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We have reinvestigated the photodissociation dynamics of the phenyl radical at 248 nm and
193 nm via photofragment translational spectroscopy under a variety of experimental conditions
aimed at reducing the nascent internal energy of the phenyl radical and eliminating signal from
contaminants. Under these optimized conditions, slower translational energy (P(ET )) distributions
for H-atom loss were seen at both wavelengths than in previously reported work. At 193 nm, the
branching ratio for C2 H2 loss vs. H-atom loss was found to be 0.2 ± 0.1, a significantly lower
value than was obtained previously in our laboratory. The new branching ratio agrees with calculated
Rice-Ramsperger-Kassel-Marcus rate constants, suggesting that the photodissociation of the phenyl
radical at 193 nm can be treated using statistical models. The effects of experimental conditions on
the P(ET ) distributions and product branching ratios are discussed. © 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4894398]
I. INTRODUCTION

The phenyl radical, c-C6 H5 , is a key intermediate in
the combustion of aromatic hydrocarbons1 and formation
of polycyclic aromatic hydrocarbons (PAH).1–3 The role of
the phenyl radical in soot4, 5 formation has been of particular interest, as soot particles, which can be formed from
PAH,6, 7 have been implicated in both health and environmental issues.8, 9 The phenyl radical has also been implicated in
the chemistry of the interstellar medium, particularly in the
formation of PAH.10–12 In this work, we focus on the unimolecular chemistry of the phenyl radical by re-investigating
its ultraviolet photodissociation at excitation wavelengths of
248 nm and 193 nm, with particular emphasis on product
branching at 193 nm.
The spectroscopy of the phenyl radical is fairly well
characterized. Several of its electronic properties have been
measured, including its ultraviolet absorption spectrum,13, 14
ionization potential,15, 16 photoionization cross section,17 and
electron affinity.18 The electronic states and vibronic spectra of the phenyl radical have also been calculated.19 The
12 B1 ← X̃ 2 A1 transition of the phenyl radical was recently
studied using cavity ring-down spectroscopy.20 Rotationally
resolved infrared spectra have been measured21, 22 and investigated theoretically.23
The reactions of the phenyl radical are also of considerable interest. Early theoretical work focused on its
ring-opening and subsequent dissociation or bimolecular
cyclization.24–27 From the ring-opened structure, two dissociation pathways can occur: C–H bond cleavage to form l–
C6 H4 + H and C–C bond cleavage to form C2 H2 + C4 H3 .
Madden et al.28 calculated a ground state potential energy
surface (PES), shown in Fig. 1, along with Rice-Ramspergera) Present address: Department of Chemistry, Northwestern University, 2145
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Kassel-Marcus (RRKM) rate constants for the phenyl radical
that demonstrated the importance of C–H bond cleavage from
the cyclic species to form o-benzyne + H,28 the lowest energy product channel. The energetics for these three channels,
based on calculations by Mebel and Landera,29 are as follows:
c-C6 H5 → o-C6 H4 + H H0K = 79.9 kcal/mol,
c-C6 H5 → n-C4 H3 + C2 H2

(1)

H0K = 103.4 kcal/mol,
(2)

c-C6 H5 → l-C6 H4 + H H0K = 96.1 kcal/mol.

(3)

Later work by Olivella and Solé30 focused on the ring
opening and cyclization pathways of the phenyl radical. A
small exit barrier (∼4 kcal/mol)27 for channel 1 that was not
present in the PES from Madden et al.28 has been reported by
several groups.31, 39 Wang et al.31 further explored the RRKM
rate constants for the direct H-atom loss channel at higher
temperatures than the previous work.28 The PES was later
expanded upon27, 32, 33 to include an additional acetylene loss
channel and a C4 H4 + C2 H channel.34
Early experimental work identified the role of the phenyl
radical in combustion subsequent to the thermolysis of aromatic molecules such as benzene,35–38 thereby stimulating interest in the reactions of the phenyl radical itself. Kinetics of
reactions with the phenyl radical have been performed in the
liquid phase,39, 40 and several gas phase bimolecular kinetics
and dynamics experiments have been carried out, most notably by the Lin41–43 and Kaiser10, 11 groups. The photodissociation of benzene44 and nitrosobenzene45 have been shown
to produce vibrationally excited phenyl radicals, which then
spontaneously decay to form a hydrogen atom and a C6 H4
fragment. These studies concluded that o-benzyne was the
most likely C6 H4 fragment. Recent investigations of the reactions of the phenyl radical have included the crossed molecular beam study of phenyl with propene and trans-2-butene46
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FIG. 1. Simplified ground state potential energy diagram of the phenyl radical showing the three primary dissociation pathways. Energies are from
Ref. 29, structures are from Refs. 28 and 29.

