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Vacuum-UV fluorescence spectroscopy of PF 5 in the range 9-20 eV
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H. Baumgartel and H. W. Jochims
Institut fur Physikalische und Theoretische Chemie, Freie Universitat Berlin, Takustrasse 3, 14195 Berlin,
Germany

(Received 13 August 1997; accepted 9 October 1997

The vacuum-UV and visible spectroscopy of sPsing fluorescence excitation and dispersed
emission techniques is reported. The fluorescence excitation spectrum has been recorded following
photoexcitation with monochromatized synchrotron radiation from the Daresbury, UK source in the
energy range 9-20 eV with an average resolution~09.015 eV. Transitions to the three
lowest-energy bands in the Rydberg spectra show resolved vibrational structure, they are assigned
to transitions to the (&) ! 4p, 5p, and & Rydberg states of RFand fluorescence is due to
valence transitions in the RIFadical. From a Franck—Condon analysis of the vibrational structure,

it is shown that the FPF bond angle infikcreases by- 14+ 1° upon photoexcitation. The use of
optical filters shows that at least three excited electronic states,&rBFesponsible for the induced
emission. Dispersed emission spectra in the UV/visible region have been recorded with an optical
resolution of 8 nm at the BESSY 1, Germany synchrotron source at the energies of all the peaks in
the excitation spectrum. Four different decay channels are obsefae®F, A 251—3( 2B,
fluorescence in the wide range 320—-550 nm for photon energies around 918 &F, A-X, and

B ?B,—X “B; fluorescence at-300 nm for photon energies around 11.0 &,PF, C ?A;-X *B,

andE 2B (?I1)—A 2A fluorescence at 222 and 325 nm, respectively, for photon energies around
14.4 eV, andd) PFA 3I1-X 33~ fluorescence between 300—380 nm for photon energies around
16.1 eV. These assignments are confirmed by action spectra in which the excitation energy of the
vacuum-UV radiation is scanned with detection of the fluorescence at a fixed, dispersive
wavelength. Using the single-bunch mode of the BESSY 1 source, we have attempted to measure
the lifetimes of the emitting states, but the timing profile of the source imposes an upper limit on
lifetimes that can be measured-500 ns. We have therefore only been able to measure values for
the bentC ?A,; and linearE 2B, (%I1) states of PFof 14.7 and 7.9 ns, respectively; the lifetimes

of the other emitters are too long to measure by this method. Our assignments aneHteavily
dependent on receab initio calculations on the geometries and energies of the valence electronic
states of this species. Our knowledge on the electronic spectroscopy of this free radical is reviewed.
© 1998 American Institute of Physids$0021-960808)01603-1]

I. INTRODUCTION The ground state of BFhas a pyramidal structure with
. _ . Cs, symmetry. With the numbering scheme including core
4 3v
In a series of papefs’we have reported the observation orbitals, the electron configuration of the valence molecular

and analysis of the r_londlspersed vacuum ultravigle?) ._orbitals (MOs) have symmetry labels and occupancies
fluorescence and dispersed emission spectra fOHOW'ng--(6a1)2(4e)4(7a1)2(5e)4(6e)4(1a2)2(8a1)2. The &,

vacuum-uv excitation of a range of polyatomic mo.lec.ules ir]highest-occupied MO is essentially a lone-pair orbital lo-
the gas phase. Experiments are performed at excitation eNelzted on the phosphorus atom with 350%sPa8d 35% P B
gies in the range 8-25 eV, with complementary experiment% z

. haractef. The most recent direct determination of the struc-

Eneallrr:?/ Ejrr\fgr::gttari: tsi)huerczgre'?g lgg{erljeaEgVEii?er;,egeer;ure of Pk by gas-phase electron diffraction yieldditpr
. . ) _ 7

periments on group Ill and IV halides such as BEBBr,,? 97.8:0.2° andRp_;=1.570-0.005 A" There have been

CFX (X=F, Cl, Br, H° and Sik.* Many of these com- several photoionization studies of £Fnost notably by He |

) . L . __photoelectron spectroscofy,by He | photoelectron—
pounds are either widely used or are indirectly involved in hotoion coinciden tr _bhoton
the radiofrequency plasma etching of semiconductor device%) otoion coincidence spectroscoppnd by pseudo-photo

e,e+ion) dipole spectroscopl. The vertical ionization po-
The use of vac.:uu-m-UV photons affords a more Contro”‘ﬁ’lbl(ﬁtentials(lP) of the ground and excited valence states of PF
method of excitation than low-energy plasma electrons cov-

. . are given in Table I. Of most importance to this work, our
ering the same energy range. In this paper we report the

results of a comprehensive study of fluorescence processg%_?!'rg:qn dar%gtl;zd%gitrabhtsgzd t:;: tgf .'?]1 gtLOl:r:\_d sf;it.i O];ate
following vacuum-UV photoexcitation of BF one of the 3 y g states verging IS lonic s

simplest group V halides. Preliminary results from this studyills;iq%vzc@b;}g?a?tryamg;h ;E;gﬁi;edm%?gﬁa?g;ee of
were published recentf}. » aviora wavenu u
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858 Biehl et al.: Spectroscopy of PF,

TABLE I. Energetics and dissociation channels of,RRd PF. therefore fluorescence is invariably associated with a neutral
fragment and not the parent molecule. The energies of the

Neutral/parent Dissocation  Vertical (adiabati¢ . .
ion Dissociation channelenergy(0 Ky/eV IPleVA PF,+F, PH-F,, and PH-2F dissociation cha_nnels of pP&re
— calculated from tB 0 K heats of formation of BF(x
PF; F A, 2255 =1-3) to be 5.65, 9.35, and 11.00 eV, respectiVélyhe
, PF'+2F 20.5 1650 valence electronic spectroscopy of PF is well understdd,
E°E PEF 4+ E 18.85 ' and the energies of the possible emitting states of PF are
B 2a 2 ' 18.60 shown in Table I. By contrast, the electronic spectroscopy of
C 2E1 17.46 the PK free radical is very poorly characterized, there being
B2 16.30 only one observation of a vibrationally resolved spectrum in
A 2A, 15.88 the UV/visible region’%6 Furthermore, the assignment of this
PF} +F 14.48 spectrum has been queried by some theoretical stlfi&s.
X 2A, . 12.25(11.59 The topic is reviewed in Sec. Ill. At this stage we note that of
PFg II+2F 17.48 four ab initio studies that have been carried out in recent
EEdA %12;: ii'g; years on the positions and geometries of the excited states of
PEX 35 4 2F 11.00 this radicalt’~?° we have chosen the results of Latifzadeh
PFg I+F, 15.81 and Balasubramanidfi displayed in the thermochemistry of
PFd 'TI+F, 13.82 Table |, to show the energies of possible emitting states of
PFA sz Fa 13.03 the PF, radical.
PFX~§ +F 9.35 Section 1l describes the experimental techniques, and
PF, G 2A,+F 13.3% . . .
=, Sec. Il reviews the spectroscopy of the,REdical. Section
PR, F 2A,+F 1311 : .
~, IV states the results we have obtained, which are analyzed
PRE Bt o d di d in Sec. V. Conclusi drawn in Sec. VI
PR, B Ayt F 11.85 and discussed in Sec. V. Conclusions are drawn in Sec. VI.
PF, D %B,+F 11.85
PF, C 2Ai+F 11.07 Il. EXPERIMENT
PR, @ ‘B +F 9.41
PF, B ?B,+F 8.81 The experiments were performed at two synchrotron
PF, A ?A;+F 7.94 sources. Nondispersed, vacuum-UV fluorescence excitation
5 PR, X *B;+F 5.65 spectra of PEwere recorded at the UK source at Daresbury.
PR X 1A 0 A 5 m normal-incidence McPherson monochrom&tange
= 8-25 eV, best resolution 0.01 nnattached to the 2 GeV
eference 8. . .
bReferences 14 and 21. electron storage ring was used as the primary source of tun-
°T, values for the energies of the excited states of f@m Ref. 18. able radiation. Dispersed fluorescence and vacuum-UV “ac-

