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ABSTRACT: Covalent triazine frameworks (CTFs) are porous organic materials promising for applications in catalysis and sepa-
ration due to their high stability, adjustable porosity and intrinsic nitrogen functionalities. CTFs are prepared by ionothermal trimer-
ization of aromatic nitriles, however, multiple side reactions also occur under synthesis conditions, and their influence on the mate-
rial properties is still poorly described. Here we report the systematic characterization of nitrogen in CTFs using X-ray photoelec-
tron spectroscopy (XPS). With the use of model compounds, we could distinguish several types of nitrogen species. By combining 
these data with textural properties, we unravel the influence that the reaction temperature, the catalyst and the monomer structure 
and composition have on the properties of the resulting CTF materials.  

INTRODUCTION 
Porous organic frameworks (POFs) consist of organic mon-

omers linked by covalent bonds and have recently found many 
applications in the fields of catalysis and separation.1 Variation 
of the monomer units results in a wide range of materials with 
different pore size distributions and various functionalities. 
Owing to their high structural and functional tunability, POFs 
offer numerous advantages when compared to traditional 
inorganic materials. Thus, the development of new POF struc-
tures and their applications have been intensively researched 
over the last decade. Covalent triazine frameworks (CTFs) are 
among the most popular POF classes because they are com-
posed of rigid conjugated aromatic networks with high thermal 
and chemical stability as well as very high porosity.2 CTFs are 
synthesized from relatively cheap aromatic nitriles and are 
formed by Lewis acid-mediated nitrile trimerization2-3 
(Scheme 1), although alternative synthetic routes are also 
possible3d, 4.  

 

Scheme 1. Synthesis of CTFs from a) terephthalonitrile (1) 
and b) 2,6-pyridinedicarbonitrile (2) (idealized CTF struc-
tures). 

 

Scheme 2. Possible side reactions during the CTF synthesis at 
elevated temperatures. 

Intrinsic nitrogen functionalities within the structure make 
CTFs very attractive materials for the coordination of metals5, 
as well as for selective adsorption3a, 6. Since the first synthesis 
of CTFs using ZnCl2 as catalyst2, several attempts have been 
made to rationalize and optimize their synthesis. Extensive 
studies of the ionothermal synthetic conditions have shown 
that the framework porosity strongly depends on the synthesis 
temperature and the amount of catalyst used to promote the 
nitrile trimerization2, 7. An increase of the polymer mesoporos-
ity is observed with raising the synthesis temperature from 400 
ᵒC to 700 ᵒC, although at the expense of structure regularity. 
This effect can be a result of two factors: i) irreversible C-C 
and C-N bond formation under Lewis-acid catalyzed condi-
tions (e.g. Diels-Alder type reactions8, Scheme 2) and/or ii) 
carbonization of the material at high temperature. However, 
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detailed studies have not been performed either on the nature 
of intermediate species or on the polymerization mechanism. 
Synthesis at lower temperature and extended time (300ᵒC for 7 
days) prevents these side reactions, but leads to a mixture of 
aryl-triazine oligomers (ATOs)9 with negligible to moderate 
porosity and surface area, rather than to a porous framework. 

Most of the research dedicated to tuning the porosity by 
modifying the CTFs synthetic procedure has only been pub-
lished on CTF-1, prepared from the monomer terephthaloni-
trile, 1 (Scheme 1a)7b, 10. Access to CTFs with different func-
tionalities is crucial for their application. CTF-10, synthesized 
from 2,6-pyridinedicarbonitrile (2), contains suitable pincer-
like pyridinic-triazinic sites for metal coordination. The syn-
thesis of CTF-10 compared to that of CTF-1 represents a 
more complicated process. Preferential zinc binding to the 
pyridine moieties promotes the activation of neighboring 
nitrile groups, causing back-donation from Zn dxz and dyz or-
bitals to the anti-bonding π*-orbital of the C≡N group. This 
back donation can favor the trimerization reaction, as well as 
promote various side reactions. As a result of these additional 
side reactions, CTF-10 has significantly lower porosity com-
pared to CTF-17c. 

