
Asn494 to Gin494 and Asn636 to Gin636. This mutant 
shows similar affinity for LDL as compared to the wild- 
type extracellular domain [with the use of a plate- 
binding assay similar to (15)]. Secreted carboxyl-termi- 
nally His-tagged protein was purified by Ni affinity 
chromatography [in 25 mM sodium phosphate (pH 
8) and 500 mM NaCl, eluted with 500 mM imidazole], 
Mono Q [25 mM sodium phosphate (pH = 8) and 100 
mM NaCl, eluted with NaCl], and gel filtration on a 
Superdex-200 column [25 mM sodium phosphate 
(pH = 8), 150 mM NaCl] and then crystallized out of 
precipitate (space group P3121) with 50 mM sodium 
acetate (pH = 5.3), 3% 1,2 hexanediol, and 0.5 mM 
CaCl2. The crystals contained one molecule in the 
asymmetric unit and 74% solvent. Micromolar amounts 
of sodium 12-tungstophosphate were soaked into crys- 
tals to prepare for the multiwavelength anomalous 
diffraction (MAD) experiment. The crystals cracked 
upon soaking and were radiation sensitive, so hundreds 
had to be screened for isomorphous pieces suitable for 
data collection under cryogenic conditions. 

29. The structure was determined with MAD techniques. 
Diffraction data were collected at Advanced Light 
Source (ALS) (5.0.2 and 8.2.1) and Advanced Photon 
Source (APS) (ID-19). The data were processed with 
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lowed by programs from the CCP4 suite (43) and 
SHARP (45) for the structure determination. Data col- 
lected at the peak, inflection, and high-energy remote 
wavelengths have high merging statistics as a conse- 
quence of the large anomalous signal This was con- 
firmed by analyzing non-Bijvoet merged data as well as 
by data collected at the low-energy remote wavelength. 
The cluster sites were derived from anomalous differ- 
ence Pattersons with the use of peak data and con- 
firmed by anomalous difference Fourier techniques with 
the use of molecular replacement phases obtained from 
the correctly positioned model pdb:1IJQ (5) done by 
CNS (46). The tungsten positions in the cluster were 
modeled on the basis of the small molecule structure 
(47). Experimental density-modified phases (with no 
model contribution or data sharpening) provided an 
electron density sufficient to fit the polypeptide trace 
for each module unambiguously. All the modules of the 
extracellular domain are visible except for R1 amino- 
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terminal sequencing of the protein from crystals shows 
that the first residue is Asp4 suggesting that while R1 is 
present it is disordered. As a starting point for model- 
building, we used the fragments from PDB 1AJJ, 1D2J, 
110U, and 11JQ. Including the model in the phase cal- 
culation and sharpening the data by applying a resolu- 
tion-dependent B factor [exp (-B/ol), where d is the 
resolution and B = -120 A2, derived from the Wilson 
plot of the data] resolved many of the side chains. The 
model includes amino acids 44 to 693, except Arg57, 
Val58, Asp75, Lys99, Cys'00 to Ser'02, Val388, Val441, 
Gin453, and Ala454, for which there is poor density 
because of heavy atom Fourier ripples from the clusters. 
About 10% of the residues are currently modeled as 
alanines. For molecular surface calculations, all side 
chains were incorporated. Restrained positional refine- 
ment with a maximum likelihood target function in- 
cluding experimental phase information was applied 
with CNS to regularize the model Crystallographic re- 
finement is problematic because of the poor ratio of 
observations to parameters (with 17,303 unique reflec- 
tions and more than 5000 atoms) and the lack of 
noncrystallographic symmetry. The Rwor is 38.8% with 
the use of all reflections F > 0 between 33.1 and 3.7 A; 
the Rfree is 39.2%, calculated with a test set of 7% of 
the total reflections. The model has root mean square 
(rms) bond-length deviations of 0.03 A and 4.9? for 
bond angles. The model has 583 residues in the most 
favored and allowed regions and 58 in the generous 
region, whereas six residues are currently in the unfa- 
vorable regions of the Ramachandran plot [PROCHECK 
(43)]. Figures were made with CLUSTAL W (48), MOL- 
SCRIPT (49), RASTER 3D (50), and GRASP (51). 
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Formation of a One-Dimensional 

