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Photoinduced Electron Transfer in Coaggregates of Dicyanonaphthalene and Pyrazoline
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The photophysical properties of mixed coaggregates containing 1,4-dicyanonaphthalene (DCN) and 1,3,5-
triphenyl-2-pyrazoline (TPP) have been studied. The absorption spectra of mixed coaggregates indicate that
a charge-transfer complex is not formed in the ground state between DCN and TPP. The fluorescence of TPP
in the mixed coaggregates is quenched by DCN, accompanied with a broad and structureless emission at
about 560 nm from an exciplex between DCN and TPP. The color of the emission from mixed coaggregates
is tunable by changing the DCN content. The excited-state properties of the OBIR molecule pair are
investigated theoretically with a quantum chemistry method. The theoretical results have also confirmed that
the broad emission at about 560 nm in the mixed coaggregates originates from the exciplex rather than from
the charge-transfer complex.

Introduction O
CN
Photoinduced electron transfer (PET) is one of the funda-
mental processes of natural photosynthetic systems and has been OO
well understood for covalently linked doneacceptor molecules O \N/N\Q
in solution’™ In recent years, the PET in self-assembled N
TPP DCN

aggregates of covalently linked or hydrogen-bonded denor

acceptor molecules in organic_ solvent_s has also been studieq:igure 1. Structures of TPP and DCN molecules.
extensively2~1° However, photoinduced intermolecular electron
transfer in mixed coaggregates that consist of electron-rich and
electron-deficient components has been reported just occasion- Materials. 1,3,5-Triphenyl-2-pyrazoline was synthesized as
ally by Janssen and co-workers, who investigated charge transfeipreviously describéd and was purified by repeated recrystal-

in supramolecular coaggregates of oligghenylene vinylene) lization before use. DCN was purchased from Lancaster and
and perylene bisimide in waté¥. used without further treatment.

In this paper, we study the PET in mixed coaggregates that Methods. All the aggregates, including coaggregates of TPP
consist of electron-donor and electron-acceptor molecules. inand DCN and pur_e.TF.’P or DCN”aggrega.tes, were prepared
our previous work, we have found that pyrazolines are good through the reprecipitation methd@ll’In atyplca}l preparation,
electron donor$?-14 Here we choose 1,3,5-triphenyl-2-pyra- 2 stock so!ut|pr_1 (1OQL)_ of a TPP and DCN mixture (or_TPP
zoline (TPP) as the electron donor for the mixed assemblies and DCN individually) in ethanol was rapidly injected into 3

and 1,4-dicyanonaphthalene (DCN) as the electron acceptormL of ultrapure water at room temperature with vigorous

(Figure 1). The planar and hydrophobicsystems of TPP and stirring. The concentration of TPP in the injected stock solutions
: 3 L .
DCN enable z—x stacking interactions that facilitate the was constant at & 107 M. Mixing of ethanol with the water

. : hase rapidly changes the character of the solvent, and the planar
formation of coaggregates in polar solvents. It has been found P .
that in the coaggregates, TPP and DCN do not form an and hydrophobicr systems of TPP and DCN enabie-

intermolecular charge-transfer complex in the ground state, butStaCking interactions which result in the formation of coaggre-

they form an exciplex in the excited state. The fluorescence of gates in water. .
TPP in the mixed coaggregates is quenched by DCN via the The UV—vis absorption spectra and steady-state fluorescence

formation of an exciplex. The color of the emission from the spectra of aggregates In water were measured using a Shimadzu

mixed coaggregates can be tuned by changing the DCN (:ontent'L:J \251068 %I F;?O;jogglriﬁg?g fgsecggpl?mn;.erﬁz r?aggl aey'fﬁa%h'
The calculations of excited states confirm that the electron '~ u P ' pectively. Time- v uo-

transfer takes place through an electron transition from the ;i?gqﬁeﬁggénrsénin;i;";:ﬁocrgmeeg rm\j\';itck)\naagr?rllz? rl:l(;AtEr?
lowest unoccupied molecular orbital (LUMO) of the excited P gie-p

