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Classical Dynamics of H2O Vibrational Self-Relaxation
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ABSTRACT: The vibrational self-relaxation rate constants of the (001), (100), (020),
and (010) states of H2O from 295 to 2500 K are calculated, using ∼1.6 × 106 classical
trajectories with Gaussian binning for determining product vibrational quantum
numbers. The calculations use a new H2O−H2O potential surface obtained by fitting
1.25 × 105 ab initio geometry points at the CCSD(T)//cc-pvtz level of theory. The
resulting vibrational self-relaxation rate constants are generally within a factor of 2 of
the measured data, which are large in magnitude and tend to increase with decreasing
temperature. At lower temperatures, the calculations show long-lived (20 ps and
longer) H2O−H2O collision complexes which accompany vibrational relaxation.
Product rotational and translational energy distributions are investigated, and joint
vibrational state and molecule-specific relaxation rate constants are presented.

I. INTRODUCTION

Vibrational self-relaxation of H2O is important in combustion
and sound absorption in humid air. Vibrational self-relaxation
can be viewed as a probe of the water dimer, a fundamental
example of a hydrogen bonded system with at least 10 energy
minima1 and a rich rotational spectrum only recently measured.2

In 1977, Finzi et al. used laser-excited vibrational fluorescence to
measure the rate constants of vibrational self-relaxation of the
H2O ν3 = (001), ν1 = (100), 2ν2 = (020), and ν2 = (010) states
at 293 K.3 The measured relaxation rate constants were “the
fastest which have been measured for any molecule,”3 orders of
magnitude faster than H2O relaxing by collisions with Ar or O2
and the general range of observed rate constants for vibrational
relaxation processes. In 1989, Zittel and Masturzo measured the
vibrational self-relaxation of H2O from 295 to 1020 K with a
similar laser-induced fluorescence technique.4 They also found
large rate constant values. Furthermore, the rate constants for
vibrational relaxation increased with decreasing temperature.
This “negative temperature dependence” is opposite that of
standard models of vibrational relaxation, such as those of
Landau and Teller,5 Parker,6 and Millikan and White,7 which are
widely used to interpret vibrational kinetics data. Indeed, for
H2O “many of the well-established rules for mechanisms of
vibrational relaxation do not apply.”3 Others have noted similar
behavior for other hydrogen-containing molecular systems with
strong attractions.8

Shin modeled the vibrational self-relaxation of H2O to
understand the rate constants.9 The model used an approximate
H2O−H2O potential and a semiclassical procedure with ladder
operators and a reduced set of dynamical coordinates. The
model reproduced the measured self-relaxation probabilities of
Zittel and Masturzo4 and predicted long-lived collision
complexes which efficiently transferred energy out of the
stretching vibration to bending motion. Recently, Ch’ng et al.
used velocity map imaging and classical trajectory simulations to
investigate the predissociation of water dimer following

vibrational excitation of a local mode water O−H stretch.10

This related water dimer process also found the stretch-to-bend
vibrational pathway to be dominant. We note that a strongly
bound collision complex likely plays a key role in the vibrational
relaxation of CH(X2Π,v = 1) by N2 and CO, which is also rapid
with a negative temperature dependence.11

The present work is a re-examination of the mechanism of
H2O−H2O vibrational self-relaxation, using a new H2O−H2O
potential and modern semiclassical methods with the full set of
dynamical coordinates. The main goals are to gauge the accuracy
of these new procedures and to further understand the
dynamics, in particular the nature and role of “collision
complexes” and the detailed distribution of energy into both
H2O products. The paper proceeds as follows: Section II
describes the new potential which uses ∼1.25 × 105 ab initio
geometry points at the CCSD(T)//cc-ptvz level. Section II also
describes the classical dynamics method, including the use of
Gaussian trajectory weights and the choice of initial conditions
for the vibrational relaxation calculations. Section III describes
the results of the calculations and compares the results to the
rate constant measurements of Zittel and Masturzo.4 Section III
also examines vibrational relaxation mechanisms, including long-
lived collision complexes and detailed energy partitioning.
Section IV provides conclusions.

II. METHODS
A. Potential Surface. An analytic H2O + H2O potential

surface was created from ∼1.25 × 105 ab initio geometry points
at the CCSD(T) level with a cc-pvtz basis using the Gaussian 03
computer program.12 The intent was to create a surface accurate
up to ∼100 kcal mol−1 above the potential minimum, suitable
for examining processes up to 2500 K and for future work at
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higher energies. A very rough estimate of the number of
geometry points needed assuming 10 geometry points along 12
degrees of freedom (not taking symmetry into account) would
be ∼1012, which is clearly beyond present-day resources. The
strategy adopted in the present study sampled small but
important parts of this geometry space. Geometry points were
obtained by performing H2O + H2O direct dynamics classical
trajectory calculations at the semiempirical AM1 level of
theory.13 Geometries along these trajectories were used to
compute the CCSD(T)//cc-pvtz ab initio energies, which in
turn were fit to an analytic form.
Several batches of AM1 direct dynamics calculations were

run. Table 1 shows the initial conditions, spanning a range of

initial vibrational, rotational, and translational energy regimes
and impact parameters. For each initial condition, at least 100
AM1 direct-dynamics trajectories were run. Using a time step of
1.0 × 10−16 seconds, usually every 30th trajectory geometry
point was selected for later calculation at the CCSD(T) level.
AM1 direct dynamics calculations started at an initial H2O−
H2O distance of 5 Å and ended when the H2O−H2O products
were 5 Å apart, so both separated and interacting water
geometries were sampled. A few AM1 geometries resulted in
O−H bond breaking. The experimental ΔH0(H−OH) bond
energy is 119.2 kcal mol−1,14 but the present focus is on energies
below 100 kcal mol−1. Therefore, geometry points where any
O−H bonds were greater than 2 Å were removed from the set
used for the CCSD(T) calculations.
Of the total ∼1.25 × 105 CCSD(T) geometry energies

