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In this paper, we report our experimental studies, using femtosecond-resolved mass spectrometry, and theoretical
calculations of the potential energy surfaces, using density functional theory, for 10 aliphatic amines (substituted
ammonia) excited directly near the ionization continuum. By probing parent and fragment masses, we are
able to decipher pathways of the reactiveleavage and the nonreactive internal conversion, a precursor for

the following chemistry. The bifurcation in these channels is related to the structure, as evidenced by the
dramatic effect ofa-substitution vsN-substitution on the time scale of the dynamiésmtosecond vs
picosecond rates. For all molecules studied, the observed branching is dependent on the change of character
of the state, ionic and/or neutral, along the reaction coordinate, and this change blurs the distinction between
Rydberg and Superexcited states in their subsequent reactivity.

Introduction CHART 1: Two Classes of Amines Studied
Molecules near ionization have bound or quasi-bound states. ~_
Below ionization, they are the well-known Rydberg states. The NH; N
so-called superexcited states are defined as the electronically )\ )\
excited states with an excitation energy above the lowest Ri Ry Ry R,

ionization threshold:2 Both states play an important role in the
chemistry of large molecules excited at high energies. For k
example, in this laboratory, femtochemistry studies of ketdfles, RiR2=H.C3H; RiR;=H,/C;H; Ry Ry =H,C3H; Ry.Ry=CyHs,CsHy
alkyl halides® and other%” involve these high-energy Rydberg
states as a doorway to many reactions. PN P Ny

Superexcited states have been prepared under a variety of NH N
experimental condition%:1° For example, their direct relevance
was shown in a recent femtosecond-resolved photoelectron
spectroscopy study of phenol and 1,3-cyclohexadfeie.
general, ionization is an exothermic process for superexcite
species, with the possibility of autoionization, but the formation
of ions (and ejection of an electron) is not always on the ultrafast
time scale. It has been reported that superexcited species, i
some cases, can be very long-lived, up to microsec8htlse
role of these states has been examined in the decomposition o
ionized (by electron impact) aminé$;}°and also in a series of
neutral amines:1°

The nuclear motions involved in bond breaking reactions can
only be studied on the femtosecond time séalée homolytic
cleavage of a single €C o-bond is a common photochemical cat : c
reaction of organic molecules in the condensed as well as in €Xcitation energy (186 kcal mol). Conveniently, the vertical
the gas phas.The Norrish type-I reaction of ketones is a well- ionization potenthl varies with .alkyl su_bstltutlon on the nitrogen;
known example of this €C bond rupture whose femtosecond aIky] groups st.ab|I|ze thg radical cation and hgnce reduce the
reaction dynamics involves, besides the rupturing@hond, vertical _|on|;at|on potential. The_ systems studied, showp a_nd
a subset of nuclear motions, defining the reaction coordinate to@med in Figure 1, represent different classes of substitution
include not only the &C stretck? Such G-C bond ruptures, ~ &round the nitrogen and carbon atoms.
referred to as simple cleavages, have also been studied for For radical cations of aliphatic amines formed by electron-

ionized amines and have been found to be more complicatediMPact ionization the detailed mechanism wotleavage has
been discusse# 14 It has also been showhthat simple
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gthan they appear to Bé:'* To elucidate the reactive and
nonreactive pathways of these near-ionization excitations, we
present here femtosecond-resolved time-of-flight mass spectro-
fnetric (FS-TOF) studies of aliphatic amines. Unlike ketones,
they do not have low-energy valence states and we can reach
fheir superexcited states through high-energy multiphoton (with
no intermediate) excitations. All these amines have in common
the “ammonia-type” moiety and we studied 10 of them (Chart
1).

