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ABSTRACT: Porous carbon/nitrogen frameworks are an emerging class of
noble organic materials with a wide range of potential applications. However, the
design and controlled synthesis of those materials are still a challenge. Herein, we
present the rational design of such a system with high microporosity, specific
surface areas of up to 946 m’ g~', and excellent condensation yields. The
obtained noble frameworks were used for the delivery of larger organic molecules
and changed the melting behavior of some daily drug molecules along their

highly polarizable surfaces.

B INTRODUCTION

In recent work, our group showed that carbonaceous
materials' by appropriate heteroatom doping can show very
positive highest occupied molecular orbital positions. The
materials thereby behave “noble”, i.e., are oxidation-stable
under most conditions. Such noble, heteroatom-doped carbons
not only inspire new science but also motivate many possible
applications such s (metal-free) catalysis and noninnocent
catalytic supports, o electrocatalysts for the oxygen reduction
reaction,” battery electrodes,” or their use in high-voltage
supercapacitors.” Noble carbons can be made from appro-
priate, also oxidation-stable, educts by thermodynamic “lock-
ing” of the band position, and even the local connectivity
patterns are selected and optimized by this energy-directed
synthesis.

The regular introduction of nitrogen into the carbon
framework is also a reasonable method for the formation of
carbon nitrides with different stoichiometries.® Graphitic C;N,,
a crystalline material widely studied since 2009, can be peeled
off to form a graphene-like porous sheet with abundant N
atoms.”'’ Recently, another ordered carbon nitride material,
C,N-h2D, was reported."' Similar to graphitic C;N,, C,N-h2D
consists of a regular arrangement of N6 cavities due to its high
N content. The 2D crystalline structure and semiconductivity
(with a direct band gap of 1.96 eV) of C,N-h2D make it
possible to become a better semiconductor than C;N,.'* A 2D
crystalline C;N material was also synthesized by the
thermolysis of m-phenylenediamine'” and polymerization of
2,3-diaminophenazine'” or by the pyrolysis of hexaaminoben-
zene trihydrochloride single crystals.'* This material has a
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number of exciting properties, one among them is organic
magnetism; it is not porous but is dense in covalent 2d-planes.
It is to be assumed that these three C,N, species are just the
beginning of a much bigger family of related compounds.

Recently, our group has synthesized a series of regular
carbon materials close to the C,N configuration with a specific
pore structure and chemical composition by selecting suitable
sustainable monomers and simple reaction methods." In spite
of the simplicity and scalability of the synthesis, some
properties were found to be outstanding, such as the CO,
adsorption capability and CO,/N, adsorption selectivity. This
was accredited to their surface chemistry and well-defined
porosity.'®'” The present work is based on the rules identified
in this paper and will try to make a porous C;N framework by
using gallic acid as a co-monomer for branching, as it will be
shown with a regular pore structure and a high heteroatom
content. Potential applications instrumentalizing the slightly
larger pore size will be presented here for the property change
of organic compounds in such pores.

C;N has a very nice but hole-free 2D crystalline structure
composed of three phenyl rings sharing six N atoms. Due to
the missing porosity and the low specific surface area, its
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Scheme 1. Idealized Structure of the C;N-GA Framework
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Figure 1. (a) FTIR spectra and (b) XRD of the GD-300, 350, 400, 450, 500, and 550 °C. (c¢) HRTEM image of GD-500. (d) SEM image of GD-

500 on carbon fibers.

application in adsorption, catalysis, energy storage, etc. is
limited. This is why we want to transport some of the C;N-
properties to a porous framework with gallic acid-based nodes.
Scheme 1 depicts the explored approach: 2,3-diaminophena-
zine, the monomer known to polymerize into C;N in the
highest yield, forms typical connector structures, while gallic
acid is then expected to add structural holes and oxygen
moieties into the co-framework, very similar to the reactions
described in ref 15. For that, a series of C;N-GA framework
materials are synthesized in salt melts using equimolar amounts
of gallic acid and 2,3-diaminophenazine at different con-
densation temperatures varying from 300 to 850 °C. The
resulting condensation products are labeled GD-300 to GD-
850. It will be shown that these GDs indeed exhibit high
porosity and good affinity to guest molecules, which will be
illustrated by the interaction with a series of simple drug
molecules, thus proposing a new type of organic delivery.
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B RESULTS AND DISCUSSION

