
Acc. Chem. Res. 1989,22, 21-27 21 

Table VI 
Activation Parameters for ArCX/Alkene Additions" 

tetramethylethylene 1-hexene 

carbene & AS: -TASt AGt m ASi -TAS AGt 
p-CF8CsH4CBr -1.6 -22 6.6 5.0 -0.19 -25 7.4 7.2 
PhCBr -2.1 -25 7.4 5.3 0.40 -26 7.1 8.1 
PhCCl -2.3 -28 8.3 6.0 0.51 -27 8.0 8.5 
PhCF -2.3 -28 8.3 6.0 0.71 , -29 8.6 9.3 
p-CHSOCsHICF -0.4 -27 8.0 7.6 2.5 -29 8.6 11 

a Data are from ref 55 and are calculated a t  298 K. Units are kcal/mol for fi, AGt, and TAS* and cal/(deg mol) for AS*. 

species MeOCF and (Me0I2C are available from spec- 
troscopically compatible  precursor^,^^*^^ it should be 
possible to further probe enthalpy/entropy partition 
in carbenic cycloadditions. Indeed, dimethoxycarbene 
is sufficiently chromophoric to permit the measurement 
of absolute rate constants for its reactions,21 so that 
activation parameters should soon be forthcoming. 

Conclusion. The combined impacts of new carbene 
precursors, nanosecond kinetic methods, and realistic 
computations have greatly altered our detailed view of 
carbenic reactivity, while simultaneously integrating the 
newly emerging picture with the broader perspective 
of cycloaddition reaction theory. The entropic domi- 
nance manifested in carbene/alkene additions of very 
low AG' is probably a feature of cycloaddition reactions 

in general, but we can see how the counterpoint between 
AH$, AS", and carbenic structure underlies the classical 
reactivity pattern deduced from older, product-based 
studies. The continued application of sophisticated 
spectroscopic and computational methods to carbenic 
additions should now point toward the detailed map- 
ping of their reaction surfaces. 
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I. Introduction 
A major goal of modern dynamics is to characterize 

elementary chemical reactions or energy-transfer pro- 
cesses in a "state-to-state" fashion. One would like to 
prepare initial reagents in a known (and preferably 
variable) set of quantum states and then determine the 
different rates at which various possible sets of product 
quantum states are formed. Such measurements must 
be "single-collision" in nature, because collisional 
thermalization of the prepared reagents before the 
process of interest takes place, or of the nascent product 
states before detection, decreases the content of the 
dynamical information sought. Preparation, collision, 
and detection must therefore occur a t  very low pres- 
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sures or within very short periods of time at  moderate 
pressures. 

We have concentrated on studies of collisional pro- 
cesses involving electronically excited group I1 metal 
atoms, using a laser pumpprobe te~hnique.~-~~J""*~' 
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In this Account, several examples of “full-collision” 
studies of energy disposal in chemical reactions or en- 
ergy-transfer collisions of electronically excited metal 
atoms with simple reagents, most of which have been 
carried out in our laboratories, are described. The 
nature of this brief review prevents us from compre- 
hensive consideration of the large body of excellent 
work by others in this field.1i2g2g31 In our studies, the 
electronic state of the metal atom is selected, but there 
is a Boltzmann distribution (T = 400-500 K) of relative 
translational energies and of molecular reagent internal 
vibrational and rotational states. Especially for the 
predominantly high cross section processes described 
here, there is also a large range of possible collisional 
trajectories sampled, from “head-on” to “grazing” col- 
lisions, and with a range of geometrical orientations as 
well as electronic orbital alignments of the excited metal 
atom as the collision occurs. There is, of course, great 
interest in the dependence of the dynamics of simple 
collisional events on such factors.32 Although other 
experiments with excited metal atoms, particularly 
those utilizing polarized laser sources or off-resonance 
excitation, are providing interesting relevant informa- 
tion, definitive interpretation of such results is often 

Our research group,27 along with others,16-23*24p35 has 
recently been developing “half-collision” techniques 
which not only are complementary to the laser pump- 
probe full-collision method developed in our labora- 
tories1p2 but also provide quite unique kinds of state 
selection. Initial experiments in this area were per- 
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formed by Benoit Soep, Christophe Jouvet, and co- 
workers at Orsay, with whom we are pleased to have an 
on-going collaboration. The half-collision idea has been 
developed successfully in other areas as well, for exam- 
ple, by Wittig, Zewail, Janda, and c o - ~ o r k e r s . ~ ~  

