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This report describes the rapid and slow thermal decomposition of an energetically unstable polycyclic and heterocyclic
azide, triazido-s-heptazine (CgNjg), to produce nitrogen-rich CN, materials (x > 1.2). An analysis of gaseous byproducts
shows that this large heterocyclic precursor releases primarily N, gas during its decomposition. The product
composition and its morphology are dependent on the rapidity of the TAH decomposition. The CN, products are
thermally stable to 500 °C and exhibit variations in H and O content dependent on precursor preparation and
atmospheric exposure. The rapid decomposition of TAH leads to visibly porous powders, while slow decomposition
yields smooth monoliths that are reminiscent of the morphology of the starting polycrystalline powder. IR and NMR
spectral similarities between the amorphous CN, products and several previously reported heptazine molecules
and extended heptazine networks supports significant retention of heptazine motif in these amorphous carbon
nitride extended materials.

Introduction There are several synthetic approaches toward producing

_carbon nitride materials, and many involve high-energy,

The past 20 years have seen a great deal of progress i, giea| techniques that result in nitrogen-poor materials
the f|el_d of carbon nitride (CN materials. _In large part, tEns (CN, wherex < 1)7 Most of the successful synthetic routes
surge in research was due to the theor-et|cal Woer?N“ that produce nitrogen-rich GNinaterials involve the use of
and related polymorpfishat were predicted to have impor- striazine (GN3) precursors. While low-nitrogen-content
tant technological applications as superhard materials. Wh"eCNX (x < 1) powders and films are most likely nitrogen-
no reliable reports of single-phase crystgllir@dﬁ:materials doped graphite-like (8p or hard carbon (Sp structures,
have been reported, amorphous low-nitrogen-content CN nitrogen-rich products (CNwherex > 1) are dominated by

films (x < 1) are used as protective coatings in the magnetic jisqqered, locally conjugated fpybridized) G-N network
recording industry due to their superior properties of high
hardness, low friction, and wear performance compared to (5) |(4a) |Z4h0ng, ?{ \GA thimlgj,h G. YL.; Lizué ()Sl.;;/gaggbg. g.); \évan?(, %; Li,
" : i : .; Huang, X. J.Appl. Phys. Lett ) . ai, X. D;
traditional garb_on 9oat|ngesl.n addition, C!\l matgnals haye Zhong, D.: Zhang, G. Y. Ma, X. C.: Liu, S.: Wang, E. G.. Chen. Y
found application in the areas of low dielectrics, semicon- Shaw, D. T.Appl. Phys. Lett2001, 79, 1552. _
ductors, and electron field emissibiNanoscale CNsolids © @bﬂr&?vbws P:Z%m % gglrda”OV' Z;, Rangelow, 1. W; Kulisch,
have also shown promise as hydrogen and lithium storage (7) muhl, S.; Mendez, J. MDiamond Relat. Mater1999 8, 1809.
material§ and gas sensofs. (8) (a) Kouvetakis, J.; Todd, M.; Wilkens, B.; Bandari, A.; Cave¥em.
Mater. 1994 6, 811. (b) Zhang, Z.; Leinenweber, K.; Bauer, M.;
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structures. These latter materials are more akin to cross-linked cl N3
covalently bonded polymers and have a pronounced tendency N)\N 3 Me3SiN; N)\N

to increase hydrogen content along with increasing nitrogen. o 100 °C J_ I TAH
Several reviews of CNilm growth and characterization have NTNT N T amesic NN
appeared recenflyand a comprehensive review on €N SN \NJ\C| Na)\\N)\\N)\Na

precursor methods carefully outlines the hydrogen contentrigyre 1. Graphical schematic of triazideheptazine (TAH) precursor
issues with nitrogen-rich carbon nitrid€By virtue of their synthesis.
potentially porous structure and high concentration of Lewis
basic nitrogen sites, nitrogen-rich carbon nitrides have predicted by recent theof§. A common bonding motif
potential as coordinatively active and chemically derivatiz- followed by all structurally characterized heptazines is that
able extended solid analogues of conjugated molecutdd C ~ the strongest double bond conjugation exists along the
structures, such as porphyrins and phthalocyanines, andheptazine periphery~1.33 A C-N bonds) and the central
bypyridines. nitrogen lies in the molecular plane, leading to completely
Our group has examined energetic triazine precursors andlanar GN7 cores. It should be noted that most modern
volatile film-forming amino-triazines as precursors for CN ~ synthetic routes to heptazines trace their roots back to the
powder and film growtd! Recently we embarked on the €arly 1800s, following methods developed by LieBigp
design of larger polycyclic EN precursors based on a Produce planar structures that were first correctly predicted
symmetric s-heptazine core ({l;, also known as trs by Pauling and crystallographically determined by Leoriérd.
triazine or 1,3,4,7,9,9b-heptaazaphenalene) that mimics a In the research described below, the thermal decomposition
small planar fragment of a nitrogen-substituted graphite layer. of the energetically unstable TAH molecular azide precursor
We determined the crystal structure of the energetically was utilized to generate carbon nitride powders by three
unstable 2,5,8-triazids-heptazine (TAH, @N1s) molecule different methods. One decomposition method employed
and presented preliminary data on its thermal decompositionrapid heated filament initiation that was successful in our
propertiest2 Other groups have studied heptazine-based prior CNy (x > 1.3) powder synthesis via trichloromelamine
precursor routes to GNstructure&® and have structurally ~ decompositiort’d TAH was also decomposed by either rapid
characterized several heptazine anions and neutral molecule)r stepwise heating processes in a stainless-steel autoclave.
many of which have potentially useful luminescent emission In all cases, the result was a nitrogen-rich carbon nitride
properties®* Recently, heptazine-derived GMNolids have powder with a formula near {81, exhibiting thermal stability
shown promise as Lewis basic organocatalists. up to 500 °C. Rapid decomposition methods produced
Experimentally determined optical and structural properties porous, spongelike structures, while slow decomposition
of heptazine molecules are generally consistent with thoseresulted in faceted structures reminiscent of the microcrys-
talline precursor powder.

