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Unimolecular fragmentations of the anthracene and phenanthrene radical cations C14H10
•+ were studied by

time-resolved photoionization in the vacuum UV, RRKM/QET calculations, and MS/MS with electron
ionization. The primary reactions observed are parallel H•, H2, C2H2, C3H3

•, and C4H2 losses, as well as two
consecutive H• losses from C14H9

+ and C12H8
•+, respectively. Appearance energies were determined for the

microsecond and millisecond time ranges. Activation parameters were deduced for the reactions. The H•

and C2H2 loss reactions are characterized by loose transition states. The following heats of formation were
deduced:∆Hf0° (C14H9

+, anthracenyl)) 282.0( 3.0 kcal/mol,∆Hf0°(C14H9
+, phenanthrenyl)) 276.4(

3.0 kcal/mol and∆Hf0°(C12H8
•+, biphenylene)e 281.7( 3.0 kcal/mol. The C-H bond energies in the

anthracene and phenanthrene radical cations are 4.38( 0.08 and 3.92( 0.10 eV, respectively. The role of
isomerization of the parent radical cations prior to dissociation will be discussed.

Introduction

The photostability of polycyclic aromatic hydrocarbons
(PAHs) is of importance in view of their astrophysical role.1

The ionized PAHs are attractive candidates for the diffuse
intersteller bands (DIB) which have been known for some time.
Noncompact, small linear PAHs such as anthracene were
proposed to be responsible for the IR emission.2 It has been
shown3 that the fragments obtained by irradiation of a PAH
cation can be more resistant than the parent PAH ion. Such
fragments might be more abundant than PAH cations in the
intersteller medium and should be considered in the search for
the DIB carriers.
The special resilience of PAHs toward decomposition4 can

be understood: it is due to their high bond energies and their
large number of degrees of freedom. These attributes make
them attractive candidates for study by time-resolved photo-
ionization mass spectrometry (TPIMS), a technique that we have
developed in recent years.5a Ions can be trapped in a Paul-
type cylindrical ion trap (CIT) for up to several tens of
milliseconds.5b This allows fragmentations at low energies and
enables the determination of “kinetic shifts”.5-9 Owing to the
long time scale used, the experiment probes the energy region
where fragmentation is in competition with radiative cooling.
This is the key region for the study of the survival of PAHs in
the intersteller medium.3a

We have undertaken a series of detailed studies of the
vacuum-UV (VUV) photoionization and fragmentation of
naphthalene,7 phenanthrene,7 pyrene,8 and fluoranthene.9

In the present study we have concentrated on the anthracene/
phenanthrene pair of isomers. The question whether the
corresponding radical cations isomerize prior to dissociation
remains unsettled. In an earlier experimental study of phenan-
threne7 we have come to the conclusion that acetylene loss forms
the most stable C12H8

•+ productsacenaphthylene•+. Our more
recent density functional theory (DFT) calculations,10 when

compared to experimental results to be presented in greater detail
here, have shown, based on the energetics of C2H2 loss, that
the most plausible product is biphenylene•+ and that isomer-
ization between anthracene•+ and phenanthrene•+ may occur
prior to acetylene elimination.
A major reaction besides acetylene elimination is C-H bond

cleavage. An outcome of our previous studies has been the
emergence of a trend in C-H bond energies in ionic PAHs,
namely, a rise with increasing PAH size to a limiting value equal
to the C-H bond energy in neutral PAHs. As part of the study
of the thermochemistry of the ensuing ions, we determined11

the heat of formation of the anthracenyl cation C14H9
+ and the

C-H bond energy in anthracene•+ by a VUV photoionization
study of C-Br cleavage of 9-bromoanthracene. We found that
the C-H bond weakening upon ionization is negligible for
anthracene11 and that the C-H bond energy in anthracene•+ is
higher than for naphthalene•+. On the other hand, our earlier
study of phenanthrene7 has shown that its ion has a lower C-H
bond energy than that of naphthalene•+.
We have reinvestigated the unimolecular fragmentations of

phenanthrene•+, and the results will be presented jointly with
the ones for anthracene•+. We will demonstrate that the C-H
bond energy of anthracene cation radical is indeed close to that
of the corresponding neutral, while the phenanthrene radical
cation has a lower C-H bond energy than its neutral. Micro-
canonical rate-energy (k(E)) dependences will be deduced for
the parallel reactions of C14H10

•+ isomers, and the possible role
of isomerization between anthracene and phenanthrene will be
discussed.

