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The products of the reaction of laser-ablated red phosphorus and dioxygen have been studied using experiment
and theory. The bands at 480.3 and 1273.3'creviously attributed to POin the matrix isolation IR
experiments, are reassigned to ;PQAIso observed in experiment are R®0,~, PO, OPOPO, B and

higher oxides.

I. Introduction consider the effect of isotopic substitution, and consider some

i ) species not considered previously.
In 1988 Withnall and Andrewsreported the infrared (IR)

spectra arising from the products of the reaction of Rth
atomic oxygen trapped in solid argon. They attributed bands at
480.3 and 1273.3 cm to the & out-of-plane bend and -0 The geometries are optimized and the harmonic frequencies
stretching modes of PQrespectively. They also tentatively ~computed using the hybfdB3LYP® functional in conjunction
assigned a band at 435.2 cthas the ebending mode of the ~ with the 6-3%G* and 6-3H-G(2df) basis set§.The vertical
same molecule. The assignment was based in large part on thelectronic excitation energies are computed using the time-
spectra with mixed®1€0, which clearly showed that the'a dependent B3LYP approdativith the 6-31-G(d) basis set. The
mode arose from a species with three equivalent oxygen atomsharmonic frequencies are also determined using the coupled
and on the fact that using BDnstead of PH, showed thatthe  cluster singles and doubles approaafriuding the effect of
species did not include any hydrogen. connected triples determined using perturbation th&68C SD-

In 1989 Withnall, McCluskey, and Andredseported the (T). All electrons are correlated in the CCSD(T) calculations.
electronic spectra of the species previously assigned as PO The open-shell calculatiqns are based on unrestricted Hartree
They observed a band system starting at 695.5 nm with Fock (UHF) wave functions. The 6-31G* and 6-BG(2df)
progressions of about 900 and 525 ¢mOn the basis of ba3|s sets are used in conjunction with the CCSD(T) calcula-
comparison with N@ and SQ*, they assigned the observed tOns.

[I. Computational Methods

transition agE’ — XA}, the 913+ 10 cntinterval to the & The harmonic frequencies are computed using Baghand
symmetric stretch in the ground state, and the 525'dnterval ~ *°0. Errors in the computed values prevent a definitive
to the excited state. identification of the experimental bands using only %@

As part of our recent studyf the heats of formation of PO compute_d frequenc_ies. Hoyvever, for each ban_d, the ratiq of the
and PQH, n = 1-3, we computed the vibrational frequencies fre_quenmes determined usﬁi!p_to the frequencies det_ermlr'led_
of these species. The computed frequencies of all of the USiNg*°O, denoted R(16/18), is also computed. This ratio is
molecules, except PQagreed with experiment. Because we MOre accurate than the frequencies and therefore is very helpful
expected similar accuracy for all of the species, we looked for N identifying the bands. _ _
an alternative assignment of the experimental IR bands. We The B3LYP calculations are performed using Gaussiaft 98,
found that the computedout-of-plane bend and thestretch ~ While the CCSD(T) calculations are performed using ACES Il.
of PO;~ agreed much better with the experiment than did the The. B3LYP/6-3%G* geometries are given at http://ccf.
computed P@results. Unfortunately, the computed results for arc.nasa.gow/cbauschl/p205.geometry.
neither molecule agreed well with the 435.2 nband.

In this paper we report on the electronic spectra and on higher

level calculations for the IR spectra of P@nd PQ™. New The experiment for laser ablation and matrix isolation has
experiments are also performed to test thes;P@ypotheses.  peen described in detail previousfBriefly, the Nd:YAG laser
Other bands are observed in these experiments, so additionafundamental (1064 nm, 10 Hz repetition rate with3LmJ pulses
calculations are performed for,@n, species to aid in the  of 10 ns width) was focused on a rotating red phosphorus
identification of the observed bands. We should note that many (A|dr|ch, |ump) target_ Laser-ablated phosphorus was Codepos_
of the ROy, species have been studied by Lohr and co-wofkers jted with oxygen (1%) in excess argon onto a 10 K Csl
at the Hartree-Fock level. In this work, we use a hlgher level Cryogenic window at 2 mmol/h for | h. FTIR spectra were

