J. Phys. Chem. R002,106,8239-8248 8239

ARTICLES

Spin—Orbit and Vibrational Relaxation Rate Constants and Radiative Lifetimes for +'=0—5
Levels of PF(AIo1,) Molecules
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One-photon laser excitation of PEX") molecules generated in a discharge-flow reactor was used to prepare
PF(AIIo 1) molecules in selected vibrational and sporbit levels. The radiative lifetimes, collisional
relaxational mechanisms, and state-to-state rate constants feiospinand vibrational relaxation were assigned

in He and Ar bath gas for'=0—5 levels at 300 K. The radiative lifetimes, which are independent of the
spin—orbit quantum numbe€g2, decrease from 4.2 to 1u& for v'=0—5. The spir-orbit relaxation mechanisms

in He and in Ar are independent of level to within the experimental uncertainty. However, the actual rate
constants for spinorbit relaxation are different in He and Ar. In He the rate constantAf@x=—2 change

are 2-fold larger than those fakQ=—1, whereas in Ar the order is reversed and the rate constants for
AQ=-1 change are larger than the rate constantAf*=—2 change. Furthermore, in Ar the rate constant
for AQ=—1 transfer is much larger folI,—I1, than for3I[1,—%[1;. Although the vibrational relaxation
mechanisms in He and Ar have different degrees of involvement of the-epiit states, the overall vibrational
deactivation rate constants are similar in He and Ar and both increase with vibrational level.

Introduction

The metastable'A states of the diatomic molecules that are
isovalent with @ have been investigated extensively because
of their promise as gas phase, energy storage systéifise
0O (a'A), NF (atA), and NCI (3A) molecules are especially

useful because large concentrations can be generated chem-=

ically.®~5 In principle, the PF molecule also could be an

interesting energy storage system, and it has the added

advantage, relative to NF and NCI, that the PH{A ) and
PF(dTI) states (with the?r “7*to* 1 configuration) are bound
and facilitate monitoring of PF(&~) and PF(&A) concentra-
tions by laser-induced fluorescence. These PH@A >and dIT)
states, which have lifetimes of 4 andu$, respectively, could

themselves be laser candidates. Unfortunately, as for the

isovalent SO(AII) state®8 the PF(ZII and dII) states are
readily quenchethnd practical applications seem unlikely, even
though an energy-pooling reaction between PE(h and
NF(b'=") giving PF(AIT) was discovered® Another unsolved
problem is the chemical generation of high concentrations of
PF(B=* or aA) moleculest! As the final part of a prografn3

to investigate the PF chemical system, we now wish to report
a study of the spirorbit relaxation of the PF(ATy 1 5 states

for ©/=0—4 and vibrational relaxation fo'=1-5 in He and

Ar at 300 K. The radiative lifetimes of thé=0—5 levels also
were measured. These data augment our earlier Peplotihe
spin—orbit relaxation mechanism for PFR{Bg 1 2,0'=0. The
electronic quenching rates for PF{A) by He and Ar are

T Part of the special issue “Donald Setser Festschrift”.
* Current address: Department of Chemistry, Johns Hopkins University,
3400 N. Charles Street, Baltimore, Maryland 21218.

10.1021/jp013632w CCC: $22.00

negligibly small for the pressures used here, and electronic
guenching does not need to be considéred.

The PF(&TI, 12 molecule provides a convenient case for
assignment of rate constants for collisional relaxation among
the3ITg(Fy), 3T (F,)P, and®IT,(F3) spin—orbit states, which are
separated by about 142 cinThe PF(A) state is a good example
of Hund’'s case (a) coupling, since the spiorbit constant
(A=142 cn1?) is much larger than the rotational constant (0.45
cm1).13 Populations in individual spin
orbit states can be prepared by one-photon absorption from
PF(X=~,""=0) molecules, which are conveniently generated
in a discharge-flow reactdrThe PF(A—X) fluorescence can
be resolved with a monochromator and collisional transfer to
lower vibrational levels and/or transfer to spiarbit states of
the same or lower vibrational level can be observed as a function
of He or Ar pressures, which serve as carrier gases in the flow
reactor. The rotational relaxation rates are sufficiently rapid that
the initially prepared spinorbit state attains a thermal rotational
distribution before spirorbit relaxation occur$? Thus, no
information about final rotational af-doublet states from the
spin—orbit transfer event can be deduced from the present
experiments, and the question of formation of high rotational
states with minimization of the translational energy défeict
the AQ = —1 or —2 processes cannot be directly answered.
On the other hand, the role of the spiorbit states in the
vibrational relaxation mechanism of PF4,.' > 1) molecules,
we = 436 cnT! can be investigated. As illustrated in Figure 1,
the I, level of the/+1 state is~150 cnr! above thelTIy(v')
level. Thus, vibrational relaxation can proceed with con-
servation ofQ with a large energy defect or by changeSh
with a smaller energy defect. As shown in Figure 1, five rate
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Figure 1. Schematic representation of the sporbit and vibrational
levels of PF(AIT) with definition of the rate constants used in the model
for collisional relaxation. The energy separation between the—spin
orbit levels is 142 cm! and the separation between tHéy(2') and
S[I,(v'—1) levels is 152 cmt. The potentials for the PFEX—, aA, b=t
and AII) states are also shown.

Nizamov and Setser

study refines the rate constants previously published for
PF(A®IT,»'=0)° and extends the results up #6=4 for He and
v'=5 for Ar. Within the experimental uncertainty, the spin
orbit relaxation mechanism does not depend on vibrational level.
Since the vibrational relaxation rates in He and Ar-atetimes
slower than the spinorbit relaxation rates, the role of the spin
orbit states in the vibrational relaxation mechanism could be
characterized. The model foAus'=—1 relaxation includes
processes that conserve Requantum number plus processes
that transfer population frorflIo(2') to 3T (2’ —1) levels. It
was not necessary to include vibrational relaxation steps with
AQ==1 changes, but the present experiments do not necessarily
exclude small rate constants for those processes.

