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PROPOSITION I 

The rmochromism is the name given to any reversible de -

pendence of color on temperature • . This phenomenon is observed in 

many seemingly unrelated classes of compounds; however, the ther­

mochromism of two types of molecules, the spiropyrans and the 

sterically hindered ethylenes, has seen extensive study (1, 4). Bi­

anthrone I and. dixanthylene II are the most striking examples · of the 

latter class of compounds, and it is reasonable to assume that the 

mechanism for the color change is the same for both compounds in 

v iew of their similar structure. Briefly, the currently accepted the­

ory involves a temperature dependent equilibrium between t w o molec­

ular modifications; A, the pale yellow to colorless ground state, and 

B, the blue thermochromic modification. Solutions of bianthrone re­

versibly form a similar blue color at liquid nitrogen temperature 

when irradiated by ultraviolet light, and recent evidence indicates the 

existence of a third molecular modification in addition to form B which 

is present in these solutions (5) . Photochromism is the name given to 

this latter phenomenon. In the crystal structure of type A bianthrone, 

·the molecule exists in a folded conformation, rings A and B above the 

plane of the paper and rings C and D below the plane of the paper (2). 

Chemical e vidence (8, 9) indicates the ability of the t wo mol ecular 

halves to pass one another in the transition to the thermochromic 

· state. Speculation, therefore, holds the thermochromic form B to be 

a conformation in which both molecular halves are planar and twisted 

about the central double bond, i.e. , r ings A and D are above the plane 

of the paper and rings B and C are below. This theory apparently was 
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disproved by Mills and Nyburg (6) who reported the folded molecular 

conformation for both the ground state and the thermochromic state 

of dixanthylene on the bas is of an X-ray crystal structure analysis. 

It is proposed that the two structures reported by Mills and 

Nyburg are really two different crystalline forms of the ground state 

of dixanthylene. They claim to have produced crystals of the ther-

mochromic form of dixanthylene by subliming the colorless type A 

0 -3 
crystals at 250 C and 10 mm. Hg. The crystals produced by this 

procedure exhibit the thermochromic color, but a rough calculation 

from the spectroscopic data (7) indicates the concentration of the 

thermochromic form at 250°C to be 0. 81 per cent. This is sufficient 

to impart the blue color, but could hardly be considered sufficient to 

be observed by X-ray diffraction. These authors have examined their 

data for lattice disorder and found none; however, this is not sur-

prising, as disordered carbon atoms present in this concentration 

correspond to the scattering power of O. 05 electrons . Hence, it is 

doubtful that the thermochromic form can be thermally produced i n 

sufficient concentration for X-ray studies. 
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There are, however, other methods of producing the colored 

modification B. Low temperature irradiation has already b een men­

tioned, but because of the complex nature of the colored modification 

(5), and because this is pure ly a liquid phase phenomenon, . it is not 

suited for production of crystals of the colored modification B. Kor­

tum, et al. (3, 10) have observed the precipitation of an intensely 

. green-colored,.J:?olid material when red sulfuric acid solutions of vari ­

ous derivatives of bianthrone are added to_ ice water. Generally, the 

green solid produce d in this way r eve rts to the colorless state when 

exposed to light; however, the green modification of 1, 3, 6 1, 8 1 -

tetramethylbianthrone (which is not attainable thermally) was reported 

to be stable to light (3). Kortum and Bayer (5) have subsequently 

produced solutions of this green modification by adding a sulfuric 

acid solution of the 1, 3, 6 1, 8 1-tetramethyl derivative to a 10 pe r cent 

water, 90 per cent alcohol solution at 183°K. By spectroscopic 

measurements, they distinguished this colored modification from the 

photochromic state ( 5 ). This particular derivative does not exhibit 

the temper~ture-dependent change of color, presumably because of 

the increase d a ctivation energy and enthalpy of transition associated 

with the increased steric hindrance at the 1, 8 1-positions; however, 

the similarity of the ultraviolet and vis ible spectrum with that of the 

thermochromic B modification of I led to the identification of this 

green modification as a thermochromic B state (5). Moreover, the 

intensity of the thermochromic band in the visible spectru m of this 

d e rivative indicated a concentration of the B modification twenty-five 

times as g reat as the B form of I at 455°K (5). Since the concentr a-
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tion of the colored modification of I is 4. 5 per cent at 455°K (7), this 

low temperature solution of the colored 1, 3, 6 1 , 8'-tetramethyl deriv­

ative is presumably pure form B. By inference, the solid material 

which was precipitated from the ice water (vide ultra) is also pure 

form B. 

