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Linear absorption spectra of dysemiconductor systems (perylene attached to nanostructurgpareéstudied
theoretically and experimentally. The systems show ultrafast photoinduced heterogeneous electron transfer
(HET). By applying a time-dependent formulation of the absorbance, the theoretical analysis of the measured
data is carried out. The respective electron-vibrational wave packet propagation fully accounts for the electronic
coupling to the conduction band continuum of Fi@nd is based on a single-reaction-coordinate model
(corresponding to a perylene in-plane-C stretching vibration with a quantum energy of 1370 émBy

the insertion of different bridge-anchor groups, the electronic coupling responsible for HET is varied. The
dye absorbance in a solvent and the trends in the line broadening of the vibrational progression due to the
coupling to the conduction band continuum are reproduced for all investigated types of bridge-anchor groups.
HET rates deduced from the calculations on the absorbance displaying line broadenings follow the qualitative
trend obtained from transient absorption spectra.

I. Introduction excited dye has a short lifetime; that is, it becomes lifetime
broadened. Although this effect is well understood in principle,

The st f heterogen lectron transfer (HET) in - . S
e study of heterogeneous electron transfer ( ) we are not aware of a systematic study of this broadening, in

e o e e b s AIUar by Ghanging e couping e of e e 0 e
HET between molecules and solids are aiming at potentially conduction band continuum.
interesting practical device applicatiohd. In addition, the It is the aim of the present paper to explore the relationship
exploration of the unique properties of such heterogeneousbetween absorption spectra and the rate of HET for a series of
interfaces as connections between molecules and macroscopi€xperimental systems with different electronic coupling strengths.
systems is an interesting topic in its own rights. For example, Therefore, the same aromatic chromophore (perylene) functions
HET may be used as a model for studying the strength of as the electron donor, with its excited electronic state sufficiently
electronic coupling through specific molecular bridge units in high above the conduction band edge of a wide band gap
the absence of complications arising from Fran€ondon semiconductor (Ti@anatase). The latter serves as the electron
factors® Such information on the electronic coupling strength acceptor. The strength of electronic coupling is changed when
is much more difficult to identify unambiguously in other a different bridge-anchor group is inserted between electron
experimental systems where the so-called wide band limit cannotdonor and acceptor (see Figure 1). To get access to the different
be realized.® 13 coupling strengths, related absorption spectra are analyzed. We
Hitherto, experimental work addressing ultrafast HET has concentrate on their line width and apply a quantum mechanical
focused on gathering time resolved data. This might be possiblemodel that can reveal a systematic trend in the data while
either from femtosecond transient absorption signals obtainedmaking use of a minimum set of input parameters.
at colloidal systems, where in fortunate cases the reactant as In general, several vibrational modes will contribute to the

well as_the produc_tlgtates can be probed with the reSpeCt'Veatbsorption spectrum of any aromatic chromophore and this holds
absorption signalsi™*® or from femtosecond two-photon pho- true also in the case of peryle#e?° The room temperature

e . 718 : .
toemt;55|(ind§|g(jrlalé.th Heref, the s?me ellectror; tlran;fer procefﬁ spectra, however, can be simulated rather well by a single-mode
can be studied on the surtace of singie crystals. However, edescription. Including more vibrational modes which couple to

interpretation of the potentially more complete experimental . 2 . i .
. . LT .~ _the electronic transition is possible and may improve the fit of
data, revealing the time-dependent energy distribution, requires ; .
e : : . the measured data. However, at the same time, this would
additional information about the electronic states of the system. ) . . . )
Of course, one may also use frequency-domain techniquesrequ're the introduction of many more parameters into the fit,
to get access to the time scale of the interfacial electron transferwl?ICh tr_nake? the whole lgrgcigure ra_t(l;er tambl?uT:us. dAn
process. For example, absorption band broadening can be relateg ernaltive, of course, would be the consideration ot all modes

to the characteristic time of HET. If the charge injection process ut based on electronic structure calculations as it has been done
into the band continuum is fast, every vibrational state of the for other polyatomu_: systems_of S'm'l".” con_1pIeX|ty (seg, fgr
example, ref 22). Since our aim here is testing the qualitative

