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The deactivation constants of PH2(Ã2A1; V′2 ) 1,0) and PH2(X̃2B1; V′′2 ) 1) which are due to collisions with
CO2, N2O, and SO2 have been measured. Comparisons with data due to rare gas and diatomic quenchers
have shown that the electronically excited PH2 species are probably quenched by multiple channel mechanisms
of both physical and chemical nature for SO2 and of prevalently physical nature for CO2 and N2O. A V-V
energy transfer is clearly responsible for the vibrational relaxation of PH2(X̃2B1; V′′2 ) 1) by these triatomic
quenchers.

I. Introduction

Interactions of the PH2 radicals in the A˜ 2A1 first excited and
X̃2B1 ground electronic states with rare gases and a certain
number of molecules have been investigated from both physical
and chemical points of view in our laboratory.1,2 Vibrational
levelsV ) 1 and 0 of the bending mode of these species have
been considered.

It has been seen that quenching of PH2(Ã2A1,v′2) by the rare
gases should occur through a collision-induced crossing to the
isoenergetic underlying higher vibrational levels of the ground
electronic state followed by a fast vibrational relaxation.3

As the variation of the relaxation probability of PH2(X̃2B1;
V′′2 ) 1) with rare gas quenchers does not follow the SSH
(Schwartz, Slawsky, Herzfeld4) mass law, the deactivation
should not be due to a simple V-T process, which was supposed
to be operative at first sight. An intramolecular V-R,T
mechanism that is due to the low moment of inertia of the
hydrogen-containing PH2 radicals should then be responsible
for their removal.3

With the exception of the PH3 molecule in self-quenching
studies,4 the molecular quenchers so far taken into consideration
have been some diatomic molecules and in particular H2, N2,
O2, CO, and NO.1 The mechanism of interaction with the PH2

species in both excited and ground electronic states has been
seen to be different for each of them.

With the experimental technique employed which consisted
in generating the PH2 radicals by photolysis of PH3 with an
ArF excimer laser, O2 seemed to be involved in a chain
reaction,6 and its effect on PH2 could not be studied. This chain
reaction was also observed by Melville7 and by Norrish and
Oldershaw,8 who put forward a mechanism where the reaction
between PH2 and O2 acts as one of the chain-carrying reactions.

The interaction of NO with PH2 in the ground electronic state
is particularly interesting. Whereas PH2(X̃2B1; V′′2 ) 0) is almost

chemically unreactive with NO (k ) 5.47× 10-14 cm3 molec.-1

s-1), the reaction constant of the (V′′2 ) 1) species is larger by
a factor of 122 (k ) 6.68 × 10-12 cm3 molec.-1 s-1), and a
mechanism has been proposed to explain this enhancement.2

So far, this is all that is known about the chemical reactivity
of PH2. As PH3 has been recognized to be an important
component of the photochemistry of the atmospheres of Jupiter
and Saturn,9 and of the chemical vapor deposition processes
for the manufacturing of semiconductors,10 PH2 must also play
an important role in the elementary reactions which underlie
these systems. It should thus be useful to know more about the
dynamics and reactivity of the excited and ground species of
the PH2 radicals in the presence of added molecules of more
complex nature.

To be able to make comparisons with the data already
gathered in previous papers and hopefully to derive new
information about the interaction processes, we investigate in
this work the effects of collisions, on the PH2 species, of
triatomic molecules, i.e. molecules one step higher in complexity
than the so far studied diatomic ones, and in particular of N2O,
CO2, and SO2. NO2 was included in the original plan of this
work, but preliminary measurements have shown that the
experimental technique used is unsuitable as NO2 is excited by
the same excitation wavelengths as PH2.

The discussion of the new data will inevitably involve the
revisiting and reformulating of the discussion of those reported
in previous papers.

II. Experimental Section

The technique used to carry out the measurements was PH3

photolysis by an ArF excimer laser combined with laser induced
fluorescence (LIF) for the detection of the PH2 species.

The experimental setup has been described in detail in
previous papers;1,2 therefore, the characteristics of the apparatus
are only briefly outlined in the following.

The interactions of PH2(Ã2A1; V′2) and PH2(X̃2B1; V′′2) with
added molecules occurred in a black anodized alluminium
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reaction cell provided with lateral arms for the entrance and
exit of the lasers.

A Lambda Physik model EMG 150 TMSC ArF laser with
an average energy of 6-7 mJ/pulse was used to photolyze the
PH3 molecule and generate PH2 species.

PH2 fluorescence was induced by a Quanta Ray model PDL1
dye laser pumped by a Quanta Ray Model DCR1A Nd:YAG
laser.

