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Characterization of Photoinduced Electron Transfer in Jet-Formed Acceptor Donor
Complexes. 2. Photoinduced Electron Transfer: Rates and Mechanisms
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The electron transfer (ET) rates induced by the electronic excitation of different isomers of anthracene
complexes with aniline derivatives are deduced from their fluorescence and fluorescence excitation spectra.
The shapes of potential energy surfaces of locally excited and ionic surfaces are calculated with a special
interest for the crossing areas of both surfaces. The dependence of the ET rates on the initial configuration
is discussed and the assignments of calculated configurations to isomeric species (E and R isomers) are
proposed.

I. Introduction QLe and Qion (Figure 1). These zeroth-order (diabatic) states
are coupled with a configuration dependent coupling matrix
elementH, g ion(Q) supposed to be proportional to the overlap
integralsSap between the molecular orbitals involved in the D

— A* electron transfer : highest occupied orbitals (HOMO) of

' the donor and acceptor.

As recently discussed by Jortner ef aind by Deperasinska
and Prochorow, the electron-transfer processes in isolated
systems may be considered as a specific case of nonradiative
transitions from the LE to the ionic state. SimQg:= ~ Qq, the
optical excitation of AD (vertical transition) prepares the LE

tate from which the electron transfer (i.e., L& ionic
ransition) occurs.

This process may also be considered as an evolution of the
initially prepared wavepacket at the surface of a single adiabatic

description of E-I; in isolated _r_nolhecules (for a rpore d?ta"edlstate A. The A-state is the lower of the pair of adiabatic states
treatment see reference 6), (ii) the summary of experimental 5y aineq by diagonalization of the hamiltonian in the LE-ion

data relevant for elucidation of ET processes, (iii) the calculation po<ic |t wave functiodAis strongly dependent on the
of excited-state potential energy surfaces and the estimation Ofconfiéuration of the complex Q:

the inter-state coupling strength, and (iv) an attempt to assign

In the first part of this work (further denoted as part 1), we
identified a number of isomeric forms for each of anthracene
complexes with dimethylaniline and some of its derivatives. The
characteristic feature of this group of molecular systems
extensively studied in solutiodg,is the electron transfer (ET)
from the locally excited state A% D (or A*D) to the ionic
state AD™, where A is the electron acceptor (anthracene in
our case) and D is the electron donor (aniline derivative).
Similar systems have been studied by other authidrsThe
scope of the present paper is to elucidate the relationship
between the structure of an isomer and essential parameters o,
ET in an isolated jet cooled complex.

We will present: (i) the outlines of the theoretical model for

a calculated configuration to an observed isomeric species. |A(Q)= a(Q)|LEH b(Q)|ion 1)
If HLeion(Q) is not very large and varies slowly wi, |A(Q)O
Il. Simplified Theoretical Treatment of the Electron will be nearly identical withlLEO(a? > b?) for Q ~ Qe and
Transfer in Isolated Molecular Systems with [ionCfor Q ~ Qjon (b?2 > @?). In the same way:
We will consider three diabatic electronic states (eigenstates Va(Qe) ~ Vie(Que) and Va(Qon) » Vion(Qion)
of the zero-order Hamiltonian®t the ground g-state AD, the . . : P
. B ’ In contrast, in the intersection of LE and ionic surfatgs-
* +
locally excited (LE) state A*D, and the ionic (ion) state B*. (Qc) = Vion(Qo) S0 thata? = b2 . ForQ = Q,, the potential

As in usual van der Waals complexes, the g and LE states are
weakly bound with nearly the same bonding energies and similar
equilibrium configuration®y ~ QLe. Specific properties of VA(Qd = Vie(Q) — Hie ion( Q! (2)
exciplexes are due to an interaction between the LE state and '

the closely lying ionic state with the equilibrium configuration and the essential parameter for the treatment of energy transfer
Qion # Qe corresponding to a strongly reduced mean/A at the adiabatic surface is the energy differensé

distance. The potential energy minimum of the ionic stége

(Qion) is deeper than that of the LE state=(Q.g), but in theQ AV = VA(Q) — Va(Qup)

~ QLe =~ Qg range,Vion(Q) > VLe(Q), so that potential energy

surfaces of LE and ionic states cros€intermediate between ~ SiNceVa(Qie) > Va(Qion), AV > 0 corresponds to the existence
of two minima at the A-state energy surface separated by an

* CNRS Laboratoire de Photophysique Ntléire. energy barrier (Figure 1a), while fakV < 0 this surface is
* CEA-CEN Saclay DRECAM-SPAM. barrierless (Figure 1b).

energy of the A-state is equal to
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surface of the adiabatic A-state: the tunneling rate depends not
only on the height but also on the extension of the barrier
corresponding to the energy of the initially excited level.

