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Fluorescence and resonance Raman spectroscopy are used to probe the solvent structure and dynamics of the
agueous solvated electron. Electrons are generated by 218 nm photolysis of iodide or ferrocyanide, and spectra
are obtained with 532 or 683 nm probe wavelengths. Strong resonance enhancement of the water Raman
librational bands and intramolecular bend and stretch are observed, and the frequencies of the enhanced
intramolecular modes are significantly downshifted from the corresponding bands in pure water. The resonance
Raman enhancements show that thegpdransition of the aqueous solvated electron is coupled to both inter-

and intramolecular solvent modes. A broad fluorescence emission underlying the Raman features and extending
past 1600 nm into the near-IR is observed due to the solvated electron. The fluorescence quantum yield in
H,0 is~7 x 1077 and it increases 1.4-fold inJD. A Strickle—Berg analysis of the absorption and emission
spectral profiles indicates a near-IR radiative lifetime~af0 ns. Effective fluorescence lifetimes based on

the 726-1600 nm emission quantum yields and radiative lifetime a88 fs for the electron in kO and

~40 fs in D,O. The isotope effect and breadth of the emission indicate that, upon photoexcitati@V, of

solvent relaxation occurs primarily along rotational coordinates and is likely much more rapid than internal
conversion to the ground s-state.

1. Introduction ing of both static and dynamic characteristics of the aqueous
solvated electrof!1422 The simulations attribute the width of
the absorption spectrum to ar6000 cnt1? splitting of the three
p-like excited states and to rapid solvent fluctuations that
broaden each-sp subband by-3000 cnt1.22 The simulations
specific to transient absorption experiments present a model of
fast spectral diffusion and solvation of the p-state, followed by

The apparent simplicity of the solvated electron makes it an
ideal solute for studying solvation in polar and nonpolar solvents.
In particular, the discovery of the aqueous solvated elektron
has inspired many experimental and theoretical studies. Absorp-
tion spectra of hydrated electrons support a cavity model

analogous to the description of electrons solvated in ammonia, ;"7 ps nonadiabatic relaxatiéh Another finding of the

amines, alcohols, and other solveht&SR spectra of the . . . . S
. - MD simulations is an enormous Stokes sHift which is
electron trapped in a low-temperature aqueous glass indicate a

distance of 2.1 A between the charge center and the neares{amalogous to the large p-state relaxation found in the application

protond“in close agreement with the cavity radius of the ground of semicontinuum dielectric theory to the solvated electron in

) 24 ; .
s-state determined in computer simulatiérighe relaxation of Z.)r:l?gdr]Igt;gdanwdaﬁm;—trceSg(r)izlgt;’?ifIaSStuﬁ/eoCliuchj)Pir?t;:g:t in
electrons after excitation to the lowest (2p) excited-state P

manifold has been probed by femtosecond transient absorptionmeasuring resonance Raman ar_ld quore;cence e_mission spectra
spectroscopy. Recovery of the ground-state bleach and anof the solvated electron to obtain more information about the
absorption in the near-IR exhibit a fast30—80 fs Gaussian structural relaxation dynamics. i _ )
componerft” followed by 196-300 fs and~1 ps exponential Re_sonance Raman spectroscopy is an |_d_eal technique for
decay$~10 The absorption transients have been interpreted in Probing the coupling of an electronic transition to Franck
terms of two general models: in one, rapiB0O fs p-state Condon active vibrations of a chromophore and revealing the

solvation precedes a 300 or 1000 fs nonadiabatic transitfort inertial dynamics along these structural coordinates after pho-
and in another an ultrafast50 fs or ~190 fs p—s crossing toexcitation?®> Can solvent vibrational modes show Raman

precedes~1 ps cooling on the ground sta@1® Kinetics enhan(_:ement upon resonant excitation of a solute molecu_le’?
observed in the femtosecond transient absorption experiments¥ibronic coupling of this type has never been observed via
of photoinjected electrons support the slower nonadiabatic "€Sonance Raman spectroscopy of molecular softitébut the
transition proposed in the first modgi13 solvated eleqtr(_)n presents a special case because unusuqlly
Recent semiclassical molecular dynamics (MD) simulations Strong association betwgen the solute (electro_n) an_d solvent is
have contributed significantly to the interpretation of the expected. The observation of an analogous vibronic response

transient absorption experiments and to our general understandin the solid state was demonstrated in a pioneering study of
F-centers (the solid-state analogue to solvated electrons) which

*To whom correspondence should be addressed. E-mail: rich@ €MPployed near-resonance Raman spectroscopy to reveal the
zinc.cchem.berkeley.edu. Phone: (510) 642-4192. Fax: (510) 642-3599.coupling between trapped electrons and phonons of the sur-
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rounding crystal lattic&® Attempts at finding Raman bands of  concentration in D was 0.25 mMAOD = 0.13,e553= 18 400

the solvated electron in liquid ammonia were unsuccessféd, M~1cm™1) and in DO the result was 0.29 mMAOD = 0.16,
and theresonanceRaman spectrum of any solvated electron eggz = 19 600 Mt cm™1). The slight variations in average
system remains an outstanding problem. electron concentration are attributed to drifts in the pump

