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Electron Trapping by Polar Molecules in Alkane Liquids: Cluster Chemistry in Dilute
Solution
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Experimental observations are presented on condensed-phase analogues of gas-phase dipole-bound anions
and negatively charged clusters of polar molecules. Both monomers and small clusters of such molecules can
reversibly trap conduction band electrons in dilute alkane solutions. The dynamics and energetics of this
trapping have been studied using pulse radiolysiansient absorption spectroscopy and time-resolved
photoconductivity. Binding energies, thermal detrapping rates, and absorption spectra of excess electrons
attached to monomer and multimer solute traps are obtained, and possible structures for these species are
discussed. “Dipole coagulation” (stepwise growth of the solute cluster around the cavity electron) predicted
by Mozumder in 1972 is observed. The acetonitrile monomer is shown to solvate the electron by its methyl
group, just as the alkane solvent does. The electron is dipole-bound to the CN group; the latter points away
from the cavity. The resulting negatively charged species has a binding energy of 0.4 eV and absorbs in the
infrared. Molecules of straight-chain aliphatic alcohols solvate the excess electron by their OH groups; at
equilibrium, the predominant electron trap is a trimer or a tetramer, and the binding energy of this solute trap

is ca. 0.8 eV. Trapping by smaller clusters is opposed by the entropy that drives the equilibrium toward the
electron in asolventtrap. For alcohol monomers, the trapping does not occur; a slow proton-transfer reaction
occurs instead. For the acetonitrile monomer, the trapping is favored energetically, but the thermal detachment
is rapid (ca. 1 ns). Our study suggests that a composite cluster anion consisting of a few polar molecules
imbedded in an alkane “matrix” might be the closest gas-phase analogue to the core of solvated electron in
a neatpolar liquid.

1. Introduction is not accessible te,,,. The CN groups poinaway from the

The way in which the excess electron localizes in a dielectric €@Vity; the latter is lined by methyl groups, as in alkane
fluid strongly depends on the nature of the filiilenceforward,  llquidsi%*3Because the (MeCN) anion in neat acetonitrile is
only liquids constituted of polyatomic molecules that have no 450 meV more stable thae,,, there is a rapid equilibrium
electron affinity are considered. In many such liquids, the excess Petween these two electron statés!-“Similar equilibria exist
electron occupies a void (the solvation cavity) lined by polar for othe_r liquids wher_e more than one _ele_ctron state is present
(or polarizable) groups of the solvent molecules; the spreading @t any time. In a typical alkane, the binding enefgyof the
of the electron density onto the solvent is minor. In water and €lectron is only 186200 meV, and thermal excitation to the
aliphatic alcohols, the ground-state (s) electron is confined in a CB readily occurs at room temperatiréThus, the electron
small, nearly spherical cavity lined by the solvent hydroxyl SPends some time in a quasi-free state at the bottom of the CB
groups?# This structure €,,) is stabilized by Coulomb (forev;/?;clh the drift mobility is as high as 10100 cn¥
attraction of the electron to positive charges on hydroxyl VS):>'"**®whereas most of the time it dwellzs in a trapped state
protons? The binding energy of the solvated electron in such (for which the mobilityy is only 10102 cn?/Vs).7 For
liquids is 1-2 eV24 and thermal re-excitation of this electron 0M-temperaturen-hexane, the probability of finding the
to the conduction band (CB) does not occur (though such a €/€ctron in a quasi-free state is low, ca.>3 1022 For
process may occur for excited-state p electrénispturally, hydrocarbons composed of spherical molecules (e.g., 2,2,4-
nonpolar liquids localize the excess electron differently because imethylpentane i¢o-octane)), the binding energy is 560
permanent dipoles in polar groups are absent. In saturatedMeV (VS the thermal energy of 25 [r;eV)and this probability
hydrocarbons, the electrons are trapped in large cavities of ca.iS 2 orders of magnitude greatet>'7In the two-state model
7 A diameter (the so-called “electron bubble&™The electron  [OF €lectron conduction m_gmnpolar liquiéig;®*7the apparent
is stabilized by interaction with polarized-@& and G-C bonds ~ drift mobility [A0~ ui(3, “Uof the electron depends on the
in six to eight methyl groups that form the solvation caity; €equilibrium fraction of quasi-free electrong that is reached
additional stabilization is provided by electron exchahayed/ in reversible reaction 1
or sharing of the electron density with the solvent molectfles.

A similar arrangement exists for the solvated electron in the €4t = €son 1)
polar liquid acetonitrile (MeCN3}%-13 Although the dipole
moment of acetonitrile is large (3=%.1 vs 1.6-1.9 D for

L X where 15 is the localization time fore; (ca. 20-30 fs for
alcohols)!? the positive charge resides on the CN carbon that ! ar (

n-hexane and[#; '(is the mean rate of thermal emission from

*To whom correspondence should be addressed. E-mail: shkrob@ traps (&)~ 8-9 ps for n-h_exaneﬁ The Contribution_from
anl.gov. trapped/solvated electrong.{,) to the average mobility is

10.1021/jp050564v CCC: $30.25 © 2005 American Chemical Society
Published on Web 06/03/2005




Electron Trapping by Polar Molecules J. Phys. Chem. A, Vol. 109, No. 25, 2005755

negligible®17 1t is usually assumed that the produet; exhibits S+S,_,=S, (4)
weak temperature dependefé&= 17 (i.e., the activation energy
for [40is close to the binding enerds: of electron traps). when the mole fractiory of the solute exceeds 1819212528

What happens to the excess electron in a dilute solution of Let K, be the equilibrium constant of reaction 4 for solute
polar molecules (e.g., alcohol molecules) in a typical nonpolar concentrations given in mole fraction. For open-chaimers
solvent (e.g.,n-hexane)? This question, originally posed by of normal alcohols, Stokébobtainedk, = 11 (with a standard
Mozumder8 still lacks complete resolution. Because the excess enthalpy of—21.2 kJ/mol),Kz = 122.7, andKn-3 = 76 (with
electron is attracted to permanent dipoles in the solute moleculesa standard heat of23.5 kJ/mol). Using these equilibrium
the replacement of nonpolaolvent molecules by these polar  constants and enthalpies, it is easy to obtain the concentrations
molecules in the solvation shell of the cavity electron (“dipole of various multimers in solution. (Typical speciation plots are
coagulation”) is energetically favorable. This trend is countered given in Figure 1S in Supporting Information.) Less well known
by entropy preventing the substitution. Over time, an equilibrium is that acetonitrile molecules also form clusters in nonpolar
is reached, and a new type of (solute-)trapped electron emergessolvents, albeit less efficiently than the hydroxylic molecé@fe8,
Hereafter, electron “trapping” or “attachment” refers to the as shown by the fact that the heat of dimerization of MeCN in
formation of a{e:S}sov Species in whichn > 1 solute CCly is only —6 kJ/mol?° In CCl,y mixtures withy < 0.05, there
molecules (S) are included in the first solvation shell of the is an equilibrium between the antiparallel (MeGM)mer and
cavity electron; thesolvent molecules are still included in the  the monome?® Fory > 0.2, multimers in which several MeCN
cavity. No $~ anions in which the electron occupies a molecular molecules couple in an antiparallel fashion to a central molecule
orbital of thesolutemolecule are involved. are observed?3%¢These are mainly pentamers with a typical

Mozumder's papé? outlining this scenario stimulated a brief ~ size of 11 A3% For y = 0.01-0.1, both trimers (ca. 9 Aje
flurry of experimental activity->-27 It was expected that small  and pentamers were observed by NHR.
electron clusters, as opposed to solvated electrons in neat liquids, For small alcohol multimers, electron trapping in the
would be simple to study and to model. (Similar expectations {€:Sq}sowv Species is reversible (because thermal emission of
were later nurtured for gas-phase cluster anions.) Electronelectrons into the CB is still possible); for larger clusters, the
localization in dilute solutions of water and alcohols in traps are too deep>(L eV) to observe this emission within the
liquid!®=26 and vitreou¥’ alkanes was studied using pulse lifetime of the electron speci€82%:25The minimum sizen of
radiolysis-transient absorbance (TA) spectroscépsp 23.24.27 the S cluster capable of reversible electron trapping is uncertain.
time-resolved conductivit§:~2> and optically detected magnetic = Some authors reached the conclusion that alcohol dimers can
resonance (ODMRZ The results obtained in these studies trap the electron?1.26Others concluded that only tetramers
hinted at a complex picture of electron dynamics, and the interestor higher multimers can trap these electrons (reversibly and
in mixed solvents quickly waned. Nevertheless, a consensus hagrreversibly, respectively}?25Fory < 5 x 1072, this reversible
been reached as to the mechanism for electron localization intrapping decreases the apparent electron mobilityl (by
such systems (section 2.1). As shown in the present study, thisreducing the equilibrium fraction ad¢ via reaction 2); how-
consensual picture requires revision and clarification. In retro- ever, this trapping has almost no effect on the absorption
spect, alcohols were an inopportune choice for the initial studies spectrum of the excess electrt#223At higher concentration,
because of their tendency to form strongly bound multimers. the absorption peak of the solvated electron shifts toward the
Our results and analyses suggest that the interest in mixedblue, and the TA signal increases several f8i0:23At the onset
solvents was fully justified; such systems do provide a new vista of this spectral transformatiory (= 5 x 1072),1%23 almost no
on electron solvation in molecular liquids. quasi-free electrons are left in the solutf@8#! Fory > 0.2—

To reduce the length of the article, some figures and the 0.3, the TA spectrum resembles that for the electron in neat
Appendix are placed in the Supporting Information. Figures with alcohol1?-20.23the substitution of solvent molecules by the solute

the designator “S” (e.g., Figure 1S) are placed therein. in the first solvation shell of the cavity electron is complete.
The lifetime of this electron species (which is a few microsec-
2. Background onds) appears to be limited by proton transfer from the alcohol

2.1. Polar Solute Traps in Alkane SolventsStudies in the molecule in the solvation shell, as is also the case in neat
1970s and 1980%26 showed that in dilute solutions of &lcohols® The resulting{e :Sq}sov Species should be at least

hydroxylic molecules (such as alcohols and water) in normal a tetramet? The same applies to the solvated electron observed

