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The vast majority of chemical reactions involve polyatomic species as reactants and/or products.

The added degree of complexity offers opportunities to address dynamical questions other than

those already encountered in a typical atom þ diatom reaction. Product pair correlation is one of

them. This article introduces the basic concept, outlines the experimental approach we developed

and then highlights some of the applications to bimolecular reaction dynamics. Particular

emphasis is placed on the information contents and unique insights gained from this type of

measurements, which otherwise would have been lost by the conventional approach.

I. Introduction

One of the fundamental goals of physical chemistry is to

understand how a chemical reaction—an elusive process

whereby old chemical bonds are broken and new bonds are

formed—actually takes place at the microscopic level.1 Reac-

tion dynamists address this question from the molecular point

of view, i.e., how the atoms rearrange themselves in going

from reactants to products. Past decades have witnessed

spectacular advances in our fundamental understanding of

the detailed dynamics of elementary chemical reactions.2–4

This progress has been driven by a very stimulating and

fruitful interaction between theory and experiment, which is

the hallmark of the field of reaction dynamics.

On the experimental front, the development of modern

ultrahigh vacuum technology has extended the universal

crossed-molecular beam studies to a wider range of reaction

systems.5 The recent implement of the soft ionization techni-

que,6 either by low energy electron impact ionization techni-

que or using photoionization method, enables dynamists to

push the capability of the universal machine further—to

obtain a complete picture on the branching ratio of all

energetically allowed product channels, thus becoming truly

universal. While the universal machine is ideal for studying a

complex reaction with multiple product channels, its resolu-

tion is in general not sufficient to obtain product state-resolved

information. Such information, on the other hand, can be

acquired by laser spectroscopic methods, most notably laser-

induced fluorescence (LIF) and resonance-enhanced multi-

photon ionization (REMPI). By exploiting more sophisticated

detection schemes of those laser based methods, such as

Doppler technique,7 ion time-of-flight (TOF)8 or their combi-

nation (Doppler-selected TOF),9 Rydberg H-atom TOF,10

and ion velocity-map imaging technique, etc.,11 even the

state-resolved differential cross sections have been demon-

strated for a number of benchmark reactions. Theoretical

progress over the past decade or so is equally impressive.

Tremendous advance in theoretical methodologies and com-

putational capabilities has been made, so that for simple three-

and four-atom systems the state-to-state differential cross

section can now be simulated by exact quantum dynamics

calculations on a fully ab initio potential energy surface (PES).

In fact, the state-of-the-art theoretical results for a few bench-

mark A þ BC reactions can even rival the most detailed

experimental measurements.12

Remarkable as those achievements are, the advances in our

understanding of the dynamics of polyatomic reactions, which

often yield two molecular species as products, are handi-

capped. The conventional product state distribution measure-

ments for one species is blind to the state distribution of its

coproduct; yet, the two products are formed together as a

colliding pair from each individual reactive encounter. Clearly,

the coincident information of the two product state distribu-

tions is desirable, which will enable dynamists to gain deeper

and heuristic insights applicable to a much wider range of

reaction systems of interest to the general chemistry commu-

nity. This Invited Article gives a pedagogical account of our

attempt towards that goal. The concept of product pair

correlation will first be presented in section II, followed by

our experimental approach in section III. A few systems will

then be highlighted in section IV, with the emphasis on how

the new or otherwise lost dynamics information can be

recovered through this type of measurement. Section V con-

cludes with a very brief comment and outlines several other

applications that remain outside the scope of this review.

II. What is the product pair correlation?

More precisely, we are speaking of the quantum state-correla-

tion of the product pair from a bimolecular reaction. Con-

sidering a polyatomic reaction yielding two molecular

products, say F þ CH4 - HF(n0) þ CH3(ni). The product

methyl radical CH3 has six vibrational modes (two of them are

doubly degenerate), what is the correlation between the vibra-

tional modes of two product molecules? And for a given mode

of CH3, what is the quantum number correlation between HF

and CH3? In terms of probability theory, what we are seeking

is the joint or conditional probability distributions of the
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quantum states of the two products, i.e., the pair-correlated

distribution P(n0,ni)11,13,14

A simple consideration suffices for illustration. Exemplified

in Table 1 is a hypothetical 4 � 4 matrix representing the joint

probability matrix of the two products from the F þ CH4

reaction. The matrix element then gives the pair-correlated

probability for finding a HF vibrator coincidently formed in

stated n0 when a CH3 oscillator is in state ni from the same

reactive event. The traditional product state distributions P(n0)
and P(ni) are simply averages of P(n0,ni) according to P(n0) ¼P
niP(n

0,ni) and, likewise, for P(ni). Because the correlated

information P(n0, ni) is n0 � ni in dimension (i.e., 4 � 4 ¼ 16

in this example), it can be significantly larger than the sum of

the uncorrelated information, n0 þ ni (i.e., 4 þ 4 ¼ 8 here).

Obviously, it is not feasible to retrieve the full P(n0,ni) matrix

from the information of P(n0) and P(ni) alone even if both are

available.

It is instructive at this point to consider two limiting cases. If

the two products are completely uncorrelated, namely, if the

vibrational distribution of HF is independent of the CH3 state,

one has P(n0,ni) ¼ P(n0) P(ni). An obvious example is the

spectator case in which a group of atoms, say the CH3 moiety,

plays a small role in the reaction and becomes one of the

products. Another dynamically uncorrelated example is the

statistical case, for which the product pair correlation may not

convey much additional information about dynamics, as it can

be largely predicted by statistical models based on energy and

angular momentum constraints.14 If, on the other extreme, the

two vibrators are strictly correlated, for example, n0 ¼ ni þ n,

with n an integer, the joint probability matrix can then be

expressed as P(n0,ni) ¼ dni1n,n0 P(n0). In both extreme cases,

uncorrelated and totally correlated, it suffices to merely mea-

sure the averaged probabilities P(ni) and P(n0). More often, the

situation lies between the two limiting cases and a direct

determination of P(n0,ni) will be more telling.