The systems under study were chosen to represent vertical
ionization potentials that are higher as well as lower than our




Dynamics of Molecules near lonization J. Phys. Chem. A, Vol. 107, No. 50, 20080873

n

2P DM2P IB
:éilgéi
@ ! o
2B DM2B DE yl /19 TE
1B

el

DM1B DM3H

Figure 1. Aliphatic amines under study.

n— 3s Rydberg transition, as addressed in ref 16 and by otherthe pump pulse for excitation and the probe pulse for ionization;
studies (see refs 1721); the vast majority of accessible excited for the pump, the 615 nm output was frequency doubled whereas
states in aliphatic amines are Rydberg st&étes, with rather it was passed directly to a computer-controlled translation stage
narrow absorption bands that are indicative of long-lived sfates. for the time delay and was used as probe in that manner. The
If broad bands were found, it was argued that dissociation time zero was measured in situ using xenon as a refefénce.

occurs. In addition to the €C rupture, C-N cleavage has been The pump and probe pulses were spatially combined and were
mentioned as have the losses of atomic and molecular hydro-focused into the supersonic molecular beam apparatus containing
genl7.18 the time-of-flight mass spectrometer. Both pump and probe

This contribution gives our experimental and theoretical pulses were appropriately attenuated to minimize background
studies of the reaction dynamics of aliphatic amines near signals and the intensities of the pump and probe pulses where
ionization on the femtosecond time scale and presents achosen such that the absorption of two pump photons is the
description of nuclear motions involved in the reactive and most likely process observed. In fact, the available absorption
nonreactive channels. The paper is organized as follows. In thespectra of aliphatic amines indicate that a state does not exist
Experimental Section and Computational Methods, the experi- to match a single 307 nm photon. By gating the signal due to
mental apparatus, measurement techniques, and theoreticabns with a particular mass, the temporal evolution of each
procedures are described, and this is followed by the Resultsspecies was measured.
and Discussion; the first part of this section details the = The compounds under study were obtained from Aldrich and
experimental results for the ion chemistry and the time-resolved used without further purification; the mass spectra reflect the
studies, whereas the second part describes our theoretical studigsurity. Some were prepared (DM3H and DM2B) by standard
and gives a discussion of the dynamics. Experiment and theorysynthesis procedures. The samples were seeded in a He carrier
are combined in the final section to provide a concluding general gas at a total stagnation pressure of 2 bar. The pressure within
picture of the reactive and nonreactive pathways of aliphatic the molecular beam apparatus was maintained-atl=¢ Torr.
amines near ionization. The nozzle temperature was kept atl00 °C to prevent

clustering.
Experimental Section

The femtosecond (fs) laser and molecular beam apparatuscom'[)Ut'slt'on‘a1| Methods

have been described in detail elsewh@r&Briefly, the output The energetics for the involved ionic species were calculated
of a colliding-pulse, mode-locked oscillator (CPM) was ampli- using density functional theory at the B3LYP/6-31G(d) level
fied with a four-stage dye amplifier, pumped by a Nd:YAG in the case of reactions on the ground-state surfaces. The zero
laser at 20 Hz. The output, after recompression by a four prism point vibrational energies were scaled by 1.008 as suggested
setup, was typically an 80 fs wide (Gaussian) pulse with an by Scott and Rador#. In the case of excited-state species, the
intensity of ~150 uJ/pulse at 615 nm. It was split to provide energetics were calculated using the TD-B3LYP/6-315(2df)
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Figure 2. Femtosecond multiphoton ionization mass spectra of aliphatic amines recorded at a time delay of less than 50 fs.

level on B3LYP/6-31+G(d) optimized geometries, unless stated The ionized amines spend on the order of @4 in the
otherwise. The 6-31++G(2df) basis set was chosen because itacceleration region of the TOF mass spectrometer and hence
was found that the agreement with the experimental excitation this is the time window of the ionic reactions in question. The
energy! for the n — 3s Rydberg excitation in gaseous mass spectra were recorded near zero time delay between the
isopropylamine (2P) is satisfactory. This amine and its dim- pump and the probe pulses to ensure minimum decomposition
ethylated (DM2P) counterpart are chosen as prototypical systemsof the neutral parent species in the mass spectra. It is the
in the computational part of this study. The scan along the utilization of femtosecond pulses that enables the selective
nitrogen inversion coordinate was qualitatively similar to that ionization of the parent and therefore offers the prospect of
obtained at the TD-B3LYP/6-31G(d) level. To reduce the  observing the ion chemistry of the parent species in question.
computational cost, this level was employed in the scan along With the exception of diethylamine (DE) the only decomposition
theo-C—C coordinates. The calculations were carried out with channel of the amine radical cations is loss of an alkyl radical

the GAUSSIAN 98 program package. to form an immonium ion:

