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We present quantitative results on photodissociation of CH2 eX 301) and its isotopomers CHD 
and CD2 through the first excited triplet state (1 3 AI)' A two-dimensional wave packet method 
employing the light-heavy-light approximation was used to perform the dynamics. The poten
tial energy surfaces and the transition dipole moment function used were all taken from ab initio 
calculations. The peak positions in the calculated CH2 and CD2 spectra nearly coincide with the 
positions of unassigned peaks in experimental CH2 and CD2 3 + 1 resonance enhanced multi
photon ionization spectra, provided that the experimental peaks are interpreted as two-photon 
transitions. Comparing the photodissociation of CH2 and its isotopomers to photodissociation of 
water in the first absorption band, we find these processes to be very similar in all aspects 
discussed in this work. These aspects include the origin of the diffuse structure and the overall 
shape of the total absorption spectra of vibrationless and vibrationally excited CH2 , trends seen 
in the fragment vibrational level distribution of the different isotopomers, and selectivity of 
photodissociation of both vibrationless and vibrationally excited CHD. In particular, we find 
that the CD/CH branching ratio exceeds two for all wavelengths in photodissociation of vibra
tionless CHD. 

I. INTRODUCTION 

In the interstellar medium, photodissociation is one of 
the most important processes for the destruction of mole
cules. A molecule that is of considerable astrophysical in
terest is methylene (CH2). 1,2 Unfortunately, to the best of 
our knowledge there is no eX"perimental information con
cerning photodissociation of X 301 CH2 through its lower
line triplet states, although ab initio calculations3 have pre
dicted that photodissociation should occur effectively 
through its lowest excited triplet state, the I 3 A I state. In 
this paper results will be presented on photodissociation of 
CH2 into CH (X 211) +HeS) through this state. It is our 
hope that the results presented here, which can be used for 
astrophysical modeling, will also be of help to experimen
talists in finding the transition to the lowest excited triplet 
state. 

In two previous papers,4,S we reported results of cal
culations aimed at obtaining quantitative cross sections for 
the photodissociation of CH2 . In the first paper,4 we dis
cussed two-dimensional ab initio potential energy surfaces 
for the ground state and for nine excited triplet states. In 
the second paper,s full three-dimensional potential energy 
surfaces were presented for the X 301 ground state and the 
lowest excited triplet state. Subsequently, these surfaces 
were used for performing three-dimensional wave packet 
calculations on the I 3AI --X 301 transition. 

From our potential surface studies,4 it stands clear that 
at low photon energies, 5.7-9.2 eV, CH2 can dissociate into 
CH + H through its first two excited triplet states, the I 3 A I 
and the coupled 1 3A/2 3 BI states. Through the second 

excited triplet state, dissociation into C and H2 is also pos
sible and proceeds without a barrier. This last aspect makes 
photodissociation from CH2 different from the most stud
ied case, water,6-12 where dissociation into OeD) +H2 
through the first excited state ct 0 1) is impeded by a barrier 
of 0.4 eV, while there is no barrier for dissociation into OH 
and H through the same state. 13 For photodissociation of 
CH2 through the second excited triplet state therefore not 
only cross sections in the individual channels are needed, 
but also branching ratios. In this work we do not present 
any results on photodissociation through the I 3A 2 state, 
but instead focus on photodissociation through the I 3 A I 
state, into CH + H. 

Our three-dimensional dynamics studiess on the 
I 3AI --X 301 transition presented both total and partial 
(vibrational and rotational) cross sections. A comparison 
of the absorption spectrum with results of two-dimensional 
wave packet calculations (in which the bending angle was 
kept fixed at its ground state equilibrium value) showed 
that a two-dimensional treatment suffices for obtaining ac
curate total cross sections, as is the case for photodissoci
ation of water through its first excited state. 14 Similarly, the 
vibrational level distribution in the fragment obtained from 
two-dimensional calculations compared well with the 
three-dimensional results. IS In contrast, a three
dimensional treatment is necessary for obtaining correct 
final rotational state distributions. The reason for this is 
that the excited state potential shows considerable anisot
ropy in the exit channel. In the Franck-Condon region, the 
dependence of the excited state potential on the bending 
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coordinate is much weaker, which explains why the bend
ing mode may be neglected in calculating total and vibra
tionally resolved cross sections. 

In addition to yielding accurate results for photodisso
ciation of methylene, the two-dimensional method is much 
less time consuming than the three-dimensional wave 
packet method. We have therefore used the two
dimensional method to also obtain cross sections for pho
todissociation of CHD and CD2 , and to explore the pho
todissociation of vibrationally excited CH2 and CHD. An 
interesting aspect of photodissociation of CHD is whether 
there is a preference for the production of CH or CD. 
Calculations l6,17 on initially vibrationless HOD have pre
dicted a clear preference for the production of OD, which 
has been confirmed experimentally.18 Excitation of the OH 
stretch prior to dissociation was predictedl6,17 to lead to 
enhanced OD/OH branching ratios for most UV wave
lengths, which was also confirmed experimentally.I9-22 

Photodissociation from excited vibrational states of the 
parent molecule is of interest because larger parts of the 
potential energy surfaces are sampled. As was shown for 
water, photodissociation from states where the symmetric 
stretch is excited differs widely from that starting from a 
state in which the antisymmetric stretch is excited.7.9 Fur
ther, selective initial vibrational excitation might be advan
tageous in experimental CH2 photodissociation studies. In 
these experiments, the production of CH2 molecules in the 
3 BI ground state is accompanied by the production of CH2 

in singlet states and other carbonhydrides23 which have 
different vibrational frequencies. Perhaps selective vibra
tional excitation of CH2 prior to dissociation will diminish 
the interference (e.g., by unwanted CH fragments) of these 
other molecules. 

In many experimental photodissociation studies of tri
atomic molecules, the final state distribution of the frag
ment is probed, e.g., using laser induced fluorescence. For 
this reason, in most cases we also present cross sections 
that are resolved with respect to the final vibrational state 
of the fragment. 

In a previous paper,s we already stressed that astro
physical models require quantitative cross sections (in ab
solute units, not arbitrary units). In this paper, we rederive 
the relation of Untch et al. 24 (originally due to Kulander 
and Heller)2s for calculating partial cross sections, this 
time obtaining an exact expression. 

With the photodissociation of CH2 we have what is 
perhaps a rather unique situation for photodissociation of 
triatomics: at present, theory is ahead in making predic
tions. It is our hope that the results presented here will set 
off experiments designed to test the predictions made in 
this work and give validity to our approach. 

II. METHODS 

A. Dynamics 

In a time-dependent formalism, the total photodissoci
ation cross section can be expressed in Systeme Interna
tional (SI) units as26-28 

aCE) =~ f.t= '" eiEtlli(ct>(Q,t=O) I ct>(Q,t) )dt 
3cEo-li t=-", 

(1) 

with 

(2) 

In these equations, Q is the set of nuclear coordinates. In 
our two-dimensional approach, this set consists of the two 
C-H bond lengths, rl and r2 . The total energy E is Ei+hv, 
in which v is the frequency of the exciting radiation and Ei 
is the initial vibronic energy of methylene. The initial and 
final electronic states are connected by the transition dipole 
moment function /-L(rl ,r2)' and 'I1 i(rl,r2) is the nuclear 
wave function of the molecule in its initial electronic state 
with corresponding vibronic energy Ei . The. propagated 

. ""'( ). b' d -iHtlli"", ( wave functlOn '*' rl ,r2 ,t IS 0 trune as e '*' rl ,r2 , 
t=O) using the Hamiltonian for nuclear motion, which, in 
the light-heavy-light (LHL) approximation, is taken as 

(3) 

where Vet(rl ,r2 ;aeq) is the appropriate excited electronic 
state potential energy surface as a function of both rl and r2 
at a fixed value of the bond angle (aeq is the eqUilibrium 
angle in the electronic ground state). In this equation, m I 
and m2 are the reduced masses of the corresponding 
CH fragment. The overlap integral (ct>(rl ,r2' 
t=O) I ct>(rl ,r2 ,t» is referred to as the autocorrelation 
function. Note that this autocorrelation function will usu
ally differ from unity at t=O, due to the inclusion of the 
transition dipole moment function. 