III. How to measure P(n0,ni)?

The key idea of experimental determination of P(n0,ni) is in

fact rather simple. Consider the reaction F þ CH4 - HF(n0)
þ CH3(ni) at collisional energy Ec, the conservation of energy

leads to

Ec � DHrx ¼ EHFðn 0Þ þ ECH3ðniÞ þ ET 0 ð1Þ

where for simplicity the rotational energies of the two products

are negelcted and ET0 is the product kinetic energy release, i.e.,

ET 0 ¼ 1=2 mHFm2HF þmCH3
m2CH3

� �

with m denoting the respective product speed in the center-of-

mass (c.m.) frame. The conservation of linear momentum in

the c.m. frame requires mHFlHF þ mCH3
lCH3

¼ 0. Incorporat-

ing the momentum conservation into the ET0 expression, one

has

ET 0 ¼ 1=2 mCH3
ðmHF þmCH3

Þ=mHF

� �
m2CH3

ð2Þ

Now, if one performs an experiment with a well-defined Ec

and manages to detect one of the products, say CH3, in a state-

resolved manner, from eqn (1) one is left with two unknowns,

EHF(n0) and ET0. However, if one goes one step further by

simultaneously measuring the speed mCH3
of the state-tagged

CH3(ni), then from eqns (1) and (2), the desired state-corre-

lated information of the HF coproduct will be uncovered from

the measured CH3-speed distribution.

With the above in mind, we developed a time-sliced ion

velocity-imaging technique to make the idea a reality.11,15 We

employed crossed molecular beam technique to control the

initial collision energy Ec. A (2 þ 1) REMPI detection scheme

was used to state-selectively tag the methyl radical product.16

Taking advantage of the multiplexity nature of the ion ima-

ging technique, we improved upon the conventional velocity-

map approach by incorporating the ion TOF method into the

imaging technique, thus, the so-called time-sliced velocity

imaging technique.15 The desired pair-correlated distributions

are then revealed directly from the raw images. Since the main

purpose of this overview is to send the message of the unique

opportunity of pair-correlation data in unveiling the ‘‘hidden’’

reaction dynamics, we will leave the technical detail of experi-

ments untouched. The interested readers are referred to ref. 17

for a comprehensive review on the recent developments of ion

imaging techniques and ref. 15 for the specific detail of our

experimental setup. In the following we will just focus on the

new dynamical aspects that have been uncovered from such

type of measurements.

IV. What have we been learning?

The motivation for developing the pair-correlation measure-

ment arises from our desire to have better perspective on what

happens in the transition state of a polyatomic reaction. Let us

elaborate it from the viewpoints of transition state theory

(TST). The transition state represents a dividing surface

between reactants and products on a reactive PES and acts

as a dynamical bottleneck that gates the reactive flux. Thus,

the detailed characterization of the transition state has been a

long-standing goal in chemical reaction dynamics and kinetics.

In the context of TST, one is interested in knowing the energy

of the transition state relative to separated reactants, the

transition state geometry and the frequencies of the 3N-7 (or

3N-6 for a linear transition state) bound vibrational modes of

the transition state that are orthogonal to the reaction co-

ordinate. The involvement of those properties of the transition

state in predicting a reaction rate is most clear from Eyring’s

formulation of TST.18,19 In this approach, a quasi-equilibrium

between transition-state species and reactants is postulated

and the emphasis is on the equilibrium distribution in the

dividing surface and on the statistical character of the

Table 1 A hypothetical probability matrix to illustrate the concept of
the (n0,n)-correlation distribution of the coincidently formed product
pairs from F þ CH4 - HF(n0) þ CH3(n), where SvSv0P(n0,n) ¼ 1.0

n0, n00 0 1 2 3 P(n0)

0 0 0 0.01 0.01 0.02
1 0 0.02 0.05 0.02 0.09
2 0.09 0.2 0.07 0.01 0.37
3 0.35 0.1 0.06 0.01 0.52
P(n) 0.44 0.32 0.19 0.05 1.0
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equilibrium approximation. The alternative point of view of

TST formulated by Wigner, however, stresses the collisional or

dynamical behaviour of the transition state.20,21 In this view,

the transition state can be regarded as a dynamical entity and

the fundamental factor in governing the chemical reactivity

becomes the collective motions of all atoms in the transition

state region. Pushing that idea a bit further, we conjectured

that in a direct reaction the quantum state- or mode-correla-

tion of the product pair should carry more insightful imprints

of the concerted motions of atoms upon old bond rupture and

new bond formation. In the remainder of this section a

number of reactions will be highlighted to elucidate what

mechanistic insights have been revealed through the pair-

correlation measurements.

A State correlation matrix in F þ CD4 - DF(n0) þ CD3(n2)

This is a fast and very exothermic reaction, DHrx ¼ �31.1 kcal
mol�1 (or �130.1 kJ mol�1). The thermal rate coefficient for

the isotopically analogous reaction F þ CH4 can be expressed

as k ¼ 1.64 � 10�10 exp(�265/T) cm3 molecule�1 s�1.22

Previous HF infrared chemiluminescence studies established

a highly inverted vibrational distribution, peaking at HF(n0 ¼
2),23 and a relatively low rotational excitation.24 Time-re-

solved diode laser absorption spectroscopy was used to probe

the CH3 umbrella mode (n2) excitation. A vibrational distribu-

tion of 1 : 0.36 : 0.15 was found for n2 ¼ 0, 1 and 2, respec-

tively.25 Hence, the state distributions of both reaction

products have been interrogated, which are all one can mea-

sure using the conventional experimental approach. Yet, the

HF and CH3 products are always formed together as a pair

from a single reactive event; thus, their state distribution

must be somehow correlated. For example, as CH3 is

produced with one quantum excitation of the umbrella mode

in a reactive encounter, what is the probability for concomi-

tantly forming HF in a particular vibration state, say n0 ¼ 1;

and how is it different when CH3 is formed in another

vibration state?

Illustrated in Fig. 1 are the raw images of the CD3 products

in four different vibration states from the reaction F þ CD4 at

the collisional energy of 5.37 kcal mol�1.11 A (2 þ 1) REMPI

scheme was used to probe CD3 in a state-specific manner and

the velocity distribution of the state-selected CD3 was then

mapped by the time-sliced velocity imaging technique. Super-

imposed on the images are the velocity vector diagrams (New-

ton diagrams) of the collision system. The energetics of the

reaction are well-defined; thus, by conservation of energy and

momentum, the maximum velocities of the coproduct DF,

recoiling from the REMPI-selected state of CD3, in different

vibration states can be calculated and are represented as

dashed lines in Fig. 1. The successive rings on each image

can be unambiguously assigned to the vibrational states of the

DF coproduct. The intensity around each ring then gives an

immediate impression about the preferred scattering direction

of the coincidently formed DF states—the state-pair corre-

lated angular distribution or the correlated differential cross

section (CDCS).

