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INTRODUCTION

“THE ultra-violet spectrum of PO was known to consist of two well-developed
B- and y-systems, the former extending from 3100-3600 A and the latter
from 2300-2800 A. Singh (1959) and Suryanarayana Rao (1958) have
analysed the rotational structure of these bands and shown that they arise
from two 2X states to a common 2IT state which is the ground state of PO
molecule. Recently, Santaram and Tiruvenganna Rao (1962) reported an
extensive band system lying in the same region as the PO y-system. About
‘the same time, we had also obtained these bands and proposed an identical
vibrational analysis independently but deferred the publication in order to
complete the rotational analysis of the bands. We photographed these
bands on a 6-6 metre concave grating spectrograph in the second and third
orders which gave a much higher dispersion and resolution than the medium
quartz instrument employed by Santaram and Tiruvenganna Rao. Studies
including the rotational analysis of some of these bands are now completed
and the results are presented in this paper.

EXPERIMENTAL

The PO bands are excited in a discharge through a few mm. of argon
and traces of oxygen in a sealed quartz tube containing phosphorus. The
quartz tube, about 10 cm. long and 15 mm. in diameter, is initially evacuated
by a high vacuum system and degassed by heating for over an hour at
600-800° C. A small amount of phosphorus is then distilled into the tube
and 1-2mm. of argor. and trace amounts of oxygen are introduced into it.
The tube is then sealed off the vacuum system. A microwave oscillator of
2450 me.[s. is used to excite the discharge. The new bands are developed
when the discharge is intense white.

'The resulting spectra are photographed in the second order of a Jarre]l-
‘Ash 3-4 metre grating spectrograph at a dispersion of 2-5 A/mm, and in
314




2X~— X?I1, Band System in PO Molecule 315

the second and third orders of 6-6 metre concave grating specirograph at
dispersions of 0-57 A/mm. and 0-38 A/mm. respectively. Kodak B-10
and 0-a-0 plates are used to photograph the bands. The new bands occur
in the same region as the PO-y bands but are comparatively weaker and
degraded towards the red. A representative spectrogram of the bands taken
on the Jarrell-Ash spectrograph is given in Fig. 1. The rotational structure
for 0-2 band photographed on the 6-6 metre concave grating spectrograph
in the third order is shown in Fig. 2.

RESULTS AND DISCUSSION

Most of the bands of the new system that lie in the region 2400-2800 A
are photographed on the 6-6 metre concave grating spectrograph. Vacuum
wave numbers of the band heads measured on these plates are given in a
Deslandres vibrational scheme in Table I. There still remain a few more
bands and these are measured on plates taken on the Jarrell-Ash 3-4 metre
grating spectrograph. These are also included in the Deslandres scheme
and are shown with an asterisk.

(¢) Vibrational Structure

The bands occur as doublets with an average separation 223-9 cm.?
which agrees well with the value known for the 2IT ground state of PO.
Further the AGy,; and wexe values for the lower state of the new bands
agree closely with corresponding ground-state values of B- and y-bands
of PO. The R; and Q, heads could be expressed by the relation

43852-43) 4 826-37 (v’ +3) — 6-96 (v’ + 1)
T 628460 — [1233-38 (v + 1) — 6:56 (0" + 3)?].
The positions of the band heads calculated from the above expression agree
fairly well with the observed values as is evident from the not too significant
differences between the observed and calculated. values given in column 5
of Table II.
(b) Rotational Structure

Each sub-band shows two heads (Fig. 2). This coupled with the fact
that the final level of the band system is a 2II state, indicates the initial level
to be a 2X or 2A state. For either transition, 22’ — 2IT or 2A — 2IT where 2IT
belongs to Hund’s case (a), the following twelve branches are expected :

Ry: Q1 Py, 9Py, RQy, SRy and Ry, Qg Py, Ry, FQy;, OPy,.
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2 Z~>X2IT, Band System in PO Molecule 317
- TABLE II
Vacuum wave numbers of R, and Q, heads of the bands of 2Z — X°II,,,
o system of PO o N
The same have been calculated from the expression