(9) (a) Hellgren, N.; Guo, J. H.; Luo, Y.; Sathe, C.; Agui, A.; Kashtanov,
S.; Nordgren, J.; Agren, H.; Sundgren, J.Thin Solid Films2005 ; ;
271 19. (b) Rodil. S. EDiamond Relat. Mater2005 14, 1262, () =XPerimental Section
Ronning, C.; Feldermann, H.; Merk, R.; Hofsass, H.; Reinke, P.;

Thiele, J.-U.Phys. Re. B 1098 58, 2207. (d) Ferrari, A. C.. Rodil Thermal Decomposition of 2,5,8-Triazido-s-heptazine (TAH).

S. E.; Robertson, Phys. Re. B 2003 67, 155306. The synthesis of TAH was reported in detail in our previous work,

(10) Kroke, E.; Schwarz, MCoord. Chem. Re 2004 248, 493. and a brief synthetic schematic is shown in Figurf@ Warning:

(11) (a) Wang, J.; Miller, D. R.; Gillan, E. GChem. Commur2002 2258. TAH is a thermally unstable solid and as such must be handled
(b) Wang, J.; Miller, D. R.; Gillan, E. GCarbon2003 41, 2031. (c) ith th fforded simil tentiall material
Wang, J.; Gillan, E. GThin Solid Films2002, 422, 62. (d) Miller, D. with the same care afforded similar potentially explesmaterials.

R.; Wang, J.; Gillan, E. Gl. Mater. Chem2002 12, 2463. (e) Gillan, It will deflagrate when hit with a hammer and may release the
E._G.Chem._ Mater200Q 12, C_’>90_6. toxic HNs gas when brought in contact with protonic acidhe

12 1"'2'23;'32'2'?" Swenson, D. C.; Gillan, E. @. Am. Chem. S0@004 generation of carbon nitride materials via thermal decomposition

(13) (a) Riedel, R.; Horvath-Bordon, E.; Nahar-Borchert, S.; Krokesés. of TAH involved three different methods.

Eng. Mater.2003 247, 121. (b) Komatsu, TJ. Mater. Chem2001, Method 1. Inside an argon-atmosphere glovebox, TAH (100 mg,

11, 802. (c) Komatsu, T.; Nakamura, J. Mater. Chem2001, 11, i
474, (d) Komatsu, TMacromol. Chem. and Phy2001, 202 19. (6) 0.34 mmol) was placed inside a 30 mL Pyrex beaker. The beaker

Komatsu, T.J. Mater. Chem2001, 11, 799. (f) Jurgens, B.; Irran, E.; was covered with aluminum foil, and the foil was pierced several

Senker, J.; Kroll, P.; Muller, H.; Schnick, W. Am. Chem. So@003 times to create a vented container. The beaker/foil assembly was
%S?ﬁlgﬁfibgghmésc&’- %c\r{h;i iCh&E#ér%EPAZTérggé%rigofsg placed in a stainless steel Parr autoclave (model 4750, 110 mL
o) Groenewolt, M. Antonietti, M.Ady. Mater, 2005 17, 1789. (ij capgcnty). T_he system was sealed with a stainless steel headpiece
El-Gamel, N. E. A; Schwarz, M.; Brendler, E.; Kroke, Ehem. equipped with a 3000 psi pressure gauge, a pressure release valve,
Commun2006 4741. and a steel-jacketed, internal thermocouple. Rapid decomposition

(14) (a) Kroke, E.; Schwarz, M.; Horath-Bordon, E.; Kroll, P.; Noll, B.;
Norman, A. D.New J. Chem2002 26, 508. (b) Horvath-Bordon, E.;
Kroke, E.; Svoboda, |.; Fuess, H.; Riedel,Feew J. Chem2005 29,
693. (c) Horvath-Bordon, E.; Kroke, E.; Svoboda, I.; Fuess, H.; Riedel, (16) Zheng, W.; Wong, N.-B.; Wang, W.; Zhou, G.; Tian, APhys. Chem.

