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Pitfalls in the Synthesis of Polyimide-linked Two-
dimensional Covalent Organic Frameworks

Valerie A. Kuehl,a Michael J. Wenzel,a Bruce A. Parkinsona,b Laura de Sousa Oliveira,a and John 
O. Hoberga*

Abstract: The well-known reaction of amines with carboxylic acid anhydrides to produce highly stable imide moieties has 
been extended in the literature to the synthesis of two dimensional polyimide-linked covalent organic frameworks (2D-
COFs). We report a detailed study of these reactions to determine whether the reported polymerizations are producing the 
reported COFs. The studies include variations of reaction temperature, time, heating method, and monomer structures to 
establish whether formation of ordered crystalline material is occurring. The results of these studies indicate that a specific, 
previously reported polyimide COD is likely not produced with the order or exact structure as reported.

Introduction Two-dimensional covalent organic frameworks 
(2D-COFs) are highly-ordered polymers with a well-defined pore 
structure and are of interest for numerous applications that include 
gas storage and separations,1,2 liquid and solute separations,3,4 
catalysis,5,6 and optoelectronics.5,7 Investigations of COFs have 
undergone rapid growth over the past decade since reports of the 
self-condensation of boronic acids to form boronate ester COFs.8 
Among these developments have been polyimide-linked COFs (PI-
COFs) that are synthesized through the reaction of primary amines 
with a carboxylic acid anhydride moiety forming a pyrrolidine-2,5-
dione backbone. Multiple reports have been published on the 
synthesis and applications of polyimide COFs that were highlighted 
in a recent review.9 Reaction conditions have employed solvothermal 
conditions10 and microwave irradiation (MW),11 and the use of 
organic salt starting materials12 or implementation of Lewis acids.13 
These many recent reports have not adequately addressed how 
these various synthetic methods impact polymer molecular weight, 
morphology, defects and crystalline order.  Since these COF materials 
are attractive for applications in membranes3,4,14,15 and liquid and gas 
separations,16,17 large COF flake sizes with high crystalline order are 
required. 

In the synthesis of PI-COFs, there has been a focus on the use of 
amines with three-fold symmetry such as melamine (MA) and 1,3,5-
tris(4-aminophenyl)benzene (TAPB), and their reactions with two-
fold symmetric pyromellitic dianhydride (PMDA) and 
naphthalenetetracarboxylic dianhydride (NTDA) with two-fold 
symmetry (Figure 1). Multiple reports of the synthesis of these 
identical PI-COFs have often failed to even acknowledge/reference 
the previous syntheses to allow comparisons with previous 

characterization data. To our knowledge, the first studies of 
MA/PMDA polymerization were by Hawthorne and Hodgkin in 1999 
who reported issues with its polymerization;18 it was then reported 
by Tan in 2011,19 and again in 2012,20 201321 and 2017.22 MA/NTDA 
was also reported by Tan in the same publication19 and also by 
others.22 COFs based on TAPB also have a rich history and were 
initially reported by Wang (2011),23 again by others between 2014-
2020,13,24,25 and yet again in 2021, which reported the “synthesis and 
characterization” of TAPB/PMDA and TAPB/NTDA.26 

Reports using a melamine precursor have significant disparities in 
the reported PI-COF characterization data that are purported to be 
identical. Therefore, we studied the formation of multiple PI-COFs, 
by variation of the reaction parameters that could lead to the 
nucleation and growth of the 2D framework. The parameters varied 
included the heating method, active stirring, temperature and 
organic salt precursor formation. The reactions were performed 
using traditional solvothermal conditions or microwave irradiation 
that have been known to produce different synthetic outcomes. In 
addition to the molecular precursors, organic salts of the two 
precursors were first synthesized and then reacted using both 
solvothermal and microwave heating to again evaluate the impact of 
heating method on polymer formation. All materials were 
characterized using FT-IR, PXRD, and TEM to determine functional 
groups, bulk crystallinity, and flake size and morphology, respectively 
with regard to the isolation method.27 Our findings indicate 
considerable variance is observed in both the chemical composition 
and morphology of the product “COFs”. In addition, we report two 
additional “PI-COFs” that also show discrepancies from the expected 
reactions. It is the intent of this manuscript to illustrate that “PI-
COFs” based on melamine monomers are likely producing 
MA/PMDA and MA/NTDA materials with significant errors in the 2D 
sheets. We first discuss the experimental evidence concerning these 
reactions in the results and discussion section. Next, we report 
mechanistic and modelling studies on small molecule model systems 
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Figure 1. Example reactions for four COFs reported in the literature and studied in this paper.

