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Crystal engineering of molecular materials is commonly frustrated by the absence of 
reliable structural paradigms that are needed for systematic design of crystal lattices with 
predictable structure and desirable function. This problem can be attributed, at least 
partially, to the absence of robust supramolecular motifs that serve as synthons for the 
assembly of crystal lattices. A novel class of molecular crystals based on two-dimen- 
sional hydrogen (H)-bonded networks comprising guanidinium ions and the sulfonate 
groups of alkane- or arenedisulfonate ions is described. The disulfonate ions act as pillars 
that connect opposing H-bonded sheets and form nanoporous galleries with one- 
dimensional channels. The flexibility of the H-bonded network allows the galleries to 
adapt to changes in the steric requirements of guest molecules that occupy the channels. 
This robustness reduces crystal engineering to the last remaining dimension, enabling 
rational adjustment of the gallery heights by choice of the disulfonate pillar. 

Interest in functional materials based on 
molecular crystals persists, owing to the po- 
tential for manipulating solid-state proper- 
ties by systeinatlc variations of the molecu- 
lar structure and properties of the molecular 
components, a principal goal of crystal en- 
gineer~ng (1) .  Recently, there has been 
growing interest in "nanoporous" molecular 
crystals, which in principle can provide ino- 
lecular-scale voids with controlled slzes. 
shapes, and chemical environments that 
inay be exploited for separations, shape- 
selective catalysis, and optoelectronic appli- 
cations. Although there have been several - 
examples of nanoporous lattices, which typ- 
icallv behave as hosts for molecular guests 

u 

( 2 ) ,  systems amenable to co~ltrolled chang- 
es in void characteristics have been limited 
(3). In many cases, the formation of voids is 
somewhat serendipitous, as crystal engi- 
neering is commonly frustrated by an in- 
ability to predict solid-state structure pre- 
cisely. A reasonable strategy for surmount- 
ing this obstacle is to use robust supraino- 
lecular "modules" (4) or "synthons" (5), for 
which "robust" is defined as the ability of 
the module to maintain its dimensional~tv 
and general structural features when chang- 
es occur in ancillary functional groups or 
other molecular species in the lattice. Ro- 
bust n-dimensional modules can reduce the 

groups of alkane- and arene-substituted mo- 
nosulfonate anions (S) (6). The topological 
equivalence of the guanidinium ions and 
sulfonate groups, and strong (G)N- 
H O(S) H bonds, favored the formation 
of quasihexagonal 2D GS networks in more 
than 30 different crystalline phases contain- 
ing various sulfonate functionalities (Fig. 
1A). The networks assembled in the third 
dimension as densely uacked bilavers or as , 
continuous stacks of interdigitatkd single 
layers due to van der Waals interactions 
between sulfonate R groups extending from 
the GS sheets (Fig. 2A). The pervasiveness 
of the GS sheets was attributed to their 
ability to form "accordion" or "pleated" 
sheets by puckering about (G)N- 
H . . O(S) H-bonding "hinges" joining ad- 
jacent 1D ribbons. This puckering, which 
can be defined by interribbon dihedral an- 
gles of 0,, < 180°, enables the sheets to 
adapt to the steric demands of different R 
groups. In a few cases, these steric demands 
apparently were accoininodated further by 
the formation of a shifted ribbon mot~f (Fig. 
1B). Although considered to be less pre- 
ferred than the quasihexagonal motif be- 
cause of the loss of one strong H bond, 2D 
sheet formation in the shifted motif is en- 
forced by the one remaining strong Inter- 
ribbon H bond. 

crystal engineering problem to 3-n diinen- The distinctive structural features of the 
sions, thereby simplifying materials design. GS networks prompted us to synthesize re- 

