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Helium nanodroplet isolation is used to produce van der Waals-bound quartet state alkali trimers
(Nag and K;) selectively over the corresponding chemically bound doublet trimers.
Frequency-resolved excitation and emission spectroscopy reveals the presence of nonadiabatic
spin—flip processes in the electronically excited states. A total of four quartet to quartet electronic
transitions are observed: the*R’,1°E« 1 %A} transitions of Na and the 1*A],2%E’ 1A}
transitions of K. Time-resolved spectroscopy reveals that intersystem crossing timessin Na
decrease from 1.4 ns after excitation of the 0—0 band to approximately 400 ps for the higher
vibronic levels (3,5/2. Analysis of the resonant quartet fluorescence reveals that the excited
electronic state cools vibrationally on a time scale that is comparable to, but slower than, the
intersystem crossing time. @001 American Institute of Physic§DOI: 10.1063/1.1418248

I. INTRODUCTION helium interaction energy, the Na atoms reside on the
surfacé® where they meet to form trimers and undergo vi-
Recently, it has been shown in our laboratory that aprational relaxationcooling. However, relaxation-induced
beam of helium nanodroplets can be used in conjunctiogiroplet evaporation of the trimer may also occur, with con-
with a low density pick-up(scattering cell to form the  sequent loss of doublet trimer—nanodroplet complexes. In-
weakly bound, spin polarized, quartet trimers of soditin  stead, upon formation of quartet Nawhich is bound by
and pOtaSSiUrﬁ.While the Chemica"y bound doublet states 0n|y 850 Crn_l, On|y a small percentage of helium in a nano-
of Nag have been the object of many experimetitdland  droplet would need to be evaporated to cool the trimer and
computationaf—° studies, no alkali metal quartet trimers the droplet to the 0.38 ¥ terminal temperature of the latter.
had been previously observed. In the molecular beam speg comparison of the two processes is shown schematically in
trometer, when three randomly oriented gas-phase Na atonsg. 1. The droplets that need to dissipate the chemical en-
are picked up by the same nanodroplet, they may combine tgyqy |iberated in the doublet trimer formation have a lower
form Na; in either the doublet or the quartet spin state. Wh“eprobability of survival, as shown by the fact that doublet
the abundance based upon spin statistics would be equg|mer spectra have not been detected. The nanodroplets that
numbers of doublets and quartets, it has been observed in ogg sy the quartet trimers, however, do survive and are de-
laboratory that, downstream of the pick-up point, high-spiniected. Thus the selection of high-spin oligomers by helium
alkali oligomers are detected in much greater abundance tha{ynogroplets is explainable by energetic considerations simi-

their Iqw-spin c-ounterpgrfé. . _ lar to those that justify why their formation in standard mo-
This selection of high-spin species can be understooghq,jar beam experiments is so unlikely.

considering the binding energies released upon formation of |, he previous work that was conducted in our

high- and low-spin Né%'” the formation of doublet Na  |ahoratory? quartet trimers of Naand K, formed using the
approximately 8000 cm' of energy(the binding energy of  pqjiym nanodroplet isolation technique were used to investi-
doublet Na relative to three ground state sodium atdms gave 5 ynimolecular reaction where the bonding nature of the

needs to be dissipated by the droplet through the evaporatiqf, ger waals-bound quartet trimers is converted to covalent
of helium atoms. As each helium atom is bound to the droptg)ing electronic excitation. In this paper, frequency-

let by ~5 cm’, a substantial percentage of &N)
=10°-10" helium nanodropletthe droplet size range typi-
cally used to form these specjegould be destroyed through
this process. Furthermore, because of the weak alkali

resolved spectra of two quartet transitidiesie each in Na
and K;) will be presented in addition to those that had been
previously reported. We will extend the Jahn—Teller analysis
‘performed for the 2E’ 1 %A, transition of Na to the case
of quartet K. Time-resolved experiments will be presented
dpPresent address: Department of Chemistry, East Carolina University, Eagyhich provide quantitative dynamical data on the nonadia-

Fifth Street, Greenville, NC 27858. bati ; ; ; ;
y ' atic spin—flip process that takes place in the excited quartet
Ypresent address: Merck Research Laboratories, Merck & Co. Inc., P.O. P PP . P .. q
Box 4, WP78-110 West Point, PA 19486. state of Ng. The analysis of the resonant emission of the
9Electronic mail: lehmann@princeton.edu 2%E'—1 4Aé transition of Ng, which was first reported in a
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photons actually arrives at the detector due to the properties
of our collection fiber bundle However, this efficiency is
reduced by approximately a factor of 2 when the spherical
mirror is replaced by a flat black-coated substitute. This sub-
stitution, and the consequent loss in collection efficiency, is
required for the time-resolved photon counting experiments
to be described in the following because the presence of the
spherical mirror would allow for two pathways differing in
time by ~400 ps through which photons can gain access to
the fiber bundle.

Frequency-resolved spectra of the alkali-doped helium
nanodroplets were obtained using either a continuous wave
(cw) Coherent 699-21 dye laser incorporating DCM
(14500-16 800 cmt) laser dye or a cw Schwartz-EO
Ti:Al ,O; laser. Two sets of optics were employed in the
Na; binding energy Na, binding energy Ti:AlL,O; laser: a short band set in the range of 12195—

~850 o’ ~8000 cm’] 14 285 cm* and a midband set between 11049 and 14 184
FIG. 1. Schematic representation of the formation of sodium quartet trimef™M 1 The linewidth of the Corlerent' 699 dye Ia;er WaS de-
(left pane) and doublet trimer(right pane) on the surface of a helium te€rmined to be less than 0.1 chwhile the effective line-
nanodroplet. In the former case, the trimer is likely to remain on the heliumwidth of the Ti:AlL,O3 laser was 0.25 cim. A home-built
nanodrpplet while in the latter case the trimer—droplet complex is not likely\y 3y;emeter was used to measure the frequency of the lasers.
to survive. . .

