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H(D) Rydberg atom photofragment translational spectroscopy has been used to pro-
vide new insights into the primary photochemistry of methylamine, ammonia and
various of their respective isotopomers following excitation at wavelengths in the
near ultraviolet (UV). The bimodal appearance of the total kinetic energy release
(TKER) spectra associated with H atom production in the near UV photolysis of
methylamine is consistent with there being both ‘dynamical’ (high TKER) and ‘sta-
tistical’ (slower) contributions to the total H + CH3NH dissociation yield. Both con-
tributions arise as a result of one H atom tunnelling through (or passing over) an
earlier barrier in the N–H dissociation coordinate of the Ã state potential energy
surface and then evolving into the region of the conical intersection connecting the
Ã state and ground-state surfaces. ‘Dynamical’ energy disposal is associated with
those molecules which pass directly through this conical intersection en route to the
ground-state (H + CH3NH(X̃)) asymptote, whilst the ‘statistical’ contribution is at-
tributed to those molecules that ‘miss’ the conical intersection on the first traversal
and only make the Ã→ X̃ transfer on a later encounter. This interpretation has
inspired further consideration of the form of the TKER spectra derived from TOF
measurements of the H/D atom products arising in the dissociation of various iso-
topomers of ammonia following excitation to the 00 and 21 levels of their respective
Ã states. A similar model which associates ‘dynamical’ energy disposal with those
molecules that pass through the Ã/X̃ conical intersection during bond extension,
and ‘statistical’ kinetic energy release with those that transfer during N–H(D) bond
compression, appears to provide a qualitative explanation for the way the observed
H and/or D atom yields and their associated TKER spectra vary with excitation
wavelength (00 versus 21

0 band excitation) and isotopic composition.

1. Introduction

Photodissociation plays a key role in cycling gas phase molecules in the atmospheres
of Earth and of the various planets. Recent laboratory studies of the photochemistry
of, for example, ozone (Miller et al. 1994; Ball et al. 1995; Takahashi et al. 1996)
and methane (Mordaunt et al. 1993) are providing new insights into the chemistry
prevailing within our own stratosphere (Mack et al. 1996) and in the atmospheres of
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various of the moons of Jupiter and Saturn, e.g. Titan (Lara et al. 1994), respectively.
Here we present the results of experimental studies of the primary photochemistry of
ammonia (NH3) and methylamine (CH3NH2) following photoexcitation to their re-
spective first excited singlet electronic states. The observable in these experiments is
a high resolution time-of-flight (TOF) spectrum of the atomic hydrogen photoprod-
ucts; the technique relies on the remarkable stability of the high-n Rydberg states
of atomic H and D.

The first (Ã1A′′2 − X̃1A′1) absorption band of ammonia spans the wavelength range
170–220 nm and is associated with promotion of one of the nitrogen lone pair elec-
trons to an excited orbital with mixed Rydberg (3s)–antibonding valence (σ∗) charac-
ter (Douglas 1963; Runau et al. 1977; Vaida et al. 1984; McCarthy et al. 1987; Rosmus
et al. 1987; Ashfold et al. 1996). The absorption spectrum exhibits a clear progression
in ν′2, the excited state out-of-plane (umbrella) bending mode, reflecting the planar←
pyramidal change in minimum energy configuration upon electronic excitation. The
corresponding Ã–X̃ absorption system in methylamine (190 nm < λ < 240 nm) also
exhibits regular but diffuse vibronic structure which has been assigned (Tsuboi et al.
1969) to progressions involving the NH2 wagging (ν9) and CH3 rocking (ν14) modes.
However, a more recent analysis (Taylor et al. 1995) of resonance enhanced multi-
photon ionization (REMPI) spectra of jet-cooled samples of the four isotopomers
CH3NH2, CH3ND2, CD3NH2 and CD3ND2 suggests that the second Franck–Condon
active mode is actually the ν4 (NH2 scissors) vibration. Such an interpretation is
appealing in that it implies that electronic excitation induces a trend towards sp2

hybridization at the N centre analogous to that in ammonia.
The dissociation dynamics of NH3 molecules following photoexcitation to their

Ã1A′′2 excited state have been much studied, with the result that this system is often
cited as a textbook example of a molecular photofragmentation process (Ashfold et
al. 1996). Linewidth studies show that the excited state lifetime varies sensitively
with H/D isotopic substitution and with the v2 quantum number; in all isotopomers,
the level with v2 = 1 is the most long lived. Such behaviour has been rationalized
in terms of vibrational predissociation on the Ã state potential energy surface. Am-
monia molecules in their Ã state are quasi-bound; dissociation from the two lowest
vibrational levels (i.e. those with v2 6 1) occurs predominantly, if not exclusively,
via H atom tunnelling through a barrier in the exit channel leading to the products
H + NH2. This barrier arises as a natural consequence of the Rydberg (3s) → anti-
bonding valence (σ∗) orbital evolution as one N–H bond is extended (Runau et al.
1977; Rosmus et al. 1987); the barrier height is least (and tunnelling consequently
most facile) at planar geometries (Ashfold et al. 1985; McCarthy et al. 1987; Rosmus
et al. 1987). Ã state ammonia molecules with v′2 > 1, or with excitation in vibrational
modes other than v2, have sufficient internal energy that, if redistributed appropri-
ately, dissociation can occur by passage over (rather than through) the exit channel
barrier on the Ã state surface.

