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We report absorption, laser fluorescence, and Raman spectra for Re, in an argon matrix prepared by 
the mass-selected ion deposition technique. The dirhenium absorption spectrum consists of seven 
band systems (A-G) extending from the near infrared into the ultraviolet region., For the A system 
(a simple vibrational progression), we find To= 10 8 17( 1) cm-l, we= 3 17.1(5) cm-’ and 
oexe= 1 .O( 1) cm-‘. A Franck-Condon analysis of the A system intensities predicts that this state 
has a smaller equilibrium internuclear distance than the ground state (Ar, = - 0.07 3 A), .in 
violation of Badger’s rule. The B system starts at 13 250 cm-’ and consists of four overlapping (and 
possibly perturbed) subsystems, whose average vibrational spacing is 270(11) cm-‘. The C, D, E, 
and F systems (vibrational spacings in parentheses) are centered at 22 300 cm-’ (210 cm-‘), 24 500 
cm-” (195 cm-‘), 29 150 cm-’ (175 cm’.‘), and 32 900 cm-’ (160 cm-‘), respectively. Weak 
fluorescence spectra, obtained upon laser excitation into the A system, were characterized by 
vibrational progressions to the dimer ground (X) state and to a low lying (X’) state for which 
To=357.6(5) cm-’ and 0,=332.3(2) cm-‘. Raman and fluorescence progressions to the ground 
state were observed when the B system was excited. These data give w, = 337.9(49) cm-’ for the 
dimer ground state in good agreement with measurements from photodetachment spectra [J. Am. 
Chem. Sot. 108, 178 (1986)]. We propose likely assignments for the low lying electronic states of 
Res and discuss our results in terms of the bonding in the other group VIIB dimers, Mn, and Tc,. 

I. INTRODUCTION 

Rhenium occupies a special position in inorganic chem- 
istry, as [Re$Zls]*- is the tirst compound for which multiple 
metal-metal bonding was firmly established. In 1965, Cotton 
and Harris showed that the dirhenium bond length in 
[RezC@ was 2.24 A, far shorter than the interatomic dis- 
tance (2.75 A) in the bulk metal.‘-3 It was quickly realized 
that this implied a strong overlap between the d orbitals of 
the two rhenium atoms. In what has now become a para- 
digm, it was proposed that the molecular orbitals arising 
from this interaction follow the energy ordering: dug 
< drru<d8,<d6~Cd$<du~ .4 Placing eight electrons 
in this level scheme (Re is in a +3 oxidation state) gives rise 
to a dGdvzd$ configuration. Thus [Re,Cls12- possesses a 
quadruple bond, i.e., the dirhenium moiety has a formal bond 
order of 4. 

Unligated metal dimers differ from their ligated cousins 
in several important aspects. The oxidation states in the 
former are zero, so that more electrons (14 in the case of 
RQ) are involved in the bonding. In addition, the sr~~ and 
,su,* orbitals lie lower in energy and are generally at least 
partially tilled. As a consequence of these two effects, metal 
dimers can have even stronger bonds than those in ligated 
species. For example, MO, has a du~d~~d$su~ configura- 
tion and a bond length of 1.93 A which is far shorter than in 
any ligated dimolybdenum species.z3*’ 

In this paper, we present absorption, fluorescence, and 
Raman spectra for (unligated) rhenium dimers in argon ma- 
trices. As in several previous studies,6-10 the dimer cation 

(produced by sputtering) was mass selected in a Wien filter 
and then codeposited with argon and low energy electrons on 
a cold (-14 K) CaF2 substrate. Aside from the ease of as- 
signing spectral features, our (near) monodispersed matrix 
samples permit us to study dimer transitions with little or no 
overlap from any other (e.g., atomic) species. The diihenium 
absorption spectrum is extraordinary in that seven band sys- 
tems (some- of which involve more than a single electronic 
state) are observed in the range w200- 1000 nm. All but one 
of these systems show vibrational structure. Linewidths in 
the red and infrared regions are sufficiently narrow (ca. 20 
cm-‘) that full vibrational analyses were possible. Raman 
and fluorescence spectra, obtained by exciting into the red 
and infrared bands, give vibrational constants for two further 
states: The dimer ground state (for which we find 
w,=337.9&4.9 cm-‘, in good agreement with the previ- 
ously measured value” of 340220 cm-‘) and a low lying 
state whose electronic term energy is T,= 3 57.6 + 0.5 
cm-t. A total of 17 electronic states (including three ob- 
served previously)” have now been identified and (at least in 
part) analyzed, making dirhenium one of the best character- 
ized transition metal dimers. 