was achieved using a custom Glas-Col heating mantle to reach an

R.; Neeraj, S.; Cheetham, A. IRalton Trans.2004 3900. (d) Traber, A 2004 108 97.
B.; Oeser, T.; Gleiter, R.; Goebel, M.; Wortmann, Rur. J. Org. (17) (a) Liebig, J. VAnn. Pharm1834 10, 1. (b) Gmelin, L.Ann. Pharm.
Chem.2004 4387. (e) Ke, Y.; Collins, D. J.; Sun, D.; Zhou, H.-C. 1835 15, 252. (c) Franklin, E. CJ. Am. Chem. S0d.922 44, 486.
Inorg. Chem 2006 45, 1897. (f) Sattler, A.; Schnick, WZ. Anorg. (18) (a) Pauling, L.; Sturdivant, J. HProc. Nat. Acad. Sci. U.S.A937,
Allg. Chem.2006 632, 238. 23, 615. (b) Hosmane, R. S.; Rossman, M. A.; Leonard, N. Am.
(15) (a) Goettmann, F.; Fischer, A.; Antonietti, M.; Thomas,Ahgew. Chem. Soc1982 104, 5497. (c) Shahbaz, M.; Urano, S.; LeBreton,
Chem., Int. Ed.2006 45, 4467. (b) Goettmann, F.; Fischer, A.; P. R. Rossman, M. A.; Hosmane, R. S.; Leonard, N. Am. Chem.
Antonietti, M.; Thomas, AChem. Commur2006 4530. Soc.1984 106, 2805.
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internal temperature of 200C over the course of 3 h. Once the time, 6000 scans) pulse sequence modes. The samples were loaded
heating time had elapsed, the system was cooled to room temperdinto 4 mm rotors that were spun at 10 kHz, and data were referenced
ature, the pressure release valve was opened very briefly, andto glycine at 176 ppm.
pressurized volatiles were vented into a fume hood. Note that The evolved gases from the rapid decomposition of TAH were
evolved gas pressure was below the detection minimum of the measured at room temperature by mass spectrometry using a
pressure gauge for this reaction scale. In the case of samples isolate@tanford Research Systems QMS 300 gas analyzer (survey scans
and analyzed under inert conditions, the autoclave assembly wasto 300 amu, quantitative scans to %, 25 points/amu resolution,
disassembled in a glovebox. A visibly porous, fluffy, chocolate- three scans averaged). Inside an argon atmosphere glovebox, TAH
brown powder was isolated from within the beaker. In the case of (30 mg, 0.1 mmol) was placed inside a flame-dried 250 mL Schlenk
samples isolated and analyzed under atmospheric conditions, thefjask. The flask was evacuated 1100 mTorr and backfilled with
autoclave assembly was disassembled in ambient laboratoryargon gas three times. Rapid decomposition was performed under
atmosphere after venting. Over the course of several weeks in air,argon using a heating mantle heated to 200over the course of
the chocolate-brown air-exposed powder became yellow-tan. The30 min. The flask was isolated from the argon gas manifold
isolated powder yield was 460 mg. immediately following detonation of TAH and cooled to room
Method 2. Inside an argon-atmosphere glovebox, TAH (100 mg, temperature. The sidearm of the flask was attached to the gas
0.34 mmol) was placed inside a 60 mL custom calorimeter-style, analyzer's sampling capillary via a Tygon tube sleeve. The capillary
stainless steel reactor (screw top, inner dimensions of 5.4 cm depthwas evacuated to instrumental background leveld(8 Torr), then
x 3.8 cm width, 5 mm thick walls, and a removable cap with four the sidearm stopcock was opened and it was positioned in the center
insulated post$'® The decomposition reaction was initiated in a  of the flask, and the gas analysis was initiated. A control experiment
hood by briefly (-2 s) passing 20 V across a nichrome filament was performed using a flame-dried 250 mL Schlenk flask filled
affixed to two of the posts. This voltage causes the filament to with argon.
glow orange and quickly reaches temperatures near’800rhe UV —visible spectra were obtained from powders spread on filter
internal temperature of the reaction was recorded by a 0.1 mm typepaper or in MeOH suspensions using an HP 8453 diode-array
K thermocouple that was affixed to the remaining two posts and spectrophotometer equipped with a diffuse reflectance attachment.
placed in contact with the precursor, but separated from the heatedsamples for fluorescence measurements were prepared by sonicating
filament. Note that although this reactor is assembled and closedpowders in MeOH to generate a suspension. The suspension was
under inert conditions, the reactor is not airtight; thus, possible then slowly pipetted onto a warm, silicon wafer atop a heating plate.
exposure to ambient atmosphere is minimized but not eliminated. sjow evaporation of the MeOH produced a film of powder on the
Once initiated, the reaction is complete within seconds, at which sjjicon surface. The films were affixed to a custom-made aluminum
point the reactor was either immediately taken into a glovebox and holder with double-sided tape. Fluorescence measurements were
disassembled where the product was isolated for inert storage andyerformed using a Thermospectronic Aminco Bowman Series I
analysis or the reactor was disassembled in air and product isolatedjyminescence spectrometer with 300 nm excitation and measured

