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A CASSCF Study of Various Rotamers of the Hexatriene Radical Cation 

Robert J. Cave* and Jenifer L. Johnson 
Department of Chemistry, Harvey Mudd College, Claremont, California 91 71 1 (Received: February 1 ,  1992) 

Results are presented from ab initio calculations on the ground and two low-lying excited states of the hexatriene radical 
cation in a variety of stable conformations of the electronic ground state of the molecule. We have performed Hartree-Fock 
geometry optimizations using the STO-3G and 6-31G basis sets and have performed vibrational analyses for all stable conformers 
in the 6-31G basis. In addition, we have performed geometry optimizations in both basis sets using CASSCF wave functions 
where the five A electrons are correlated. No new geometrical information is obtained at this level of treatment. Excitation 
energies to the two lowest-lying doublet A excited states for the six stable ground-state geometries were also calculated using 
CASSCF wave functions. These excitation energies are compared with previous experimental assignments of observed transitions 
in photolytically generated hexatriene radical cations. 

I. Introduction 
Polyene spectroscopy is an active area of collaboration for 

experiment and electronic structure theory. In addition to the 
examination of polyene spectroscopy in the context of studies of 
visual chromophores’ and conducting polymers,2 much recent work 
has been aimed at  understanding the relative energy ordering of 
the low-lying states in short-chain polyenes such as butadiene, 
hexatriene, and ~ t a t r a e n e . ~  Recent experiments have clearly 
established that the lowest excited state in cis-hexatriene is the 
doubly excited a result that is counterintuitive until one 
considers the mixing of the various nominally degenerate zero- 
order doubly excited configurations. Other recent work on cy- 
clopentadiene also suggests that the lowest excited state is the 
doubly excited state31 with a smaller gap between the first and 
second excited states than that observed in hexatriene. 

While semiempirical theory successfully predicted this ordering 
15 years ab initio electronic structure theory has yet to 
unequivocally properly order the two lowest excited states of the 
polyer~es.~ (However, recent work by Graham and Freed provides 
quite good agreement with available experimental work on bu- 
tadiene:) These difficulties arise largely from the need to correlate 
all valence electrons for both low-lying excited states (i.e., neither 
state can be treated as a *-electron-only problem) and the large 
number of valence electrons in the molecules. Semiempirical 
methods explicitly treat only the A electrons but apparently build 
UT correlation into the effective Hamiltonian, yielding excellent 
agreement with experiment. 

Polyene radical cations have also been an area of interest for 
experimentalists’ and theorists.s Like the neutral species, the 
low-lying states arise from T - A* excitations and are mixtures 
of two or more zero-order states. They are somewhat more 
difficult to treat experimentally due to the problems in generating 
them and preventing their subsequent reaction, but theoretically 
they turn out to be a simpler problem than the neutral molecules.8d 
In the neutral molecules one encounters difficulties brought on 
by valence-Rydberg mixing, even for the low-lying valence states, 
since the ionization potentials (IPS) of the neutral polyenes are 
so low. However, in the cations the IPS are much higher, and as 
a consequence the Rydberg states lie much higher than the valence 
states, and their mixing in the low-lying excited states is negli- 
gible.8d 

Hexatriene radical cation (C,H8+) in particular has been the 
subject of rather detailed experimental treatment. In 1977 Shida 
et al.9 attempted to systematically assign the various rotational 
conformers (dubbed “rotamers”) of hexatriene+ obtained upon 
ionization of cyclohexadiene and subsequent photolysis of the 
products in a Freon matrix. On the basis of their spectra and 
semiempirical calculations on the various rotamers they assigned 
four of the possible six rotamers of hexatriene+ (ccc, ctc, tct, and 
ttt, where t denotes trans, c denotes cis, and the three letters denote 
the conformation about the three central bonds). The other two 
possibilities, ctt and a t ,  were suggested to not be formed in the 
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process. Later work by two other groups reexamined these re- 
actions in argon matrices.lOJl The work of Kelsall and Andrewsio 
found similar spectra to those obtained by Shida et al., but they 
were unable to conclude anything further for the assignments. On 
the other hand, Bally et al.” concluded they had observed five 
of the six possible rotamers, and provided assignments for these. 

