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Covalent Triazine-based Frameworks (CTFs) find use in a wide range of applications from gas storage to
catalysis, including photocatalytic applications. While this versatility renders them a highly interesting
material class, most of their synthetic protocols require either long polymerization times, high tempera-
tures, toxic reagents, large amounts of organic solvents, or a combination of these, making current syn-
thesis methods less attractive with regard to the green chemistry principles. We herein present a fast and
facile ball milling synthesis route towards highly functionalized CTFs addressing the drawbacks of existing
synthesis approaches. As a result, polymeric triazine-based structures were received within 40 min of
milling time without the need for toxic chemicals or inert gas conditions. High CTF yields of more than

Received 26th November 2025, 80% were achieved after 5 h utilizing vibrational ball milling. The sustainability of the synthesis was further
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improved by adjusting the salt addition to cost-effective and harmless salts. Using a photocatalytic model
reaction, potential structural motives and their impact on the photocatalytic performance were
rsc.li/greenchem elucidated.

Green foundation

1. This work introduces a rapid, solvent-free, and energy-efficient mechanochemical route for the synthesis of covalent triazine frameworks (CTFs). Triazine
formation was achieved within 40 minutes of vibrational ball milling, yielding materials with small band gaps and high degrees of functionalization. Milling
time was shown to strongly influence the resulting properties—including thermal stability, functional-group incorporation, and electronic structure—thereby
enabling precise control without reliance on high temperatures or organic solvents.

2. The contribution to green chemistry lies in delivering a scalable and sustainable alternative to conventional solvent-based CTF syntheses. The mechano-
chemical approach affords superior photocatalytic performance compared to standard stCTF, driven by reduced band gaps and optimized structural motifs
identified through comprehensive characterization. Importantly, the process maintains material quality while replacing Cs,CO; with inexpensive, non-toxic
salts, reducing both environmental impact and synthesis cost.

3. Future opportunities include a detailed milling parameter optimization, as well as expanding the scope of functional monomers suitable for this protocol
and coupling mechanochemical synthesis with in situ monitoring to further elucidate intermediate structures. Such advances could support broader adop-
tion of solvent-free polymerization strategies and accelerate the development of high-performance porous materials produced via low-waste, energy-efficient
routes.

Introduction

Pathways towards a sustainable society are a central topic in
research and development. One focus lies on the resilient and
economical supply of energy and raw materials while signifi-
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(CTFs) with potential applications in gas storage, conversion
and separation,"' ™" energy storage,'*'® heterogeneous
catalysis,"””*° and photocatalytic applications.’*>* CTFs are
composed of triazine-rings which are connected via linker
units. By choice of monomers and the linker unit, the CTF’s
structure and properties can be tailored. Thus, CTFs are a
highly versatile material. They usually exhibit high surface
areas, a high chemical and physical stability, good optoelectri-
cal properties and a high nitrogen content.>>**> Various syn-
thesis methods have been developed for CTFs within the last
years, ranging from the classical ZnCl,-catalyzed ionothermal
method,**™® to superacid-catalyzed approaches.?® In addition
to the monomer choice, the material characteristics also
strongly depend on the chosen synthesis strategy.’® Due to
harsh reaction conditions, many synthesis protocols limit the
monomer scope and often result in amorphous frameworks or
partial carbonization.’® In 2017, Wang et al. reported a solvo-
thermal polycondensation reaction of diamidine-based mono-
mers with dialdehydes in the presence of cesium carbonate
and ambient air. This synthesis resulted in porous, layered
CTF structures which did not show carbonization of the frame-
work, and allowed a wide range of organic molecules to be
applied as monomers resulting in a high tunability of the
CTF’s geometry and functionality.*® In 2018, Liu et al. reported
an updated synthesis using in situ oxidation of a dialcohol to
the respective dialdehyde.*® Despite these advances, the avail-
able synthesis strategies possess clear drawbacks such as long
reaction times of several days, high reaction temperatures of
120 °C up to 600 °C, as well as an extensive need for organic
solvents.”>?® In comparison, mechanochemical methods
provide efficient energy usage and reduce or even eliminate
the use of organic solvents. In addition, they often shorten the
synthesis time significantly to a couple of hours or even
minutes.?* 8

