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Femtosecond dynamics of solvated oxygen anions. I. Bifurcated electron
transfer dynamics probed by photoelectron spectroscopy

D. Hern Paik, Nam Joon Kim, and Ahmed H. Zewail®
Arthur Amos Noyes Laboratory of Chemical Physics, Laboratory for Molecular Sciences,
California Institute of Technology, Pasadena, California 91125

(Received 10 October 2002; accepted 23 January)2003

The ultrafast dissociation dynamics ofy@X (X=0,, N,, Xe, or N,O) was investigated by
femtosecond photoelectron spectroscopy. The transients, monitoring nasgentexhibit
biexponential rises with two distinct time constants—the fast compongenrtZ00 fs) corresponds

to the joint rate constant for electron recombination and direct dissociation of;tlu®i@ perturbed

by solvent molecules, whereas the slow componenat=Q2.0—7.7 ps, depending on the solvent
corresponds to the process for the liberation of ,Owhich is governed by vibrational
predissociation and intramolecular vibrational-energy redistribution. These observations are
consistent with the mechanism proposed in the earlier communication of this[Raiket al,, J.

Chem. Phys115 612(2001)]. The wave packet bifurcates via two separate dissociation pathways:
electron transfer followed by electron recombination, and electron transfer followed by vibrational
predissociation. Unlike all other solvents, the anomalous behavior observedgfol,O0—a
threefold increase im, value, compared to the other solvents, and a factor of 10 increass for
compared to that of P—reflects the more effective energy dissipation via solute—solvent
vibration-to-vibration and rotational couplings. Moreover, for all solvents, the ratio of the slow-rise
contribution to the total signal can be correlated with the degree of cooling, supporting the concept
of bifurcation in the two channels. @003 American Institute of Physics.

[DOI: 10.1063/1.1561433

I. INTRODUCTION In the present work, we examine the effect of the solvent
on the observed rise of Oand the change of the photoelec-

Studies of size-selected clusters provide valuable in ¢ £ 0% W ider the bif i f th
sights on the nature of solute—solvent interactions, with thé“??‘ spectra of @-X. We consi er the brlurcation ot the
tial wave packet to produce Qin two channels and we

hope of bridging the gap between the isolated gas-phase afly .
condense-phase dynamics. These microscopic solvation prio Pare the observed rates to calgulatpn; based on the sta-
cesses, which may involve energy redistribution, electrorjfIStlcal (RRKM) theory for the dissociation of DX,

transfer, and vibrational predissociation, have been examinegfroug,h ylbratlonal-energy redistribution, and the prompt
in a variety of ionid=® and neutrdf~14 clusters Issociation through back-electron transfer. A strong solvent

In an earlier communicatiohwe reported on studies of dependence was evident in both the rates and the contribu-

O, clusters, and in this paper we give a full account of thellon of population in both channels.

study and extend the scope to include clusters ofvith a
variety of solvents, X0O,, N,, Xe, or N,O. Specifically, II. EXPERIMENT

we report on the femtosecorits) time-resolved photoelec- Our molecular beam apparatus consists of a negative ion

tron (PE) spectra. The number of solvent molecules studied, .o 4 Jinear reflectrdhtime-of-flight (TOF) mass spec-
here is always one while in the accompanying paper the Oy, ater and a “magnetic-bottle®® photoelectron spectrom-
solvent composition varies from 3 to 10. These clusters ar&tar A schematic of the apparatus is shown in Fig. 1

unique for a number of reasons: First, thg Guster is com-

Negative ions were produced by a pulsed electron im-
posed of the @) core surrounded by a neutral, @olecule.

