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A novel synthetic route to amorphous C3N4 polymeric structures has been developed. This 
method involves thermal decomposition of novel molecular precursors such as C3N&N- 
(SnMe& (X = F, Cl), via elimination of stable XSnMe3 species, to produce thin films or bulk 
materials of composition C3N4, the highest nitrogen content observed in C-N solids. These 
materials are primarily sp2 hybridized, as indicated by vibrational, solid-state NMR, and 
electron-energy-loss studies, and they are likely to be excellent precursors for the high- 
pressure synthesis of tetrahedral C3N4, the structural analog of B-Si3N4. A crystal structure 
determination of C3N3FzN(SnMe& reveals that  the N(CN)3 framework of the molecule is 
planar, and all C-N bonds have virtually the same length. 

Introduction 
Tetrahedral C3N4 carbon nitride, analogous to P-Si3N4, 

has become the focus of considerable recent research, 
especially because of predictions that it may have a 
hardness greater than that of diam0nd.l From a 
synthesis viewpoint, the preparation of a solid-state 
material that incorporates only nitrogen and carbon in 
the -3 and f 4  oxidation states, respectively, is par- 
ticularly challenging since these elements generally 
favor formation of multiply bonded molecular species 
rather than polymeric structures.2 Attempts by various 
groups to synthesize carbon nitride have thus far yielded 
materials with nitrogen content considerably less than 
the theoretical value of 57% for C3N4. These synthetic 
methods have included high-pressure thermal decom- 
position of C-H-N  precursor^,^^^ deposition using 
nitrogen ions and carbon plasma decomposition 
of methane and nitrogen,6 shockwave compression of 
organic  molecule^,^ and sputtering experiments.8-11 The 
resulting materials have been reported to be either 
amorphous with very low nitrogen content or else 
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mixtures of extremely small crystallites dispersed in an 
amorphous carbon matrix. The crystallites are pur- 
ported to exhibit diffraction patterns consistent with the 
proposed /?-C3N4 structure.ll 

A promising synthetic route to tetrahedral C3N4 
involving low-temperature physical deposition tech- 
niques has been reported recently.12 This method 
produced materials with 40% nitrogen incorporation by 
utilizing a combination of highly energetic carbon spe- 
cies, generated by laser ablation of pure graphite, and 
reactive atomic nitrogen, generated in a radio frequency 
discharge. It has been proposed that these nonstoichio- 
metric materials are combinations of nanocrystallites 
of P-C3N4 and amorphous sp2 C-N materials.13 Such 
deposits would be unsuitable for any useful character- 
ization and would lack the unique properties of bulk 
C3N4 material. To obtain pure carbon nitride, the 
development of new synthetic methods to provide mate- 
rial with the correct bulk composition is required. 

Our work has been directed toward the synthesis and 
use of novel molecular precursors to prepare extended 
carbon-nitrogen solids with the desired C:N atomic 
ratio of 3:4.14 Our primary aim has been to grow pure 
C3N4 polymeric materials as thin films or bulk powders, 
with the ultimate objective of achieving crystalline 
structures via high-pressure techniques. The molecular 
precursors have been selected to  incorporate the stoi- 
chiometry of the desired product and to favor low- 
temperature reaction routes that are likely to lead to 
metastable structures and compositions. To keep the 
deposition temperature low, carbon and nitrogen atoms 
in the precursors should not contain any strong C-H 
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and N-H bonds. Examples of precursors possessing the 
correct stoichiometry and lacking strong C-H and N-H 
bonds (except for the trimethyl leaving groups) are C&- 
ClzN(SnMe3)~ (11, C3N3FzN(SnMe3)2 (21, and their tri- 
methylsilyl analogues C3N3ClzN(SiMe3)2 (3), and 
C3N3FzN(SiMe& (4). We have previously reported the 
synthesis of compounds 3 and 4 and their use to  deposit 
thin films of composition C3N4-C3.zN4.14 In this paper 
we report the syntheses of precursors 1 and 2, and then 
we describe their decomposition reactions via elimina- 
tion of SnMesCl and SnMesF (eq a), leading eventually 
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Table 1. Structure Determination Summary for 2 

(Me3Sn),NC3N,X, - C3N, + 2SnMe3X 
1, x = c1 
2 , X = F  

(a> 

to deposition of thin films and bulk powders of C3N4. 
We also compare the results obtained from the decom- 
position of the trimethylsilyl precursors with those of 
the trimethylstannyl analogues and describe the ad- 
vantages of using 1 and 2 for C3N4 synthesis. 

