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summary 

The reactivity of hydrogen atoms with liquid water was investigated by 
determination of the final products obtained by the photolysis (X = 184.9 nm) 
of two systems in the range pH 10 - 13: (a) OH-/N20/H20 and (b) OH/H20 
(air free). Based on the product yields of the two systems, non-linear fitting 
computations were performed including all possible reactions; a value of 
k(H + HzO) = 10 + 2 dm3 mol-’ s-l was determined. The share of each 
individual reaction leading to the formation of Hz was also deduced. 

1. Introduction 

From the abundant published data on aqueous solutions it is well 
known that the primary products of liquid water photolysis are H, OH and a 
small amount of evaq (e.g. refs. 1 - 7). Their quantum yields are strongly 
dependent on the excitation energy [3, 61, and their initial distribution, 
particularly when UV sources of low intensity are used, can influence the 
reaction probability in the bulk of the solution markedly. In many respects 
the knowledge of the fate of the hydrogen atoms is of special interest, 
especially when the rate constant for the reactions of hydrogen atoms with a 
very diluted solute (less than lo-* mol dmm3) is less than 10’ dm3 mol-1 s-l. 
Although the behaviour of hydrogen atoms in aqueous solutions in the 
pH range 0 - 14 is well understood, nothing is known about their reactivity 
towards water, with the exception of the corresponding rate constant 
k (eeaq + HzO) of e-,, (the second form of hydrogen atoms), which is 16 dm3 
mol-l s-1 at pH 11 IS]. It rises to 27 dm3 mol-’ s-l at EjH 13. The aim of 
this work was to determine the rate constant of reaction (l), which is 
effectively the back reaction of the well-known reaction (2): 

H+HzO 
kl 

----_Hz+OH 
kz 

(172) 

*In part reported at the Workshop on Far UV Spectroscopy and Photochemistry, 
Miilheim/Ruhr, F.R.G., February 1981. 
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3. Computer simulations 

Although the systems studied are relatively simple, several reaction 
pathways may lead to the analytically determined final products. Hence, in 
order to obtain a more consistent reaction mechanism for the explanation of 
product formation, computer simulations were performed. These were 
founded on the applied irradiation dose and on the quantum yields of the 
primary photolytic products of Hz0 and OH- and also of NzO in the first 
system. The effect of the ionic strength of the alkaline solutions on the 
k values used was taken into account. For the computations the WR 16 
program by Schmidt [ 18,191 was adapted for the CDC computer of Vienna 
University. 

4. Results and discussion 

For simplicity the two systems investigated will be presented and 
discussed separately. 

4.1. Photolysis of the OH-/NzO/Ei20 system 
The molar extinction coefficients e for the three absorbing components 

(OH, HzO, NzO) at 184.9 nm were determined by direct spectrophotometry 
and are given in Table 1. They were found to be in good agreement with 
published data [20 - 231. The yields of the final products (H,, Na and H202) 
were first studied as a function of the UV dose. The initial values determined 

TABLE 1 

Individual absorption of Hz 0 and OH- at various pH 
values for N2 O-saturated aqueous alkaline solutions 

PH Substance Optical density 
(cm-l (%)) 

10 OH 
H2O 

N2O 
11 OH- 

H2O 

N2O 
12 OH- 

H20 

N2O 
13 OH 

H2O 

N2O 

0.37 (11.60) 
1.65 (51.72) 
1.17 (36.68) 
3.70 (65.75) 
1.65 (25.31) 
1.17 (17.94) 

37.0 (92.92) 
1.65 (4.14) 
1.17 (2.94) 

370.0 (99.24) 
1.65 (0.44) 
1.17 (0.31) 

E~~s(H 0) = 2.97 X 10e3 m2 mol-’ ; tl c(OH-,,,) = 
370 m !f- B mol_l;f185(N20) = 5 m2 mol- . 
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Fig. 1. Yields of Hs, Ns and Hz02 (HOa-) in N20 saturated solutions: 0, 0, A, experi- 
mental data; -, calculated values. 

