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Abstract: Two different mechanistic processes in intramolecular electron transfer chemistry have been studied
with the complete active space self-consistent field quantum chemical method for a model bis(hydrazine)
radical cation. These correspond to (a) a chemical electron transfer, where a reaction intermediate or a transition
structure exist with the charge localized on the linker, and (b) a nonadiabatic electron transfer, where the
bridge remains neutral. These processes coexist on the same potential energy surface. They are characterized
by very different reaction coordinates and are thus distinct elements of the mechanistic spectrum of intramolecular
electron transfer in organic radical cations. The energetically favored chemical electron-transfer process involves
conventional reaction paths. In contrast, the nonadiabatic electron-transfer process involves an unconventional
reaction path, which connects reactant and products via an un-avoided (i.e., real) crossing seamm(i-e. an (
1)-dimensional intersection, whereis the number of vibrational degrees of freedom of the system) between

two different adiabatic potential energy surfaces. Our results, computed for a model compound, differ from
Nelsen’s experimental results, and thus demonstrate the importance of the hydrazine substituents and the aromatic
spacer.

Introduction reactions, synchronous and asynchronous diradical pathways
have been studied), similar studies of electron-transfer processes
are raré® In this paper, intramolecular electron transfer (IET)

in bis(hydrazine) radical catiorfsyith two hydrazine units
coupled by an aromatic linker, has been studied with ab initio
complete active space (CASSCF) calculations. For the model
compoundl (Scheme 1), we have located the reaction coordi-
nates that describe two different IET mechanisms. These
correspond to a substantially concerted “nonadiabatic” mech-
anism (NAET) and to a stepwise “chemical” (chemical electron
etransfer, CET) mechanism.

Using modern computational chemistry methods, the molec-
ular structure change occurring during a chemical transforma-
tion, i.e., the reaction coordinate, can be determined in a fully
unbiased way. A reaction coordinate is defined as the coordinate
corresponding to the minimum energy path connecting the
reactant and the product structures within the complete set of
the internal molecular coordinates (which correspond tonthe
vibrational degrees of freedom of the reacting system). Gradient-
based computational methods can be used routinely to comput

SUC? p?ths..thl-tlrcl)wever, thte 'pomll'e'rt Off ;Eodterg't.comlputatll.(t)ns The analysis of our computed data reveals that both mech-
gon ras; \;V' 3 ?ppar(te_n S'lf‘"'.p ict 3;10 . elra luona queé; ‘T anisms can be considered to be limiting cases of a Marcus
Ivé models used for rationalizing chemical processes. State-y, o, (MH) model that includes three diabatic states: the two

croszln\?vmcédels dsﬁcpf as th?se do'fleﬁlvgrt'ls—g?lany, Ham- charge-localized statédgi,c andUo¢ and a third state with the
mond, yvoodwararriotimann, and Marcustend o convey an charge located on the bridddy,. In the usual superexchange

O\ﬁri'mp.“f'ed Tonoil_mﬁnsmnallwe\_/vtof tr|1e re?ctmn C?pr,:j'natf mechanism (Figure 1b), the two localized states are indirectly
which is, In reality, a highly complex interplay of several interna coupled via the bridge state. The effective coupling matrix

‘(‘ZOOFC:]II’Ia?[et.S of thf m?IefcuIeH Thesle motglel.s (?}_?0 'gtn?]rehtheelement\/eﬁ in Marcus-Hush theory arises by indirect interac-
mechanistic spectrum ot a chemica’ reaction. dilterent, nigner 4, (usually called through-bond) betweldp: andUj, through
energy paths may exist along Very d|_fferent reaction coordlngtes.the bridge diabatic potential curvdp,. In our nonadiabatic
A trfr:echamstlc klnowledgle .Wh'c? m(’;!u.des severg! tposstlftl)le reaction coordinate (see Figure 1a), the interaction of the bridge
pathways can play a Tole In rationalizing or predicting e gia4a \ith the charge localized states is almost negligible due
sensitivity of the reaction to substituents and environment. to a high energWy and to a poor orbital overlap of the bridge
o . . . « r