7 i _ 23 ; .
and branched alkanes, the electrons attach to preexisting clusterd) Water-saturated alkané*though the corresponding spec
S, (multimers) of these solute (S) molecules. trum more closely resembles that of the excess electron in dense

water vapot! and supercritical watétthan the hydrated electron
— P in liquid water? Fory > 0.1, there is no evolution of the TA
€t S = {eSiksan 2) spectra after the 30 ps electron pul8eAt lower alcohol
concentrations (fog between 0.05 and 0.1), the main effect of
the alcohol addition is a decrease in the decay rate of the TA
signal on the subnanosecond time scale, which is the expected
_ _ result of lowering the electron mobility. It appears that electrons
&onvt Si={€ :S}son 3 are scavenged by large alcohol clusters very rapidBQ(ps)i®
the rate constant of electron attachment may b2 M-1s1.25
Individual alcohol and water molecules (the “monomers No further growth of thg e :S;} so SPecies by dipole coagula-
1) do not trap the excess electrons, and in very dilut&~5 tion reaction 5
mM) alkane solutions, localized electrons still reside in solvent
traps. By contrast, alcohol clusters present in more concentrated {e S} T Sn=1{e Siimtsow (5)
solutiond®-26 bind the electrons quite strongly. H-bonded dimers
and higher multimers of hydroxylic molecules form spontane- was observed within the first 500 ps after the formafidin
ously in alkanes by reaction 4 fact, this reaction has not been observed even on a longer time

Note that because of the occurrence of reaction 1 this electron-
trapping reaction can also be represented by reaction 3
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scale?%-25 The only observation of a cluster-growth reaction For neatn-hexane, the Onsager radius (at which the
similar to reaction 5 is by Ahmad et &% who observed, albeit ~ Coulomb interaction between the geminate partners equals the
indirectly, slow (ca. 7 10° M~1s™1) complexation of methanol ~ thermal energyksT ~ 25 meV) is ca. 300 A, whereas the
with the tentative water tetramer iso-octane. average thermalization path of the electron is ca. 88 Raus,
Recently, it has been demonstrafethat the electron in <3% of the electrons escape their geminate partner's Coulomb
supercritical C®(in which the excess negative charge is trapped field (become “free”) in isolated pairs (ca. 4 pairs/100 é¥).
as the GO, anion) forms dipole-bound complexes with the Consequently, the yield of freg solvated eleqt(ons is low (ca.
dimers andnonomersf the alcohols and acetonitrile. In another 0-13/100 V), and because their molar absorptiviyg~ 8300

publication (see sections 4.1 and 1S in ref 10), we observedM ' €M )***%is also low, a relatively large dose is needed to
that the electron inn-hexane can be trapped by single observee,,, on the nfanosecond time sgale (to obtalq an.abs'or-
acetonitrile molecule. The electron-binding energy of the Pance>107%). The time scale of geminate recombination is
resulting{ e:MeCN} o SPecies was estimated to be only 200 9iven by the Onsager timig = r¢%/De, whereDe = (ksT/€)[il]
meV lower? than that of the intrinsic solvent tr&3.Ahmad et is the mean diffusion coeﬁlqlent of the electron (which is much
al22 reported reversible trapping of the electronisn-octane greater than that of the cation). Foihexane at 23C’.@‘D%

by monomers of two other nonhydroxylic polar solutes, trimeth- 0.092 cni/Vs andtc ~ 3.8 ns. U_nder the same condltlons_, the
ylamine and diethyl ether, though the equilibrium constants for Debye constarkD_z 4nDe; for b'TOIGfiUI%rl charge ”e“‘T"f‘"Za'
electron attachment were very low (ca. 150 and 3.5',M tion in the'bulk IS ca. 5'3><3 }?ieM s and the crmgal
respectively, vs-400 M~1 for acetonitrile)l° Thus, the electron concentration C; = (47rc’) of electrons at which

. Cute ~ 1 (i.e., cross and geminate recombination occur on
can be trapped by polanonomersn solvents other than alkanes. koCole : ( . 9 .
o the same time scale) is cau®l. The observed concentration
Acetonitrilemonomers (as well as some other polar molecules

|
missing OH groups) can trap the electron in the alkanes, but of (free!) electrons at the end of the electron pulse was ca. 0.6

: uM (section 4.1). Because the electron concentration fort.
\?vlgofz(r)tlhrgcr)lgigllgrsehti\éiéopfgtt[renrrluSters' In the present article, is at least an order of magnitude higher than that of the free

) - . electrons, the loss af, to bulk and intraspur cross recombi-
2.2. Pulse Radiolysis of Alkanes: Some BasidcSne of the nation during the geminate stage is substantial. This is not the
techniques used to character{ze: S} soi Species in this study  ¢ase in the photoconductivity experiments discussed in section
is nanosecond pulse radiolysi$A spectroscopy. It is appropri- 4.2 pecause the yield of free electrons in these experiments is
ate to make some general remgrks concerning the radl_oly_5|s O_fvery low (<10 nM). Forisolatedelectron-hole pairs, the yield
neat alkanes and alkane solutions because such an insight igf free electrons does not depend on electron mobility; this yield
needed to interpret the results given in section 4.1 correctly. s entirely determined by the initial electron distribution around
In neat alkanes such ashexane, two radiolytic products are  the parent holé* Our conductivity measurements suggest that
observed several nanoseconds after the 20 MeV electron pulsdor dilute solutions of acetonitrile or alcohol in alkanes the free-
in the spectral region of interest (6:3.6 um): trapped electron yield indeed does not change because of the occurrence
electrons, which absorb in the near- and mid-infrared (IR), and of reactions 2 and 3 (see sections 4.2.1 and 4.2.2, respectively).
olefin cations, which absorb mainly in the blue and ultraviolet However, in the dose regime typical of pulse radiolysi#\
(UV) (the zzz* band) but also have a spectral extension to the studied® 24 (as opposed to pulse radiolysidc conductivity
visible (theos* band)3436 This TA signal can be observed studiesf 232 this is not the case. Because for alcohols the
most distinctively in C@-saturated solution (Figure 2Sa, trace €lectron attachment reaction (eq 2) occurs with a rate constant
(i) in section 4.1) because the TA signal from trapped electrons >10*M~* s 2 electron trapping in 0.1 M ethanol occurs well
is removed rapidly bye;; scavenging (see below); the cation W|t_h|n the geminate stage. Because the mobility of the resulting
signal is enhanced (Figure 2Sb) by the slowing of geminate {& :Si}sovSpecies £10°2cn¥/Vs) is much lower thaf(] both
recombination (the mobility of C® < [&[). The mechanism  Cross and geminate recombination are arrested, and the end-
for the formation of these cations (observed as early as 30 psOf-the-pulse electron yield increases (contrary to the claims made
after the electron puls®)is still uncertair®4 Fragmentation of 2t the end of ref 20). This effect introduces ambiguity in the
vibrationally excited solvent holes (that is, alkane radical cations) €Stimates for molar absorptivity for tHe™: Sy} soiv Species. For
and intraspur reactions of these holes and olefins generated vig" in-depth discussion of this effect (in a different system), see
fragmentation of excited solvent molecules are the two most "¢
likely routes3437For cycloalkanes (whose holes are very mobile . .
because of rapid resonance charge trandtéfthe dimer olefin 3. Experimental Section

cation is also observed in the ré&df® but this species is not Materials. n-Hexane (99-%, Aldrich) andiso-octane (99-%,
formed inn-alkanes® The excited state ofi-hexane (with a2 Baker) were passed through activated silica gel to remove olefin
yield of 1.6 molecules/100 eV of absorbed enetg#is short- impurity. Biotech-grade acetonitrile (99.936) stored under N

lived (ca. 300 psj? and its radical cation rapidly deprotonates and highest-grade alcohols (99:%) and their deuterated

(in ca. 2 nsy The resulting alkyl radicals, protonated adducts, analogues¥98+ atom % D) were obtained from Aldrich and
and olefins absorb in the UV. Faso-octane, the excited state  \ere used without purification, but without exposure to air. The
and the hole fragment irc40 ps3®4! which is much shorter  alcohol and acetonitrile solutions were deoxygenated by purging
than the duration of the 4 ns fwhm electron pulse used in this with dry nitrogen or argon. All measurements of the electron
study; trapped-electron absorbance in the infrared is also missingmobility and TA were carried out in theseNor Ar-saturated
because the binding energy is only-580 meV? Recent results  solutions. Purging these solution or even moving the liquid
from Barbara’s grouff suggest that the TA signal from between the containers causes substantial loss of the polar solute
photoionized is@ctane observed on the femtosecond time to the headspace. Gas chromatography was used (samples were
scalé likely originates from arexcitonicspecies or a close  taken from the exit of the cell, with no exposure of the sample
contact pair with the lifetime of ca. 0.4 ps rather than an isolated to a headspace) to determine solute concentrations. This
trapped electron. monitoring was absolutely necessary; because of the extreme
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volatility of polar molecules in dilute hydrocarbon solutions,

reproducible results cannot be obtained otherwise. Previous

workerg® reported similar problems; from our experience, the
irreproducibility is always traceable to the solute loss.
Electron Mobility. The conductivity setup was the same as
described in our previous publicatiéfrifteen nanosecond fwhm
pulses of 248 nm photons from a KrF excimer laser were used
to ionize the solutions via biphotonic excitation. Room-
temperature solutions were photolyzed in a cellhwat 4 cm
optical path. To obtain the temperature dependenceM5
anthracene solutions were photolyzed in a 2-cm-path cell
(photoionization of the anthracene gives higher electron yield

compensating for a shorter path). Both cells have two planar Pt

electrodes spaced by 6.5 mm operated at 4 kV. For time-of-
flight conductivity experiments, the electrode spacing was
reduced to 80&m, and a 10@:m slit was used to generate the

charges near the electrodes. A 1064 nm beam from a Nd:YAG

laser passed through the cell in the opposite direction to the
248 nm beam and completely enveloped the 248 nm beam inside

the cell. The maximum fluenc&of 1064 nm photons through
the cell was ca. 1.5 J/chf9 x 108 photons/crf); the fluence
of 248 nm light was<0.1 J/cm. The typical (free-)electron
concentration in our conductivity experiments wasl® nM.
The lifetime of the electron<{1 us) is controlled by an electron-
scavenging impurity. Under our excitation conditions, cross
recombination of charges in the bulk and their movement toward
the electrodes were negligible far< 1 us. The transient
photocurrent signal was amplified and recorded with a time
resolution of<2 ns. The delay tim#_ of the 1064 nm pulse
relative to the 248 nm pulse was 2800 ns; the time jitter
between these two pulses was3 ns. To determine the
conductivity signalA«(t) induced by the 1064 nm laser pulse,
this laser was pulsed on and off while the 248 nm laser was
pulsed for every shot, and the corresponding signa$) and
«(t) were subtracted. If not specified otherwise, the measure-
ments were carried out at 2&. The conductivity is given in
units of nS/cm €107 Q"1 m™Y).