Fluorescence decay of PH2(Ã2A1; V′2 ) 0) and variation of
(X̃2B1; V′′2 ) 0) concentrations were studied through excitation
of the RQ0(717-707 and 414-404) rotational transitions of
PH2(Ã2A1; V′2 ) 0-X̃2B1; V′′2 ) 0) system by 546.81 nm laser
wavelength, whereas the (A˜ 2A1; V′2 ) 1) and (X̃2B1; V′′2 ) 1)
species were monitored exciting theRQ0(616-606 and 414-404)
transitions of PH2(Ã2A1; V′2 ) 1-X̃2B1; V′′2 ) 1) band with
551.33 nm radiation.

The two laser beams were at right angles to each other, and
the fluorescence signals were viewed and collected by a Thorn
Emi 9816QB photomultiplier perpendicularly to both of them
through, in the case of PH2(Ã2A1; V′2 ) 0) fluorescence, a
system made up of a condensing lens of 150 mm focal length
and a Schott OG 590 color filter which transmits the (V′2 )
0-X̃2B1; V′′2 g 1) bands and through an Oriel model 77250
1/8 m monochromator set to transmit only the (V′2 ) 1 f
V′′2 ) 2) emission in the case of (A˜ 2A1; V′2 ) 1) fluorescence.

The photomultiplier output was then processed by a Tektronix
model 7912AD transient digitizer. To study the quenching of
(Ã2A1; V′2) species, the fluorescence decay curves were time
analyzed, whereas for monitoring (X˜ 2B1; V′′2) concentration
variation during a reaction, the total fluorescence was collected
at different delays from the photolysis flash.

The whole apparatus including the laser triggering system
was under computer control.

All experiments were performed at room temperature (298
K).

Mixtures of PH3, added gases, and Ar buffer gas were
supplied to the reaction cell in a slow flow regime by a
combination of MKS models 147, 250, and 1259 pressure and
flow controllers provided with pressure feedback from capaci-
tance manometers. Partial pressures of 0.1 Torr of PH3 and 1
Torr of Ar were used in all experiments.

In view of the high toxicity of PH3, the whole apparatus, gas
manifold, reaction cell, pump connections, etc., was frequently
He leak tested, in particular leak control was renewed at each
change of gas cylinders. The room was under constant forced
ventilation. The quantity of PH3 used however was always far
below the threshold limit value.11

PH3, NO2, CO2, and SO2 were supplied by Air Liquide,
whereas Ar and N2O came from UCAR(Union Carbide) and
Praxair, respectively. The purity grades in the same order as
the here above-mentioned gases wereg99.999%, g99%,
g99.998%,g99.98%,g99.9999%, andg99.998%.

III. Results and Discussion

A. Quenching of PH2(Ã2A1; W′2 ) 1,0). The photolysis of
PH3 by ArF laser 193 nm radiation produces PH2 radicals in
both Ã2A1 excited and X˜ 2B1 ground electronic states. The time
evolution of Ã2A1 could thus have been studied by monitoring
the emissions produced by the photolysis process, but for reasons
of better selectivity of the vibrational levels to be investigated,
LIF was preferred.

Time-resolved fluorescence curves were collected, and their
mathematical treatment to obtain the decay parameters have been
extensively reported in previous papers.1

Briefly, it has been seen that the time variation of the
PH2(Ã2A1; V′2 ) 1,0) fluorescence intensity in all circumstances
follows the decay Stern-Volmer mechanism which is expressed
by

whereτ-1 is the decay rate of the fluorescence curve,τR is the
radiative lifetime,kD is the diffusion constant, andkPH3, kAr,
andkM are the quenching constants produced by PH3, Ar, and
the added gas M, respectively.

In Figures 1 and 2, plots ofτ-1 decay rates against quencher
pressure are displayed.

The experimental data were fitted by weighted linear least-
squares and the differentkM quenching constants obtained. These
latter are shown in Table 1 together with all of the constants
reported in previous papers. Confidence level errors of 95%
are reported.

In analyzing PH2(Ã2A1; V′2 ) 1) quenching due to collisions
with rare gases3, it has been observed that the data follow quite
well Parmenter and co-workers’ theory12 according to which

Figure 1. Quenching of PH2(Ã2A1; V′2 ) 1) by CO2, N2O, and SO2.
Plots of fluorescence decay rateτ-1 vs quencher pressure. Mixtures of
added gas with 0.1 Torr PH3 and 1 Torr Ar.

