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Abstract

Both the neutral and ionized forms of N(CHj3), primary products .of
 trimethylamine photodissociation at 193 nm undergo complex secondary
dissociation processes, including unusual ionization dynamics. By combining
photoionization detection with supporting G3 theoretical calculations, this study
seeks to identify the primary and secondary neutral products formed in the
photodissociation. N(CHj3), primary products with very little internal energy
show an éxperimentally observed ionization onset of 9.1+0.2 eV, but do not
appear at the parent ion (m/e=44). Instead, the parent ion is unstable and easily
fragments to m/e=42, where signal is observed. N(CHj), radicals with higher |
internal energies undef.go H-atom loss from the neutral to give CH,NCH3, which
has an observea ionization onset at parent (m/e=43) of <9.3 eV. At slightly higher

ionization energies, these secondary products also appear at m/e=42 (where their
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appearance energy is roughly 9.8-9.9 eV, uncorrected for internal energy).
Finally, N(CH3), radicals with the highest internal energy in this study appear to
undergo Hj loss as neutrals, giving rise to a species whose parent ion has m/e=42.
The ionization onset of this species at m/e=42 is found to be in the range of 9.5-

9.6eV.

I..‘ Introduction_

We recently reported the results of the photo.dissociation. reactions of
trimethylamine (N(CHs);) following 193 nm excitation.! In analyzing the
resulting dissociation pathways, we discovered that little is known about the
energetics and ionization characteristics of methylated nitrogen-containing
radicals. These radicals were of interest to us both as products of the
photodissociation reactions of trimethylamine! and clime’chylf.ormamidezf3 at 193
nm, and also as possible participants in combustion reactions. The experiments
outlined in this paper seek to characterize the methylated nitrogen-containing
products of the photodissociation of trimethylamvine at 193 nm, by analyzing
both their energetics and ionization properties.

The earlier photodissociation experiments on triméthylamine described in
Reference 1 used the technique of universal detection.# This detection method
invélves electrdn impact ionization of neutral molecules and is powerful because
of its universality: the 200 eV electrons that bombard neutral radicals and

molecules are well above the ionization potential of all neutral species, ionizing



roughly 104 of each species. The disadvantage of using such high-energy
electrons is the large internal energy of the nascent ions, which undergo
dissociative ionization (fragmentation or “cracking”) prior to detection. The
experimentél signal is then detected at mass/charge ratios corresponding to
ionic fragments. For example, in the work on trimethylamine, the neutral
CH,NCHj; secondary product was found to appear upon electron impact
ionization at m/e=43, 42 and 151 To unambiguously lidentify the neutral
precursors, one normally relies on momentum-matching the signal from the two
“neutral fragments, but if one fragment can undergo seconc.lary dissociation via
H-atom loss, the velocity of the neutral fragment may not be significantly altered,
and the secondary neutral reaction can be missed. Photoionization detection in
this study identified the secondary product formed from H-atom elimination
from N(CH3),).

This study employs tunable photoionization detection of the primary and
secondary neutral photofragments. Tunable photoionization, at least in
principle, permits sensitive detection of reaction products just above their
threshold for ionization, which, by reducing the excess internal energy of the
parent ions, eliminates or significantly reduces the dissociative ionization
channels. At the same time, the absence of a hot filament required for electron -
impact ionization greatly diminishes background counts. The photoionization

approach was of particular interest for characterizing the outcome of the primary
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N(CH3); radical products of the photodissociation of trimethylamine.! The lack
of ion signal at the parent mass/charge ratio (m/e=44) of N(CH3)2 in previou's
experiments!-3 implied that the N(CHj3),* ion is unstable when formed by 200 eV
electron impact ionization. By utilizing the‘ much vsofter photoionization
conditions available at the ALS, we hoped to be able to observé parent ion signal
at m/e=44 and determine its onset. We did not, insfead finding that even near
threshold, CH,NCH," is unstable to H, loss from the ion. These results and
others are described within.

Nitrogen—metﬁyl bond fission was the only primary photodissociation
pathway identified following 193 ﬁm excitation of trimethylamine.! The primary
N(CHg), radical products were found to exhibit distinct jonization characteristics
depending on theirrinternal energy (given by the 193 nm photon energy minus
the N-CHj bond energy and observed translational energy). This suggests the
existence of additional channels, possibly proceeding through secondary
dissociation of the neutral species and/or competitive fission to electronically
excited N(CHs), (A2A7) radicals. Several possibilities can be considered:

N(CH3)3 + 193 nm — N(CHjs), (X2B1) + CH;

— CH3N=CH, +H + CHj
- NC,Hy +H, + CHj

— N(CHjz), (A2A7) + CH;
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In order to identify which of these channels contribute to the dissociation
dynamics, one needs to understand the properties of the possible reaction
products. Unfortunately, there have been very few studies on these nitrogen-
containing species, particularly the radicals N(CHj), and NCoHy. In the
following paragraph, we summarize wﬁat is known about each species.

Values for the heat of formation_ of the N(CHj3), radical found in the
literature range from 29.3x2 kcal/mol to 39 kcal/mol (see Table I).5-20
Determinations of its ionization energy fall into an even wider range, 9-10 eV,
with one much lower value>821-23  Additionally, very little is knoWn of the
electronically excited states of this radical. Third order H' calculations found
N(CHgs), (A2A1) to lie 1.59 eV higher than N(CHjz), (X2B1).324 This adiabatic
value was determined from geometries optimized at a lower level of theory, and
so should be taken only as an estimate to the true minimum energy separation.
The stable secondary product HoC=NCHj3 has a calculated heat of formation is
11+2 kcal/mol (see Table I), and its ionization energy has been found by various
studies to range from 9.3 eV to 10.0 eV, where the larger values correspond to the
vertical ionization energy.? Neutral species of formula NCoHy have not been
well characterized. Various possibilities exist for the structure of these species,
including the linear HCNCH3 and HoCNCHj forms.

This étudy provi.des a characterization of both the N(CHj3), radical and its

secondary neutral and ionic dissociation channels by using the photodissociation
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of trimethylamine at 193 nm as a primary radical source. The amount of internal
energy in the primary N(CHj3), products can be determined by analyzing tl{e
amount of energy disposed to relative product translation of the N(CHé)z + CHj
products. These energies, together with the photoionization detection schemes
available at the ALS, allow us to obtain experimental limits on the enthalpies _of
formation and ionization energies of the resulting nitrogen-containing radicals
and closed-shell species. By combining .these results with theoretical
Calcﬁlations, 4we have characterized the secondary dissociation channels of the
N(CH3), radical photoproduct, pfoviding a deeper underStanding of the

complicated dynamics at play in these nitrogen-containing systems.

IL. Experimental Details
These experiments studied the photodissociation products of-
trimethylamine at 193nm by detecting the neutral photofragment recoil
distributions with a crossed laser-molecular beam | apparatus.2>  After
photodissociation with a pulsed excimer laser, neutral products scattered from
the crossing point of the laser anld the molecular beam with velocities determined
by the vector sum of the molecular beam velocity and the recoil velocity
imparted during dissociation. Dissociation products were detected following
photoionization and mass selection as a function of their times of .ﬂight (TOF)
with respect to the dissociating laser pulse. Forward convolution fitting of the

TOF spectrum (taking into account the ion flight time) determines the
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- distribution of energies released to relative product transiation in the
dissociation. The plane defined by the molecular beam and the detector axis is
perpendicular to the direction of laser propagation, and molecular beam source
. angles are given here with respect to the detector axis.

The crossed laser-molecular beam apparatus employed in these
experiments is described in detail in Reference 25. It has a rotating source rég‘ion
with two sources: a pulsed Vélve and a nozzle for continuous beam expansion.
We used a continuous beam to vérify that the signal following photoionization at
the Advanced Light Source arose from the same primary dissociation events as
earlier experiments performed at the University of Chicago.] We then switched
to the pulsed valve for therexperiments described in this paper, as the pulsed
expansion resulted in much stronger signal while still avoiding significant
contributions from clusters. Becaﬁse of this, we were able to record data at
source angles up to 50e with respect to the detector axis, important for accurate
fitting of translational energy distributions to the quickly recoiling methyl
products.

