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We report two independent sets of experimental spectroscopic data which both contain information
about the vibrational dynamics occurring in the aniline—neon van der Waals complexSp its
electronically excited state. The high resolution excitation spectra of the three vibronic Baf)'n,ds,

12, and1j, of the S;— S, transition, exhibit lifetime broadening with respect to transitions to the
corresponding states in the aniline monomer. The dispersed emission spectra taken under excitation
of the same three vibronic bands give access to both the distribution of aniline monomer states
produced by vibrational predissociation of the complex and to the rates at which this dynamics
proceeds. The overall results are discussed in a consistent way, with emphasis being given to the
role of the coupling between the intramolecular and the intermolecular vibrational states. In the case
of IS excitation, it is shown that this coupling is reflected in the shape of the van der Waals
wavefunction, as accessed through the analysis of the high resolution spdctBecucci, G.
Pietraperzia, N. M. Lakin, E. Castellucci, Ph. Bnignac, Chem. Phys. Let260, 87 (1996.].

© 1999 American Institute of Physids$0021-960609)01020-X

I. INTRODUCTION In the present work we have studied the first electronic

h h £ lecular d __transition in the aniline—neon vdW complex in the near-
What governs the outcome of intramolecular YNamies, iraviolet using the complementary techniques of laser ex-

in a large system has been a central question in Chem'cﬁttation spectroscopy at high resolution and dispersed emis-

reaction dynamics for many years. The search for evidencgion spectroscopy. These methods provide jointly a fairly

of mode sp_ecn‘lcny has known little success, in spite of rnan)’complete description and understanding of the dynamical be-
efforts to interrogate molecular systems by spectroscopi

favior of the molecular system when the intramolecular vi-
techniques, both in the frequency and in the time dorhain. brational modes in the firs?it electronically excited state of the
The study of van der WaalydW) clusters is of funda- y

. : . vdW complex are excited. On the one hand, the measure-
mental interest for the understanding of detailed intramolecu- . : : . . o

: ) : ment of the linewidths in the high resolution excitation spec-
lar dynamics, as these species can be considered as moge

. i o : ra give direct information on the excited states lifetimes. On
systems in which the reduction in magnitude of both thethe other hand, the measurement of the branching ratios for
binding strength and vibrational frequencies induces a gent_he various fin,al states following vibrational excigt]ation in
eral reduction of the dynamical rates, without preventing ef- 9

ficient unimolecular reactions from taking place. The times_@spersed emission spectra give the vibrational predissocia-

cale of these internal processes may reach the nanoseco%:an rates, thgnks o the internal molecular clock p_r_ovidet_ll by
range, making them particularly accessible to study usin € nat_ural I|fet_|m(_e of the free molecule. !n ado_lmon, h'Qh
high resolution spectroscopic techniques. Over such time inf€Solution  excitation  spectroscopy provides  information
tervals, the internal dynamics competes with radiative pro:abOlIJt the mr:)IecuIar_ tstructl;re of the comﬁlex |nhthe states
cesses in the excited states of many molecules. This situatiddv0lved in the transition. This structure reflects the averag-
can be turned into a means to measure reaction rates B9 of the inertial tensor over the vibrational motions of the

comparing the relative intensities which can be observed if°MPIex in a particular vibronic state. In cases of favorable
the various reactive channels to that in the main radiativéYMMetry it has been used to provide a measure of the quan-
channel. tum mechanical extension of the large amplitude internal

motions in the comple&.In particular a measure of the am-

litude of the vdW bending motion of aniline—neon in the
dAuthor to whom correspondence should be addressed. Electronic maiFoweSt vibrational levels of th&, and S, electronic states
becucci@lens.unifi.it 1

Ypresent address: InstitutrfRhysikalische Chemie, UniversitBasel, Klin- was re_ported In a previous arfutﬂeCon_sequent_ly the_hlgh_
gelbergstrasse 80, CH-4056 Switzerland. resolution spectroscopy of higher-lying excited vibronic
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states of this vdW complex offers a unique way to interro-
gate the heart of the quantum reaction dynamics. 1.0

The use of various excitation energies, as resulting from -
allowed intramolecular vibronic transitions in aniline, opens 0.8
the possibility to explore a wider range of the vdW potential
energy surface than was allowed from the spectra of the ori-g 06
gin transitior? only. Indeed the vdW surface associated with & -

units

an excited intramolecular vibration lies above the vdW sur- 2 04 F
face associated with the®Gstate, and due to the coupling é’
between intermolecular and intramolecular modes both sur-g 0.2}

—

faces affect the wavefunction. This coupling is responsible
for a time-dependent vibrational dynamics, whose rate is 00} ‘ , . . ,
even more sensitive than the wavefunction to the relative 34516.0 34516.5 34517.0 34517.5
shapes of these surfaces at the common excitation energy Wavenumber / cm-!
When the excitation energy exceeds the vdW binding energ _ _ o —
vibrational predissociation may proceed towards the ene B'G'.l' High resolution fluorescence excitation spectrum of g vi-

. . . ronic band of theS,; < S; electronic transition of the aniline—neon van der
getically allowed product channels. The relative partial rateyaais complex in a continuous supersonic molecular beam.
determine the branching ratios.