Fig. 1 Raw images of the state-selected CD3 products from the F þ CD4 - DF(n0) þ CD3(n2) reaction at Ec ¼ 5.37 kcal mol�1. The labeled

REMPI band Pn
m denotes the mode P withm and n quanta of excitations in the electronically ground and excited states, respectively. The successive

rings on each image correspond to the indicated vibrational states of the coincident DF products (adapted from ref. 11).
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Several interesting observations are worth noting just from

glancing at those raw images. For a given n0 the decrease of the
ring size for the higher CD3 vibration excitaiton is in accord

with energetic considerations. In terms of angular distribu-

tions, for all CD3 states, the coincidently formed DF in n0 ¼ 2

is confined within the backward hemisphere. The gradual

protrusion of its angular distribution in the sideways direction

with higher excited CD3(n2) coproduct state is reminiscent of

the usual trend observed for a typical A þ BC reaction

proceeding through a direct rebound mechanism.1 The angu-

lar distributions for DF(n0 ¼ 3) spread over all angles, but its

dominant feature shifts progressively from sideways to for-

ward as increasingly more energy is deposited into the um-

brella mode of the CD3 coproduct. For the DF product in n0 ¼
4, the most prominent feature is a very sharp forward-scat-

tered peak. What is truly amazing about Fig. 1 is to see such a

rich variety of CDCS of each product pair from the very same

chemical reaction.

Another remarkable aspect is the state-correlated popula-

tion or the correlated integral cross section (CICS), which are

summarized in Fig. 2 as the correlation matrices at four

different collision energies.26 Shown on the background in

each figure is the conventional vibration distribution of DF (or

CD3) that is obtained by summing the pair-correlated popula-

tions for each fixed vibration state of CD3 (or DF). It is

interesting to note that P(n0)s remain highly inverted at all four

Ecs, while P(n2) changes from a cold distribution at Ec ¼ 1.5

kcal mol�1 to a slightly inverted one at higher Ec values. More

significant is the observation of an anti-correlated excitation of

the two product vibrators, i.e., the lower the CD3 vibration

excitation, the higher excitation of the DF is, which also

proves beyond any doubt that the CD3-moiety is not a

spectator in this reaction. The origin of this behavior could

largely be kinematic.11,13,26 For a heavy þ light-heavy colli-

near reaction, the mass-weighted skew angle1 is small (b ¼
25.51 for the F–D–CD3 reaction) and a strong inertia coupling

between the two scaled coordinates is anticipated, which in

turn leads to the Polanyi’s rule27 that the reagent translation in

excess of the barrier to reaction is deposited mainly into

product translation, i.e., DEc - D(ET). The conservation of

energy can be expressed as Etotal ¼ Ec � DHrx ¼ VCD3
þ RCD3

þ VDF þ RDF þ ET, where V and R denote the corresponding

vibrational and rotational energies, respectively. The angular

momentum conservation dictates that c E J ¼ NCD3
þ jDF þ

c0, where c (c0) is the orbital angular momentum of the two

reactants (products), J represents the total angular momentum

of the reaction system and N and j denote the respective

rotational angular momenta. For a light-atom transfer

Fig. 2 A 3-D representation of the correlated integral cross section (CICS) or the correlated state population of product pairs for F þ CD4 -

DF(n0) þ CD3(n2) at four collision energies. All data have been scaled according to the CD3 vibration state distribution from ref. 16. Summing the

pair-correlated populations for each fixed vibration state of CD3 (or DF) yields the conventional vibration distribution of DF (or CD3), which is

displayed as open circles on the respective background (adapted from ref. 26).
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reaction, both the initial and final orbital angular momenta

(c and c0) are mainly carried by the orbital motions of the two

heavy particles. For a nearly collinear reaction, one often has

c E c0, as demonstrated by Schulten and Gordon.28 Thus,

both NCD3
and jDF (or RCD3

and RDF) are likely to be small,

which is exactly what we found experimentally.26 In combina-

tion with Ec - D(ET), thereby the two product vibrators

should exhibit anticorrelated excitations.

B Stereodynamics of F þ CD4 reaction

The above example shows how the pair-correlated informa-

tion can be used to elucidate the dynamics of vibrational

motions that is otherwise lost by conventional, uncorrelated

measurements. One of the major conclusions drawn from

there is the active role of the CD3 vibrator participating in

the reaction. What is then the role of CD3-moiety as a rotor in

the reaction? As it turns out, the product pair measurements

not only provide a clear answer to the question, but also reveal

interesting stereodynamics of the reaction.

To explore the rotational correlation, we resorted to the N-

resolved REMPI spectral feature to interrogate the behavior

of the individual CD3 N-state. Summarized in Fig. 3 are the

pair-correlated angular distributions (CDCSs) derived from

rotationally selected CD3(n ¼ 0, N) product images for the

reaction F þ CD4 - DF(n0) þ CD3(n ¼ 0) at the collisional

energy of 5.37 kcal mol�1.29 It is amazing that even the total

angular distribution (i.e., N-state resolved differential cross

section) exhibits such rich variations as well remarkable

sensitivities to the individual N state, which provides unequi-

vocal evidence for the active role the CD3 rotor in this

reaction. Closer inspection of the individual CDCS also

indicates significant variations in the correlated vibration

branching with N. Fig. 4a summarizes the results.29 The

general trend is quite obvious; the inverted DF vibration

distribution becomes more relaxed as the rotational quantum

number N of the coincidently formed CD3 increases. This

finding is quite intriguing in that the vibrational spacing of DF

is around 7.5 kcal mol�1 and the rotational energy difference

of CD3 is significantly smaller, e.g. merely 1.07 kcal mol�1

between N ¼ 3 and 9; yet, the product pair of the DF vibrator

and the CD3 rotor appears highly correlated. Viewing this

correlation in a different way provides further insights into its

physical origin. Fig. 4b presents the dependence of correlated

energy disposal on the CD3(n ¼ 0) product rotation energy

EN.
29 All three average energies exhibit a linear dependence on

EN. (Note the different energy scales of the left ordinate for

hVDFi and the right ordinate for hRDFi or hETi.) From Fig. 4a,

a more relaxed vibration distribution for a higher N state

yields, of course, less vibration energy of the DF coproduct.