t Humboldi=Universita zu Berlin. trend in the line width of the different absorption spectra and
* Hahn—Meitner—Institut Berlin. comparing it with the trend seen in the measured rate constant,
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Figure 1. Core chromophore DTBPe—-A (di-tertiary-butyl perylene,
left-most structure) with bridge-anchor groups (right structures) in
position A studied in this paperl, —COOH (carboxylic acid);2,
—(CH),—COOH (acrylic acid)3, —(CH),—COOH (proprionic acid);
4, —P(O)(OH} (phosphonic acid). E 4+U

gilivg

it appears sufficient and advantageous to keep the number of 9 O 1 1
fit parameters as small as possible. -10 0 10

In the following section, we give some remarks on the Q

experimental work and introduce the model on which the _ ) o
simulations are based. Section Il shortly reviews th_e methqd g:qg;rf_arﬁé pics?t?omggﬁé s;csocr:glﬂgstgot:desrgot%il g;g'ggglused'
used to compute the absorbance (some background informationri, system (cf. Figures 1 and 3, note the definition of the reaction
and computational details may be found in the appendix). The coordinate as explained in section 4.1; to avoid confusion, the inclusion
comparison between measured and computed spectra is givemf the vibrational zero-point energy into the definition of PES has been
in section IV. There, the line widths obtained from the neglected).

simulations are related to HET rates, which are found to L ) . .
qualitatively reproduce the trend seen in the experimental data. ©harge injection fromye into the manifold of statesyy, is

The paper ends with some concluding remarks. realized by the transfer couplingye. Of course, this is not a
universal quantity but has to account (at least in a semi-

phenomenological way) for specific electronic coupling of the
chromophore perylene through the bridge-anchor group to the
TiO2 nanoparticle surface. For the following, it is customary to
é:hange from thek dependence of the band energy and the
transfer coupling to a continuous frequency dependence by
introducing the DOS

Il. The TiO , Chromophore System: Structure and
Theoretical Model

Linear absorption spectra were measured at room temperatur
with UV —vis—NIR spectrometers (Bruins Instruments Omega
10 and 20). The interface was prepared by immersing a
transparent nanostructured layer & thick) composed of
anatase colloids (15 nm mean diameter) into a typically40 ML) = 25(9 — ) 1)
M solution of the respective dye in toluene at room temperature.
An absorbance in the range of 0.5 OD was obtained with a
contact time of about 10 min for the dyes with th&€cOOH
anchor group and of about 20 min for the dye with thie(O)-
(OH), anchor group. Details concerning sample preparation,
measurements, and data evaluation have been described alrea gspectively, and bfflon for the ionized dye if charge injection

elsewheré.The strength of the electronic coupling between the 4 the conduction band took place. These Hamiltonians include

excited donor state of the perylene chromophore and the emptyihe yibrational kinetic energy operator and the respective

_electr_onlc acceptqr states _of the TiColloid was varle_d b_y potential energy surface (PES), Ue, and Ui, all drawn in

inserting the four different brldge-anchor groups shown in Figure Figure 2. Although we have finally in mind a description using

1. To get access to some characteristics of HET, for example, 5 single vibrational (reaction) coordinate, at the moment, there

the charge injection time, the absprptlon spectra of dissolved js no need to specify the vibrational Hamiltonians further.

perylene have been compared with those taken for peryleneHowever, to remain sufficiently simple, we make the assumption

adsorbed at Ti@ that theVe values do not depend on vibrational coordinates.
To deduce different parameters from the measured linear All contributions discussed here result in the following

absorption related to HET reactions, we use a model already Hamiltonian of the molecutesemiconductor systena & g, e,

applied in our former studi¢s!? It is based on a certain  k; remember the use dfion for a = k)

diabatization of the electronic level scheme by introducing the

ground state and the first excited state of the dygand ge, Hosem= > (Ea+ Ho)loaMig,| + Z(Vkekokmaod +

respectively, as well as the large number of staggswhich a=gek

belong to the conduction band of the semiconductor. The use h.c.) (2)

