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The standard heat of the thermochromic equilibrium A e B in bianthrones (1) was investigated in the tempera- 
ture range 40-220 "C, with special emphasis on steric effects. The data indicate that there is no direct correlation 
between AH" values and possible steric interactions in the vicinity of the central double bond. The thermal decay 
of the colored B species of 2,2'-bis(trifluoromethy1)bianthrone (3) was studied by laser flash photolysis. The rela- 
tion between the thermochromic process and the fast thermal E,Z isomerization found in the bianthrone series is 
discussed. It is concluded that both thermal phenomena have a common transition state. 

Thermochromism, the phenomenon of reversible change 
of color with change of temperature,2 was first revealed in 
bianthrone (1) a t  the beginning of the ~ e n t u r y . ~  The ther- 
mochromism of bianthrones in solution was shown4 to result 
from a thermal equilibrium between two distinct and inter- 
convertible isomeric species A * B, where A is the ground- 
state species and B is the thermochromic green species ab- 
sorbing a t  650--730 nm.2 A-B type species were detected also 
(along with other isomers) in the photochromic phenomenon 
exhibited by bianthrones. I t  is generally accepted that  the 
thermochromic B species and the photochromic B species are 
identical,2b.e.p.".6 

I ,  x = c *  
The structure of the thermochromic B species of bianthrone 

has puzzled theoreticians and experimentalists through the 
years, and many suggestions as to  its molecular structure have 
been put  f o r ~ a r d . ~ , ~ , ~  Introduction of bulky substituents 
(bulkier than fluorine) at positions ortho to the central double 
bond ("pinch") deprived these bianthrones of their thermo- 
chromic characteristics, although they do remain photo- 
c h r o m i ~ . ~ . ~  I t  was recognized that  the inhibition of thermo- 
chromism is associated with steric interactions in the vicinity 
of the "pinch" which prevent the molecule from passing to the 
thermochromic B species in the ground state by a thermal 
pathway.2b-d The thermal reversion B - A was studied by 
spectroscopic methods a t  low temperatures10 and by flash 
methods a t  ambient temperature.'lJ2 All reports claim a 
first-order behavior, with activation energies depending 
somewhat on the substituents and on the solvent and ranging 
from 13 to 16 kcal/mol. There were not any significant dif- 
ferences in this respect between bianthrones substituted a t  
the 1 and 1' positions and other bianthrone derivatives. I t  is 
not exactly clear whether the flash studies (at ambient tem- 
perature) followed only the B - A reaction. This ambiguity 
stems from the possible appearance (in some cases) of pho- 
tochromic C type isomers as intermediates, as well as other 
irreversible reaction products which absorb in the same re- 
gion.13 

B ( A H " )  could be ob- 
tained from the direct spectroscopic measurements in the 
visible region.28-d The  results indicated that  the AH" values 
were dependent on the substitution pattern and on the type 
of substituents and ranged from 1.7 to  6.7 kcal/mol. 

The heat of the reaction A (A) 

Among the various tentative structures proposed for the 
thermochromic B species of bianthrone, the twisted confor- 
ma t ion  (which had been suggested a score of years ago),l4J5 
has gathered considerable experimental and theoretical 
support.8 In this structure, the two anthrone halves of the 
molecule are twisted about the axis of the "pinch", while each 
of them preserves coplanarity. The transformation from the 
folded ground-state A species to the twisted B species (Figure 
1) of bianthrone was claimed to  be responsible for the ob- 
served thermochromism. The inhibition of thermochromism 
by bulky substituents a t  the 1 and 1' positions was ex- 
plained2a,b assuming that the unfavorable steric interactions 
of the substituents with the bucking hydrogens a t  the opposite 
half of the molecule make the twisting into the B species im- 
possible. The high value of AH" for the A (A) - B transfor- 
mation obtained in the case of 2,2',4,4'-tetramethylbianthrone 
(AHo = 6.7 kcal/mol) as compared with the parent compound 
(AH" = 3.2 kcal/mol) was explained28,b in terms of unfavor- 
able steric interactions between the methyl groups in the 2 and 
2' positions and the hydrogens in the 7' and 7 positions, 
creating difficulties in the twisting process. In principle, two 
geometrical isomers of the twisted B species are expected in 
appropriately substituted bianthrones, the E form and the 
Z form. The possible existence of E,Z isomerism in the B 
species of substituted bianthrones was overlooked in the 
studies of the thermochromism in this series. 

