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Abstract: The structure of the potential energy surface for the intramolecular electron transfer (IET) of four
different model radical cations has been determined by using reaction path mapping and conical intersection
optimization at the ab initio CASSCF level of theory. We show that, remarkably, the calculated paths reside
in regions of the ground-state energy surface whose structure can be understood in terms of the position and
properties of a surface crossing between the ground and the first excited state of the reactant. Thus, in the
norbornadiene radical cation and in an analogue compound formed by two cyclopentene units linked by a
norbornyl bridge, IET proceeds along direct-overlap and super-exchange concerted paths, respectively, that
are located far from a sloped conical intersection point and in a region where the excited-state and ground-
state surfaces are well separated. A second potential energy surface structure has been documented for 1,2-
diamino ethane radical cation and features two parallel concerted (direct) and stepwise (chemical) paths. In
this case a peaked conical intersection is located between the two paths. Finally, a third type of energy surface
is documented for the bismethyleneadamantane radical cation and occurs when there is, effectively, a seam of
intersection points (not a conical intersection) which separates the reactant and product regions. Since the
reaction path cannot avoid the intersection, IET can only occur nonadiabatically. These IET paths indicate
that quite different IET mechanisms may operate in radical cations, revealing an unexpectedly enriched and
flexible mechanistic spectrum. We show that the origin of each path can be analyzed and understood in terms
of the one-dimensional Marcta$dush model.

Introduction bound polyatomic molecules, the points of conical intersection
where the ground- and first excited-state potential energy
surfaces cross lie usually at the highest-energy regions of the
ground-state energy surface. The energy of these points is
usually too high to be sampled during the reactive motion in
the ground state, and therefore potential energy surface crossings
are normally of no interest in the mechanistic spectrum of
closed-shell molecules. However, we and others have recently
provided evidence that for unstable intermediates such as radical
cations, the energy difference between the first excited- and
ground-state energy surface is significantly reduegtinder
these conditions, the search and characterization of conical
. . intersections has been shown to be useful for the characterization
a specific chemical process. In any case, only the structure Ofof the mechanistic spectrum associated to reactions such as

the vaII_eys (ie., the lower-energy reg|ons)_ of thel 3 6 molecular rearrangements and intramolecular electron transfer
dimensional potential energy surface (whérés the number (IET)

of atoms of the reacting system) are mapped, and any informa-

gpn on dthg struhcturg (I)If h|ghter-er1t¢rgy regions is simply spectrum of four prototypical donetinker—acceptor systems
Isregarded as chemically uninteresting. by mapping both the higher-energy (surface crossings) and the
Conical intersections usually.occur at molecula}r structures surrounding lower-energy (reaction paths) regions of their

far removed from thermal reaction paths but are important as ground-state potential energy surface. From the point of view

The use of the computer to map the potential energy surface
of thermally activated reactions has now become a standard
practice in many chemical laboratories. Usually, one locates and
characterizes the lowest-energy reaction path for the chemical
reaction under investigation. Less frequently, the search is
extended to parallel or alternative reaction paths which lie at
higher energy but may be of interest when a particular
substitution pattern is present in the reactant, or when the
reaction occurs in an environment different from the gas phase.
The set of all of the computed paths provides a direct and
unambiguous way for determining the mechanistic spectrum of

In the present paper we construct the IET mechanistic

basic mechanistic elements for photochemical reactidfu. of the ground-state surface, a conical intersection (Cl) may
TKing's College London. appear as a sharp energy maximum (a singularity) when the
* University of Siena. energy is plotted along the two molecular coordinates corre-
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ing moats) will depend on the quantum chemical method used,
Potential the existence and topology_ (i.e., the shape of the surface) of
Energy such features can be establised at lower levels of theory. In the
present paper we employ the ab initio CASSCF level of theory,
which excludes the dynamic correlation energy. Therefore, the
presented energetics cannot be used for predicting the dominant
reaction path with accuracy or discussing the reaction kinetics.
However, our main goal is to relate the calculated potential
------- CI energy surface structure to the mechanistic IET spectrum.
We now briefly discuss the potential surface structures shown
in Figure 2. Type 1 energy surface (Figure 2a) involves a
potential energy surface characterized bwiagle adiabatic
reaction path This path can be associated with a so-called
sloped conical intersectioand asloped moatthroughout the
paper we use Ruedenberg’s nomencldtue classify the
possible shape of conical intersections) or to a truly avoided
crossing. Type 2 (Figure 2b) involves peaked conical

Excited State

DC

_ Moat _ intersection with a horizontal moat. This surface hasvo
Figure 1. General, moat-shaped potential energy surface topology for different adiabatic reaction pathiscated on either side of the
the ground state in the vicinity of a peaked conical intersection. intersection. Finally, type 3 (Figure 2c) involves, effectivedy,

