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The excited states of a donabridge—acceptor (DBA) model system have been investigated using time-
dependent density-functional theory (TD-DFT) in vacuo and in solution. It is found that the MPW1PW91
functional always gives higher excitation energies than those with a B3LYP functional. Results from both
TD-B3LYP and TD-MPW1PW91 are found consistent with the experimental observations. The two most
intense absorptions of the DBA system, one resulting from the local excitation of catechol moiety and the
other from that of dicyanoethylene, possesssth# transition feature. It seems that the solvent polarity does

not remarkably influence the positions of absorption peaks. The spectroscopic properties of isolated donor,
acceptor, and bridge and the dontiridge compound have been investigated at the TD-B3LYP/ABE31

and TD-MPW1PW91/6-3tG* levels. Results indicate that the donor and the acceptor are weakly coupled
with the bridge. Therefore, it is more likely that the electron transfer takes place through a superexchange
mechanism. In addition, we calculate the electronic coupling matrix elements according to the generalized
Mulliken—Hush theory, and the detailed analyses also predict that the strong absorptions are due to the local
excitation of the DBA system.

1. Introduction CHART 1

Electron transfer (ET) between chemical species and subunits 0, CN
of a single compound is one of the most fundamental processe
in many biological processe%and in material science! The
photoinduced ET reaction recently attracted much attention o
triggered by its possible applications in the fabrication of CN

electrooptical switches, chemical sensors, fluorescence probes,

and molecular switches4 An ideal device requires a unique  To the best of our knowledge, no ab initio results about the

molecular bridge between the donor and the acceptor chromo-absorption spectra and the solvent effects of this DBA system

phores, so that the transfer of the electron can be regulated inhave been published.

a controlled mannef? 6 Recently, Chiou and Chow synthe- Theoretical investigations may provide insight into the

sized and applied a new rod-shaped molecule, heptacyclo-possible pathways for ET processes and highlight the crucial

[6.6.0.G0.0%130%11.0°°,0!0 1qtetradecane (HCTD), as a bridge  role played by the electronic coupling between D and A, because

(B) between a donor (D) and an acceptor {A)y® They the electronic coupling governs the distance dependence of the

expected that the DBA system (see Chart 1) could serve as agT rates?® In long-range intramolecular ET, two mechanisms

heuristic model in the processes of biological ET and of are often used to describe the ET reactions, one is the so-called

photosynthesis. By means of the time-resolved absorption superexchange and the other is the bridge-mediated mechanism.

spectroscopy, Chiou et al. investigated the feature of absorptionwhen D and A are weakly coupled with B, the electron transfers

spectra and the solvent effect. directly from D to A, via a tunneling process, or in other words,
By means of time-dependent density-functional theory via superexchange. The rate constant of ET exhibits an

(TD-DFT),2-25 the authors have investigated the photoinduced exponential decay as a function of the distard;ehetween D

electron transfer of the donor/acceptor pair via the rigid and and A, i.e.,

linear bridge HCTDB?® in this work. Our main goal here is to

characterize the lowest energy spectroscopic transitions of the krp ~ exp(—pd) (1)

DBA in vacuo and in solvents. In the experimental aspect, Chiou

etal. concluded that the 280 nm maximum absorption of DBA | eq 1,4 varies typically from 0.2 to 1.4 At27-31 depending

is from the localzz* transition of the catechol group, but the  on the system. In the bridge-mediated mechanism, the coupling

strong band at 230 nm is from the local excitation (LE) on the s strong, and the ET occurs via the “bridge”, that is, the electron

dicyanoethlene moiety. Moreover, in solvents, the concentration js at first transferred from the excited donor (denoted as D*) to

of the excited charge transfer species is negligibly small. In the adjacent bridge, and then from the bridge to the acceptor.

addition, according to the experimental observations, the absorp-n the present paper, we attempt to make clear the possible

tion maximum of DBA is independent of the solvent polarity. pathways of ET in this DBA system.

This paper is organized as follows. Computational details are

* Correspondence author. E-mail: xyli@scu.edu.cn. briefly described in the next section. In section 3.1, the in vacuo
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absorptions are investigated with B3LYP and MPW1PW91  Prior to calculating excited states, the ground-state geometry
functionals in combination with the 6-31G* basis set, and the  optimization of the DBA system is performed in vacuo, at the
comparison with experimental results has been made. In sectiorB3LYP/6-31G* and MPW1PW91/6-31G* levels. Vertical tran-
3.2, in vacuo absorptions of isolated species and the donor sitions are investigated here, and the calculated excitation
bridge system (DB) are calculated. Discussions on the mech-energies can be identified as band maxima in the experimental
anism of ET have been made. In section 3.3, the absorptionspectra.

spectra in solvents are studied. Then, the electronic coupling Transition energies and oscillator strengths are calculated by
matrix element is estimated in section 3.4. Our conclusions are using the TDDFT method implemented in the Gaussian 03

finally given in section 4. programi® TDDFT is now a well-established method to give
reliable excitation energies for low-lying staf@g1.233%44n this
2. Methodology work, the B3LYP and MPW1PW91 exchange-correlation func-

According to Fermi’s golden rule, the ET rate constasnts tionals combined with 6-31G*, cc-pvDZ, 6-3%G*, and
proportional to the square of the electron coupling matrix 6-31++G(d,p) basis sets are chosen for our purpose in solvents.
elementH;, i.e.323 The accuracy of the two functionals (B3LYP and MPW1PW91)

for various compounds was discussed in refs-44.