II. EXPERIMENT 

The CCNY cluster deposition source has been described 
in detail previously6.7 so that only a brief description of the 
experimental arrangement will be given here. Clusters were 
produced by sputtering a rhenium target (Rembar, 99.97%) 
with an argon ion beam (typically 15 mA at an energy of 25 
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keV) from a CORDIS ion source. Secondary ions were ex- 
tracted with a modified Colutron model 200-B lens system 
and then mass-selected with a Wien filter (Colutron 600-B) 
in conjunction with a 175 mm drift space and 6.5 mm aper- 
ture. The dimer ion beam was bent by 10” to separate out 
neutral species and then guided towards the deposition re- 
gion which consists of a cooled (approximately 14 K) CaFZ 
substrate surrounded by a “Faraday cage.” The secondary 
ion beam line (extraction lens, Wren filter, etc.) was floated at 
about - 1500 V. Rhenium dimer ions were codeposited with 
the matrix gas (argon, from a coaxial injector ring) and low 
energy electrons (for neutralization) from a tungsten fila- 
ment. Matrices were grown at 4 & with an argon:dimer 
ratio of approximately 5000: 1. The dimer deposition energy 
is determined by the difference in potential between the sput- 
tering target and the Faraday cage and was about 10 eV for 
the experiments described here. Ion currents could be mea- 
sured on a Faraday plate situated in the deposition region. 
Typical ion currents (at 10 eV, optimized on the dimer) were 
100 nA for RG with 100 and 20 nA for Ref and Re:, 
respectively. No absorption signal was observed when Re: 
was deposited without electrons, indicating that the spectra 
reported below arise from the neutral dimer species. Frag- 
mentation may be estimated by comparing the intensities of 
atomic excitation features in a dimer deposition with those 
obtained from depositions of the atom under similar condi- 
tions. By this measure we estimate the fragmentation of rhe- 
nium dimers (neutral bond energy, 4? 1 eVjl’ to be 15?5%, 
which is considerably larger than the l%-2% values found 
by us for other third row transition metal dimers.8-10 

Matrix samples were interrogated in situ by absorption, 
resonance Raman, laser fluorescence and (only useful for 
detecting atomic rhenium) excitation spectroscopy. For both 
the absorption and excitation spectra, we employed a broad- 
band (deuterium or tungsten) light source dispersed by a l/4 
m monochromator and then focused onto the matrix 
sample.6”3 Absorption (and atomic excitation) spectra were 
recorded by observing the light scattered at right angles to 
the matrix surface, as described in more detail elsewhere.7T8 
This technique (which we term scattering depIetion spectros- 
copy) relies on the depletion of scattered intensity by absorb- 
ing species in the matrix. Scattering depletion spectra (SDS) 
were acquired by taking the ratio of the scattered light (as a 
function of wavelength) from a region of the sample which is 
cluster poor (the reference intensity, generally near an edge) 
to that where the absorption is a maximum (the signal inten- 
sity). I 

Raman and fluorescence spectra were recorded using an 
argon ion laser (Spectra Physics model 2045) pumping either 
a dye laser (Coherent CR 599, with rhodamine 6G and DCM 
as dyes) or a titanium sapphire (TiS) laser (Lexel model 
479). Typical fluences were 25-50 mW focused down to an 
estimated 50 ,X spot size. The exciting laser line was gener- 
ally predispersed with a grating in order to minimize fluores- 
cence from the dye or TiS crystal. Light scattered at 90” was 
collected using f/l optics, focused onto a double l/4 m 
monochromator and then detected using either a Hamamatsu 
R943-02 photomultiplier tube (PMT) or a silicon diode de- 
tector and photon counting techniques. The diode detector 
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FIG. 1. Absorption (scattering depletion) spectrum of Re, in an argon ma- 
trix. The spectrum was assembled in three segments (see text). The dimer 
content is approximately 350 nA h (Ref. 15). 

(sensitive even beyond 1000 nm) was a “single photon 
counting module” (SPCM-200-PQ from General Electric 
Canada) and was specially selected to have a dark count of 
only 4 Hz. This unit (which directly outputs ‘ITL pulses) was 
mounted on the exit plane of the monochromator, inside a 
light tight box accompanied by focusing optics which al- 
lowed alignment of the Raman signal with the approximately 
100 p active area of the detector. Since the diode was anti- 
reflection (AR) coated at 630 nm, spectral measurements in 
the near infrared (NIR) were severely degraded by interfer- 
ence fringes arising from the silicon wafer itself. Accord-. 
ingly, a second SPCM module, AR coated at 900 nm but 
with a 300 Hz dark count, was used for rec~ording absorption 
(-or other broadband) spectra beyond about 800 nm. Great 
care was taken in calibrating (with Hg spectra in first and 
second order) both the single and double l/4 m monochro- 
mators, especially following any change of grating. 
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III. SPECTRA AND ANALYSIS 

Figure 1 shows the absorption (scattering depletion) 
spectrum of rhenium dimers in an argon matrix. The spec- 
trum [of the unannealed sample) is assembled in three seg- 
ments but has a common ordinate scale. Spectra between 250 
and 290 run were recorded with a deuterium lamp, but a 
tungsten lamp was used at longer wavelengths. The detector 
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FIG. 2. Detail of the diihenium A-system absorption bands after background 
subtraction. Superimposed dashed marks are calculated Franck-Condon 
factors (right-hand scale) for Lu,=-0.073 A. See text. 
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TABLE I. Absorption and emission frequencies for the A system of dirhenium in Ar. Notation is Au = n ’ - u, 
where u, u’ refer to the A and X’ state, respectively. Column 4 entries denote pumped A&ate level. Values in 
parentheses are calculated (see text). Units are cm-‘. 

Band Absorption Excitation 
Emission frequency from A-state level to state X’ 

v’ frequency frequency Level 21’ Au=5 Au=4 Au=3 Au=2 Au=1 Au=0 

6 12 677 
5 12 372 
5 
4 12 065 
4 
3 11756 
3 
2 11446 
1 11 132 
0 10 817 

12 683 
12 370 5 12012 11681 (11350) 11012 10 685 (10 353) 

4 I1 697 11362 11031 10 705 (It3 378) 
12 062 4 11708 I1 373 11041 10 715 (10 378) 

3 11393 110.56 10 733 10 407 
11752 3 11414 11075 10 731 10 407 

2 (11088) 10 768 10 433 
11446 2 (11088) 10770 10433 
11 136 

in the region 250-775 nm was a PMT, whereas further to the 
red the Si diode detector noted above was employed. The 
segments correspond to two separate depositions (of about 4 
h duration each),14 the total dimer content of each sample 
being approximately 350 nA h.t5 The total acquisition time 
for Fig. 1 (spectral resolution 0.5-l nm) was about 4 h. 