coupling (DC) vectors (see Figure 1). These are the only two “seam” of intersection(not a single conical intersection point)
coordinates out of theN8 — 6 geometric coordinates of the  separating the reactant and product regions. In this situation one
molecule that can split the ground-state/excited-state energyfinds a single nonadiabatic pathwith an unconventional
degeneracy at the CI. “transition state” located at the lowest intersection point along
The low-energy ground-state region surrounding such a the seam. These three types of surface structure may exist in
maximum is the “moat” of the conical intersection since, in different regions of the I8 — 6 dimensional potential energy
simple and well characterized (e.g., Jafireller) systems such  surface of a molecule, thus leading to a previously unsuspected
as h, it recalls the moat of a Mexican hat which contains three rich and flexible mechanistic spectrum.
degenerate H- H; reaction paths (see Figure 1). In the radical ~ Our description of the potential energy surface does not
cations under study, we will show that the mechanistically provide kinetic information in the manner of the one-
important reaction paths (indeed, the entire mechanistic spec-dimensional MarcusHush (MH) treatment,by which IET is
trum) lie along one or more conical intersection moats. The uysually analyzed. However, it is much more general, since it
molecular and electronic structure of a conical intersection provides different alternative IET paths that may or may not
correlates to that of the reactant (R), products (P), transition be consistent with the MH model. Thus, a second target in the
states, and intermediates located along the associated surrouncpresent paper is to analyze and classify the “elements” of the
ing moat. In our recent work on the 1,2 rearrangement of computed reaction spectrum (i.e., the paths residing along the
housane radical cation, where a formal IET was embedded inthree types of potential energy surfaces given in Figure 2) in
the complex reactivity of the systethand in the IET of a bis-  terms of MH-related cases (see Figure 3). In a detioker—
(hydrazine) radical cation with a phenyl link& ,we have  acceptor molecule, the individual IET paths can occur by four
demonstrated that, due to the reduced energy gap between thgifferent mechanisms: (i) by super-exchahgad (i) by a
excited- and ground-state energy surface, conical intersectionnonadiabatic electron transfer (NAET) mechanism, (i) by a
points either become structurally and energetically close to the “chemical” mechanism (CET), and (iv) by a direct-overlap
moat IET paths or actually lie along an IET path. Obviously, mechanism. These mechanisms can, in turn, be related to a MH
in these cases the search and characterization of the differenyescription. In the MH model, reactant and product are
conical intersections and moats of the reacting system appearsepresented by two parabolas corresponding to two diabatic
to be of basic importance. states (where the charge,.j.the unpaired electron is localized
Below, we present a general mechanistic spectrum of thermalon different parts of the molecule). The interaction between the
IET derived by mapping of the conical intersections and moats two diabatic states at the transition-state geometry, controlled
along the potential energy surface of the norbornadiene radicalby the coupling ternV, gives rise to the “real” adiabatic IET
cation (NRB), a NRB polycyclic analogue (PLN), the 1,2- transition state. The coupling tershand the rate constaktof
diamino ethane radical cation (DAE), and the bismethylene- the IET are related to the optical absorption spectrum of the
adamantane radical cation (BMA). These are all degeneratemolecule. In mechanism (i), the tervhis finite, due to indirect
donor-linker—acceptor systems with an alkyl linker. We show  (through-bond) interaction of the donor and acceptor MOs via
that three different structures of the potential energy surface overlap with the linker MOs and to a small through-space
surrounding the CI of these species arise. These structures okontribution. Further, NAET (mechanism ii) occurs when the
topologies are classified according to the position and shape ofmagnitude of the super-exchange or through-space couplings
the conical intersections and the associated moat and ares very small. On the other hand, the standard MH scheme does
illustrated in the diagrams of Figure 2. Notice that while these not accommodate cases (iii) and (iv) quantitatively. In the direct-
results are illustrated using a two-dimensional energy surface - - -
(which is approximately the cross section spanning the gradient o a1y, - J: Xantheas, S. S.; Ruedenberg)KChem. Phys199]
difference and derivative coupling vectors), our calculations are ~ (5) (a) Newton, M. D.Chem. Re. 1991 91, 767-792. (c) Sutin, N.
carried out taking into account the full set of geometric Prog. Inorg. Chem1983 30, 441-498. (b) Marcus, R. AAnnu. Re. Phys.

; Chem.1964 15, 155-196.
coordinates of the molecules. (6) (@) Cannon, R. D. IrElectron-Transfer ReactionButterworth:

While the energetics and detailed molecular geometry of | ondon, 1980; pp 223237. (b) Paddon-Row, M. Nacc. Chem. Red.994
conical intersections (as well as that of the respective surround-27, 18-25.
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Figure 2. Potential energy surface topologies for intramolecular electron transfer in organic radical cations. The upper part shows a slice of the
surface along the gradient difference coordinate (GD) at derivative coupling DGn the central part, only the lower part of the conical intersection
(ground state of the potential energy surface) is shown in Figure 1a and b. In Figure 1a, only the sloped CI topology is shown.
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Figure 3. Marcus-Hush diagrams for the different IET mechanisms: (i) Super-exchange ¥§m@)l Nonadiabatic (NAETV = 0). (iii) Chemical
(Upr lowest diabatic state at transition state). Direct overlap (iv, not shown) is a variation of (i) wit. big

overlap case (iv), the ter due to through-space coupling is  residence on the linker. Thus, in (i) the energy separation at
large, and the perturbation introduced in the MH model is too the TS is small and there is no point on the reaction path where
big for it to be valid. In contrast, for the CET mechanism (iii), the charge resides on the linker; while in (ii), there is also no
the charge is actually located in the linker in the transition- charge residence on the linker, but, in addition, the energy
state (TS) region, that is, the diabatic state of the bridge potential separation at the TS is virtually zero. Moreover, in the adiabatic
(Upy) is the lowest at the TS Therefore Uy, should be included  super-exchange path (i) the charge flow occurs gradually along
directly in the MH description, and such a three-state MH model the reaction coordinate, while in NAET (ii) the charge transfer,
has been recently proposed by Nelgen. from a formal point of view, takes place “instantaneously” at

Each mechanism {iiv) can be assigned by examining (1) the TS geometry. For the remaining cases, the energy separation
the calculated energy separation at the TS and (2) the chargeyt the TS is large, and there is charge residence on the linker in