of ak vector is representative of the many conducting states in

the TiO, nanostructure. Probably one may distinguish between For convenience, the electronic energies include the respective

more bulklike and more surfacelike states. We will concentrate Vibrational zero-point energies, so the spectrum of the vibrational

here, however, on a common class of states with the density ofHamiltonians starts at zero energy. To proceed further, we

states (DOS) defined below. The energy levels related to theintroduce the eigenvalues of the diagonal partighi-sem If a

states introduced so far are denotedEgsE, andEy. The latter = 0, €, then we write NI stands for the vibrational quantum

is written asEcon + fiwk, with the lower band edgEcon and numbers)

Awi running over the conduction band with widlE., (see

Figure 2). B, + oy =fi(w, + wgy) 3)

and by replacingvke by Ve(Q).

Any electronic level introduced so far will be complemented
by vibrational Hamiltonians, that is, bily and He for the
(flectronic ground state and the first excited state of the dye,
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If a =k, we change to the respective frequency dependencythe broadening effect can be accounted for by (cf. the notation
and obtain in eq 4)
Eeon T Aoy + hwgy = A(w

QA+ o) (4 Vg |*

con

1
w) = —Z—.
Furthermore, the model assumes that the optical excitation takes R2Tw — wytie
place exclusively between the ground state and the excited state

of the dye molecule. The related dipole operator takes the =ifd M)V ®
following form: T R? 0 — [+ 0o — 0 T i€
ft= ded@ipg| + h.c. ®) This quantity represents the self-energy (of the vibrational levels

in the excited electronic state) due to the coupling to the band

The transition-dipole matrix element is denoteddyy and is continuum. The presence B{w) in the combined DOSaps

taken to be 2.3 D for all perylene bridge-anchor group sys#ms. jqicates the generalization of the Fano-effect to the case of

An excitation into a charge transfer state with the electron o,y yibrational transitions coupled to a continuum (for more
directly promoted into the semiconductor conduction band is yatails cf. ref 26).

possible, too, and has been observed for adsorbates forming a
chelate-type bond on the surface of }jdor example, the
chromophore catechét:?*The electronic coupling strength via
acidic groups, however, appears to be weaker. However, it will
be demonstrated in the following that the model introduced so
far and restricted to a single vibrational coordinate is sufficient

. : 1 o .
to explain the main features of the measured data. Dpdw) = %Re ﬂ) dt @@wedt o ;elwet@gobfeMm:eM(t)

lll. The Absorption Coefficient 9)

It represents a standard task to compute linear absorption
spectra of molecular systems. Such studies are based on th
following formula (cf., e.g., ref 25)

Now, let us turn back to the computation of the different

measured spectra by using time-domain simulations. In Ap-
pendix A, the following formula for the combined DOS has

been derived:

It is based on the solution of the time-dependent Sdinger
%quation for the perylene Tg®ystem with an initial condition
where the vibrational ground stajgg, of the electronic ground
dron,, o R state has been put into _the excited electronic P_ES.Crenet_) _
a(w) = TmoRefo dt €' x [Er{ W, L), 2]} icorger values are the related time-dependent expansion coefficients.
©6) They follow from an expansion _of the complete state vector
with respect to the electron-vibrational statgamip.L) but with