In writing Eq. (3), we have neglected the kinetic term 
which couples the CH oscillators. In calculations on the 
photodissociation of water, it was found that the inclusion 
of this term leads to only very small changes in the pho
todissociation dynamics.29 The prefactor cos a/me (me is 
the mass of the central atom) occurring in the coupling 
term is much higher for CH2 than for H20 mainly because 
the ground state equilibrium angle of CH2 is much larger. 
We have therefore tested to what extent the inclusion of 
the coupling term affects the photodissociation of CH2 . 
Because only small changes (1 %-2%) of the total cross 
section for photodissociation of CH2 were found, we con
cluded that it was safe to neglect the coupling term. 

In calculations on the Raman emission spectrum of 
photodissociating molecules29,3o and in calculations on 
photodissociation of initially highly excited stretching 
states, the kinetic coupling term should be included. This is 
because for vibrational states containing two or more 
stretching quanta, the kinetic coupling affects the degree of 
mixing of wave functions with the same number of stretch
ing quanta and symmetry (i.e., the extent to which the 
wave functions are normal modelike or local mode
like).31,32 

To calculate vibrationally resolved cross sections, 
Untch et al. 24 have derived the relation 
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(4) 

in which AJku(E),t] is the wave function in momentum 
space describing the translational motion of the CH frag
ment in the vibrational state v and 

(5) 

where Eu is the vibronic energy of the fragment state la
beled by v. Here, we derive the corresponding expression 
appropriate for calculating cross sections in absolute units. 

In the standard time-independent formalism, the par
tial cross sections for formation of a vibrationally excited 
fragment with quantum number v can be expressed in SI 
units as27,28,33 

in which the integration is performed over rl and rz . The 
scattering wave function t/J;; (rt ,ri ,E) corresponds asymp
totically to an outgoing wave in the fragment channel v and 
is normalized on the energy scale. The link between the 
time-independent expression (6) and the appropriate time
dependent formula can be made by realizing that the ab
solute value of the overlap between <l>(rl ,r2 ,t) and 
t/J;; (rl ,r2 ,E) is time independent, so that 

1 (t/J;(rl ,r2 ,E) 1 <l>(rl ,r2 ,t=O» 1 

= 1 (t/J; (rl ,r2 ,E) 1 <l>(rl ,r2 ,t» I· (7) 

Therefore, 

1TOJ _ 2 
O'v(E) =-3 -I (t/Ju (rl ,r2 ,E) 1 <l>(rl ,r2 ,t» 1 (8) 

CEO 

is valid for all times t. The scattering wave function may be 
approximated at f- 00 (i.e., rl- (0) by a product of the 
vibrational eigenfunction of the fragment with an outgoing 
wave 

1· .1,- ( E) -~ r-m;- A. ( ) jkv(E)r) (9) 1m 'f'u rl ,r2 , - ft V~ 'f'u r2 e . 
~_~ u 

We may therefore write 

1TOJ mt 1 
O'v(E) = 3CEo 21Tkv(E) fiI 

X lim 1 (¢v(r2)eikv(E)r) 1 <l>(rl ,r2 ,t» 12. (10) 
t_~ 

In Eqs. (9) and (10), ¢v(r2) is the vibrational eigenfunc
tion of the fragment. A full derivation of this expression 
can be found, e.g., in the book by Schinke.33 We now ex
pand <l>(rt ,r2 ,f) in terms of products of plane waves in the 
dissociation coordinate rl and the vibrational eigenfunc
tions of the fragment24 

The cross section can then be written as 

ml OJ 

121TcEofiI ku(E) 

Xlim! r f 
t_oo J k' rl 

2 

XL Av,(k',f)¢v,(r2)eik'rldr2drldk'i· (12) 
v' 

Making use of the exponential definition of the Dirac delta 
function and the orthonormalization condition of ¢v(r2), 
we arrive at 

ml OJ 

121TC€ofiI kv(E) 

2 

X lim I r, 21T8(k' -kv(E) )Av(k',t)dk' I 
t_ 00 J k 

which leads to 

1Tmt OJ • 2 
O'vCE) = 3CEofiI kv(E) :~r: IAv(kv(E),t) 1 . (13) 

Equation (13) can easily be generalized to other sets of 
coordinates by substituting the appropriate reduced mass f.l 
for mi' 

If dissociation can result in n identical fragments, the 
right-hand side of Eq. (13) should be mUltiplied by n. The 
sum of the partial cross sections over v should be equal to 
the total cross section obtained by Fourier transforming 
the autocorrelation function [see Eq. (1)], which can be 
used for testing the accuracy of the calculation. 

In the original application of Eqs. (11) and (13) to 
calculate partial cross sections, the wave packet was prop
agated on a grid which was large enough to also accom
modate the wave packet at asymptotic times. This ap
proach is not practical if recurrences of the wave packet 
can occur. This problem can be solved24 by transferring 
parts of the wave function that reach the asymptotic region 
to a smaller grid after fixed time intervals by using an 
appropriate splitting function. 34 In the asymptotic region 
the wave function is then projected on fragment eigenstates 
and propagated in momentum space, assuming no interac
tion between the fragments. Information about recurrences 
is preserved by continuously adding split off amplitUde to 
the asymptotic wave function, while observing the correct 
phase relation between the wave functions kept separately 
on the two grids. An alternative way to calculate v-resolved 
cross sections can be found in Refs. 27 and 35. 

B. Practical implementation and numerical details 

The initial vibrational wave function \{Ij(r,I,r2) [see 
Eq. (2)] was generated by a two-dimensional variational 
procedure using a basis set consisting of product functions 
of the 15 lowest vibrational eigenfunctions of CH and/or 
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CD. The one-dimensional vibrational basis functions were 
obtained by numerical integration, using the CHz ground 
state potential while keeping one bond length fixed at its 
ground state equilibrium value of 2.03 ao . This provided 
120 symmetrical and 105 asymmetrical functions. The 
wave function was calculated on a grid and multiplied with 
the transition dipole moment function /L(r! ,rz) to obtain 
<l>(r! ,rz ,t=O). Cubic spline interpolation was used to ob
tain the potential (see Sec. III) and the transition dipole 
moment function on the 128 X 128 grid points, which were 
equally spaced in the range of [1 ao, 10 aol. In order to 
propagate <l>(r! ,rz ,t) in time [see Eq. (1)] the method of 
Tal-Ezer and Kosloff,36 in which the time-evolving wave 
packet was expanded in Chebychev polynomials, was used. 
The fast Fourier transform method37 was adopted to eval
uate the action of the kinetic energy operator on the wave 
function. For all molecules considered in this work, CH2 , 

CDz , and CHD, the total propagation time tis 4000 a.u. of 
time (1 a.u. =0.0242 fs), which corresponds to a spectral 
resolution (R=1T/t) of 21 meV (170 cm-!). Checks were 
made to ensure that the calculations were converged with 
respect to the number of grid points and the total propa
gation time. The total cross sections calculated directly 
from the autocorrelation function [see Eq. (1)] had al
ready converged for propagation times of 2000 a.u. How
ever, the total cross section as a sum of partial cross sec
tions [see Eq. (13)] requires the double amount of time of 
converge. 

