@RDSto respectively (Table 25 In each case the pore heightceeds

ABDS can be explained by a comparison of the pores in the that of the ideal €),(BPDS) bilayer, and the large guests can
(G)2(ABDS) bilayer framework, the)»(BPDS) brick frame- be accommodated in the bllaye@)(z(ABD_S) framework_. In
work, and an “ideal” G)(BPDS) bilayer framework in which ~ the case of §),(ABDS)-NB the pore height of the bilayer
the pillars are oriented perpendicular to B8 sheet. Whereas ~ framework is even larger (10.7 A). The absence of a brick
the bilayer frameworks are not puckered, B8 sheets in the ~ ramework with double-decker stacks MB guests, such as
(G)2(BPDS) brick frameworks are puckered to create corrugated, that observed for theBPDS analogue, suggests that this
(1-D) pores. The pores are defined by small apertures separating¥'chitécture would not result in efficient hegjuest packing
larger “pockets” in which the molecule is included. The height Within the larger pores that would be created byAlRDS pillar.

of these pockets is larger than that which can be achieved inAlthough theNB guest moecules ind),(ABDS)-NB could not

the ideal bilayer framework Thus, the puckering produces pore P& adequately refined, molecular models indicate that they can
heights that can accommodate the protrusion of guest substit-orient vertically in the bilayer pores. Such an orientation may
uents that would be obstructed by the unpucked&sheets in ~ facilitate weak hydrogen bonding between the nitro group of
the corresponding bilayer framework (Scheme 2). Although the guest and the guanidinium protons of the host, thereby
puckering results in energetically less favorable bertN-+S stabl_llzmg the. bilayer framework and maklng a brick-like
hydrogen bonds, this is compensated by improved-hgsest architecture with stacked guests less energetically preferable.
packing as the pockets conform to the contour of the guest™ (20)Bondi, A.J. Phys. Chem1964 68, 441—451.

molecules. (21) The 0.5 A difference between the pore heights for the two bilayers
reflects a small difference in minor tilting of th&BDS pillars that is
(19) The maximum pore height for the idedb)e(BPDS) bilayer is accompanied by slight movement of the sulfonate moiety out of the mean

defined by the distance between two opposif§ sheets in which the G GS plane. The tilt angles of the ABDS pillars, viewed normal to the pore
ions and S oxygen atoms are coplanar, using the van der Waals radii of thedirection and measured from the normal to @8 sheet, are 18 and 15 for
guanidinium carbon atoms. (G)2(ABDS)-DBB and G)2(ABDS)-DVB, respectively.
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The formation of the bilayer framework also obviates the 12H). Elemental analysis (MHW Laboratories, Phoenix, AZ) Calcd for
extensive puckering of th&S sheet that occurs in the brick  CiaH20NsO0eS: C, 36.51; H, 4.38; N, 24.33; S, 13.92%. Found: C,

architecture, thereby avoiding the formation of benti--S 34.67; H, 4.56; N, 23.51; S, 13.24%. mp248-250°C.
hydrogen bonds. Crystal Growth of (G) 2(ABDS)-DBB. Equimolar amounts ofG),-

(ABDS) (100 mg, 0.22 mmol) and 1,4-dibromobenzene (51.2 mg, 0.22
mmol) were dissolved in 10 mL of boiling methanol. The solution was
allowed to cool, resulting in the formation of salmon-colored crystals
Our previous observations of architectural isomerism, in thatwere retrieved by filtration. The stoichiometry of the clathrate was
which large guests incapable of fitting in tr@)e(BPDS) bilayer confirmed by'H NMR (Varian 300 MHz, DMSOdg) 6 7.89 (dd, 4H,
framework templated the formation of a predictable brick J= 1.2, 8.7 Hz), 7.81 (dd, 4H] = 0.9, 8.1 Hz), 7.55 (m, 4H), 6.94
framework with high porosity, established that the solid-state (S 12H). Guest loss was first observed at 261 mp = 263-286°C.
architecture of these clathrates could be rationally manipulated _ C'Ystal Growth of (G) (ABDS)-DVB. (G)(ABDS) (100 mg, 0.22
by judici hoice of the guest molecules. The results describedmm0|) and 1,4-divinylbenzene (1 mL, 0.91 mmol; Aldrich, 80%,
y judicious ¢ g

h id d ial el f | . -~ “mixture of isomers) were dissolved in 10 mL of boiling methanol. The
ere provide a second crucial element for crystal engineering 4 ion was allowed to cool, resulting in the formation of salmon-

of these systems. For a given guest, this change of architecturé,g|ored crystals that were retrieved by filtration. Gas chromatography
can be reversed by substituting longer molecular pillars that revealed that the starting material consisted of 23% 1,4-divinylbenzene,
increase the pore size of the bilayer. This demonstrates that it57% 1,3-divinylbenzene, 17% 1,3-ethylvinylbenzene, and 17% 1,4-
is the combinedsteric requirements of the pillars and guests ethylvinylbenzene. Analysis of the guest included @®){ABDS)

that govern which framework is adopted and argues that the afforded concentrations of 86, 8, 0, and 6%, respectively, for these
host architecture of these materials can be rationally manipulatedmaterials, indicating significant selectivity for 1,4-DVB. Consequently,
by systematic, stepwise changes in the size of the host and guestpe crystal structure was refined assuming a 100% occupancy of the