along with titration experiments that lend insight into the errors that 
are occurring during the course of these reactions. Finally, to be 
clear, reactions involving the formation TAPB/PMDA and 
TAPB/NTDA COFs were reliably reproduced and do not appear to 
suffer from the poor nucleophilicity of the amine groups existing in 
the melamine monomer.

Results & Discussion:  We started our study by reacting melamine 
(MA) and PMDA using the four different procedures as illustrated in 
Scheme 1 with and without stirring. Conditions A involved oven 
heating the monomers at 167 oC in a sealed tube with N-methyl 
pyrrolidone (NMP) as solvent for 3 days, while B employed 
microwave heating at 200 oC for two hours also in NMP.  

Alternatively, the organic salts as starting materials were reacted 
under the same conditions. The starting organic salts were 
synthesized using methods adopted from literature preps and are 
detailed in the SI.12 Optimization of the solvothermal temperature 
was achieved by testing temperatures of 167, 256, and 310 °C, where 
167 oC was determined to be optimal based on PXRD and TEM 
results. Temperatures of 256 and 310 °C produced amorphous 
materials that were easily discernible (see SI figure S1).
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Scheme 1. PI-COF MA/PMDA synthesis using neutral precursors 
(left) and salt precursors (right) with Conditions A: oven heating in a 
sealed ampule at 167 oC with NMP solvent for three days. Condition 
B: microwave heating at 200 oC with NMP solvent for two hours.

After Soxhlet and scCO2 purification, TEM imaging of the PI-COF 
materials revealed significant morphological differences as shown in 
Figure 2. “COF” MA/PMDA, synthesized in the furnace, exhibited a 
thick 3D rhombohedral structure across multiple layers, indicated by 
the phase contrast image and produced no electron diffraction, 
which may be due to sample thickness (Figure 2A and 2B). These 
images probably indicate 3D salt crystallites. Whereas the MW 
reactions (Figure 2C and D) produced well defined thin flakes that did 
exhibit some electron diffraction (see supplemental). It appeared 
that the polymerization was not impacted by the ionic salt starting 
materials but rather the two conditions formed very different 
materials. Visually, the texture and color of the materials were also 
different as illustrated in the photographs (Figure 2G), that do not 
match the color reported in reference 18.20

The FT-IR spectra of “COF” MA/PMDA were measured with the 
expectation that the carboxylic acid anhydride carbonyls and primary 
amine stretches in the starting material would disappear and the 
poly-imide COF carbonyls would appear. Figure 3 displays the FT-IR 
spectra for the oven reactions (A) and microwave reactions (B). The 
spectra of the salt starting materials are in the middle (blue) with the 
spectra of the products of each reaction above and below. The 
anhydride carbonyl stretch (1695 cm-1 for neutral and 1662 cm-1 for 
salt) moved to 1651 cm-1 for both furnace reactions using either 
neutral or salt starting materials, however the amine stretches were 
still apparent. In contrast, MW reactions displayed strong carbonyl 
stretches at 1727 and 1787 cm-1 as are expected for a proposed COF 
MA/PMDA phthalimide functionality. However, once again primary 
amine stretches (3300-3500 cm-1) and amide NH stretches (~3100 
cm-1) are observed in all cases.