The accuracy of the wavemeter is determined to be better
than 0.01 cm® by recording the spectrum of.| The main

previous publication by the authd?é,had suggested the por_tion c_)f the laser output was direc_ted into a single-mode
presence of vibrational cooling of the excited state by thePPtical fiber and transported to the input of the molecular
host helium nanodroplet. Here we will present a quantitative®®@m apparatus. Fluorescence photons were detected by a
analysis of the time-resolved resonant emission from whictphotomultiplier tube (ThorEMI 9863QB operated in a

the lifetimes for vibrational relaxation in the’E’ excited ~PUlSe-counting mode. Emission spectra were obtained by im-
state of Ng will be extracted. aging the fluorescence from the optical fiber bundle onto the

entrance slit of a 0.35 m monochromattacPherson EU-
700. A liquid nitrogen-cooled charged coupled devi€gin-
ceton Instruments 1152UWvas used to acquire the emission

The production and use of helium nanodroplets as a maspectra.
trix for spectroscopic experiments is made possible by a mo- For the time-resolved experiments, a mode-locked,
lecular beam apparatus that is described hereafter. The h@oubled Coherent Antares Nd:YAG laser producing a pulse
lium nanodroplet source consists of a nozzle of either 10 otrain with a frequency of 76 MHz at 532 nm was used as the
20 um diameter cooled to 14—25 K. Through this nozzlepump laser. The typical average output power of the second
helium gas is expanded at a pressure of 5.4 MPa, generatifiirmonic was kept at or under 2 W. This green pulse train
a beam of nanodroplets that passes through ai40Gkim-  synchronously pumps one or both of two Coherent 700
mer into a pick-up cell where it interacts with a low pressurefolded-cavity dye lasers. Each dye laser is equipped with a
vapor(0.01-0.2 Paof the alkali metal of interest. The alkali cavity dumper(Coherent 7210 Typically the system was
metal atoms that collide with a helium nanodroplet becomedperated so as to produce extra-cavity pulses with a fre-
attached to it and can subsequently be used for spectroscogicency of 3.8 MHz. Typical values for the average power of
study. After doping, the nanodroplets encounter the laser inthe dye laser output at a 76 MHz repetition rétanning
teraction area that is located 3.5 qm90 us flight time R6G dye at 589 npnare around 300 mW, which corresponds
downstream from the pick-up cell. The probe laser beanio about 4 nJ of energy per pulse, while the average output
enters the vacuum apparatus through a baffle and crosses thewer of 120 mW attainable with the 3.8 MHz repetition rate
molecular beam at 90° in the center of a laser-induced fluoby use of the cavity dumper in the pulsed mode corresponds
rescenceLIF) collector. to pulse energies of about 30 nJ.

The LIF collector is comprised of an elliptical and a The reversed time-correlated photon counting apparatus
spherical mirror which surround the molecular and lasemused in our laboratory has been described elsewiidRe-
beam interaction region and coincide with one focus of theversed time-correlated photon counting is employed in order
elliptical mirror and the center of the spherical mirror. The to take advantage of a greater laser repetition rate while as-
other focus of the elliptical mirror lies at the entrance to asuring the absence of temporal bias in the data. The time
6-mm-diam incoherent multimode optical fiber bundle that isresolution of a time-correlated single photon counting instru-
located on the surface of the spherical mirror and transportment is empirically determined through the collection of an
the photons to the appropriate detector. Such a two-mirroinstrument response functidh. The instrument response
design is capable of collecting over 80% of the photons genfunction is obtained with a pure scattering experiment in
erated in the interaction regiqalthough a lower fraction of which the finite rise(and width of the collected pulse rep-

Droplet:
agmented,

Il. EXPERIMENT
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resents the finite rise tim@nd jittep of the electronic instru- " ' ' ' (bi
ments employed in the experiméAtOur instrument re- I Na, @ | Na, ]
sponse function was obtained by producing a beam of

hydrogen aggregates through a 30 K nozzle and was found ti_
have a full width at half maximuniFWHM) of ~200 ps.
The time resolution, however, is not limited by the FWHM =
of the instrument response function but rather by the jitter ofi

nits

its rising edge. Thus a factor of one-tenth of the FWHM of E: T T T T B T B T R T T
the instrument response function in time is often taken as thez K (©) | K (d) 1

3

limit of temporal resolvability of a time-correlated single £ | :

photon counting instrumeRt.

Modeling of the time-resolved data is carried out
through an iterative convolution method written using the
MATHCAD?* suite of programs. The numerical instrument
function is convoluted with a kinetic model by use of a pair
of fast Fourier transforms using the following kinetic model:

12700 12800 12900 12000 12200 12400 12600
-1
Wavenumber (cm )

— —t/ —t/
G(t)=A(e ""1—e ""2)+D (1) FIG. 2. Excitation spectra of quartet transitions of;Nand K;. (a) The

in which d he i d fall ti 24E’«1%A) transition of Ng. (b) The 1*E’« 1 “A} transition of Ng.
In which 7, and 7, represent the rise and fall imes, reSpeC'(c) Excitation spectrum of the ‘iA’l’<—1 4A§ (tentative assignmentransi-

tively, of the fluorescing specieB. accounts for dark counts  tion of K. (d) Excitation spectrum of the %'« 1 %A} transition of K;.

in the multichannel detector. The amplitudeas well as the  The solid bars indicate the prediction of the EOM-CCSD calculations which
exponential arguments are parameters in a weighted least- in the case of K have been scaled.

