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An investigation of the 4s— 3p electronic transition in weakly bound binary complexes of the Al atom with

Ne and several molecules {HD,, N, CH,) is reported. In contrast with the higher excited Al atomic states
where the interactions are attractive, the observed spectra are indicative of both attractive and repulsive
interactions of Al(4) with these partners. No fluorescence was detected upon laser excitation of this electronic
transition in the AN, and Al-CH, complexes. Fluorescence depletion spectroscopy, using the 3g
electronic transition as the probe transition, was employed to observe these transitions~T8p #tansitions

in AlI—N_ and Al-CH, show vibrational structure, assigned as excited-state progressions in the van der Waals
stretch mode. An unstructured feature to the blue of the A+43p atomic transition was observed in the

laser fluorescence excitation spectra of the AINe;-Mb, and A-D, complexes. These spectra are a
consequence of the repulsive nature of the interaction of Al(4s) with these partners, as in the corresponding
isovalent complexes involving the boron 3s state. With the availability of an ab initio potential energy curve
for the ground state, a potential energy curve for the excited BNE{) electronic state was derived by a

fit to the observed AlNe excitation spectrum.

1. Introduction In recent work, we have characterized the 3d, 4p:48p

There has b iderable int tinthe int . f met transitions in the A+H, and Al-D, complexes through laser
ere has been considerable Interest in the intéraction of me alﬂuorescence excitation and laser fluorescence depletion spec-
atoms, in both their ground and their electronically excited States’troscopie & A collaborative experimental and theoretical in-

with small molequles. In part, this mterest'stems from a desire vestigation of the rotational structure of the Al(3p2/Ds
to relate properties, such as the electronic absorption spectra, lex has b ducted i uncti ith Al d d
of cryogenic solid hydrogen doped with these atbriso the compiexnas been conducted in conjunction wi exander an

two-body atom-molecule interaction. An understanding of the Williams.1?Rotational constants and parity splitting parameters
structure and dynamics of atom-doped solid hydrogen is of both d€términed in the experiment were found to be in very good
fundamental and potential technological interest. The nonbond-2dreement with the theoretical values derived from the new Al-
ing interactions between pairs of metal atoms and small (3P)—Hz potential energy surfaces (PESs), for which the H
molecules have been characterized through Spectroscopic in_\/ibrational motion was eXpIICI'[Iy taken into account. TOgether
vestigations of weakly bound complexes of these species. InWith our previous work on the 5s- 3p and 4d— 3p transitions
our laboratory, we have employed laser fluorescence excitationof the Al—Ha, Al—N, and A-CH, complexes$; 8 considerable
(FE) and laser fluorescence depletion (FD) spectroscopy of information about the nonbonding interactions of the ground
weakly bound group 13 atoms with small molecules, involving 3p and low-lying Rydberg electronic states of the Al atom with
bororf> and aluminurfr1! to probe these interactions. various small molecule complexes has been obtained. In

In contrast to Al atom-rare gas diatomic complexes, which  previous work, we have also observed transitions to bound
generally decay radiatively, the bound excited states of Al electronic states of the AINe complex correlating with the 3d
atom—small molecule complexes which have thus far been and 5s atomic staté$.

studied all appear to predissociate. This makes it difficult to |, -ontrast with transitions to the higher Rydberg states in

stud.y the electronic spectrum of these cqmplexgs. One approaciN atom—molecule complexes, the 4s 3p transition, involving

to circumvent the problem of pred!ssouatlon IS to excite the the lowest electronic transition in the Al atom, has not been

Al atom—molecule complexes to higher electronic states and . . . . S )
previously investigated. In an extension of our earlier investiga-

then observe emission from the low-lying excited Al atomic tions, we have carried out an experimental study of this transition
levels formed by the predissociation. We have used this type . ’
y P yp in the Al=H,/D,, AI—N,, Al—CHy, and AlNe complexes. In

of action spectroscopy to characterize the-58p and 4d— . . o
3p transitions of the AtH,, Al—Ny, and ACH, complexe$ this paper, we present a FD study of this transition for the Al
Other approaches that have been applied to the study of AIN2 and A—CH, complexes and a FE study of the same
atom-molecule complexes include 1-photon photoionizafibn, ~ transition in the AlNe, At-Hz, and AF-D, complexes. We also
resonance-enhanced multiphoton ionization (REMPH,and report here the observation of the 3d 3p transition in the
zero electron kinetic energy (ZEKE) spectroscopy. Laser ~ Al—Nz and A-CH, complexes, which were used as the probe
fluorescence excitation has also been employed in the study oftransitions in the FD experiments. The FD technique, which is
the isovalent GaN, complex!” A laser fluorescence spectro- a folded variant of opticatoptical double resonance spectros-
scopic study of the solvation of Al atoms in superfluid helium copy, allows the study of transitions for which the excited state
droplets has also been carried &tit. does not radiatively decay. This technique has been applied
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-oooz the OPO was used as the depletion laser and spatially overlapped
— — —[- > predissociation with the probe laser beam. The depletion laser beam diameter
1 \\‘4 was twice as that of the probe laser. The depletion laser was
T Alds) + M fired 110-220 ns before the probe laser. Typical pulse energies
of the depletion and probe lasers were 246D and 50uJ,
monitored respectively. The depletion laser was fired on every other
emission molecular beam pulse, and the probe-laser-induced fluorescence
signals were separately summed for the depletion laser on and
off over a preset number of shots (typically 10) before the
——AIBp)+M depletion laser was stepped to the next wavelength.
In both FE and FD experiments, the laser wavenumber was
Al(3p)—M calibrated using the Al 485/, < 3p 2Py;2.32atomic lines and
a solid fused-silica etalon (free spectral range 0.676cim
the visible).

