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Nonadiabatic Molecular Dynamics Simulations of Correlated Electrons in Solution. 1. Full
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The hydrated dielectron is composed of two excess electrons dissolved in liquid water that occupy a single
cavity; in both its singlet and triplet spin states there is a significant exchange interaction so the two electrons
cannot be considered to be independent. In this paper and the following paper,we present the results of mixed
guantum/classical molecular dynamics simulations of the nonadiabatic relaxation dynamics of photoexcited
hydrated dielectrons, where we use full configuration interaction (Cl) to solve for the two-electron wave
function at every simulation time step. To the best of our knowledge, this represents the first systematic
treatment of excited-state solvation dynamics where the multiple-electron problem is solved exactly. The
simulations show that the effects of exchange and correlation contribute significantly to the relaxation dynamics.
For example, spin-singlet dielectrons relax to the ground state on a time scale similar to that of single electrons
excited at the same energy, but spin-triplet dielectrons relax much faster. The difference in relaxation dynamics
is caused by exchange and correlation: The Pauli exclusion principle imposes very different electronic structure
when the electrons’ spins are singlet paired than when they are triplet paired, altering the available nonadiabatic
relaxation pathways. In addition, we monitor how electronic correlation changes dynamically during
nonadiabatic relaxation and show that solvent dynamics cause electron correlation to evolve quite differently
for singlet and triplet dielectrons. Despite such differences, our calculations show that both spin states are
stable to excited-state dissociation, but that the excited-state stability has different origins for the two spin
states. For singlet dielectrons, the stability depends on whether the solvent structure can rearrange to create
a second cavity before the ground state is reached. For triplet dielectrons, in contrast, electronic correlation
ensures that the two electrons do not dissociate, even if the dielectron is artificially kept from reaching the
ground state. In addition, both singlet and triplet dielectrons change shape dramatically during relaxation, so
that linear response fails to describe the solvation dynamics for either spin state. In the following paper
(Larsen, R. E.; Schwartz, B. J. Phys. Chem. B006 110, 9692), we use these simulations to calculate the
pump—probe spectroscopic signal expected for photoexcited hydrated dielectrons and to predict an experiment
to observe hydrated dielectrons directly.

I. Introduction molecular bonding also depends on the inclusion of eleetron
Despite the fact that most molecules possess multiple electron interactions; even the potential energy surfaces of a
electrons, the vast majority of computer simulations of excited- molecule as simple aszt¢annot be correctly described without
state relaxation in the condensed phase make the approximatior@n explicit inclusion of electron correlatidh.Many-electron
that there is only a single important electronic degree of freedom effects have been included in a few condensed-phase simulations
and that the nuclei may be treated classichifySince only a semiempirically;? with Hartree-Fock?® and with time-depend-
single electronic degree of freedom is treated explicitly, the ent density functional theorf;*it is not clear, however, how
effects of the remaining electrons must be included in some accurate the excited states are for a given electronic structure
approximate fashion, usually by the use of a pseudopoténtial. approximation or exchange-correlation functional, therefore it
This type of single-electron picture ought to be limited to is not obvious that these approaches will be able to produce
systems in which the electron being treated explicitly and those correct excited-state dynamics and relaxation for all systems.
being treated implicitly are not correlated, but unfortunately, Ideally, one would circumvent such difficulties simply by
this does not describe the electronic structure of most moleculescalculating condensed-phase nonadiabatic relaxation dynamics
or even of atoms that have more than a single valence electron.using the full many-electron electronic structure for every time
For example, despite a large effort in single-electron simulations step of a molecular dynamics simulation. Then electron cor-
of the charge-transfer-to-solvent (CTTS) of photoexcited iodide relation would be included exactly and there would be no need
in water? Bradforth and Jungwirth recently have shown that to subsume correlation into some single-electron effective
the electronic structure of hydrated iodide is not properly repulsive potential or some approximate exchange-correlation
described by a single-electron pictdfecorrelation among the  functional. In this paper we achieve this ideal, albeit for a
valence electrons of iodide precludes an accurate single-electrorcondensed-phase system with only two electrons, by solving
treatment of CTTS. Likewise, an accurate description of the electronic structure probleexactlywith full configuration
interaction (ClI). The full Cl solutions allow us to examine the
* Corresponding author. role of electron correlation in solution-phase relaxation dynamics
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with unprecedented detail and accuracy. Furthermore, we will inter- and intramolecular interactions of the water were given
calculate the excited-state dynamics of both singlet-paired by the SPC/Flex potentidf. The forces that the quantum
electrons and triplet-paired electrons, thus investigating how the mechanical electrons exert on the classical particles are of the
Pauli exclusion principle and spin statistics influence nonadia- Hellmann-Feynman form, so that the size and shape of the
batic relaxation and solvation. two-electron charge density determines the force on each water
The species whose dynamics we examine in this paper is themolecule due to interaction with the dielect®The two excess
simplest possible two-electron condensed-phase solute: theelectrons repel each other through the Coulomb interaction, and
hydrated dielectrof®1° Like its one-electron analogue, the they interact with the solvent molecules through a pairwise
hydrated electrof?25 the hydrated dielectron serves as an pseudopotential introduced by Schnitker and Ro$8kjthough
excellent probe of solvation dynamics because its electronic more accurate electron-water pseudopotentials are kabthis,
properties are determined entirely by the solvent, but the choice allows for direct comparison to the extensive simulation
dielectron has the added advantage of including all of the literature of the hydrated electron performed using this pseudo-
exchange and correlation effects that are characteristic of potential?!:23
multielectron systems. Recently, we have reported detailed For each water configuration, we compute the adiabatic two-
simulation results of the equilibrium structure and dynamics of electron eigenstates of the system using full configuration
this two-electron solvent-supported specéiéd/e found that the interaction (Cl), as described in detail in refs 18 and 19. Briefly,
hydrated dielectron possesses two distinct configurations, whichat every simulation time step, each adiabatic two-electron
correspond to the two electrons being either singlet or triplet eigenstate is expanded in a series of antisymmetrized products
paired. For the singlet dielectron, both electrons occupy a single, of single-electron adiabatic eigenstates,
potato-shaped cavity in the water and hax2eV of correlation )
energy, whereas for the triplet case, the two electrons share a |V, = ZC'nfn [n, mC] Q)
peanut-shaped cavity and have about half the exchange energy nm
of the singlet case. In this paper, we simulate the properties of
hydrated dielectrons following electronic excitation in order to Where|n, mil = (Inkjmi3 + Im3In@)/V2, In, nk = nGInG,
examine rigorously how exchange and correlation affect con- and|nli denotes a single electron eigenstate for eleckrdhe
densed-phase nonadiabatic relaxation and solvation dynamicsPIUs sign denotes spin singlet dielectrons and the minus sign
In the following papef® henceforth referred to as Paper Il, we SPin triplet dielectrons, witm = n for the singlet andn > n
will use these simulations to calculate the transient spectroscopyfor the triplet case. For every solvent configuration we calculate
of hydrated dielectrons and to suggest a pupmbe experi- theN = 10 lowest single-electron adiabatic eigenstates on a 16
ment to observe dielectrons direcﬂy_ x 16 x 16 cubic grld with an iteratiVE-and-blOCk-La.nCZO.S
The rest of this paper is organized as follows. Section II Proceduré? We then compute the two-electron adiabatic