Experimental Methods

The experimental results to be reported were obtained with
the same apparatus that was described in detail in ref 9. The
PF(XZ7) concentration was generated by passing a flow of
PF; in He or in Ar through a microwave powered discharge.
The PF(&IT) molecules were excited to selecté@ndQ states
by the frequency-doubled output of the Lambda Phyzik dye laser
pumped by a 10 Hz YAG laser. For the desired wavelength
range (341335 nm), the pulse energy was typically-2 mJ
with a pulse duration of 10 ns and a bandwidth of 0.4 &m
The PF(A) fluorescence was observedhagt 1 mmonochro-
mator fitted with a 500 nm blazed grating (1200 lines mm),
usually used in the second order, and a Hamamatsu R-955

constants were used to describe the relaxation for eachphotomultiplier tube. The variation of the response of the

vibrational level; these are the purely spiorbit relaxation rate
constantsk'z 1, kY20, andk'y o, plus the vibrational relaxation
rate constantk(3IT;(+')—3I1 i(+'—1)), without change 12 and
vibrational relaxation from th&=0 state to the nearest—1
state, k((IIo(')—3I1,(v'-1)). The kCIL(»IT') — 3IIi(v'—1))

detection system with wavelength was calibrated with standard
deuterium or quartziodine lamps. In most experiments the
excitation wavelength was chosen to give the maximum
fluorescence signal. For &M 1 7—X32~ transition, the Fand

F1 components have nine rotational branches and the F

values fori = 0, 1, and 2 were assumed to be equal; the other component only six branches. Therefore, different features were

Av'=—1 processes with Q=0 were assumed to be negligible

used as excitation wavelengths for thg F,, and ki compo-

because of the larger energy defects. The rate constants fonents. Examples of typical excitation spectra can be found in
reverse processes are determined by detailed balance; thusefs 9 and 13. For excitation of the; Eomponent, the laser

kCIIx(v')—(CIIo(v'+1)) is determined by analysis of the relax-
ation of the3IIy(v'+1) level.

According to a model based on first-order perturbation
theory!® with an interaction potential between PF(A) and He or
Ar determined by electrostatic forces, a direct coupling exists
between theQ = 0 and 2 states. In the first-order perturbation
limit, the component of the electron spin angular momentum,
3(h/2), that is coupled to the PF internuclear axis should not
change during a collisio1° Therefore, the transfer of
population between th€ = 2 and O states by collisional
reorientation of the orbital angular momentuf(h/2x), should
have a faster rate than the transfer of population f€dm2 to
Q=1 or fromQ=1to Q = 0 or 2. Although experimental data
for 8Ip 1 o molecules with fully developed case (a) coupling are
scarce, results for PFEAL,»'=0)° SO(AII,»'=0)5"8 and
PH(ASIT,»'=0)!8 suggest that the above prediction is not
rigorously followed even for collisions with He. For molecules
such as NH(AIT)!® and PH(&II)!8, the change from case (a)
coupling for low J rotational levels to case (b) for higher

wavelength was chosen to be the same as the wavelength of
the bandhead of thesRrotational branch. With this choice of
excitation wavelength and for a laser bandwidth of 0.4§m
the number of rotational levels prepared by a laser pulse is less
than five and centered &d@~9. The value ofJ at which the

R»1 bandhead is formed slowly decreases/ascreases. For

the k3 and R components, the excitation wavelengths were
chosen to be close to the wavelengths of the &d R»
bandheads, respectively, usually slightly to the red from these
features. In this case, rotational levels witk<6 are excited.
Since B'(0)—B'(¢') changes with/, the laser wavelength can
accidently overlap rotational lines from the &d Q branches,

in which case one or two rotational levels with highwere
prepared in addition to the range of rotational levels wlth6.
Although only low rotationally levels were initially excited, full
rotational relaxation Nmy=15 at 300 K) was verified by
observing the development of the shape of the emission Kands
from a givens', Q level from spectra acquired with different
time gates. Except for thk; o values in Ar, vide infra, the

rotational levels complicates use of the propensity rules that rotational relaxation rates within a give® state are an order

might be appropriate for strict Hund’s case (a) or (b) coupling.
The mixing of the case (a) basis set wave functions for PF(A)
is less than 3% foN=35. Thus, the PF(AI) molecule is

of magnitude faster than the spinrbit or vibrational relaxation
rates.

The time-resolved data consist of decay profiles from the

adequately described by Hund’s case (a) coupling for the whole initially prepared PF{lgq,”') level plus growth and decay

range of rotational level$\= 35) populated at room temperature,
and it provides a good test of the propensity rules’fdrstate
molecules with Hund’s case (a) typing coupling. The present

profiles of individual product levels for various He and Ar
pressures. A time profile normally could be acquired with 1000
laser pulses. Additional data consisted of time-integrated
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Figure 2. Integrated fluorescence spectrum following excitation of
PF(AII,,v'=2) in 1 Torr of He. The majority of the fluorescence from
v'=2 is tov"'=0. Note the small degree of sptorbit and vibrational
relaxation at 1 Torr of He.

fluorescence spectra acquired at different pressures. The inte-
grated fluorescence intensities of the individualbands from
a given®llq,v' level were converted to relative concentrations
using the appropriate radiative branching fractibhs. — : , . ‘ : |
The signal from the photomultiplier tube was recorded with 320 325 330 335 340 345 350
a Hewlett-Packard digital scope (500 MHz). The waveforms wavelength (nm)
were transformed to a computer and stored. Fluorescence spectra o
were obtained by slowly scanning the monochromator with Figure 3. Representative integrated fluorescence spectra at 4 Torr

. . : pressure of He following excitation of tH#€l,, 1, and®I1; levels for
integration of the waveforms, as the laser provided constant v'=2. The asterisk denotes the band that was utilized for excitation by

energy pulses. Some integrated fluorescence spectra (typicallyihe |aser. Both vibrational and spiorbit state relaxation are evident

with a 0—10 us time gate) from excitation of =2 for several at 4 Torr of He.
pressures of He are shown in Figures 2 and 3. The strongest _
band in thev" progressions always is td'=0. The typical vibrational relaxation can be neglected. The slope of the

lifetime of 4.2+ 0.2 us, which is in excellent agreement with
the result from ref 9.

