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In polar fluids such as water and methanol, the peak of the solvated electron’s absorption spectrum
in the red has been assigned as a sum of transitions betweselikarground state and three nearly
degeneratep-like excited states bound in a quasispherical cavity. In contrast, in weakly polar
solvents such as tetrahydrofur@rtF), the solvated electron has an absorption spectrum that peaks

in the mid-infrared, but no definitive assignment has been offered about the origins of the spectrum
or the underlying structure. In this paper, we present the results of adiabatic mixed quantum/classical
molecular dynamic simulations of the solvated electron in THF, and provide a detailed explanation
of the THF-solvated electron’s absorption spectrum and electronic structure. Using a classical
solvent model and a fully quantum mechanical excess electron, our simulations show that although
the ground and first excited states are bound in a quasispherical cavity, a multitude of other, nearby
solvent cavities support numerous, nearly degenerate, bound excited states that have little Franck—
Condon overlap with the ground state. We show that these solvent cavities, which are partially
polarized so that they act as electron trapping sites, are an inherent property of the way THF
molecules pack in the liquid. The absorption spectrum is thus assigned to a sum of bound-to-bound
transitions between a localized ground state and multiple disjoint excited states scattered throughout
the fluid. Furthermore, we find that the usual spherical harmonic ldbajs s-like, p-like) are not

good descriptors of the excited-state wave functions of the solvated electron in THF. Our
observation of multiple disjoint excited states is consistent with femtosecond pump-probe
experiments in the literature that suggest that photoexcitation of solvated electrons in THF causes
them to relocalize into solvent cavities far from where they originate@0@5 American Institute

of Physics[DOI: 10.1063/1.1867378

I. INTRODUCTION been assigned to transitions between the ground state and a
continuum of excited states that are delocalized throughout
Since their discovery over 40 years agsolvated elec-  the fluig1315:21:22
trons have been the subject of great interest: their large ab- However, a cavity picture is not necessarily expected to
sorption cross sections make them amenable to study by Ultescribe the behavior of solvated electrons in every solvent
trafast spectroscofy; and their simple electronic structure environment. In acetonitrile, for example, several groups
allows for detailed theoretical analysis via quantumhave found evidence for two different types of solvated elec-
simulation®** Figure 1 shows the optical absorption spectratrons with distinct absorption spectra: a cavity-bound species
of solvated electrons in several different solvents, reproducethat absorbs in the near IR and a solvated molecular anion
from the Gaussian-Lorentzian fitting parameters given inspecies that absorbs in the bftfe?® Moreover, in nonpolar
Ref. 12. For polar fluids such as wdfér®™° and  solvents such as liquid X& liquid methane, and low density
methanof:>* the most widely accepted picture is that sol- liquid ethane?’ computer simulations have shown that the
vated electrons exist in a single quasispherical cavity thajvave function of the solvated electron does not reside in a
supports four bound eigenstatésyhich resemble those of a single cavity, but instead encompasses channels that run
particle in a spherical box. Many mixed quantum/classicakhroughout the solvent. Excess electrons in these nonpolar
simulations have supported this idea, and the peak in thsolvents do not absorb in the visible or near IR, which is
absorption spectrum has been assigned to transitions betweepnsistent with the simulation picture of a highly delocalized
an s-like ground state and three near-degenemfike ex-  ground-state wave function and no bound electronic excited
cited stategalthough the extent to which this portion of the states. In the intermediate regime of weakly polar fluids such
spectrum is inhomogeneously broadened remains an opes tetrahydrofuraTHF) and other ethers, however, the sol-
questioﬁo). The blue tail of the absorption spectrum hasvated electron has an absorption spectrum, but it is quite
different from that in polar fluids. Figure 1 and Ref. 12 show
dauthor to whom correspondence should be addressed. Electronic mai]:.hat the peak of the solvated electron’s spectrum in THF and
schwartz@chem.ucla.edu other weakly polar fluids occurs at much lower energies and
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1.07 r2%, cavities, determines how electrons behave in THF. We find
< K : LI-I\’/II;A that thg reason the solyated ele_ctron's absorption spectrum in
o —.— Water THF differs from that in water is because the THF solvent

<§ “ l.e.. MeOH structure is naturally characterized by large spatial voids and
3 0.51 deep potential energy traps, which do not exist in water. Our
simulations show that the ground-state solvated electron in
\ . THF is indeed cavity bound, but that several of the excited
~ e, . .
0.0 ’» St state_s_, alt_hou_gh Iocahze_d_, have most or all of their charge
: { \ I densities in different cavities than the ground state. We will
0 1 2 3 4 5 refer to the cavity that holds the ground-state electron as the
Energy (eV) primary cavity to distinguish it from the othedisjoint or