In terms of theoretical treatments of this system, a variety of 
semiempirical methods have been brought to bear on the ttt 
rotamer (see ref 7b and references cited therein), and CNDO/S 
and INDO calculations were used by Shida et aL9 to interpret 
their experimental results. However, in the latter case steric 
interactions appear to be qualitatively inaccurate, and excitation 
energies were obtained with only qualitative accuracy. To our 
knowledge there has been no ab initio work on any of the rotamers 
of hexatriene+. 

We have recently compared a variety of a b  initio methods for 
the treatment of the ground and excited states of butadiene radical 
cation.8d One of our conclusions was that while correlation of all 
valence electrons tended to lower the computed excitation energies, 
relative to CASSCF calculations correlating only the A electrons, 
no new qualitative information was gained from all-electron 
correlation, and reasonable quantitative agreement was obtained 
in most cases. For the treatment of the relative energetics of 
several conformers and the excitation energies a t  each of these 
stationary points, it was considered important to treat all points 
uniformly. The CASSCF method provides a means of treating 
all geometries a t  the same level, allowing the necessary multi- 
configurational description of the various excited states, while 
avoiding the need for perturbative selection of configurations. In 
essence, in using this method we assume that the neglected cor- 
relation of the u electrons has limited differential effect on the 
relative energies of the various rotamers or on the relative exci- 
tation energies to a given state for different rotamers. In the case 
of butadiene good evidence exists to suggest that the relative 
ground-state energies of various conformers are changed only a 
small amount by inclusion of correlation.I2 

The present study thus has several aims. First, we seek to 
examine the stability of various hexatriene+ rotamers and order 
them energetically. Second, we seek to estimate the relative 
excitation energies to the first and second T excited states of the 
hexatriene+ rotamers. That is, while we will not predict the 
excitation energies to high accuracy, we suggest that the ordering 
of the excitation energies for the various rotamers will still be 
basically correct. We then compare our results with experiment 
and the various assignments that have been made in the past. 

The remainder of the paper is organized as follows. In the 
following section we discuss the theoretical methods used, followed 
by presentation of the results of our calculations. In section IV 
the results are discussed and compared with the past experimental 
and theoretical results, followed by our principal conclusions. 

11. Theoretical Methods 
All geometry optimizations were performed in C, symmetry. 

The rotamer ttt yielded a CZh geometry while the tct and ctc 
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CASSCF Study of Rotamers of Hexatriene' 

TABLE I: Geometries for Various Rotamsrs of C a n t  
rotamep C,-C: C2-Gb CrC4 ec,c2c,c, ec2c,c,c5 

ttt 
tct 
C t t  
CtC 

ttt 
tct 
ctt 
CtC 

ttt 
tct 
C t t  
ctc 
cct 
ccc 

ttt 
tct 
ctt 
CtC 
cct 
ccc 

STO-3G ROHF' 
1.349 1.430 1.412 
1.348 1.43 1 1.416 
1.350, 1.347 1.429, 1.436 1.413 
1.348 1.436 1.412 

1.382 1.429 1.417 
1.382 1.430 1.421 
1.383, 1.381 1.428, 1.435 1.417 
1.382 1.435 1.417 

STO-3G CASSCF' 

6-31G ROHF 
1.354 1.41 1 1.398 
1.353 1.414 1.403 
1.354, 1.354 1.412, 1.419 1.398 
1.353 1.420 1.397 
1.354, 1.350 1.413, 1.423 1.404 
1.351 1.425 1.400 

1.375 1.408 1.399 
1.373 1.410 1.404 
1.375, 1.374 1.409, 1.417 1.400 
1.374 1.417 1.399 
1.376, 1.371 1.409, 1.421 1.405 
1.372 1.422 1.402 

6-31G CASSCF 

180 
180 

0 
0 

180 
180 

0 
0 

180 
180 

0 
0 

24 
23 

180 
180 

0 
0 

23 
22 

180 
0 

180 
180 

180 
0 

180 
180 

180 
0 

180 
180 
16 
23 

180 
0 

180 
180 

17 
23 

For key to rotamer eometries, see Figure 1 .  The bond lengths are 

are set equal to the larger value upon rounding. Where the bonds on 
either end of the molecule are not symmetrically related, we report two 
values. For the STO-3G basis only planar geometries are examined. 
Since these are not minima for the cct and ccc structures we do not 
report them here. 

