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I n t . R e v i e w s i n P h y s i c a l C h e m i s t r y , 2000, V o l . 19, N o . 3, 455± 477

Permanent electric dipole moments of metal containing molecules

TIMOTHY C. STEIMLE ‹

Department of Chemistry and Biochemistry, Arizona State University, Tempe,

AZ 85287-1604 , USA

A summary of the current status of experimentally derived values of the
permanent electric dipole moment, l , for the 3s, 4s, 5s, and 6s series of transient
metal containing molecules is given. The experimental methods employed are
described with particular emphasis placed upon optical Stark measurements of
supersonic molecular beam samples. The complications associated with the analysis
of optical Stark spectra of open shell polyatomic metal containing radicals are
addressed. An assessment of the applicability of simple molecular orbital
correlation diagrams to predict trends in measured values of l for early transition
metal diatomic molecules is made.

1. Introduction

The electric dipole moment, l , is the most fundamental electrostatic property of a

neutral molecule. It is of great utility in the construction of molecular orbital based

models of bonding, being an eŒective gauge of the ionic character, [1, 2]. It enters into

the description of numerous physical phenomena. Fermi and Teller established long

ago [3] that a neutral closed shell molecule with values of l greater than 1 ± 625 debye

(D) can capture an electron in its electrostatic dipole ® eld, resulting in bound

electronic states for the anion. Accordingly, the description of the mobility of electrons

through a polar gas relies upon knowledge of l [4]. It has been realized for decades that

the multipole moments, of which l is the leading term for electrically neutral systems,

have proved useful in accounting for intermolecular forces and therefore have helped

in the search for an understanding of the macroscopic properties of imperfect gases,

liquids and solids. The relationship between the dipole moments of isolated molecules

and the macroscopic dielectric constants of dilute gases is given by the famous Debye

equation [5]. Similarly, for the liquid phase the Onsager equation [6], and other more

recent semi-classical models [7], link the macroscopic static permittivity with l and the

electric polarizability for isolated molecules. Numerous other examples of simple

connecting models that allow a prediction of properties of complex systems from the

experimentally tractable problem of characterizing the multipoles of isolated

molecules can be found in treatises describing intermolecular forces [8, 9].

The permanent electric dipole moment, or its variation with changes in geometry,

also enters into the description of light± matter interaction in resonant spectroscopy.

Knowledge of the components of the dipole moment along the molecular ® xed axis is

essential for relative intensity predictions of pure rotational transitions. In this case the

Einstein A
if

and B
if

rate coe� cients for total emission and induced absorption,

respectively, are simple functions of the frequency of radiation, an angular momentum

dependent line strength factor, and the dipole moment [10± 13]. Such information is

germane to the transformation of intensities of radiotelescope derived spectra to

column densities.
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456 T. C. Steimle

The aforementioned role of the permanent electric dipole moment has been

realized for decades. Recently, the availability of experimentally well determined

values for l has become increasingly more important in the assessment of ab initio and

semi-empirical electronic structure calculations for molecules. The permanent electric

dipole moment should be amongst the most reliably predicted physical properties

because the quantum mechanical operator describing l (see below) is a simple sum of

one-electron operators. The expectation value of this operator is sensitive primarily to

the nature of the least energetic and most chemically relevant valence electrons.

Accordingly, a comparison of the experimentally and theoretically derived values of l

is a sensitive test of the general predictive quality of the computational methodology.

A second area of increasing utility of l is in spatially orientating molecules. The

role of l for electric ® eld orientation of symmetric top molecules in certain rotational

levels has been realized for sometime [14, 15]. New impetus for the determination of

l is its importance in experiments introduced independently by Loesch and Remscheid

[16] and Friedrich and Herschbach [17] involving spatially orientated non-symmetric

top molecules. This `brute force ’ approach combines the low rotational temperature

achieved in supersonic expansions and the strong interaction of a polar molecule with

a homogeneous electric ® eld to restrict the motion of the molecule to a small libration

around the axis of the ® eld (i.e., pendular motion). The degree of alignment is

dependent upon the magnitude of l . The approach has been used extensively to study

angular distributions in photodissociations [18] and collision processes [19] and in

spectroscopy [20, 21].

Here a summary of the current status of experimentally derived values of l for the

3s, 4s, 5s, and 6s series of metal containing molecules is given. Dipole moment

determinations for these transient molecules are particularly challenging because of

their refractory nature. In section 2 the experimental methods and resulting data set is

accessed. The Stark eŒect, which is the most commonly used venue for the extraction

of l from spectral data, is summarized in section 3. Particular emphasis is placed upon

the complexities unique to metal containing radicals. A detailed comparison of the

numerous semi-empirical and ab initio predictions is beyond the scope of this review.

Comments on the Rittner-type models used for the prediction of the alkaline earth

monovalent compounds and the use of simple molecular orbital correlation diagrams

to explain observed trends in dipole moments of early and late transition metal

mononitrides is given in section 4.

2. Experimental methodologies and determined values

The experimentally determined dipole moments for the 3s, 4s, 5s, and 6s series of

metal containing molecules [22± 90] are presented in table 1 along with both the

statistical (2r) and systematic error limits when available. In almost all cases the

determination of l was based upon an analysis of how the molecular energy levels of

the isolated gaseous species shifted or split as a function of an applied external static

electric ® eld : i.e., the Stark eŒect. As shown in section 3, the Stark eŒect depends only

upon the modulus of l , therefore only the magnitude of l has been determined. Unless

otherwise indicated, only the lowest vibrational level of a particular electronic state is

given. In many cases there is extensive information for excited vibrational levels. Table

1 reveals that the database for diatomic species is much more extensive than for

polyatomic molecules. The values of the l for the more complex molecules in some

instances can be approximated as the summation of bond dipole moments extracted
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Permanent electric dipole moments of metal containing molecules 457

Table 1. Permanent electric dipole moments (in debyes) of 3s, 4s, 5s, and 6s metal containing
molecules.

Error Exp. method
Electronic

Molecule state rlr (D) Stat. Sys. Spectrosc.a Productionb Ref.