as well as several further experimental and computational
studies by Kaiser and co-workers.12, 47–49
In work from our laboratory, Negru et al.50 investigated the photodissociation of the phenyl radical at 248 and
193 nm via photofragment translational spectroscopy. The
radicals were produced by flash pyrolysis51 of nitrosobenzene (C6 H5 NO). At 248 nm, the phenyl radical was found
to dissociate to C6 H4 + H and the resulting translational
energy distribution suggested that dissociation occurred via
channel 1, a result consistent with the PES and RRKM rate
constants of Madden et al.28 At 193 nm, both H-atom and
acetylene loss pathways were observed. Signal from channels 1 and 3 could not be distinguished and was thus referred
to as “combined H-atom loss.” Translational energy distributions for both product channels suggested statistical ground
state dissociation dynamics. However, the product branching
ratio between acetylene loss and the combined H-atom loss
channel was determined to be 5.3 in favor of acetylene loss,
a somewhat surprising result given that channel 2 is higher
in energy than channels 1 and 3. Using the PES and vibrational frequencies of Lin and co-workers,28 we were unable
to reproduce the experimental branching ratio with RRKM
rate constants and speculated that the lower energy i-C4 H3 +
C2 H2 channel27 would allow for more product flux into acetylene loss. As RRKM rate constants were unavailable for this
channel, this proposal was not tested.
Our investigation was followed by a study of phenyl radical photodissociation by Song et al.52 via H-atom time-offlight using resonance enhanced multiphoton ionization. In
the wavelength range of 215 nm to 268 nm, their translational energy distributions were consistent with ground state
dissociation dynamics. The distributions also indicated that
either only channel 1 was accessed or that both channels
1 and 3 were accessed but the channel 3 contribution was
small, a conclusion supported by the available RRKM rate
constants.28, 52 As only H-atoms are detected using this technique, Song et al.52 were unable to investigate the acetylene
loss channel.
Motivated by the results of Negru et al.,50 recent theoretical work by Mebel and Landera29 examined a larger number
of channels for phenyl radical dissociation. Detailed RRKM
calculations at a variety of energies were also carried out in
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an effort to characterize the relative importance of each product channel, finding that the three channels originally investigated by Madden et al.28 to be of greatest importance over
a wide range of excitation energies. Dissociation via the iC4 H3 + C2 H2 channel was found to be insignificant, owing
to a substantial isomerization barrier along the reaction coordinate to form these products. Mebel and Landera were unable to reproduce the experimental branching ratio with their
calculated surface and the absorption of only one 193 nm photon (148 kcal/mol): their calculated channel 2 to channels (1
+ 3) branching ratio was 0.17, favoring the combined H-atom
loss channel. Significantly, they found that channel 2 becomes
dominant at higher excitation energies, e.g., 182 kcal/mol corresponding to absorption by one photon at 157 nm. In a final
effort to explain the experimental results, they calculated several conical intersections between the first excited and ground
electronic states, two of which would place substantial vibrational energy into the acetylene loss coordinate, and suggested
that these conical intersections might result in non-statistical
dynamics that could explain the experimental results of Negru
et al. However, no excited state dynamics calculations were
performed, so the importance of these conical intersections
could not be quantified.
In an effort to reconcile the experimental and theoretical
results, we have reinvestigated the photodissociation of the
phenyl radical at 193 nm and 248 nm using photofragment
translational spectroscopy. Results were obtained under a
variety of different experimental conditions aimed at reducing
the radical internal energy. We find that a minor modification
of source conditions, using 10% N2 in He for the carrier gas
instead of pure He, yields noticeably slower translational
energy distributions for H-atom loss at 193 nm and 248 nm.
Under these conditions, and taking steps to insure that all the
nitrosobenzene precursor molecules were pyrolyzed in our
radical source, we find a C2 H2 loss vs. H-atom loss branching
ratio at 193 nm of 0.2 ± 0.1, largely in agreement with statistical theoretical results.29 Our results will be discussed in light
of previous work, particularly the results from Negru et al.
II. EXPERIMENTAL