TPP to that of the ground-state DCN. counting s_ys'gem._ .
The emission images of the aggregates were acquired on a
fluorescence microscope (Lecia DMRBE) with a spot-enhanced
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Figure 2. Fluorescence microscopy images of the as-prepared aggregates that were deposited onto glass slides and excited using a UV light with
a wavelength range from 330 to 380 nm. (A) aggregates of pure TPP, (B) 1:1 molar mixed coaggregates of TPP and DCN, and (C) aggregates of
pure DCN. All scale bars correspond to ifh.

Cyclic voltammetric measurements were carried out on a
CHI660 electrochemical workstation using a conventional three-
electrode cell consisting of a working electrode: platinum disk;

a counter electrode: platinum wire; and a reference electrode: _;
SCE. Solutions of TPP and DCN ¢4 10-3 M) in acetonitrile
containing 0.1 M tetrax-butylammonium hexafluorophosphate
as supporting electrolyte were deaerated before use.

The ground-state geometry optimizations of TPP, DCN, and
the TPP-DCN molecule pair were performed using density
functional theory with Becke’s three-parameter hybrid exchange
functional (B3LYP functional) at the 6-31G basis level. The
excited-state electronic structures were calculated using time-
dependent density functional theory (TD-DFT) with the B3LYP/
6-31G method. All of the above quantum-chemical calculations ; . T .
were performed with the Gaussian 03 suite of progréms. 300 400 500 600 700

Wavelength/nm

Results and Discussion Figure 3. Absorption spectra of aggregates: (a) 1:1 molar mixed

. . coaggregates of DCN and TPP in water, (b) pure TPP aggregates in

FIuoreS(_:ence Microscopy Imageshfter being dropped on Watg?, (c% pure DCN aggregates in water, ;n)dp(d) linear sggergosition
a glass slide, the as-prepared aggregates were observed by g (p)'and (c).
fluorescence microscope and all the samples were excited using
a UV light (330-380 nm). Representative images of the are no prominent electronic interactions between the TPP and
aggregates are shown in Figure 2. The pure TPP aggregate®CN components in the ground state; in other words, TPP and
are blue amorphous particles, and the pure DCN aggregates ar®©CN do not form an intermolecular charge-transfer complex
blue rods that have uniform diameter all through the entire in the mixed coaggregates.
length, while the 1:1 molar mixed coaggregates are reddish Fluorescence SpectraTo investigate the PET reactions of
amorphous rods with a nonuniform appearance. The reddishthe mixed coaggregates, the fluorescence spectra of coaggregates
emission color from the amorphous rods indicates that TPP andwere studied. In the experiments, the amounts of TPP were kept
DCN form coaggregates accompanied by a new excited stateconstant while those of DCN increased in the mixed coaggre-
that is different from the excited states of TPP and DCN. gates. The coaggregates were excited at 365 nm to ensure the

UV—Vis Absorption Spectra. The UV—vis absorption selective excitation of the TPP component. It can be observed
spectrum of the 1:1 molar mixed coaggregate of TPP and DCN that the fluorescence intensity of the TPP emission at 456 nm
in water is shown in Figure 3, together with the absorption decreases considerably with increasing amounts of DCN
spectra of pure TPP and DCN in water at the same concentra-molecules in the coaggregates (Figure 4A). The increased
tion. The absorption peaks of DCN appear at 321 and 335 nm, fluorescence quenching implies that the contacts of TPP and
while the TPP absorption peak appears at 365 nm. The DCN molecules rise in number with increasing DCN content
absorption spectra reveal that the singlet excited-state energyin the coaggregates and PET takes place. We also observe a
level of TPP lies below that of DCN. As a result, in the broad, structureless, and red-shifted emission at about 560 nm
coaggregates, excitation of TPP cannot result in the singletin the mixed coaggregates, and the emission intensity at 560
energy transfer from TPP to DCN. nm increases considerably with increasing amounts of DCN