NaOH X " R + 6 ± 832 0 ± 009 0 ± 07% FTMW LA [22]
NaF X " R + 8 ± 156 0 ± 001 MBER EŒ. [23]
NaCl X " R + 9 ± 00090 5¬ 10­ % MBER EŒ. [24]
NaBr X " R + 9 ± 1183 0 ± 0006 HTMW EŒ. [25]
NaI X " R + 9 ± 236 0 ± 003 HTMW EŒ. [25]
MgNC X # R + 3 ± 42 0 ± 09 2% MBOpt LA}R [26]

A # P
"/#

3 ± 11 0 ± 04 2% MBOpt LA}R [26]
KOH X " R + 7 ± 415 0 ± 002 MBER EŒ. [27]
KF X " R + 8 ± 5926 0 ± 0008 MBER EŒ. [28]
KCl X " R + 10 ± 269 0 ± 001 MBER EŒ. [29]
KBr X " R + 10 ± 628 0 ± 001 MBER EŒ. [30]
KI X " R + 10 ± 82 0 ± 10 MBD EŒ. [31]
KNa D " P (Š ¯ 1) 2 ± 4 0 ± 1 Opt. EŒ. [32]
CaF X # R + 3 ± 07 0 ± 07 2% MBDR EŒ. [33]

A # P 2 ± 45 0 ± 006 1% MBOpt EŒ. [34]
B # R + 2 ± 07 0 ± 15 1% MBOpt EŒ. [35]
C # P + 9 ± 24 0 ± 17 1% MBOpt EŒ. [34]

CaCl X # R + 4 ± 257 0 ± 003 0 ± 1% MBDR EŒ. [36]
A # P + 3 ± 54 0 ± 10 1% MBOpt EŒ. [37]
B # R + 4 ± 03 0 ± 06 1% MBOpt EŒ. [37]

CaBr X # R + 4 ± 364 0 ± 003 0 ± 1% MBDR EŒ. [38]
CaI X # R + 4 ± 597 0 ± 005 0 ± 1% MBDR EŒ. [39]
CaOH X # R + 1 ± 46 0 ± 06 2% MBOpt LA}R [40]

A # P
"/#

0 ± 83 0 ± 03 2% MBOpt LA}R [40]
A # P

$/#
0 ± 76 0 ± 02 2% MBOpt LA}R [40]

B # R + 0 ± 74 0 ± 08 2% MBOpt LA}R [40]
CaNC X # R + 6 ± 89 0 ± 01 2% MBOpt LA}R [41]

A # P
"/#

5 ± 94 0 ± 01 2% MBOpt LA}R [41]
CaSH X #A « 5 ± 36 0 ± 04 2% MBOpt LA}R [42]

B #A 3 ± 78 0 ± 07 2% MBOpt LA}R [42]
CaNH

#
X #A

"
1 ± 74 0 ± 01 2% MBOpt LA}R [43]

CaCCH X # R ­ 3 ± 01 0 ± 03 2% MBOpt LA}R [44]
A # P

"/#
2 ± 41 0 ± 02 2% MBOpt LA}R [44]

CaCH
$

X #A
"

2 ± 62 0 ± 03 2% MBOpt LA}R [45]
A #E 1 ± 69 0 ± 02 2% MBOpt LA}R [45]

CaOCH
$

X #A
"

1 ± 58 0 ± 08 2% MBOpt LA}R [46]
B #A

"
1 ± 21 0 ± 05 2% MBOpt LA}R [46]

ScF X " R + 1 ± 72 0 ± 02 2% MBOpt LA}R [47]
C " R + 2 ± 60 0 ± 05 2% MBOpt LA}R [47]

ScO X # R + 4 ± 55 0 ± 08 2% MBOpt LA}R [48]
A # P

"/#
4 ± 42 0 ± 02 2% MBOpt LA}R [48]

A # P
"/#

4 ± 13 0 ± 10 5% Opt S [49]
A # P

$/#
4 ± 06 0 ± 03 2% MBOpt LA}R [48]

A # P
$/#

4 ± 25 0 ± 08 5% Opt S [49]
ScS X # R + 5 ± 60 0 ± 04 2% MBOpt LA}R [50]

B # R + 5 ± 64 0 ± 04 2% MBOpt LA}R [50]
ScNH X # R + 2 ± 28 0 ± 15 2% MBOpt LA}R [51]

A # P 4 ± 08 0 ± 07 2% MBOpt LA}R [51]
TiH X % U (X ¯ 3}2) 2 ± 455 0 ± 006 2% MBOpt LA}R [52]

% C (X ¯ 5}2) 2 ± 998 0 ± 006 2% MBOpt LA}R [52]
TiO X $ D 2 ± 96 0 ± 05 3% IMF FR [53]
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458 T. C. Steimle

Table 1. (cont.)

Error Exp. method
Electronic

Molecule state rlr (D) Stat. Sys. Spectrosc.a Productionb Ref.

TiS X $ D
"

5 ± 75 0 ± 10 2% MBOpt LA}R [54]
C $ D

"
4 ± 41 0 ± 09 2% MBOpt LA}R [54]

TiN X # R + 3 ± 56 0 ± 05 2% MBOpt LA}R [55]
A # R + 4 ± 63 0 ± 04 2% MBOpt LA}R [55]

VN X $ D
"

3 ± 07 0 ± 07 2% MBOpt LA}R [56]
D $ P

Oe
6 ± 1 0 ± 4 2% MBOpt LA}R [56]

VO X % R ­ 3 ± 355 0 ± 014 0 ± 07% FTMW LA [57]
CrN X % R ­ 2 ± 31 0 ± 04 2% MBOpt LA}R [56]

A % P
$/#

5 ± 42 0 ± 02 2% MBOpt LA}R [56]
CrO X & P 3 ± 88 0 ± 13 5% IMF FR [58]

B & P 4 ± 1 1 ± 8 5% IMF FR [58]
FeO X & D 4 ± 7 0 ± 2 5% IMF FR [59]

X ¯ 2 2 ± 6 0 ± 2 5% IMF FR [59]
CuF X " R + 5 ± 77 0 ± 20 HTMW EŒ [60]
CuO X # P

$/#
4 ± 45 0 ± 30 5% IMF S [61]

CuS X # P
$/"

4 ± 32 0 ± 15 5% IMF FR [62]
NiH X # D

&/#
2 ± 4 0 ± 1 Opt. S [63]

B # D
&/#

0 ± 3 0 ± 1 Opt. S [63]
RbF X " R + 8 ± 5465 0 ± 0005 MBER EŒ. [64]
RbCl X " R + 10 ± 510 0 ± 005 MBER EŒ. [64]
RbBr X " R + 10 ± 86 0 ± 10 MBD EŒ. [31]
RbI X " R + 11 ± 48 0 ± 20 MBD EŒ. [31]
SrF X # R + 3 ± 4963 0 ± 0006 0 ± 1% MBDR EŒ. [65]

A # P 2 ± 06 0 ± 05 1% MBOpt EŒ. [66]
B # R + 0 ± 91 0 ± 04 1% MBOpt EŒ. [66]

SrO X " R + 8 ± 900 0 ± 003 MBER EŒ. [67]
YF X " R + 1 ± 82 0 ± 08 2% MBOpt LA}R [68]

B " P 2 ± 96 0 ± 04 2% MBOpt LA}R [68]
YCl X " R + 2 ± 587 0 ± 029 2% MBOpt LA}R [69]

C " R + 3 ± 258 0 ± 036 2% MBOpt LA}R [69]
YH B " P 2 ± 36 0 ± 02 2% MBOpt LA}R [70]

C " P 3 ± 37 0 ± 02 2% MBOpt LA}R [70]
YO X # R + 4 ± 524 0 ± 007 0 ± 07% FTMW LA [71]