τ-1 ) τR
-1 + kD + kPH3[PH3] + kAr[Ar] + kM[M] (1)

ln σ ) â(εMM/k)1/2 + ln C (2)
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whereσ is the cross section of the quenching process,

and

εA*A* andεMM represent the A*-A* and M-M Lennard-Jones
pair potential well depths, respectively. A* is the excited
molecule, and M is the quencher. This means that lnσ is linearly
dependent on (εMM/k)1/2. The removal mechanism of PH2(Ã2A1;
V′2 ) 1) should be a transition to the underlying isoenergetic
higher vibrational levels of the ground electronic state, possibly
coupled with a simultaneousV′2 ) 1 f V′2 ) 0 vibrational

relaxation process. The latter should, however, be unimportant,
if not negligible, as it has been experimentally seen in one of
our previous works5 that theV′2 ) 4 f V′2 ) 3 collision-induced
relaxation gives rise to a very weakV′2 ) 3 fluorescence.

When the quenching data of (A˜ 2A1; V′2 ) 1) produced by
diatomic quenchers H2, N2, CO, and NO are plotted in the same
Parmenter’s plot as those produced by rare gases,1 a clear
deviation in the trend of variation of lnσ with (εMM/k)1/2 is
observed. This deviation is not caused by experimental fluctua-
tions but rather by a systematic phenomenon as the data obtained
for the quenching of (A˜ 2A1; V′2 ) 0) by the same molecular
quenchers behave in the same manner (see Figure 5 of ref 1
and Figure 4 in the following).

The quenching data ofV′2 ) 0 by rare gases are not available,
but it is presumable that they must show a parallelism similar
to that observed with the diatomic quenchers and must be due
to the same quenching mechanism asV′2 ) 1.

The deviation shown by bothV′2 ) 1 and′ 0 data of H2, N2,
CO, and NO from those of the rare gases are likely due to a
second channel of removal which should be active in parallel
to the above-mentioned transitions of the excited PH2 vibronic
species to the underlying isoenergetic vibrational levels of the
ground electronic state.1

As there seems to be a correlation between the magnitude of
the deviations and the vibrational frequencies of the diatomic
quenchers, this additional channel has been assumed to be due
to an intermolecular E-V process.1

The difference between the quenching data of the twoV′2 )
1 and 0 vibrational levels may partly be explained by the
difference in density of states of the ground electronic state at
the same energies of these levels.

Figure 3 shows the Parmenter’s plot of the PH2(Ã2A1; V′2 )
1) quenching data of CO2, N2O, and SO2 together with those
of the rare gases, diatomic molecules, and PH3. Again, these
tri- and tetra-atomic molecules do not follow the trend delineated
by the rare gases.

Figure 4 represents the quenching data by diatomic and
triatomic molecules and PH3 for bothV′2 ) 1 and′ 0. As can be
seen, the above-mentioned paralleslism between the two sets
of data extends to more complex molecules. The SO2 data of

TABLE 1: Quenching of PH2(Ã2A1;v′2 ) 1,0) by Triatomic Molecules,a Diatomic Molecules,b PH3, and Rare Gasesc

kM x 1011d

(cm3 molec.-1 s-1) σe (Å2)
P ) σ/σhs

f

× 102

quencher M V′2 ) 1 V′2 ) 0 V′2 ) 1 V′2 ) 0 V′2 ) 1 V′2 ) 0

CO2 8.64( 0.43 2.96( 0.12 14.9( 0.7 5.12( 0.21 33.0 11.3
N2O 9.07( 0.36 2.98( 0.11 15.7( 0.6 5.16( 0.19 35.8 11.8
SO2 22.0( 2.9 40.9( 5.5 83.8
H2 5.79( 0.44 2.60( 0.10 3.17( 0.24 1.42( 0.03 9.50 4.28
N2 5.05( 0.39 2.12( 0.10 7.82( 0.61 3.28( 0.11 18.8 7.90
CO 7.40( 0.62 3.44( 0.18 11.5( 1.0 5.33( 0.27 28.3 13.2
NO 19.6( 1.8 7.70( 0.35 30.9( 2.9 12.1( 0.6 78.2 30.8
PH3 34.4( 3.3 24( 5 56.0( 5.4 39( 8 134 95
He 2.51( 0.22 1.88( 0.17 6.3
Ne 2.03( 0.18 2.86( 0.25 8.9
Ar 3.24( 0.11 5.49( 0.18 14.3
Kr 3.78( 0.14 7.32( 0.27 18.0
Xe 5.50( 0.41 11.2( 0.8 24.2

a This work. b The data by diatomic molecules, PH3, and rare gases come from previous works (see ref 1).c Rate constantkM, cross sectionσ,
and probability per collisionP. d The data are reported with 95% confidence level errors.e The cross sections have been derived fromkM using the
formula reported in Yardley, J. T.Introduction to Molecular Energy Transfer; Academic: New York, 1980; pp 16-19. The room temperature is
298 K. f To calculate the various hard sphere collision cross sectionsσhs, the diameter of PH2 has been estimated as approximately equal to that of
H2S (see ref 1). The diameters of CO2, N2O, and SO2 are taken from Khristenko, S. V.; Maslov, A. I.; Shelveko, V. P.Molecules and Their
Spectroscopic Properties; Springer: Berlin, 1998.

