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Abstract: Helical fibers of porous manganese oxide have been prepared from colloidal solutions. Such fibers
have diameters ranging from several mm to the micrometer range. These helices are formed, starting from a
well-mixed colloidal precursor and applying no external forcing other than its confinement in a capillary or
beaker and heating for a period of time. Structural changes occur during gelation, leading from an amorphous
to a layered structure. The layered structure can be ion-exchanged with hard cation template ions and then
heated to form tunnel structure materials that retain the helical morphology. The helices are semiconductors
and permeable. As the concentration of the colloidal precursor is lowered, helices are no longer formed, but
instead, two-dimensional rings are produced. The formation process of these helices is related to contraction
of the gel during heating with capillary pressure until solvent is removed followed by expansion of the helix.

I. Introduction Pursuit of new conducting wires and thin films via molecular
engineering has recently been the focus of several laboratories

regular patterris4 have intrigued researchers over the past 100 for potential applications as sensért enhance computing
ears and have led to numerous experimental and theoreticalSpeed and storage density of electronic matefizisd as
year: . . > EXP . effective membranes for separatiGriBntrapment of carbon and
studies. Porous inorganic materials have also been intensely . . - - .
. organic conducting polymeric materialer vapor deposition
pursued to generate media that can be used for control of-host . B - -
- ; 3 L in porous media like zeolitdéshave produced wires; however,
guest interaction’; 2 for shape selectivity,and for understand- . .
ing fundamental phenomena such as diffusion and adsorption removal of such materials from hosts has been evasive.
9 ) P . orp ‘Conducting organic wires having donor acceptor moieties linked
Generation of well-ordered macroscopic, mesoscopic, and .
. . ; L X .~ “ by bridges have recently been reported.
microscopic materials such as reproducible inorganic helices ; .
. : o : Organic helical structures occur at the macromolecular and
has been an elusive goal, especially when specific physical :
roperties such as porosity or conductivity are of interest. Here malecular levels and are widely found throughout nafure.
prop P Y . ya - i However, purely inorganic helices have only recently been
we show that well-formed durable inorganic helices that are - e
. . -~ observed.Transition metal arsenate and germanate zeolite-like
permeable, porous, and conducting can be readily synthesized

! . - X .~~~ systems have been shown to have helical 3-D pb@semical
isolated, and functionalized. This approach may be generalized -

. . ; vapor deposition methods have been used to coat carbon to
to other inorganic and organometallic systems.

produce 16-15um diameter inorganic ceramic spirals. Helices
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silicated* have also been produced. Ring stains and depositsisotherm data via least-squares fitting of 8 points. About 0.2 g sample
and mechanisms of formation have recently been related tois evacuated at 500m Hg and then immersed in liquidzN

capillary flow effectst®

Large-pore semicrystalline mesoporous transition metal oxides

of manganese oxideand other transition metdfshave been
reported. Recently, disk-shaped crown ether phthalocyanine an

Electrical conductivities were measured by the dc four-probe method
using linear fragments of fibers with lengths of 1 cm and cross sectional
areas of 49« 107° cn?. Silver wires were attached with silver paste to

K-OMS-2 or K-OL-1 fiber. The current was applied along the fiber

is through the external probes and the voltage was measured between

polysiloxane coiled-coil aggregates, of 50 nm diameter and a i tyo inner probes.

few micrometers in length, have been grown in organic els.
Filaments of single crystalline Ga a few cm in length and on
the order of 22100 um diameter have recently been reported
to grow via de-intercalation of @aN1® The above systems
are difficult to isolate, form in the midst of other morphologies,
are difficult to functionalize, or are insulating.

We have recently reported the ability to reproducibly prepare
well-defined helical filaments of porous manganese oxfde.
These materials are semiconductors, contain micropores, an

can be altered to form other structures and compositions that

are the focus of this manuscript. The starting sol materials
contain an organic cation, which results in gels that form helices.
Helices are produced when using high concentrations of sol,
and rings form when such sols are diluted.