squares fit to the observed decay curve. A weighting factor of

1/N; is used to weight each bin in accordance with Poisson

statistics where; is the observed number of counts in the It has been reported prior to this wdrkthat quartet
ith bin. The global minimum ofy? is sought through the trimers of Na and K, upon electronic excitation, can undergo
Marquardt algorithm. This fitting method avoids the prob-Curve crossing into the doublet manifold. After crossing into
lems of noise amp"ﬁcation otherwise preva|ent in the deconihe doublet manif0|d, the molecule will be in an excited state

volution of a response function from the experimental histothat is expected to dissociate into an atom and a covalently
gram by Fourier transform metho&. bound singlet dimer. Evidence for this simple unimolecular

reaction has been found through the dispersed emission spec-
tra collected upon 2E’'« 1A} excitation of Na that is
reproduced® in Fig. 3(a). The arrow in Fig. 8) represents

the frequency position of the excitation laser. As seen from
Fig. 3(a), aside from the slightly redshifted resonant emis-
sion (marked 1 there are two spectral features at higher en-
A. Excitation spectra ergy than the excitation wavelength. The feature marked 2

Ill. FREQUENCY-RESOLVED EXCITATION
AND EMISSION SPECTRA OF QUARTET STATE
ALKALI TRIMERS

Figure 2a) shows the ZE’« 1 *A} excitation spectrum
of Nag on helium nanOdmpletS obtained with a mean drOpletI'ABLE |. Calculated excitation energies in the quartet manifold of Na

size of _approxmately 11000 helium atoms produced at Fhe highlighted states are those that have been observed using the helium
stagnation pressure of 5.4 MPa and a nozzle temperature @fnodroplet isolation technique.

17.5 K through a 1Qum nozzle. The LIF excitation spectrum

was obtained using the Coherent 699 cw dye laser. State Excitation ~ Excitation .
In order to assign the excited electronic states of both (dominant energy(cn; ) energy(cm Z Dipole - Oscilator
. ] - excitation (MRCI) (EOMCCSD allowed strength
Na; and K; (see the following the experimental transition y
frequencies are compared to those obtained fedminitio 1 A2 0 0 _

. . . ) . . . 1%E"e’>a}] 10433 10 047 Forbidden 0
calculations using multireference configuration interaction; 4A,[e,>e,2] 11434 11927 Forbidden 0
(I\./IRCI)3.and.the equation of motign poupled cluster2t6ech-14E,l[e,>ai] 12219 12387 Allowed  0/0.32
nique with single and double excitatiofEOM-CCSD. 24A)e >e'] 13 460 13322 Forbidden 0
Table | displays the energies and symmetries of the calcu2’E'[e’>e’] 15461 15872 Allowed  0/8.61
lated electronic states of Naising both techniques. All en- 2j‘lE"[e’>E”] 18275 18549 Forbidden 0
ergies correspond to the vertical transition from the lowest A1l€ >€'] 18965 19409 Allowed - 0.85/0.75

. . . 1 %Al e’ >¢"] 19855 Forbidden 0
quartet state to the electronically excited state shown in Tablg. 20874 21617 Allowed  0.02/0.014
l. As.can be seen _from Table I, the spectrum of quartef Nagz+a; 21514 Forbidden 0
that is shown in Fig. @) corresponds to the second dipole 3*g” 22862 Forbidden 0
allowed transitior(to a 2°E’ statg. The calculated transition 4 :E’ 22254 Allowed 0.014
wave number found using both MRGL5461 cm?') and 2"A1 25805 Allowed 0.22
CCSD (15872 cm‘ll) are both very close to the observed ageference 3.
value of 15817 cm". PReference 26.
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LALLM N band revealed a broad absorption between 12 000 and 12 500

cm ! [see Fig. B)]. There is no resolved vibronic structure

) present and the overall intensity of the band is much weaker

i than that of the 2E’« 1 “A) transition in Na. Due to the

weak intensity of this transition, an emission spectrum could

ML WU not be obtained. The excitation spectrum can, however, be

F 16000 17000 18000 19000 20000 21007 assigned to the 4E’' 1A} quartet transition of Naby

I 2 (b) 1 comparison to theab initio calculations shown in Table I.