Despite these advantages and to the best of our knowledge,
only two mechanochemical CTF syntheses have been reported
so far. Troschke et al. presented a mechanochemical synthesis
based on ball milling towards highly porous CTFs in 2017.
Herein, cyanuric chloride was used as the triazine implement-
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ing unit and benzene, for example, as a monomer. Upon
addition of AICIl; as the activating agent and ZnCl, as a
bulking agent, porous CTFs were received within 1 h. Via this
synthesis route, various monomers were successfully converted
to CTFs.*® However, cyanuric chloride is known for its toxic
and labile character, and other reagents used were not only
toxic but also highly cancerogenic. Moreover, the synthesis
required argon atmosphere, making the synthesis procedure
elaborate and demanding. In 2024, Hutsch et al. presented the
first cyclotrimerization of nitriles towards CTF in the ball mill.
Again, inert gas atmosphere was applied in the synthesis, as
well as the super acid trifluoromethanesulfonic acid.*’

We herein report a proof-of-concept protocol for a sustain-
able, efficient and straightforward mechanochemical CTF syn-
thesis. CTF-1 is produced from terephthalimidamide dihy-
drochloride (1) and terephthalaldehyde (2) under the addition
of cesium carbonate (Scheme 1). The presented synthesis strat-
egy allows for a fast synthesis using less hazardous chemicals
and under ambient conditions. Highly functionalized and
non-carbonized CTF structures are generated within 40 min in
the vibrational ball mill. Within 5 h of milling time, high con-
versions of over 80% are achieved. Multiple synthesis para-
meters are screened and their impact on the quality of the
received materials quantified by employing the CTFs in the
photocatalytic production of hydrogen peroxide as benchmark-
ing reaction demonstrating auspicious photocatalytic activity.
Alongside the catalytic testing, possible structural differences
effecting the photocatalytic performance are elucidated.

Results and discussion
Synthesis and characterization

Inspired by the amidine-based polycondensation, CTF-1 was
synthesized via vibrational ball milling using terephthalimida-
mide dihydrochloride (1), terephthalaldehyde (2), and Cs,COs;.
All ball milling experiments were performed on a mixer mill
using only hardened stainless steel milling equipment (15 mL
jar, one 15 mm ball, 50 Hz). Experiments using 1,4-benzendi-
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methanol, which enabled control of the solvothermal analogue
via in situ oxidation, did not result in a reaction using a
milling time of 5 h. In contrast, directly applying the dialde-
hyde as monomer resulted in the formation of a yellow
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powder. For further analysis of the polymerization progression
upon milling the solid educts, the milling time was screened.
As expected, the solid yield steadily increased from 53% after
10 min, to 81% after 5 h in the ball mill. Notably, the solid
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Fig. 1 (a) DRIFTS spectra of stCTF (red) and 5 h-bmCTF (blue), (b) stacked excerpts of *H-3C CP-MAS NMR spectra of terephthalimidamide dihy-
drochloride (1) (blue), terephthalaldehyde (2) (black), stCTF (red) and bmCTF (green to blue) at different milling times (recorded at 16.4 T and 17.0
kHz MAS frequency), (c) PXRD data for the stCTF (red) and 5 h-bmCTF (dark blue), and (d) proposed reaction mechanism including the expected
main intermediates. For the full IR and solid-state NMR spectra, as well as PXRD patterns, see Fig. S2—S5, S13 and S19.
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obtained after 10 min did not show a pronounced yellow color,
indicating insufficient and incomplete polymerization
(Fig. S1). To allow for comparison of the new mechanochem-
ical approach to the established procedures, the CTFs prepared
via ball milling (bmCTFs) were compared to the solvothermal
analogue (stCTF). Since the highest yield was achieved after a
milling time of 5 h, the comparison focusses on 5 h-bmCTF
and stCTF. Confirmation of the successful network formation
and structure elucidation were achieved using Diffuse
Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS)
experiments (Fig. 1a and Fig. S2-S5). Strong C=N vibrations at
1540 cm ™' and 1350 cm™, typical for the triazine rings evol-
ving during the network formation, are observed for both
CTFs.”® These signals are expected for a successful trimeriza-
tion, confirming the polycondensation towards triazines took
place. For bmCTFs, these triazine signals first appear after a
milling time of 20 minutes (Fig. S2). This correlates with the
formation of the triazine moiety and underlines the feasibility
of monitoring structural differences and thus the polymeriz-
ation progress via DRIFTS. Interestingly, the triazine band at
1540 cm™" is broadened and slightly shifted for the bmCTFs
compared to the stCTF. This implies that the chemical
environment of the triazine ring is slightly altered and less
uniform for the bmCTF.*"** Accordingly, the bmCTF samples
show additional signals throughout the whole spectrum at any
milling time. The band at 1680 cm™ is assigned to remaining
amidine functionalities present in the framework. The nitrile
bands at 2230 cm™' are more pronounced for the bmCTFs,
which are attributed to the nitrile C=N vibrations formed
upon the deconstruction of amidine-functionalities.** As these
bands are of higher intensity for bmCTFs than for the stCTF, it
can be concluded that a stronger decomposition of the
amidine-groups takes place in the ball mill than for the
nucleation and particle growth controlled solvothermal syn-
thesis. The bands at 1610 cm™" and 1580 cm™" are assigned to
trimerization intermediates (Fig. 1d), such as intermediate
structures after the second amidine addition reaction (4), or
before complete aromatization to the triazine ring (5).*"** The
proposed reaction mechanism will be further discussed at a
later point. Compared to the stCTF, most bands are of higher
intensity for the bmCTFs. Notably, all spectra are normalized
to the most intense band at 1540 cm™" which is assigned to
the formed triazine ring. The differences in the band’s intensi-
ties, therefore, need to be considered relative to the triazine
rings formed, rather than to the total amount of functional-
ities present in the framework. We hypothesize that bmCTFs
are comprised of a highly functionalized structure originating
mainly from partially condensed monomers and intermediates
with a smaller share originating from side reactions.

