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The ultrafast dynamics of two carbene model systems, chlorophenylcarbene (CPC) and trifluoromethylphe-
nylcarbene (TFPC), has been studied in a molecular beam. Velocity map imaging aids optimizing the pyrolysis
conditions for a clean generation of reactive intermediates by supersonic jet flash pyrolysis. The dynamics
was followed in real time by time-resolved mass spectroscopy and photoion and photoelectron imaging. CPC
was excited at 265 nm into the 3 'A’ state, corresponding to excitation from a sr-orbital of the aromatic ring
into the lowest unoccupied molecular orbital, which contains the p-orbital at the carbene center. The
experimental results suggest a three step deactivation process in agreement with computations. TFPC exhibits
two absorption bands in the 36000 cm ! and 41000 cm™! range and gives rise to very similar dynamics,
although it has a triplet ground state. The experimental data were augmented by computations.

Introduction

This paper presents a full account of our work on the
spectroscopy and femtosecond dynamics of chlorophenylcarbene
(CPC) and trifluoromethylphenylcarbene (TFPC) studied in a
supersonic jet (Scheme 1). It follows a communication of
preliminary results' and earlier papers on the ultrafast dynamics
of radicals.>?

Carbenes can be regarded as model systems for examining
nonadiabatic coupling, because of the large density of low-lying
electronically excited states. They have been described as “a
test ground for electronic structure methods™ in the literature.*
In practice, arylcarbenes play key roles in rearrangements of
alkylated aromatic compounds at high temperatures and might
be important in industrial cracking processes.’> Depositing a well-
defined amount of energy into the molecule by laser excitation
and following its photophysics in real time can help one to
understand the nature of such rearrangements and physical
processes initiating them. Note that possible thermal and
photochemical isomerizations of arylcarbenes directly depend
on the substituents of the aryl ring as well as the second
substituent linked to the carbene center.

Since experimental data on the photochemistry of phenyl-
carbenes are scarce, a detailed picture has not been achieved
so far.”® The photochemically induced isomerization of CPC
to 1-chlorocyclohepta-1,2,4,6-tetracne (CCHT) has been studied
by matrix isolation techniques.” Femtosecond time-resolved
experiments in the liquid phase document the photolysis of
diazirines and give insight into the photochemical formation of
arylhalocarbenes.'” But, so far, no information has been available
on the primary photophysical processes of isolated arylcarbenes
themselves. Primary photophysical processes such as internal
conversion (IC), intersystem crossing (ISC), and relaxation
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SCHEME 1: Carbene Generation by Supersonic Jet
Flash Pyrolysis of Diazirines
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through conical intersections (CIs) initiate almost all photore-
actions, and photochemistry rarely takes place from the initially
excited state.!" The elucidation of such processes is thus of
considerable importance for understanding phenylcarbene
photochemistry.

In our recent communication, we presented experimental
results that support a deactivation of the initially excited-state
in a three-step process to the hot ground state.! The present
paper gives a full account of the early dynamics of CPC,
together with new results on TFPC.

The phenylcarbenes were produced from diazirines, which
are known to be ideal precursors for generating free carbenes!?
and are important compounds for photoaffinity labeling.'* The
diazirines were cleaved by supersonic jet flash pyrolysis to form
a cold molecular beam of intermediates."* Diazirines with
different functional groups were used, showing that not all of
them are suitable for phenylcarbene generation by this method.
Velocity map imaging (VMI)!® has proven to be a powerful
tool for studying intermediates in order to distinguish between
pyrolytically generated intermediates and intermediates produced
by dissociative photoionization of the precursor, an issue that
is important for the interpretation of spectroscopic data.'® The
method thus greatly simplifies the optimization of the pyrolysis
conditions and seems to be of general interest for efficiently
studying reactive intermediates.

Resonance enhanced multiphoton ionization (REMPI) spec-
troscopy was applied to characterize the absorption spectrum
of TFPC. The singlet—triplet gap of TFPC was determined by
density functional theory (DFT) calculations. The dynamics of
the two studied phenylcarbenes (CPC and TFPC) are interesting
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to compare, since they possess different spin multiplicity in the
ground state as known from experimental as well as theoretical
results. Whereas CPC has a singlet ground state,'”'8 ESR spectra
show that TFPC has a triplet ground state, but to the best of
our knowledge no computational information on the singlet—
triplet gap is available yet.!"” Hence the present work explores
and compares dynamics on singlet and triplet potential energy
surfaces of structurally very similar molecules.

Experimental Section

The experiments were performed in a standard molecular
beam apparatus. A cold beam of phenylcarbenes was prepared
by supersonic flash pyrolysis'* of diazirines (3-phenyl-3-
(trifluoromethyl)diazirine, 3-phenyl-3-methyldiazirine (isomer-
ized), and 3-phenyl-3-chlorodiazirine), synthesized according
to the literature.?°~%2 The precursor was seeded in 3 bar of argon
and expanded through a short, weakly heated silicon carbide
(SiC) tube attached to a water-cooled solenoid pulsed valve
operating at 20 Hz. The cooling system assures a stable
operation of the valve and suppresses the dissociation of
the precursor before reaching the end of the SiC tube. The
pressure in the source chamber was 2 x 107> mbar. After
passing a 1-mm skimmer, the molecular beam reached the
detection chamber (2 x 1077 mbar), which was equipped with
a time-of-flight mass spectrometer (TOF-MS) and a VMI
detector used for mapping ion or electron kinetic energy
distributions. Photoelectrons and ions were detected on a
position-sensitive detector, creating raw images that were
recorded for each delay and accumulated over several hundred
laser shots. The images were then transformed by the pBASEX?
method to reconstruct the central slice of the original kinetic
energy distribution of the photoelectrons or ions from the raw
images, yielding photoelectron or photoion spectra as a function
of the time delay between the pump and probe laser. Also, the
pBASEX algorithm enables the separation of polarized and
unpolarized structures in the image.'?

