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Femtosecond spectroscopy of ultrafast reactions in 
aqueous media 
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Laboratoire d’Optique Appliqute, Ecole Polytechnique-ENS Techniques Avanctes, 
91120 Palaiseau, France 

Received 9 July 1990 

Abstract. The elucidation of detailed mechanisms of ultrafast events that occur in molecular 
charge transfer or reaction dynamics has been made possible by recent advances in 
spectroscopy techniques that use ultrashort laser pulse generation. Ultrashort laser pulses 
(100 femtoseconds duration, 1 fs = s) allow initiation of selective photochemical pro- 
cesses (photoejection of epithermal electrons), and obtaining of unique information on the 
dynamics of primary steps of radical reactions involving ultrafast electron or proton transfer: 
formation of the hydration cage around an electron, encounter pair formation, ion-molecule 
reactions. Recent investigations on the non-equilibrium reactional processes in the universal 
protic solvent (water) are presented. 

1. Introduction 

Liquid water is considered as a universal solvent whose chemical and physical properties 
have a determinant influence on the reactivity of numerous compounds in physical 
chemistry and biology. From a general point of view, the knowledge of the early events 
immediately following the interaction of ionizing radiation with polar liquid represent 
a fundamental aspect of the reactivity of non-equilibrium electronic states in condensed 
matter [l, 21. 

The exact structure of liquid water is not fully understood at ambient temperature, 
and single charges (electron, proton or derived radicals) can be used as microprobes to 
investigate the local structure or the molecular response of the liquid following a local 
perturbation (existence of an electric field). Excess electrons implicate intriguing issues 
on its coupling with the solvent, since bound states exist only through interaction with 
the surrounding medium. Following a dielectric continuum picture of the solvent it has 
been suggested that the transition from a quasi-free electron to the fully relaxed state 
(hydrated state) is initiated by long-range dipolar interactions followed by self-trapping 
of the electron [3]. 

Technological advances in ultrashort laser pulses [4,5] now allow investigations with 
femtosecond accuracy in the field of chemical or biochemical reaction dynamics and 
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Figure 1. Primary events occurring in pure liquid 
water following femtosecond photoionization by 
ultraviolet pulses. 

have been applied with success to the study of ultrafast radical reactions or intramolecular 
and intra-ionic dynamical processes in liquid matter [6-91. 

2. Ultrafast physico-chemical events in pure liquid water 

The primary species initiated by interactions of ionizing energy with polar liquids have 
been subject to numerous studies and investigations in various fields such as radiation 
chemistry, photochemistry and photophysics [10-15]. 

During the interaction of ionizing radiation with an aqueous phase, absorption of 
energy initiates the ionization process. This step is followed by energy exchanges 
between excess electrons and solvent molecules. The energy exchange within a local 
region leads to complex couplings between the elementary charge and the protic solvent. 
Ultrafast reactions lead, in less than lo-’* s,  to the formation of primary species: hyd- 
ronium ion or hydrated proton (H,O+), OH radical, hydrated electron and dissociation 
products of the excited state of water molecule (H,O*): H, OH [13]. 

W m-’) is 
possible since the light can be absorbed through a non-linear process. In such experi- 
ments, the 8 eV two-photon excitation is above the ionization threshold for liquid water 
estimated at a very low quantum yield to be around 6.5eV [15]. The two-photon 
absorption coefficient of pure water at 310nm (4eV) has been estimated to be 
4 X mW-’ which yields a non-negligible absorption when dealing with multi- 
gigawatt peak power pulses. 

