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Although they represent the simplest possible charge-transfer reactions, the charge-transfer-to-solvent (CTTS)
dynamics of atomic anions exhibit considerable complexity. For example, the CTTS dynamics of iodide in
water are very different from those of sodide ()& tetrahydrofuran (THF), leading to the question of the
relative importance of the solvent and solute electronic structures in controlling charge-transfer dynamics. In
this work, we address this issue by investigating the CTTS spectroscopy and dynamias DfIF, allowing

us to make detailed comparisons to the previously studi#th© and Na/THF CTTS systems. Since THF

is weakly polar, ion pairing with the counterion can have a substantial impact on the CTTS spectroscopy and
dynamics of T in this solvent. In this study, we have isolated “counterion-freehlTHF by complexing the

Na' counterion with 18-crown-6 ether. Ultrafast pumprobe experiments reveal that THF-solvated electrons
(eryp) appear 38Qt 60 fs following the CTTS excitation of “free”1in THF. The absorption kinetics are
identical at all probe wavelengths, indicating that the ejected electrons appear with no significant dynamic
solvation but rather with their equilibrium absorption spectrum. After their initial appearance, ejected electrons
do not exhibit any additional dynamics on time scales up-1ons, indicating that geminate recombination

of erye with its iodine atom partner does not occur. Competitive electron scavenging measurements
demonstrate that the CTTS excited state oinl THF is quite large and has contact with scavengers that are
several nanometers away from the iodide ion. The ejection time and lack of electron solvation observed for
|~ in THF are similar to what is observed following CTTS excitation of NaTHF. However, the relatively

slow ejection time, the complete lack of dynamic solvation, and the large ejection distance/lack of recombination
dynamics are in marked contrast to the CTTS dynamics observed fior Water, in which fast electron
ejection, substantial solvation, and appreciable recombination have been observed. These differences in
dynamical behavior can be understood in terms of the presence of preexisting, electropositive cavities in
liquid THF that are a natural part of its liquid structure; these cavities provide a mechanism for excited
electrons to relocate to places in the liquid that can be nanometers away, explaining the large ejection distance
and lack of recombination following the CTTS excitation ofih THF. We argue that the lack of dynamic
solvation observed following CTTS excitation of bothdnd Na in THF is a direct consequence of the fact

that little additional relaxation is required once an excited electron nonadiabatically relaxes into one of the
preexisting cavities. In contrast, liquid water contains no such cavities, and CTTS excitatiomokater

leads to local electron ejection that involves substantial solvent reorganization.

I. Introduction the solvent-supported excited state lead to charge transfer,

. . enerating solvated electrores,
The charge-transfer-to-solvent (CTTS) dynamics of simple g g Boiv

anions have received a great deal of recent interest as a means
to interrogate how the structure and dynamics of local solution
environments dictate the outcome of chemical reactions in )
liquidst=28 and clusterd®-36 The valence electrons of CTTS where A™ represents a CTTS anion. Consequently, both the
anions are bound by the nucleus in the ground state, but theStéady-state spectroscopy and the dynamics of the CTTS electron
excited states are bound only by the polarization of the €jection process provide sensitive probes of the local solution
surrounding solvent. Thus, the CTTS label is somewhat of a nvironment. o

misnomer; excitation of a CTTS transition (see, e.g., Figure 1a Most of the attention given to CTTS systems has focused on
and c, below) does not directly transfer the excess electron to@tomic anions as they lack internal (nuclear) degrees of freedom.

the solvent. Instead, solvent motions subsequent to creation of|NUS, any spectroscopic dynamics associated with CTTS
electron ejection from atomic ions must directly reflect the