We recently reported molecular layered lated ~uaterials in which the nlonosulfonate 
materials based on a two-dimensional 12D) comuonents were reolaced with disulfon- 
H-bonded network composed of guani- atesL We anticipated ;hat this would afford 
dini~uin cations (G)  and the sulfonate pillared bilayer structures, reminiscent of 

pillared metal organodiphosphonates (7). 
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Fig. 1. Schematc representation of the sheetllke 
H-bonded networks formed from G catons and 
alkane- and arene-subst~tuted monosulfonates 
and d~sulfonates. (A) The most commonly ob- 
served network IS quashexagonal, In whlch every 
sulfonate 0 atom IS H-bonded to two G protons 
(do,,, - 2.0 A) so that all H-bondlng capaclty IS 

fulf~lled. These sheets can be consdered as as- 
sembllng from I D  H-bonded rlbbons (shaded) 
through H bonds. The nterribbon puckerng angle 
IS described by el,. (B) The shlfted rlbbon motlf. In 
whch adjacent rbbons are held together by one 
strong H bond (d,.;H - 2.0 A) and one weak H 
bond (d,,,, - 2.5 A) per G S  palr, IS observed In 
a mlnoritv of structures. 

ronments that could be manipulated by the 
choice of molecular uillar (Fig. 2B). The - .  
layering motif would iepend'on the sizes of 
the pillar and guest molecules that may 
occupy these voids. Sterically u~ldemanding 
p~llars and sinall guests would favor a bilayer 
inot~f, whereas large guests would favor a 
continuous single-layer stacking motif. 
Large p~llars would favor only s~ngle-layer 
motifs with small guests or might even ex- 
clude euest molecules. The likelihood of u 

these structures can be deduced from a siin- 
ple geometric model that coiupares the area 
of a guest molecule, as projected onto the 
GS sheet, with the area available between 
the pillars in the different layering motifs 
(8). 

We implemented this des~gn strategy for 
the iuolecular pillars I to VI, which are 
depicted In Scheme 1 (I = dithionate; I1 = 
ethane- 1,2-disulfonate; 111 = butane- l,4- 
disulfonate; IV = napthalene-2,6-disulfon- 
ate; V = biphenyl-4,4'-d~sulfonate; and 
VI  = naphthalene- 1,j-dis~~lfonate). Crys- 
talline forms of these materials can readily 
be obtained from methanol solutions by 
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standard crystallization methods, and in 
most cases crystallisation occurs rapidly 
upon standing in the growth solutions. Pil- 
lars I to 111 form bilayer galleries in which 
planar GS sheets ( O I R  = 180') are separated 
by the disulfonate pillars, which define 1D 
channels in the galleries (Fig. 3 and Table 
1). The channel width is established by the 
distance between sulf~tr a~oms within a giv- 
en GS sheet (ass - 7.5 A) ,  and the height 
of the channel is established by the length 
of the pillar. Pillar I is exceptional because 
its C,,i symmetry enables (G)21 to crystal- 
lize in the hexagonal space group PG3mc, 
whereas the lower molecular symmetry of I1 
and 111 forces a reduction of the lattice 
symmetry. The gallery thickness increases 
in the expected order (G),I < (G),II < 
(G),III. The pillared regions of (G),I and 
(G),II are devoid of guest or solvent mol- 
ecules, but the greater void height in 
(G),III accommodates two acetonitrile 
(CH3CN) guest molecules in the lattice. 
The butyl residues exhibit the less favorable 

gauche conformation, apparently to opti- 
mize packing of the guest in the pillared 
layers. Upon standing in air, the CH3CN 
guests in (G)2111 2CH3CN rapidly escape 
the host lattice to afford a nonlayered guest- 
free ~ h a s e  in which the butvl chains adout 
the i k r e  favorable anti conformation (6). 
The absence of a guest-free (G)2111 bilayer 
structure most likely is due to its low pack- 
ing fraction (PF) of 0.55, as calculated after 
computer removal of the guest from 
(G),III 2CH3CN (10). The PF of (G)211 
(0.59) is intermediate between this value 
and that of (G),III 2CH3CN (0.68); or- 
ganic crystals typically exhibit a PF > 0.65. 
This suggests that the PF of (G),II is near 
the lower stability limit for guest-free pil- 
lared GS hilayers. Propane-1,3-disulfonate 
forms only a nonlayered phase, free of 
guests, that can he attributed to the confor- 
mational constraints of this pillar and ex- 
cessive void space (1 1). 

