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Internuclear distance and effects of Born–Oppenheimer breakdown for PtS,
determined from its pure rotational spectrum

Stephen A. Cooke and Michael C. L. Gerrya)

Department of Chemistry, University of British Columbia, 2036 Main Mall, Vancouver,
B.C. V6T 1Z1, Canada

~Received 12 March 2004; accepted 17 May 2004!

Platinum monosulfide PtS has been prepared in itsX01 ground electronic state by laser ablation of
Pt in the presence of H2S. The rotational spectra of eight isotopic species have been measured with
a cavity pulsed jet Fourier-transform microwave spectrometer. Spectral analysis using a
multi-isotopomer Dunham-type expression produced values forY01, Y02, Y11, andY21, along with
large values for Born–Oppenheimer breakdown~BOB! parameters for both atoms of the molecule.
The BOB parameters are rationalized in terms of the molecular electronic structure and nuclear field
shift effects. A large negative195Pt nuclear spin-rotation constant has been rationalized in terms of
the electron-nucleus dipole-dipole hyperfine constant. The equilibrium bond length in the
Born–Oppenheimer approximation has been evaluated. ©2004 American Institute of Physics.
@DOI: 10.1063/1.1769365#

I. INTRODUCTION

Although it is now over 70 years since Dunham first
published his model for the energy levels of diatomic
molecules,1 this model continues to provide the basis for the
analysis of their high resolution spectra. However, because
of the precision and accuracy of spectroscopic measure-
ments, it has had to be modified to incorporate effects of
Born–Oppenheimer breakdown~BOB!. The basic procedure
for doing this forX1S1 molecules was published over 20
years ago by Watson2,3 and Bunker.4,5 This takes into account
both adiabatic and nonadiabatic effects but neglects possible
effects due to the ‘‘finite size of the nuclei, the second-order
contribution of spin-orbit coupling, and other relativistic
effects.’’2 This approach was expected, and found, to be nec-
essary for the analysis of spectra of light diatomic
molecules.2 A different formalism of Watson’s model has
been developed by LeRoy.6

Anomalies in the analysis of the millimeter wave spectra
of the lead chalcogenides and thallium halides prompted Tie-
mann et al. to include effects from the finite sizes of the
nuclei.7–9 Initial spectral analysis produced apparent large
adiabatic BOB terms for the metals. However, further study
showed that the anomalies arose because these nuclei had a
finite charge distribution. They were accounted for with a
revision of Watson’s formula which included new ‘‘field-
shift’’ parameters.8

In rotational spectroscopy effects of BOB have appeared
mostly in millimeter wave spectra, whose measurements
have always carried many significant figures. However, mea-
surements using cavity pulsed jet Fourier-transform micro-
wave ~FTMW! spectrometers are now so precise that BOB
terms have been determined from spectra measured at much
lower frequencies, even for molecules containing heavy at-
oms. For example, they have been needed in recent analyses

of spectra of ZrO and ZrS~Ref. 10!, HfO ~Ref. 11!, HfS
~Ref. 12!, PtSi ~Ref. 13!, and BiN ~Ref. 14!. All these mol-
ecules have relatively large BOB terms, with the last two
showing field-shift effects for Pt and Bi, respectively.

In the recent example of PtSi~Ref. 13! initial analyses
omitting field-shift terms showed a significant difference in
magnitude between the respective Watson-type BOB param-
eters (D01

Pt andD01
Si). The differences were surmised to be due

to field-shift effects for Pt. Fits to the experimental data
alone could not, however, separate adiabatic and nonadia-
batic effects from field-shift effects because of high correla-
tions. Because adiabatic and nonadiabatic contributions are
usually approximately the same for the two nuclei in a di-
atomic molecule, the field-shift parameters could be esti-
mated by assuming this to be the case in PtSi and refitting
the data to the Pt field-shift parameter and oneD01 param-
eter. Reasonable values for both were seemingly obtained.
However, since it was found that the field-shift parameter
was large in magnitude and of opposite sign to those found
for the Pb-chalcogenides and Tl-halides it was necessary to
verify it independently.

Schlembach and Tiemann8 showed that the field-shift pa-
rameterV01

A for atom A is proportional to (drel /dr) r e

A , the

derivative of the electron density at nucleusA with respect to
the internuclear distance, evaluated at the equilibrium dis-
tance. In their early~1982! work they estimated values for Pb
and Tl using Hartree–Fock evaluations. Since that time, this
parameter has fallen into disuse. This is unfortunate, because
it can provide helpful information, verifiable experimentally,
about molecular electronic structures. Accordingly we have
recently demonstrated that density functional theory~DFT!
may be used to estimate field-shift parameters.15 Application
to PtSi verified that the experimental field-shift parameter is
indeed reasonable.13

The present paper extends this work to platinum mono-
sulfide PtS. This molecule has, however, rather differenta!Electronic mail: mgerry@chem.ubc.ca
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properties from those previously reported. In a Hund’s case
~a! or ~b! coupling scheme its electronic ground state would
be X3S2. However, case~c! coupling actually applies, with
a large spin-orbit coupling, and the ground state isX01.16

Many bands have the appearance of1S21S transitions, and
the ground state could easily be assigned asX1S1. The same
phenomenon is found for isoelectronic PtO,17,18 for which
the ground state was indeed initially thought to be1S1.

