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Chemiluminescences are emitted by the cold hydrocarbon surface during 
the reaction of active nitrogen with (host) polycrystals or glasses doped with 
an aromatic guest and condensed on a cold finger at 77 K. These active- 
nitrogen-induced chemiluminescences exhibit the following features: (i) with 
a polycrystalline host (aromatic or not) the guest phosphorescence is emitted; 
(ii) no chemiluminescence is observed with a glassy host; (iii) with a methyl- 
substituted benzene derivative, as a host or as a guest, the derived benzyl- 
like radical fluorescence is emitted. Both emissions (guest phosphorescence 
and radical fluorescence) are proportional to the square of the nitrogen atom 
N(*S) concentration. Weak deferred luminescences are emitted by the hydro- 
carbon polycrystal after the reaction of active nitrogen. The main feature of 
the electron spin resonance spectra is the presence of cyclohexadienyl-type 
radicals. All these spectroscopic results (chemiluminescences and deferred 
luminescences) can be accounted for by the following mechanism: (i) two- 
body recombination of nitrogen atoms on the cold hydrocarbon surface and 
(ii) energy transfer from the “Zz state of nitrogen to either the guest triplet 
state or the radical excited doublet state. A parallel is suggested with the well- 
known characteristics of two-quanta reactions. 

1. Introduction 

The reaction of active nitrogen with cooled hydrocarbon surfaces has 
been the subject of a few spectroscopic studies [ I- 51. F&re and coworkers 
Cl] have recorded the phosphorescence emitted during or after condensation 
at about 4 - 20 K of a flow of active nitrogen containing various aromatic 
additives. By reaction of “cooled” active nitrogen* with a variety of pure 

*In “cooled” active nitrogen, the active nitrogen iz flowed through a trap at 77 K; 
tiag this procedure the nitrogen atom concentration is reduced by a factor of about 20. 
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aromatic hydrocarbons Dessaux and Demary [2] have observed luminescences 
assigned to charge transfer phosphorescences; they have also observed naph- 
thalene phosphorescence with naphthalene-doped benzene and benzyl radical 
fluorescence with toluene. Electron spin resonance (ESR) spectroscopy has 
been used by Forchioni and Chachaty [ 33 and by Minkwitz and Froben 141; 
Froben has also recently reported spectroscopy measurements. 

In this paper we are concerned with the chemiluminescences emitted by 
the reaction of active nitrogen with solid hydrocarbon surfaces cooled to 
77 K. We shall deal with the various aspects of this chemiluminescent 
reaction. 

(1) The identification of the chemiluminescence emitter is achieved 
using optical emission spectroscopy. 

(2) The paramagnetic species within the flow of active nitrogen and the 
free radicals formed in the hydrocarbon polycrystal during the reaction are 
monitored by ESR spectroscopy. The relation between the chemilumines- 
cence intensity and the nitrogen atom concentration is also investigated. 

(3) When the flow of active nitrogen is stopped, the chemiluminescence 
intensity exhibits a rapid decrease (within a few seconds) to a stationary very 
low (but different from zero) level. This faint “deferred” luminescence may 
usually be seen with the naked eye up to 30 min after the flow of active 
nitrogen has been stopped. A qualitative limited spectroscopic investigation of 
this deferred luminescence is carried out for the naphthalene-benzene mixed 
polycrystal. 

2. Experimental section 

2.1. Apparatus and chemicals 
Nitrogen (quality U from 1’Air liquide, 99.99%) is flowed through one 

trap at 77 K before entering the microwave (2450 MHz) cavity. Active nitro- 
gen is then flowed to the cold finger at 77 K (diameter, 6 mm for ESR and 
5 cm for optical spectroscopy). The hydrocarbon mixture, previously degassed, 
is condensed onto the cold finger before or simultaneously with the flow 
of active nitrogen. The vacuum line is completed by a trap, a Pirani gauge 
and a pump. The whole apparatus prior to the cold finger is made of Pyrex, 
is grease free and contains a short extension which acts as a light trap to avoid 
a possible photoionization by the UV light from the microwave discharge. 

The hydrocarbons are of spectroscopic grade or of the highest purity 
available commercially. The deuterated compounds benzene-d, (99.6%) and 
naphthaleneds (98.6%) were purchased from Service des Mol&~ules marquCes 
du Commissariat i 1’Energie Atomique. 

