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The quenching constants of §A?A;; v’ = 0 and 1) by HS, NHs;, COS, CHC}, and CH have been measured.
Attempts to correlate these data and those published in previous papers due to other quenchers, with the
molecular properties through the Parmenter and co-workers’ theory, the Thayer and Yardley’s model, and
the collision complex formation theory have been made. Measurements of collision-induced deactivation
constants of PK{X2B1; v2" = 1) by COS, CHGJ, and CH have also been carried out. A reliable linear
relationship of the log values of W energy exchange probability with the minimum energy mismateh
between PK{v," = 1) and the quenchers has been shown. Effects on thé tvansfer efficiency by inversion
doubling of NH; and by the degenerate vibrational modes of the quencher, which participate in the process,
have been evidenced.

1. Introduction the other hand, a richer corpus of data, in particular those of

polar molecules, concerning the quenching ob@3A4; v’ =

0 and 1), should be helpful in getting a deeper insight into the

mechanisms involved and suggested in the previous articles.
In this work, the quenchers employed argSHHNH;, COS,

CHCl3, and CH.

Collisional deactivation of the excited?A; electronic state
and of the bending," = 1 level of the ground %8 electronic
state of the Phliradical has been extensively studied in this
laboratory, and experimental data obtained for numerous
guenchers have been reported in previous publicatiéhe
quenchers so far dealt with are of progressive molecular ]
complexity going from noble atomic gases to simple polyatomic 2- Experimental
molecules.

Investigations concerning the' = 0 andw,’ = 1 vibrational
levels of PH(A2A,) have been carried out, and the results have
been interpreted with the theories by Parmenter étaald by
Thayer and Yardleyand also with the theory of collision
complex formatior?.

Data obtained for the vibrational relaxation of the' = 1
level of PHy(X2B,) are of particular interest. The action of the
rare gases have been seen to follow as well the Parmenter et al
theory, revealing a long-range interaction between these atomic
gases and the vibrationally excited #K?B; v;"' = 1) specie$.

The NO molecule gives rise with BEK2B1; v = 0) to a
chemical reaction, the kinetics of which is enhanced by a factor
122 when they,"" vibrational state is excited by one quantdim.
Polyatomic quenchers interact with3Bq; v = 1) prevalently
through a V-V energy exchange procesfecently, we have e :
been able to show for the first time evidence of the influence PY Monitoring the fluorescence time-resolved decay of these

of the inversion doubling of Nkion the -V exchange between ~ SPECies at different pressures of the quenchefs= 1 was
this molecule and PHX2By; v, = 1)1 generated by excitation of th8Qu(616—60s and 44—404)

. . A 2 . [ V2 . LL—
It has been seen that there is a linear relationship betweenrOtatlonaI tr{inS|t|ons of the PAR®Ay; 07 = 1-X Bl.’ 2=
the log values of deactivation probability of {8 27" = 1) 1) system with the 551.33 nm laser wavelength, while excitation

and the difference in energy betweem( = 1) and the  Of “Qu(717—7o7and 44—dog) of (v’ = 0—v" = 0) with 546.81

frequency of the quencher vibrational mode energetically closest"M rad|qt|on was used to produgg = 0. The line width and

to it, i.e., Av (cm™1), and responsible for the energy transfer. pulse V_V'dth of the dye laser are 0.3 chmand =5 ns,
This paper extends our investigations on other quenchers inrespectlvely. . .

order to settle the just-mentioned linear relationship of:te For the quenching of;’ = 1, an Oriel model 7725@s m

— 1 deactivation efficiency witAv on a more solid basis. On  low-resolution monochromator was used. The wavelength
counter of the monochromator and its slit widths were set at

* E-mail : Chieu.NguyenXuan@imip.cnr.it. Telephone39-0690672-  290.5 nm and 1 mm, respectively. With a fwhm bandpass of
217, -243. Fax :+39-0690672238. 6.4 nm thus obtained, fluorescence from the= 1 — v,"" =
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The experimental procedure and apparatus have been de-
scribed in detail in previous pap€erd hence they will be here
only briefly presented.

The PH radical was generated by photolysis of Akith a
Lambda Physik COMPex 102 excimer laser operated as an ArF
laser producing 193 nm radiation pulses with fwhm of 25 ns.
PH, was detected by the LIF technique using a Quanta Ray
model PDL1 dye laser pumped by a Quanta Ray model DCR1A
Nd:YAG laser. The PElfragmentation and PHaser excitation
processes occurred in an anodized Al reaction cell of ca. 750
cm?® equipped with lateral arms for entrance and exit of the
lasers. The axes of the two laser beams were at right angles to
each other.

ArF laser energy of 18 mJ/pulse was used.

Deactivation of PEA2A;) vo' = 1 andv, = 0 was studied
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2 band was selectively recorded. ket = 0, a Schott OG590 5.5
color glass filter allowed the fluorescence due ig & 0 —
v = 1,2,3,...) to be monitored.

