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Abstract: High-level ab initio molecular orbital calculations have been carried out for the phenyl ca)iothé
phenyl radical 2), and the phenyl anior3]. Our best estimate for the heat of formatiakH;,gg) of the phenyl
radical is 340 kJ mott, corresponding to 476 kJ mdl for the 298 K C-H bond dissociation energy in benzene.
The calculated\Hs 295 of the phenyl anion is 224 kJ md), leading to an electron affinity for the phenyl radical of
116 kJ mot?, and a gas-phase acidity for benzene of 1671 kJ fndThe ground state of the phenyl cation is found
to be a singletl-1A1, AHs 208 = 1134 kJ mot?), with the triplet (-8B, AH¢298 = 1237 kJ mot?) lying significantly
higher in energy (by 103 kJ mol). The energies of th&-!A; and 1-3B; states of the phenyl cation at the phenyl
radical geometry are much closer, bl#A; remains the energetically lowest electronic state. The essentially
isoenergeticl-3A, and 1-1A, states lie about 25 kJ midl higher in energy thai-3B;, while 1-1B; is nearly 60 kJ
mol~1 higher in energy. The implications of these results with respect to recent spectroscopic studies of the phenyl
radical and the role of the triplet phenyl cation in the dissociation of benzene cation are discussed.

Introduction recent analysis of the photoelectron spectrum of the phenyl
radical proposed that the singlet phenyl cation lies just 31 kJ

Even though more than 50 years have passed since \ﬂ/atersmol,1 in energy below the triple which was also supported

postulated the intermediacy of aryl cations, and phenyl cations by ab initio calculations based on multiconfiguration (MC) wave

in particular, in the decomposition of benzenediazonium salts, functions* Recent ab initio calculations based on a multiref-

this interesting class qf reac_tl_ve intermediates contlr_lues to attracterence (MR) approach with limited configuration interaction
a great deal of attentioh.Initially, even the very existence of

. i ) ; : return to the higher estimate of 79 kJ mbt® The large
aryl cations was debatécpnul Swair? prowdeq compelllng discrepancy between the two sets of values for the T-S gap in
ewdenpe for the generation of the phenyl cation in .50'”?'0”- the phenyl cation is clearly an undesirable state of affairs.

An issue that has been the focus of many studies is the

lectronic ch ter of th d state of the phenvl cati Besides its intrinsic interest, a quantitative knowledge of the
electronic character of the ground staté of the phenyl cation, 1_g splitting is very important for the kinetic modeling of the
namely whether it is a triplet (as Taft first propogedor a

inalet® While it i IIv believed that the sinalet i unimolecular dissociation of benzene cation and related systems
singiet e 1 1s now generally believed that e SINGIELIS iy yse of statistical theoriéd. While the theoretical estimation
the ground staté the triplet-singlet (T-S) gap has not been

; . . of T-S splittings, even in smaller systems such as methylene,
uneql_leqcaI_Iy established. Expenm(_ental da_ta from anllearly is not a trivial task’ current computational methods should
%h?at\?gn;ag'gir;tizg;g_}hg F;g‘ﬁp[ﬁgaggh&emte?ﬁ;f’m certainly be able to differentiate between two sets of values that

: B : iff h k LA ingl h
agreement with early estimates (of 84 kJ mplbased on ab differ by more than 50 kJ mo ceordingly, we have used

N i . high levels of ab initio molecular orbital theory to examine
initio molecular orbital calculation®. On the other hand, a more various electronic states of the phenyl cation, and the results
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recent experimental studies, while for the phenyl anion experi-

mental attention has been mainly focussed on its gas-phase

formation from benzen&:2° We have included both species
in the present work, and we report here on the heats of formation
of the phenyl radical and the phenyl anion, the ionization
energies and electron affinity of the phenyl radical, and th¢iC
bond dissociation energy and gas-phase acidity of benzene.

