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We describe a new approach for measuring absolute rates for molecular collisions including contributions of
both strong and weak collisions. Elastic and inelastic collisions are monitored using high-resolution transient
IR spectroscopy by measuring increases in the velocity distributions of individual rotational states of scattered
molecules. Weak collisional energy transfer is detected by measuring velocity increases for the low-energy
rotational states. This technique is illustrated for the collisional relaxation of highly vibrationally excited
pyrazine (108 kcal/mol) with HOD. The observed collision rate is nearly twice the Lennard-Jones collision
rate.

Introduction

The lack of accurate collision rates for molecules is a long
standing hindrance to a full understanding of energy transfer
and unimolecular reactions.1-3 Collisions that remove energy
from highly vibrationally excited molecules compete directly
with unimolecular decomposition. Quantifying the importance
of a particular energy transfer pathway requires knowledge of
the absolute rate of collisions. One challenge in measuring
collision rates is that elastic and nearly elastic collisions scatter
molecules with small changes in energy, making it difficult to
determine experimentally whether or not a collision has oc-
curred. Frequently used models for neutral collision partners
rely on hard sphere (HS), Lennard-Jones (LJ), or Sutherland
potentials.4 The LJ and Sutherland potentials account for long
range attraction, and collision rates based on these potentials
are generally 2-3 times larger than those determined using a
hard sphere potential. Collisions between an ion and a polariz-
able bath gas are routinely characterized using the Langevin
collision rate that is typically 1 order of magnitude larger than
LJ collision rates.5 However, these models often yield molecular
collision rates that differ substantially from rates observed in
experiments and simulations.6-13 Energy transfer probabilities
based on calculated collision rates can lead to erroneous
interpretations of quenching efficiencies. For example, polar
molecules such as H2O are notorious for having unusually large
average energy transfer〈∆E〉 in collisions with highly vibra-
tionally excited molecules.13-15 A large 〈∆E〉 value could
indicate that strong collisions govern the quenching process.
However, state-resolved studies show that H2O gains relatively
small amounts of rotational and translational energy following
collisions with vibrationally excited molecules and that its
enhanced quenching efficiency stems from large collision and

energy transfer rates.16,17 Having the means to get accurate
collision rates would address this problem. Here we report new
measurements that allow us for the first time to determine
molecular collision rates by measuring directly the product state
distributions and rates of appearance for the scattered molecules
that result from both strong and weak collisions. These
measurements include contributions from elastic and inelastic
collisions that lead to changes in velocity and/or rotational
quantum state. We illustrate this approach using data for
collisions of highly vibrationally excited pyrazine (Evib ) 108
kcal/mol) with isotopically labeled water. We find that the
observed collision rate is more than 70% larger than the LJ
rate.

Experimental Methods

Highly vibrationally excited pyrazine (Py) was generated with
pulsed excitation atλ ) 266 nm at a total pressure of 25 mTorr
in a 3 m flowing gas collision cell. High-resolution transient
IR absorption spectroscopy nearλ ) 2.7 µm was used to
measure the time-dependent population changes in rotational
statesJKa,Kc of HOD that result from single collisions with
vibrationally excited pyrazine under isotropic conditions.

IR absorption probes population changes for individual rotational
states of HOD molecules in their ground vibrationless state
(000). Nascent HOD populations resulting from single collisions
with hot pyrazine were determined att ) 1 µs following the
266 nm pulse. The 1µs probe time is well before the average
collision time of 3µs and the transient absorption signals are
directly proportional to population changes due to collisions.
The velocity distributions of the scattered molecules were
obtained by measuring the nascent Doppler broadening of
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individual IR transitions wherein transient HOD populations
were measured at 1µs as a function of IR wavelength. The
transient line-profile measurements are necessary to account for
all HOD molecules that scatter into an individual HOD rotational
state. HOD molecules that are scattered into final states that
are not populated at 300 K show only appearance signals. The
line profiles for these states are Gaussian in shape as expected
for an isotropic distribution of scattered molecules. HOD
molecules that are scattered into final states that have ambient
population prior to collisions with hot donor molecule are
distinguished from the 300 K background in two ways. First,
HOD molecules that are scattered into a final rotational state
show a positive-going transient absorption signal due to
appearance and the molecules that are scattered out of that state
show a negative-going transient absorption signal due to
population depletion. Second, the molecules that scatter into
an HOD rotational state have broader Doppler profiles than the
ambient background molecules that contribute to depletion.
Thus, the transient line profiles for the low-J states of HOD are
composed of two Gaussian profiles, one for appearance and one
for depletion. Such a transient line profile is shown in Figure
1a for the HOD 70,7 state.