" Part of the “James T. (Casey) Hynes Festschrift’. motions of solvent molecules. To this end, the CTTS behavior
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Figure 1. The spectroscopy and dynamics of théH,O and Na/THF CTTS systems. (a) Absorption spectra of aqueoublue solid curve) and
the hydrated electron (red dashed curve, ref 55). (b) Ultra{g,gtabsorption transients associated with the 255 nm CTTS excitation of aqueous |
the data points were generated from analytic fits presented in ref 2. The transient dynamics are probe-wavelength-dependent (cf. 510 nm probe
(blue circles) and 800 nm probe (red squares)) but are pump-wavelength-independent across the lowest-energy CTTS(bahdlaivin; see
ref 5). (c) Absorption spectra of Nan THF (blue solid curve, ref 56) ang|,,- (red dashed curve, ref 57). (d) Ultrafast,- absorption transients
measured following both 400 (blue circles) and 800 nm (red squares) CTTS excitatiorn @ NEF (ref 14). Although thee;, transients are
pump-wavelength-dependent, they are probe-wavelength-independent (not shown).
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and ultrafast electron-transfer dynamic88-928has been char-  equilibrium121922 The equilibrated solvated electrons then
acterized extensively over the last 75 years. Figure 1a showsrecombine with their geminate Ripartners on two time scales,
the CTTS absorption spectrum of aqueougdlue solid curve), a fast back electron transfer that is complete witkih ps and
which consists of two broad and featureless bands that peak at slower transfer that takes place o200 ps time scale. These
225 and 193 nm; these bands are associated with the twe spin processes have been assigned as arising from the recombination
orbit states{Ps, and?Py,) of the neutral | atom photoprodutt. of immediate and solvent-separated °Mg,, contact pairs,
The dynamics following one-photon CTTS excitation ofih respectivelyt?18 Figure 1d also demonstrates that the recom-
polar liquids has been investigated extensively by Bradforth and bination dynamics following the CTTS excitation of Nare
co-workerd~>78 (as well as by othefg®). A small subset of  highly sensitive to excitation wavelength, with fewer electrons
Bradforth and co-workers’ ultrafast spectral measurements recombining on either time scale as the excitation energy is
associated with the CTTS excitation of aqueousate high- increased? even though the electron ejection dynamics are
lighted in Figure 118 excitation of the T CTTS band leadsto  independent of excitation wavelendgf®?
the rapid (<100 fs) appearance of hydrated electrons with a  The data highlighted in Figure 1 pose an obvious question:
near-unit quantum yield. The newly ejected electrons are \Why are the CTTS ejection and recombination dynamics of
formed out of equilibrium and thermalize omd. ps time scalé; aqueous 1 so different from those of Nain THF? Do the
the decay at red wavelengths (Figure 1b, red squares) and thejifferences in electron ejection time, post-ejection electron
corresponding rise at blue wavelengths (Figure 1b, blue circles) thermalization dynamics, recombination kinetics, and excitation
indicate a dynamic spectral blue-shift that reflects the equilibra- wavelength dependence result primarily from differences in the
tion of the ejected hydrated electron (the equilibratgd, solvent or the solute, or possibly from a combination of both?
spectrum is plotted as the red dashed curve in Figu%f’ia The logical way to address this question would be to cross the
A significant fraction of the ejected electrons, which reside in roles of the solute and solvent by studying either aqueous Na
I/e,,, contact pairs, subsequently recombine with their | atom or I~ in THF. Of course, sodium metal reacts violently with
parents on an approximately tens-of-picoseconds time 3cale. water, such that aqueous N&s experimentally inaccessible
All of the dynamics are independent of the wavelength used to (although we have studied the aqueous LA TS system via
excite the lowest-energy CTTS bahnd. computer simulatioff). Thus, in this paper, we address the
In addition to these investigations of the CTTS behavior intersecting roles of the solute and solvent in the CTTS process
in polar, protic solvents, the ultrafast CTTS dynamics of sodium by examining the ultrafast dynamics associated with the CTTS
anions, or sodide (Ng, in weakly polar, aprotic solvents has excitation of I in liquid THF.
been studied in experiments both by Schwartz and co- In some respects, the fact that the CTTS dynamics ainid
workerg?® 1622 and by Ruhman and co-workei&?! In liquid Na~ are so different is not all that surprising. The ground state
tetrahydrofuran (THF), Nahas a CTTS band that peaks near of 1= has its valence electron in a 5p orbital, such that one-
720 nm (blue solid curve, Figure 1¥)a spectral region thatis  photon CTTS excitation reaches a single s-like state supported
conveniently accessed with modern Ti:Sapphire lasers. Figureby the surrounding solvent cavit§.The electronic structure of
1d demonstrates that excitation of the NG&T TS band produces  Na~, however, is inverted relative to that of:Ilthe Na CTTS
&, (Whose equilibrium spectrum in THF is shown as the red band has been assigned to the promotion of an electron from a
dashed curve in Figure 18, but with an appearance time of  3s ground state to one of three orthogonal, solvent-bound p-like
~450 fs19.22 perhaps more striking is the fact that the spectral excited states, the degeneracy of which is broken by the
dynamics are identical at all probe wavelengths (not shown), asymmetry of the local solvent environméa®21.23 This
indicating that the ejected THF-solvated electrons appear atsymmetry difference has important implications for the electron
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detachment process; since the ground state of a solvated electrowater has been described as a competition between diffusive
is s-like, detachment from the s-like CTTS excited stateof | escape on a potential of mean force and back electron tr&sfer,
can occur directly, but detachment following the CTTS excita- altered in THF?
tion of Na~ requires a nonadiabatic transition to remove the In this paper, we address all of these issues by investigating
node from the Na p-like CTTS excited state(3}.The differing the ultrafast CTTS dynamics of lin THF. One key issue
electronic symmetries of land Na also likely play a role in involved in studying the CTTS process in THF is the role of
recombination, as a nonadiabatic transition is required to the iodide salt counterion. In water, the CTTS spectrum and
regenerate the I15p ground state from the s-like ground state dynamics are not affected by the presence (and identity) of the
of e,,,,2* but no such transition is required for recombination counterion up to millimolar concentratiod$,and there are no
to produce the Na3s ground staté? qualitative differences inl CTTS dynamics observed at high
Of course, we also expect that the dynamics observed ionic strength’.In contrast, the CTTS spectrum of In THF
following CTTS excitation should depend as much on local Shifts significantly when the cation is changféghortending that
solvent structure and dynamics as on the electronic structure ofconsiderable differences in CTTS dynamics also may exist. We
the CTTS anion. For example, molecular dynamics simulations will exp_lore in detail how th_e CTTS_eject_lon and recomblnatl_on
from our group predictéd and neutron diffraction experiments ~ dynamics are altered with the identity of the counterion
recently confirme®? that liquid THF naturally contains relatively ~ @ssociated with the dissolved kolute in THF in a future
large solvent voids that are close in size to that of the solvated Paper’® In this contribution, we examine the CTTS dynamics
electron. These voids, or cavities, result from inefficient packing ©f I in THF under “counterion-free” conditions; by complexing
of THF molecules in the liquid. Moreover, the way in which the Na" counterion with a cyclic crown ether, we ensure that
the THF molecules pack produces a net positive electrostatic/On Pair interactions between the countercation and tranlon
potential within these solvent cavities, such that liquid THF is aré screened and negligibly affect the@TTS dynamics.
naturally filled with preexisting electron trap3Additionally, The rest of this paper is organized as follows. Section II
our simulations suggest that the excited-state wave functionsoutlines our experimental methods, including considerable detail
of THF-solvated electrons have considerable amplitude in the regarding sample preparation and purity. In section IIL.A, we
preexisting cavities that are spatially proximal to the cavity discuss the counterion dependence of the&€TTS band and
occupied by the ground-stagg,,- wave functior® We refer to demonstrate“ how th_e use oI cation complexing agents allows
such multicavity excited states as having “disjoint” character, US t0 create “counterion-free™ iin this solvent. In section I11.B,
and both simulatiorf$ and experiment&161%have shown that we show that the CTTS ejection of electrons fr.omnh THF N
excitation of a THF-solvated electron leads to relocalization, [@kes~400 fs and that the electrons appear with their equili-
where the electron relaxes into a new cavity that can be quite Prated spectrum, just as is the case for Nanlike the case of
far (possibly up to several nanometers) from its original location. Poth Na in THF and I" in water, however, we show that
These observations suggest that the reason that little solven{'®9ligible geminate recombination takes place on subnanosec-

relaxation is observed following CTTS excitation of Na THF ond time scales. In section IIl.C, we describe scavenging
is because electron ejection takes place into one of theseexperiments that allow us to estimate the spatial extent of the

preexisting electron traps in liquid THF: the electron ejection ejected electron distribution following the CTTS excitation of

kinetics are rate-limited by the time it takes the electron to relax | N THF, and in section 11.D, we show that CTTS electrons
into a preexisting cavity from one of the disjoint solvent- are ejected farther from their parents than are electrons ejected

supported excited states, not by the time for solvation to occur YPON multiphoton ionization of the neat solvent. We close in
once the cavity is occupied.In contrast, the tightly packed section IV by presenting a scheme that allows us to understand

structure of liquid water does not contain preexisting véfds, not only these observations but all of the differences between

such that any relocalizati6h% or other accommodation of a the I"/H,0, Na/THF, and I/THF CTTS systems and how

new aqueous electron requires substantial solvent reorganizationt€S€ differences depend on the electronic structure of both the

as observed both in the aqueousdTTS process?42425and solute and solvent.
in the relaxation of excited hydrated electrar$56°

The presence of preexisting electron traps in liquid THF also
can explain the change in N&TTS recombination dynamics One significant issue for all of the experiments reported below
with excitation energy; excitation at higher energies increasesis that of sample purity, particularly involving the tetrahydro-
the probability that the initially created CTTS excited state can furan (THF) solvent used in all of the solutions. THF, like most
couple with a disjoint electronic state encompassing other peroxide-forming ethers, is typically sold containing a small
cavities, thus increasing the probability that the excited electrons amount of a free-radical inhibitor, such as butylated hydroxy-
localize further from the Nacore?? On the other hand, itis  toluene (BHT). The presence of BHT is problematic for ultrafast
unclear how the s-like CTTS excited state of Which in water CTTS measurements for two reasons; first, BHT acts as an
has been described as an asymmetrically shaped orbital that islectron scavenger, potentially altering the observed dynamics
larger and more nonspherical than an equilibrated hydrated of the solvated electrons ejected via the CTTS process. Second,
electron®® would be affected by coupling to the low-lying  as shown in Figure 2, BHT in THF (as purchased from Fischer)
disjoint states that exist as a natural part of the electronic has an optical absorption (black solid curve) with bands220
structure of liquid THF. How sensitive is the CTTS excited- and~280 nm that overlap the" ICTTS band (black circles).
state wave function of 1in THF to the instantaneous distribu-  Thus, all of the THF used in our experiments was purified by
tion of solvent voids in proximity to the parent solute? Will the drying over potassium metal under an Ar atmosphere and
relaxation of the T CTTS excited state in THF involve a distilling freshly before use. The absorption spectrum of freshly
nonadiabatic cascade through disjoint solvent-supported elec-distilled THF is shown as the blue dashed curve in Figure 2
tronic states, or is another mechanism involved that might be and is optically transparent down t€210 nm. All of the
more similar to that observed in water? How is recombination absorption spectra presented in this paper were measured with
of the ejected electron with its iodine atom parent, which in a Perkin-Elmer Lambda 25 UWis spectrometer using 1 mm