We anticipated that increased confor- 
mational rigidity in pillars IV to VI  would 

A B~layer stack~ng Cont~nuous ~nterd~g~tated 
s~ngle-layer stacklng 

~ I R  

A ? ...... .... I r- I I 

a = Monosulfonate R group ..-- @B = D~sulfonate R group ..... .... .... 
= Guest molecule 

.. ... .... 
B Pillared bilayer 

stacking 
Pillared continuous single-layer stacking 

Small p~llarllarge guest Large p~llarlsrnall guest 

.... .... 
V o ~ d  space 

Fig. 2. Schemat~c representatons of layered mater~als syntheszed from G catons and alkane- and 
arene-subst~tuted monosulfonates and dsulfonates as v~ewed along the long ax~s of the H-bonded 
rbbons conta~ned In the nomnally planar GS networks The wh~te and shaded rectangles represent the 
narrow edges of the rbbons (A) Two stackng arrangements of the nomnally planar GS networks 
observed for G monosulfonates Bayer mot~fs are observed for R groups that are small enough to allow 
lnterd~gtaton n the nonpolar regon separatng the GS sheets If the alkyl or ary groups are too large, 
the R groups of adjacent rbbons are or~ented to oppos~te sdes of each sheet, whch prov~des room for 
lnterd~gtaton and the contnuous sngle-ayer stackng of the GS sheets The sheets can adapt further 
to the ster~c requirements of the R groups ~n ether layer~ng motf by puckerng about (G)N-H . . .  O(S) 
H-bond~ng h~nges" between adjacent r~bbons (el,) (B) Analogous poss~ble layer~ng mot~fs for G 
dsulfonates The twofold reduct~on In the number of alkyl groups n the plared reglon opens nanoscale 
vo~ds capable of enclathratng molecular guests The ayerng motf 1s governed by the combned slze of 
p a r  and guest 

impart even greater stability to hilayer gal- 
leries. I11 the case of IG),IV . hensonitrile. 

~ ,,. 

which crystallizes fro111 methanol solutions 
containing benzonitrile, the naphthyl resi- 
dues in the gallery form the a8alls of ID 
channels oriented alone a H-bonded ribbon " 

direction of the quasihexagonal GS sheet. 
As exuected from the axial length of IV, - 
the gallery height is greater than that 
achieved with u~llars I to 111. This enables 
inclusion of the larger hensonitrile guest 
molecules, which form 1D arrays parallel to 
the channel direction (Fig. 4A). 

The pillared hilayer structure is also ob- 
served for (G),V . 2MeOH (MeOH, meth- 
anol) upon crystallization from MeOH so- 
lutions. However, the gallery height is sub- 
stantially less than expected, owing to se- 
vere tilting of the pillars. The pillars define 
1D channels parallel to one of the H-hond- 
ed ribbons of the quasihexagonal GS sheet, 
with the pillars alternating orientat~on 
along the channel (the angle subtended by 
the long axes of adjacent biphenyl residues, 
as viewed alono the channel, is 63"). These 
channels are oYCcupied by M ~ O H  guests or- 
ganized as 1D H-bonded chains along the 
channel axis. The pillar tilting results in an 
atypical corrugation of the 2D GS sheet in 
which the sulfonate head groups are tilted 
substantiallv out of the GS sheet. Never- 
theless, the quasihexagonal topology is re- 
tained with normal (G)N-H . . .  O(S) H- 
bonding distances, demonstrating the flex- 
ibility of the 2D network. 

The presence of guests, such as m-xylene 
(m-xyl), styrene (sty), and toluene (tol), in 
the MeOH crystallization solutions results 
in the formation of crystalline phases 
(G),V Ar (Ar, arene) in which the Ar 
guests are incorporated instead of h/leOH. 
The greater size of these guests results in a 
reduction in the tilting of the biphenyldis- 
ulfonate pillars, which form densely packed 
walls of 1D channels occupied by the guests 
(Fig. 4A). Unlike the aforementioned phas- 
es, the GS sheets exhibit the shifted ribbon 
motif, and the channels are oriented per- 

IV v VI 

Scheme 1. 
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Table 1. Summary of structural features of pillared GS H-bonding networks. 