Planarity, or otherwise, also influences the asymptotic product correlations. For
planar configurations, the X̃ state of ammonia correlates with the excited products
H + NH2(Ã2A1), whilst the parent Ã state correlates with the ground-state products
H + NH2(X̃2B1). Away from planarity, the X̃ and Ã states of ammonia have the same
(A′) electronic symmetry. Thus these two potential energy surfaces can only ‘cross’
at planar geometries and, consequently, there is a conical intersection (CI) between
the Ã and X̃ state surfaces, at planar geometries, in the H–NH2 exit channel. As a
result, the parent Ã state surface shows a deep well in this exit channel, which acts
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as a funnel, accelerating many of the dissociating trajectories through this narrow
region of configuration space onto the X̃ state surface and thence to the ground-state
products. Energetic considerations dictate that ammonia photolysis at λ > 206 nm
can only lead to ground-state products; the excited H + NH2(Ã) products become
increasingly important at shorter photolysis wavelengths, accounting for ca. 30% of
the total dissociation yield at 193 nm (Biesner et al. 1989).

Previous H atom photofragment translational spectroscopy (PTS) experiments in-
volving the ammonia molecule have highlighted the profound influence of this CI on
the quantum state population distributions within the resulting NH2(X̃) fragments.
A substantial fraction of these products are formed with little vibrational excitation,
but with considerable rotational excitation, specifically distributed in the form of
a-axis rotation (Biesner et al. 1988, 1989; Ashfold et al. 1990; Dixon 1996; Mordaunt
et al. 1996a, b). This very non-statistical energy disposal is a natural consequence of
the CI amplifying any out-of-plane bending motion in the parent NH3 molecule into
a-axis rotation of the fragment. The later studies also identify an unresolved, ‘statis-
tical’ contribution to the total H + NH2(X̃) product yield, the relative importance
of which depends sensitively upon H/D isotopic substitution and the parent vibra-
tional level. This has been attributed to, and modelled in terms of, Ã→ X̃ internal
conversion (IC), followed by unimolecular decay (Mordaunt et al. 1996b), but the
mechanism of the IC process remains an open question.

Methylamine photodissociation has received much less attention but inevitably,
given the greater number of degrees of freedom, it has a potentially richer photo-
chemistry. Thermochemical considerations suggest the possibility of seven different
fragmentation channels following absorption of a 220 nm photon (the wavelength cor-
responding to the peak of the first absorption band) (Hwang et al. 1990; Reed et al.
1996). Classical photochemical experiments (Michael et al. 1963), together with more
recent PTS studies (Waschewsky et al. 1995; Reed et al. 1996), suggest that chan-
nels (1.1)–(1.4) all contribute to the primary UV photochemistry of methylamine,
with channel (1.4) contributing more than 75% of the total dissociation yield:

CH3NH2 + hn→ CH2 = NH + H2, ∆H0 = 10600 cm−1 [21], (1.1)
→ CH3 + NH2, D0 = 29300 cm−1 [21], (1.2)
→ CH2NH2 + H, D0 = 30600 cm−1 [21], (1.3)
→ CH3NH + H, D0 = 35900 cm−1 [22]. (1.4)

Interpreting this finding, and the deduced form of the energy partitioning in the
various dissociation products, relies heavily on the theoretical work of Kassab et al.
(1983) and Dunn & Morokuma (1996). The latter workers present cuts through ab
initio potential energy surfaces for the Ã and X̃ states of methylamine. These show
that the Ã state potential for both C–N and N–H bond fission (channels (1.2) and
(1.4), respectively) is, in each case, characterized by a small barrier at short range
and, at larger bond extensions, by a conical intersection with the X̃ state surface
at geometries for which the NH2 moiety and one C–H bond are coplanar. Thus the
topology of the Ã and X̃ state surfaces of methylamine, along the N–H dissocia-
tion coordinate, is qualitatively similar to that in ammonia. Dunn & Morokuma
(1996) also calculate that: (i) the barrier to C–N bond fission on the Ã state surface
is somewhat larger than that for N–H bond rupture (consistent with the observed
dominance of channel (1.4) following near UV excitation of CH3NH2); and (ii) C–
H bond extension in the Ã state correlates adiabatically with the excited products
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H + CH2NH2(Ã)—a process which is endoergic for all λ & 190 nm. Thus any ex-
perimentally observed products attributable to dissociation channel (1.3) must arise
as a result of IC from the initially populated Ã state and subsequent dissociation
on the ground-state surface. Such is broadly consistent with experimental findings
(Waschewsky et al. 1995): the total kinetic energy release (TKER) spectra associated
with the H + CH3NH and CH3 + NH2 product channels both peak away from zero
kinetic energy, consistent with dissociation on a surface for which there is a barrier
to the reverse reaction, whilst the TKER spectrum attributed to the H + CH2NH2
channel is deduced to peak near zero. Recent work from our own group (Reed et al.
1996), however, indicates that these ‘slow’ H atoms actually also arise via dissociation
channel (1.4).

Here we consider high-resolution TKER spectra of the H(D) atom photofragments
arising in the photodissociation of various of the H/D isotopomers of ammonia and
methylamine following monochromatic excitation in the near UV. Much of the am-
monia data has been presented previously (Mordaunt et al. 1996a, b); the observa-
tions and much of the interpretation that derives therefrom will only be summarized
briefly. The TKER spectra of the H(D) atoms resulting from methylamine photoly-
sis appear bimodal, suggesting contributions both from direct bond fission and from
a slower, more ‘statistical’ unimolecular decay process. The deduced importance of
dissociation channel (1.4) as the source of the ‘slow’ H(D) atoms, arising via uni-
molecular decay after IC from the initially populated Ã state of methylamine, is
most readily accommodated by assuming that IC occurs in the region of the Ã/X̃
conical intersection in the N–H exit channel. Given this conclusion, we consider the
evidence for and against such an explanation for the ‘statistical’ component of the
H(D) atom TKER spectrum arising in the UV photolysis of ammonia.

