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DISSOCIATIVE IONIZATION OF WATER INDUCED BY SINGLE-PHOTON 

ABSTRACT 

VIBRATIONAL EXCITATION 

Wesley c. Natzle and C. B·radley Moore 
Department of Chemistry 

University of California, and 
Materials and Molecular Research Division of the 

Lawrence Berkeley Laboratory 
Berkeley, CA 94720, U.S.A. 

D. M. Goodall 
Department of Chemistry 

University of York 
York YOl SDD, England 

w. Frisch and J. F. Holzwarth 
Fritz-Haber-Institute 

der Max-Planck-Gesellschaft 
D-1000 Berlin 33, West Germany 

Vibrational photochemistry of pure liquid water to produce H+ 

and oH- ions has been initiated by pulsed, single photon excita-

tion of overtone and combination transitions •. _ The quantum 

yield at 283 ± 1 K varies from 2 x lo-9 to 4 x lo-S for 

wavenumbers between 760S cm-1 and 18,140 cm-1. The quantum 

yield rises through the low frequency side of an absorption 

band and is relatively constant through the band center and 

high frequency wing. The threshold for dielectric breakdown 

at 297 K is 20 GW cm-2 for excitation at 760S cm-1. 

This manuscript was printed from originals provided by the authors. 
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INTRODUCTION 

Conventional studies of unimolecular reactions in solution 

rely on thermal activation of reactants. Thus only averaged 

rate information for molecules with a broad, low temperature 

Boltzmann energy distribution in a large range of local environ-

ments is obtained. Detailed rate information is not available 

for molecules with a particular energy, with a particular local 

molecular structure, or with initial excitation energy in a 

particular vibrational mode. 

Recently, single-photon overtone excitation using lasers has 

provided ·activated molecules with a high total energy and an energy 

spread less than or equal to the room temperature Boltzmann distri

bution.l-4 If dye lasers are used as the excitation source, rates 

as a function of internal energy can be obtained by simply tuning 

the laser. The bond selective nature of overtone excitation, pos-

sibly enabling deposition of energy in a single bond, has also 

sparked a search for mode specific rate effects in unimolecular 

reactions.2-4,5 If the pumped mode is closely coupled to the 

reaction coordinate, then the reaction rate would be higher 

immediately following excitation, before inter and/or intra-

molecular energy transfer is complete. In gas phase unimolecular 

reactions, the relatively large reaction yield from intramolecu-

larly relaxed molecules can obscure an initially nonstatistical 

rate. In solution, initial non-statistical effects can be 

exposed if intermolecular energy transfer i~ rapid enough to 

quench the population of reacting, lntramolecularly relaxed 
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molecules.S The combination of low cross section for high over

tone excitations and low quantum yields resulting from rapid inter

molecular relaxation makes detection of products difficult. 

The proton transfer 

H 20(~) - H+(aq) + OH-(aq), ~H283 = 14.5 kcal/mole 

has a low ~H due to effective solvation and dielectric shielding 

of product ions in liquid water. Excitation with an intense, 

pulsed laser produces an observable transient increase in the 

solution conductivity. One signal component is proportional to 

the reaction induced change in ion concentration.! In an 

earlier paper, quantum yield measurements were made with a 

single laser pulse. The quantum yield, ~' increased with 

increasing photon energy for four fixed wavelengths in the 

vibrational overtone region.l As a laser is tuned from the 

low to the high frequency side of an absorption band, the 

absorbing molecule's surrounding local structure changes and 

the extent of hydrogen bonding decreases. Both "pure" 0-H 

stretch and combination stretch + bend overtones are present 

in the H20 absorption spectrum. It is possible that similarity 

of 0-H stretching to the proton transfer reaction coordinate 

would result in an enhancement of the quantum yield for excita

tion of pure stretch bands compared to stretch + bend combina

tions. This work gives ~ as a detailed function of excitation 

frequency, and demonstrates that the observed conductivity 

increase follows from reaction induced by single photon vibra

tional excitation. 
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EXPER!l4ENTAL 

The methods for water purification, conductance monitoring 

of the reaction, and data analysis were similar to those already 

reported.! Minor differences will be reported in a future paper. 

An acousto-optically modelocked iodine laser6,7 with 

O.l,to 2 J pulses 2 ns long, focussed with a 1m focal length 

mirror, was used to investigate the H20 dielectric breakdown 

threshold. Single shot quantum yield measurements at 7605 

cm-1 were made with the laser oscillator op~rating multimode 

to produce 3 l!S, 1 J pulses with an intensity of 3 MW 

cm-2. A Quanta Ray neodymium YAG pumped dye laser was Stokes 

S'hifted in a 400 psi hydrogen Raman cell or used directly to 

produce 0.3 to 10 mJ, 6 - 10 n.s pulses between 8120 cm-1 and 

18140 cm-1. The intensity ranged between 1.5 and 50 M~v cm-2. 

