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Pseudorotation in Radical Cations of Low-Symmetric Decalin Molecules
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Adiabatic potential energy surfaces (PES) of isomeric decalin cations have been found to be the pseudorotational
surfaces due to avoided crossing that is typical for the highly symmetric Jahn—Teller active ions rather than
for low-symmetric bicyclic systems. According to the UB3LYP/6-31G* data, the height of the barrier to
pseudorotation is less than 2 kcal/mol for the trans isomer and about 9 kcal/mol for the cis isomer. Another
peculiarity of the cis isomer PES is that the structure of minimum energy lies beyond the pseudorotation
gutter. The calculation results are in fair agreement with the experimental electron spin resonance data.

1. Introduction

A decalin molecule C oH;g exists as cis and trans isomers; in
both the cases ‘“chair—chair” conformations (Figure 1) are
energetically favorable.! Radical cations (RCs) of cis- and trans-
decalin have been studied in low-temperature matrices* ¢ and
zeolites’ as well as in liquid solutions®® using the electron spin
resonance (ESR) technique and the methods of optically detected
ESR (OD ESR) and magnetic field effect on reaction yield
(MARY) spectroscopy, respectively. The spectral behavior of
the isomeric cations proved to be significantly different. In Freon
matrices, the ESR spectrum of ¢-DEC™" depends neither on the
matrix nor on the temperature.* On the contrary, two different
ESR spectra corresponding to ay = 52 (4H) and ay = 36.6
(4H) G are observed for -DEC™ depending on the matrix.
Moreover, in ¢-C¢F;|CF; and CF,CICFCCI, at 4.2 K both the
spectra have been registered simultaneously. The spectrum
observed in ¢-CgFCF; at 77 K was simulated by assuming of
spectral exchange with an exchange rate k,=7.9 x 107 s71,
and the 125 K spectrum corresponded to limit case of complete
averaging of hyperfine coupling (hfc). These results were
interpreted by Melekhov et al.* using the MNDO calculations
which indicated the energy closeness of two +-DEC™" structures
with different ground states, Co, (*A,) and Cy;, (*B,). INDO
calculations of isotropic hfc constants for these structures
reproduced well the experimental ESR data.

An essential distinction between ¢-DEC** and -DEC** has
been also revealed in liquid solutions.® So, the resolved OD
ESR spectrum of ¢-DEC™ was observed in irradiated cis-decalin
solution even at room temperature. Unlike that, -DEC™ was
never observed in liquid solution by OD ESR method. It is in
agreement with the dramatic difference in the times of spin—lattice
relaxation of these RCs in solutions, 7; =~ 14 ns for -DEC™
and T; ~ 400 ns for c-DEC*". This difference was revealed by
both the MARY spectroscopy®’ and the method of time-resolved
magnetic field effect.'”

Substantially, when going from Freon matrices to some
zeolites,’ the distinction in spectral behavior of the +-DEC™" and
¢-DEC™ is leveled. Two different electronic states and spectral
exchange between them are observed for both RCs depending
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Figure 1. Isomer forms of the decalin molecule: frans-decalin (Cy;,)
and cis-decalin (C,). The dashed line denotes the main element of the
symmetry, the C, axis.

on particular zeolite. Apparently, in this case the energy gap of
the c-DEC™ states is comparable with the energy of the RC
interaction with zeolite matrix.

Thus, the data provided by the ESR experiments for decalin
RCs strongly suggest the existence of close in energy electronic
states in these RCs. This may seemingly results in structure
distortions and complicated structure of adiabatic potential
energy surfaces (PES). However, PESes of these RCs have not
been studied yet, and this investigation is a goal of the present
work. Here we performed ab initio PES study of the cis- and
trans-decalin RCs to locate the stationary structures and to
determine their interrelation. Calculated hfc constants are
compared with the experimental ESR data.

2. Computational Details

To obtain a qualitative view of PES structure, we have
estimated the energies of vertical cation states of the cis- and
trans-decalin molecules at ROHF and CIS/ROHF calculation
levels and considered a possibility of intersection of the
electronic states in respective RCs. The proper PES studies have
been performed with the DFT UB3LYP method. The 6-31G*
basis set is used in all the calculations. The types of stationary
PES points have been determined by the normal vibrations
analysis. Their interrelations have been found out by means of
the intrinsic reaction coordinate (IRC) technique. For compari-
son, some calculations of the cyclohexane neutral molecule and
RC have been done as well. The main calculations have been
carried out by the GAMESS program package.!! Some prelimi-
nary calculations of low-symmetric transition states have been
performed at the PBE/3z level by the PRIRODA program'? that
allowed us to reduce computational expenses.