secondarycavities that are occupied by the excited states.
FIG. 1. Gaussian—Lorentzian fits to the experimental absorption spectra dfVe will argue that the absorption spectrum of the THF-
the solvated electron in THEsolid curvg, HMPA (dashed curve water  solvated electron thus consists of a superposition of strong
Egﬁ:g'ﬁg;fggf ‘i‘gd methano(dotted curvé: The fitting parameters were  yansitions from the ground state to excited states that occur
T within the primary cavity, and weak transitiofdue to poor
spatial overlap from the ground state to the many bound
is substantially broads(in relative width than the solvated excited states that occupy the disjoint cavities. We also will
electron’s spectrum in water or methanol. The photochemisspeculate that the similarity of the spectra of solvated elec-
try of solvated electrons is also quite different in polar andtrons in THF and HMPA results from the solvent packing in
weakly polar fluids. For example, Barbara and co-workerddMPA, which also has been characterized as having spatial
found that photoexciting hydrated electrquseated via mul- voids 3! Finally, we note that the presence of disjoint excited
tiphoton ionization of the solventnear their absorption States also can explain why photoexcited electrons in THF
maximum led to little change in geminate recombination dy-undergo significant relocalization even though photoexcited
namics, implying that the excited states of the hydrated elecelectrons in water do not. Overall, the simulation results sug-
tron reside in the same, strongly polarized, solvent cavity agest that in weakly polar liquids, solvent structure and pack-
the ground staté® In contrast, Martiniet al. found that pho-  INg properties have a greater influence on the behavior of
toexciting THF-solvated electron&reated via a charge- solvated electrons than any other single parameter such as
transfer-to-solvent excitation of Nanear their absorption solvent polarity.
maximum resulted in large differences in recombination dy-
namics, s_ugge;tlng that photoexc!tgdng-!F—solvated (_electrorﬁ COMPUTATIONAL METHODS
relocalizeinto different solvent cavitie&’ Given these differ-
ences in spectroscopy and photochemical behavior, it is not  All of the mixed quantum/classical molecular dynamics
clear whether or not the simple particle-in-a-spherical-cavityMD) simulations discussed here are equilibrium, adiabatic
picture that applies in highly polar solvents is applicable tosimulations of a single quantum parti¢tee excess electron
solvated electrons in either nonpolar or weakly polar sol-and 255 classical THF solvent molecules in a cubic box of
vents. side 32.5 A, corresponding to the room temperature experi-
Al of this leads to the question of exactly how to think mental solvent density of 0.89 g/cc. The classical solvent
about solvated electrons in the intermediate regime ofnolecules are described by a five-site, rigid and planar
weakly polar fluids. Do the ground-to-excited-state transi-model for THF developed by Chandrasekhar and Jorgensen
tions occur from a cavity-localized state or a delocalizedwhose potential includes pair-wise additive Coulomb and
state? Can the spectrum be assigned to a sum of bound-tbennard-Jone$LJ) terms(see Table);* we have explored
bound transitions or bound-to-continuum transitions? Do thehe behavior of this classical model of THF in detail in a
wave functions of solvated electrons in weakly polar fluidsprevious publicatiorf> Our simulations employed the mini-
encompass multiple solvent molecules or perhaps multiplenum image convention, and we used the position Verlet
solvent cavities and channels? Moreover, why is the specalgorithrﬁ34 with a 4 fs time stefffS to integrate the classical
trum of the solvated electron in hexamethylphosphoramidequations of motioriincluding the Hellman—Feynman force
(HMPA), a polar fluid with a dielectric constant ef30, so  from the electron, see Eq@2), below]. We used a modified
similar to that of the solvated electron in THF, which has aSHAKE algorithrﬁ’6 to keep the THF molecules rigid and
dielectric constant of only~7.5 (cf. Fig. 1)7°° As we are  planar. The simulations were performed in the microcanoni-
aware of no previous simulations studying the properties otal ensemble with the total energy conserved at all times to
solvated electrons in weakly polar fluids, the purpose of thidetter than 0.005%. The average temperature of the system
paper is to address the nature of solvated electrons in suakas 309+7 K. The starting configuration was taken from an
liquids using mixed quantum/classical computer simulation.equilibrated all-classical simulation with a single negatively
In this paper, we present the results of mixed quantum¢harged Lennard-Jones atda=5 A, £=&oyxygen SE€E Table
classical molecular dynamics simulations of the solvated). Once the LJ atom was removed, the system was equili-
electron in THF and offer a detailed assignment of the THF-brated with the excess electron for an additiordl0 ps, and
solvated electron’s absorption spectrum. We show how thstatistics were collected for another 32.5 ps.
solvent structure, particularly THF’s ability to form transient The interaction between each classical THF molecule
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TABLE I. Parameters for the classical THF-solvent poterti#nnard-Jones plus Coulombaken from Ref.

32, and the quantum THF-electron pseudopoterfil. (1)], which was modified from the hydrocarbon-
electron pseudopotential presented in Ref. 27. Interactions between different sites were calculated using these
parameters and the standard Lorentz—Berthelot combining rules.