It should be noted that most of CTFs are amorphous dark 
materials with strong absorbance in the spectral range of many 
common spectroscopic techniques. These features make the 
characterization of these materials difficult and hampers a 
better understanding of their structural and chemical proper-
ties. In contrast, the ATOs usually display a yellow color and 
can be characterized by methods involving visible and ultravi-
olet light irradiation9. Although ATOs can be considered as 
model compounds for CTF characterization, synthesis of CTFs 
from ATOs is still accompanied by some degree of amor-
phization giving rise to a variety of new carbon and nitrogen 
species that cannot be easily characterized. Alternative spec-
troscopies that use higher energy (XAS, XPS)5b, 11 or are based 
on magnetic properties (CP-MAS solid-state NMR)6, 10-11 be-
come a common and useful tool for the challenging character-
ization of these materials. Moreover, due to the gamut of spe-
cies present in the amorphous CTFs, interpretation of experi-
mental data becomes challenging and demands in-depth study 
of the materials. 

 

Figure 1. Deconvolution of the N1s spectrum of CTF-10 (iono-
thermal synthesis with 5 equivalents of ZnCl2 at 500 ºC for 48 h) 
with a typical peak assignment according to the literature. 

The relatively broad range of N1s binding energies makes 
X-ray photoelectron spectroscopy (XPS) a useful tool for 
characterization of species containing multiple nitrogen moie-
ties in different electronic environments. XPS has already 
been successfully applied to a variety of carbon-nitrogen mate-
rials including carbon nitrides12, N-functionalized amorphous 
carbons13, N-doped carbon nanotubes and graphenes14 and N-
containing organic polymers15. However, non-systematic use 
of the method can provide only limited knowledge. As an 
example, the typical deconvolution11 of the N1s spectrum for 
CTF-10 (Fig.1) merely relies on assignments reported in the 
literature for amorphous carbons.  

In this work, we show the opportunities that XPS offers for 
characterization of CTFs. By using XPS together with charac-
terization of the textural properties we critically review CTF 
ionothermal synthesis and highlight the impact that different 
monomers, synthesis temperature and catalysts have on the 
final properties of these solids. Through a correlated study of 
model compounds, we are able to assign a number of nitrogen 
species that until now have been elusive and assigned only on 
basis of nitrogen containing organic polymers and carbona-
ceous supports.  

EXPERIMENTAL SECTION 
Synthesis of CTFs. The synthesis procedure for CTF mate-

rials was similar to the one reported by Kuhn et al2. Various 
dicarbonitrile monomers, trimerization catalysts (inorganic 
Lewis acids) and reaction temperatures were used for different 
samples. All samples reported in this work and details of their 
preparation are summarized in Table 1. In a typical synthesis, 
a quartz ampoule was charged with the mixture of correspond-
ing nitriles and an anhydrous metal salt in a molar ratio of 
nitriles:chloride = 1:5 inside the glovebox. The ampoule was 
flame sealed and heated to the desired temperature with a 
heating rate of 1°C min-1, kept at this temperature for 48 hours 
and then cooled to room temperature. The product was conse-
quently washed in 15% HCl solution at 100 °C, in 15% 
NH4OH solution at 60 °C, in H2O at 100 °C and finally in 
THF at 60 °C overnight. The resulting powder was dried under 
vacuum at 180 °C overnight. The overall yield was typically in 
the range of 90-98%. 

Synthesis of model compounds. Complexes 4-Cu and 5-
Cu (Fig. 2) were prepared from commercially available 2,4,6-
triphenyl-1,3,5-triazine (4) and 2,4,6-tris(2-pyrydyl)-1,3,5-
triazine (5), respectively. In a typical synthesis, a mixture 1:1 
molar ratio of the corresponding ligand and the 
tetrakis(acetonitrile)copper(I) hexafluorophosphate salt 
(Cu(MeCN)4PF6) was dissolved in methanol and set under 
reflux at 80°C overnight. The resulting solids were filtered and 
dried in air at 80 °C. 

