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Intersystem crossing rate from singlet excitedestattri-
plet excited state of an organic molecule has loeeived
using exciton-spin-orbit-molecular vibration intetian
as a perturbation operator. Incorporation of heaefal
atom enhances the spin-orbit interaction and héhee
intersystem crossing rate because it depends on the
square of the heaviest atomic number. We foundithat
the presence of heavy atom the singlet-triplet gndif-
ference still plays an influential role in the irggstem
crossing process. The derived exciton-spin-orbit- m
lecular vibration interaction operator flips tharspf the
singlet exciton to triplet exciton after photoea@in
from the singlet ground state with the assistarfca@
lecular vibrational energy. From this operator apres-

sion for the intersystem crossing rate is derived eal-
culated in some organic solids.
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1 Introduction The use of organic materials in organground state. To excite triplet excitons, one netedfip

ic optoelectronic devices such as organic lightteémg di-

the spin to triplet configuration in the exciteatst which

odes (OLEDs), organic transistors, organic solalis ceis achieved through the strong exciton-spin-orbteriac-

(OSCs) and organic-hybrid solar cells is an areactas-
ing research interest [1]. The advantages of uenganic
materials are reduced cost of fabrication, easgqssing,
large scale production and compatibility with flebe sub-
strates[2-4].

Direct conversion of sun light into electrical egetin
OSC involves four electronic processes: i) excijenera-
tion after photon absorption, ii) exciton diffusida the
donor acceptor (D-A) interface, iii) dissociatiohexcitons
at the D-A interface, and iv) charge carriers tpamsto the
electrodes [5]. Excitons excited in organic semétariors
can be in singletS) and triplet T) spin configurations and
as a consequence, both singlet and triplet excitamsbe
excited in OSCs. In organic materials the selectigdes
for the electronic dipole transitions allow genematof on-
ly singlet excitons by exciting an electron frone tsinglet

tion (ESOI) [6, 7]. This is how ESOI also helpscieating
triplet excitons via intersystem crossing (ISC).odmganic
solids, the triplet exciton state usually lies lpelthe sin-
glet exciton state and their vibronic states oyeifaener-
gy. In this case, first a singlet exciton is exaitgy photon
absorption to a higher vibronic energy level whishiso-
energetic with the vibronic level of the triplettst. As a
result, if the ESOI is strong it flips the spintbe excited
electron to triplet and it crosses to the tripheti®n state
[8]. As ESOI is proportional to the atomic numbzy) (7],
it is expected to be weak in organic materials Wwrace
composed mainly of carbon and hydrogen [9]. To anba
ESOI, therefore, one needs to incorporate heavalnagt
oms in organic solids and polymers.

The incorporation of iridium (Ir) and platinu(®t)
into the active layer of OSCs results in the phosescent

Copyright line will be provided by the publisher
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sensitizer, fac-tris(2-phenylpyridine) iridium [ingy)3] [1,

term which gives the interaction between excitoimsp

10] and platinum-acetylide [p-PtTh][11] and has meeorbit interactions and molecular vibrations andsitob-

found to increase the power conversion efficieneCI)
[8, 10] of OSCs. Although this improvement has baen
tributed to the increase in the triplet exciton @emtration
with higher diffusion length [1, 10, 12], the meaksam of
such a process has never been fully understood.

In this paper, our objective is to study #ifect of
spin- orbit interaction on the mechanism of ISMiganic
semiconductors and polymers. It is known that thia-s
orbit coupling flips the singlet spin configuratiom triplet
and vice versa and hence facilitates ISC [6, 8, IST
from a singlet excited state to a triplet excitd¢dtes has
been studied theoretically [14-16] and as well mgeé-
mentally [11,12]. Theoretical models have so fazrbbm-
ited to either numerical calculation of ISC rat&d-fL6] or
estimation of the spin-orbit interaction transitioratrix el-
ement [17]. To the best of the authors’ knowledgeatr
tempt has yet been made to derive the transitiamixrel-
ement due to the spin-orbit interaction in caldatatthe
ISC rates. Here, an exciton-spin-orbit-moleculdraiion
interaction operator suitable for ISC in organitdsis de-
rived. Using this operator, an expression for 18 iis de-
rived and calculated in some organic solids. Tlieces of
incorporation of heavy atom on the ISC rate ardarrd
and the results are compared with their experinhesatia
ues.