(7) Nelsen, S. F.; Ismagilov, R. F.; Powell, D. R. Am. Chem. Soc. the CET (iii) but no charge residence on the linker for the direct
1998 120, 1924-1925. case (iv).
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On the basis of these criteria we now give a general overview are two minima, one for théS state and one for thé state,
where the results of our calculations are classified in terms of where the charge is delocalized. These minima are maviegd
the topology (i.e., the shape) of the potential energy surface and Min  in the top row of Figure 2. In the full space of
(types +3) and the mechanisms given abovei(). Type 1 coordinates, these symmetry-restricted minvtia s andMin 5
topology (Figure 2a, one adiabatic TS) has been found for NRB may be either reaction intermediates (thus yielding a stepwise
and for the polycyclic analogue PLN (which have been studied IET process) or TS (thus yielding a concerted IET process).
as model compounds for IET both experimentally and theoreti- For a type 1 topology, one minimum may lie on the ground
cally®). In NRB, the adiabatic TS electronic structure arises from state, while the other is on the excited state. In this case, the
a donor-acceptor direct overlap (mechanism iv), while for PLN two states may cross near the minima (type 1a, sloped
the super-exchange mechanism (i) applies. Type 2 potentialintersectiof) or at infinity (type 1b, truly avoided crossing).
energy surface has been previously documented for the 1,2Alternatively, in the case of a peaked conical intersection (type
rearrangement of housane radical cation and IET in bis- 2, Figure 2b) both minima can lie on the ground state. In the
(hydrazine) radical cations with a phenyl linkein this paper special case of type 3 (Figure 2c), the two minima and the
this topology has been found for the DAE radical cation, where crossing point coincide, thus generating a seam of intersection.
the two paths around the conical intersection correspond to a(A seam of intersection is an(—1)-dimensional crossing
CET and a direct mechanism (cases (iii) and (iv), respectively). between two potential energy surfaces, wheris the total
The CET path goes through an intermediate where the chargenumber of degrees of freedom of the molecule, while a conical
is localized on the carbercarbono bond of the ethylene bridge.  intersection is ar{ —2)-dimensional crossing.)

Type 3 surface structure, involving NAET through a seam of - \yhjje the MH description uses diabatic states, the states used
intersection (previously described for the crossing of the , qur work are the adiabatic states and the interacticis

hydrazine-localized states of a model bis(hydraZiiehas been  5reaqy included everywhere. Thus, we are concerned always
found in BMA (recently used as model compound for “Sym- it rea] crossings. At a peaked ClI, the degeneracy is lifted by

metry-forbidden” IET dynamic calculatiof)s As in the bis- 1, hclearcoordinates. One of these, the derivative coupling
(hydrazine) model, the seam topology for BMA arises because .o ginate, corresponds, in the TS region, to the reaction

the super-exchange coupling between donor and acceptor i, ginate in the MH model. However, the degeneracy of the

virtually zero, due to the perpendicular orientation of the charge- two states at the Cl is also lifted along a different nuclear

bhearing groupsh(mechanis(,jmlii). Fin:;:lly, for :DLNI' in adgitioné%Tdisplacement, the gradient difference, which is the additional
the super-exchange model, we have also located a coordinate of our two-dimensional model. In a peaked Cl, this

.mECham§m (via an mtermedlate Where thg.charge IS IOCaIIZedyields two different (symmetry-restricted) ground-state minima
!‘n the ”g.'d allfyl linker). This mechan_lsm (iii) goes through a for the delocalized states. This situation, shown as type 2 (Figure
conve_ntlonal TS, where the separatlorll between the adiabatic 2b), has no simple counterpart in the MH description, where
states is estimated to be @0 kcal mot ™. only a single reaction path is consideteehich approximately
) ) ) coincides with the derivative coupling coordinate in our

Theoretical Considerations approach. Therefore, two separate MH diagrams would be

The states which intersect in the model radical cations studied "€¢€SSa1y 0 degcribe the_situatiqn (one for each reaction patlh).
in this paper are characterized by the localization of the unpaired For the topologies assogated with type l. or type 3, there IS
electron in one or the other of two possible singly occupied ef'_fectlvely only one reaction path, and there is clc_)ser relat|op§h|p
orbitals. At the TS region, for all of the cases we have studied with MH tr_leory. Thus, type 1 or _3 are charaterized by a finite
thus far (with the exception of the chemical mechanism for PLN, or zeroV In MH th_eory, respectively. In the case of a seam
which will be discussed later), the molecule is symmetric with (type 3),_the reacthn path may be compIeFer nongdlabatlc.
respect to interchange of the doracceptor, and the charge- Fu(ther, if the crossing point for the sloped intersection (typg
bearing orbitals are delocalized. There are two possible sym- 1) is close to the minimum, there may be large nonadiabatic
metries of the orbitals, symmetric or antisymmetric with respect €ffécts. Thus, two geometrical coordinates rather than one are
to the symmetry operation that interchanges the democeptor.  €SSential to describe the IET process in general.
For the sake of clarity, we will call these S and A orbitals,  Finally, we warn the reader of a conceptual and semantic
respectively. At the Cl, the two crossing states 28eand?A, problem. Since in our calculations we use delocalized, sym-
which are represented in the upper part of Figure 2. As metry-adapted states at the conical intersection, the nuclear
mentioned abov&29at the Cl there are two degeneracy-lifting coordinate that leads from the crossing point to the localized
coordinates: the gradient difference and the derivative coupling. minima is parallel to the direction of the derivative coupling
For a change of geometry along the derivative coupling vector computed at the CI. This vector is always nontotally
coordinate, which must be nontotally symmetric, the S and A symmetric, and as one moves away from the conical intersection
orbitals can mix, and the unpaired electron localizes. Accord- point, the orbitals localize spontaneously. On the other hand,
ingly, displacement from the Cl along the derivative coupling the coordinate which leads from the Cl to the transition state(s)
leads to the two minima for the IET, where the electron is (Mins and/or Min,) of the IET is the gradient difference
localized on donor or acceptor. For a change of geometry alongcoordinate, which must be totally symmetric. However, since
the gradient difference, which must be totally symmetric, there any linear combination of the degenerate wave functions is valid
at the point of degeneracy, one could equally well choose the

