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CHEMISTRY

Hydrogen generated by a synthetic catalyst
The need for clean, renewable energy has focused research ef-
forts on finding efficient ways to produce hydrogen, a molecular
gas that can fuel engines and reduce carbon emissions. Industrial-

scale hydrogen production,
however, currently relies on
scarce, expensive, and unsus-
tainable platinum catalysts.
Other production methods
rely on macrocyclic cobalt
complexes called cobaloxime
catalysts that have structures
similar to some vitamins and
protein cofactors. These com-
plexes degrade quickly in the
acidic environment required
for hydrogen production.
Pierre-André Jacques et al.

modified macrocyclic cobalt complexes to create efficient mo-
lecular catalysts that can withstand acidic conditions. The au-
thors created the catalysts by providing the metal center, cobalt
or nickel, with a diimine-dioxime environment that contained a
proton-exchange site, mimicking the structure of naturally oc-
curring enzymes that produce molecular hydrogen. In addition
to greater stability, the catalyst exhibited lower overvoltages and
better turnover frequencies than previous cobaloxime catalysts.
Because cobalt and nickel are abundant in the earth’s crust, this
research may pave the way for efficient hydrogen engines and cells
for photochemical water-splitting, according to the authors. — F.A.

‘‘Cobalt and nickel diimine-dioxime complexes as molecular electro-
catalysts for hydrogen evolution with low overvoltages’’ by Pierre-
André Jacques, Vincent Artero, Jacques Pécaut, and Marc Fontecave
(see pages 20627–20632)

CHEMISTRY

Chemical filter catches CO2

Capturing carbon dioxide is critical for purifying natural gas
and for reducing CO2 emissions in the atmosphere. Any viable
filter must effectively capture CO2 and then release it in an

energy-efficient manner so the filter can be reused. David
Britt et al. tested whether Mg-MOF-74, one of a class of mate-
rials called metal-organic frameworks (MOFs), could be a use-
ful CO2 filter. The authors
flushed a 20% mixture of CO2

in methane through their
chemical trap and used mass
spectrometry to monitor the
effluent. Mg-MOF-74, which
is replete with open magne-
sium sites, separated the CO2

from the methane and did not
significantly adsorb methane
itself. The filter captured 89 g
of CO2 per kilogram of adsor-
bent before breakthrough, a
value more than twice that
seen in any other MOF and higher than zeolites, another
candidate for capturing CO2. Mg-MOF-74 also released 87% of
the CO2 at room temperature and the rest after heating to
80 °C, using significantly less energy than other processes. The
authors say that Mg-MOF-74 represents a candidate for energy-
efficient CO2 capture and could lead to a class of materials
with potential for improvement in carbon capture and
sequestration. — B.A.

‘‘Highly efficient separation of carbon dioxide by a metal-organic
framework replete with open metal sites’’ by David Britt, Hiroyasu
Furukawa, Bo Wang, T. Grant Glover, and Omar M. Yaghi (see
pages 20637–20640)

MICROBIOLOGY

Bacterial infection linked to
gastrointestinal dysplasia
In animals, the intestines aid in key physiological processes such
as digestion and pathogen clearance. As a result, this tissue re-
generates quickly, but the combination of pathogen infection
and intestinal self-renewal can lead to chronic gastrointestinal
diseases. Yiorgos Apidianakis et al. report a molecular connec-
tion between bacterial infection and cellular intestinal dysplasias
in genetically predisposed populations. The authors infected
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Single crystal structure of Mg-
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André Jacques, Vincent Artero, Jacques Pécaut, and Marc Fontecave
(see pages 20627–20632)

CHEMISTRY

Chemical filter catches CO2

Capturing carbon dioxide is critical for purifying natural gas
and for reducing CO2 emissions in the atmosphere. Any viable
filter must effectively capture CO2 and then release it in an

energy-efficient manner so the filter can be reused. David
Britt et al. tested whether Mg-MOF-74, one of a class of mate-
rials called metal-organic frameworks (MOFs), could be a use-
ful CO2 filter. The authors
flushed a 20% mixture of CO2

in methane through their
chemical trap and used mass
spectrometry to monitor the
effluent. Mg-MOF-74, which
is replete with open magne-
sium sites, separated the CO2

from the methane and did not
significantly adsorb methane
itself. The filter captured 89 g
of CO2 per kilogram of adsor-
bent before breakthrough, a
value more than twice that
seen in any other MOF and higher than zeolites, another
candidate for capturing CO2. Mg-MOF-74 also released 87% of
the CO2 at room temperature and the rest after heating to
80 °C, using significantly less energy than other processes. The
authors say that Mg-MOF-74 represents a candidate for energy-
efficient CO2 capture and could lead to a class of materials
with potential for improvement in carbon capture and
sequestration. — B.A.