A Tekt,ronix R7912 transient digitizer with PDP-11/10 computer 

was used t'O signal average from 800 to 1600 laser shots. 
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RESULTS AND DISCUSSION 

Conductivity vs time data are shown in Fig. 1. The baseline 

conductivity step increase comes from the higher ionic mobility 

and the shift of the ionic equilibrium concentration induced by 

the bulk solution temperature increase of from 2 to 600 x lo-S K 

following photon absorption. The initial conductivity jump 

comes from the thermally induced ionic mobility increase and 

from ions produced by vibrational photochemistry. The quantum 

yield is determined from the number of phot.ochemically produced 

ions calculated from the initial jump, and from the number of 

photons absorbed as calculated from the baseline step.! The 

major contribution to quantum yield uncertainty comes from base

line step uncertainty a.t 16670 cm-1 (A) where weak absorption 

produces a small temperature inc:rease. The initial jump comes 

predominantly from the thermal ionic mobility increase at 8440 

cm-1 (C) where quantum yields for vibrational photochemistry are 

low. Uncertainty in the temperature dependent mobility and con-

centrations of ionic contaminants results in a large uncertainty 

in the photochemical contribution to the initial conductivity 

jump in (C). Quantum yield uncertainty is lower around 11740 

cm-1 (B) where both baseline steps and initial jumps are 

easily measured. 

Figure 2 shows the initial transient voltage as a function 

of laser energy at 12500 cm-1 and 16670 cm-1 •. The unit slope 

of these graphs signifies that the transient voltage ~s induced 
...... . .. ,· ... 

by a single photon process. 
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The iodine laser was used to find the breakdown threshold 

of about 20 GW cm-2 at 7605 cm-1. Dielectric breakdown is 

marked by a large increase in the signal voltage as shown in 

Fig. 3 and by light emission from the focal volume for intensi

ties just above the threshold for voltage increase. All quan-

tum yield measurements were performed with intensities less 

than 100 Hvl cm-2, well below the threshold for breakdown. 

Figure 4 shows the photoionization quantum yield as a 

function of excitation wavenumber, ~. The departure 

from a smooth increase of ~ with ~ is outside the limits 

of experimental error. The most striking feature of Fig. 4 is 

that superimposed on the trend of increasing $ with increasing 

~noted in ref. 1 is a pattern which correlates with the 

absorption spectrum. The quantum yield rises rapidly on the 

low frequency side of a band and is relatively constant through 

the band center and high frequency wing. Broad 0-H stretch 

absorption lines are decomposable into four inhomogeneous, 

Gaussian components with high frequency components attributed 

to non-hydrogen bonded OH groups and low frequency components 

attributed to hydrogen bonded OH groups.ll Thus the quantum 

yield per unit of input energy is higher for excitation of 

hydrogen bonded groups than for excitation of non-hydroge~ 

bonded groups. This would result naturally if the vibration

ally excited hydrogen atom forms a hydrogen bond, with a 

consequent loss of energy comparable to the.yibrational 
..... · .. . . ··-

linewidth, more rapidly than it loses vibration~l.quanta. 
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No qualitative difference in behavior is seen between 

bands involving pure stretching excitation and those involving 

combination with bending vibrations. The small hump in the 

quantum yield at the 3vs + "b overtone shows that excitation 

of the bend is effective in causing ionizatjon, though perhaps 

not as much as an equal energy of stretching excitation. 

Fermi resonance bet·ween stretch and bend vibrations may degrade 

the purity of 0-H stretch excitation. 

The simplest representation of the primary reaction step in 

the photoionization is a proton transfer within a hydrogen bond 

to form an ion pair: 

••• H- . . .. .,....H 
0 • 

In order to be detected conductometrically the H30+ and OH- ions 

must separate from the ion pair in an energetically unfavorable 

secondary process. Rapid intermolecular relaxation of activated 

molecules and ion pair recombination produces a low overall 

quantum yield of less than lo-4. Derivation of rate constants 

for the primary reaction from quantum yields is difficult be-

cause vibrational relaxation rates for highly excited liquid 

water are not known. Theoretical chemists have attempted to 

dynamically model the properties of liquid water.l2-16 In-

spite of its complexity, several approximate molecular dynamics 

simulations have been performed. Comparisons.of these data with 

simulations of the relaxation and first sta·g~s .oJ .the reaction 
....• . ... , ..... ,. . 

of vibrationally excited molecules ~hould be 1lluminating. It 



...,. 

- 8 -

is hoped that this investigation might stimulate interest in 

and assist in the development of the more accurate models needed. 

The present data combined with data as a function of temperature 

and isotopic substitution should provide a basis for further 

qualitative mechanistic conclusions. 

