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a b s t r a c t

We present here an extensive list of theoretical vibrational transition moments for the electronic ground
state of PH3, covering all transitions with significant intensities in the wavenumber region below
7000 cm�1. This work complements, and uses a potential energy surface from, our recent calculation of
vibrational term values for PH3 [R.I. Ovsyannikov, W. Thiel, S.N. Yurchenko, M. Carvajal, P. Jensen, J. Chem.
Phys. 129 (2008) 044309] and it extends, and uses a dipole moment surface from, our previous work on
PH3 intensities [S.N. Yurchenko, M. Carvajal, W. Thiel, P. Jensen, J. Mol. Spectrosc. 239 (2006) 71–87].
Owing to an improved potential energy surface, the transition-moment results of the present work con-
stitute a significant improvement over our previous work. The quality of the reproduction of the available
experimental data suggests that we are approaching a situation where theoretical calculations of inten-
sity information can compete with, and possibly in some cases replace, experimental determinations of
intensities for small molecules. We demonstrate that the theoretical intensity results of the present work
are in accordance with the predictions of local-mode theory.

� 2008 Elsevier Inc. All rights reserved.
1. Introduction

In a very recent publication [1], we have reported the calcula-
tion of a new ab initio potential energy surface (PES) for the elec-
tronic ground state of PH3. The surface was obtained at the
CCSD(T) level of theory, using aug-cc-pV(Q+d)Z and aug-cc-pVQZ
basis sets for P and H, respectively, and including scalar relativistic
corrections. The computed ab initio energies were used to con-
struct an analytical, parameterized representation of the PES, and
(after an empirical adjustment of one parameter, the equilibrium
value of the bond angle) the resulting parameter values served as
input for calculations of vibrational energies for PH3 carried out
by means of the newly developed program TROVE (Theoretical
ROVibrational Energies) [2]. The CVBS (Complete Vibrational Basis
Set) extrapolation scheme [1], analogous to the CBS (Complete Ba-
sis Set) limit schemes [3,4] used in electronic structure calcula-
tions, was employed to improve the convergence of the TROVE-
calculated vibrational energies with increasing vibrational basis-
ll rights reserved.
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set size. The CVBS-extrapolated values for the vibrational energies
of PH3 were found to be in excellent agreement with the available,
experimentally derived term values.

The work reported in Ref. [1] extends our previous studies of
PH3 [5–7], in which we applied the program XY3 [8,9] to the calcu-
lation of rotation–vibration energies and intensities. Initially [5],
we refined an ab initio PES from Wang et al. [10] in a simultaneous
least-squares fitting to ab initio data and experimentally derived
vibrational energy spacings, and we used the refined PES to deter-
mine vibrational term values of PH3. The calculation of energies for
highly excited rotational states was the subject of Ref. [6] where
we showed theoretically that for PH3, such states form sixfold
near-degenerate energy clusters analogous to the fourfold energy
clusters in H2X molecules [11,12]. Apart from Ref. [1], the most re-
cent addition to the PH3 work is a calculation [7] of the transition
moments for vibrational bands and the intensities for individual
rotation–vibration transitions; these computations put special
emphasis on transitions involving the cluster states described in
Ref. [6].

In Ref. [7] we reported vibrational transition moments for
selected vibrational transitions of PH3, calculated with the XY3
program [8,9] from a refined version (the refinements carried out
as described in Ref. [5]) of the ab initio PES from Ref. [10] and from
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a dipole moment surface (DMS) calculated ab initio at the CCSD(T)/
aug-cc-pVTZ level of theory [7] and referred to as the ATZfc DMS. In
the present work, we extend the list of computed transition mo-
ments and effective intensities [see Eqs. (11) and (12) below] to
comprise all vibrational transitions calculated to lie in the wave-
number interval 0� 7000 cm�1 and to have significant intensity
at an absolute temperature of 300 K. The vibrational transition-
moment calculations of the present work are carried out with
the AV(Q+d)Z+R PES (see Section 2 for the notation) obtained in
Ref. [1] and the ATZfc DMS from Ref. [7]. The resulting vibrational
transition moments reproduce the available experimental values
significantly better than those from Ref. [7]. We also give here an
analysis, in terms of local-mode theory [13,14], of the computed
vibrational transition moments. It is shown that the theoretical re-
sults are in keeping with the predictions of local-mode theory.
Table 1
Equilibrium geometry and harmonic vibrational wavenumbers for the electronic
ground state of PH3

Parameter AV(Q+d)Za AV(Q+d)Z+b AV(5+d)Zc Ref. [10]d Exp.e

re=Å 1.41514 1.41473 1.41473 1.41105 1.412
ae=

� 93.5562 93.4926 93.5579 93.497 93.4
x1=cm�1 2421.46 2419.12 2421.37 2429.75
x2=cm�1 1012.63 1013.83 1011.65 1016.47
x3=cm�1 2429.08 2426.76 2429.18 2437.58
x4=cm�1 1142.77 1143.41 1142.69 1147.35

a From CCSD(T)/aug-cc-pV(Q+d)Z ab initio calculations [1].
b From CCSD(T)/aug-cc-pV(Q+d)Z ab initio calculations with relativistic correc-

tions included [1].
c From CCSD(T)/aug-cc-pV(5+d)Z ab initio calculations (present work).
d CCSD(T)/cc-pwCVQZ ab initio results from Ref. [10].
e Experimentally derived values from Refs. [24,25].
2. The ab initio calculation

We have already explained in Ref. [1] how we have used the
MOLPRO2002 program [15,16] to calculate the PES for the elec-
tronic ground state of PH3 by means of the CCSD(T) method (i.e.,
coupled cluster theory with all single and double substitutions
[17] and a perturbative treatment of connected triple excitations
[18,19]). In these calculations, we employed Dunning basis sets
[20–23]: aug-cc-pV(Q+d)Z and aug-cc-pVQZ for P and H, respec-
tively. We label the resulting ab initio data points, and their ana-
lytical representation (see below), as AV(Q+d)Z. The energies
were subsequently corrected by the mass–velocity and the
one-electron Darwin terms, computed at the CCSD(T) level with
the aug-cc-pV(T+d)Z (for P) and aug-cc-pVTZ (for H) basis sets.
The resulting PES, which includes relativistic effects, is referred
to as AV(Q+d)Z+.