The measurement and analysis of the fluorescence spectrdntensity.
in tandem with the resonance Raman cross-sections have led 2.2, Laser System.All experiments employed a single
to an improved understanding of the excited-state dynamics of Nd:YAG laser (Quanta Ray DCR-2A, 8 ns pulse width, 20 Hz
a number of molecular systerf&.3’ Fluorescence spectroscopy  repetition rate) equipped with 2nd and 4th harmonic crystals.
can provide direct information about the evolution of the excited- The configuration for the 218 nm pump, 683 nm probe
state far outside the FranekCondon region. Measurement of  experiments is as follows. The collinear 1064, 532, and 266
the fluorescence spectrum and quantum yield of the solvatednm lines were focused into a 0.87 m long Raman shifter filled
electron in particular opens the possibility of elucidating critical with 100 psi of H. A crystal quartz Pellin-Broca prism was
features of the excited state, such as the lifetime, the rate andysed to disperse all wavelengths and isolate the 218 and 683
magnitude of relaxation outside of the Frarc€&ondon region, nm lines. The delay between pump and probe wa$ ns to
and the total reorganizational energy. Any aspect of solvation ensure that electrons were probed in the ground state. The
measured for this system is especially valuable, since the solutehorizontally polarized beams were made collinear with a
(electron) lacks intramolecular structure and allows definite dichroic beamsplitter and focused with two orthogonal fused
assignment of the dynamics to the solvent. By contrast, studiessilica cylindrical lenses (f.I. 100 and 75 mm) onto the vertical
of molecular solutes have suffered from the problem of flowing sample jetin a 45backscattering geometry. Pump spot
differentiating the intramolecular response from the solvent sjzes ranged from 200 to 4Q0@n wide x 3.5 mm high, and
response, especially on the fastest time scales probed by timeprobe spot sizes ranged from 125 to 200 wide x 3.2 mm
resolved fluorescence and photon echo experiméhts.+! high. The pump was larger than the probe in both dimensions

We present here the first resonance Raman and fluorescenceo ensure that the full probed region contained solvated electrons.
spectra of the electron solvated in,® and DO. Strong Pump powers ranged from 1.8 to 2.8 mW. Probe powers were
enhancement of the water librational band and intramolecular typically 2—6 mW, with a 10% variation in a given experiment.
bend and stretch are observed, along with significant downshifts The Raman and fluorescence signals scaled linearly with the
in the vibrational frequencies of the bend and stretch. This report probe power over the range 8:8 mw.

is focused on the extremely b_road fluorgscence em_ission The probe for the post-resonant experiments was a portion
measured out to 1.6m, from which we derive an effective  of the 532 nm laser output. The beam was sent through a 20 ns
radiative lifetime of the excited state. An isotope-dependent optical delay, which included filters for blocking the other

fluorescence quantum yield 6f10~° is measured and used to  Ng-yAG harmonics and apertures to reduce the divergence and
establish a near-IR fluorescence lifetime-e80 fs. The weak  jnensity of the beam. The power at the sample was2 mw

emission and fast decay time are discussed in terms of tWO(pump) and~2.3 mW (probe).
possible mechanisms: an ultrafast internal conversion and an

ultrafast dynamic Stokes shift. 2.3. Measurement of NIR Spontaneous Emission Spectra.

Emission resulting from 683 nm excitation of electrons solvated
in H,O and DO was measured over the visible-NIR spectral
range using a PMT with an InP/InGaAs transferred electron

2.1. Sample and Flow SystemAqueous solvated electrons ~photocathode cooled te80 °C (Hamamatsu R5509-72). The
were produced by 218 nm photolysis of dilute ferrocyanide or use of gated analogue detection with 20 ns gate width allowed
iodide solutions through the charge-transfer-to-solvent pro- sufficient rejection of the-90 nA dark current background (bias
cess*243 Ferrocyanide was found to be advantageous because—1750 V) so that the PMT noise was negligible. The PMT
of the greater yield of photogenerated electféisand much ~ anode was terminated into the 30 input of a 300 MHz
lower fluorescence background from the 218 nm pump beam. preamplifier (Stanford Research SR-445) coupled to a gated
Dilute aqueous solutions of Fe(C§4) were prepared with integrator/boxcar averager (Stanford SR-250). The exponential
reagent-grade potassium ferrocyanide trihydrate (Aldrich). Water average was set to 30 samplese(fifne constant 1.5 s). The
was distilled and filtered by a five-stage system (Millipore/ SR-250 output was read by an A/D board (National Instruments
MilliQ-Plus) or 99.9% DO (Cambridge Isotope Labs). Solutions PCI-MIO-16XE-50). A second channel of the A/D board was
were recirculated in a flow system using a peristaltic pump and used to continuously monitor the probe power. A LabView
were gravity-driven through a stainless steel jet nozzle and downprogram controlled the scanning spectrometer and voltage
wire guides with an approximate linear velocity of 1 m/s, readouts of the data acquisition board. The time between
forming a sampling region-200 um thick and~2 mm wide. readouts was-3 s, and step sizes were 1 nm/step (72000
The ferrocyanide concentration (2.5 mM) yielded an optical nm) and 2 nm/step (10861700 nm). For scans of ferrocyanide
density of>1 through the jet Solutions were replaced hourly  in Hz0O, five sets of grouped sequential acquisitions of pump
to avoid buildup of side products. probe, probe-only, and pump-only were acquired. For ferro-