The essential idea of half-collision studies in our 
particular area of interest to really quite a simple one. 
Instead of exciting an electronic state of a metal atom 
and allowing the excited atom to collide with some 
reagent (atom or molecule), one can first gently attach 
the reagent to the metal atom and t h e n  excite the 
electronic state of the metal atom. Once activated, the 
system will subsequently undergo “half” a collision with 
the reagent. The “gentle” attachment of the reagent 
can be accomplished experimentally by expanding the 
metal vapor, the reagent, and a carrier gas through a 
nozzle into a resulting supersonic free jet. Because of 
the cooling in the jet, weakly bound one-to-one van der 
Waals molecules of the metal atom and the reagent can 
be synthesized for laser half-collision experiments in the 
collision-free portion of the supersonic jet. 

There are several reasons why such half-collision 
studies are attracting increasing attention in the dy- 
namics community: 

i. The  excited metal atoms can be created a certain 
distance from, and in some cases at a certain molecular 
geometry with respect to, the reagent. Because of the 
nature of the electronic excitation process (nuclear 
motion is quite slow compared to the motion of elec- 
trons), the initial conditions of half-collision experi- 
ments correspond closely to the nuclear geometry of the 
“cold” ground-state metal-reagent van der Waals com- 
plex. 

ii. T h e  excited metal atoms can be prepared with 
particular electronic orbital alignments with respect 
to  the reagent. Even at  the large metal-reagent dis- 
tances corresponding to most ground-state van der 
Waals complexes, the energy differences between 
electronic symmetries of the excited-state metal atom 
with respect to the reagent are often sufficiently large 
that it is possible to select a particular symmetry by 
tuning the “pump” dye laser frequency a few wave- 
numbers away from the energy of the transition of the 
free atom. Dynamical differences, for example, between 
u versus 7~ orientations (i.e., along, versus perpendicular 
to, the metal-reagent axis) of an excited-state metal 
atom p orbital, can readily be observed. 

iii. T h e  relative translational velocity and the an- 
gular momentum of the collision can be partially se- 
lected. Because of the cooling in the free-jet expansion, 
the metal-reagent angular momentum and relative 
vibrational motion will be quite small. Since these two 
quantities correspond, respectively, to the translational 
orbital angular momentum and relative translational 
energy of “full” metal-reagent collisions, unique state 
selection can be achieved. 

iv. Comparison of results of half-collision with those 
of full-collision experiments can be dynamically in- 
formative. Because of the state-selective nature of the 
half-collision experiments, comparison with analogous 
full-collision experiments can be very iluminating 
mechanistically. 

In this Account, we first treat full-collision studies of 
electronic energy transfer using the laser pump-probe 
technique and discuss an equivalent half-collision study 
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Table I. 
Initial Distributions of Cd(aPB 

Percent',a'& 
in Process 1, in 

product states (%) 
quencher 

X e  
AI 
HZ 
NZ co 
NO 
CH4 

C3Hs 
i-C4Hlo 
ethylene 
propylene 
isobutylene 

C2H6 

3pz 
>90 
>80 
61 f 2 
55 f 2 
56 f 2 
49 f 2 
76 f 2 
67 f 1 
65 f 1 
56 f 1 
37 f 2 
44 f 3 
51 f 2 

3p1 
<lP 
<16 
36 f 2 
34 f 2 
32 f 2 
37 f 2 
19 f 2 
25 f 1 
21 f 1 
33 f 1 
47 f 2 
42 f 3 
33 f 2 

3p0 

<lo0 
<4 
4 f l  
11 f 1 
12 k 1 
1 4 f  1 
5 f l  
8 f l  
8 1 1  
11 f 1 
16 f 1 
14 f 1 
10f 1 

2 J +  1 56 33 11 

Not detected. 

completed recently in our laboratories. We then sum- 
marize a series of state-to-state, pump-probe studies 
of full-collision chemical reactions of excited states of 
group IIb metal atoms with Hz, HD, and Dz to produce 
metal monohydride (monodeuteride) molecules. Fi- 
nally, we describe a prototype half-collision experiment 
analogous to such reactive processes: the creation of, 
and reaction within, the Hg(6s6p3P1)-Hz van der Waals 
molecule to produce HgH + H. 
11. Electronic Energy Transfer 