+o +

Results and Discussion

NH, NH,
lon Chemistry. In Figure 2 we display the mass spectra of )\ - . )| SN 0
the investigated amines ionized by femtosecond laser pulses. :
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TABLE 1: Reaction Energies for C—C Bond Breakage in lonized Amines and the Vertical and Adiabatic lonization Energies
of the Corresponding Neutral Moleculeé

Molecule AH Vertical IE Adiabatic IE

NH,

J\ 0.51 9.10 8.30
Py

NH, s

L 0.54/0.53 9.04 8.13
s

/\-n

NN 121 9.13 8.16
\fi\ﬁm 1.10 9.07 8.17
BTN 1.26 8.47 772
\N/

J\ 0.86 8.00 725
e
NN 137 8.00 7.19
\ﬁ/

J\ 0.91/0.84° 7.70 7.01
NS

’\n
SRS 131 7.82 7.08

\ﬁ/

0.81/0.84° 7.44 6.90

20 K, B3LYP/6-31G(d), values in e\L.Loss of the larger alkyl fragment.

In the case of DE the immonium ion that is formed by the initial yield.1428 This illustrates that the competition between the
bond breakage further fragments. The literature 70 eV massloss of alkyl fragments from asymmetric cation radicals is
spectrum shows that this is also the case when the ionization isdetermined by an interplay between the relative barrier
induced by electron impaét. heights and the available internal energy, as discussed pre-
The mass spectra of the asymmetric amine radical cationsviously 3414
(2B, DM2B, and DM3H) show that the competition between Femtosecond-Resolved Mass Spectra and Effect of Struc-
loss of the larger and the smaller alkyl radical favors loss of ture. The temporal evolution of the parent and fragment ion
the larger alkyl radical in the case of 2B and DM2B and the currents has been recorded to shed light on the dynamical
smaller one in the case of DM3Hvhich in all cases means features that result when the neutral species absorb two 307
that an ethyl radical is lost most readily. The calculated reaction nm photons. For the systems discussed, the dependence of the
energies for the decompositions of the amine radical cationsion current § on the pump intensityl confirmed that the pump
are shown in Table 1. It can be seen that the fragmentation process involves the absorption of two photons (186 kcat#ol
pattern is in line with the calculated reaction energies; i.e., Two representative power dependenciesgjins In(lpy)) are
the energetically preferred reaction is ethyl loss from 2B, shown in Figure 3 at a 50 fs and longer time delay; one
DM2B and DM3H. This behavior is opposite to that of ali- represents amines with IE above 186 kcal Mpand the other
phatic ketone¥ under the same experimental conditions and represents amines with an IE below 186 kcal MoThe slope
to that of aliphatic amines that have been subjected to 70 eV of the straight lines is near, but not exactly, 2. Because there is
electron-impact ionization. In these systems the reaction with no intermediate state present, we expect a slope of 2. However,
the higher energy demand surprisingly proceeds in a higheras pointed out in ref 29, the central portion of the laser beam
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Figure 3. Relation between the pump-laser powgr)(and ion current®) for the most abundant fragment ions from 2B and DM3H at short (blue
dots) and long (red dots) delay times.

contributes differently from the weaker tails. The femtosecond by up to a factor 30. It can be seen from Table 2 that the decay
transients are shown in Figures-8. times that are associated with the picosecond components (
The transients corresponding to the parent mass can in allincrease as the size of the amine increases. On the other hand,
but one case (DE, Figure 7) be fitted to a single-exponential the time constants that are derived from the transients taken at
decay. In the case of some of the transients taken at a fragmenthe parent masstz{) are longer when a primary amine is
mass a second exponential and a component that accounts focompared with its dimethylated counterpart.
a depletion of the signal at positive times are required to obtain  Figure 6 shows the transients for the asymmetrical amines
a good fit. The kinetics equation is shown in eq 2, and the 2B, DM2B, and DM3H recorded at the parent mass (e.g.,
elementary steps follow those afcleavage in ketones, where  CH3;CH(NH,)CH,CHz**) and at the fragment masses (e.g.,
as in ref 3d, A and B refer to the states of the parent and C is CH;CH=NH,"). The asymmetric amines give rise to two

