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A B S T R A C T   

Flow-induced disturbances were applied during the synthesis of a naphthalene diimide covalent organic 
framework (NDI-COF), which resulted in different COF polymer networks. We discovered that a high intensity of 
stirring resulted in more aggregated structures on both the micro- and nano-length scale. Subsequently, these 
structures absorbed light over longer wavelengths due to a relatively higher contribution of intermolecular in-
teractions between the NDI-segments.   

1. Introduction 

Among the material class of hyper-crosslinked polymers with per-
manent porosity, there is the subclass of covalent organic frameworks 
(COFs). These polymers are designed to display a degree of crystallinity, 
which can range from large single crystals to local crystalline domains of 
few repeating units in an overall amorphous network [1]. The porous 
structure of a COF depends for a large part on the chemistry and ge-
ometry of the building blocks. Moreover, the COF chemistry and poly-
mer network dictate the functional properties, such as redox- and 
catalytic-activity [2], photovoltaic effect [3] and greenhouse gas cap-
ture capacity [4]. 

Conventional COF synthesis is typically executed in a highly 
controlled environment (i.e. glass ampules in an oven), in order to 
carefully regulate the experimental conditions (uniform temperature 
over long reaction times, inert atmosphere, controlled pressure). In 
addition, the reaction mixture is usually static, as it is implicitly 
accepted to be more helpful in the formation of regular, crystalline 
structures for systems with reversible chemical bonds which would undo 
topological imperfections. However, the evidence that optimal func-
tional properties are obtained for the best structured networks is weak. 
In the field of carbon capture, for example, the amorphous counterparts 
of COFs (i.e. porous organic polymers, POPs) reach similar levels of CO2 
capacity [5]. As an additional benefit, POPs have a broader library of 
linking chemistries to their disposal. Similarly, both COFs and POPs 
have shown to be promising redox-active materials in electrochemical 

devices (irrespective of their degree of crystallinity) [6,7]. Theoretically, 
highly conjugated, crystalline COFs should provide additional electron 
transport pathways; boosting the device performance [8]. In practice, 
however, both COFs and POPs often still need to be hybridized with 
conductive agents for electrode fabrication and their performances 
remain comparable. 

In this work, we deliberately applied flow-induced disturbances 
during the synthesis of a COF to affect the final polymer network. We 
distinguished three types of agitation: static, mild, and intense stirring. 
The COF chosen for this work is structured by naphthalene diimide 
linkages, since the functional properties of the 1D-polymer variants of 
these systems have a high dependency on polymer architecture [9,10]. 
In addition, utilizing poorly-reversible imide-connections in the polymer 
backbone fits this research well, since the flow-induced disturbances 
should not affect the in-plane crystallinity as much as more reversible 
COF systems. The molecular and porous structure of the three NDI-COFs 
presented here are characterized with FT-IR, PXRD, N2 sorption, and 
SEM, while the focus of the functional properties is on the photophysical 
properties. 

2. Experimental 

2.1. Materials 

All reagents presented in this report were commercially available 
and used without further purification or treatment. 1,3,5-Tris(4- 
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aminophenyl)benzene (≥93%), 5′-Phenyl-[1,1’:3′,1′′-terphenyl]-4- 
amine (≥98%), and isoquinoline were purchased from TCI Europe N.V 
(Zwijndrecht, Belgium), 1,4,5,8-naphthalenetetracarboxylic dianhy-
dride (≥95%) and ortho-dichlorobenzene from abcr GmbH (Karlsruhe, 
Germany) and N-methyl-2-pyrrolidone from Acros Organics B.V.B.A 
(Geel, Belgium). 