A. Full-Collision Studies. The following energy- 
transfer processes occur with very high cross sections 
for a variety of species X even though there is a spin 
change required: 

In the initial atomic state, the spin angular momentum 
is 0 (singlet), while in the final state, the spin angular 
momentum is 1 unit, leading to three states of different 
energy (triplet). The Cd('Pl) state has 125.0 kcal/mol 
electronic energy, while the Cd(3Pz), Cd(32P1), and 
Cd(3Po) states have 91.0, 87.6, and 86.0 kcal/mol, re- 
spectively. Remarkably, even though there are also 
quite exothermic chemical reaction exit channels 
available in many cases which can occur in a spin-al- 
lowed fashion, process 1 usually p r e d o m i n a t e s . ' ~ ~ * ~ ~ ~ ~ * ~ ~  

Studies conducted in our laboratories6 showed that 
the initial J-state distributions of Cd(3P J )  varied dra- 
matically with the identity of the quenching species X. 
Shown in Table I are the initial 3Pz, 3P1, and 3P0 per- 
centages for a selected group of quenching species. If 
the atomic product states were populated solely on the 
basis of their 2J + 1 electronic degeneracies, the 
3Pz:3Pl:3Po percentages would be 56:33:11. From Table 
I, some molecules, in fact, do appear to produce the J 
states in just such an electronically statistical distri- 
bution, while other quenching species produce initial 
Cd(3P J )  state distributions that are markedly nonsta- 
tis t ica 1. 
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Figure 1. Estimated potential curves of the ground state and 
low-lying excited states of the CdXe molecule. The mow indicates 
re for the CdXe(X'Z+) ground state. 

For the simplest atomic cases, the exclusive product 
for Xe (and probably for Ar) is Cd(3Pz), the multiplet 
state highest in e n e r g ~ . ~ J ~ J ~  Shown in Figure 1 are 
estimates of the relevant CdXe diatomic potential 
curves constructed by utilizing spectroscopic informa- 
tion from various sources.13~18~19~27~3~ As can be seen, 
a collision of Cd(lP1) with Xe can populate the bound 
CdXe(CIII1) state (the II notation indicating that the 
p orbital on the Cd atom is perpendicular to the Cd-Xe 
axis). The repulsive CdXe('c32,+) state (Z notation 
indicating parallel p-orbital orientation) correlating 
with Cd(3Pz) + Xe crosses the CdXe(CIIIl) curve, and 
the exclusive production of Cd(3Pz) in the deactivation 
of Cd(lP1) by Xe can be explained by an D = 1 spin- 
orbit induced curve crossing. Similar results for 
quenching of Ba(6s6p1P1) by the rare gasesz6 are con- 
sistent with this mechanistic postulate. 

For the molecular quenching species, the quenching 
of Cd('Pl) to form the Cd(3PJ) states occurs on mul- 
tidimensional potential surfaces which are difficult to 
estimate, even qualitatively. The statistical 56:33:11 
distributions observed for several quenchem could result 
either from Cd(lP1)-X potential surfaces which cross 
all surfaces correlating with the Cd(3PJ) states or from 
efficient intramultiplet mixing of the J states on the 
Cd(3P J)-X exit-channel portions of the potential sur- 
faces.16J7 Future half-collision experiments of the type 
described in the following section should provide 
mechanistic information which will lead to a better 
understanding of these remarkably efficient spin-for- 
bidden electronic energy transfer processes. 

B. Half-Collision Study of Cd(lP1) Deactivation 
by Xe. 

Excitation of CdNe, CdAr, and CdKr. When 
cadmium vapor from an oven source is expanded in the 
presence of Ne, Ar, or Kr through a nozzle into a su- 
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J. Chem. Phys. 1986,85,1806. Duval, M. C.; Jouvet, C.; Soep, B. Chem. 
Phys. Lett. 1986, 119, 317. 