Synthesis of Cu-CTF-10. 496 mg of CTF-10 and 250 mg 
of copper(II) acetate monohydrate were mixed in 20 mL of 
methanol under constant stirring with reflux at 80°C over-
night. The resulting black solid was filtered and dried in air at 
80 °C. 

X-ray photoelectron spectroscopy. XPS measurements 
were performed on a K-alpha Thermo Fisher Scientific spec-
trometer using a monochromatic Al Kα X-ray source. In a 
typical experiment, the sample powder was mounted on a 
double-faced conducting carbon tape (NEM TAPE, Nisshin 
EM Co., Ltd.), attached to a sample holder. The holder with 
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the mounted samples was loaded into the sample loading 
chamber and set under vacuum to reach 2·10-7 mbar. At this 
pressure, the sample holder was transferred into the analysis 
chamber and set to reach c.a. 10-8 mbar. The X-ray gun was 
operated at 3 mA and 12 kV and the spot size was set to 400 
µm. Precision spectra of the core photoelectron lines were 
registered with 0.1 eV energy step using constant analyzer 
pass energy of 50 eV. The measurements were performed at 
ambient temperature, the chamber pressure during the meas-
urement was about 10-7 mbar. A flood gun was used for charge 
compensation. 
Table 1. Synthesis conditions and textural properties of CTFs 

Samplea 2 2a 3 

surface 
area 
BET, 
m2 g-1 

Total pore 
volume, cm3 
g-1 

Micropore  
volume, 
cm3 g-1 

CTF-10 1 0 0 905 0.40 0.35 

CTF-10-
1x 1 0 0 756 0.32 0.29 

CTF-10a 0 1 0 895 0.39 0.35 

CTF-
10a-400 0 1 0 0 0 0 

CTF-02 0 0 1 1881 1.55 0.25 

CTF-11 1 0 1 1608 0.96 0.48 

CTF-12 1 0 2 1730 1.05 0.42 

CTF-12-
10h 1 0 2 1513 0.85 0.42 

CTF-12a 0 1 2 1939 1.24 0.34 

CTF-
12a-400 0 1 2 1027 0.45 0.38 

CTF-12-
400 1 0 2 1227 0.63 0.41 

CTF-14 1 0 4 1722 1.24 0.17 

CTF-
10(Cu)b 1 0 0 1151 0.70 0.25 

CTF-
10(Sn)c 1 0 0 494 0.23 0.21 

2 2a 3 

2,6-
pyridinedicar-

bonitrile 

2,4-
pyridinedicar-

bonitrile 

 

4,4’-biphenyldicarbonitrile 

aSamples are denoted as CTF-XX-T(-400), where XX gives the stoi-
chiometric ratios of linker mixtures used during synthesis. The suffix -400 
is used for samples synthesized at 400 °C. Samples without this suffix 

were synthesized at 500°C.  
bSynthesized using CuCl as ionothermal Lewis acid catalyst. 
cSynthesized using SnCl2 as ionothermal Lewis acid catalyst. 

All the measured spectra were corrected by setting the ref-
erence binding energy of carbon (C1s) at 285.0 ± 0.025 eV. 
Spectra were analyzed using the Thermo Avantage software 
package. Background subtraction was done using the setting 
“SMART” (based on the Shirley background with the addi-
tional constraint that the background should not be of a greater 
intensity than the actual data at any point in the region). The 
deconvolution of spectra was performed using a mixed Gauss-
Lorentz function where the Lorentzian contribution was set to 
20% for C1s, N1s and O1s and to 30% for Cu2p, Zn2p, Sn2p. 
Quantification was done using the Scoffield sensitivity factors. 
Difference in depth of analysis for different photoelectron 
lines was accounted using the TPP-2M method16. 