On the other hand, an opposite trend is observed for ET, i.e.,

Fig. 3 Correlated differential cross sections (CDCSs) of the product

pairs DF(n0) þ CD3(n ¼ 0, N) from F þ CD4 at Ec ¼ 5.37 kcal mol�1.

The rotational lines of the REMPI-probe of CD3(n ¼ 0, N) are

indicated. Note the remarkable sensitivities of the angular distribu-

tions as well as the vibrational branchings of the DF coproducts to the

rotational motions of the CD3 product (adapted from ref. 29).

Fig. 4 (a) Dependence of DF vibrational branchings on the rota-

tional quantum number N of the CD3(n ¼ 0) coproduct. The result for

N¼ 1 is approximated from the S(1)/R(4) result, which contains about

60% contribution from S(1). Similarly,N¼ 2 is estimated by S(0)/R(2)

that has B 70% from R(2). (b) Dependence of correlated energy

disposals on the CD3(n ¼ 0) product rotational energy EN. All three

average energies exhibit a linear dependence on EN. The apparent

deviation for N ¼ 2 is attributed to the K dependency (see ref. 29 for

detailed account).
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higher N states give more kinetic energy release. The average

energy of the DF rotor shows little variation with the rotation

of the CD3 coproduct.

In a very illuminating paper, Schechter et al.30 argued

convincingly that the usual conversion of reactant orbital

angular momentum c to product rotational angular momen-

tum j0 for a heavy þ heavy–light system should also hold for

other mass combination in collinearly dominated reactions

due to the steric requirements of the reaction. Hence, one has

j0 E ac under more general conditions, where a is a dimen-

sionless factor accounting for kinematic constraints. For the

reaction F þ CD4, the transition state is believed to be nearly

collinear in F� � �D� � �C geometry.31–36 We asserted analogously

j0 E ac for the newly formed DF rotor.37 Recalling that RDF

E Bj02 and c2 ¼ 2 mb2Ec, thus hRDFip Ec, which also implies

that hRDFi is nearly independent of the N state of CD3—

exactly as was found experimentally (Fig. 4b). Consideration

of the conservation of energy, as the vibrational ground state

of CD3 was probed, leads to VDF þ RCD3
þ ET ¼ �DHrx þ Ec

� RDF. From hRDFip Ec, one has VDF þ RCD3
þ ET ¼

const.—or invariant to the selected N states. The linear

relationship shown in Fig. 4b, hVDFi ¼ �3hRCD3
i can then

be alternatively expressed as hETi D C þ 2EN, where C

represents a positive constant.

The conservation of angular momentum can be written as

c E c0 þ j0 þ N. The assumption of j0 E ac yields (1 � a)c E
J0 þ N. Squaring it and expressing the terms in the respective

energy, one obtains hETiD C1Ec � C2EN � C3hc0 �Ni, where
the weak N-dependent parameters have been grouped into

three positive constants C1, C2 and C3.
37 Comparing it with the

above relationship of hETiD Cþ 2EN and recalling that C is a

positive constant, one is led to the conclusion that hc0 �Ni is
most likely N-dependent and negative. In other words, N tends

to lie antiparallel to c0—an alignment in the collisional

frame.29,37 Since the structure of the CD3-moiety must be,

on average, perpendicular to the F–D–C plane near the

transition-state region, the physical implication of the N–c0

antiparallelism is that the product of CD3 rotors should be

primarily of the tumbling rotation (rotating around a C2 axis)

in the molecular frame, rather than the spinning rotation

(rotating around the C3 axis). This conclusion is entirely in

corroboration of that drawn from the (N,K)-state distribution

measurements.16 The driving torque to induce the tumbling

motion of CD3 products, however, must arise from, despite an

on-avearge collinear transition state, the interactions and/or

even exchange between the transferred D atom and the other

three ‘‘passive’’ D atoms as the two products recede from each

other. This illustrates the requisite in unfolding the detailed

reaction dynamics from the concerted motions of all atoms—

i.e., more than just the static aspects—in the transition state, a

point that has been stressed in the beginning of this section.

C Mode-correlation of paired products in OH þ CD4 -

HOD þ CD3. The hydrogen abstraction reaction from

methane by a hydroxyl radical is of great importance in the

combustion of fossil fuels.38 In addition, the OH þ CH4

reaction has often been regarded as one of the key steps in

building up models to help interpreting the atmospheric

chemistry.39 The reaction is exothermic by �14.31 kcal mol�1

and has a rate coefficient of 8.3 � 10�15 cm3 molecule�1 s�1 at

298 K. Its temperature dependence exhibits a non-Arrhenius

behaviour; nevertheless, an approximate activation energy of

3.6 kcal mol�1 can be deduced.40

Electronically, this reaction is isoelectronic to the above F þ
CD4 reaction. For the latter reaction, the product DF has one

vibrational mode and experimentally only the vibrationally

ground and umbrella-excited CD3 products were found to

have significant populations; hence, only the quantum-state

correlation of the two products has been elucidated, as illu-

strated above in section IV(A). For the OH þ CD4 reaction,

the added complexity—a seven atom reaction with two poly-

atomic products—offers the opportunity to explore the un-

precedented mode correlation of product pairs.

Fig. 5 exemplifies three time-sliced raw images of the CD3

products from the OH þ CD4 reaction.41 In (a) the ground

state CD3(n ¼ 0) was probed at the collisional energy of 10.0

kcal mol�1. The images shown in (b) and (c) are for the

umbrella-mode excited CD3(n2 ¼ 2) at 10.6 and 13 kcal mol�1,

Fig. 5 Raw images of the state-selected CD3 from the OH þ CD4 -

HOD þ CD3 reaction. Shown in (a) is for probing CD3(n ¼ 0) at Ec ¼
10.0 kcal mol�1, (b) and (c) for CD3(n2 ¼ 2) at 10.6 and 13.0 kcal

mol�1, respectively. Superimposed on each image is the Newton

diagram. The dashed circles represent the maximum recoiled speed

of the labeled vibrational states (nOD nbend nOH) of the coincidently

formed HOD. The spots along the CD4 beam are background, thus

were discounted in data analysis (adapted from ref. 41).
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respectively. While all three images display several concentric

ringlike features, their appearances are noticeably different. In

the case of CD3(n ¼ 0), the angular distribution is broad and

predominantly in the backward hemisphere and on energetic

ground, the most intense feature can be assigned to the HOD

(200) coproduct [we denote the vibrational level of HOD as

(nOD nbend nOH)]. On the other hand, the most abundant HOD

becomes (100) when CD3(n2 ¼ 2) was probed at both energies.