Breckenridge 

The vibrationally relaxed spectrum observed to the 
red is very similar to the Cd-RG(XIZo+,u"=O) - Cd- 
RG(CIIIl,u 9 laser-induced fluorescence spectra observed 
for RG = Ne, Ar, and especially Kr. The maxima 
represent vertical excitation of high vibrational levels 
u' of CdXe(C'II,) (see Figure l), which instead of 
fluorescing undergo efficient predissociation to produce 
Cd(3P2). Because Cd and Xe have several isotopes, the 
splitting due to accumulated vibrational energy dif- 
ferences for the isotopic molecules of high u'contributes 
to the observed broadening.M Extensive spectral sim- 
ulations of the CdXe vibrational bands indicate, how- 
ever, that an additional Lorentzian (Heisenberg) 
broadening component of 7 cm-' is required to account 
for the vibrational band contours.27 This is equivalent 
to a predissociation lifetime of 0.8 ps, or roughly one 
CdXe(CIIIl) vibration. Thus the half-collision pro- 
duction of Cd(3P2) is very efficient. 

A surprising aspect of the Cd(3P2) action spectrum 
(Figure 2), however, is the appearance of a continuum 
to the blue which is, within experimental error, indis- 
tinguishable from the Cd(lP1) action spectrum in the 
same spectral region, attributed above to excitation to 
the repulsive portion of the CdXe(D'Zo+) curve followed 
by immediate dissociation to Cd(lP1). This observation 
was quite unexpected, and it appears that the mecha- 
nism is coupling between the CdXe(D'Zo+) and 
CdXe(CIIIl) electronic states during the approximately 
1 ps transit time through the repulsive portion of the 
CdXe(DIZo+) curve (see Figure 1). Production of 
CdXe(CIII1) would in turn induce the efficient CdXe- 
(ClII,) - CdXe(E3Z1) curve-crossing, yielding Cd(3P2). 
The CdXe(DIZo+) coupling to CdXe(CIIIl) can only be 
rotationally induced, but CdXe has a mean rotational 
angular momentum on the order of 15h even at  5 K.27 

111. Chemical Reactions 
A. Full-Collision Studies of the Reactions of 

Electronically Excited Metal Atoms with H2, HD, 
and D2. The triplet (nsnp3P1) or singlet (nsnplP1) 
states formed by exciting an s electron from the 
(nsnslSo) ground states of Mg, Zn, Cd, or Hg atoms are 
very reactive toward H2 or other molecular hy- 

primary initial product is the electronic ground state 
of the metal monohydride: 

M(nsnp) + XH - MH + X 

This high reactivity appears to be due to particularly 
favorable conditions for side-on (insertive) attack of the 
H-H (or X-H) bond,12,- in contrast to the preference 
for end-on (abstractive) attack by such well-known 
reagents as ground-state halogenm or oxygen51 atoms. 
For side-on approach to H2, not only is there good 
overlap of the singly occupied p r  orbital of the excited 
metal atom with the empty antibonding u* H-H orbital, 
but the filled u orbital of the H-H single bond can also 

drides.l-3~5-7~11,12.14,15,17,2~22,37,38,4~47 In many cases, the 
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Figure 2. Action spectrum for the production of Cd(5s5p3P2) 
from excitation of CdXe near the Cd(5s5s1So-+5s5p1P1) atomic 
transition." A probe laser pulse, delayed by a few nanoseconds, 
is fixed onto the Cd(5s5p3P2-6s6s3Sl) transition while the pump 
laser is scanned through the frequency region shown. 

personic free jet, weakly bound ground-state Cd-RG 
molecules (RG = rare gas) are created and cooled to a 
few degrees Kelvin.13-39~40 Laser-induced fluorescence 
spectra consisting of vibrational progressions are readily 
obtained to the red of the Cd(lSo) - Cd('P1) atomic 
transition and have been identified as Cd-RG(XIZ+,- 
u"=O) - Cd-RG(CIIIl,u 9  excitation^.^^ Wavelength- 
resolved bound-to-free emission spectra from each of 
the accessible upper vibrational states u'have enabled 
us to assign the upper-state vibrational quantum num- 
bers and determine the Cd-RG(CIIIl) potential curves 
and dissociation energies.40 The curves are similar to 
the CdXe(CIII1) curve portrayed in Figure 1, in that the 
Cln, states are all much more strongly bound and have 
an equilibrium bond length much less than the corre- 
sponding XIZo+ ground states. 