II. Experimental Section
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deoxygenated by repeated freepaimp-thaw cycles. The red
’ - aS_purCh_aS'ed THF dotted curve in Figure 2 demonstrates that the optical absorption
3- T, | === freshly-distilled THF of chloroform does not overlap with the lowest-energy0ITTS
"°.. """" chloroform transition (black circles). Solutions were prepared by serially
1. o 'free' |- in fr.-dist. THF adding known volumes of air-free chloroform to a Nal/18C6/
3 THF solution of known volume (150 mL) and concentration.
These solutions were subsequently stirred for85 min within
the closed flow circuit before irradiating with laser pulses. In
the presence of CHglwe found that reaction byproducts slowly
built up on the flow cell wall at the point of laser irradiation,
attenuating the pump pulse as it entered the sample. As a
remedy, we manually rastered the flow cell through the laser
interaction region in directions perpendicular to the pump laser
beam prior to each individual pumprobe scan. With this
-~ technique, we obtained identical absorption transients over
. : multiple measurements at each chloroform concentration. We
200 225 250 275 300 determined relative static quenching yields by coupling time-
Wavelength (nm) resolved measurements with a series of measurements in which
Figure 2. Absorption spectra of the solutes and solvents used in this the laser overlap and sample position relative to beam focus
study: absorption spectrum of BHT-stabilized THF (black solid curve); were unaltered while we measured the concentration-dependent
absorpt@on spectrum of freshly distiled THF (blue dashed CUFVQ); absorption intensity at a fixed temporal delay<20 ps). This
absorption spectrum of chloroform (red dotted curve); absorption 410ved us to accurately scale the time-resolved scavenging
spectrum of “counterion-free™ lin THF (black circles; see the text in . . - .
transients at this delay according to the measured fixed-delay

section III.A for details on obtaining the “counterion-free” CTTS o et
spectrum). absorption intensities.

The details of our femtosecond pumprobe transient
absorption setup have been published previol'sBump and
path length quartz cuvettes; pectra were measured relative probe pulses were derived from a regeneratively amplified Ti:
to a “blank” of freshly distilled THF. sapphire laser (Spectra Physics) outputting20 fs pulses
In addition to solvent stabilizers, the presence of oxygen in centered near 790 nm with arB00uJ pulse energyta 1 kHz
the samples is also problematic. Not only is oxygen an efficient repetition rate. One-third of this beany250 1J) was used to
electron scavenger, but the addition of iodide salts to oxygenatedgenerate 263 nm pump pulses3—5 uJ) by first doubling the
THF leads to oxidation of1to produce a significant amount 790 nm output in a BBO crystal and then mixing the resultant
of I3, particularly upon exposure to UV light. Triiodide also 395 nm light with the remaining 790 nm beam in a second
acts as an electron scavenger at high concentrations and absorbsystal. Two-thirds of the amplifier output was used to pump a
strongly in the near-UV at both~290 and ~360 nm7! dual-pass optical parametric amplifier (OPA, Spectra Physics),
Fortunately, the steady-state spectroscopy and ultrafast specereating tunable signal and idler beams in the-RBum region
troscopic signatures associated with the excitation ;ofinl that were isolated and used directly as IR probes. Visible probe
solution are well understood;7® such that contaminated pulses were generated by doubling the signal output. The rela-
samples readily could be identified. To avoid problems with tive pump—probe polarization for visible probe colors was con-
the buildup of § in the samples, we circulated our sample trolled using a half-wave plate/polarizer pair and set to the magic
solutions through a closed-loop system consisting @ mm angle (54.7 relative polarization). We could not set the relative
path length quartz flow cell (Spectrocell) and Teflon tubing UV—IR polarization to the magic angle, but we found that IR
using a peristaltic pump (Cole-Parmer), thus diluting any pump- transients recorded at both O and°9@lative polarization
induced byproducts into a large solution volume and providing exhibited the same time dependence at all of our chosen probe
a fresh sample for every laser shot. If we flushed the entire wavelengths. The probe beam was directed onto a computer-
flow system with N gas prior to introduction of the sample, controlled, variable-delay translation stage (Newport) outfitted
we found that buildup of3 was negligible over the course of ~ with a corner-cube reflector. The pump and probe beams were
several hours, as verified both spectroscopically and by the collinearly recombined off of a 266 nm high reflector and were
similarity of pump-probe data taken before and after several focused toward the sample with a 100 mm fused-silica lens,
hours of exposure of the samples to UV laser pulses. We with the flow cell placed 25 cm before the pump focus. The
prepared fresh solutions daily and whenever we judged that theprobe beam was collimated prior to recombinationhwitl m
level of accumulated byproduct or contaminants became unac-lens to ensure that the probe spot siz&@—100xm diameter)
ceptable. The preparation of our solutions was done in a nitrogenwas well within the pump spot size-00um diameter). Visible
glove box and involved dissolving Nal (Fluka99.5% purity, absorption transients were measured with Si photodiodes
used as received) and 18-crown-6 cyclic ether (1,4,7,10,13,16-(Thorlabs DET-100), and IR transients were recorded using
hexaoxacyclooctadecane, 18C6, Aldriet88% purity, used as  either InGaAs photodiodes (Thorlabs DET-400) or InAs pho-
received) in freshly distilled THF to prepare 5200 mL of a todetectors (Judson Technologies), as appropriate for the
~10 mM Nal solution; the solutions were mixed via moderate wavelength. A mechanical chopper was placed in the pump path
sonication and modest heating in sealed flasks. to actuate pump-on/pump-off detection. A small portion of the
In addition to the T/THF solutions, we also prepared solutions probe beam was split off prior to the sample and was directed
to perform a series of electron scavenging experiments (de-to a reference detector for shot-by-shot double normalization,
scribed in more detail in section IIl.C) by adding controlled whereby the intensity of the probe pulse transmitted through
quantities of chloroform (CHG). For these experiments, we the sample was divided by the intensity measured on the
used spectroscopic-grade chloroform (OmniSolv), which was reference detector both with and without the pump pulse
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Figure 3. The steady-state CTTS spectroscopy oifl THF in the
region red of 210 nm (below which the solvent strongly absorbs):
absorption spectrum of Nal in THF (blue circles); absorption spectrum
of Nal in THF in the presence of excess 18-crown-6 ether (black
diamonds); absorption spectrum of (18C6/\Nal ~ (“counterion-free”
I~, red squares). The “counterion-free” spectrum was obtained through of the Nal CTTS band maximum in THF strongly suggests that

conditioned subtraction of the Nal and 18€6\al spectra, as described

in the text; the spectra are plotted to reflect the relative contribution of
Nal (blue circles) and (18C6/N@—1- (red squares) to the measured
composite spectrum (black diamonds).

presenf? This detection scheme normalizes for fluctuations in

the probe beam intensity and permits measurement of signals

as small aAOD ~ 10“with a few hours of signal averaging.
Signals presented here were collected over 30 min to 2 h.