In conjunction with the electronic spectrum, Liet al.16

used pump-probe microwave-optical double resonance
~MODR! to record theJ55-4, 6-5, and 8-7 pure rotational
transitions of the three most abundant isotopomers of PtS.
The resolution, although high, was insufficient for measure-
ment of 195Pt hyperfine structure. The dataset included only
vibrational ground state transitions, and thus precluded a
Dunham-type analysis. The dipole moment of PtS has also
been measured.19

In the present work the MODR measurements have been
extended by FTMW spectroscopy to furtherJ values and
isotopomers in several vibrational states, at considerably
higher resolution. Unusual195Pt spin-rotation coupling has
been found. The results could be treated with the same
Dunham-type analysis as is used for closed shell molecules.
The large BOB terms found are rationalized in terms of elec-
tronic structure, and the internuclear distance has been evalu-
ated.

II. EXPERIMENTAL AND CALCULATION METHODS

A. Spectroscopic measurements

A pulsed Nd:YAG laser beam of wavelength 1064 nm
was focused onto a rotating glass rod wrapped with platinum
foil. The rod and foil were mounted in an ablation system
specially designed for our FTMW spectrometer.20 The result-
ing ablation produced a plasma of Pt, which then reacted
with a small amount~;0.1%! of H2S ~Matheson>99% pu-
rity! contained in Ar. This gas mixture was issued from a
reservoir held at high pressure~5–7 atm! via a solenoid
valve ~series 9, General Valve!. The reaction mixture then
underwent a supersonic expansion into an evacuated Fabry–
Perot cavity of a Balle–Flygare type21 Fourier-transform mi-
crowave~FTMW! spectrometer.22 The microwave spectrum
of PtS was recorded between 8 and 18 GHz. The gas expan-
sion occurred parallel to the central axis of the cavity mir-
rors, and parallel to the direction of propagation of the mi-
crowaves, with the result that all transitions were observed as
Doppler doublets. Linewidths with this arrangement were
typically 7–10 kHz ~FWHM!. Frequency measurements
were referenced to a Loran frequency standard accurate to 1
part in 1010; reported line frequencies are estimated to be
accurate to better than61 kHz.

B. Theoretical calculations

Density functional theory~DFT! calculations following
the procedure outlined by Cookeet al.15 were used to predict
the field-shift parametersV01

Pt andV01
S . The calculation deter-

mined the derivative of the electron density at the given
nucleus with respect to the internuclear distance, and the
field shift parameter for Pt was estimated using

V01
Pt5

ZPte
2

3e0ker e
S drel

dr D
r e

Pt

~1!

with an analogous equation forV01
S . ZPt is the atomic num-

ber for Pt,e is the elementary charge,e0 is the permittivity of
free space,ke is the harmonic force constant,rel is the elec-
tron density, andr e is the equilibrium internuclear distance.

The DFT calculation was performed using the Amster-
dam density functional program23 ~ADF! and used an all-
electron basis set~QZ4P! of Slater-type orbitals~in prefer-
ence to Gaussian-type orbitals because the former have better
cusp behavior!. Attempts to account for relativistic effects
were made using the zeroth-order regular approximation
~ZORA!.24,25 Use was also made of the statistical average of
orbital potentials~SAOP! model.26 Single point calculations
giving the electron densities,rel , at a series of different
internuclear distances were carried out. A polynomial was
then fitted to the derived densities and its derivative gave the
required quantity. These calculations also produced a poten-
tial energy curve for PtS, from which an equilibrium inter-
nuclear distance and other spectroscopic parameters could be
predicted.

III. RESULTS AND ANALYSIS

A. Spectra and assignments

The spectroscopic constants in Ref. 16 were used to pre-
dict the corresponding transitions for those isotopomers in
the frequency range of our FTMW spectrometer. Lines re-
quiring the presence of both Pt and H2S in the reaction mix-
ture were quickly found at the predicted frequencies. Some
searching then revealed transitions of previously unobserved
isotopomers and of vibrationally excited molecules. The as-
signments were confirmed by the isotopic distribution of the
lines and by the hyperfine structures of the transitions con-
taining 195Pt (I 51/2).

The frequencies of the measured transitions are given
with their assignments in Table I. The measurements of Ref.
16 are included for completeness.

For the isotopomers containing195Pt the coupling
schemeJ1I5F has been employed. TheJ51-0 transition
of 195Pt32S is illustrated in Fig. 1.

B. 195Pt hyperfine analysis

Because the program used to perform the Dunham-type
fits described below does not include hyperfine structure,
preliminary analyses were carried out for isotopic species
containing195Pt. Their line frequencies were fit to the con-
stants in the Hamiltonian,

H5BvJ22DvJ41CI I "J ~2!

using Pickett’s least-squares fitting program SPFIT.27 Each
vibrational state was treated separately, giving its rotational
constantBv , centrifugal distortion constantDv , and 195Pt
nuclear spin-rotation constantCI . The fits were to the data in
Table I. The resulting constants are in Table II, in comparison
with those previously reported for PtSi and PtCO.