The fluorescence signals were collected by a 9816 QB Thorn 4.51
EMI photomultiplier and time analyzed by a 7912AD Tektronix

5.0

transient digitizer. 0

Vibrational relaxation of Plz(f(ZBl; v7'" = 1) and removal 3.51
of (v2"" = 0) studies consisted in monitoring the time variation 30-
of the concentration of these species and were carried out by
excitation ofvy” = 1 tov,’ = 1 ande,” = 0towv,’ = 0 and by 2.51
collecting the fluorescence signals fram = 1 and frome,' 55 i , i i H,S
= 0 with the same procedures as above for the quenching studies 005 010 015 020
of 2’ = 1 andwv;’ = 0. Here, however, the fluorescence was _ 501
not time analyzed but was time integrated. Time variation was "0

; o, 451 °

governed by a system of two delay generators, which regulate =)
the time intervals between the photolysis ArF laser flash and 7 40
the LIF dye laser flash. e

The lasers, delay generators, and digitizer were under % 359
computer control. % 3.04

Care was taken to avoid possible contamination of LIF signals 8
with PHy(A2A,) fluorescence directly produced in the photolysis o gg NH,

of PHs, especially for the time-resolved decay signals, by 005 040 0415 020
selecting adequately the time delays between the ArF and dye

laser triggerings. 49 v
All experiments were performed at room temperature (298 4.0
K).
Mixtures of PH;, added gases, and argon buffer gas were 3.5
supplied to the reaction cell in a slow flow regime by a system 3.0,
of MKS models 147, 250, and 1259 mass flow controllers ’
provided with pressure feedback from capacitance manometers. 2.5
All experiments were carried out with 0.1 Torr Peind 1 Torr cos
argon partial pressures. 2.0

As PH; is a highly toxic gas, the whole experimental 000 005 010 015 0.20 025 0.30 035
apparatus was carefully and frequently leak tested, in particular, Added gas pressure (Torr)
a leak test of the gas manifold was performed at every changeFigure 1. Quenching of PR{A%Ay; v2' = 1) by H;S, NH;, and COS.
of gas cylinders. The room was under constant forced ventila- Plots ofz™ vs quencher pressure. Mixtures with 0.1 TorrR#d 1
tion. The quantity of Pklused was, however, well below the Ar.

threshold limit valu’ _ o _ their quenching constants due to £Hr, and the added gas
The different quenchers with the indicated purity grades were \ respectively.

supplied as follows: bB (99.5%) by Air Liquide, NH 71 is derived from the slopes of the In of fluorescence

(99.9990%) by Praxair, COS (99.9%) by Intergas, CHCI jntensities vs time.

(99.9%) by Aldrich, and Ci(99.9995%) by Rivoira. Figures 1 and 2 show plots of ! against the bS5, NHs, COS,
CHCls, and CH, pressures for PHA2A4; v2' = 1). Linear least-

3. Results and Discussion squares fitting of these plots give the quenching constants due

3.1. Quenching of PH(A?Ay: »; = 1 and 0).Photolysis of (0 these moleculeskizs = (3.03+ 0.24) ks = (3.41£ 0.21),

PH; by ArF laser gives rise to formation of both grounc?BX) Keos = 1(1'_81‘& 0.18), andkericis = (1.98+ 0'13) x 10710 cmi

and excited (A1) electronic states of PHThus, practically, ”li"ec S5 ‘E‘?d kea = (5.76 £ 0.33) x 10 cm® molec

the collisional deactivation of PXA?A;) can be studied by S Plots ofr~* vs pressures of the same quenchers fGAGA
monitoring directly its fluorescence decay produced in the ¥2 = 0) are shown in Figures 3 and 4, and again, the least-

photolysis process. However, for reasons of better selectivity SA4ares fittings give the following quenchinl% CﬁQSta It'sz'f
of single vibrational levels of AA;, the LIF technique was i1(1'72i 0.14) andkyyz = (1.80+ 0.13) x 10" cm® molec”
preferred. s 1, andkcos = (8.20 & 0.34), kcyeiz = (4.98 &+ 0.31), and

= 11 1g1
As has been shown in various previous papeitse time kera = (2.65 % 0'.22) x 1071 cm? molec™ s%.
decay of the fluorescence signals, from bpth= 1 andv,’ = The mathematical treatment of the fluorescence curves and

0 of A2A4, and in the presence of all the different quenchers the fitting of.plots er—l vs M] pressures have b‘?e“ iIIustra}ted
dealt With’in this work, i.e., bS. NH;, COS, CHCY, and CH extensively in previous papers and, in particular, in ref 9. Briefly,

shows a single-exponential trend with decay rateexpressed we proceede_d in _Igast-sq_uares fitting_ of the _In values_ qf
by: fluorescence intensities weighted according to Poisson statistics

against time to obtain! together with their standard deviations.
1 1 The different ky quenching constants and the respective
T =1 1kt kppdPHyl + Ky [Ar] + ky[M] (1) uncertainties were then derived by least-squares fitting &f
weighted by their standard deviations against the quencher
whererg is the radiative lifetime of the excited speciks their pressures and also for the calculation of the uncertainties by
diffusion constant out of the viewing zonksus, kar, andky taking into account the Studentidactor for each plot.
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Figure 2. Quenching of PR{A2A1; v,' = 1) by CHCE and CH,. Plots
of 771 vs quencher pressure. Mixtures with 0.1 TorrsRtd 1 Torr
Ar.

In Table 1, the P){A2A;; o' = 1 and 0) quenching constants
by the molecules investigated in this work are shown together
with the constants due to all of the other molecules already
studied in this laboratory.

3.1.a. Parmenter and Co-workers’ Mod&he quenching data
of PHy(A2A1; v2' = 1) by rare gases have been seen to follow
very well the Parmenter et al.’s thedhaccording to which:

In o = Bley/K)*+InC 2)
where o is the cross-section derived froky, emm is the
intermolecular well depth of the quenching molecule f+=
(easa'IKTAV2 with epsas’ related to the well depth of the
potential between two excited molecules A*, i.e.,zleicFAl;

v = 1), by (eaa )2 = 0.6(aa+ )2 k is the Boltzmann
constant,T the temperature, an@ a constant.