and the quantum yields & are given in Fig. 1 as individual points. They 
represent mean values of several separate experiments. The yield of N2 
results from the direct photolysis of N20 f2] and also from the scavenging 
of eFp9 [24]. With increasing pH of the solution the absorption by N20 
decreases gradually and hence so does the role of direct N20 photolysis. 
However, the amount of N2 produced in the scavenging process rises cor- 
respondingly. Direct photolytic decomposition of H202 can be neglected 
because of the low concentration of HsO2 : we found only Q(O2) = 2.5 X 10S4. 
With long time irradiations, higher O2 yields were observed. 

The changes in concentration of the primary species (H, OH and O-, 
em,, as well as 0, which results from N20 photolysis) together with the final 
products were calculated as a function of time. The set of reactions given in 
Table 2 with the corresponding k values was used for this purpose. First, 
computations were carried out excluding reaction (1) and the result is shown 
as Fig. 2, curve 1. As can be seen, the curve is far below the experimental 
data. In the next step, it was assumed that reaction (1) takes place, and 

computations with various rate constants (100,50 and 10) were performed. 
The best fit was obtained with k(H + H20) = 10 dm3 mol-’ s-l, as shown in 
Fig. 2, curve 3. Taking this k value for reaction (1) in combination with 
reactions (2) - (19) and the corresponding rate constants (Table 2), we 
computed the yieIds of the final products and these are presented as the full 
lines in Fig. 1. The very good agreement between the experimentally deter- 
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TABLE 2 

Reactions and rate constants 

Reaction Rate con&w& 
k (dmg mol-l s-l) 

Number 

H+HzO 
OH+Hz 
H+H 
H+OH 
H+OH- 
OH+OH 
OH+OH 
0- + Hz0 
0- + H2 
O-+OH 
H+ + H02- 
OH+H202 
0- + HzOz 
OH + H02- 
0- + HO2- 
H’ + OH- - 
e ae +N20 
H+N20 
0+H20 

e aq +H20 

+H2+OH 
-H+H20 

- H2 
- Hz0 

--c e-au 
d Hz’32 
.+O-+HsO 
-+OH+OH 
+H+OH 
--L HOg 

* H202 
-c Hz0 + H+ + 02- 
-. Hz0 + O,- 
4 Hz0 + 02- 
+ OH- + 02- 
* Hz0 
+ N2 +OH+OH- 
+N2+OH 

+ Hz02 
-+ H2 + OH- 

- - 
e_aq + e aq -. H2 + 20H- 
e ,*H -+ H2 + OH- 

- 
e aq + H’,, --+ H 

- 
e aq+OH --f OH (homogeneous) 
- 

e sq+HgOg-OH+OH- 
- 

e aq+H02-+O-+OH- 

lO* 2p 
6.0 x 10’ 
1.5 x 1o1* 
7.0 x loa 
1.2 x lo7 
6.0 x 19’ 
3.6 x lOa 
4.6 x lo4 
1.8 x lo7 
2.6 x 1O1* 

(pK 11.85) 
4.5 x 10’ 
5.0 x lo7 
7.0 x lo* 
8.1 x 10’ 

(K,, = 1.832 x lo=) 
5.6 x log (pH < 11) 
1.2 x lo4 
1.0 x lo2 

16 (pH < 11) 
22 (pH 12) 
27 (pH 13) 

4.5 x 109 
2.5 x 1O1* 
2.4 x lOlo 
3.0 x 1o1* 
1.3 x 1P 
3.5 x log 

(1) 
(2) 
(31 
(4) 

;5; 
(7) 
(3) 
(9) 

(10) 
(11) 
Cl21 
(13) 
(14) 
(15) 
(16) 
(17) 
(16) 
(19) 
(20) 

(21) 
(22) 
(23) 
(24) 
(25) 
(261 

The rate constants of the reactions used for the computer simulations are taken from refs. 
25 and 26. Reactions (1) - (19) were considered for solutions saturated with Ng 0. For 
solutions saturated with argon the computations were based on reactions (I) - (16) and 
(20) - (26). 
Vhis work. 

mined and the calculated product yields is further evidence for the con- 
sistence of the computed rate constant kl . 