It will be noted thatCI for PtS is much bigger in mag-
nitude than and of opposite sign to the values for the other
two molecules. Using the constants given in Table II the

3487J. Chem. Phys., Vol. 121, No. 8, 22 August 2004 Born–Oppenheimer breakdown for PtS
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hyperfine splitting in the MODR data of Ref. 16 was calcu-
lated. For theJ58-7 transition for example the splitting is
predicted to be'60 kHz which is approximately half the
line widths obtained in the experiment. This would explain
why these splittings were not reported in Ref. 16.

For the Dunham-type analysis hypothetical unsplit fre-
quencies for the well resolvedJ51-0 andJ52-1 rotational
transitions were calculated from the rotational constants and
distortion constants in Table II. Again each isotopomer and

vibrational state were treated separately. Enough significant
figures in the constants were retained to ensure that the cal-
culated frequencies were accurate to the experimental uncer-
tainties.

C. Dunham-type analysis

A general treatment of the rotational energy and fine
structure of a diatomic molecule following Hund’s case~c!

TABLE I. Measured transition frequencies for PtS.

Isotopomer J8-J9 F8-F9 v Frequency~MHz! Obs.2calc. ~kHz!a

192Pt32S 1-0 0 8844.1512 0.4
194Pt32S 1-0 0 8831.1458 20.2

2-1 0 17 662.2578 0.6
5-4 0 44 155.0373 3.1b

6-5 0 52 985.6640 5.6b

8-7 0 70 646.2476 1.7b

1-0 1 8792.9563 0.0
2-1 1 17 585.8765 21.3
1-0 2 8754.6948 20.2
2-1 2 17 509.3554 0.2

195Pt32S 1-0 1
2 2

1
2

0 8824.8020 0.1c

1-0 3
2 2

1
2

0 8824.7016 20.1c

2-1 3
2 2

1
2

0 17 649.4689 20.1c

2-1 5
2 2

3
2

0 17 649.4024 0.1c

5-4 d 0 44 122.9370 247.5d

6-5 d 0 52 947.1850 216.4d

8-7 d 0 70 594.9310 247.6d

1-0 1
2 2

1
2

1 8786.6521 0.2c

1-0 3
2 2

1
2

1 8786.5543 20.2c

2-1 3
2 2

1
2

1 17 573.1726 20.2c

2-1 5
2 2

3
2

1 17 573.1060 0.2c

1-0 1
2 2

1
2

2 8748.4319 0.0c

1-0 3
2 2

1
2

2 8748.3342 0.0c

196Pt32S 1-0 0 8818.4021 20.2
2-1 0 17 636.7694 0.4
5-4 0 44 091.3090 6.7b

6-5 0 52 909.1940 3.3b

8-7 0 70 544.3010 0.6b

1-0 1 8780.2948 20.3
2-1 1 17 560.5553 20.1
1-0 2 8742.1168 0.0

198Pt32S 1-0 0 8805.9112 20.1
2-1 0 17 611.7885 0.4
1-0 1 8767.8854 20.3
2-1 1 17 535.7367 0.0

194Pt34S 1-0 0 8386.6878 20.1
2-1 0 16 733.3445 21.7
1-0 0 8351.3578 4.3

195Pt34S 1-0 1
2 2

1
2

0 8380.3413 0.0c

1-0 3
2 2

1
2

0 8380.2445 0.0c

196Pt34S 1-0 0 8373.9421 20.2

aApart from 195PtS these are the observed frequencies minus those calculated from the fitted constants of Table
III. See also footnote c below.

bThese line frequencies were taken from Ref. 16 and given a 100-fold lower weight than the other lines in the
fitting procedure.

cThese data were least-squares fit using theSPFIT program. The obs.2calc. values are the observed frequencies
minus those calculated with the constants in Table II.

dTaken from Ref. 16. Magnetic hyperfine splitting was not observed for these transitions because of the
resolution of the experimental method. In the present work these lines were excluded from the fitting proce-
dures. The obs.2calc. values are the observed frequencies minus the hypothetical line centers obtained from
the constants in Table II.

3488 J. Chem. Phys., Vol. 121, No. 8, 22 August 2004 S. A. Cooke and M. C. L. Gerry
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was published by Veseth.29,30 For a 3S state there are three
states for each value ofJ, one havingV50 and two of op-
posite parity havinguVu51. The V50 and uVu51 states of
the same parity interact through a perturbation operator,

Ĥp522BJ"Ja, ~3!

whereB is the rotational constant,J is the operator for the
total angular momentum exclusive of nuclear spin, andJa

5L1S. Here L and S are the electronic orbital and spin
angular momentum operators, respectively. If the interacting
vibronic levels havingV50 and uVu51 are well separated,
then Kuijpers, To¨rring, and Dymanus31 showed that the ro-
tational energy can be written as

E5S B2
2P2

T12T0
D J~J11!2S D2

8D

B

P2

T12T0
D

3J2~J11!21¯. ~4!

In this expression,

B5~Y011e!1Y11~v1 1
2!1Y12~v1 1

2!
21¯, ~5!

D52Y022Y12~v1 1
2!2Y22~v1 1

2!
21¯, ~6!

P5^v,Ja ,V51uB~Ja!1uv8,Ja ,V50&. ~7!

