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Two-dimensional covalent organic frameworks (COFs) based on phosphinine and thiophene building
blocks have been synthesized with two different side groups. The materials are denoted as CPSF-MeO
and CPSF-EtO where CxxF correspond to the covalent framework, whereas P and S are related to
heteroatoms phosphorous and sulfur. MeO and EtO indicate the substituents, i.e. methoxy and ethoxy.
Their morphologies were studied by scanning electron microcopy and X-ray scattering. The absence of
crystalline reflexes in the X-ray pattern reveal that both materials are amorphous and can be considered
as glasses. Furthermore, N, adsorption measurements indicate substantial Brunauer—Emmett-Teller
(BET) surface area values pointing to the formation of three-dimensional pores by stacking of the
aromatic 2D layer. An analysis of the porosity of both COFs showed a mean radius of the pores to be of
ca. 4 nm, consistent with their chemical structure. The COFs form nanoparticles with a radius of around
100 nm. The thermal behavior of the COFs was further investigated by fast scanning calorimetry. These
investigations showed that both COFs undergo a glass transition. The glass transition temperature of
CPSF-EtO is found to be ca. 100 K higher than that for CPSF-MeO. This large difference in the glass
transition is discussed to be due to a change in the interaction of the COF sheets induced by the longer
ethoxy group. It might be assumed that for CPSF-EtO more individual COF sheets assemble to larger
stacks than for CPSF-MeO. This agrees with the much larger surface area value found for CPSF-EtO
compared to CPSF-MeO. To corroborate the results obtained be fast scanning calorimetry dielectric
measurements were conducted which confirm the occurrence of a dynamic glass transition. The
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Accepted 1st February 2024 values agrees well with the data obtained by fast scanning calorimetry. Considering the fragility
DOI: 10.1039/d3ma01123b approach to the glass transition, it was further found that CPSF-MeO is a fragile glass former whereas
CPSF-EtO behaves as a strong glass forming material. This difference in the fragility points also to
rsc.li/materials-advances distinct differences in the interaction between the 2D COF molecules in both materials.
Introduction Depending on the building blocks two- or three-dimensional

frameworks are formed by the reaction between organic pre-
Covalent organic frameworks (COFs) are a novel and innovative cursors molecules which results in strong covalent bonds. In
category of materials."”* They are composed mainly of light case of aromatic 2D structures the obtained sheets can form
elements like hydrogen, carbon, nitrogen, and oxygen etc. larger structures linked by =n-m interactions. Thus, stable
nonporous®* as well as microporous® frameworks are obtained
with can be either crystalline or amorphous. These nano- or
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When photoelectric moieties are incorporated in the well-
defined framework structure, functional COFs can be obtained
which possess unique electrical and optical properties.’ This
direction in the application of COFs was pioneered by Jing et al.
by considering pyrene-functionalized COF materials.® Depending
on the nature of the photoelectric group, COFs with different
properties like luminescence, semi-conductivity or photo-
conductivity can be obtained including also photon harvesting
COFs. Similar to other porous materials like metal organic frame-
works (MOFs) or zeolites, functional COF materials might also
have a great potential in catalysis including electrochemical
applications." This concerns mainly heterogeneous catalysis
which requires materials with a high thermal stability, a resis-
tance against water as well as most of organic solvents. In
addition, easily accessible stable catalytic sides combined with
an efficient mass transport in the porous network is a further
requirement.

Earlier synthesized COF materials connected by boronate
esters, boroxins” '° and imines"" suffered from a poor thermal
stability which limits their use in sensing and electrochemical
applications. Recently, stable, and crystalline triazine-based
graphdiyene frameworks that exhibit interesting photocatalytic,
electronic, and structural effects were reported.">"