It is essential to calculate the dipole moment according to eq
6. The dipole moment could be calculated by using the
Hellmann-Feynman theorem, as the analytic derivative of the
whereh = h/2z, with h being Planck’s constant. The electronic  excited-state energy with respect to an applied electric field.
COUpling matrix element between the initial and final diabatic More exact calculations are not available in the Gaussian
states¥; and W; is defined as program at present. Therefore, in the present paper, the dipole

H = moments of excited states are estimated by using a finite field
j = BIHIY D ®) strategy (the field vector i£0.001 au). Although the Runge
Gross theoref? establishing the validity of the TDDFT
approach was only proven for potentials that decay to zero at
infinity, this approach should be adequate for valence-like states
because any integrals over the potential are finite due to the
use of a truncated Gaussian basis set.

It is well-known that solvent has great influence on the
electronic spectra owing to the interaction between the solute
and the solvents. In this work, the nonequilibrium solvation
energies in vertical transition processes are calculated by using
the polarizable continuum model (PCM) to all calculatiéfis?

k= ZIHE(FCWD) @

FCWD in eq 1 is a density-of-state weighted Fran€ondon
factor taking into account the density of vibrational levels and
the Franck-Condon overlap. This overlap incorporates the
vibrational modes of the moleculdw}, and those of the
solvents{ wg} .3° If the condition ofhw; > ksT (hereks denotes

the Boltzmann’s constant) is satisfied, the vibrational modes of
the molecule can be treated quantum mechanically, while a
classical description can be taken for the solvent vibrational
modes, since usuallgws < kgT. In such cases, the Franek
Condon factor can be written #s

FCWD = 3. Results and Discussions
1 | S (AG® + A+ vhld,[Y 3.1. Gas-Phase Absorption of DBAThe geometry of DBA
—] Ye —exp - (4) is optimized at the B3LYP/6-31G* and MPW1PW91/6-31G*
SeZ ) ke levels in vacuo. There is a slight difference in the structures of

. o o DBA optimized with B3LYP and MPW1PW91 functionals. The
whereAs describes the solvent reorganization enery®? the dipole moment of DBA at ground state is 6.51 D by B3LYP
variation of the Gibbs free energy change of the reaction, and and 6.59 D by MPW1PW91. The center-to-center distance
Sthe HuangRhys factor, i.e., between D and A is 9.98 and 9.92 A (experimental value,

1 10.05A) with corresponding functionals. In the following
S=_—" (5) calculations, the excited states are investigated by the
Al TD-B3LYP functional, using its optimal ground-state structure.

In the same way, we employ the TD-MPW1PW091 functional

wherehlaLis the effective mode vibrational energy, ahds to investigate the excited states, applying its optimized ground-
the inner reorganization energy corresponding to the energy sare geometry.

required to accommodate the nuclear rearrangements occuring e computed vertical excitation energies, together with the
upon charge transfer (CT) when going from the equilibrium dipole moments, the transition dipole moments, and the oscil-

ge_lgmetry of theh'ng'_?l state to that of tge final dst?te.h he lator strengths of the excited singlet states of the system, are
0 estimate the ET rate constaky, and to study further the jiq404jn Table 1. For the DBA system, the first six lowest singlet

character of absorption spectra, the generalized Mulkiéash excited states have been calculated. Although some experimental

.(GMH)I thegr)é:for thegon%ﬁ;baﬁlve c;lchulaGtionle:]‘ of ElT spectra are available for this DBA system, most of them were
is employed. Cave and Newtdrdeveloped the GMH formalism — ,pained in solvents such as tetrahydrofuran (THF), dichlo-

and expressetlj as romethane (DCM), and acetonitrile (ACKf.In this section,

mAE, we report the in vacuo absorption feature of the DBA system
H. = ! , (6) and make a comparison with experimental results.
*/(Aﬂij)z + 4(mj)2 As shown in Table 1, our results indicate that two kinds of

functionals give almost the same energy order and the same
whereAE; is the energy gap between the initial adiabatic state transition feature for the low-lying states of DBA. The highest
and the final oneAw;; is the dipole moment difference between occupied molecular orbital (HOMO) and the lowest unoccupied
statei and statej, and my is the transition dipole moment molecular orbital (LUMO) of the ground state at the B3LYP/
connecting the two states. 6-31G* level are shown in Figure 1. The calculated results
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TABLE 1: Vertical Excitation Energies of Low-Lying Excited States of DBA in the Gas Phase

state transition orbital assignment E/e\V? mgi/D¢ ulD? f AP
TD-B3LYP/6-314+G* Sy HOMO — LUMO T — g 3.36 2.23 29.63 0.064 0.62
S, HOMO-1— LUMO T — gt 4.46 0.03 29.83 0.000 0.62
S HOMO — LUMO+2 T — a* 4.78 2.94 5.17 0.156 0.11
S HOMO — LUMO+1 7T — g 4.90 0.25 10.25 0.001 0.21
S HOMO-2— LUMO T4 — 7Td* 5.28 6.01 16.42 0.723 0.34
S HOMO — LUMO+3 7T — g 5.28 0.07 8.77 0.000 0.16
TD-MPW1PW91/6-3%G* S HOMO — LUMO T — g 3.65 231 29.38 0.074 0.61
S HOMO-1— LUMO T — g 4.82 0.02 18.74 0.000 0.39
S HOMO — LUMO+2 T — * 4.90 2.95 11.84 0.162 0.25
Sy HOMO — LUMO+1 7T — g 5.10 0.23 12.70 0.000 0.26
S HOMO-2— LUMO T4 — Td* 5.42 6.00 5.75 0.740 0.12
Ss HOMO — LUMO+4 T a* 5.50 1.16 2.04 0.028 0.04