Quantum pseudopotential

Classical potential

Solvent
site o(A)  &(x102')) q(e AYau) A%au) B'@AYH B2AYH  a(au)
Oxygen 3.000 1.18 -0.5 300 -132 4.99 4.44 7.71
a-methyl 3.800 0.82 0.25 300 -132 3.95 3.52 17.5
B-methyl 3.905 0.82 s 300 -132 3.84 3.42 17.5

and the quantum mechanical electron was described with summed over the bond centers rather than the solvent sites, is
pseudopotentiaV({r}) whose form is an extension of that purely repulsive, representing Coulomb and exchange repul-
used in Liu and Berne’s simulations of the solvated electrorsion between the excess electron and the solvent molecule’s
in ethane®’ bonding electrons. The parameters 1Tofr) are site specific
and depend on the Lennard-Jones diametef each solvent

5
{A(l)e—Bi(l)|ri—re| + AQeB2Iri-rd site; we used a simple matrix inversion to solve for the co-
I |

V({r},rg) _ E
Sirhred S efficientsa, b, ¢, andd to ensure that both(r) and its first
derivative were continuous. All other parameters used in our
+ L(l _e(\ri-revro))e_ _ G electron-THF pseudopotential are summarized in Table I.
2ri—rg* [ri=r In addition to using five solvent sites and five bonds and
5 adding the Coulomb term, we made the following changes to
><Ti(|ri_re|)} +> [A}l)e‘Bl(l)‘ri"e‘], the electron-ethane _pseudo_potential of Liu and BErte _
j=1 better represent the interaction of the solvated electron with
THF. _
o (a) We scaled the parametelﬁ%” from Liu and Berne’s
r if P +0.1A<r model for CH; sites to better represent the sizes of oxygen
and CH. The scaling factor we chose was the ratio of the LJ
Ti(n) ={art+br+cr+d if D<r<Z4+01A diametero for CH; (Ref. 38 with the LJ diameter for each
2 oxygen and CH site in our classical THF modéf.

f

Lo (b) We changed the polarizability of the oxygen site to

mr if 50 better represent the electron’s interaction with the solvent

\ oxygen so that it was roughly half way between the polariz-
(1) ability of oxygen in a water molecui®and atomic oxygef’

where the sum oi runs over the five solvent sites and the (¢} For the oxygenz-methylene bond midpoints, we
sum onj runs over the mass-weighted centers of the ﬁvechose_the mass-weighted midpoints instead of the geometric
intramolecular bonds. The coefficient; represent the Midpoints. _ _ _
strength of the interaction of each THF site with the electron; ~_FOr €ach solvent configuration, the pseudopotential from
the coefficientsB, provide an effective size for how each all 255 classical solvent molecules was evaluated on a uni-
solvent site interacts with the electron. The fdtrefers to  formly spaced 2424x 24 grid spanning the entire simula-
the site positions of a specific THF molecutg=0.622 A,  tlon cell. The time-independent Schrodinger equation for the
andr;, r;, andr, are the positions of the classical solvent 9Uantum electron was then solved on this grid using an it
sites, the mass-weighted bond midpoints, and the electroff'ative and block Lanczos routifitWe evaluated the kinetic
respectively. The functioS({r}) is a function developed by €N€rgy operator in Fourier space, using the MFFT package to
Steinhause¥’ which tapers the total pseudopotential perform the forward and reverse transforth3o better iso-

smoothly to zero for electron-solvent center-of-mass dis/até the bound eigenstates in the Lanczos routine, we em-

tances between 15.75 A and 16.25(alf the box length ployed an exponential spectral filter using a split ope_r‘ﬁ}tor.
The A; coefficients for each solvent siteare chosen so that At €ach time step, we calculated the lowest seven eigenval-

the first term in Eq(1) is attractive and the second term is UeS and eigenvectors. Finally, the force that the quantum
repulsive:« in the third term represents the site polarizibility. electron exerts on the classical particles was calculated using
The fourth term in Eq(1) is the Coulomb interaction be- the Hellman—Feynman theoreth:

tween the excess electron and the classical partial charges on F =- <‘1’|6r|:||‘1'>- (2)

the oxygen andr-methylene sites of the THF molecules, and _ _ _

Ti(r) tapers this interaction Smooth|y to zero at snralin Whe[e|\lf> is the wave function of the electronic ground state

accord with Gauss’ Law. The final term in E@.), which is  andV, is the gradient with respect to the solvent positians,

Downloaded 07 Apr 2005 to 169.232.132.130. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



134506-4 Bedard-Hearn, Larsen, and Schwartz J. Chem. Phys. 122, 134506 (2005)

-== 1Stex st —— 3rdex. st. --.... 5thex st 6™ ex. st.
¢ ,»"’" .
-2
W
L
S«
= <
I
(=}
w
9
c p...............‘.. 000000000000 00000000000 00 aTTVIVITGY
9 75 = o m““m‘:‘::‘::...-..° o - -"
=
o
o
E
>

FIG. 2. Time dependence ¢) the eigenvaluegb) the transition dipole moments, aiic) the spherical harmonic projections of the lowest six eigenstates of
the THF-solvated electron shown over a small window in the middle of our 32.5 ps equilibrium trajectory. The key fotbpaheluld be read as the
transition from the ground state&abeled as Pto theith excited stateg; is the energy of stateande; is the energy gap between the ground state andtihe
state. The projectiofsee the Appendix and Ref. b8f each excited eigenfunction onto thel (p-like) spherical harmonic is shown, as is the projection of
the ground state onto tHe=0 (s-like) spherical harmonic. The spherical harmonic projection of the sixth excited state is not shown ifcpaeebuse this
state has no significant spherical symmetry. The arrows indicate the specific configuration examined in Fig. 4.