Covalently linked materials offer a LEGO™ design potential
allowing in principle for infinite organic building blocks (tec-
tons). However, in practice only a subset of nanomaterials
mainly based on aromatic carbons have been utilized to create
complex materials such as polymers. Various materials like
porous organic frameworks (POFs)', porous aromatic frame-
works (PAFs)'® and conjugated microporous polymers (CMPs)'®
have been extensively studied for gas and energy storage, cata-
lysis, sensing, and opto-electronic devices.'”*° By incorporating
nitrogen, sulfur, and silicon into the tectons, new materials like
triazine-based graphitic carbon nitride (TGCN)*, covalent
triazine-based frameworks (CTFs),>>>* sulfur- and nitrogen-
containing porous polymers (SNPs)*, silicate organic frame-
works (SiCOFs)*®, and n-conjugated covalent phosphinine-based
framework®” have emerged. These advancements have not only
expanded the understanding of constructing extended systems
but also revealed additional layers of complexity in the material
properties. For instance, nitrogen-containing CTFs can act as
heterogeneous Periana catalysts, facilitating low-temperature
oxidation of methane to methanol. Sulfur- and nitrogen-
containing polymer frameworks exhibit intimate donor-acceptor
domains and a narrow bandgap, leading to remarkable perfor-
mance in photocatalytic water-splitting. Despite the confusing
nomenclature, CTFs, CMPs, PAFs, and SNPs share the common
feature of being constructed from covalently linked n-conjugated
building blocks. Electron delocalization within the polymer
framework enhances intriguing properties such as electrical
storage and conductivity, bandgap properties, photolumines-
cence, and light harvesting.

To expand the properties and applications of fully aromatic
frameworks, two broad strategies are employed: post-synthetic
modifications and initial reaction design. Post-synthetic mod-
ifications involve altering polymer topology (e.g., template
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removal, freeze-drying)*®*° or introducing heteroatoms into
the network backbone.*® While these modifications enhance
material properties, they heavily rely on the initial framework
morphology and suffer from randomness and inhomogeneity
in diffusion-limited processes. Consequently, a more rational
approach to improving fully aromatic frameworks lies in the
initial design of the building blocks.”???%233139

Besides the gas transport and storage properties, their
catalytic as well as optical activities, less is known about their
internal molecular mobility. Especially for COFs with less
pronounced crystallinity, i.e. substantial or predominant fractions
of amorphous material, the molecular mobility is an essential
factor determining or limiting potential applications. In conse-
quence, and from a fundamental point of view point it is
important to investigate the molecular mobility in such systems.
Here two novel phosphinine-based amorphous covalent organic
frameworks are investigated by a combination of methods, sensi-
tive to structure and molecular mobility. To characterize the
morphology scanning electron microscopy (SEM) is employed.
To investigate the molecular mobility fast scanning calorimetry
(FSC) and broadband dielectric spectroscopy (BDS) are utilized.
Recently both methods have been used to investigate the mole-
cular mobility in related microporous materials like metal organic

frameworks,** polymers of intrinsic microporosity (PIMs)**® as

well as microporous high performance polynorbornenes.*”**

Materials and methods
Materials

Two homologous covalent organic frameworks based on A°-
phosphinine tectons and thienothiophene moieties were con-
sidered here. The general synthesis route of COFs obtained
from the polymerization of A°-phosphinine was given
elsewhere.”” The polymerization of the building blocks consid-
ered here was carried out by a Stille coupling protocol which
was palladium catalyzed.>**® The reaction scheme is given in
the ESIt in Fig. S1 together with some further details like
elementary composition (see Table S1, ESI{) and the purifica-
tion procedure of the obtained products. Further the obtained
reaction products were characterized by *'P magic angle spin-
ning (MAS) solid-state NMR (ssNMR) and **C cross polarization
magic angle spinning (CP-MAS). The corresponding NMR spec-
tra and the assignments of the peaks are given in the ESIT (see
Fig. S2 and S3). The polymerization results in m-conjugated
frameworks with a classical honeycomb-like structure forming
predominantly two-dimensional sheets containing six-membered
phosphinine rings (with alkoxy groups attached to the phos-
phorus) as well as thienothiophen moieties consisting of two
fused thiophene rings. As the building blocks are all planar the
formation of fully aromatic 2D sheets is more likely than three-
dimensional structures. These 2D sheets will probably form stack-
like aggregates due to n-m stacking of the aromatic moieties.
Depending on the alkoxy groups at the phosphinine phosphorus
the materials are denoted as CPSF-MeO and CPSF-EtO here
and their chemical structures are given in Fig. 1(a) and (b).
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Fig. 1 Chemical structure of the investigated COF materials: CPSF-MeO (a, left) and CPSF-EtO (b, right).

