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Abstract: We have studied the matrix photolysis of 2,4,6-triazido-1,3,5-triazine (cyanuric triazide, 1).
Stepwise generation of the corresponding mononitrene, dinitrene, and trinitrene was observed by matrix
IR and electron paramagnetic resonance (EPR) spectroscopy. The generated species were identified by
comparison of their matrix IR spectra with density functional theory (DFT) computational results. The
generation of 2,4,6-trinitreno-1,3,5-triazine with a septet ground state was confirmed for the first time by
matrix EPR spectroscopy. The trinitrene readily decomposed into three NCN molecules upon further
photoirradiation. This process was also confirmed by matrix EPR spectroscopy.

Introduction

In the past decade, high-spin oligonitrene species have been
widely studied as model systems for organic magnetism and
molecular-spin science.1 The chemistry of oligonitrenes under
matrix photolysis conditions is often complex because of the
facile rearrangement of arylnitrenes to bicyclic azirines and
azacycloheptatetraenes.2 Such rearrangements are frequently
suppressed by the introduction ofortho substituents3-5 or the
replacement of theortho carbon by nitrogen.6-8 For instance,
Chapyshev et al. recently succeeded in generating a septet
trinitrene species from a substituted pyridine system.9

2,4,6-Triazido-1,3,5-triazine (cyanuric triazide,1) has been
studied as a potential precursor of a high-spin trinitrene
molecule. In 1966, Moriarty, Rahman, and King described the
cryogenic matrix photolysis of1, in which only a mononitrene

signal was observed.10 They estimated the fine-structureD
parameter of the nitrene asD ) 1.440 cm-1 and suggested the
generation of NCN on the basis of the unexpected largeD value.
In a later reinvestigation, the generation of a triplet mononitrene
and a quintet dinitrene upon photolysis of a single crystal of1
at 4 K was confirmed by electron paramagnetic resonance (EPR)
spectroscopy. The fine-structureD and E parameters of the
mononitrene were estimated as 1.402 and 0.011 cm-1, respec-
tively. The generation of a septet trinitrene was not, however,
reported.11 In that study, the oligonitrene species generated were
surrounded by the unreacted precursor or by partially reacted
nitrenes. Even at 4 K, reactions between these species could
not be excluded completely. On the other hand, the matrix-
isolation technique using inert media such as noble gases or
nitrogen allows the study of such reactive species by excluding
intermolecular reactions completely. Recently, we reported on
the formation of a trinitrene upon photolysis of1 isolated in a
nitrogen matrix.12 In this Article, we describe a detailed study
of the photolysis of1 in nitrogen matrixes by using Fourier
transform infrared (FTIR), ultraviolet-visible (UV-vis), and
EPR spectroscopy.

Experimental Section

I. Matrix Photolysis: FTIR and UV -Vis Absorption Measure-
ments.2,4,6-Triazido-1,3,5-triazine (1) was synthesized by mixing an
acetone solution of cyanuric chloride (2,4,6-trichloro-1,3,5-triazine) with
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an aqueous solution of sodium azide according to the reported
procedure.13 The triazide1 was photolyzed in a nitrogen matrix at 20
K.

Warning: 2,4,6-Triazido-1,3,5-triazine is a shock-sensitive and
thermally unstable solid and should be handled with the precautions
normally afforded to similar, potentially explosive materials.

Crystallites of1 were vaporized at 40-45 °C and co-deposited with
nitrogen (99.9999%) onto a CsI substrate at 20 K. Matrix-isolated1
was photolyzed by using fourth-harmonic-generated (FHG) pulses from
a Nd:YAG laser (λ ) 266 nm, 10 Hz, 0.5 mJ‚cm-2 pulse-1; Lotis LS-
2125 equipped with YHG-34). The sample chamber had a pair of quartz
windows for UV-vis measurements and a pair of KBr windows for
FTIR measurements, enabling us to monitor the photolysis by FTIR
and UV-vis absorption spectroscopy simultaneously. The FTIR
measurements were carried out on a PerkinElmer Spectrum GXI
spectrometer with a resolution of 1 cm-1. UV-vis absorption spectra
were measured with a Shimadzu UV-3100 spectrometer.