_While in the past the rigorous determination of the “mecha- b the hydrazine units. In this extreme case, the coupling
nistic spectrum of_d|fferen_t covalent and ionic organic reactions elementVey between the diabatic states (Figure 1a) is virtually
has been tackled via reaction-path calculations (e.g., in perlcychczero, and the crossing between the ground and excited-state
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Scheme 1 is pieced together in two-dimensional “cartoons” which provide
0.12 a “global” view of the mechanistic spectrum of the species under

N ( 1 N investigation. In our present quantum chemical study of the bis-

ClQ/A |~ 0254;@'“0'29 (hydrazine) radical cation modé&| we have used this compu-

0.34 chemical Quini (13.4 keal m0|.1)\ tational strategy to investigate the different IET reaction
qu CH; CHy 0.26 0.34 coordinates. The resulting energy surface pictures illustrate the
M N! ] N‘ by }“ N‘ "‘ mechanistically relevant part of the ground-state potential surface
G ot ‘CHs NN N N and reveal the structure of the region where the computed IET

wsC  CHs g 2+4 1+ 066 paths are located.

1 ' The energy surface associated with the CET mechanisms is

0.66 given in Figure 2a. It is apparent that CET occurs along two

Antiq1 (26.9 kcal mol™)
Ci-Hyd ’f o /
non-adiabatic N—<'>N
05 +¢ o= ++ 05

Cl-Hyd (40.6 kcal mo!™")

reaction paths located in the “moat” surrounding a point of
conical intersection. The CICJ-Q/A in Figure 2a) occurs
between the quinoid and antiquinoid diabatic states where the

charge is localized in the benzene bridge (Figure 2c). The space
potential energy surfaces is in fact unavoided. This situation of geometric coordinates which contain the moét &ndX; in
leads to nonadiabatic chemistry (i.e., passage from reactant toFigure 2a) corresponds approximately to the GD and DC vectors
product through the TS region that requires vibronic coupling (see the Computational Details section for a definition of the
between the two crossing states). In contrast, in the chemicalDC and GD vectors). The DC vectof, in Figure 2a is the
mechanism (see Figure 1Ty, is stable and the orbital overlap ~ “ideal” electron-transfer coordinate since it describes the
effective, so that the interaction between the bridge state andcoordinate along which the mixing of the electronic wave
the two localized states is large, giving rise to a triple-well functions (the initial electronic configuration and the final one)
ground state adiabatic potential energy (Figure 1c). In the regiontakes place. The degenerate charge-localized reactant and
of the central well, the charge is partly localized on the benzene product structure$ and1’ are connected via two reaction paths
linker as the bridge state dominates the wave function. (Q1 and Q3 in Figure 2).Q; is stepwise and passes through a

In summary, while the CET process for our model compound quinoid intermediat€uin; (a local energy minimum) with the
1 is adiabatic, and involves the formation of a short-lived charge partially localized on the benzene link€); is a
intermediate or the passage through a flat transition Sgaien( concerted path passing through the transition state structure
andAntigl in Scheme 1, respectively), the alternative process Antiq; (a local energy saddle point), which has a charge
must be nonadiabatic. However, both processes are part of thedistribution different fronQuin;. Q; andQ, may be associated
same IET mechanistic spectrum as they coexist on the samewith the MH diagram type of Figure 1c. In conclusion, the CET
n-dimensional ground-state adiabatic energy surface along verypotential energy surface structure is very similar to that of the
different reaction coordinates. previously reported housane radical cation rearrangefifdnt.