Solvated electron concentrations averaged along~th80 cyanide in RO, four sets each were acquired.
um diagonal path length through the jet were determined by A single F/4 spectrometer (JY Horiba/Spex 500M) equipped
measuring the change in probe transmission through the samplewith a gold-coated 600 g/mm, L/ blazed grating (Richard-
caused by the pump pulse and by using the decadic molarson Grating Lab) was employed for the scans. Scattered light
extinction coefficients of the solvated electrons isCHor DO was collected, collimated, and focused onto the entrance slit
at Apobe® For the 532 nm probe experiment the average with two uncoated fused silica lenses (F/1, f.I. 50 mm, and F/4,
concentration was 0.31 mMAQD = 0.065,e53, = 7500 M1 f.I. 200 mm). A crystal quartz polarization scrambler (Karl
cm™1) from which concentrations of 1.1 mM at the front and Lambrecht) was positioned several centimeters in front of the
<0.05 mM at the rear of the jet are computed. For the scanning entrance slit. For scans from 720 to 1000 nm, two 715 nm long-
experiments using a 683 nm probe, the average solvated electrompass filters (Schott RG-715) were placed between the polariza-

2. Materials and Methods
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tion scrambler and entrance slit to attenuate the Rayleigh
scattering. To avoid possible interference from 2nd-order light

over the scan from 1000 to 1700 nm, one of the 715 nm long 4000
pass filters was replaced with an 850 nm long-pass filter (Schott
RG-850). The 1 mm slit width gave a band-pass of 3.2 nm-(11

62 cntl).

An instrument response curve was obtained from a scan of a £ 3000
calibrated quartz tungsten halogen lamp (GE) in an EG&G 590-
20 housing. The light was chopped at 40 Hz, and the detection 3
apparatus was unchanged except for replacement of the gatedr_z\,
integrator with a lock-in amplifier (Stanford SR830). Calibrated & 2000
values of spectral energy irradiance gw/cm? nm) provided
by the Eppley Laboratory were converted to a corresponding
photon count irradiance before these values were used to obtain
the instrument response. Any emission spectrum divided by this 1000
instrument response maintaing-axis intensity that is propor-
tional to thenumber of photonand is corrected for variation
in sensitivity across the window.

The instrument response curve does not correct for chromatic L e o o o R
aberrations of the collection lenses since the entrance slit is 1000 2000 3000 4000
illuminated differently during the Raman experiment as com-
pared with the scans of the calibrated lamp. We have experi-

mentally estimated the chromatic loss by illuminating a 200 . A .
ical Wi h | . ith white liaht incid solvated electron with 532 nm probe excitation. Probe-only minus
wum vertical wire at the sample point with white light incident 51 5round spectrum (as+) and pump-+ probe minus pump-only
at approximately 45 The diffuse broadband reflection from  spectrum (b, - - -) are offset1500 units and the water stretch signals
the wire has a width that is comparable to that of the focused of both are divided by 10. Minor peaks due to metal-cyanide anions
laser beam at the sample point of the scanning Raman (2055—21_35 cntl) or stray Iaser_light (2335 cm) are indicated by
experiment, therefore the illumination of the entrance slit is an asterisk (*). The lower solid traces are the solvated electron
similar in both cases. With this source ~dl2% increase in difference spectra where the subtraction coefficients are (c) 0.92, (d)

. - . . 0.95, and (e) 0.98. Traces<e) are not offset; departure from baseline
signal at 1500 nm was obtained by refocusing the collection is entirely due to fluorescence from the solvated electron. All spectra

lens that had been previously adjusted to optimize collection paye peen corrected for the instrument response and speeegt{ave
of 900 nm light (the water Raman stretch wavelength for 683 been corrected for chromatic self-absorption by the electrons.

nm excitation). An approximate linear correction over the range
900-1600 nm is included in the data workup to compensate solvated electron absorption; (4) subtract bulk solution Raman
for this variation in collection efficiency. scattering from solvated electrenbulk solution spectrum; and

2.4. Setup for 532 nm Postresonant ExperimentsThe (5) correct solvated electron spectrum for self-absorption. The
detection setup for 532 nm excitation employed a front- effects of electron absorption were quantitatively modeled with
illuminated open electrode CCD (Roper Scientific LN/CCD numerical integrations based on Beer’s Law, incorporating the
1024-E/OP/1). The spectrograph was a Spex 500M with a 300 experimentally measured attenuation of the transmitted probe
g/mm, 500 nm blazed grating (Richardson). A 515 nm long- and solvated electron absorption spectttiged4) as inputs.
pass filter (Schott OG-515) and a 532 nm notch filter (Kaiser The results show that the attenuation of Raman scattering from
Optical) positioned between the polarization scrambler and bulk water is due to absorption of the excitation beam traversing
entrance slit blocked stray pump light and the 532 nm Rayleigh the jet (~10% for 532 nm,~20% for 683 nm) and direct
line. The spectral band-pass was85 cntl. The spectral absorption of the Raman scattering{D6% depending chro-
sensitivity of the detection system was measured with the Eppley matically uponeced4)]. The probe-only spectrum is adjusted
calibrated quartz tungsten halogen lamp to obtain a photon countto reflect both these sources of attenuation in step 3 above.
instrument response over the wavelength region-88D nm. Similarly, the minor loss of fluorescence and Raman emission

