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Control of emission by intermolecular fluorescence resonant energy transfer (IFRET) and intermolecular charge
transfer (ICT) is investigated with the quantum-chemistry method using two-dimensional (2D) and three-
dimensional (3D) real space analysis methods. The work is based on the experiment of tunable emission
from doped 1,3,5-triphenyl-2-pyrazoline (TPP) organic nanopatrticles (Peng, A. D.;AdwalMater. 2005

17, 2070). First, the excited-state properties of the molecules, which are studied (TPP and DCM) in that
experiment, are investigated theoretically. The results of the 2D site representation reveal the-ehettron
coherence and delocalization size on the excitation. The results of 3D cube representation analysis reveal the
orientation and strength of the transition dipole moments and intramolecular or intermolecular charge transfer.
Second, the photochemical quenching mechanism via IFRET is studied (here “resonance” means that the
absorption spectrum of TPP overlaps with the fluorescence emission spectrum of DCM in the doping system)
by comparing the orbital energies of the HOMO (highest occupied molecular orbital) and the LUMO (lowest
unoccupied molecular orbital) of DCM and TPP in absorption and fluorescence. Third, for the-DE®
complex, the nonphotochemical quenching mechanism via ICT is investigated. The theoretical results show
that the energetically lowest ICT state corresponds to a pure HOM@IMO transition, where the densities

of the HOMO and LUMO are strictly located on the DCM and TPP moieties, respectively. Thus, the lowest
ICT state corresponds to an excitation of an electron from the HOMO of DCM to the LUMO of TPP.

|. Introduction wherery is the radiative lifetime at the donor excited stdas

the distance between the fluorophores, &ads the Faster
The resonance energy transfer between molecules, or betweepydius. The orientation factor is defined as

chromophores within a large molecule, plays a central role in
many areas of modern chemistry and physi€ar example,
doping techniques leading to intermolecular fluorescence reso-
nan nergy transfer (IFRET) hav n proven t n effec- . . .
1ance energy transte ( . ) have bee provento be an effe where 67 is the angle between the donor emission transition
tive way to improve the luminescence efficiency and tune the . .
L . : - moment and the acceptor absorption transition momentgnd
emission color of electroluminescent mateftdllFRET is a :
hotophvsical effect where enerav that is absorbed by one andé@a are the angles between the doracceptor connection
1EI) ) P ynt molecule (donor) | t?yn ferred nonradi tivyl i line and the donor emission and the acceptor absorption
uoresce olecule tdonor) 1s transterred nonradiatively 10 vanition moments, respectively. Thérser radius is maxi-
another fluorescent molecule (acceptor). The result is the de

o X “mized when the host emission and the guest absorption exhibit
crease of lifetime and the quenching of fluorescence of donor

- ) - . " good spectral overlap. The degree of overlap can be written as

species and the concomitant increase of fluorescence mtensnygn integral

of acceptor species. The efficiency of IFRET depends on the

electronic coupling between the chromophores and the nuclear o 4

overlap integral (FranckCondon factor). The latter together J= fo fo(A)ea(1)2" dA ®3)

with the energy conservation principle leads to the overlap be-

tween the donor fluorescence spectrum and the acceptor absorpwhere 4 is the wavelength of the lighta(1) is the molar

tion spectrunt. The energy-transfer rate can be expressed as extinction coefficient of the acceptor, afifl) is the normalized
fluorescence spectrum of the donor.

K2 [Ro\® The nonphotochemical quenching via intermolecular charge
= R (1) transfer (ICT) also plays an important role in many areas of
chemistry and physics, such as in the fields of dye-sensitized
solar cells (DSSCs) and photosynthetic reaction cefitéfs.
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23 TABLE 1: Calculated Absorption and Fluorescence
Wavelengths (nanometers) and Their Corresponding
O—14 Oscillator Strengths (in the parentheses) for DCM, TPP, and
/ the DCM—TPP Complex
2 5—— 12
\ / // \\ DCM TPP TPP-DCM
/N_4\\ / 10 17_16\ absorption fluorescence absorption absorption
1 6—38 18——20=N S; 361(0.563 361(0.57) 424(0.57) 437(1.13) 509 (0.00)
S 448 (1.60)
19 S 385 (0.03)
TPP Vi S 376 (0.05)
N S 367(0.42

a Calculated with Turbomole 5.71 and other theoretical results were
calculated with Gaussian 03.
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Figure 1. Chemical structure of TPP and DCM. The atoms in TPP
and the molecular groups in DCM are labeled. The following figures
use the same labeling.