describes details of the model and computational methods usecigenstates with full Cl using a basishfN + 1)/2 appropriately

to solve the two-electron problem using full CI. In section III Symmetrized two-electron product basis stéteEhe electron

we describe the relaxation dynamics of both singlet and triplet €l€ctron Coulomb and exchange interactions needed for full Cl
hydrated dielectrons following excitation from the ground to a Were computed using the efficient real-space quadrature that
higher-lying (di)electronic state. We find that both singlet and We introduced in ref 18. We achieved an add|_t|onal increase in
triplet dielectrons undergo significant size and shape changesSPeed by making what we have called the “important states”
as they relax and that these changes are accompanied by larg@PProximatiort in which we perform the full Cl calculation
changes in electronic structure (e.g., in the amount of diradical ©Nly every 3 fs (6 time steps), constructing a smaller Cl matrix
character of the occupied excited state). We also show thatat mtermedlate times using a subset pf the two-electron product
although neither singlet nor triplet dielectrons dissociate after Pasis states that we refer to as the important states. Here, the
excitation due to rapid nonadiabatic relaxation to the ground important states comprise all two-'electron product ;tates needed
state, the relaxation dynamics of the singlet dielectron is very [0 represent 99.95% of the occupied two-electron eigenstate and
different from that of the triplet dielectron; this difference results 99% of the rest of the 10 lowest-energy unoccupied two-electron

entirely from the constraints imposed by the Pauli exclusion €igenstates. We have not allowed intersystem crossings in the
principle for each spin state. In addition, we find that linear simulations reported here, so the two electrons were constrained

response does not describe the solvation dynamics of dielectronst® Pe €ither fully singlet or triplet at all times. Note that our

aresult that is perhaps not unexpected in view of the significant choice of the grid basis rather than a more standard molecule-
size and shape changes during relaxation. Section IV presentd@sed basis prevents any bias in terms of whether the dielectons
a discussion of all of the results. prefer to be together or apart, or on top of or between the solvent

molecules; the grid basis set is flexible enough to allow the
dielectrons to change size and shape or even dissociate.

The nonadiabatic dynamics of the two-electron system were

The simulation techniques used for the full Cl nonadiabatic calculated using Prezhdo and Rossky’s mean-field with surface-
dynamics reported in this paper have been described in detailhopping (MF/SH) algorithnd.In this algorithm, which combines
elsewheré®1° so here we give only a brief summary of our Tully’s fewest switches methddvith Ehrenfest dynamics, the
model and computational methods. We have run constant-energyinitially occupied adiabatic state is taken to be the “reference
mixed quantum/classical (QM/CM) molecular dynamics simula- state” and the wave function of the system evolves coherently
tions at a temperature 6$300 K in a cubic box 18.17 Aona  according to the time-dependent Saftirmer equation (mean-
side that contains 200 classical water molecules and two excesdield dynamics). When certain criteria are met, the wave function
electrons; all interactions were computed using minimum-image is collapsed either to the reference state (mean-field rescaling)
periodic boundary conditioA% with the interactions tapered or stochastically to a new state (a surface hop), which then
smoothly to zero at half the box length?8 The classical water ~ becomes the reference state. Details of our implementation of
dynamics and intermolecular interactions were propagated usingthe MF/SH algorithm for two-electron systems may be found
the velocity Verlet algorithm with a time step of 0.5 fs, and the in ref 1832

Il. Model and Computational Details



Nonadiabatic MD Simulations of Correlated Electrons in Solution 1 J. Phys. Chem. B, Vol. 110, No. 19, 2008683

For both singlet and triplet dielectrons, we have run 30 Singlet
nonequilibrium trajectories using uncorrelated initial configura- ]
tions taken from 30-ps-long singlet and triplet adiabatic 0
trajectories® For each nonequilibrium trajectory, the dielectron
was promoted from the ground state to a resonant excited state
that was 4.00t 0.01 eV above the ground state. We chose the
4.0-eV excitation energy because our simulations have stfown
that both the singlet and triplet dielectrons have significant
oscillator strength at this wavelength but the (single) hydrated
electron does not. Thus, our simulations are designed to mimic
a pump-probe experiment where the pump energy is chosen
to be largely to the blue of the hydrated electron’s absorption
band (see ref 19); as we discuss below and in Pap€nik
believe that these are the ideal experimental conditions under
which to spectroscopically verify the existence of hydrated
dielectrons.
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Ill. Exchange and Correlation in the Excited-State
Relaxation Dynamics of Hydrated Dielectrons
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In this section, we investigate the relaxation dynamics of both
singlet and triplet hydrated dielectrons after 4.0-eV excitation
from the ground electronic state. We examine both individual
trajectories and nonequilibrium ensemble average properties in
detail, and explore how the presence of exchange and correlation
in this system affects linear response. As noted above, our
simulations do not include the possibility of intersystem
crossing, so we shall discuss the dynamics of each of the two
spin states Separate|y_ 0 200 400 600 800 1000 1200