4.2. Photolysis of the OH-/I-r,0 system (air free) 
In this case, only two components (OH- and E&O) are absorbing the 

incident light of 184.9 nm. Their absorption characteristics were redeter- 
mined and are presented in Table 3. The initial yields of the final products 
(H, and H202) are mean values of several determinations and the quantum 
yields at the applied pH are shown in Fig. 3, again as single points. 

Computer simulations were performed to explain the formation of H2 
in solutions saturated with argon and were based on the same assumptions as 
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Molecules - 
ml min - 

IO II 12 13 PI-4 

Fig. 2. Computed data for Hz formation for different assumptions in solutions saturated 
with N20: A, experimental yields of Hz; curve 1, from the set of reactions in Table 2, 
reaction (1) was omitted; curve 2. from the set of reactions in Table 2, reaction (1) was 
considered with kl = 100 dm3 mol-’ s-l ; curve 3, from the set of reactions in Table 2, 
reaction (1) was considered with kl = 10 dm3 mol-l 8-l. 

TABLE 3 

Individual absorption of OH- and Hz0 at various pH 
values for argon-saturated alkaline aqueous solutions 

PH Substance Optical density 

(cm-l (%)) 

10 OH 

H20 
11 OH 

H2O 
12 OH- 

J32O 
13 OH- 

H2O 

0.37 (18.32) 
1.65 (81.68) 
3.70 (69.16) 
1.65 (30.84) 

37.0 (95.73) 
1.65 (4.27) 

370.0 (99.56) 
1.65 (0.44) 

~lea(H20) = 2.97 x 10e3 m2 mol-’ ; EI~s(OH-) = 
370 m mol-l. 

mentioned above. The best fits of the computed data with the experimental 
points were again obtained with k(H + H20) = 10 f 2 dm3 mol-’ s-l. The 
results are presented in Fig. 4. All assumptions made for the 0H/N20/H20 
system are also appIicable in this case. 

Again, using kl = 10 dm3 mol-’ s-l in the set of reactions (1) - (16) 
and (20) - (26) in Table 2 the yield of H202 (HOz-) was calculated and is 
presented in Fig. 3. In this case also a very good correspondence with the 
experimental data is observed, which confirms the kl value. 

In the course of studying the photoreduction of HzOz by hydrogen 
atoms Field et al. 1271 observed an additional consumption of hydrogen by 
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10'5 

10 11 12 13 pti 10 11 12 13 pu 

Fig, 3. Yields of Hg and Hz02 (HOz-) produced in argon-saturated alkaline aqueous 
solutions: 0, 0, A, experimental data; -, - - -, calculated values. 

Fig. 4. Computed data for Hz formation for different assumptions in solutions saturated 
with argon: A, experimental yields of Hz ; curve 1, from the set of reactions in Table 2, 
reaction (1) was omitted; curve 2, from the set of reactions in Table 2, reaction {l) was 
considered with kl = 100 dm3 mot-f s-l ; curve 3, from the set of reactions in Table 2, 
reaction (1) was considered with kI = 10 dm3 mol-l s-l. 

an unknown pseudo-first-order reaction with a rate constant k’(H + X) of 
600 s-l. Assuming that this process is identical with reaction (1 ), we can 
calculate its rate constant by dividing k’ by the molarity of water (55.6); a 
value of k(H + HzO) = 10.8 dm3 mol-’ s-l was obtained. This is in accor- 
dance with the value determined for our system and is further evidence for 
our postulation. 