A 20 Hz femtosecond Ti:Sa oscillator/amplifier chain was
used for the experiments. In accordance with the absorption
spectrum of the carbenes, the third harmonic of the Ti:Sa laser
(265 nm, 2 uJ) was used as a pump pulse. Following the initial
excitation, the fundamental of the Ti:Sa (795 nm, 480 uJ) was
applied as the probe pulse in a multiphoton ionization process.

Since the ionization potential (IP) of the carbene is low, and
the excited states form a dense band between 3.9 and 6 eV,
elucidating the primary photophysical processes of the 3 'A’
with a single probe photon is unlikely to give a sufficient
pump—probe contrast, since the photons of pump (265 nm) and
probe (e.g., 275 nm to reach the ionization threshold) will lie
energetically too close. Using 795 nm photons for the probe
step produced a very strong two color contrast. Nevertheless,
due to the large density of excited states of arylcarbenes,
applying a multiphoton probe can lead to photoelectron spectra
which are mediated by intermediate resonances and can hamper
the interpretation.?*~2

Both laser beams were horizontally polarized. The pump—probe
time delay was controlled by means of a delay line set on the
probe beam and actuated by a computer-controlled stepper
motor. The time intervals between two data points were not
constant in a given time scan and adjusted to the slope of the
decay signal. Around zero time delay, data points were taken
typically every 8 fs, whereas, at early and late delay times,
longer intervals were chosen. The beams were overlapped in a
small angle and focused into the interaction region by a 70 cm
lens for the 265 nm beam and a 50 cm lens for the 795 nm one.
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Figure 1. Mass spectra of 3-phenyl-3-chlorodiazirine recorded at zero

time delay at different conditions. When turning the pyrolysis on, the

carbene signal (m/z = 124/126) increases strongly (bottom trace). In

two-color experiments, a strong pump—probe contrast is achieved.

The 795 nm beam was focused 5 cm away from the interaction
region; the focus for the 265 nm beam was 14 cm away. For
pump—probe contrast optimization, the probe and the pump
beam were attenuated until the one-color background signal was
minimized. The laser cross-correlation of pump and probe was
typically around 100 fs. Good starting values for zero time delay
as well as the instrument response function (IRF) were taken
from experiments on C;Hs (compare Figure 6). In the time-
delay scans, 256 shots were averaged per data point. The time-
resolved spectra reported here typically constitute an average
of four to five such scans.

Frequency resolved spectra of TFPC and styrene were
acquired in a separate standard molecular beam apparatus,?’
equipped with a TOF-MS. For excitation, the unfocused
frequency-doubled output of a tuneable nanosecond dye laser
was used (beam diameter around 0.35 cm), which was pumped
by the third harmonic of a Nd:YAG laser. The carbens were
produced in the same manner as described above, and the measure-
ments were performed using one-color REMPI spectroscopy.

Experimental Results

Carbene Generation. The pyrolytic generation of the phe-
nylcarbenes is illustrated in Scheme 1. The precursors corre-
sponding to R = CI and R = CF; show full conversion to the
carbene, already at low pyrolysis temperature. Only a small
amount of one-color background and negligible quantity of side
products are observed in the mass spectrum as shown in
Figure 1. In contrast, we discuss below that this approach is
unsuccessful when R = CHj. Typical TOF mass spectra
obtained in the femtosecond experiments on 3-phenyl-3-
chlorodiazirine (R = Cl) are depicted in Figure 1 at different
conditions.

The spectrum in the upper trace has been recorded with the
pyrolysis source turned off and both excitation (265 nm) and
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Figure 2. Mass spectra of 3-phenyl-3-trifluoromethyldiazirine recorded
at zero time delay at different conditions. When turning the pyrolysis
on, the carbene signal (m/z = 158) increases strongly (bottom trace).
With two colors, a pronounced pump—probe contrast is achieved.

probe (795 nm) laser arriving at around zero time delay. Only
when strongly zooming into the mass spectrum (not shown) a
negligible signal at the mass of the carbene (m/z = 124) was
visible under these conditions, due to dissociative photoioniza-
tion of the precursor. The amount depends on the position in
the molecular beam pulse (i.e., at the leading edge of the pulse,
only pyrolytically generated carbenes are present and no
carbenes resulting from dissociative photoionization of the
precursor). This observation is in accord with recent studies on
the dissociative photoionization of diazirines using synchrotron
radiation.”® When turning the pyrolysis on, the carbene signal
increases by a factor of 100—1000 (bottom trace), depending
on the position in the molecular beam. CPC shows the typical
chlorine isotopic distribution (CI/A'Cl: 76%/24%) as well as
13C satellites. The center trace is recorded with the probe laser
alone. A comparison of the center and bottom traces illustrates
the pronounced pump—probe contrast of the CPC signal. Note
that, for the delay scans, the pump laser was attenuated to
produce a very tiny one-color signal, whereas the probe laser
was adjusted to give no one-color signal at all. The second
product of the pyrolysis is N,, which is neither excited nor
ionized at the chosen wavelengths. Experiments using the second
harmonic of the Ti:Sa laser (398 nm) as probe wavelength did
not result in a sufficient pump—probe contrast. A very small
signal is also present at m/z = 89. The time dependence of this
mass signal, corresponding to C;Hs, is different from the time
dependence of CPC as will be discussed below.

