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Photoionization cross sections of the phenyl radical to form the phenyl cation were measured
using tunable vacuum ultraviolet synchrotron radiation coupled with photofragment translational
spectroscopy. The phenyl radical was produced via 193- or 248-nm dissociation of chlorobenzene.
At 10.0 eV, the photoionization cross sections for the phenyl radical averaged over product
channels were found to be 13.4  2.0 and 13.2  2.0 Mb, respectively, with very little eﬀect seen
from the range of internal excitation produced at the two photolysis wavelengths. Using the
photoionization cross section values for each channel, photoionization eﬃciency curves for the
phenyl radical were placed on an absolute scale from 7.8 to 10.8 eV.

Introduction
The development of intense vacuum ultraviolet (VUV) light
sources, including synchrotrons and VUV lasers, has substantially expanded the role of VUV light in physical chemistry
experiments, ranging from photodissociation and molecular
beam scattering to ﬂame diagnostics.1–7 These experiments
utilize VUV radiation to photoionize reaction or photoproducts, which in turn are mass-selected and detected. Photoionization (PI) aids in product identiﬁcation and characterization because it yields substantially less fragmentation
upon ionization as compared to detection schemes based on
electron impact ionization. However, extraction of information such as product branching ratios from photoionization
experiments requires PI cross sections for all chemical species
probed. While PI cross sections of several closed shell molecules have been determined,8 determining these cross sections
for radicals is quite challenging; it is generally diﬃcult to
produce known concentrations of these species, although some
progress in this area has been made using cavity ringdown
spectroscopy.9
Recently, our research group demonstrated a general approach to obtaining PI cross sections for radicals.10,11 Photofragment translational spectroscopy (PTS)12 is coupled with
tunable VUV-PI of a pair of momentum-matched photofragments, one of which has a known PI cross section, to determine
the PI cross section of the radical of interest. This technique
yields the radical PI cross section, even when the system exhibits
complex dissociation dynamics. Here, we investigate the phenyl
radical (C6H5), produced via 193- and 248-nm photolysis of
chlorobenzene with a goal of determining its absolute PI cross
sections using the known PI cross section for atomic chlorine8,13
–16
for the two production methods.
The phenyl radical plays an important role in combustion
chemistry. It can undergo either oxidation or polymerization
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reactions, with the latter leading to formation of polyaromatic
hydrocarbons (PAHs) and, eventually, to soot.17–19 PAH
formation is also of interest to microwave spectroscopists
and astrophysicists as these species are possible components
of interstellar space.20 Therefore the determination of the
absolute PI cross section of phenyl radical would be quite
useful, most speciﬁcally in the analysis of organic ﬂames and
soot formation processes. An additional goal of this study is to
explore the eﬀects of internal excitation on the absolute PI
cross section on a free radical. The internal energy of the
radical fragment is a possible issue in our measurements
because no cooling of the radical occurs after its creation
through the dissociation of the precursor molecule. We can
vary the internal energy of the phenyl radical by using two
diﬀerent photolysis wavelengths to create the radical and
taking advantage of the multiple channels for chlorobenzene
photodissociation that produce phenyl radicals with diﬀerent
internal energy distributions.
The photodissociation dynamics of chlorobenzene have
been studied at 248 nm21 and 193 nm22,23 using molecular
beam photofragment translational spectroscopy. In each
study, only the recoiling chlorine fragment was monitored,
and center-of-mass (CM) frame translational energy distributions (P(ET) distributions) were derived that ﬁt this photoproduct. From these experiments, it was concluded that
193-nm excitation of chlorobenzene results in three distinct
dissociation channels resulting from C–Cl bond ﬁssion. The
fastest products were attributed to a direct dissociation or fast
predissociation, the second channel to dissociation from vibrationally excited triplet levels, and the slowest products to
internal conversion followed by dissociation from highly
excited vibrational levels of the ground electronic state. Photodissociation at 248 nm was proposed to occur via the second
and third channels only.
The interpretation of these experiments was supported in
recent theoretical work of Lunell and co-workers24,25 This
theoretical analysis also yielded state labels for the origin of
the observed dynamics. Fig. 1 illustrates the diabatic potentialenergy curves along the Cl–C6H5 bond of chlorobenzene, as
This journal is


c

the Owner Societies 2006

of the radical. The multiple dissociation channels at the two
photolysis wavelengths used in this study result in phenyl
production with a wide variation in internal energy. Nonetheless, we ﬁnd relatively little variation of the photoionization
cross section of the radical over the energy range studied here
(7.8–10.8 eV).