obtained using this procedure, the CCSD(T) minimum energy
point was −1.526 697 08 × 102 au and the maximum energy
point was −1.523 216 32 × 102 au, 218.4 kcal mol−1 above this
minimum. Figure 1 shows the 2 kcal mol−1 binned energy
distribution of CCSD(T) ab initio geometry points used in the
analytic fit, referenced to the CCSD(T) minimum. The largest
part of the distribution is between 10 and 50 kcal mol−1, with
most points below 100 kcal mol−1. The distribution of
geometries with respect to several internal coordinates, such
as the H2O internal angle and the oxygen−oxygen bond
distance, were also checked to confirm these important
quantities were being sampled over a wide range and in an
even-handed way.
The potential energy surface was constructed using a

functional form and fitting procedure described in detail in ref
15. Briefly, this procedure automatically takes into account like-
atom symmetry and has proved to be a general and robust
method. The general form of the potential is

∑= = + + + +
=

V D S x x x x m a b c o[ ... ]; ( ... )
m

M

abc o
a b c o

0
... 12 13 14 56

(1)

where the basis functions are functions of Morse variables
involving the bond distances, rij, xij = exp(−rij/a). The
summation is over all powers of the Morse variables such that
the total degree is at most M = 6, 7, or 8. Braams et al. use a
unique procedure in which symmetry is taken into account to
eliminate redundancies in the potential (shown as the operator
S).15 As a result, a single unknown coefficient (Dabc···o) appears
for each set of (a, b, c, ..., o) that are permutationally equivalent.
The permutation group is S4 × S2. For the H2O + H2O system in
this study, this leads to determining 568, 996, and 1676
coefficients for the sixth-, seventh-, and eighth-degree
polynomial fits, respectively. The Morse distance parameter, a,
was varied from 1.2 to 3.0 au. The optimal root-mean-square
fitting value of a = 1.8 au was used. Figure 2a shows the fit results
versus the original ab initio data. Figure 2b shows the fit root-
mean-square deviation (RMSD) energy error versus the energy
above the minimum using sixth-, seventh-, and eighth-degree
polynomial fits. The RMSD of the fits gradually increases with
energy bin. Below 100 kcal mol−1, the RMSD error for the
eighth-degree polynomial fit is less than ∼0.5 kcal mol−1. Above
100 kcal mol−1, the RMSD of the fits starts to rise sharply with
energy bin.
It was important to ensure the fit also closely represented the

10 known H2O−H2O minima. Figure 3a shows comparisons of
the present ab initio and eighth-degree polynomial fit results
versus literature values from ref 1 with respect to the H2O−H2O
minimum. The largest error of about 1 kcal mol−1 occurs for the
separated molecule geometry near 6 kcal mol−1. The ab initio
and fit De values are 6.16 and 6.30 kcal mol−1, respectively,
compared to a literature value of 5.02 kcal mol−1 (ref 1). Wang
et al. have also found two stationary geometry points for
hydrogen exchange ∼50 kcal mol−1 above the H2O−H2O
minimum.16 The fit and ab initio results are within 0.5
kcal mol−1 of literature values for these high-energy stationary
points. We also conducted a “blind test” of the eighth-order fit
by generating about 10 000 geometries from classical dynamics
runs using the eighth-order fit potential and the initial
conditions of the last row of Table 1. The CCSD(T)//cc-pvtz
energies for these blind test trajectory geometry points were

Table 1. Initial Conditions for AM1 Direct Dynamics
Calculations for H2O(1) + H2O(2) Collisionsa

H2O(1) internal H2O(2) internal translational
impact

parameter

(111), Tr =
2000 K

(111), Tr =
2000 K

Et = 100 kcal mol−1 [0.0:0.2:2.0] Å

(010), Tr =
2000 K

(000), Tr =
2000 K

Tt = 2000 K [0.0:0.2:2.0] Å

(001), Tr =
2000 K

(000), Tr =
2000 K

Tt = 2000 K [0.0:0.2:2.0] Å

(242), Tr =
2000 K

(242), Tr =
2000 K

Et = 50 kcal mol−1 [0.0:0.2:2.0] Å

(111), Tr =
2000 K

(111), Tr =
2000 K

Tt = 2000 K 0.0 Å

aThe initial vibrational quantum state is given in parentheses, i.e., (ν1,
ν2, ν3).

Figure 1. Distribution of energies, in 2 kcal mol−1 bins, for the
CCSD(T)//cc-pvtz ab initio calculations used in the potential surface
fit.
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then calculated. The fit energies versus the ab initio energies
with respect to the ab initio minimum for these blind test
geometry points are shown in Figure 3b. There were no outliers,
and the RMSD of the fit for these blind points was comparable
to the RMSD for the ∼1.25 × 105 point training set. The
trajectories using this eighth-order fit also had good energy
conservation, giving further confidence that the eighth-order fit
represented the surface well enough for the intended purpose.
The present approach is similar to that of Shank et al., who
developed a water dimer potential surface called HBB2.17 The
main difference between the present surface and HBB2 is that
the present surface focuses on higher-energy processes, such as
highly excited vibrational relaxation at high translational
temperatures, and is likely less accurate than the HBB2 surface
at lower energies.
B. Classical Dynamics. Classical trajectory calculations

were run using the eighth-order fit surface of the CCSD(T)//
cc-pvtz geometry points and the dynamics methods described in
ref 18. The approach uses standard quasi-classical methods with
two important additions: (i) determination of product vibra-
tional quantum numbers through analysis of product momenta
and coordinates19−22 and (ii) a Gaussian binning procedure
which weights trajectories based on the closeness of product
vibrational energies to discrete quantized values.23−27 The
product vibrational quantum numbers were determined in three

ways following ref 18: the harmonic approximation (HA), the
elimination method (EM), and the Fourier transform of the
action (ACT) method. Results from all methods were similar,
and for clarity we will present results using only the EMmethod.
The harmonic vibrational energies from the present surface fit
used in the analysis are 3771.2, 1680.9, and 3861.3 cm−1 for the
ν1, ν2, and ν3 modes, respectively.
In the Gaussian binning procedure a single weight is used for

each trajectory (1D-GB).23−27 For each trajectory, a Gaussian
weight is determined for each H2O product:

ν β
π

β ν ν= − ′ −⎡
⎣
⎢⎢

⎛
⎝⎜

⎞
⎠⎟

⎤
⎦
⎥⎥G

E E
E

( ) exp
( ( ) ( ))

2 (0)
2

2

(2)

In eq 2, E(ν′) corresponds to the energy of a water vibrational
state at the end of a trajectory at the noninteger quantum
number, ν′, E(ν) corresponds to that energy where the quantum
number is the nearest integer value, and E(0) is the zero-point
energy. Thus, the quantity E(ν′) − E(ν) corresponds to the
“distance” away from the true integer quantum state. The
parameter β is the width of the Gaussian weight and is set to a
value of 16.651 so that the width of the weighting function,
G(v), is 0.1 out of 1.0 (fwhm).
For each trajectory a “joint” weight is also determined, which

is a product of the single-molecule Gaussian weights26

Figure 2. (a) Ab-initio versus eighth-order fit results. (b) Root mean square deviation (RMSD) in 2 kcal mol−1 bins versus energy bin for sixth-,
seventh-, and eighth-order fits.

Figure 3. (a) Present results versus the values of Tschumper et al.1 for the 10 lowest known bound states of water dimer plus two waters far apart with
respect to the water dimer global minimum. Ab initio (AB), black circles, and eighth-order (FIT8), red squares, fit results are shown. The black line is
perfect agreement to literature values. (b) “Blind test” ab initio versus eighth-order fit results.
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ν ν=G n G G( ) (H O(1, )) (H O(2, ))12 1 2 2 2 (3)

In eq 3, (1, v) denotes the vibrational state of water 1, (2, v)
denotes the vibrational state of water 2, and (n) denotes the
collective vibrational state of the system, where the vibrational
states of both waters are specified. Using the joint Gaussian
weight, a joint cross section can be defined:

σ π=
∑

∑ ∑ ′
=

= =
′

n b
G n

G n
( )

( )

( )
p
N

s
N

p
N12 max

2 1 12

1 1 12

n

ns
(4)

In eq 4, bmax is the maximum impact parameter, Nn the
number of trajectories going to a collective vibrational product
state of both waters, (n), and Ns the number of collective
vibrational states. We note that recently, several Gaussian
binning techniques tailored for analysis of water vibrational
states have been published.28 Because E(v′) in eq 2 in the EM
method includes anharmonic contributions, the present binning
procedure is close to the 1GB-H method described in ref 28.
The 1GB-EQ method of ref 28, in which E(v) of eq 2 is replaced
by known quantum state values, promises to provide improved
accuracy for very highly excited water products.
The intent is to model the experimental measurements of the

H2O + H2O vibrational self-relaxation rate constants of Zittel
and Masturzo.4 For these measurements, a laser was used to
excite low-lying rotational states of the H2O ν3 = (001)
vibrational state in a temperature-controlled flow tube, and the
fluorescence decay curves in the 2.7 and 6.3 μm regions were
monitored. Assuming a kinetic scheme that will be discussed
later, rate constant values were determined from fits to the
fluorescence decay curves. Because there was no dependence of
the experimental results on the rotational line initially excited
and because the rotational level energies were relatively low,
ranging from 0.9 to 2.3 kcal mol−1, the present simulations
assumed zero temperature in the rotational mode of the initial
vibrationally excited H2O(1). The colliding water, H2O(2),
rotational temperature was set equal to the translational
temperature. The following initial conditions were therefore
used:

ν ν

ν ν

= + = =

→ +

T T T T

E E E E

H O(1, 0, , ) H O(2, , 0)

H O(1, , , ) H O(2, , , )
2 r t 2 r t

2 r t 2 r t (5)

Four reactant translational temperatures were examined: 295,
500, 1000, and 2500 K. Reactants were initialized with velocities
sampled from a Boltzmann translational temperature distribu-
tion. For reference, these translational temperatures correspond
to ((3/2)kBTt) energies of 0.88, 1.49, 2.98, and 7.46 kcal mol

−1,
respectively. The H2O(1) vibrational states were chosen from
the set {ν1 = (100), ν3 = (001), 2ν2 = (020), and ν2 = (010)},
and the H2O(2) vibration was set to the ground state.
Therefore, there were 16 separate initial conditions batch runs
(4 translational temperatures times 4 H2O(1) initial states). For
each of the 16 initial conditions, ∼1 × 105 separate classical
trajectories were run, giving a total of ∼1.6 × 106 trajectories.
The maximum impact parameter, bmax, was 8.0 Å for all
calculations. The impact parameter was sampled from a random
distribution according to bmax√β, where β is a uniformly
distributed random variable between 0 and 1. Newton’s
equations of motion were integrated using a Velocity Verlet
integrator with a time step of 1 × 10−16 seconds for most runs.
For some 295 K translational temperature runs, a time step of 2
× 10−16 seconds was used to save computer time. Energy

conservation was usually less than 0.01 kcal mol−1, but was as
high as 0.1 kcal mol−1 for some lower-temperature runs with the
longer time step. The reactants were initialized 10 Å apart, and
products were declared when the separation distance was
greater than 10 Å. Translational temperature-dependent joint
rate constants were calculated using the following equation:

πμ
σ=

⎛
⎝⎜

⎞
⎠⎟k T

k T
n T( )

8
( , )n t

B t
1/2

t
(6)

where μ is the H2O + H2O reduced mass, and σ n T( , )t is the
cross section averaged over the translational energy distribution
function (thermally averaged cross section). The thermally
averaged cross section is related to the thermally averaged
probability, Pn(Tt), through the following equation:

σ π=n T b P T( , ) ( )nt max
2

t (7)

III. RESULTS
A. Vibrational Relaxation Rate Constants. Results are

compared to the experiments of Zittel and Masturzo in which a
laser-induced fluorescence/heated flow tube method was used.4

After initial laser excitation of the ν3 state, fluorescence decay as
a function of time was observed in the 2.7 μm (H2O
fundamental stretch) and 6.3 μm (H2O fundamental bend)
regions. Analysis of the decay curves to yield temperature-
dependent rate constants over the 295−1020 K range assumed
the following kinetic scheme:4

Relaxation of H2O (v2 = (010) = 1595 cm
−1 (4.56 kcal/mol)):

+ → + + −vH O( ) M H O(0) M 1595 cm (4.56 kcal/mol)
k

2 2 2
110

(8)

Relaxation of H2O (2v2 = (020) = 3152 cm−1 (9.01 kcal/
mol)):

ν ν+ ⎯→⎯ − −H O(2 ) H O(0) 2H O( ) 39 cm (0.11 kcal/mol)
k

2 2 2 2 2
121

(9)

ν ν+ ⎯→⎯ + +
′ −MH O(2 ) M H O( ) 1556 cm (4.45 kcal/mol)

k
2 2 2 2

121

(10)

+ ⎯→⎯ + + −vH O(2 ) M H O(0) M 3151 cm (9.01 kcal/mol)
k

2 2 2
120

(11)

Relaxation of H2O (v3 = (001) = 3756 cm−1 (10.74 kcal/mol)
and v1 = (100) 3657 cm−1 (10.46 kcal/mol)):

ν+ → + + −H O(stretch) M H O(2 ) M 604 cm (1.73 kcal/mol)
k

2 2 2
1i2

(12)

ν+ → + −H O(stretch) H O(0) 2H O( ) 566 cm (1.62 kcal/mol)
k

2 2 2 2
1i1

(13)

+ → + +
′ −vH O(stretch) M H O( ) M 2161 cm (6.18 kcal/mol)

k
2 2 2

1i1

(14)

+ → + + −H O(stretch) M H O(0) M 3756 cm (10.74 kcal/mol)
k

2 2
1i0

(15)

⇔υ υ+ + + −H O( ) M H O( ) M 104 cm (0.30 kcal/mol)
k

2 3 2 1
15,4

(16)

Here, i = 4 refers to the ν1 = (100) state and i = 5 refers to the ν3
= (001) state. Equilibration of the ν1 and ν3 states is assumed to
be very fast compared to observable time scales. Analysis of the
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observed decay curves yielded estimates of an averaged stretch
state relaxation rate constant, k3, which is an average of the sum
of all stretch state decay processes, k3 = (k4 + βk5)/(1 + β),
where β = exp(−(104 cm−1/kBT)); a relaxation rate constant for
the 2ν2 = (020) state, k2, which is a sum of all the 2ν2 rate
constants; and a relaxation rate constant for the ν2 = (010) state,
k10, from 295 to 1020 K. Some bounds on the components of k2
and k3 were obtained. Together with other data, these bounds

indicated that H2O(2v2) + M →
′k21 H2O(v2) + M was the largest

component of 2ν2 relaxation and H2O(stretch) + M →
k32

H2O(2v2) + M was the largest component of the stretch
relaxation.
Implicit in writing the above kinetic equations is that unless

otherwise noted the collision partner M is the vibrational
ground state of H2O, and except for k21 and ki1 processes, M
does not change its vibrational state. In fact, the measurements
cannot distinguish between the initially excited H2O(1) and its
collision partner, and contributions from both will contribute to
the rate constant.29 For example, the rate constant k21′ is a sum of
contributions from two processes:

ν ν

ν ν

= + =

→ = + =

H O(1, (020)) H O(2, (000))

H O(1, (010)) H O(2, (000))
2 2

2 2 (17)

and

ν ν

ν ν

= + =

→ = + =

H O(1, (020)) H O(2, (000))

H O(1, (000)) H O(2, (010))
2 2

2 2 (18)

The present calculations, which distinguish between these
two processes, therefore sum these contributions for compar-
ison to the measurements. We note also that the energy defects
listed in the kinetic scheme, for illustrative purposes, assume the
stretch is (001).
Figure 4a shows the experimental rate constant measurements

of Zittel and Masturzo from 295 to 1020 K (ref 4) and a single
data point at 2500 K for the fundamental bending relaxation, v2
= (010), from ref 30. All experimental results are shown with
solid lines and filled symbols. Figure 4a also shows the present

calculated vibrational relaxation rate constants as solid and
dashed lines with open symbols. The calculated results for ν3
and ν1 are combined into a weighted average stretch relaxation
rate constant, k3 = (k4 + βk5)/(1 + β), where β = exp(−(104
cm−1/kBT)), to compare directly with the experimental results.
The statistical uncertainty of the calculated results varies from
less than 10% for the stretch results to less than 2% for the 2ν2
results. The uncertainty was estimated by dividing all trajectories
into five batches, calculating rate constants separately for each
batch, and then estimating the standard deviation from this five-
sample set. The calculated result solid lines were obtained by
summing all rate constants for processes which result in a lower
vibrational state than the initially vibrationally excited water.
Therefore, the solid line calculated stretch rate constant includes
all processes in which both product waters are in the 2ν2, ν2, or
ground state. The solid line calculated 2ν2 rate constant includes
all processes in which both product waters are in the ν2 or the
ground state. The solid line ν2 rate constant includes the single
process in which both product waters are in the ground
vibrational state. Rate constants calculated in this way should be
most comparable with the experimentally reported rate
constants.
To indicate the relative importance of particular vibrational