The AV(Q+d)Z and AV(Q+d)Z+ ab initio points were fitted in
terms of the analytical function given in Eqs. (1)–(7) of Ref. [1]. This
function is discussed in general in Ref. [8], where it is called a PES-
type-A. It is essentially an expansion in the stretching and bending
coordinates

nk ¼ 1� expð�aðrk � reÞÞ; k ¼ 1;2;3; ð1Þ

n4a ¼
1ffiffiffi
6
p ð2a23 � a13 � a12Þ; ð2Þ

n4b ¼
1ffiffiffi
2
p ða13 � a12Þ; ð3Þ

and

sin �q ¼ 2ffiffiffi
3
p sin½ða12 þ a13 þ a23Þ=6� ð4Þ

for the ‘umbrella’ motion. In Eqs. (1)–(4), a is a molecular parame-
ter, the bond length riði ¼ 1;2;3Þ is defined as the instantaneous
distance between the P nucleus and proton i (where the protons
of the PH3 molecule are labeled as 1, 2, and 3, respectively, and
the P nucleus as 4), and the bond angle aij ¼ \ðHi � P�HjÞ, where
Hi and Hj are the protons labeled i and j, respectively. The optimized
PES-type-A parameter values for the AV(Q+d)Z+ PES are given in Ta-
ble I of Ref. [1], and those for the AV(Q+d)Z PES are available from
the authors on request.

As explained in Ref. [1], we realized that relative to the
AV(Q+d)Z+ ab initio PES, we could obtain a significant improve-
ment of the reproduction of the vibrational energies by empirically
adjusting, in a least-squares fitting to experimentally derived
vibrational energies, the one parameter ae (i.e., the equilibrium
bond angle value) of the analytical representation of the
AV(Q+d)Z+ PES. The least-squares fitting was carried out with the
TROVE program. The AV(Q+d)Z+ PES has ae ¼ 93:4926� and the
empirical adjustment changed this value to 93.565�; the adjusted
value is very close to the original AV(Q+d)Z value of 93.556�. The
resulting, adjusted PES is denoted by AV(Q+d)Z+R and the theoret-
ical vibrational energies reported in Ref. [1] were computed with
this PES.

In Table 1 we report AV(Q+d)Z and AV(Q+d)Z+ ab initio values of
the equilibrium bond length re, the equilibrium bond angle ae, and
the harmonic vibrational wavenumbers xi for the electronic
ground state of PH3. For comparison, we also include in the table
the CCSD(T)/cc-pwCVQZ values from Ref. [10] together with
CCSD(T)/aug-cc-pV(5+d)Z values from the present work. The x-
values for the stretching modes m1 and m3 change the most when
the basis set is extended from cc-pwCVQZ [10] to aug-cc-
pV(Q+d)Z. We attribute this change to the d-functions localized
at the P nucleus. It is seen that relative to the AV(Q+d)Z results,
the relativistic corrections in the AV(Q+d)Z+ calculation cause
some change of the equilibrium structure and the x-values,
whereas the extension of the basis set to aug-cc-pV(5+d)Z causes
a much smaller change.

3. Theoretical vibrational term values calculated with TROVE

3.1. Implementation of symmetrized vibrational basis functions

The TROVE program [2] calculates the rotation–vibration ener-
gies as the eigenvalues of matrix blocks obtained by constructing
the matrix representation of the rotation–vibration Hamiltonian
in terms of suitable basis functions. Initially, the matrix represen-
tation is set up in terms of primitive basis functions [2]

wn ¼ jn1ijn2ijn3ijn4ijn5ijn6i: ð5Þ

Each vibrational ‘factor function’ jnii in Eq. (5) (with principal
quantum number ni) is a one-dimensional (1D) function /iðn‘i Þ
depending on one, and only one, of the six coordinates n‘i
ði ¼ 1; . . . ;6Þ which are linearized versions [8] of the coordinates
ðr1; r2; r3;a12;a13;a23Þ introduced in connection with Eqs. (1)–(4).
The /iðn‘i Þ functions are generated in numerical solutions of the
corresponding 1D Schrödinger equations (for details, see Ref. [2]).
In the present TROVE calculations, we use a Hamiltonian defined
in terms of a rigid reference configuration, i.e., both the kinetic en-
ergy operator and the potential energy function are expressed as
expansions (of 4th and 8th order, respectively) around the equilib-
rium geometry in the coordinates n‘i ði ¼ 1; . . . ;6Þ.

In TROVE calculations for PH3, we control the size of the vibra-
tional basis set by a single parameter Pmax. That is, we include in
the basis set only those functions wn from Eq. (5) for which
P 6 Pmax, where the polyad number P is given by [2]

P ¼ 2ðn1 þ n2 þ n3Þ þ n4 þ n5 þ n6: ð6Þ
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The appropriate Molecular Symmetry (MS) group [12] for PH3 is

C3vðMÞ ¼ fE; ð123Þ; ð132Þ; ð12Þ�; ð23Þ�; ð13Þ�g; ð7Þ

where, for example, (123) is a cyclic permutation that causes nu-
cleus 1 to be replaced by nucleus 2, nucleus 2 to be replaced by nu-
cleus 3, and nucleus 3 to be replaced by nucleus 1. The operation
ð12Þ� interchanges the protons 1 and 2 and inverts all particles, nu-
clei and electrons, in the molecular center of mass. The general
notation for permutation–inversion operations is explained in Refs.
[12,26]. Table 2 gives the irreducible representations [12,26] of
C3vðMÞ.