The qualitative impressions can be quantified after the

image analysis.15 The vibration-correlated distributions thus

obtained are presented in Fig. 6.41 As summarized in the

lower-right panel of Fig. 6, the correlated distribution of

HOD in concomitance with CD3(n ¼ 0) is dominated by the

first overtone excitation of OD stretching mode (200) that

amounts to two-thirds of total available energy. A small

population of bending excitation is found in the combination

mode (110). Both findings are in line with an impulsive bond-

breaking mechanism based on the theoretical transition state

structure:42,43 the HO–DCD3 bond length (1.32 Å) is signifi-

cantly larger than the D–OH product (0.97 Å) and the angle

for D–O–H (971) at transition state is somewhat smaller than

the asymptotic value of 103.41. The theoretically calculated

transition-state eigenvector corresponds primarily to a motion

of the D-atom transferring between the C and O centers,43

which could provide the necessary kick-start and thus tends to

support the impulsive mechanism. We note in passing that the

general pattern of this correlated HOD distributions is strik-

ingly similar to that for the OH þD2 -HOD þD reaction at

somewhat lower collision energy of 6.6 kcal mol�1.44 It seems

to suggest the spectator role of CD3 when formed in the

ground state. This conclusion is in accord with that drawn

from the study of the isotope effects of this reaction.45

On the other hand, when CD3(n2 ¼ 2) was probed, the

correlated HOD distribution changes dramatically. The domi-

nant state shifts downward to (100)—a state correlation.

Similar anticorrelation in quantum numbers of the paired

vibrators was illustrated above in section (A) for the F þ
CD4 reaction. Also note that Fig. 6a and b have the same

initial collision energy and CD3(n2 ¼ 2) at 13 kcal mol�1 has

essentially the same available energy for disposal [recalling

that E(n2 ¼ 2) ¼ 2.76 kcal mol�1] as is the case for CD3(n ¼ 0).

Therefore the observed drastic change in pair correlation is not

energetic in origin. More remarkable is the pronounced in-

crease in bending excitation—a mode correlation. Fig. 7

elucidates such mode correlation in another way.46 Plotted

here are the collisional energy dependencies of the ratio of

(bend þ stretch/bend combination)/(pure stretch) of the cor-

related HOD products. While the ratios for CD3(n ¼ 0) exhibit

a clear increase with the increase in Ec, those for CD3(n2 ¼ 2)

are significantly larger with a milder dependence on Ec. Unlike

the stretching vibrations, the umbrella and bending motions

are nonlocalized and involved the concerted motions of three

or more atoms. We surmised the observed mode correlation as

an imprint of different collective motions of all atoms in the

vicinity of the transition state region. More explicitly, theory

predicted a hydrogen-bonded post-reaction complex

D3C� � �DOH with a more bent interproduct configuration,

i.e., the C� � �D–O angle of 1581.43 The formation of

CD3(n2 ¼ 2) is assumed to involve preferentially larger im-

pact-parameter collisions with wider cone of acceptance,

which not only slow down the passage over the transition

state region, allowing more time for intramolecular energy

flow, but also mediate the colliding pair to attain more readily

the transitory complex geometry, which experiences more

post-barrier anisotropic interactions, thus enhancing bend-

excited CD3.
41 The different behaviour of CD3(n ¼ 0) and

CD3(n2 ¼ 2) shown in Fig. 7 is consistent with the proposed

scenario. In other words, the observed mode correlation in this

Fig. 6 The product speed distribution P(m) derived from the images shown in Fig. 5. The heavy lines are the fitting results and the thin lines are the

individual components. The lower right panel summarizes the pair-correlated populations (adapted from ref. 41).
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reaction is interpreted as the result of a bifurcation of the

subtle reaction pathways driven by dynamics in passing

through the transition state region. Once again, what really

counts appears to be the collective motions of all atoms in the

region of the reaction bottleneck.

D Reactive resonance in the F þ CH4 reaction

The discovery of a reactive resonance in this polyatomic

reaction stemmed from a puzzling REMPI result, which is

exemplified in the left panel of Fig. 8.47 As is shown, the high-

energy spectrum of the CH3 product displays a normal

spectral pattern—a dominant Q branch with rotational-re-

solved P, O, R and S branches on either side.16 As the collision

energy decreases, the spectral feature of the 111 band prevails

and becomes comparable in intensity to that of 000 band at

Ec ¼ 0.48 kcal mol�1. The right-panel summarizes the inten-

sity ratios as a function of collisional energy. The n1 is the

symmetric-stretch mode with a high harmonic frequency of

3004 cm�1.48 Its production occurring only near the reaction

threshold is counterintuitive and surprising.

The underlying mechanism for the unexpected observations

was elucidated through the pair-correlated measurements.47

The images shown in Fig. 9a and b are for the probe laser

frequency set at the peak of the 111 band, i.e., probing the

CD3(n1 ¼ 1) products. At Ec ¼ 2.65 kcal mol�1, the three

concentric rings are discernibe. As shown in Fig. 8a, at this

collision energy both 111 and P(4) transition of the 000 band can

contribute spectroscopically. By virtue of energy conservation,

two CH3 vibrational levels should result in different velocities

on the product image. Indeed the three image features can, on

energetic ground, be readily ascribed to the product pairs as

indicated. The two inner rings dominate the image, reflecting a

high specificity of state correlation in product pairs. At Ec ¼
0.48 kcal mol�1, the production of the HF(n0 ¼ 3) þ CH3(n ¼
0,N¼ 4) pair is energetically closed. Hence, only the feature of

the HF(n0 ¼ 2, j0) þ CH3(n1 ¼ 1) pair remains, for which a

forward–backward asymmetric peaking distribution is noted,

as the case for Ec ¼ 2.65 kcal mol�1. When the laser frequency

was shifted to the peak of the 000 band at Ec ¼ 0.48 kcal mol�1,

the resultant image is displayed in Fig. 9c. Far richer features

are vividly seen and the successive ring structures can be

assigned to the coincidently formed rotational states of the

HF(n0 ¼ 2) coproducts, starting from j0 ¼ 13 for the

innermost ring and outward. Inspection of the image reveals

a broad rotational distribution up to the energetic limit.