From the data due to rare gasesubrr2)/k = 673.1 K has
been obtained and reported in ref 6.

Figure 5 represents m of data reported in Table 1 for' =
1 against éuv/K)2, the values of which can be deduced from

Table 2. As can be seen, the rare gas data lie on a straight line

represented by:
In o = 0.145¢,,,,/k)"'* + 0.162 (3)

Most of the molecular quenchers, however, deviate from this
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Figure 3. Quenching of PR{A%As; 5’ = 0) by H,S, NHs, and COS.

Plots ofz~* vs quencher pressure. Mixtures with 0.1 TorrRid 1

Torr Ar.

of sets of data obtained in completely independent experiments
is evidence of the fact that their different deviations from the
rare gas trend are real, not due to possible experimental
fluctuations, and depend only on the different characteristics
of the quenchers.
Interesting information can be drawn from Figures 5 and 6.
The polyatomic molecule CHllike the diatomic H, lies right
on the straight line of the rare gas atomic quenchers of Figure
5. Presumably, by virtue of the aforementioned parallelism
betweeny,’ = 1 andv,’ = 0 quenching data, CHalso lies on
the rare gas quenching data line of &A1, v’ = 0), which
even if not experimentally determined can now be defined by
the CH, data and the kdata already determined in ref 12.
Thus CH, should behave as the rare gases in the interaction
with PHy(AZA,).
This rare-gas-like behavior of Ghwill also allow interpreta-

behavior, and attempts to explain these deviations have beerfion of the relaxation data of P¥K2By; v2" = 1) due to this

made for a certain number of these molecdl&s.

molecule in a later section.

The data obtained with the new quenchers of this work seem The rare gases can be considered as representing the pure

to allow a better insight into the quenching of RA&?A,).

Figure 6 plots Ino of PHx(A2A;) quenching due to all the
molecules so far studied againsiy(;/k)*2 for both»y' = 1 and
Uz' =0.

The parallelism between the' = 1 andv,' = 0 sets of data
has been observed in the previous wdrkesid no more doubt
can now be raised about it with the contribution of the new
data due to KS, NH;, COS, CHCY, and CH,. This parallelism

case of collision-induced long-range deactivation0f= 1 and

v = 0 with transition to the isoenergetic higher vibrational
level manifold of the %B; ground electronic state. The
parallelism of the twa,’ = 1 andv,’ = 0 quenching data sets

is evidence that the rare gas quenching mechanism is present
in all of the molecular quenchers so far studied. As has been
discussed in ref 12, the difference between the quenching
efficiencies ofv,’ = 1 andv,’ = 0 due to the same rare gas



Quenching of PR{A2A;) and PH(X2By; v7"' = 1) J. Phys. Chem. A, Vol. 111, No. 17, 2003219

TABLE 1: Quenching of PH,(A2A;; »' = 1 and 0) by Polyatomi@, Diatomic Molecules, and Rare Gasds

quencher kv x 10 (cm® molect sl o4 (A?) P = olone x 10

M Uz':]. Z/2’:O U2'=1 z/2’=0 Z/z':]. Z/2':0
H.S 30.3+ 24 172+ 14 49.44+ 3.9 28.0£ 2.3 122 69.0
NH3 341+21 18.0+ 1.3 454+ 2.8 24.0+ 1.8 127 67.2
COSs 18.4£ 1.8 8.20+ 0.34 33.7+ 3.2 15.1+ 0.6 72.1 32.2
CHClg 19.8+1.8 4,98+ 0.31 40.04+ 3.7 10.1+ 0.6 62.7 15.8
CHy 5.76+ 0.33 2.65+ 0.22 7.53+ 0.43 3.47+0.29 17.5 8.1
CO, 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
SO, 22.0+ 2.9 40.9+ 5.5 83.8
PH; 344+ 33 24+ 5 56.0+ 5.4 39+ 8 134 95
Ha 5.794+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
CcO 7.40+ 0.62 3.44+0.18 115+ 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
He 2.51+0.22 1.88+0.17 6.3
Ne 2.03+0.18 2.86+ 0.25 8.9
Ar 3.244+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

aThe data by &S, NHs;, COS, CHC4, and CH have been obtained in this work. The other data come from previous studies (se€’RA®R).
constantsy, cross sections, and probability per collisiof?. ¢ The data are reported with 95% confidence level erfbfhe cross sections have
been derived fronky using the formula reported in ref 10, pp-1869. ¢ To calculate the various hard sphere collision cross-sectinghe
diameter of PH has been estimated as approximately equal to that,5f(see ref 11).
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00 0 08 6 0 has also been observed, as shown in Figure 6, foi(A%A1;

Added gas pressure (Torr) »7 = 0) quenching, which should decay with the same
Figure 4. Quenching of PEA?A;; v»' = 0) by CHCk and CH, Plots mechanisms of,’ = 1, but for which a vibrational relaxation
of 77* vs quencher pressure. Mixtures with 0.1 TorrzRifd 1 Torr process cannot be contemplated. On the other hand, due to the
Ar. high values of the above-mentioned energy gaps, the probability

) ) ) of a V—V process forv,’ = 1 should be very low and should
should be governed by the difference in density of states of the not pe aple to justify the values of the deviations from the rare
PH, ground electronic state underlying = 1 andv;’ = 0. gas trend.