tion” spectra of Pk were performed at the BESSY 1 storage

ring in Berlin. Now a 1.5 m normal-incidence monochro-
of 454+24 cm!, and a barrier to planarity of 2.08 €V. mator (range also 8—25 eV, optimum resolution 0.03)nm
There have been fewer studies of the excit®ydberg attached to the 800 MeV electron storage ring was used to
states of neutral Bfthe only three studies of note being a monochromatise the radiation. Using the single-bunch mode
photographic vacuum-UV absorption study of the two lowestof the synchrotron, lifetime measurements were made at both
Rydberg states over thirty years ajoa measurement of sources. The ability of the Berlin facility to disperse the fluo-
absolute optical densities in absorption in the 5-10 eWfescence at a fixed emission wavelength has made this a
range’? and a very recent pseudo-photamd) study up to  preferable source for such experiments. This dispersion en-
23 eV at a resolution of-0.05 eV Humphrieset all* re-  ables the identity and the electronic state of the emitting
solved vibrational structure in two of the Rydberg transitionsspecies to be definéld.
with band origins of 1405 and 1212 .82 and 10.22 eV, At Daresbury, monochromatized synchrotron radiation
respectively, but the electronic transitions could not be as-entered the interaction region thrdug 2 mmi.d., 500 mm
signed because accurate IPs for the valence MOs gfMeFe  long glass capillary. The differential pumping provided by
not known at the time. Surprisingly, there have been no abthe capillary ensured that experiments could be performed
sorption studies in the vacuum-UV using tunable synchro-‘windowless” at wavelengths below the lithium fluoride
tron radiation. cutoff of ~105 nm. The fluorescence produced from a so-

We have performed fluorescence experiments oifPF dium salicylate coated pyrex window located behind the in-

the vacuum-UV energy range of 8-25 eV, and peaks argeraction region was used to monitor the vacuum-UV photon
observed below the adiabatic IP of 11.57 €Vhe emitters  flux for normalization purposes. Second-order radiation has
of the fluorescence must therefore either bg R$elf or a  been estimated to contribute10% of the flux for photon
neutral fragment, such as pPBr PF, produced by photodis- energies below 13 eV on this McPherson monochronfator.
sociation of Rydberg states of PFExperience from previ- The photon beam crossed an effusive spray of @Rack-
ous studie™ suggests that photodissociation of Rydbergground pressure-10~“ Torr) which originated from a long
states of polyatomic molecules is a very rapid process, antdyperdermic needle of i.d. 0.5 mm. Fluorescence induced at

J. Chem. Phys., Vol. 108, No. 3, 15 January 1998

Downloaded 02 Feb 2001 to 147.188.104.4. Redistribution subject to AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html.



Biehl et al.: Spectroscopy of PF, 859

the intersection region was focused through a Spectrocil Bnarker(20 ps pulses every 208 ns, the transit time of elec-
guartz window by an aluminium-coatde= 75 mm spherical trons around the storage ringras used as the stop signal.
concave mirror onto an EMI 9813 QB photomultiplier tube The resulting decay data were collected in real time using a
(range~190-650 nm maintained at 298 K. Optical filters multichannel analyser card mounted in a 386 personal com-
can be inserted in front of the photomultiplier tube to isolateputer. An absolute time calibration was provided by a time
different emission bands. The tube was operated in the pha@alibrator(Ortec 462. The lifetime of theB 23! state of N'
ton counting mode, and signal pulses were shaped using l#as been measured to be#6Dns. This value is in good
constant fraction differential discriminat@®rtec 583. Fluo-  agreement with that given in the literatiffeconfirming that
rescence excitation spectra were recorded at a typical resoollisional quenching makes no contribution to the rate of
lution of 0.1 nm(~0.01 eV at 11 eVY using the multibunch decay of the fluorescence signal for shorter lifetimes at the
mode of the synchrotron. The signals from the photomulti-pressures used in these experiments.
plier tube and the sodium salicylate window were passed to a Some lifetime data were recorded with the single-bunch
personal computer via a CAMAC interface. Spectra wergnode at Daresburg200 ps pulses every 320)n#\ Mullard
normalized to the vacuum-UV flux, and the background fluo-2254 B red-sensitive photomultiplier tube cooled to 250 K
rescence subtracted. was used with similar electronics to those utilised in the
In Berlin, synchrotron radiation passed from the primaryBESSY 1 experiments. The main advantage of this apparatus
monochromator through a small chamber and into a brasgompared to that used in Berlin is that it is more sensitive to
cube(side 20 mm. The chamber and cube, separated by a isible radiation withA >~450 nm. In theory, the Daresbury
mm slit to aid differential pumping, were pumped by differ- €xperiment can also measure slightly longer lifetimes be-
ent turbo-molecular pumps. A removable lithium fluoride cause of the longer time between pulses at the UK source. In
window could be positioned prior to the exit slit of the practice, however, the ability to disperse the induced fluores-
monochromator. Pfvapor effused into the interaction re- cence at Berlin is much more beneficial, and it is only the
gion which is separated from the cube by a 0.5 mm slitBESSY 1 results that are presented. Unlike our recent SiF
giving a typical pressure in the cube ef2x 10~ Torr; the  study; parent ion emission was not observed with,PFhe
pressure within the interaction region was higher, although iproblems of second-order radiation from the primary mono-
was not possible to measure directly. The induced fluoresshromator causing fluorescence fromPdt the same appar-
cence was dispersed by a 20 cm focal length monochromat&nt energy as much weaker fluorescence from &FPF
(Jobin Yvon H20UV or H20VI$ This secondary mono- Produced by photodissociation of Rydberg states of iRF
chromator had no entrance slit, and a fixed exit slit giving &first order did not therefore arise.
reciprocal dispersion of 4 nm mm. Fluorescence was de- The lifetime data were analyzed using a nonlinear least-
tected by a red-sensitive Hamamatsu R6060 photomultipliesguares progrankLUOR*® developed by staff at Daresbury.
tube water cooled to~280 K. The effective range of the The measured fluorescence signal is not a simple decay, but
H20UV monochromator was then 190 t0500 nm, of the is a convolution of the fluorescence decay with a “prompt”
H20VIS 190 to~600 nm. In the multibunch mode the fol- instrument component, plus a background. The prompt com-
lowing three experiments were possible. First, fluorescencgonent is the average time profile of the single bunch in the
excitation spectroscopy, in which the secondary monochrostorage ring convoluted with the response time of the photo-
mator was set to zero order and the primary monochromatdhnultiplier tube and the associated detection electronics. The
was scanned; in practice, this experiment was only used tgignal observed with no gas present, arising from scattering
confirm a similar spectrum obtained at higher resolution aPf the synchrotron radiation, offers a reasonable approxima-
Daresbury. Second, action spectroscopy, in which the sedion to the prompt component of the measured fluorescence.
ondary monochromator was set to a specific fluorescencéhis “prompt signal” was measured prior to the lifetime
wavelength and the primary monochromator was scannedlecays for PEat BESSY 1. The scattered light was maxi-
Third, dispersed fluorescence spectroscopy, in which the inmized by setting both monochromators to zero order, i.e.,
duced fluorescence was dispersed for a fixed photoexcitatioks=A>=0. A model, either the sum of one or two exponen-
energy between 9 and 20 eV. The scanning of both mondial functions, was chosen to represent the time behavior of
chromators and the data collection were controlled using &e fluorescence. The choice of model was dependent upon
personal computer. Neither the action nor the dispersed spewhether one or two emissions were being excited at a par-
tra were normalized to the sensitivity curves of the primaryticular excitation wavelength,, and whethei , was set to
or secondary monochromators, respectively. Both monochrgzero order or not. The model function could then be convo-
mators were calibrated using tme; B 22:_)( ZEJ (0,0 luted with the prompt signal and fitted to the experimental
emission band at 391 nm with production threshold of 18.76lata by minimizing the Poisson-weighted sum of the squares
eV.2 In the single-bunch mode, lifetimes of the emitting Of the residuals. This enabled experimental values of the life-
states were measured in the following manner. The Vuutimes (r;,7,), amplitudes A;,A;), and the backgrounds(
excitation wavelength N;) and the emission wavelength to be obtained, where
(\,) were defined. After shaping and discrimination, fluores- _
cence pulses from the Hamamatsu photomultiplier tise y=Ar. X Ury) + Az eXp(—t/rp) +B.
time ~1.5n9 were used as the start signal for a time-to- If the decay times are very much longer than the duration of
amplitude converter(Ortec 567. The synchrotron bunch the prompt signal, it is possible to use a model function
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860 Biehl et al.: Spectroscopy of PF,