Moreover, high j0 states are preferentially scattered in the

forward direction, oppositely to the low j0 states. These

striking rotational features persist from threshold to about

1.3 kcal mol�1—exactly over the same energy range as that

yielding high branching of the n1-excited CH3 products (see

Fig. 8). Such distinct rotational features are also strongly

reminiscent of those observed previously for the F þ HD -

HF(n0 ¼ 2, j0) þ D reaction at low energies,50 for which

resonant tunneling has been shown to be the underlying

mechanism.51 A similar mechanism is suggested to be at work

here.

Fig. 7 Collisional energy dependencies of the (bend þ stretch/bend

combination)/(pure stretch) ratio of the correlated HOD products for

the two CD3 product states. The error bars encompass the uncertain-

ties from two independent measurements as well as in fitting the P(m)
distributions as exemplified in Fig. 6 (adapted from ref. 46).

Fig. 8 The left panel shows three typical (2 þ 1) REMPI spectra around the 000 band of the CH3 product from the F þ CH4 reaction. The

rotational features are discernible in the high collision energy spectrum. At lower energies, they gradually disappear, indicating less rotational

excitation of the CH3 products and the 111 band pops out. The right panel summarizes the collision energy dependence of the intensity ratio of the 111
band and the 000 Q head. The reactive excitation function for the production of the CH3(n ¼ 0) is shown in the inset (from ref. 49). Combining these

two results, the formation of CH3(n1 ¼ 1) is significant only near the reaction threshold (adapted from ref. 47).
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At low collision energies where the product channel

HF(n0 ¼ 3) þ CH3(n ¼ 0) is barely open (threshold at

Ec ¼ 0.6 kcal mol�1), the decay of the resonance state can

proceed via a vibrationally nonadiabatic predissociation (with

a rate 1/tp) into HF(n0 ¼ 2, j0) þ CH3(n ¼ 0), in analogy to the

F þ HD reaction.50 Replacing the D-atom in HD by CH3,

however, adds additional degrees of freedom. Intramolecular

vibration energy redistribution (IVR) within the resonant

complex might occur, which opens up new decay channels.

The n1-mode excitation of the CH3-moiety retains the sym-

metry of collision complex; thus, the coupling between the

two vibrationally adiabatic PESs that asymptotically lead to

HF(n0 ¼ 3) þ CH3(n ¼ 0) and HF(n0 ¼ 2) þ CH3(n1 ¼ 1),

respectively, is symmetry allowed. The energy difference be-

tween the two product channels is 1.7 kcal mol�1. The

anticipated proximity of these two adiabatic surfaces near

the transition state region could give rise to a significant

coupling strength. However, in order for this new channel to

be effective in competition to the predissociation channel,

HF(n0 ¼ 2, j0) þ CH3(n ¼ 0), the lifetime of the resonance

state has to be sufficiently long for IVR to occur. The fact that

only a specific product pair of vibrational mode/state is ob-

served at low energies implies a highly restricted IVR process

with a rate 1/tIVR; thus, tp B tIVR and the resonant complex

must decay into products before energy is completely rando-

mized. Since the angular distribution is forward–backward

asymmetric, the resonance lifetime should be shorter than the

rotational period (tR) of the resonant complex;4,52 hence, tp B
tIVR o tR. This is a nice example illustrating how the pair-

correlated measurements can help us to decipher the compli-

cated energy flow within the transient resonant complex.

E Reactive resonance in Cl þ CH4—a less obvious one

The resonance in F þ CH4 seems entirely analogous to that in

F þHD, if the methyl moiety is regarded as a pseudo D-atom.

Nevertheless, the methyl moiety is not just an innocent

spectator. It instead plays a central role in mediating the

resonance decay mechanism—thus, providing an unparallel

opportunity to unravel the intramolecular vibrational energy

flow while the fleeting resonant complex is breaking apart into

products. Presented below is the experimental evidence for a

resonance of quite different nature in a hitherto unsuspected

reaction Cl þ CH4 - HCl þ CH3.

This reaction is slightly endothermic, DH0
0 ¼ 1.21 kcal

mol�1, with an appreciable barrier of about 3.8 kcal mol�1

at a linear Cl–H–C configuration. Again, this resonance was

discovered through the product pair measurements.53 The

upper panel of Fig. 10 displays two typical raw images (in a

3-D representation) of the probed CH3(n ¼ 0) products from

the Cl þ CH4 reaction. Both images are dominated by the

HCl(n0 ¼ 0) þ CH3(n ¼ 0) pair that is preferentially sideways-

scattered. The middle rings, nearly isotropic at Ec ¼ 9.7 kcal

mol�1 and forward peaking at 14.74 kcal mol�1, were ascribed

to a spin–orbital nonadiabatic reaction Cl*(2P1/2) þ CH4 -

HCl(n0 ¼ 1) þ CH3(n ¼ 0). The innermost structures arise

from Cl þ CH4 - HCl(n0 ¼ 1) þ CH3(n ¼ 0) and feature

backscattering and predominantly sideways peaking at 9.7 and

14.74 kcal mol�1, respectively.

By taking 29 images over the energy range from about 2.5 to

20 kcal mol�1 and normalizing the results to the reactive

excitation function, the energy dependencies of the correlated

angular distribution of three product state pairs were ob-

tained. Two of them are depicted in the lower panel of Fig.

10.53 For the ground state pair, HCl(n0 ¼ 0) þ CH3(n ¼ 0), the

angular distribution evolves slowly from backward near

threshold to sideways and into the forward hemisphere with

further increase in collision energies. Putting all together, a

distinct ridgelike structure is then formed in the I(y)–y–Ec plot.