Computational Procedures

Ab initio molecular orbital calculatioéwere carried out with the
GAUSSIAN 9422 GAMESSZ MOLPRO2* ACES IPP>and DALTON®
programs. Optimized geometries for the lowest singletA;) and
triplet (1-°B,) states of the phenyl catiod)(and for the ground states
of the phenyl radicalZ) and the phenyl anion3] were obtained at
various levels of theory, including B3-LYP/6-31G@).’ CASSCF/6-
31G(d), and RCCSD(T)(full)/6-31G(d). Key geometrical parameters
are summarized in Figure 1. Results at other levels of theory are
presented in Table S1 of the Supporting Information. The nature of
the stationary points was characterized by frequency calculations at
all levels of theory except RCCSD(T). Energies are reported at the
G2(MP2,B3LYP,RCC) and CAS-MP2?°|evels of theory. G2(MP2,-
B3LYP,RCC) corresponds effectively to calculations at the RCCSD-
(T)/6-311H-G(3df,2p) level on B3-LYP/6-31G(d) optimized geometries,
incorporating scaled B3-LYP/6-31G(d) zero-point vibrational energies
and a so-called higher level correction (HLC). It is a modification of
the recently proposed G2(MP2,B3LYP,CC) mo#ehe only difference
being that for open-shell species the single-point coupled-cluster
calculations are based on an ROHF (RCCSD(T)) rather than a UHF
(UCCSD(T)) reference wave function. The active space for the
CASSCF wave functions consists of seven orbitals: thersixbitals
(two & and four k) and theo orbital (a) that corresponds to the
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Figure 1. Bond lengths (A) and1C,C,Cs bond angles®) for the
phenyl cation {-'A;, 1-°B,), the phenyl radical2), and the phenyl
anion @) at selected levels of theory with the 6-31G(d) basis set.
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“missing” C—H bond (Scheme 1). These are occupied by Bixdeven

(2), or eight @) electrons. Total energies at the G2(MP2,B3LYP,-
RCC) level are presented in Table S2 and at the CASSCF and CAS-
MP2 levels in Table S3 (Supporting Information).

Results and Discussion

Theoretical Aspects. A recent analysi@ of the relative
merits of UHF and ROHF wave functions within the CCSD
formalism suggested that modest spin-contamination of the
reference UHF wave function should generally not affect the
performance of the corresponding CCSD wave function
(UCCSD). While the comparison of the two reference wave
functions in this analysis was based largely on the spin purity
of the resulting coupled cluster wave function, one would expect
that this conclusion should also carry over to the relative energies
of the RCCSD and UCCSD wave functions. Indeed, we find

(31) Stanton, J. FJ. Chem. Phys1994 101, 371.
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that in most cases the CCSD and the CCSD(T) energies areCAS-MP2/6-31%G(3df,2p) total energies (Table S3, Support-
not very sensitive to whether ROHF or UHF is used as the ing Information) is 83 kJ mot!, which is somewhat lower than
reference wave function (Table S4, Supporting Information). our best estimate of 103 kJ mdl(see below). Inclusion of

A notable exception, however, is the phenyl radical where the dynamic correlation and the use of a large basis set are essential
RCCSD(T) energy is 9 kJ mol below the UCCSD(T) valué? in the challenging case of the vertical ionization energie2, of
However, in this case the spin contamination of the UHF wave to predict the correct order of relative stabilities for ti#g and
function (as judged by its spin-squared expectation value of 1.4) 3B; states. Our results show that it is the'A; state that

can hardly be regarded as modest. In order to treat the systemgpreferentially benefits when dynamic correlation is included in

in the present study in as uniform a way as possible, we havethe CASSCF treatment. Preferential stabilizatiod 8A; also
modified the original G2(MP2,B3LYP,CC) method as described results from improvement of the basis set in the CAS-MP2

above, using RCCSD(T) in place of UCCSDEP). treatment. On the other hand, the relative energies-i;,
Several methods were examined for optimizing the geometries 1-'B1, 1-°A,, and1-'A; are reasonably well described even at
of 1-3. The UHF wave function fol-3B; exhibits artificial the CASSCEF level of theory. A possible rationalization comes

symmetry breaking, predicting one imaginary frequency (along from observing that the last four states all have fivelectrons
a b mode) for theC,, stationary point. Minimization under ~ whereasl-'A; has sixz electrons. A balanced description is
Cssymmetry results in a planar structure distinctly different from therefore achievable at a lower level of theory for the fixe-
that of theC,, stationary point, but with essentially the same electron states.