The higher quenching values by most of the molecular  An intermolecular E-V process has then been proposed in
quenchers with respect to what was expected from the rare gasyhich part of the vibronic energy of BEA2A1; vy’ = 1 or 0)
eq 3 thus must be due to additional mechanisms. is transferred to the vibrations of the diatomic quenchers and
In ref 12, the difference in Pj(IAZAl; v7" = 1) quenching vo' = 1 or O is deactivated to some lower vibrational levels of
efficiencies of H, N, CO, and NO has been tentatively first the ground electronic state. The efficiency of the process should
ascribed to an intermolecular-W process resulting in a @ 1; increase with the decrease of the quencher vibration frequency,
v? = 1 — v’ = 0) vibrational relaxation. The increase of and this should account for the trend shown by N,, CO,
quenching constants going fromp b NO should be due to  and NO. However, in light of the CHdata gathered in the
decrease in energy gap between the vibrational relaxation energyresent work, this mechanism could not be accepted either. In
(v2 =1— vy’ =0: 951.3 cnt?) and the vibrational frequencies  fact, if it is operative, CiJ would be more efficient than N
of the diatomic molecules (4401, 2359, 2170, and 1904tm and CO in quenching Pjﬂ&zAl; v7"), as it has the frequencies
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TABLE 2: Selected Molecular Properties of PH, and the Investigated Quenchers, and Calculated Quenching Cross Sections

ocac according to Collision Complex Model

PH,and quencher M dw (A) Dy (Debye) au (A2 am (A3) emm/k (K) Iv (eV) Ocac (A?)
PH, 3.591 0.574 0.21 2.85 139.3 7.55
H,S 3.591 0.973 0.218 3.78 309 10.453 101
NH3 3.15 1.47 0.208 2.26 357.2 10.19 105
COSs 4.13 0.712 0.60 5.7 334.9 11.1 110
CHCl; 5.430 1.01 0.80 8.66 331.2 11.4 129
CHgy 3.80 0 0 2.6 146.4 12.71 68
SO 4.29 1.63 0.92 4.28 320.4 12.3 128
N.O 3.879 0.167 0.687 3.03 210.3 12.89 86
CGO, 4.00 0 0.897 291 196.0 13.77 85
PH; 3.5 0.574 0.436 4.27 294 9.87 97
H 3.0 0 0.14 0.79 37.2 15.4 50
N, 3.7 0 0.29 1.76 94.1 15.6 66
CO 3.6 0.112 0.33 1.95 104.0 14.0 71
NO 3.5 0.153 0.29 1.74 114.5 9.25 67
He 2.6 0 0 0.204 10.2 24.6 31
Ne 2.8 0 0 0.393 34.8 21.6 38
Ar 3.4 0 0 1.66 121.0 15.7 60
Kr 3.6 0 0 2.48 171.6 14.0 68
Xe 4.1 0 0 4.00 222.0 12.1 78

a Diameter (lv), dipole momentDy), quadrupole momenty), polarizability (), potential well depthdum/k), ionization potentially). The
molecular properties are selected from refs5]1 9, 13-19. The quadrupole moment of,8l has been taken from ref 19. For CHGlbe have

assumed the value of the quadrupole moment of £tdported in ref 15,
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Figure 6. Parmenter’s plot for PHA2A;; v2' = 1 and 0) quenching
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of two normal vibration modes far lower than those of these
two molecules.

As recalled in the Introduction of this paper, in the case of
NO, it is known that this molecule gives rise to chemical reaction
with ground PH(X2B,).” Thus it is presumable that BgA?A;
v2') is removed not only by collisions with NO but also by
chemical reaction, which constitutes then the additional de-
activation channel.

As will be illustrated in a later section, experiments of
interaction between PX?By; v, = 0) and all of the quenchers
treated in this work have been carried out, but no chemical

as quadrupole moments for other similar molecules are not available.

however, hinders an estimation of their occurrence from the
thermodynamic point of view. We have tried to figure out some
simple reactions and calculate the reaction enthalpies of ground
state reactants that result in being all endothermic and confirm
the above-mentioned nonreaction experimental results. These
endothermic enthalpies could, however, be overcome by the
vibronic energy of PHA2A1; v’ = 1) and PH(A?A; v’ =

0), which are 55.0 and 52.3 kcal/mol, respectively. This,
however, means only that these reactions are energetically
permitted, while whether the reactions do occur or not is another
guestion. In fact, the simplest reactions betweerahd CH,

with ground state PHare:

PH, + H,— PH, + H AH = 27.5 kcaimol ™ >

PH,+ CH,— PH,+ CH;  AH=28.11 kcaimol * > 0
respectively. These reactions thus are endothermic. By adding
the vibronic energy of 55.0 kcahol 1 (A%A;; vy’ = 1) or 52.3
kcalmol™ (A%2A1; vy’ = 0) to the energy content of BHthe
above AH values turn negative and the reactions become
exothermic. The rare-gas-like behavior, as it appears in Figure
5, of H, and CH,, however, shows that their interactions with
PHQ(AZAl; v7') do not give rise to chemical reactions.