Radiative lifetimes for' >0 levels were measured using three

A. Radiative Lifetimes and Overall Vibrational Relaxation different methods. Direct determination of the radiative lifetimes
Rate Constants in He and Ar. Radiative lifetimes were  from very low-pressure experiments, where the sum of the first-
measured for a 300 K Boltzmann distribution of rotational levels order relaxation rate constants are much smaller than the
of a giveny', Q state, because the rotational relaxation rate is radiative rate constant, was attempted. Experiments were limited
faster than spirorbit and vibrational relaxation rates, as to pressures>0.3 Torr of Ar or He carrier gas because the
discussed in the Experimental Section. The rate constants ofmicrowave discharge was unstable at lower pressures. Emission
the reverse processes were fixed using the detailed-balancepectra fors’=2—5 collected at 1.0 Torr of He, see Figure 2,
principle. The energy gap between the spimbit states was  showed that the extent of spirbit and vibrational relaxation
taken as the spinorbit constant, which is~142 cntl. We was small, confirming that most of the population in the initially
neglected the fact thak=0 level does not exist fo2=1 and prepared level decays radiatively at this pressure. Waveforms
J=0 and 1 levels do not exist fof2=2. Considering the  from excitation of thé’[To(v'=1—5) states with observation of
relatively large number of populated rotational levels at 300 K, the fluorescence from the same initial state via the monochro-
ignoring the absence of these three rotational levels is not mator were collected at 0.3 Torr, and decay rate constants
serious. The detailed balance principle gives the ratio of calculated using these waveforms were used as the first
constants foPI1;==°[1; and3IT 1==°[p as 0.51 and 0.48 for  approximation for the radiative decay rate constants in the initial
SMI(v'+1)=My (). Stated in another way, the ratio of fitting of the ratio of relative emission intensities. After spin
equilibrium populations in adjacent levels shown in Figure 1 orbit rate constants were assigned, the radiative decay rate
should be approximately 0.5 at room temperature. constants were recalculated and the iteration repeated. This was

An experiment was done to confirm the lifetime reported in a fast converging process, since the initial approximation for
ref 9 for »/=0. The emission from excitation of tf&ly('=0) the radiative rate constant from the waveforms collected at 0.3
state at 2.0 Torr of Ar was collected using a band-pass filter Torr is already within 86-85% of its true value. Experiments
that passed the fluorescence from all three -spirbit states. also were done with excitation éfI(»') and3[1y(2') in He at
This waveform represents radiative decay of the total population, 0.3 Torr to show that the radiative lifetimes were independent
since electronic quenching is negligible at this pressure andof Q.

Experimental Results
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TABLE 1: Radiative Lifetimes, Overall Vibrational
-4 Deactivation Rate Constants and Total quenching
a) constant$® (in He) for PF(A3IT)
. -6 vibrational level 7€ (us) K& ket KA ib
=
5 1.1 Torr He 0 42+0.2
= 1 3.2+0.2 15+02A 1.4+02
o 2 27+02 22+03 15£1 3.1+£0.2
£ 3 24+01 32+05 1742
L= 10 4 4 20+01 3.6+£05 19+2 39+05
5 1.8+ 0.1 6.1+ 1.0
a|n units of 102 cm® molecule® s™%. ? The total relaxation rate
124 constant is the sum &%, + kHe,; + kHe, o for 3I1,(2') states® The
! J T radiative lifetimes are the same for the thi@estates of the same
0 5 .10 15 20 level. ¢ Results from ref 9; however, these values for the rate constants
time (us) were confirmed in the present workAlthough this was the value
4 obtained from the SterAVolmer plot, the fitting of the state-resolved

vibrational relaxation data favored a larger value K&tp.

b) eigenvalues of the corresponding rate matrix. One of these decay
2 - constants, which we arbitrarily chose to bg is significantly
smaller than the other two, and it is the rate constant for the
1 4 decay of the totafI,, 3I1;, and3I1, population in a given'

level. For times longer thait;t and A,t >1, only the slow
component survives, and can be found from the analysis of
waveforms for these longer times. In this limit, the slopes of

3 the semilogarithmic plot of thd 1, ; ;waveforms from excitation
of any of the3ITy 1 »initial states are the same and equakip
C
P e.g., the populations in the spiorbit states have their equi-

librium values as shown in Figure 5a. The intercept of the plot
of the A3 values vs pressure gives the radiative lifetime, see
Figure 5b. The radiative lifetimes measured by the three methods
0 for v'=2 were 2.7, 2.5, and 2.4s. Radiative lifetimes
T T T T T T . . i
0 1 2 3 4 5 6 7 determined by all three methods were in good agreement;
pressure (Torr) however, the low-pressure measurement is the most direct, and
these are the recommended lifetimes listed in Table 1.

total decay rate constant (1/us)

Figure 4. Total decay constants of PF{,/ = 2 and 4). (a) A To obtain more reliable values of the slopes for fhevs
representative waveform, on a logarithmic scale, for the decay of

PF(AT1,,0'=2) in 1.1 Torr of He. The total first-order loss of population pressure plOt_S' zero pressure intercepts corresponding to the best
from 3I1,,/=2 was obtained by fitting the-61 us part of the waveform.  radiative lifetimes were added to the Stevolmer plots, such
(b) Sterr-Volmer plot of the short-time, decay constants of PH{A, as shown in Figure 5b. The slope of thgvs pressure plots
v' = 2) vs He pressure. (c) Sterivolmer plot of the short-time decay ~ provide the overall rate constants for vibrational relaxation, and
constants of PF_(iﬂHZ,v’=4) vs He pressure. The slopes and interct_ept's these values are given in Table 1K48,i, andkA'i,. These rate
lc_)]lc ttr_lese plots give tt|1e total relaxation rate constants and the radiative ~stants for vibrational relaxation do increase withand the
tfetimes, respectively. values for He and Ar are similar. THe& values in Table 1

In the second approach, waveforms from excitation of the can be compared #,i, values for He. The difference between
S[1,(v'=2—4) states with observation of the fluorescence from k% and k", provide a rough measure & ;+k 0, since the
the initial, Q = 2 state via the monochromator were collected rate constant for electronic quenching is negligible.
at different pressures. The initial part of the decay waveforms B.1. Spin—Orbit and State-Resolved Vibrational Relax-
was used to determine the total removal rate constants; seeation Rate Constants in He.Analysis of the data given in ref
Figure 4a. These total removal rate constants were plotted vs9 was repeated to confirm the mechanism and rate constants
pressure and the intercept of this plot was taken as the radiativeassigned to spinorbit relaxation fors'=0. For this level,
decay rate constant of a given vibrational level. Some typical vibrational relaxation can be neglected because collisional

data are shown in Figure 4b, and tkits values for the’1, excitation tov'=1 is endoergic and attention can be focused on
states are listed in Table 1. These experiments were not dongust kz o, k21, and ki o. In the present analysis, the pressure
with Ar. dependence of the ratio of the concentrations in®fig 3I1j,