In order to prevent the wave function from traversing 
the grid boundaries at larger times, after each time interval 
of 20 a.u. it was mUltiplied with the Heather and Metiu 
cut-offfunction34 !(r!)!(r2) centered around 8.0 ao. Sim
ilarly, at each subsequent time interval part of the wave 
function is split off to the asymptotic region (r! > 8.0 ao), 
using the cut-on function 1-!(r!). The part of the wave 
packet that is split off is added to the asymptotic wave 
function \{Ia(r! ,rz ,t) and, making the assumption that 
V =0 in the asymptotic region, \{Ia is propagated in mo
mentum space (see also Ref. 24). 

To obtain partial cross sectionsz4 \{Ia(r! ,r2 ,t) is pro
jected on tPv(r2) using 

\{Ia(r! ,r2 ,t) = 2: ev(r! ,t)tPv(r2) (14) 
v 

with 

(15) 

The ev(r! ,t) can be expressed as 

ev(r! ,t) = ~ ~ av(k,t)e
ikr

( (16) 

in which N is the total number of grid points, both in the 
interaction region and in the asymptotic region. The coef
ficients av(k,t) can be obtained from the ev(r! ,t) by a Fou
rier transform 

(17) 

~ 3.0 
'--

.J:: 
0 

.D 
'--' 

N 
2.5 '--

2.0 

1.5 ~~::±:;J~~~:2f:i~~~k.5:d 
1.5 2.0 2.5 3.0 3.5 4.0 

r1 (bohr) 

FIG. 1. The calculated potential energy surface for the ground 1 30( state 
is plotted as a function of both CH bond lengths in ao , keeping the bond 
angle fixed at its ground state equilibrium value of 134°. The contour lines 
are equally spaced with intervals of 0.5 eV. Dashed lines indicate the 
region which has an energy above the dissociation limit of 4.54 eV. solid 
lines represent the bound region. The Franck-Condon region is indicated 
by a cross (X). 

The Av(k,t) coefficients are then related to the avCk,t) by35 

Av(k,t) = Jlj;. av(k,t) (18) 

in which L is the total length of the grid in momentum 
space. In writing Eqs. (16)-( 18), we have assumed35 the 
wave function to be normalized on the grid as 

(19) 

III. POTENTIAL ENERGY SURFACES 

In the dynamics we used potential energy surfaces de
rived from ab initio calculations on a grid including the 11 
C-H bond lengths, i.e., 1.25, 1.5, 1.75, 2.03, 2.25, 2.5, 3.0, 
3.5, 4.0, 5.0, and 6.0 ao. The H-C-H bond angle is kept 
fixed at 134°, the equilibrium value for CHz . Details of the 
ab initio method and the basis sets employed can be found 
in Ref. 4. In the region 1.25 ao<r! ,rz ,<6 ao, the potential 
on the grid points used in the dynamics calculation was 
obtained by cubic spline interpolation of the ab initio val
ues. For values of r! or r2 outside this region, the potential 
was obtained using exponential extrapolation, ensuring the 
continuity of both the potential and its first derivative. 

In Fig. 1, a contour plot of the potential energy surface 
for the ground state is presented. We find the ground state 
bound with a limit of 4.57 eV for dissociation into CH and 
H. No accurate experimental information is available for 
comparison. Our ab initio potential energy surface has its 
minimum at r! , r2=2.031 ao and a= 135.1°, in good agree
ment with experimental values38 of 2.032 ao and 133.9°. 

A contour plot of the potential energy surface for the 
first excited triplet state is shown in Fig. 2 for 1.5 
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FIG. 2. The calculated potential energy surface for the first excited I 3A, 
state is plotted as a function of both CH bond lengths in 00' The bond 
angle is kept fixed at the ground state equilibrium value of 134°. The 
contour lines are equally spaced with intervals of 0.5 eV, with one contour 
line added at 6.25 eV. Dashed lines indicate the region which lies below 
the Franck-Condon region, solid lines represent the part of the PES that 
lies above the Franck-Condon region at 6.28 eV. The Franck-Condon 
region is indicated by a cross (X). 

ao<r) ,r2<4 ao . The vertical excitation energy is 6.33 eV. It 
is evident that the two exit channels are dissociative toward 
the ground state of CH + H without a barrier. In the 
Franck-Condon region, the potential energy surface is 
rather flat. At a= 134°, the saddle point lies at rl , r2=2.35 
ao , and the energy at the saddle point Esa is 6.18 e V. The 
symmetric stretch vibration is bound, with dissociation 
into separate atoms possible only at 8.2 eV. 

In Fig. 3, a contour plot of the transition dipole mo
ment function connecting the ground state with the 1 3 Al 

state is presented. In the Franck-Condon region, the tran
sition dipole ,!!loment is large; in a one-configuration de
scription the X 3 B)-> 1 3Al transition at the equilibrium ge
ometry corresponds to a single orbital excitation, 
Ib1-+4a) • Since Ib) is mainly carbon 2p and 4a1 mainly 
carbon 3s, the transition moment is nearly equal to the 
large atomic carbon value. If one or both CH bonds are 
stretched, the transition moment decreases rapidly because 
the transition becomes forbidden. The variation of the 
transition moment with the C-H bond length is stronger 
than for photodissociation of water in the first absorption 
band (compare Fig. 5 of Ref. 7 with our Fig. 3). Therefore, 
inclusion of the dependence of the transition dipole mo
ment on r should be more important than in the case of 
water. 

IV. RESULTS AND DISCUSSION 

A. Vibration less CH2 

The autocorrelation function for photodissociation of 
vibrationless CH2 is shown in Fig. 4, and the total photo
dissociation cross section calculated using the two-

4.0 

3.5 

,--.. 3.0 .10 
'-.c 
0 

.D 
'-' 

0.30 N 
L 2.5 

0.50 

2.0 

1.5 
1.5 2.0 2.5 3.0 3.5 4.0 

rl (bohr) 

FIG. 3. The calculated transition dipole moment function connecting the 
ground state with the first excited 1 3 A, state is plotted as a function of 
both CH bond lengths in 00 , keeping the bond angle fixed at the equilib
rium value of 134°. The contour lines are equally spaced with intervals of 
0.1 a.u. (I a.u.=2.54 D). The Franck-Condon region is indicated by a 
cross (X). 

dimensional wave packet method in Fig. 5. As can be seen 
from Fig. 4, the dissociation through the I 3 A 1 state occurs 
very rapidly: after 15 fs less than 1 % of the wave packet is 
still in the Franck-Condon region. Due to a recurrence of 

-1 

-2 

~ 

"< -3 
bO 

..2 

-4 

-5 

20 40 60 80 100 
l (fs) 

FIG. 4. The logarithm (base 10) of the absolute value of the autocorre
lation function ACt)= I (<I>(rl ,r2 ,t=O) I <I>(rl ,r2 ,t» I is plotted as a 
function of time in fs. ACt) is in atomic units. The solid line is for pho
todissociation of CH2 , the dashed line for photodissociation of CD2 • The 
initial value of the autocorrelation functions is the expectation value of 
the square of the transition dipole moment function. 
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FIG. 5. Total cross sections (in Mb, I Mb= 10- 18 cm2 ) for photodisso
ciation of vibrationless CH2 are plotted as a function of the energy lieu of 
the exciting radiation in e V. The solid line represents the results of the 
two-dimensional wave packet calculations, the dashed line the results 
obtained from one-dimensional dynamics calculations, and the dotted line 
represents results obtained from three-dimensional wave packet calcula
tions. 

the wave packet into the Franck-Condon region, the au
tocorrelation function shows a maximum at t::::29 fs. This 
time interval corresponds to periodic motion with a fre
quency of 1150 cm - I, in agreement with the observed en
ergy spacing (0.14 eV=1130 cm- I ) of the peaklike fea
tures observed in the two-dimensional absorption 
spectrum. 