2.2. Covalent organic framework synthesis 

Fig. 1 shows a schematic overview of the COF chemistry and 
different synthesis methods employed in this research. All syntheses 
were performed in borosilicate glass flat-bottom 100 mL cylindrical 
reactors, using the monomers 1,3,5-tris(4-aminophenyl)benzene 
(TAPB), and 1,4,5,8-naphthalenetetracarboxylic dianhydride 
(NTCDA). COFs named ‘static’ were not agitated during synthesis, while 
‘stir bar’ COFs were continuously stirred with a conventional stir bar. 
Lastly, intense stirring was applied by utilizing a cylindrical mechanical 
stirrer in the reactor, resembling a Taylor-Couette reactor (TCR) [11]. 
Considering the rotational speed and dimensions of the reactor and 
stirrer, the continuous and homogeneous shear rate for the TCR method 
is estimated at 250 s− 1. On the other hand, the stir bar method imposes a 
highly heterogeneous shear rate; ranging from γ̇min = 4.5 s− 1 to a very 
local maximum at the stir bar tip of γ̇max = 190 s− 1 (Fig. S2). The detailed 
synthesis protocols of static, stir bar and TCR COFs are documented in 
the Supporting Information, as well as the details on characterization 
techniques. The data concerning the characterization of the materials 
described in this work can be accessed and used by others for further 
studies at 4TU.ResearchData [30]. 

3. Results and discussion 

Completion of the polycondensation reactions of the stir bar-, and 
TCR-COFs was confirmed by FT-IR (Fig. S4). All three different syn-
theses yielded polyimide polymers, which was apparent from the 
appearance of symmetric (1674 cm− 1) and asymmetric C––O (1715 
cm− 1) imide peaks and C–N imide peaks (1339 cm− 1), combined with 
the disappearance of characteristic functional group vibrations of the 
originating monomers. No significant molecular differences between the 
differently agitated syntheses were observed. The thermal stabilities of 
the three COFs are similar as well (Fig. S5), with the main decomposition 
at a maximum around the temperature range of 640–660 ◦C. In addition, 
a minor weight loss (5–10 wt %) is present in the region of 300–500 ◦C 
for all COFs. The origin of this weight loss is yet unclear: it could be 
trapped solvent species, unreacted monomer, and/or water release due 
to cyclization reactions of unreacted poly(amic acid). 

PXRD measurements revealed that all COFs display similar crystal-
line order, being only on a short, local length scale (Fig. S6), as is also the 
case for previously reported COFs with the same polymer chemistry [6, 
12]. The static-, stir bar-, and TCR-COFs all show (100) and (200) re-
flections (where the former at 2.8◦ corresponds to the expected hexag-
onal size of 3.1 nm; previously investigated by our group through 
molecular modelling) [6]. Agitation during synthesis did influence the 
porosity of the COFs significantly, which we investigated by measuring 
nitrogen sorption isotherms (Fig. 2A). While the stir bar-COF shows very 
similar isotherm curves to the static-COF, the TCR-COF’s porosity 
decreased notably: in particular the isotherm knee around 0.25 P/P0 
became less pronounced and the increase in N2 uptake between 0.05 and 
0.25 P/P0 diminished. These observations indicate a reduction in small 
mesopore volume and a broader pore size distribution (PSD) of 
TCR-COFs. The PSDs were calculated based on the adsorption branches 
of the COFs (Fig. 2B), using a quenched solid density functional (QSDFT) 
model that is based on carbon materials with slit and cylindrical pore 
geometries [13]. The fitting curves of the PSD calculations are provided 
in the Supplementary Fig. S7. Finally, the overall Gurvich pore volume 
based on the N2 uptake at 0.9 P/P0 are 0.49, 0.50 and 0.37 cm3 g− 1 for 
the static-, stir bar- and TCR-COFs respectively. 

SEM micrographs of the COFs prepared by the three synthesis 
methods are shown in Fig. 3. First, in the zoomed-out micrographs 
(Fig. 3 left), the large agglomerates (ranging from 20 to 200 μm) of the 
static-COFs stand in stark contrast to the more uniform and smaller 
particles of the stir bar- and TCR-COFs (sizes between 10 and 20 μm). 
Secondly, on a smaller length scale (Fig. 3 right) a clear distinction in 
morphology is observed when comparing non-agitated to agitated COFs. 