The mass spectra of 3-phenyl-3-(trifluoromethyl)diazirine
(R = CF;) are presented in Figure 2. Again the diazirine is
cleaved efficiently at low pyrolysis temperatures. Similarly clean
spectra were also obtained using the nanosecond setup for the
REMPI experiments as well as for control experiments with
118 nm VUYV light (not depicted). When turning the pyrolysis
on, the carbene signal (m/z = 158) increases by a factor of 10.
When adding the probe laser, a significant pump—probe contrast
is achieved as visible in the bottom trace of Figure 2. For the
pump—probe experiments the laser power of the 795 nm probe
was attenuated to give no one-color signal in the TOF-MS. The
fragments with m/z = 138 and m/z = 89 correspond to the loss
of HF and CF;, respectively. Both masses show the same time
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Figure 3. REMPI spectrum of TFPC, recorded using a nanosecond
dye laser.

dependence and thus originate from dissociative photoionization,
which is discussed in more detail below (Figure 7). This
fragmentation pattern is presumably linked to the multiphoton
probe step and was not observed in one-color VUV experiments
when applying synchrotron radiation up to 9.5 eV.?

A [1 + 1]-REMPI spectrum was recorded for TFPC using
the nanosecond dye laser setup. It is presented in Figure 3. The
spectrum shows two broad and unstructured bands. The first
band is peaked at 36650 cm™!, and a second weaker band is
peaked at around 41140 cm™!. The spectrum shows that TFPC
absorbs at 265 nm, allowing femtosecond pump—probe experi-
ments using the Ti:Sa third harmonic for excitation of the
intermediates. For CPC, all attempts to record a [1 + 1]-REMPI
spectrum using the nanosecond dye laser setup failed.

The recorded REMPI spectrum of TFPC is similar to the UV/
vis spectrum recorded in matrix experiments?® of a closely
related phenylcarbene, TFPC-COOH, which was produced by
irradiation of 4-(1-azi-2,2,2-trifluoroethyl)benzoic acid (ATE-
BA). The two carbenes only differ in the presence of a COOH
group at the aryl ring. No UV/visible (UV/vis) absorption
spectrum of TFPC is available in the literature. A strong
absorption around 36000 cm™! seems to be characteristic for
TFPC entities, since the UV/vis absorption spectrum obtained
after irradiation of ATEBA in ethanol® shows an intense band
at 35714 cm™!. This band of the corresponding carbene (TFPC-
COOH) is red-shifted compared to TFPC, due to the presence
of a —COOH group. The weaker band of TFPC appearing at
41136 cm™! in the REMPI spectrum is not visible in the UV/
vis spectrum of TFPC-COOH reported in the literature, since
it is superposed by a much stronger absorption band of the
remaining ATEBA precursor in this spectral region.

As a second detection method, photoion imaging was applied.
In contrast to conventional TOF mass spectrometry, this mass
selective method registers not only the different ion masses,
but also the position at which they collide with the detector.
Thus particles with higher kinetic energy will hit the detector
on a bigger radius. By processing the raw images via the
pBASEX algorithm, the kinetic energy distribution of the
particles is accessible. Typical photoion images of 3-phenyl-
3-chlorodiazirine, which was irradiated by 265 nm only (150
ulJ) are depicted in Figure 4. Note that these images were
recorded later in the molecular beam as compared to the TOF
spectra in Figure 1, and the laser power at 265 nm was
considerably higher as in the pump—probe experiments. Later
in the molecular beam, the concentration of diazirines is higher,
whereas the maximum concentration of pyrolytically generated
intermediates is found at the leading edge of the gas pulse. When
the pyrolysis is turned off, the 3-phenyl-3-chlorodiazirine yields
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Figure 4. Kinetic energy distributions of the carbene ions (mass m/z
=124) with pyrolysis source off (left) and on (right) recorded by VMI.
The raw images are depicted as insets. The intensity of the signal
strongly increases when turning the pyrolysis on, and the kinetic energy
distribution becomes very narrow (note the same x-axis scale). The
kinetic energy distribution with pyrolysis on between 0.00 and 0.03
eV is magnified as an inset on the right-hand side.

aring of fragments at the mass of the CPC (m/z = 124, left) in
the images. The corresponding kinetic energy distribution of
these fragments is peaked at 90 meV. Their energy distribution
and the corresponding raw image (inset) are presented in Fig-
ure 4.

Comparison with recent synchrotron experiments proves that
the fragments are formed by dissociative photoionization of the
precursor by two 265 nm photons.”® The VUV synchrotron
measurements show that dissociative photoionization of CPC-
N, takes place above 8.8 £ 0.1 eV. Because of the excess energy
(0.56 eV) deposited into the precursor, it dissociates after
ionization into nitrogen and CPC* with considerable kinetic
energy. When turning the pyrolysis on, the ring continuously
fades out, and an intense spot appears at the same mass (m/z =
124, CPC), which has a higher velocity in the direction of the
molecular beam (Figure 4, right) and a very narrow kinetic
energy spread with its maximum peaked at 2 meV.

A magnified plot of the narrow energy distribution is shown
as an inset in the right-hand side of Figure 4. These ions are no
longer produced by dissociative photoionization of the precursor
in the ionization region but by a [1 + 1]-REMPI process of
pyrolytically generated carbenes in the beam. Thus by monitor-
ing the speed distribution of the ions as a function of the
pyrolysis temperature, the conditions of intermediate generation
can easily be optimized. The method allows distinguishing
between carbenes originating from the pyrolysis source (spot)
and carbenes formed by dissociative photoionization (or pho-
todissociation) of the precursor (ring). This simplifies the
interpretation of spectroscopic data, since dissociative photo-
ionization or photodissociation processes leading to fragments
can safely be discriminated from intermediates originating from
the pyrolysis source. Similar observations were made when
using 3-phenyl-3-(trifluoromethyl)diazirine. Hence we were able
to optimize the generation of TFPC in the same way.

