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This overpotential should be affected by the
catalytic activity of the electrode and, thus, the
size of the Ni particles in the anode should also
affect the cell performance, especially at lower
operating temperature.

The outstanding performance of cell A seems
to arise from the improvement of the anode micro-
structure (Ni particle size below 100 nm). The
open-circuit voltages slightly decreased from 1.1 V
for cell C to 1.0 V for cell A as sintering temper-
ature decreased from 1400° to 1250°C. This change
possibly relates to the density of the electrolyte.
Bundling of the cells, stack design, and modulariza-
tion are other challenges that need to be overcome for
the realization of high-performance SOFC systems.
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Docking in Metal-Organic Frameworks
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The use of metal-organic frameworks (MOFs) so far has largely relied on nonspecific binding
interactions to host small molecular guests. We used long organic struts (~2 nanometers) incorporating
34- and 36-membered macrocyclic polyethers as recognition modules in the construction of several
crystalline primitive cubic frameworks that engage in specific binding in a way not observed in passive,
open reticulated geometries. MOF-1001 is capable of docking paraquat dication (PQT?*) guests within
the macrocycles in a stereoelectronically controlled fashion. This act of specific complexation yields
quantitatively the corresponding MOF-1001 pseudorotaxanes, as confirmed by x-ray diffraction and by
solid- and solution-state nuclear magnetic resonance spectroscopic studies performed on MOF-1001, its
pseudorotaxanes, and their molecular strut precursors. A control experiment involving the attempted
inclusion of PQT?* inside a framework (MOF-177) devoid of polyether struts showed negligible uptake
of PQT?*, indicating the importance of the macrocyclic polyether in PQT** docking.

erate independently, yet are interconnected,

is common in biology but difficult to achieve

in synthetic materials. We believe that this concept
offers a useful strategy for achieving materials
with higher complexity. We have focused our atten-
tion on the design and synthesis of porous crystals
composed of several architectural domains, one of
which is capable of docking molecules in a manner
akin to the well-known docking of drug molecules.
Our design takes advantage of the emerging
chemistry of metal-organic frameworks (MOFs)
(1-3), which has been used effectively to as-
semble components with simple constitutions—
specifically, organic struts and inorganic joints—
into three-dimensionally ordered structures. The
vast majority of porous MOFs prepared thus far
can be regarded (Fig. 1) as having two important
architectural domains: (i) the pore aperture, which
is responsible for the shape- and size-selective

The concept of architectural domains that op-
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binding of incoming molecules, and (ii) the in-
ternal surface of the pores, onto which gases or
small molecules can be compacted and distributed
with simple interaction sites covering the struts and
joints; in some cases, the interaction is with open
metal sites. These two domains are called the
sorting domain (2) and the coverage domain (4-8),
respectively.

The synthesis of more complex MOFs, where
more than two domains are present, has remained
unexplored. Here, we show how molecular rec-
ognition components, much used in supramo-
lecular chemistry (9, 10), can be integrated in a
modular fashion into struts of MOFs, thereby
creating recognition sites into which incoming
guests will dock in a highly specific manner with
stereoelectronic control. This third architectural
domain—the active domain—combines shape,
size, and electronic elements in the recognition of
incoming guests, and brings order to otherwise
highly disordered guests in conventional MOFs.
Hence, this chemistry describes a class of MOFs
with a level of complexity higher than that of
known open reticulated geometries (/7).