Tunable photons employed for the product detection via photoionization
were proauced when the ALS electron beam passes through a U10 undﬁlator
(bandwidth at FWHM=0.5 eV).2627 Various filtering methods were used to
eliminate higher harmonics of the selected energy. Most of the power in the

higher harmonics is absorbed by the mirrors used to direct light from the
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undulator towards the endstation, by strongly attenuating photon energies
above 70 eV and virtually eliminating those above 400 eV.28 The remaining
higher harmonic radiation was removed with a differentially pumped,
windowless gas filter filled with argon.28 Under these chditions, the higher
‘harmonics are suppressed by a factor of 10% while attenuation of the.
fundamental is less than 5%.28 Finally, for photon energies less than 11 eV, a
MgF, filter was placed in the beam, virtually elimihating all photon flux above 11
eV but decreasing the intensity of the desired lower energy light by 35%.26:27
Unless otherwise noted, the experiments described in this paper used probé
photon energy of 10.5 eV with the MgF, window in place, resulting in a net
photon flux of 8x10” photons/second (with a new electron fill and 400 mA ring
| current).

A 5% mixture of trimethylamine (N(CHj);) in helium (obtained from
Matheson Gas Products) was expanded from the pulsed valve source (nozzle
_ diametér = 1 mm), with a stagnation pressure of 500 Torr. The low percentage
gas mixture of trimethylamine was used to prevent formation of clusters (a
problem weil addressed in the literature??30). A scan of the mass spectrum in the
range from monomer to dimer mass/charge ratio under typical experimental
conditions revealed no contributions from species of higher mass than monomer.
The intensity of the parent N(CH,)," ion signal was, however, strongly dependeht

on ionization energy through the range of 9-12.7 eV. The ionization potential of -
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trimethylamine is 7.85eV,> and for probe photon energies below 10eV, the
signal at parent (m/e=59) was much stronger than the signal at m/e=58. At higher
ionization energies, however, the parent peak diminished in intensity as
dissociative ionization became competitive, such that at 12.7 eV, the peak at
m/e=58 was much more intense than the parent peak. Determination of the beam
parameters, accomplished via hole-burning at the parent ion (m/e=59), used
either 10 eV or 10.5 eV photons to reduce dissociative ionization. The mean peak
beam velocity was 1.30x10° cm/s with a full width at half-maximum (FWHM) of
35%.

In the experiments described here, we have measured the signal for
* several parent and daughtér ions of the neutral photoproducts at various angles
of the molecular beam with respect to the detector axis: at m/e = 43 _(100, 11eV;
30e, 11eV), 42 (30¢, 10eV; 30¢, 10.5eV; 30¢, 11 V) and 15 (300, 10.5eV; 50e,
10.5 eV). No discernible signal was observed at m/e = 57 (10, 10.5 eV), 30 (10e,
10.5eV), 29 (10e, 10.5eV), 17 (30, 10.5eV) or 16 (10e, 13.5 eV). The quadrupole
was adjusted to approximately 0.4 amu resolution (FWHM).

In addition, a very small signal was observed at m/e=44 (10e, 10 eV; 10,
10.5eV; 30e, 10.5eV). In order to determine the source of this signal,
photofragment TOF spectra were collected at 0.2 amu intervals from m/e=42.0 to
440 (30%, 10.5 eV). Because this signal is observed off the molecular beam

(center-of-mass) velocity axis, it arises from photoproducts. One can determine
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the source of this signal by integrating the area under the.p'hotofragment TOF
spectrum as a function of the mass/charge ratio of the ions passing through the
quadrupole mass filter. The resulting integrated peak intensities (see Figure 1)
show that, while photoproducts appear at m/e=42 and 43 (with clear separation
of the masses by the quadrupole), no m/e=44 can be discerned above the very
small high-mass wing of m/e=43. In addition, the photoionization curves
constructed from data collected nominally at m/e=44 app'ear.ed identical to those
obtained for the m/e=43 signél. This places an upper limit on the possible
intensity of the signal at m/e=44 to <10” of the intensity at m/e=43,

We determined the photoionization yields for the photoproduct signal at
m/e=42 and 43 by recording TOF spectra at each mass. The spectra were
collected at 0.2 eV increments of the nominal photon energy from 8.7—10.7 eV
(m/e=£_12) and from 8.5-10.7 eV (m/e=43), for 50,000 laser shots each with a 30e
angle between the molecular beam and detector axes. The MgF, window was in

| place f(;r all of these scans, and the laser power was held constaﬁt at 55 mJ/pulse.
The integrated peak area for each species was corrected f01: drift in the probe
photon flux and was plotted as a function of photoionization energy.
A power stﬁdy of the observed TOF signal was the most direct way to
ensure that the electronic transition of trimethylamine was not saturated. (The
ArF excimer transition provided the 193 nm light.) We conducted a power study

of the signal at m/e=42 with laser powers ranging from 10 m]J/pulse to 60
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m]J/pulse, resulting in attenuated powers of roughly 80% in the interaction
region, a cross-sectional area of 1x3 mm’. It revealed no change to the fast edge
of the TOF spectrum, and so the experiments described in this chapter were run

with a laser power of between 50-60 m]/pulse, at 100 Hz repetition rates.

III.  Theoretical Methodology

Supporting calculations were perfofmed usiﬁg the Gaussian 98 package of
programs.3! The intent of these calculations was not to perform an exhaustive
theoretical study of species corresponding to NC, H_ and NC H_’, but rather to
provide insight into the possible dissociation and ionization channels of
relevance to these experiments. As shown previously,”30.32-3 the potential
energy surfaces of these species (particularly in the case of ions) are quite
complex and e.xhibit a considerable number of isomers and conformers, resulting
in a large number of minima and saddle points. Rather than performing a
thorough examination of the potential energy surfaces, the goal here was to
examine a select subset of the NC H_ and NC H," species. It was hoped that
these calculations would provide sufficient guidance on plausible values for
bond dissociation energies, ionization enefgies and fragment appearance
energies corresponding to dissociative ionization to enable determination of the
ionic and neutral species formed in the present experiments.

Calculations leading to thermochemical quantities presented in Tables II -

V were performed at the G3 level of thebry,40 which is the latest in the series of
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Gaussian-n theories, and has been shown to achieve higher accuracy than its G2
predecessor.40-42 Using the G2/97 test set, the reported overall average absolute
deviation between experiment and the G3 results is 1.02 kcél/ mol, actually
corresponding to a staﬁdard deviation o = 1.47 kcal/mol. Hence, at least for the
species considered in the present work, one expects the G3 calculated results to
be within *3 kcal/mol of the true value (where the error bar has been arrived :;lt
by using 26 to estimate the ~95% confidence level, as customarily reported by
experimentalists). |
Just as the earlier Gn calculations, the unmodified G3 sequence (which
was used here) starts by optimizing the initial geometry and calculating
vibrational frequencies at the HF/6-31G(d) level, followed by re-optimizing the
geometry ét the MP2(Full)/ 6-31G(d) level. The MP2 geometry is then used to
perform the remaining calculations, which in the case of G3 are QCISD(T)/6-
31G(d), MP4/6-31+G(d), MP4/6-31G(2df,p), and MP2(Full)/G3Large. These lead
to an estimate of the total electronic energy that is effectively at the
QCISD(T,full)/G3Large ‘level. The final G3 total electronic energy is then
obtained by including small empirical “higher level” corrections.
Within the G3 procedure, the role of the initial HF calculations is simply to
provide A the first step in the geometry optimizatioﬁ and yield vibrational
frequencies that are used to estimate the zero-point vibrational energy. However,

these frequencies are also used as an indicator of whether the proposed geometry
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corresponds to a true local minimum or a saddle point on the potential energy
surface. Of the various structures examined here, ~1/ 3. appeared to belong to
local minima, while ~2/3 corresponded to first or second order saddle points at
the HF level. However, at least in principle, the subsequent MP2 optimization
may drift away from the initial HF geometry, resulting in a G3 calculation for a
different coﬁformer or isomer. In addition, a geometry that corresponds to a
stable minimum at the HF level, may correspond to a saddle point at the MP2
level and vice versa. In order to avoid such surprises, the majority of structures,
whether corresponding to true minima or saddle points with one or more
imaginary frequencies at the HF level, were rechecked by performing a geometry
optimizétion and computation of frequencies at the B3LYP/6-311G(d,p) level of
theory.4345 In general, the additional B3LYP calculations confirmed the G3
findihgs based on the HF and MP2 optimizatioﬁs. With one exception, only
species corresponding to true minima both at the HF/6-31G(d) and B3LYP/6-

311G** levels are reported in Tables II-IIL

IV. Results and Analysis

The photofragment TOF spectra from these experiments are consistent
with the results of earlier experiments, showing N-CHj; bond fission to be the
dominant (perhaps only) primary. dissociation event following 193 nm
excitation.] The photofragment TOF spectra at m/e=43, 42 and 15 (shown in

