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We have derived, foM X™Y; (C3, symmetry) molecules which satisfy the conditions of a small ratio of atomic masses

my /my and of equilibrium angle¥—X-Y close tor /2, simple isotopic relations for rotation—vibration paramedsérﬁor the
case where one light atobh(=H) is replaced by a heavier oneD). The usefulness and predictive power of such relations for
the assignment and in the fit were tested by analyzing novel high resolution Fourier transform spectra gibtheRidule. The
region of the three lowest-lying vibrational-rotational banglss, andv; was studied. The accurate analysis was made possible
with the help of recently obtained (O. N. Ulenikov, Huigjer, W. Jerzembeck, G. A. Onopenko, E. S. Bekhtereva, and O. L.
Petrunina,J. Mol. Struct, in press) precise rotational energies of the ground vibrational state 45.PHis improvement, in
conjunction with better resolution and higher sensitivity, enabled us to assign transitions with higher values of quantum numbers
J andK_ and to obtain more accurate rotation—vibration energies of upper states than previously. These energies, fitted with a
Watson-type Hamiltonian is reduction and Il representation, lead to a physically meaningful set of spectroscopic parameters
which reproduce the experimental energies with a precision close to experimental uncertainty. Agreement between predicted
and fitted Coriolis and vibrotational constants is noted; apparent limitations are caused by significant deviaticamnof PHD
from the idealized local mode case modeb 2001 Academic Press

Key Wordsvibration—rotation spectra; BB molecule; spectroscopic parameters.

1. INTRODUCTION (see, e.g., Refs3(5H), and references therein), which generate
large interest in laboratory spectroscopic investigations of th
In recent contributionsl( 2) we derived and discussed setsnolecule. On the other hand, the phosphine molecule is one
of simple isotopic relations which connect spectroscopic pthe lightest and simplest symmetric top molecules. Hence spe
rameters of near-local-mode molecul¥$l, (C,,) and their troscopic effects and peculiarities inherent to symmetric toy
substitutedXD; (Cy,) and XHD (C;) species. The predictions should be particularly pronounced in its spectra. Moreover, |
derived by relations show impressively high predictive poweur opinion PH and its different isotopic species can be con
when compared with the results of analysis of experimentsiiered as test cases to examine the validity and accuracy
vibration—rotation spectra of the,Be and HDSe molecules.different theoretical approaches, in particular those common
In continuation of this work, the present contribution is devotagsed for modeling isotopic substitution effect$iHs molecules
to the analysis of the analogous problem relaitds (Cs,) and  which satisfy the above mentioned conditions (a)—(c).
XH2D (Cs) molecules. HereXHs is an axially symmetric, 4-  Extensive studies of PHspectra have been performed in
atomic molecule which we call a “near-local-mode moleculehe infrared region (se&{8) and references cited therein). To
if it satisfies the conditions the contrary, there are only two contributions devoted to th
analysis of infrared spectra of the FBispecies: the bands(a’),
v3(a’), v4(@'), andvg(a”) [vza, Vaa, v2, andvg, in the notation of
gefs. O, 10] have been investigated, and an interaction modk
gﬂ/_olving Coriolis resonances betwees, v4 andvg has been
establishedX0). As was mentioned in our earlier work), we
have recorded high-resolution spectra of thePlholecule in
In the present study, the BBl molecule is used as a test caséhe wide spectral region from 20 to 5000 thnHaving analyzed
for the derived theoretical results. The study of high-resolutidhe far infrared, pure rotational part of the recorded spectrur
vibration—rotation spectra of the Biholecule and its isotopic we felt that a reanalysis of the lowest vibrational bands due
species is a project of general interest. On the one hand, phibe bending modess, v4, andvg would be appropriate in spite
phine plays an important role in astrophysics and planetologfthe fine previous workl1(0) for several reasons.
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(a) the ratio of atomic masses, /My is small;

(b) the equilibrium angle H-X—H is close ty2;

(c) the X-H stretching frequencies are very close t
each other and considerably larger than the bending frequ
cies.
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First, the ground state rotational energies obtainedihgre whereA is the matrix with the elementa,, ; W andW’ are the
significantly more accurate than those obtained in Refsl@®, diagonal matrices with the elementg, = wf% andW, =
because of the large body of more accurate data, and this isu%,,, respectively; an, andw) are the harmonic frequencies
relevance also for the excited states. of a parent and substituted species, respectively.

Second, the higher resolution8x 10~3 cm™1, 1/maximum The parameter&flﬁ can be found from the normalization
optical path difference) than i®(10 (5 x 103 cm') and the conditions
higher signal:noise ratio of our experimental data in comparison
with those of Refs.q, 10 enabled us to assign weaker lines. Z/cgﬁ/cgy = ZICeaIC;fa =g, [4]
This gave us the possibility of observing transitions with higher a a
values of the quantum numbedsand K (K, in the notation
of Refs. Q) and (L0)). Thereof, we were able to deduce morf?ﬁmd
precise and extensive information on the rotational structure and e e e e
spectroscopic parameters of the states (001000), (000100), and Z JupKogy =11y Ky [5]
(000001) in the notation{v,vzvavsve). p

Third, and mostimportantly, we use the present data oftPH, here | * denotes the equilibrium moments of inertia of the

as a test case for the relations deduced for isotopic substitutiQhstituted molecule. The terndg, are determined by the for-
XHsz — XHzD. This will be elaborated in Section 2 of they, jae P

present contribution.

Sections 3 and 4 are devoted to a short description of the ex- Je — e 6
: ; > . up = D Cayx€piiclys (6]
perimental details and the used Hamiltonian model. The assign- Vox
ment of experimental transitions and the results of the reanalysis
will be discussed in Section 5. and

Z m/ re Z m/ re
2. 1SOTOPIC SUBSTITUTION XH3 — XH,D IN AN XH3 i = g, = Y mirg g, - XK 2L gy
MOLECULE WITH Cgy SYMMETRY v8 ™ By T Ly TNTNYTNG >N My

From a general physical point it is obvious that a number Herer¢ , are the Cartesian coordinates defining the equ
of relations must exist between different isotopic species hrium positions of the nuclei of the “mother” species in the
molecules when they physically only differ from each other biolecule-fixed axis system. The valu€§,, can be also con-

the atomic masses. As was discussed in Rej, (he possibility - sidered as the eigenvectors of the “inertia tenskfy’ with the
of deriving such isotopic relations is mathematically based @igenvalues’® .

the fact that exact connections exist between transformation cofurther use of Eq. [1] in customary formulae of conventionz
efficientsln,,, andli, of a“mother” and a "daughter” species vibration—rotation theory (see, e.dl3 14) allows one, in prin-

respectively: ciple, to establish connections with other spectroscopic paral
eters of different isotopic species. It should be mentioned, how

Ips = Zlcgﬂ(mN/m’N)l/zl Nay B [1] ever, that Eq. [1], in the general case, is very complicated, a

ap the values occurring in the right-hand side of Eq. [1] may b

determinable only numerically and in consequence, isotopic r
Heremy andmy, are the masses of théth atom before and |5tions may also be obtained only numerically. The main reas
after isotopic substitution, respectively. The coefficigfiisare  for this limitation is the complicated form of the transformatior
the elements of the matrix which is inverse to the madtiX. coefficientd Ny Of the “mother” species.
The matrixa,, performs the transformation from the normal aAs was shown 15), the transformation coefficientg,,, of
vibrational coordinates of a “mother” molecule to those of ghe “mother” species have a very simple form, which for conve
“daughter” species. The matrix elemeafs are determined by pjence is reproduced again in Table 1, whenXd#y molecule

(see, for details, Ref1Q)) (with C3, symmetry) possesses some special properties, nam
_ _ My (a) the ratio of the atomic massews; /my is small;
ija*”a’” = A= %; ’NlN‘“lN““’ [l (b) the equilibrium angles HX—H are close tar/2;
(c) there are no interactions between stretching and ber
Z AnWa,,, = amW,i [3] ing motions in the quadratic part of intramolecular potentic
v function, i.e., parameterg;, f,;/, f,., andf,z are nonzero, but
fra = fip =0.

and lead to the secular equation
In case these approximations are valid one can expect tl
defAW — W'} =0, analogous simple relations can also be derived for a “daughte

Copyright © 2001 by Academic Press
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TABLE 1
Values of Iyaa, Parameters of an XY; Molecule
in the Local Mode Limit?