Three different vibronic bands of aniline, namely the
6a3, 12, and 1 bands, have been used to investigate in detaiperature stabilized, Fabry—Perot interferometer of 150 MHz
the vibrational dynamics induced by the preparation of thdree spectral ranggéhis value was treated as an experimental
corresponding vibrational states in the aniline—neon clusteiQbservable which was accurately determined using the spec-
The rate for vibrational predissociatiofVP) exhibits a trum of the aniline monomer taken immediately after each
marked sensitivity to the exact nature of the intramoleculascan on the vdW complgxThe UV laser power was also
mode that is prepared. Of particular interest is the observethonitored for the signal normalization. The overall instru-
correlation between the enhancement of the predissociationental resolution is 15 MHz, mainly limited by residual
rate, when the inversion mode of aniline is excited, and théoppler broadening.
extension of the corresponding quantum wavefunction re- The experimental apparatus which has been used in Or-
vealed by the high resolution excitation spectroscopy. say to spectrally analyze the emission following vibronic ex-

The layout of this paper is as follows: Sec. Il summa-citation of the aniline—neon complex consists of a supersonic
rizes the main aspects of the experimental procedures, Seigee jet crossed by the beam of a pulsed, frequency-doubled,
Il describes the results obtained independently by the twdunable dye laser, pumped by a Q-switched Nd-YAG laser.
techniques, and Sec. IV compares, discusses, and interprétbe laser induced fluorescentidF) was collected at right
these data on the basis of the present knowledge of intram@ngles by a system of optics which imaged the central part of
lecular dynamics. the jet onto the entrance slit of a grating monochromator

(Jobin et Yvon,F=320mm) and the light emerging from
the exit slit was detected by a photomultiplier. The dispersed

Il. EXPERIMENT emission spectra of the species present in thérjee aniline
molecules and vdW complexXewere recorded as a function

The high resolution fluorescence excitation and the dis- ; . :
. of wavelength as the stepping motor driving the rotation of
persed fluorescence experiments were performed, respe

tively, at the LENS laboratory in Florence and at the LPM int%e grating was scanned by a microcomputer.
Orsay. Both experiments have already been described
elsewheré:® here we will give only a short summary. . RESULTS

The high resolution spectrometer at LENS is formed byA. High resolution spectroscopy
the combination of a collimated supersonic molecular beam N —
and acw single mode ring dye lasdwith intracavity dou- — We rgport in Figs. 1 and 2 the spec’Fra Ofm_‘% and the
bling of the fundamental frequency to reach the neag:UV Io _\/_lbronlc bands of the&s;« S, electronic transition of the
The gas mixturd0.1% aniline in pure nednwas expanded aniline—neon vdW complex. Both spectra, as well as the
into the first chamber at a backing pressure of 600 kP&Pectrum of thel; vibronic band(not shown are extremely
through a 5Qu nozzle. The central core of the expansion wassimilar to the already published spectrum of Bfevibronic
collimated by a 400u conical skimmer, placed at 10 mm band of the complex.The major difference is the presence
from the nozzle. The crossing of the resulting molecularof a significant line broadening in thé band, which is the
beam with the laser beam occurred at 34 cm downstream thtegnature of enhanced relaxation in the excited state. All
skimmer, where the total undispersed fluorescence was inthree spectra consist of a superimposition of two different
aged onto a cooled photomultipli€EMI 9893Q/350 and  components, which correspond to the two neon-20 and
the signal was recorded by photon counting. The absolutaeon-22 isotopic forms of the compl&x.
frequency of the laser source was monitofed the funda- All rotational assignments were obtained by simulation
mental wave by a wavemete(Burleigh PWA). The relative  and least-squard& SQ) fits using a rigid rotor Hamiltoniaf.
frequency shift was calibrated against a pressure-sealed, tefihe number of assignments made for each vibronic band
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TABLE I. Rotational constants on the ground state of the aniline—neon

1.0 complex obtained in fits of different vibronic bands.

os | 03 6a} 17 Averaged values
v
2= Aniline—>’Ne
; 0.6 A” (cm™Y) 0.061813) 0.061883) 0.061 843) 0.061 842)
=] B” 0.057 4420) 0.0575@9 0.0575315  0.057 5013
> oal c” 0.0437820) 0.043599) 0.0434815  0.0435913
= Aniline—?*Ne
5 A" 0.060983) 0.0610@3) 0.0610Q@2) 0.061 0@2)
E 0.2 F B” 0.0553319) 0.0554028) 0.0553817)  0.055 3713

c” 0.0417Q@19) 0.0419@28) 0.0418817) 0.0418213

<
=3

: 1 ! . l Numbers given in parentheses represent one standard deviation of the pa-
34785.0 34785.5 34786.0 34786.5 rameter in units of the last quoted decimal place.

Wavenumber / cm-!

