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Published data on the properties of Miiller's hydrocarbon are analyzed The total energies 
of several hydrocarbon biradicals with p-phenytene bridges, including Thiele "s, Chichibabin "s, 
and Mailer's hydrocarbons in the singtet and triplet states were caicu}ated by the AM I and 
PM3 scmiempiricat quantum-chemical methods. Contrar),. to popular opinion, our calcula- 
tions revealed that the M/iller's hydrocarbon molecule has a triplet rather than singlet ground 
state. The results obtained make it possible to explain the limt that quinoid color centers do not 
l-arm in the course of reduction of poly(terphenylsulfophthatide). The calculated paramelcrs of 
eieclronic speclra for singiet states of some related biradicals are reported. 
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We faced tlle p rob lem of ' t he  ground state of  Mii l ler ' s  
hydroca rbon  molecu le  in s tudies of  the chemica l  proper-  
ties o f  po ty(a ry lenesu l foph tha l ides ) .  Previously, t ,! we 
have found tha t  t r ia ry tmethyl  radicals are genera ted  in 
the reductive r eac t ions  of  d iphenylsu l fophtha l ide  (a) and 
p o l y ( t e r p h e n y l s u l f o p h t h a l i d e )  (b). The r e d u c t i o n  of  
po ly(a ry lenesu l foph tha l ides )  (c and  d) rest, Its not  only in 
radicals, but also in blue color  centers, wh ich  were 
a t t r ibuted  to q u i n o i d  s t ruc tures  s imilar  to C h i c h i b a b i n ' s  
hydrocarbon.  1,2 The  a s sumpt ion  that the Miiller hydro-  
carbon molecu le  should  be regarded as having the triplet 
ground state makes  it possible to rationalize the  absence  
of qu ino id  co lo r  cen te r s  f rom polymer  b. On the o ther  
hand,  this  a s s u m p t i o n  con t r ad i c t s  a popular op i n i on  that 

t h i s b i r a d i c a l  has the  s ing lc t  g r o u n d  state In this work. a 
cr i t ical  analysis of  p u b l i s h e d  data  on the propert ies  o f  
.MLiller's hyd roca rbon  is g iven  and  the results of qu;.ul- 
t u m - c h e m i c a I  c a l c u l a t i o n s  o f  selected parameters  of  this 
molecu le  and  a n u m b e r  o f  related s t ructures  are re- 
por ted .  
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Mi.iller's hydrocarbon (I) was first synti3esized in 
1941. 3 As for o ther  biradicals, two states are usually 
considered tbr this hydrocarbon, a singlet state with a 
quinoid  structure (1") and a triplet state with two un-  
paired electrons (structure I"). t h e  two states should be 
in equil ibrium. 

1' 

1 " 

The EPR signal of  I with the zero-field spli t t ing 
IZFS)  parameters D = 38 G and s  2 G was at t r ibuted 4 
to the triplet state of the molecule. Studies o f  the 
temperature  dependence  of the signal amplitude made  it 
possible to conc lude  4 that molecule I has a singlet 
ground state with an energy ~1 kcal tool - I  lower than 
that of  the triplet state. Since this was consistent  with 
the results of  earl ier  theoretical studies, 5-8  the singlet  

state came to be regarded as the ground state of  the 
M/.iller hydrocarbon molecule9 - I t  

On the other hand, comparison of tile data on the 
properties o f  the M~i]ler and Chichibabin hydrocarbons 
reveals at least two reasons which cast some doubt on 
the val id i ty of  the conclusions drawn previously. 4 (After 
solving the |amous McConnel  biradical paradox, 12 the 
studies of" Chich ibabin 's  hydrocarbon are still far from 
being completed.13-15) [:or instance, it was concluded 14 
that previous attr ibution 16 of the EPR signal of  seem- 
ingly tr iplet Chichibabin 's hydrocarbon molecules should 
be revised since the signal is most l ikely due to the 
radical pairs rather than to tile triplet molecules. It is 
also bel ieved 14 that in the latter case the ZFS parameters  
should be much  smaller than the experimental  ~,atues. 16 
which, in turn, should hamper  the observation of  the 
signal of  the triplet Ch ich ibab in ' s  hydrocarbon mol-  
ecules against  the backgronnd of  the signal of  mono-  
radical species.  Moreover .  14 that is why no EPR signals 
cor responding  to the triplet state were observed in stud- 
ies t3 of  single crystals of  Chichibabin "s hydrocarbon.  

