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Intersystem crossing rate from singlet excited state to tri-
plet excited state of an organic molecule has been derived 
using exciton-spin-orbit-molecular vibration interaction 
as a perturbation operator. Incorporation of heavy metal 
atom enhances the spin-orbit interaction and hence the 
intersystem crossing rate because it depends on the 
square of the heaviest atomic number. We found that in 
the presence of heavy atom the singlet-triplet energy dif-
ference still plays an influential role in the intersystem 
crossing process. The derived exciton-spin-orbit- mo-
lecular vibration interaction operator flips the spin of the 
singlet exciton to triplet exciton after photoexcitaion 
from the singlet ground state with the assistance of mo-
lecular vibrational energy. From this operator an expres-

sion for the intersystem crossing rate is derived and cal-
culated in some organic solids.  

 

Displaced potential energy surfaces of the singlet and tri-
plet excited states. 
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1 Introduction The use of organic materials in organ-
ic optoelectronic devices such as organic light emitting di-
odes (OLEDs), organic transistors, organic solar cells 
(OSCs) and organic-hybrid solar cells is an area of increas-
ing research interest [1]. The advantages of using organic 
materials are reduced cost of fabrication, easy processing, 
large scale production and compatibility with flexible sub-
strates[2-4]. 

Direct conversion of sun light into electrical energy in 
OSC involves four electronic processes: i) exciton genera-
tion after photon absorption, ii) exciton diffusion to the 
donor acceptor (D-A) interface, iii) dissociation of excitons 
at the D-A interface, and iv) charge carriers transport to the 
electrodes [5]. Excitons excited in organic semiconductors 
can be in singlet (S) and triplet (T) spin configurations and 
as a consequence, both singlet and triplet excitons can be 
excited in OSCs. In organic materials the selection rules 
for the electronic dipole transitions allow generation of on-
ly singlet excitons by exciting an electron from the singlet 

ground state. To excite triplet excitons, one needs to flip 
the spin to triplet configuration in the excited state, which 
is achieved through the strong exciton-spin-orbit interac-
tion (ESOI) [6, 7].  This is how ESOI also helps in creating 
triplet excitons via intersystem crossing (ISC). In organic 
solids, the triplet exciton state usually lies below the sin-
glet exciton state and their vibronic states overlap in ener-
gy. In this case, first a singlet exciton is excited by photon 
absorption to a higher vibronic energy level which is iso-
energetic with the vibronic level of the triplet state. As a 
result, if the ESOI is strong it flips the spin of the excited 
electron to triplet and it crosses to the triplet exciton state 
[8]. As ESOI is proportional to the atomic number (Zn) [7], 
it is expected to be weak in organic materials which are 
composed mainly of carbon and hydrogen [9]. To enhance 
ESOI, therefore, one needs to incorporate heavy metal at-
oms in organic solids and polymers. 

     The incorporation of iridium (Ir) and platinum (Pt) 
into the active layer of OSCs results in the phosphorescent 
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sensitizer, fac-tris(2-phenylpyridine) iridium [Ir(ppy)3] [1, 
10] and platinum-acetylide [p-PtTh][11] and has been 
found to increase the power conversion efficiency (PCE) 
[8, 10] of OSCs. Although this improvement has been at-
tributed to the increase in the triplet exciton concentration 
with higher diffusion length [1, 10, 12], the mechanism of 
such a process has never been fully understood.  

      In this paper, our objective is to study the effect of 
spin- orbit interaction on the mechanism of ISC in organic 
semiconductors and polymers. It is known that the spin-
orbit coupling flips the singlet spin configuration to triplet 
and vice versa and hence facilitates ISC [6, 8, 13]. ISC 
from a singlet excited state to a triplet excited state has 
been studied theoretically [14-16] and as well as experi-
mentally [11,12]. Theoretical models have so far been lim-
ited to either numerical calculation of ISC rates [14-16] or 
estimation of the spin-orbit interaction transition matrix el-
ement [17]. To the best of the authors’ knowledge no at-
tempt has yet been made to derive the transition matrix el-
ement due to the spin-orbit interaction in calculating the 
ISC rates. Here, an exciton-spin-orbit-molecular vibration 
interaction operator suitable for ISC in organic solids is de-
rived. Using this operator, an expression for ISC rate is de-
rived and calculated in some organic solids. The effects of 
incorporation of heavy atom on the ISC rate are explored 
and the results are compared with their experimental val-
ues. 