The structure seen in the two-dimensional absorption 
spectrum was also found in our three-dimensional wave 
packet calculations. S One-dimensional model calculations 
which considered the symmetric stretch vibration along 
the cut (rl =r2, a= 134°) showed that the structure seen 
in Fig. 5 can be explained by the symmetric stretch vibra
tion being bound on the excited state 1 3 A I surface. The 
energy spacing between the excited state vibrational levels 
calculated with the model was 1100 cm -1, and the height 
of the peaklike features in the three-dimensional spectrum 
was in qualitative agreement with the Franck-Condon fac
tors I (v; = 0 III I v;> 12 calculated using the model (vs is the 
quantum number for the symmetric stretch vibration). 
This model has been used before in calculations on photo
dissociation of water,39 and is explained in more detail in 
Sec. IV B. 

In Fig. 6, we present further evidence that the recur
rence seen in Fig. 4 is indeed due to the symmetric stretch 
vibration. As can be seen from this figure, at t:::: 15 fs along 
the line rl = r2 most of the wave packet has moved away 
from the Franck-Condon region (near rl =r2=2.03 ao), 

t=o fs 
~ 
.~ 1.2 

2.4[J 
" "0 

0.0 

2 345 6 

t=21 fs 
~ 
.~ 0.6 

1.2ITJ 
" "0 

0.0 

2 345 6 

t=39 fs 
~ 
.~ 1.8 

3.6[[J 
" "0 

0.0 
2 345 6 

Rs (bohr) 

IJeJ 
2 345 6 

ICJ 
:2 3 4 5 6 

3.0lIJ t=45 fs 

1.5 

0.0 

2 3 4 5 6 
Rs (bohr) 

FIG. 6. The density of the wave function 14>(71 ,72) 12 along the line 
71 = r2 is plotted as a function of the symmetric stretch coordinate R,= (rl 
+r2)/2 for t=O, 15,21, 30, 39, and 45 fs. To obtain figures on a reason
able scale, the density was mUltiplied with 103, 103, 10\ lOS, and 106 for 
t= 15,21,30,39, and 45 fs, respectively. The results are for vibrationless 
CH2 • 

while at t::::30 fs most of the wave packet along rl=r2 has 
returned to the Franck-Condon region. Thus, the peaklike 
features seen in both the two-dimensional absorption spec
trum and the three-dimensional spectrums represent tran
sitions to metastable states on the excited state surfaces 
which differ in the degree of excitation of the symmetric 
stretch vibration. The same has also been found for water 
in the first absorption band.8 These results represent yet 
another confirmation of Pack's explanation 40 of the diffuse 
structure observed in photodissociation spectra of poly
atomic molecules. The diffuse "peaks" in the spectra rep
resent transitions in which vibrations which are bound on 
the excited state surface are excited. 

In Fig. 5, the total two-dimensional cross section cal
culated using Eq. (1) is compared with results from both a 
three-dimensionals and a one-dimensional dynamics calcu
lation. The two-dimensional results are greatly similar in 
shape to the three-dimensional results, apart from a shift of 
0.05 eV in the position of the maxima, which is due to the 
difference in the vibrational energy available in the bending 
mode for the ground and excited states. In the one
dimensional calculation, one C-H bond length was kept 
fixed at the equilibrium bond length of CH2 , 2.03 ao, 
while fixing the bond angle at 134°. As a result, the one
dimensional spectrum lacks the diffuse structure seen in 
the two-dimensional and three-dimensional spectra. As can 
be seen from Fig. 5, the one-dimensional calculation also 
fails to reproduce the overall shape of the spectrum. Al
though the integrated cross sections are more or less the 
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FIG. 7. The total cross section (in Mb, 1 Mb= 10- 18 cm2
) for photodis

sociation of vibrationless CH2 is plotted as a function of the energy Iiw of 
the exciting radiation for two different calculations. The dashed line rep
resents results of calculations using the full coordinate dependence of 
Il(rl ,r2)' The solid line represents results of calculations using Il(rl ,r2) 

=11 •. 

same and the peak maxima are at approximately the same 
excitation energy, the one-dimensional spectrum has a 
peak which is much higher but also more narrow, mostly 
because the one-dimensional spectrum starts at higher ex
citation energies. The reason that the two-dimensional 
spectrum starts at lower excitation energies is that the ini
tial two-dimensional wave packet also samples the excited 
state surface at configurations where the potential is lower 
by allowing both bond lengths to stretch simultaneously 
(see Fig. 2). 

In Fig. 7, total cross sections for photodissociation cal
culated with the full transition dipole moment function 
surface f-L(rt ,rz) are compared with cross sections obtained 
using f-Le(rl=rZ=re) with re=2.03 aD (the experimental 
equilibrium bond length). As can be seen from this figure, 
neglecting the coordinate dependence of f-LCrI ,rz) leads to 
systematic errors in the total cross section: the spectrum 
calculated using f-L = f-Le is higher at low excitation energies 
and lower at excitation energies larger than 6.35 eV. The 
reason for this trend can be found in the coordinate depen
dence of f-L(rl ,r2)' f-L(rl ,rz) being larger than f-Le for rl ,rz 
< re and smaller than f-Le for rl ,r2> re . The integrated cross 
section calculated using f-L =f-Le is larger by about 10%. 

In conclusion, we find that one-dimensional dynamics 
calculations are insufficient for obtaining the absorption 
spectrum, since they even fail to reproduce the overall 
shape of the spectrum. In two-dimensional wave packet 
calculations, neglecting the coordinate dependence of f-L 
leads to systematic errors. But, as previous calculations 

showed,5 including the coordinate dependence of f-L with 
the second degree of freedom (allowing both rl and r2 to 
change while keeping a fixed at ae ) while employing the 
LHL approximation yields total cross sections which are 
accurate to within 2% compared to three-dimensional (J 
=0) wave packet results. Similarly good agreement be
tween two-dimensional and three-dimensional spectra was 
found before in calculations on photodissociation of wa
ter. 14 

The two-dimensional absorption spectrum shows a 
maximum at 6.13 eV and a secondary maximum at 6.22 eV 
(see Fig. 5). These energies almost coincide with the exci
tation energies associated with two unidentified peaks oc
curring in the 3 + 1 resonance enhanced multiphoton ion
ization (REMPI) spectrum of CH2 measured by Irikura 
and Hudgens,23 provided that these peaks represent two
photon transitions rather than three-photon transitions. 
The two observed peaks occur at wavelengths of 396.5 and 
403.5 nm, corresponding to excitation energies of 6.25 and 
6.15 eV, respectively. While it could not be completely 
ruled out that the peak at 6.15 e V is due to photodissoci
ation of CH3 which is also present in the experiment, the 
other peak was assigned to CH2, though not yet to any 
particular transition. We cannot compare our calculated 
spectra directly with the REMPI spectrum since the latter 
should also reflect the Franck-Condon transition probabil
ities to CHi states. Nevertheless, it should be noted that 
the unidentified peaks in the REMPI spectrum23 possibly 
represent the first experimental observation of absorption 
of CH2 through the 1 3A I state. Hopefully, the 2+ 1 
REMPI experiments41 on CH2 can be extended to larger 
wavelengths, and confirm our tentative assignment and the 
prediction already made by Romelt et al., 3 that photodis
sociation of CH2 through the I 3 A t state is an efficient 
process occurring at excitation energies close to 6.38 eV. 