rotamers had C, geometries; the remaining rotamers all had lower 
symmetry. All calculations were performed using GAMESS.~~ Two 
different basis sets were used, the STO-3G basisi4 and the 6-31G 

In the studysd of butadiene+ it was found that STO-3G 
excitation energies tended to be 0.2-0.3 eV higher than the 6-3 1G 
results, and that augmentation of the 6-3 1G basis with diffuse 
or d functions had an approximately 0.1-eV effect on the excitation 
energies. Given the limited correlation treatment employed here, 
these latter effects were not considered critical. 

Initial geometry searches were performed using restricted 
open-shell Hartree-Fock wave functions (ROHF). In our study 
of butadiene+ it was found that R O H F  wave functions, when 
optimized in Ci symmetry, produced nonsymmetrical equilibrium 
geometries. At higher levels of correlation the ground-state 
equilibrium geometry was found to be C2h; thus this artificial 
symmetry breaking was a result of the wave function attempting 
to correlate the three u electrons. In hexatriene+ we found no 
evidence for symmetry breaking at  the SCF level; that is, the ttt 
rotamer was found to be C2, to within the limits of the numerical 
convergence used even when the geometry search was begun from 
a C ,  configuration. Correlation was included using complete- 
active-space self-consistent field (CASSCF) wave functions where 
all r electrons were distributed among the six lowest T valence 
orbitals. In some cases the rotamers are distinctly nonplanar; 
nevertheless the three highest occupied orbitals still are essentially 
d i k e ,  as are the three correlating orbitals obtained in the 
CASSCF treatment. 

Excitation energies were based on CASSCF results for each 
state involved in the transition. The excitation energies reported 
correspond to vertical transitions from the equilibrium geometry 
for the ground electronic state of the given rotamer. 

111. Results 
In Table I the C-C bond lengths and the central dihedral angles 

about the inner three CC bonds are presented at  the calculated 
equilibrium geometries for each rotamer. In all cases the C-H 
bonds were between 1.07 and 1.10 A. Figures 1 and 2 show the 
6-31G ROHF geometries. The numbering scheme for the carbon 

converged to 10.0005 It ; two bond lengths that differ by this or less 
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t t t  tct 

ctt ctc 
Figure 1. Geometries for the ttt, tct, ctt, and ctc rotamers of hexatrienet. 

A 
cct ccc 

Figure 2. Geometries for the cct and ccc rotamers of hexatriene+, from 
the side and from above. 

atoms begins a t  one end and numbers consecutively across the 
molecule. Four of the rotamers, ttt, tct, ctt, and ctc, are found 
to be planar, whereas the ccc and cct rotamers are found to deviate 
significantly from planarity. This is in contrast to 6-31G R H F  
calculations on the neutral molecule by Yoshida et a1.16 For the 
neutral molecule they found only two planar rotamers (ttt and 
tct) and found the energy ordering ttt, tct, ctt, cct, ctc, and ccc. 
We have performed optimizations for the cct and ccc rotamers 
where they are restricted to planarity and found that the energies 
of these stationary points a t  the 6-3 1G R O H F  level are higher 
than the nonplanar results by 1.3 (cct) and 7.5 kcal/mol (ccc). 
Whether in the minimum basis set or the valence double-!: set one 
finds quite similar results, and correlation of the r electrons yields 
quite small changes in the computed geometries. In general, the 
CASSCF results lead to somewhat longer bond lengths than the 
R O H F  results, in either basis. 

To test the sensitivity of the above geometries to augmentation 
of the basis set with polarization functions, we have reoptimized 
the ttt, ctc, and ccc rotamers in the 6-31GS* basisi5b at  the ROHF 
level (results not shown). We found that the end and central C-C 
bonds decrease in length by approximately 0.005 A and that the 
two other inner bonds (C2-C3 and C4-Cs) increase by about the 
same amount. Small changes in the dihedral angles (about 2") 
are also observed. In this larger basis the relative energy difference 
between ttt and ctc is 8.13 kcal/mol and the relative energy 
difference between ttt and ccc is 14.41 kcal/mol. Little change 
in the relative energies is seen compared to the 6-31G results, and 
we have not pursued results in the larger basis any further. 