In recent work, we and others have shown that real crossingsthat surface the unpaired electron of a planar, charge-localized
between adiabatic potential energy surfaces of the same spirradical cation structure is formally transferred across a five-
multiplicity, such as conical intersections (Cl), can be used to membered carbon ring involving passage through charge-
rationalize the existence of different (potentially competitive) delocalized configurations.
reaction paths of organic radical catiditsFor example, the In contrast with the CET process, the adiabatic potential
reactivity of the cyclopentane-1,3-diyl radical cation is deter- energy surface associated with the alternative process shows
mined by intermediates and transition states .that lie in the g3 unconventional structure (Figure 3a) where a nonavoided
“moat” of a CP# (notice that these surface crossings are “real” crossing CI-Hyd ) is substantially coincident with the “transition
intersections of adiabatic states, within the Be@ppenheimer state” of the IET path. This is consistent with the model of
approximation, and not the result of a mathematical model gigyre 1a. The crossing occurs between the two hydrazine-
involving diabatic states). Thus, the topology of the mechanisti- |oc5jized states. The existence of a ground-state reaction
cally relevant part of the poter_mal energy surface of this species 4 dinate (i.e., the minimum energy pafh of Figure 3a)
can be understood by mapping the surface along two charac-,,qqing through a nonavoided crossing of two adiabatic potential
teristic directions departlng frqm the CI..These are the g.rad|ent energy surfaces has never been reported before. Indeed, such a
difference (GD) and derivative coupling (DC) coordinates g ation seems highly improbable since nonavoided crossings
(vectors), which are obtained by calculation. The various, penyeen energy surfaces of the same spin multiplicity (in our
ngoro_usly compu.ted (ie., fully gn_constramed geometry optl- ;456 two doublet states) correspond, in general, to Cl points.
mization is used in a!l cases) minima and tran5|t|9n structyres Ground-state minimum energy paths are usually located far from
can _then be topologically related to th_e conical Intersections gy, crossing points in virtue of the conical shape of the energy
within the plane of the GD and DC coordinates. The information surface surrounding the Cl, as clearly illustrated by the CET

(5) (a) See ref 3 in ref 4c. (b) We use the term “chemical mechanism” energy surface of Figure 2a. Very remarkably our calculations
bhecatrllse thtle pO}entcijal ter::égy S_ur:‘ra]cet of thte bridtu? lies ,beIO\é{ that (if show thatCl-Hyd is a point belonging to ann(— 1)-
te charge ocalzed sttee nte tanstion-sate fegon (FAUre 19 gimensional region (a hyperplane) of the potential eneray surface
aboveUo. (Figure 1b). See: Cannon, R. D.Hectron-Transfer Reactions where the energy separation of the ground and excited states is
Butterworth: London, 1980; pp 22237. o less than a few kilocalories per mole. This “U” shaped region
R Ofg’B,\'A"’f”'g_anf’rAt'nk'5&‘%"’:“”."5\’(\)’&9%3”1121' ?dggéﬂ’fgg'g'o'\."'; Vreven, T.; (represented as a bold line in Figure 3a) forms, effectively, a

(7) Sastry, G. N.; Bally, T.; Hrouda, V.: @sky, P.J. Am. Chem. Soc. ~ Séam of nonavoided crossing points which acts as a sharp
1998 120, 9323-9334. “mountain pass” between the reactant and product valleys. Thus,

(8) (a) Bernardi, F.; Olivucci, M.; Robb, M. AChem. Soc. Re 1996 the separation between the two near-degenerate surfaces at

Cl-Hyd is very small (see Figure 3b) and the reaction must
therefore lie at the limit between the adiabatic and the nona-

25, 321—-328. (b) Klessinger, M.; Michl, Excited States and Photochem-
istry of Organic MoleculesVCH: New York, 1995; pp 183184. (c)
Davidson, E. RJ. Am. Chem. S0d.977, 99, 397-402.
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coord.