that of the product radical: different fragment ions and the time constantg that can be
obtained from either of the fragment transients are the same. If
A o B Y C ) these time constants reflect processes involving the correspond-

ing neutrals (e.g., CsCHNH, and CHCH,CHNH, from 2B)
The solution of these equations is straightforwakhiit we must transients taken at two different fragment masses should give
include the response functih.In contrast to the case for rise to different time constants, because the neutrals are
ketones, where the acyl radical decomposes further, the productchemically distinct species. The fact that this is not the case
radical in the present case is stable and there is no need for arfor any of the three investigated asymmetric amines indicates
additional time constant to be included. The time constants that the fragment ions are formed by decomposition of the
obtained from the transients are given in Table 2. The most ionized parent species in the acceleration region of the time-
striking feature of the transients in Figures&is the dramatic of-flight mass spectrometer and not by direct ionization of a
effect of alkyl substitution of the nitrogen atom. The substitution neutral amino alkyl radical.
of two methyl groups on the nitrogen atom introduces a  The result that no picosecond component is observed in the
picosecond component; i.e., the derived time constants increasdransients, taken at the parent masses, suggests that the
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Figure 4. Time-resolved ion currents of primary amines. The results for the parent ions are shown to the left whereas the results for the fragment
ions are shown to the right. The experimental data points are given as red dots, and the overall fit is shown in black. The components of the
transients are represented by different colors. The blue curve corresponds to the initial processes with the decay imtbeoparent. The
bordeaux line represents (when required) the component that risesovétid decays withry. The gray line is the component that describes the

offset or the depletion.
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Figure 5. Time-resolved ion currents of tertiary amines (the dimethylated counterparts of the amines in Figure 4). The results for the parent ions
are shown to the left whereas the results for the fragment ions are shown to the right. The experimental data points are given as red dots and the
overall fit is shown in black. The components of the transients are represented by different colors; color coding is the same as in Figure 4.
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TABLE 2: Time Constants Related to the Photophysical and Photochemical Processes of Aliphatic Amines {fs)

Molecule Probed Species s T,

NH, Parent (m/z 59) 110

CH,CH=NH," (m/z 44) 110

NH, Parent (m/z 73) 120

CH;CH,CH=NH," (m/z 58) 120

CH;CH=NH," (m/z 44) 120

PN Parent (m/z73) 140

NH, = +

CH,=NH, (m/z 30) 140

170

Parent (m/z 73) 150

NH,

CH,=NH," (m/z 30) 180
Parent m/z 73 60 400
CH,CH,NH=CH, (m/= 58) 60 400

\N/ Parent (m/z 87) 65
/K CH,CH=N(CH,)," (m/z 72) 65 1700

o~ Parent (m/z 101) 120
| CH,=N(CH3)," (m/z 58) 120 5600

\N/ Parent (m/z 101) 50
)\/ CH;CH,CH=N(CH;)," (m/= 86) 50 3600
CH;CH=N(CH;)," (m/z72) 50 3500

/\N/\ Parent (m/z 101) 80
) CH;CH,N(CH,CH;)=CH,"  (n7/z 86) 80 5700

~., Parent (m/z 129) 110

\)\/\ CH;CH,CH,CH=N(CH,)," (m/z 100) 110 7000
CH;CH,CH=N(CH;)," (m/z 86) 110 7000
@ The values are derived from the transients shown in Figurek 4

decomposition of the parent ions is comptets least within interesting observation to be made. DE is the only case where
the limit of the signal-to-noise ratio of the transients. The the parent transient cannot be fitted as a single exponential
reaction energies for the decomposition of the ionized amines decay; an additional exponential function is required. The
are consistent with that idea. They all lie significantly below amplitude of this additional component comprises less than 10
the combined energy of two pump photons amme probe % of the parent transient. The transient taken at the fragment
photon 10 eV). The sum of the numbers in columns 1 and 3 mass can be fitted to the same two exponential functions as the
of Table 1 gives the reaction energy for the decomposition parent transient, but the amplitude of the component corre-
relative to the ground state of the neutral. The excess energy (2sponding to the larger time constant is significantly larger in
eV) that results from the absorption @fieprobe photon would that case. The behavior of DE is intermediate to that of the
suffice to give virtually complete decomposition in the.1 primary and the tertiary amines, and the result also points in
us the parent ions spend in the acceleration region of our time- the direction of decomposition of the ionized (hot) parent ions
of-flight mass spectrometer. Moreover, it is most likely that the in the acceleration region of the mass spectrometer. This again