REMPI spectroscopy was performed to experimentally de-
termine the absorption spectrum of the product obtained by
supersonic jet flash pyrolysis of 3,3-methylphenyldiazirine. The
result is presented below in Figure 5 and compared to the
spectrum obtained when using authentic styrene (mass spectra
are presented in the Supporting Information). Between 35 600
cm™! and 36 000 cm™!, the REMPI spectrum of styrene shows
the same structure that was also acquired by fluorescence
spectroscopy, and our spectrum augments it up to 37 200 cm™!.%°
The experiment shows that styrene has a major contribution in
the molecular beam. Hence a barrier of only 31 kJ/mol is not
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Figure 6. Ion signal of CPC (R=CI, lower trace) and the C;Hs isomer
(top trace) as a function of the time delay (pump 265 nm, probe 795
nm). The signal is described by a two step decay for CPC, whereas
the C;Hs can be described by a monoexponential decay. The IRF is
presented as a dotted red line.

sufficient to generate a clean beam of methylphenylcarbene
(MPC, compare computational section). This control experiment
also proves that we are able to produce a vibrationally cold
molecular beam using supersonic jet flash pyrolysis of diazirines.
Experiments using deuterated 3,3-methylphenyldiazirine (R =
CD;) showed no conclusive evidence of deuterated MPC in the
beam (see Supporting Information), which is known to have a
higher barrier toward isomerization,’' due to a reduced pos-
sibility of tunneling.

Time-Resolved Measurements. Three different experimental
techniques were used to elucidate the excited-state dynamics
of the phenylcarbenes: (a) measurements of the time-dependent
ion signal by a standard TOF-MS, (b) time-resolved ion imaging,
and (c) time-resolved photoelectron imaging. After optimization
of the pyrolysis source, experiments (a) and (b) yielded identical
results. Typical mass selected delay scans obtained for CPC
and TFPC are depicted in Figure 6 and Figure 7, respectively
(both lower trace). The carbene signals are compared with delay
curves of other fragments present in small quantities in the mass
spectra (upper traces). The ion signal of both carbenes is
described by a two-step decay, convoluted by a Gaussian shaped
IRF for both carbenes (full width at half-maximum (fwhm) =
105 fs for CPC, 95 fs for TFPC). The IRF was optimized in a
global fitting procedure of the dynamic models of both delay
scans shown in Figure 6. The zero time delay and the fwhm of
the laser cross correlation was shared in the global fit. The model
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Figure 7. Ion signal of TFPC (R = CF;, bottom trace), the CgH4F,
isomer (middle trace), and the C;Hs isomer (top trace) as a function of
the time delay (pump 265 nm, probe 795 nm). The signal is well
described for all species by using the same model and equal time
constants.

for CPC reflects a two step deactivation process between three
transients (I — II — III).> Both signals apparently decay to
zero at long time, suggesting that transient III is not efficiently
ionizable in the probe step with 795 nm photons. Hence the
experimental time-resolved ion signal was described by a linear
combination of S{s, and Sth, shown in equations 1 and 2. S,
describes the monoexponential decay of state I with a time
constant of 7;, and S, describes the monoexponential rise (z)
and monoexponential decay (7,) of state I1.>? The parameter o
is proportional to the fwhm of the IRF (fwhm = 2.356 x o).

At — é
S, = exp i(é - 2At) | + Erf|——* (1)
0 2t)\1, V20
” At — :—2
s, = exp i(— - 2At) 1+ Bl —2 || -
20\ 1, V20
At — —
1 (o 7
exp| =—|— — 2At]||1 + Edf| ————]| ()
2t\1, V20

As documented in our preliminary communication, a descrip-
tion of the time-dependent ion signal of CPC by a monoexpo-
nential decay curve (1 — IL, S}y,) is not adequate.' At this point,
our results show that both carbenes have an ultrafast initial
relaxation process on the order of 7; = 30—70 fs, followed by
a second relaxation process, which is about 10 times slower.
However, as will be described below, two time constants are
not sufficient to describe the dynamics of CPC.

When recording the time-resolved spectra for CPC, a small
mass peak was present at m/z = 89 (C;Hs). Its time dependence
is presented in the top trace of Figure 6 and differs strongly
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Figure 8. TRPES of CPC (pump 265 nm probe 795 nm). The
photoelectron spectrum shows the unpolarized part of the images.
Photoelectrons with low kinetic energy do not fully decay to zero after
1 ps (left). The averaged photoelectron spectrum shows three bands
(bottom).

from the signal of CPC. The time dependence is adequately
described by a single exponential convoluted with the IRF (state
I to state I model, S{a,). The state lifetime was measured to lie
around 20 fs. Due to the difference in dynamics, we believe
that this species is formed from CPC during pyrolysis by an
irreversible loss of Cl and not due to dissociative photoionization
from the parent. It might correspond to phenylcarbyne, which
is formed upon C—Cl bond cleavage in CPC. However, several
minima on the ground-state potential energy surface of C;Hs
are known in the literature from quantum chemical calcula-
tions.*® It is thus not clear which of these isomers is generated
in the pyrolysis. Because of the small signal size, it is not
considered in the discussion of the photoelectron spectra.

In contrast to CPC, the small mass peaks observed at m/z =
89 and m/z = 138 while studying TFPC (Figure 2) show the
exact same time dependent signal as was found for TFPC and
correspond to the loss of CF; and HF, respectively (Figure 7).
These fragments are likely to result from dissociative photo-
ionization of the parent TFPC™" in the probe step.

A deeper insight into the excited-state dynamics of polyatomic
molecules was obtained by time-resolved photoelectron spec-
troscopy (TRPES).!' The time-resolved photoelectron spectra,
extracted from velocity map electron imaging, of CPC and TFPC
are depicted in Figure 8 and Figure 10, respectively. The images
show a contour plot of the photoelectron intensity as a function
of kinetic energy (horizontal axis) and time delay (vertical axis).
The bottom PES in Figure 8 consists of an average over all
delay times, showing diffuse broadened structures in the electron
spectra. The spectra of CPC and TFPC are rather similar in
appearance and can be described by a superposition of three
Gaussian functions (G1, G2, G3) and one exponential function
for electrons with very low kinetic energy. This choice of
describing the photoelectron spectrum does not intend to reflect
a possible mechanism. It was chosen for convenience in order
to assign reliable time constants to different electron energy
envelopes. The spectrum of CPC shows one very sharp peak
around zero kinetic energy (0.00—0.04 eV, EXP1), one broad-
band extending from 0.00—0.25 eV (Gl), one very broad
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Figure 9. Time dependent integrals of the functions G3 and G1 of
CPC. Both integral functions were normalized to the maximum intensity
for ease of comparison. G3 decays to zero, whereas, for G1, a third
time constant is necessary in order to describe the time evolution.

unstructured band around 0.51 eV (0.45—0.58 eV, G2), and a
third broad band at 0.92 eV (G3).

