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x exp(Joo + JlOu + JOls + J l1su + J20U
2 + JOzS

2) , (9) 

where 

JOO=Z2y*2/(2IYI2W) - [Re(ZY*)f/2I Y I2, 

JIO = - 2ZY*IW, J l1 = 4iY*IW, (10) 

JOI = 2iZy*2/( I Y12W) + 2Q22 Re(ZY*)/IYI2 , 

J20 =2/W-l, 

J02 = 2y*2/(IYI 2W) - 2Q~2/1Y12 + 1, 

W= IYI 2+XY*, Y*=QI2-iQ22' 

If both sides of aIlau = (JIO + J l1s + 2J20u)I and 
aI las = (JOI + J l1 u + 2J02s)I are expanded in Taylor se­
ries around u = s = 0 the following recurrence relations are 
obtained: 

1m + I.n = JIO I m•n + nJl1 I m.n - I + 2mJ20 1m - I.n , 

I m•n + I = JOi I m•n + mJl1 1m _ I.n + 2nJ02 I m •n - I • 

(11 ) 

All the integrals I m.n can be easily calculated from Eqs. (11) 
in terms off 0.0 = (Re a) 1/4 [21TI(1 + a)] 1/2 exp Joo. Final­
ly, the transition probability from the initial state n to the 
final state m reads 

Pmn = lim IIm,n 12/(2m
+

n1Tm!n!). (12) 
1- 00 

to- - 00 

It is worth noting that Eqs. (9)-( 12) in this note are equiva­
lent to Eqs. (2.55)-(2.60) in Ref. 2. 

Since the present method is much simpler than others 
used before2,5 it may facilitate the calculation of transition 
probabilities when there is more than one degree offreedom. 
In this case it is necessary to make use of first- and second­
order differential equations for F involving linear and bilin­
ear terms in coordinate and momenta. 

One can also proceed in a different way. Let F be the 
generating function for the set of eigenfunctions of Ho which, 
in general, will describe a set of M uncoupled harmonic oscil­
lators. Clearly, F will be an eigenfunction of 
H F = T + (E - TF I F) with eigenvalue E, where T is the 
kinetic energy operator in Ho. Therefore, the form of 
FI = UF is obtained from the fact that it is an eigenfunction 
of (HF)I = UHFU +, which is obviously a quadratic Ham­
iltonian because F is a product of Gaussian functions. 
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We report clear evidence of asymmetric Fano line pro­
files observed in autoionizing Rydberg series of jet-cooled 
naphthalene. These unusual line shapes, referred to as anti­
resonances, occur by degenerate resonance interference of a 
discrete state with a continuum when both carry oscillator 
strength from a common initial or .intermediate state. 1,2 The 
line profiles are extremely informative, providing a measure 
of bound-continuum coupling interactions and oscillator 
strengths involving discrete and continuum states. 

Recently, extensive autoionization Rydberg series 
above the lowest ionization limits were reported for ben­
zene,3,4 aniline,5 frans-stilbene,6 pyrazine/ DABCO,8 and 
ABCO.9 In each case, the autoionization spectra consisted of 
relatively sharp and symmetric transitions superimposed on 
an otherwise continuous background. Recently, Goto, Fujii, 
and Ito? suggested that some features in pyrazine autoion­
ization spectra can be explained in terms of the Fano model. 
The only other evidence for Fano-type effects in polyatomic 
spectra consists of unassignable features in single photon 
Rydberg transitions below the adiabatic ionization poten-

tial. lO To our knowledge, the present results represent the 
first clear and informative example of asymmetric Fano line 
profiles for a large molecule. However, good examples of 
antiresonance exist for diatomic molecules. I,ll 

Our pulsed supersonic molecular beam apparatus and 
time-of-flight (TOF) mass spectrometer have been de­
scribed in detail elsewhere. 12 Briefly, the output of two inde­
pendently tunable dye lasers are frequency doubled to gener­
ate lUI and lU2' Naphthalene was introduced into a 
differentially pumped molecular beam apparatus via a 
pulsed supersonic nozzle heated to 70 ·C and under 40 psi 
He. Two-photon ionization signals arising from one-color 
excitation by the laser scanning lU2 were suppressed by oper­
ating a shutter that blocked the lUI pulse on alternate trig­
gers. The lU2 only signal was then subtracted from the 
lUI + lU2 signal, providing the signal-to-noise ratio required 
to resolve the weak Rydberg series superimposed on the con­
tinua. 