II. Matrix Photolysis: EPR Measurement. X-band EPR spectra
were recorded with a Bruker Elexsys E500 EPR spectrometer with an
ER077R magnet (75 mm pole cap distance), an ER047 XG-T
microwave bridge, and an oxygen-free high-conductivity copper rod
(75 mm length, 2 mm diameter) cooled by an APD HC-2 closed-cycle
cryostat, a vacuum shroud equipped with a sample inlet valve and a
quartz window at the sides, a half-closed quartz tube (75 mm length,
10 mm diameter) at the bottom, and a vacuum pump system with a
Pfeiffer Vacuum TMU071P turbo pump backed by a Leybold two-
stage, rotary-vane pump. To avoid contamination of the high-vacuum
segment by pump oil from the backing pump, a catalytic oxidation
filter was placed between the rotary-vane pump and the turbo pump.
During deposition and irradiation, the inlet port and the quartz window
were positioned at the same height as the tip of the copper rod. For the
measurement of the EPR spectra, the copper rod was lowered into the
quartz tube at the bottom of the shroud, and the whole apparatus was
moved downward so that the quartz tube and copper rod were positioned
inside the EPR cavity.

Triazide1 was evaporated at 30°C and co-deposited with a large
excess of argon (Messer-Griesheim, 99.9999%) on the tip of the copper
rod at 13 K. The matrix-isolated sample was subsequently irradiated
with a Gräntzel low-pressure mercury lamp (254 nm), and spectra were
recorded at various irradiation times.

The computer simulation of the EPR spectrum was performed by
using the Xsophe computer simulation software suite (version 1.0.4),14

developed by the Centre for Magnetic Resonance and Department of
Mathematics, University of Queensland, Brisbane (Australia) and
Bruker Analytik GmbH, Rheinstetten (Germany). The simulation was
performed by using a matrix diagonalization method forS ) 3 and
setting the parameterν ) 9.53125 GHz andg ) 2.003.

III. Computational Methods. All density functional theory (DFT)
calculations were performed with the Gaussian 98 program package.15

The geometries of the compounds were optimized by using the B3LYP
method16,17 in combination with the 6-31G* or cc-pVTZ basis set. The

nature of the stationary points was assessed by means of vibrational
frequency analysis. None of the optimized structures showed imaginary
frequencies. Theoretical IR spectra were obtained by vibrational
frequency analyses. Vibrational frequencies predicted at the B3LYP/
6-31G* level were scaled by 0.9614, on the basis of the literature.18

Calculated IR spectra were prepared by applying Gaussian peaks with
3 cm-1 full width at half-maximum for all bands. Calculations were
done on the TACC Quantum Chemistry Grid/Gaussian Portal system
at the Tsukuba Advanced Computing Center (TACC) and on a Hewlett-
Packard Superdome 32000 located at Bochum.

Results and Discussion

I. Matrix Photolysis: FTIR and UV -Vis Measurement.
As discussed in our previous Communication,12 five species
were sequentially generated by the photolysis of1 (Scheme 1).
This result was clarified by the analysis of the dynamic behavior
of the representative IR and UV-vis absorption bands (Figure
1). In this Article, we describe in detail the identification of the
five species, based on a comparison of the observed IR bands
and the DFT computational results.
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Scheme 1. Reactive Species Generated Sequentially in the
Photolysis of 1

Figure 1. The dynamic behavior of representative IR and UV-vis bands
of sequentially generated species. (a)1: Survival ratio against the initial
amount of1. (b) 2: IR band at 1339 cm-1. (c) 3: IR band at 1438 cm-1.
(d) 4: IR band at 1326 cm-1. (e) 5: UV-vis band at 329 nm. (f)6: IR
band at 2271 cm-1.
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The first intermediate generated was identified as the mono-
nitrene2. This mononitrene could exist in the matrix as three
different conformers2a-2c, reflecting the initial distribution
of conformers1a and1b (Figure 2) in the matrix. The isomer
1a was estimated to be 0.48 kcal‚mol-1 more stable than1b at
the B3LYP/6-31G* level. Whereas only isomer2a can be
formed upon release of one nitrogen molecule from1a, the three
isomers2a-2c should be formed from1b with equal prob-
abilities. Therefore, the isomer2a should be formed with the
highest probability. In terms of enthalpy, the differences between
the three isomers are predicted to be negligible. If1a and1b
are deposited in thermal equilibrium, and if all azide groups
can undergo photocleavage with equal quantum yield, two-thirds
of the mononitrene2 generated would thus be in the form of
2a, whereas2b and2c would each constitute only one-sixth of
the mononitrene conformer mixture.