When the excitation laser is tuned to the blue of the 
Cd(lSo) - Cd('P1) atomic line, no molecular fluores- 
cence is observed for CdNe, CdAr, or CdKr. But when 
a second (probe) laser pulse, delayed by only 4 ns, is 
fixed on an atomic transition for sensitive detection of 
Cd(lP1) and the excitation laser is again scanned to the 
blue, continuous "action" spectra are obtained which 
are consistent with bound-to-free absorption from Cd- 
RG(X'Z+,u''=O) to repulsive portions of the very weakly 
bound Cd-RG(DIZo+) upper states, which then disso- 
ciate within 1 ps to form Cd('P1). (See Figure 1.) 

Excitation of CdXe. In stark contrast to the CdNe, 
CdAr, and CdKr cases, careful attempts to obtain the 
analogous CdXe(XIZo++CIII1) laser-induced fluores- 
cence spectrum resulted in no observable fluorescence 
when the excitation laser was tuned to the red of the 
atomic line.27 However, pump-probe "action" experi- 
ments similar to those described above, in which the 
probe laser was tuned to detect Cd(lP1), revealed a 
continuum to the blue indicative of the CdXe- 
(XIZo+-DIBo+) bound-to-free transition, showing that 
we were indeed making CdXe in high concentrations. 
We then attempted to measure pump-probe action 
spectra for Cd(3P2) production, with good succe~s.~' 
Shown in Figure 2 is a Cd(3P2) action spectrum ob- 
tained for CdXe. The Cd(3P2) state is produced ex- 
clusively, since Cd(3P,) or Cd(3Po) could not be de- 
t e ~ t e d . ~ ~  



Chemical Reactions and Energy Transfer Processes 

overlap with the half-empty s orbital on the metal 
atom.1~2~47*48 Ab initio theoretical calculations in our 
research group, as well as by others, of BeH2, MgH2, and 
HgH2 potential surfaces are quite consistent with this 
mechanistic idea.48-49*52 

A series of state-to-state studies of the dynamics of 
these reactions11~14*15*20*21,53 show that the excited metal 
atoms M(nsnp) insert into the H-H bond to form very 
short lived H-M-H intermediates which subequently 
decompose to MH + H products. As an example, we 
describe in more detail our studies of the reactions of 
Zn(4s4p3P1) with H2, HD, and D2:21 

(2) 

(3) 

(4) 

(5) 
By exciting Zn(3P1) with a “pump” dye laser pulse in 
a &/He vapor stream to which has been added H2, HD, 
or Dz and detecting ZnH or ZnD using fluorescence 
from the ZnH (ZnD) A211 - X2Z+ transition induced 
by a tunable “probe” dye laser pulse delayed by a few 
nanoseconds, it has been possible to determine the 
complete initial vibrational and rotational quantum 
state distributions (um of the above four isotope re- 
actions.21 

For reactions 2-5, energy is not deposited preferen- 
tially into vibrational motion of the ZnH (ZnD) prod- 
ucts. The u = 0 state of ZnH (ZnD) is the most highly 
populated vibrational quantum state in each reaction, 
and the population of higher vibrational states drops 
off as u increases. Similar results have been obtained 
for the analogous reactions of nsnp excited states of Hg, 
Cd, and Mg.11J4J5320*53 This indicates relatively ”late” 
release of energy and is consistent with decomposition 
of an H-Zn-H intermediate in which one Zn-H bond 
distance remains similar to that of the final ZnH 
product molecule as the other Zn-H bond breaks. 

The most striking results, however, involve the de- 
tailed rotational quantum state distributions of the 
ZnH(u=O,l) and ZnD(u=O,l) products of reactions 2-5. 
Shown in Figure 3 are the ZnH(u=O) and ZnH(u=l) 
initial rotational quantum state distributions from re- 
actions 2 and 3. The high degree of rotational excitation 
is consistent with the decomposition of a nonlinear 
H-Zn-H insertion intermediate. The surprising aspect 
of the results in Figure 3, however, is that the ZnH(u=O) 
and ZnH(u=l) rotational distributions are very similar 
for HD versus H2 as reactants (reactions 2 and 3). Thus 
the distribution of rotational energy of the ZnH(u=O,l) 
products does not change even when the mass of the 
leaving atom is doubled, from H to D.21 This unusual 
result has also been observed for the analogous reactions 
of Cd(5s5p3P1) and Hg(6s6p3P1), with H2, HD, and D2 
to form the u = 0 metal monohydrides and mono- 
de~ter ides . ’~7~~ 