without this convolution procedure. However, since the life---- (5a;)?(3b,)?(6a;)?(4b,)?(2b,)?(7a,)?(8a;)?(1a,)?
times of emitting states that we measure fop BFe all less  (5b,)?(3b;)*(9a,)°(6b,)°. The 3, highest-occupied mo-
than ~20 ns and the response time of the photomultiplierlecular orbital(MO) is essentially the antibonding combina-
tube is as long as 1.5 ns, we found it necessary to deconvaion of atomic orbitals on P 3, and two F 2, , where thex
lute the prompt signal from our lifetime data. We used thisaxis lies perpendicular to the plane of the radical. Zhao and
fitting procedure satisfactorily for the first time in our $iF Setser believed that the first excited state of quartet symme-
study? try should arise from excitation of ab5 electron to the 8,
lowest-unoccupied MO, giving rise to tf@*A, state. They

lll. THE ELECTRONIC SPECTROSCOPY OF THE PF, assigned the observed emission to the spin—forbidden

AND PF RADICALS a *A,—X 2B, transition.
Zhao and Setser’s paper has stimulated four very recent

As we show in Sec. IV and have commentedtheoretical studies on the properties of excited valence states
previously® peaks are observed in the fluorescence excitapf the PR radical'’~2° Johnson and IrikurJl)'’ calculated
tion spectrum of PFwith resolved vibrational structure at he energies of states below 40 000 ¢nasing complete ac-
photon energies below 12 eV. The threshold energy for progye space self-consistent fiel@ASSCH techniques refined
ducing the lowest fluorescing state of PF is 13.03(@8ble 1, second-order perturbation theory. Geometries and vibra-
I_). Therefore PF can be discounted as the er_nltter. The use §bnal frequencies were calculated for all states at the
filters has shown that fluorescence predominantly occurs igAssCF(3,8/6-311 level. Latifzadeh and Balasubramanian
th_e visible region but with a substant@l U\_/ component.(LB)ls used CASSCF followed by multireference single and
Since there are no valence states of Riich lie ~3 10 4 4,16 configuration interaction methods that included up to
eV below the energies of 't,s Iowes_t Rydberg state;, the eMiYf 5 million configurations. Energies and geometries of both
ter can only be the Badical. It is therefore pertinent to bent and linear excited states of Akith both doublet and

review our knowledge about the excited electronic states anauartet spin symmetry up to 62 000 chwere reported. The

eIec_:_rrc])nlc splgtc):t'roscotpy c:f th'Sfr?hd'Cal' d state of. P P—F bond length was optimized at each value of the FPF
€ equiiibrium structure ot the ground state olmas 1, angle. While the results for the bending potential

been accurately determined by microwave spectros¢dpy curves are essentially similar to those of the JI study, there

;9?5”] RP—":l'SI? 9 ézj an_d ftehee\é'?rat'o?ﬁl wavteqcuml?eg_s are some significant differences which have been explained
tor;'(s)n drae;(nor_mSaé 4m _egég rr_ 3 4r§ r:m_lgzzcien r;#ga IS'by the fact that these preliminary JI calculations were all
! V1™ OB, Vo™ 9B, V3OO LI T, V1 dlltVs erformed at a fixed P—F bond lendth584 and 1.600 A for

have been observed directly by matrix isolation spectroscop
e doublet and quartet states, respectivelyless complete

to be 831 anq 852 i, rgspectwel)?. Therg have been study by Cai°® calculated the energies, geometries and vibra-
only two experimental studies of the electronic spectroscom{ional frequencies of the first electronic stateBf, 2A,

of this radical. First, Rydberg states in the wave numberzB and2A, symmetry. This study assumety, geometry
_ N7 H _ 2 2 . 1 1
range 50 00070 000 ch have been characterized by two linear states of PFwere not calculated, and so there is not

photon resonance  enhanced — multiphoton ionizationan immediate match between the states calculated b
spectroscopy® By simulation of the rotational band contors, . : . y
the geometry of those states converging oré . ground either JI or LB and those calculated by Cai. Unlike the other