probing process involves the absorption of more tha@probe indicates that the slower component does not reflect a process
photon, giving rise to an even higher excess energy of the parentin the neutral amino alkyl radical.
ion. The transients shown in Figures-8 where obtained using

Only one secondary amine (DE) has been included in this low-intensity probe pulses~6 «J pulse?!) to minimize the
study, primarily to test whether substitution by a single alkyl background signal. More intense probe pulse3quJ pulse?)
group will also give rise to a picosecond component in the change the amplitudes of the various components that are
transients taken at the fragment masses. It can be seen frontontributing to the transients (Figure 8). It can be seen that the
Figure 7 that this is not the case. However, there is another amplitudes of the offset component of the parent transient and
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Figure 7. Time-resolved ion currents of diethylamine (DE, a secondary amine) and triethylamine (TE, a tertiary amine). The results for the parent
ions are shown to the left whereas the results for the fragment ions are shown to the right. The experimental data points are given as red dots and
the overall fit is shown in black. The components of the transients are represented by different colors; color coding is the same as in Figure 4.

TABLE 3: Vertical Excitation Energies of Isopropylamine
and N,N-Dimethylisopropylamine?

State NH, \N/
PN P
A'(n—3s) 532 5.01
A"(n—3py) 6.20 547
A'(n—3p,) 6.21 5.45
A'(n=3py) 6.36 5.62
A”(n—3dy,) 6.91 6.23
A'(n—3d7") 7.02 6.04

aTD-B3LYP/6-31++G(2df), values in eV, at 0 K.

lower in the case of the dimethylated species. Third, there is a
state in the vicinity of 6 eV (such a state would be populated
by the absorption of three probe photons). The available data
for the absorption bands of gaseous amines are limited. For
isopropylamine (2P), the absorption maximum corresponding
to the n— 3s transition lies at 234.75 nf4.The calculated
value at the TD-B3LYP/6-3t+G(2df) level of theory is 233
nm.

The existence of a state at 6 eV introduces the possibility of
a reversal of the pump/probe scheme at negative times; i.e., the
615 nm pulse plays the role of the pump (3 photons) whereas
the temporal evolution of the wave packet on the 6 eV state
can in principle be monitored by the 307 nm pulse. If the 6 eV
wave packet does not evolve on the time scale under consid-
eration the ion current would be higher at negative times
(apparent depletion at positive times). At positive times the

the depletion component of the fragment transient increase'OOpUIat'On is pumped to an 8 eV state; if the probing of this

significantly with the intensity of the probe pulse. By establis

ing the baseline (i.e., by measuring the ion current with the laser

h. State gives rise to an offset, it will be counterpoised by the offset

at negative times. The final result (offset or depletion at positive

blocked), it was shown in all but one case that the probe Iou|setimes) will depend on the experimental conditions (primarily
does induce enhancement: the ion current induced by theth€ pulse intensities). We have recently shown that the three 2

combination of the pump and the probe pulses exceeds the€V Photon pumping followed by 4 eV probing can contribute
baseline value at positive times. The exception is found for the Significantly to the overall signal at negative times so the result

transient taken at/z = 58 for DE; in this case the apparent
depletion is genuine. This indicates further fragmentation of the
58 amu fragment ion. It is in line with this result that the ion
current corresponding to thevz = 30 ion from DE again
exceeds the background signal.

Theoretical

Absorption Spectra. The vertical absorption energies of 2P

is not surprisinga?

