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Stable isomers, transition states, and their photoabsorption spectra forthelidser are determined by ab

initio MRCI calculations. Three stable geometries of symmeélsy D,n, andDyy and two transition states

of symmetryC; andC; are identified. TheDyy configuration is a new geometry not previously obtained in

ab initio calculations. The photoabsorption spectra of the three isomers and the transition states are used to
interpret experimental absorption data. Dissociation dynamics and possible laser control of isomer populations
are discussed in terms of the electronic states of the cluster.

Introduction Raman-stimulated processes. In particular, our previous work
on chirped pulse Raman adiabatic pas$atfsuggested some
efficient methods of inverting and transferring populations in
symmetric systems in analogy to chirped pulse IR laser

Alkali metal clusters offer model systems for studying the
transition from atomic to molecular to condensed matter due to

the relatively small number of their valence electrons. Theoreti- excitationl®-1® The present ab initio results are used to assess
cal descriptions range from the free electron jellium model of xcriation: P it u u

charge clustefsto the molecular description more appropriate '_the feasibility of laser methods to control molecular populations
for small clusteré. Na clusters have been recently examined " ClUSters.

in detail experimentalfy > and by ab initio quantum chemical

calculations:” Temperature measurements in small Na cluster Method of Calculation

ions, Na* (n= 4, 7, 11), exhibit unexpectedly large temperature

dependence of absorption spectra. In particular, it was found For the geometry optimization, the level MP2 was adopted
that small cold clusters are best described by ab initio quantumwith the 6-31G* basis set. To determine whether the optimized
chemical calculation¥:® Further experimental work on dis- geometries are stable or not, we calculated their harmonic
sociation dynamics of these small ion clusterss(11) points frequencies. After obtaining the stable and transition state
to the applicability of orbital correlation diagrarghus further  geometries, we calculated more accurate ground and excited-
underpinning the usefulness of a molecular description. As state energies and transition dipole moments between the ground
emphasized previously by Haberlahdon clusters exhibit  and some excited states. The multireference configuration
stronger bonding than neutrals and optical absorption spectrajnteraction (MRCI) approach is used in order to include the
always shift to the visible, thus rendering ion clusters more gjectron correlation effects. As a basis set, we used the effective
accessible experimentally. The charge seems to be localized; e potential (ECP) for the inner shell and the basis function

in rare gas clusters but not in me_tals. From a th_eoretical (4s4pl/2s2p) for the valence orbitals, which was determined for
viewpoint, the hole created by removing one electron increases o Ecp. We added the d function with exponent 0.09 to this
the number of optically allowed transitions with strong transition ECP7 ' '

moments of the large resonance typeand geometrical B ) )
structures due to electron orbital degeneracies are-Jhblier To calculate transition dipole moments, state averaging was
unstable as calculated before in‘tspecied 13 The strong ~ done: five?Ay, three?B, five ?B,, and two’A; (MRCI level)
transition moments and low ionization potentials suggest metal @nd nin€?Ay, six 2By, eight?By, and threéA, (CASSCF level)
clusters as excellent candidates for high-order harmonic generafor Cz,. For the geometries dbzn, Dzg, Cs, andCy, the same

tion in strong laser field¥ In the present work, we concentrate level of state averaging was adopted. Details concerning each
on calculating stable geometries, isomerization paths, andof these isomers are mentioned in the next section. We
absorption spectra of the cluster using ab initio MRCI methods employed GAUSSIAN9¥ for geometry optimizations and

in order to explore the possibility of optically preparing various harmonic frequency calculations and MOLPR&Y%r calcu-
isomers by pumpdump laser schemes which are equivalently lating excitation energies and transition dipole moments.
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Figure 1. Optimized geometries of the Nacluster with bond lengths
in angstroms and angles in degrees. The point groupd &®,), 2
(Cs,) 3(Dan), 4 (Cy), and5 (Dag). The geometried, 3, and5 are stable

states while2 and 4 are transition states. The distances between the

bonds 2 and 3-4 are 2.12094) and 3.4035 A %), respectively.
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Figure 2. Isomerization path of the Na cluster. For details, see the
text.

Results

The MP2/6-31G*-optimized geometries are shown in Figure
1 and the isomerization path of Nacluster is shown in Figure
2. As Table 1 shows, our CASSCF and MRCI calculations
predict similar relative stability among the stationary geometries
Stablel (Cy,) and 3 (D2n) geometries are the same as those

Mishima et al.

obtained by Bondé-KoutecKy et al” Their ground states
belong to 2A4 and #Bg,, respectively. As compared with the
full Cl results by Bonai¢-KoutecKy et al./ the bond lengths

are generally longer. As they pointed out, the bond lengths
calculated by the SCF method are longer than those obtained
by the full Cl method in the case of alkali metal clusters. This
is because alkali metal clusters are inclined to delocalize their
electrons according to the multicentered structures. The neglect
of this effect when geometry is optimized may lead to deviations
from the experimentally observed results or spectra. As MP2
takes into account electron correlations, our bond length results
are suitable for the energetics calculation.