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

The stationary part of the spin-orbit interactiam &n
exciton in a molecule consisting of N atoms canviigen
as [6]

H :—egkgzs I Zns-l , (1)
SO 2 2(:2n ;3 e en” '3 h "hn
Hy en hn

tained as:
— 362ng Se.le Sh.lh 3
sov T g2 nzv[ o Ry + o Ry |’ (3

where R, is the molecular displacement from the equilib-
rium position due to the intramolecular vibration3he
quantity within parentheses in Eq. (3) depends brand
r thus the nearest nuclei to the electron and reokexi
pected to play the dominant influence and as suelptes-
ence of other nuclei may be neglected as an appetian.
This approximation helps in reducing the summat@an-

ly one nucleus for each electron and hole. In dagryput
the Taylor series expansion, it is further assutied the
distances,, andr,,of the electron and hole with reference
to the individual nuclei of a molecule can be repth by
their distances, andr, , respectively, with reference to
the equilibrium position of the individual molecsleThis
approximation may be regarded to be quite justifiétthin
the Born-Oppenheimer approximation regime.

In second quantizatioRR,, can be expressed as [2]:

Ry = (tho = Uoo) (0, +b3,) 5 4
where b;v(bnv) is the vibrational creation (annihilation) op-
erator in vibrational mode .

For expressing the operator in Eq. (3) in secorahtju
sation, we can write the field operator for an &tatin the
LUMO and that of a hole in the HOMO, respectively;

B =S (@), a)
[j/h ZUZ¢HOMOdH (9,), dH (Uh) = a:| (_Uh) , (59)

where ¢, ,uo and @, ouo are the wavefunctions of the

electron in the LUMO and hole in the HOMO, respesiij.
It may be clarified here that we are dealing witbleaules,
hence, the valence and conduction bands wavefunrsctio

whereeis the electron chargey =2 is the gyromagnetic are those of the highest occupied molecular orlgki-

ratio, k=14, is the Coulomb

=" +m.' is the reduced mass of excitanis the

speed of light, s (s,) is the electron (hole) spin,

le, =Ty, Xp,iS electron angular momentum angp,) is

the position vector (orbital momentum) of the dleot
from the nth nucleus. Similarly,, =r,, xp, is the hole

constant

MO) and lowest unoccupied molecular orbital (LUMO),

"respectively. Using Eq. (5) the interaction operan Eg.

(3) can be expressed in second quantization as:

24e”gkz
=GR WENCALMCAL A

X(Se. |e+sh. lh)(br:v +bnv)

A, =-

angular momentum ang (p,) is the position vector (or- (6)

bital momentum) of the hole from the nth nucleusr &
non-rigid structure, Eq. (1), can be expanded iyldrase-
ries about the equilibrium positions of molecul&ésrmi-
nating the expansion at the first order, we get:

Hy,=H2+H,,, 2)

where H? 'is the zeroth order term and represents the Bbera

teraction in a rigid structure and_, is the first order

sov

Copyright line will be provided by the publisher

wherer, is the average separation between the electron
and hole in the exciton and it is approximated as:

{Provora'| Buomo) = 1w = (% j

To evaluate the spin and orbital angular moomant
tors in the interaction operator Eq. (6), we ose

¢HOMO | Ton

(18]
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2 _ 12 _g2
Sol:JITS , (7

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

J2=12+8*+2(s ), +s), +s),), ®)
Defining S and |, (i = x,y) in Eqg. (8) in terms of or-
bital angular momentum raising (lowering) operats

L, =l +il, (L.=1,=il,) and spin angular momentum

raising (lowering) operator &S, =s, +is, (S_=s, —is,),
respectively, we get
J2=12+¢ +2(S+L+ +S L, +SL +S_L_j

4

: 9)
S,L,-SL, -SL +SL.
- +2s),
4
Using Eq. (8) in Eg. (6) we obtain
SoI:sZIZ+S‘—2L*+&, (10)

2
It is this term in the interaction operator Eq. {(Bat flips
the spin of the exciton from the singlet to triptetnfigura-
tion. Using Eq. (10) in Eq. (6) we get:

where the electron is located in the LUMO at sifeand a
hole in the HOMO at sitem, , and|v,) is the final molec-

&lar vibrational occupation state after the spip ifito the

triplet excited state.