In these expressionsYkl are the Dunham coefficients,e is the
Dunham correction toY01, v is a vibrational quantum num-

ber, and (T12T0) is the energy difference between the
uVu51 andV50 states. Eqs.~4!–~7! can be reorganized, to
the precision available experimentally, as

E5FY01S 11
e

Y01
2

2P2

Y01~T12T0! D1Y11S v1
1

2D
1Y21S v1

1

2D 2

1¯GJ~J11!

1FY021Y12S v1
1

2D1¯GJ2~J11!21¯. ~8!

In Eqs. ~7! and ~8! the effect ofP is Born–Oppenheimer
breakdown, so that the term 2P2/Y01(T12T0) gives a mea-
sure of this breakdown. Kuijpers, To¨rring, and Dymanus31

also pointed out that when this term is very small the usual
expressions for aX1S1 molecule apply, and the physical
meanings of theYkl are well defined.

Equation~8! should thus be compared with Watson’s2,3

expression for the rotational energy of a1S1 moleculeAB
~see also Schlembach and Tiemann, Ref. 8!,

E5(
k,l

YklS v1
1

2D k

Jl~J11! l ~9!

with

Ykl5
Ukl

m~k12l !/2 F11
me

MA
Dkl

A 1
me

MB
Dkl

B G , ~10!

where theUkl are mass-independent Dunham parameters,m
is the reduced mass of the molecule (5MAMB /(MA

1MB)) with atomic massesMA and MB , and me is the
electron mass. The termsDkl

i are Born–Oppenheimer break-
down parameters, of which only theD01

i terms are signifi-
cant. Equation~9! is thus essentially the same as Eq.~8!, but
with U01/m(11(me /MA)D01

A 1(me /MB)D01
B ) replacing

Y01(11e/Y0122P2/Y01(T12T0)). The D01 terms may be
expanded,2,3,8

D01
A 5~D01

A !ad1
~mgJ!B

mp
1

mDY01
~D !

meBe
, ~11!

where (mgJ)B is the isotopically independent value ofmgJ

referred to nucleusB as the origin,2

~mgJ!B5mgJ12cAmpMA /~MA1MB! ~12!

andcA is the formal charge on atomA, DY01
(D) is the Dunham

correction. The mass of the proton is represented asmp , and
(D01

A )ad represents the adiabatic contribution toD01
A . There is

a corresponding expression forD01
B . The rotationalgJ factor

in a nonrelativistic approximation is given by32

gJ5
mp

I e
S (

i
Zizi

22
2

me
(
kÞ0

u^kuLxu0&u2

Tk2T0
D , ~13!

where Zi and zi are, respectively, the atomic number and
position of atomi. Lx is an orbital angular momentum op-
erator, and the sum overk is over all excited1P states.

When the terms of Eqs.~11!, ~12!, and~13! are inserted
into the expression forY01 @Eq. ~10!# and the result is sim-
plified we obtain

FIG. 1. Power spectrum of theJ51-0 transition of195Pt32S, showing195Pt
hyperfine structure. 500 averaging cycles. 4k data points were recorded, and
the power spectrum is shown as a 4k transformation.

TABLE II. Molecular constants in MHz for195Pt32S and195Pt34S.

Isotope v B 103D (195Pt) CI

195Pt32S 0 4412.370 43~99!a 1.440~136! 20.066 80~157!
1 4393.296 25~99! 1.429~136! 20.065 63~157!
2 4374.186 24~75! 1.429b 20.065 13~189!

195Pt34S 0 4190.141 26~75! 1.440b 20.064 53~189!
195Pt28Sic 0 4851.219 96~99! 1.693~136! 10.030 98~157!
195PtCOd 0 3322.833 56~31! 0.450~20! 10.024 20~87!

aNumbers in parentheses are one standard deviation in units of the last
significant figure.

bConstrained to this value.
cReference 13.
dReference 28.

3489J. Chem. Phys., Vol. 121, No. 8, 22 August 2004 Born–Oppenheimer breakdown for PtS

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

84.88.136.149 On: Tue, 25 Nov 2014 13:52:49



Y015
U01

m F11D01
ad1

DY01
~D !

Be
1

me

I e
(

i
Zizi

2

2
2PL

2

Y01~Tk2T0!G , ~14!

whereD01
ad is the total adiabatic correction toY01. In the final

term,

PL5^v,L,L51uBeL̂1uv8,L,L50&. ~15!

Also, it is assumed that only one excited1P electronic state
contributes. In this term the distinction betweenBe , Y01,
andU01/m is insignificant. If the adiabatic contribution and
the small fourth term are ignored~or considered assimilated
into the Dunham correction!, and Eq.~14! is inserted into Eq.
~9!, then Eqs.~9! and ~8! are found to be phenomenologi-
cally the same, albeit withPL replacingP. However, in terms
of angular momentum operators theL, L dependence ofPL

is the same as theJa , V dependence ofP. Accordingly Wat-
son’s formalism can be meaningfully used to fit 01 states in
Hund’s case~c!.