Characterization of Materials. In the process of
synthesizing GDs, ZnCl, was chosen as both the catalyst and
solvent for the condensation reaction. In the molten salt, the
gallic acid decarboxylates to produce pyrogallol,'® which then
reacts with 2,3-diaminophenazine to generate the extended 3D
interpenetrated covalent structure (Scheme 1). Typically, the
syntheses are carried out by stirring gallic acid (0.85 g, S
mmol) and 2,3-diaminophenazine (1.05 g, S mmol) in ZnCl,
(19 g), followed by condensation for 3 h at the target
temperature (300—850 °C) and under an N, atmosphere to
give a black product/salt mixture. The salt is separated by
simple washing with water and filtration. It should be noted
that the condensation yield is unusually high for such reactions
(subtracting CO,, water, and ammonia molecules along with
previously discussed mechanisms, the theoretical yield is 79%).
The mass yield after the reaction at 550 °C is 73% and still

https://dx.doi.org/10.1021/acsami.9b20478
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Figure 2. (3, b) N, adsorption and desorption isotherms at 77 K and pore size distribution curves calculated by QSDFT for GD-300, 350, 400, 450,
500, and 550. (c) Nitrogen content and Sz of GD-300, 350, 400, 450, 500, and 550. (d, e) Nitrogen species compositions and the XPS N 1s

spectra of GD-300, 350, 400, 450, 500, and 550.

64% even at a condensation temperature of 850 °C, ie,
practically no carbon fragments are lost throughout con-
densation. This high condensation yield indicates that gallic
acid and 2,3-diaminophenazine indeed are perfect building
blocks with defined thermal condensation chemistry to
progress toward the desired C;N-GA framework.

A variety of methods have been employed for the structural
characterization of the new materials. Fourier transform
infrared (FTIR) spectra of GDs exhibited peaks at around
1614, 1558, 1157, and 1043 cm™', which are characteristic of
C=N, C=C, C-N-C, and C-O-C bonds,"”” thus
confirming the occurrence of condensation (Figure la). The
X-ray diffraction (XRD) patterns of all of the samples display
only one broad diffraction peak at about 26°, indicating the
absence of a long-range ordered structure (Figure 1b), which
indeed is getting even weaker at higher condensation
temperatures.”’ This excludes the presence of classical
carbonization or graphitization and speaks for weakly packed,
layered structures. This is also confirmed by high-resolution
transmission electron microscopy (HRTEM), which observes
sheetlike covalent materials without clear graphitic packing
motifs, as shown for GD-500 (Figure 1c).