Associated error bars were determined from the 95% confidence
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electrons, it is perhaps not surprising that there exists a strong
correlation between CTTS transition energies and those of
solvated electrons in the same environments. For example, Fox
and Hayon correlated the absorption maxima of the (lower-
energy) I CTTS transition and the solvated electron’s spectrum
in 30 solvent systems and found a linear relationship of the
form?s

1/maxesiolv) = [Vmaxlsjolv)'lﬁs_ 600] X 103 Cmil (2)

Thus, given the THF-solvated electron’s absorption maximum
of 2160 nm (4630 cmt) (cf. Figure 1c), eq 2 predicts a CTTS
absorption maximum of 39200 crh (255 nm) for I in
THF.76

The blue circles plotted in Figure 3 give the steady-state
absorption spectrum of Nal in THF. The spectrum exhibits the
characteristic band shape of an CTTS transition, with the
maximum of the lowest-energy absorption feature at 235 nm.
This peak position is red-shiftest 1935 cn1? relative to that
in water ¢ = 78, cf. Figure 1a) due to the lower polarity of
THF (¢ = 7.5). The 235 nm absorption maximum, however, is
still blue-shifted~20 nm (3300 cnt?) relative to what we
expect from the empirical correlation of eq 2. Thus, the position

the Na" counterion significantly perturbs the local environment
relative to that of “free” 1.4 In fact, conductivity measurements
reveal that N& salts are largely ion paired in THF at millimolar
concentrations Kgiss ~ 1076 M);”7.78 therefore, we expect a
significant degree of ion pairing between Nand I-.7° Thus,

the blue shift of the CTTS band of Nal relative to that expected
for “free” |~ makes sense since the presence of the nearby Na
should create a more polar environment around the afion.
Having the cation nearby the anion also leads to dramatic
changes in1 CTTS dynamics, as we will discuss in detail in

S _ S
limits of the mean. All of the experiments were performed at & future publicatiorf

room temperature.

As we will discuss in more detail in a subsequent pdper,
the relatively long path length of our flow cell, combined with
the index of refraction mismatch in THF between the UV-pump

and IR-probe wavelengths used in our experiments, has the
potential to alter the measured transient signals at early times,

introducing a “lazy” signal rise due to group velocity mismatch
(GVM) through the sample. For the experiments presented here
the absorptivity at 263 nm was high enough to ensure negligible
penetration of the pump beam into the flow cell, such that GVM
negligibly affected the measured signal rise. We found no
dependence of any of the measured spectroscopic signals o
the I~ concentration of the sample {20 mM) or on the
intensity of the pump pulse (18-10-2 J/cn?).

lll. Results: The Steady-State Spectroscopy and
Ultrafast CTTS Dynamics of 1~ in THF

A. Extracting the Steady-State CTTS Absorption Spec-
trum of “Counterion-Free” | ~ in THF. One of the hallmarks
of CTTS transitions is their extraordinary sensitivity to the local
environment of the CTTS anion; CTTS band positions are
affected by solvent identity, the ionic strength of the solution,
and the addition of cosolutes and cosolve#tEhis sensitivity

As our focus here is to investigate the CTTS behavior of
“counterion-free” I, it is necessary to screen the coulomb
interaction in the Na—1~ ion pair, preferably with a method
that drives the ion-pairing equilibrium toward dissociation. To
this end, we added excess 15-crown-5 (1,2,7,10,13-pentaoxa-
cyclopentadecane, 15C5) and 18-crown-6 (18C6) cyclic ethers
to our Nal/THF solutions, both of which are known to be good
chelating agents for Na We found that the addition of 15C5
induced significant precipitation, leaving a dilute solution that
had the same CTTS spectrum as that of the Nal/THF solution
with no added 15C5. This behavior likely results from a very

igh binding affinity of 15C5 for Na and a relatively low
solubility of the (15C5/N&)—I~ complex in THF. On the other
hand, we found that the addition of 18C6 had no negative effects
on the solubility of Nal in THF and, more importantly, that the
addition of 18C6 led to significant changes in the Nal/THF
CTTS absorption spectrum. The black diamonds in Figure 3
show that chelating the Nawith 18C6 leads to the growth of
shoulders on both the red and blue sides of the lowest-energy
Na"—I~ CTTS absorption peak. Thus, the addition of 18C6
leads to what appears to be a superposition of the Nal/THF
spectrum and something new, presumably the spectrum of |
corresponding to 18C6-complexed Na

To obtain the spectrum of this new feature, we subtracted

results directly from the fact that the CTTS excited state is the spectrum of Na—I~ in THF from that of the Nal/18C6/

entirely solvent-supported, such that small changes in the size, THF solution. Unfortunately, there is no obvious way to scale
shape, and/or polarity of the solvent cavity surrounding the the Na —I~ spectrum for subtraction, as it lies well within the
CTTS solute can have large effects on the CTTS transition measured composite spectrum. Therefore, as a condition for
energy. Since solvent-supported CTTS excited states are similarsubtraction, we stipulated that the intensity ratio of the first
in character to the solvent-supported excited states of solvatedabsorption maximum of the extracted (18C6/i\al~ band to
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the first minimum above this band must match the same ratio
(0.55) measured from the Na |~ spectrum. The (18C6/Nj—
I~ spectrum that we obtained from this conditioned decomposi-
tion is plotted with red squares in Figure®®8The resultant
spectrum demonstrates that complexing"Négnificantly red
shifts (by~3230 cn?) the lowest-energy peak of the CTTS
spectrum to 254 nm, nearly the position predicted for the CTTS
spectrum of “free” t from eq 2, indicating that the addition of
18C6 allows us to produce “counterion-free”ih THF.81 Even
though we are unable to complex all of the ™Neounterions,
the spectrum of the “counterion-free™ lis red-shifted suf-
ficiently from that of Na—I~ that it is straightforward to
spectrally select “counterion-free” lin our time-resolved
experiments by exciting solutions at 263 nm, a wavelength at
which the Na—1~ ion pair absorbs only weakly (cf. Figure 3).
B. The Ultrafast CTTS Dynamics of “Counterion-Free”
I~ in THF. Now that we have demonstrated the ability to make
and spectrally select “counterion-free™ lin weakly polar
solvents, we turn next to pumyprobe experiments aimed at
examining the dynamic spectroscopy that follows the CTTS
excitation of I in THF. Time-resolved absorption transients
measured after the 263 nm CTTS excitation of “freefd THF
and probed at selected wavelengths in the near-infrared an
visible, where the THF-solvated electron absd¥se plotted
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CTTS dynamics of 'counterion
free' I"in THF pumped at 263 nm

o

£

Probe A:
o 2100 nm
o 1900 nm
A 1300 nm
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Normalized Change

0-

O

in Figure 4. Figure 4a indicates that all of the measured spectral ~
transients are identical within the measured error bars at the’=

earliest delays. This observation is strikingly different than what
was observed for the dynamics of aqueougdf. Figure 1b).
However, as inferred previously for the CTTS ejection of
electrons from Nain THF°22the data in Figure 4a indicate
that nascent electrons ejected after the CTTS excitation of |
appear with their equilibrium absorption spectrum. This obser-
vation is consistent with the idea that liquid THF is full of
preexisting cavities that act as electron tfd§8and that the
little structural reorganization of the solvent required to accom-
modate the ejected electron occurs more rapidly than the time
scale for electron ejection.