The stable geometr§ (Dyg) is a new configuration. Such
tetrahedral structures have been predicted ig"Land Na2"
to be stabilized by p orbitaf. Although the ground states of
1 (C,,) and3 (D) are almost degenerate as shown in Table 1
(1 (Cy,) is higher in energy by 0.017 eV thah(Dap) at the
MRCI level), 5 (D2g) is slightly higher tharl (C»,) and3 (D)
(oy 0.081 eV with respect t& (Dz,) at the MRCI level).
Nevertheless, as expected from their relatively long bond
lengths, the three stable states are almost degenerate, which
prevents us from determining correctly the order of energy levels
of the various geometries. The energy differences are sensitive
to the method and basis functions. At the CASSCF and MRCI
levels,3 (D) is the most stable geometry. It is also so in the
calculation of Bonaié-KoutecKyet al./-?2using the full Cl and
basis set (ECP with basis set (4s3p1d/3s3pld)).

As transition states, two geometriggC;) and4 (C,) were
found (Figure 1). Geometr®2 connects the reaction path
between the ground statesfC,,) and3 (D2,). The relatively
long external bond length (3.7618 A) {C,) makes the energy
barrier between the stable stateslofC,,) and 3 (D) quite
shallow (cf. Table 1). Therefore, the geometry transformation
betweerll (Cy,) and3 (D) takes place easily. There is a similar
example, the b cluster. For the W™ cluster with Cy,
geometry, which is analogous to geometryhe hydrogen atom
that is located at the apex of the planar trianglg ki quite
mobile in the plane defined by the three hydrogen atoms of the
planar triangle. It is reported that the bond length between the
hydrogen atom and the adjacent atom is 1.850 A while the other
bond lengths are 0.876, 0.905, and 0.90%Awe attempted
intrinsic reaction coordinate (IRC) calculations betwé€d(,,)
and3 (D) through2 (Cy). The calculated imaginary frequency
(30.3i cm™l) of 2 (Cs was too small to obtain the IRC
numerically.

The transition statel (C,) connects3 (Dan) and 5 (Daq).
Originally, we obtained a geometry @f symmetry instead of
Cyfor4(Cy). IntheC; geometry, two bonds with length 4.0558
A'in 4 are replaced by 4.0556 and 4.0560 A. Both geometries
are the transition states with an imaginary frequency of 36.1 i
cm! by harmonic frequency analysis. The energy of Ghe
symmetry was found to be-0.641 003 au which is equal to
that of 4 (C,) (cf. Table 1). Because there is no energy
difference and almost the same geometry betvi@eand4 (Cy),
we adopt4 (C,) as a transition state. A candidate for the
simplest reaction path is through folding of tB&€D5y) along
the shorter diagonal line, retainin@, symmetry and leading
to 5 (Dag). However, we failed to calculate IRC because the
imaginary frequency 36.1 i cm is too small to solve the IRC
equation numerically.

We tried to find a transition state betwe®(C,,) and5 (D2g),
but in vain. This would give some hint as to why only the
. absorption spectral peaks & (D2, are observed in the

experimental spectra. In the unlooped geometry transformation



Isomers and Transition States of the,;N&lusters J. Phys. Chem. A, Vol. 102, No. 18, 1998159

TABLE 1: Ground-State Energies and Energy Differences fromC,, Geometry?

geometry state HF (au) AEne (eV) CASSCEF (au) AEcpasscr MRCI (au) AEwmrc (V)
Ca, A, —0.612 076 0.0 —0.642 920 0.0 —0.643 276 0.0
Dan 2By —0.637 490 0.692 —0.643 354 —0.012 —0.643 908 —0.017
Daq A, —0.599 379 0.348 —0.640 105 0.077 —0.640 946 0.063
Cs A —0.607 806 0.116 —0.642 297 0.017 —0.642 748 0.014
C, 2A —0.599 633 0. 339 —0.640 341 0.070 —0.641 003 0.062

2 The data were calculated by using the ECP for the inner shell and the basis function (4s4p/2s2p) for the valence orbitals determined for the
ECP. The sigm\ is used to represent the energy difference filomgeometry.