Pulse Radiolysis-Transient Absorbance (TA). Room-
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Figure 1. (a) Normalized end-of-pulse TA spectra observed in the
pulse radiolysis of Ar-saturated (i}hexane (open triangles), (iv) 47
mM MeCN in n-hexane (filled squares), and (v) 166 mM MeCN in
iso-octane (filled circles)A 4 nsfwhm, 21.5 nC, 20 MeV electron
pulse was used to obtain all of these traces. To facilitate the comparison,
the spectra were normalized at 165, where only the trapped electron
absorbs. Trace ii (open diamonds) shows the spectrum of the solvent
olefin cation observed in C&Ssaturatedi-hexane (see also Figure 2S);
this spectrum is normalized at Qu#n, where most of the absorbance

is from this cation. Trace iii is the difference trace (i.e., electron
absorbance). Solid lines are guides for the eye. The dashed line (vi) is
scaled-down trace iv drawn to illustrate that TA spectra for

temperature solutions were radiolyzed using electron pulses from(e":MeCN)yqy in the visible are similar for both solvents. (b) End-of-

the Argonne LINAC (20 MeV, 4 ns fwhm, 21.5 nC per pulse).
The solutions were placed in a 2-cm-optical-path cell with
Suprasil windows. The analyzing light from a pulsed Xe arc
lamp was coaxial with the electron beam and traveled in the
opposite direction. A set of 10 nm fwhm band-pass interference
filters (50 nm interval) were used for wavelengfl) 6election
between 0.5 and 1,6m. A fast Ge detector with flat spectral

response was used to detect the TA signal on the nanosecon

time scale. @renkov light and the radiation-induced TA signal
from the cell windows €10~3) were subtracted from the kinetic

traces, giving the TA sign@lOD;(t) from the irradiated sample

versus the delay time

4. Results

4.1. Pulse RadiolysisA typical TA spectrum observed at
the end of a 4-ns-fwhm electron pulse in neditexane is shown
in Figure 1a, trace i. In the first 200 ns, the electron rapidly
decays via a scavenging reaction with an impurity and by
homogeneous recombination; only the TA signal from the olefin

cation (trace ii in Figure 1a; see section 2.2) persists at longer

delay times (Figure 2Sa). The addition 6f80 mM of MeCN
increases the TA signal in the near-infrardd~ 0.8—2 um),
whereas the relative fraction of the olefin catiort at 50—100

pulse TA signal ai = 1 um (open squares, to the right) and 1,58
(filled circles, to the left) vs [MeCN] in Ar-saturateathexane. The
kinetics are shown in Figure 3S.

Fort > 100 ns, some spectral evolution is observed in the visible
(Figure 4Sb) where the olefin cation absorbs. (The dimer anion
of acetonitrile may also contribute to this TA signal; see section
S.) As the trapped electron decays, the relative contribution
rom the olefin cation increases. The plot of the end-of-pulse
TA signal at 1 and 1.5am versus [MeCN] is given in Figure
1b; the slight discrepancy between these two plots is due to the
interference from the olefin cation that absorbs ati(Figures
la and 2Sa). The TA signal first increases linearly with
increasing [MeCN] and then “saturates”. Fsw-octane solution,
the plot of the 1.55:m absorbance is linear with [MeCN] to
0.18 M (Figure 5Sa). Otherwise, the spectral evolution is similar
to that in acetonitrilgi-hexane solutions (cf. Figures 4S and
6S). In both alkane liquids, as the concentration increases, the
decay of the TA signal in the infrared becomes slower (Figures
3Sa and 5Sb).

Figure 1la shows a comparison between the electron spectra
in neatn-hexane, (trace i) and acetonitrile solutionsithexane
andiso-octane (traces iv and v, respectively; the spectral profile
does not change further at higher concentrations). To facilitate

ns decreases (Figures 3Sa and 4S). The end-of-pulse spectrthe comparison, all of these spectra are normalized at/nb5

obtained for 16-50 mM solutions are very similar (Figure 4Sa).

For neatn-hexane, the olefin cation signal interferes with the
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Figure 2. (a) End-of-pulse TA spectra observed in the pulse radiolysis
of Ar-saturatech-hexane containing 0 mM (open circles), (i) 39 mM
(filled diamonds), (i) 73 mM (filled triangles), (i) 121 mM (filled
squares), and (iv) 262 mM EtOH (filled circles). The solid lines are
Lorentzian-Gaussian plots. Dashed lines vi and v are weighted sums
of traces iv and i. (b) End-of-pulse Am absorbance vs alcohol
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the formation of olefin cations is thereby suppressed. Conse-
quently, there is no interference from these cations in the TA
spectra. However, there is also no spectroscopic evidence for
gradual dipole coagulation (reaction 5) on the nanosecond time
scale (i.e., all electron equilibria settle #1110 ns (at 23°C)).
The increase of the TA signal at= 1 um versus [ROH] (Figure
2b) is a sigmoid curve similar to that for acetonitrile except for
low alcohol concentrations. This difference is due to the fact
that only multimerscan trap the electron in alcohol solutions
(sections 2.1 and 4.2.2), whereas evengle acetonitrile
molecules can trap these electrons (section 4.2.1). A comparison
with the TA data in ref 23 (filled triangles in Figure 2b) suggests
that the absorbance versus concentration plots for ethanol and
1-propanol are identical when [PrOH] is scaled down by a factor
of 2. As shown in section 4.2.2, the plots f@f versus [ROH]
are also similar for all alcohols studied once their concentrations
are appropriately scaled. As [ROH] increases, the decay kinetics
(such as those for acetonitrile, Figure 3Sa) observed on the
submicrosecond time scale slow (Figure 3Sb). For both solutes,
this decrease is significant in dilute solutions20—50 mM);
at higher concentrations (when the trapping becomes irreversible,
see sections 4.2.1 and 4.2.2), further slowing down of these
kinetics does not occur. The magnitude of the increaged;
for A =1umis ca. 9 times for [EtOHk 0.26 M (Figure 2b).
Because, as noted above, part of this increase (ca. 2 times) is
due to the suppression of recombination, the rough estimate for
the increase in thé = 1 um absorptivity of the trapped electron
is 4—5 times.

The crucial difference between the acetonitrile and ethanol

concentration for the same system (molar concentration is given at the Solutions is that for the latter solute not only the amplitude of

bottom, mole fractiory at the top). Open circles are for ethanol, and
filled triangles are for 1-propanol (plotted from Figure 4 in ref 23); for

the latter solute, the concentrations were scaled down by a factor of 2.

electron signal (see Figure 1a, trace ii), so a direct comparison
is difficult. Some compensation can be made by subtracting the

spectrum of the olefin cation, trace ii, from the composite

spectrum, trace i, assuming that 500 nm absorbance is only from

the cation (difference trace iii). Still, it is clear from Figure la
that the TA spectrum in acetonitrile solution is less broad than
that in neatn-hexane. The increase in the TA signal from the
electron with increasing [MeCN] can be accounted for by the
formation of € :MeCN)sq Species. As shown in section 4.2.1,

this trapping becomes nearly irreversible on the observation time

scale for [MeCN]> 10 mM. Because it greatly decreases the

electron mobility, the efficiency of cross (and, to a lesser degree,
geminate) recombination is reduced, which results in a greater
electron yield at the end of the 4 ns electron pulse (section 2.2).

The magnitude of this effect in our dose regime (ca. 2 times)
may be estimated by comparing the yield of the cation
absorbance at 500 nm in Ar- and g€aturatedn-hexane
solutions (Figure 2Sb). CQrapidly (<200 ps) scavenges the
electron, yielding a slowly migrating GO anion. The TA signal
from the electron at = 1 um increases ca. 5 times in 50 mM

the TA signal increases as [S] increases but also the spectral
profile evolves continuously (Figure 2a). The band maximum
shifts from 1.5um at 40 mM to 1.1um at 73 mM to 0.951

um at 120 mM to 0.&m at 262 mM. One can inquire whether

the TA spectra observed at the intermediate ethanol concentra-
tions can be obtained by addition of weighted spectra observed
at the highest and the lowest ethanol concentrations (dotted lines
in Figure 2a). Such would be the case if only one kind of the
(e7:Sy)sov SPecies was present in the reaction mixture. Although
these weighted sums can be made close to the spectra observed,
this does not seem to be the case (Figure 2a). This argues that
only a few (perhaps 2 to 3) types of trapped electron species
are present in the solution at equilibrium, as previously suggested
by Gangwer et a® and otherg%-24 We will return to these
observations in section 5.2.

4.2. dc Photoconductivity Studies4.2.1. AcetonitrileFigure
3a and b shows the typical photoconductivity signgts from
the electrons generated by 248 nm photon ionization of dilute
acetonitrile solutions in Ar-saturated, room-temperatare
hexane. Qualitatively, very similar kinetics were observed using
5 um anthracene (added to increase the photoionization yield).
The conductivity signalt(< 2 us) decays exponentially to a
plateau asc(t) = «o exp(—kt) + «i. (This constant offset is

acetonitrile solution. Because there is always a parity betweensubtracted from the traces shown in Figure 3.) The exponential

the yields of charges of different sign, it is possible to estimate
crudely that the molar absorptivity of the electron atrh is
2—2.5 times greater than that in neahexane.

For alcohols (ROH), the spectral evolution is more complex.
In Figure 2a, end-of-pulse TA spectra for4260 mM ethanol

decay is due to the reaction of the electron with an impurity or
the polar solute (see below); the plateau conductigitg from

ions that decay slowly (on the millisecond time scale) by
recombination in the bulk and neutralization at the electrodes.
This residual ion signal does not depend on the acetonitrile

in n-hexane are shown. (This system has previously beenconcentration €60 mM), suggesting that theaddition of

studied?? although the solute concentrations were not reported.)
No spectral evolution was observed for 1 us for all ethanol

acetonitrile has no effect on the electron yielthe conductivity
signalko from (free) electrons can be obtained by exponential

concentrations (e.g., Figure 7Sa and 7Sb). Alcohol monomersextrapolation to zero time; this quantity is plotted versus [MeCN]
and multimers are rapidly protonated by the solvent holes, andin Figure 4a (open circles, to the left). Note that for the electron
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Figure 3. Decay kinetics of dc photoconductivity signalfrom Ar-
saturated solutions af-hexane containing (a) 21.3 and (b) 54.8 mM
MeCN (to the left). The signal from the iong;) is subtracted; the
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Figure 4. (a) Concentration dependence of the extrapolated electron
conductivityxo (open circles) for 248 nm photoexcitation of MeCN in
Ar-saturated room-temperatunehexane (to the left). The concentration

residual signal is from the electron. The solution was photoionized using dependence of parametér= [i,[l[40— 1 (filled circles, to the right)
a 15 fwhm pulse of 248 nm light; trapped electrons were subsequently IS shown for the same system. The solid line is calculated using eq 6,

photoexcited usig a 6 nsfwhm, 9 x 10'® photons/cri pulse of 1064
nm light. The 1064 nm photon-induced signak{ plotted to the right

and the dashed line is a linear fit; the slope of this line gives the
equilibrium constant of reaction 3. (b) Ratidfor t. ~ 50 ns) for the

has the same temporal profile as the excitation pulse; the decrease irf@Me system determined using &110'® photon/cr (circles, to the

the amplitude as a function of the delay timpeof the 1064 nm pulse
faithfully follows the ¥ — «; kinetics. See also Figures 9Sa and 16S.

concentrations generated in our conductivity experiments (a few
nM) second-order recombination on the nano- and microsecond

time scales is very minor.