Further details of the way our group performs mixedof energy gaps is calculated as a histogram of the instanta-
guantum/classical simulations can be found in Refs. 43 andeous energy gaps from the ground state to each of the six
44, and more complete details of these particular simulalowest excited states. Unlike what is observed for the hy-
tions, as well as a comparison of this modified pseudopoterdrated electron, Fig. 3 shows that in THF, the absorption
tial with a more rigorous electron-THF pseudopotential, will spectrum and density of energy gaps are remarkably differ-

be provided in a future publicatiol. ent. In water, the transitions to the first three excited states
have nearly identical oscillator strengths, so the density of
lll. RESULTS gaps and the absorption spectrum are nearly identical for the

Figure 2a) shows the dynamical history of the adiabatic Pound-to-bound transitiorfs:* .
eigenergies of the solvated electron in THF over a short por- What causes the solvated electron to behave so differ-
tion of the 32.5 ps equilibrium trajectory; the eigenenergiently in THF and in water? Figure 4 displays the charge
fluctuate due to motions of the surrounding solvent mol-densities(wire mesh plotsfor the first seven eigenstates of
ecules. Despite the fact that the ground-state energy of thide solvated electron in THF for the single selected solvent
solvated electron in THF-2.1 eV} lies slightly higher than configuration that is denoted by the arrows in Fig. 2. Panel
that of the solvated electron in metharieR.2 e\) (Refs. 17 (&) of Fig. 4 shows that like the hydrated electron, the ground
and 46 and significantly higher than in watér3.1 e\),*”  state of the THF-solvated electron occupies a large, quasi-
the solvated electron in THF has seven or more clearly despherical cavity, but we find that it is slightly larger and more
fined solvent-supported bound states, in marked contrast @spherical than that in water. In THF, the average radius of
only four distinct bound states observed in water andgyration of the ground state of the solvated electron is
methanof*® Figures 3a) and 3b) show the calculated ab- 2.85 A, whereas simulations of the hydrated electron yield a
sorption spectrunidiscussed belowand density of energy radius of gyration of 2.42 A similar to the radius of 2.5 A
gaps averaged over the entire 32.5 ps trajectory. The densitietermined from moment analysis of the experimental ab-
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________ 0to6 tron. Chandrasekhar and Jorgensen performed -classical
Monte Carlo simulations using this model of THF and sug-
gested that the molecules tend to pack in chainlike

c (a) Absorption Spectrum fied by examining dozens of uncorrelated configurations. We
£ "E‘ 154 have further verified this behavior by investigating the tran-
S 9 sition dipole moments between the ground and excited states
» 9104 [Fig. 2(b)] and the degree of spherical symmeftiyg. 2(c)],
17 LE both of which we will discuss further below. Finally, of the
g : 5| higher-lying excited states above the first and second excited
b =2 states, we find that most of the time, at least one of them
2 = (usually the third or fourth statehas some of its charge
0 J density in the primary cavity.
1.0 1 (b) Density of - Total Why do the excited states of the solvated electron in
2 Energy Gaps —~—-0to1 THF have such an unusual disjoint structure? The answer
@ 1 4 [T 8:0 g lies in the fact that the disklike THF solvent molecules pack
8 o 0 tg 2 in such a way as to create a cavity-filled liquid that provides
S 0.5 - —0to5 multiple traps in which to localize an excited solvated elec-
%
9p]

0.0 ' ' ; structures? These authors also examined a similar THF
0 1 2 3 model that allowed for ring puckering, but found that the
Energy (eV) small distortions from planarity made no difference in the

HIG. 3. (3 Caloulated absorpti ¢ ectron i Th overall solvent packing® Figure 4 shows the relationship
e e e e et ok e e DLW CaViy 1appINg Stes in the liuic and the efectionic
individual transitions from the ground to each of the excited statesgray ~ charge densities of the various THF-solvated electron eigen-
and black curves (b) The scaled density of energy gaps of the THF- states. To determine the location of the cavity traps in the
solvated e_lectron betwe_en_ the_ grour_]d and each of the six lowest excitedplyent, we calculated the distance between each of the grid
Ztritjsa iifénzgcisgpfhg'Zt;g:g:jogtgtfe'ftama”eous energy gaps between e i< (on which the Schrodinger equation was solvadd

the nearest solvent site in any direction. We then defined a

point as lying within a void if the distance to the nearest
sorption spectrurﬁ? Moreover, the average ratio of the maxi- solvent site was=2.5 A. To ensure that the solvent voids we
mum to the minimum principle moments of inertia examined were also potential energy traps for the electron,
(Imax/ I min) Of the THF-solvated electron is 1.4, compared towe required that the total value of the pseudopotential at
only 1.2 for the hydrated electrdfi. each cavity-trapping site had to be less than -0.11 Hartree.