Normalized Change

0-

Probe A:

o 2100 nm
o 1900 nm
a 1300 nm
© 625 nm

(b)

To determine the time it takes for electrons to relax/be ejected ' iy
from the '* CTTS excited state, we fit the measured transients
in Figure 4a with a simple kinetic model assuming only first-
order growth of the electron population

] ] ]
Time (ps)

Figure 4. Ultrafast transient absorption dynamics of the solvated
electron measured at selected infrared and visible wavelengths following
263 nm CTTS excitation of Nal/THF solutions containing excess 18-
crown-6 ether. (a) Early time appearance dynamics of THF-solvated
o ) ) electrons created following CTTS excitation of (colored symbols);
Our fit included convolving the exponential appearance of the the transients are fit by a common single-exponential rise with a time
electrons with our measured220 fs wide pump-probe pulse constant of 380+ 60 fs, convolved with our~220 fs temporal
cross correlation. The result of this fit, shown as the black curves resolution (solid black curves). The absorption transients are plotted
in Figure 4a, yielded an electron population appearance time offset in both dimensions for clarity; the 1300 nm transient is plotted
of 1/k; = 380+ 60 fs. This time for electron ejection from the ~ ProPerly with respect to the axis labels. (b) Long-time population

. . LT dynamics of THF-solvated electrons created following CTTS excitation
C,TT,S exqted state of lin THF is similar bo.th t.o the elect[ron of I~ (colored symbols). In this panel, the magnitude of the transients
ejection time scale following CTTS excitation of Nan

! ] has been normalized to the average intensity=at300 ps and offset
tetrahydrofuraf? and to the time scale measured for photoin- vertically for ease of comparison. No observable change occurs for all
duced relocalization of thep,.15171° Thus, the measure-

kl —
I =1+ enye 3

transients on thiss500 ps time scale, indicating a lack of diffusive
ments in Figure 4a strongly support the idea that no matter howg;rzigag:ﬁgrg?igggo:nzoirstzgtugﬁgxg'i"n': (g;;jestﬁsgegé zhgoiaggnce
It |s.pre.pared, fgr gxample, via CTT.S excitation of'Nar | artifac%,that obscures the electron appearance dynamics?

or via direct excitation oé,s, the excited state(s) of an excess

electron in liquid THF take~400 fs to undergo the transition and preexisting electron traps, that determines the relaxation
required to relax the electron into the localized ground state of dynamics of excited excess electrons; we always observe
one of the preexisting cavities. Once the ground state is reachedjdentical relaxation dynamics in THF independent of the details
the electron is already nearly completely equilibrated. Further- of the electronic structure of the solute furnishing the electron.
more, because the electron may reside in a cavity far from where Figure 4b demonstrates that the spectral transients collected
it originated, any memory of how the excited state was prepared after pumping the lowest-energy CTTS transition of “free” |

is essentially lost. Thus, we believe that it is solely the structure in THF at 263 nm are also identical on longer time scales and
of liquid THF, with its readily accessible disjoint excited states that there is negligible decay of the electrons over hundreds of
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picosecondg? This result indicates a nearly complete absence
of geminate recombination of the ejected electrons with their 4| [CHCI3s] |lo 0 2420 © 80
neutral | atom partners. This behavior is surprisingly different 1| (mM) [010 w40 #120
from both the dynamics of hydrated electrons generated via the
CTTS excitation of aqueous~| of which ~70% undergo
geminate recombination by 100 ps (cf. Figure 2bjand the
dynamics of electrons generated via the CTTS excitation of Na
(and also K)8 in THF, which recombine significantly with
their neutral-atom partners on bottl and~200 ps time scales

(cf. Figure 1d). We note that recombination is particularly
prominent when Nais excited along the red edge of its CTTS
bandi® similar to the excitation conditions for the Idata
presented in Figure 4. Perhaps even more surprising is the fact
that we observe less recombination following the CTTS
excitation of I in THF than we do from the multiphoton
excitation of neat liquid THF with~5 eV of excess excitation .
energy (see ref 14 as well as section 111.D below). This leads to Time (ps)
the question of why is there so little recombination of the ;
electrons ejected from~lin THF, which we address in the
following subsections.

C. Scavenging of the Ejected Electrons and the* CTTS
Excited State in THF. The fact that the transients presented in
Figure 4 lack any signature of geminate recombination of CTTS-
ejected electrons to re-fornT Iposes the question of “where
are the ejected electrons?” Do the CTTS-generated electrons
reside near their iodine atom partners in contact pairs, bound
together by a potential of mean force but separated by a barrier
to recombination that is large compared kgT at room T
temperature? Or, are all of the electrons ejected so far from (b)
their | atom partners that they simply cannot diffuse back on - S—
subnanosecond time scales? To address these questions, we 10 100
undertook a series of electron scavenging experiments devised Time (pS)
to determine the distribution of distances at which the electrons 5 (), 8-
reside immediately following their CTTS ejection from in o) (C)
THF. The idea underlying these experiments is straightforward; ]
assuming that the scavenger molecules are uniformly distributed
throughout the fluid at a known concentration, we can monitor
the number of electrons that encounter the scavengers as a
function of time and thus determine the volume over which the
electrons were initially distribute.86

The results of our scavenging experiments are summarized

Change in OD (Arb Units)
o

o
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-
o
o
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o
o
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o
o
o
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AOD (norm. @ 10 ps)

o
1

o
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Encounter Model:

Static Scavenging Yie
o
n

in Figure 5; in these experiments, we monitored the population 0.24 —— log k=13; *=2 nm
of electrons via their absorption at 2050 nm as a function of —— log k=12; r*=3 nm
time following the 263 nm CTTS excitation of lin THF in — log k=11; r*=6 nm
the presence of chloroform (CH{LI We chose CHGlsince it 0.01

is an ideal scavenger of electrons in aprotic soh&rasd is ' ) ! ) ! ) '
also miscible with THF. Figure 5a illustrates that there are two 0 40 80 120
main effects observed as the amount of added G@ivenger [CHCI3] (mM)

is increased. First, rather than remaining constant with time (cf. _. . -
Figure 4b), the electron population decays on atens-to-hundreds-':lgure 5. .Scavenglng kinetics of the THF-solvated elgctron and |

gu ’ X pop cays CTTS excited state by CHEgprobed at 2050 nm following 263 nm
of-picoseconds time scale due to diffusive encounters of the cTTS excitation of “counterion-free™lin THF. (a) Electron absorption
ejected electrons with the scavengers; as expected, the decagynamics in the presence of various concentrations of Gk®@lored
rate increases with increasing scavenger concentration. Secondsymbols), normalized relative to the intensity of the signal with no
the total number of ejected electrons we see (i.e., the maximumCHC: present (red squares). The presence of scavengers results both
magnitude of the absorption signal) decreases with increasingn 0SS oférye population due to diffusive encounters, as seen by the
scavenger concentration. This decrease is due to so-called “statid®"9-time absorption decay, and in “static scavenging” of theTTS

S . excited state, as observed by the reduction in the maximum absorption
quenching”, whereby the CTTS excited state transfers an intensity recorded at a given scavenger concentration. (b) Same data

electron to the scavenger before detachment is complete, suchys those in (a), but with the absorption transients normalizée-at0
that the total number of electrons that are ultimately ejected is ps. The solid curves are fits to solutions of the Smoluchowski equation

reduced. We consider each of these two effects in turn. for a homogeneous scavenger concentration and a fitted reaction

. : : distance of 8t 1 A; see text for details. (c) Excited-state scavenging
The first of these processes, the diffusive encounter of the yields, Ysc (squares with error bars; i.e., the fraction that the absorption

CTTS-ejected electrons with the scavengers, is highlighted in gjgna'is reduced at= 1 ps), plotted against scavenger concentration.
Figure 5b, which presents the same data as those in Figure 5arhe colored curves are fits with a dynamic encounter model explained
but with the transients normalizedtat 10 ps to better illustrate  in the text.
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the scavenging kinetics on longer time scales. If the distribution single chloroform scavenger, we can safely neglect the radius
of scavengers in the liquid is homogeneous and there is noof the scavenger.