‘‘Highly efficient separation of carbon dioxide by a metal-organic
framework replete with open metal sites’’ by David Britt, Hiroyasu
Furukawa, Bo Wang, T. Grant Glover, and Omar M. Yaghi (see
pages 20637–20640)

MICROBIOLOGY

Bacterial infection linked to
gastrointestinal dysplasia
In animals, the intestines aid in key physiological processes such
as digestion and pathogen clearance. As a result, this tissue re-
generates quickly, but the combination of pathogen infection
and intestinal self-renewal can lead to chronic gastrointestinal
diseases. Yiorgos Apidianakis et al. report a molecular connec-
tion between bacterial infection and cellular intestinal dysplasias
in genetically predisposed populations. The authors infected

Renewable generation of

hydrogen.

Single crystal structure of Mg-

MOF-74.

www.pnas.org!cgi!doi!10.1073!iti4909106 PNAS " December 8, 2009 " vol. 106 " no. 49 " 20551–20552

PNAS
Proceedings of the National Academy of Sciences of the United States of America www.pnas.org

In This Issue

December 8, 2009 " vol. 106 " no. 49 " 20551–21008

CO2 has strong 
affinity for open 
metal sites, Mg2+

“Mg-MOF-74”
Mg2(2,5-dioxido-1,4-benzenedicarboxylate)



mode of rotation has been observed for CO2 confined in
activated carbon fibers and CO2 clathrate hydrates.26,27

Motional averaged NMR line shapes can be simulated by a
number of computer packages, including the Internet-accessible

program NMR-WEBLAB28 used in this paper. We assumed a
linear geometry for the CO2 molecules with the CSA tensors
!11 = !22 = 232 ppm, !33 = !82.5 ppm.29 The simulation was
performed under the fast motion limit (i.e., assuming the
rotation rate exceeds 1 ! 106 Hz) with 6-site jumps of equal
populations (i.e., a rotation with 6 discrete steps), which gives
equivalent patterns as uniaxial rotation. Note that, under the
fast motion limit, the CO2 CSA patterns are equivalent for
axially symmetric N-site jumps (N " 3), but not for 2-site
jumps or other nonaxially symmetric motions. A bent geometry
for the CO2 molecule when adsorbed has been suggested by
DFT calculations and neutron powder diffraction, although the
exact C!O!C angle remains a matter of debate.19!23

Nevertheless, inclusion of a bent CO2 molecule in our
simulation does not qualitatively alter our NMR results in the
fast motional regime.
According to our simulations, the CO2 rotation angle " varies

in a range from 56° to 69°, depending upon the temperature
and the degree of loading. The NMR-derived angles agree
qualitatively with the range of approximately 51!59° calculated
under a rigid condition using DFT,18,20 as well as with the angle
of 52!55° determined by neutron powder diffraction at 20 K.23

We note that simulations in the fast motional regime based
upon a bent CO2 with C!O!C angle of 160° also match the
NMR data if the above-mentioned angles are decreased by
around 5°. For both loadings measured, the CO2 rotation angle
increases as the temperature is lowered; however, the angles
obtained for the lower loading are slightly greater than those
obtained for the higher loading at the same temperatures. For
example, at 300 K, the rotation angle is 63° for 0.3 CO2/Mg2+

compared to 59° for 0.5 CO2/Mg2+.
At temperatures above 340 K, a 13C resonance associated

with gaseous CO2, corresponding to a sharp peak at #125 ppm,
is observed for the 0.3 CO2/Mg2+ sample (see the top two
spectra in Figure 1a). In contrast, no such peak is seen for the
0.5 CO2/Mg2+ sample at high temperatures. This is due to the
relative amount of gaseous CO2 compared to adsorbed CO2 in
each sample tube. In the 0.3 CO2/Mg2+ sample, a significant
portion (#40%) of adsorbed CO2 has to be released to
maintain the partial pressure because of the longer NMR tube
used (#1500 mm3 in volume). For the 0.5 CO2/Mg2+ sample,
the NMR tube had to be shortened (#100 mm3 in volume) in
order to fit into the sample space of the cryostat. As a result,
only #5% of the CO2 is released to maintain the partial
pressure in the 0.5 CO2/Mg2+ sample. The CO2 partial pressure
for the two CO2 loadings was extracted from the NMR signal
intensities of adsorbed CO2, based upon the experimental gas
adsorption isotherms reported previously (see Figure S3).10 In
these two samples, the CO2 partial pressure increases from
#0.01 bar at 300 K to #0.7 bar at around 400 K.
Interestingly, two populations of adsorbed CO2 are observed

at temperatures above 390 K in the 0.3 CO2/Mg2+ sample, as
shown in the top spectrum of Figure 1a. One population
maintains the CSA powder pattern of uniaxial rotation at a fixed
angle of 60° (blue dashed curve), while the other adopts a
Gaussian-like line shape with a full-width-at-half-maximum of
#1500 Hz (green dashed curve). This line shape is consistent
with CO2 rotation at variable angles of approximately 50!65°.
The ratio of these two populations (blue versus green) is
roughly 5:2. Random reorientation of CO2 molecules, however,
would yield a much narrower line shape. This second
population could possibly correspond to a second adsorption
site, as suggested previously,23 although in those studies the