Partial cross sections which are resolved with respect 
to the vibrational state of the fragment are presented in 
Fig. 8. As can be seen from this figure, the final vibrational 
state distribution becomes hotter at larger excitation ener
gies, the v= l!v=O ratio becoming larger than unity at 
excitation energies above 6.46 eV. At larger excitation en
ergies, dissociation will proceed from initial geometries 
with both rl and r2 small and close to the line rl =r2 (the 
saddle point in the excited state surface lies at rl = r2 = 2.35 
aD), leading to excitation of both bonds. The smaller rl and 
r2 are initially, the stronger the coupling between the dis
sociating mode and the mode that remains bound will be, 
and the more the diatomic fragment will be excited vibra
tionally.7 The larger final state interaction at higher exci
tation energies also explains why the structure seen in the 
v resolved cross sections is more pronounced at the red end 
of the spectrum.9 At an excitation energy close to a peak in 
the total absorption spectrum, a metastable state charac
terized by the quantum number v; is excited. Through the 
overlap with fragment vibrational wave functions, there 
will usually be a Franck-Condon-like preference for pro
ducing CH in particular v states. The weaker the final state 
interaction, the more this preference will be conserved dur
ing the dissociation process, which should result in a 
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FIG. 8. Partial cross sections (in Mb, 1 Mb= to- 18 cm2 ) for photodis
sociation of vibrationless CH2 are plotted as a function of Iko in eV, for 
v=0-3. 

strong peaklike feature in at least one of the v resolved 
cross sections at the same excitation energy. The larger the 
excitation energy, the stronger the final state interaction, 
and the more blurred the peaklike features in the partial 
cross sections will become. 

B. Vibrationally excited CH2 

Total cross sections for photodissociation starting from 
the (v; ,v;) = (1,0) and (0,1) states are compared with 
cross sections for dissociation of the vibrational ground 
state in Fig. 9. To facilitate comparison and because the 
time-independent wave function in the excited state is de
termined by the total energy E=Ei+hv, the cross sections 
are plotted as functions of the total energy of the molecule. 
The energy of the exciting radiation can be obtained for 
each case by considering the initial vibrational energy of 
the molecule, E i , which is 0.41 eV for the ground state, 
0.80 eV for the (1,0) and (0,1) states. Note that Ei is the 
initial vibrational energy of the molecule, since the zero of 
the potential energy surfaces is taken as the value of the 
ground state potential at its equilibrium geometry. 

As can be seen from Fig. 9, aCE) behaves quite differ
ently as a function of E for dissociation of the (1,0) state 
compared with the (0,0) state. This difference can be un
derstood from a two-dimensional version of the Franck
Condon principle as formulated by Pack,39,40 and from the 
multidimensional reflection approximation as formulated 
by Heller. 26,42 

Since the symmetric stretch motion remains bound on 
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FIG. 9. Total cross sections (in Mb, 1 Mb= to- 18 cm2 ) for photodisso
ciationofCH2 with (v;,v;)=(O,O), (l,Q),and (0,1) are presented as 
functions of the total energy E of the molecule. The positions of the 
diffuse spectral features are marked by + symbols. For conversion of E to 
Iko, see Sec. IV B. Partial cross sections are also given, for v=O (solid 
line), v= 1 (dot-dashed line), v=2 (dashed line), and v=3 (long-dashed 
line). 

the excited state surface, the total cross section for photo
dissociation can be expressed as40 

aCE) - 2: I (1/lv'(E) IJ-LI'I') 12
, 

, s 
(20) 

Vs 

where 1/lv'(E) is the wave function for nuclear motion in the , 
excited electronic state labeled by the symmetric stretch 
quantum number v;, and E is its total energy. If the as
sumption is made that the dissociation proceeds vibration
ally adiabatic and that near the Franck-Condon region J-L 
only depends on the symmetric stretch coordinate Rs ' Eq. 
(20) may be written as40 

aCE) - 4 1 (X(z,Ezj ) I v; (z» (v;(x) IJ-L(x) 1 v; (x» 12. 
Vs 

(21) 

In Eq. (21), x and z are so-called natural reaction coordi
nates.43 At the saddle point x is parallel to Rs and z is 
parallel to the antisymmetric stretch coordinate Ra' Fur
ther, v;(x) and v; (x) represent symmetric stretch vibra
tional wave functions in the excited state and ground state, 
respectively, v; (z) is the antisymmetric stretch vibrational 
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TABLE I. Franck-Condon factors (v; III I V;>2 are given for the overlap 

of the upper state v; states with the lower v; = 0 and v;' = I states. The 

Franck-Condon factors were normalized to a sum (over v;) of one, and 
result from one-dimensional model calculations (Ref. 5) for the symmet
ric stretch coordinate. An approximate assignment of the position Esp of 

the peaklike features associated with transitions to v; states is also given. 

, 
(v:IILlv; = W (v;IILlv; = 1)2 Esp (eV) v, 

0 0.18 0.21 6.25 
1 0.30 0.10 6.39 
2 0.25 0.00 6.53 
3 0.15 0.08 6.67 
4 0.07 0.17 6.81 
5 0.03 0.17 6.95 
6 0.01 0.13 7.09 

function of the electronic ground state, and X(z,Ez/) is a 
continuum wave function of the dissociation coordinate 
with an amount of energy Ez/ available for the unbound 
motion in the z direction. Now consider the size of the 
overlap <X(z,Ez/) 1 v; (z». The potential for unbound mo
tion can be taken as a symmetric barrier function in z 
which is zero in the dissociation limit and equal to Eb at the 
top of the barrier. It can be shown that, for va=O, 

(X(z,Ez/) I v; (z» is large only at energies Ez/ close to Eb 
(see Figs. 4 and 5 of Ref. 40). Typically, 
I (X(z,Ez/) I v; (z» 12 is a slightly asymmetric function of 
Ez/ which is skewed towards higher energies with a full 
width at half-maximum equal to 1/r, where r is the life
time of the metastable state characterized by the quantum 
number v; (see Fig. 5 of Ref. 40). The overall shape of the 
spectrum then results from overlapping, asymmetric peaks, 
the height of which is determined by the size of the 
Franck-Condon factors 1 (v;(x)llL(x)Iv;(x»1 2

• These 
factors can be calculated using a one-dimensional model 
Hamiltonian which considers the symmetric stretch mo
tion at rl =r2 and a=a ... 39 Franck-Condon factors which 
were calculated in this way (for details see Ref. 5) are 
tabulated in Table I. As can be seen from this table, for 
v; =0 the Franck-Condon factors first increase with v; and 
then decrease again, which explains the overall shape of the 
(0,0) and (0,1) spectra in Fig. 9. On the other hand, due 
to the node in the vibrational wave function in the coordi
nate which remains bound on the excited state surface, for 
v; = 1 the Franck-Condon factors first increase and de
crease, and then increase again with v;, reSUlting in the 
bimodal shape of the (1,0) spectrum. Note that the mini
mum of the (1,0) spectrum coincides with the maximum 
of the (0,0) spectrum, which is exactly what is expected 
from the Franck-Condon model. 

It should be noted that the two-dimensional Franck
Condon model is fundamentally different from the one
dimensional reflection principle, in that in the Franck
Condon model the overall shape of the spectra is 
determined by the size of bound-bound overlap functions 
rather than by bound-continuum overlap functions. On 
the other hand, the multidimensional reflection principle as 
formulated by Helle~6,42 also yields correct predictions 

concerning the overall shape of the spectrum. According to 
this model, a node in the ground state vibrational wave 
function leads to a low-resolution bump in the spectrum if 
it is located perpendicular to the "downhill direction" on 
the upper surface. Starting from the Franck-Condon re
gion, the initial downhill direction is along the symmetric 
stretch, the antisymmetric stretch becoming dissociative 
closer to the saddle point. For a thorough discussion of 
how the nodal structure of the electronic ground state vi
brational wave function determines the overall shape of the 
spectrum, see Chap. 13 of Ref. 33. 

The (0,0) and (1,0) spectra show considerable struc
ture with peaklike features which should be located ap
proximately at 

(22) 

where Esa is the potential energy of the excited state at the 
saddle point (6.18 eV) and Ev(v;) is the symmetric stretch 
vibrational energy. The features in the spectra were found 
to be located at 6.18+ (v; + 112) X 0.14eV, in agreement 
with Eq. (22) and the energy spacing of 0.14 eV calculated 
in Ref. 5. Thus, the two-dimensional Franck-Condon 
model yields predictions that are in qualitative agreement 
with the calculated absorption spectra: the calculated 
Franck-Condon factors correctly predict the overall shape 
of the spectra, which show features at excitation energies 
correctly predicted by one-dimensional model calculations 
using a symmetric stretch Hamiltonian. 

