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By use of photodissociation spectroscopy of mass-selected ions, vibrationally resolved electronic spectra of
the SrrCO, complex are recorded in two energy regions, 20789990 and 16 21817 550 cm?, correlating

to the Sr 5°P < 5%S and 4D < 57S transitions, respectively. The spectra are analyzed to obtain the vibrational
constants and dissociation energies of the molecular states. The observedrbjtiisplitting indicates a

linear complex in agreement with theoretical calculations. The results are compared with similar systems and
explained in the framework of electrostatic interactions.

Introduction theoretical ones. We discuss the results in the framework of

o ] ] ) electrostatic interactions and also compare the binding between
A metal ion interacting with an atom or a molecule in the g+ and several noble gas atoms or molecules.

gas phase constitutes the most elementary system for under-
standing f[he structure and bonding of larger molecules. Many Experimental Section
features in clusters, biomolecules, and the condensed phase
evolve from the properties of these small systems. Therefore, The molecular beam apparatus used in these experiments has
they serve as prototypes for studying a variety of physical and been described in detail previousRi! In short, SF(COy),
chemical processes such as optical absorption, electronic energglusters are formed by mixing the plasma plume, produced by
transfer, reactivity, catalysis, etc. laser ablation of a strontium metal rod, with the expansion of
Over the last years the photodissociation spectroscopy of CO. from a pulsed nozzle. The cationic complexes produced
mass-selected metal ieratom/molecule complexes has been are accelerated by a pulsed double field time-of-flight (TOF)
proved to be a powerfu] tool in Obtaining information about device toward a reflectron aSSG‘mb'y. The backward-reflected
the potential energy surfaces and the spectroscopic constanténs are spatially focused to a microchannel plate detector, where
of electronic excited states. This technique has been applied byTOF mass spectra are recorded with a computer-controlled
several groups’ and has given a large amount of data digital storage oscilloscope. During their flight from the
concerning the binding and interaction within such molecules. acceleration region to the reflectron assembly, the€€) ions
Complexes between alkaline earth metal ions and atoms or&'€ Selected through a mass gate from the whole cluster size
molecules are of particular interest because of their simple distribution. Closely behind the mass gate a laser beam from a
electronic configuration, which allows us to perform ab initio tUnable OPO laser system (Spectra Physics MOPO SL 730-10,
calculations and comparisons with experimental work. Ad- 10 Hz pulse rate, 0.2 cm bandwidth) intersects the ion beam
ditionally, these systems exhibit an atomiclike strongiipole perpendicularly. In the case of photodissociation, the parent.and
transition, which is energetically accessible by the existing laser (€ fragments are separated in the TOF spectrum by the aid of

systems, and therefore they are ideal for experimental investiga-€ reflectron. The photodissociation spectrum is obtained by
tions. measuring the intensity ratio of the ionic fragments to the total

. . L . signal and normalized by the laser intensity for each laser
Using photodissociation spectroscopy of mass-selected ions, .~ velen gth
our group has systematically investigated in the last years the ’
binding of Sr with noble gases Ne, Ar, Kr, and Xel2 We
have obtained spectra that correspond to transitions from the
electronic ground stateZX™" to the excitedIT states associated A. Electronic States. Sodupe et al® have calculated the
with the Sr 5p orbital. Recently, we have studied the excited electronic structure of SEO, complex by ab initio methods.
states of the SICO complex;3!4and we have recorded spectra  They found a linear structure for the complex in electronic
of states correlating to the S5?P and 4D spectroscopic terms.  ground state. Furthermore, they have considered the low-lying
Furthermore, we investigated theoretically (electronic config- electronic states of this molecule and have computed the vertical
uration interaction calculations) these spectra, obtaining infor- excitation energies. The expected electronic states for such a
mation about the corresponding excited states. linear molecule are shown in Figure 1. The ground state of the
In this paper we present the photodissociation spectra of complex is ¥=* and results from the interaction of the'Ss
SrtCQ, in the laser energy regions 20 7882 990 and 16 210 orbital with the=;" ground state of the COmolecule. The
17 550 cntl. For this system there exist ab initio calculations first excited electronic states @), (1)2I1, and (2f=* derive
from Sodupe et aP° concerning the low-lying electronic states. from the interaction of Sr4d orbitals. The spirorbit splitting
This allows a comparison between our experimental results andAp = 280.3 cnT? of the atomic 4d orbital results in the atomic
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Figure 1. Low-lying electronic states of the linear'SrCO, complex
arising from the Sr terms and théXg" ground state of C® A, and
Ap are the atomic spinorbit splitting for the St 4?°D and 3P states,
respectively.
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Figure 2. Photodissociation spectrum of ‘&0, corresponding to
(2)’IT — X2=* transitions.