Nitrogen adsorption measurements were performed using 
a Tristar II 3020 Micromeritics instrument at 77K. Samples 
were activated under N2 flow for at least 13 h at 150 °C. Pore 
size distribution, pore volume and surface area were calculated 
using Microactive Version 3.00 software. 

RESULTS AND DISCUSSION 
The N1s spectra of CTFs normally consist of a peak with 

BE ≈ 398.5 eV, usually attributed to “pyridine-like” aromatic 
nitrogen, and a broader shoulder at higher binding energy, 
considered to arise from partial framework decomposition. 
Common deconvolution of the N1s line is given by a “pyri-
dine-like” peak and three other peaks to fit the shoulder (Fig. 
1). The designation of these peaks – “pyrrol-like” (BE ≈ 400 
eV), “quaternary” (BE ≈ 401 eV) and “oxygenated (N-O)” 
(BE > 402 eV) nitrogen species – is based on the nomencla-
ture used in the literature for N-doped carbons13b. Coordina-
tion of metals to CTFs leads to increasing of the peak between 
399.5 - 400 eV. This effect is often attributed to the interaction 
of the nitrogen binding sites of CTFs with metals. However, it 
was never unambiguously assigned to a metal-framework 
interaction5b-d, 11.  

To assign the different signals arising from N species in the 
CTFs, we investigated some reference compounds. 2,4,6-
triphenyl-1,3,5-triazine (4) and 2,4,6-tris(2-pyrydyl)-1,3,5-
triazine (5) were chosen as model compounds as they repre-
sent the structural units of CTF-1 and CTF-10 (Scheme 1). 
1,3,5-triazine (6) without any substituents was also measured 
for comparison. To have a reference for non-reacted nitrile 
groups, we have also investigated 3 and 1,2,4,5-
tetracyanobenzene (7) with XPS. Measurements of other ni-
trile-containing monomers reported in this work were not 
possible due to their low adhesion towards the supporting 
material (carbon tape) and higher volatility in high vacuum 
conditions. 

The results show that the exact position of the N1s line from 
triazinic species strongly depends on the nature of the substit-
uents of the ring (Figure 2). While the non-substituted triazine 
(6) is characterized by a peak with BE = 400.3 eV, substitution 
of hydrogen atoms for electron-donating phenyl rings in the 
triazine ring (4) shifts the peak to significantly lower binding 
energy, 397.9 eV. When pyridinic groups are present (com-
pound 5), two different nitrogen species in XPS can be ex-
pected. However, in the N1s line of 5 only one peak, shifted to 
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higher binding energy (398.7 eV), is observed. Full width at 
half-maximum (FWHM) of this peak is the same as for 4 
(FWHM = 1.3 eV). Thus, 5 represents a fully conjugated 
aromatic system where the nitrogen moieties in the triazine 
unit and pyridine rings result in electronically similar species, 
and likely the peak at 398.7 eV is a superposition of pyridinic 
and triazinic species with very close binding energy. Taking 
into account that pyridine and triazine are 6-membered nitro-
gen-containing aromatic heterocycles with each nitrogen atom 
contributing only one electron into the π-aromatic ring, we 
further denote this peak as N6 peak. 

 

394 396 398 400 402 404 406

7

6

CTF-10

N1s (pyridinic) N1s (coordinated)

N1s(decomposition)

In
te

ns
ity

 (a
.u
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Figure 2. N1s XPS spectra of CTF-10 compared to that of the 
model compounds: phenyl substituted triazine (4), pyridine func-
tionalized triazine (5), the Cu complex 5-Cu, non-functionalized 
triazine (6), and 4,4’-biphenyldicarbonitrile (3) and 1,2,4,5-
tetracyanobenzene (7) monomers for CTF synthesis. The gray 
lines indicate the maxima of the three peaks obtained for the 
deconvolution of CTF-10 N1s line (BE= 398.7, 399.6, and 400.9 
eV).  

