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Abstract

A new carbon-nitrogen organic semiconductor has been synthesized by pyrolysis of uric
acid. This layered carbon-nitrogen material contains imidazole-, pyridine
(naphthyridine)- and graphitic-like nitrogen, as evinced by infrared and X-ray
photoelectron spectroscopies. Quantum chemistry calculations support that it would
consist of a 2D polymeric material held together by hydrogen bonds. Layers are stacked
with an interplanar distance between 3.30 and 3.36 A, as in graphite and coke. Terahertz
spectroscopy shows a behavior similar to that of amorphous carbons, such as coke, with
non-interacting layers. This material features substantial differences from polymeric
carbon nitride, with some characteristics closer to those of nitrogen-doped graphene, in
spite of its higher nitrogen content. The direct optical band gap, dependent on the
polycondensation temperature, ranges from 2.10 to 2.32 eV. Although in general the
degree of crystallinity is low, in the material synthesized at 600 °C some spots with a

certain degree of crystallinity can be found.

Keywords: carbon nitride, nitrogen-carbon materials, organic semiconductor, THz
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spectroscopy, uric acid

1. Introduction

The piece of work presented herein on the products obtained from the pyrolysis of uric
acid (UA) started with the objective to find an alternative pathway for the synthesis of
polymeric carbon nitride (g-CsNg4), an organic semiconductor that is receiving
substantial attention due to its versatility and many potential applications [1-15].
However, the chosen precursor yielded a material with a lower nitrogen content (N to C
atomic ratio ~0.6) than that of g-C3sN4 (N to C atomic ratio of 1.33) and different
polymer structure and electronic properties.

This novel carbon-nitrogen material would also belong to the class of organic
semiconductors, which combine the electronic advantages of semiconducting materials
with the chemical (and mechanical) benefits of organic compounds. Therefore, the
ability to absorb light and conduct electricity is coupled with a structure with a flexible
backbone that can easily be modified by chemical synthesis (however, the control of
modifications would depend on several factors).

The new synthesized material can be regarded as a graphitic material with imidazole-,
pyridine (naphthyridine)- and graphitic-like nitrogen. Nonetheless, whereas the
concentration of nitrogen in the either nitrogen-doped or defective graphite is around 2
or 3 at% (N to C atomic ratio of ca. 0.03), the nitrogen content in this new material is
much higher (~33 at%), forcing to a less randomized distribution of defects. For
example, the recently synthesized C,N exhibited a very organized 2D structure. C,N, in
combination with g-C3N,4, offers a potential way to improve the efficiencies of both
photoabsorption and electron-hole separation of g-CsN,4 without involving any transition

metals. Fechler et al. synthesized nitrogen rich graphitic materials starting from various
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types of quinones and urea as precursors, showing that the amount of nitrogen in the
final materials depended on reaction temperature [16-19].

Another extensively nitrogen-doped (mesoporous) carbon was synthesized by Goel et
al. from melamine and formaldehyde. They obtained an interesting cross-linked
structure by nanocasting that would mainly be ascribed to a certain type of melamine-
formaldehyde resin with a high content of bridging oxygen atoms [20]. On the contrary,
the material under study has a very low content of oxygen. Organic semiconductors of
the indolocarbazole family have similar nitrogen-containing basic units and tend to have
a m-n stacking and band gaps between 2.50 and 2.90 eV, depending on the side chains
and the oligomer type [21-23]. Their degree of crystallinity has been shown to depend
largely on the side chains and oligomer length, copolymers, as well as on the deposition
method [21,22]. When they are part of large polymers, they tend to be more amorphous
and the diffraction peaks become much broader and can be considerably shifted [23]. An

example of these basic semiconductors is shown in Fig. 1, where R can be a side chain.

A

N
|
R

Fig. 1. Chemical structure of based oligomers, R is a side chain [22].

The specific combination of imidazolic, pyridinic, and graphitic nitrogen of the
materials synthesized with UA is actually determined by the decomposition pathway of
the crystalline UA and can be regarded as one of the upper limits of nitrogen-doped

graphite (graphene) materials, such as those reported by Fechler, Zussblatt, Rothe,
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Schlogl, Willinger, Chmelka and Antonietti [19] and Mahmood Mahmood, Lee, Jung,

Shin, Jeon, Jung, Choi, Seo, Bae, Sohn, Park, Oh, Shin and Baek [17].

0 NH,,

H
g A

N

NH
AN, A
H

H-N N NH
H 2 2

Fig. 2. Chemical structures of uric acid (left) and melamine (right).