2. Experimental

The apparatus used to measure H-atom photofragment translational spectra and
the ‘tagging’ of the H atoms has been described previously (Morley et al. 1992, 1993;
Mordaunt et al. 1996a, b; Reed et al. 1996). A pulsed skimmed supersonic molecular
beam of the chosen parent molecule (seeded in Ar) is crossed, orthogonally, by the
output of three dye lasers. Laser 1, the output of which is frequency doubled and
then mixed to produce light in the range 200 < λ < 240 nm, induces photolysis. The
resulting H(D) atom photofragments are then ‘tagged’ via a two-colour two-photon
(121.6 and 365.7 nm) excitation to a high-n Rydberg state. The detected H(D) atoms
fly a known field-free distance along the third orthogonal axis and are field-ionized
immediately before detection. The detector output is amplified and sent to a digital
storage oscilloscope for display. This transient TOF spectrum is transferred to a
computer via a GPIB interface and allowed to accumulate for (typically) 104 laser
shots. Energy and momentum conservation allows conversion of the accumulated
TOF spectra to TKER spectra as described in the publications cited above.

3. Results and discussion

(a ) Ammonia photolysis: the ‘dynamical’ channel
The observable in all of these experiments is the H atom yield arriving at a detector

located a known distance, d, from the photolysis volume, recorded as a function of
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Figure 1. TKER spectra (all normalized to the same peak intensity and all plotted on a common
energy scale) for the fragments resulting from photolysis of jet-cooled samples of the various
isotopomers of ammonia: (a) NH3 → H + NH2 excited at 46 200 cm−1; (b) NHD2 → H + ND2
at 46 529 cm−1; (c) ND3 → D + ND2 at 46 708 cm−1; (d) NH2D → H + NHD at 46 359 cm−1;
and (e) NHD2 → D + NHD at 46 529 cm−1, i.e. at the peaks of their respective Ã–X̃ origin
absorptions, with, in each case, ε aligned perpendicular to the TOF axis.

time after the photolysis laser pulse. Signal arriving with a particular TOF, tH, can
be related to the corresponding photofragment TKER, Ekin,total, via the relationship

Ekin,total = Ekin,H + Ekin,R = 1
2mH

(
1 +

mH

mR

)(
d

tH

)2

, (3.1)

where R is the fragment partnering the detected H atom (e.g. NH2 in the case of NH3
photolysis, or a fragment having chemical formula CH4N in the case of methylamine
photodissociation). Clearly, an equivalent expression holds when detecting D atom
fragments arriving with a TOF tD.

Figures 1 and 2 show representative TKER spectra obtained by monitoring H
and/or D atoms resulting from photolysis of jet cooled samples of the various iso-
topomers of ammonia following excitation within their respective Ã–X̃00

0 and 21
0
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Figure 2. TKER spectra (all normalized to the same peak intensity and all plotted on a common
energy scale) for the fragments resulting from photolysis of jet-cooled samples of the various
isotopomers of ammonia: (a) NH3 → H + NH2 excited at 47 069 cm−1; (b) NHD2 → H + ND2 at
47 264 cm−1; (c) ND3 → D + ND2 at 47 362 cm−1; (d) NH2D→ H + NHD at 47 155 cm−1; and
(e) NHD2 → D + NHD at 47 264 cm−1, i.e. at the peaks of their respective Ã–X̃ 21

0 absorptions,
with, in each case, ε aligned perpendicular to the TOF axis.

bands. The sharp structure evident in these spectra is assignable in terms of for-
mation of NH2/NHD/ND2 fragments carrying little vibrational excitation, but with
a wide spread of rotational energies; in all cases, however, this rotational energy is
concentrated in the form of a-axis rotation of the fragment (Biesner et al. 1988, 1989;
Ashfold et al. 1990; Dixon 1996; Mordaunt et al. 1996a, b). Similar sharp structure
was observed in previous (lower resolution) H atom PTS studies of NH3 photolysis at
still shorter wavelengths, λ > 193 nm, i.e. for photoexcitation of Ã state vibronic lev-
els with v′2 6 6 (Biesner et al. 1988). These spectra derive from TOF measurements
made with the ε vector of the photolysis laser radiation aligned perpendicular to the
TOF axis. Each photolysis has been investigated as a function of θ, the angle between
ε and the H(D) atom recoil velocity vector, v. Such studies (Mordaunt et al. 1996a)
reveal that, although the angular dependence of the total H(D) atom flux is rather
isotropic, ε and v are nonetheless strongly correlated, but in a manner that varies
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Figure 3. Expanded view of the TKER spectrum of the D + NHD fragments resulting from pho-
todissociation of NHD2 at 47264 cm−1. The solid curve shows the TKER spectrum expected
for a wholly ‘statistical’ energy partitioning such as might occur for dissociation of highly vi-
brationally excited NHD2(X̃) molecules formed by IC from the initially photoexcited Ã state.

with the particular v,N rovibrational state in which the partner NH2/NHD/ND2
fragment is formed. H(D) atoms formed in association with rotationally ‘cold’ frag-
ments show with greatest probability when θ = 90◦ (i.e. as in figures 1 and 2), whilst
those fragments carrying the highest levels of a-axis rotational excitation show most
clearly when ε is parallel to the TOF axis (i.e. when θ = 0◦).