it } 363860 + 826°37 @ +4) — 696 (" + D~ 1233:38 (0" + 1) + 6:56 @ -+ 1P

and their differences from the observed values are given in column 5.
Wavelength ~ Wave-numbers
v'—p”  Sub-heads in air in vacuum Observed—Calculated
cm> '
0—0 R, 2290-292 43649-10 - +40-27
Q. 2302-102 43425-20 -+0-20
1—1 R, 2311-957 43240-10 —0-92
Q. 2323-970 43016-60 —0-59
2—2 R, 2334-033 42831-16 —1-25
Q. 2346-277 42607-63 —0-95
0—1 R, 2356-208 42428-10 —0-47
Q. 2368-709 4220420 —0-54
23 R, 2400-952 41637-46 —0-93
Q. 2413-910 41413-97 —0-59
3—4 R, 2424-019 41241-28 —0-82
o Qq 2437-257 41017-29 —0-98
0—2 R, 2425-199 41221-22 —0-21
Q. 2438-440 4099740 ~0-20
1—-3 R 2447-851 40839:79 —0-07
- Q, . . | .
03 R, 2497-525 40027-57 +0-16
Q. 2511-570 39803-75 +0-17
1—4 R, 2520-729 39659-13 +0-17
Q .. ..
2—5 R, .. .. e
Q. 2559-027 39065- 64 ‘ —0-24
0—4 R, 2573-463  38846-51 10-00
Q. 2588-380 38622-64 —0-04
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Table I1 (Contd.)

Wavelength Wave-numbers ‘
v'—v”  Sub-heads in air in vacuum Observed—Calculated

cm.!
1—5 R, 2597-205 38491-42 ' —+0-24
Q. 2612-410 38267-39 -+0-04
2—6 R, 2621-493 38134-82 —0-23
Q. 2636951 37911:29 -+0-07
3—7 R, 2646-243 3777817 -4-0-05
Q. 2662-017 37554-33 +0-04
1—6 R, 2677-507 37337-08 +0-56
Q. 2693:657 37113-24 -+0-55
2—17 R, 2702-333 | 3699409 -+0-58
Q, 2718-780 36770-31 —+0-63
3-8 R, 2727-750 36649-40 —0-30
Q. 2744-505 36425-67 —0-20
4—9 R, 2753-663 . 36304-53 —0-56
Q. 2770-740 36080-79 —0-47
5—10 R, .. .. ..
Q. 2797-458 35736-20 +0-35
2—38 R, 2787-379 35865-42 ~+0-33
Q. 2804-880 35641-64 -+0-38
3—9 R, 2813-210 35534-11 —0-29
Q, 2831-199 35310-34 —0-:23
4-—10 R, 2839-868 35202-55 —0-36
Q. 2858-010 34979-10 +0-02
5—11 R, 2866-920 34870-40 —0-22
Qz - . - a - .
3—1 OR, 2903-374 34432-60 -+0-38
Q. 2922-370 34208-80 —+0-41
411 R, 2930-500 34113-90 ' +0-05
Q- 2949817 33890-50 - +0-48
512 R, 2958-180 33794-70 4 +0-02
Q. - 2977-857 33571-40 -+0-55

4—12 R, 3025-979 33037-60 —0-31




£~ >X1, Band System in PO Molecule 319

For negligible spin splitting of the initial state, as has been noticed for the
initial 22 states of the - and y-systems of PO, the lines of branches Q, and
P, blend together as do also those of R; and ®Q,,, Q, and °R,,, P, and Q..
This reduces the total number of branches observed to only eight, as is indeed
found to be the case in the bands analysed. These are shown in the Fortrat
diagram in Fig. 3 for the 0-2 band. The positions of the rotational lines of
a 2% — 2II (case a) transition arc obtained from the following relations and
plotted as circles against running J values (Fig. 3). The observed rotational
structure of the corresponding sub-bands is shown below the diagram. All
the expected rotational Ines lie well within the calculated positions.

Ry J) = vy +F,'J+1)—F,"(J)
= v, + D B4 (4B — Bar)Je
R,(J) =»P+F'J+1)—F"J)
= vo® + 3B’ + (2B’ — B9")J & (B’ — BO¥) J2

QW) =»P+F 0-F"Q)
== Vo(l) — 7}7 B — BT (B/ . B(l)”) J2

P,J) =v»P+FJ-1)-FK"QJ)
= v,® + 3B’ — (2B’ 4+ BV")J + (B’ — BW”) J2
Qle (J) = "0(1) + F‘.’., (J - 1) — F," (J)
-Vo(l) —_— 71. B"_,... B (J) _}__ (‘Bl - B(]_)lr)Jz
v 4+ Fy' (J) — F," ()
— v 4+ 3B’ + (2B’ — BO")J 4 (B’ — B) J2
R,() =v?+F'J+1)—F"QJ)

= v + B’ + (4B’ — B®") T + (B — B9 J*

I

*Qu (D)