A test experiment with ultrapure nitrogen (N48,99.998%, from 1’Air 
liquide) and gas-chromatographed benzene solvent gave the same experimen- 
tal results. 

ESR spectra are recorded with either a Varian V 4502 or a Varian E 109 
spectrometer. For optical spectroscopy the chemiluminescence light, which 
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reaches its maximum intensity in front of the incoming nitrogen flow, is ana- 
lysed with a Coderg scanning monochromator (0.3 m, Czemy-Turner) and 
an EM1 9668 QA (520) photomultiplier (uncorrected for spectral response) 
and is then displayed on a Servotrace PES 25 chart recorder. 

2.2. Operating conditions 
Before every experiment the vacuum line is “washed” by flowing active 

nitrogen for about 30 min. After condensation of the hydrocarbon vapour, 
the yellow nitrogen afterglow film around the cold finger is not restored but 
is replaced by the chemiluminescent hydrocarbon surface. For the nitrogen 
pressures of below 5 Torr used at present, the nitrogen afterglow emitted by 
the active nitrogen gaseous flow is undetectable when the apparatus sensiGv- 
ity is set for optimum recording of a chemiluminescence spectrum. 

3. Experimental results 

3.1. Op ticat spectroscopy 
3.1. I. Chemiluminescence spectra 
Active nitrogen is allowed to react with the doped or pure polycrystals 

or glasses listed in Table 1. The host (or solvent) is in general a benzene poly- 
crystal. The guest (or solute) concentration is typically 10d2 - 10-l M. The 
particular spectrum observed for fhe reaction of active nitrogen with pure 
benzene has been analysed elsewhere [63. 

The same chemiluminescence spectrum is always observed whether the 
hydrocarbon host-guest mixture is allowed to react in the gas phase within 
the flow of active nitrogen prior to condensation on the cold finger or whether 

TABLE 1 

Chemiluminescences observed during the reaction of active nitrogen with mixed host- 
guest polycrystals 

Guest Host 

Benzene-he Pyridine Cyclohexane Ethanol Methyl- Toluene 
or benzene+ cycbhexane 

Naphthalene-ha or P, DL 
naphthalene-dg 

Carbazole P 
Benzophenone P, DL 
Acetophenone P, DL 
Benzaldehyde P 
Beuzonitrile P, DL 

P P, DL P, f 

0 

P 0 0 P, f 

P, emission of the guest phosphorescence during the reaction; f, emission of the benzyl 
radical fluorescence during the reaction; DL, emission of a deferred luminescence after 
the reaction; 0, no chemiluminescence is emitted. 
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a luminescence the intensity of which is roughly a function of the nitrogen 
pressure. Under these conditions the effect of the room temperature gas flow 
is sufficient to increase the temperature of the hydrocarbon surface and thus 
to induce the thermoluminescence emission. For gas pressures above 10 Torr 
the whole thermoluminescence, typically emitted within a few minutes, 
exhibits a broad spectrum in rough accord with the chemiluminescence spec- 
trum. These observations are not unexpected since it is well known that, after 
radiolysis of aromatic solutes in glassy matrices, the main feature of the 
observed thermoluminescences is the solute phosphorescence [S - 111 (or 
the benzyl radical fluorescence with toluene as a solute [ll] ). 

To summarize, the reaction of active nitrogen is followed by two dis- 
tinct deferred luminescences: an isothermal luminescence and a thermolumi- 
nescence. A few experimental observations suggest that the deferred lumines- 
cence spectrum is identical with the chemiluminescence spectrum. Further- 
more, the deferred luminescences following the reaction with active nitrogen 
exhibit strong similarities to the deferred luminescences following radiolysis 
or photoionization [8 - 111. 

3.2. Electron spin resonance spectroscopy 
ESR spectroscopy is used to identify the radicals formed during the 

reaction of active nitrogen with the cooled hydrocarbon surface. Whereas 
every chemiluminescence spectrum is found to be characteristic of the guest, 
the reverse holds for the radicals observed after the reaction of active nitro- 
gen with aromatic hydrocarbons. The ESR spectrum is associated with the 
main component of the hydrocarbon mixture, i.e. the host; for instance, the 
same ESR spectrum is observed after reaction of active nitrogen with ben- 
zene either in the pure state or containing guests such as naphthalene, carba- 
zole, toluene or p-xylene. 