@ (b) O]
Figure 1. General plot of the parabolic diabatic surfaces (charge-localized &tatesdU. and bridge-localizetly,r; broken lines) and adiabatic
surfaces (full lines) for IET on compourid(AG = 0). A third, higher energy adiabatic surface is shown in gray. Direct interaction betdigen
andUq¢ is neglected. (a) MarcusHush plot for a high-energy bridged state (or noninteracting bridged state) leading to a “nonadiabatic” mechanism
(NAET). (b) Marcus-Hush plot for a lower energy bridged state leading to indiktggtand U interaction (super-exchange). (c) Marewsush
type plot for a very stablé&),, potential leading to a CET mechanisfnis the optical excitation an®f the coupling matrix element.
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Figure 2. Schematic representation of the potential energy surface a©u@A (CET). (a) Potential energy surface topology aro@ieQ/A
along X (gradient difference and hydrazine rotati¢pX,|| = 0) andX; (derivative coupling and hydrazine rotation), including the two adiabatic
IET pathwaysQ1 andQ- that avoid the crossing surrounding the cone. (b) Cut through the lowest energ®pstibwing the geometrical changes
(ball-and-stick structures and Newman projections) along the reaction coordinate. (c) Singly occupied orbitals for the crossinGlstat&saaid
gradient difference and derivative coupling vectors.

diabatic regimé.The corresponding DC vector describes both charge localized on the bridge). In contrast, the NAET mech-

the electron-transfer coordinate and the nonadiabatic processanism originates from the first two weakly interacting states

which are dominated by the extremely rapid change of the wave only, as the third diabatic state does not interact. As we shall

function from that of the charge localized statelof that of discuss below, the reason for the coexistence of the two

1' (i.e. from theUo to Ujo¢ diabatic states). mechanisms in the bis(hydrazine) radical cation model can be
In conclusion, our computational results can be related to MH primarily understood in terms of the very different nature of

theory, by which IET processes are usually analyz&de CET the corresponding reaction coordinates.

mechanism can be simply understood in terms of two weakly

interacting diabatic states (with the charge localized on the Computational Details

hydrazine units) which interact with a bridge state (with the All calculations (CASSCF(9,8)/6-31g* geometry optimizations) were

(9) Farazdel, A.; Dupuis, M.; Clementi, E.; Aviram, 4. Am. Chem. carried out with Gaussian 98, RevisiontBSee Table 1 for energetics.
Soc.199Q 112, 4206. Preliminary calculations suggested tHatvas the simplest model to
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Figure 3. Schematic representation of the potential energy surface al©lhtyd . (a) Potential energy surface topology aro@idHyd along
X1 (gradient differencel|X;|| = 0) andX; (derivative coupling and hydrazine rotation). (b) Cut through the nonadiabatic coor@gai® Singly
occupied orbitals for the crossing state<CatHyd and linear coordinate calculated along the gradient differefice

Table 1. CASSCF(9,8)/6-31G* Optimized Energies (GD) B(E1 — E2)/0QL) and derivative coupling (DC)W |(aH/0Q)W

truct t tat keal mol-t (which is parallel to the nonadiabatic couplifif(8%¥2/3Q)0), a vector
Suciure _ symmety sae energy (aufi (keal mof™) which describes the geometrical deformation that yields the fastest
1 Ci 2A  —684.7713 0.0 change in electronic structure. In the case of IET, this vector corresponds
CI-Q/A Cs 2A,{2A —684.7193 32.7 to the electron-transfer coordinate, which lifts the degeneracy at the
2:#211 gs gﬁ _ggf‘;ggg %23 conical intersectiofi. The quantities are computed (like a gradient)