The seven band systems observed for dirhenium (Fig. 1) 
have been labeled A-G, a choice of notation not meant to 
preclude still lower lying states. Indeed, Leopold et al. have 
analyzed a band system at 890 cm-’ and report two other 
states centered around 5100 and 6200 cm-‘.” Our absorp- 
tion data begin at 10 000 cm-’ with several relatively well 
resolved bands (labeled A and B) throughout the red and near 
infrared regions. The linewidths in the A and B systems (ca. 
20 cm-t) are surprisingly narrow. Four somewhat less re- 
solved bands (labeled C, D, E, and F) appear in the ultravio- 
let. On closer inspection, these also show fairly sharp vibra- 
tional structure. No vibrational structure was observed in the 
G system, which is centered at around 277 nm. The A system 
consists of a series of almost equally spaced lines, while the 
B system is more irregular (possibly because of perturba- 
tions) but can be accounted for by four distinct progressions, 
each having approximately the same vibrational interval. We 
will also examine fluorescence and Raman spectroscopy ob- 
served by resonance excitation into various components of 
the A and B systems. Finally we discuss the ultraviolet 
bands, although these are less easily characterized and re- 
quire further analysis which we will present in a future ar- 
ticle. 

A. The A system 

The A system consists of a simple vibrational progres- 
sion shown more clearly in Fig. 2. Each of the observed 
bands is blue degraded due at least in part to (unannealed) 
matrix site effects. Thus, two weaker progressions (shifted to 
higher energy by 27 and 91 cm-t) appeared after the sample 
was annealed at 30 K. The A-system progression terminates 
rather abruptly at 924.2 nm, which can therefore be identified 
as the origin (Ta) for this transition. This permits an absolute 
numbering of the upper state vibrational quantum number 
(u ‘), as indicated in Fig .2. The measured positions (vacuum 
wavenumbers, estimated error 22 cmW1)16 of the A-system 

transitions are given in Table I. A quadratic least squares fit 
(one standard deviation uncertainty in parentheses) to these 
data gives To=10 817.0 (5) cm-‘, with wa=316.1 (4) 
cm-’ and oaxa= 1.0 (1) cm-‘. 

The rather extensive progression observed for the A sys- 
tem suggests that the change in equilibrium internuclear dis- 
tance between the ground state and the A state (Ar, 
= r: - rf) is fairly large. This change in internuclear distance 
was estimated by comparing the measured A-system intensi- 
ties to those calculated assuming a harmonic oscillator po- 
tential for the lower state and a displaced anharmonic poten- 
tial for the upper state. Apart from Ar, , the two potentials 
are completely determined from the experimental vibrational 
constants given in Table II.‘7V’8 Calculated intensities were 
taken to be proportional to Franck-Condon factors (s,l,,lt) 
which were computed from overlap integrals (evaluated 
analytically)lY between a harmonic oscillator wave function 
(u”= 0 for the X state) and excited state vibrational wave 
functions each represented by a sum of harmonic oscillator 
wave functions. The mixing coefficients for these sums were 
determined by perturbing (to first order) the harmonic oscil- 
lator potential ( 1 /2kx2) with a term &c3 + YX’, where p and 
y were obtained from the experimental 6~: and o,x: using 
interrelationships between the vibrational constants and the 
parameters which define a Morse potential.i7.i8 The agree- 
ment between the measured and calculated intensities (deter- 

TABLE II. Spectroscopic constants for dirhenium, including band origins 
(X’, A, and B states) or centers (C-G systems) and force constants (k). 
Estimated errors (see text) in parentheses. 

State or Tll 
system (cm-‘) 

X 0 
X’ 357.6(5) 
A 10 817(l) 
BI 13 251(14) 
C 22 300 
D 24 500 
E 29 150 
F 32 900 
G 36 100 

0, 
(cm-‘) 

337.9(47) 
332.3(2) 
317.1(5) 
281(14) 
210(10) 
19500) 
175(20) ’ 
160(20) 

*exe 
(cm-‘) 

0.1(7) 

1.0(l) 

(mdyte/fi) 

6.26(17) 
6.06(l) 
5.52(2) 
4.0(3) 
2.4(2) 
2.1(2) 
1.7(4) 
1.4(4) 
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mined using a simplex algorithm) was best for 
Are= -0.073 (2) A, where the to.002 A error was deter- 
mined by varying Ar, near its optimum value until the dif- 
ference (as judged by eye) between the calculated and mea- 
sured intensities became conspicuous. Our best fit Franck- 
Condon factors are superimposed on the experimental 
A-system spectrum in Fig. 2. 