Phenyl radical photodissociation was studied on a modified crossed molecular beam machine using a fixed source
and rotating time-of-flight (TOF) detector with electron impact (EI) ionization and a quadrupole mass filter. Details of
this apparatus have been described previously.50, 53–55 As in
our previous investigation,50 phenyl radicals were produced
via flash pyrolysis of nitrosobenzene (Sigma, ≥97%) using a
resistively heated SiC pyrolysis source based on the design by
Kohn et al.51 The source was recently modified to include additional water cooling lines on the pulsed valve assembly and
an aluminum heat shield around the SiC tube and electrodes,
resulting in a significant increase in source stability and thus
allowing for increased TOF integration times. A gas mixture
of 1.6 atm of ∼10% N2 in He was flowed over a room temperature sample of nitrosobenzene, resulting in a nitrosobenzene
concentration of ∼0.5%, and was introduced into vacuum by
expansion through a piezoelectric pulsed valve with the pyrolysis source attached.56
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The resulting phenyl radical beam was skimmed and
collimated by two skimmers that isolate the source from
the scattering chamber. The collimated molecular beam was
crossed at 90◦ with the 1 × 3 mm2 focused output of a
GAM EX100/500 excimer laser operating at either 193 nm
with typical pulse energies of 4 mJ, or 248 nm with typical
pulse energies of 12 mJ; corresponding fluences were 133 and
400 mJ cm−2 . The fluence at 193 nm was considerably lower
than the 500 mJ cm−2 used by Negru et al.50 The pulsed valve
and laser were operated at 200 and 100 Hz, respectively, in order to perform background subtraction. Scattered photofragments were detected as a function of laboratory angle Θ lab
in the plane defined by the laser and molecular beams. After
entering the detector, photofragments were ionized via EI ionization, mass-selected with a quadrupole mass filter, and ultimately detected with a Daly-style ion detector.57 Ion counts
as a function of time relative to the laser pulse were recorded
with a multichannel scaler interfaced to a computer and the
resulting TOF spectra were acquired for 105 –106 laser shots
at each laboratory angle. TOF spectra were simulated using an
iterative forward convolution method to determine the centerof-mass translational energy distributions.
The molecular beam was characterized using a spinning,
slotted chopper disk. Typical beam velocities were ∼1700 m/s
with speed ratios of 4–5. The beam was further characterized by monitoring the nitrosobenzene signal (m/z = 107) and
phenyl radical signal (m/z = 77) while the pyrolysis source
was incrementally heated until the nitrosobenzene signal was
fully depleted. Incomplete depletion of the precursor may
have been a possible source of error in our previous work,50 as
discussed in Sec. V. Any remaining signal at m/z = 77 was attributed to the phenyl radical, an assumption tested in Sec. III.
For comparison to our previous investigation, the experiments
were also repeated with 1.6 atm of pure He. Under these conditions, typical beam velocities were ∼2500 m/s with speed
ratios of 6–7, similar to the beam characteristics described by
Negru et al.50
Further experiments aimed at testing the effect of carrier
gas composition were carried out using 1.6 atm of 10% Ar
in He or 10% CO2 in He, again directly applied to both the
sample and pulsed valve. These source conditions resulted in
beam velocities ∼200 m/s slower than the N2 /He mixture but
had otherwise similar beam characteristics.
III. RESULTS

TOF spectra were taken at multiple angles for m/z = 76
(C6 H4 + ), m/z = 51 (C4 H3 + ), and m/z = 26 (C2 H2 + ), representing parent ions of photoproducts from channels 1–3, and
for m/z = 50 (C4 H2 + ), a possible daughter ion from all three
channels resulting from dissociative ionization in the EI ionizer. At 248 nm, spectra taken at m/z = 76 for Θ lab = 3◦ –7◦
were found to have one feature; no signal was observed in
spectra taken at larger scattering angles. Representative spectra are shown in Figs. 2(a) and 2(b). The data are shown as
open circles while the solid line is from a forward convolution simulation of a translational energy distribution (see
Sec. IV). No other photoproducts were observed, and all spectra at m/z ≤ 76 appeared to be from dissociative ionization of
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FIG. 2. Representative m/z = 76 TOF spectra taken in the N2 /He carrier gas
mixture at 248 nm, (a) and (b), or 193 nm, (c) and (d). The data are shown
as open circles while the solid line shows the simulation from either the 248
nm P(ET ) distribution in Fig. 7 or the 193 nm P(ET ) distribution in Fig. 8.
The number of laser shots is 300 000 and 500 000 for panels (a) and (b),
respectively; and 200 000 and 400 000 for panels (c) and (d), respectively.