Although the ground state of the THF-solvated electronin Fig. 4, these cavity traps are shown as the orange surfaces.

is larger and somewhat less spherical than that of the hyFhe surfaces enclose the locus of grid points that are more
drated electron, the most dramatic differences between than 2.5 A away from the nearest THF molecule; thus, they
two types of solvated electron are found in the nature of thelo not enclose the entire volume of the cavitiés., the
electronic excited states. The colored wire meshes in Fig. gertices of the drawn cavities are 2.5 A away from the near-
show contours at 10% of the maximum charge density foest solvent molecule, not at the position of the nearest sol-
each of the eigenstates. To aid in the three-dimensi@ml  vent moleculg Figure 4 makes it clear that although the first
perspective, we have placed uniformly sized drop shadowsnvo excited states are bound in the primary cavity containing
under the center of mass of each state. Paibgl$c), and(d) the ground-state electron near the center of the simulation
of Fig. 4 show that the first three excited stafpanel(d) box, the other excited-state wave functions have amplitude in
also shows the fifth excited state in bJuef the THF- one or more disjoint cavities. In fact, we have found that
solvated electron are not gitlike states occupying the pri- some of the disjoint secondary potential energy traps are
mary cavity, as is the case for solvated electrons in water andeep enough to support more than one bound state.
methanol. It is worth noting that the first and second excited To determine whether the existence of these secondary
stated panels(b) and(c)] have nodes that are not visible near potential energy traps is induced by the presence of the elec-
the center of the primary cavity and that the lobes of the firstron in the primary cavity or is an inherent property of the
excited stat¢panel(b)] are oriented along the long axisto liquid itself, we examined the trap structure of neat THE
the page of the aspherical primary cavity, as expected for aWe find that there is always at least one trap somewhere in
particle in an aspherical box. The rest of the excited statethe neat THF simulation box that is large enough and deep
are either localized in other cavitigsome as far away as enough to localize an electron. Furthermore, as we saw in the
11 A from the ground staf® or occupy multiple cavities, secondary cavities around THF-solvated electron, some of
sometimes including the primary cavity. Pané# and (f)  the traps in the neat liquid are able to support two bound
show two statesthe fourth and sixth excited stajethat fit ~ states, although most are not. But perhaps most importantly,
the latter description: each of these states has charge densitye found that the distribution of traps seen in the neat liquid
in two disjoint cavities as well as some in the primary cavity.is essentially the same as that around the solvated electron,
The disjoint character of the solvated electron’s excitedexcluding the primary cavity. Figure 5 shows the distribution
states seen in this configuration is typical, as we have verief energies for the three lowest eigenstates in the neat liquid
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FIG. 4. (Color) Attractive cavities(orange surfageand charge densitigsvire meshegfor the solvated electron in THF, calculated as described in the text.
The wire meshes shown are contours drawn at 10% of the maximum charge densityaPsimalvs the ground statéh) the first excited state¢) the second
excited statéd) the third (red) and fifth (blue) excited states(e) the fourth excited state, ar(é) the sixth excited state. The drop shadows are placed under
each state’s center of mass to aid in perspective and are not meant to convey size information. Note that for clarity, the cavity surface contenr.ar& dr
away from the nearest solvent molecule, and thus do represent the entire volume available to trap thésdedesh The cubes shown represent the entire
volume of the simulation cell with side 32.5 A.

(i.e., with no solvated electron present; dashed cyraksg  of an electron injected into neat THF are identical to the

with the distributions for the fourth, fifth, and sixth excited energy distributions of the excited states of the equilibrated
states of the THF-solvated electron systésolid curves.  THF-electron system. This demonstrates that the disjoint na-
Clearly, the distributions of energy for the three lowest statesure of the THF-solvated electron excited states is indeed a
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25 2 We assign the absorption spectrum of the THF-solvated
2= &y electron to a sum of strong transitions from the ground to the
3. *'% ‘2% ﬁ first and second excited states, plus a multitude of weak tran-
- E—TT " sitions from the ground state to the higher excited states.
% — — — NeatTHF Figure 3a) shows that the transitions from the ground state
; 2- to the first three states have comparaltlet unequal oscil-
5 lator strengths and make up the bulk of the spectrum near the
5 1 absorption maximum. Figure(l® shows that absorption to
o the second excited stafsolid black curve occasionally has
4 a very low transition dipole moment. We find that these in-
04 T T T stances of a low transition dipole moment from the ground to
-1.0 -0.5 0.0 0.5 d excited stat late with configurati here th
Energy (eV) second excited state correlate with configurations where the

majority of the second excited state’s charge density is out-
FIG. 5. Comparison between the normalized distributions of energy for theSide of the primary cavity. Furthermore, F'Qiby_a_nd 33
equilibrated THF-solvated electron eigenstatsslid curves and for the ~ show that the oscillator strengths of the transitions to the
eigenstates of an excess electron injected into neat {[@dBhed curvgs third and higher states decrease with increasing energy be-
The energy probability distributions in the neat liquid were calculated from .
an 8 ps trajectory, whereas the distributions for the solvated electron Wergau_Se Only part(or In So_me case_s, noh@f thef relevant_
calculated from the full 32.5 ps equilibrium trajectory. excited-state wave functions reside in the primary cavity.
This lack of Franck—Condon overlap between the ground and
N . ,_excited states explains why the absorption spectf&ig.
natural property of the THF liquid structure. Thus, aside P y . P pectiéig