The representative IR band ascribed to2 was observed at
1339 cm-1. Although the three isomers should all exhibit intense
bands at around 1339 cm-1, they were predicted to have slightly
different IR band patterns (Figure 3a-c). IR bands showing
similar dynamic behavior were assigned to individual conform-
ers (Figure 3e). The complex experimental IR spectrum
indicated that the isomers coexisted in the matrix. With the
exception of the azide-stretching band (νN3), the predicted IR
bands of the isomers (Figure 3d) corresponded well with the
observed IR bands. Although intense IR bands at around 2200
cm-1 were predicted for2a-2c, we found no such intense IR
band there. We assigned two IR bands observed at around 2200
cm-1 to νN3. IntenseνN3 band should be split into these bands
probably due to Fermi resonance.19 On the basis of the earlier
results on1,11 benzene-triazide derivatives,9,20and triazine-azide
derivatives,21 the generated mononitrene2 is expected to have
a triplet ground state. Indeed, we observed the EPR signal
ascribable to a triplet nitrene at around 8000 G (as we will
discuss later). Given an earlier report on the formation of a
seven-membered ring in a similar system,21 mononitrene2 could
rearrange into a cyclic carbodiimide, which shows a character-
istic IR band at around 1900 cm-1. In the present case, we could

observe only a weak IR band at around 1900 cm-1, indicating
that the rearrangement to a cyclic carbodiimide was a minor
process in the present photolysis.22 In addition to these IR bands,
the UV-vis absorption band at 344 nm was also assigned to
mononitrene2, on the basis of its dynamic behavior (Figure
4). Moreover, a broad band was observed at 460-640 nm.
Chapyshev observed the broad absorption bands ascribable to
triplet nitrene, quintet dinitrene, and septet trinitrene species in
this wavelength region.23 The dynamic behavior of this band
implied that it could be ascribed to nitrene species2, 3, or 4,
although we could not distinguish the bands produced by these
species.

Upon further loss of nitrogen, the second intermediate,
dinitrene3, should be formed. Dinitrene3 showed an intense
IR peak at 1438 cm-1. Photolysis of all three isomers2a-2c
should lead to the same dinitrene species. Therefore, the IR
spectra should become simpler. IR bands showing a dynamic
behavior similar to that of the band at 1438 cm-1 are shown in
Figure 5. The IR spectrum assigned to3 is simpler than that of
2. The agreement between the experimental IR bands ascribed
to 3 and the calculated spectrum is good, although a splitting
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Figure 2. Optimized structures of1 and2 (B3LYP/6-31G* level).

Figure 3. (a-c) Calculated IR spectra of three isomers2a-2c. (d)
Calculated IR bands of a mixture of isomers of2 (2a, 67%;2b, 17%;2c,
17%). (e) Observed IR bands ascribable to2 selected on the basis of their
dynamic behavior (similar to that of the band at 1339 cm-1).
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of the azide band was also observed here. Moreover, a UV-
vis absorption band at 377 nm was ascribed to dinitrene3
(Figure 4).

We have already discussed the identification of trinitrene4
with the aid of isotopic labeling with13C.12 We have thus
identified4 on the basis of two IR bands at 763 and 1326 cm-1.
The observed and calculated IR spectra are shown in Figure 6.
The trinitrene should have a septet ground state. The septet
species was not observed during the earlier photolysis of single-
crystalline1 at cryogenic temperatures.5 In that experiment, the
generated trinitrene4 was surrounded by the unreacted triazide
or the nitrene or dinitrene. The generated trinitrene4 would
readily react with these species, even at cryogenic temperatures.
Such intermolecular reactions could be the reason4 was not
observed in the experiment with single-crystalline1. Intermo-
lecular reactions can completely be ruled out if an argon matrix

is employed. The major decomposition pathway of4 was
identified to be fragmentation into three NCN molecules.12 This
fragmentation was already suggested in an early EPR study as
previously described.10 We could observed EPR signals ascrib-
able to both septet trinitrene4 and triplet NCN molecule, as
discussed later.