Conclusion

components. Additionally, these results illustrate that crysta
engineering is simplified when structurally robust supra-

molecular elements are employed. In this case, the reliability

| 1,4 isomer of DVB. ThéH NMR spectrum of solutions prepared by

dissolving harvested crystals confirmed that 1,4-DVB was the pre-
dominant guest with trace amounts of 1,3-DVB and 1,4-ethylvinyl-
benzene:d 7.89 (dd, 4HJ = 2.1, 6.6 Hz), 7.82 (dd, 4H] = 2.1, 6.9

of the GS sheets reduces design to the last remaining dimensionyy;) 7 46 (s, 4H), 6.94 (s, 12H), 6.74 (m, 2H), 5.85 (dd, 2Hs 0.9,
so that structure prediction and control are feasible. The ability 17.7 Hz), 5.27 (dd, 2H] = 1.6, 9.4 Hz). Guest loss was first observed

to tune the void volume of these frameworks to adjust to the
steric demands of different guests while retaining the lamellar
ordering provides extraordinary versatility that can substantially

at 160°C; mp = 224—-230°C.
Crystal Growth of (G) 2(ABDS)-NB. (G)2(ABDS) (100 mg, 0.22
mmol) and nitrobenzene (1 mL, 1.2 mmol; Aldrich, 99%) were

advance the design and synthesis of novel functional materials.dissolved in 10 mL of boiling methanol. The solution was allowed to

Experimental Section

Materials and Methods. Reagents purchased from commercial
sources were used as obtained without further purfication. The
compositions of the clathrates were verified'byNMR, using samples
dissolved in DMSQds. The temperatures at which appreciable amounts
of guest were first lost from the clathrates and melting points were
determined by differential scanning calorimetry (Perkin-Elmer Pyris
1).

X-ray Diffraction. Powder diffraction data were collected with a
Siemens D-500 or D-5005 diffractometer with a Cu souice (1.542
A). Single crystals at 173(2) K were examined via hemisphere collection
on a Siemens SMART Platform CCD diffractometer. A graphite
monochromator was used with MoaKradiation ¢ = 0.71073 A).
Direct methods (SHELXTL-V5.0, Siemens Industrial Automation, Inc.)
were employed to solve the structures, which were refined using full-

cool, resulting in the formation of salmon-colored crystals that were
retrieved by filtration. The stoichiometry of the clathrate was confirmed
by *H NMR 6 8.25 (m, 2H), 8.075 (dd, 1H} = 1.5, 8.4 Hz), 7.90 (m,
4H), 7.82 (m, 4H), 7.72 (m, 2H), 6.95 (s, 12H). Guest loss was first
observed at 198C; mp = 242-277 °C. The single-crystal X-ray
diffraction data for G),(ABDS)-NB were not adequate for refinement

of the guest molecules, owing to poor crystal quality. @ guest
molecules were disordered, presumably as a consequence of partial loss
of the guests from the host. PLATON/SQUEEZ#fwvas used to remove
the effects of this disorder from the data so that the structure of the
host could be refined satisfactorily. Some atoms exhibit large anisotropic
displacement parameters.

Crystal Growth of (G) 2(ABDS)-NN. Equimolar amounts ofG),-
(ABDS) (100 mg, 0.22 mmol) and 1-nitronaphthalene (38 mg, 0.22
mmol; Aldrich, 99%) were dissolved in 10 mL of boiling methanol.
The solution was allowed to cool, resulting in the formation of a
microcrystalline powder that was retrieved by filtration. The stoichi-

matrix least-squares/difference Fourier techniques. All non-hydrogen ometry of the clathrate was confirmed By NMR: ¢ 8.36 (m, 3 H),
atoms were refined with anisotropic displacement parameters, while 8.19 (dd, 1H,J = 0.9, 8.4 Hz), 7.89 (dd, 4H] = 1.5, 8.1 Hz), 7.80

all hydrogen atoms were placed in idealized positions and refined as (m, 7H), 6.94 (s, 12H). Guest loss occurred above ZDmp= 222—
riding atoms with the relative isotropic displacement parameters. The 233°C.

Siemens Area Detector ABSorption program (SADABS) was used for
absorption correctionZ.

Synthesis of Guanidinium Azobenzene-4;4isulfonate. The
sodium salt of azobenzene-4disulfonic acid was prepared from
sulfanilic acid (Aldrich, 99%) by diazonium couplif§.The sodium
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