the C6 H4 photofragment. As in our previous work,50 all of the
signal at 248 nm is attributed to channel 1.
At 193 nm, spectra at m/z = 76 were observed for
Θ lab = 3◦ –9◦ and representative TOF spectra are shown in
Figs. 2(c) and 2(d). These spectra are attributed to channels 1 and 3. TOF spectra for H-atoms at m/z = 1 were not
recorded due to unfavorable kinematics and high background
levels. Figure 3 shows representative TOF spectra for m/z =
51 and m/z = 26. These spectra are assigned to the C4 H3 and
C2 H2 photofragments from phenyl radical dissociation via
channel 2.
Sample TOF spectra for m/z = 50 and Θ lab < 10◦ at
193 nm are shown in Figure 4. These spectra show two features, attributed to the dissociative ionization of the C6 H4 and
C4 H3 photofragments and can be used to determine the product branching ratio. Compared to our previous work in pure
He,50 the two features are better-resolved because the molecular beam velocity is slower using the 10% N2 in He carrier
gas mixture. Details of all channel assignments and the product branching ratio will be discussed in Sec. IV.
Similar m/z = 76 and m/z = 50 TOF spectra to those
shown in Figures 2 and 4 were taken with the current experimental conditions using a pure He carrier gas. Figure 5 shows
representative results for m/z = 76 and compares them to forward convolutions from two translational energy distributions
(Sec. IV). Experiments with the Ar/He and CO2 /He carrier
gas mixtures resulted in TOF spectra similar to those shown
in Figures 2 and 3; sample 193 nm Ar/He spectra are shown
and discussed in the supplementary material.56
IV. ANALYSIS

The results presented in Sec. III suggest that phenyl
radical photodissociation at 193 nm occurs via two main
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FIG. 5. (a) TOF spectrum (open circles) of m/z = 76 and 6◦ at 193 nm in He
with simulations from N2 /He (solid line) and pure He (dotted line) P(ET ) distributions shown in Fig. 8. (b) An equivalent spectrum taken with the N2 /He
carrier gas mixture at m/z = 76 and 6◦ .

FIG. 3. Sample TOF spectra taken at m/z = 51 (top row) and m/z = 26 (bottom row) in the N2 /He carrier gas mixture and 193 nm photoexcitation. The
data are shown as open circles while the solid line shows the simulation from
the P(ET ) in Fig. 9. All spectra were simultaneously simulated with a single
P(ET ) distribution. All spectra shown were averaged for 106 laser shots.

pathways—an apparent C–C bond fission pathway and an
H-atom loss channel—while only H-atom loss appears at
248 nm. These assignments are consistent with the kinematics
of phenyl radical dissociation after excitation from one photon, as illustrated by the Newton diagram in Fig. 6 where the
circles represent the maximum center-of-mass frame velocity for each specified photofragment after photodissociation at
193 nm. The C6 H4 products from channels 1 and 3 are confined to a very small angular range while photofragments
from channel 2 are scattered over a larger angular range with
scattering of the acetylene fragment unconstrained to a maximum Θ lab . TOF spectra at m/z = 76 were not observed beyond 9◦ at 193 nm or 7◦ at 248 nm, supporting their assignment to a phenyl radical H-atom loss pathway. Signals at m/z
= 51 and m/z = 26 were observed outside of the maximum
laboratory angle for the C6 H4 fragments, eliminating the pos-

sibility that these spectra are due to dissociative ionization of
the m/z = 76 photofragment and supporting their assignment
to channel 2. This assignment can be confirmed by determining if the TOF spectra for the two fragments are “momentummatched,” as discussed below.
To analyze these results quantitatively, center-of-mass
photofragment translational energy and angular distributions,
P(ET ,Θ), were generated for each channel by simulating the
observed TOF spectra. These P(ET ,Θ) distributions can then
be rewritten as uncoupled center-of-mass translational energy
distributions P(ET ) and angular distributions I(Θ,ET ),
P(ET , Θ) = P(ET )I(Θ, ET ).

(4)

To simulate the TOF spectra, assumed P(ET ) and I(Θ,ET )
distributions were used with the PHOTRAN forward convolution program.58 The P(ET ) distribution was then adjusted
point-wise until satisfactory agreement between the TOF data
and the simulation for that channel was achieved. While an
anisotropic angular distribution is possible, satisfactory agreement between spectral data and the simulations was achieved
assuming isotropic distributions for all center-of-mass translational energies ET .
By conservation of energy, ET is given by
ET = hν − D0 + E0 + Eint ,

(5)

where hν is the photon energy, D0 is the bond dissociation
energy for a given channel, E0 is the nascent internal energy

