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Micro/Nanoengineering of the Self-Organized
Three-Dimensional Fibrous Structure of
Functional Materials

Xiang Y. Liu* and Prashant D. Sawant

Supramolecular functional materials!! with 3D fibrous
network structures formed by interconnecting nanosized
fibrils have important applications in, for example, drug
delivery, coatings, lithography, catalyst supporters, scaffolds
for tissue engineering, the engineering of nanostructural and
self-supporting porous materials, and novel separation for
macromolecules.'”) Macroscopic properties, in particular, the
rheological properties of supramolecular functional materials
are determined by the microstructure of fibrous networks.
The fibrous networks with permanent interconnections will
effectively entrap and immobilize liquid in the meshes and
promote the formation of self-supporting rigid gels, which
possess the elastic properties of ideal solids and the viscosity
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properties of a Newtonian liquid.?*° In contrast, systems
consisting of nonpermanent or transient interconnecting
(such as entangled) fibrils or needles reveal only viscous
weak gels at low concentrations.?

Significant efforts have been devoted to the identification
of novel systems with a desirable microscopic structural
organization that can enable formation of such functional
materials.>*% One such route includes the screening of a large
number of potential gelator/solvent systems capable of
forming 3D self-organized interconnecting fibrous net-
works.>+71 However, through the lack of suitable of materials,
screening is very difficult. Thus for a given system, it would be
extremely desirable to construct or engineer interconnecting
3D fiber networks at the micro- or nanolevel with such
organization that materials with the expected functionalities
can be created. We aim to illustrate a completely new
approach to engineering such materials by constructing
permanent 3D interconnecting nanofibrous networks from a
system consisting of separate fibers.

The materials to be examined were obtained by dissolving
lanosta-8,24-dien-3-01:24,25-dihydrolanosterol ~ (L/DHL),
56:44 molar ratio, Sigma) in diisooctylphthalate (DIOP,
99% purity, Aldrich) at approximately 125°C, and then
cooling the sample to approximately room temperature.

H3C

CH3"‘«/\/Y

CH3

CH3

HO”
H3C\\ CH3
L/DHL

0
l 0
0

(|) 7/\/\
DIOP

Scanning electronic microscopy (SEM) coupled with a CO,
super-critical fluid-extraction technique (Thar Design) was
applied to examine the micro- and nanostructure of the
fibrous networks. The latter technique is used to remove the
liquid captured in the networks without disturbing their
overall structure.®

An opaque and viscous paste was obtained on cooling the
aforementioned system (10 wt% L/DHL) to room temper-
ature (Figure 1a, inset). The system consists of only non-
branched fibers or needles, which are in temporary contact
with each other (Figure 1a).

Our strategy is to create networks with permanent inter-
linking from such a system. An additive, ethylene/vinyl
acetate copolymer (EVACP, (CH(O,CH,),, My=
ca. 100000, 40 % in vinyl acetate), is introduced to achieve
the microstructured architecture. Surprisingly, under identical
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Figure 1. a) Separate fibers occurring in the 10 wt % L/DHL/DIOP system.
An opaque paste is obtained, as shown in the inset. b) Interconnected fiber
networks in the 10 wt% L/DHL/DIOP system after adding EVACP. A
clear and tough gel was obtained, as shown in the inset.

conditions to those described above, a tiny amount of EVACP
(0.006 wt%) is sufficient to create interconnecting self-
organized microscopic networks of nanofibers in the
L/DHL/DIOP system (Figure 1b), which results in the
formation of a solid and self-supporting gel (Figure 1b; neat
vinyl acetate exerts no effect on the branching).

To investigate the influence of such a structural change on
macroscopic properties, the rheological properties of the
system were measured (Figure 2). Instantaneous measure-
ment of the applied stress and the resultant strain allows the
calculation of the storage modulus (G’, which describes the
elastic property) and the loss modulus (G”, which describes
the viscosity), which, in turn, gives the complex modulus G*
(G*=[(G')? + (G")?]"2).00-1]

Figure 2 a displays the change in G* as a function of time for
the L/DHL/DIOP system. The value of G* increases abruptly
at t >, (t,= gelation time), which indicates the formation of
L/DHL fibrils. The value of G* reaches its maximum G
when the formation of the fiber network is complete, which
occurs as t—oo. In comparison with the control sample, the
G, value is almost doubled after a small amount of EVACP

max

is added. (Similar changes were also obtained for G’ and G”,

3642 © 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

al 1.2x10°F
I
Loxlo"F ¥ with 0.06 wt % EVACP
Bm10°H / !\ e o S
_+ 7 with 0.006 wt % EVACP
Ox10°F i e
G*IN A ! L : : !
o F ! ‘_/__T_T-r fi without EVACP
4010k 7
.'I|I
20x10° k
Sl
0 _.__,._.",IFF}_.' .......

