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Rydberg—valence interactions in CH ,Cl—CH,+ Cl photodissociation:
Dependence of absorption probability on ground state vibrational excitation
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A strong enhancement of absorption to the lowfst state is observed for vibrationally excited
chloromethyl radicals. It is demonstrated that this enhancement is due to a significant increase in
both electronic and vibrational Franck—Condon factors. Electronic structure calculations of potential
energy surfacePESS$ and transition dipole moments for the ground and the two lowest excited
states ofA; symmetry, the £A; valence and 2A; Rydberg states, reveal the origin of this effect.

The shelflike shape of the?A; PES in the Franck—Condon region and the strong dependence of
the electronic transition dipole moment on C—CI distance are responsible for the enhancement.
Analysis of the shape of the electron density distribution demonstrates that Rydberg—valence
interaction in the two lowest excited states causes the changes in the shape of PESs and transition
dipoles with C—ClI distance. @003 American Institute of Physic§DOI: 10.1063/1.1568076

I. INTRODUCTION that despite efficient vibrational and rotational cooling of
CH,CI by carrier gases in supersonic expansion, a large frac-
The interest in the chloromethyl radical originates in itstjon of the dissociation products appeared with total energies
possible role in atmospheric reactiorfs. For example,  exceeding the energy available to vibrationallpexcited
CH,Cl and other halogen-substituted methyl radicals are int5gicals after photon absorpti6Quantitatively, the relative
termediates in the photodecomposition and oxidation reags.oqyct yields from vibrationally excited radicals are greater
tions of halogenated hydroca_rbons that represent an impofr 4, predicted based solely on the thermal “hot band” popu-
tant source of halogen atoms in the atmospﬁérl\ﬂore.over, lation. This suggests a significant enhancement in absorption
photodlssoqatmn Of CtCl and othgr small polyatomic mol- probabilities for vibrationally excited radicals. To explain
ecules provides an ideal opportunity for the study of molecu;[his finding, we calculated potential energy surfat@ES3

lar dynamics at a detailed state-to-state Ie°’v_e|_. and transition dipole moments along the C—ClI bond-
Halogen-substituted small radicals exhibit several gen;

i ; 2
eral phenomena, such as additional bonding due to the inteP—re‘?‘kmg coordmate_for the ground an_d théa, and 2°A,
. ; . : excited states. We find that the shelflike shape of tR& ;1
action of the unpaired electron with the lone pairs of thepES in the Franck—Condon reaion and the strona depen-
halogen? unusually large £100%) out-of-plane(OPLA) 9 9 dep

mode anharmonicities caused by the unpaired electeorn ?ence of the elect_rglnu; tr?ssmo?] dipole upio\r;vthe C—IC(de|tsr; t
Rydberg—valence interactions in excited states. ance are responsible for the ennancement. Yve conclude tha

Recently, the photodissociation of GBI was investi- it is the Rydberg—valence interaction between the two lowest

gated experimentally by Reisler and co-work®fdJsing the excited states that causes the changes in the shape of PESs

ion imaging technique, they concluded that-GtH, was the and transition dipoles with C—CI distance. Such Rydberg—

main channel in the wavelength region 312-214 nm. They@€nce intéractions are common in bond breaRiregpe-

