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Abstract.  Since its initial synthesis in 2005, COF-5 has been known to have intrinsic disorder in 

the placement of the 2D layers relative to one another (i.e. turbostratic disorder).  Prior studies 

of have demonstrated that the eclipsed layering found in the space group originally assigned to 

COF-5 (P6/mmm) is inconsistent with energy considerations.  Herein it is demonstrated that 

eclipsed layers are also inconsistent with 13C solid-state NMR data.  Crystal structure predictions 

are made in five alternative space groups and good agreement is obtained in P21/m, Cmcm, and 

C2/m. We posit that all three space groups are present within the stacked 2D layers and show 

that this conclusion is consistent with evidence from 13C solid-state NMR linewidths and chemical 

shifts, powder x-ray diffraction data and energy considerations. An alternative explanation 

involving a mixture of multiple pure phases is rejected because the observed NMR spectra don’t 

exhibit the characteristic features of such mixed phase materials. 
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Introduction. 

In 2005, Cô té  et al. introduced a class of porous organic materials described as covalent 

organic frameworks (COFs).[1] COFs are a unique type of crystalline polymer that self-assembles 

through the formation of reversible covalent bonds between monomers. These materials exhibit 

low density, high surface area, permanent porosity and a high degree of long range order.  The 

structures of COFs are considered to be predictable based on the principles of reticular chemistry 

in which a desired topology can be created by an appropriate selection of starting materials.  This 

level of control provides a high degree of tunability and has led to the creation of a remarkable 

variety of 2D and 3D COFs.[2]  

The distinctive combination of characteristics exhibited by COFs invites an array of 

applications that have been vigorously pursued over the past 15 years.[3]  For example, the COFs 

are attractive materials for photonic applications due to the long-range alignment of pores 

between layers.[4]  In one study, photon collection was demonstrated using TP-COF while another 

achieved photocurrent generation with PPy-COF.[5,6]  COFs have also been found to be effective 

catalysts and numerous catalytic, photocatalytic and electrocatalytic applications have been 

reported.[7,8,9]  A notable example of COF catalysis employs an imine-based COF to achieve CO2 

fixation using a process that avoids the typical shortcomings (e.g. metal toxicity and product 

contamination).[10] Certain COFs have been found to act as catalysts for C-C coupling reactions, 

asymmetric Michael additions, CO2 reduction, and water splitting.[11,12,13,14] The COFs have been 

demonstrated to be effective chemo-sensory materials (e.g. for chemical threat detection and 

toxic metal detection), conductive membranes, and drug delivery agents.[15,16,17,18] The COFs have 

also been used for the storage and separation of several greenhouse gases.[19,20] 
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The first COFs to be synthesized were designated COF-1 and COF-5.[1] Both 2D frameworks 

consist of monomers connected through boronate ester linkages and composed entirely of the 

light elements B, C, O, and H. The characteristic topology of these COFs consists of stacked 2D 

sheets with interlayer interactions dominated by pi-pi stacking.[21] The initial structural studies of 

COF-1 and COF-5 considered two stacking arrangements: staggered and eclipsed[1] (Figure 1). 

Hundreds of COFs have now been synthesized with the vast majority reported to crystallize with 

eclipsed layers.[21] 

 

Figure 1.  An illustration COF structures that pack with layers that are staggered (COF-1, left) and 
eclipsed (COF-5, right).   
 

A complication to the proposed eclipsed stacking arrangement of COF-5 was noted in 

Côtés original report[1] and involved disorder within the stacking of the 2D sheets (i.e. turbostratic 

disorder).  This deviation from a single pure crystalline phase was identified from the unexpected 

broadening of the (100) and (001) PXRD lines[1] which correspond, respectively, to in-plane and 

out-of-plane disorder within the 2D layers. This observation led to the consideration of additional 

stacking possibilities for 2D COFs.[21,22,23,24] In 2011, Lukose et. al. simulated various in-plane 

offsets between the 2D layers in COF-1, COF-5, COF-6 and COF-8.[21] For each structure, the 

electrostatic potential energy and energy of formation were determined. This study revealed that 

these COFs prefer an offset of ~1.4 Å from the eclipsed stacking. The simulated powder x-ray 
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diffraction (PXRD) patterns for the offset structures are fairly insensitive to this offset and thus 

remain consistent with experimental PXRD data. In a related 2012 study, Koo et. al. further 

explored the nature of COF stacking by computing potential energy surfaces for 33 2D COFs.[23] 

These surfaces considered the effects of pi-pi stacking and Coulombic interactions and concluded 

that none of the 33 frameworks assume a perfectly eclipsed conformation.  Instead, these 

materials adopt offsets ranging from 1.5 to 2.8 Å. In the specific case of COF-5, a 1.6 Å lateral 

offset was predicted, in good agreement with the 1.4 Å offset proposed by Lukose.  

