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The phosphorescence and phosphorescence excitation spectra of phosphorus activated single crystals of potassium 
chloride have been examined at 4.2 K. The “color center” responsible for the blue emission in these samples is identified as 
PO; by isotopic substitution and optically detected magnetic resonance measurements. The observed vibrational frequencies 
of the PO, ion have been u&to compute the normal coordinates of the ground state totally symmetric modes as well as 
the valuence angle in the valence force approximation. The vibrational analysis of the phosphorescence spectrum has been 
used together with the computed ground state normal coordinate description to compute the geometlical changes associated 
with excitation to the lowest triplet state of POZ. The results for PO, arecompared with the results of similar calculations 
and measurements for other 18-electron ABz type molecules of the isoelectronic sequence POT, SOz, NO; and 0,. 

1. Introduction 

The optical and vibrational spectra of small molec- 
ular ions trapped substitutionally in alkali halide 
lattices have been an area of active research for the 
last fifty years. The reasons for this intense interest 
are undoubtedly numerous and varied but include 
principally the following: (1) alkali halide crystals 
are produced easily with high purity and good 
mechanical and optical qualities; (2) several molecular 
ions, normally unstable or extremely reactive, may be 
isolated for spectroscopic investigation in alkali 
halide lattices where they are evidently stabilized by 
the crystal field; (3) considerable information may 

be obtained about the impurity ion and the details 
of its interaction with the lattice from the analysis 
of these spectra. 

Considering the extensive literature on the subject 
of the spectroscopy of molecular ions in alkali 
halide lattices, it is perhaps surprising that a recent 
review [ 11 lists only a dozen molecular ion centers 
for which spectra have been obtained and analyzed 
in detail. Of the molecular ions which have been stud- 
ied, most are simple diatomics of which 0, is perhaps 

the most extensively investigated example [2-34]_ 
Far fewer triatomic ions have been investigated and 
of these the literature is most extensive For NOT 

[35-621. There are only several examples of tetra- 
atomic centers [46,63] and, without exception, the 
experimental data available is preliminary and lacking 
in detail. 

The spectra of molecular ions in alkali halide lat- 
tices exhibit several features essentially unique to this 

type of sample. Of these features, two are of parti- 
cular interest in the present study: the unusually 
large magnitude of electron-phonon coupling [IO] 

and the property of photo-reorientation [3,5,17]. 
Both of these topics are discussed in detail in a sub- 
sequent article (part III): 

This investigation was originally undertaken in 
an attempt to apply the methods of optically detect- 
ed magnetic resonance (ODMR) [64-711 to the 
study of “color centers” in ionic lattices. It is 
immediately apparent from even a cursory examina- 
tion of the literature on “color centers” that as fate as 
1950 optical methods of spectroscopy alone had 
produced relatively little advance upon Pohl’s original 
investigations [72-751. The application of ESR spec- 
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troscopy to the identification and characterization 2. Experimental 
of “color centers” during the decade of the sixties 
produced far greater advances in the field than had Single crystal samples of phosphorus activated 
been achieved in the preceding half century. Subse- potassium chloride, yielding essentially identical 
quently, ESR spectroscopy has proved of extraordi- spectroscopic results, were prepared by two different 
nary value in the study of molecular ion “centers” in techniques. In the first procedure, that due to 
alkali halide lattices, as exemplified best by Kanzig’s Plachenov [61,62], big11 purity alkali halide together 
investigation of the 02 center [3,9,15]. with about 0.1% by weight of red phosphorus was 

In view of the success of ESR as a technique for sealed under vacuum In a vitreous silica tube. The 
the study.of the ground state dynamics of “color sample tube was then lowered at a rate of approximate- 
centers” and molecular ions in alkali halide lattices, ly I cm/b through a high temperature Bridgman furnace. 
it does not seem unreasonable to hope that optically In this manner large single crystals of phosphorus 
detected magnetic resonance cou!d be equally success- activated alkali halide were obtained. Considerable 
ful in the study of the electronically excited (para- etching of the fused silica tube by the phosphorus at 
magnetic) states of such centers_ In 1973 Marrone et al. elevated temperatures was apparent. 
[22] and Wasiela et al. [23] successfully used high In the second method, single crystals of high purity 
field optically detected magnetic resonance in the potassium chloride, prepared in fused silica tubes 
study of self-trapped esciton states in KBr by moni- under vacuum by the Bridgman method, were sealed 
toring reconlbindnt emission from the triplet state of in a fused silica tube together with a small amount of 
Br; centers. red phosphorus [46] _ The tube was then heated for a 