found a broad maximum in product yield 250 nm(4.96 cially in radicals, which often have low-lying valence and
eV) associated with a perpendicular electronic transition, ifRydberg state$. _
excellent agreement with the calculated 4.92 eV value for the 1€ equilibrium properties of the two lowe%A, states
vertical 12A;—X 2B excitation? The valence character of aré also characterized. The shapes of the PESs and the
the 1%A, staté rationalizes the observed fast dissociafion. changes in vibrational frequencies are explained in terms of a
With shorter excitation wavelengtlig40—214 nm products ~ Molecular orbital picture developed in our previous work.
deriving from a parallel transition were also detectetib The structure of the paper is as follows. Section Il pre-
initio calculation$ identified the upper state as’B; result- ~ sents the experimental evidence for the enhancement in
ing from a 7 mcc promotion of the unpaired electron. product intensities from “hot bands,” and demonstrates that
The large absorption cross section for this transftfois re- it can only be explained by a considerable increase in
sponsible for its contributions to the photodissociation at enFranck—Condon factors for vibrationally excited §H. In
ergies considerably lower than the vertical excitation energysec. lll, results ofb initio calculations are summarized and
of 6.33 eV (theoretical estimatéjn agreement with the ex- discussed. Section Il A describes technical details of the cal-
perimental value of 6.2 &Y. culations; Sec. Il B presents our analysis of the equilibrium
The focus of the present work is the photodissociationstructures, vibrational frequencies, and PESs of the ground
from the 12A, excited state. For this state, it was observedand the two lowest excited states of gH; and Sec. Il C
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discusses the shapes of the PESs in terms of Rydberg- 1.0
valence interaction. Based on these results, Sec. IV explain (a)
the observed enhancement from “hot bands.” Our final re-
marks and conclusions are given in Sec. V. ;}
= 0.5

Il. EXPERIMENTAL RESULTS

Experimental results on the photodissociation of,CH
following excitation at selected wavelengths in the region 0-06
214-312 nm were reported elsewh&feThe CH,CI radical
was produced in a molecular beam by using pulsed pyroly- 10
sis. The gas mixture, 0.5—1 % of GEIl in 2 atm of He, Ar, (b)
or different mixtures of ClEHe, was expanded through a ~
pulsed supersonic nozzle with an attached SiC tibghe =) 05
tube was heated to a temperatureTe# 1800 K, which re-
sulted in the fission of | atoms from GBIl with an effi-
ciency greater than 50%. After supersonic expansion, the
radicals were photodissociated with laser radiation. The pho-  0.04 T T )
tofragments were detected by resonance enhanced multiphc 4000 8000 12000
ton ionization(REMPI), and their velocity and angular dis- 1.0+
tributions were determined using the velocity map ion (C)
imaging technique, as described befbr&?

Cl and CH fragments are the major products throughout :u:
the excitation wavelength region 214-312 nm:

CH,Cl—CI+CH,, AH=391+5 kJmol . (1)