2.5. Methods for 218 nm Pump, 683 nm Probe of Acidified from the solvated electron due to “self-absorption” is compen-
|- Solutions. Dilute 1~ solutions were acidified with 0.100 N sated for in step 5. Numerical analysis shows that the total
HCI (Fisher) to achieve H concentrations between 0 and 27 attenuation £20%) of the solvated electron emission is less
mM. The open vertical Jet System was modified so that the than the loss of emission from the bulk Solution, since the former
acidified solutions contacted only glass, fused quartz, and Viton Originates primarily from the front of the jet.
tubing. A peristaltic pump was employed to force the recirculat-
ing solution through a nozzle consisting @ 3 cmlength of 3. Results
o.d. 350 um, i.d. 180 um fused quartz capillary tubing 3.1. 532 nm Raman Probe of &H,0). The probe-only
(Polymicro Technologies). The delay between 218 nm pump Raman spectrum of bulk water and dilute ferro/ferricyanide
and 683 nm probe was 10 ns, and the beams were focused to @nijons is presented in Figure 1a after subtraction of a back-
circular spot at the sample point. The detector was a back- ground spectrum and division by the instrument response.
illuminated CCD (Princeton Instruments PB/UVAR 1100) Subtraction of the pump_omy Spectrum from punﬁ-pprobe

2.6. Data Workup. The solvated electron spectra were removes most stray laser lines and completely removes the
obtained by the following steps: (1) remove detector baseline fluorescence contribution due to the pump. This spectrum (b)
offsets and peaks from stray light scattering by subtraction of has spectral features due to bulk water, ferro/ferricyanide, and
select pairs of raw spectra; (2) divide by the instrument response;solvated electrons. Attenuation of emission intensity across the
(3) correct for attenuation of bulk water Raman signal due to full spectrum due to absorption by the solvated electrons is

ntens

Raman Shift (cm'1)
Figure 1. Raman and fluorescence emission spectra of the aqueous
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shown by a~25% decrease in the water Raman stretch band at

3400 cntl. Despite these absorptive losses, the spectrum of i
water and electrons clearly shancreasedRaman scattering
activity at the water librational modes (near 500 ¢éjnand

intramolecular bending mode (1625 th Furthermore, the 6000
entire background of spectrum b is significantly elevated above
the probe-only background (a). Both the enhanced Raman | ¢ | el
features and the broad fluorescence background are unquestion- . | - oo
ably present irrespective of how the Raman scattering from the A,
bulk solution is removed.

To obtain a pure solvated electron emission spectrum, we
take the difference (spectrum b) (spectrum a) after compen-
sating for absorption of the bulk water Raman by solvated =
electrons as explained above. The subtraction must be further &
optimized to achieve a physically reasonable difference spectrum
in the water Raman stretch region from 3200 to 3600 %m 2000
presented in Figure 1 as spectra c, d, and e. The bulk Raman
scattering has likely been oversubtracted in spectrum e and
undersubtracted in spectrum c. Assuming that the fluorescence d.27mMH"
component varies smoothly across the window, the optimum %
subtraction is spectrum d. Note that all three difference spectra |
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The 532 nm excited solvated electron spectrum d shows Raman Shift (om”)

strong resonance enhancement in the water librational regionfigure 2. Raman and fluorescence emissior @ from the aqueous
ranging from the lowest frequency of accurate spectral correction solvated electron probed with 683 nm excitatiehi0 ns after formation.
~400-1000 cntt. The shape of the broad band is weighted The concentrations of Hguencher added to the 17 mM iodide solutions
slightly more toward higher Raman frequency as compared with are (&) 0.0, (b) 2.5, (c) 8.0, and (d) 27 mM. Spectrum e is the probe-
the bulk water libration. The solvated electron water bend shows ©7y Raman spectrum of the aqueoussolution. All spectra are shown

. . . 1 without offset. Inset: normalized electron fluorescence at 12646 cm
a single symmetric peak at 1625 chdownshiftec~20 cnt (Raman shift= 2000 cnt?') (®) and normalized enhanced bend area

relative to the peak frequency in bulk water. A Raman band (), as a function of [H]. Least-squares fits to the fluorescence and
peaked at-3100 cmt is also evident in the water stretch region. bend area decays are single-exponential curves with decay constants

Although the peak maximum, breadth, and intensity of this band 150 M™* and 134 M?, respectively. The standard deviation of the
are sensitive to the details of how the bulk water stretch exponential factor is 5%.

contribution is subtracted, nonetheless there is undoubtedly

enhancement from 2700 to 3200 cin which is extrapolated from the established value at zero ionic

3.2. Investigation of Raman Water Bend and Fluorescence  Strength (2.3x 10 M~! s™1) by use of the Biosted-Bjerrum
Intensity. The enhanced water Raman bend and the underlying relationship at the average ionic strength of 0.031 molality for
fluorescence were examined in experiments using a 683 nmthese experiments.The agreement of the decay rates strongly
probe with both T and Fe(CNy*~ sources. Similar to the 532  supports the conclusion that both the bend enhancement and
nm spectra, the water bend peak of the solvated electronfluorescence originate from the solvated electron.
downshifts 33+ 5 cmi! relative to the bulk water bend (Figure The other experimental conditions that affect the Raman bend
2, spectra a and e). The fluorescence and bend enhancemerg@nhancement and fluorescence intensity are the concentration
are readily apparent. After subtraction of the probe-only bulk of parent anions, pump power, and probe power. Figure 3 shows
water component, the solvated electron bend exhibits resonancéhat theratio of the bend area and fluorescence integrated from
Raman intensity~10 times greater than the Raman intensity 1400 to 1800 cm! remains constant as all three experimental
of the bulk water bendjespite the sub-millimolar concentration — conditions arevaried. The spectral correlation is consistent with
of electrons The observation of fluorescence and Raman the conclusion that both the Raman bend enhancement and the
enhancement of the bend using ferrocyanide or iodide parentfluorescence have the same molecular origin, namely the
anions and for probe wavelengths that are resonant or post-solvated electron. Although not evident from the figure, it is
resonant with the solvated electron provide strong evidence thatimportant to note that both spectral features were found to scale
the solvated electron is the source of both spectral features. linearly with the 683 nm probe powers.