Experiment

Fig. 1 Potential energy curves along the Cl–C6H5 bond of chlorobenzene adapted from ref. 25. The arrows indicate the 248- and
193-nm excitation energy used in the experiments.

determined by Lunell’s group, that are of interest with respect
to 193- and 248-nm photolysis. At 193 nm, the fastest photoproducts result from a direct dissociation to the repulsive
(n,s*) S4 state or predissociation via tunneling from the
quasibound (p,p*) S3 state. The second channel is attributed
to an intersystem crossing from the (p,p*) S3 state to the
repulsive (n,s*) T5 state. The slowest channel takes place via
high vibrational levels of the ground S0 state, populated by
sequential internal conversion processes S3 - (p,p*)S1 - S0.
At 248 nm, the fast fragments result from an intersystem
crossing from the quasibound S1 state to the repulsive (n,s*)
T5 state or internal conversion from the S1 state to the
repulsive S4 state. The slow products come from internal
conversion from the S1 state to the ground S0 state, producing
highly vibrationally excited molecules with enough energy to
dissociate.
In this paper, we investigate the photodissociation dynamics
of chlorobenzene in more detail at 248 and 193 nm. The
complexity of the photodissociation dynamics of chlorobenzene provides a stringent test of our method for measuring the
photoionization cross section of the phenyl radical, in particular the dependence of the cross section upon internal energy
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The experiments described in this paper are performed using a
rotating source/ﬁxed detector crossed molecular beams instrument located on the Chemical Dynamics Beamline at the
Advanced Light Source. This instrument has been described
in detail previously1 and is conﬁgured for PTS measurements.
Brieﬂy, a pulsed molecular beam of B5.0% chlorobenzene
(99.9% Aldrich) seeded in helium is formed by means of a
pulsed valve (400 Hz, 0.5 mm diameter nozzle, 300 Torr)
heated to 100 1C. The molecular beam is skimmed and
intersected by either a 193 nm ArF or 248 nm KrF excimer
laser beam, which is unpolarized, propagating orthogonally to
both the molecular beam and the detector axes. In this
conﬁguration, the photofragment angular distribution is isotropic in the plane of detection. The laser beam is focused to
8 mm2 and the laser power is maintained at B11 mJ pulse1
to minimize multiphoton processes.
Scattered photoproducts accepted by the detector travel
15.1 cm prior to ionization by tunable VUV synchrotron
radiation. They are mass-selected by a quadrupole mass ﬁlter
and counted as a function of time with a multichannel scaler,
producing angle-resolved time of ﬂight (TOF) spectra for the
ions of a speciﬁc mass-to-charge ratio (m/e). Properties of the
VUV radiation have been described elsewhere.26 A rare gas
ﬁlter is utilized to remove the higher harmonics of the undulator radiation26 and a MgF2 window is positioned in the
path of the undulator radiation for PI energies below 11.0 eV
to mitigate the eﬀects of any residual high energy tail on
the fundamental. The energy resolution (DE/E) of the radiation is 2.3%.
As in previous studies10,11 two types of photodissociation
measurements are performed. First, a set of laboratory-frame
TOF spectra for Cl and phenyl photofragments at several
laboratory angles (YLAB) is collected at VUV photon energies
of 15.0 and 10.0 eV for the two fragments, respectively.
Analysis of these spectra yields CM-frame P(ET) distributions
for each process and the PI cross section for the phenyl radical
at 10 eV. Second, a series of TOF spectra for the phenyl
radical is obtained by stepping the undulator radiation while
remaining at a ﬁxed YLAB (301) and m/e. Integrating this set of
measurements followed by normalization yields a photoionization eﬃciency (PIE) curve, which is put on an absolute
scale by means of the PI cross section determination at 10 eV.