In the region 247-312 nm GH(X ®B;) and ClI ¢Py; 3 0.0
products derive predominantly from dissociation via the per- ¢ 4000 . 8000 12000
pendicular 3=—0.7) electronic transition 4A;—X?B;. E
At Wavelgqgths shortgr than _240 nm, the @(/2,3/?) p_ro.d' FIG. 1. CH,CI photodissociation at 266 nm (37 594 ¢h using(a) He, (b)
ucts exhibit angular distributions that are characteristic of &r,:He (1:7), and (c) Ar carrier gases. CiP4,) signals are plotted as a
parallel transition (2B;—X?B;; 8=1.2), and CH(a 'A,) function of the total c.m. photofragment translational eneBy, The ar-
is the main co-fragment. rows indicate the_magimum translational energy e;llowed for dissociation
The measured velocity distributions were converted intg ™ the ground vibrational state to €R) + CHy(X B,).
translational energy distributions of the produ@se Fig. 1
The widths of the energy distributions for CI correspond to a
range of internal excitations in the GHto-fragment. The relaxing vibrational excitations. Typically in supersonic cool-
maximum allowed translational energy for ground state reacing T,;j,=30-60 K andT,,,=2-10 K are achieved. Consid-
tants,E{"®is given by ering the high initial temperature of the radical produced in
EMC 1, D 2 the 1800 K pyrolysis one may assume a somewhat higher
t 0: final vibrational temperature of the radicéew hundreds
whereD is the dissociation threshold. The complete energyinstead of few tens of degreeJhus, the high energy tails of
balance for CHCI dissociation is given by the observed product distributions can be attributed to disso-
ciation of vibrationally excited“hot” ) CH,CI radicals. An-
Bin CH2Cl +hv=Do+ Bt Bin CHy) + Eind CD), @ other possible source of fragments with excess kinetic en-
wherehw is the photon energy) is the dissociation thresh- ergy, two-photon dissociation of GBI, was ruled out
old of the CHCI radical, andE;(CH,Cl), E;«(CH,), and  before®
Ei«(Cl) are the internal energiésotational, vibrational, and In order to confirm that products with kinetic energy in
electronig of the respective reactant and fragments. Theexcess ofE{"® result from dissociation of vibrationally ex-
value of Dq=391+5 kJ/mol (32696420 cm '), was de- cited radicals, we carried out experiments with Ar and
rived from the enthalpies of formation of GAI, CH,, and  He/CF, mixtures as carrier gases. Figurg)lshows the en-
C1.13-29|n experiments carried out with He carrier gas, weergy distribution of CIEP,,) obtained from the dissociation
found that in the excitation range 214—-240 fparallel tran-  of CH,Cl at 266 nm in Ar carrier gas and detected at 235.337
sition) the measured highest translational energy is close tam. Similar results were obtained with 247 nm photolysis,
E{®, while for photolysis via the perpendicular transition though the “hot band” component was substantially smaller.
(247-312 nm large fractions of the products have transla- Compared with the He resulf&ig. 1(a)], two main differ-
tional energies exceedirg"™ [see Fig. 13)]. ences are observed. First, the Cl translational energy distri-
Based on previous work;? effective rotational cooling bution becomes narrower with the largest peak at high ener-
of CH,CI radicals is expected in supersonic expansion comgies corresponding to the dissociation of vibrationally
bined with the pyrolysis source, but He is not efficient in “cold” CH ,Cl. Second, a bandlike structure is discernible

4000 8000 12000

0.5

[R4
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TABLE I. Ground and excited state geometries of OHradical.

Symm. Fens A ree, A QpcH o2 Total energy, hartrees
X 2B,° C,, 1.076 1.691 124.17 180 —499.007 704
12A,° C,, 1.092 2.095 121.98 180 —498.843 600
X 1A;CH,CI™P Cy 1.088 1.590 121.91 180 —498.692 604

@DihedralH-C—-CI-Hangle.
bCCSOT)/6-311(+,+)G(3df,3pd). The cation structure approximates the structure of the Rydb&sy 3tate.
‘EOM-CCSD/6-311¢,+)G(3df,3pd).

