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Franck-Condon effects in collision-induced electronic energy transfer:
I,(E;v=1,2)+He, Ar

Pooja P. Chandra® and Thomas A. Stephenson®
Department of Chemistry and Biochemistry, Swarthmore College, 500 College Avenue, Swarthmore,
Pennsylvania 19081

(Received 3 March 2004; accepted 24 May 2004

Collisions of |, in the E electronic state with rare gas atoms result in electronic energy transfer to
the D, B, andD’ ion-pair electronic states. Rate constants for each of these channels have been
measured when,lis initially prepared in the]=55,v=1 and 2 levels in th& state. The rate
constants and effective hard sphere collision cross sections confirm the trends observad when
=0 in the E state is initially prepared: He collisions favor population of Destate, while Ar
collisions favor population of th@ state. Final state vibrational level distributions are determined

by spectral simulation and are found to be qualitatively consistent with the trends in the
Franck-Condon factors. The experimental distributions are also compared to the recent quantum
scattering calculations of Tscherbul and Buchachenko.20®4 American Institute of Physics.

[DOI: 10.1063/1.1773158

I. INTRODUCTION this problem, Ubachst al. examined theD— X emission
o spectrum that results when Is prepared in a single rota-
Over the past decade, the availability of double resoyjony) jevel iny =8 of the E ion-pair staté- The presence of
nance excitation schemes has enabled a number of deta"%ﬂwission from theD state is attributed tE—D electronic

stqdles of th_e '”e'as_“lg collision dynamlgs afih the ion energy transfer induced by(E)+1,(X) collisions. Teule
pair electronic states.2° These states, which are common to . o
. : L et al. have expanded on this work by considering a range of
all of the diatomic halogens, correlate with ionic halogen. .’ Lo L
itial E state vibrational levels and a number of collision

atoms, and are characterized by large dissociation energié@: ) X
(for I, Do~31000 cm %) and equilibrium bond lengths that partners’ For example, they find that when(K) is the col-

are substantially longer than those of the lower-lying valencd!SIon partner, energy gap effects dominate the distribution of
statest! From the standpoint of inelastic dynamics, they rep_vibrational populations D state when certaik state levels
resent a model system with which to examine collision-are initially prepared, while Franck-Condon effects are more
induced electronic energy transfer dynamics, particularimportant when other vibrational levels are initially popu-
when coupled with the ability to prepare single rovibrationallated. When Ar is the collision partner, near-resonant energy
levels using optical-optical double resonance excitation.  transfer is preferred, regardless of the magnitude of the vi-
Figure 1 displays the lowest energy portion of the so-brational overlap integrafs.
called first tier of } ion-pair states—those states which cor-  Akopyanet al. have carried out extensive studies of the
relate to the lowest energy ionic asymptote’(%,) E_.D electronic energy transfer that occurs following exci-
+17(*S). Note the presence of six electronic states With  tation of theE state,y =8-58, with a variety of atomic and
values that lie within 1500 cnt of one another. This com- mojecular collision partners:® The cross section for elec-
pact manifold of states allows one to examine in great detal,qic energy transfer is found to be quite large 10° A2)

the propensity rules for the changes in vibrational excitatiothen b(X) is the collision partner, and th® state vibra-
that accompany electronic energy transfer. Previous investi[—. ’

. . o .~ tional distributions are dominated by near-resonant energy
gations of this phenomenon have been largely limited to “gm[ransfer“"s With rare gas(He.An collision partners, the dis-
diatomic species such as CN,Nand CO, in which a rela- ' 9 ' P ’

tively sparse set of vibrational levels, accidental resonanceér,'bu“onS ofD state vibrational energy are found to be some-

and fluctuating vibrational overlap integrals have made itWhat broader, with Ar collisions populating a wider range of

difficult to develop theoretical models that hold predictive vibrational levels than H%7The distributions are centered at

value for dissimilar speci€€.In contrast, the halogen ion- O néar the near-resonabtstate vibrational level. Little cor-
pair states, when coupled with the flexibility of double reso-relation is observed with the-D Franck-Condon factors. In
nance excitation, present an opportunity to fine tune initiathe case of collisions with GF evidence is found for vibra-
conditions and the range of final state energy gaps and/dional excitation of the collision partner, leading to signifi-
vibrational overlaps. cant population irD state vibrational levels that differ from