. a three ab initio studies, however, Cai reports calculations
state of I_Dl}_ha§ been det.ermme{d}:.log_ ' RP—":1'49 A, of the electronic transition moment of the dipole-allowed
and the ionization potential determined is in good agreemengA X 2B. and 2A.,—X 2B. transitions. and hence radia-
with He | photoelectron and photoionization mass spectrosﬁvé Iifetimles of thezse’-A alnd 2p excitéd states. He com.
copy daté’?® Second, there has been one observation be- hat the?B.X 2I13 2 =20 diool f bidd
tween 420 and 520 nm by dispersed emission spectroscoﬁAg)entS t,at ft H 2= | 1 tfrar;]smon r'ls Ipole-torbidden.
of a valence transition in the PRadical'® The PR was reskljjlmeo tde results of t eﬁe three Papers 1 E'Vben
formed by passing a RFAr mixture through a dc discharge M T2 i I, anl we commen;[ that there 1S Ino match be-
and observing the emission a long distance downstreaniVeen these valence sétates of;RfAd the two lowest Ryd-
Mainly on account of the perceived long lifetime of the emit- ggrgoi)tii—sl zizé:‘/zg iﬁltr?ém;znéi/tlgl bsilvt\jl?gelginSazlly(/)OEeaend
;g:b(zc:jleonr?rs;ns%tﬁlgr? 2r:1cijsé)ebttsa%i)da5§||323e c;c:rh (I:;r%risg:g et al”® simulate the Franck—Condon intensity distribution of
stretch and v, (bending modgin both electronic states. The the B ?Ba(v1,v;)—X ?By(v],+5) transition, usingab initio
ground state values/| =841, v3=367 cn') were in excel- potential-energy curves calculated at the MP2/6-3113)2
lent agreement with the value from the matrix work of Bur- evel. _
detet al?® for v, and the inferred value of Saitet al? for There seems to be general agreement that the assignment

v,, confirming that Pk was indeed the emitter. The upper Of the band with origin 421 nm observed by ZS to
state valuegr; =505, v5=220 cn') were substantially re- a 4p,—X 2B, is incorrect, in that the lowest quartet state is
duced from those in the ground state. Following W&lsind ~ calculated by both JI and LB to be Bf, notA,, symmetry.

using a numbering scheme which includes thesP2& 2p, Furthermore, this'B; state is calculated to be linear, and
and F Is core orbitals, the electron configuration of the va-therefore would give a very much wider Franck—Condon

lence orbitals of P§ in its ground electronic state is envelope in a transition to the highly bé"szl ground state
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TABLE Il. Energies T./cm %), geometries, and vibrational wavenumbers of the ground and excited valence electronic states o éreer®fical predicted
by theory.

CASSCF  Rp_r  Orpr CASSCF  Rp_r  Oppr _
CASSCF  1MRsDcl /A /e CASSCF  +PT2 IA /° vy v, v,d  Predominant
Electronic  +MRSDCI e~ excitation
state (Cai)? —(LB)°— —(JN)C— —/lecm— ane
X 2B,° 0 0 161 975 0 0 158 985 849 372 825
A2A, 18 502 1.66 177 20278 15798  1.63 173 565 336 670 a;<93b,
B 2B, 25 487 1.64 83 26 102 21791 159 85 773 471 545  b,<63b,
C2a, 45594 43707 1.60 110 48 852 40304 158 125 727 300 881 b,—Ba,
D 2B, 53038 50 006 1.83 62 795 460" 649  3b;5b,
E 2B, 50 812 1.67 180 52992 41596 162 180 537 447 627 a,<98a,
F 2A, 60 168 2.05 180
G2A, 63 338 61935 184 77 74774 183 74 975 37% 699  3b;—1a,
3B, 30286 1.66 180 32963 27528 163 180 572 335 655 a;408a,
b ‘A, 50 046 1.67 87 51527 46879 159 89 545 305 743 Db,78a,

aReference 20.
PReference 18.
‘Reference 17.
YReference 17, unless otherwise stated.

*Experimental values for the geometry of &e?Bl (000 state of PrareRp_ ,_— 1.579 A anddepe=98.5° (Ref. 24. From the observed centrifugal distortion
constants, Saitet al. (Ref. 24 estimatey,= 864 v,=365, andv,=848 cm 1. Zhao and SetséRef. 1§ observer, =841 andv,=367 cm *. Burdetet al.
(Ref. 29 measurev; =831 andv;=852 cm !

than is observed. Both JI and LB assign this band to theninimum of four different excited states of the Pfadical.
dipole-forbiddenB 2B,—X 2B transition, the forbidden na- Since theory is leading experiment in our understanding of
ture of the transition explaining the anomalous long lifetimethe valence electronic spectroscopy of,P&ur assignment
measured by ZS. Leet al. show fairly convincingly that of these transitions is critically dependent on the predictions
there is good agreement between the vibrational structuref theseab initio studiest’ 2% In Table Ill, we show the
observed by ZS and that calculated by their Franck—Condogquilibrium wavelengths), at which transitions between
analysis of theB—X transition. Furthermore, their calculated the different electronic states of P&re predicted to occur in
spectrum is fairly sensitive to the geometry of tBe’B,  the UV/visible region. The table also shows the energy of the
state, and they are able to deduce a geometry for this state ekcited electronic state of REbove the ground state of PF
Rp_=1.63+0.01 A and9=84.9+0.2°. These values are in and the change iRp_rand 9¢p¢ for the PR electronic tran-
excellent agreement with those calculated by the two moraition. The calculated change in bond angle is perhaps more
extensiveab initio studies.”*®especially those of LB. How- ~ significant, because a large value |af9| should manifest
ever, these theoretical studies are not able to explain totalliself as a very broad Franck—Condon envelope in the elec-
satisfactorily one aspect of the ZS spectrum. The JI calcularronic band. Conversely, a relatively narrow band in a dis-
tions predict values for, andw, in theB 2B, state(773 and  persed emission spectrum is unlikely to occur for an elec-
471cm?) much greater than those observ€s05 and tronic transition in which eithefAR| or |Ad| is large.
220 cni}). Their explanation is to re-assign the bands in-  The electronic spectroscopy of PF is much better char-
volving »; andv;, such that; is reassigned te; andv, is  acterized, both by experiment and byb initio
reassigned as sequence bands of the symmetric stretch, |ea.|cu|at|ons14 15 The ground and first two excited states
11, 15, etc. Leeet alX® also comment that they are not able (X 33—, a 1A, andb 3 *) have ther*o27* 2 electron con-
to simulate or predict the 220 cthexperimental observation flgura'uon characteristic ofn(p)® diatomic molecules such as
of ZS. It should be noted that the near-linear first excitedo, and NF. The first excited valence statés®I1 andd 111)
state of PE, A 2A,, has predicted vibrational wavenumbers both arise from the electron configuratiarfota* 2, whilst
for v, and v, (565 and 336 cmb)!’ much closer to the ex- the next excited bound singlet stag I, is probably a
perimental observations, although our belief is that this isRydberg state. Th&d—X, d—a, d-b, g—a, andg-b tran-
coincidental. Whilst the reassignment by JI, LB and Leesitions were first characterized in emission at rotational reso-
et al. of the 421 nm band to thB—X transition is almost lution by Douglas and Frackowidk,and the energies of the
certainly correct, we believe that under our very differentsinglet relative to the triplet states were determined by ob-
experimental  conditions  for  producing PF the  servation of the spin—forbidddm-X transition at 748 nm by
A 2A;-X 2B, band is observed at comparable wavelengthsColin et al*® The radiative lifetimes of theé °IT, b S,
in our spectrasee Sec. V. and d Il states have recently been measured by Setser
In Sec. IV we show that peaks observed in the fluoreset al*3? to be 4.2-0.2 us (for vj=0), 9.7=1.2 ms, and
cence excitation spectrum of PWith photon energies below 0.96+0.05us (for v 4= 0), respectively. The lifetimes of the
15 eV suggest that fluorescence is being observed from a *A andg Il states have not been reported.
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862 Biehl et al.: Spectroscopy of PF,

TABLE lIl. Equilibrium wavelengths X./nm) of all possible electronic transitions in the UV/visible region
(160-700 nm for the PK radical predicted by theory.