2. Experimental

2.1. Materials

Uric acid was supplied by Aesar and melamine was supplied by Sigma-Aldrich with
purities higher than 99% (the chemical formulas are displayed in Fig. 2). A mixture of
95 wt% of uric acid and 5 wt% of melamine was prepared and milled in an agate mortar
for 5 min (both materials are solids). Portions of 5 g of the blend were treated at different
temperatures and times in air: 450 °C for 15 min, 550 °C for 15 min, 600 °C for 15 and
30 min. Samples were identified as CN450, CN550, CN600-1, and CNG600-2,
respectively. The (weight) reaction yields were 74.33%, 67.87%, 44.89%, and 34.36%,
respectively, corresponding to different decomposition advancements and to the
formation of nitrogen-rich powder products. The products exhibited different colors,

ranging from brown (CN450) to intense black (CN600-2).

2.2. Analytical methods

FT-IR spectroscopy: The infrarred spectra were acquired by means of a Agilent Carey
630 Fourier Transform-Infrarred (FT-IR) spectrometer (Agilent Technologies, Santa
Clara, CA, USA). The IR spectra were obtained directly from the solid materials by

attenuated total reflectance (ATR).
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X-ray diffraction measurements: The X-ray diffraction patterns were obtained with a
Rigaku ULTIMA-IV Bragg-Brentano powder diffractometer (Rigaki Corp., Tokyo,
Japan) with Cu Ko radiation. Glass capillaries were used for sample mounting. The
measurements always lasted for 1 hour, and crystalline silicon was used as a standard.

TEM characterization: Samples were studied by transmission electron microscopy
(TEM) with a JEM-2010F and a JEM-1010 (JEOL, Akishima, Tokyo, Japan) in order to
observe the particles morphology at lower magnifications and to find structural
information complementary to the X-ray diffraction data. The samples’ preparation
consisted in dispersing the materials into 2-butanol, treating them in an ultrasonic bath
for 30 min, and then depositing a micro-droplet (2.5uL) of the suspended fraction on a
Cu grid. Once the 2-butanol evaporated, the grids were ready for observation.

Thermal analysis: The thermal stability and decompostion rate of the products was
evaluated by thermogravimetric analysis using a SETSYS Evolution 1750 TGA-
DTA/DSC (SETARAM Instrumentation, Caluire-et-Cuire, France) with an nitrogen
flow rate of 30 mL/min and a temperature increment rate of 10 °C/min up to 900 °C.

UV-vis spectroscopy: UV-Vis diffuse reflectance spectra were measured using a
Perkin Elmer Lambda 35 UV-Vis spectrophotometer (Perkin Elmer Inc., Waltham, MA,
USA). A Spectralon® blank was used as reference. The reflectance data were

transformed to absorbance data applying the Kubelka-Munk method (Equation 1):

FR) =457 )

where R is the reflectance and F(R) is the Kubelka-Munk (K-M) function. The band gap
was estimated through a Tauc plot [24,25].

TeraHertz-time domain spectroscopy measurements: The materials under study were
dispersed in polyethylene (PE) powder in a variable low concentration and the mixture

was thoroughly ground in an agate mortar in order to form a uniform mixture. Ultra-high
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molecular weight surface-modified, 53-75 pum particle size PE from Sigma—Aldrich was
employed. The resulting samples were pressed, using a Graseby Specac press, to form
pellets with a diameter of 13 mm. A Menlo Tera K15 Spectrometer (Menlo Systems
GmbH, Planegg, Germany) was used for the THz-TDS analysis. The system was
operated in a nitrogen rich atmosphere in order to avoid the signature of water
absorption in the recorded samples. In order to reduce the noise, the results from at least
twenty consecutive samples and reference measurements were averaged to obtain the
spectral data. The material parameters in the spectral range of interest were calculated
from the time domain photocurrent traces measured with the spectrometer. These time
domain waveforms depend not only on the material data but also on the width of the
pellets due to the contributions from multiple reflections at the pellet-air interfaces.
Signal processing techniques similar to those described by Duvillaret et al. and flat-top
windowing of the time-domain data were employed in order to obtain the THz spectra of
the materials [26,27].

X-ray photoelectron spectroscopy: X-ray photoelectron spectroscopy (XPS) analyses
were performed using a Versa Probe Il X-ray photoelectron spectrometer (Physical
Electronics, Chanhassen, MN, USA) with a monochromatic Al Ka X-ray source (1486.6
eV) and a base pressure of 1x10°° Torr in the analytical chamber. The X-rays were
microfocused at the source to give a spot size on the sample of 100 um in diameter,
using the standard-lens mode. The analyzer was run in constant analyzer energy (CAE)
mode. Survey and high resolution spectra were collected using analyzer pass energies of
120 and 40 eV, respectively. The binding energy of 284.6 eV of C-C carbon was used as
a reference and as a starting point for the Cls peak deconvolution. High resolution
spectra were deconvoluted using Gaussian—Lorentzian mix function and Shirley-type

background subtraction.
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Quantum chemistry calculations: The semiempirical quantum chemistry
computations were performed with the PM6 method using the parallel implementation
for multi-threaded shared-memory CPUs and massively parallel GPU acceleration of the
MOPAC2012 software package. A Fedora Linux server with a 12 cores Intel Xeon

processor and a NVIDIA Tesla K20 GPU were used for the computations [28-30].