Lattice parameters 
Space Gallery 

Compound PF PF 
group a (4 b (4 C (4 height (degrees) (with guest) (without guest) 

(4 (PI (7) (4 

(G),IV benzonitrile 

(G),VI 2MeOH 
(G),VI 2propanenitrile 
(G),VI 1 -hexanenitrile 
(G),VI 1 -octanenitrile 
(G),VI 1,6-hexanedinitrile 
(G),VI . triglyme 

ffi3rnc 
C2/m 

C2/c 

p i  

ml/c 

p i  

p i  

p i  

Pbarn 
Pbarn 
Pnnrn 
Pnnrn 
Cmc2, 
Pbarn 

'No guest included in lattice. tThe tilt of the sulfonate head group out of the GS sheet plane is 146'. The G ions are all contained within the same plane, so O,,, as defined 
by Fig. 1, actually is O,, = 180'. $The angles of pillar tilt parallel and perpendicular to the channel direction, respectively, are 10' and 8" for (G),IV - xyl, 19" and 6" for 
(G),IV . tol, and 19" and 8" for (G),IV - sty. $Based on an occupancy of one triglyme per two units of host, as suggested by nuclear magnetic resonance. IlBased on 
an occupancy of 213 triglyme per two units of host, as suggested by x-ray diffraction. The triglyme guest was severely disordered, which complicates precise determination 
of the occupancy by x-ray diffraction. 

pendicular to the H-bonded ribbons. The 
average PF of the guest-free phases, calcu- 
lated after computer removal of the guest 
molecules, is approximately 0.52. This val- 
ue increases to roughly 0.69 when guests are 
included in the calculations. The retention 
of the pillared bilayer structure for the dif- 
ferently sized MeOH and Ar guests illus- 
trates the adaptiveness of the GS networks, 
which enables space-filling to be optimized 
in the gallery regions. This adaptiveness 
also is evident from specific structural fea- 
tures of the (G),V phases. The pillar tilt is 
smaller and the gallery height larger for 
(G),V . m-xyl than for (G),V to1 and 
(G),V . sty. This is due to the increased 
steric demand along the gallery height im- 
posed by the m-xyl methyl groups, which 
project vertically toward opposite GS sheets 
of the bilayer. Furthermore, the dihedral 
angle subtended by the phenyl rings within 
each biphenyl pillar is 25" for (G),V m- 
xyl and 31.5" for (G),V . 2MeOH, but 0.6" 
for (G),V . to1 and (G),V . sty. The twist- 
ing of the biphenyl pillars in the former pair 
reflects the tendency to reduce ortho-hvdro- 
gen steric interactions (1 2), which is made 
possible by the void space created in the 
vertically expanded galleries in (G),V m- 
xyl and the small guests in (G),V 
2MeOH. The planar biphenyl structure in 
the other two phases indicates that the 
ortho-hydrogen steric interactions are com- 
pensated by packing forces between planar 
biphenyl pillars and Ar guests, in the gal- 

Fig. 3. (A through F) Pillared bilayer motifs, as determined by single-crystal x-ray diffraction, in G salts 
of the alkane- and arenedisulfonates depicted in Scheme 1 . The views are rotated slightly to depict the 
walls of the 1 D channels in the galleries. In all cases, the bilayers stack in the solid state as illustrated for 
(G),I in (A). The guest molecules occupying the nanoporous voids in the galleries are depicted as green 
circles or ovals for clarity. The gallery heights, as measured by the distance between the G ion mean 
planes of opposing GS sheets, are indicated. The gallery height depicted in (F) is for (G),IV rn-xyl. Atom 
identification: C, gray; H, white; N, blue; 0, red; and S, yellow. 
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leries of reduced height. The influence of 
packing forces on the conformation of crys- 
talline biphenyl and related derivatives has 
been described previously (1 3). 

Contrary to the aforementioned exam- 
ples, the napthalene-1,5-disulfonate pillar 
VI  forms pillared phases in which severely 
puckered quasihexagonal GS sheets assem- 
ble in the third dimension by continuous 
single-layer stacking. For example, 
(G)2VI . 2MeOH crystallizes from MeOH 
solutions as an orthorhombic phase with 1D 
channels oriented perpendicular to the H- 
bonded ribbon direction and occupied by 
MeOH guests. The channel walls consist of 
naphthalene pillars whose molecular planes 
are parallel to the channel direction (Fig. 
4B). The channel widths are established by 
the nominal distance between sulfur atoms 
in the quasihexagonal sheet (dss = 7.5 A). 