A. Relaxation Dynamics of the Photoexcited Singlet Time (fs)

Hydrated Dielectron. We found in our previous study of the  Figure 1. Representative dynamical history of nonadiabiatic relaxation
equilibrium dynamics of hydrated dielectrons that the singlet by a singlet dielectron following resonand 4.0 eV excitation at time
dielectron is energetically more stable than the triplet dielectron, = 0- Panel a: Adiabatic energy levels (alternating thin gray solid and

although the triplet dielectron does appear to be kinetically stable 42shed curves) and mean-field energy (thick black curve). Panel b:
Radius of gyrationRyy,, solid curve) and electrerelectron separation

on the time scale of our_S|muIat|oﬁ%Moreover, we recen_tly (r12, dashed curve) of the occupied adiabatic state. Panel c: Coulomb
have completed a detailed study of the thermodynamics of (solid curve) and exchange (dashed curve) energies of the occupied
hydrated electrons and dielectrofigind as a result, we believe  adiabatic eigenstate, and their sum (dotted curve), the total interaction
that singlet dielectrons are much more likely to exist experi- energy. Panel d: Fraction of excited-state (solid curve), radical (dashed
mentally than triplets. Thus, in this subsection we discuss the cyrve) and dira_dical (dotted c_urve)_ chara(_:ter of the occupied adiabatic
behavior of photoexcited singlet hydrated dielectrons in detail, €9enstate, defined as described in Section IIl.A.2.

1. Results: Full-Cl Nonadiabatic Nonequilibrium Mixed
Quantum/Classical Trajectories of Singlet Hydrated Dielectrons.
Figure la displays a dynamical history of the adiabatic eigen-
states (shown as alternating dotted and solid gray curves) an
the occupied mean-field state (heavy solid curve) for a typical . ) . . )
nonequilibrium trajectory following 4.0-eV excitation of the Figure 1b displays the radius of gyratiomg: (solid
equilibrated singlet hydrated dielectron. In this trajectory, CUrve€), and the average interelectron separation, =
following promotion of the equilibrium dielectron to the 4/[W||r, — r2|2|1PD(dashed curve), of the occupied state for
(resonant) seventh excited state at 0, the excited dielectron  the prototypical excited singlet-dielectron trajectory whose
mixes strongly with the nearby excited states and undergoes aenergy-level history is shown in Figure 1a; details of how these
series of nonadiabatic transitions to reach the lowest excited quantities are calculated using multielectron wave functions are
state after~70 fs. After this time, there is little mixing with ~ found in ref 19. Although both quantities fluctuate, neither
any of the higher-lying excited states, which have increased in undergoes a significant change in the first several hundred fs
energy relative to the occupied state, but significant mixing with after excitation, indicating that the Frane€ondon excitation
the ground state occurs as the ground state energy rises, so thdéaves the excited dielectron in essentially the same cavity as
in this trajectory the system eventually internally converts to the ground state. After the system reaches the first excited state
the ground state after500 fs. Figure 2a shows the dynamical at~300 fs, however, the radius of gyration and the interelectron
history of the occupied- and ground-state energies averaged oveseparation both increase steadily until the system makes the
all 30 nonequilibrium trajectories while the dielectron occupies transition to the ground state at530 fs. Following the
one of the excited stat€$This figure shows that the energy of nonadiabatic transition to the ground state, the system reequili-
the occupied state of the excited dielectron decreases in a rapidrates within 700 fs. Figure 2b shows the dynamics of the radius
cascade of nonadiabatic transitions until it reaches the first of gyration (solid curve) and the interelectron separation (dashed
excited state; during this cascade, the ground-state energy risesurve) averaged over all 30 of the nonequilibrium excited-state
as the solvent moves to stabilize the altered excited-state chargeuns. The radius of gyration and the interelectron separation
density. A fit of each average energy curve to a single increase steadily by25% over the first 500 fs and then level
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exponential (dashed curves) yields-d eV average excited-
state energy decrease on a time scale of 50 fs, an@ &V
d’ncrease in the average ground-state energy on a time scale of
130 fs35
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=) 5 '._ for the singlet run shown in Figure 1. The ground-state charge density

Z ' is displayed in red and the occupied-state charge density in yellow for
0 L v v L the times indicated; in both cases the contours are drawn at a charge

0 200 400 600 80 1000 density of 10 of the maximum charge density for the state displayed.
Time (fS) The “occupied state” contour at time = 1505 fs displays the

unoccupiedirst excited state, because the occupied state at this time
Figure 2. Nonequilibrium average dynamics for singlet dielectron is the ground state.
relaxation following 4.0 eV excitation at timte= 0. Panel a: Average . . . . . .
energies of the occupied excited state and the ground state afterFinally, immediately before the nonadiabatic transition to the
excitation (solid curves¥ The dashed curves show single-exponential ground state, the occupied excited state has evolved into two
fits, with time constants of 134 and 50 fs, respectively, for the ground separate lobes of unequal size. The two lobesatseparated
and mean-field energiés Panel b: Average radius of gyratioRy(r, single hydrated electrons, however, because the ground-state

solid curve) and interelectron separatian(dashed curve) of the a0 density (and our examination of individual configurations
occupied excited state. Panel c: Number of singlet-dielectron runs above

the ground state (solid curve) and above the first excited state (dottedusmg molecular Vlsuahz"’_‘t'on software) shows clearly that no
curve) as a function of time after excitation. water molecules reside in the space between the two lobes.
Moreover, as we will discuss in the next subsection, the two
off. Both of these trends suggest that the excited-state electronselectrons still have a significant exchange energy at this time,
are trying to separate, but for the reasons discussed furtherindicating that they act as a single, correlated quantum me-
below, the two electrons are able to get onl§.5 A apart on chanical entity rather than as two individual electrons. Following
average before the system returns to the ground state. the nonadiabatic transition to the ground state, the dielectron
To better visualize the electronic changes that take place returns to its equilibrium “potato” shagé.
during the nonequilibrium dynamics, Figure 3 displays contour ~ We turn next in our study of the singlet dielectron’s relaxation
plots of the charge densities of both the occupied and ground dynamics to examining the excited-state lifetimes of all 30 of
electronic states at a few select times during the relaxation for our nonequilibrium trajectories. Figure 2c shows the total
the trajectory studied in Figure 1. We chose to display the chargenumber of trajectories in which the MF/SH reference state is
density of the ground state as well as the occupied state becauseither above the ground state (solid curve) or above the first
the repulsive form of the electrerwater pseudopotential near excited state (dotted curve) as a function of time following
the water molecules means that the ground-state density onlyexcitation. On average, the 4.0 eV excited singlet dielectron
occupies regions where there are no water molecules, providingtakes 100 fs to reach the first excited state with an average
a convenient way to visualize the “cavity” carved out by the excited-state lifetime of 530 fs; see Table 1. This average
dielectror?! At the time of excitation, the occupied excited state excited-state lifetime is~200 fs shorter than to that seen in
(shown in yellow) is somewhat larger and less spherical than simulations following the~2.3 eV excitation of a hydrated
the ground state (shown in red), but the excited state clearly electron?* and we turn in the next subsection to the question
occupies the same solvent cavity as the ground state. By 180 fsof how the dielectron is able to dissipate nearly twice as much
after excitation, the occupied excited state has developed twoenergy on a slightly faster time scale as the single electron.
lobes and the cavity it occupies (as revealed by the ground state 2. Discussion: The Roles of Exchange and Correlation in
charge density) has lengthened significantly. By 360 fs the the Relaxation Dynamics of the Singlet Hydrated Dielectron.
smaller of the two lobes has grown and the ground state hasWe begin our discussion by addressing the question of how
shrunk in response to rearrangement of the first solvation shell. the excited singlet hydrated dielectron is able to return so quickly
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TABLE 1: Average Excited-State Lifetimes and during the relaxation by examining the CI expansion coef-