Solid-state Nuclear Magnetic Resonance (NMR) spectroscopy
allows for the direct characterization of the material taken from
the milling jar in an ex situ fashion.** "H-">C cross-polarization
(CP-) magic-angle (MAS) solid-state NMR was used to follow the
structural evolution of bmCTFs during the course of the milling
reaction. The corresponding spectra were compared to the
respective monomers utilized in synthesis (Fig. 1b and $13).*°
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Based on the immediate disappearance of the highly shifted car-
bonyl **C resonances at around 195 ppm, it was concluded that
terephthalaldehyde (2) is already completely converted after very
short milling times. At 10 minutes of ball milling, distinct and
rather sharp resonances are observed which align only partially
with the resonances of starting material (1), suggesting the for-
mation of a reaction intermediate. In conjunction with the van-
ishing of the aldehyde signal, we propose the formation of the
Schiff base (3) obtained after the first condensation reaction
(Fig. 1d). This indicates that the first condensation reaction con-
suming the aldehyde functionalities is completed already within
the first 10 min of ball milling. The signals broaden significantly
after 20 minutes of ball milling, although a few sharp signals
remain, indicating that CTF formation further evolves along
larger frameworks being built, while measurable quantities of
smaller scale intermediates remain during that time. It was
found that these intermediates are stable for the 10 min-bmCTF,
but not for the 20 min-bmCTF, indicating incomplete reaction
for short milling times (Fig. S14). At milling times above 40 min,
mainly the broad resonances of the formed CTFs are observed,
suggesting the conversion of the intermediates to larger CTF net-
works. Compared to bmCTFs, the C CP-MAS spectrum of
stCTF reveals slightly narrower resonances for the peaks at 128
and 140 ppm, indicating a higher structural disorder for the
bmCTF samples. Interestingly, a minor chemical-shift difference
for the *C resonances of the triazine rings between the samples
is observed. Although the origin of this effect remains unclear, it
is in line with the analysis of the IR spectra also showing a
broadening and shift of the triazine band presumably due to an
altered chemical environment. A close inspection of the '3C
spectrum (Fig. S15) reveals additional weak resonances with
chemical shift values ranging between 50 to 80 ppm pointing to
sp® hybridized C-atoms as present in the intermediates (4) and
(5) proposed for the IR bands at 1610 cm™" and 1580 cm ™",
Powder X-ray Diffraction (PXRD) patterns (Fig. 1c and
Fig. S19) of 5 h-bmCTF and stCTF acquired at a beamline
source are dominated by broad peaks and diffuse intensities.
In the case of both, the 5 h-bmCTF and the stCTF, sharp Bragg
peaks are entirely missing, indicating an amorphous phase to
be dominating for both synthesis routes. The most noticeable
difference between the two samples is the broad reflex at very
low A= for the 5 h-bmCTF. In contrast, the stCTF shows a
sharp peak at Q = 0.54 A™", corresponding to a distance of
11.6 A, which can be attributed to an ordered pore structure.?
PXRD experiments conducted on a lab-scale diffractometer
(Fig. S20 and S21) do not show different behavior for the
different milling times. Only the 10 min-bmCTF shows crystal-
line reflexes, which can be explained by incomplete polymeriz-
ation. Pair Distribution Function (PDF, Fig. 2a and S18) ana-
lyses provide insights into a very similar local structure for the
StCTF and 5 h-bmCTF. The first three significant distances at
1.40, 2.40 and 2.84 A indicate a similar triazine unit structure
for both CTFs. The first peak can be fitted with two Gaussian
functions having their center at 1.38 and 1.52 A, being the
typical bond lengths for an N-C resonant in the triazine-ring
unit, and a C-C bond distance which connects to adjacent
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Fig. 2 (a) Section of the Pair Distribution Function (PDF) plots derived