Il. Experimental Section

A. Synthesis.A colloidal solution of lamellar manganese oxide (0.1
M in Mn) was prepared by adding 10 mol [N(GMnO, to a stirred
mixture of 100 mL of distilled deionized water and 30 mL of 2-butanol
at room temperature. After 30 min a dark rdatown solution was

Ill. Results and Discussion

A. Synthesis. The resultant TMAMnO, helix has the
following theoretical and (experimental) compositions as de-
termined by formulas and inductively coupled plasma and
combustion analyses methods, respectively %C 8.82 (10.58),
%H 4.36 (4.47), %N 2.57 (2.86). The difference in the organic

fontent may be due to residual TMAOH formed during the

synthesis which was not removed after washing the fibers with
deionized water. The K-OL-1 helix has a composition of %C 0
(0.34), %H 1.47 (1.23), %N 0 (0.03), K/Mn 0.2325 (0.2325).
The K-OMS-2 helix has a K/Mn of 0.2325 (0.2325).

Sols of tetramethyl ammonium (TM#A permanganate salts
in 2-butanol/HO when placed in capillaries and heated at 85
°C for 160 h (3 mm i.d. capillary tubes) form helical fibers
whose composition (after being washed with water to remove
impurities) is [N(CI—§)4]+0_9;.J\/In4+2,1Mn3+1_907(OH)1,03-5H20
with a manganese average oxidation state (AOS) of 3.52. Figure
1A shows examples of various coiling frequencies of these

formed in the lower agueous layer. This aqueous solution was separateche“ces in capillary tubes of \_/arlous dimensions. Figure 1C
from the upper organic layer with a separatory funnel and then either SNOWS further examples of ring patterns formed from low

used as-is or diluted (down to 0.001 M in Mn). The resultant colloids concentrations of the sol. We have previously briefly com-
when placed in capillaries and heated at°85for 160 h (3 mm i.d. municated® that helices and rings form under different condi-

capillary tubes) form helical fibers at high concentrations of the initial tions. Table 1 summarizes our general findings, and these

sols or ring patterns at low concentrations. specific examples show that the pitch of the helices and the
The synthesized fibers were ion-exchanged withfét preparation thickness of the rings can be varied, primarily by controlling

of synthetic birnessite, K-OL-1. The ion-exchange reaction was carried the injtial concentration of sol in the capillary tube and the

out at room temperature by immersing the helicea iL Msolution of diameter and length of the tube.

KNGOz under ultrasound for 10 min followed by an extensive washing . .

step with deionized water. Heating the K-OL-1 helix to 5@in air The diameters of _these helices can range from the mm range

down to <30 um with lengths as long as 25 cm. At lower

leads to formation of a tunnel structure K-OMS-2 helix. ; ¢ . f i
Characterization. Structural analysis was done with a Scintag 2000 concentrations [1G° M] rings are formed. Helices can be

PDS system with Cu K radiation at a 1.5406 A wavelength. Step 'emoved from the tubes either by cutting the tube or by flushing
scans of 0.03were used. An X-ray beam voltage of 45 kV and a current  the tube with a solution of KN® Treatment with water does

of 40 mA were used. Scans were collected frofrt80° 26. High- not remove the organic ion. The sizes and number of windings
resolution transmission electron micrographs were obtained by imaging of the helices both show good reproducibility in multiple
ultrathin sections on carbon mesh copper grids using a JEOL 2010 experiments. Trace levels of silicon are detected at the surface,

microscope operated at an accelerating voltage of 200 kV. The samplesingicative of surface bonding to the glass capillary. The angle
were setin LR White hard-grade acrylic resin obtained from the London qf the tybe from a strictly vertical position is not critical, but a
Resin Company. The resin/sample blocks were sectioned using a Sorva"horizontal orientation does not lead to well-formed helices.

