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The spectrum of water can be considered as the juxtaposition of the spectra of two molecules, with
different total nuclear spin:ortho–H2O, andpara–H2O. No transitions have ever been observed
between the two different nuclear-spin isotopomers. The interconversion time is unknown and it is
widely assumed that interconversion is forbidden without some other intervention. However, weak
nuclear spin–rotation interaction occurs and can drive ortho to para transitions.Ab initio
calculations show that the hyperfine nuclear spin–rotational coupling constants are about 30 kHz.
These constants are used to explore the whole vibration–rotation spectrum with special emphasis on
the coupling between nearby levels. Predictions are made for different spectral regions where the
strongest transitions between ortho and para levels of water could be experimentally observed.
© 2004 American Institute of Physics.@DOI: 10.1063/1.1633261#

I. INTRODUCTION

In 1927 both Heisenberg1 and Hund,2 independently,
proposed that H2 , due to Fermi–Dirac statistics, should exist
in two forms,ortho–H2 for which the total nuclear spin (I )
is one, andpara–H2 for which I is zero. In the same year
Dennison,3 and later Bonhoeffer and Harteck,4 confirmed
this prediction experimentally, and managed to separate the
two isotopomers which, as it was shown, present different
physical properties. A review about this fundamental initial
success of quantum mechanics can be found in Ref. 5. For a
long time hydrogen was the only molecule for which a
physical separation between the two nuclear spin isoto-
pomers was possible. Recently new techniques have been
devised which separate the nuclear spin isotopomers of other
small polyatomic molecules, such as CH2O, Na2 , Li2 , H3

1 ,
and CH3F. A recent detailed review about the experimental
methods used in these various cases can be found in Ref. 6.
Very recently a selective absorption technique was used to
separate nuclear spin isotopomers of water,7 after prelimi-
nary attempts based on the same method.8

Little is known about the mechanism which converts two
nuclear spin isotopomers. It is assumed that there are two
steps involved in this process: Molecular collisions initially
cause a variation of the vibrational–rotational energy, and if
two rotational levels belonging respectively, to aortho and
para species happen to accidentally be close enough one
with respect to the other, the total wave function of the sys-
tem mixes via hyperfine nuclear spin–rotational or spin–spin
interactions. The first theoretical study on water based on this
model was by Curlet al. in 1968.9 The theory has then been
recently employed to study other asymmetric tops, such as
ethylene10 and formaldehyde.11

The conversion mechanism betweenortho andpara mo-
lecular isotopomers can be studied experimentally separating
the two isotopomers and observing their interconversion with

time;12 another possibility is given by the analysis of high
resolution spectra of the sample in which bothortho and
para species are present at the equilibrium. Strongly forbid-
den transitions between levels belonging to the two different
isotopomers can provide an accurate means of measuring the
interconversion parameters. The only experimental observa-
tion of strongly forbidden transitions betweenortho andpara
levels has recently been reported for H2

1 .13,14 Laser induced
vibrational fluorescence15 has recently been employed for
this purpose to study water16 and acetylene17 but no nuclear
spin conversions were observed. There are a huge number of
vibrational–rotational transitions in the spectra of poly-
atomic molecules and a preliminary analysis of which of
transitions should give the strongest forbidden lines is highly
advisable. This requires an accurate knowledge of the
vibrational–rotational spectrum of the molecule under study.

Water is the most spectroscopically studied molecule due
to its atmospheric, astrophysical and biological importance.
For atmospherical studies, for example, many of the ob-
served rotational–vibrational transitions have been collected
in the HITRAN database.18 A comprehensive compilation of
all of the 12 500 plus H2

16O experimentally determined
rotational–vibrational levels has recently been reported in
Ref. 19. Water, a fundamental benchmark triatomic mol-
ecule, has also been the subject of numerous fundamental
theoretical and computational studies, due to the relatively
small number of electrons and of vibrational modes which
mean that accurateab initio methods can be used to deter-
mine its properties. Recently it has become possible to cal-
culate the whole of its rotational–vibrational spectrum from
first principles with an accuracy of 1 cm21.20