The following explanation for such observations is phrased specifically in terms of
NH3 photodissociation, but analogous arguments hold for the lower symmetry mixed
isotopomers also. Ã state ammonia molecules have a planar equilibrium geometry
and the Ã–X̃ transition moment, µparent, lies perpendicular to this plane. Following
excitation to the 00 and 21 levels, the dissociating molecules tunnel through the
exit channel barrier and emerge with a range of out-of-plane configurations (centred
about planarity) and momenta. Those that approach the CI with (essentially) planar
geometries pass straight through to the ground-state surface. There are no torques
acting to generate out-of-plane motion and the H and NH2(X̃) fragments separate in
the plane perpendicular to µparent and thus to ε, i.e. the NH2(X̃) fragments have little
internal excitation and the partner H atoms (which, by energy conservation, appear
in the early part of the TOF spectrum) show predominantly at θ = 90◦. Expressed
in terms of the classical anisotropy parameter, β, these fragments show an angular
distribution with β ∼ −1, characteristic of dissociation following a ‘perpendicular’
photoexcitation process. At the other extreme, molecules that approach the CI with
markedly non-planar geometries have to be drawn into the deep well associated with
the CI in order to acquire the necessary planar (or near planar) geometry required
for Ã→ X̃ surface crossing and dissociation. Inevitably, this provides the nuclei
with an out-of-plane acceleration and also tends to amplify any existing out-of-plane
nuclear motion. This angular momentum carries over into the asymptotic products
in the form of a-axis rotation in the NH2(X̃) fragments and counterbalancing orbital
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angular momentum of the H atom about the NH2 moiety. Hence the observation
that the (slow) H atoms that partner the most highly rotationally excited NH2(X̃)
fragments are thrown out of the original plane of the excited state molecule and,
in fact, appear with greatest probability at θ ∼ 0◦, implying a positive β—a result
that, at first sight, might suggest that the fragments arise as a result of a ‘parallel’
photoexcitation process!

The TKER spectra shown in figures 1 and 2 also exhibit an underlying continuum,
which generally becomes more pronounced at low recoil energies, is more evident in
the case of dissociation from the 21 level than from the 00 level of the Ã state, and is
most evident in those dissociations which yield the asymmetric NHD fragment. As
figure 3 shows, the shape of the most dramatic of these underlying contributions, that
observed for the fragmentation NHD2 → D + NHD, is well described by a statistical
distribution based on a harmonic oscillator plus rigid rotor density of states for the
three vibrational and three rotational degrees of freedom of the NHD product, and
a factor of (Ekin)1/2 for the relative translational motion of the recoiling fragments.
Such a ‘statistical’ energy disposal has been attributed to the unimolecular decay
of highly vibrationally excited ground-state molecules formed following IC from the
initially populated Ã state. Before addressing further the mechanism of this Ã→ X̃
internal conversion process in ammonia, we first consider the fragmentation of Ã
state methylamine molecules, to see if it can offer additional insights.

(b ) UV photolysis of methylamine
Figure 4 shows TKER spectra of the H+CH4N fragments resulting from CH3NH2

photolysis at three arbitrarily chosen, quite widely separated, near UV wavelengths:
233.3, 225.4 and 219.0 nm. The spectra recorded at the longer excitation wavelengths
show some resolved vibrational structure. Each is characterized by a rising ‘tail’ at
low TKER—indicative of some branching into fragments with high internal energy.
Studies of the relative H/D atom yields resulting from UV photolysis of each of the
isotopomers CH3NH2, CD3NH2, CH3ND2 and CD3ND2, the form of the respective
H/D TOF spectra and their invariance to laser pulse energy indicate that most,
if not all, of the observed H(D) atoms arise as a result of N–H (N–D) bond fission
(Reed et al. 1996)—consistent with the earlier estimates of the relative importances of
fragmentation channels (1.3) and (1.4) (Michael et al. 1963). The maximum fragment
TKER observed in each case, indicated by the vertical arrows in figure 4, implies
D0(H–NHCH3) = 34 550± 200 cm−1 (Reed et al. 1996).

The overall shape of these TKER spectra accords with that deduced in another
PTS study of the products arising in the 222 nm photolysis of CH3NH2 and some of
its isotopomers (Waschewsky et al. 1995). The total CH4N fragment yield was shown
to be isotropic (within the experimental uncertainty). This PTS study involved mass
spectrometric product detection and so was also able to investigate gross features
of the energy disposal associated with fragmentation channels (1.1) and (1.2). The
TKER spectra of the H2 elimination products from channel (1.1) and of the products
arising from the C–N bond fission (1.2) were both found to peak at TKER � 0,
consistent with the presence of activation barriers in the reaction coordinates for the
corresponding back reactions (Waschewsky et al. 1995).

The present work is only sensitive to dissociations yielding H/D atoms (i.e. chan-
nels (1.3) and (1.4)) and from hereon we focus attention on these two possible primary
processes. Ab initio calculations (Dunn et al. 1996) show that Ã state methylamine
molecules correlate with the excited products H + CH2NH2(Ã)—a process that is
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Figure 4. TKER spectra (derived assuming that the observed H atoms recoil from a partner
fragment with mass 30 amu) obtained from CH3NH2 photolysis at (a) 233.3 nm (42854 cm−1),
(b) 225.4 nm (44357 cm−1) and (c) 219.0 nm (45648 cm−1) with, in each case, ε aligned
at 90◦ to the TOF axis. The arrows indicate the maximum possible TKER assuming
D0(H–NHCH3) = 34 550 cm−1. The dashed curves in (a) and (b) show the predicted form
of the respective TKER spectra if a ‘statistical’ energy partitioning involving just NH bond
fission is assumed.