1 o X act source. The pulsed supersonic expansion was crossed
Second, upon irradiation with a 800 nm fs pulse, the electro&/ith 1.0 keV electron pulséL.0 m3, and anions were pro-
migrates from the © core tq the neutral Qmolecule;_sub- duced by the secondary electron attachment. The ions pass-
sequently, an © fragment is generated via two different jnq through the skimmef1.5 mm holé were then acceler-
channels, as discussed in Ref. 9. The solvent, Xe, or 404 to the field-free region by applying electric pulse
N0 is weakly bound to the P core and not directly in- _5 g kv to the two-stage repell&t.The electric potential
volved in an electron migration process, as evidenced fromy¢ ihe second stage repeller is adjusted so that the focus
the photoelectron spectra and the nascent fragments prgjong the time-of-flight axis of the ion bunches is at the laser
duced. Finally, for these clusters we can follow the change ofyeraction region. The ions spatial distributigrerpendicu-

the PE spectra with time. lar to the time-of-flight axis was focused at the center hole
of the MCP using an Einzel lens. A set of horizontal and
dElectronic mail: zewail@caltech.edu vertical deflection plates were used to steer the ion beam.

0021-9606/2003/118(15)/6923/7/$20.00 6923 © 2003 American Institute of Physics
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FIG. 1. Schematic of molecular beam—femtosecond laser apparatus.

In the field-free region, the ion bunches were separatedonstant by utilizing mass flow controllers. The residual wa-
by their masses, and the mass of interest was selected by thex trace was removed by passing the gas mixture through a
interleaved-comb mass g&tehat provides a mass selection, cryotrap of —50°C.
by applying a high electric field1.0 kV/1.0 mn) between
two alternating wires. After mass selection, the ion bunch
was intercepted with the femtosecond laser pulses, and the
photoelectrons were collected by the magnetic bottle photoHl. RESULTS
electron spectrometer. The photofragments were detected by
the linear reflectron time-of-flight mass spectrometer. Figure 2 shows the mass spectra gf X (X=N,, Xe,
Femtosecond laser pulsékl0 fs, 800 nmwere gener- or N,O) recorded under the optimal ion-source conditions
ated from a Ti:sapphire oscillator that was optically pumpedor generating @-X. In the figure we show the clusters
by the second harmoni&32 nm of a cw Nd:YAG laser. The formed under our expansion conditions. The dominance of
oscillator output was then amplified by the regenerative and®,; and G, - X indicates that the solvent is attached to the
multipass amplifiers. The amplified 800 nm lig{80 H2) O, core. Similar to our previous observation witrgband
was frequency doubled by a BBO crystal to generate 800 higher clusters? upon irradiation by a 800 nm fs pulse, the
of the 400 nm light. The remaining 800 nm outg@t5 mJ  Og - X clusters produced the Ofragment, whereas O X,
was used as the pump pulse for photodissociatiggX (n=1,2; X=N,, Xe or N,O) did not generate any nega-
clusters, while the 400 nm laser pulse was used as probe féively charged fragment. This suggests thaf -Q,, not
photodetaching nascent anionic fragments. Black anodize@, - X, is the essential chromophore for the interaction with
light baffles were installed in order to reduce the backgroundhe 800 nm pulse. We did not observe thg ftagment when
noise generated from the scattered light. In order to preverthe 800 nm pulse was used to excitg X (X=N,, Xe or
multiphoton processes while maximizing the overlap be-N,0); for Oz - O,, a small amount of the Dfragment was
tween the laser pulse and ion beam, the laser beam waist wabserved. The broad peaks of OXe and Q - Xe are due to
collimated only to 5 mm diameter. We also studied the powethe presence of?®-1*%e isotopes. In our experiment,;O
dependencysee Paper ) -132xe was selectively intercepted with the laser pulse in
The Q; - X (X=N,, Xe, or N;O) anionic clusters were order to avoid irradiating @ whose mass is identical to
generated by crossing the electrofiskeV) with the gas Og -1?®Xe. This selection was verified by monitoring the
mixture of approximately 90% of oxygen and 10% of sol- depletion of the @-!*2Xe ion intensity in the reflectron
vents (N, Xe, or N,O). The mixing ratio was maintained time-of-flight mass spectrometé@mnot shown. Moreover, the
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FIG. 2. Time-of-flight mass spectra of g1 - (X), (X=N;, Xe, or N;,O)
produced by electron impact source, under the optimized condition for the

1
Og - X (X=N,, Xe, or N,O) generation. The traces o§O(H,0),, clusters Electron binding energy (eV)
are indicated by asterisks.