(8) (@) Jergensen, F. S.; Paddon-Row, M. N.; Patney, HJ.KChem. orbitals to be localized. In this case, the roles of the derivative
chﬁ,’agggmhgﬁm,\;mﬁ?gitgz& ol /(f;% %‘A?%Végygé#igggj&”;f' coupling vector and the gradient difference vector are inter-
6969. (c) Paddon-Row, M. N.; Wong, S. S.; Jordan, K. JVAm. Chem. changed. Thus, in the localized orbital basis used in MH theory,
Soc.199Q 112 1710-1722. (d) Jones, G. A.; Carpenter, B. K.; Paddon- even at the point of crossing, the IET reaction coordinate would

ROE'(;') gﬂane-sJ-GA"A- _ngrmpér?tg‘}gé’gKl?%:;dg;_SRSo%- MLNAM. Chern be the gradient difference. The same happens at one of the
Soc.1999 121 1117111178, T ' crossings reported in this paper, the peaked CI found for the

(10) Davidson, E. RJ. Am. Chem. S0d.977, 99, 397—402. chemical mechanism in PLN (see below).
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Table 1. Relative CASSCF/6-31G* Energies (in kcal myr optimizations of all other structures were carried out with the 3-21G*

b basis set, and the energy was recomputed with single-point 6-31G*
structure _symmetry state  Ewl ABoi-0z calculations. FotNRB-Lo%,/ NRB-TS (FIiDgure 4),PLN-'Ig'Sl,pBMA-
NRB-Loc Cs A 0.0 56.5 Loc, and BMA-Int , state-averaged orbitals were used during the
NRB-TS Ca ’B, 0.1 611 optimizations and the analytical frequency calculatitnBor PLN-
NRB-Exc Cav §A1 ) 19.6 16.4 Loc (Figure 5), the energy of the optimized structure was recalculated
II;III_QI\?I__S(I: gz” 2’;\1,/ B2 Sgg 128 with state-averaged orbitals. This was due to the proximi_ty of the two
PLN-TS, Cor °B, 0:6 6:8 Iowes_t states (see T_able 1 for _detalls) and pr_evented spurious _symmetry
PLN-Exc C,, 2p, 7.5 7.2 breakmg_. The reaction coordinates .shown |n_F|gure 6 and Flgur_e S1
PLN—CI Ce INZIN 15.5 0.0 (Supportlng_ Inf_ormatlon) were obtained by single-point ca_lculat!o_ns
PLN—Int; Cs 2A 10.0 23.7 on geometries interpolated linearly between the corresponding minima
PLN—Int, C: 2A —1.1d 41.6 and transition structures. In Figure 6, the occupations ofithends
PLN-TS Cs 2A 11.0 11.7 were obtained localizing the active space.

PLN-TS; C 2A 10.0' 154 For the structures of the chemical path for PLN, the active space
PLN-TS Cs 2A" 10.2 18.8 was enlarged, including the orbitals corresponding to the charge-bearing
DAE-Loc C 2A 0.0 f carbon-carbono bonds. State-averaged orbitals were also used for
DAE-Int G 2A 5.9 f the optimization ofPLN-TS,. Due to the size of the problem, the
DAE-TS, Cz 2B 7.8 f structures of the chemical path for PLN were not characterized by
BQE-(F:ISQ gi 22:1 8, 3;% fO 0 frequer)cy calculations. Insteapl, the TSs were optimizgd using numerical
DAE; CS” oA 5:6 f ’ derivation along the IET coordinates (str_etchlng of the |nvoIve_d carbon _
DAE, Co 2B, 8.7 f carbon bonds). To compare the energies of all structures involved in
DAE; Co 27, 9.8 f the chemical path, it would be necessary to include all carzanbon
BMA-Loc Ca 2B, 0.0 14.7 o bonds which carry charges in any of the structures. This would result
BMA-Int D, 2B, 3.24 0.47 in an (11,12) active space, which is too large. Instead, the energies for
BMA-CI Doy 2E 3.36 0.0 every step of the stepwise IET path shown in Scheme 1 were

recomputed with single-point calculations. The single-point energies

a Geometries optimized with the 6-31G* basis set for the NRB and of structuresPLN—Int; and PLN—Int, which appear in two steps

DAE structures and with the 3-21G* basis set for the PLNO and BMA . - . .
ones. See Tables SB3, Supporting Information, for the active spaces were_computed twice, each time with the active space adequate for_the
and the absolute energiésRelative to the localized structures of each ~ '€action step to be assessed. The (7,8) active spaces used in these single-

molecule except where notetiOptimized 3-21G* value? Relative to point calculations are detailed in the Supporting Information section,
PLNO—Int;. ¢ Relative toPLNO—Int,. f Not calculated; see text. Table S1. For the first step, the energies of the three strucRlrbis
Loc, PLN-TS;, andPLN—Int; were recomputed state averaging over
the three lowest states.