The ESR spectra are often badly resolved but a common feature is the 
presence of cyclohexadienyl-type radicals after the reaction with benzene or 
its substituted derivatives. 

3.2.1. Reaction of active nitrogen with benzene polycrystals 
A typical ESR spectrum recorded after the reaction of active nitrogen 

with benzene either in the pure state or containing a solute is presented in 
Fig. 1. The two lateral quadruplets are readily assigned to the cyclohexadienyl 
radical C&H,* [13]. 

A comparison of the experimental spectrum (Fig. l(a)) with a simulated 
ESR spectrum of CsH7’ (Fig. l(d)) shows undoubtedly that another radical 
is present in the central part of the spectrum of Fig. l(a). This radical, which 
exhibits a much smaller spectral width than does C6H7’, is tentatively assigned 
to the phenyl radical C6H,’ on the following basis, 

(1) The phenyl radical is stable in a benzene matrix up to about 130 K 
[14,15]. 

(2) A stick diagram of C6Hr,* with hyperfine splitting constants taken 
from ref. 15 is in rough agreement with our spectrum. A true simulation sim- 
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Fig. 1. ESR spectra observed after the reaction of active nitrogen with a benzene poly- 
crystal at (a) 77 K and (c) 160 K. (b) A stick diagram of the KSR spectra of the cyclo- 
hexadienyl radical ( -) and the phenyl radical (- - -) in equal concentrations. (d) A 
simulated ESR spectrum of the cyclohexadienyl radical. 

Fig. 2. ESR spectra observed after the reaction of active nitrogen with (a) a benzene- 
toluene polycrystal, (b) p-xylene, (c) p-chlorotoluene and (d) biphenyl. 0, these peaks 
belong to the (weak) ESR spectrum of the CHzN’ radical. 

ilar to that for CsH7* is difficult for CsHs’ because of the large anisotropy 
of g and the hyperfine tensors and the high sensitivity of these tensors to the 
nature of the matrix [14,15]. 

(3) Our observed ESR spectrum is quite similar to the spectra recorded 
after 7 radiolysis of benzene which have been assigned to the simultaneous 
presence of CsH,. and CsHs* [13]. 

(4) It has been shown with ESR spectroscopy [3,16] that the usual 
radical observed after the reaction of active nitrogen with a variety of hydro- 
carbons results from the elimination of the less-bonded hydrogen atom. Like- 
wise our present optical spectroscopic study clearly shows that benzyl-type 
radicals are routinely formed; thus the formation of phenyl radicals in a ben- 
zene polycrystal is not unexpected. 

These experimental and bibliographic arguments support our tentative 
assignment of the observed spectrum to the simultaneous presence of CBH7’ 
and CsH,’ radicals. Nevertheless, a question arises from the present observa- 
tion of deferred luminescences. It is well known that the deferred lumines- 
cences following radiolysis are caused by the recombination of charged spe- 
cies [ 8,9]. Thus, the presence of charged species (electrons, anions, cations) 
could also account for the central part of the observed spectrum, but under 
our experimental conditions the contribution of such charged species is appar- 
ently very low for the following reasons: (i) we have observed (Section 3.1.2) 
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that the irradiation of the hydrocarbon surface with visible light leads to the 
disappearance of any deferred luminescence whereas the ESR spectrum is 
unchanged; (ii) the probability for an electron to be trapped is much lower 
in a polycrystal than in a glass [S] . 

3.2.2. Reaction of active nitrogen with other aromatic hydrocarbons 
(Fig. 2) 
As outlined earlier, a common feature of all the observed ESR spectra is 

a large total spectral width of about 130 G, similar to that in benzene. By 
analogy with benzene, this large spectral width may be assigned to the pre- 
sence of cyclohexadienyl-type radicals since, for all the substituted cyclo- 
hexadienyl radicals studied [ 13,17 - 191, the two out-of-plane CH, protons 
have hyperfine splittings of about 40 - 50 G whereas those of the in-plane 
protons are about 10 G. Thus, the total spectral width of such a substituted 
cyclohexadienyl radical is between 110 and 130 G. It should be mentioned 
that the ESR peaks of the CH,N’ faH = 88 G) radical 1201 are sometimes 
weakly apparent (Fig. 2). 