To investigate how metal coordination affects the N1s XPS 
spectra of CTFs, we also prepared the Cu complexes of 4 and 
5 (denoted as 4-Cu and 5-Cu, respectively). Mixing of 4 with 
Cu(MeCN)4PF6 in solution does not result in any color change 
and the position of the N1s peak does not shift. In contrast, 
mixing of a Cu salt with 5 leads to rapid color change of the 
solution to dark red, and the N6 peak in the N1s spectrum of 
the resulting complex clearly shifts to higher binding energy 
(399.5 eV). Thus, the 1,3,5-triazinic groups within the CTF 
structure have poor coordinating properties for transitional 
metal ions, but polydentate pyridine-triazine species are ad-
vantageous for metal coordination.  

Discrimination between the N6 and unreacted nitrile species 
with XPS turns out to be more complicated. N1s XPS spec-
trum of 7 shows a single peak at 399.65 eV, that overlaps with 
coordinated N6 peak. However, C1s XPS spectrum of 7 shows 
an intense peak at 286.8 eV, that can be used for distinguish-
ing these species (Figure S1). In case of 3 the nitrile peak 
appears in N1s XPS spectrum at 399.0 eV, that is located in 
between coordinated and non-coordinated N6 species, making 
it difficult to identify. Thus, in most of cases the free nitrile 
peak in N1s line will be hidden by N6 peaks, so the fraction of 
unreacted nitriles could be estimated only from the peak at 
approx. 287 eV in C1s line.  

Using the peak positions from model compounds, we de-
convoluted the N1s line of samples CTF-10 and Cu coordi-
nated to this framework (Cu-CTF-10, Fig. 3). Fitting resulted 
in four peaks (398.7, 399.5±0.1, 401.0±0.1 and 403.0±0.2 eV) 
attributed to free N6 species, coordinated N6 species, products 
of partial CTF decomposition and oxidized N-O species, re-
spectively. Including several peaks for decomposition prod-
ucts was making the fitting too ambiguous, so we decided to 
use one broad peak at ≈401 eV for all species arising from 
CTF degradation. The increased intensity of the peak at 399.5 
eV demonstrates that metal coordination contributes to this 
peak and proves the applicability of the proposed deconvolu-
tion model. Using this model, we investigate the influence of 
monomer composition, synthesis temperature and trimeriza-
tion catalyst in CTFs materials. 

 
Figure 3. Deconvoluted N1s XPS spectra of CTF-10 and Cu-
CTF-10. The gray lines indicate the maxima of the three peaks 
obtained for the deconvolution of CTF-10 N1s line (BE= 398.7, 
399.6, and 400.9 eV). 

Coordination properties of the monomer during synthe-
sis. CTF-10 is a microporous material and it is possible to 
introduce mesoporosity either by: (i) increasing the synthesis 
temperature or (ii) introduction of different monomers with 
distinct topologies (e.g. 4,4’-biphenyldicarbonitrile, 3) to the 
reaction mixture5c, 5d, 6a, 7a. To analyze the impact of the mono-
mer ratio during synthesis and how this reflects on the CTF 
XPS N1s line, we prepared a series of CTFs with different 
monomer ratios (2 to 3) in the reaction mixture – 1:1, 1:2 and 
1:4 ratios, denoted as CTF-11, CTF-12 and CTF-14, respec-
tively (see Table 1). The CTF obtained only from monomer 3 
was also prepared for comparison (denoted as CTF-02). 
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XPS C1s spectra of CTF samples (Figure S2) were fitted us-
ing four peaks with binding energies of 285.0 eV (adventitious 
carbon/C-C bonds), 286.4±0.2 eV (C-O groups), 287.5±0.2 eV 
(C≡N groups) and 289.0±0.1 eV (O-C=O groups). The ratio of 
C≡N to C-O peak areas was nearly constant, and the C≡N 
peak area was around 5% of C1s line for all CTFs (Table S2). 