. . . = linewidth and the resulting lower signal-to-noise ratio. We
FIG. 2. High resolution fluorescence excitation spectrum ofi ﬁmbronlc . .
band of theS,;— S, electronic transition of the aniline—neon van der Waals were a_ble to fit for the neon-20 complex O_n_ly 24 transitions
complex in a continuous supersonic molecular beam. belonging to the loweld “clumps of transitions” and 13
transitions for the neon-22 complex with a 20 MHz standard
deviation. Table Il reports the u.s. rotational constants for the

L : " .0_8, G_aé, 1_3, and% vibronic bands of the two isomeric forms
depends upon the linewidth of the isolated transitions: th|§)]c the aniline—neon vdwW complex

determines both our ability to resolve single eigenstates and The rotational constants determined from an experiment
the effective signal-to-noise ratio. T"‘é band was the most  gre determined by the inertial properties of the molecular
difficult to analyze due to the large linewidth and the pos-gysiem. Unfortunately the direct inversion of the rotational
sible presence of spectral perturbations. In a first stage Cg}énstants to give the molecular geometry is not always pos-
analysis we independently determi_ned both the ground Sta@ble, especially in such a loosely bound system as a vdw
(Q-S)_?”d the ugfer stat@u.s) rotational constants for the mgjecule. In complexes involving an aromatic monomer the
0p, 63, and thel g bands. The values determined for the g.s.weak binding between the rare gas atom and the aromatic
were found to be equal within the error of the measurementging allows a large freedom for the motion of the rare gas
(see Table I, in which the standard deviation is reported irhtom in a plane parallel to the ring. The rotational constants
parentheses, in units of the last djgifo minimize the num-  of the complex therefore reflect @ffectivevalue of the mo-

ber of free parameters we have taken advantage of the fagdcular geometry and not just the average values of the atom
that all these transitions share a common vibronic grounghositions’

state: we therefore averaged over the three sets of g.s. con- |n order to properly discuss the problem of the aniline—
stants obtained in the independent fits and then fixed them tﬁeon Comp|ex itis necessary to define a suitable axis System
this new set of values in final LSQ fits of the three bands.to describe the inertial tensor of the Comp|ex_ We will as-
The typ|Ca| deviation between the calculated and the experisume that the aniline molecule is a r|g|d body whose geom-
mental line positions was ca. 8 MHz. The same set of g.Setry is unchanged upon complexation. The reference frame,
constants was then used for the analysis ofl@mibronic as already discussed in a previous pdperattached to the
band, under the assumption that this transition shares thgenter of mass of the aniline—neon complex so that the axes
same ground state as the others. The number of assignmerisy,2 are parallel to the principal inertial axeay,bg,Co) of

we were able to make for thé band was limited due to the the monomer. The inertial tensor is then given by

kiAg+ w(Y?+2Z2?) — uXY — uXZ KA 0 0
— uXY k/Bo+ m(Z%+X?) —uYZ =M{ 0 KkiB 0 (M1 ()
—uXZ —uYZ k/ICo+ m(X%+Y?) 0 0 kiC

where Ay, By, and C, are the rotational constants of the constants of the complex; arid is the unitary transforma-
aniline monomer in the corresponding vibronic state;Y, tion matrix between our frame and the principal axes of the
andZ are the coordinates of the neon atom with respect t@omplex.

the aniline principal axegy is the reduced mass of the com- The above tensor was used to derive effective coordi-
plex and the proportionality constaki h/(87%c) (in units:  nates for the neon ato, Yes, andZ, for each vibronic
cm ! amu A); A, B, and C are the calculated rotational state using the experimentally determined rotational con-
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TABLE II. Rotational constants on th®, excited states of the aniline—neon TABLE Ill. The effective coordinate sets obtained from the experimental

complex obtained in fits of different vibronic bands. rotational constants for all the vibronic states of anilifdNe.
05 6aj 13 1 S S
Aniline—?Ne 0o o° 6al 12 1t
A’ (cm™Y) 0.061383)* 0.061363) 0.061578) 0.061 393)

, X, 02092° 02181) 02161 018711 0.2241)
B 0.056723) 0.056713) 0.056849)  0.056 723 ef
c’ 0.044 329; 0.044 3519; 0.043 3;9; 0.044 3%9; Yer 024939  0.20314) 0.22710)  0.58G44)  0.31X18)

Aniline—22Ne Zet  3.3991) 3.3741) 3.3721) 3.3736) 3.3781)
A: 0.060432)  0.060343)  0.0604Q10)  0.060 4%3) @Determined from averaged values of rotational constants.
B 0.054783)  0.054833)  0.0547320)  0.054783) PNumbers given in parentheses represent the range of acceptable solutions in
c’ 0.042519)  0.042499) 0.0418320) 0.042519) units of the last quoted decimal place.

aNumbers given in parentheses represent one standard deviation of the pa-
rameter in units of the last quoted decimal place.

all the acceptable sets of coordinate values. The calculated
stants. These effective coordinates involve some combina@lues ofXq, Yerr, andZq¢ and the range of acceptable val-
tion of the vibrationally averaged coordinate value and theues, for each vibronic level and for the ground state, are
amplitudes of the vibrational motion. Nevertheless in somegeported in Table Ill. For reasons which were discussed in
special cases, when symmetry makes the mean value of Ref. 3(i.e., the proximity of the aniline®Ne complex to a
coordinate equal to zero, or when the mean value of a coosymmetric top and the resulting interchange of inertial axes
dinate is, in absolute terms, very much larger than its vibraoccurring along the vdW stretching coordingienly the val-
tional amplitude, it is possible to determine one or the otheties for anilineZ*Ne are significant for our analysis and will
of these quantities. Both symmetry consideratitalsof the ~ be used in the forthcoming discussion.
excited vibronic states are &’ type in Cg group and the Once the spectra were fully assigned it was possible to
shape of the potential well for the rare gas atom demand thaneasure the linewidth for each single rovibronic transition
the mean value oY is zero. Therefore we have direct accessand to determine the line center position. We fitted the ex-
with Y4 to a measure of the root-mean-square deviation operimental lineshape using a Voigt profile. The Gaussian
the vibrational motion along this coordinate, denotked. component was fixed to our known instrumental resoldtion
The mean distance between the neon atom and the aromatdile the Lorentzian part was a free parameter. Table IV
ring (typically ca. 3.4 A% is much larger than the expected contains the fitted Lorentzian widthg; , together with their
amplitude of the vibrational wavefunction in this direction standard deviations for each of the vibronic bands of the
(typically ca. 0.1 A.° so that the valuZ.; we determindfor ~ complex, and the Lorentzian widthgg, for the correspond-
Z) basically reflects the former value. Finally thieplane is  ing vibronic bands in the aniline monomer, already measured
not a symmetry plane of the complex and therefore the meaim our laboratory’® The linewidth is independent of the
value of X will be nonzero, so it is almost impossible to eigenstate rotational quantum number in the region fddm