A matrix representation of the vibrational Hamiltonian, con-
structed in terms of the primitive basis functions wn from Eq. (5),
is not block-diagonal. However, by ‘symmetrizing’ the wn functions
[i.e., by transforming them to functions that transform according to
the irreducible representations [12,26] of C3vðMÞ] we can reduce
the Hamiltonian matrix to block-diagonal form with one block
for each irreducible representation of C3vðMÞ. We have imple-
mented in the TROVE program the projection-operator technique
described, for example, in Ref. [12] to obtain symmetrized basis
functions and the Hamiltonian matrix representation, constructed
in terms of these functions, has the desired block-diagonal form
with (Table 2) an A1 block, an A2 block, and two E-blocks with iden-
tical eigenvalues.

As described in Ref. [2], TROVE calculations can be carried out
with many different choices for the 1D basis functions jnii. The de-
tailed form of these functions is not important for the symmetriza-
tion, however it is important that the three 1D stretching functions
jn1i, jn2i, and jn3i be symmetrically equivalent, i.e., that the opera-
tions in C3vðMÞ all have the effect of permuting them, and that jn4i,
jn5i, and jn6i are symmetrically equivalent in the same sense. Then,
for an arbitrary set of quantum numbers n1 6 n2 6 n3,
n4 6 n5 6 n6, we can form symmetrized linear combinations of,
on one hand, jn1i, jn2i, and jn3i and, on the other hand, jn4i, jn5i,
and jn6i. In both cases, the symmetrized functions can be obtained
from the results of Ref. [27]. By means of the techniques described
in Ref. [12], the symmetrized stretching basis functions are finally
combined with symmetrized bending basis functions to give the
symmetrized vibrational basis functions.

3.2. CVBS extrapolation

To compute accurate vibrational energies we should, in princi-
ple, increase the vibrational basis set gradually by increasing the
parameter Pmax [see the discussion of Eq. (6)] until the energies
of interest are converged in that they do not change appreciably
upon a further increase of Pmax. We observed in Ref. [1] that even
for a very large basis set with Pmax ¼ 16, some energies associated
with excited states of the ‘umbrella’ mode m2 were not fully con-
verged. We improved the convergence of these levels by imple-
menting the so-called CVBS limit extrapolation scheme which is
analogous to the CBS limit schemes [3,4] used in electronic struc-
ture calculations. The basic idea is to do TROVE calculations for
several values of Pmax and then fit the set of energy values obtained
for a given molecular state in terms of the expression
Table 2
The character table of the C3v ðMÞ group [12]

E (123) ð12Þ�

(132) ð23Þ�

ð13Þ�

A1 1 1 1
A2 1 1 �1
E 2 �1 0
EiðPmaxÞ ¼ E1i þ ai expð�PmaxkiÞ; ð8Þ

where E1i , ai, and ki are fitting parameters, and i is a short-hand
notation for the vibrational quantum numbers ðv1; v2; v

l3
3 ; v

l4
4 Þ which

are the customary spectroscopic labels based on an uncoupled-har-
monic-oscillator approximation of the vibrational eigenfunction.
The limiting value limPmax!1EiðPmaxÞ ¼ E1i , and so E1i is the CVBS-
extrapolated value. We have explained in Ref. [1] how in practice,
we must make separate fittings of energy values obtained with
odd and even Pmax-values, respectively. The two fittings produce a
common value for the extrapolated energy E1i .

3.3. Computed vibrational term values

With the PESs AV(Q+d)Z, AV(Q+d)Z+, and AV(Q+d)Z+R we have
carried out TROVE calculations of the vibrational energies of PH3.
For each PES, we made a series of calculations with Pmax varying
from 8 through 16. The vibrational energies obtained were then
extrapolated to the CVBS limit as explained in Section 3.2. The
extrapolated energies are given in Table 3. The AV(Q+d)Z+R results
have already been reported in Ref. [1] but we include them here for
completeness.

Table 3 documents the discussion of Ref. [1] and Section 2: rel-
ative to the AV(Q+d)Z calculation, the correction of the ab initio
data by the mass–velocity and the one-electron Darwin terms
(i.e., the AV(Q+d)Z+ calculation) does not lead to a uniformly better
agreement with experiment for the vibrational term values. For
some term values, there is indeed an improvement, but for others,
especially those of the states v2 m2ðv2 ¼ 1;2;3;4Þ, where m2 is the
‘umbrella’ vibration, there is a significant deterioration. As already
mentioned in Section 2 we were able to remedy this situation by
empirically adjusting ae, the equilibrium bond angle value, thus
obtaining the AV(Q+d)Z+R PES. It would seem that by introducing
the relativistic corrections (that is, the mass–velocity and the one-
electron Darwin terms) we improved the shape of the PES while
deteriorating the agreement of ae with its experimental value.
However, we suspect that this apparent success of the relativistic
corrections is rather fortuitous for PH3. It can be seen from Table
1 that an extension of the basis set from aug-cc-pV(Q+d)Z to
aug-cc-pV(5+d)Z does not produce any major effects. This exten-
sion causes x1 to decrease slightly, which will tend to improve
the agreement with experiment since the aug-cc-pV(Q+d)Z value
for m1 is too high (Table 3). However, x2, x3, and x4 all change
so as to cause a very slight deterioration of the agreement with
experiment.
4. Electric-dipole transition moments

As already mentioned in Section 1, we have previously reported
[7] transition moments for selected vibrational transitions of PH3.
We now complement the theoretical term values given in Section
3 and Ref. [1] by theoretical transition-moment values for all vibra-
tional transitions below 7000 cm�1 that have a sizeable intensity at
an absolute temperature of 300 K.

We have used the AV(Q+d)Z+R PES, together with the ATZfc
DMS reported for PH3 in Ref. [7], to compute the vibrational tran-
sition moments defined as

lfi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
a¼x;y;z

jhUðf Þvibj�lajUðiÞvibij
2

s
; ð9Þ

where jUðwÞvib i, w ¼ i or f, are vibrational wavefunctions ðJ ¼ 0Þ, and
�la is the component of the electronically averaged dipole moment
vector [9,12] �l along the molecule-fixed að¼ x; y; zÞ axis.