FIG. 4. Representative m/z = 50 TOF spectra taken at Θ lab = 6◦ –8◦ in N2 /He carrier gas mixture and 193 nm photoexcitation. Data are shown as open circles.
The fast feature (dashed line) is simulated by the channel 2 P(ET ) shown in Fig. 9 while the slow feature (dotted line) is simulated by the channel (1 + 3) P(ET )
shown in Fig. 8. The solid line is the total TOF simulation. The number of laser shots is 500 000 for the 6◦ and 7◦ TOF spectra and 400 000 for the 8◦ TOF
spectrum.
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FIG. 6. Newton diagram for the phenyl radical dissociation at 193 nm under the current experimental conditions. Each circle represents the maximum
center-of-mass velocity for a photofragment based on Eqs. (1)–(3) and (5).
The dotted circle corresponds to the heavy fragment of channel 1, the dashed
circle to the heavy fragment of channel 2, and the solid circle corresponds to
the heavy fragment of channel 3. Maximum scattering angles are shown.

of the phenyl radicals, and Eint is the total internal energy of
the resulting photofragments. In the limit of cold radicals (E0
= 0), each channel’s maximum translational energy is Eavail ,
given by hν – D0 , and is used to generate the Newton diagram
in Fig. 6.
Figure 7 shows the P(ET ) distribution for H-atom loss via
channel 1 at 248 nm used to simulate the observed TOF feature in Figures 2(a) and 2(b). The assignment of these features
to channel 1 is substantiated by the result that there appear
to be no other phenyl radical photodissociation products at
248 nm. The TOF simulations for H-atom loss at 193 nm,
shown as a solid line in Figures 2(c) and 2(d), were generated by the P(ET ) distribution shown as a black line
in Fig. 8. As in our previous investigation,50 we were
unable to distinguish between channels 1 and 3, since
most of the signal occurs below Eavail for both channels. Thus, this P(ET ) distribution represents the combined channels (1 + 3). While the probability of translational energies greater than 30 kcal/mol is quite small (see
Fig. 8 inset), a trial P(ET ) distribution with zero probability at these energies resulted in noticeably poorer agreement between simulations and experimental data. As m/z
= 76 TOF data were not acquired for Θ lab < 3◦ , energies below 5 kcal/mol are uncertain. Adjustments to the 3 kcal/mol
point, however, still had an effect on the TOF simulations
and the current placement was found to produce the best
agreement with experimental data. The probability at ET = 0
kcal/mol was assumed to be zero based on previous work50, 52
and functional forms for translational energy distributions.59
TOF spectra at m/z = 76 taken in pure He carrier gas
are not simulated by the P(ET ) distribution used to fit the
N2 /He data, as can be seen in Fig. 5(a), but these data are
well-simulated by the somewhat faster distribution given in
Figure 8 (dark gray line). This P(ET ) distribution is slower
than our previously published distribution at 193 nm,50 but
has a higher probability than the N2 /He distribution for all ET
> 6 kcal/mol. The panel in Fig. 5(b) shows that this faster
distribution does not simulate the N2 /He data. TOF spectra
taken using Ar/He and CO2 /He mixes, on the other hand, were
fit well using the distribution that simlulated the N2 /He data.
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FIG. 7. Translational energy distribution for channel 1 at 248 nm. Due to the
minimum experimental scattering angle of 3◦ , energies below 6 kcal/mol are
less certain than higher translational energies. Characteristics of this distribution are given in Table I. The dashed, gray line shows the prior distribution
for this channel as discussed in Sec. IV.

Hence, the P(ET ) distribution for H atom loss clearly depends
on whether a pure He or mixed carrier gas is used, but does
not depend noticeably on which gas is mixed with the He.
The P(ET ) distribution for channel 2 is shown in Fig. 9
and the respective TOF simulations are overlaid on Fig. 3. Refinements to the distribution were made by simulating spectra
at m/z = 50 and Θ lab > 10◦ , where there is no contribution
from channels 1 or 3, as the signal at m/z = 50 is substantially
higher than at either m/z = 51 or m/z = 26. The result that
both the m/z = 51 and m/z = 26 TOF spectra are simulated
by the same P(ET ) distribution indicates that these fragments
are momentum-matched, which supports the conclusions that
the spectra in Fig. 3 are the result of acetylene loss from the
phenyl radical.
Characteristics of all P(ET ) distributions are given in
Table I. At 193 nm, the average translational energy ET
for H-atom loss in the N2 /He mixture is 4 kcal/mol below
that for pure He. In fact, it is slower than our previously

