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Photochemical dimerization of p-benzoquinone and its methyl derivatives in crystals is discussed 
assuming that the reactivity is parallel with the stabilization energy of the transient complex. The 
calculation is carried out by taking both the terms of electronic structure of the monomer molecule 
and the intermolecular arrangement in the monomer crystal into consideration. Concerning the ability 
of photodimerization, the result obtained is qualitatively satisfactory. However, such an agreement 
with experiment cannot be obtained if either the electronic term or the geometrical term is ignored. 

Die photochemische Dimerisierung yon p-Benzochinon und seines Methylderivates im KristaU- 
zustand wird diskutiert; dabei wird angenommen, dab die Reaktivit~it parallel zur Stabilisierungs- 
energie des Ubergangskomplexes ist. Die Berechnung wird so durchgefiihrt, dab sowohl die Elektronen- 
struktur des monomeren Molekiils als auch die Lage der Molekiile im Kristall des Monomeren be- 
riicksichtigt wird. Die Ergebnisse beziiglich der F~ihigkeit zur Photodimerisierung sind qualitativ 
zufriedenstellend. Eine derartige I)bereinstimmung mit dem Experiment kaun jedoch nicht erhalten 
werden, wenn entweder der elektronische Beitrag oder der geometrische Beitrag vernachl~issigt werden. 

La dim6risation photochimique de la p-benzoquinone et de ses d6riv6s m~thyl6s dans les cristaux 
est discut6e en supposant que la r6activit6 6volue parall~lement ~ l'6nergie de stabilisation du 
complexe de transition. Le calcul est effectu6 en tenant compte de la structure 61ectronique du 
monom+re et de l'arrangement intermol6culaire dans le cristal du monom~re. Le r6sultat obtenu est 
satisfaisant qualitativement en ce qui concerne la facilit6 de photodim~risation. Cependant, un tel 
accord avec l'exp6rience ne pourrait ~tre obtenu si Fun des deux termes 61ectronique ou g6om6trique 
6tait n6glig6. 

Introduction 

O n  the p h o t o c h e m i c a l  r eac t ion  in crystals ,  the  e lect ronic  s t ruc ture  of  the  
molecules  and  their  a r r angemen t s  in the  unit  cell are  two of  the  mos t  d o m i n a n t  
charac te rs  for d iscuss ing the reactivi ty.  Recently,  Rab inov ich  and  Schmid t  [1]  
inves t iga ted  the  p h o t o d i m e r i z a t i o n  of  the  p -benzoqu inone  methyl  der ivat ives  and  
o ther  systems with  doub le  b o n d s  in connec t ion  with  the  re la t ion  be tween the 
react iv i ty  and  the pack ing  geometry .  As a result ,  they pos tu l a t ed  tha t  the p h o t o -  
d imer iza t ion  occurs  only when the m o n o m e r  crystal  conta ins  the neares t  neigh- 
bour ing  molecules  with para l le l  doub le  bonds.  On  the o ther  hand,  Fuku i ,  M o r o -  
k u m a  a n d  Yonezawa  [2] discussed the pho tochemica l  reac t ion  in terms of the 
mo lecu la r  o rb i ta l s  by  assuming  the react iv i ty  to  be p r o p o r t i o n a l  with the  n- 
s tab i l i za t ion  energy in the  t r ans i t ion  state. N a g a t a  et al. 1-3] app l i ed  this  t r ea tmen t  
to  some a r o m a t i c  molecules  and  ob t a ined  the dis t inct  para l le l i sm between 
the n -de loca l i za t ion  energy and  the degrees of d imer - fo rming  abil i ty.  However ,  
these two works  were no t  clear ly conce rned  with  the  in te rmolecu la r  a r r angemen t  
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in the crystal, because their main purpose was not the solid-state reaction. Although 
there were several other theoretical investigations on the photochemical reaction 
[4], most of them were carried out with reference to the excited state or the 
transition state by taking only the change of electronic structure in the 
isolated group of reactant into consideration. Under these circumstances, it 
may be said that most of theoretical works on photochemical reaction have not 
completely be satisfactory to the process in crystals. 