Table 3
Vibrational term values calculated with different potential energy surfaces (in cm�1) of PH3 compared to the corresponding experimental values

Statea Cb Obs.c AV(Q+d)Z Dd AV(Q+d)Z+ De AV(Q+d)Z+Rf Dg

m2 A1 992.13 991.37 0.76 993.37 �1.23 991.90 0.23
2m2 A1 1972.57h 1971.60 0.97 1975.42 �2.85 1972.38 0.19
2m0

4 A1 2226.83i 2224.70 2.13 2226.87 �0.03 2227.73 �0.90
m1 A1 2321.12i 2323.17 �2.05 2321.15 �0.03 2321.04 0.08
3m2 A1 2940.77 2940.48 0.29 2945.96 �5.20 2941.07 �0.30
m2 þ 2m0

4 A1 3214.2 3209.41 5.52 3213.23 1.71 3212.57 2.36
m1 þ m2 A1 3305.8 3308.39 �0.83 3308.49 �0.93 3306.88 0.68
4m2 A1 3896.02 3897.86 �1.84 3904.86 �8.84 3897.14 �1.12
m1 þ 2m2 A1 4282.4 4282.05 0.35 4284.10 �1.70 4280.79 1.61
2m1 A1 4566.26 4567.15 �0.89 4563.81 2.45 4563.72 2.54
2m3 A1 4644.66 4647.60 �2.94 4643.81 0.85 4643.68 0.98
2m1 þ 2m2 A1 6503.1 6511.14 �8.04 6505.00 �1.90 6503.86 �0.76
3m1 A1 6714.60 6712.78 1.82 6709.41 5.19 6715.32 �0.72
m1 þ 2m3 A1 6881.53 6885.82 �4.29 6880.17 1.36 6879.90 1.63
3m3

3 A1 6971.16 6974.03 �2.87 6968.79 2.37 6968.65 2.51
m4 E 1118.31 1117.43 0.88 1118.50 �0.20 1118.93 �0.63
m2 þ m4 E 2108.15i 2106.07 2.08 2108.97 �0.82 2107.93 0.22
2m2

4 E 2234.93i 2233.08 1.84 2235.26 �0.34 2236.11 �1.19
m3 E 2326.87i 2327.43 �0.56 2325.78 1.09 2325.80 1.06
2m2 þ m4 E 3085.65h 3082.54 3.12 3087.06 �1.41 3084.35 1.30
m1 þ m4 E 3423.9 3425.76 �1.86 3425.11 �1.21 3425.48 �1.58
m1 þ m3 E 4565.78 4567.47 �1.69 4564.11 1.67 4564.02 1.76
m2 þ 2m2

3 E 5540.0 5544.64 �4.64 5543.50 �3.50 5541.73 �1.73
2m1 þ m4 E 5645.4 5653.01 �7.61 5642.26 3.14 5643.12 2.28
3m1

3 E 6714.6 6712.12 2.48 6708.03 6.57 6711.56 3.04
2m1 þ m3 E 6883.73 6888.01 �4.28 6882.62 1.11 6882.31 1.42
m1 þ 2m2

3 E 6890.86 6892.34 �1.48 6887.41 3.45 6887.20 3.66

a Spectroscopic assignment of the vibrational band.
b Symmetry of the vibrational state in C3vðMÞ.
c See Ref. [10] for original references unless otherwise indicated.
d E(Obs.) � E(AV(Q+d)Z) in cm�1.
e E(Obs.) � E(AV(Q+d)Z+) in cm�1.
f From Ref. [1].
g E(Obs.) � E(AV(Q+d)Z+R) in cm�1.
h From Ref. [28].
i From Ref. [29].

Table 4
Vibrational band centers ~mfi and transition-moment values lfi for transitions
originating in the vibrational ground state

Banda ~mfi ðcm�1Þ lfiðDÞ

Obs.b Present work Obs.b Ref. [7] Present work

g.s. 0.57395 0.5832 0.58533
m2 992.13 991.90 0.08251 0.0846 0.0845
2m2 1972.57 1972.38 0.00299 0.0027 0.0022
2m0

4 2226.83 2227.73 0.0176 0.0055 0.0173
m1 2321.12 2321.04 0.069 0.0732 0.0696
m4 1118.31 1118.93 0.08626 0.0865 0.0882
m2 þ m4 2108.15 2107.93 0.01102 0.0093 0.0087
2m2

4 2234.93 2236.11 0.0176 0.0015 0.0136
m3 2326.87 2325.80 0.13 0.1389 0.1379

a Spectroscopic assignment for the upper vibrational state.
b See Ref. [7] for original references.
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The matrix elements required are generated with the computer
program XY3 [8,9]. The technical details of the computation proce-
dure can be found in Ref. [7]. The XY3 program employs the same
vibrational basis set as TROVE [see Eq. (5)] and the size of the basis
set used in the XY3 calculations was determined by setting
Pmax ¼ 14 in Eq. (6). Analogous calculations have already been car-
ried out for NH3 [30] and NHþ3 [31].

Table 4 lists the vibrational transitions originating in the vibra-
tional ground state, for which the transition moment has been
experimentally determined. The experimentally derived transi-
tion-moment values ðlfiÞ

ðobsÞ are compared with theoretical values
ðlfiÞ

ðcalcÞ from Ref. [7] and from the present work. The transition-
moment values from Ref. [7] are calculated with a refined version
of the ab initio PES from Wang et al. [10] and with the ATZfc DMS
from Ref. [7]. The vibrational term values included in the table are
calculated from the AV(Q+d)Z+R PES with TROVE in conjunction
with CVBS extrapolation.

The relative root-mean-square deviation between the ðlfiÞ
ðobsÞ

and ðlfiÞ
ðcalcÞ values in Table 4 is defined as

rrel ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

Nval

XNval

k¼1

ðlfiÞ
ðobsÞ
k � ðlfiÞ

ðcalcÞ
k

ðlfiÞ
ðobsÞ
k

 !2
vuut ; ð10Þ

where the index k numbers the transition-moment values and
Nval ¼ 9 in the present case. When we compare the theoretical tran-
sition moments from Ref. [7] with the experimental values, we cal-
culate rrel ¼ 0:39, whereas we get rrel ¼ 0:14 with the theoretical
transition moments from the present work. Thus, the transition-
moment results of the present work constitute a significant
improvement over those in Ref. [7].