Results

The HOD 70,7 state (Erot ) 1.15 kcal/mol) is populated by
thermal energy at 300 K prior to collisions with pyrazine and
depletion of the initial population dominates the transient IR
signal at line center. The appearance of scattered HOD
molecules is evident in the wings of the line profile, where
molecules with higher velocities are detected. For a given
rotational state, the population of HOD molecules that appears
following collisions with hot pyrazine is distinct from the initial

thermal population that is depleted through collisions. These
two components are separated by fitting the transient line profile
to a double Gaussian, as shown in Figure 1b. The appearance
curve in red corresponds to the velocity distribution for all HOD
molecules scattered into the 70,7 state and includes population
from both elastic and inelastic collisions. Previous work has
shown that the scattered molecules in these studies have an
isotropic velocity distribution.18 The Doppler profiles are
1-dimensional projections that provide a complete description
of the full 3-dimensional distribution, thereby accounting for
all HOD molecules that are scattered due to collisions with the
activated donor. As the rotational energy of HOD increases,
the initial state population decreases and transient signals show
only appearance of scattered molecules. Our experiments
indicate that the kinetic energy of the scattered HOD molecules
in low- and high-energy rotational states is approximately twice
the 300 K precollision value.

Discussion

We have measured appearance populations for a number of
HOD rotational states with energies betweenErot ) 0.3 and 4
kcal/mol. These data provide an excellent description of the
distribution of rotational energy in HOD(000) molecules that
have undergone single collisions with vibrationally hot pyrazine.
Figure 2 is a semilog plot showing the population of a
representative number of HOD rotational states as a function
of the rotational energy. The nascent distribution of scattered
HOD molecules is well described by a single rotational
temperature ofTrot ) 430( 50 K. When only the high-energy
states are fit,Trot is within 3% of this result. This result is
important because it shows for the first time that weak collisions
of a highly vibrationally excited molecule can be described by
the same rotational distribution as the strong collisions. HOD
states with midrange energies between 1.5 and 2.5 kcal/mol are
not included in this analysis. For these states, the appearance
and depletion signals are comparable and the resulting signal
levels are near our current detection limit.

The inclusion of population data for the low-energy rotational
states of HOD yields an excellent description of the scattered
HOD molecules from which we determine the collision rate.
For a discrete set of states indexed by J, the average energy
for these states is the sum of the fractional population fJ

times the energyEJ of each state. The populations of scat-
tered HOD(000) molecules are shown in Figure 2 and have
a rotational temperatureTrot. The average rotational energy of

Figure 1. (a) Transient line profile for scattered HOD(000) molecules
in the 707 rotational state following collisions with vibrationally excited
pyrazine. Thermally populated HOD molecules are depleted via
collisions at the center absorption frequency. Scattered molecules with
increased velocities appear in the wings of the line profile. (b) Fitting
to a double Gaussian function yields nascent appearance (red) and
depletion (blue) populations.