am, *, mq, andmg* refer to the bonding and antibondingorbitals on the catechol moiety and the bonding and antibondiogoitals on the
dicyanoethylene group, respectivehE is the relative energy of the excited state with ground-stateeshg taken as zer6.my; is the transition
dipole moment betweeny,&nd the $ 9 The dipole moment in deby& Amount of transferred charge calculated at two functionals in combination
with the 6-3HG* basis set.

(a) (b)

Figure 1. HOMO (a) and LUMO (b) of the ground state of the DBA.
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Figure 2. Frontier orbitals involved in the low-lying transitions of the DBA.

indicate that the excitation fromySo S is the HOMO — about 0.62 at the TD-B3LYP/6-31G* level and 0.61 at the
LUMO transition (see Figure 2). HOMO is a-type orbital TD-MPW1PW91/6-3%G* level. The corresponding excitation
located on the donor, but LUMO iss&-type orbital contributed energy is~3.5 eV (see Table 1). The calculated oscillator
from the acceptor. Therefore,; s a CT state with the strength of $is not neglectably small; hence we assess that
characteristic of ther — * transition. Similarly, $, &, and the CT state can be produced through direct photoexcitation.
S are also CT states from the TD-B3LYP calculations. The oscillator strength of the,State is almost zero. This implies
However, $is a LE state when applying the TD-MPW1PW91 that the transition &— S, is forbidden.

calculation (see Table 1). The dipole moment for statesS The two excited statesg8nd S, possess the largest transition
beyond 29 D through the finite field technique with both dipole moments and oscillator strengths among the six excited
functionals. A large change of dipole moment indicates a charge states. LUMGF2 is ax*-type orbital localized on the donor
separation in this state. Since TDDFT calculation cannot give but HOMO-2 is ar*-type orbital on the acceptor. This implies
directly the charge distribution of the excited state, we adopt Sz and S are LE states located on the donor and the acceptor,
an approximate estimation for the amount of transferred chargerespectively. The amounts of transferred charges for these two
through the calculated dipole moment and ET distance. For the states are very small. Our calculations show that LUMGCand

S, state, the amount of transferred charge is estimated to beLUMO+2 are nearly degenerate in energy.
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g:': for the ground states in vacuo are obtained at the B3LYP/
0:0‘: A et L 6-31G* and MPW1PW91/6-31G* levels. All the calculated

0.0
50000 45000 40000 35000 30000 25000 20000 results are collected in Table 2.
Wavenumberfcm] As shown in Table 2, the TD-B3LYP calculation for species
Figure 3. Calculated absorption spectra for the DBA using TD-B3LYP D gives a dipole-allowed 5— S; transition with a vertical
results and TD-MPW1PW91 results with the 6433* basis set. The excitation energy of 4.90 eV (253 nm). This excited state is
oscillator strength (line) is given as the height of the peak. The lowest characterized as.a — 7* transition, from HOMO to LUMO.
panel is from experimental data (see Figures3t of ref 17). The oscillator strength of;S0.054, is the largest one among
those calculated six excited singlet states (only two are listed

A comparison of the theoretical calculation with the experi- j, Tapje 2). Similar results are obtained at the TD-MPW1PW91
mental spectrufi shows that gis responsible for the 280 nm |y e The absorption band maximum for B is predicted at
absorption of thers* transition on the catechol moiety, whereas __1g0 nm. In addition. the band maximum of group A is

Ss corresponds to the 230 nm of ther* transition on .50y jated at about 220 nm (5.60 eV by TD-MPW1PW91 and

TD-MPW1PW91 To confirm if the absorption at 280 nm is responsible for a LE
] state resulting from the—s* transition on catechol moiety or

not, we focus on the spectroscopic properties of isolated species

o ] and the compound DB in this section. Here DB is composed of

' TDB3LYP ] the catechol moiety connected with the bridge HCTD. The

structures of isolated D, A, B, and compound DB are shown in

] Chart 2. We use hydrogen atoms to saturate the broken bonds.

] To keep the integrity of the bridge structure, a carbon atom is

—_— added to B and DB (see Chart 2). Of course, these changes of
Experiment - structure will affect the spectroscopic properties, but such

] influences are expected to be trivial. The optimized geometries

———T— 3.2. Gas-Phase Absorption of Isolated D, A, B, and DB.