A # P
"/#

3 ± 22 0 ± 02 2% MBOpt EŒ. [72]
A # P

$/#
3 ± 68 0 ± 02 2% MBOpt EŒ. [72]

YS X # R + 6 ± 098 0 ± 064 2% MBOpt LA}R [73]
B # R + 4 ± 572 0 ± 092 2% MBOpt LA}R [73]

YNH X # R + 3 ± 33 0 ± 07 2% MBOpt LA}R [74]
A # P 4 ± 52 0 ± 08 2% MBOpt LA}R [74]
B # R + 1 ± 97 0 ± 03 2% MBOpt LA}R [74]

ZrO X " R + 2 ± 551 0 ± 011 0 ± 07% FTMW LA [71]
ZrO

#
X "A

"
7 ± 80 0 ± 02 0 ± 07% FTMW LA [75]

NbN X % D
"

3 ± 260 0 ± 016 2% MBOpt LA}R [76]
B % U

#
4 ± 421 0 ± 010 2% MBOpt LA}R [76]

NbO X % R ­ 3 ± 498 0 ± 007 0 ± 07% FTMW LA [57]
MoN X % R ­ 2 ± 44 0 ± 05 2% MBOpt LA}R [77]

A % P 4 ± 55 0 ± 04 2% MBOpt LA}R [77]
AgF X " R + 6 ± 22 0 ± 20 HTMW EŒ. [60]
AgCl X " R + 5 ± 70 0 ± 015 HTMW EŒ. [78]
CsF X " R + 7 ± 8839 0 ± 0009 HTMW EŒ. [25]
CsCl X " R + 10 ± 387 0 ± 004 HTMW EŒ. [25]
CsBr X " R + 10 ± 82 0 ± 10 MBD EŒ. [31]
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Table 1. (cont.)

Error Exp. method
Electronic

Molecule state rlr (D) Stat. Sys. Spectrosc.a Productionb Ref.

CsI X " R + 11 ± 69 0 ± 10 MBD EŒ. [31]
BaF X # R + 3 ± 170 0 ± 003 0 ± 1% MBDR EŒ. [79]

B # R + 0 ± 38 0 ± 09 1% MBopt EŒ. [35]
BaI X # R + 5 ± 969 0 ± 006 1% MBDR EŒ. [80]
BaO X " R + 7 ± 955 0 ± 003 MBER EŒ. [81]

A " R + 2 ± 20 0 ± 11 MODR FR [82]
BaS X " R + 10 ± 86 0 ± 02 MBER EŒ. [83]
LaF X " R + 1 ± 808 0 ± 021 2% MBOpt LA}R [84]

O+ 3 ± 43 0 ± 10 2% MBOpt LA}R [84]
LaO X # R + 3 ± 207 0 ± 011 0 ± 07% FTMW LA [71]
HfO

#
X "A

"
7 ± 92 0 ± 02 0 ± 07% FTMW LA [85]

IrC X # D
&/#

1 ± 60 0 ± 07 2% MBOpt LA}R [86]
D # U

&/#
2 ± 61 0 ± 06 2% MBOpt LA}R [86]

IrN X " R + 1 ± 66 0 ± 01 2% MBOpt LA}R [86]
A " P 2 ± 78 0 ± 02 2% MBOpt LA}R [86]

PtC X " R + 1 ± 08 0 ± 04 2% MBOpt LA}R [87]
A§" R + 1 ± 94 0 ± 02 2% MBOpt LA}R [88]
A « " P 1 ± 919 0 ± 009 2% MBOpt LA}R [88]
A " P 2 ± 455 0 ± 002 2% MBOpt LA}R [88]

PtN X # P
"/#

1 ± 977 0 ± 009 2% MBOpt LA}R [89]
d % P

"/#
1 ± 05 0 ± 011 2% MBOpt LA}R [89]

PtO X( X ¯ 0) 2 ± 77 0 ± 02 2% MBOpt LA}R [90]
B( X ¯ 0) 1 ± 15 0 ± 04 2% MBOpt LA}R [90]

PtS X( X ¯ 0) 1 ± 78 0 ± 02 2% MBOpt LA}R [90]
B( X ¯ 0) 0 ± 54 0 ± 06 2% MBOpt LA}R [90]

PtSi X " R + 1 ± 08 0 ± 04 2% FTMW LA}R [85]

a Spectroscopic technique : HTMW, high temperature microwave}Stark; FTMW, Fourier
transform microwave}Stark ; MBOpt, molecular beam optical}Stark; Opt, Doppler limited
optical}Stark; IMF, intermodulated ¯ uorescence}Stark ; MODR, microwave}optical double
resonance; MBER, molecular beam electric resonance ; MBD, molecular beam de¯ ection.
b Molecular production scheme: LA}R, laser ablation}reaction ; EŒ, eŒusive oven; FR,
¯ owing reactor ; S, sputtering.

from the measurements for the diatomic compounds. This is particularly true for van

der Waals complexes.

Early studies of electric dipole moments of refractory molecules employed

molecular beam electric resonance (MBER) [23, 24, 27± 30, 64, 67, 81, 83] and

molecular beam de¯ ection (MBD) [31] techniques or high temperature microwave

(HTMW) [25, 60, 78] spectroscopy. A review of MBER and MBD can be found in the

classical book by Ramsey [91]. A review of the HTMW approach can be found in

standard books on microwave spectroscopy [11, 12] and in the article by Lovas and

Hide [92]. The MBER measurements involved recording either microwave frequencies

for transitions between electric ® eld split levels associated with two diŒerent rotational

states or radiofrequencies for transitions between electric ® eld split levels within a

given rotational state. Generally the high temperature microwave measurements

involved transitions between electric ® eld split levels associated with two diŒerent

rotational states. The almost exclusive use of eŒusive oven sources in these early

studies restricted molecular production primarily to the alkali and alkaline earth
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460 T. C. Steimle

monohalides and monoxides. A review of electric dipole moments of refractory

molecules measured by MBER and HTMW, circa 1970, can be found in [92] and [93].

In the 1980s Ernst and To$ rring in Berlin [38, 39, 65, 79, 80] and Childs and

Goodman [33] at Argonne National Laboratory developed molecular beam double-

resonance (MBDR) techniques with the ability to perform Stark measurements.

Precise measurements of electric dipole moments for numerous alkaline earth

monohalides in their ground electronic state were performed. The MBDR technique is

the optical analogue of the MBER method, with the molecules being exposed

sequentially to three radiation ® elds. The state selection (A ® eld) and detection (B

® eld) electric ® elds of the conventional MBER experiment were replaced by optical

pumping and optical detection via laser induced ¯ uorescence (LIF). The C ® eld region

where the microwave or RF resonance is driven in the presence of a uniform electric

® eld was essentially identical to that of the MBER spectrometer. A review of those

studies can be found in [94].