2 Exciton-spin-orbit-molecular vibration inter-
action operator 

The stationary part of the spin-orbit interaction for an 
exciton in a molecule consisting of  N atoms can be written 
as [6] 

∑
















•+•−=
N

n hn
r

n
Z

en
r

n
Z

c
x

gke
so

H
hnh3ene3222

2
lsls

µ
,                   (1) 

 
where e is the electron charge, 2=g  is the gyromagnetic 

ratio, ok πε41=  is the Coulomb constant, 
111 −−− += hex mmµ  is the reduced mass of exciton, c is the 

speed of light, )( he ss is the electron (hole) spin, 

eenen prl ×= is electron angular momentum and )( een pr is 

the position vector (orbital momentum) of the electron 
from the nth nucleus. Similarly, hhnhn prl ×= is the hole 

angular momentum and )( hhn pr is the position vector (or-

bital momentum) of the hole from the nth nucleus. For a 
non-rigid structure, Eq. (1), can be expanded in Taylor se-
ries about the equilibrium positions of molecules. Termi-
nating the expansion at the first order, we get: 

sovsoso HHH += 0 ,                                                         (2) 

where 0
soH  is the zeroth order term and represents the in-

teraction in a rigid structure and sovH  is the first order 

term which gives the interaction between exciton-spin-
orbit interactions and molecular vibrations and it is ob-
tained as: 
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where nvR is the molecular displacement from the equilib-
rium position due to the intramolecular vibrations . The 
quantity within parentheses in Eq. (3) depends on4−

enr  and
4−

hnr  thus the nearest nuclei to the electron and hole is ex-
pected to play the dominant influence and as such the pres-
ence of other nuclei may be neglected as an approximation. 
This approximation helps in reducing the summation to on-
ly one nucleus for each electron and hole. In carrying out 
the Taylor series expansion, it is further assumed that the 
distancesenr  and hnr of the electron and hole with reference 
to the individual nuclei of a molecule can be replaced by 
their distances er  and hr , respectively, with reference to 
the equilibrium position of the individual molecules. This 
approximation may be regarded to be quite justified within 
the Born-Oppenheimer approximation regime. 
In second quantization nvR  can be expressed as [2]: 

))(( nvnvoovonv bbqqR +−= + ,                                                  (4) 

where ( )nvnv bb+  is the vibrational creation (annihilation) op-
erator in vibrational mode v   .  

For expressing the operator in Eq. (3) in second quanti-
sation, we can write the field operator for an electron in the 
LUMO and that of a hole in the HOMO, respectively, as: 

)(ˆ
eLLUMOe a

e

σϕψ
σ
∑= ,                                                   (5a) 

)(ˆ
hHHOMOh d
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σϕψ
σ
∑= ,       )()( hHhH ad σσ −= + ,        (5a) 

where LUMOϕ  and HOMOϕ  are the wavefunctions of the 

electron in the LUMO and hole in the HOMO, respectively. 
It may be clarified here that we are dealing with molecules, 
hence, the valence and conduction bands wavefunctions 
are those of the highest occupied molecular orbital (HO-
MO) and lowest unoccupied molecular orbital (LUMO), 
respectively.  Using Eq. (5) the interaction operator in Eq. 
(3) can be expressed in second quantization as: 
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where xr  is the average separation between the electron 

and hole in the exciton and it is approximated as:   
4

44
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    To evaluate the spin and orbital angular momentum 
operators in the interaction operator Eq. (6), we can use 
[18] 
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2

222 slJ
ls

−−=•   ,                                                 (7)                                                                                  

whereJ is the total angular momentum. Equation (7) can 
be re-arranged as: 

)(2222
zzyyxx lslslsslJ ++++= ,                                 (8) 

      Defining is and il ( yxi ,= ) in Eq. (8) in terms of or-

bital angular momentum raising (lowering) operator as 

yx illL +=+  ( yx illL −=− ) and spin angular momentum 

raising (lowering) operator as yx issS +=+ ( yx issS −=− ), 

respectively, we get  
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Using Eq. (8) in Eq. (6) we obtain  

 

22
−++− ++=• LSLS

lsls zz ,                                           (10) 

It is this term in the interaction operator Eq. (6) that flips 
the spin of the exciton from the singlet to triplet configura-
tion. Using Eq. (10) in Eq. (6) we get: 
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here we assume h==≈ zhzez lll , which is the angular mo-

mentum associated with first excited state with the magnet-
ic quantum number 1.  
         

3 Intersystem crossing rate Assuming that the ini-
tial state i consists of an exciton in the singlet spin con-
figuration and molecular vibrations and the final state f  
consists of a triplet exciton and molecular vibrations. Us-
ing occupation number representation the initial state can 
be written as: 

1
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where the electron is created in the LUMO at site 1n  and a 
hole in the HOMO at site 1m  , 0 represents the electronic 
vacuum state and 1v  is the initial molecular vibrational 
occupation state. Likewise, the final state can be expressed 
as:  
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where the electron is located in the LUMO at site 2n  and a 

hole in the HOMO at site 2m  , and 2v  is the final molec-

ular vibrational occupation state after the spin flip into the 
triplet excited state.  

