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Using the polarization model to represent all interactions present, classical dynamical trajectories have been 
numerically generated for reactive collisions between hydronium and hydroxide ions. The four isotopic 
variants have been examined that are possible with reactants H,O+, 0,0+, OH-, and 00-; 100 trajectories 
were created for each case. The results show a marked tendency for energy released by the neutralization to 
be concentrated on that water molecule whose oxygen originated in the hydroxide anion. Significant isotope 
effects appear in the various product distributions, the primary determinant of which is the mass of the 
transferred hydrogenic particle. These effects appear to stem from differences between the respective lifetimes 
of the reaction complexes. 

I. INTRODUCTION 

The polarization model1 was originally devised to 
represent interactions in the condensed phases of water, 
under circumstances where the ionic dissociation pro­
cess was important: 

(1.1) 

However the generality of this model also confers upon 
it an immediate relevance to certain gas-phase pro­
cesses such as ion hydration dynamics, 2 and the neu­
tralization reaction occurring between acid-base clus­
ter pairs. 

In a previous publication3 we have studied one of the 
simplest of the gas-phase neutralization reactions, 
namely that involving the hydronium cation and the hy­
droxide anion: 

(1.2) 

The polarization model supplied the potential energy 
function over the full multidimensional space as re­
quired, and the trajectories were generated by classi­
cal mechanics. We argued that the classical descrip­
tion (in contrast to the less feasible use of quantum 
mechanics) was justified by the large energy released 
in Eq. (1. 2), by the fact that equal numbers of chemi­
cal bonds are present before and after reaction (can­
celling zero-point energies), and by the averaging over 
trajectories. 

According to the polarization model, the reactants in 
Eq. (1.2) lie 217.506 kcal/mol higher in energy than 
products (all assumed unexcited and non interacting) . 
The principal conclusion emerging from our prior study 
of Reaction (1.2) is that a strong asymmetry exists in 
apportioning this available energy between the two prod­
uct water molecules. That molecule whose oxygen 
originated in the hydroxide anion tends to carry away 
more of the reaction energy than does the other mole­
cule formed with the hydronium oxygen. This asym­
metry is striking enough to demand experimental study 
and verification. However it is obvious that asym­
metry cannot be detected with experimentally indis­
tinguishable product mOlecules. 

The straightforward means of introducing the required 

distinguishability is isotopic substitution. Consequently 
we have expanded our dynamical study to include the 
following isotopic variants of Reaction (1. 2): 

H30++OD-- H20 +HDO; 

D30+ + OH- - D20 + HDO ; 

D30+ + OD- - D20 + D20 . 

(1. 3) 

(1.4) 

(1. 5) 

In all cases it has been supposed that the oxygen is the 
common isotope 0 16 • Only cases (1.3) and (1.4) have 
direct experimental Significance, but in this paper we 
compare results for all four cases to reveal inherent 
influences of isotopic substitution. 

It should be noted at the outset that the polarization 
model is manifestly an ionic picture of molecules and 
chemical bonding. Therefore no provision exists for 
molecules to fragment into neutral radicals, i. e., H 
and OH for water. We believe this represents a rela­
tively unimportant channel in the present study. 

Section II outlines the dynamical conditions under 
which the reactive collisions have been studied. Section 
In discusses some details of the trajectories generated, 
specifically which hydrogenic particle is transferred. 
Section IV contains our results on energy distribution 
between product molecules. We conclude the paper in 
Sec. V with discussion of and predictions for some re­
lated neutralization reactions. 

II. DYNAMICAL CONDITIONS 

We have followed the same basic procedure used ear­
lier, basing our calculations on the "PM6" version of 
the polarization model (see Appendix in Ref. 3). For 
each of the four isotopic reaction variants, Eqs. (1.2)­
(1. 5), 100 trajectories were generated and used to cal­
culate properties reported below. The 100 for Reaction 
(1. 2) were independent of those generated in our pre­
vious study, so intercomparison of the two sets of re­
sults for this case helps to gauge statistical reliability 
of the procedure. 