energy. At the UMP2(full) level of theory, &, minimum is Heats of Formation. As we have noted recent?§,G2 and
found, but one of the vibrational modes (the sammenbde) is G2(MP2§7 atomization energies lead to an overestimation of
associated with an unreasonably high frequerdy000 cnr?).34 the heat of formation of benzene (by 16 and 21 kJ Thol
On the other hand CASSCF, B3-LYP, and QCISD(T)(full)/3- respectively). However, much better agreement with experiment
21G methods all predict &, minimum with all vibrational is found when the G2-type total energies are employed with

frequencies appearing reasonable. B3-LYP/6-31G(d) gaveisodesmic and/or isogyric reactions. Therefore, it seems reason-
results for1—3 that were consistently close to those obtained able to follow a similar procedure here, and use benzene as our
at the RCCSD(T)(full) level of theory (Figure 1). In addition, reference system, for the estimation of heats of formation.

limited testing indicated that G2(MP2,B3LYP,RCC) energies Along these lines, we have used the calculated energies of
calculated at the B3-LYP and RCCSD(T)(full) geometries are reactions +7 (Table 1) in conjuction with experimental

very close to one another (generally within 4 kJ il with dat&®-40 for all the species involved except for the species of
the B3-LYP geometry consistently providing the lower ener- interest to estimate the heats of formation of the phenyl radical
gies® (2), the phenyl anion3), and the singlet and triplet phenyl

Perhaps the most notable geometric difference in the four cations (-!A; and1-3By).
species shown in Figure 1 is the size of the angle at the dehydro According to our calculations the-€H bond dissociation
carbon (JC,CiCs). Increased occupation of the (11 a) energy (BDE) in benzene is 476 kJ malwhich is 10 kJ mot!
molecular orbital results in a narrowing of the angle, which is greater than that in ethylene (reactions 1 and 2 in Table 1). This
presumably associated with an increase in the s character ofeads to predicted values of 34841 kJ mot* for the heat of
theo orbital 1213 There is also a systematic increase inthe C ~ formation of the phenyl radical, in close agreement with other
Cz (C1—Ce) bond length, and to a lesser extent a systematic recent computational finding8:#*
decrease in the £ C3 (Cs—Cs) bond length as one proceeds The C-H bond dissociation energy in benzene and the heat
from 1-1A; to 2 and3.12 of formation of2 have been the subject of a recent elegant and
The choice of an active space of seven orbitals for the detailed experimental stud§. From the analysis of the
CASSCF calculations was based on what we considered to beexperimental data, a €H BDE of 475+ 2 kJ mof* for
the minimum active space necessary for a balanced treatmenbenzene and a heat of formation ®of 339.7+ 2.5 kJ mot*
of the phenyl radical, the phenyl anion, and the various low- have been proposed. These results are in excellent agreement
lying states of the phenyl cation. However, having settled on With our calculated values (476 and 340 kJ mptespectively),
this active space it is quickly clear that the CASSCF level of but this agreement appears to be partly fortuitous, since the
theory itself is inadequate even for a qualitative treatment of €xperimental quantities that were used to derive th¢iBDE
the ionization energies of the phenyl radical. The relative Of benzene, namely the gas-phase acidity of benzene and the
energies ofL and 2 are not well described at the CASSCF/6- electron affinity of the phenyl radical, are themselves not in
311G(d,p) level and are hardly improved in expanding the basis duite as good agreement with theory. The acidity of benzene

set to 6-31%G(3df,2p) (Table S3, Supporting Information). at 298 Kwas determined in flowing afterglow/selected ion flow
Furthermore, the electron affinity of the phenyl radical is tube experiment8as 1681+ 2 kJ mol* whereas we calculate

calculated to be negative. avalue of 1671 kJ mot at 298 K. Interestingly, our calculated