Early impulsive (sudden) release of energy by H-H 
(H-D) bond breaking in an MH2 intermediate (M = Hg, 
Cd, Zn) can be ruled out, since the “push-off“ of a light 
H-M rotor from a heavier D atom would lead to more 

(52) Chauqin, P.; Savin, A.; Yu, H. J. Phys. Chem. 1985, 89, 2813. 
Poirier, R. A,; Peterson, M. R.; Menzinger, M. J. Chem. Phys. 1983, 78, 
4592. 

(53) Bras, N.; Jeannet, J. C.; Perrin, D. J. Chem. Phys. 1987,87,219. 
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Figure 3. The initial rotational quantum state distributions of 
ZnH produced in the reactions of Zn(4s4p3PJ with H2 and HD 
(reactions 2 and 3, Open circles and squares, H,; 
filled circles and squares, HD. Maximum N energetically allowed 
for u = 0 is N = 24; for v = 1, N = 19. Ratios of u = 0 to v = 1 
to u = 2 are 1.0:0.7:(<0.2). 

rotational excitation than that from a light H atom.” 
We believe that in these cases the H-H bond has al- 
ready been broken, and that the rotational energy re- 
sults from H-MH bond-breaking pathways in which the 
electronic potential energy varies with both the H-M 
bond distance and the H-MH bond angle, i.e., an an- 
isotropic exit-channel potential surface.21*22 The final 
rotational angular momentum of the MH product will 
equal (but be vectorially opposed to) the angular mo- 
mentum of the H + MH fragments as they fly apart. 
In the HgH2 case, recent ab initio calculations4g of the 
strongly bent 3B2 (3A’) state of HgH2, which correlates 
with Hg(3P1) + H2 (and is the state corresponding to 
the molecular orbital interactions described qualita- 
tively above), show just this kind of potential surface 
anisotropy in the H-HgH exit-channel geometries 
which lead adiabatically to ground-state HgH + H 
products . 

Simple classical trajectory calculations22 on model 
potential surfaces designed to mimic such anisotropy 
as the H-M-H(D) species dissociate have in fact shown 
that similar MH product rotational state distributions 
can result from D-leaving and H-leaving trajectories. 
Further confirmation of this speculative mechanism will 
require good theoretical full-collision dynamical studies 
on realistic potential surfaces, but our preliminary re- 
sults are certainly intriguing. 

B. Prototype Half-Collision Study of the 
Hg(3P1)-H2 Reaction. In the final portion of this 
Account, we describe an elegant chemical reaction 
half-collision e ~ p e r i m e n t ’ ~ * ~ ~ ~ ~ ~  which should serve as a 
prototype for similar studies which will be attempted 
in the future. The work was carried out a t  the Labo- 
ratoire de Photophysique Moleculaire at Orsay by B. 
Soep and C. Jouvet, and I had the great pleasure of 
participating in the analysis of the results when I was 
on sabbatical leave. When Hg vapor, H2, and He are 
expanded through a nozzle into a supersonic free jet, 
the ground state Hg-H2 van der Waals complex is 
created and cooled to a few degrees Kelvin. Since the 
Hg-H2 binding energy is only 35 cm-’ and the Hg-H2 
bond distance is quite large (4.0 A), the H2 molecule is 
unhindered and has a random distribution of geometric 

(54) Busch, G. E.; Wilson, K. R. J. Chem. Phys. 1972, 56, 3626. 
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Figure 4. Action spednun for the production of HgH(X2Z+,u”=O) 
from excitation of Hg-H2 near the Hg(6s6s1So-4s6p3P1) atomic 
transition.16 A probe laser pulse, delayed by a few nanoseconds, 
is fixed onto a rotational line of the HgH(X2Z+,u”=O) -+ HgH- 
(A2111,2,u’=O) transition while the pump laser pulse is scanned 
through the frequency region shown. Regions of the spectrum 
thought to be due to excitation of the 3Z(Bl) or 311(AO+) states 
of Hg-H2 correlating asymptotically with Hg(6s6p3PJ + H2 are 
indicated. 

orientations with respect to the Hg atom.24 The Hg-H2 
van der Waals molecule is also cooled rotationally to 
a few degrees Kelvin and has a most probable rotational 
angular momentum of only l h  or 2 h .  