endoergic for all excitation wavelengths used in this study. However, the N–H disso-
ciation coordinate is seen to be very reminiscent of that in ammonia involving, first,
a small potential barrier at short RN−H bond extensions and, at larger RN−H, a CI
with the ground-state surface at geometries for which the NH2 moiety and one of the
C–H bonds are coplanar. The calculations indicate a barrier height of ca. 3000 cm−1

and that electronically excited CH3NH(Ã) fragments are only energetically allowed
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for λ < 210 nm. If reliable, these values imply that even the energy provided by our
longest photolysis wavelength (233.3 nm) is just sufficient that, if appropriately re-
distributed, Ã state CH3NH2 molecules are able to evolve over, rather than through,
the potential barrier in the exit channel. They also indicate that, for the present ex-
periments, ground-state CH3NH fragments are the only thermodynamically allowed
products that can result from the N–H bond fission process. We surmise that, as in
ammonia, the effect of the Ã/X̃ CI will be to channel any out-of-plane motion in the
excited parent molecule into fragment internal (particularly rotational) excitation.
Such an expectation is consistent with all of the experimental observations, namely:
(i) the TKER spectra obtained at the longest excitation wavelength (figure 4a) in-
dicates some formation of CH3NH(X̃) fragments with no internal excitation, but
the majority are formed with Eint � 0; (ii) the separations (ca. 900 cm−1) of the
‘steps’ apparent in the TKER spectra recorded at the longer excitation wavelengths
are consistent with that expected for the in-plane HNC bending vibration in the
CH3NH fragment (Dyke et al. 1989)—a mode which, on Franck–Condon grounds
and by analogy with NH3 photolysis, we would expected to be active during the
dissociation process; and (iii) the proportion of internally ‘cold’ fragments declines
as the excitation energy increases (see figure 4).

The TKER spectra shown in figure 4 and elsewhere (Reed et al. 1996) all appear
bimodal, with a second maximum peaking at low kinetic energies. Our studies in-
volving the various isotopomers of methylamine indicate that these slow H/D atoms
also arise via dissociation channel (1.4). Such a result contradicts the suggestion of
Waschewsky et al. (1995), who favoured channel (1.3) as the source of these slow
H atoms, though, like these authors, we assume that these H atoms arise from uni-
molecular decay of highly vibrationally excited ground-state molecules (henceforth
represented as CH3NH#

2 ) formed by IC from the initially populated Ã state. The
dashed curves in figures 4a, b illustrate the form of the TKER spectra that would be
expected for the H+CH3NH products arising in the 233.3 and 225.4 nm photolysis of
CH3NH2 if we assume (i) complete vibrational energy randomization in the CH3NH#

2
molecules and (ii) that the probability of forming fragment pairs with any particular
total kinetic energy, Ekin, is thus proportional to the total density of product states,
ρ, at that energy. For simplicity, this ρ(E) function is modelled as the product of
just the CH3NH fragment vibrational state density N(Ev), at each energy Ev above
the dissociation threshold, and a term (Ekin)1/2 (where Ekin = E − Ev) represent-
ing the three-dimensional translational density of states of the recoiling fragments
(Reed et al. 1996). N(Ev) is calculated using the Whitten–Rabinovitch approxima-
tion (Robinson et al. 1972) together with the harmonic normal mode frequencies
listed in table 1. Rotational excitation is ignored in these calculations. The model
calculations support the premise that the observed TKER spectra should be viewed
in terms of a ‘direct’ or ‘dynamical’ component (associated with N–H bond extension
on the Ã state surface and coupling via the CI to the H+CH3NH(X̃) asymptote) and
a ‘statistical’ component resulting from unimolecular decay of CH3NH#

2 molecules.
Further, they suggest that the two routes make comparable contributions to the
total H atom yield following excitation at these wavelengths, though we concede
that a more reliable estimate of this branching requires TKER spectra displaying
a better signal to noise ratio and taken at more than one photolysis laser polariza-
tion to confirm the small angular anisotropy reported following photolysis at 222 nm
(Waschewsky et al. 1995), and that β is insensitive to the product kinetic energy.

The finding that channel (1.4) provides the major contribution to the yield of
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Table 1. Normal mode vibrational frequencies of CH3NH2 and the CH3NH fragment used in the
RRKM calculations described in this work

normal mode frequencies (cm−1)

CH3NH2
a 3361, 2961, 2820, 1623, 1473, 1430, 1130, 1044, 780,

3427, 2985, 1485, 1455, 1195, 268
CH3NH b 3293, 2924, 2826, 1450, 1402, 1292, 1018, 964,

964, 2867, 1460, 966, 266

aMotte–Tollet et al. (1992).
bAll reduced by 10%, cf. the ab initio values reported by Dyke et al. (1989).

slow H atoms arising via the ‘statistical’ fragmentation pathway is significant. If
we assume complete energy randomization in the CH3NH#

2 molecules formed as a
result of IC from the initially excited Ã state, then RRKM theory should provide a
reasonable estimate of the energy dependent rate constant, k(E), for unimolecular
decay via the bond fissions (1.2)–(1.4). This can be estimated, for each dissociation
path and for each excess energy (E −D0), via the standard expression (Robinson et
al. 1972)

k(E) =
E∑

E=D0

P (E −D0)
1

hN(E)
, (3.2)

where the numerator represents the number of vibrational states in the respective
transition states with energy E > D0 and N(E) is the vibrational state density of
the parent CH3NH2 molecule at internal energy E. The respective sum of states
terms for the transition states leading to C–N, C–H and N–H bond fission can be
calculated using the Whitten–Rabinovitch approximation (Robinson et al. 1972), i.e.

