
Effects of Alkylation on Deviations from Lennard-Jones Collision Rates for Highly Excited
Aromatic Molecules: Collisions of Methylated Pyridines with HOD†

Qingnan Liu, Daniel K. Havey, Ziman Li, and Amy S. Mullin*
Department of Chemistry and Biochemistry, UniVersity of Maryland College Park, Maryland 20705

ReceiVed: December 15, 2008; ReVised Manuscript ReceiVed: January 28, 2009

Collision rates and energy transfer distributions are reported for HOD with highly vibrationally excited
2-methylpyridine (2-picoline, E ) 38 310 cm-1) and 2,6-dimethylpyridine (2,6-lutidine, E ) 38 700 cm-1).
High resolution transient IR absorption is used measured to complete product state distributions of scattered
HOD(000) molecules with Erot ) 109 to 1331 cm-1. Doppler-broadened line profiles characterize the depletion
and appearance for HOD molecules due to collisions with hot donors and show that the product translational
and rotational energy distributions are similar for both donors with 〈∆Erel〉 ) 370 cm-1 and 〈∆Erot〉 ∼ 75
cm-1. The energy transfer rate for picoline (E)/HOD is 2.5 times larger than the Lennard-Jones collision
rate. The energy transfer rate for lutidine(E)/HOD is 3.2 times larger than the Lennard-Jones collision rate.
Previous work (Havey, Liu, Li, Elioff, and Mullin, J. Phys. Chem. A 2007, 111, 13321-9) reported similar
energy transfer values for pyrazine/HOD collisions and an energy transfer rate that is 1.7 times the
Lennard-Jones collision rate. The observed collision rates are discussed in terms of hydrogen bonding
interactions between HOD and the aromatic donor molecules. Energy gain profiles for HOD are compared
with those for H2O.

Introduction

Water is a primary product of hydrocarbon combustion and
is ubiquitous in the earth’s atmosphere. The means by which
water quenches highly excited molecules has important implica-
tions in many practical settings. Quenching collisions can
deactivate highly excited molecules by removing energy that
is needed for reaction and such collisions compete directly with
unimoleculardecompositionandactivatedbimolecularreactions.1-3

State-resolved product distributions have been measured previ-
ously for H2O that are scattered in high rotational states (Erot >
1000 cm-1) following quenching collisions with highly vibra-
tionally excited molecules.4,5 These events correspond to the
strongest collisions (i.e., large-∆E collisions) but make up only
a small fraction of energy transfer events. Weak collisions that
transfer small amounts of energy are far more likely to occur,
but their characterization poses a number of experimental
challenges. Recent advances in transient IR absorption tech-
niques have made it possible to extend previous studies into
the realm of small-∆E energy transfer. Data of this type yield
information about the complete energy transfer distribution as
well experimentally measured collision rates.

The effectiveness of collisions at removing energy from
activated molecules is typically reported relative to a collision
rate. The collision rate is of great importance in a number of
fields including collisional energy transfer,6-8 unimolecular
reactions,9-11 and nucleation theory.12-15 Collision rates have
been measured for a few systems,7,16-23 but for neutral molecules
they are typically estimated using a Lennard-Jones interaction
potential.24 This potential depends on the distance between the
colliding molecules and uses the average parameters of ε to
describe attractive interactions and σ to estimate the distance
where repulsive interactions take over. Orientation-dependent
interactions are not accounted for in the Lennard-Jones

potential, nor are hydrogen-bonding interactions. Using IR
absorption to measure the outcome of collisions that involve
the full range of energy transfer values directly yields a measure
of the collision rate. These data provide a benchmark for
establishing how well the Lennard-Jones model describes
collisions between molecules.

Recently, we have extended high resolution transient IR
absorption probing into the low-∆E regime to study the
collisional quenching of pyrazine(E) with HOD.25,26 This initial
study characterized the full state-resolved energy transfer
distribution and showed that the pyrazine/HOD collision rate
is 1.7 times larger than the Lennard-Jones collision rate. Here
we investigate how collision rates are affected by the pre-
sence of methyl groups on the donor molecule by measuring
the collision dynamics of highly vibrationally excited 2-meth-
ylpyridine (2-picoline) and 2,6-dimethylpyridine (2,6-lutidine).
Table 1 lists the physical properties of these molecules along
with those for pyrazine. Ideally, results for the methylated donors
would be compared to pyridine quenching data, but transient
signals for pyridine collisions were too small. Instead the results
are compared with pyrazine collisions.

Average energy transfer measurements show that polar
molecules such as H2O and NH3 are more efficient quenchers
of highly excited molecules than nonpolar collision partners such
as CO2.27-35 However, state-resolved energy gain data show that
H2O is much less likely than CO2 to be involved in large-∆E
quenching collisions with highly excited aromatic molecules.5,36,37

Understanding the fundamental reasons for differences in
average energy transfer behavior requires knowledge of the full
energy transfer distribution as well as the collision rate.

Several other experimental methods have been used to study
the energy transfer distribution function of highly excited
molecules. Kinetically controlled selective ionization (KCSI)
38-41 has been developed and used by Luther and co-workers
to directly monitor highly vibrationally excited donor molecules
as they are relaxed by collisions. Distributions of highly
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vibrationally excited molecules with initial energy E are
monitored as they pass through experimentally determined
energy windows at an energy E′.42-45 The molecular beam
imaging technique of Ni and co-workers measures the velocity
mapping of scattered molecules to measure the energy transfer
distribution function.46-48

In this paper, we report the energy transfer dynamics for
collisions of 2-picoline(E) and 2,6-lutidine(E) with HOD. High
resolution transient IR absorption is used to measure the state-
resolved appearance and product state distributions of scattered
HOD molecules in rotational states with Erot ) 109 to 1331
cm-1. These measurements provide a complete description of
the rotational and translational energy distributions of the
HOD(000) products as well as a measure of the collision rate.
The results are compared with those for pyrazine(E)/HOD
collisions,25,26 and the influence of donor methylation on
collision rates and energy transfer profiles is discussed.

Experimental Methods

A high-resolution transient IR laser absorption spectrometer
was used to measure state-resolved energy gain profiles in HOD
molecules that scatter from highly vibrationally excited 2-pi-
coline (E ) 38 310 cm-1) and 2,6-lutidine (E ) 38 700 cm-1).
The highly excited donors were prepared by radiationless decay
to the ground electronic state following pulsed UV excitation
using λ ) 266 nm light from the fourth harmonic of Nd:YAG
laser.49 The pulsed UV light excited the donor molecules at a
repetition rate of 2 Hz. The UV power was kept below 4.2 MW/
cm2 to maximize signal-to-noise ratios while maintaining single-
photon absorption of donor molecules.