final states, the dashed lines of Figure 4a give the calculated rate
constants obtained by including only those processes in which
product waters go to the next lowest vibrational state (for the
stretch relaxation, only stretch →2ν2, and for 2ν2 relaxation,
only 2ν2 → ν2). This makes a large difference in the stretch
states at lower temperatures, where the dominant rate is the
H2O(stretch) → H2O(ν2) process. The present results are
generally about a factor of 2 larger than the results of Zittel and
Masturzo,4 with the best agreement for ν2 relaxation at low
temperature. The present calculated results assume that the
H2O(1) initially excited water has no rotational energy. In fact,
the H2O(1) may be wholly or partly equilibrated in the
measurements below 1000 K. Inclusion of this rotational energy
would probably tend to increase the calculated rate constant to
some extent, making the overall agreement somewhat worse.

Figure 4. (a) Calculated (open symbols) and measured (filled symbols) vibrational relaxation rate constants versus 1/T (K). ν1,ν3 = (100 + β001)/(1
+ β), black; ν2 = (020), blue; and ν2 = (010), red, where β is a temperature-dependent weighting factor. Measured results are from Zittel and
Masturzo,4 except at 2500 K which is from Kung and Center.30 For the calculated results, the solid lines include all relaxation transitions and the
dashed lines include only those transitions to the next lowest state. (b) Same as panel a except the rate constants have been divided by the velocity
factor (8kBT/πμ)

1/2 to yield thermally averaged cross sections. This factor is 8.33 × 102, 1.08 × 103, 1.53 × 103, and 2.43 × 103 in units of meters per
second for 295, 500, 1000, and 2500 K, respectively.
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Figure 5. Thermally averaged joint probabilities to H2O(1,ν) + H2O(2,ν) for initially excited ν3 and ν1 states of H2O(1) at 295 and 2500 K. A log10
scale is used, and each matrix has been normalized to sum to 1.0.

Figure 6. Thermally averaged joint probabilities to H2O(1,ν) + H2O(2,ν) for initially excited 2ν2 and ν2 states of H2O(1) at 295 and 2500 K. A log10
scale is used, and each matrix has been normalized to sum to 1.0.
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The present results are about a factor of 4 lower than the
measurement of Kung et al. at 2500 K, although the
experimental error bars are relatively large.30 The lower edge

of the experimental uncertainty is within a factor of ∼2 of the
calculated result. Inclusion of rotational energy in the H2O(1)
initially excited molecule at 2500 K would likely increase the

Table 2. Thermally Averaged Joint Probabilities for H2O(1,ν) + H2O(2,ν) Corresponding to Figures 5 and 6

H2O(2) 000 H2O(2) 010 H2O(2) 020 H2O(2) 100 H2O(2) 001 H2O(2) 030

(a) ν3 = (001) of H2O(1) at 295 K
H2O(1) 000 6.03 × 10−4 4.36 × 10−3 8.28 × 10−4 1.48 × 10−3 4.16 × 10−4 0.00 × 100

H2O(1) 010 1.34 × 10−2 2.81 × 10−3 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100

H2O(1) 020 5.75 × 10−3 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100

H2O(1) 100 6.50 × 10−1 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100

H2O(1) 001 X 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100

H2O(1) 030 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100

(b) ν3 = (001) of H2O(1) at 2500 K
H2O(1) 000 1.75 × 10−4 1.15 × 10−4 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100

H2O(1) 010 8.01 × 10−4 3.10 × 10−4 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100

H2O(1) 020 5.31 × 10−3 4.65 × 10−4 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100

H2O(1) 100 6.53 × 10−1 1.74 × 10−2 9.60 × 10−4 0.00 × 100 0.00 × 100 1.11 × 10−4

H2O(1) 001 X 8.58 × 10−3 4.65 × 10−4 0.00 × 100 0.00 × 100 2.10 × 10−4

H2O(1) 030 1.79 × 10−4 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100

(c) ν1 = (100) of H2O(1) at 295 K
H2O(1) 000 9.56 × 10−4 8.69 × 10−3 2.64 × 10−3 1.82 × 10−3 1.01 × 10−4 0.00 × 100

H2O(1) 010 2.88 × 10−2 4.72 × 10−3 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100

H2O(1) 020 1.85 × 10−2 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100

H2O(1) 100 X 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100

H2O(1) 001 1.69 × 10−2 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100

H2O(1) 030 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100

(d) ν1 = (100) of H2O(1) at 2500 K
H2O(1) 000 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100

H2O(1) 010 2.90 × 10−3 1.01 × 10−3 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100

H2O(1) 020 1.61 × 10−2 1.40 × 10−3 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100

H2O(1) 100 X 2.67 × 10−2 1.93 × 10−3 0.00 × 100 0.00 × 100 1.70 × 10−4

H2O(1) 001 7.25 × 10−3 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100

H2O(1) 030 4.93 × 10−4 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100

(e) 2ν2 = (020) of H2O(1) at 295 K
H2O(1) 000 1.49 × 10−3 9.38 × 10−3 1.10 × 10−3 0.00 × 100 0.00 × 100 0.00 × 100

H2O(1) 010 1.16 × 10−1 1.58 × 10−2 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100

H2O(1) 020 X 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100

H2O(1) 100 2.63 × 10−4 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100

H2O(1) 001 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100

H2O(1) 030 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100

(f) 2ν2 = (020) of H2O(1) at 2500 K
H2O(1) 000 6.94 × 10−4 5.05 × 10−4 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100