In this work we have also considered the possibility of using

The CASSCF computations have been carried out with a develop- alternative computational methods for our calculations, but found that
ment version of the Gaussian progr&hA method for state-averaged  none of them was useful for our problem. For DAE, QCISD/6-31G*
frequency computations has been implemented in this Eodbe calculations showed symmetry breaking at @egeometry oDAE;.
relative energies of all structures are listed in Table 1. A complete Thus, by using a wave function &% symmetry (orbital localization at
documentation of the active space for all calculations is found in Tables the nitrogens) with &,, geometry, the energy was spuriously lowered
S1-S3 of the Supporting Information. by 0.5 kcal mot?. As for B3LYP calculations, it is well-known that

In our CASSCEF calculations for DAE, we used the 6-31G* basis this method is inadequate for the calculation of small radical cations
set and an active space of 7 electrons in 6 orbitals: the two nitrogen such as DAE, because it gives a wrong preference for charge-delocalized
nonbonding orbitals and the four orbitals corresponding to the two CN structureg3 In fact, Carpenter and Paddon-Row report the same problem
bonds of the molecule. In the optimizations and analytical frequency for PLN.2¢ For the latter system, we tried the viability of MP2/3-21G*
calculations, redundant orbitals (that is, orbitals with occupation calculations but found the same problem than for B3LYP.
numbers larger than 1.99 or smaller than 0.01) were removed from the
active space. To compute the energetics for the direct path presentedResults and Discussion
in Figure 2, single-point calculations using the “full” (7,6) active space . .
were carried out on the optimized structures. For the structures with  IN What follows we describe the potential energy surface
appreciable charge localization in the CC boBthE-Int and DAE- topologies for the studied molecules. All topologies were
TS,), the active space included the CC bond instead of the doubly characterized following the methodology described in our
occupied nitrogen orbital. To assess the energetics of the CET path,previous papers on radical catichahich has been reviewed
the energy oDAE-Loc was recomputed with this (7,7) active space. in the previous two subsections. In general, the Cl of high
The possibility of spurious symmetry breaking was studied at a structure symmetry was optimized first. Then, starting at the Cl, following
of Gz, geometry (corresponding to SUUCUDAE). Use of asymmetry- —— the gradient difference and derivative coupling coordinates, the
broken wave function (localized nitrogen orbitals) gave virtually the relevant stationary points in the “moat” were optimized and

same energy (0.002 kcal mélhigher) than the one obtained with characterized. The relative energies of all structures are presented
symmetric orbitals. This confirms that there is no spurious symmetry ) g p

breaking at the CASSCF(7,6)/6-31G* level. in Table 1. Details of the geometries can be obtained from the

For NRB, PLN, and BMA, the basic active space was 3 electrons Cartesian coordinates given in the Supporting In_formation.
in 4 orbitals (the 4 orbitals of the external double bonds). The NRB  Type 1 Topology: NRB and PLN. The potential energy
optimizations were carried out with the 6-31G* basis set. The surface of the radical cation of NRB is centered on a sloped ClI
(11) Frisch, M. J.. Trucks, G. W.. Schiegel. H. B.: Gill, P. M. W.: of Cy, symmetry. The two crossing states (see Figure 4a) are
Johnson, B. G.: Robb, M. A+ Cheeseman, J. R.: Keith, T.: Petersson. G. th€ “Bz (F_"IeCtror_“C Co_nflgurzz;ltloq @¥(b2)") _and the A state
A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A,; Zakrzewski, (electronic configuration ?(ag)). Following the derivative
V. G Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.; coupling of b symmetry (antisymmetric stretching of the double
vv%m%ya,\lzk%\r,a: ﬁh‘drcehsa”Jacfmpggbmg'lep?gé (-:G\ghﬁgg?\; : :\(A‘ér(t:igeg' Y_V bonds), the charge localizes on one of the double bonds, and
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.. Stewart, J. P.; Head- the localized minimunNRB-Loc is found. The minima of the

Gordon, M.; Gonzalez, C.; and Pople, J. Baussian 985aussian, Inc.: two crossing states (i.e., the transition-state region for IET) were
Pittsburgh, PA, 1999.
(12) Vreven, T. Ph.D. Thesis, University of London, 1998. (13) Bally, T.; Borden, W. TRev. Comput. Chem1998 13, 1-97.

Computational Details
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topology of the surface. In the full space of coordinai¢RB-

TS is the ground-state TS for the IET. Due to the sloped ClI
topology of the potential energy surface, there is only one TS
for IET. The activation barrier is 0.1 kcal mdlat the CASSCF-
(3,4)/6-31G* level of theory, which means that the IET
coordinate is very flat. Although at this level of computation
the values of the barriers may not be exact, in principle our
result agrees with experimental EPR data that indicate that the
ground-state minimum of NRB has four equivalent olefinic
hydrogens# Due to the low IET barrier, the two localized
species are in a dynamic equilibrium, and the hydrogens are
equivalent. The low barrier is due to the proximity of the double
bonds, which allows for a direct overlap of the orbitals
(mechanism iv).