The difference of the material considered here, and the related
framework structure CPF discussed in ref. 27 is the additional
thienothiophene-unit in the building blocks of the CPSF.

The samples were investigated with respect to microporosity
by nitrogen adsorption measurements at 77 K. The sorption/
desorption isotherms are given in the ESIf in Fig. S4. CPSF-
MeO has a BET surface area value of 21.5 m> g~ where for
CPSF-EtO a value of 92.2 m” g~ " was estimated. The difference in
the surface area values of both compounds is reproducible and
significant. These values indicate the presence of a certain micro-
or mesoporosity which must be ascribed to the formation of
stacks of the 2D sheets. As the BET surface area values are
relatively low it is concluded that the stacks are either imperfect
or small with respect to their stack height and/or their lateral
dimensions. The maximum of the pore size distribution is found
at 3.5 nm for CPSF-MeO and 4 nm for CPSF-EtO (see Fig. S5, ESIT).
For further details see ESL.{ This size scale is also supported by
the chemical structure as for the mesoscopic rings in the 2D
sheets a theoretical diameter of 3.8 nm can be deduced (see Fig.
S6, ESIf). This value coincides well with the experimentally
estimated pore size values. This agreement confirms the structure
of the 2D sheets with the macrocycle being the building block for
the formation for the microporosity by stacking of these sheets.

Thermogravimetric analysis (TGA). Thermogravimetric
analysis was performed using a STA7000 Thermogravimetric
Analyzer (Hitachi, Chidoya, Japan), employed with a horizontal
dual beam balance. In the TGA measurement samples of
3-5 mg were heated in alumina pans from room temperature
to 1000 °C (1273 K) at a heating rate of 10 K min~". Nitrogen
was used as purge gas up to approximately 600 °C (873 K) to
avoid oxidation reactions. From 600 to 1000 °C (873-1023 K),
oxygen was used as purge gas to oxidize the sample completely.

Scanning electron microscopy (SEM). The morphology of
both COF materials was investigated by SEM employing a Zeiss
EVO MA 10 device with an acceleration voltage of 200 keV. The
COF powder was coated with a thin gold layer.

X-ray scattering. To carry out the X-ray scattering measure-
ments the instrument MOUSE (methodology optimization for

2528 | Mater. Adv,, 2024, 5, 2526-2535

ultrafine structure exploration) was employed.” MOUSE is a
heavily modified Xeuss 2.0 instrument (Xenocs, Grenoble, France).
A microfocus X-ray tube with a copper target was used to generate
X-rays with a CuK, wavelength of 0.1542 nm. The X-ray beam is
parallelized and monochromatized by multilayer optics. The
detector, an Eiger 1 M detector (Dectris, Baden, Switzerland) was
placed in vacuum at multiple distances between 52 and 2300 mm
from the sample. For processing the measured X-ray data, the
DAWN software package was used.*” The correction process
followed standardized procedures including a propagation of
errors.*® Data analysis was done using the McSAS package.**
Broadband dielectric spectroscopy (BDS). The complex
dielectric function &*( f) = &'(f) — i&"(f) was measured by a
Novocontrol high resolution ALPHA analyzer (Novocontrol,
Montabaur, Germany) interfaced to an active sample head.
Here f is frequency. ¢’ and ¢” are the real and imaginary (loss)
part of the complex dielectric function where i is the imaginary

unit i = v/—1. The dielectric data were measured in the fre-
quency range from 10" Hz to 10° Hz at the temperature
between 173 K and 573 K. A Quatro cryosystem (Novocontrol)
was used to control the temperature of the sample with a
temperature stability better than 0.1 K employing nitrogen as
heating agent. The measurements were carried out in parallel
plate geometry using a custom made hermetically sealed
dielectric cell. For details see ref. 45. In the cell disk-like
stainless steel electrodes are incorporated having an active
diameter of 16 mm. The distance between the electrodes was
maintained by the construction of the cell and was 100 um.
Differential scanning calorimetry (DSC). DSC measurements
were performed by a DSC 8500 device (PerkinElmer, USA) with
heating and cooling rates of 10 K min . Nitrogen was used as
purge gas at a flow rate of 20 L min~ . Baseline corrections were
conducted by measuring an empty pan under the same condition
than the sample. Indium was employed as calibration standard.
Fast scanning calorimetry (FSC). The thermal behavior of
the two COF materials was further investigated by fast scanning
calorimetry.*® For these measurements a Mettler Toledo Flash
DSC1 was employed using the UFS1 twin sensor chip as