The Franck-Condon analysis predicts r: <r: and thus 
(since W: < w:) the A system violates Badger’s rule,17 which 
requires an inverse relationship between the internuclear dis- 
tance and the vibrational frequency. Since this result is sur- 
prising (but not without precedent)*’ we also compared the 
measured intensities with those calculated for (a) Ar,>O 
and (b) for situations where the electronic transition moment, 
R,(r), was not assumed to be constant. The simplex fit to the 
experimental intensities also found a local (but not global) 
minimum for Are= +0.084 A. ifthe potentials for both the 
X and A states were assumed to be harmonic, then the opti- 
mum Ar, was kO.076 A. In both cases, however, the com- 
parison between the measured and calculated intensities was 
decidedly inferior to that shown in Fig. 2. Relative intensities 
in absorption depend not only upon qu~,u~~, but are propor- 
tional to the product qu~,v~~R~(r),i7 where R,(r) depends 
upon the upper state vibrational level and might change sig- 
nificantly over the range u ’ = 04 6 .*l In the absence of an 
independent determination of Ar, {as could be obtained from 
a rotational analysis of the gas-phase spectra), there is no a 
priori means of determining the vibrational dependence of 
R,(r). In order to explore the sensitivity of our calculated 
Ar, values to changes hi R,(r), we arbitrarily set this func- 
tion equal to 1.0, 1.2, 1.4 ,..., 2.2 for u ’ =O, 1,2 ,..., 6 and then 
reoptimized the A-system intensity data. The best fit- Ar, 
remained negative, changing in magnitude by approximately 
0.01 A. Accordingly, we feel that r:<r: is indeed likely, 
unless R,(r) depends upon u’ in some manner which alters 
this result. 

Six of the A-system bands (u ’ = 1 through-6) were ex- 
cited by an argon ion pumped TiS laser and the resulting 
emission was recorded (using a Si diode detector) with a 
resolution of approximately 10 cm-‘. Representative spectra 
are shown in Figs. 3(a) and 3(b) for u ‘=5 and 4, respec- 
tively. Except for u ’ = 1 and 6, which show no recognizable 
dimer features, the emission spectra are characterized by two 
fluorescence progressions, one from the pumped A-system 
level and a second from the vibrational level immediately 
below it, to a low lying excited state denoted X’ plus a third 
(also fluorescence) progression from levels u ’ - 1, u ’ - 2, 
etc. of the A system terminating in u”= 0 of the dimer 
ground (.X) state. In Fig. 3, these features are labeled 
X’SP(u ‘) and X’SP(u ’ - 1) for the two X’ state progres- 
sions and ASP for the A-system progression; the label u re- 
fers to vibrational levels of the X’ state. None of the features 
marked in Fig. 3 (except that from the CaF2 ~upport)~~ cor- 
respond to Raman spectra, as they occur at the same absolute 
energies when the excitation wavelength is shifted slightly 
(typically, 25-50 cm-‘) off resonance. Table I lists measured 
emission frequencies for the two progressions X’SP(u ‘) sind 
X’SP(u ’ - 1). In this table, the pumped level is given in 
column 1, the corresponding emitting levels are listed In_ col- 

6o 
t 

a. PUMP VI=5 

.- 

9 
0 

b. PUMP V’=4 

20 - 
AS P---r] 3 = V’- V”= 0 

2 
” 

10,000 I 1,000 12,000 cm-’ 

FIG. 3. Dirhenium fluorescence spectra resulting koin laser excitation of the 
A system u’=5 and 4 bands. The labels u and u” pertain to the X’ and X 
states, respectively. ASP and X’SP refer to A- and X’-state progressions (see 
t&j. Both panels have the same energy scale. 

umn 4 and the emission frequencies are grouped according to 
Au = u ’ - u . Values in parentheses were calculated using the 
spectroscopic constants given below. The frequencies mea- 
sured for the vibrational progression (ASP) to u” = 0 of the 
ground state are not included in Table I, as these data agree 
remarkably well (generally to better than 5 cm-l) with the 
positions of the absorption maxima given in column 2 of this 
table. The energies of the X’ state vibrational levels were 
obtained from the difference between the energy of the emit- 
ting level (column 2 data) and the fluorescence frequencies 
in columns 5-10. The average’values obtained (one standard 
deviation uncertainty in parentheses) are 358(5), 689(9), 
1022(8), 1355(6), and 1687 cm-’ for u =0-4, respectively. 
A linear least squares fit to these data gavel To = 3 57.6 2 0.5 
cm-’ with wo=332.3t0.2 cm-‘. Since the uncertainties in 
these constants are considerably smaller than those in the 
positions of, u = 0 - 4, a more reasonable set of errors for To 
and w, is t2 cm-’ and +l cm-‘, respectively. 

B. The B system 

The B system, which extends from 650 to 800 nm as 
shown in Fig. 4, is considerably more complicated than the A 
system. Although at first sight the spectrum appears to be 
totally irregular, most of the B system features can be sepa- 
rated into four subsystems (labeled I-IV) each containing 
some 3-5 approximately equally spaced transitions. As dis- 
cussed below, fluorescence spectra recorded after pumping 
various transitions of the B system all result in emission 
from u ’ =0 of subsystem I, which implies that B-system 
dimers relax to this lowest vibrational level before emitting 
to the ground state. Accordingly, the absolute origin of sub- 
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FIG. 4. Detail of the diihenium B-system absorption bands, showing assign- 
ment to subsystems I-IV 