Results and Discussion 

Precursor Synthesis. We synthesized 1 from 2,4,6- 
trichloro-1,3,5-triazine and tris(trimethylstanny1) amine 
(eq b). 

Compound 1 is a colorless, highly air-sensitive solid 
that distills without decomposition (bp 80 "C a t  
Torr). Evidence for the six-membered cyclic structure 
is provided by the 13C spectrum which indicates the 
presence of two nonequivalent ring carbons (169.2 and 
171.7 ppm) in the ratio 1:2 and methyl carbons of the 
trimethylstannyl group (-3.94 ppm). The FTIR spec- 
trum reveals the characteristic C-H stretches of the 
trimethylstannyl group at 2912 and 2997 cm-l, strong 
absorptions due to the aromatic ring at 1475-1550 
cm-', and the Sn-N absorption at 790 cm-l. Electron 
impact mass spectroscopic analysis shows (M - CHd+ 
as the most intense peak a t  mle = 475, and a fragmen- 
tation pattern that is consistent with the monosubsti- 
tuted ring structure. Upon exposure to air, the material 
undergoes hydrolysis. Mass spectroscopic and IR analy- 
ses indicate that Me3SnNHC3N3Clz is formed first; 
complete hydrolysis gives rise quantitatively to 
H ~ N C ~ N ~ C ~ Z  and trimethyltin hydroxide. 

In a similar manner, the reaction of 2,4,6-trifluoro- 
1,3,5-triazine and tris(trimethylstanny1)amine yielded 
compound 2 as a colorless air-sensitive solid. This 
compound was again characterized as the monosubsti- 
tuted ring structure using FTIR, NMR, GC/MS, and 
elemental analyses. A single-crystal X-ray structure 
determination of 2 was performed using crystals ob- 
tained by sublimation (Tables 1 and 2). As shown in 
Figure 1, the molecule is planar with the exception of 
the methyl groups. The maximum deviation from the 
least-squares plane through the N(CN)3 framework and 
the tin atoms is 0.09 A. The ring is, however, slightly 

Crystal Data 
empirical formula C~HlsFzN4Sn2 
color; habit colorless and irregular 
crystal size (mm) 
space group P21ln 
unit-cell dimensions 

0.20 x 0.25 x 0.28 

a = 9.386(2) A 
b = 16.670(3) A 
c = 10.833(2) A 
f i  = 95.81(3)" 

volume 1686.4(8) A3 
z 4 

density (calc.) 1.803 Mg/m3 
abs coeff 2.969 mm-' 
F(OO0) 872 

diffractometer used Siemens R 3 m N  
radiation 
temp (K) 293 
monochromator highly oriented graphite crystal 
20 range 3.5-45.0" 
scan type W 

scan speed 
scan range ( w )  3.00" 
background stationary crystal and stationary 

counter at beginning and end 
of scan, each for 25.0% of total 
scan time 

3 measured every 47 reflections 
-10 5 h 5 10, -1 5 k 5 17 
0 5 1 5 1 1  

2223 (Ri,t = 3.26%) 
1567 (F > 3.OdF)) 

formula weight 457.7 

Data Collection 

Mo Ka (2 = 0.710 73 A) 

variable; 2.00-14.65lmin in w 

measurement 

standard reflections 
index ranges 

reflections collected 2565 
independent reflections 
observed reflections 
absorption correction NIA 