Since the distance between the radical centers  in 
molecule  1 is ~1.5 t imes longer  than that  in the 
Chichibabin  hydrocarbon molecule ,  one should expect 
that, in the dipole-dipole  approximation,  the Z F S  pa- 
rameters for the former molecule  are 2.25 t imes smaller  
than those for the la t ter  Taking into account  the con-  
clusions drawn earlier, 14 it is highly probable that the 
EPR signal observed previously "1 was due to in te rmo-  
lecular radical pairs rather than to triplet molecules  I. As 
a consequence ,  the conclusion that the Mfiller hydrocar-  
bon molecu le  has a singlet ground state seems to be 
ambiguous and calls for further investigation. 

The absence  of  both deep color  and strong absorp- 
tion bands f rom the electronic spectra of  Mi.iller's hydro-  
carbon in the visible region (see experimental  studies 3,4) 
is the second point which casts doubt on the singlet 
ground state o f  molecule 1. For instance, the singlet 
qu ino id  s t ruc tu re  o f  C h i c h i b a b i n ' s  hydroca rbon  is 
character ized by a deep blue color  in solution and by 
two in t ense  abso rp t ion  bands  at 5 7 0 a n d  3 1 0 n m  
(c = 105 and 1.4- 104 L tool cm -1, respecti,,ely) in the 
electronic  spectnJm, t3 It was reasonable to assume that 
even more  intense absorption bands in the e lectronic  
spectrum, shifted toward the tong-wavelength region, 
and a deepe r  color  should correspond to the more 
developed singlet quinoid structure of  molecule  1, if it 
exists. However ,  no indications of  deep color  of  M/Jl ler 's  
hydrocarbon (including low-temperature  studies) have 
been reported.  3,4 

The observed 3 changes in color  can easily be ex- 
plained by al lowed and forbidden electronic transitions 
in m o n o m e r i c  radicals, which are present in the system 
in a cons iderable  amount .  Deeper  colorat ion on heat ing 3 
is due to dissociat ion of  dimeric and polymeric  radical 
species and also corresponds to the monoradical  at tr ibu- 
tion o f  co lo r  centers.  On the o ther  hand, the co lor  due 
to the presence  of  the singlet quinoid form of Mti l ler ' s  
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hydrocarbon would  be deeper  with decreasing tempera-  
ture owing to increasing the c o n c e n t r a t i o n  o f  this form. 

Based on the  aforesaid, o n e  can  conclude that fur- 
ther invest igat ion of  the p rob lem by semiempir ical  quan- 
t um-chemica l  methods  is requi red .  In particular, the 
AM I and PM3 nlcthods are wide ly  and successfully used 
for the de t e rmina t i on  of  the g round  state o f  bi- attd 
potyradicals (see, e.g.. Refs. 17- -19  and references cited 
therein) by contpar ing  the ca l cu la t ed  total energies lot 
different types o f  states. T h e r e f o r e .  to de termine  the 

2 3 

4 

6 

7 

8 

multiplicity o f  the ground state of  the M~lter hydrocar-  
bon molecule ,  we performed PM3 and AM I calculat ions 
of molecule  I and related structures 2 - -8  including 
Thie le ' s  (3) and Chich ibabin ' s  ~5) hydrocarbons and 
compared (i) the total energies of  the singlet and triplet 
states o f  these structures, (it) the calculated and experi- 
mental 13 structural parameters of molecules 3 and 5. 
and (iii) the calculated and experimental t3,z5 electronic  
spectra of  the stagier slates of  biradicals I - - 3  and 5. 