Fig. 1. Schematic overview of COF formation by polycondensation of TAPB 
and NDA, and the three different synthesis methods: (I) static: no agitation, (II) 
continuous stirring with a stir bar, and (III) high-intensity stirring in a Taylor- 
Couette reactor (TCR). 
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Fig. 2. A) Nitrogen gas sorption isotherms of static-, stir bar- and TCR-COFs. B) Pore size distributions of static-, stir bar- and TCR-COFs based on the adsorption 
branch of the nitrogen isotherms and a QSDFT (slit-cylindrical pore geometry) carbon model. 
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The ‘open’, dendritic-like structures of static-COFs are distinguished 
from the more collapsed, aggregated-spherical structure of the stir bar- 
and TCR-COFs. 

Evidently, the shear rates applied during the synthesis of NDI-COFs 
have a significant effect on the final polymer network, without 
affecting the polymer chemistry or in-plane crystallinity. This observa-
tion is quite interesting, since the majority of published COF syntheses 
(where optimization is directed towards the highest degree of crystal-
linity) invariably involve only static reaction mixtures under sol-
vothermal conditions and only effects of polymer chemistry, 
temperature and time on morphology are captured. 

Regarding the porous structures of the three polymer powders, the 
mesopore volume derived from the crystalline pores of 3.1 nm as 
observed by PXRD, likely originates from local areas of stacked hexag-
onal units within the polymer. The clear maximum in PSDs of static- and 
stir bar-COFs suggest a relatively uniform stacking mode within these 
local areas of stacked hexagonal units. In contrast, the stacking mode is 
more random with larger offsets for TCR-COFs, since this would yield a 
reduction in mesopore volume and a broader maximum [14]. In addi-
tion, the mesopore volume could also be reduced through pore blocking 
within the polymer aggregates or interpenetration of neighbouring local 
stacks. In both cases, this decrease in mesopore volume of TCR-COFs 
suggests a high degree of aggregation on the nanoscopic scale. 
Furthermore, SEM images at low magnification show that the static COF 
has a much larger agglomerate size than the other two powders. This 
was to be expected, since sufficient stirring intensities break up loosely 
bound particles while the agglomerates grow [15]. However, when 
examined at higher magnification the stir bar- and TCR-COFs display 

larger single particle sizes, while appearing increasingly more aggre-
gated. We expect that the effects of stirring in this regard are two-fold: 
(1) homogeneously distributed monomers in their stochiometric ratios 
causing a higher molecular weight and subsequently larger, more uni-
form particles [16], and (2) additional flow forces acting on the forming 
particles causing the polymer network to be formed in a more inward 
facing, collapsed manner [17]. According to these results, we have 
employed a facile approach towards morphology control in NDI-COF 
systems. 

Structural control on the nanoscale in NDI-based systems may play a 
large role in controlling their photophysical properties. This phenome-
non has been observed in mesoporous silicas containing chemically 
similar perylene diimide segments [18]. Also in the case of polyimine 
COFs, Deng and coworkers have recently shown how careful regulation 
of interlayer packing through COF chemistry can enhance the optical 
properties [19]. Therefore, we investigated how the observed structural 
changes in the COFs presented here, affected these properties. We 
observed stark differences in their UV–Vis spectra (Fig. 4A). Each COF 
has a different λmax, being 393 nm for static, 417 nm for stir bar, and 446 
nm for TCR COFs, where red-shifts of these maxima typically indicate 
longer conjugation lengths. Furthermore, the absorbance intensity of the 
secondary shoulder peak (in the range of 490–510 nm) is much more a 
distinct peak in the TCR-COFs. 