Crystallization of (G)2VI phases from 
MeOH solutions containing linear substi- 
tuted alkanes such as 1-alkanenitriles, a,o- 
alkanedinitriles, 1-alkanols, and niglyme 
afford the same orthorhombic host lattice 
but with these molecules occupying the 
channels instead of MeOH. The (G)2VI 
lattice was highly selective for l-alkaneni- 
triles, with incorporation of CH3(CH2)&N 
and CH3(CH2)&N highly preferred among 
this class of guests (14). The guest mole- 
cules typically were disordered, but the 
structure of the host lattice was determined 
easily in all cases. Although the topology of 
the (G)2VI host lattices is independent of 
the identity of the guest, OIR ranges from 
34" to 89". Because the channels are ori- 
ented perpendicular to the H-bonded rib- 
bons, decreasing OIR values [increasing 
puckering about the interribbon (G)N- 

Fig. 4. (A)(&J,IV . Denzonltnle ana (GJ ,~  . sty as vlewea perpenalcular to tne cnannel alrectlons. tach 
model is depicted so that the top channel reveals the guest molecules in front of the pillars and the 
bottom channel illustrates the pillars in front of the guests. (B) The pillared, continuous, single-layer 
stacking motif in (G),VI, as viewed along the 1 D channels in ball-and-stick (left, with green circles 
signifying linear-substituted alkane guest molecules) and space-filling formats (center, with guests 
omitted for clarity). The H-bonded ribbons run horizontally in the plane of the page. The right panel is a 
cutaway view illustrating the channel structure as viewed perpendicular to the channel, revealing the 
highly puckered nature of the pleated GS sheet. The H-bonded ribbons are perpendicular to the channel 
direction, and therefore project out from the plane of the paper. Guest molecules are depicted generi- 
cally as green rods in the upper two channels. Atom identification: C, gray; H, white; N, blue; 0, red; and 
S, yellow. 

H O(S) H bonds] correspond to decreas- 
ing channel lattice constants. This suggests 
that the 1D channels can adapt to different 
guest lengths by network puckering, possi- 
bly driven by commensurism between the 
host and guest sublattices. The packing 
fractions of the phases occupied by guests 
are rather low, reflecting the robustness of 
these networks. We note that the guest 
molecules can be driven from the host lat- 
tice by heating above 180°C to yield a new 
crystalline phase, for which a structure has 
not been determined. 

Molecular modeling indicates that a pil- 
lared bilayer structure with VI  is feasible. 
The sterically optimum bilayer structure 
contains isolated voids in the gallery that 
are not large enough to incorporate even 
small guests such as MeOH (modeling re- 
veals that the formation of continuous 1D 
channels in the gallery, which would be 
capable of incorporating linear guests, is 
prohibited by steric interactions between 
the pillars in this configuration). The ab- 
sence of this apparently reasonable bilayer 
structure suggests that crystallization of the 
(G),VI salts is driven by template-directed 
assembly in which the host preferentially 
organizes about the linear guests (or 
MeOH) to produce the observed densely 
packed 1D channels. This resembles tem- 
plating mechanisms proposed for the forma- 
tion of zeolite and inorganic networks 
around molecular species (1 5). 

The synthesis of these nanoporous net- 
works demonstrates that solid-state motifs 
can be predictable if modules are used that 
can maintain their structural dimensionali- 
ty and integrity with changes in ancillary 
functional groups. The use of the robust 2D 
GS networks reduces the crystal engineer- 
ing problem to the last remaining dimen- 
sion. so that the ~ i l l a r  structure and nano- 
pore dimensions can be adjusted rationally. 
The robusmess of the GS networks can be 
attributed to their ability to adapt to the 
steric demands of different guest molecules 
without loss of the 2D architecture. The GS 
networks adapt by (i) puckering of the GS 
sheet about interribbon (G)N-H . . . O(S) 
H-bonded "hinges," (ii) switching between 
the quasihexagonal and shifted ribbon mo- 
tifs, (iii) tilting of the pillars so that the 
network can shrink around the guest mole- 
cules, which is made possible b; the flexi- 
bility of the (G)N-H ... O(S) H bonds, 
and (iv) adjusting the conformations of the 
pillars to optimize packing in the galleries. 
It also is important to note that the use of 
dense 2D H-bonded networks such as the 
GS sheets prevents the network interpene- 
tration that commonly frustrates the forma- 
tion of voids in molecular crvstals. These 
networks provide a platform fir  fundamen- 
tal studies of solid-state structure, and we 
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anticipate that analogs in  which the disul- 
fonate pillars have specific functionality 
will have potential as host lattices for op- 
toelectronic materials, molecular separa- 
tions, and chenlical reactions performed in  
the  nanoscale voids. 
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Scanning Sing le-Electron Transistor Microscopy: 
Imaging Individual Charges 