CASSCF CASSCF CASSCF CASSCF
A%/° AR/A +MRSDCI +MRSDCI ane +PT2
Transition E’'/feV® (LB)® (LB)® (Ca)¥nm  (LB)nm /nm INYnm 7

(X %By) 5.65

A2A,-X 2B, 7.94  +80 +0.05 540 493 633

B28,-X2B,° 881 —14 +0.03 392 383 459 11 rhs

Cc2a,-X28, 1107 +12 -0.01 219 229 205 248 16 fis
14.7 n§

D ?B,-X 2B,° 1185 —35 +0.22 189 200 long

D 2B,—A %A, —-115 +0.17 317

D °B,-B ?B, -21 +0.19 408

E28,-X 28, 1195 +82 +0.06 197 189 240 7.9 Bs

E 2B,-A 2A, +3 +0.01 310 306 388

E 2B,-B 2B,° +97 +0.03 395 372 505

F 2A,—X %B; 13.11 +82 +0.44 166

F 2A,-A 2A,° +3  +0.39 240

F 2A,-B 2B, +97 +0.41 288

G2A,-X28, 1333 —20 +0.23 158 161 134 8 fis

G 2A,-A 2A.° -100 +0.18 230 183

G 2A,-B 2B, -6 +0.20 274 205

3 *B;—X 2B, 9.41  +82 +0.05 330 303 363

b4A,—X 2B, 1185 —10 +0.06 200 194 213

b 4A,—A 2A,° -90 +0.01 317 320 321

b “A,—B 2B, +4 +0.03 407 393 399

b *A,-3 *B, -93 +0.01 506 539 517

%Energy above PFX 'A,.

PReference 18.

‘Reference 20.

‘Reference 17.

®Electric-dipole forbidden transition.

Reference 16.

9This work.

IV. RESULTS filter work are that there are at least two excited electronic

Figure 1 shows four fluorescence excitation spectra optates of PF-responsible for the emission in the photoexci-

PF; recorded between 9-20 eV at Daresbury with an opticafalion range 913 eV. The emission at higher excitation en-
resolution of 0.1 nm. In Fig. (8) no filter was used in front ©rdies is either due to different electronic states of, R&

of the EMI 9813 QB photomultiplier tube, while in Figs. PF: Or to excited atoms.

1(b), 1(c), and 1d) Schott UG5, WG345 and GG420 filters Dispersed emission spectra betyveen 200 and 600_nm
were used. These filters transmit wavelengths in the rang&ere recorded at BESSY 1 with primary photon energies
250-400 nm)\ >335 nm, and\ >410 nm, respectively. The cprrgspondmg to all tr_]e major peqks in the fluorescence ex-
quantum efficiency of the photomultiplier tube drops dra-Citation spectrum of Fig. &). The Figs. 2a)-2(d) show the
matically for \>~650 nm. Two main conclusions can be SPectra recorded at energies of 9.8, 11.0, 14.4, and 16.1 eV.
drawn. First, these spectra show that bands in the excitationigures 2a) and 2b) were recorded with the JYH20VIS,
range 9-13 eV which exhibit resolved vibrational structureFigs. 2c) and 2d) with the JYH20UV secondary monochro-
predominantly give rise to visible radiation with mator. All spectra were recorded Wit 2 mmexit slit, cor-

>~400 nm, whereas those bands in the range 14-20 e¥esponding to a resolution of 8 nm. These spectra confirm
predominantly give rise to UV emission withh< and extend the conclusions from the filter studies of Fig. 1.
~ 400 nm. Second, the three lowest energy bands with peakspecifically, the majority of the integrated emission from
at 9.8, 11.0, and 11.5 eV give rise to fluorescence oveprimary photon energies of 9.8 and 11.0 eV occurs in the
slightly different wavelength ranges in the visible. Specifi- visible region, with a broad unresolved peak stretching from
cally, noting the virtual disappearance of the 9.8 eV band~320-550 nm. For an excitation energy of 11.0 e (
with the UGS filter[Fig. 1(b)], this band must give rise to =11.0 eV) an extra peak is observed at 300 nm which ex-
emission at longer wavelength than the bands at 11.0 anplains the presence of the 11.0 eV band with the UGS5 filter
11.5 eV. As mentioned earlier and seen clearly from Table lin Fig. 1(b). We show later that the peak at 325 nm in Fig.
thermodynamics show that the only fragment emitter pos2(a) is probably due to weak second-order radiation from the
sible is the PEradical. The conclusions, therefore, from this primary monochromatofi.e., second order of 19.6 ¢\giv-
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(a) No filter (@) 9.8 eV

(b) Schott UG5 (b)11.0eV

(c)l4.4eV

(¢) Schott WG345

PF,C-X

PF,C-X
(2nd order)

(d) Schott GG420 (@ 16.1 eV PFA-X

200 300 400 500 600

Excitation energy / eV Emission wavelength / nm

FIG. 1. Fluorescence excitation spectra of;Pietween 9 and 20 eV re- FIG. 2. Dispersed emission spectra for;PlRotoexcited ata) 9.8, (b) 11.0,
corded at the Daresbury synchrotron source with an optical resolution of 0.1c) 14.4, andd) 16.1 eV. The optical resolution was8 nm. A Jobin Yvon

nm, equivalent to a resolution of0.01 eV at 12 eV. The spectra are re- H20VIS monochromator was used f@ and(b), an H20UV for(c) and(d).
corded in the flux-normalized mode, and the background fluorescence hddo attempt has been made to allow for the variation of sensitivity of the
been subtracted. Ifb), (c), and (d), Schott UG5, WG345, and WG420 detection system with wavelength, but the former instrument has more sen-
filters, respectively, are used in front of the EMI 9813 QB photomultiplier sitivity at A\ >~450 nm. Assignments of the main emission bands are given.
tube. The effective range over which fluorescence is collected is therefordlote that the band at 325 nm (&) arises due to second-order radiation from
(a) 190-650 nm(b) 250—-400 nm{c) 335—650 nm, andd) 410—650 nm. the primary monochromator.