To give further insights into the COF structures, given the 
contrasting TEM and FT-IR results, PXRD data was collected for each 

COF and compared to starting material (Figure 3). Again, the 
diffractogram of the starting salt material is in the middle (blue) of 
each. The quite similar diffractograms for the furnace reactions using 
each type of starting materials in Figure 3C show the disappearance

Figure 2.  TEM images (A-D) and corresponding electron diffraction 
(E & F) of “COF” MA/PMDA with photographs of materials (G) from 
reaction of PMDA and melamine precursors as both neutral starting 
materials and salts. (A) furnace reaction of salt precursors, (B) 
furnace reaction of neutral precursors, (C) microwave reaction of salt 
precursors, (D) microwave reaction neutral precursors, Bottom 
photographs in (E) are of salt starting materials (left) and its reaction 
in both oven and microwave conditions.

of the small angle peak at 8.8 degrees (0.5 nm). In comparison, the 
MW reactions show the disappearance of the 11.7 degree (0.38 nm) 
peak from the starting material in each, but maintain the small angle 
peak at 8.8 degrees. The simulated PXRD for the MA/PMDA is also 
included in Figures 3 E and F for both an AA offset and AB pattern 
(AA stacking is illustrated in SI figure S2 along with calculations on 
varying interlayer distances). The simulated PXRD reveal some peaks 
that match the experimentally measured diffraction patterns, but 
none are in complete agreement, and peak intensity ratios are 
substantially different.
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Figure 3.  COF MA/PMDA comparisons between furnace and MW reactions using salt and neutral precursors. FT-IR data from synthesis via 
furnace (A) and MW reactions (B). PXRD data from synthesis via furnace (C) and MW reactions (D). Simulated PXRD assuming AA offset 
stacking (E), and AB stacking (F) (4.2 Å distance between layers). Side and top views of stacked COFs as insets.

Furthermore, comparison of the simulated PXRD to literature 
reported PXRDs (SI figure S3) do not show good agreement either. It 
should be noted that many sharp PXRD lines are the exception rather 
than the rule in most COF reports and in our case are indicative of 
salt formation where the coulombic packing forces are much 
stronger for producing ordered ionic materials.

Most notable are the differences between furnace and microwave 
reactions, and each characterization (TEM, IR and PXRD) confirms 
that different materials are being formed. TEM images and FT-IR 
spectra of the MW reactions indicate that this method might be 
optimal, however the PXRD illustrate that the MW method appeared 
to be producing an ordered but incomplete COF polymer. TEM 
images indicated COF flakes from oven reactions had greater 
thicknesses while the PXRD did indicate a new material was formed.  

Finally, BET analysis was performed on samples from all four 
conditions (SI Figures S4-6). Products from both MW reactions had 
roughly the same N2 adsorption and desorption behavior, however 
in the oven reaction the COFs formed from the neutral compounds 
had N2 uptakes higher than that reported in reference 20, while that 
of the salt starting material showed no N2 adsorption/desorption. All 
samples had ~40 g/cm3 or lower N2 adsorption with greater than 

expected pore size distributions of ~100-200 Å. Thus, it is notable 
that in comparing our TEM, IR and PXRD data to that already 
published there is a lack of similarity with the published data as well 
as to each other.

Given the surprising differences in the above results, NTDA as the 
dianhydride was next investigated using the same conditions 
(Scheme 2). “COF” MA/NTDA was again characterized using TEM, FR-
IR and PXRD, and again discrepancies in the characterization data 
from the different reaction conditions were observed.

TEM images of COF MA/NTDA (Figure 4) also exhibited significant 
differences related to the form of the starting material used in the 
reaction. Both MW and furnace reactions produced highly ordered 
COFs when using the neutral compounds (B and D), however 
reactions taking place with the use of organic salt precursor 
produced thick, plate-like flakes (A and C). Highly ordered material 
appeared in both images B and D with micron sized COF flakes 
showing hexagonal angles with electron diffraction spots that do not 
exhibit a hexagonal pattern (see supplemental). Thus, the formation 
of MA/NTDA appears to be impacted by the use of organic salt 
materials and relatively unaffected by the heating method. The 
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formation of dramatically different materials is illustrated by the 
photographs  in Figure 4E.

Scheme 2. COF MA/NTDA synthesis using neutral precursors (left) 
and salt precursors (right) with Conditions A: oven heating in a sealed 
ampule at 167 oC with NMP solvent for 3 days. Condition B: 
microwave at 200 oC with NMP solvent for 2 hours.

Figure 4.  TEM images and corresponding electron diffraction of COF 
MA/NTDA. (A) furnace reaction of salt precursors, (B) furnace 
reaction of neutral precursors, (C) MW reaction of salt precursors, (D) 
MW reaction neutral precursors. (E) photographs using salt starting 
materials.