A vibrationally selected autoionizing excitation spec­
trum is presented in Fig. 1 for a region above the adiabatic 

J. Chem. Phys. 87 (10), 15 November 1987 0021-9606/87/226207-03$02.10 © 1987 American Institute of Physics 6207 



6208 Letters to the Editor 

100 

10 11 12 13 14 1516 18 20 25 
80 I I I I I I I 111111'1 

A A ~ l~A\,~:Vv'A 60 

....J 
< '\ I vr:!' .~ z I: ~, '. , 

~ 40 
I . . , 
I . 

Z ~ +-
Q . -----~ 8171 

20 IPo IRnl 

0 

-20 
1400 

FIG. 1. Double resonance autoionization spectrum of naphthalene record­
ed via the intermediate state SI (8171

) (see excitation scheme, insert). The 
energy scale is relative to the vertical ionization potential at 65 665 cm - '. 
The + 81 ionization threshold at 420 cm - , was red shifted by applying a 150 
V fcm electric field during the scan of the 300-650 cm -, region. The dips at 
950 and 1230 cm- I are residual effects of the subtraction method used to 
remove the Ct/2 only ionization signal. 

ionization level IPo' Excitation by WI to the 8171 nontotally 
symmetric combination vibration of SI followed by W 2 exci­
tation reveals a strong Rydberg series, R n , converging to the 
presumed +8171 ionization threshold at 1537 cm- 1 (vs 1422 
cm -1 in S 1)' Additional structure is evident in Fig. 1, which 
appears to be part of other Rydberg series. (An attempt was 
made to expose lower energy Rydberg states by applying a 
150 V /cm electric field to red shift the underlying contin­
uum so as to overlap with other states. No new transitions, 

-I I however, were observed.) The prominence of the R n (8 7 ) 
series by W2 excitation is indicative of a propensity for Au = 0 
transitions. Excitation of the totally symmetric 71 vibration 
of SI (at 988 cm- I

) by WI followed by W2 excitation gave a 
similar Rydberg series for 71

• Other transitions were studied 
that did not include V 7 in SI' however, no Rydberg autoion­
ization was observed. 

Although several theories of antiresonance line shapes 
have been published13 which extend the original treatment 
by Fano,2 these theories, for the most part, consider absorp­
tion below ionization energies where the resonantly interact­
ing diffuse states are not smooth continua. The involvement 
of a smooth ionization continuum in the present case allows 
us to use a simple formulation 1.11 of Fano's original theory 
for the line shape L ( E) : 

L(E) = (q + E)2 
(1 +c)' 

where E = 21i(w - wo}/r, w, and Wo are the excitation and 
line center frequency, respectively, r is the spectral 
linewidth, and q is the line profile index and is proportional 
to the ratio of transition moments to the discrete and contin­
uum states. Calculated Fano line profiles are superimposed 

TABLE I. Fano profile analysis for autoionizing Rydberg series in naphtha-
lene. 

Line center" 
(cm-') 

Linewidth 
n Obs.b Calc.C (cm-') 

10 417.6 
11 615 613.6 18 
12 762 762.3 17 
13 877.5 877.7 17 
14 969.5 969.2 12 
15 1042 1042.8 10 
16 1102.5 1103.0 6 
17 1153 1152.9 8 
18 1191 1194.6 7 
19 1222 1229.9 8 
20 1255 1260.0 7 
21 1280.5 1285.8 9 
22 1308.3 

a Reported relative to IP 0 = 65 665 cm - 3 (Ref. 1). 
b Determined from Fano profile best fit analysis. 