Because of the stability of the B form of 1, 3, 6 1
, 8'-tetra­

methylbianthrone, it is suggested that attempts be made to obtain 

large single crystals of this substance suitable for X-ray studies. 

Either slow addition of the sulfuric acid solutions to the ice water or 

some method of growing crystals from the water - alcohol solution 

should be tried. A three-dimensional X-ray crystal structure analy­

sis of such crystals is proposed. The results of such a study would 

be of considerable interest in explaining the mechanism of thermo­

chromism in compounds of this type. 
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PROPOSITION II 

The thermochromic properties of rubrene (5, 6, 11, 12- tetra-

phenylnapthacene) I, first reported by Schonberg, Mustafa, and Asker 

(7), have recently been investigated by Kim, Smith, Beineke, and 

Day (5). The observed thermochromism in rubrene is thought to be 

due to a ther:rµal quenching of the yellow fluorescence along with 

measurable changes in the absorption spectrum. It was found that 

the abs orptioit intensity is approximately doubled at each absorption 

maximum as the temperature is lowered from room temperature to 

- l 95°C; however, the explanation given by Kim, et al. is unsatisfac-

tory. The fact that no new peaks appear in the spectrum and no old 

peaks disappear was interpreted as evidence against thermal genera-

tion of any new molecular species (5). However, integration of the 

1 
area under the absorption curves in the region of the La peak at both 

room temperature and - l 95°C yields a value for the ratio of the area 

0 
at -195 C to the area at room temperature of 1. 44, whereas the ra-

tio expected from the known contr action of the solvent (22. 5 per cent 

at - l 95°C) is 1. 29. Hence, it is seen that the oscillator strength o f 

the transition responsible for this band changes as the temperature is 

0 
decreased to -195 C. Such a change in oscillator strength is impos-

sible when only one molecular species is present. 

It is proposed that the temperature dependence of the absorp-

ti on spectrum of rubrene can be explained in terms of a temperature 

dependent equilibrium between two molecular conformations of 

rubrene. The absorption spectra of both molecular conformations 
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,., 
are almost identical, differing only in intensity" Inasmuch as 

rubrene represents a highly strained structure, such an equilibrium 

between two conformations separated by a sizable barrier is rea-

sonable, and as will be shown, there is a fair amount of evidence in 

support of this mechanism. 

Figure 1. 

The ultraviolet and visible spectrum of rubrene is essentially 

that of the napthacene nucleus shifted to longer wavelengths by the 

phenyl groups (4). The strongest peak is the 
1
Bb band at 303 mµ. 

(loge; = 5. 07). The 
1
Lb peak is masked by the stronger 

1
La p eak 

which has considerable vibrational structure with three maxima oc-

curring at 465 mµ. (log e; = 3. 79). 495 mµ . (log e = 4 . 07), and 

,,, 

.,. Such a temperature dependent equilibrium between two molecular 
species, along with the appearance of no new peaks and the dis a p­
pearance of no old peaks, is only possible if one of the species h as 
no absorption in the r egion measured or has an absorption very sim­
ilar to that of the other species. An aromatic molecule with no ab­
sorption in the region measured is very unlikely. 
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530 mµ. (log e: =. 4. 08) (2, 3 ). Thus, it is reasonable that if the dif-

ferent conformations involve differences in the positions of the over-

crowded phenyl groups alone, very little effect would be noticed in 

the spectrum. 

