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Abstract—The limiting sensitivity of a technique for detecting vapors of nitrocompounds in the atmosphere
based on laser fragmentation/laser-induced fluorescence is estimated in calculations with the developed kinetic
model of the LF/LIF process. The calculations take into account the influence of atmospheric nitrogen dioxide
as a limiting factor of the sensitivity of the technique in a real atmosphere. It is shown that if the concentration
of nitrogen dioxide in the atmosphere does not exceed 10 ppb, the minimum detectable concentrations of nitro-
benzene and o-nitrotoluene vapors are the ppb-level. It is also shown that the one-color excitation technique
usually used for the detection of nitrocompounds does not allow attaining the maximal LF/LIF efficiency.
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INTRODUCTION

The laser fragmentation/laser-induced fluores-
cence (LF/LIF) technique was first suggested in [1]
for in situ detection of trace atmospheric gases. The
technique is based on the effect of photodissociation
of optically inactive molecules into fragments which
are highly efficient in the LIF process. The technique
is widely used for remote detection of various nitro-
compounds [2—21].

Schematically, the LF/LIF process for an arbitrary
nitrocompound (NC) can be represented as a
sequence of photochemical reactions

NC + hv NC* R+ NO(X,v")
absorption — dissociation,

Ky k

(1)

—* 5 R+ NO, dissociation, 2)

k, ks

NO, + hv

NO; O+ NO(X,V") (3)
absorption — dissociation,
NO(X,Vv" > 0) + hiv—r 3 NO(A, V')
—k _SNOX, V") + hv;,

—k SNOX, V") + hv;
absorption — fluorescence,

C))
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NOMA,v') + Q—r 5 NOUX,v") + O*
collisional quenching,

(&)

NOX,Vv" > 0)— 5 NO(X,v" = 0)
vibrational relaxation,

(6)

where k; are the reaction rate constants; Q is the
quencher molecule; X and A4 designate the ground and
first electronically excited states, respectively; v'' and
V' are the vibrational quantum numbers of the states X
and A; A is the Planck’s constant; and v is the fre-
quency.

Electronically excited NC* molecules produced in
reaction (1) after absorption of a photon with the
energy 4v, which is significantly higher than the disso-
ciation threshold, have sufficient or excess energy to
dissociate into fragments. There are several ways
(channels) of fragmentation of an excited polyatomic
molecule. For example, in the case of photodissocia-
tion of nitrobenzene upon excitation in the wavelength
range 220—280 nm [4], the most probable are chan-
nels of dissociation with the formation of NO,, NO,
and O:

C,H,NO, + hv — CH, + NO,,
C,H;NO, + hv — C,H0 + NO,

(7)
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C.H,NO, + hv — CH, + CO + NO, (9)
C.H;NO, + hv — CH;NO + O. (10)

As is known the bonds between atoms in an
excited nitrobenzene molecule are broken and redis-
tributed, which lead to isomerization of the molecule
and its transformation into phenylnitrite, followed by
the breakage of the C—ONO, O—NO, and NO-O
bonds and the formation of such fragments as NO,,
NO, and O, respectively [4, 6]. An alternative way of
formation of NO,, which competes with the nitro—
nitrite rearrangement in a nitrobenzene molecule, is
the radical abstraction of the NO, group by direct
breakage of the C—N bond [22]. The nitro—nitrite
rearrangement has a significantly lower activation
enthalpy than the C—N bond breaking energy, which
suggests that nitro—nitrite rearrangement can be one
of the main channels for the decomposition of aro-
matic nitrocompounds.

Studies of the laser-stimulated fragmentation of
nitrotoluene and dinitrotoluene (DNT) [23, 24]
show that all isomers of these molecules have the
same main fragmentation channels as nitrobenzene.
However, in the case of ortho-isomers, an additional
channel was observed with the formation of OH frag-
ments [22, 24, 25]:

C,H,NO, + hiv - C;H{NO + OH. (11)
For DNT, the OH yield is maximal when both NO,
groups are in the ortho-position relative to the methyl
group (2,6-DNT). The appearance of a hydroxyl rad-
ical is explained by the intramolecular migration of a
hydrogen atom from the methyl group to an oxygen
atom of the nitro group, followed by breakage of the
N—OH bond [22].

Reaction (3), in turn, describes the process of pho-
todissociation of NO, fragments formed in reaction (2)
and their dissociation into NO(X?IT) and O(?P) frag-
ments. Dissociation of an NO, molecule becomes
energetically possible at fragmenting radiation wave-
lengths <398 nm [26]. The absorption spectrum of the
NO, molecule in the wavelength range <398 nm
acquires a characteristic diffuseness, indicating the
presence of predissociation.