with ~800 cm ! separation between bands, close to the frestructure and vibrational frequencies of the valence state are
quency of the C—Cl stretch in Gl (see Table ). The  computed by the EOM—CCSDH*® method. Potential energy
vibrational relaxation in CHCI can be enhanced by using surfacePES$ along the C—Cl bond breaking coordinate of
molecular carrier gases, and therefore various mixtures dhe ground and excited states are calculated by using the
CF,:He were also usedFig. 1(b)]. Depending on the CCSD® and the EOM-CCSH*® methods, respectively.
CF,:He ratio, the results range between pure He and Ar. Geometry optimizations and vibrational analysis are per-
However, a high vibrational temperature in the groundformed using the 6-31X, +)G(3df,3pd) basis set, de-
electronic state of the radical cannot alone explain the largéved from the polarized split-valence 6-3116p)
fraction of *hot band” component in the translational energy basis®*! by augmenting it by additional sets of polarization
distributions at 247-312 nm. This follows directly from and diffuse function$?>** For PESs, 6-311(3,
comparison with the results obtained with 214 —240 nm pho3+)G(3df, 3pd) is employed.
tolysis (parallel-type excitation where the maximum trans- The ground and excited states’ PESs along the C-Cl
lational energy of the products does not exceed significantlgoordinate are calculated with the C—H bond length and the
E{"®, and does not depend on carrier gas. Also, at 247—-31pI—-C—Hangle fixed at their ground state equilibrium values.
nm the effect of the carrier gas depends on the photolysi# this study, we vary the C—Cl distance from 1.25 to 2.7 A.
wavelength. We find that while at=280 nm most of the Thus, the displacements from the ground state equilibrium
CH, and ClI signals derive from “hot band” excitation, at C—Cl distance of 1.69 A are small enough for the CCSD and
266 nm the contribution of fragments with translational en-EOM—CCSD results to be reliable. We calculate total ener-
ergies exceeding{"* is smaller, and this fraction decreasesdies, transition dipole moments, and average sizes of the
further at 247 nm. electron density for th& 2B, ground state and the two low-
The above observations and analysis indicate that for th@st °A; excited states: the 3A; o&c— e valence state
perpendicular transition, the fraction of fragments with trans-and the ZA; 3s— &, Rydberg state. The calculated dipole
lational energies greater tha{" is larger than expected strengths of the transitions and the PESs are then used to
based on a thermal vibrational population and equal excitaéstimate vibrational overlaps and to calculate Franck—
tion efficiency for excited and unexcited radicals. A large Condon factors.
increase in the Franck—Condon factors for “hot band” exci-
tation must also be taken into account. This implies that th Characterization of the two lowest  2A. excited
ground and excited electronic state geometries must be raths{'ates of CH .Cl !
different. The lowest vibrational frequency in GEl is as- 2
sociated with the OPLA bend~390 cn 1).2324 This mode Equilibrium structures and vibrational frequencies of the
should give the largest contribution to the “hot band” popu- ground state, the valence °A; excited state, and the
lations, and its substantial cooling in Ar carrier gas is ex-CH,CI* cation are presented in Tables | and . For a perfect
pected. However, even in Ar some of the Cl fragments havé&rydberg statei.e., a highly excited electron orbiting a posi-
energies exceedingE™, with bands separated by tively charged and structureless cprthe optimized geom-
~800 cni't, i.e., the C—Cl stretch frequency in GEI. The  etry should be close to that of the cation, and the,CH
persistence of the C—Cl vibrational structure in the translacalculations were performed to determine approximately the
tional energy distribution, even upon cooling in Ar, suggestsproperties of the Rydberg stat¥s.
a large geometrical change in the C—Cl coordinate between The equilibrium structures and harmonic vibrational fre-
the ground and A, state. Thereforeab initio calculations ~quencies of the ground and'A; valence excited state of
of the PES along this coordinate were carried out as deCH,Cl, and of CHCI" (Table ) are in good agreement with

scribed below. the simple molecular orbital picture developed befoile
have found that the unpairgu electron on carbon interacts
IIl. ELECTRONIC STRUCTURE CALCULATIONS with the chlorine lone pair, which results in an additioha

bond between C and Cl in the GEI ground state(this
yields stronger C—CI bonding in the radical relative to the
The ground state structures and harmonic frequencies afaturated compouRd. The lowest valence 3A; excited
CH,Cl and CHCI" (which approximates the Rydberg state is derived by promotion of the unpaired electron from
states are calculated by the CC$D)*®> method, using the the m&, antibonding orbital to therf, antibonding orbital
ACES |l electronic structure prograffi. The equilibrium  (see Fig. 2 in Ref. % Therefore, in this state a fulr bond

A. Computational details
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TABLE II. Calculated harmonic vibrational frequencieg of the ground and excited states of .

C—Cl stretch CH, scissors OPLA CH, rock CH, s-stretch CH, a-stretch
State a; a; b, b, a,; b,
X2B,2 868 1434 168 1004 3179 3335
12A,° 535 1256 1253 194 3026 3206
X 1A,CH,CI*@ 1074 1492 1147 1056 3104 3249

CCsOT)/6-311(+,+)G(3df,3pd).

PEOM-CCSD/6-311¢,+)G(3df,3pd). The cation structure approximates the structure of the Rydbé#y Btate.