The excitation energies in Table 3 all reflect transitions from
the nonbonding orbital on nitrogen to a Rydberg orbital. The
Rydberg excited species have the character of a cationic core
surrounded by a diffuse electron cloud; the nature of such
species resembles that of the corresponding radical cation in
many respects. Amine radical cations are stabilized more than
the neutral by methyl substitution on the nitrogen atom.
Accordingly, the excitation energies are lower for the neutral

and DM2P are given in Table 3. Three points are noteworthy. dimethylated amine compared to its unsubstituted counterpart.

First, the calculations confirm that there is no state to match It has been suggested that there can exist several types of 3s
the absorption of a single 4 eV pump photon; the lowest lying Rydberg states, some which are bonded and some which are
state is found at 5.01 eV. Second, the excitation energies arenot2® Our TD-DFT calculations show that this is not the case;
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Figure 8. Examples of the effect of high probe power on the time-resolved ion currents that result from primary, secondary, and tertiary amines. Notgzs¢him iaorplitude of the components tha
correspond to an offset and to depletion (cf. Figures 4, 6, and 7). The experimental data points are given as red dots and the overall fit is showhearcbiapknents of the transients are represent
by different colors; color coding is the same as in Figure 4.

18



10882 J. Phys. Chem. A, Vol. 107, No. 50, 2003 Salling et al.

9 \\_\ w //.
- \\ b
8 4 N\ it B
7 -
. o=
?qg_ o Rydberg Series
L 4 851y
8.41\
8.3 () D
21 8.2 T HN
21 g0 AT x
7.9 \
15 7.8
35 40 45 50 55 60 65
0 5 I — I
35 bS 75 @5 11 136
Nitrogen Inversion, ®(°)
9 .
8 .
? -
6 .
?Q . Rydberg Series
W 4 -
) )
4 T H N
/ Ha G
2
1 65 70
0 L] I T

35 55 75 95 115 135
Nitrogen Inversion, ®(°)
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existence of conical intersections. Note the similarity in energetics between the scan for the primary and the tertiary amines. The purple curve
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The gray curve corresponds to the ground state of the ionized amine.

we find that there is a single 3s Rydberg state, three 3p Rydbergviable strategy. We therefore employed CAS(4,3)/6-&1d)
states, and five 3d Rydberg states. calculations and solved for the second root of the Cl equations.
Geometries. To establish which coordinate will take the Convergence problems for larger active spaces limited the
initially formed wave packet out of the FranekCondon (FC) exploration of the higher excited states. An alternative program
region, the equilibrium geometry of the-n 3s excited species  package (MOLPRO 2000) showed a more smooth behavior.
was calculated. Gradients have yet to be developed for TD- However, it is not possible to calculate vibrational frequencies
DFT approaches so this type of calculations does not provide aunder symmetry constraints and lowering the symmetrgto
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Figure 10. Scan of the potential energy surface for 2P and DM2P along th€ 6ond breaking coordinate. The geometries were calculated for
the ionized amine at the UB3LYP/6-31G(d) level, which means that the configuration around the nitrogen is planar durinG stee€h @ =

90° in Figure 9). The excited-state energies were calculated at the TD-B3LYR/&@) level. Note the asymptotic behavior toward excited-state
amino alkyl radicals.