Radiative lifetimes and overall vibrational relaxation rate andqII; levels was used together with the time dependent data
constants were obtained by analyzing the decay waveforms into assign the rate constants. Thg, k o, andk; o values, which
the time domain where the three spiorbit states were are given in Table 2, confirm the basic mechanism assigned
collisionally coupled. For excitation of'>1, vibrational previously? However, thek; o= 0.80 x 10~ value is preferred
relaxation can be considered irreversible because of the largerather than previous assignment of 0.60L01* cm? s1. The
pool of states below the initially prepared level, and because 2-fold larger value fork; o vs ko1 is a real difference, which
the reverse processes are endothermic and hence have smallshould be noted.
rate constants. Since the vibrational relaxation was considered Following the refinement of the rate constants {6+0, a
to be irreversible, the kinetics of the spiorbit relaxation was comprehensive effort was made to study the sphorbit
described by a system of first-order linear differential equations. relaxation ofy'=2. Two types of measurements were made to
Solutions of these equations are linear combinations of expo- determine the rate constants. Emission spectra from excitation
nential terms with decay constanfs, 4,, and A3, which are of each of the spirorbit states were collected for He pressures
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TABLE 2: Spin —Orbit Relaxation Rate Constants for PF(AII)
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Heb Arc
vibrational level k2'0 kzyl kl,O k2'0 k2,1 k]_,o

(0 1.0+0.2 0.40+ 0.08 0.80+ 0.16 0.50+ 0.8 1.2+£0.2 8.0+ 1.2
1 not measured not measured
2 0.80+0.16 0.32+0.06 0.80+£ 0.16 0.404+0.10 1.240.2 6.0+ 2.0
3 1.0+0.3 0.354+0.10 0.80+ 0.24 not measured
4 1.2+£0.3 0.40+£0.12 0.80+ 0.24 0.30+0.10 1.3+0.1 8.0+ 2.0
5 not measured not measured Q2.1

aThe units of the rate constants are"¥0cm® molecule’? s™%; the values for the reverse rate constants were determined by detailed balance,
which is a factor of 0.51 at 300 R.These values for'=0 in He are consistent with the assignments given in réfThe koo andk. 1 values in
Ar are consistent with the assignments given in ref 9; howevek;#healue in Ar is much larger than the previous estimate (see text for explanation).
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Figure 5. Total vibrational relaxation rate constant for PR{A52) in

He. (a) Waveforms, on a logarithmic scale, for the decay of the
PF(AII 1 ,0'=2) levels following excitation ofl1o,0'=2 in 4.1 Torr

of He. Note that the spinorbit states have reached their equilibrium
concentrations after2s. (b) Stera-Volmer plot of the long-time decay

in Table 2, and the methodology used for analysis ofitke?
data is described in more detail below.

Assignment of the spinorbit rate constants far >0 had to
be done simultaneously with consideration of the vibrational
relaxation rate constants, since the vibrational relaxation rates
are not negligible compared to the spiorbit relaxation rates,
as illustrated by the spectra in Figures 2 and 3. The total
vibrational relaxation rate constark;,™¢(2), was obtained by
analysis of the decay of collisionally coupled sporbit states,
as described in section A. ThedepHe(v) values are the
Boltzmann average effective rate constant for the tBreg; »
levels. As a first approximation, it was assumed that removal
of the population from a given spirorbit state due to vibrational
relaxation does not depend @&. In this approximation, we
replaced radiative decay rate constants by the experimentally
measured values d§ = 7, + [He]k.i"®(v) and then obtained
spin—orbit relaxation rate constants by simulation of the relative
band intensities for théll, o levels for various pressures
following excitation of the individual levels; see Figure 3 for
sample spectra. As the final check, kinetic simulations of the
waveforms following excitation ofIl, and 3[1; were made.
Fits to such data foe'=2 are illustrated in Figure 6. Based
upon the extensive data set i¢+2 in He, which included many
integrated spectra plus time-resolved growth and decay meas-
urements, we believe that the spiorbit rate constants far=2
are good tat 20%. The most important conclusion is that both
the mechanism and the spiorbit rate constants far'=2 are
nearly the same as those fgr=0. The analysi¥ of the data
for v/ = 3 and 4 followed the same procedure as described for
v'=2. Since the number gpectra and waveforms was less than
for v'=2, the uncertainty in the rate constants in the Table 2 is
estimated as30%. For each vibrational level, the o andk; o
rate constants are nearly equal da@dks, ~ 2.

The last step in the analysis of the=2 data was to develop
a state-resolved model for vibrational relaxation. Spectra
obtained at +3 Torr, see Figures 2 and 3, for excitation of
3[1,,0'=2 and3I1;,.'=2 showed that direct transfer $l,,o'=1

constants, obtained from data such as shown in the top part, vs Heand ®I13,'=1, respectively, must be included in the model.

pressure. The point at zero pressure, which istttg—, value from

Furthermore, for excitation ofIl,'=2, emission always

Table 1, was added to better define the slope of the plot. The was observed from3Ily,o'=3, which indicates that the

extrapolation to estimate !, was made without this added point.

of 1 to 4 Torr with an integration time of-010us. These spectra

3[p,o/<3I1,,0'—1 process must be important. In principle, the
vibrational relaxation model for the'=2 level has five rate
constants, the threélI;(2)—°II(1) rate constants plus the

were augmented by time-resolved observation following excita- 3[1,(2)—3[1,(1) and 3[1,(2)—31y(3) rate constants, that need

tion of the individual2 = 0, 1, and 2 levels with measurement

to be assigned. As a starting point, we set the ti€e=0 rate

of the growth and decay of the populations in the two other constants to be identical, and the other two rate constants were
levels and decay from the parent level. The mechanism requiredallowed to vary. The values of the rate constants were assigned

both AQ = 1 and 2 rates and the best valuesKgg, ko 1, and
k10 were nearly the same as for=0. Less extensive experi-
ments were done for' = 3 and 4, which confirmed that the
spin—orbit relaxation mechanism was invariant with vibrational
level. The assigned rate constants #r0—4 are summarized

by comparing calculated and experimental integrated band
intensities foro’ = 1 and 0 following excitation to specific
3[p1 2'=2 levels and by simulating waveforms for the growth
of populations in’ = 1 and 0 (see Figure 6c). The correct
radiative branching ratéswere included in calculating the
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time (us)