In an early application of double resonance excitation tanear resonance with the initially preparEdstate leveP:’
In work previously reported from this laboratory, Fecko
dCurrent address: Weill Cornell Medical College, New York, NY 10021. etal. examined the eIe_ctronlc_ energy transfer thalto occurs
YAuthor to whom correspondence should be addressed. whenE, v=0, J=55 collides with }(X), He, and AP n
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42000 He+1, collisions, along with thee—~D’ and E— B relax-
ation channel$>1®
With the goals of exploring the generality of our previ-
ous experimental investigations, and comparing with the
emerging theoretical analysis of electronic energy transfer in
I,, we have extended our experiments to include excitation
of |, to the E ion-pair statep =1 and 2. After a brief sum-
mary of our experimental methodologgec. 1), we will
focus on the presentation of our experimental data, with a
special emphasis on comparison with the theoretical calcula-
tions of Tscherbul and Buchachenko, which have been ex-
tended to the same level of vibrational excitation in e
state.

Energy (cm")

II. EXPERIMENT

The experimental strategy used in these investigations
has been described in previous publications from this
laboratory” Briefly, we prepare J in a single rotational
level (J=55) of either they=1 or 2 vibrational levels of the
E ion-pair electronic state using two-color double resonance
excitation. For preparation af=1, the initial B« X excita-
tion occurs via the(21,0, R(55) transition; the required
557.18 nm radiation is provided by a RidYAG pumped
] I I I dye laser(Continuum Lasers YG580-30/TDL-5@perating

3.2 3.4 3.6 3.8 4.0 with Rhodamine 575 laser dy@xciton). After a delay of
|, internuclear distance (A) 5-10 ns, the second photon excites a fraction ofBlsate
F6. 1. Potential o the | Cter - ntesiTh population using th&«—B(1,21),P(56) transition at 426.34

. 1. Potential ener curves 1or the lowest tier 1on-pair statesg.| e i i H
?‘;)Liz&_)c;r)\t.al tick marks %:Jlicate the energies of the vibrgtional er?ergy Ievelsgg:,' I;rf?(l)sto?:gstog&;E/rgttiz(ébbgeﬁéml;mvate: g)(;irlna;ri(rr:_i-élo
laser dye(Exciton). For excitation ofv =2 in theE state, we
utilize the (23,0),R(55), B—X transition at 551.90 nm and
the (2,23),P(56), E<B transition at 427.66 nm. Both la-
sers have a pulse width of 10 ns. The timing between the
the case of J(X) collisions, population of theD state is excitation lasers is controlled by a digital delay generator
found with a vibrational distribution that is intermediate to (Berkeley Nucleonics 55%and is variable over a wide range
that expected from strict application of either Franck-Condorof delays. The emission features reported here occur only
or energy gap considerationd\ith rare gas collision part- when the N laser system fires coincident with or later than
ners, collision-induced electronic energy transfer results irthe YAG laser system; no emission is observed when one of
population of theD, D', and 8 electronic state¥’ The vi-  the laser beams is blocked from reaching the sample cham-
brational distributions suggest that while both Franck-ber. The YAG-pumped dye laser operates with a spectral
Condon and energy gap effects are importarEin D elec-  bandwidth of~0.15 cm %; the bandwidth of the Mpumped
tronic energy transfer, vibrational overlap considerationsdye laser is~0.25 cm .
become more important when the final electronic staf@’is Double resonance excitation of fesults in intensee
or B. The overall cross section for electronic energy transfer—B emission between 415 and 435 nm, as well as a number
for Ar+1, collsions is found to be approximately three times of weaker features, depending on the sample pressure condi-
that for Het |, collisions!® tions. b emission is collected by an /1.2 fused silica optical