It is also possible to make the further approximation 
that the overlap of the peaks due to transitions to states 
with different v; is small. This will be the case if the lifetime 
of the metastable states is large. If this approximation 
would apply, the height of the absorption spectrum at the 
position of the features Esp(v;) should be in quantitative 
agreement with the value of the Franck-Condon factors 
I (v; III I v;) 12. But, as can be seen from comparing Table I 
and Fig. 9, the Franck-Condon factors do not correctly 
predict the size of the absorption spectra. Although the 
Franck-Condon factors predict that for dissociation of the 
(0,0) state (T(E) should be largest at Esp(v; = 1) and 
Esp(v; = 2), (T(E) is much larger at FP(v; = 3) than at 
Esp(v; = 1). Similarly, for dissociation of the (1,0) state, 
(T(E) is much larger at Esp(v; = 6) than at Esp(v;=4), in 
contrast with the prediction of the Franck-Condon model. 
Clearly, the overlap of the different v; peaks should also be 
taken into account. The width of the peaks can be calcu
lated from the lifetime of the metastable states. This life
time r can be estimated from the decay of the autocorre
lation function from t=O to t=29 as r=275 a.u. of time, 
yielding a width r='Irli/r of approximately 0.3 eV. This 
width is larger than the energy spacing of the features 
which explains why the structure is so poorly resolved. 
Also, the asymmetry of the peaks already mentioned ex
plains why the peaks with larger v; tend to be higher than 
predicted (the peaks are skewed towards larger energies). 
Our CH2 results are similar to those obtained previously 
for (0,0) water. 39 Likewise, for H20 the Franck-Condon 
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factors 1 (v; IJ.L 1 v;> 12 did not yield quantitatively correct 
predictions of the size of a at the energies where the fea
tures are located. On the other hand, the spectrum calcu
lated using Eq. (21) (i.e., taking the overlap between the 
peaks also into account) was in good agreement39 with the 
results of two-dimensional dynamics calculations.7 

In contrast to the (0,0) and (1,0) spectra, the (0,1) 
spectrum shows no structure. The reason for this is that 
the initial wave packet has a node along the line rl = r2 and 
is located in the exit channels. Dissociation will then pro
ceed without part of the wave function recurring into the 
Franck-Condon region after vibrating along the Rs coor
dinate, and the resulting autocorrelation function decreases 
monotonically with t. For structure to be present in the 
spectrum, it is necessary that a part of the wave function 
recurs into the Franck-Condon region at least once. 

Cross sections that are resolved with respect to the 
vibrational state of the fragment are also presented in Fig. 
9 for v(CH) =0-3. The observed trends are similar to 
those found previously for photodissociation ofwater.7 Al
though dissociation of the (0,1) state proceeds from an 
initially vibrationally excited molecule, the resulting CH 
fragment is vibrationally much colder than the CH frag
ment resulting from photodissociation of (0,0) CH2 • This 
is because in dissociation of (0,1) CH2, the initial wave 
packet is already located in the exit channel, where the 
coupling between the dissociating coordinate mode and the 
fragment mode is weak. Note that the CH fragment result
ing from photodissociation of (1,0) CH2 is vibrationally 
quite hot at larger energies: the v= l!v=O ratio becomes 
larger than unity at E> 7.1 eV. Also note that at similar 
energies the CH fragments produced in dissociation of 
(0,0) CH2 are just as hot or even hotter, the v= l!v=O 
ratio becoming larger than unity at E> 6.9 eV. 

C. Vibration less CO2 

In Fig. 4, the autocorrelation function for photodisso
ciation of vibrationless CD2 is compared with that of CH2 , 

and in Fig. 10 the total cross sections for photodissociation 
of vibrationless CD2 and CH2 are compared. Because the 
frequency of the symmetric stretch vibration on the excited 
state potential energy surface of CD2 is lower than that of 
CH2 , the recurrence of the wave packet into the Franck
Condon region takes place after a larger time interval for 
CD2 (40 fs, see Fig. 4). The recurrence time corresponds 
to periodic motion of frequency 830 cm- I (0.10 eV), in 
agreement with the energy spacing between the peaklike 
features seen in the absorption spectrum (0.09 eV, see Fig. 
10). The larger reduced mass ofCD2 causes the CD2 spec
trum to be narrower than the CH2 spectrum. The range of 
excited state potential energies sampled by the initial CD2 

wave packet is narrower because it is confined to a region 
of coordinate space more narrow in rl and r2 • Because the 
dependence of the transition dipole moment function on 
the coordinates is not too strong, the oscillator strengths 
are approximately the same for CD2 and CH2 • Therefore, 
the CD2 spectrum is not only narrower but also higher, 
showing a maximum of a=9.9 Mb (1 Mb= 10- 18 cm2

) at 
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FIG. 10. Total cross sections (in Mb, I Mb= 10- 18 cm2
) are compared 

for photodissociation of vibration less CH2 (solid line), CD2 (dot-dashed 
line), and CHD (dashed line). The cross sections are plotted as a func
tion of the energy of the exciting radiation lim in eV. 

an excitation energy of 6.21 eV, whereas CH2 has a max
imum of a=7.4 Mb at an excitation energy of 6.13 eV. 
Note also that the structure near the maximum in the spec
trum is reversed for CD2 • The CD2 spectrum has a max
imum at ku=6.21 eV, and a secondary maximum at ku 
= 6.14 eV, while for CH2 these values are 6.13 and 6.22 eV, 
respectively. 

As was the case for CH2 , in a 2 + 1 REMPI spectrum 
of CD2 photodissociation through the first excited triplet 
state should result in a peak at laser wavelengths close to 
400 nm. In the CD2 REMPI spectrum presented by 
Irikura and Hudgens,23 a peak is present at A::::401 nm 
which is not assigned to any transition. Once again, it is 
our hope that future measurements will clarify whether 
this peak is due to the 1 3AI -X 3 BI transition of CD2 • 

Vibrationally resolved cross sections for photodissoci
ation of CD2 are presented in Fig. 11. For CD2 , at similar 
excitation energies the vibrational distribution is shifted 
toward higher v than for CH2 (see also Fig. 8). The reason 
for this is simply that the frequency of the CD fragment is 
lower. Depositing a similar amount of vibrational energy 
requires on average excitation to a higher v state for CD2 • 

Similar results were also obtained for H 20 and D20.7 
The vibrational distribution of the fragments formed is 

non-Boltzmann. Therefore, to determine which fragment, 
CD or CH, is hotter, the average vibrational energies Ev of 
the fragments are compared for CH2 and CD2 as functions 
of the total energy E (see Fig. 12). The average vibrational 
energy is derived from the partial cross sections a/E) and 
the fragment vibrational energies €v according to 
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FIG. 11. Partial cross sections (in Mb, 1 Mb= 10- 18 cm2) for photodis
sociation of vibrationless CD2 are plotted as a function of fiaJ in eV, for 
u=0-3. 