°Due to large anharmonicity, the harmonic OPLA frequency is about twice lower than the anharmonic 01 transition. The theoreticabyaisid?® cnm*
(Ref. 5.

exists, but ther bond order decreases, and a planar structure-X2B, and 22A,« X 2B, transitions is shown in Fig. 3.
with an elongated C—Cl bond relative to the ground state i9ue to the Rydberg—valence interaction in théA} and
preferred. Likewise, in A, the C—Cl vibrational frequency 2 A, states mentioned above, the dipole strength of the tran-
is lower, while the OPLA vibrational frequency is consider- sition to the 12A; state increases at shorter C—Cl distances
ably higher than in the ground staigue to the decrease in  (~1.6 A) (see Sec. Il ¢. As shown in Sec. IV, this behavior
bond order and the increase inbond order, respectively  of the transition dipole moment contributes to the enhance-
The results presented in Tables | and Il are consistent witiment of the absorption probability for vibrationally excited
this picture. Similar considerations explain the properties ofCH,CI. The sharp rise in the 2A;«— X 2B, transition dipole

the cation, which is derived by removing an electron fromstrength ar c<1.6 A results from the increaseg3char-

the &, antibonding orbital. The full double C—Cl bond in acter at short C—Cl distancésee Sec. IlI ¢

the cation explains the C—Cl bond contraction relative to the

ground state and the OPLA frequency increase up I Rydberg—valence interactions in the lowest

1147 cm . This value approaches the OPLA frequency ofexcited states of CH ,Cl

the valence excited state (1253 ¢hy. For reference, the

o This section presents our analysis of the changes in the
OPLA vibrational frequency of formaldehyde (G8), a . X .
q y =1 ){4 (G8) character of the wave functions for the two lowest adiabatic

molecule with a fullzr¢g bond, is 1167 cm-. . . :
As seen in Table |, the difference between the C—H e'qui_states along the C—ClI stretching coordinate. Avoided cross-

librium bond lengths in the ground and the lowest excitedir?gS due to Rydberg-valence interactions in closed-shell spe-

state of the CHCl radical is only 0.016 A. The change in the CI€S Were extensively characterized by Gordon and
H—C—H angle is also small (2.19°). This suggests that the-2ldwell.” and Salent. Gordon's study”** of saturated

minimum energy path for the C—Cl bond breaking reactionmolecules(e.g., alkanesdemonstrates that their low-lying
on the 12A, PES is close to the pure C—Cl stretgor C—Cl vertical excited states are Rydberg states. Since photodisso-

separations~1.25-2.10 A), and that the other degrees Ofciation of alkanes excited to these Rydberg states yields

freedom can be frozen. Thus, we calculate one-dimension@round state products, an avoided crossing between an ini-
cuts of the PESs along the C—Cl stretch, with the values oIiaally excited Rydberg state and a dissociative valence state

the other two internal coordinates being fixed at the grountﬂnUSt take placé”
state equilibrium values. The resulting adiabatic potential en-
ergy curves are shown in Fig. 2.

The barrier on the 2A; state curve is due to an avoided

crossing of the Rydberg 3s state with théA valence state 104
(which has been identified as &g — o transition, and 9
therefore is expected to be purely repuléjvérhis is con- 8

firmed by the sharp drop in the size of the electron density 7.
for large C—Cl separations. Such behavior of Rydberg stated 6.

in bond breaking reactions is general and was described b' g3 5] ZzAl

Gordon and co-workersee Ref. 35 and references thejein g I'A
An interesting feature of the 4A; curve shown in Fig. 2 A 4 X'B,

is its shelflike shape in the vicinity of the ground state equi- 31

librium geometry(i.e., in the active Franck—Condon regjon 2

Similar shapes of the excited state potentials were observe 1

in alkali atom dimers®=3° where a double minimum is 0.