relating the linear frequency resolved absorption to the partial & restricted to e ant (there is no ground-state excited-state
Fourier transformed dipotedipole correlation function. In the ~ cOUPling in the Hamiltonian, eq 2). If th€ay(t) values are
present caseme denotes the volume density of the absorbing compute_d for a ce_rtaln time |nter_val limited by dgphasmg, they
dye, and the statistical operatd?\/eq, describes the thermal  €an be_lnserted _mFo eqg 9. To mclude_dephasmgZ an overall
equilibrium state of the dyeTiO, system before photoabsorp- d€Phasing ratey, is introduced by replacing by » + iy. The
tion. Moreover, the time dependence of the dipole operao, concrete value ojx is determined V\{lthln the 's.pectra fit.
has to be generated by the HamiltoniBifo—sem €q 2. The The computation of_ the_expansmn_coefﬁmerﬂlgm(t), for
system under consideration includes structural and energetictn€ case of a single vibrational coordinate has been discussed
disorder and requires a respective disorder (configuration) @t length in our foregoing papet&.*? It makes use of an
averaging symbolized bi... [isorger Since little is known on expansion ok-dependent, that is, frequency-dependent, quanti-
the details of disorder, the averagifg. [isorgeronly accounts ties with respect to an orthogonal set of functiongs?). qu
for random orientation of the dyes (leading to the well-known €Xample, one replaceSq(t) by Cu(€2;t) and the expansion
prefactorl/s). Other effects are included by an effective level leads to}, u(€2) C{)(t). An appropriate truncation of this
broadening and an effective coupling strength to the band summation results in a finite set of coefficients. The frequency
continuum. dependence of the transfer couplibg(£2), and that of the DOS,
Non-Condon effects are of less importance for our further €9 1, are considered in the same way. All results presented in
treatment. Therefore, we may introduce the combined DOS, the following have been obtained in applying this expansion
Dans Which enters the absorption via the following relation ~ here again. As in refs 1012, we use Legendre polynomials
for u;(Q) up to an order of = 200.

2
mol

o(w) = ;ucn |deg|2,@abs(a)) @) IV. Simulation of Measured Spectra

Our following considerations will be focused on the calcula-
The respective expression of the combined DOS is given in tion of absorption spectra of perylene attached to & Si®face
Appendix A. To compute the different measured spectra, we (in high vacuum). Since also solvent spectra of all types of
use a method based on time-domain simulations; thavigs perylene bridge-anchor group systems are available, we may
is expressed by a wave function correlator (see, for example, determine internal molecular properties (vibrational frequencies,
ref 25). This requires a direct solution of the time-dependent Stokes shift of the &S, transition, etc.) first and independently.
Schralinger equation governing the electron-vibrational dynam- Then, in a second step, the model is enlarged by accounting
ics of HET (cf. the appendix). However, such an approach masksfor the conduction band continuum and by fixing the newly
the absorption line broadening due to the coupling to the band appearing parameters. Moreover, our studies will be confronted

continuum. Changing to an alternative way of calculatings2® with old photoionization spectrd.
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Figure 3. Rescaled linear absorption spectrum of the BF—COOH Figure 6. Rescaled linear absorption spectrum of the BH&-P(O)-
system: solid line, experimental data for the system in the solvent; (OH). system: solid line, experimental data for the system in the
dashed-dotted line, experimental data for the system adsorbed at a solvent; dasheddotted line, experimental data for the system adsorbed
TiO, surface; thick dashed line, calculated data for the system in the at a TiG surface; thick dashed line, calculated data for the system in
solvent; thin dashed line, calculated data for the system adsorbed at ehe solvent; thin dashed line, calculated data for the system adsorbed
TiO, surface (for the parameters used, see Table 1). at a TiQ surface (for the parameters used, see Table 4).

A. Perylene Dyes in Solution First, we discuss the results
obtained for the absorption spectra of the dyes in a solvent
(toluene/methanol, 1:1, see Figures-&. Computations of
absorption spectra similar to the-SS; transition of dissolved
perylene have been reported in a multitude of papers (see, e.g.,
refs 22 and 28). Provided that the curvature of the PES is
parabolic and identical for the ground and the excited electronic
states, the standard formula, eq A4, can be applied.

Absorption measurements performed at low temperéarel
gas-phase fluorescence excitation spectra of perflestmw
many active vibrational modes. The measured absorption spectra
reported here, however, display the dominance of a single
Figure 4. Rescaled linear absorption spectrum of the BHe-  jbrational mode having a quantum enerty, i, of about 0.17
(CH),—COOH system: solid line, experimental data for the system in eV (1370 cnt?). This can be taken as a justification of the

the solvent; dasheedotted line, experimental data for the system . | de d it hich d far in refd®
adsorbed at a TiQsurface; thick dashed line, calculated data for the singlé-mode description which was used so far In r

system in the solvent; thin dashed line, calculated data for the system@nd which will be contin.ued .in this paper, too. .
adsorbed at a TiPsurface (for the parameters used, see Table 2). The neglect of any vibrational frequency change with the
change of the electronic states allows for the introduction of a