Results and analysis
TOF spectra were taken for several laboratory angles ranging
from 10 to 601 for both atomic chlorine (m/e = 35) and phenyl
radical (m/e = 77). Fig. 2 illustrates representative TOF
spectra for m/e = 35 and 77 at YLAB = 301 produced by
the photodissociation of chlorobenzene at 193 and 248 nm;
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Fig. 2 TOF spectra from chlorobenzene dissociation: (a) m/e = 35 (Cl1) and (b) m/e = 77 (C6H51) at YLAB = 301 from 193-nm dissociation; (c)
m/e = 35 (Cl1) and (d) m/e = 77 (C6H51) at YLAB = 301 from 248-nm dissociation. TOF signal has been normalized for laser shots, laser power,
VUV photon ﬂux, and isotopic abundance. The m/e = 77 signal has been normalized with respect to the m/e = 35 signal for each pair. The open
circles represent the data and the solid line represents the total forward convolution ﬁt to the data. For (a) and (b) the P(ET) distributions from Fig.
3 are used to ﬁt the data. The P(ET) distributions from Fig. 4 are used to ﬁt the data in (c) and (d). Dashed lines are from the distributions in Fig. 3a
and 4a, dotted lines are from Fig. 3b and 4b, and the dashed-dot lines in Fig. 2a and 2b are from Fig. 3c. The fast dashed-dot feature in Fig. 2c is
from a small multiphoton contribution.

VUV photoionization energies are indicated in the ﬁgure. For
m/e = 35, a PI energy of 15.0 eV without the MgF2 window is
employed. The open circles in Fig. 2 represent the data points,
while the solid line is the total ﬁt to the data, generated by the
procedure outlined below. The TOF spectra clearly comprise
multiple contributions. At 193 nm, the spectrum for m/e = 35
shows two relatively fast peaks with a broad shoulder at longer
arrival time, while at 248 nm, m/e = 35, one observes partially
resolved fast and slow peaks. Hence there appear to be three
distinct channels at 193 nm, and two at 248 nm, in agreement
with previous work21–23.
Fits to the TOF spectra are obtained by forward convolution of center-of-mass P(ET) distribution(s), with various
parameters that characterize the instrument.27,28 Based on
the appearance of the TOF spectra, three P(ET) distributions
were used to ﬁt the data at 193 nm, and two at 248 nm. Each
P(ET) distribution was adjusted point-wise until the simulated
TOF spectra simultaneously ﬁt the measured TOF spectra at
all observed angles. In each case, the total ﬁt is the sum of the
ﬁts from the individual dissociation channels, each of which is
represented by a partial line in Fig. 2. At each photolysis
wavelength, all TOF spectra for the m/e = 35 and 77 products
594 | Phys. Chem. Chem. Phys., 2006, 8, 592–598

were ﬁt with the same set of P(ET) distributions, indicating the
fragments are momentum-matched and that no appreciable
secondary dissociation of the phenyl radical occurs for any of
the dissociation channels.
The three P(ET) distributions in Fig. 3 ﬁt the TOF spectra
from 193-nm photolysis, while the two P(ET) distributions in
Fig. 4 ﬁt the data at 248 nm. Each channel is diﬀerentiated by
the partitioning of the available energy between translation
and internal excitation. Fig. 3a shows the distribution with the
highest translational energy, while Fig. 3b and 3c have progressively less translational energy. The fast and slow distributions that ﬁt the data at 248 nm are shown in Fig. 4a and 4b,
respectively. Table 1 summarizes the characteristics of each
P(ET) distribution in Figs. 3 and 4. Our P(ET) distributions for
the various dissociation components at the two wavelengths
are similar but not identical to those reported by Ichimura
et al.;21 our distributions peak at similar values of translational
energy but are in general narrower. These diﬀerences are not
surprising given that we can more cleanly resolve the individual contributions to the total photodissociation signal.
As described in our previous studies,10,11 the PI cross
sections for the unknown species (i.e. the phenyl radical) are
This journal is
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Fig. 4 P(ET) distributions for C6H5 þ Cl from chlorobenzene at
248 nm. Two components are observed characterized by a fast (a) and
a slow (b) P(ET) distribution. Values of these point-wise distributions
are speciﬁed every 0.25 kcal mol1.