N a X s lNa,\ N a X s lNa,\
1 z 1 v2/3 1 z 2 1/3
2 z 1 —/2/6 2z 2 —-1/6
3 =z 1 —/2/6 3 x 2 —-1/6
1 y 1 0 1 v 2 0
2 y 1 -1//6 2y 2 -1/2v3
3 y 1 1/v/6 3 y 2 1/2v/3
1z 1 -1/3 1 z 2 V2/3
2 z 1 -1/3 2 z 2 v2/3
3 z 1 -1/3 3 z 2 v2/3
1 z 3 1 2/3 1 z 4 1 1/3v2
2 z 3 1 1/6 2 z 4 1 —/2/3
3 z 3 1 1/6 3 0z 4 1 —2/3
1 y 3 1 0 1 y 41 0
2 y 3 1 1/2v3 2 y 4 1 1/v/6
3 y 31 -1/2v/3 3 y 4 1 —1/4/6
1 z 3 1 —/2/3 1 2z 4 1 1/3
2 2z 3 1 1/3v2 2 2z 41 -1/6
3 2z 3 1 1/3v2 3 2z 4 1 -1/6
1 =z 3 2 0 1 =z 4 2 0
2 z 3 2 1/2v3 2 z 4 2 1/v/6
3 =z 3 2 —1/23 3 z 4 2 -1/v/6
1 y 3 2 0 1 y 4 2 -1/v2
2 y 3 2 1/2 2y 4 2 0
3 y 3 2 1/2 3 y 4 2 0
1 z 3 2 0 1 z 4 2 0
2 2z 3 2 1/vV6 2 z 4 2  -1/2/3
3 z 3 2 -1/v6 3 z 4 2 1/2v/3

a All parametersa,, are equal to zero.

coefficients:

K. =1/v/3 KS,=—2/3 K, =./2/3
KS,=1/v/3 KS =1, [8]

Bu=+2/3 Ba=+2/3 Pz, =—1/v3 Pog =2/3
Baz=1/v3 Bar=2v2/33, = —/2/3 Pas, = 2/3
Bsz, =1 Pes, = 2/+/3. [9]

Fromthe above discussionitis clear thatfg coefficients can
be also considered as the elements of the matrix which descr
a rotation of the molecular fixed coordinate axis under isotopi
substitutionXHz — XHyD. In this case, it may be interesting
to discuss the accuracy of the used local mode approximatic
This can be made, for example, by comparing the value of tt
angle x under rotation of the intramolecular coordinate axis
both in the local mode model, and in the “realistic” case (i.e.
my /M #£ 0; ae # 90°). In this present case, as can seen fron
the above discussion, the rotation is performed abouy tings.
Figure 2 shows the dependence of the value of the gngtethe
values of the mas® (my = 1) and the equilibrium interbond
anglea.. Here, pointA corresponds to the local mode model
(my /M close to zerope = 90°); point B corresponds the ac-
tual PH; molecule (ny /Mp = 1/31;ae = 93.45° (16)). As the
calculations show, the differences in tKig, values between the
local mode model and the “realistic” one may achieve values
20-25% for the substitution BH— PH,D. At the same time,
Fig. 2 shows that the values of such differences are decre:
ing rapidly with increasing madgl and/or decreasing value of
(e — 90°). For example, for the AspH— AsH,D substitution,
the above mentioned differences in g, values are as small

species on the basis of the general expression [1]. Here we cag-4—6%.

sider the case in which only one H atom is substituted by a DUsing relations [8], [9] and the values of the transformatior
atom (atom 1 in Fig. 1). In this case, making use of the condieefficientsly,, of the “mother” moleculeXH; as reported
tions (a)—(c) as defined above in the general formulae [2]-[if] Table 1 in the general formula [1], one can obtain withou
yields the following simple nonzero values of u«gﬁ andg;,

(a)

(b)

difficulties very simple relations for thg 4, transformation

()

FIG. 1. (a) Orientation of the coordinate axis in the “mother” Xhholecule. (b) Orientation of the coordinate axis in the “daughter’RHiolecule after
rotation. (c) Orientation of the coordinate axis which corresponds to theefitesentation in the XD molecule.
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In turn, we have used Eqs. [10] and [11] to calculat
rotational-vibrational spectroscopic parametefs of PH,D.
In this case, the same above-mentioned approximation f
the intramolecular potential function as for the “mother’
molecule PH (15) was used, too, for PH#D. We have derived
simple isotopic relations for the rotation—vibration parametel
of the bending modes:

8 B?
X=qf=—-—2(9%—1+2c);
o3 3 9 Qa)( )
4 B2
of = af = ———2(420% — 234 9c/2
16 B2 [4+99% 2+992)\
2730w \4—-302  2-302)"
28 B2
af = af = — —2(20? — 1+ 3c/14) [12]
6 4 9\/:—; Ow
16 B2 [4+ 902
+ "\ ):
27/30w \ 4 — 302
o , BZ (3—6%\ ,
FIG. 2. The dependence of the value of the angléin radians) on the otsy [ 6°;
value of the mas#/ (in u) of the X nucleus and the value of the equilibrium fw \1—62
interbond anglee (in radians) is shown. Here the anglés the angle of rotation 2
of the molecular fixed coordinate axis undélz — XH>D substitution. Point oy = o = 4 &(392 — 44 9c/4);
A corresponds to the local mode modmi{/M close to zeroge = 90°); point 4 6 3\/;_3, Ow ’

B corresponds the PHnolecule iy /Mp = 1/31; ae = 93.45 (13)).

Column 2 of Table 3 reports the calculated values for the ben

coefficients for thexH,D species. It should be mentioned that Vibrationsvs, v4, andvs. The Coriolis interaction parameters

the relations Eq. [8] determine the rotation of the moleculrﬁza Bhg, a”d‘?f wlere calculated us(,jiggfthe relaftions ofth. [10
coordinate axis from the configuration shown in Fig. 1a to tfd the rotationa constants B, an rom Ref. (L1). The B,

— 2 2y-1 __ 1
configuration illustrated in Fig. 1b. At the same time, as Wé/glue was taken aBe = /(8 c)(Zere) - 4'227_6 cm,
discussed inX1), the coordinate axes for the PBi molecule Withre = 1.412Atakenfrom Ref. 17); the frequencw is (w1 +

_ 1 i _
should be oriented as shown in Fig. 1c. This means that tHe)/2 = 2324 1cn'r - The empirical parametef = (61 + 62)/
indicesp appearing in the transformation coefficietits, de- 2 = 0.444 cnm - was estimated from the three quartic centrifuga

termined as described above should be relabelled in accordance

with the axis in Fig. 1c. The coefficieritg,, eventually obtained TABLE 2
are presented in Table 2. Values of Nonzero |y Parameters of an XH,D
These coefficients are the basis to derive simple expressions Molecule in the Local Model Limit®
for different rovibrational parameters, such as Coriolis coeffi- \ | N N ;
cients¢;, and rotation—vibration coefficieng™” . These Cori- @ Nad @ Nad
olis coefficients;/® and ro-vibrational parametea”, respec-
tively, are iver?ixrl{ P % P 2 =z 1 1/2 2y 4 13
y.ared 3 . z 1 —1/2 3 y 4 —1/v3
X /X X X 1Z 1z 1z 2 z 1 _1/2 1 z 4 1/\/?;
8a=—8a=—834=08s6= 016 =826 = L35 3 z 1 -1/2 2 z 5 -1/2
1 y 2 1 3 5 -1/2
ry ry .
=¢h=-1YV3 =-1 ¢ls=1/3; [10] 2 =z 3 1/2 2 2 5 1/2
3 ¢ 3 -1/2 3 z 5 -1/2
XX __ AYY _ AZZ __ XX _ AZZyo __ XX __ AZZ
' =a/2=a"=8/2=8,"/2= -85 =83 2 2z 3 1/2 1 z 6 1/v/3
3 z 3 1/2 2 y 6 1/V3
_ _aXZ __ _AZX __ 2
= —af? = —aZ* = ,/2myr2, 3 y 6 -1/v3
azz = aiy = aéy = a%/x = —2\/ 2my r§/~/§~ [11] aAll parametersy,; are equal to zero.
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TABLE 3 tification of lines belonging to other isotopomers tharn, PHby
Some Coriolis Interactions and Vibration— means of relative intensities of lines.
Rotation Parameters of the PH,D Molecule (in Spectra were recorded at room temperature with a Bruk
cmt) 120 HR interferometer adjusted to a resolution o8 R
o) b 103 cm! (1/maximum optical path difference) in the region
Parameter Value Value 600-1160 cm'. A Globar source, a KBr/Ge beam splitter, and

an MCT 600 detector were employed, and a @rB low-pass

! 2 3 filter was inserted. A 28-cm glass cell fitted with KBr windows
B(E, -1.72 2.07 was used, with pressures ranging from 100 to 550 Pa. Betwe
CeE 1.45 1.59 _150 gnd 400 scans were co_IIected for the different spectra. C
ACE, 1.60 1.52 ibration was done w|th _CQIlne_s (;8); Wavenumber Eremsllon

of -0.0006 -0.0011 of unblended, medium intensity lines is aboux L0~ cm™-.