Finally, it is noteworthy to remark that the radicals found in this work 
are similar to those observed after radiolysis of aromatic hydrocarbon mono- 
crystals at 77 K [ 211 in which radicals of the phenyl type or of the cyclo- 
hexadienyl type are formed. 

3.3, Chemiluminescence intensity versus nitrogen a tom concentration 
3.3. I. Qualitative 0 bserva tions 
Whatever the nature of the chemiluminescence spectrum - either the 

guest phosphorescence or a radical fluorescence - the chemiluminescence 
intensity exhibits a variation which parallels that of the nitrogen afterglow 
intensity, at least for nitrogen pressures below 10 Torr. At higher pressures 
the heating effect of the nitrogen flow on the temperature of the hydro- 
carbon surface becomes significant. An interesting conclusion arises from the 
following experimental facts. 

(1) The chemiluminescence intensity, which reaches its maximum imme- 
diately after the condensation of the hydrocarbon on the cold finger, slowly 
decreases with time; at the same time, the ESR signals slowly increase. 

(2) A few seconds after the condensation of the hydrocarbon on the 
cold finger, even though hardly any ESR signal can be detected, the chemi- 
luminescence intensity already exhibits a variation which parallels that of the 
nitrogen atom concentration. 

We are then forced to conclude that the limiting level for the chemilumi- 
nescence intensity is neither the radical concentration nor the guest concen- 
tration. Furthermore, a slow destruction reaction apparently competes with 
the chemiluminescence emission. 

3.3.2. Quantitative investigation 
We studied the intensity I of the chemiluminescence as a function of 

the nitrogen atom concentration [N] for two different chemiluminescences: 
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(i) the naphthalene phosphorescence (Xe+, = 460 nm) with the naphthalene- 
hs-benzene polycrystal; (ii) the p-methylbenzyl radical fluorescence (X0.+ = 
465 run) with the pure p-xylene polycrystal. Two independent methods are 
employed for both chemiluminescences: the ESR method and the optical 
method. In both methods the same convenient variable parameter, the active 
nitrogen pressure, is used. 

For the ESR method the set-up is modified as follows: the cold finger 
is now placed about 20 cm downstream from the ESR cavity, the quartz 
tube being directly between the ESR cavity and the cold finger. The total 
chemiluminescence emission (without monochromator) is focused on the 
photomultiplier. For both chemiluminescences we have 

1 total a [N] 2*2 * O-2 (2) 
The principle of the optical method is to measure the intensity of the chemi- 
luminescence as a function of the intensity ItiR at 299 x of the Lewis-Rayleigh 
nitrogen afterglow at 293 IL This method is based on the square dependence 
of IL-x on the nitrogen atom concentration, which has been established by 
Golde and Thrush [ 221. However, since the spectrum of the afterglow changes 
from 295 to 77 K [ 22 - 25 1, it proved necessary to study the intensity of the 
afterglow at 77 K (i.e. around the cold finger) as a function of the intensity 
of the afterglow at 295 K. In practice, this is achieved as follows. 

(1) With the bare cold finger (without hydrocarbon) at 77 K, two mono- 
chromators and photomultipliers monitor the intensity of the afterglow at 
295 K (10 cm upstream from the cold finger) and at 77 K (around the cold 
finger). Each monochromator selects the strongest band of the Au = 4 se- 
quence of the First Positive system of nitrogen (11 + 7 for 295 K, 12 --t 8 for 
77 9). Even though the vibrational population is strongly affected by the 
temperature (Fig. 3), the following strict equality is preserved: 

I 12+8at77K = (111-+7at295K)1f0*02 (3) 

This result suggests that the recombination of nitrogen atoms on a Pyrex 
surface at 77 K gives rise to an afterglow the intensity of which is propor- 
tional to ]N12. 