Figure 4. UV-vis absorption spectra of a nitrogen matrix containing1
upon 266-nm irradiation with (bottom to top) 0, 400, 100, 1500, 2400, and
21 000 FHG pulses from a Nd:YAG laser.

Figure 5. (a) Calculated IR spectrum of dinitrene3 (B3LYP/6-31G* level).
(b) Observed IR bands ascribed to3 (selected on the basis of their dynamic
behavior, which is similar to that of the band at 1438 cm-1).

Figure 6. (a) Calculated IR spectra of trinitrene4. (b) Observed IR bands
assigned to4, selected on the basis of their dynamic behavior similar to
that of the band at 1326 cm-1.

Figure 7. Dynamic behavior of the intensities of the IR bands of (a)1, (b)
2, (c) 3, and (d)4 (symbols) and the result of the curve fitting using eqs 1,
2, 3, and 4 (solid curves). The estimated ratios of1, 2, 3, and4 are shown
in (e).
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We have previously shown that apparently successive reac-
tions proceeding in a matrix can be analyzed by applying kinetic
equations.24 This analysis provides quantitative information on
the generated intermediates. We analyzed the curves shown in
Figure 1 by assuming the successive reactions depicted in
Scheme 1. Equations 1-4 were applied to a nonlinear least-
squares fitting of the observed intensity changes for1, 2, 3,
and 4, respectively.A, B, C, D, and E denote triazide1,
mononitrene 2, dinitrene 3, trinitrene 4, and three NCN
molecules, respectively. The results of the curve fittings are
shown in Figure 7. The apparent rate constants were estimated
to bek1 ) 2.51× 10-4, k2 ) 1.79× 10-4, k3 ) 1.41× 10-4,
andk4 ) 2.19× 10-4 pulse-1.

The intensity changes for1 and2 were well reproduced by
the fitted curves obtained from eqs 1 and 2 (Figure 7a,b). On
the other hand, the deviation between the observed intensities
and the curve-fitting result increased for3 and4. This deviation
indicated that the photochemical reaction from1 to 4 was not
a successive reaction. This is probably attributable to the
existence of minor side reactions, such as the formation of the
cyclic carbodiimide. By assuming that this deviation was
reasonably small, we could roughly estimate the ratio of the
intermediates in the matrix (Figure 7e). From this analysis, the
relative concentration of trinitrene4 reached a maximum (19%)
when 98% of1 was photolyzed. At the same time, the relative
concentrations of2 and3 were estimated to be 14% and 30%,
respectively.

II. Matrix Photolysis: EPR Measurement. The EPR spectra
observed upon 254-nm irradiation of1 are shown in Figure 8.
Initially, an EPR signal ascribable to a triplet nitrene appeared
at around 8000 G (Figure 8a). This signal is a typical EPR signal
for a mononitrene species.25 In the present study,D andE values

for this signal were obtained as a best fit forD ) 1.461 andE
) 0.005 cm-1 (g ) 2.003), respectively. A similar signal was
also observed in the earlier EPR study on1:11 The fine-structure
D andE values were preliminary estimated asD ) 1.445 and
E ) 0.0045 cm-1, respectively, by the powder-pattern EPR
measurement. These values were in fair agreement with the
values estimated in the present study and in the earlier study.10

Meanwhile, the preliminary parameters were determined asD
) 1.402 andE ) 0.011 cm-1, respectively, by the single-crystal
EPR measurement.11 While the signal ascribed to mononitrene
decreased, other signals increased upon the prolonged irradiation
(Figure 8b).

As in the case of FTIR and UV-vis spectra, the fact that the
signals appeared sequentially indicated that the photoreactions
proceeded in a stepwise manner in the matrix. The observed
EPR signals can be grouped, as in the case of the FTIR and
UV-vis bands (Figure 9). It should be noted that the time profile
for the FTIR and UV-vis bands could be different because of
differences in experimental conditions, such as the thickness
of the matrix and the irradiation conditions. Accordingly, the
dynamic behavior of EPR signals does not fully correspond with
that of FTIR or UV-vis bands. For instance, IR bands ascribed
to nitrene species showed maximum intensity upon laser
irradiation (λ ) 266 nm) with 400 pulses and then completely
disappeared upon irradiation with ca. 5000 pulses (Figure 1b).
In contrast, the intensity of the EPR signal assigned to2 reached
a photostationary state at approximately one-half of the maxi-
mum intensity (Figure 9a). This discrepancy could arise from
differences in filtering effects related to the different thicknesses
of the matrixes in the EPR experiments as compared to the IR
and UV-vis measurements or it could be caused by the different
excitation conditions used (Nd:YAG laser vs a Hg low-pressure
lamp). When the matrix was made thicker in the IR experiment,