DCM Q DCM

: a4
energy of the ICT state can be expressed as § .
w
& g
Eicr(R) =Ep + Egp — R (4) &

whereEp is the ionization potential of the dondEga is the

electron affinity of acceptor, an@%/R is the electrostatic
attraction between separated charges. The ground state and th Q TPP-DEM
excited ICT state wave functions can be writte#as

W, =aWy(DA) + bW (D"A") (5.a)
W, =a¥,(D"A7) — bW (DA) (5.b)

where Wo(DA) is the configuration for the normal, weakly
bound complex andPy(D*A™) is the CT configuration. For
weakly bound complexeb,< a and little charge is transferred
from the donor to the acceptor in the ground state. The transition
dipole moment for the ICT transition in a weak complex can
be approximated a¥eq~ a*hui; + aa*uo1,*® whereu,; is the
static dipole moment of the ion pairs in the ICT configuration
anduoz is the transition dipoléW|u|W¥oll

To visually inspect the spatial distribution of the excitation
for large conjugated polymers, several elaborate theoretical
methods have been developed. One is the two-dimensional (2D)
site representation of the transition density mattix8 which
is employed to analyze the electrehole coherence and the
excitation delocalization in conjugated molecules. In addition,
the three-dimensional (3D) cube_representation of the transitionto the 102 and IPI2 operators of DCM. TPP. and the DGNTPP
density (TD}*"*" and the charge difference density (COEB2" complelg gn absclrpltionpand fluorescence. Transitions correspond to the
have been used to analyze the charge and energy transfer iRtates indicated in the lower left corners of the plots.
several conjugated polymet%.2”

To interpret theoretically the experiment of tunable emission are described. In section Ill, the excited-state properties of DCM
from doped 1,3,5-triphenyl-2-pyrazoline (TPP) organic nano- and TPP are studied with quantum-chemistry methods as well
particles? the theoretical model of controlling the emission by as 2D and 3D real space analyses. In section |V, the quenching
intermolecular charge and energy transfer in the DEWP mechanisms of the DCM fluorescence are analyzed. We point
complexes (see Figure 1) is presented in this paper. The articleout a possibility of quenching via ICT by studying the excited-
is organized as follows. In section I, the theoretical approaches state properties of the DCMTPP complex, where the first

TPP-DCM

! Ha" @1
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w TPP
o

TPP DCM

Figure 2. Contour plots of transition density matrixes corresponding
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excited state is the ICT state. In section V, a short conclusion
closes the presentation.

Il. Method

The ground-state geometry optimizations of DCM, TPP, and
the DCM-TPP complex were performed, using density func-
tional theory (DFT$® with Becke’s three-parameter hybrid
exchange functional with LeeYang—Parr gradient-corrected
correlation functional (B3LYP functiond® at the 6-31G basis
level. The molecular geometry of the lowest excited state was
optimized at the configuration interaction singles (CIS)/STO-
3G level®® No constraints to bonds/angles/dihedral angles were
applied in the calculations, and all atoms were free to be
optimized. The excited-state electronic structures were calculated
using time-dependent density functional theory (TD-DFEWjith
the B3LYP/6-31G method. All of the above quantum-chemical
calculations were performed with the Gaussian 03 suite of
programs®2 At the excited-state optimal geometry, the transition
frequency and oscillator strength correspond to the vertical
fluorescencé33> Absorption and fluorescence points were
treated at the TD-B3LYP/6-31G//B3LYP/6-31G and TD-B3LYP/
6-31G//CIS/ISTO-3G levels, respectively, in conventional quan-
tum-chemical notation “single point//optimization levéf*35

The geometry optimizations of DCM for the ground
state were also performed with the DFT method using the

B3LYP_Gaussian functional and SV(P) basis set. The excited-
state electronic structures were also calculated by the TD-DFT

method B3LYP functional, and SV(P) basis set, using Turbo-
mole Suite3®

2D Site Representations.The exciton coordinate and
momentum operators can be defined*a%26