from the total scattering data for the 5 h-bmCTF (blue) and stCTF (red)
samples. (b) Thermogravimetric analysis for the stCTF (red) and some of
the bmCTFs (green to blue) in air atmosphere. The full plots are shown
in S18 and S26.

units, respectively.® Neither sample shows signs of long-range
order, such as stacking of the CTF sheets or homogeneous
pore structures. Such structures have already been shown to be
visible in the PDF as an intermediate and larger length scale
sinusoidal oscillation with a wavelength corresponding to the
stacking distance or pore size respectively.”” The PDF of the
StCTF shows a peak at 11 A that could be the result of a pore
diameter as mentioned earlier. However, no recurrence of this
range over a long distance can be detected, suggesting a rather
heterogeneous pore channel distribution.

Elemental analysis results (Table S4) are in agreement with
the theoretical values for an ideal framework and with each
other. This further indicates successful polymerization, as the
nitrogen content is in an expected ratio with respect to the
carbon content. This also highlights that carbonization, one of
the main issues in CTF synthesis, does not occur during the ball
milling protocol. The slightly increased hydrogen content is
attributed to absorbed species and H-containing species.
Additionally, ICP analysis (Table S4) was employed to test for
impurities from the ball milling equipment or the synthesis. For
this, the cesium, iron and chromium content were analyzed. A
low cesium content for both synthesis methods confirms, that
bmCTFs do not suffer from high cesium contamination.
Moreover, a significant contamination caused by the stainless-
steel ball milling material can also be excluded. Due to the con-
trolled kinetics during the stCTF’s synthesis, a high specific
surface area (591 m*> g~') and porosity (0.201 cm® g™') are
achieved in N,-physisorption experiments (Table S5). The stCTF
also shows a pronounced microporosity (0.192 cm® g™*). In con-
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trast, the obtained bmCTFs showed a significantly lower specific
surface area (27 m*> g~' for 5 h-bmCTF), while maintaining
about a quarter of the total pore volume (0.055 cm® g~* for
5 h-bmCTF). In light of the considerable experimental errors
when interpreting small specific surface areas, they are not inter-
preted in detail for bmCTFs. The lower pore areas of bmCTFs
compared to stCTFs are attributed to a trade-off between the for-
mation of an ideal CTF structure, effecting a lowly functiona-
lized, high surface area network, and the presence of intermedi-
ate structures within the scaffold, resulting in a lower surface
area, yet highly functionalized network. We thus propose that
the polymerization in the ball mill results in a highly functiona-
lized CTF structure containing non-condensed monomer func-
tionalities, side-products and intermediates. These findings are
additionally supported by water physisorption experiments for
stCTF and 5 h-bmCTF (Fig. S23 and S24). At 0.9 p/p,, stCTF
shows a higher volume of absorbed water (301 cm?® g™') com-
pared to the bmCTF (126 cm® g™%). Considering the much lower
surface area of the bmCTF, however, the volume of absorbed
water per m” surface is almost eight times higher for the bmCTF
(3.9 mL m™?) than the stCTF (0.5 mL m™>). Thus, the wettability
of the mechanochemical CTF is improved, likely due to its’ high
functionalization.