Figure 1. Schematic diagram of the technique of fluorescence depletion
as applied to the AtN; and A~CH, complexes. The depletion laser
was scanned through the 4s3p transition in the complex while the
probe laser was tuned to a 3d3p band of the complex. The depletion 3. Results

signal was monitored by observing aluminum atom-48p emission. 3.1. Al-N, and Al—CH, Complexes.When the excitation
laser was scannegt 800 cnt! from the Al 4s< 3p atomic
transition, neither resonance fluorescence from Ak4$) or

; . Al(4s)—CHy4 nor Al 4s— 3p atomic emission was observed.
We find from the present _study that the nonbonding inter- g suggests that the excited Al(44), and Al(4s)-CH,
action of the Al(4s) atom with small molecules can be both ., yjexes do not decay radiatively. Predissociation likely occurs
attractive and repulsive, depending on the ligand. In contrast tothrough coupling with a repulsive PES emanating from the

our observations for the AN, and A-CH, complexes, an  44nd Al(3p) asymptote. As illustrated by ab initio calculations
emission signal is observed to the blue of the AH48p atomic on the A-NH; complext3this state is the analogue of tA&s
transition upon excitation of this transition in the AlNe and-Al state of a diatomic Al étomrare gas complex.

H./D, complexes. This indicates that the AINe and-Ad,/D; Previous work8 showed that the AtN, and ACH,
4s electronic states are repulsive in the FranClndon region. complexes can be formed in our supersonic beam expansions.
These resqus are enti_rely analogous with the corresponding 3sthe  fluorescence depletion scheme was then employed to
— 2p transition in the isovalent BNe and-B1,/D; complexes,  gpserve these electronic transitions. In this section, we report
which were previously studied in our laboratdrf. our observations of both the 3¢ 3p and 4s— 3p transitions
. . in these complexes. The former transition could be observed
2. Experimental Section by fluorescence excitation spectroscopy. These were used as
The Al atom-molecule van der Waals complexes were the probe transitions in order to detect the<4s3p transition

formed in a pulsed free jet expansion. The apparatus in which In these complexes. L

the present experiment was carried out has been described in_3-1-1. 3d=— 3p Transition.The 3d-— 3p transitions in the
detail previously:2423In brief, a supersonic beam containing ! ~N2 and Ai=CH, complexes were observed by monitoring
aluminum atoms and the desired Al atemolecule complex 45— 3p emission from Al(4s) atoms produced by predissocia-
was produced in a pulsed free jet expansion (0.2 mm diametertion of the excited complexes, Whereas the excitation Iasgr was
orifice) of mixtures of trimethylaluminum (TMA, obtained from ~ Scanned through the spectral region of the-3d3p atomic
Aldrich Chemical Co.), the desired ligand {\CHs, Hy, Dy, or transition. The aSS|gnmer_1t of these fe_atures to theNsl anql_

Ne) and helium through 193 nm photolysis of TMA at the nozzle Al ~CHa complexes is straightforward since the beam conditions
orifice. The laser excitation zone for both FE and FD spectra Were quite similar to those previously employed to observe the
was 1.2 cm downstream of the nozzle. 5s, 4d— 3p transitions in these complexés.

Figure 1 presents a schematic diagram for the FD setup. Thet F'g_ltj_re 2 Ff[rhesinﬁ\la typ|c?l FEE sp_;aci_trum for ttheﬁfﬁ)h
4s~— 3p transition in the complex was excited by the depletion ransition in the 2 compiex. Excitation Spectra wi €

laser, and the 3¢ 3p transition was used to probe the depletion. same intensi'ty distribgtion among the bands was observed for
In practice, the depletion laser was scanned through the 4s N2 mole fractions ranging from 2 to 20%. These spectral features

3p transition region, whereas the probe laser was fixed to the S/:sappeare%wkgené\#vas removed fr?m tEe S??\? Agas mixture. i
center of a strong band of the 3d 3p transition and fired after . oreover, the bands were seen only when was presen
the depletion laser. Emission from the Al 4s atoms, which were in the seed gas and the photolysis laser was on. We thus_a55|gn
formed by predissociation of the Al(3dM complex, was these features to the AN, complex. As noted in the caption

. o f Figure 2, excitation spectra were recorded with a small
detected with a photomultiplier (Thorn EMI 9813QB). Each 0 ’ .
time the depletion laser was resonant with a transition in the amount of Ar added to the #He seed gas mixtures. We found

Al(4s)—M complex, the population of the ground-state complex 'lthat W'thOUt.Ar presentt the Al Nz btar&ds (‘}Otl;]lg_r;ﬁt be Obsler\fd'
decreased and the monitored atomic emission dropped. N OUr prévious spectroscopic study o 2 complex;
- . the seed gas was usually ay/Ar mixture. Our present
FE spectra were recorded using frequency-doubled signal - . '

. - - . observations suggest that the formation of—AL in the
output of a Continuum Powerlite Precision 8000 Nd:YAG ic b h v facilitated by the f . £ AIA
pumped Sunlite EX BBO optical parametric oscillator (OPO). suzequsom% eam |sfgreaty amfl_;[ez?“teb %t ¢ or:matlon 0 '
The bandwidth of the UV radiation was0.2 cnt?, and the and the subsequent formation ofAN2 by the exchange process
typical pulse energy of the 0.3 cm diam beam entering the beam AlAr + N, — Al—N, + Ar. (1)
apparatus was 2040 uJ. In the FD experiments, frequency-
doubled output of a Nd:YAG laser pumped dye laser (Con- This reaction is exothermic since the binding energy of W}
tinuum ND6000) was used as the probe laser. The output fromis greater than that of AIAf.

previously to the study of transitions in van der Waals
complexeg®-23
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— 71— %'=0 TABLE 1: Band Positions (in cm™2) for Transitions to van
v,'=x x+5 der Waals Stretch Vibrational Levels of Al(3d)—N;
Electronic State$

'