The absorption spectrum is well-known to be very sensitive molecules in the coaggregates. From Figure 4A, it can also be
to the existence of the ground-state complex. As can be seen inffound that DCN can hardly be excited at 365 nm, which
Figure 3, the spectrum of the 1:1 mixed coaggregates is almostexcludes the fact that the emission at 560 nm is from DCN.
identical to the linear superposition of the spectrum of pure DCN Figure 4B shows the fluorescence excitation spectra of pure
and TPP aggregates in water at the same concentration, and nG PP aggregates and 1:1 molar mixed coaggregates monitored
new absorption band is observed. This result suggests that therat 456 and 560 nm, respectively. The excitation spectra are
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Figure 5. Photographs of the suspensions of mixed coaggregates with
different TPP/DCN molar ratios taken under a UV lamp (355 nm):
(a) pure TPP aggregates; (b) TPP/DEN4:1; (c) TPP/DCN= 2:1;

(d) TPP/DCN= 1:1; and (e) pure DCN aggregates.

the exciplex fluorescence and the PET takes place in the
coaggregates, time-resolved fluorescence measurements were
carried out for the pure TPP aggregates and the 1:1 molar mixed
coaggregates excited at 365 nm. The fluorescence decay profiles
were monitored at 456 nm for pure TPP aggregates and 1:1
mixed coaggregates and at 560 nm for 1:1 mixed coaggregates.
Figure 6 shows the typical fluorescence decay profiles. The
fluorescence decay curve of pure TPP aggregates monitored at
456 nm is monoexponential, with a lifetime of 3.73 ns, while
the lifetime of TPP emission (monitored at 456 nm) in 1:1 molar
mixed coaggregates is 0.41 ns. Such a drastic reduction in the

fluorescence lifetimes should be attributed to the intermolecular
electron transfer from the excited TPP to DCN. The emission
e A decay profiles monitored at 560 nm can be well-fitted to a dual
X0 a0 B0 40 4% 5w exponential function with lifetimes of 0.41 ns (8.9%) and 40.18
Wavelength/nm ns (91.1%). It can be observed from the fluorescence emission
spectra that the emission of TPP is a broad band and has a

coaggregates of TPP and DCN with different molar ratios in water: trailing edge at 560 nm. So the short lifetime component (0.41
(a) pure TPP; (b) TPP/DCN= 4:1; (c) TPP/DCN= 2:1; (d) TPP/ ns) is for the emission from TPP. And also, in organic
DCN = 1:1; and (e) pure DCN. The excitation wavelength is 365 nm. molecules, the complex state generally exhibits a long decay
(B) Fluorescence excitation spectra of the pure TPP aggregates emissiofime as compared to that of the initial excited stét&hus the
at 456 nm, and the 1:1 molar mixed coaggregates emission at 560 NMong lifetime component (40.18 ns) confirms the existence of
o ) . . the complex state. The complex is an exciplex, that is, the
almost identical, which excludes the possibility that the emission gycited-state complex. This inference is in accordance with the
at abOUtlgggo nm is from the ground-state charge-transfer ghsence of absorption character of an intermolecular charge-
comglex. “*As a comparison, the emission spectra of TPP transfer complex in the longer-wavelength region.
(1072 M) with different amounts of DCN in anhydrous ethanol — ap exciplex is conventionally treated as a mixing of a contact
have also been studied (see Supporting Information, Figure Sl)'ion-pair state and a local excited st&t@3 The research group
In the presence of DCN, no quenching of the emission from ¢ 414 has shown that an exciplex can be considered to be
TPP and no new emission at about 560 nm have been observedsqeniglly a pure ion pair when its emission maximum is lower
for the mixed solutions of TPP and DCN with the same i, energy'than the 0,0 transition of the acceptor excited singlet
compositions as the coaggregates. The difference is attrlbu'tedstate by 5000 crri-24251n our case, the emission maximum of
to the fact that the TPP and DCN molecules are freely mobile o tpp-peN exciplex is lower in energy than the 0,0 transition
in the mixed solution and their approach to a close distance ¢ o pcN excited singlet state by 12251 cnso the TPP-
within the lifetime of the excited TPP is difficult. DCN exciplex can be considered to be a pure ion pair.
More Interesting, the emission colprs of the mixed coaggre-  rhepretical Modeling of Electron Transfer. Before further
gatgs vary with the content of DCN in coaggregates. Figure .5 addressing the PET in the coaggregates of TPP and DCN, it is
depicts the photographs taken under a UV lamp (355 nm). Itis instructive to consider the thermodynamics of such a process.