Solution and Refinement 
system used Siemens SHELXTL PLUS 

(PC Version) 
solution direct methods 
refinement method full-matrix least-squares 

absolute structure NIA 
extinction correction 

hydrogen atoms 

quantity minimized 1567 ZW(F, - F,)' 

x = 0.00003(2), where F* = 
F[1 + 0.002 ~F l s in (28) ] -~ /~  

riding model, isotropic U fEed at 
1.2 times the isotropic U of 
bonding partner 

weighting scheme 
no. of parameters refined 155 
final R indexes (obs data) 
R indexes (all data) 
goodness-of-fit 1.24 
largest and mean Nu 
data-to-parameter ratio 10.1:l 
largest difference peak 
largest difference hole 

w-l = u2(F) + 0.0004F2 

R = 4.88%, wR = 4.56% 
R = 7.91%, wR = 4.98% 

0.008, 0.002 

0.64 e A-3 
-0.68 e k3 

di~t0r ted. l~ The N2-C3-N3 angle is 130.0" while the 
opposite C2-N1-C1 angle is 114.7'. This distortion 
from 120" presumably originates from packing effects 
in the solid state. The three C-N bond lengths of the 
ring appear to be within a normal range. The fourth 
C-N bond (Cl-N4) has virtually the same length as 
the ring C-N bonds, indicating some degree of n-bond- 
ing between the ring and N4. The planar nature of the 
N(CNh framework and the unusually short length of 
Cl-N4 are consistent with a proposed two-dimensional 
C3N4 structure for which the N(CN)3 unit is both the 
compositional and structural building b10ck.l~ 

Film Deposition Using 1 and 2. The thermal 
behavior of both compounds was examined by modu- 

(15) Kouvetakis, J.; Grotjhan, D.; Becker, P.; Moore, s.; Dupon, R. 
Chem. Muter. 1994, 6, 636. 
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Table 2. Atomic Coordinates ( x  lo4) and Equivalent 
Isotropic Displacement Coefficients (Az x 10s) for 2 

atom X Y z U (eqp 
Sn(1) 5898(1) 2209(1) 2617(1) 60(1) 
Sn(2) 2662(1) 721(1) 2487(1) 56(1) 
C(1) 5706(14) 457(8) 2526(11) 56(5) 
N(4) 4824(9) 1078(6) 2600(8) 53(4) 
N(1) 5165(10) -302(6) 2571(10) 66(4) 
C(2) 6096(17) -869(8) 2486(12) 68(6) 
N(2) 7456(12) -847(7) 2491(12) 76(5) 
C(3) 7875(13) -93(11) 2458(11) 65(6) 
N(3) 7135(10) 571(6) 2511(9) 5x41 
F(1) 5550(8) -1606(4) 2515(10) 118(4) 
F(2) 9264(7) 17(5) 2458(8) 98(4) 
C(4) 7400(16) 2191(9) 4183(11) 99(6) 
C(5) 4301(14) 3054(7) 2916(16) 109(7) 
C(6) 6632(14) 2299(9) 834(10) 90(6) 
C(7) 2460(14) 135(9) 4172(12) 96(7) 
C(8) 1357(15) 1760(9) 2389(14) 105(7) 
C(9) 2243(14) 105(9) 790(11) 92(6) 

Equivalent isotropic U defined as one-third of the trace of the 
orthogonalized U,  tensor. 

Flll 
(21 

Figure 1. Molecular structure of compound 2 showing atom 
labeling scheme with thermal ellipsoids at 50% probability 
level. Important distances (A); angles (deg): N4-Cl 1.333(16), 
C1-N1 1.366(16), Nl-C2 1.297(18), C2-N2 1.277(20), N2- 
C3 1.318(20), C3-N3 1.311(19), N3-Cl 1.356(16); N3-C1- 
N4 120.9(11), N4-Cl-Nl 118.8(11), C1-N1-C2 114.7(11), 
Nl-C2-N2 131.2(12), C2-N2-C3 109.2(11), N2-C3-N3 
130.0(12), C3-N3-C1 114.3(11). 

