nature .
chemistry

ARTICLES

PUBLISHED ONLINE: 7 FEBRUARY 2010 | DOI: 10.1038/NCHEM.548

Exceptional ammonia uptake by a covalent
organic framework

Christian J. Doonan, David J. Tranchemontagne, T. Grant Glover, Joseph R. Hunt and Omar M. Yaghi*

Covalent organic frameworks (COFs) are porous crystalline materials composed of light elements linked by strong covalent
bonds. A number of these materials contain a high density of Lewis acid boron sites that can strongly interact with Lewis
basic guests, which makes them ideal for the storage of corrosive chemicals such as ammonia. We found that a member of
the covalent organic framework family, COF-10, shows the highest uptake capacity (15 mol kg~', 298 K, 1bar) of any
porous material, including microporous 13X zeolite (9 mol kg="), Amberlyst 15 (11 mol kg~") and mesoporous silica, MCM-
41 (7.9 mol kg~"). Notably, ammonia can be removed from the pores of COF-10 by heating samples at 200 °C under
vacuum. In addition, repeated adsorption of ammonia into COF-10 causes a shift in the interlayer packing, which reduces
its apparent surface area to nitrogen. However, owing to the strong Lewis acid-base interactions, the total uptake capacity

of ammonia and the structural integrity of the COF are maintained after several cycles of adsorption/desorption.

materials constructed by linking light elements such as

carbon, boron, oxygen and silicon through strong covalent
bonds'®. An attractive feature of some COFs is the high density
of Lewis acidic boron atoms, present in boroxine (B;0,) or boronate
ester (C,0,B) rings, which are an integral component of their
frameworks. These boron sites present a unique adsorbent surface
ready for interaction with Lewis basic gases such as ammonia, in
a manner similar to the classical ammonia-borane coordinative
bond (Fig. 1a).

Ammonia is transported as a compressed liquid for use in a wide
variety of industrial applications and is toxic, corrosive and difficult
to handle; hence we sought to take advantage of the reversible for-
mation of molecular ammonia-boranes’ and to examine the ability
of COF materials to act as high-surface-area adsorbents for the
uptake and release of ammonia. We therefore screened a series of
two- and three-dimensional members of the COF family for their
potential to reversibly uptake and release ammonia (Supplementary
Figs S1, S2). We discovered that COF-10 (Fig. 1b) shows the
highest capacity (15 molkg™!) for ammonia storage in a porous
solid and, remarkably, ammonia can be released and re-adsorbed in
a reversible manner although retaining its structural order.

Covalent organic frameworks (COFs) are porous crystalline

Results and discussion

COF-10 was prepared according to previously published pro-
cedures’. Its structure comprises hexahydroxytriphenylene
(HHTP) and biphenyldiboronic acid (BPDA) building units
linked into porous hexagonal layers (Fig. 1b). These layers are
stacked in an approximately eclipsed pattern to give a bnn (ref. 8)
type structure with one-dimensional pores with diameters of
34 A. Each hexagonal ring contains 12 boron atoms as part of the
five-membered boronate ester rings (C,0,B). An ammonia adsorp-
tion isotherm was measured on COF-10 at 25 °C (Fig. 2). The iso-
therm profile is best described as Type IV, which is indicative of a
mesoporous material®. Further evidence for this is provided by the
low uptake at pressures below 150 torr, beyond which COF-10
shows exceptional uptake (15 mol kg™'), significantly outperform-
ing the state-of-the-art materials Zeolite 13X (9 mol kg~!) and
Amberlyst 15 (11 molkg !)!°. The hysteresis observed for

COF-10 is attributed to the strong adsorption behaviour of
ammonia’. However, 80% (12molkg™!) of the adsorbed
ammonia can be removed by applying vacuum (0.1 torr), and the
remaining ammonia can be completely removed by heating to
200 °C at that pressure. The ammonia isotherm of MCM-41 at
298 K was collected for comparison because of its similar pore
dimensions to COF-10, and is also displayed in Fig. 2. In this
pressure region, the MCM-41 ammonia isotherm most resembles
a Type I profile, with a total ammonia uptake capacity of
7.9 molkg~! at 760 torr, approximately half that of COF-10.
Additionally, only a relatively small hysteresis is observed compared
to COF-10, which is attributable to capillary filling rather than
strong surface/adsorbate interactions’.

