
hydrogen-bonded water molecules are located at the intersec- 
tions of the channels. The p4 squarate has C,, crystallographic 
symmetry, whereas the pJp, squarate and vanadium dimer 
have D,, symmetry. The window of the square channels has 
dimensions p a l 2  x c = 7.04 x 7.11 A, which is comparable to 
the pore size of SAPO-40 zeolite (6.7 x 6.9 The water 
cluster in the ab plane is further hydrogen-bonded into a layer, 
resulting in additional eight-membered rings condensed with 
themselves and the four-membered rings. It is interesting to note 
that the 0 .  .O separation of 2.88 A in the water tetramer com- 
pares well with the results of vibration-rotation tunneling spec- 
troscopy['41 and of ab  initio calculations.[* 51 

In summary, the two polymeric structures are composed of 
similar macrocyclic units constructed from cationic octahedral 
vanadium dimers and squarate anions, a new building principle 
for supramolecular architectures and microporous structures. 
The pore sizes are determined by the coordination modes of the 
bridging squarates: 2 provides large square channels where 
cyclic water tetramers are located, whereas 1 has a layer struc- 
ture with rectangular windows within the layer. These first ex- 
amples show that there is a great potential for the preparation 
of topologically unique zeolitic materials in the metal squarate 
system by hydrothermal methods. 

Experimental Sect ion 
1: A mixture of NH,C1 (0.60 mL, O S M ) ,  V,O, (0.0929 g), H,C,O, (0.2276 g) 
(V:H,C,O, molar ratio =1:2), and H,O (10mL) was sealed in a Teflon-lined 
stainless autoclave (volume 23 mL), heated at 180°C for three days, and cooled to 
90°C at 5°C h- ' .  The product (yellow green crystals of 1; yield: 0.1740g, 88% 
based on V), was filtered off and washed with deionized water. This compound is 
stable in air and insoluble in water. Monophasic crystalline material was confirmed 
by X-ray powder diffraction. Thermogravimetric analysis in air showed one-step 
weight loss of 54.41 % over the temperature range 150-400°C, which agrees well 
with the theoretical values of 54.1 % assuming that the final decomposition product 
is V20 , .  IR(KBr): i. = 3483 (s, OH), 3145 (br, w, H,O), 1621 (s, pendant C=O), 
1518 and 1456 (s. C=O and C=C), 1086(m), 1145(m), 861 and 843cm-' (m. 
V-(OH)-V) 
2 :  A mixture of NH,CI (0.60mL. 0 . 5 ~ ) .  V,O, (O.O904g), H,C,O, (0.1143 g) 
(V:H,C,O, molar ratio = 1). and H,O (10 mL) was sealed in a Teflon-lined stain- 
lessautoclave(23 mL). heatedat 200"Cforthreedays,cooled to 150"Cat 5"Ch-', 
and quenched to room temperature. The product (0.1877 g), which is a mixture of 
dark purple crystals of 2 and an about equal amount of 1, was filtered off and 
washed with deionized water This compound is stable in air and insoluble in water. 
The compound retains its structure at 200°C in air with partial loss of water rnole- 
cules. and decomposes at 250 "C, as indicated from powder X-ray diffraction and 
thermogravimetric analysis. IR(KBr): G = 3463 (m, OH), 2900 (br, w), 1500 (s, 
C=C and C=O). 870~x1-I (m, V-(OH)-V). 
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Topological Bifurcation Analysis: 
Electronic Structure of CHZ ** 
Dominik Marx* and Andreas Savin 

CH:, the product of the formal addition of a proton to 
methane, a stable and rigid molecule, is highly fluxional and 
elusive. The reason is that the electronic energy penalty to switch 
from one of the many degenerate eclipsed e-C, global minima to 
another one is tiny," - 5 1  the most recent best estimate being as 
small as 0.8 kcalmol-' to the C,, transition state.'" This led to 
speculations that the hydrogen atoms in CH: may easily scram- 
ble in the rotational-vibrational ground state as a result of pseu- 
dorotational  rearrangement^.[^. 61 This picture was recently con- 
firmed by ab initio quantum simulations in which all the nuclei 
of CH: were treated as quantum  particle^.'^] More importantly, 
it was demonstrated that a H, unit attached to the apex of a CH, 
tripod is a characteristic geometric feature of the quantum 
ground state of CH;. 