3. Results and Discussion

Figure 2 shows higher-occupied molecular orbitals (HOMOs)
of the cis-decalin and frans-decalin molecules together with the
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Figure 2. HOMO of the cyclohexane and isomeric decalin molecules. For rrans- and cis-decalin, the relative energies (eV) of the respective
vertical cation states are presented according to the data of CIS/6-31G*//ROHF/6-31G* calculations.

TABLE 1: Intersection of Lower Electronic States of frans-and cis-Decalin Radical Cations®

geometrical structure

radical cation state ROHF/6-31G* CIS/6-31G*//ROHF/6-31G* »

t-DEC ** Cy, (zAg) Coy (ng) Cy, (ZAg) Cy, (ZBg)
A, —388.880378 —388.790658 —388.919112 —388.844130
‘B, —388.723463 —388.843667 —388.798632 —388.930778

c-DEC™ G (CA) G, (°B) G, (A) G, (°B)

’A —388.875654 —388.778032 —388.914733 —388.858063
—388.814069 —388.837238
’B —388.699134 —388.826301 —388.799864 —388.893849

@ Total energies are given in a.u., bold font stands for the ground electronic state of the structure. ” CI matrix of each state is built on its own
MO obtained at the geometry optimized for this state. The energies of two lower 2A states are presented for c-DEC™".

relative energies of respective vertical cation states. At the
geometry of neutral parent molecules, for both the isomers, there
are two close in energy RC states whose single occupied MOs
(SOMOs) are formed by symmetric combinations of components
of the degenerate cyclohexane e, MO. For --DEC*" these states
belong to different representations of symmetry group of a
neutral molecule, Cy, (B, and *A,). For ¢-DEC™* (C, symmetry)
both the states are totally symmetric, >A. Note that the energy
level of the next c-DEC™* state, 2B, is also rather low.

For each isomer at the ROHF level geometry optimization
of the states of different symmetry leads to two stationary
structures that possess the same spatial symmetry but differ in
the symmetry of the ground electronic state: Cy, (zAg) and Cy,
(*By) for -DEC*" and C, (*A) and C, (*B) for c-DEC™"". Single-
point ROHF calculations of lower excited states performed for
these structures by a change in initial guess reveal a crossing
of the B, and ?A, terms of -DEC™" and A and B of ¢-DEC™
as well. The terms crossing is preserved also at the CIS//ROHF
level of calculations (Table 1). The crossing avoidance occurs
along the pseudorotation coordinate via symmetry reduction to
the nearest subgroup in which the crossing states belong to the
same irreducible representation (Cy,—C; for -DEC*" and C,—C,
for ¢-DEC™) that allows the RC electronic state to change
smoothly.

Thus, according to the data of ROHF and CIS calculations,
the PESes of RCs of the isomeric decalins are the surfaces of
conical intersection. Such a shape of adiabatic PES is typical
for highly symmetrical Jahn—Teller active ions'>!* as well as
for some of their low-symmetric derivatives containing sub-
stituents which slightly perturb the degenerate MO.'>!¢ A priori
a similar PES structure is hardly to be expected for the RC of
minimallu symmetric decalin molecules because their SOMO
are not perturbed components of the cyclohexane e, MO but
represent combinations of these components and are delocalized
over both the rings (Figure 2).

The geometries of the ¢-DEC*" and #-DEC*" structures
optimized by the ROHF method were further used as starting
ones in the UB3LYP calculations. According to the data
obtained at this calculation level as well, there are two structures
for each RC (Cy, for +-DEC™ and C, for ¢-DEC**) with the
ground states of different symmetry. The results of detailed PES
study for these RCs are summarized in Table 2 and Figure 3.

Let us first consider the results for +-DEC™, which is of a
greater interest with respect to ESR data. The stationary
structures of this RC form a pseudorotation cycle (Figure 3a).
The Cy;, (zAg) structure 1 with an elongated central C—C bond
corresponds to a PES minimum while Cy, (2Bg), 4, where this
bond is shortened, corresponds to a saddle point. An active
coordinate at this point is similar to the pseudorotation mode
of cyclohexane RC and has the same symmetry (b,) but includes
both the rings (Figure 4). Geometry distortion along the b, mode
in positive and negative directions leads to two equivalent
mirror-symmetric C; structures 3 that correspond to the PES
minima and are related to Cy, (zAg) structure via equivalent
transition states 2 of C; symmetry. Note that these structures
are transition states for the central C—C bond stretching.
Symmetry reduction C,—C; mixes the 2A, and ’B, states that
within the C; group belong to the same totally symmetric
representation. This results in a smooth change in the SOMO
when moving along the pseudorotation path (Figure 5).