system I can be assigned as the prominent feature shown in 
Fig. 4. It also seems likely that the origin of subsystem II is 
the feature labeled u ’ = O-, but the absolute numbering of the 
remaining subsystems (III and IV) is less certain. Table III 
gives vibrational term energies (measured from the absorp- 
tion spectra) relative to u ’ = 0 of subsystem I, for which 
Tu=13251+14 cm -I. The relatively large error (j-14 
cm-‘) in To results from uncertainties in measuring absolute 
wavelengths and was estimated by averaging absorption data 
from three different dirhenium depositions. By contrast, the 
uncertainties (ca. +2 cm-‘) in relative wavelength values (as 
pertain to the Table III data) are much less. The mean vibra- 
tional intervals for subsystems I-IV are 281( 14) cm-‘, 
276(15) cm-‘, 258(17) cm-‘, and 265(6) cm-‘, respectively. 
The large uncertainties (given in parentheses) in’these fre 
quencies suggests that the B-system levels are perturbed, 
perhaps by the A state as is suggested by the emission data 
described in the following paragraph and by the dirhenium 
potential curves discussed in Sec. V. The grouping of sub- 
systems I-IV into a narrow (ca. 2000 cm-‘) energy region 
and the similarity in their vibrational frequencies (average 
value: 2702 11 cm-‘) suggests that subsystems I-IV are 
somehow related. For example they might be different mul- 
tiplets of the same electronic state, or (see Ref. 17 and Sec. 
IV) be levels grouped by an (w,w) coupling scheme. How- 
ever, the intensities (which depend upon the AI-, values) of 
subsystems I-IV indicate that this is not the case. In order to 
explore this aspect, we performed a Franck-Condon analysis 
on subsystems I and II m-a manner similar to that described 

TABLE III. B-system term energies (relative to u ’ = 0 of subsystem I) mea- 
sured from the absorption spectrum of dirhenium in argon. Notation corre- 
sponds to that used in Fig. 4. Units are cm -l. Estimated uncertainties (see 
text)?:! cm-‘. 

B-system vibrational level (u ‘) 

Subsystem 0 1 2 3 4 

I 0 271 563 
II 160 446 711 
III 356 624 901 1147 1387 
IV 410 680 945 1201 1468 

80 .~ 

60 

s 
FLUOR. V’=O - V” 

40 

60 RAMAN 

11,50Ocm- 12,500 13,500 

FIG. 5. Representative Raman and fluorescence spectra resulting from laser 
excitation of the dirhenium B system. The labels u ’ and .v” pertain to the B 
and X states, respectively, ASP denotes A-state progression (see Fig. 3 and 
text). Both panels have the same energy scale. 

for the A system above. Experimental intensities were taken 
to be proportional to peak heights and harmonic oscillator 
potentials were used for both the lower and upper states. This 
analysis gave Ar,=+0.040 %, and Ar,=+0.059 A for 
subsystems I and II, respectively. Although preliminary, 
these results do imply that these two subsystems are more 
different in character than their vibrational frequencies 
would suggest. 

Five of the B-system bands were excited at 32 different 
wavelengths (Ar+ pumped TiS laser) both on and slightly off 
(G50 cm-‘) resonance of the u ’ =0, 1, 2 transitions of sub- 
systems I and II and u ’ = 2 and 3 for subsystems III and IV. 
Representative spectra (recorded at 10 cm-’ resolution) are 
shown in Figs. 5(a) and 5(b). The spectra for subsystems I 
and II were characterized by both Raman and fluorescence 
progressions, whereas those obtained by pumping sub- 
systems III and IV gave only fluorescence. The Raman spec- 
tra all pertain to the dirhenium ground state. Table IV gives 
the average Stokes shifts derived from the subsystem I and II 
measurements (13 wavelengths each), with estimated uncer- 
tainties (one standard deviation) in parentheses. The tluores- 
cence spectra, by contrast, are of two types. One fluorescence 
progression (denoted ASP in Fig. 5) consisted of emission 
from vibrational levels u ’ =3, 2, etc. of the A system to 
u”=O of the ground state and is similar in character to that 
discussed in Sec. III A, above. A second fluorescence pro- 
gression consisted of emission from the u ’ = 0 level of sub- 
system I to levels u”= 0, 1, etc. of the ground state and was 
observed regardless of -which B-system level that was 
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TABLE IV. B-state emission data giving ground state intervals for dirhenium in Ar. The notation R and F refers 
to Raman and fluorescence measurements, respectively. Estimated errors in parentheses. Units are cm.-‘. 

Ground state interval 
Pump Emission To for 

subsystem we B state o-1 O-2 o-3 o-4 O-5 

I R- 334.7(43) 674.8(37) 1013.8(24) 1351.2(21) 1682.6 
F 13,252(6) 335X58) 678.1(81) 

II R 327.5(58) 674.7(48) 1012.9(68) 1349.4123) 1692.X96) 
F 13,256(5) 337.0(51) 686.4(94) 1013.1(131) 

III/IV F 13,258(4) 337.5(38) 
Averages (k--a) 13255(3) 334.4(40) 678.5(55) 1013.3(5) 1350.3(13) 1687.6(70) 

pumped i.e., excited B-system molecules relax to their (pre- 
sumed lowest) energy level (v ’ = 0 of subsystem I) before 
emitting. The fluorescence spectra were also used to obtain 
ground state vibrational intervals and the Table IV data are 
averages (uncertainties in parentheses) of 13 measurements 
each for subsystems I and II and three measurements for 
each of subsystems III and IV The fluorescence data (col- 
umn 3 of Table IV) also give a value for the electronic term 
energy for the B state, r,, = 13 255 t 3 cm-‘, in good agree- 
ment with that obtained from the absorption measurements. 
Ground state vibrational constants were obtained using an 
average of both the fluorescence and Raman data (last row in 
Table IV). A least squares fit to these vibrational data gives 
0:=337.9+4.7 cm-’ with w~x:=O. 140.7 cm-‘. 