A tunable single-mode F-center laser operating near λ ) 2.7
µm was used to measure transient IR absorption for individual
rotational states of HOD using (001r000) transitions following
collisions with excited donor molecules. The IR laser has a

resolution of ∆νIR ) 0.0003 cm-1 that is high enough to measure
Doppler broadened line profiles for individual rotational states
of HOD. Transient line profiles were measured by collecting
transient IR absorption as a function of IR wavelength. The
F-center laser was locked to a single cavity mode while an
intracavity etalon tuned synchronously with a pair of rotating
calcium fluoride plates. Typically a single cavity mode could
be tuned over a wavelength range of 0.07 cm-1.

The IR probe passed through a 3 m collision cell collinearly
with the 266 nm pump light. The cell contained a flowing
mixture of 2-picoline or 2,6-lutidine and the H2O/HOD/D2O
bath at a total pressure of ∼25 mTorr. With these conditions,
about 15% of donor molecules were vibrationally excited and
the average collision time is τcol ∼ 3 µs, based on Lennard-Jones
interactions. Linear transient absorption signals from t ) 0 to 1
µs correspond to nascent population changes of scattered HOD
molecules determined using the method of initial rates. Devia-
tions from linear absorption due to secondary quenching
collisions were observed at times longer than 2 µs.

The HOD sample was prepared by mixing equal volumes of
H2O and D2O. At equilibrium, the H2O/HOD/D2O sample had
49.4% HOD.50 The pressure of donor and H2O/HOD/D2O
mixture was 1:2 in the collision cell in order to match a 1:1
ratio for donor and HOD. HPLC grade H2O and D2O (Cam-
bridge Isotope Laboratories, 99.9%) was purified by several
freeze/pump/thaw cycles to prevent the presence of atmospheric
gases. 2-Picoline (Aldrich, 99+ %) and 2,6-lutidine (Aldrich,
99+ %) were purified by several freeze/pump/thaw cycles before
use.

Results and Discussion

Transient Absorption of Scattered HOD(000) Molecules.
HOD molecules at room temperature change their translational
and rotational energies after collisions with vibrationally hot
donor molecules as shown in eq 1.

Here E ) 38 310 cm-1 for 2-picoline and 38 700 cm-1 for
2,6-lutidine. J is the total angular momentum of HOD, and Ka

and Kc are the components along the molecular A axis and C
axis, respectively. V is the component of the velocity along the
IR beam corresponding to a 1-D projection of a 3-D velocity
vector spread.

High-resolution IR absorption of transitions involving
HOD(000, JKa,Kc

, V) monitors time-dependent population changes
for individual J states due to collisions with the hot donor
molecules, as shown in eq 2.

Transient signals at t ) 1 µs were used to determine nascent
population changes from collisions between highly vibrationally
excited donor molecules and HOD.

The use of high-resolution IR transient absorption to measure
strong collisions has been reported previously.5 Probing the
outcome of strong collisions involves monitoring bath molecules
that are scattered into high rotational states that have essentially
no population at 298 K. In this case, transient absorption signals
correspond purely to the appearance of population in the state
being probed. Measurements on weak collisions involving low-J

TABLE 1: Summary of Physical Properties for Highly
Vibrationally Excited Donor Molecules

donor molecule pyrazine 2-picoline 2,6-lutidine

Lennard-Jones diameter σ (Å) 5.35a 5.58b 5.89b

Lennard-Jones well depth ε (K) 435.5 a 465.8c 467.9c

number of vibrational modes 24 36 45
mass (g/mol) 80.09 93.13 107.16
Lennard-Jones collision rate

(10-10 cm3molecule-1s-1)d
6.19 6.44 6.86

a Lennard-Jones parameters σ and ε for pyrazine are from the
literature.70 b Calculated using critical volume: σ3 ≈ (9/8)(Vc/πNA),71

where NA is Avogadro’s number. Vc value for 2-picoline is Vc )
292 cm3 from the literature.56 The Vc value for 2,6-lutidine is
estimated to be Vc ) 343 cm3 determined by extrapolating from Vc

values for pyridine (Vc ) 243 cm3)56 and 2-picoline plotted as a
function of Tc (see footnote c). c Calculated using critical
temperature: ε ≈ (3/4)Tc.71 Tc values for 2-picoline and 2,6-lutidine
are Tc ) 621 K and Tc ) 623.8 K, respectively, from the
literature.56 The value for pyridine is Tc ) 620 K. d The collision
rate constants were determined using a Lennard-Jones potential as
the intermolecular potential during the donor/HOD collisions.19 The
collision rate constants for donor/bath were determined using a
Lennard-Jones (LJ) potential19 given by kLJ ) ((8kBT)/πµ)1/2

Ω(2,2)*πσ2, where the collision integral Ω(2,2)* is a function of the
reduced temperature T*. Ω(2,2)* ) 1.16145(T*)-0.14874 + 0.52487
exp{- 0.7732T*} + 2.16178 exp {- 2.43787T*}, where T* ) kBT/
ε. The Lennard-Jones parameters σ and ε/kB for the mixed donor/
bath systems are obtained using established combining rules:19 σ )
(σdonor + σbath)/2 and (ε/kB) ) ((ε/kB)donor(ε/kB)bath)1/2. Values of σHOD

and (ε/kB)HOD are the same as those for H2O. Only mass differences
are considered in the calculation. For H2O, σH2O ) 2.65 Å, (ε/kB)H2O

) 380.0 K.24

donor(E) + HOD(298 K) f donor(E′) +
HOD(000, JKaKc

, V) (1)

HOD(000, JKaKc
, V) + IR f HOD(001, J′Ka′,Kc′ V) (2)
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states of bath molecules have added complications. Substantial
thermal population for low-J states means that their transient
signals are dominated by depletion which can overwhelm small
appearance signals. If the Doppler-broadened line widths for
appearance and depletion are equal, it is not possible to
distinguish the relative transient populations. In addition,
competing energy transfer pathways can interfere with pathway-
specific absorption measurements by moving population into
the upper state of the probe transition, since absorption gives
information about the population difference between the two
states of the transition. Collisions that put energy into the upper
state of the probe transition will obscure measurements of the
lower state population.

We consider the transient absorption of the HOD(000, 22,0)
state to illustrate our approach to probing weak collisions. The
IR probe transition is HOD(001, 22,1) r HOD(000, 22,0). The
collision-induced population change for the (000, 22,0) state
results from two processes: HOD is scattered into the (000, 22,0)
state by eq 3 and depleted from this state by eq 4.

Collisions can also directly populate the upper state of the
probe transition, as shown in eq 5.