Figure 2. Nascent rotational energy distribution of HOD(000) fol-
lowing quenching collisions of vibrationally hot pyrazine. Energy
transfer due to weak and strong collisions fits to a single rotational
distribution.
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the scattered HOD(000) molecules is

Equivalently the fraction of scattered HOD molecules in each
state is the appearance ratekJ divided by the collision rate,fJ )
kJ/kcol. We have measured rate constants for the appearance of
a number of the HOD(000) states shown in Figure 2. These
data are combined with the HOD rotational temperature to give
rate constants for the appearance of the full distribution of
scattered HOD(000) molecules, as shown in Figure 3. The LJ
collision rate at 300 K for pyrazine-HOD collisions iskLJ )
6.3 × 10-10 cm3 molecule-1 s-1. The LJ parametersσ ) 3.96
Å andε ) 0.894 kcal/mol for pyrazine/HOD collisions are based
on established combining rules ofσ and ε parameters for the
collision partners.19 The well depth parameterε contains the
effect of attraction due to dipole-induced-dipole forces.4 Using
this approach, the average rotational energy of the scattered
HOD molecules is 1.7 times larger than〈Erot〉obs.

The discrepancy in〈Erot〉 values from eqs 2 and 3 stems directly
from the choice of collision rate. Using a hard sphere collision
rate kHS ) 3.2 × 10-10 cm3 molecule-1 s-1 leads to an even
larger difference with〈Erot〉HS ) 3.0〈Erot〉obs.

We can use these results to obtain a direct measurement of
the collision rate. Using〈Erot〉obs from eq 2 as a constraint in eq
3 directly yields a collision rate ofkcol ) 1.07 × 10-9 cm3

molecule-1 s-1, which is 1.7 times larger than the LJ collision
rate. Equivalently, the sum ofkJ over all HOD J-states yields
kcol. This value ofkcol includes all collisions that scatter HOD-
(000) molecules and is a lower limit to the total collision rate
because scattering of HOD molecules in the (000) state is just
one possible outcome of collisions. Additional energy-transfer
and reactive channels may also occur. Vibration-to-vibration
(V-V) exchange could lead to excitation of HOD stretching
and bending modes. However, previous studies of pyrazine
relaxation by H2O show that vibration-to-rotation/translation
(V-RT) energy transfer accounts for∼96% of the energy
transfer and that V-V exchange is relatively minor.16,17 V-V
transfer into the bend (1595 cm-1) of H2O has a ratek(010))
4.4× 10-11 cm3 molecule-1 s-1 that is 4% of the V-to-RT rate

k(000) ) 1.08 × 10-9 cm3 molecule-1 s-1. No evidence has
been seen for collisional excitation of water’s stretching modes
(3657 and 3755 cm-1), which are of larger frequency than any
single vibration in pyrazine. We expect that the HOD bend (1402
cm-1) and OD stretch (2724 cm-1) will be excited to some
extent in collisions with vibrationally hot pyrazine but that the
rates for these channels are likely to be small relative to the
V-RT pathway.

A possible source of HOD is the isotope exchange reaction
between D2O and vibrationally hot pyrazine. This reaction does
not proceed at 300 K but could be promoted by the large internal
energy of pyrazine. However, no evidence for HOD products
from isotope exchange reactions was observed in our studies.
We conclude that energy transfer is the sole outcome of
collisions between vibrationally hot pyrazine and water. Because
V-RT is the major relaxation pathway, the observed collision
rate should be very close to the actual rate of collisions between
vibrationally hot pyrazine and HOD.

This work shows that molecular collision rates can be
determined directly from state-resolved energy gain data. To
accomplish this, we have characterized the outcome of both
strong and weak collisions to include the elastic or nearly elastic
collisions that quench vibrationally excited molecules. The key
is to account for all bath molecules that have undergone
collisions with a vibrationally excited donor by measuring their
state- and energy-resolved appearance. Weak collisions are
measured from increases in the velocity spread of scattered
molecules. For collisions of vibrationally excited pyrazine with
HOD, we find that the observed collision rate is at least 1.7
times larger than the LJ collision rate. Whether the observed
collision rate depends on the amount of vibrational energy in
pyrazine remains to be determined from additional studies.
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Figure 3. Energy transfer rate constantskJ for appearance of HOD-
(000) from collisions with hot pyrazine.
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