H2O(1) 010 4.37 × 10−2 7.73 × 10−3 3.29 × 10−4 0.00 × 100 0.00 × 100 0.00 × 100

H2O(1) 020 X 2.73 × 10−2 1.49 × 10−3 1.68 × 10−4 0.00 × 100 0.00 × 100

H2O(1) 100 2.85 × 10−4 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100

H2O(1) 001 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100

H2O(1) 030 2.51 × 10−3 3.63 × 10−4 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100

(g) ν2 = (010) of H2O(1) at 295 K
H2O(1) 000 2.92 × 10−2 1.08 × 10−2 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100

H2O(1) 010 X 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100

H2O(1) 020 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100

H2O(1) 100 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100

H2O(1) 001 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100

H2O(1) 030 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100

(h) ν2 = (010) of H2O(1) at 2500 K
H2O(1) 000 7.47 × 10−3 2.47 × 10−3 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100

H2O(1) 010 X 2.91 × 10−2 1.75 × 10−3 1.67 × 10−4 0.00 × 100 1.01 × 10−4

H2O(1) 020 9.03 × 10−4 1.96 × 10−4 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100

H2O(1) 100 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100

H2O(1) 001 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100

H2O(1) 030 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100
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calculated results significantly and may account for most of this
difference. We have attempted trajectory calculations which
include the H2O(1) rotational energy at 2500 K. However, the
convergence with impact parameter for these “large target”
trajectories became problematic and could not be completed.
The rate constant values either level off or increase as the

temperature decreases, which is opposite to expectations from
well-known vibrational relaxation theories.7 Figure 4b shows the
same data as Figure 4a, except the rate constants have been
divided by the temperature factor (8kBT/πμ)

1/2 to yield
thermally averaged cross sections, σ n T( , )t . These cross sections
show more dramatically an increase with decreasing temper-
ature. Examination of the calculated translational energy
dependence of the relaxation cross sections shows either a flat
behavior with collision energy or an increase with decreasing
collision energy. This behavior at low collision energy is
different than that usually assumed by simple models of
vibrational relaxation and is closer to the behavior of low or zero
activation energy chemical reactions with potential wells. We
have not further reduced these thermally averaged cross sections
to probabilities by dividing by an area because we have found
that the usual single-value van-der-Waals radius used for the area
does not apply. In fact, we have found that the range of
important impact parameters extends to 8 Å, much larger than
the 2.8 Å used in Zittel and Masturzo.4 Using the radius value of
2.8 Å results in some relaxation probabilities larger than 1.0.
Besides the total relaxation rate constants and thermally

averaged cross sections from particular vibrational states
discussed above, the present calculations also yield “joint”
vibrational rate constants and cross sections where both water
product states (H2O(1,ν) + H2O(2,ν)) are specified. Figures 5
and 6 show the thermally averaged joint probabilities,
normalized to sum to 1.0, for the processes H2O(1,ν =
ν2,2ν2,ν1,ν3) + H2O(2,ν = 0) at 295 K and 2500 K. Each matrix
element in Figures 5 and 6 corresponds to a vibrationally state
specific joint product probability. The matrix elements are
ordered by increasing energy. These probabilities will depend on
the value of bmax used in the present simulations and do not
correspond to “relaxation probabilities” as normally understood.
These “intermediate” probabilities, however, can be converted
to thermally averaged joint cross sections by multiplying by
πbmax

2 , where in the present calculations bmax = 8 × 10−10 m.
Likewise, the joint probabilities can be converted to joint
thermal rate constants by multiplying by the factor, πbmax

2 (8kBT/
πμ)1/2. For rate constant units of cubic meters per second, these
values are 1.68 × 10−15, 2.17 × 10−15, 3.08 × 10−15, and 4.89 ×
10−15 for 295, 500, 1000, and 2500 K, respectively. Some matrix
elements in Figures 5 and 6 have been labeled according to their
identity in the kinetic rate equations of Zittel and Masturzo,4 as
presented above. The diagonal elements in Figures 5 and 6 are
color coded in red and correspond to processes in which both
water products are in the same vibrational state. The black color
code corresponds to H2O(2) staying in the ground state. The
white color code corresponds to the product H2O(1) going to

the ground state, where the product H2O(1) and H2O(2) are
swapped from the corresponding black color code process. All
processes with products in the red boxes are counted toward the
total relaxation processes when comparing to measurements.
The label “X” corresponds to vibrationally elastic transitions
which cannot be properly captured in the present classical
calculations and should be ignored. The color scheme is on a
log10 scale for clarity. We also note that there are several more
transitions possible than in the basic kinetic scheme used in the
original measurement analysis. For completeness, the numerical
values of the thermally averaged joint probabilities correspond-
ing to Figures 5 and 6 are given in parts a−h of Table 2, where
values less than 1.0 × 10−4 have been set to zero because of their
relatively large statistical uncertainty.
As pointed out earlier, the calculations show that stretching

relaxation at lower temperatures favors relaxation to H2O(1,v =
(010)) rather than H2O(1, v = (020)). Furthermore, it is clear
that significant vibrational excitation of the H2O(2) partner can
occur. For example, at lower temperatures, initial H2O(1)
stretching excitation can lead to excitation of the H2O(2)
vibrational states. For initial H2O(1) ν2 and 2ν2 vibration,
relaxation at low temperatures can also lead to excitation of
H2O(2) bending vibration. In Figure 5, it is also clear that the ν1
= (100) relaxation rate constants are generally significantly
larger than the ν3 = (001) relaxation rate constants.
We should also point out that at 2500 K, there are significant

processes which correspond to excitation rather than relaxation.
These are color coded in green (for example, k11

010 in Figure 6)
and mostly involve excitation of the H2O(2, v = (010)) state.
The calculated excitation processes can be larger than relaxation
processes and may complicate the interpretation of measure-
ments in this temperature range. On the other hand, from
detailed balance arguments, one may expect that, for example,
k11
010 should be smaller than the relaxation process rate constant
k10.