The addition of acetonitrile creates a new kind of electron
trap in a dynamic equilibrium witle,.. Following the approach
of ref 10 (further developed in the Appendix), we introduce
the equilibrium constarieq of reaction 3 between the electrons
in the solvent trape,,, and in this monomer solute trap,
{e":MeCN}son. As thenetmolar concentratioe of the solute
increases, the equilibrium fraction &f,, and the apparent
mobility [4Cof the electron decrease as

&0

A R

(6)

wherelkyUis the apparent electron mobility imeat nhexane.

left) and 5.4x 10 photon/cm (squares, to the right) pulses of 1064
nm light. See Figure 11S for power dependencies at different MeCN
concentrations. Open symbols indicate the numerical integratidm of
signals; filled symbols indicate the integrals of least-squares-optimized
Gaussian fits. Compare with thevs K plot for ethanolt-hexane
solutions given in Figure 20Sb.

for n-hexane andso-octane solutions. The slope of the van't
Hoff plot for the resulting constariteq obtained at different
temperatures yields the standard hemng of reaction 3 for
the MeCN monomer. In ref 10 (see section 1S in the Supplement
and Figure 7b in section 4.2.2 of the present paper), we have
carried out just such an analysis and have obtaikgd~
440 £ 20 M~! (at 25°C) and —AH, ~ 19.6 & 0.9 kJ/mol
(ca. 200 meV)?° For dilute iso-octane solutions ([MeCNk
30 mM), eq 1 also holds (Figure 8Sa), alg, ~ 950 + 50
M~1 at 25°C.

Because foriso-octanel4is 6700 times greater than the
combined anion and cation mobility; (ca. 103 cn?/Vs)7b.c
whereas fom-hexanelzlis only ca. 56 times greater than

Provided that the electron yield does not change with the solute (ca. 1.5x 1072 cn?/V s),’¢ the former solvent gives a better
concentration (as is the case in acetonitrile solutions, see above)ppportunity to follow the decrease in the electron mobility for

the ratio of the corresponding conductivity signadss given

¥ > 5 x 1072 because even at this high solute concentration

by eq 6. The decay rate of the electron decreases in proportionfa0> u;. (The typical kinetics are shown in Figure 9S.) As

to the mobility (40Ofor ¢ < 0.03 M, as can be seen from the
correlation plot given in Figure 4Sb in ref 10. At higher
concentrations, the rate consta&mgradually begins to increase,

shown in Figure 8Sbh, wherg is plotted versus [MeCN] on
the logarithmic scaldgOdecreases by a factor of 300 between
32 and 175 mM in the concentration range where eq 6 is no

possibly because of dimer formation (section 1S). Equation 6 longer applicable. It is precisely this concentration range that

may be conveniently expressed Hs= Keg, whereK =
[nta0— 1. (The concentration plot for this quantity is given
in Figure 4a, with solid circles to the right.) In either form,
eq 6 can be used to fit the plot of O [zCversus [MeCN] both

was explored in section 4.1. Thus, the equilibrium was

completely shifted toward the acetonitrile traps, and the spectra
shown in Figure 1 are from such traps. (The same pertains to
n-hexane solutions.) Given the constancy of the spectrum as a
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Figure 5. Arrhenius plots for extrapolated conductivity signats fid
(t — 0) from electrons (filled symbols and solid lines, to the left) and
ratior for t, = 50 ns andl = 9 x 108 photon/cm (open symbols and
dashed lines, to the right) in a 17.3 mM solution of MeChhexane dil Bl AR o oo A o
(squares) and a 22 mM solution of MeCNigo-octane (circles). The R RV SRS 2
corresponding activation energies fey andr are 52.7+ 2.2 and [EtOH], M
39 £+ 1.8 kd/mol @-hexane) and 45.1% 1.3 and 39+ 0.9 kJ/mol Figure 6. (a) Plot of normalized electron mobility (i.e., normalizesd
(iso-octane), respectively. signal) vs constx [ROH] for solutions of methanol (filled circles),
methanold, (open circles), ethanol (filed squares), ethatiolopen
function of [MeCN], it may be expected thfe—:MeCN} oy is squares), and 1-propanol (filled diamonds) in Ar-saturatdgexane

: o o at 23°C. The molar concentration is given at the bottom; mole fraction
the predominant species in both solvents. Thus, it is not presentlyx is given at the top. The scaling constants are 1, 0.54, and 0.44 for

,Clear what causgs the decreas@ﬁin cqncentrated acetonitrile/ .~ methanol, ethanol, and 1-propanol, respectively. The solid line is a fit
iso-octane solutions. The entire plot in Figure 8Sb can be fit o eq 9 withm ~ 3.5andc, ~ 18 mM. Observe the universality of the
using the empirical equatiolnZlx0= 1 + Kec + Kqc", with behavior for all alcohols and their isotopes. (b) To the left: normalized
n ~ 3.6. This suggests that a multimer species in equilibrium electron r_nobility (filled symbols) vs net [EtOH] fc_>r 17 (diamonds),
with {e":MeCN} oy might be involved at high MeCN concen- 8.1°C (triangles), 14.9C (squares), and 2% (circles) plotted on a

trations (section 1S). The vis-absorbing, covalently bound Ioga_rlthmlc ‘concentration _scqle. The soll_d lines are optimum fits
MeCN),~ anion occurs in neat acetonitri@lLi4 and this obtained using eq.9o the rl'ght_. concentration pI_ots for ratidopen
( ! symbols, for the same excitation conditions as in Figure 5); note the

species may also occur in theo-octane solutions. Another  |ggarithmic scale. The same symbol shapes as in plot a are used. The
possible rationale is that at high concentration solute moleculesstraight lines drawn through the symbols correspond to the exponential
scatter quasi-free electrons, thereby chandginigBecause our power of ca. 2.8.

interest is mainly in the cavity electrons, hereafter we focus on

dilute solutions <30 mM) for which the multimer anion  10Sb.) The temporal profile of the difference signal (section
formation and/or electron scattering may be safely neglected. 3) follows the Gaussian profile of the 1064 nm pulse. At all

For sufficiently concentrated acetonitrile solutions (yet still solute concentrations and temperatures, the amplitude of the

within the range of applicability of eq 6K > 1 and logla[1— Ak signal decreases with the delay titpef the 1064 nm laser
log [0 —AHZ, Thus, the enthalpy-AHJ, can be estimated ~ pulse in the same way thai(t.) = «(t.) — «i, the conductivity
as the difference in activation energiEs* and E*,, of the signal from the electron induced by 248 nm light, decays. When

electron mobility (and, thereforeg) in the acetonitrile solution  the electrons are scavenged (&8 decays to a plateau within
and neat solvent, respectively. Figure 5 demonstrates thel—5 us), 1064 nm light does not produce any increase in the
Arrhenius plots forkg in 17.3 mM MeCN inn-hexane (the conductivity?® This behavior suggests that th&« signal
corresponding kinetics are shown in Figure 10S) and 22 mM originates from 1064 nm photons detaching the electron from
MeCN in iso-octane’® At these concentrationgglldecreases  the traps and promoting these electrons into the CB of the
>10 times versus the value for neat solvents. The activation solvent. The equilibrium is rapidly reestablished, but the

energies fon-hexane andso-octane are 4. 0.7 and 32.6t conductivity increases significantly during the 1064 nm laser
0.4 kJ/mol (for neat solvents) and 52£72.2 and 45.14+ 1.3 pulse. Observe that all«(t) kinetics eventually approach zero
kJ/mol (for MeCN solutions), respectively, from WhiekAng (i.e., there is no inhibition of geminate recombination due to

is estimated to be 20.& 3 and 48+ 3 kJ/mol, respectively.  the photodetrapping). As shown by Lukin et®Isuch a process
Note that in neah-hexane the binding energy for the electron is significant only fort, < t/10 (i.e., on the time scale that is
trap is ca. 200 meV (i.e., the binding energy of the acetonitrile much shorter than the duration of the 248 nm pulse).

trap versus the CB edge is ca. 400 meV). A better, more reliable |t has peen demonstrafedhat the ratior of the area
estimate for the same parameter (that does not require makingaa(t,) = 1 dt Ax(t) under theA«(t) kinetics to the electron

an assumption that the produeizs is temperature-indepen-  onqyctivity ko(t,) prior to the photoexcitation is given by
dentf” can be obtained using 1064 nm (1.17 eV) photon-

induced electron detachméngs described below. AA)
Figure 3 shows the effect of 1064 nm photoexcitation on the = Yx
conductivity signal from the electron. (See also Figures 9Sa and Ke(ty)

PN AN (7



Electron Trapping by Polar Molecules

<p>/<p >

0.0+

1000/T, K

Figure 7. (a) To the left: normalized electron mobility vs nominal

¢ = [EtOH] (the same data and symbol shapes as in Figure 6b). The
solid and dashed lines drawn through the symbols are fits obtained
using eq 11 for a tetramer and a trimer, respectively. To the right:

estimated mole fractiofy = 4[S))/c of the tetramer at equilibrium vs

c for the four temperatures given in Figure 6b; the higher fraction

corresponds to the lower temperature. (b) van't Hoff plots for the

equilibrium constant of reaction 3 for the tentative trimer (circles) and

tetramer (squares) of EtOH and for the MeCN monomer (diamonds).
Vertical bars indicate 95% confidence limits of the least-squares fit to
egs 11 and 6 for ethanol and acetonitrile, respectively.

wheregy is the cross section for electron photodetachment from
a given trap is the lifetime of the electron in this trap, and
[..Ostands for the average over all such traps weighted by their
equilibrium fractions. As seen from eq 7, this ratio does not

depend on the delay time of the 1064 nm pulse (in accordance

with Figure 3) and is independent of electron mobilities and
yields as well. Equation 7 is valid only for low fluendeof the
1064 nm light (i.e., when the deviation from the equilibrium is
relatively small). At high fluence, the equilibrium is shifted
during the pulse, and a phenomenon akin to saturation sets in
(See the Appendix for more discussion.) The typical plots of
versus] are shown in Figure 11Sa. In Figure 11Sb, the ratio

is normalized by its valuenax attained at the maximum fluence
Jmax 0f 1064 nm photons (ca. 8.5 108 photons/cr). As seen
from the latter plot, the ratio first increases linearly with
increasing fluence (fod < 10 photons/crd) with a slope that
weakly depends on [MeCN] and then saturates (Figure 11S).
In Figure 4b, the ratios are plotted fold ~ 5.4 x 10 photon/

cn? (squares) and 8. 108 photon/cm (circles) as functions

of K (=KeqC). The higher fluence corresponds to the “saturation”
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A =1um for an electron captured by the acetonitrile trap is ca.
2 times greater than that ef,,. Using the estimate of 8.3 ps
for 7; in n-hexané and assuming unity quantum yield for
electron photodetachment (justified in section 5.2), we estimate
that the residence timefor {€":MeCN} oy is ca. 1 ns. In Figure

5, Arrhenius plots of the ratio (Figures 9Sb and 10Sb for
kinetic traces) are shown for the same two concentrations used
to estimate—AHeq At these concentrations, the equilibrium is
shifted toward{ e:MeCN} 5oy SO that the activation energy for
this ratio approximately equals that of the detrapping rate. The
latter activation energy is commonly identified with the binding
energy E; of the trapped electron with respect to the CB
edge®716 For n-hexane andso-octane, estimates of 3& 2

and 39+ 1 kJ/mol were obtained, respectively. These two
estimates agree perfectly with the estimateEpk 400 meV
given above. The closeness of binding energies for the two
alkanes qualitatively accounts for the similarity of the TA spectra
shown in Figure 2.