Fig. 3 P(ET) distributions for C6H5 þ Cl from chlorobenzene at
193 nm. Three components are observed, characterized by a fast (a), a
medium (b) and a slow (c) P(ET) distribution. Values of these pointwise distributions are speciﬁed every 1.0 kcal mol1.

obtained by determining scaling factors for the P(ET) distributions in Fig. 3 and 4 needed to ﬁt the relative intensities of the
TOF data for the two product species. These scaling factors
represent the ratio of weighting factors necessary for the

convolution of the P(ET) distribution to reproduce the observed laboratory frame TOF intensities, while accounting for
all the kinematic eﬀects. The relative photoionization cross
section for the momentum-matched photofragments, from
C6H5Cl þ hn193 nm/hn248 nm - C6H5 þ Cl, is obtained at
speciﬁc PI energies (sC6H5[10 eV]/sCl[15 eV]). The relative
PI cross sections are normalized for experimental conditions
such as laser power, number of laser shots, VUV photon
ﬂux and isotopic abundance. The diﬀerence in quadrupole
transmission for the two ion masses is expected to be small,
as discussed previously,4 and is neglected in our analysis.
Once sCl[15 eV] is known, we can obtain sC6H5[10 eV]. Moreover, we apply this procedure to the momentum-matched
photofragments associated with each of the ﬁve channels in
Fig. 3 and 4, thereby testing the eﬀect of internal energy of the
phenyl radical on its photoionization cross section.

Table 1 Relevant quantities from CM translational energy distributions used to ﬁt the laboratory frame data including the average translational
energy (hETi), the maximum available energy for each channel (Eavl), the maximum value of ET in the distribution (ET,max), the average internal
energy (EI) and the PI cross section of the phenyl radical at 10.0 eV (s10 eV)a
Channel