Figure 1 indicates a distance between adjacent phenyl groups 

of 2. 4 A , wpereas the equilibrium distance between two parallel 

. 0 

phenyl group'.s is 3. 4 A (6). Hence, even with the phenyl groups per-

pendicular to the plane of the naphthacene nucleus, considerable 

strain is appfi.rent in the structure. Some relief of this strain is 

realized if the. phenyl groups slide past one another, i.e. , up and 

down with respect to the plane of the naphthacene nucleus, as shown 

in Figure 2. , Two conformations result if the strain is relieved in 

u 
H 

H 
d 

Acentric rubrene structur~ 

u 
H 

H 
u 

Centric rubrene structure 

Figure 2. Proposed structures for rubrene . u means above the 
plane of the paper, and d me ans below the plane of the paper. 

d 
H 

H 
d 
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this way, one centrosymmetric and one acentric. Presumably these 

structures ·would be approximately equal in energy, but the eclipsed 

hydrogens of the centrosymmetric structure could require a slightly 

higher energy con tent. 

Evidence for the existence of two molecular conformations is 

obtained from crystallographic investigations. Taylor (8) reported 

two kinds of rubrene crystals, which he called rubrene A and rubrene 

B. Rubrene A could be distinguished from rubrene B only by X-rays 

because no well developed faces were present. Crystals of rubrene A 

belong to the triclinic system and are so badly twinned that Taylor 

was unable to measure the b-axis. He reporte d the following cell 

parameters for rubrene A: 

0 

a = 14. 3 A ,..., 
0 

c = 7.0A ,..., 
. 0 

d 0 lO = n x 7. 3 A 

i3 = 107° 

• 3 
Assuming n = 1 , the volume of the unit cell calculates to 698 A. 

Rubrene B is monoclinic, P2
1 
/n with two molecules per unit 

cell and with the following cell p arame ters: 

0 

a= 17.9A 
"' 

b = lo. i A ,..., " £ = 8. 8 A 

i3 = 120° 

The structural investigation was not pursued beyond this point; how-

ever, the space group and number of molecules per unit cell yield 

v aluable information about the molecular symmetry. Space group 

P21 /n with two molecules per unit cell requires a c entrosymmetric 

molecule. Hence a centrosymmetric r ubrene molecule i s known to 

exist. 

The only other crystallographic investigation of rubrene was 
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made by Akopyan, Avoyan, and Struchkov { 1 ). These authors men-

tion only one kind of rubrene crystal, with the following unit cell 

parameters: 

d 0 6 

a = 7.16+0.02A b = 9. 15 + 0. 05 A c = 14. 6 5 + 0. 04 A ,...,.. ,..., 

a = 52°20 1 + 15' f3 = 115°24' + 15' 'I = 112°58'+ 15' 

v = 675 A.3 

The unit cell volume agrees fairly well with that for Taylor's rubrene 

A, and they are presumed to be the same. The space group is Pl 

with one molecule per unit cell. Again, the structural investigation 

was halted at this stage; however, the molecular symmetry is de-

termined by the space group and the number of molecules per unit 

cell. Space group Pl with one molecule per unit cell requires an 

acentric molecule. Rubrene A is, the ref ore, acentric, while rubrene 

B is centrosymmetric . The existence of both conformations in the 

same system may be inferred from the mixture of crystals obtained 

by Taylor, presumably at room temperature. 

If it is assumed that rubrene B is slightly above rubrene A in 

energy content, it must also be assumed that the oscillator strength 

for the 
1
La and 

1
Bb transitions in rubrene B is slightly less than the 

corresponding oscillator strengths in rubrene A. The spectral be-

havior can then be explained in terms of the following equilibrium: 

6 energy+ rubrene A ~ rubrene B . 
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PROPOSITION III 

During the past two years, considerable activity has been 

seen in the chemistry of polyhedral carboranes. These compounds 

are of theoretical interest because of their isoelectronic relationship 

-2 
to the polyhedral B H series of ions which, with the exception of 

n n 

tetrahedral B-
4

H
4 

-
2

, should exist as stable ions with closed electronic 

-2 -2 -2 
shells (9) . Of the series BnHn , only B

6
H

6 
(3), B 10H

10 
(7, 12). 