of theory which results in more accurate frequencies; we also recorded at 0.5 crit resolution on a Nicolet 750 spectrometer
with 0.1 cnm! accuracy using a HgCdTe detector. Matrix
 Part of the special issue “Marilyn Jacox Festschrift”. samples were annealed at different temperatures and subjected
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[ll. Experimental Methods
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TABLE 1. Summary of the POz Harmonic Frequencies
(cm™1), Intensities (km/mol), and Oxygen 16/18 Isotopic
Ratios

mode ) inten R(16/18)
B3LYP/6-31+G*
e 142.3 7.8 1.0441
" 410.1 57.2 1.0226
a' 994.4 0 1.0608
€ 1083.2 63.6 1.0389
B3LYP/6-31+G(2df)
e 142.8 10.3 1.0443
" 425.2 54.7 1.0226
a' 1015.6 0 1.0608
e 1112.4 70.2 1.0388
CCSD(T)/6-31G*
] 51.0 17.1 1.0432
" 399.8 49.0 1.0226
a' 983.5 0 1.0608
¢ 1055.9 131.7 1.0398

TABLE 2: Summary of the PO3;~ Harmonic Frequencies
(cm™1), Intensities (km/mol), and Oxygen 16/18 Isotopic
Ratios

mode 10) inten R(16/18)
B3LYP/6-31+G*
] 462.9 71.7 1.0514
& 458.0 60.7 1.0226
a' 971.7 0 1.0608
€ 1239.3 644.6 1.0320
B3LYP/6-31+G(2df)
e 474.0 64.9 1.0514
a" 477.2 55.3 1.0226
a' 996.0 0 1.0608
€ 1264.0 619.7 1.0317
CCSD(T)/6-31G*
¢ 483.3 68.0 1.0516
" 471.9 60.7 1.0226
a' 990.5 0 1.0608
e 1286.6 448.5 1.0316
CCSD(T)/6-3%-G(2df)
¢ 487.1 68.1 1.0514
" 490.5 56.0 1.0226
a' 1006.5 0 1.0608
e 1282.3 596.0 1.0318

to photolysis using a medium-pressure mercury arc (Philips,
H39KB, 175 W) lamp.

IV. Results and Discussion

We first consider the computational study of £&hd PQ-,
which is summarized in Tables-B. We then describe the new
experimental work; these results are summarized in Table 4.
The additional calculations performed to support the experi-
mental study are summarized in Tables12.

The ground state of POs ?A}, which hasDs, symmetry.
PQO;™ is a closed shell and also h&x, symmetry. The two
species have very similar bond lengths; for example, at the
CCSD(T)/6-31-G(2df) level, the P-O bond length in Pg is
1.492 A compared with 1.482 A for RQAt this level of theory,
the electron affinity of P@is 4.99 eV, which is similar to the
value of 4.77 eV found at the B3LYP/6-315(2df) level.

The computed P9and PQ~ harmonic frequencies and
intensities are summarized in Tables 1 and 2. Excluding 'the e
bending mode of P§) all of the results are fairly independent
of the level of theory used. The experimental bands at 480.3
and 1273.3 cm! with 180 to 180 isotopic ratios R(16/18)) of
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TABLE 3: Summary of the Vertical Excitation Energies
(eV) and f Values of PG; and POs~

PO; PG;~
state A f state A f
B 1.30 0.0000 1AS 4.42 0.0000
E 1.96 0.0014 1E" 5.62 0.0000
E 4.21 0.0040 A5 5.65 0.0000
2AY 4.23 0.0000 1E 6.23 0.0128

1273.3 cnt band, where the computed P@alue differs by
more than 100 cmt with experiment, while the value for BO
differs by much less. The experimental band at 435.2%anith

an isotopic ratio of 1.0340 does not correspond very well with
either PQ or PGy

The in-plane O 2p orbitals perpendicular to the® bonds
form &' and é orbitals. The g orbital is singly occupied in
neutral PQ, but doubly occupied in the anion. The one fewer
electron should reduce the- repulsion in the neutral and
may be responsible for the lower in-plariebending frequency
for PG; than for PQ™.