In both cases, a visibly porous, fluffy, chocolate-brown powder at nearly 50 off of the detector normal to reduce scattering
was isolated from the reactor. Over several weeks, the chocolate-rgdiation.

brown air-exposed powder became yellow-tan. The isolated powder
yield was 35-40 mg. Results and Discussion

Method 3. Using the same autoclave apparatus as described in
Method 1, slow decomposition was achieved by heating 100 mg Thermal Stability of 2,5,8-Triazido-s-heptazine (TAH).
of TAH in a stepwise fashion to an internal temperature of 00 |nitial thermogravimetric-differential thermal analysis (TG-
for 1 day, then 150C for 1 day, then 170C for 1 day, then 220 DTA) experiments run under argon at %0 °C/min using 5
°C for 1 day, and finally to 250C for 1 day. Inert and air-exposed mg of TAH showed a sharp exothermic event simultaneous
samples from this decomposition were isolated as described abovewith total weight loss at 185C. However, upon opening
Tor the Meth.Od 1 prOdL.JCt iso.la.tion' A dark brown powder was the system, a fluffy powder was visible around the interior,
isolated, which was neither visibly porous nor fluffy, but was a which contradicted the total weight loss recorded by the

contained mass at the bottom of the beaker that had an overall
morphology reminiscent for the microcrystalline precursor powder. Palance. It was concluded that TAH had decomposed

Over the course of several weeks in air, the dark brown air-exposedV'C"en“y enough to blow the majority of the powder out of
powder retained its original color. The isolated powder yield was the sample pan, causing the instrument to register an
50—60 mg. artificially large weight loss. Upon reducing the TAH mass
Product Analysis. Thermogravimetric-differential thermal  to <1 mg and slowing the temperature ramp t&Gmin, a
analysis (TG-DTA) was performed on a Seiko ExStar 6300 system mass loss of~ 28% was recorded at 18%C, which is
under flowing argon. FT-IR absorption spectra were taken with a consistent with the loss of three,Nber TAH molecule
Nicolet Nexus 670 spectrometer using KBr pellets. Elemental (Figure 2). Further heating of the remaining material resulted
analysis (CHNO) was performed by Desert Analytics, Inc. jp gradual, but complete weight loss by 60C. This
(www.desertanalytics.com). Powder X-ray diffraction was run on decomposition was also accomplished more slowly by
powders affixed to glass slides using a Siemens D5000 diffrac- performing a TG-DTA under isothermal conditions at 150
tometer. Scanning electron microscopy was carried out on a field °C (Figure S1, Supporting Information). This showed that

emission Hitachi S4000 microscope. The densities of the TAH TAH i lativel ble f b 3h. aft hich it slowl
decomposition products were determined using the flotation method Is relatively stable for about » ater which it slowly

with chloroform and bromoform as the solvent mixture. Solid-state 10S€s weight over the ne% h reaching a stable 28% weight
13C NMR was obtained at room temperature using a Bruker Avance 10SS, again consistent with the loss of thregrblecules.

600 NMR system (lowa State University) in both MAS (60 s recycle We cannot rule out whether some molecular TAH sublima-
delay; 15 440 scans) and CP-MAS (5 s recycle delay, 2 ms contacttion also occurs during both these fast and slow decomposi-
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almost no oxygen compared to the £product from the
acetone-recrystallized precursor (entry B). We conclude that
the increase in carbon and oxygen content seen in entry B
relative to A is a result of acetone residue being present in
the recrystallized TAH, which is then incorporated into the
product during decomposition. This is consistent with NMR
data on the TAH precursor powder that show acetone peaks
in the 13C NMR spectrum at 30.4 (methyl) and 217.1 ppm
(carbonyl) and in théH NMR at 2.05 ppm (methyl). The
acetone-recrystallized TAH precursor powder that was
vacuum-dried at 100C has EA values consistent with a
formula of G /N1eH1.600.7 (or C6N16'C0_7H1.600.7), SO some
acetone may remain bound to crystallite surfaces, even
though no acetone was detected in the bulk crystal strutture.
tion processes. For example, high-vacuum solid probe mass The rapidly synthesized Gibowder by Method 1 shows
spectrometry experiments on TAH up te350 °C show some reactivity toward organic solvents and ambient atmo-
evidence of parent ion volatilit}? sphere that likely passivate unstable bonds in the product.
The evolved gases from a small-scale30 mg) rapidly Such exposure may cause surface atoms and other kinetically
heated TAH decomposition were analyzed using a residualstable species to react with moisture or abstract hydrogen
gas mass spectrometer. The only volatile componentsfrom solvents and increase relative hydrogen and oxygen
observed above the ambient background were significantcontents. Related GNmaterials formed from the slow
amounts of Ngas (Figure S2). A very small peak is observed decomposition of a smaller azide heterocycle, triazdo-
that may also correspond to cyanogen, (ENYo other triazine (TAT), were similarly sensitive to hydrogen abstrac-
identifiable volatile species up to 300 amu, such as fragmentstion from solvents and slowly react in ambient #it.A
of heptazine, were detected in the gas phase after rapid TAHcomparison of Table 1 entries A and C shows that the
decomposition. Note that this room-temperature analytical compositional effect of solvent and atmospheric exposure
method will only detect fragments with sufficient gas-phase is more significant than acetone residue effects alone (entry
volatility. The evolved gas analysis data are consistent with B) but is similar to a combination of acetone recrystallization
the proposed thermally initiated decomposition of TAH, as and air exposure (entry D).