We performed vibrational analyses for all rotamers at the 6-31G 
ROHF level, and each structure was shown to be a true minimum. 
In general the lowest vibrational frequency was on the order of 
120 cm-I, except for ctc, where the lowest frequency was about 
65 cm-I. The similarity of the geometrical parameters for the 
various levels of calculation employed here, coupled with the 
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of this system. In the earliest work, that of Shida et al.,9 four 
separate spectra (other than that of the parent cyclohexadiene 
cation CHD+) were obtained by difference spectra after illumi- 
nation of the cation. It was observed that three of the ions were 
formed concurrently upon illumination of CHD+, and that all three 
could eventually be converted into a species with a spectrum in 
agreement with that of ttf-hexatriene+. Through use of INDO 
and CNDO/S calculations they produced potential energy surfaces 
for ground and excited states, and concluded that only production 
of ccc, ctc, tct, and ttt ions was consistent with the experiments 
and calculations. This mandated a simultaneous twebond rotation 
about two inner carbon bonds in their reaction scheme. Later 
work by Kelsall and Andrews’O supported the experimental finding 
of four distinct species, and while they agreed with the assignment 
of the matrix spectrum of the ttt ion, they found no convincing 
experimental evidence that would allow assignment of the other 
spectra to particular rotamers. 

Bally et al.” also examined this system, but noted that gas-phase 
work1’ found essentially identical first emission bands for the ttt 
and tct ions. Thus they were motivated to examine the possibility 
of overlapping bands for these species more closely. Furthermore, 
they eschewed the idea of a two-bond rotation after the primary 
photoreaction, and instead proposed that only one-bond rotations 
were occurring after photoreaction by the thermally activated ccc 
ion. They suggested that when a given species reacts, it initially 
only forms products that differ from it by rotation about one bond. 
This being the case, they assigned spectra to the ccc, cct, ctt, tct, 
and ttt rotamers, suggesting that either ctc absorbed at longer 
wavelengths than all other species and was immediately photolyzed 
upon excitation, or that it was inherently less stable than the other 
species and underwent a quick thermal reaction. In the case of 
bleaching experiments of the rotamers, it is less clear on which 
surface the rearrangement takes place. 

In regard to the calculations presented here, a few notes of 
caution should be added. First, our results are uniformly high 
for the calculated excitation energies. We believe that this most 
likely arises from not correlating the u electrons, but it is possible 
that other factors, such as the limited basis sets used, may be 
contributing to the high excitation energies observed. Second, 
a valid ordering of excitation energies will be based on a systematic 
cancellation of errors. In any calculation we neglect u correlation 
as well as UT correlation. In calculating an excitation energy we 
take a difference between energies, thus including a differential 
u and ua correlation error in the excitation energy. To the extent 
that this differential correlation error is not the same for all 
rotamers, we will obtain inaccurate estimates of the difference 
between excitation energies for two rotamers, and may even end 
up with an incorrect ordering of the rotamer excitation energies. 
Third, some of our excitation energies are quite similar, and in 
general one must be cautious in drawing conclusions based on small 
energy differences in any a b  initio calculations, much less cal- 
culations where the correlation recovery is small and the basis 
set is limited. (See below for a detailed comparison with ex- 
periment.) Fourth, our results are best compared to gas-phase 
results, whereas most of the experiments are done in Freon or 
argon matrices. While the matrix shifts are smallll for these 
molecules, it is possible they may not be constant for all rotamers, 
thus influencing the relative order of the transitions. Fifth, while 
the above comments were aimed at  the excitation energies, they 
could also be directed at the energy differences between the various 
ground-state stationary points. Thus, in examining our results 
and comparing them to experiment, we do so in the spirit that 
they may provide a useful guide or stimulus for new experiments, 
but they are by no means definitive calculations on these systems. 
Regarding the geometrical energy differences on the ground-state 
surface, it should be noted that in several examinations of the 
secondary minima for butadiene, double-c R H F  calculations yield 
results within about 0.5 kcal/mol of larger basis set correlated 
calculations (see results in ref 12a-c). Since most of our energy 
differences are larger than 0.5 kcal/mol, we believe that the 
ordering of the rotamer energies is reasonably accurate. 