The electronic spectra of R@nd PQ~ are computed using
the time-dependent B3LYP approach using the 6:31d) basis
set at the P@B3LYP/6-31+G(2df) geometry, and the results
are summarized in Table 3. For PQthe first transition is at
4.42 eV, and the first allowed transition is at 6.23 eV. FogPO
the computed transitions lie at 1.30, 1.96, 4.21, and 4.23 eV,
with the transitions at 1.96 and 4.21 eV being allowed. The
allowed transition at 1.96 eV agrees with the experimental value
of 1.78 eV to within the expected uncertaintZd.3 eV) of the
theoretical method used. Since there are no other allowed
transitions in this region, we agree with Withnall, McCluskey,
and Andrews that the band they observe in experiment arises
from PQ; and should be assigned #8 — X?A}. The current
results show that the progression at 525-énshould be
attributed to the upper state as done by Withnall, McCluskey,
and Andrews. It is more difficult to assign the progression at
about 900 cm?; the experimental value is similar to that of the
a;' mode of the P@ground state, as suggested by Withnall,
McCluskey, and Andrews, but the difference between theory
and experiment is larger than expected. Given the size of the
difference between theory and experiment for the vibrational
frequency and the matrix temperature (12 K), we would be more
tempted to assign this to the upper state than to the ground state.

While the assignment of the 480.3 and 1273.3 tipands
to PG~ seems straightforward, it is disconcerting that the e
bending mode of P, which has about the same intensity as
the &' mode, cannot be assigned to any of the observed bands.
Also, given that the electronic spectra clearly show the existence
of PG, it is disconcerting that'é®—0O stretching and & out-
of-plane bending modes of B@ave not been observed.

Early experiments employed laser-ablated red phosphorus as
a reagent for dioxygen diluted in arg&hSimilar experiments
were done using lower oxygen concentration, lower laser power,
and a rotating red phosphorus target to minimize the amount
of ablated phosphorus and to favor the ablation of P atoms.
Representative spectra are shown in Figures3,1and the
absorptions are listed in Table 4; the related theoretical data
are presented in Tables-32.

The strong sharp 1319.0 crhabsorption has been assigned
to the antisymmetric stretching fundamenta)) ©f PO; in solid
argon®14-18 This absorption is red-shifted 8.5 cifrom the
gas-phas¥ diode laser value of 1327.53 ci The reaction
with 180, displaces the 1319.0 crhabsorption to 1280.0 cm.

1.0219 and 1.0314, respectively, agree better with the computedThe associated bending mode was observed at 386.8iom

results for P@~ than for PQ. This is especially true for the

other experiments using a grating instrument. Both infrared
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Figure 1. Infrared spectra in the 1568145 cn1? region for laser-
ablated red phosphorus and 1% i® argon: (a) sample codeposited
at 10 K for 1 h and (b) sample after annealing to 25 K.

TABLE 4: Infrared Absorptions (cm ~1) from Codeposition

of Laser-Ablated P with O, in Excess Argon
160, 180, R(16/18) assignment
1473.1 1431.1 1.0293 BPQ
1449.5 1407.7 1.0297 X#®—O0—PO isomer)
1319.0 1280.0 1.0304 RO
1270.3 1234.1 1.0293 0
1253.4 1207.5 1.0380 OPOPO
1247.8 1203.9 1.0365 OPOPO
1218.0 1172.8 1.0385 PO
1198.6 1160.6 1.0327 RO
1158.1 1105.5 1.0476 BPQ
1007.5 971.7 1.0368 X(#P—0—PO isomer)
859.3 822.9 1.0442 OPOPO
735.1 703.0 1.0457 ?
513.6 503.3 1.0205 ?
480.2 469.9 1.0219 PO
479.4 459.1 1.0442 PPQ
465.8 465.8 [

active modes of PPare in satisfactory agreement with our
B3LYP calculations; compare the results in Tables 4 and 5.

The next strongest absorption at 1198.6 trhas been
assigned to the PO anion416the 180, counterpart appears at
1160.6 cm™. Our yield is not sufficient to observe the bending
mode reported at 470 crhin the gas phas®.New experiments
were performed to investigate the effect of a ¢£€lectron
trap?l=24 on the relative yields of P£and PQ~. Figure 2 shows
that CCl, doping reduces the absorptions of P© 50%, of
PO,~ to 40%, of P80, to 57%, and of FO,~ to 27% of their
values without CCl (Part of the overall reduction may be due
to a lower yield of P atoms as;Rvas reduced to 65% in the
0.2% CC} doped 1% Qexperiment; this probably arises from
ablation out of the groove on the target used in the previous
experiment.) Annealing to 25 K reduced PRy 20% and the
PO~ band by 50%. Annealing to 340 K further decreased
PO, and markedly increased,PPQ absorptions (Table 4). In
addition, weak CGl radical, CC}" cation, and CFCCls
transient absorptions were obserZect®

The effect of added C@is to compete with P&for ablated

Bauschlicher et al.