(2) The hydrocarbon mixture is then condensed on the cold finger and 
the intensity lo_,, of the O-O band of the chemiluminescence spectrum is 
recorded as a function of IL--R at 295 K. For both the radical fluorescence 
and the naphthalene phosphorescence, the result obtained is (Fig. 4) 

IO-0 = (IL-x *t 29s x)*-96 * O-O6 (4) 
From eqns. (3) and (4) we thus derive that 

lo_o = [N]l.9*9-06 (5) 
Finally, both the ESR method and the optical method show that the chemi- 
luminescence intensity roughly exhibits a square dependence on the nitrogen 
atom concentration. In principle, the optical method shouId be more reliable 
since the ESR signal monitors the concentration of all the nitrogen atoms 
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Fig. 3. Comparison of the relative intensities of three Au = 4 bands of the Lewis-Kayleigb 
nitrogen afterglow at (a) 77 K and (b) 295 K. 

Fig. 4. Variation of the various chemiluminescence intensities I with the intensity of the 
11-7 band of the nitrogen afterglow at 295 K: l , 12-8 band of the nitrogen afterglow at 
77 K; +, O-O band of the fluorescence of the p-methylbenzyl radical; X, O-O band of the 
naphthalene phosphorescence. 

flowing through the cavity whereas the intensity of the Lewis-Rayleigh after- 
glow at 77 K derives mainly from the recombination of nitrogen atoms on 
the cold surface. 

3.4. Summary of the experimental results 
The experimental results described here may be summarized as follows. 
(1) Active nitrogen is able to populate the first triplet state of an aro- 

matic guest, i.e. either a nn* or an nn* triplet state. 
(2) The guest phosphorescence is observed if the host is po~ycrystalline 

but is absent if the host is glassy. 
(3) With a methyl-substituted benzene derivative (as a host or as a guest) 

the corresponding benzyl-type radical fluorescence is emitted. 
(4) ESR spectroscopy shows that hydrogen atoms are formed during 

the chemical attack by active nitrogen. 
(5) Deferred luminescences are observed after the reaction of active 

nitrogen. 

4. Interpretation and discussion 
4.1. Papulation of the emitting states 

The present spectroscopic and kinetic results can be accounted for on 
the basis of the following mechanism. 
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(1) The first step involves two-body recombination of nitrogen atoms 
on the cooled hydrocarbon surface: 

N + N I- surface + Ns(3Zz) + surface (6) 
(2) This is followed by triplet energy transfer to the host triplet exciton 

(usually benzene) : 

N,(“IZ;) + host(%,,) + N&Z;) + host(3T1) (7) 
(3) The third step is the trapping of the triplet exciton energy by a low- 

lying excited state, i.e. by the guest triplet state or by a radical R’ doublet 
state : 

host(3T,) + guest&,) + guest(3T,) + host(%,,) (3) 
host(“T1) + R’(2D0) + R-(2D,) + host(lS,,) (9) 
(4) The last step is either phosphorescence of the guest or fluorescence 

of the radical. 
The various steps of this mechanism are supported by the following 

considerations: (i) the triplet state ‘Cz of nitrogen is already well known as a 
very efficient triplet energy donor, both in the gas phase [22 - 241 and in 
matrices at 4.2 K [l] ; (ii) although triplet + doublet energy transfers are not 
very common [26] , it is well established that the 32z electronic state of ni- 
trogen is able to populate the excited doublet states of NO or CN for exam- 
ple [ 22 - 241. 

4.2. Formation of the hydrocarbon free radicals 
The experimental results lead to the conclusion that the radicals observed 

are characteristic of the host and not of the guest. We shah only discuss the 
results obtained when benzene is used as a host since benzene has been the 
subject of the most extensive investigations. The radicals identified (CsH,‘, 
CH,N’ and possibly C&H,‘) are typical of two frequently observed chemical 
reactions of active nitrogen with hydrocarbons: hydrogen atom production 
[ 3,4] and the inclusion of nitrogen into the molecule [23]. Furthermore, 
we have reported elsewhere [ 271 the formation of benzonitrile during the 
reaction of active nitrogen with pure benzene, in agreement with the results 
of Arconovich and Mikhailov [ 281. The experimental results may be accounted 
for by the following sequence of reactions: 

N(*S) f N(*S) + CsH, + (N&s Hs)* (10) 
(N2=CBHs)+ + CsHs* + H- (11) 

+ decomposition products (CN, HCN, . . . ) 
CGHs + H’ + CeH,’ 
HCN + H’ -+ CHsN’ 

The formation of a transient highly energetic complex (reaction (10)) before 
decomposition is often postulated to explain the kinetics or the nature of 
the reaction products in the reactions of active nitrogen 1231. 
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4.3. Origin of the deferred iuminescences 
The observation of deferred luminescences after the reaction of active 

nitrogen is a puzzling phenomenon. Allen [ 291 has observed an active-nitrogen 
induced ionization during the reaction with sodium salts. As outlined earlier, 
deferred luminescences (isothermal luminescences and thermoluminescences) 
are commonly observed after radiolysis or photoionization of glassy matrices 
containing aromatic solutes [8 - 111. The well-known properties of these 
deferred luminescences are as follows. 