Absorbance
I
o

N
'S

I
o

22.5 25
Energy (103 cm'l)

1.0 dimensionless vibrational coordina@, which defines the PES
08 I as (remember the removal of the zero-point energy)
806 Uy(Q =hop(Q — Q)4 —hoy2  (10)
el L
204 The equilibrium position of the PES is given B = —2g, (a
< = g, e, ion), whereg, denotes the dimensionless electron-
02 vibrational coupling constant. The reorganization energy of a
00 [ : - particular transition follows according fap = Awvin(ga — Ob)?
175 20 25 25 2715 30 = hwvin(Qa — Qp)?/4. In this way, one obtainkeg = Awin(Qe
Energy (103 cm'l) - Qg)§/4, Lione = Aavin(Qion — Qe)4, andZion g = hwvin(Qion

Figure 5. Rescaled linear absorption spectrum of the BDHe- - . . .
(CH),—COOH system: solid line, experimental data for the system _Figures 3-6 display a satisfactory reproduction of the

in the solvent; dasheedlotted line, experimental data for the system Vibrational progression indicating, in particular, that the single-
adsorbed at a Ti@surface; thick dashed line, calculated data for the coordinate description seems to be sufficient. Respective
system in the solvent; thin dashed line, calculated data for the systemparameters are listed in Tables-4. The parameters of the
adsorbed at a Tipsurface (for the parameters used, see Table 3).  {ifferent perylene bridge-anchor groups coincide very well
except for the DTB-Pe—(CH),—COOH system, where the
The considered four examples introduced in Figure 1 differ excited-state wave function extends into the bridge leading to
in the bridge-anchor groups separating perylene from the surfacea somewhat lowerSstate energy. In particular, the data indicate
with different distances. It is the advantage of these bridge- a week influence of the bridge-anchor group on the overall
anchor groups that they realize different transfer couplings perylene absorbance. Since a common level broadepijrs
between the excited perylene state and the conduction bandbeen used, the computed broadening of thel Gand G-2
states of TiQ. The strength of this coupling will be determined transitions is somewhat less than the measured one. Changing
below by fitting the absorption spectra within the model toa more involved description, for example, by including finite
introduced in the preceding sections. The measured data carifetimes of the vibrational levels via a coupling of the single
be found in Figures-36. Note that we displayed in any case a mode to a heat bath of further vibrational modes, one automati-
rescaled absorbance(w)/max a(w) (or alternatively Y(w)/ cally obtains an increase in the broadening for thelGand
max A(w)). 0—2 transitions. We will not introduce this possible improve-
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TABLE 1: Parameters of the DTB—Pe—-COOH System in
Solution (Pe-Solvent) and at the TiO, Surface (Pe-TiOy) (A
Respective Comparison between the Measured and
Calculated Spectra Can Be Found in Figure 3)

Pe-solvent Pe-TiO,
E. (eV) 2.79 2.72
hwvip (V) 0.16 0.16
Aeg(€V), (Qe — Qy) 0.116, (1.7) 0.187,(2.1)
hy (eV) 0.062 0.062
Econ (€V) 1.79
AEcon (eV) 6.0
Al (eV) 0.069
Aione (€V), (Qon — Qo) 0.014, (-0.6)

TABLE 2: Parameters of the DTB—Pe—(CH),—COOH
System in Solution (Pe-Solvent) and at the TiO, Surface
(Pe-TiO,) (A Respective Comparison between the Measured
and Calculated Spectra Can Be Found in Figure 4)

Pe-solvent Pe-TiO,
E. (eV) 2.65 2.65
hawvin (V) 0.17 0.17
Aeg(€V), (Qe — Qy) 0.123, (1.7) 0.187, (2.1)
hy (eV) 0.105 0.105
Econ (eV) 1.65
AEcon (eV) 6.0
AT (eV) 0.053
Zione (€V), (Qion — Qo) 0.014, (0.6)