formed as a result of Rydberg—valence interactfoit:*°In 12 14 16 18 20 22 24 26

Sec. lIIC we will demonstrate that the shelf on théAL C-Cl distance, A

PES indeed is a result of coupling between the valence and _

the 3s Rydberg states. FIG. 2. Potential energy curves for the groudB, and the two lowestA,

. ... _excited states along the C—CI coordinéd other degrees of freedom are
The calculated dependence of the electronic transitioRe|y at their ground state equilibrium valyeall curves are shifted such

dipole strength on the C—Cl separation for théA}  that the ground state energy at equilibrium is zero.
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FIG. 3. Dipole strength dependence on the C—Cl distance for th 1
—X 2B, and 22A,;—X 2B, transitions. The vertical arrow indicates the
ground state equilibrium C—CI distance.

2°A,(3s)

Salenf characterized avoided crossings due to Rydberg—
valence interaction as avoided crossing between the relevar
molecular orbitals(i.e., one-electron statgsFor open-shell
species(like CH,CI), in which there are low-lying valence
and Rydberg excited states derived from the promotion of T'A,
the unpaired electron, this type of avoided crossing is ex-
peCted to be QUite common. 01.2 113 114 1.‘5 116 1.7 1.8 1.9
Obviously, the distinction between Rydberg and valence C-Cl distance, A

states is merely qualitative. From a quantum chemical Per 4 soherical f the electron densit) function of th
. . . s : ~IG. 4. Spherical average of the electron dengity), as a function of the
spective, an excited state is a Rydberg state if its COI"flguraC—Cl distance for the ground and the two low&a; excited states of the

tion_a' expansion is dominated by configurati(_)ns in which thech, ¢ radical (upper panel The lower panel shows changes in the excited
excited electron occupies diffugRydberg orbitals. We use state density relative to the ground state, i%(r2)=(r2)e,—(r2), (this
this and several other criteria when assigning Rydberg ogubtracts changes due to molecular size increase at larger molecular separa-

valence character to the excited states szcHu In this tlon_s). The das_heql line corresponds to the average value for .both states. The
vertical arrow indicates the ground state equilibrium C-ClI distance.

study, the size and spatial asymmetry of electron density are
used?? Near the ground state equilibrium geometry, the
12A, and 22A, states can be assigned valence asdrRgd-
berg character, respectivély{Changes in the size and asym- approaches a higher constant value a<1.2 A.
metry of the electron density along the C—ClI stretch reflect ~ This behavior confirms that the?h; and 2?A; states
changes in the excited states’ characters. indeed interact with each other. However, the sun (f?)
Figure 4a) presents the spherical averagé)= 3((x?) for these two states, which exchange their character, is not
+{y?)+(z%) of the electron charge distribution for the constanfthe dashed line in Fig.(4) represents the average
ground and the two lowest excited states as a function of th&his implies that other states are mixed in. The increase in
carbon—chlorine separation. The monotonous increase &(r2) of the 22A, state atr<1.62 A signifies a higher
(r?) for the ground state as the C—Cl distance increases r&Rydberg character. We identify this character @s,3based
flects the increase in molecular size due to the C—Cl bondn the following observations. First, the next vertically ex-
elongation. Therefore, it is convenient to eliminate this de-ited state ofA; symmetry above 2A; is the Rydberg B,
pendence by subtracting the ground stat® from the(r?) state? Second, the dipole strength of the transition to this
of the excited states. As can be seen in Fip) 4the relative  state is the largest among the other calculafgdstates,
size of the electron charge distributidn(r?) of the 12A;  which explains the sharp rise of the dipole strength of the
state is small at large C—Cl distances.§~1.8 A), then transition to the ZA, state at smalt ¢, (Fig. 3). Third, the
increases at smallarcc;, and remains approximately con- calculated relative sizes of the electron density alonghe
stant atr .;<1.56 A. A(r?) of the 22A, state is larger than Y, and Z axes (presented in Fig. bdemonstrate that the
that of the 12A, state at large ¢, then the difference be- anisotropy of the 2A; density increases and becomes much
tween their relative sizes decreases as the C—Cl bond cotarger than that of the 4A; state due to elongation of the
tracts, and it vanishes agc,=1.62 A. This variation reflects electron density along the molecular axig) (as the C—Cl
the interaction between the two states. At shorter C—Cl disbond contracts. This indicates that thé/2 state acquires
tancesA(r?) of the 22A, state continues to increase until it Rydberg 3, character at short C—Cl distances.