The recent-reports [58-621 of a new molecular period of 36-48 hours at 725 C. Upon cooling to room 
ion center formed in alkali halide lattices by heating temperature, the crystals were found to be phosphorus 
in phosphorus vapori suggested an interesting further activated with the activation confined to a depth of 
application for the ODMR technique. This study was about 1 mm below the exposed crystal surface. 
brought to a successful conclusion in that the chemi- Oxygen-l 8 enriched crystals were prepared by a two 
cal identity of the center was established, the approx- step modification of the above procedures. High purity 
imate geometrical details of tfie ion obtained, the potassium chloride was fully out-gassed under high 
orientation of the molecular axes in the alkali halide vacuum. The outgassed salt was held in the molten phase 
Iattice determined, and the magnetic resonance fiie for 1 11 under a 40 mm pressure of 95 atom 5% HZ’“0 
structure and hyperfine structure parameters mea- . and then allowed to crystallize over a period of about 
sured. Additionally, certain dynamical properties of 30 min. The crystalline material prepared in this manner 
the center were observed which have been fully was found to exhibit the yellow emission characteristic 
characterized. The total of this work is reported in of 02 ion. Vibrational analysis of the emission spec- 
three parts, of which this is the first and deals solely trum obtained at 5 K showed only (180); ion to be 
with the details of the spectroscopic analysis. Part II present. Material prepared in this fashion was then ac- 
is concerned with the ODMR investigation and part III tivated with phosphorus by the vapor activation process 
with the analysis of photo-reorientation of PO, centers. described above. 
Some aspects of tile ODMR study which supp&t the Crystals selected for study were cleaved parallel to 
spectroscopic analysis are introduced in the present the principal cleavage directions of the cubic lattice, 
paper, with detailed discussion deferred to part II. mounted in a slow wave microwave helix attached to 

The spectroscopic investigation consists of a vibron- the end of a length of semi-rigid cryogenic coaxial cable 
ic analysis of PO, phosphorescence in KC1 at 4.2 K, and cooled to the working temperature by either a 1 
assignment of the three normal modes of vibration in atm helium exchange gas or direct Immersion in super- 
the ground electronic state, determination of the polar- fluid liquid helium_ Phosphorescence was excited by 
izatidn of the absorption and emission spectra of the the output of a 1 Kw Xenon arc lamp monochromated 
center, assignment of the orbital symmetry of the first by a one-half meter McPherson-GCA scanning mono- 
triplet and frost singlet excited states, and an approx- chromator with a first order resolving power of about 
imate assessment of the geometry of the first excited 60 000 .The phosphorescenceexcitation spectra were 
triplet state.. 
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Figi 1.7510 hiHz and 2930 MHz phosphorescence microwave double resonance (PMDR) spectra, phosphorescence spectrum and 
phosphorescence excitation spectrum of phosphxus activated potassium chloride single crystal at 4.2 K. 

recorded using this instrument with an 8 A band- 

pass. Phosphorescence spectra were recorded in the 
first order of an f/8.7 Jarred-Ash Czemy-Turner 
scanning monochromator with about 120 000 resolv- 
ing power using a 1 W bandpass. 

The source of frequency swept microwave radiation 
employed for the phosphorescence microwave double 
resonance spectra was a Hewlett-Packard 8690B 
sweeper and associated plug-in modules. Lifetime 
measurements were made using the doubled 5900 A 
output from a pulsed chromath CMX4 dye laser. 
Decay curves for the lifetime measurements were 
averaged with a Northern NS575 CAT. 

3. Results 

The phosphorescence spectrum obtained from 
phosphorus activated potassium chloride crystals has 
been published previously by Avarmaa [59] and by 
ourselves [60] and is reproduced in figs. 1 and 2 to- 
gether with two PMDR spectra obtained by amplitude 
modulation of microwave power resonant with the 
triplet zero-field resonances observed at 2930 MHz 
and 7510 MHz. An additional weak feature observed 
102 cm-’ to higher energy of the emission origin is 
due to phosphorescence from an additional site of un- 
known structure. Emission from this site is enhanced 
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Fig. 3. Curve (a): logarithmic plot of the phosphorescence 
intensity decay cf phosphorus activated KC1 at 4.2 K. Curve 

L! .A. 
. . . < (C)T logarithmic plot of the decay of microwave induced 

delayed phosphorescence (MIDP) intensity_ Curve (II): loga- 

! rithmic pIot of the hllDP envelope. 
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t ry. ?. Phorphorcrrroce spectrum of a phosphorus activated 
p?lsruum chloride single crystal containing only (‘8O); 
Wiqr. 