Experimental Section

The experimental technique of TPIMS has been described
in detail recently,5,7-9 and only a brief description will be given
here. Photoionization is induced by a pulsed vacuum-UV light
source, either the Hinteregger discharge in hydrogen, producing
the many-line spectrum, or the Hopfield continuum in He.
Photoions are trapped in a cylindrical ion trap (CIT). They are
ejected into a quadrupole mass filter by a draw-out pulse
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following a variable delay time. Ions were stored in this study
from 20µs to 5 ms. The radio frequency (rf) of the potential
applied to the cylindrical barrel electrode of the CIT is 0.5 MHz.
Ion creation is due to a train of short pulses applied to the light
source. An ejection pulse is applied to the end-cap electrode
of the CIT nearest the mass filter, and a detection pulse opens
the ion counter at the onset of the ejection pulse. The rf voltage
is applied to the cylindrical electrode of the CIT throughout
the whole cycle. The effective wavelength resolution employed
is 5.0 Å. This corresponds to an energy resolution of∼0.025
eV near the ionization threshold of anthracene (7.4 eV) and
phenanthrene (7.87 eV) and of∼0.1 eV near the fragmentation
onsets.
A simple Knudsen-type molecular-beam source for low-

volatility compounds constructed earlier7 was used to study
anthracene and phenanthrene. Effusive beams obtained at
temperatures between 353 and 453 K were employed.
High voltage (HV) scans and mass-analyzed ion kinetic-

energy spectroscopy (MIKES) studies were carried out on a VG
ZAB-2F double-focusing mass spectrometer of reverse geom-
etry.12

Anthracene was from Riedel-de Hae¨n (puranal) and SIGMA
with a stated purity of 99%. Phenanthrene was from Aldrich
with a stated purity of 98%. The samples were used without
further purification.

Results and Discussion

Experimental Time-Resolved Photoionization Efficiency
Curves. The parent anthracene ion photoionization efficiency
(PIE) curve between 7.30 and 8.30 eV is presented in Figure 1.
The ionization energy of 7.41( 0.02 eV compares favorably
with previous determinations 7.40,13 7.41( 0.02,14 7.43,15 7.45
( 0.03,1 7.4232( 0.0006 eV.16 Peaks at 7.58( 0.02 and 7.78
eV in Figure 1 correspond to the vibrational progression in the
photoelectron spectrum.14 The ionization energy of phenan-
thrane was measured by us before7 to be 7.87( 0.02 eV.
The photoionization mass spectra obtained for anthracene and

phenanthrene at the helium resonance line of 21.21 eV are very
similar. The one for phenanthrene is reproduced in Figure 2.
The peak due to CH3• elimination was too weak for further
study. The one due to (M-2H)•+ may have contributions from
a single step H2 elimination and/or from two consecutive H•

losses. The energy dependences of the PIEs were studied for

the following reactions in anthracene•+ (I) and phenanthrene•+

(II):

There are four well-established reactions, H•, H2, C2H2, and
C3H3

• eliminations, that the benzene radical cation undergoes.17

The two major reactions which naphthalene•+ and phenan-
threne•+ undergo are are H• and C2H2 losses.7 Additional minor
H2, C3H3

•, and C4H2 eliminations were reported for naphtha-
lene•+.18

The C14H9
+ and C14H8

•+ daughter-ion PIE curves, obtained
in the microsecond time range, are presented in Figures 3 and
4 for anthracene and phenanthrene, respectively. Independent
MS/MS studies on the ZAB-2F to be described below indicate
that the major source of C14H8

•+ ions is reaction 3. However,
H2 elimination cannot be ruled out and is at least in part the

Figure 1. Photoionization efficiency (PIE, arbitrary units) for an-
thracene parent ion in the threshold-energy range.

Figure 2. Mass spectrum of phenanthrene at 21.21 eV.