The pictqre chan_ges dramatically when dynamic electron " (3g) (a) Nicolaides, A.; Radom, L1. Phys. Chem1994 98, 3092. (b)
correlation is taken into account (CAS-MP2). A more reason- Nicolaides, A.; Radom, LMol. Phys.199688, 759. _
able estimate for the T-S gap in the phenyl cation is obtained (37) For reviews on G2 and related methods, see: (a) Curtiss, L. A.;

. . . . Raghavachari, K. IQuantum Mechanical Electronic Structure Calculations
and the phenyl aniorg] is predicted to be bound with CAS- i Chemical AccuragyLanghoff, S. R., Ed.; Kluwer Academic Publish-

MP2/6-311G(d,p). Thus, the T-S gap obtained directly from ers: Dordrecht, 1995. (b) Raghavachari, K.; Curtiss, L. A.Mndern
Electronic Structure TheoryYarkony, D. R., Ed.; World Scientific:

(32) Nicolaides, A.; Borden, W. T. Am. Chem. Sod993 115 11951 Singapore, 1995.
(footnote 35). (38) Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin,
(33) For an alternative means of correcting errors due to spin-contamina- R. D.; Mallard, W. G.J. Phys. Chem. Ref. Date988 17, Suppl 1.
tion, see: Ochterski, J. W.; Petersson, G. A.; Montgomery, J. AJ.Jr. (39) Ervin, K. M.; Gronert, S.; Barlow, S. E.; Gilles, M. K.; Harrison,
Chem. Phys1996 104, 2598. A. G.; Bierbaum, V. M.; DePuy, C. H.; Lineberger, W. C.; Ellison, G. B.
(34) See also: Klippenstein, J. S. Submited for publication. J. Am. Chem. S0d.99Q 112, 5750.
(35) In the case of the phenyl anion, the B3-LYP/6+&(d) geometry (40) (a) Pekeris, C. LPhys. Re. 1962 126, 1470. (b) Smith, B. J.;
(Table S1) is very similar to the B3-LYP/6-31G(d) geometry. The G2- Pople, J. A;; Curtiss, L. A.; Radom, Aust J. Chem. Physl1992 45, 285.
(MP2,B3LYP,CC) energy is marginally<(l kJ mol1) higher at the former (41) Hrovat, D.; Borden, W. T. Unpublished results (see note 44 of ref

geometry. 18).
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Table 1. Calculated Reaction EnergieAH;, kJ mol') and Derived Thermochemical Quantities (kJ mplat 298 K Relating to the Phenyl

Cation (), the Phenyl Radical2), and the Phenyl Anion3j2

AHr AHf 298

(1) CsHs® + CoHy — CeHe + CoHz? -10 2 340¢
(2) CsHs* + H* — CgHg —476 347
3) CeHe' + & — CeHs- ~118 3

(4) CeHs + H* — CeHe —167F 223
(5) CsHs™ + CoHs— CeHe + CoH3™ 42 225
(6) C6H5+(1A1) + H™ — CeHe —-119@ 11A; 11349
(7) CGH5+(381) + 2C,Hs— CgHe + CoHa™ + CoHz 106 1-381 123%c
®) 1B, + ICH,— 1A, + *CH, ~137 GHs*(T-S) 99

a At the G2(MP2,B3LYP,RCC) level of theory.Using data from ref 38, unless otherwise notedH; for C;Hz" taken from ref 399 105.7 kJ
mol~! from electron detachment experimefits® 1681 kJ mot! from flowing afterglow/selected ion flow tube experimetitst AH; for CoH3™

taken from ref 399 Obtained by using the exact value.52539 hartree)
methylene from ref 43.