FIG. 3. (a) Photoelectron spectra of;OX (X=0,, N,, Xe, or N,O) with
probe(400 nmj pulse only. The experimental resultspen circlegare fitted
to a Gaussian functiosolid line) and the peak of the Gaussian function was

absence of ¢ in the interaction region between the laser assigned as the vertical detachment enefgy.Photoelectron spectra of

and the ion beam was confirmed by comparing the Xe Q6 :X (X=0z, N,, Xe, or N;O) collected when both the pum00 nm
y P 9 }% and probe400 nm pulses were present at a 14 ps delayed time. The pho-

H 9
and q4 transients: toelectron envelope at lower binding energy is that of the nascerfray-
The photoelectron spectra of;OX at 400 nm(3.1 €\)  ment, and the higher binding energy peak is due to the parent cluster excited

are shown in Fig. @). The shapes of spectra resemble theby 400 nm light. The enlarged plots of the nascegtiotoelectron profiles
photoelectron spectrum of Q but both the peakvertical ?‘rg_ presdel;“ei as i”_se‘lslj The P‘é""igons of hOtdba”dS and ?f!gOP band are
deFa_chment energ@&/DI_E)] and the on§e[tad|abatlc ele(?troln :2 tﬁ:t;segt e vertical lines, and the estimated temperaturg o Qiven
affinity (AEA)] are shifted toward higher electron binding
energies. The resemblance of the photoelectron profiles sug-
gests that the solvent is attached tp By a weak interaction
without altering its chemical properties. The increase intail was fitted with Gaussian functions with FWHM
binding energy corresponds to the stabilization energy by the=0.17 eV(our instrument resolutionand from the tempera-
solvent X. Among the solvent moleculess Os stabilized ture values, the average internal energyT) of the nascent
most by NO and stabilized least by OWe note that among O, was deduced.
the solvents, BO is the only one that has a dipole moment. The onset of @ generated from the dissociation of O
The stabilization energyEg=VDE(Oq - X) —VDE(Og )] is - X are shifted toward a higher electron binding energy, when
listed in Table I, together with the literature values for thecompared to the onset of,Cdissociated from §. The ob-
dipole and quadrupole moments and polarizabilitigs:> served shift in Fig. @) reflects the cooling of the nascent
Figure 3b) shows the photoelectron signals of & O, fragment from parent ©- X. The degree of cooling var-
when the probé400 nm) arrived 14 ps after the pum{B00 ies with clusters @-X (X=0,, Ny, Xe, or N;O), as evi-
nm). The pump/probe photoelectron spectra exhibit twodent by the trend. This behavior is schematically illustrated
peaks. The new pedlin contrast with a 400 nm pulse only in Fig. 4, and the estimated temperatures are given in Table I.
at lower binding energy corresponds to the photoelectron sig-igure 4 emphasizes the sensitivity of photoelectron spectra
nal of the nascent D fragment, which is dissociated from to changes in binding and temperature of the nascent O
Og - X by the 800 nm pulse. From the observed curve andoroduct.
knowledge of the position of thé,0 and hot(0,1; 0,2 and Figure 5 shows the femtosecond transients gfg@ner-
0,3) bands of @ , we can estimate the relative population of ated from the @ -X dissociation. The transients were re-
the hot bandgsee Fig. &) and Ref. 24, and obtain the corded by integrating the photoelectron signal of (ee
effective temperature; the Franck—Condon factors were de~ig. 3(b)] at different time delays between pump and probe
duced from a Morse potential approximatioiThe hot band  pulses. They exhibit biexponential rises with two distinct
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TABLE I. Summary of experimental results, RRKM calculations, and literature values of dipole and quadrupole moments and polarizabilities.

