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Abstract 

The 2 31-I-X 31-I electronic band system of the aluminum dimer has been measured with the CRLAS technique. While 
several vibronic bands were examined under high resolution, no rotational features could be discerned. Band contours imply 
a rapid (r < 10 ps) predissociation in the upper state, explaining why this band system was not observed in previous R2PI 
and LIF studies. The upper electronic state was determined to have a vibrational frequency of 210 + 4 cm- x. 

1. Introduction 

Spectroscopic investigations of small metal clus- 
ters have significantly enhanced the level of under- 
standing in several important areas of chemistry, 
ranging from metal-metal bonding to the catalytic 
behavior of certain metals [1,2]. Aluminum contain- 
ing clusters present an interesting opportunity to 
study the p-orbital contributions to metallic bonding. 
Additionally, aluminum is important as a component 
of high energy density materials (HEDMs). The 
aluminum dimer has accordingly been the focus of a 
large body of theoretical and experimental work in 
recent years. In this Letter, the first gas phase spectra 
for the 2 3II -X 31I band system of the aluminum 
dimer are presented, detected by the CRLAS method. 
Although rigorous searches for this system were 
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performed independently with both R2PI [3] and LIF 
[4] techniques in this same spectral region, no spectra 
were detected. To explain the conspicuous absence 
of this band system in previous spectroscopic stud- 
ies, rapid predissociation in the upper electronic state 
was suggested by Refs. [3,4], and predicted in the 
theoretical work of Langhoff and Bauschlicher [5]. 
From data presented here, we have obtained evi- 
dence that this is indeed the case. A complete review 
of current experimental data for Al2 has been pre- 
sented by Fu et al. [3]. In the ground state of the 
aluminum dimer, bonding arises from the interaction 
of two ground state (2p) Al atoms. The fact that the 
single valence electron in each atom can participate 
in either pcr or p~r bonds leads to a variety of 
possible ground state symmetries. Prior to the one- 
color R2PI studies of Morse and co-workers [3], the 
most probable candidates for the ground state con- 
sisted of the 1 ~ + state, derived from a cr 2 configura- 
tion, the 31I u and  lI'Iu states of the O'g 1 q'rg 1 configura- 
tion, and the Z Xg state of pure "tr character. Early 
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matrix isolation data of Douglas et al. [6] were 
interpreted in terms of a (tr 2) Eg ground state, in 
disagreement with the 3y.g state assignment of the 
previous gas phase work of Ginter et al. [7]. Mag- 
netic deflection experiments conducted by Cox et al. 
[8] also indicated a triplet ground state. This debate 
was finally settled in the subsequent gas phase stud- 

1 1 ies mentioned above [3,4], which confirmed a (trg "rr u ) 
3 II ~ ground state. 

In these attempts to determine the ground state 
symmetry, a large body of information was also 
compiled for excited states of AI 2. Of particular 
interest are the similarities and differences in the 
electronic spectra obtained by the various techniques 
employed. For example, the m3~g state, detected in 
emission and predicted to lie only 170 cm -1 above 
the ground state, has never been observed in molecu- 
lar beam studies. Presumably, this is due to strong 
cooling in the expansion and/or  unfavorable selec- 
tion rules. Similarly, the 1 and 2 31-Ig states, absent 
in all previous gas phase work, are observed in 
matrix isolation direct absorption studies. The first of 
these two states (13IIg) is predicted to be purely 
repulsive [5], with the same separated atom limits as 
the X and A states. The 131-Ig-X 3IIu band system, 
observed as a broad 2200 cm-1 (fwhm) absorption 
centered around 700 nm in the matrix work, would 
almost certainly be invisible to both resonant ioniza- 
tion and fluorescence techniques. In contrast, the 
2 31-lg state is predicted to be bound by several eV, 
and should therefore exhibit discrete spectra. This 
state has been assigned to a band system observed in 
a rare gas matrix around 400 nm [6], with a mea- 
sured upper state vibrational frequency of = 238 
cm-1. Although explicitly searched for in both R2PI 
and LIF experiments, this band system is absent in 
both gas phase studies [3,4] presumably due to rapid 
upper state predissociation at a rate exceeding 10 -9 
s. If this were the case, the 2 3II-X 31-I band system 
should be detectable in the gas phase by a direct 
absorption technique, such as CRLAS. Additionally, 
the 0.005 cm-1 lifetime broadened linewidth associ- 
ated with this dissociation rate would not preclude 
the existence of resolvable rotational structure. With 
these points in mind, a spectroscopic search was 
made for this band system with the Berkeley CRLAS 
apparatus. 