The obtained IR and PXRD spectra appeared to contain similar 
frequencies and diffraction peaks from all four reaction conditions 
(Figure 5). However, the oven PXRD spectrum of the neutral starting 
material gave strong indications that the salt precursors were 
actually being formed, while the reaction using salt precursors were 
not reacting. Only in the MW conditions did it appear that some 
conversion was taking place.

Figure 5. COF MA/NTDA FT-IR and PXRD comparisons between 
furnace reactions and microwave reactions. FT-IR data of COFs 
synthesized via furnace (A) and from MW reactions (B). PXRD data of 
COFs synthesized via furnace (C) and from MW reactions (D).

The results from the above studies led to the exploration of three 
additional polyimide-linked COFs using the same reactions and 
characterization methodology. These are outlined in the 
supplementary information and include reactions of pyrimidine 
triamine (PI) with PMDA (SI figure 7-9); and reaction of TAPB with 
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both PMDA (SI figure 10-12); and NTDA (SI figure 13-15). Noticeable 
differences were observed between thermal and MW conditions in 
the formation of the PI/PMDA COF as were observed for the above 
COFs in schemes 1 and 2. COFs formed by reacting TAPB with both 
PMDA or NTDA have been reported, as noted in the introduction, 
and we noticed very good agreement in these COFs with the data in 
the various publications and our reactions using isothermal 
conditions (comparisons to TEMs of starting salt materials can be 
made using SI figure S16-17). This is not surprising given the 
increased pore size resulting from the use of TAPB. 

Model studies:

To understand and interpret the discrepancies in the formation of 
these PI-COFs, a series of model reactions were studied using small 
molecule counterparts due to the ease of using more definitive 
conventional characterization methods for small molecule products. 
Scheme 3 depicts the reaction of PMDA with aniline that is expected 
to produce 1 as the sole product. Using solvothermal conditions 
(oven at 167 °C for three days), a 79% yield of only diimide 1 was 
obtained. However, under microwave irradiation (200 °C for 2h) a 1:1 
mixture of 1 and 2 was obtained in an overall 82% isolated yield. The 
decarboxylated imide 2 has been synthesized previously via alternate 
methods and this characterization data matched that of our isolated 
product 2 (SI, figures S18-21).28 The formation of 2 was an 
unexpected result as a similar decarboxylation in COF forming 
reactions would greatly impact the formation of any highly ordered 
potential COFs studied here and in other reports using microwave 
conditions.21

Scheme 3. Model compound study using aniline as a surrogate for 
melamine and pyrimidine (Ph = C6H5).

The reaction of the triamines with phthalic anhydride was also 
investigated to ascertain whether the required triimide formation 
was occurring. Both melamine and TAPB were reacted with three 
equivalents of phthalic anhydride solvothermally in an oven at 167°C 
for three days and with microwave irradiation at 200 °C for both 2 
hours and 6 hours (Scheme 4). The reaction components were 
analyzed using Matrix-Assisted Laser Desorption/Ionization (MALDI) 
mass spectrometry. In both the MW irradiation (2h and 6h reaction 
times) and the furnace reaction, a mixture of incomplete reaction 

products was observed as illustrated with both 3a-3c and 4a-4c (SI 
figures S22-29). In the six-hour MW reaction, 3b and 3c were still 
observed. Surprisingly, the appearance of 4b and 4c were still 
observed even given the lack of repulsion that can occur in 4a. 
Furthermore, decarboxylation products were observed from 4a and 
4b using microwave heating, indicating this pathway is not an 
anomaly specific to PMDA and aniline as discussed for scheme 3.

Scheme 4. Model compound study using phthalic anhydride as a 
surrogate for PMDA and NTDA (TPB =1,3,5-triphenylbenzene).

A proposed mechanism is illustrated in Scheme 5, in which the 
initial attack of the amine leads to intermediate I-A. Decarboxylation 
leads to I-B, which picks up a proton to produce 2. As no 
decarboxylation products were observed using solvothermal 
conditions, a computational study was performed on the energy 
differences of I-A leading to I-B or onto the imide I-C and 1. 
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Scheme 5. Proposed mechanism for decarboxylation and 
conformational energies, X = Oxygen for the calculations but could be 
an imide during the course of the reaction.