Figure 3. Experimental (([) C14H9
+, (b) C14H8

•+) and calculated
(lines) PIE curves for anthracene in the microsecond range (24µs).

f C14H8
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+ + C3H3

• (6)

f C10H8
•+ + C4H2 (7)
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reason for the tailing of the C14H8
•+ PIE curve in the case of

anthracene (Figure 3), which can be reproduced by RRKM/
QET modeling to be described below. The PIE curves for
C14H9

+ and C12H8
•+ from phenanthrene are nearly superimpos-

able over a range of energies (see Figure 5). The C14H9
+ PIE

curves from anthracene and phenanthrene, respectively are
nearly superimposable (Figure 6). However, the heat of
formation of neutral anthracene,19 ∆Hf°298 (C14H10, ANT) )
55 ( 0.2 kcal is higher than that of phenanthrene,19 ∆Hf°298
(C14H10, PHE) ) 49 ( 0.2 kcal/mol. If anthracene•+ and
phenanthrene•+ undergo isomerization to each other below
the C-H dissociation limit, one would expect formation of the
same (most stable) C14H9

+ isomer from both and one would

further expect the C14H9
+ PIE curve from anthracene to be

shifted to lower photon energies by 0.26 eVsthe difference in
the neutral heats of formation. Since this is not the case (Figure
6), we will assume that isomerization does not precede C-H
bond cleavage. A similar conclusion can be drawn concerning
the C12H8

•+ ions: not only is the PIE curve from anthracene
not shifted to lower photon energies, it is in fact shifted to
energies slightly higher than the one from phenanthrene.
Jochims et al.1 have similarly concluded on the basis of AEs of
isomeric ions that the C14D10

•+ parent ions retain individual
structures before fragmentation.
The appearance energies, AEs, of daughter ions were

determined from PIE curves with and without trapping. Time-
resolved PIE curves for C14H9

+ (I) from anthracene at 24µs
and 5 ms are presented in Figure 7. The relative intensities of
the experimental PIE curves of the parent were used to scale
the daughter-ion PIEs. Since charge transfer from the daughter
ion to the neutral precursor was observed at the long trapping
time, the intensities were corrected through measurements at
low pressures under which charge transfer was suppressed.
The C14H9

+ (I) daughter-ion PIE curve is observed to shift
to lower photon energies with increasing trapping time (Figure
7). Similar shifts were observed for C14H8

•+ and C12H8
•+ from

both anthracene and phenanthrene. The intensities of C11H7
+,

C10H8
•+, and C12H7

+ were too low for measurements at long
trapping times to be made. The shift to lower energies is due
to the sampling of lower rate constants with increasing reaction
times and has been studied by us in detail before. By
ion-trapping, we are able to overcome part of the “conventional”
kinetic shift (CS)6 that is part of the excess energy required to
observe detectable (1%) dissociation within∼10 µs. Ion
trapping cannot overcome the “intrinsic” kinetic shift (IS),6

which is the energy needed for 10% fragmentation in competi-
tion with radiative relaxation of the excited ion. We have
shown20 that the part due to the IS that cannot be overcome by
ion trapping increases with increasing size of the PAH. As a
result, the critical energies of activation for reactions 1-7 in
anthracene and phenanthrene can only be deduced by a careful
modeling analysis of the time-resolved PIE data to be given
below.
Time-resolved AEs for daughter ions from anthracene and

phenanthrene are presented in Table 1. These values are
“vanishing current” values and include therefore contributions
from the thermal energy. The average thermal energy in the
anthracene experiment was higher (0.49 eV) than in the
phenanthrene experiment (0.22 eV). We consider the present

Figure 4. Experimental (([) C14H9
+, (b) C14H8

•+) and calculated
(lines) PIE curves for phenanthrene in the microsecond range (24µs).

Figure 5. Experimental (([) C14H9
+, (b) C12H8

•+) and calculated
(lines) PIE curves for phenanthrene in the microsecond range (24µs).

Figure 6. Experimental C14H9
+ PIE curves for anthracene (ANT,b)

and phenanthrene (PHE,O).

Figure 7. Time-resolved experimental ((b) 24 µs, ([) 5 ms) and
calculated (lines) C14H9

+ (I) daughter-ion PIE curves for anthracene.
The PIE curves are in arbitrary units to scale. The relative intensities
of the parent served to scale the experimental daughter-ion PIEs.
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data for phenanthrene to be superior to the previous ones7 owing
to higher sensitivity and mass resolution, which allowed the
H•-loss measurement for the long trapping time to be made.
Our AE values for anthracene are lower than those of Jochims
et al.1 obtained for anthracene-d10. The high AEs reported in
the literature1 for D2 loss from anthracene-d10 and phenanthrene-
d10 are ascribed by us to two consecutive D• atom losses. We
have reached similar conclusions in the case of pyrene8 and
fluoranthene,9 namely that AEs assigned to H2 eliminations are
in fact due to two consecutive H• losses.
The parent-ion PIE curves demonstrate in anthracene as well

as in phenanthrene broad resonance peaks due to plasmon
excitation, which we have discussed in a separate publication.21