In parallel with these experimental developments,system, and is focused onto the entrance slit of a 0.5 m focal
Tscherbul and Buchachenko have initiated a theoretical edength scanning monochromatémstruments SA 500M
amination of theE—D, E— 8, andE—D’ electronic en- The monochromator is equipped with a 2400 groove/mm
ergy transfer induced by collisions with He and &1 In grating, providing a dispersion of 0.8 nm/mm. Typical slit
this work, Ar/l, and He/} potential energy surfaces were widths are 100—20@m. Wavelength resolved emission ex-
obtained utilizing the first-order intermolecular diatomics-in-iting the monochromator is detected by replacing the exit slit
molecule perturbation theory approdciThe dynamics are with a CCD camera(Princeton Instruments LN/CCD-
treated at varying levels of approximation. Initial semiclassi-2500PB. Each of the 2500 pixel columns on the CCD chip
cal calculations focused on thE—D electronic energy is 12 um wide, providing a total spectral coverage of 24 nm
transfer that occurs in Arl, collisions!* More recently, and a data point spacing of 0.0096 nm.
these calculations have been extended to include a more so- 1, vapor, at a pressure of 40 mTorr, and a variable pres-
phisticated quantum treatment of the dynamics of Arand  sure of either He or Ar were held in a glass and fused silica
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FIG. 2. Emission spectra from | following excitation ofv =1, J=55 in

the E electronic state. Upper frame: the sample,isly. Lower frame: the

sample is 4+ 1000 mTorr of He.
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Analysis of our emission spectra and the electronic en-
ergy transfer pathways required a number of Franck-Condon
factors, which we calculated using theveL program from
Rydberg-Klein-ReeSRKR) potential energy curve<. We
determined the RKR curves from the spectroscopic data pro-
vided in the literature for theE,*® D’,'° and A (Ref. 20
states. We utilized directly the literature RKR curves for the
D,2! B22 A’, % and X (Ref. 24 states.

llI. RESULTS AND DISCUSSION

In Fig. 2, portions of the wavelength resolved emission
spectra that result when s prepared in theée electronic
state,u=1, J=55 are displayed. The spectrum in the upper
panel is obtained when the sample consists,obrily; the
spectrum in the lower panel results from a mixture poéhd
He. Similar spectrénot shown are obtained when Ar is the
added rare gas, and wher- 2 is the initially excitecE state
level. In addition to theE—B" (343—-350 nm and E—A
(331-338 nm emission systems observed in the absence of
collision partner, we observe features in the 295-329 nm
wavelength range, assignede— X emission. The emission
with peak intensity near 340 nm is due to the overlapping
D’'—A’ and B—A electronic systemgWeak D — X emis-
sion is also observed in the absence of a rare gas collision
partner. This emission is the result®f-> D electronic trans-
fer induced by J(E) +1,(X) collisions, as discussed in our
previous work) In all cases, the integrated intensity of the

cell, equipped with Brewster’s angle laser inlet and exit win-andD '/ 3 state emission is found to be linearly dependent on
dows. The cell was filled on a glass vacuum line pumped byhe rare gas pressure. Using a kinetic analysis described in
a diffusion pump/mechanical pump combination to a baseur previous publication$!°we determine the rate constants
pressure of~2x10 °Torr. All pressures were measured for electronic energy transfer and the effective hard sphere

with a capacitance manometéviKS Baratron 127 serigs

with a precision of=1 mTorr. |, (Aldrich, 99.999%, He

(MG, 99.9999%, and Ar (MG, 99.9995% were used with-

out additional purification.

collision cross sections. These results are displayed in Table
| where we have incorporated the resultsdgr= 0 from our
earlier work for comparisolf} Inspection of the rate con-
stants reveals that the trends identified in our previous work

TABLE |. Rate constants and effective cross sections for electronic energy transfer.