The collision-induced appearance for a number of HOD(001,
JKa,Kc

) states was investigated separately using HOD(002r001)
probe transitions, but no transient absorption signals were
observed. It is not surprising that collisions leading to energy
gain in the (001) state are not observed. It is likely that vibration-
to-vibration (VfV) energy transfer is dominated by a one-
quantum transfer. The highest frequency vibrational modes of
2-picoline and 2,6-lutidine are near 3000 cm-1 while the HOD
ν3 stretch is near 3710 cm-1. Thus, eq 5 does not impact the
HOD(001r000) probe transitions in this study, and transient
signals result purely from collisions described by eqs 3 and 4.
For this reason, HOD(001r000) transitions can be used to
characterize the energy partitioning in weak collisions of highly
vibrationally excited donor molecules with HOD.

Transient fractional absorption was measured for a number
of HOD(000) rotational states. Transient signals for the (000,
70,7) state following collisions with highly vibrationally excited
2-picoline and 2,6-lutidine molecules are shown in Figures 1
and 2. The 70,7 state has an energy of Erot ) 403 cm-1 and is
well populated at 298 K. At ν0, the center of the IR transition,
the rate of population loss for this state is greater than
appearance and negative-going signals are observed correspond-
ing to net depletion of population. These are shown in Figures
1a and 2a. When the IR probe is tuned to the wings of the
absorption as in Figures 1b and 2b, the transient absorption
traces are positive-going, showing appearance of population in
this state. Analysis of the transient line profiles yield quantitative
information about the appearance and depletion populations, as
described in the next section.

Translational Energy of Collision Products. The transla-
tional energy gain of scattered HOD(000) was measured for
weak and strong collisions with both donor molecules using
Doppler-broadened line profiles. The outcome of weak collisions
was measured from the early time appearance of HOD
molecules in low-J states with Erot < 500 cm-1. These states
have substantial ambient population at 298 K, and their transient
profiles show both appearance and depletion behavior.

Figure 3 shows the transient line profile for the HOD 70,7

state following collisions with 2,6-lutidine (E) based on transient
signals at t ) 1 µs. The signals at line center show negative-
going depletion of the initial thermal population. A second
positive-going component is seen in the wings of the line profile
at approximately ∆ν ) 0.0125 cm-1 from line center. The
positive-going component corresponds to appearance of mol-
ecules in the 70,7 state and is a measure of the population and
velocity distribution for a subset of weak collisions.

Doppler-broadened line profiles are fit using a nonlinear least-
squares analysis to a double Gaussian function:26

Figure 1. Fractional IR absorption of HOD(000) following collisions
of highly excited 2-picoline with HOD as a function of time
following UV excitation. Figure 1a shows depletion of HOD(000,
70,7) with Erot ) 403 cm-1 measured at ν0, and Figure 1b shows
appearance for the same transition measured at ∆ν ) 0.01 cm-1

from line center.

Figure 2. Fractional IR absorption of HOD(000) following collisions
of highly excited 2,6-lutidine with HOD as a function of time
following UV excitation. Figure 2a shows depletion of HOD(000,
70,7) with Erot ) 403 cm-1 measured at ν0 and Figure 2b shows
appearance for the same transition measured at ∆ν ) 0.01 cm-1

from line center.

donor(E) + HOD(any state)98
k

app
J

donor(E′) +

HOD(000, 22,0) (3)

donor(E) + HOD(000, 22,0)98
k

dep
J

donor(E′) +

HOD(any state) (4)

donor(E) + HOD(298 K) f donor(E′) + HOD(001, 22,1)
(5)
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The parameters Iapp and Idep are the appearance and depletion
intensities at the center frequency ν0, and ∆νapp and ∆νdep are
the full width at half-maximum (fwhm) line widths for the
absorption and depletion, respectively. F0 accounts for small
intensity shifts in baseline absorption. Values of ∆νapp were used
to determine the translational temperatures of the scattered
molecules in the laboratory frame (Ttrans,lab) and the center of
mass frame (Trel).

The outcome of strong collisions was measured from the early
time appearance of HOD molecules in high-J states with Erot >
1000 cm-1. These states have negligible ambient population at
298 K and appearance signals are solely seen. The nascent line
profiles for these states are fit to a single Gaussian function
using eq 6 with Idep ) 0.

The appearance line widths and translational temperatures
for a number of HOD(000) states due to collisions with hot
donor molecules are listed in Table 2 and plotted in Figure 4,
along with previous results for pyrazine/HOD collisions.26 The
product translational energy distributions are similar for colli-
sions of pyrazine, picoline and lutidine and have temperatures
of Trel ∼ 500-800 K. The product translational energies increase
slightly as a function of HOD rotational energy, although the
differences are within experimental error. Line profiles for the
high-J states (in gray) were measured prior to the low-J states
(in black) using a different experimental configuration and
differences in etalon calibration may affect the line widths. Each
line width listed in Table 2 is an average of three measurements,
and the reported uncertainty is based on multiple measurements
of room temperature line widths of a CO2 (1001f0000) transition
that agreed with the known value to within 0.0005 cm-1.

Relatively small amounts of translational energy are observed
in the scattered molecules relative to the internal energy of the
highly excited donor molecules, at least for the HOD states we
have measured. The average appearance line widths for
HOD(000) after single collisions with pyrazine, 2-picoline, and
2,6-lutidine/HOD are ∆νapp ) 0.0148 ( 0.001, 0.0154 ( 0.001,
and 0.0147 ( 0.001 cm-1, respectively, corresponding to
average laboratory frame translational temperatures of Ttrans,lab

) 570 ( 86, 614 ( 110, and 575 ( 109 K. The corresponding

center of mass frame temperatures are Trel ) 635 ( 95 K, 678
( 123 K, and 624 ( 118 K. The average changes in relative
translational energy are 〈∆Erel〉 ) 351 ( 49, 397 ( 71, and
340 ( 63 cm-1 for pyrazine, picoline, and lutidine collisions,
based on 〈∆Erel〉 ) 3/2kB(Trel - T0). It is interesting that the recoil
energies are very close to 3/2kBT0 where T0 ) 298 K for the
initial velocity distribution. The excited donor molecules contain
more than 38 000 cm-1 of vibrational energy yet collisions
impart only ∼1% of this energy into translational motion of
the products. Of course, higher energy HOD states may be
scattered with more translational energy, but based on the
rotational distributions presented in the next section, the
probability of such collisions is likely to be very small.

The depletion signals give information about the velocity
distributions of the initial HOD molecules. The translational
temperatures for depletion are listed in Table 3 and have values
that are within error of T ) 298 K. For 2-picoline/HOD
collisions, the average laboratory frame depletion temperature
is Tdep ) 368 ( 81 K. Similarly, 2,6-lutidine/HOD has Tdep )
376 ( 71 K. For pyrazine/ HOD collisions, the depletion profiles
have temperatures of Tdep ) 315-350 K. The data may indicate
that the precollision distribution of HOD molecules is shifted
to slightly higher velocities than room temperature, but we note
that the effect is fairly small, if it is there at all.