To initiate each trajectory, the reactant ions in their 
most stable structures were placed first in the standard 
configuration shown in Fig. 1. This standard configura­
tion defines a Cartesian coordinate system with the z 
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(0) STANDARD CONFIGURATION 

(b) RANDOMLY ROTATED REACTANTS 

FIG. 1. Initial configurations for generation of the reactive 
collisions. The centroids of the reactant ions are placed ap­
proximately 20 A apart along the z axis. with overall center of 
mass at z = O. Random orientations are then applied to both 
ions (Euler angles 0<10/310 'Yt for hydronium; Q 2 .132 , 'Y2 for hy­
droxide). In this diagram H, can be either isotope H or D. 

axis collinear with the symmetry axes of the ions. The 
ions are placed so that in the case for which all hydro­
gens are the light isotopic species H the reactant cen­
troids are 20 A apart; the overall center of mass in this 
case is used to define the coordinate origin. The 
standard configuration for the other isotope choices are 
the same, though the reactant ion centroids will then be 
slightly more than 20 A apart on the z axis. The dis­
tance between oxygens is 19.894 A in the standard con­
figuration. 

Next, Euler angles are generated for random rota­
tions of the reactant ions about their respective cen­
troids. Figure 1 shows that the z axis serves as polar 
axis for the first Euler angle (at for hydronium, a2 for 
hydroxide) in the triad of Euler angles describing the 
rotation of each ion. In order to minimize statistical 
uncertainty we chose to employ the same set of rotation 
angles (at. (3j, 'Yt. a2. ~,'Y2) for initiation of four trajec­
tories, one for each of the isotopic variants (1. 2)-(1. 5). 

The dynamics investigated here correspond to reac­
tants that infinitely far in the past were infinitely sepa­
rated and had no translational, rotational, or vibra­
tional excitation. By falling toward one another under 
their mutual electrostatic attraction the ions have been 
supposed to gain only translational motion by the time 
that they reach the approximately 20 A separation at 
which the detailed trajectory calculation begins. Con­
sequently equal velocities VI (in the + z direction) are 
assigned at this position to each of the four particles 
comprising the hydronium cation, while velocities V2 

(in the - z direction) are assigned to the two particles 
comprising the hydroxide anion. The magnitudes of VI 

and V2 depend on which isotopes are present, and they 

are assigned so that (a) the overall center of mass re­
mains stationary, and (b) the initial kinetic energy at 
this computational starting point is attributable to the 
change ~<I> in potential energy experienced by the reac­
tants as they are brought inward from infinity to the 
given configuration. Clearly ~<I> will depend somewhat 
on the random orientations applied to the ions, but it is 
invariably negative on account of the dominating influ­
ence of charge-charge attraction. 

Several options exist for monitoring the course of 
reactive collisions. We have found that a convenient 
and revealing way is to observe time variation of the 
quantities So and SH' the rms distances respectively of 
the oxygens and the hydrogens from the fixed system 
center of mass. 

As discussed below there is some variation in the 
times necessary for ions to COllide, react, and eject the 
pair of resulting water molecules. Consequently we 
have applied a termination criterion at which numerical 
integration of the dynamical equations is halted that 
specifically accounts for such variation. During the 
course of the integration procedure the time was identi­
fied at which So (t) had risen to twice its initial value 
So(O). This could only occur if the neutralization reac­
tion had indeed been completed, and places the two prod­
uct water molecules approximately 40 A apart while 
receding rapidly from one another. The trajectory was 
then followed for 1 ps longer, and over this last 1 ps 
interval various kinetic energy averages were evaluated 
for the essentially noninteracting products. At the final 
configuration, energies and angular momenta for the 
individual molecules (the conserved quantities for the 
asymptotic regime) were tabulated. 

III. COLLISION DYNAMICS RESULTS 

Figures 2-5 show how SoU) varies during reaction for 
one of the trajectory quadruplets (#53 in each set of 
100). They correspond respectively to Eqs. (1. 2)­
(1.5), i. e., to increaSing total mass. We stress once 
again that rotation angles for ions were identical for 
these four trajectories. We present these four to illus­
trate features encountered repeatedly throughout the en­
tire study. The corresponding SHU) curves are Similar, 
except for somewhat more obvious vibrational fine 
structure. 