Uncertainties for Excited Hydrated Dielectrons’ ficients, €;5)2 in eq 1. We note that once the dielectron has

spin state  time to 2 (f8) time from2to 1 (fsy timeto 1 (fs) relaxed to its first excited state, the single two-electron product
singlet 98 (15) 434 (73) 532 (73) basis state that has the largest amplitude accounts for less than
triplet 123 (25) 45 (17) 161 (23) 50% of the total wave function, indicating that a Hartré®ck-

aTh . - level (single determinant) treatment of exchange would fail to

e numbers in parentheses are two standard deviation errors. ) ; - .

b Time after excitation for the first excited state to be reached, calculated d€Scribe the excited-state dynamics of the hydrated dielectron.
from 30 (27) runs for singlet (triplet) dielectrorsTime between the ~ FOr comparison, the single “determinant” that dominates the
first excited-state being reached and the transition to the ground state,ground-state singlet dielectron wave function has both electrons

calculated from 30 (27) runs for singlet (triplet) dielectroth$ime in their ground single-electronic states, With%fi“”dfr)Z ~
after excitation until the transition to the ground state, calculated from 5 7719 '

30 runs for both singlet and triplet dielectrons. .

9 P The importance of additional configurations during the
to its electronic ground state. Unlike the hydrated electron, which €Xcited-state relaxation of the singlet dielectron is illustrated
has only three cavity-bound excited states, the dielectron hasPY the solid curve in Figure 1d, which shows the fraction of
well over a dozen cavity-bound excited states because theth® full CI wave function in which either one or both of the
attractive potential of the cavity is much deeper than for the €/€Ctrons lie in an excited single-electron state for our repre-
single electrort® The 130-fs time scale on which the ground- sentative trajectory. This “fraction excited” character, which is
state energy of the excited singlet dielectron increases following 23% for the equilibrium ground-state singlet dielectt8n,

excitation (cf. Figure 2a) is faster than that of the photoexcited decreases from essentially 100% immediately following excita-
hydrated electroAt indicating that the solvent must accom- tion to between 70 and 80% once the first dielectronic excited

modate the excited-state charge distribution in regions previously State is occupied and reaches its quasi-equilibrium. The dashed
occupied by solvent molecules. The excited hydrated electron, CUrve shows what we call the “radical” character of the
in contrast, is solvated by water moving into empty regions that dielectron, defined as the fractlon_of c_onflgl_Jratlons comprising
were previously occupied by the electronic ground sthte. _the tota! two-electron wave function in which one _elgctron is
has been well documented that the solvation dynamics of SPc/iN the single-electron ground state f}”d me other is in one of
Flex water are faster when the solute increases in size than wherfh€ single-electron excited statesi_,|c{|> The radical
the solute decreases in size, due to the nature of the differentcharacter fluctuates between 50 and 70% until the dielectron
solvent motions involve@ Thus, there are two reasons the reaches its quasi-equilibrated first excited state, whereupon the
singlet dielectron is able to dissipate the excitation energy more ‘radical” character rises to be almost the same as the “fraction
rapidly than the hydrated electron: First, the fact that nonadia- €xcited” character. Finally, the dotted curve displays the
batic transitions are quite facile through the dense manifold of “diradical” character of the excited dielectron, defined as the
dielectron excited states provides an extfaeV of stabilization ~ fraction of the total two-electron wave function comprised of
to close the gap, and second, the size increase of the dielectron’§onfigurations in which both electrons are in excited single-
excited state leads to faster destabilization of the ground-stateelectron statesy =) ¥\ Ici |2 At equilibrium, the ground-
energy. state dielectron has10% diradical character, as does the quasi-
Now that we see that solvation dynamics destabilizes the equilibrated first excited state, but prior to the quasi-equilibration,
ground state of the singlet dielectron while nonadiabatic 15—-40% of the excited state is “diradical.”
relaxation simultaneously lowers the energy of the occupied Finally, we noted in discussing Figure 3 that the charge
excited state, we turn next to the question of how the electron density contours appear to suggest that the two electrons may
correlation changes during this relaxation. Figure 1c shows the be attempting to break apart: in other words, it appears that
Coulomb (solid curve) and exchange (dashed curve) energiesthe dielectron might undergo photodissociation. In none of our
for our representative excited singlet-dielectron trajectory as well 30 nonequilibrium trajectories, however, did we see the two
as their sum, the total electremlectron interaction energy electrons become separate and distinct entities (as defined by
(dotted curve§’ We see that the exchange energy drops to near the presence of a water molecule between the two lobes and/or
zero upon excitation, suggesting that the excitation is one- the exchange energy becoming zero). The separation of the two
electron in character: by exciting predominantly only one of electrons requires a significant amount of solvent rearrangment,
the electrons, the correlation between them is largely removed.and the excited-state lifetime of the dielectron is ory30 fs,
Following the rapid nonadiabatic cascade to the first excited suggesting that the rapid nonadiabatic transition to the ground
state after~70 fs, however, the exchange energy rises to roughly state is what prevents the dielectron from photodissociating. We
~15% of the Coulomb energy, so that nonadiabatic relaxation tested this idea by taking the representative trajectory analyzed
increases the correlation between the electrons. Over the nexin Figure 1 and forcing the dielectron to stay in the first excited
few hundred femtoseconds, the average interelectron separatiomstate for times after 500 fs (i.e., we ran adiabatic dynamics on
increases, (cf. Figure 1b) causing the Coulomb interaction the first excited state and did not allow nonadiabatic transi-
between the electrons to decrease. The exchange interactionions)38 After remaining on the excited state for more than 1
between the electrons increases at essentially the same rate gss, the two lobes of the excited singlet dielectron separated,
the Coulomb energy decreases, however, so that on averageventually reaching distances of8 A. As the interelectron
the total interaction energy remains roughly constant. With our separation increased, the energy difference between the ground
definition of the exchange energythe near constancy of the  and occupied first excited-state shrank+®.3 eV, and the
average total electron interaction energy tells us that during interelectron separation began to oscillate between betw8en
relaxation, the two-electron wave function is gaining amplitude A and the original quasi-equilibrated excited-state separation
from configurations in which both electrons occupy the same of ~5.5 A; for the larger separations, the exchange energy fell
single-electron state. to nearly zero, showing that such configurations indeed comprise
Because we have the full CI solutions of the two-electron separated, individual electrons. The oscillations result from a
eigenstates, we can analyze the changes in electronic structurehange in ordering of the two lowest-lying states as the energy
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of the ground state, which occupies a single cavity, becomes
greater than the energy of what had been the first excited state,