2. Experimental 

The pulsed cavity ringdown technique and its 
historical development are described extensively in 
our recent review [9]. CRLAS is based on measure- 
ment of the decay time of a high finesse optical 
cavity into which a short pulse of laser light is 
injected. Light exiting the cavity at the output mirror 
is monitored with a photodetector. Because the 
amount of light which transmits through the output 
mirror is linearly proportional to the intensity of the 
light within the cavity, it undergoes a decay which is 
described by the first order exponential expression 
I = I o e - rc t /2L ,  

where T is the total transmission coefficient of the 
cavity, L is the mirror spacing (for a two mirror 
cavity), c is the speed of light, and t is time. The 
time it takes the cavity to decay to 1 /e  of its initial 
value is called the 'ringdown' time. Determination of 
the ringdown time allows determination of the cavity 
transmission, which represents the total losses expe- 
rienced by the light pulse per  pass  through the 
cavity. Comparison of the decay time with and with- 
out molecular absorption allows accurate absorption 
intensities to be obtained for samples located be- 
tween the two mirrors. Sensitivities on the order of 1 
ppm fractional absorption in a single pass are easily 
achieved, with the theoretical limit dictated primarily 
by the precision of the cavity decay time measure- 
ment and the absolute mirror reflectivities [9]. 

The CRLAS apparatus (Fig. 1) has been described 
in detail elsewhere [10] and will therefore only be 
briefly outlined here. A pulse of excimer pumped 
dye laser light (0.3 or 0.04 cm -1 bandwidth) is 
injected into the ringdown cavity and is tailored to 
spatially and temporally overlap with the transient 
molecular beam, which is produced in a Smalley-type 
laser vaporization source. The cavity ringdown is 
monitored with a photomultiplier, then amplified, 
and recorded with a 12-bit, 20 MHz transient digi- 
tizer. The digitized data are transferred to a computer 
for deconvolution of total cavity losses, using the 
above expression. Relative absorption intensities are 
calculated by subtracting the baseline losses of the 
cavity, which are determined while the laser is off- 
resonance with all molecular transitions. A time-of- 
flight mass spectrometer is employed to simultane- 



Jd. Scherer et al. / Chemical Physics Letters 242 (1995) 395-400 397 

EXCIMER SXCIMEIq 
308 nm 248 nm Chevron MCP 

detector 

Supersonic 
Cluster f ~  
Sourced]--/ [~I 

! + H Y"----4 
~_] t ' Digitizer 
PMT - ~ 

Computer 
Fig. 1. The Berkeley CRLAS and time-of-flight mass spectrometer. The cluster beam is produced in a Smalley-type laser vaporization 
source in the first chamber, which is pumped by a 2400 elm Roots pump, and is intersected perpendicularly with the ringdown laser pulse. 
The molecular beam passes through two differentially pumped regions and is characterized with a time-of-flight mass spectrometer in the 
final chamber. 

ously monitor species produced in the supersonic 
expansion. Photoionization of  neutral clusters in the 
ionization region is achieved with a 355 nm Nd:YAG 
laser harmonic or with 248 or 193 nm excimer 
lasers. 