Its origin is for the most part via a direct reaction mechanism,

reflecting the dominance of large impact-parameter collisions

and tunneling through the centrifugal-shifted barrier to reac-

tion. By way of contrast, the energy evolution of the angular

distribution for Cl þ CH4 - HCl(n0 ¼ 1) þ CH3(n ¼ 0)

appears totally different. Besides the ridge that runs from

backward near its energetic threshold (at Ec ¼ 9.45 kcal

mol�1) to sideways at higher Ec’s, the oscillatory, sharp

forward–backward peaks also develop. We believe that the

ridge observed here actually consists of two types: a

rapidly evolving resonance ridge51 spanned over a narrow

energy range near threshold, which overlaps with a direct,

transition-state ridge extended over a much wider energy

range than that for the ground state pair. The dramatic

Fig. 9 The raw images shown in (a) and (b) are for the probe laser

frequency set at the peak of the 111 band. Due to the spectral overlap

and the opposite energy dependence of the intensities of the 111 band

and the P(4) line of the 000 band, the image at Ec ¼ 2.65 kcal mol�1

actually comprises both the contributions from CH3(n1 ¼ 1) and

CH3(n ¼ 0) and the responsible state-pairs are indicated. Shown in

(c) is the image when 000 Q head was probed. The series of ring

structures corresponds to the rotationally resolved pairs of HF(n0 ¼
2, j0) þ CH3(n ¼ 0). Note that the intense high-j0 states prefer forward

scattering, as opposed to the low-j0 states (adapted from ref. 47).
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changes in general patterns from the two product state pairs

signify different reaction mechanisms. Moreover, the pattern

for the HCl(n0 ¼ 1) þ CH3(n ¼ 0) pair is reminiscent of that

previously found for the F þ HD - HF þ D reaction, for

which a reactive resonance has been shown to be responsi-

ble.50,51 By pattern recognition, we asserted the existence of a

reactive resonance for the formation of the HCl(n0 ¼ 1) þ
CH3(n ¼ 0) pair.

How does it come about, or how can we ‘‘understand’’ it?

Fig. 11 depicts a schematic of vibrationally adiabatic potential

energy curves based on ab initio theoretical studies.54–57 Only

the high frequency stretching modes are shown here. The

concept of adiabaticity in general has to do with the relative

time scales of the motions of concern. The high-frequency

modes have shorter oscillating periods, whereas the reaction

path is governed by the translational motions of the two heavy

species. Hence, like the electronic Born–Oppenheimer approx-

imation, the vibrationally adiabatic PESs for those stretching

modes are anticipated to be a reasonable starting point for

discussion, at least for regions en route to the transition state

as well as in the post barrier regions. As seen from Fig. 11, the

ground-state reaction has a barrier of about 3.8 kcal mol�1 in

accord with, accounting for tunneling, the experimental find-

ings.58 The interaction of CH4 with an approaching Cl-atom

causes a rapid decrease of the CH symmetric stretching

frequency, while the frequency of antisymmetric stretch retains

a spectator mode. As a result, the vibrationally adiabatic curve

for antisymmetric stretch is simply shifted up from the ground

state curve. On the other hand, the rapid decrease of sym-

metric stretching frequency in the transition state region low-

ers the adiabatic barrier and gives rise to a significant coupling

of this mode of excitation to reaction coordinate; thus, further

facilitating the colliding pair to surmount the barrier to

reaction. The near degeneracy of the two stretching curves

would of course cause wavefunction or mode mixings from

nonadiabatic coulpings in the entrance channel, blurring the

normal mode picture. Nonetheless, the vibrational adiabati-

city of the two mixed stretching motions, as a first order

approximation, could remain roughly held with respect to

the ground-state one, giving rise to an adiabatic (or dynami-

cal) well for the stretch-excited CH4 reaction. Particularly

noteworthy is its adiabatic correlation to the HCl(n0 ¼ 1) þ
CH3(n ¼ 0) pair on the product side. Based on the I(y)–y–Ec

evolution for that product pair (Fig. 10), which is too char-

acteristic to be missed, we suggested that the adiabatic well is

deep enough to dynamically support a guasi-bound state, i.e.,

a reactive resonance.

Fig. 11 Schematic representation of vibrationally adiabatic potential

energy curves as a function of reaction coordinate. These curves

are roughly sketched in keeping with the theoretically calculated

vibration frequencies along the reaction path. The symmetry of

each curve is indicated in parentheses in the C3v configuration. The

vertical dotted line at s0 locates the saddle point. The hori-

zontal dashed line denotes the proposed resonance state that is

dynamically trapped in the vibrationally adiabatic potential well

(adapted from ref. 53).

Fig. 10 The upper panel displays two raw images (in 3-D representa-

tion) of the probed CH3(n ¼ 0) products from the Cl þ CH4 reaction

at Ec ¼ 9.7 and 14.74 kcal mol�1, respectively. The successive ringlike

features on each image correspond to the labeled vibration states of

the coincident HCl(n0) product. The lower panel summarizes the

evolution of the state-correlated angular distributions (ds/d(cosy))
as a function of collision energies. Note the large disparity in the

vertical scales of the two plots and the dramatic differences in their

appearance—in particular the ridge structure and the oscillatory,

sharp forward–backward peakings for the HCl(n0 ¼ 1) þ CH3(n ¼
0) pair. The former is in line with the anticipation of the (stretching)

vibrational adiabaticity of the Cl þ CH4 reaction. The latter leads

to the resonance proposition by pattern recognition (adapted from

ref. 53).
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Another interesting aspect of this proposed resonance is

about the energy flow. The initial energy in this study is purely

translational between Cl and CH4, the formation of this

trapped state that is supported by the stretch-excited adiabatic

curve requires the T - V energy transfer in the entrance

channel. The large disparity in intensities of the two plots

shown in the lower panel of Fig. 10 indicates low probability

for such an energy transfer process, testifying to the goodness

of vibrational adiabaticity in this reaction. Once the resonant

complex is formed, its vibrational motions are essentially

delocalized, in contrast to the above F þ CH4 case for which

the vibrational motion is believed to remain primarily in the

F–H–C moiety, i.e., an intermolecular complex. As the com-

plex decays, an energy flow from intramolecular mode of

excitation to intermolecular mode must then be invoked in

forming the HCl(n0 ¼ 1) þ CH3(n ¼ 0) product pair. Again,

this is to be in contrast to the formation of HF(n0 ¼ 2) þ
CH3(n1 ¼ 1) from F þ CH4, for which the energy flow, upon

resonant complex decays, instead occurs from intermolecular

mode of excitation to intramolecular mode, as alluded to in the

above section.

F Effects of bending excitation of methane

The above example already hinted on the mode-specificity in

chemical reactivity. While the notion of vibrationally adiabatic

dynamics might be anticipated for a high-frequency, stretch-

excited reagent and can provide an intuitively appealing way

to rationalize its mode-specific reactivity, the physical under-

standing of the effect of bend excitations is less obvious.