Thermal stability tests of the bmCTFs show a slow but con-
sistent mass loss starting above 250 °C in thermogravimetric
experiments under Ny-atmosphere (Fig. S25), except for 10 min-
bmCTF which does not show thermal stability at temperatures
higher than 75 °C. In contrast, stCTF only exhibits minimal
degradation until 675 °C, at which point degradation acceler-
ates rapidly. In air, bmCTFs undergo a slight mass loss up to
500 °C whereinafter they decompose completely (Fig. 2b and
S26). bmCTFs again behave similarly except for 10 min-bmCTF,
which shows significant degradation at 80 °C, 180 °C, and
500 °C. The reduced thermal stability of 10 min-bmCTF corres-
ponds to its low connectivity and insufficient polymerization,
in line with all previous findings. The stCTF possesses a rela-
tively constant stability up to 600 °C. Additionally, differences
in the morphology comparing bmCTFs with stCTF can be
observed in Scanning Electron Microscopy (SEM, Fig. $29-S31)
pictures. While stCTF shows a highly structured and porous
surface, bmCTFs appear to be agglomerations of unstructured
particles of different sizes generating a structured surface. As
one key application area of non-carbonized CTFs is photocata-
lysis, their band gap energies were determined via the Tauc
plot method using UV-Vis Diffuse Reflectance Spectroscopy
(DRS) measurements (Table S6). While the band gap energies
of both the 5 h-bmCTF (2.51 eV, 493 nm) and the stCTF (3.08
eV, 403 nm) are within the visible wavelength range, the band
gap energy of the ball milled CTF is considerably lower, allow-
ing the utilization of a much broader part of the visible light
spectrum and likely translating to a significantly increased
photocatalytic activity. This becomes evident again in UV-Vis
absorption spectra (Fig. S32), where a strong Urbach Tail is
visible for 5 h-bmCTF. In literature, the appearance of an
Urbach Tail is related to the presence of many intra-band gap
states, usually caused by defects or doping.*®*>"' These findings
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match the different colors of both materials. While the stCTF
shows a typical pale-yellow color, the bmCTFs yellow coloration
is much darker in comparison (Fig. S1). Considering the ball
milling time, a decreasing band gap energy can be observed
with longer reaction times. As after only 10 min of ball milling,
when the polymer network was not fully formed, a band gap
energy of 2.78 eV (446 nm) was measured already, the readily
decreasing band gap energy towards 5 h-bmCTF is attributed
to the extension of the covalently linked electron-n-system,
which outweighs the influence of the accompanying decrease
in scaffold functionality.

Finally, as a way of determining the quality of the received
materials from an application viewpoint, the impact of the
different synthesis strategies on the photocatalytic activity of
the CTF is quantified. For this, the transformation of water to
hydrogen peroxide was chosen as a benchmark reaction to
showcase the CTFs general potential for photocatalytic
applications.>>*>7* The photocatalytic experiments were con-
ducted with 0.25 mg mL™" of catalyst in deionized water
without the addition of sacrificial agents or pH adjustment,
applying irradiation with a cool-white LED mimicking natural
sunlight (1000 W m™?) for 1 h. A constant flow of synthetic air
(50 mL min~") was applied to ensure oxygen saturation. Under
these conditions, stCTF and the 5 h-bmCTF were tested
(Table S7 and Fig. S34). Confirming the previously proposed
activity trends based on band gap energy and network func-
tionality, the bmCTFs exhibites a more than fivefold increase
in catalytic activity of 730 pmol g~* h™' compared to stCTF
(135 pmol g* h™"). This trend is reflected in time resolved
measurements ranging from 15 min to 3 h irradiation time
(Table S8 and Fig. S35). At any time, the bmCTF shows a
higher activity compared to the stCTF. Moreover, the stCTFs
activity drops below 100 pmol g™' h™ between 1 and 2 h
irradiation time, while this was not the case for the bmCTF
within the studied time frame. Photocatalytic experiments
using LEDs at distinct different wavelengths (365 nm to
460 nm) highlight the significant impact of the materials’
band gap energies on their resulting photocatalytic activity
(Table S9 and Fig. S36). While the stCTF outperforms its’
counterpart for irradiation at shorter wavelengths (<395 nm),
the bmCTF shows relatively unchanged activity throughout the
screened wavelengths. These results match the respective band
gap energies of both materials, as the activity of stCTF signifi-
cantly drops for wavelengths greater its’ band gap energy
(>405 nm). Thus, the higher activity of bmCTF at white light
irradiation is strongly impacted by the red shift of its’ band
gap energy. It should be noted that the higher activity under
white light irradiation renders the bmCTF more applicable to
the direct usage of sunlight energy. Reference experiments
without catalyst addition or without irradiation did not show
significant hydrogen peroxide generation (Fig. S37).