C. The C, D, E, F, and G systems 

The diihenium “ultraviolet bands” consist of five sys- 
tems (C-G) four of which are shown in more detail in Fig. 6. 
All four systems show vibrational structure, as indicated by 
the “stick spectra” in this figure. In order to make this struc- 
ture apparent, the vertical scale for the (weaker) C and D 
systems has been enlarged approximately fourfold with re- 
spect to that for the E and F systems. True relative intensities 
can be determined from Fig. 1; the wavelength scale in Fig. 
6 is the same for all four systems. While the E and F systems 
show a single vibrational progression each, both the C and D 
systems consist of several overlapping progressions the most 
prominent of which have been labeled subsystems I and II in 

E SYSTEM 

300 3.50 400 4so 500 

Wavelength Cnm) 

FIG. 6. Detail of the diihenium ultraviolet bands. Most C and D system 
features are assigned to two subsystems, labeled I and II. Note that for 
clarity the E, F systems (left hand axis) and C, D systems (right-hand axis) 
have different scales. 

Fig. 6. When examined in detail, the C and D systems are 
seen to consist of more than two “subsystems” each, but for 
these no more than two or three transitions could be posi- 
tively identified. Measured positions for the vibrational tran- 
sitions of the ultraviolet bands are given in Table V. The 
origins of each progression (i.e., absolute numberings) are 
uncertain and may well lie several vibrational quanta to 
higher wavelengths than indicated in either Fig. 6 or Table V. 
The measured vibrational frequencies (average spacings 5 1 
standard deviation) are 2042 13 cm-’ and 21529 cm-’ for 
subsystems I and II of the C system, 19329 cm-’ and 
197% 13 cm-’ for subsystems I and II of the D system, and 
176+21 cm-’ plus 161+21 cm-’ for the E and F systems, 
respectively. These data are collected in Table II together 
with approximate positions for the band centers, including 
that of the G system for which no vibrational structure was 
observed. 

IV. ASSIGNMENT OF THE DIRHENIUM SPECTRA 

In this section we focus on possible assignments for the 
dirhenium ground and low lying excited (X’, A, and B) 
states. Apart from photodetachment spectra,” there is no 
published gas-phase (or other matrix) spectroscopy on Re,. 
Since the low lying neutral dimer states observed by Le- 
opold, Miller, and Lineberger” fall outside our spectral 
range, the matrix measurements overlap those from the pho- 

TABLE V. Measured positions of vibrati0na.I bands in most prominent pro- 
gressions of the dirhenium C, D, H, and F systems. The upper state assign- 
ment D’ =O, 1, 2, etc. is relative. Transitions closest to band centers are 
italicized. Units are cm ‘. 

C system D system 

UT I II I II E system F system 

0 21369 21628 23 677 24345 28585 32827 
1 21558 21 855 23 880 2453 1 28774 32979 
2 21769 22 067 24 070 24719 28949 33121 
3 21980 22 283 24 257 24934 29143 33275 
4 22 489 25129 29279 33442 
5 25345 29443 33633 
6 25553 29600 
7 25737 29768 
8 25944 29964 
9 26127 30145 

10 26319 30346 
11 26508 
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todetachment experiments only in the determination of 0:. 
As noted above, there is good agreement between the photo- 
detachment and matrix values for this parameter, 
iti:== +20 and 33825 cm-‘, respectively. Apparently 
because of difficulties in handling relativistic effects, no mo- 
lecular structure calculations have so far been attempted for 
dirhenium. We hope that our experimental results and tenta- 
tive state assignments will motivate the theoretical commu- 
nity to try and overcome these calculational difficulties. The 
arguments to follow are based upon (a) bond dissociation 
energies, (b) the qualitative ideas developed by Cotton 
et a1.‘t3 for d bonding in ligated metal clusters plus the cor- 
relation and state assignment schemes-described in the semi- 
nal work by Herzberg,17 all in combination with (cj many of 
the spectroscopic observations described above. The ensuing 
discussion follows this order. 

A. The bond strength of dirhenium 

There is one further piece of information in addition to 
the results published here and in Ref. 11, namely evidence 
that the dirhenium bond dissociation energy, D(Re.J, lies in 
the range 30 000-40 000 cm-‘. Thus various semi-empirical 
treatments of thermodynamic data suggest D(Re2)=4+ 1 
eV.12 Confirming this value is the absence of predissociation, 
at least to energies below 31 300 cm-‘, in the gas-phase 
spectra of Re,.a3 To proceed further, it is necessary to con- 
sider the atomic asymptotes which must correlate with any 
dimer electronic states. For transition metal diatomics in 
general,12*N,B chemical bond formation is most favorable in 
those instances where at least one of the interacting atomic 
moieties has an open s-shell configuration: sldm as opposed 
to s2dmS1. If sldm is not the ground state configuration, 
bonding can still take place but at the cost of a certain 
amount of “promotional energy”. If this prescription holds 
for rhenium,s6 where 5d56s’(“S,) lies lowest with 
5d66s’fD,) higher by approximately 14 000 cm-‘,27 then 
the dimer ground state asymptote is likely to be 
5d56s”(‘S )+Sd”6s’fD,) 
+5d66s ( 1g 

rather than 5d66s1fD,) 
Ds) for which the promotion energy would be 

lwe, approximately 28 000 cm-‘. Assuming that 
D,= &40,x, is applicable to the dirhenium A state (e.g., it 
can be described by a Morse potential functionj,17 then the 
Table II data give Do(A) =25 000~2500 cm-’ as the 
spectroscopic dissociation energy for this state. Since the ab- 
sorption spectra give T,(A) = 10 8 17 + 1 cm-’ for the elec- 
tronic term energy of the A state, a dirhenium bond energy of 
4?1 eV requires that the A state dissociate to two ground 
state atoms, i.e., 5d56s2(6S,) +5d56s2C6SS). In this situa- 
tion, the spectroscopic dissociation energy for the X state is 
determined to be D,(X)=49 8OO-t2500 cm-‘, and the 
corresponding bond energy is D(Rqj=35 800+2500 cm-‘. 
It is worth noting that the predicted ground state anharmo- 
nicity is therefore w& = 0.5 7 (3) cm- I, which agrees with 
the (very uncertain) value (0.120.7 cm-‘) measured from 
the Raman spectra. 