| i The MRCI calculation predicts a“E’ state at 12219 cit

L XL]L i above the lowest quartet state, while the EOM-CCSD calcu-
1

3 ] lation predicts a transition at 12 387 ¢ both in very close
o , , agreement with the observed transition. The spectrum lacks a
11000 12000 13000 14000 15000 1 strong 0-0 transition, which is an indication that there is a
2 © - large geometry change upon excitation to the excited state.
T The Franck—Condon envelope of the transition is therefore
7 spread out in frequency and the vibronic structure becomes
1 “washed out” as the individual lines overlap due to the
i I e T A T R broadening induced by the helium nanodroplet.
11000 12000 13000 14000 15000 16000 As in the case of sodium, the collection of three K atoms
Wavenumber (cm") with parallel electron spins allows for the formation of a
FIG. 3. Dispersed emission spectra of the quartet transitions paNAK; . quartet potassium trimer on the nanOd.rOplet surfacg. It can
The excitation is indicated by the arrow in each pai@l.Emission spec- be reasonably assumed that the energies of the excited elec-
trum obtained upon 2E’—1“A} excitation of Ng. 1: Resonant 2E’ tronic states of the alkali dimers and trimers scale in an ap-
—1%A; emission. 2: Na atomic 3P;,,,»3°S;, emission. 3: proximate way with the energy of the corresponding atomic
N, (B)1 "1, —(X)1 24 emission.(b) Emission spectrum of the %{  excitations. While the Na atomic P 5,— 3 S, , transition
—1%A; transition (tentative assignmentof Ks. 1 Resonant #AT oo ot 169734 cml the corresponding K transition
—1%A; emission. 2: K atomic 4Pg,,,—+42S;, emission. 3: 5 5 ’ _ . .
K, (B)1'I,—(X)1 'S, emission.(c) Emission spectrum of the “E’ (4 '_33/2<_4 S12) _O_CCUfS at 13042.9 cnt. Following this
.1 A} transition of K;. 1: Resonant 2E'— 1 A} emission of k. 2: K scaling, the transitions from the*a, lowest quartet state to
atomic 4?Py 174 2Sy, emission. the 1°E’, 24E’, and 1*A] states of K should be found at
the following approximate wave numbers: 9500, 12 200, and
o ) , 14900 cm'}, respectively.
in Fig. 3@ corresponds to the Pg,1,~3 Sy, atomic The first quartet K transition, observed by scanning the
emission of Na, ang the feature marked 3 is assigned to thﬁ:N ,O, laser from 11900 to 12400 cth, agrees with the
(B)1 1H_UH(X)1 129 transmo_n of singlet Na Nelt_her of " second predicted frequency and is displayed in Fd). By
these higher-energy features is the result of a multiple photop, narison with the calculated electronic states of the so-
excitation procesgas the intensities scale linearly with laser dium trimer, this transition can be identified as th4E?
powep and thus each is the product of the intersystem cross:_; 4, transition of K,. A scan at higher frequencies re-
ing of Na into a predissociative doublet state. Figure 4 iI—V als azsecond Kquartet transition with an origin at 12 690
lustrates schematically the three posiib!e decay channels 81 which is partially masked by the excitation spectrum
Nag which become open afterE'—1“A; excitation. of potassium atoms on the helium nanodropltse Fig.

oy . 4. ’ 4 ’
. In afddmor;}to the obser\éatljon of the"E (_‘clJmAz tran'- 2(c)]. For this experiment, the potassium oven was main-
sition of Na that was recorded near 15800 cman exci- tained at a temperature of 174 °C. A 181 nozzle cooled to

tat_ion spect_rum of Na-doped heliu_m nanodroplets acquireg temperature of 17.5 K and a helium stagnation pressure of
using the Ti:AbO; laser operating in the short wavelength 5.4 MPa(average droplet size—11000 atoms/dropleas

used to produce the helium nanodroplet beam. To confirm
the assignment to a potassium trimer transition, an alkali

Emission Intensity (Arb. Units)

Quartet Manifold 32,,3/2,1/2Z;"‘”’“M‘";gj‘}’,“n,vaz metal pressure dependence of the LIF signal was recorded
g + (OIS, Na, +3S Na and displays an initial cubic dependence that is expected for
Nay =— - a transition originating from a trimé&f. This transition is,
| however, not in coincidence with any of the three frequen-
§ 12 | Spin : cies predicted previously. Following the scaling of the;Na
E § flip or quartet transitions, the next higher dipole allowed transition
1A, =_i£ after the 2'E’« 1 %A}, would be a 1*A]« 1A} transition.
Na; — - Based upon this scaling, we tentatively assign the spectrum
25 Na M beginning at _1_2 690 cmt [_shown in Fig. 2c)] to a 14A’1’
T, —14A} transition of K. With “A] symmetry of the excited

state, a strong vibronic progression of themode(symmet-

FIG. 4. Schematic representation of the evolution of the electronically exJiC Stretch,a; symmetry in theDg;, configuration in the
cited quartet Ngaafter excitation of the ZE’ 1 *A} transition. spectrum of the K transition shown in Fig. @) can be as-

Downloaded 07 Dec 2001 to 128.112.83.42. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 115, No. 22, 8 December 2001 Dynamics in quartet Na; and K; isolation 10269

T T T T T TABLE Ill. Experimental and calculated peak positions of théE2
bLO r ' 1 —1*A} transition of K;.
g |
Sosf 004 . Quantum
= L numbers Experiment Calculated Difference
=[0I o] A (v.) (em™) (cm™) (cm™)
% 04l I (0,0 origin 11927.08 11 927.08 0.00
Ch U | | 1 112 11979.74 11991.12 ~11.38
Eoal NIRRT (2,52 12027.28 12026.76 0.52
z :" \\ (2,112 12 065.19 12 057.40 7.79
. A | s , ] (3,712 12 085.16 12 084.74 0.42
00000 12000 12200 12400 3.1/2 1209251 12097.96 ~5.45
Wavenumber (cm-l) (3,52 12 132.95 12130.32 2.63
(4,512 12162.61 12158.88 3.73
FIG. 5. Comparison of experimentéolid line) and calculatedsolid bars (4,12 12189.64 121735 16.14
spectrum of the 2E’ 1 #A} transition of K; using a linear plus quadratic (4,712 12196.36 12189.07 7.29
Jahn-Teller model. The dashed line is a convolution of the calculated tran-  (5.11/2 12211.02 12217.99 —-6.97
sitions with a Gaussian line shape of 57 ¢nwidth. The inset is an ex- (5,712 12228.40 12 225.65 2.75
panded view of the region from 12 100 to 12 600 ¢m (5,12 12239.94 12243.92 —3.98
(6,13/2 12 252.12 12 258.45 —6.33
(6,5/2 12 264.05 12 263.02 1.03
(6,1/2 12 287.13 12279.92 7.51
signed to the prominent peaks at 12702, 12802, and 12904 (6,7/2 12302.51 12301.67 0.84

cm L. This yields av, frequency of approximately 100
cm L. The weaker bands observed in thg $pectrum can
therefore be assigned to a weak progression of even quanta

in v,, which hase’ symmetry. The linear Jahn—Teller coupling, normalized to the fre-