Ev∑
Ev=0

P (Ev) =
(Ev + aEz)s

s!
∏
hνi

, (3.3)

where Ev is the fragment vibrational energy measured from the zero-point energy
Ez (both calculated using the normal mode frequencies listed in table 1), a is
parametrized as in Reed et al. (1996), the respective bond strengths are as listed
in the Introduction and s (= 14) is the total number of vibrational modes bar the
dissociation coordinate. We assume that twelve of the normal mode frequencies in
each transition state retain their ground-state values (see table 1). For the transi-
tion state associated with N–H fission, the NH2 asymmetric stretch (ν = 3427 cm−1)
becomes the reaction coordinate, whilst the wavenumbers of the NH2 deformation
and the NH2 twist (ν = 1623 and 1455 cm−1, respectively) are both arbitrarily re-
duced to 200 cm−1. The transition states associated with C–H and C–N bond fission
are treated similarly. For C–H bond fission, the C–H asymmetric stretch vibration
(ν = 2961 cm−1) becomes the reaction coordinate and the wavenumbers of the CH3
deformations (1485 and 1473 cm−1) are reduced to 200 cm−1; for C–N bond fission,
the C–N stretch (ν = 1044 cm−1) disappears, the NH2 twist (ν = 1455 cm−1) is
reduced to 200 cm−1 and the torsional frequency is lowered to 30 cm−1. Figure 5
shows a plot of the unimolecular decay rate constants, k(E), so derived, and of the
energy dependence of the ratio kN−H/ktotal. Clearly, in the limit of complete energy
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Figure 5. Calculated unimolecular decay rate constants, k(E), for the C–N (1.2), C–H (1.3) and
N–H (1.4) bond fission channels assuming complete energy randomization within the CH3NH#

2
molecules before dissociation. The inset shows that under such circumstances N–H bond fission
would make, at most, a minor contribution to the total dissociation yield at all UV excitation
energies.

randomization within the CH3NH#
2 molecules before dissociation, and irrespective of

the precise frequencies we assume for the various transition state modes of vibration,
RRKM theory predicts only a minor role for the N–H bond fission process.

Such a conclusion contradicts the experimental observations. The H atom kinetic
energy distributions observed from photodissociation of CH3NH2 and CD3NH2 are
very similar, whilst the D atom yield from the latter is small (Reed et al. 1996).
Similar comments apply for the D atom kinetic energy distributions observed from
CH3ND2 and CD3ND2 photolysis. The earlier quantum yield estimates (Michael et
al. 1963) ascribed ca. 75% of the total dissociation to N–H bond fission. None of
these results accord with the predictions arising from the RRKM modelling outlined
above. Indeed, in the limit of complete energy randomization within the CH3NH#

2
molecules before dissociation, we should expect C–N bond fission to make the great-
est contribution to the dissociation products arising from these ‘hot’ ground-state
molecules (see figure 5)—yet the quantum yield of channel (1.2) is less than 0.05
(Michael et al. 1963). Further, Waschewsky et al. (1995) show that the TKER spec-
trum of the small yield of CH3 + ND2 fragments resulting from 222.0 nm photolysis
of CH3ND2 peaks away from zero, suggesting that they arise as a result of direct
dissociation on the Ã state surface, and not from unimolecular decay of hot CH3ND#

2
molecules. Thus, we conclude that the dissociation of these highly vibrationally ex-
cited CH3NH#

2 molecules leads to a democratic sampling of that portion of the phase
space associated with the H+CH3NH dissociation pathway, but not of the total avail-
able phase space. We take this to indicate that IC to the ground-state surface occurs
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not in the vertical Franck–Condon region, but only after the occurrence of some (ir-
reversible) N–H bond extension—most probably in the region of the conical section
where we can expect the Ã/X̃ coupling matrix elements to be largest. We may also
speculate that the large mass ratio between C or N compared with H or D inhibits
facile randomization between the —NH2 and H3CN— vibrational modes.

(c ) Ammonia photolysis: the ‘statistical’ channel
Our earlier consideration of this channel (Mordaunt et al. 1996b) started with the

premise that IC from the 00 and 21 levels of Ã state ammonia molecules occurred
in the inner well and thus constituted another population loss process (additional
to tunnelling) which could contribute to the measured (lifetime limited) parent ab-
sorption linewidths. However, given the foregoing interpretation of the methylamine
TKER spectra, involving IC in the outer well associated with the Ã/X̃ CI, it is worth
considering whether a similar model could explain the ‘statistical’ contribution to the
H/D atom TOF spectra resulting from photolysis of the various isotopomers of am-
monia. The measured total population loss rates (Henck et al. 1995) from both the
00 and 21 levels increase in the order ND3 < ND2H < NDH2 < NH3, consistent with
H(D) atom loss via a tunnelling mechanism. So, too, is the observation that the H/D
product ratio from dissociation of the mixed isotopomers is always much greater
than unity (Mordaunt et al. 1996b). For each isotopomer, population in the 00 level
decays faster than from the corresponding 21 level. This reflects the fact that the
exit channel barrier is smallest, and tunnelling consequently most facile, at planar
geometries: the wavefunction for the 21 level has a node at planarity, so molecules in
this level have to penetrate a larger effective barrier in order to dissociate (Ashfold
et al. 1985).

IC rates will depend on the background density of states and the strength of the
matrix elements coupling the Ã and X̃ states. The vibrational state densities of
NH3(X̃) and ND3(Ã) at the energy of the state origin are, respectively, ca. 40 cm−1

and 200 cm−1 (in the harmonic approximation). However, nuclear permutation sym-
metry must be conserved during the IC process and, as a result, for any given Ã state
level, the effective background state density for both NH3 and ND3 is reduced six
fold (Mordaunt et al. 1996b). NH2D and NHD2 have lower symmetry; in this case,
permutation symmetry requirements only introduce a two-fold reduction in the total
background vibrational state density (ca. 100 cm−1). Clearly, density of states argu-
ments alone cannot account for the isotopic dependence of the Ã state population
loss rates but the larger ‘effective’ density of receptor states in the case of NH2D and
NHD2 is consistent with the larger ‘statistical’ contribution to the TKER spectra
obtained when photolysing these molecules (see figures 1 and 2). Progressing this
argument further is difficult without some knowledge of the way the Ã→ X̃ cou-
pling matrix elements vary with isotopic substitution, but the balance of evidence
must favour tunnelling through the barrier in the N–H(D) exit channel as the dom-
inant population loss mechanism from the inner well of the Ã state potential energy
surface.