The problem with Eq.~14! for spectral fitting is that all
four correction terms are mass~isotope! dependent. It must
be returned to the form in Eq.~10! which includes the mass-
independent termsD01

A and D01
B . These are easily shown to

become

D01
A 5F ~D01

A !ad1
mDY01

~D !

meBe
1

2cAMA

~MA1MB!
1

m

I e
(

i
Zizi

2

2
m

me

2PL
2

Y01~T12T0!G ~16!

with a corresponding expression forD01
B . It will be noted

that the term2m/me(2PL
2/Y01(T12T0)) appears in the ex-

pressions for bothD01
A andD01

B . If this term contributes much
more than the others its effects will dominate bothD01

A and
D01

B .
While Eq.~10! is valid when the molecules contain light

atoms alone, it must be modified when at least one of the
atoms is heavy. In this case the nuclei can no longer be
considered point charges: their charges are distributed over a
finite volume to produce a so-called field-shift contribution.
This can be accounted for by modifying Eq.~10! to8

Y015
Ū01

m F11
me

MA
D01

A 1
me

MB
D01

B 1V01
A d^r 2&AA8

1V01
B d^r 2&BB8G , ~17!

where V01
A and V01

B are isotopically independent field-shift
parameters as defined in Eq.~1!. To apply Eq.~17! one iso-
topic species is chosen as a reference~e.g.,194Pt32S), so that
d^r 2&AA8 and d^r 2&BB8 are the changes in mean square
nuclear charge radius on the isotopic substitutionsA→A8
and B→B8, respectively. The constantŪ01 applies to the
reference isotopic species. It is related to the mass-
independent parameterU01 by

Ū015U01~11V01
A ^r 2&A1V01

B ^r 2&B!. ~18!

in which ^r 2&A and ^r 2&B are mean-square charge radii of
nuclei A and B, respectively, in the reference isotopic spe-
cies.

The method of analysis of the spectrum of PtS was thus
the following. An initial fit to the experimental data in Table
I used Eqs.~9! and~10!, includingD01

Pt andD01
S , but ignoring

possible field-shift effects. The other fitted constants were
U01, U02, U11, andU21. The results are in Table III. In this
table are given also values for the constantsY01, Y02, Y11,
and Y21 for each isotopomer. The r.m.s. deviation was 1.1
kHz, an entirely acceptable value in light of the measurement
accuracies of the transition frequencies.

Several interesting features of the parameters in Table III
are ~a! the high precision of the fitted constants, especially
U01 andU11; ~b! the very large values ofD01

Pt andD01
S and

the fact thatD01
S 2D01

Pt'220; and~c! the isotopic variations
of the r e values calculated directly from theY01 values.
These variations are an order of magnitude bigger than those
of many other molecules, of which PtSi is a good example.13

Both the largeD01 values and these variations suggest that
the limit of the Born–Oppenheimer approximation i.e.,
Born–Oppenheimer breakdown, BOE! is reached more eas-
ily than for many stable molecules.

To give some indication of the relative size of theD01

terms, they are compared with those of other diatomic mol-
ecules studied to date in Table IV. With a few exceptions,
both constants are an order of magnitude larger than those of
all the other molecules. Given the case~c! coupling of PtS, it
is likely that the interaction between close-lying 11 and 01

states is the cause of these large values.
The difference betweenD01

Pt andD01
S was now addressed.

Values for the field-shift parametersV01
Pt and V01

S were esti-
mated theoretically, as described in Sec. 2.2 above, and ap-
plied to Eq. ~17!. They were calculated to be283.99
31027 fm22 and 0.0231027 fm22, respectively. Clearly,
only the term inV01

Pt was significant. Values ofd^r 2&Pt,Pt8
were obtained from tables.39 The basis molecule was
194Pt32S. It was found to have the correct sign and magnitude
to account for the difference found in theD01 values.

A new Dunham-type fit was then carried out using Eqs.
~9! and ~17!. BecauseD01

Pt and V01
Pt could not be separated

with the experimental data alone, the fit instead assumed that
D01

Pt5D01
S 61 ~recall that Watson has shown that these two

terms should be approximately, but not exactly, equal2!; the
values in Table IV indicate that this approximation is reason-
able. The fit was thus toŪ01, U02, U11, U21, D01

S andV01
Pt ,

with V01
S set to zero. The resulting values ofŪ01, D01

S , and
V01

Pt are given in Table IV. The remaining terms (U02, U11,
andU21) were found to agree with the values given in Table
III within the experimental uncertainties. The agreement be-
tween V01

Pt determined in this way and using DFT is very
good.

IV. DISCUSSION

A. Internuclear distance

Enough data have been obtained to evaluate the equilib-
rium internuclear distancer e of PtS. This can be done using
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several methods, which each give slightly different results,
and considerable care must be taken in their interpretation.

The first method used theY01 values for each isotopomer
in the equation,40

r e5
C2

AY01~MHz!m~u!
, ~19!

wherem is the reduced mass of the isotopomer, and

C25A1017hNA

8p2

5710.900 137 9~25! Å MHz21/2u21/2. ~20!

C2 has been evaluated using the fundamental constants rec-
ommended byCODATA in 1998 in the paper by Mohr and
Taylor.41 The values for each isotopomer, which are in Table
III, were obtained using the 1993 atomic masses published
by Audi and Wapstra.42 There is a variation with isotopomer
over 631025 Å, which is nearly two orders of magnitude
bigger than the uncertainties, indicating clearly the onset of
Born–Oppenheimer breakdown at this point. It is also an
order of magnitude bigger than the corresponding variation
in PtSi,13 though the variation found in ZnO~Ref. 10! is
comparable.