 

 

Figure 4. a) N1s XPS spectra and b) evolution of BET surface 
area, ratio of N6 to decomposition nitrogen species and ratio of 
free N6 to coordinated N6 species for CTFs prepared from mix-
tures of monomers 2 and 3 with different ratios. Nomenclature 
according to Table 1. 

According to Zn2p XPS data, all CTF samples contain re-
sidual amounts of zinc (see Table S3). This observation is 
supported by the results of elemental analysis for selected 
samples (2.87 wt% of Zn in CTF-10, 0.3 wt% of Zn in CTF-
12). Content of zinc roughly correlates with the content of 

nitrogen for all samples, thus, coordinated N6 species are 
expected to be present in all CTFs. 

The XPS N1s spectra for these CTF series are shown in 
Fig.4a. When using a greater number of equivalents of 3, a 
relative decrease of the total amount of N6 species in CTFs 
and an increased ratio of free to coordinated N6 species is 
observed (Figure 4b). Although there is a difference in the N6 
peak position in 4 and 5 and the same shift can be expected 
when increasing equivalents of 3, the N6 peak shows a negli-
gible shift among all samples, including CTF-02. This sug-
gests that the electron donation of each biphenyl unit in the 
CTFs structure is lower compared to that in 4, where the phe-
nyl rings are connected to only one triazine unit. 

According to N2 adsorption measurements (Fig. 4b, Fig S3), 
higher loading of 3 significantly increases the surface area and 
mesoporosity of CTFs. Fig. 4 shows that these changes are 
accompanied by an increase of the CTF decomposition prod-
ucts peak in the N1s XPS spectra. Thus, biphenyl groups of 3 
favor the reactions of CTF decomposition (Scheme 2), and the 
increase of porosity is achieved at the expenses of the total 
number of sites available for coordination within the structure. 
However, it is not clear whether the framework decomposition 
or the bigger size of 3 has a greater effect on the CTF porous 
structure. 

394 396 398 400 402 404 406
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.)

Binding Energy (eV)

CTF-10-1x

CTF-10

 

Figure 5. N1s XPS spectra of CTF-10 and CTF-10-1x. 

Influence of the catalyst amount. It was shown for CTF-1, 
that decomposition of CTFs depends strongly on the amount 
of catalyst used for the synthesis. For that framework the most 
crystalline sample was prepared with the ratio of mono-
mer:ZnCl2 = 1:17c. However, in case of CTF-10 the optimal 
amount of catalyst can be different due to the presence of 
coordinating pyridinic groups within the framework. In order 
to investigate this, we have prepared CTF-10 with 1:1 catalyst 
loading (further denoted as CTF-10-1x). Comparison of C1s 
XPS spectra (Fig. S4) shows that CTF-10-1x has higher con-
tent of free C≡N groups than CTF-10 (8.1% and 5.7% of total 
C1s line area, respectively). The ratio of N6 species to decom-
position products, obtained from deconvolution of N1s XPS 
spectra (Fig. 5), was found equal to 1.94 and 1.41 for CTF-10 
and CTF-10-1x, respectively. This indicates that reactions of 
CTF decomposition take place both in case of 1:1 and 5:1 
ratios of ZnCl2:monomer, but for 1:1 loading the CTF synthe-
sis is not complete and still a lot of free nitrile groups are 
present after synthesis. Thus, the optimal amount of ZnCl2 
catalyst for CTF-10 synthesis is different from equimolar, 
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probably due to the presence of coordinating pyridinic sites in 
the monomer structure. 