Porter-Blum MT-2B ultra-microtome and Diatome diamond knife. The . .
B. Formation Process.The initially formed amorphous sol

samples were then imaged on a JEOL 2000FX operated at an .
accelerating voltage of 200 KV. precursor has been characterized by small-angle neutron scat-

In addition, the morphology was observed with optical microscopy t€fing to have homogeneous particle sizes on the ordet-6f 4
and scanning electron microscopy methods. Scanning electron micro-NM. In all syntheses, only one helix is produced in each capillary.
graphs were obtained using a JEOL 100 CX microscope operated atTime lapse photographs are shown in Figure 2 from the initial
an accelerating voltage of 20 kV. Samples were gold-coated by sol stage (Figure 2A) up to a period of 160 h for the final helix
evaporation prior to imaging. shown in Figure 2H. The arrows indicate the level of the solvent

Surface areas were measured with a Micromeritics ASAP 2010 during thermal treatment at 8&. A gel forms during the first
system. The monolayer volume of adsorbeddds is measured from 7 h of reaction. A movie of the formation of helices from the
initial sol can be found at http://www.lib.uconn.edu/chemistry/
SuibGroup/suibg.html.

These photographs and movies show that the formation
process proceeds first via contraction of the—sggl due to
solvent evaporation with concomitant formation of a clearer
phase near the capillary wall. During drying, liquid is expelled
from the wet slug as a clearer phase appears close to the capillary
wall. The expulsion is partially driven by capillary forces, which
continue to reduce the surface area of the slug to minimize its

(15) Deegan, R. D.; Bakajin, O.; Dupont, T. F.; Huber, G.; Nagel, S.
R.; Witten, T. A.Nature 1997, 389, 827—829.

(16) Tian, Z. R.; Tong, W.; Wang, J. Y.; Duan, N.; Krishnan, V. V.;
Suib, S. L.Sciencel997, 276, 926-930.

(17) Yang, P.; Zhao, D.; Margolese, D. I.; Chmelka, B. F.; Stucky, G.
D. Nature 1998 396, 152—-155.

(18) Engelkamp, H.; Middelbeek, Nolte, R. J. I8ciencel999 284,
785—-788.

(19) Barsoum, M. W.; Farber LSciencel999 284, 937—939.

(20) Giraldo, O.; Brock, S. L.; Marquez, M.; Suib, S. L.; Hillhouse, H.;
Tsapatsis, MNature200Q 405, 38.
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Figure 2. Heating effects of 0.1 M TMA colloidal solutions; tubes of
3 mm i.d. were heated at 8% for (A) O h, (B) 12 h, (C) 17 h, (D) 24

h, (E) 36 h, (F) 67 h, (G) 90 h, (H) 180 h. Blue arrows show the liquid
level.

Table 1. Summary of the Effects of [Mn], Capillary Diameters,
and Lengths on Morphology

i.d. of the length of the ring
[Mn] capillary capillary tube helical  diameter
(M) tube (mm) (mm) result pitch (mm) (mm)
0.10 3.0 180 helix 25 a
0.10 12 90 helix 12 a
0.05 1.2 90 helix 6 a
1x 103 3.0 180 rings a 0.13
1x10°8 1.2 90 rings a 0.13

2 Not applicable.

C. Functionalization of Helices by Changing Composition,

Figure 1. Morphologies of the encapsulated (TMMNOx products. Porosity, aqd Structure.The organic cation can be com_pletely
Final morphologies are observed after solvent evaporation ac85 ~ 'emoved via ion-exchange and leads to the formation of a

(A) Helices with various coil frequencies. (B) Micro-helix. (C) Micro-  layered phase corresponding to synthetic birnessite (G-1)
parallel rings. (D) Examples of helices with different coil frequencies Which can be converted via a direct solid-state transform&fion