The parameterŪ01, obtained in the fit including Pt
nuclear field-shift effects, which is given in Table IV, was
used to obtainr e

v . This is an equilibrium distance in which
volume effects are included, and was determined with4

r e
v5A h

8p2Ū01

. ~21!

The result, which is given in Table V, applies to the reference
isotopomer,194Pt32S.

The isotopically independent Born–Oppenheimer bond
lengthr e

BO, in which field-shift effects have been accounted
for, was obtained usingU01 from Ū01 in Eq. ~17!. For this
purpose the valueVPt from Table IV was used, witĥr 2&Pt

for 195Pt as 28.90~10! fm2 from Ref. 44. Althougĥ r 2&S is
unknown, it is undoubtedly smaller than^r 2&Pt; given that in
addition VS is calculated to be 0.0231027 fm22, i.e., three
orders of magnitude smaller thanV01

Pt , the termVŜ r 2&S was
ignored. The resulting value ofU01 is in Table IV. A value
for r e

BO was then calculated using Eq.~20! with Ū01 replaced
by U01; it is given in Table V. Its uncertainty is set by the
assumed uncertainty inD01

Pt , which ultimately affects that
of U01.

The analysis started with the assumption that if theD01

values were small enough then the formalism ofX1S1 mol-
ecules would apply, and theYkl(Ukl) constants would have
clear physical interpretation. This is the basis on which ther e

values were calculated. It should thus be expected that they
should agree well with theab initio values. The comparison
in Table V shows that this is indeed the case.

TABLE III. Mass-independent and -dependent Dunham parameters for nine isotopomers of PtS.

U01 (uMHz) U02 (u2MHz) U11 (u3/2MHz) U21 (u2MHz) D01
Pt D01

S

PtS 121 604.07~30!a 21.092~3! 22740.693~47! 213.48~8! 242.69~74! 262.47~5!

Parameterd
Y01 (MHz)b

Be

103Y02 (MHz)
2103De

Y11 (MHz)
2ae

103Y21 (MHz)
103ge r e (Å) c

194Pt32S 4425.109 88 21.449 219.059 06 217.89 2.039 828 30
195Pt32S 4421.893 99 21.447 219.038 27 217.87 2.039 827 71
196Pt32S 4418.717 15 21.445 219.017 74 217.84 2.039 827 05
198Pt32S 4412.451 64 21.441 218.977 27 217.79 2.039 825 82
192Pt32S 4431.633 44 21.454 219.101 26 217.95 2.039 829 69
194Pt34S 4202.168 71 21.307 217.635 37 216.13 2.039 763 90
195Pt34S 4198.952 48 21.305 217.615 11 216.11 2.039 763 30
196Pt34S 4195.775 30 21.303 217.595 10 217.60 2.039 762 67

Covariances from least squares fite

U01 1
U02 0.000 1
U11 20.001 0.000 1
U21 0.003 0.000 20.003 1
D01

Pt 20.208 0.000 0.004 20.010 1
D01

S 20.008 0.000 0.000 0.000 0.010 1

aNumbers in parentheses are one standard deviation in units of the last significant figure.
bThe mass-dependent Dunham parametersYkl have been obtained from the mass-independent parameters,Ukl ,
by Eq. ~10!.

cCalculated fromY01 usingY015h/8p2mr e
2, wherem is the atomic reduced mass.

dSpectroscopic parameters to whichYkl is approximately equal, whereEv,J5J(J11)@Be2DeJ(J11)2ae(v
11/2)1ge(v11/2)22ee(v11/2)3#.

er.m.s.51.95 kHz; no. of data points533; no. of isotopomers58.
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B. General topics

Kratzer45 and Pekeris46 have presented equations
whereby the vibration frequency, anharmonicity constant,
and dissociation energy of a diatomic molecule can be esti-
mated. These are

Y10've'A 4Y01
3

2Y02
, ~22!

Y20'vexe'Y01S 2Y11Y10

6Y01
2

11D 2

, ~23!

TABLE V. Internuclear distances of PtS and related compounds.

Molecule Bond length~Å! Remarks~Ref.!

PtS (X01) r e52.039 828 30(70)a,b Expt. ~this work!
r e

v52.038 553(4)b Expt. ~this work!
r e

BO52.038 250(13) Expt. ~this work!
r e52.0376 DFT calculation~this work!

SAOP1HCTH~93!/QZ4P~Ref. 43!
PtSi (X1S1) r e

BO52.061 206(42) Expt. ~Ref. 13!
PtC (X1S1) r e51.679 Expt. ~Ref. 19!
PtN (X2P) r e51.682 Expt. ~Ref. 19!
PtO (X3S2) r e51.727 Expt. ~Ref. 19!

aNumbers in parentheses are one standard deviation in units of the last
significant figure.

bValue obtained for the reference isotopomer194Pt32S.

TABLE IV. Watson-typeD01 terms, field-shift termsVA ~where known!, and mass reduced Dunham-type
coefficientU01 for several diatomic molecules.

