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Thermochromism of overcrowded bistricyclic aromatic enes (BAEs).
A theoretical study†
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A criterion for thermochromism has been derived from ab
initio DFT B3LYP/6-31G* calculations of the anti-folded,
syn-folded and twisted conformations of thermochromic and
non-thermochromic overcrowded bistricyclic aromatic enes
(BAEs) 1–8: the thermochromic species is the twisted
conformation, a necessary condition being a small energy
difference, < 30 kJ mol21, between the global minimum
anti-folded and the thermochromic conformations.

Four score and a dozen years ago the phenomenon of
thermochromism—reversible change of color with change of
temperature—was revealed in bianthrone (1),1 a leading
overcrowded bistricyclic aromatic ene (BAE).2 The BAEs are
attractive substrates for the study of the conformational
behavior of overcrowded ethylenes and for the interplay of
strain and delocalization effects.2 Thermochromic and photo-
chromic BAEs and related overcrowded enes serve as candi-
dates for chiroptical molecular switches and molecular motors.3
Derivatives of 1 are topologically related to hypericin, wide
spread in St. Johns Wort, an important remedy for depres-
sion.4

The thermochromism of 1 and related BAEs in solution has
been attributed to a thermal equilibrium between two distinct

kT_
( Æ¨A B___ )and interconvertible conformers ,5 where A is the

room temperature, anti-folded (a), yellow conformer and B is
the thermochromic, green–blue conformer. It is generally
agreed that the thermochromic, piezochromic, and photo-
chromic6 B forms are identical. The prerequisites for thermo-
chromism in BAEs have been a controversial issue.7 Zwitter-
ionic valence isomers, diradicals, thermally populated triplets,
Woodward and Wasserman’s electrocyclized isomer, planar,
twisted, and double chair conformations have been suggested as
the B form.7 Previous studies applying various force fields6a

and the semiempirical MINDO/3,8 AM1,9 and PM32c,d methods
failed to rationalize thermochromism in the BAEs series.
Although PM3 calculations of the dynamic stereochemistry of
BAEs agreed with experiment, they failed to rationalize the
thermochromic behavior.2c,d We report here a theoretical

approach, applying ab initio Hartree-Fock (HF) and Density
Functional Theory (DFT), with the objective of determining
whether a given BAE should be thermochromic.

The homomerous BAEs bianthrone (1), dixanthylene (2),
dithioxanthylene (3), bifluorenylidene (4), bisdibenzocyclo-
heptenylidene (5), and the heteromerous BAEs fluorenylidene-
xanthene (6), fluorenylidene-anthrone (7), and xanthylidene-
anthrone (8) were subjected to ab initio HF/6-31G* and DFT
B3LYP/6-31G*10 calculations using Gaussian 94.11 All geome-
tries were fully optimized subject to symmetry constraints as
indicated. Minima and transition states were verified by
computing vibrational frequencies at HF/STO-3G, and B3LYP/
STO-3G optimized geometries. The following conformations
were calculated: homomerous BAEs 1–5, D2 twisted (t), C2h
anti-folded (a) and C2v syn-folded (s); 8, C2 twisted (t), Cs anti-
folded with uneven degrees of folding (au), and Cs syn-folded
with uneven degrees of folding (su); 6 and 7, C2 twisted (t), Cs
anti-folded with uneven degrees of folding (au). Table 1 gives
the calculated B3LYP/6-31G* and HF/6-31G* relative energies
(DErel) of the optimized conformations. The experimental
enthalpy values of the thermochromic B form, DHA?B, and
some geometrical parameters are also included.

According to the B3LYP/6-31G* results, three types of
conformational behavior appear:

† Electronic supplementary information available: semiempirical and ab
initio total energies of BAEs, calculated and experimental relative energies
of BAEs, selected B3LYP/6-31G* geometric parameters and frontier
orbital energies. See http://www.rsc.org/suppdata/cc/b1/b101797g/

Table 1 Calculated and experimental relative energies of BAEsa

Twistb
wd

Foldb

oe
HFc

DErel

B3LYPb

DErel

Exptl.
DHA?B

1 a-C2h 0.0 41.5 0.0 0.0
1 t-D2 55.0 4.4 66.4 12.0 12.65f,13

1 s-C2v 0.0 42.5 45.3 43.4
2 a-C2h 0.0 40.9 0.0 0.0
2 t-D2 49.7 2.7 71.1f 24.4 23.45c

2 s-C2v 0.0 42.5 41.2 38.1
3 a-C2h 0.0 49.5 0.0 0.0
3 s-C2v 0.0 51.9 38.2 35.0
3 t-D2 57.8 8.0 159.5f 86.6
4 t-D2 34.0 2.4 0.0 0.0
4 a-C2h 0.0 23.5 33.4 39.0
4 s-C2v 0.0 20.5 73.1f 74.3g

5 a-C2h 0.0 52.4 0.0 0.0
5 s-C2v 0.0 55.6 20.4 19.9
5 t-D2 65.9 22.6 268.0f 166.9f