3. Results and discussion 

With the laser vaporization source conditions op- 
timized for the production of  aluminum dusters, the 
spectral region extending from 390 to 440 nm was 
scanned at both low (0.3 cm -1)  and high (0.04 

cm -1)  spectral resolution. In the initial scans, three 
bands were measured between 413 and 405 nm 
(shown in Fig. 2), apparently belonging to a single 
vibronic progression. Based on the observed relative 
band intensities, and the absence of  additional bands 
to the red of  the 412 nm band, we arrive at the 
vibronic assignment shown in the figure. Bandhead 
positions and assignments are summarized in Table 
1. With this assignment, a vibrational frequency of  
210 cm -1 ( + 4  cm -1)  is obtained, with an anhar- 
monicity of  8 c m -  1 ( ___ 2 c m -  1 ). Relative intensities 
for the three bands were reproducible and found to 
be 4:2:1 for the 0 - 0 : 1 - 0 : 2 - 0  band systems, respec- 
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Fig. 2. Low resolution CRLAS spectra of the 2 3yI-X 31-1 system 
of AI2, obtained under cold clustering conditions, with a laser 
bandwidth of = 0.3 cm-  1. The absence of bands to the red of the 
411 nm band indicates that it is the vibronic origin. 

tively. Following these initial low resolution scans, 
high resolution scans were performed in an attempt 
to achieve rotational resolution. Despite these efforts, 
no rotationally resolved features were observed. This 
lack of rotational fine structure is expected for a 
transition to a rapidly predissociating state, with an 
associated lifetime of less than = 10 ps. 

While our CRLAS data are consistent with previ- 
ous experimental data and theoretical predictions for 
the 2 3IIg-X 3IIu transition of the aluminum dimer, 

t~ 

o ~ 

Table 1 
Vibronic assignments for the 2 3 I I - X  311 system of AI 2 

Band Frequency (cm -1 ) Assignment 

1 24305 0-0 
2 24505 1-0 
3 24680 2-0 

several discrepancies do exist. Comparison of our 
observations with previous matrix isolation results 
reveals a substantially lower vibrational frequency in 
the upper electronic state in our gas phase work (210 
versus 240 cm-1). This discrepancy could be ex- 
plained in terms of matrix interactions, Another in- 
teresting feature is the prominent blue-degraded 
bandhead visible in the 0 -0  band, which disappears 
altogether in the other two bands. Since the 285 
cm-1 ground state frequency is known from previ- 
ous gas phase work, and our progression indicates an 
upper state frequency of 210 cm -1, one would ex- 
pect the bond length to increase substantially in the 
upper electronic state (in general, r -2 cx oJ for two 
electronic states of the same molecule), leading to 
sharply red-degraded bands. However, there are in- 
stances where this simple rule is not followed as in 
the case of the A and B excited states of Cu 2. Due to 
the apparently strong state mixing occurring in the 
upper state, simple rules such as this are not neces- 
sarily valid. Another possibility is that our bands are 
not due to transitions out of the ground state, al- 
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Fig. 3. CRLAS spectra of the aluminum dimer taken under hot source conditions. The appearance of two additional bands to the red of the 
0-0  band is consistent with the population of excited spin-orbit levels of the ground state. 
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Fig. 4. CRLAS spectra of the aluminum dimer in the vicinity of the 1-0 band, which also shows the appearance of additional bands under 
hot clustering conditions. 

though in this case the matrix spectra would be 
difficult to explain. 

Yet another possibility is that this band system is 
actually due to a larger aluminum cluster, for which 
the Franck-Condon factors favor only a single vi- 
bronic progression. This effect has been observed in 
the spectra of highly symmetric molecules wherein 
the electronic excitation is highly delocalized. Con- 
trary to this last possibility are observations made 
with our mass spectrometer, which suggest virtually 
no cluster formation beyond the trimer. Therefore, 
the most probable explanation is that these bands are 
in fact due to the aluminum dimer which undergoes 
rapid upper state predissociation. A final discrepancy 
in this assignment involves the relative intensities of 
the bands. If our vibronic assignment is indeed cor- 
rect, it is curious that (with the large decrease in 
vibrational frequency) the 0 - 0  band is the most 
intense. Again, the explanation for this could lie in 
the strongly perturbed nature of this band system. 