Let us now return to the comparison between tH&?2 quency of the asymmetric vibration, is similar in théE®
4 State of K (0.84 and the Z’E’ state of Ng (0.72, leading

(—14Aé spectra of Naand Ks. Both spectra are dominate e ) ) .
joa Jahn—Teller stabilization energy that is almost identical

by a 0-0 band with large intensity and accompanied at e by
in the two molecule$24 cm ~in K3, 22 cm ~in Nag). The

higher energy by a weaker vibronic progression of the Jahn= . _ — )
Teller active modé.The vibronic bands in the Kspectrum normalized quadratic coupling ing{0.34 is lower than that

are not as well resolved as those of the; Mpectrum due to of Nag (_0'_48)’ producing a smaller barrier bet.ween the th_ree
several factors. The broadening in the, Kpectrum (57 local minima of theD 3, molecule. Table Il lists the posi-
cmY) is slightly greater than that observed in]Na9 cm %, tions4of the 4experime_n_tal and calculated_vibronic bands of
FWHM of 0—0 bang. This is probably due to a greater cou- the 2°E’— 1 *A, transition of K3 on the helium nanodroplet
pling of the trimer to the internal modes of the helium nano_surface.

droplet. Also, the heavier atomic mass of potassium results in

lower vibrational frequencies of thesknolecule than that of B, Emission spectra

Nag, leading to a closer spacing between lines. The excita-

tion spectrum of this transition of Xcan be assigned using . . : ! )
the Exe Jahn—Teller coupling model employing the Sameprowde valuable data on the nonadiabatic spin—flip pro-

procedure as was used for the assignment of the NaCesses that occur in the quartet trimer. In addition, analysis of

spectrunt Figure 5 displays the experimental spectrum anothe resonant fluorescence allows a detailed study of the low-

the calculated levels that result from a fit to the linear ancESt quartet state of the trimer. .F.igur(ede’i,splaygs an emis-
on spectrum obtained by exciting théA{— 1 %A}, transi-

quadratic Jahn—Teller coupling parameters. The calculatedf . - -
spectrum is convoluted with a Gaussian line shape of Sf'orllof Ks with the T"AI_ZO? laser pOSItlon_ed at 12 700'6_
cm L width for comparison to the experimental spectrum.cm . The spectrum is similar to that obtained by the exci-

. 12 4 ’ -y -
The parameters of the Jahn—Teller analysis are listed in Tabf@tion of the ,24E «—17A, transition of Ng because inter-
II, comparing them to the results for the'B’ — 1 %A, tran- system crossing of the quartet state places the trimer in an
' 2 excited doublet state that predissociates into an atom and

sition of Ng. ; . S
singlet dimer. Also in this case three channels of fluorescence
are observed in exact accordance with thg Bl@ectrum, two

) of which are at higher energy than the excitation energy. The

TABLE II. Jahn—Teller parameters of the’E” state of Ng and K. group of lines near region 1 in the spectrum is the resonant

14A7— 1A} deexcitation back to the lowest quartet state of

N Asymmetic stretch £2) o820 K_3. The _fluorescence at points 2 and 3 is (_amissi_on from the

Linear Jahn—Teller couplintk) 635 dlssoma_tlon pr_od_ucts of the doubl_et potass!um trimer. As the
electronic excitation can be localized on either product, the

The emission spectra of the two quartet transitions of K

Molecule Parameter Valugm™?)

Quadratic Jahn—Teller coupling) 42.3 ] A -
, fluorescence at point 2 arises from the atomic ?<P4,2,1,2
Ks _ Asymmetric stretch £,) 67.9 —4723,,, transition, and the fluorescence at point 3 results
Linear Jahn—Teller couplingk) 57.0 1 1w + .. .
Quadratic Jahn—Teller couplir(g) 23.1 from the B)1 *I1,—(X)1 "X transition of singlet K. Ac-

curate vibrational frequencies for the lowest quartet state can
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TABLE IV. Experimental peak positions of the “A]—1*A) transition
(tentative assignmenof K.
Peak number Positioem™) z
S 000 1 2 3 4 g
1 12688 & ()% - 2 282
2 12 646 z T ] asn
3 12600 Z o) |
4 12563 g D e
5 12 526 15800 15900 16000 16100
wavenumber (cm’)

0 20 40 60 80 100
be extracted from the resonant fluorescence to the) Istate at{ns)

of K3 (peak positions are reported in Table)l\hese could  FiG. 6. Time-resolved Na atomic 2P — 3 2S fluorescence collected upon

be compared to calculated frequencies employinglaini- 2 *E’—1“A} excitation of Ng. (a) The fluorescence onsets of each of the
tio potential surface that, however, in the case gfi&sub- spectra are highlightedb) The excitation spectrum with arrows indicating

stantially more difficult to calculate precisely than in the Casethe excitations used in collection of the time-resolved spectra.