Figures 2 and 3 both involve transfer of light hydrogen 
ions H+. Here the reaction is "simple, .. with So(t) ex­
hibiting a single minimum. The ions achieve this mini­
mum separation at roughly D.3 ps, H+ transfer imme­
diately occurs, and the large energy released drives 
the products rapidly away. By contrast Figs. 4 and 5 
show double minima for the two cases involving transfer 
of the heavier 0+. Evidently in these latter two cases 
the transfer was not effected on first encounter, but re­
quired rebound and second collision between still-ionic 
fragments. Such rebound collisions were encountered 
before in our prior study of Reaction (1. 2), though rare­
ly. It appears that deuteration of the cation markedly 
increases the chance for these rebounds, or relatively 
long-lived complexes, to occur. We find the following 
frequencies of such events: 
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FIG. 2. Time variation of So for Reaction (1. 2), trajectory 
"53. 

Eq. (1. 2): 1/100, 

Eq. (1.3): 3/100, 

Eq. (1.4): 20/100. 

Eg. (1. 5): 18/100. 

(a.!) 

Our earlier study3 revealed a strong correlation be­
tween Euler angle at describing the hydronium orienta­
tion at the initial 20 A separation and the identity of the 
particle transferred. Figures 6-9 show plots for the 
four cases of the transfer probabilities versus a I for 
the three hydrogen ions. Figure 6 confirms our earlier 
observation. showing reasonably clear separation in a 1 

H20 + HDO 
M ,---....,..--"1"/---------, 

4.0 

3.0 

0 
Ul 

2.0 

1.0 V 

0.0 L-_______ -..... _______ ---' 
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FIG. 3. Time variation of So for Reaction (1.3), trajectory 
453. 

o en 

D 0+ + OH 
3 D20 + HDO 

5.0 r----r-------..,..;;.-------, 
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FIG. 4. Time variation of So for Reaction (1.4), trajectory 
#53. 

for the three distinct transfer possibilities when the 
pure-light-isotope case (1. 2) is involved. Figure 7 
shows that this separation pattern is nearly preserved 
when only the anion is deuterated. But when the cation 
is deuterated (Figs. 8 and 9) the distributions spread 
out much more and overlap along the al axis. Two 
classes of results thus arise. distinguishable by the 
mass of the particle being transferred. This correlates 
in turn with the rebound fractions (3.1). An obvious 
explanation is that infall from 20 A twists the hydronium 
relatively little (a l controls which of the three hydro­
gens initially points toward the recipient hydroxide). but 
that rebounds tend to reorient strongly. 

D 0+ + OD 
3 

... 
5.0 ,.....----r-------,-------, 

4.0 

3.0 

0 
t/) 

2.0 

10 

0.0 L-_______ ......... _______ --:-' 

0.0 0.5 1.0 
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FIG. 5. Time variation of So for Reaction (1. 5), trajectory 
#53. 
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H 0+ + OH ~ 2(H2O) 
3 

[01 H2 H3] 

>, 
() 

.: 
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0' 
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() 
() 

0 

[01 HI H2] 

0.0 90.0 180.0 270.0 360.0 

Cl l 

FIG. 6. Occurrence frequencies for specific hydrogen trans­
fer vs initial Euler angle Oil' These results refer to the pure­
light-hydrogen case, Reaction (1.2). The brackets for the 
three plots indicate which particles (as named in Fig. 1) com­
prise the product water molecule originating in the hydroniums 
(black, shaded, and white histograms indicate HI> H2, and Ha 
transfers, respectively). 

Figure 10 presents the entire set of "reaction chan­
nel" identifications for the 400 trajectories, indicating 
schematically which numbered hydrogen transfers. In 
each horizontal row the results shown correspond to in­
creasing overall mass from left to right, i. e., Reaction 
(1. 2) is at the left, (1. 3) is next, followed by (1.4), and 
the fully deuterated (1. 5) is at the right. It is interest­
ing to note the number of changes in hydrogen label that 

H 0+ + OD ~ H20 + HDO 3 

[01 H2 H3] 

>, 
() 

.: 
II) 

;:l 
0' 
II) [01 HI H3] .!: 
II) 
() 

.: 
I() .. .. 
;:l 
() 
() 

0 

[01 HI H2] 

0.0 270.0 360.0 

Cl l 

FIG. 7. Occurrence frequencies for specific hydrogen trans­
fer vs Euler angle Oil> for Reaction (1.3). 