The single-point calculations shown in scheme 5 were performed 
using the density functional theory (DFT) plane-wave code Quantum 
Espresso. We have used the Perdew-Zunger exchange-correlation 
functional within the local density approximation (LDA) and ultrasoft 
non-relativistic pseudopotentials for all DFT calculations. Calculation 
details are given in the methods section of the SI (figure S30). The 
energy profile depicted in scheme 5 indicates that the proposed 
intermediate state, I-B (+ CO2), between I-A and 2 (+ CO2), is far less 
energetically favorable (by an estimated 413.9 kJ/mol) than I-C. TS-C 
is the speculative transition state after I-A, leading to the amide C, 
and it should form spontaneously as an exothermic reaction from I-
A given its lower energy (-257.9 kJ/mol).  Based on Scheme 5, the 

formation of 2 requires an overall higher energy than the formation 
of 1. Scheme 5 shows that different reaction kinetics take place in 
each route, as might reasonably be due to the variations in the 
approaches used to synthesize the materials. Most importantly, the 
calculations indicate that both products are stable, with the 2 + CO2 
products being more energetically favorable than 1 + H2O. This is due 
to the slightly larger energy difference between the CO2 and the H2O 
molecules (56670.6 kJ/mol), compared to the final products, 1 and 2 
(56647.5 kJ/mol). It should also be noted that the intermediate 
molecule I-C is thermodynamically stable. This illustrates that 
thermal heating is the preferred method as decarboxylation 
products were only observed using microwave conditions. The 
discrepancy and high energy difference indicate that localized energy 
absorptions are occurring in the MW that provide enough energy for 
the decarboxylation pathway. 

Finally, acid-base titration studies of two different “COFs” were 
performed to establish and determine the amounts of carboxylic acid 
groups. In this study, an excess of triamine vs anhydride was used (vs 
the normal 1:1.5 ratio respectively) in attempts to line the edges of 
the flakes with amines. The titration consists of two steps (see SI 
figures S31 and 32) in which the COF is sonicated with NaOH to 
produce a sodium carboxylate and then back-titrated with HCl. The 
presence and quantity of carboxylate groups can be calculated by the 
consumption of the standardized HCl. The occurrence of carboxylic 
acid groups was unambiguously confirmed and using an approximate 
flake size of 1 micron an estimate of 1.5 COOH incorporation in each 
COF unit cell of the out of the 8 possible carboxylates was calculated. 
It should be noted that the edges of the 2D-COF sheets could contain 
unreacted carboxylic moieties.  However, given the size of the sheets 
based on TEM and DLS, and the use of excess triamine, the presence 
of edge carboxylic acid moieties even if all ~1 micron flakes were 
terminated with carboxylic acid moieties would only account for a 
small fraction of the titrated carboxylates. Furthermore, many of the 
above IR spectra confirmed the presence of COOH moieties. The 
presence of carboxylic acid groups is also easily rationalized. 
Unterlass and co-workers reported the study on the polymerization 
of PMDA and phenylene diamine to produce straight-chain 
polyimide polymers, scheme 6.12 Step-growth polymerization via the 
polyamic acid (PAA) is the known pathway for this pathway and is 
anticipated to be the pathway for MA/PMDA and MA/NTDA COF 
forming reactions. Thus, incomplete conversion to the polyimide 
establishes a third pathway for error propagation within these 
materials. 