ACKNOWLEDGHENTS 

We wish to thank the Director, Office of Energy Research, Office 

of Basic Energy Sciences, Chemical Sciences Division of the u.s. 

Department of Energy under Contract Number W-7405-ENG-48, the 

U.So Army Research Office, Triangle Park, NC, and the Deutsche 

Forschungsgemeinschaft for research support, as well as N.A.T.O. 

and the Science Research Council for travel grants to D.M.G. 

The YAG pumped dye laser was provided by the San Francisco 

Laser Center which is supported by the National Science 

Foundation under Grant Noe CHE79-16250 awarded to the 

University of California at ~erkeley in collaboration with 

Stanford University • 

.. .. · .. · 



- 9 -

REFERENCES 

1. B. Knight, D.M. Goodall, and R.C. Greenhaw, J. Chern. Soc. 

Faraday Trans. II 75, 841 (1979). 

2. B.D. Cannon and F.F. Crim, J. Chern. Phys. 73, 3013 (1980). 

3. K.V. Reddy and M.J. Berry, Chern. Phys. Lett. 66, 223 (1979). 

4. K.V. Reddy and M.J. Berry, Faraday Disc. Chern. Soc. 67, 

188 (1979). 

5. C.B. Moore and I.W.M. Smith, Faraday Disc. Chern. Soc. 67, 

146 (1979). 

6. J.F. Holzwarth, A. Schmidt, H. Wolf, and R. Volk, J. Phys. 

Chern. 81, 2300 (1977). 

7. W. Frisch, A. Schmidt, and J.F. Holzwarth, in "Techniques 

and Applicat.ions of Fast Reactions in Solution." ~v.J. Gettins 

and E. Wyn-Jone.s, Eds., D. Reidel, Boston, 1979, pp. 47-61. 

8. C.K.N. Patel and A.C. Tam, Nature 280, 302 (1979). 

9. w •. A.P. Luck, "Structure of Water and Aqueous Solutions," 

Verlag Chemie, 1974, p. 251. 

10. G.t-t. Hale and M.R. Querry, Applied Optics 12, 3 (197.3). 

11. G. E. ~valrafen in "Water: A Comprehensive Treatise_," .Vol. 1, 

F. Franks, Ed., Plenum Press, New York, 1972, pp. 151-214. 

12. F.H. Stillinger and A. Rahman, J. Chern. Phys. 60, 1545 

(1974). 

13. F.T. Marchese, P.K. Mehrotra, and D.L. Beveridge, J. Phys. 

Chern. 85, 1 (1981). 

14. R.A. Nemenoff, J. Snir, and H.A. Schera'ga,_ J.· .Phyf?. Chern • 

82, 2527 (1978). .... ·i .... 



- 10 -

15. W.L. Jorgensen and M. Ibrahim, J. Am. Chern. Soc. 102, 3309 

(1980). 

16. o. Matsuoka, E. Clementi, and M. Yoshimine, J. Chern. Phys. 

64, 1351 (1976). 

~ ..... 

' ... ·/··. 



- 11 -

FIGURE CAPTIONS 

Figure 1. Transient conductivity signals at 16670 cm-1 (A), 

11740 cm-1 (B), and 8440 cm-1 (C). The initial baseline for 

each signal is given by the dotted line ( •••• ). The conducti

vity jump extrapolated to the time of the laser pulse .is shown 

with an arrow (+). The calculated jump for a quantum yield 

of zero is shown with an arrow (+). 

Figure 2. Normalized initial transient voltage (AV/AVm) as 

a func.tion of normalized pulse energy (E/Em). 0- data at 16670 

cm-1 where AVm is 0.525 ± 0 •. 015 volts and ~ is 11.5 ± 0.1 

mJ. A - data at 12500 cm-1 where AVm is 0.144 ± .008 volts and Em is 

2.02 ± 0.05 mJ. The solid lines represent the behavior expected 

for a single photon proces·s. 10 mJ corresponds to an intensity of 

SO ± 25 UW cm-2 and a flu.e.·nce of 0.4 ± 0.2 J cm-2. 

Figure 3. Initial transient voltage signal (AV) as a 

function of pulse energy (E) and po\'ler density (I) for 7605 cm-1 

photolysis of H20 at 297 K. 

Figure 4. Log10 quantum yield for photoionization of .. water at 

283 ± 1 K as a function of photon energy. A line is drawn through 

experimental points with estimated errors from this study 

(e). The point (a) was taken with the iodine laser. The 

absorption spectrum of water is shown as the dependence of 

log10 of the natural absorption coefficient (I/I0 = exp(a1)) 

on wavenumber. Band assignments are shown (.tef~. ~8 . ..:~~lO) with 
. .. ~ . . 

subscripts b and s representing bending and ·-str-etching modes 

respectively. 
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