Rotational Energy Gain of HOD(000). Nascent rotational
distributions of scattered HOD(000) molecules were measured
for collisions with picoline(E) and lutidine(E). Early time
population changes for a number of HOD rotational states with
Erot ) 109 to 1330 cm-1 were fit with a Boltzmann distribution
for each donor. The data and the fits are shown in Figure 5,
along with earlier data for collisions with pyrazine. The
rotational energy distributions of HOD are similar for the three
donors. For picoline/HOD collisions, the rotational temperature
of scattered HOD is Trot ) 426 ( 60 K. For lutidine/HOD
collisions, Trot ) 394 ( 64 K. For pyrazine/HOD collisions,
Trot ) 430 ( 50 K. The average change in HOD rotational
energy is relatively small for each donor/HOD pair. Using
〈∆Erot〉 ) 3/2kB(Trot - T0) and T0 ) 298 K, we find that 〈∆E rot〉
) 133 ( 63, 100 ( 67, and 138 ( 52 cm-1, respectively for
collisions with picoline, lutidine, and pyrazine.

The HOD(000) molecules scattered from pyrazine(E), pi-
coline(E), and lutidine(E) have rotational distributions that are
all near Trot ) 400 K, but other studies have shown that
collisions with H2O are quite different. In strong collisions with
the same highly excited donors (also prepared with 266 nm
light), H2O is scattered into higher energy rotational states than
HOD, and with broader rotational distributions that depend on
the identity of the collision partner. In pyrazine/H2O collisions,
H2O is scattered with a rotational temperature is Trot ) 920 (
100 K.5 Collisions of H2O with picoline and lutidine impart
less rotational energy to the H2O bath, with nascent rotational
temperatures of Trot ) 590 ( 90 K and 490 ( 80 K,
respectively.4,51

It is likely that hydrogen bonding interactions are involved
in HOD and H2O quenching collisions and that stronger
hydrogen bonding interactions for HOD end up reducing its
rotational energy gain through collisions. Water has two sites
for hydrogen bonding with nitrogen-containing aromatics. The
O-H bond of water interacts with the nitrogen lone pair through
a σ-type interaction, and the π-cloud of the aromatic interacts
with the two hydrogen atoms of water in a π-type interaction.52,53

There is spectroscopic evidence from Zwier and co-workers that
in water complexes with nitrogen-containing aromatics, H2O
undergoes shuttling motion between local minima of the σ- and

Figure 3. Transient absorption line profile for HOD(000, 70,7) collected
at 1 µs following UV excitation of 2,6-lutidine. The raw data and fit
are shown in Figure 3a while the double Gaussian fit alone is shown
in Figure 3b. The fit has been separated into its absorption (dashed
line/positive going) and depletion (dashed line/negative going) com-
ponents for clarity.

F(ν) ) Iapp exp(-4 ln 2(ν - ν0

∆Vapp
)2) -

Idep exp(-4 ln 2(ν - ν0

∆Vdep
)2) + F0 (6)
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π-sites.54 This type of directed motion between σ- and π-sites
has also been implicated in the extent to which scattered water
molecules contain excess rotational energy following collisions
with substituted pyridines.55 In methylpyridines, methyl groups
adjacent to the nitrogen lone pair tend to enhance the strength
of the σ-type hydrogen bond by donating electron density. This
is supported by the increasing basicity of methylated pyridines.56

Increasing the depth of one local minimum will tend to diminish
directed movement to another minimum, thus reducing the

extent of rotational energy gain in the scattered water molecules.
This idea is consistent with our observation for the three donors
considered here, namely that H2O is scattered from pyrazine(E)
with the largest amount of rotational energy while picoline and
lutidine impart substantially less rotational energy to H2O.

Differences in the intermolecular potentials of HOD and H2O
with pyrazine provide insight into differences in the collision
dynamics for these bath molecules. Caminati and co-workers
measured the microwave spectra of pyrazine-water complexes
in a molecular beam and only observed σ-type hydrogen

TABLE 2: Transient Line Widths and Translational Energy Gain Measurements for HOD(000, JKa,Kc) Rotational States
Following Collisions with Highly Vibrationally Excited 2-Picoline (E ) 38 310 cm-1) and 2,6-Lutidine (E ) 38 700 cm-1)

donor HOD JKa,Kc
ν0 (cm-1) Erot (cm-1) ∆νapp

a(cm-1) Ttrans,lab
b (K) Trel

c (K) ∆Erel
d (cm-1)

picoline 22,0 3702.904 109.269 0.0137 500 ( 75 541 ( 81 254 ( 38
41,3 3787.510 182.983 0.0161 670 ( 100 746 ( 111 467 ( 70
61,6 3798.189 308.615 0.0139 500 ( 90 541 ( 97 254 ( 46
70,7 3810.595 403.161 0.0163 685 ( 145 764 ( 162 486 ( 103
71,6 3826.241 473.918 0.0153 595 ( 140 656 ( 154 373 ( 88
111,10 3866.368 1046.474 0.0172 733 ( 110 >822 ( 132 546 ( 82

lutidine 22,0 3702.904 109.269 0.0138 514 ( 80 552 ( 86 265 ( 41
41,3 3787.510 182.983 0.0136 477 ( 105 509 ( 112 220 ( 48
61,6 3798.189 308.615 0.0138 610 ( 125 665 ( 136 383 ( 78
70,7 3810.595 403.161 0.0133 559 ( 140 605 ( 152 320 ( 80
71,6 3826.241 473.918 0.0149 484 ( 105 517 ( 112 228 ( 50
111,10 3866.368 1046.474 0.0165 677 ( 100 744 ( 112 465 ( 70
121,11 3876.128 1220.027 0.0169 707 ( 106 780 ( 117 502 ( 75

a ∆νapp is the full width at half-maximum (FHWM) line width for a specific JKa,Kc
state of HOD measured at 1 µs following the UV pulse.

Each value is an average of typically three values and has an uncertainty of 0.0007 cm-1. b Laboratory frame translational temperature for
HOD(000, JKa,Kc

) is determined using Ttrans,lab ) (mc2/8R ln(2))(∆νapp/νo)2. The uncertainty is determined from both measurement uncertainty in
the line width and propagated error in the double Gaussian fit. c Center-of-mass frame translational temperature for HOD(000, JKa,Kc

) is
determined using Trel ) Ttrans,lab + (Ttrans,lab - 298)(mHOD/mdonor) d Average translational energy change for HOD(000, JKa,Kc

) is obtained using
〈∆Erel〉 ) 3/2kB(Trel - T0), where T0 ) 298 K.

Figure 4. Center-of-mass translational temperatures (Trel) vs HOD(000) Erot following collisions with pyrazine, 2-picoline, and 2,6-lutidine. Trel

does not have a strong dependence on Erot from 0 cm-1 to 1500 cm-1.