3. Results and discussion

3.1. Structural and physical-chemical characterization

3.1.1. Infrared spectroscopy

The IR spectrum of solid UA (see Fig. 3) was dominated by the absorptions related to
three chemical groups: NH, OH, and carbonyl CO. The amidic carbonyl generates two
bands at 1650 and 1580 cm-1, typical of secondary amides; the band at 1477 cm™! can be
related to C-OH bending; and the broad band at around 3000 cm is connected to OH
stretching vibrations, all interacting by hydrogen bond. The observation of vibrations
associated with OH, instead of only CO, is due to imide-amide tautomerism. The imide
form of uric acid would be predominant in this supramolecular solid, held by hydrogen
bonds. The series of bands between 1410 and 1300 cm-! can be ascribed to O-H in-plane
bending vibrations, while the vibration of out-of-plane bending is located at 680 cm™.
The two main peaks between 1123 and 983 cm! correspond to C-O stretching vibrations
of COH. The peaks at 874 and 780 cm are due to N-H bending and N-H wagging,

respectively.
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Fig. 3. IR spectra of uric acid (UA) and its pyrolysis products obtained at 450 °C, 550
°C and 600 °C: CN450, CN550, CN600-1 and CN600-2 (CN600-1: 15 min of treatment,

CN600-2: 30 min of treatment).

The spectrum of CN450 showed the same bands discussed for the UA starting
material. However, it was possible to notice that some small bands appeared at 3457 and
3323 cm. These new bands correspond to OH stretching vibrations not interacting via
hydrogen bond, and so they would be indicative of the beginning of the disaggregation
of the supramolecular network. Moreover, the bands of carbonyl stretching and those of
OH in-plane bending seemed to be overlapped with two new growing broad bands. The
situation for CN550 was similar, since the forming pyrolysis product was mixed with the
initial UA and their bands were still overlapped. This transition phase is supported by
the appearance of free OH stretching vibration from the remaining UA molecules, which
are no longer interacting via hydrogen bond due to the transformation of their UA
neighbors into the pyrolysis products.

The situation radically changed in CN600-1 and CN600-2 spectra, in which most

bands associated to OH, CO and NH groups disappeared. In the spectrum of the former,
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some residual C-OH bands were still present, such as the small peak at around 983 cm-Z.,
A shoulder due to carbonyl stretching could also be discerned above 1600 cm™. It is
worth noting that the stretching bands of non-interacting OH (above 3300 cm) were
proportionally higher than those of CN450 and CN550 samples, indicating that the
pyrolysis process was more advanced. Conversely, in CN600-2 spectrum the OH
stretching bands had almost disappeared. The broad bands at 1580 and 1240 cm! seem
to be associated to vibrations of 6-5 atoms nitrogen-containing rings [31-33]. Indeed, the
band at 1580 cm* may belong to ring stretching vibrations from both pyridine-like and
imidazole (or pyrrole) -like rings, while the band at 1240 cm™ can be associated to C-N
stretching of imidazole-like rings [34]. This latter claim is also supported by the
similarity of the spectrum of CN600-2 to that of nitrogen-doped graphene, where
pyrrole-like and pyridine-like nitrogen atoms are present, apart from graphitic nitrogen

[32,33,35].

3.1.2. Morphology of the products: TEM analysis

TEM micrographs, representative of the suspended fraction (see Section 2.2) of each of

the pyrolysis products, are depicted in Fig. 4.

10
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Fig. 4. TEM micrographs of CN450, CN550, CN600-1 and CN600-2.

It is noteworthy that the morphology of CN450, with crumpled particles, was similar
to that observed in the formation of g-C3N4 from melamine cyanurate, which occurs
through a topotactic transformation [36]. In CN550 and CN600-1 samples the particles
were mainly composed of nanosheets, while in CN600-2 these nanosheets also tended to
form hollow structures, as a consequence of the topotactic transformation advancement.
As regards CN600-2 sample, it was possible to observe diffraction planes in certain
more ordered spots (see Fig. 5). The interplanar distance, 3.36 A, was found to be

compatible with the main peak in the XRD pattern.