competing recombination with the | atom parent (as we believe  \when fitting our data to this model, our goal is to extract the
is the case from Figure 4b), then the scavenging kinetics shouldexcited-state radius*, but we also do not know the excited-
be adequately modeled by the Smoluchowski equation for state scavenging ratist.%2 Consequently, our fitting of the six
diffusior?’.88 data points in Figure 5c to obtain both of these parameters is
poorly constrained. Thus, to obtain an order-of-magnitude
Q(t) = Qexp{ —47RD[S] (1 + 2R/V7Dt)t} 4) estimate to the size of thed CTTS excited state, we applied
this model to our data by treating the excited-state radius as a
whereQq and [S] are the (relative) initial electron population fitting parameter while fixing the scavenging rate to a series of
and scavenger concentrations, respectively [aigithe relative physically reasonable values (i.e., assuming scavenging times
diffusion constant between the electron and the chloroform kETl between 100 fs and 10 ps). With this approach, we find
scavenger. This model assumes that scavenging occurs instanthatr* must be large (at least several nanometers)kanenust
taneously and with unit probability once the electron and pe relatively small £10'2 sec’?) in order to match both the
scavenger encounter each other at a dist&dewe estimate magnitude and curvature of the concentration-dependent scav-
the diffusion constant of CHgIn THF as being roughly equal  enging yields. The best fit (green) curve plotted in Figure 5c
to the self-diffusion constant of THF, 36 107° cm?#/s 8 and corresponds to* = 6.3 nm when we chooder = 10! sec™.
use the calculated value of the THF-solvated electron’s diffusion Even if we try to force a fit to the data with a very fast
constant, 7.6« 107° cn¥/s,* then we can simultaneously fit  scavenging rate (F9sec’, red curve), we still find that the

all five scavenging traces using a single, physically reasonable excited-state radius must be at least 2 nm and that the
value for the encounter radius of81 A; the fits are shown as  corresponding fit passes outside of the conservative error bars.
the solid curves through the data in Figure®5@he quality of Consequently, this analysis suggests that theCITTS excited

the fit achieved with this simple recombination model suggests state in THE must be at least a few nanometers in radius to
that the ejeCted electrons are indeed fr66|y dlfoSlng and that it exp|ain the static Scavenging y|e|ds measured experimeﬁfa”y_
is unlikely that any significant fraction of them are tightly bound This result, that the electrons are ejected to a large distance

in contact pairs with their iodine atom partners. following CTTS excitation of T in THF, is quite surprising,

As we know from Figures 4 and 5b that nascent electrons do icyarly since Bradforth and co-workers found that the CTTS
not recombine with their | atom partners and diffuse freely, gycitation of aqueous iodide led to the formation of contact pairs
where are they with respect to the iodine atom immediately after | i+, the solvated electrons adjacent to the iodine atohiTo
th_ey relax_ from t_he 1 _CTTS excited state? We can answer 5 this result suggests that the CTTS excited state a6 |
this question by investigating the second scavenging procesSi ongly coupled to the naturally occurring disjoint states in
the static quenching of the CTTS excited state. The (relative) jiq,ig THF. If CTTS excitation leads to rapid population of
reduction in the maximum amplitude of the electron absorption g of the disjoint states, then the effective radius of the excited
signal (at 1 ps) in Figure 5a with increasing scavenger gaie is the distance of the preexisting cavities that the disjoint

concentration gives the excited-state scavenging yield; this gy iteq electron can sample, which simulations suggest is indeed
quantity is plotted in Figure 5c. We can model these excited- j te\ nanometer@:61Moreover, since the electron in a disjoint

state scavenging yields using an electron/scavenger encountergaie js delocalized between multiple cavities, the electron
complex model elaborated by Barbara and co-workeirs this density in any one cavity is small. This implies that the overlap

model, the scavenger yieltfs is given by between the excited electron and any scavengers adjacent to

0 Nk f the cavities also will be small, consistent with the relatively
_ rn slow excited-state scavenging rate implied by our modeling of
Ysc_ (5) ; ;
& (nke; + 1/7) the static quenching data. Thus, we conclude that the large

amount of excited-state quenching observed results from a
relatively slow per-scavenger quenching rate that is offset by
encounter of the excited state withscavengersker is the the considerable number of scavengers available within the large

quenching rate per scavenger, anis the CTTS excited-state volume accessible to the electron in its disjoint excited states.
lifetime. In eq 5,f, is the probability of the excited state D. Understanding the (Lack of) Recombination in the
interacting simultaneously withscavengers. If the distribution ~ CTTS Dynamics of I in THF. The scavenging data in Figure
of scavengers is homogeneous, tlignan be modeled with a 5 imply both that the electrons ejected following the CTTS

in which thenth term of this sum corresponds to a simultaneous

Poisson distribution excitation of I in THF diffuse freely and that the electrons are
) ejected to a distance of several nanometers from the iodine atom
N”exp‘” core. In this subsection, we explore the consistency of the
fo= T (6) scavenging results with the nearly complete lack of recombina-

tion observed in Figure 4b. Can the lack of recombination be
whereN is the average number of scavengers within the volume explained quantitatively by the very large initial separation

of the encounter complex through which the geminate pair must diffuse to re-form |
Or, is it possible that there is a large barrier to recombination,
N= (1000[SIN A-(4/3)7”*3 ) even after the electron and iodine atom come into contact? To

address these questions, we will compare the recombination
in which r* is the radius (|n m) of the e|ectr0fscavenger dynamiCS of electrons generated via the CTTS excitation of |
encounter Comp|exy [S] is the scavenger concentration (|n M)’ in THF to those generated by mU'tiphOton ionization of the neat
andN, is Avogadro’s number. Formally? is a sum of effective solvent.
scavenger and excited-state radii, but as we expect the size of Figure 6 plots the population dynamics of electrons created
the CTTS excited state to be large compared to the size of avia the 263 nm CTTS excitation of lin THF (blue diamonds;
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Figure 6. Long-time geminate recombination behavior of photo-
generated solvated electrons in THF probed2000 nm: recombina-
tion dynamics ofep, with THF radical cations following 263 nm
multiphoton ionization of neat THF at 263 nm (black circles);
recombination dynamics &, following 263 nm CTTS excitation

of “counterion-free” I in THF (blue diamonds); the two data sets are
normalized at = 10 ps for ease of comparison. The solid black curve
is a fit to an approximate solution to the Deby®@moluchowski equation
assuming an initiaé;,,-—cation average separation of 37 A, a reaction
distance of 11 A, and a reaction velocity of 0.12 A/ps. The three colored
dashed curves illustrate the expected diffusion-limited recombination
for e, with iodine, assumingra8 A reaction distance and an initial
Gaussian distribution a#,,-—iodine atom separations witii,Cof 20,

31, and 63 A (red, green, and blue, respectively).

same data as those in Figure 4b) and via the 263 nm multiphoton

ionization (MPI) of pure THF (black circles); the two traces
are normalized at = 10 ps for ease of comparison. The MPI
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the MPI of the solvent has several important implications for
our study of the CTTS process. First, and foremost, the fact
that we see faster recombination in the case of MPI (along with
the linear power dependence of the CTTS absorption signals;
see section Il) verifies that we are not studying a mixture of
CTTS and solvent MPI dynamics in our CTTS experiments.
Importantly, our MPI recombination kinetics were measured
under tighter focusing conditions than those used to stady |
CTTS, and the magnitude of the MPI transient absorption was
much weaker than that following CTTS excitation. Second, the
fact that there is less recombination of the CTTS electrons
strongly suggests that the CTTS ejection distance is comparable
to or greater than that produced by MPI. Of course, the electron
is coulombically attracted to the THF radical cation in the case
of MPI and there is no long-range attraction between the electron
and its parent iodine atom in the case of CTTS. Consequently,
we can use a simple Smoluchowski model to quantify the
diffusive recombination expected in the case of CTTS. The three
dashed curves in Figure 6 give the expected electron population
dynamics assuming an initial Gaussian electron ejection distri-
bution centered on the anihwith the mean ejection distance,
ol chosen to match the three distances we obtained when
fitting the excited-state scavenging yields in Figure 5c with
different scavenging rates. Here, we have assumed the same
mutual diffusion coefficient (1.1x 1075 cn¥/s) and reaction
distance (8 A) used to fit the long-time scavenging data
presented in section II.C. All of the traces are normalized at
10 ps for comparison. Figure 6 demonstrates thad?, 17,
and 5% of electrons should recombineii§is chosen to be
20, 31, or 63 A, respectively; as expected, less recombination
should occur as the initial separation of geminate pairs is
increased.