Although the daughter-ion PIE curves shift to lower energies
and increase in relative abundance with increasing trapping time,
the parent-ion resonance curves are hardly affected.
MS/MS Spectra. Two types of tandem MS/MS experiments

were performed. In high-voltage (HV) scans we mass-selected
the daughter ion C14H8

•+ or C12H7
+ and obtained spectra of

their precursor ions. Figure 8 reproduces the HV scan spectrum
for C14H8

•+ from anthracene. It demonstrates that in the first
field-free region of the ZAB-2F mass spectrometer, in the
microsecond time range, C14H8

•+ is mainly produced from
C14H9

+ (reaction 3). The very low-abundance C14H10
•+ ion (at

m/z ) 178) may indicate a low-abundance H2 elimination
(reaction 1), although the occurrence of two consecutive H•

losses in the same field-free region cannot be ruled out. The

major contribution to C12H7
+ formation is from C12H8

•+

(reaction 5) with a minor contribution from C2H2 elimination
by C14H9

+.
In MIKES (mass-analyzed ion kinetic-energy spectra), pre-

cursor ions were mass-selected by the magnetic field and their
product ion peak shapes metastably produced in the second field-
free region were determined by scanning the electrostatic
analyzer (ESA) voltage. The resultant peak shapes for reaction
4 in anthracene and phenanthrene, part a and b of Figure 9,
respectively, are both dish-topped and indistinguishable from
one another. The dish-topped nature of the metastable peak
shape indicates that the exit channel in the potential-energy
profile for acetylene elimination is characterized by a reverse
activation energy, which in turn means that the final step in the
elimination process is one with a tight transition state. Fur-
thermore, the identity of the peak shapes for the two isomers
indicates that isomerization to a common structure, which is
the precursor of the final step of the C2H2 elimination, does
take place.
RRKM/QET Calculations. Time-resolved PIE curves were

modeled by RRKM/QET calculations.7-9 The microcanonical
rate coefficientsk(E) were calculated as a function of energy

TABLE 1

AE, eV (time)

ion (reaction) anthracene (at 453 K) phenanthrene (at 353 K)

C14H9
+ (2) 15.0( 0.2 (24µs) 14.9( 0.1 (24µs)

14.0( 0.2 (5 ms) 14.0( 0.2 (5 ms)
C14H8

•+ (1) 15.8( 0.2 (24µs)
15.2( 0.4 (5 ms)

C12H8
•+ (4) 15.2( 0.2 (24µs) 15.2( 0.1 (24µs)

14.2( 0.2 (5 ms) 14.1( 0.2 (5 ms)
C14H8

•+ (3) 16.9( 0.3 (24µs)
16.0( 0.2 (5 ms)

C12H7
+ (5) 17.4( 0.2 (24µs) 17.9( 0.2 (24µs)

16.4( 0.4 (5 ms)
C11H7

+ (6) 14.8( 0.3 (24µs) 15.5( 0.2 (24µs)

C10H8
•+ (7) 15.4( 0.2 (24µs) 15.3( 0.2 (24µs)

Figure 8. HV scan on the ZAB-2F ofm/z 176 from anthracene. The
daughter ion C14H8

•+ has two precursors: C14H10
•+ (I) (m/z 178) and

C14H9
+ (I) (m/z 177).

Figure 9. (a) Metastable ion peak shape (second field-free region,
ZAB-2F dissociation) for C2H2 loss from anthracene. The parent beam
had a laboratory energy of 7819 eV. The metastable peak is obtained
by scanning the electrostatic energy analyzer (ESA) voltage. (b)
Metastable ion peak shape (second field-free region, ZAB-2F dissocia-
tion) for C2H2 loss from phenanthrene.
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by an RRKM program.22 The computed vibrational frequencies
of anthracene13 and phenanthrene10 ions were adopted for the
reactant ions. Since the density functional (DFT) calculations,10

combined with the present modeling, show that the most
plausible C12H8

•+ isomer formed from C2H2 loss of anthracene
and phenanthrene is biphenylene•+, the vibrational frequencies
of C12H8