-2 -2 
and B 

12
H 

12 
( 16) are known. The structure of B

6
H

6 
is a regular 

-2 
octahedron (18) ; B

10
H

10 
, a bicapped square antiprism (10); and 

-2 . 
B

12
H

12 
, a regular icosahedron (26). Other interesting structures 

have been observed in the carborane series, Bn C
2

Hn+
2

. The follow­

ing carboranes are known: B
3

C
2

H
5
(trigonal bipyramid) (21, 25); 

B
4

C
2

H
6 

(two isomers, sym- and antisym-octahedra) (21, 22); 

B
5

C
2

H
7

(pentagonal bipyramid)(l, 21); B
9

C
2

H
11 

(structure unknown) 

(2, 23); and B
10

c
2

H
12 

(three isomers, ~-, .:!!-· and .E_- icosahedra) 

(4"5, 8, 15, 17, 19, 20 , 24, 27). The B 3C 2H 5 and B 5 C 2H 7 carboranes 

-2 - 2 
are isoelectronic respectively with the unknown B

5
H

5 
and B

7
H

7 

anions. The two B
4

C
2

H 6 carboranes are isoelectronic with the 

. -2 
recently discovered B 6H

6 
anion , and the three B

10
c

2
H

12 
carboranes, 

of course, are isoelectronic with the well known B
12

H
12 

-
2 

anion. How-

-2 
ever, no carborane analog of the B

10
H

10 
anion has been reported. 

Because of the great theoretical and practical interest in B
10

H
10 

- 2 , 

it is proposed that the synthesis of B
8

C
2

H
10 

II be attempted. 

Carboranes have been prepared by three different synthetic 

routes: 1) for the carboranes containing 3 to 5 borons, the reaction 

of acetylene with diborane or pentaborane-9 in a silent discharge tube 
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has been successful (21, 22, 25) ; 2) carboranes, B 4 C 2H 6 , B
5

C 2H 7 , 

and B
9

C
2

H
11 

h a ve been pre pared through the pyrolysis of the appro­

priate dihydrocarborane ( 14, 23); 3) decaborane reacts with acety­

lene in the presence of a Lewis base to form ~-B 10c2H12(4, 8, 27) 

from which the ;E_- and _E-isomers are obtained b y thermal isomeri-

zation (5, 15). This latter reaction has also been successful if the 

Lewis base substituted deca bora ne is used as starting m a terial (8). 

This is the synthetic route which is chosen for the synthesis of 

B
8

C
2

H
10

II.' The starting material is the Lewis base substituted B
8 

icosahedral fragment, C
2

H
5

NH2 B
8

H
11 

NHC
2

H
5 

I (6, 13), which has 

the following structure ( 11) . 

H 

H ------------ H 
/ 

H B~B 
28~ · l . \ 

The r e a c tion of I with a c ety lene is rea sonable in that amines we re 

listed amo ng the L e wis bases which were successfully used in the 

corre sponding reaction with d e caborane (8). The r e arrangement of 

the B
8 

i cosahe dral fr a gment to the bicapped squa re a ntiprism g eom­

etry ·is expected bec ause o f the enhanced stability of the latter struc ture 
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and the parallel rearrangement of the decaborane icosahedral frag­

-2 
ment to B

10
H

10 
when treated with (C 2H

5
)3 N (7, 12). 

The synthesis of II could probably be accomplished by dis-

solving I in a suitable solvent (di-~-propyl ether was used for the 

synthesis of B
10

c 2H
12

) and bubbling purified acetylene through the 

solution at about 90°C under a reflux condenser. Because of the 

lower symmetry of the bicapped square antiprism relative to the 

icosahedron, seven isomers (the 2, 7(8)- and 2, 6(9)- enan:tiomorphic 

pairs being counted each as one isomer instead of two) are possible 

Numbering of the Atoms in the B 8 C 2H 10 Structure. 

for B
8

C2H
10

, whereas only three isomers are possible for B 10c 2H12. 

Of the seven isomers, the structure for II will probably be one of the 
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three structures in which the carbons are adjacent, i.e. , the 1, 2-_, 

the 2, 6- , or the 2, 3 ... isomer, although the latter is unlikely from 

geometric considerations . 