As an additional check of the source of fluorescence and bend 3.3. NIR Emission of the Solvated Electron.Figure 4
enhancement, these two spectral signatures were measured gyesents the scanned emission spectra of solvated electrons in
a function of electron concentration, using lds a scavenger D20 (a) and HO (b). These spectra were obtained following
to reduce the initial electron concentration in a predictable way steps similar to the processing of the CCD data. One significant
during the~10 ns delay between pump and probe pulses. The difference is the negligible pump-only background (not shown)
reaction € + H* — 1/,H, depletes the electrons via pseudo of the scanning experiment, due to the gated selection of the
first-order kinetics. Figure 2 inset plots the decay of fluorescence signal due to the probe pulse; therefore, subtraction of the pump-
and bend area of the solvated electron as the acid concentratioronly component is unnecessary. The instrument sensitivity
is increased stepwise from to 0.0 to 27 mM. Single-exponential correction is done as for the CCD data, but the scanned spectra
fits to the decays of both spectral features yield an averageincludes an additional correction for the collection lens chro-
exponential decay constant of 140-Mwhich corresponds to ~ matic aberration over the range 990600 nm as explained
a second-order rate constant of 1x4 10 M~1 s71, This above. Finally, we note that corrections for the attenuation of
measured rate constant is within 15% of &k6101° M~ s71 the bulk water scattering in the purpprobe spectrum~15%)
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- A much more significant change in the emission data
] presented in Figure 4 is the multiplication of all spectra
. (including the 532 nm probe data) by a factor proportional to
1 A2, which converts the spectral intensities from constant

1.0 wavelength band-pass to constargnergy band-pass. This
] adjustment produces spectral profiles that accurately depict the
. relative emission quantum efficiency in various spectral re-
08 giong® and is especially important for our broad emission
. spectra. The result is a relative increase in emission intensity at

1600 nm that is more than three times greater than the increase
4 at 900 nm, thus accentuating the remarkable breadth of the

fluorescence emission from solvated electronsi® kdnd BO.

0.4 { The fluorescence curves shown in Figure 4 are determined

Relative Bend Intensity

by a spline fit to the background beneath the sharper Raman
features prominent in the water bend, stretch, and strétch
i librational combination band regions. Confirmation of the
] partitioning of the emission is provided by noting that the

00— emission above the fluorescence curves show significant

[ frequency displacement upon isotopic substitution, as expected

for these Raman modes. The low-energy limits of the fluores-

] ) cence emission are beyond the cutoff of the PMT. An ap-

Figure 3. Correlation of the hydrated electron resonance Raman proximate linear extrapolation of the decaying fluorescence

g‘éﬁgﬁfﬁh g ebr:aorlu;nrts Sjgyfr;vr;t]hl?g 4f(|)utc(>)relszcgz$c%n;;s{£ns;]?fttigrated spectra indicates that the emission could extend to 2000 cm

1400-1800 cn1Y). Constant 218 nm pump (1.8 mW) and 683 nm probe (5 4m) for both &(H20) and €(D20). Note that an extrapolated
(2.0 mW) powers, with1 concentrations varying from 0.77 to 49 mM  fit based on the mirror reflection of the absorption spectrum
(®). Constant probe power (2.0 mW) and ¢oncentration (7 mM) would be incorrect, since the high-energy side of the absorption
with pump powers varying from 0.25 to 2.4 m\M); Constant pump  spectrum is caused by excitation from deep tFapstransitions
power (2.6 mW) and1 concentration (7.7 mM) with probe powers 5 higher electronic statt&rather than a vibrational progression.
varying fr_om 0.3t0 2.2 mMW@®). The Iea_st-squares linear fiR(= 3.4. 683 nm Fluorescence Quantum YieldThe water
0.95) indicates the nearly constant ratio of bend enhancement to T . ) . "
fluorescence. Raman stretch is a reliable internal standard which can be used
to quantify weak fluorescence emission yietdd he fluores-
1o cence emission quantum yield of the solvated electron,@ H
1 excited at 683 nm can be expressed in terms of the water Raman
i stretch cross sectidfi,and the 683 nm absorption cross-section

L 15610° of the electrornv§, ;= 0.71 A by

abs

Relative Fluorescence Intensity

0.8 —

" 683 nm

4 S
4 /7
0.6 +

O_W eCW
P = —fa"ivf' A (1)
O-abé Rant

0.4 —

Gy (Azlelectron)
N

wherel § is the integrated electron fluorescence intengify,,
] L is the integrated Raman stretch intensity, the bulk water
1 c H0 W\ _ L s concentratiort” = 55 M and the electron concentratich=