Vs transition wavenumber
L B B

=Y y+3 2A electronic state
A3 e 3p X0 31 547.8(2)
X+ 1 31632.9(3)
X+ 2 31719.7(2)
X+ 3 31 799.6(5)
X+ 4 31880.9(2)
a0, x+5 31 953.9(2)
31400 31600 31800 32000 32200 32400 X+ 6 32 027.1(2)

laser wavenumber (cm™) 27 electronic state
Figure 2. Survey scan of the FE spectrum of the<3d3p transition y 32125.0(3)
in the Al=N, complex. Al atomic 4s—~ 3p emission at 395 nm was y+1 32203.7(1)
monitored while the excitation laser wavenumber was scanned. The y+2 32279.0(1)
Al 3d 2D,—3p 2Py, atomic line is indicated in the figure, as are several y+3 32345.4(2)

excited-state progressions of the van der Waals stretch mode in the
Al(3d)—N, complex (see text). The beam seed gas mixture was 5%
N2, 2% Ar, and 93% He, at a total backing pressure of 15 atm.

a Standard deviation of the band positions are given in parentheses
in units of the last significant digi® Vibrational assignment is not
certain; see text.

The spectrum displayed in Figure 2 shows banded structuretransition wavenumbers of the bands were estimated as the
to the red of the Al 3d— 3p atomic transition, reflecting the  wavenumber of the maximum intensity within each band. It was
attractive nature of the interaction of the electronically excited not possible to assign unambiguously the transition in each
Al(3d) atom with molecular nitrogen. The spectrum appears progression to the lowest stretch levgl= 0, wherevs' denotes
more congested than those for the $s3p and 4d— 3p the van der Waals stretch quantum number. Accordingly, we
transitions, which were dominated by a single excited-state have given arbitrary designations of the stretch quantum
progression in the AtN, van der Waals stretch vibrational —numbersss for which the lowest vibrational quantum numbers
mode’ Two strong progressions starting near 31 550 and 32 120 have been assignedxdx > 0) andy (>0) for the progressions
cm-1 can be seen in the spectrum displayed in Figure 2. The to the2A and?II electronic states, respectively.
wavenumber spacings of bands within a progression are The bands displayed in Figure 2 are fairly broad, and the
consistent with the vibrational frequency of the-Al, stretch rotational structure could not be resolved. This contrasts with
vibration and are assigned as such. In addition to these identifiedthe 5s<— 3p transition, for which the Lorentzian width was
progressions, there are a number of weaker bands which appeasufficiently narrow that the bands could be partially resolved.
in the same wavenumber range as the progression starting affhe profiles of the bands in Figure 2 cannot be fitted to pure
31 550 cnl. We also scanned to the red of the spectral region Lorentzian profiles. There appears to be a significant hetero-
displayed in Figure 2 and found a weak, but unstructured, signal geneous component to the width, due to the rotational structure,

assignable to AN, extending more than 1700 crhto the within each band. The band contours were compared with

red of the Al 3d< 3p atomic transition. No definitive spectral ~ Lorentzian profiles to estimate an upper bound to the width of

assignment of this signal could be made. a Lorentzian profile which can be embedded within the contour.
The equilibrium geometry of the grourdl electronic state ~ For the_ transitions to the excitéd and 21 e_Iectro_nic states,

of the Al=N, complex, which correlates with the Al(3g) N2 we estimate upper bounds to the Lorentzian widthsso20

asymptote, is lineak? The bending frequency is estimatéd ~ and < 9 cm, respectively, implying excited-state predisso-
to be 56 cml, which suggests little population of excited ~ciation lifetimes of> 0.12 and> 0.3 ps.
bending levels in the beam. Moreover, the equilibrium geometry ~ The transition wavenumbers, reported in Table 1 were
of the AI*—N, ionic complex is also computed to be linéar. ~ employed to determine vibrational constants for the Al3d)
This geometry is consistent with the known negative sign of N2 electronic states. Expressing the excited-state vibrational
the N, electric quadrupole momé#iand the angular dependence €Nergy as a quadratic in .the van der Waals stretch vibration
of the ion-quadrupole interactidd.n view of the fact that the ~ duantum numbers, we write

round states of the neutral and ionic-All, complexes both _ Vo v
ﬁave linear geometries, we expect that the Rydbzrg states would Ty = Too F o' o5 = 0o v (v + 1) @

also pe linear. . For the pure stretch progression in the electronic state, we

In linear geometry, there are three-Al, electronic states,  obtain the following spectroscopic constants with the assumption
2A, 211, and?Z*, associated with the asymptotic Al(3d) atomic  thatx = 0: T = 31 456.4+ 2.3, we = 93.5+ 1.5, wexe =
state. In analogy with the Rydberg states of-Adre gas  1.50+ 0.16 cnl. We obtain the following constants for the

diatomic complexes, as exemplified by AlAt,the binding pure stretch progression in tH& electronic state with the
energies should fall in the ordéA > 2[1 > 23*, to minimize assumption thay = 0: Too = 32 124.7+ 1.2, w = 86.0+

the Pauli repulsion of the singly occupied Al atomic orbital with 25 ¢ x,/ = 3.084 0.61 cnT?.
molecular electron cloud. The two observed progressions inthe  The dissociation energy of the ground 3p state of thed

3d — 3p transition of the AtN, complex are assigned as complex has previously been estimated to equal 3060
excitation of van der Waals stretch vibrational levels in the cm 1.7 This value is consistent with earlier experimenta| and

excited?A and?IT electronic states. No assignments have been theoretical estimaté€:25 With this value and the observed
made for the weaker bands. transition wavenumbers, lower bounds to the excited-state

Table 1 presents the transition wavenumbers for the bandsdissociation energies can be obtained. We estiibgte: 1190
assigned to progressions in the van der Waals stretch vibrationaland 610 cm? for the assignedA and 2I1 electronic states,
mode in the excited AtN, 2A and?I1 electronic states. The  respectively, both with uncertainties &f 50 cnt.
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Figure 3. Survey scan of the FE spectrum of the-<3d3p transition 24800 25000
in the AlI-CH, complex. Al atomic 45— 3p emission at 395 nm was

monitored while the excitation laser wavenumber was scanned. The Figure 4. Fluorescence depletion spectrum of the48p transition

