Photoelectron spectroscopy of PO 5
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In this Note, we report the photoelectron spectrum ofof a YAG laser beam. By controlling the laser firing time,
PG, anion. The electron affinity of POs determined from PO, is selectively photodetached. The kinetic energy of the
the spectrum. The anion geometry is obtained by Franck-photoelectrons is determined via their time-of-flight. The in-
Condon simulations of the photoelectron spectrum and istrumental resolution is 8—10 meV for an electron kinetic
compared withab initio calculations and previous experi- energy(eKE) of 0.65 eV and degrades &KE)%?.
mental work. Figure 1@ shows the 266 nm photoelectron spectrum of

The oxidation reactions of phosphorus and phosphind®O, at laser polarization anglé=90° with respect to the
have been studied for centuries. However, the mechanisndetection angle. The electron kinetic enef@KE) is given
for these reactions were poorly understood ur;)til recentlypy
when PQ was strongly suggested to play a key rolénlike _
the isovalent N@ molecule, which has been investigated ex- eKE=hy—EA(PQ)~E”+E",

tensively, only a few spectroscopic studies have been pefyhere hv is the laser photon energ#.657 eV and EA
formed on PG. The UV absorption spectrum of Bvas  (pQ,) is the electron affinity of PQ E© andE”) are the
first observed by Verma and McCarthysing a flash pho- internal energies of POand PQ, respectively. The spec-
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tolysis technique. More recently, Kawaguetial~ obtained  trum corresponds to the transition between the ground elec-
an accurate ground state geometry and estimates of the low-

est vibrational frequencies from far-infrared laser magnetic
resonancéFIR LMR) and microwave spectroscopy. Laser-
induced fluorescencé.IF) and infrared absorption spectra
observed by Hamilton and co-workérslso give similar
ground state vibrational frequencies. Knigdital* have in-
vestigated PQin a Ne matrix using electron spin resonance.
Severalab initio calculations™’ of geometries and frequen-
cies show reasonable agreement with experiment.

Considerably less information is available on the;,PO
anion. Spectroscopic studies of P@ave been limited to the
solid phase: Geometries and vibrational frequencies of PO
in a potassium chloride crystal have been obtained from
spectroscopic and optically detected magnetic resonance
studies by Francis and co-workérd\b initio calculations
carried out by LoHt give ground state constants and vibra- ®)
tional frequencies. They also predict P8as a very large n Simulation
electron affinity(3.6+0.2 eV). The work presented here rep-
resents the first experimental characterization of R®the
gas phase.

The apparatus used in the present work is a fixed-
frequency negative ion photoelectron spectrometer that has
been described in detail elsewh&rBQ, is a byproduct of
our previous study of indium phosphide clustérand was
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generated in a pulsed beam valve/laser vaporization source.
A second harmoni¢532 nm of a YAG laser is focused onto

a rotating and translating indium phosphide rod. The result-
ing plasma is entrained in a supersonic pulse of helium gas.
Anions in the beam are injected into a time-of-flight mass
spectrometer. After being accelerated by 1 keV energy, ions _
separate according to mass and are detected by a microchaie: 1 (8 Photoelectron spectrum of BOneasured using a photodetach-

. . . ment energy of 4.657 eV at laser polarization ang#90°, (b) Frank—

nel plate detector. The resulting ion beam is crossed by @ondon simulation with 2 active modes and »,, convoluted with the
second pulsed laser, the fourth harmof@66 nm, 4.657 eY  experimenmtal resolutiofcurve ling and the corresponding stick spectrum.
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TABLE I. Molecular parameters for the grould, state of PQ.

Method/Basis set Ipo (A) fopo v (cm™ v, (cm™Y) vg (cm™Y
SCF/6-31G 2 1.446 134.4 1048 396 1260
HF/6-31G © 1.440 135.8 1126.5 445.6
SCF 1.454 135.6 1210 460 1540
(valence electrons

SCH-CORF 1.496 134.3 1060 380 1340
(valence electrons

SCF (all electron$ 1.439 135.4 1256 463 1564
HF/6-31+G* @ 1.446 134.86 1201 451 1451
MP2/6-31+G* ¢ 1.496 136.83 1075 396 1585
MP2/6-311G* ¢ 1.480 136.65 1091 398 1570
CISD/6-31G ¢ 1.471 134.7 1136 425 1421
FILMR, microwavé 1.4665 135°17 1090 377 1278
LIF, IR absorptioﬁ 1117 387 1300/1345
8Reference 6. ‘Reference 5.

PReference 7. 9This work.