Apart from the above-ment ioned systematic applica-  
/ions of  the extended Htickel theo~' .  5-7 only a fe~s 
quan tum-chemica l  calculations of  selected parameters 
of particular structures have been reported so far. These 
are M N D O  calculations of  molecule 3 z0 and PPP cal-  
culations of  the electronic spectrum of compound  5 
performed with considerat ion of rife configuration inter- 
action. 21 Recently,  15 selected parameters of  molecule  5 
have also been found from extended H~ickel calculat ions 
of  the structure of  hydrocarbon biradicals. Some related 
structures were analyzed 2! using tilt Heisenberg Hami l -  
tonian and it was concluded that the contribution of  the 
biradical structure increases as the number of  benzene 
rings in the bridge between the radical centers increases. 
Simultaneously,  it was confirmed that molecule I and 
rektted molecules  should be regarded as having the 
singlet ground state. 

Calculat ion Procedure 

Calculations were pertbrmed using the HyperChcm 5.0 
program package and procedures proposed tbr biradicals, x7A8 
The initial geometries of structures I--8 were determined by the 
molecular mechanics (MM-;-) method following a pre~iousb 
described calculation procedure. 18 Then. the PM3 and AM I 
calculations with full geomelo optimization for all structures 
were ezrated out in the framework of the restricted (RHF, for 
the singlet states) and unrestricted Hanree--Fock tUHF, l\~r 
the triplet states) schemes. The optimized structures of the 
hiradicals thus obtained were then used for the RHF calcula- 
tions of the total energies of the sing!et and triplet states of the 
biradicals, pertbrmed wtth consideration of the configuration 
interaction between the five highesl occupied and five lowest 
unoccupied molecular orbit:.l.ls (a 5x5 CI) 

Results  and Discussion 

Tile calculated singlet-triplet energy differences for 
structures 1- -8  are listed in Table I. For comparison,  we 
also report here the resuhs of  extended Hdckel 6 and 
perturbation theoJx, ca l cu la t ions /  It should be noted 
that the structures studied in this work were chosen in 
accordance with the known recommendations.  6 

The presence o t ' one  phenyl ring in the p-phenylene  
bridge makes the singlet state of  compound 3 and its 
hydrogen-subst i tuted analog veD' energetically favorable. 
This state corresponds to the canonical quinoid struc- 
ture, w h i c h  is so energe t ica l ly  favorable that no  
monoradical  species are formed in the synthesis of  3. z3 

Accord ing  to calculations,  the triplet state of  struc- 
ture 5 appeared to be the most stable. This is cont ra~ '  to 
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Table I. The singlet-triplet energy differences {+~E} for hydro- 
carbon biradicals ! - - 8  calculated by difli:rent method,,, 

Struc- ~/:'/'eV 

tore EHT" PI t '  PM3 c AM I c 

1 -0.056 --0.0074 0.79 1.03 
2 -0.4{} --U.61 - 0 6 0  
3 -0.23 -(}.,";0 -0.59 
4 -0.20 0.08 0. I 2 
5 -0.1t  -0.01 0.10 0 18 
6 .-0.096 t).67 0.65 
7 -0.{}52 1.38 1.33 
8 -0.030 --0.0024 1.56 1.79 

'~ Data taken from Ref  6. 
6 Pemirbation theow calculationsfl 

This work. 

facts ,  s ince c o m p o u n d  5 is known to exist bo th  in 
s o l u t i o n  and  in t he  so l id  s tate  at ambient  t empera tu res  as 
a co lo red  s inglet  q u i n o i d  form with some t ract ion of  
m o n o r a d i c a l  spec i e s  (see Ref. 13 and references cited 
t h e r e i n ) .  Hence .  t he  s emiempi r i ca l  me thods  employed  
he re  are not qu i t e  a d e q u a t e  for the descr ipt ion o f  the  
h y d r o c a r b o n  b i r a d i c a l s  u n d e r  study. Strictly speaking,  
the  results  of  c a l c u l a t i o n s  should  be compared  with gas- 
p h a s e  data  on c o m p o u n d  5, which,  as thr as we know, 
are  unavai lable .  M o s t  likely, the singlet- tr iplet  energy 
gap  for molecu le  5 is no t  too  wide, which is probably the 
m a i n  reason tbr  e r r o r s  a n d  con t rad ic t ions  in the c o n -  
cep t s  of  C h i c h i b a b i n ' s  hydrocarbon ,  t3,14 For s t ructure  
I, the  triplet s ta te  a p p e a r s  to be so energet ical ly more 

q ~  a 9 - 8 / ~  

W 'sIx,  > 

Fig. 1. The numbering of  atoms in the molecules ofThiete'~ {a) 
and Chichibabin 's  (b) hydrocarbons. 