Figure

hETi

Eavl

ET,max

EI

s10

193 nm: Fast
193 nm: Med
193 nm: Slow

3a
3b
3c

26.7
12.6
2.1

51.1
51.1
51.1

42.6
26.5
10.9

24.4
38.5
49.0

13.2
12.9
14.0

248 nm: Fast
248 nm: Slow

4a
4b

9.2
1.1

18.3
18.3

16.0
8.6

9.1
17.2

13.9
13.2

a

eV

All values are in units of kcal mol1 except cross section, which is in units of Mb.
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The photoionization energy for Cl, 15 eV, lies between the
thresholds for ionization to the Cl1 1D2 and 1S0 states.
Although there is signiﬁcant autoionization structure between
these two thresholds, the selected photon energy is at the
center of a very ﬂat region (about 0.7 eV wide) in the
photoionization eﬃciency curve for Cl, as measured by Ruscic
and Berkowitz.13 In their paper, the PIE curve for Cl was
placed on an absolute basis by comparison with several manybody calculations, yielding sCl[15 eV] as 31 Mb. However, in
more recent work, Berkowitz8 recommends setting sCl to 34.2
Mb at the Cl1(1S) edge (16.42 eV),13 based upon analysis of
multiple experimental and theoretical studies. Using this value, appropriate scaling of the PIE curve yields sCl[15 eV] =
27.3 Mb. With this value for sCl[15 eV], we then obtain
sC6H5[10 eV]. Although Berkowitz gives no error bars for
sCl, his discussion of other experimental and theoretical values
of the cross section at 16.42 eV suggests a conservative
estimate of 10%. This uncertainty, combined with other
smaller factors (mainly the quadrupole transmission function),
leads us to assign error bars of 15% for our absolute cross
sections.
Table 1 lists the resulting absolute PI cross sections sC6H5
[10 eV], for the phenyl radical associated with each P(ET)
distribution in Fig. 3 and 4. The range of values is quite
narrow, from 12.9 to 14.0 Mb, and there is no obvious
correlation with photofragment internal energy; at 193 nm,
the slowest fragments have the highest cross section, but the
opposite trend is seen at 248 nm. The cross sections at each
wavelength averaged over all observed photodissociation
channels (including all relative weighting factors) are 13.4 
2.0 and 13.2  2.0 Mb at 193 and 248 nm, respectively.
The narrow range of values for sC6H5[10 eV] is important for
another reason. The value of sCl[15 eV] used in our analysis
applies only to the Cl(2P3/2) state. No experimental or theoretical results are available for the Cl*(2P1/2) state, which lies
about 0.1 eV above the Cl(2P3/2) state. The Cl*(2P1/2) state
could be produced in our experiment, but we do not have the
means to distinguish it from the Cl(2P3/2) state, since the spin–
orbit splitting is less than the bandwidth of the VUV radiation.
Assuming the Cl* channel to be non-negligible, one would
expect the ﬁve photodissociation channels investigated in our
experiment to produce diﬀerent spin–orbit populations of the
Cl atoms, given that multiple electronic states are involved in
the various channels. Under these circumstances, if the cross
sections at 15 eV for the two states were very diﬀerent, there
would be signiﬁcant variations in the phenyl cross sections
extracted from our analysis. Instead, all ﬁve values listed in
Table 1 lie within the 15% error bars associated with our
selected value of sCl[15 eV], suggesting that the production of
spin–orbit excited chlorine has a very small eﬀect on the
phenyl PI cross sections. Hence, it would appear that either
the cross sections for Cl and Cl* at 15 eV are similar, or that
none of the ﬁve channels involve signiﬁcant production of Cl*.
PIE curves for C6H5 photoproducts were determined for the
three channels at 193 nm and the two at 248 nm by ﬁtting the
contribution from each channel to the TOF distribution at a
series of VUV photon energies. The ﬁve resulting curves are
placed on an absolute scale using the cross sections at 10.0 eV
as illustrated in Fig. 5. At PI energies above 9.4 eV, all the
596 | Phys. Chem. Chem. Phys., 2006, 8, 592–598

Fig. 5 PIE curves for m/e = 77 (C6H51) photoproduct at YLAB =
301 using the MgF2 window. (a) Photofragments resulting from 193nm photolysis, where the squares represent fragments with the P(ET)
distribution shown in Fig. 3a, the triangles are for products with the
P(ET) distribution shown in Fig. 3b and the circles signify photofragments with the P(ET) distribution shown in Fig. 3c. (b) Photoproducts
from 248-nm dissociation, where the squares are for products with the
P(ET) distribution from Fig. 4a and the triangles are for the products
with the P(ET) distribution shown in Fig. 4b.

curves are very comparable albeit with a bit of spread, until the
cross section drops oﬀ a bit above 10.6 eV. However, for PI
energies below 9.2 eV, the C6H5 fragments produced via 193nm photolysis, which have more internal energy, demonstrate
a slightly higher cross section than those produced from 248nm photolysis. None of the curves show much signal below the
ionization potential of the phenyl radical, for which values of
8.1 and 8.3 eV have been reported by photoionization mass
spectrometry29 and photoelectron spectroscopy,30 respecThis journal is
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tively. Overall, all ﬁve PIE curves are quite similar, considering
that the average internal energy of the photofragments ranges
from 9 to nearly 50 kcal mol1 (Table 1).