3(a)] does not resemble the density of energy gaps for the

from the primary cavity, the THF-solvated electron seems t%ound statefFig. 3b)] 57 and provides an assignment for the
have little influence on the rest of the liquid structure: the . ' oot :
relatively weak absorption in the blue tail of the THF-

nascent cavities in neat THF are the same as those in thseolvated electron’s spectrum. By studying the behavior of the
THF-electron system, and it is these cavities that give rise t P - BY ying

the disjoint excited states that in turn are responsible for thgrangltlon dipole moments' over the ent|r'e 32.5 ps trajectory,
absorption spectrum, as we discuss below. This is why wive find that most of the time only the first and second ex-
' ) ited states lie entirely within the primary cavity. All of the

say that the solvent structure controls the electronic structurg

of the solvated electron in weakly polar liquids. We note thatother transitions that compose the absorption spectrum occur

investigations of preexisting solvent traps have been perto states occupying disjoint or multiple cavities. We noted

formed for both neat watdr®2 and methanof® although the previously that our calculation overestimates the width of the

number, depth, and size of the traps appear to be fewer arﬁgpsorptlon spectrum relative to experiment. However, except

smaller than those in liquid THF. For example, an electron r the blueshift, the transition from ground-to-first excited
injected into neat water initially has no bound states, state alone can near{plthough not entirelyaccount for the

whereas in neat THF, the six lowest states have eigenvalué@dth of the experimental absorption speqtrum. This could
below the vacuum level at least some of the time. suggest that our methodology has overestimated the amount

The disjoint nature of the THF-solvated electron’s ex.Of overlap that the other excited states have with the ground

cited states shown in Fig. 4 allows us to assign the calculateﬁIate in th(_a primary cavity, likely a fault Of_ the pseudopoten-
absorption spectrumi\(s) shown in Fig. ), which was t|al..We will explore the effects of changing t'he pseudopo'-
computed in the inhomogeneous limit by binning the transi_tentlal on the THF-solvated electron’s absorption spectrum in

. . 5
tion dipole matrix elements between the ground and each ¢t future publicatiorf _ _
the first six excited state®: Figure 2 also makes it clear that solvent motions cause

all of the excited states, not just the high-lying states, to
undergo many avoided crossings. This can be seen by noting
A(e) = 4720, g (Olr[i)P8(e - &4, (3)  that the near degeneracies in the adiabatic energy |Evigls
i 2(a)] occur at precisely the same times as the step-function
changes in the transition dipole momemfEsg. 2(b)]. The
where « is the fine structure constant, 0 is the ground statgyround state of the THF-solvated electron lies in its primary
andi is the final stateg is the eigenvalueg,=¢,—¢;, and  cavity, which often contains twdand occasionally thrge
the bin size was 0.075 eV. The individual transitions be-bound excited states. Higher-lying excited states largely oc-
tween the ground state and each of the six excited statesupy other cavities that would be present whether or not
underlying the total absorption spectrum are shown as ththere was a solvated electron nearby. The energies of these
thin gray and black curves. The width of the calculated abexcited states depend on the relative depth of the traps in
sorption spectrum of the THF-solvated electron is slightlyeach of the secondary cavities, and as solvent fluctuations
broader than the experimental spectrum shown in Fig. 1, ashange the relative sizes and depths of secondary cavities,
will be discussed in more detail below. The calculated abthe energy ordering of the states that occupy these cavities
sorption maximum is also blueshifted a few tenths of an eVcan change, even though the extent of the overlap these
from experiment, which is perhaps not surprising given thestates have with the ground state may not.
relative simplicity of our pseudopotential and the lack of The next question we address is how well the language
solvent polarizability in our model of THE of spherical harmonics, borrowed from the description of
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TABLE II. Results for the projections of the wave functions of solvated electrons in THF and water onto the
spherical harmonickEq. (Al)], the projections of the THF-solvated electron were calculated from configura-
tions spanning 18.5 ps of the total equilibrium trajectory, and the projections for the hydrated electron were
calculated from configurations spanning a 4.5 ps (Raf. 59. In all cases except the time average, the two
standard deviation error bars are less than 1%. The time average is the percentage of time each state is projected
more than 2/3 onto its maximally projected spherical harméthie maximally projected spherical harmonics

are shown in bold facg.That is, the second excited state of the solvated electron in THF has a 2/3 projection
onto thel =1 spherical harmonics only 17% of the time, meaning that it meets our criterignlilce only 17%

of the time. The one standard deviation error bars for the time averages are given in parentheses.