In equilibrium conditions and for high temperatures~that
is temperatures higher than 50 K! ortho levels are statisti-
cally three times more abundant than the corresponding para
levels. For temperatures lower than 50 K, though, theortho–
para ratio ~OPR! can be significantly lower than 3 and this
can be exploited to estimate water temperature from high
resolution spectroscopic observations. The OPR has beena!Electronic address: j.tennyson@ucl.ac.uk
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used as a water temperature probe for cometary studies, for
example in Halley in 1987,21 and more recently in
Hale–Bopp.22 These and other preliminary studies of chemi-
cally different comets suggest nuclear spin temperatures of
about 25 K in all of these comets, significantly cooler than
the observed rotational temperatures. Despite comet lifetimes
estimated at over four billion years, it is believed that, due to
the strongly forbidden character of the interconversion pro-
cesses, this temperature can be related to the temperature of
the interstellar regions where comets originated and were
formed. It thus contains important information on their astro-
physical evolution. Other information comes from the rela-
tive abundance of volatile compounds, but so far no connec-
tions could be established between the two different sets of
data. To do this both more observations and more informa-
tion about the conversion mechanism between the two
nuclear spin isotopomers are needed.

Transitions betweenortho andpara rotational levels for
water have never been observed,16 and for this reason there
is no experimental measure of the nuclear spin–rotational
interaction constant, or any knowledge about which regions
of the water spectrum conversions are more likely to occur.
In this paper we study the whole of the vibrational–rotational
spectrum of water, and try to determine in which regions of
the spectrum it may be possible to make experimental obser-
vations of these strongly forbidden transitions.

II. CALCULATIONS

A. Nuclear spin–rotational „SR… interactions

The rotational–vibrational levels of water can be labeled
using the asymmetric top notationJKaKc

, where J is the
quantum number associated with the rotational angular mo-
mentum,Ka and Kc the quantum numbers associated with
the projection of the total angular momentumJ along theA
inertial axis and theC inertial axis, respectively. The levels
can be assigned either to theortho or para nuclear spin iso-
mer using the quantityKa1Kc1v3 , wherev3 is the vibra-
tional quantum number associated to the asymmetric stretch-
ing vibration. If Ka1Kc1v3 is odd then the state is aortho
state, whereas when even it is a para state.19

The general interaction Hamiltonian between nuclear
spins and molecular rotation can be written6

HSR5H rot1
1
2(

i
~ I (i)C(i)J1JC(i)̃ I (i) !, ~1!

where the sum runs over the protons, and whereI ( i ) andC( i )

are the nuclear spin vector and the nuclear spin–rotational
coupling tensor for the protoni , andJ is the molecular an-
gular momentum vector. The nuclear spin–rotation tensor for
a planar molecule has five nonvanishing components for
each atom: The diagonal elementsCaa

( i ) , Cbb
( i ) , andCcc

( i ) along
the three main inertia axis, and the planar componentsCab

( i )

andCba
( i ) . TheC tensor is not symmetric, that is

Cab
( i )ÞCba

( i ) , ~2!

and the following equations hold for the two protons when
the molecular frame is fixed in the molecular center of mass
and oriented along the principal inertial axis:

Caa
(1)5Caa

(2) ,

Cbb
(1)5Cbb

(2) ,

Ccc
(1)5Ccc

(2) , ~3!

Cab
(1)52Cab

(2) ,

Cba
(1)52Cba

(2) .

To simplify the notation we will not write the proton suffix
anymore, and when referring to the constantCxy we will
refer to theCxy

(1) . The antisymmetric behavior of the off di-
agonal terms with respect to the proton exchange makes
them responsible for theortho–para interconversion. The
part of the Hamiltonian where these appear was written by
Curl9

H rot1
Cab1Cba

2
@~ I a

(1)2I a
(2)!Jb1~ I b

(1)2I b
(2)!Ja#. ~4!

In the above equationH rot is the standard rotational Hamil-
tonian,Ja , Jb are the rotational angular momentum compo-
nents projected along the two principal intertia directionsa
and b, whereasI a

(1) , I b
(1) and I a

(2) , I b
(2) are the two nuclear

spin components alonga andb for the first and second hy-
drogen, respectively.

The diagonal elements for the operatorHSR are the
vibrational–rotational energies associated with the operator
H rot , whereas the off-diagonal elements for the operatorHSR

~1! were obtained by Curl9 who employed the Wigner–
Eckart theorem and calculated the consequent reduced ma-
trix elements as explained in Ref. 23
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~5!

It should be observed that, due to the symmetry of the sys-
tem, the parity ofKc must be conserved with the interaction.

The asymmetric top eigenfunctions are expressed as a
combination of prolate symmetric top functions:

F~J,Ka ,Kc!5(
k

AJkmDmk
J . ~6!