42Dy, and 4Ds), states with transition energies 14 555.9 and
14 836.2 cm?, respectivelyt® The corresponding molecular
states are (B\apsz (111232 and (25=F 1. In a similar
manner, the Sr5p orbital splits into 8Py, and 5P/, atomic
states separated by = 801.4 cnml. The transition energies
of these two states are 23 715.2 @dmand 24 516.6 cmt,
respectivelyt® and the resulting molecular states arélR); 3
and (372+1/2.

B. (241 < X2=* Band. Figure 2 shows the experimental
photodissociation spectrum of the mass-seleé#&d CO; in
the laser energy region 20 78@2 990 cn1l. The spectrum in
Figure 2 is measured near the atomiP 5- 5°S transition and
shows two vibrational progressions with four lines each.
According to the theoretical results of Sodupe efalnd also
the results of similar Sr—X systems, measured in our
laboratory®=14 we attributed these progressions to dipole
transitions from the X", ground state to the excited &2}/,
and (2§13, states.

Both progressions are red-shifted with respect to the Sr
transition frequencies~24 250 cn1?), indicating that the
binding energy for the excited ()X states is greater than that
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TABLE 1: Positions and Assignments of the (A1 — X2X+
Transitions

2H1/2 21—13/2
V' v"'=0 V=1 AE”l/z V"' =0 V=1 AE”l/z
0 212335 211741 59.4 21699.4 21649.0 50.4
1 214162 213652 51.0 21883.7 218274 56.3
2 21600.1 215475 52.6 22066.5 22010.6 55.9
3 21779.6 222456 22200.1 455
4 224255

a Positions are given in reciprocal centimeters.

of the ground state. Furthermore, the line shapes exhibit a sharp
rising edge at the lower energy side and a shaded “blue” side,
characteristic for a shorter equilibrium internuclear distance of
the excited state than the one of the ground state.

Between the main lines of the vibrational progressions there
is a background with small peaks, most of which can be
attributed to hot bands, that is, transitions originating from the
first vibrationally excited level of the ground state.

For absolute line numbering, isotope resolved measurements
are necessary. In this case, however, since the first line observed
in each progression has the highest intensity we assigrHt
0, as expected from the Frare€ondon principle for a diatomic
molecule. If the St—CO, complex is considered as a pseudodi-
atomic molecule, which vibrates as an anharmonic oscillator,
the spectroscopic constants of the involved states can be
determined. The band originy, the vibrational frequency.’,
and the anharmonicitygy' for each excited state are obtained
by least-squares fitting of the vibronic positions (Table 1) to
the anharmonic oscillator formula:

E(")= vy + 0, 0 + 1) — g (@' + 1,)* —
(w2 — oy 14) (1)

The values obtained are listed in Table 2.

Provided that the SICO, complex is linear in its ground state,
the observed frequency of 185 cincan be attributed to
Srt—CQ; stretching vibration. A linear configuration is sup-
ported from the observed molecular spiorbit splitting Asq—

467 cntl, which is comparable to 534 crh = 2Ad/3, as
expected for a linear Hund’s case (a) complex. The ab initio
results of Sodupe et &b.also show a linear configuration. For
a linear complex, the only allowed vibrations are the metal
CO;, stretching mode and the normal g@brational modes:
symmetric stretch (1388 cm¥), asymmetric stretch (2349 cr),

and bending (667 cr). No bending motion is deduced from
our spectra.

The observed differences between the— v = 1 and the
v' — " = 0 transitions allow the calculation of the separation
energyAE" 1, between the two lowest vibrational levels of the
electronic ground state of the complex. The average overall
observed values IAE"1, = 53.2 cnTl. SinceAE" 1, = we' —
2w¢ye", this is a measure of the ground-state vibrational
frequencywe'”.