6 t-C2 42.2 3.9/3.8 0.0 0.0
6 au-Cs 0.0 47.2/15.1 222.5 4.5
7 t-C2 44.1 6.5/4.5 0.0 0.0
7 au-Cs 0.0 47.2/16.4 224.1 5.5
8 au-Cs 0.0 42.1/40.3 0.0 0.0
8 t-C2 53.3 2.2/4.2 60.6 10.8 14.65c

8 su-Cs 0.0 44.4/40.2 43.0 41.3
a Energies in kJ mol21; the conformations are minima unless noted
otherwise. b B3LYP/6-31G*. c HF/6-31G*. d Pure twist of the central
ethylene bond: w = 1

2(tC9a-C9-C9A-C9aA + tC8a-C9-C9A-C8aA). e Folding of the
tricyclic moieties defined by the dihedral o of the least-squares-planes of the
aromatic rings. f Transition state. g Second order saddle point.
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Type 1: BAEs 1, 2, and 8 have anti-folded global minima a.
For 1 and 2, anti-folded conformations were found in the X-ray
crystal structures, which correspond to the respective A
forms.2b,c The twisted conformations t are only DErel(1) = 12.0
kJ mol21, DErel(2) = 24.4 kJ mol21, and DErel(8) = 10.8 kJ
mol21 higher in energy and thus may be populated thermally.
The DFT calculated energies are in very good agreement with
the experimentally determined enthalpies of the blue–green
thermochromic B forms:12 DHA?B(1) = 12.6 kJ mol21,5f,13

DHA?B(2) = 20.5,5b or 23.45c kJ mol21, and DHA?B(8) =
14.6 kJ mol21.5c The syn-folded conformations of 1, 2, and 8 are
considerably higher in energy (DErel(s) = 38 to 43 kJ mol21).
While the anti- and syn-folded conformations are colorless or
pale yellow, the high twist in the central double bond reduces
the p-overlap causing a substantial red shift and smaller
HOMO–LUMO gaps in twisted conformations. This rational-
izes the color change observed in thermochromic BAEs. Even a
small population of the twisted conformation at elevated
temperatures leads to a striking change of the visible color from
yellow to green or blue-green (Fig. 1).

Type 2: BAEs 3 and 5 also adopt anti-folded conformations
as global minima. However, in these cases the syn-folded
conformations s are more stable than the twisted conformations
t. The B3LYP/6-31G* conformational energies are DErel(s) =
35.0 and 19.9 kJ mol21, while DErel(t) = 86.6 and 166.9 kJ
mol21 for 3 and 5 (in 5, t is a transition state). The twisted
conformations cannot be populated in thermal equilibrium,
explaining the absence of thermochromism in these com-
pounds.

Type 3: BAEs 4, 6, and 7 have twisted global minima. This
is in accord with the deep color of the three BAEs (thermo-
chromic B form) at room temperature. The anti-folded
conformation of 4 is considerably higher in energy, DErel(a) =
39.0 kJ mol21, while the folded conformations of 6 and 7 are
only DErel(au) = 4.5 and 5.5 kJ mol21 higher than the twisted
conformations. Thus, the folded conformations of 6 and 7 may
easily be populated. Packing effects may favor the folded
conformations.14 Indeed, yellow crystals with folded conforma-
tions have been observed in 6 and 7.2b,14

The relative B3LYP/6-31G* conformational energies
DErel(t) agree within ±4 kJ mol21 with the experimental
DHA?B of the thermochromic species. On the other hand, the
Hartree-Fock results show substantial, systematic deviations
from the experimental data. For HF/6-31G*, the average
absolute error is 50 kJ mol21. The conformational energies of
the twisted thermochromic B conformers are systematically
overestimated by the HF calculations. According to the HF/
6-31G* results, s is more stable than t in 1, 2, and 8, leading to
a Type 2 conformational behavior (non-thermochromic). Fur-

thermore, at HF/6-31G*, 6 and 7 would have folded global
minima and should be yellow at room temperature.

The unique molecular architecture of BAEs gives rise to three
conformations, anti-folded, syn-folded and twisted. Each con-
formation represents a different compromise between p-
delocalization and steric strain. The bridges X and Y play an
important role in the relative stability of the three conforma-
tions, leading to thermochromism in favorable cases.

In conclusion, the following necessary conditions for the
thermochromic behavior of BAEs are deduced: (i) the global
minimum of a thermochromic BAE is anti-folded (a) or
unevenly anti-folded (au), whereas the thermochromic con-
formation is twisted (t); (ii) the energy difference between these
conformations is small: (E(t) 2 E(a)) < 30 kJ mol21. While
previous theoretical studies and ab initio Hartree-Fock calcula-
tions are flawed, giving conformational energies of twisted
conformations that are systematically too high, inclusion of
electron correlation via the DFT method solves this difficulty.
The B3LYP/6-31G* DErel(t) and the experimental DHA?B of
the thermochromic species agree within ±4 kJ mol21.
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