Effective hard Total cross
Initial E state Final sphere collision  section(all
vibrational Collision electronic Rate constant cross section final states;
level partner state (107 m® s~ molecule’?) (A? A?
0? He D 3.8+0.5 3.0:0.4
D’ 1.1+0.2 0.9+0.2 4.9-0.5
B 1.2+0.2 1.0:0.2
Ar D 2.0+0.4 4.70.9
D’ 1.0+0.2 2.40.4 14-1.4
B 3.0+0.5 7.0:1.0
1 He D 5.2+1.3 4.1+1.0
D’ 3.6+0.5 2.8:0.4 9.7+1.2
B 3.5+0.5 2.8+0.4
Ar D 2.5+1.3 5.9+3.0
D’ 2.1+0.8 4.8-1.8 19+4.7
B 3.6+1.3 8.4r3.1
2 He D 6.4+0.8 5.1+0.6
D’ 47+1.8 3.#15 13+2.2
B 4.8+1.9 3.8£1.5
Ar D 3.2+2.1 7.54.9
D’ 3.8+1.4 8.9+3.4 29+7.8
B 5.7+x2.1 13 +5.0

% =0 data taken from Ref. 10.
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FIG. 3. I, emission induced by collisions with He. Experimental data: solid g 0.3~ I
lines. Simulation: dashed lines. The experimental spectrum is offset for clar- o
ity. Upper frame:D— X emission; He pressure is 250 mTorr. Lower frame: ] 5 z
D’'—A’ and8—A emission; He pressure is 1000 mTorr. 2 0.2 ‘r g 1 L

- LT
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g 0.1 3 E =
appear to be followed with increasing valuesvgf. Specifi- '§ ‘F -
cally, collisions with He favor population of tHe electronic L 0 | | l ? ----- Roczo: r
state, while Ar collisions favor population of thgelectronic 0 1 2 3 4 5 6
state, though the degree of selectivity appears to diminish as D' state vibrational level