0 200 400 60 800 000 1200
1§ ——
b} 1.1x10°
"""""""""""""""""" st
5 e
1.0x10 /'_,.a-,
9.0x10° F
G* / Nmi™ A
S.0x10° F
7.0x10° F
f.0x10° 1 ! . 1 .
0.0 LOx107 20x107 3.0x107 40x107  S.0x107°
{'45\--“ rfm %
24 10 g )
e L4 ]
. —_— o EVACP

0.03 wi 5 EVACP

G* | Nm™

10 10 10 1 10' 10 10
%
Figure 2. Changes in the rheological properties of the 10 wt% L/DHL/
DIOP system, both with and without EVACP, as functions of time and
strain.l"’l a) Dependence of the magnitude of complex modulus G* on time.
The amplitude of the oscillations was controlled to obtain a 0.1 % strain in
the sample. (Under this strain limit, the structure of supramolecular
materials will not be destroyed by the measurements.) The maximal G* is
almost doubled after adding EVACP. The slope of G* ~t (=dG'/dt) at t—t,
(t>1,) represents the growth rate of L/DHL fibrils. b) Dependence of the
magnitude of complex modulus G* on the concentration of EVACP
(Cgyacp) for the above system. ¢) Dependence of the storage modulus G’ on
strain. The linearity limit y, is enhanced almost 100 times after adding
EVACP.

respectively.) The change in G* as a function of EVACP
concentration (Cgyacp) is given in Figure 2b. As indicated, the
value of G* increases drastically at low Cgyacp values, which is
as a consequence of greater interconnectivity between L/
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DHL fibers. As Cgyacp increases further, G* gradually reaches
a constant level. This can be attributed to fine adjustment of
the interconnecting fiber networks. The SEM micrographs
suggest that the branching period of L/DHL fibers changes
from approximately 1.2 to 0.8 um as Cgy,cp Varies from 0.006
to 0.1 %. Within the same concentration range, the thickness
of the fibers varies between approximately 30 and 60 nm,
which is much thinner than that of L/DHL fibers without
EVACP (approximately 800 nm).

Figure 2¢ shows the change in G’ at various oscillating
strain amplitudes (y) at an angular frequency (@) of 0.2n
rads~!. The strain corresponds to the deformation of the
networks caused by the applied shear stress. The value of G’
remains constant (linear) at small strains and decreases
abruptly when y exceeds a certain value, y,. The onset of
nonlinearity (decrease in G’) at y, indicates bond breakage
within the networks.['? Figure 2 c indicates that the addition of
EVACP leads to a significant enhancement (approximately
100 times) of the limit of linearity y,. Since our experiments
show that EVACP itself has no direct impact on the G’ or
¥, values, the changes of G*, G’, and y, must be attributed to
the establishment of 3D interconnecting fiber networks.

To explore the network-promotion mechanism of EVACP,
one must first understand the cross-linking mechanism. It is

3000 F
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Figure 3. a) X-ray diffraction analysis for L/DHL crystalline powders and
fibrils. All forms have crystalline order and an identical structure. b) Plots
of Int,~1 versus (AWkT)?* for the 10 wt % L/DHL/DIOP system. A linear
relationship is obtained, which indicates the control of nucleation during
fibril formation.!"*!
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believed® that the formation of nanofibers of small mole-
cules such as L/DHL occurs through molecular self-assembly.
This process implies that the fibrils have only low-dimensional
or liquid-crystalline ordering, and the formation of networks
should be controlled by diffusion.> However, X-ray diffrac-
tion (XRD) analysis show that L/DHL powders, needles, and
3D interconnecting fibrils have identical crystalline character-
istics (Figure 3a). The formation of L/DHL needles and 3D
interconnecting fibrils is, therefore, essentially controlled by a
nucleation-growth process. According to 3D nucleation
models!™® Int, is linearly dependent on 1/(Au/k T)?. Here, Au
is the difference in chemical potential between L/DHL
molecules in the fibril and in the liquid phase, and can be
given by Equation (1).