Array of Oxygen in a Microporous 
Metal-Organic Solid 
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We report the direct observation of dioxygen molecules physisorbed in the 
nanochannels of a microporous copper coordination polymer by the MEM (max- 
imum entropy method)/Rietveld method, using in situ high-resolution synchrotron 
x-ray powder diffraction measurements. The obtained MEM electron density re- 
vealed that van der Waals dimers of physisorbed 02 locate in the middle of 
nanochannels and form a one-dimensional ladder structure aligned to the host 
channel structure. The observed 0-0 stretching Raman band and magnetic sus- 
ceptibilities are characteristic of the confined O2 molecules in one-dimensional 
nanochannels of CPL-1 (coordination polymer 1 with pillared layer structure). 
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02 molecules, which have rich redox and 
magnetic properties arising from their un- 
paired electrons (1, 2). In spite of many ex- 
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perimental and theoretical investigations, the 
adsorption mechanism and ordering state of 
adsorbed 02 molecules that form a specific 
array in nanochannels are not yet clear (3, 4). 
In the past decade, various novel nanochan- 
nel structures constructed with metal-organic 
frameworks have been produced and studied 
with regard to their adsorption performance 
with various gas molecules (5-8). If the gas 
molecules could be trapped in mid-channel, 
low-dimensional nanostructures could be 
designed, depending on the host channel 
structure. 

Our strategy to elucidate the specific 
structure of 02 molecules adsorbed in 
nanochannels uses a crystalline microporous 
copper coordination polymer that forms a 
uniform nanosized one-dimensional (1D) 
channel. We obtained accurate powder x-ray 
diffraction (XRD) data by synchrotron pow- 
der diffraction with a large Debye-Scherrer 
camera and were able to image the diffraction 
data by the MEM (maximum entropy meth- 
od)/Rietveld method, which enabled us to 
determine a precise electron density map (9- 
12). 
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REPORTS 

The 3D structure of the porous Cu(II) 
coordination polymer, which we deter- 
mined previously with single-crystal dif- 
fraction data (13), is shown in Fig. 1. A 2D 
sheet constructed by Cu(II) and pzdc (2,3- 
pyrazinedicarboxylate) were linked by pyz 
(pyrazine) to form a pillared layer struc- 
ture, which we call CPL-1 (coordination 
polymer 1 with pillared layer structure). ID 
channels with dimensions of 4.0 A by 6.0 A 
formed between the 2D sheets along the a 
axis, with one water molecule being includ- 
ed per Cu(II) ion. 

In order to adsorb 02 molecules into the 
nanochannels, we heated CPL-1 under re- 
duced pressure to remove water molecules 
from the channels, and then dosed CPL-1 
with 02 gas while cooling. The in situ 
powder XRD patterns of as-synthesized 
CPL-1 and of anhydrous CPL-1 with 02 at 
80 kPa over the temperature range from 
300 to 90 K are shown in Fig. 2. The 
changes can be categorized into three stag- 
es: (i) after heating under reduced pressure 
to remove water molecules; (ii) during the 
cooling process, between 130 and 150 K; 
and (iii) after the reheating process from 90 
to 300 K. No change was observed in the 
absence of 02 over the full temperature 
range. LeBail fitting of the powder diffrac- 
tion data of Fig. 2 revealed a cell volume 
contraction at (i), expansion at (ii), and re- 
contraction at (iii). We attribute these chang- 
es to structure distortion arising from frame- 
work flexibility, which is triggered by (i) 
desorption of water molecules and then the 
(ii) adsorption and (iii) desorption of 02 mol- 
ecules (14). 

The crystal structure of anhydrous 
CPL-1 at 120 K without 02 molecules de- 
termined by Rietveld analysis of the pow- 
der data up to 53.3? (d > 0.89 A) reveals 
that the porous structure was identical to 
that of as-synthesized CPL-1, with only 
slight structure distortions (15). The MEM 
electron density distribution map of the 
anhydrous CPL-1 (Fig. 3A), whose reliabil- 
ity factor based on structure factors, RF, is 
1.6%, shows that no water molecules exist 
in the nanochannel (16, 17). 

The space group of the anhydrous 
CPL-1 with 02 at a pressure of 80 kPa at 90 
K (Fig. 2G) is assigned as the same space 
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group, P211c, as CPL-1 without O2. The 
cell parameters were determined as a = 

4.68759(4) A, b = 20.4373(2) A, c = 

10.9484(1) A, and 3 = 96.9480(6)? by 
Rietveld analysis. As the preliminary mod- 
el, we used the same structure model cor- 
responding to Fig. 3A for CPL-1 without 

02, in the pre-Rietveld analysis for the 
MEM/Rietveld analysis. The reliability fac- 
tors based on the powder pattern, RWP, and 
the integrated intensities, RI, were 18.5 and 
54.2%, respectively. However, the MEM 
electron density visualized the 02 density 
feature in the middle of the nanochannel. 