Figures 2-4) were fit by recoil translational energy distributions, P(Et)’s (shown
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in Figure 5), corresponding to primary N-CHj bond fission. The assignment of
these distinct channels to the processes

N(CHj3)3 + 193 nm — CH3s + N(CH3), (X2By) (1)
—» CH3 + N(CH3)2* -CH3 + HyC=NCH3 + H (2)
is shown in the following sections. Additionally, here we suggest that the slow,
unfit signal at m/e=42 (Figure 3) is an NCpHy product arising from secondary
dissociation:1
N(CHa)s + 193 nm - CHs + N(CHa)s* — CHj + NCyHy + Ho. B
Photoion yield curves obtained by iﬁtegrating photofragment TOF spectra
at m/e=43 and 42 (the only mass/charge ratios at which nitrogen-containing
reéctioﬁ products were observed in the present experiments) were used to
characterize the products and are analyzed in the following sections. The results
show that reactions (1)-(3) produce species with distinct photoionization
characteristics. Because the reaction products can be identified by kinetic energy
release, we havé determined that following 10.5 eV photoionization, the
nitrogen-containing products of reactions (1) and (3) appear at m/e=42, while the
nitrogen-containing product of reaction (2) appears at both m/e=43 and m/e=42.
Additionally, each component of the TOF spectrum at m/e=42 was found to have
a distinct photoionization curve. Thus, each of the three distributions arises from

a different neutral precursor.
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IVA. Species appearing at m/e=43: CH)NCHj3

Figure 2 shows a TOF spectrum recorded at a 30 source angle, at m/e=43
and with 10.5 eV probe photon energy. The translational energy distribution
(P(ET)) used to fit this spectrum (attributed to feaction (2)) is shown as the slower
one in Figure 5. The P(E1)’s given in Figure 5 are identical to those used
previously to fit the 200 eV electron impact (EI) data.! (The faster distribution
attributed to reaction 1 could also contribute to the signal at m/e=43, but would
be most likely responsible for only a minor fraction of the total signal.) Thus, the
translational energy release for reaction (2) is independent of the technique used
for ionization (electron impact or photoionizatioﬁ), as should be the case.

The photoionization efficiency curve shown in Figure 6 exhibits a
prominent ascent, perhéps starting to level off at the high energy side, and -
preceded by a rounded “tail” extending to lower energy. Although the photon
resolution in these experiments is relatively low, the shape of the curve can be
interpreted as representing the parent ionization of a species with a relativél_y
broad Franck-Condon envelope, where the observed photoion spectral shape
roughly corresponds to an integral over this envelope. The tail region hides
unresolved initial (low) Franck-Condon factors, which, as the photon energy
increases, build up and attain maximum probability in the region of steepest
slope, finally leveling off when the Franck-Condon envelope is exhausted.

Hence, the middle of the ascent region corresponds to the vertical ionization
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enérgy. If indeed the point at highest energy indicates a leveling off of the
photoion signal, then the vertical ionization energy of the species that gives rise
to the TOF spectrum at m/e=43 should be close to ~10.0 eV.

Ideally, the signal onset at the low-energy end should correspond to the
adiabatic ionization energy. However, the tail region is rendered complex by
several factors, which tend to work in opposite directions: very low Franck-
Condon factors tend to push the experimentally measuréble onset to energies
higher than the true adiabatic ionization energy, while low photon resolution
and hot bands (arising from neutrals that are interhally excited in the Franck-
Condon active symmetric vibrational mode) tend to push the apparent onset
toward lower energy. Selecting a point just before the more pronounced section
- of the ascent, such as ~9.3 eV, should produce a relatively “safe” upper limit to
the adiabatic ionization energy. The true adiabatic onset is expected to be in the
“tail” region, at a lower energy and difficult to pinpoint more accurately.

It should be noted that, besides parent ionization of NC,H,, the ion yield
at m/e=43 could have a small contribution from photodissociative ionization of
N(CH,), leading to NC,H," fragment ions (implying that the P(Et) assigned to
reaction (2) also includes contributions from reaction (1)). The appearance
energies for NC,H," ions from an N(CHj3), neutral precursor are 10.6 and 11.3 eV,
respectively (see Table IV)., assuming that the ions formed are either CH,-N-CH,’,

A’ (CS) or HC-NH-CH,’, ’A’ (C, ring). , These values certainly cannot easily
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explain the bulk of the photoion yield spectrum m Figure 6, but of course, there
may be other as yet unidentified, more stable NC,H," ions, leading to lower
values for the fragment appearance energies. While fragmentation into one of
these potentially more stable ions would require rearrangement, such processes
are notorious for being very facile on the ionic potential energy surface, énd, in,
most cases the most stable isomer of the fragment ion can be relatively easily
reached by photodissociative ionization. However, the kinetic energy analysis
has shown that the contribution from photodissociative ionization of neutral
N(CH,), to m/e=43 is minor. (At best, there is a very small portion of the fast
edge of the TOF spectrum at m/e=43 that could be fit using reaction (1).)
Furthermore, it would appear (vide infra) that the primary fragment ion
'generated by photodissociative ionization of N(CH,), is NC,H,", and appears at
mfe=42. |

If indeed the bulk of the TOF signal at m/e:43 originates from parent
ionization, then the neutral species in question has a composition NC,H, with a
vertical ionization energy of ~10.0 eV and an adiabatic ionization energy of <9.3
eV. The simplest secondary dissociation process to produce NCH, from the
primary N(CH,), product is straightforward C-H bond cleavage, leading.to a
CH,-N=CH, structure. In agreement with this, we see in Table IV that the
adiabatic ionization energy IE (CH,=N-CH,) = 9.14 eV and the vertical ionization

energy IE (CH,=N-CH,) = 9.96 eV at the G3 level of theory. This reinforces the
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assignment of the neutral species to CH,=NCHj, 'A’ (C), formed by secondary
dissociation of N(CH3), radicals:
N(CH3)3 + 193 nm — N(CHs), (X?B1) + CHj D, = 77.6 kcal /mol
— CH»=NCHj3 +H D, = 31.9 kcal/mol
The calculated minimum energy required for the secondary production of
AC.H2=NCH3 is thus 109.5 kcal/mol (see Table V), which corresponds to a
maximum of 39 kcal/mol remaining for relative product translation. The less
precisely determined experimental enthalpy changes are smaller for each
reaction above, giving a maximum of 44 kcal/mol available for product
" translation. The translational energy distribution for this reaction, t};e slower one
in Figure 5, extends to 46 kcal/mol. The upper limit of this P(Er) is difficult to
determine, however, because it assumes secondary H-atom loss from N(CHg), to
have no impact on the velocity of the CHZNCH3 products. Within this
assumption, the calculated and observed maximum translational energies are in

quite reasonable agreement.

IVB. Shape and energetics of the TOF spectfa at m/e=42

The photofragment TOF spectrum at m/e=42 obtained by 11eV
photoionizatfon (see Figure 3) is very similar to that obtained using 200 eV
electron impact ionization,! where the bulk of the signal is fit well with the two
P(E1)’s shown in Figure 5. Because the translational energies of the fastest

products extend close to the limit of available energy following N-CHj3 bond



19
fission (compare Eay1=70+3 kcal/mol from G3 calculations with the maximum
translational energy in the faster P(Er) in Figure 5), the higher kinetic energy
distribution is attributed to N(CHj), (X2B;) radicals formed with little internal
energy, which arrive intabt at the detector.! Recall that the slower P(ET) was
attributed in the previous subsection to unstable N(CHjz),* primary products
which undergo secondaryA H-atom loss, which now are seen to appear also at
mfe=42.