Figure 1. 13C CSA powder patterns of 13C-enriched CO2 in
Mg2(dobdc) at various temperatures. The colored lines are from line
shape simulations of uniaxial rotation of CO2 at a fixed rotation angle
": (a) 13C lineshapes of the 0.3 CO2/Mg sample, (b) 13C lineshapes of
the 0.5 CO2/Mg sample, and (c) 13C lineshapes from simulations of
CO2 uniaxial rotation. The estimated errors for the rotation angles
reported in (a) and (b) are within ±0.3°.

Figure 2. Schematic illustration of CO2 uniaxial rotation at the open
Mg2+ site in Mg2(dobdc). Gray, red, and green spheres represent C, O,
and Mg atoms, respectively; H atoms are omitted for clarity. Note that
the rotation axis is arbitrarily drawn in the picture.

Journal of the American Chemical Society Communication
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Fig. 1. Timing diagram of the experimental procedure. The ex- 
periment begins with optical pumping and spin exchange be- 
tween rubidium and xenon for = 20 min. After separation from 
the rubidium, the xenon is combined witb CO, gas, mixed for 45 
s and expanded into the p m-cooled sample cell placed in a tield 
of 150 G. The field is then reduced to a value Bmii for a period 
T& during which thermal mixing occurs. The sample is subse- 
quently removed from the nitrogen bath, immediately trans- 
ported to high field where the signal is observed during a spin 
echo pulse sequence. 

with right circularly polarized light (i.e. CT- polar- 
ized). As a frequency and sensitivity reference, the 
conventional NMR spectrum of gaseous 13C02 for a 
similar number of molecules is presented in  f ig . 2c. 
The measured values of 0*=232.8&2.3 and uI= 
- 82.5 k 2.3 ppm for the axially symmetric chemical 
shift tensor, extracted from the fit of our spectrum 
with the best signal-tc+noise ratio, differ slightly from 
o,=245ando , = - 90 ppm as reported by Beeler et 
al. [ 81 for CO, in a methane-doped argon matrix at 
20 K. 

The spectrum in fig. 2b demonstrates the inver- 
sion of the NMR signal occurring when the helicity 
of the optical pumping light is changed from positive 
to negative because the density matrix of the xenon 
following optical pumping corresponds to positive 
spin temperature for o- light and to a negative spin 
temperature for CJ+ light. The population inversion 
may be interpreted as a reversal in sign of the spin 
temperature. With our laser optical pumping appa- 
ratus, the fractional polarization can reach values as 
high as 0.3 [ 41. Demagnetization of the spin system 
to low field, wherein the difference in the Larmor 
frequencies is comparable to the heteronuclear di- 
polar interaction, conserves the sign of the spin tem- 
perature [ 9, lo]. After thermal mixing during a time 
on the order of T,, the density matrix becomes pro- 

Fig. 2. (a) 13C NMR spectrum of = 1.6~ 11Y9 molecules of 99% 
isotopically pure ‘3COz obtained after thermal mixing in zero field 
at 77 K with =6.4x lOI atoms of laser-polarized 12%e (80% 
isotopic purity). The signal was acquired in a single scan at 4.2 
T using a spin echo pulse sequence. The optical pumping light 
was cr- circularly polarized. The solid line represents a lit of the 
theoretical anisotropic chemical shift line shape to the experi- 
mental spectrum. (b) Spectrum obtained with the same proce- 
dure as in (a), but with o+ light. (c) “C NMR spectrum of 
c 5 x 10” molecules of 99% isotopically pure ‘)c02 gas at 300 K 
after 64 averaged scans. The chemical shift of 124.6 ppm is ref- 
erenced to an external standard of liquid TMS. 

portional to exp( -&Y), where H is the low-field 
Hamiltonian and fi is the common inverse spin tem- 
perature. The sign of jI is thereby determined by the 
sense of the circular polarization of the light. Neg- 
ative spin temperatures correspond to emissive NMR 
transitions as illustrated in fig. 2b. 