Larsen and Schwartz

Triplet

which occupies two cavities. In the presence of such crossings, —
it makes no sense to constrain the system to a single adiabati(%
energy surface, so we terminated the trajectory. It is interesting ~—

to note, however, that photoexcitation is able to dissociate the
dielectrons, provided they are kept in the excited state artificially.
The fact that the electrons would dissociate if the transition to

S

c

ergy

the ground state did not take place more quickly than the solvent
can calve a second cavity has important implications for the
pump—probe spectroscopy of singlet dielectrons: As we will
discuss in Paper i the partial dissociation of the dielectron
following excitation creates a distinct spectral signature that
could be used to experimentally verify the existence of
dielectrons, even in the presence of a large number of hydrated
electrons.

B. Relaxation Dynamics of the Photoexcited Triplet
Hydrated Dielectron. As mentioned above, our calculations
of the energetics of the triplet hydrated dielectron suggest that s 0.8
it is not thermodynamically stable, and thus is unlikely to exist ‘j’ .
experimentally?® Nevertheless, the triplet hydrated dielectron 5 (0.6
is kinetically stable in our simulations, providing us with an

opportunity to explore how changing the spin of the system QOA

172, 1y, (R)

N WA L1 AN SO

affects both the nonadiabatic and solvent relaxation dynamics = 0.2
following excitation. o
1. Results: Full-Cl Nonadiabatic Nonequilibrium Mixed -
Quantum/Classical Trajectories of Triplet Hydrated Dielectrons. 0 100 200 300 400
Figure 4a shows the dynamical history of the adiabatic eigen- Time (fS)

states (alternating solid and dashed gray curves) and thegjgyre 4. Representative dynamical history of nonadiabiatic relaxation
occupied mean-field state (heavy solid curve) for a representativepy a triplet dielectron, following resonant 4.0 eV excitation at time
nonequilibrium trajectory following 4.0 eV excitation of the = 0. Panel a: Adiabatic energy levels (alternating thin gray solid and
equilibrated triplet hydrated dielectron. In this trajectory, dashed curves) and mean-field energy (thick black curve). Panel b:
following promotion of the equilibrium triplet dielectron to the Geometry of the occupied-state charge density. Plotted are the inter-

. . . electron separationyi{, dashed curve), and the square roots of the
(resonant) ninth excited state &t= 0, strong mixing of the three moments of inertia of the charge densify?(solid curves),

densely spaced excited energy levels leads to rapid nonadiabati¢ajcyiated as described in ref 19. Panel ¢: Fraction of single-determinant
relaxation. Upon reaching the first excited state, the energy of (solid curve), diradical (dashed curve) ant,2d (dotted curve)
the occupied state decreases rapidly, so that within a few tenscharacter of the occupied adiabatic eigenstate.

of femtoseconds the ground and first excited states becomej, Figure 4a. Upon excitation, the larger moments of inertia do
nearly degenerate. This near degeneracy allows the nonadiabati¢,q; change, indicating that the “length” of the excited triplet
transition from the first excited state to the ground state to take yicjectron is the same as the ground state. The smallest moment
place much more quickly for the triplet dielectron than for the ot jnertia increases by:30%, however, implying that the excited
singlet dielectron because there is no excited-state “equilibrium” in|et dielectron is significantly “thicker” than the ground state.
gap fqr the triplet dielectron. For this trajectory, once the ground ag the triplet dielectron relaxes through the higher-lying
state is reached at160 fs, the gap between the ground and agjiapatic states, the dielectron becomes longer but keeps its extra
first excited states opens in just a few hundred femtoseconds,girth. After reaching the first excited state, the dielectron then
so that the triplet dielectron returns to equilibrium fairly rapidly  gprinks in both length and average radius before returning to
after repopulating the ground state. Figure 5a shows the energiesne ground state. The dashed curve in Figure 4b shows that for
of the occupied excited state and ground state as a function ofgy representative trajectory, the interelectron separation does
time after excitation averaged over all 30 of the nonequilibrium ¢ change as dramatically as the principal moments of inertia.
trajectories”* The shift of the average excited-state energy results at the instant of excitation, the interelectron separation shrinks
primarily from the rapid relaxation that follows arrival in the  put then increases slightly upon solvation to end up fluctuating
first excited state. Since the average excited-state lifetime is gpout the ground-state equilibrium value; thus, there is no
short, the levels do not reach quasi-equilibrium in the excited sjgnificant change in the interelectron separation following the
state as was observed for the singlet dielectron in Figure 2a.nonadiabatic transition to the ground state. We also found that
Because the equilibrated ground state of the triplet dielectron the Coulomb and exchange energies of the triplet dielectron do
has a peanut-shaped charge densityt(ef.0 contour plot in not change appreciably during the nonadiabatic relaxation, which
Figure 6, below), the radius of gyration is not a useful measure is consistent with the small change in the interelectron separa-
of its size and shape. Thus, we use the principal moments oftion, so we do not display these energies in Figure 4.
inertia of the electron density to monitor the size and shape To better visualize the geometric changes that take place
changes that take place during the relaxation of the excited tripletduring the nonequilibrium relaxation of the triplet dielectron,
dielectront® Figure 4b shows the square roots of the principal Figure 6 displays charge density contours of the occupied excited
moments of inertia (solid curves) and the electrefectron (yellow) and ground (red) adiabatic states at a few select times
separation rg,, dashed curve) of the occupied state for the forthe same trajectory studied in Figures 4a and 4b. Immediately
nonequilibrium trajectory whose adiabatic eigenstates are shownfollowing excitation, the narrow waist in the peanut-shaped
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Figure 5. Nonequilibrium average dynamics for triplet dielectron for the triplet run shown in Figure 4. The ground state charge density
relaxation following 4.0 eV resonant excitation at tite 0. Panel a: is displayed in red and the occupied state charge density in yellow; in