ν ν

ν ν

= + =

→ = + =

k : H O(1, (010)) H O(2, (000))

H O(1, (000)) H O(2, (000))
10 2 2

2 2 (19)

and

ν ν

ν ν

= + =

→ = + =

k : H O(1, (010)) H O(2, (000))

H O(1, (010)) H O(2, (010))
11
010

2 2

2 2 (20)

However, for these processes, especially k11
010, we have found

that the product waters are highly nonthermal, and detailed
balance arguments cannot be applied.
Table 3 shows the experimentally derived bounds from Zittel

and Masturzo4 for some state-specific rate constants expressed
as ratios to the total vibrational relaxation rate constant. The left-
hand part of Table 3 shows the experimental results. The right-
hand part of Table 3 shows the corresponding calculated
quantities. The calculated ratios are in agreement with the
measured bounds, except for (k32/k3) at 295 K, which is slightly

Table 3. Rate Constant Component Ratios versus Temperature

measurement bounds of Zittel and Masturzo4 present calculated results

T = 295 K T = 514 K T = 947 K T = 295 K T = 500 K T = 1000 K T = 2500 K

k21/k2 ≤0.54 ≤0.50 ≤0.44 0.11 0.14 0.14 0.15
k21′ /k2 ≥0.31 ≥0.33 ≥0.33 0.88 0.86 0.85 0.84
k32/k3 ≥0.32 ≥0.33 ≥0.35 0.31 0.39 0.58 0.74
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lower than the measured value. In the calculated results at low
temperature, the stretch to ν2 state, with a larger vibrational
energy change, is the largest contributor. This is consistent with
the fairly loose bounds provided by the measurement ratios.
B. Vibrational Self-Relaxation Mechanisms. To help

understand the mechanism of vibrational relaxation, Figure 7
shows the thermally averaged cross section versus impact
parameter for relaxation of H2O(1,ν3 = (001)) to H2O(1,2ν2 =
(020)) and H2O(1,2ν2 = (020)) to H2O(1,ν2 = (010)) at all the

temperatures studied. The thermally averaged cross section at a
particular impact parameter bin, bi, is defined as

σ
π

Δ =
Δ

b T
G b T b b
G b T

( , )
2 ( , )

( , )n i
n i i i

i
t

t

tot t (21)

where i denotes an impact parameter bin; Gn(bi, Tt) is the
Gaussian weight for the joint vibrational product states n =
{H2O(1,ν) + H2O(2,ν)} in impact parameter bin bi, and Gtot(bi,
Tt) is the sum of Gn(bi, Tt) over all joint product states, n. Figure

Figure 7. Thermally averaged cross sections, σΔ b T( , ),n i t versus impact parameter bin, bi, for initially excited ν3 and 2ν2 states of H2O leading to
relaxation of H2O(1) at 295, 500, 1000, and 2500 K.

Figure 8. Normalized probability distribution function versus trajectory time for initially excited ν3 and 2ν2 states of H2O at 295 and 2500 K. Each
color is for relaxation to a different H2O(1) vibrational final state, and “miss” corresponds to an initial Boltzmann translational distribution and no
interaction.
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7 shows that the largest contribution to the rate constant at
temperatures above 1000 K is centered near 2.5 Å, but it then
shifts with decreasing temperature to 5 Å at 295 K. At 295 K,
contributions up to 8 Å are important.
Shin pointed out that the mechanism for H2O vibrational self-

relaxation involves long-lived trajectories.9 By examination of
individual trajectories we have found this to be the case in the
present calculations as well, at least at low temperatures. At low

temperatures, trajectories leading to relaxation can form a
complex in which the two waters oscillate against each other for
several vibrational periods, as if connected by a large and loose
rubber band. To put this on a more quantitative basis, Figure 8
shows the normalized probability distribution functions versus
the classical trajectory time for relaxation of ν3 and 2ν2 broken
down into final H2O(1) states at 295 and 2500 K. The classical
trajectory time is defined as the time taken from the start of the

Figure 9. Oxygen−oxygen distance of 100 representative trajectories for initially excited ν3 leading to vibrational relaxation at 295 and 2500 K.

Figure 10. Final state rotational distributions, Er(1) for H2O(1) and Er(2) for H2O(2), and final translational energy distributions, Et, between the two
water products for ν3 and 2ν2 relaxation of initially excited H2O(1) at 295 and 2500 K. At 295 K, also shown are Boltzmann rotational, Tr, and
translational, Tt, distributions, as purple and green lines, respectively, for comparison.
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trajectory when the two waters are 10 Å apart to when water
products are separated by 10 Å at the end of a trajectory. We
also plot the “miss” mode probability. The miss mode
probability is analytic. The miss mode probability versus time
is defined as 20 Å divided by the speed distribution
corresponding to a given translational temperature. This miss
mode corresponds to no interaction and strongly overlaps with
the elastic, nonvibrational changing transition results. At 295 K,
ν3 → 2ν2, ν3 → ν2, and the 2ν2 → (000) processes have broad
probability distribution functions versus time, peaked around
7.0 × 10−12 seconds, which are near values found by Shin. At
2500 K, these long-time peaks shift to shorter times and become
far less important. Furthermore, the long-time tails are mostly
gone. For higher temperatures, most of the relaxation transitions
occur for trajectory times which are the same as the miss
trajectory times.
To examine the trajectories further, the distance between the