•+ were taken as the computed B3LYP/cc-pVDZ
vibrational frequencies of the biphenylene ion. The transition-
state vibrational frequencies were varied to get the best
agreement with the experimental results. It is widely accepted
that the details of the frequency changes in the transition state
are not important;23 the important factor is the degree of
tightness or looseness of the transition states, which is character-
ized by a single parametersthe activation entropy at 1000 K,
∆Sq

1000K. The consecutive H• loss from C14H9
+ was treated in

a similar manner as before.9 The internal energy of C14H9
+

was taken as the excess energy above the H• loss critical energy
of activationE02. The internal energy of C12H8

•+ was calculated
under the assumption that the energy available after the
dissociation of the C14H10

•+ precursors is statistically partitioned
among the fragments.
In the modeling we have tacitly assumed that anthracene and

phenanthrene undergo independent fragmentations without prior
isomerization. We will discuss the possibility of assuming
isomerization in the modeling later.
Time-resolved parent- and daughter-ion breakdown curves

were calculated from the rate-energy k(E) dependences at 0 K.
These give the dependences of the fractional abundance of the
ions on the internal energy of the parent ion and can be
converted into time-resolved curves as a function of photon
energy by adding the ionization energy of the molecule to the
internal energy of the ion. We have adopted an analytical
approach24 for calculating breakdown curves for consecutive
reactions. Resultant breakdown curves for anthracene att )
24 µs are presented in Figure 10a (parent ion and daughter
ions from the major primary and secondary reactionssreactions
2-5) and Figure 10b (daughter ions from minor primary
reactions 1, 6, and 7). To distinguish between them, the ion
formed by H2 elimination from the parent is called C14H8

•+ (I)
while the one formed by consecutive 2H• eliminations is C14H8

•+

(II).) The calculated breakdown curves for phenanthrene are
very similar to the ones in Figure 10, only slightly shifted to
lower photon energies. In addition, a single-step H2 elimination
from phenanthrene•+ was not necessary in order to fit the data
(see Figure 11). In the calculated breakdown curves (Figures
10 and 11) an additional parallel energy-independent rate
process, representing radiative decay and/or collisional cooling,
was employed together with the dissociative rates, as was done
previously.7-9 The radiative decay rates that gave best agree-
ment with all experimental PIE curves in this study are 300 s-1

for anthracene and 800 s-1 for phenanthrene.
The 0-K breakdown curves were convoluted with the

instrumental slit function, with the calculated thermal-energy
distribution at the temperature of the experiment and with the
energy-deposition function. The photoelectron spectra of an-
thracene15 and phenanthrene25 were employed as energy-
deposition functions, for anthracene and phenanthrene, respec-
tively. The resultant curves following convolution of the 0-K
breakdown curves represent the calculated first derivatives of
the PIE curves of the ions, provided the threshold law for
photoionization is a step function.26 These curves are integrated
to compare them with the experimental PIE curves. The
calculated results are compared with the experimental PIE curves
in Figures 3-5 and 7. As in the case of pyrene8 and

fluoranthene,9 the giant resonance peak in the parent-ion PIE
curves could not be fit with the theoretical calculations (Figure
12); however agreement between all experimental and calculated
daughter PIE curves was found to be very good.
The activation parameterssthe critical energiesE0 and activa-

tion entropies∆Sq
1000Kswhich best fit the whole set of experi-

mental daughter PIE curves of anthracene and phenanthrene are
summarized in Table 2, together withσ, which represents the
suggested number of equivalent reaction pathways. The
uncertainties for the kinetic parameters of consecutive reactions
are considerably larger than for the primary reactions. Reactions
2 and 4 in phenanthrene were modeled by us before.7 The
activation parameters deduced for H• loss are quite similar:E02

) 3.92( 0.1 eV and∆Sq2
1000K ) 4.4( 1 eu (present results)

andE02 ) 4.1 eV and∆Sq2
1000K ) 4.4 eu (ref 7). However,

the ones for C2H2 elimination are quite different:E04 ) 3.99
( 0.1 eV and∆Sq4

1000K ) 12.3( 1 eu (present results), while
E04 ) 3.34 eV and∆Sq 4

1000K) -5.1 eu (ref 7): The previous
experimental results were modeled by a much tighter transition
state and a lower activation energy for C2H2 loss. The tight
transition-state model does not fit the present experimental data,
which cover all the parallel and consecutive reactions at two
ion-trapping times and are considered to be more reliable than
the previous data. The large discrepancies between the present
and previous activation parameters for acetylene elimination
from phenanthrene demonstrate the difficulties encountered due
to extrapolation over wide energy ranges. This has been
previously demonstrated7 for naphthalene; two quite extreme