A noteworthy feature of COF-10 is that repeated ammonia
adsorption/desorption cycling does not result in any significant
loss of ammonia uptake capacity. Figure 3a displays three successive
ammonia isotherms collected for a COF-10 sample with a surface
area of 1,200 m? gfl, subsequent to adsorption/ desorption cycles,
each cycle comprising ammonia adsorption followed by a regener-
ation step (200 °C for 12 h at 0.1 torr). These data show that the
total ammonia uptake decreases by only 4.5% between the first
and third cycles. Each of the ammonia isotherms has a large de-
sorption hysteresis that persists to the low-pressure region of the
isotherm. Such behaviour has been observed for the adsorption of
polar adsorbates in layered clay minerals and is attributed to inter-
calation of the adsorbate in the interlamellar region of the
material'l. In the second and third ammonia adsorption cycles,
strong hysteresis is also observed. However, a steeper ammonia
uptake is observed in the low-pressure region (<450 torr) of these
cycles. This is consistent with an increase in the micropore character
of COF-10 (ref. 9). The changes in the ammonia adsorption iso-
therms are also consistent with the changes in the calculated pore
size distributions (Supplementary Fig. S3).

The pore size distribution calculations clearly show the evolution
of the mesoporous COF-10 structure to one that contains a broad
range of pores of ~10-30 A. A plausible explanation for this is
that the intercalating ammonia molecules push the COF-10 layers
apart, thus disrupting the intermolecular stacking forces!'.
Subsequent removal of the ammonia results in a turbostratic
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Figure 1 | Construction of COF-10 for ammonia storage. a, Ammonia-
boron (Lewis acid-base) interactions present on the surface of COF-10.

b, Schematic representation of a COF-10 pore showing its atom connectivity
(bottom) and its organic building blocks (top).

repacking that obscures the mesoporous channels. Such structural
changes are consistent with the nitrogen isotherms (Fig. 3b)
collected subsequent to each ammonia run, which show decreasing
total capacity but increasing micropore filling character’. The
decrease in nitrogen uptake is not concomitant with that of
ammonia as it lacks the strong Lewis acid-base interactions with
boron and thus does not penetrate the interlamellar region.
Additionally, given the smaller size of ammonia (2.56 A) compared
with nitrogen (3.64 A)12 a lower total uptake can be rationalized
and has previously been documented for the adsorption of
ammonia on graphite oxide!?. Nevertheless, we note that a signifi-
cantly higher uptake of ammonia in the lower-pressure region is
observed for the second and third cycles than in the first, thus
suggesting a rich structural chemistry resulting from the
adsorption process.

Although the adsorption of ammonia disrupts the interlayer
packing, it is evident from powder X-ray diffraction (PXRD) col-
lected on samples of COF-10 after cycling of ammonia (Fig. 4)
that complete turbostratic structural disorder does not occur.
Careful analysis indicates that the low angle peaks, corresponding
to the (100), (110) and (200) planes, broaden and decrease in inten-
sity subsequent to each cycle, which is suggestive of increasing
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Figure 2 | Ammonia uptake in state-of-the-art materials and COF-10.
Comparison of total ammonia uptake capacities at 298 K and 760 torr of
COF-10 (15 mol kg™, circles), Amberlyst 15 (11 mol kg, triangles), Zeolite
13X (9 mol kg™, squares) and MCM-41 (7.9 mol kg™, diamonds).
Adsorption and desorption points are represented by closed and open
symbols, respectively.
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Figure 3 | Ammonia uptake and release in COF-10. a, First (blue), second
(red) and third (green) successive ammonia 298 K adsorption isotherms of
a sample of COF-10. Subsequent to each adsorption/desorption cycle, the
sample was regenerated at 200 °C and 0.1 torr. b, Nitrogen gas adsorption
isotherms (77 K) performed on the same COF-10 material (black), after one
cycle (blue), two cycles (red) and three cycles (green) of ammonia
adsorption/desorption. Adsorption and desorption points are represented by
closed and open circles, respectively. Connecting lines are guides for

the eyes.

disorder in packing between layers, consistent with the decreasing
mesoporous character and lower total uptake capacity observed in
the nitrogen isotherms. To ensure that the connectivity of the
COF-10 framework was sustained subsequent to the cycling of
ammonia, *C cross-polarization magic angle spinning (CP/MAS)
nuclear magnetic resonance (NMR) spectra were collected on as-
synthesized COF-10 and on samples after the three ammonia
adsorption/desorption cycles (Supplementary Fig. S4). Indeed,
identical peak positions are observed in the two samples, indicating
that the connectivity of the COF-10 framework is not disrupted,
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Figure 4 | Preservation of COF-10 structure during uptake and release
cycles of ammonia. PXRD patterns, showing analogous peak positions

of as-synthesized COF-10 material (black), after one cycle (blue), two cycles
(red) and three cycles (green) of ammonia adsorption/desorption.