In Tables 5 and 6 we report a list of transition moments for tran-
sitions from the vibrational ground state covering the wavenumber
range from 0 to 7000 cm�1. The vibrational term values included in
the tables are calculated from the AV(Q+d)Z+R PES with TROVE in
conjunction with CVBS extrapolation. We have selected transitions
with substantial intensity values also at temperatures T 6 300 K.
The transition moments lfi are temperature-independent quanti-
ties. The strength of the vibrational band at a given temperature
can be calculated as [32]

Svibðf  iÞ ¼ 8p3~mfi

3hc
LT0 e�Ei=kT

Q vibðTÞT
1� e�ðEf�EiÞ=kT
� �

l2
fi; ð11Þ

where Ei and Ef are the band centers of the initial and final states,
respectively, ~mfi ¼ ðEf � EiÞ=ðhcÞ, h is Planck’s constant, c is the speed



Table 5
Vibrational band centers ~mfi (in cm�1), transition moments lfi (in D), and vibrational
band strengths Svib (in cm�2 atm�1 at T ¼ 300 K) for PH3 transitions originating in the
ground vibrational state

Banda Cf
b ~mfi lfi Svib

g.s. A1 0.00 0.58533 3.4453c

m2 A1 991.90 0.08454 71.2837
m4 E 1118.93 0.08816 87.4489
2m2 A1 1972.38 0.00219 0.0947
m2 þ m4 E 2107.93 0.00870 1.6058
2m4 A1 2227.73 0.01730 6.7036
2m4 E 2236.11 0.01361 4.1623
m1 A1 2321.04 0.06956 112.9179
m3 E 2325.80 0.13789 444.6091
3m2 A1 2941.07 0.00263 0.2052
2m2 þ m4 E 3084.35 0.00126 0.0489
m2 þ 2m4 A1 3212.57 0.00172 0.0956
m2 þ 2m4 E 3221.19 0.00103 0.0346
m1 þ m2 A1 3306.88 0.00294 0.2878
m2 þ m3 E 3311.22 0.00128 0.0542
3m4 E 3333.92 0.00047 0.0073
m3 þ m4 A2 3425.13 0.01014 3.5448
m3 þ m4 E 3436.29 0.00044 0.0067
m3 þ m4 A1 3441.01 0.00504 0.8801
2m2 þ 2m4 A1 4182.48 0.00042 0.0073
m1 þ 2m2 A1 4280.79 0.00085 0.0313
2m2 þ m3 E 4285.64 0.00125 0.0670
m1 þ m2 þ m4 E 4407.33 0.00122 0.0663
m2 þ m3 þ m4 E 4419.45 0.00062 0.0172
m2 þ m3 þ m4 A1 4423.68 0.00054 0.0132
4m4 A1 4428.55 0.00051 0.0114
4m4 E 4436.96 0.00034 0.0052
m3 þ 2m4 E 4518.98 0.00179 0.1460
m1 þ 2m4 A1 4519.90 0.00186 0.1564
m1 þ 2m4 E 4537.44 0.00045 0.0094
m3 þ 2m4 E 4547.88 0.00082 0.0305
2m1 A1 4563.72 0.00351 0.5667
m1 þ m3 E 4564.02 0.00641 1.8862
2m3 A1 4643.68 0.00125 0.0727
m1 þ 3m2 A1 5242.30 0.00045 0.0107
3m2 þ m3 E 5248.81 0.00071 0.0268
m1 þ m2 þ 2m4 A1 5496.83 0.00041 0.0092
2m1 þ m2 A1 5541.52 0.00049 0.0136
m1 þ m2 þ m3 E 5541.73 0.00155 0.1334
m3 þ 3m4 A2 5603.84 0.00087 0.0426
m2 þ 2m3 A1 5623.13 0.00069 0.0271
m3 þ 3m4 E 5643.12 0.00055 0.0170
m3 þ 3m4 E 5649.75 0.00112 0.0716
m3 þ 3m4 E 5653.12 0.00141 0.1132
m1 þ m3 þ m4 E 5673.05 0.00034 0.0067
m1 þ m3 þ m4 A1 5673.64 0.00046 0.0119
2m3 þ m4 E 5748.98 0.00034 0.0067
m3 þ 4m4 A2 6708.28 0.00027 0.0051
m1 þ 2m3 A1 6879.90 0.00033 0.0076

a Spectroscopic assignment of the vibrational band.
b Symmetry of the final vibrational state in C3vðMÞ.
c We used an effective value ~mfi ¼ 1:0 cm�1 instead of ~mfi ¼ 0:0 cm�1 in Eq. (11) in

order to estimate Svib for the ground-state rotational spectrum.

Table 6
Vibrational band centers ~mfi (in cm�1), transition moments lfi (in D), and vibrational
band strength Svib (in cm�2 atm�1 at T ¼ 300 K) for a number of hot 14PH3 transitions