The coefficientsAJkm were then calculated diagonalizing the
Hamiltonian matrix for the asymmetric top forJ<100, fol-
lowing a method reported in Ref. 24. With this formulation
the rotational energy of a asymmetric top can be expressed as

E~A,B,C!5
A1C

2
J~J11!1

A2C

2
E~x!, ~7!
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whereE(x) are the eigenvalues of the Hamiltonian matrix
whose elements are given by

^J,k,muHuJ,k,m&5FJ~J11!1~G2F !k2, ~8!

^J,k,muHuJ,k12,m&5H@ f ~J,k11!#1/2, ~9!

where f (J,k11) is given by

f ~J,n!5 1
4 @J~J11!2n~n11!#@J~J11!2n~n21!#,

~10!

andH,F,G, in the case of water are24

F5
x21

2
, ~11!

G51, ~12!

H52
x11

2
, ~13!

and

x5
~2B2A2C!

A2C
. ~14!

In this work we did not take into account the dependency of
the asymmetric wave functions on the vibrational levels,
and centrifugal distortions parameters. To calculate the
asymmetric top rotational wave functions we used the
following rotational constants:A527.880 61 cm21, B
514.521 61 cm21, C59.277 76 cm21.25

The mixing betweenortho and para vibrational–
rotational wave functions was assumed to involve two levels
at most. The experimentally determined levels are the known
eigenvalues of a 232 symmetric matrix, with the interaction
given by Eq.~5!. The energy of theortho andpara levels is

Eo/p5
E11E2

2
6

1

2
A~E12E2!214w2, ~15!

whereEo andEp are the experimental levels,w is the inter-
action matrix element obtained from Eq.~5!. The resulting
wave functions can be written

C15c1Fo1c2Fp,
~16!

C25c2Fo2c1Fp,

where the normalized interaction coefficientsc1 andc2 are

c15S 11
w2

~Eo2E1!2D 2 1/2

, ~17!

c252
wc1

~Eo2E1!2 . ~18!

In practice, considering the very weak character of the inter-
actionw, c1 , that is the largest coefficient, is very close to
one andc2 becomes

c252
w

~Eo2E1!2 . ~19!

B. Ab initio calculation of the nuclear spin–rotational
interaction tensor

The nuclear spin–rotational interaction tensorC has
been calculated using the programDALTON.26 This program
computes values for these parameters using either the
Hartree–Fock ~HF! or the multiconfigurational self-
consistent field~MCSCF! electronic wave functions. We
used basis sets of increasing complexity, from a triple zeta
cc-pVTZ of Dunninget al.27 to the more accurate cc-pV5Z
for the Hartree–Fock method, and then compared our results
with a more demanding MCSCF calculation. For the MC-
SCF we used the cc-pVQZ basis set, and allowed configura-
tions to be formed within a complete active space~CAS! of
18 virtual orbitals. This gave 2 372 112 electronic configura-
tions. The MCSCF calculation took about 45 hours of CPU
time on a 2 GHz Pentium IV Linux PC, compared to just the
few seconds which are necessary to perform a HF calculation
with a cc-pVTZ basis set, or to the six hours necessary for
the HF/cc-pV5Z results. The values for the constants are
reported on Table I.

It can be seen that there are very small differences be-
tween the constants calculated with the twoab initio meth-
ods and the various basis sets. For this work, which is only
semiquantitative, a simple HF with a cc-pVTZ basis set pro-
vides values of comparable quality to the much more de-
manding MCSCF: Considering the small amount of time re-
quired to perform such calculations, we decided to study the
dependence of these constants with respect to the geometry
of the molecule. A tridimensional tensorial surface would be
necessary to properly consider transitions between different
vibrational states. We calculated the dependence of the five
parameters (Caa , Cbb , Ccc , Cab , and Cba) for the two
hydrogen nuclei with respect to the bond lengthsr OH1

, r OH2

and the valence angleuH1OH2
. Figures 1 and 2 show the

bidimensional dependence of the tensorial components with
respect to the symmetric displacement ofr andu. It should
be noted that these tensorial components depend on the
choice of the Cartesian frame fixed within the molecule. We
chose to center our fixed molecule reference on the molecu-
lar center of mass, and the axis were oriented along the three
principal axis of inertia, recalculated for every geometry. For
the bidimensional surfaces reported in Figs. 1 and 2 we cal-
culated 104 points using the HF/cc-pVTZab initio method,
and least squared fitted the results with a linear sextic poly-
nomial usingMATHEMATICA .28 We obtained a mean absolute
deviation between theab initio points and the analytical

TABLE I. Nuclear spin–rotation constant for (1H) in H2O at its experimen-
tal geometry (r OH50.972 Å,u5104.5 degrees). All values are expressed in
kHz.