D 0+ 
3 

>, 
() 

.: 
II) 

;:l 
0' 
II) 

.!: 
II) 
() 

.: 
II) .. .. 
;:l 
() 
() 

0 

0.0 

+ OH 

90.0 

~ 

180.0 

a l 

D20 + HDO 

[01 D2 D3] 

[01 Dl D3] 

270.0 360.0 

FIG. 8. Occurrence frequencies for specific hydrogen trans­
fer vs Euler angle Oil> for Reaction (1. 4). 

occur across each of the three mass increases. In 
passing from Reaction (1. 2) to Reaction (1. 3) only three 
changes occur. Between Reactions (1.3) and (1.4) 
however 33 changes occur. Between Reactions (1.4) 
and (1. 5) there are 18 changes. Once again we see that 
replacement of transferring light hydrogen by more 
massive deuterium tends to complicate the outcome of 
the reaction dynamics. 

Distributions of product scattering angles relative to 
the fixed z axis in Fig. 1 have been calculated. These 
distributions are isotropically distributed around the z 
axis of course, but can vary in polar angle. Figures 

D 0+ 
3 + 

>, 
() 

.: 
II) 
;:l 
0' 
II) 

.!: 
I() 
() 

.: 
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;:l 
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0.0 90.0 

OD 

160.0 

a l 

~ 2(D2O) 

[01 D2 D3] 

[01 Dl D3] 

270.0 360.0 

FIG. 9. Occurrence frequencies for specific hydrogen trans­
fer vs Euler angle aI' for Reaction (1. 5). 
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reaction channel 

1 •••• 
2 ••• 0 
30000 
4 •••• 
50000 
6 •••• 
700 •• 
B •• OO 
9 •••• 

10 •••• 
11 •••• 
1200 •• 
13 •••• 
14 •••• 
15 •• 0. 
16 •••• 
17 •••• 
16 •••• 
19 •••• 
20 ••• 0 
21 •••• 
22 •••• 
23 •••• 
24 •••• 
25 •••• 
26 •••• 
270000 
2B 0000 
29 •••• 
300000 
31 •••• 
32 DODD 
33 •••• 
34 •••• 

35 •• 00 
36 DODD 
37 •••• 
38 DODD 
3900 •• 
40 DODD 
41 ••• 0 
42 DODD 
43 •••• 
44 DODD 
45 •••• 
46 •••• 
47 DODD 
48 •••• 
49 •• 0. 
50 •••• 
51 DODD 
52 •••• 
53 ••• 0 
54 •••• 
55 •••• 
56 •••• 
57 •••• 
56 •••• 
59 •••• 
60 DODD 
61.00. 
62 •••• 
63 •••• 
64 DODD 
65 •• 00 
66 •• 00 
67 •••• 
66 DODD 

69 DODD 
70 •••• 
71 •••• 
72 DODD 
7300 •• 
74 •••• 
75 •••• 
76 •••• 
77 ••• 0 
78 •• 00 
79 •• 0. 
80 •••• 
81 •••• 
82 •••• 
83 ••• 0 
84 •• 00 
85 DODD 
86 DODD 
87 •••• 
8800 •• 
89 •••• 
90 •••• 
91 •••• 
92 DODD 
93 ••• 0 
94 DODD 
95 •••• 
96 DOD. 
97 •••• 
9800.0 
99 •••• 

100 DODD 

FIG. 10. Identity of transferred hydrogen for all 400 trajec­
tories. Overall mass increases from left to right, i. e .• the 
reactions appear in the order: O. 2). (I. 3). (1. 4), and (1. 5). 
Black rectangles indicate that HI has transferred, while 
shaded rectangles represent H2 transfers and white rectangles 
denote H3 transfers (see Fig. 1). 
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FIG. 11. Distribution of product directions (relative to the z 
axis in Fig. 1) for Reaction (1.2). Black and shaded bars 
refer respectively to hydroxide and hydronium waters. 
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FIG. 12. Distribution of product directions for Reaction (1.3). 