of quartet Ng.*

The emission spectrum obtained by exciting th&E2 ) )
«1%A} transition of K at 11 925.8 cm? (peak of the 0-0 ments were made by inserting an Andover 589FS-10 band-

band is displayed in Fig. @). Only two channels of fluo- Pass filter between the excitation and detection regions in
rescence are found instead of three. The most prominent feQ/der to selectively collect fluorescence arising from the

ture in the spectrum is the P, 1,4 %S, , atomic transi- atomic dissociation product only. Thus, both the singlet
tion of potassium. A very minor component of the dimer emission and the resonant quartet-to-quartet fluores-

fluorescence is seen below 12000 ¢nand corresponds to  Cence were completely suppressed. As shown in K& .tbe

the resonant quartet fluorescence. Also in this case intersygyorescinc’e rise times become faster for excitations of
tem crossing into the doublet manifold of the trimer is oc-higher 2°E" vibronic trimer bands. The fluorescence plots
curring as was observed in the other quartet transitions obENoWn in the Fig. 6 are normalized for sake of comparison.
served in Ng and K;. The branching ratio for the product 1he excitation frequencies are shown in Figb)6 where
fluorescence after spin—flip is however quite different uporin€y are labeled by, j quantum numbers of the initially
excitation of the Z‘E’<—14A§ transition as all of the fluo- popl_JIated vibronic levels. The_ line types u;ed for the identi-
rescence is localized on the atomic potassium fragment. Sefication arrows of the excitation frequencies correspond to
eral factors can affect the intersystem crossing rate in thi1€ line types used in the fluorescence plots shown in Fig.
24E’ 1A} transition of K;. Since the Jahn—Teller param- 6(a). Modeling this data using a single exponential rise and

eters and the magnitude of the vibrational frequency are single exponential fall time yields good fits. The results of
comparable in the 2E’ state of both Ngand K, similar these fits are given in Table V. It is found from Table V that
potential surface gradients near the doublet-quartet staff® measured fall times reproduce the known gas phase lit-

g 2 28 L g
crossing would lead to an increased rate of intersystem cros§rature values of the lifetime of Na“® state;” confirming
ing. In addition, the spin—orbit coupling matrix element is that the spin—flip products emit as gas phase species and

expected to be greater inskhan in Na, which would lead highlighting the relative accuracy of our photon counting

to greater fluorescence in the doublet dissociation channelfstrument.
However, since the form of the doublet potential surface to
which the quartet state is coupled is unknown, it is not pos-

sible to evaluate the effect of these differences with any/ABLE V. Onset times for Na singlet dimé(B)1 "IT,—(X)1 '] and
amount of confidence Na atomic (32P3,2,1,2—>3 23,,,) fluorescence generated upon excitation of

thev,j bands of the 2E’ state of Ng. The lifetime for the P state of Na
is the average of the %P, and 32P,, states as reported in Ref. 28.

IV. TIME-RESOLVED STUDIES

Rise times(+50 p9 Fall times(+0.1 n9

A. Intersystem crossing dynamics
Na dimer Naatom Nadimer Na atom

The intersystem crossing of Nérom the quartet to the 4] (B—X) (P—9) (B—X) (P—9)
doqblet manlfold is an exgmple of a ummple;cular re.act|on of 1425 1435 6.65 16.28
a triatomic complex in which spectroscopic information from 4/, 940 940 6.65 16.26
the product channels can be obtained. The case of the quartet 52 427 445 6.65 16.28
alkali trimers is particularly interesting, as the bonding na- 2,1/2 382 438 6.68 16.24
ture of the products differs from that of the reactant. In order 3.1/2 370 417 6.67 16.29

: ; ; 3,5/2 385 434 6.64 16.28
to gain a more complete understanding of the reaction dy-
. : ) : 4,5/2 222 345 6.65 16.26
namics of this system, time-resolved studies have been car-
ried out on quartet Nain which measurements have been Average lifetime 6.66 16.27
Experimental 7 16.23

made of product-channel fluorescence onset and decays.
Our time-resolved studies employ the time-correlated
single photon counting system described in Sec. Il. MeasureReferences 28 and 30.

lifetime®
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estimated by the MRCI method. We have also found that the
branching ratio between the spin—flip products is constant as
a function of the excitation enerdyrhe emission spectra of
the singlet dimer obtained upon excitation of @0 band
R and the(1,1/2 band of the excited quartet trimer yield indis-
tinguishable intensity patterns. This is consistent with the
(b) % e unoam s model of intersystem crossing into the doublet state that will
T occur at a specific energy through a “doorway” state. Once
the intersystem crossing occurs, the trimer will arrive at the
same configuration on the potential energy surface irrespec-
" Wavenumber oty tive of the level excited in the quartet system. This in turn
’ ' : ' ' will lead to identical product distributions that are not depen-
0 10 20 30 40 50 60 70 o
At (ns) dent on the.excnauon energy. _
This being the case, it is possible to conclude that the
FIG. 7. Time-resolved®)1 'IT,—(X)1 '3 fluorescence of Nacollected  electronically excited quartet trimer accesses a single win-
upon 2“E’—1 “A; excitation of Ng. (a) The fluorescence onsets of each dow into the doublet manifold. If multiple access points to
of the spectra are highlighte¢tb) The excitation spectrum with arrows in- the doublet manifold were attainable at the excitations stud-
dicating the excitations used in collection of the time-resolved spectra. . . . . .
ied here, the product branching rati@hich would be dif-
ferent for different intersystem crossing windgwsould be
found to differ as a function of excitation energy. The energy
at which this curve crossing occurs appears to be located
near 16 05850 cm * above the lowest level of the “A}
@tate.