Average energies of the occupied state and ground state after excitatiorPoth cases the contours are drawn at a charge density of 10% of the
(solid curvesf* Panel b: Number of triplet-dielectron runs above the maximum charge density for the state displayed. The “occupied state”
ground state (solid curve) and above the first excited state (dotted curve)contour at timet = 300 fs displays thenoccupiedirst excited state,
as a function of time after excitation. As discussed in the text, only because the occupied state at this time is the ground state.
those 27 runs which pass through the first excited state are included in
calculating the number above the first excited state. of why the relaxation dynamics of the triplet dielectron are so
) ) ) different from that of the singlet dielectron.

Gensty pushes out the water molecules that occupy this regione, 2. Discussion: The Role of Spin in the Condensed-Phase
in the ground state. The density contours 120 fs after excitation Relaxatlo_n D_ynamu_:s of the Triplet D|_electrdn. this sec’uon,_

: e examine in detail how the electronic structure of the excited

show that both the ground state and the occupied second excite riplet dielectron leads to very different relaxation dynamics from

state occupy the same cavity. By the time .Of the transition to the singlet dielectron. Although the shape changes of the charge
the ground state at162 fs, the ground and first excited states . . o . :
density following excitation are not as dramatic for the triplet

are nearly degenerate, consisting of two orthogonal but nearlydielectron as for the singlet, the excited triplet dielectron does

?;/ri]:;cal charge distributions occupying an oblate-spheroidal undergo significant dynamic changes in electronic structure. The

Finally, we examine the excited-state lifetimes of the 30 2?;',[2 cvle;\\//Z '?u:?gilgﬁlﬁc 31'2?"2{?] tg: féggtc'?ige(g tl?e gcgi%plleed
nonequilibrium triplet dielectron trajectories. Figure 5b shows . b i by 9
determinant, that is, by the Iarge:scl’,1"m|2 value in the CI

the excited-state survival probability (solid curve) and the . - ; . .
probability for the system to occupy an excited state higher than €XPansion. The triplet dielectron becomes steadily more single-
determinant in character as the relaxation proceeds, rising to

the first excited state (dashed curve) as a function of time after ) ) : ; X
excitation. In contrast to the rapid relaxation to the first excited ~90% once the first excited state is occupied. The dashed and

state followed by the slow transition to the ground state that dottéd curves in Figure 4c d|splay7;[heNdynar_n7|caI changes in
we observed for the singlet dielectron in Figure 2c, Figure 5b the fraction of diradical characteF=; ¥ m—n1(Cr)? and the
reveals a relatively slow decay to the first excited state and a fraction of the occupied state in the lowest-possible product state
fast transition to the ground state for the excited triplet (Ic;l?), respectively. As the single-determinant character in-
dielectron. The net result is that the triplet dielectron reaches creases, the diradical character of the state also increases,
the ground state much more quickly than the singlet dielec- indicating that the occupied state wave function is increasingly
tron: Table 1 shows that the average time for the triplet composed of configurations with neither electron in the ground
dielectron to reach the ground state~460 fs, one third the  state. After the transition to the first excited state at 162 fs,
time taken by the singlet dielectron. We found the overall rapid however, the fraction of diradical character drops discontinu-
return to the ground state to be somewhat surprising, given thatously to less than 10% and displays little change thereafter. This
Figure 5b shows that triplet dielectrons relax to the first excited shows that the first excited state consists mainly of configura-
state in~120 fs,~25% more slowly than singlet dielectrons. tions with one electron in the single-electron ground state and
Thus, the shorter overall excited-state lifetime of triplet dielec- the other electron in a low-lying single-electron excited state,
trons is due to the much smaller residency tim&0Q fs) in the with a small amount of diradical character mixed in by electronic
first excited state. We turn in the next subsection to question correlation.
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With an understanding of the changes in electronic structure focusing on the specific question of how exchange affects linear
in hand, we can now explain why the triplet dielectron has such response. It has been well-established that linear response fails
different relaxation dynamics than the singlet. The fact that at for solutes that undergo significant changes in size and shape
the time of the transition to the ground state the charge densitiesupon excitatior?® Despite the large change in size following
of the ground and first excited states of the triplet dielectron s-like— p-like excitation, linear response was observed to hold
are perpendicular (cf. Figure 6) and nearly degenerate suggests$ollowing excitation of the hydrated electrdhalthough recent
that these two states will have very similar electronic structures. calculations have cast doubt on this conclusiditjs possible,

We examined the 27 nonequilibrium trajectories in which the however, that the hydrated electron may provide another
triplet dielectron spent time in the first excited state and found example of the “hidden” breakdown of linear respofis8iven

that in all of them the electronic structures of the ground and that exchange causes singlet and triplet dielectrons to behave
first excited states at the time of the transition to the ground differently than hydrated electrons, how does the spin affect
state are described well by a sum of just two spatially the apparent validity of linear response?