% WSPM

0 100 200 300 400 500 600
Temperature (°C)

Figure 2. TG-DTA plot for TAH decomposition using a heating ramp of
2 °C/min (argon flow).

shown in eq 1. The EA data also show that the type of rapid decomposi-
tion method has a minor influence on the bulk product
CsNyg (TAH) — 2C;Ng_, + (3+ X)N, Q) composition as seen by comparing CHNroducts from

Methods 1 (entry D) and 2 (entries E and F). In contrast,
The bulk thermal decomposition of TAH utilizing either the slower decomposition pathway (Method 3) resulted in
a rapidly heated stainless steel autoclave (Method 1) or aCNy solids with improved stability to air exposure and
rapidly heated filament (Method 2) resulted in isolation of a slightly lower oxygen content when handled under compa-
visibly porous, fluffy, chocolate brown powder. An in-situ  rable conditions (entries G and H). The improved air stability
thermocouple recorded temperature spikes as high as 18mf the Method 3 products may be due to the slow (non-
°C during TAH filament initiated decomposition. In contrast, explosive) decomposition process that allows for increased
when a stepwise heating procedure in an autoclave was usedormation of stable bonds and in situ passivation of reactive
(Method 3), the resulting product was a dark brown, bonds. Generally, the more air-sensitive rapidly synthesized
nonporous powder that had well-defined facets and edgesCNy powders changed from a chocolate brown color to a
when viewed with an optical microscope (200mag). yellow-tan color over the course of nearly a month in air,
Powder X-ray diffraction showed all products to be amor- while the dark brown color of the Method 3 slow decom-
phous or only very poorly locally ordered with, at best, a position product was unchanged in air over a similar period.

broad peak corresponding to carbararbon Van der Waals Spectroscopic Analysis of TAH Decomposition Prod-
contacts 3.4 A), as has been seen in many other nitrogen- ucts. The FT-IR spectrum representative of the carbon nitride
rich carbon nitride systems (Figure $3p:1 material generated by either rapid Method 1 or 2 under inert

Table 1 displays the bulk combustion elemental analysis conditions is shown in Figure 3a, while the spectrum for an
(EA) data for carbon nitride products derived from TAH air-exposed product is shown in Figure 3b. Figure 3c displays
decomposition using Methods—B. There are several the spectrum for the slow Method 3 decomposition product
noteworthy points to be taken from this data. First, precursor isolated after air exposure. The spectrum of the TAH
preparation has a measurable effect on product compositionmolecular precursor is shown in Figure 3d. A comparison
as seen by comparing entries A and B. Although the of inert and air exposed GNbroducts shows that a medium
decomposition method was the same and both products weréntensity, broad vibration near 3363500 cnt* and an N-H
isolated and analyzed under inert conditions, the productbending mode near 1400 cthare significantly more
obtained from the as-synthesized TAH (entry A) has a prominent in the air-exposed product’s spectrum (spectrum
relatively lower carbon and higher nitrogen content and a vs b of Figure 3, see asterisk-marked peaks). These data
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Table 1. Summary of Elemental Analysis Data for Various TAH Decomposition Products

TAH preparation TAH dec description Cwt% Hwt% Nwt% O we% total wt % formula
A as-synthesized Method 1, Rapid Parr, inert 32.34 1.13 65.55 0.98 100.0 3Ns5 MG 300,07
B  acetonerecryst  Method 1, Rapid Parr, inert 41.06 1.03 47.67 9.22 98.98N3 gt 100,64
C  as-synthesized Method 1, Rapid Parr, inert toluene wash, air exposed  33.74 2.13 48.32 14.92 9912 ¢H2 200,97
D acetonerecryst  Method 1, Rapid Parr, air exposed 34.96 1.48 49.54 14.31 100.3N3 gHCO0 95
E  acetonerecryst  Method 2, filament, inert 34.62 1.40 47.46 15.51 98.993N3 8816011
F acetone recryst ~ Method 2, filament, air exposed 32.15 1.99 47.51 17.32 98.9%N38Hz 201 2
G  acetonerecryst  Method 3, Stepwise Parr, inert 35.00 2.71 54.56 7.27 99.54N4 1H2 500 48
H  acetonerecryst  Method 3, Stepwise Parr, air exposed 33.76 1.83 54.99 7.62 98.20142H100 51

a Calculated by difference for entry A, all other samples were analyzed for oxygen content

Table 2. Comparison of Carbon NMR Chemical Shifts for Heptazine
Systems (EN7)X3

Xin (CeN7)X3 C (internal) C (external) ref

Solution State

a
H 159.7 171.6 180

b cl 158.2 175.0 l4a
N 158.7 171.4 12
oM+ 150.1-161.0  169.31715  14c
M = Li, Na, K, Rb, Cs

W N(Et), 155.0 162.4 14d

*
¢
L/WW

Solid Staté
NH, 155.1, 156.0 164.3, 166.4 13f
CNy from TAH 156.0 (153.7)  163.7 (164.6)  this work

a CP-MAS data shown with MAS data in parentheses.