Ap _ AHg

o~

KT~ KTy T

(Tey=T) 1

AHg, denotes the molar dissolution enthalpy of the
nucleating phase, T, and T are the equilibrium temperature
for a given concentration and the experimental temperature,
respectively, and k is the Boltzmann constant.

On the basis of the above results (Figure 3) and the
“trimmed Cayley tree” structure (Figure 1b), we propose that
propagation of the interconnecting network of L/DHL after
adding EVACP proceeds as follows: primary nucleation—
fiber growth—-crystallographic mismatch branching—fiber
growth—crystallographic mismatch branching, etc. (Fig-
ure 4¢)." One of the key steps to building self-organized
interconnecting fiber networks is the so-called crystallo-
graphic mismatch branching (CMB)!"¥ induced by EVACP.
This process occurs when crystal layers on the tips of the
growing fibrils exert a certain degree of structural mismatch
with respect to the crystallographic orientation of the parent
fibers. This situation leads to the formation of new daughter
fibers on the tips of the parent fibers (Figure 4b).

The formation of sharp crystalline needles or fibers arises
from the rapid growth of the tips, which implies that the
kinetic resistance of sharp fibril tips along the fibril axis is very
low in comparison with other directions,'>' and corresponds
to a very low step-free energy (that is, the energy required to
create a step at the crystal surface).'”] Consequently, the
growth of L/DHL fibrils is very likely to be controlled by
either 2D nucleation “birth-and-spread growth” or “rough-
growth” mechanisms.'>!5] The birth-and-spread mechanism
involves growth along the fibril axis by growing new crystal
layers on top of an existing layer through 2D nucleation
(Figure 4a).1

For the growth of separate needlelike fibrils, integration of
L/DHL molecules into the crystal structure of fibrils at the tip
surface is much more rapid than the transport of molecules
from the bulk to the surface.'>3 Tt follows that all growth
units transported to the tip surface will be incorporated into
the tip instantly.['*l Therefore, the concentration of deposited
material at the surface of the tips is very close to the
equilibrium concentration (or supersaturation Au/k T—0).

For a crystalline system, the probability of heterogeneous
nucleation, which leads to the occurrence of new fibrils,
depends on both the structural match between the substrate
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Figure 4. a) Growth of L/DHL fibrils controlled by the birth-and-spread
two-dimensional nucleation mechanism.['>??] This process can take place at
low supersaturation values, and correspondingly the structure of the new
layers occurring at the tip of the fibrils exactly matches that of the crystal
surface. b) The adsorption of EVACP causes mismatch nucleation at the tip
of growing fibril, which leads to crystallographic mismatch branching.
¢) The formation of interconnecting fiber networks.

and the nucleating phase, as well as supersaturation.!3 It is of
note that the surface of existing fiber tips can also be a perfect
substrate for self- or auto-epitaxial nucleation and
growth.['191 For the growth of L/DHL needles, the deposi-
tion of new layers on the existing surface of growing tips
requires a perfect structural match at very low levels of
surface supersaturation (Figure 4a).['3] As the surface super-
saturation increases, the tendency for a mismatch of new
layers on the existing surface of growing tips (Figure 4b)
increases because of the lowering of the mismatch nucleation
barrier.["® If structural mismatch occurs, new fiber branches
will emerge from the tips of existing fibers, which leads to
CMB (Figure 4b).

EVACEP is an agent that will selectively adsorb on certain
surfaces of organic crystals.'’l The molecules can strongly
adsorb on the tip of growing fibrils or the surface of foreign
particles. As shown in Figure 2a,the value of ¢,, which is
proportional to the induction time of primary nucleation,
changes from 1.2 x 10? to 3.4 x 10% and 5.4 x 10% s upon addition

3644 © 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

of 0.006 and 0.06 wt % EVACP, respectively. These results
suggest that the primary nucleation of L/DHL, which
normally initiates from foreign particles,'® is suppressed by
the adsorption of EVACP onto the surface of the parti-
cles.'>15] More importantly, the adsorption of EVACP on the
tip of growing fibrils will hinder significantly the integration of
surface L/DHL molecules into the crystal'®l and, consequent-
ly, reduce the growth rate of the fibers. It can be seen from
Figure 2a that the growth rate of the fibrils in the axial
direction, R,, changes from 9C to 3.3C and 1.2C (C=con-
stant) when 0.006 and 0.06 wt % EVACP are added, respec-
tively (see the legend of Figure 2a and ref. [23] for details).
Consequently, the surface supersaturation is greatly enhanced
to a level close to the bulk supersaturation.l'¥] As mentioned
above, high surface supersaturation promotes the formation
of new fibrils on the tip of the parent fibril (Figure 4b), which
leads to the onset of CMB. The experiments verify that the
correlation between the branching distance and supersatura-
tion 1/(Au/k T) can be described quantitatively by the CMB
mechanism when branching occurs. []