in similar diameter tubes, i.¢= 0.2 mm. (E) K-OL-1 helix removed to a microporous tunnel structure.
from tube. lon-exchange of the TMA helix with K* leads to helices
(Figure 3) having the composition 'i§.ggVin%*, 1Mn3+; O5-
interfacial energy. However, wetting adhesion between the (OH), oz2.7H,0 and an octahedral layered (OL) structure of
capillary surface and the slug prevent the slug from completely synthetic birnessite (OL-2} Lattice parameters derived from
detaching from the capillary walls. This balance between surface X-ray powder diffraction data of Figure 3B are similar to
tension and adhesion forces (and gravity, of course) drives thejiterature reportd! If the helices are crushed into small particles,
helix formation. The mechanical resistance of the slug toward the OL-1 pattern is still observed, although the preferential
this helical formation, however, increases with the capillary orientation of (00) reflections is then minimized (note the
radius. As a result, slugs with a large diameter are strong enoughdifference in relative intensities of data of Figus B and C).
to detach from the wall. This will provide an upper limit for  Optical and electron microscopy photomicrographs show that
helix formation. Adhesion of the helix to the walls is an the external surfaces of the helices are well-formed and uniform,
important factor in helix formation since there is a dependence showing smooth surfaces. Fourier transform infrared (FTIR)
on the size and shape of the container and the chemicalspectroscopy and microanalyses also show the complete and
characteristics of the surface. For example, square containersapid (10 min, room temperature under ultrasonic cavitation)
did not lead to helix formation. Further evaporation of solvent |oss of TMA' cations from the helices after ion-exchange with
leads to elimination of capillary pressure, and the gel expandsK+, suggesting that diffusion is facile and that these materials
from the lower toward the upper end of the capillary. are permeable.

A small capillary tube of 1.2 mm i.d. has been magnified  Thermal treatment of the helices of K-OL-1 at 580D leads
and is shown in Figure 1B. This photo clearly shows the well- to formation of an octahedral molecular sieve (OMS) tunnel
defined character of the helix and that helices may be formed structure of synthetic cryptomelane (OMS-2). An exothermic
over a wide range of capillary tube diameters. Figure 1C shows phase transition of the helical K-OL-1 material was observed
well-ordered rings for sols at lower concentrations than those via differential scanning calorimetry at 496. This phase has
tha_lt produc_;e helicgs. Figure 1D shows different_freqqencies of 51} (&) DeGuaman. R N: Shen V. F- Sub. 5. L. Shaw. B, R.
coils in various helices for capillaries of 0.2 mm i.d. Figure 1E O’\((ou)n(g, oL Mar1683 B 1305-1400, (by Shem v o erger
shows that these helices can be removed from capillary tubesg p : peGuzman, R. N.; Suib, S. L.; McCurdy, L.; Potter, D. I.; O'Young,
and retain their helical structure. C. L. Sciencel993 260, 511-515.
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Figure 3. X-ray powder diffraction dafd of (A) TMA MnOy helix,
(B) K-OL-1 helix, (C) K-OL-1 ground helix, (D) K-OMS-2 helix, (E)
K-OMS-2 ground helix. (*) Reflections from Al sample holder. Lattice
parameters for K-OL-1 helia= 2.85 A;c=7.17 A;y = 12C. Lattice
parameters for K-OMS-2 helix space grodpm,a = 9.848(9) A;c =
2.859(2) A.

a composition of K1gMn*ts Mn3t3 3014 5{OH)1.430.7H,0

with a manganese AOS of 3.58. DSC and TGA studies of the

helical K-OMS-2 materials show stability above 8%00. The
XRD data clearly show that K-OMS-2 microporous phd%es
are present in these helices (Fig# D and E). The intensities
of the reflections Itkl) with c components that are nonzero are

larger for the K-OMS-2 ground sample (Figure 3E) with respect

to the K-OMS-2 sample in a fiber form (Figure 3D). This
observation is consistent with theaxis being preferentially

along the long axis of the fiber fragment. Figure 4 shows the
XRD data collected in a transmission geometry. The uneven

intensity distribution of the diffraction rings is further indication
of an oriented polycrystalline sample.