Considering the kinetics of reaction (Z), which is the back reaction of 
hydrogen attack on water, namely 

kl 
H+H20,~ HBfOH (19 2) 

k2 

and taking kl = 10 dm3 molS1 s-l and k2 = 6 X 10’ dm3 mol-’ s-l, we 
deduced a free energy AG of approximately 10 kcal mol-’ (approximately 
42 kJ mol-l) for reaction (1). It is difficult to elaborate precisely, from 
possible rearrangements of the solvation shell, the difference between the 
AG value based on the kl and k2 values and the AG value calculated from the 
heat of formation and solvation. The interpretations by Henglein [28] for 
e,, , H+aq ad Has, based on such rearrangements, may be suggestive in some 
way, but the thermodynamics of that reaction are far from clear at the 
moment. In addition, it should be mentioned again that emaq and H are only 
alkaline and acid forms of each other. Reaction (I) is further justified by the 
similarity of the electron spin resonance spectra of H and e,, in water and 
in other solvents. This can be interpreted as comparable structures of both 
species in the potential field of the solvent [23]. As eSaq reacts with Hz0 
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with a reaction rate of about 16 dms mol-’ s-l (pH Q ll), a similar process 
for the hydrogen atoms can be expected with a rate of about the same order 
of magnitude. Hence, earlier experiments to try to find a pseudo-first-order 
reaction for Ha formation by reactions involving HsO’ or H20* [ 29 - 311 
can be considered as problematic [ 231. 

ff we compare the results of Figs:2 and 4 an increase in Ha formation 
in solutions saturated with argon is observed. This effect is assigned to the 
reactions of the solvated electrons, which are scavenged by NaO in the first 
system : 

- 
e.,+HaO + Ha+OH (20) 

emaa + e-,, + HP+20H-- (21) 
- 

e..+H + Ha+OH- (22) 

These reactions influence the steady state concentration of hydrogen atoms 
and emaQ and finally lead to Ha formation. Beyond that, the rate of reaction 
(20) shows an increase from 16 to 27 1 mol-l s-l if the pH increases from 
10 to 13 (see Table 2), because of the ionic strength [ 32,331. In our case the 
influence of the ionic strength of the solutions was taken into consideration. 
If we further take into account the results of Grossweiner and Baugher [34] 
for the geminate recombination of emaq, and with a quantum yield of unity 
for the excitation of OH-, only 27% of the initially excited OH leads to the 
formation of free solvated electrons eFrq. Instead of geminate recombination 
this can also be interpreted as an energy transfer from the initially Rydberg 
antecedents to the longer-lived charge transfer to solvent (CTTS) state and 
subsequent deactivation as the main pathway [35 - 37 1. This also shows the 
postulated interference of the election scavenger NaO in the CTTS state. 

On the basis of these conclusions it was further possible to calculate the 
percentage which each reaction (l), (3), (21) and (22) contributes to Hz 
formation. The hydrogen formed (in percentage) in the investigated pH range 
10 - 13 is presented in Table 4. The changes in the relative absorption and in 
the e,,--H equilibrium are found to be responsible for the observed Ha yields. 
It should be mentioned that of the various known k4 values only the value 
given in Table 2 seems to be reasonable [ 381, since it was specially checked 
by our computation procedure. 

TABLE 4 

The share of each reaction in forming Hz at different pH values 

PH H2 from HZ from 
H+H20(%) H+H(%) 

H2 from 
eew + emq (%) 

HZ from 
eBq +H(%) 

10 97.59 0.8 0.24 1.37 
11 88.27 0.2 8.0 3.53 
12 41.5 0.01 56.0 2.49 
13 8.1 - 90.70 1.20 
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Finally it should be pointed out that the k(H + HzO) value determined 
has to be considered for all photolytic (X < 200 nm) and radiolytic processes 
of aqueous solutions where the solute concentration is low (less than 10d4 
mol dmw3) and its reactivity with hydrogen atoms is relatively small (k G 
lo7 dm3 mol-a s-l). 
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