In the Parmenter et al.’s theory and in the following collision
complex model, the formation of an intermediate complex before
the deactivation of the excited species by the quenching
molecule is considered. As the molecular properties, dipole and
guadrupole moments, and polarizabilities are different for
different quenchers (see Table 2), it is obvious that the collision
complex is more or less tightly bound and then has a lifetime
that varies with the nature of the quenching molecule. The longer
the lifetime is, the longer the contact between the excited
molecule and the quencher is and then the higher the probability
of energy randomization becomes, leading to a higher probability
of deactivation of the excited species. In the cases o
CO, if no reactions can occur, the presumably more tightly

reactions have been revealed. Here, however, we are dealindoound collision complex with respect to that of ¢ldould

with interactions of these molecules with RB2A1; vy’ = 1
and v’ = 0), i.e., in a different energetic context where the
occurrence of reactions could be possible. The lack of knowl-
edge about the nature of possible reactions,

explain their higher quenching efficiencies. It is to be noted
that the above-mentioned chemical reactions should also occur
via a collision complex, which could lead to the formation of
an intermediate adduct before the formation of products.
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100 Table 2 reports the molecular properties used for these
calculations.
As can be seen, except for the cases gfaNd CQ, all of
the nonpolar gases treated follow well the Thayer and Yardley’s
correlation, while all of the polar quenchers with the exception
of NHs deviate clearly from it. However, if we adopt the
CO,A ON0 criterion of these authors who considered as acceptable a
< 40l coe deviation of the experimental data by a factoedf.5 from the
WY SPA unity slope straight lind,all of the data collected, apart from
o the clearly anomalous value of NO, on the whole seem to agree
with the theory.
H, It is interesting to see, as we have already observed with the
Parmenter et al.’s theory, that also with this theory the two
A nonpolar molecules Nand CQ do not behave like the rest of
the nonpolar molecules studied.
1 ; o 700 3.1.c. Collision Complex ModeFor this theory, a complex
is formed in the collision of the molecules and a redistribution
AL J(0#H )P, FR+Bu D, R +C of the internal energies between the partners occurs before its
Figure 7. Thayer and Yardley's plot for the quenching of RERA redis_sociation, giving rise to_the quenching of the _e>_<cited
v? = 1) by: (a) rare gases and nonpolar quenche®) polar species. A capture cross-sectiopdE) between the collision
quenchers. partners is then calculated, which represents the maximum cross-
section a quenching process could achieve. The actual efficiency
The deviations of the molecular quenching constants from should be given by the product of this maximum cross-section
the rare gas trend should thus be due to additional quenchingand a probabilityP(E) that the process really occurs. These
channels, which could be chemical reactions and/or more tightly quantities are functions of the collision kinetic eneigy
bound collision complexes with longer complex lifetimes and

PH
@ HS
o

oz
o <

[
oNo CHCI,

more efficient energy randomization. 0(E) = P(E)-0c.dE) (6)
In consideration of the parallel variation trends with the
quenchers of,’ = 1 andv; = 0, all that has been said above In a molecular encounter, the effective potential between the
for v’ = 1 might grosso modo be extendedut = 0. partners is expressed by:
3.1.b. Thayer and Yardley’'s Mod€eThayer and Yardley
based their theory of excited electronic species quenching on V(r) = EbIr, — Cylrs — Clr, — Cltg = Cglrg  (7)

the instantaneous dipetelipole interactions between molecules

and worked out the following expressions for the deactivation Where the first term represents a repulsive centrifugal barrier
efficiency: with b as the impact parameter. The other four terms are the

attractive multipole interactions (dipotelipole, dipole-quad-
A A2 2 25 -9 rupole, dipole-induced dipole, and dispersion). The different
0= A lelw/(lpt Il "ay™Re ~+ C ) C functional forms can be found in refs 13 and 20, with
multipole orientations chosen for maximum interaction.
for nonpolar quenchers and: For eachE and eachb, V(r) presents a maximum. Only
collisions withE larger than or equal to this maximum can lead
o= A1l /(1o + )P0 "R + BuD?R. 3+ C to a mutual capturing of the partners and the formation of a
(5) complex. A bo(E) corresponding to this maximum can be
deduced, giving:
for polar quenchers, whereis the reduced mass of the collision

pair, Ip the ionization potential of the excited moleculg, o, ocap(E) = nbO(E)2
and Dy the ionization potential, polarizability, and dipole
moment of the quencher, arig: the hard sphere distance bo(E) has been calculated by following the approach outlined

between the molecules of the collision pak.andC are the by Fairchild et al13 which consists in considering the multipole

constants to be deduced from data due to nonpolar quenchersnteractions as operative simultaneously and not that of Lee and

according to eq 4B is obtained from eq 5 for polar quenchers, co-workers] which considers the capture cross-section as due

with A andC derived as above. to a sum of partial cross-sections produced by different types
Thayer and Yardley’'s model considers a collision-induced of multipole interactions acting independently. For the numerical

transition of the excited state to a continuum and the Fermi computation, we have, however, adopted the procedure of

“golden rule” has been used to treat the dipole matrix elements, Hofzumahaus and Stublwhich gives the same results as those

leading to the above equations. obtained by the Fairchild et al.’s methagl{E) is then derived
The fact that the quenching efficiencies due to rare gasesand thermally averaged, giving the quantity to be compared with

follow eq 4 very well is thus evidence of a deactivation of the experimental data.