1 S - . . - . . . . . .
Cl-Hyd Cs 2A'2A" —684.7066 406 during the conical intersection optimization. As the coordinates for our

schematic representation of the potential surface topology, in Figures
2a and 3a we use the vectotsandX.. These are coincident with GD
avoid a preference for charge-delocalized structures where the hydrazineand DC, respectively, in the vicinity of the CI. However, as one moves
units are coplanar with the aromatic ring. The “ideal” active space for away from the Cl, other geometric coordinates mix with and X
our calculations would consist of the six benzenerbitals and the along the reaction path. In our ca¥g,and X, mix with the rotation of
four nitrogen lone pairs. Two of the orbitals (the bonding combinations the hydrazines (except in the caseQ¥Hyd , whereX; is given purely
of neighboring nitrogen orbitals) had an occupation close to 2.00 in by the GD vector since the delocalized symmetry-constrained minima
our calculations, and the active space was reduced to 9 electrons in 8are extremely close to the Cl, see also Figure 3c). The complete reaction
orbitals. pathways for IET are tangent to the planeXafand X, at the conical

For the analytical frequency calculations@iiin; and Antiq 1, the intersection. Initial displacement along the symmetry-breaking coor-
active space was reduced to (7,7) and (5,6), respectively, by eliminatingdinate X, (related to DC) in both directions ultimately leads to the
the orbitals which had occupation1.98. The energies for the IET  localized minimal and1’, while initial displacement along the totally
coordinateQ; throughQuin; were calculated with a linearly interpolated ~ symmetric coordinateX; (related to GD) leads ultimately to the
reaction coordinate between the localized minimbiandQuin, (see delocalized, symmetry-constrained minima that are the intermediates
Figure S1, Supporting Information). The “charges” indicated in Scheme or TS'’s for the IET. Accordingly, the IET coordinaté3;—Qs are
1 are an indication of the distribution of the charge in the active space. qualitatively defined as the reaction paths that conheetd1’ through
They are obtained by subtracting the occupation numbers (diagonalthree different transition-state regions.
elements of the one-electron density matrix) of the localized active ) )
orbitals (computed with the full active space of 13 orbitals) from the Results and Discussion

“full” occupation, 1.0 for carbon and 2.0 for nitrogen atoms. We have optimized the structure of the radical cation of the

_ The PES presented in Figures 2 and 3 are *cartoons” intended (0 .\« jiastereomer dfwhich has a plane of symmetry (mir-
illustrate the topological relationship between the optimized structures . . . .
roring the two hydrazines) in its neutral form. As shown in

(state crossings and minima) and the two directions gradient difference . . .
Scheme 1 the plane of symmetry is lost at the resulting equi-

| r(110) FrisBché MﬁngbTHle' gh W, SChlegle"i Hk Bt-é] GT”L PP-t M. W G librium geometry (structuré in Figure 2b). The optimized bond
onnson, b. G.; RODbD, M. A.} eeseman, J. R.; Keltn, 1.; Petersson, G. H H

A. Montgomery, J. A.. Raghavachari, K.; Al-Laham, M. A. Zakrzewski, Iength; are 1.40 A for the nitrogemitrogen bond at the neutral

V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.; hydrazine and 1.31 A at the charged one. These values agree
Nanayakkara, A.;dChallacombe,IM.;I Peng, C. Y.; Ayala, P. Y.; Chen, W.; well with the crystallographic data for the synthesized ana-
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.; ; -

Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head- lOgue.S‘} How_evel’, the d|hed_ral angleb b?tween the phenyl
Gordon, M.: Gonzalez, C.; Pople, J. A. Gaussian, Inc.: Pittsburgh, PA, substituted nitrogen lone pair and therbitals of the benzene