The activity of metal-free organic framework photocatalysts
can primarily be tuned by variation of the monomer units.*® As
such, the presented synthesis protocol immediately recommends
itself for further studies on monomer structure variations. In the
same way, activity is also influenced by various characteristics
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such as the material’s polarity and thus wettability, particle size,
stability, crystallinity and defects.’® Many studies have shown
that high porosity and crystallinity increase the photocatalytic
activity of organic frameworks. This is usually related to the
larger surface area available for substrate interaction, reduced
migration distance for generated charges to the surface, as well
as improved light scattering resulting in enhanced light harvest-
ing of the photocatalyst.>® These advantages, however, can also
be achieved and therefore compensated by photocatalysts with
improved hydrophilicity due to higher functionalization, or
enhanced light absorption achieved by smaller band gap ener-
gies. Additionally, charge-carriers can be stabilized in defect-rich
materials resulting in increased overall photocatalytic activity and
mitigating the need for short charge migration distances.’***®
We thus hypothesize that the bmCTFs’ higher functionalization
results in improved wettability, as well as a lower band gap
energy increasing the bmCTFs photocatalytic activity under
white light irradiation consequently.

In either case, an in depth understanding of the contained
structural moieties and the individual structure evolutions and
defectivities during the ball milling is highly desirable, and
further investigations were carried out to obtain such.

Structural investigation

Additional reference experiments were conducted to identify
the potential structural motives contained in bmCTFs to which
we attribute the observed increase in photocatalytic activity. In
the first set of experiments, the ratio of both monomers, the
terephthalimidamide dihydrochloride (1), terephthalaldehyde
(2), were varied in order to induce an increased defect density.
All materials were milled for 5 h under identical conditions. In
the following, the ratio of aldehyde to amidine will be displayed
via the equivalents of amidine used in the synthesis in the
index. The ideal stoichiometric ratio of 1:2, as used in the pre-
vious experiments, will thus be noted as bmCTF,. In addition
to the ratio of 1:2, an excess of amidine was used (bmCTF;), as
well as an amidine deficit (bmCTF; and bmCTF, ;).

Solid-state NMR spectroscopy (Fig. S16) and DRIFTS
measurements (Fig. 3a) confirm the formation of triazine
rings for all materials. For both experiments with a sub-stoi-
chiometric amount of amidine, a band at 1650 cm™" can be
assigned to the aldehyde (2). For bmCTF, and bmCTFs, this
band is not visible anymore, confirming the previously pro-
posed, fast first condensation reaction between amidine and
aldehyde to form a Schiff base (3). Again, DRS experiments
were analyzed via the Tauc plot method to estimate the
material’s band gap energies (Table S6). All bmCTF, exhibited
comparable band gap energies. Interestingly, the band gap
energy of the bmCTF, with deficient amidine content showed
slightly lower E, values than bmCTF,. This implies the occur-
rence of the intermittently formed species (3) as a contributor
to the lowered band gap energies.

In a second reference experiment, a 5 h milled bmCTF was
heated to 160 °C in DMSO for 24 h. These conditions are com-
parable to the last synthesis step for the stCTF, thus enabling
conditions for ring closure and aromatization reactions. DRIFTS
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Fig. 3 (a) DRIFTS spectra of the materials synthesized applying different

equivalents of the monomers. (b) DRIFTS spectra of the bmCTF, /
5 h-bmCTF (dark blue), as well as the stCTF and stomCTF (red).
Important bands at 1680, 1650, 1610, and 1580 cm™ are marked with
vertically dotted lines. Full spectra are shown in Fig. S8—-S11.

analysis of this stbmCTF shows altered functionalities (Fig. 3b).
While the triazine signals expected for a CTF structure are main-
tained, the band at 1610 cm™ broadened compared to the ana-
logue bmCTF (5 h-bmCTF, bmCTF,). This fits the hypothesis
that the band at 1680 cm™ can be attributed to an intermediate
structure before ring closure (4), which reacted further under
solvothermal conditions. Notably, not only the band at
1610 cm™' is broadened in the stbmCTF’s spectrum. Tauc plot
analysis of the DRS spectrum revealed a band gap energy of 2.40
eV, therefore being lower than that of the stCTF and all bmCTFs.
This underscores the intricacy of the trade-off between the ideal-
ity of the framework, the degree of polymerization and the con-
tained functionalities. In summary, these findings are in agree-
ment with the previously proposed reaction mechanism
(Fig. 1d). In addition, NMR and IR data indicate that the second
amidine addition and the following ring closure and aromatiza-
tion to give the final triazine ring require longer milling times or
solvothermal reaction conditions. This explains the presence of
intermediate structures within the framework and allows the
postulation of likely structures for intermediates (3) and (4).