PH(A2A;; v = 1) through transitions to an underlying high- The calculated cross-sections are shown in Table 2, together

density higher vibrational manifold of the ground electronic with the molecular properties.

state® Figure 8 plots the experimental cross-sections of(BRA;;
Figure 7 represents the plot of experimentally determined v’ = 1) quenching against the calculated data.

quenching cross-sections of {A2A1; v;' = 1) shown in Table The nonpolar quenchers, except £@re correlated by the

1 against the cross-sections calculated with eq 5, where theleast-squares fitting line, while the data due to more polar

second term disappears for nonpolar molecules. molecules appear scattered randomly.
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In agreement with eq 6, the probabili®/for the occurrence

Nguyen Xuan

deactivation constants and also of possible chemical reaction
constanté? It is here presented in a condensed form:

PH,T + M — products
PH,t+ M —PH,(v,) =1)+ M
PH,(v,” = 1) + M — products
PH,(v,” = 1) + M — PH,(z,” = 0) + M

where PHt represents the higher bending vibrational levels
produced by PHlphotolysis and M, the quenching molecule.

The following expression has been obtained by imposing [(
=1)]=0att=0:

[PH,(v;" = 1)] =
[PH,T]{K/(K2 — K1)}{ —exp(—K2t) + exp(—K1t)} (9)

whereK is a constant that takes into account the relaxation of
PH,t to v, = 1 due to collisions with M, Pg] and Ar.K2 and
K1 represent the total decay rates of JPHand v" 1,

of the quenching process should be 0.1 for the quenchers lying"€SPectively.

on the correlation line, i.e., rare gases, N,, and CH. This

As can be seen, eq 9 is of the same functional form as eq 8,

value is of the same order of magnitude as those shown in TableSO €d 9 should represent the recorded time-resolved LIF curves

1.
With the molecules studied in this work, we now have

of PH, (v2"" = 1) population.
The detailed expressions K2 andK1 in terms of constants

available a presumably sufficient number of data to get an idea ©f Single reactions can be found in ref 12.

about the capability of the proposed theories to deal with
experimental quenching data of JA2A,).

It is here sufficient to know thaK1, which concerns the
species under investigation, i.ey’ = 1, can be represented

The main conclusion that can be drawn is that none of these PY:
theories has, strictly speaking, succeeded in establishing a

relationship between the quenching cross-sections and the

molecular properties for the polar quenchers, while they can
account fairly well for the data due to rare gases and some
nonpolar molecules. For rare gases and these nonpolar mol
ecules, the quenching of BE2A;; v2") should be due

prevalently to long-range interactions, whereas for the rest of
molecular quenchers, the deactivation process could involve

additional channels such as chemical reactions and/or higher-

efficiency quenching due to the longer lifetime of the intermedi-
ate collision complex.

3.2. Vibrational Relaxation of PHZ()?ZBl; v)' =1). ltis
known that absorption of ArF laser 193 nm photons by; PH
produces ground electronic state R#dicals in the excited vibra-
tional levelsyy’ > 3 of the bending modé. The reason for
this absence of lower vibrational levels is due to the fact that
the HPH angle in the planar intermediate excited’RHolecule
is 114, while this angle in PHis only 91°42. The fragmenta-
tion of PH* then results in the formation of excited RPH
vibrational species.

This lack ofv,”" < 3 states is further confirmed by the time-
resolved LIF curves monitoring the time variation of kB ;

v?'" = 1) concentrations. These curves show a build-up and a

decay branch and are seen to follow the equation:
I(t) = C[—exp(—Bt) + exp(—At)] (8)

which represents the variation of the population of the lower

level of a two-level system coupled to a ground state. This lower

level with A as decay constant has zero population=atd and

is populated by relaxation from the upper one.

Kl1=aM] +b (10)

wherea is the sum of the collision-induced deactivation constant
and the constant of a possible chemical reactiontf= 1

with M, b instead is the sum of all the quenching events due to
collisions with the parent molecule Blnd the buffer gas Ar
and is a constant, as it is the sum of products between the
constants of single reactions and the concentrations gfdPH

For all of the quenchers under study, measurements of
removal of PH(X2By; vy 0) have also been done by
monitoring the time variation of," = 0 concentration at
different quencher pressure with the same LIF technique as for
v = 1, and by using the,’ = 0—v,'" = 0 transition band
excitation wavelength of 546.81 nm. The decay rates are of the
order of 4-5 x 1 s71, i.e., ~2 orders of magnitude lower
than the decay rates recorded for removal ob(B1; v2'' =
1) and have been seen to either remain approximately constant
or even decrease with the increase of the quencher pressure in
a pressure range much wider than that operative inthe= 1
relaxation experiments. These results show thus that no chemical
reactions have taken place betweenZGNHBl; v = 0) and
the quenching molecules. The decay rates observed are due to
diffusion out of the viewing zone and slow gas flows.

Then, a of eq 10 actually represents only the deactivation
constant.

In most experimental LIF curves, the build-up branch has
poor statistics, so we preferred to treat only the decay branch,
sufficiently far away from the maximum in order to reduce eq
9 to:

A kinetic scheme has been proposed to describe the variation

of PHZ(XZBl; v7" = 1) concentration in terms of different

[PH,(v," = 1)] = [PH,T]{ K/(K2 — K1)} -exp(—K1t) (11)
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45 TABLE 3: Collision-Induced Removal of PHx(X2By; v =
1)
4.0 kw x 101 ox 10
qguencher M u*?  (cm?®molects™) (A? P = olonsx 10
3.51 CHCl, 5.08 399+ 66 807+ 133 126+ 21
COS 4.61 204+ 34 375+ 62 80.1+ 13.2
3.04 H.S 4.09 191418 311+ 30 76.7+ 7.4
NH3 3.35 614+ 59 819+ 79 229+ 22
CH, 3.28 112+ 12 146+ 16 34.1+ 3.7
251 SQ; 467 189+ 42 350+£79  71.9+16.2
cos CO; 4.34 54.4+ 6.6 94.0+ 115 20.8+2.5
20 , , , , ‘ N0 434  119+11 206+ 19  47.14+4.3
0.05 010 015 020 0.25 PH; 4.09 456+ 37 743+ 60 188+ 15
NO 3.96 668t 157 1054+ 248 269+ 63
N CcO 3.89 159+ 2.1 24.6+ 3.2 6.1+ 0.8
2 N2 3.89 5.09+ 0.44 7.89t 0.69 1.9+ 0.2
2 sl Hz 1.38  58.4+12 32.0£6.4  9.6+1.9
- Kr 4.87 7.65+ 1.71 14.8+ 3.3 3.65+ 0.8
f) . Ar 425 6.70+£1.37  11.3:23  2.95+0.6
w Ne 3.54 6.26+ 0.70 8.82+099 2.75+0.3
; He 1.89 9.7 1.66 7.34+£1.24 2.44+04
T 3
o] 3 aThe data for COS, CHGJland CH are obtained in this work while
a CHCI, those of the other quenchers come from previous papers (see refs 1
2 T T T T T and 2). Reduced mass of the collision péif, rate constantky, cross-
6 0.05 010 015 020 025 sectionso, and probabilities per collisioR. The cross-sections have
been derived fronky using the formula given in Yardley, J. T., ref 10,
74 pp 16-19. The room temperature is 298 ¥Confidence level errors
54 of 95% are reported.
4 give rise to endothermic ¥V processes. Thus, to be reported
| A on the same plot, the data of molecules, such as &itd COS,
which produce exothermic reactions, have to be converted to
31 endothermic data through the principle of detailed balance.
CH The molecules SO H,S, NbO, COS, CQ, and CH, lie on a
2 . . . . _ straight line, while Pl NH3, and CHC} clearly deviate from
0.00 015 030 045 060 075 090 it.
Added gas pressure (Torr) In ref 1, it has been demonstrated that the behavior of NH
Figure 9. PHy(X?By; 2" = 1) LIF curve decay rate K1 vs pressure of IS due to the inversion doubling of this molecule. fislknown
COS, CHCY4, and CH. Mixtures with 0.1 Torr PHand 1 Torr Ar. to have a pyramidal geometry with the N atom on top of the

structure. The nitrogen atom, besides its participation in the
Least-squares fitting of In values of LIF intensities against normal vibrations of the molecule, can undergo a so-callee-flip
givesK1. flop movement, which brings it back and forth from one side
In Figure 9 ,K1 is plotted against [M] for COS, CHgland to the other of the glplane. This movement causes a splitting
CHs. Weighted least-squares fittings with eq 10 give the of the vibrational levels of,, which is the mode interacting
deactivation constants of BgK2By; v, = 1). with PHy(v2" = 1), into two sets of symmetric and antisym-
In Table 3, these constants are presented together with all ofmetric levels, in particulary, = 0 becomes, = 07(s) anduv;
those determined in previous works in order to give the whole = 0~ (a). Thus, in the collision complex, Bf,"' = 1) should
picture of the collision induced P, = 1) deactivation data. ~ be in contact with both of these levels and then can release its
By comparison of the deactivation efficiencies by the energy to both of them. The energy levels of the symmetric
polyatomic molecules with those due to rare gases and diatomicand antisymmetric systems are slightly different, then Ahe
molecules, it can be inferred that the polyatomic molecules should be different depending on the symmetry state of N¥H

interact with PH(2," = 1) through a \*-V process. = 0 levels with which \V-V exchange of PK{v," = 1) occurs.

In ref 1, a linear relationship, similar to the Callear’s &2 These twoAv quantities are known, then from the line of Figure
between the log values of B{@,' = 1) deactivation prob- 10, the corresponding deactivation probabilities can be deduced,
abilities and the difference in energyy (cm™1) between ¢," and in fact, their sum has been found to agree very well with

= 1) and the frequency of the energetically closest vibrational the experimental global probability. More simply, we can also
mode of the quenching molecule has been observed with SO say that, because of this inversion of jkhe probability of
H.S, NO, and CQ. Measurements have thus been done with deactivation of P{v,' = 1) is doubled. Effectively, if we
other molecules in order to gather more data in the rangevof  divide by 2 the experimental probability, we obtain data,
investigated. represented by the. (upward open triangle) symbol, which
In this work, the molecule CHBthas also been considered, agrees very well with the line of Figure 10. The linear
but the mixture with Pilunder the action of ArF laser gives relationship log°P—Awv should thus also be valid for NHf this
rise to very fast but unknown reactions that prevent measure- molecule does not undergo inversion.
ments from being carried out. The effect of inversion in Ngl has been well-known in
Table 4 shows the different normal vibrational modes of all absorption spectroscopy with the detection of line doubling since
the polyatomic quenchers so far studied and the minimum the 1940s. To our knowledge, it is here pointed out for the first
Figure 10 plots log? againstAv. The first molecules that  time the influence of NHl inversion in an energy transfer
have been shown in this pldt,e., CQ, N,O, SQ, and PH, process.
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TABLE 4: Normal Vibration Frequencies of PH »(X2B,) and the Polyatomic Quencheraunder Study; Minimum Frequency
Mismatch vpy—v, between the Vibrations of PH, and the Quenchers.