UOISSILUT UoJoUd aAneRY

g—532 nm
X

02 - 0.25 mM. The factorA depends on the relative depolarization
] r ratios of the Raman and fluorescence emission and is nearly
i unity 3’ The resulting quantum yield for emissionour spectral
00 | e 1 o windowis 5.3 x 10~7. This value should be considered a lower
0000 17000 14000 11000 BoGO  B000 2000 limit on the fluorescence quantum yield of the solvated electron

wavenumber in H2O. If emission is assumed to decay linearly towarnanb,
Figure 4. Combined fluorescence and Raman emission spectra of the P increases slightly to 6.0x 107 an additional linear
solvated electron with 683 nm excitation in® (a) and HO (b) and extrapolation to 683 nm on the high energy side gi®es 6.5
with 532 nm excitation in KO (c). Relative scaling of spectra obtained  x 1077, If the fluorescence were to deviate significantly from
with 683 nm eX.CitatiOn anq with 532 nm excitation are determined by a |inear decay towardﬁm, the Strong'y decreasing probablhty
comparing the integrated intensity of the water Raman stretch band of of emitting NIR photonsd? factor of the Einsteim-coefficient)

the component (pumg- probe)-(pump) spectra (not shown). Spectra N : .
(a—c) are corrected for the instrument response, and emission intensitieswOUId diminish the effect of this change on the total integrated

shown are proportional to the number of photons detected for a constantluorescence area, thdsis unlikely to differ significantly from
energy band-pass. Spline-polynomial fits to the fluorescence with 683 the 6.5x 1077 value reported here.
excitation are shown with linear extrapolation). Absorption cross- The fluorescence quantum vyield of the electron igOD
sections for the hydrated electron in®i(— — —) and DO (- - -) are exceeds that in pO by a factor of 1.4+ 0.1, as determined by
shown for comparisoff the ratio of the measured (not extrapolated) fluorescence
emission, the ratio of electron concentrations, and the relative
and self-absorption~10% change across the full spectrum) absorption coefficients at 683 nm. This ratio of deuterated and
were modeled as for the 532 nm data. These minor correctionshydrated electron fluorescence is likely insensitive to the
are included in the spectra of Figure 4. unmeasured fluorescence.
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3.5. Strickler—Berg Analysis.Absorption and fluorescence  electron Raman spectra provide vibrational data on the ground
spectra of the solvated electron can be utilized to calculate thestate structure of water molecules in immediate proximity with
natural radiative lifetimer, of the aqueous electron according the electron. The idea that the electron simply perturbs the

to the Strickler-Berg relationshi? hydrogen bond network of bulk water is inconsistent with the
shift of bothbend and stretch modes to frequend@ser than
- _ - g / their counterparts in bulk water. These frequencies should move
1_ 92— —3—1 I
T 0= 2.88x 10 Ty 7L € d(inv) @ in opposite direction for a change in hydrogen bond streffgth.

u
An alternative possibility is that donation of the solvated electron

wheren = 1.33 is the index of refractiorg, and g, are the charge density into unoccupied Rydberg orbitals of proximal
respective degeneracies of the ground state and excitedestate, water molecules causes a slight weakening of the OH bonds
is the molar decadic absorption coefficient, anig frequency and therefore decreased internal vibrational frequencies.

(cm™1). The terml@; °[]} is calculated from the integrals of the The resonance Raman enhancements indicate substantial
fluorescence photon intensity(v) as increases in the scattering cross-sections of individual water
molecules due to significant coupling of the water libration and
Bt = / L) dV/f'f(V) dv 3) intramolecular modes to the-$ transition. Assuming that six
f v f V3 water molecules are the primary contributors to the scattering

of each solvated electra¥> the 683 nm cross-sections reflect
The degeneracy of the ground electronic s-state is 1. The excitedenhancement factors 6f2000-fold for the stretch, ané300000-
state manifold consists of three p-states that likely interconvert fold for the bend. Such couplings of a solute electronic transition
on the picosecond time sca3but are nondegenerate on the to solvent modes have not been observed before, and were
time scale of absorption and fluorescence processes (see below)argely unpredicted in MD simulations of the solvated electfon.
Thereforeg = gy = 1. The resulting radiative lifetime calculated The strongly enhanced libration is in agreement with coherences
using the extrapolated fluorescence curves~#0 ns. The observed in the fastest pumprobe and photon echo experi-
uncertainty in the decay time is due primarily to the strong ments of the hydrated electrdf’-58

dependence of thedr 304, factor on the profile of the 4.2. Fluorescence EmissioriThe enormous breadth of the
fluorescence spectrum toward law?? fluorescence emission, the blue-shift upon excitation with 532
3.6. Rate of Fluorescence Quenching:he time scale for nm, and the lack of an obvious emission peak clearly indicate
the decay of the emission is related to the quantum y@ld  that the fluorescence originates fromumrelaxedexcited state.
using the kinetic expression The StricklerBerg formula has been used successfully to

characterize such unrelaxed emissidf in addition to the
original application to fully relaxed systerf&Similarly, we
employ it here to estimate the increase in natural radiative
lifetime caused by the significant red-shift in fluorescence
emission relative to the absorption spectrum. The resulting 40
in an ~40 fs lifetime ns near-IR radiatiye .Iifetim_e is based primari_ly on the obser\(ed
' 720-1600 nm emission, with a conservative linear extrapolation

3.7. Resonance Raman Cross Sectiorkhe cross sections to 5um to account for the emission at lower energy. The 30 fs
of the enhanced Raman bands can be quantified using the water # ay.