In the strong coupling limit, the treatment in terms of the
adiabatic A-state seems to be more appropriate. In absence of
the energy barrier, the optical excitation attains such a dense
manifold of the vibrational levels of the A-state that the
individual vibrational transitions are not resolved. We expect

Emission Absorpiion to observe a diffuse absorption band, the contour of which
4v ~ 3000 em” reproduces the shape of the A-state surface inQe Qe ~
Qg range. The corresponding picture in terms of diabatic LE
and ionic states will be that of LE levels so strongly coupled to
the quasi-continuum of the ionic state that their linewidths
exceed their spacing. This means that LE state levels are
depopulated at the time scale of one classical vibration period.

[ll. Summary of Experimental Data

Ernission Absorplion As reported in part 1, the analysis of fluorescence excitation
Av-3000em’  Av~150 cm and hole-burning spectra reveals the presence of two different
Figure 1. Crossing of LE and ionic potential energy surfaces, shape types of 1:1 complexes called E and R isomers. For both of
of the A-state surface and vibrational levels in the case of (a) weak tham the spectra indicate the initial excitation of thECstate:
coupling limit and (b) strong coupling as well as shapes of absorption . .
and emission spectra for each case. in contrast to th(_)se (_)f typical charge-transfer complexe_s where
the ionic state is directly attainédthe bands are relatively
In terms of diabatic states, these two cases correspond to (ij)narrow and only slightly red shifted with respect to the
IHieion(Qo)l < [Vie(Qo) — Vie(Que)] (defined as the weak — absorption of the free anthracene molecule. They differ by finer
coupling case) implieaAV > 0 and (i) [Hie,ion(Qd)| > [Vie- details of the excitation spectrum and by their emission:
(Qo) — VLe(QLe)] (the strong coupling case) givesV < 0. (i) E-isomers are characterized by diffus® (~ 100-200
As already mentioned, the optical excitation prepares the cm™?) absorption bands and by their exciplex-type emission, a
excited system a@ ~ Q.. This process may be described strongly red shifted Av ~ 4000 cnt?), broad ¢v ~ 3000
either as the initial excitation of the LE state followed by the cm?), structureless band with a decay time of the order of 300
electronic relaxation LE~— ion or as a selective excitation of s much longer than that of anthracen&6 ns). This emission
a limited set of the vibronic levels of the A-state (wave packet) is the signature of a rapid A*B~— A~ D* transfer followed
followed by the vibrational energy redistribution within the by the A~ D* — AD emission.
A-state equivalent of an isomerization of the complex fromits (i) R-isomers show in excitation a fine structure composed

initial configurationQ ~ Qe to Q &~ Qjon . Since|A(QLe) T~ of closely spaced, narrow bands witil cnt! widths. Their
[LEOand |A(Qion) & |ion[) this isomerization corresponds to  emission spectra depend on the excitation frequency: upon the
the transfer of the electron density from D to A*. excitation of the lowest levels they emit the resonant narrow-

The choice of the basis set depends on the coupling strengthoand A*D — AD fluorescence with a decay time close to that
in the relevant region of the coordinate space, the adiabatic basisof anthracene. It indicates that the A¥®— A~ D* electron
being, as usual, more appropriate in the strong coupling limit. transfer does not occur during the lifetime of thdéEOstate.

In the weak coupling limit, we consider two manifolds of Upon the excitation of higher levels, the exciplex emission is
interacting levels: a discrete set of low levels of the LE state observed. For each R-isomer, one can determine (or estimate)
and a dense manifold of high vibronic levels of the ionic state, the energy threshold corresponding to the onset of the exciplex
coupled by emission (i.e., of the A*Dw— A~ D transition).

For all complexes, except for the A-DMA system, we observe
H' Eion = HiEon(QIAFC (v g) 3) multiple R-isomers while there seems to be only one E-isomer.
The absence of systems with an intermediate character (resolved
where AFC{.g) is the averaged FranelCondon factor for but significantly broadened bands) is striking.

initially excited level of the LE staté. The ET rate is then given A. Experimental Information about the A*D ww— A~D*
by the Fermi golden rule Relaxation Rates. The essential parameters characterizing the
ET process are, for each isomer, the onset of thD A~—
Ker(v g) = (2a/h)(H' g o) Pion 4) A~D* relaxation (i.e., of the exciplex emission) and the