Ernst and To$ rring also performed high resolution molecular beam optical

(MBOpt) Stark measurements on a number of the same alkaline earth monohalides to

determine l for their excited electronic states [34, 35, 66]. The molecular beam

conditions, coupled with the use of single-frequency laser excitation, provided the

necessary spectral resolution (typically less than 50 MHz full width at half maximum

(FWHM)) to detect the relatively small induced Stark shifts and splittings of the

optical spectral features for these molecules. High temperature eŒusive ovens served as

the molecular source, restricting the types of molecule that could be probed. About the

same time, Field’s group at MIT performed optical (Opt) Stark studies on `bulb ’

samples of ScO [49] and NiH [63]. These radical molecules were produced by a more

versatile ¯ owing reactor scheme in which the metal vapour was generated in a hollow

cathode sputtering source. The rapid electric tuning rate of the selected energy levels

for these molecules produced Stark shifts greater than the Doppler broadened line

widths of approximately 1 GHz for the optical transition. Encouraged by their

success, we initiated a series of optical Stark studies on `bulb ’ samples [53, 58, 59, 61,

62] at Arizona State University (ASU), but using the saturation technique of

intermodulated ¯ uorescence (IMF) spectroscopy [95] to reduce the linewidth of the

optical spectral features to less than 100 MHz. Although a wider range of molecules

could be produced using the ¯ owing reactor scheme, only moderately high electric

® elds ( ! 100 V cm­ ") could be achieved because of the operating pressure.

The introduction of the laser ablation}reaction source developed about a decade

ago [96± 99] signi® cantly expanded the range of metal containing gas phase molecules

that could be studied. In this approach a short intense pulse of radiation, usually

originating from a Nd :YAG laser, is focused on a metal or metal containing sample

target. The plume of vaporized product is entrained in a supersonic expansion of an

inert}reagent gas mixture. Lovas and Suenram at NIST have coupled the laser

ablation}reaction source to a Fourier transform microwave (FTMW) spectrometer

for the precise determination of ground state electric dipole moments of transition

metal monoxides [57, 71], dioxides [75, 85], NaOH [22] and PtSi [85]. About the same

time Simard’s group at NRC-Ottawa began to use the source in high resolution

MBOpt Stark studies, and have determined electric dipole moments for both the

ground and excited electronic states of ScF [47], TiH [52], TiN [55], YF [68], YH [70],

YS [73], YNH [74] and LaF [84]. Soon thereafter we began similar experiments at ASU

and have performed MBOpt Stark measurements on a series of alkaline earth

monovalent molecules [26, 40± 46], transition metal monoxides [48, 72, 90], mono-
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Permanent electric dipole moments of metal containing molecules 461

Figure 1. Block diagram of the molecular beam optical Stark spectrometer. The separation
between the laser ablation source and the LIF detection region is approximately 60 cm,
facilitating easy discrimination of background light from the plasma.

sulphides [50, 54, 90], monohydrides [52], mononitrides [56, 76, 77, 86, 89],

monocarbides [86± 88], and ScNH [51].

The schematic of the molecular beam optical Stark spectrometer used at ASU is

presented in ® gure 1. The free jet expansion is skimmed to produce a well collimated

molecular beam. This has the eŒect of reducing the linewidth to approximately

40 MHz (FWHM) and increasing the limit of applied electric ® eld to approximately

10 kV cm­ " because of the lower operating pressure to (5 ¬ 10­ ’ Torr). The Stark

plates consist of one solid polished stainless plate and a metallic coated 99%

transmissive neutral density ® lter. The LIF signal is collected through a narrow

( ³ 10 nm)bandpass ® lter and processed using gated photon counting signal averaging.

The pulse molecular beam operates at a 20 Hz repetition. The 60 cm separation

between the ablation source and the detection region allows for easy discrimination of

the LIF signal from the plasma emission. The absolute wavelength of the laser light is

determined to ³ 90 MHz by the comparison with a standard absorption spectrum of

I
#
. The relative wavelength is determined to typically ³ 2 MHz by monitoring the

transmission of a temperature stabilized and calibrated 1 m confocal e! talon.

As expected, the most precise values for l are derived from an analysis of Stark

eŒects on pure rotational transitions recorded by MBER, HTMW, MBDR or FTMW

techniques. The exceedingly high resolution obtainable ( ! 10 kHz FWHM), means

that precise electric ® eld dependence of the energy levels can be achieved. The absolute

transition frequencies are measured accurately using electronic counting. Typically the

accuracy of these measurements is limited by systematic errors associated with the

calibration of the static ® eld. The precision of a MBOpt Stark measurement is

signi® cantly less because of limitations in measuring the relative optical transition

frequencies. The optical Stark spectra are sensitive primarily to the diŒerence in the

ground and excited electronic state dipole moments. Correlation between the two
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462 T. C. Steimle

values can be signi® cant unless a number of optical transitions over a range of applied

static electric ® elds are measured. The optical and IMF measurements are the least

accurate because of poor spectral resolution and parameter correlation eŒects.

3. The Stark eŒect

3.1. General

All of the electric dipole moments of table 1 resulted from the interpretation of the

eŒect of an applied electric ® eld on the absorption or emission spectra ; i.e., the Stark

eŒect. This technique permits the measurement of the dipole moments in particular

stationary states, as distinct from the average moments extracted from dielectric

constants using the Debye equation [5]. Even if it were possible to measure the

dielectric constant for a room temperature gas sample of these transient molecules, the

value of the dipole moment extracted from the Debye equation would be signi® cantly

diŒerent from those given in table 1 because of the high density of populated

interacting low lying states. The importance of the Stark spectroscopy of gaseous

samples for the determination of l has long been realized, and a thorough development

of the theory can be found in classical texts of molecular spectroscopy [10± 13] and in

the review articles by Buckingham [93, 100]. An overview of the approach is still

warranted because the nonzero nuclear and electronic spin and high density of levels

characteristic of the metal containing molecules makes the interpretation more

complex than that typically described in the standard texts.

The classical energy W of a neutral molecule exposed to a homogeneous electric

® eld E can be expressed as a power series of that ® eld, and to the ® rst two terms is

W ¯ W !® l [E ® "
#
E[a [E ­ ¼ . (1)

Here W ! is the ® eld free energy, l is the electric dipole moment vector with the

components being de® ned as

la 3
a
0 ¥W

¥Ea
1
Ea = !

(2)

and a is polarizability tensor whose components are de® ned as

aab 3
a,b
0 ¥#W

¥Ea ¥Eb
1
Ea,b = !.