In the present paper, the photochemical dimerization of p-benzoquinone 
and its methyl derivatives in crystals by near-ultraviolet irradiation [5] will be 
discussed taking both the terms of electronic structure of the monomer molecule 
and the intermolecular arrangement in the monomer crystal into consideration. 
In this case, a following simplified process was assumed, that is, a photo-excited 
molecule M* reacts with an unexcited molecule M and forms a stable photodimer 
M - M  through a transient complex ((M---M)* as follows: 

M* + M , (M---M)* , M - M .  (1) 

In some cases, such a complex may behave as an exciton which moves among 
the corresponding sites by a jumping process assisted by phonon and forms a 
stable photodimer by being trapped at some defect. However, such a process is 
not always greatly important for discussing the ability of photodimerization, but 
the stability of the transient complex which is capable of coupling with phonon 
is a predominant factor as will be shown in the following sections. 

Method and Calculation 

In the present work, the ability of the photodimerization is assumed to be 
parallel with the stabilization energy of the transient complex, that is, the energy 
difference between the systems A + A* and (A---A)*, as in the work by Fukui 
et al. [2]. The simple LCAO-MO approximation was adopted here. If the photo- 
dimerization initiates by the excitation of an electron from one of the occupied 
orbitals r to one of the vacant orbitals Cv of the concerned molecule M, the 
wavefunction of the transient Complex may simply be constructed from the follow- 
ing four zero-order functions 1: 

r = d r176 r r176 r176 

r = d r176 r r176 r176 
r = ~ r ~b~ Cv(3) r176 
r = d r176 r176 r r176 

(2) 
(3) 
(4) 
(5) 

where d is an operator of antisymmetrization and normalization, and the non- 
orthogonality between orbitals of the different atoms is disregarded. The secular 

1 In the treatment of Fukui et  al. [2] and the calculation by Nagata et  al. [3], the wavefunetion 
of r and the energy difference of the charge transfer states [r and ~b3] from the homopolar states 
[r and ~b4] were disregarded. 
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determinant obtained from these functions is as follows: 

E~ E W v - W o E~ O_ Wv E * - E  0 -Wo  
- W o  0 E* - E W v 

- Wo Wv E 

- 0. (6) 

Here, E o is the sum of the energies of the excited and the unexcited monomers, 
and E* is the energy of a pair of charge-transfered monomers, while Wo and W v 
are given by 

O* O Wo = ~ q~a H~B dz (7) 
and 

V* V W v = ~ dpa H(o B dz (8) 

(H is the one-electron Hamiltonian of the system). As a result, the energy of the 
transient complex is easily obtained as 

E = �89 + E*) _+ [�88 o - E*) 2 + (Wo +_ Wv)2] 1/2 �9 (9) 

In actual, the resonance integrals, Wo and Wv, were assumed to be proportional 
to the intermolecular overlap integrals between the corresponding orbitals. 
That is 

Wo-- = = E Z c, ~ s,Aj  (lO) 
and i 

V V W V ~'~ KSVAB = K ~ wA/hV*thVwB dz = tc Z Z CiACjBSiAj B , ( 1 1 )  
i j 

where tc is a proportional constant, eOM and v c,M are the coefficients of the ith 
atomic orbital in the q~o and the gb v orbitals, respectively, and SiAiB is the overlap 
integral between the ith atomic orbital of molecule A and the j t h  atomic orbital 
of molecule B. Since in the bracket of Eq. (9) the first term is much larger than the 
last term, the stabilization energy of transient complex which corresponds to 
the lowest energy state resulting from the above interaction may be expressed 
as follows: 

AE ~ - ([W~ + IWvl)Z (12) 
E* - E o 
/r 

-~ - -  (IS~ + [SVBI) 2 . (13) 
E* - E o 

Actually, there are various kinds of pairs of molecules in crystals, and the overlap 
integrals are different according to the relative intermolecular arrangement. 
Hereafter, the molecules will be distinguished by using symbols, Aver, Avqr, 
Bpq,, and Bpq,, according to the orientations in the crystal, and their meanings 
are summarized in the footnotes of Table 1. 