vg increases. In addition, we note that the total cross sectiolgIG 4. Vibrational T . o
. . . .4 population distributions resulting from collision-induced
for electronic energy transfer increases with for both He electronic energy transfer following excitationwf 1, J=55 in theE elec-
and Ar and that, for albg, the total cross section is larger tronic state. He collisions: open circles, Ar collisions: filled circles. Franck-
for Ar/l, collisions than for Hel. The increase withv¢ in Condon factors linkingz, v=1 with the final vibronic state: filled squares/
the electronic energy transfer cross section is generally jdashed line. Upper TrameD elgctronic state. Middle frameB electronic
accord with the work of Akopyaset al, who found that the state. Lower frameD" electronic state.
cross section foE—D energy transfer increases witht
over the range =8 to ~30, at which point it levels off at
a value of~60 A2’ The cross section for He collisions is that |, is prepared in the =2 level of theE state. Note that
generally lower than that for Ar collisions, though the trendin every case, the distributions that result from He and Ar
is not as consistent as that displayed in Table I. collisions are largely the same. We noted previously that
In Fig. 3, theD—X andD’—A'/B— A portions of the qualitatively, the vibrational distributions that result from
spectrum that result from excitation of to theE electronic  I,(E,v=0)+He, Ar collisions were in accord with the
statey =1, J=55 in the presence of He are seen, along withFranck-Condon factor€~CF9 that represent the vibrational
our best fits to these regions. The variable parameters in owmverlap between the initially excited and final vibrational
fits are the populations of the=0-7 levels in theD state, levels!®Also plotted in Figs. 4 and 5 are the relevahD,
andv=0-6 in theB andD’ states. In each case, all of the E-3, andE—D' FCFs. Populations in thB state roughly
major features in the experimental spectra are reproduced fiollow the trend in FCFs, in the sense that the most highly
our fits with this limited set of vibrational populations. Based populated level shifts to higher when the FCFs follow that
on the signal-to-noise level in our spectra and the expectettend. Forvg=1 and 2, and for both collision partners, the
Franck-Condon distribution of emission intensities, we esti-experimentalD state distributions peak at one unit of
mate the higher vibrational levels contribute less than 10% tdigher than the maximum FCF.
the vibrational populations. The distributions of population in th8 andD’ states
In Fig. 4, we present thB, D', and g state vibrational were found to be peaked at the Franck-Condon maximum
distributions that result when,(E,v =1) collides with He  whenE, v =0 is the initial state. Figures 4 and 5 demonstrate
and Ar. In Fig. 5, the same information is presented, excepthat whenv=1 and 2 are prepared, tigestate distributions
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o He collisions TABLE II. Average vibronic energy transferred in(E) + He collisions.
. Ar collisions
2 Final Initial E state Experimental Franck-Condon Experimental/
g 0.4+ . electronic  vibrational (AEyp) model{AE,;,) Franck-
§ P state level (cm™Y) (cm™b) Condon
0.3 Do
2 ~ D 0 249 350 0.71
B 0.0 ‘ - 1 243 353 0.69
= Vo E 2 256 357 0.72
S 0.1 B 0 438 571 0.77
g t S 1 436 568 0.77
g o ».® ; 2 488 564 0.86
T T T T 1 ,
S A D 0 938 985 0.95
I 1 828 991 0.84
D state vibrational level 2 881 088 0.89
S04 S
5 KN
3 K N
803 ; "
Q. '. -‘
0 :' ‘; . . .
82 . = same as for He collisions, we have omitted the values of
a 1 i x 2 - (AE,;,) for Ar collisions for clarity) In addition, Table II
g 01— displays the values ofAE,;,) that result from the Franck-
8 . L Condon distribution along with the ratio of the experimental
& o | : | | | ’“? ----- X average energy transferred to the Franck-Condon average. In
o 1 2 3 4 5 6 each case the experimental figures are smaller than those
o4 B state vibrational level based on the Franck-Condon model, though the disparity is
-% ) b largest for theD state and smallest for tHe' state.
F 0.3 EAY These differences among thi® B, andD’ state distri-
g8 S butions can be understood by considering the balance be-
£ ; % tween the magnitude of the FCFs and the vibronic energy
@ 0.2 . ' : involved in th t fer t iti Fpr0
A ; e z gaps involved in the energy transfer transitions. Fpr=0,
B 4 ° } 4 W 1, and 2, the near resonabt state vibrational levels are
- E : characterized by FCFs that are less thanl4 #, providing
g o_h R a significant vibrational overlap impediment to population of
v (I) 1! é :ls Jt 5! Z' levels with small energy gaps. Just the same, the availability
of D state vibrational levels with significatthut not optimal

D* state vibrational level . ’ ) .
FCFs, combined with modest vibronic energy gaps, appears

FIG. 5. Vibrational population distributions resulting from collision-induced {5 direct population into levels that balance these two con-

| i fer followi itati 2,J=55in theE elec- . . .
electronic energy transfer following excitationwf 2, J=55 in theE elec siderations. For example, whenE:2, the D state vibra-

tronic state. He collisions: open circles. Ar collisions: filled circles. Franck- o . : .
Condon factors linkingg, v =2 with the final vibronic state: filled squares/ tional distribution peaks atp = 4. While this energy transfer

dashed line. Upper framé electronic state. Middle frames electronic  channel has a FCF that is 44% of the maxim(atv = 3)
state. Lower frameD" electronic state. in the FCFs, it also corresponds to a 31% smaller vibronic
energy gap.