The NO fragments produced in reactions (1) and
(3) can obviously serve markers of nitrocompounds
and form the basis of a technique for detecting mole-
cules of nitrocompounds in the atmosphere. Several
LFE/LIF approaches to the detection of nitrocom-
pounds are known, which differ in the ways of exci-
tation of the fluorescence of NO fragments (4). How-
ever, since the process of molecular fragmentation is
not selective, the same radiation source is often used
for the fragmentation and for excitation of the fluores-
cence of NO fragments (one-color LF/LIF). The
choice of a specific excitation scheme is mainly justi-

ATMOSPHERIC AND OCEANIC OPTICS  Vol. 36

No. 1

fied by the need for selective excitation of the fluores-
cence of precisely NO fragments, without involving
atmospheric (background) nitric oxide. Otherwise,
the sensitivity of the technique is significantly limited
under real atmospheric conditions.

A variety of spectroscopic effects associated with
violation of thermodynamic equilibrium during frag-
mentation and a significant redistribution of the pop-
ulations of the vibrational—rotational states of NO
fragments makes it possible to use several approaches
to fluorescence excitation in them. The excess energy
which appears after the R—NO bond of an excited
molecule is broken is assumed to be partly spent on the
excitation of the vibrational states of the NO frag-
ments. According to [10], the ratio of populations of
the vibrational levels v"' = 0, 1, 2, and 3 of the ground
state of NO fragments, produced in the photolysis of
nitrobenzene under the action of radiation at wave-
lengths of 226—259 nm, is (V"' =0): (v'=1): (V' =2):
(v'=3)=1:0.3:0.1:0.02. During the photolysis of
ortho-nitrotoluene, dinitrobenzene (DNB), and DNT
in the 220—250 nm range, (V"' =0): (V"'=1): (V' =2) =
1:0.6:0.06[11, 13, 27].

Note that for background NO molecules in ther-
modynamic equilibrium, the population of vibrational
levels obeys the Boltzmann distribution, and the ratio
of the populations of the four lower levels at a tem-
perature of 300 K is as follows: (V' =0): (v"' =1):
V'=2):(v"=3)=1:10"*:107%: 107 '2. The distribu-
tion function of the population of NO fragments over
the vibrational levels of the ground state significantly
differs from the Boltzmann one, and this difference
can be used for selective excitation of NO fragments.
Excited vibrational states of NO fragments are mani-
fested in their absorption spectra, where additional
bands appear with the intensity several orders of mag-
nitude higher than that for NO molecules in the equi-
librium distribution. The atmospheric concentration
of NO molecules can attain 100 ppb, and just it obvi-
ously determines the sensitivity limit of the LF/LIF
technique when the fluorescence of NO fragments is
excited from the zero vibrational level X’I1(v" = 0).
When fluorescence is excited from higher vibrational
levels X’TI(v" > 0), taking into account the ratio of the
populations of the vibrational states of the background
NOW'=0):(vV'=1):(vV'=2):(vV'=3)=1:10"*:
1078 : 107'2, it becomes possible to significantly
increase the sensitivity of the detection technique and
ensure its noise immunity.

On the other hand, one should remember that, in
addition to nitrogen monoxide, nitrogen dioxide is
present in the real atmosphere in quite high concen-
trations (1—100 ppb). Being a source of noise which
reduces the sensitivity of the LF/LIF technique, NO,
molecules, like other nitrocompounds, supply NO
fragments due to photofragmentation, which can par-
ticipate in LIF (4):

2023



72

BOBROVNIKOV et al.

Nitrocompound NO, fragment Background NO,
1 r ™ 7Y 8 Eg " Y 8
ki s ke Ksy
[l \ [l [
hv N hv i Ay
AN~ | kg H L AN | ksg H AANAN | kg
i \\ i X
I L
v(l—a
£ T G0l e E,
NO-fragment || X ¥ EJAPTF, (v' = 0)]
yy x x x
[ [l [l
[ [ [
[ [l [
[N} [N [l
x x &
N N e | |
0 i i
(lfB)iiB (1—Y)iiy(1—Y)iiy
Y Ny v BTy =2)]
1 ] I
! § §hz; ! E,[ X210, v" # 2)]
] [] ]
LN .