I 
by doping with a large excess of phosphorus and is 
rhvnl al low phosphorus levels. The vibronic analysis 
uf Ihe emission from this site is substantiaIty the 
ume 3s that for emission from the dominant site. 

ll~c results of time resolved experiments are shown 
in figs. 3 and 4. Curve (a) of fig. 3 is a logarithmic =^* 
plot of the decay of the phosphorescence intensity sub- 
squcnt zo pulsed laser excitation at 4.2 K. The graph- 
ical decomposition of the decay curve illustrated in the 

T 

figure yields spin-orbital state lifetimes in good agree- 
: 
z 

ment with those obtained by microwave induced de- t 

byed phosphorescence (MIDP)- Curves (b) and (c) z 

of fig. 3 are logarithmic plots of the MIDP intensity 2 
versus time obtained pumping the 2930 MHz zero-field u” 

transition subsequent to pulsed laser excitation and 2 

decay of the short lived component of curve (a). % 

The experimental methods used to obtain this 
8 
FE 

data have been discussed in detail previously by several 
authors [64,65]. Curve (b) is a logarithmic plot of the 
envelope of the MIDP peaks obtained at different de- 
hys. Curve (c) is a logarithmic plot of the decay of an 
individual delayed MIDP peak. Curves (b) and (c) are 
the limiting slopes of the composite decay curve 
shown in curve (a) and yield the lifetimes of the indi- 
vidual spin-orbital states. The experimental MIDP data 

Fig. 4.4580 hfHr and 2930 MHz MIDP envelopes. 

Time (msd 



S.J. Hmrer er al./ODMR studies of PO; in potassium chloride. I 

- Central *tom MOleCUlaC 
Orbit& Orbital5 

213 

Orypn Group 
Orbitals 

Fig. 5. Comparison of the low temperature phosphorescence 
spectra of SO2 (polycrystalline) and PO; (in KU). 

is shown in fig. 4 for both the 4580 MHz and the 2930 
MHz transitions. 

4. Discussion 
Fig. 6. Schematic representation of the one-electron ti and T 
molecular orbit& of an AB2 molecule or ion with 18 valence 

electrons. 

4.1. Electronic tramitions 

The emission spectrum of phosphorus activated. 
of the diagram are the two central atom atomic orbitals: 
a p, and an spz hybrid orbital. The molecular orbit& 

potassium chIoride crystals at liquid helium tempera- of the AB2 triatomic are obtained by mixing the central 

tures consists of two progressions with vibrational atom atomic orbitals with oxygen group orbitals of 
intervals of 501 cm-l and 1097 cm-l. The general the appropriate symmetry. Thus, the a, u-type group 
appearance of the vibrational envelope is that of a orbital is mixed with the al spi atomic hybrid orbital 
Franck-Condon forbidden transition and bears a to generate the atul bonding and u3 anti-bonding 
marked similarity to the em&ion spectrum of SO,. orbitals. In a similar fashion, the b, pgroup orbital 
(see fig. 5). Largely on the strength of this similarity, is mixed with the b, p, atomic orbital to yield the 
it has been suggested that the impurity center respons- b, x0 bonding and the 7r2 anti-bonding orbitals. The 
ible for emission in phosphorus activated alkali a2 n-type pnd b2 u-type group orbit& do not mix with 
halides is the molecular ion POT, which, although it the central atom atomic orbitals and are, therefore, 
is isoelectronic with both SO2 and NO%, is a previous- essentially non-bonding orbitals with’respect to the 
ly unobserved species. AB bond. 

The long wavelength valence electron transition of The energy of as, the highest filIed orbital of the 
an I&electron AB, triatomic molecule may be dis- IS-electron configuration, increases rapidly with bond 
cussed with the aid of the schematic molecular or- angle as does the energy of the n2 orbital, although less 
bital energy level diagram shown in fig. 6, which has rapidly. Therefore, the u3 -+ nz transition is expected 
been constructed in the following manner. A set of to be accompanied by a large increase in the OPO 
four group orbitals constructed from the in-phase and bond angle as pointed out by Walsh (761 and Mull&en 

out-of-phase oxygen p, and p, atomic orbit& is [77]. The three long waveIength electronic excitations. 

illustrated on the right of the diagram. On the left side of this configuration are illustrated in fig. 6. Of these 
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ty (A,) 
cr7 + rr,, ‘A? + ‘AI transition is evidently too weak _ . _ 
to be observed in absorption in dilute crystals as are 
the spin-forbidden transitions_ 

Fig. 7. Spinabital energy level digmm for the lowest triplet 

(Bt) of PO; indicating the approximate relative steady state 

spin populations at 4.2 K and alloned electric dipole transi- 

tions. 