OtsuboP’ reported that silica particle suspensions also form
3D networks on addition of polyacrylamide. The network is
formed by the adsorption of one polymer chain onto two or
more existing particles, which binds them together. In this
case, the polymer molecules serve as bridging materials in the
formation of the 3D network, and adsorption onto the surface
of particles is an irreversible process. In contrast, the EVACP
introduced into the L/DHL/DIOP system promotes the
branching of lanosterol fibrils by affecting the kinetics of
fiber formation, rather than through direct involvement by
bridging different existing fibrils. This process completely
alters the topology of the fiber networks, and leads to the
formation of the Cayley tree type of 3D interconnecting
network (Figures 1c and 4c). Therefore, in comparison with
the bridging mechanism, additive-induced CMB requires a
much lower quantity of polymer than the previous case (at
least two magnitudes lower).?! The formation of 3D inter-
connecting nanofiber networks of L/DHL by the addition of
EVACEP is thermally reversible since the branching process is
kinetically controlled. This is in contrast to the thermally
irreversible 3D network formed by the bridging of polyacryl-
amide, and exemplifies the differences between these sys-
tems.[?]

It is noticeable that the adsorption of additives on the
growing tips may reduce the anisotropy of needlelike growth,
and result in tip-splitting as a consequence of instability at the
corners.>?? The branching in our case is a special type of 3D
nucleation (Figure 4d), whereas tip-splitting is essentially a
diffusion-control growth process. As an important distinction,
the split tips and the parent fiber belong to the same crystal,
whereas the daughter fibers and the parent crystal in CMB
belong to different crystallites (Figure 1b).

In conclusion, we have constructed a 3D interconnecting
fibrous network of a supramolecular functional material at the
micro/nanoscale level, by utilizing a “branching creator”,
EVACP. This novel approach can enable the creation and
engineering of interconnecting 3D nanofiber networks with a
desired structure and significantly modified rheological prop-
erties. Our experiments show that the architecture of the

0044-8249/02/4119-3644 $ 20.00+.50/0 Angew. Chem. Int. Ed. 2002, 41, No. 19



COMMUNICATIONS

microstructure is controlled by the newly identified crystallo-
graphic mismatch branching mechanism, rather than molec-
ular self-assembly.
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Exceptional Rate Enhancements and Improved
Diastereoselectivities through Chelating
Diamide Coordination in Intramolecular
Alkene Hydroaminations Catalyzed by Yttrium
and Neodymium Amido Complexes**

Young Kwan Kim and Tom Livinghouse*

The catalyzed intramolecular hydroamination of carbon-
carbon multiple bonds is one of the most important methods
for the synthesis of nitrogen heterocycles.! Of the variety of
metal-based catalysts for this transformation, complexes of
the lanthanides appear uniquely well suited for effecting
chemoselective alkene hydroaminations under mild reaction
conditions.>3 The vast majority of the complexes that have
found utility for this purpose are comparatively air- and
moisture-sensitive metallocene derivatives. We recently dis-
closed that simple amido derivatives of the Group 3 metals
corresponding to the formula [Ln{N(TMS),};] (1; Ln=1lan-
thanide, TMS = trimethylsilyl) are competent catalysts for
intramolecular alkene hydroamination.”! Herein we show
that catalytic activity can be dramatically increased and
cyclization diastereoselectivity improved by coordination of
the active metal center to simple chelating diamide ligands
(Scheme 1).

As part of our previous study, we noted that the addition
of representive amino alkenes to catalytic quantities

[Ln{N(TMS)z}e]

la:ln=Y
1b: Ln = Nd

Z2—x3

I T
°
o
/N
=
T I

n—2

2a: R = CH,CMeg

2b: R = CHzCHZNG

3a: n=2; Ar = 2,6-dimethylphenyl
3b: n=2; Ar = 2-isopropylphenyl
3c: n=2; Ar = 2,6-diethylphenyl
3d: n=3; Ar = 2-isopropylphenyl

4a: Ar = 2-methylphenyl
4b: Ar = 2-isopropylphenyl

Scheme 1. Ligands for lanthanide complexes 1 employed in this study.
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