1) 1 2

3
At (ns)

Intensity (arb. units)

Figure 7 shows the normalized plot of the
Na, (B)1'II,—(X)1'X; product fluorescence obtained
upon 2*E’«+14A) excitation of Ng. Selective photon col-
lection was accomplished by use of an Andover 500FS-1
bandpass filter, which effectively suppresses all but the fluo-
rescence emanating from the dimer product. The results of Ti ved 2 2E' 1 %A .
the best fits to the data are given in Table V. From Fig. 7 an Of' Ngne-reso ve - 2 fesonant emission
Table V it can again be seen that the onset of product fluo- 3
rescence occurs more quickly as the energy of excitation The strongest fluorescence of the resonarftE?2
increases. The positions of the excitation energies are shows 1 *A;, emission occurs at 15 792 ¢rh which represents a
in Fig. 7 as an inset, with line types of the arrows corre-35 cm * shift to the red of th€0,0) 24EIH14Aé Nag exci-
sponding to the fluorescence plots. Excepting the case corréation. Evidence for vibrational cooling of the excited quartet
sponding to the highest energy excitation, the fluorescencstate comes from collection of the*2’—1*A, resonant
onset times of the atom and dimer products are quite similafluorescence upon excitation of the highej bands of the
as for all but the highest-energy excitation, the rise times o “E’ state. Excitation of the€1,1/2), (2,5/2, (2,1/2, and
the dimer spin—flip product and the atom spin—flip product(3,1/2 yields emissions which are dominated by progres-
fall within the reported errofsee Table Y. We also note the sions of transitions that begin near the wave number of the
fast decrease in fluorescence onset time for the first few ex0,0) vibronic level of the 2E’ state. Some emission from
citation energies and the ensuing plateau of onset timeSigher 2*°E’ vibronic levels is observetto higher energies
(again excepting the last pojnt than the 0—0 transition at 15 792 ¢/, but this only consti-

The fluorescence onset time of the emission producttutes a minor component of the total emission. Thus the dis-
represents the time needed to populate the (Bl Il persed emission spectra indicate that there is vibrational
—(X)1'2 4 and the Na atomic 3P, 1,3 %S, emission  cooling of higherv,j bands of the ZE’ state of Na.
channels. The time taken to populate these channels is a sum The 2E’—1 %A} resonant emission from Navas time
of the time needed for intersystem crossing of the vibroni+esolved using reverse time-correlated single photon count-
cally excited Na from the quartet to doublet manifold and ing to obtain information on the vibrational cooling rates. A
the time needed for dissociation of the predissociative doubandpass filtetAndover 633FS10-50is used to selectively
blet into the gas-phase dimeric and atomic fluorescenceollect the resonant fluorescence and to suppress any fluores-
products. As the time spent in the predissociative doubletence from the excitation laser itself as well as fluorescence
state is expected to be negligilfiee., a few picosecondlsit ~ generated from the intersystem crossing products described
is reasonable to equate the fluorescent onset times of th@eviously. The width of this filter, however, was not narrow
dimeric and atomic emission products with the actual interenough to discriminate among the various vibronic bands of
system crossing time. Thus the times reported in Table \the resonant fluorescence. That is, emission from all vibronic
represent the lifetimes of intersystem crossing for particulabands of the 2E’ state is passed with equahinimal) sup-
vibronic bands of the sodium quartet trimer. pression through the filter. Therefore, each measurement

We then find that for excitations of the lowefd,0) should contain lifetime components corresponding to not
2%E’ band of Ng, intersystem crossing occurs in roughly only the initially populated 2E’ pseudo-rovibrational level,

1.4 ns, while this time shrinks to around 400 ps for thebut also to 2E’ levels of lower energy that become popu-
higher (o =3) bands. Radiative decay of the quartet state catated upon vibrational relaxation on the surface of the helium
be estimated to be 19.5 ns based on the oscillator strengtianodroplet. Depopulation of the vibronically excited)
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TABLE VI. Fits to the lifetimes of the resonant emission of N&heSingle
5 lifetime column represents the best fit to the data with a single exponential
’@ 52 fall, which proved satisfactory only in th@,0) case. TheMultiple lifetimes
= 12 column shows the results of fits to the data using models with multiple
= 12 exponential fall times as discussed in the text.
< 52
) 12 Single lifetime Multiple lifetimes
2 0 Excited 2°E’ level (x0.1 n3 (% total areq
o ]
& 0,0 1.30 ns 1.30 n§100%
-] 1,172 1.10 ns 1.30 n$65%)
- 0.89 ns(35%)
(2,512 0.87 ns 1.30 n$58%)
AR 0.89 ns(2%)
7 8 0.57 ns(40%)

At (ns)

FIG. 8. Time-resolved 2E' —1 “A} Na; fluorescence collected upon exci-
tation of various(shown in the insgtpseudo-rovibrational levels of the Na
2 4E" state. Agl/1:296 B lf0.894, = ot/ ay 3

from which the new fall component,, was found to be 570
ps, as shown in Table VI.
states of Ngoccurs through intersystem crossing, spontane-  For the(1,1/2 level, the kinetic equations used to model
ous emission, and vibrational cooling of the trimer. Thus, inthe measured lifetimes contain the following three rates:
analyzing the data, quantifying the fall time components forki=total depopulation rate for thél,1/2 state including
the higher-lying bands becomes difficult and we shall restricPoth electronic and vibrational relaxatioky=total depopu-
the discussion to the resonant emission bands of lowest efation rate for the(0,0) state by electronic deexcitation;

ergy. kio=population transfer rate from thél,1/2) state to the
The temporal behavior of the resonantNaission was (0,0 state. o _
studied for excitations of several “E’ vibronic bands. Electronic deexcitation includes both intersystem cross-

These results are given in Fig. 8. It is seen from Fig. 8 thatnd and radiative decay of the excited electronic state. Due to
the fluorescence falls off more qu|Ck|y as the excitation en.the low temperature of the helium nanOdrOplet relative to the
ergy is increased. The fluorescence onset is instrument limdbrational spacings, we can neglect all up pumping pro-
ited at <50 ps. Thus in the fitting of the fluorescence fall ce€sses. Upon optical excitation at time zero, we have
times described in the following, the fluorescence onset tim&1(0)=1 and Py(0)=0, whereP;(t) is the population of

is held constant at 20 ps. Fits emp|0ying other fixed risestatei at timet. Fort>0, we have the fOIIOWing solutions to
times (50 and 5 psdo not yield fall times which differ out- the kinetic equations satisfying these initial conditions:

side of the error of the;;c=20 ps fit. Thus a single, 20 ps P (t)=e kit ()
. . . . . 1 l

rise time is employed in all fits to the fluorescence decays

that follow.