% Transmittance (arb.)

overlapping peaks in the-€N bonding region and prevalent
N—H vibrational modeg§:1:13

The FT-IR spectrum of the air-exposed product via Method
3 is shown in Figure 3c. This spectrum possesses many of

T RENARENARAREARED the same features seen in Figure 3b with several key
400033003000 2300 20001300 1000500 differences. The broad peak in the 33600 cnT? region

shows less intensity from 3500 to 3600 cmsuggesting

Figure 3. FT-IR comparison of Chiproducts from (&) rapid decomposition  that OH stretching is not as prominent because of its lower
of TAH via Method 1 under inert conditions, (b) rapid decomposition of

TAH via Method 1 after air exposure, (c) slow decomposition of TAH via m0|stur§ re_actlvny. The spectrum a:ISO d'Sp_IayS S|gn|f|cant
Method 3 after air exposure, and (d) the TAH precursor. The asterisks absorption in the 10081200 cnt? region possibly resulting

indicate N-H vibrational regions. from the presence of increased-N bonding, consistent with

suggest that OH and NH bonds are formed through reactionhigher nitrogenl coqtent. There is also broa_dening in the
with ambient moisture, leading to generally higher hydrogen 1200_—1700.crrr region perhaps due to the solid's extended
and oxygen contents of the air-exposed samples and sug—bondlng being greater or more heterogeneous as compared
gesting that the reactive species in the as-synthesized CNtOéhel_gN‘ pr;gi(tzjc’\tliﬂgl?er;]eratgd bfy rapid -l}AH deﬁ ompolsm_on.
are likely nitrogen-based, such as nitrenes, strained hetero- ¢ IOI I-statb < has signi |c§_nt u(tj| ity ('jnt € a”‘?‘f's
cyclic rings, or diazonium residues. The distribution 68 oflocal carbon environments in disordere QNater_la s
and C-N vibrational modes in the 126QL700 cn* region Symmetric tqazme (&N5) moleculqr precursors and tnazme-
is different between the inert and air-exposed products, with base‘?' CNSO,“dS generally show smgléC NMR peaks with
slightly stronger G-N modes near 1300 crarelative to the chemical shifts that are characteristic of carbon bonded to
C=N modes near 1550 cri external species such asM or other rings ¢ ~ 160—-170
Upon air exposure, the relative intensity of theseNC ppm)-® Ffom the TAH structure in Figure 1, itis cllear that
and C=N regions is reversed, which may be due to some a heptazme-base'd netwqu should show two distict
C—N (or N—N) bond cleavage during air exposure. The air- shifts, one fo_r the mter_nalljun_ctlonal carbon (bo_nded to three
exposed product also shows a more intense peak near Zlggeptazme hitrogens including the central n_|trogen) and
cm ! that could arise from the formation of imine €\H) anather for the external carbon (bonded tg IN TAH).
nitrile (—C=N), or diimide -N=C=N—) surface structurés Several prior studies on heptazine in molecular and extended
The peak at~'810 et present in all spectra and is 'a networks give us clear data on the expected chemical shifts
characteristic ring breathing mode seen in both triazine andfﬁr theggl tv(\j/o carbon S(;t?ri}_-'r ablz 2 cor_‘nhpares thle data fgr
heptazine precursors (cf., Figure 3d) indicating that conju- the rapidly decompose product with severa rgporte
gated ring structures remains intact in the,@kbducts. The heptazine stru'ctures. The two NMR p_e'aks determlr)ed for
CN, spectral features have much in common with other our CN, material from TAH decomposition are consistent

extendgd CN network matgnals der!ved from triazine and (19) Katritzky, A. R, Oniciu, D. C.; Ghiviriga, |.: Barcock, R. A. Chem.
heptazine precursors, particularly with respect to the broad Soc., Perkin Trans. 2995 785.