Figure 6. Waveforms illustrating the assignment of spiorbit and
vibrational relaxation rate constants for PE{B 1 42'=2) in He. The
smooth curves are calculated decay plots. (a) Excitation STRR(=2)

in 3 Torr with observation of the growth of concentrations in thi,
v'=2 and®I1,,v'=2 levels. (b) Excitation of PE[I;,v'=2) in 1 Torr of
He with observation of the growth of concentration in fi&,.'=2
level. (c) Excitation of PF{I,,0'=2) in 4 Torr of He with observation
of the growth of concentrations in tf€lo,o'=1 and®[1;,v'=1 levels.
The rapid rise in théllo,o’=1 concentration identifies direct transfer
from the®ll,,v'=2 level. The®I1;,0'=1 concentration is mainly formed
by the two-step collisional cascaéldo,v'=2 — °I1,,v'=1 followed by
8[,,0'=1—311;,/'=1. These data were acquired in the same experiments
as the data for the spectrum in Figure 3.

relative band intensities for thé and»'—1 levels. The data
from excitation of3[1y(»’=3) also was used to fit R[{Io(3)—
SI1,(2)). The best values ade®IT;(2)—3IT1;(1)) = k((IIo(2)—
3[Iy(1)) = 1.4 x 10 22 andk(IIx(2) — 3[p(3)) = 1.0 x 1012
cm® s L the total vibrational rate constants for the three
individual Q levels becom&(*I1x(2)) = 2.4 x 10712, k(3[14(2))

= 1.4 x 10712 andk(®[1p(2)) = 2.8 x 1072 cm® s L. These
values are consistent witke,,(2) in Table 1. Within the
uncertainty of the fitting of the data, the ratR, of k(3[1o(2) —
STI(1))K(ITi(2) — °11;(1)) was unity.

The spectra acquired for observation of tfdg;0'=1
populations from excitations of’'=2 levels, also showed
emission fromy'=0 levels. Thus, we were able to assign a
numerical value of 0.9& 1012 for k(3IT;(1)—3IT;(0)) with the
assumption thaR = k((TIo(1)—312(0))/k(IT(1) — 31;(0)) =
1. Analysis of waveforms and relative intensity ratios for
excitation of3[1p 150" = 3 levels with observation of growth
of populations in théllp 1 »2'=2 levels gavek(°IT;(3) — 3I1;(2))
= 2.1 x 10712 cm® s7L. The k(3[13(4) — °I14(3)) value was
estimated fromkiHe(4). Estimation of uncertainties in the
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TABLE 3: State-Resolved Vibrational Relaxation Rate
Constants

HeP Arc
vibrational level AQ =0 AQ =0
1 0.9 0.¢
2 1.4 1.4
3 1.9
4 2.19 1.7
5 2.7

a1n units of 10*? cm® molecule® s7%; see text for an estimate of
uncertainties? The ratiok(®ITo(v") — 3a(v' —1))KCIT(V') — SILi(v' —
1)) was equal to 1.C:The ratiok(*ITo(¢') — 3IIx(v'—1))KCILi(V') —
3[T(v'—1)) was equal to 2.0 Assigned fromk,i,*" reported in ref 9.
e Assigned in this work; however, the result agrees \iji'® measured
in ref 9.7 Assigned from thek"&,;,(3) value in Table 1 plus intensity
ratios at 1 and 4 Torr from excitation éFly(v'=3). 9 Estimated from
the kiipH(4) value in Table 1.
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Figure 7. Waveforms for the excitation of (a) PF fH;,0'=0) and
(b) PFEII,,0/=0) in 1.0 Torr of Ar. The smooth curves are the simulated
results. Note the much faster decay ratéldf,»'=0 than for3[1,,o'=0.

vibrational relaxation model must include the valueRyfas
well the values fok(®ITi(v) — °ITj(v—1)). The value oR could

be changed by 20%, but not by 40%, in fitting the data. We
estimate at30% uncertainty for the He rate constants of Table
3.

B.2. Spin—Orbit and State-Resolved Vibrational Relax-
ation Rate Constants in Ar. The first step was to review the
previous assignmehof the spir-orbit relaxation rate constants
for '=0. Spectra, such as those shown in Figure 12 of ref 9,
and waveforms for selective excitation of tHé 1 »levels, such
as shown in Figure 7, were acquitéand fitted to obtain the
improved rate constan{s~15% uncertainty) that are listed in
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He and Ar following excitation of PF (A1, ,v'=2). The nearly identical
spectra suggest that the overall sporbit and vibrational relaxation
rates for3Il,,v'=2 must be similar in He and Ar. However, time-
resolved measurements, see text, identify significant differences in

wavelengh (nm)

Figure 9. Comparison of fluorescence spectra from the PHRA »/'=2)
levels following excitation to the AT, level for three pressures of Ar.

mechanism. Note the rapid transfer rate #lo,o'=2 (the3II, and3[1; populations
are in near equilibrium at 0.93 Torr.) but the slow transfer rate to

Table 2. The previously assigrfedalue fork; o andk, ; were 3[1,,0'=2 and to[1;,'=1.

confirmed; however, the value fdg o previously had been

seriously underestimated. The fact tkag is significantly larger in Ar clearly show that the transfer rate between ¥ and

thankz 1+kz o is clearly evident from the waveforms of Figure 31, levels is very rapid and much faster than transfer from either
7b. The error can be traced to an analysis based on data acquiredf these levels tél1,. Some vibrational relaxation also is evident

at too high a pressufeA reliable value ofk; o only can be in the 0.93 and 2.0 Torr spectra. A detailed analysis of the
obtained from spectra for which collisional coupling of the pressure dependence of the relative band intensities and the
populations in theé'll, and °I1; states occurs on a time scale waveforms following selective excitation &Iy 1 /=2 levels
comparable to the radiative lifetime, and not on a significantly gave the same values, to within the combined experimental
shorter scale, as happens at higher pressures. Another experiancertainties, oky 1, ko0, andky o that were found for'=0.
mental problem, which was not recogniZedias clipping of However, a slightly better fit was found fdg o= 6 x 10711

the fluorescence signal by the digitizer in some of the acquired rather than 8« 1071 cm? s~1. Analysis of the data for excitation
waveforms. Several tests were made in the present work fromof »'=4 gave spir-orbit relaxation rate constants similar to those

experiments with pressuresl.5 Torr, and theék; o = (8.0 £ for »/=0. The much faster mixing of th#lly ; levels, relative
1.2) x 10712 cm® s71 value should be firmly established. The to the transfer rate out S1, is evident from the spectra for
rapid equilibration of the populations in tRE, and3I[1; levels excitation ofv'=4 in Figure 10. Limited experiments fef=5

makes analysis of the vibrational relaxation mechanism in Ar also gave a large value fdg o. In summary, for all of the/
difficult. In the paragraphs that follow, analysis of the data for levels studiedk; o seemed to be a factor of 5 larger thian.