S~ —

Downloaded 14 Jul 2010 to 128.125.205.65. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



9238 J. Chem. Phys., Vol. 118, No. 20, 22 May 2003 Levchenko et al.

9

2
PN[J‘\I’O(Fe1FN)/2(Fe)qfl(reaFN)dr ’ (4)

@
where i is the dipole moment operator, ang andry rep-
resent electronic and nuclear coordinates, respectively. In the
Born—Oppenheimer  approximation, ¥°(f,Fy)  and
vi(r,,Fy) are separable into electronic and nuclear parts,

Wim yl(FoiTn) dlin(Tn),  1=0,1, (5)

Where¢8ib(FN) anddﬁib(r*,\,) are vibrational functions for the
initial and final electronic states, respectively, and the depen-
dence of §(Fe;Fn) ON nuclear coordinates is parametric

: : rather than explicit. Sincebd,(F\) and ¢, (Fy) do not de-

12 13 14 15 1.6 1.7 1.8 . . .
CCl distance A pend on electronic coordinates, Eg) can be rewritten as
(b) 4.5

Size of charge distribution, A

2

P [ 0ur e oy ®)

where go(fy) is the electronic transition dipole moment,
which is given by integration over the electronic coordinates

le,

Size of charge distribution, Al

Felr = [ WA P T T, @

As follows from Eq.(6), two factors contribute to the tran-
sition probability: the spatial overlap of the initial and final
05 - ” r r - o vibrational functions and the value of the electronic transi-
: . " CCldistncs, A : : tion dipole moment in the region of maximum spatial over-
lap. For convenience, we discuss the dependence of the in-
FIG. 5. (x?), (y?), and(z?) components of the total electron charge distri- tegral in Eq. (6) on vibrational excitation in terms of
bution for 2°A; (upper pangland 1°A; (lower panel as a function of the \ihrational Franck—Condon factors and electronic transition
C—_CI bond Iength. The molecular plane is tK& plane, the C—Cl bond dipole moments, although in our simulations we do not as-
defines theZ axis. ,
sume constani(R).
Although Eq.(6) should be integrated over all nuclear
coordinates, because the transition to tHe\{1 state mainly
The above analysis explains the interactions in the lowzffects the C—Cl bond length we limit our qualitative treat-

|y|ng excited states of Ct{:l, which are reflected in F|g 4, ment to a one-dimensional potentia' energy curve,
At large C—Cl separations<{1.8 A) the lowest excited state

is the valence state derived from tle" < 7* excitation, * 0 . 1

while the second excited state has a predominartt&rac- PN[ f 0 Pun(R) e(R) drip(RIAR| ®)

ter. At the ground state geometry-(L.69 A) the two states

are already mixed, but still retain their identities. At shorterwhere iio(R) is the electronic transition dipole moment as a

C—Cl bond lengths < 1.6 A), the lower state becomes the function of the C—Cl distancR. The lower state vibrational

3s Rydberg state, while the upper state acquires a mixefunctions can be calculated either in the harmonicmore

valence and Rydberg® character. The interaction with the accurately in the Morse potential approximation. Since ex-

3p, state leads to the double crossing of the curves in Fig. 4gitation occurs close to the dissociation threshold of the up-

and to the larger size of electron density fof/&, at small  per state, the corresponding wave function can be calculated

real- in the linear approximation by using Airy functiof$The
important feature of this wave function is that it is concen-
trated around the “classical” turning point and oscillates be-