AB D01
A D01

B 1027V01
A (fm22) U01 (uMHz) Reference

PtS 242.60~74!a 262.466~49! 121 604.07~30!b This work
262.5~10!c 262.46~5! 2104~9! Ū015121 610.91(50)

U015121 647.1(20)d

284e

PtSi 10.75~68! 22.99~4! 118 923.32~33!b 13
23~1!c 22.99~4! 272~12! Ū015118 927.94(54)

U015118 952.7(47)d

2110e

BiN ¯ 22.788~19! 135 003.18~10!b 14
22.8~10!c 22.788~19! 32e Ū015135 004.17(10)

U015134 991.08(45)d

ZrO 24.872~39! 26.1888~25! 172 480.086~98! 10
ZrS 25.325~82! 26.523~39! 108 670.07~19! 10
HfO 23.40~57! 25.656~23! 170 239.68~18!f 11
HfS 24.18~53! 25.820~49! 108 708.38~27! 12
AlClg

¯ 21.4427~287! 111 378.117~49! 33
InFh

¯ ¯ 128 210.086~10! 34
GeSe 21.505~87!i 21.86~14!i 110 913.1~82! 35
GaH 22.62~35! 24.2181~13! 183 363.95~42! 36
CO 22.0545~12! 22.0982~13! 397 029.003~24! 37
ClH 20.26~20! 0.1262~8! 311 077.90~96! 38
PbS 212.94~141! 21.997~71! 96 642.20~50!f 7
PbSj 21.333k 21.988~70! 26.38~51! 9
TlCl 218.96~200! 21.243~49! 81857.0~1!f 7
TlClj 20.500k 21.257~73! 40.9~55! 9

aThe numbers in parentheses are one standard deviation in units of the last significant figure.
bIn this fit field-shift effects were neglected.
cThis is an estimated value and uncertainty based on the assumption thatD01

A 5D01
B 61. This allows field-shift

effects to be considered in the fitting procedure, see text for details.
dValue calculated fromŪ01 using Eq.~18!; see text.
eThis value was obtained using DFT following the methods outlined in Ref. 15. In the case of BiN,14 the
calculated value was used in the determination ofŪ01 andU01 .

fThis value forU01 has been calculated from the data given in the appropriate reference.
gBecause of the occurrence of only one naturally occurring isotope of Al onlyD01

Cl terms could be determined.
hD01

i terms were not determined.
iThese numbers are actuallyDB terms determined from a fit to Dunham potential parameters, but differ from
D01

B terms only in that they do not contain a contribution from the Dunham correction, which is expected to be
small.

jIn this fit allowance was made for nuclear field-shift effects resulting in a reduction in magnitude for theD01
A

terms.
kThis value was held fixed during this fitting procedure, Ref. 8 should be consulted for the specific details of the
fitting procedure used.
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De'
Y10

2

4Y20
. ~24!

The values for194Pt32S have been estimated from itsYkl

constants in Table III and are given together with the spec-
troscopic constants obtained from the DFT potential energy
curve in Table VI. The agreement betweenve obtained using
Eq. ~22! and the value obtained using isotope shifts in Ref.
16 is poor; the value obtained from the DFT calculation is
intermediate between the two numbers.

It is clear from Tables IV and V that the values ofD01
Pt

and D01
S are unusually large. It is not unreasonable that the

cause is a low-lying 11 excited state. A brief inspection of
Eqs.~14! and ~10! shows that

me

MPt
D01

Pt1
me

MS
D01

S '2
2PL

2

Y01~T12T0!
[2

2P2

Y01~T12T0!
.

~25!

If we assumeD01
Pt5D01

S 5262.5 ~as in Table V!, the spin-
orbit energy gap 11201@[(T12T0)# can in principle be
estimated. However, the value ofP is a problem: In the ide-
alized ‘‘pure precession’’ approximation it is given roughly
by29,31

P;BAJa~Ja11!, ~26!

but the value ofJa is unknown. For Bi~Ref. 31! it was
assumed thatJa51 is reasonable, makingP5BA2. For PtS
this approximation gives (T12T0);471 cm21. This value is
not far fromve ~Table VI!. However, there were no hints of
perturbations in the spectra of vibrationally excited mol-
ecules. In addition, there is no mention of a low-lying ex-
cited electronic state in the literature. Furthermore, (T1

2T0);471 cm21 seems low. We may make a comparison to
the related molecule PtO, for which (T12T0) is reported
from its electronic spectrum as 946 cm21.17 From its micro-
wave spectrum we have recently48 obtained, assumingP
5BA2 a value of;612 cm21, which is significantly lower.
Evidently the approximation thatJa51 is poor for PtO; this
is likely also the case for PtS. Given that the unpaired elec-
trons are inp-molecular orbitals with a significant contribu-
tion from 5d on Pt (l 52!) ~see below!, this is perhaps un-

surprising. On the other hand, our results do suggest that
(T12T0) decreases on going from PtO to PtS. Although this
trend is not intuitive, a similar result has been observed for
the Bi-monohalides, where (T12T0) decreases in the order
BiF.BiC.BiBr.BiI.49