Time Water Time
THF state % %p %d average state % %p %d average
0 81 4 3 100 0 82 5 1 100
1 2 67 8 59 (10 1 3 77 7 93(3)
2 2 53 15 17(7) 2 2 75 8 89(4)
3 5 31 17 33 3 2 73 9 84(5)
4 5 19 17 2(2
5 5 16 15 1(0.5
6 4 11 14 0

solvated electrons in waférand methanaot® works for un-  1.34 ps. The result of this curve crossing is that the second
derstanding the nature of the electronic states of the solvatezkcited state no longer occupies the primary cavity, thus re-
electron in THF. We have investigated the spherical symmemoving any Franck—Condon overlap with the ground state
try of the THF-solvated electron eigenstates using a methofFig. 2(b)] and any hope of being spherically symmetric
developed by Sheu and Rosgfkyo calculate the projection around the center of mass of the ground sfdtig. 2(c)].

of each state onto the spherical harmonics, choosing the orfter a few time steps(at 1.45 p% the primary cavity

gin at the ground-state center of masge the Appendjx  changes shape agaior perhaps the disjoint cavity closes
Figure 2c) shows the spherical harmonic projections as aup), causing the second state to reside back in the primary
function of time, and Table Il summarizes the projection re-cavity with mostly p-like symmetry, while the third state
sults for solvated electrons in both THF and watete find  returns to its disjoint cavity. The slight difference between
that on average, the THF-solvated electron’s ground state hdlse low-energy edge of the distribution of energy gaps of the
81%s-like character, comparable to the 82ike character neat THF ground state and the fourth THF-solvated electron
of the ground-state hydrated electron. However, the firsexcited state in Fig. 5 also can be explained by curve cross-
three excited states of the THF-solvated electron are onlings. The numerous crossings of the third and fourth excited
67%, 53% and 31%-like, respectively, much smaller than states cause the fourth excited state of THF-solvated electron
the first three excited states in water, which are all more thato sometimes occupy the primary cavity rather than the
70% p-like. The third excited state in THF also exhibits 17% lowest-energy secondary cavity.

d-like character, and we attribute this nearly complete lack of  Finally, although the nature of the disjoint excited states
spherical symmetry to the fact that the third excited state oflepends primarily on solvent packing, we note that solvent
the THF-solvated electron tends to be the lowest state thatructure alone cannot account for all of the electronic prop-
regularly occupies a disjoint cavity. Furthermore, given thaterties in this system. To find out exactly how much stabili-
it almost always resides in the primary cavity, the secondzation is provided by THF’'s weak dipole, we took several
excited state of the THF-solvated electron has surprisinghhundred configurations from the 32.5 ps equilibrium sol-
little p-like character compared to any of the bound excitedvated electron trajectory and solved the Schrédinger equation
states in water or even to the THF-solvated electron’s ownsing the pseudopotential [fEq. (1)] without the Coulomb
first excited state. terms. With all other things being equ@hcluding the pres-

To better understand the lack pflike symmetry in the ence of the large primary cavitythis test shows how well
second excited state, we define a state to be of a particuléine void structure of THF could solvate an excess electron
symmetry when its projection onto the relevant set of spheriwithout the addition of Coulomb stabilization. The difference
cal harmonics is greater than 67%. By doing this, we carbetween the average energy of the ground state in these cal-
calculate the percentage of time that each state-like, culations and the average energy of the ground state using
p-like, or d-like, and this information is summarized in Table the full pseudopotential was +2 eV. The secondary cavi-

Il as the “time average.” Table Il and Fig(@ make it clear ties were typically unable to bind the excited states without
that the second excited state has so lifikike character the Coulomb interaction, but in a few cases, we did see
because of both the asphericity of the primary cavity anccavity-bound eigenstates in the secondary cavities even with-
avoided crossing events with the third excited state. Oneut the Coulomb interaction.

need only look at the crossings between 1.25 and 1.5 ps in  Overall, even though THF is not as polar as water or
Fig. 2, for example, where the second excited statid  methanol, the dipolar interactions do provide a significant
black curve at 1.30 ps is mostlyp-like in character, but amount of stability to the solvated electron. However, these
crosses with the third excited statsolid grey curvé at  energetic considerations must be understood in context with
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the solvent structure to fully explain the nature of the sol-highly polarized primary cavity that any disjoint excited
vated electron. The THF-solvated electron strongly influ-states play relatively little role in the spectroscopy of the
ences the local polarization of the primary cavity, yet secsolvated electron in these polar liquids.
ondary cavities, which do not contain any ground-state  Thus, as we have argued throughout this paper, the THF-
charge density, are also attractive. This means that the ngelvated electron’s absorption spectrum results primarily
scent cavities in neat THf&nNd therefore the secondary cavi- from the presence of multiple potential energy traps, and is
ties in the THF-electron systonmust be at least partially not a direct consequence of the weak polarity of the solvent.
polarized, since they can support one or more bound statekhis suggests that a solvated electron in any fluid that has
(cf. Fig. 5. The difference between the two types of cavitieslarge cavities should have a similar absorption spectrum. In-
is that the ground-state THF-solvated electron exists in aleed, Fig. 1 shows that the solvated electron in the polar
permanent and strongly polarized cavity, while the secondargolvent HMPA, which has nearly the same dielectric constant
cavities are transient and less attractive. This idea that thes methanol® has a very similar absorption spectrum to that
secondary cavities are partially polarized is further supporte@f the solvated electron in weakly polar THF. It is believed
by the fact that when we turn off the Coulomb parts of thethat the diffuse nature of the positive end of the HMPA di-
pseudopotential, only the ground stdtehich still usually  pole leads to poor packing of the HMPA molecules, so that
resides in the primary cavityand occasionally the first ex- the HMPA liquid structure also may be characterized by
cited state(usually in a secondary cavityemain bound. voids?® and this could explain the similarity of the spectra of
the two different types of solvated electron.