TABLE 5: B3LYP/6-31+G* Harmonic Frequencies (cnt'),
Intensities (km/mol), and 10 to 180 Isotopic Ratios for
Species with One P Atom

160 180
p i » R(16/18)
PO
o 1226(1218.0) 53 1181(1172.8) 1.0380 (1.0385)
PG,
& 381 31 376 1.0372
& 1047 4 995 1.0520
b,  1277(1319.0) 101 1238(1280.0) 1.0312 (1.0304)
PO,
& 445 38 427 1.0431
& 1031 84 986 1.0460
b, 1172 (1198.6) 351 1135 (1160.6) 1.0331(1.0327)
PO;
e 142 8 136 1.0441
a' 410 57 401 1.0226
a' 994 0 937 1.0608
e 1083 64 1042 1.0389
PO;~
e 463 72 440 1.0514
a'  458(480.2) 61  448(469.9)  1.0226 (1.0219)
a' 973 0 916 1.0608
= 1239 645 1201 1.0320

aThe relevant experimental bands from Table 4 are given in
parentheses for comparison.
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Figure 2. Infrared spectra in the 1340140 cn1' region for laser-
ablated red phosphorus and 1%i®argon codeposited at 10 K for 1
h periods: (a) 1% @in argon, (b) 1% @and 0.2% CCJin argon, (c)
1% 180, in argon, and (d) 1%%0, and 0.2% CCJin argon.

they do not give in to CGlas readily as transition metal
carbonyls. Nevertheless, the decrease of, P@bsorptions
relative to PQ bands is sufficient to confirm the BO anion
assignment.

Figure 3 shows the lower region containing thes®R .-
PPQ, and R absorptions at 480.2, 479.4, and 465.87¢m
respectively, in the 1% Qexperiment:1>16The 480.2 cm?
absorption was particularly noteworthy as it gave the 1/3/3/1
quartet with statistical®-1%0, characteristic of the nondegenerate
motion of three equivalent oxygen atofBoping with 0.2%
CCl, reduced these band absorbances to 38%, 60%, and 65%

electrons and reduce the yield of anions relative to neutral of yields in the experiment without CE£IAnnealing to 25 K
molecules. In transition metal carbonyl systems, doping with slightly decreased the RTband, tripled the @PPQ, band, and
10% as much CGlas CO present essentially eliminates the increased the Pabsorption by 8%. The effect of added G@&
transition metal carbonyl anions from the spectrum. However, to reduce the P@ absorption at 480.2 cm sufficiently to

with NO and NQ, CCl, doping reduced N@ to 50% and
(NO),~ bands to 30% of the yields without CChdded?®
Clearly, NG and PQ are good electron traps themselves, and