A fundamental question which arises is what type of chemical 
bonding ultimately holds such a highly fluxional molecule to- 
gether. The e-C, structure is commonly described as consisting 
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of three standard two-center, two-electron CH bonds, and one 
electron-deficient three-center, two-electron bond involving the 
carbon nucleus and the two hydrogen nuclei that form the H, 
unit.['. 91 To what extend is this picture valid taking into account 
the floppiness that is present even in the ground state? We will 
answer this question by a topological analysis of the electron 
localization function ELF"OJ of representative configurations 
sampled from ab initio quantum sim~lations.''~ 

Let us now concisely describe some important features of the 
electron localization function. It can be viewed as a local mea- 
sure of the Pauli repulsion between electrons in three-dimen- 
sional space due to the exclusion principle. It thus allows us to 
define regions of space that are associated with different elec- 
tron pairs in a molecule or solid. The definition of ELF q(r) is 
given by Equations (a)-(d), where the sum in (b) and (d) is over 

N 

P = c I$:" 
I= 1 

all singly occupied one-electron (spin-) orbitals $i(r) in an N- 
electron system. This function is normalized to the interval be- 
tween 0 and 1, and is large where the Pauli repulsion is small, 
that is, where two electrons with antiparallel spin are paired in 
space. Conversely, it is small in the regions between electron 
pairs. By locating the electron pairs, ELF makes a direct connec- 
tion with the chemist's view of the chemical bond, often drawn 
as a line connecting atoms; this property of ELF is not restricted 
to the equilibrium structure of a molecule and can even be 
followed during a chemical reaction. We refer to previous 
work[lO- 13] for an in depth discussion of the properties of ELF, 
and in particular to Ref.['41 for an interpretation within the 
framework of density functional theory. 

The position where ELF attains a maximum value, the attrac- 
tor, can be used as an electron pair's signature. To identify a 
region around a maximum, one can consider all the points in 
space with q(r) 2 f ,  which defines thef-localization domain;fis 
a positive constant smaller than the value of the maximum. This 
region in space can be visualized by showing the isosurface 
q(r) =f. The isosurface surrounds only one attractor whenfis 
close to the value of the corresponding ELF maximum. For a 
given value off, several closed isosurfaces surrounding different 
attractors can appear. As the value off is lowered, different 
spatially separated f-localization domains merge, and closed 
isosurfaces that contain more than one attractor appear. In 
other words: there is at least one path which joins different 
attractors asfis lowered. Of course, the isosurface encompasses 
all attractors, that is, all electron pairs, in the 9 -+ 0 limit, where- 
as all attractors are separated in the opposite limit (? -+l).[''l 

This behavior can be visualized by a bifurcation diagram, 
which includes only the maxima of ELF and the saddle points 
where merging occurs.[''] The connectivity of these characteris- 
tic points represents the hierarchical merging pattern of the 
isosurfaces. By focussing on that part of the bifurcation diagram 
with q(r) >fone  can identify the number of attractors within a 
particular f-localization domain, as all maxima within this do- 
main will appear connected. This suggests that a covalent bond 
is the better defined the larger the difference between the ELF- 
maximum and the saddle point where the first merging occurs. 

The usefulness of these ideas is illustrated by depicting two 
f-localization domains with q(r) 2 0.98 and 0.6 (Figure 1 a-c) 
for the textbook example, methane; only the chemically relevant 
valence electrons are included explicitly in the calculations, and 
the inert core electrons are represented by pseudopotentials. 
There are clearly four well-separated maxima for q > 0.71 (Fig- 
ure 1 a), which can be assigned to the four CH bonds, whereas 
all four localization domains coalesce below this bifurcation 
value q* z 0.71 (Figure 1 b, c). This leads to the particularly 
simple bifurcation diagram displayed in Figure 1 d. 