TABLE 3: Transient Line Widths and Translational Energy
Profiles for Population Depletion of HOD(000, JKa,Kc)
Rotational States Due to Collisions with Highly Vibrationally
Excited 2-Picoline (E ) 38 310 cm-1) and 2,6-Lutidine (E )
38 700 cm-1)

donor molecule JKa,Kc
∆νdep (cm-1)a Tdep

b (K)

2-picoline 22,0 0.0114 353 ( 43
41,3 0.0125 405 ( 45
61,6 0.0108 301 ( 39
70,7 0.0125 401 ( 45
71,6 0.0122 379 ( 43

2,6-lutidine 22,0 0.0118 374 ( 44
41,3 0.0119 368 ( 43
61,6 0.0126 433 ( 48
70,7 0.0122 382 ( 44
71,6 0.0113 322 ( 40

a ∆dep is fwhm Doppler-broadened line width for population
depletion from HOD states with Erot ) 100-500 cm-1.
b Laboratory-frame translational temperatures Tdep for depletion of
initial HOD(000, JKa,Kc

) are determined similarly to Ttrans,lab in
footnote b in Table 2 using ∆νdep.

Figure 5. The nascent distributions of HOD(000) rotational states for
collisions with highly vibrationally excited pyrazine (black circles),
2-picoline (gray circles), and 2,6-lutidine (open circles).
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bonds.52 This finding is consistent with ab initio calculations
showing that σ-type hydrogen bond in pyrazine-H2O has an
interaction energy of ∼5 kcal/mol and that the π-hydrogen bond
for benzene-H2O is ∼2 kcal/mol. Furthermore, Caminati and
co-workers concluded that the pyrazine:HOD bond is stronger
than the pyrazine:H2O bond based on the observation that the
pyrazine-HOD complex is observed in the molecular beam
exclusively with the D-atom of HOD bonded to the nitrogen
lone pair. Johnson and co-workers have shown that the most
stable configuration for complexes of atomic ions with H2O,
HOD, and D2O results from a balance of hydrogen bond strength
and shifts in vibrational frequencies and zero-point energies that
depend on hydrogen bond strength.57 If the local minimum of
the σ-type hydrogen bond for pyrazine/HOD is deep enough, it
will suppress directed motion between σ- and π-sites that leads
to enhancements in rotation of the scattered HOD molecules.25,26

Of course, this does not imply that collisions with HOD only
involve geometries associated with the σ-type local minima since
numerous molecular orientations are possible for collisions, and
it is unlikely that complexes are formed at 300 K. Rather, the
presence of multiple local minima that are accessible in
collisions with H2O can lead to motion that enhances water’s
rotational energy. In cases where this directed motion is reduced,
water’s rotational energy will also be diminished.

Other factors could be important as well. Differences in the
energy content of the hot donor may affect the extent of
rotational energy in the scattered molecules. The donor vibra-
tional temperature Tvib is defined as the vibrational distribution
for which the mean vibrational energy is the same as the internal
energy E of the hot donor. In our experiments, Tvib ) 4020 K
for pyrazine(E), 2440 K for 2-picoline(E), and 1990 K for 2,6-
lutidine(E). We observe nascent Trot values for H2O that are
proportional to the donor Tvib values. If this is an important
factor, then it is not clear why H2O collisions would be sensitive
to the donor energy content while HOD collisions are not.

Another factor to consider is the rotational state structure of
H2O and HOD. HOD has a higher rotational state density than
H2O due to differences in moments of inertia and degeneracy
factors. The A, B, and C rotational constants for HOD are
roughly one-third smaller than those for H2O leading to more
closely spaced rotational states in HOD. In addition, HOD has
a nuclear spin degeneracy of gns ) 6 for all rotational states
while for H2O, gns ) 3 for states with odd (Ka + Kc) and gns )
1 for states with even (Ka + Kc). The upshot is that there are
more HOD states than H2O states with Erot < 1000 cm-1 by a
factor of 4. Small angular momentum changes are favored in
collisions, which in turn favor a narrower distribution of final
states for HOD. Details of the exact ordering of angular
momentum states for H2O and HOD could lead to the observed
differences in the rotational distributions. Studies on D2O
collisions would help address these issues.

Energy Transfer Rates from HOD(000) Appearance
Measurements. State-specific bimolecular energy transfer rate
constants kapp

J (in eq 3) for collisions of 2-picoline(E) and 2,6-
lutidine(E) with HOD were determined by transient absorption
measurements for a number of HOD rotational states that are
listed in Tables 4 and 5. The states listed in Tables 4 and 5 are
a subset of all HOD rotational states. Rate constant for states
not listed in Tables 4 and 5 were determined using the
experimentally measured HOD rotational temperatures (Figure
5). The sets of total rate constants are shown in Figure 6 along
with rates for pyrazine-HOD collisions. The rates shown in
Figure 6 are for the complete HOD(000) distribution that comes
from vibration-to-rotation/translation (V-RT) energy transfer.

Since the HOD rotational distributions are nearly the same, the
distributions of kapp

J are similar for the three donors. However,
there are differences in the magnitude of the energy transfer
rate constants. The integrated energy transfer rate constant kapp

for each donor is the sum of kapp
J over all HOD(000) rotational

states. The integrated rate constants are kapp ) (1.6 ( 0.5) ×
10-9 cm3 molecule-1 s-1 for 2-picoline/HOD and kapp ) (2.2 (
0.7) × 10-9 cm3 molecule-1 s-1 for 2,6-lutidine/HOD. For
pyrazine/HOD, kapp ) (1.0 ( 0.3) × 10-9 cm3 molecule-1

s-1.25,26

The V-RT relaxation pathway is the primary channel of
collisional quenching for aromatic molecules with HOD. Energy
transfer from donor vibration to bath vibration (V-V) is less
likely for these collision partners, with typical rates that are a
few percent or less of the collision rate. Transient signals for
HOD(010) from 2-picoline and 2,6-lutidine collisions are below
the detection limit of our experiments. In the case of pyrazine/
H2O, collisions that produce H2O (010) account for ∼5% of
the total collision rate.36 Also, no reactive pathways that produce
HOD have been detected from collisions of vibrationally hot
donors and D2O. The integrated energy transfer rate based on
the V-RT channel is a lower limit to the collision rate for each
donor-acceptor pair.