The two broad bands to the right (0.51 and 0.92 eV) in the
PES yield the same time dependence as the mass resolved ion
signal presented in the lower trace of Figure 6. They can be
described by two overlapping Gaussians G2 and G3 (Figure 8,
bottom). These two bands show the largest contribution to the
intensity of the photoelectron spectra. On the left-hand side of
Figure 8, the time-dependent photoelectron signal of electrons
with low kinetic energy (0.00—0.04 eV) is compared to the
signal originating from photoelectrons between 0.45 and 0.58
eV. The decay curves were normalized to the same maximum
signal intensity, and differences at long delay times are apparent.
In contrast to the high energy electrons, the signal of the
photoelectrons with low kinetic energy is not well described
by a fit with only two time constants. This part of the signal
was additionally described as the superposition of an exponential
decay function (Exp1l) and a broad Gaussian function centered
at 0 eV (Gl). Note that the contribution of Expl is small
compared to G1. When performing a least-squares fit of the
linear combination (Exp1+G1+G2+G3) while optimizing the
amplitudes of each function, the spectra can be adequately
described at all delay times. The integral of each of the four
functions was then determined as a function of the time delay
between pump and probe. In all recorded spectra the G1 integral
(as well as the Expl integral) did not decay to zero in the
recorded time period, as can be seen on the left-hand side of
Figure 9, in which the time dependence of the G1 integral is
compared to the time dependence of the G3 integral. The time-
dependent integrals of G2 and G3 yield the same time
dependence as the mass peak of CPC (compare Figure 6). Thus,
only the dynamics of G1 (and Expl) shows significant devia-
tions. The time dependent signal is no longer well described
by a two step deactivation scheme. A model transient I —
transient IT — transient IIT — transient IV is required in order
to properly describe the dynamics of G1 (Figure 9). A third
time constant in the order of 3 ps appears when plotting the
integral of G1 (or Expl) as a function of the delay time.

The electron images also carry information on the angular
distribution of the electrons. The pPBASEX algorithm used for
analysis of the photoelectron images also analyzes the angular
distribution and can distinguish polarized (P,) and unpolarized
(Po) parts of the photoelectron images.'> Figure 8 and Figure
10 depict only the time evolution of the isotropic Py-part of the
images, which holds a much higher contribution to the overall
electron signal. The P,-part, which is not shown here, has
significant contributions for electrons with a nonzero kinetic
energy only. The Expl and G1 function are no longer required
in the description of the PES for the polarized (P,) part of the
photoelectron images. This indicates that the low kinetic energy
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Figure 10. TRPES of TFPC (pump 265 nm probe 795 nm). The
photoelectron spectrum shows the PO part of the images. Photoelectrons
with low kinetic energy do not fully decay to zero after 1 ps (left).
The averaged photoelectron spectrum shows one sharp peak and three
bands (bottom).
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Figure 11. Time dependent integrals of the functions G3 and G1 of
TFPC. Both integral functions were normalized to the maximum
intensity for ease of comparison. G3 decays to zero, whereas, for G1,
a third time constant is necessary in order to describe the time evolution.

electrons (Expl+Gl) originate from autoionization processes.
In contrast, the polarized P,-contribution to electrons above 0.25
eV suggests that such electrons originate from a direct ionization
process.

The time-dependent photoelectron spectra of TFPC can be
analyzed in the same manner as was done for CPC. The spectra
are rather similar in appearance and only differ in the positions
of G2 and G3 as well as in the magnitude of the time constants.
The G3 part is well described by two time constants (7; = 60
fs, 7, = 500 fs), whereas for the G1 part again an additional
time constant is required (3 ~ 3 ps) (see Figure 11). The time
dependent ion signal of TFPC depicted in the lower trace of
Figure 7, revealed only two time constants (r; = 60 fs, 7, =
500 fs). The same time constants are also found in the G3 part
of the TRPES.

Computations

Methods and Procedures. Depending on the functional
groups, some phenylcarbenes are known to perform a ring
expansion to cycloheptatetraenes (CHTs). Hence the C-shift
reaction coordinate was scanned in a DFT calculation using the
BMK/6-31172G** level of theory (compare Scheme 2 and
Figure 12) to validate that no isomerization takes place in the
pyrolysis nozzle. A preliminary account of this appeared in a
recent communication,! which is now presented extensively.
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SCHEME 2: C-Shift of CPC to CCHT with Illustration
of the Scanned Coordinate
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For the theoretical study, the BMK functional, explicitly
developed for modeling thermochemical kinetics, was chosen.>*
It was used as implemented in the Gaussian 03 set of programs.*
The distance between C;—C; is considerably smaller in CCHT
than in CPC (compare Scheme 2). Hence, for a first good
approximation, a relaxed potential energy surface scan was
performed along this coordinate as suggested in ref 36 for the
ring expansion. The geometry at the maximum potential energy
of the scan was used as a guess for the transition state of the
isomerization and was subsequently used in a QST3 calculation®
for further improvement. The transition state, the reactant (CPC),
as well as the product (CCHT) were optimized separately with
tight convergence criteria, and the electronic energies were zero
point energy corrected (ZPEC).