Experimental results Literature value’
RRKM

Solvent Eq (eV) T (K) v 7 (fs) 7 (P9 75 (P9 ©2 (D) 02 (esu cgp a? (a.u)

None 1600 4.0 110 0.7
N, 0.08 1200 3.7 200 2.0 1.6 0 —14.7x10° %7 11.82
0, 0.06 1100 2.7 230 2.4 1.6 0 —4.0x10°% 10.95
Xe 0.12 980 1.9 190 2.1 1.1 0 27.11
N,O 0.23 810 1.3 235 7.7 4.5 0.16 —3.36x10 ¢ 20.35

au, O, and « refer to the dipole moment, quadrupole moment, and polarizability, respectively.

PReferences are indicated in the parentheses: quadrupole moments and polarizabiliieanof © (8); polarizability of Xe (20); dipole moment(21),
guadrupole momen®2) and polarizability(23) of N,O.

time constants for all clusters, but the time constants anghe Q,-O, complex; subsequently, 00, dissociates via
amplitude ratios vary depending on the solvent. The timawo different channels with distinct time constants. The fast
constants ; and ;) and the amplitude ratiosg=A;/Az)  component ¢;=110fs) represents the direct dissociation,
were obtained by flttlng the transient data with a blexponenfonowing electron recombinatio(*ER) of the q core on a
tial growth function, and the values are tabulated in Table Iyepulsive potential surface. The slow component, (
In this treatment, the response function was included using- 700 fs) involves intramolecular vibrational-energy redistri-
the autocorrelation function of our pulse widh10 f9 at  pution (IVR)/vibrational predissociatiofVP) to liberate the
800 nm, hOWeVer, we alSO CheCked f0r the ValueS Of the flhegative'y Charged p So|vent mo'ecu'e from the Charge

without convolution and obtained similar values far, 7, transferred @- O, complex. The two steps can be written as
and vy, except for the 200 fs component, which without con-fg|jows:

volution becomes somewhat longer. These experiments were _
repeated many times, and all show the same general trend: direct (ER)

; . > o 0; -0, +hv—0, 0, *F — 0, +2 1
the slow component increases in contribution, and its time 4 2 4 -2 220, (13
constant increases as the solvent was changed frerto N indirect (IVRIVP)
N,O, with G, and Xe being in the middle. In Fig. 6, we plot — 0,120, (1b)
the changes ir; for the§e different solvents and the depen- The solvation of @ by O, N,, Xe, or NbO does not
dence on cooling, as discussed below. . . .

form a new chemical species, as discussed above. Accord-
IV. DISCUSSION ingly, the same mechanism holds for the motion of the wave

packet represented on the potential energy curves in Fig. 7.
From the above results we conclude that the dynamics ofhe upper panel shows theBtype reaction, while the

solvated @ follows the same energy landscape as in themiddle panel depicts the two channels described by Hgs.
case of bare §—a bifurcation of the wave packet motion in The wave packet preparation and its subsequent bifurcation
two different channels. Upon excitation at 800 nm, the elecon the two different potential energy surfac@hrect and
tron in O, - O, migrates from the core to the solvent forming indirec) are on different time scales: femtosecalfis) and

FIG. 4. Energetics of electron detachment. The left-
o4y K hand panel shows the PE spectrum gf flagment dis-
sociated from unsolvatedQ whereas the right-hand
panel shows the PE spectrum of ap @agment disso-
ciated from solvated ones. The thick and thin vertical
arrows represent the pun{800 nm and probe(400
nm) photon energy, and the photoelectron spectra are
shown on the vertical axeg; is the internal energy of
O, fragment, ande, is the available energy acquired
from the 800 nm pump pulsé&, in Og is larger than
E, of the solvated one because of the stabilization en-
ergy. The ground state of OX is shifted downward
with respect to @ due to the stabilization energy by X.
Notice that the origin(i.e., zero electron binding en-
ergy) of the spectrum is shifted relative to each other.
The origin of G dissociated from @ is shifted upward
with respect to the © generated from ©- X due to the
difference in @ internal energy.