V' = 2 and 4 is described in some detail. The total vibrational Extensive data were acquired for excitationsof= 2 and 4
relaxation rate constant measured in ref 9:ferl was used to  to study vibrational relaxation. The over&i, (v = 2 and
estimate the value fok(3IT;(1)—3I1;(0)) given in Table 3. 4) was measured as 34 101 and >3.9 x 1011 cm3 st

The fluorescence spectra from excitation of PH{A,v'=2) (Table 1); these Boltzmann weighted averages are dominated

in 4 Torr of He and Ar are compared in Figure 8. The degree by k(ITo(¢') — 3o(v' —1)) + k((TIg(2') — 3Ix(v' —1)). We began
of spin—orbit and vibrational relaxation seems to be comparable the more detailed analysis by assuming tRatl. However,

in the two cases, and the overall relaxation rate constants forinspection of the 0.51.0 Torr data for excitation oflTo,0/'=2
3[1,,0'=2 must be similar in He and Ar. However, this is a case showed that more population was enteringdfg(1) level than
for which caution must be exercised in assignment of mecha- 3[1y(1) level. The fast mixing between tREl; and3I1y levels
nisms for othei2 levels because, if thé=2 case is like/'=0, for both '=2 and 1 precludes gaining any additional insight
the °ITp and °IT; state populations will be fully coupled at 4  from excitation of3[1;(v'=2). However, excitation ofI1,(2)
Torr. The spectra in Figure 9 obtained from excitatiorfidf; indicated that the growth of population in tRHy(3) state was
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Figure 10. Comparison of fluorescence spectra for excitation of
PF(ATIy 1 ,,0'=4) levels in 1.5 Torr of Ar. Note the much more rapid
relaxation following excitation of thé1, and®IT; concentrations (lower
and middle spectra) relative to the relaxation following excitation of
the °I1, concentration (upper spectrum).

comparable to the transfer $0I,(1). The data were finally fitted
with R~2 andk(IT;(2) — 3ITi(1)) = 1.4 x 1002 cm®s™L. The
pattern for relaxation from'=4 seems to be the same as for

Nizamov and Setser

provided improved values fdt o, ko1, andk; o for relaxation

of PF(AIT o1 22'=0) by He and Ar, which were first reported

in ref 9, plus new measurements for higher vibrational levels,
up to v’=4 in He andv’ = 5 in Ar. The values of the spin
orbit relaxation rate constants are independent of vibrational
level; however, the individual rate constants are different for
Ar vs He. The rate constants f&tQQ=—1 changes are larger
for Ar than for He; however, the rate constant ih€2=—2
change is actually a factor of 2 smaller for Ar than for He. Thus,
the sums ok, 1-+ke, o andkA", 1+k*'5 o have about the same
values. However, because of the difference in reduced mass,
the cross sections will differ by a factor of 2.5. Th&=-—1
processes fofll, and®I1; differ with ky o being the larger by
factors of~2 for He and~6 for Ar. A model was developed
that included the spinorbit states to interpret the vibrational
relaxation rates for He and Ar. The minimum numbefef=—1
pathways are the thre@I;(v')—°ITi(»'—1) processes plus the
So(')—3Ma(' —1) step. TheAv=+1 rate for 3[Ix(v')—
S[Io(v'+1) also is needed to describe the overall vibrational
relaxation of the population in a given level. Thek(3IT(v')—
3[Ij(v'—1)) values are similar in both He and Ar, but the
K(CTTo(')—CITx(v'—1)) value is 2 times larger in Ar than that
in He. The present data for PF{) provide a reliable set of
rate constants for the sptorbit and vibrational relaxation for

a 31 molecule with Hund’'s case (a) coupling. The need to
explicitly include the spir-orbit states in the vibrational
relaxation mechanism may be more general than previ-
ously recognized foPIl, ; o molecules with large spirorbit
energies.

According to the propensity rule based upon a first-order
perturbation treatmen ky 0 > ko1 ~ ky o for a1, 1 oState with
Hund's case (a) coupliny° In fact, for PF(A), k,o/kz 1722
and k; ¢kz 1~2 in He andk; okz1=0.5 andk; okz 1/~6 in Ar,
and the propensity rule has limited utility. A similar conclusion
was reached for the spirorbit relaxation rate constant for
SO(A%Mp ;9 in He and Ar. Since some of the results for SO(A)
are not readily accessible, a summary is given below for easy
comparison to the PF(A) results. Case (a) coupling is valid for
the thermally populated\(<=35) range of rotational levels of
both PF(&IT) and SO(AII), and the failure of the predicted
propensity rule regarding the difficulty fokQ=+1 changes

v'=2, as can be observed by inspection of Figure 10. The degreecannot be attributed to the onset of Hund’s case (b) coupling

of vibrational relaxation ta’=3 is much less for excitation of
3[1,,0'=4 than for excitation ofI1y,0'=4 or 3Iy,v'=4 for the
same pressure of Ar. Furthermore, #i&,»'=3 emission band
is greatly enhanced for excitation #fl, or [Ty, which shows
thatR>1. Thev'=4 data were fitted byR=2 andk(3[1;(4) —
SIIi(3)) = 1.7 x 10712 cm? s™L. The limited data acquired for
v'=5 in Ar showed that the vibrational relaxation mechanism
was similar to that for’ = 2 and 4. The degree of relaxation
in 3 Torr of Ar was 2-fold greater than for relaxation in 4 Torr
of He following excitation ofII;,'=5, which is consistent with
the largerk?yp in Table 1. Accessing the uncertainty fand
KCILi(v') — 8IIi(v'—1)) is difficult for »/ = 2, 4, and 5. However,
it is clear thaRis larger for Ar than for He, but that tHe€3IT;(v")

— k(CIIi(v'—1)) values are comparable in He and Ar.

Discussion

The radiative lifetimes of PF(&Io 1,5 molecules are inde-
pendent ofQ, but decline from 4.2 0.2 to 1.8+ 0.1 us for
v'=0-5. The variation of the lifetimes with vibrational level
agrees with spectroscopic band-intensity datdhe band
intensities and radiative lifetimes fit a transition-dipole funtion
that declines with increasingl, ,»[] The present work has

for the higher rotational levels.