antisymmetrized 2-electron product basis states, The solvation dynamics responsible for the nonequilibrium
relaxation following the excitation of any system are measured
- /N2 _ a2 by the Stokes shift, which is the difference between the
Wi~ AL+ VNS = ATLL3] occupied Eqc, and ground statéEgng energies,
~ N2 _ A2 — = =
Wor VN = AT [1L2] +Al1,30 ) Ugad®) = Eqed) — Egnd®) (3)

whereN2 = 0.91+ 0.02 and—N < A < N. Because the cavity ~ Where the overbar indicates a nonequilibrium ensemble average
containing the first excited state triplet dielectron is oblate following the excitation at time& = 0. In the limit of linear
spheroidal, the lowest single-electron eigenstates of this cavity response, the solvent motions that cause the nonequilibrium
are similar to those of the (single) hydrated electron, with an relaxation should be identical to the regression of solvent
s-like ground state| {[J) andtwo quasi-degenerate and orthogonal fluctuations present at equilibriufd Thus, if linear response is

p-like excited stateg2Cand|30) with another p-like statel40) valid, the normalized solvent response function,

at higher energy®2! Since the triplet dielectron cannot have _ _

both electrons occupying the same single-electron basis states, Ugap(t) - Uga;{°°)

the lowest possible two-electron product states |ar@Jand ) = 0 _(0)— U (4)
|1,30] These two lowest two-electron states are perpendicular gaF( ) gaF(w)

to each other because they are composed of one-elgstiks . .
basis states that are also perpendicular. Thus, the two statesshOUld be equal to the energy gap autocorrelation function,

similar electronic structure explains the near degeneracy of their
energy levels, which form a doublet because the second and Cyal) = O gaft)0Egef O
third single-electron states are nearly degenerate, differing by ga
only ~0.1 eV. Thus, it is the formation of the oblate spheroidal
cavity upon reaching the first excited state that causes the strongwvhere 0Egap = Ugap — [Wgaglis the equilibrium ground-to-
mixing with the ground state, leading to the rapid nonadiabatic excited-state energy gap and the angled brackets denote an
transition3® Overall, changing the spin from singlet to triplet equilibrium average. For hydrated dielectrons, the calculation
changes the preferred two-electron configurations composingof Cgadt) raises the question of which excited state should be
the first excited state, leading to significant spin-dependent used to calculate the equilibrium energy gap, especially since
differences in the excited-state relaxation dynamics. the nonequilibrium relaxation involves transitions between
We conclude this section by exploring what happens to the several excited states on the way to the ground $tdtethe
triplet dielectron if we prevent the transition from the first strictest interpretation of linear response, the energy gap
excited state to the ground state. As with the singlet dielectron, autocorrelation function should be identical for all excited states,
we took a single nonadiabatic trajectory and forced the triplet but the electronic structure of the different dielectron excited
dielectron to evolve adiabatically after it reached the first excited states is distinct, so there is no guarantee that similar solvent
state. Unlike the singlet dielectron, however, the triplet dielectron fluctuations will modulate the different excited-state energies
never dissociates: the oblate spheriodal cavity is stable for thein exactly the same way. We can think of no convincing
first excited state. We speculate that the stability is a result of argument to usany particular state when there are such internal
adiabatic level repulsion, because lengthening the cavity shouldconversions, so in this section we will test linear response as
decrease the energy of the occupied state and cause it to drofollows. We will compare the nonequilibrium response function,
below the ground state energy. Furthermore, although moving eq 4, to the autocorrelation of the equilibrium ground-to-excited-
the electrons apart would decrease the Coulomb energy, it wouldstate energy gap, eq 5, where we calculate the equilibrium gap
also simultaneously increase the (negative) exchange energypy choosing both the lowest excited state and the average
so there is not a strong driving force for breakup of triplet initially occupied excited state for the nonequilibrium trajec-
dielectrons. Thus, we see that, unlike for singlet dielectrons, tories. The equilibrium correlation functions are calculated using
the electronic structure required by spin statistics leads triplet the 30-ps equilibrium trajectories described in ref 19.
dielectrons to be stable to dissociation even when they are Figure 7 shows both the nonequilibrium solvent response
confined to the first excited state. function, St), (eq 4, solid curve), and the equilibrium energy
C. The Effects of Exchange and Correlation on Solvation gap autocorrelation functions (eq 5) for the gap to both the first
Dynamics and Linear ResponseThe previous section makes excited state @,(t), dashed curve) and the fifth excited state
it clear that the exchange interaction, including spin, makes the (Ce(t), dotted curve) for the singlet dielectréh.The two
relaxation dynamics of singlet and triplet hydrated dielectrons equilibrium response functions are similar at short times and
different from each other and from that of the hydrated electron. identical within the noise at longer times, consistent with the
In this section, we explore these differences in more detail, strictest interpretation of linear response. However, a comparison

[OE,,(0)’0 ©
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1 of the triplet dielectron are similar to those seen at equilibrium.
Once the first excited state is reached and the triplet dielectron
— 5 becomes oblate spheroidal in shape, however, the nonequilib-
W\ ---G(Y) rium dynamics speed up relative to the equilibrium dynamics
X - Celt) due to the rapid closing of the gap following the transition to
AN the first excited state.
SRS The results described in the previous section showed clearly
RN that both singlet and triplet dielectrons change shape and size
r SsNe significantly as they relax following excitation, so that it is not
TRy = surprising that their solvation dynamics do not obey linear
———————— responsé® As mentioned above, what is perhaps more surpris-
ing is that the solvation dynamics of hydrated electrons has been
' ' ' reported to obey linear response, despite a similarly large shape
400 600 800 change upon excitatiot}. The apparent applicability of linear
Time (fs) response for the single hydrated electron cannot be ascribed to
Figure 7. Energy gap relaxation for the singlet dielectron, showing the quantum mechanical nature of the solute (since linear
the normalized, nonequilibrium solvent response funcs), eq 4 response fails for dielectrons), so one might suggest that the
(solid curve) and the equilibrium gap autocorrelation functions, eq 5, motions that drive shape changes in the nonadiabatic relaxation

for the ground-to-first-excited-state energy g&p((), dashed curve)  of hydrated electrons are the same as those that modulate the
and for the ground-to-fifth-excited-state energy gag{), dotted curve). energy gaps in equilibrium. While this supposition about the