Table 2. Best Theoretical Estimates of Heats of Formatidi{)
at 0 and 298 K for the Phenyl Catiof)( Radical ), and Anion
(3) and Derived Adiabatic (If and Vertical (IE) lonization
Energies and Electron Affinities (EA) at 298 K (kJ mF

Species AHfo AHfzgg |Eab IE\¢ EAd
1A CeHs™ 1146 1134 794 881

1B, CeHs™ 1250 1237 897 915

2-2A, CeHs" 354 340

3 CeHs™ 237 224 116
T-S (phenyl cation) 103 (34)

aEstimated uncertainties of 5 and 10 kJ miplrespectively, are

for the energy of ¥ " Obtained by using singlettriplet splitting for

Excited States of the Phenyl Cation and the lonization
Energies of the Phenyl Radical. The T-S gap obtained by
directly comparing the G2(B3LYP,MP2,RCC) total energies of
the triplet (L-*B,) and the singletX-'A;) cation is 110 kJ mot*
(Table S2, Supporting Information). However, it is likely that,
even at this high level of theory, the computational treatment
of these two species is not perfectly balantedA better
estimate is likely to be arrived at if the T-S gap of the phenyl
cation is compared with that of methylene, which is known very
accurately from spectroscopic measuremé&htEhis comparison
(reaction 8) leads to a “corrected” theoretical value of 99 kJ

associated with the calculated heats of formation on the one hand andmol~1 for the T-S splitting in the phenyl cation. A third estimate

ionization energies and electron affinities on the othédiabatic
ionization energy of the phenyl radical to the specified state of the
phenyl cation¢ Vertical ionization energy of the phenyl radical to the
specified state of the phenyl catichElectron affinity of the phenyl
radical to produce the phenyl anigtiThe recommended experimental
value from gas-phase appearance energies is 1127 kd.hdDerived
from our best estimates fokH;(1-'A;) and the T-S splitting? The
recommended experimental value is 33%72.5 kJ mot1.1® " Esti-
mated as the average of théli(3) derived from reactions 4 and 5 of
Table 1.1 Experimental values for the adiabatic triptainglet splitting

of 96 and 31 kJ mot have been suggested (refs 10 and 13,
respectively).

acidity of benzene at 600 K of 1676 kJ mblis in close
agreement with a previous 600 K experimental value of 1677
+ 3 kJ mol1.20 Qur best estimate for the electron affinity of
the phenyl radical is 116 kJ ndl (Table 2) compared with
the experimental value of 105:% 0.6 kJ mot%.42 Thus our
underestimation compared with the most recent experimental
results of the acidity of benzene, when combined with our
overestimation of the EA of the phenyl radical, leads to the
apparent excellent agreement as far as the heat of formation o
2 and the C-H BDE in benzene are concerned. While the

discrepancies are not very large, their source is presently unclear,

In this context it is interesting to note that our calculated EA of
the vinyl radical and the gas-phase acidity of ethylene (67 and
1712 kJ mot?, respectively) are in very good agreement with
the corresponding experimental quantities §62 and 1713+

3 kJ mol, respectively) as reportétby the same group that
carried out the experimental measurements on the EA of the
phenyl radical and the acidity of benzene.

In a similar fashion, using reactions 6 and 7 (Table 1) we
obtain 1134 and 1239 kJ mdl for the AHs,gg Of the singlet
(1-*A,) and the triplet {-3B) phenyl cation, respectively. The
calculated value forl-!A; is in good agreement with the
recommended heat of formation of the phenyl cation based on
a review of gas-phase appearance energies (1127 kJygdl
indicating that under these conditions the phenyl cation is
observed in its singlet state.

(42) Gunion, R. F.; Gilles, M. K.; Polak, M. L.; Lineberger, W. [Dt.
J. Mass Spectrom. lon Pro&992 117, 601.

of the T-S gap, calculated from theH; »9g values derived for
1-sB; and1-'A; in Table 1, is 105 kJ mof. This leads to a
(subjective) average of 103 kJ mélas our best approximation
to the T-S splitting in the phenyl cation.