Qicyanoethylene. Morepver, the results from the cglculatiqns 5.70 eV by TD-B3LYP), and it arises from the transition HOMO
in vacuo show that Sis the most intense absorption. This _.| MO, All of these results imply the impossibility that the
coincides with the experimental obsgrvauon. . absorption peak at 280 nm of DBA in experiment arises
From the calculla.ted results, we find there are othgr SPIN" from the local excitations on A or B. From the transition
aIIowe(:]:m* tran5|t|ons”(se§ hFlgure 2), Elut their oscillator energies 4.73 (262 nm) (TD-B3LYP) and 4.83 eV (257 nm)
strengths are very small and hence invisible. For example, S ; ;
a CTgstate, corregponds to the HOMO=1LUMO transitio%l, , glli)lg\iz;/t\:algr\:vtig g;tzsr’lg\llen?c?ig?; tgggglue?_sgtgtg Izr?(;ogi)bcl)isess
and the corresponding oscillator strength is almost zero and isalmost the same absorption peakj For this reason, we make a
therefore. h|d(1en undgr the other more intemse abso'rptlo.ns. predication that the absorption at 280 nm of DBA in experiment
To qqantlfy this, the s_lmulated absorptlc_)n spectra with (_j|ffer<_ent is from the LE transition on the donor. In addition, stajeos
functlonal_s are obt_alned by brogdenlng the theoretical line the isolated acceptor at about 220 nm can be assigned to the
spectra with Gaussian functions, i.e., LE on the dicyanoethylene moiety of DBA in experimental
S s observatiort!
1(7) ~ Zf_ ex;{— }(V V') @) We make a comprehensive view of the excited states
! 2\ o discussed in sections 3.1 and 3.2. All the excited states of DBA
have nothing to do with the bridge (see Figure 2). In other
wheres = 1300 cntlis the width of the Gaussians centered at  Words, the electron is not transferred via the bridge. After the
peak numbei with wavenumber; and oscillator strength. formation_ of excited D*BA through photoexcitation,_ there are
The simulated results are given in Figure 3. This procedure WO possible pathways to the decay of D*BA: one is to return
roughly accounts for the finite experimental resolution, vibra- diréctly to the ground state, and the other is to form a CT state,
tional and rotational broadening, finite lifetime, and nonvertical D"BA™. The ET process seems independent of B in any case
transition effects. The bottom panel in Figure 3 is a sketch map and it takes place directly from D to A via a tunneling process.
based on experimental ddfa.The strongest band is the This |mpl|gs the weak coupling betwegn the donor (or acceptor)
230 nm (5.39 eV or 43 478 cm) absorption of dicyanoethyl- and the bridge. Thgrefore, we tentatively concIL_Jde that the ET
ene, and the second peak at 280 nm (4.43 eV or 35 714)cm  Of DBA proceeds via a superexchange mechanism. Although a
is from the catechol. As for the middle panel of Figure 3 (based More quantitative description for.the ET.mechanlsm is needed
on the result from B3LYP), we assign the intense low-energy t© calculate the value of electronic coupling between the donor
peak at 4.78 eV (38 574 crh) to the HOMO— LUMO-+2 and the acceptor, the intuitiopistic picture of ET given above is
transition (see Table 1). We guess this corresponds to thevaluable as a rough evaluation.
experimentally observed maximum absorption at 280 nm from  3.3. Absorption in Solution. Considering that the steady-
the LE of the donor. The most intense high-energy peak at aboutstate absorption spectrum of DBA was detected in different
5.28 eV (42 610 cmt, see Table 1) is assigned to the HOMO-2 solvents, namely, THF, DCM, and CAR(the corresponding
— LUMO transition, which corresponds to the 230 nm LE of dielectric constants are 7.58, 8.93, and 36.64, respectively), we
the acceptor in experiment. The MPW1PW91 functional gives use the continuous medium theory to perform the calculation
the similar feature of simulated spectra (see the upper panel inof the solvent effect. Transition energies of the low-lying excited
Figure 3). However, both B3LYP and MPW1PW91 functuionals states of DBA in these three solvents are computed with the
predict a small new peak at about 28 000 érthat was not PCM*®&-50 splvation model in combination with TDDFT (B3LYP
found in experiment. A possible reason is their very small and MPW1PW91), using 6-31G*, cc-pVDZ, 6-8G*, and
oscillator strength. 6-31++G(d,p) basis sets. To obtain a sufficiently large pool of
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TABLE 2: Transition Energies of Low-Lying Excited States of Different Species in Vacuo

TD-B3LTP/6-3H-G*

TD-MPW1PW91/6-34#G*

species state transition E/eV? M /DP f EleV i /D f
D S HOMO — LUMO 4.90 171 0.054 5.00 1.72 0.056
S HOMO — LUMO+1 4.93 0.12 0.000 5.15 0.10 0.000
B S HOMO — LUMO 6.75 0.00 0.000 6.98 0.00 0.000
S HOMO-2— LUMO 7.04 0.00 0.000 7.26 0.00 0.000
A S: HOMO — LUMO 5.60 3.50 0.260 5.70 3.54 0.270
S HOMO-1— LUMO 5.65 0.00 0.000 5.79 0.00 0.000
DB S HOMO — LUMO 4.73 2.63 0.124 4.83 2.63 0.127
S HOMO — LUMO+1 4.89 0.24 0.001 5.12 0.23 0.001

aRelative energy of the excited state with ground-statbeng taken as zerd.my; is the transition dipole moment betweephd the $

TABLE 3: Vertical Excitation Energies, E, Transition Dipole Moments, mg, and Oscillator Strengths,f, of the DBA System,