The molecular orbitals of the monomers used were the simple LCAO-MO's 
with the parameters by Streitwieser [6]. In this case, the conjugation model 
was used for the methyl group. The intermolecular overlap integrals were cal- 
culated by using the self-consistent field atomic orbitals (SCF-AO's) of the ground 
state of carbon (3p) and oxygen (3p) by Clementi [7] and the pseud-p orbitals 



64 J. Higuchi and T. Ito: 

, Z  

2 , Z  

Fig. 1. Four typical configurations of the H 3 group 
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Fig. 2. The relations among the mean value of the exact overlap integrals (solid line) and that of the 
overlaps using the approximate pseud-p H3 orbitals with 6 = 1.17 ( • ) 

of H a group. ! n the present work, the pseud-p orbital was approximated as a 
single term of Slater-type 2p orbital centered on the center of gravity of the H 3 
group 2. Its orbital exponent of 6 was chosen to be 1.17 so as to give the mean 
value of the exact overlap integrals between the carbon 2p and the pseud-p orbitals 
and those between the two pseud-p orbitals among the cases of each four typical 
configurations of the Ha group shown in Fig. 1, at the center-to-center distances 
of 3.0 A to 5.0 A. Here, the exact overlap integral means the overlap integral which 
was calculated by using the pseud-p orbital constructed from the three hydrogen 
ls orbitals with orbital exponent of 1.00, instead of the Slater-type 2p orbital. 
Fig. 2 shows the relations among the mean value of the exact overlap integrals 

2 This approximation makes the formulation feasible to be easier than that in the use of the pseud-p 
orbital constructed from three hydrogen ls orbitals. 
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and the value of overlap integrals using the approximate pseud-p H 3 orbitals 
with 6 = 1.17. 

As the photodimerization of p-benzoquinone (PBQ) methyl derivatives 
occurs by near-ultraviolet irradiation, the reaction is considered to be initiated 
by one of the following transitions [8]: 

[I] Forbidden n -  n* transition near 4300 A from the nonbonding orbitals 
which are mainly localized at two oxygen atoms to the lowest vacant rc orbital 
(bzo+--b2u and bzo+-b3o for pBQ3). 

[IIJ Forbidden r c -  re* transition near 3000 A from the highest occupied rc 
orbital to the lowest vacant zc orbital (b2o~---blo for PBQ 3). 

[III] Allowed rc - 7r* transition near 2500 N from the second highest occupied 
rc orbital to the lowest vacant 7z orbital (b2g,~--b3u for PBQ 3). 

The transitions of [I] and [II] cannot always be forbidden from only the 
consideration of symmetry except for the PBQ and the tetramethyl p-benzoquinone 
(TMPBQ) (duroquinone) molecule with symmetry of D2h. For  convenience, how- 
ever, the above classification will be used for all the molecules treated here. 

It may be noted that the simple LCAO-MO calculation of PBQ with Streit- 
wieser's parameters gives the reversed order against the experimental result, 
that is, the representation of the highest and the second highest occupied ~r orbital 
are b3u and big, respectively. In the present work, therefore, these orbitals were 
chosen so as to be consistent with the experimental result. Although the delocaliza- 
tion from the two oxygen atoms should be taken into account for the detailed 
calculation, the nonbonding orbitals used were simply be approximated as 
2 - 1 / 2 ( p  O q -Po ' )  where the Po and Po, are the 2p orbitals of each oxygen atom 
and perpendicular to the line with the two'oxygen atoms in the molecular plane. 

In the present work, all the carbon and oxygen atoms in each monomer were 
assumed to be located in a plane, since only very small deviations of such heavy 
atoms were found from the conventional best plane. The calculation was per- 
formed by choosing to take any pair of molecules with the constituent atom 
which is not less than 6.0 A apart 4. In Table 1, the values ([SOB[ + [SVB[) 2 are given 
as a measure of the stabilization energies (13), together with the space groups 
of the monomer crystals. 