Caa Cbb Ccc (Cab1Cba)/2

HF/cc-pVDZ 35.31 31.31 33.16 34.26
HF/cc-pVTZ 33.02 29.69 31.59 32.14
HF/cc-pVQZ 32.38 29.32 31.26 31.80
HF/cc-pV5Z 32.26 29.09 31.13 31.74
HF/aug-cc-pV5Z 32.31 29.11 31.16 31.79
MCSCF/cc-pVQZ 33.59 29.98 31.99 33.45
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polynomial expression of about 3 kHz for all of the tensorial
surfaces. The coefficients for these bidimensional functions
are reported in Table II.

C. Nuclear motion and intensity stealing

The intensities of the ‘‘forbidden’’ transitions can be es-
timated by considering the overlap of theortho and para
states due to the hyperfine interaction. Assuming as an ex-
ample that the initial state isortho and that the final state is
the overlap of apara state (F1) and anortho state (F2) we
can write:

I 5u^F0umuc1F11c2F2&u2

5uc1^F0umuF1&1c2^F0umuF2&u2

5c2
2u^F0umuF2&u2, ~20!

that is the intensity for the forbidden transition can be ob-
tained from the intensity of the corresponding allowed tran-
sition by simply scaling its intensity times the square of the
coefficients for the weakly interacting state. The same ex-
pression holds when the initial state is the interacting level.

In the less likely case that both the initial and the final
states are sufficiently close to interacting levels, the calcula-
tion of the intensity becomes~whenc2 andc4 are the smaller
coefficients resulting from the weak interaction!:

I 5u^c1F11c2F2umuc3F31c4F4&u2

5uc1c4u2u^F1umuF4&u21uc2c3u2u^F2umuF3&u2

12uc1c4c2c3i^F1umuF4&i^F2umuF3&u, ~21!

which, in practice, considering thatc1 andc3 are very close
to 1 becomes

I 5uc4u2u^F1umuF4&u21uc2u2u^F2umuF3&u2

12uc2c4i^F1umuF4&i^F2umuF3&u . ~22!

It should be noted that in this case, given that both the initial
and the final states interact one should observe a doublet of
forbidden transitions of equal intensities@Eq. ~23!# in the
experimental spectrum. This is a consequence of the expres-
sion for the intensity which contains the absolute values for
the interacting coefficientsc1 and c2 for both ortho–para
mixed states, and these are the same.

The absolute intensity for a given allowed transition can
be calculated using the expression29

I 5
4.162 034310219v i f gi@exp~2hcv9/kT!2exp~2hcv8/kT!#

Q~T!
S~ f 2 i !, ~23!

wherev8 andv9 are the final and initial state wave numbers,v i f is the transition wave number,Q(T) is the partition function,
and the coefficientsS( f 2 i ) are the weighted transition moment-squared, expressed in Debye, and obtained from theHITRAN

database where they are indicated asRi j . The absorption intensity calculated using the expression above is expressed in
cm/molecule, and is a function of the temperatureT. All of the calculations reported in Table IV have been obtained at 298 K.
We used the analytical expression given by Ref. 30 to calculate the partition functionQ(T).

FIG. 1. Caa andCbb nuclear spin–rotational tensorial components as func-
tions of R ~expressed in Å! and theta~degrees!.

FIG. 2. Ccc and (Cab1Cba)/2 nuclear spin–rotational tensorial components
as functions of R~Å! and theta~degrees!.
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It is clear from Figs. 1 and 2 that the coupling constants
change considerably with molecular structure. For this rea-
son they should vary with vibrational state, and of course,
should be very different for interactions between levels be-
longing to different vibrational states. To properly include
the vibrational contribution to the intensity it is necessary to
perform vibrational averages over theCab(r 1 ,r 2 ,u) func-
tions using the appropriate vibrational wavefunctions. This
could be the subject of a future study, particularly if linked to
a specific experiment. In this work we have simply assumed
a coupling constant of 33.7 kHz, based on ourab initio cal-
culated values, in all cases. This is somewhat larger than the
value of 10 kHz guessed by Curlet al.9

III. RESULTS AND DISCUSSION

Tables III and IV report a list of the more strongly
coupled states obtained by browsing the whole list of water
energy levels.19 These pairs of states were stored, and then
used to calculate the frequency and the intensity of forbidden
transitions, some of which are reported in Tables V and VI.
Table III gives the closest pairs ofortho andpara states, that
is those separated by no more than 0.1 cm21, allowing the

program to span the whole known vibrational–rotational
spectrum for water. Table IV, instead, presents all the levels
separated by up to 2.0 cm21. This is a considerably larger
number than in the previous case; to reduce the amount of
reported data we focus on the most significant states, those
lying below 5000 cm21.