The morphological structures of GD-300 and GD-500 are
investigated by scanning electron microscopy (SEM). GD-300
and GD-500 show essentially flat, crack-free material surfaces,
in addition to some aggregates of primary nanoparticles
(Figures 1d and S1). This is only possible with such a high
carbonization yield. GD-500 is further characterized by various
spectroscopies (Figure S2). A homogeneous distribution of C,
N, and O in GD-500 is confirmed by the elemental mapping
images. The high thermal stability shown by GDs is worth
noting, as reflected in the thermogravimetric analysis (TGA) in
the air (Figure S3). All of the samples even at a condensation
temperature as low as 300 °C show a typical feature of nobility
and have high oxidation and fragmentation resistance.”’ This
can be ascribed to the homogeneous condensation scheme and
the well-positioned presence of larger amounts of N and O
heteroatoms.'¥*>**
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The permanent porosity of GDs is determined by N,
adsorption—desorption isotherms at 77 K. As can be seen in
Figure 2a, the BET surface area of samples increases from 0.7
(300 °C) to 946 m* g™' (550 °C) with the increase of
temperature. The adsorption isotherms of GD-450 and GD-
500 show steep N, uptake at low relative pressure, thus
indicating abundant micropore structures. Both of them have
the highest relative microporosity of 67% (Spyc/Sger) (Table
S1). N, adsorption and desorption isotherms of GD-550
showed an obvious hysteresis loop in the steep region at P/P,
= 0.45, indicating that interlamellar delamination is generated
at 550 °C, in agreement with the XRD data. The Brunauer—
Emmett—Teller (BET) surface area is 78 m* g~ for GD-350,
299 m* ¢! for GD-400, 679 m* g~ for GD-450, and 833 m*
g~! for GD-500 (Table S1). The S, value increases going
from GD-350 (35 m” g_l) to GD-500 (562 m? g_l) and starts
to decrease at 550 °C (522 m” g'), which reveals that the
well-defined micropores start to form at 350 °C and their
formation is completed at 500 °C. As compared to our
previous materials or other covalent frameworks, the specific
surface area is slightly lower, thus underlining the thicker C;N-
like wall structure, as indicated in Scheme 1. Diaminophena-
zine at least dimerizes for framework formation, thus giving the
essential chemical features for this structure.

The pore-size distributions of GDs are calculated by the
quenched solid density functional theory (QSDFT) method
(Figures 2b and S4), and they show hierarchical pores with
interconnected or stacked narrow, structural micropores (1
nm) and a second, broader pore size distribution of 2—8 nm,
which we attribute to delamination, as already observed in the
thermal treatment of CTFs.** From Figure SS, it can be
observed that higher condensation temperatures (850 °C) give
rise to higher pore volumes and increased pore sizes due to a
slight structural decomposition (10 wt % further mass), which
we attribute to further delamination. However, because of the
high stability of the skeleton, the N, adsorption—desorption
isotherms and pore-size distribution curves maintain a similar
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Figure 3. DSC records of the samples: (a) aspirin and (b) aspirin with GD-500.

shape compared to the 550 °C sample, and the specific surface
area remains high at 921 m* g\,

Since the measurement of low-pressure nitrogen physisorp-
tion in such polar materials can be affected by the high
quadrupole moment of nitrogen and thus leads to larger errors
in determining the size of the micropores, we performed argon
physisorption at 87 K to exemplarily determine the micropore
size of the sample GD-500 (Figure S6). The shape of the
isotherm is comparable to the nitrogen measurements, and the
average micropore size of GD-500 was determined to be 1.3
nm.

We make the assumption that if 1 mol of gallic acid is
reacting with 1 mol of 2,3-diaminophenazine, the expected
composition of the product will be C;(N;O, (the decarbox-
ylation is calculated out), and the N contents in the framework
will be 13.9 wt %. From the elemental analysis (Table S2), the
N contents (indeed around 12 wt %) of GDs are not too far
from the expected theoretical values, which means only a small
amount of N is lost due to ammonia elimination during the
process of condensation at high temperature. Because of the
rather pure reaction, the structure of GDs is very close to the
drawn framework structure as shown in Scheme 1. Therefore,
micropores have been indeed successfully introduced into the
C;N structure through a one-to-one reaction between gallic
acid and 2,3-diaminophenazine. The contents of N in GD-300,
GD-350, GD-400, GD-450, GD-500, and GD-550 are analyzed
to be 12.09, 12.71, 12.53, 12.30, 11.41, and 10.67 wt %,
respectively (Table S2). These results indicate that the binary
structure of the framework is very temperature-stable and
hardly contains functional side groups that are easy to
eliminate, as there is no significant decay of the heteroatoms
with an increase of the condensation temperature. This result
is very consistent with the result of TGA. In contrast, the
specific surface area of GDs increases sharply while
maintaining a similar chemical composition (Figure 2c).
Thus, the porosity of the materials does not come from the
decomposition of the framework and structural defects but
mainly comes from the formation of larger than accessible
arrays of aromatics in the materials’ skeleton by structural
ripening.