DNMR studies of steric effects on the pathways for E,Z 
isomerization and conformational inversion in 2,Z'-disubsti- 
tuted bistricyclic ethylenes (including bianthrones) indicated 
that  the highest energy transition state for these conforma- 
tional processes is the folded-twisted structure (TS-l, Figure 
2 )  and not the biradicala/2 twisted ethylene ( TS-2, Figure 
2).laJ6 This transition state exhibits one primary [H( 1)-H(8')] 
steric interaction and one secondary [R(2)-H(7')] steric in- 
teraction. The verification of this unconventional pathway 
in the bianthrone seriesla prompted a search for a possible 
relationship between thermochromism and the thermal E,Z 
isomerization in these systems. Toward this goal, a systematic 
study of the effects of steric interactions on thermochromism 
in bianthrones was undertaken. 

0 0 

0 
( E ) - 2 ,  R = CH, 
( E ) - 3 ,  R = CF, 

0 
( Z ) - 2 ,  R = CH, 
( 2 ) - 3 ,  R = CF, 
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Figure 1. The folded A and the twisted B forms of bianthrone. 
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Figure 2. Proposed free-energy profile and isomerization pathway 
of E,Z isomerization in 2,2'-disubstituted bianthrones. 

Results and Discussion 
The  standard heat of the reaction A (A)  + B (AH") was 

studied by a rnethod similar to the one previously used.4 
However, precautions were taken in order to obtain more re- 
liable data. I t  should be noted that the M " ( A  (A) + B) data 
reported in the literature often vary within a single deriva- 
tive.17 Thus, a systematic derivation of AH" (A (A) B) data 
in one laboratory is advantageous. The following compounds 
have been studied: bianthrone ( l) ,  2,2'-dimethylbianthrone 
(2),  2,2' -bis(trifluoromethyl) bianthrone (3), 2,2',3,3'-tetra- 
methyl-6,6'-dibromobianthrone (4), 3,3'-dimethylbianthrone 
( 5 ) ,  3,3'-dibromobianthrone (6),  3,3'-dimethoxybianthrone 
( 7 ) ,  and 2,2'-dimethyl-5,6:5',6'-dibenzobianthrone (8). Our 
measurements confirm that solutions of bianthrone and its 
derivatives obey Beer's law.4 

Consider the equilibrium A (A) + B at a given temperature 
T (K)  and constant atmospheric pressure. Assuming ideal 
behavior, the equilibrium constant K a t  temperature T may 
be expressed as in eq I ,  where C g  and CA are molar concen- 

(1) 

trations of B and A species, respectively, and cy is the fraction 
of the compound in the B form. At a given temperature T we 
can obtain eq :I, where tr is the molar extinction coefficient 

cy = tT/EB (2)  

at  the thermochromic band maximum (in the region 650-730 
nm)  a t  temperature T and tg is the molar extinction coeffi- 
cient a t  the same band maximum of the pure B species 
(implying that only the B species absorbs in this region). I t  is 
assumed that the E values do not vary with temperature and 
that the change in ET stems only from the change of the rela- 
tive population of B. 

From eq 1 and 2 the equilibrium constants for the process 
A (A)  + B a t  each temperature were derived. E T  values were 
obtained by a spectroscopic study of bianthrone solutions in 
the range of 40 to 220 "C (Figure 3). AH"(A (A)  B) values 
were obtained from a plot of log K vs. 1/T, which gave a 

K = Cg/CA = a/(l - a) 
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Figure 3. Optical absorbance of 2 at various temperatures in the re- 
gion of the thermochromic band in dimethyl phthalate (see also Table 
11). 