(23) 
v 

For the fragments resulting from the dissociation of both 
CH2 (solid line) and CD2 (long-dashed line), the average 
vibrational energies have a linear dependence on the total 
energy in the range 6.2-7.1 eV. At total energies below the 
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FIG. 12. Average vibrational energies are plotted as functions of the total 
energy E [see Eq. (23)] for CH fragments resulting from photodissocia
tion of CH2 (solid line) and CHD (dashed line) and for CD fragments 
resulting from dissociation of CD2 (long-dashed line) and CHD (dot
dashed line). 
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FIG. 13. The logarithm (base 10) of the absolute value of the autocor
relation function AU) = I (4)('1 ,'2 ,t=O) 14>(r1 ,'2 ,t) I is plotted as a 
function of the propagation time t in fs for photodissociation of CHD. 
AU) is in atomic units. The initial value of the autocorrelation function is 
the expectation value of the square of the transition dipole moment func
tion. 

saddle point energy Es=6.18 eV, the average vibrational 
energies correspond to the zero point vibrational energies 
of the fragments. For total energies above Es ' the differ
ences in the slopes show that the energy of the exciting 
radiation is converted more effectively into vibrational en
ergy for CD2 than for CH2 • The higher average vibrational 
energy of CD arises from a larger interaction time. 16 Be
cause D is heavier, the coupling between the dissociating 
mode and the fragment mode, which causes the vibrational 
excitation in CD, acts for a longer period of time, resulting 
in increased excitation. 

D. Vibration less CHD 

The autocorrelation function for dissociation of CHD 
is displayed in Fig. 13, and the absorption spectrum of 
CHD is compared to that of CH2 and CD2 in Fig. 10. As 
can be seen from Fig. 10, the spectrum is halfway in be
tween that of CD2 and CH2 in both narrowness and height, 
as would be expected. The total cross section for photodis
sociation of CHD has a maximum of 8.5 Mb at w=6.21 
eV and a shoulder of 8.2 Mb at w=6.14 eV. The auto
correlation function shows a clear maximum at t= 35 fs 
and a second maximum at t=62 fs, corresponding to pe
riodic motion of frequency 0.12 and 0.07 eV, respectively. 

Cross sections aCD and aCH for producing CD and CH 
are plotted in Fig. 14, and the branching ratio CD/CH is 
plotted in Fig. 15. To obtain the cross sections, the partial 
cross sections au [see Eq. (13)1 were summed for both 
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FIG. 14. Cross sections (in Mb, 1 Mb= to- 18 cm2
) UCH and UCD are 

compared for dissociation of vibrationless CHD into CH + D and into 
CD+H, respectively. The cross sections are plotted as a function of the 
energy of the exciting radiation Iic.J in eV. 

fragments. The sum of the cross sections UCD and UCH 

differs less than 0.1 Mb from the value for the total pho
todissociation cross section obtained from the autocorrela
tion function [see Eq. (1)], which is shown in Fig. 10. In 
agreement with results previously obtained for photodisso
ciation of water, 16,17 there is a clear preference for the pro
duction of CD over the entire range of the spectrum. The 
branching ratio CD/CH is large at both low and high 
excitation energies, and reaches a lower limit of two at 
1Uu:::::6.05 eV. At small (large) excitation energies, accord
ing to the reflection principle both r1 and r2 are large 
(small) and approximately equal, so that the forces which 
push D and H away from the Franck-Condon region are 
approximately the same. But because its mass is lower by a 
factor of 2, the acceleration of the H atom is approximately 
twice as large, which explains the enhanced branching ra
tio at small and at large excitation energiesY It is not 
entirely clear why the branching ratio should reach a lower 
limit of exactly two as was also found for HOD. 16,17 It is 
tempting to speculate16 that this lower limit somehow re
sults from the ratio of the accelerations of Hand D for 
rOH=rOD' which is also two,16 but it is not clear why this 
should be so. 

The cross sections UCD and UCH (see Fig. 14) both 
show diffuse stmcture. The energy spacings are approxi
mately 0.09 eV in uCD and 0.11 eV in uCH' in qualitative 
agreement with the frequencies calculated from the max
ima in the autocorrelation function (Fig. 13) located at 
t=62 and 35 fs. The frequency of 0.11 eV should approx
imately equal the CH vibrational frequency of CHD in the 
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FIG. 15. The CD/CH branching ratio is plotted as a function of the 
energy of the exciting radiation Iic.J in eV for photodissociation of vibra
tionless CHD. 

excited electronic state while located in the Franck
Condon region, while the CD vibrational frequency of the 
dissociating CHD molecule should be approximately 0.08 
eV.17,40 

Partial cross sections U v are shown in Fig. 16 for the 
CD fragment and in Fig. 17 for the CH fragment. As can 
be seen from comparing Figs. 16 and 11, the vibrational 
level distribution of the CD fragment produced by disso
ciation of CD2 is somewhat hotter than that of CHD. This 
is seen even more clearly in Fig. 12 where the average 
vibrational energies of the CH and the CD fragments re
sulting from photodissociation of CH2 , CD2 , and CHD 
are compared as functions of the total energy. The curve 
for CD resulting from photodissociation of CHD (dot
dashed line) has at lower total energies the same slope as 
that of CH produced by dissociation of CH2 • This is in 
agreement with the model discussed in the last paragraph 
of Sec. IV C: the amount of energy disposed in vibration of 
the fragment is determined by the interaction time, which 
is short in both cases. However, at higher energies the 
dependence of the average vibrational distribution for CD 
from CHD on the total energy is no longer linear; the 
energy disposed in the exciting radiation is no longer as 
effectively converted to CD vibrational energy as at lower 
energies. This is also in accord with the model where the 
amount of vibrational excitation of the fragment is deter
mined by the interaction time: the larger the total energy, 
the longer the interaction time will be for all the iso
topomers of CH2 , and consequently the larger the differ
ence in the interaction time between any two isotopomers 
will be. A large excitation energy results in a long interac-
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FIG. 16. Partial cross sections (in Mb, 1 Mb= 10- 18 cm2 ) for dissocia
tion of CHD into CD+H are plotted as functions of the energy Iiw (in 
eV) of the exciting radiation for v=0-3. 

tion time because, according to the reflection principle, 
both rl and r2 will be small initially. Due to the shape of 
the potential energy surface, it is necessary for both bond 
lengths to increase, dissociation becoming possible only for 
values of either r close to the bond length at the saddle 
point Rs (2.35 ao). In CHD, the lighter H atom will move 
close to Rs (and will dissociate) faster than the heavier D 
atom in CD2 • Consequently, the CD fragment resulting 
from CHD will be less hot than that resulting from CD2 at 
large total energies. The reverse explanation applies to the 
vibrational fragment distribution of CH resulting from dis
sociation of CHD and CH2 and, as can be seen from Fig. 
12, at large total energies the CH fragment resulting from 
CHD is hotter than that resulting from CH2 dissociation. 

E. Vlbratlonally excited CHD 

As has been mentioned in the Introduction, an impor
tant question is how selective photodissociation of CHD is. 
If we define dissociation of CHD to be selective if the 
branching ratio CD/CH> 10, we find that selective photo
dissociation is only possible at fuv < 5.7 eV or fuv> 6.9 eV. 
Unfortunately, as can be seen from Fig. 10, there is little 
intensity at fuv < 5.7 e V in the absorption spectrum. While 
there is some intensity at fuv > 6.9 eV, this will not be very 
useful: at these high excitation energies, the 1 3A\_1 3 B\ 
spectrum should be strongly overlapped by the coupled 
1 3A 2/2 3 BI +-13 BI spectrum, because the vertical excita
tion energy for the latter transition is only 7.34 eV.4 To 
check whether higher selectively can be achieved using vi
brationally mediated photodissociation, we have also per-
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CHD -> CH(v) + D 
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:0-
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6 6.5 7 
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FIG. 17. Partial cross sections (in Mb, 1 Mb= 10- 18 cm2
) for dissocia

tion of CHD into CH + D are plotted as functions of the energy Iiw (in 
eV) of the exciting radiation for v=0-3. 

formed calculations in which either the CH stretch or the 
CD stretch were initially excited with one quantum. 