M. J. Yoo," T. A. Fulton, H. F. Hess, R. L. Willett, 
L. N. Dunkleberger, R. J. Chichester, L. N. Pfeiffer, K. W. West 

A single-electron transistor scanning electrometer (SETSE)-a scanned probe micro- 
scope capable of mapping static electric fields and charges with 100-nanometer spatial 
resolution and a charge sensitivity of a small fraction of an electron-has been devel- 
oped. The active sensing element of the SETSE, a single-electron transistor fabricated 
at the end of a sharp glass tip, is scanned in close proximity across the sample surface. 
Images of the surface electric fields of a GaAs/AI,Ga, -,As heterostructure sample show 
individual photo-ionized charge sites and fluctuations in the dopant and surface-charge 
distribution on a length scale of 100 nanometers. The SETSE has been used to image 
and measure depleted regions, local capacitance, band bending, and contact potentials 
at submicrometer length scales on the surface of this semiconductor sample. 

Hnsplred hy the  d e ~ e l o p m e n t  of the scan- 
ning tunneling microscope, a varlety of sur- 
face scanning probes ( I  ) have been devel- 
oped to measure and map properties of ma- 
terial surfaces o n  a lnicrosco~ic scale. I n  
particular, surface electrical properties have 
heen explored with noncontact techniques 
such as scanning capacitance microscopy 
(Z) ,  scanning Kelvin prohe microscopy ( 3 ) ,  
and electric-field-sensitive atoinic force ini- 
croscopy (EFh1) (4) .  Indeed, the last has in  
one instance (5) shown the reinarkahle 
ability to detect the  presence of individual 
charges and to obtain iinages of insulating 
surfaces in which a charged spot of one or 
tn70 electrons is aooarent. 

L L 

'We report the  development of a low- 
temperature scanning electrometer oper- 
ating o n  a different principle, one  ~ ~ l l i c h  
has one  to  two orders of magnitucie greater 
charge resolution and a slinilar spatial res- 
olution jlCC nin)  comnared with the  EFM. 
This microscope, the  single-electron trail- 
sistor (SET)  scanning electrometer, or 
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SETSE, uses the  SET as a urohe to sense 
the  electrically illciuced charge o n  its small 
(1C9 n m )  inetal island held in  ~ r o x i m i t v  
to the  sample surface (Flg. 1 C ) .  It  can  
detect - lOh of a n  electron charge (9 .9 le ) .  
Because all of the  i~npor tan t  geometrical 
parameters are known,  one  can  assign a 
q u a n t i t a t i ~ ~ e  interpretation to the  SETSE 
signal. Also, during operation the  SETSE, 
unlike the  EFM, does not  require the  ap- 
plication of high electric fields (1C6 V 
cm- ' )  l~e tmeen  the  tip and surface, a n  
important consideration for many interest- 
ing but easily perturbed semiconductor sys- 
tems. All of these features enable a broader 
class of exneriments to he exnlored. 

As  a n  example, n.e s t ~ ~ d i e J  the  electric 
fields a t  the  surface of a semiconductor 
GaAs/Al,Ga,-,As heterostructure sain- 
~ l e .  These fields arise froin localized 
charges a t  and near the  surface as well as 
froin the  voltage bias and ~ v o r k  function of 
any underlying electrode. Statistical fluc- 
tuations in the densitv of surface charges are 

u 

evldent, although the indir~ldual charges are 
too closely s ~ a c e d  (< lC  nin) to be resolved 
directly. ~ o \ v e v e r ,  we are able to image the 
more widely spaced individual charges that 
are produced by brief light exposure. These 
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