(24) Sato, T.; Arulmozhiraja, S.; Niino, H.; Sasaki, S.; Matsuura, T.; Yabe, A.
J. Am. Chem. Soc.2002, 124, 4512-4521. (25) Wasserman, E.Prog. Phys. Org. Chem.1971, 8, 319-336.

A 98
k1

B 98
k2

C 98
k3

D 98
k4

E f ...

[A] ) [A]0 exp(- k1t) (1)

[B] )
k1

k2 - k1
{exp(- k1t) - exp(- k2t)}[A]0 (2)

[C] ) { k1k2

(k2 - k1)(k3 - k1)
exp(- k1t) +

k1k2

(k1 - k2)(k3 - k2)
exp(- k2t) +
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Figure 8. EPR spectra of an argon matrix containing1 upon irradiation at
254 nm for (a) 2 min, (b) 10 min, and (c) 40 min.
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it proved to be impossible to photolyze1 to completion, even
if more-intense laser irradiation was applied.

The signal ascribable to mononitrene2 increased during the
initial irradiation and then decreased (Figure 9a). In turn, several
new signals increased, as indicated in Figure 8b: these signals
could be ascribed to the dinitrene or trinitrene. Among these
signals, those observed at 350 and 500 G showed a slightly
different dynamic behavior, indicating that two species were
generated (Figure 9b,c). The signals observed at 350 and 3650
G were ascribed to the second intermediate, which should be
dinitrene 3. On the other hand, signals that showed similar
dynamic behaviors to that at 500 G are shown in Figure 10
(bottom). These signals could be assigned to the third intermedi-
ate, trinitrene4.

The simulation of the EPR spectrum of trinitrene4 was
performed by using a matrix diagonalization method forS) 3
and by setting the parametersν ) 9.53125 GHz andg ) 2.003.
Figure 10 (top) shows the simulated EPR spectrum withS) 3,
g ) 2.003,D ) 0.123 cm-1, and E ) 0.000 cm-1. Signals
appearing in the simulated spectra agreed perfectly with the
experimental EPR signals assigned to trinitrene4. Thus, we
could confirm that the generated trinitrene4 possessed the septet
ground state. There is very little precedent for interpreting the
EPR spectra of systems with three nitrene units attached to a
single conjugated ring system. Wasserman, Schueller, and Yager
reported on an EPR spectroscopic study on 1,3,5-tricyanophen-
yltrinitrene.26 They assigned ESR peaks at 420, 1650, and 2750
G to the trinitrene and estimated theD values as 0.0674 cm-1,
but they did not report the spectra. Chapyshev et al. recently

reported on the septet trinitrenes generated by the photolysis of
3,5-dichloro-2,4,6-triazidopyridine and 3-chloro-5-cyano-2,4,6-
triazidopyridine.3 In their work, they estimated thatD ≈ 0.1
cm-1, with smallE values for both trinitrene species.

Complex EPR spectra for randomly oriented high-spin
multiplicity systems have been simulated by the eigenfield-based
calculation.27-30 On the other hand, the fine-structure parameters
of oligonitrenes could be reproduced by a semiempirical
calculation of the fine-structure tensor by eq 5.31 This calculation
reproduced fine-structure parameters of septet trinitrene32 as well
as quintet dinitrenes.9,11,33,34Fk and Fmono were spin densities

on nitrene moieties in septet trinitrene and triplet mononitrene.
The septet trinitrene optimized at the UB3LYP/6-31G* level
had aD3h symmetrical structure. Therefore, angles between two
C-N bonds in nitrene moieties were 120° and spin densities
of three nitrene moieties were estimated asFk ) 1.723. Three
isomers of the mononitrene showed spin densities of 1.772,
1.769, 1.775, respectively. The averaged valueFmono ) 1.772
was applied to eq 5. From the parameters (D ) 1.461 cm-1

and E ) 0.005 cm-1) of triplet mononitrene estimated in the
present study, the parameters for the septet trinitrene were
calculated to beD ) -0.146 andE ) 0.00 cm-1. The estimated
D value was larger than the experimental value (D ) 0.123
cm-1). The D andE values of triplet mononitrene were close
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Figure 9. Dynamic behavior of representative EPR signals: (a) 8000 G,
(b) 350 G, and (c) 500 G.