. 
transrttons, 0nIy the 7r1 + a,, 

a3 -, 7r2, ‘B, 

‘Bz + ‘A, and the 
+ IA, transit&s are electric dipole al- 

lowed and of these two only t!ie former is expected 
to have appreciable electric dipole intensity, due to 
the intrinsic overlap forbiddeness of a u -+ ‘IT transition. 
Not illustrated in fig. 6, but of importance to a com- 
plete analysis of the phosphorescence spectrum, is 
the intense a,, + rr,) IAl + *Al transition which is ex- 
Petted to lie to sl&tcr wavelengths of 2000 A. 

The room temperature absorption spectrum of single 
crystals of phosphorus activated potassium chloride 
exhibits only a single broad absqrption maximum at 
approximately 2900 A corresponding to the a3 + rr2, 
‘Bt + ‘Al transition This transition may be observed 
in greater detail in the Iow temperature phosphores- 
cence excitation spectrum illustrated in fig. I _ Only a 
single vibrational progression was observed with an 
interval of 840 cm-l which is most probably associat- 
ed with the bending mode of the *BI state. Other . 

workers [58,59] have reported an additional vibra- 
tional interval of 363 cm-’ in the excitation spectrum 
which we were unable to observe, even though the 
resoiving power of the excitation monochromator was 
we11 within the bandwidth of the observed vibrational 
structure. The electronic origin of the ‘9, 6 *A, transi- 
tion taken as the maximum of the first peak in the 
vibrational envelope is at 33 300 em-* _ 

The intense rrl + rr2; ’ B2 ‘4 ‘A, transition evidently 
lies to shorter waveIengths of 2000 A in PO-, as it 
also does in SO, and NOT. The vibrationally allowed 

According to the above discussion, the lowest triplet 
.state of an ABZ 1 S-electron molecule or ion would be 
of orbital symmetry B,. The individual spin-orbital 
states illustrated in fig. 7 are, therefore, A, fr,,), 
A?(T,) and By. The three spin-orbital states of 
the triplet manifold gain transition dipole intensity 
to the ground state by direct or vibronic spin-orbit 
coupling mechanisms with one of the three lowest 
lying allowed singlet states. These are, in order of in- 
creasing energy, the *B, , ’ Bz and IA, states and the 
principa1 direct spin-orbit (H,) or vibronic spin- 
orbit (H,,) coupling matrix elements between these 
singlet states and the individual spin-orbital states 
of 3B, are: 

~‘~~lH,l~,~--~~,li~l~~~~~, (la) 

(‘A, If&IA,)+ (p$@v)_+,B> (lb) 

(lB,I~vsolAZ)~(~zlisI~~~u. UC) 

The atomic matrix elements listed above were obtained 
by expanding the molecular spin-orbit coupling 
matrix elements in terms of the one-electron atomic 
spin-orbit coupling matris elements and retaining on- 
ly the one center terms. &, iY and iz refer to the 
active components of the spin-orbit coupling opera- 
tor, and the subscripts A and B designate the atomic 
centers of the matrix elements. 