The occurrence of offsets in stacked 2D COFs, including COF-5, is significant because it can 

result in a change in space group designation. Because certain physical properties of a material 

are dictated by the space group, such a change can have far reaching implications.[25,26]  

Unfortunately, such small structural changes in COFs are found to only weakly influence the PXRD 

pattern (vida infra) and alternative analytical methods are needed to assign space group.  Solid-

state NMR (SSNMR) provides an attractive alternative that is highly sensitive to the local structure 

including molecular conformation,[27,28] relative stereochemistry,[28,29] number of molecules in the 

asymmetric unit,[30] hydrogen tunneling[31,32,33] etc.  Recent studies have also demonstrated that 

SSNMR studies can even assign space group in some materials.[34,35] In this report, the influence 

of turbostratic disorder on the space group assignment for COF-5 is explored using 13C chemical 

shift tensor principal values.  These data consist of three shifts per 13C site, denoted as δ11, δ22, 

and δ33. The principal values represent shielding in the three orthogonal directions around each 

13C site and have been demonstrated to be highly sensitive to crystal structure.[34,35] 

Because NMR shift tensor data are primarily sensitive to local structure within a few Å of 

a given site, lattice structure is usually difficult to obtain solely from NMR.  However, crystal 
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structure can be sometimes be obtained if NMR data is combined with crystal structure prediction 

(CSP) methods.[34,35] The CSP process generates a group of candidate structures in various space 

groups and numerous approaches have now been evaluated.[36]  Because COF-5 is rigid and has 

layers composed of extended 2D sheets, the possible variations of the lattice structure are limited 

to different arrangements of the 2D sheets with respect to one another.  This restriction means 

that a CSP process that considers variations in the packing arrangements between the 2D layers 

is sufficient to capture the feasible space group variations. Of equal importance is the fact that 

the original PXRD study of COF-5 identified the directions in which the turbostratic disorder 

occurs with the most feasible displacement being in the plane parallel to a 2D sheet.  Variations 

in the distance between the sheets are also known to occur from the broadening of the (001) 

PXRD peak, but because the distance between sheets (3.52 Å) is already close to the sum of the 

van der Waal radius for two carbons (3.40 Å), much less out-of-plane variation is possible.  An 

illustration of the possible candidates that can be created by CSP is illustrated in Figure 2.  All 

candidates include offsets in directions parallel to the 2D sheets. This CSP process has been 

employed in other materials and found to be effective.[37,38] Herein, a reevaluation of the crystal 

structure of COF-5 was performed by simulating offsets that correspond to the space groups 

P31m, P21/m, C2/m and Cmcm. To generate candidate structures, the eclipsed model predicted 

in the original PXRD study,[1] P6/mmm, served as an initial structure. By applying small offsets to 

one layer with respect to a second layer in the directions shown in Figure 2, 52 candidate 

structures were generated. A more detailed description of this process in provided in 

Experimental. 
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Figure 2.  An illustration of the space groups created by in-plane displacement of the 2D sheets 
relative to one another in the directions shown. Structures in the P6/mmm, Cmcm, P21/m, P31m 
and C2/m space groups were evaluated herein. 
 
  The 13C NMR spectrum of COF-5, shows four unique resonances. A fifth 13C site occurs as 

a near degenerate line near C4 that can be identified using an interrupted decoupling 

experiment.[39,40]  The 13C shift tensor data for these five sites in COF-5 was obtained using the 

FIREMAT experiment.[41] The FIREMAT spectrum obtained for COF-5 is illustrated in Figure 3. 

Partial shift assignments were obtained from an interrupted 1H decoupling experiment which 

confirmed the presence of two CH and three quaternary carbons. The quaternary 13C C5 
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resonance at 127.5 ppm exhibits a low signal intensity because it represents two carbons that are 

degenerate due to symmetry. In contrast, all other resonances represent four or six degenerate 

sites and thus exhibit peak intensities significantly larger than C5. The intensity of C5 is further 

reduced due to its bonding to a quadrupolar nuclei (i.e. boron). 

 

Figure 3.  The FIREMAT spectrum of COF-5. 
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Figure 4.  An illustration of a pore from a single 2D sheet within the structure of COF-5.  The 
crystallographic asymmetric unit is shown at the right and results in five unique 13C isotropic 
resonances.  Measured chemical shift tensor principal values for each 13C site are shown. 
 