For  reference, the stabilization energy of transient complex A E  (12) was 
also calculated by disregarding the effect of intermolecular arrangement in 
crystals as in the treatment by Fukui et al. [2]. In this case, W o and W v were assumed 
to be proportional to the resonance integral between the atomic orbitals concerned 
with the dimer formation, that is, 

Wo o o o o "~ 7(CpA CrB "}- CqA CsB ) (14) 
and 

V V V V Wv ~- ~(CpA CrB (15) -]- CqA CsB) , 

where 7 is the resonance integral between the 7r orbitals concerned with the forma- 
tion of bonds, PA -- rB and qA - -  SB (P, q, and r, s are the reaction centers of monomer, 
A and B, respectively). The results so obtained are given in Table 2. 

3 Mulliken's notat ion [9] was used. 
4 The packing arrangements of the molecules in the crystals were taken from the data given in 

papers cited in Ref. [10]. 

5 Theoret. chim. Acta (Berl.) Vol. 22 
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Discussion 

In the present work, all the molecules treated are the p-benzoquinone and its 
methyl derivatives, and their electronic properties are fairly similar to each other. 
In all the excited states in question, the energy difference between the homopolar 
and the charge-transfered configurations in the transient complex, E * - E o ,  
may correspond to that between the ionization potential from the highest singly 
occupied n orbital of the excited state (the lowest vacant n orbital in the ground 
state) and the electron affinity to the same orbital of the molecule. As a result, 
the value of(E* - Eo) is not much different according to the four kinds of the tran- 
sient states in all the molecules in question. Adopting the relation of Eq. (13), 
therefore, one may approximately be possible to use ([S~ + ISAVB[) 2 as a measure 
of the stabilization energy of the transient complex. 

As can be seen in Table 1, the value of ([S~ + [SAVBI) 2 is different according 
to the excited states concerned, because the intermolecular overlap integrals 
are much dependent on the form of the molecular orbital. In general, it is certainly 
large for the transient complex produced by the forbidden n - n* transition [II] 
as compared with the other states except for the TMPBQ. It may be noted here 
that the largest value of the stabilization energies for each dimer-forming molecule 
[2,3-, 2,5-, and 2,6-dimethyl p-benzoquinone (DMPBQ)] is considerably larger 
than that of the molecules which have not yet been detected the stable photodimers 
[PBQ and TMPBQ]. That is, the former values are about five times and twice 
as large as that of the PBQ (transition [II]) and the TMPBQ (transition [III]), 
respectively. 

In reference to the fact that the above value of the TMPBQ is not very small, 
one may keep the following points in mind. As is described above, the reactive 
transient complex may be produced by the allowed ~ - n* transition only for the 
TMPBQ. The light needed for the excitation may not effectively be irradiated on 
the crystal, since the experiment [5] was carried out at room temperature by 
irradiating these molecules through Pyrex glass with a 125-w medium-pressure 
mercury arc or with sunlight. Furthermore, the fact that the TMPBQ does yield 
the stable photopolymers without photodimers comes into question. In the most 
of the crystals treated here, there are not more than two adjacent molecules with 
the largest value of (IS~ + ]SAVB]) 2. Only for the TMPBQ crystal, however, there 
are such four neighbours and the group of these molecules constitutes a two- 
dimensional reticulum being composed of four-membered rings. As a result, 
they may possibly tend to yield the photopolymers without terminating at the 
dimer-formation by the ultraviolet irradiation as compared with the one-dimen- 
sional case. 