lated differential scanning calorimetry (MDSC) between 
0 and 500 "C. The thermograms for compounds 1 and 
2 (Figure 2) revealed reversible endothermic events a t  
60 and 70 "C, respectively, corresponding to the melting 
point of the compounds, and irreversible exothermic 
events at 220 and 200 "C, respectively, indicative of 
their decomposition reactions. The decomposition reac- 
tion of compound 1 was initially carried out in a low- 
pressure chemical vapor deposition (0) reactor at 400 
"C and Torr to yield thin films of C3N4 via 
elimination of SnMesCl. A quantitative amount of 
SnMe3Cl was collected and identified by FTIR, NMR, 
and vapor pressure measurements. Film thicknesses 
of 2000-5000 A were deposited on Si substrates at a 
rate of 200-300 kmin .  These films were extensively 
analyzed for composition and chemical purity by Ruth- 
erford backscattering (RBS) and secondary-ion mass 
spectrometry (SIMS). RBS analyses revealed carbon 
and nitrogen in a ratio of 3C to 4N with less than 1 at. 
% tin and chlorine impurities. Figure 3 shows the RBS 

1 -1 

Decomposition ----> 

Y 

2lo  -0.4 J . 
0 50 100 I50 200 

Tcmperaturc ( 'C )  

Figure 2. DSC thermogram for compound 2 shows endo- 
thermic event at 70 "C corresponding to melting point of 
compound, and exothermic event at 200 "C, indicative of its 
decomposition reaction. 

Energy (MeV) 

30t c 

0 -5 50 100 I50 200 250 300 350 

Chonnel 
Figure 3. Rutherford backscattering spectrum of carbon 
nitride material deposited at 400 "C on (100) Si via decomposi- 
tion of 1. Simulation of composition using program RUMP 
indicates composition of C3N3.9Sn0.07 and film thickness of 2300 
A. Tin signal also indicates concentration gradient of element 
in film. Concentration appears to be higher on surface than 
in bulk. 

spectrum of a 2300 A thin film on Si with composition 
C3N3.9Sn0.07. (Small concentrations of Sn are easily 
detected by RBS because of its high atomic and mass 
numbers.) SIMS depth profile experiments showed that 
carbon and nitrogen were homogeneously distributed 
throughout the film and that any oxygen impurities 
were concentrated a t  the film surfaces. Infrared (IR) 
spectroscopic data indicated that the sp2 1,3,5-triazine 
ring of the precursor persisted in the polymeric struc- 
ture. IR spectra of films deposited on single crystal Si 
showed strong bands between 1650 and 1150 cm-l 
which were consistent with aromatic (CNk and C-N 
modes. Furthermore, analysis by electron-energy-loss 
spectroscopy (EELS) using a 200 kV analytical electron 
microscope gave evidence only for carbon and nitrogen 
and suggested that the carbon and nitrogen were 
primarily sp2 hybridized. An EELS spectrum of C3N4 
featuring the K-shell ionization edges for both elements 
is shown in Figure 4. The sharp peak at the onset of 
each K-edge represents a x* transition and the broad 
complex peak that follows is attributable to u* transi- 
tions. The n* peaks are typical of sp2 hybridization.16 
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deposition rates. The more facile decomposition path- 
way of compounds 1 and 2 (presumably due to the lower 
bond strength of the tin-nitrogen bond relative to the 
silicon-nitrogen bond) leads to low-temperature growth 
of high-quality nearly stoichiometric carbon nitride 
films. However, the SnMe3Cl and SnMe3F reaction 
byproducts are toxic and require special care for han- 
dling and disposing. 