In an attempt to populate excited spin-orbit or 
vibrational states, several spectral scans were per- 
formed under source conditions known to produce 
clusters with higher internal temperatures. The re- 
suits of these scans are shown in Figs. 3 and 4, 
which include the 0 - 0  (band 1) and 1-0  (band 2) 
bands, respectively. Under 'hot '  source conditions, 
several additional bands are evident, labeled A, B, D, 
and E. Band B is spaced = 38 c m - t  to the red of 

the 0 - 0  band, while A is = 41 cm-  1 to the red of B. 
Both A and B are sharply blue-degraded bands with 
rotational contours identical to those of the 0 -0  
band. No other features are seen to the red of band 
A. Similarly, band D is = 38 cm-  1 to the red of the 
1-0  band. Given the upper and lower state vibra- 
tional frequencies, hot-band transitions do not ac- 
count for any of these additional features. However, 
these bands can be explained as resulting from tran- 
sitions out of excited spin-orbit states of the lower 
electronic state. The two excited 31111 and 3111 2 
spin-orbit states of the ground state AI 2 are located 

1 3 30.4 and 63.4 c m -  above the ground 17I 0 state [4]. 
If the additional bands are due to the associated 
3II0--31110 , 31111-31-I1, and 3I-I2--3I-I2 subbands of the 
3 3 H -  l-I manifold, this would imply an inverted up- 
per state with an associated spin-orbit splitting con- 

........... -½"'8 ......... i-~8 
~1-I a172 

31-1. 1"11 

3 H o ' 3 H  o 

........... 30 T'--~63 
Fig. 5. Energy level diagram of the 2311-X3~ system of A12, 
showing the spin-orbit levels of the ground and excited states. 
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Table 2 
Additional bands for the 2 3 I / - X  31-I system of A12 observed only 
under hot source conditions. The additional bands appear due to 
two higher energy spin-orbit levels of the ground (31I) electronic 
state 

Band Frequency (era - 1 ) Assignment 

A 24264 3I ]2-3I]  2 (X) 
B 24285 3111-31I I 
C A1H line (1-0)  1 [I - 1E system 
D 24466 3172 -3 I ]  2 
E 24486 3]-[1--3]'] 1 

stant of - 8  cm -1, as shown in the energy level 
diagram of Fig. 5. In this case, the assignment for 
the additional bands listed in Table 2 is correct. High 
resolution scans of these additional bands similarly 
yielded no additional rotational structure, consistent 
with the hypothesis of rapid upper state predissocia- 
tion. Also interesting to note is that band E, also only 
present under hot source conditions, is currently 
unassigned. 

Although we cannot precisely determine the upper 
state lifetime from our data, we can set a lower limit 
for it by careful inspection of the bandhead of the 
0 -0  band. If we assume the fwhm of the shoulder of 
the bandhead places an upper limit on the linewidth 
of all of the rotational transitions, we arrive at a 
lifetime of > 2 ps. The regular spacing of the addi- 
tional bands, combined with the fact that no addi- 
tional features are measured to the red of band A, 
strongly support the above assignment. Finally, it is 
worth noting that an additional sharply blue-de- 
graded band has been measured around 401 nm 
which does not fit to the current progression. High 
resolution scans of this band show the presence of 
rotational structure, although the spectrum is still too 
congested for a positive rotational assignment. It is 
anticipated that future depletion experiments might 
aid in assignment of these congested aluminum 
bands, since if the above vibronic system is predisso- 
ciating, it should then be amenable to this type of 
'action' spectroscopy. 

4. Summary 

The first gas phase spectra for the 2 3I-[g-X 3riu 
system of the aluminum dimer have been obtained 

with the CRLAS technique. The spectroscopic fea- 
tures obtained in this work suggest that upper state 
predissociation is occurring on a timescale of be- 
tween 2 and 10 ps. The appearance of additional 
bands seen only under hot source conditions is con- 
sistent with the population of excited spin-orbit 
levels in the ground electronic state, and suggests an 
inverted upper state electronic spin-orbit manifold 
with a spin-orbit splitting constant A of = 8 cm-1. 
Although several anomalies exist in our data which 
are inconsistent with the above assignment, these 
discrepancies cannot be rigorously addressed with 
the current data. The ability to measure states which 
are invisible to techniques such as LIF or R2PI is 
demonstrated in this study, and illustrates the gener- 
ality of the CRLAS method for applications to clus- 
ter spectroscopy. 
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