. decay time derived from the near-IR radiative lifetime and
Raman stretch of the probe-only spectrum as an internal fluorescence quantum yield should not be considered the
standard?® From the ratios of the integrated areas of the solvated d Y

. - fluorescence ot lifetime of the fully relaxed excited state of
electron features relative to the water stretch and the ratio of : .
. . the aqueous solvated electron. Instead this ultrafast decay time
electron concentration relative to 55 M bulk water, the 532 nm

e~(H,0) Raman cross-section are as follows (in unitd A is best described as tleéfectve fluorescence lifetime based on

electron): >5 x 10°° (libration); (134 0.2) x 10-° (bend),  °U' near-IR viewing window. ,
and (3=+ 1) x 109 (stretch). For 683 nm excitation the cross _ ONe mechanism that could conceivably cause the ultrafast

¢ =1/ Trad (4)

Using the estimated-40 ns determined from the extrapolated
curves, and the corresponding 6<510~7 quantum yieldg =
~30 fs. The 1.4-fold greater quantum yield for(B,0) results

sections are (3.8 0.2) x 109 (bend) and (3= 1) x 10°° quore;cence decay is infter'nal conversion. This hypothesis.is
(stretch). not without precedent; similar rates were proposed for rapid

curve crossings upon photoexcitation of cycloalkenes, based
4. Discussion upon fluorescence quantum yields that were nearly as low as

We present here the first measurement of the spontaneoughat determined for the solvated electf6i¥® The rapidity of
Raman and fluorescence emission spectra and fluorescencéhe 1B—2A; nonadiabatic transition in pericyclic ring-opening
quantum yield for the aqueous solvated electron. In overview, eactions is undoubtedly facilitated by the close energetic
we observe Strong resonance enhancement of the water Ramaﬁroximity of the excited states, so that the transition occurs with
libration and intramolecular bands. A broad fluorescence & minimum of vibrational excitation. HOWeVer, calculations of
emission from the solvated electron extends from 720 nm to the solvated electron do not show evidence of an optically dark
beyond 1600 nm with a quantum yield 6.5 x 10~7. A near- state in close proximity with the optically allowed p-statds.

IR radiative lifetime of~40 ns results in an effective fluores- is therefore unlikely that a dynamic curve crossing can account
cence lifetime of~30 fs based on our viewing window. The for the short fluorescence lifetime of the solvated electron.

fluorescence increases by a factordf.4 in D,O, implying an The similarity of the isotope effects in the fluorescence and
increased lifetime of-40 fs. We now discuss these observations phosphorescence quantum yields noted for a variety of aromatic
in reference to the relevant literature. molecules to the isotope effect measured in this work suggests

4.1. Resonance Raman Spectrdhe remarkable resonance that these systems might provide an insight into the nature of
Raman features will be analyzed more quantitatively in a the ultrafast fluorescence decay of the solvated electron. The
subsequent manuscript so only the salient points are summarizedncreased emission upon deuteration of aromatics results from
here®® The resonantly enhanced frequencies of the solvated a decreased rate of nonradiative transitions, due to the higher
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vibrational quantum number of the final staf88! However,

the nonradiative processes that compete with fluorescence in
aromatic molecules have time constants-a0D ns, which serves

to reinforce the qualitative picture that transfer of large amounts
of electronic energy to a set of highly excited ground-state
vibrations is likely much slower than the 3@0 fs decay rate
observed here.

The most likely explanation for the fluorescence decay is a
mechanism in which the rate of solvation (defined qualitatively
by a ratekson) exceeds the rate of internal converslan This
hypothesis is supported by the measurement of fluorescence
emission to 1.6um. Such low energy emission would be ]
improbable if the relaxation process were truncated by a much
faster internal conversion. Since the electrons remain in the 20
excited p-state during solvation, how is it possible to explain
the low fluorescence quantum yield? The most likely answer is
that the fluorescence observed in our ZA®00 nm window is
quenched via very rapid relaxation that sweeps the emission
wavelength beyond our reddest detection limit. This picture
helps definekso: it is the rate at which we lose the ability to ]
measure photon emission due to the shift beyonduin6 ] H,0

The isotope effect is readily explained in the model of rapid ° R I o T
solvation. Our data are consistent with a solvation mechanism 14000 12000 10000 8000 6000
that occurs along rotational and in part intramolecular coordi- wavenumber
nates for at least 30 fs after photoexcitation. The molecular Figure 5. (Upper) Calculated spectr8coefficients for the solvated
motion accounting for a 20840 fs decay is in the inertial  electron in BO and HO. The two traces were obtained by a scaled
regime§2,63 The inertial rotations are\/i slower in RO divisign of the 683 nm spontaneo.us_emission curves (a, b of _Figure 4)
causing a decrease in the rate of the dynamic Stokes shift acrosY e _(Lo;/;er) St'{““éated ff.er.“'sts'ot? cross-sections obtained by
the 706-1600 window, and a proportional increase in the Muttiplying the spectrat-coetlicients byw.
emission time from the deuterated system. Our results are
consistent with femtosecond transient absorption and photon
echo experiments in which an50 fs Gaussian relaxation rate
and coherence featured-58 show the same isotope effect as
ours and were similarly interpreted in terms of underdamped _2n )
rotational motion. B(p—s)= ﬁl#s,ol (6)