dependence of its rate on the vibrational energy exéggs
wherepion is the density of levels of the final (ionic) state. Since These onsets are listed in Table 1. The ET rates may be deduced
the electronic coupling matrix elemekt g j,n does not depend  either directly from time resolved measurements or from relative
onue (i.e., on the vibrational enerdy,, of the initially excited intensities of the resonant and exciplex emission components,
level) and the K\ ion)%0ion term varies slowly withE, the and in the limit of a very rapid relaxation, from the homoge-
dependence oker on Eip is determined by the shape of the neous broadening of the absorption bands.
AFC = f(E\ip) dependence. One can easily show that AFC  The decay times of R-isomers upon excitation of their lowest
increases wittE,i, and attains its maximum fdg,;, = AV but levels (below the onset of the’® ww— A~D™ relaxation) are
for the sameAV values the slope of the AFE(j,) and ker- nearly the same as the decay time of the bare anthracene
(Evib) dependence will be steeper when g— Qe distance molecule (14 = ke ~ 4 x 107 s1). The absence of exciplex
is large. The same conclusion may be drawn from the treatmentemission for these levels implies that the ET rate is smaller
in term of tunneling across the potential energy barrier at the than the A*D intrinsic decay rate at least by 1 order of
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TABLE 1: Location of the Threshold for Observation of the Exciplex Emission for All the R-Isomers of the Complexes
Studied, Determined from the Comparison of FES-R and FES-E of Each Complex

20 cn! < threshold< end  end of @ vibrational structure< end of Qvibrational structure<
complex threshold< 20 et of 0f vibrational structure threshold< 215 cn? threshold< 385 cmt
A-DMA R1
A-DMPT R1 R>
A-DMMT R1
R>
A-DMOT R>
Rs
R4
Rs
A-DEA R
Rz
Rs
magnitude. We thus have for all levels showing purely resonant in the absence of a rapid relaxation the widths of the rotational
emission: envelopes of vibronic bands in the excitation spectra of
complexes are of the order of 1 ctn(cf. part 1), the
Ker < 5 % 1Ps? homogeneous broadening of individual levels may be detected

only whendv ~ 1 cn? (i.e., whent ~ 5 x 1072 s andker ~
On the other hand, if the dual (resonantexciplex) emission 2 x 10!'s 1. Hence, the absence of the resonant emission and
is observed, the ET rate must be of the same order of magnitudeof a detectable broadening indicates
as the intrinsic decay rate of the LE state so that 50 s~ <

ker < 5 x 108 s™L In this case, the ET rate may be directly 5x 10%s '< ke, < 10"st

deduced from the measurements of the decay rate of the resonant

fluorescence compared to that of anthracene: while, when the broadening of absorption band is observed,
Ker = Uties— /7, (5) Ker > 10ts?

For one of the isomers under study (cf. section I11.B.2.iii), from
the decay time reduced te10 ns, we deducker ~ 5 x 10’
sL

From the kinetic treatment in terms of populationsofLE
and ionic states,

B. Individual Systems. In the following sections we will
treat separately the E- and R-isomers.
(1) E-Isomers. At all excitation wavelengths, their emission
is characterized by the absence of the resonant component which
indicatesker > 10° s™%.  This implies that no vibrational excess
—dN_/dt = (kg + ke)N and energy is needed for ET. The absorption bands, broad and
—dN. Jdt = (—ke:Ne + ko N ) (6) struct_ureless, suggest a strong homogenegus broadening due to
ior/ TOLE on’ Tion a rapid ET process and indicatiesy > 10° s™L,
(i) If it is supposed that the total~150 cntl) width is
homogeneous, the lifetime of the levels of théDAstate must
be as short as-40 fs, leading tder ~ 2.5 x 103571, (ii) if it
— _ is admitted that this width is inhomogeneous and results from
edt) = KieNe(®) = KieNie(O)expl-(ke + ket the overlap of closely spaced individ%al bands (see above, II),
the wash out of the vibrational structure correspondéite
10 cntl (i.e., to the lifetimes < 0.5 ps).

=K. N (=K. N -(0 /K -+ This leads to the following limits for the electron transfer
exc() ion |on() ion LE( )(kET I<LE kET) X rate:

{exp[—kint]l — exp[=(ke + ket]} (7)
hence the ratio of integrated intensitidgd 1= [l{t) dt and

Mexd = lexdt) cit will be The contours of bands corresponding to theahd X

0. [ KK k. — + 8 transitions involving internal modes (X) of anthracene Viif
exdllhed = (Kior/K L e)lker/kion — Kerl(le + ken)] (8) of 385 and 770 cm* are the same in the error limits which

we obtain, assuming a short pulse excitation, for intensities of
the resonant and exciplex emission components:

and

2x10% st < kg =2x10%s™

r r indicates a slight (if any) dependence of the ET rate on the
= (Kion/Kion)/ (K L e/ker) when Kon'ker — 0 vibrational energy contained in intramolecular modes.

(2) R-Isomers. The variation of ET rates witl,i, may be
directly observed only in a limited energy range, (i.e., within
the band system associated with th§ t@ansition of an-
thracene). Its extension is of the order of-A20 cnT?, and
there is no absorption in thg,, > 120 cnT! range until the

onset of the weal 13 vibronic transition (not observed in the
5x 10fs 1< ket spectra of weakly absorbing species) at 215 tmr of the
strong 1% transition at 385 cm'. The energy threshold&,)
A direct measurement déer in this range would necessitate of the A'D w— A~D" relaxation may be exactly determined
picosecond light source, but the high limit &t may be only when contained in the-9~120 cnt! limits. Otherwise,
deduced from the absence of a detectable level broadening. Sincene can only show that 128 Eg, < 215 (or 385 cm?).

so thatker may be deduced from the intensity ratio if radiative
constants andty, are known.