TABLE 3: Parameters of the DTB—Pe—(CH;),—COOH
System in Solution (Pe-Solvent) and at the TIO, Surface
(Pe—TiOy) (A Respective Comparison between the Measured
and Calculated Spectra Can Be Found in Figure 5)

Pe-solvent Pe-TiO,
E. (eV) 2.79 2.79
hawvin (V) 0.17 0.17
Aeg(€V), (Qe — Qy) 0.123, (1.7) 0.187, (2.1)
hy (eV) 0.058 0.058
Econ (V) 1.79
AEcon (eV) 6.0
Al (eV) 0.021
}-ione(ev)y (Qion - Qe) 0014, 306)

TABLE 4: Parameters of the DTB—Pe—P(O)(OH), System
in Solution (Pe—Solvent) and at the TiO, Surface (Pe-TiO,)
(A Respective Comparison between the Measured and
Calculated Spectra Can Be Found in Figure 6)

Pe-solvent Pe-TiO;
E.(eV) 2.79 2.79
ﬁwvib (eV) 0.17 0.17
Jeg(8V), Qe — Qo) 0.132, (1.78) 0.225, (2.3)
hy (eV) 0.063 0.043
Econ (eV) 1.79
AEcon (BV) 6.0
Al (eV) 0.037
iione(ev)w (Qion - Qe) 0.014, EOG)

J. Phys. Chem. B, Vol. 109, No. 19, 2008593

Qg = 2.06). This discrepancy may result from the fact that gas-
phase calculations have been carried out in ref 31.

B. Perylene Dyes Attached to the TiQ Surface. The
absorption spectra related to perylene attached via different
bridge-anchor groups to the surface of Fi@anocrystals are
also shown in Figures-36. For the DTB-Pe-COOH-TiO,
and DTB—Pe-(CH),—COOH-TIO, systems, the vibrational
progression found in the solvent is lost in the adsorbed state
and an almost structureless absorption band appears instead (cf.
Figures 3 and 4). In contrast, the DFBe—(CH,),—COOH—

TiO, and DTB-Pe—-P(O)(OH)—TiO, systems, Figures 5 and

6, respectively, retained the vibrational progression in the
adsorbed states but with the-Q transition becoming stronger
than the 6-0 transition. The trend observed in the absorption
spectra, that is, the different degrees of broadening, for the
surface attached case follows the intuitive expectation based
on the molecular structure of the different bridge-anchor groups
(see Figure 1).

To simulate the respective spectra, we have to make further
assumptions concerning some additional parameters; that is, it
becomes necessary to specify the energetic position and width
of the TiG, conduction band as well as the DOS, eq 1.
Moreover, the position of the PES for the cationic state of the
dye (the reorganization energyione and the frequency-
dependent transfer couplini¥e(w), have to be fixed. In the
following, we will discuss the calculated curves addressing the
different experimental data.

As it has to be expected, the alternative computation of the
absorbance (or the combined DOS) presented in ref 26 shows
that the DOS, I(w), and V¢(w) determine the spectra in a
combined manner via the self-energy, eq 8. Since the injection
position of the excited dye level is in a rather midband
arrangement, it seems reasonable to use frequency-independent
mean values!” andVe. Then, both can be combined to yield
the frequency-independent expression for the line broadening
(cf. eq 8)

r==iV/)?=—Im (11)

4
n?
The values ofl” for the different examples resulting from the

fit are given in Tables +4 together with the other parameters
(since {"andVe independently enter our calculations, we fixed
NIh at 2/eV and varied/g). The position of the excited state is

on the order of 1 eV above the band edfjand the bandwidth,
AEcon, is set to 6 eV, as suggested by DFT computatf§is.

The horizontal positioning of the PES minimum of the cationic
state near that of the ground state (see Figure 2) follows the
calculations of ref 31 where the relaxed nuclear configuration
of the perylene cation has been found between the ground-state

ment of our description here but state that the correct reproduc-configuration and the excited-state configuration.
tion of the relative heights of the-®, 0—1, and 6-2 transitions

in all considered cases represents a strong argument for the,greement with the measured data. Let us first turn to the-DTB
single-mode picture. Noting the recent normal-mode analysis Pe-COOH-TIO, system (Figure 3), which displays the largest

for perylene presented in ref 30, we may identify our single |ine proadening whereby nearly all the vibrational features
vibration (with vibrational quantum energy in the 1370 ¢m

(0.17 eV) range) with a perylene in-plane—C stretching

vibration.