W
o
1

Energy (eV)

Unsolvated O, Solvated O;
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FIG. 6. Upper panel: solvent dependence of the slow time constgntthe
. . _ experimental resultsquarg is plotted against the theoretical valuegrcle)
FIG. 5. Femtosecond time-resolved transients pfr3e generated fromthe  iated from the RRKM theor(see the teyt Lower panel: branching

dissociation of @-X (X=0,, Np, Xe, or N;O). The time-dependent Sig-  ra1ig of the slow component, as a function of the cooling factor; the esti-
nals(open circle were fitted to a biexponential functidsolid line); see the mated temperatures are indicatage the text

text.

paper this kinematic effect becomes more significant as the

picosecond(ps). On the lower panel, the dire¢tight) and ~ cluster considerably increases in size.
indirect (left) trajectories are represented schematically in a  The slow time constantr) increases by a factor of
configuration space. 3-10 when @ is solvated. The slow time constant fog O

When @ is solvated by an additional molecule, the fast-N2, Og -O,, and Q -Xe were approximately the same
componen{Eq. (1a)] slows down to approximately 200 fs, (~2.0ps), butr, of Og - N,O was about three times longer
and the rate is nearly the same, regardless of the solvefit.7 pS; the slow component for D gives 7,=0.7 ps. As
molecule. This trend suggests that the fast component is nélescribed in Eq(1b), the rate of indirect dissociation is de-
significantly influenced by the vibrational/rotational degreestermined by IVR, and we expect that the degree of IVR
of freedom and that the rate is determined by electron reconwould be different for @-X clusters, depending on the
bination (ER) and the kinematics of the half-collision. For composition(monatomic Xe; diatomic @and N,; triatomic
dissociation on a repulsive surface, the nuclear motion i&N.O) and binding through low-frequency modes.
expected to occur on the time scale of 50—20% fdowever, To examine the role of IVR, we made calculationsref
electron recombination in O, could occur on this time Uusing the statistical RRKM(Rice—Ramsperger—Kassel-
scale or longer. Marcus theory:

For Q; , where electron recombination is resonant, the N*(E—D)
effective rate of electron recombination and subsequent kzoﬁ, (2
nuclear motion is about 110 fs. The addition of the solvent, p(E)
which breaks the resonance, could yield a factor of 2 lengthwhere o is the degeneracy in the dissociatidmis Planck’s
ening of 7;. Therefore,r; is the overall time constant cor- constantN*(E—D) is the number of states at the transition
responding to ER and subsequent nuclear motion. The corstate, angp(E) is the density of states of the reactant at the
tribution due to kinematics appears to be insignificant in outtotal energy(see Ref. 28 N*(E—D) and p(E) were ap-
particular systems since; does not vary with the mass of proximated by using the intermolecular frequencies gf O
solvent X. Furthermore, Continetti and his co-workers have X. In other words, because the reaction coordinate on the
shown that two @ solvent moleclues around,Oact essen- excited potential involves £D, - X we considered ©- X for
tially as spectators in the process ofg Cdissociative a full ab initio calculation and similarly for @ with 20,.
photodetachmerit. However, as shown in the accompanying The ab initio calculation was done using the unrestricted
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FIG. 7. Upper panel: &-type reac-
0, +(0,), (30,—--°0,—°0,) (0,), + O, tion pathyvay that _is shown as th_e dot-
ted line in the middle panel. Middle
panel: A representation of two cuts in
the Q; potential energy surface. On
L 16 the left-hand side of the figure, the
potential is along the nuclear coordi-
nate between the L and core Q
1.2 (50,---€0,); charge-induced—dipole
interaction. On the right-hand side,
the potential for the separation
-0.8 (°0,—€0,) of O, from O, in core
..... O, is displayed; the solvent neutral
20, (L) + 0, (1) O, is considered as a spectator. The
i wave packet is prepared as indicated,
and the bifurcation is illustrated by the
dotted path. The estimated energy
range of the charge transfer band is de-
R(°0,--°0,) R(°0,—°0,) picted by a shaded block on the verti-
cal axis. Lower panel: The direct and
indirect dynamics are represented
schematically in the configuration
space, where the horizontal axis repre-
sents the reaction coordinate while the
vertical axis describes all nonreactive
coordinates.