Q) =»?+F (J)—F"J)
¥ + 3B+ (2B — BO) T + (B' — B 2
'+ B @ -1 —F"J)
v — 1B — B®" J 4 (B’ — B2 J2
Pr() =»?+F'J-D—-F"Q)
= v + 3B — (2B’ + B®")J 1+ (B — B®") J2

I

P, (J)

I

I



320 - N. A. NARASIMHAM AND OTHERS
Qi (M) =ve® +F,/'(N—F," ()
= »® — B — B J + (B’ — B®") J?
Ry () = +Fy' (T + 1 — Fy" ()
= v!¥ 4+ B’ 4 (2B' — B®") J + (B—B®") J2

TABLE TII

 Wave-numbers, in cm.™ of the lines of the 0-2 band of the
new 22-— X2II . system of PO

23~ X#T,,, sub-band 2 p~_X[I,,, sub-band

J *Rax R, Qu Py R, Q. P,
4% 41228:71

58 29-80 L .

61 30-57 41220-44  41211-50*

73 31432 19-93 09-69* . . .

83  31-92 19413 . 07-76* .. . 40995-70% ..
9  32:23 18-27 05-49% Ny . 94-69  40981-87
10} .. 17-16 03-28 y . 93-57* 79-43
113 .. 16-03 00-80 . . 92:30 76-98
120 3246 . 1473 198-15  41182-71 4100887 90-92* 74-23
133 32:23 13-17 05-42 78-60 L 89-29 71-37
143 31-92 11-50* 92-43 74-42 .. 87-55 68-31
153  31-32 09-69* 89-33 70-08 07-22 85-56 65-05
162 30-57 07-76* *  86-13 65-68 06-31 83-38 61-71
174 29-80 05-49* 82-71 60-95 05-30 81-04 58-15
181 28-71 . 79-14 56-11 04-19 78-63 54-47
199 2758 .. 75-48 51-13 02-77 76-03 50-51
208 2635 . 71-58 46-07 01-13 73-21 46-51
213 24-89 . 67-58 40-78  40999-42 70-24 42-25
23 23-09 . 6336 .. 97-43 67-17 37-84
231 . .. 58-94 29-52 95-70* 63-80 33-34
243 U 54-42 .23-97 93-57*  60-47 2859
253 . . 49-76 17-95 90-92* 56-77 23-61
263 . 44-97 11-88 52-72 18-56
273 . . 40-00 .. i, 48-81 13-34
283 . ... 348l .. . 4466 07-98
293 .. . 29-52 . .. 40-33, 02-33
303 .. . 23-97 . . 35-86°  40896-57
313 . 18-33 .. 31-40 90-65
328 .. . 12-68. . 2628 8455

* Blended lines.
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. TABLE III (Contd.)

Wave-numbers in cm.™ of the lines of the X~ — X2II* component
of the 0-3 band of the new 2X- — X*II,,. system of PO

J *Rey ' R, Q Py
4%

5%

6%

71 .

81 .. . 4001351
91 4003882 4002483 11-87
104 39-29 23-84 09-81
113 39-56 22-79 07-50
124 - 21-64 05-00
133 39-56 20-25 02-41
141 39-29 18-87 39999 64
15} 38-82 17-23 96-81
161 38-36 15-49 93-80
173 37.75 - 13-51 90- 65
183 36-92 11-39 87-13
19 - 35.97 09-12 - 83-63
204 34-76 06-69 . 79-92
214 33-50 04-20 76-16
223 .. 91-66 72-35
231 y 98-76 6816
24 " . 95-76 6402
254 - 92.63 59-50
268 .. 89-28 5485
273 - 86-02 50-31
283 . . 45-51
253 .. . 40-53
301 . . 35-48

31% .. : .. 30-23

(¢) A-Type Doubling in the Ground State X2I1

Vibrational analysis of the bands showed that the final Jevel of the new
system is the ground 2II, state with a separation of 223-9 cm.=* The I,
substate which forms the F, (J) series shows an appreciable A-doubling.
As a result of this, the combination relations R; (J)'— Q, (J + 1)

and Q;(J)—P; J + 1) are no longer found to be -equal. In fact,
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R; () —Q, (J + 1) values are smaller than the Q, (J) — P, (J 4 1) values, as
can be seen from the combination differences given in columns 2 and 4
of Table IV. Corresponding differenices for the sub-bands mvolvmg g e
state, however, agree within the accuracy of the measurements (columns 6
and 7 of Table 1V) indicating neghmble A-doubling, as expected for the
2I1,,, statz.