The calculated spectra (Figures @) show an overall good

disappear from the spectrum. The shift of the absorbance to
the red wavelength range compared to the solvent case and the
broadening of the absorption band can be reproduced by a

Finally, we will confront the parameters obtained here with decrease in the-80 transition energy in the adsorbed state and
those of ref 31 where electronic structure calculations on a line broadeningl’, of 69 meV. Due to an increase g the
perylene have been reported. In particular, a reorganization maximum in the absorption curve shifts from the@to 0—-1

energy,deg Of 0.18 eV could be obtained which is a little bit

transition (see the discussion below). The parameters of the

larger than all that what has been deduced here in the single-calculated spectra are summarized in Table 1. The system
mode description (the related displacement amountQete-

DTB—Pe—(CH),—COOH-TIiO, shows a similar behavior.
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TABLE 5: Comparison of Charge Injection Times: Rate Our simulations reproduce the dye absorbance in a solvent
Equation Fit of the Measured Data (cf. ref 17) and Inverse and the trends in the line broadening of the vibrational
of the HET Rate, eq B2 : ; ;
progression due to the coupling to the conduction band
75 (fs) 1k (fs) continuum rather well. Respective HET rates deduced from these
DTB—Pe-COOH-TiO, 13 5 calculations follow the qualitative trend obtained from measure-
DTB—Pe-(CH),~COOH-TiO, 10 6 ments on transient absorption. Quantitatively, however, the HET
DTB—Pe—(CH,),—COOH-TIO, 57 16 rates are systematically overestimated. This might be a conse-
DTB—Pe-P(0)(OH}—TiO, 28 9 quence of the minimal single-mode model. The incorporation

of additional modes into the model would improve the simula-

tion of the experimental spectra but introduce significantly more
parameters. Therefore, the procedure of fitting the absorption
spectra by just one dominant vibrational mode appears justified,
since it is sufficient for establishing the same systematic

of the excited-state PES when changing from the solvent to thequali_tative trend in the. line widths of the absorption spectra

surface attached case. We consider this assumption as the mosa%nOI In the corresponding rate constants for electron transfer

plausible explanation .since increasifiy — Qg changes the when different bridge-anchor groups are inserted between
, 9

relative heights of the 00 transition to the 61 transition. electron donor and electron acceptor.

- . . . However, multism imulations of th ionary an
Obviously, the increase d@. — Qg results in an increase of trangieﬁt Zt;sorg;r?ceot?:sesd o%itlgctsrogictstfusttli[eocslgulgtigns
the reorganization energyeg as one may note from Tables

1—-4. are just under work.

In contrast to the distinct dependence of the spectra.gn
they react less sensitive when changing the reorganization
energy,tione Characterizing the charge injection. To fin e,
we may relate it to the computations of ref 31 or to the
somewhat older measurement of photoelectron spéttfaing
the latter data, we arrive at the common value given in Tables

This characteristic change of the relative heights in the
vibrational progression upon adsorption becomes more obvious
for the DTB—Pe—(CH),—COOH-TiO, and DTB-Pe-P(O)-
(OH),—TiO, systems. As in the foregoing example, it is
explained as a change &y, that is, as a change in the position
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Appendix A: Computation of the Absorption Coefficient

1—4. It corresponds to aion g value of about 0.09 eV except This appendix offers some details on the calculation of the
for DTB—Pe-P(O)(OH)—TiO, where it reaches a value of frequency-dependent linear absorption. We start with eq 7 where
0.122 eV. the combined DOS has been introduced. Since the square of