Banda Cf
b Ci

c ~mfi lfi Svib

2m2 � m2 A1 A1 980.48 0.11498 1.1198
m2 þ m4 � m2 E A1 1116.03 0.08675 0.7256
2m4 � m2 A1 A1 1235.83 0.00736 0.0058
m1 � m2 A1 A1 1329.14 0.00836 0.0080
m3 � m2 E A1 1333.90 0.01275 0.0187
2m2 þ m4 � m2 E A1 2092.45 0.01171 0.0248
m2 þ 2m4 � m2 A1 A1 2220.67 0.01516 0.0441
m2 þ 2m4 � m2 E A1 2229.28 0.01264 0.0308
m1 þ m2 � m2 A1 A1 2314.98 0.06852 0.9390
m2 þ m3 � m2 E A1 2319.32 0.13523 3.6638
3m4 � m2 E A1 2342.01 0.01009 0.0215
m3 þ m4 � m2 A1 A1 2449.10 0.00471 0.0047
4m2 � m2 A1 A1 2905.24 0.00534 0.0071
m1 þ m2 þ m4 � m2 E A1 3415.42 0.01031 0.0314
m2 þ m3 þ m4 � m2 A1 A1 3431.77 0.00449 0.0060
2m1 þ m2 � m2 A1 A1 4549.61 0.00342 0.0046
m1 þ m2 þ m3 � m2 E A1 4549.83 0.00677 0.0180
m4 � m4 E E 0.00 0.83704 0.0329
m2 þ m4 � m4 E E 989.00 0.11786 0.6452
2m4 � m4 A1 E 1108.80 0.08520 0.3780
m2 þ 2m4 � m4 A1 E 2093.64 0.00853 0.0072
3m4 � m4 E E 2214.98 0.03838 0.1533
3m4 � m4 A2 E 2231.90 0.01680 0.0296
3m4 � m4 A1 E 2232.07 0.01957 0.0402
m3 þ m4 � m4 A2 E 2306.19 0.09668 1.0123
m1 þ m4 � m4 E E 2306.55 0.08776 0.8342
m3 þ m4 � m4 E E 2317.36 0.06312 0.4335
m3 þ m4 � m4 A1 E 2322.07 0.09659 1.0173
m1 þ m2 þ m4 � m4 E E 3288.39 0.00666 0.0069
m2 þ m3 þ m4 � m4 E E 3300.51 0.00552 0.0047
m3 þ 2m4 � m4 E E 3400.04 0.00980 0.0153
m1 þ 2m4 � m4 E E 3418.50 0.00719 0.0083
m3 þ 2m4 � m4 E E 3428.95 0.00648 0.0068
m1 þ m3 þ m4 � m4 E E 4554.11 0.00477 0.0049
m1 þ m3 þ m4 � m4 A1 E 4554.70 0.00484 0.0050
3m2 � 2m2 A1 A1 968.68 0.13492 0.0138
2m2 þ m4 � 2m2 E A1 1111.97 0.08563 0.0064
m1 þ 2m2 � 2m2 A1 A1 2308.40 0.06772 0.0083
2m2 þ m3 � 2m2 E A1 2313.26 0.13245 0.0318
2m2 þ m4 � m2 þ m4 E E 976.42 0.16027 0.0103
m1 þ m2 þ m4 � ðm2 þ m4Þ E E 2299.39 0.08850 0.0074
m2 þ m3 þ m4 � ðm2 þ m4Þ A2 E 2299.59 0.09479 0.0085
m2 þ m3 þ m4 � ðm2 þ m4Þ A1 E 2315.74 0.09414 0.0084
m3 þ 2m4 � 2m4 E A1 2291.25 0.10855 0.0062
m3 þ 2m4 � 2m4 A2 E 2301.19 0.09685 0.0048
m1 þ 2m4 � 2m4 E E 2301.33 0.09601 0.0047
2m1 � m1 A1 A1 2242.67 0.11496 0.0044

a Spectroscopic assignment of the vibrational band.
b Symmetry of the final vibrational state in C3vðMÞ.
c Symmetry of the initial vibrational state in C3vðMÞ.

ig. 1. Vibrational effective intensities of PH3 computed at an absolute temperature
f 300 K (note the logarithmic ordinate scale and see the text for details). Only

�2 �1

R.I. Ovsyannikov et al. / Journal of Molecular Spectroscopy 252 (2008) 121–128 125
of light in vacuum, k is the Boltzmann constant, T ¼ 300 K, the
Loschmidt constant L ¼ 2:68675� 1019 molecules cm�3 atm�1,
T0 ¼ 273:15 K. We obtained the value Qvib ¼ 1:013457 of the vibra-
tional partition function at T ¼ 300 K by summing over all varia-
tionally computed term values below 5000 cm�1. It was shown in
Ref. [32] that Svib is a rather good approximation for the total inte-
grated band intensity at a given temperature.

Only transitions with vibrational band intensities larger than
0.004 cm�2 atm�1 at T ¼ 300 K are included in Tables 5 and 6,
which also list the corresponding transition moments. Alterna-
tively, we plot in Fig. 1 ‘effective’ vibrational intensities that corre-
spond to typical values for the integrated absorption coefficients of
individual ro-vibrational transitions in the vibrational band in
question. We define the effective intensity as

Ifi ¼ Svibðf  iÞ=100: ð12Þ

ansitions with an effective intensity larger than 0.004 cm atm are shown.
F
o
tr
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An approximate value for the integrated absorption coefficient of an
individual ro-vibrational transition is obtained by multiplying
Svibðf  iÞ in Eq. (11) by a Hönl-London factor times a rotational
Boltzmann factor expð�Erot=kTÞ=Q rot where Erot is the rotational
contribution to the energy of the lower state and Q rot is the
rotational partition function (see, for example, Section 12.3.1 of
Ref. [26]). For the strongest ro-vibrational transitions in each of
the bands considered here, we estimate this factor to be about 1/
100 and this leads to Eq. (12).

5. Local-mode analysis of the PH3 intensities

It can be seen in Tables 5 and 6 that there exist relations be-
tween the transition moments for transitions to excited stretching
states. For example, the value of lfiðm3Þ is approximately twice as
large as that of lfiðm1Þ. We attribute this to the local-mode charac-
ter of the stretching vibrations in PH3 [10], and we make a detailed
analysis here.

The local-mode behavior of the stretching modes in the PH3

molecule can be determined geometrically and by analyzing the
vibrational term values, the corresponding vibrational wavefunc-
tions, and the vibrational transition moments. The normal-mode
to local-mode transition with increasing vibrational excitation
has already been extensively discussed (see, for example, Refs.
[13,14]).

The bond angles of phosphine are close to 90� (for example, the
AV(Q+d)Z+R PES that we use here has an equilibrium bond angle of
ae ¼ 93:565�) and, during the stretching vibration, the heavy P nu-
cleus will remain largely stationary while the protons move. In
consequence, the couplings between the individual-bond stretches
are small and this leads to local-mode behavior.