separate ifXq¢ the contributions from the mean value ¥f =0 to 3. Thel band represents a special case: due to the
and from the vibrational amplitud&X. low S/N ratio and the large linewidth, the analysis was lim-
In order to calculate the effective coordinat¥ss, Yerr,  ited to theR(1) “clump” (see Fig. 3. The lines with higher

andZ, from the experimental rotational constants we builtrotational quantum numbers are strongly superimposed and a
a grid of values foiX, Y, andZ. We then calculated for each line profile analysis was not possible. Table 1V also contains
possible set of values the rotational constants via(Egand ~ the positions, v;, of both the vdW complex and the
we accepted only those values that reproduced the rotationaionomet® vibronic bands, and the pure vibrational vdw
constants to within tolerable limits. Finally we averaged overshifts, §; . The latter are defined as the changes of the vibra-

TABLE IV. Band origins and linewidth§FWHM) measured for the vibronic bands of tBg— S, transition of
aniline—neon compared to their values in the free molecule. The pure vibrational vdW shifts are also given.

Vibronic band 09 G_aé 12 1_é
Band originsy; (cm™%)?
vdW complex(this work) 34024.173°  34516.763) 34785.603)  34822.523)
monomer(Ref. 10 340 29.263) 345 21.703) 347 90.063) 348 27.1%3)
Vibrational shiftss; 0.0 0.154) 0.634) 0.464)
(cm™)
FWHM (MHz)
vdW complexy; (this work) 18(2) 393 13810) 48(4)
monomery, (Ref. 10 18(2) 18(2) 18(2) 18(2)

aMeasured for the aniliné®Ne vdW complex. The corresponding transition for the anilffsle vdwW complex

is shifted by—0.040 cni! with respect to that of anilinéNe.

PNumbers given in parentheses represent one standard deviation of the parameter in units of the last quoted
decimal place.
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125 - Figure 4 also shows how the branching ratios of the
' various final states are quantitatively determined by compari-
son of the experimental spectrum with a reconstructed spec-
trum obtained by summing up the properly weighted indi-
vidual emission spectra expected from the directly excited
complex state and from the observed monomer states. Some
of these emission spectra can be directly measured, i.e., those
originating from all the excited monomer states that can be
reached by laser excitatioffrranck—Condon and symmetry
allowed vibronic bands This is indeed the case for two of
the states produced following excitation of tha* level of
o= - - the complex, namely the stat@ and the 162 states. Unfor-
' . ] ’ tunately many open product channels, especially those ac-
Relative wavenumber / cm-! o .
cessed when the excitation energy is larger, do not corre-
FIG. 3. The “R(1) clump of rotational components” in tig—$, 03, 13, ~ SPond to laser accessible monomer states. Thestate,
and1Z, vibronic transitions of the aniline—neon complex. The Lorentzian Prominent in Fig. 4, or states like b6,16a*,160* S*, which
linewidth was determined only after deconvolution with a 15 MHz instru- are formed in the predissociation following theor I ex-
mental function. citations fall into this category. Such states usually appear in
sequence bands in the room temperature spectra, and compi-
lation of the literature data allows us to obtain frequencies
and intensities that can be used to build a synthetic stick
spectrum(see Appendix
For the final comparison with the experimental spec-
B. Dispersed emission experiment trum, the stick spectrum is convoluted at the actual experi-
mental resolution, which depends on the width of the mono-
trace recorded after excitation of th@a® level of the vdw chromator slits used for the measurements. Visual
ffomparison of the two spectra is used because the spectral

complex, together with the assignments of the main bands. . . i
. " . congestion becoming rather strong when extending far to the
can be seen that in addition to bands corresponding to tran-

i f theBal state of the vdW lex t ited red of the excitation band can cause automated fitting proce-
S!t')onf rolrr|1 ? a tsha €o de :/t (f:ct);‘?p ex olexu ?h dures to give unphysical results. We estimate the accuracy of
vibrational Ievels in the ground state of this complex, othely, branching ratios obtained in this way to be of the order of
features are observed which can be assigned to fluoresc