©C o 9o O
N O D
I

Solvent Response

o

o
S}

|
0 200

1 motions involved in hydrated electron relaxation seems reason-
able, concrete proof or disproof that this is the case would
v 08 L — S(1) require projections of the nonequilibrium Stokes shift onto
S : . . ---Cyt) solvent motions. This can be done using a quantum mechanical
Q06 - N\ e, = Cy(t) generalizatioff of the nonequilibrium projection operator
o Sl approach that was developed recently to study the breakdown
f 04 - \\"--.,_. of linear response in classical solvation dynanifcs.
c Sesl ;: ..... ...
g 02 L AL IV. Discussion
A o B . | ] In summary, we have used nonadiabatic mixed quantum/
classical molecular dynamics simulations to study the excited-
-0.2 ! L ! | state dynamics of hydrated dielectrons. Our computational
0 50 100 150 200 250 approach allowed us to solve for the adiabatic eigenstates using

Time (fs) full CI throughout the simulation, so we were able to monitor
in unprecedented detail how solvation changed the electronic
Figure 8. Energy gap relaxation for the triplet dielectron, showing  structure of this two-electron solvent-supported species. We
Egingoémg?ﬁ d”t?]réeg”ﬂ:ﬁgﬁrmsog’eghggsgﬁgfziéﬁnfiﬂioﬂ 4e ¢ found that photoexcitation of the singlet hydrated dielectron led
for the ground—to—first—gxcited—sta?e F;nergy g&p(9, dashed cur{/e)q ' to dissociatipn into separate _sir_lgl_e electrons if we grtifici_ally
and for the ground-to-sixth-excited-state energy g&p(t), dotted forced the dielectron to remain in its lowest electronic excited
curve). state; when we allowed for nonadiabatic relaxation, however,
we found that complete dissociation never occurred because
of these two curves to the nonequiliibrium response function excited singlet dielectrons always make a transition to the ground
shows that linear response clearly fails to describe the solvationstate before the water can rearrange to support two independent
of the excited singlet dielectron. In the nonequilibrium dynamics, cavities. We also found that electron correlation plays a large
the gap is narrowed by destabilization of the ground state, which role in both solvation and nonadiabatic relaxation, leading to
requires significant translation of water molecules; Fourier very different relaxation pathways and even different cavity
transforms of§(t) and the twoC(t)'s show that librations shapes for singlet and triplet hydrated dielectrons. Our results
contribute significantly less to nonequilibrium than to equilib- for both dielectronic spin states showed that the linear response
rium solvation for this system. Over the first few hundred fs, approximation failed to describe the Stokes shift dynamics for
nonadiabatic transitions increase the Stokes shift and allow theeither singlet or triplet dielectrons, consistent with the significant
nonequilibrium energy gap to close more quickly than the size and shape changes after excitation.
equilibrium energy gap decorrelates. The fact that linear For singlet hydrated dielectrons, we found that relaxation
response fails is perhaps not all that surprising in light of the dynamics was faster than would be observed for the excitation
dramatic size and shape changes the singlet dielectron undergoesf hydrated electrons with the same energy. This is because
upon excitation (cf. Figure 1c, abov#). the 4.0 eV excitation of a dielectron populates an eigenstate
A similar analysis also reveals that linear response fails to that is bound in the same cavity as the ground state, whereas
describe the solvation dynamics associated with excitation of 4.0 eV excitation of the hydrated electron would lead to a
the triplet dielectron. Figure 8 compares the normalized non- continuum state. Thus, at this energy, singlet dielectron relax-
equilibrium solvent respons&(t) (eq 4, solid curve) to the  ation resembles relaxation by the hydrated electron after it has
equilibrium energy gap autocorrelation functions (eq 5) for both been excited to one of its low-lying bound excited states.
the energy gap between the ground and first excited s@sé3, ( Because the singlet dielectron shedd eV of energy by
dashed curve) and between the ground and sixth excited statesionadiabatically cascading through the excited states, its excited-
(C+(t), dotted curve) for the triplet dielectrdd As we saw with state lifetime ends up being about the same as the hydrated
the singlet dielectron, the early-time nonequilibrium dynamics electron’s. In addition, we found that solvation dynamics
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(34) As individual trajectories reach the ground state they are removed 12 single-electron states in the CI calculation and to update the important
from the ensemble, so that long-time data has much poorer statistics thanstates every 2 ps instead of every 3 ps: see Note 31.

short-time data. (39) A similar configurati i iti i
’ o ) I guration of perpendicular charge densities and a rapid
(35) The single-exponential fits were performed using the built-in itting - yansition to the ground state was also seen in ref 18 when the triplet

routines in the Origin graphical analysis program. The average ground- ; ; e fi :

state energy was fitted for times less than 900 fs to the functich1(5 dielectron was excited directly to its first excited state. . .
e~ — 3.85) eV, withr = 134 fs andR2 = 0.94. The average occupied (40) Bedard-Hearn, M. J.; Larsen, R. E.; Schwartz, B. J., in preparation.
excited-state energy was fitted for times less than 600 fs to the function  (41) Bedard-Hearn, M. J.; Larsen, R. E.; Schwartz, B. Phys. Chem.
(0.94 &~ — 2.92) eV, witht = 50 fs andR2 = 0.66. The normalized A 2003 107, 4773.
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(36) Aherne, D.; Tran, V.; Schwartz, B. J. Phys. Chem. B00Q 104, _(43) '_I'he averaging_ i_n Figures 7 and 8 is perfor_med usin_g only those
5382. trajectories that are still in an excited state at each time, cf. Figures 2c and
(37) We define the exchange energy as in ref 18, such that a two-electron 5b.
wave function with both electrons in the same state splits the total electron (44) Bedard-Hearn, M. J.; Larsen, R. E.; Schwartz, B. Phys. Chem.
electron interaction into half Coulomb and half exchange energy. This g 2003 107, 14464.
definition means that when the two separated single electron cavities have ) ) . ) -
precisely degenerate energies, the Coulomb energy drops by a factor of 2__(45) Huang, C. C.; Couch, C95 S Pgttersr?n,CEH_F., Ferrlr:j, -Ra;:f‘f'c |
and the exchange energy increases by the amount of the decrease; the totadyMPOSium on BiocomputirtP9§ 1, 724. The Chimera code is freely
interaction is continuous. available on the worldwide web at http://www.cgl.ucsf.edu/chimera.
(38) To conserve energy over several picoseconds with the singlet (46) Larsen, R. E.; Schwartz, B. J. Phys. Chem. BR006 110
dielectron fixed to be in the first excited state, we found it necessary to use 9692.