We used the primitive cubic topology of the
archetypical MOF-5 (1), in which benzene struts

are joined by Zn,O(CO,)s cluster joints, as the
target for our design. Initially, we demonstrated
the feasibility of using the long 1/4DMBDA (1)
to make MOF-1000 (/2), which has the MOF-5
topology, albeit quadruply interpenetrated (Fig. 2A).
This approach was extended to the more complex
struts BPP34C10DA (2) and 1/SDNPPP36C10DA
(3), which are known to act as electron-rich re-
ceptors for electron-deficient substrates (13), to
make the corresponding MOF-1001A, MOF-1001,
and MOF-1002 (Fig. 2, B to D). Each of the crown
ether receptors in MOF-1001 is accessible, as evi-
denced by the docking of the paraquat dication
(PQT*") at every one of the receptor sites (see
below). In contrast to known MOFs, where the
frameworks are used mainly as passive platforms
for the adsorption of gases and molecules, MOF-
1001 not only has active components in precise
recognition sites but also, by virtue of the open-
ness of its structure, allows substrates to diffuse
freely from solution, through the pores, and finally
dock in these active domains.

Crystals of MOF-1000 (/4) (Fig. 2A and
Fig. 3A) were obtained by mixing a solution
of strut 1 (/5) with Zn(NOs3),"4H,O in N,N-
diethylformamide under conditions previously
used in the synthesis of MOF-5 (3, /7). Its crystal
structure displays the same structural topology as
does MOF-5. It is found to be four-fold inter-
penetrated because of the length and slender
nature of the strut; the distance between the two
carboxylate carbon atoms is 19.3 A. The suc-
cessful crystallization of MOF-1000 confirmed
the practicality of creating MOFs with higher
complexity by means of this synthetic protocol.

Struts 2 and 3 respectively contain 34- and
36-membered polyether rings, which have been
extensively used (/3) as receptors for a wide range
of electron-deficient substrates. These struts are
ideally suited as molecular recognition modules
for making MOFs. Strut 2 was prepared by means
of a convergent synthetic approach (/4) and was
used under conditions similar to those used in
the synthesis of MOF-1000 to yield MOF-1001A
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and MOF-1001 (/4). The crystal structure of
MOF-1001A is a triply interpenetrating frame-
work (Fig. 2B and Fig. 3B), whereas that of
MOF-1001 is the corresponding noninterpene-

Fig. 1. Classification of the different
porous domains in metal-organic frame-
works. In the sorting domain, guest
molecules are selected according to their
size at the orifices of the pores. The entry
of H, (orange) and concomitant exclu-
sion of CO, (black) and CH, (purple)
reflects the sieve-like action at the
entrances to the pores. In the coverage
domain, the guest molecules along the
walls of the pores are disordered on
account of their weak nonspecific inter-
actions with the framework surrounding
the pores. By contrast, the active domain
has built-in recognition sites that help to
maneuver and dock incoming guests in
a highly selective and sterecelectroni-
cally controlled manner. These recogni-
tion sites (red) could be r-electron—rich
and, as such, would seek out =-
electron—deficient substrates (blue).

BPP34C10DA (2)

Fig. 2. Ball-and-stick drawings of single-crystal structures of MOF-1000,
MOF-1001A, MOF-1001, MOF-1002, and their corresponding organic struts.
Strut 1 was used to obtain MOF-1000 (A), which has a four-fold inter-
penetrating structure with different frameworks shown in four different
colors. The crystal structure of MOF-1001A from strut 2 (B) is a triply inter-
penetrating cubic structure (shown in blue, gold, and gray), with polyethers
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rosity of MOF-1001. The sheer openness of the
structure, however, led us to further optimize the
reaction conditions to successfully obtain MOF-
1001 as a pure phase (/4). MOF-1001 has Fm3m
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represented by red balls and wires. (C and D) MOF-1001 from strut 2 (C) and
MOF-1002 from strut 3 (D) share an identical cubic framework backbone, and
crown ethers are placed precisely throughout the whole framework [Zn;0(CO,),
polyhedra, blue; organic struts, gray; crown ethers, red]. Crown ethers in
all the structures were modeled by Cerius. All hydrogen atoms have been
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symmetry, with an exceptionally large unit cell
parameter a = 52.93 A.