The ground-state Hg-Ne van der Waals molecule has 
a binding energy of 37 cm-’, essentially identical with 
that of the Hg-H2 m ~ l e c u l e . ~ ~ ~ ~ ~  Rotationally resolved 
spectra of HgNe near the Hg(6s6s1So) - Hg(6s6p3P1) 
atomic transition at 2537 A show two electronic tran- 
sitions, one to the blue and one to the red of the atomic 
line.’6i43 The upper states of the “red” and “blue” 
transitions were shown to be the A(0’) and B(1) states 
(Hund’s case c notation), respectively, which correlate 
asymptotically to Hg(3P1) + Ne. (See Figure 1 for 
portions of the analogous CdXe states.) The A(O+) state 
corresponds to  a pure II state with the p orbital of the 
excited mercury atom aligned perpendicular to the bond 
axis.16755 The B(1) state, on the other hand, has partial 
Z and partial II character a t  long range, but is some- 
times referred to as a “3Zn state since it is much less 
strongly b 0 ~ n d . l ~ ~ ~ ~  

Because the Hg-H2 molecule is similar to the Hg-Ne 
molecule, tuning a dye laser pulse a few wavenumbers 
to the red and to the blue of the atomic transition 
should excite Hg-H2 to analogous Hg-H2(AO+) and 
Hg-H2(B1) states, respectively. However, fluorescence 
excitation spectra of Hg-H2 in this region reveal only 
an absorption continuum which has a sharp onset 40 
cm-’ to  the blue of the atomic line which decreases in 
intensity to the blue.16 Experiments in which a second 
probe dye laser pulse is fixed on a transition suitable 
for detection of free Hg(3Pl) atoms show that this 
fluorescence is due to production and subsequent 
fluorescence of Hg(6s6p3Pl) because Hg-H2 is excited 
to Hg-H2(B1) at energies above its dissociation limit. 

However, when the second probe laser is tuned onto 
a rotational line of the 2 P ( u ” = O )  - 2111,2(u’=0) tran- 
sition for detection of the HgH molecule, and the first 
laser is again scanned through the spectral region near 

(55) Duval, MA.;  Benoist D’Azy, 0.; Breckenridge, W. H.; Jouvet, C.; 
Soep, B. J.  Chem. Phys. 1986,85, 6324. 
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Figure 5. Rotational distributions of HgH(X2Z+,u”=O) product 
obtained by (a) fixing the pump laser 18 cm-’ to the blue of the 
Hg(6s6s’So+6s6p3P1) atomic line to the maximum in the action 
spectrum shown in Figure 4 (plus signs; this results in excitation 
of the 3Z(Bl) state of Hg-H2) and (b) fixing the pump laser 25 
cm-’ to the red of the atomic line as shown in Figure 4 (dots; this 
results in excitation of the 311(AO+) state of Hg-H2).16s23 

the 2537-A atomic line, an action spectrum is obtained, 
which is displayed in Figure 4. In the region to the 
blue, where HgH2(B1) should be excited, there are in- 
deed two peaks which can be assigned to the (0,O) and 
(1,O) vibrational bands of this transition. In the region 
to the red, where HgH2(AO+) should be excited, there 
is only a very broad continuum. It appears, then, that 
excitation of the Hg(3P1)-H2 states causes chemical 
reaction to produce HgH + H, but by two quite dif- 
ferent mechanisms. 