~ The shape of the m/e=42 TOF spectrum changes markedly at lower
photoionization energy (see Figure 7 obtained at 10 eV), where not only are the
different ionization efficiencies of the contributing species obvious, but the rising
edge of the spectrum is also overfit by the faster P(E). The change in the rising
edge is puzzling, as this indicates ionization of only a slow subset of the N(CHs),
reaction products. It is possible that the ionization is dependent on the internal
energy of the radicals, and that at 10 eV, the fastest N(CHj3), (X2B;) products (i.e.,
those with the least internal energy) are not being ionized. The jonization
efficiency of polyatomic radicals is not usually so strongly dependeht on internal
energy, however, and if this explanation is true, it would represent a rather
unusual case.
Also apparent in Figure 3 is additional slow TOF signal not fit by either of
the P(ET)’s shown in Figure 5. Similarly underfit slow signal at m/e=42 was

observed in the experiments utilizing 200 eV EI ionization.! (The scatter in the
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data points at lower ionization energies in e.g. Figure 7vmay obscure the need fof
an additional slow distribution to fit this signal as well.) One possibility for the
slow signal at m/e=42 is dissociatjve ionization of CH,NCHj to m/e=42. We can
discount this possibility by considering the shape of the TOF Spéctra following
photoionization and 200 eV EI ionization: under 200 eV electron bombardment,
ionization is relatively insensitive to the internal rovibrational state of the neutral
species. Thus, if the slow species appearing at m/e=42 arose from dissociative
ionization of CH,NCHj, an identical shape of the TOF distribution from this
species should be observed at m/e=43 and m/e=42 following 200 eV EI ionization
(after correcting for the ion flight time through the detector). This was not the
case: the slow edge of the m/e=42 photofragment TOF spectrum was not
observed at m/e=43.1 Translational energy distributions for reactions (1) and (2),
giving primary N(CH3s), and secondary CﬁzNCH3 neutral reaction products, are
used in fitting the data at m/e=42, and the remaining slow signal cannot be
attributed to dissociative ionization of either species. As there are no other
obvious neutral products of mass 44 or 43, we consider secondary dissociation of
N(CHj), — NCyHy + Hj as a possibility.

There is scant information available in the literature about nitrogen-
containing radicals of formula NCpHy. Based on our experimental results, we
can provide some energetic information for this slowest species of parent mass

42. If we assume that Hj loss from N(CHj), occurs with little energetic barrier



21

(not likely to be a good assumption), the velocity distribution of recoiling NCyH4
should be similar to that of N(CHjz),. We can then determine a P(Et) for this
signal, based on the times of flight of the momentum-matched CHj partners.
Figure 4 shows a TOF spectrum rec.orded_ at m/e=15, at a 50® source angle, and
with 10.5 eV probe photons. It is fit with the P(Et)’s for reactions (1) and (2)
: shﬁwn in Figure 5, corresponding to CHj radicals momentum-matched to stable
N(CHj3), radicals and unstable N(CHz),* 'radicals‘ (that undergo secondary
~ dissociation to CH,;NCH3), respectively. There is no slow edge of this Signal that
is unfit, i.e., we cannot find CHj radicals momentum-matched to the slower
NCyHy radicals appearing at m/e=42. Thfs is not overly surprising, as it is likely
that H, loss provides a velocity “kick” to the recoiling NCyHjy radicals, such that
~ their times of arrival at the detector are broadened to fast and particularly to
slow times corﬁpared to the methyl radicals that are momentum-matched to the
unstable N(CH3),t precursor. The best we can do then is to fit the slow portion
of the m/e=42 TOF distribution to a velocity distribution, P(v), of the neutral
precursor to the signal at m/e=42. Doing this fits the slow portion of the TOF
spectrum (see Figure 8) with the P(v) shown in Figure 9. If this distribution
corresponds to primary dissociation to unstable N(CHg),' + CHj3, we can obtain
a P(ET) by converting from velocity to recoil translational energy. The P(ET) thus

derived extends from 0-24 kcal/mol. This P(Er) is likely broader than the “true”
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primary P(ET), due to the probable exit barrier to H) loss and concomitant
velocity kick imparted to the NCHy radicals. |

The upper limit of the P(ET), assuming primary dissociation to unstable
N(CHj),t + CHj, can be used to find the minimum internal energy of the
N(CHjs),' radicals that go on to lose Hy and form NCpHy radicals. The primary
dissociation, N(CHgz); — N(CHj3), + CHj has been calculated at the G3 level to
have D,= 77.6 kcal/mol, with an esﬁmated error of #2-3 kcal/mol. The available
energy following 193 nm excitation and N-CHj bond fission is then given by (148
- 78=) 70 kcal/mol. The upper limit of the P(E1) derived from the P(v) shown vin
Figure 9 is 24 kcal/mol, corresponding to an internal energy of N(CHj); radicals
of (70 - 24=) 46 kcal/mol, assuming formation of internally cold CHj radicals.
This value provides a Véry rough estiméte of the energy required to undergo
secondary H2- loss from N(CHsz),.

Possible radical structures with chemical formula NC,Hy and the related

enthalpies of reaction (at the G3 level of theory) are as follows:

N(CHs3), —  CHpNCH, + H, ' AH = 15.7 kcal/mol
CHNCHj3 + Hy : AH = 24.8 kcal/mol
H,C'NCH, (ring) + H, AH = 33.4 kcal/mol

All of these possible structures are energetically accessible, and we now turn to
the ion appearance energies at m/e=42 for additional information that may help

in identifying this species.
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IVC. Ionization characteristics of the species appearing at m/e=42: N(CHj3),,
CH,NCH; and NCyHj '

The photoion yield curve corresponding to m/e=42 can help identify the
neutral species responsible for the signal. To that end, we have recorded TOF
spectra at m/e=42 and a 30e source angle, varying the ionization energy from 8.7-
10.7 eV. These TOF spectra were fit with the P(ET)’s shown in Figure 5, with the

“addition of the slow P(v) shown in Figure 9. The “fast” distribution (the faster
P(Et) in Figure 5) gave signal arriving from 90-118 .psec; the “middle”
distribution (the slower P(Et) in Figure 5) gave signal arriving from 96-300 psec;
and the “slowest” distribution (the P(v) in Figure 9). gave signal arriving from

~ 112-300 psec. We first integrated the total signal arriving from 90-300 psec, using
the very minimal signal from 10-80 psec for ”backgroﬁnd” subtraction and
corrected the integrated signal intensity for variations in the probe power. This
plot of the total photoionization yield at m/e:42 is shown in Figure 10. The curve
hints at three contributions which may correspond to the three distributions used
to fit the m/e=42 TOF spectra. The ion signal starts to appear around 9.0 - 9.1 eV,
and, after a modest increase, quickly levels off. A second, slightly more
pronounced contribution starts at ~9.5 eV, causing the ion yield to ascénd nearly
linearly until ~10.1 eV. At that point there appears to be a break in the slope, and
a new, quasi-linear increase in the ion yield ensues, continuing to the highest

energy point recorded here.
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We have attempted to determine independently the partial photoion yield
of each contribution, by integrating separately the signal over times of flight
where each of the three P(ET)’s (or P(v)) is dominanf. Unfortunately, as seen in
Figure 8, the arrival times of the three components overlap to a great extent,
making a clean separation of vthe three components difficult to achieve.
Conseéuently, the resulting partial spectra are “cross-contaminated”. In addition,
the three partial photoionization yield curves have significantly larger scatter
than the total photoion yield curve, making the in_terpreta’iiqn even more
difﬁcult.

Figure 11 shows the partial photoion efficiency curve for the fastest signal
at m/e=42, obtained by integrating the time of flight between 90-100 psec. At the
earliest of these flight times, only the fast channel contributes, and over the rest |
of this integfation range, the relative intensity of the middle distribution is less
than 10% of that of the fast distribution. The partial photoién yield in Figure 11
“has an apparent onset at ~9.1 eV, after which the curve ascends in a gently
rounded fashion until ~10.2 eV, where it shows a tendency to level off. This is
followed by a further increase given by a few scattered points at higher engrgies, »
although it is not entirely clear whether this belongs to the “fast” component or
represents a “contamination” from the middle:component. A comparison with
the total yield in Figure 10 suggests that the fastest component is predominantly

responsible for the portion of the total yield at lowest energies.
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The overall shape of the spectrum in Figure 11 is very suggestive of parent
ionization. The adiabatic ionization onset is at ~9.1 eV (or lower) withA the
vertical ionization energy very roughly 0.6-0.7 eV higher. These values do not
match the predicted ionization energies for either CH,NCH, or CH,NCH (see
Table IV). However, they show excellent agreement with the predicted adiabatic
and vertical ionization energies of CH,NCH,. The calculated adiabatic ionization
energy of CH.NCH, to the triplet cation of sirrﬁlar structure (dimethyl nitrenium)
is predicted to be 9.0 eV, and to the singlet cation to be 9.1 eV, both coinciding
with the discernible onset in Figure 11. Fufthermore, the predicted vertical
ionization energies of dimethyl amidogen to the singlet and triplet ionic surfaces
are 9.7 and 9.8 eV, respectively, quite close to the middle of the initial rise in
Figure 11.