11
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Fig. 5. Diffraction planes in TEM micrographs of CN600-2 sample. left: a view on a
particle showing an ordered spot in the middle of a more disordered area; right: zoomed

view of the ordered spot.

3.1.3. X-ray diffraction (XRD) measurements

The powder X-ray diffraction patterns of CN450 and CN550 samples, shown in Fig. 6,
were in agreement with that of crystalline UA. This further supports that the starting
material (UA) would be still present in considerable amounts in samples treated below
600 °C (the XRD pattern of CN450 was almost identical to that of anhydrous uric acid)
[37]. Moreover, the XRD pattern of CN600-1 corresponded to a quite amorphous
material with a broad peak around 27°, which seems to result directly from the UA peak
at 27°, provided that the basic layered features of the original structure would be
preserved (topotactic transformation). Nevertheless, all the other peaks were not visible.
The intensity of the reflection at 26.97°, corresponding to an interplanar spacing of 3.31
A, became much higher and the peak remained quite broad, while the broad peak at
12.58° (spacing of 7.03 A), corresponding to an in-plane structural packing motif,

became more evident. It should be pointed out that in the final product the stacking order

12
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seems to prevail over the in-plane one. The crystallization process driven by temperature
was also revealed by the broad exothermic band found in differential scanning

calorimetry at ca. 600 °C.

Fig. 6. X-ray diffraction patterns of CN450, CN550, CN600-1, and CN600-2.

The typical diffraction peak at around 27° has also been found in other nitrogen-
doped graphene or graphite materials. In fact, Horibe et al. reported that this interplanar
distance decreases monotonously with increasing N/C content ratio [38,39]. According
to Horibe’s reports, an interplanar distance of 3.31 A would correspond to an N/C
atomic ratio close to 0.6, which is actually very close to the one found by X-ray

photoelectron spectroscopy for the materials under study.

3.1.4. Thermal behavior analysis
The weight losses in the thermogravimetric analysis (TGA) curves of both CN450 and
CN550 samples (see Fig. 7) in nitrogen atmosphere above 400 °C can be ascribed to UA

and melamine decomposition. The loss at around 400 °C (first circle in the TGA

13
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thermograms in Fig. 7) was more pronounced in CN450 than in CN550 because of the
higher starting material concentration in the former (in which polycondensation was
conducted at a lower temperature). These losses were no longer present in CN600-1 and
CN600-2 samples, indicating that in the both cases UA had been completely consumed.
The second weight loss above 600 °C (second circle in Fig. 7), present in all samples,
was due to the final decomposition of the products.

The endothermic peaks in the differential thermal calorimetry (DSC) curves of both
CN450 and CN550 (see inset in Fig. 7) at around 400 °C can thus be associated to the
starting materials’ decomposition. Other DSC peaks above 600 °C may be due to the
decomposition of by-products in CN450. The endothermic peaks around 400 °C were no
longer present in CN600-1 and CN600-2. On the contrary, broad exothermic peaks at
around 600 °C appeared in both CN600-1 and CN600-2 (especially evident in CN600-
2). It seems that, in conjunction with the final (endothermic) decomposition, a
(exothermic) process of crystallization occurred. These processes were eventually

confirmed by X-ray diffraction.

14
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Fig. 7. Thermogravimetric curves of CN450, CN550, CN600-1, and CN600-2. Inset:
differential scanning calorimetry curves of the same samples. The circles in the graphics

highlight the main transformations.

3.1.5. UV-visible spectroscopy

The UV-visible spectra of the four samples exhibited an increase in the absorption as the
polycondensation temperature was increased, as shown in Fig. 8. In the spectrum of
CN600-2 there was an evident but broad peak between 1.7 and 1.5 eV (around the
wavelength of 750 nm) in the red region. The increment in this band intensity would
correspond to the enrichment of the samples in final product as a function of the thermal

treatment temperature, also confirmed by other techniques.

Fig. 8. UV-visible Kubelka-Munk, F(R), spectra of CN450, CN550, CN600-1, and

CN600-2.

The direct band gap values estimated by Tauc plot were 2.10, 2.22 and 2.32 eV for

CN550, CN600-1 and CN600-2, respectively. The direct band gap could not be

15
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determined by Tauc plot for CN450, since the final product yield was still low in this
case. Moreover, the indirect band gap was considerably lower and had values around
0.90 eV for all the samples, indicating that this gap is more related to the assembly of the

product molecules.