clearly seen that the 1:1 molar mixed coaggregates are reddish -
) L - e In general, the Gibbs free energy changes of PET can be
while the emission of TPP is at 456 nm and the emission of estimated from the Weller equatiéh:

DCN is at 396 nm (see Supporting Information, Figure S2),
the blending of TPP and DCN solution is blue, so it is concluded
that the emission color change of mixed coaggregates can be
attributed to the occurrence of a broad emission band at 500 to
650 nm.

Figure 4. (A) Fluorescence emission spectra of suspensions of

AG = E(D/D") — E(AIA") — E,_, — €lae

here,E(D/D™), E(A/A™), and Eg—o represent the oxidation of
Time-Resolved Fluorescence Study on the 1:1 Mixed donor (TPP), the reduction potential of acceptor (DCN), and
Coaggregates of TPP and DCNIt has been observed from the lowest excited-state energy of TRPae is the columbic
the steady-state emission measurements that in the coaggregatesrm. The excitation energ¥o-o for TPP is 3.40 eV, the
the emission from TPP gets quenched and a new emissionreduction potential of DCN is-0.92 eV, and the oxidation
appears at about 560 nm. To confirm that the new emission is potential of TPP is 0.59 eV. Thus we can estimate thai\tte
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Figure 6. Fluorescence decay profiles of pure TPP aggregates monitored at 450 nm (left) and 1:1 molar mixed coaggregates of TPP and DCN

monitored at 450 and 560 nm (right).
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Figure 8. Calculated frontier molecular orbitals of TPBCN
for the PET is—1.49 eV. Due to the fact thatG is negative, molecule pair.

the PET between TPP and DCN is permitted in thermodynamics.
In the mixed coaggregates of TPP and DCN, there are two

Figure 7. Optimized structure of the TPAFDCN molecule pair in the
mixed coaggregates.

LUMO ====0=_.|ectron transfer

possible pathways for the electron transfer when the TPP is energy S sy

i i i i " LUMO
excited at 365 nm. One pathway is via the intermolecular charge S
transfer (ICT) state by a transition of an electron from the /mpme]mgsm

HOMO of TPP to the LUMO of DCN¥ the other pathway is
via the transition of an electron from the LUMO of TPP to the
LUMO of DCN, in other words, a transition of an electron from TPP —0=—0= HOMO
the excited-state TPP to the ground-state DCN. Quantum- DCN
_chemic_al calculations have been performed to gain a deeperFigure 9. Energy diagram representing thé photophysical events that
!nS|ght into the electron-transfer process between TPP and DCN_ "~ e place in coaggregates of TPP and DCN.
in the mixed coaggregates.
Figure 7 displays the optimized ground-state geometry of the
TPP-DCN molecule pair in the mixed coaggregates. We can TABLE 1: Calculated Absorption Wavelengths (nm) and
see that the naphthalene ring of DCN and the pyrazoline ring Each Corresponding Oscillator Strength for the TPP-DCN
of TPP are in a face-to-face stacking mode. The distance Molecule Pair