ol 0.0477 0.0479 It was engured that wavenumbers of dlfferen§ spectra were col
oz -0.0006 0.0051 patlble with each other W|Fh|n one precision interval. Two por-
af 0.0066 0.0044 tions of the spectrum are illustrated in Figs. 3 and 4, and son
ai{ -0.0340 -0.0317 aSSlgnmentS are given.

az -0.0063 -0.0076 4. HAMILTONIAN MODEL AND WAVE FUNCTIONS

oF -0.0063 -0.0089

of -0.0340 -0.0450 4.1. Rovibrational Hamiltonian

og 0.0066 0.0113

As was discussed iri (), the PHD molecule is an asymmet-
ric top very close to the prolate symmetric top limit, and IlI
representation of the rotational Watson-type Hamiltoniaiin
reduction is very efficient. This is taken as

a Predicted on the basis of derived isotopic relations.
b Obtained from the fit of experimental data.

distortion coefficients of the PHnolecule in the ground vibra- Hi — B 4 [Ai _ }(Bi + Ci):|32 + }(Bi +C)J2
tional state, Ref.g§), with the formulae 2 22

1 . . . .
BS _ _ 2B3 - + (B —C)32, — Al IF — Al 3232
D\J:%ez(9+922+2942), DJsz_;(l—ezz), 2( )dy = Ak Y; IK Yz
B3 , , — ALY =5, [IZ,32] — 265,0%32, + H I8
Dk = =& (=74 90,2 — 26,7, 13 . 4 . .
€= 342 2 =20 13 +Hip 3292+ HY 20% + H) 30 + [ 32 hi 7
taken from Ref. 15). Parametec in Eq. [12] can be deter- +hl J232 + h 34 + Li I8 + L5 1292

mined, on the one hand, from an experimental value of one of the i w444 i 26 — 2 10 6
af rotation—vibration constants of the “mother” moleculesPH tlhokd I+ Lkgy 2 7+ L5 07+ [JXV’ Ik J;
or, on the other hand, can be taken as an empmcal parameter 1l 3230 411, 3402 + |iJJ6] 4., [14]
of the PHD molecule. In the present analysis it was set to 0.38.

The parameters given in column 2 of Table 3 were used as thgere the conditiorB, > By > B, is fulfilled, Jx2y =J2— 35’

starting values for fitting the experimental rovibrational energieg, 4 32 — 32 + J2 4 J2. The PHD molecule has Csymmetry.
ofthe (001000), (000100), and (000001) vibrational states of i three lowest vibrational bands, vs, andvs, have A, A", and
PH,D molecule. A’ symmetries, respectively, and interact strongly with eac
other. Onthis reason, a Hamiltonian was used which has the fol
3. EXPERIMENTAL SECTION
HY ==Y Ji)(jIHY, [15]
The synthesis of phosphine enriched to 60% BHE6% ]
PH,D, 10% PL, and 5% PH (sample A) has been described
(11). Moreover, a sample composed of 5%4PH10% PHD, wherei =4, 3,6, and4) =(000100),3) =(001000), and6) =
and 85% PR (sample B) was available for comparison and iderf000001). The diagonal partd'" have the form of Eq. [14].
Interactions between the states (000100) and (001000) on t
one hand and the state (000001) on the other hand are descril

1in the first step of the analysis, values of the rotational parameters were 6/
P ¢ P y theH'® (i = 3 or 4) operators

roughly estimated from the fit of the energy levels with the quantum numb
J=0and1l. Thezf parameters obtained from just that fit were used to estimate
the coefficient of the value.

H'® = HY = HE + HES, [16]

Copyright © 2001 by Academic Press
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where

HE = 2(Ac?)'%J, + C%i 32 + +Coi 3, 3% +

+CI8, 32324+ C85i 3,044+ CIE i +-
Coldo W Coxl[3 s, 37,

+C|63[Jx» ‘]y]+‘]2 + nyKK[[‘]Xv N J24]+

+C8 k[ Jyl4. I2J ’l,+¢C

Ci8 id>

;E;/JJ[‘]X’ Jy]+J4 +
[17]

and

HE = 2(BZY) %13y + Cy[idy, 7], + CJ5i 3y J?
+CyKK[I‘]Y’ ] +CyJK[I‘]V’JZ‘]] +CIJJIJY
+CyKKK[I‘]y"] ] +CyKKJ[IJY’ 33 ]+

Colde v + Coxl[ . J+. 3],
+CO% [ k. I 9%+ Coui[[ I I+ ],

+szJK[[Jx, I+, I232 ] Cioyfd J % +-

[18]
In turn, the resonance interaction operatd® = H34* has the
form
H® = HE+ HE, [19]
where
HE = FR+ RS2+ FIRI2+ R 37 + Fre 9202
+FRI 4+ RS I8+ FE 53204 +
+ R, + Pkl %y 1, + Faydi I
+ k[ 36 1, + Fyak[ 35, 3297, + -+ [20]
and
HE® = 2(B2*)™i Ix + Cyi[i Ix» I7], + Cx3i kI +
+C 3[\Jy’ Jol+ + CyzK[[‘Jy’ Il +, Jzz]+
sz[\Jy, Jz]+J + CyzKK[[Jy’ \Jz]+’ JZ4:|+ + oo
[21]

4.2. Rotational Wave Functions

241

1. Symmetric rotational wave functions:

IIK, A) = i—\/;{lJ K) +(=2)’13 = K)}
forK =2,4,6,...;
I+l
IK, A) = ﬁ{lJ K) +(=1)’13 = K)}
forK =1,3,5,...;

1J0, Ay =i7|J0)

for J even.
2. Antisymmetric rotational wave functions:

iJfl
JK, Ay = —{|IK) = (-1)’|J = K
[JK, A") ﬁ{l ) —(=1)| )}

forK =2,4,6,...;

iJ
JK, A"y = —{|JK) — (=1)’|1J — K
| ) ﬁ{l ) —(=1)"] )}

forK =1,3,5,...;

|JO, A"y =i(J — 1)|J0)
for J odd.

These functions were employed to set up the Hamiltoniz
matrix which was then used to fit the experimental data.

5. ASSIGNMENT AND RESULTS

While thevs; andv, bands should be associated both véith
andc-type transitions, theg band is expected to revelaltype
structure. Indeed, all three types of transitions were observed
the bending triad band. In this case, the comparison of the “f
lot” transitions, 0'K, = J'K{) < (JKa = IK¢), (KL, K =0
and/or 1), for all three bands shows that the strengths of tl
a- andc-type transitions are not much different from each othe
in the vz band. The same can be seen in theband. At the
same time, transitions of thg band are slightly weaker (about
15-20%) than corresponding transitions of theband. As to
thevg band, the strengths of its “pilot” transitions are compara
ble with those of the corresponding “pilot” transitions of the
band.

Assignments were made using the ground state combinati
differences method, with ground state rotational energies tak

In order to make the Hamiltonian matrix real, we have defindtbm Ref. (L1). For convenience, the ground state rotational pe

the wave functions as follows.

rameters are included in Table 4 and given in column 2. Tt
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TABLE 4

Rotational and Centrifugal Distortion Parameters for the Ground and the Bending Vibrational

States of PH,D (in cm~1)2

Parameter (000000) (001000) (000100) (000001)
1 2 3 4 5
v 1092.5573590(616)  892.9275476(600)  969.4810870(612)
A 2.78247196 2.7773997(996) 2.7900553(973) 2.7710934E(492)
B 2.98320620 2.9842695(550) 2.9787664(559) 2.99206545(621)
c 4.33657995 4.2886767(452) 4.3683207(459) 4.38163113(666)
Ag x 10% -0.873198 -0.88840(874) -0.86470(920) -0.88542(125)
Ak X 104 0.639662 0.65733(754) 0.62208(198) 0.638184(456)
Ay x 104 0.600698 0.60487(116) 0.625370(112) 0.627852(348)
Sk x 104 -0.777525 -0.777525 -0.777525 -0.777525
87 % 10¢ -0.075385 -0.075385 -0.075385 -0.075385
Hy x 108 -0.90645 -0.90645 -0.90645 -0.90645
Hyy x 108 0.3123 0.3123 0.3123 0.3123
Hg x 108 0.3896 0.3896 0.3896 0.3896
Hj x 108 0.30497 0.30497 0.30497 0.30497
Ry x 108 0.25038 0.25038 0.25038 0.25038
hyx x 108 -0.92844 -0.92844 -0.92844 -0.92844
hy x 108 -0.08227 -0.08227 -0.08227 -0.08227
Ly % 1012 -6.524 -6.524 -6.524 -6.524
Lixs x 1022 14.354 14.354 14.354 14.354
Lk x 1022 -9.208 -9.298 -9.208 -9.298
Ly % 1012 1.9422 1.9422 1.9422 1.9422
Ly x 102 -0.4997 -0.4997 -0.4997 -0.4997
I x 1012 -1.951 -1.951 -1.951 -1.951
Ik x 1012 1.702 1.702 1.702 1.702
Lk x 1012 0.0 0.0 0.0 0.0
1; x 10%2 0.2114 0.2114 0.2114 0.2114