(3)

In equations (2) and (3) the summation runs over the three components of the

laboratory ® xed Cartesian coordinate axes system. The classical energy contribution

due to the electric polarization can be written as "
#
E[ l ind with l ind 3 R b aab Eb being the

electric ® eld induced dipole moment. Viewing the molecule as a collection of discrete

particles of charge e
i

located in space by the position vector r
i

then equation (2)

becomes [93]

l ¯
N

i="

e
i
r. (4)

The last two terms of equation (1) are su� cient to account for all known molecular

interactions with a homogeneous, static, electric ® eld. Therefore an appropriate
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Permanent electric dipole moments of metal containing molecules 463

quantum mechanical operator written in terms of the molecule ® xed components of

the electric dipole moment operator l # mol and electric polarizability operator a # mol is

H# Stark® l # mol[C4 [E ® "
#
E[C a # mol[C4 [E ­ ¼ (5)

In equation (5) the direction cosine matrices C, and inverse C4 , perform the necessary

laboratory-to-molecul e and molecule-to-laboratory transformation of the co-

ordinates, respectively. Assuming that the total stationary state wavefunctions can be

written as the product of an electronic, vibration, rotation, electronic spin and nuclear

spin function that has de® nite parity p, then the `permanent ’ electric dipole moment

is de® ned as

l 3 - Wel.Wvib.Wrot.Wel.sp.Wnuc.sp.; prlW r Wel.Wvib.Wrot.Wel.sp.Wnuc.sp., p. . (6)

A molecule in a non-degenerate state has no `permanent ’ electric dipole moment per

se as de® ned by equation (6) because l # mol is of odd parity and its expectation value

must vanish. The average electric dipole moment in the laboratory frame is zero

because of the random orientation of the molecules in space. Molecules having

degenerate electronic states of opposite parity can possess a `permanent ’ electric

dipole moment because even in an in® nitesimally small applied electric ® eld the parity

of the electronic states will be destroyed. A more appropriate quantum mechanical

de® nition of the permanent electric dipole is an expectation over the electronic

wavefunction.

The procedure for determining the Stark eŒect of a given quantum level is a matter

of selecting a basis set, generating the representation of the total Hamiltonian operator

inclusive of H# Stark, and performing a numerical diagonalization to extract the energies.

Implicit in this procedure is the assumption that the spectral information is extensive

enough to fully characterize the ® eld free energies. It is convenient to recast H# Stark into

spherical tensor form and to use spherical tensor algebra to evaluate the matrix

elements of H# Stark and H# !, the ® eld free Hamiltonian operator. In spherical tensor form

equation (5) becomes [11, 101, 102]

H# Stark ¯ ®
q,p

( ® 1)pT"
p
(E)D $

­ pq
(x)T"

q
(l)®

#

k=! q,p

( ® 1)pTk
p
(EE )D $

­ pq
(x)Tk

q
(a). (7)

In equation (7) D $
pq

(x) is the complex conjugate of the Wigner rotation matrix, with

x representing the Euler angles. The notation Tk
p
(EE ) represents the kth rank spherical

tensor operator formed from the decomposition of the second-rank Cartesian tensor

formed from the tensor product T"
p
(E )CT"

p
(E ). The molecule-® xed axes are designated

with q and the space ® xed axes with p.

It is necessary to justify the omission of the polarization contribution to the Stark

shift. This can be achieved by considering a closed shell linear molecule in a non-

degenerate state. The Stark shift given by second-order perturbation theory in this

case is [10]

E Stark(J, M
J
) ¯ ® E#

z 9 3M
J
® J(J­ 1)

(2J ® 1) (2J ­ 3): ¬ 9 l#

2hBJ(J­ 1)
®

1

3
(a

aa
® a

bb
): ® 1

2
E#

z
a, (8)

where a is the average polarizability ( 3 (a
aa

­ a
bb

­ a
cc

)}3). Assuming an anisotropic

polarizability (a
aa

® a
bb

) ¯ a E 20 ¬ 10­ #% cm­ " [103], a rotational constant B of 5 GHz,

a dipole moment of 1 D and an applied ® eld 5000 V cm­ " then the M
J

¯ 1, J ¯ 1 level

has contributions of ® 0 ± 34 kHz and 103 MHz, from the anisotropic polarizability

and dipole terms, respectively. The isotropic term contributes only a constant to the
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464 T. C. Steimle

energy and will not eŒect the transition frequency. None of the measurements in table

1, with the possible exception of the most sensitive MBER or FTMW results, has the

precision to determine the polarization eŒect and this will be ignored from here on.

3.2. Linear molecules

The linear metal containing molecules of table 1 typically have spin± spin and

spin± orbit interactions that are much larger than the spacing between the lowest

rotational energies. In this case the electronic spin angular momenta are quantized in

the molecule ® xed axis system and case a b J
basis set formed by taking the product of

the electronic orbital, rnKª, electronic spin rSRª and a coupled function of the

rotational and nuclear spin angular momenta, r(JI )FXM
F
ª, is appropriate:

rW(case abJ
ª ¯ rnKª rSRª rJIFXM

F
ª.

The matrix elements of H# Stark in a case abJ
basis set are then evaluated as

©nK ;SR ;JIXM
F
rH# StarkrnK « ;SR « ;J « IX « m !

F
ª ¯

® E©nKrT"
!
(l) rnK « ª ( ® 1)F­ MF0 F

M
F

1

0

F «
M

F
1

¬ ( ® 1)J+I+F « +"[(2F ­ 1)(2F « ­ 1)]"/# ( II J

F «
F

J « *
¬ ( ® 1)J­ X[(2J ­ 1)(2J « ­ 1)]"/# 0 J

® X

1

0

J «
X 1 . (9)

The representation is block diagonal in M
F

but of in® nite dimension. As indicated in

® gure 2, each of the diagonal blocks is speci® ed by the total angular momentum F and

is in general of 2(2S ­ 1)(2I
"
­ 1)(2I

#
­ 1)¼ dimension. If the K doubling and

hyper® ne splittings are negligible and the induced Stark shift is signi® cantly less than

the spacing between the adjacent rotational levels then the Stark shift can be

approximated as :

E Stark(J, M
J
) ¯ (0 ± 5034 MHz D­ " V­ " cm)¬ 9 lrM

J
rX

J(J ­ 1): . (10)

As an example of a Stark interaction in a linear molecule with hyper® ne interaction

consider IrN [86]. The (1,0) R(0) (m ¯ 16070 ± 4 cm­ ") branch feature of the

A "P ® X " R + band system for the "*$IrN isotopomer recorded under ® eld free

conditions and in the presence of a 179 V cm­ " and a 1013 V cm­ " electric ® eld is

presented in ® gure 3. The splitting is due to the magnetic hyper® ne (HW mhf ¯ aIW[L# )
interaction between the electronic orbital angular momentum and the nonzero nuclear

spin of "*$Ir(I ¯ 3}2). The "%N(I ¯ 1) hyper® ne interactions are not resolved in the

optical spectra. In these spectra the static electric ® eld was oriented perpendicular (v)

to the electric ® eld vector of the nominally linearly polarized laser light, resulting in

D M
F

¯ ³ 1 optical selection rules. The three ® eld-free spectral features at

16069 ± 835 cm­ ", 16069.847 cm­ ", and 16069 ± 865 cm­ " are assigned as the J§ ¯ 0,