The dominant contribution of rotational motion to the fastest
solvation processes in wattwas first predicted in simulatioffs Our photon fluorescence emission is directly related to an

and was later confirmed in experimental studies of molecular gfactive time-integrated spectra-coefficient and can be

solutes®® The fact that the initial relaxation of the p-state qnverted to a spectrBrcoefficient by a division by (Figure
solvated electron should show a 1.4 isotope effect was SUCCESST)  The stimulated emission cross section is obtained via

fully modeled in one MD simulatidi and in a recent instan- multiplication of the spectraB-coefficient by w.”® Both the
taneous normal-mode analy$fsOther simulations and theory spectralB-coefficient and modeled stimulated emission cross-
have emphasized the importance of translational motion and sgcfion increase toward longer wavelength as shown in Figure
mechanical expansion for the fastest relaxation in wagres 5. The result shows that our measured declining fluorescence
particularly for solutes that enlarge significantly upon photo- s gye to the inherent decrease of the probability of spontane-
excitatipn as expectgd for the solvated electron. Sincg the mas%us|y emitting NIR photons, rather than a reduction in the
of D:O is only 11% higher than 4D, these models show isotope  ransition dipole coupling. MD simulations support this observa-
effects in the initial solvation process that are less than 80% of tj5p, in calculating an increased transition dipole after photo-
the value of 1.4 determined from our experiments. Our data do gycitation on both the-25 and 300 fs time scales, due to the
not preplude the possibility of significant relaxatiqn dpe to rapid increase in excited-state charge distributfon.
translations, however these modes mtaltow the inertial Within the framework of a rapid solvation model, the increase
librations, and cannot contribute significantly to thel eV in the near-IR stimulated emission cross section shown in Figure
relaxation monitored in our spectral window. 5 could be due to two possibilities. One is that the spontaneous
The calculated stimulated emission cross-sections in the MD (and therefore stimulated) emission toward Aré includes a
calculations of Schwartz and Rosék?zprompted us to model component from the high-energy wing of thelaxed p-state
the stimulated emission corresponding to our spontaneouselectrons whose peak emission is beyond the low energy cutoff
emission spectra. This transformation highlights the molecular of the detector. Our observation of the 1.4-fold isotope effect
dipole coupling between ground and excited states, since theargues against this possibility in view of the isotope independent
Einstein A-coefficient includes a factor af that is due to the p—s transition rate supported by femtosecond transient absorp-
intrinsic decrease in the radiation density of states toward longertjon experiments and MD simulatiori$® A better explanation
wavelengths: is that the rate of the emission red-shift decreases as solvation
occurs, leading to a relatively longer duration for spontaneous
A(p—s)= i(g)Sw |2 (5) gmission at Iorjger Wavelengths and a corresponding increa§e
3h\c/ TSP in calculated stimulated emission cross-section. The hypothesis

30

20
D,0

W o

1 D,0

Relative B-coefficient (a.u.)

MR RS S

Relative oo (a.u.)

whereuspis the transition dipole moment connecting the initial
(p) and final (s) states. On the other hand, the only molecular
property that affects the EinsteBrcoefficient isusy
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of a slowing dynamic Stokes-shift is qualitatively consistent with
MD simulations of the ultrafast relaxation of the excited-state
solvated electron. Calculations of the evolving stimulated
emission spectra show a rapigZ5 fs) Stokes shift toward an

J. Phys. Chem. A, Vol. 105, No. 49, 20010959
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emission peak that is 60% of the resonant excitation energy 6916.

followed by a slower (hundreds of femtoseconds) shift toward
a peak that is 30% of the excitation enef@y? The magnitude

of the fast shift of the simulation is possibly insufficient to fully
explain the extremely low quantum yield determined experi-
mentally; however, it is difficult to make a quantitative

comparison since the simulated spectra were convoluted with

a 100 or 300 fs instrument resporiéé2 Also, there is clearly
emission beyond our detection cutoff that is critical for modeling
the full stimulated emission profile.
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important questions about the solvation process. Aside from the55, 7217-7227.
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lecular motion along the initial solvation coordinate, the
fluorescence data do not indicate the relative portion of the
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the resonance Raman intensities measured as low as 400 cm
a significant fraction of the observed8000 cn1?! Stokes shift
(10—20%) is caused by solvent reorganization along librational
and intramolecular (bend and stretch) coordingtd@he remain-

ing relaxation occurs along isotope-sensitive coordinates but on
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a time scale apparently longer than the dephasing that dampeng773.

resonance Raman intensities. The inclusion of a frictionally
damped generalized solvation coordinate will allow self-

consistent treatment of both fluorescence and resonance Ramaggg

spectra and provide some insight into the energy distribution
along seen and unseen solvent coordin&tes.

We conclude by noting that the observation of fluorescence
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1758.
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from the solvated electron in aqueous solution over a very broad (31) De Bettignies, B.; Lelieur, J. B. Phys. Cheml1981, 85, 1014
range of wavelengths into the near-IR supports the model of 1016.

an ultrafast solvation process that exceeds the rate of internal

conversion. A significant part of the solvation occurs~30

fs, as shown by the extremely low quantum yield of fluorescence

in a window that allows detection of emission with energy as
low as~40% of the excitation photons. Rotational modes are
primarily responsible for the-8000 cn! Stokes shift as shown

(32) Kulinowski, K.; Gould, I. R.; Myers, A. BJ. Phys. Cheml995
99, 90179026.

(33) Cao, X.; McHale, J. LJ. Chem. Phys1998 109, 1901-1911.

(34) Bardeen, C. J.; Rosenthal, S. J.; Shank, CJ.\Whys. Chem. A
1999 103 10506-10516.

(35) Reid, P. J.; Lawless, M. K.; Wickham, S. D.; Mathies, R.JA.
Phys. Chem1994 98, 5597-5606.
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by the strong resonance Raman enhancement and significantggs 28, 493-502.

isotope effect on the fluorescence quantum yield. These
resonance Raman and fluorescence emission spectra providé4

new data on mode specific electresolvent coupling and
relaxation that will help elucidate the structure and dynamics
of the aqueous solvated electron.
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