It can be seen from Table III that the largest interaction
corresponds to the 249,15/256,19 pair of ortho–para states,
in the first excited bending vibrational state. This pair of
states mixes considerably more than any other pair (c2

5931024) due to their proximity. In fact their separation,
less than 0.001 cm21, is comparable to the accuracy with
which they are experimentally determined and, therefore,
this value ofc2 has a large uncertainty. This pair of levels
corresponds to highly excited rotational states, though, and
for this reason they are not among the most promising can-
didates to be observed experimentally, even though, due to
the accuracy with which the experimental data are known,
their interaction could be even larger.

The second most promising pair of levels belonging to
the same vibrational state is the 151,5/153,13 belonging to the
2n2 and n21n3 vibrational levels, respectively. Again, due

TABLE II. Coefficients for the fitted expressions forCaa , Cbb , Ccc , (Cab1Cba)/2. The term (i , j ) gives the
coefficient for expressionr iu j .

i j C aa Cbb Ccc (Cab1Cba)/2

0 0 1.777 6331027 3.380 6931027 2.888 0431027 21.019 9531025

0 1 1.048 7931025 1.369 2431025 1.254 3431025 22.923 9031024

0 2 4.696 3331024 4.400 5931024 4.372 5631024 24.860 6231023

0 3 1.250 5931022 8.642 6931023 9.432 6631023 9.334 5031023

0 4 22.198 9431024 21.197 4131024 21.319 0631024 21.488 8131024

0 5 1.623 2931026 7.188 0831027 7.904 4331027 1.241 2131026

0 6 25.679 6631029 22.117 9831029 22.329 4431029 25.753 7231029

0 7 7.849 9331022 2.460 58310212 2.783 85310212 1.375 87310211

1 0 21.009 2431026 22.524 0731027 25.330 3631027 21.863 0131025

1 1 21.905 2131025 2.446 4831026 24.118 2131026 25.489 1431024

1 2 26.777 4031024 22.139 9431024 23.723 8831024 21.065 5431022

1 3 21.606 6431022 21.448 8831022 21.584 8031022 21.474 8831022

1 4 1.788 8231024 1.297 9231024 1.461 6231024 1.058 9331024

1 5 27.663 4131027 24.512 5031027 25.091 0331027 21.922 2731027

1 6 1.119 1631029 6.250 24310210 6.542 27310210 21.529 9931029

2 0 29.121 4231027 4.116 5731027 4.679 1731028 22.512 7731025

2 1 23.338 0431025 1.368 0231025 8.049 1631027 27.911 2031024

2 2 27.100 8331024 3.634 1231024 8.241 9531025 21.508 0231022

2 3 8.815 2531023 1.006 3131022 1.081 6731022 1.342 2831022

2 4 25.615 4931025 25.295 1931025 26.047 9331025 27.845 8031025

2 5 1.274 0131027 6.836 9631028 9.306 3931028 4.248 8631027

3 0 21.421 5831026 8.942 1431027 2.746 1331027 23.286 7531025

3 1 24.935 5231025 3.570 2831025 1.328 4931025 21.015 9531023

3 2 29.743 0231024 1.016 9331023 5.079 9931024 21.847 4931022

3 3 22.238 9931023 23.369 9131023 23.444 5531023 23.836 6231023

3 4 3.148 8831026 9.841 7931026 9.378 3831026 21.830 9231025

4 0 22.172 0131026 1.601 1831026 6.008 6631027 24.064 5631025

4 1 27.908 1331025 6.349 6831025 2.590 2031025 21.198 3931023

4 2 22.002 8131023 1.476 1031023 5.460 2731024 21.933 5931022

4 3 4.117 6531024 3.162 3131024 3.839 7431024 1.816 0031023

5 0 23.350 9631026 2.558 0631026 9.902 3131027 24.795 9131025

5 1 21.312 1331024 9.836 8431025 3.720 4231025 21.284 3431023

5 2 23.511 7931023 2.398 1531023 8.096 9531024 21.381 0931022

6 0 25.170 6531026 3.854 4331026 1.449 8431026 25.384 6031025

6 1 22.114 8231024 1.487 4231024 5.219 0331025 21.178 5231023

7 0 27.887 7631026 5.660 2531026 2.036 2531026 25.666 0631025

2736 J. Chem. Phys., Vol. 120, No. 6, 8 February 2004 A. Miani and J. Tennyson

Downloaded 11 Feb 2004 to 128.40.5.13. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



TABLE IV. Nuclear spin-rotational interaction in cm21 between ortho and para rotational–vibrational states below 5000 cm21 and separated more than
0.1 cm21 and less than 2.0 cm21.