Wavenumber (cm™)
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Figure 4. SEM images of TAH decomposition products generated by (a,b) Method 1 (rapid autoclave), (c,d) Method 2 (filament), and (e,f) Method 3
(stepwise autoclave).

with a local heptazine structure where the external carbonthe proposition that the slow decomposition of TAH occurs
is in closer proximity to hydrogen species, as indicated by in such a gradual manner (as observed by TG-DTA, Figure
increased peak intensity for the external carbon using CP-S1) that the microcrystals of the TAH precursor did not lose
MAS versus MAS analysis (see Figure S4). their overall crystallite morphology when,Nas is liberated.
CNx Product Morphology and Microstructure. The During decomposition, the crystals are reduced in volume,
rapid versus slow (non-explosive) TAH decomposition routes resulting in an amorphous, but well-shaped, carbon nitride
do not result in significantly different product nitrogen material. An SEM image of the starting TAH crystals could
content; however, they produce ¢howders with signifi- not be obtained due their facile decomposition in the electron
cantly different product morphologies. Scanning electron beam; however, an optical microscope examination shows
microscopy (SEM) images of GNpowders from rapid the precursor powder is composed of short, needlelike
decomposition of TAH via Methods 1 and 2 reveal a microcrystallites having a prismatic, hexagonal crystal habit,
microstructure that is visibly very porous and consistent with consistent with the morphologies seen in Figure-fle
the rapid evolution of byproduct gases during pyrolysis In light of the morphology differences, density measure-
(Figure 4a-d). Higher-resolution images show that regions ments were taken for selected samples from different
of the particulate structure have a torn, jagged appearanceprecursor batches and different decomposition methods. The
This morphology is reminiscent of a gas-blown, polymeric result was an average density value of 1452.05 g/cni.
foam and consistent with the rapid mass loss observed byThe surprisingly small standard deviation reflects that, within
TG-DTA (Figure 2) that is primarily N as shown by mass measurement errors, the densities of the &Mids are very
spectrometry evolved gas analysis. This gas evolution andsimilar, regardless of TAH decomposition method. This result
network formation process is most likely complete within a supports the idea that the local chemical structure of the
second or two, which is consistent to visual observations various TAH decomposition products is comparable and the
during the evolved gas analysis experiment. product morphology is affected primarily by the rate of gas
In sharp contrast, even at low magnification, the ,CN evolution. This density value is lower than graphitic carbon
material derived from the stepwise pyrolysis of TAH (2.3 g/cn?) and higher than polymers such as polyethylene
(Method 3) shows clear, crisp edges and rodlike structures(~0.9—1 g/cn?), but it is consistent with values we measured
(Figure 4e). Higher magnification of this product reveals a for nitrogen-rich CN solids synthesized from triazine
morphology that appears to be a microcrystalline powder precursorg
with faceted~1 um long rods and~10 um wide plates Thermal Stability of TAH Precursor and Derived CN
(Figure 4f). Regardless of the apparent crystal faceting, Powders. The results for rapid decomposition of TAH are
powder X-ray diffraction shows this sample to be essentially very different than those for rapid decomposition of its
amorphous, consistent with most previous reports on nitrogen-smaller single heterocyclic ring analog, triazisitriazine
rich CN, network materials. Since the TAH precursor was [TAT, C3sNs(N3)s, CsN1g. The rapid decomposition of TAT
used as a microcrystalline powder, the above results supportesults in complete loss of nitrogen and formation of graphite
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Figure 6. Structural speculation for TAH CNproducts resulting from
Figure 5. TG-DTA plots for TAH Parr autoclave decomposition products  thermal decomposition (a) under inert conditions with minimal acetone in
generated via (a) rapid heating (Method 1) and (b) slow, stepwise heating precursor, (b) under conditions in (a) followed by air exposure, or (c) under
(Method 3). inert conditions with acetone present in the precursor.

1
nang_fl_ake&;e or czrt;}on nak;c;]tubéé._Hence,_ dunder the known to decompose/evaporate b$00°C and recondense
conditions reported here, theheptazine provides a more ¢ CN structures at-400 °C .12 Solid probe mass spec-

stable precursor core that is less prone toward ring opening -

. . . trometry on the rapidly decomposed TAH product heated to
and nitrogen Ios_s. Theoretical studies of_t_he '_I'AH and TAT 350°C did not detect volatile fragments up to 500 amu. The
molecules predict that-frr* or —* stabilization energy  pain mass losses in Figure 5 are consistent with i@¥ivork

i?] s—he;]ptizine isf 0 kJ/mloI ghreaterftr;an fmﬁ.t riazirf1eT,:|\_/|e_n breakdown and a broad endothermic peak is simultaneously
though thegas phasemolar heat of formation o IS" observed with this mass loss, consistent with gradual

predicted to be higher+{1250 k‘]/mollg than that. of the decomposition and/or volatilization. The TG-DTA for the
smaller TAT mqlecule {914 kd/mol):® On a we|ght or stepwise decomposed product (Method 3) is shown in Figure
carbon atom basis, TAH (4.2 kJig or 208 kl/mol C) is slightly 5b and illustrates that the solid has thermal stability similar
more thermodynammally stable than TAT (4.9 kJ/g or 305 to the rapidly synthesized products. Interestingly, mass loss
kJ/mol C) in the gas phase. It has been calculated that CN begins ~50 °C higher for the stepwise versus rapidly

matenz:s condS|st|ng_ oﬁlhep:a;:netr:epe?; unltz shou(;dfbe decomposed products, supporting earlier IR speculation that
more thermodynamically stable than those derived Tom g gio\wer TAH decomposition leads to a more thermody-

o racl C T -
f’r']t”ai'z?r' SO'_'SI T’S‘H Its s%r&l_]:_cantllytlebs_? sr':_ockfsensm\ll_g namically stable CNstructure formed by slowly annealing