Q=Y oY @nBmot Amudno) (6)
and
Pl = Z O*ﬁ,o (a:,uam,o - a'rJTrLuan,o) (7)

u,0 mn

whereqtu (an0) are the creation and annihilation operators for
the unoccupiedu) and occupiedd) molecular orbitals for the
exciton at site (atomih. The coefficientoLfL0 is the configura-
tion interaction (Cl) coefficient of the — u transition to the
Ath excited state. When = m, eq 6 represents the exciton
coherence and eq 7 represents the oscillation of the eleetron
hole pair between orbitals andm.1826Whenn=m, Q; = 2
Suo aﬁyo >n a;uan,0 determines the corresponding transition
density andP, = 0. For 2D site representation of the exciton
coordinate and momentum, we use the reduced matrices

Q7
and

IP,I? (8)
respectively** Thus,|P;|2 describes the oscillation of the electron
and hole from the atomic sitesto m and vice versa, while
|Q;|? is a measure of the delocalization of the exciton as a
whole for the transition from the ground state to fltle excited
state?®

3D Cube Representation.When n

m in eq 6, the
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Figure 3. Molecular orbital energies and densities of the HOMOs and
LUMOs of DCM, TPP, and the DCMTPP complex, where the ClI
main coefficients of orbital transitions are shown. We point out that
the squares of all CI coefficients of a transition add up to 0.5.

about the spatial location of the excitatférand is directly
related to the transition dipole

o= ef roslr) or 9)

Furthermore, it is of particular relevance for excitonic interaction
at shorter distance®.Besides the transition density, the charge
difference density (CDD) between the ground and the excited
states can also be calculatéd.

[ll. Excited-state Properties of DCM and TPP

The calculated absorption and fluorescence frequencies and
oscillator strengths of DCM and TPP are listed in Table 1. The
results are in good agreement with the experimental®aigure
2. shows the contour plots representing [@g/? and|Py|2 for
DCM and TPP in absorption and fluorescence. The contour plots
of TPP show that excitation is delocalized over the whole
molecule. TheQ,|2 and|Py|2 plots are not significantly different.
The physical meaning of the differences betwgeri? and|P4|?
has been discussed in another study of excited-state properties
of neutral and charged conjugated polymers and oligoRters.
For example, the electrerhole coherence of a nitrogen atom
#3 is rather high for atoms #4, #10, #12, #13, and #17 seen in
the | Q1) plot, while electror-hole oscillations occur between
#3 N and atoms #16#12, #16-#18, #21, and #22 according
to the|P1|? plot. For DCM and the TTRDCM complex, only
|Q1/2 plots are presented. In DCM, one can clearly see that unit
#4 is not involved in the excited state. The plots of absorption

coordinate operator leads to the transition density in 3D cube and fluorescence for DCM are very similar indicating that the

representatiof? The transition density;o contains information

excitation does not localize significantly. In conjugated polymers
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Figure 4. Transition densities (TDs) and charge difference densities (CDDs) of TPP, DCM, and the-DR®complex in absorption (A) and
fluorescence (F), where the green and the red stand for the hole and electron, respectively.

such as PPV, the electreiole coherence in fluorescence is difference between the absorption and fluorescence TDs and
substantially localized compared with the absorption. CDDs for DCM.

For DCM and TPP, the;State is almost a purely HOMO to ) )
LUMO transition in both absorption and fluorescence. The V. DCM Fluorescence Quenching Mechanisms

energies and the corresponding orbital distributions for the  The general condition of the energy transfer is that the
HOMO and LUMO together with the CI coefficients can be transition energy of the donor fluorescence has to mach the
seen in Figure 3a. As expected, the HOMOUMO energy energy of the acceptor absorption reasonably well. From Figure
gap is higher in absorption than in fluorescence, so the 3a, one can see that this is indeed the case, and from Figure 3b,
absorption frequency is larger than the fluorescence frequ€ncy. we expect an efficient donor fluorescence quenching via IFRET
From Figure 3a, for DCM, the HOMO is mainly distributed provided that the mutual orientation of the molecules leads to
over #1 and #2, while the LUMO is mainly on #2 and #3. a sufficiently high orientation factd.