Why is this signal seen at m/e=42, rather than at m/e=44, as would be
expected normally from parent ionization of CH,NCH,? One obvious possibility
is that the dimethyl nitrenium ion, CH/NCH,', initially formed by
photoionization, is unstable and fragmen"cs promptly to NCzl-hIA,L+ + H,. This
suggestion is reinfofced by the observation that at all explored energies in these
experiments, we were unable tQ observe m/e=44 beyond the limit of <10? of the
intensity at m/e=43. Hence, the parent ion of CH,NCH, gives, at best, extremely
weak signal. Although the ionic species that is detected ‘corresponds to a

fragment, the onset and the shape of the photoionization efficiency curve are still
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defined by the Franck-Condon factors corresponding to the initial transition
from the CH,NCH, neutral to the CH,NCH," surface(s). This is because a direct
transition from the CH,NCH, neutral to the NC,H," + H, asymptote, although
requiring less energy, does not contribute to the observable photoionizétion
efficiency, since it would involve vanishingly small Franck-Condon factors.

While G3 calculations do find a minimum corresponding to CH,NCH," on
both the singlet and triplet surfaces, they also show that the fragmentation of
CH,NCH," to NC,H," + H, has several exothermic paths, depending on the
assumed structure of the NC,H," ion. For example, the most stable ion of the
NC,H," composition examined here, corresponding to N—protonéted acetonitrile,
CH3-CEN+-H, 'A, (C,,), corresponds to a fragmentation asymptote that is 51.7
kcal/mol downhill from the CH,NCH," singlet ion. The rearrangement required
to access this asymptote is generally facile on ionic surfaces (usually much more
so than on neutral surfaces). A more exhaustive theoretical examination of the
- NC,H," potential energy surfaces (at the MP2/6-31G(d)//4-31G level)®* also
found this ion to be the most stable structure on the singlet surface. The same
study indicated that the lowest NC,H," ion on the triplet surface is ~69 kcal/ mol
higher in energy, and hence does not provide an. exothermic path for
photodissociative ionization of dimethylamidogen on the triplet surface. It is not

clear whether this by itself means that the triplet CHLNCH,' ion is more stable
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than the singlet ion, since triplet-singlet intersystem crossings may lead to very
efficient fragmentation of triplet ions via singlet dissociative states.46-48

Although ‘we have not tried to estimate the depth of the CH,NCH,"
minima, nor we have tried to identify the transition state that would lead to a
NC,H,” + H, asymptote, prior theoretical studies do indicate that the
dimethylnitrenium ion is not particularly stable. For example, Ford and
Herman3” found that at the MP2(full) /6-31G(d) level the CH,NCH;" ion does not
correspond to a local minimum on the singlet surface, but to a transition state for
H migration to the immonium ion (CH,NHCH3"), While on the triplet surface the
nitrenium (CH3NCHj") and immonium ions were found to lie within 0.2
kcal/mol. For comparison, at the G3 level of theory the immonium ion-is also
more stable than the nitrenium ion by 76.9 kcal/mol on the singlet surface, while
oon the triplet surface the immonium ion is less stable by 1.2 kcal/mol (see Table
).

Figure 12 displays the partial photoionization efficiency curve associated
with the “middle” species at m/e=42, obtained by integrating the photofragmenf
TOF spectra between 112 and 121 psec. While it is very difficult to avoid
contributions from both the “fast” and the “slow” components, the integration
limits chosen here are an attempt to minimize these unwanted contributions by
keeping their sum to less than iO% of the desired “middle” component. The

partial spectrum of the “middle” component seems to correspond to the rise seen
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at the high—énergy end of the total photoionization efficiency spectrum presented
in Figure 10. |

The general shape of the spectrum in Figure 12 is strongly suggestive of a
fragment resulting from photodissociative ionization of a heavier parent:4950 at
higher energy there appears to be a quasi-linear ascent, which is preceded by a
very prominent and rounded tail. Though the data is somewhat scattered and is
complicated by the imperfect separation of the three component species, the
quasi-linear ascent suggests that the appearance energy for the fragment in
question is in the neighborhood of 9.8-9.9 eV. Technically, this value should be
corrected for the average internal energy of the neutral parent, which may be
available to the photodissociative ionization process. In the present case such
correction is rather difficult to do reliablsr, and may not be particularly
important, given the approximate nature of the extracted appearance enefgy and_
the expectation that the excess energy of the parent will not be particularly well
randomized between the available internal modes.

Hence, the partial photoionization efficiency spectrum in Figure 12
suggests that the responsible neutral species has a m/e>42, with an adiabatic
ionization energy substantially smaller than 9.8 eV, and which can produce a
NC,H," fragment ion with an appearance energy of 9.8 eV or larger. The
candidate that best appears to fit these requirements is CH,=N-CH,, which is

predicted to dissociatively ionize to the most stable isomer of NCH,’, N-
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protonated acetonitrile (H3C-CEN+-H) at 9.9 eV (see Table IV). Hence, the partial
photoionization yield in Figure 12 is consistent with the assignment of the
“middle” species (which also gives ionic signal at m/e=43) to CH,=NCH,, formed
by secondary dissociation of the primary N(CHj), product.

Finally, we focus our attention to the remaining “slow” species.
Unfortunately, as seen in Figure 8, over its entire range of TOF arrival times,
signal from the “slow” species is overlappéd by signal from the “middle”
species. In order to minimize the contributions from the “middle” species, the
TOF signal was integrated from 155-198 psec, which corresponds to the range of
arrival times at which the “slow” species contributes to 50+5 % of the total signal.
The result is shown in Figure 13. Taking into account that the spectrum really
corresponds to a superposition of two species, its shape suggests that the “slow”
species is probably responsible for the feature in the cénter of the total photoion
efficiency curve presented in Figure 10. ‘To further reduce contamination by the
“middle” species, one can subtract its contributioﬁ from the photoion yield
spectrum shown in Figure 13. By scaling the “middle” photoion yield curve
(Figuvre 12) by the ratio of intensities under the middle-fit TOF curve used to
obtain Figures 12 and 13 (area under 155-198 ps : area under 112-121 ps), the
contribution of the middle species can be reduced, giving a clearer indication of
the photoion yield spectrum of the slowest species at m/e=42. The result is

shown in Figure 14.
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The scatter in the data in Figure 14 and the composite nature of the
spectrum in Figure 13 permit only a tentative assignment of the source of the
slow TOF signal. While far from ﬁnambiguous, the overall shape of these spectra
suggests that the underlying photoionization process could be parent ionization
of a species with a rather broad Franck-Condon envelope. The apparent onset is
~9.5-9.6 eV, while the presuméd vertical ionization is quite difficult to extract,
although is not likely to be lower than ~10.0 eV. Given the scatter in the data, a
much lower (but weaker) ionization onset cannot be excluded.

If the interpretation of the spectrum in Figﬁfe 14 as parent ionization at
m/fe=42 is correct, than there are two neutral species that appear as i)lausible
candidates, based on the assumption that they originate via secondary
dissociation of the primary N(CH,), photodissociation product: CH,NCH and
CHZNCHZ. The two species differ in the source of the H, elimination (o0 or o,),
with the underlying assumption in both mechanisms being that the transition
state for elimination does not cause a skeletal rea‘rrangement.

Turning now to the calculations for help (Table 1V), the adiabatic and
vertical ionization energies of CH,NCH to the singlet surface of the ion (6.2 and
7.7 eV, respectively) are much Jower, while those to the triplet surface (10.9 and
12.0 eV) are much higher, than needed to explain the spectrum in Figure 14. For
ionization of CH,NCH, to the singlet surface, the calculated values also éanﬁot be

rationalized with the partial photoion yield spectrum, as the adiabatic and
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vertical ionization energies to the singlet surface (6.8 and 8.6 eV) are too low to
explain the apparent features. Howevér, the adiabatic and vertical ionization
energies of CH,NCH, to the triplet surface, 9.4 and 10.3 eV, seem relatively close
to the spectral features in Figure 14. This, of course, may be purely accidental,
since it is hard to explain why ionization of CH,NCH, to the singlet surface of the
ion would be missing in Figure 14, unless (as witnessed by the large difference of
1.8 eV between the adiabatic and vertical ionization energy) this results in a very
extended Franck-Condon envelope that corresponds to a weak feature not easily
discernible above the background scatter. |

A radical structure in which CH,NCH, forms a ring is also a possibility.
The apparent onset of ionization in Figure 13 is lower than adiabatic ionization
either to the °B, ion (9.9 eV) or to the 'A, ion (10.2 eV), but this may be a result of
the low energy tail of the “middle” species, which is also present in that
spectrum. Also in Figure 14, the apparent onset of ionization is lower than these
calculated energies, but the small number of counts involved does not allow for a
very quantitative interpretation of the spectrum. The vertical ionization energies
to these surfaces (10.7 and 10.4 eV, respectively) show good agreement with the
midpoint of the rise in photoion signal in Figures 13 and 14. Hence, the
assignment of the “slow” species as the CH,NCH, ring structure cannot be

excluded.
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A more thorough analysis, that wouid consider both other NC,H, species
formed by H, elimination from N(CH,), via skeletal rearrangement, as well as
possible higher-energy isomers of | NCH, or NCH, that produce NCH,’
fragment ions by photodissociative ionization (but with unstable parent ions),
would perhaps shed more light on the nature of the “slow” species. In the

absence of such analysis we cannot assign the “slow” species.