Figure 1 represents some of the primary events on charge transfer which have been 
identified in the sub-picosecond timescale following the injection of an epithermal 
electron through two-photon ionization of water molecules. The initial energy depo- 
sition in the bulk phase is followed, within 0.3 ps, by the formation of the fully relaxed 
hydrated electron (ehyd) (reaction 1): 

Direct photoionization of water by near-uv femtosecond pulses ( I  > 

H 2 0  + 2hv- H 2 0 +  + (cif)'-+ (e;)”-+ eprehyd ---$ e,&,. (1) 

Spectroscopic investigations have shown that electron hydration in water proceeds 
through at least one intermediate state (localized or prehydrated electron) where the 
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Figure 2. Transient spectra obtained at 600fs 
(0.6 x lo - ' ?  s) after femtosecond electron photo- 
detachment in pure liquid water, or in con- 
centrated ionic aqueous solutions ( [ H 2 0 ] /  
[XCI] = 5 with X = H or Li). The points are cal- 
culated from the experimental kinetics and the 
amplitude of the signal obtained at different test 
wavelengths. 
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lifetime is in the femtosecond regime [ 161. This non-equilibrium configuration, charac- 
terized by an infrared absorption band extending above 1250 nm, appears in 110 fs and 
then disappears in 240 fs while a structureless absorption band arises in the visible (figure 
2). The very fast appearance of eprehqd is on a timescale short compared to any nuclear 
motion, solvent dipole orientation or thermal motion of water molecules and it implies 
that efficient mechanisms involved in the localization process do not require large 
molecular and dynamical reorganization. Experimentally, the absence of a significant 
continuous shift between the infrared and visible bands suggests that the relaxation of 
water molecules in the vicinity of excess electrons involves extremely small water 
motions. In other words an epithermal electron gets to a fully relaxed hydrated state 
without a dominant dielectric response of the polar medium. Several groups have 
deduced information on the structural aspects of the fully relaxed hydrated electron 
using a molecular dynamic simulation of water by the Monte Carlo and path integral 
techniques [ 17-20]. 
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Following the photoionization of H20  the resulting water cation (H20+) undergoes, 
concomitantly to the electron hydration process, an ultrafast charge transfer with one 
of the surrounding water molecules. The reactivity of this cation (i) is considered as one 
of the fastest ion-molecule reactions occurring in liquid phase, (ii) is believed to take 
place in less than s, i.e. the time required for a vibration of a molecule [12,13] and 
(iii) leads to the formation of the hydronium ion or hydrated proton (H,O+) and the 
hydroxyl radical O H  (reaction 2). 

H ,O+ + H 2 0 +  H 3 0 +  + OH. (2) 
Femtosecond spectroscopic investigations in the near-uv have allowed the identi- 

fication of an induced absorption, characterized by an ultrashort lifetime and which can 
be tentatively assigned to the existence of the water cation H,O+. The relaxation 
following a mono-exponential law would then correspond to the ion-molecule reaction 
H 2 0 +  + H 2 0  + H 3 0 +  + O H  for which the cleavage rate constant is measured to be 
1013 s-l at 294 K (figure 1). We think it reasonable to assume that the ultrafast proton 
transfer from H20+  to H 2 0  is dependent on specific properties of the protic solvent such 
as the vibrational energy of antisymmetric stretch. The limiting factor of the cleavage 
rate constant of the water cation would correspond to the activation energy of a bond 
cleavage leading to an ultrafast proton transfer from HzO+ to a surrounding water 
molecule. 

The knowledge of free-radical reactions involving electron and prototropic species 
(H30+,  OH) in aqueous media provides unique information on the dynamical com- 
portment of a protic solvent. During the first picoseconds which follow an electron 
photodetachment from water molecules, a non-negligible fraction of ehyd population 
(55%) reacts rapidly with the two possible nearest neighbours (H30+ and OH) [21,22]. 
The electron-radical pair ( H 3 0 +  . . . eiyd or O H .  . . ehyd) executes a one-dimensional (ID) 
walk before undergoing geminate recombination [22]. The analytical solution of a 
recombination controlled by 1~ diffusion is erf(T,/t)"' yielding Td = 1.2 ps (jump rate 
of 0.83 x lO'*s-'). The role of both the hydrogen bonds and the structure of H 3 0 +  
during this recombination remain to be clarified (figure 1). 