ing rise to PFA—X emission. For primary photon energies of o|d for production of PFA 3I1+2F of 14.68 eV.
14.4 and 16.1 eV, the dispersed spectrum changes dramati- | jfetimes of the emissions induced in P&t excitation
cally. The broad visible band is lost, and new bands belovenergies of 9.8, 11.0, 14.4, and 16.1 eV were measured using
400 nm appear. FOE;=14.4 eV, two new bands are ob- the single-bunch mode of the BESSY 1 source. As men-
served with peaks at 222 and 325 nm, and a much weakejoned in Sec. I, these experiments used a red-sensitive pho-
band at 444 nm which is due to second-order radiation frOWﬂomuItipIier tube with a risetime of~1.5ns, and the
the secondary monochromatdie., 2x222nm. For E;  JYH20VIS secondary monochromator via 2 mmexit slit.
=16.1eV, these three bands disappear and are replaced byrge time-resolved decays at excitation energies of 9.8, 11.0,
new band peaking at 322 nm with shoulders at 340 and 36@nd 16.1 eV were all flat across the 200 ns range of the
nm. It should be noted that both the Iow-wavelength threShtime_to_amp"tude converter, irrespective of Wheth@rwas
old and width of the 322—-325 nm bands differs in Fig&)2  set to zero order or to the peak wavelength in the dispersed
and 2d), and so they definitely represent different emissionsemission spectrum. We conclude that the lifetimes of these
Figures 3a)—3(c) show action spectra where the primary emissions are much longére., 7>~500 ng than can be
monochromator is scanned for detection of fluorescence at@easured with the BESSY 1 source which has a time be-
fixed emission wavelengthh,=8 nm. Spectra were re- tween pulses of only 208 ns. The decays at an excitation
corded at\, values of 222, 300, and 322, corresponding toenergy of 14.4 eV with, set to(a) 222 and(b) 325 nm are
the main peaks observed in the dispersed emission spectighown in Fig. 4. The lifetimes were analyzed both by single-
In Sec. V we show that these peaks correspond primarily tnd double-exponential functions, with deconvolution of the
(@ PR, C2A;-X?B;, (b) PR, B?B,-X2B; and prompt signalno gas);=X\,=0) as described in Sec. II. In
E?B,—-A2%A;, and (c) PR, E?B;—-A2A; and PF choosing the best fit, consideration was given to minimise
A 3I-X 33~ emissions, respectively. Note in FigicBthat  the pairwise correlation functions of the fitted parameters,
the threshold for PFA 31 production occurs at 14.8 and to ensure both that the residuals of the fit showed non-
+0.2 eV which agrees well with the thermodynamic thresh-systematic trends and that the fitted background agreed with
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T T T T T T T T T T T ¥ T v T T T T T T

(a) 222 nm
| (a) A, =225 nm
PF,C-X L
!
5
0 -
Il } i ] | i Il | Il |
T 4 L T ¥ 1 4 T T T
PF,E-A
(b) 300 nm s PEA-X
PF, B- X
0 e
(b) A, =325 nm
0 —

| Il | ] 1 ) — i — ] |

1 T 1 T T T M ¥ L T T
(c) 322 nm

T 1 T T T
0 100 200 300 400 500
Channel Number

Excitation energy / eV FIG. 4. Decay of the fluorescence following excitation of;Rf 14.4 eV
with single-bunch, pulsed radiation from the BESSY 1 synchrotron source.
FIG. 3. Action spectra of Pfrecorded at the BESSY 1 synchrotron source The secondary monochromator is set @ \,=225+8, (b) \,=325

between 9 and 20 eV with detection of the fluorescend@)a222, (b) 300,  +8 nm, respectively. Each spectrum shows the experimental data points,
and (¢) 322 nm. These wavelengths correspond primarily @  the prompt signaldashed ling and the fit to the datésolid line) using the
PF, C 2A;—X ?B;, (b) PR, B ?B,—X 2B; and E ?B,(?I1)-A 2A,(?I), method described in Sec. Il. The time calibration is 0.3947 ns per channel.

and (c) PF, E 2B, (?IT)—A 2A,(2I1) and PFA 3I1-X 35~ emissions, re-  In (a) emission is due to the beft 2A, state of PFand the decay fits best
spectively. In all cases the optical resolution is 0.3 nm, Xhevalues are  to a single-exponential function witt= 14.7+ 0.1 ns. In(b) emission is due
defined to+8nm, and the fluorescence has not been normalized to theo the linearE 2B,(°I1) state of PE, and the decay again fits best to a
vacuum-UV radiation from the primary monochromator. single-exponential function with=7.9+0.1 ns.

its experimental value. Both decays fit best to single-centered o a P atom to beé=~1.9, 1.5, and 0. respec-
exponentials withr=14.7+0.1 and 7.0.1 ns in Figs. &) tively. By also using a vertical IP for the 68) ~* ionization
and 4b) respectively. These results are summarized in Tabl@f PF; of 12.25 eV® we have assigned these bands as most
V. likely due to transitions to the @) 'np (n=4,5,6) Ryd-
berg states of Pf- This yields experimenta$ values of 1.67
(for 4p), 1.63 (5), and 1.59 (®). Transitions to these
Rydberg states from the ground state are electric-dipole al-
First we consider the assignment of the peaks in thdowed. However, we now note that an alternative assignment
fluorescence excitation spectruffiig. 1). Three bands are of these bands to transitions to theag$ 'ns (n=4,5,6)
observed at low energy which show resolved vibrationalRydberg states, as suggested by éal.’’ is also allowed
structure with peak energies of 9.75, 11.05, antil.55 eV. by electric-dipole selection rules, and would also yield quan-
We have shown that fluorescence can only be due to the PRUm defects for thess Rydberg orbitals which are compat-
fragment, but at this stage we just regard fluorescence in thigle with predictions. To the best of our knowledge, these
radical as a signature of vacuum-UV absorption in thg PFtwo assignments cannot be distinguished. Using Franck—
molecule. As described befor¢hese bands show a constant Condon calculations based on the intensity distribution of the
vibrational spacing between the peaks ofS¥meV (458 vibrational structure in each bandt has been possible to
+24 cmi 1) which is assigned to the, bending frequency in  estimate the change in FPF bond angle between the ground
the upper state of these transitions. Since the appearance gifite and these Rydberg states of RFbe 14-1°. Hence
these bands is very similar to that of the first band of thethe bond angle of both these Rydberg states and the ground
He—I or Ne—I photoelectron spectrifithey can be assigned state of PE to which they converge is 1121°, which is
to transitions to Rydberg states that converge on the grouniéss than the 120° which would pertain if FPFj X 2A,
state of PE. Approximate values for the quantum defects of were planar. This geometry has been confirmedbynitio
ns, np, and nd orbitals are predicted for Rydberg orbitalsalculations3 It is much more difficult to make definitive

V. DISCUSSION
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TABLE |V. Lifetimes of emission bands observed from vacuum-UV excitation of iRRhe range 9-20 eV.