The 13C shifts were assigned to specific positions by comparing experimental and 

theoretical shift tensors compute with lattice-including DFT methods. All possible arrangements 

of computed and theoretical tensors were compared and the arrangement giving the best 

correlation coefficient was taken as the correct assignment.  In each of the 52 candidate 

structures considered, the same set of shift assignments gave the best-fit and each was 

statistically preferred over the second-best arrangement. Shift assignments are summarized in 

Table 1. 
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Table 1.  The 13C shift assignments for COF-5 and the corresponding chemical shift tensor principal 
values. 
 

 
Position 

Carbon 
type 

 
iso. 

 

11 

 

22 

 

33 

1 CH 133.6 246.0 146.5 8.4 
2 Quat. 147.2 231.8 137.4 72.4 
3 CH 103.1 176.6 124.5 8.2 
4 Quat. 123.8 201.0 172.1 - 1.8 
5 Quat. 123.5 217.2 169.0 - 15.8 

 

High probability crystal structures were selected from among the 52 CSP candidates by 

calculating the agreement between theoretical and experimental 13C shift tensors using an 

approach described elsewhere.[42] The space groups P6/mmm and P31m gave poor agreement 

with experimental data with rms errors of  ± 8.3 ppm and ± 8.7 ppm, respectively and were 

therefore rejected with high statistical confidence (i.e. 90% confidence). The poor fit of these 

structures can be attributed to coulomb repulsion which reach a maximum when the layers are 

fully eclipsed.[21,23] In the P31m structure, further repulsion arises from the presence of four 

hydrogens which lie out of the ab-plane (see Figure 2).  This unfavorable interaction results in the 

largest error found in any of the candidate structures evaluated. 

Among the Cmcm and P21/m candidates, good agreement with experimental data was 

observed in 20 of the 23 Cmcm cases with all 20 candidates having statistically equivalent fits at 

the 90% confidence level (P=0.1). Likewise, 23 of the 26 P21/m structures exhibited good 

agreement to experiment and were therefore retained.  The single best-fit Cmcm and P21/m 

candidates had respective offsets of 2.4 Å and 2.2 Å. However, in both cases the region near the 

minimum is very broad with numerus candidates having agreement close to the best fit.  As a 

result, the offsets identified from energy considerations of 1.4 Å[21] and 1.6 Å[23] lie within the 
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error of the NMR best-fit structure. The NMR-based rejection of candidates that remain close to 

the original eclipsed configuration (i.e. P6/mmm and P31m) is consistent with the energy 

considerations discussed above showing that a slight offset between adjacent layers of COF-5 is 

energetically favorable due to a decrease in the coulombic repulsion.[21,23] 

A single C2/m candidate structure was also considered and the predicted NMR data found 

to be in close agreement with experimental values with an error of 6.0 ppm.  This uncertainty is 

statistically indistinguishable from that observed in the Cmcm and P21/m structures.  Intriguingly, 

the C2/m structure contains hydrogens that lie out of the ab plane, a feature found to be 

detrimental in the P31m model. However, the arrangement of the adjacent layers in the C2/m 

structure have an offset, apparently alleviating the columbic repulsion. We note that additional 

candidates for C2/m are possible involving other offset distances and alternative hydrogen 

positions but were not considered in this initial study. 

As described above, the NMR agreement of the candidate structures varies considerably 

for different space groups and even candidates within the same space group. In contrast, the 

PXRD patterns for all 52 candidate CSP structures shows almost no variation.  Figure 5 illustrates 

the PXRD patterns from the five best-fit structures in each space group as selected by the NMR 

comparison.  In all cases, only negligible differences are present.  The NMR error for each CSP 

candidate is listed in Figure 5 to provide a convenient comparison of the PXRD and NMR methods. 

A more extensive comparison that includes all 52 CSP structures is given as Supporting 

Information and illustrates that all CSP candidates have nearly identical PXRD patterns. 
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Figure 5.  The experimental powder x-ray diffraction (PXRD) pattern for COF-5 (top) and the 
simulated PXRD patterns for the best-fit structures from the five space-groups considered herein.  
Additional CSP candidates were also retained and these have nearly identical XRPD patterns and 
are thus included as Supporting Information. 
 