Figure 2. PH2(Ã2A1; V′2 ) 0) fluorescence decay rateτ-1 vs CO2 and
N2O pressure. Mixtures with 0.1 Torr PH3 and 1 Torr Ar.

â ) (ε′A*A* /kT2)1/2

(εA*A* )1/2 ) 0.6(ε′A*A* )1/2
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V′2 ) 0 is lacking for serious trouble with the experimental setup,
but there is no doubt that it should follow the trend shown in
V′2 ) 1.

From Figure 4, it can be seen that the decrease of quenching
efficiency from NO to CO2 and N2O is real.

The solid line in Figure 3, obtained from a least-squares fitting
of the quenching data ofV′2 ) 1 by rare gases can reasonably
be considered as representing the pure mechanism of removal
by collision-induced transition to the isoenergetic underlying
vibrational levels of the ground electronic state. It is expressed
by

from which the cross section of the quenching part presumably
produced by this mechanism could be calculated for each of
the molecular quenchers under investigation by substitution of
(εMM/k)1/2 in eq 3 with their respective values.

Table 2 reports these calculated cross sections, the experi-
mental ones, their differences∆σ, and the ratios of these
differences to the calculated values.

From the∆σ/σcalc values, one might divide the quenchers in
three groups, one with∆σ decidedly larger thanσcalc, i.e., NO,
SO2, and PH3, another with∆σ<σcalc, i.e., N2, N2O, and CO2,
and a third with CO which seems to represent a transiton
between the first two groups having∆σ = σcalc.

According to the discussion concerning the diatomic quench-
ers, NO is presumably also involved in a purely physical
collision-induced intermolecular E-V energy transfer process
with PH2(Ã2A1; V′2 ) 1,0). As it is however known from ref 2
that NO reacts chemically with PH2(X̃2B1; V′′2 ) 0,1) ground
eletronic species giving rise very probably to PN+ H2O through
the formation of an adduct, a similar chemical reactivity has
also to be considered in the quenching process which would
further justify the high efficiency of NO.

As to SO2 and PH3, a collisional E-V energy exchange with
PH2(Ã2A1; V′2 ) 1) cannot by itself explain neither their∆σ/
σcalc values nor, by comparing the different vibrational frequen-
cies available, the large difference in quenching efficiency
between them and N2O and CO2. Some chemical reactivity also
has again to be invoked. If a metathesis reaction between
PH2(Ã2A1) and PH3 might occur, thermochemical considerations
rule out direct reactions for SO2. A long-lived adduct formation
mechanism may however be proposed:

where PH2* stands for PH2(Ã2A1; V′2), [PH2‚M]* stands for the
excited adduct, M stands for PH3 or SO2, and M† represents
the ground or excited vibrational species. As a consequence of
a redistribution of the excitation energy (A˜ 2A1) of PH2 among
the various degrees of freedom of the intermediate compound
the PH2 electronic excitation is removed in the back re-
dissociation of the latter.

All of the quenching processes so far mentioned are present
in this mechanism with the difference that they occur here
through the formation of an adduct which is a chemical entity
and which could be stabilized under certain pressure conditions.
The mechanism4 represents thus what might be called “chemi-
cal” quenching processes, whereas the collision-induced ones
are physical.

A combination of all of these chemical and physical mech-
anisms would then result in the measured cross sections.

Whereas for NO, SO2, and PH3 the chemical channel appears
to prevail over the physical one, for CO with∆σ/σcalc ) 1.2,
there would exist a balance between the two. This means that
for CO the formation of an adduct has also to be considered,
even if this one should be more loosely bound. Such an adduct

Figure 3. Parmenter’s plot for PH2(Ã2A1; V′2 ) 1) quenching. (2),
rare gas data; (9), quenching by H2, N2, CO, and NO with increasing
(εMM/k)1/2 values; (b), data by the indicated molecules. (εMM/k)1/2 are
taken from ref 12, except that of PH3 which has been evaluated (see
ref 1). Solid line: linear fit of rare gas data. Dashed line: linear fit of
N2, CO2 and N2O data.