4.2.2. Alcohols in n-Hexanéigure 12S shows a family of
k(t) kinetics for 248 nm photoexcitation of 12 mM ethanol in
n-hexane solutions for several temperatures between 2 and 42
°C. As is observed for acetonitrile, these kinetics decay
exponentially (except for the lowest temperatures; see below);
otherwise, the two systems show quite different behavior.

First, in alcohol solutions the conductivity signaifrom the
ions depends on [EtOH] (Figure 13S). The concentration
dependence of; is the same in solutions with and without
anthracene. Other photosensitizers, such as benzene and tri-
ethylamine, exhibit the same concentration dependence,for
save for a scaling factor. Moreover, the sameersus [EtOH]
plots are observed in gFand CQ-saturated solutions, where
the electrons are promptly converted to anions. Almost the same
dependencies are observed at lower temperatures (Figure 13S).
Time-of-flight experiments (Figure 14Sa shows a few typical
traces) indicate that the addition of ethardécreases the
mobility of fluoride anionsin Sks-saturated hexane solution
(with 0.65 mM triethylamine added as a photosensitizer). For
the cation, no such decrease was observed. The decrease in the
anion mobility (ca. 2 times for 0.12 M ethanol, Figure 14Sb) is
very substantial, and it readily accounts for the observed
decrease ir; (Figure 13S), suggesting that the ionization yield
does notdepend on the alcohol concentration, as is also the
case for acetonitrilé!

Second, for alcohols the electron conductivitydecreases
with increasing [S] in a qualitatively different way than for
acetonitrile because it does not follow eq 6. This dependence
does not change upon deuteration: it is exactly the same for
CH3OH and CROD and GHsOH and GDsOD (Figure 6a).

By appropriately scaling [ROH], the samg versus [ROH]
dependence was observed for methanol, ethanol, and 1-propanol
(Figure 6a). Because all of these dependencies are the same, in
the following only ethanol solutions are considered; this solute
is representative of othemormal alcohols. Baxendale and

regime (eq 7). The two curves exhibit the same initial slope
but diverge at higher concentrations as the equilibrium shifts
toward{ e :MeCN} so1. Very similar behavior is obtained using
the two-trap model in the Appendix. The plateau value: (30

ns) at the lower fluence is attained when reaction 3 is completely
shifted toward the right side. Using eq &z; ~ 5.6 x 10726

cn? s is obtained for this trap. For electrons in nadtexane,

o ~ oy ~ 2.5 x 10728 cn? s24 (i.e., for electrons in the
acetonitrile traps, the produotr; is ca. 225 times greater). In

observed for differem-alcohols. Our results suggest otherwise.
The likely problem with the previous measurement was
inadequate control of alcohol concentration (section 3).

For ethanol solutiorko does not decrease ungl> 0.01; at
higher concentrationkOdecreases rapidly, and fgr~ 0.1,
almost noe;f’s remain in the solution because of the occur-
rence of reaction 2. The decay rate «{f) decreases agi[]
decreases; however, unlike the situation in acetonitrile solutions,
the addition of a £5 mM alcohol actuallyincreaseshe rate

section 4.1, we estimated that the absorption cross section atonstank = k, + Ak of the exponential decay{is the constant
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observed in neam-hexane) with little change in the apparent equilibrium constants, given in section 2.2, and solvated
electron mobility (Figure 15S). This behavior (for 1-propanol) electronse,,, were assumed to attach to these multimers via
is in agreement with the pulse radiolysi§A study by Bax- reaction 3 with the equilibrium constants(). The tacit
endale and Rasbuffi. Gangwer et af®> reported that the  assumption of this scheme is that reaction 3 is much faster than
bimolecular rate constart ~ Ak/c for electron scavenging  reaction 4. From eq 4, we have[S= K![S]", whereK!, =

by methanol im-hexane decreases fromd10® M~1 s (the KiKa, ..., Kn. The mass balance is given by

same limiting rate constant was obtained by Baxendale and

Rasburm®at 0.1 mM to 16 M~1 s 1 at 5 mM. Their time-of- c=[S]+ S nK[S]" (10)
flight measurement suggested (in agreement with our results) nZ|

that [40did not change significantly at these low methanol

concentration8? As shown in Figure 16Sa and 16Sb, in the By solving eq 10 numerically, the concentrations of free solute
course of the scavenging reaction occurring in this low- molecules andh-mers can be found. Because the apparent
concentration regime (at ZC and 21.5°C, respectively), the  electron mobility(4[is proportional to the equilibrium fraction

ratio r does notchange with the delay timg. This argues of e, we obtain

against the occurrence of slow reaction 3 in these very dilute

solutions. (The trapping would increase the retention time of (O

the electron in the trap, thereby increasing rat longer delay —=1+ ZK(erg[Sn] (11)
timest..) In principle, the initial increase in the decay rate a0 =

may be explained by a scavenging reaction involving an ] ] ] )
electron-attaching impurity present in tiselute such as an ~ TWO quels were examlned in yvhlch the electron is attached
aldehyde Our control experiments as well as gas chromatog- (€xclusively) to (i) a trimer or (ii) a tetramer. As seen from
raphy suggest that the aldehyde concentration is too low to Figure 7a, both of these models fit the data well, except for the
account for the observed effect. A crucial observation is that "00m-temperature data, which are better accounted for by the
the initial bimolecular ratées ~ Ak/c decreases by ca. 20%  tetramer attachment. (This Figure also shows an equilibrium
when deuterated alcohols are used instead of protiated onesfractionfs = 4[Si]/c of the tetramers.) For methanol at 28,
both for ethanol and methanol (Figure 15Sa and b, respectively).the tetramer also provides the best fit to the data (not shown).
Only a proton transfer would exhibit such a considerable isotope The latter result is in agreement with Gangwer ef‘alyho
effect. (Notice that no isotope effect was observed for electron Suggested the tetramer or pentamer as the predominant electron-
mobility, Figure 6a.) All of these observations point to a slow trapping (ROHj cluster for solutions of methanol iso-octane
(<5 x 10° M~1 s ys a typical electron attachment constant and tetramethylsnane. van’t_Hoﬁ pI_ots for the equilibrium
of (1-3) x 1012 M~1s°9) 19.25inefficient reaction of the trapped ~ constants of reaction 3 obtained using these two models are
electron with the ethanol monomer via a proton-transfer reaction Shown in Figure 7b. From these plots, the enthalpy of reaction
3 forn = 3 and 4 would be-58 + 2 and—64.5+ 2.5 kJ/mol,
eyt ROH={e :ROH}.,,—~ RO +H’ (8) respectively. Thus, the (ROHKjrap binds the electron ca. 0.6
eV deeper than the intrinsic solvent trap, and the binding energy
(The hydrogen atom subsequently reacts with the solvent). E; is ca. 800 meV. Similar estimates were obtained using the
Proton-transfer reaction on the microsecond time scale analogougipproach described in section 4.2.1 by comparison of the
to eq 8 also occufd>3for solvated electrons ineatalcohols, activation energies foko at different ethanol concentrations
where the cavity electron is stabilized against the proton transfer (Figure 8a). As [EtOH] increases from 0 to 6 to 12 to 25 to
by strong electrostatic interactions with several OH gradps. 45 mM, these activation energies increase from 32.8.5 to
Such a stabilization mechanism is lacking fa& :ROH} 5o, 36+ 0.5t0 45+ 1.4 to 76+ 4 to 90+ 2 kJ/mol. The difference
and after formation, this species either promptly dissociates or between the first and the last of these energies is-&4.+ 3
undergoes proton transfer. Direct, prompt deprotonation of kJ/mol, which is in a reasonable agreement with the heat of
alcohol monomers in their encounter complex with the solvated reaction 3 obtained using the van't Hoff analysis. For the
electrons was previously postulated by Baxendale and Ras-methanol tetramer ifso-octane, Gangwer et al. estimated this
burn23 our results further support their suggestion. heat to be—63 & 14 kJ/mol?®> At 23 °C, Keq for the ethanol
At higher alcohol concentrationg (> 0.01), the electron  tetramer is ca. 65 times greater than for the acetonitrile monomer
mobility rapidly decreases with the net solute concentration (Figure 7b).
of the alcohol (Figure 6a and b). Following Baxendale and We turn to electron detachment experiments in which a
Sharpe?! the decrease imk[can be described by the empirical 1064 nm laser pulse was used to promote the electron from a

equation {e :(ROH)}soi Cluster to the CB and observe the subsequent
relaxation of the conductivity signalk. The time profile of
(0 c\m the A« kinetics does not depend on the delay titeof the
mD_ + (C_o) ©) 1064 nm pulse, and the maximum amplitude of thesignal