Table II shows that the nuclear spin-rotation constant,
CI(

195Pt) is large, and of opposite sign compared to those
found for PtSi and PtCO. In the case ofX1S molecules nega-
tive values forCI are unusual50 ~see also, for example, Ref.
51!. It was thus reasonable to anticipate that this value has
arisen in PtS because of the case~c! coupling. To our knowl-
edge CI values for only two comparable molecules have
been measured. These are BiF~Ref. 52! and BiCl ~Ref. 53!.
Both haveX01 ground electronic states, and in both cases
CI(Bi) is negative. For BiF and BiCl, Tischer, Mu¨ller, and
Törring50 rationalized the negativeCI(Bi) constants in the
bismuth halides in the following way. Initially the micro-
scopic hyperfine structure Hamiltonian for a3S state taken
from Frosch and Foley54 was used to derive an expression
for the effective nuclear spin-rotation constant, (CI)eff . The
constant (CI)eff is the experimental nuclear spin-rotation
constant obtained from the frequency measurements using a
hyperfine structure energy formula, generally applicable to a
1S-state molecule~as has been done here!. The expression
obtained by Tischer, Mu¨ller, and Törring,50 is

~CI !eff5 f 1~b2 f !sinxJ /@J~J11!#1/2

1~b1c2 f !sin2 1
2xJ /J~J11!, ~27!

wheref is the nuclear spin-rotation interaction constant, the
anglexJ is the angle representing the unitary transformation
required to diagonalize the energy matrix for a molecule with
a ground stateV501 which is coupled by a weak Coriolis
interaction to the 11 state. This angle may be approximated
by

tanxJ'2A2
P

T12T0
@J~J11!#1/2. ~28!

To a good approximation the remaining constants in Eq.~27!
are55

b5gNmBmNF16p

3
uc~0!u22S 3 cos2 u21

r 3 D
av
G ~29!

c53gNmBmNS 3 cos2 u21

r 3 D
av

~30!

uc(0)u2 is the probability of finding unpaired electron den-
sity at the nucleus in question,gN is its nuclearg factor,mB

andmN are the Bohr and nuclear magnetons, respectively,r
is the distance between the nucleus and electron, andu is the
angle between the internuclear axis and the radius vector
from nucleus to electron.

Tischeret al. show that owing to a small rotation angle
xJ in the case of the Bi-halides the terms in Eq.~27! involv-
ing sin2(1/2)xJ /J(J11) may be neglected. The negative
sign of (CI)eff(Bi) is therefore shown to arise in Eq.~27!
from a large and negative rotational hyperfine structure con-
stantb.

TABLE VI. Estimated and DFT calculated spectroscopic parameters for
194Pt32S.

Parameter Value Remarks~Ref.!

ve 511~5! cm21a This work using Eq.~22!
532.1 cm21 This work, DFT calc.b

549.45 cm21 Ref. 16
vexe 1.79~3! cm21 This work using Eq.~23!

2.75 cm21 This work, DFT calc.b

ae 0.000 635 7~1! cm21 This work
0.000 69 cm21 This work, DFT calc.b

De 407~11! kJ mol21 This work using Eq.~24!
468 kJ mol21 This work, DFT calc.b

aNumbers in parentheses are one standard deviation error in units of the last
significant figure.

bThis result has been obtained using a potential energy curve for PtS pre-
pared using the SAOP1HCTH~93!/QZ4P~Ref. 43! method. Spectroscopic
constants were then obtained from the potential energy curve using Dun-
ning’s VIBROT program~Ref. 47!.
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A very similar situation applies for PtS. ItsT12T0 gap
has been estimated in the BOB analysis given above to be
smaller than the corresponding gap for the Bi halides. How-
ever, since only lowJ transitions have been observed for PtS,
Eq. ~28! shows thatxJ is small, '0.1° for the highestJ
observed (J52). Accordingly the ground state is nearly a
pure X01 state, and the terms in Eq.~27! involving
sin2(1/2)xJ /J(J11) may again be neglected. Just as with
the Bi halides, a negativeCI(

195Pt) requiresb also to be
negative. Population analysis from our DFT calculation
shows that the unpaired electrons in PtS~which are in ap
orbital! have contributions of'0.6 3p from S and'0.4 5d
from Pt. The lack ofs-atomic character from Pt makes
uc(0)u2 in Eq. ~26! essentially zero, so thatb is again nega-
tive because of the ((3 cos2 u21)/r 3)av term.

A crude estimate forf might be the value ofCI(
195Pt)

'30 kHz, recently found for195PtSi.13 This would permit a
similarly crude estimate of b@'2gNmBmN((3 cos2 u
21)/r 3)av# of the order of220 MHz. Such a value is not
unreasonable.

V. CONCLUSIONS

The pure rotational spectrum of PtS in its ground elec-
tronic state has been measured using a cavity pulsed jet
Fourier-transform microwave spectrometer. Though the mol-
ecule has two unpaired electrons suggesting a triplet ground
state, it actually obeys Hund’s case~c!, and the observed
state wasX01. As a result the spectrum could be analyzed
using the formalism normally used for closed shell1S1

states. This procedure has been shown to be valid. The
Born–Oppenheimer breakdown parametersD01

Pt and D01
S

have been shown to be large and negative because of a low-
lying 11 state. The difference betweenD01

Pt andD01
S has been

shown to be dominated by nuclear field-shift effects at Pt. A
large negative Pt nuclear spin-rotation constantCI(

195Pt) has
been rationalized in terms of the dipole-dipole electron-
nucleus hyperfine coupling constantb. The equilibrium bond
length r e has been evaluated, along with the vibration fre-
quency and dissociation energy.
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