Collision Rates from Transient HOD Measurements.
State-resolved population depletion measurements are another
measure of the collision rate and provide a consistency check
with the total appearance rates. Collisions between highly
vibrationally excited donor molecules and HOD move popula-
tion out of low-J HOD states that are populated at room
temperature and into the final distribution of states. The rate

TABLE 4: Observed Appearance Rates of HOD(000, JKa,Kc)
Due to Collisions with 2-Picoline (E ) 38 310 cm-1)

donor(E) + HOD98
k

app
J

donor(E - ∆E) + HOD(000, JKaKc
)

JKa,Kc
ν0, cm-1 Erot, cm-1 kapp

J , 10-12 cm3 molecule-1 s-1

22,0 3702.904 109.269 20.9 ( 6.3
41,3 3787.510 182.984 29.7 ( 8.9
61,6 3798.189 308.616 28.5 ( 8.6
70,7 3810.595 403.162 24.2 ( 7.3
71,6 3826.241 473.918 19.2 ( 5.8
102,8 3757.296 964.851 5.5 ( 1.7
103,8 3860.956 995.793 5.0 ( 1.5
103,7 3879.275 1024.569 4.5 ( 1.4
111,10 3866.368 1046.474 4.6 ( 1.4
112,10 3864.729 1049.125 4.6 ( 1.4
121,12 3864.216 1075.763 4.6 ( 1.4
95,5 3835.743 1082.785 3.4 ( 1.0
95,4 3836.070 1082.887 3.4 ( 1.0
104,7 3859.538 1106.264 3.5 ( 1.1
104,6 3866.258 1110.760 3.4 ( 1.0
112,9 3884.079 1141.692 3.4 ( 1.0
113,9 3873.111 1164.509 3.1 ( 0.9
121,11 3876.128 1220.029 2.9 ( 0.9
122,11 3875.159 1221.537 2.8 ( 0.8
105,6 3850.937 1238.795 2.2 ( 0.7
114,7 3884.345 1287.239 2.1 ( 0.6
122,10 3893.025 1331.216 2.0 ( 0.6
kapp ) ∑J kapp

J ) (1.6 ( 0.5) × 10-9 cm3 molecule-1 s-1 a

a A subset of HOD product states have been measured to
determine appearance rates. The total appearance rate constant kapp

is a sum of rate constants for al HOD states, based on the rates
listed above and the nascent HOD rotational temperature (Figure 5)
resulting from collisions with excited picoline.
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for depletion is given in eq 7, based on the idea that elastic and
inelastic collisions change the velocity and/or rotational quantum
state of HOD.

Here [HODJ]0 is the initial concentration of HOD in a single
rotational state. [donorE]0 is the initial concentration of highly
vibrationally excited donor molecules determined from UV

absorption measurements. Depletion of HOD population results
solely from collisions in these measurements, so the depletion
rate is essentially the collision rate. We assume to first order
that the collision rate constant does not depend on J. The
depletion rate constant kdep was measured for a number of HOD
states based on the depletion component of individual line
profiles (as in Figure 3), and values are listed in Table 6. The
average depletion rate constants for pyrazine, 2- picoline/HOD,
and 2,6-lutidine/HOD are 〈kdep〉 ) (1.1 ( 0.3) × 10-9, (2.3 (
0.7) × 10-9, and (2.3 ( 0.7) × 10-9 cm3 molecule-1 s-1. These
are in reasonable agreement with the integrated appearance rates
of kapp ) (1.0 ( 0.3) × 10-9 cm3 molecule-1 s-1 for pyrazine/
HOD, kapp ) (1.6 ( 0.5) × 10-9 cm3 molecule-1 s-1 for
2-picoline/HOD and kapp ) (2.2 ( 0.7) × 10-9 cm3 molecule-1

s-1 for 2,6-lutidine/HOD. We note that kapp e kdep for the three
donor/HOD pairs considered here.

The appearance and depletion rates provide independent
measures of the collision rate for donor/HOD collisions. The
appearance rates account for the primary collision pathway of
V-RT energy transfer and result from measurements of the
full distribution of scattered molecules for this pathway.
Appearance rates are a very good description of the collision
rate since V-V energy transfer is about 100 times less likely
than V-RT energy transfer. Depletion rates account for all
energy transfer pathways and in theory are a better measure of
the collision rate. However, the depletion rates are measured
directly from a small number of individual HOD states and have
larger uncertainty than the appearance rates. For this reason,
the appearance rates kapp are a better description of the
experimentally measured collision rates.

Comparison of Observed Collision Rates with Lennard-
Jones Collision Rates. Lennard-Jones collision rates are widely
used as a reference in chemical kinetics. The Lennard-Jones
potential is a two parameter (σ and ε) description of molecular
interactions that depends on the distance between molecules but
does not account for orientational effects. The empirical
parameters σ (for size) and ε (for attractive interactions) are
determined from pure species and then combined to give average
parameters to describe collisions of mixed species. The
Lennard-Jones collision rates for the three donor-HOD pairs
are listed in Table 1 and have values of kLJ∼6.5 × 10-10 cm3

molecule-1 s-1 at 298 K. The energy transfer rates for collisions
of pyrazine, picoline, and lutidine with HOD are each larger
than the Lennard-Jones collision rates. A comparison is shown
in Figure 7. The experimentally determined collision rate is 1.7
times larger than the Lennard-Jones rate for pyrazine/HOD.
The ratio of kapp to kLJ for picoline/HOD collisions is 2.5 and
for lutidine/HOD the ratio is 3.2. It is not surprising that the
observed collision rates are larger than Lennard-Jones rates,
based on the strong hydrogen bonding interactions of HOD with
nitrogen-containing aromatics.

It is interesting that the observed enhancements in collision
rates scale roughly with the basicity of the donor molecules.
Pyrazine, picoline, and lutidine have pKb values of 13.4, 8.0,
and 7.4, making lutidine the best electron donor of this group.56,58

Dipole moments enhance collision rates through long-range
attraction. The dipole moments of picoline (µ ) 1.85 D)56 and
lutidine (µ ) 1.65 D)59 are comparable to one another while
pyrazine has no dipole moment by symmetry. Long-range
interactions may contribute to enhancements in the collision rate.
If the enhancements are due solely to attractive interactions,
then ε values for the Lennard-Jones potential would have to
increase by factors of ∼3.7, ∼48, and ∼1040 for the pyrazine/
HOD, 2-picoline/HOD, and 2,6-lutidine/HOD pairs. It is also

TABLE 5: Observed Appearance Rates of HOD(000, JKa,Kc)
Due to Collisions with 2,6-Lutidine (E ) 38 700 cm-1)

donor(E) + HOD98
k

app
J

donor(E - ∆E) + HOD(000, JKaKc
)