V. Discussion and Summary

Under soft photoionization conditions at the Advanced Light Soﬁrce, we
- have been able to identify several products of trimethylamine photodissociation
at 193 nm. We have identified at least two nitrogen-containing species, N(CHj3),
and CHyNCHj;, and perhaps a third speciés corresponding to NC,H,.

The radical N(CHg), has an experimentally-detérmined iorﬁzation onset of
9.140.2 eV, which is interpreted as being close to its adiabatic ionization energy.
The calculated adiabatic ionization energy at the G3 level is 9.010.1 eV, similar vto
previous results at the G1 and G2 level (9.140.1 eV) by Wright and Miller.23 The
experimental evidence presented here suggests that the N(CH,),” ion formed by
photoionization of neutral N(CH,), is unstable and very efficiently fragments on
the timescale of the experiment to produce an ion of m/e=42.

Superficially, the ionization energy of CH,-N-CH, found here appears

similar to the value reported earlier by Fisher and Henderson (LP. <

9.42+0.1 eV),® determined in an electron-impact study of the N(CH,), radical
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formed by pyrolysis of (CH,),NNH, and (CH,),NNO. Their reported value
corresponds to the observed ionization onset at m/e=44. However, pyrolysis is
known to be not a particularly clean method for producing radicals, since it tends
to produce additionally a complex mixture of secondary species arising from
equilibration to other isomers on the hot walls and recombination in the reaction
vessel. For example, Fisher and Henderson also reported signals at m/e=45 and
43, interpreted 'as arising from ionization of dimethylamine, NH(CH,), and
methylenemethylamine, CH,N=CH,. Hence, it is not clear a priori whether their
signal at m/e=44 corresponds to direct ionization of CH,-N- CH3, as they
suggested, or to some other isomer resulting from equ1hbrat10n on the wall. In
fact, it .is not even clear whether their signal at m/e=44 arises from parent
ionization or corresponds to dissociative ionization from a heavier species.

In a more recent photoelectron study, .Chunhua et al. report an
experimental ionization energy (9.0140.02 eV) very close to the éalculated
ionization energy of N(CH,),.22 Their experiments, however, also examined the
products of pyrolysis of (CH,),NNO, and are thus subject to the drawbacks
discussed in the previous paragraph. In this system, the photoelectron spectrum
is rendered complex by prominent NO peaks, which mask the region of interest
for N(CHg),. Their determination of the ionization energy rests on the presence
of a single péak, at 9.01 eV, which is followed by a four-member vibrational

progression of 1980+60 cm” starting at 9.65 eV. The isolated peak is assigned as
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formation of the ground state of N(CH,),” (‘A, from their single-point DFT
calculations), while the subsequent photoelectron system that displays a
vibrational progression is assigned as the ’B, state of the ion. Their interpretation
of the isolated peak Corrésponding toa sYstem Where only the 0-0 transition is
present requires the singlet ground state of the ion to have a geometry very
similar to neutral N(CH,),. This is in contrast to our calculatio_ns, Which show the
geometries of neutral N(CH,), and its ions to be quite different: there is a large
difference between adiabatic and vertical ionization energiesbfo.r ionization to the
singlet and to the triplet (0.6 eV and 0.8 eV, respectively). Additionally, our
calculations find the "B, state of the cation to be slightly more stable than the ‘A,
state (at both the G3 and B3LYP/ 6—311G(d,p) levels of theory),v the reverse of
their DFT result. Closer examination of their spectra suggests some
inconsistencies with their inferpretation. The total area under the isolated peak

is much smaller than that under the system assigned to the triplet state of the ion
(or any other photoelectron systems that follow at higher energy), making
doubtful the assumption that they belong to same neutral species. ‘However, if
the N(CH,)" ion is indeed unstable or only marginally stable, as it appears from
the present study, then the corresponding photoelectron features are expected to
be significantly broadened by the short lifetime of the ion. Also, the vibrational
progression of 1980 cm®’, observed in their second system, is difficult to

rationalize with a N(CH,), species, since it falls within the gap straddled at the
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high end by C-H stretches (~2900 cm” and up) and at the low end by CH,
deformations (~1650 ¢cm” and down). Since photoelectron spectroscopy lacks
mass analysis, it is not clear that the photoelectron feature at 9.01 eV observed by
Chunhua et al. correlates with the formation of an ion of m/e=44. Assuming that it
does nevertheless belong to ionization of N(CH,),, a tentative explanation could
be that it cofresponds to the v=0 ionic level, which happens to have a sufficiently
long lifetime, while other photoelectron features are much broader and are hence
too difficult to observe under their conditions.

Castleman and co-workers?! reported a lower (9.2+0.2 eV) and upper

| (9.910.2 eV) limit to the appearance energy of the fragmentation process:

NH(CH3)2 —-NCH,"+H

While the resulting ion has m/e=44, they suggested that its structure is
CH,NHCH," rather than CH,NCH,". Indeed, using AH’, ,.(NH(CH,),) = -4.740.5
kcal/mol> (0.520.5 kcal/mol at 0 K) with the 9.2-9.9 eV range for the appearance
energy, one obtains AH® (NC,H,") in the range of 165i5 to 1755 kcal/mol, very
close to our calculated enthalpy of formation for the singlet ground state of
CH,NHCH," (see Table III). Other experiments (notably those of Levsen and
McLafferty5! and Thon et al.52) that sought an ion of structure N(CH,),", observed
no signal at m/e=44 following 70 eV ionization. Thon et al. studied the thermal
decomposition of trimethylamine, and found the intensity of their suspected

N(CHj3), primary product at m/e=44 to be very low (below the error limit);
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however, the signal they observed at m/e=42 was strong. (They made no
mention of signal at m/e=43.) Levsen and McLafferty, who used collisional
activation, characterized the decomposition of ions of formula NC,Hgt,
produced from various sources includihg trimethylamine. They found no peak
at m/e=44, and concluded that ions of initial structure CH3NCHj3* rearrange to
CH3NH=CH," faster.than the 10” second drift time in their experiments. Then,
depending on the amount of internal excitation of the latter jon, H-atom or Hp-
molecule loss occurs, giving rise to the observed signals at m/e=43 and m/e=42. In
addition, they noticed that high internal energies favor H-loss, while low internal
energies increase the H,-loss channel. This seems to match ouf observation,
where the fastest primary N(CHjz); photoproducts (i.e., those with the least
internal energy) appear only at m/e=42, following Hpy loss in the ion. Our
calculations show that the fragmentation of N(CH,)," to NC,H," + H, can be
exoergic by ~50 kcal/mol, if the NC,H,” ion corresponds to the N-protonated
acetonitrile, helping to explain how Hj loss can occur even from those N(CH3),
radicals with very little internal enérgy. The lack of any parent signal at m/e=44
at near—threshold. photoionization cénditions implies that this fragmentation has
a very low barrier.

The CH,NCHj closed-shell species formed in these experiments by
secondary H-atom loss from N(CHj), has an experimenfally-determined

ionization onset of <9.3 eV. The calculated adiabatic ionization energy is 9.1 eV,
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while the vertical ionization energy from internally cold CH,NCHj is predicted
to lie near 10 eV. Comparison with literature values places the expérimental and
adiabatic values towards the low end of previous observations (ranging from
9.3-10.0 eV; see Table I), while the éalculated vertical value is in agreement with
the higher values, which also correspond to vertical ionization energies. In our
experiments, signal from CH,NCH3 appears not only at its parent ion m/e=43 but
also aa a fragment at m/e=42. The calculated appearance energy for CHB—C.-NH+
fragmént ions of CH,NCH," is 9.9 eV, while the experimentally observed onset
(uncorrected for the effect of the internal energy excitation) is ~9.8-99 eV. The
close agreement between these values, together with the agreement of our
ionization onset with previous observations and calculations, support our
assignment of the “middle” distribution to CH;NCHj closed-shell species,
formed by secondary dissociation of N(CH3), primary photoproducts.