1"able 2. Structural paramete~.s of lhe Thiele hydrocarbon 
molecule 

Parameter Experimental a Calculated ~' 

PM3 AM 1 

Bond d/A 
C( I )--C12/ t.346 1.342 1.34 "~ 
C(2) -C!  ~) 1.449 1.458 1.457 
C(3)-C~4} 1.381 1.356 1.359 
C(4 ) -C(5 )  1.479 1.473 1.469 
CAr--CAr 1.389 1.389 1.398 
Bond angle +,}/deg 
C(1)-C(2)- -C(3)  122.88 121.92 12217 
C(2)--C(3)--C11 ") tl4.24 116.15 11566 
C(6)--C(5}--C( 10} 117.10 1t9.,83 119.37 
C(5) --C(6t---C{7~ 12138 119.91 120.18 
C(61--C(7)-  C(8) 120.27 120.20 12021 
C(7}--C(8)--C{9) 11960 t1998 11985 
Torsion angle ~/deg 
C(I ")--C(3)-C{4)-- Ct5) 13.87 2.61 2.65 
C(3)-C(4}--C(5}--CI61 43.37 71.02 70.59 

+* Dala of X-ray study. ,3 
'~ This work. 

favorable than the singlet s tate  (by - I  eV) that  the 
fo rmat ion  of" singlet quinoid s t ruc ture  is hardly  probable  
even taking into account  i ncomple t e  adequacy  o f  the 
computa t iona l  methods used. 

Let us compare  the ca lcu la ted  s t ructural  pa rame te r s  
o f  singlet molecules 3 and 5 with the results  of  X-ray 
diffract ion sludy 13 (Fables 2 and  3, Fig. I). For  coin-  
pound  3, the calculated bond  lengths anti  mos t  of  the 
angle  values art: close to those  d e t e r m i n e d  by X-ray 

Table 3. Structural parameters of the Chichibabin hydrocarbon 
molecule 

Parameter Experimental '~ Calculated o 

PM3 AMI 

Bond d/A 
C ( I ) - C ( I ' )  1.448 I 371 1.374 
C(I 1--C(2) 1.420 1.452 1.452 
C(2}-C(3)  1372 1.345 1.350 
C(3)--C(4) 1429 1.456 1.453 
C(4)--C(5) 1.424 1456 1.453 
C<5)-C(6)  1.371 1.344 1.350 
C(I)--C(6) 1.420 1.452 1.452 
C(4)--C(7) 1.415 1.359 1.363 
C.xr--CA, 1.391 1.393 1.396 
Bond angle m/deg 
C(2)-C(3)--C(4} 121.73 121.73 122.28 
C(2,~--C~ I )--C(61 115.94 116.26 114.98 
C(3)--C(4)--C( 51 115.69 116.21 115.20 
Torsion angle .r/deg 
C(6 ')--C( I ")--Cf 1 }---C(6) 0.58 6.75 11.76 
C(5)--C(4)--C(7}-C(14) 22.70 8.39 5,79 
C(4)--C(7)--C( 14)-( ' (15) 36.91 64.92 59.77' 

+' Data of X-ray slud,, 13 
h This work. 