An enhancement factor of 200 is estimated by 
comparison of the integrated intensity of the laser- 
enhanced signal with that of the reference, corrected 
for differences in the number of 13C spins. This is 
substantially smaller than the xenon enhancement 
factor of approximately 18000, corresponding to a 
polarization of about 10%. However, this calculation 
does not account for the possibility that only a frac- 
tion of the total number of CO2 molecules are in di- 
polar contact with the polarized xenon. This raises 
the question of the degree of dispersion of the CO2 
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mode of rotation has been observed for CO2 confined in
activated carbon fibers and CO2 clathrate hydrates.26,27

Motional averaged NMR line shapes can be simulated by a
number of computer packages, including the Internet-accessible

program NMR-WEBLAB28 used in this paper. We assumed a
linear geometry for the CO2 molecules with the CSA tensors
!11 = !22 = 232 ppm, !33 = !82.5 ppm.29 The simulation was
performed under the fast motion limit (i.e., assuming the
rotation rate exceeds 1 ! 106 Hz) with 6-site jumps of equal
populations (i.e., a rotation with 6 discrete steps), which gives
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fast motion limit, the CO2 CSA patterns are equivalent for
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jumps or other nonaxially symmetric motions. A bent geometry
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DFT calculations and neutron powder diffraction, although the
exact C!O!C angle remains a matter of debate.19!23
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simulation does not qualitatively alter our NMR results in the
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According to our simulations, the CO2 rotation angle " varies
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and the degree of loading. The NMR-derived angles agree
qualitatively with the range of approximately 51!59° calculated
under a rigid condition using DFT,18,20 as well as with the angle
of 52!55° determined by neutron powder diffraction at 20 K.23

We note that simulations in the fast motional regime based
upon a bent CO2 with C!O!C angle of 160° also match the
NMR data if the above-mentioned angles are decreased by
around 5°. For both loadings measured, the CO2 rotation angle
increases as the temperature is lowered; however, the angles
obtained for the lower loading are slightly greater than those
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example, at 300 K, the rotation angle is 63° for 0.3 CO2/Mg2+

compared to 59° for 0.5 CO2/Mg2+.
At temperatures above 340 K, a 13C resonance associated

with gaseous CO2, corresponding to a sharp peak at #125 ppm,
is observed for the 0.3 CO2/Mg2+ sample (see the top two
spectra in Figure 1a). In contrast, no such peak is seen for the
0.5 CO2/Mg2+ sample at high temperatures. This is due to the
relative amount of gaseous CO2 compared to adsorbed CO2 in
each sample tube. In the 0.3 CO2/Mg2+ sample, a significant
portion (#40%) of adsorbed CO2 has to be released to
maintain the partial pressure because of the longer NMR tube
used (#1500 mm3 in volume). For the 0.5 CO2/Mg2+ sample,
the NMR tube had to be shortened (#100 mm3 in volume) in
order to fit into the sample space of the cryostat. As a result,
only #5% of the CO2 is released to maintain the partial
pressure in the 0.5 CO2/Mg2+ sample. The CO2 partial pressure
for the two CO2 loadings was extracted from the NMR signal
intensities of adsorbed CO2, based upon the experimental gas
adsorption isotherms reported previously (see Figure S3).10 In
these two samples, the CO2 partial pressure increases from
#0.01 bar at 300 K to #0.7 bar at around 400 K.
Interestingly, two populations of adsorbed CO2 are observed

at temperatures above 390 K in the 0.3 CO2/Mg2+ sample, as
shown in the top spectrum of Figure 1a. One population
maintains the CSA powder pattern of uniaxial rotation at a fixed
angle of 60° (blue dashed curve), while the other adopts a
Gaussian-like line shape with a full-width-at-half-maximum of
#1500 Hz (green dashed curve). This line shape is consistent
with CO2 rotation at variable angles of approximately 50!65°.
The ratio of these two populations (blue versus green) is
roughly 5:2. Random reorientation of CO2 molecules, however,
would yield a much narrower line shape. This second
population could possibly correspond to a second adsorption
site, as suggested previously,23 although in those studies the

Figure 1. 13C CSA powder patterns of 13C-enriched CO2 in
Mg2(dobdc) at various temperatures. The colored lines are from line
shape simulations of uniaxial rotation of CO2 at a fixed rotation angle
": (a) 13C lineshapes of the 0.3 CO2/Mg sample, (b) 13C lineshapes of
the 0.5 CO2/Mg sample, and (c) 13C lineshapes from simulations of
CO2 uniaxial rotation. The estimated errors for the rotation angles
reported in (a) and (b) are within ±0.3°.