conclude thafy = —1. Reassignment of the 480.2 chiband
to PG~ is indicated by the present calculations and experiments.
We do not observe any band that we can assign as'the e
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P, TABLE 7: B3LYP/6-31+G* Harmonic Frequencies (cnt'),
0.050] Intensities (km/mol), and 10 to 180 Isotopic Ratios for
v P.O3?
0.045 0
0.0404 ( %0
c) o | o R(16/18)
0.035
O=POP=0 (E = 0.0 kcal/mol)
g 0.030 a 61 1 58 1.0569
8 0025 b 91 8 88 1.0391
J: ®) a 102 4 98 1.0336
< 0.020 b 372 55 356 1.0441
0,015 a 452 22 428 1.0548
a 546 3 544 1.0046
0.010 PO; b 823(859.3) 1029  787(822.9)  1.0461 (1.0442)
0.005 ' b 1248 (1247.8) 100 1201 (1203.9) 1.0392 (1.0365)
200 @) a  1264(1253.4) 112 1218(1207.5) 1.0385 (1.0380)
‘ POsP Tribridge € = 24.1 kcal/mol)
480 470 460 '
Wavenumbers (cm-1) e 355 0 342 1.0374
e 512 67 489 1.0474
Figure 3. Infrared spectra in the 48555 cnt' region for laser-ablated a’ 700 0 687 1.0182
red phosphorus and 1%,0n argon codeposited at 10 K for 1 h a" 726 354 703 1.0329
periods: (a) 1% @in argon, (b) 1% @and 0.2% CClin argon, and e 750 229 717 1.0462
(c) after annealing to 25 K. a' 860 0 826 1.0419
TABLE 6: B3LYP/6-31+G* Harmonic Frequencies (cnm3), . a5 OFrOEsaZkealimol) e
Intensities (km/mol), and %0 to 180 Isotopic Ratios for PPO 100 5 95 10440
and P,O»? a .
a 163 20 156 . 1.0437
160 180 a 239 46 233 1.0244
s , o R(16/18) a 371 74 362 1.0246
a 485 7 473 1.0253
PPO a 1101 82 1050 1.0489
7 égg S éﬁé i-gigg a 1234 105 1188 1.0393
o . a 1371 169 1329 1.0314
o 1266 (1270.3) 154 1228(1234.1)  1.0310 (1.0293) ) o
a2The relevant experimental bands from Table 4 are given in
b 432 33 onf'.lG 1.0389 parentheses for comparison.
3u .
2;“ ggg 23 ggf i'gg’gg previous work) were assigned to oxo-bridge®p(i.e., O,P—
bsy 700 0 671 1.0421 O—PO). These bands are not observed in the present experi-
by 725 104 697 1.0389 ments, but the strongest calculated bands (Table 8) are
8 870 0 828 1.0515 compatible with this assignment. The earlier stutfiésalso
aThe relevant experimental bands from Table 4 are given in produced a species X (seg Figure 1) absorb',ng at 1450.0 and
parentheses for comparison. 1007.9 cn1!, which was attributed to structural isomers of oxo-

bridged BOg4; these bands are observed here at 1449.5 and

in-plane bending mode of RO, which is computed to be a  1007.5 cn', and they increase markedly on annealing (Figure
strong transition and have a frequency very similar to that of 1).
the @'" band. The question naturally arises of whether tie a Sharp absorptions observed here at 1473.2, 1158.2, 735.1,
and ¢é bands are strongly overlapped. While the band at 480.2 and 479.4 cm' (labeled!) increased markedlyq4) on annealing
cmLis definitely two overlapped bands, one grows on annealing to 25 K. These bands were assigned i@fafter formation in
and the other is the photosensitive band that we assign$o0.PO six different phosphorus/oxygen experimeht4;1® The most
Given their different behaviors, it is difficult to assign these important diagnostic evidence is the triplet of triplets first
two components of the 480.2 crhband to the same molecule. reported for the 1158.1 crh band using statistical isotopic
Thus, we see no evidence supporting the idea thattharad oxygen! This clearly indicates two equivalent P@roups each
€ bands are strongly overlapped. with equivalent oxygen atoms. Furthermore, the 1473.2 and

The band at 1218.0 cnhis due to PO, and the B3LYP results  1158.1 cn1! bands show 16/18 isotopic ratios for antisymmetric
are in good agreement; see Tables 4 and 5. The band at 1270.and symmetric PO stretching modes in a phosphoryl subgroup.
cm~1 with an isotopic ratio of 1.0293 is in very good agreement The current FOs B3LYP calculations (see Table 9) and the
with the B3LYP results (1266 cmt and 1.0310) for the PO older HF/6-21G* calculations of Lohfind a C, structure with
stretch in the linear PPO species, which is also computed toinequivalent O atoms and a splitting in the strong antisymmetric
have a large intensity; see Table 6. O—P—0 stretching mode. Furthermore, both calculations predict

We do not see any indication of;®, (planar with Doy the strongest band, the antisymmetrie®—P stretching mode,
symmetry), which is computed to have a strong band at 724 in the 906-1000 cnv? region; no such band is observed in the
cm™'; see Table 6. However, the bands at 1253.4, 1247.8, andspectrum. Therefore, the calculations cast doubt on the earlier
859.3 cnt! should be assigned, as previously sugge%ted, P,Os assignment.
the O=P—O—P=0 isomer of BOs, which is the most stable The next best possibility is £PQ, the Dy form of
of the BO3 isomers studied; compare the results in Tables 4 symmetrical RO4. The strongest band (e) calculated at 1432
and 7. We do not see any evidence for the higher energgy O cm~! with a 1.0309 16/18 ratio is appropriate for the antisym-
PPO isomer. metric PQ mode and the 1106 cri band for the out-of-phase