Note.Excited state parameters without confidence intervals given were fixed to the values of corresponding para-

meters of the ground vibrational state.
2Values in parentheses are $tatistical confidence intervals.

present body of assignments comprised

Vg, JT =22, Kénax: 17, n= 2560
vg, JT¥ =21 K(r:naxz 15, n= 1590 WWW
ve, I = 20, K(r:naxz 14, n= 1350
1.0"\
T
T2 q .
A
W & 0.5 | -
! ! _222 761 . 354 -871 .
533 Sogfe % & 6e0, 84; 4 -G 853
-523 -533 o [ 551 7 8 % 753
a2 654 Baa ! 6go "% 752 143
24
-1035 927 é . -593 -Ba3 Tas
b 937 3 735 853
440 B 725 T T
-4 934.1 934.6 v/cm

1094.3

T
1094.8 ¥/em

FIG. 3. Part of the PHD spectrum in the region of th@-branch of thess

FIG. 4. Trace A: Spectrum of a mixture of PH2nd PHD. Lines belong-
ing to PHD are assigned by full dots for the branch of thevs band and by
open circles for thé® branch of thevg band. Unassigned lines belong to other

band. Lines of PHD are denoted by a dot, and théli; x,—J" ks k7 @ssignment  isotopic species (PHD PDs, PHs). Trace B: Spectrum of a sample richer in

is given. Unassigned lines belong to other isotopic species ¢PPDs, PHg).
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TABLE 5
Some Assigned Transitions in the Q-Branch of the v, Band of the PH,D Molecule

J K, K, J K, K. Lineposition® Transm. Vegp-Veaic Line position®  Vegp-Yeaic

(cm™1) (%) 10*cm™! (em™?) 10%cm™?
16 16 0 16 16 1 890.06237 68.5 1.5 890.0636 5.0
16 16 1 16 16 0 890.06759 69.6 0.2 890.0636 -48.0
5 3 3 5 2 3 890.16820 70.9 0.8 890.1698 8.0
15 15 0 15 15 1 890.18156 58.1 -0.7 890.1821 5.0
15 15 1 15 15 0 890.19100 54.5 -2.8 890.1907 -5.0
5 2 3 5 3 3 890.21240 73.1 0.9 890.2124 -7.0
4 1 4 4 0 4 890.27434 20.6 -0.3 890.2738 -13.0
14 14 0 14 14 1 890.29011 48.6 -2.0 890.2903 4.0
14 14 1 14 14 0 890.30714 47.8 -2.8 890.3074 4.0
17 4 13 16 1 15 890.37613 95.6 16.2
13 13 0 13 13 1 890.38959 37.3 -2.5 890.3896 2.0
13 13 1 13 13 0 890.41938 37.3 -2.9 890.4192 0.0
3 3 1 3 2 1 890.44127 96.0 0.3
12 12 0 12 12 1 890.48061 22.2 -2.0 890.4822 17.0
1 1 0 1 1 1 890.48350 47.5 1.2 890.4822 -1.0
15 11 5 15 11 4 890.48874 87.7 -3.5
2 2 0 2 2 1 890.52282 30.9 -1.8 890.5237 0.0
12 12 1 12 12 0 890.53173 27.7 -2.4 890.5326 10.0
11 11 0 11 11 1 890.56247 20.3 -14 890.5628 3.0
3 3 0 3 3 1 890.57624 20.3 -1.0 890.5759 2.0
4 2 3 4 1 3 890.60884 62.1 -0.2 890.6102 5.0
7 5 2 7 6 2 890.61331 89.4 -1.6
4 3 1 4 2 3 890.61999 61.3 0.0 890.6205 -2.0
4 4 0 4 4 1 890.63420 3.9 -9.0 890.6335 -11.0
11 11 1 11 11 0 890.64870 20.1 -14 890.6489 2.0
8 6 2 8 7 2 890.65597 91.2 -4.2
6 4 2 6 5 2 890.68190 80.2 -1.7
9 9 0 9 9 1 890.68888 1.5 -3.1 890.6879 -15.0
8 8 0 8 8 1 890.72577 1.3 -0.9 890.7251 -10.0
7 7 0 7 7 1 890.73889 8.7 1.7 890.7386 -3.0
8 7 2 8 7 1 890.77297 15.6 -1.0 890.7753 18.0
10 10 1 10 10 0 890.77591 12.9 0.4 890.7753 -6.0
10 8 3 10 8 2 890.79816 51.8 -0.5 890.7964 18.0
9 7 2 9 8 2 890.82761 94.9 -4.0
5 3 2 5 4 2 890.83637 85.3 -0.2 890.8370 3.0
9 9 1 9 9 0 890.92029 10.7 1.2 890.9202 -2.0
3 1 3 3 0 3 890.94553 31.7 6.9 890.9456 0.0
3 0 3 3 1 3 890.94553 31.7 -9.3 890.9456 -15.0
4 2 2 4 3 2 891.04282 80.4 0.1 801.0427 -3.0
8 8 1 8 8 0 891.09107 8.4 2.0 891.0908 -4.0
3 2 2 3 1 2 891.12454 75.0 -0.9 891.1245 -3.0
10 8 2 10 9 2 891.13618 97.3 -1.0
2 2 1 2 1 1 891.14401 914 -0.6 891.1440 4.0
aThis work.
b Ref. (10).

In accordance with the flirepresentation of the rotational Thanks to the significantly improved ground state energie
Hamiltonian, rotational energies for gived increase with the higher precision of the present data, and the greater sensi
Ke. ity of the actual spectrum, averaged experimental upper state
The superiority of the present study to that of REJ)(can ergies were determined with an accuracy @3x 1073 cm?,
be underlined by some statistical data. Q0¥ values, 22, 21, which may be compared with the RMS of Refl(], ca.
and 20, exceed those af@), which were 20, 20, and 18, re-0.43 x 10-3 cm~1. Two details of the spectra, with assignment:
spectively, forvy, v3, andve. The number ofu, andvg band of PH,D lines, are illustrated in Figs. 3 and 4. Table 5 reproduc
transitions, 2560 and 1350, respectively, is substantially largeg a small part of the studied spectrum in the region ofithe
than that in 10), 1579 and 1116. The 1590 transitions assigndxhnd center illustrates, on the one hand, that some weak lines
for the v3 band seem to be less than the 1739 transitions dsund in (LO) were assigned in our study and, on the other han
signed<1235 cnt? in (10). However, our spectrum was onlythat line positions are reproduced 3—4 times more accurately. £
exploited up to 1160 crt and the 1739 transitions should beeraged upper state energies obtained from different transitic
compared with the 1357 assignmerts160 cntt in Ref. (10). reaching the same state are reported in Table 6, columng,2 (
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TABLE 6
Experimental Rovibrational Term Values for the (000100), (001000), and (000001) Vibrational States of the PH,D Molecule (in cm—1)?2
(000100) {001000) (000001) (000100) (001000) (000001)

J K, K¢ E A ) E Jay 8 E A 8 J Kg K¢ E A 13 B A 8 E A 1)