Additionally, we have attempted to characterize the slowest species
appearing at m/e=42.- It would appear that this slowest channel arises from an
internally hot primary N(CHjz), photofragment undergoing secondary Hz loss.
We were not able to study the H, molecule TOF distributions, and so this
assignment is based solely on the inferred photoionization properties of the
slowest signal at m/e=42. Comparison of the photoioh yield épectra (which
suggest an ionization onset of 9.5-9.6 eV) with calculated adiabatic and vertical

ionization energies does not allow us to definitively assign this species. Studies
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utilizing higher resolution photoionization will be of great assistance in better
characterizing this sPecies. Additionally, the paucity of information in the
literature on nitrogen-containing radicals of formula NCyHy leaves the results of
the present study éwaiting further experiments and calculations in order to
definitively assign this species. The results of this work provide a starting point
for future studies on the NCyHy radical, while also providing new information
on the dissociation dynamics of the primary N(CHj), radical products of the
photodissociation of trimethylamine at 193 nm. The dissociation dynamics of
nitrogen-containing systemé have proven to be rich and complex, containing
surprisingly unstable N(CHj), radicals, and provide a fertile ground for further

studies.
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Table I — Literature values for the experimental enthalpies of formation and

ionization energies of several species of interest in this paper.

Species AH®, . Ionization Energy (eV)
(kcal/mol) '
N(CH3)s -5.67 + 0.18 56 7.76 - 8.56,°
7.85+0.05 (eval.)®
CH,N(CH3), 31.1+247"
N(CHjz), *30.38 5175
33.79 <9.42+0.18
9.01+£0.02 eV 22¢
33.8+310°
34 11,12
35+213
3914
293215
37.416
38217
CH,NCH; 11'+2518 adiabatic:
9.3,9.4,9.8+0.1°
vertical:
10.0,9.90+0.02 5
CH,NCH, 63319
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a. The value in reference 7 is for the bond dissociation energy of N(CHjz); —

CH,N(CHjs), + H. We have used the values’ of AH, for N(CHs); and H to
determine an estimated AH,’for CH,N(CHj),. |

b. The published value for AH,’ of N(CH3), and bond entha’lpies in Reference 10

are in error by 0.9 kcal/ mol, 2 and so we have made the approprlate
correction here.

c. A photoelectron value, not necessarily implying that the parent ion is stable.
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Table II - Calculated enthalpies of formation of selected neutral species of

interest to the present study. The values were obtained at the G3 level of theory

and are listed at 0 K, with equivalent values at 298 K given in parentheses.

Species Calculated Enthalpy Remark

of Formation '
at 0 K (298 K), kcal/mol

N(CH,), A, (C,) 09 (-5.9)

CH,N(CH,),"A’ (C)) 40.4 (34.7)

H,C-N-CH, B, (C,,) 42.6 (38.6) a

H,C-NH-CH, "A (C)) 40.2 (36.5)

H,C-N-CH, 'A’ (C) 229 (19.4) b

H,C-N-CH,’A” (C) 87.0 (83.8) c

H,C-NH-CH, "A’ (C, ring) 35.4 (31.4)

H,C-N-CH, *A,(C,)) 58.3 (55.7) d

H,C-N-CH, *B,(C,, ring) 76.1(73.1) e

H,C-N-CH *A’ (C,, 1) 67.4 (64.9) f

H,C-N-CH A’ (C,, 2) 72.0 (69.5) g

a C,, structure with a bent CNC frame, where on both sides one of the

HCNC dihedral angles is 180
b a C, structure with a bent CNC frame, where on the CH, side one of the

HCNC dihedral angles is Oe, while on the CH, side one of the HCNC
dihedral angles is 0® and the other is 180




-

43

a C, structure with a bent CNC frame, where on the CH, side one of the
HNCN dihedral angles is 0, while the CH, moiety is perpendicular to the
CNC plane.

planar C,, structure with a bent CNC frame, where on both sides one of
the HCNC dihedral angles is 0 and the other is 180e.

ring C,, structure

aC, structure with a bent CNC frame, where on the CH side the HCNC
dihedral angle is 180e, while on the CH, side one of the HCNC dihedral
anglesis 0®

a C, structure with a bent CNC frame, where on the CH side the HCNC
dihedral angle is O¢, and on the CH, side one of the HCNC dihedral
angles is also O
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Table III - Calculated enthalpies of formation of selected ionic species that are of

interest to the present study. The values were obtained at the G3 level of theory

and are listed at 0 K, with equivalent values at 298 K given in parentheses. The

enthalpies of formation of ions follow the stationary electron convention (Ref.

' 53).
Species Calculated Enthalpy Remark
of Formation
at 0 K (298 K), kcal/mol
N(CH,),", A" (C,) 182.3 (176.2)
H,C-N-CH,", B, (C,,) 249.4 (245.7) a
H,C-N-CH,",'A (C,) 251.4 (247.2) b
H,C-NH,-CH,", 'A, (C,, ring) 185.5 (180.6)
H,C-NH-CH,’, ‘A’ (C) 174.5 (170.1) c
H,C-NH-CH,", ’A (C) 250.6 (246.8)
H,C-N-CH,",*A” (C) 233.6 (230.6) d
H,C-NH-CH,’, *A’ (C, ring) 250.6 (246.8)
H,C-N-CH,", 'A,(D,,) 2159 (213.3) e
H,C-N-CH,",’A,(C,,) 276.1 (273.7) f
H,C-N-CH,’", 'A,(C,, ring) 311.3 (308.6) g
H,C-N-CH,’", ’B,(C,, ring) 303.3 (300.5) g
H,C-N-CH", 'A, (C,) 211.0 (208.5) h




45

H.C-N-CH’,’A” (C) | 331.0 (328.7) i
H.C-N-CH’, A’ (C) | 318.8 (316.5) j
H,C-C-NH"'A, (C,) ' 199.6 (197.1) k
HC-C-NH,", A, (C,) 2153 (212.7) 1

f—

C,, structure with a bent CNC frame, where on both sides one of the
HCNC dihedral angles is 180e

a C, structure where on each side one of the HCNC dihedral angles is ~7;
at the B3LYP level this corresponds to a C,, structure where the two
dihedral angles are Oe

a C, structure with a bent CNC frame, where the CH, and NH moieties
and one of the H atoms on the CH, moiety (trans to the H atom on N) are
in the CNC plane

a C, structure with a bent CNC frame, Where on the CH, side one of the
HCNC dihedral angles is 0¢, while on the CH, side one of the HCNC
dihedral angles is 0® and the other is 180«

a D,, structure with a linear CNC frame where the two CH, moieties are
perpend1cular to each other '
planar C,, structure with a bent CNC frame, where on both sides one of
the HCNC dihedral angles is 0® and the other is 180e.

ring C, structure

a C,, structure with a linear CNCH frame

a C, structure with a bent CNC frame, where on the CH side the HCNC
dihedral angle is 180¢, while on the CH, side one of the HCNC dihedral
angles is O

a C_ structure with a bent CNC frame, where on the CH side the HCNC
dihedral angle is Oe, and on the CH, side one of the HCNC dihedral
angles is also O

a C, structure with a linear CCNH frame

a C,, structure with a linear CCN frame with the NH, and CH, moieties in
perpendicular planes
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Table IV - Calculated ionization energies and fragment appearance energies of

interest to the present study. All values are at the G3 level of theory. IE, and IE,

refer to the adiabatic and vertical ionization energies, respectively, while AE,

[AB*/ABC] is the 0 K appearance energy of the AB" ionic fragment formed by the

photoionization process ABC + hv - AB"+ C + e’

AE, [H,C-NH-CH,", A’ (C, ring)/H,C-N-CH,, ’B, (C,)]

Quantity Calculated
Value (eV)
IE, [N(CH,),] 7.87
IE, [H,C-N-CH,] to 'A cation 9.05
IE, [H,C-N-CH,] to singlet surface 9.68
IE, [FL,C-N-CH,] to *B, cation 8.97
[E, [H,C-N-CH,] to triplet surface 9.82
IE, [H3C-N—CH3] to 'A’ ring cation 6.19
IE, [HSC—N-CH3] to ‘A’ (C) CH,NHCH,  cation 5.72
AE, [CHNHCH,,'A’ (C)/N(CH,)] 9.08
AE, [CH,NHCH,",'A’ (C))/NH(CH,),] 9.73
IE, [H,C-N-CH,] to *’A” H,C-N-CH," cation 9.14
IE, [H,C-N-CH,] 9.96
IE, [H,C-NH-CH, ring] to A’ H,C-NH-CH,’ ring cation 9.33
E, [H,C-N-CH, ring] | 10.00
AE, [CH,-N-CH,",’A" (C)/H,C-N-CH,, "B, (C,)] 10.52
11.25
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IE, [H,C-N-CH,] to 'A, cation