F § ¯ 3}2 to J « ¯ 1, F « ¯ 5}2, 3}2 and 1}2 transitions, respectively. At low electric ® eld

strengths these three transitions split rapidly into 2F « ­ 1 components as expected for

the A " P state, which has negligible K doubling. The X "R + state exhibits only a small

second-order Stark shift. At high electric ® eld strength the spectrum appears as three

groups ( ¯ 2J « ­ 1)of four ( ¯ 2I ­ 1)nearly equally spaced features. In this strong ® eld
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Permanent electric dipole moments of metal containing molecules 465

Figure 2. Appearance of the matrix representation of H# Stark. In a case abJ
appropriate for a

linear molecule with large spin± spin and spin± orbit interactions each of the diagonal
blocks is 2(2S ­ 1) (2I

"
­ 1)(2I

#
­ 1)¼ in dimension. In a case bbJ

basis appropriate for a
nonlinear molecule the diagonal blocks is (2S ­ 1) (2I

"
­ 1) (2I

#
­ 1) (2F ­ 1)¼ in dimen-

sion. The matrix is truncated at a maximum F selected to be commensurate with the
accuracy of the experimental measurement.

the nuclear spin becomes decoupled from the rotational angular momentum, and the

approximately good quantum numbers are M
I

and M
J
. This corresponds, classically,

to the rotational angular momentum and the nuclear spin angular momentum

individually precessing about the ® eld, and is analogous to the familiar Paschen± Back

eŒect observed in strong magnetic ® elds. The ® nal optimized spectroscopic parameters

and determined dipole moments were used to generate the energy level diagram

plotted as a function of applied electric ® eld in ® gure 4.

Analysis of the Stark eŒect for the (1,0) R(0) (m ¯ 16070 ± 4 cm­ ") branch feature

A "P ± X "R + band system of IrN required constructing a 26 ¬ 26 matrix representation

to model the Stark eŒect for the J ¯ 1 level of the A "P state and a 10¬ 10 matrix

representation to model the Stark eŒect for the J ¯ 0 level of the X "R + state. The

matrix representations were truncated at these ® nite sizes because it was determined to

be commensurate with the experimental accuracy ( C 20 MHz). The matrix for the

A "P state was composed of 4 ¬ 4, 6 ¬ 6, 8 ¬ 8, and 8 ¬ 8 blocks for the F ¯ 0 ± 5, 1 ± 5, 2 ± 5

and 3 ± 5 ® eld free representations along with connecting matrix elements due to H# Stark.
This accounted for both the ® rst-order Stark eŒect between the degenerate K doublet

and second-order contributions between the J « ¯ 1 and J « ¯ 2 sets of hyper® ne levels.

The 10 ¬ 10 matrix representation required to model the Stark shift of the J ¯ 0

rotational level in the X "R + was composed of the 2 ¬ 2, 4 ¬ 4 and 4 ¬ 4 ® eld free blocks
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466 T. C. Steimle

Figure 3. (1,0) R(0) (m ¯ 16 070 ± 4 cm­ ") branch feature of the A " P ± X " R + electronic transition
of IrN recorded : (a) under ® eld free conditions; (b) in the presence of a 179 V cm­ "

electric ® eld ; and (c) in the presence of a 1013 V cm­ " electric ® eld. The static electric ® eld
was oriented perpendicular (v) to the electric ® eld vector of the nominally linearly
polarized laser light.

for F § ¯ 1}2, 3}2 and 5}2 levels and the connecting matrix elements due to H# Stark. This

accounted for the entire interaction between the J§ ¯ 0 and J§ ¯ 1 sets of hyper® ne

levels and the major contribution to the Stark shift of J§ ¯ 0 from the interaction with

the J§ ¯ 2 hyper® ne levels.

3.3. Symmetric and asymmetric tops

The model for the Stark eŒects in closed shell asymmetric rotors was developed 50

years ago by Golden and Wilson [104]. In this classic work approximate expressions

for the energies were derived using second-order perturbation theory. The small

rotational constants for most polyatomic metal containing molecules precludes the use
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Permanent electric dipole moments of metal containing molecules 467

Figure 4. Energy level diagram plotted as a function of applied electric ® eld for the (1,0)R(0)
branch feature of the A " P ± X " R + electronic transition of IrN. The nuclear spin rapidly
decouples from the molecular framework with the application of the electric ® eld.

of these expressions at all but the lowest applied electric ® eld strengths, and an

approach analogous to that used for the linear molecules is necessary. The most

appropriate basis set for nonlinear open shell polyatomic metal containing molecules

has the electronic spin coupled to the rotational motion and the nuclear spins

sequentially coupled to the resultant intermediate angular momenta, i.e., a case bbJ

basis [11, 105, 106] :
rW(case bbJ

ª ¯ rNKSJIFM
F
ª. (11)

The case bbJ
matrix elements H# Stark for a homogeneous applied ® eld are given by [106]

©NKSJIFM
F
rH# StarkrN « K « SJ « IF « M !

F
¯ ® E

Z
( ® 1)F­ MF 0 F

M
F

1

0

F «
M

F
1

¬ ( ® 1)J+I+F« +"[(2F ­ 1)(2F « ­ 1)]"/#( I

1

J «
F

F «
J * ( ® 1)N+S+J « +"[(2J ­ 1)(2J « ­ 1)]"/#

¬ ( NJ «
J

N «
S

1 *
q

( ® 1)N­ K[(2N ­ 1)(2N « ­ 1)]"/#0 N

® K

1

q

N «
K « 1 © rT"

q
(l) rª. (12)

Again, the representation is diagonal in projection of total angular momentum

quantum number M
F
, and of in® nite size. The dimensions of the ® eld free blocks are

(2S ­ 1)(2I
"
­ 1) (2I

#
­ 1) ¼ (2F ­ 1). Unlike for linear molecules, the ® eld free blocks
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468 T. C. Steimle

Figure 5. Portion of the ® eld free laser induced ¯ uorescence spectrum near the origin of the
(0,0) B #A

"
± X #A

"
band system of CaOCH

$
. The features marked with a u were used in

the optical Stark measurements.

of ® gure 2 rapidly increase in size with increasing rotational angular momenta.

Therefore, it is extremely advantageous to select the lowest rotational levels for Stark

investigations. In the absence of nuclear hyper® ne and spin± rotation interactions,

negligible asymmetry splitting and electric ® eld induced shifts signi® cantly less than

the spacing between the rotational levels, then the Stark eŒect for levels for K 1 0 is

given by equation (10) but with J, X, and M
J

replaced by N, K and M
N

.