1999. ring differ from the synthesized analogues because of the
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different substitution pattern of our modk(see Figure 2b). In Table 2. CASSCF(9,8)/6-31g* Excitation Energies at the
1, the charge-bearing hydrazine is perpendicular to the aromaticLocalized Minimum1 (calculated with state average over the three
ring, and® is approximately 99for the charged unit (70for states) and the Model Structuge

the neutral hydrazine). In Nelsen’s compoundsijs 30-50° compd state energy (au) Er (kcal mol?)
for the neutral hydrazines and 5@0° for the charged unit&b 1 Do (hydrazine-localized) —684.7301 0.0
The CET mechanism (of lowest energy) occurs along two D1 (quinoid) —684.6635 41.8
different paths located in the vicinity of a CI & symmetry ) Bz Eﬁnngmldl) o) —ggg-ggg 4(2)-C7)
_ H H H o (Nydrazine-localize - . .
(CI-Q/A in Scheme 1 and Figure 2a), where the charge is D (hydrazine-localized) —528.5299 447

localized on the benzene rinGI-Q/A lies at 32.7 kcal moit
relative tol and is the intersection of the benzene-like quinoid
2A" and antiquinoic®A’ states (Figure 2c). The GD and DC  gradient difference coordinate in both directions frGtHyd .
coordinates (Figure 2c) are analogous to the correspondingThe resulting linear coordinate (Figure 3c) shows that the
coordinates for the JahrTeller CI of Dg, symmetry in benzene  splitting between théA" and?A" surfaces along the gradient
radical cationt! Displacement along, (a combination of the difference coordinate is very limited, indicating tl@itHyd is
DC coordinate and rotation of the hydrazines) in the two (approximately) a crossing seam rather than a conical intersec-
opposite directions leads to the minirhand 1, respectively.  tion. The calculated energy profile along ta coordinate
Displacement fromCI-Q/A along X; (a combination of the confirms that the energy minimum of this coordinate (marked
orthogonal GD coordinate shown in Figure 2c and rotation of “TS” in Figure 3c) is almost coincident wit@1-Hyd , and the
the hydrazines) leads to a quinoid struct@ein; (13.4 kcal separation between the states (Figure 3b) is ca. 0.24 kcaltmol
mol~! abovel) and the antiquinoid structurntiq ; (26.9 kcal (0.01 eV). The limit for adiabatic regime for ET is given Wy
mol~1 abovel) in opposite directions. Analytical frequency = ksT=0.025 eV at 298 K.Thus, our approximate calculations
calculations show thaQuin; and Antiq ; are an intermediate  (the point “TS” was not optimized) indicate that the mechanism
(a local minimum) and a TS dfs symmetry. These structures throughCl-Hyd will be nearly nonadiabatic.
define a stepwise and a concerted CET path (chemical, since In summary, the potential energy surface in the region of
the charge is localized in the bridg®)Thus the corresponding  Cl-Hyd is effectively a crossing “seam” (shown as a bold line
IET pathsQ; and Q; are located on the moat that surrounds in Figure 3a). This entity can be seen as a special case of a
CI-Q/A . The intermediat®@uin; is a shallow minimum along  conical intersection where the GD vector (relatedty is of
the lowest energy IET pat®; (see also Supporting Informa-  zero length while the DC vector (related Xp) retains its
tion). At Quin, the hydrazine lone pairs get aligned with the interpretation as the electron-transfer coordifat€hus, the
benzener orbitals by hydrazine rotation, and the angkeis degeneracy occurs im— 1 coordinates rather than— 2, and
reduced to approximately 4%or both hydrazines (Figure 2b).  the situation is similar to that of a singtetriplet crossing. (In
Orbital overlap is essential in this mechanism, as the charge isfact in a singlet-triplet crossing one of the two vectors, in this
partly delocalized into the benzene ring (see the “charges” in case DC, vanishes identically due to the different spin multiplic-
Scheme 1). AAntiq 1, the charged hydrazine group bfotates ity of the intersecting states while the other, the GD vector, has
in the opposite direction tQuini. This puts the hydrazine units ~ a finite length.) Notice that the physical basis for the occurrence
almost perpendicular to the ring>(= 78°), as the charge gets  of a crossing seam rather than a conical intersection lies in the
localized in the spacer. large separation between the hydrazine umiis,(= 5.6 A for