Using the usual anticommutation relation for fermions 
and commutation relations for boson operators, the transi-
tion matrix element is obtained from Eqs. (11)-(13) as 

)(
12ˆ
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I qq
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,                          (14) 

where vn is the effective number of vibrational levels tak-
ing part in the transition process.  

Using Fermi’s golden rule then the rate of intersystem 
crossing isck  can be written as: 

 

( )ifIisc EEiHfk −= δπ 2

ˆ2

h
,                                    (15) 

 
Here vTf nEE ωh1+=  is the final triplet state energy 

and vSi nEE ωh2+= is the initial singlet state energy in-

cluding the energy of corresponding vibrational energies. 

SE and TE  are the singlet and triplet exciton energies, re-

spectively.  
      Substituting Eq.(14) into Eq.(15), we get isck  as: 
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where 
ε

x
x

a
r = is used to express the rate in terms of the 

excitonic Bohr radius xa  and ε is the dielectric constant. 

Expressing vvif nEEE ωh+∆−=− , where TS EEE −=∆ , 

12 nnnv −= and the square of the molecular displacement 

due to excitation as: 
3

8
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2
2 x

oovo

r
qq

π
=− [2], isck is obtained 

as:  
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4 Results and discussions The rate derived in Eq. 

(17) depends on excitonic Bohr radius, molecular vibra-
tional energy, the atomic number of the heaviest atom and

E∆ , the exchange energy between the singlet and triplet 
excited states. Although ISC is very well known process, 
the interaction operator derived here in Eq. (6) is the first 
one known to the best of our knowledge. The above deri-
vation also clarifies how the phenomenon of ISC occurs. 
An exciton is first excited to the singlet exciton state which 
is higher in energy than the triplet state. The higher energy 
of the singlet excited state provides the required exciton-
spin-orbit-molecular vibration interaction energy to flip the 
spin to triplet state before the transfer can take place. This 
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is the reason that isck  in Eq. (17) vanishes when E∆  is 

equal to zero. 
The rate in Eq. (17) is calculated in several known 

molecules used in the fabrication of organic solar cells and 
listed in Table 1, along with material parameters used in 
the calculation.  

 
 

Table 1 The calculated intersystem crossing rate )( isck  from Eq. 
(17) and experimental rates )( exp

isck , for some OSC materials along 
with their highest atomic number (Z) and singlet-triplet energy 
difference )( E∆ . For these calculations we have used3=ε , 

nmax 352.4= , and 114108 −×= svω . 

Organic material    z )(eVE∆    )( 1−skisc    )( 1exp −skisc     Ref. 

NPD (Ir doped)    77 

CBP (Ir doped)    77 

P3HT                    16 

SubPc                    9 

F8BT                    16 

Toluene                 6 

Naphthalene          6                   

1-Bromo-              

naphthalene          35 

Benzophenon       16 

Platinum- 

acetylide              78 

 

 0.90 [10]    1.1x1011 

 0.90 [10]    1.1x1011 

 0.80 [12]    3.7x109 

0.71             9.2 x108 

 0.70            2.8 x109 

 0.70            4.0 x108 

 1.47           1.8 x 109 

 

1.30            4.7 x 1010 

0.30            5.2 x 108 

 

0.80            8.8 x 1010               

 

 

   

  9.1 x108        [19] 

  1.2 x107        [20] 

  8.5 x 106       [21] 

  5.0 x 106       [22] 

 

  ≈ x 109          [23] 

  ≈ x 1010         [22] 

     

  > x 1011         [11] 

 
   

 where; 

NPD=N,N'-bis (naphthalen-1-yl)-N, N'-bis(phenyl)-benzidine 

CBP= 4,4'-bis(9-carbazolyl)-1,1'-biphenyl 

P3HT = poly(3-hexylthiophene) 

SubPc= boron subphthalocyanine chloride 

F8BT = poly(9,9-dioctylfluorene-cobenzothiadiazole) 

 

        According to Table 1, the calculated rates are found to 
be in reasonable agreement with experimental results and 
the minor discrepancies may be attributed to the approxi-
mations used in deriving Eq. (17). The rate in Eq. (17) can 
be applied to calculate the ISC rate in any molecular solid. 
It is therefore expected that the results of this paper will 
provide a simple way to study ISC in any organic device. 
 
      5 Conclusions In summary, we have derived an ex-
pression for the exciton-spin-orbit-molecular vibration in-
teraction operator which has been used to calculate the rate 
of ISC from singlet excited state to triplet excited state in 
organic molecules. The rate is sensitive to spin-orbit cou-
pling and the singlet-triplet energy difference. This study 
may help in designing OSCs with enhanced triplet exciton 
concentration. 
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