11-14 show the distributions of angles (bin width 5°) for 
the emerging neutrals, obtained from the molecular 
centroids at the end of each computed trajectory. The 
distributions are different from one another, but once 
again the isotopic mass of the transferring hydrogen ion 
exerts the dominant influence. For W transfer [Figs. 
11 and 12, Reactions (1. 2) and (1. 3)] the products 
emerge strongly collimated in forward and backward 
directions; the collisions are usually "simple" and lin­
ear. By contrast D+ transfer [Figs. 13 and 14, Reac­
tions (1. 4) and (1.5)] has a greater angular spread of 
emerging neutrals. Evidently the time elapsed during 
the frequent rebounds is enough to permit rotation of 
the reaction complex, so the hot neutrals are then 
kicked away off of the z axis. 

CI> 
() 

.: 
CI> ... ... 
~ 
() 
() 

o 

D 0+ + OH 
3 

11.11 
0.0 90.0 

exit angle 

• 11.1 
180.0 

FIG. 13. Distribution of product directions for Reaction (1.4). 
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FIG. 14. Distribution of product directions for Reaction (1. 5). 

IV. ENERGY DISTRIBUTIONS 

The energy of a stationary water molecule at its me­
chanical equilibrium geometry is -1032.924 kcal/mol 
according to the polarization model. The excess energy 
that product water molecules bear after the reactive 
collision resides partly in their center-of-mass transla­
tional motion, and partly in the internal motion of cou­
pled rotation and vibration. 

Figure 15 presents the distributions of final energies 
found for the two water molecules created by Reaction 
(1.2). It is very clear from the figure that those mole-

>-
() 

C 
III 
;:I 

"" III 
.t 
III 
() 

C 
III ... ... 
;:I 
() 
() 

0 

-1050.0 

H 0+ + OH 
3 

Etotalkcal/mole 
-800.0 

FIG. 15. Distributions of energies for the water molecules 
produced by Reaction (1.2). Shaded bars refer to water mole­
cules originating as hydronium, black bars refer to water 
molecules originating as hydroxide. 
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;:I 
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-1050.0 
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FIG. 16. Distributions of energies for the water molecules 
produced by Reaction (1.3). 

cules whose oxygen originated in the hydroxide anion 
(black bars) tend to be more highly excited than those 
whose oxygen originated in the hydronium (shaded bars). 
This accords with the findings reported in Ref. 3. The 
respective average energies of excitation were found to 
be 136.2 and 81. 3 kcal/mol. 

Figure 16 shows the corresponding product energies 
for the deuterated-anion case, Reaction (1. 3), where as 
before the light isotopic species H+ is transferred. Once 
again the distributions are rather well separated, with 
the water molecules (now HOO) formed from the anion 
tending to be the more strongly excited. The average 
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FIG. 17. Distributions of energies for the water molecules 
produced by Reaction (1. 4). 
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FIG. 18. Distributions of energies for the water molecules 
produced by Reaction (1. 5) • 

excitation energies are now 143. 1 kcal/mol (for HDO) 
and 74.4 kcal/mol (for H20). Comparison of Figs. 15 
and 16 seems to suggest that the single anion deutera­
tion has produced a shape change in the distributions, 
with the latter case exhibiting greater breadth. 

Figure 17 presents the energy distributions for Reac­
tion (1. 4), where now D+ transfers. Once more the 
water originating in the anion tends to have the larger 
energy, but the distributions overlap more than before. 
The average excitation energies are found to be 129.9 
kcal/mol (for HDO) and 87.6 kcal/mol (for D20). 
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FIG. 19. Distributions of excess internal energy for the water 
molecules produced by Reaction (1. 2). Black and shaded bars 
refer respectively to hydroxide and hydronium water. 
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FIG. 20. Distributions of excess internal energy for the water 
molecules produced by Reaction (1. 3). 

The distributions shown in Fig. 18 refer to Reaction 
(1. 5) for the fully deuterated species. These resemble 
those in Fig. 17 more than those in Figs. 15 or 16, 
again illustrating the primary importance of the mass 
of the transferred hydrogenic particle. The average 
excitation energies for this last case are 130.1 kcal/ 
mol (020 from 00-) and 87. 4 kcal/mol (D20 from 0 30+). 