Fig. 1. Generalized diagram of the energy levels of molecules involved in the LF/LIF process.
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(12)

Results of studies of the photodissociation of the
NO, molecule in the ultraviolet wavelength range are
considered in [28, 29]. The distribution of NO frag-
ments over vibrational states due to the fragmentation
of an NO, molecule is shown to be inverse. In this
case, the population of vibrational levels is significant
up to the values v"' = 8. From the point of view of par-
ticipation in LF/LIF, atmospheric nitrogen dioxide is
a full-fledged nitrocompound that supplies NO frag-
ments, which are indicators of the presence of nitro-
compound vapors in the atmosphere in a LF/LIF
detection technique. The concentration of atmo-
spheric nitrogen dioxide largely determines the sensi-
tivity threshold of the technique. That is why the
assessment of this threshold and the search for ways to
reduce it are key tasks in the development of the tech-
nique.

In order to determine the potential capabilities of
the one-color LF/LIF technique for detecting nitro-
compound vapors under real atmospheric conditions,
the detection threshold of the technique is assessed
taking into account atmospheric nitrogen dioxide
fragmentation (12). Nitrobenzene and ortho-nitrotol-
uene are chosen for the study. These molecules are of
interest as the simplest models of more complex nitro-
compounds. The calculations were performed using a
mathematical model of the one-color LF/LIF.

LE/LIF Model

The above features of the photodissociation of
nitrobenzene and nitrotoluene have been taken into
account when constructing the kinetic model of one-
color LF/LIF. To visualize the process of laser frag-
mentation of nitrocompounds followed by the laser
excitation of fluorescence of vibrationally excited
NO(X?II, v" = 2) fragments, we show all possible pro-
cesses as a sequence of transitions in the generalized
diagram of the energy levels of a nitrocompound mol-
ecule, its main fragments NO and NO, molecules, and
a background nitrogen dioxide NO, molecule (Fig. 1).

In the diagram, E,, E5, and E; denote the main
states of the molecules, and E;, E4, and E; denote the
dissociating states. The vibrational levels of a NO mole-
cule are denoted as E, (X2TI(V" # 2)), E; (X TI(V" = 2)),
and E, (A’Z*(v' = 0)). LF/LIF is presented as a
sequence of inter- and intramolecular transitions with
the corresponding rate constants k;, where i is the
number of the initial state and j is the number of the
final state.

Let us take into account that the main channels of
dissociation of nitrobenzene and ortho-nitrotoluene
under the action of radiation at a wavelength of
248 nm, according to [4, 22], are channels with the
formation of NO, and NO fragments:

C,H,NO, + hv — C,H; + NO,, (13)

C,H,NO, + hv — C,H,0 + NO, (14)

C,H,NO, + hv — C,H, + NO,, (15)
ATMOSPHERIC AND OCEANIC OPTICS Vol. 36 No. 1 2023
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C,H,NO, + hv — C,H,0 + NO. (16)

Part of NO fragments of nitrobenzene (14) and nitrotol-
uene (16) are formed at a rate of ~10” s~!, while the rest
is formed more slowly, at arate of ~10*s~! [22]. Accord-
ing to estimates for both nitrocompounds, the approx-
imate fraction of “fast” fragments of their total num-
ber () is 0.7; and of “slow” fragments (1 — @), is 0.3.

The ratio of the numbers of “informative” NO and
NO, fragments [NO]/[NO,] = 0.26 * 0.12 for nitroben-
zene and [NO]/[NO,] = 0.3 £ 0.12 for ortho-nitrotolu-
ene [22]. Let us also take into account the participation
in the LF/LIF process of atmospheric nitrogen dioxide
molecules, which supply “false” NO fragments.

According to the diagram in Fig. 1, a nitrocom-
pound molecule transits from the ground state £, into
dissociating state F| during the radiation absorption
and then dissociates into fragments NO and NO, (o is
the fraction of NO fragments in the total number of
fragments formed, (1 — @) is the fraction of NO, frag-
ments). In turn, NO, fragments and background NO,
molecules make transitions E5; — E; and E;, — Ej
during the radiation absorption and then dissociate
into NO fragments. We set the quantum yield of NO,
photodissociation equal to unity [26]. In this case, the
population of the vibrational levels of the NO frag-
ments is nonequilibrium. Let the constants § and y
denote the relative to level E; population of NO frag-
ments formed during the fragmentation of nitrocom-
pound and nitrogen dioxide molecules, respectively.
Then, the relative populations with respect to other
vibrational levels, conventionally combined into the
level E,, are (1 — B) and (1 — ).