In general, we expect the magnitude of the vibronic 
spin-orbit couphng matrix element (lc) to be several 
orders of magnitude Less than that of the direct spin- 
orbit coupling matri.. elements [(la) and (1 b)] _ Since 
the ‘A, state of POT, by analogy to SO, and NO,, 
is espected to be considerably higher in energy than 
the 1B2 state, we expect matrix element (la) to be of 
greater importance in radiative decay of 3B, than (Ib). 
Thus, rz is predicted to be tfte most radiative spin-- 
orbital state and emission from the 3B, state should 
be dominantly y-axis Polarized. This conclusion is 
supported by Zeernan effect and optical polarization 
measurements on the emission of NO?. It is of in- 
terest that the phosphorescence lifetimes of PO; (2 
ms), SO, (2.4 ms) and NO, (3.1 ms) are very nearly 
identical, although the atomic spin-orbit coupling of 
phosphorus and sulfur are approximately 30 times 
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greater than that of nitrogen. This behavior supports fective in producing radiative decay to the ground elec- 
the conclusion that the radiative decay of 3B, is tronic state. 
dominated by matrix element (la), which is localized The vibronic spin-orbit coupling mechanism ap- 
on the oxygen atoms. Finally, we note that the pears to be also of considerable importance in the 
fluorescence to phosphorescence quantum yield ratio 3B, (T,) + tA, absorption of SO, vapor and NaN02 
QP/&, is zero for PO, and approximately 50 for NO,, solid. In the SO, spectrum the V3(b2) vibronic origin 
indicating that the intersystem crossing rate depends is observed with intensity comparable to that of the 
upon spin-orbit coupling matrix elements on the electronic origin. Van der Waals [78] has suggested 
central atom to some extent. that, in the case of SO,, the vibronic spin-orbit 

coupling mechanism may be of increased importance 
4.X PMDR ami lifetime measurements because of the relatively low energy of the coupled 

‘B, state. Tinti [48] has observed the activity of 
Monitoring the most intense zero-phonon band at u&) in the low temperature phosphorescence 

approximalely 4090 A (see fig. I), two moderately PMDR spectrum of SO2 solid and identified the 
strong ODMR signals were observed at 2930 MHz and spin-orbital state origin as either ?r or I-_,._ 
4580 MHz, both corresponding to an increase in The lifetimesof the individual spin states were ob- 
phosphorescence intensity_ A third, much weaker tained by the method of microwave induced delayed 
resonance signal could be observed at 7510 MHz phosphorescence by exciting the 2930 MHz and 4580 
either by simultaneously pumping (EEDOR) the 2930 MHz resonances. The experimental decay curves are 
MHz resonance or by monitoring the total phospltores- shown in fig_. 4. The logarithms of the peak MlDP 
cence intensity_ intensity are plotted versus delay time in fig. 3 

The PMDR spectra illustrated in fig. 1 are useful in and yield lifetimes of r = z-v = 90 ms and r- = 2 ms. 
confirming the details of the vibrational assignments These results are in ap&oximate agreement Ath those 
and spin-orbital state origins of phosphorescence. obtained by Avarmaa [58] from a graphical decomposi- 
The 4.580 MHz PMDR which is not illustrated is tion of the low temperature total phosphorescence 
similar in its appearance to the 2930 MHz PMDR. decay, curve (a) in fig. 3. The above observations are 
Both spectra correspond to an increase in intensity consistent with the relative spin-orbital energy level 
with microwave power, consistent with the relative and dipole activity scheme depicted in fig. 7. 
population distributions illustrated in fig 7, if it is 
assumed that, in agreement with theory, the most 4.3. Vibmtional arlalysis 
active spin state is 1; _ 

The 7510 MHz spectrum selects the two relatively Since no salts of the PO? anion are knov&, the 
dipole inactive spin-orbital states rX and r_,,, and its P-O bond length and the OPO angle in the electronic 
interpretation presents an apparent dilemma_ A change ground state are not available from crystal structure 
in sign of the signal occurs at the u3(b2) vibronic origin data, and we have attempted to obtain structural 
which can best be rationalized by assuming that one information from the observed nomtal mode frequen- 
of the two resonant spin-orbital states decays by 3 ties assuming a valence force field model. Additionally, 
vibronic spin-orbit coupling mechanism, while the we have calculated the structure of the ion in the 

other decays via a direct spin-orbit coupling mechan- lowest triplet electronic excited state by a quantitative 

ism. By examination of matrix elements (1 b) and (lc), application of the Franck-Condon principle to the ob- 
we may conclude that rX decays principally by the served vibronic intensity distributions in the electronic 
vibronic mechanism, whereas T,, decays predominantly emission spectrum. 
by a direct spin-orbit coupling meclumism. The rela- A complete calculation of the ground and excited 
tive magnitudes of the positive and-negative signal state geometries from the vibrational analysis of the 
excursions in the 7510 MHz PMDR require the matrix infrared and electronic spectra was not possible, due 
elements (lc) and (lb) to be of comparable magnitude, to the incomplete set of natural and isotopic normal 
whereas it is usually anticipated that the vibronic meclt- mode frequencies obtained. We have available from our 
anism should be several orders of magnitude less ef- work and that of others, the vibrational frequencies of 
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Table 1 