follows ke(t.), as is the case for acetonitrile. (Two examples
that generalizes eq 6, wheneis the mean number of solute  are given in Figure 16S.) In other respects, Mekinetics are
molecules per{e :Sy}sov Cluster andcy is a (temperature- very different from those observed in acetonitrilddexane
dependent) characteristic concentration. The data in Figure 6bsolutions. The most remarkable feature is thatAké) kinetics
can be fit using this equation assuming temperature-independenglo notfollow the time profile of the 1064 nm excitation pulse
m= 3.5 (¢ is ca. 18+ 1 mM at 23°C). Thus, in agreement  (Figures 9, 10, 17S, and 18S). Even at room temperature (e.g.,
with Gangwer et at> we conclude, contrary to Baxendale and Figure 17S), there is a “slow” component with a time constant
co-workers2%-24 thatonly higher multimersrap the electronin s of a several nanoseconds. To analyze these datajthe
alcohol solutions at equilibrium. To make more quantitative Kkinetics were fit by a weighted sum of (i) a Gaussian with the
estimates, the following model was us&dlhe alcohol mol- samel(t) = (J/rp\/:_r) exp( [(t — tu)/7p)?) profile as that of the
ecules were assumed to cluster according to reaction 4 with thel064 nm excitation pulse (the “spike”) and (ii) the same
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@ i Figure 9. Decay kineticsA«x of the conductivity signal induced by
My 2] the 1064 nm photoexcitation of trapped electrons in Ar-saturated
é n-hexane solution containing 6.1 mM (solid diamonds), 11 mM (open
10 triangles), 15.6 mM (filled squares), 24.9 mM (open squares), and 35
ﬁf mM (filled circles) ethanol at 1.7 C, using the same excitation conditions
N M as in Figure 5. The kinetics are spaced vertically to facilitate the

comparison. The solid lines are least-squares fits to the weighted sum
of a Gaussian and the Gaussian convoluted with an exponential.
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Figure 8. Arrhenius plots for (a) electron conductivity and (b) ratio i n-hexane, Ar
(the same excitation conditions as in Figure 5) for ethanol solutions in 12 mM EtOH
Ar-saturatedh-hexane containing Bm anthracene as a photosensitizer.
The same symbols are used for the same concentrations in each plot: ] o 2C
[EtOH] is 0 mM (upturned triangle), 6 mM (diamonds), 12 mM i $5cc

(triangles), 25 mM (circles), and 45 mM (squares). Filled and open
symbols in plot b indicate different integration procedures (the same
convention used in Figure 5). In plot a, the activation energy increases
with the given concentrations as 32460.4, 36+ 0.5, 44.84+ 1.4,
76.1+ 3.6, and 89.7# 2 kJ/mol, respectively. The activation energies
for the four traces shown in plot b are 2Gt90.4, 25.9+ 1.7, 73.4+

2.4, and 74t 5 kJ/mol, respectively (in ascending order with increasing
[EtOH])).

Ax , normalized

Gaussian convoluted with expf/zs). Several examples of such
fits are given in Figures 9 and 10. Such an approach can be
justified for J — 0 using the two-trap model (Appendix). At  Figure 10. Same as Figure 9 for_normalizeﬁc kinetics in 12 mM
high EtOH concentration, the slow component decays too fast ethaonol inn-hexane at three sqlutlon temperatures: °C7(circles),
and/or has weight that is too low to be analyzed in this fashion. 8.1°C (squares), and 14T (triangles).
At lower temperature (Figures 9 and 10), the slow component
(with a relative weight approaching £0% of the total signal) ~ emission of the electron frorey,,, and{e™:Sy}sow to the CB,
entirely separates from the initial spike. For [EtOH]10 mM, respectively, an& = [g,A0— 1~ KMW[S]. ForK < 1, 75—
7s increases over 20 ns (e.g., Figure 9). With an increase in to; for K > 7o/t1 > 1, 75 — 74; in the intermediate regime,
[EtOH] (Figures 9 and 18S) or in the temperature (Figures 10 s~ 72/K. Thus, if the duration, of the 1064 nm pulse is such
and 17Sb)zs decreases until the slow component is no longer that7; < 7, < 7o, for sufficiently low net concentration of
discernible. The observation of the slow component indicates the solute K < 10) the time constant would behave much as
that the equilibration of the electron between different traps is observed experimentally, provided thatis 5-30 ns ¢
occurs on a time scale that is longer than the duration of the becomes shorter with the increasing temperature). However,
1064 nm pulset, ~ 4 ns). At 1.7°C, this slow equilibration further analysis leads to contradiction. Although there is always
can already be seen in thé) kinetics (Figures 12S and 17Sa), a slow component foK < 1, its relative weight is quite small
which become biexponential (the values given in Figure 6  unlesso, < o1 (see the Appendix), where , are the cross
were extrapolated td — O using theslower component, as  sections for photodetachment. If that were the case, the power
shown in Figure 12S). dependence of ratioversus) would be almost linear, whereas
There are two general ways to interpret these observations.experimentally it saturates aroudd- 10* photon/cm (Figure
First, it can be assumed that the slow component correspondsl9S). Furthermore, as shown in section 4.1,ahsorptvity of
to the settling of equilibrium reaction 3 that involves a (unique) {e™:S;}son is certainlygreaterthan that ofe,,,, and it may be
electron-trapping cluster,%e.g., the trimer). As shown in the  expected that the detachment cross section would also be larger
Appendix, in such a case the time constant: (2 + Kry)/ (unless there is a side photoreaction, such as proton transfer).
(1 + K), wheretr; and, are the time constants for thermal Last, it seems counterintuitive thagtincreases by no more than
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Figure 11. (a) Concentration plots (for fixed temperature) and (b)
Arrhenius plots (for fixed concentration) of the effective reaction
constantker = (z¢)~* corresponding to the slow components in the
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concentratiorc (Figure 1S), the observed equilibration would
be consistent with the occurrence of reaction 5 in the solution.
As [EtOH] decreases below 20 mMks rapidly increases,
reaching 4x 101°M~1 s™1 (for 5 mM ethanol at 15C). This
increase becomes larger with increasing temperature (Figure
11a). Note that reaction 5 can occur at a higher rate if the
{e":S}sov Species on the left side exhibits high (apparent)
mobility.

The Arrhenius plots fokes at fixed ¢ exhibit a large decrease
of the activation energy with increasirg (Figure 11b). As
[EtOH] increases from 6 to 12 to 25 to 45 mM, the activation
energy decreases from 5010 to 42+ 3 to 34+ 4 to 15+
1 kJ/mol. The low activation energy obtained at the higher end
of this concentration range can be explained by the low mobility
of the partners in reaction 5: as the reaction rate becomes
controlled by (normal) diffusion, the activation energy ap-
proaches the activation energy for solvent viscosity. The
dramatic increase in the reaction rate in very dilute solutions
suggests that a mobi{@™:(ROH)} so Species is involved. Thus,
a large reaction barrier exists for reaction 5 involving the
smallest{e™:(ROH)}son Species (apparently, monomers or
dimers) that has large apparent mobility. Although the evidence
for the occurrence of direct reaction (eq 5) is not clear-cut, our
results suggest that in very dilute solutions the electron equilibria
are multistage and take considerable time to settle at the low
temperature. This relatively slow settling is chiefly responsible
for anomalies in the reaction rates first noticed by Gangwer

A« kinetics (Figures 9 and 10). The concentrations and temperatureset al?®

are indicated in the plots. Filled and open symbols in plot a correspond
to different least-squares fitting protocols that differ in the statistical

weight given to the slow component.

an order of the magnitude as the binding energy increases from
ca. 400 meV (for acetonitrile) to ca. 800 meV (for the alcohol
multimer). As pointed out in section 4.1, the simple two-trap
model cannot account completely for the observed spectral
transformations for electrons in alcohol solutions as a function
of solute concentration. The analysis of concentration plots for
[aOgiven above also suggests that more than one kind of
electron-attaching solute trap exists in the solution. The slow

component is due to the equilibration between thedetetraps.

Such an equilibration may occur via coupled reactions 3 even

if the conversion betweefe : Sy} soiv SPECies via reaction 5 does

not occur; however, as shown below, the experimental observa-
tions can be readily rationalized assuming that this dipole

coagulation reaction does occur andis the measure of the

corresponding reaction rate. We stress that the treatment i
qualitative by necessity because all pertinent parameters for th

several interrelated equilibria involved (reactions5) cannot
be unambiguously extracted from the data.

Using our estimates far, the effective bimolecular constant

S,

In Appendix A of ref 6, we showed that eq 7 would hold
regardless of whether reaction 5 occurs, provided that the
residence time; in a given trap is appropriately defined. On
the strength of this result, one may inquire how this parameter
and the ratior change as a function of temperature and
concentration. As shown in Figure 6b, fgr> 0.01,r O c™
with m~ 2.8-2.9 at all temperatures. Note that as a function
of K (plotted in Figure 20Sb) the ratioin ethanol solutions
behaves very similarly to this ratio in acetonitrile solutions
(Figure 4b). Fory ~ 0.14 ethanol solution, increases by 3
orders of magnitude relative to that of nedbexane. This huge
increase swamps the (relatively small) effect of the change in
the absorption (photodetachment) cross section with the ethanol
concentration (section 4.1) (i.e., most of the increase is due to
the increase in the residence timg Because the exponential
parametemis close to 3, the trimer is likely to be the prevalent
{e:(ROH)} sov SPecies in the solution that is photoexcited by
1064 nm light. The activation energy foildoes not depend on
the ethanol concentration far > 20 mM (Figure 7b). From

€he Arrhenius plots, the activation energy is ca.47% kJ/mol

(770+£ 50 meV). This energy is reasonably close to the binding
energy E; of ca. 800 meV for the trimer (or, possibly, the
tetramer) estimated from the van’t Hoff plot in Figure 8b.

ket = (€)1 can be calculated (Figure 11a and b). Because of
the solute speciation via reaction 4, such a “constant” does not

. . . 5. Discussion
relate to any particular reaction (eq 5). Still, for all temperatures

between 2 and 23C the rate constantis for ¢ > 30 mM
converge to (35) x 1® M1 s™1 (Figure 11a). The activation
energy for the solvent viscosity is low (ca. 6830.4 kJ/mol)
so that diffusion-controlled reactions mhexane are weakly
activated. The typical rate of such reactions is ca:fjLx 10

5.1. Synopsis.The following picture emerges from our
results. In dilute solutions of acetonitrile mhexane andso-
octane ¢ < 0.01), a new electron specid®g :MeCN}sqy, iS
formed. The binding energy of this species is ca. 0.4 eV (relative
to the mobility edge of the CB), which is ca. 0.2 eV greater

M~1 s71 (i.e., the apparent rate of reaction that may be than the binding energy for the intrinsic electron trap in neat
responsible for the slow component is a fraction of what one n-hexane. The association of the electron with acetonitrile

would expect for reaction 5 involving a (normally diffusing)
{e":(ROH)} sow Cluster and a free ROH molecule or a small

reduces the rate of thermally activated emission into the CB by
ca. 200 times versus neat solvent. In the specified concentration

(ROH), cluster). Given that in this concentration range the range, the solute trap involvessingle acetonitrile molecule

fraction of the monomers is only 260% of the nominal

For isc-octane, there is some evidence for nearly irreversible
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electron attachment to larger solute clusters and/or delayedspectrum. All of these observations point to a relative uniformity

formation of molecular anions at higher solute concentration.
For 4 1.6 um, the absorption spectra of trapped electrons in
acetonitrile solutions are qualitatively similar to those in neat
n-hexane, save for less prominent extension toward the visible.
As explained in ref 10, the formation of a molecular anion,
MeCN-, with a bent C-C—N chain is unlikely, given the low
entropy of trapping and unfavorable energetics; furthermore,
both theoretical calculatiofs!*and experimental observatiéhs
indicate that such an anion would not exhibit electron transitions
in the infrared. Thus, the electron in the “acetonitrile trap” still
resides in the interstitial cavity. The electron is dipole-bound
to the CN group of the acetonitrile molecule in the first solvation
shell1%13this interaction is mainly electrostatic.