JKa,Kc
ν0, cm-1 Erot, cm-1 kapp

J , 10-12 cm3 molecule-1 s-1

22,0 3702.904 109.269 32.9 ( 9.9
41,3 3787.510 182.984 45.3 ( 13.6
61,6 3798.189 308.616 41.5 ( 12.5
70,7 3810.595 403.162 34.0 ( 10.2
71,6 3826.241 473.918 26.3 ( 7.9
102,8 3757.296 964.851 6.2 ( 1.9
103,8 3860.956 995.793 5.6 ( 1.7
103,7 3879.275 1024.569 5.0 ( 1.5
111,10 3866.368 1046.474 5.1 ( 1.5
112,10 3864.729 1049.125 5.0 ( 1.5
121,12 3864.216 1075.763 5.0 ( 1.5
95,5 3835.743 1082.785 3.7 ( 1.1
95,4 3836.070 1082.887 3.7 ( 1.1
104,7 3859.538 1106.264 3.7 ( 1.1
104,6 3866.258 1110.760 3.7 ( 1.1
112,9 3884.079 1141.692 3.6 ( 1.1
113,9 3873.111 1164.509 3.3 ( 1.0
121,11 3876.128 1220.029 3.0 ( 0.9
122,11 3875.159 1221.537 2.9 ( 0.9
105,6 3850.937 1238.795 2.3 ( 0.7
114,7 3884.345 1287.239 2.1 ( 0.6
122,10 3893.025 1331.216 2.0 ( 0.6
kapp ) ∑J kapp

J ) (2.2 ( 0.7) × 10-9 cm3 molecule-1 s-1 a

a A subset of HOD product states have been measured to
determine appearance rates. The total appearance rate constant kapp

is a sum of rate constants for al HOD states, based on the rates
listed above and the nascent HOD rotational temperature (Figure 5)
resulting from collisions with excited lutidine.

Figure 6. Rate constants kapp
J for appearance of HOD(000) following

collisions with highly vibrationally excited pyrazine, 2-picoline, and
2,6-lutidine. Values of kapp

J for HOD include a nuclear spin degeneracy
of gns ) 6 and a rotational degeneracy of grot ) 2J + 1 and are based
on the rate constants in Table 6.

ratedep(J) ) -d[HODJ]
dt

) kdep[HODJ]0[donorE]0 (7)
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possible that large amplitude vibrational motion increases the
effective size and polarizability of the vibrationally excited
donors, thereby increasing the collision rate. Large amplitude
motion due to ring breathing and torsion modes of the aromatic
ring is likely to enhance the collision rate. Additional distortions
are possible for the methyl groups of 2-picoline and 2,6-lutidine.
The larger enhancements observed for the methylated donors
is consistent with this idea. On the basis of the measured
collision rates, the Lennard-Jones σ parameter would have to
increase by ∼1.4, ∼1.8, and ∼2.1 for pyrazine, 2-picoline, and
2,6-lutidine to account for deviations of kapp from kLJ. The effect
of hydrogen bonding on the ratio of kapp to kLJ can be tested by
measuring kapp for donor/bath pairs with a larger range of
intermolecular interactions and basicity. Energy-dependent
collision studies will elucidate the extent to which vibrational
excitation increases effective molecular size.

To measure nascent energy distributions from collisions, it
is necessary to detect populations of scattered molecules before
they undergo secondary collisions. We have measured popula-
tion changes at 1 µs following donor excitation based on the
Lennard-Jones collision time of tcol ) 3 µs for our experimental
conditions. The experimental rates for excited donors with HOD

are up to 3 times larger than Lennard Jones collision rates. This
enhancement increases the rate of secondary collisions of the
scattered HOD molecules and impacts the window for single
collision measurements. However, the concentration of excited
donor molecules is relatively small and accounts for only about
6% of the total number density. A kinetic analysis using
experimental collision rates for excited donor/HOD collisions
and Lennard-Jones rates for donor/HOD and water/HOD
collisions shows that the average time between collisions is 2.3
µs in our measurements. The transient data are consistent with
single-collision conditions for times up to t ) 2 µs with signals
that are linear and transient line profiles that are not narrowed
as a function of time. Curvature and line narrowing are observed
at longer times. Under our experimental conditions, the influence
of secondary quenching collisions on data collected at 1 µs
should be minimal.

Energy Transfer Probability Distributions. In order to
investigate the role of state density in collisions of HOD with
highly vibrationally excited pyrazine, 2-picoline, and 2,6-
lutidine, complete energy transfer probability distributions were
determined. These collision systems are the first for which
complete P(∆E) functions have been presented from state-
resolved experimental data for molecules of this type. A detailed
description of determining P(∆E) from state-resolved data has
been explained previously.26 The following parameters were
used from the experimental measurements described previously:
center-of-mass translational temperatures (Trel in Table 2), energy
transfer rates for individual states (kapp

J in Table 4 and 5), and
the temperature of the nascent rotational distribution (Trot in
Figure 5). Translational temperatures were found depend only
slightly on Erot, so the average translational temperature across
all states was used. For each donor/HOD pair, state-resolved
energy transfer probabilities PJ(∆E) were obtained using eq 8
and an energy transfer probability curve P(∆E) resulted from
summing over all states, P(∆E) ) ∑PJ(∆E).26,60

TABLE 6: Depletion Rates of HOD(000, JKa,Kc) Due to Collisions with Pyrazine (E ) 37,900 cm-1), 2-Picoline (E ) 38 310
cm-1), and 2,6-Lutidine (E ) 38 700 cm-1)

donor(E) + HOD(000, JKaKc
)98

kdep
donor(E - ∆E) + HOD

donor HOD JKa,Kc
ν0, cm-1 Erot, cm-1 kdep, 10-9 cm3 molecule-1 s-1

pyrazinea 22,0 3702.904 109.269 1.2 ( 0.4
41,3 3787.510 182.984 0.9 ( 0.3
61,6 3798.189 308.616 1.0 ( 0.3
70,7 3810.595 403.162 1.2 ( 0.4
71,6 3826.241 473.918 1.1 ( 0.3
〈kdep〉 ) (1.1 ( 0.3) × 10-9 cm3 molecule-1 s-1 b

2-picoline 22,0 3702.904 109.269 2.3 ( 0.7
41,3 3787.510 182.984 2.6 ( 0.8
61,6 3798.189 308.616 1.9 ( 0.6
70,7 3810.595 403.162 2.1 ( 0.6
71,6 3826.241 473.918 2.4 ( 0.7
〈kdep〉 ) (2.3 ( 0.7) × 10-9 cm3 molecule-1 s-1 b

2,6-lutidine 22,0 3702.904 109.269 2.4 ( 0.7
41,3 3787.510 182.984 2.9 ( 0.9
61,6 3798.189 308.616 2.7 ( 0.8
70,7 3810.595 403.162 2.1 ( 0.6
71,6 3826.241 473.918 1.7 ( 0.5
〈kdep〉 ) (2.5 ( 0.7) × 10-9 cm3 molecule-1 s-1 b

a Based on data presented in the literature.25,26 b 〈kdep〉 is a population-weighted average of separate kdep measurements.