Figure 4. Parmenter’s plots for PH2(Ã2A1; V′2 ) 1 and 0) quenching
by H2, N2, CO, NO, CO2, N2O, PH3, and SO2 with increasing (εMM/
k)1/2 values. (b), V′2 ) 1 data; (2), V′2 ) 0 data.

ln σ ) 0.145(εMM/k)1/2 + 0.162 (3)

TABLE 2: Comparison of the Experimental PH2(Ã2A1; W′2
) 1) Quenching Cross Sections,σexp, with the Cross Sections
Deduced from the Fitting Line of the Rare Gas Data in the
Parmenter’s Plot,a σcalc

quencher M
(ε/k)1/2

(K1/2)
σexp

(Å2)
σcalc

(Å2) ∆σ ∆σ/σcalc

H2 6.1 3.17 2.85 0.32 0.11
N2 9.7 7.82 4.81 3.01 0.63
CO 10.2 11.5 5.17 6.33 1.22
NO 10.7 30.9 5.56 25.34 4.56
CO2 14 14.9 8.98 5.92 0.66
N2O 14.5 15.7 9.66 6.04 0.63
SO2 17.9 40.9 15.83 25.07 1.58
PH3 17.15 56.0 14.20 41.8 2.94

a The (εMM/k)1/2 values are taken from refs 12 and 1.

PH2* + M f [PH2‚M]* f PH2(X̃
2B1; V′′2) + M† (4)
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has been demonstated to exist for CO+ PH2
+.13,14 It will be

seen below that the adduct mechanism has also to be invoked
to explain the large difference between CO and N2 in deactivat-
ing PH2(X̃; V′′2 ) 1).

The ∆σ/σcalc values are approximately 0.6 for N2, N2O, and
CO2. The dashed line drawn in Figure 3 through these quenchers
(slopeâ ) 0.147) is practically parallel to the Parmenter’s line
of the rare gas data (â ) 0.145) showing that the quenching
mechanisms of the three molecules should be the same but
different from that of the rare gases. As it is rather difficult to
think of an adduct between N2 and PH2, the quenching efficiency
enhancement of N2 with respect to the rare gas trend should
essentially be due to a collision-induced process. The same has
then to be said of the other two quenchers. The forementioned
parallelism does not seem fortuitous as it is also observed for
PH2(Ã2A1; V′2 ) 0) (see Figure 4).

Figure 5 reports a plot of the quenching data of PH2(Ã2A1;
V′2 ) 1) againstσcompl calculated according to the collision
complex formation theory.15

A short-lived complex of rather physical nature is supposed
to be formed between the excited particle and the quencher in
all collisions with impact parameters smaller than a certain value
b0 which corresponds to a balance between the collision kinetic
energyE and the maximum of the long-range effective potential
V(r). This potential is the sum of attractive multipole interactions
(dipole-dipole, dipole-quadrupole, dipole-induced dipole, and
dispersion) and a centrifugal barrierEb2/r2.1,15b0 thus represents
the maximum impact parameter for which mutual capturing of
the collision partners at a certainE is possible, and gives rise
to the capture cross sectionσcap(E) ) πb0(E)2. During the brief
existence of the complex, a redistribution of the total energy
among the various degrees of freedom occurs resulting, at its
redissociation, in the quenching of a certain amount of the
excited species. The quenching cross section should thus be
proportional to the capture cross sectionσcap(E) which represents
then its upper limit at the kinetic energyE. The thermal averaged
capture cross sections have been calculated for all of the
quenchers studied and are represented byσcompl in Figure 5.

With the exception of NO, SO2, and PH3, the quenching data
of the other molecules lie quite well on the straight line showing
the above-mentioned proportionality. Their deactivation pro-

cesses should then come from a collision complex formation,
whereas with the other three molecules PH2(Ã2A1; V′2 ) 1)
should be removed by mechanisms of different nature confirm-
ing what has already been found with the Parmenter’s plot. It
is surprising to see such a clear separation of the behavior of
CO2 and N2O from that of SO2.

The quenching data have also been compared with the cross
sections calculated according to the Thayer and Yardley’s
dipole-dipole interaction theory.16 The deviations of the mo-
lecular quenchers with respect to the rare gases found in the
Parmenter’s plot are again observed which however can be less
easily quantified as the experimental data enter in the determi-
nation of some parameters of the Thayer and Yardley’s formulas.
The peculiar situations of NO and PH3 seem here noticeably
amplified denoting the different nature of their interaction
mechanisms with PH2(Ã2A1; V′2 ) 1).

The three theories applied result thus to be complementary
for the comprehension of the mechanisms involved by the
studied added gases in the quenching of PH2(Ã2A1; V′2).