AR ) . e@.TOB for the weak features, and of 10% for the main features.
emission involving monomer states. The bands assigned

e £ the vdW | the dominant ribut his means that some of the product states formed with low
emissions of the Va¥v compiex are the cominant contrivu (_)r%fficiency and responsible for the weakest bands can only be
to the overall emission intensity, which indicates that predis

tentatively identified. It is, however, very important in the

sociation proceeds at a slower rate than radiative emission in) .+ ¢ this paper which aims at comparing the total re-

the compllex. One of the most prominent progressions is bUi%xation rate as measured by the lifetime broadening in the
upon thel™ monomer state, Wh'.Ch appears to be the prgferre igh resolution spectra with that deduced from the branching
fragmenF .channel. The other final fragment stzates which Cathtios obtained by measuring the dispersed emission spectra,
be identified are the ground staté and the 16° states. to realize that only the branching ratio ftire fluorescence

out of the initially excited statenatters. For all the bands
investigated here, this branching ratio is large, and thus well

Intensity / arb. units

tional separations induced by the vdW binditfgr more
information see Sec. IV

Figure 4 shows the dispersed emission specituttom

121 6l 6all?  Gal 6a31? 6a|1120 6a, determinedto about 10% relative accuracy . .

IO'_ J\ S 6al vdW The results thus obtained for the branching ratios for
2 | 11/\ a1 119 fluorescence arising from the initially excited states and of
g gL A A A Tmon all the final states are summarized in Table V. Measurements
“ j\ Ao 1062 mon were made u_3|ng_ex0|tat|on_through _the same three vibronic
g °r bands for which high resolution, rotationally resolved spectra
2 o4l /\ A 00 mon had also been recorded, namélgg, 15, andlg. Only three
g ~ J A A/JL weighted final product states were found in the caseat excitation
g 2r sum and of these, thé! and 1®? states, which lie within a few
- experimental oL .

oL /\_MMM tens of wavenumbers of the initially excited complex state

. . . . : (see Fig. 3, represent about 85% of all fragments. The lower

34400 34000 33600 33200 lying states 1B and 1@&! should be very weak, if at all
Wavenumber (cm-!) present, while the ground’Gtate accounts for the remaining
15% of fragments. The fact that neither theai6tate, nor
FIG. 4. Dispersed emission spectribottom trace recorded under excita- 0 1 gl . . . .
. — . the 1M*16a~ combination state, which lie very close to the
tion through thebag band of the aniline—neon complex, and example of the 2 . .
reconstruction of this spectrum as a weighted sum of spectra due to various00” state, were found tends to suggest that either their cou-

individual excited stateésee text pling to the initially prepared state is much weaker than that
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TABLE V. Branching ratios for vibrational predissociation of the aniline—neon complex. Summary of the branching ratios for fluorescence out of the initially
excited and all the final states, as derived from the dispersed emission spectra taken under excitatiddagri 3hand % bands, respectively. All the
energies have been referred to ter@onomer state. The valuR,= 142 cn1! for the dissociation energy was used to set the energies of the complex states
relative to this reference.

State 6al 0° It 10b2

Energy 350 0 334 348
Branching ratio 0.61 0.06 0.23 0.09

State 12 10bt 16al It 1002 6al 11100t I116al St 100! 100° 16b! 100t
Energy 618 174 177 334 348 492 508 511 514 522 561
Branching ratio 0.22 0.028 0.032 0.034 0.042 0.078 0.140 6.117 0.102 0.088 0.106

State 1 10p? 41 6al 11100t st 1!
Energy 656 174 365 492 508 514
Branching ratio 0.74 0.09 0.07 0.03 0.03 0.05

3part of this intensity may be shared with t8& state lying at 340 cm.
bPart of this intensity may be shared with thebi6tate lying at 387 cr'.

of the other nearby states, or that they are energetically foperiments, involving different techniques and different
bidden. Since the Wand 1& modes have already be found setups, must first be compared to one another, before they
to be strongly mixed together and with the vdW modescan then be commented upon in the framework of the theo-
around 350 cri,® the latter condition is much more plau- retical background specifically available for vibrational pre-
sible, and would set a lower bound for the dissociation endissociation(VP) and intramolecular vibrational redistribu-
ergy at 142 cmnt. tion (IVR) in vdW complexes.

_ The 1! is the strongest product channel in the case of  In the case of the dispersed emission experiment, the
E excitation, but predissociation proceeds about as slowly asranching ratioR’ for emission from the initially excited

in the case obal excitation. On the contrary it is much more statelj) is a direct measure of the efficiency of the relaxation
efficient in following |2 excitation. In this case the fragments from this state through IVR and/or VP. We have

are distributed among a large number of final states, and the .

most populated of these product states lie predominantly at Ri=ko/(ko+K'), @

high energy(80% of the products are found in states lying . . ) . .

above 492 cm?). Also remarkable is the fact that, in spite of " Which ko is the intrinsic relaxation rate of the free mol-
a larger excitation energy these highest lying states were n&cule resulting from both radiative and nonradiative transi-

present or were too weakly populated to be observed in thHONS (known to be dominated by intersystem crossing in
predissociation out of thEL level aniline), andK! is the additional relaxation rate introduced

by the vdW dynamic$lVR and/or VB. The value ok, will

be taken as the inverse of the lifetime of #8e0° level in
aniline. Indeed previous studies have established that the

The results presented in the above section need to Hdetimes for several other vibronic states of the aniline

discussed in the light of present understanding of intramomoleculé® as well as for theo_g state of the neon-compl&x
lecular dynamics and unimolecular processes. More specifiare almost identicalsee Table IV. As a matter of fact, both
cally the sets of data originating from the two different ex- |VR and direct VP channels are open for the relaxation of the
vibronically excited §; stat¢ vdW complex, and it is of
interest to consider the possible competition between the two
processes. For the IVR channel to be effective it needs some