© 2024 The Author(s). Published by the Royal Society of Chemistry
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measuring cell having two active sensor areas.*®*” The Flash
DSC1 is power compensated differential scanning calorimeter
and allows for heating rates in the range from 0.5 K s " to 4 x
10* K s ' The accessible cooling rates are one order of
magnitude lower. The sample was placed on one active sensor
area. Silicon oil was used to increase the thermal contact
between the sample and the sensor and to minimize the
thermal lag of the system. At the reference side silicon oil
was placed to compensate for the additional heat capacity. The
measurements were carried out in the temperature range from
198 K to 500 K. As purge gas nitrogen was used at a flow rate of

40 mL min .

Results and discussion

The thermal stability of the COFs was investigated by TGA
measurements. Fig. 2 gives the weight loss versus temperature
for both materials.

Both COF materials are thermally stable up to ca. 500 K
(227 °C). For higher temperatures there is a weight loss of ca. 19
and 23% in the temperature range of 500-873 K (227-600 °C) for
CPSF-MeO and CPSF-EtO. As the principal structure of the 2D
sheets is similar for both materials it might be concluded that the
difference in the mass loss is due the different side groups, either
directly or indirect due to differences in the lateral size of the
sheets or formation of defects or end groups. At 873 K in oxygen
atmosphere the samples degrade by oxidation. The residual char,
which is remaining carbonaceous material that cannot be further
degraded into smaller volatile fragments in the probed tempera-
ture range, accounts for 10 and 4% for CPSF-MeO and CPSF-EtO,
respectively. For the investigated materials the most probable char
promoters are the aromatic groups in the chemical structure. It
might be that also phosphorus which is known as a flame-
retardant component is involved in the char formation.*®

To characterize the morphology of the COF materials first
scanning electron microscopy (SEM) is carried out. Fig. 3 gives the
SEM images for CPSF-MeO (Fig. 3(a)) and CPSF-EtO (Fig. 3(b)).
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Fig. 2 Weight loss versus temperature for both COF materials: blue —
CPSF-MeO, red — CPSF-EtO.
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Fig. 3 (a) SEM image of CPSF-MeO powder. (b) SEM image of CPSF-EtO
powder. The red bars represent a size of 1 um.

The SEM images show that the bulk COF powers consist of
flakes with a size of ca. 10.3 pm for CPSF-MeO and 37.6 pum for
CPSF-EtO. These sizes were estimated by statistical image
analysis. The “cauliflower-like” structure might indicate a
point-nucleation growth mechanism. This means the nuclea-
tion starts from a sufficiently large aggregate that its surface to
volume ratio is higher than a critical one where the further
nucleation is driven by a reduction in the free energy. As the
same solvent is used for the synthesis and larger flakes are
found for CPSF-EtO this might indicate that during preparation
CPSF-EtO precipitate later from the solution. As in the context
of the observed microporosity this different appearance might
be either an effect of the alkoxy-groups at the phosphorus or
rather their effect on the formation of the sheets and/or defects,
end groups etc. The figures show also that the flakes have a
finer internal structure with elements of smaller sizes. Despite
the apparently larger size of the observed flakes the structure of
CPSF-EtO seems to be more open than that of CPSF-MeO which
agrees with the larger BET surface area of CPSF-EtO.

To characterize the materials further X-ray scattering have
been carried out. Fig. 4 compares the X-ray pattern for CPSF-
MeO and CPSF-EtO. X-ray data have been reported for the
comparable system CPF-1 elesewhere.”” For both COF materials
the scattering patterns reveal different scattering phenomena.
As no sharp Bragg reflections are detected in the WAXS region,
and only an amorphous halo is observed, indicating that the
samples do not contain significant amounts of crystalline
materials and can be considered as largely amorphous. The
amorphous halo corresponds to short range correlations
between carbon/carbon structures.*® Moreover, such a scatter-
ing pattern in the WAXS region is an indication for some
disorder in the systems. Therefore, it can be concluded that
both COF materials can be considered as glass-like. This is
confirmed by the lack of observed first-order phase transitions
in conventional differential scanning calorimetry (DSC) experi-
ments. An example for a conventional DSC measurement is
given for CPSF-EtO in Fig. S7 (ESIT).