Figure 7. Bar graph showing the extent to which the collision rates
determined experimentally in this work for collisions between highly
vibrationallyexcitedazabenzeneswithHODvaryfromtheLennard-Jones
collision rate. The ratio of kcol/kLJ is a lower limit because of the
possibility for pathways beyond HOD(000) scattering.
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Here, kB is Boltzmann’s constant, µ is the reduced mass, and
gf is the final velocity. The energy change ∆E is based on
average initial rotational and translational energies at 298 K.
The energy transfer probability curves for 2-picoline and 2,6-
lutidine are shown in Figure 8 together with P(∆E) for
pyrazine.25,26 The energy transfer probability is shown relative
to the experimental collision rate (kapp) in Figure 8a and relative
to the Lennard-Jones collision rate in Figure 8b. Note that
P(∆E) curves based on the Lennard-Jones collision rate are
not normalized to unity probability.

We can determine average energy transfer values 〈∆E〉 from
the energy transfer distribution functions using eq 9

It is important to use normalized P(∆E) curves such as in
Figure 8a to determine 〈∆E〉 values. The average energy transfer
values for pyrazine/HOD, 2-picoline/HOD, and 2,6-lutidine/
HOD collisions are very similar: 〈∆E〉 ) 554, 601, and 502
cm-1 respectively. The similarity of the 〈∆E〉 values comes from
the similarity of the HOD(000) translational and rotational
distributions. The resulting 〈∆E〉 values correspond to energy
transfer on a per collision basis. However, lutidine(E) is actually
quenched faster than pyrazine(E) or picoline(E) under similar
collision conditions because lutidine has a larger collision rate
with HOD. If instead the P(∆E) curves are based on the
Lennard-Jones collision rate, the average energy transfer values
are 〈∆E〉 ) 918, 1157, and 1254 cm-1 for pyrazine, 2-picoline,
and 2,6-lutidine, respectively. This comparison highlights an
important subtlety in interpreting collisional quenching results,
namely that both the collision rate and the energy transfer
distribution affect quenching efficiency. Since the Lennard-Jones
model underestimates HOD collision rates, it overestimates the
average energy transferred. On the other hand, normalizing
P(∆E) with the observed collision rate removes effects that are
caused by differences in the collision rates. This issue is
particularly important for understanding the kinetics of mixtures
of gases that have a range of collision rates. An accurate
description of energy transfer between ensembles of molecules
requires both the P(∆E) curve and an accurate collision rate.

The results presented here provide insight into previous
reports of unusually large quenching efficiencies due to water
collisions both for small molecules with low level of vibrational
energy and larger polyatomic molecules with large amounts of
vibrational energy.27,28 For example, CO2(0110) is relaxed 100
times faster by collisions with H2O than with CO2.29 For
aromatic molecules, enhanced quenching by water has been
observed in UV absorption,31,33,61 IR fluorescence,30,32,35 and
thermal lensing34 experiments that measure energy loss from
highly excited molecules. Water is three times more efficient
than CO2 at quenching triplet pyrazine (E ) 5000 cm-1).62

Singlet state benzene(E ) 24000 cm-1) transfers on average
208 cm-1 per collision with CO2 and 373 cm-1 per collision
with water, based on Lennard-Jones collision rates.30 In another
example, singlet state azulene (E ) 24000 cm-1) transfers 360
cm-1 on average per CO2 collision and 480 cm-1 in collisions
with water.61 It is likely that enhanced collision rates contribute
to water’s ability to quench vibrationally excited molecules.

What is not known, however, is the extent to which the collision
rate leads to enhanced energy transfer values and the extent to
which the distribution of exchanged energy is important. The
interplay between collision rate and the energy transfer distribu-
tion determines the overall effectiveness for removing vibra-
tional energy from highly excited molecules through collisions.

It is interesting that the energy transfer distribution functions
for collisions of HOD with pyrazine, picoline, and lutidine are
relatively insensitive to the identity of the donor molecule. Full
distributions have not been measured for collisions of these
donors with H2O and CO2, but studies on the strong collisions
of H2O and CO2 with these donors show that donor identity
and internal energy has a significant effect on the energy
distributions of the scattered bath molecules.4,63-66 These
differences have been correlated with changes in the vibrational
state density of the donor molecule and interpreted as involving
impulsive collisions. It could be that the stronger interaction of
HOD with these donors changes the nature of the collisions in
such as way as to limit the opportunity to fully explore the
available phase space of the highly excited molecules. The idea
of limited access to the available phase space of the colliding
molecules is at the heart of the Partial Ergodic Collision Theory
(PECT) developed by Nordholm and co-workers.67,68 By reduc-
ing the available phase space, PECT is able to reproduce
experimental results from KCSI experiments.69 Developing
accurate potential energy surfaces for these donors with HOD
and H2O should provide insight into this possibility.

Conclusion

This work has investigated the state-resolved relaxation
dynamics of highly vibrationally excited 2-picoline and 2,6-
lutidine with HOD and made comparisons to previous results
on pyrazine with HOD. High resolution transient IR absorption
was used to measure the full distribution of scattered HOD(000)
molecules. These studies were possible because of new develop-
ments for obtaining transient appearance measurements of low
energy bath states. Doppler-broadened line profiles, rotational
distributions, energy transfer rates, and complete energy transfer

PJ(∆E)d∆E ) 4π
µ

kapp
J

kcol
gf( µ

2πkBTrel
)3/2

exp(- µgf
2

2kBTrel
)d∆E

(8)

〈∆E〉 ) ∫P(∆E)∆Ed(∆E) (9)

Figure 8. Energy transfer probability distribution functions for
pyrazine/HOD(solid line), 2-picoline (long dashed line), and 2,6-lutidine
(short dashed line) relative to (a) kapp, the experimentally measured
collision rate and (b) the Lennard-Jones collision rate.
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probability distribution functions are reported here. The scat-
tering profiles for HOD are remarkably similar for quenching
the three donors in this study. The scattered HOD(000)
molecules have relatively small amounts of rotational and
translational energy. No evidence was seen for vibrational
excitation of HOD. The full energy transfer distribution func-
tions show that the average energy transfer is <∆E > ∼ 550
cm-1 for these collision pairs. The overall energy transfer rates
show differences for these donors and have the order of 2,6-
lutidine > 2-picoline> pyrazine.

Molecular collision rates were directly determined from
summing over state-specific rates for appearance of energy
transfer products. The observed collision rates for the three
donors with HOD are each larger than the Lennard-Jones
collision rate. Pyrazine/HOD collisions have a rate that is ∼1.7
times the Lennard-Jones rate. For 2-picoline/HOD, the collision
rate is ∼2.5 times the Lennard-Jones collision rate. For 2,6-
lutidine/HOD, this ratio is ∼3.2. The enhancements in collision
rates are likely due to hydrogen bonding interactions, internal
energy of the highly excited donors or both. Studies of this type
provide an important benchmark for developing more accurate
models of collisional energy transfer and collision rates.
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