Using the TD-DFT/B3LYP Method

basis set 6-31G* cc-pvDzZ 6-31G* 6-31++G**
solvent state EleV? f (mgi/DP) E/leV f (mgi /D) E/leV f (myi /D) AE 9/meV E/leV f (myi /D)
THF S 3.26 0.080 (2.55) 3.31 0.082 (2.55) 3.26 0.084 (2.61) —97.9 3.26 0.084 (2.60)
S 4.41 0.000 (0.05) 4.47 0.000 (0.04) 4.40 0.000 (0.04) —66.7 4.40 0.000 (0.04)
S; 4.92 0.211 (3.37) 4.85 0.205 (3.34) 4.74 0.203 (3.36) —43.3 4.72 0.201 (3.35)
S 5.03 0.000 (0.02) 5.13 0.000 (0.03) 491 0.000 (0.05) 13.8 4.90 0.001 (0.28)
S 5.27 0.780 (6.25) 5.26 0.789 (6.29) 5.11 0.001 (0.26) —176.8 4.94 0.001 (0.26)
S 5.45 0.041 (1.41) 5.38 0.042 (1.44) 5.18 0.826 (6.48) —96.9 5.18 0.827 (6.48)
S 5.53 0.003 (0.36) 5.51 0.003 (0.36) 5.31 0.044 (1.48) 5.22 0.002 (0.29)
S 5.58 0.003 (0.34) 5.58 0.002 (0.34) 5.40 0.003 (0.37) 5.30 0.044 (1.48)
S 5.71 0.000 (0.07) 5.71 0.000 (0.08) 5.42 0.000 (0.11) 5.38 0.003 (0.36)
Sio 5.90 0.000 (0.10) 5.93 0.001 (0.28) 5.47 0.002 (0.34) 5.46 0.002 (0.34)
DCM S 3.27 0.081 (2.55) 3.31 0.083 (2.56) 3.27 0.085 (2.62) —90.2 3.27 0.085 (2.61)
S 4.42 0.000 (0.04) 4.48 0.000 (0.04) 4.40 0.000 (0.03) —58.2 4.41 0.000 (0.04)
S 4.92 0.213 (3.38) 4.85 0.206 (3.35) 4.74 0.204 (3.37) —44.4 4.72 0.202 (3.36)
S 5.03 0.000 (0.02) 5.12 0.000 (0.03) 491 0.000 (0.05) 11.6 4.90 0.001 (0.25)
S 5.26 0.783 (6.26) 5.26 0.787 (6.28) 5.12 0.001 (0.26) —172.5 4.94 0.002 (0.29)
S 5.45 0.042 (1.42) 5.37 0.043 (1.45) 5.18 0.828 (6.49) —99.7 5.18 0.831 (6.50)
S 5.52 0.003 (0.36) 5.50 0.003 (0.37) 5.31 0.045 (1.50) 5.23 0.002 (0.29)
S 5.57 0.003 (0.35) 5.57 0.002 (0.34) 5.39 0.003 (0.37) 5.30 0.045 (1.49)
S 5.71 0.000 (0.08) 5.70 0.000 (0.08) 5.42 0.000 (0.09) 5.37 0.003 (0.37)
Sio 5.90 0.000 (0.03) 5.92 0.003 (0.37) 5.46 0.002 (0.34) 5.45 0.002 (0.34)
ACN S 3.28 0.079 (2.52) 3.32 0.081 (2.53) 3.28 0.084 (2.59) -77.3 3.28 0.083 (2.58)
S 4.44 0.000 (0.04) 4.49 0.000 (0.04) 4.42 0.000 (0.03) —42.8 4.42 0.000 (0.03)
S 4.92 0.205 (3.31) 4.85 0.198 (3.29) 4.74 0.197 (3.31) —42.3 4.72 0.195 (3.30)
S 5.00 0.000 (0.02) 5.10 0.000 (0.03) 4.88 0.000 (0.04) -21.0 4.88 0.000 (0.11)
S 5.28 0.772 (6.20) 5.28 0.776 (6.23) 5.14 0.001 (0.25) —143.0 4.96 0.003 (0.37)
S 5.45 0.040 (1.38) 5.37 0.040 (1.40) 5.20 0.816 (6.43) —83.2 5.20 0.819 (6.44)
S 5.48 0.002 (0.33) 5.45 0.003 (0.36) 5.31 0.042 (1.45) 5.25 0.001 (0.27)
S 5.53 0.002 (0.34) 5.53 0.002 (0.33) 5.33 0.003 (0.36) 5.30 0.042 (1.44)
S 5.67 0.000 (0.08) 5.66 0.000 (0.08) 5.41 0.002 (0.33) 5.32 0.003 (0.36)
S0 5.86 0.002 (0.32) 5.88 0.006 (0.51) 5.44 0.000 (0.07) 5.41 0.002 (0.33)

2 Relative energy of the excited state with ground-statbedng taken as zeré.my is the transition dipole moment betweena®d S. ¢ AE is
the solvation shift, which is the difference of transition energy in solution (this table) minus that in vacuo given in Table 1.

excited states for the relevant excitations, in Tables 3 and 4 we orbital of the donor to the* orbital of the acceptor. Their orbital

report the first 10 vertical excitation energies, the oscillator
strengths, and transition dipole moments in solution.