For CPC, extensive ab initio and DFT calculations on the
singlet—triplet gap have been performed by the Platz group,'®
demonstrating that the B3LYP functional is a cost-effective
method to compute this important parameter.*® No calculations
exist on the singlet—triplet gap of TFPC, even though experi-
mental evidence concludes that it has a triplet ground state.'®
In order to acquire a value for the gap of TFPC a full
optimization with the UB3LYP/6-3117*G**, UBLYP/6-
31177G**, BVWN5/6-3117"G**, and BVWN5/6-311""G-
(2df,2p) functional/basis sets was carried out for the singlet as
well as for the triplet carbene. The sum of electronic and ZPE
was compared for each method (Table 1). The UBLYP and
BVWNS functionals were used, because they were found to
yield good values for the singlet—triplet gaps of other carbenes.

To acquire an approximation of the first excited-state energy
of the CPC" ion (vertical geometry), TD-B3P86/6—3117"G**
calculations were performed using the ground-state equilibrium
geometry. The ground-state equilibrium geometry was taken
from the B3LYP calculations of CPC.

Computational Results. As visible in Table 1, all DFT
calculations yield a triplet ground-state for TFPC, regardless
of the functional employed. According to the UB3LYP/6-
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Figure 12. Energy diagram of the ground-state isomerization of CPC.
The barrier was calculated using the BMK functional with 6-31172G**
basis set. The transition state was found applying the QST3 method
along the C—C distance coordinate. The energy corresponds to the sum
of zero point and electronic energy.
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TABLE 1: Overview of Calculated Singlet-Triplet Gaps®

TFPC CPC
method [kJ/mol] [kJ/mol]
UBLYP/6—311""G** +10.8
BVWNS5/6—311"TTG#* +13.8
BVWN5/6—31111G(2df,2p) +15.9
UB3LYP/6—311""G** +17.4 —23.5
UCCSD(T)/6—311G(2df,p) + [—27.71"8

ZPE (UB3LYP/6—31G*)

“The value in brackets is taken from the literature.

3117*G** calculations, the first singlet state is located ap-
proximately 17.4 kJ/mol higher in energy at B3LYP level of
theory. In comparison, the same level of theory gave a
singlet—triplet gap of —23.5 kJ/mol for CPC, which predicts
the CPC correctly as a singlet in its ground-state and closely
reproduces the benchmark result obtained in ref 18, The result
for the TFPC fits nicely into a series of calculations performed
on carbenes with different electronegative substituents reported
in ref 40.

The TD-B3P86/6-3117TG** method predicts the first excited-
state of the CPC" ion at around 1.7 eV above the vertical
ionization (same geometry as CPC in the ground state) potential
of CPC. For the adiabatic case (geometry of the ground-state
cation), the method yields a value of 1.9 eV.

In Figure 12 the results of the BMK calculations for the
isomerization of CPC to CCHT are summarized. The ordinate
represents the sum of electronic and zero point energy, and the
abscissa represents the reaction coordinate of the isomerization
to CCHT as illustrated in Scheme 2. The sum of electronic and
zero point energy of CPC was arbitrarily defined as 0 kJ/mol
as reference. The QST3 calculation®” predicts an isomerization
barrier for CPC to CCHT of 96 kJ/mol. The reverse barrier lies
at only 26 kJ/mol and the carbene CPC is situated 70 kJ/mol
lower in energy than CCHT.! The ARG, value for the CPC to
CCHT reaction was calculated to lie at 69.1 kJ/mol.

In order to see how low a barrier can be before supersonic
jet flash pyrolysis no longer generates the desired product out
of the diazirine, 3,3-phenylmethyldiazirine (R = CH;) was
employed, which in principle should yield MPC. MPC is known
to have only a very small barrier toward isomerization®! to
thermodynamically considerably more stable styrene via a [1,2]-
H-shift. BMK/6-311G** (QST3) calculations employing the
same procedure as described above for CPC, predict the barrier
to lie at only 31 kJ/mol (Figure 13). The relaxed potential energy
surface scan was performed along the C—C—H angle. The value
for the isomerization barrier is close to the value retrieved by
the BPWO91/cc-pVDZ level of theory (23 kJ/mol) reported in
the literature.!

Discussion

Carbene Generation. Producing a clean molecular beam of
intermediates is associated with a considerable experimental
challenge.*> VMI" simplifies the discrimination between frag-
ments formed by the source and fragments originating from
dissociative photoionization or photodissociation by laser light
as shown in Figure 4. Pyrolytically generated intermediates show
a higher velocity along the expansion of the molecular beam
and a very narrow velocity spread. Further VMI experiments
on iodoalkanes showed that this approach is generally applicable
also for other precursors. In the case of diazirines, the pyrolysis
conditions could easily be optimized by following the images
in real time. The diazirines cleave via dissociative photoion-
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Figure 13. Energy diagram of the ground-state isomerization of MPC
(singlet potential energy surface). The barrier was calculated using the
BMK functional with 6—311G** basis set. The transition state was
found applying the QST3 method along the C—C—H angle coordinate.
The energy corresponds to the sum of zero point and electronic energy.

ization when irradiated, in agreement with recent synchrotron
studies.”® With 265 nm laser light, the CPC" fragments carry
away 0.09 eV of kinetic energy. As visible in Figure 4, the
images are not polarized, which indicates that the diazirines do
not directly dissociate. We assume that dissociation occurs after
more than a rotational period of the diazirine™.