In previous B oxidation experiments from this laboratd&/:8 symmetric PQ mode. The computed 16/18 ratios are in good
bands at 1438.4, 1168.1, and 955.4 ¢trlabeled Y in the agreement with those determined experimentally. Scale factors
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TABLE 8: B3LYP/6-31+G* Harmonic Frequencies (cnT?),
Intensities (km/mol), and 1O to 180 Isotopic Ratios for
P04

TABLE 9: B3LYP/6-31+G* Harmonic Frequencies (cnt?),
Intensities (km/mol), and 10 to 80 Isotopic Ratios for P,Os

160 180
%0 180 P | w R(16/18)
® ! ® R(16/18) 0,POPQ (E = 0 keal/mol)
O,POPO TransK = 0.0 kcal/mol) a 56 0 53 1.0608
a 28 1 27 1.0596 b 61 3 57 1.0659
a 81 0 77 1.0535 a 103 1 98 1.0540
a 118 6 114 1.0346 a 306 7 291 1.0529
a 340 8 328 1.0365 b 336 13 323 1.0396
a 382 119 367 1.0414 a 379 13 371 1.0235
a 419 38 402 1.0427 b 421 69 407 1.0344
a 481 16 462 1.0416 b 428 160 410 1.0431
a 613 42 597 1.0256 a 487 2 467 1.0434
a 868 635 826 1.0504 a 671 48 647 1.0364
a 1139 175 1088 1.0465 b 938 490 889 1.0551
a 1270 90 1222 1.0389 b 1129 317 1076 1.0493
a 1429 175 1387 1.0304 a 1158 21 1105 1.0472
T b 1445 136 1401 1.0313
a 20 OZPOPOﬁBE %g kcal/mol) 10339 a 1453 174 1409 1.0308
a 98 1 93 1.0538 O,POPO E = 3.9 kcal/mol)
a 108 6 103 1.0536 b, 88 5 84 1.0391
a 284 15 271 1.0473 by 102 4 96 1.0604
a 359 39 348 1.0325 & 245 0 231 1.0608
a 412 50 403 1.0240 & 315 2 300 1.0495
a 461 67 442 1.0446 b, 323 5 314 1.0290
a 642 153 619 1.0371 b, 368 54 356 1.0333
a 882 516 839 1.0520 by 447 51 429 1.0415
a 1143 239 1093 1.0451 b, 456 39 432 1.0542
a 1285 81 1237 1.0388 & 512 299 501 1.0235
a 1423 177 1381 1.0304 & 589 120 559 1.0534
O,PPQ Dy (E = 24.5 kcal/imol) 2 970 40 915 1.0598
by 35 0 33 1.0608 b, 1082 148 1046 1.0350
e 143 26 136 1.0525 & 1126 154 1072 1.0506
a 250 0 238 1.0495 & 1418 220 1376 1.0304
e 343 42 337 1.0197 b, 1443 182 1402 1.0299
b, 422 (479.4) 188 407 (459.1) 1.0370 (1.0442) OPQPO € = 15.0 kcal/mol)
& 541 0 528 1.0230 e 240 22 227 1.0578
b, 1106 (1158.1) 147 1051 (1105.5) 1.0522 (1.0476) e’ 267 0 264 1.0131
& 1138 0 1085 1.0481 e’ 409 0 386 1.0602
e 1432 (1473.1) 279 1389 (1431.1) 1.0309 (1.0293) e 585 96 556 1.0507
aThe relevant experi_mental bands from Table 4 are given in 2;,, gg? 23% %gzé 11%:;%%
parentheses for comparison. o 869 459 837 1.0381
a' 880 0 830 1.0607
that bring the B3LYP frequencies for these two modes into &' 1358 442 1312 1.0349
agreement with experiment, 1.029 and 1.047, are comparable. &’ 1438 0 1401 1.0271

The gomputed band at 422 cinis cqnsstent with the TABLE 10: B3LYP/6-31+G* Harmonic Frequencies (cnt?l),
experimental band at 479.4 ci but the differences bletween Intensities (km/mol), and 10 to 0 Isotopic Ratios for

the B3LYP and experiment are slightly larger than for the other p,0,4?
two bands. The @PPQ form of POy is 24.5 kcal/mol above