The balance between energy gap and Franck-Condon ef-
are relatively flat, though the most populated level shifts tofects shifts to place greater reliance on the latter whedthe
higherv, following the trend in the FCFs. For thgestate, the  and 8 states are populated. The larger values\ai, for E
overall distribution is broader and less structured for the—8 andE—D’ electronic energy transfer dictate that near
higher values of ¢, consistent with the patterns in the FCFs. resonant transfer involves larger values o and corre-
The broadening of the distribution with: is also observed spondingly very small FCFs. For example, whep=1,
in the case of theD’ state populations, though when: near-resonant energy transfer would poputate7 in the 8
=1, theD' state experimental distributions takes on a bimo-state andv =11 in theD' state. All of the final state levels
dal appearance that is not reproduced in the FCFs. Whewith non-negligible vibrational overlap involve large vi-
ve=2, the experimental distribution also exhibits a bimodalbronic energy gaps. For example, whes=2, all of theD’
distribution, which is reproduced in the FCFs in this casestate levels wittE—D’ FCFs that are greater thank110™ 2
The plots shown in Figs. 4 and 5 demonstrate that, in genhave vibronic energy gaps that exceed 800 tnin these
eral, the vibrational populations in ti2’ state adhere to the cases, the dynamics direct population into channels with
Franck-Condon factors to a greater degree than in the case lafrge energy gaps and large FCFs, in preference to small
the D state, with theg state populations representing an in- energy gaps and very small FCFs.
termediate case. To quantify this trend, in Table Il we have As noted in the Introduction, Tscherbul and Buch-
tabulated the average amount of vibronic energy transferredchenko have initiated a series of calculations which explore
((AEp)) for the three final electronic states and feg  the E—~D, E— B, andE—D’ collision-induced electronic
=0, 1, and 2 for collisions with HgSince the distributions energy transfer. A preliminary report on these efforts, focus-
that result from Ar collisions are nearly quantitatively the ing on theE—D transfer that accompanies At, (E, v
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©  He, experimental repeated for the calculate®’ state distributions(not
5 ppermenta shown
5 -o-m-- AT, theory The analysis of Tscherbul and Buchachenko demon-
E 04 m " strates that th&— D electronic energy transfer occurs by a
2 s different mechanism thaE— B and E—D’ transfer*>®
S 0.3 o Y ’ Specifically, E—D energy transfer is dominated by the im-
@ , | pulsive interaction of the rare gas atom with the repulsive
C"J’ 0.2 — ) ; ‘§ wall of the potential energy surface. Energy transfer toghe
5 ) SN andD’ states are a secondary effect, induced by state mixing
§ 0.1+ Y e ‘\g n upon recoil into the vicinity of the attractive portions of the
g E - RS ~.3 potential. This interpretation is in agreement with the experi-
= O T T T T T mental observation that the rate constantsHes 8 and E
o + 2 3 4 5 6 7 — D’ channels are diminished when He is the collision part-
D state vibrational level ner (as compared to Ar collisions The weaker attractive
5 g He—bL potential will contribute a smaller degree of final
& a states interaction in the recoiling partners.
o] 0.4 ] . . .
a N Ove_rall, the_ comparison of theory and experiment points
o 0.3 / \ ' to possible deficiencies in the potential energy surfaces, par-
@ ! ‘o B ticularly for the Ar-l, interaction. The lack of agreement be-
@ 0.2- ” X - tween the calculated vibrational distributions and the experi-
b 3 @ pen
’g' E [} § ‘ . B mental measurements may be due to an underestimation of
-% 019 ,' r'"l‘ g the attractive interactions in the ion-pair states. Indeed the
E 0 ,,i.—.:'-" .. Ar-l, interaction used in the current model is weaker than
B I I I I T those for theX and B electronic state$> while the opposite
o 1 2tat 3,b 4 ”5 | 6 7 trend is observed in matrix isolation and cluster studfeg.
p state vibrational leve Further, it is now generally accepted that the Aiifiterac-

FIG. 6. Comparison of theory and experiment for electronic energy transfefion has a substantial potential minimum corresponding to
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