Para levels Ortho levels

Mat. el. c2v1 v2 v3 JKa ,Kc
Ep (cm21) v1 v2 v3 JKa ,Kc

D (Ep2Eo)

0 0 0 1411,3 4172.1528 0 1 0 134,9 1.8863 21.38031026 27.3231027

0 0 0 167,9 4016.1348 0 0 0 174,13 1.7738 21.69331027 29.5431028

0 0 0 184,14 4427.1655 0 0 0 177,10 0.9489 22.37931026 22.5131026

0 1 0 33,1 1907.4514 0 1 0 42,3 0.5649 22.95231027 25.2331027

0 1 0 44,0 2129.6187 0 1 0 53,2 0.8758 6.80731027 7.7731027

0 1 0 132,12 3654.2153 0 1 0 141,14 1.2701 25.86431027 24.6231027

0 1 0 140,14 3655.4837 0 1 0 131,12 1.4346 21.093310210 27.62310211

0 2 0 51,5 3482.4802 0 2 0 42,3 0.4157 6.27931027 1.5131026

0 2 0 52,4 3598.5160 0 2 0 43,2 0.6499 23.12931027 24.8131027

0 2 0 72,6 3894.1677 0 2 0 81,8 1.0852 5.58831027 5.1531027

1 0 0 61,5 4190.2621 0 2 0 74,3 1.8679 3.63731027 1.9531027

1 0 0 74,4 4563.9897 0 2 0 85,4 0.0451 1.16331027 2.5831026

0 0 1 61,6 4195.8180 0 2 0 65,2 1.5207 3.45231028 2.2731028

0 3 0 22,0 4856.2159 0 3 0 31,2 0.7005 25.70331028 28.1431028

TABLE III. Nuclear spin-rotational interaction in cm21 between ortho and para rotational–vibrational states up to 25 000 cm21 and separated by less than
0.1 cm21.

Para levels Ortho levels

Mat. el. c2v1 v2 v3 JKa ,Kc
Ep (cm21) v1 v2 v3 JKa ,Kc

D (Ep2Eo)