vi(cm™?) va(cm™1) va(cm™?) va(cm™) Av = vp — va(cm™?) P = olons x 10¢

PH, 1102

COSs 2062 520 859 +243 = 3) 80.1+ 13.2
CHCIsP 3034 680 363 1220 —-118 h=4) 126+ 21
CH, 2917 1534 3019 1306 —204 h=4) 34.1+ 3.7
H.S 2614.6 1182.7 2627.5 —80.7 h=2) 76.7+ 7.4
NH3 3337 950 3444 1627 +152 h=2) 229+ 22
PH; 2322.9 992.0 2327.7 1122.4 —204 h=4) 188+ 15
SO, 1151.3 517.6 1361.7 —493n=1) 7194+ 16.2
N.O 2223.8 588.8 1284.9 —182960=23) 47.1+ 4.3
CO, 1388.2 667.4 2349.2 —-286.260=1) 20.8+ 2.5

3The normal vibration frequencies are taken from refs 23 and Bdr CHCE, vs andvs have not been shown because, having frequencies of
774 and 261 cmt, respectively, they would not participate, likg, v, andvs, in the V=V process with PRH(X?B;; v;'" = 1).

10" effect of the degenerate vibrations of the quencher on the
efficiency of energy exchange, this interpretation no longer
appears so convincing. In fact, of PH; also has a two-
dimensional symmetry representation, so it is also doubly
degenerate, and then like fay of CHCls, if we divide by 2 the
guenching efficiency of Pgl we obtain again af\v = 20.4
cm! of Figure 10 a point, represented by tie(downward
open triangle) symbol, lying on the straight ling.is thus the
only mode responsible for ¥V energy exchange with P,
=1).

On the other hand, in a more accurate consideration, the
coexistence of two vibrational modes capable, each one
separately, of exchanging energy with 44’ = 1) with
different efficiencies does not mean that in a collision both of
them are operative at the same time, producing a global
, , , ; ; ; efficiency that is the sum of their separate efficiencies. It is
0 50 100 150 200 250 300 350 rather more probable that the vibrational mode with higher

Av (em™) efficiency predominates, giving rise to the measured experi-
Figure 10. Deactivation probability of PH{X2B1; v2" = 1) vs Aw. mental effect.
Sc?lid symbols: experimer?tal data.%pen E(ymbé)ls:2 data 3]‘ correspond-  With what has been discovered about the degenerate vibra-
ing solid symbols divided by 2, see tex®@)(data of S@, H,S, N.O, tions of the quencher in mind, the molecule £has been
CH,, COS, and CQ Line: fit of SO,, H,S, N,O, and CQ data. selected for investigation. CHas two vibrational modesg,
andv, capable of carrying out ¥V exchange with Ph{v;" =

The explanation for the high value of quenching efficiency 1), with Av = —204 cnv? for v4 andAv = —432 cnt? for v,.
by CHCk with respect to that expected from the straight line On the simple basis of these differeft, Figure 10 shows that
of Figure 10 has to be of a different nature. the efficiency ofv, should bex¥/; of that expected for,, but

An examination of the symmetry species of the normal according to what has just been said above fog,Rbishould
vibrations of the quenchefsso far dealt with shows that the  not contribute to the overall deactivation of Rk = 1). v, is

V¥ PH,

Deactivation probability P

vibrations, involved in V-V energy exchange with Pk, = particularly interesting because it belong$ symmetry species,

1) (Table 4), of the molecules, which are correlated by the line i.e., its symmetry representation is three-dimensiondhstead

in Figure 10, are all nondegenerate vibrations. is ane symmetry speciesy is thus a triply degenerate vibration,
v4 of CHCI3 responsible for the de-excitation Rk = 1) and from what has been illustrated above with CglGhe

instead is are symmetry species, i.e., has a two-dimensional quenching efficiency of this vibrational mode should be three
symmetry representation. This means thaif CHCls is doubly times that expected from the line of Figure 10 in the case where
degenerate. CHgthus has two normal vibrational modes with  v4 is a nondegenerate vibration. The experimental data, however,
the same frequency, interacting with PH(."" = 1), which is quite surprising. The data lies right on the straight line of
can then release its excitation energy to batk= 0 levels of Figure 10 as any other molecule with a one-dimensional
the twov, degenerate modes of the quencher. The deactivationsymmetry representation for the modes that participate-+vV
efficiency of PH(v," = 1) should then be twice that expected exchange with Pk{v2"" = 1).
from the line of Figure 10 in the case whergis a nondegen- The explanation of this fact should lie in the lifetime of the
erate vibration. In fact, by dividing by 2 the experimental data, collision complex. If the complex lives long enough, as
we obtain a point, represented by tigopen square) symbol,  presumably is the case with CHCPH,(v," = 1) could have
which correlates well with the other quenchers of the line. the chance to exchange its excitation energy with bothuthe
To our knowledge, this is also the first time that the effect of = 0 levels of the doubly degenerate mode of CHCY, and
the degenerate vibrations has been experimentally demonstratecthus the quenching efficiency results enhanced by a factor 2.
In ref 1, the quenching efficiency due to Pi$ interpreted With CHy, it is true that, in the encounter between this molecule
as the sum of transfer probabilities of Kkb'' = 1) energy to and PH, this latter should come in touch with all three of the
both v, and v, vibrational modes of P§ with P, = 9.73 x v4 = 0 levels of the triply degeneratg mode of CH, but the
1073 (Av = —20.4 cnT?) andP,, = 9.07 x 1073 (Av = +110 lifetime of the complex should be so short that H’ = 1)
cm1). But in light of what has just been discovered about the could have the chance of releasing energy to only one of the
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