1 

I I 

~ 

2 2e i~ 2 3'1 I 

1000 1 / T  i l / K 1  

Figure 4. A plot of log K vs. UT for 2 in dimethyl phthalate. 

straight line (Figure 4), relying on the well-known relation (at 
constant pressure) shown in eq 3. 

d(ln K ) l d T  = .3H'/RT2 (3) 

The E B  values needed for the evaluation of cy values were 
previously2a~4a obtained by extrapolating a plot of In ET vs. 1/T 
to T = m. The plot was found to be linear within the range of 
the measurements but is expected to be nonlinear a t  high T 
values. This method yielded inaccurate 6~ and cy values. We 
have used t g  values based on direct spectral measurements 
of pure B solutions obtained in the photochromic studies of 
bianthrone and its derivatives.ze E B  values a t  the maximum 
of the thermochromic band were found to be equal to E values 
of the lowest energy band (maximum a t  -400 nm) of the A 
species and were practically independent of the substitution 
patte" A value of 15 500 for E B  was used throughout the 
present study.2e From the above-mentioned extrapolation, 
the value of 3548 for tg of bianthrone was obtained?" 

B) values and the free energies of acti- 
vation at  coalescence temperature (AG*,) for the process AE 
(A)  - AZ (where available) are given in Table 1.'" Table I1 
summarizes the detailed results for 2. 

A careful analysis of the data in Table I seems to indicate 
that there is no direct correlation between AH"(A (A)  B) 
values and the bulkiness of substituents a t  the 2 and 2' posi- 
tions of bianthrone. I t  should be recalled that such a correla- 
tion does exist between AG*, values and the bulkiness of the 
2 and 2' substituents' (Table I). This difference may be il- 
lustrated by comparing the data of compounds 2 and 4. 
Whereas the AG*, values of both bianthrone derivatives are 
practically identical, reflecting the effect of the methyls a t  the 
2 and 2' positions, the 4 H o ( A  (A) B) values differ mark- 
edly, presumably due to the effect of the other substituents. 
I t  seems that substitution a t  the 3 and 3' positions of 1 lowers 
the AH"(A (A) + B) values. This trend (cf. AH" in 5,6, and 
7)  is a consequence of electronic effects of the substituents 
rather than of steric effects. 

Consider the proposed isomerization pathway (Figure 2) 
AE + AZ for the bianthrone derivatives. The twisted B species 

The AH"(A (A)  
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Table I. Heats of the Process A (A) + B (AH") and Free Energies of Activation at Coalescence Temperature (AG*J for 
the Process AE (A) -+ AZ in Bianthrone Derivatives 

AG*,(AE (A)  4 A z ) . ~  AHo(A (A)  - B)," 
compd X,,,(48 "0, nm kcalimol kcalimol 

bianthrone (1) 675 3.0 (3.4,4a 3.2,4b 3.51°a) 
2,2'-dimethylbianthrone (2) 682 3.3 20.0 
2,2'-bis( trifluoromethy1)bianthrone (3) 657 4.2 21.5 
2,2',3,3'-tetramethyl-6,6'-dibromobianthrone (4) 709 1.9 20.3 
:3,3'-dimethylbianthrone ( 5 )  698 2.4 (2.91°a) 
3,3'-dibromobianthrone (6) 688 2.4 (4.11°a) 
3,3'-dimethoxyhianthrone (7)  724 1.3 (1.71°a) 
2,2'-dimethyl-5,6:5',6'-dibenzobianthrone (8) 712 4.3 22.7 

In dimethyl phthalate as solvent; accuracy is f0 .2  kcalimol. Accuracy is f0 .3  kcal/mol; see ref l a  for experimental details. 

Table 11. Conversion Factors (a) and Equilibrium 
Constants ( K )  at Various Temperatures in Dimethyl 

Phthalate for 2 

t .  "C 1O"a 103K 

47.0 
81.5 

108.5 
135.0 
152.0 
170.0 
187.5 
202.0 
217.0 

1.347 
2.171 
3.043 
3.997 
4.705 
5.553 
6.493 
7.207 
7.967 

1.349 
2.176 
3.053 
4.013 
4.728 
5.584 
6.535 
7.259 
8.031 

are assumed to be low concentration intermediates in this 
process. In principle, two B species are expected (in appro- 
priately substituted bianthrones), BE and Bz. Therefore, the 
derived M " ( A  (A) + B) values represent an average heat of 
the reaction AE + Aj: (A) + BE + BZ because the two geo- 
metrical isomers of both species are undistinguishable in the 
electronic spectra. 