Because of the high reactivity of the carbenes, the possibility
of isomerizations inside the pyrolysis has to be excluded. We
emphasize that the thermodynamic stability of phenylcarbenes,
with regard to isomerization, strongly depends on functional
groups of the phenyl ring® as well as on the second substituent
in o position to the carbene center. While flash vacuum
thermolysis of phenyldiazirine (R = H) can produce CHT
thermally,®*3 depending on the trapping method, TFPC (R =
CF;) is known to be inert toward isomerizations.!> Note that
the technique of jet flash pyrolysis, applied in this study,
achieves much shorter contact times, faster cooling, and can be
optimized in real time while monitoring the pyrolysis products
in the TOF-MS in contrast to earlier studies using vacuum
thermolysis of diazirines. The second phenylcarbene
(CPC, R = Cl) is known to be stable in condensed phase at
room temperature.!” The CPC is stabilized mesomerically by
the free electron pairs of the chlorine atom.*

Our BMK calculations predict the carbene CPC to be 70 kJ/
mol lower in energy than CCHT.' Thus CPC will be strongly
favored on thermodynamical grounds. According to AgG,’ =
69.1 kJ/mol = —RT In K and a pyrolysis temperature of
approximately 800 K, the ratio of CPC/CCHT will be at around
40 000. In contrast to the equilibrium between CHT and
phenylmethylene reported in ref 8, the chlorine atom consider-
ably stabilizes the carbene, rendering it thermodynamically
favored over CCHT. Hence we conclude that neither TFPC nor
CPC isomerized during the pyrolytic generation from the
corresponding diazirine precursors shown in Scheme 1. In
contrast barriers of only 31 kJ/mol are not sufficient and MPC
isomerizes to styrene when generated pyrolytically from the
corresponding precursor.

Excited State Dynamics of CPC. In the case of CPC, ab
initio calculations of the excited states are available'® and are
well reproduced by time-dependent DFT (TDDFT) calculations.!
The TD-B3P86/6-31112G** energies of the excited states are
depicted in Figure 14. All available calculations predict a
relatively large energy gap between the A 'A" state and the
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Figure 14. Excited states of CPC taken from ref 1. Most likely the
initial excitation takes place into the 3 A’ state which holds by far the
largest oscillator strength.

Figure 15. The excitation with the largest oscillator strength around
265 nm corresponds to a transition of an electron from orbital 30 into
the LUMO of the molecule (MO 33). MO 33 holds a large coefficient
at the carbene C-Atom.

next upper excited state. A dense assembly of electronic exited
states exists between 3.9 and 6 eV, which are likely strongly
coupled. This makes precise ab initio and TDDFT calculations
challenging, since many electronic configurations contribute to
the description of the electronically excited states in this energy
region.'® Taking the CASPT2 values for the location of the
excited states from Platz et al.'® instead of TDDFT values does
not significantly changes the picture. When using the CASPT2
values, the A 'A" level rises by 0.2 eV and thus would predict
electrons with 0.2 eV kinetic energy for detecting this state.
Because of the broad bands in the experimental TRPES it is
not clear whether TDDFT or CASPT?2 gives the best description
on the location of the excited states.

In all calculations reported in the literature, the transition that
carries the by far strongest oscillator strength in the energy
region of 4.7 eV (265 nm) corresponds to the excitation of an
electron from a s-orbital of the phenyl ring into the lowest
unoccupied molecular orbital (LUMO) of the molecule (state 3
'A") as illustrated in Figure 15. The LUMO contains a
considerable contribution of the p-orbital at the carbene center,
which is conjugated into the aromatic ring. The excitation energy
is very sensitive to the details of the excited-state calculation.
According to ref 18, it varies between 4.01 eV (309 nm) and
5.85 eV (212 nm). Hence a photon energy of 4.7 eV (265 nm)
can be used for exciting the molecule.

The femtosecond time-resolved pump—probe experiments
revealed that the initially excited-state of the phenylcarbenes
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Figure 16. One-color PES recorded by VMI with 265 nm only. No
structures are visible.

deactivates in a multi step fashion.! When analyzing the TRPES
of CPC (Figure 8), most of the photoelectrons possess a kinetic
energy of around 0.50 eV (open circles, left side) and a second
broad peak is visible at around 0.91 eV. Both of the peaks show
the same time dependence as the mass selected delay curve of
Figure 6. Thus they are likely to correspond to the same
photophysical processes. Since the dense manifold of excited
states depicted in Figure 14 is not expected to result in well-
separated bands in the TRPES, we assume that these broad
bands result from ionization out of these states. The structure
of the PES (G2 and G3) is not visible when static one-color
photoelectron spectra are taken at higher laser intensities in with
265 nm only ([1 + 1] REMPI) as shown in Figure 16.

In this one-color spectrum, the band has its maximum at
0.05 eV and slowly falls off toward 1.25 eV in accord with the
adiabatic and vertical IP measured in ref 28 (compare Figure
14), showing that Franck—Condon (FC) factors are large for
transitions in high-lying states of the ion. Nevertheless, radical
cations are known to possess low-lying electronically excited
states, and TDDFT calculations predict the first excited-state
to lie 1.7 eV above the IP in the case of a vertical transition.
We assume that the two bands (G2 and G3) in the TRPES
originate from two ionization processes involving a different
number of probe photons. Taking an adiabatic IP of 8.15 eV, a
[1 + 3'] process corresponds to a maximum possible kinetic
energy of 1.19 eV, and a [1 + 4'] process corresponds to
2.75 eV. A clear assignment of the two bands in the TRPES is
not straightforward, and low-lying electronically excited states
of the cation or intermediate resonances mediate the spectra.
As apparent from the comparison of Figure 8 and Figure 16,
the structure in the TRPES is linked to the multiphoton probe.