Using the usual anticommutation relation for fernsio
and commutation relations for boson operators triduesi-
tion matrix element is obtained from Eqgs. (11)-(&8)

212
()=t
HCTy
wheren, is the effective number of vibrational levels tak-
ing part in the transition process.

Using Fermi’s golden rule then the rate of intetsys

crossingk,. can be written as:

k. =2—ﬂ‘<f“l:l,“i>
p

HereE; = E; +nfaw, is the final triplet state energy
and E, = Eg +n,hiw, is the initial singlet state energy in-
cluding the energy of corresponding vibrational rgiess.
Esand E; are the singlet and triplet exciton energies, re-
spectively.

Substituting Eq.(14) into Eq.(15), we gkt. as:

(Gvo = Uoo) » (14)

25(Ef -E),

(15)

2
~ 12n%gkze? ~ Kk = 12ge'kze’n®n, (o _ O(-AE +nh
H, ~Wvg§hqvo Ooo) , (11) = ( Lca (Ao = Uoo) ( n, (4/)
x aL (Ue)dH (ah)a—ae,ah (brtv + bnv) (16)
wherer, =% js used to express the rate in terms of the
I

here we assumg =1, =1, =7, which is the angular mo-

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

3 Intersystem crossing rate Assuming that the ini-

excitonic Bohr radiusa, and ¢ is the dielectric constant.
ExpressingE, — E =-AE +niw,, whereAE = E¢ — E;,
n, =n, —-n,and the square of the molecular displacement

2
tial state|i> consists of an exciton in the singlet spin cordue to excitation agg, -q,)? =87 12, K. is obtained

figuration and molecular vibrations and the fintts| f )
consists of a triplet exciton and molecular vilas. Us-
ing occupation number representation the initiatestcan
be written as:

=N s s o o
=—=— Y X [a (+to)d., (-0

\/E UM, O WLy mH, h
+ a;lLl (_O-e)dr;lHl (+ay, )]b:lv1 0>|V1>

where the electron is created in the LUMO at siteand a

: 12)

3
as:

_ 30721 %’z %"n®
T pcia(he,)’

(aEY, (17)

4 Results and discussions The rate derived in Eq.
(17) depends on excitonic Bohr radius, moleculdras
tional energy, the atomic number of the heaviestaand
AE , the exchange energy between the singlet ancetripl

hole in the HOMO at siten, , | 0) represents the electronicexcited states. Although ISC is very well known qess,

vacuum state anfl) is the initial molecular vibrational
occupation state. Likewise, the final state camXgressed

as.
N '%

)= 2

—ay,, (-0.)dn, (+01)]0)v,)

DI lan., (+o} ), (-ov)

n,, M,V oy 04 )

(13)

the interaction operator derived here in Eq. (6hes first
one known to the best of our knowledge. The abaré d
vation also clarifies how the phenomenon of ISCuosc
An exciton is first excited to the singlet excitstate which
is higher in energy than the triplet state. Thehbigenergy
of the singlet excited state provides the requegditon-
spin-orbit-molecular vibration interaction energyflip the
spin to triplet state before the transfer can fallaee. This

Copyright line will be provided by the publisher
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is the reason thak, in Eqg. (17) vanishes wheAE is References

equal to zero. [1] G. L. Schulz and S. Holdcroft, Chem. MateR0, 5351
The rate in Eq. (17) is calculated in several known (2008). _
molecules used in the fabrication of organic sokdls and [2] M. R. Narayan and J. Singh, J. Appl. Ph$44, 73510

listed in Table 1, along with material parametesgdiin (2013).
the calculation. [3] B. P. Rand, J. Genoe, P. Heremans, and J. PawstrRaog.