It is reasonable to assume that the twisted B structures tend 
to prevent additional steric interactions between the 2 , 2 ' ,  7, 
and 7' positions, a t  least when these positions are substituted 
by relatively small substituents, such as methyl. I t  is not 
known whether the higher AH" value of 3 represents the steric 
effect of the bulkier CF3 groups or is a consequence of its 
electronic effect. The latter explanation is more likely as no 
direct correlation seems to exist between the bulkiness of 2 
and 2' substituents and LH"(A (A)  + B) values. The at-  
tempted explanation of inhibition of thermochromism (high 
AH" values) by steric interactions that interfere with the 
process of twisting is incorrect because it is related to the 
transition state of the process A (A)  + B, while only relative 
steric interactions in the B and A species are expected to in- 
fluence the thermochromic equilibrium. 

The question of total disappearance of thermochromism 
by introduction of substituents (bulkier than fluorine) a t  the 
i and 1' positions of the bianthrone system may be withdrawn 
in view of the findings that only E isomers exist in these 
bianthrone derivatives.la The corresponding Z isomers of 
these derivatives would convert rather easily to the B species 
by twisting via the unsubstituted side of the molecule (this 
path being open) and would therefore be thermochromic. Only 
the corresponding E isomers are blocked on both sides by the 
1 and 1' substituents, which prevent the twisting by raising 
the energy of the transition state for the process. 

Consider the transition state for the thermochromic process 
A (A)  == B. A plausible hypothesis is to identify this transition 
state with the folded-twisted transition state (TS-1 and TS-3) 
for the E,Z isomerization (Figure 2 ) .  This structure exhibits 
a single 1,l' primary steric interaction and is consistent with 

the void of thermochromism in 1,l'-disubstituted bianthrones 
with bulky groups. 

The hypothesis of a common transition state for both pro- 
cesses implies that  the energy barrier of E,Z isomerization 
would be practically equal to the sum of the heat of the process 
A (A) B (M") and the activation enthalpy for the thermal 
reversion B (A) -A [AH*(B (A) +A)].  I t  is assumed that the 
energies of TS-1 and TS-3 in the isomerization pathway are 
close, so that the B (A) - A transformations of both isomeric 
B forms have a very similar behavior and so that there is a 
facile equilibration between the B species through the lower 
energy TS-2. A combined process BE + BZ - AE + Az is 
followed experimentally. The AS* (entropy of activation) for 
the isomerization process AE AZ is expected to be very 
1 0 w . ~ , l ~  On the basis of the assumptions given above, the 
equality shown in eq 4 may be postulated. 

LG*,(E - 2)  = AH"(A (A)  + B) + LH*(B (A)  - A) 
(4) 

In order to verify the validity of eq 4, L H ( B  (A)  - A) in 
compound 3 was measured. As recalled, the colored B species 
in the thermochromic and the photochromic phenomena are 
identical. The  B species (BE + Bz) of 3 were obtained (at  
ambient temperatures in sufficient concentrations) by the 
photochemical route using a laser flash photolysis system. In 
a recent flash study of bianthrone, it was shown that the 
photochromic C isomer is a precursor in the irreversible 
photochemical reactions of bianthrone in some polar sol- 
vents.':' I t  seems that the B species are the major photo- 
products even at  ambient temperature in aromatic sol- 
vents.l2Il8 In order to prevent possible disturbances in the 
measurement of the thermal decay of B by a C-type isomer 
or by irreversible reaction products (absorbing also in the 
region of the lowest energy absorption band of B),  the mea- 
surements were conducted on compound 3. This derivative 
proved to be exceptionally stable to irreversible photoreac- 
tions, among the bianthrone derivatives not substituted in the 
1 and 1' positions by methyls. The thermal decay of 3 was 
studied in toluene a t  three different wavelengths: 620,650, and 
680 nm (the B species of 3 obtained by heating a dimethyl 
phthalate solution had a peak a t  657 nm at 48 "C). The highest 
absorbance values of the transient were obtained at  650 nm, 
and the three measurements were in good agreement. Hence, 
a practically pure B species of 3 was indeed followed. The 
decay (measured a t  four temperatures in the range of 25 to 50 
"C) fitted first-order kinetics and was independent of con- 
centration. At  25 "C a flash photoexcitation was used and the 
results fitted excellently with the laser results; diffusion could 
therefore be ruled out as contributing to the laser experiments 
(the contribution of diffusion was originally suspected because 
of the slow base time used for the measurements, 100-105 ms 
full-scale). 