IV. DISCUSSION

800

|

; 0 — :_21 '511681,4‘16a1,m‘_16§;}?g£,1 “dark_”_state; within the observed linewidth. Such states can
3 15'1%1\*2‘/’/&,211?3. be divided into bound and unbound states. If bound dark
EB 400 tHeal, J106L 621" _ jet 6o 1o, Tob3 states would be formed, it would affect the dispersed emis-
5 — G 10b116all|—;§t:gj‘zmbz sion spectrum, which has not been seen. If unbound dark
S 2004 — e - IOb’l e states W(_)uld be formed,_ they Wo_uld very quickbn a pico-
2 U second timescalalecay into continuum states, as shown by
= 04 —— iobliGal | _— classical trajectory calculatiod$.However this is very un-
~ B likely because the density of states is too small. Indeed a
Lol T O realistic evaluation of the density of vdW states in the
B ground intramolecular state &, done by direct count us-
aniline - neon aniline ing results of 3D quantum calculations for the frequentfes,

FIG. 5. Scheme of the energy levels involved in the predissociation pro-ShOWS t_hat_ it Canno_t excee_d 10_0 states peT]Cm the high-
cesses studied in this work. est excitation considered in this work, and the bound dark
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TABLE VI. Summary of the data about relaxation rates out of the variouscomplex by Nimloset all® The most striking feature is that
vibronic levels of the aniline—neon complex. the variation of the rate with excitation energy is not mo-

Vibronic band o Bal 2 I notonous. This is a strong indication that the vibrational dy-
— — namics in these vdW complexes is not governed only by the
Exc'tat'O”F‘:j”frgwm ) 1% 0 0‘29126) 0 ZzG(g) 0 77:88) energetics. On the contrary the specific character of the ini-
Yol¥, 1.00 046100 0163  0.389) tially excited mode is essential. In particular the VP/IVR
Kl (ns}) 0 0.113 0.693 0.168 relaxation rateK!, of the 1? state is almost one order of

~ — — magnitude larger than that of tiéa® state, or even that of
umbers given in parentheses represent one standard deviation of the pa- ~— o .
rameter in units of the last quoted decimal place. the 1' state. A similar behavior was reported by Zhang
et al}*in the case of the aniline—argon complex. Thus the
coupling of the inversion mode to the various vdW modes
states are even sparser. Very likely VP proceeds in anilineshoyld be much larger than for the in-plane symmetric ring
neon prepared in thga', 1%, and|* states, through the direct modes. This is not physically surprising since both the vdw
mechanism, which involves coupling of the initially preparedpending modes and the inversion mode of the aniline mono-
state with the continuum states. mer involve large amplitude atomic motions that are known
In the case of the linewidth measurements from highyg accelerate the IVR process in many molecular
resolution excitation spectra the total relaxation rate for ansystems>18The amplitude with which the hydrogens of the
excited statdj) is given by amino group oscillate along a direction orthogonal to the
kj=1/r,=2my;. (3)  plane of the ring increases, upon excitation of the inversion

. . . __mode, from about 0.6 A in the ground state to 1.1 A inthe
Assuming that the increase of the relaxation rate from its g

luek. for the 00 S. state | tirelv due 1o the IVR and/ state. Consequently even if its average position is a long
valuex, for the 1 State 1S entirely due to the andior gistance away from this group, the neon atom should be
VP processes, we have

significantly affected by the resulting change in their mutual
kj=ko+KJ, or, equivalently Y= vot+ K2, interaction. Indeed the degree to which this inversion motion
is hindered by the rare gas atoms in the small
aniline—(argon,, clusters has recently been the subject of a
theoretical investigatio® From this study we can then ex-
Ri= Yol vj- (4)  pect that the spatial dependerioa X,Y,2 of the wavefunc-

Table VI contains the independently obtained values of thé'onizor thg Vd_W ground state as;omated to the intramolecu-
branching ratioR! and the ratiosy,/y; for the three initially lar 1© excitation should look different from that of the
prepared excited states of anilif@Ne which have been corresponding vdW state without intramolecular excitation
studied in both experiments. The overall agreement is satidi-€., the0° intramolecular stafe

factory; it is within the experimental uncertainties for the ~ As discussed in the previous section, high resolution
6a® and1? excitations. However, the relaxation out of tHe ~ SPectroscopy gives a kind of direct access to these vdw
state seems to proceed at a slower rate, as measured by ¥f@vefunctions through the way the instantaneous inverse in-
dispersed emission compared to the linewidth measurement@'tia tensor is averaged over the amplitude of the vdw mo-
A possible difference between the two kinds of measurelions. The relevant results are those of Table 1V, giving the
ments, rather than a mere discrepancy, could result from thealues of the effective parameted, Yerr, andZey for the
influence of a dark channel which depopulates Ithetate.  various vibronic states. An interesting trend appears from the
Two possibilities can give rise to this situation. In the firstValues of Y for the aniline2?Ne complex: it increases as
one an actual physical process, such as a relaxation to the linewidth increase&ompare Table Ill and IV, or see the
nonfluorescent state opens up at an excitation energy slightferrelation in Fig. 6. We have already commented in Ref. 3
smaller than the.® state energy. The second, more plausiblethat, among the three effective coordinat¥gy, is the one
possibility is that the dispersed fluorescence experiment i¥hich provides a measure of an amplitude of the vdW mo-
not capable of detecting all the final states. Indeed, becaudin. Although the approximation made in using the inertia
of spectral congestion which makes data reduction very diftensor(1) to reproduce the experimental rotational constants
ficult, not all the spectral range over which fluorescence cafeans that a precise physical significance cannot be attached
be seen has been recorded, but instead preferentially the hi¢ this coordinate, its value appears to provide a useful indi-
frequency side where isolated bands can be unambiguous$ation of the degree of coupling of a particular intramolecu-
identified. lar vibrational state to the set of vdW modes.