We then extended the methodology to the
synthesis of MOF-1002 (Fig. 2D and Fig. 3D)
by using the 1,5-dioxynaphthalene—containing
strut 3, which was produced by a divergent syn-
thetic route (/4). Single-crystal x-ray diffraction
studies (/4) indicate that MOF-1002 shares an
identical cubic backbone with MOF-1001, af-
firming the generality of such a methodology for
building a variety of crystalline structures with
long struts capable of molecular recognition.

Calculations of the volumes of open space
within the MOF structures confirmed the highly
open nature of these crystals (86.9% space
unoccupied by MOF-1001 framework atoms, as
assessed by a model using the program Cerius?,
version 4.2). The inherent flexibility of the mac-
rocyclic polyether substructure was evident from
the single-crystal x-ray analysis of MOF-1001.
The bismethylenedioxy units of the tetracthylene
glycol loops in the substructure are found to be
highly disordered. Nonetheless, the positions of
all the atoms in the inorganic joints and the rigid
backbone of the links are unambiguous, as
judged by comparison of the resulting bond
distances and angles with the model structure

(16). On the basis of the overall geometry and
stoichiometry of the MOF framework, we can
conclude that the crown ether receptors—capable
of the complexation behavior required (/7) for
molecular recognition—are integrated precisely
and periodically inside a robust framework.
Thus, the extended framework provides the basis
for their strategic placement so that they are
exposed to the maximum accessibility to guests
in three-dimensional space.

To date, a number of reports (/8-20) have
appeared on the synthesis and structure of hy-
brid organic-inorganic compounds with macro-
cycles and mechanically interlocking components.
The MOFs presented here combine the precise
positioning of the active domains with docking
as an expression of molecular recognition. This
property was revealed by examining the molecu-
lar recognition behavior of the macrocyclic poly-
ethers 2 and 3 as docking sites. When MOF-1001
crystals were introduced into a saturated solution
of PQT-2PFg in acetone, the crystals immediately
turned red, and the color intensified over 60 min
(21) (Fig. 4, A to E, and movie S1)—a typical
behavior for this binding event that indicates
charge-transfer interactions (22) between PQT>"
and crown ether rings. This observation points to

Fig. 3. Space-filling illustration of MOF-1000, MOF-1001A, MOF-1001, and MOF-1002. (A and B) The
length of the struts (19.3 A) allows the structures of MOF-1000 (A) and MOF-1001A (B) to inter-
penetrate. (C and D) In contrast, high volumes of open space were present in the noninterpenetrating
MOF-1001 (C) and MOF-1002 (D) synthesized from struts with the same length. This feature ensures the
full accessibility of the electron-donating receptors for the incoming substrates within the pores. The
same color codes as in Fig. 2 were applied. All hydrogen atoms have been omitted for clarity.
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the formation of MOF-1001 pseudorotaxanes
(23) by threading of PQT?" through the middle of
the crown ether. The reversibility of such a
process was evidenced by the reappearance of
the original light yellow color upon rinsing with
acetone, where 60% of PQT>" could be removed
after rinsing MOF-1001 pseudorotaxanes (2.8
mg) four times with 1 ml every 30 min (/4). The
complexed MOF-1001 maintained the original
high crystallinity of the parent framework, as
confirmed by coincident powder x-ray diffraction
patterns.

Further evidence of complexation was ob-
tained by examining the 'H nuclear magnetic
resonance (NMR) spectrum of the MOF-1001
pseudorotaxanes after dissolution in DCI (/4).
Integration of the peaks appearing at 7.96 ppm
(d, 4H, Ar-H® in 2, °J = 8.5 Hz; Fig. 4F) and
4.60 ppm (s, 6H, N-CH; in PQT*") revealed the
expected 1:1 ratio of strut 2 and PQT2+, indicat-
ing that the docking phenomenon of PQT*"
does indeed take place at every crown ether ring
throughout the whole MOF framework (fig. S10).
Solid-state >N NMR spectroscopy—a technique
that is highly sensitive to the environment of the
nitrogen ('°N) in PQT*'—provided further evi-
dence for docking in MOF-1001. Isotope-labeled
PQT?" (14) with 25% abundance of '*N was used
to make the MOF-1001 pseudorotaxanes, and
the resulting solid was examined by '°N cross-
polarization magic angle spinning (CP/MAS) spec-
troscopy (24). The spectrum of the uncomplexed
PQT*" has a "N signal centered on 207.2 ppm,
whereas the spectrum of PQT>" bound within the
crown ether rings in MOF-1001 shows an upfield
shift to 204.6 ppm for the '°N resonance resulting
from docking into the macrocyclic polyether
units of the struts (Fig. 4G).