further supporting the notion that the reduction in the nitrogen
capacity after ammonia cycling is the result of an increase in turbo-
stratic disorder!®!%,

Given the high capacity of COF-10 for ammonia at 1 bar, one
possible application for it is the transportation of ammonia as an
adsorbed phase instead of a compressed liquid. This would
provide a significantly safer means of transporting and using
ammonia. Recent work has highlighted the possibility of using
ammonia as a means of storing and transporting hydrogen”!*!*.
COF materials may provide a novel means of safely transporting
and storing ammonia and for hydrogen fuel applications.

To investigate the potential for such applications, a binder-free
tablet of pure COF-10 crystals was made using a conventional
press at 2,000 psi. The nitrogen and ammonia adsorption capacity
of the tablet was only slightly less than that of the pure COF-10
crystalline powder (Fig. 5). The loss of the mesoporous step at
P/P,~ 0.4 results from the mechanical disruption of the walls of
the framework, leading to the material no longer providing the
appropriate adsorbate-adsorbent wall interactions that produce
rapid pore filling en route to condensation. Such behaviour is con-
sistent with that observed for compressed samples of MCM-41 (refs
16,17). These results illustrate that COF materials not only have an
exceptionally high capacity for ammonia, but also are sufficiently
structurally robust to be compressed into tablets and pellets,
which are the typical forms applied in industry when using
adsorbent materials. Furthermore, the structural stability of COF
tablets provides a means of taking advantage of this class of ultra-
low-density crystals in a more compact volume.

This work presents the exceptionally high uptake of ammonia by
COF-10 compared with state-of-the-art materials. The layered mor-
phology of COF-10 seems to be disrupted during the adsorption
cycles of ammonia, but atom connectivity and periodicity are main-
tained. We also show the full adsorption isotherms subsequent to
the second and third cycles of ammonia and the remarkable
result that, given that the handling and regeneration conditions
are not optimized, only 4.5% of total uptake capacity is lost. It is
noteworthy that the slight reduction in total uptake capacity is
accompanied by a larger uptake at low pressure. The rich adsorption
chemistry revealed in this work suggests that COF-10 may be a
potentially viable material for the uptake and release of ammonia.
Furthermore, we anticipate that analogous COF materials may be
optimized for the capture and storage of other Lewis bases by
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Figure 5 | COF-10 as a solid adsorbent for ammonia. a, Ammonia uptake

at 298 K for COF-10 (black) and COF-10 tablet (blue). Inset, pressed tablet
of COF-10 loaded with ammonia. b, Nitrogen gas adsorption isotherms

(77 K) performed on the same COF-10 material (black) and COF-10 tablet
(blue). Adsorption and desorption points are represented by closed and open
circles, respectively. Connecting lines are guides for the eyes.

taking advantage of the interlayer adsorption interactions induced
by their Lewis acidic surfaces.

Received 28 August 2009; accepted 7 January 2010;
published online 7 February 2010

References

1. Coteé, A. P. et al. Porous, crystalline, covalent organic frameworks. Science 310,
1166-1170 (2005).

2. El-Kaderi, H. M. et al. Designed synthesis of 3D covalent organic frameworks.
Science 316, 268-272 (2007).

3. Coté, A. P, El-Kaderi, H. M., Furukawa, H., Hunt, J. R. & Yaghi, O. M. Reticular
synthesis of microporous and mesoporous 2D covalent organic frameworks.

J. Am. Chem. Soc. 129, 12914-12915 (2007).

4. Tilford, R. W., Gemmil, W. R,, zur Loye, H.-C. & Lavigne, J. J. Facile synthesis of
a highly crystalline, covalently linked porous boronate network. Chem. Mater.
18, 5296-5301 (2006).

5. Tilford, R. W., Mugavero, S. J., Pellechia, P. J. & Lavigne, J. J. Tailoring
microporosity in covalent organic frameworks. Adv. Mater. 20,

2741-2746 (2008).

6. Hunt, J. R, Doonan, C. J., LeVangie, J. D., Coté, A. P. & Yaghi, O. M. Reticular
synthesis of covalent organic borosilicate frameworks. J. Am. Chem. Soc. 130,
11872-11873 (2008).