Consequently, we expect that the HOMO to LUMO transition  The calculated absorption frequencies and the oscillator
would lead to a charge transfer from #1 to #3, while #2 acts as strengths of the DCMTPP complex are listed in Table 1. The

a bridge. The CDDs and TDs of the molecules are shown in second and the fifth excited states have strong oscillator
the Figure 4. Indeed, the CDD of DCM confirms the above- strengths. Inspection of the electrehole correlation maps
expected trend. From the TDs, one can get a good idea abouiFigure 2), the molecular orbitals which correspond to the
the orientation of the transition dipole moments. For TPP, itis transitions (Figure 3b), and the TDs (Figure 4) show that these
oriented along the-conjugation of the molecule, and for DCM,  states are almost purely TPP and DCM molecular transitions.
it is oriented from group #1 to group #3. There is no significant The first singlet excited state has zero transition strength. The
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molecular orbitals, electrerhole correlation maps, and CDD
clearly show that this state is an ICT state.

Sun et al.

(11) Dreuw, A.; Weisman, J. L.; Head-Gordon, 3.Chem. Phy2003
119 2943.
(12) Mulliken, R. S.; Person, W. BMolecular Complexgslst ed.;

From the above results, we conclude that the emission of \yjjeyinterscience: NewYork, 1969.

DCM is controlled not only by IFRET but also by ICT. This

(13) DeBoer, G.; Preszler Prince, A.; Young, M.JAChem. Phy2001,

ICT excited state can also be considered as a dissociated excitor}15 3112.

state, where the electron promoted in the LUMO level of the

excited donor (k) can be transferred to the lower-lying LUMO
level of the acceptor (L), with the hole remaining on the

HOMO level of the donor, thereby forming a polaron pair. Thus,

this photoinduceelectron-transfeprocess has converted light

into charges. Note that the same final charge-separated state
can be reached when the acceptor is initially photoexcited,

following a photoinducethole-transfemprocess from the HOMO
level of the acceptor (k) to the HOMO level of the donor (k).

Our theoretical findings indicate that the studied materials may

(14) Mukamel, S.; Tretiak, S.; Wagersreiter, T.; ChernyakS¥ience
1997 277, 781.
(15) Zojer, E.; Buchacher, P.; Wudl, F.; Cornil, J.; Calbert, J. Ph.; Bredas,

J. L. Leising, G.J. Chem. Phys200Q 113 10002.

(16) Tretiak, S.; Saxena, A.; Martin, R. L.; Bishop, A. Rhys. Re.
Lett. 2002 89, 097402.
(17) Tretiak, S.; Mukamel, SChem. Re. 2002 102, 3171.
(18) Sun, M. T.J. Chem. Phys2006 124, 054903.
(19) Krueger, B. P.; Scholes, G. D.; Fleming, G.RPhys. Chem. B
1998 102, 5378.
(20) Beenken, W. J. D.; Pullerits, . Chem. Phys2004 120, 2490.
(21) Beenken, W. J. D.; Pullerits, J. Phys. Chem. 2004 108 6164.
(22) Jespersen, K. G.; Beenken, W. J. D.; Zaushitsyn, Y.; Yartsev, A.;

be interesting from the point of view of optoelectronic devices Andersson, M.; Pullerits, T.; Sundstm V. J. Chem. Phys2004 121,

such as solar cells and photodiodes.

V. Conclusion
The theoretical model of controlling the emission by inter-

12613.

(23) Sun, M. T.; Kjellberg, P.; Ma, F. C.; Pullerits, Them. Phys. Lett.
2005 401, 558.

(24) Persson, N. K.; Sun, M. T.; Kellberg, P.; Pullerits, T.; Ingar@.
J. Chem. Phys2005 123 204718.

(25) Sun, M. T.; Chen, Y. H.; Song, P.; Ma, F. Chem. Phys. Lett.

molecular charge and energy transfer has been presented. Th§005 413 110.

study is based on the experiment of tunable emission from doped

(26) Sun, M. T.; Kjellberg, P.; Beenken, W. J. D.; Pullerits,Ghem.

1,3,5-triphenyl-2-pyrazoline organic nanoparticles. We show that Phys.Submitted for publication.

the IFRET is not the only quenching channel and propose that
a significant part of the DCM fluorescence can be quenched by

ICT.
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