As listed in Table 3, in THF, DCM, and ACN, the calcula-
tions at TD-B3LYP/6-3%+G* and TD-B3LYP/6-31%+G(d,p)
levels indicate that Sis contributed mainly from the HOMO
— LUMO transition, $ mainly from HOMO-1— LUMO, S,
from HOMO — LUMO++1 excitation, and $from HOMO —
LUMO+3 transition. Similar to the situation shown in Figure
2, HOMO-1 and HOMO are-type orbitals located on the donor
moiety, whereas LUMO, LUM@&1, and LUMO+3 are
m*-type orbitals on the acceptor A in solvents. Thug,S, S,
and S are CT states with an electron transferring from the

assignment ist — zg* (v and #* refer to the bonding and
antibondingr orbitals located on the catechol moiety, respec-
tively; mq andzg* represent the bonding and antibondimgn

the dicyanoethylene group, see Table 1). The staexBibits

the behavior oft — z* transition from HOMO to LUMO*+2

and is of the feature of LE on the donor. The same analysis
shows the §state (HOMO-2— LUMO) is also a LE state but

on the acceptor, assigned as the— 774* transition. For excited
states § S5, S, and Qo, the calculated results indicate their
excitations are disorder in these three solvents at both
TD-B3LYP/6-31+G* and TD-B3LYP/6-31-+G(d,p) levels.
Such as $is mainly from the HOMO— LUMO+4 transition
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TABLE 4: Vertical Excitation Energies, E, Transition Dipole Moments, mg, and Oscillator Strengths, f, of the DBA System,
Using the TD-DFT/ MPW1PW91 Method

basis set 6-31G* cc-pvDZ 6-31G* 6-31++G**
solvent state  E/eV f (Mg /D) E/eV? f (mo; /D) EleV f (Mo /D) AE/meV E/leV f (my /D)
THF 3.55 0.091 (2.60) 3.58 0.092 (2.60) 3.54 0.095 (2.65) —106.4 3.54 0.095 (2.65)

474 0.000(0.04) 479  0.000(0.03)  4.72  0.000(0.03) —103.0 472 0.000 (0.03)
502  0211(3.33) 494  0204(3.30) 4.84  0.203(3.32) —55.0 483  0.201(3.31)
538  0.824(6.36) 536  0820(6.35) 527  0.000(0.12) 170.7 510  0.002 (0.34)
539  0.000(0.02) 548  0.000(0.03) 530  0.860(6.54) —118.7 528  0.000 (0.03)
556  0.042(1.41) 548  0.043(1.43) 533  0.001(0.19) —169.7 530  0.861 (6.55)

563  0.003(0.35) 561  0.003(0.35) 542  0.044 (1.47) 5.45  0.001(0.25)
5.74  0.003(0.36) 573  0.003(0.35) 553  0.003(0.36) 551  0.003(0.35)
591  0.000(0.09) 591  0.000(0.10) 564  0.003(0.35) 5.63  0.003(0.35)
o 605  0.000(0.07) 611  0.011(0.69) 5.67  0.000 (0.05) 5.64  0.000 (0.00)
DCM 355  0.092(261) 359  0.093(261) 355  0.096(2.79) —98.3 3.55  0.096 (2.66)
475  0.000(0.04)  4.80  0.000(0.03) 4.73  0.000(0.03) —94.2 473 0.000 (0.03)
501  0212(3.34) 494  0205(3.31) 4.84  0.204(3.33) —56.0 482  0.202(3.32)
537 0827(637) 536  0823(6.36) 527  0.000(0.10) 170.9 511  0.002(0.34)
539  0.000(0.02) 548  0.000(0.03) 530  0.863(6.56) —121.2 5.27  0.000 (0.02)
. 0.043(1.42)  5.48  0.043(1.44) 533  0.000(0.19) —165.3 529  0.865 (6.56)
5.62  0.003(0.35) 5.60  0.003(0.36) 542  0.045 (1.48) 5.45  0.001(0.25)
573  0.003(0.36) 572  0003(0.35) 552  0.003(0.36) 550  0.003(0.35)
591  0.000(0.10) 590  0.000(0.11) 563  0.003(0.35) 5.62  0.003(0.35)
o 604  0.000(0.07) 610  0.012(0.71) 567  0.000 (0.04) 5.65  0.000 (0.00)
ACN 357  0.090(2.58)  3.60  0.091(2.58) 356  0.094 (2.59) —84.9 356  0.094 (2.63)

477  0.000(0.03) 481  0.000(0.03) 475  0.000(0.03) —78.4 4.75  0.000 (0.02)
5.02  0.204(327) 494  0198(3.25) 4.84  0.196(3.31) —53.2 4.83  0.195(3.27)
536  0.000(0.02) 538  0813(6.31) 525  0.000(0.04) 143.9 513  0.002(0.34)
539  0817(6.32) 545  0.000(0.03) 531  0.852(0.25) —103.0 5.24  0.000 (0.03)
556  0.040(1.39) 548  0.041(1.40) 535  0.001(6.43) —143.1 531  0.854(6.51)
557  0.002(0.32) 555  0.003(0.35) 542  0.042(1.45) 541  0.042 (1.43)
568  0003(0.35) 5.68  0002(0.34) 546  0.003(0.36) 5.44  0.003(0.35)
5.87  0.000(0.10) 5.86  0.000(0.11) 558  0.002(0.33) 5.49  0.001(0.24)
Sw 602  0.000(0.06) 605  0.012(0.72) 569  0.000 (0.07) 558  0.002(0.33)

aRelative energy of the excited state with ground-statbeing taken as zerd.m is the transition dipole moment betweepahd S.