1680 Rtt.~.~.Chem. Bull., Int. Ed., I/bt. 49, No. 10, October, 2000 Shishlov and Asfandiaro,, 

diffraction analysis. The largest differences were found 
lot ttle length of the C(3)--C(4)  bond bet,a, een the 
bridging phcns,[ ring and the quaternary (" atom t0.025 A) 
and for the torsion angles of  rotation of the outer- 
most phenyl rings with respect to the bridge phmc 
tC13)--C(4)--C(5)--Ci6), .  -_,,7"~~ For structure 5, the 
lengIll of the C ( I ) - - C ( I ' )  bond between the phenyl 
rings of the biphenyl bridge and that of the C14).-.C(7) 
bond between the bridging phenyl ring and the quater- 
nary C atom, obtained from PM3 calculations, are 
shorter than the experimental  ~alucs by 0.07.'7, and 
0056 A, respectively. The angle of rotation of the 
outermost phenyl rings with respect to the bridge plane 
in the single cry. stal of 5 is also 28 ~ smaller than that in 
the optimized structure of  the Chichibabin h>drocarbon 
molecule. Rather large differences between the calcu- 
lated and experimental values of some parameters arc 
likel.v due to the distortions of  the equilibrium structures 
of hydrocarbons in crs.'stals owing to intermolecuhr 
interactions and to incomplete adequacy of computa- 
tional methods employed in this work. 

According to PM3 calculations, the distance R be- 
tween the radical centers of  triplet molecule ! is 14.28, :\. 
In the point dipole approximation, which can well be 
applied with such a h'mg R, the ZFS parameter D is 
expressed through the g-factor of the free electron and 
tile Bohr magneton u B, D = 3gtag/2R 3, from where 
D = 9.6 G. which is nearly -I times smaller than the 
experimental value. "~ In our opinion, this estimate also 
contradicts the attribution of the experimental EPR 
spectrunr 4 to the triplet state of  the M/iller hydrocarbon 
molecule. 

The results of PM3 calculations of the par:tmeters of 
the electronic spectra tot the singlet states of hydrocar- 
bons 1--3 and 5 are listed in Table 4. For each structure, 
we calculated the parameters of  the first eight transitions 
only. It should be noted that this computational n:ethod 
has no parametrization for correct reproduction of spec- 
tral data. Hence, quantitative agreement between the 
calculated energies and transition intensities and the 
corresponding experimental values can hardly be ob- 
tained. For instance, the difference between the calcu- 
lated and experimental energies of the absorption band 
corresponding to the H O M O - - L U  M O transition m mol- 
ecule 5 is nearly 90 nm. However, even these rough 
calculations seem to be more realistic and informative 
than, eg., PPP calculations 2t of the electronic spectrum 
of compound 5 performed assuming a planar molecular 
structure, which is explicitly contrar T to facts. 

Analysis of the spectral parameters listed in Table 4 
makes it possible to draw two important concfusions. 
First, a spin-forbidden triplet transition in the near IR 
region can occur in the hydrocarbons under study (tak- 
ing into account the difference between calculated and 
experimental energies, for structure 5 this transition 
should be in the region -1500nm) .  Provided that the 
corresponding compounds could be synthesized, one 
can expect phosphorescence upon photoexcitation, as 

T a b l e  4. Parameters, of electronic spectra of structures I--3 and 
5 in the singlet state ,obtained from PM3 calculations 

rransilion 2 3 5 I 
number 

I 852" t)63 1038 143 I 
I ~' I I I 

0.0' t) 0 0.0 0.0 
40-1 343 474 632 

I 0 0 I 
0.0 14317 2.2469 OO 

3 397 _.274 429 567 
I I I 0 

0.0 0.0 0.0 2.8938 
4 312 273 287 330 

0 I 0 I 
I. 2187 0.0 0.0 0.0 

5 288 252 286 329 
0 0 I 0 

0.0 0.01)45 0.t) 0.0 
6 265 251 285 318 

I 0 0 0 
O. 0 O. 2 ~ 45 O, 0 t).t)Ot) t 

7 260 242 270 292 
I I I I 

0 0 0.0 0.0 0.0 
8 259 235 261 245 

0 0 1 o 
0 0 0 0.0320 

,'%te. The parameters of the 0--0 transitions are listed. 
"Transition energy/nm. 
b Multiplicity: singlet {0), triplet ( t ). 
c Oscillator strength. 