In systems for which only the exciplex emission is observed
(the complete quenching of resonant emission), the ET rate is
obviously larger than the intrinsic decay rate, hence
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Figure 2. Spectroscopy of the Rsomer of the anthracenalimethyl- Figure 3. Spectroscopy of thefisomer of the anthraceralimethyl-
o-toluidine complex in the Dand the 12 range: (a) hole-burning ~ O-toluidine complex in the Prange: (a) hole-burning spectrum with

spectrum with probe laser fixed on th& iland and detection of the ~ Probe laser fixed on the oOband and detection of the resonant
resonant fluorescence, (b) FES-R, (c) FES-E. fluorescence, (b) FES-R, (c) FES-E.

From this point of view, one can divide all systems into three belong to this case: fand R of A-DEA and R of A-DMOT.
groups: (i) The onset of the*’® w— A~D™ relaxation lies We illustrate this case by thesRsomer of A-DMOT. By
between the end of the) ®and system~+120 cnr?) and 215 comparing its HBS (a), FES-R (b), and FES-E (c), one can see
(385) cnr. that forEyip < 50 cn ! the bands are only present on the FES-R

Most systems belong to this case (Table 1). Their charac- SPectrum while forEyi, of 60-70 cnt, they appear in both
teristic feature is the absence of the exciplex emission upon FES-E and FES-R (Figure 3). We have tfeg ~ 50-60
excitation of any bands belonging to thd Band system €M - The variation of thele.dlred ratio with Eyi, up to~130
appearing in the excitation spectrum of the resonant fluorescenceS™  iS plotted in Figure 4:ker increases slowly up to 100
(FES-R). This sets the lower limit &, above its highest levels ~ ¢M ' and then shows a rapid enhancement. This indicates an
50 thatEyy, > 120 cnt. On the other hand, the bands belonging Increase oker by 1 order of magnitude foAE,, ~ 40 cnt?
to 115 band system (if observed) and to thej E¥ystem are ("e_'_’_ as I’apl(j as in the previous c_ase).
present uniquely in the excitation spectrum of the exciplex (i) The A'D w»— A~D™ relaxation appears fdE, < 20
fluorescence (FES-E). cm~L. Three isomers belong to this group, B A-DMOT,

We will illustrate it by comparing the hole-burning spectra Ri 0f A-DMPT, and R of A-DEA. All of them emit a dual
(HBS) of the R isomer of the A-DMOT (Figure 2a) with the ~ fluorescence when excited in the origin of tlﬁatﬁmd system,
excitation spectra of the resonant and exciplex emission but the dependence of their ET rates on the vibrational energy
components (Figure 2b,c). The fluorescence from all levels of excess is different.
the (8 system is resonant while upon the excitation of levels  The spectra of the Rsomer of A-DMOT are represented in
belonging to the 1(,]23ystem only the exciplex emission is Figure 5. The origin band of theg(l)and system appears in
observed. The onset of the exciplex emission lies in between.both FES-R and FES-E. The decay of the resonant emission is

The absence of exciplex emission fag, < 120 cnr? long enough to enable direct measurements of its lifetime found
indicatesker < 5 x 10° s~ while the complete quenching of  equal to~10 ns, significantly shorter than that of other isomers
the resonant emission in the absence of band broadening forshowing only the resonant emission< 20 ns). From eq 5,
Evb = 215 cnrt implies 10 s < kgr < 101 s7%. The ET  we deducéer ~ 5 x 107 s~ For higher levels of theJband

rate increases by 3 orders of magnitude or moreA&y, ~ system, the intensity ratidexd I increases slowly witl,p,

100 cnt. Such a rapid increase &y is currently observed  but this ratio is much larger for a few levels (Figure 6)

for other isomers belonging to this group. suggesting that the ET rate depends not only on the overall
(i) The A"D »»— A~D™ onset is located within theg(band energy but is mode selective. This problem will be discussed

system (20 cm! < Eg, < 120 cnTl). Only three isomers  in V.B.
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Figure 4. Dependance of thkydlsratio onE,, for the R; isomer of
the anthracenedimethyl-o-toluidine complex. L . . 7F t L
The behavior of the isomersRf A-DEA is similar: a dual 360 361 362 366 367 ™M

emission is observed only for the four lowest levelgy < 25
cm™1) with rapidly varying DexdZredIratio, while from the
higher levels Eyi, > 25 cnm?) only the exciplex fluorescence
is emitted. In contrast to it, for the; isomer of A-DMPT, the

Figure 5. Spectroscopy of the Rsomer of the anthraceralimethyl-
o-toluidine complex in the g)and the 12 range: (a) hole-burning
spectrum with probe laser fixed on thé Pand and detection of the
resonant fluorescence, (b) FES-R, (c) FES-E.

dual emission is limited to the origin of th«% Pand system and
the emission from the next levekg, = 18 cnT?) is already of
exciplex type.