k1o —k —k
A fit to the (0,0) emission yields a lifetime value of Po(t)= kl_ko(e o' —eH). ®)

1.3+0.1 ns. The model used for this fit is comprised of a o )
(constartinstrumentally limited rise time and a single expo- If we further assume that the rate_of radiative decay is th_e
nential fall. This model yields a single fall time of -D.1 ~ Same for both states, we get the time dependent total emis-
ns for excitation of the(1,1/2) level, and 870 ps for the SIONas
(2,512 level. The_fits to the emission from _tr‘(@,O) e.md. Pooi(1) = P1(t) + Py(t)
(1,1/2 bands are in reasonable agreement with the lifetimes
I(10 K klO
! (kl—ko”e k)t - ©

deduced for the product rise times, while the fit for the
(2,5/2 band is quite different. In the fits to th@,1/2 and

If we compare this with the values reported in Table VI, we
can conclude that

(2,5/2 bands using a single exponential fall, the redugéd
was rather high1.5 and higherand so the data were reana-
lyzed using a multiple exponential model. For tfie1/2

level the following model for the fall times, in which the fall kio=0.65k;—ko)=0.226 ns?,
time fit to the(0,0) level is included in the first terrf? was
used: T10=4.42 ns,
Ae 07724 go Kt ) where 714 is the lifetime for vibrational relaxation from the

(1,1/2 to (0,0 levels. Thus 65% of the increased decay rate
in which A andB are amplitude parameters akg, an ad- for the (1,1/2 level is due to vibrational relaxation to the
ditional fall rate parameter. The results from this fit are given(0,0) level, while 35% is due to increased electronic deexci-
in Table VI under the Multiple lifetime column. For the tation, i.e., spin—orbit mixing. These rates can be compared
emission following excitation of the2,5/2) level of Na;, Eq.  to the ratesk;=0.893ns?! and ko=0.772ns . Thus the
(2) was appended with an additional component: vibrational relaxation from this lowest excited level is slower
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but comparable with the nonradiative decay. The radiativeahermore, the van der Waals complex of three parallel spin
decay rate calculated from tladb initio oscillator strength is  alkali atoms acts as a precursor for a photoinitiated reaction
19.5 ns, which is a factor of 4.4 slower than the lifetime forthat produces a covalently bound product by way of a nona-
vibrational relaxation from thél,1/2 to (0,0 levels. diabatic process in the excited quartet electronic state. This

For excitation of the(2,5/2 band, there are now three reaction can be analyzed in great detail because of the selec-
additional rates in the kinetic moded;=total decay rate of tive preparation of the initial state by the excitation laser and
state 2, thg2,5/2 statg k,,=population transfer rate from because precise energetic information on the product chan-
state 2 to state 11,1/2); k,p=population transfer rate from nels can be obtained through emission spectroscopy. A total
state 2 to state (0,0). of four quartet electronic transitions have been observed: the

Also, we have the initial condition,(0)=1 and 2%E’,1*E’'«1“A) transitions of Ng and the 1*A],2%E’
P1(0)=P,(0)=0. The solutions to the kinetic equations are — 1 %A} transitions of K. A comparison of the product

P.(f)= ekt branching ratios between Nand K; displays the effect of

S(t)y=e™ 2, (7) ) . : ST . )
increased spin—orbit coupling ingkon the spin—flip process.

Koq ket kot This system provides a unique opportunity to perform

P.()= m(e r-e ), ) time-resolved measurements of covalent bond formation
from a van der Waals-bound precursor. Using the technique

Py(t)=Ae '+ Be '+ Ce ¥, (9 of reverse time-correlated photon counting, we have found
_ that the spin—flip process occurs in 1.4 ns for the 0-0 tran-

Prof 1) =P2(1) + P1(t) + Po(V), 10 Sition of Na, decreasing to approximately 380 ps at the
where access point to the doublet manifold in the excited state. A

—Kyp Koikyo single access point is inferred in the excitetE2? electronic

A= + , state of Ng. The magnitude of the rise times of the product
Ko=ko ~ (Ka=ko)(kz=ky) fluorescence indicate that the quartet trimer is undergoing
—Ko1K1o many vibrational oscillations in the excited state before a
5= (k1 —ko)(ka—ky) valence electron may undergo a spin—flip. With each cross-
ing of the trimer through the intersection of the quartet and
C=—-A-B. doublet potential energy surfaces, there is only a small prob-

ability of electron spin—flip. Time-resolved measurements of

the resonant quartet fluorescence show that vibrational cool-
ing of the excited electronic state occurs on a time scale
somewhat slower than that of the spin—flip process. We have
shown that the decay of the resonant fluorescence is limited
amplitudes of the three exponential termPig,,. From the by the spln—fllp.proc.:ess and, upon an analy§|§ that also ac-
0.02 amplitude for thek, term [taken from Table VI for counts for the vibrational relaxation, yields similar rates for

excitation of the (2,52 level], ky=0.022ns and 7y intersystem crossing as those measured by the rise time of
he product fluorescence.

Note that the expressions féx, andP, are the same as
for P, and P, given previously with a change of the labels.
If we assume the values for the rates kg, andk;y from
the earlier level, we can determihkg from the new decay
rate, and the two constants; and k,, from the relative

=45.5ns, which is a minor relaxation channel. From the'
amplitude of 0.58 for the, term, kyp=0.555ns* and 7,4

=1.80 ns for vibrational relaxation. This gives the electronicACKNOWLEDGMENTS
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