Al 3d 2D;—3p 2Py, atomic line is indicated in the figure, as is an excited- in the Al—=N, complex (solid line). The probe laser was tuned to excite
state progression of the van der Waals stretch mode in the Ak(3d) the vs = x + 3 band of the 3d— 3p transition in the’A electronic
CH, complex (see text). The beam seed gas mixture was 20% CH state, while emission in the Al 4s- 3p transition was monitored. The

and 80% He, at a total backing pressure of 17 atm. depletion laser power density was 20/mn? and fired 200 ns before
the probe laser; the probe laser power density wad/én?. For the
TABLE 2: Band Positions (in cm™2) for Transitions to van strongest band in the spectrum, the FD signal corresponds to 50%
der Waals Stretch Excited Levels of Al(3d)-CH? depletion of the probe laser induced fluorescence signal. The beam
e transition wavenumber seed gas mixture was 5% N2% Ar, and 93% He, at a total backing
pressure of 13 atm. The dotted trace represents a laser fluorescence
pad 31 356.7(15) excitation spectrum of atomic Al. The 38; — 3p 2Py, satomic lines
z+1 31493.1(11) are indicated in the figure, as is an assigned excited-state progression
z+2 31 608.9(14) of the van der Waals stretch mode in the Al¢48), complex. The FD
z+3 31716.6(11) signals at the Al atomic lines are artifacts (see text).
z+4 31 818.8(15)
z+5 31912.2(16) o
246 32 005.5(16) observed groups of bands as excitation to two of these states,
z+7 32 077.0(16) similar to the assignment of the AN, bands.

a Standard deviation of the band positions are given in parentheses 3.1.2. The 4s— 3p Transition. As discussed above, no
in units of the last significant digit Vibrational assignment is not ~ resonance fluorescence was observed for theNdland Al—
certain; see text. CH, complexes when the spectral region of the 4s3p
transition was scanned. With the FD technique, the48p
transition was found for both complexes. In both cases, one of
the bands in the 3¢~ 3p transition was employed as the probe

Figure 3 presents an FE scan of the<3@p transition in the
Al—CH; complex. As was the case for ANy, for this
transition, no resonance fluorescence was detected, and thc’fransition in the FD experiment.
transition was observed by monitoring Al 43 3p atomic Fiqure 4 s the FD ; for the-nl |
emission as the laser wavenumber was scanned. Two groups 9 presents the spectrum Tor the=/l; complex.
of bands are apparent in the spectrum. The lower wavenumber’> Progression of broad bands was observed. For reference, a

set of bands appears to form an excited-state van der Waalsfluorescence excitation spectrum of atomic Al is superimposed

stretch progression. It is not possible to assign unambiguouslyto illustrate the displacement of thg AN, bands_ frpm the
the first member of this progression, and we assign the avenumbers of the Al 43S, — 3p 2Py, 3 atomic lines. It

vibrational quantum number of the first observed bandsas can be seen that the progression extends through the region of
z, wherez > 0. The second group of bands, around 32 400%cm the atomic transition. Two features in the FD spectrum appear

does not follow the intensity distribution in this progression and &t the transition wavenumbers of the atomic lines. These are
appears to belong to a different transition. spurious and result from sgturatlon effects cagsed by the stro.ng
Table 2 presents the transition wavenumbers for the lower- 45 — 3p fluorescence excited by the depletion laser as it is
energy bands, estimated from the maximum intensity within gcanned through the atomic lines. The artifact at’he, —
each band. We obtain the following spectroscopic constants from vz atomic line is broader because of the greater intensity of
a fit of the transition wavenumbers to eqn 1 with the assumption the line in the FE spectrum involving excitation from the ground
thatz = 0: Too= 31 360.2 3.6,ws = 136.14 25,wx, =  atomic level.
4.20+ 0.31 cntt. The vibrational structure is not well resolved The observed bands in Figure 4 appear to form an excited-
in the higher-energy transition displayed in Figure 3 for the Al State progression in the van der Waals stretch vibrational mode,
CH,4 complex. The widths of the bands in this progression are as in the other electronic transitions. It was not possible to assign
significantly greater than of those of the previously reported unambiguously the transition to the lowest excited stretch level
Al(58)—CH, and Al(4d)-CH,4 band<? The band contours cannot ~ vs = 0. We have thus given arbitrary designations for the stretch
be fitted to pure Lorentzian profiles. An upper bound to the quantum numbersis, as was done for the other observed
Lorentzian width,< 80 cnt?, was estimated in the same manner progressions and have sgt= a (a = 0) for the lowest-energy
as described previously and corresponds to an excited-stateobserved band. Table 3 gives the transition wavenumbers of
lifetime of = 0.03 ps. the bands, estimated as the wavenumber corresponding to the
To our knowledge, the nonbonding interaction of the Al(3p) maximum intensity of the band. The spacings between the bands
atom with CH, has not been investigated by quantum chemical are not monotonic. This probably reflects the varying displace-
calculations. In the likelyCs, geometry of the ground electronic ~ ments of the wavenumber of maximum intensity from that of
state (ignoring JahnTeller distortions), the Al 3d atomic state  the band origin as a function of and the distortion of thes
will split into three electronic stateg\{ + 2E), in analogy to = a+ 3 band because of the saturation at the At%s < 3p
the Al—N; electronic states. It is reasonable to assign the two 2Py, atomic line.
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TABLE 3: Band Positions (in cm™2) for Transitions to van TABLE 4: Band Paositions (in cm™2) for Transitions to van
der Waals Stretch Excited Levels of Al(4s)-M¢ der Waals Stretch Excited Levels of Al(4s)-CH?
A transition wavenumber A transition wavenumber

ab 25 061.9(26) kb 24 617.7(43)

at+1 25161.4(8) b+1 24 753.3(21)

a+?2 25 276.2(8) b+2 24 874.1(17)

a+3 25 400 b+3 24 993.4(23)

at4 25504.2(5) b+ 4 25 098.5(14)

a+5 25 596.4(10) b+5 25200.3(18)

a Standard deviation of the band positions are given in parentheses b+6 25293.2(22)

in units of the last significant digi® Vibrational assignment is not a Standard deviation of the band positions are given in parentheses
certain; see text.Estimated transition wavenumber; band is very close in units of the last significant digit Vibrational assignment is not
to a strong atomic line (see text). certain; see text.