Influence of the reaction time. In order to investigate how 
CTF properties depend on the reaction time we have run the 
synthesis of CTF-12 for 10 h and for 48 h (these samples are 
further denoted as CTF-12-10h and CTF-12, respectively). 
N2 adsorption measurements (Fig. S7) show that CTF-12 has 
higher BET surface area, but the micropore volume is the 
same for both samples, indicating that porosity of CTF-12 
increases only due to the framework decomposition. This is 
supported by C1s XPS spectra (Fig. S6), where content of 
unreacted C≡N groups is close for both samples, meaning that 
nitrile trimerization reaction is complete after 10 h. N1s XPS 
spectra (Fig. 6) show the same ratio of N6 to decomposition 
species for both samples, but the total content of nitrogen 
decreases with increasing reaction time. This indicates that 
decomposition of CTF at 500ᵒC mainly occurs via formation 
of C-C bonds with elimination of nitrogen in a form of volatile 
N-containing compounds (HCN, NCCN, etc). 
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Figure 6. N1s XPS spectra of CTF-12 and CTF-12-10h. 

Influence of synthesis temperature. The increase of syn-
thesis temperature from 400ᵒC in CTF-12-400 to 500ᵒC in 
CTF-12 leads to an increase of decomposition products that 
accounts for more than half of the total amount of nitrogen 
species (Fig. 7). Total nitrogen content (Table S3) and C1s 
line shape (Fig. S8) do not change at higher temperature. N2 
adsorption measurements (Fig. S7) show that the micropore 
volume remains unchanged, but the mesopore volume be-
comes 3 times higher in CTF-12 compared to CTF-12-400. 
This proves that the mesoporosity of CTFs originates from 
thermal decomposition of the framework and correlates with 
the higher intensity of the decomposition product peak in the 
XPS N1s line.  

Influence of monomer structure. To understand the role of 
the monomer structure during CTF synthesis we have prepared 
CTF-10a using an isomer of 2 – 2,4-pyridinedicarbonitrile 
(2a, see Table 1). This monomer has only one of the two ni-
trile groups near the pyridinic nitrogen. The second nitrile 
group is located far from the pyridinic nitrogen, so it is ex-
pected to be closer in reactivity to the nitrile groups of 1 and 3. 
Having two different nitrile groups, a two-step reaction mech-
anism, where the trimerization rate of nitriles in ortho-position 
to the pyridinic nitrogen can be faster to that in para-position, 
can be expected. As it was already discussed above, close 
proximity of nitrile groups to the pyridinic N atom in 2 should 

promote the synthesis of CTF and potentially the decomposi-
tion reactions. The N1s line of the sample synthesized at 
400ᵒC (CTF-10a-400) shows one main peak with BE = 398.9 
eV and a negligible amount of decomposition products (Fig. 
8). Binding energy of 398.9 eV matches perfectly with the 
values observed for 3, that contains free nitrile groups. In-
crease of the free C≡N peak is also observed in C1s XPS line 
(Fig. S9). Adsorption measurements show that CTF-10a-400 
has no porosity. Thus, this suggests that when using 2a only 
oligomers are formed rather than an extended CTF framework. 
This also confirms that the nitrile groups in ortho and para 
position of the pyridine ring have significantly different reac-
tivity in trimerization reaction. 

 
Figure 7. N1s XPS spectra of CTF-12, CTF-12-400, CTF-12a, 
and CTF-12a-400. 
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Figure 8. N1s XPS spectra of CTF-10, CTF-10a and CTF-
10a-400. 

Use of 2a for synthesis of CTF-12a-400 leads to lower sur-
face area and mesopore volume compared to CTF-12-400. 
N1s XPS spectra for these two samples are very similar (Fig. 
7), but C1s XPS spectra show increase of C≡N peak in case of 
CTF-12a-400 (Fig. S8). On the contrary, CTF-12a, prepared 
at 500ᵒC, has higher mesoporosity and surface area than CTF-
12. XPS characterization of CTF-12a demonstrates that it has 
significantly lower concentration of N6 species and higher 
concentration of framework decomposition products in the 
N1s line compared to CTF-12.  