Generally speaking, bending and torsional modes are of low-

frequency vibrations; thus, in terms of the relative time scale,

the concept of adiabaticity may not be valid. In addition,

unlike the stretching motions (for a hydride molecule) that are

by and large localized, the bending/torsional motions always

involve nonlocalized, concerted motions of three of more

atoms. Yet, theoretical studies predicted that bending excita-

tion of CH4 leads to, when reacting with Cl, a hotter umbrella-

mode excitation of CH3 products, which was interpreted as an

adiabatic mapping of the bending motion of the CH4 reagent

directly onto the analogous motion of the CH3 product.54–57

In other words, umbrella-mode excitation of CH4 was par-

tially preserved in the Cl þ CH4 reaction, suggesting a

spectator behavior of the CH3 moiety in the reaction.

Presented in Fig. 12 are the pair-correlated results for the

Cl þ CD4 - DCl(n0) þ CD3(n ¼ 0) reaction.59 The CD3

product kinetic energy releases are displayed for the two CD4

source temperatures of 340 K in (a) and 463 K in (b), while the

collisional energies in both cases were maintained at 4.78 kcal

mol�1. All three peaks in the distributions turn out to be the

DCl(n0 ¼ 0) coproducts, but originating from the ground-state

and bend-excited CD4 reagents in the molecular beam. The

notations ‘‘0*’’ and ‘‘0**’’ indicate one-quantum and two-

quanta bending excitations of CD4, respectively and, as can

be seen, they are in accord with the energetic considerations.

Fig. 12 CD3 product speed distributions from the Cl þ CD4 reaction at the two CD4 source temperatures (a) 340 and (b) 460 K. The

corresponding angular distributions are shown in panels (c) and (d) (adapted from ref. 59).
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The enhancement of the relative contributions from the 0*-

and 0**-peaks by heating up the CD4 reagent (Fig. 12b) not

only re-enforces the assignments but also provides a way to

estimate the relative reactive cross sections to the ground state

reaction. The resulted s*/s0 and s**/s0 for the Cl þ CD4

reaction at EC ¼ 4.78 kcal mol�1 are about 3 and 7.5,

respectively.59 The reported modest vibrational enhancement

factors in reactivity are in sharp contrast to the earlier experi-

mental value of B80 for the same reaction.60,61 More recent

reinvestigation,62,63 however, revised the old results and is now

in quantitative agreement with ours. It is interesting to note

that a factor of three for vibrational enhancement factor in

reactivity turns out to be about the same as an equivalent

amount of additional translation energy;53,58 thus, it appears

to be purely energetic in origin and not mode-specific.

Also shown in Fig. 12c and d are the corresponding angular

distributions, which for both the ground state and bend-

excited reactions are predominantly back-scattered.59 Within

our experimental uncertainties all three distributions are es-

sentially identical, suggesting the same rebound reaction me-

chanism and again no mode-specificity.

Similar experiments were performed for the O(3P) þ CD4

reactions and the results are presented in Fig. 13.64 This

reaction is also slightly endothermic, DH0
0 ¼ 2.47 kcal mol�1,

which is nearly the same as Cl þ CD4. The reaction barrier,

9–10 kcal mol�1, is however substantially higher.65,66 It is

interesting to contrast the effects of bending excitation of this

reaction (Fig. 13a) with that for the Cl þ CD4 reaction (Fig.

12a and b). While the bend-excited CD4 in the latter case yields

the ground state DCl in coincidency with CD3(n ¼ 0),59 the

O(3P) þ CD4 (n2/n4 ¼ 1) reaction produces mainly the

OD(n0 ¼ 1) þ CD3(n ¼ 0) pair.64 More detailed analysis

indicated that the ratio of s*/s0 for the reaction shown in

Fig. 13a becomes 0.68—less than unity!64 Compared to the

translational enhancement factor with an equivalent energy,

this factor is substantially smaller.66 Thus, bend-excited CD4

exhibits mode-specific behaviour in suppressing reactivity for

the reaction with O(3P), in sharp contrast to the analogous

reaction with Cl-atom. Apparently, the extra energy from the

bending motion of reagents in O(3P) þ CD4 does not channel

in the right way to help surmount the reaction bottleneck. This

finding also appears to be an interesting counter-example to

the Polanyi’s rule,27 which is based on atom þ diatom reac-

tions, that vibration is usually more effective in promoting a

late-barrier reaction, which is the case for both endothermic

reactions considered here.

V. Summary

The case studies presented in this paper illustrate the power of

the new product pair measurements in elucidating the intimate

details of individual reactive molecular collisions. More than

often the dynamical information recovered from the pair

correlation measurements are unseen by conventional experi-

ments. A common thread that implicates in our attempts to

reveal the ‘‘hidden’’ dynamics is an approach of decomposing

a complex reaction problem into simpler pieces that preserve

the essential physics. That seems to be the most natural way of

digesting and decoding the enormous amounts of information

encoded in the pair-correlated data. While this approach

provides a convenient vehicle enabling us to gain some in-

tuitive insights into reaction dynamics, a deeper understanding

will inevitably rely on further theoretical advances in the

furture.

In this short review we have surveyed only a limited system,

which more or less reflects the current state of the pair-

correlation measurements in bimolecular reactions. Clearly,

Fig. 13 Methyl product speed distributions in the center-of-mass

frame, the open data points are from the reaction with source

temperature at 291 K and the solid points are from a heated source

at 433 K. The reactions are (a) O(3P) þ CD4 - CD3(n ¼ 0) þ OD, (b)

O(3P) þ CHD3 - CD3(n ¼ 0) þ OH and (c) O(3P) þ CHD3 -

CHD2(n ¼ 0) þ OD. The peak features are assigned as the vibrational

quantum numbers of the OD or OH coproduct based on energetic

grounds. The superscript ‘‘a’’ indicates the corresponding OD or OH

state formed from the bend-excited methane reagent (adapted from

ref. 64).
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more examples for more reactions will come along in the near

future. One can also envision several other variants and/or

applications. One obvious extension will be the vector correla-

tion in bimolecular reactions.67 Lessons from the analogous

studies of photofragmentations68 over the past decade promise

fruitful stereodynamical information to be discovered.

Another possibility is to explore the mode- and bond-selective

chemistry with pair-correlation measurements as the detection

scheme, as illustrated in section IV(F).59,64 This is the area to

which our effort is currently devoted.69 With delayed ion-

extraction technique,70 in conjunction with REMPI-prepared

ions,71,72 even the state-selected ion–molecule reaction73 may

reveal pair-correlated information.
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