----- _____ ____________~ 

PO; 802 NO; 03 
- 

CenrraI atom 
electronqativity 1791 2.19 2.58 3.04 3.44 

- 
‘Ba (cm-‘) - 41413 [SO] ~48780 [Sl] - 

01 _ 963 1801 - - 
377 [SO] - u2 - 

v= - 
-_I 

‘A2 - -35700 [SZI. ==33300 18 I] _ 
‘Bl 33051 1591 29622 1801 25977 [831 - 

Ul. 840 764 1801 1018 I401 - 

u2 363 [591 317.5 [SO] 632 [401 -. 
u3 813 [SO] 

2An to) _ _ 9 [84] 1 
3Br (cm-‘) 24924 26385 (471 18959 [401 10000 [SOI 

“I - 918 1471 1124 1401 _ 
“2 400 (591 382 [47] 644 [401 566.7 [SO] 
v3 1170 [4Oj - 

2Aa e, 7.3 7.8 [47] 14 1401 - 
AAB (X) 0.065 0.042 [47] - - 
‘Ar (cm-z) 

“1 1097 1147 !471 132.5 1401 1110 [84] 
VZ 501 521 1471 831 1041 70.5 1841 

V3 1207 1330 1471 1243 I401 1042 184) 
2a (? [WI (110) a) 119.5 (120) 116 117 
GAB (A) 1841 1.65 1.432 1.23 1.276 

____________________-__-~_-.-. -. 

a) Values in parentheses are computed using the valence force potential. 

the POT ion in the ground state (‘Al). Additionally, 
we have available the frequencies of the two ground 
state totally symmetric modes of the isotopically 
substituted species [P160180]-. The totally symmetric 
bending frequency of the 3 B, state and of the first ’ B, 
state have also been reported [591. 

Using only the frequencies of the normal modes of 
the naturahy abundant isotope it is possibie to cal- 
culate a theoretical value of the OPO bond angle as well 
as the potential energy constants in the valence force 
potential: 2V= kI$ + (,$/R@$_ The results are 
20 = 109.6”,k, = 8.124X 105 g se2 and X-,/I2 = 
0.807 X lo5 g sm2_ The valence force model has been 
quite successful in predicting the bond angle in other 
isoelectronic AB2 type molecules as demonstrated in 
table 1, and we feel reasonably confident in its use 
to compute a value of the bond angle for POT. For the 
purposes of calculating the excited state geometry of 
the PO, ion from the vibrational analysis of the phos- 

phorescence spectrum, we have adopted the procedure 

employed by Coon et al. [SS] in a similar calculation 
for SO,. We define symmetry coordinates for the 
totally symmetric deformations of PO: as: 

s, = m0, s, = 2R,A8, (2) 

where R, is the equilibrium P-O bond length and A0 
is the change in the OPO bond angle. The symmetry 
coordinates are related to the ground state normal co- 
ordinates of the symmetric stretching and bending 
modes Qr and Q2, respectively, by the coordinate 
transformation: 

S=LQ, (3) 

where S and Q are two component column vectors and 
L is a 2 X 2 matrix whose elements are obtained from 

the observed eigenfrequencies, the equilibrium OPO 
bond angle and the valence force potential constants, 
upon solving a two dimensional secular determizzant. 
The relative contribution of each symmetry coordinate 
to the normal modes QI and Q2 are obtained from the 
relation: 
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three lines of adequate intensity were available and, 
although this is sufficient for an algebraic determina- 
tion of the parameters, no check on their accuracy 
was possible. The bending mode, however, furnished 

five usable lines and these were fit to 4% precision by 
variation of fl and y. The normal coordinate displace- 
ments obtained by this procedure are: 

d, = 0.258 x lo-‘0 _g’j2 cm, 

d2 = 0.576 X lo-*O gu* cm. 

Q= L-‘S. (4) 

ThWi: 

Q, = (0.4271 S1 - 0.0278 S2)X IO-*‘, 

Q? = (0.3461 St + 0.5291 S2) X 10-l l. (5) 

The normal mode Q2 is seen to consist of approximate- 
ly equal amounts of the S, and SZ symmetry coor- 
dinates, while the normal mode Q1 is acc%ately de- 
scribed by the S, stretching symmetry coordmate 
alone. 