Figure 2. Schematic illustration of CO2 uniaxial rotation at the open
Mg2+ site in Mg2(dobdc). Gray, red, and green spheres represent C, O,
and Mg atoms, respectively; H atoms are omitted for clarity. Note that
the rotation axis is arbitrarily drawn in the picture.
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for the CO2 molecule when adsorbed has been suggested by
DFT calculations and neutron powder diffraction, although the
exact C!O!C angle remains a matter of debate.19!23

Nevertheless, inclusion of a bent CO2 molecule in our
simulation does not qualitatively alter our NMR results in the
fast motional regime.
According to our simulations, the CO2 rotation angle " varies

in a range from 56° to 69°, depending upon the temperature
and the degree of loading. The NMR-derived angles agree
qualitatively with the range of approximately 51!59° calculated
under a rigid condition using DFT,18,20 as well as with the angle
of 52!55° determined by neutron powder diffraction at 20 K.23

We note that simulations in the fast motional regime based
upon a bent CO2 with C!O!C angle of 160° also match the
NMR data if the above-mentioned angles are decreased by
around 5°. For both loadings measured, the CO2 rotation angle
increases as the temperature is lowered; however, the angles
obtained for the lower loading are slightly greater than those
obtained for the higher loading at the same temperatures. For
example, at 300 K, the rotation angle is 63° for 0.3 CO2/Mg2+

compared to 59° for 0.5 CO2/Mg2+.
At temperatures above 340 K, a 13C resonance associated

with gaseous CO2, corresponding to a sharp peak at #125 ppm,
is observed for the 0.3 CO2/Mg2+ sample (see the top two
spectra in Figure 1a). In contrast, no such peak is seen for the
0.5 CO2/Mg2+ sample at high temperatures. This is due to the
relative amount of gaseous CO2 compared to adsorbed CO2 in
each sample tube. In the 0.3 CO2/Mg2+ sample, a significant
portion (#40%) of adsorbed CO2 has to be released to
maintain the partial pressure because of the longer NMR tube
used (#1500 mm3 in volume). For the 0.5 CO2/Mg2+ sample,
the NMR tube had to be shortened (#100 mm3 in volume) in
order to fit into the sample space of the cryostat. As a result,
only #5% of the CO2 is released to maintain the partial
pressure in the 0.5 CO2/Mg2+ sample. The CO2 partial pressure
for the two CO2 loadings was extracted from the NMR signal
intensities of adsorbed CO2, based upon the experimental gas
adsorption isotherms reported previously (see Figure S3).10 In
these two samples, the CO2 partial pressure increases from
#0.01 bar at 300 K to #0.7 bar at around 400 K.
Interestingly, two populations of adsorbed CO2 are observed

at temperatures above 390 K in the 0.3 CO2/Mg2+ sample, as
shown in the top spectrum of Figure 1a. One population
maintains the CSA powder pattern of uniaxial rotation at a fixed
angle of 60° (blue dashed curve), while the other adopts a
Gaussian-like line shape with a full-width-at-half-maximum of
#1500 Hz (green dashed curve). This line shape is consistent
with CO2 rotation at variable angles of approximately 50!65°.
The ratio of these two populations (blue versus green) is
roughly 5:2. Random reorientation of CO2 molecules, however,
would yield a much narrower line shape. This second
population could possibly correspond to a second adsorption
site, as suggested previously,23 although in those studies the

Figure 1. 13C CSA powder patterns of 13C-enriched CO2 in
Mg2(dobdc) at various temperatures. The colored lines are from line
shape simulations of uniaxial rotation of CO2 at a fixed rotation angle
": (a) 13C lineshapes of the 0.3 CO2/Mg sample, (b) 13C lineshapes of
the 0.5 CO2/Mg sample, and (c) 13C lineshapes from simulations of
CO2 uniaxial rotation. The estimated errors for the rotation angles
reported in (a) and (b) are within ±0.3°.

Figure 2. Schematic illustration of CO2 uniaxial rotation at the open
Mg2+ site in Mg2(dobdc). Gray, red, and green spheres represent C, O,
and Mg atoms, respectively; H atoms are omitted for clarity. Note that
the rotation axis is arbitrarily drawn in the picture.
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Fig. 1. Timing diagram of the experimental procedure. The ex- 
periment begins with optical pumping and spin exchange be- 
tween rubidium and xenon for = 20 min. After separation from 
the rubidium, the xenon is combined witb CO, gas, mixed for 45 
s and expanded into the p m-cooled sample cell placed in a tield 
of 150 G. The field is then reduced to a value Bmii for a period 
T& during which thermal mixing occurs. The sample is subse- 
quently removed from the nitrogen bath, immediately trans- 
ported to high field where the signal is observed during a spin 
echo pulse sequence. 

with right circularly polarized light (i.e. CT- polar- 
ized). As a frequency and sensitivity reference, the 
conventional NMR spectrum of gaseous 13C02 for a 
similar number of molecules is presented in  f ig . 2c. 
The measured values of 0*=232.8&2.3 and uI= 
- 82.5 k 2.3 ppm for the axially symmetric chemical 
shift tensor, extracted from the fit of our spectrum 
with the best signal-tc+noise ratio, differ slightly from 
o,=245ando , = - 90 ppm as reported by Beeler et 
al. [ 81 for CO, in a methane-doped argon matrix at 
20 K. 