In the intermediate X-ray scattering range at g values from
0.1 nm ' to 1 nm™ " the scattering is related to the micropor-
osity of the materials. The scattering at scattering vectors below
0.1 nm ' g can be assigned to the originates from scattering of
primary COF particles as discussed below. The data in the SAXS
range were analyzed by a Monte-Carlo fitting procedure.**°
This analysis is based on considering spheres as scattering
objects with a minimal set of assumptions regarding the size
distribution. This analysis results in histograms of the sphere

Mater. Adv,, 2024, 5, 2526-2535 | 2529
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Fig. 4 X-ray pattern for the both COF materials: blue — CPSF-MeO, red —
CPSF-EtO.

radii distributions, showing two distinct regions. The obtained
histograms are given in the ESI{ as Fig. S8 and S9. The first
region corresponds to structures with a size distribution between
0 and 10 nm. It is assigned to the micropores formed by the of
the COF materials. From that distribution an average pore radius
of ca. 3 nm is derived for both COF materials. This value is in
reasonable agreement with the data obtained from the nitrogen
adsorption measurements. The second region in the histograms
with averaged structure sizes larger than 10 nm is related to the
distribution of aggregates and/or nanoparticles formed by the
COF molecules. Most probably these nanoparticles are formed
due to the interaction of the functional groups of the individual
COF sheets for instance by n-r interactions. For CPSF-MeO the
average value obtained for this part of the particle size distribu-
tion is 137 nm. It must be noted that the main population is
probably beyond our measurement limit. Therefore, the average
radius of 137 nm is based on the measurable range only and
might be not correct when only a tail was observed. For CPSF-
EtO a sphere radius of 81 nm is obtained. The smaller particle
size found for CPSF-EtO might be a further reason for the higher
BET surface value found for this material. It is worth to mention
that the SEM images and the X-ray scattering pattern reveal no
distinct signature of layered aggregates, whereas the BET surface
area values indicate the presence of micropores which must be
formed by stacks of the COF 2D sheets. Therefore, it can be
concluded that the formed stacks are rather small. Following
this argumentation and considering the identical size of the
macrocyclic structures forming defined mesopores for both COF,
it may be further concluded that the fraction of micro- or
mesoporosity due to stacked 2D sheets compared to the inter-
stitial volume of bigger aggregates or agglomerates might be
larger for CPSF-EtO resulting in a smaller maximum in the size
distribution. Consequently, the investigated CPSF-EtO seems to
exhibit a stronger tendency to stacking than CPSF-MeO. This is
supported by the lager BET surface of CPSF-EtO and its smaller
average particle size from the X-ray experiments indicating more
mesopores formed by stacking of the 2D sheets.

2530 | Mater. Adv, 2024, 5, 2526-2535

View Article Online

Paper

As discussed above both COF materials can be considered as
liquids or glasses. Therefore, the question appears whether
CPSF-MeO and CPSF-EtO undergo a glass transition. This is
not a trivial question. Here, the individual COF sheets self-
assemble into stacks. By this arrangement rotational fluctua-
tions or segmental dynamics — which are usually discussed as
the molecular origin of the glass transition for glass forming
liquids or polymers - are so restricted that they have to be ruled
out. By conventional differential scanning calorimetry, no glass
transition could be observed (see Fig. S7, ESIt). This might be
ascribed to the thermal response at the glass transition being
too low to be detected by conventional DSC. Therefore, fast
scanning calorimetry experiments employing a FlashDSC 1 have
been carried out. Due to the higher heating rates compared to
conventional DSC thermal transitions with a weaker intensity
could be detected. Fig. 5 gives the heat flow as a function of
temperature for CPSF-MeO (Fig. 5(a)) and CPSF-EtO (Fig. 5(b))
for different heating rates.