For what concerns in particular the three triatomic quenchers,
N2O and CO2 seem to interact with PH2(Ã2A1; V′2) with the
same mechanism as N2, whereas a chemical activity has to be
invoked for SO2.

All of the above discussion, and in particular that of the
Parmenter’s plot, clearly is meant only to be an attempt to give
a qualitative interpretation of the observed data. The effective
roles played by the different mentioned mechanisms, physical
and chemical, can only be ascertained by detailed quantum
mechanical calculations which however are not available.

B. Vibrational Relaxation of PH2(X̃2B1; W′′2 ) 1). In the
photolysis of PH3 by the 193 nm photons, PH2(X̃2B1) is
produced in vibrationally excited states withV′′2 > 3.1,17 V′′2 )
1 is then populated by subsequent relaxation from the upper
states.

The kinetics of vibrational deactivation of PH2(X̃2B1; V′′2 )
1) was investigated by monitoring the time variation of their
concentrations after the photolysis flash. This was done record-
ing at various moments the total fluorescence induced by laser
excitation of theV′2 ) 1 r V′′2 ) 1 transition.

All of the LIF curves thus obtained have been seen to vary
with time according to an equation of the form

which represents the typical kinetics of the lower state having
zero population att ) 0 of a two-level system characterized by
the two decay ratesA andB. A refers to the lower level, andB
refers to the higher one. During the evolution of the system,
the lower level is populated by the upper one.C is a coefficient.
Graphically, the fluorescence intensity rises to a maximum and
then decays.

In designating the bulk of the higher bending vibrational
levels of the PH2 ground electronic state species formed in the
photolysis process with PH2†, a kinetic scheme concerning the
time evolution of the PH2(X̃2B1; V′′2 ) 1) concentrations can
be set up. It has been reported in detail in previous papers1, so
it is presented here only in a condensed form:

Figure 5. Plot of the measured quenching cross sections (σexp) of
PH2(Ã2A1; V′2 ) 1) vs maximum quenching cross sections (σcompl)
calculated according to the collision complex formation model. (2),
rare gas data; (9), H2, N2, NO, and CO data in this order from left to
right of theσcompl axis; (b), data by the indicated molecules.

I(t) ) C[exp(-At) - exp(-Bt)] (5)

PH2
† + M f products

PH2
† + M f PH2(V′′2 ) 1) + M

PH2(V′′2 ) 1) + M f products

PH2(V′′2 ) 1) + M f PH2(V′′2 ) 0) + M
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where M is the added gas. It is clear that the complete scheme
must include the same reactions with PH3 and argon (with the
buffer gas Ar the reactions giving rise to products are removed)
instead of M.

The variation of (V′′2 ) 1) concentrations with time

has been derived by imposing, in compliance with eq 5, [(V′′2
) 1)] ) 0 at t ) 0. This last condition further confirms what
has been mentioned above concerning the PH2(X̃2B1; V′′2)
production mechanism by ArF laser photolysis of PH3. K is a
constant which takes into account the relaxation of PH2

† to V′′2
) 1 due to collisions with M, PH3, and Ar, whereas K2 and
K1 represent the total decay rates of PH2

† and V′′2 ) 1,
respectively. The detailed expressions for K1 and K2 have been
reported in previous works1.

Briefly K1, which is here the more important of the two as
it concerns the kinetics ofV′′2 ) 1 removal, is seen to be a
linear function of [M]:

wherea is the sum of the collision-induced relaxation constant
and the constant of a possible chemical reaction of PH2(V′′2 )
1) with M and b is the total removal rate produced by the
background gases (0.1 Torr PH3 + 1 Torr Ar).

As the rising part of the LIF curves present, most of the time,
poor statistics, only the decay branch has been used to derive
the K1 rates.

Figure 6 plots K1 against the pressure of CO2, N2O, and SO2,
which stand here for the added gas M.

Coefficienta of eq 7 can thus be derived from the slopes of
the fitting lines.

Experiments of PH2(X̃2B1; V′′2 ) 0) removal in the presence
of N2O and CO2 have been carried out in order to see whether
PH2 reacts chemically with these compounds and possibly
measure the reactive constants. No reaction happened. Experi-
ments have not been performed with SO2, but the enthalpy value
of the reaction leading to the formation of PS+ 2OH is +94
kcalmol-1, i.e., the reaction is strongly endothermic.

The above determineda coefficients must therefore be
considered as being due only to deactivation ofV′′2 ) 1.

They are reported with 95% confidence level errors in Table
3 together with those of PH3, rare gases, and diatomic quenchers
determined in previous papers1.