To further examine the compositional feature, X-ray
photoelectron spectroscopy is performed for GD-300 to GD-
550. The high-resolution O 1s XPS spectra can be
deconvoluted into three peaks at 533, 531.8, and 530.7 eV
(Figure S7), corresponding to O, C—O-C, and C=O,
respectively.” This indicates again the formation of aromatic
systems with a (+)-charge at the O atoms. Figure 2e shows that
the peaks at 399.8 and 398.4 eV can be assigned to nitrogen in
aromatic rings and secondary amine groups in the para
position of O/N, respectively.'" Furthermore, the atomic ratios
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of the two nitrogen configurations of N in C—N pyrazinic
motifs and secondary C—NH—C motifs obtained from XPS
results are plotted as a function of the condensation
temperature (Figure 2d). As the temperature increases, more
nitrogen is converted into pyrazinic N motifs, which are
relevant to create conjugated aromatic systems during the
process of condensation.

These materials are as such promising as electrodes and also
show favorable gas sorption behavior (data not reported here),
but we want to report here on the unusual uptake and physical
behavior of medium-sized organic molecules in such frame-
works.

Drug Loading and Solid-State Characterization. It is a
commonly known problem that many newly invented potential
drug candidates have good biological activity; however, their
poor aqueous solubility hinders their clinical application.”>*°
Increasing the water solubility can improve drug availability
and reduce side effects, as well as potentially reduce the dose
required to achieve the same therapeutic effect. Changing the
drug polymorph or even crystallinity as such is one of the
simplest strategies to overcome this obstacle with changing the
drug molecule, as solubility is hindered by the crystallization
enthalpy.”” We choose aspirin, a known model compound
without larger toxicity, which is a white crystalline powder. It is
slightly soluble in water to relieve mild or moderate pain but
also used for fever, flu, and prevention of the onset of
cardiovascular and cerebrovascular diseases. Improving sol-
ubility is known to promote the immediate onset of pain relief.
We will use aspirin as a model and disperse it in the pores of
GD-500 to examine the interaction between the nanoscale
pores of the framework and aspirin molecules.

To confirm the physical state of aspirin, DSC is conducted;
the curves are presented in Figure 3. In the case of parental
bulk aspirin, a single sharp endothermic melting peak is
observed at 144.4 °C. For the 37.5 wt % aspirin-loaded sample
(30 mg of aspirin in SO mg of GD-500), only a very weak and
broad endothermic peak is visible around 99 °C, i.e., the
sample is either molecularly adsorbed, amorphous, or only in
the smallest crystalline cluster state.”*”>° This can be ascribed
to the binding of aspirin molecules on the highly polarizable
C;N-GA framework surface in the presence of N and O.
Furthermore, the encapsulated aspirin molecules are then
unable to form a crystalline state in the nanometer-sized pores,
instead of remaining in amorphous or liquid forms, which
come with increased water solubility.”>*”*" A C;N-derived
framework without gallic acid (D-500) is provided as a
reference sample to better demonstrate the characteristics of
GD-500. The nitrogen content of D-500 is significantly higher
than that of GD-500 (Table S2). However, due to the
nonporous nature of C;N, its specific surface area is only 3 m*

https://dx.doi.org/10.1021/acsami.9b20478
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g~' (Figure S8). As expected, a similar endothermic peak is
also observed in the DSC curve of the aspirin with D-500
sample (Figure S9), indicating that the C;N structure with a
very small specific surface area does not modify or even
influence the solid state of aspirin.”® GD-500 has a high pore
volume of 0.5 cm® g™', which contributes to high drug-loading
contents. Indeed, elemental analysis results after loading
aspirin drugs are very close to the theoretical values (Table
S3). Obviously, highly polar micropores can be tightly filled
with aspirin molecules, which then have a decreased or even no
melting point.