Scheme 6. Straight chain polymerization in polyimide formation.
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To organize the data and methods for one of the PI-COFs, the 
characterization data and methods reported in the literature and 
herein for the purported formation of MA/PMDA are compiled in 
Table 1. This illustrates the inconclusive and inconsistent nature of 
the work related to this COF. Entries 1-4 illustrate the methods and 
type of starting materials employed while 5-13 tabulate the reported 
characterization data. Interestingly, the simulated PXRD is only 
reported herein (entry 6) and not a single experimental PXRD 
matches any of the three stacking modes that we simulated. Perhaps 
the closest evidence for formation of the proposed COF is found in 
reference 19, and yet several pieces of data indicate an imperfect 
COF. As stated above, TAPB based PI-COFs were confirmed to be the 
reported structures and can be reliably made. However, the use of 
single ring MA or PI triamines precursors allows for side reactions 
that prevent the formation of highly ordered crystalline materials. It 
can be postulated that the range of experimental data is likely due to 
the above issues (missing linkages, polyamic acid formation or 
decarboxylation in the MW conditions) to produce deviations from 
the desired materials. And as discussed elsewhere, errors within the 
COF material do influence the properties of the materials.29,30 

Table 1. Compilation of data for MA/PMDA
Ref
19

Ref
20

Ref
21

Ref
22

This 
work

1 Thermal -
2 MW - - -
3 Salt S.M. - - - -
4 Neutral SM
5 PXRD exp I I I I I
6 PXRD sim - - - -
7 TEM - I I - I
8 IR I I I I I
9 BET I - - I I
10 Titration - - - -
11 Solids NMR I M - - -
12 Elem. Anal. I M - - -
13 TGAa -

I = provided but inconclusive or inconsistent
M = provided and matches proposed structure 
(-) = not provided or performed

 = performed
a TGA:DSC data for COFs MA/PMDA and MA/NTDA indicated 
thermal stability up to 276 °C using solvothermal conditions, and 
400°C for MW (see SI figures S33-34).

Conclusions
We report a study of the synthesis of a series of polyimide-linked 
“COF”s by varying the reaction temperature, time, heating method 
and precursor type. The study illustrated significant variations in the 
proposed formation of the “COF”s. These variances can be explained 
by multiple factors that include: a) the nature of the triamine used, 
b) errors arising from decarboxylation side reactions, c) incomplete 
reactions at each of the amines in the triamine, d) formation of amide 
linkages with ortho carboxylic acid groups and e) formation of salts 
rather than COFs. In the case of a), triamines based on MA or PA must 

adopt a three-dimensional shape leading to errors due to strain in 
the COFs. This strain would occur at the 120-degree imide linkage, 
where lone pairs from two carbonyls in conjunction with the electron 
rich melamine nitrogen are anticipated to exhibit charge-charge 
repulsion.10 With b), decarboxylation reactions appear to be related 
only to microwave reactions while furnace enabled reactions appear 
to be mostly free of this issue. The inherent advantage of oven 
reactions in this case is perhaps related to the higher locally available 
activation energy in microwave heating obtained to pass over the 
transition state barrier leading to decarboxylation. With respect to 
c), in reactions using TAPB a nearly error free COF formation occurs 
due to the ability for rotation in the triamine. However, even when 
using TAPB as the triamine in which free rotation can occur, and 
again perfect COF materials may likely not be produced if MW 
heating is used. While the use of ionic/salt starting materials prior to 
polymerization impacted the formation of a few COFs, the heating 
method appears to be far more important when applied to 
polymerization.

Finally, as noted, Hawthorne and Hodgkin reported studies of 
polyimide polymer formation with  both MA and PI with PMDA in 
1999.18 Using only 1H NMR for polymer characterization, they 
deduced as we have that structural defects were “seriously impeding 
the formation of fully imidized derivatives”. As stated in their 
conclusion “The results reported here clearly demonstrate that some 
heterocyclic polyamines may show non-ideal behavior in their 
condensation reactions with anhydrides, resulting in the incomplete 
conversion to imides, with a reduction in the molecular weights of 
oligomers containing them, and the formation of structural 
irregularities and abnormal groups. Whilst it is not suggested that the 
reactions of heterocyclic polyamines in other reported or claimed 
oligomer syntheses would exactly mirror those described here, the 
possible effects of low amine reactivity and the progressive 
deactivation during imidization are real, and cannot be ignored, as 
many previous workers would appear to have done.” Thus, the 
“COFs” reported above using the triamines melamine and 2,4,6-
triaminopyrimidine in the above mentioned references would be 
better viewed as amorphous polymers with high disorder, and future 
work should acknowledge the side-products and unreactive sites 
inherent in the resulting materials or methodology to avoid these 
pitfalls. 
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