C. (11 — X2=t and (2P=* < X2=* Bands. Figure 3
shows the experimental photodissociation spectrum in the laser
energy region 16 21017 550 cn1?, which is near the atomic
forbidden 4D3j, 5, 52S transition. Measurements have also
been performed in the laser energy region 17-580780 cnm?!
but no photodissociation signal was recorded. In Figure 3, a
band structure appears over a background, while several of the
lines observed, particularly at the high-energy end of the
spectrum, exhibit additional structure (not fully resolved).
Without additional information, the assignment of this spectrum
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TABLE 2: Spectroscopic Constants and Dissociation Energies for the Low-Lying Electronic States of SEO, Complex®

X2y (1) (1A T3, (2% (20T, (2)4T3,
Voo <16534 <16 639 <16 754 21233 21700
vertical excitation enerdy 17 300 17 300 17 100 22 200 22 200
We ~53 =212 >200 >88 185.4+ 2 185.9+ 2
We)e 8.3 7.8 1.3 0.8t 0.6 0.9+ 0.2
Ass 105 105 467 467
Do (BSY 3500 >1256 =>1190 >1445 10 648 9507
D¢® >1522 >1697 >1582 5982 6317
Ees(Re, O)f >2645 <7565 <7565
ARe (A) —-0.15 -0.1
Vaton? 14 555.9 14 836.2 23715.2 24 516.6

aAll values are given in reciprocal centimetebfReference 155 Mo
f Electrostatic model, eq 3.Reference 16.
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Figure 3. Photodissociation spectrum of ‘&0, corresponding to
(1)1 — X2=+ and (2f=" — XZ=* transitions.

is complicated. According to Figure 1 the expected molecular
states in this energy region are {A) (1)2I1, and (2§=*.
Electronic spectra corresponding to the atomic forbickizn
< 28 transition have not been observed in diatomic-Sroble
gas system%:12 In contrast, they have been observed in"Ca
Nel” Ar, Kr,28 and in some larger systems such as@p 314
SrtN,,° Sr*H,0,2% Sr*NHs,2t SI*CH3OH,22 CatAr,,23 Ca'-
C,oH»,24 and CdH,CO25 In the case of SICO13.14 with the
aid of ab initio calculations we attributed these transitions to
(1)2IT — XZ=+ and (2§=" <— X2=*. The calculations of Sodupe
et all5 for SI"CQ, predict a significant transition moment for
both transitions, while (BA — X2=* is forbidden for a linear
system.

lecular spir-orbit splitting. BS approximation® Suggested values.

TABLE 3: Positions and Assignments of the Observed
()41, (2% < X22* Transitions?

(1Y (LY (2=t
v 16 534 16 640 16 754
v+1 16 728 16 823 16 839
v+ 2 16 910 16 993 16 922
v +3 17 071 17 145 17 003

a Positions are given in reciprocal centimeters.

On the basis of this assignment for the electronic states, we
obtain a spir-orbit splitting of 105 cm* between the molecular
(1) 312 States, which is very close to 112 ch= 2Ap/5,
expected for a linear complex. The absolute vibrational number-
ing in the spectrum shown in Figure 3 is not possible, but by
assuming that the first observed line in each band s 0 and
applying the same procedure as in the case G2y XZ=*
spectrum, we can obtain the spectroscopic constagts, we'
(lower bound), andrg (upper bound) for the three @)1/,
(1)4T3p, and (25=*4, states. The so-obtained values are listed
in Table 2.

D. Dissociation EnergiesIn cases in which the observed
vibrational structure covers large parts of the potential well
depth, the dissociation ener@y is given byDo = ZAE(v). In
the framework of the BirgeSponer (BS) approximatiof,
which assumes a linear dependency of the vibrational spacing
AE(v) = E(v + 1) — E(v) onv (see eq 1), the binding energy
is given byDe = w4weye. From this the dissociation energy
Do = De — wd2 + weyd4 is obtained.