Our best estimates of the heats of formation of the species
discussed above are shown in Table 2. From these values the
two lowest adiabatic ionization energies {JEof the phenyl
radical, corresponding to the formation &f'!A; and 1-°B;,
respectively, are readily obtained. We have also calculated the
total energies of-!A; and1-3B; at the phenyl radical geometry,
and in a manner similar to that used for thgslBve have arrived
at our best estimates for the two lowest vertical IEs,(TEable
2). Due to the differences between the geometried-b4;
and2, the vertical IE for the formation df-'A; is significantly
higher than the adiabatic IE (by 87 kJ m8L In the case of
1-3B4, the difference between vertical and adiabatic IEs is much
smaller at 18 kJ mofl. However, due to the initial large T-S
gap (103 kJ molY), we find that even at the phenyl radical

fgeometryl-lAl is still lower in energy thanl-3B;, by 34 kJ

mol~1.44

Other excited states of the phenyl cation were examined at
the CAS-MP2 level. Optimization of-1A,, 1-3A,, and1-!B;
states subject t&,,-symmetry constraints leads to structures
that were all found to be higher-order stationary poffitand

their possible adiabatic formation frothwas not considered
any further. However, we calculated the energies of these states
at the phenyl radical geometry, corresponding to vertical

(43) McKellar, A. R. W.; Bunker, P. R.; Sears, T. J.; Evenson, K. M,;
Saykally, R. J.; Langhoff, S. Rl. Chem. Phys1983 79, 5251.

(44) In contrast, the MR-CIS calculatidfigredict that vertical ionization
to the triplet is lower in energy than vertical ionization to the singlet by 74
kJ molL. Similarly, calculations using a limited type of configuration
interaction including single and double excitatithalso find 1-*B; to be
lower in energy thari-!A;. We have found this same (incorrect) ordering
of states at the CISD/6-31G(d) level of theory even when the Davidson
correction for quadruple excitations was included. This is somewhat
surprising given that the MP2 level of theory correctly predicts the opposite
order of states. This is a manifestation of the sensitivity to the level of
theory of the calculated vertical T-S gap.

(45) The two A states were found to be first-order saddle points, while
1-1B; was found to be a second-order saddle point.
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Table 3. Energies AE, kJ mol?) of Selected Electronic States of Scheme 2
the Phenyl Cation Relative to tHe3B; State at the CAS-MP2
Level of Theory®

species AE + He
1_3810 0 _r IE(2)
1'3A2 24 l'JBl AET g 9
11A, 26 b - e
1B, 59! @ -
a At the B3LYP/6-31G(d) optimum geometry of the phenyl radical, 2
corresponding to vertical ionizatioh With the 6-313-G(3df,2p) basis 1-1A,
set, unless otherwise notetRelative to—230.75437 hartreed With BDE (C¢Hg™)
the 6-311G(d,p) basis set.
H BDE (C¢Hg)

ionization (Table 3% The two A states, which are energeti- R
cally almost degenerate, are predicted to lie approximately 25 @ o [E(CeHy) H
kJ mol~t higher in energy than-*By, i.e. 60 kJ mal?! higher \

than1-'A;. On the other handl-'B; is predicted to be about —_

59 kJ moft higher thanl-3B; at the phenyl radical geometry.

The finding that the two Astates are nearly degenerate, whereas

the triplet B state is significantly lower in energy than the |, 5 recent study of the unimolecular dissociation of the

singlet B, state, can be rationalized by taking into account the o, ene cation within the framework of transition-state theory,
topological properties of the singly occupied molecular orbitals i \ya5 suggested that at the transition state the surface corre-
(SMO). In both cases, the SMO is an a orbital largely  g55nding to the triplet phenyl cation might lie below that of

localized on the dehydro carbon. The other SMO is KIO. the singlet, thereby providing the dominant contribution to the
In the case of the Astates, the ASMO has a node on the o4 qtion ratésc In this connection, it is relevant to note that it

dehydro carbon and therefore the direct interaction between theiS the electronic structure of thiplet phenyl cation that
two qu (_el_ectrons IS _m|n|m|zed. On the other hand, t{_nSNle correlates with the ground state of the benzene caffoiwVhile
has significant density on the dehydro carbon causing a larger - c5|cylations do not directly address this issue, a comparison