3.1.6. X-ray photoelectron spectroscopy

In order to confirm the incorporation of nitrogen atoms into the polymer network and to
identify the carbon-nitrogen species formed during the synthesis process, XPS analysis
of the four semiconducting polymer samples was conducted. The evolution and
quantification of the carbon, nitrogen and oxygen species was established by comparison
of the relative intensities of the Cl1s, N1s and O1s peaks (Fig. 9) and by elemental

quantification of the carbon, nitrogen and oxygen contents (Table 1).

Fig. 9. XPS survey spectra of the samples CN450, CN550, CN600-1, and CN600-2.

16
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Table 1. Estimated elemental carbon, nitrogen and oxygen contents for the different UA

polycondensation products.

Sample C [%] N [%] O [%]

CN450 52.4 36.1 115

CN550 55.3 34.4 10.3
CN600-1 56.3 36.7 7.0
CN600-2 58.2 37.4 4.4

The high-resolution XPS spectra in the C1s region of the four samples are shown in
Fig. 10. The spectra were fitted by six Gaussian-Lorentzian contributions with binding
energies (BE) centered at 284.8, 285.8, 286.9, 288.1, 289.1 and 291.6 +0.2 eV, and
corresponding to C-C and sp? (C=C) (C1), pyridinic (naphthyridinic) C-N (C2), C=0
and imidazolic C-N-H (C3), -COOH and imidazolic C=N (C4), O-C(=0)-0 (C5) and =-
n* (C6), respectively [40-46]. The binding energies and relative weight percent (wt%)

associated with each contribution are summarized in Table 2.

Fig. 10. High-resolution XPS spectra in the Cls region: deconvoluted peaks for the

17
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various UA polycondensation products: A) CN450, B) CN550, C) CN600-1 and D)

CNG600-2.

Table 2. Deconvolution and carbon chemical species quantification results for C1s core

level spectra (BE: binding energies).

Sample C1 C2 C3 C4 C5 C6
BE BE [£ 0.2 eV] 2848 2858 2869 288.1 2891 2916
CN450 wit% 24.2 22.8 16.9 26.8 7.1 2.3
CN550 wit% 25.8 24.4 17.6 21.9 8.3 2.1
CN600-1 wit% 20.0 29.0 26.6 17.2 5.5 1.9
CN600-2 wit% 19.5 33.8 26.7 12.9 4.7 2.4

The presence of five nitrogen species in the N1s region, 395.0-407.0 eV, was verified
upon deconvolution of the high-resolution spectra of the four samples under study (see
Fig. 11). The BEs of the five Gaussian-Lorentzian contributions (viz. 398.3, 399.1, 400.2
and 404.2 0.2 eV), corresponding to pyridinic (naphthyridinic) N (N1), imidazolic C-
NH (N2) (a small part of N2 can be also due to nitrile species, since a very weak peak
can be seen in the IR spectrum of CN600-2), imidazolic C-N-C (N3), graphitic N (i.e. a
3-coordinated N similar to that of amorphous CNy) or C-O-N (N4), and n-n* (N5),
respectively [39-45], and relative weight percent (wt%) values are presented in Table 3.

The ratio N1:N2:N3 for CN600-2 was approximately 1:1:1, suggesting that these
types of nitrogen could belong to a well-defined structure (not randomly distributed). It
Is noteworthy that imidazole seems to be formed before than naphthyridine (in fact, the
N2 and N3 contents were higher than those of N1 in the samples treated below 600 °C),

which implies the condensation of the 6 atoms-rings of two UA molecules.

18
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Fig. 11. High-resolution XPS spectra in the N1s region: deconvoluted peaks for the
various UA polycondensation products: A) CN450, B) CN550, C) CN600-1 and D)

CNG600-2.

Table 3. Deconvolution and nitrogen chemical species quantification results for N1s

core level spectra (a) BE was 404.2 eV for both CN600-1 and CN600-2.

Sample N1 N2 N3 N4 N5

BE BE [+ 0.2 eV] 398.3 399.1 400.2 401.4 405.0
CN450 wit% 19.0 29.4 47.0 3.8 0.8
CN550 wit% 22.8 30.2 40.5 5.3 1.3
CN600-1 wit% 27.6 29.8 35.5 5.4 1.7(a)
CN600-2 wit% 31.9 28.2 28.9 8.4 2.6(a)

The O1s peaks (in the 529.0-537.0 eV region), arising from the oxygen-carbon
species or from water absorbed on the surface of the semiconductor polymers, are
depicted in Fig. 12, together with their fit to three Gaussian-Lorentzian contributions.

These contributions, centered at 531.8, 532.5 and 534.2 + 0.2 eV, were correlated with
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N-C-O (01), C-O or C-OH (02) and adsorbed H,O (0O3), respectively. The oxygen

bonds and their relative mass fractions (wt%) are condensed in Table 4.