Discussion
By analyzing the photodissociation of chlorobenzene with a
rotating source crossed molecular beam machine, this experiment has been able to provide a more detailed experimental
study of the dynamics associated with C–Cl bond ﬁssion. The
P(ET) distributions presented here should be more accurate
than those reported previously,21–23 in that they ﬁt the data for
momentum-matched fragments at many laboratory angles
simultaneously, while those of previous studies only ﬁt a single
laboratory angle. However, our results support the mechanisms inferred from previous experimental and theoretical
work24,25 as described in the Introduction.
In addition to being able to probe the dynamics of the
dissociation event, this experiment allows for the absolute PI
cross section of the phenyl radical to be determined. The
chlorobenzene system provides a unique opportunity to not
only measure the absolute PI cross section of the phenyl
radical, but also to investigate the eﬀects of internal excitation
on the PI cross section. This issue is important in our experiments because polyatomic photoproducts do not undergo any
collisions following the photolysis of chlorobenzene, so no
relaxation of the internal excitation as determined by the
photodissociation dynamics can occur. However, neither the
cross sections at 10 eV nor the PIE curves show much
dependence on the internal energy.
These results are of interest in light of past studies of the
photoionization of the phenyl radical. The phenyl cation has
two low-lying states, a 1A1 state and 3B1 state, formed by
removal of a s and p electron, respectively, from the 2A1
ground state of the phenyl radical.31 Electronic structure
calculations on the cation generally agree that the 1A1 is lower
in energy by less than 1 eV, but that the geometry change upon
photoionization is much larger to the 1A1 state than to the 3B1
state.30–34 As a result, Butcher et al.30 assigned their photoelectron spectrum of the phenyl radical to transitions to the
triplet state, because the expected Franck–Condon proﬁle was
expected to be so extended that it would be very diﬃcult to
observe in the photoelectron spectrum. The most recent
calculations, by Hrusak et al.,33 ﬁnd adiabatic IP’s of 8.07
and 8.87 eV to the 1A1 and 3B1 states, respectively. Hrusak
et al. simulated the phenyl photoelectron spectrum, assuming
the partial cross sections for the two ionization channels were
the same. They found the triplet band to be quite compact and
dominated by the vibrational origin transition, while the
singlet band is spread out over several eV, thus supporting
the assignment by Butcher et al.30
The insensitivity of the PIE curves in Fig. 5 to the internal
energy of the C6H5 product is consistent with photoionization
to the triplet state of the cation as the major channel in this
energy region. The relatively small geometry change upon
photoionization to the triplet state implies that diagonal
(Dv = 0) vibrational transitions are favored, minimizing the
eﬀect of vibrational excitation in the radical on the PIE curves.
The larger signal in the region of the IP for 193-nm photolysis
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is the most prominent eﬀect of higher internal energy, and
most likely does reﬂect photoionization from vibrationally
excited levels of the radical, but overall, these eﬀects appear
to be quite small. Our absolute PI cross sections above 9.0 eV
are thus expected to be intrinsic properties of the phenyl
radical as opposed to values that are strongly dependent on
its method of preparation. It will be of interest to investigate
the cross sections of radicals for which larger geometry
changes are expected to occur upon photoionization to gain
further insight into the robustness of the values obtained from
our experiment.

Conclusions
PTS has been coupled with VUV-PI detection in order to
determine the PI cross sections for the phenyl radical generated via 193- and 248-nm dissociation of chlorobenzene.
Despite the complex dynamics associated with the photodissociation of chlorobenzene, the relevant PI cross sections can
be extracted by ﬁtting momentum-matched TOF data from
the Cl and C6H5 photofragments. At 10.0 eV, the cross
sections for the high, medium and low translational energy
photoproducts from 193-nm dissociation are found to be 13.2,
12.9, and 14.0 Mb, respectively. Similarly for 248-nm dissociation, the cross sections at 10.0 eV are 13.9 Mb for fragments
with high translational energy and 13.2 Mb for products with
low translation energy. All values have error bars of 15%.
These cross sections are used to place the PIE curves for the
C6H5 photofragments on an absolute scale from 7.8 to 10.8
eV. The small variation of the PI cross sections and PIE curves
with phenyl radical internal energy bodes well for future
measurements using this technique.
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