Excitation of the HgH2(AO+) state (311) produces 
HgH + H rapidly. From the spectral broadening of 50 
cm-l, the reaction must occur within less than 0.2 ps. 
On the other hand, excitation of the HgH2(B1) state 
(3Z) produces HgH + H, but in a relatively slow process. 
From the maximum broadening necessary to simulate 
the action spectra rotational band contours, the reaction 
time must be greater than about 4 ps.24 There is ap- 
parently a potential barrier to chemical and 
the Hg-H2(B1) state (3Z) is thus trapped momentarily 
in its shallow (20 cm-l) van der Waals well for disso- 
ciation to Hg(3P1), and behind the chemical activation 
barrier to form HgH + H. The HgH + H products are 
eventually produced, however, and one p ~ s s i b i l i t y ’ ~ ~ ~ ~  
is that there is a weak coupling between the B(1) and 
A(0’) electronic states, perhaps induced by Hg-H2 ro- 
tational motion or internal H2 rotation for the 75% of 
the molecules with J = 1 (ortho) H2. The other obvious 
possible mechanism is tunneling of the light H atom 
through the activation barrier.16 

Relevant to these considerations, two more sets of 
data were obtained in this study? the initial rotational 
quantum state distributions of HgH(u=O) when the 
pump laser was tuned, and fixed in frequency, to the 
blue (at the maximum of the (0,O) band) to excite 
HgH2(B1), and to the red of the atomic line by 25 cm-’ 
to populate the HgH2(AO+) state. The results are shown 
in Figure 5. As can be seen, the A(O+) excitation (311) 
produces a sharply peaked rotational distribution, 
consistent with the formation and decomposition of an 

(56) Jouvet, C.; Beswick, J. A. J. Chem. Phys. 1987, 86, 5500. 
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bond by Hg(3P1). Because the full-collision process has 
a large cross section (25 A2),ls2 grazing collisions with 
initial angular momentum on the order of 15h must 
dominate, in contrast to the half-collision case, where 
the initial angular momentum is nearly 0. There is no 
dynamical tendency, therefore, for initial orbital angular 
momentum to be converted to rotational angular mo- 
mentum of the HgH(u=O) product, consistent with our 
view that exit-channel (chemical) potential forces are 
mainly responsible for the rotational energy of the 
diatomic product in the thermal reaction. 

H-HgH intermediate on an anisotropic exit-channel 
potential surface. 

For excitation of the B(1) state (32) of Hg-H2, the 
major portion of the HgH(v=O) rotational state dis- 
tribution (see Figure 5 )  is very similar to that from 311 
excitation, consistent with the B(1) to A(O+) rotational 
coupling mechanism,16158 but there is a small yield of 
HgH(v=O) with low rotational quanta. Such low rota- 
tional energy is more consistent with an abstraction 
mechanism (linear Hg-H-H) and could be due to tun- 
neling since the tunneling probability would be greatest 
for linear geometries, where one H atom is closest to the 
Hg atom. Detailed studies involving excitations of the 
van der Waals molecules Hg-H2(para), Hg-D2, and 
HgHD would be very informative. 

Finally, it is interesting to note that the rotational 
state distribution of HgH(v=O) produced in the full- 
collision reaction of Hg(3P1) with H2 near room tem- 
perature is very similar to that for the HgH2(AO+) (311) 
half-collision distribution shown in Figure 5.16*53 This 
indicates that the energy release process in the two cases 
is essentially the same: i.e., due to decomposition of 
H-HgH formed by facile, insertive II attack of the H-H 
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Anionic B complexes have been known and exten- 
sively studied as intermediates of nucleophilic aromatic 
substitution since the beginning of the century.l In a 
paper that still makes fascinating reading, Meisen- 
heimer describes the formation and isolation of anionic 
B complexes by reaction of picryl ethers with potassium 
alkoxides. Structural proof is derived from the fact'that 
identical u complexes are obtained from methyl 2,4,6- 
trinitrophenyl ether with potassium ethoxide, and from 
ethyl 2,4,64rinitrophenyl ether with potassium meth- 
oxide.2 Cationic u complexes (Wheland intermediates), 
on the other hand, had been characterized or isolated 
only in a few cases: despite the ubiquitous implication 
of electrophilic aromatic substitution in synthesis. Such 
cationic u complexes were expected to be stabilized best 
by three amino substituents, in meta positions relative 
to each other! in analogy to the stabilization of anionic 
u complexes by three meta-oriented nitro groups 
(Scheme I). 
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@Nu = nucleophile, E = electrophile. 

Neither 1,3,5-triaminobenzene itself nor its N-mo- 
nosubstituted derivatives can serve as model substrates 
for arene reactions: these compounds exist, at least in 
part, in the form of the nonbenzenoid  tautomer^,^ and 
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