In contrast to the photoelectrons around 0.5 eV, the time-
dependent signal at low kinetic energies is not well described
by two time constants. If the relaxation proceeds via IC, the
electronic energy will be converted to internal vibrational energy
of the molecule and distributed in several vibrational modes.
When ionizing the molecule in the probe step, this energy does
not contribute to the kinetic energy of the photoelectrons. Under
the assumption that the geometry of the species does not strongly
change while relaxation to the a lower-lying state takes place,
the time dependence of the low kinetic energy electrons can be
explained. Taking the 1P, ~ 9.2 eV of CPC into account,?®
ionization from the A 'A" state (located at 1.54 eV in TD-
B3P86/6-31111G** calculations)' would produce a band of
electrons around 0.08 eV when probing with five 795 nm
photons (5 x 795 nm = 7.79 eV). Thus ionization out of this
state will produce electrons with low kinetic energy and suggests
that observing these electrons (G3) is a possibility of ionizing
the time dependence of the A !A" state. This picture can explain
why the dynamics of the A 'A" state becomes visible in the
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decay curve for G1, and the signal no longer decays to zero in
the measured delay time. The signal will be weak since more
probe photons are necessary to probe from lower lying electronic
states. In a [1 + 3'] ionization, the primary populated 3 'A’
state will also produce low kinetic energy electrons, since highly
excited levels above the ionization limit can autoionize. Au-
toionization uses up some of the internal energy to overcome
the ionization threshold and usually produces electrons with low
kinetic energy.* The 795 nm multiphoton ionization, is likely
to populate high-lying autoionizing states when probing the
dense manifold of excited states illustrated in Figure 14.
Therefore, all three time constants are visible in the photoelec-
tron energy range of G1. Because the A 'A" state is the lowest
electronically exited state, the remaining time constants have
to be linked to the dynamics of energetically higher lying states.
Hence we assign the first decay constant 7, = 40 fs of CPC to
a relaxation within the dense manifold of initially excited states
at around 4 eV. Subsequently, an IC with a time constant of
350 fs takes place into the A 'A", converting the excess
electronic energy into internal energy. Because of the existence
of intermediate resonances, the ionization efficiency of the
excited states between 3.67 and 4.01 eV will be much higher
than the ionization efficiency of the A 'A" with the 795 nm
probe (1.56 eV). Thus the time-dependent ion signal in the lower
trace of Figure 6 apparently decays to zero.

Excited State Dynamics of TFPC. Electronic spin resonance
(ESR) indicates that TFPC has a triplet ground state'® in contrast
to CPC.!7 We computed the singlet state to be 17.4 kJ/mol higher
in energy than the triplet state by DFT calculations. Thus the
photophysics of the carbene will take place on the triplet
potential energy surface. Interestingly both carbenes show
similar dynamics in the time-resolved experiments, regardless
of their ground-state spin multiplicity. TDDFT calculations on
the excited states of triplet TFPC did not produce reliable results,
because of the large number of electronic configurations
contributing to each excited-state at the TD-B3P86/6-31112G**
level of theory. Singlet TFPC gave a picture of the excited states
similar to that for CPC when applying TDDFT. In order to
acquire a more detailed explanation for the relaxation process
of the triplet TFPC, higher level excited-state calculations by
ab initio methods are necessary. Nevertheless, the data for TFPC
indicate that the excited-state deactivation of TFPC follows a
related mechanism to the deactivation of CPC. The initially
prepared state decays within 60 fs, which is followed by a
relaxation occurring within 500 fs. A third time constant on
the order of several picoseconds was also extracted. The
deactivation cascade again follows a “state I — state II — state
IIT — ground state” scheme. Again the time dependence of
electrons with low kinetic energy is different and indicates a
third deactivation process.

Conclusions

TFPC and CPC can be cleanly generated by supersonic jet
flash pyrolysis out of their corresponding diazirines. However,
the isomerization barrier of MPC to styrene (only 31 J/mol) is
not high enough to use the corresponding diazirine as a precursor
for examination of MPC. The BMK functional is a cost-effective
method for estimating whether side reactions in the pyrolysis
source can take place or not.

We thus suggest the following model for the photochemistry
of CPC: With short wavelength irradiation’ an electron from
the ;r-system of the aromatic ring is excited into the LUMO of
the molecule.''® This initially excited electronic state (3 'A’) is
presumably coupled to several other close-lying electronic states.
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Our experiments conclude an ultrafast relaxation of around 40
fs within this dense manifold of the initially prepared state. Since
the electronic states are energetically very close, the pump pulse
will likely produce a wave packet composed of a superposition
of electronic as well as vibrational states. The movement of
the wave packet out of the FC region due to geometric
deformations or a relaxation process between the close lying
states explains the first 40 fs time constant. The remaining time
constant of 350 fs has to be assigned to a subsequent relaxation
to the A 'A" state.

From the present experiments, no information is available
on how the A 'A" deactivates. Photoinduced isomerization at
short wavelengths (4 > 254 nm) of CPC to CCHT has been
reported in matrix experiments.” In principle, the photoreaction
of CPC to CCHT could take place on the A 'A" state potential
energy surface, and the third time constant corresponds to this
process. However, because of the lack of diluents and the
missing cage effect, it is most likely that the C—Cl bond fission
of CPC dominants over an isomerization to CCHT at isolated
conditions after the primary photophysical relaxation processes
have taken place. The loss of halides via predissociation has
been observed for several isolated halocarbenes.*® Since we do
not observe any fragments of lower masses to grow in as a
function of the time delay, and IC to the ground-state will be
fast as a result of the many vibrational degrees of freedom of
the molecule, we suggest that the third time constant represents
the relaxation of the A 'A" state into the hot ground state. Any
further reactions will thus take place on the hot ground-state
surface.

In matrix experiments the large amount of excess energy
deposited into the molecule by irradiation with 4 > 254 nm
enables isomerization to CCHT until the internal energy has
been transferred to the diluents. Since CCHT is not reverted
back to CPC at A > 254 nm, all CCHT is preserved at matrix
conditions. Further continuous irradiation of the matrix with 4
> 254 nm will transfer all remaining CPC successively to
CCHT.? Nevertheless, CCHT formation will only be of impor-
tance in condensed phase and most likely not in the isolated
carbene.

The experiments on TFPC give evidence that the excited-
state deactivation takes place in a very similar manner. This is
rather surprising, considering that TFPC has a triplet ground
state.
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