Figure 10. Calculated breakdown curves for anthracene parent and
daughter ions at 24µs.
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models were able to fit the same set of experimental microca-
nonical rate constants in the microsecond range. The discrep-
ancies in the case of naphthalene were settled by direct
measurements ofk(E) in the millisecond range.27 Direct
experimental determinations ofk(E) are not available for the
C14H10 isomers for either the microsecond or the millisecond
time ranges. The rate-energy dependencesk(E), which best
fit the present experimental data, are represented for the major
primary reactions, H• loss and C2H2 elimination, in Figure 13.
The data for phenanthrene and anthracene are plotted together
as a function of absolute energy, which is the energy with respect
to the constituent elements 14C+ 5H2 in their standard states
at 0 K. It is well-known from the work of Baer and
co-workers28,29 that dissociation rates of isomeric ions are
identical at similar absolute internal energies if they rearrange
to a common precursor ion prior to dissociation. Thek(E) model
that fits our experimental results (Figure 13) is not in line with
such an interpretation. However, many examples are known
in which isomerization and dissociation are in competition.30,31

Under these conditions the experimentally observed rate con-
stants,kobsare some algebraic combinations of single-step rate
constants. The C14H10

•+ radical cation dissociations follow a
multidimensional potential-energy surface, which has not yet
been calculated fully by ab initio methods. We have some
seemingly contradictory results that may eventually be resolved
if a complete ab initio surface will become available. (1) The
metastable peak shapes for acetylene eliminations are dish-
topped (Figure 9), indicating tight transition states with sub-

stantial reverse activation energies; however, the PIE curves
were fit by loose transition states (Table 2). (2) The equality
of the metastable peak shapes for anthracene and phenanthrene
was interpreted as indicating isomerization to a common
precursor ion prior to dissociation; however, thek(E) depend-
ences were not found to be equal on the absolute energy scale
(Figure 13). The rate constants for anthracene•+ are lower than
for phenanthrene•+ for the same absolute energy. This can be
rationalized if there is no fast isomerization between the two,
since anthracene•+ is 0.21 eV more stable than phenanthrene•+

(see coming section) and therefore its density of states is higher.
The relatively simple case of a two-well, one-product channel
potential-energy surface30 is characterized by two rate constants.
The more stable isomer decomposes by the slower rate constant,
while the less stable isomer demonstrates a two-component

Figure 11. Calculated beakdown curves for phenanthrene parent and
daughter ions at 24µs.

(a)

(b)

Figure 12. Parent and daughter PIE curves for anthacene [C14H10
•+

(b, experimental); C14H9
+ ([, experimental); calculated (lines)] (a) at

24 µs and (b) at 5 ms.

TABLE 2: RRKM/QET Parameters

E0, eV ∆Sq
1000K, eu

reaction ANTa PHEb ANT PHE σ

1 4.55( 0.2 +2.9( 2 2
2 4.38( 0.1 3.92( 0.1 +5.9( 1 +4.4( 1 10
3 2.85( 0.2 2.91( 0.2 -2.0( 2 +2.5( 2 9
4 4.50( 0.1 3.99( 0.1 +12.8( 1 +12.3( 1 1
5 2.95( 0.2 3.62( 0.2 -14.0( 2 +3.1( 2 8
6 4.09( 0.1 4.05( 0.1 -7.9( 1 -2.6( 1 4
7 4.46( 0.1 4.20( 0.1 +2.0( 1 +4.2( 1 2

a ANT ) anthracene.b PHE) phenanthrene.
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decay rate. Our present results indicate (Figure 13) that the
isomerization barrier is not very low relative to product
formation; otherwise, the two sets ofk(E) curves should have
coalesced into one (that of the slow rate).
Ion Structures and Thermochemistry. The critical energies

of activationE0 derived from the RRKM modeling (Table 2)
can be employed to calculate new bond energies and heats of
formation. This has to be done with caution for several reasons.
(a) TheE0 values have not been determined directly, and as
was noted before, large intrinsic shifts are involved. IS values
deduced from the rate-energy dependences are 2.9 eV for H•

loss and acetylene elimination from phenanthrene and 3.1 eV
for these two reactions in anthracene. (b) The H• loss reactions
are characterized by loose transition states, and the critical
energies may be equated with the C-H bond dissociation
energies of the ions if there are no reverse activation energies.
However, the acetylene eliminations are characterized by large
kinetic-energy releases, and the activation energies can only give
upper limits for the reaction endothermicities. (c) Values
deduced for minor primary reaction products such as C11H7