2 2
458 -3p P,

J=3/2 J=1/2

25200 25300 25400 25500 25600 25700

laser wavenumber {cm™")

r T T T T T T T T T T T T
24500 24700 24900 25100 25300 25500 25700
laser wavenumber (cm™") . L
Figure 6. Laser fluorescence excitation spectrum of the<4s3p

Figure 5. Fluorescence depletion spectrum of the-48p transition transition in the AINe complex. The solid line with noise is the recorded
in the Al—CH, complex. The probe laser was tuned to excitetthes experimental spectrum. Al atomic 4s 3p emission at 395 nm was
z+ 4 band of the 3d— 3p transition, while emission in the Al 4s monitored whereas the excitation laser wavenumber was scanned. The

3p transition was monitored. The depletion laser power density was peam seed gas mixturs was 15% Ne and 85% He, at a backing pressure
18 wJ/mnt and fired 110 ns before the probe laser; the probe laser of 18 atm. The experimental spectrum is compared with a simulated

power density was @J/mnt. For the strongest band in the spectrum,  spectrum (smooth solid curve) derived from the ab initio potential
the FD signal corresponds to 50% depletion of the probe laser inducedenergy curve of the 21 state (ref!) and manually fitB 2=+ state

fluorescence signal. The beam seed gas mixture was 20%a0¢H potential energy curve. The dotted curve is the simulated spectrum for
80% He, at a total backing pressure of 17 atm. ThéRe-3p ?Pi32 excitation out of the groun; 2Ty, spin—orbit manifold, whereas the
atomic lines are indicated in the figure, as is an assigned excited-statedot—dashed curve is a simulation (scaled by multiplication by the factor
progression of the van der Waals stretch mode in the AlHs) 0.07) for excitation out of the spirorbit excitedX; 2[1s;, manifold.

complex. The FD signals at the Al atomic lines are artifacts (see text). The smooth solid curve is the sum of the simulations for excitation of

Because of the nonmonotonic spacings between the bands, &€ WoX “I1 spin-orbit manifolds.
fit of the band positions to eq 1 was not carried out. From the has a qualitatively different appearance than for the correspond-
spacings between the bands, a vibrational frequenty 118 ing transition in the AN, and A-CH, complexes. In all cases,
cm~1was estimated with the assumption that 0. We obtain a broad structureless feature was observed in the fluorescence
a lower bound to the binding energy in the excited stat®®f spectra to the blue of the Al 4s 3p atomic transition whereas
> 5834 50 cnTl. Upper bounds to the Lorentzian widths of excitation laser was scanned through the-48p transition in
the bands, estimated as described previously,<88& cn .. the complexes and the Al 4s> 3p atomic emission was

Figure 5 presents a FD spectrum for the4s3p transition monitored. Within the spectral resolution of the detection
in the Al-CH4 complex. Again, spurious signals appear at the monochromator, the observed emission appears to be at the
wavenumbers of the Al atomic lines because of saturation effectswavenumber of the atomic transition.
associated with the strong atomic fluorescence excited at these 3.2.1. AINe Complextigure 6 presents a scan of the laser
depletion laser wavenumbers. The signal-to-noise ratio in this fluorescence excitation spectrum of a free jet containing Al
spectrum is not as good as in theMl, spectrum displayed in  atoms and the AINe complex. In addition to the Al%&, —
Figure 4. However, a single progression can be identified and 3p 2Py, 32atomic lines, a broad, unstructured feature which has
assigned as a progression in the excited-state van der Waaldts maximum intensity approximately 170 cfnto the blue of
stretch vibrational mode. It was again not possible to assign the 2S;, < 2Py, atomic line. As indicated by the signal-to-
unambiguously the transition to the lowest excited stretch level noise ratio in the spectrum, the intensity of the observed feature
vs = 0, and the lowest-energy band is assigngd= b (b > is quite weak. We assign this feature to the AINe complex for
0). Table 4 lists the transition wavenumbers, estimated as thethe following reasons: This spectral feature is present in the
wavenumber corresponding to the maximum intensity in the FE spectrum only when Ne is present in the beam seed gas
band. SettingDy"'(Al—CHs) = 400 cn1! as beforé’, we can mixture and is absent for a pure He seed gas; photolyzed TMA
estimate a lower bound to the excited-state binding enégy, must also be present. The shape of this spectral feature was
> 1131 cmt®. From the spacings between the bands, a essentially unchanged for Ne mole fractions ranging from to 7
vibrational frequencywe ~ 140 cnT! was estimated with the  to 35%. Finally, the beam conditions were similar to those
assumption thab = 0. Upper bounds to the Lorentzian widths employed for the observation of the rotationally resolved 3d,
of the bands, estimated as described previouslysas6 cnm ™. 5s<~ 3p bands in AIN€&?

3.2. 4s— 3p Transition in AINe, Al —H,, and Al—D,. This This spectrum bears a striking resemblance to that of the free
electronic transition in the AlNe, AtH,, and A-D, complexes < bound 3s— 2p transition in the isovalent BNe complé&x.