Fig. 1. Representation of the 3D porous pillared layer structure of CPL-1 down from the a axis 
(Cu, green; 0, red; C, gray; N, blue). Water molecules are omitted for clarity. Crystal data were 
as follows: C 16H1CuN6010, M = 575.40, monoclinic, space group P2 /c (no. 14), a = 4.693(3) 
A, b = 19.849(2) A, c = 11.096(2) A, P = 96.90(2)?, V = 1026.1(63 A3, Z 2, R1 = 0.062, 
and Rw = 0.062. The elemental analysis calculated for C16H12Cu2N601o was as follows: C, 
33.40%; H, 2.10%; and N, 14.61%. The amounts found were: C, 32.78%; H, 1.57%; and N, 
14.34%. 

1.5x105 - 

1.0- 

z 
-e 

c: 

0.5 - 

5 5 *To whom correspondence should be addressed. E- 
mail: Kitagawa@sbchem.kyoto-u.ac.jp 

H 300K 

. JLJjUu KLu-A-- 

L L L}LS L F 110K 

L L vE 130K 

iLWA,~ CD 150K 

,C 200K 

in 80 KPa 2 gas 

in 80 KPa 02 gas 

Fig. 2. Synchrotron XRD 
patters of (A) as-synthe- 
sized CPL-1 at 300 K and 
anhydrous CPL-1 (after 
drying at 373 K under 
reduced pressure) with 
02 of 600 torr with 
cooling from 300 to 90 
K and reheating to 300 
K. (B to H) represent 
XRPD patters at 300, 
200, 150, 130, 110, 90, 
and 300 K, respectively. 

B300Kdned 

I l| li .A As-synthesized l.< K i t .1 Jl *1 .. JL 

10 
20 (degree) 

15 

www.sciencemag.org SCIENCE VOL 298 20 DECEMBER 2002 

I n 1 'Vlhh-/W Y-Ua~ -E W 'W; A- W - A 

I 

I 

2359 



REPORTS 

After a revision based on the electron den- 
sity, the Rietveld refinement dramatically 
improved, and the Rwp and RI of the final 
Rietveld fitting became 2.1 and 3.9%, re- 
spectively. The final electron densities, ob- 
tained by MEM whose reliability factor, 
RF, was 1.5%, reveal the 3D pillared-layer 
structure, consistent with the single-crystal 
data (Fig. 3B). 

The peanut-shaped electron densities, 
which are presumably due to 02 molecules, 
are clearly recognized in the middle of the 
channels. There is a total of 15.8(1) elec- 
trons, calculated on the basis of the MEM 
results, which virtually agrees with the 
number in the 02 molecule. Therefore, we 
deduced that the interlayer peanut-shaped 
electron densities are 02 molecules, and 
one 02 molecule was adsorbed per copper 
atom without any electron transfer between 
02 molecules and/or 02 molecules and the 
pore wall. 

The 02 adsorption isotherm measured at 
77 K shows a type I isotherm with a satu- 
rated amount of adsorption of 1.0 02 mol- 
ecules per copper atom, which is in good 
agreement with the MEM/Rietveld analy- 
sis. The relatively small value of the iso- 
tropic displacement parameter [B = 4.1(2) 
A2 ] and lack of disorder of 02 molecules 
indicate that 02 molecules adsorbed in the 
nanochannels resemble the solid state rath- 
er than the liquid state at 90 K, which is 
much higher than the freezing point of 02 

under atmospheric pressure, 54.4 K (18). 
This freezing behavior should be attributed 
to the strong confinement effect of the 
nanochannel. The overall crystal structure 
and geometry of 02 molecules, based on 
the above analysis, are represented in Fig. 
4. Two 02 molecules align parallel to each 
other along the a axis with an inclination of 
11.8?, and the intermolecular distance is 
3.28(4) A, which is much smaller than the 
minimum of the Lennard-Jones potential of 
Re = 3.9 A (19). This intermolecular dis- 
tance is close to the nearest distance in 
solid a-02, which is stable below 24 K. 
This result indicates that 02 molecules ad- 
sorbed in nanochannels form van der Waals 
dimers, (02)2, and their successful structur- 
al characterization has now been reported. 
Each dimer aligns along the a axis to form 
a ID ladderlike structure. The interatomic 
distance of oxygen atoms in the adsorbed 
02 molecule was found to be 1.245(50) A. 