Upon the excitation of bands (excitation of high&§ >
385 cn1l) levels) belonging to the vibronic transitions 61%

00 4+ 385 cnil, 122 = 0f + 770 cm'l, etc.) of all complexes
under study, the emission spectrum corresponds to the exciplex
fluorescence, the resonant emission being completely quenched.
We do not observe, however, any significant broadening of
bands which would indicate an enhancemenkgfabove the

10! s71 threshold. It suggests that the energy contained in
intramolecular modes does not induce a significant acceleration
of the ET process (cf. V).

The only exception to this rule is the;Rsomer of the
A-DMOT complex showing the resonant emission from the
levels of the § band system but no emission from those
belonging to the 10]? group. In this case we observe a
significant broadening of the iZbands in the HB spectra
which suggests the opening of an additional, efficient relaxation
channel for the energy excess above the 130 lcihimit
(resonance with a triplet level enhancing the intersystem crossing
rate ?).

IV. Modeling

7
2
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x
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20 30 40 350 60 70 80 90
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In order to explain the mechanism pf the ET reaction, the Figure 6. Dependence of thidlesratio onEspy, for the R isomer of
knowledge about the PESs of the excited states of complexesihe anthracenedimethyl-o-toluidine complex.

is necessary. These calculations are performed for both diabatic
states|LEOand |ionCof all complexes excepted that of DEA.

the energy minima, (ii) positions and heights of the energy

The most relevant parameters are (i) positions and depths ofbarriers, (iii) the crossing area between LE and ionic surfaces
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energetically accessible from the minima of the LE state, and
(iv) the LE—ion coupling strength in the crossing area. AD’

A. Calculation Technigques and Approximations. The
calculations of PES of the locally excited and ionic states were
carried out using the same techniques as those used for the
ground-state surface and described in part 1. The changes of
the molecular structures and properties induced by excitation ' A*D
or ionization must be taken into account: (i) we assumed that
the geometry of anthracene in thieEdand |ionOstate is the 13.55 keal/mol
same as that in its ground state. We supposed that the structure
of the aniline derivatives is unchanged in the LE state. We 1.13 kealAnol
were looking for the crossing of LE and ionic surfaces for
identical (nonplanar) structures of the donor in A*D andD¥
species. On the other hand, the calculations of theDIMA ™
energy minimum were carried out for the DMAon with the
dimethylamino group in the ring plane. Their results are valid
also for DMPT and DMMT complexes.

(i) The distribution of the electric multipoles in the excited
anthracene molecule was determined by CI calculations taking
into account all monoexcited configurations. Similar calcula-
tions were performed for Aand D' ions by an open-shell UHF-
SCF treatment. One can thus consider that electrostatic terms
are obtained with the same accuracy as for the ground state
complexes. .

(i) The major problem is the lack of information about the Figure 7. Structures of two principal isomers of the anthracene
polarizibilities of excited molecules and ions. The dispersion ?A?eig%'cagimzcceog‘glg; Z‘Sdbth?ﬁecoéﬁigﬁgd'ﬁgetﬁ% éhinrﬂ'nsm?];tfic
;g?alggi rrlzag(;n f;?r?qse V\;gir:zusst;t%m%uotleedculf:lsng tsk;relczamirepresentation of the LE andyionic surfaces in the vicinity of their
polarizibility is usually enhanced by electronic excitation, both crossing.

terms are underestimated. In the case of the ionic state, the(i_e_ red shifts observed for different R-isomers) of the same
polarizibility of the A” ion is larger and that of Dsmaller  compjex are only slightly different from one another with the
than those of neutral A and D molecules so that errors partially only exception of the A-DMOT complex.

comperjsate ea.ch other. o ) For the ionic state of all complexes except that of DMOT
The intersection of the PESs of the LE and ionic states in he calculations indicate a single minimum with a stacked

the vicinity of each minimum of the LE surface was localized = sirycture and the distance between the ring planes reduced to
using the Monte Carlo method. The part of the LE surface with 3 25 A (Figure 7). The-NR, group (contained in the ring
energies lower than that of the lowest saddle point delimiting plane) is situated above the central anthracene ring and the

the basin was explored. Energies of LE and ionic states wereenergy depends only slightly on the angle between the long axis

cross (or at least approach closely one to the other) within the /40jimits.

attraction basin corresponding to a given minimum. The  The accuracy of this calculation may be checked by compar-
configurations at the crossing area are determined in this way. ing the calculated energy difference between this minimum and