reintroduced the convergence problems so this package was noamine (0.7 eV compared te-0.5 eV for the primary amine).
employed any further. In both cases internal conversion between the Rydberg states
The results for the equilibrium structure on the ground state is possible via a — 3s state that crosses with the Rydberg
and at $(n — 3s) surfaces are shown in Chart 2. Our states. Such crossings may result in conical intersections that
computational results show that the energy change inducedoften are considered to give rise to “instantaneous” surface
by rotation of the HNH plane is negligible and that the transitions®? The result that the crossing features are so similar
minimum-energy species has a HNCH dihedral angle of either for the primary and the tertiary amines is consistent with the
0° or 9¢° depending on the state. The principal motion that takes conclusion that the picosecond component of the dimethylated
the excited-state species out of the Fran€london region is amines does not arise from an internal conversion process; if
therefore the planarization around the nitrogen atom. The that was the case, one would not have expected the effect of
appearance of the potential energy surface along this coordinatedimethylation to be so large given the similarity of the calculated
was therefore explored further and the results are presented inpotential energy surfaces.
the following section. It is evident from Figure 9 and from the comparison of the
Potential Energy Surface—The Nitrogen Inversion Coor- calculated geometry at the equilibrium region of the excited
dinate. The calculated changes in energy with the symmetrical state with the FranckCondon geometry that the internal
distortion of the HNCH dihedral angles (one for each hydrogen conversion from the initial highly excited Rydberg state can
attached to the nitrogen atom) are shown in Figure 9 for 2P proceed via the nitrogen inversion coordinate. It would indeed
and (CNCH dihedrals) for DM2P. It can be seen from the figure seem plausible that this mode is the initially activated one and
that the appearance of the potential energy surface atosg that it is therefore central for processes that occur on the
qualitatively very similar for 2P and DM2P. The only notable femtosecond time scale. As the wave packet evolves along the
difference is that the potential energy difference between the 0 — 3s state, the various crossing points are reached. At each
Franck-Condon species and the equilibrium configuration of crossing point the wave packet bifurcates; a fraction of it
the excited-state species is larger in the case of the dimethylatecproceeds on the — 3s state (toward the remaining crossing
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Figure 11. Generalized picture for the chemical and physical processes in primary and tertiary amines, excited near ionization.

CHART 2: Calculated Geometries (CAS(4,3)/6-31+G(d)) TABLE 4: Reaction Energies for Decomposition of
of the Equilibrium Structure on the Ground State and on Isopropylamine and N,N-Dimethylisopropylamine on
the S(n — 3s) State Rydberg Surface$
e
PN
A”(SOMO—3s) 5.16 108
A”(SOMO—3p,) 583 557
A”(SOMO—3p,) 504 567
A(SOMO—3p,) 658 508
A”(SOMO—3d,,)
2P (Sw Cs) 2P (S|(n _’35)9 Cs) A”(SOMO—3d,2) jfz Zi
A”(SOMO—3dy,) 767 6.57

points), and a fraction ends up in a lower energy Rydberg state.

: ; A(SOMO—3dy>.y
The wave packet population becomes progressively more ( =34 197 6.63
depopulated as the crossing points are passed along-th8s A’(SOMO—3dxy) 8.39 6.97
state. As a consequence, it is primarily the first few Rydberg A”(SOMO—Rydberg)’ .48 734
states below the initial state that are populated. A”(SOMO—Rydberg)? 06 .

The energy change along other molecular degrees of freedom
has also been calculated. The results show that internal

conversion also in these cases can proceed via-a3s state. 2 TD-B3LYP/6-3L++G(2df), values in eV, based on B3LYP/6-

However, the crossing points generally lie h'gher In energy 31++G(2df) cation geometrie$. The angular momentum correspond-
compared to the PES cuts along the nitrogen inversion mode.ing to the involved Rydberg orbital is unclear.

Because of this and because the transition from the Franck

Condon region primarily involves the nitrogen inversion mode, Figure 10 for the same manifold of Rydberg states as in the

the results are not discussed any further. scans along the nitrogen inversion mode. $he 3s state (not
Potential Energy Surface—-The C—C Bond Cleavage.To shown) has an equilibrium -€C distance of around 1.80 A.

address the feasibility of a photochemically induced@bond The potential energy associated with this state increases rapidly

breakage in amines, we have explored the potential energyas the C-C bond is stretched further; this indicates that the

surface along the:-C—C coordinate. The result is shown in  products from bond breakage on this surface lie high in energy.

A”(SOMO—Rydberg)” 9.14 776
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Figure 12. Correlation of structure and reactivity. TiNmethyl substitution results in a smearing of charges and stabilizes the Rydberg states,
leading to reactivity, not present in the unsubstituted amine. This idea is verified by a CIs/6&32df,p)//B3LYP/6-31G(d) calculation of the
charges for n— 3d excited 2P and DM2P; the charges are shown in the bottom half of the figure for FH@aokon excited species and for
species where the-&C bond is partially broken.