*Reference 3. Reference 1.

tronic states of the anion and neutral, with an extended vieies. There are no gas phase experiments for ®@ompare

brational progression over the kinetic energy range from 0.%ith the calculations. Based on the calculations, R@as a

to 1.4 eV. The spacing between adjacent peaks is about 400nger bond length and smaller bond angle in the solid phase

cm ! except for peak§& andH, which are separated by only than in the gas phase.

330 cm L. This indicates that there might be more than one  Ab initio calculations predict that the BGand PQ

active vibrational mode. Peak is assigned to the 0—0 tran- ground electronic states ha@, symmetry. P@ has a'A,

sition. It has a kinetic energy of 1.24 eV, yielding an electronground state with a ...(8,)%(1a,)%(4a,)? valence electron

affinity of 3.42 eV for PQ. The smaller peakd” occurs at  configuration. Photodetachment from the,4orbital will

520 cm * higher kinetic energy than the origin. It has beenform the PQ ?A, ground stateAb initio calculations also

assigned as a hot band transition, which indicates that thehow that the 4, orbital is O—O bonding and P-O anti-

vibrational frequency of the main active mode is higher inbonding, so photodetachment should result irDaP-0O

the anion than in the neutral. bond angle increase and a P-O bond length decrease, in
We have also performedb initio calculations on PQ  agreement with the calculated geometries.

and PQ . The calculations are aimed at determining the ge-  The isovalent species NQalso has &A; ground elec-

ometries, force constants, and vibrational frequencies of theonic state with the same electron configuration as,.PO

ground electronic states. The results are summarized iHowever, the composition of the molecular orbitals differs in

Tables | and Il. The geometries are optimized at the MP2 anthe two molecules. The & orbital in PG is formed by

CISD levels of theory, and harmonic vibrational frequenciesmixing of 3s(P) and 200(O) orbitals; whereas in NS the

are obtained at both levels of theory. 2p(N) and 2p(O) orbitals are close in energy, and tha;4
Tables | and Il also show the geometry and vibrationalorbital is primarily a linear combination of these orbitals.
frequencies of PQground staté?A,) and PG ground state PO, and PG each have three vibrational modes: the

(*A,) obtained from previous work. Compared with the FIR symmetric stretch(r;), bend (v,) and asymmetric stretch
LMR and microwave study of P{by Kawaguchiet al,®> our  (v3). The v, and v, modes are totally symmetric and can
MP2 level calculations give good agreement with frequentherefore be active in the photoelectron spectrum. Calcula-
cies and geometries. The CISD level calculation with a smaltions show, is around 1100 ct for both PG and PQ ; v,
basis set gives better results on geometry, but not on frequeis around 400 cm' for PO, and 500 cm® for PO, . Recall

TABLE Il. Spectral constants of the ground, state of PQ.

Method/Basis set Ipo (A) fopo v (cm™} v, (cm™Y vg (cm™Y)
SCF/6-31G @ 1.483 118.9 1051 465 1192
HF/6-31G P 1.483 119 1097 501
HF/6-31+G* © 1.4867 118.7

MP2/6-31+G* © 1.5381 119.483 999.03 436.0 1151.7
MP2/6-31H1G* © 1.5194 119.177 1046.0 465.0 1207.8
CISD/6-31G © 1.5048 119.381 1135.1 497.5 1303.0
PG, in Kcld 1.65 110 1097 501 1207
aReference 6. “This work.

bReference 7. ‘Reference 8.
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the peak spacing of the spectrum is around 4001(;@ the  TABLE lll. Anion geometry comparison from FG matrix method calcula-
v, mode appears to be the main activated mode. The assigf"™

ment of peak_ a” as a hot band tr_ansition is also supported. assumptions foo (A) foro
Since the ratio between, and v, is about 3:1, overlap be- - T90 o1
tween the _combmanort bapds is expected, mak_lng it d|_ff|culth=H,2 1504 120.0
to ascertain the contribution of the mode by inspection h=H 1.519 120.1
alone. Average 1.56:0.01 120.6:0.1