3. Ultrafast charge transfer in concentrated ionic aqueous solutions 

Femtosecond photochemistry of ionic aqueous solutions allow the investigation of the 
reactivity of electrons as a function of the ionic strength. Electron photodetachment 
from a halide (Cl-), through charge transfer to solvent spectra (crrs) was achieved by 
pumping at 310 nm. It has been suggested that the femtosecond photolysis channel 
occurs through a highly excited state of the chloride anion which dissociates to give an 
epithermal electron and chlorine atom [23,24]. 

C1- + h v  (310 nm) + [Cl-]* + C1 + e; 
eif + H20 + eirehyd (IR) + ehyd(vis). 

(2) 

(3) 
For R = [H20]/[HCl] = 5, the transient absorption spectrum obtained following the 

electron attachment from chloride ion consists of three bands (A;,,, < 1 eV, 
Ai,,, = 1.35 eV, A",,, = 1.72 eV) which are assigned to a non-fully-hydrated electron 
(eprehyd), an encounter electron-ion pair ( H 3 0 f :  and an electron stabilized in 
normal aqueous traps (ehyd) respectively (figure 2). 
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The important structureless spectral distribution clearly observed between 800 and 
1000 nm has been assigned to the fact that a significant fraction of excess electrons can 
be localized in the solvation shell of the cation [(H30+)nH20)]: 

eqf + n H 2 0  + H 3 0 +  + (e - .  . . H 3 0 + ) h y d  encounter pair 
L (4) 

\ I  

+ ehyd + H 3 0 +  -+ H 2 0  + H. 

The formation of the encounter pair (e-:H30+)h,d is found to follow a rate constant 
of 4 x 10l2 s-l. The single exponential law relaxation (time constant of 850 fs) cor- 
responds to the deactivation of this transient encounter pair; the cleavage rate constant 
[(H30+:e-)nH20+ H 2 0  + H] equals 1.17 X IO1* s-l at ambient temperature (equation 
(4)). Indeed, the encounter pair deactivation dynamics is faster than the average lifetime 
of H 3 0 +  but is comparable to the H-bond timescale. These data clearly demonstrate 
that the single electron transfer: eqf + nH,O + H 3 0 +  + (e- . . . H30+)hyd occurs prior 
to the electron hydration phenomenon [25] .  

It is interesting to note that the charge transfer channel and the lifetime of this 
encounter pair are true to type for the hydronium ion. Let us consider here the case of 
LiCl aqueous solution with [H20]/[LiC1] = 5. When the hydration shell around Li+ or 
C1- corresponds to tightly bound water, an important band peaking in the red spectral 
region can be observed (figure 2). The existence of a blue shift is assigned to a change 
of the electron hydration energy. For the test wavelength (660 nm), the dynamics of this 
ultrafast electron capture by deep traps equals 250 fs (figure 3). At 880 nm, an early 
(e--Cl) recombination can be observed with a time constant of 1.1 ps. 

It seems reasonable to assume that in concentrated ionic aqueous solution the density 
and configurational fluctuations provide apotential well into which the excess epithermal 
electron may be directly hydrated. In this hypothesis, the favourable spatial distribution 
of deep traps created by the presence of a stable counter ion (Li') would represent a 
specific order of the liquid for direct electron capture and subsequent stabilization. 

4. Conclusions 

In conclusion, the investigation of early steps following the femtosecond photoionization 
of halide (Cl-) in aqueous solution has shown the existence of specific photochemical 
channels which are dependent on the nature of the counter ion. In highly-concentrated 
aqueous solutions of hydronium ions, excess electrons will be mainly ejected inside the 
hydration shell of a hydronium ion (H30+)nH20 with a subsequent radical pair relaxation. 
In the case of Li+ with low electronic affinity, the electron transfer leads to the formation 
of relaxed electron-ion pairs. 
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