The potential energy surface of PLN has an avoided crossing
topology (type 1b). The avoided crossing can be seen as a
limiting case of the sloped CI (type 1a) where the two states
cross at infinity. The two low-lying states at the avoided crossing
of C,, symmetry are, in analogy to NRB, tAB, ground state
and the?A first excited state. In the optimized minimupiN-

Loc (Figure 5), the charge is localized in one of thdonds.
The Cy,-symmetry-restricted ground-state minimudB4) is
PLN-TS;. A frequency calculation shows thBLN-TS; is the

TS for IET between the two localized species, and the activation
barrier is 0.6 kcal moft (Figure 5). AtPLN-TS;, the two lowest
states are separated by 6.8 kcal Mphand the super-exchange
IET occurs purely adiabatically (mechanism i). The calculated
IET reaction coordinate (see Figure 6 and Computational
Details) shows that the charge is transferred gradually along
the coordinate, which is in agreement with the adiabatic
character of the process. RLN-TS;, the gradient of the upper
surface at that geometry is small (0.014 au). The geometry of
the excited-state?A;) minimum PLN-EXC is very similar to

instantaneous charge transfer at the TS) along the IET coordinate (sedhe one ofPLN-TS;, and no CI could be optimized for PLN,

Computational Details).

found following the gradient difference coordinate (bending of
the six-membered ring as shown in Figure 4) from the Cl, in
thesamedirection, both in the ground and excited-state energy
surfaces. Thus, th&B, minimum NRB-TS lies on the ground
state of the potential energy surface, while #Ag one, NRB-

Exc, lies on the excited state. This gives rise to the type la

which shows that the crossing between the two states is always

avoided.

The fact that the electronitB, and?A; states of PLN are
not degenerate at any geometry is an indication of the well-
known fact that the charge-bearing double bonds are not isolated

from one another, but rather interact through the norbornylogous

(14) Gerson, F.; Qin, X.-ZHely. Chim. Actal989 72, 383—390.
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bridge®® This interaction occurs by a through-bond coupling co-worker§P-¢have shown that the through-bond interaction in
of the charge-bearing units through therbitals of the bridge, NRB destabilizes the Lorbital more than the Bone (in contrast
and the magnitude of our calculated energy gap at the TSto what occurs in PLN), while the through-space interaction
geometry is equivalent to the coupling tekfof the MH model stabilizes the A orbital. At the geometry oNRB—CI, both
(see Figure 3). For PLN, this value has been estimated effects cancel each other out and the states become degenerate.
experimentally from the verticat ionization split observed in Type 2 Topology: DAE. Type 2 topology was found for
photoelectron spectroscopy of the neutral compdidhddur DAE. Here, two distinct IET mechanisms, the direct and a
calculated energy gap of 6.8 kcal mbl(see Table 1) is in chemical one where the charge localizes in the ethylene linker
remarkably good agreement with the experimental ionization (cases iv and iii, respectively), compete along different TS
potential split of 7.4 kcal moft. However, one should keep in  regions in the moat that surrounds a Cl. We have studied the
mind that the latter estimate neglects the dependen&éanf IET for the gaucheconfiguration of the molecule, where the
the geometry of the molecule. This is a reasonable assumptiontwo amino groups lie on the same side of the carbcarbon
for PLN due to the small geometric changes associated to thebond, and have not considered possible decomposition or
ionization of the molecule and the IET coordinate, but it may isomerization paths. The optimized CI l@g symmetry (Figure
not be correct for other systerts. 7b,d). At this symmetry, the two nitrogen atoms are equivalent,
Although the through-bond coupling occurs through the  and the nonbonding orbitals lie in the plane of the molecule.
orbitals of the bridge, the charge is not localized in these bonds The electronic states that cross@AE-CI are 2A; and 2B,
at any time during this super-exchange mechanism (case i). On(Figure 7a). Two ground-state minima are found for the two
the contrary, the orbitals of the active spacedPaiN-TS; are states following the gradient difference from the Cbipposite
mainly localized in ther bonds. Although there is a small directions. This gives rise to the moat topology (type 2) of the
delocalization of the orbitals to the neighboriagoonds, this potential energy surface. The derivative coupling coordinate of
occurs not only in the TS, but also at the localized minimum b, symmetry is the antisymmetric stretching of the CN bonds
PLN-Loc. Therefore, the charge is actually not “migrating” (Figure 7b). This causes localization of the charge on one of
through these bonds. Nevertheless, the “through-bond” interac-the nitrogens and pyramidalization of the other, neutral one.
tion is responsible for the fact that the energy of {Be state This coordinate leads to a minimum Gf symmetry DAE;,
is lower than théA; one, so that the two surfaces do not cross of 2A’ electronic state). In the full space of coordinat@sE
at any geometry. In fact, if the through-bond interaction is has a negative frequency that interconnects two equivalent
“switched off”, the two states become degenerate. This was conformers of the localized minimumAE-Loc (Figure 7c).
shown by a calculation on the radical cation of an ethylene dimer In this structure, there is a weak, stabilizing-N bond between
obtained by removing the alkyl bridge of PLN, and keeping the lone pair of the neutral nitrogen atom and one of the
the relative orientation and the bond lengths of the charge- hydrogen atoms of the charged nitrogen. This explains the
bearing units iNPLN-TS;. In this case, where there is only charge localization, which does not occur in cyclic diamine
through-space interaction and the distance between the ethylen@nalogued®
monomers is 6.97 A, the two low-lying states are virtually The gradient difference coordinate at the intersection is a
degenerate (separation 0.04 kcal mjl stretching of the carbencarbon and nitrogennitrogeno bonds.
The different topologies calculated for NRB (type 1a, sloped In the direction that shortens the bonds, tBg symmetry-
Cl) and PLN (type 1b, truly avoided crossing) can be understood restricted minimum of théB, electronic stateDAE, is found.
as the result of the interplay between through-space and through-DAE: is a second-order saddle point, and one of its negative
bond effects. In PLN, through-space interaction is negligible frequencies leads to @ symmetry-restricted minimum B
and the through-bond effect keeps #i& and the?A; states electronic stateDAE-TS; (Figure 7e), which is a TS for the
apart at all geometries. However, in NRB the through-space direct IET (Figure 2b). The NN distance is 2.16 A, and there
and the through-bond interactions have opposite effects. Thus,is a direct overlap between the two orbital lobes. The activation
natural bond orbital analyses carried out by Paddon-Row andbarrier for this monorotatory process, in which the charge-

(15) Toutounji, M. M.; Ratner, M. AJ. Phys. Chem. 200Q 104, 8566 (16) Brouwer, A. M.; Zwier, J. M.; Svendsen, C.; Mortensen, O. S;
8569. Langkilde, F. W.; Wilbrandt, RJ. Am. Chem. S0d998 120, 3748-3757.
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bearing nitrogen rotates approximately’86 reach the TS, is
7.8 kcal mot™. The height of the barrier is partly due to the
energy required to break the weak-N electron bond of the
localized structure.