To compare the photocatalytic quality of the different ball
milled materials all materials were again employed in the
photocatalytic production of hydrogen peroxide (Table S7).
Interestingly, the activity increased from 502 pmol g™* h™*
(bmCTF,) to 595 pmol g~' h™' (bmCTF;) with increasing
amidine content. Still, the activity of the bmCTF; is lower than
of the stoichiometrically correct bmCTF,. DRIFTS analysis
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showed that bmCTF; and bmCTF, 5 still showed aldehyde
bands. These signals are not visible for bmCTF, and bmCTF;,
which is in line with the proposed reaction mechanism. This
allows several conclusions: first, that the presence of carbonyl
functionalities is not beneficial to photocatalytic activity.
Second, that the trimerization intermediates following the
second amidine addition are beneficial with regard to lowering
the band gap energy. Lastly, it can be concluded that multiple
parameters need to be considered when designing a material
for e.g. photocatalytic activity, such as the degree of polymeriz-
ation versus the degree of functionalization.

Enhancing sustainability

Mechanochemical synthesis methods are known for their
potential to be more sustainable compared to their solvo-
thermal counterparts. This is commonly evaluated based on
green metrics.’®® The presented ball milling procedure
enables CTF synthesis without the need for external heating,
while also offering shorter reaction times and reduced need for
organic solvents. To evaluate this, a selection of green metrics
was calculated for both, the bmCTF and stCTF synthesis pro-
cedures (Table 1). While a smaller environmental factor
(E-factor) and process mass intensity (PMI) are calculated for
the bmCTF, these values improve further drastically upon
excluding water from these calculations. This can be attributed
to water as the main contributor to the solvent usage of the
mechanochemical synthesis. As a result, the E-factor of bmCTF
excluding water is about 7-times smaller than the E-factor of
its’ solvothermal analogue. Additionally, an estimation of
energy consumption for both synthesis methods indicate that
the ball milling synthesis is far more sustainable, requiring
less than 1% of the energy input needed for stCTF synthesis.
To further improve the sustainability of the new ball
milling synthesis, a variation of the salt additive was per-
formed. In comparison to other carbonates, Cs,CO; suffers
from high costs and hazardous properties. Hence, additional
experiments applying K,CO; (K-bmCTF) to test the exchange-
ability of the carbonate were conducted. To further investigate
whether the carbonate functionality is needed or if any basic
salt can be applied, Na;PO, (P-bmCTF) and NaCl (N-bmCTF)
were also tested. The usage of NaCl as an inert grinding addi-
tive can potentially result in a templating effect, increasing the
surface area and pore volume of the resulting polymer.®*

Table 1 Selection of green metrics calculated for the synthesis of
5 h-bmCTF and stCTF

Green metrics stCTF bmCTF
Energy input 49.5 kWh 0.35 kWh
Reaction time 60 h 5h
Solvent usage (incl. water) 266 mL 120 mL
Solvent usage (excl. water) 209 mL 30 mL
PMI (incl. water) 454 247

PMI (excl. water) 353 56
E-factor (incl. water) 452 246
E-factor (excl. water) 351 54

This journal is © The Royal Society of Chemistry 2026
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Hence, a mixture of K,CO; and NaCl (KN-bmCTF) was also
applied in the ball milling synthesis. For all salt variation
tests, the amount of salt added was kept constant with regard
to molarity of base added in the Cs,CO; reaction (C-bmCTF) in
order to ensure comparability of the different bases. It should
be noted that different masses of salt were thus added, which
can also have an impact on ball milling reactions. Based on
the previously discussed results, a milling time of 5 h was
applied to all additive variation experiments.

Independent of the basic salt added, a non-soluble and
yellow-colored solid was obtained within the milling time. For
the N-bmCTF, however, no formation of an insoluble solid was
achieved. It can thus be concluded that a basic salt is needed
for successful polymerization, as it is required for the acti-
vation of the monomer functionalities.