Figure 1. ELF isosurfaces (q(r) =f) depicting thef-localization domains for the 
global minimum of methane CH, with/ = 0.98 (yellow, a),/= 0.60 (blue, b), and 
f= 0.60 with isosurface cut open (blue, c); for protonated methane e-C,-CH: with 
f= 0.98 (yellow, e ) , f =  0.88 (red, f ) ,  andf=  0.70 (green, 9); for C,,-CH: with 
f= 0.98 (yellow, i ) , f =  0.88 (red, j), and f= 0.70 (green, k). Resulting valence 
bifurcation diagrams for methane CH, (d), protonated methane e-C,-CH: (h), and 
C,,-CH: (I).  Dotted lines (only schematic): theelectrons forming the 1s' shell ofthe 
carbon core are inluded in the calculations. 

Moreover, the attractor structure of ELF allows disjoint spa- 
tial regions to be defined from the gradients of ELF.["* '', "1 

From any point in space the gradient is followed to an attractor 
in that region, and this point is then attributed to this attractor. 
The collection of all the points in space that were assigned to a 
given attractor is called its basin. In the example of the valence 
shell of CH,, space is divided into four equivalent basins corre- 
sponding to the four CH bonds. Integrating the electron density 
separately in these valence basins yields 1.98 electrons per basin, 
very close to two as expected in the idealized Lewis picture of a 
covalent bond; the last reported digit is assumed to be inaccu- 
rate due to the numerical integration on a finite grid. The chem- 
ically inert core basin would appear in an all-electron calcula- 
tion. 

The nontrivial case of the quantum-fluxional CH: can now 
be approached analogously. First, we have to find the character- 
istic ELF values at the relevant bifurcation points yl* for the two 
most important stationary points on the potential energy sur- 
face, namely, the e-C, global minimum (Figure 1 e-g) and the 
lowest energy C,, transition state (Figure 1 i-k). For the global 
minimum we find five separated maxima for q-1, but two 
localization domains around them merge already at a surpris- 
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ingly high value of q* z 0.97. The resulting basin can clearly be 
associated with the bonding electron pair of the H, unit to the 
carbon nucleus, whereas the other three separated basins stem 
from the three standard two-center CH bonds in the CH, 
tripod. Integration of the electron density (from the eight va- 
lence electrons) over the basins yields values of about two elec- 
trons per basin in all four cases (1.72, 1.97, 1.98 for the CH 
basins, and 2.27 for the CH, basin with corresponding CH 
bonds lengths of about 1.10 A, 1.08 A, 1.08 A, and 1.17 A, re- 
spectively), so one can clearly denote the particular bond that 
involves two hydrogen nuclei and the carbon nucleus to be a 
three-center, two-electron bond.", However, these numerical 
values seem furthermore to suggest that the three-center bond 
,,needs more electrons than just two" to bind three nuclei, and 
that the necessary electron density is mainly ,,borrowed" from 
one particular two-center CH bond, which becomes weakened 
and thus is the longest of the three two-center bonds. This topo- 
logical pattern is stable over a wide range on the ELF scale 
down to about q* z 0.78, where the merging of all the valence 
localization domains starts. The full valence shell is finally 
established at q* z 0.7; see Figure 1 h for the resulting bifurca- 
tion diagram. Thus, we find two distinct bifurcation points q*: 
the first where the two isosurfaces surrounding the two hydro- 
gen nuclei of the H, unit coalesce and the second where the 
resulting isosurface now encompassing the H, unit merges with 
the other three isosurfaces stemming from the normal CH 
bonds. 

The bifurcation hierarchy for the C,, transition state derived 
from its ELF landscape (Fig. 1 i-k) is topologically different 
(Figure 11). At q* z 0.89 three of the five localization domains 
merge, and the resulting basin contains four electrons (4.01) that 
are distributed over four centers (see ref. [5] for such a conjec- 
ture), whereas the remaining two basins with about two elec- 
trons each (1.97 and 1.96) stem from the two standard two-cen- 
ter, two-electron CH bonds. The full valence shell, that is, the 
merging of all previously separated basins, occurs at q* z 0.74. 