No/nm Reduced
E,/eV (£8nm) 7,/ns A, x° Emitter(s)

9.8 0 flat deca¥y

9.8 450 flat decay PF, A 2A,(2TT)®
11.0 0 flat decay _
11.0 300 flat decay PF, B 2B,
11.0 450 flat decay PF, A 2A,(211)
144 0 3.7#0.2 1.0:0.1 1.26

15.6+0.2 0.7:0.1

14.4 222 14.%20.1 155 PF, C %A,
14.4 325 7.90.1 1.70 PF, E 2B,(?I1)°
16.1 0 flat decay
16.1 322 flat decay PR °I1

awith the signal-to-noise ratio of our spectra, we assume that a flat decay implie00 ns.
®Notation for linear or near-linear states given in bat), andD..;, symmetry.

assignments of the higher-energy peaks in the fluorescenggjues in PE (9gpe=109°, Rp_=1.50 A).5 The situation is
excitation spectrum mainly because the bands are broadgierefore very similar to that of the photodissociation of the
and multiple assignments are possible. The peaks must cOfyron 3 and P Rydberg states of Bfproducing theA 2,
respond to Rydberg states of Rfonverging on excited elec- andB 2, states of B over a wide range o, bending

trolnzlc f/tatfs of P Howeivetr, Itt) IS Wotr_thl noting thattabbotve vibrational levels’® The second point is that of all the elec-

c ere seems only to be partial agreement bEWEEh, ;e transitions in Table 1l that could give rise to PF
our fluorescence excitation spectrum and the phOtoabsor%'mission in the UV/visible, it is the ones with smal®|
tion spectrum recorded by pseudo-photon dipoke) '

0 pr s . . and/or small|R,| that are most likely to be observed, since
spectroscopy’® This implies that photodissociation to fluo- . L . .
: . ; . ... they will have all their vibrational bands with large Franck—
rescing states of BFor PF is not the major dissociation : . .
. ._Condon factors localized into a narrow region of energy.
channel of PE, and we should note that our experiment is

not sensitive to dissociation of PRo ground state PFor Conversely, transitions .W'th Iargm.qﬂ or |.R el espeually
PE those that are electric-dipole or spin—forbidden, are unlikely

. . . .. to be observed.
We now consider assignment of the dispersed emission o o
The emission spectrum observed at an excitation energy

spectra of Fig. 2. For excitation energies below 13 eV, we

have commented earlier that for thermodynamic reasons Pg 9.8 eV[Fig. 2a)] shows a very broad unresolved band

cannot be the emitter of the UV/visible bands, and therefor&e;[\meeg~2320 and.5-50 .nm. we a53|gr1 this spectrum to .the
the emissions must be due to electronic transitions in the PF* “A1=X "By transition in Pk, a near-linear to bent ransi-
radical. Since the only valence transition observed ip PFUON betwegen the two Renner—Teller components“Hf
prior to this work was the band observed by Zhao and Setsgymmetry.® Calculations predict the origin of this band to lie
(29 in a flowing PR/Ar discharge sourct the assignment Petween 500 and 650 nm, but if t#e?A, state is produced

of which is uncertain, we are heavily reliant on the predic-Vibrationally hot by photodissociation of the 4 ~*4s/4p
tions of theory to assign our spectra. Two general factorydberg state of Pf= emission to the ground state of PF
have guided our assignment. The first is to note the veryVill occur over a wide range of wavelengths, with much of
different conditions under which BFs produced in the two the emission having <\.. The broad nature of the spec-
experiments. The pressure in the ZS experiment isTorr, ~ trum is compatible with this assignment, and we note that the
implying vibrational relaxation is complete, and hence emis-Sensitivity of the apparatus decreases rapidly for

sion is only observed from the lowest vibrational levels of ~550 nm. The weak peak centered on 325 nm has exactly
the em|tt|ng PE state. By contrast, since we are Working the same IOW-Wavelength threshold and width as the dis-
under much lower pressure conditions, emission can be otrersed spectrum at 16.1 ¢¥ig. 2(d)]. This spectrum is due
served prior to vibrational relaxation. Furthermore, sincg PF 10 PF A *II-X *%~ emission(see latey, and is also ob-

is formed by photodissociation of higher-lying Rydberg served at an excitation energy of 19.6 eV. We therefore as-
states of PE; it is quite possible for PFto be produced over Sign this peak in Fig. @) to PFA-X emission caused by

a wide range of vibrational levels. The extent ofsPEbra- ~ second-order radiation from the primary monochromator.
tional excitation will depend upon the dynamics of the pho-  Photodissociation of the €§) ~*5s/5p Rydberg state of
todissociation, but excitation im, and/or v, will be espe- PF; at 11.0 eV produces the same broad visible band, but
cially likely if there is a large change in FPF bond angle@lso a new narrower band with a maximum at 300 [ifig.
and/or P—F bond length betweeniP&nd PE. At this stage 2(b)]. From Table I, the only new electronic states of,PF
we should note the large changedrpr andRp_g predicted  that could be responsible for this emission are the BefB,