The minimum of the?A; state was found stretching the-C

Clearly, both paths are adiabatic, since the relevant structures
lie more than 20 kcal mof belowDAE-CI (see Table 1). Both
cases will not adjust to a quantitative MH treatment, since there
is direct orbital overlap between donor and acceptor (in the
chemical mechanism, if each step is considered separately, the

bond along the gradient difference coordinate that lengthens thecarbon-carbono bond becomes the donor viz. the acceptor).

C—C and N-N bonds. As the €C bond is stretched, the-NN
and theo C—C orbitals, both of A symmetry, mix. Thus, at
the optimized geometripAE 3, the charge is accommodated in
the o carbon-carbon bond, which is stretched to 2.20 A. The
two nitrogen atoms are neutral. The struct@8Ej;, of C,,
symmetry, is a TS between two equivalent conformeas-

Int of C; symmetry, which are minima in the full space of
coordinatesDAE-Int is the intermediate for the CET path. In
DAE-Int, the carbon-carbono bond is 2.08 A longDAE-Int
lies 5.9 kcal moti® above the localized minimu@AE-Loc and

is connected to it VIDAE-TS; (7.2 kcal mot! aboveDAE-

Loc). The activation barriers for the CET path are 7.2 kcalthol
for the first step DAE-Loc to DAE-TS,), and 1.3 kcal moi*

for the second steDAE-Int to DAE-TS,). Therefore, the
chemical (7.2 kcal mol') and the direct IET mechanisms (7.8
kcal mol) for DAE have almost the same barrier, although

Type 3 Topology: BMA. Type 3 topology, a seam of
intersection, was found for the radical cation of bismethylene-
adamantane (BMA). This molecule has a Jafeller degen-
eracy ofD,y symmetry, and the degenerate orbitals are shown
in Figure 8a. The minimum point of degeneracy was optimized
as a Cl. AtBMA-CI , the charge is delocalized over the two
double bonds. However, the Jahheller minimum is not a
stationary point of the potential energy surface (i.e., it has
nonzero gradient), and therefore g structure is strictly not
the TS for the IET. AtBMA-CI, the derivative coupling
coordinate (Figure 8b) is the asymmetric stretching of the double
bonds that causes charge localization. The localized minimum
BMA-Loc, of Cy, symmetry, lies 3.4 kcal mot below the
intersection. This point was optimized and characterized by a
frequency calculation at the CAS(3,4)/3-21G* level. The
frequency calculation showed one low imaginary frequency
(135 cm™Y), corresponding to the pyramidalization of the
methylene group of the charge-bearing unit. However, we were
not able to optimize any minimum of lower symmet@s(or
C,). This means that the potential energy surface ar@mé-

Loc is flat. It may also be sensitive to the level of theory, as
can be inferred from the low value of the imaginary frequency.
At the AM1-ClI level of theory, the one-electronbond of the
localized BMA minimum is twisted by 22%5away from the
C,, conformation, and this is supported by experimental and

the values may not be exact at the present level of theory. computational findings on ethylene radical catfo@ertainly
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this point should be clarified by future higher-level calculations, vanishes due to the orientation of the double bonds toward each
but since we are interested in the topology of the potential energy other. In effect, the IET will be completely nonadiabatic (case
surface around the state crossing rather than at the minimumii), because the energy separationBMA-TS (0.02 eV) is
geometry, it should not affect our conclusions on the seam smaller than the value of 0.025 eV given as limit for adiabatic
topology found for BMA. regimel’ Therefore, this JahnTeller degeneracy can be clas-
At BMA-CI, the length of the gradient difference vector is sified as a seam (type 3) of intersect®n.
very small (0.0098 au), which indicates that we have effectively = The nonadiabatic nature of the process is also reflected in
the seam topology corresponding to type 3 (the gradient the charge-transfer coordinate given in Figure 6 (see Compu-
difference vector will never have zero length identically, it can tational Details). In sharp contrast to the gradual IET found for
only become vanishingly small). A very small distortion along PLN, virtually no charge transfer is detected along the IET
the gradient difference coordinate in opposite directions leads coordinate for BMA until the molecule reaches the TS, where
to very shallow equivalent minimBMA-Int of D, symmetry, the charge, from a formal point of view, is transferred
only 0.12 kcal mot? lower in energy than the Cl. ABMA- “instantaneously”. AM1-CI| dynamics calculatidrmiggest that
Int, the energy difference between ground and excited state issymmetry-breaking distortions of the methylene groups may be
only 0.47 kcal motl. Thus the minima oD, symmetry are the origin of avoided crossing paths for the adiabatic (i.e.,
virtually coincident with the JahnTeller degeneracy. An  allowed) charge transfer. This idea can only be tested by further
analytical frequency calculation showed tHa#MA-Int is a dynamics studies at a higher, more reliable level which will be
minimum in the full space of coordinates. The IET reaction necessary to understand the mechanism of this model NAET.
coordinate was estimated by a series of single-point calculations CET for PLN. In the competing chemical mechanism for
on structures obtained by linear interpolation (see Figure S1, PLN, the charge migrates stepwise, localizing on the carbon
Supporting Information). A continuous energy decrease from carbon bonds of the bridge (see Scheme 1). A topology of type
BMA-Int to BMA-Loc was obtained, which indicates that 2 (peaked CI) has been found for the first step of the chemical
BMA-Int is a shallow minimum on the potential energy surface mechanism (see Figure 9). We have optimized two intermedi-
and the TS region is flat. Carpenter and Paddon-Row suggestates,PLN—Int; and PLN—Int,, where the charge is accom-
(as a result of AM1-CI computations) that the IET in BMA is (17) Farazdel, A.; Dupuis, M.; Clementi, E.; Aviram, &. Am. Chem.
“symmetry-forbidden’® since the super-exchange coupling Soc.199q 112 4206.
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Figure 9. Schematic representation of the moat topology for the Cl between #relwr states of PLN (first step of the chemical mechanism).