Sealed-Tube Decompositions. Decomposition re- 
actions of compounds 1-4 were also carried out in a 
closed stainless-steel reactor for the purpose of obtaining 
bulk C3N4 samples for multianvil high-pressure experi- 
ments. The closed-tube decompositions of 1 and 2 a t  
200 "C produced volatile SnMesCl and SnMesF, respec- 
tively, which were collected in nearly quantitative 
amounts by trap-to-trap distillation and were identified 
by FTIR. The remaining yellow-white residues were 
examined by IR and RBS. The IR spectra of the solids 
were identical to those obtained from the thin films and 
the RBS analysis indicated that the carbon to nitrogen 
ratio was approximatelly 3:4. The closed-tube decom- 
positions of 3 and 4 required higher temperatures (400- 
450 "C) and gave inhomogeneous mixtures of viscous 
oily residues and dark brown solids unlike the vapor 
deposition reactions that had resulted in pure carbon 
nitride thin films. 

1.60 - 
0.00 

25 I C  

- 

I 

5 t  I 1 
0 0  250 
50 100 150 200 

Channel 
Figure 5. Typical Rutherford backscattering spectrum of 
carbon nitride phase deposited at 500 "C on (100) Si using 3. 
Simulation of composition using program RUMP indicates 
carbon nitrogen ratio of 3:4. 

Treatment of compound 2 in the reactor a t  400-450 
"C also resulted in carbon nitride thin films. The 
chemical composition and the bonding characteristics 
of this material, as indicated by RBS, SIMS, EELS, and 
FTIR, were similar to  those of the films obtained from 
the decomposition of compound 1. 

Film Deposition Using 3 and 4. Thin films of 
composition C ~ N ~ - C ~ . Z N ~  (Figure 5) having structural 
and bonding characteristics virtually identical to  those 
obtained from 1 and 2 were deposited from 3 and 4 via 
elimination of SiMeaCl and SiMesF at 500 "C. The 
thermal behavior of compounds 3 and 4 was initially 
examined by DSC studies which revealed that they 
decomposed irreversibly at 350 and 380 "C, respectively. 
The deposition reactions, however, were carried out a t  
500 "C due to low deposition rates below 450 "C. It was 
also necessary to carry out the depositions of 3 and 4 
at pressures ranging from 1 to 3 Torr using nitrogen as 
a carrier gas in order to  obtain a reasonable deposition 
rate. In contrast, the depositions using 1 and 2 did not 
require a carrier gas and were carried out at much lower 
pressure and temperature (350-400 "C) with complete 
conversion of reactants to  products at relatively high 

(16) Kouvetakis, J.; Sasaki, T.; Shen, C.; Hagiwara, R.; Lerner, M.; 
M. Krishnan, K.; Bartlett, N. Synt. Met. 1990, 34, 1. 

Conclusion 

Our results indicate that compounds 3 and 4 are 
excellent precursors to  high-quality C3N4 thin films; 
however, the trimethylstannyl precursors 1 and 2 
appear to be more advantageous for bulk powder 
synthesis as well as being more efficient for thin film 
growth. Decomposition of compounds 1 and 2 appears 
to generate powders of carbon nitrides in bulk sealed- 
tube reactions a t  temperatures as low as 200 "C. In 
addition, compounds 1 and 2 deposit films a t  relatively 
low temperatures and pressures with greater deposition 
rates and with complete conversion of reactant to 
products. The drawbacks are that compounds 1 and 2 
are hydroscopic and therefore difficult to handle and 
preserve, and their decomposition gives rise to  toxic 
byproducts such as SnMesCl. However, the bulk sealed- 
tube reactions of compounds 1 and 2 afforded enough 
sp2 C3N4 to  allow a more complete characterization of 
this material as well as investigation of its use as a 
precursor to crystalline tetrahedral C3N4 via high- 
pressure techniques and laser ablation methods. Multi- 
anvil and diamond anvil high-pressure studies are 
currently in progress. 