11014 J. Phys. Chem. A, Vol. 105, No. 49, 2001

4528 -3p 2P,
J=3/2 J=1/2 Al-H
2
LN
4s28-3p 2P,
J=3/2 J=12 Al-D
2
| S
25200 25400 25600 25800 26000

laser wavenumber (cm™")

Figure 7. Laser fluorescence excitation spectrum of the<4s3p
transition in the A-H; (top) and A-D; (bottom) complexes. Al atomic
4s— 3p emission at 395 nm was monitored while the excitation laser
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Similarly, a broad feature was observed for beams containing
photolyzed TMA/D/He gas mixtures, as illustrated by the
spectrum displayed in the bottom panel of Figure 7. It should
be noted that the width of the feature is slightly smaller with
D, in the seed gas mixture than forHThese features are
qualitatively similar to the analogous transition in AlNe,
displayed in Figure 6, but the blue shifts are somewhat greater.

These broad spectral features can be straightforwardly as-
signed to the At+H, and Al-D, complexes. The features are
present in the FE spectra only when &t D, are present in the
seed gas mixture and are absent for a pure He seed gas. The
shapes of this spectral features were essentially unchanged for
H./D, mole fractions ranging from to 20 to 80%. Moreover,
the beam conditions were similar to those employed for the
observation of bands, in some cases rotationally resdfed,
associated with transitions to higher electronic states in these
complexes$:®

As in the case of AlNe, discussed in the previous subsection,
these transitions in AtH, and Al-D, are assigned as free
bound transitions in these complexes associated with the Al 4s
— 3p atomic transition, for which the excited-state PES is
repulsive in the FranckCondon region. The excitation energy

wavenumber was scanned. The beam seed gas mixtures were 20% Hof the Al(4s)-H./D, electronic state is sufficient to allow

(for Al—H,) or 20% D, (for Al—D_) and 80% He, at backing pressures
of 19 atm. The Al 4S—3p 2Py, 32 atomic lines are identified. The

unstructured features to the blue of the atomic lines are assigned to then

Al—H; and Al-D, complexes.

As in the case of the BNe transition, the spectral feature has a

markedly asymmetric profile, with the intensity falling off

rapidly on the blue edge. There is also a subsidiary maximum

on the shoulder of the profile 60 cnt? to the red of the peak;

chemical reaction within the excited complexes to occur and
form AIH/AID(X!Z") + H products® Observation of these
onemitting products by laser fluorescence excitation above the
large concentration of AIH/AID in the beatis probably not
feasible. The repulsive nature of the Al(43$), PES makes it
unlikely that chemical reaction can occur before the atom
molecule pair dissociates on the excited PES.

From the blue shift of the maximum intensity of the spectral

this was reproducibly seen on all our recorded spectra. The features from the Al 43S, < 3p 2Py, atomic line, the repulsive

unstructured nature of this transition, lying to the blue of the
Al atomic transition, and our observation of the resulting

energy of the Al(4s+ H, near the equilibrium geometry of
the ground Al(3p)-H; PES can be estimated. Both of the-Al

emission near the wavelength of the atomic transition strongly H2 and Al=D. isotopomers can exist in two nuclear spin

suggest that the excited AINB(Z") electronic state, which
correlates with the Al(4s} Ne asymptote, is repulsive. The

modifications. As discussed previousR:0 the dissociation
energies of the Al(3p}oH; and Al(3p)-pD2 complexes, which

observed emission is thus a result of dissociation in the excited are associated with the = 1 diatom rotational levels, are

electronic state

AINe(B 2=") — Al(4s) + Ne, (3)
followed by 4s— 3p fluorescence emission from the excited
atom. Because the maximum in the AINe FE spectrum lies
approximately 170 cmt to the blue of theS;, — 2Py, atomic
transition, the AINeB 2=*) potential energy curve can be
estimated from the FranekCondon principlé®3°to be repulsive

by roughly this magnitude (less the ground-state binding energy)

at the equilibrium internuclear separation of the ground AlNe-
(X 2I1y) electronic state.

A computed potential energy curve for the ground AlKle(
2[1y5) spin—orbit manifold which has been calibrated by
comparison with an experimentally determined dissociation
energyDy is available!® It is possible then to derive a potential
energy curve describing the excited AIBEE ™) electronic state
by comparison of the experimentally observed AlNe spectrum

significantly greater than for Al(3p)pH2 and Al(3p)-oD (j

= 0), respectively. The greater binding energies of the com-
plexes involvingj = 1 diatoms arises from the ability of the

= 1 diatom to align itself to sample preferentially the T-shaped
equilibrium geometry, unlike the= 0 diatom. Because of the
greater binding energies of the nuclear spin modifications
involving oddj diatom rotor levels, these are preferentially
formed in the supersonic beam, as was verified in the spectro-
scopic analysid of rotationally resolved bands.

The dissociation energies of the Al(3p)H,/pD, complexes
have been calculated using Al(3phl, PESs based on multi-
reference configuration interaction calculations with an extrapo-
lation to the complete basis set and an explicit inclusion of the
dependence on the diatom bond dista#¢€.The following
values were obtainedD, = 94.2 and 112.0 cri for Al(3p)—
oH, and Al(3p)-pD-, respectively. Ignoring the angular de-
pendence of the PES, this implies that the Al(4d) PES has
an energy of approximately 390 cfhgreater than that of the

with simulated spectra. The details of this procedure and the atom + diatom asymptote at the ground-state equilibrium

resulting potential energy curve are presented in Section 4.
3.2.2. AFH; and AF-D, ComplexesWhen a photolyzed

TMA/H »/He gas mixture was expanded in the free jet, a broad,

geometry [AH, separatiorR = 5.80 bohr]. The dependence
of the Al(4s)-H; interaction upon the atordiatom separation
R has been computed for T-shaped geomefy, Gpproach}.

unstructured feature appeared in the laser fluorescence excitatiomhese calculations predict that the Al(4$), PES for this

spectrum. The top panel of Figure 7 shows a typical spectrum.

The maximum intensity of this broad feature lies approximately
490 cnt! to the blue of the Al 485, < 3p 2Py, atomic line.

geometry andR = 5.8 bohr has an energy approximately 280
cm~1 higher than that of the Al(4s}H, asymptote. Given the
qualitative nature of this comparison, we conclude that the
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calculations provide a reasonable description of the-Ad
interaction for this electronic state.