In order to estimate the configuration dependence of the the corresponding point on the ground state surfatg{Qion)
HLe,on(Q) coupling matrix element, supposed to be proportional — v/(Qy,) with the frequency of the exciplex emissiorr &+
to Sap, the overlap integrabip between the HOMO’s of A — AD. The calculated energy is overestimatecN#600 cnr?
and D, we calculatecBp for relevant configurations of the  (~4.6 kcal/mol) for all complexes except that of DMOT for
donor-acceptor pair. which this difference is more important8.6 kcal/mol). This

B. Results. The calculated geometry and relative energies error, not exceeding 5% of the total binding energy, is probably
of the energy minima as well as positions and energies of the due to underestimation of dispersion and polarization terms, as
saddle points at the LE state surface are nearly the same as irin the case of the LE state. These energy corrections do not
the ground electronic state. Our calculations do not reproducedeeply modify the picture of the surface crossing: in view of
the observed red shift of£500 cn! (~1.5 kcal/mol) of the the shallow shape of the LE surface and the very steep decrease
AD — A*D transition with respect to the A> A* transition in of the ionic state energy in the crossing region, the crossing
the bare anthracene molecule . This discrepancy is obviouslyarea is not sensitive to a few kilocalorie shifts of diabatic
due to the underestimation of the dispersion term. Since this surfaces (Table 2).
term is relatively insensitive to the mutual orientation of  The equilibrium configuration of ADMOT)™ is different:
molecules, one can suppose that the error may be corrected byr-shaped with the-NR, approaching closely the central ring
a shift of the whole LE state surface to lower energies. This of anthracene. The energies of the secondary minima with
picture is consistent with the experimental data showing that structures close to the stacked one are higher by ca. 4 and 7
(i) the equilibrium configurations of thigh isomer in its ground kcal/mol. The reason for this difference is an exceptionally high
and LE state are nearly the sa@g:(i) ~ Qq(i), as evidenced  value of electrostatic and polarization terms due to a large value
by the intensity distribution within the fine structure of the of positive charge localized at the N-atom, the MNRng
08 band systems (short progressions with the maximum in the conjugation being practically suppressed by the steric hindrance
origin band) and (i) the energy differences(Q(i)) — Vq(Q(i)) effects.
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TABLE 2: Variation of the Energy Position of the Lowest
Crossing Point Between AD and A D' States as a Function
of the Energy Shift of the A~ D* PES for the
Anthracene—Dimethylaniline Complex2

shift of A"D* PES (in kcal/mol) 460 360 260 1.60

energy of the lowest crossing point73.89 73.95 73.98 74.06
(in kcal/mol) relative to
A+ Datd(A-D) =

energy shift of the lowest crossing 7
point relatively to the bottom of
the minimum 1 well (in cm?)

28 40 67

aSimilar results were obtained in the case of the anthraeene
dimethylp-toluidine and anthracenalimethylm-toluidine complexes.

Complete results for different complexes are represented in
Figure 8. For each complex are given (i) the energigs ¢f
the main energy minima in the LE state, the energy of the

deepest one being taken as zero, the minima are numbered al

in part 1 and their configuration®; are nearly the same as in
the ground electronic state (cf. part 1), (ii) the energies of the
ionic state [j) for eachQ; configuration, (iii) the energies of
the saddle points between the minimandj at the LE surface
(Vj), and (iv) the energies/) of the lowest crossing point of
LE and ionic surfaces in the vicinity ath minimum (if this
energy is lower than the lowest;).
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performed: (i) the potential energy in the crossing paof

the LE and ionic surfacéé (Qc) = Vion(Qc) is not much higher
thanV_ e(Qe ), (ii) this energy differencAV = V g(Qc) — Vie-

(Qg) is equal or smaller thaH g jon(Qc) in the crossing region
(~2 kcal/mol), and (iii) the geometrie®., Qg, andQj,, are not
very different so that not only the height but also the extension
of the energy barrier is not too large. This condition may be
formulated in a somewhat different way: the evolution from
Qe to Qion does not necessitate an important change of more
than one external coordinate.

For DMA, DMPT, and DMMT complexes, these conditions
are fulfilled for the configuration (1 = Q1. In A-DMA, the
energy gap between ionic and LE surfaceQat Q, is of 1.80
kcal/mol so thawion(Q1) — ViLe(Q1) ~ Hie,ion(Q) and the two
states are strongly mixed. Moreovety = V(Q.) — ViLe(Qp)
~ 0.02 kcal/mol, so that the A-surface is obviously barrierless.
he values obtained for the two other complexes (Figure 8b,c)
are nearly the same. The struct@eis also similar to that of
the equilibrium configuration of the ionic state: by rotation of
the donor molecule around its short axis we attain the geometry
with parallel molecular planes and the NBroup in a close
contact with the acceptor-electron system. Note that for the
minima (2) of the three complexes, the energy gaps calculated
in the same way are respectively 13.55, 12.51, and 13.42 kcal/

These schemes enable us to predict the pathways followedMol and their geometries are quite different from those of the

by the molecular systems prepared by optical excitation in the
vicinity of each minimum with a given vibrational energy
content.