FIG. 8. Translational energy distribution for the combined H-atom loss channel at 193 nm for the N2 /He (black line) and pure He (dark gray line) carrier
gases. Due to the minimum scattering angle of 3◦ , energies below 5 kcal/mol
are less certain than higher translational energies. The probability from 35
kcal/mol to 80 kcal/mol for the N2 /He distribution is shown in the inset.
Characteristics of these distributions are given in Table I. The dashed, gray
line shows the prior distribution as discussed in Sec. IV.
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TABLE I. Characteristics of the P(ET ) distributions derived in this work: available energy Eavail , the maximum translational energy of the distribution ET,max ,
the average translational energy ET , and the average fraction of Eavail partitioned into translational energy fT . Wavelengths are given in nm and energy values
are in kcal/mol.
Channel

Wavelength

Carrier gas

Figure

Eavail

ET,max

ET

fT

1
(1 + 3)
(1 + 3)
(1 + 3)
2

248
193
193
193
193

N2 /He
N2 /He
He
He
N2 /He

6
7, black line
7, dark gray line
Fig. 9 of Ref. 50
8

35
68
68
68
46

35
65
70
66
46

6
7
11
16
13

0.17
0.10
0.16
0.24
0.28

published P(ET ) for H-atom loss at 248 nm.50 While ET for
channel 2 has not changed, the P(ET ) distribution in Fig. 9
does have higher probability at the peak translational energy
and slightly decreased probability above 25 kcal/mol compared to our previous distribution.50 At 248 nm, the P(ET )
distribution for H-atom loss is also slower than previously
published distributions.50, 52 Although our experiment does
not distinguish between channels 1 and 3 at 193 nm, it is
of interest to note from Table I that the fT = ET /Eavail for
H-atom loss is smaller at 193 nm than 248 nm. Such a result could occur if there were significant channel 3 production at 193 nm, since the available energy for this channel is
16 kcal/mol lower than for channel 1.
For comparison to experiment, prior distributions for the
H-atom loss P(ET ) distributions at 248 nm and 193 nm were
calculated. The prior distribution has the functional form59
1/2

P(ET |Eavail ) ∝ ET ρvr (Eavail − ET ),

(6)

where ET is the translational energy of the photofragment,
Eavail is the available energy given by hν – D0 in Eq. (5),
and ρ vr (Eavail −ET ) is the total rotational-vibrational density
of states for the pair of fragments. All vibrational degrees of
freedom were treated as classical harmonic oscillators, i.e.,
ρ v ∝ Es-1 , and Eavail was calculated for channel 1. The resulting prior distributions for H-atom loss at 193 nm and
248 nm are shown as dashed, light gray lines in Figures 7
and 8. These distributions are slightly slower than the experimentally determined P(ET ) distributions at both photon energies. A prior distribution was not calculated for channel 2

FIG. 9. Channel 2 translational energy distribution used to simultaneously
simulate the m/z = 51 and m/z = 26 TOF spectra. Characteristics of this
distribution are given in Table I.

as Eq. (6) is generally not applicable to reactions proceeding
over a barrier.
The assignment of the two features observed in the TOF
spectra at m/z = 50 and Θ lab < 10◦ to dissociative ionization
of the m/z = 51 and m/z = 76 photofragments is supported by
the agreement between the TOF data and the simulations for
each channel as well as the dependence of the slower feature
on Θ lab . Thus, these spectra can be used to calculate the product branching ratio. The channel 2/channel (1 + 3) branching
ratio (BR) can be calculated using the following equation:
BR = R ×

σC

6

H4

σC

4

H3

×

fC

6

H4

fC

4

H3

.

(7)

Here, R represents the ratio of contributions from each P(ET )
distribution used in the total TOF simulation. The second
term, denoted by σ , is the relative ionization cross section
for each photofragment and is estimated using the additive
method of Fitch and Sauter.60 The final variable in Eq. (7),
f, is the fraction of the total photofragment signal for each
channel that appears at m/z = 50. To determine the value of
f for each channel, TOF spectra were taken at Θ lab = 7◦ for
all values of m/z that yield measurable signal (m/z = 76, 75,
74, 73, 61, 51, 50, 49, 37, and 36). The amount of signal from
each channel was then determined for each mass-to-charge
ratio: 40% of the total C6 H4 signal and 52% of the total C4 H3
signal appear at m/z = 50, compared to 11% and 10% at the
parent ion masses of 76 and 51.
Using the P(ET ) distributions in Figures 8 and 9 for
the N2 /He gas mixture, Eq. (7) gives a channel 2/channel
(1 + 3) branching ratio of 0.2, a BR in favor of the combined H-atom loss pathway. Similarly, using our published50 f
values in Eq. (7) and the pure He P(ET ) distribution in Fig. 8,
simulations of TOF spectra for m/z = 50 taken in He yield BR
= 0.8. In order to estimate the error for each branching ratio,
we calculated the parameter R in Eq. (7) over a range of P(ET )
distributions for H-atom loss that produced reasonable agreement with each set of m/z = 76 TOF spectra. This procedure
yields BR = 0.2 ± 0.1 for N2 /He and BR = 0.8 ± 0.2 for
pure He.
It thus appears that the branching ratio is remarkably and
reproducibly sensitive to the carrier gas composition. There
also appears to be a strong correlation between the form of
the P(ET ) distribution for H-atom loss and the overall branching ratio. In simulating the N2 /He data at m/z = 50, such
as that in Fig. 4, the slower P(ET ) distribution for channels
(1 + 3) relative to that in pure He necessitates increasing the
contribution from H-atom loss (dotted line in Fig. 4) in order
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to achieve satisfactory agreement between the overall simulation and the TOF spectra.
V. DISCUSSION