In Fig. 18, total photodissociation cross sections and 
cross sections O'CD and O'CH are plotted for the (0,0), the 
(1,0), and the (0,1) state, where the first quantum number 
is for the CD stretch and the second is for the CH stretch. 
Similarly, branching ratios are plotted in Fig. 19. For a 
better comparison, the cross sections and branching ratios 
are plotted as a function of the total energy E of the mol
ecule rather than of fuv. The frequency or wavelength of 
the exciting radiation can be obtained for the spectra using 
the initial vibrational energies of CHD, which are 0.36 eV 
for the (0,0) state, 0.65 eV for the (1,0) state, and 0.75 eV 
for the (0,1) state. As can be seen from Figs. 18 and 19, the 
CD/CH branching ratio is smaller for photodissociation of 
the (1,0) state than for photodissociation of the ground 
vibrational state for most total energies, except between 
E=6.40 and 6.52 eV. The ratio is smaller than unity (more 
CH is produced) for total energies in the range [6.60,7.15] 
eV. The branching ratio also shows quite interesting be
havior for photodissociation of the (0,1) state. Photodis
sociation of this state is selective at E < 6.2 eV and E> 6.8 
eV. At E < 6.2 eV, there is still some intensity in the ab
sorption spectrum. In principle, this can be exploited by 
performing a two-photon experiment involving an IR laser 
to excite CHD to the (0,1) state and an UV laser produc
ing radiation which is shifted slightly to the red of the 
onset of the (0,0) absorption spectrum. Such a scheme has 
been suggested by Zhang et al. 17 for selective photodisso
ciation of HOD. Unfortunately, such an experiment may 
be difficult to perform. For CH2 , the symmetric stretch 
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FIG. 18. Total cross sections (upper solid line) and the cross sections 
O"CH (lower solid line) and O"CD (dashed line) (in Mb, 1 Mb= 10- 18 cm2

) 

are compared for photodissociation of CHD in three different initial vi
brational states, i.e., the (0,0), (1,0), and (O,l) states. Here, the first 
quantum number is for the CD stretch, and the second for the CH stretch 
vibration. The cross sections are plotted as a function of the total energy 
E of the molecule. For conversion of E to W, see Sec. IV E. 

and antisymmetric stretch transition moments are quite 
small,44 and the same should be true for the CH and CD 
stretch modes of CHD. The spectral range at the red side 
of the spectrum over which photodissociation is selective 
and over which the absorption intensity is reasonable 
should further increase with increased excitation of the CH 
stretch. 17 

Note that photodissociation of (0,1) CHD is also se
lective at E> 6.8 eV where there is considerable intensity in 
the absorption spectrum. Unfortunately, it may be hard to 
exploit this selectivity in vibrationally mediated photodis
sociation: the frequency of the UV laser exciting (0,1) 
CHD at E::::6.8 eV will also excite (0,0) CHD at E::::6.4 
eV. Therefore, selective vibrationally mediated absorption 
will only be possible employing a very strong IR laser. 
Finally, it should be noted that the behavior of the branch
ing ratio in photodissociation of the (0,0), (1,0), and (0,1) 
states of CHD is quite similar to that of HOD. 16 

We conclude that vibrationally mediated photodissoci
ation of CHD can be both selective and reasonably efficient 
over only a small region of the spectrum. As has been 
shown for HOD, in principle photodissociation can be 
made selective over the entire range of the spectrum if a 
more active scheme of control is used: such a scheme 
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FIG. 19. The CD/CH branching ratios are compared for photodissocia
tion of CHD in three different initial vibrational states, i.e, the (0,0), 
(1,0), and (O,l) states. Here, the first quantum number is for the CD 
stretch, and the second for the CH stretch vibration. The cross sections 
are plotted as a function of the total energy E of the molecule. For 
conversion of E to W, see Sec. IV E. 

would involve an intensive IR laser together with a UV 
laser which gives an ultrashort pulse (t::::5 fs) once the 
molecule prepared in a nonstationary state by the IR laser 
has a convenient position and/or momentum distribu
tion.45 At present, such an experiment is not possible be
cause the ultrashort laser pulses in the UV are not available 
yet. Also, for CHD such an experiment should involve a 
very intensive IR laser, because of the problem of the low 
transition moments already mentioned.44 

v. CONCLUSIONS 

We have calculated quantitative total and partial (vi
brationally resolved) ~oss sections for photodissociation 
of vibration less CH2 (X 3 BI ) and its isotopomers CD2 and 
CHD through the first excited triplet (1 3 A I) state. Vibra
tionally mediated photodissociation of CH2 and CHD have 
also been investigated. A two-dimensional wave packet 
method which employs the LHL approximation was used. 
In the calculations, ab initio potential energy surfaces and 
an ab initio transition dipole moment function were em
ployed. 

The peak positions in both of the calculated CH2 and 
CD2 absorption spectra correspond well with the positions 
of unassigned peaks in the mass resolved 3 + 1 REMPI 
spectra of Irikura and Hudgens,23 provided that these 

J. Chern. Phys., Vol. 100, No.2, 15 January 1994 



8ei:!.rda et al.: Photodissociation of CH2 • III 1127 

peaks are due to two-photon transitions rather than three
photon transitions. Perhaps the mass selective 2 + 1 
REMPI experiment41 can be extended to larger wave
lengths, allowing a more definite assignment of these peaks. 

The trends found in photodissociation of vibrationless 
and vibrationally excited CH2 are very similar to those 
found previously in photodissociation of water. 7 Both the 
v;' ,v; = (0,0) and (1,0) spectra show diffuse structure, 
which is not present in the (0,1) spectrum. The overall 
shape of the (0,0) and (1,0) spectra and the positions of 
the features appearing in these spectra are in good agree
ment with predictions of a two-dimensional Franck
Condon model. 39.40 Photodissociation of (0,1) CH2 pro
duces CH fragments which are much colder than those 
resulting from photodissociation of (0,0) and (1,0) CH2 • 

The CD2 absorption spectrum is somewhat narrower 
than the CH2 spectrum, and has a larger maximum, which 
is shifted slightly to the blue when compared to CH2 • In 
all these aspects (narrowness, maximum value, blue shift), 
the CHD absorption spectrum is intermediate between 
those of CH2 and CD2 • The vibrational level distribution 
of CD produced by dissociating CD2 is shifted toward 
higher v when compared to the CH fragment vibrational 
level distribution produced by dissociation of CH2 • The 
CD fragment vibrational level distribution resulting from 
CHD photodissociation is colder than that resulting from 
dissociation of CD2 , due to the decrease in the interaction 
time over which vibrational excitation occurs to CHD. 
Likewise, photodissociation of CHD produces warmer CH 
fragments than photodissociation of CH2 • 

In photodissociation of V~D ,V~H= (0,0) CHD, the 
CD/CH branching ratio is large, reaching a lower limit of 
two at intermediate excitation energies. Efficient selective 
vibrational excitation is not possible at either the red or the 
blue end of the spectrum. On the other hand, vibrationally 
mediated photodissociation can be both reasonably effi
cient and selective if the CH stretch is excited with one 
quant prior to dissociation at the red side of the spectrum. 
Selective excitation at the blue side of the spectrum would 
only be feasible employing a very strong IR laser which 
would leave no molecules present in the vibrational ground 
state. 

In all aspects discussed here, photodissociation of CH2 
through the 1 3 A 1 state is very similar to photodissociation 
of water in the first absorption band.6 Actually, so far we 
have only found two differences between these processes. 
First, in photodissociation of water, the rotational distri
bution of the OH fragment is almost completely deter
mined by the excitation steps,6 while the rotational distri
bution of CH is determined by the final state interaction. 5 

For CH2 , this final state interaction is much stronger due 
to the anisotropy of the potential in the exit channel, which 
is almost absent in photodissociation of water in the first 
absorption band. Second, for CH2 the transition dipole mo
ment function shows a stronger dependence on rl and r2 in 
the Franck-Condon region than water. Therefore, it is 
more important to include the full coordinate dependence 
in the transition dipole moment function when performing 
dynamics calculations for CH2 than for water. 
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