If the full angular and radial dependence of the excited-state
Al(4s)—H, PES were available, then it would be possible to
compare the experimental free bound excitation spectra with
theoretical simulations in order to gain further information about

the excited-state PESs. Such simulations were carried out in

the case of the analogous 8s 2p transition in the B-H,/D»
complexes.

We noted that the width of the spectral feature for-Bl, in
Figure 7 is narrower than for AlH,. In a theoretical simulation
of the spectruni;33the wave functions of the ground Al(3p)
oH,/pD, bend-stretch levels are expressed in the radial and
angular nuclear R0) and electronic coordinates through a

diabatic representation of the three PESs emanating from the

Al(3p) + H, asymptote. In the case of a freebound transition
in a diatomic molecule, e.g., AINe, the width of the spectral

feature depends on the spatial extent of the ground-state

vibrational wave function and the slope of the excited-state
potential energy curv& The situation is more complicated for
atom-molecule complexes because of the rotational motion of
the diatom, and especially for a complex involving an open-
shell atom such as B and Al. The dissociation energy for the
Al(3p)—pD, complex is greater than that of Al(3ppH,. This

arises from the larger reduced mass of the former complex and

hence smaller radial extent of the wave function of the ground
bend-stretch level. By the FranekCondon reflection prin-
ciple° this implies a narrower spread of the free bound
spectral feature. A similar difference in widths was found for
the free=— bound spectra of the isovalent 8s2p transition in

the B—oH; and B-pD, complexes.

4. Fit of the AINe(B 2X™) Potential Energy Curve
Bound— free emissioff-3>and free— bound excitatioff3¢

spectra have been employed to derive potential energy curves

for repulsive lower and upper states, respectively, of electronic
transitions of weakly bound diatomic complexes. In this section,
we derive the potential energy curve for the AIBEE™") state,
using the laser fluorescence excitation spectrum reported in
section 3.2.1.

The intensity at excitation wavenumbeifor excitation out
of the groundX; 2I1,/, spin—orbit level can be expressedfas’

I(0) O |BY, EIXILy,, v' = OO (4)
where[B}Y, Elis the upper-state continuum wave function and
|XITy, V' = OOis the vibrational wave function of the lower
state. The translational ener@yin the upper state equateo

— hco(3S — 2Pyp) — Do, whereo(3S — 2Py)) is the transition
wavenumber for the atomic line aridy” is the dissociation
energy of the lower state. In previous wdfkye obtainedy"

= 14.1+ 0.3 cnTl. The continuum wave function is energy
normalized’

lim B, E0= Qutapne! KDY SiNKR — |72/2 + 1) “

wherek is the asymptotic wave vectomane is the Al-Ne
reduced masd,is the orbital angular momentum (set equal to
0, because of the low beam rotational temperature),am
the phase shift. Th& — X electronic transition moment is
assumed not to vary witR, as was found to be the case in ab
initio calculations for the analogou2="—X 2I1 transition in
the BAr complexé®
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Figure 8. (a) The manually fit Al(4s)NeB 2=+ state potential energy
curve. The solid line denotes the best fit potential energy curve and
the two dotted lines denote the estimated uncertainties in the interaction
energies. (b) The computed (ref 19) potential energy curves for the
Al(3p)-Ne X 2IT spin—orbit levels (solid lines) and the calculated

= 0 ground-state vibrational wave functions (dotted lines).

In using eq 4 to generate a simulated spectrum, the ground-
state vibrational wave function was computed using a potential
energy curve for the AIN&{; 2[1;,,) spin—orbit level based on
ab initio computed spin-free Al(3p)N¢2IT andA 2=+ potential
energy curved? Figure 8(b) displays the potential energy curve
and thes" = 0 vibrational wave function, obtained through
solution of the 1-dimensional nuclear Sttimger equation. We
parametrize the excited-stae?>" potential energy curve by
assuming values over a grid & covering the spatial region
where the ground-state vibrational wave function has significant
amplitude R=15.9, 6.5, 6.9, 8.0, 9.0, 10.0 bohr] and extrapolat-
ing to larger and smalleR values with exponential repulsive
functions of the formvs exp(—os R). The values over the grid
are varied until good agreement with the experimental spectrum
is achieved. The inner and outer exponential scaling factors
were also adjusted.

In our previous spectroscopic study of the AINe compiex,
we found that there was a significant concentration ofithes
0 level of the spir-orbit excitedX, 2I13; level, as well as the
groundX; Iy, "' = 0 level, in the beam for seed gas mixtures
with high Ne mole fraction. Although the concentration of the
excited spir-orbit level is not expected to be large under the
presently employed beam conditions, we nevertheless included
excitation out of thexX; 21z, level in our simulations

The adjustable parameters defining the excited-state potential
energy curve were varied manually to fit the experimentally
observed spectrum in Figure 6. Figure 8(a) presents the derived
potential energy curve for the AINBEZ") state, whereas Figure
8(b) presents the potential energy curves and dte= 0
vibrational wave functions for the lowe¢2I1 spin—orbit levels,
for comparison. The solid line in Figure 8(a) denotes the
estimatedB Z=* potential energy curve, while the upper and
lower dotted lines denote its estimated uncertainty. Table 5
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TABLE 5: Parameters Defining the AINe(B 2X*) Potential
Energy Curve

parametey value
V(5.9) 266
V(6.5) 186
V(6.9) 181
V(8.0) 143
V(9.0) 79
V(10.0) 35
os(inner) 0.9
os(outer) 0.8

2V/(R) denotes the value (in crh) of the potential energy & (in
bohr), and the exponential scaling factagsre given in units of boht.

Tan and Dagdigian

attractive and repulsive interactions of the excited Al(4s) atom
with the investigated atomic and molecular partners. We also
present the 3d— 3p transition in the A-N, and Al-CH,
complexes. Observation of this transition in AINe and-Al,/
D, has been reported previously.