Consider calcium methoxy, CaOCH
$
, as an example of a Stark eŒect for an open

shell polyatomic molecule [46]. The alkaline earth monovalent compounds are unique

amongst radicals containing a metal bound to a complex ligand in that molecular

beam samples can be generated readily and the associated high resolution optical

spectra recorded and interpreted readily. This makes them ideal systems for studying

ligand dependent trends in bonding. A portion of the ® eld free laser induced

¯ uorescence spectrum near the origin of the (0, 0) B #A
"
® X #A

"
band system of

CaOCH
$

is given in ® gure 5. The proton magnetic hyper® ne interaction is not resolved

at the optical resolution of approximately 40 MHz. The qP
""

(0, 1 ± 5) (m ¯
17682 ± 1966 cm­ ") branch features of the (0, 0) B #A

"
± X #A

"
band system recorded ® eld

free and in the presence of a static electric ® eld of 4593 V cm­ " is presented in ® gure 6.

(The branch feature designation that has been employed is D rKr D J
F !

iF
"
i
( rKr§, J§).) The

spectrum was recorded by turning oŒ}on the electric ® eld midway through the scan in

order to measure accurately the induced shift. A v orientation of the linearly polarized

laser radiation relative to the static electric ® eld was used. The associated energy levels

are given in ® gure 7. The spin± rotation splitting is negligible for the low rotational

levels in the X #A
"

state, making N and M
N

the approximately good quantum

numbers, whereas it is substantial in the B #A
"

state, making J and M
J

the

approximately good quantum numbers. This is a typical situation for polyatomic open

shell molecules because the spin± rotation interactions are dominated by second-order

contributions resulting from the break down of the Born± Oppenheimer approxi-

mation.
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Permanent electric dipole moments of metal containing molecules 469

Figure 6. Optical Stark spectrum of the qP
""

(0, 1 ± 5) (m ¯ 17682 ± 1966 cm­ ") branch features of
the (0,0) B #A

"
± X #A

"
band system of CaOCH

$
. The spectrum was recorded by turning

oŒ}on the electric ® eld midway through the scan. The associated energy levels are given
in ® gure 7. A v orientation of the linearly polarized laser radiation relative to the static
electric ® eld was used.

The Stark shifts in the B #A
"
and X #A

"
states were modelled by constructing matrix

representations in a case b basis sets, W ¯ rN, K, S, J, M
J
ª, using equation (12) with the

nuclear spin set equal to zero for the evaluation of the matrix elements. The

representation was truncated at J ¯ 3 ± 5 resulting in a 40 ¬ 40 dimension matrix. The

® eld free energy levels have to be known accurately prior to an analysis of the second-

order Stark shifts as exhibited in this transition. In many instances the optical

transitions selection rules preclude a complete determination of the set of ® eld free

parameters. In this case the A rotational parameters for the X #A
"

and B #A
"

states,

which dictate the separation between the K ¯ 0 levels and the other rotational stacks

of levels of rKr 1 0, were not extractable from the analysis of the optical spectrum, and

reasonable estimates had to be assumed.

The optimum estimates of the permanent electric dipole moments rl(X #A
"
)r ¯

1 ± 58(8) D and rl(B #A
"
)r ¯ 1 ± 21 (5) D were obtained using a standard unweighted

nonlinear least-squares data reduction procedure. There are no ab initio predictions

for l, and a simple electrostatic model (see below) was used to interpret the results. The

determined values of rl(X #A
"
)r and rl(B #A

"
)r are signi® cantly less than that expected

for Ca+"(OCH
$
)­ " point charge distribution ( C 9 ± 8 D) due to the induced dipole

moments of Ca+, l+, and CH
$
O­ , l­ , and the intrinsic dipole moment of the anion,

l(CH
$
O­ ) :

l ¯ er
CaO

® l+® l­ ® l(CH
$
O­ ). (13)

Indeed, because the experiments determine only the magnitude of l, it is possible that

the direction of the dipole is opposite to that of a Ca+"(OCH
$
)­ " point charge

distribution. Like CaCH
$
, where rl(X #A

"
)r ¯ 2 ± 62(3) D and rl(A #E) r ¯ 1 ± 69(2) D

[45], the ground state value rlr is greater than that of the excited state. The singly

occupied a
"

Ca+ centred orbital of the excited state, which is primarily a 3d± 4p ligand

induced hybrid orbital, is more polarizable than the singly occupied a
"

Ca+ centred

orbital of the ground state, which is primarily a 3d± 4s± 4p ligand induced hybrid

orbital. This would suggest that the direction of l is from Ca to O.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
5
0
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



470 T. C. Steimle

Figure 7. Energy levels as a function of applied electric ® eld. The experimentally determined
l of 1 ± 58 D and 1 ± 21 D for the X #A

"
and B #A

"
states, respectively, were used. The

rotational splitting is not drawn to scale.

4. Trends in electric dipole moments

The trends in dipole moments of the alkali and alkaline earth monohalides have

been investigated thoroughly [94, 40, 43± 46, 107, 108] using semi-empirical ionic

models based upon Rittner’ s original work [109] and ligand ® eld calculations [110].

Two approaches have been taken in determining the induced dipole moments, l­ and

l+, that appear in equation (13). The induced dipole moments are calculated as the

product of its dipole polarizabilities a ³ and the Coulomb ® eld of its counterion.

To$ rring et al. [94, 107] derived values a ³ for the alkaline earth monohalides from

® tting the ground state dipole moments of the alkali earth monohalides. One objection

to this approach is that the resulting eŒective polarizabilities are unrealistically small

compared with those calculated for the free anions. For example, the eŒective value of

a­ (F­ ) ¯ 0 ± 69 A/ $ [94] was determined from the ® t to the alkali halide dipole moments,

whereas the ab initio prediction gives a­ (F­ ) ¯ 2 ± 61 A/ $ [111]. Recently, Field and

Gittins [112] have proposed an alternative approach for the prediction of the negative
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Permanent electric dipole moments of metal containing molecules 471

Figure 8. Plot of the experimental values for l}r
!

for the ® rst row transition metal monoxides
and mononitrides.

ion induced dipole moment. They explicitly model the internuclear dependence of l­

by considering the electric ® eld induced mixing of the "S and "P electronic states of

the anion. In this new approach l­ exhibits the expected behaviour of remaining ® nite

as the internuclear distance goes to zero (i.e., a saturation eŒect). Furthermore, this

approach removes the mysterious diŒerence between ab initio derived values for a­

and the eŒective values used previously in the Rittner models. With this simple

modi® cation to the Rittner polarization model the semi-empirical prediction of l for

the diatomic alkaline earth monohalides is now both quantitative and understandable.

Application to the more complicated systems will require the availability of the

polarizabilities for anion such as OCH­
$
.