The intact helices show a surface area of 2%gnfor the
initial OL-1 phase which increases to 13/mfor the K-OMS-2

phase. Pore-size distribution data for the K-OMS-2 phase show

a peak at 4.4 A which is indicative of the presence of the 2

2 tunnel structure of cryptomelane. The HREM data of Figure
5e also show the presence of such tunnels and that the material
are homogeneous. The low surface area of the helices may bq

indicative of blockage of some of the tunnels by Kns since
the [K'] is very high, approaching the maximum allowed

(22) (a) DeGuzman, R. N.; Shen, Y. F.; Neth, E. J.; Suib, S. L.; O'Young,
C. L.; Levine, S.; Newsam, J. MChem. Mater.1994 6, 815-821. (b)
Xia, G. G.; Yin, Y. G.; Willis, W. S.; Wang, J. Y.; Suib, S. LlJ. Catal.
1999 185 91-105.

(23) Strobel, P.; Vicat, J.; Qui, D. T. Solid State Chenl984 55,
67—73.

(24) sato, H.; Enoki, T.; Yamaura, J. |.; Yamamoto, Rhys. Re. B
1999 59, 12836-12841.

(25) (a) Liesegang, R. BNaturwiss. Wochenschd 896 II, 353. (b)
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Press: New York, 1988; p 145.50.
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1.932 A (510), 1.833 A (411), 1.748 A (440), 1.687 A (530), 1.645 A (600),
1.541 A (521), 1.432 A (002), 1.357 A (541), 1.295 A (631), 1.238 A (402).
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Figure 4. XRD pattern of a K-OMS-2 fiber obtained in transmission
mode using Cu K radiation.

content. In addition, a density normalized surface area may be
important to consider with respect to materials such as silica,
alumina, zeolites, or M41-S materidfsFinally, this synthetic
route of high-temperature conversion to the cryptomelane
structure results in lower surface area materials than systems
made with more soft approach&slon-exchange data also
suggest that these materials are permeable.

D. Morphology, Microstructure, Conductivity. The mor-
phology and microstructure of the K-OMS-2 helix were
examined by scanning and transmission electron microscopy.
Figure 5 shows collective results from the microscopic examina-
tion of the OMS-2 helices. A small linear fragment of the helix
was cut and examined first by SEM. Striations are evident along
the length, indicating a fibrous structure further corroborated
by the direction of crack propagation from sample preparation
the crack runs along the long axis of the helix fragment, Figure

b). Secondary spiraling along the radial direction of the helix
s shown by the SEM images, Figure 5a

High-resolution SEM images (Figure 5c) indicate that the
fragment of the helix consists of elongated crystallites with 0.1
um length and 0.020.03um width. HRTEM images (Figure
5 d and e) show that the needlelike crystallites have a
microporous structure consistent with that of OMS-2 with the
channels of the % 2 octahedra running along the small crystal
dimension. HRTEM images also indicate the presence of
dislocations in views perpendicular to tleeaxis. Electron
diffraction patterns are consistent with the OMS-2 structure.

The K-OL-1 precursor helix has an electrical conductivity
of 3.7 x 104 Q1 cm 1 at 21°C. DC 4 probe conductivities
of 4.2x 1071 Q1 cm™1 at 21°C for the K-OMS-2 system are
approximately 2 orders of magnitude larger than highly dis-
persed powdef! of K-OMS-2 and~1 order of magnitude
higher than most well-formed single crystals of cryptomelane-
like materials?® In cryptomelane single crystals (AGS 3.83)
the Mr?* ions tend to be ordered and localized close tb K
ions?2* while in our system the higher content of-Kons and
lower AOS (3.58) should yield a uniform distribution of Bin
ions in the crystal lattice, resulting in a situation that enhances
the conductivity. Conductivities across the width of the helix
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50 pm

Figure 5. Scanning electron microscopy images of K-OMS-2 fiber fragment (a, b, c) at increasing magnifications from a to c. (d and €) HRTEM
views of the crystallites: (d) is a view perpendicular to the long axis of the crystadligai§) and (e) is a view down theaxis. The inset of (e)
is an FFT processed image showing structure consistent with th& Zhannel structure of K-OMS-2.