In fact, the simple representation of Eq. (13) may actually be useful in predicting 
the dimer-forming ability, although it does not strictly express the stabilization 
energy of the transient complex. Apparently, the present treatment includes 
several approximations and assumptions. The use of the 2p-type H 3 orbital 
arouses some error in the overlap integrals because such an orbital gives only the 
mean value among the typical intermolecular configurations of the H 3 group but 
not the value corresponding to each orientation, although the difference between 
them is rather small. However, the present selection may possibly be adequate 
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Table 1. n stabilization energy AE (in unit of {/r - E o ]  } x 10 -6) : [{IS~ 2 x 106] 

Substance p-benzoquinone" 2,3-dimethyl a 2,5-dimethyl 6 2,6-dimethyl a tetramethyl b 
p-benzoquinone p-benzoquinone p-benzoquinone p-benzoquinone 

Space group P2i/a P2i/a P i  P21/a P'I 
Reactivity - + + + - 

Transition [I + ] ~ 

Transit ion [I - ]  * 

Transit ion [II] 

Transit ion [III] 

Aooo- Aolo 23 Aooo - ~-ooo 
-Aoot  9 --Tkool 
- -  Boo o 2 - ~ ' i o i  

Aooo - Aol o 23 Aooo- Aoo o 
- A o o  1 7 - Aool 
- Boo o 3 - k ' l o l  

Aoo o - Boo o 339 Aooo - Aooo 
--Aoo 1 200 -Aool  
- Boo 1 3 - Booo 
--Amo 2 -A~oo 

-- hlol 

A~oo - Abol 12 Aooo- Aooo 
-Ao~o 7 -7%ol 
- Booo  6 - Aloi 
- -  Boo i 4 - Bo ro  

155 Booo-Bloo 325 Aooo-Aom 161 Aooo-Booo 2 
68 - Aio o 2 - Alol 4 Boo o - Alo o 2 
15 -Aoo  1 2 --Aill 4 

- A l l  o 2 -Aloo  1 

154 Boo o -  Blo o 315 Aooo-Aolo 157 Aooo- Boo o 5 
68 -Aioo  2 - T t l n  3 Booo-Alo o 5 
14 -Aool  2 - A i o l  3 

- A t i  o 2 -Aloo  1 

1474 Bo0 o -  Bio o 2169 Aoo o - A o l  o 1771 Boo o - A l o  o 22 
888 Aoo o -  A10 o 245 - ~'1ol 106 Aooo- Boo o 21 

3 Booo-Aol o 3 --Aiii 2 
3 -Aio~ 3 
1 - Boi o 3 

Aooo - A o i  o 2 
Booo - Ai 10 1 

- A o o l  1 

196 Boo o -  BIo o 287 Aooo-Aol o 277 Booo-A~o o 811 
69 Aoo o - A i o  o 149 - A i o l  14 Aoo o -  Boo o 809 

5 - Booo 5 - Aloo 4 
4 Booo-Alo o 2 --Alil 1 

--Aooi 2 
- A n o  2 

a Co-ordinates of equivalent positions Symbol 

x ,  y ,  z ,  A 
- x ,  - y ,  - z ,  A. 
- x ,  (1/2) + y ,  (1 /2 ) -  z ,  B 

x ,  (1/2) - y ,  (1/2) + z ,  B.  

b Co-ordinates of equivalent positions Symbol 

x ,  y ,  z ,  A 
x', y', z', B 

Apqr denotes fractional co-ordinates p + x, q + y, r + z. 

c The values for Transit ions [I + ]  were calculated using the nonbonding orbital of  2-lI2(p o _+ PoJ, 
respectively. 

because of some uncertainty of position of protons in the data of X-ray diffraction. 
Concerning the simplified nonbonding orbitals, only the minor influence is ex- 
pected because of the very small intermolecular overlap integrals concerned. 
For the 2,3-DMPBQ molecule, the mixing of the two configurations excited 
from the highest and the second highest rc orbitals to the lowest vacant rc orbital 
should be taken into account for the precise discussion, because the calculated 
transition moments from the ground state to these two configurations are nearly 
the same in the approximation without configuration interaction in spite of the 
much different experimental values [8]. Further, there are other electronic excited 
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Table 2. Maximum ~ stabilization energy A E (in unit of 72/[E * - Eo]) : ({1%~ cq~ + cr c~ ]oo + ]cpV c~V + c, c~ [ } v  v 2) 