The B- and y-systems are known to have for their final level the same
X2[I ground state of the PO molecule. Rotational analysis of the sub-bands
2% — 2II; shows a combination defect which is due to the A-type doubling
of the 2II; state. A comparison of the combination defects, viz.,
[R; (N —Q, T+ D]— [Q:(J) — Py (T + 1)] of the 1-2 and 2-3 bands of the
y-system with corresponding differences of the 0-2and 0-3 bands of the present
system (Table V) shows that they are about the same in magnitude but differ
in sign. They are positive in the y-system (as also in the B-system) and
negative in the new system. Such a sitvation is possible if the parities of
the initial 2% states are different. This is evident from a study of the energy
level diagram (Fig. 4) where transitions from 22+ and 22— are shown to the
common final level 2II. A similar situation is obtained in the NO spectrum
for the A%Z+ — X 2T and G32- — X2II transitions (Lofthus and Miescher,
1964). If 22+ is assumed to be the initial state of the y-system, which is most
likely from cousiderations of the electronic configuration (3) given in the
following section. (e), the initial state of the new system becomes 2X-. The
new band system, then, arises out of a 22— — X2IT transition.

(d) Evaluation of the Rotational Constants

(1) Initial *2- state—The 0-2 and 0-3 bands which are relatively free
from overlap have been analysed. Both the bands arise out of the zero
vibrational level of the initial 2X- state and so only one set of By and D, can
be evaluated from A;F’qp (N) and A,F'qy (N) values. The combination
differences used for these AF’ values are shown below: :

AF,(N+H=RMN)—QMN)=Q N+ 1)—P;(N+1)
AF, (N+3H=R,N)—Q:MN)=Q (N + 1) — P, N + 1).
The average of the two first differences gives
AFF(N+3)=2B(N+ 1) — 4D, (N 4+ 1)3.
The second differénces give ‘
AF N)=4By (N+3—8 Do N + )3
From these relations, B, is determined graphically and given in Table VI.
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TABLE TV (Contd.)

. For comparison corresponding combination differences obtained from 2-3 band of PO-y
‘system are also glven

Al FI” (J)
RO -QU+ 1) QU =P (T +1)
J fiom from
- Present PO-y Present PO-y
systcm system
8% . .. .. .. _
9% 15-02 15-05 : .. 14-88
10% 16-34 16-48 . ‘ 16-34
114 17-79 17-91 . 17-70
124 - 19-23 19-33 .. - 19-16
133 2061 20-76 - : 20-56
143 ~22-06 22-20 .. 21-98
15% 23-43 23-56 .. 23-24
16% 24-84 25-04 .
173 2638 26-47
183 27-76 28-13
193 29:20 29-41
204 -30-53 30-77
213 31-85 32-15
224 33-50 33-62
233 34-74 35-01
' 24% 13626 36-44 .. ..
25% 37-78 37-85 .. :
26% 38:97 39-28
27% - 40-51 40-74

(il) Final X*I1 state.—The By" values for v" = 2 and 3 are obtainable
» from a rotational analysis of the 0-2 and 0-3 bands of the present band system.
The following combination relations of the rotational lines give the A,F and
A,F values from which By and Dy are determined graphically in the usual
manner (see for example Herzberg, 1950) and given in Table VI.
AF, (J + ‘}) RiMD—QUI+D=QNH~—P,J+1)
= 2By (J + 1) — 4D,V (J 4+ 1)3

AR 0+ D =R~ QU+ 1=Q@—P,(J+1)
= 2By (J + 1) — 4Dy (T + 12
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AF () =RJ—-1)—-P,J+1)
= 4B, (J 4 1) — 8D,,™ (J + 1)3
AF, () =R, (J— 1)—‘P2(J+ D

= 4By (J + 1) — 8D, (J + 1)3

where F;, B® and D@ refer to the 2I1 state and F,, B'» and D(® to 11,,,
state. | |

" (iii) Spin doubling constant, A—The spin doubling of the X2I7 state has
been determined from the relation

F'O-F'D="Ru()—R, () =B,"[4(J + D>+ Y (Y- 4

2y b
W N
- R “F,
= g 4= Fa
— i o
; =3 s 2= F
1‘ < 12 . “Fy
P Q¢ R, P QQ RR, Py QQy R(R, R Py QQ, Ry
P Ba @ 9 R R 8 QG R s op PAP
%R Q700 *RERyy Pot Tt " QarQy “Rye P Ry Ry %Py TR0, RR,,
3 o St
: N 36 4 354 N :
Pt 253 ' 253 2
!Trm F, 2 J' (N)* t"m Fz
n:35 3 2; 3
MNP 325 2 i

2
Myya F MMM - F

1{ Ry (33 =@y (3+1) t Q J) = Pyldst)

“Fic, 4. Energy level diagram of transitions from 22+ and 2Z- to a common 2T (case a) state.
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where Y = A/By and A is the coupling constant.