1(Cx) 2 (Cs) 3(D2n) 4(Cy) 5 (D2d), 3 (Da2n) is visited twice in The absorption spectrum & (Cy) resembles spectra df
contrast withl (Cp,) and5 (D2g), which are visited only once.  (Cp,) and 3 (D). In particular, all three are similar in that

If the geometry transformation were looped, the three stable they have three strong peaks around the same energy. Referring
geometries would appear in the spectra equally. to character tables, we see theahd B states ofC,, geometry

In Figure 3, we demonstrate the absorption spectra calculatedcorrelate to the Astate ofCs geometry and Aand B states,
for the three stablel((Cy), 3 (D21), 5 (D2g)) and two transition-  to the A’ state ofCs geometry. In the same way, the, and
state 2 (Cy), 4 (C,)) geometries, respectively. In Figure 4, we Big states ofDz, geometry correspond to 'Astates ofCs
show the recent absorption spectra obtained experimentally bygeometry and B, to A" of Cs geometry. By checking the
Ellert et al®> Among low-lying excited states of Ii¥8, some  energy sequence df(Cz,) and3 (Dzn) in the Cs group, taking
states have zero transition dipole moments due to selection rulesinto_account the nonadiabatic curve crossings, it can be
We calculated as many states as possible including these “dark’confirmed that, in the isomerization frofh (Cz,) to 3 (Dzn),
states because we are interested in how the energy levels of thé”A1, 3°B2, and 3B states ofl (Cz,) are connected with?,
ground and excited states and transition dipole moments change2’Big: and ZBag states of3 (Dan), respectively. At the MRCI
along the isomerization reaction path. For both of the transition |€vel, the peaks of the state36, 8°A", and £A" are situated
states? (C¢) and4 (Cy), we managed to include up to 10 states at 1.85, none, and 3_.16 eV, respectively. These values are in a
in the MRCI calculation (not shown). It should be pointed out 900d agreement with those df (Cz) and 3 (Dzn) at each

that CASSCF and MRCl transition dipole moments are generally c@lculation level. In summary, in the reaction path froCz,)
in good agreement for Na clusters. to 3 (Day) retaining Cs symmetry, no remarkable change is

For both1 (Cy,) and2 (Cy), Bonait-KoutecKyet al? have observed in the transition dipole moments.

calculated three prominent peaks which coincide more or Iessf As for ‘L(Cﬁ?’ l?t the CASSCF Ieveil1, ma;ny small pe?ks ari
with the experimental spectra obtained by Ellert et @&ut a ound at the higher energy range. Therefore, we analyzed the

one-to-one correspondence of the peaks has not yet beer?XCited states d§ (D) using the CASSCF data. The spectrum
achieved. Comparing our results with the experimental ones of 4 (C) resembles that 05 (D) rather than3 (Dzn). The

and those of Boriaé-Koutecky et al.” we found some peaks main peak in the range from 2.6 to 3.0 eV consists of three
red-shift and others blue-shift in, our results. The three States. The difference is that there are two peaks below the

prominent experimental peaks are located at 1.95, 2.76, and 3.22Nan peak for (Cz) and the three broad peaks above the main
eV The peaks of B\;, 32B,, and 3B, states ofl (Cy,) are peak consist of four peaks f@ (D.n) contrary to many small

located at 1.92, 2.58, and 3.06 eV in our MRCI results, while peaks for4 ((,:2)' . .
they are at 2.04, 2.74, and 3.26 eV in Boidacouteckyet al’ _In comparison with the reaction path fral(Cz,) to 3 (Dzy)
The peaks of g, 22B1,, and 2By states o (C,) are located via 2 (Cy), drastic changes in the oscillator strengths were
at 1.83, 2.65, and 3.08 eV in our MRCI results, while they are ©PSeérved. & Big Biy, and A, states o3 (Dzy) are correlated
at 1.93, 2.80, and 3.30 eV in Bofiéd<outeckyet al’ with the A state o# (Cp) while By, Bay, Bag, and Bg are with
the B state. In the same way, the And A states of (D2g)

o - are connected with the A state #{C;) while B; and B, states
symmetry5 (D,g) has quite different features (Figure 3 e,h). In . S
1y25 anB(IJI 2(B Zg)tates ?ﬂe degenerate Then(a ig a strong) |Dea|(are with the B state. By looking into the energy sequenc® of

- 2 : (D2n) and5 (D2g) in the C, symmetry, we determined the change

around 2.6 eV, a smaller peak at 2.04 eV, and much smaller :

’ ’ . of the oscillator strengths fror@ (D2) and5 (Da2g) through4
ones at 3.05 and 3.26 eV. The strong peak comprises three,
excited states: %\, 3By, and 3B,. This strongest peak at (Cy). The state 24 of 3 (Day) corresponds to the?A state of