at the TD-B3LYP/6-3%+G* level in ACN, at the TD-B3LYP/ in solvent and that in vacuo. In solvents, the stateisS
6-31++G(d,p) level in DCM the same transition is.St is responsible for the strong band at 230 nm when we perform
well-known that the TD-DFT method will give reliable results the TD-MPW1PW91/6-3:G* calculation. This coincides with
for low-lying stateg?%:21.23.39.4Qyt the reason of the disorder in  the prediction in vacuo. However, the band at 230 nm results
higher excitation states remains unclear. In addition, in the from state $when TD-B3LYP/6-3%#G* is adopted. Thus, at
present work, we focus on the LE statesa®d g, hence the this level, the value of the solvation shift should be the difference
higher excited states are less important to our discussion. Thebetween the excited energy of the Sate in solvent and that
values of transition dipole moment and oscillator strength (Table of Ss in vacuo. Red shifts of absorption spectra are predicted
3) show that the transitions from ground-statet®&S; and $ in our work. As shown in Table 3, the magnitudes of the red
are comparatively strong. Fog,3he excitation energies in THF,  shift are very small. The red shift is 97.9 meV in THF,
DCM, and ACN are about 4.74 eV at different levels. Therefore, 90.2 meV in DCM, and 77.3 meV in ACN for the, State of

we specify  to the 280 nm (4.43 eVyz* transition of the DBA at the TD-B3LYP/6-3#G* level. There is a slight
catechol moiety in experimental observation. The strongest decrease for the absolute value of the solvation shift with the
absorption band of state 8he excitation energies o $ THF, increase of solvent polarity. Similar features can be found for
DCM, and ACN are around 5.20 eV at different levels, see Table the rest of the states except faor, &hose change of solvation

3) corresponds to a LE absorption peak at 230 nm (5.39 eV) shift is not well-regulated with the increase of solvent polarity.
observed in experiment. Considering the uncertainty in experi- Further, we find the TD-MPW1PW91/6-31G* results are
mental determinations of the band-origin peak and the error in similar to the TD-B3LYP/6-33+G* results. That is, the solvation
the computations (0-10.2 eV), we feel our theoretical calcula-  shift slightly decreases with the increase of solvent polarity.
tions are in good agreement with the experimental measure- The absorption spectra in three solvents are shown in Figure
ments. In addition, in solvents, the results using TD-MPW1PW91/ 4 by using eq 7. Obviously, the absorption profiles at the TD-
6-31+G* and TD-MPW1PW91/6-31+G(d,p) are similar to B3LYP/6-31+G* level are almost the same in different solvents.
those discussed above. However, it must be emphasized thafhis predication is in agreement with the experimental observa-
the LE transition at 230 nm in experimental results 4a6the tion.’® From the oscillator strength calculation, we see that the
TD-MPW1PW91/6-3%+G* level. Furthermore, we find the  dominant transitions areyS> S;and $ — S, which correspond
results calculated with the 6-3HG(d,p) basis set are nearly to the vertical LE of the donor and that of the acceptor,

PLLLPLDLLLLLPLDLLPLLLLDDPLPLLPLPOYPPY
(&)
3

identical with those calculated with the 6-BG* basis set. respectively. For the former, the excitation energies in different
Hence the 6-33G* basis set is adequate for our case and we solvents are~4.74 eV (38 252 cmt), but for the later, the
apply it in the following section. results are about 5.18 eV (41 803 th Therefore, thera*

We consider the solvent effects on the absorption spectra with absorption peak at 4.74 eV can be ascribed definitely to the
an increase of the solvent polarity. The calculated results atlow-lying energy band of the catechol moiety, and e band
different levels are given in Table 3. The solvation shift is at about 5.18 eV is attributed to the LE of the dicyanoethylene
defined as the difference between the excited energy of state Sgroup. Similar to the situation in vacuo, our results display a
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Figure 4. Calculated absorption spectra for DBA in solvents at the levels of TD-B3LYP#6=31(a) and TD-MPW1PW91/6-3tG* (b). Oscillator
strengths ) of the computed transitions (lines) are given. Please see 3b of Figure 1 in ref 24 for comparison.

third peak with a small oscillator strength, which corresponds TABLE 5: Electronic Coupling Matrix Element between the
to the $ — S, excitation. We assign this to a CT transition Ground State and the Excited Ones (in meV)
(see Figure 4). Therefore, we predict that the CT state can also TD-B3LYP/6-314+-G* TD-MPW1PW91/6-3%-G*
be produced through direct photoexcitation, besides the decay D b

. T mg /D Hoj /D mg /D Hoj
from the higher LE states. However, the experimental observa- a 2 a 2

tion shows that the CT band arises uniquely from the decay S—5 2963 223 3155 29.38 2.31 362.4
. ST S—S 29.83 0.03 5.7 18.74 0.02 7.9

from the LE of the catechol moiefy. This indicates a gap S—S 517 294 23307 11.84 295 1829.4
between our theoretical predication and the experimental s,—s, 1025 0.25 3247 12.70 0.23 191.5
assessment. S$—S 1642 6.01 20374 5.75 6.00 2701.4
As listed in Table 4, when the TD-MPW1PW91/6-BG* S—S 877 007 1632 204 1.16 1248.6

is applied in solvents, some expected results are obtained. Com- . . .