The spectrum in fig. 2b demonstrates the inver- 
sion of the NMR signal occurring when the helicity 
of the optical pumping light is changed from positive 
to negative because the density matrix of the xenon 
following optical pumping corresponds to positive 
spin temperature for o- light and to a negative spin 
temperature for CJ+ light. The population inversion 
may be interpreted as a reversal in sign of the spin 
temperature. With our laser optical pumping appa- 
ratus, the fractional polarization can reach values as 
high as 0.3 [ 41. Demagnetization of the spin system 
to low field, wherein the difference in the Larmor 
frequencies is comparable to the heteronuclear di- 
polar interaction, conserves the sign of the spin tem- 
perature [ 9, lo]. After thermal mixing during a time 
on the order of T,, the density matrix becomes pro- 

Fig. 2. (a) 13C NMR spectrum of = 1.6~ 11Y9 molecules of 99% 
isotopically pure ‘3COz obtained after thermal mixing in zero field 
at 77 K with =6.4x lOI atoms of laser-polarized 12%e (80% 
isotopic purity). The signal was acquired in a single scan at 4.2 
T using a spin echo pulse sequence. The optical pumping light 
was cr- circularly polarized. The solid line represents a lit of the 
theoretical anisotropic chemical shift line shape to the experi- 
mental spectrum. (b) Spectrum obtained with the same proce- 
dure as in (a), but with o+ light. (c) “C NMR spectrum of 
c 5 x 10” molecules of 99% isotopically pure ‘)c02 gas at 300 K 
after 64 averaged scans. The chemical shift of 124.6 ppm is ref- 
erenced to an external standard of liquid TMS. 

portional to exp( -&Y), where H is the low-field 
Hamiltonian and fi is the common inverse spin tem- 
perature. The sign of jI is thereby determined by the 
sense of the circular polarization of the light. Neg- 
ative spin temperatures correspond to emissive NMR 
transitions as illustrated in fig. 2b. 

An enhancement factor of 200 is estimated by 
comparison of the integrated intensity of the laser- 
enhanced signal with that of the reference, corrected 
for differences in the number of 13C spins. This is 
substantially smaller than the xenon enhancement 
factor of approximately 18000, corresponding to a 
polarization of about 10%. However, this calculation 
does not account for the possibility that only a frac- 
tion of the total number of CO2 molecules are in di- 
polar contact with the polarized xenon. This raises 
the question of the degree of dispersion of the CO2 
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MD trajectories of a 
single CO2 at 200 K 
with the time period 
of 5 ns in Mg-MOF-74 
structure.





Metal-Organic Frameworks�

High-Throughput Discovery of Robust !
Metal-Organic Frameworks for CO2 Capture�

metal-organic framework!

metal ion!
or cluster!

organic linker!

+!

?!

temperature?!
reactant ratio?!

solvent?!
cosolvent?!

acid/base added?!
!

Owing to their high internal surface areas and chemically tunable pore surfaces, 
metal-organic frameworks have a great potential to serve as next-generation CO2 
capture materials. Their preparation usually involves the reaction of a metal ion or 
cluster, with an organic linker to give an extended three-dimensional solid. Since 
both the metal and organic components can be judiciously selected, use of the 
appropriate components is expected to yield materials exhibiting a high selectivity 
for CO2 over the other components of flue gas, as well as allowing for the 
optimization of other crucial parameters, such as regeneration temperature, long-
term stability, and cost. Despite the apparent convenience of the synthesis of these 
materials, the precise reaction conditions employed can have a considerable 
impact on the type of structure that is obtained, as well as its purity and quality. !

Introduction�
Metal-Organic !
Frameworks!

New class of structurally-
diverse, chemically-tunable, 

highly-porous materials!
!

Potential for the discovery 
of a material optimized for 

efficient of CO2!
!

Captured CO2 can be 
liberated from the material 

with low energy cost!

Coal-Fired Power 
Plant!

Produces flue gas 
containing approximately 

15% CO2 and 75% N2!
!

Currently, CO2 capture is 
very energy-intensive!

!
Energy-efficient CO2 

capture infrastructure is 
urgently required!

CO2 Sequestration!

Benign components (N2 , O2, 
H2O) released to atmosphere!

Pure CO2 subjected to 
Carbon Capture and 

Storage (CCS) 
technologies!

100%!
CO2!

15%!
CO2!

0%!
CO2!

High-Throughput Workflow�

Project Goals!
!
We aim to design and synthesize new metal-
organic frameworks for use as next-generation CO2 
capture materials. These materials are an ideal 
platform for this application due to their large 
capacity for storage of gases and their chemically 
tunable pore surfaces for facilitating CO2 adsorption 
at the right energy to minimize the regeneration cost 
of the material while maintaining a high selectivity 
for CO2 over the other components of the flue gas. 
The highly versatile chemistry of these materials 
results in a large number of possible compounds for 
study, and we will use a highly automated high-
throughput methodology for materials discovery and 
characterization.!
!