The calculated values of th&p overlap integral are only
slightly dependent on the complex configuration in the relevant
configuration range varying for the DMA complex from 3x7
1073 for minimum (1) to 4x 1072 for minimum (2) and to 5
x 1073 for the 1-2 saddle point. One can thus admit that the
coupling constant_g jon(Q), equal to~20S,p ,2 is of the order
of 800 cnT! (~2 kcal/mol) in the whole range. This value is

ionic state. We may thus assume that the minimum (1) of all
three complexes corresponds to the E-isomer. Since the
minimum (1) is the deepest one in the ground electronic state
and shows a high occurrence, this assignment is compatible with
a high relative intensity of the E isomer bands in the fluorescence
excitation spectra of A-DMA, A-DMPT, and A-DMMT com-
plexes. This assignment is probably valid also for A-DEA.
The case of A-DMOT complex is different. The configura-
tion close to that of ionic state is that of the minimum (4) with
the energy gap between ionic and LE states of the order of 1

close to that deduced from experiment for other systems of this kcal/mol, while it amounts te~6.63 and~16.61 kcal/mol for

kind %10

It must be kept in mind that in a nonnegligible fraction of
the configuration space the energy differemgg,(Q) — Vie-
(Q)| andH_g,ion(Q) are of the same order of magnitude. The
surface of the A-state may thus be significantly different from

deep minima (1) and (2). The E-isomer corresponds in this
case to a relatively weakly bound form (its interaction energy
is of -4.06 as compared to -5.11 kcal/mol for the form (1) and
its occurrence is also lower). This is probably the reason why
the relative population of the E-isomer is much smaller in the

those of LE and ionic state surfaces. The energy of the A-state spectrum of A-DMOT than in the spectra of all other complexes

at Qc is reduced byyV; = Hig,ion(Qc) but theV; barrier on the
LE surface will be also lowered by

OV = IVion(Qy) = Vie(Q))? + 4[H g o Q17 % —
l/2|Vion(Qij) — Vie(Qy)l

and some—j barriers may be even suppressed.

V. Discussion

A. Mechanism of the Electron Transfer. Using the Figure
8a—d, we will try to identify the energy minima corresponding
to E-isomers denoted as configuratio@ and those of
R-isomers (configuration®g).

(1) E-lIsomers. The spectra of E isomers indicate the electron

(cf. part 1).

(2) R-Isomers. All other minima are assigned to R-isomers
showing the energy threshold for ET in tBg, = 0—400 cn1?!
range with the maximum value &&t not exceeding 10 s™1
for their highest levels. This value is smaller by a factor of 20
or more as compared to the ET rates of E-isomer. Such a gap
indicates a qualitative difference between the ET mechanisms
in the case of R and E isomers. Two possible mechanisms must
be taken into account: (i) a direct4®R— ion transition analogue
of that observed for E-isomers but with a nonzero energy
threshold and a strongly reduced above-threshold rate and (ii)
a sequential Rw— E ion process involving as the first and
rate-determining step an isomerization at the LE energy surface
followed by a rapid crossing to the ionic state.

transfer taking place at the subpicosecond time scale. This The actually available experimental data do not allow us to
suggests that the energy barrier at the A-state surface betwee§Xclude one of these two pathways but strong arguments in favor

the initial (Q ~ Qg with the energWa(Qe ) ~ V.e(Qe ) and
wave function|A(Qg)0~ |LED and final configuration@ ~
Qion, VA(Qion) ~ Vion(Qion)’ |A(Qi0n)|:|% |ion[j is neg”gible or
absent. This absence (strong coupling limit) implies following
conditions for the diabatic states for which our calculations are

of the second one may be deduced from calculations.

(i) We explored by the Monte Carlo method (cf. IV) the
basins corresponding to each energy minimum of the LE state
surface assigned to an R-isomer. As shown in Figuredda
we did not find for most of them any crossing between LE and
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Figure 8. Summary of the results of the modeling of the LE and ionic PES'’s for all complexes, in each schdrageagiven (i) the energie¥j

of the main energy minima in the LE state, the energy of the deepest one being taken as zero. The minima are numbered as in part 1, (ii) the
energies of the saddle points between the minimadj at the LE surface\(;), (iii) the energies V) of the lowest crossing point of LE and ionic

surfaces in the vicinity ofth minimum (if this energy is lower than the lowegf), (iv) the energies of the ionic statg ) are given for eacl@;

andQ;; configuration. For these complexes, the absolute energy of the deepest minima and the absolute energy of the ionic PES minimum (relative
to A + D with dap = ) are respectively A-DMA 73.90, 64.08; A-DMPT 73.88, 61.05; A-DMMT 73.67, 62.90; and A-DMOT 74.04, 65.61. All
energies are expressed in kcal/mol.