The SSNMR prediction that multiple space groups (i.e. P21/m, Cmcm, and C2/m) 

contribute to the overall structure of COF-5 supports the original contention of Yaghi that COF-5 

is a material the contains turbostratic disorder.[1]  Our NMR analysis suggests that this disorder 

corresponds to the presence of three distinct space groups, all contained within a given stack of 

2D layers and each corresponding to an offset of a particular symmetry.  This assumption 

presumes that each space group is present in a sufficiently large quantity to influence the 

measured NMR tensors, which represent a weighted average of all the phases.  This view is 

supported by the unusually wide lines in the 13C isotropic spectrum where linewidths that are 

approximately five times wider than those obtained from microcrystalline pure phase materials 
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on the same spectrometer.  This is consistent with the presence of multiple phase all having 

slightly different chemical shifts and thus creating a broad line.   

It is interesting to consider an alternative hypothesis for the structure of COF-5 in which 

the agreement to multiple space groups occurs because the powder consists of several distinct 

pure phases which are simply mixed together. Such mixed phase solids can form when the 

different phases have similar lattice energies.  It is known that the NMR spectra of such solids 

usually exhibit at least some unique resonances for each phase and that the resulting spectrum 

is a superposition of the individual spectra. Such mixtures display linewidths similar to those 

observed in a pure phase material. An illustration such a mixture of two phases is given in Figure 

6 for the 15 carbon flavonoid catechin[43,44]. In the case of COF-5, the absence of multiple 

resonances for each site argues that COF-5 is not a mixture of pure phase solids. 

 

Figure 6.  An illustration of a mixed phase material involving the flavonoid catechin (left).  In the 

upper plot a region from the spectrum of the pure phase of catechin 4.5 hydrate is shown.  The 

lower plot shows the development of a second phase consisting of catechin 4.5 hydrate plus 

catechin -monohydrate that forms upon drying. The creation of new pure phases often creates 

new resonances for each site but does not change linewidths of either phase significantly.  The 

absence of such new resonances in COF-5 is consistent with the conclusion that COF-5 is not a 

mixture of pure phase materials. 
 

 



 13 

Conclusions. 

Prior studies have demonstrated that the P6/mmm space group originally proposed for 

COF-5 is inconsistent with energy considerations.[21,23] The present study demonstrates that the 

P6/mmm structure is also incompatible with 13C NMR shift tensor data. Alternative lattice 

structures are proposed in the space groups Cmcm, P21/m and C2/m, with numerous candidates 

having excellent agreement with both SSNMR, PXRD data and energy considerations.  Because 

COF-5 is known to exhibit turbostratic disorder, it is posited that each of the three phases is, in 

fact, present within the powder and is therefore encoded in the experimental data. Evidence 

supporting this conclusion is found by comparing to recent 13C benchmark data consisting of 309 

tensor principal values which shows that the expected error for a pure phase material is 

approximately ± 3.3 ppm.[42]  In contrast the best fit candidate structures for COF-5 have errors 

of ± 5.7–6.0 ppm. This outcome is consistent with experimental 13C tensor data that represent an 

average of differing principal values from three phases.  Since the 13C data is an average, none of 

the individual phases match exceptionally well, but numerous phases fit reasonably well. 

Because COF-5 is the one of the first COFs to be characterized, subsequent work on COFs 

has often assumed that these materials primarily form with eclipsed stacking of layers.[21]  The 

present study suggests that COFs having eclipsed structures may be less common than expected 

and that a reassessment of 2D COF structures may prove beneficial. 

 

Experimental. 

Synthetic procedure for COF-5 was adapted from Côté et al.1 
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The FIREMAT 13C solid-state NMR spectrum was acquired on a Chemagnetics CMX 200 

spectrometer operating at 50.31 MHz for 13C, 200.04 MHz for 1H and using a PENCIL 5.0 mm 

probe.  Decoupling was achieved with SPINAL-64 1H decoupling, a pulse duration of 8.9s and 

standard phase angles.45  Acquisition parameters include 1H 90 and 13C 180 pulse durations of 

3.9 s and 8.8 s, respectively, a cross-polarization time of 3.0 ms, and a spinning rate of 661 Hz.  

Spectral widths in the evolution and acquisition dimensions were 5.952 kHz and 37.037 kHz, 

respectively.  A total of 9 evolution increments were acquired and these were rearranged using 

a process described elsewhere[41] to create 165 points. Data processing employed a process 

described elsewhere.[46] 

All 13C NMR chemical shieldings were calculated using the structures created by the 

crystal structure prediction process described above. Lattice factors were included by utilizing 

the software CASTEP and employing employed the GIPAW approach.[47,48] The PW91 functional 

was employed with a plane-wave cutoff energy of 570 eV and a K-point spacing of 0.07 Å. 

Shieldings were converted to chemical shifts using the relationship as described Klaus Eichele.[49] 
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