Fig. 12. High-resolution XPS spectra in the O1s region: deconvoluted peaks for the
various UA polycondensation products: A) CN450, B) CN550, C) CN600-1 and D)

CN600-2.

Table 4. Deconvolution and oxygen chemical species quantification results for O1s core

level spectra(BE: binding energies).

Sample 01 02 03
BE BE [+ 0.2 eV] 531.8 532.5 534.1
CN450 wit% 41.2 48.6 10.3
CN550 wit% 40.3 43.4 16.3
CN600-1 wit% 325 42.3 25.2
CN600-2 wit% 36.3 19.3 44.5
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3.1.7. THz-TDS measurements

The room temperature THz-TDS spectra of the four pyrolysis products in the 0.8-2.2
THz range are shown in Fig. 13(a) displays the results for pure material pellets —except
for CN600-2, which was diluted at a 45 wt% concentration in a PE matrix (since it was
impossible to prepare a pure sample pellet)—, while Fig. 13(b) shows the spectra for all
the samples dispersed in PE at a 20 wt% concentration. Even though the total absorption
was much smaller in this case, which made the measurements noisier, it provided a fair
comparison between all the samples.

Previously reported THz-TDS measurements of UA at 77 K showed two peaks in this
band: a very strong resonance close to 1.5 THz and a much smaller peak near 1.35 THz
[47]. Both peaks were clearly present in the UA and CN550 samples, in particular the
strongest absorption band, albeit with a red-shift of both resonances, as they were
measured at room temperature. This temperature dependence is typical of THz
vibrational resonances associated with crystal lattice modes [48]. In the present case, the
main signature of the THz spectrum was shifted to 1.44 THz when the measurement was
performed at room temperature. A contribution to the total attenuation —that increased
monotonically with frequency— was present, which would be due to scattering. There
was also a small absorption band at 1.99 THz, which can be due to the presence of

melamine at a small concentration [49].
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Fig. 13. THz-TDS measurements of the samples. The results in (a) correspond to pure
samples, except for CN600-2, for which a pellet in a PE matrix with 45 wt% was used.

In (b), all the samples were dispersed at a 20 wt% concentration in PE.

The significant reduction of the signature contributed by the precursor material to the
total attenuation after thermal treatment at 550 °C indicates its transformation into the
carbon-nitrogen product. When the processing temperature was further increased to 600
°C, the attenuation traces of the reagent completely disappeared and the attenuation
features typical of disordered materials dominated [50]. There was a reduction of the
total attenuation of CN600-2 when compared to that of CN600-1. Also, the faint
resonance in the higher frequency end of the spectrum that was common to the CN550
and CNG600-1 samples vanished in CN600-2. In spite of the fact that the observed

spectral peak was very weak, the THz spectra can be interpreted as an effect of the initial
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production of the 2D polymer, supporting its presence at an appreciable concentration in
CN550 and CN600-1 samples. This conformation has a lattice mode that has been
calculated at 2.28 THz and a stronger resonance at 3.23 THz (see below). The presence
of this type of lattice resonances in a disordered material can contribute to the generation
of a broad spectral feature similar to that observed in CN600-1, and the reduction of the
attenuation can indicate a progressive condensation of the material into the 3D phase
(stacking of layers) [51]. A similar transition has also been previously explained for g-

C3N, on the basis of THz-TDS measurements [52].

3.2. Semi-empirical quantum chemistry calculations
3.2.1. Geometry optimization
Uric acid crystals are monoclinic with four molecules in a unit cell (Fig. 14), with
parameters a=14.464 A, b=7.403 A, ¢=6.208 A, $=65.10° [53]. The crystal geometry
was optimized with these parameters as the initial conditions using the PM6 method and
periodic boundary conditions. The computational period spanned 1x2x3 crystal unit
cells in the a, b, and c directions, respectively, in order to fulfill the accuracy
requirements of MOPAC calculations [54] .

The crystal parameters of the geometry optimized with the PM6 Hamiltonian were
a=14.870 A, b=7.307 A, ¢=6.401 A, 0=89.76°, f=64.67° and y=89.78°, very close to
their actual values. In these conditions, it can be expected that the vibrations predicted in

the THz range will be close to those of the measured data [48,55].
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Fig. 14. Unit cell of uric acid.