DSC analysis of other medium-sized organic molecules
loaded into GD-500 is used to further confirm the generality of
this observation (Figures S10 and S11). As expected, all acetic-
acid-, naphthalene-, and HCOONH,-loaded GD-500 samples
show significantly decreased melting peaks compared with bulk
acetic acid, naphthalene, and HCOONH,. In contrast, for
Q10, an important cosmetic active well known from consumer
applications, the melting peaks are practically unchanged in the
Q10-loaded sample (Figure S12). Q10 is a big, rather unpolar
molecule and is presumably prevented by size and polarity to
enter the inner micropores of the GD skeleton. Similar
behavior was observed for molten wax with a higher molecular
weight and higher viscosity, and also here, the melting point
showed almost no change after the wax was loaded onto the
carrier (Figure S13). These results indicate that the pore
structure and polarity are key factors that control the potential
spatial distributions of organic molecules to bind and deliver,
for instance, as drug carriers.>>*

The DSC results are also supported by XRD measurements
(Figure S14). The XRD patterns of aspirin and aspirin with D-
500 samples exhibit characteristic peaks corresponding to
crystalline aspirin.>* However, the characteristic crystalline
peaks disappear in the XRD pattern of aspirin in GD-500,
revealing that aspirin is completely present in an amorphous
form.”® This is attributed to the highly polarizable pore surface
and finite-size effects, which provide enough interaction energy
to prevent drug molecules entrapped in polar pore channels
from rearranging themselves into a crystal lattice.”® The FTIR
spectra are recorded to detect the unloaded particles on the
surface of GD-500 and D-500 (Figure S15). The spectra of
aspirin with D-500 are similar to the bulk aspirin, which is
caused by the aspirin adsorbed on the external surface or
separate aspirin crystals. However, no significant peaks related
to aspirin are found in the aspirin with GD-500 sample, which
suggests that aspirin is loaded in the deeper pores of GD-500

and it lacked aggregated particles on the external surface.’”
These results are in good agreement with DSC and XRD data
that the aspirin in the pores of GD-500 is completely in the
amorphous state.

To further investigate the role of GD-500, a release profile of
pure aspirin and aspirin-loaded GD-500 was recorded using
purified water as dissolution medium. As shown in Figure 4a,
the observed dissolution of pure aspirin is very limited in
purified water (less than 47 pg/mL within 60 min). The slow
dissolution is related to the crystalline form as confirmed by
DSC and XRD studies and its very low solubility (Figure 4b).
In the case of aspirin-loaded GD-500, a dramatic increase in
the dissolution rate and extent (200 ug/mL within 60 min) is
seen, especially when compared with that of pure aspirin. This
outstanding increase in aspirin dissolution is clearly attributed
to the improved dissolubility of amorphous aspirin present in
the pores of GD-500 (Figure 4c,d). This phenomenon results
from the factor that there is no lattice energy to be
overcome.”®™*’ Thus, such porous materials can be regarded
as promising organic delivery materials.

B CONCLUSIONS

We have reported the design and synthesis of a new series of
porous copolymers made of gallic acid and 2,3-diaminophe-
nazine building blocks connected through condensation
reactions in salt melts. The reaction occurs with unprecedented
mass yields, i.e., polycondensation occurs in a rather defined
fashion, considering the extreme conditions involved. GD-500
shows a good BET surface area, high microporosity, and
abundant N and O heteroatoms. Furthermore, strong polar-
ization on carbon pore walls and well-defined pore structures
in GD-500 lead to the incorporation of organic guest
molecules, which cannot crystallize due to surface interactions
and the quantum confinement effect. This is exemplified by
effectively reducing the melting point of aspirin and three other
small model compounds. The current work is related to the
analysis of the redox properties and the electronic states of
these materials.
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S1), cumulative QSDFT pore-size distribution curves
(Figure S4), N, adsorption and desorption isotherms
(Figures SS and S8), Ar adsorption and desorption
isotherms (Figure S6), elemental analysis of the samples
(Tables S2 and S3), XPS O Is spectra (Figure S7), DSC
records (Figures $9—S13), XRD patterns (Figure S14),
and FTIR spectra (Figure S15) (PDF)
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