Similar studies carried out on strut 2 were
used as a molecular analog for comparison with
MOF-1001 complexation experiments. Here, ad-
dition of PQT-2PF; to an acetone solution of strut
2 led to the formation of a pseudorotaxane,
[PQTC2]-2PF,. The binding affinity (K, =829 M)
(fig. S2) between PQT>" and strut 2 in solution
was obtained from spectrophotometric titra-
tions. Single-crystal x-ray diffraction of the
[PQTc2]-2PF¢ (Fig. 4H) clearly shows the
insertion of the m-electron—deficient bipyridinium
dication through the middle of the macrocyclic
polyether. n-t stacking and [C—-H:-O] interac-
tions are reflected in the interplanar separation of
3.6 A between the bipyridinium unit of PQT*"
and the hydroquinone rings. The same upfield
shift trend in the "N NMR spectra observed for
MOF-1001 pseudorotaxanes was also evident in
the "N NMR spectra of [PQTc2]-2PF in the
solid state (/4) (Fig. 41) as well as in solution (fig.
S5). Control experiments were carried out by
attempting to introduce PQT-2PFy into porous
MOF-177 crystals (25), the pore dimensions (d =
11.8 A) of which were expected to allow the free
movement of PQT*" within the pores. We found
that fewer than 0.06 PQT>" molecules per strut of
MOF-177 were incorporated in the pores (fig.
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Fig. 4. X-ray diffraction and solid-state NMR spectroscopic studies on MOF-
1001, MOF-1001 pseudorotaxanes, and their molecular analogs. (A to C)
MOF-1001 [(A) and (B)] maintained its crystallinity after docking of PQT?*, a
single crystal—to—single crystal transformation revealed by the x-ray
diffraction pattern (C). Dimensions of the cubic crystals varied from 0.05 to
0.45 mm. (D to F) This quantitative threading to form MOF-1001 pseudo-
rotaxanes [(D) and (E)] was confirmed by the 1:1 stoichiometry of PQT?* and strut
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Fire As an Engineering Tool of
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Kyle S. Brown,™? Curtis W. Marean,? Andy 1. R. Herries,>* Zenobia Jacobs,® Chantal Tribolo,®
David Braun,* David L. Roberts,” Michael C. Meyer,® Jocelyn Bernatchez’

The controlled use of fire was a breakthrough adaptation in human evolution. It first provided
heat and light and later allowed the physical properties of materials to be manipulated for the
production of ceramics and metals. The analysis of tools at multiple sites shows that the source
stone materials were systematically manipulated with fire to improve their flaking properties. Heat
treatment predominates among silcrete tools at ~72 thousand years ago (ka) and appears as
early as 164 ka at Pinnacle Point, on the south coast of South Africa. Heat treatment demands a
sophisticated knowledge of fire and an elevated cognitive ability and appears at roughly the
same time as widespread evidence for symbolic behavior.

behavior appeared, although there is in-

creasing evidence for symbolic behavior
by 80 to 70 thousand years ago (ka) (/, 2) and
perhaps earlier (3, 4), during the African Middle
Stone Age (MSA, ~280 to 35 ka) (5). The MSA
also displays tool traits that anticipate technolo-
gies occurring later in Eurasia. This includes the
regular and sometimes predominant use of blade
technology (4), the production of unmodified and
backed bladelets for probable use in composite
tools (6), the refinement of bifacial technology,
the production of formal and standardized tool
types (7), and the use of refined bone tools (8).
Although most raw materials during the MSA
came from local nearby sources, early modern hu-