+

and C10H8
•+ are less reliable. (d) Critical energies deduced for

secondary reactions, such as consecutive H• losses, are even
less reliable.
We have equated the critical energies for reaction 2 in

anthracene•+ and phenanthrene•+, 4.38( 0.1 and 3.92( 0.1
eV respectively, with the corresponding C-H bond energies.
The C-H bond dissociation energy in phenanthrene•+ is thus
considerably lower than in either anthracene•+ or in neutral
phenanthrene (4.7( 0.1 eV).32 Combining these bond energies
with additional thermochemical data (Table 3) allows us to
calculate the heats of formation of anthracenyl, C14H9

+(I) and
phenanthrenyl, C14H9

+ (II) as follows. The heat of formation
of anthracene at 0 K was calculated from the 298-K value33

and from the anthracene neutral frequencies13 using standard
statistical-mechanics methods:∆Hf0°(C14H10) ) 62.0 kcal/mol.
Employing the ionization energy gives∆Hf0°(C14H10

•+ (I)) )
232.9 kcal/mol. Since∆Hf0°(H•) ) 51.63 kcal/mol, we can
calculate the heat of formation of C14H9

+ (I): ∆Hf0°(C14H9
+

(I)) ) 282.3( 3.0 kcal/mol. This is 6.5 kcal/mol lower than
the value obtained from the 9-bromoanthracene study, 288.8(
3.0 kcal/mol (ref 11 and Table 3). This difference is very
slightly outside the combined estimated error limits and may
mean that the average C-H bond energy of the different C-H

bonds in anthracene•+ is lower than the value for position 9
(Scheme 1). The heat of formation of phenanthrenyl,∆Hf0°-
(C14H9

+ (II)), was calculated in a fashion similar to that of
anthracenyl and found to be 276.4( 3.0 kcal/mol.
There are several isomeric C12H8

•+ ions that can be formed
by acetylene elimination from anthracene•+ and phenanthrene•+.
The question of which isomer(s) is (are) formed has been
addressed by us before.7,10 In our early work on phenanthrene7

we came to the conclusion that the most stable isomers
acenaphthylene is formed. This agreed with the observation in
that paper of a tight transition-state reaction and with the low
E04(PHE)) 3.34 eV deduced at the time for reaction 4. Our
new experimental results for phenanthreneE04(PHE) ) 3.99
eV and for anthraceneE04(ANT) ) 4.50 eV (Table 2) combined
with density functional theory (DFT) calculations led as to the
conclusion10 that both anthracene•+ and phenanthrene•+ produce
biphenylene•+. Let us review this decision by comparison with
the DFT data and other thermochemical information given in
Table 4. Six isomeric C12H8

•+ structures have been considered.
The calculated dissociation energies of Table 4 do not take into
account any reverse activation energies. The minimum reverse
activation energy can be estimated to be 6.5-7 kcal/mol (∼0.3
eV) based on the measured minimum KERs, but it can in fact
be much higher, as noted earlier, since part of it can end up as
internal (vibrational and rotational) energy of the products. If
we add 0.3 eV to the thermochemically calculated energy
changes for C2H2 losses given in Table 4 and compare them

Figure 13. Microcanonical rate constantk(E) (logarithmic scale) as a
function of absolute energy (see text): (dashed lines) H• loss;
(continuous lines) C2H2 elimination; (PHE) phenanthrene; (ANT)
anthracene.