A step-like change is observed in the heat flow indicating a
glass transition. As expected, the glass transition shifts to
higher temperatures with increasing heating rate which is also
characteristic for a glass transition. For conventional polymers
cooperative segmental dynamics related to conformational
changes is discussed as molecular origin for the glass transi-
tion. As the individual COF molecules stack together by n-n
interactions cooperative bending fluctuation as discussed as a
molecular mechanism for the glass transition of PIMs**>*® can
also be considered. The observed step-like changes of the heat
flow at the glass transition (Acp) are small for both materials.
Within the experimental uncertainties no significant differ-
ences for both materials can be discussed unambiguously.

A glass transition temperature T, is estimated as the tem-
perature of the half step-height of the heat flow step. As the step
in the heat flow is small, the T, values might be subjected to
larger errors. Surprisingly, although the chemical structure of
both COF materials is quite similar, the glass transition of
CPSF-EtO is ca. 100 K higher than that of CPSF-MeO. For
conventional polymers like poly(n-alkyl metharylates) it is
known that exchange of a methyl by an ethyl group in each
repeat unit leads to an internal plasticization, and thus to a
decrease of the glass transition temperature.”’ In contrast to
that, the result observed for the COFs here indicates that CPSF-
EtO has a more rigid or stiffer structure than CPSF-MeO. This
can be understood considering the discussion of BET values
and particle size distributions above. The larger fraction of
better stacked 2D sheets of CPSF-EtO represents overall a
higher degree of order and stronger interaction between these
sheets. On the other hand, the more amorphous character of
the CPSF-MeO allows for an enhanced molecular mobility
resulting in a distinctly lower glass transition temperature,
even when it is reasonable to assume identical modes of
motion for both species.

Assuming cylindrical pores from the ratio of the BET surface
areas the ratio of the numbers of the stacked layers can be
roughly estimated (see ESIt). Such a consideration reveals the
number of stacked layers is on average ca. four times higher for

© 2024 The Author(s). Published by the Royal Society of Chemistry
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CPSF-EtO compared to that of CPSF-MeO. This confirms the
larger fraction of stacked structures in CPSF-EtO causing a
more restricted molecular mobility than in CPSF-MeO leading
to a higher glass transition temperature.

For a more detailed analysis of the molecular mobility
and the glass transition detected by FSC measurements of
the dielectric investigations were carried out. Fig. 6 gives the
dielectric loss ¢” versus temperature for different frequencies
for CPSF-MeO (a) and CPSF-EtO (c). For both materials a well-
pronounced dielectric process is observed. This process has
some specific peculiarities: (1) the dielectric strength decreases
strongly with increasing frequency; (2) the position of the
maximum of its dielectric loss is independent of temperature.
These properties indicate that this dielectric mode is not a
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(a) Heat flow versus temperature for CPSF-MeO for the indicated heating rates. (b) Heat flow versus temperature for CPSF-EtO for the indicated

relaxation process related to a molecular mobility of dipoles.
Percolation of electric excitations has been discussed in litera-
ture as the origin for such a process.>” Feldman et al. studied
the percolation of electric excitations for microporous silica
glasses where the analysis leads to an estimation of the
porosity.>>™> A similar process was also obtained for a nano-
composite containing a nanoporous filler.>® The investigated
conjugated covalent frameworks also reveal a weak porosity.
Therefore, the concept of the percolation of electric excitation is
also applied here for that process.

Although this dominating process observed in the dielectric
spectra is not related to molecular mobility of the COF materi-
als, a closer inspection of the dielectric loss shows that there is
a low temperature shoulder of the more pronounced
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Fig. 6 (a) Dielectric loss versus temperature for CPSF-MeO at the indicated frequencies. (b) sge,iv versus temperature for the same frequencies given in

(a). (c) Dielectric loss versus temperature for CPSF-EtO at the indicated frequencies. (d) a;’cm, versus temperature for the same frequencies given in (c).
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percolation process. The shoulder shifts to higher temperatures
with increasing frequency which indicates a true relaxation
process, called o-relaxation. Due to the weak intensity of this
process (as can be seen in Fig. 6(a) and (c)), the data were
further analyzed by a technique which is called “conduction-
free” dielectric loss (e, ). This approach is based on the
derivative of the real part of the complex dielectric function
regarding frequency.®” For the Debye function it holds:

” T 85’
Ederiv =

2
" 2dlogw = ()" (1)

From eqn (1) one can deduce that egeriv shows a peak, like
the dielectric loss but due to the square the peak in sgeriv is
narrower than that in ¢” itself. The power of this approach is
demonstrated in Fig. 6(b) and (d) which gives the conduction-
free loss versus temperature for both materials at the same
frequencies as shown in Fig. 6(a) and (c). The shoulder is much
more pronounced in that representation and allows for the
estimation of the temperature of maximal dielectric loss by
fitting a Gaussian to the data for each considered frequency. An
example for that analysis is given in the ESIf in Fig. S10.
Unfortunately, this analysis could be carried out only in a
limited frequency range, as for higher frequencies this relaxa-
tion process is overlayed by the percolation process. The
estimated maximum temperatures for the o-relaxation are
plotted together with the frequency f7, in the so-called relaxa-
tion map in Arrhenius coordinates (log frequency versus inverse
temperature) in Fig. 7 (red circles) for both COF materials.

At first glance the data seem to follow a linear relation and
can be described by the Arrhenius equation which is given by

fo=texn( ). @)

In eqn (2) f ., is the relaxation rate for infinite temperatures,
E, symbolizes the (apparent) activation energy and R denotes
the universal gas constant. A fit of the Arrhenius equation to
the data of CPSF-MeO gives an apparent activation energy of
165.2 k] mol " and a prefactor log(f ., [Hz]) = 33.4. These values
are much too high to be discussed on a sound physical basis.
For CPSF-EtO an apparent activation energy of 89.9 kJ mol™*
and a prefactor log(f ., [Hz]) = 12.4 were obtained. Again, the
large difference in the glass transition temperatures, and also
the large difference in the apparent activation energies shows
that both materials behave quite differently although their
basic chemical structures are quite similar.

Nevertheless, since the FSC data show a glass transition and
the apparent activation energies of the dielectric relaxation
processes are high, the temperature dependence of the relaxa-
tion rates should rather be considered as glassy dynamics
which is better approximated by the empirical Vogel/Fulcher/
Tammann (VFT-) equation which reads>®

logf, =logfow — 3)

T—T,

T, is the so-called Vogel or ideal glass transition temperature
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4.2

which is often found for conventional glass-forming systems to
be 30-70 K below the thermal glass transition temperature 7.
f is again the relaxation rate for infinite temperatures. The
parameter A is related to the so-called fragility strength D by

A
D :7111(10). The fragility concept can be used to classify
0

glass-forming systems.>® A material is categorized ‘fragile’ if
the temperature dependence of the relaxation rates deviates
strongly from an Arrhenius-like behavior and ‘strong’ if f,(7T) is
close to the latter. Fig. 7 shows that the data for both materials
can be well described by the VFT approach, which in turn can
be considered a clear indication for glassy dynamics. Therefore,
the dielectric o-relaxation observed for both COF materials is
assigned to the dynamic glass transition. This assignment
agrees with thermal data obtained by FSC which also show a
glass transition.

To compare the thermal and the dielectric data, a thermal
relaxation rate is calculated from the heating rates in the frame-
work of the fluctuation theory to the glass transition by®°
CL (4)

Jptherm = 2nAT,

T is the heating rate and C is a constant with a value of
approximately 1. AT, is the width of the glass transition which
is estimated as the difference between the onset and the endset
of the glass transition region. The procedure to estimate onset
and endset of the glass transition is discussed in detail in ref. 61
and 62. The thermal data were added to the dielectric ones in
Fig. 7. The thermal data show a good agreement in their absolute
values as well as in their temperature dependence with the
dielectric ones and can be well described by the same VFT
dependence. The quantitative agreement between the dielectric
and thermal data proves that the observed w«-relaxation in
dielectric spectroscopy is the dynamic glass transition. To the
best of our knowledge, it is the first time that a dynamic glass
transition is reported for covalent organic frameworks by the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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combination of calorimetry and dielectric spectroscopy. In that
context it is worth to mention that recently a glass transition
was reported for amorphous (liquid) MOFs (see for instance
ref. 63 and 64).