pPS e« NN —
(ET, IVRIVP)

______ fs

(ET, ER)

0, (11,) +20, (%))

Indirect Direct

Hartree—Fock level of theory with 6-3#1G* as the basis on the bifurcation process. A larggvalue (y=A;/A,>1)
set.E is the energy of the excitation pulse minus the differ-means that the direct process is more favored than the indi-
ence in energyat the minimum of the potentinbetween rect one, andiice versaThe electron recombinatioiER) is
0,-0, and G -O4. We tookE to be the same for all clus- governed by the energetics of @Gnd Q, in the charge trans-
ters, since the stabilization by X is about the same for O ferred G, - O, complex. The solvent effect on ER is mainly
-0, and G - O,. due to the dissipation of Dinternal energy to the solvent

In our calculations, three different dissociation channelsand the energetics. When the incipienf @aintains its ini-
were considered since all of them, shown below, can be oltal vibrational energy, electron recombination is most fa-

served in our probe window: vored, as observed inO(y=4.0). On the other hand, when
Ky O, dissipates its internal energy to the solvent, the direct
0,0,-X+800 Nnm—-0,0, - X—0, +X+20, (3a  process decreases in contribution. Additionally, the energy

ke between the HOMO of © and the LUMO of Q is influ-
—05 - 0,+X+0,—0; +X+20, (3b) enced by the solvent and the gap increases adv€comes
solvated. Thus, the amplitude ratio of the fast and slow com-
EOZ’-X+202—>OZ’+X+202 (30 ponent shquld be correlated, in part, to the degree of vibra-
tional cooling.
For X=N,, Xe, or N,O, k,, k,, andk. were calculated A cooling factor can be defined to express the fraction of
usingo=1, 2, and 1, respectively. In the case ofX0,, k,  available energy that goes into the internal energy f O
and k, were calculated usingg=1 and 3. Ther, values
calculated by the RRKM theory correspond to the reciprocal B kgT
of the total rate constank{,,=k,+kp+k;). We found that C=1- E-Daa’
k, and k. are dominant, consistent with the fact that the
dissociation energy for Eq$3b) and (3c) are smaller than wherekg is the Boltzmann constant, is the temperature of
that of (3a). In the case of channéBb) and(3c), the subse- the nascent © fragment estimated from Fig(l3), E is de-
quent dissociation of metastable, & occurs. However, fined above, an® s, is the dissociation energy of channel
this subsequent dissociation will not appear in our transien¢3a). If O, is very cold,C goes to 1, and if it acquires most
because photoelectron signals of X, as well as @, are  of the internal energyC becomes 0. This trend is illustrated
integrated in our boxcar gate and the photodetachment crossm the bottom panel of Fig. 6 in which the branching ratio of
section of @ and G - X is about the same; the change from the slow channelA,/(A;+A,), is plotted against the cool-
O, -X to O, is not sensitive enough to our probe. In all ing factor. Among the solvents, the cooling factor ofNis
these calculations, the transition state was taken to be a protirger than all others. The unique nature gfONcompared to
uct type, without variational adjustment. The results showXe, O,, and N is that G -N,O can effectively exchange
the trend shown in Fig. 6, which parallels that of the experi-energy via vibration-to-vibration and rotational couplings.
mental results, and the values are in Table I. The essential criteria 0¥-V transfer are near-resonance in
The amplitude ratio ¢=A, /A,) varies as a function of energy and the infrared activity of the mode invol&d®
the solvent X, which is also consistent with the solvent effectAmong the solvents studied, only,® fulfills these criteria.
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