(1) The spectrum of the deferred luminescence is the solute phospho- 
rescence, with sometimes a small contribution from the solute fluorescence. 

(2) The deferred luminescence can be stimulated by irradiation in the 
visible or the IR, or by heating (thermoluminescence). 

(3) The widely accepted interpretation is the recombination of charged 
species (electrons or anions with cations). 

The deferred luminescences observed in the present work exhibit exactly 
the same characteristics as those observed following radiolysis; if the same 
interpretation is to be invoked, an ionization - either of the guest or of the 
host - induced by active nitrogen must occur. In this hypothesis an energy 
of about 75 000 cm-’ is required with the benzonitrile-benzene polycrystal 
(the ionization potentials given in Fig. 5 were taken from ref. 30). 

Thus, a direct ionization (via reaction (7 )) of the hydrocarbon induced 
by the triplet nitrogen in its low vibrational levels is excluded. In contrast, 
the energy available in reaction (10) (approximately 80 000 cm-’ ) is higher 
than the ionization potential of benzene. 

b 
8- 

I 

Nh+Nki IONIZATION 
- 

-’ 

Fig. 5. Gas phase ionization potentials and energies of the first excited electronic states 
of nitrogen, benzene, benzonitrile, naphthalene, carbazole and benzophenone, together 
with the energy of the excited doublet states of the benzyl radical and the energies of the 
CS H~CH2-H and C&3 HE--H bonds. 
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An alternative interpretation of the ionization hasbeen proposed by 
Hellner and Vermeil [31] to explain their observation of thermolumines- 
cences after vacuum-UV photolysis: the electronic energy is supposed to be 
trapped by crystals defects during the photolysis. 

Finally, it is noteworthy to compare the present observations with 
recent work 1321 on the reaction of the oxygen atom with acetylene; both 
an ionization and a chemiluminescence of CO are shown to occur. Further- 
more, the rate of chemionization is proportional to the square of the oxygen 
atom concentration and the same complex between acetylene and oxygen is 
considered to produce both the chemiluminescence and the chemionization. 

5. conclusions 

The reaction of active nitrogen with a variety of mixed host-guest poly- 
crystals at 77 K exhibits three salient features: (i) emission of luminescences, 
mostly charach=istic of the guest; (ii) formation of hydrocarbon free radicals; 
(iii) emission of deferred luminescences. Most of the experimental observa- 
tions can be accounted for by two-body recombination of the nitrogen atom 
on the cold surface and subsequent energy transfer. 

It is noticeable that these characteristics of the reaction of active nitro- 
gen with hydrocarbons are typical of what happens through some processes 
involving a high excitation energy. Since the energy of the triplet state ‘2: 
(u = 0) of nitrogen is about 50 000 cm-l (6.4 eV), the guest molecule may be 
excited into its upper triplet states (see Fig. 5) after the triplet -+ triplet 
energy transfer; the same states are reached on vacuum-UV photolysis or 
after triplet + triplet absorption in biphotonic reactions. Both photophysical 
processes are usually followed by deferred luminescences and sensitized 
decomposition of the solvent, similar to those occurring during the active 
nitrogen reaction. Apparently, the triplet state 8x: of nitrogen has the same 
effect as the two successive steps in a two-quanta photolysis. Finally, the 
radicals detected in the present work (cyclohexadienyl, phenyl or benzyl 
type) are commonly observed on radiolysis [21] , or after flowing hydro- 
carbons through high frequency discharges [ 331. 
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Note added in proof 
Recent measurements with increased sensitivity confirm that the de- 

ferred luminescence emitted by the naphthalene-benzene mixed polycrystal 
is indeed the naphthalene phosphorescence. 