In order to investigate the properties of 
adsorbed 02 molecules, magnetic suscepti- 
bilities and Raman spectroscopic measure- 
ment were performed. The susceptibility 
for adsorbed 02 molecules, which is the 
difference in those between CPL-1 with 02 
and CPL-1 without 02, approaches zero 
with decreasing temperature, indicating a 
nonmagnetic ground state (Fig. 5). Corre- 

Fig. 3. MEM electron densities of (A) anhydrous CPL-1 without 02 molecules at 120 K and (B) CPL-1 
with adsorbed 02 at 90 K as an equal-density contour surface. The equicontour level is 1.0 e A-3. 

Fig. 4. Schematic representation of CPL-1 with adsorbed 02 at 90 K. (A) The perspective view down 
from the a axis. (B) and (C) Views down from the b axis and c axis, respectively. 

spondingly, in the high-field magnetization 
process, the difference between CPL-1 with 
and without 02 can be observed above 50 T 
(Fig. 5, inset). The magnetization process 
of CPL-1 is a paramagnetic curve with a 
saturated moment of 1 bohr magneton for a 
Cu atom, which can be expected for the 
usual magnetic Cu ion. The CPL-1 with 02 

shows a small difference in the low-field 
region but a steep increase above 50 T, 
indicating a magnetic transition from the 
nonmagnetic to the magnetic state. This 
magnetization process can be understood as 
a behavior of the antiferromagnetic dimer 

or the 1D antiferromagnetic chain with 
bond alternation. On the basis of structural 
information about the adsorbed 02 mole- 
cule in CPL-1, the nonmagnetic ground 
state is associated with the antiferromag- 
netic dimer. The antiferromagnetic interac- 
tion (W = -2JS1S2) is estimated as J/kB - -50 

K, which is larger than that of the ox phase of 
J/kB - -30 K (20). Figure 6 shows Raman 
spectra of CPL-1 around 90 K with and without 
02 molecules. A sharp peak due to the stretch- 
ing mode of adsorbed 02 molecules is observed 
at 1561 cm-l, which is slightly higher than that 
of liquid or solid oxygen at ambient pressure 
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Fig. 5. Temperature de- 
pendence of the suscep- 
tibility of (A) CPL-1 and 
(B) CPL-1 with 02 mol- 
ecules, and (C) the dif- 
ferences between (A) 
and (B), correspond to 
the contribution from 
adsorbed 02 molecules. 
(Inset) High-field mag- 
netization process of (A) 
CPL-1 and (B) with 02 
molecules. X, susceptibil- 
ity; M, magnetization; 
!3B, bohr magneton; f.u., 
formula unit; H, magnet- 
ic field T, temperature. 
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(21), comparable with that of cx phase at a 
pressure of 2 GPa. 

The confinement effect and the restrict- 
ed geometry resulting from 1D nanochan- 
nels of CPL-1 lead to a specific molecular 
assembly: a ID ladder structure constructed 
of 02 dimers, which is unlikely to be bulk 
fluid and/or solid. 
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with 02 molecules. A peak due to the stretching 
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Structure-Assigned Optical 
Spectra of Single-Walled 

Carbon Nanotubes 
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Spectrofluorimetric measurements on single-walled carbon nanotubes 
(SWNTs) isolated in aqueous surfactant suspensions have revealed distinct 
electronic absorption and emission transitions for more than 30 different 
semiconducting nanotube species. By combining these fluorimetric results with 
resonance Raman data, each optical transition has been mapped to a specific 
(n,m) nanotube structure. Optical spectroscopy can thereby be used to rapidly 
determine the detailed composition of bulk SWNT samples, providing distri- 
butions in both tube diameter and chiral angle. The measured transition fre- 
quencies differ substantially from simple theoretical predictions. These devi- 
ations may reflect combinations of trigonal warping and excitonic effects. 
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of band-gap fluorescence from semiconduct- 
ing SWNTs in aqueous micelle-like suspen- 
sions (2) opens the door to powerful ex- 
perimental approaches that can extract the 
spectroscopic properties of specific tube 
structures through bulk measurements. We 
report such a spectrofluorimetric study, in 
which distinct first and second van Hove 
optical transitions are measured for 33 differ- 
ent nanotube species and then assigned to 
specific structures. Our findings provide a 
tool for analyzing the detailed composition of 
bulk nanotube samples, one that can be 
adapted to monitor and guide processes 
aimed at separating tubes by type. 

Figure 1A illustrates how each SWNT 
structure is indexed by two integers (n,m) that 
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