Using the results from the normal coordinate 
analysis we may determine the approximate geometry 
of the first triplet electronic excited state of POT. In 
order to obtain accurate relative intensity measure- 
ments of the zero-phonon lines, it was necessary 
to correct the spectrum shown in fig. 1 for wavelength 
variations in the response of the detection system. 
This was accomplished by using a standard 200 W 
quartz-halogen lamp of known spectral irradiance 
[86]. We then obtain from the observed intensity dis- 
tributions in the vibrational progressions of the crystal 

phosphorescence spectrum the normal coordinate 
dispIacements d, and d2 between the ground and first 

excited triplet state by a quantitative application 
of the Franck-Condon principle. In this calculation, 
we assume that the normal coordinates of the ground 
and excited electronic states remain parallel. At 4.2 K 
emission occurs from the lowest vibrational level of 
the excited state and we may write: 

m, o>& . lcc$Jl@;)12’ 
(6) 

where i represents the normal mode under considera- 
tion, 0 designates the vibrational level of the ground 
state, and & is the vibrational wavefunction of the 
fzth level. Equations for the individual vibrational over- 
lap integrals can be generated using the general for- 
mula available in the literature. The overlap integrals 
are dependent upon two parameters, 

pi = UT[Viv Ti = (47t2V;C/ftjv2di, (7) 

where vi’ and vi are the ground and excited state 
normal mode frequencies of the ith mode, respective- 
ly, and di is the displacement of the excited state 
potential minimum relative to the ground state poten- 
tial minimum. In the case of the stretching mode, only 

The change in the PO bond length and OPO bond 
angIe upon excitation to the 3 B, state was calcukrted 
from the relation: 

S’ = LQ’ = L(Q t II), (8) 

by setting Q = 0. The results of this procedure are 

given in table 1 where they are compared with the 

results of a similar calculation for the isoelectronic 
ion NO, and molecule SO,. It should be noted that 

the sign-of the displacement is not determined in 
these experiments_ It is assumed that the change in 
bond angle associated with cl2 corresponds to an in- 

crease, as suggested by the arguments put forward by 
Walsh [76] and Mulliken [77] and summarized in the 
above discussion. 

4.4. Isorope effect 

The isotope shift of the molecular frequencies 
provides considerable information about the chemical 
and structural nature of the site. The observation (fig. 2) 
of an isotope splitting of the phosphorescence lines in 
crystals enriched with l8 0 confirms the participation 
of oxygen in the formation of the impurity center. 
The. exact mechanism of formation of the POT center 
is uncertain. It seems probable that reaction occurs 
between crystal 0, centers and atomic phosphorus in 
situ at elevated temperatures only slightly below the 
melting point of potassium chloride. However, when 
crystals containing only (“0)~ centers were heated 
in phosphorus vapors in evacuated silica tubes, the 
emission spectrum obtained showed considerable con- 
tamination by 160. The only apparent source of 
the naturally abundant isotope is the vitreous silica 
tube used to activate the samples. Since, in the prepa- 
ration of the (‘*O)y doped potassium chloride crys- 

tals no exchange with the silica was observed, the pro- 
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Table 2 
Vibronic analysis 

---___-.-_-__ 

Assignment IP’602]- lPl*oL60]- 
-. . .-._-.. -._. ---.__-_-_--_---_~ 

I&& 23 923 cm-r (24 923) a) 
1 -1 24422 24 435 
22 23 921 23 946 

11 23 826 23 860 

31 23716 - 

23 23418 23 452 
1121 23331 ‘3 371 
24 22919 22 964 
1121 22 834 ‘2 885 
12 22 74.5 22 803 

______.___ 

a) Not observed 3s a separate line. 

cess must be activated by the presence of phosphorous 

at elevated temperatures. Therefore, we conclude 
that during the phosphorus activation process, the’ 
phosphorus vapors attack the silica, liberating active 
oxygen which is rapidly exchanged with the 0, crys- 

tal centers. Examination of the silica tubes used in 
the activation procedure revealed considerable etching, 
apparently as a result of this process. 

If during activation the ratio of isotopic concentra- 
tions is R = [I801 /[160], then the resulting ratio of 
the concentrations of the isotopically enriched ions 
(P1602)- : (P160L80)- : (P*80,)- will be 1 I 2R :R’. 
Only two isotopic species are observed in the emission 
spectra with an intensity ratio of approximately 7 : 1, 
suggesting that R = l/14. The intensity of the sym- 
metrically substituted species (P’802)- would have 
been about l/200 that of the naturally abundant iso- 
tope and below the detection limits under the condi- 
tions of the experiment. 