For the (21 — X2=* spectrum the results are[iR)21/)]
= 10648 cm! and Dy[(2)I137] = 9507 cnr™. For the (1311
— XZ=* and (2f=" — X2=* spectrum, where an absolute
vibrational assignment is not possible, we obtain in a similar
mannemDg[(1)2[11/7] > 1256 cnr?, Do[(1)2 133 = 1190 cntl,

Thus, the spectrum in Figure 3 can be attributed to electronic and Dg[(2)2ZF1/7] = 1445 cm,

transitions such as @) — X2=+ and/or (2§=" < X2=*. Which

These values are very critically dependent on the value of

transitions are manifested by the spectrum is not straightforward anharmonicityweye. Small changes in this parameter result in

to answer. In addition, several effects, such as-spibit and
Renner-Teller splitting of théll states, can contribute to the
complexity of the spectrum. The multiples in the vibrational
lines suggest rather that both transitiong{Ly— X2=* and/or

large variations in the binding energy. Furthermore, since only
a few vibrational levels with low quantum numbers are observed
in our spectra, an extrapolation to very high vibrational levels,
which gives the limit of the binding energy (BS approximation),

(2)°=" — X2=* are present. The broad spectrum can also be fails to give reasonable values.

due to these overlapping transitions.

The ab initio results of Sodupe et ‘&l.show a linear

On the basis of these considerations, we tentatively attribute Sr*—OCO complex with a ground-state binding energy of 3500

the spectrum in Figure 3 to three vibrational progressions:
(1)2H1/2 ha X22+1/2 starting at 16 534 Cl’ﬁ‘, (1)21_[3/2‘_ X22+1/2
starting at 16 639 cnt, and (2§=*y, — X2=*y, starting at

16 754 cnTl. The positions of the lines are listed in Table 3. In

cm ! and SF—C bond strength of 3.79 A. Furthermore, they
calculated the vertical excitation energies to the low-lying
unperturbed electronic states (the spambit splitting of the
excited states has not been taken into account). These calcula-

contrast to the spectrum in Figure 2, here the bands are blue-tions allow some comparisons with our experimental results.

shifted with respect to the Stransition energy~14 724 cm?),
indicating that the binding energies of these states are lowe
than that of the ground state.

For the (2511 states they give a value of 22 200 chwhich is
rvery close to the experimental value [21 700¢rfor (2)413/;
for the (1FI1 states the vertical energy is 17 300 ©m
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(experiment 16 534 cm); and for (2¥=* the theoretical value ~ TABLE 4: Experimental Dissociation Energies for the

is 17 100cm?! (experiment 16 754 cri). Moreover, they Ground and Excited States, Which Correlate with the S p
! i +_

calculated the % — 52S and 4D — 5%S excitation energies of ~ OrPital for Sr *—X Systems

Srt. For the St 2P state the theoretical value is 24 316ém Xzt (2y11

which is about 66 cmt higher than the experimental vale Sr-X  a(Ay) ©(au) u(D) Do" Do’

24 250 cm! = v(2P35) — Ap/3 (center-of-gravity). For the Sr Sr*—Ne 0.4 67 595

2D state the energy is 14 700 cithat is, 24 cm? lower than Srt—Ar¢ 164 803 2440

the experimental value 14 724 cin= v(*Dsjp) — 2Ap/5. S;—Krde 2.48 1205 2992
These comparisons indicate the very good agreement betweengr;éeo2 ‘21:24 39 %ggg giég

theoretical results and experimental ones. For this reason, we gp+_coy 195 -15 011 1700 6200

consider the theoretical value for the ground-state binding energy Srt—H,09  1.45 1.96 1.85 784CGA;) 10465 ¢B,)

D¢’ ~ Do’ = 3500 cnt! of Sodupe et al® as reliable. Sr*—NHg9 222 —242 147 8540°%A;) 11690 ¢A")

Furthermore, knowing the band origingo and the atomic a Experimental dissociation energies are given in reciprocal centi-
transitionsvaom (See Table 2), we can apply the energy cycle meters.a is the static dipole polarizability® is the permanent
quadrupole moment, andis the permanent electric dipole moment of
Do’ = Vatom— Yoo+ Do” (2) molecule X.? Reference 9¢ Reference 10¢ Reference 11¢ Reference
12."Reference 139 Reference 27.
to obtain the dissociation ener@’ of the electronic excited
states, since, as mentioned above, the BS approximation does The binding energies for the states?{I)and (2§=* that
not give accurate results f@y' in the current case. So we get correlate to the atomic 4d orbitaflthough not accurately
for the excited stateBo[(2)2I117] = 5982 cm, D[(2)?I13/7] determined-are lower than those correlating to the atomic 5p
= 6317 cn? Do[(1)2[1y/7] = 1522 cn?, Do[(1)M137] = 1697 orbital. This is a consequence of the morphology of the &r
cm1, andDo[(2)%Z 17 = 1582 cnm. We consider these values  orbital and its orientation with respect to the intermoleculdr Sr
(listed in Table 2) as the most reasonable for the dissociation CO, axis. In this case, significant electron density exists on the
energies of the excited states of"80, complex molecular axis and therefore the binding will be similar to that
Assuming that an intermolecular Morse potential describes of the ground state. With this argument one may expect stronger
the stretching mode of the pseudodiatomic G®, molecule, bonding in the (A1 state than in (ZE*, since in the latter
Franck-Condon factors of the' — »" = 0, 1 vibrational case (g orbital) significant electron density lies in the molecular
progressions are calculated in order to determine the equilibrium axis. In contrast to this expectation, our results give similar
distance shift\Re between the (2J112 325tates and the ground  binding energies for the (Z3* and (111 states (see Table 2).
state. Best agreement is achieved by using the spectroscopicThis disagreement arises probably from the fact that tH&(2)