well as chemiluminescence in the IR spectral region. On 
tile other hand, the probability of  radiationtess de-exci- 
tation increases substantially owing to the low transition 
energy. 14 Second, very intense singlet H O M O - - L U M O  
transitions in the UV (lot compounds  2 and 3) and 
visible (lbr 5 and I) spectral regions are characteristic of  
all the hydrocarbons. Compared to molecule 5, the 
transition intensity for ! should be even higher and its 
energy should be shifted toward the long-wavelength 
region. For structures 2. 3, and 8, these transitions have 
been found experimentally. 13"2s However, neither in- 
tense color nor strong absorption bands have been found 
lbr I even at low temperatures (see above). We believe 
mat this points to the fact that the Miiller hydrocarbon 
molecule should be regarded as having the triplet rather 
than singlet ground state. 

Thus, comparison of the energy parameters of  the 
electronic spectrum of compound ! and related struc- 
tures, obtained from semiempirical quantum-chemical 
calculations, suggests that the M611er hydrocarbon mol- 
ecule has the triplet ground state. Experimental obsep,'a- 
tion of this state is likely hampered both by stnail ZFS 
parameters D and E and by enhanced  reactiviD of I in 
the triplet state. Nexertheless, it is experimental methods 
that will piny a decisi,,e role in solving the problem of 
the ground state of Miiller's hydrocarbon molecule. 
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Because o f  e n h a n c e d  reactivity, triplet hyd roca rbon  
biradicals  can  form dimeric  and polymeric s t ructures  
with relative ease. Probably,  the synthesis of  polymers of 
types b - -d ,  c o n t a i n i n g  biradical  fragments s tructural ly 
similar to the  hydroca rbon  biradicals under  s tudy in the 
polymer  c h a i n ,  which laampers chemical  in te rac t ions  
between t h e m ,  will allow more in-depth  invest igat ions  of  
the p roper t i e s  of  such species. In particular,  it is of  
interest w h e t h e r  or not the EPR signal f rom the triplet 
f ragments  s t ruct t ,  rally s imilar  to C h i c h i b a b i n ' s  hydro-  
ca rbon  can  be observed in polymers of the types e and d. 
Taking in to  a c c o u n t  our  viewpoint  of  the p rob lem of  the 
ground state  o f  the M/iller hydrocarbon molecule ,  it is 
also of  in teres t  to establish whether  or not  (i) a high 
densi ty of  the  unpa i red  e lect rons  can be concen t r a t ed  in 
polymers o f  type b and (ii) the in-chain  in terac t ion  
between the  unpa i r ed  e lec t rons  will be cooperat ive .  

The q u i n o i d  a t t r ibut ion  of  color centers  in polymers 
of types e a n d  d implies a concer ted  dissociative reduc-  
tion o f  su l foph tha t ide  rings at adjacent qua te rna ry  C 
atoms of  the  ma in  chains  of  the polymers. This  can be 
cons idered  here  as a p r o n o u n c e d  neighbor  effect,  which 
is well k n o w n  in polymer  chemistr3.  26 Studies  on  the 
react ions o f  su l l bph tha l i de - con t a i n i ng  c o m p o u n d s  with 
l i thium meta l  in D M S O  also conf i rmed that  radicals and  
color cen te r s  can  be genera ted  in the e lec t ron  t ransfer  
reactions.  2 Mos t  likely, the presence of qu ino id  struc- 
tures s imi lar  to  C h i c h i b a b i n ' s  hydrocarbon in the main 
chain is an  i nhe ren t  character is t ic  of this type of  poly- 
mers and  is not  necessarily due to e lec t ron  t ransfer  
react ions For  ins tance ,  recent ly 27 it was suggested that 
quinoid  s t ruc tu res  can be generated in the thermolysis  
of  p o l y ( t r i p h e n y t c a r b i n o l ) ,  which is a der iva t ive  of  
polymer  e. 

The  a u t h o r s  express thei r  grati tude to S. N. Salazkin 
for valuable  discussions.  This  work was f inancial ly sup-  
ported by the Russian Founda t ion  for Basic Research 
(Project  No.  00-03-33088) .  
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