The valuelion g = 0.05 eV deduced from gas-phase computa- the transition-dipole matrix element appears explicitly in eq 7,
tions on perylene without anchor grodbsappears to be the combined DOS takes the following form
somewhat smaller. However, the deviation is not large and may
be related to the somewhat different situation studied in ref 31. o 1 Re(“dt é!
According to the given value dfon ¢, ONe obtains in the single-  ~ abd®) = Th eﬁ) te™ x
o eSEPHO Qe = Qg 7 .05, eacing 169 = Q. = Wl ol a0l Dl (AD

C. Absorption Line Broadening and Charge Injection
Times. So far, exclusively frequency-domain spectra have been
considered. Of course, it would be of interest to check the resultsequilibrium statistical operatoiVe, is set equal (Ggl@ol:

.. . Veg gl'rg gl

as well as the validity of the model used by comparing them that is, it describes vibrational equilibrium (with density operator

with independent measurements, for example, transient absorp,

tion data. Respective experiments have been carried out for therg) in the electronic ground state. If expanded with respect to

same”sxperientl sySrs Wi sucenty g tme 1o WYaionel et of e vratone Hamitorier,
resolution®1432The measured injection timesy;, range from bg,f S f Y -Eh ¢ denoteg the res egt' .
10 to nearly 60 fs and are summarized in Table 5. y T = Sn(Es + Awg) ool ( pectv

To relate the measured data to those obtained from thethermal distribution, wittE + Awgy being the related energy,

simulation of stationary absorption spectra, one may choose theCf' eq 3). In eq Al, the trace with respect to the vibrational

inverse of the HET ratekuer, eq B2. The respective values tsl’tlzt(;?:tlf) geor]lotthe: Sby’%{r(')“l}e};ggt'me e\t/olunon follows from
are also given in Table 5. The time constants obtained from : uperop ‘mol-—sen()-

the calculations reproduce the qualitative trend of the measuredd. If any d|55|pat;ve effect IIS nefgl(;gtedd(f% a :jnor;e ?ﬁta"e.d
injection time constants. iscussion, see, for example, refs 25 an and a forthcoming

paper),Z/mol-sen(t) reduces to the application of expid moi—sent/
V. Conclusions f) from the left and the Hermitian conjugated version from the

_ _ right. It yields
The linear absorption spectra of perylene attached to nano-

structured TiQ have been studied experimentally as well as 1 o i(0-0e o Hehy (eff)
theoretically. A theoretical fit of the measured data has been Yapd®) = ﬂ_hRefo dt € r i { UG (M) (A2)
achieved in applying a time-dependent formulation of the
absorbance. The description fully accounts for the electronic
coupling to the conduction band continuum of Zi®loreover,

it uses a single reaction coordinate which corresponds to a
perylene in-plane €C stretching vibration with a quantum
energy of 1370 cml. The electronic coupling responsible for
the heterogeneous electron transfer (HET) could be varied by (efh) ot e ot
inserting different bridge-anchor groups. Uiip () = €™lple gl (A3)

When deriving this expression, antiresonance contributions
(resonances at negative frequencies) have been neglected. The

The transition frequency from the ground state to the excited
electronic state is denoted lyg = we — wg, and an effective
vibrational time-evolution operator has been introduced which
reads:
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Since an excited-electronic-state matrix element has been takenwhere P(wew) denotes the population versus the vibrational
the electronic ground state of the dye does not contribute. levels of the first excited electronic state of the dye after
Before proceeding further, let us shortly recall how the photoexcitation (of course, this is not necessarily an equilibrium
standard relation foi/aps is Obtained if the coupling to the  distribution). If one assumes a weak frequency dependence of
conduction band is neglected. In this cas&(t) has to be ~ the DOS and the coupling functio(<), and replaces both
replaced by exiiet/h). Assuming, additionally, a parabolic PES by the appropriate averages; andV,, respectively, it is easy
whose curvature is independent of the electronic state, oneto show that the rate follows as (cf. also ref 34)
obtains for the combined DOS (cf., e.g., ref 25)

2T = 2
kier = SNV IV[* =2 (B2)
(Aabgw) fdt I(w wth G(0)+G(t) (A4) hz e
with the so-called line shape function As it has to be expected, the relation demonstrates that the
transfer rate follows as 2 times the line broadening, eq 11.
1 .
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