The first remark concerning Table VI is that the relax- The question of the relation of this coupling strength to
ation ratesk’ [which are equivalent to the increase in the the details of intramolecular dynamics has been widely de-
rotational linewidth on complexation, 7 y;— y,)] are all  bated in the literature. In the particular context of the vibra-
small, i.e., the lifetimes remain in the nanosecond range. Ntional dynamics of vdW molecules, the connection of relax-
other direct measurement of lifetime with which these resultsation rates to the pure vibrational vdW shifts was first made
may be compared has been reported for aniline complexegn years ago by Weber and Ri%These authors, with the
with neon, but the values measured here are of the sam@nefit of experimental evidence for a limited IVR process
orders of magnitude as measured for the aniline—argon vdWenergy transfer from intramolecular to vdW modes without

where y, is the FWHM of rotational lines in the anilinfé_g
band. Finally, we obtain
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V) and the partial rates obtained for each fragment state, the
deviations from this simple law are likely to result from the
role of the other important factors, namely the energy gap,
AE, and the density of states.

Indeed the exponential energy gap [&nor its adapta-
tion as the momentum gap |&¥ represents the first solid
theoretical background for the description of VP in vdW
molecules. Although its application to the case of aromatic
molecules is not an easy task because of the large number of
/"\r@ 0.0 T intramolecular modes which can be involved, it is important

‘ to consider the role of the energy gap paramatEr It ap-
pears that the final states involving a smalE seem to be
preferred in the present data. This is very clear in the case of
the 6a’ excitation, where the two main fragment statés
and 1®? (representing 85% of all fragmentke within 20

FIG. 6. Correlation between the linewidth, large amplitude motions, and. ..—1 ; gh ;
frequency shift(squared for the different vibronic bands in the aniline— cm " of the exact resonand@ the vdw bmdmg energy 1S

neon van der Waals complex. taken to be 142 ciml, in agreement with the discussion at the
end of Sec. Il B. It is also the case for th&® excitation,

fragmentatiopin the s-tetrazine—argon complétwere able  Where the fragment states lying above the' Gstate (i.e.,
to justify on a theoretical basis a proportionality relationshipwithin 130 cmi* of resonancerepresent 80% of all frag-
between the IVR rate and the vibrational shift. Let us recallments. In contrast, in the case of thé excitation no frag-
that the pure vibrational vdW shiffy;, of the intramolecular ment state is available very close to resonafse® Fig. 5,
vibrational statdj) is defined as the change induced by com-which may explain the less efficient relaxation. It may be
plexing to a partner in the energy separation between theoncluded that the size of the coupling element between the
position of this state and the position of the ground state. It ignitial state and the vdW coordinates is only one of the fac-
given by the difference in the vdW shifts of the vibronic tors controlling the VP in the observed states of aniline—
transition to levellj) in S; with respect to that of th@_g neon, and that the specific characteristics of the final states
transition: must also be taken into account to provide a consistent un-
derstanding of the data.

dj=Avj=Aw,. (5) A much better correlation is found between the line-
Miller?? suggested a different form for the correlation thatwidth, y, and the effective coordinat¥ (correlation coef-
exists between the VP lifetimes and the vibrational skift, ficient 0.98. The vibrational vdW shift is basically a quan-
for a number of vdW molecules. He empirically showed thattity specific to the initially excited state, without any
the VP lifetime goes as the inverse of the square of the vidependence on the final fragment states. Obviously nothing
brational shift, or equivalently for the VP rate: is more characteristic of the initially excited state than its

Ko 82 ©) wavefu_nction. We haveT de_monstra_ted the abilit_y of the high

: resolution spectra to give information about this wavefunc-

Le Royet al?®later demonstrated that this relationship couldtion, through the effective vdW coordinate spa@eY,2.
be theoretically rationalized for direct VP mechanism on Thus, if a correlation between the relaxation rates and the
an “everything else being equal” basis. This phrase must beshifts is present, we may also expect a correlation between
understood in the sense that both VP dynamics and the frehe Y4 parameter, measuring purely the amplitude of this
guency shift are supposed to be controlled by the same cowvavefunction in they-direction, and the other two param-
pling factors. Although this assumption is not obviously eters. The occurrence of such correlations among the three
valid in every practical case, it is an interesting justificationsets of data is shown in the 3-dimensional plot of Fig. 6. The
for this correlation. Nonetheless, as recently noted by Oudesverall quality of these correlations is striking. This demon-
janset al,?* the derivation of relatiori6) also implicitly as-  strates clearly that preparation of the large amplitude inver-
sumes that the density of product states is large enough &ion model? state both induces the largest rate for IVR/VP
prevent energy gap considerations from dominating the dyedynamics, and reveals a vdW wavefunction containing the
namics. largest admixture of other perturbing states. Although the