Lifetime 
(ps) q 

0.30 - 3.5 
0.31 -3.0 
0.31 -2.8 
0.44 -2.5 
0.53 -2.0 
0.89 - 1.5 
0.67 -2.4 
0.76 -2.2 
0.67 -2.0 
0.76 -2.2 
0.59 -2.5 

CRydberg series calculated for IP(+8,7 1 ) -IPo = 1537 cm-' and 
<5=0.10. 

onto the observed data in Fig. 1 and the best fit values report­
ed in Table I. Of particulr interest is the narrowness of the 
lines and consequently the rather long-lived nature of these 
states relative to the few reported lifetimes for aromatic 
autoionization states. (Compare to upper limits of 50 fs for 
aniline5 and 5 fs for benzene3

). Even longer lifetimes are 
indicated for naphthalene-ds on the basis of preliminary 
work,14 showing linewidths approaching the rotational 
bandwidth of about 3 cm -I achieved under the present ex­
pansion conditions. This is indicative of small vibrational­
electronic coupling between the Rydberg states and the ion. 
Within experimental error, the linewidths are proportional 
to n-3

, as predicted by theory. 15 
The autoionizing features in Fig. 1 were fitted to the 

n = 11 to 21 members of a Rydberg series that converges to 
IP 0 + 1537 cm -I and has a quantum defect of 0 = 0.10. The 
calculated line frequencies are in good agreement with the 
observed values obtained from the Fano line profile analysis 
(Table I), even though we have held 0, constant over the 
entire region of interest. The low value of 0 is consistent with 
a d series, I which in turn, is consistent with the large transi­
tion moment from the S I ('TT, 'TT*) intermediate state if we 
consider a qualitative Ai = 1 selection rule. Using the de­
rived Rydberg values, the'first member of the observed series 
3d is calculated to occur at about 13 045 cm -1 below IP 0' 

which is consistent with term values for d series in benzene.4 
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Our measurements of relaxation times for the syn-anti 
isomerization of CH30N01 have been criticized by True et 
al.2 They claim that our conclusions were based on faulty 
data. Their statements that we derived our rate constants 
entirely from runs at the coalescence condition, misapplied 
the expression kcoal = 1Tavl/i, and neglected to correct for 
population changes with temperature are false. Reference to 
our paper shows that we used both line shape analysis and 
coalescence data, and allowed for temperature changes. It is 
my contention that their more extensive sets of data, while 
they differ from our early measurements by about a factor of 
2, are in complete agreement with our initial observation 
relative to the crucial feature, that the experimentally de­
rived bimolecular rate constants increase with declining pres­
sures for p<20 (or 40) Torr, contrary to conventional 
RRKM predictions. 

Our disagreement concerns the interpretation of these 
data with respect to the magnitude of IVR times in 
CH30NO. Therefore, I propose that four sets of unimolecu­
lar rate constants published by True and co-workers1

•
3 be 

reanalyzed. Their published kuni's were converted to k~? 
and ratios plotted in Fig. 1, so that different temperature 
runs were reduced to a common scale. For each set, the bi­
molecular rate constants were divided by the corresponding 
rate constant listed in their tables either for 40 Torr (upper 
scale) or 17 Torr (the maximum value listed; lower scale). 
Irrespective of what error limits they assigned, or whether 
all the runs were made under optimum conditions, it is ob­
vious that their k ~? are not constant; there is a general, uni­
form increase with decreasing pressure; the upward trend, 
upon which small random experimental fluctuations are su­
perposed, is consistent. The deviations from unity start at 40 

or 17 Torr. A similar trend also appeared in our data, indi­
cating that the deviations follow an [M] - 1 dependence, as 
can be readily verified: 

ke~p=kli~+ a 
bl bl 1 +.8 [M] 

=:}k~i + (l/[M], when.8 [M]). 1. (1) 

This behavior is typical of cyclohexane, tetrahydropyrane, 
and SF 4, except that the departures for these are even more 
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FIG. 1. Relative magnitudes of experimental bimolecular rate constants, 
plotted vs sample pressures. Read top scale for 259 and 260 K, and the 
bottom scale for 282 and 292 K. 
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