0 0 0 1815,3 6 868.8337 0 1 0 1710,7 0.0574 23.98731027 26.9431026

0 0 0 2311,13 8 181.2667 0 1 0 226,17 0.0904 23.91831027 24.3431026

0 1 0 1710,8 6 868.8795 0 0 0 1815,4 0.0458 24.24831027 29.2731026

0 1 0 249,15 10 003.2889 0 1 0 256,19 0.0005 24.82531027 29.0231024

0 2 0 1511,5 8 193.3584 0 1 1 153,13 0.0013 26.36331027 24.9531024

1 0 0 74,4 4 563.9897 0 2 0 85,4 0.0451 1.16331027 2.5831026

0 4 0 132,12 8 313.0914 0 4 0 123,10 0.0882 24.87931027 25.5331026

1 1 1 150,15 11 067.0750 1 1 1 141,13 0.0086 24.759310211 25.5331029

0 4 1 162,15 12 882.1957 0 4 1 153,13 0.0299 22.55131028 28.5331027

1 2 1 82,7 11 213.9035 1 2 1 91,9 0.0476 21.77631027 23.7331026

3 2 0 91,9 14 505.7501 3 2 0 82,7 0.0919 21.42231027 21.5531026

0 2 3 55,0 14 839.7836 0 2 3 64,2 0.0666 1.08131026 1.6231025

0 2 3 73,4 14 916.4591 1 6 0 77,0 0.0431 23.22631026 27.4831025

3 0 1 74,3 14 690.5549 1 2 2 72,5 0.0528 28.65331027 21.6431025

2 4 1 43,2 17 038.4113 4 2 0 41,4 0.0352 1.58431029 4.5031028

5 0 0 22,0 17 023.1318 4 0 1 22,0 0.0080 5.52031027 6.8831025

5 0 0 54,2 17 411.5266 4 0 1 54,2 0.0575 25.42631027 29.4331026

5 0 0 61,5 17 402.4117 4 0 1 61,5 0.0668 21.22731026 21.8431025

5 0 0 65,1 17 645.0709 4 0 1 65,1 0.0032 1.22731026 3.8631024

4 0 1 22,1 17 021.7965 5 0 0 22,1 0.0144 22.64331027 21.8431025

4 0 1 32,1 17 094.6133 5 0 0 32,1 0.0889 27.46231027 28.3931026

4 0 1 54,1 17 411.7806 5 0 0 54,1 0.0090 23.40731027 23.7731025

4 0 1 65,2 17 645.0141 5 0 0 65,2 0.0059 2.96431027 4.9931025

4 0 1 83,6 17 776.7705 5 0 0 83,6 0.0806 1.09031026 1.3531025

5 1 0 52,4 18 789.3844 4 1 1 52,4 0.0772 5.42631027 7.0231026

4 1 1 51,4 18 769.6083 5 1 0 51,4 0.0098 3.40731027 3.4731025

4 1 1 62,5 18 917.9116 5 1 0 62,5 0.0603 22.96431027 24.9131026

4 1 1 71,6 19 064.8297 5 1 0 71,6 0.0042 21.60331026 23.8131024

6 0 0 61,5 20 269.3124 5 0 1 61,5 0.0291 21.22731026 24.2231025

5 0 1 32,1 19 970.9469 6 0 0 32,1 0.0698 27.46231027 21.0731025

5 0 1 62,5 20 280.2952 6 0 0 62,5 0.0621 22.96431027 24.7831026

5 0 1 81,8 20 445.2499 6 0 0 81,8 0.0051 2.20231026 4.3031024

7 0 0 43,1 22 850.5614 6 0 1 43,1 0.0509 1.99731027 3.9231026

7 0 0 55,1 23 138.2347 6 0 1 55,1 0.0537 1.08931026 2.0331025

6 0 1 50,5 22 812.2617 7 0 0 50,5 0.0901 21.37831026 21.5331025

6 0 1 55,0 23 138.1810 7 0 0 55,0 0.0537 1.37831026 2.5631025

8 0 0 33,1 25 348.2140 7 0 1 33,1 0.0173 2.53831027 1.4731025

7 0 1 30,3 25 236.4416 8 0 0 30,3 0.0102 29.24831027 29.0731025

7 0 1 31,2 25 266.5064 8 0 0 31,2 0.0226 7.46231027 3.3131025

7 0 1 51,4 25 458.2018 8 0 0 51,4 0.0722 3.40731027 4.7231026
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to their proximity, their wave functions are predicted to mix
by at least one order of magnitude more than all of the other
levels present in the vibrational spectrum of water. These
pairs are difficult to observe experimentally due to the fact
that they belong to highly excited vibrational states. Thus to
observe these would require sensitivity several orders of
magnitude better than the recent state-of-the-art long-
pathlength Fourier transform experiments of Ref. 31 How-
ever, such an observation may be possible with newer ultral-
ong pathength techniques.

From Table IV it can be seen that for levels present in
the lower part of the spectrum theortho–para mixing ratio is
much smaller, the largest mixing coefficient being of about
1026, that is about 2 orders of magnitude lower than in the
previous cases. Despite this, though, the forbidden transi-
tions for which the largest absolute intensity is predicted are
mostly belonging to this part of the spectrum. A sample of
such transitions is reported in Tables V and VI. It can be seen
from Table V that at 298 K the strongest transitions~pre-
dicted intensity higher than 10231 cm/mol) are given by
states belonging to the first excited bend. These are predicted
at 1388.42, 1419.88, 1771.85, and 1845.28 cm21 for which
the absolute intensities are calculated to be 3310232,
3310232, 4310232, and 5310232 respectively. It should be
noted that the cut-off threshold which is nowadays used in
the compilation of theHITRAN database is 10228 cm/mol, so
the strongest transitions are nearly four orders of magnitude
weaker than this.

Table VI gives the strongest predicted transitions in the
spectrum when the hyperfine nuclear spin–molecular rota-

tion interaction occurs among vibrational–rotational states
belonging to different vibrational levels.