Thus, by analogy with methylamine, we now consider a model where the process we
have termed IC, leading to a ‘statistical’ product energy disposal, occurs in the region
of the Ã/X̃ conical intersection. Specifically, we propose that outgoing trajectories
which pass through the CI on the first encounter evolve without impediment towards
the H + NH2(X̃) asymptote, i.e. after tunnelling through the exit channel barrier,
these dissociations are essentially ‘direct’. The topology of the parent Ã and X̃ state
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potential energy surfaces along the N–H dissociation coordinate dictates the form of
the excess energy disposal associated with this ‘dynamical’ fragmentation pathway
(substantial a-axis rotation of the fragment) and the product state dependent µ–
v correlations (Dixon 1996; Mordaunt et al. 1996a, b). The magnitudes of the β
parameters determined for the extremes of maximum and minimum product rotation
are also consistent with direct passage through the CI since, as discussed below,
molecules which survive in this outer well for several vibrational periods are unlikely
to yield particularly anisotropic product recoil distributions.

Now consider that fraction of the outgoing trajectories that fail to pass through
the CI on the first pass. The systems studied in this work all have insufficient en-
ergy to reach the H + NH2(Ã) asymptote and thus must be reflected back towards
shorter RN−H bond lengths. Clearly, if the associated trajectories pass through the
CI during this compressive stage, momentum conservation dictates that they will
be drawn into the deep X̃ state well. Here they can explore much of the available
phase space and substantial intramolecular vibrational redistribution (IVR) is to be
expected. This, we propose, is the mechanism, hitherto termed IC, which leads to the
underlying ‘statistical’ component in the experimentally observed TKER spectra. As
discussed previously, one key requirement for Ã→ X̃ transfer is planarity. Thus it
is pertinent to note that, of all the fragmentations studied, it is the dissociation of
ND3 molecules following excitation to their 00 level that yields the highest ratio of
‘dynamical’ to ‘statistical’ fragment energy disposal. It is this isotopomer that, in its
zero point level, has the smallest out-of-plane vibrational amplitude and for which the
barrier tunnelling process will provide the greatest discrimination in favour of planar
dissociations and thus passage through the CI on the first (extensive) encounter.

At the opposite extreme, consider the TKER spectrum for the D + NHD products
arising from the dissociation of NHD2 molecules following excitation to their 21

level (figure 3). The present model assumes that all of these fragmentations start
by tunnelling out of the inner well; thus the bulk of the NHD2 molecules will start
to dissociate by extending RN−H rather than RN−D. Of the former, those that pass
directly through the CI will yield H+ND2 products, with a dynamical energy disposal
(figure 2b). However, any reflected trajectories which traverse the CI whilst RN−H
is contracting will, again, have the chance to explore large portions of the X̃ state
surface and redistribute the vibrational energy initially concentrated in the N–H
bond amongst all of the available degrees of freedom. Density of state considerations
suggest that the ultimate decomposition of these ‘hot’ ground-state molecules will
yield either an H or D atom, with relative probabilities of ca. 1:2 (Mordaunt et al.
1996b). Both of these pathways should exhibit ‘statistical’ TKER spectra. Hence
the continuum underlying the structured ‘dynamical’ contribution to the H + ND2
product yield spectrum (figure 2e) and, most tellingly, the observation (figure 3) that
the TKER spectrum of the D + NHD products is almost entirely ‘statistical’; the
very small structured contribution superimposed on this continuum is attributable
to the small fraction of parent molecules that dissociate by D atom tunnelling and
direct passage through the conical intersection in the RN−D dissociation coordinate.

4. Conclusion

The bimodality of the TKER spectra derived from TOF measurements of the
H/D atoms resulting from near UV photolysis of methylamine and various of its iso-
topomers is consistent with there being both ‘dynamical’ (higher kinetic energy) and
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‘statistical’ (slower) contributions to the total H+CH4N dissociation yield. N–H bond
fission is shown to be responsible for the bulk, if not all, of the H atom yield. Both
contributions are considered to arise as a result of one H atom tunnelling through
(or passing over) an earlier barrier in the N–H dissociation coordinate and evolv-
ing into the region of the conical intersection between the Ã and X̃ state surfaces.
‘Dynamical’ energy disposal is associated with those molecules which pass directly
through this CI and evolve out to the ground-state (H + CH3NH(X̃)) asymptote,
whereas the ‘statistical’ contribution is attributed to those molecules that ‘miss’ the
CI on the first encounter, but make the Ã→ X̃ transfer on a later encounter. This
allows time for possible IVR on both the Ã and X̃ state surfaces before dissociation
and an apparently ‘statistical’ energy disposal.