1

the QGPOPO form, but the formation process probably has more © | 0 R(16/18
to do with the approach geometry of the reactants than with @ @ ( )
the relative energetics of the two isomers ofOR This e 238 0 225 1.0556
reassignment requires that the 735.1thand be due to another 1 gg% 52 33# 1'8333?33
species, which grows on annealing in this reactive system. This ez 320 0 307 1.0422
absorption position and isotopic ratio are characteristic of the  , 387 0 381 1.0165
PGsP tribridge (Table 7). t2 392 (412) 77 383 1.0248

Finally, note the agreement between the B3LYP-calculated & 523 0 508 1.0303
frequencies and the five strongest bands assignedQg h ;21 ggi 677) 2(? gfg 11'(?53;07
solid argoﬁ“ (1408, 1026, 767, 577, and 412 Cﬁ'l Agaln the t 733 (767) 432 716 1.0238
calculated frequencies (see Table 10) must be scaled upward t, 794 0 767 1.0342
(in contrast to HF calculations) with scale factors 1.026, 1.050, e 798 0 780 1.0229
1.046, 1.053, and 1.051 for these infrared bands. The size of :2 13;2 (é%g)) ﬂgg 1%19; 11-%3;(;%
these scale factors is consistent with those found f&tRO). ;1 1409 0 1366 1.0313

Since bands associated with Bre clearly seen in these
experiments, we have also considerg®Rnd RO, which are
possible products of the reaction of \With oxygen. The results
of these calculations are summarized in Tables 11 and 12. Wenot found any definitive evidence of these species in the present
have considered several structures for each system, but we havexperimental spectra.

aThe experimental values (McCluskey and Andr&yvare given in
parentheses for comparison.



Products of the Reaction of P and O

TABLE 11: B3LYP/6-31+G* Harmonic Frequencies (cnt?),

Intensities (km/mol), and %0 to '8O Isotopic Ratios for
Species with Three P Atoms

160 180
) I ) R(16/18)
PO Rhombus = 0.0 kcal/mol)
by 162 0 157 1.0307
b, 368 13 368 1.0000
a 409 3 405 1.0109
a 533 6 533 1.0003
b, 641 18 615 1.0413
a 730 67 792 1.0395
O=PR, (E = 13.1 kcal/mol)

by 208 9 204 1.0189
b, 257 12 249 1.0294
a 328 3 327 1.0045
b, 490 4 490 1.0010
a 555 11 548 1.0125
& 1254 171 1213 1.0336

TABLE 12: B3LYP/6-31+G* Harmonic Frequencies (cnt?),

Intensities (km/mol), and %O to 80 Isotopic Ratios for
Species with Four P Atoms and Zero or One Oxygeh

180

%0
10} | w R(16/18)
Py
e 365 0
t2 461 (465.8) 5
a 604
P,O (Ring) E = 0.0 kcal/mol)

& 207 0 207 1.0000
by 297 6 286 1.0394
b, 313 2 312 1.0007
a 426 5 418 1.0183
a 458 14 454 1.0074
a 521 5 521 1.0002
b, 550 9 550 1.0001
a 620 39 604 1.0266
b, 768 25 734 1.0462

P,O (Edge) E = 12.7 kcal/mol)
b; 315 6 303 1.0386
a 327 0 325 1.0053
& 336 0 336 1.0000
by 412 5 411 1.0001
a 421 1 418 1.0073
b, 441 9 441 1.0002
a 537 6 537 1.0007
b, 637 35 612 1.0400
a 717 68 690 1.0394

O=PB; (E = 29.0 kcal/mol)

e 228 26 222 1.0291
e 323 0 323 1.0000
a 397 0 393 1.0110
e 496 18 496 1.0008
a 548 0 543 1.0085
a 1221 183 1182 1.0330

aThe relevant experimental bands from Table 4 are given in

parentheses for comparison.

V. Conclusions
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transition is correctly assigned as g — X2A,’' band system

of PGs. The new experimental work does not show any infrared
evidence for P@ but we are able to identify bands associated
with PG, PG, PO, OPOPO, and PPQ. P4 is also observed

in experiment, but we are unable to observe any evidence for
the expected products such ag®Pand RO.
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