Fig. 15 shows the optimized geometry corresponding to the new carbon-nitrogen
material, consistent with the observed elemental ratio by XPS. It consists of an
alternating sequence of imidazole and naphthyridine units resulting in a material with an
average formula of CsN3zH, (with an atomic ratio of nitrogen to carbon of 0.6), which
would be formed by condensation of uric acid molecules, as indicated in Equation 2:

2nCsH4N,O03—(CyNgH),, + 2nH,0 + 2nNO, (2)

In the polymer unit, shown in Fig. 15, the ratio of N1:N2:N3 is 1:1:1, as determined
by XPS. The experimental ratio of N to C of 0.64 for the CN600-2 product, as
determined by XPS, could be ascribed to the presence of a certain amount of graphitic
nitrogen (a nitrogen bonded to three carbon atoms in the naphthenic ring) as a defect in
the polymer chain with three N atoms in the naphthenic rings. Indeed, the N to C ratio
becomes 0.6 when such graphitic nitrogen is neglected.

The calculations were performed with the PM6 Hamiltonian and periodic boundary
conditions using MOPAC. The length of the polymer repeat unit was a=10.353 A. In

spite of the large polarity of imidazole, the symmetric combination of two constituents
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of this type in the polymer repeat unit permits to cancel out the dipole moment. PM6
calculations using MOPAC assign a dipole moment of 4.083 D and 2.772x10 D to the
imidazole molecule and to the monomer of the carbon-nitrogen system, respectively.

Fig. 16 shows the resulting geometry for a 2D polymer obtained by the arrangement
of linear chains linked by hydrogen bonds, in a similar fashion to those linking the linear
polymer chains in the 2D melon system [52]. The lattice parameters for the 2D polymer
were a=10.360 A, b=6.251 A and y=89.25°. Both the 1D and 2D polymers would have a

very good planarity.

Fig. 15. Optimized geometry for the 1D polymer using the PM6 Hamiltonian. Bond
lengths (in A) are labeled in the figure. N1, N2, and N3 correspond to the nitrogen types

identified by XPS. The N1:N2:N3 ratio is 1:1:1, as determined by XPS.
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Fig. 16. Optimized geometry for the 2D polymer using the PM6 Hamiltonian. Hydrogen

bonds linking the 1D chains are shown with dotted lines. Interatomic distances are in A.

The optimized geometry of the 3D crystal obtained with the PM6 method is shown in
Fig. 17. The corresponding lattice parameters were a=10.358 A, b=6.280 A, c=6.928 A,
0=85.09°, £=93.69 ° and y=89.61 °. The comparison of these results with those of the 2D
geometry shows that the 3D geometry would be constituted by piled-up 2D polymer
layers which would remain essentially undistorted. The inter-layer distance would be

d=3.451 A, in reasonable agreement with the experimental value.
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Fig. 17. Optimized geometry for the 3D arrangement obtained from the stacking of 2D

polymer layers using the PM6 Hamiltonian.

The comparison of the XRD pattern simulated from the PM6 geometry with that
experimentally measured for CN600-2, using Mercury software, is shown in Fig. 18
[54]. There is a small shift of the peak at 26=25.84° due to reflections at consecutive
material stacks when compared with the corresponding signal in the XRD measurements
that is consistent with the previously calculated value of d. The peak at 26=14.14° is also
identified in the XRD measurements and can be attributed to reflection at every-other
layer. This is a characteristic feature (with varying relative intensity) of related ABAB

stacked carbon-nitrogen materials [52].
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Fig. 18. Simulated X-ray powder diffraction pattern for the geometry optimized with the
PM6 Hamiltonian shown in Fig. 17 (solid line) and experimental pattern for CN600-2

sample (dotted line).

The total energies per CioH4Ng unit of the 1D polymer, 2D polymer and 3D crystal
for the geometries optimized with the PM6 Hamiltonian were -2353.83538 eV, -
2354.07442 eV, and -2354.19016 eV, respectively, thus indicating that the condensation
sequence from the 1D to the 2D and, from there, to the 3D phase would be an

energetically favorable process.

3.2.2. Vibrational analysis

As discussed above, the study of periodic structures using MOPAC requires an extended
computational period spanning several crystal cells such that the size is sufficient for an
accurate calculation [55]. This has the effect that the calculated frequencies are not
limited to those fulfilling the condition k=0 that permits the conservation of total
momentum in the interaction with photons and that, therefore, are relevant for the

absorption spectrum. Thus, a requirement in the interpretation of the MOPAC
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calculations of vibration modes in periodic systems is the selection of the relevant
vibrations from the whole set of calculated modes [48,56].

All the optimized geometries in this study corresponded to true ground states, except
for the 3D system depicted in Fig. 17, for which it was not possible to obtain a geometry
free from imaginary frequency vibrations.

All the plots of displacements of vibration modes were produced with Gabedit [57].
In each case, the atomic displacements were scaled to facilitate their visualization.