The nonadiabatic electron-transfer mechanism is characterizedhe phenyl-substituted nitrogens) and in the poor overlap
by a reaction path passing through the minimum energy point between the hydrazine lone pairs and the orbitals of the linker
of an approximate seam of crossing between2kieand2A” (angle ® = 89°). Thus, the seam found in our model is an
hydrazine-localized states (the semioccupied orbitals for both extreme case of the MH mechanism where the coupling between
states are shown in Figure 3c). This minimum corresponds to the states is close to zero (see Figure 1a). Moreover, our
the optimizedCI-Hyd structure. AICI-Hyd , the hydrazine units ~ calculations, whereCl-Hyd was optimized without artificial
are perpendicular to the benzene rin £ 89°, Figure 3b), constraints, do show that on the ground-state potential energy
and the relative energy is 40.6 kcal mblThe DC coordinate ~ surface of1 two independent mechanisms coexist through
(Figure 3a) is the antisymmetric stretching of the two nitregen  different reaction coordinates, i.e., along different regions of
nitrogen bonds (which are equivalent@tHyd ) and leads to the surface.
the localized minimal and 1'. The electron-transfer pat®s In the MH analysis, the charge-transfer baadn(Figure 1)
(tangent toX, at Cl-Hyd) corresponds to a rotation of the is used to obtain the model parametrization. The lowest energy
hydrazine angles together with the antisymmetric stretching of excited state calculated at the localized minimtirmvolves
the nitrogen-nitrogen bonds, while the spacer remains neutral charge transfer (CT) between the bridge and the charged
(see the “charges” in Scheme 1). The magnitude of the hydrazine unit (see Table 2), and the calculated CASSCF(9,8)/
orthogonal totally symmetric GD vectoX() is small (0.018  6-31G* energy was 42 kcal mol (684 nm) for the lowest
au compared to 0.083 au for the derivative coupling vector). absorption. Nelsen’s anthracenyl-linked hydraZimesembles
Further, the magnitude of the gradients of the states that crossour modell in that the lowest optical band is a CT from the
is very small (0.018 and 0.002 au). The symmetry-constrained (12) There is an apparent contradiction between our calculation and

energy minima located alory (i.e., the analogues of ti@uin, Figure 3b, where the gradients of the crossing states are effectively zero at
andAntiq ; of the CET mechanism) that correspond to the states Cl-Hyd, and Figure 3a, where the two surfaces appear to have large different

i _ i . gradients. This is due to the fact thatGitHyd (Cs symmetry), the crossing
crossing atCl-Hyd could not be optimized because of their states have Aand A symmetry (shown in Figure 3c) and the charge is

closeness to the CI. Thus, to characterize the crossing, Wedelocalized. At this point the gradient difference is totally symmeiig (

calculated a series of single points obtained following the while the derivative coupling is not totally symmetr). As one moves

away from the crossing, the adiabatic states become the charge localized
(11) Blancafort, L.; Ferfradez, E.; Robb, M. A. Unpublished results.  ones, so the coordinat¥, becomes the gradient difference and the