Photovolt. Res. Appll5, 659 (2007).
[4] M. R. Narayan and J. Singh, phys. stat. sol9(@386(2012).
[5] D. Ompong and J. Singh, ChemPhysCh&@n.1281 (2015).
[6] J. Singh, Phys. Rev. B5, 085205 (2007).
[7] M. R. Narayan and J. Singh, J. Appl. Ph§44, 154515
(2013).
[8] Z. Xu, B. Hu, and J. Howe, J. Appl. Phyi€3, 43909 (2008).
[9] J. Rybicki and M. Wohlgenannt, Phys. Rev.78, 153202

Table 1 The calculated intersystem crossing (&ig) from Eq.
(17) and experimental ratfls>F) , for some OSC materials along
with their highest atomic number (Z) and singlgiat energy
difference(AE) . For these calculations we have used3,

a, = 43520, and @y, =8x10"s™.

Organic material  zAE(eV) k(s™) k&°(s™) Ref. (2009).
[10] W. A. Luhman and R. J. Holmes, Appl. Phys. L&,
NPD (Ir doped) 770.90 [10] 1.1x18 153304 (2009).
CBP (Ir doped) 770.90[10] 1.1x1H [11] F. Guo, Y. G. Kim, J. R. Reynolds, and K. S. &ate, Chem.
P3HT 160.80 [12] 3.7x19 Commun. 1887 — 1889 (2006).
SubPc 9.71 9.2 xf0 9.1 x16 [19] 2B R PD. thesis, The University aiNIi2013)
. R. Gautam, . thesis, The University .
F8BT 160.70 2.8x10 1.2 x10 [20] [13] K. N. Solovyov and E. A. Borisevich, Phys. U8, 231
Toluene 60.70 40xf0 85x16  [21] (2005),
Naphthalene 6 1.47 1.8xf0 5.0x16  [22] [14] K. Schmidt, S. Brovelli, V. Coropceanu, D. Beljm J.
1-Bromo- Cornil, C. Bazzini , et al. J. Phys. Chem.1A1, 10490
naphthalene 35.30 47 x 10 =x 10 [23] (2007). . _
Benzophenon 16.30 52 x 80 = x 10° [22] [15] D. Beljonne, Z. Shuai, G. Pourtois, and J. Ledgas, J. Phys.
Plati Chem. A105:3899 (2001).
a |nym- [16] J. Tatchen and N. Gilka, C. M. Marian, Phys. @h€hem.
acetylide 780.80 8.8x 18 >x10* [11] Phys.9, 5209 (2007).
[17] R. Englman and J. Jortner, Mol. Phi8, 145 (1970).
[18] S. Gasiorowicz, Quantum physics (Wiley , Neark, 1996),
where; p. 283.

o . - [19] A. Medina, C. G. Claessens, G. M. A. Rahman, A. M
NPD=N,N-bis (naphthalen-1-yl)-N, Mbis(phenyl)-benzidine Lamsabhi, O. Mo, M. Yanez, et al. Chem. Commun. 1759-
CBP= 4,4bis(9-carbazolyl)-1,1biphenyl 61(2008).

P3HT = poly(3-hexylthiophene) [20] T. A. Ford, I. Avilov, D. Beljonne, and N. C.r&nham,
bpes b bonthal e chiorid Phys. Rev. B1, 125212 (2005).

SubPc= baron subphthalocyanine chloride [21] S. Cogan, Y. Haas, and S. Zilberg, J. Photoct#hotobiol.,

F8BT = poly(9,9-dioctylfluorene-cobenzothiadiazole) A 190, 200 (2007).

[22] L. P. Donald, M. L. Gary, S. K. George, and@.Engel, A

According to Table 1, the calculated ratesfound to Small Scale Approach to Organic Laboratory Techesqu

be in reasonable agreement with experimental esuid (Cengage Learning, Belmont: CA, 2011), p. 415.
the minor discrepancies may be attributed to therag- [23] M. Klessinger and J. Michl, Excited statesl giotochem-
mations used in deriving Eq. (17). The rate in @4) can istry of organic molecules, (New York, VCH, 1995) 255.

be applied to calculate the ISC rate in any mokecsolid.
It is therefore expected that the results of thapey will
provide a simple way to study ISC in any organicice.

5 Conclusions In summary, we have derived an ex-
pression for the exciton-spin-orbit-molecular viiwa in-
teraction operator which has been used to calctheteate
of ISC from singlet excited state to triplet exditstate in
organic molecules. The rate is sensitive to spbitaou-
pling and the singlet-triplet energy difference.isTbtudy
may help in designing OSCs with enhanced tripleiter
concentration.
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