At low energy, the vibrational spectrum is conveniently de-
scribed in terms of the normal-mode model. However, as already
mentioned, as the energy increases a normal-mode to local-mode
transition takes place [13,14]. The Harmonically Coupled Anhar-
monic Oscillator (HCAO) model [13] explains the normal- to lo-
cal-mode transition within the polyads of pure stretching states
(i.e., the manifolds of stretching states with a common value of
n ¼ n1 þ n2 þ n3, where these quantum numbers are defined in
connection with Eq. (5)). In this model, the stretching vibration is
taken to be that of identical anharmonic oscillators (one for each
bond) with Morse potentials; these oscillators are coupled by
one-body interactions expressed by harmonic creation and annihi-
lation operators. The relationship between the parameters of the
anharmonic oscillators and those of the coupling terms determines
the normal-to-local transition.
Fig. 2. The energy difference (in cm�1 on a logarithmic scale) between the two
lowest states in the vibrational polyads of PH3 with polyad number n ¼ 1 through 5
(see text). The states are labeled by their normal-mode labels with that of the
lowest state being given on the abscissa axis. The lowest states have the energies
2321.04, 4563.72, 6707.83, 8777.74, and 10757.10 cm�1 for the polyads n = 1, 2, 3,
4, and 5, respectively.
Within a polyad, the states with lowest energy have the most
pronounced local-mode properties while the states at the high-en-
ergy end can be ‘normal’ in character. This especially happens for
molecules with significant anharmonic effects and small coupling
between the stretching vibrations of the individual bonds. In the
absence of this latter interaction, most stretching states will exhi-
bit degeneracies, and when the interaction is small enough that the
energy levels of the real molecule have such degeneracies, we say
that they show local-mode behavior [13,14]. In Fig. 12 of Ref. [13] a
normal- to local-mode correlation diagram for three equivalent
anharmonic oscillators is presented. In Fig. 2 of the present work
we show how, in accordance with the predictions from Fig. 12 of
Ref. [13] (in which PH3 is found at the right-hand, ‘local-mode’
edge), for the polyads with n ¼ 1; . . . ;5, the energy splitting be-
tween the lowest two states of each polyad decreases drastically
as n increases. The energies plotted are those obtained with the
AV(Q+d)Z+R PES. In Fig. 2, the normal-mode labeling of the lowest
state of the polyad is given on the abscissa axis. Elementary local-
mode theory predicts that this state should have the normal-mode
label nm1 and the local-mode label ðn;0;0Þ [13,14]. Fig. 2 shows,
however, that for n P 3 we calculate the lowest state as
ðn� 1Þ m1 þ m3 with nm1 slightly higher in energy. This ‘energy reor-
dering’ and the increase of the energy splitting between n ¼ 2 and
n ¼ 3 are caused by interaction with excited bending states. From
Tables III and IV of Ref. [1] it is seen that near the 3m1 state (of A1

symmetry) and the 2m1 þ m3 state (of E symmetry) there are several
excited bending states that can interact with, and slightly shift, the
3m1 and 2m1 þ m3 states. Similar interactions take place for the n ¼ 4
and 5 polyads.

Fig. 3 is a term level diagram showing the calculated energy-le-
vel patterns in the polyads with n ¼ 1;2;3;4. The energy levels in
the figure exhibit the energy clustering predicted by local-mode
theory [13,14]. In particular, within a given polyad the states at
lowest energy form the ‘tightest’ clusters; these states exhibit a
higher degree of local-mode behavior than the highest states in
the polyad.

Apart from recognizing local-mode behavior in the energy-level
patterns, we can also recognize it in the computed transition mo-
ments of PH3. In local-mode theory, it is customary to approximate
the dipole moment function by a function in the form [13]

l ¼ l1ðr1Þ e1 þ l2ðr2Þ e2 þ l3ðr3Þ e3; ð13Þ

where ei, i ¼ 1;2;3, is a unit vector pointing from the P nucleus to-
wards proton i. In this approximation, the ‘bond component’ liðriÞei

describes the contribution to the dipole moment from the stretch-
ing of the individual bond P–Hi. Eq. (13) is highly analogous to
the so-called Molecular-Bond (MB) representation of the dipole mo-
Fig. 3. Term value diagram for the n 6 4 vibrational polyads of PH3. The term values
(in cm�1) are plotted relative to the lowest state in each polyad. The states are
labeled by their normal-mode labels and by the local-mode labels ðn1n2n3Þ. See also
the caption of Fig. 2.
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ment [9,30,33,34] that we employ in the intensity calculations of
the present work (see Eq. (1) of Ref. [7]). However, while in each
of the three equivalent ‘bond components’ liðriÞei of Eq. (13), the
function liðriÞ depends on one bond length only, the analogous
function �lBond

i in Eq. (1) of Ref. [7] depends on all vibrational
coordinates.

In connection with Eq. (5) we have defined the three quantum
numbers n1, n2, n3 to be those associated with the stretching of
the individual bonds P–H1, P–H2, and P–H3, respectively, and so
the vibrational states have the local-mode labels [13,14]
ðn1; n2; n3Þ. Thus, we can approximate the vibrational transition
moments lfi as

hn01n02n03jljn1n2n3i ¼ hn01jl1jn1idn0
2
;n2 dn0

3
;n3 e1

þ hn02jl2jn2i dn0
1
;n1 dn0

3
;n3 e2

þ hn03jl3jn3i dn0
1
;n1 dn0

2
;n2 e3; ð14Þ

where jn01n02n03i ¼ jn01ijn02ijn03i is the vibrational wavefunction of the
final state, and jn1n2n3i ¼ jn1ijn2ijn3i is that of the initial state.
When n01 ¼ n02 ¼ n03 and n1 ¼ n2 ¼ n3, by symmetry, the matrix ele-
ments of the vibrational basis functions are equal:

hn01jl1jn1i ¼ hn02jl2jn2i ¼ hn03jl3jn3i: ð15Þ

We can now investigate to which extent the vibrational transition
moments in Table 5 satisfy the relations imposed by local-mode
theory. We consider vibrational transitions starting in the vibra-
tional ground state. For the transitions to the first polyad of states
with n1 þ n2 þ n3 ¼ 1, the transition moments are

jh0jljm1ij ¼ jh0jl1j1ij
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2

3
cos a12 þ cos a13 þ cos a23ð Þ

r

jh0jljm3aij ¼ jh0jl1j1ij

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 2

3
cos a12 þ cos a13 þ

1
2

cos a23

� �s

jh0jljm3bij ¼ jh0jl1j1ij
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� cos a23

p
ð16Þ

where in the tradition of local-mode theory, we consider stretching
motion only and take the bond angles aij to be constants.