In order to attribute the observed changes in spectral features to their 
chemical and structural origins, we synthesized a model compound that 
represents an isolated repeating unit of the COF framework (Fig. 4B). 
The 0–2, 0–1, and 0-0 absorption bands of this molecule at λmax of 345, 
361, and 380 nm respectively are clearly visible in the liquid state and 

Fig. 3. SEM images of static-, stir bar-, and TCR-COFs. The scale bars are the same for each column: left 100 μm, right 1 μm.  
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are in line with characteristic π-π* transitions of other NDI-based ma-
terials [20]. The UV spectrum of the same model compound in the solid 
state, however, shows light absorption over a broad range of wave-
lengths with distinct spectral features. Next to the NDI π-π* transition at 
380 nm, we observed two shoulder peaks between 430 - 450 nm and 
496–510 nm. These differences in UV absorbance behaviour from the 
solvated state in NDI-based systems has extensively been studied and are 
often attributed to self-organization [20]. The presence of two distinct 
shoulders at longer wavelengths suggests multiple different intermo-
lecular stacking modes [21]. In NDI-based small molecule systems, this 
has been further explored by combining these molecules with 
electron-rich aromatic donors (e.g. pyrene or derivatives thereof). Here, 
charge transfer (CT) complexes, that are a result of electrons in the 
HOMO of the donor promoted to the LUMO of the NDI-unit, are 
observed through the appearance of a characteristic broad absorption 
band centred around 500–550 nm [22,23]. It is possible that the phenyl 
rings of the triphenylbenzene segments acted as electron donors in the 
self-organization of the model compound [24], as well as in local areas 
within the polymer networks of the COFs. The position and intensity of 
this CT band relies on multiple factors, such as the orbital overlap and 
solvent effects (chemical environment). Lastly, photoluminescence (PL) 
measurements were conducted to investigate the effect of differently 
packed polymer networks on excited-state properties. Excitation at 450 
nm triggered the same emission behaviour for all COFs and the model 
compound (Fig. 4C), implying that this is caused by the main absorption 
bands of NDI segments that are present in all materials. On the other 
hand, excitation at 560 nm red-shifted the emission spectra of the COFs 
and model compound in a similar trend to the absorption spectra. This 
PL behaviour has been observed in NDI-based polymers and is indicative 
of a large content of inter-polymer NDI aggregates present in TCR-COFs, 
which would yield red-shifted aggregation-induced emission [9,25]. 

The distinct nanostructures of the COFs investigated here lead to 
distinctly different photophysical properties. The differences in ab-
sorption spectra between the static- and stir bar COFs are relatively 
small compared to their differences with the TCR-COF. These trends are 
similar to the trends observed when comparing the PSDs and mesopore 
volume. Thus, we were able to correlate the TCR-synthesis method to a 
different nanostructure (through observation of a lower mesopore vol-
ume), and subsequently to the COF’s light absorbance and aggregation- 
induced emission. While engineering the optical properties in COFs 
typically relies on chemically altering the building blocks [25–27], we 
have shown that changing the processing-side of the synthesis may lead 
to similar changes. In a similar vein, we anticipate that mechanochem-
ical concepts such as ball milling synthesis (that have been applied to 
other porous materials) [28], are promising for alternative COF prepa-
ration routes with enhanced properties as well. 

4. Conclusion 

In summary, COFs prepared via a static method display an out-
stretched, open polymer network, with a relatively lower contribution of 
intermolecular NDI-based interactions. On the other hand, a high in-
tensity of stirring during synthesis yields a COF polymer network that is 
more aggregated in micro- and nano-length scales, which causes an 
overall higher contribution of intermolecular NDI-based interactions. 
We anticipate that utilisation of these synthesis strategies for NDI-COFs 
will affect their electrochemical device performance, because of its 
reliance on charge transport between aggregated NDI-based polymer 
chains [29]. While the effects have been shown for one COF system only, 
we expect that the route is more generic and can be applied successfully 
to other COF and COF related systems. 
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