The relaxation of SO(AT) v/ = 0%2and #°in Ar was studied
in considerable detail following excitation of each of the three
Q states. The assigned rate constants in At@=—1 change
areky ;= (1.64+ 0.8) x 107t and (2.0 0.5) x 107 ky o=
(3.24+1.0) x 101 and (5.5 0.5) x 102 cmé s~ for v/ =
0 and 1, respectively. Those data were fitted withota—23I1,
rate; certainlyk ois smaller thark, 1. McAuliffe et al.” reported
effective rate constants for spiorbit relaxation following
excitation of°[T;(¢' = 0 and 1) that are somewhat smaller than
Lo’s value fork o. Their kinetic analysis, which did not include
reversible steps, could lead to an underestimatg gfand they
concluded that the two sets of experiments were in agreement.
McAuliffe et al. also reported results for experiments in He,
and theAQ=—1 rate constants based 8H3(+' = 0 and 1)
excitation were (1.2t 0.5) x 1071 and (1. 0+ 0.3) x 1072
cm?® s71, respectively, which are, on average, 1.5 times smaller
than their results for Ar. Qualitative observations from excitation
of 3I1; and3I1 o(v'=0) in He by LJ&" favor rate constants that
are about 2-fold smaller than in Ar. Thus, both studies agree
that the AQ=—1 rate constants are smaller in He than Ar.
Spectré from excitation offI1; in He suggest thatik probably
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is larger thanky 1. Unfortunately, no reliable data exist for
excitation of3[1, in He. On the basis on excitation &fly with

observation of formation ofl1,, thek; o rate constant must be
no larger than théy o rate constant. The vibrational relaxation
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the assumptions of the SSH theory seem not to be applicable
to Ar + PF(Ay') interactions. Thélly(v')—3I1x(2' —1) process
that is important for both PF(A) and SO(A) requires more
advanced models than-VT transfer. Presumably the smaller

of SO(A3[),»'=1 has been interpreted as being dominated by energy defect, relative to th&1(v')—3IIo(v') process, partly

the 3TI(v'=1)—3TI,(v'=0) step® To within the experimental
uncertainty, McAuliffe found the vibrational relaxation rate
constants in He and Ar were the safme4 x 1072 cm® s
however, L& favors a somewhat larger rate constant (£.5
1.5) x 102 cn? s71 for Ar.%d Based on these limited data, the
Av'=—1, AQ=0 pathways seem less important for SQ(A,
than those for PF(A;).

compensates for the changedhquantum number, since the
rate constant for thAv=—1, AQ=+2 process is approximately
equal and five times smaller than for the=0, AQ=-2
process in Ar and He, respectively.

As the final point, we will focus on the large o value in
Ar, which corresponds to a 380 A2 cross section and is within
a factor of 3-4 of the gas kinetic limit. This experimental result

Since the rotational relaxation rate with conservation of fine Stggests that the potentials for the-ARF(A’Tlo) and Ar—

structure level (e.g., without spirorbit relaxation) is the fastest

PFEII,) pair differ from those of Ar-PF(ATI;) and Ar—

relaxation process, the present work provides no information PF(A°Il2). Additional evidence forsomeéthing spgcial about the
about the microscopic details of the intial and final rotational Ar—PFCIlo) potential is the enhanced®lo(v') (' ~1))

states of PF(A) in theAQ > —1 or —2 processes. However,
many of these details are availalfldor He interacting with
PH(A®IT, 1 gv'=0); the naive molecular-orbital configuration is
olz3, which has an inverted ordering of the spiorbit states
(A=—116 cn1?). State-resolved product formation from excita-
tion of N'=1—6 was reported. The spitorbit rate constants
for the nearly pure case (a) coupled levels of PH) 3, are
approximately five times larger than those for PF(A). The
AQ=+1 andAQ=+2 rate constants were largest for transfer
with small change in rotational state, i.AN' = 0 and+1.
The rate constants associated wkk=+1 change increased
from ~5 x 10711to 12 x 10 1cm? s~1 for N'=1—6, and they
became comparable to those 4€2=0, AN'=+1 processes
for N'=4, i.e., the spir-orbit state changing rates became

comparable to the purely rotational relaxation rates. The increase.

in the rate constant foAQ2Q=+1 change seems to follow the

degree of mixing between the case (a) basis functions, which

grows with increasing\N'.18 In contrast, the rate constants for
AQ=+2, which are=5 x 1071 cm?® s7%, are independent of
N'. The calculated, folN'=3, theoretical cross sectioiisfor
AQ=+2 changes also are-3} times smaller than fohQ=+1
changes; the fractional contributitSrof case (a) wave functions
for N'=3 is about 90%. At least for He interacting with PH(A),
the AQ = £1 and £2 processes seem to occur with small

changes in rotational state. This may be applicable to PF(A),

but the much higher range of for PF(A) than for PH(A) must
be remembered in making this comparison. The PH{A}e
collisions certainly do not exhibit the predicted propensity for
smaller cross sections faxQ=+1 change than foAQ=+2
change in either the experimental or theoretical reddlts.
Since the vibrational frequencies of PF(A) and IF(B+)
are similar, 436 and 411 cmh respectively, their vibrational

rate constant in Ar. Support of this idea can be inferred from
the spectroscopic data, which show that the®Plg( e levels)
and the PH{I;, e and f levels) states are homogeneously
perturbed by the PF{&*") and PF (A1) states, respectivehf:?!
Perhaps, additional mixing of PF electronic states occurs during
the collisional interaction of Ar with PE[I, and®I1,), but not
with PFEII,). We will focus on the possible consequences of
the mixing of ATy (e levels) with the = state on the
interaction potentials. Unlike NH®TI),?? localized perturbations
of the PF(RII) rotational levels do not seem to exist and
gateway-mediated mechanisms need not be considered.
The interaction potentials for He or Ar with singlet or triplet
I1 state diatomic molecules have and A’ components when
the spin contributions are ignoré&?* For PH(AI), the Va-
component is the more repulsive one because the fillecbital
is in the plane containing the three atoms, whereas foithé
half-filled orbital is in the plané®2325Since PF(A) has the
30%17*27*140*1 configuration, the ¥ and Vi potentials
correspond to interaction with half-filled orbitals in both cases.
Presumably, ¥ is the more repulsive, but theaVand Va- may
be more similar than for the PH(A) example. The sum, V
and difference, V, of the Var and V- potentials actually are
needed to describe the collisional processes, ani\¢onsid-
ered to be responsible for collision-induced change of popula-
tions between the spirorbit stateg82324The PF(dII) state
has the same molecular orbital description as PH(®and, to
a first approximation, adding a PF(d) component to the
PF(A®I1,) state would not alter the relative positions of \@nd
Var. However, the B state ¢%7%7*?) has only an Apotential.
At least for the interaction of NH(b) with Ar, the ) differs
from the Wi a».26 We would expect the ArPF(H=") interaction
to be more attractive than the APF(A3I1,) interaction. Because
of mixing of the b and A states, the APFCIIy(A')) potential

relaxation rate constants can be compared. The relaxation ofyay differ from the A potentials associated with tRgl; and