IV. CONCLUSION

In this work we study the possibility of observing
strongly forbidden vibrational–rotational transitions between
ortho and para isotopomers for water. These are yet to be
observed experimentally: From such an observation it would
be possible to develop reliable models about theortho and
para interconversion mechanism. This is important, for ex-
ample, in the study of astrophysical cometary problems. We
suggest that the strongest forbidden transitions should be
found in the mid infrared due to vibrational–rotational tran-
sition involving the first excited bend. These have a predicted
intensity of about 10232 cm/mol, about four orders of mag-
nitude less than the present intensity cut-off threshold em-
ployed with standard spectroscopic techniques when colect-
ing data for theHITRAN database. There are a number of
possible experiments, high sensitivity far infrared, long path
length near infrared or ICLAS in the visible, for example,
which could provide a means to observing such very weak
forbidden transitions. Our work provides precise information
on where to look and estimates of possible intensities to be
found in different spectral regions. Our calculations neglect
ortho–para conversion due to molecular collisions. It is
likely that such collisions lead to an enhanced conversion
rate but the levels involved will be the ones identified in this
study.

TABLE V. Strongest predicted ortho–para transitions~intensity cutoff 10232 cm/mol). The asterisk indicates if the forbidden transition is caused by the initial
or final state.

Allowed transitions Forbidden transitions

v18 v28 v38 JKa ,Kc
9 v19 v29 v39 JKa ,Kc

9 n (cm21) Int. ~cm/mol! v1 v2 v3 JKa ,Kc
n (cm21) Int. ~cm/mol!

0 1 0 44,0* 0 0 0 55,1 1387.5456 4.237310220 0 1 0 53,2 1388.4214 2.56310232

0 1 0 33,1* 0 0 0 44,0 1419.3172 1.028310219 0 1 0 42,3 1419.8822 2.81310232

0 1 0 33,1* 0 0 0 22,0 1771.2875 1.433310219 0 1 0 42,3 1771.8524 3.91310232

0 1 0 44,0* 0 0 0 33,1 1844.3993 7.914310220 0 1 0 53,2 1845.2750 4.78310232

TABLE VI. Strongest predicted ortho–para transitions coupled among different vibrational states~intensity cutoff 10235 cm/mol). The asterisk indicates if the
forbidden transition is caused by the initial or final state.

Allowed transitions Forbidden transitions

v18 v28 v38 JKa ,Kc
9 v19 v29 v39 JKa ,Kc

9 n (cm21) Int. ~cm/mol! v1 v2 v3 JKa ,Kc
n (cm21) Int. ~cm/mol!

1 0 0 74,4* 0 0 0 85,3 3 308.0769 1.8816310223 0 2 0 85,4 3 308.1220 1.25310234

1 0 0 74,4* 0 0 0 75,3 3 504.3430 1.1254310223 0 2 0 85,4 3 504.3881 7.50310235

1 0 0 74,4* 0 0 0 83,5 3 513.8320 1.5625310223 0 2 0 85,4 3 513.8771 1.04310234

1 0 0 74,4* 0 0 0 81,7 3 681.0991 1.7631310224 0 2 0 85,4 3 681.1442 1.17310235

1 0 0 74,4* 0 0 0 63,3 3 902.4409 1.5751310222 0 2 0 85,4 3 902.4860 1.05310233

1 0 0 74,4* 0 0 0 61,5 4 021.0840 3.3608310223 0 2 0 85,4 4 021.1291 2.24310234

0 1 1 151,15* 0 0 0 141,14 5 563.0990 2.7572310226 1 0 0 159,7 5 562.9604 1.01310235

1 0 1 81,7* 0 0 0 71,6 7 397.5746 1.2880310223 0 2 1 92,7 7 397.3770 2.28310235

1 0 1 81,8* 0 0 0 71,7 7 381.4192 2.2689310222 0 2 1 92,8 7 380.1993 2.08310235

3 0 1 42,2* 0 0 0 52,3 13 677.0331 1.1020310225 1 2 2 40,4 13 676.8880 1.16310235

3 0 1 42,2* 0 0 0 32,1 13 911.3871 3.0557310225 1 2 2 40,4 13 911.2420 3.23310235

3 0 1 74,3* 0 0 0 74,4 13 762.8108 5.7277310226 1 2 2 72,5 13 762.8636 1.54310235

3 0 1 74,3* 0 0 0 64,2 13 932.7745 1.5341310225 1 2 2 72,5 13 932.8273 4.12310235
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It would be possible to extend the present work to study
more accurately transitions between interacting levels be-
longing to different vibrational states. To do this, one should
consider the dependence of the nuclear spin–rotational ten-
sor with respect to the vibrational coordinates and to calcu-
late the integrals involving the different vibrational states.
Such an extension is fairly straightforward and can be done
to help model any planned experiment.
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