The primary question of this investigation is whether
the phenyl radical dissociation at 193 nm proceeds via internal conversion to the ground electronic state followed by
statistical dissociation. The N2 /He P(ET ) distributions for Hatom loss are only slightly faster than the prior distributions,
consistent with statistical dissociation with no exit barrier.
The corresponding distribution for channel 2 peaks further
away from ET = 0, as expected for dissociation over a small
exit barrier as shown in Fig. 1. The branching ratio of 0.2
± 0.1 for channel 2/channels (1+3) is in reasonable agreement with the value of 0.17 from the RRKM calculations of
Mebel and Landera.29 This set of observations implies that
the phenyl radical dissociates statistically on the ground state
surface.
The branching ratio obtained using the N2 /He mix, however, is considerably lower than that obtained here for pure
He (0.8), and is in serious disagreement with our previous experimental result of 5.3 in favor of channel 2.50 Moreover, the
P(ET ) distributions for H-atom loss are considerably slower
than those reported in our previous work at both 193 nm and
248 nm. To understand these differences, we examine the current results in detail and compare them to previous experimental and theoretical work.
The theoretical study by Mebel29 showed that channels
associated with ring-opening, i.e., channels 2 and 3, become
progressively more important as the available energy of the
phenyl radical increases. Specifically, they found channel 2
to be the dominant channel when the available energy is
equivalent to two-photon absorption at either 248 nm or 193
nm. Along the reaction coordinates for channels 2 and 3,
the RRKM rate constant for ring opening increases by over
four orders of magnitude as the internal energy is raised from
115.3 kcal/mol (one photon at 248 nm) to 296.3 kcal/mol
(two-photon absorption at 193 nm), whereas the ring closure rate constant rises by less than a factor of three over
the same energy range. This result reflects the fact that in the
statistical limit, the electronic energy from photoexcitation is
rapidly converted to internal energy on the ground state surface and that with increasing excitation energy the entropically favored—but higher energy— ring-opened dissociation
channels become dominant. Essentially, once ring-opening
occurs at high internal energy, ring-closure is highly unlikely.
In order to test whether the branching ratio reported by
Negru et al.50 resulted from two-photon excitation at 193 nm,
we reduced56 the laser fluence from 500 to <100 mJ/cm2 using our original experimental conditions: high pressure pure
He as the carrier gas.50 Reducing the photon fluence had a
negligible effect on the branching ratio and the shape of TOF
spectral features, suggesting that two-photon excitation was
unimportant in our original experiments.
However, the work by Mebel29 and the calculated rate
constants by Madden et al.28 imply that channel 2 is also favored if the nascent internal energy E0 (see Eq. (5)) of the
phenyl radical is raised. This consideration motivated our at-
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tempts to produce colder phenyl radicals from our pyrolysis
source by adjusting the composition of the carrier gas. Here,
we found a significant effect. Using 10% N2 in He resulted in
slower P(ET ) distributions for H-atom loss at both photodissociation wavelengths and, at 193 nm, a branching ratio much
closer to the H-atom loss dominant ratio predicted by Mebel’s
RRKM calculations. As shown in the SM, experiments with
10% Ar in He and 10% CO2 in He carrier gas mixtures gave
similar results.56 When we reverted to a pure He carrier gas
while holding all other experimental conditions constant, as
shown in Fig. 5(a) , the resulting TOF spectra at 193 nm could
only be adequately simulated using the faster, pure He P(ET )
distribution in Fig. 8, and the branching ratio again showed
channel 2 to be dominant (although not as dominant as seen
previously50 ).
The choice of carrier gas is known to have an effect on
the internal energy of a seeded molecule in a molecular beam
(see, for example, Ref. 61). It thus appears that since N2 is
a heavier collider and has more degrees of freedom than He,
the phenyl radicals are more effectively cooled by the N2 /He
carrier gas mixture than by pure He, thus lowering E0 and reducing the energy available to the photofragments. The lowered nascent internal energy results in a slower P(ET ) distribution for H-atom loss and, at 193 nm, contributes to a shift
in branching ratio favoring H-atom loss over acetylene loss.
Note that the P(ET ) distribution for channel 2 is largely unchanged, perhaps reflecting the presence of the exit barrier
for this channel.
Based on the RRKM results of Mebel,29 a BR ≈ 1 would
result from a phenyl radical internal energy of ∼180 kcal/mol,
∼30 kcal/mol higher than a 193 nm photoexcited phenyl radical. The cooling of vibrationally excited benzyl radicals by
collisions with N2 is known to reduce the internal energy
by 140 cm−1 per collision.62 A 30 kcal/mol decrease in E0
would thus require less than 100 collisions with N2 . From
our experimental parameters, we estimate the number of collisions during the expansion63 to be several thousand, suggesting that this decrease in E0 due to the addition of 10% N2 is
reasonable.
The BR of 0.8 ± 0.2 found here using pure He as the
carrier gas is considerably lower than our previously reported
value of 5.3.50 Close examination of the original m/z = 50
TOF spectra shows that simulations from the published Hatom loss P(ET ) distribution do not have sufficient intensity
along the trailing edge of the observed feature. A slower Hatom loss distribution could account for this discrepancy and
would also increase the contribution from this channel in the
BR. However, the sensitivity of the BR to small differences
in P(ET ) distributions was not appreciated at the time, and
the overall simulations were thought to provide reasonable
agreement with the data. Moreover, as discussed in Sec. II,
the photodissociation of any remaining nitrosobenzene in the
molecular beam yields signal in the m/z = 50 TOF spectra
that strongly overlaps the contribution from channel 2. Simulations of these spectra in which only phenyl dissociation
is assumed would appear to require higher contribution from
channel 2 to match the total signal, i.e., a larger value for R in
Eq. (7). It is thus possible that our previously published m/z
= 50 TOF spectra were contaminated in this way, resulting in
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an additional contribution to erroneously high BR in favor of
channel 2.
The P(ET ) distribution reported here for H-atom loss at
248 nm is slower than those measured by Song et al.52 from
226 nm to 255 nm (245 nm is the closest point of comparison), whereas our earlier distribution50 was somewhat faster.
In their experiment, phenyl was produced by photolysis of
chlorobenzene or bromobenzene seeded in Ar at a backing
pressure of ∼1.2 atm. The UV photolysis of chlorobenzene is
known to produce phenyl with substantial internal energy,17
so it is possible that the discrepancies between this measurement and ours also reflect the extent of cooling by the carrier
gas once the phenyl radicals are formed. Song et al. also observed a decrease in fT with increasing photon energy, consistent with our results at 248 and 193 nm.
VI. CONCLUSIONS