The simple electrostatic polarizability models such as those used for the alkali and

alkaline earth monohalides have not been applied widely to transition metal containing

radicals. The large number of unpaired electrons and large polarizabilities of the

cations for these molecules will make this approach di� cult. Although lacking the

quantitative predictability of the electrostatic models, a simple molecular orbital (MO)

correlation diagram is useful for qualitative predictions of trends in dipole moments,

particularly when there are supporting ab initio results available. A comparison of the

early transition metal mononitrides, ScN, TiN, VN and CrN, is particularly useful

because they have been the subject of numerous theoretical predictions. These

calculations should be very accurate, given the limited number of valence electrons,

moderately low density of low lying states, and the small spin± orbit interaction

amongst these states. Although the experiments determine only the magnitude rlr of

the dipole moment, it is reasonable to expect that the ground and low lying excited

state charge distribution is Md+Nd­ . The value of rlr divided by the internuclear

distance is a more indicative re¯ ection of the periodic change in bonding because to

a ® rst approximation it scales out the geometric dependence. The multireference

self-consistent ® eld predictions for l}r
e

by Kunze and Harrison [113, 114] (ScN,

3 ± 58 D A/ ­ ", TiN, 2 ± 05 D A/ ­ ", VN, 1 ± 80 D A/ ­ ", and CrN, 1 ± 235 D A/ ­ ") along with the

experimental values for TiN[55], VN[56], CrN[56] and the corresponding experimental

values for ScO[48], TiO[53], VO[57] and CrO[58] are plotted in ® gure 8. The value of

l}r
e

for TiN(X # R +), which is the most thoroughly studied mononitride, varies

considerably depending upon the method of calculation. Mattar predicted a value for
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472 T. C. Steimle

Figure 9. Molecular orbital correlation diagram for CrN. The highest occupied orbital of the
metal was assigned an energy which is the weighted mean of the ® rst and second
ionization potentials. Upon going from Ti to Cr the 3d orbital rapidly drops in energy,
and thus there is a shift of excess N centred charge back to the metal (i.e., enhanced back-
bonding in Cr versus Ti).

l}r
e

of 2 ± 33 D A/ ­ " using local density functional theory [115]. Some time ago

Bauschlicher predicted a value for l}r
e

of 1 ± 87 D A/ ­ " at the complete active space

multireference self-consistent ® eld (CASSCF) level [116], which is in fairly poor

agreement with the observed value (2 ± 25 D A/ ­ ") [55].

The simple molecular orbital correlation diagram illustrated in ® gure 9, which is

drawn speci® cally for CrN, is useful in understanding the trends observed in dipole

moments for the mononitrides and monoxides. A plausible ordering of the molecular

orbitals for CrN is illustrated in ® gure 9, which also indicates a ligand induced

hybridization of the Cr centred orbitals. The determination of the lowest energy

con® gurations based upon the molecular orbital correlation diagram is complicated

by two major considerations. First, the 3d± 3d exchange energy is larger than the

atomic orbital energy separation. Thus, it may be more advantageous for an electron

to occupy a more energetic orbital prior to ® lling molecular orbitals that have

signi® cant 3d contribution. Second, there can be signi® cant changes in the nature and
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energy of the molecular orbitals upon excitation. Keeping these limitations in mind it

still is valuable to assign primary con® gurations for the ground states as

TiN: ¼ 8 r #3 p %9 r " ! X #R +,

VN: ¼ 8 r #3 p %9r "1 d " ! X $D ,

CrN: ¼ 8 r #3 p %1d #9r " ! X % R ­ .

As pointed out by Harrison [114], the trend of decreasing values in the ground state

dipole moments on going from TiN to CrN is the result of three competing eŒects

associated with the changes in the 9 r , 8 r and 3 p orbitals of ® gure 9. The 8 r and 3 p

orbitals are polarized towards the N centre, tending to making a positive contribution

to l, whereas the 9 r orbital is pointed away and has an opposing eŒect. Upon going

from Ti to Cr the 3d orbital rapidly drops in energy and thus there is a shift of excess

N centred charge back to the metal (i.e., enhanced back-bonding in Cr versus Ti). This

eŒect contributes to a decrease in rlr on going from Ti to Cr. In contrast to the 3d

orbital, the energy of the 4s orbital remains much more constant in going from Ti to

Cr, and therefore will not, to a ® rst approximation, contribute to the observed

decrease of rlr on going from Ti to Cr. The larger the hybridization of the

back-polarized 9 r orbital the greater the reduction in l. The propensity for

4s, 4p, 3d hybridization will depend upon the energy separation between the

ground (n ® 1) dx­ #ns# (Ti and V) or (n ® 1) dx­ "ns" (Cr) con® gurations and the

excited (n ® 1) dx­ #ns"np" con® guration. This spacing increases on going from Ti to

Cr, thus tending to decrease the propensity for 4s± 4p hybridization and increase

rlr. Evidently, this increase is not enough to counteract the opposing eŒect of the

3 p polarization. This is basically the same conclusion that Harrison came to from

a detailed charge distribution analysis [114].

If simple MO diagrams like that used for the early transition metal mononitrides

are to have any utility they should be able to predict qualitatively the diŒerences

between the early transition mononitrides and the late transition metal nitrides ReN,

IrN, and PtN. Compared with the ® rst row metals the 6s and 5d orbitals are : (a) lower

in energy relative to the 2p orbital ; (b) have a switched energy ordering (i.e., E(5d) !
E(6s)) ; and (c) have a larger disparity in radial extent. Facets (a) and (b) will tend to

make l}r
e

smaller for the third row versus the ® rst row mononitrides because the

bonding orbitals will be less polar, whereas (c) will have the opposite eŒect because the

non-bonding r orbital exhibits less back-polarization. We have measured values of

1 ± 17 D A/ ­ " and 1 ± 03 D A/ ­ " for PtN [89] and IrN [86], respectively, which are smaller

than those for TiN, VN and CrN, suggesting that facets (a) and (b) dominate.

Although the ab initio prediction for PtN was able to reproduce the measured value

(l}r
e
( ¯ 1 ± 10 D A/ ­ ") [89]), the data set is too limited for late transition metal set

molecules for us to draw any conclusions about their overall quantitative pre-

dictability. There are no predictions for IrN or most other third row transition metal

diatomic molecules.

5. Concluding remarks

The experimental data set for the permanent electric dipole moments of refractory

metal containing molecules has been expanded extensively in the past decade due

primarily to developments in the method of production coupled with new spec-

troscopic techniques. The implementation of optical LIF detection of molecular beam

samples have produced values of l for both the ground and excited electronic states to

an accuracy of a few per cent. The data set is primarily restricted to diatomic molecules
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with the exception of the alkaline earth monovalent compounds. The alkaline earth

monovalent compounds are unique, being easily produced, having high ¯ uorescence

quantum yields and generally unperturbed low lying electronic states, conditions not

generally found in metal containing polyatomic radicals. Extension of dipole moment

determinations to reasonably large polyatomic transition metal containing radicals via

the analysis of the Stark eŒect will require moving into the near-infrared spectral

region, where excited state perturbations are expected to be minimized due to the

lower density of electronic states. Furthermore, the LIF detection scheme will need to

be replaced by a high resolution laser absorption based scheme, because internal

conversion and branching of the ¯ uorescence signal into numerous wavelength

components will make LIF detection insensitive. Recently we demonstrated that the

absorption based near-infrared spectroscopic method of transient frequency modu-

lation has the required sensitivity and resolution for studies of metal containing

radicals [117].
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