TABLE 3: Thermochemical Data

∆Hf0°,kcal/mol
species 0 K 298 K IE, eV

C14H10 (anthracene) 62.0a 55.44b 7.41( 0.02a

C14H10 (phenanthrene) 56.4a 49.0b 7.86( 0.02d

C14H10
•+ (anthracene) 232.9a 227b

C14H10
•+ (phenanthrene) 237.7d 230.3b

C14H9
+ (anthracenyl) 282.3( 3.0a

288.8( 3.0c

C14H9
+ (phenanthrenyl) 276.4( 3.0a

281( 3d

C12H8
•+ (I) (biphenylene) 274.7( 3.0a 279b

C12H8
•+ (II) (biphenylene) 268.5( 3.0a 279b

C12H8
•+ (acenaphthylene) 260.2( 1d (252)b

C11H7
+ (I) (aceindenyl) e245.2( 5.0a

C11H7
+ (II) (aceindenyl) e249.1( 5.0a

C10H8
•+ (naphthalene) 229.2c 223.6b

C3H3‚ (2-propynyl) 82b

C4H2 105b

C2H2 (acetylene) 54.7b 54.5b

H• 51.63b 52.10b

a Present results.bReference 33.cReference 11.dReference 7.

SCHEME 1
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with the experimental value for anthracene, we find that only
the two most stable isomers, acenaphthylene•+ and biphe-
nylene•+, are energetically plausible as products from an-
thracene. Furthermore, if the reverse activation energy is fully
converted into kinetic energy of the products, the calculatedE0
) 4.5 eV value for biphenylene•+ agrees with our experimental
value, thus confirming the DFT value∆Hf0°(biphenylene•+) )
274.7 kcal/mol. However, if biphenylene•+ is also formed from
phenanthrene•+ and the KER is equated with the reverse
activation energy this would require that biphenylene•+ be 0.3
eV more stable than the DFT value predicts. Thus, although
formation of biphenylene•+ at the threshold of C2H2 elimination
from both isomers is plausible, acenaphthylene•+ formation
cannot be ruled out. If dissociation were to take place at an
internal energy of 4.5 eV (which is not the case because of
radiative decay), this would have led in the case of anthracene
to the formation of products with as much as 1.1 eV internal
energy. It may be the reason behind the seemingly low critical
energies required for the consecutive reactions of the C12H8

•+

ions, whose modeling did not take into account such high
internal energies.
The critical energy for C2H2 loss from anthracene•+ is only

slightly higher than for naphthalene•+ (4.50 vs 4.41 eV27), and
the latter value has been successfully employed34 to model the
photofragmentation of anthracene cations. This lends further
support to the presentE0 values and to the thermochemical
information deduced for them.
The elimination of C4H2 from the C14H10

•+ isomers leads most
probably to naphthalene•+. The values forE07 derived from
the experiments for 0 K (Table 2) are 4.46 and 4.20 eV for
anthracene and phenanthrene, respectively. These are somewhat
higher than the thermochemically calculated values for 298 K
(Table 4): 4.15 and 3.94 eV, respectively. Elimination of C3H3

•

leads to the least abundant ion studied, C11H7
+. An upper limit

to the heat of formation of C11H7
+ (I) and (II) from anthracene

and phenanthrene, respectively, can be estimated by assuming
that C3H3

• has the linear 2-propynyl,•CH2CtCH structure. This
yields ∆Hf0

°(C11H7
+, I) e 245.2 ( 5 kcal/mol and∆Hf0

°-
(C11H7

+, II) e 249.1( 5 kcal/mol, which are equal within the
error limits. The C11H7

+ ion has probably the stable aceindenyl
structure,35,36 which is aromatic and its formation from an-
thracene and phenanthrene requires considerable isomerization.

Conclusion

A fairly exhaustive study of the VUV photoionization and
fragmentation of the C14H10 isomers has been carried out over
the energy range∼7-21 eV at two reaction times. This has

been combined with RRKM modeling, which led to activation
parameters for the major primary and secondary reactions and
to heats of formation of some of the key ions. Our data seem
to indicate that anthracene•+ and phenanthrene•+ do not isomer-
ize freely below their dissociation limits but that rather
dissociation and isomerization are competing processes. Fur-
thermore, dissociations begin to compete with radiative relax-
ation of the parent ion only at internal energies in excess of 3
eV above the critical energies for dissociation.
Future studies that can corroborate or refute our findings and

deepen our understanding of this complicated system are direct
determinations of microcanonical rate constants in the micro-
second and/or millisecond regimes and ab initio calculations
of the complete multidimensional potential-energy surface.
The conclusions in this study depend rather heavily on the

literature values for the heats of formation of the neutral C14H10

isomers.19,33 If the heats of formation of the neutral isomers
are nearly equal, then thek(E) curves of Figure 13 would
become superimposable and the conclusions concerning inter-
conversion of the isomers below their dissociation limits and
concerning the structures of the dissociation products would
change.
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