/ 
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PROPOSITION IV 

Oxidation of the polyhedral B 
10

H
10 

-
2 

ion by either aqueous 

-2 
FeCt

3 
or Ce(HSO 

4
) 
4 

has been reported to produce the B 
20

H
18 

io:r;l 

11 
(1, 2, 3, 4, 8, 9). X-ray (1, 4) and B n. m. r. (1-4, 8, 9) measurements 

have shown that the B
20

H
18

-
2 

ion is a centrosymmetric combination 

of two B 
10

H
9 

polyhedra; however, the exact nature of the bond be­

tween the two polyhedra is not clear. 

11 
Of the many B n. m. r. spectra which have been reported for 

this ion, the 60 Mc. /sec. spectrum of Pilling, et. al. (8), because of 

its higher resolution, contains the most useful structural information. 

Relative to BF 
3

· O(C
2

H
5

)
2 

there is a low field doublet of area 2 at 

-29. 9 p.p. m., a low field singlet of area 2 at -15. 3 p.p. m., and 

five high field doublets of areas 2:4:4:4:2 at 7. 6, 13. 4, 16. 7, 20. 1, 

and 26. 1 p. p. m., respectively (see figure 2, reference 8). The di-

vision of the spectrum into a low field part and a high field part with 

the ratio of areas 4:16 .is characteristic of the B
10 

polyhedra for 

which the low field part corresponds to the apical borons ( 5). The ap -

pearance of boron resonances as doublets results from splitting by 

the terminal hydrogens which are bonded to most of the borons. Hy-

drogens which are involved in three-center B-H-B bridge bonds gen-

erally do not cause a splitting in the resonance of either boron involved 

in the bridge. 

In the earlier 
11

B n. m. r. spectra (4), the high field resonance 

was not well resolved, and the appearance of the low field singlet was 

attributed to B-H-B bridge bonds involving apical borons. (The pres-
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ence of another singlet,presumably in the unresolved high field res-

onance, was assumed,. ) Consequently, the original interpretation of 

the 11B n. m. r. data (4) lent support to the proposed structure (6) in-

volving two B-H-B bridges linking an apical boron atom in one B 
10 

unit to an equitorial boron of the other B
10 

unit (see figure 1, refer­

ence 8). The presence of only one singlet in the 60 Mc. /sec. spec-

trum, however, precluded the bridged structure (8)., Two other 

structures, I and ·n, which involve B~B-B' three-center bonds were 

then considered. (In Figure 1, the shaded a.reas represent three-

center bonds . The numbered circles are boron atoms, and terminal 

hydrogens are represented by the short li~es pointing outward from 

the polyhedra.) Pilling, et. al. (8) expressed a preference for sfruc·..; 
\ . ' . 

ture I over structure II on the basis of more favorable bond angles and 

thereby ignored the fact that the low field singlet indicates the pres-

ence of apical borons to which are bonded no terminal hydrogens. It 

is, therefore, proposed that structure II is the correct structure for 

-2 
B20Hl8 ' 

It can be argued that the involvement of anequatorial boron 

in a three-center bond may cause a shift to lower magnetic field, and 

that the low field singlet observed in the 60 Mc. /sec. spectrum of 

- 2 . 
B

20
H

18 
results from the equatorial borons 6 and 6' 'to which no 

terminal hydrogens are bonded (in structure I), but such an argument . 