1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 g 10
V] o 1] 891.91338 5 -23 1093.57114 7 -12 969.48071 -37 8 1 8 1186.48564 17 7 1391.54347 18 -8 1279.33403 18 2
1 1 o] 897.60168 -2 .27 1099.48596 8 -1 975.17088 5 .33 8 0 8 1186.48564 17 7 1391.54347 18 -8 1279.33403 18 2
1 1 1 898.93830 6 -20 1100.71625 9 1 976.68249 11 -20 9 9 ] 1145.68658 22 5 1354.50063 15 -4 1218.56007 20 -1
1 o 1 899.05788 6 -25 1100.92421 3 -1 976.98088 8 -25 9 9 1 1145.85692 12 12 1354.54018 19 -9 1218.59225 21 -13
2 2 1} 908.97019 10 -17 1111.28936 9 -4 986.51104 7 -22 9 8 1 1151.08434 16 -13 1362.72247 16 16 1229.59829 22 10
2 2 1 910.19411 9 -12 1112.83571 10 -13 987.76322 13 -15 9 8 2 1152.91509 15 17 1363.49254 20 i3 1230.29756 20 23
2 1 1 910.55333 5 13 1112.95994 10 V] 988.65754 6 -24 9 7 2 1154.87714 20 -16 1367.94576 19 14 1236.88707 21 17
2 1 2 914.56513 7 -14 1116.65076 9 -1 993.18872 11 -14 9 7 3 1160.45157 14 10 1371.74642 11 12 1240.91284 24 14
2 0 2 914.57266 8 -14 1116.67457 5 -7 993.22867 5 -7 9 6 3 1160.71400 15 -1 1372.95047 20 4 1243.05082 18 -5
3 3 [¢] 926.00237 8 -17 1128.93151 10 -11 1003.425558 10 -12 9 6 4 1170.14322 17 11 1381.14366 15 -1 1252.55885 16 13
3 3 1 927.07141 8 -2 1129.74616 6 -13 1004.36121 12 -14 9 5 4 1170.15498 15 4 1381.25609 18 7 1252.81889 21 -6
3 2 1 927.79044 7 -17 1130.99323 7 3 1006.14400 8 .15 ] 5 5 1182.63248 31 25 1392.96344 8 -1 1266.99353 18 6
3 2 2 931.62495 21 -1 1134.38857 10 -7 1010.25024 14 -11 9 4 5 1182.63248 31 1 1392.96785 20 6 1267.00698 18 -1
3 1 2 931.66255 18 -2 1134.50599 10 2] 1010.44475 8 -13 9 4 6 1198.00080 9 13 1407.50217 22 18 1284.74849 47 39
3 1 3 938.62340 5 -3 1141.07317 6 7 1018.56157 12 -2 9 3 6 1198.00080 9 13 1407.50217 22 10 1284.74849 47 2
3 4] 3 938.62355 9 -16 1141.07475 10 -2 1018.56501 18 5 9 3 T 1216.26913 18 7 1424.74790 27 29 1305.84538 19 3
4 4 o 948.67478 14 o 1152.34750 11 .21 1025.82253 15 -11 9 2 7 1216.26913 18 6 1424.74790 27 29 1305.84538 19 2
4 4 1 949.56282 12 10 1152.92685 12 -25 1026.45353 14 2 9 2 8 1237.46697 14 2 1444.67218 11 31 1330.27533 4 12
4 3 1 950.76189 10 -17 1154.99716 11 -4 1029.40130 8 -13 9 1 8 1237.46697 14 3 1444.67218 11 31 1330.27533 4 12
4 3 2 954.36325 14 12 1158.01263 8 -12 1032.96678 14 -5 9 1 9 1261.62994 15 8 1467.24334 8 -19 1358.05366 35 -22
4 2 2 954.47497 14 -7 1158.35179 11 o 1033.52118 13 -7 9 0 9 1261.62994 15 8 1467.24334 8 -19 1358.05366 35 -22
4 2 3 961.37566 10 -1 1164.75857 7 -4 1041.36617 13 1 10 10 o] 1201.68589 11 8 1411.82360 15 6 1273.25031 13 2
4 1 3 961.37767 13 -3 1164.77022 12 -5 1041.38931 13 -3 10 10 1 1201.79505 20 2 1411.84433 13 9 1273.26570 15 1
4 1 4 971.17207 -23 1174.05791 14 0 1052.89052 16 10 9 1 1208.05885 24 9 1421.33830 18 28 1285.85750 16 3
4 4] 4 971.17234 2 1174.05791 14 -9 1052.89072 13 10 9 2 1209.50730 11 13 1421.82830 19 24 1286.27368 15 -9
5 5 [¢] 976.95840 14 10 1181.47536 15 -26 1053.62730 7 6 10 8 2 1212.22094 11 6 1427.64272 17 5 1294.70018 17 18
5 5 1 877.65882 14 6 1181.85412 13 -32 1054.01546 16 -7 10 8 3 1217.30136 15 -2 1430.71152 10 -2 1297.77234 17 18
5 4 1 979.45673 13 -10 1184.93243 13 -2 1058.37090 22 -8 10 7 3 1217.77546 12 6 1432.68723 23 5 1301.15407 18 -1
5 4 2 982.77271 21 1 1187.50071 15 -5 1061.31145 11 -1 10 7 4 1226.98740 13 7 1440.26219 19 -3 1309.67682 19 13
5 3 2 983.02908 16 o 1188.24326 19 12 1062.50307 16 -4 10 6 4 1227.01529 10 11 1440.51362 16 -6 1310.24213 17 -15
5 3 3 989.81764 18 3 1194.36456 10 1 1069.88671 14 3 10 6 5 1239.42107 9 14 1452.03224 18 -3 1324.01937 14 1
5 2 3 989.82580 16 5 1194.41058 6 3 1069.97715 13 -2 10 5 5 1239.42170 18 3 1452.045306 12 -7 1324.05838 22 0
5 2 4 899.59722 20 -1 1203.65139 10 12 1081.37125 6 13 10 5 6 1254.73755 20 26 1466.51811 20 11 1341.63219 11 14
5 1 4 $99.59722 20 -9 1203.65224 - 13 1081.37335 7 16 10 4 6 1254.73755 20 26 1466.51811 20 -20 1341.63367 3 19
5 1 5 1012.22406 16 0 1215.60695 13 -5 1096.16377 26 10 4 7 1272.95434 32 45 1483.73454 16 13 1362.59840 18 17
5 1] 5 1012.22406 16 [} 1215.60695 13 -6 1096.16377 25 10 3 7 1272.95434 32 -12 1483.73454 16 13 1362.59840 18 14
6 6 o 1010.82360 16 12 1216.27219 12 -19 1086.80294 17 1 10 3 8 1294.09850 12 -5 1503.64989 17 38 1386.89747 20 12
6 6 1 1011.34878 9 15 1216.50303 15 -23 1087.02554 11 10 10 2 8 1294.09850 12 3 1503.64989 17 38 1386.89747 20 12
6 5 1 1013.85964 12 -9 1220.74444 16 4] 1092.97161 16 6 10 2 9 1318.20334 16 -9 1526.23435 186 37 1414.53393 19 -1
6 5 2 1016.84476 15 16 1222.82538 17 -5 1095.25244 18 3 10 1 9 1318.20334 16 -9 1526.23435 16 37 1414.53398 19 -1