interaction between the two electrons. As expected under suchyeqyeen our estimated heats of formation and the experimental
cwcums_tances, thesBriplet state is calculated to lie well below result4® makes it clear that the phenyl cation is produced in its
the By singlet. ground (singlet) state. In other words, during the dissociation
Phenyl Cation: Comparison of Theoretical Findings with of the benzene cation intersystem crossing takes place at some
Experimental Data. A photoionization mass spectrometry point along the reaction coordingte. The high T-S splitting
(PIMS) study of the phenyl radical concluded that the first and predicted by the current calculations suggests that the relative

second adiabatic ionization energies of the phenyl radical differ contribution of the triplet and singlet states to the reaction rate
by 96 kJ mot1.1® The lowest IE was measured at 782 10 should be re-evaluated.

kJ mol! and assigned to the formation @f'A;, while the
second ionization (87& 10 kJ molY) was postulated to be

It might also be helpful to add a qualitative explanation as to
) . why the T-S splitting in the phenyl cation might be expected to
due to the formation of-°B,.1%1* While our calculated I be large. Chen has used a valence bond promotion energy
are individually higher by 1219 kJ mof*, the agreement is argument to relate T-S gaps in biradicals with differences in
sufficient to strongly support the above interpretation. relevant BDES! Along similar lines, one can argue that the

Some time ago the photoelectron (PE) spectrum of the phenyl c—H BDE in the benzene radical cation should be smaller than
radical (prepared from the reaction of atomic fluorine with the C-H BDE in benzene by an amount that is similar to the
benzenE) was analyzed with the h9|p of ab initio calculatiéns. T-S gap in the pheny| cation (Scheme 2) Our calculations find
It was proposed that the adiabatic IE corresponding to the the bond in the radical cation to be weaker by 109 kJthol
formation of the singlet cation takes place at 2720 kJ mot™* Similarly, available experimental d&¢show that the €H BDE
(not observed in the experimental spectrum), while two peaks in the benzene radical cation is around 370 kJthair 105 kJ
observed at 80% 4 and 837+ 4 kJ mol ! were assigned t0  mol! |ess than the corresponding BDE of benzene. In other
the adiabatic and vertical iOﬂiZﬁtiOﬂ, respectively, to fdr-ﬁBl WOde, according to the valence bond picture of Scheme 2, 0ne
This interpretation is not compatible with our findings, since expects the T-S gap in the phenyl cation to be of the order of
our calculations indicate that significantly greater energy is 100 kJ mot®. Implicit in this argument is the assumption that
required for the (adiabatic or vertical) formation b#B, from ionization from ther system of the phenyl radical, correspond-
the phenyl radical. In addition, the calculated difference ing to the formation ofl-3B; (IE4(2), Scheme 2), is similar to
between the adiabatic and vertical ionization energies for the the |E of benzene. This assumption, which was app“ed in the
formation of1-3B; is somewhat smaller (18 kJ md). From analysis of the PIMS data, is also justified by our data. The
our results alone an unambiguous interpretation of the spectrumcalculated energy for the adiabatic formation of the triplet phenyl

is not possible. However, we note that the experimentally cation from 2 (897 kJ mot?) compares favorably with the
measured distance between the two peaks (34 kJ%ndbsely known IE, of benzene (892.09 kJ md).38

matches our calculated vertical T-S gap. While this may be
purely coincidental, it does suggest the possibility that what is  (47) The observed IEs are not far from our calculated adiabatic |E for

; ; ; ; the formation of1-!A;. While it is still possible that one of the observed
actually observed is the vertical spectrum from the vibrationally peaks is associated with the adiabatic formatiot-&44, it would be hard

excited (by ca. 80 kJ mot) phenyl radical td.-!A; and1-3By.47 to explain the other signal. Furthermore, as has already been Hdtes,
Franck-Condon factor for the (adiabatic) formation dffA; is expected
(46) At the phenyl radical geometry, further electronic states1ikB,, to be very small.
1-'B, and1-3A; are found to be significantly higher in energy th&sB; (48) CASSCF calculations indicate that this intersystem crossing does