For PH3, we approximate a12 ¼ a13 ¼ a23 ¼ 90� and so Eq. (16)
yields

jh0jljm1ij ¼ jh0jljm3aij ¼ h0jljm3bij ¼ jh0jl1j1ij: ð17Þ

According to Table 5, jh0jljm1ij ¼ 0:06956 D. We obtain the transi-
tion moment for the m3 band from Eq. (17) by adding the transition
moments corresponding to the two components of this transition:

jh0jljm3ij ¼ 2jh0jljm1ij ¼ 2jh0jl1j1ij ¼ 0:13912 D; ð18Þ

this value is close to the computed value of 0.13789 D from Table 5.
For the transitions to the second polyad of states with

n1 þ n2 þ n3 ¼ 2, we obtain approximate transition moments as

jh0jlj200; A1ij ¼ jh0jl1j2ij
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2

3
ðcos a12 þ cos a13 þ cos a23Þ;

r

jh0jlj200; Eaij ¼ h0jl1j2i

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 2

3
cos a12 þ cos a13 þ

1
2

cos a23

� �
;

s

jh0jlj200; Ebij ¼ h0jl1j2i
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� cos a23

p
:

ð19Þ

With aij ¼ 90� these transition moments become equal

jh0jlj200; A1ij ¼ jh0jlj200; Eaij ¼ jh0jlj200; Ebij ¼ jh0jl1j2ij ð20Þ

and we can equate them with the transition moment of the 2m1

band which, from Table 5, has the value 0.00351 D. We now have
jh0jljm1 þ m3ij ¼ jh0jlj200; Eij ¼ 2jh0jl1j2ij ¼ 0:00702 D; ð21Þ

which is close to the value of 0.00641 D from Table 5.
We have seen that for the first and second polyads (consisting of

states with n ¼ n1 þ n2 þ n3 ¼ 1 and 2, respectively), the computed
transition moments from Table 5 satisfy well the relations imposed
by local-mode theory. For polyads at higher energy, the agreement
with the results of local-mode theory deteriorates. The local-mode
theory assumes that the molecule has stretching states only, no
bending states. The transitions from the vibrational ground state
to the high-energy stretching states are very weak, and the very
small transition moments are easily changed by weak interactions
with excited bending states. Also, the terms neglected in the rather
simple dipole moment function of Eq. (13) (which describe interac-
tions between the stretches of individual bonds) are expected to
play increasingly important roles at high energy where the stretch-
ing amplitudes are large.

It follows from Eqs. (17) and (20), in conjunction with Table 5,
that the ratio jh0jl1j2ij=jh0jl1j1ij � 0:05. Obviously, if we take
liðriÞ ¼ Cri (that is, liðriÞ to be proportional to ri), this ratio would
be zero in the harmonic approximation. The value of 0.05 is, how-
ever, similar to the value of 0.11 obtained for liðriÞ ¼ Cri when we
take the jnii to be Morse-oscillator eigenfunctions. Possibly we
could obtain a better agreement between the two ratios if we used
a more realistic dipole moment function, for example
liðriÞ ¼ C0ri expð�briÞ, where C0 and b are constants.
6. Summary and conclusion

In the present work, we have extended and complemented re-
cent calculations of the vibrational term values [1] and transition
moments [7] for the PH3 molecule in its electronic ground state.
The starting point for the new calculations is the AV(Q+d)Z+R
PES obtained in Ref. [1] and the ATZfc DMS from Ref. [7]. The pre-
vious calculation of vibrational transition moments [7] was based
on an earlier PES, obtained by refining an ab initio surface by Wang
et al. [10] in least-squares fittings to experimental data, and on the
ATZfc DMS also used in the present work. We have extended our
previous calculations of vibrational transition moments in that
we now consider all vibrational transitions with significant inten-
sities below 7000 cm�1; in our previous calculation we only con-
sidered a smaller number of selected transitions. We further
demonstrate here that the theoretical intensity results of the pres-
ent work are in accordance with the predictions of local-mode
theory.

We noted in connection with Table 4 that the relative root-
mean-square deviation rrel [Eq. (10)] between the experimentally
derived transition-moment values in Table 4 and the theoretical
values from Ref. [7] is 0.39, whereas the analogous deviation be-
tween the experimental values and the theoretical values from
the present work is 0.14. This substantial improvement is, of
course, to a large extent caused by the large improvements for
the weak transitions to the 2m0

4 and 2m2
4 states (see Table 4). The va-

lue of rrel ¼ 0:14 suggests, however, that we can theoretically
reproduce experimental vibrational transition-moment values
with relative deviations on the order of magnitude of 10%. We find
this very encouraging as the accuracies achieved in typical exper-
imental determinations of such transition moments are hardly bet-
ter. Thus, we are approaching a situation where theoretical
calculations of intensity information can compete with, and possi-
bly in some cases replace, experimental determinations, at least for
small molecules.

Relative to the vibrational transition-moment calculations of
Ref. [7] we have obviously improved the PES, but not the DMS.
It is remarkable that the new PES produces such a substantial
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improvement of the description of weak band intensities. It sug-
gests that the wavefunctions of the highly excited states in-
volved in the weak bands, and thus the corresponding
vibrational transition moments, are crucially dependent on the
shape of the PES.
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