Experimental Procedure 

General Procedures. All reagents and precursors were 
handled in a nitrogen-filled glovebox (Vacuum Atmospheres 
Model HE493 M020-40) or using standard Schlenk and 
vacuum line techniques. Infrared spectra were obtained on a 
Nicolet Magna 550 spectrometer from liquid samples between 
KBr salt plates or gas samples in a 10-cm path-length gas cell 
with KBr windows. lH and 13C NMR spectra were recorded 
at  300 and 75 MHz, respectively, on a Varian Gemini 300 NMR 
spectrometer. Mass spectra were obtained by GC/MS on an 
HP 5995 spectrometer. Elemental analyses were performed 
at  Galbraith Laboratories (Knoxville, TN). Trimethyltin 
chloride and 1,3,5-trichloro-2,4,6-triazine (purchased from 
Aldrich Chemical Co.) and 1,3,5-trifluoro-2,4,6-triazine (pur- 
chased from Alfa Chemicals) were used without further 
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purification. The deposition and film analysis procedures are 
essentially the same as those described in ref 14. 

Synthesis of 1. A solution of tris(trimethylstanny1)amine 
(5.9 g, 12 mmol) in dry ether (60 mL) was added dropwise to 
a stirred solution of C3N3C13 (2.15 g, 12 mmoL) in ether (50 
mL). The solution was stirred for 2 h a t  0 "C, and the solvent 
and the resulting SnMe3Cl were removed in vacuo. The 
residual viscous liquid was purified by low-pressure distillation 
to yield 2 as a colorless solid (3.35 g, 6.8 mmol, 58%). 

Mp 60 "C; bp (115 "C, lov3 Torr); MS (70 eV) mlz (%) 475 

= 0.2466; 13C NMR (75 MHz, CDCl3,25 "C) 6 = -3.9432, and 
-6.510, -6.60, -1.3, -1.4 (weak '17Sn and lI9Sn satellite 
peaks), 6 = 169.215 and 171.687 (ring carbons); IR (KBr) 
v(CH3) = 2919-2967 cm-l, v(CN)3 = 1500-1618 cm-l, v(Sn- 
N) = 790 cm-'. Elemental analysis (C, H, N, Sn) was correct. 

Synthesis of 2. A solution of tris( trimethylstanny1)amine 
(5.5 g, 11 mmol) in dry ether (60 mL) was added dropwise to 
a stirred solution of C3N3F3 (1.5 g, 11 mmol) in ether (30 mL) 
at  0 "C. The mixture was stirred for 2 h a t  0 "C and then 
filtered to remove the insoluble SnMesF. Removal of the 
solvent in vacuo yielded a solid (3.5 g, 7.6 mmol) which was 
purified by short-path low-pressure distillation to  afford 2 in 
75% yield. 

Torr); 'H NMR (300 MHz, CDCl3, 

"C) 6 = -2.930, and -1.349, -1.415, -4.439, -4.511 (weak 
ll'Sn and '19Sn satellite peaks), 6 = 171.018 [dd, 'J(CF) = 
225.28 Hz, V(CF) = 22.9 Hz C-2, C-41 and 175.667 [t, 3J(CF) 

(100) [M+ - CH31; 'H NMR (300 MHz, CDC13,25 "C, TMS) 6 

Mp 66 "C; bp (85 "C, 
25 "C, TMS) 6 = 0.2231 (CH3); 13C NMR (135 MHz, CsD6, 25 

= 16.0 Hz, C-61; IR (Nujol, KBr) v(CH3) = 2912-2897 cm-l, 
v(C3N3) = 1475-1540 cm-l, v(Sn-N) = 790 cm-I v(Sn-C) = 
547 cm-l; MS (70 eV) mlz (%) 443 (50) [M+ - CH31. Elemental 
anlysis (C, H, N, Sn) was correct. 

Synthesis of Tris(trimethylstanny1)amine. Tris(tri- 
methylstanny1)amine has been previously prepared by the 
reaction of lithium amide and trimethyltin bromide.17 It may 
be also prepared in 90% yield by the reaction of potassium 
amide (or lithium amide) with trimethyltin chloride in anhy- 
drous ether. Mp 22 "C; lH NMR (300 MHz, CDC13, 25 "C, 
TMS) 6 = 0.2075 (CH3); IR v(CH3) = 2984-2916 cm-', v(Sn- 
N) = 745 cm-I, v(Sn-C) = 525 cm-'. 
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