The distributions of excitation energies shown in Figs. 
15-18 contain contributions both from translational ki­
netic energy and from internal motions. Since these are 
separable it is desirable to isolate the contribution of 
the latter in its own distributions. Figures 19-22 do 
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FIG. 21. Distributions of excess internal energy for the water 
molecules produced by Reaction (1. 4). 
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FIG. 22. Distributions of excess energy for the water 
molecules produced by Reaction (1. 5). 

just that by presenting for Reactions (1. 2)-(1. 5), in or­
der, the excess internal energies found in product water 
molecules. The same pattern continues to emerge. 
These internal degrees of freedom tend on average to 
be much more highly excited for the "anion" water than 
for the "cation" water. Furthermore the change from 
H+ transfer (Figs. 19 and 20) to 0+ transfer (Figs. 21 
and 22) again causes the distributions to overlap more. 

Yet another view of the difference in extent of inter­
nal excitation for the product molecules emerges from 
time-averaged kinetic energies. The kinetic energy 
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FIG. 23. Distributions of time-averaged kinetic energy of 
internal motion for the water molecules produced by Reaction 
(1.2). Black and shaded bars refer respectively to hydroxide 
and hydronium waters. 
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FIG. 24. Distributions of time-averaged kinetic energy of 
internal motion for the water molecules produced by Reaction 
(1. 3). 

associated with internal degrees of freedom is not a 
conserved quantity, but its time average exists. We 
have used the last ps of each trajectory to compute 
these averages; this should be a satisfactory interval 
considering the frequencies involved. Figures 23-26 
display the respective distributions for Reactions (1.2)­
(1.5). The previous themes continue to be illustrated. 

Our prior publication3 reported excess kinetic energy 
distributions of internal motion for the light-isotope­
reactant case (1. 2). That Fig. 23 so closely resembles 
this earlier result reinforces the contention that 100 
trajectories is a sufficiently large set to reveal principal 
features of the neutralization reaction. 
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FIG. 25. Distributions of time-averaged kinetic energy of 
internal motion for the water molecules produced by Reaction 
(1.4). 
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FIG. 26. Distributions of time-averaged kinetic energy of 
internal motion for the water molecules produced by Reaction 
(1.5). 

V. DISCUSSION 

The calculations reported in this paper reaffirm the 
phenomenon reported in Ref. 1, namely that in the 
hydronium-hydroxide neutralization reaction the energy 
released tends to concentrate on the hydrogen-ion reci­
pient molecule. Although this phenomenon persists 
under partial or complete deuteration significant isotope 
effects are present, the most important determinant of 
which is the mass of the transferred particle. These 
results have obvious implication~ for the experimen­
tally interesting cases represented by Reactions (1. 3) 
and (1.4). 

It is natural to speculate at this stage that the energy 
asymmetry between proton (or deuteron) donor and 
acceptor fragments may have wide applicability. For 
example, the reaction which generalizes those consid­
ered above, 

(5.1) 

may exhibit analogous behavior for n> 1. In particular 

the energy distribution functions for those water mole­
cules originating in the anionic reactant might exhibit 
higher degrees of excitation compared to those originat­
ing in the cationic reactant. This speculation is suscep­
tible to study by straightforward extension of the calcu­
lations reported here. 

It would also be worthwhile to pursue study of analo­
gous proton transfer reactions such as the following: 

H2 F+ + F- - 2HF ; 

NH4 + NH2 - 2NH3 . 

(5.2) 

(5.3) 

Polarization model potentials have in fact already been 
determined both for the hydrogen fluoride system4 and 
for the ammonia system. 5 The dynamical stUdies (in­
cluding isotopic effects) should be comparable in dif­
ficulty to that reported in this paper. 

Finally we remark that the polarization model and the 
dynamics it generates are also applicable to proton 
transfer reactions of the type 

(5.4) 

where B is a better Lewis base than A, i. e., B has a 
greater proton affinity than A. An example would be 
H20 and NH3 for A and B, respectively. Much less en­
ergy is released in this class of transfer reactions com­
pared to those involving neutralization. Consequently 
if excitation energy asymmetry is present it may be less 
dramatic. However Reactions (5.4) are experimentally 
attractive in that easily detectable ions are produced 
rather than just neutral molecules as in neutralization. 
In any case the polarization model is also capable of 
probing these cases as well, and we expect in the near 
future to undertake numerical studies of selected exam­
ples. 
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