CO2 Capture!
!
Owing to escalating levels of atmospheric CO2, and 
the resulting impact on climate change, there is an 
urgent need to prevent new emissions. One promising 
strategy is to capture CO2 directly from point sources, 
such as coal-fired power plants. However, the aqueous 
amine solutions that are currently used in most capture 
technologies are too expensive for widespread 
application. Here, a large majority of the cost is due to 
the energy required to regenerate the capture material 
after each cycle, which can exceed 30% of the energy 
output of the power plant. Therefore, there is a critical 
need to develop new types of materials that can 
efficiently capture CO2 and can be readily regenerated 
with a reduced energy input. !

High-Throughput Synthesis and Characterization!

New metal-organic frameworks are discovered using a 
robotic system that automatically dispenses solids and 
liquids into small reaction vials. Up to 96 reactions can 
be run per reaction plate, allowing rapid screening of a 
wide range of reaction parameters. The solid products 
formed in each vial are characterized by powder X-ray 
diffraction and NMR spectroscopy, allowing rapid 
identification of new phases and elucidation of their 
porosity.!

High-Throughput Adsorption Measurements!

A new instrument for rapid characterization of the CO2  
adsorption performance of new metal-organic 
frameworks has been developed by Wildcat 
Technologies, allowing the collection of CO2  and N2 
adsorption isotherms of 28 samples in a single 
experiment. A second-generation instrument is currently 
being tested, which will allow the performance of new 
materials to be directly measured under realistic flue 
gas conditions for the first time.!

Computational Support!

The results of the high-throughput experiments are 
deposited into a centralized database for analysis by a 
variety of newly developed computational tools. The 
computational support forms a vital part of our project, 
providing invaluable guidance toward identifying new 
target metal-organic frameworks that are expected to 
exhibit excellent CO2 capture performance, as well as 
toward evaluating their viability in a real-world CO2 
capture system in a typical power plant.!
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Customized 96-vial plates!Automated solid and liquid dosing!

Powder X-ray diffraction!

A thorough study of such a large number of reaction parameters can involve hundreds or even 
thousands of reactions for a single system. Therefore, a high-throughput methodology is essential in 
order to determine optimized synthetic routes for new materials. The synthesis of new metal-organic 
frameworks will be performed using a Symyx Core Module robot that allows automated powder and 
liquid dispensing into vials for small-scale reactions (1 mL capacity). The robot is installed within a 
glove box under a dinitrogen atmosphere, allowing precise control of the H2O content of each reaction. 
Once the dispensing routine is completed, the individual reaction mixtures can be heated and stirred 
on the robot deck, and the products can be isolated and transferred to a glass plate for high-
throughput X-ray diffraction. !
!
Powder diffraction patterns will be assessed based on their peak intensities and the presence of low-
angle diffraction peaks. Computational analysis of the powder patterns will be performed to determine 
the samples of highest quality for further scale-up and characterization. The powder patterns will also 
be compared against a database of known structure types and typical impurities to allow rapid 
identification of new phases. Here, computational support will provide guidance for the synthetic 
experiments by identifying new target materials, as well as allowing detailed evaluation of the 
performance of each material. Cost analysis will also be performed on the most promising metal-
organic frameworks in order to identify the best materials for real-world applications.!

tueSday, July 9, 2013 - Grand Station i & ii

10:50 a.m.      Application of a Heat-Integrated Post-Combustion CO2 Capture System

       Kunlei Liu, University of Kentucky\Center for Applied Energy Research

11:15 a.m.      6WDWXV�RI�WKH�&DUERQ�'LR[LGH�$EVRUEHU�5HWUR¿W�(TXLSPHQW��&$5(��3URJUDP
       Andrew Awtry, Neumann Systems Group

11:40 a.m.      Slipstream Pilot-Scale Demonstration of a Novel Amine-Based Post-Combustion Process Technology for CO2  

       Capture from Coal-Fired Power Plant Flue Gas 

       Krish Krishnamurthy, Linde, LLC

12:05 p.m.      LUNCH - adMiral rooM

Moderator – Steven Mascaro, U.S. Department of Energy, National Energy Technology Laboratory

1:35 p.m.       National Carbon Capture Center: Post-Combustion  

  John Wheeldon, National Carbon Capture Center

2:00 p.m.      ION Novel Solvent System for CO2 Capture 

       Nathan Brown, Ion Engineering, LLC

2:25 p.m.      Evaluation of Concentrated Piperazine for CO2 Capture From Coal-Fired Flue Gas 

  Gary Rochelle, University of Texas at Austin

2:50 p.m.      Bench-Scale Development of a Hot Carbonate Absorption Process With Crystallization-Enabled High   