paring with the TD-B3LYP/6-3+G* results, TD-MPW1PW91/ the ground state, calculated using eq 6, are listed in Table 5.
6-31+G* always gives higher excitation energies. Moreover We find that both functionals give the almost identical change
TD-MPW1PW91 calculations predict a LE state &n the trend ofHj (see Table 5). It is obvious that the valuesHak
dicyanoethylene group, but in the case of TD-B3LYP, this LE 2ndHos are much larger than those By, Hoz, Hos, andHos
state shifts to & When TD-B3LYP and TD-MPW1PW91 for the TD-B3LYP results. Acc_ordmg to Fermi's Golden rule,
combining with 6-31G* and cc-pVDZ basis sets are applied to the ET rate constant is proportional to the squarklipfHence

the DBA system in solvents, the results are also similar to those the ET rate from the ground state tg &d S states can be

in vacuo. It is notable that the transition order has a large changePredicted much faster than that tg, %, S, and $. On the

in these calculations. For example, in the case of TD-B3LYP basis of theoretical calculations in section 3.1, we know that
S5 is the HOMO-2— LUMO transition, but in the case of the states $and S are LE states, andiS5,, &, and S are CT

TD-MPW1PW91 the HOMO-2— LUMO excitation is S states. Therefore, it seems that the ET rate from the ground state
except for the 6-31G* result in ACN (see Table 4). Itis further © LE states is much faster than that to CT states. Furthermore,

found that the TD-MPW1PW91 excitation energies are always ©F the TD-MPW1PW91 resuilts 35 also a LE state (see Table
higher than those with TD-B3LYP, independent of the basis 1). So we find the values dflos, Hos, andHos are very large in

sets. The excitation energies can be improved by increasing thelNiS 1€vel (Table 5). Thus, these results enable us to make a

basis sets size from 6-31G* to cc-pVDZ and to 6+33* for prediction that the LE state is produced first and its population
both finctionals, which denotes the exact positions of the amount will be much larger than that of the CT state in the

absorption peak depend sensitively on the quality of the basis p[)imary' phptoixcit?tionf phrocess. This means t_ha(tj the main
sets. In particular, diffuse functions are required for larger aPsorption in the plot of the absorption spectra is due to LE,

molecules such as the present DBA system. However, it seemd ather than the CT absorption (Figure 4). In experiment, the
that no remarkable improvement can be made by expandingdeteded spectra were always due to LE transitions located on
the size of basis sets beyond 643tG(d,p). the catechol moiety (at 280 nm) and on the dicyanoethylene

On the basis of the discussions above, it is found the addition 9"°UP (at 23_0 nmj! -9 Therefore, our re_sults ShOW. a good
of the diffuse functions leads to a change of 0.15 eV of average 29re€ment with the experimental observations (see Figurab 1
excitation energy, while both functionals B3LYP and of ref 17).

MPW1PW91 give the average differences of about 0.22 eV. In
addition, two functionals in combination with the same basis
set give very similar energy orders and transition features in  In this work, we report the theoretical absorption spectra and

solvent. properties of excited states of the DBA model system concerned,

3.4. Electronic Coupling Matrix Element. In this section, by means of the TD-DFT (B3LYP and MPW1PW91) method
we pay attention to the ET dynamics through the electronic together with 6-31G*, cc-pVDZ, 6-3tG*, and 6-31+G(d,p)
coupling matrix element;, and make a comparison with  basis sets. The predictions with two functionals combined with
the experiment resulf We select the TD-B3LYP and a series of basis sets are found valuable, and the results from
TD-MPW1PW091 functionals in combination with the 6-B&* these calculations are consistent. According to the theoretical
basis set to perform the calculations of tHg in vacuo. The results, we draw a conclusion that the two most intense
values ofHj for the transition between the excited states and absorptions are of the characteristicsrofz* and LE transition.

4., Conclusion
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Our study shows the absorption peak of DBA is almost 59 5719-5730. o

independent of the solvent polarity. All of the calculated results 10é22)19‘glﬂelfgé'<- B.; Olibeira, A. E.; Trucks, G. Phys. Chem. 2002
are in gopd agreement with the experlmgntal observations. In (21) Gross, E. K. U.: Ulirich, C. A.: Gossmann, U. J. Density
addition, it seems that the CT state is possibly produced throughrunctional TheoryGross E. K. U., Dreizler, R. M., Eds.; NATA ASI Series;
direct photoexcitations, although only LE absorptions were Plenum: New York, 1994; p 149.

observed in experiments. Through the analysis of molecular __(22) Hirata, S.; lvanov, S.; Grabowski, I.; Bartlett, RJJChem. Phys.
prbitals and the feature§ of excited states, we suggest that the20?223)11§a32?fs— C?ﬁ:i{t'R_; Ahlrichs, REhem. Phys. Let1996 256 454
intramolecular ET possibly takes place via the superexchangessa.
mechanism. Electronic coupling matrix element calculations  (24) Handy, N. C.; Tozer, D. J. Comput. Chenl999 20, 106-113.
using GMH theory indicate that the main absorption of the 655(3275) Zyubin, A. S.; Mebel, A. MJ. Chem. Phys2003 119, 6581~

model system is attributed to the LE absorption. (26) (a) Vi, H-B.: Duan, X-H.: KimK. SJ. Chem. Phys2003 119
. . . 8854-8862. (b) Naleway, C. A.; Curtiss, L. A.; Miller, J. B. Phys. Chem
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