an » Possibly due to additional stabilization rom Solld- 4 jefects and improving extended bonding in the solid
state 7—m stacking interactions that are not taken into structure

accou?zt in the_ theoretical gasjphase heat_ of fqr_mation Optical Properties of CN, Powders.The TAH precursor
\éi:tues. 'If'he sorllld;!':_ls defomlp(?sﬁlﬁln dproczss]s Sl:]ﬁlc'_‘raztlzy absorbs UV light with major peaks at 275 and 295 nm and
ffrerent r,omt N molecule’s full degradation that T/ shows broad photoluminescence near 4304iiH-derived
precursorss degragiatlon 'stops at. a kinetically stabilized CNy powders show an absorption peak at 300 nm and a broad
gonjugated_ hetptazmbe C;Nn;err!:edlate versus completely absorption over the entire visible range, consistent with their
ecomposing to carbon and nitrogen gas. yellow-tan to chocolate-brown appearance; however, no

Despite the_ir different m_orphologies, the thermal sta_b_ility photoluminescence was obtained for any of the TAH-derived
of CNy materials from rapid and slow TAH decomposition CN, powders. While luminescence from molecular hep-

are similar. Figure 5a shows a representative TG-DTA for tazines is frequently observéti®cdefects in extended solids

the2 rap;:dlz Seﬁomposed m"’.‘te?a.' produc_ef] V'gl.gﬂseltpﬂds 1 may quench emission from locally conjugated substructures
or 2, which behaves as a typical nitrogen-rich,Ghllid. that retain the heptazine-r* or 7—a* orbital transitions.

ThisarEple IS relagvlely stable upstp SFD where 'F tiegms Structural Possibilities for CNy Powders.The structure
to break apart and lose mass. Similar ORaterials are drawn in Figure 6 (left), showing-heptazine cores bridged

(20) Kroke, E.; Schwarz, M.; Buschmann, V.; Miehe, G.; Fuess, H.; Riedel, by tertiary. nitrogens, is a.possible r'e.presentation of the CN
R. Adv. Mater. 1999 11, 158. products isolated under inert conditions after TAH decom-
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position where minimal acetone or moisture is present. structures3"We are currently re-examining the local struc-
Acetone impurities or air exposure may alternately produce tures of triazine-based carbon nitrides to determine if they
hydrogenated structures such as that shown in Figure 6contain clearly identifiable heptazine substructures.
(right). This structure accounts for the-W stretching and
bending, as well as the reduced intensity 6fIC bonding,
as the tertiary nitrogens react to form secondary amines. Triazidos-heptazine (TAH, @Ns¢) is an effective, ener-
Increased oxygen content may also produce som©B getic single-source precursor for the synthesis of nitrogen-
components that could engage in local ke¢mol tautomer- rich CNy (x ~ 1.2—1.7) network materials. The surprising
ization with the ring nitrogens. While the heptazine core thermal stability of the TAH azide precursor enabled,CN
retention was established by solid-state NMR, the long-rangematerial to be generated through rapid or slow, stepwise
connections are likely heterogeneous and may contain a mixtnermal decomposition routes. These different routes yield
of bridging and terminal nitrogen species. products with similar chemical and thermal properties, but
Many research groups, including ours, have previously markedly different morphologies. Rapid decomposition yields
proposed structures of carbon nitride materials based solelypowders with a porous, spongelike appearance, while slow
onstriazine building blockg:2tIn these efforts, the starting  decomposition results in faceted, amorphous monoliths.
materials were-triazine derivatives, so the proposed product Spectroscopic evidence is consistent with local conjugated
CNy structures are reasonable. Extended heptazine-based CNstructures based on interconnecsdteptazine rings, leading
solids derived from the decomposition of TAH show to thermally robust nitrogen-rich GNextended materials.

significant thermal and spectral similarities to previously ,

reported materials derived fromtriazines, suggesting that Acknowledgment._ The Army Research Qﬁlce (DAAD1-

carbon nitride materials derived frositriazine precursors 03-1-0274) and National Science Foyndatlon_(CHE-0407753)
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example, a 1922 review article described a thermal de- MR dat d ¢ an SRS | tivel
ammonation pathway where guanidine condenses to melaminé\l ata and use of an mass analyzer, respectively.

[CsN3(NHy)s] then to heptazine-based species such as melem  Supporting Information Available: TG-DTA data for isother-
[CeN7(NH2)3] or melon (-CeN7#(NHz)NH—],).17¢ This de- mal heating of TAH at 150C, followed by ramping to 1000C,
composition process was recently defined in much more evolved gas mass spectra for volatile TAH decomposition byprod-
spectroscopic and structural detail and used to grow hep-ucts, and XRD data aniC NMR spectra for rapidly synthesized
tazine-based structuré¥:’ Researchers have also proposed CNx product. This material is available free of charge via the
triazine to heptazine conversions may occur during the 'MemMet at http://pubs.acs.org.

thermal precursor conversion processes to formy CN 1C061296Y

Conclusions
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