If all of these data are plotted againstµ1/2, the square root of
the reduced mass of the respective collision pairs, according to
SSH theory4 for V-T relaxation, the anomalously large
deactivation efficiencies of the three triatomic molecules and
PH3, compared to those of the rare gases and the diatomic
molecules except NO, can immediately be noticed.

This state of things cannot be explained by chemical activity
between PH2(X̃2B1; V′′2 ) 1) and N2O, CO2, and SO2, as it has
experimentally been found above that PH2(X̃2B1) does not react
chemically with these molecules. It must therefore be due to
some other mechanism, different from the V-R,T one so far
proposed for the other quenchers1 and also from a simple V-T
process.

On the other hand, the higher efficiency of N2O (by a factor
of 2.3) compared to CO2 of equal mass has also to be explained.

Table 4 shows the frequencies of the different normal
vibrations of N2O, CO2, SO2, and PH3. It can be seen that all

these molecules have a vibration close to that of PH2(X̃2B1;
V′′2 ) 1) which is 1102 cm-1. The differences of these vibrations
with V′′2 ) 1, ∆ν, are also reported.

[PH2(V′′2 ) 1)] ) [PH2
†]0{K/(K2 - K1)}(-e-K2t + e-K1t)

(6)

K1 ) a[M] + b (7)

Figure 6. PH2(X̃2B1; V′′2 ) 1) LIF curve decay rate K1 vs CO2, N2O,
and SO2 pressure. Mixtures with 0.1 Torr PH3 and 1 Torr Ar.

TABLE 3: Collision-Induced Removal of PH2(X̃2B1;
W′′2 ) 1)a

quencher M µ1/2
kM × 1014b

(cm3 molec.-1 s-1)
σ × 103

(Å2)
P ) σ/σhs

× 104

CO2 4.34 54.4( 6.6 94.0( 11.5 20.8
N2O 4.34 119( 11 206( 19 47.1
SO2 4.67 189( 42 350( 79 71.9
H2 1.38 58.4( 1.2 32.0( 6.4 9.6
N2 3.89 5.09( 0.44 7.89( 0.69 1.9
CO 3.89 15.9( 2.1 24.6( 3.2 6.1
NO 3.96 668( 157 1054( 248 269
PH3 4.09 456( 37 743( 60 183
He 1.89 9.77( 1.66 7.34( 1.24 2.44
Ne 3.54 6.26( 0.70 8.82( 0.99 2.75
Ar 4.25 6.70( 1.37 11.3( 2.3 2.95
Kr 4.87 7.65( 1.71 14.8( 3.3 3.65

a The data for triatomic quenchers are obtained in this work, whereas
those of the other quenchers come from previous papers (see ref 1).
Reduced mass of the collision pairµ1/2, rate constantkM, cross section
σ, and probability per collision P. The cross sections have been derived
from kM using the formula given in J. T. Yardleyop. cit., pp 16-19.
The room temperature is 298 K.b 95% confidence level errors are
reported.

Collisional Deactivation of PH2(Ã;V′2), PH2(X̃;V′′2) J. Phys. Chem. A, Vol. 106, No. 21, 20025207



The mechanism responsible for the deactivation ofV′′2 ) 1
must therefore be an endothermic intermolecular V-V energy
transfer:

involving in each quencher M the vibration with the closest
frequency toν2 of PH2(X̃2B1). This will explain all of the
questions raised above.

According to the semilog plot of Figure 7, the dependence
of energy transfer probability on the∆ν energy mismatch
appears to be linear, following somehow the SSH-Tanczos
behavior.20

By using the principle of detailed balance, the probability of
occurrence of the exothermic reactions PH2(X̃2B1; V′′2 ) 0) +
M(V ) 1) have also been calculated. A linear plot similar to
that of Figure 7 has been obtained.

These calculated data are much higher than those, reported
by Callear,18 due to short-range interactions which, in fact,
usually give rise to transfer probabilities lower than 10-3.

According to a simplified theory for nonresonant V-V
relaxation due to long-range forces reported by Yardley,19 ln P
should vary linearly with∆ν2/3. By plotting our data against
∆ν2/3, a linear plot has effectively been obtained. Thus the

relaxation of PH2(X̃2B1; V′′2 ) 1) induced by CO2, N2O, SO2,
and PH3 seems to be due to long-range interactions.