for many of the states of BRTable Il) from the calculated or the lineara B, states. Noting that th@—X transition in
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PF, is both spin—forbidden and has a very laided|, we sition; the differen~ce is explained by the different methods of
assign _this band to the electric-dipole-forbidden production of Pk B 2B,, and especially the different vibra-
B 2B,—X 2B, transition. This transition has a much smaller tional populations in the two experiments.
|A9| value of only 14°, and the dipole-forbidden nature of It should be noted that both Leet al’® and Jt’ had
the transition can explain the relatively long lifetime>  difficulty interpreting thev,’ =220 cm ! vibrational assign-
~500 ns) of theB 2B, state. Our assignment is in apparentment of ZS. Jl reassigned these bands to sequence bands of
contradiction with previous assignmeHts® of the zS the symmetric stretch, a suggestion that was questioned by
spectrumt® This point is discussed below. Lee et al. It may be coincidence that 220 ¢rhis much
For an excitation energy of 14.4 eV, bands are observegloser to the predictedv,” value in the near-linear
at 222 and 325 nm which are both relatively narrem- A 2N, (PI0) state of P, but this has led us to consider
pared to P A—X) and whose upper states have lifetimeswhether theA—X transition could be contributing to the ZS
less than 20 ns. We make the fundamental assumption thapectrum. The origin of thé—X transition is calculated to
both these bands must be due to allowed electronic transbccur between 500 and 650 rifri® and in the ZS experi-
tions in Pk with relatively small geometry changes betweenment bands of this transition with appreciable Franck—
the two electronic states. Furthermore, since the lifetimes o€ondon activity will lie to longer wavelength of. from
the two states are clearly not the same, different excited eleg-,=0 to high levels ofv}. We therefore agree with the
tronic states of PFmust be responsible for these two emis- conclusion of Leest al. that theA—X transition in P can-
sions. Noting that th€ A, to G ?A, states of doublet sym- not be contributing to the spectrum observed by ZS under
metry and theb “A, state of quartet symmetry are now their experimental conditions. Note, however, that under our
energetically open, and by comparing the predictionaof very different experimental conditions, if the ?A; state is
with experiment, we assign_these two bands to theyroduced vibrationally hot and inverted, as seems likely
C 2A,;—-X 2B, and E ?B,(%IT)-A 2A,(°Il) transitions, re- given the large bond angle change between thefBfaberg
spectively. We believe that, with the possible exception ofstates and pﬂ:ﬂ ’A;, PR A—X emission will be produced
the higher wavelength band which may be due togver a very wide range of wavelengths with much of the
D 2B,—-B ?B,, these are the only assignments that satisf}emissioll occurring below,. The assignments of emissions
the criteria we have imposed. Note that both @eX and  to PR, A—X andB—X under our experimental conditions at
E—A transitions are dipole allowed, and the lifetime of the shorter wavelengths than those of the calculated bond origins
C 2A, state(14.7 ng agrees excellently with the prediction is therefore entirely self-consistent.
of Cai (16 n9.%° We now consider the emission from Péxcited at 16.1
We believe that these assignments of the four emissiongV. All the PR, bands disappear, and a new band is observed
tent, and satisfy all the criteria described earlier. Howevernm, and shoulders at 340 and 360 nm. By comparison with a
our results necessarily beg the question of the assignment tiblished spectrum of He(23S) excitation of Pk,*® we
the spectrum observed by Zhao and Seté@oth from the assign this emission to vibrational bands in PF
predicted energy and from Franck—Condon calculations of *II-X %% ~. The maximum at 322 nm corresponds to
the predicted intensity distribution, three theoreticalbands withAv=2, 3, and 4 which have the largest Franck—
studied’'® have assigned the ZS spectrum to theCondon factors ta”=0. The shoulder around 340 nm is
B ZBZ—X 2B, transition in Pk. Furthermore, the Franck— essentially due to bands witkw =0, and the shoulder at 360
Condon analysi€ had to assume that the radical was formednm to bands withAv = —2. The long lifetime assumed from
in the electrical discharge with an approximate Boltzmanrour single-bunch studyr>~500 ns) is consistent with the
vibrational temperature of 298 K. Due to the bond anglerecent measurement of the PE3I1 state lifetime of 4.2
change between these two states of PF14°), the bands +0.2 us.3! Our experiment gives no information on whether
with strongest Franck—Condon factor are calculated to occuhe other product of the photodissociation isdf 2F. Both
at wavelengths higher than \q, (experimental channels are energetically open at an excitation energy of
value=421 nm,*® the strongest being from,’ =0 to»,”=4  16.1 eV. However, we should note from the action spectrum
at ~450 nm;” there is negligible intensity calculated at the [Fig. 3()] that the experimental threshold for production of
band origin. In our experiment, however, tB&?B, state of PF A °II, 14.8+0.1eV, lies very close to the thermody-
PF, may be produced both vibrationally hot and inverted,namic threshold of PR SI1+ 2F of 14.68 eV. Direct disso-
especially since the FPF bond angle changes substantialgjation of singlet Rydberg states of PRo PF (A °II)
from ~112° in the (&,) '5s/5p Rydberg state of Pfto  +F, (X '2g) is formally spin—forbidden. Conversely, if
~83° in PR, B 2B,. Assuming vibrational relaxation does Photodissociation occurs sequentially in two stdpe.,
not occur, the bands with strong Franck—Condon factors if?F —PF +F(*P)—PF(A °IT) + F(*P) + F(*P)] via an ex-

emission will be those from high,’ levels ofB 2B, to low cited state of Pfwith doublet symmetry, these processes are
" both spin allowed. The fact that the experimental threshold

vy" of X 2B, at wavelengths less thaxg . We believe, X 3 X
therefore, that there is no inconsistency in assigning the banf@" production of PFA “I1 does lie close to the thermo-

= ; 3 fean.

at 300 nm in our spectrum to PB—X, whilst also assigning c_het_mlcal energy of PF? ”HthF sugigests_that phOt_?déSS(t) i

the 420-500 nm spectrum of ZS to the same electronic tranz 2Hon occurs sequentially In two Steps via an excited state
J. Chem. Phys., Vol. 108, No. 3, 15 January 1998
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of PF, with doublet spin symmetry. For identical reasons, aniques to determine the precise nature of the ent@tefrom
similar mechanism was deduced in our recent, Stidy for  these dispersed spectra, it has been shown that four different
photodissociation of Rydberg states of $t6 SiF§ (A 1B,  decay channels are observéa: PR, A *A;-X B fluores-
or @ °B;), with F+F being inferred as the other products of cence in the wide range 320-550 nm for photon energies
the two-step, sequential dissociatibn. around 9.8 eV,(b) PF, A—X, and B ?B,—X 2B, fluores-
With these assignments, we are now able to interpret theence at~300 nm for photon energies around 11.0 &b,
action spectra of Fig. 3. Detection &p=222+8 nm[Fig.  PF, C ?A;—X ?B; and E 2B, (?I1)-A 2A; fluorescence at
3(a)] corresponds to isolation of the PE—X emission ~222 and 325 nm, respectively, for photon energies around
band. With a threshold energy ef12.9 eV, peaks are ob- 14.4 eV, and(d) PF A 3II-X 33~ fluorescence between
served at 13.3 and 14.6 eV which must correspond to Ryd300—-380 nm for photon energies between 16 and 20 eV. Our
berg states of Pfthat photodissociate to tHé 2A; state of ~€xperiments give no information on quantum yields for pro-
PF,. These results are consistent with thermochemistry; thuction of these excited states of P&nd PF. Using the
energy of theC 2A, state of Pk is calculated to lie lower ~Single-bunch mode of the BESSY 1 source, we have mea-
than 12.9 eV, at 11.07 eYTable ). Detection at\,=300  sured the lifetimes of the be ?A; and linearE 2B, (°II)
+8 nm[Fig. 3b)] corresponds to isolation of the PB—X  states of Pkto be 14.7 and 7.9 ns, respectively, and we note
and the tail of thee—A emissions. Thus a peak is observedthat the range of lifetimes which can be measured in this way
at 11 eV with a threshold of-10.5 eV, corresponding to IS relatively narrow,~5-150ns. The ability to define the
excitation of the (8,) ~15p,6p Rydberg states of Rfwhich wavelength of the emission W|Fh the secondary monochro—
dissociate to th& 2B, state of PE. The second peak at 14.4 mator when more than one emitter was excited was particu-

eV must correspond to a higher Rydberg state of it larly important, and meant that the lifetimes of the?A,
photodissociates to th& 2B,(?IT) pseudo-linear state of aNdE °B, states of P could be measured independently.
PF,. Detection ath,=322+8 nm[Fig. 3c)] corresponds to Finally, we should note that, unlike previous stgo“l‘e‘éthe
isolation of the PEE—Z and PFA—X bands. Emission at 2sSlignment of the emission bands in,Rfas heavily depen-

this wavelength from tha 2A, andB 2B, states of PFis, dent on the results of high qualigb initio calculations. We

by comparison, much weaker, and therefore no peaks in thréope that this work stimulates higher-resolution experimen-

action spectrum are observed below 13 eV. Peaks are otrzll .studies on the electronic spectroscopy of the Ree
served at 14.4 and 16.1 eV, corresponding to Rydberg statergdlcal'
of PF; that photodissociate to the B, (?I1) state of Pk
and theA 311 state of PF, respectively. ACKNOWLEDGMENTS
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