Such an interpretation has triggered further consideration of the form of the TKER
spectra derived from TOF measurements of the H/D atom products arising in the
dissociation of various isotopomers of ammonia following excitation to the 00 and 21

levels of their respective Ã states (Mordaunt et al. 1996a, b). A similar model which
associates ‘dynamical’ energy disposal with those molecules that pass through the
Ã/X̃ CI during bond extension and ‘statistical’ kinetic energy release with those that
transfer during NH(D) bond compression appears to provide a qualitative explana-
tion for the way the observed H and/or D atom yields and their associated TKER
spectra vary with excitation wavelength (00 versus 21 band excitation) and isotopic
composition.
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Discussion
M. J. J. Vrakking (Department of Chemistry, Amsterdam University, The Nether-
lands). Professor Ashfold presented beautiful results applying the hydrogen atom
Rydberg time-of-flight technique introduced by Professor Karl Welge to studies of
molecular photodissociation. Could he give us his opinion concerning the prospects
for this technique in experiments with atoms other than hydrogen, or even small
molecules?

M. N. R. Ashfold. Several factors contribute to the exquisite resolution and sensi-
tivity of the H(D) atom photofragment translational spectroscopy (PTS) technique
(Ashfold et al. 1996). The relevant n = 2 ← n = 1 and high n ← n = 2 transi-
tion cross sections in atomic H(D) are particularly large, so H(D) Rydberg atoms
can be prepared with high efficiency using relatively modest laser powers, thereby
minimizing any unintentional (and undesirable) competing multiphoton ionization
processes. The lightness of the H(D) fragment offers a second unique advantage,
which will persist even if it eventually proves possible to prepare suitable long-lived
high-n Rydberg states of other heavier atoms or molecules with adequate efficiency.
The H(D) atom probe laser is set at the centre of the n = 2← n = 1 Doppler profile
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and we detect H(D) atoms that recoil at right angles to the parent beam direction.
The recoil velocity, vrecoil, of all but the very slowest H(D) atomic fragments is so
much greater than the parent beam velocity, vparent, that the H(D) atom TOF spec-
trum recorded in the laboratory frame is essentially that which would be recorded
if it was possible to perform the experiment in the centre of mass (CM) frame. No
frame transformation is necessary, therefore, and the ultimate TKER spectrum has
the full energy resolution of the original data. It is worth emphasizing that compara-
ble photofragment kinetic energy resolution can also be obtained in suitably designed
experiments in the limit that vparent � vrecoil, as in the fast ion beam studies of, for
example, Neumark and colleagues (1996). In the more usual situation involving rel-
atively heavy fragments and vrecoil ∼ vparent, it is necessary to make measurements
at several laboratory scattering angles and iterate a (inevitably cruder) trial CM
recoil distribution until it can account for all the observed laboratory frame data.
Thus, whilst many exciting possibilities can be envisaged as Rydberg (or metastable
(Morgan et al. 1996)) tagging schemes are gradually extended to a wider range of
atomic and molecular species it is not expected that such methods will provide frag-
ment TKER spectra with the resolution or sensitivity achieved with the H(D) PTS
technique.

R. N. Dixon. Dr Vrakking asked whether the proposed distinction between dy-
namic and statistical routes to the dissociation of ammonia and its isotopomers
might be confirmed by time domain measurements, and would like to know the
likely timescales. I have made a time-dependent quantum mechanical study of these
processes for NH3 (Dixon 1996) using the best available potential energy surfaces for
the Ã and X̃ states. These surfaces were restricted to Cs geometry, with three active
vibrational coordinates (one NH bondlength, the deformation of the opposite HNH
angle, and the out-of-plane coordinate). The remaining vibrational coordinates (two
NH bondlengths and an in-plane angle) were frozen at their equilibrium values. The
timescale of the dynamical channel should be little affected by this restriction, but the
lifetime of statistical decay via the ground state surface is probably underestimated
by these calculations.

The dissociation via the first two vibronic levels of the excited state is controlled
by tunnelling through the small barriers in each exit channel, and the rate is very
sensitive to the assumed barrier height. The calculations predict liftimes of ca. 1 ps
(which is considerably longer than an estimate of ca. 200 fs from observed linewidths),
with little apparent delay between the direct and statistical components of the NH2
population distribution. An RRKM estimate of the lifetime for NH3

‡ → H + NH2
at the available energy of 9000 cm−1 is rather less than 1 ps. These rates will be
isotope dependent. Even so, the calculations suggest that tunnelling will be the
rate-determining step. Thus it is doubtful that there will be any clear distinction
between the rates of decay through the dynamical and statistical channels, although
the statistical decay may be delayed up to 1 ps.

I. M. Mills (Department of Chemistry, University of Reading, UK). I know that
vibrational density-of-states functions are difficult to calculate accurately for an an-
harmonic potential energy surface for energies approaching dissociation. Can Pro-
fessor Ashfold comment on whether this was a significant problem in his work, and
describe how he did this calculation?

M. N. R. Ashfold. For different reasons this was not a significant problem in mod-
elling either NH3 or CH3NH2 fragmentation. The D + NHD product state density
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shown in figure 3 was based on the harmonic oscillator, rigid rotor approximation
in which each vibration was treated individually whereas the rotational and trans-
lational contributions to the total state density were treated semi-classically. The
energy range involved lies well below any dissociation limit of the NHD fragment,
thus neglect of anharmonicity is unlikely to introduce significant error in this calcu-
lation. Rather, we expect neglect of centrifugal distortion effects to be the greatest
omission in this calculation, resulting in an underestimate of the total product state
density at low TKER.

The calculated unimolecular decay rates of CH3NH2 via C–N, C–H and N–H bond
fission (figure 5) require estimation of the total density of states associated with the
various transition states. Obviously, considerable uncertainties attach to (at least
some of) the frequencies associated with the various transition states. Even so, as
discussed in our paper, the use of the Whitten–Rabinovitch approximation and the
neglect of the rotational degrees of freedom are unlikely to invalidate the overall
conclusion that N–H bond fission should be, at best, a minor fragmentation channel
for CH3NH2 molecules in which the internal excitation is truly randomly distributed.
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