See also: (a) Lunell, S.; Gauld, J. W.; Kadam, R. M.; Itagaki, Y.; Lund, coordinateX; becomes the derivative coupling. This problem is discussed
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aromatic spacer to the hydrazine. However, it would not be surface and are centered around distinct adiabatic potential
correct to describe the IET frorhto Quin; with MH theory. energy surface intersections (a Cl and an approximate seam of
In fact, this theory assumes that there is a weak direct orbital crossing). The intersections obtained from our CASSCF calcula-
overlap between the charge-bearing uffisnd our calculations  tions are physical (i.e., nonavoided) within the Befppen-
show that there is a significant overlap between the hydrazine heimer approximation and not the result of a mathematical
and benzene orbitals uin;. In addition, the three-state MH  model involving the crossing of diabatic states. For CET there
type model, proposed by Nelsen and co-worker’s for the analysis aretwo possible distinctive adiabatic paths (viQ; andQ; in
of the anthracenyl-linked bis(hydrazirf€)nust be applied with Figure 2a). In contrast, in the case of NAET, there is a single
caution.In this model, the coordinates for the different processes path Qs in Figure 3) defined by the lowest energy point along
(CET and nonadiabatic) are assumed to be the same, while oura crossing seam (Figure 3a) that “operates” like a nonadiabatic
calculations demonstrate that different (not necessarily competi- transition state. In the lowest energy chemical mechanism, the
tive) IET paths may coexist on the same potential energy surfacetransition state region associated w@uin; is much lower in
along different reaction coordinates. energy than the TS region for the nonadiabatic case, so that,
For Nelsen’s example with a tetramethyl-substituted phenyl for our model compound, we predict a chemical mechanism
spacer, the lowest observed optical band is CT between thevia a stepwise path. Of course changes in the nature of the linker,
hydrazine$corresponding to a superexchange mechanism. In donor/acceptor, or type and degree of substitution may result
our computations the lowest excited state involves charge in a preference for a different path.
transfer between the bridge and the charged hydrazine unit. The Analysis of theQ1, Q,, andQs paths demonstrates that the
origin of the difference lies in the dihedral angles between the CET and NAET processes occur along distinct reaction coor-
benzene and hydrazines in our structure and Nelsen's com-dinates made of rotation of the hydrazine angles together with
pounds. The vertical excitation energy was computed for a the antisymmetric stretching of the nitrogemitrogen bond. In
model compound2 which has exactly the same geometry the CET, the nitrogen lone pairs are aligned with the aromatic

T 4 st system, and the charge delocalizes into the bridge. However,

N R A ;‘ 2 in the nonadiabatic case the hydrazines rotate in the opposite
,N—QN‘ direction, and the hydrazine units rotate orthogonal to the bridge.
HC H H CHs This molecular motion switches the orbital overlap between the
Structure 2 hydrazine units and the aromatic bridge off, thus keeping the

overlap magnitude negligible at the crossing seam. Along the
(including the dihedral angle$ and the bond lengths at the seam the BorrOppenheimer approximation is not valid and
hydrazines) as Nelsen’s reported bis(hydrazine) with the tet- the system can only pass efficiently from the reactant to the

ramethyl-substituted phenyl spacer (see Tablé& Zhe only product well through vibrational and electronic coordinate
difference is that all alkyl substituents (with the exception of a mixing.
methyl group on each of the nitrogeado the ring) have been In conclusion, our results indicate that nonadabatic electron

removed. Our calculations show that the change in the orienta-transfer and chemical electron transfer paths are distinct elements
tion of the hydrazines with respect to the ring leads to a change of the mechanistic spectrum of intramolecular electron transfer

in the lowest excitation, which has mainly hydrazitgydrazine  in radical cation systems. The nonadiabatic electron transfer
character (with some quinoid characterifcalculated energy  process involves an unconventional reaction path with a
44.7 kcal mot?, 639 nm). “transition state” corresponding to a crossing seam (i.e.,

Nelsen has reported single-step IET with much smaller approximately anr( — 1)-dimensional intersection, wheneis
barriers (2.7-4.8 kcal mof™).! The higher degree of substitution  the number of vibrational degrees of freedom of the system).
of Nelsen’s compounds is the major effect that makes them 1o our knowledge this is the first documented example of a
conformationally more rigid and implies that the geometric ground-state reaction coordinate that connects reactant and

changes accompanying the IET are smaller than those in ourproductssia a nonaoided (i.e., real) crossing between two
model, which is reflected in smaller barriers. Also, in Nelsen's gjfferent adiabatic potential energy surfaces.

compound$ the steric constraint implies that the angkds
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geometric changes along the IET coordin@eAccordingly,

the assumption of the MH analysis, that the coupling element
Vis independent of, may be a good approximatidrdowever,

in our modell, this assumption is not valid.
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