This modeling supports the idea that (if the recombination
of the electrons generated via the CTTS excitatiormrahITHF
is simply diffusion-controlled, then) the initial ejection distance

transient shows a significant decrease in the electron population®f the electrons must be at least several nanometers, consistent
on a hundreds-of-picoseconds time scale, the result of geminateVith what we found from the excited-state scavenging yields
recombination between the residual THF radical cation and the N Figure 5c. However, what if the recombination is not

ejected solvated electrdAdThe observed decay of the electron

diffusion-controlled? Could there be an attractive potential of

population is similar in time scale and magnitude to that seen Mmean force holding the electron near the iodine atom and/or a

in earlier experiments in which the MPI of THF was ac-
complished with visible light pulses rather than UV pulses at
263 nm! In this previous work, the electron population
dynamics were well described by an approximate solution to
the Debye-Smoluchowski equatioff;% and fits to the data
yielded a reaction distance of #1.1 A, a reaction velocity of
1.2+ 0.2 m/s, and an initial electron ejection lengt,of 40—

45 A4 if we utilize the values of the reaction distance and
velocity from this previous work to analyze the 263 nm MPI
of THF data in Figure 6, we obtain an excellent Debye
Smoluchowski fit with an initial electron ejection length iof

= 37 A; this fit is shown as the solid black curve through the

significant barrier to recombination? Bradforth and co-workers
have described the recombination of aqueous electrons with
iodine atoms as occurring on a potential of mean force, with
the yield determined by a competition between recombination
over a barrier and diffusive escape of the geminate partners that
are bound in an attractive wélP However, if there were a
potential of mean force that could partially hold the electron in
the vicinity of the iodine atom in THF, we would not expect to
be able to fit the dynamic scavenging experiments in Figure 5b
with a model that assumes freely diffusing solvated electrons.
It is also certainly possible that there is a barrier to recombina-
tion in THF and that this barrier could be larger in THF than

data. This ejection distance suggests that the 263 nm MPI ofthat in HO since the amount of electrefodine recombination

neat THF does not likely take place via a two-photon process,

which would provide less than 1 eV of excess energy to the
ejected electron. Rather, it is more likely that MPI of THF at
263 nm occurs through a three-photon process, providing

eV of excess energy above the.5 eV ionization potential of
liquid THF, leading to similar dynamics and initial ejection

has been observed to decrease as the polarity of the solvent
decrease3.At this point, the question as to whether or not
recombination can take place quickly or requires crossing a
significant barrier once diffusion is complete remains open.
However, the data and analysis in Figures64provide a
compelling case that the CTTS excitation ofih THF leads

distances to those observed previously with comparable excesgo an average electron ejection distance of several nanometers,

energies by the four- and five-photon MPI of THF with visible
wavelengthg4

The observation that the recombination dynamics following
the CTTS excitation of 1 are so different than those following

explaining the lack of observed geminate recombination. Thus,
to the best of our knowledge, virtually no CTTS-ejected elec-

trons encounter their iodine atom partners in THF on subnano-
second time scales.
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IV. Discussion: Understanding the Roles of the Solute THF H.,0
and Solvent in CTTS Dynamics A

In the previous section, we examined the dynamics of electron .
ejection following the CTTS excitation of lin liquid THF. S VAV S
We found that it takes-400 fs for the electron to be ejected E EP'?IE"_“_SEGE‘?
following CTTS excitation and that the ejected electrons appear O
with their equilibrium spectrum (Figure 4a). We also found that
the ejected electrons reside, on average, several nanometers ——
away from their iodine atom parents (Figure 5), such that no
geminate recombination occurs on subnanosecond time scales
(Figures 4b and 6). This behavior is significantly different from Na
that of aqueous, from which electron ejection occurs #100
fs; there is significant solvation of the ejected electrons on a
~1 ps time scale, and the majority of the ejected electrons
recombine with their | atom partners 100 ps (cf. Figure
1b) 15 The recombination dynamics following CTTS excitation
of I7 in THF are also quite different from those of Nan
THF,10-22 although the electron ejection time and lack of
solvation following ejection are similar for these two solutes
(cf. Figure 1d). In this section, we present a picture designed to
rationalize the similarities and differences in the CTTS dynamics Figure 7. Schematic rationalizing the CTTS and solvent-supported

of these three related systems. level energetics of Nain THF and I in both THF and water. Colored
Figure 7 presents an illustrative energy level diagram basedsolid lines represent anion-centered bound states (i.e., CTTS states).
on our understanding of the structures of liquid water and THF The graded bands (gray) represent solvent-supported excited states of
and the electronic structures of the Nand I CTTS solutes. the neat liquid, with the shading proportional to the density of states.
In this figure, the colored lines represent bound states of the Liquid THF is characterized by a gradual onset of solvent-supported

o states, ranging from disjoint states, bound by two or more preexisting
solute or CTTS states that are bound locally within the solvent electropositive cavities that naturally exist in liquid THF, to the