       Pressure Stripping for Post-Combustion CO2 Capture   

       Yongqi Lu, University of Illinois at Urbana-Champaign

3:15 p.m.      BREAK - Grand Station iii

Moderator – Barbara Carney, U.S. Department of Energy, National Energy Technology Laboratory

3:35 p.m.      Development of Additives for Reducing CO2 Capture Costs

  Yang Li, /DZUHQFH�%HUNHOH\�1DWLRQDO�/DERUDWRU\

Co2 CoMPreSSion

4:00 p.m.      Novel Concepts for the Compression of Large Volumes of Carbon Dioxide 

  J. Jeffrey Moore, 6RXWKZHVW�5HVHDUFK�,QVWLWXWH

4:25 p.m.      Ramgen Supersonic Shock Wave Compression and Engine Technology   

  Aaron Koopman, 5DPJHQ�3RZHU�6\VWHPV��//&�

4:50 p.m.      ADJOURN

5:00 p.m.  Poster Session/Reception – Grand Station III 

WedneSday, July 10, 2013 - Grand Station i & ii  

7:00 a.m.      Registration - Grand Station Foyer

       Continental Breakfast - Grand Station iii

PoSt-CoMbuStion MeMbrane-baSed CaPture
Moderator – José Figueroa, U.S. Department of Energy, National Energy Technology Laboratory

tueSday, July 9, 2013 - Grand Station i & ii

10:50 a.m.      Application of a Heat-Integrated Post-Combustion CO2 Capture System

       Kunlei Liu, University of Kentucky\Center for Applied Energy Research

11:15 a.m.      6WDWXV�RI�WKH�&DUERQ�'LR[LGH�$EVRUEHU�5HWUR¿W�(TXLSPHQW��&$5(��3URJUDP
       Andrew Awtry, Neumann Systems Group

11:40 a.m.      Slipstream Pilot-Scale Demonstration of a Novel Amine-Based Post-Combustion Process Technology for CO2  

       Capture from Coal-Fired Power Plant Flue Gas 

       Krish Krishnamurthy, Linde, LLC

12:05 p.m.      LUNCH - adMiral rooM

Moderator – Steven Mascaro, U.S. Department of Energy, National Energy Technology Laboratory

1:35 p.m.       National Carbon Capture Center: Post-Combustion  

  John Wheeldon, National Carbon Capture Center

2:00 p.m.      ION Novel Solvent System for CO2 Capture 

       Nathan Brown, Ion Engineering, LLC

2:25 p.m.      Evaluation of Concentrated Piperazine for CO2 Capture From Coal-Fired Flue Gas 

  Gary Rochelle, University of Texas at Austin

2:50 p.m.      Bench-Scale Development of a Hot Carbonate Absorption Process With Crystallization-Enabled High   

       Pressure Stripping for Post-Combustion CO2 Capture   

       Yongqi Lu, University of Illinois at Urbana-Champaign

3:15 p.m.      BREAK - Grand Station iii

Moderator – Barbara Carney, U.S. Department of Energy, National Energy Technology Laboratory

3:35 p.m.      Development of Additives for Reducing CO2 Capture Costs

  Yang Li, /DZUHQFH�%HUNHOH\�1DWLRQDO�/DERUDWRU\

Co2 CoMPreSSion

4:00 p.m.      Novel Concepts for the Compression of Large Volumes of Carbon Dioxide 

  J. Jeffrey Moore, 6RXWKZHVW�5HVHDUFK�,QVWLWXWH

4:25 p.m.      Ramgen Supersonic Shock Wave Compression and Engine Technology   

  Aaron Koopman, 5DPJHQ�3RZHU�6\VWHPV��//&�

4:50 p.m.      ADJOURN

5:00 p.m.  Poster Session/Reception – Grand Station III 

WedneSday, July 10, 2013 - Grand Station i & ii  

7:00 a.m.      Registration - Grand Station Foyer

       Continental Breakfast - Grand Station iii

PoSt-CoMbuStion MeMbrane-baSed CaPture
Moderator – José Figueroa, U.S. Department of Energy, National Energy Technology Laboratory



a dizzying array of possibilities...



Cu3[(Cu4Cl)3(BTTri)8]2⋅xH2NCH2CH2NR2

H2
N

NR2
N
H2

R2N

NH2

R2N

H2N

NR2

a dizzying array of possibilities...



Cu3[(Cu4Cl)3(BTTri)8]2⋅xH2NCH2CH2NR2

H2
N

NR2
N
H2

R2N

NH2

R2N

H2N

NR2

a dizzying array of possibilities...

M2(DOBDC) (M-MOF-74)
(M = Mg, Co, Ni, Zn)

solvent 
exchange

activation
+ M (NO3)2⋅6H2O2,5-dioxidoterephthalate

(DOBDC4–)