It is of interest to examine to what degree this correlationexact nature of these perturbing states is unknown, scattering
is satisfied by the present datahich seem to demonstrate wavefunctions outgoing in thg-direction are suggested by
the importance of the coupling facjorFigure 6 shows the the present results, which is consistent with the direct VP
3-dimensional correlation diagram obtained &rversus the mechanism that predicts Lorentzian lineshapes, as observed.
linewidth, y, and versu®’ .. The correlation coefficient be- This graph nicely illustrates the intrinsic connection of the
tweend? and y is 0.93, indicating that, although relatiéd)  two findings recalled above, as classically recognized in ei-
reproduces the general trend in the spectra, it does not accther the time-dependent approach of nonradiative transitions
rately represent the details of the IVR/VP dynamics at workor the time-independent approach of true molecular eigen
in this vdW molecule. Considering the distribution of final states. To our knowledge this is the first time that such a
states revealed by the dispersed emission experifi@iie correlation has been experimentally demonstrated.

150 1

100 1

FWHM / MHz
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TABLE VII. Franck—Condon factors of the vibronic bands of tBg—S, transition in aniline.

Transiton 05 19 6al 19 128 1%a) 12 18  6ad 1919 13
FC 1.00 071 045 043 028 051 028 017 011 048 0.17
Transition 17 136ad 13 1117 1318 1118 136ad  136al 1713
FC 122 072 029 049 038 032 030 018 0.38
Transiton 6aj 6ajls 6al 6aj1d) 6ally 6aj1® 6aj18?d 6a; 6ajl51? 6aild
FC 067 051 031 040 040 028 017 088 031 013
Transition 13 13 1%6a) 131 1%26a) 1312 1218 136al 12
FC 028 075 041 034 060 0.28 009 011 042
Transition 13 1315 136al 17  1j12e6a) 1512 1318 136a) 1119 1l6al
FC 062 028 042 026 031 018 018 013 051  0.34
V. CONCLUSION the amplitude of the vdW wavefunction in the bending coor-
dinate, and the relaxation rate, is a feature of remarkable

We have reported new, original results revealing the Ef_beaut
ficiencies of VP in three vibronically excited states of the Y.

aniline—neon vdW molecule. These data are the high resoluo-f th'?:ri:][gelzrs“tlirisn\?g\tll\? 2 (?sftg;r? g‘te;nalrg't;iriéonsggmgmnﬁ_
tion (LIF) excitation spectra of théag, 15, andlj vibronic g y y approp g

AR . . tidimensional theoretical approaches is needed to confirm the
bands of the5,« S, transition in this complex, and the dis- PP

e conclusions which have been asserted on a mostly experi-

persed emission spectra recorded when the same bands A&ntal basis.
excited.

From the analysis of the excitation spectra the rotational
constants of the vdW molecule are determined, as well as the
band origin frequencies and the linewidths of the transitions” CKNOWLEDGMENTS
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From the analysis of the emission spectra the branching

ratios for the final states which are populated by the rE|aXAPPENDIX: CONSTRUCTION OF SYNTHETIC

ation in the excited state have been derived. Vibrational pregpecTRA AND ERANCK—CONDON EACTORS
dissociation takes place on a timescale which is comparable

or longer than the normal radiative lifetime. From the value = We present here some details of the intermediate proce-
of this lifetime, and by comparison between fluorescence indures which were used to recover the branching ratios for the
tensities from the initial and final states, the predissociatiorinitially excited complex state and the various VP-populated
rates have been obtained. A tendency to favor final states atonomer final states by reconstruction of a synthetic spec-
small energy separations from the initial state has been olirum and its comparison with the experimental spectrum.
served. First it should be noted that relatiof2) can be fully
These results obtained from two independent experimenustified from a rate equations analysis under the assump-
tal sources have been compared and found essentially cotiens that the excitation laser pulse is rectangular in shape,
sistent. They demonstrate a clear evidence of actual modend that the time integrated fluorescence is meas(ihésl
specificity: the predissociation proceeds much faster whemwas achieved thanks to the boxcar integrat@econd the
the out-of-plane large amplitude inversion motion of anilinerelationship between the fluorescence intensjy;,, mea-
is excited at 760 cm', while excitation of the in-plane sym- sured for a given banth)—|m), and the population of the
metric ring vibration mode 1 at 798 c¢m only shows the upper state responsible for this band involves both experi-
normal general increase of the r&iE) versus energy. This mental factors, such as the efficiency of collection, the trans-
finding is recognized to be connected to the unusual strengtimission of the optical arrangemeflenses and monochro-
of the coupling of this out-of-plane mode with either the bathmaton, the overall gain of the detection system, and physical
of the vdW modes or the density of the continuum statedactors like the partial spontaneous emission rate constant
built upon each final state channel. Indeed, under the asharacteristic of the transition, the fluorescence quantum
sumption that this coupling strength is reflected by the valugield, and the purely radiative lifetime of the upper state.
of the so-called pure vibrational vdW shift, the triple corre- Considering that the spectral region which was actually used
lation, which has been found between the coupling strengthis rather narrow, it is a good approximation to assume that all
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