Franck-Condon

For the Rydberg states, the potential energy approaches thdn fact, for DM2P, it would seem to be energetically feasible at
combined potential energy of an excited-state product, ami- the available internal energy of 8.1 eV to break aCbond
noalkyl radical and a ground-state alkyl radical, as theQC even on the highest lying Rydberg states depicted in Figure 10.
bond is stretched. The reaction energies for the formation of The Rydberg-excited product resembles an ion, and that this is
the 12 lowest lying excited-state aminoalkyl radicals and a why the products become more stabilized upon alkyl substitution
ground-state methyl radical from 2P and DM2P are shown in at the nitrogen. It is interesting to note that the-C bond
Table 4. These values reflect the feasibility of the reaction under breakage is exothermic with respect to the FranCkndon
the assumption that an additional energy barrier does not exist.excited species (compare Tables 3 and 4).

The TD-DFT scans seem to indicate that this is indeed the case. ) ) )

The most apparent trend that appears upon the comparison of-oncluding General Picture of the Dynamics

the results for the primary and the tertiary amine is that the  The striking results presented here confirm the behavior of
reaction energies are significantly smaller in the tertiary case. two classes of amines, differing in their substitution. For the
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tertiary amines, the experimental (and theoretical) results support An amine is generally viewed as substituted ammonia. The
the decomposition of the excited amines wiaC—C bond excited states of ammonia have been subjected to a variety of
breakage. The primary amine, however, does not undergoinvestigations, both experimentally and theoretically. For ex-
decomposition on the time scale of our experiments. Figure 11 ample, in a computational study, the ammonia spectrum was
shows a schematic presentation of how the potential energyfound to consist purely of Rydberg states with excitation
changes for the near-ionization states when an unsubstituted oenergies higher than those of amifé# has been shown that
a substituted amine undergaesC—C bond breakage. A process the lifetimes of amine Rydberg states can be on the femtosecond
that necessarily precedes the reactive pathway is the nonreactiveind picosecond time scale depending on whether the accessed
internal conversion from a near-ionization state to the lower state is reactive and on the accessed vibrational févelA
lying one(s). mechanism similar to that of the dimethylated amines has been
For both the—NH, and the—N(CHa), systems, the wave  argued to be in play for hydrogen loss from ammonia excited
packet proceeds in the direction that leads toward the equilibrium to the Bstate**a nonreactive internal conversion leads to the
region of the near-ionization state in question. This was shown, 'eactive A;" state via the degenerate-Mi stretch. The results
by our calculations, to involve the nitrogen inversion mode and for ammonia are in line with the femtosecond internal conver-
is basically a consequence of the near-ionization state being aSion mechanism that we discussed for the amines; the longer
bound Rydberg statea cationic core separated from the valence Progression of the ammonia vibrational levels, compared to the
electron. As the wave packet moves, it bifurcates to the lower larger and more complex amines, enables the study of a
lying Rydberg states (A~ B in Figure 11). The periods of such ~ Population of a specific vibrational level in the ammonia case.
inversion motions are known from IR-spectroscopy to range  The reaction times for the bond breaking processes are on
between 25 and 50 fs, so the motion out of the Frar@kndon the picosecond time scale. This contrasts the results f6€ C
region and down to the lower lying state is reflected in the value bond breakage in ketones where the reaction occurs on the
of 7, (50170 fs) and in the transients taken at both the parent Subpicosecond time scale. The reason for this difference is that

and the fragment masses because of decomposition of the parerfluring the internal conversion of a highly excited ketone the
ion. internal energy is funneled into the reactive mode through a

conical intersection, during the initiating nonreactive internal
breakage is energetically feasible on the states that lie im- conlvefrsmtrk]]. This tls not ttze c?se for the I?n;'gesl\‘/”lgd tT)e t|kr]ne
mediately below the initial Rydberg state. Because these states>C@'€ for the reaction is, therefore, controlied by or by the
do not mix with lower lying states, the products are excited- extent of redistribution. The discrepancy illustrates the impor-
state aminoalkyl radicals (B~ C Fi,gure 11). For the-NH; tance of conical intersections for efficient reactivity in organic

amines it is the low-lying states that are reactive; these will be molecules.
populated only to a minor extent because the corresponding
potential energy surfaces cross the— 3s state late on the

In the case of the-N(CHs), amines, thea-C—C bond
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