The ground state symmetric mode frequencies for 
the various isotopic ions were obtained from the 
vibronic analysis of the phosphorescence spectrum_ 
The frequency oTv3, theIron-totally symmetric stretch, 
was obtained accurately from the infrared spectrum of 
phosphorus activated crystals which exhibited only 
a single absorption band at 1207 cm-‘. The observed 
isotope frequency shifIs are given in tabie 2. For 
comparison with theory, the frequency ratio may be: 
compared with that calculated by means of the fol- 
lowing equation_ 

v; “$ _ (zf@ +Mp)(nf,)’ 1’2 -- __ 
vIv’ 1 1 (2flf~W,)(~f&~ - 

(9) 

The superscipt (i) stands for the isotopic molecule; 
MO and dfP are the masses of oxygen and phosphor- 

us atoms, respectively; and AM0 is the mass differ- . 
ence between I60 and “0. The equation given is 
that for the isotope product ratio of the symmetrically 
substituted C,, ion. For the aI modes, the value of 
IJ~V~/ v, v, is calculated to be 0.9167, in poor agreement 
with tne &perimental value of 0.9530. The lack of 
agreement suggests that the experimentally observed 
isotope splittiug is, in fact, that of the asymmetrically 
substituted ion. The corresponding relationship for 
the asymmetrically substituted ion is considerably 
more complicated than that for the C,, ion. However, 
since [Abf@fo]’ < 1, we may obtain to good ap- 
proximation the corresponding quantity for the asym- 
metrically substituted ion by assuming the isotope 
shifts to be half those of the symmetrically substituted 
species. The calculated value of the isotope product 
ratio for the aI modes of the asymmetrically substitut- 
ed ion of 0.9554 is then in excellent agreement with 

the experimental value. We conclude that the sym- 
metrically substituted species, as suggested previously, 
was present in’ concentration too low to be observed. 

4.5. Cornparism with other ~~lolecrcles 

There are numerous spectroscopic studies of sym- 
metrical AB2 triatomic molecules and ions which are 
isoelectronic with the I8-electron PO, structure, and 
it is of some interest to compare and contrast the 
spectroscopic results obtained for PO, with those ob- 
tained for various other 1 g-electron triatomic mole- 
cules. Such a comparison is facilitated by use of the 
well known Walsh diagram for these molecules and 
ions, which conveniently summarizes the qualitative 
aspect2 of a crude molecular orbital treatment. 

The known transition energies and geometrical 
data for the IS-electron symmetrical triatomic mole- 
cules and ions of the isoelectronic, isovalent series: 

[PO,, S02, NO;, 0x1 (10) 

are collected in table 1. Note that the B-type atoms 
are in each instance oxygen and that the various mole- 
cules and ions of this series are listed in order of in- 
creasing electronegativity of the A-type atom or, 
alternatively, in order of increasing valence orbital 
ionization energy. 

In order to rationalize the behavior of the long 
wavelength transitions of the series, we begin by noting 
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that both r:I and u2 are ahnost wholly localized on 
the oxygen atoms and, therefore, independent ener- 
getically of the character of the central atom. Con- 

verseIy, the energy of the u3 and 7r3 moIecuIar orbitals 
depends critically upon the details of the goup- 
orbital-atomic orbital interaction. 

[ill 
(121 

1131 

[I41 

This interaction is large for the CJ orbital mixing, 
due in part to the large orbital overlap. Therefore, the 

energy of the u3 orbital is determined principally by 
the off-diagonal resonance-type matrix elements of 
the secular determinant, which are greatest when the 
difference in electronegativity between the central 
atom and oxygen is least. Thus, o3 lies highest in ener- 
gy for 0, and lowest for PO?. 

The energy of the rr2 molecular orbital is determin- 
ed principally by the diagonal or Coulomb-type matrix 
elements of the secular determinant and, therefore, 
varies inversely as the electronegativity of the central 
atom, lying highest in energy for POT and lowest for 

[ISI 

1161 

(171 

1181 

1191 

WI 

1211 

[221 
“3. 

We anticipate, on the basis of these arguments, that 

the x1 -+ n2, ‘B, + ‘A, transition is found to longer 
wavelengths in the order of the series (13). The same 
conclusion may be reached for the u3 + nZ, ‘B, + ‘A, 
transition, with the additional comment that this 
transition should shift more rapidly along the series 
than the former. These conclusions are in reasonable 
agreement with the available experimental measure- 
ment summarized in table l_ 

1731 

v41 

[=I 

WI 

[271 

1281 
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