After having determined the characteristic points in the bifur- 
cation hierarchy for the two limiting structures, we can analyze 
the quantum mechanical ground state of CH: including tunnel- 
ing and zero-point motion effects.[71 The bifurcation analysis as 
outlined for the stationary points corresponding to the e-C, and 
C,, structures is applied to a statistical sample of 64 configura- 
tions obtained from previous ab initio quantum  simulation^.[^] 
We obtain for each of these configurations the ELF from elec- 
tronic structure calculations based on first principle~.~''~ This 
gives access to the associated bifurcation diagrams and thus to 
the ELF values q* where the two major bifurcations in the 
valence shell occur in each configuration. The resulting quantity 
of interest is a histogram or probability distribution P(q*) of 
these bifurcation points, and its broadness is entirely due to 
quantum mechanical tunneling and rotational-vibrational zero- 
point fluctuations; simulations where the nuclei are approxi- 
mated as classical particles show that thermal fluctuations are 
negligible at low temperatures, whereas they are of similar mag- 
nitude at room temperature.["] 

The two branches of the distribution function depicted sepa- 
rately in Figure 2 show two prominent peaks at the bifurcation 
points q* z 0.78 and 0.97, signaling a major contribution of 
C,-like configurations to the quantum ground state of CH:. 
Furthermore, the distribution function actually has minima at 
q* z 0.74 and 0.89, the values that were found to characterize 
the bifurcation hierarchy of the ideal C,, structure of CH:. 
Thus, the electronic structure analysis based on the bifurcations 
of ELF clearly supports the concept of a three-center, two-elec- 
tron bond that holds CH; together. 

0.70 0.75 0.80 0.85 0.90 0.95 1.00 

rl* - 
Figure 2. Distribution function P(q*) of the ELF bifurcation points )I* in the quan- 
tum ground state of CH:; P and q* are dimensionless quantities. The two partial 
distribution functions obtained from separate histograms of the bifurcation points 
with the largest (filled triangles) and second largest (open circles) ELF values are 
shown. The sum of these two contributions constitutes the full distribution function 
(not shown) and the connecting dotted lines are only visual guides. For the two 
relevant individual stationary point structures (discussed in the text and presented 
in Figures 1 e-g and i-k) the same analysis yields necessarily veiy sharp peaks at 
two ELF values in each case: the vertical solid lines mark these four characteristic 
peak positions for the e-C, global minimum (q* z 0.78,0.97), the dashed lines those 
for the C,, transition state (q* z 0.74, 0.89). 

In conclusion, we have presented a powerful addition to the 
arsenal of topological analysis methods of the electronic struc- 
ture of molecules that is tailored to cope with highly fluxional 
molecules. In particular, we have demonstrated that a three-cen- 
ter, two-electron bond emerges naturally from this analysis, 
even for the quantum ground state of such a floppy molecule as 
protonated methane CH:. Furthermore, we believe that our 
method will find widespread applications in the emerging realm 
of ab initio simulations of molecules at finite temperatures, 
where one does not deal with a few high-symmetry stationary 
points, but with an ensemble encompassing many configura- 
tions that all deviate from ideal symmetries. 
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Nonclassical Shapes of Noble-Metal Colloids by 
Synthesis in Microgel Nanoreactors** 
Markus Antonietti,” Franziska Grohn, 
Jurgen Hartmann, and Lyudmila Bronstein 

The controlled synthesis of colloids on a nanometer scale is 
important for bridging the gap between microlithography and 
micromechanics, which deal with structures down to 250 nm, 
and supramolecular chemistry, in which molecules of increasing 
size are built up by means of sophisticated classical chemistry. 
Structural design on the intermediate scale of several nanome- 
ters requires special techniques; nanomechanics would be ineff- 
cient, and classical chemical methods too complex and tedious. 

Nature teaches us that effective control of structure is pos- 
sible. In biomineralization, for instance, functional biomole- 
cules (such as proteins or polysaccharides) act as templates for 
growing nanocrystals, platelets, and needles.[’ - 61 The specific 
interaction of these molecules with distinct crystallographic 
planes or sites of the growing nuclei allows control of the size, 
shape, and crystal structure of the inorganic product. 