Structure elucidation was again performed using DRIFTS
experiments (Fig. 4). The typical triazine bands at 1500 cm™
and 1350 cm ™" are observed for all CTFs, proving a successful
synthesis. The replacement of Cs,CO; in the synthesis is there-
fore possible, enabling a further improved sustainability of this
ball milling synthesis compared to other synthesis procedures
reported in literature. For the carbonate-based K-bmCTF, KN-
bmCTF and C-bmCTF, the spectra are similar both qualitatively
and regarding signal intensities. Therefore, the polymerization
progression and functionalities present do not depend signifi-
cantly on the type of carbonate, but rather the milling time.
Solid-state NMR spectra (Fig. S17) also show that the use of
different carbonates has no significant impact on the CTF
structure, since the **C CP-MAS spectra are highly similar. Only
the synthesis employing sodium phosphate results in
additional resonances around 165 ppm. Thermogravimetric
analyses in both N,-atmosphere and under air (Fig. S27 and
S28) confirm similar properties of the CTFs independent of the
salt additive chosen. PXRD analyses (Fig. S19 and S22) of
KN-CTF and K-bmCTF are in good agreement to the one of
5 h-bmCTF, with no sharp Bragg peaks visible. For the
P-bmCTF, the presence of sharp reflexes suggests residual crys-

1350 cm™1
1530cm™! l

1.0
= 4 = c-bmCTF
S, 0.8 o = K-bmCTF
2 1 = KN-bmCTF
& 06 ~ pPbmcTF
£ 1
T 04
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©
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[=}
S ]
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wavenumber [cm™!]

Fig. 4 DRIFTS results of the bmCTFs using different basic salt additives.
The previously denoted 5 h-bmCTF is referred to as C-bmCTF. Full
spectra are shown in Fig. S6 and S7.
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talline impurities within the framework’s structure. PDF data
(Fig. S18) as well indicate the same local structure, leading to
the conclusion that the variation in carbonate additives results
in the formation of a similar triazine framework structure as
for 5 h-bmCTF and stCTF, respectively. As for the milling time
variation, a low-porous character and low surface area are
obtained (Table S5). Using SEM (Fig. $29-S31), no major differ-
ences can be observed for the CTF morphologies. The Tauc
plot analysis based on UV-Vis DRS (Table S6) and the UV-Vis
absorption spectra (Fig. S33) confirm similar band gap energies
and absorption behavior for all CTF. While the obtained band
gap for the carbonate based CTFs are within 2.51 eV to 2.57 eV,
P-bmCTF shows a slightly lower band gap energy of 2.43 eV. All
bmCTFs were again tested in the photocatalytic production of
hydrogen peroxide (Table S7). Compared to the stCTF, all
bmCTF exhibited a significantly higher activity, with the lowest
activity for P-bmCTF (471 pmol g~ h™") and the highest still
for C-bmCTF (730 pmol g~ h™"). Notably, the differences in
band gap energy are not reflected in the photocatalytic activi-
ties, stressing that the production of hydrogen peroxide seems
to be influenced by multiple interconnected factors along with
the band gap energy and network functionality.

Conclusion

In this work, we demonstrated a novel, fast and green synthesis
of CTFs in a vibrational ball mill. It was possible to confirm the
formation of triazine units within 40 minutes. Further unique
properties, such as small band gap energies and high
functionalization, were detected. A milling time investigation
proved to be influential towards the resulting properties, such as
thermal stability, as well as the amount and nature of functional-
ities. Increasing the milling times also improved yields and
resulted in lower band gap energies. The latter facilitate superior
photocatalytic activity at white light irradiation compared to the
literature-known stCTF, hence emphasizing the potential of this
synthetic protocol. Further structural investigations allowed the
identification of the most likely intermediate structures originat-
ing from the ball milling protocol. Similarly, it was possible to
correlate the inclusion of several structural motives and their
impact on the properties of their respective CTFs. In addition to
the fast and solvent-free character of the presented new mechan-
ochemical CTF synthesis, we demonstrated the ability to further
improve sustainability aspects and lower synthesis costs upon
substitution of Cs,CO; for non-toxic and inexpensive salts.
Thereby, yield, structure, stability and small band gap energies
were maintained for the CTFs.

The presented synthesis serves as a proof-of-concept study.
Milling parameters, such as milling ball diameter and number,
milling material, liquid assisted grinding (LAG), and frequency,
should be revised in future studies. Upon optimization, the
mechanochemical synthesis of CTF bears potential for further
improvements in material properties and photocatalytic activity.

To summarize, the presented synthesis method enables the
fast and solvent-free synthesis of highly functionalized CTF
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stressing the importance of looking beyond the scope of
solvent-based synthesis strategies.
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