The +-DEC*" PES is highly flattened (Table 2, Figure 5).
According to calculation data the energy barrier between the
mirror-symmetrical structures 3 is extremely low, 0.19 kcal/
mol, which is comparable with the calculation accuracy.
Regarding the ESR data, it suggests the complete averaging of
hfc constants between the structures 3 even at 4.2 K. Calculated
for this case ay values agree well with the experimental ones
observed in ¢-Cg¢F;CF;. Note that if the barrier does not exist,
i.e., structure 4 corresponds to the PES minimum, the hfc
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TABLE 2: Stationary PES Structures of frans- and cis-Decalin Radical Cations (UB3LYP/6-31G*)*

ay, G
structure state PES point E. au E,.1, kcal/mol R, AP calcd exptl®
+-DEC™
1 Cop A, min —391.325871 0.15 1.847 53.1 (4H) 52.2 (4H)
2 C; A, TS —391.323325 1.74 1.642
3 C; A, min —391.326104 0 1.509 33.5 (4H) 34.6 (4H)
4 Co ‘B, TS —391.325801 0.19 1.502 38.6 (4H)
c-DEC**
1 C, ’A min —391.322795 0 1.851 53.5 (2H), 48.9 (2H) 50.3 (4H)
2 C ’A TS —391.319861 1.84 1.598
3 C ’A min —391.320297 1.57 1.525
4 C ’A TS —391.312446 6.49 1.513
5 C ’A min —391.312575 6.41 1.523
6 C, ’B TS —391.306118 10.46 1.502

“We omit here the values of zero-point energy corrections because the harmonic approximation may result in large error in the Hessian
calculations for shallow flattened minima. ® R stands for the central C—C bond length. ¢ The data is obtained in ref 4. ¢ The value is obtained
by averaging over two equivalent minima, corresponding to mirror-symmetrical C; structures 3 with hfc constants ay = 50.4 (2H) and ay =
16.5 (2H) G. Including Cy, (ng) structure into the averaging, we obtain ay = 35.2(4H) G.

a) C.n (’By) b) C.(B)

N,

min min min min

Figure 3. PES schemes for radical cations of trans- (a) and cis-decalin
(b). The structure numbers correspond to Table 2.

c-hexane” trans-decalin®

Cor (By) Con (’By) C/(*Ay)

Figure 4. Pseudorotation modes at the PES saddle points of the
cyclohexane and frans-decalin radical cations.

constants do not change significantly and agree with the ESR
data as well (Table 2).

In any case, we may consider the PES to have two minima
(the structure 1 and a wide shallow minimum joining the
structures 3 and 4), which are separated by two equivalence
transition states (mirror-symmetrical structures 2). The energies
at the PES minima are very close to each other, which is in a
good agreement with the data on a simultaneous observation
of two RC states at 4.2 K.* Calculations reproduce well the
experimental hfc constants for both ESR spectra observed for
t-DEC** (Table 2). The small (1.74 kcal/mol) height of energy
barrier for pseudorotation conforms to the data on the spectral
exchange with the temperature increase.*® In particular this value
corresponds to the exchange rate constant estimated from the
77 K ESR spectrum.

A distinctive feature of ¢c-DEC™" PES structure (see Figure
3) is that the C, (3A) structure 1 with an elongated central bond
C—C, which corresponds to the global PES minimum, is beyond
the pseudorotation gutter. The motion along the pseudorotation
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Figure 5. The PES section of the frans-decalin radical cation along
the pseudorotation path (half of the cycle) and respective SOMO
evolution.

coordinate from the transition state C, (*B), 6, through asym-
metric C; structures 5 and 4 (Figure 3b) leads to another C,
(3A) structure 3 with a noticeably shorter central bond (Table
2). Structures 1 and 3 are related via the transition state of the
central C—C bond stretching (2). Their SOMO are of the same
symmetry but differ by the density distribution. Because of both
the small (comparable with the calculation accuracy) depth of
¢-DEC*" PES minima, except the global one, and relatively large
height of the pseudorotation barrier, only structure 1 is observed
in the ESR experiments. ay constants calculated for this structure
are in fair agreement with the experimental ones (Table 2).
Insignificant nonequivalence of calculated hfc constants for two
groups of protons is less than the linewight in experimental ESR
spectra.*

4. Conclusion

Our study shows that adiabatic PESes of the radical cations
of low-symmetric cis- and trans-decalin molecules are the
surfaces of pseudorotation that results from the avoided crossing.
The maximal height of the barrier for pseudorotation is less
than 2 kcal/mol for ~DEC™" and about 9 kcal/mol for c-DEC™".
Unlike +-DEC™, whose stationary structures are entirely in-
volved in pseudorotation, the c-DEC™" structure of minimum
energy lies beyond the pseudorotation gutter. The results of
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calculations are in good agreement with the experimental ESR
data. Thus, the difference in spectral behavior of these isomeric
radical cations is completely determined by the distinctions
revealed in their PES structures.
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