modated in thepgf' and the Sy carbon-carbon o bonds,

reaction path coincides with the gradient difference vector, see

respectively. These bonds are stretched to 2.10 A. Further, weTheoretical Considerations). Consistent with the type 2 topology,
have optimized the TSs that connect the localized minima and there is a peaked conical intersecti®i,N—CI, between both

the intermediates. This completes the CET path, of 5 steps.

states. The topology arourRLN—CI is similar to that of the

The path is adiabatic (case iii), because the separation betweermoat shown for DAE radical cation in Figure 2b and is presented

the states is larger than 10 kcal mbfor all structures involved

schematically in Figure 9. The adiabatic IET path between the

(see Table 1). It is clear from Scheme 1 that the chemical pathtwo charge localized minima is via the avoided crossing that

requires higher activation barriers (approximately 10 kcalol
for each step) than the super-exchange path (0.6 kcatljnol

goes throughPLN-TS; (found along the derivative coupling
coordinate from the ClI), in the moat of the conical intersection.

documented in the preceding discussion of a type 1 surfaceOne would expect the existence of two different paths along

topology. Moreover, the efficiency of the stepwise path is
reduced by the high degree of reversibility for the first step,
since the barrier for the reverse step fréoN—Int; to PLN-

Loc is only 1.0 kcal mott. Even if the first step of the stepwise
path may be accomplished, the reaction will go “back” to the
m-localized structure rather than go “further” to the next

o-localized one. In conclusion, the stepwise CET is not relevant

either side of the moat, as we have shown in our bis(hydrazine)
study?® and for DAE. However, the potential energy surface
along the derivative coupling is shallow, as seen by the
proximity of the TS to the ClI, and only one TS could be found.

Conclusions
The potential energy surface topology for IET in organic

for PLN, but ao-localized intermediate has been suggested for radical cations can be classified into three types (Figure 2)

IET in a PLN analogue on the basis of dynamics calculatiéns.
There, the alkyl bridge contained two fused cyclobutyl rings
with a highly strainedr bond where the charge could localize.

according to the shape of the state-crossing region (in the space
of the degeneracy-lifting coordinates of a conical intersection).
In this paper we have shown how these topologies can arise in

Our calculations show that such an intermediate is possible, some “model” chemical systems. The three types of mechanistic
although we cannot assess the energetics of its chemical patftopology cover all possibilities for IET transition state regions.

here.

The different topologies can coexist and, in principle, compete

The first step of the chemical mechanism for PLN illustrates on different regions of the potential energy surface of the same

our type 2 (Figure 2) model for ET in the moat of a conical

molecule, giving a more diverse mechanistic description than

intersection. In this case, the charge is transferred from one ofthe usual MH analysis, which is limited to one reaction

the terminalr bonds to thefp' carbon-carbono bond. The

coordinate.

IET takes place between two nonequivalent structures. (The Our calculated topologies can be related to the four possible
gradient difference and derivative coupling vectors are reversedlET mechanisms (super-exchange, nonadiabatic, chemical, and
from the previous discussions because the states involved adirect). The super-exchange mechanism (case i) in PLN is
the conical intersection are quasi-localized. Thus, the IET associated to a truly avoided crossing (type 1b). This result can
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be expected to be general, since the super-exchange interactiotwo charge-bearing groups. However, the charge never actually
will keep the two low-lying states apart and prevent the crossing. migrates through the bonds, and the spacer remains neutral
Clearly, the NAET mechanism (case ii) corresponds to a seamduring the IET. The path where the bridge gets charged
of intersection (type 3 topology), as seen here for BMA and in corresponds to the chemical mechanism, which has higher
a previous example for a bis(hydrazine) radical catfdinally, barriers and is less efficient.

the chemical and direct mechanisms (cases iii and iv) are ] )

associated to a peaked CI (type 2) for DAE and the PLN Acknowledgmept: All computations were carried out on an
chemical path (see also the chemical mechanism for IET in a |BM-SP2 funded jointly by IBM-UK and HEFCE (UK). We
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Finally, our results highlight the role of alkyl linkers in IET.
We have optimized chemical paths, alternative to the super-
exchange and direct mechanisms, which go through intermedi-
ates where the charge is localized on the carlmantbono bonds
of the linker. In DAE, the CET path is slightly preferred over
the competing direct path. In PLN, the super-exchange path is
clearly the lowest-energy one. Here, the rigid alkyl bridge lowers
the IET barrier providing through-bond interaction between the JA003359W
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