IV. ENHANCEMENT OF HOT BANDS'’ INTENSITIES yond this region, as shown schematically in Fig. 6. As a
consequence, the vertical electronic transition is centered

Based on the results of thab initio calculations we can mostly near this turning point.

give now (at least qualitativelyan explanation for the “hot We were able to simulate qualitatively the enhanced

bands” enhancement in the absorption probability for theprobability for “hot band” excitation by calculating the

perpendicular £A;— X ?B; transition. The probability of a Franck—Condon integrals for the ground anti\} states for

transition between two states, which are characterized by thiglorse and Airy wave functions, respectively. This was done

total wave functions¥°(f,,ry) and W1(f,,fy) is propor- for the same range of photon energies as used in the experi-

tional to the square of the transition dipole moment, ments. By shifting the excited-state curve within the error

2
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006 strength(see Fig. 6. The result is a significant increase in
] absorption probability for the “hot bands.”

The enhancement effect is expected to be largest at the
longest wavelengths. At shorter wavelengths the upper curve
] can be reached from the ground vibrational state at the equi-
0027 librium C—CI distance, and therefore the contribution of the

1 001 ground vibrational level will start to dominate. This agrees
] ,\ /X\ /X\ 0\ with the experimental observations.

/

———f——— A

\X

V. CONCLUSIONS

This paper explains the enhancement in the electronic

' /7<\ absorption probability for vibrationally excited GBI ob-

Energy, eV

served experimentally. For this purpose, we have calculated

equilibrium structures, vibrational frequencies, and PESs for

the ground X °B;, and the two lowest excited states?A;

14 15 16 1 LR 20 21 22 and 22A,, of CH,CI. We find that the changes in geometries
C-Cl distance, A and frequencies upon excitation are in good agreement with

FIG. 6. lllustration of the hot bands’ enhancement mechanism. HorizontaFhe TOIeCUlar Orblta_l picture developed in our previous

lines at the bottom of the potential energy curve for the ground state repré0rk.” In order to estimate Franck—Condon factors, we have

sent vibrational levels of the C—ClI stretch. Vertical arrows show electronicalso calculated transition dipole moments for théAl

excitatign upon absorption of a 266 nm photon. Transition dipole strength i§_x 281 and 22A1<—X 281 transitions.

shown in the inset. . .

Analysis of the size and asymmetry of the electron den-
sity at different C—Cl separations reveals that the valence
12A,; and the Rydberg 2A; states exchange their character,

bars of the calculations*0.1 eV; =0.1 A), we could find  which results in an avoided crossing at about 1.62 A. This
conditions that gave enhancements that are comparable thanges the shape of th&A; potential curve considerably.
the observed ones. Moreover, a third Rydberg state is mixed in with théA2

The simulations and the discussion above can now betate at shorter distances causing a significant increase in
combined to give a physical interpretation to the observedransition dipole strength.
enhancement. The picture that emerges is illustrated in Fig. These changes result in a large increase in Franck—
6. The horizontal lines at the bottom of the ground stateCondon factors for absorption from vibrationally excited
potential energy curve represent the ground and first excite@H,Cl. Our results demonstrate that the Rydberg—valence
vibrational levels of the C—Cl stretch. The vertical lines il- interactions, which have a pronounced effect on the photo-
lustrate 266 nm absorption that promotes the radical to theynamics, involve more than two excited states of,CH
excited 1°A, state. In the upper panel, the dipole strength ofeven within a small range of geometry variations. This con-
this transition is shown in the active Franck—Condon regiorfirms the importance and prevalence of Rydberg—valence in-
(between the vertical dashed lineés seen in Fig. 6, the teractions in open-shell systems.
spatial overlap of the vibrational functions in the ground and
12A, states is small as a result of their very different equi-ACKNOWLEDGMENTS
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