B. Configurations and possible state assignments 

In the following discussion, we adopt the “conven- 
tional” energy order for molecular orbitals arising from the 
overlap of atomic 5d functions: dug < drr, < dSg < dL7: 
-C d$ < do-; .2 In addition, the 6s functions give rise to sag 
and saz orbitals, where scs undoubtedly lies below dug 
and so can be assumed to be doubly occupied in all dirhe- 
nium configurations considered in this article. Depending 
upon the strength of the interaction between the s-orbitals, 
however, the so,* orbital might be doubly or singly occu- 
pied. The former case corresponds to “weak s-orbital over- 
lap” (e.g., so: lies below da,), whereas the latter would 
arise if the s-orbital overlap were sufficiently strong to raise 
so: to the region of the S orbitals. The case of an empty 
saz orbital (i.e., sm,* lies even higher in energy) need not be 
considered as configurations derived from this occupancy 
would correlate asymptotically with two 5d66s’fD,) at- 
oms. 

Since we suppose that the dirhenium A state dissociates 
to two 5d56s2fS,) atoms, this should arise from a configu- 
ration in which both sag and so,* are doubly occupied. Two 
reasonable candidates are safs dd aid n-td 4, correspond- 
ing to ‘Zi (O,+), and sa~sa~da~d~~dS~dS, which gives 
rise to ‘xi, sZcr ‘r and 31?U of which only ‘2: (0; and 
1 U j can result fr:m twz’separated atoms each in a 6S, state. l7 
In these configurations (as in those following) the exact po- 
sition of scr: is not necessarily implied. Thus we do not 
distinguish between sa”scr2da2drr;fdi$ and (e.g.) 
sa~da~$a~drrf;dc$, both if Ghichg correspond to a ‘2: 
state, although sa$a%daadrr:d$ is (formally, at least) to 
be expected for states in which the s-orbital overlap is weak. 
In the dimer ground state configuration so,* should be singly 
occupied, as this state dissociates to 5d56s2fS,) 
+ 5d66s’(6D,). Likely configurations for this situation are 
sa~da~drr~d?$sc,d~u, which will give rise to ‘Ag (2,) 
and 3Ag (3,, 2,, and 1s) states plus sa~dc~dr~dL$sa, 
dn-,, corresponding to ‘II, (I,) and 3111, (2,) l,, and 
0;).‘7.28 In Hund’s case (c), the A and EJ states- group ac- 
cording to (w, ,wJ, where o = X + s, in which X and s are one 
electron orbital and spin angular momenta.17 Thus, in the 
absence of other perturbing states, the energy order for 311, 
and ‘III, is O’(31T,)<1.(3~I,)~2u(3rr,)<lu(11T,), where 
the splitting between (wl ,w2)=(1/2,1/2) and (3/2,1/2) is ap- 
proximately twice the spin-orbit coupling constant for a Re 
5d electron (25,,=5000 cm-1j,27 and the separation within 
each (w1,w2j pair is proportional to the exchange splitting 
(for which we have no estimate) between 311, and ‘IT, .29 A 
similar analysis pertains to the ‘A, and 3A, states, so that 
1,(3A,j<2g(3A,j93g(3Ag)<2g(1Ag). 

C. The dirhenium A and B systems 

If the A state is assigned as ‘Cl( 0: ), then (because of 
the g+-+ u selection rule) the X state must derive from 11, and 
not A, i.e. our corresponding ground state assignment is 
O’(31Yf,) or (see below) 1J31YI,>. As discussed in Sec. III, 
the A system fluorescence spectra show emission to two 
states (X and X’). Since both fluorescence progressions have 
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FIG. 7. Potential energy curves for eight dirhenium states. 

“similar character” i.e. absolute intensities and Franck- 
Condon profiles, it is reasonable to suppose that the X and X’ 
states have similar electronic structures. By contrast, the B 
system fluoresces to the X state only, so that (apparentlyj the 
B+-X’ transition violates the AR=O, +l selection rule for 
Hund’s case (c).‘~ These observations may be rationalized if 
1 u is the dirhenium ground state 0: is the X’ state and the B 
system level at 13 252 cm-’ (i.e., the subsystem I origin) is 
assigned as a state (of unknown parentage) having 2, sym- 
metry. This scheme requires a reversal in the normal energy 
order of 0: and l,, but this might arise if 1J311,j were 
perturbed by another low lying state also of 1 y symmetry. On 
the assumption that the A state derives from “2: , similar 
reasoning leads to an assignment of 1,J3 Agj as the ground 
state with X’ as 2,t3A,j, the A state as lJ32:j, a@ a B 
state having 0: symmetry but not necessarily corresponding 
to the other component of ‘C-L Although this scheme does . 
not invoke a perturbative reordering of the energy levels, the 
small (358 cm-‘) separation between the X( lRJ and X’(2,) 
states is not easily justified. 