R : . 4 (Cy), which links with 3A; state of5 (D2g) whose oscillator
2.6 eV coincides with the peaks obtained 10(Cz,) and3 (Dzn) strength is relatively small. In this case, the oscillator strength
while the other peaks do not appear in the experimentally

; A . - decreases monotonically. The state change fréBagahrough

gbtalned photodeplet!qn spectrum. _Th|s drastic difference may 8B to 42B, or 4B, also belongs to this type. The stafB2,

e caused by a _slgnlflcant change in the mole_cular structure. ¢ 5 (Dar) corresponds toZA state of4 (Cy), which links with
As already mentioned above, (D2q) has a relatively higher 52A; state of5 (Dyg). In this case, the oscillator strengths of
energy (0.06 eV). Therefore, at the low temperature, 35 K, at the stable geometries and those of the transition state show no
which the experiment was conducted, almost all the molecules remarkable difference
probably exist in the lowest (Cy,) and3 (D2n) geometries while '
the population of5 (Dag) could be small. Ellert et &.
reproduced the experimental photodepletion spectrum gf Na
at 700 K. The spectrum shows a strong temperature depen- The photodepletion spectra of Neand previously published
dence. There are three prominent peaks with a broad spectrabata at low temperaturé$ agree remarkably well with our
width which red-shift significantly as the temperature rises. Our calculated optically allowed transitions for tB€D-y,) geometry.
results suggest that the spectral line broadening is brought aboufrhus, the three strong peaks at 1.95, 2.76, and 3.22 eV observed
by not only the temperature but also the increase in the experimentally agree quite well with all four geometrig$C,,),
population of5 (Dyg). 2(Cy), 3(D2n), and4 (Cy). In view of the low barrierE (Table

On the other hand, the calculated spectrum of the Bey

Discussion
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Figure 3. Absorption spectra of the Nacluster obtained by ab initio calculations. The abscissa represents excitation energy from the ground state
and the ordinate, oscillator strength. The bold lines in the figure are the oscillator strengths for each excited state. The smooth curves around the
peaks are superpositions of Gaussian lines. The spectra are @y, (&) Cs, (¢) Dz, (d) Cz, and (e)D2g by CASSCF and (fiCz,, (g) D2n, and (h)

D2d by MRCI.

1) between thd (Cy,) and3 (D2,) structures, 115 cnt from 1
(C2,) to 2 (Cy) and 253 cmit from 3 (Dan) to 2 (Cy), the shifting

energies with increasing temperatUie consistent with the

increasing contribution of th@ (Cs) transition state to the

indicates some contribution of tie(C,) transition state an8é
(D2g) isomer, the new geometry obtained in our calculations. above the groun@® (D) isomer.

Our calculated (D2h) spectrum further shows a fourth peak at
3.7 eV, in agreement with the experimental data.very weak,

of the high-energy absorption peaks (2.8 and 3.3 eV) to lower but sharp peak, observed experimentally at 2.32 eV at very low
temperatures (35 K), that is identical to the,Naransition}®

also appears as a side peak in 1h€C,,), 2 (Cs), and3 (Do)
absorption spectrum. The shifting of the lowest energy peak geometries but is absent in tdg(C,) and5 (D2g) geometries.

(1.9 eV) to higher energies with increasing temperdture This is in agreement with the low population 4f(C;) and5
(D2g) geometries due to their higher energies (6860 cnT?)

Thus, at low temperatures
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. . T . low temperaturesT < 75 K for AE ~ 250 cnt?) in order to
isolate the lowest energy (D2n) isomer. At such low
temperatures, the photoabsorption spectra of Figure 3 show the
strong transitions which maintain their oscillator strengths along
the isomerization path. This would make feasible studies of
optical interconversion between these two isomers by a resonant
or nonresonant chirped Raman sché&mg&in order to elucidate

the isomerization dynamics.

The 3 (D2an) to 5 (D2g) optically induced isomerization along
the ground-state isomerization path would be much less efficient
due to the much weaker absorption spectra of 4h€C,)

' transition state. A further investigation of the excited states is
2 25 ired to discover the optimal optical isomerization path in

Energy (eV) required to ptimal op path.
this latter case. Recent theoretical improvements on calculations

Figure 4. Experimental absorption spectra of thesNaluster. The of vibrational structures of weakly bound tetraatomic systéms
dots are the experimentally observed absolute photoabsorption crosswill be useful for investigating further the isomerization
sections. T_he bold smooth lines in the figure are superpositions of dynamics of optically prepared higher energy isomers in the
Gaussian lines. ion cluster and others discussed in the present paper.

Arbitrary Unit

ey
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