To be more quantitative, we perform a Franck—Condon
analysis to determine the normal coordinate displacements
between P® and PQ. The normal coordinate displace- , ,
ments in thev, and », modes are varied to obtain the best fit S @ comparison, we can use the force constant matrix
with the experimental spectrum. While the spectrum is real’om our MP2/6-311+G" level calculation on PQ This
sonably well fit assuming only the, mode is active, the fitis  Yi€lds the following anion geometry:rpo=1.523 A, _
improved with a small normal coordinate displacement in the?oro=120.4°. These values are in reasonable agreement with
v, mode. The computer code we used has been discusstpse fromFG matrix method but are very different from
elsewheré? Figure 1b) shows the simulated spectrum from Solid-state geometry, indicating strong perturbations in the
Franck—Condon analysis. The fitting yields electron affinityPotassium chloride crystal. THeG results are slightly pre-
EA=3.42+0.01 eV. Due to the J20+3/132) overlapping ferred as they are from force constants determined from ex-
and sequence bands, the observed width of the peaks Rgrimental frequencies.
around 25 meV. From the intensity of peal™; assigned as This work represents the first spectral observation of gas
the 129 hot band transition, we estimate the anion temperaphase P@. PG, is found out to be a very stable gas phase
ture T=300 K. Other fitting parameters ar¢ = 1070 cm ?, anion having a large electron affinity, 3#4R.01 eV. The
vy =380cm % x) = 0.8+ 0.2cm ‘for PO,andv} = 1000  anion geometry is determined to bepo=1.50+0.01 A,
cm™ Y, v4 = 470 cm* for PO, . The normal coordinate dis- 6opo=120.0+0.1°. MP2 levelab initio calculations on PO
placements from the anion to the neutral &®,=-0.16, and PQ based on different basis sets have been performed
AQ,=0.79, which correspond to a bond angle increase and as comparisons. They are consistent with previous experi-
bond length decrease. mental work done by other groups and the one reported in

From the normal coordinate displacements, one can olthis Note.
tain geometry changes between the anion and neutral given ) , . )
the force constants. The force constants can be determined NS Work is supported by the National Science Founda-
from either experimental vibrational frequenciesatrinitio (0N under Grant No. DMR-9521805.
calculations.

We first construct the force constant matrix in internal
coordinates, based on the vibrational frequencies and geori”%_Current a_tddress: Qltrafast Laser_ and Spectroscopy Labprato_ry, Department

. . 3 . of Chemical Physics and Material Sciences Center, University of Gronin-
etry obtained by Kawaguchat al” We use theFG matrix gen, Nijenborgh 4, 9747 AG Groningen, The Netherlands.
method!? assume that the bend—stretch force constait ( YCamille and Henry Dreyfus Teacher—Scholar.

equals half of the bend force constakt)( The F matrix in 'P. A. Hamilton, J. Chem. Phy86, 33 (1987; H-B. Qian, P. B. Davis, I.
; ; K. Ahmad, and P. A. Hamilton, Chem. Phys. Le285 255(1995.
the units of mdyne/A is calculated to be 2R. D. Verma and C. F. McCarthy, Can. J. Phg$, 1149(1983.

K k h 9.077 0.9105 0.41 K. Kawaguchi, S. Saito, and E. Hirota, J. Chem. P8%.4893(1985.
4L. B. Knight, Jr., G. C. Jones, G. M. King, R. M. Babb, and A. J.
F=( k K h|=] 09105 9.077 0.4109, (1) McKinley, J. Chem. Phys103 497 (1995.

5Y. Kabbadj and J. Levin, Phys. Scrig0, 259 (1989.
SL. L. Lohr, J. Phys. ChenB8, 5569(1984).
7S. A. Jarrett-Sprague, . H. Hillier, and I. R. Gould, Chem. Pliy), 27

h h H 0.4109 0.4109 0.82

whereK andk are the stretch and the stretch—stretch force
constar_lts, respectlvely_. Since the neutral geometry is k_nowrgsl 3. Hunter, K. W. Hipps, and A. H. Francis, Chem. P15 209 (1979,
from microwave experiments, we use the normal coordinate’r. g. Metz, A. Weaver, S. E. Bradforth, T. N. Kitsopoulos, and D. M.
displacement§AQ,=-0.16, AQ,=0.79 to find the PQ Neumark, J. Phys. CherB4, 1377(1990.
geometryrpo=1.504 A andfypo=120.0°. Changing the ap- 10C. Xu, E. de Beer, D. Arnold, C. Armold, and D. M. Neumark, J. Chem.
proximation condition for the bend—stretch force constant tq Phys.101, 5406 (1994.

. . . ~ 1D. Arnold, Ph.D. thesis, University of California, Berkeley, 1994.
h=0 andh=H gives similar results which are shown in 12g_gyight wilson, Jr., J. C. Decius, and P. C. Crddslecular Vibrations
Table Ill. We use averages as the reported values. (Dover, New York, 1980 pp. 54-76.

J. Chem. Phys., Vol. 104, No. 7, 15 February 1996

Downloaded-03-Mar-2003-t0-128.32.220.150.-Redistribution-subject-to-AlP-license-or-copyright,~see-http://ojps.aip.org/jcpo/jcpcr.jsp