This approach for the nanostructuration of materials has 
been transferred to synthetic chemistry by utilizing Langmuir 
films of sparingly water soluble organic compounds to direct the 
growth of calcium carbonate and to tailor its crystal structure 
and morphology.[71 A three-dimensional biomimetic extension 
was described by Walsh et al., who synthesized highly defined, 
spongelike inorganic structures by precipitating calcium and 
magnesium carbonates from the microemulsion phases of non- 
ionic surfactants.[’] 
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Another route to matter organized on the nanometer scale 
consists of controlling the intermolecular arrangement of col- 
loids. Fendler and co-workers obtained periodic arrays of no- 
ble-metal colloids beneath or in rnonolayers.[’] Moller et al. gen- 
erated spherical gold particles in block copolymer micelles and 
examined the surface patterns of drying films.[’ O1 Andres 
et al.[”] and Whetten et a1.[’2, 13]  crystallized gold and silver 
clusters to give two-dimensional superlattices. All these align- 
ment techniques are restricted to producing crystallike, ordered 
two-dimensional or three-dimensional arrays of preformed par- 
ticles, but do not address the original growth process. Neverthe- 
less, these approaches indicate what the further structural lay- 
out of nanomaterials may look like. 

Currently two general strategies for particle-growth control 
can be disting~ished.[’~] In host -guest nanoscale synthesis, a 
cage or structure-directing molecular container is formed by 
supramolecular or colloidal preorganization in which the 
nanostructure is fabricated (exo-template approach). In the in- 
terfacial molecular recognition route, crystallization is nucleat- 
ed in the proximity of a structure-directing molecule or assem- 
bly. Growth is controlled by the presence of these molecules at 
some of the crystal surfaces, but no imprinting of an outer shape 
occurs (endo-template approach). 

For a broader application of these principles, simpler, non- 
biogenic templates are required, and modern polymer chemistry 
provides some promising candidates. We here describe the use of 
“microgels”,[’ 5 ,  16] spherical polymer gel particles with a well- 
defined diameter in the nanometer range and an adjustable 
chemical functionality, as exo-templates and the generation of 
colloid particles by chemical reactions within the microgels. The 
tuning parameters of the local chemical environment (cross- 
linking density, abundance and type of functional groups) and 
the related physical properties of the microgel (swellability, elas- 
ticity) were systematically varied, and the resulting structures of 
the colloids produced within the nanoreactors investigated. 

Using the reduction of gold salts to gold colloids (the classical 
Faraday experiment) as a model reaction allows a simple evalu- 
ation of the experiment by the naked eye. This is because the 
color of metallic gold colloids is caused by collective oscillations 
(plasmons) of the electrons relative to the atomic cores, the 
energy distribution of which is sensitive to the size and shape of 
the colloidal particles.[”] 

Figure 1 shows a selection of gold colloids in polystyrene 
sulfonate microgels. Variation of cross-linking density, reducing 
agent, and reducing conditions resulted in a variety of stable 
colloidal solutions with very different colors. In addition to the 
classical Faraday colors, Barolo red and purple, shades from 
bengal rose to apricot and black were obtained. 

These colloids were characterized by transmission electron 
microscopy (TEM) . Three typical morphologies obtained by 
varying the reduction conditions are shown in Figure 2. Fast 
reduction with NaBH, in water resulted in the limiting case of 
small spherical gold colloids located as swarms inside the mi- 
crogels (Figure 2a). Decreasing the reduction rate by changing 
the pH (NaBH, in 0.1 N NaOH), but maintaining all other 
parameters, led to a second morphology : long and winding gold 
threads (Figure 2b). With hydrazine as a reducing agent, gold 
“nanonuggets” that resemble algae were formed (Figure 2c). 

The estimated amount of gold in a thread or a nugget is one 
order of magnitude too large to have originated from the gold 
load of a single microgel. Dynamic light scattering before and 
after reduction indicated that the reaction occurred only in some 
of the dispersed particles, which led to a bimodal particle size 
distribution. That is, the colloids were nucleated in some of the 
microgels, while the others served as a source of gold salt which 
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