6 4 2 1017.34164 17 -3 1224.18400 12 8 1097.38833 19 3 10 1 10 1345.30710 15 1 1551.44534 20 -29 1445.53990 15 -27
6 4 3 1023.94900 18 10 1229.88364 9 11 1104.11957 10 2 10 o 10 1345.30710 15 1 1551.44534 20 -29 1445.53990 15 -27
6 3 3 1023.97348 20 13 1230.01804 16 1 1104.37994 11 -11 11 11 0 1263.19339 22 -14 1474.75083 17 30 1333.33308 30 -3
6 3 4 1033.70720 16 10 1239.16037 17 8 1115.57176 4 2 11 11 1 1263.26162 18 -13 1474.76123 3 11 1333.34125 18 -9
6 2 4 1033.70761 20 11 1239.16448 10 3 1115.58189 12 -3 11 10 1 1270.58738 14 -2 1485.53236 11 16 1347.44768 12 4]
6 2 5 1046.31075 17 10 1251.09767 21 21 1130.29668 22 22 11 10 2 1271.68844 14 13 1485.82940 11 17 1347.68490 29 -3
6 1 5 1046.31075 17 10 1251.08767 21 16 1130.29668 22 6 11 9 2 1275.27702 11 -38 1493.09690 10 o 1357.98802 16 10
6 1 6 1061.78815 15 1 1265.71171 19 -14 1148.35173 17 18 11 9 3 1279.80862 14 -4 1495.45618 6 -12 1360.19699 20 7
6 () 6 1061.78815 15 1 1265.71171 19 -14 1148.35173 17 18 11 8 3 1280.60329 10 -28 1498.43528 10 -11 1365.11822 12 5
7 7 0 1050.24487 9 12 1256.71548 17 -24 1125.34471 16 4] 11 8 4 1289.51052 11 2 1505.24979 18 -5 1372.49822 21 6
7 7 1 1050.62042 12 20 1256.84868 9 -30 1125.46575 15 o 11 7 4 1289.57045 12 -4 1505.75694 9 -22 1373.59671 10 -8
7 6 1 1053.95037 15 -8 1262.36400 18 3 1133.10418 19 14 11 7 5 1301.88027 9 11 1516.97996 10 -21 1386.78484 29 15
7 6 2 1056.56806 16 16 1263.95536 16 -3 1134.75440 16 14 11 6 5 1301.88233 2 14 1517.01368 8 -21 1386.88415 8 0
7 5 2 1057.42243 16 -11 1266.14867 22 17 1138.13191 17 -13 11 6 6 1317.13485 13 13 1531.39593 -46 1404.23647 16 -1
7 5 3 1063.76777 17 -2 1271.30179 18 0 1144.05166 25 5 11 5 6 1317.13485 13 13 1531.39699 -50 1404.24113 14 -5
7 4 3 1063.82888 10 1 1271.62379 16 3 1144.66139 18 -1 11 5 7 1335.29285 17 -10 1548.56894 10 -15 1425.05141 19 7
7 4 4 1073.50182 9 10 1280.58244 19 9 1155.50093 16 8 11 4 7 1335.29285 17 25 1548.56894 10 -17 1425.05141 19 -6
7 3 4 1073.50341 12 21 1280.59750 19 8 1155.53727 22 0 11 4 8 1356.37551 16 -12 1568.46332 14 11 1449.20467 9 24
7 3 5 1086.07531 22 8 1292.49052 10 14 1170.14007 10 7 11 3 8 1356.37551 16 15 1568.46332 14 11 1449.20467 9 24
7 2 5 1086.07531 22 7 1292.49080 11 13 1170.14080 32 -12 11 3 9 1380.41526 7 -11 1591.04949 10 26 1476.68707 10 24
7 2 6 1101.52324 7 2 1307.09079 9 6 1188.11477 11 14 11 2 9 1380.41526 7 -10 1591.04949 10 26 1476.68707 10 24
7 1 6 1101.52324 7 2 1307.09079 9 6 1188.11477 11 13 11 2 10 1407.44826 20 -21 1616.29326 26 56 1507.51904 17 -5
7 1 7 1119.87314 15 7 1324.36146 20 -10 1209.42078 10 24 11 1 10 1407.44826 20 -21 1616.29326 26 56 1507.51904 17 -5
7 o 7 1119.87314 15 7 1324.36146 20 -10 1209.42078 10 24 11 1 11 1437.51510 8 -4 1644.13217 9 .23 1541.75093 20 -39
3 8 o] 1095.20334 14 7 1302.79448 16 -19 1169.26067 17 1 11 0 11 1437.51510 8 -4 1644.13217 9 -23 1541.75093 20 -39
8 8 1 1095.46083 8 13 1302.86824 10 -24 1169.32400 35 -4 12 12 o 1330.20136 17 -19 1543.26697 5 21 1398.81241 19 -11
8 7 1 1099.70264 17 -12 1309.71381 19 7 1178.67017 16 14 12 12 1 1330.24294 16 -24 1543.27224 10 16 1398.81660 17 -10
8 7 2 1101.92975 19 7 1310.85635 17 2 1179.78086 14 12 12 11 1 1338.63548 14 1 1555.29145 7 15 1414.38113 19 -10
8 6 2 1103.27125 6 -8 31314.08974 13 10 1184.66218 18 17 12 11 2 1339.43909 19 -1 1555.46441 14 8 1414.51200 12 -41
8 6 3 1109.27074 20 6 1318.59861 18 5 1189.66005 18 17 12 10 2 1344.01370 3 -22 1564.22028 10 -4 1426.65012 20 18
8 5 3 1109.40417 13 10 1319.26095 24 9 1190.87761 40 -2 12 10 3 1347.95864 13 4 1565.93970 29 14 1428.14520 17 8
8 5 4 1118.98093 10 24 1327.91284 18 3 1201.16352 13 -2 12 9 3 1349.20596 15 -42 1570.13524 14 -9 1434.84729 16 12
8 4 4 1118.98554 12 35 1327.95735 18 12 1201.26885 17 -7 12 9 4 1357,70805 13 -8 1576.08120 17 -16 1440.99375 20 14
8 4 5 1131.51649 14 16 1339.78110 12 26 1215.70282 20 0 12 8 4 1357.82787 19 -23 1577.01376 13 -31 1442.92355 30 -12
8 3 5 1131.51649 14 9 1339.78212 29 4 1215.70685 7 7 12 8 5 1370.00720 10 -5 1587.79795 14 -16 1455.28871 15 -12
8 3 6 1146.92844 26 15 1354.35700 15 20 1233.57805 26 14 12 7 5 1370,01237 5 7 1587.87754 13 .41 1455.51656 22 -19
8 2 6 1146.92844 26 15 1354.35700 15 19 1233.57805 26 6 12 7 6 1385.18923 15 9 1602.12833 9 -38 1472.56732 17 -14
8 2 7 1165.24070 10 2 1371.61999 17 27 1254.78785 17 4 12 6 6 1385.18923 15 9 1602.13175 22 -27 1472.58087 12 -17
8 1 7 1165.24070 10 2 1371.61999 17 27 1254.78785 17 4 12 6 7 1403.27886 22 -38 1619.24033 15 -30 1493.20948 19 20