It is commonly assuméd-éthat the rate of thermal emission
from electron traps is given by

7~ v exp-(EfkgT) (12)

wherev, is the attempt-to-escape frequency @10 Hz or
~E/h), 18 E; is the binding energy, arkT is the thermal energy
(ca. 25.4 meV at 23C). Simple-minded use of this equation
indicates that the thermal emission fr¢er:MeCN} sy sShould
be 3000 times slower than that frogy,,, whereas experimen-
tally it is only 200 times slower. Furthermore, for both of these
electron traps, the frequenay (7 x 10 and 3 x 10* Hz,
respectively) is unrealistically large. We conclude that eq 12
overestimates the stability of electron traps in mixed solvents:
something other than energetics controls this stability. The most
likely cause is the loss of a solute molecule via backward
reaction 5: the entropy factor prevents substitution in the
solvation shell of the cavity electron. As shown by previous
workerg%-26 and confirmed in this study (section 4.2.2), the
{e":ROH} soi Species, for which the interaction with the electron
is relatively weak, is thermodynamically unstable, whereas the
binding energy for this species can only be higher than that for
&0 Apparently, the entropy term prevails for this species: it
either loses the ROH molecule or undergoes proton transfer.

For larger alcohol clusters, the situation is different because
the electron can interact with several OH groups, and the binding

energies are large. The same behavior was observed for

methanol, ethanol, andgdropanol. Our data point to the alcohol
trimer or tetramer as the predominant form of the cluster that
reversibly traps electron via reactions 2 and 3or 0.015,
with a binding energy of 770 or 800 meV (section 4.2.2).
Despite this large binding energy, the free energy of reaction 3
for these multimers is only 100 meV greater than that for the
acetonitrile monomer witlk; ~ 400 meV. Surprisingly, photo-
detachment experiments using infrared light give no evidence
for a larger{e:(ROH)}sov Species postulated to account for
irreversible electron scavenging (section 138)25 Instability

of trapped-electron species at thermodynamic equilibrium in
dilute alcohol solutions. The dipole coagulation and electron
attachment do not yield metastabje :(ROH)}sov SPecies
beyond a certain size.

Another intriguing observation is the possible occurrence of
reaction 5, which could account for the slow settling of electron
equilibria on the nanosecond time scale in very dilute solutions
(x <5 x 1079 at low temperature. Previous researchers
believed that electron equilibria are settled very rapidly, and
this is indeed the case for concentrated, room-temperature
alcohol solutions. For example, Kenney-Wallace and J6hah
concluded that fory > 0.03-0.05 (which is well above the
concentration range where dipole coagulation on the nanosecond
time scale occurs) all equilibria (eq 3) are settled within 30 ps.
Gangwer et af® estimated that methanol multimers £ 4) in
iso-octane attach an electron with a rate constah@'? M~1
s 1. However, neither group considered the possibility that the
trap, once filled, can incorporate more solvent molecules or
exchange the electron with a larger cluster. Our results suggest
that such reactions (dipole coagulatitgo occur in very dilute
solutions. Apparently, reaction 5 involves a monomer or a dimer.
The reaction is slow and thermally activated, suggesting a
substantial barrier toward the inclusion of the alcohol molecule
in the solvation shell of th¢e™:(ROH).} sov SPeCcies.

5.2, Structure of the {€7:S}sonv Species.Because the
interaction of the electron and polar molecules in the solvation
shell of {€7:Sy}solv IS Mmainly electrostatic, it would be natural
to use the so-called “dielectric continuum” models for electron
solvatiorf®>” to model its structure. In this class of models, a
few fixed dipoles are treated explicitly in the interaction
Hamiltonian; the rest of the solvent, beyond some cutoff radius,
is treated as a continuum with bulk dielectric properties.
Gangwer et a*> used such an approach to estimate the
energetics of electron trapping by methanol multimersso:
octane. Unfortunately, this model makes no provision for the
involvement ofsolventmolecules, whereas such an involvement
is certainly important.

Because a self-consistent theory of solvated electron in
alkanes is presently lackirfgbelow we use the simplest
(Wigner-Seiz cell) model of such an electron speig=>°the
s electron wave functiol’((r) occupying a spherical potential
well with hard core radius and depthJ (measured relative to
the CB edge aYp). The binding energy: of the electron is a
function of the depthJ; the plot of this function fom = 3.5 A
is shown in Figure 12a. The latter estimate for the radius is
supported by simulations of optical spectra in lidficland
vitreous$® alkanes, magnetic resonance spectrosédpyd dc
conductivity measurements at high pressfiirthis estimate is
also compatible with the current microscopic theories of electron

of the ground and/or excited state of these species toward protorir@PpPing in dense simple liquitfand amorphous polyethylefi.

transfer and the onset of bound-to-bouné g transition bond

is one possible explanation for this unexpected observation. The®

The critical well depthU, = 7?h%/8msa? (where me is the
lectron mass arfdlis the Planck constant) far= 3.5 A is ca.

size of the dominant electron trapping solute cluster appears to/ 70 meV; forU < 4Uc, only one bound state exists; for <

be tightly constrained, both from below and above, over a wide

U., no bound state exist8.In neatn-alkane liquids,E/U. ~

concentration range. Previous studies seem to support this0-2-0.3 and onlybound-to-continuuntransitions are possible.

conclusion. For example, Smirnov eébstudied ODMR spectra
from dilute ethanol/squalane solutions at 23 and observed

The well depthU ~ Vo — Epol, WhereEp is the polarization
energy andVp is the energy ofe, versus vacuurf? The

no change in the shape of the resonance line of solvatedpolarization energy can be crudely estimated using the Born

electrons as [EtOH] increased from 10 to 100 mM. As seen
from Figure 2a in section 4.1, the TA spectra of electrons in
ethanolh-hexane solutions can be understood, to a first ap-
proximation, in terms of just two species contributing to the

equation,Epel & —(1 — € ~ 1)e?/2a, wheree is the elementary
charge and is the bulk dielectric constafitApparently, this
equation gives too low an estimate because the polarizability
of C—C bonds in the groups lining the solvation cavity appears
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Figure 12. Theoretical simulations using a spherical well model with
a hard core well radius i = 3.5 A. (a) Dependence of the binding
energyE; of the trap on the interaction potentiadlinside the well. (b)
Simulated absorption spectra for @, in neatn-hexane, (i-iv)
ethanol clusters im-hexane € :Sy)sov With n = 1—3, respectively),
and (v) € :MeCN)on. Simulation parameters are given in the text. (c)
Plot of the molar extinction coefficient for the trapped electron at
1 um vs the number of “attached” EtOH (filled circles) and MeCN
(open squares) molecules in the first solvation shell (the same
calculation as in plot b).

to be several times greater than that in the bulk licfi#8c
Forr > a, the radial wave function(r) of the ground state
decreases exponentially toward the bulkrggr) O exp(—r/
MNoc), Whereroc ~ 2ar~[UJ/E]Y2is the localization radiuza5°
In neat alkanes, this radius is-5 A (i.e., the extension of the

electron density onto the solvent is substantial). In this respect,

e,y in alkanes is different from the electron in polar solvents,
where the binding energy is large, the electron wave function
is confined inside the cavity, and bound-to-bound—s p
transitions dominate in the visible and in the infrafée? In
polar solvents, the cavity radiua rapidly increases with
increasing temperatufé=32 For alkanes, this radius is nearly
constan€ 7258 E,, also depends weakly on the temperature.
However, U (and, consequentlyk;) decreases rapidly with
increasing temperature because the en&tgyf e, increases
greatly with solvent densit§’2The latter changes substantially
as a function of temperature for alkane solvents. In ref 6, the
absorption spectra @, in liquid n-hexane were fit using the
spherical well model, and binding energieswere estimated

at several temperatures; these estimates are in good agreeme

with the activation energies of thermal emission obtained from
dc conductivity experiments. For naahexane at 23C, E; ~

200 meV,U ~ 1.39 eV, and the absorption maximum for the
bound-to-continuum transition is at~ 2.95um (Figure 12b,
trace i)64°

Shkrob and Sauer

Vgip Of interaction with a polar molecule. The latter energy is
estimated using the point dipole approximation. All solute
molecules are equivalent so that= U, + MV, We further
assumed that the cavity size does not change upon the inclusion
of these solute molecules.

Let us consider first the acetonitrile monomer. As suggested
in section 5.1, the cavity electron is solvated by the methyl group
with the CN group pointing away from the cavity center.
Assuming that the methyl protons are at the hard core radius
r ~ a, the center of the CN bond is c& A away from the
cavity center. The interaction energiy, for the 3.92 D dipole
in the cyano group is ca. 330 meV, which givdsx 1.72 eV
and E; ~ 390 meV. This binding energy compares favorably
with the 400 meV obtained experimentally (section 4.2.1).
Figure 12b, trace v shows the simulation of the absorption
spectrum for the 390 meV trap. The absorption maximum is at
A ~ 1.68um, which is just beyond the observation range of
our pulse radiolysisTA setup ¢ < 1.6 um, section 4.1). The
absorptivity atl. = 1 um is ca. 2 times that for thg; ~ 200
meV trap, in reasonable agreement with experiment.AFer
1.6 mm, the spectral profiles for 200 and 400 meV traps are
similar, with the shallower trap exhibiting less sloping toward
the blue. This is also in agreement with experiment (Figure 1a).