ionic surfaces at the relative energies lower than that of the one order of magnitude lower than that corresponding to the
lowest saddle point separating this minimum from other minima minimum 2. This results, at the A-state surface, in a lowering
at the LE surface. The barriers separating different LE-type of minimum (1) and saddle point energies while energy of
minima (respectively R~ E and R~ R) are less sensitive to  minimum (2) is only slightly modified. Note also that the
the LE—ion coupling than in the case of crossing points between configuration corresponding to the saddle point is more similar
LE and ion surfaces but may be also significantly lowered. This to that of minimum (2) than to that of minimum (1). This
is the case of the barrier separating the minimum (2) assignedexplains that for this complex the calculated barrier between
to the R-form from the minimum (1) corresponding to the E minima (2) and (1) at the A-state surface will be lowered and
form at the LE surface of the A-DMA complex. As shown in will become of the same order of magnitude as the observed
Figure 7, the energy gap between the LE and ion PES’s for the ET threshold of 120< Ey, < 215 cn1? (this is also valid for
minimum 1 and the saddle point between minima 2 and 1, is the A-DMPT and A-DMMT complexes).
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(if) The ET rate from high (well above the ET threshold) on Ee (i.€., the same as in the case of tl'geband system) (ii)
levels of the R-isomers are much lower than those of E-isomers. a rapid IVR followed by the R~ E isomerization from the

Within the model assuming a direct R ion transition, this
difference may be explained only by the values of the jon-
(Q) coupling constant much lower in the case of-iBn
intersection than in that of the-&on crossing. This explanation
is, however, not compatible with the slight dependenc&af
(i.e., of H g—ion) ON complex configuration.

We prefer, therefore, to assume a sequential mechanism for

ionization of the R isomers with a slow isomerization at the

LE surface as the rate determining step. This assumption of a

process involving heavy patrticles is consistent with strongly
reduced ET rates.

B. Energy Dependence of the ET Rates of R-Isomers.
As previously discussed (Il.), the ET rates increase rapidly with
the vibrational energy exceEsi,. The slope of théer = f(Eyip)

is for this group of systems larger than in the case of most other

AD complexe$? and A—B—D bridged bichromophoric mol-

eculest® Such a behavior corresponds to systems with relatively
low but extended energy barriers. As a matter of fact, the
configurations of minima (1) and (2) assigned to R and E

isomers are situated far from one another at the LE-state surface,

The probability of the 2— 1 transition increases rapidly with
Evib but remains low even foE,i, > Vi

The energy dependence of the ET rates may be followed in

a more detailed way for the isomeric forms with the ET
thresholds a€E,p < 120 cnTt (i.e., the @ band system, the
whole vibrational energy being injected into external modgs (

= Eex). One can then check whether the ET rate is a simple
function of Eyi, or depends also on the specific properties of
the initially excited mode. From a limited number of observa-
tions one can tentatively deduce the following rule : the ET
rate depends on the excited mode onlyHgp < 50 cnt! and
varies monotonically with energy above this limit. This
behavior may be correlated with a typical value of the IVR
threshold for molecular complexes of this size, of the order of
70 cnt! for perylene-anisolé! and perylene benzen& com-
plexes. For the lowest levels, IVR is absent or so slow that
electron transfer takes place from the initially excited level and

may be mode sensitive. Above the IVR threshold, the energy

is redistributed with a rate of 18-10'* s1 before ET occurs.

levels withE'i,; = 0 and a large amount of energy in external
modes E'ext = Eint + Eex). This second step is probably very

rapid but the overall ET rate is determined by the rate of IVR
from internal to external modes.

VI. Conclusions

The irreversible A*D— A~D™ electron transfer was observed
for all complexes studied here but the energy thresholds and
rates of this process are strikingly different for different
complexes and different isomeric forms of the same complex.
The difference between the E-isomers wigh > 2.102 s1

and R-isomers withker = 10°P—10" s! in absence of
intermediate forms may be rationalized by assuming different
mechanisms in both cases: a direct electron transfer in the first
and the sequential process in the latter one with the-RE
isomerization as the first, rate-determining step.

The electron transfer in isolated molecular systems may be
treated in terms of the theory of nonradiative transitions either
as electronic relaxation between diabatic LE and ionic states or
as an evolution at the single energy surface of the adiabatic
A-state. The first picture seems to be the best in the case of a
weak LE=ion coupling (R-isomers) and the second one in that
of a strong coupling in E-isomers.

We tentatively assigned the equilibrium configurations de-
duced from modeling of energy surfaces which correspond to
the most abundant R an E species. They do not correspond to
simple (stacked or T-shaped) structures.

The most important conclusion is the extreme sensitivity of
the ET rates to the mutual orientation of donor and acceptor
molecules forming different complexes with nearly the same
intermolecular distances close to the sum of van der Waals radii.
This result suggests that also in condensed phases the probability
of electron transfer depends not only on the intermolecular
distance but also on the angular coordinates of the denor
acceptor pair.
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