TABLE II: Relative Enereies of Various Rotamers of Hexatriene+a 
method tct Ctt CtC cct ccc 

STO-3G ROHFb 1.85 2.93 5.79 
STO-3G CASSCFb 2.14 2.48 5.07 
6-31G ROHF 2.27 3.80 7.57 8.53 14.18 
6-31G CASSCF 2.70 3.37 6.90 8.62 13.99 

“All energies are for the ground state of the molecule in the given 
configuration. Energies reported in kcal/mol relative to the ttt rotamer 
in the given basis set and wave function. The energies of the ttt ro- 
tamers used are STO-3G ROHF, -228.764 96 hartrees; STO-3G 
CASSCF, -228.852 12 hartrees; 6-31G ROHF, -231.470 14 hartrees; 
and 6-31G CASSCF, -231.534 81 hartrees. planar configura- 
tions were considered in the STO-3G basis. Since these are not mini- 
ma for the cct and ccc rotamers, the results are not reported here. 

TABLE 111: Excitation Energies for Various Rotamers of 
Hexatriene+” 
rotamer AE1(6-31G) AW6-31G) AE1(STO-3G) AEJSTO-3G) 

ccc 2.15 3.30 
CCt 2.14 3.34 
CtC 2.06 3.49 2.22 3.54 
tct 2.17 3.50 2.28 3.57 
Ctt 2.1 1 3.53 2.25 3.58 
ttt 2.16 3.59 2.28 3.61 

“The first two a excitation energies (in eV) from CASSCF calcula- 
tions for each rotamer. The CASSCF optimized geometry for the 
ground state of the given rotamer was used in each case. STO-3G 
results are not reported for the cct and ccc rotamers, since they were 
only treated as planar species in this basis. The ground-state energies 
for each rotamer can be calculated from the data in Table 11. 

stability of the stationary points at the 6-31G ROHF level, suggests 
that these will be minima in larger basis sets and/or in more 
complete correlation treatments. 

Table I1 contains relative energies for the various rotamers, in 
kcal/mol, for all stationary points and methods used in Table I. 
In each case the energies are reported relative to the ttt rotamer 
in the given basis and wave function. The ttt rotamer was found 
to be the most stable rotamer in all cases. Interestingly, the 
STO-3G basis tends to yield somewhat lower energy differences 
for the other rotamers relative to the ttt rotamer than the 6-31G 
results. In addition, inclusion of correlation tends to decrease the 
relative energy of the ctt and ctc rotamers, while raising that of 
the tct rotamer. The cct and ccc rotamers yield less generalizable 
results. In any event one sees that, independent of basis set or 
correlation treatment, (1) all six rotamers are stationary points, 
(2) the relative ordering of the rotamers in the ground state is 
found to be ttt, tct, ctt, ctc, cct, and ccc, and (3) two of the 
rotamers are clearly nonplanar. 

In Table I11 we present CASSCF excitation energies to the two 
lowest doublet a excited states of hexatriene+ at  each of the 
stationary points located in Table I. It is seen that the excitation 
energies to the first excited state are quite similar, ranging by at  
most 0.1 eV in either basis set. The second excitation energy varies 
by about 0.3 eV. The STO-3G results are about 0.05-0.10 eV 
higher than the 6-31G results in all cases. Focusing on the second 
excitation (the one that has the greater intensity experimentally), 
the  6-31G CASSCF results predict the ordering ccc < cct < ctc 
< tct < ctt < ttt. The STO-3G CASSCF results yield the same 
ordering for the four planar rotamers considered in this basis. 
However, the STO-3G results indicate that the tct and ctt ex- 
citations are nearly isoenergetic, whereas the 6-3 1G results predict 
that the ctc and tct transition energies are nearly identical. In 
the following discussion when ordering several transitions or when 
quoting experimental excitation energies, we have used the ex- 
perimental intensity maxima. These are believed to correspond 
to the vertical transition from the ground-state geometry. 

IV. Discussion 
Before discussing our results, it is useful to briefly review the 

experimental results and the analysis used in previous treatments 
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