The dielectric a-relaxation could be measured and analyzed
only in a relatively narrow temperature range. Therefore, the
fragility strength D cannot be reliably estimated Nevertheless,
the data for CPSF-EtO can be better approximated by an
Arrhenius equation with a more realistic preexponential factor
and apparent activation energy. For that reason, it is concluded
here that CPSF-EtO is a stronger glass-former, whereas the glass
formation of CPSF-MeO which is more fragile. The large change
in the fragility indicates, like the difference in the glass transi-
tion temperature, a distinct difference in the interaction of the
molecules for both COFs.

Conclusion

Two homologous phosphinine-based covalent organic frame-
works denoted as CPSF-MeO and CPSF-EtO have been synthe-
sized. Both form planar aromatic structures, but their chemical
structure differs just in ethoxy groups instead of methoxy
groups of the phosphinine moieties at the six edges of the
macrocyclic structure. Despite of their large similarity signifi-
cant differences with respect to structure formation, morphol-
ogy and internal molecular mobility have been observed.
Nitrogen adsorption measurements reveal that the materials
have moderate BET surface area values below 100 m*> g .
The maximum of the pore size distribution was found for
CPSF-MeO to be 3.5 nm and for CPSF-EtO to be 4 nm coincid-
ing with the geometrical diameter of the macrocycle in the 2D
planar sheets of 3.8 nm. This indicates a stacking of these
sheets as origin of the respective porosity. The structure of
these COF materials was further investigated by scanning
electron microscopy. These experiments show that in the bulk
COFs form small flakes with average sizes of 10.3 um for CPSF-
MeO and 37.6 um for CPSF-EtO. These flakes have a finer
internal structure. Therefore, the materials were further inves-
tigated by X-ray scattering combining SAXS and WAXS measure-
ments. The data in the WAXS range show that the materials are
amorphous and can be considered as glass-like. Further the
X-ray measurements reveal the porosity of the materials with an
average pore radius of 4 nm. This value agrees well with the
data obtained by the nitrogen adsorption measurements and
the geometry of the macrocyclic structures. Moreover, X-ray
investigations show also that the flakes consist of nanoparticles
with an average size of at least 137 nm for CPSF-MeO and
81 nm for CPSF-EtO. Most likely these nanoparticles are formed
by the interaction of stacked COF molecules.

As the both COF materials were found to be amorphous,
CPSF-MeO and CPSF-EtO are further investigated by fast scan-
ning calorimetry. These investigations reveal that both materi-
als undergo a glass transition. With this observation it was
shown for the first time that amorphous COF show a glass
transition. Surprisingly, the glass transition temperature of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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CPSF-EtO is found to be 100 K higher than for CPSF-MeO
although the differences in the chemical structure are quite
small. The large difference in the glass transition temperatures
is discussed considering a different stacking behavior of both
COF molecules. It is assumed that CPSF-EtO forms larger well-
defined aggregates that CPSF-MeO, which shows a less ordered
and more amorphous character. This assumption is supported
by the ca. 4 times larger BET surface area value measured for
CPSF-EtO. To investigate the glass transition of these materials
further dielectric measurements were carried out. The dielectric
spectra reveal two processes. The process observed at higher
temperatures has some unusual properties as its temperature
position is independent of temperature. This process cannot be
considered as a relaxation process related to the molecular
mobility in the system. This process is rather assigned to electrical
percolation related to the porosity. A second process is observed
as a low temperature shoulder of the percolation process. Its
position shifts to higher temperatures with increasing frequency
indicating a relaxation process related to molecular mobility. The
process was analyzed quantitatively via the so-called conduction-
free loss approach. With the obtained relaxation rates an Arrhe-
nius diagram was constructed. The dielectric data agree well in
their temperature dependence and their absolute values with data
obtained by fast scanning calorimetry. This quantitative agree-
ment of the data proved the observed relaxation process in
dielectric spectroscopy being a dynamic glass transition. To gain
a better understanding and identifying the motional origin of the
relaxation process the obtained results must be confirmed for
other amorphous COF systems.
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