We have re-evaluated the photodissociation of the phenyl
radical, optimizing experimental conditions to cool the radicals and to reduce signal from any contaminants in the
phenyl radical beam. This work is particularly concerned with
the product branching ratio for the photodissociation of the
phenyl radical at 193 nm and the implications that this ratio has for the photodissociation mechanism. We find that the
branching ratio of acetylene loss to combined H-atom is 0.2,
in agreement with the RRKM result of 0.17 (Ref. 29) and consistent with a statistical dissociation on the ground state surface. This value results from experiments in which the phenyl
radical is formed in N2 /He carrier gas mixture; a considerably
higher value of 0.8 is found when pure He is used as the carrier gas. In addition, the mixed carrier gas results in P(ET )
distributions for H-atom loss at 248 nm and 193 nm with
decreased average translational energies. The dependence of
the BR on P(ET ) distributions implies that the addition of N2
results in more effective cooling of the phenyl radicals after
pyrolysis. While these results suggest that the previous work
by Negru et al.50 was also affected by excess internal energy
in the phenyl radicals, the considerably higher branching ratio reported therein most likely reflects two additional effects:
an overly fast P(ET ) distribution for H-atom loss and incomplete pyrolysis of the nitrosobenzene precursor in the radical
source. The conclusions presented here represent a cautionary
note when using flash pyrolysis sources to generate radicals
and show that extra care must be taken to ensure contaminantfree production and sufficient cooling of the radical.
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