IF(B,'=3) has been studied in He, Ne, Ar, and Kr, afet1—8
have been studied in H& The relaxation mechanism is direct

S[1, states. Relatively small changes invVcan alter the
difference potential, V, and affect the collisional coupling

and does not involve any intermediate electronic state of IF, petween the[1; and 31, levels. A more attractive potential
and the relaxation cross sections changed with reduced massor Ar—PF@I1,) than for He-PF(AIIo) also would help to
as expected for vibrational-to-translational energy transfer explain the greater importance of tH&Io(v')—3IIy(v'—1)
according to the SSH theory. The collision cross-sections in pathway in Ar vs He. Recent state-resolved studies with

He for IF(B,»'=2), 0.31 &, and for PF(A;/=2), 0.11 &, differ
by a factor of 3. The cross section for IF{B+3) in Ar, 0.26,

A2 is a factor of 2 smaller than that for He. On the other hand,

the cross section for PF(&=2) in Ar, 0.27 &, is a factor of
2.5larger than for He. In both He and Ar, the PF(A) comparison
is for the °IT;(2)—3I1i(1) process. The SSH theory, which

CN(AZII) have demonstrated that remarkably different relax-
ation mechanisms exist for Ar vs He collisioffs.
Conclusions

The radiative lifetimes of PF(#Io 1) decrease from 4.2 to
1.8 us from¢' = 0 to 5. This decrease has been explained by

describes VT transfer as a consequence of interactions on the a transition-dipole function that declines with increadihg, (142!

repulsive part of the intermolecular potential, predicts that the

The relaxation mechanism and rate constants for-spihit

cross section in Ar should be smaller than for He. Therefore, relaxation at 300 K in He and Ar have been assigned for
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PF(A%I1, ; ) molecules, which follow Hund’s case (a) coupling (5) Manke, G. C., II; Setser, D. W. Phys Chem A 1998 102, 7257.

of spin and orbital angular momentum. Following pulsed laser _ (6) (&) Lo, G; Beahman, rF]?-i ‘Setser, D. \WWhem. Phys. Letﬂ%ﬁ
excitation to a given state, rotational relaxation proceeds with i‘;?;si?iggg"‘ghg'uEpugiisﬂe%sgégﬁgfﬁe?tate University, Manhattan,
conservation of2, and the assigned spitorbit relaxation rate (7) McAuliffe, M. J.: Bohn, M.; Dorko, E. AChem. Phys. Let1.99q
constants are for a 300 K distribution of rotational states. For a 167, 27.

specific bath gas, the mechanism and rate constants are98 ﬁ)‘lgséuart, B. C.; Cameron, S. M.; Powell, H.J..Phys. Chenil994
independent of vibrational level up ©@=5. BothAQ = —1 ' :

. _ . (9) Xu, J.; Setser, D. W.; Hamman, R.Phys. Chenil995 99, 3173.
and—2 processes occur with te2=—1 rate constants being (10) Zhao, Y.; Setser, D. Wi. Phys. Cheml995 99, 12179:J. Phys.
larger in Ar than in He. Somewhat surprising, the rate constants chem.1994 98, 9723.
for transfer of population between tREl; and®I1y levels are (11) (a) Rengarajan, R.; Liu, C. P.; Setser, D. W. Unpublished work.
Iarger than those for transfer between ke and?3I1; levels, (b) Attempts to use the H PF; reaction, with Pk generated from the H

; __ ; + PRCI or PRBr reactions, as a chemical source of PAjamolecules in
even though both involvaQ=—1 change. These experimental a flow reactor were only partly successftdThe product branching fractions

results do not support the propensity rules based on first-orderof both the primary and secondary reactions needs further study. On the
perturbation theory for spinorbit changing rates of case (a) basis of the HCI(v) and HBr(v) infrared chemiluminescence data, it seems
coupled3H molecules as if H atom addition to the phosphorous atom competes with Cl and Br
' . o _ . atom abstraction in the H- PRCI, PRBr, and PBj reactions:i¢ (c)
Vibrational relaxation proceeds bftv=-1 changes with Rengarajan, R. M.S. Thesis, Kansas State University, Manhattan, Kansas,

conservation of th€ state, as well as with changes@so as 1995,
to minimize the energy defect, i.e., PHg('))+He or Ar giving (12) Zhao, Y.; Setser, D. WI. Chem. Soc., Faraday Trans995 91,
PFCIIx(v'—1)) must be included in the mechanism. The 2979.
vibrational relaxation rates are about 5 times slower than those  (+5) Nizamov, B.; Setser, D. Wi Mol. Spectrosc2001, 206 53.

. . . . . . (14) Nizamov, B. Ph.D. Thesis, Kansas State University, Manhattan,
for spin—orbit relaxation. The cross sections for vibrational kansas, 1999.
relaxation by Ar are larger than those for He in contrast to the  (15) Drabbels, M.; Wodtke, A. MJ. Chem. Phys1998 109, 355.
expectation for a normal vibrational-to-translational energy  (16) Alexander, M. H.Chem. Phys1985 92, 337 and earlier papers
transfer process. This result, plus the ease for collisionally mentioned here.

; — : (17) (a) Dagdigian, P. J. IThe Chemical Dynamics and Kinetics of
inducedAQ=:+1 changes, suggest that the attractive part of Small RadicalsLiu, K., Wagner, W., Eds.; World Scientific: Singapore,

one or more of the interaction potentials between®HEf2)  1995; Part 1. (b) Dagdigian, P. Annu. Re. Phys. Chem1997, 48, 95.
and Ar are stronger than expected from purely electrostatic  (18) Neitsch, L.; Stuhl, F.; Dagdigian, P. J.; Alexander, MJHChem.
interactions. Phys 1997 106, 7642.

(19) Neitsch, L.; Stuhl, F.; Dagdigian, P. J.; Alexander, MJHChem.

. . Phys 1996 104, 1325.
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