a|n Table 6,A is the experimental uncertainty of the energy value, equal to one standard deviation in unit8 ofit®; § is the differenceE®XP — Ecalc.
also in units of 10% cm=2; A is not quoted when the energy value was obtained from only one transition.
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TABLE 6—Continued

245

(000100) (001000) (000001) (000100) (001000) (000001)

J Ko Ke E A s B A8 E A & J Kaq Kc E N 5 E A 5 B A 5

1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
12 5 7 1403.27886 22 16  1619.24033 15 -37  1493.20948 19 -28 15 8 8 1661.82485 14 -15 1885.81675 6 -28  1755.33881 35 7
12 5 8 1424.20238 23  -54  1639.09945 7 -28  1517.19996 13 13 15 7 8 1661.81420 17 -7  1885.81675 6 -34  1755.33881 35 -40
12 4 8 1424.20238 23 27  1639.00045 7 -28  1517.19996 13 12 15 7 9 1685.50562 .26  1908.25920 10 -12  1782.07409 13 -10
12 4 9 1448.25996 11  -15 1661.67396 8 -6  1544.51597 20 28 15 6 9 1685.52855 5 -2  1008.25920 10 -12  1782.07408 13 -21
12 3 9 1448.25996 11 .8  1661.67396 8 -6 1544.51597 20 28 15 6 10  1712.25535 8 21  1933.46602 11 17  1812.12876 20 -38
12 3 10 147521478 6 -16 1686.93454 2 23  1575.16476 15 20 15 5 10  1712.22255 5 12  1933.46602 11 17  1812.12876 20 -22
12 2 10  1475.21478 6 -16 1686.93454 2 23  1575.16476 15 20 15 5 11  1741.87473 10 -9  1961.41200 6 -10  1845.45344 12 -31
12 2 11  1505.19698 13  -17 1714.83560 10 26  1609.18325 15 -6 15 4 11  1741.87473 10 -9 1961.41200 6 -10 1845.45344 12 -30
121 11 1505.19698 13  -17  1714.83560 10 26  1609.18325 15 -6 15 4 12  1774.59924 12 -8  1992.08250 12 19  1882.13266 28 -39
12 1 12 1538.24853 6 2 1745.28457 1 -30  1646.64273 3 -52 15 8 12  1774.59924 12 -8  1992.08250 12 19  1882.13266 28 -39
12 0 12 1538.24853 6 2 1745.28457 1 -30 1646.64273 3 -52 15 3 13  1810.40333 13 9  2025.41594 40 -1  1922.18673 30 .36
13 13 0 1402.70009 17 -25 1617.35582 6 16 1469.68753 16 -7 15 2 13  1810.40333 13 9  2025.41504 40 -1  1922.18673 30 -36
13 13 1 1402.72501 10 -19 1617.35837 12 9  1469.69020 26 -5 15 2 14  1849.37466 6 5 2061.28423 -10  1965.71706 28 66
13 12 1 1412.17512 11 0 1630.60689 8 -4 1486.67090 18 -5 15 1 14  1849.37466 6 -12  2061.28423 .10  1965.71706 28 66
13 12 2 1412.73962 12 2 1630.70450 18 1  1486.74180 24 -12 15 1 15  1891.49894 5  2000.32548 4 33
13 11 2 1418.39310 11 -15  1640.93201 13 -7  1500.61988 11 -1 15 O 15  1891.49894 5  2099.32548 4 33
13 11 3 1421.73344 19 -13  1642.11884 13 -18 1501.57780 22 -13 16 16 O 1653.02110 10 19  1872.87607 .10  1714.67085 -2
13 10 3 1423.58007 6 -20 1647.71143 - -5  1510.22830 25 -17 16 16 1653.02549 15 -12  1872.87607 -4 1714.71601 8
13 10 4 1431.57359 4 5  1652.72494 12 -9  1515.12604 15 -16 16 15 1 1665.57522 6 -9  1889.78560 12 -5  1735.74521 8 0
13 9 4 1431,79822 13  -20  1654.20957 12 -25  1518.22278 9 -22 16 15 2 1665.73576 6 -14  1889.80073 2 -2 173576856 8 -19
13 9 5 1443.79914 17 11  1664.47363 13 -30  1520.52373 9 -30 16 14 2 1674.93646 18 28  1904.13191 .26 1754.25907 19 42
13 8 5 1443.81067 1 4 1664.64670 14 -46  1529.99971 14 -16 16 14 3 1676.50430 20 -23  1904.42493 -58  1754.47853 22 36
13 8 6 1458.89640 6 6 1678.70575 16 -53  1546.62913 13 -40 16 13 3 1681.12864 8 69 1769.08682 18 6
13 7 6 1458.89640 6 10  1678.71500 48 -24  1546.66449 20 -30 16 13 4 1687.06644 22 -14 1770.89545 19 1
13 7 7 1476.90848 5 -3 1695.73764 -48  1567.07597 20 16 12 4 1688.12437 -30 1779.20811 16 S8
13 6 7 1476.90764 12 14 1695.73786 .51 1567.07756 .17 16 12 5 1699.11713 18 -44 1786.40214 -34
13 6 8 1497.84343 62 -117  1715.54561 13 -38  1590.88627 16 4 16 11 5 1699.21565 a1 1789.04071 98
13 5 8 1497.84343 62 88  1715.54561 13 -38  1590.88627 16 -1 16 11 6 1713.88590 26 -57 1803.22452 31 -79
13 5 9 1521.73162 23  -34  1738.09319 15 -28 1618.02201 14 18 16 10 6 1713.84686 25 -6 1803.50226 14 38
13 4 9 1521.73162 23 17 1738.09319 15 -28 1618.02291 14 18 16 10 7 1731.59430 14 -47 1822.96063 105
13 4 10  1548.60008 15 -19  1763.35414 14 14  1648.48131 15 18 16 9 7 1731.58181 4  -14 1822.08868 30 65
13 3 10  1548.60008 15 -10  1763.35414 14 14 1648.48131 15 18 16 9 8 1752.23808 11 -46
13 3 11 1578.48915 9 -22  1791.20412 9 2  1682.27801 10 -19 16 8 8 1752.21343 14 -18
13 2 11  1578.48915 9  -22  1791.29412 9 2  1682.27891 10 -18 16 8 9 1775.82282 13 -0 1872.61768 30 78
13 2 12 1611.44091 7 -14  1821.85130 18 8 1719.47568 10 -13 16 7 9 1775.84078 5 6 1872.61768 30 60
13 1 12 1611.44091 7 -14 1821.85130 18 8  1719.47568 10 -13 16 7 10  1802.38095 22 30 1902.45509 42
13 1 13 1647.49634 6 4  1854.88222 6 -39 1760.16760 12 -46 16 6 10  1802.37534 80 1902.45509 62
13 0 13  1647.49634 6 4 1854.88222 6 -39 1760.16760 12 -46 16 6 11  1831.95196 7 -31 1935.52476 47
14 14 o0 1480.67857 12 -10  1696.99934 -5  1545.95725 20 8 16 5 11  1831.95196 7 -31 1935.52476 47
14 14 1 1480.69305 10 -18  1697.00076 13 8 154595991 4 11 16 5 12  1864.54830 31 -14 1971.94881 28 0
14 13 1 1491,18668 18 -4 1711.46968 32 .17 1564.32570 11 5 16 4 12  1864.54830 31 -14 1971.94881 28 0
14 13 2 1491.56950 10 35  1711.52325 15 -15 1564.36480 17 -2 16 4 13  1900.21112 11 16 2011.69973 18 20
14 12 2 1498.37198 25 -10  1723.17556 19 -12  1579.87299 16 -2 16 3 13  1000.21112 11 16 2011.69973 18 20
14 12 3 1501.11344 36 12 1723.95218 6 -55 1580.46062 7 -20 16 3 14  1939.05864 11 -4
14 11 3 1503.71239 13 -7 1731.07765 -32  1591.13928 18 -15 16 2 14  1939.05864 11 -4
14 11 4 1511.09734 15 1 1735.14345 12 1594.85144 23 -35 16 2 15  1081.02484 15 23
14 10 4 1511.49485 15 -10  1737.60407 0 1599.44142 10 -17 16 1 15  1081.02484 15 23 .
14 10 5 1523.25154 11 -6 1746.99139 34 18  1609.47328 40 16 1 16  2026.21499 5 -7
14 9 5 1523.27653 6 0 1747.33837 -39 1610.38577 19 -9 16 O 16  2026.21499 5 -7
14 9 6 1538.25170 12 -6 1761.12942 8 -43  1626.42333 11 -47 17 17 O 1747.35482 50  1969.06930 .11 1807.10888 -24
14 8 6 1538.25170 12 24  1761.14960 32 1626.50686 22 -33 17 17 1 1747.35690 1 1969.06930 18 1807.08673 -1
14 8 7 1556.17501 7 -7 1778.05074 41 -7  1646.65533 30 -14 17 16 1 1760.93181 9 -20  1987.20681 12
14 7 7 1556.17274 10 -4 1778.05074 41 -84 1646.65973 15 -23 17 16 2 1761.08167 9 -31  1087.21438 96
14 7 8 1577.02425 3 -6 1797.78861 13 4  1670.26549 17 -4 17 15 2 1771.42715 8 1 2002.82154 -1
14 6 8 1577.01954 1 0 1797.78861 13 2  1670.265490 17 .2 17 15 3 1772.64454 .55 2002.99244 18 -36
14 6 9 1600.82817 11 -10  1820.29292 17 -26 1697.20895 12 -6 17 9 9 1871.72796 -15
14 5 9 1600.82311 3 -6 1820.20202 17 -26  1697.20895 12 -7 17 8 9 1871.75232 8
14 5 10  1627.59849 15 -19  1845.53621 9 17  1727.46959 13 -17 17 8 10  1898.16797 89
14 4 10  1627.59819 15 -31 184553621 O 17  1727.46959 13 -18 17 6 11  1927.60789 -68
14 4 11  1657.38433 11 -16  1873.49189 18 -13 17 6 12 1960.06550 -32
14 3 11  1657.38433 11 -16 1873.49189 18 -13  1761.02763 12 -38 17 5 12  1960.06550 -32
14 3 12 1690.22726 16 -10  1004.12114 24 -39  1797.97378 12 -40 17 5 13  1995.57720 14
14 2 12 1690.22726 16 -10 1904.12114 24 -39  1797.97378 12 -40 17 4 13  1995.57720 14
14 2 13 1726.16245 7 -3 1937.33342 3 .59  1838.34006 21 -25 17 3 15  2076.09208 0
14 1 13 1726.16245 7 -3 1937.33342 3 -59  1838.34006 21 -25 17 2 15  2076.09298 0
14 1 14 1765.25479 -4 1972.90361 3 .12  1882.27319 56 92 17 2 16  2121.10873 18
14 0 14  1765.25479 -4 1972.90361 3 -12  1882.27319 56 92 17 1 16  2121.10873 18
15 15 0 1564.12371 10 1 1782.17941 13 1 1627.61932 8 20 17 1 17  2169.38199 .11
15 15 1 1564.13189 13 -15 1782.17941 13 -50 1627.62465 7 12 17 0 17 2169.38199 -11
15 14 1 1575.65690 9 2 1797.86751 .34 1647.35008 9 17 18 18 O 1847.10741 32 110  2070.74784 .52  1904.93331 -44
15 14 2 1575.90826 12 -7 . 1797.89609 46  1647.37442 5 3 18 18 1 1847.10741 32 -31  2070.73911 -84  1904.91162 3
15 13 2 1583.90202 29 44  1810.91388 6 -23  1664.41395 8 10 18 17 1 1861.71537 9 -7
15 13 3 1586.07510 20 -18  1811.39990 13 -56  1664.76679 16 10 18 17 2 1861.77600 16 -21
15 12 3 1589.57352 25 12 1820.13879 46  1677.45870 5 -27 19 19 O 1952.25865 22 76  2177.86270 89 134  2008.16538 -36
15 12 4 1596.26716 21 16  1823.20451 21 43 1680.12382 8 -7 19 19 1 1952.25865 22 1 2177.86270 89 2 2008.11016 43
15 11 4 1596.93277 5 1826.88594 58  1686.52651 21 22 19 18 1 1967.91254 20 90
15 11 & 1608.35986 19  -11  1835.32873 14 64  1605.11114 14 -48 20 20 O 2062.78872 15 38  2200.42268 78 147  2116.68447 -20
15 10 5 1608.41063 16 3 183597636 37 11  1696.72422 15 15 20 20 1 2062.78872 15 -1  2200.42268 78 49  2116.54985 82
15 10 6 1623.25036 16 0 1849.36075 8 34  1711.92777 28 -62 21 21 0O 2178.67474 -50  2408.39551 -5
15 9 6 1623.24833 17 17 1712.07844 17 -21 21 21 O 2178.67474 .70 2408.39551 -97
15 9 7 1641.07269 11 -8 1731.94926 30 -42 22 22 [} 2299.89468 22
15 8 7 1641.06770 14 12 1731.96130 9 -11 22 22 1 2299.89468 11
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TABLE 7

Parameters of Resonance Interactions for the (000100), (001000), and (000001)
Vibrational States of the PH,D Molecule (in cm~1)

Coriolis-type interactions

Parameter Value Parameter Value Parameter Value

(2B¢®)1-2 -4.1498(898) Ch 2 x10°  -0.36994(662) 172 x 108 0.78534(892)

CL2x 10 -0.61276(226) Cii7 x 10 0.35560(786) CliZx x 10T 0.4914(118)

(20¢¥)1-3 3.1775(303) Cii* x10°  -0.41559(669) Ci7% x 108 -0.28308(128)
Cizk x10°  -0.5540(219) Chyie x 105 1.5522(199) Ciikr X 10°  1.5088(457)
C1-3 %10 0.24131(568) CL 2 %10 -0.04933(207) ci-% x 10t 0.22143(711)

zzd

CL 2, x107  0.09681(775)  CL73. x 107  0.2484(127) Cl3, %107 -0.8873(167)
C123 x 107 0.6237(136)

(24¢%)2-3 3.0321(538) C%A x10%  -0.19381(332) 0?73 x 108 0.12408(302)

%

z.