A plot of [{F." (J) — Fy" (N}/By"]* against (J + 1)? gives an intercept
of Y (Y — 4) on the ordinate axis, The value of A evaluated from Y is

also given in Table VI.

(e) Electron configuration

The PO molecule is isoelectronic with NS and its electron configuration
for the ground state may be written down as

KKL (20)2 (y0)? (x0)? (waYt vmr < - » X?[L,. 6]

TaBLE VI

(i) Vibrational and rotational constants of the upper 22 state in cm.™t

Santaram
Present work and
P. T. Rao
We 826-37 825-8
W, Xo 6-44
Bo' 0 * 6378
ro 1-582, A

(i) Vibrational and rotational constants of the Lower *II state in cm™

Santaram
Present work K. Suryanarayana Rao and .

P.T. Rao
we' 1233-38 - 1233:42. 1232-6
w," X, 6-56 657 . 648
Doublet separation 223-83 223-8 223-1
B, 0-718,

0'7192
Bz(z)” 0'7212
B, 0-7134 0-714,
a 0-005, 0005
22433

A, 242

e e o o O e e T T e e R e
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Of the known excited states of PO, the B-, y-and the new systems have
their initial states lying at 30846, 40408 and 43853 cm.'  respectively
above the ground state, X2IT... The internuclear distances in the initia]
states, 2+ of the B-system and 2Z- of the new System, increase on excitation
from re of ground state. This may be understood to result from an excitation
of one of the electrons from the xo bonding orbital to- the antibonding
vs orbital. This gives rise besides others, to one 25+ and one 25- states,

KKL (z0)2 (yo)? (x0) (wm)t (vr)? « - + 23+, 25~ (22, 2Ap). )

The promotion of the v antibon'ding electron from the ground electronic
configuration (1) to a bonding uo orbital gives rise to a 25+ state

(20)2(y0)? (x0)? (W)t uig + -+ 25+ (3)

and this may be identified with the initial state of the y-system. This is in

accord with the expected decrease in the internuclear distance in the initial
state of the y-system.

Attempts were made in the carly stages of this investigation, to spot
bands due to the transition from the initial state of the new system at 43853 cm.~1
to the *2* of the B-system at 30846 cm.~! But these were not successful,

This is now understandable since such a trar.sition would, due to violation
of -« Z* rule, be a forbidden one.

SUMMARY

The new ultra-violet bands of PO lying in the region 2300-3000 A ard
degraded to the red, have been excited in a microwave (2450 mc./s.) discharge
and photographed in the second and third orders of 3-4m. and 6-6m.

grating spectrographs. Vibrational analysis of the R; and Q, hezds shows
that they can be expressed by the relation

43852-43) + 82637 (v + 1) — 6-96 (v - 1)?
628-60} — {1233-38(v" 4+ 3)— 6-56 (" + })3}.

Rotational analysis of the 0-2 and 0-3 bands shows that they arise out of
a 2~ — X2[] transition.

Vhp =

The vibrational and rotational constants are
(a) 22~ (initial) state
we' = 826-37 cm,~% We'Xe' = 696 cm.—1
By =0:637,cm ry = 1-582, A
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(b) X3IT (final) state
| = 1233-38 cm.™? We'xe” = 6-56 cm.™?
B," = 0-719, a = 0-005, cm.™1

Coupling constant A, = 224-22 cm,™!
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EXPLANATION OF PLATES
‘PLATE V

FiG. 1. The new bands of PO photographed on the Jarrell-Ash 3-4 m. grating spectrograph.
(@) is an enlargement of some of the bands m (). The strong system of PO-y
overlaps bands of the new system.

Prate VI

Fic. 2. Rotational structure of the 0-2 band of the 22~ — X2IT system
(@) 22~ — X2, ;3 sub-band,
(b) 22~ — X, ;4 sub-band.
The 3-4 band which is weak, lics on the shorter wavelength side of the 0-2 band.,

Prate VII

Frc. 3. Fortrat diagram of the 0-2 band of the 22~ — X2T system. The positions of the rotational
lines are plotted against running J values. The observed rotational structure of the
two sub-bands shown below the Fortrat diagram is found to be in good agreement
with their calculated positions.