Figure 10. (Top) Simulated EPR spectrum withS ) 3, g ) 2.003,D )
0.123 cm-1, E ) 0.000 cm-1. (Bottom) Experimental EPR signals assigned
to trinitrene4. These signals showed a similar time dependence to that of
the signal at 500 G (Figure 9c).
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to the values estimated by powder-pattern EPR measurement.
By using the parameters determined by single-crystal EPR
measurement, the calculated parameters wereD ) -0.133 cm-1

andE ) 0.000 cm-1. Thus, the agreement between calculated
parameters and experimental values was improved. These results
revealed that the estimatedD value of4, which was larger than
that obtained by Chapyshev et al.,9 was mainly based on the
largerD value of2 compared to that of phenyl nitrene.

The disappearance of the signals assigned to3 and 4 was
accompanied by a growth of the signals at around 8200, 7300,
and 6900 G (Figure 8c). These signals could be ascribed to
products of the photochemical reaction of trinitrene4. On the
basis of its characteristic UV-vis bands, we confirmed that
trinitrene4 photochemically decomposed into three molecules
of NCN upon prolonged irradiation.35 This should be the main
decomposition pathway of matrix-isolated4. NCN thus gener-
ated would be in the triplet ground state. NCN has been reported
to rearrange photochemically to triplet CNN,35-37whose EPR
spectrum was reported by Wasserman et al.25,38 The reported
D and E values for NCN were 1.544 and<0.002 cm-1,
respectively, whereas those for CNN were 1.153 and<0.002
cm-1, respectively. Simulations based on these values revealed
that the EPR signal observed at around 8200 G could be ascribed
to triplet NCN. In the present study,D andE values of NCN
were determined by simulation as 1.545 and 0.000 cm-1,
respectively. On the other hand, a signal for CNN was predicted
to appear at around 7300 G. TheD andE values of CNN were
determined by simulation as 1.153 and 0.000 cm-1, respectively.
In our EPR experiments, a signal at 8200 G appeared after the
decomposition of septet trinitrene4, and later, a signal at around
7300 G appeared (Figure 11a,b).

Triplet CNN has been reported to show an IR band at 1241
cm-1 upon further photoirradiation.36 We could detect a very
weak IR band appearing at 1233 cm-1 when the population of
NCN had reached its maximum. This IR band might be
attributable to CNN. The band was very weak, whereas the EPR

signal for CNN was easily discernible. It is probable that EPR
spectroscopy is more sensitive than IR spectroscopy for the
detection of CNN. The final EPR signal, observed at around
6900 G, has not been identified. Given the reported fate of NCN
intermediates, this signal could originate from a reaction product
derived from triplet atomic carbon.35,39 Finally, the UV-vis
bands observed at 397, 418, and 432 nm could not be attributed
to N,N′-dicyanocarbodiimide6. The unidentified species re-
sponsible for these UV-vis bands might be the source of the
EPR signal.

Conclusion

We studied the photochemistry of 2,4,6-triazido-1,3,5-triazine
in a nitrogen matrix at 20 K. In this photolysis, the sequential
generation of the mononitrene, dinitrene, and trinitrene was
observed. The generation of 2,4,6-trinitreno-1,3,5-triazine was
confirmed for the first time by both matrix IR and EPR
spectroscopy. In particular, EPR spectra revealed that the
trinitrene generated was in its septet ground state. Trinitrene4
readily decomposed into three NCN molecules upon further
photoirradiation. By matrix EPR spectroscopy, we were able
to observe the generation of triplet NCN and CNN, concomitant
with the decay of trinitrene4.
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Figure 11. Dynamic behavior of the representative EPR signals: (a) 8200 G, (b) 7300 G, and (c) 6900 G.
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