HOMO =00

between the naphthalene ring and the pyrazoline ring is 3.9 A.  excited state absorption (nm) oscillator strength
This distance fulfills the criteria of exciplex formatiéh. s1 627 0.0086
The frontier molecular orbitals and the absorption and S2 375 0.0033
corresponding oscillator strength of the TPP and DCN molecule S3 357 0.0559
S4 355 0.2609

pair are calculated, as shown in Figure 8 and Table 1. The
HOMO is found to be strictly located on the TPP moiety, while
the LUMO is strictly located on the DCN moiety. The first .
excited state which corresponds to a pure transition of the From the above results, we conclude that the PET in the
HOMO of TPP to the LUMO of DCN is an intermolecular ~coaggregates does not take place through ICT. The whole PET
charge-transfer (ICT) state, but the oscillator strength is so small Process is summarized in Figure 9. After the excitation of TPP,
that the transition for the first excited state is a forbidden an electron is promoted to the LUMO level of the excited TPP,
transition. This is in accordance with the YVis absorption itis then transferred to the lower-lying LUMO level of the DCN,
spectra that have no absorption peak at 627 nm. The fourthand a hole remains on the HOMO level of the TPP; thereby an
excited state has strong oscillator strength, and the calculatedexciplex comes into being. When the electron comes back to
molecular orbitals show that the fourth excited state is almost the HOMO of the TPP, the exciplex fluorescence emission is
a TPP HOMG-LUMO transition. observed at about 560 nm.

S5 333 0.0103



2210 J. Phys. Chem. A, Vol. 112, No. 11, 2008 Shen et al.

Conclusion (8) Neuteboom, E. E.; Van Hal, P. A; Janssen, R. ACldem. Eur. J.
] ] ) ) 2004 10, 3907.
The photophysical properties of the mixedconjugated (9) Rybtchinski, B.; Sinks, L. E.; Wasielewski, M. B. Phys. Chem.

TPP-DCN coaggregates in water were investigated. TPP and A 2004 108 7497.

DCN do not form an intermolecular charge-transfer complex ~ (10) Prasad, E.; Copids, K. R. Am. Chem. So@00Q 122, 3191.
. - - . (11) Bekers, E. H. A.; Jonkheijm, P.; Schenning, A. P. H. J.; Meskers,
in the ground state, whereas they form an exciplex in the excited 5 ¢ " janssen. R. A. Ghem. Phys. Chen2005 6, 2029.

state. The fluorescence of TPP in the mixed coaggregates was (12) Fu, H. B.; Yao, J. NJ. Am. Chem. So@001, 123 1434.
guenched by DCN via exciplex formation. Interestingly, the (13) Fu, H. B; Loo, B. H.; Xiao, D. B.; Xie, R. M.; Ji, X. H.; Yao, J.
exciplex formation changes the emission color of the mixed N- Zhang, B. W.; Zhang, L. QAngew. Chem,, Int. ER002 41, 962.

aggregates. Quantum-chemical calculations show that DCN andY..(%(‘gox\']‘f"?\iE' ABI’;';].XCII’hI;I’;’].Y?(]J%O\éVSI ?'2;5':2'72'6.5'; Shual, Z. G.; Fang,

TPP are in a face-to-face stacking mode (in the mixed (15) sandler, S. R.; Tsou, K. Q. Chem. Phys1963 39, 1062.
coaggregates, optimized ground-state geometry of the-TPP  (16) Kasai, H.; Nalwa, H. S.; Oikawa, H.; Okada, S.; Matsuda, H.;
DCN molecule pair favors a face-to-face stacking mode), which Minami, N.; Kakuta, A.; Ono, K.; Mukoh, A.; Nakanishi, Hpn. J. Appl.

! _ : : + 1 Phys., Part 21992 31, L1132.
benefits the formation of an exciplex. The calculations of excited (17) Peng, A. D.; Xiao, D. B.; Ma, Y.; Yang, W. S.; Yao, J. Ndb.

states confirm that the electron transfer takes place through anyater. 2005 17, 2070.
electron transition from the LUMO of excited TPP to the LUMO (18) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
of the DCN. M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.
N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;
. . Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A,;
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