Depopulation of the level E; occurs due to both the
collisional quenching of vibrational excitation by
atmospheric components with the rate constant k5,
(E; — FE, transition) and the transition of the NO mol-
ecule to the electronically excited state E, due to the
radiation absorption. Relaxation of the E, level to the
ground state is possible from both a radiative transition
with the rate constant £, and a nonradiative transition
with the rate constant k., which determines the fluo-
rescence quenching factor.

In view of the foregoing, we write the system of
kinetic equations which describe the LF/LIF in the
considered nine-level model:

dN,(t
DN e, Ny, (17)
dt
dN,()
= ko N(t
r 01No(?) (18)
— (Qky3pag + (1= @)ky30w ) N1 (1) = kysN(0),
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ANy _ o
” ol - B)
X (@kise + (1= Okygow ) N1 + k3 N3(1) - (19)
+ (kr + knr)N4(t) + (1 - Y)k6N6(t)
+ (1= kg Ng(1),
% = aB((PkISfast + (1 - (p)kISSlow) Nl(t) (20)
— (k33 + k3g)N3() + Yk N (1) + Yk N (1),
% =k Ny — (ki + k) NL(@), 1)
% = (1 = Wkys Ny (1) — ksgN5(0), 22)
% = ks No(1) — kN (1), (23)
% = ko N5(0), (24)
%(’) = ks N(0) — ks Ny(0). (25)

The values of the coefficients included in the sys-
tem of equations are given in Table 1.

The system of Kkinetic equations was numerically
solved using the MATLAB software package. The solu-
tions found make it possible to trace the LF/LIF dynam-
ics and estimate the efficiency of pulsed excitation.

Function N,(7) makes it possible to estimate the total
number of photons spontaneously emitted by a unit vol-
ume of the model medium into a unit solid angle:

Tg
s = [Ny,

26
47 (26)

0
Here, T, 2 T + 1/k,, is the detection time and 7 is the
laser pulse duration.

RESULTS AND DISCUSSION

Fluorescence signals of informative NO frag-
ments of nitrocompounds Syc and of NO fragments
of background nitrogen dioxide Sy, were calculated
by Eq. (26). Figures 2 and 3 show families of lines cor-
responding to the ratio Syc/Syo, = 1 and determining
the nitrocompound vapor detection threshold [NC]y,
depending on the background nitrogen dioxide con-
centration at given values of the radiation energy den-
sity w. Calculations were performed at T = 20 ns.

The expression for estimating the detection thresh-
old [NC],, at given concentrations [NO,] and w has
the following form:

[NC],, = [NO,](4 + Bw + B,w’) +C, (27)

where [NC],, and [NO,] are in ppb; w is in mJ/cm?;
the values of parameters A4, B,, B,, and C are given in
Table 2.
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Table 1. Input parameters of the kinetic model of the LF/LIF process of nitrocompounds (excitation wavelength 248 nm)

Parameter

The absorption cross section of a nitrocompound molecule
The absorption cross section of the NO, molecule

The absorption cross section of the NO molecule
Weight coefficient

Weight coefficient

Weight coefficient

Weight coefficient

Absorption rate constant

Absorption rate constant

Absorption rate constant

Rate constant of dissociation NC+ Av — R + NO:
“fast” channel

“slow” channel

Rate constant of dissociation NC+ Av — R+ NO,

Rate constant of vibrational relaxation

of NO(XII(V' =2)) » NOXII(v"' =0, 1))

Rate constant of dissociation NO, + v = NO + O
Probability of radiative transition

NO(AZY) = NO(X?II) + hv

Probability of nonradiative transition

NOUA*Z') — NO(X2IT)

O s> 10718 cm?

2

ONO, > 1078 cm

Ono» 10718 cm?

-1
k13fast7 S

1
k13slow’ S

Kis, s
ks, s
k= kg, s
ks

—1
Kpps S

Value
nitrobenzene ortho-nitrotoluene
18 [30] 14 [30]
0.009 [30] 0.009 [30]
0.56 0.56
0.21 [22] 0.23 [22]
0.1 [10] 0.1
0.1 [28] 0.1 28]
0.7%* 0.7%*
O s ™ CapsF™
Ono, F* Ono, F™*
OnoF™* OnoF™*

2.7 x 107 [22]
6.0 x 10%[22]
3.0 x 108 [22]

4.5 x 10°[22]
3.2 X 10%22]
2.3 x 107 [22]

3.8 x 103 [31]

2.5 % 1010 [32]

4.9 x 106 [33]

8.1 x 108 [34]

* F=I/(hv) is the photon flux density; [ is the intensity of laser radiation with a frequency v.