(by 252, 297 and 409 kJ mdl, respectively, at the CAS-MP2/6-311G-  not give rise to a reverse dissociation barrier, so that dissociation of a
(d,p) level). hydrogen atom from the benzene cation proceeds monotonically uphill.
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In summary, our results indicate that the ground state of the The first excited state of phenyl cation is the triplet @-
phenyl cation {-'A;) lies 103 kJ mot! in energy below the  3B;) which lies 103 kJ moi* higher in energy than the singlet
first excited triplet statel-*B1). Under conditions that promote A, state, in agreement with the interpretation of photoionization
the vertical ionization of the phenyl radical, the singlet A mass spectrometry results. The origin of the discrepancies
remains the lowest energy electronic state, but three more stateetween our data and the most recent PE spectrum of the phenyl
(1-*Ba and the essentially degeneratA, and1-’A,) lie within radical is not clear, making a high resolution PE study of this
approximately 60 kJ mof. Still higher in energy there is yet reactive intermediate highly desirable.
another electronic statdd{B;). In principle, these findings ; . .
should be verifiable by a high-resolution photoelectron spectrum ~ OUr data are also consistent with the formationsafglet
highly desirable. In view of the high T-S gap in phenyl cation, a re-evaluation

After this work was substantially completed we became aware Of the relative importance of the singlet and triplet surfaces at
of a related study by Hrl&aet al. with a rather different  the transition state is recommended.
emphasis but with similar conclusioffs. These authors also
find a large adiabatic T-S splitting (ca. 80 kJ mbin their Acknowledgment. We thank Professor Jan Hriksdor
work)> for the pheny! cation in favor of the singlet,A Their communicating his results to us prior to publication. We
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1-'Ay wasnotobserved in the_ PE experiments. The unsatisfac .University Supercomputing Facility and the SGI Power Chal-
tory agreement between their simulated spectra and the EXPerij. o of the Australian Cooperative Supercomputer Facilit
mental PE spectra led Hrusat al. also to suggest that a 9 P P P Y

spectroscopic reinvestigation of the ionization of the phenyl supportgd by the Aust.rallan Research Counql, support from
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Our calculated heats of formation of the phenyl radical and ) _ ) _
the singlet phenyl cation and the-& BDE in benzene are in Supporting Information Available: Geometrical parameters
accordance with the most recent experimental and computationalof 1-*A;, 1By, 2, and 3 at selected levels of theory (Table
results. Furthermore, in agreement with current thinking, we S1), G2(B3LYP,MP2,RCC) total energies (Table S2), CASSCF
find the singlet {-!A;) to be the ground state of the phenyl and CAS-MP2 total energies fdr, 2, and3 (Table S3), spin-
cation. Our calculated electron affinity of the phenyl radical squared expectation values and RCCSD, UCCSD, RCCSD(T),
and the acidity of benzene (both closely related to the heat of and UCCSD(T) total energies for the open-shell species (Table
formation for the phenyl anion) are in reasonable but slightly s4), B3-LYP/6-31G(d) harmonic vibrational frequencies and
IeSS_good agreement with experiment, differing by about 10 kJ jntensities for1-!A;, 1-3By, 2, and 3 and their perdeuterated
mol™ from the most recent experimental values. derivatives (Table S5), and archive entries for the B3-LYP/6-

(49) Hrusk, J.; Schider, D.; Iwata, SJ. Chem. Phys1997,106, 7541. 31G(d) optimized geometries and MP2(fc)/6-313(3df,2p)

(50) The main reason for the smaller T-S splitting in ref 49 appears to gingle-point calculations fot-'A;, 1-3B4, 2, and3 (Table S6)
be associated with their use of a smaller doublslus polarization basis 9 S ' h ,d ' f deri d
set (cc-pVDZ) compared with the effective 6-31G(3df,2p) basis set in (9 pages). ee. any Cl{”e”t masthead page for ordering an
our G2(MP2,B3LYP,RCC) calculations. At the RCCSD(T)/6-311G(d,p) Internet access instructions.

level, we calculate a T-S splitting of 82 kJ md| in close agreement with
their cc-pVDZ value. JA970808S