oxygen atoms versus time for 100 randomly chosen trajectories
at 295 and 2500 K which lead to ν3 relaxation are shown in
Figure 9. The color wash indicates the oxygen−oxygen distance
in angstroms. Red indicates far distances at the beginning and
ending of a trajectory. The banded blue-green alternating
structure within a single trajectory indicates oscillation of the
oxygen atoms between ∼3 Å and ∼5 Å. Several of the 295 K
trajectories show more than 50 of these oscillations in 2.0 ×
10−11 seconds. For reference, low-lying periodic vibrational and
rotational motions in isolated H2O are on the order of 1.0 ×
10−14 and 1.0 × 10−12 seconds, respectively. At 2500 K, many of
the trajectories show no oscillation, while the longest-lived
complexes oscillate about 10 times. Rate constants are still fairly
large at 2500 K, even without many long-lived collision
complexes.
Figure 10 shows the calculated product rotational and

translational energy probability distribution functions for
relaxation of the ν3 and 2ν2 states at 295 and 2500 K. Each
distribution is normalized to integrate to 1.0. For the 2ν2 state at
295 K, the rotational distribution of both H2O products, Er(1)
and Er(2), and the product relative translational energy
distribution are all nearly identical to each other. They are
also well fit by their respective Boltzmann translational and
rotational distributions at 295 K which are also shown in the
figure for reference. The similarity of both water product
rotational distributions to each other was also seen in the
vibrational predissociation study of Ch’ng et al., in which the
product donor and acceptor waters had nearly the same angular
momentum distributions.10 The rotational mode of the initially
vibrationally excited H2O(1), which started with a rotational
energy of zero, has fully “equilibrated” with the rotational
motion of its collision partner, H2O(2), during the long lifetime
of the collision complex formed at these low temperatures. The
vibrational energy lost by H2O(1) has been partly regained in its
rotational mode. The translational energy distribution is nearly
unchanged in the collision, which suggests translation has a
small role in the dynamics. For the ν3 state at 295 K, the
rotational distributions of the two waters are also still nearly
identical, but now are well represented by a Boltzmann
temperature of 500 K. The translational energy distribution is
correspondingly slightly colder than 295 K.
At 2500 K, none of the distributions fit a single temperature

well, but all have long energy tails. For the 2ν2 state, the
rotational energy distributions above 5 kcal mol−1 of both waters
are similar to each other and are close to H2O rotational
distributions of ∼1000 K. The translational energy distribution

above 5 kcal mol−1 is similar to the rotational distributions and
resembles the 2500 K Boltzmann translational energy
distributions. For ν3 at 2500 K, there is much statistical scatter,
but it is clear the distributions also have long energy tails. It is
also clear that the rotational distributions of the two waters are
different. The initially vibrationally excited water H2O(1) has a
peak near 7 kcal mol−1, and the partner H2O(2) has a low-
energy peak and high-energy tail. The initially vibrationally
excited water, H2O(1), which initially had no rotational energy,
has taken away rotational energy from its collision partner. For
these high-temperature distributions, there is much less
“equilibration” of the energy modes than at lower temperatures.
This is likely due to the interaction not going through a long-
lived collision complex as seen at low temperatures.

IV. CONCLUSIONS
The present vibrational self-relaxation simulations examine
long-lived complexes, rate constant increases with decreasing
temperature, and the participation of energy modes of the
molecular partner. Similar behavior has been observed in other
hydrogen bonded systems8 and in the relaxation of CH radical
with N2 and CO.11 The present study shows the importance of
large impact parameters, out to 8 Å, to treat the lowest
temperatures studied here. Although long-lived (compared to
vibrational and rotational motion of single H2O) collision
complexes up to 20 ps were clearly important for lower
temperatures, they were not necessary to produce the still fairly
large rate constant values at the higher temperatures (>1000 K).
At low temperatures, the rotational mode of the initially
vibrationally excited H2O which started with a rotational energy
of zero, fully “equilibrates” with the initial rotational energy
distribution of its collision partner. The translational energy
distribution is nearly unchanged at low temperature for
vibrational relaxation. The equal sharing of rotational energy
was also seen in the vibrational predissociation studies of the
water dimer of Ch’ng et al.10 Ch’ng et al. also found long-lived
interactions, dominant stretch-to-bend pathways, and the
participation of both the initially excited and partner H2O
molecules, consistent with the vibrational relaxation dynamics
observed here.
At higher temperatures there are few long-lived complexes.

The rotational mode of the relaxing H2O takes away substantial
rotational energy from its collision partner, leaving two distinct
rotational distributions which are not well characterized by a
single temperature. Although the vibrational relaxation rate
constants remain large at high temperature, there is a transition
of the underlying mechanism of interaction and energy
distribution in the products which occurs around 500−1000 K.
The present calculations confirm the importance of the

stretch-to-bend pathway for vibrational relaxation. At 295 K, the
dominant channel was found to be stretch to one quantum of
bend. This finding is consistent with the measured bounds of the
component rate constants4 but disagrees with previous
interpretations of the measured data,4,9 which ascribes the
major relaxation pathway to the stretch-to-two quantum bend
channel. The present calculations suggest that the dominant
channel changes from stretch-one-quantum-bend to stretch-
two-quantum-bend with increasing temperature.
The present classically based rate constants do not take into

account several effects which may be potentially important:
quantum tunneling, the guarantee of microscopic reversibility,31

or the mixing of initial vibrationally excited states. Nevertheless,
the calculated results are generally within a factor of 2 or better
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of the measured vibrational relaxation rate constant values. The
present H2O + H2O surface and classical dynamics approach is
therefore well-suited to analyze the measurements of the fast
H2O self-relaxation combination ν1 + ν2 and ν3 + ν2 states

32 and
of the excited (|04⟩−) state.33 The present approach also gives
joint molecule-specific vibrational rate constants, which can be
used to guide future highly detailed measurements of this
fundamental system. The present study may also provide insight
into the vibrational relaxation of liquid water, which is of central
importance in condensed phase reactive chemistry.34 Finally, it
is hoped that the present study will point the way toward a
simple, predictive model, such as that reported in ref 7, which
has been so successful for other molecular systems.
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