parameters listed in Table 2, a vibrational temperafure 90 state is also influenced from the 5p orbital. Indeed, the
K for the ground stateAR. = —0.15 A for (2fI11,, andARe theoretical results from Sodupe etl&khow a mixing of 30%
= —0.1 A for (2fIsp. 5p and 70% 4d orbitals of Srfor this state. This results in a

. _ stronger interaction than expected for a purg orbital.
Discussion Significant 4d/5p mixing is also observed in photodissociation

Assuming that the principal interaction between a metal ion SPectra of SfCHsOH as reported from Qian et &.
and an atom or a molecule is electrostatic, then the interaction Application of the electrostatic model gives interaction
energy as a function of the internuclear distaRdes the form energies that are very close to the dissociation energies estimated
from spectroscopy. This result supports the assumption that it
EedR 0) = —qPa/2R" + qO/R® — qu/R? (3) s electrostatic forces that primarily are responsible for the
binding between a metal ion and a molecule. Further support is
The first term describes the charge-induced dipole forces, theprovided from the correlations between the dissociation energy
second one accounts for the charggiadrupole forces, and the and the electrical properties for several atoms and molecules
third term for the chargepermanent dipole forces is the interacting with St, which are shown in Table 4. In the last
effective charge residing in the metal ion, while the electrical two columns the dissociation energies for the molecular states
properties of the molecule are described by the electric dipole derived from 5s and 5p orbitals of Sare listed.

polarizability o, the permanent quadrupole moméhtand the In the diatomic systems the dissociation energies for both
permanent electric dipole momept (in the case of polar  ground and excited states correlate very well with the atomic
molecules). polarizability and becomes stronger@sncreases. In SICO,

We can calculate the electrostatic energy in the vicinity of the negative quadrupole moment of £gives rise to charge
the equilibrium distance of the §+OCO complex by using quadrupole forces resulting in a much stronger binding energy
the theoreticdP valueR. =3.79 A and the experimental valdés  than that of Sr—noble gas complexes. Furthermore, the O
a = 2.6 ABand® = —3.2 au for CQ. The effective chargg atoms in CQ molecule are negatively charged with respect to
depends mainly on the electronic state considered and varieghe center (C atom) and this situation favors a linear configu-
betweenq = +1e and q = +2e!! In the excited states ration, Sf—OCO.
correlating to the metal p orbital, which is oriented perpendicular ~ The other molecules listed in Table 4 possess a permanent
to the internuclear axis, the molecule experiences an electrostatielectric dipole moment, and therefore an enhanced interaction
attraction caused by a nearly unshielded ion care-(2.0). is expected. In the case of '€0, the theoretical calculations
However, in the ground state the s orbital of the ion shields the of Farantos et a3 have shown that there are two isomers with
core more efficiently and the charge is expected to be closer todifferent ground-state dissociation energies;-StO (Dy" ~
1.0. With these considerations we obtain for the ground state 1200 cnt!) and SF—OC (D¢’ ~ 1700 cnTl). We consider
an interaction energes(Re = 3.79 A, q = 1) > 2645 cn! the SFOC complex, and by use of eq 2 we obtain the
and for the excited state @IJ Egg(Re = 3.665 A,q < 2) < dissociation energpy’ ~ 6200 cnt! for the excited (211 state.
7565 cnl. Thus, the binding in Sr—CO is similar to that of Sr—CGO;
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