=3 x10°  0.7019(163) C173x10° -0.5559(156) CZ3x x 10°  -0.1659(140)

C23x10 0.10904(102) c2 % x 10 0.37018(590) Cc2 3 x 10t -0.38761(576)

C2 2k x 107 0.4596(226) C2 3 x 107 -1.4029(248) C23,x107  0.52239(837)
C23 x 103 -1.0444(350) C27% x 108 0.35368(580) C2k x 108 -2.966(128)
C278 x10%  2.210(124) C2 2 x10*  0.09313(512) C% 8 x10*  -0.7781(108)

C2 2. x 107 0.4286(106)

Fermi-type interactions

Parameter Value Parameter Value Parameter Value
F -14.263(486) FY2x10°  -4.5818(580) F172 %102 2.7365(294)
FL2x10°  0.7260(118) F122x 10 -0.5618(107) Figéy x 107 -0.93111(699)
Fi7% x 107 1.081(706) F17% x 10 4.4567(203) Fag x 10 0.20449(615)

F7x10*  0.03248(176) Fl 2k x10°  -0.03519(236) Fp 7k x 108 -0.11845(209)

2 See footnote to Table 4.

5 (v3), and 8 ¢g) together with their experimental uncertaintotational and Coriolis constants drastically changing, the latt
tiesA (columns 3, 6, and 9, respectively). It should be said thatso being dependent on the chosen reductl® (n order to
really the number of assigned transitions was a little bit largeircumvent correlation problems we chose a different approac
than it is mentioned above. However, we used in the fit onBased on the experience that centrifugal distortion constants
the upper energies determined from the doubtlessly assigmadited states should be close to the ground state values we v
lines. ied in the first step of our data fit only the band centers and tt
It has been noted in the previous stud@)(of thevs, v4, and rotational constants. The centrifugal distortion constants we
vg triad that, owing to correlation effects, the fit was unstablepnstrained to their ground state values. At the same time ma
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a 5 0.030] at1113.41342 and 1113.42220chis found in theQ branch of
g . £ the vz band, and both tra_msition wavenumbers are c_orrectly pr
: dicted by our model. This doublet was not resolved in REJ).(
0.020- I In the final step the centrifugal distortion constafig, A ;¢
0.015- and A ; were also refined while all other centrifugal distortion
constants up to octic terms were constrained to their ground st
0.0101 values. The excited state molecular parameters for the triad :
0.005- reported in Table 4 and the interaction constants are given
0.0001 Table 7. Altogether 21 molecular parameters and 50 interactit
. constants, intotal 71 parameters, were refined. This may be co
-0.005 pared with 36+ 24 = 60 and 35+ 20 = 55 parameters in sets
-0.010+— , , ' ; : : 1 and 2 of Ref.10). The larger number of parameters needed i
10 1 12 13 14 15 16 g the present study is required, above all, by the higher quantt
numbers of the probed energy levels and the higher precision
b . 690 the data. This latter criterium can be assessed by treues
S: 5.5 /) given in columns 4, 7, and 10 of Table 6, which quote the dif
N 5.0 ferences in units of 1® cm~! between experimental energies
4.5 and those calculated with the parameters of Tables 4 and 7.
4.0- The Coriolis interaction constants and the rotational
354 I vibrational constantsf (B = X, Yy, zandAr = 3, 4, and 6) shown
3.0 in column 3 of Table 3 may be compared with the prediction
2.5 outlined in Section 2. Most of them are in reasonable agreeme
2.0] This agreement is particularly noteworthy in view of the fact the
1.5] PHs is not a “true local mode” molecule, the equilibrium inter-
(6] bond angle being near 93.8ather than 99 and themy /Mp
] ratio is close to 1/31.
n-n-' S Afurther criterion for the physical significance of our model is
- o the closeness of the final, refined excited state quartic centrifug
B ¢ 8 10 12 1a 16 distortionconstantax, Ak, andA; withregardtothose ofthe

J  ground state. While ouk difference values are on average 1.9¥%
FIG.5. Diagram of the dependence of the valtig = Esx. s ko g6~ apsolute valge and do not exceed 3.9%, the ayerage/maxm
E) K, -7 Ko J_5 ON the value of the quantum numbkrTrace | corresponds to D differences in Ref.10) are much larger both in Model 1 and
the vibrational statesg = 1). In this case, (a) shows in more detail the part of thdlodel 2: 9.523.2 and 18.927.2%, respectively. The averaged
general diagram; (b) concerns high values of the quantum nuiniée unusual gbsolute values of the constants are aboutthe samein R]gﬂ)) (
behavior of trace | is caused by the presence of strong resonance interactiongofthe A values in the present study in spite of the differen
the states]Ka = 6Ke =J — 6](vs = 1)and JKy = 7K = J — 6](v4 = 1) . . .
A . . representation used. Also the excited sthteandd, values in
with different statesJ Ky K¢](va = 1). For comparison, diagram Il shows the . .
usual behavior ofthe valuy = E k,—6 ke—3—6—Ey ko_7 ko6 Versusthe Model 2 (10) differ substantially from the ground state values.

value of the quantum numbdrfor the ground vibrational state.
6. CONCLUSION

interaction parameters were refined. This was compulsoryFor M X™Y3, Cs, symmetry molecules satisfying the above-
because resonance interactions are numerous and strong. i@eetioned local mode conditions, isotopic relations for th
suchresonance interactionisiillustrated in Fig. 5 where fomherotation—vibratioruf , and quartic centrifugal distortion param-
=1 (trace I) and the ground state (trace Il) the energy differeneters were derived for the case where one of the light abtbms
Aj=Ejk,—ek.~1-6—Eik.=7k.=3—6 iS displayed for differend. is replaced (here H by D). Our results were successfully test
One more strong resonance interaction that became detectéiéhe assignment and the fit of a new high-resolution Fourie
thanks to the superior resolution of the present spectra is thensform spectrum of P in the region of the three lowest
splitting of the energy clusterd[= 18K, = 18K, = 1]/[J = vibrational-rotational bands, ve, andvs. The analysis benefit-
18K, = 18K, = 0] of the vibrational state; = 1. Table 6 il- ted from the precise, improved rotational energies of the grout
lustrates that the clusterd Ko = JK; = 1]/[JKa = JK; = vibrational state. This fact, on the one hand, and the higher re:
0] (v3 = 1), both with the smaller and larger quantum numution and higher sensitivity than in an earlier contributi@g)(
bersJ, are unsplit while thel = 18 cluster is split because ofon the other hand, enabled us to assign transitions with higf
its strong interaction with theJ[= 18K, = 13K, = 5]/[J = values of quantum numbel and to achieve higher accuracy
18K, = 13K, = 6] (vg = 1) states. The corresponding doublein the values of rotation—vibration energies in the upper stat
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than in the earlier study. The fit of the obtained upper state en: A. T. Tokunaga, R. F. Knacke, S. T. Ridgway, and L. Wallakstrophys.
ergies in the framework of Watson’s A-reduced Hamiltonian J.232,603-615 (1979).

in 1Il' representation leads to a physically meaningful set of- R- F- Knacke, S. J. Kim, S. T. Ridgway,
. ) .262,388-395 (1982).
71 spectroscopic parameters which reproduce the 881 observed ;"\ .ra B. Bezard. C. A. Griffith. J. H Lacy, and T. Owdoarus131

“experimental” energies with accuracies close to the experimen- 317_333 (1988).
tal precision. It is to be expected that our approach to predicting G. Tarrago, M. Dang-Nhu, and A. GoldsteinMol. Spectros@8,311-322
parameters of isotopically substituted “daughter” species from (1981).

those of the “mother” molecule will likewise be successful for- 1D65P51F)1%“g';8';)' Birk, U. Magg, and H. Jones, Mol. Spectrosc135,

other Vlbratlons_ of PED. Supposedly this methOd will be ever,] 8. A. Ainetschian, U. Hifing, G. Spiegl, and W. A. Kreinel, Mol. Spectrosc.
more powerful if the target molecules fulfill local mode condi- 181 99-107 (1996).
tions better than PHand PHD, as is the case for 4$e and 9. R.J. Kshirsagar and V. A. JoB, Mol. Spectroscl61,170-185 (1993).
HDSe, which were studied earliet,(2). 10. R. J. Kshirsagar and V. A. JoB, Mol. Spectroscl85,272-281 (1997).
11. O. N. Ulenikov, H. Birger, W. Jerzembeck, G. A. Onopenko, E. S.
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