Substance p-benzoquinone 2,3-dimethyl 2,5-dimethyl 2,6-dimethyl tetramethyl 
p-benzoquinone p-benzoquinone p-benzoquinone p-benzoquinone 

Reactivity - + + + - 

Transition [I+]" 0.053 0.057 0.051 0.054 0.049 
Transition [II] 0.428 0.581 0.382 0.384 0.346 
Transition [III] 0.165 0.605 0.159 0.162 0.143 

" The values for Transitions [I _+ ] were calculated using the non bonding orbital of 2-1/2 (Po ---Po'), 
respectively. 

configurations which were disregarded in calculating the energy of transient 
complex. However, these points may not substantially be important for obtaining 
a static index of ability of photodimerization in crystals, although they have 
influence on only minor numerical values in the final result. 

In the calculation disregarding the effect of the packing arrangement, no 
parallelism was obtained between the ability of photodimerization and the stabili- 
zation energy of the transient complex. That  is, the stabilization energies obtained 
for the dimer-forming molecules of 2,5- and 2,6-DMPBQ are certainly smaller 
than that of the PBQ which was not detected the stable photodimers. This means 
that the ignorance of packing arrangement is quite inadequate in discussing the 
photochemical reaction in crystals, even in a qualitative sense. By the way, the 
treatment disregarding the energy difference between the homopolar  and the 
charge-transfered configuration in the transient complex is qualitatively parallel 
with the above calculation except that the stabilization energy is proportional 
to [Wo] +[Wvl but not its square. 

In the PBQ crystal, the nearest neighbouring molecule of Ago o is Boo o, while 
the stabilization energies of A E (Agog- Booo) are rather small as compared with 
A E (Agog - Ago1) or A E (Agog - Agog) except for the forbidden zc - n* transition [II]. 
This is certainly due to the fact that the molecular plane of Booo is not parallel 
to that of Agog because the latter is transformed into the former after the screw 
translation. On the other hand, the largest stabilization energies are actually very 
large for all the transient complexes of the 2,3-, 2,5-, and 2,6-DMPBQ treated 
here, since all the nearest neighbouring molecules in pairs are parallel each other, 
that is, Agog- Agog for 2,3-DMPBQ, Booo- Bloo for 2,5-DMPBQ, and Agog- Aolo 
for 2,6-DMPBQ. On the contrary, a large stabilization energy cannot be obtained 
from the nearest neighbouring molecules of TMPBQ, since Booo and A~oo, or A0oo 
and Booo, are not parallel to each other. 

In view of these facts, the stabilization energy A E is generally large if the sum 
of the absolute values of intermolecular overlap integrals, sob and SvB, is large, 
or if the signs of the coefficients of atomic orbitals concerned with the large 
intermolecular overlap integrals are almost the same in the same LCAO-MO's  
[~b ~ and ~b v (M = A or B)] of the different molecules. Such a condition may often 
be satisfied when the molecules in a pair are transformed each other by the primi- 
tive translational operation along the normal of the molecular plane. Accordingly, 
Schmidt's expression that there are the nearest neighbouring molecules with 
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"paralM double bond" is apparently ambiguous and not the satisfactory condition 
for determing the ability of photodimerization. 

Although the present work uses a rather simplified treatment and the com- 
parable experimental data are not always completely sufficient, the results obtained 
are qualitatively satisfactory for discussing the photodimerization of p-benzo- 
quinone methyl derivatives. The use of(IS%l + IS~BI) 2 as a measure of the stabiliza- 
tion energy is valid when comparing the molecular crystals with close energy 
difference between the homopolar and the charge-transfered configurations 
in the transient complex. Accordingly, a quantitative comparison between the 
calculated value and the experimental result may greatly be of interest for a 
system where the quantum yield has been obtained according to the various 
wavelengths used. As a further problem, the influence of the lattice vibration should 
be included in a more detailed discussion. 
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