7. Stephens, F. H., Pons, V. & Baker, R. T. Ammonia-borane, the hydrogen storage
source par excellence. Dalton Trans. 2613-2626 (2007).

8. O’Keeffe, M., Peskov, M. A., Ramsden, S. J. & Yaghi, O. M. The Reticular
Chemistry Structure Resource (RCSR) database of, and symbols for, crystal nets.
Acc. Chem. Res. 41, 1782-1789 (2008).

9. Roquerol, F.,, Rouquerol, J. & Sing, K. Adsorption by Powders and Porous Solids
(Academic Press, 1999).

10. Helminen, J., Helenius, J. & Paatero, E. Adsorption equilibria of ammonia gas on
inorganic and organic sorbents at 298.15 K. J. Chem. Eng. Data 46,

391-399 (2001).

11. Barrer, R. M. Clay minerals as selective and shape-selective sorbents. Pure Appl.
Chem. 61, 1903-1912 (1989).

12. Adu, K. W. et al. Morphological, structural, and chemical effects in response of
novel carbide derived carbon sensor to NH;, N,O, and air. Langmuir 25,
582-588 (2009).

237

© 2010 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/doifinder/10.1038/nchem.548
www.nature.com/naturechemistry

ARTl C LES NATURE CHEMISTRY Dpoi: 10.1038/NCHEM.548

13.

14.

15.

16.

17.

Seredych, M. & Bandosz, T. J. Adsorption of ammonia on graphite

oxide /aluminium polycation and graphite oxide/zirconium-aluminium
polyoxycation composites. J. Colloid Interface Sci. 324, 25-35 (2008).

Klerke, A., Christensen, C. H., Norskov, J. K. & Vegge, T. Ammonia for
hydrogen storage: challenges and opportunities. J. Mater. Chem. 18,
2304-2310 (2008).

Christensen, C. H., Johannessen, T., Sorensen, R. Z. & Norskov, J. K. Towards an
ammonia-mediated hydrogen economy? Catal. Today 111, 140-144 (2006).
Gusev, V. Y., Feng, X, Bu, Z., Haller, G. L. & O’Brien, J. A. Mechanical
stability of pure silica mesoporous MCM-41 by nitrogen adsorption and
small-angle X-ray diffraction measurements. J. Phys. Chem. 100,

1985-1988 (1996).

Bai, N., Chi, Y., Zou, Y. & Pang, W. Influence of high pressure on structural
property of mesoporous material MCM-41: study of mechanical stability. Mater.
Lett. 54, 37-42 (2002).

238

Acknowledgements

Funding was provided by the Department of Energy (DOE) (DEFG0208ER15935) for
adsorption studies and Department of Defense (DOD) (W911NF-06-1-0405) for
adsorption equipment.

Author contributions

C.J.D and O.M.Y conceived and designed the experiments. All authors contributed
significantly and collaboratively to performing the experiments, analysing the data and
writing the paper.

Additional information

The authors declare no competing financial interests. Supplementary information
accompanies this paper at www.nature.com/naturechemistry. Reprints and permission
information is available online at http://npg.nature.com/reprintsandpermissions/.
Correspondence and requests for materials should be addressed to O.M.Y.

NATURE CHEMISTRY | VOL 2 | MARCH 2010 | www.nature.com/naturechemistry

© 2010 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/sifinder/10.1038/nchem.548
www.nature.com/naturechemistry
http://npg.nature.com/reprintsandpermissions/
mailto:yaghi@chem.ucla.edu
http://www.nature.com/doifinder/10.1038/nchem.548
www.nature.com/naturechemistry

	Exceptional ammonia uptake by a covalent organic framework
	Results and discussion
	Figure 1  Construction of COF-10 for ammonia storage.
	Figure 2  Ammonia uptake in state-of-the-art materials and COF-10.
	Figure 3  Ammonia uptake and release in COF-10.
	Figure 4  Preservation of COF-10 structure during uptake and release cycles of ammonia.
	Figure 5  COF-10 as a solid adsorbent for ammonia.
	References
	Acknowledgements
	Author contributions
	Additional information


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue true
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.30000
    0.30000
    0.30000
    0.30000
  ]
  /PDFXOutputIntentProfile (OFCOM_PO_P1_F60)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition (OFCOM_PO_P1_F60)
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU (NPG WEB PDF Job Options. 150dpi. 22nd September 2004. PDF 1.4 Compatibility.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 782.362]
>> setpagedevice