** Determined from data [22].

LOr =y mJ/cm?
09 ---- 5
08F = 10
------ 50
2 OTF oo
£06F — 200
)
Z

0 1 2 3 4 5 6 7 8 9 10
[NO,], ppb

Fig. 2. Detection threshold [NC]y, for nitrobenzene
vapors as a function of the atmospheric nitrogen dioxide
concentration [NO,] at given values of the radiation
energy density.

ATMOSPHERIC AND OCEANIC OPTICS

2.0 -
1.8
L6p
L4+
12}
Lot
0.8
0.6
0.4+
0.2+

[NC],, ppb

— w=1mJ/cm?

5
10
50
100
200

3 4 5

6

[NO,], ppb

Fig. 3. Detection threshold [NC]y, for ortho-nitrotoluene
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Fig. 4. Time dependence of the normalized population of
NO fragments in the X2H(V" = 2) state, formed during
fragmentation of nitrobenzene and ortho-nitrotoluene
molecules by a rectangular laser pulse with a duration of
20 ns; w= 10 mJ/cm?; A = 248 nm.

As can be seen from Figs. 2 and 3, the detection
threshold for nitrobenzene and ortho-nitrotoluene
vapors [NC], are at a level of 1 ppb for [NO,] up to
10 ppb, and [NC],, for nitrotoluene is about three
times higher than for nitrobenzene under the same
conditions. The study of the photodissociation
dynamics shows this difference to be due to the differ-
ent rates of reaction (1) for these nitrocompounds. As
a result, the total number of vibrationally excited
NO(XI, v" = 2) fragments N5(7) formed under the
action of a laser pulse is also different (Fig. 4).

For the quantitative assessment, we use the ratio of
the total number of NO fragments formed during the

flash photolysis of nitrobenzene (NB) and nitrotolu-
ene (NT) (see shaded areas in Fig. 4)

j NNB(r)dr
n=4{—m, (28)

j NNT(t)ar
0

Table 2. The constants included in Eq. (27) for estimating
the detection thresholds for nitrobenzene and ortho-nitro-
toluene vapors

Value
Constant
nitrobenzene ortho-nitrotoluene

A 0.03536 0.11274
By, cm?/mJ 2.6x 1074 52x 1074
B,, cm?*/mJ? 1.9 x 1077 22x 1077

C 0.001 0.001
ATMOSPHERIC AND OCEANIC OPTICS Vol. 36
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which is equal to 2.96 at T = 20 ns and well agrees with
the ratio [NB],,/INT],, = 3.09 (see Figs. 2 and 3) at
w =10 mJ/cm?.

As can be seen from Fig. 4, during the flash photol-
ysis of nitrocompound molecules, the formation of
fragments continues even after optical excitation is
ceased. In this case, the maximal concentration of NO
fragments is attained in the time #,,,,, which is several
times longer than the fragmenting pulse duration
(20 ns). This is because polyatomic molecules do not
usually directly dissociate upon light absorption in the
region of spectral maxima. A large number of closely
spaced electronic states and many vibrational modes
lead to an increase in the probability of nonradiative
transitions: internal and intercombination conversion.
In this case, the time required for the energy concen-
tration on a breaking bond (bonds) can be several
orders of magnitude longer than, for example, a gap of
1071 s required for dissociation of a di- or triatomic
molecule [22, 32].

Thus, the one-color LF/LIF technique, where the
fragmentation of nitrocompound molecules and the
excitation of their NO fragments occurs for one laser
pulse with the duration T < ¢,,,,, does not allow attain-
ing the maximal efficiency of LF/LIF, although it is
attractive due to the relative ease of implementation.

CONCLUSIONS

The results of this work show the background
nitrogen dioxide to be a significant limiting factor of
sensitivity of the LF/LIF technique when detecting
nitrocompound vapors in the real atmosphere. For
example, if the atmospheric concentration nitrogen
dioxide does not exceed 10 ppb, then the detection
thresholds for nitrobenzene and ortho-nitrotoluene
vapors are of units of ppb.

As the calculations have shown, due to the inertia
of dissociation of nitrocompound molecules into frag-
ments, the formation of the latter continues under
pulsed action even after the cease of optical excitation.
The maximal concentration of NO fragments is
attained in a time several times longer than a standard
fragmenting pulse duration of 10—20 ns. Hence, we
can conclude that the one-color LF/LIF technique
does not provide for the maximal LF/LIF efficiency.
It is likely that two-pulse excitation with a time lag
between the action on nitrocompound molecules and
their NO fragments is to increase the efficiency of the
LF/LIF technique. We plan to experimentally verify
this assumption in further research.
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