Use of 2a instead of 2 for CTF synthesis hampers the 
framework formation at 400ᵒC and promotes the decomposi-
tion reactions at 500ᵒC. This shows that uniform activation of 
nitrile groups within the monomer is critical for the formation 
of the framework and proves that the formation of Zn-
monomer complexes has an important structure-directing role. 

Influence of the catalyst nature. Complexation of Zn to 
the monomer 2 promotes the activation of the nitrile groups 
and the CTF formation. The use of a Lewis acid that is able to 
form a more stable complex with 2 than that of ZnCl2, can be 
beneficial for the synthesis procedure. The use of CuCl as 
catalyst for CTF synthesis is attractive as it forms much 
stronger complexes with 2 than ZnCl2

17. A drawback of using 
CuCl is its higher melting temperature and higher oxidation 
potential compared to ZnCl2. Another promising catalyst for 
CTF synthesis is SnCl2 because has lower melting temperature 
than ZnCl2 and has an intermediate oxidation potential com-
pared to CuCl and ZnCl2 (Table 2). 

 

Figure 9. N1s XPS spectra of CTF samples prepared from 2 at 
500ᵒC using ZnCl2, CuCl and SnCl2 as trimerization catalysts. 

 

Table 2. Properties of some inorganic Lewis acids 

Lewis acid Melting T, ᵒC Standard oxidation potential 
(Mn+ + ne = M0) 

ZnCl2 290 -0,7628 
CuCl 426 0,521 
SnCl2 247 -0,14 

 

Fig. S10 represents N2 adsorption isotherms for CTF-10 
samples prepared at 500ᵒC using ZnCl2, CuCl and SnCl2 as 
trimerization catalysts (denoted as CTF-10(Zn), CTF-10(Cu) 
and CTF-10(Sn), respectively). CTF-10(Cu) is significantly 
more porous than CTF-10(Zn) and even exhibits some meso-
porosity. Comparison of XPS N1s spectra (Fig. 9) shows that 
CTF-10(Cu) and CTF-10(Sn) have a smaller fraction of N6 
species and relatively higher content of framework decompo-
sition products compared to CTF-10(Zn). This means, that the 
increased porosity of CTF-10(Cu) is a consequence of the 
partial decomposition of the framework. Interestingly, the 
sealed ampoule that was used for the CTF-10(Cu) synthesis 
was coated with a thin layer of metallic copper after 48 h of 
reaction, indicating the reduction of CuCl during synthesis. On 
the contrary, when using SnCl2 the surface area decreases. 
Quantification of XPS data shows that tin to nitrogen ratio in 
CTF-10(Sn) is significantly higher than zinc to nitrogen ratio 
in CTF-10(Zn) and copper to nitrogen ratio in CTF-10(Cu) 
(0.20, 0,05 and 0,02, respectively), suggesting that the pores of 
CTF-10(Sn) can be partially blocked by fully encapsulated 
residuals of the catalyst. 

The use of Lewis acids other than ZnCl2 as catalysts for 
CTF synthesis can be beneficial for the one-step introduction 
of the desired metal (e.g. copper) into the structure of CTF. 
However, under ionothermal conditions many metal salts can 
easily oxidize organics, thus promoting decomposition of the 
framework and an increase in mesoporosity. 

CONCLUSIONS 
Synthesis of CTFs proceeds through a delicate interplay be-

tween framework formation via nitrile trimerization and 
framework decomposition through C-C coupling. By combin-
ing the results of a thorough XPS study with the textural prop-
erties of CTFs synthesized under different conditions, we 
show that decomposition of CTFs increases the surface area 
and mesoporosity of the material, but decreases the relative 
amount of accessible nitrogen species. Increase of synthesis 
time and temperature and use of oxidizing compounds as 
trimerization catalysts promote the decomposition reactions. 
Use of monomers that form more stable complexes with Lewis 
acids favors the CTF formation and reduces the rate of frame-
work decomposition. 
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