demands an equal shift to higher magnetic fieid ·in the ·resonance of 

the apical borons 10 and 10 1 , so that the resulting doublet falls in 

the high field part of the spectrum. In order to effectively answer 



11 

. -2 
Figure 1. Possible Structures for B 20Hrn • 

I ..... 
..... 
+ 
I 



-115-

this argument, it is suggested that the very similar B
24

H
22

-
2 

ion be 

-2 
synthesized and studied by n. m. r. techniques. The B

24
H

22 
ion, 

which has not yet been reported, should be easily attainable by oxi­

dation of the well known B
12

H
12

-
2 

ion (7). In the B
12 

icosahedron, 

there is only one kind of boron, and the n. m. r . spectrum of the 

B 24H 22 -
2 

ion should consist of a poorly resolved multiplet on the 

high field side of BF 
3 

· O(C 
2

H
5

)
2

. However, if the interpretation of 

Pilling, et al. (8) is correct, a singlet of area 2 resulting from the 

very similar icosahedral borons in B
24

H
22 
-~which correspond to 

-2 
borons 6 and 6 1 in B 20H

18 
, should be observed on the low field 

-2 side of the multiplet in the spectrum of B 
24

H
22 

. 
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PROPOSITION V 

Evidence for restricted rotation of a methyl group has re­

cently been observed in the e. p. r. spectrum of a.-methylanthrasemi­

quinones (3). However, no such effect has ever been observed by nu­

clear magnetic resonance spectroscopy, presumably because of the 

longer time constants involved in the latter method. It is p r oposed 

that systems of the type described below will inhibit the rotation of 

methyl groups to the extent that the different methyl hydrogens should 

exhibit different proton che:mical shifts in the n. m. r . spectra. 

10-methyldibenzo [~; _g_J phenanthrene I is probably the simplest 

of these overcrowded molecules; however, in view of the unsuccess­

ful synthe tic attempt of Bell and Waring (I), it is doubtf ul that it can 

be prepared. A similar overcrowded compound, 1, 3, 6 1, 8 1-tetra­

methylbianthrone Ila, has been known for several years (7), but no 

n. m. r. spectrum has been reported. An X-ray structural investiga-

0 

0 
11 a : R1 = R.2 = CH 3 

11 b : R I = C 0 0 H i R 2= H 

lie : R 1 =COOH; R
2

=CH
3 
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tion of the unsubstituted bianthrone (5) has shown that becaus e of the 

steric strain at the 1, 8, 1 1
, and 8' positions, the molecule exists in 

the folded conformation shown in Figure 1. Ultraviolet and visible 

spectral studies (7, 8) indicate a similar conformation for the 1, 3, 6 1 , 

8-tetramethyl derivative. Molecular scale models (see figures 6 and 

7, reference 7) show that one of the hydrogens on both the 1- and the 

Figure 1. Folded Conformation for Bianthrone (5). 

8 1-methyl groups can be directed toward the center of the opposite 

six-membered ring. This is very similar to the 11nesting 11 phenom­

enon described by Fritchie (4) for large molecules which contain 

phenyl groups. Such a nesting arrangement is evidently energetical­

ly favorable. This, together w ith the tremendous overcrowding at the 

methyl positions, should substantially increase the barrier to rota­

tion and permit the observation of different methyl proton chemical 

shifts in the n. m. r. spectrum. 

The "nested" protons at the centers of six-membered rings in 
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Ila should experience the shielding effect of induced ring currents. 

The ring current shielding of protons within the cavity of ir-electron 

systems has been observed previously in 14- and 18-carbon r ing sys-

tems (2, 6, 10), but the shielding of the 11nested11 protons in Ila should 

be greater because of the more intense ring current in benze noid 

systems. The resonance of the 11nested11 protons is, therefore, ex-

pected to occur on the high field side of the resonance (14. 03 T ) of the 

previously observed shielded protons (2). The other two methyl hy-

drogens will experience the same shielding, but to a far lesser ex-

tent. There is no way of predicting whether the other two hydrogens 

will have the same or different chemical shifts, but there is little 

doubt that they will couple with the 11nested" proton to split its reso-

nance into either a triplet or a double doublet. 

The solubilities of the unsubstituted bianthrone and 1, 3, 6 1
, 8 1

-

tetramethylbianthrone Ila are rather low in most solvents, but bian-

throne-3 , 6 1 -dicarboxylic acid Ilb and its esters ( 11) are very soluble 

in a number of solvents. For this reason, it is suggested that 1, 8 1
-

dimethylbianthrone-3, 6 1 -dicarboxylic acid Ile be prepared and used 

for an n. m. r. inve stigation of "nesting. 11 Ile should be easily ob-

tainable by the usual synthetic route (7, 11) from 4-methylanthrone-

2- carboxylic acid III which probably could be prepared from IV by the 

method of Limpricht (9). 
0 

COOH 
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