cavity containing the solute. The gray-scaled bands represent &onduction band continuum (CB). In contrast, the tightly packed
continuum of electron energy levels associated with the neat structure of liquid water is characterized by a sharp onset of conduction
solvent (i.e., levels that exist independent of the solute, which band states. The s-like CTTS excited state ol water is below the
are usually referred to as continuum levels or the solvent CB onset, such that CTTS-generated electrons can only be ejected
conduction band), with darker colors corresponding to a higher ”meeanr%ftrt‘ﬁg 'S%CI‘\'/Z?] t""t_(l’_rr:‘eps""ﬁitggré_‘l’_"_l'_tg 2?3{2?2;?&%’?L'Eaé:]ange'
.den.SIty of .States' ATQ' QISCUSSQQ above and in ref 59, liquid THF the other hand, lies well within the manifold of disjoint’ states
is filled with preexisting cavities that act as electron traps, (energetically), such that strong nonadiabatic coupling (wiggly green
leading to the existence of low-lying disjoint states that may arrow) rapidiy leads to relocalization of the CTTS-excited electron to
be thought of as a gradual onset to the liquid conduction band, other cavities in the fluid; little additional solvent reorganization is
as illustrated on the left side of Figure 7. Liquid water, on the required to accommodate these nascent electrons. The lowest p-like
other hand, lacks naturally existing cavit@snd the conduction g{ﬁa‘fx&ﬁ%ﬁfgetg“ mail:ew'i:n”e?: ?frlgweg]ceitleodwztset\tgfjingdslfg:;es .
band onset is more abrupt, as showr} on.the right side of I:Igurecompetition between ngnadigba%c relocalization into ott?er cavities
7. We S_tres_s that the level ‘i'agfams in Figure 7 are meant to be(Wiggly green arrow) and internal conversion to the lowest state (wiggly
qua“tatlve in nature, as neither the absolute energlies of thes%|ack arrow), resulting in a strong pump excitation wavelength
levels nor the relation between them in the two solvents is dependence to the electron ejection distance. This diagram is meant to
known from either experiment or theory. Nonetheless, we be qualitative in nature; the dashed line separating the THF a@d H
believe that the qualitative picture provided by Figure 7 can schemes is drawn to imply that they are not to be compared on an
explain all of the salient features associated with the CTTS absolute scale.
dynamics of the Na/THF, I"/THF, and I'/H,O CTTS systems.  nonadiabatic coupling to disjoint states with comparable or lower
The electronic ground state of Ndas the excess electron energies$! allowing the excited electrons to relax into cavities
in a 3s orbital, suggesting that the solvent-bound CTTS excited farther from the sodium core. We believe that the relaxation
states should be p-like. Indeed, purpobe polarized hole-  mechanism is similar to the relocalization of excited THF-
burning®%® measurements are largely consistent with the idea solvated electrons that has been observed in both experi-
that Na has three p-like CTTS excited states whose energies ment$>1619 and simulation§! However, simulations also
are split by the local asymmetry of the solvent environ- suggest that excitation of higher-lying CTTS excited states can
ment!220-21\When sodide is excited on the red edge of its CTTS lead to rapid internal conversion to the lowest-energy CTTS
band (ca. 900 nm), 100% of the ejected electrons recombinestate?3-25190 Thus, we believe that when the electron is
with their N& partners within~1 ps!® suggesting that all of ~ promoted to one of the higher-lying CTTS states, there is a
these electrons were ejected within the same solvent cavitykinetic competition between coupling into one of the disjoint
containing the Nasolute in what we refer to as immediate states (as depicted by the wiggly green arrow on the left side
contact pairs. Thus, we believe that the lowest-energy CTTS of Figure 7) and relaxation to the lowest CTTS state (depicted
state of Na must lie below the energy of the lowest accessible by the black wiggly arrow on the left side of Figure 7). Since
disjoint state in liquid THF, as depicted in Figure 7. WhenmNa the density of the disjoint states increases at higher energies,
is excited at higher energies across its CTTS absorption band,the rate to nonadiabatically couple to a disjoint state should also
an increased fraction of the CTTS-ejected electrons does notincrease, thus explaining the lowering of the CTTS recombina-
undergo rapid recombination (cf. Figure 1€)This suggests tion yield with increasing excitation energy. Furthermore, as
that the higher-lying CTTS excited states can undergo rapid argued above, the lack of solvation of the ejected electrons can

= 4

1 o

Energy
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be explained by the fact that the cavities into which the electron time for diffusion to allow for a re-encounter between the
is ejected are preexisting, so that little additional relaxation is geminate partners. The fact that the CTTS detachment and
needed once the electron makes the nonadiabatic transition tarecombination dynamics of lin THF differ considerably from
its new ground staté. those associated with in H,O or Na in THF is thus a direct

In contrast, simulations suggest that (ignoring sprbit result of electronic structure differences of both the CTTS solute

excitation of the neutral iodine atom product) aquecusas  and the solvent.
only a single s-like CTTS excited state that can be accessed

from its 5p electronic ground stat Careful experiments by Acknowledgme.nt. This research was funded by the National
Bradforth and co-workers have determined that the energies ofS¢i€nce Foundation under Grant Number CHE-0603766. The
the conduction band states in liquid water lie above that of the uthors thank Dr. Ross E. Larsen and Molly C. Cavanagh for
I- CTTS excited staté! (as depicted in Figure 7), such that Useful discussions.

CTTS excitation of T in water can only produce electrons that
remain localized near their iodine atom parents. This explains
why the CTTS excitation of aqueous produces contact pairs (1) Kloepfer, J. A.; Vilchiz, V. H.; Lenchenkov, V. A.; Bradforth, S.
that can readily undergo recombination, which is controlled by E- Chem-l Ph):f- Lettl.9_98_|23_8 120. henk _ .
their relative diffusion on the local potential of mean fofce. C.: ézr;dﬁoorfhp, %r éj'f‘&rYe';.'é’h\;'sz%éé‘elnfa esnzs%v.' V- A Germaine, A
Since liquid water contains no preexisting cavities, the ejected  (3) Kloepfer, J. A.; Vilchiz, V. H.; Lenchenkov, V. A.; Chen, X.;
electron must force significant local solvent reorganization, Bradforth, S. EJ. Chem. Phys2002 117, 766.

explaining the marked spectral shifts observed following both , . é‘:;d\f’c','ftﬂ'z’svgj*§A‘;§pf§{,’e%A)§o%‘irT§éni’7ﬁiC'; Lenchenkov. V-
CTTS excitation of aqueous ioditit and the multiphoton : (5) Vilchiz, V. H.; Chen, X.: Klbepfer, J. A; Bradforth, S. Radiat

ionization of neat watef:8°.68 Phys Chem 2005 72, 159.

We propose that the CTTS dynamics of in THF are Phy(se)Lelff g%%ingi\é’ gﬁ@oemer’ J.; Vilchiz, V.; Bradforth, S. Ehem

sensibly explained if the single s-like CTTS excited state lies (7) Sauer, M. C.; Shkrob, I. A; Lian, R.; Crowell, R. A.; Bartels, D.

relatively high in the manifold of disjoint states energetically, g/l-;‘lf;en, X.; Suffern, D.; Bradforth, S. B. Phys. Chem. 2004 108

as iuggested at the Cent?r of Flgqre 7'. Thus, C.ZTTS e>.(c'|t§1t|on (8)- Moskun, A. C.; Bradforth, S. E.; Thagersen, J.; Keiding].&hys.

of I~ in THF leads to rapid nonadiabatic coupling to disjoint chem A 2006 110, 10947.

states (as depicted by the wiggly green arrow in Figure 7), such EQ) Iglev, Hr.]; Trif%nov, A.; Thaller, A.; Buchvarov, I.; Fiebig, T.;
i ir indine Laubereau, AChem Phys Lett 2005 403 198.

that few electrons relax to their grour_ld states near their |od|r_1e (10) Barthel, E. R.: Martini. |. B.. Schwartz, B. J. Chem. Phy<2000

atom partners. The marked contrast in recombination behavior 15 ga33.

from Na  arises because lhas no lower-lying CTTS excited (11) Barthel, E. R.; Martini, I. B.; Schwartz, B. J. Phys. Chem. B

states, so that there is no competition preventing all of the CTTS- 2001, 105 12230.

; FECS e i dicini (12) Barthel, E. R.; Martini, I. B.Keszei, E.; Schwartz, B. J. Chem.
excited electrons from relocalizing into new cavities via disjoint Phys.2003 118 5916,

states. Even though this coupling must be strong, we can (13) Barthel, E. R.; Schwartz, B. Chem. Phys. Let2003 375, 435.
rationalize the fact that the CTTS spectrum ofih THF is so (14) Martini, I. B.; Barthel, E. R.; Schwartz, B. J. Chem. Phy200Q

similar to that in water (cf. Figures 1a and 3) and other solvents 11?1é)12'\j|‘ghmi | B Barthel. E. R.: Schwartz, B. Science2001 203
because we know from simulations that there is little electronic 465 T T T

overlap and thus little oscillator strength between a localized (16) Martini, I. B.; Barthel, E. R.; Schwartz, B. J. Am. Chem. Soc
electronic ground state and the naturally occurring disjoint states 2002 124, 7622.
in liquid THFS® Thus, we expect the disjoint states to be ~ (17) Martini, I B.; Schwartz, B. Xhem. Phys. Lete002 360, 22

. B " (18) Martini, I. B.; Barthel, E. R.; Schwartz, B. Pure Appl. Chem
spectroscopically “dark” from the lground state, such that the 2004 76, 1809.
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