The atomic displacements associated to the main resonance of uric acid in the THz
band are shown in Fig. 19. This mode was calculated at 1.41 THz, in excellent
accordance with the THz-TDS measurements, as expected from the good

correspondence between the calculated and experimental crystal parameters.

Fig. 19. Atomic displacements for the main vibration mode in the THz band calculated

at 1.41 THz with the PM6 method using MOPAC.

29



ACCEPTED MANUSCRIPT

530

531

532  Fig. 20. Atomic displacements for the lowest k=0 vibration modes of the 1D (left) and
533 2D (right) polymers. The calculated vibration frequencies f and relative values of
534  transition dipoles | are annotated in the plot.

535

536 Fig. 20 displays the lowest k=0 vibration mode calculated for the 1D (left) and 2D
537  (right) polymers in the spectral region ranging from 0 up to 6 THz. The side by side
538 comparison of the plots shows that there exists a direct correspondence between the

539  vibration modes of the 1D and 2D polymers, even though some differences in the
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resonance frequencies and relative intensities can be appreciated. The main vibrations in
this band correspond to modes b and d in Fig. 20, at 3.15 THz (3.23 THz) and 3.90 THz
(4.51 THz) for the 1D (2D) carbon-nitrogen polymer, respectively.

As commented above, these vibrations may play a key role in the interpretation of the
THz-TDS measurements for labeling the changes in the material morphology for

different processing conditions.

3.2.3. Band gap calculation

Whether a polymer has a direct or indirect band gap can often be predicted from the
nodal pseudo-symmetries of the HOMO and LUMO of the constituent monomer at the
connecting atomic sites [58]. In this case, such a simple approach is not possible because
the monomer HOMO is a non-bonding orbital with nulls at the connecting sites. The
electronic band structure calculated using MOPAC, depicted in Fig. 21(a), shows a
direct band gap at the edge of the Brillouin zone. Also, the very low dispersive character
of the valence band, consistent with the properties of the HOMO, can be appreciated.
Besides, the stacking along the ¢ axis, can produce the appearance of an indirect band
gap in the 3D conformation [58].

Even though solid-state MNDO calculations provide a good qualitative description of
the band structure of materials, the quantitative estimates of the band gap can be largely
biased, in contrast with the high predictive power of vibrational resonances of this type
of methods. On the other hand, the bandgap of a polymer can be estimated with good
accuracy using the INDO/S with configuration interaction singles (CIS) [59] by the
extrapolation of the first excited state obtained for finite size oligomers as the chain
length n grows [60]. The periodic 1D geometry optimized with the PM6 method

implemented in MOPAC was used to generate oligomer geometries of several orders.
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The energy of the first excited state in each case was calculated using the INDO/S-CIS
method, implemented in the ORCA software package [61,62]. The results for the
calculated energies for the n-mers are shown in Fig. 21(b) as a function of the inverse
chain length 1/n, together with their corresponding least squares linear fit, which permits
to extrapolate the value of Ey as 2.35 eV. This is in very good agreement with the

experimental measurements.

Fig. 21. (a) Band structure of the 1D polymer calculated using MOPAC. The Fermi level
is indicated with a dashed line. (b) Energies for the n-mers calculated with INDO/S-CIS
as a function of the inverse chain length 1/n, together with their corresponding least

squares linear fit.

4. Conclusions

A new 2D carbon-nitrogen material was synthesized by pyrolysis of uric acid. The
experimental results, obtained through XPS and vibrational spectroscopies, and the
qguantum chemistry simulations suggest that it would consist in a polymer containing

imidazole-like and pyridine (naphthyridine)-like units, held together by a network of
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hydrogen bonds. This organic semiconductor exhibits characteristics which substantially
differ from those of g-C3N4, and can be regarded as one of the upper-limit cases of
nitrogen-doped graphite (graphene), featuring an atomic ratio of nitrogen to carbon close
to 0.6, corresponding to a formula of CsN3. The experimental ratio was 0.64 because of
the presence of a certain amount of graphitic nitrogen as a defect in the polymer chain.
The amount of this type of 3-coordinated nitrogen (possibly belonging to amorphous
CNy species) increased in the samples synthesized at 600 °C, and can be subject of
further studies. Its direct optical band gap ranged from 2.10 to 2.32 eV, depending on the
polycondensation temperature, very close to the experimental value of 2.35 eV obtained
from semiempirical calculations. This band gap is lower than that of g-C3N,, allowing
this new material to absorb more visible light with a view to its application as a
photocatalyst. A good correspondence between experimental and calculated values was
also attained for the interplanar distance (ca. 3.31 A), which was consistent with a
topotactic transformation, and for the THz-TDS spectroscopy spectra, which showed a

behavior similar to that of amorphous 2D carbons, with non-interacting layer planes.
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