6.83
IE, [H,C-N-CH,] to singlet surface 8.63
IE, [H,C-N-CH,] to °A, cation 9.45
IE, [H,C-N-CH,] to triplet surface 10.29
IE, [H,C-N-CH, ’B, ring] to 'A, ring 10.20
IE, [H,C-N-CH, "B, ring] to singlet surface 10.42
IE, [H,C-N-CH, *B, ring] to B, ring 9.85
IE, [H,C-N-CH, °B, ring] to triplet surface 10.57
IE, [HLC-N-CH ’A’ (C,, 1)] to *A, cation 623
IE, [H,C-N-CH "A’ (C,, 1)] to singlet surface 7.70
IE, [H,C-N-CH *A’ (C, 1)] to °A’ cation 10.90
IE, [H,C-N-CH *A’ (C,, 1)] to triplet surface 11.98
IE, [ALC-N-CH*A’ (C, 2)] to A, cation 6.03
IE, [H,C-N-CH *A’ (C,, 2)] to singlet surface 7.69
IE, [H,C-N-CH *A’ (C,, 2)] to °A’ cation 10.70
IE; [H,C-N-CH *A’ (C,, 2)] to triplet.surface 11.07
AE, [CHN-CH.",'A_ (D.)/H.C-N-CIL, 'A’ (C)] 10.61
AE, [CH,-N-CH','A, (C,)/H,C-N-CH,, 'A’ (C)] 10.40
AE, [CH,-C-NH",’A, (C,)/H,C-N-CH,, 'A’" (C))] 9.90
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Table V - Calculated bond dissociation energies of interest to the present study.

“All values were calculated at the G3 level of theory at 0 K, with equivalent values

at 298 K listed in parentheses.

Quantity Calculated Value Remark
at 0 K (298 K)

N(CH,), - CH,N(CH,), + H 91.2(92.7)

N(CH,), - CH,N-CH, + CH, 77.6 (79.6) ab
N(CH,), - CH,-NH-CH, + CH, 75.2 (77.4) a,c
CH,-N-CH, - CH,N-CH, + H 31.9 (32.9)

CH,-N-CH, - CHN-CH, + H, 15.7 (17.1)

CH,-N-CH, — CH,-N-CH + H, 24.8 (26.3)

| cHN-CH, - HZC;&CHZ +H, 334(345)

a AH°®, (CH,) = 35.86+0.07 kcal/mol from Ref. 54.
b direct bond breakage to ‘B, dimethyl amldogen

c requires rearrangement
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Figure Captions

- Figure 1 - Mass spectral sweep of photofragments at 10.5 eV over the range from
m/fe=42-44, showing that there are peaks at m/e=42 and m/e=43, but that the signal
decreases monotonically past m/e=43 to m/e=44. There is no evidence for parent

N(CH,)," ion signal at m/e=44.

Figure 2 — TOF spectrum of the products of trimethylamine photodissociation at
19_3 nm, recorded at m/e=43, at a 30® source angle, and with 10.5 eV ionization
energy. Experimental points are shown as open circles and the fit to the data is
given as a solid line. The experimental data are fit beautifully by the same
tfanslational energy distributibn (P(E,)) that was used previously (Ref. '1) to fit
the signal observed at m/e=43 following 200 eV electron-impact ionization of the

photofragments of trimethylamine (see also Figure 5).

Figure 3 - TOF spectrum of the products of trimethylamine photodissociation at
193 nm, recorded at m/fe=42, at a 30e source ahgle, and with 11 eV ionization
energy. 'Experimental points are shown as operi circles and the fit to the data is
given' as a solid line, with contributions from dissociation channels shown as

broken lines. The fit uses the translational energy distributions (P(E,)’s)
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determined previously from electron impact data (Ref. 1, see also Figure 5),

which leave the slow edge inadequately fit.

-Figure 4 - TOF spectrum.of the products of trimethylamine photodissociation at
193 nm, recorded at m/e=15, at a 50 source angle, and with 10.5 eV ionization
energy. Experimental points are shown as open circles and the fit to the data is |
given as a solid line,v with contributions from dissociation channels shown as
broken lines. | The fit uses the translational energy distributions (P(E,)’s)

determined previously from electron impact data (Ref. 1, see also Figure 5).

Figure 5 — Recoil translational energy distributions (P(E,)’s) used to fit the TOF
spectra both in this paper and in previous work (Ref. 1) that used 200 eV
electron-impact ionization.! The faster P(E,), extending from 26-66 kcal/mol,
was assigned previously (Reference 1) to N(CH3)2 (X'B,) + CH,. The slower P(E.)
shown here, extending from 0-46 kcal /mol, corresponds to primary formation of
unstable N(CHQ;‘ + CH,, where the N(CH,), radical undergoes. secondary H-

atom loss prior to its arrival at the detector.

Figure 6 —Photoion yield curve for the species appearing at m/e=43. The TOF

signal at m/e=43 was integrated from 96-300 psec, and the intensity shown in this
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plot has been corrected for variations in the probe photon flux. We have

attributed this signal to the ionization of neutral CH,NCH, secondary products.

Figure 7 - TOF spectrum of the products of trimethylamine photoaissociation at
193 nm, recorded at m/e=42, at a 30® source angle, and with 10 eV ionization
energy. Experimental points are shown as open circles connected by thin lines,
the fit to the data is given as a solid line, and contributions from dissociatioﬁ
channels are shown as broken lines. The fit uses the translational energy
distributions (P(E,)’s) determined previously from electron impact data (Ref. 1,
see also Figure 5). At this ionization energy, the TOF spectrum is bimodal, and
the fit to the data appears to be too broad, especially for the fast peak. Reasons

for this effect are discussed in the text.

Figure 8 — The same experimental TOF spectrum as that shown in Figure 3,

clearly demonstrating that the P(v) shown.in Figure 9 fits the slow edge of the

signal.

Figure 9 — A velocity distribution, P(v), that can be used to fit the slowest,

previously unfit portion of the signal at m/e=42. (See also Figure 8.)



52
Figure 10 — Total photoionization efficiency curve for all species appearing at
- m/e=42. The TOF signal at m/e=42 was integrated from 90-300 msec, and
intensities have been corrected for variations in the probe photon flux. Three
possible contributions can be seen in this plot, perhaps corresponding to the
three distributions used to fit the m/e=42 TOF spectrum in Figure 8. The ion
signal starts to appéar around 9.0-9.1 eV, and levels off after a modest increase.

A second contribution starts at ~9.5 eV, and the third contribution commences at

~10.0-10.1 eV.

Figure 11 - Partial photoionization efficiency curve corresponding to the fastest
species appearing at m/e=42. ‘The TOF signal at m/e=42 was integrated from 90-
100 psec, and the intensity shown in this plot has been corrected for variations in
the probe photon flux. The spectrum can be attributed to neutral N(CH,),
radicals, undergoing efficient dissociative ionization to NC,H," fragment ions

(see text).

Figure 12 — Partial photoionization efﬁciency curve corresponding to the middle
species appearing at m/e=42. The TOF signal at m/e=42 Was integrated from 112-
121 psec, and the intensity shown in this plot has been corrected for variations in
the probe photon flux. The spectrum can be attributed to dissociative ionization

of CH,NCH, (see text).
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| Figure 13 - Partial photoionization efficiency curve corresponding to a
superposition of the slowest and middle species appearing at m/e=42. The TOF
signal at m/e=42 was integrated from 155-198 psec, and the intensity shown in

this plot has been corrected for variations in the probe photon flux.

Figure 14 - Partial photoionization efficiency curve corresponding to the slowest
species appearing at m/e=42. This curve was obtained by subtracting from Figure
13 the phbtoion yield of the middle species at m}e=42 from 155-198 psec
(obtained by scaling Figure 12 by the ratio of area under the middle fit TOF curve
from 112-121 pséc to the area from 155-198 psec). This spectrum- can be
tentatively attributed to neutral NCH, radicals, formed from secondary

dissociation of N(CH,), (see text).
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