The presence of the disjoint excited states observed in
our simulations is supported by three-pulse femtosecond op-
tical control experiments on solvated electrons in THF. Mar-

In summary, we have used mixed quantum/classical MOini and Schwartz showed that after creation of a THF-
simulations to calculate the properties of solvated electron§olvated electron via photodetachment using the charge-
in the weakly polar fluid THF. By examining the transition transfer-to-solvent transition of the sodium anion,
dipole moments and visualizing the solvent cavities and poreexcitation of the solvated electron could either enhance or
tential energy traps, we have shown that the absorption speguppress the rate of back electron transfer to the parent so-
trum of solvated electrons in THF is composed of multipledium atom, depending on the time at which the electron was
low-energy bound-to-bound transitions. The excited states ofeexcited” These changes in recombination dynamics were
the THF-solvated electron, however, lack the quasispherica&Xxplained by a model in which the reexcitation pulse delo-
symmetry seen in simulations of the hydrated electron. Thug;alizes electrons throughout the solvent, so that when the
the important feature of these transitions is that althougtelectrons return to their electronic ground state, some of
some of them occur to states within the same cavity, théhem do so in cavities far from where they had originated.
majority of them do not. We have shown that solvent fluc-Our simulations are consistent with this picture, as one can
tuations continuously modify the size, shape, and attractiveimagine that following excitation to one of the disjoint ex-
ness of the secondary cavities, which in turn modify the nacited states, the nonadiabatic transition that returns the elec-
ture and energies of the excited states. Our multiple cavityron to its ground state could do so into any of the secondary
picture explains why solvated electrons in THF have such &avities, effectively relocalizing the electron. Nonadiabatic
broad, featureless absorption spectrum. simulations of this process that will directly test this postu-

We also have shown that in weakly polar liquids such adate are presently underway in our groﬁpSimilar experi-
THF, packing considerations can outweigh polarity in determents by Barbara and co-workers studying the recombina-
mining essential properties of solvated electrons. This picturéon of electrons in water with their parent hydronium ions/
is consistent with studies of the nature of solvated electronkydroxyl radicals saw much less of an effect, consistent with
in nonpolar liquids such as He@Ref. 26 and ethané’ He  the idea that the bound excited states of the hydrated electron
atoms pack efficiently in the liquid, so that even though He isare localized in the primary cavity and have little or no dis-
a nonpolar fluid, there are no nearby traps to support disjoinpint charactef?
excited states. The ground state of the solvated electron in  Overall, it is clear that the nature of solvated electrons is
liquid He forms a cavity due to Pauli repulsion, and the lacksignificantly different in THF than in polar fluids such as
of nuclear polarization makes the cavity deep enough to supwvater or methanol. We attribute this difference to the many
port only a single electronic ground state€® In liquid preexisting attractive solvent cavities that are inherent to the
ethane, Liu and Berne used mixed quantum/classical simulastructure of liquid THF. Due to their disklike nature, the
tions to explain the experimental density dependence of solfHF-solvent molecules are unable to pack efficiently, thus
vated electrong’ Although at low solvent densities the elec- creating the spatial voids. Moreover, the voids in neat THF
tron is delocalized, at high densities, these workers founére not merely vacancies, but some are partially polarized
that the electron was trapped in a single cavity. They ex<cavities that can act as electron trapping sites. These attrac-
plained this by noting that at high densities, there is a changtve voids account for the presence of bound excited states
in the solvent structure that closes the channels available tihat are spatially separated from the ground state, which re-
the electron at low densities. Finally, we note that althouglsults in little transition dipole moment between them. Fur-
traps and voids do exist in liquid watémand methanol* the  thermore, since the secondary cavities are inherent to the
depth of such traps is so shallow relative to the depth of thesolvent structurdcf. Fig. 5 and are close in energy to the

IV. DISCUSSION
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ground state, the solvated electron’s absorption spectrum itions of ~95% onto their respective spherical harmonics,
THF is redshifted relative to the absorption spectrum in mosand were orthogondbverlap<101%%) to the other spheri-
strongly polar solvents. Of course the nature of the solvatedal harmonics. The @2 hydrogenic orbital on the 24grid
electron in liquids can be traced back to a combination ohad ~90% overlap with the =2 spherical harmonics. As
electrostatic interactions and solvent structure, but we havexpected, these projections improved when we increased the
shown that THF’s inability to pack efficiently creates par- grid density.

tially polarized cavities, leading to a number of unusual sol-
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