are lower (about 1 order of magnitude) than along the length. as a continuous filament. However, exactly how these particu-
The higher conductivity along the length of the helices with lates organize in the helical structures is not well-known. A
respect to bulk powders may be due to the microstructure of self-assembly process resulting in evenly spaced turns of the
the wires. Literature data suggest that the conductivity of helices or of the rings might be in effect. Low concentrations
synthetic cryptomelane is related to small polaron hopping. of the sol when deposited on the surface lead to well-ordered
The hierarchical microstructure [primary microporous crystal micropatterns of lines down to aboutun.

structure, secondary mesoscopic assembly of elongated crys- The results described above clearly demonstrate the ability
tallites parallel to each other with theiaxis (channel direction)  to reproducibly create a wire exhibiting order across multiple-
lying along the length of the wire, and tertiary macroscopic length scales (from the nm to cm scale) starting from a well-
spiral-within-helix shape] is formed in the absence of external mixed colloidal precursor and applying no external forces other

forces or initially imposed concentration gradients. than its confinement in a capillary or beaker and heating for a
The resulting microstructure leads to the formation of porosity period of time.
on several scales: (1) microporosity of the>x2 2 crystal Reproducible formation of helices in gradient-free rather than

structure of OMS-2, (2) mesoporosity between the colloidal Liesegang (gradient) systefAdy self-organization from the
crystallites, and (3) macroporosity between the winding of the whole volume of the system has not been reported before. The
helix and to a net alignment and connectivity of the microporous  affinity of colloidal particles to nucleate at the capillary wall is
network along the length of the helix. This alignment leads to certainly a major factor; however, formation of helical fragment-
conduction along the wire, and as a result of the porosity, rate (s) requires genuine symmetry break# since it cannot be
processes such as ion exchange are enhanced due to fasinposed from boundaries of the capillary.

diffusion. Ozin et al'3® have mathematically modeled observations of
Syntheses with capillaries or other surfaces that have beenhelix formation and transverse and longitudinal differential
coated to remove OH groups on the walls or Teflon tubes lead contraction processes for helices of hexagonal mesoporous silica
to distorted helical or nonhelical structures. Both right- and left- from mesoporous films. While such a model may provide some
handed helices are observed in these syntheses with about thef the explanation of manganese oxide helices described here,
same amount of each. When invasive objects or deposits areit is clear that other factors in our system play a major role
introduced, the direction of the winding of the helix can be such as confinement in the capillary tube, composition of the
altered. The wires can be wound around another object without capillary wall, a strong solvent dependency, and other param-
breakage or collapse of the wires. The flexibility of such helices eters.
is likely due to the interlocking fibers that run along the length Microscopy studies show that there is an anchoring of the
of the helices. sols and gels to the walls of the tube during growth. Preferred
The sizes of the helices are directly controlled by the [Mn] orientation noted in XRD along with electron microscopy data
in the sol precursors and by the diameters of the capillary tubes.suggests that OH groups of the capillary walls interact with OH
However, capillaries are not required to form these phases.groups of the sol to form layered phases parallel to the wall
When a beaker is used, the wire attaches to the surface andand tunnels in OMS-2 helices that run along the helix. Time
winds around the inner surface of the beaker. These wires growlapse photographs indicate contraction followed by expansion
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along the length of the capillary. The helix form is clearly graphic separations. Hierarchically ordered mixed-valent transi-
observed during the expansion. tion metal oxide materials of our systems can likely be

One can envision the helix formation as a result of periodic prepared® Semiconducting fibers might lead to new circuitry
expansion due to stress development during growth. Despitematerials if the sizes can be limited to diameters lower than 1
the uncertainties in the operating mechanism(s), the resultsmicrometer. Other related forms such as films and lines may
reported here establish the potential for reproducible formation be more useful in this regard.
of hierarchically ordered funptional materials and macrostruc- Unique features of these systems include the unusual helical
tures starting from a well-mixed precursor phase and relying ,oshology, conductivity, ease of ion-exchange, transformations
solely on self-organization. to alternate structures while preserving the morphology and
wire-like properties, and adsorption properties, which are due
to the generation of hierarchical porous structures.

These systems may yield new generations of materials of
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