The linear behavior of the decay and the absence of two 
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Figure 5. A plot of In ( K I T )  vs. 1/T for the B (A) - A decay of 3 in 
toluene (see Table 111). 

Table 111. Kinetic Results of the Laser Flash Photolysis 
Experiments of B(A) --r A Decay of 3 in Toluene0 

t ,  O C  K,b s-1 

29.5 17.8 f 0.9 
31.0 30 f 1 
40.2 61 f 9 
49.5 149 f 8 

Followed at  620,650, and 680 nm. Average values from three 
measurements at three different wavelengths. 

different decay times point toward a similarity in the energies 
of the transition states TS-1 and TS-3 (Figure 2). The  kinetic 
results are given in Table 111. A linear dependence of In (KIT)  
vs. 1/T (the correlation factor of the linear regression is 0.998) 
(Figure 5 )  yielded the AH*(B (A) --+ A) value of 16.1 f 0.7 
kcal/mol. The AHo(A (A) + B) value of 3 is 4.2 f 0.2 kcal/mol, 
so the sum AHo(A (A)  e B) + AH*(B (A) - A) in 3 equals 
20.3 f 0.9 kcal/mol. It is in fair agreement with the AG*,(E - 2)  value in 3 of 21.5 f 0.3 kcal/mol.la The latter value 
contains also an entropy term of -0.8 kcal/mol (at the co- 
alescence temperature 414 K) for the E,Z isomerization of 3 
(assuming a low value of -2 eu for the entropy of activation). 
Hence, the enthalpy of activation for the E,Z isomerization 
process of 3 is estimated as -20.7 kcal/mol. It may be con- 
cluded that  the thermochromic phenomenon and the E,Z 
isomerization have a common transition state, the twisted- 
folded species. Our results are consistent with previous cal- 
culations which showed that the structure of the highest en- 
ergy in the energy profile for torsion about the "pinch" in 
bianthrone is not the 7r/2 twisted biradical but a -40' twisted 
species.* 

Exper imenta l  Section 
General. High temperature electronic absorption spectra of 1 and 

its derivatives were studied in dimethyl phthalate at concentrations 
in the range of 2 X M. The change of the total con- 
centration due to the expansion of the solvent was taken into account 
in the calculation of the concentration at each temperature, assuming 
that the dependency of the densitypt of the solvent on the tempera- 
ture t (°C)4a is pr = 1.2070 - 0.00088t. The absorbance at tempera- 
tures in the range of 40 to 220 "C was measured in a Beckman DK-2A 
double-beam spectrophotometer equipped with a copper block 
electrically heated to the desired temperature. The block was ther- 
mally insulated and equipped with a RFL Model 70 temperature 
controller. The stability of temperature was better than f0 .2  "C. 
Temperatures were measured inside the solution by means of a 
Chromel-Alumel thermocouple and are accurate within f0.5 "C. At 

to 6 X 

least two different runs, each including nine readings in the above- 
mentioned temperature range, were taken for obtaining the AHo (A 
(A) B) values. Each run gave a linear plot of log K vs. 1/T with a 
correlation constant of the linear regression higher than 0.997. The 
AH' values derived from data of different runs agreed within f0 .2  
kcal/mol, and this is considered to be the accuracy of the AHo values 
given in Table I. 

The N2 pulsed laser flash photolysis system used in this study was 
previously described.lg The exciting pulse has a 7-ns half-width at 
337.1 nm. The monitoring beam was a pulsed Xe arc arranged in a 
collinear geometry with the exciting flash. The toluene solutions (1.01 
X M) were held in optical grade quartz cells of 1-cm optical path 
in a copper block, the temperature of which was controlled by means 
of a thermostat. The temperature stability was f0.3 "C. Temperatures 
were measured by means of a Chromel-Alumel thermocouple inside 
the solution and are accurate within f0.3 "C. 

Materials. Compounds 5-7 were obtained from the late Professor 
E. D. Bergmann. Their synthesis and properties are described in ref 
9a. 
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