V. DISCUSSION 

A rather striking aspect of the spectroscopic data col- 
lected in Table II is the monotonic decrease in vibratidnal 
frequency with increasing electronic energy. If the experi- 
mental w, are plotted against their corresponding electronic 
energies (band origins or band centers) all the data points 
with one exception (that for the A state) fall on or close to a 
smooth curve. This is perhaps an indication that the X-G 
(but not A) states correlate with the same asymptote, presum- 
ably 5d56s2+5d66s’. The fact that the datum for the Astate 
is exceptional is one further indication of its unusual charac- 
ter. As noted above, this state most likely dissociates to two 
ground state atoms and it also violates Badger’s rule. 

A visual summary of our dirhenium results is given in 
Fig. 7, which shows potential energy curves for eight dimer 
states. The X and A states are represented by Morse poten- 
tials parameterized by the vibrational constants and elec- 
tronic term energies given in Table II, by an X-state disso- 
ciation energy of 49 900 cm-‘, as proposed in Sec. IV A, 

and by the difference in internuclear separation 
(Ar,=-0.073 A) obtained from our Franck-Condon 
analysis. The atomic asymptotes for the X and A states are 
taken to be 5d56s”+5d66s1- and 5d56s2+5d56s?, respec- 
tively. The absolute value of rz (which is unknown) was 
chosen to be 2.1 fi. This estimate was arrived -at by using 
Pauling’s rule30.31 to extrapolate data (Fig. 8.1.1 in Ref. 2) 
for the variation in bond length with bond order in ligated 
R% clusters. Bond orders for the unligated dimer were com- 
puted- for the electronic configurations discussed -in Sec. 
IV B. This procedure gives formal bond orders of 4.5-5, 
corresponding to rz = 2.0- 2.2 A. The B state is also repre- 
sented by a Morse potential (w, from Table II; 
At-,= + 0.045 A from the Franck-Condon analysis), as- 
suming that this state dissociates to the same asymptote as 
the ground state. A common origin (r, = 2.2 A, arbitrary) 
was choseh for the C, D, E, and F states, which are drawn as 
harmonic oscillator fUnctions (0, values from Table II). The 
ionic (Re+Re-j curve32 has a value of 45 000 cm-’ at 2.2 A 
and clearly has little influence on the covalent states. One 
aspect of Fig. 7 is its suggestion that the B- and A-state 
potentials approach each other and run parallel (perhaps in- 
tersecting) over a wide range (-2.2-2.7 A) of internuclear 
distances. This situation might well give rise to perturba- 
tions, which could be the origin of the irregular B system 
vibrational spacings noted earlier. A more quantitative as- 
sessment of this possibility requires a simulation (soon to be 
initiated) of the several overlapping subsystems in the B re- 
gion. Simulations of the ultraviolet bands are also planned 
and, together with emission studies, these should provide 
better spectroscopic constants for the C, D, E, and F states. 

Ground state force constants are now known for 23 of a 
possible 30 homonuclear transition metal dimers.33 Since the 
dirhenium force constant ‘(6.26 mdyne/%l) is second only to 
that found in Moz (6.43 indyne/&,’ it is clear that this spe- 
cies does involve multiple metal-metal bonding. In fact, we 
suggested above that Rq has a bond order of 4.5-5. This is 
in sharp contrast to the situation found for the third row 
congener (Mn2) which is best considered as a van der Waals 
molecule, i.e., a$ having a bond order of zero.34-36 Both 
metals have s2d5 ground state configurations and their s1d6 
configurations lie higher in energy by similar amounts (2.15 
and 1.76 eV for Mn and Re, respectivelyj.25 Thus, the dra- 
matic change in bonding character undoubtedly comes about 
because the 5d orbitals of two Re atoms overlap more 
strongly than the 3d orbitals of two Mn atoms. As discussed 
above and elsewhere,8*24*25 strong overlap is favored in cases 
where the nd orbitals are diffuse relative to the ( PZ + 1 js or- 
bitals. For rhenium, (‘5d)/(r&)=O.570 which is much 
larger than the corresponding ratio of expectation values, 
(r3d)l(r4,)=0.351 for Mn.= In this context, it is of interest 
to speculate on the bonding in Tc, which, because of its cost 
and mild radioactivity, is unlikely to be studied in the near 
future. Atomic Tc also has a s”d5 ground state configuration, 
but s’d6 lies- only 0.41 eV higher.= Since the ratio of expec- 
tation values, ( r4d)l( rSS) = 0.474, I7 is intermediate between 
the corresponding values for Mn and Re, the 4d dimer might 
well be relatively strongly bound. A further indication of the 
relative stability of Tc, can be seen from bulk cohesive en- 
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FIG. 8. Bulk cohesive energy data (Ref. 37) for 3d (circles), 4d (squares), 
and 5d (triangles) transition metals. 

ergy dab,37 which we present graphically in Fig. 8. The co- 
hesive energies of the third row metals dip sharply near Mn, 
but this phenomenon is absent or much less pronounced for 
the 4d and 5d elements, which suggests that Tc is closer to 
Re in its bonding than it is to Mn. 

To recapitulate, we have identified and (in part) analyzed 
eight absorption and emission systems for dirhenium in ar- 
gon. Including various “subsystems” (I, II, etc.) for the B, C, 
and D bands, we have obtained parameters for 14 electronic 
states in this molecule. Since photodetachment spectra have 
identified a further three band systems,” dirhenium can now 
be classified as one of the best characterized transition metd 
dimers. 
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