From the free— bound nature of the excitation spectra, we
conclude that the excited-state PESs for AINe ane tAd/D»
are repulsive. In the case of AlNe, we were able to construct a
potential energy curve for the excitB&F=" electronic state by
modeling the excitation spectrum. This potential energy curve
is qualitatively similar to that of the isovalent BNB{=") state,
which correlates with the B(3s) Ne asymptote, and possesses
a “shelf” on the repulsive wall. The potential energy curves for

presents the values of the fitted parameters. The different radialP0th the BArB 2*) and AlAr(B ?Z*) electronic state$3% 40

ranges and widths of theé' = 0 vibrational wave functions for
the X 2IT spin—orbit levels reflects differences in the binding

possess a barrier at largand an inner attractive well which
supports a number of bound and quasibound vibrational levels.

energies of these levels; this has been discussed in detail upo? @ review of the work on metalrare gas complexes,

previously!®

Breckenridgé! noted that such barriers should be a general

The shape of the spectral feature is dictated primarily by the feature of electronic states of these complexes correlating with

transition out of the ground; 21y, spin—orbit level. Our

metal atom ns Rydberg states. The barrier is ascribed to Fermi

simulated spectrum, presented in Figure 6, reproduces therepulsion of the rare gas by the diffuse metal ns orbital. The

experimental spectrum very well, except for excitation wave-
numbers close to that of the strong Al%8;/, < 3p 2Py, atomic
line. We find that the reproducibly observed peak on the

polarizability of Ne is less than that of Ar, and the shoulders
found on the repulsive potential energy curves for BR&")
and AINe@ 2=*) electronic states are a residue of the short-

shoulder of the feature can be assigned as excitation out of the/@nge attractive well behind a long-range barrier seen in the

spin—orbit excitedX; 2IT3/; level. The relative intensity of this
peak implies that thX; ?I13,, concentration in the beamis7%
of that of the ground spinorbit level. This is not inconsistent
with our observatio of nearly equal spirorbit populations

BAr(B 2=*) and AlAr(B 2=*) states.

In similar fashion, the 4s electronic state of the-Ad./D;
complex has been found to be repulsive in the Frar@&ndon
region in optical excitation from the ground 3p bersiretch

at high Ne mole fractions in the seed gas. We have no evidencelevel, as was previously foufdor the 3s state of the isovalent

for the presence of other spitorbit excited complexes in our
experiments.
The maximum intensity occurs at a transition wavenumber

B—H./D, complex. Although a simulation of our spectra for
these isotopomeric complexes awaits the availability of the Al-
(4sy-H, PES, we estimate that the energy of this state, at the

approximately equal to the difference in electronic energies at ground-state equilibrium geometry [AH; separatiorR = 5.80
the internuclear separation corresponding to the peak of thebohr], is approximately 390 cm greater than that of the Al-

lower-state vibrational wave function. From the asymmetry of

(4s) + H, asymptote. The repulsive energy of the B(3sl,

the spectrum, we have inferred a potential energy curve with a state in the FranckCondon region is-580 cnt*,433somewhat

broad shoulder similar in form to that of the potential energy
curve for the isovalent BN&(2Z") state?* This “shelf” in the
AINe(B 2=*) system occurs at somewhat lower repulsive
energies £200 cnt?) and larger internuclear separations?(
bohr) as compared to the shelf for Bef="), which is
computed*to lie ~300 cnT! above the B(3s} Ne asymptotic
energy aR~ 6 bohr. From the lack of sharp resonance features

greater than in the Al(4s)-+bystem. To judge by the blue shifts
of the 4s— 3p transitions in the spectra of the AINe and-Al
H./D, complexes (see Figures 6 and 7), the Al4d) excited
state is more repulsive than the AlNEeEZ") state. This is
exactly analogous to what we previously found for the corre-
sponding B(3s)H, and BNeB 2=*) excited state42*

In contrast to the repulsive character of the electronic states

in the spectrum, the possible small well on the shoulder of the of AINe and Al-H/D correlating with the Al(4s) asymptote,

repulsive wall in the AINeB 2=T) potential energy curve cannot
support even one quasibound vibrational level.

The uncertainty in the derived potential energy curve is large
for R < 6 bohr. The wave function amplitude for these small

the higher 5s states of these complexes are bédhdhe Al

4d atomic state lies only 1200 crhhigher than the 5s state,
and the attractive nature of these states can be explained by
mixing® of the atomic states induced by the approach of the

internuclear separations contributes most strongly to the blueatomic or molecular partner

end of the spectrum. Because the amplitude for this range of
is small, the spectrum is not particularly sensitive to the potential
at small R. Similarly, the potential at largdR is not well

As in the case of the complexes of the Al atom with the
heavier rare gases (Ar, Kr and X&)304243%the PES of the 4s
excited states of the AIN, and Al-CH,4 complexes have been

determined. The uncertainties plotted in Figure 8(a) for this found to be attractive. Lower bounds to the dissociation energies
range of R are small because we have assumed a purely for these electronic states have been estimated in this study.
repulsive excited-state potential energy curve. In principle, there These dissociation energies are significantly less than the values
could be a small attractive well, to which our data are not for electronic states derived from the higher 5s and 4d atomic
sensitive. By contrast, the potential in the Fran€ondon  states (see table 3 of r& Similarly, the dissociation energies
region is well determined#5 cnm?). of the AlAr and AIKr B 2=+ states, which correlate with the
Al(4s) atomic state, are smaller than the dissociation enéfgies
of higher ns Rydberg states and fiteand?I1 electronic states
This paper has presented an exploration of the—48p associated with Al nd atomic states.

electronic transition in a number of van der Waals complexes It is interesting to consider the implications of these results
involving the Al atom. The observed spectra reveal both for the interpretation of the spectra of Al atom doped solid

5. Discussion
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