For alcohol clusters, the same method can be used to solve
the inverse problem: estimating the mean distances to OH
dipoles from the energetics. The binding eneigyfor the
prevalent ethanol multimer is ca. 770 meV (from the activation
energy of electron photodetachment in Figure 8b) or 800 meV
(from van't Hoff plots in Figure 7). Using the plot in Figure
12a, we find thatJ of 2.27 or 2.31 eV would correspond to
these binding energies so thag, ~ 880MmMCmeV, wherehlis
the mean number of solute molecules in the solvation shell of
the cavity electron. Placing the center of a radially aligned OH
dipole (ca. 1.7 D) at a distaneey from the cavity center, we
find thatroy ~ 4.2 A for M= 3 androy ~ 4.8 A for = 4.
Because the ©H bond length is ca. 1 A, the trimer gives a
better match, with the OH dipoles at an angle to the radial
direction. Such an arrangement is in accord with quantum
mechanicatmolecular dynamics models of the solvated electron
in neat water and alcohot$* The monomer and the dimer are
predicted to have binding energies of 365 and 555 meV,
respectively, with their absorption bands centered at 1.78 and
1.39 um, respectively (Figure 12b, traces-iv). The trimer
(E: =~ 770 meV) is calculated to have maximum absorbance at
A ~ 1.18 um; the molar absorptivity at = 1 um is ca. 6.2
times greater than that fa&,, (E: ~ 200 meV; Figure 12c).
This estimate is in agreement with the factor of ca. 5 obtained
experimentally (section 4.1). At the higher end of the concentra-
tion range explored (ca. 120 mM), at which the conductivity
signal is dominated by a single reversibly trapped species, the
TA spectrum peaks at 0.99 um (Figure 2a). This position is
in a reasonable agreement with the estimate given above.
Whereas our approach is obviously crude, it yields reasonable
estimates for the energetics observed. Improving this model is
hindered by the lack of microscopic insight into the nature of
%Iyenttraps in liquid alkanes.

6. Conclusions

Electron localization in dilutey < 0.015) solutions of polar
molecules in nonpolar liquids has been studied using TA

The same spherical well model can be used to estimate thespectroscopy and conductivity. In the conductivity experiments,

binding energies fofe™:Sy} soiv SPecies. To this end, we assumed 1.17 eV photon excitation was used to detach the electron from
that the “mean” well depthJ increases stepwise relative to the a {€7:S;}sov Species and observe relaxation dynamics on the
same quantityJ, for the intrinsic solvent trap by the energy nanosecond time scale. In acetonitrile solutions, the elec-
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tron can attach to a single solute molecule forming the be achieved in the gas phase by making a composite cluster
{e":MeCN} oy Species. The dynamics of this attachment can anion in which several polar molecules are embedded in a large
be understood using a simple two-trap model. The binding number of nonpolar molecules. Perhaps “solvents” for which
energy for this{e :MeCN}soy Species is ca. 400 meV, and its Vo (the energy of the quasi-free electron relative to vacuum) is
lifetime (limited by thermal emission to the conduction band) small and electron trapping is facile (e.g-alkanes other than

is ca. 1 ns at 23C. The properties of this electron species can methane) would be most suitable. The result{ey:Sy}son

be rationalized assuming that MeCN substitutes for the solvent species has the same structure and energetics regardless of the
molecules in the first solvation shell ef,,,. The methyl group ~ alkane solvent (section 4).

of MeCN is at the cavity wall, whereas the-Gl group is ca. Our study also hints at the possibility of a fixed-geometry
6 A away from the center of the solvation cavity and points molecular cage “solvating” the electron in an alkane solution.
outward. The resulting structure is midway between the solvated Such a cage (by analogy to alcohol multimersniexane)
electron in neat alkan&$617.58and in liquid acetonitrild®-14 would include several radial groups assembled around the central
Further inclusion of acetonitrile molecules does not occur, most cavity. Crown ethers and their aza derivatives, cryptands, and
likely because of the formation of a covalently bound dimer cyclosiloxanes provide a structural motif conducive to electron
anion with lower energy?-11.14.59nterestingly, thermal emission  trapping in this fashion. There are precedents for fixed-geometry
from the acetonitrile monomer trap (as well as from the related e, species in low-temperature crystalline solids: single crys-
ethanol monomer trap) appears to be much faster than expectedals of sugar® and hexagonal i¢€ are known to trap electrons
from the energetics alone (section 5.1). Apparently, entropy because of the fortuitous orientation of OH groups at certain
plays as much a role as the binding energy in determining the interstitial sites. Another example is electrides (e.g.7[C8-
stability of these solute traps. For example, while the binding crown-6te~)8” that (presumably) trap electrons in cavities and
energy for thd e :ROH} 5o Species is ca. 165 meV greater than channels. Arguably, electrons “solvated” by well-defined cages
this energy fore,,, (section 5.2), the electron equilibrium is would constitute an ideal condensed-phase model for solvated
completely shifted toward the shallower trap. The driving force electrons in polar liquids because their fixed geometry would
of electron attachment to the etharietrameris only 0.1 eV make ab initio modeling much easier and their properties would
more negative than that for the acetonitrif@nomer be less dependent on solvent fluctuations.

Electron trapping in dilute alcohol solutions is more involved Knowled hank h rovd
because dipole coagulation (reaction 5) occurs concurrently with gc nowie grgen;. L.A.S. than fs I%D ‘]Ona 'R. 'r? Ho r(l)(y '
several electron and H-bonding equilibria (reactions 3 and 4, @"d A. Mozumder for many useful discussions. This work was

respectively). The resulting dynamics are rather complex, and SuPPorted by the Office of Science, Division of Chemical
we were unable to disentangle all reactions involved. Still, Sciénces, US-DOE under contract number W-31-109-ENG-38.

several conclusions can be reached. The electron does not attach
to the alcohol monomer. This is due to both unfavorable
thermodynamics (because the resulting species is unstab
toward the reverse reaction) and the occurrence of proton
transfer (reaction 8). The latter reaction probably occurs for other
{e:(ROH)} soiv Species. lts rapid occurrence (either in the
ground or in the excited states) for highge :(ROH).} son
multimers that attach the electrame versibly might account

for the lack of IR-light-induced electron detachment from these (1) Shkrob, I. A.; Sauer, M. C., Jr. I€harged Particle and Photon
species (section 1S). The lower multimers< 5) attach the Lrgre_ral\?g\‘,’v”f( gyl'(thz'\é'g}_e;"ggi”mder' A., Hatano, Y., Eds.; Marcel Dek-
electronreversibly. Following initial attachment reaction 3, ) () Hart, E. J.; Anbar, M.The Hydrated Electran Wiley-
dipole coagulation reaction 5 is observed on the nanosecondinterscience: New York, 1970. (b) Coe, J. Mt. Re. Phys. Chem2001,

time scale. When equilibrium is reached, the prevalent 20, :(”33) (Tcgu'ée(e‘:a”MLﬁc_’”-Mi?ﬁiig‘; CRheg“éﬁZﬁ] 4’P1r?yls' Lett2002 354
{e":(ROH)} s species if ~ 3, 4) binds the electron by ca. 518 Tauper, M. J.; Mathies, R. Al Phys. Chem. 2001 105 10952.

800 meV. These energetics and the TA spectra observed arerauber, M. J.; Mathies, R. AJ. Am. Chem. SoQ003 125, 1394. (b)
consistent with the OH groups of solute molecules lining the Dikanov, S. A.; Tsvetkov, Y. DElectron Spin-Echo Envelope Modulation
solvation cavity (ESEEM) SpectroscopZRC Press: Boca Raton, FL, 1992.
) ' ) (4) (a) Rossky, P. J.; Schnitker, J. Phys. Chem1988 92, 4277.
This study was conceived as a search for condensed-matteiSchnitker, J.; Motakabbir, K.; Rossky, P. J.; Friesner, RPAys. Re.
analogues of dipole-bouﬁ%jand clusteyb:12.13.63.64gnions oc- Lett. 1988 60, 456. Webster, F. J.; Schnitker, J.; Frierichs, M. S.; Friesner,

I . R. A.; Rossky, P. PPhys. Re. Lett.1991, 66, 3172. Webster, F. J.; Rossky,
curring in the gas phase. In recent years, cluster anions of polarpl 3 Friesngr, R, AC)(l)mput. Phys. Commufio9l, 63, 494. Motakabbir,y

molecules, such as g@),~, have been extensively studied (see K.; Schnitker, J.; Rossky, P. J. Chem. Phys1992 97, 2055. Rosenthal,
refs 2b, 63, and 64 and references therein). Such clusters ared. J.; Schwartz, B. J.; Rossky, P.Ghem. Phys. Lettl994 229, 443.

; ; ; ; ; Murphrey, T. H.; Rossky, P. J. Chem. Physl993 99, 515. Schwartz, B.
interesting in their own right but also as model systems for 3.: Rossky, P. 1. Chem. Phys1994 101, 6917, Schwartz. B. J.: Rossky,

electron solvation in the bulk liquid. Because surface trapping p 3.3, phys. Cheml994 98, 4489. Schwartz, B. J.; Rossky, P.Rhys.
prevails in small and even medium-size clusters<(20)2-64 Rev. Lett. 1994 72, 3282. Schwartz, B. J.; Rossky, P.JJ.Chem. Phys.
; ; ; 5 1994 101, 6902. Wong, K. F.; Rossky, P. J. Phys. Chem. 2001 105,
a direct comparison between these cluster anionseggdn 2546. (b) Borgis, D.; Staib, AChem. Phys. Let.994 230, 405. Staib, A.:
liquids is difficult, although possibl&® However, electron  gorgis, D.J. Chem. Phys1995 1995 2642. Borgis, D.; Staib, Al. Chim.

trapping in large clustersi(> 25—50) where internal localiza- ~ Phys.1996 39, 1628. Borgis, D.; Staib, Al. Chem. Phys1996 104, 4776.

tion prevails is as difficult to model as that in neat liquids. The Borgis, D.; Staib, AJ. Phys.: Condens. Mattet996 8, 9389. Staib, A.;
. P . ina in alk id h qh I Borgis, D.J. Chem. Physl996 104, 9027. Borgis, D.; Bratos, S. Mol.
{e":Si} soi species occurring in alkanes provide what these small giyict 1997 1997 537. Nicolas, C.: Boutin, A.: Levy, B.; Borgis, D.

gas-phase S clusters do not: a model system fer,, in a Chem. Phys2003 118 9689. (b) Boero, M.; Parrinello, M.; Terakura, K.;

neat polar liquid with few polar molecules directly involved. Ikes(hsc)in,Sg.r; '—Ei)eV\ﬁ ?kggg‘g:r-n'sgﬁ '—Fe)“; }%223?0{/\/2_2%‘;%5@ PCRem
This, in turn, suggests that a species whose anion core closelyphysl Lett.342 2001 571. Son, D. H.. Kambhampati, P.; Kee, T. W.:

resembles the first solvation shell @f,, in a polar liquid may Barbara, P. FJ. Phys. Chem. 2001 105, 8269.

Supporting Information Available: A single pdf file
Iec:ontaining (1) an appendix of the two-trap model; (2) a section
on irreversible trapping; and (3) Figures 1S to 22S with captions.
This material is available free of charge via the Internet at http:/
pubs.acs.org.
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