An attempt to plot the data according to Parmenter’s theory
has also been done, but a convincing linear correlation with
(εMM/k)1/2 has not been observed. Besides, the linear fit gives a
â value larger than that derived from the relaxation of
PH2(X̃2B1; V′′2 ) 1) by the rare gases3 by a factor of 6.4,
whereas it should give the same value because both data sets
refer to the same excited species. One of the conditions for the
applicability of Parmenter’s theory is that resonance effects must
be absent between the collision partners. Strictly speaking, we
are here not in the presence of resonant energy exchanges
between PH2(V′′2 ) 1) and the above quenchers as∆ν varies
between 20.4 and 286.2 cm-1, but we may perhaps be at the
limit of its applicability.

The deactivation constant of PH2(V′′2 ) 1) by CO is factor
3.2 higher than that produced by N2 of the same mass. As
discussed in ref 1, this large difference cannot be explained
neither by the dipole moment of CO which is rather weak, 0.1
D, nor by the difference in polarizability, 1.95 Å3 for CO and
1.76 Å3 for N2. Besides, CO and N2 should deactivateV′′2 ) 1
through an intramolecular V-R,T mechanism,1 so the difference
in energy mismatch betweenV′′2 ) 1 and CO (∆ν ) 1067 cm-1)
on one hand, and betweenV′′2 ) 1 and N2 (∆ν ) 1256 cm-1)
on the other, which can be important in a V-V process, is of
little help in this context. The formation of an adduct between
PH2(X̃; V′′2 ) 1) and CO, and its subsequent re-dissociation to
PH2(X̃; V′′2 ) 0) + CO, according to a similar mechanism
already invoked in the quenching of PH2(Ã; V′2 ) 1) by CO,
seems to be a possible channel which can account for these
different efficiencies. Apart from the above-mentioned experi-
mental demonstration of the existence of the adduct CO‚
PH2

+,13,14 Essefar et al.20 have studied the potential energy
surfaces of the reaction CO+ PH2

+ and shown that the
formation of the adduct is an exothermic process. The extension
of the possibility of an adduct formation between PH2 and CO
appears thus not so improbable.

IV. Conclusion

Each of the three theories we have used to treat the quenching
data of PH2(Ã2A1; V′2 ) 1) produced by the three triatomic
quenchers studied in this work seems to give a different insight
into their interaction mechanism.

With the complex formation model, CO2 and N2O appears
to belong to the same group of the rare gases, H2, N2, and CO,
whereas SO2 presents the anomalous situation of NO and PH3.
The Thayer and Yardley’s theory also puts the same former
molecules in one cluster but shows deviations of N2, CO, CO2,
and N2O from the rare gas and H2 behavior. Whereas the
anomaly of NO and PH3 seems to be amplified, the SO2 data
appears justified. This latter fact is due to the use of the limited
number of experimental data in the calculation of the parameters
of Thayer and Yardley’s formulas. With Parmenter’s theory, a
somehow more quantitative estimation of the deviations of these
triatomic quenchers from the rare gas trend, as well as that of
the previously observed deviations of the diatomic ones, can
be made. Some idea about their interaction mechanism can then
be put forward. CO2 and N2O seem to behave as N2, whereas
a chemical reactivity would also be responsible for the effect
of SO2. Further investigations with other triatomic and more
complex molecules will be carried out, as soon as our apparatus
will permit it, to have more information about the quenching
mechanisms and possibly confirm the tendency of CO2, N2O,
and N2.

TABLE 4: Normal Vibration Frequencies of PH 2(X̃2B1) and
the Polyatomic quenchersa under Studyb

ν1

(cm-1)
ν2

(cm-1)
ν3

(cm-1)
ν4

(cm-1)

∆ν )
νPH2- νn

(cm-1)
P ) σ/σhs

× 104

PH2 1102
PH3 2322.9 992.0 2327.7 1122.4 n ) 4 183

-20.4
SO2 1151.3 517.6 1361.7 n ) 1 71.9

-49.3
N2O 2223.8 588.8 1284.9 n ) 3 47.1

-182.9
CO2 1388.2 667.4 2349.2 n ) 1 20.8

-286.2

a Taken from Herzberg, G.Molecular Spectra and Molecular
Structure III. Electronic Spectra and Electronic Structure of Polyatomic
Molecules; D. Van Nostrand: Princeton, New Jersey, 1967.b Minimum
frequency mismatchνPH2 - νn between the vibrations of PH2 and the
quenchers.

Figure 7. Deactivation probability of PH2(X̃2B1; V′′2 ) 1) vs ∆ν.

PH2(X̃
2B1; V′′2 ) 1) + M(V ) 0) f PH2(X̃

2B1; V′′2 ) 0) +
M(V ) 1) ∆E > 0 (8)
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More work will also be done for the V-V energy transfer
between PH2(V′′2 ) 1) and the quenchers using molecules with
different ∆ν in order to cover a wider range of frequency
mismatches.
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