There is debate as to when modern human
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mans expanded their use of fine-grained raw mate-
rials (exotics) (4, 9) from distant sources (/0). The
Still Bay [~71 to 70 ka (/1) or earlier (/2)] and
Howiesons Poort (~65 to 60 ka) (//) MSA oc-
currences in South Africa display a preference for
fine-grained materials, commonly silcrete [support-
ing online material (SOM) text] (/3). The Still Bay
occurrence has thin and symmetrical lanceolate
and foliate shaped bifacials. The Howiesons Poort
occurrence includes small retouched blade tools,
along with the prepared-core and flake-and-blade
technology typical of the MSA. The focus on
silcrete has been argued to reflect functional need
(14), increased mobility (9), trading networks (15),
and even symbolic behavior (/6).

Silcrete is traditionally described by archaeol-
ogists as a nonlocal fine-grained material that is
highly workable in its natural state (4, 9, 17).
However, our experimental replication using sil-
crete from sources on the south coast near Mossel
Bay and Still Bay shows that these silcretes in
their raw quarried form are difficult to flake con-
sistently into formal tools. In Australia, indigenous
knappers heated silcrete with fire (heat treatment)
to improve the flaking quality of the material (/8).
Silcrete responds to heat treatment with significant
improvement in workability and has a greater tol-
erance for high temperatures than do chert and flint
(19). Following this lead, we found that heated
South African silcrete is significantly more work-
able than unheated materials, and both bladelets
and bifaces are easier to flake, with higher suc-

cess rates. This transformation in workability is
remarkably palpable when flaking both heated
and unheated silcrete from the same source. Given
these results, we undertook a systematic study of
silcrete heat treatment and attempted to identify
its presence or absence in the MSA.

We collected silcrete samples from sources
located within 100 km of Pinnacle Point (20) (fig.
S1). A witness control sample has been retained at
our field laboratory in Mossel Bay, South Africa,
for each nodule used in the experimental heat treat-
ment study. Experimental silcrete samples were
slowly heated to ~350°C in a scientific furnace or
in sand beneath a fire pit (20).

The complexities of fracture mechanics make
it difficult to quantify the workability of stone in a
way that is relevant to human knapping (27). For
this reason, we applied objective measures of
workability and less objective but more realis-
tic systematic flaking experiments. The rebound
hardness test (22) assesses both the ability of a
given rock mass to absorb energy and fracture
predictability (SOM text). Rocks with internal
flaws or low overall stiffness have lower re-
bound values (23). In these types of stones, the
propagation of fracture will follow the internal
structure of the rock rather than the direction of
applied force. Heat-treated samples had signifi-
cantly higher rebound hardness values (Wilcoxon
matched-pairs test: z = 2.512, P = 0.004) than
their paired untreated samples (fig. S2A and table
S1) (20).

More carefully crafted bifacial tools have
higher width-to-thickness ratios (W/T) (24), and
variants of the W/T measurement correlate with
projectile point function and ballistics (25). Timed
heat-treated bifacial tool replications conducted by
us had significantly higher W/T values [related-
samples ¢ test: #(49) = 8.11, P < 0.001] than their
paired unheated bifaces (20). Using heated sil-
crete biface blanks, we could produce a signifi-
cantly thinner biface that maximizes cutting edge,
in the same amount of time needed to work the
unheated bifaces (fig. S2, B and C). The heated
biface samples closely resemble those of actual
Still Bay point specimens (fig. S3). The rebound
hardness and replication experiments combine to
show that heat-treated silcretes consistently dis-
play more predictable fracture patterns, allowing
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