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Abstract: Our characterization of the potential energy surface for electron transfer (ET) in the bis(methylene)-
adamantane (BMA) model radical cation shows that the surface topology is prone to diabatic trapping
(competition between ET and upward hops to the excited state). The general conditions for this phenomenon
have been derived. The surface is centered around a conical intersection, and diabatic trapping occurs
because one of the branching space coordinates (coordinates that lift the degeneracy at first order)
corresponds to a vector of small length. For BMA, this coordinate is an antisymmetric breathing mode of
the rigid carbon framework. Other modes (including methylene torsions and pyramidalizations) may lift the
degeneracy at second-order but do not affect the energy gap at the intersection region effectively. The
resulting topology is similar to that of an (n — 1) dimensional seam (where n is the number of nuclear
degrees of freedom of the molecule) that cannot be avoided along the reaction coordinate, thus favoring
recrossing to the upper surface. This analysis is extended by ab initio semiclassical dynamics using an
Ehrenfest and a trajectory surface hopping algorithm implemented at the CASSCF level. Examination of
the trajectories shows that there is no single mode that controls the diabatic trap, in agreement with the
condition that there is no predominant degeneracy-lifting coordinate. Thus the reactivity depends on a
combination of small effects, where presumably higher-order effects come into play. This should be the
general behavior of dynamics at a diabatic trapping situation.

Introduction between the lower and the upper state is small enough to allow

Recent ab initio calculations have demonstrated the role of for Population of the upper surface (Figure 1, where the region
avoided and real crossings (conical intersections) for intramo- ©f interest is marked with a gray shadow). This slows down
lecular, ground-state electron transfer (ET) in several organic 1€ reaction. An example is the photodissociation of bromoacetyl
radical cationd:3 The crossing states are related to the states chloride and bromopropiony! chioride, where it is postulated
used in a Marcus treatment of ET, where the charge is localizegthat the oyerall reactivity does_ not depend on the relatlv_e size
on the donor, the acceptor, or the bridge of the ET systém. of the bgrrler alorlg tvvp compgtlng channels but on nonadiabatic
Ab initio calculations provide mechanistic information about recr.ossmg?fllelabanc trapping has also been postulated to
the structural factors that govern the ET that cannot be obtainedP® important in the wavelength-dependent photochemistry of
from a Marcus-Hush treatment. In several cases the calculated the Photoactive yellow protein chromophdfefinally, it has
transition state on the potential energy surface was virtually /S0 Peen observed in simulations of the reaction of lithfum
coincident with a conical intersection (CI) between the ground and alumin& atoms with hydrogen. .
and the excited state, strongly suggesting that the ET was I-_|ere we study the model p|s(mgthylene) adamantane radical
affected by diabatic trapping. In diabatic trapping (or nonadia- cation (BMA), where there is an intramolecular ET between
batic recrossing), the reaction path from reactant to product WO % bonds connected by the rigid adamantane framework

passes through a region of the energy surface where the gaggScheéme 1). BMA has been the subject of a mechanistic
dynamics study by the groups of Carpenter and Pad&mw 16

Universitat de Girona. using a semiempirical TSH method, which has partly motivated
* Imperial College London.
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that there is no single mode that controls the alternative between
ET and hop. On the contrary, the reactivity of the semiclassical
trajectories in the region of the Cl depends on a combination
of small effects.
As we explain in more detail below, the general condition
for diabatic trapping can be understood as follows. The approach
- > - > to the crossing region takes place along one of the two

coordinates that lift the degeneracy at the intersection to first-
Figure 1. One-dimensional profile for nonadiabatic, ground-state ET (seam Order (i.e., one of the branching space coordinatesy. In
region marked in gray). (a) Surface hop. (b) “Direct” (quasi-adiabatic) ET. BMA, this coordinate is the antisymmetric stretching of the two
7 bonds (gradient difference). A semiclassical trajectory will
cross to the upper surface if it encounters the seam of
intersection, but it will stay on the lower surface if it finds a

/ H /012 way around the intersection through a region where the two
@ surfaces are sufficiently separated. The coordinate that causes
the splitting of the surfaces near the intersection region is the
Hii. C11 H\v

second branching space coordinate. The length of the corre-
sponding vector determines the energy splitting induced by
displacements along the coordinate. If this vector has small
the present work. In this molecule, diabatic trapping occurs along |ength, the splitting of the surfaces will be small, and the surface
the ground-state ET path. In the semiclassical picture that iStopoIogy will correspond to a seam of quasi-degeneracy where
the basis of our study, diabatic trapping appears as the alternativq pward recrossing is possible. Moreover, the transition structure
between “direct” (quasi-adiabatic) ET and hops to the excited for the reaction will lie very close to the CTherefore diabatic
state (Figure 1). The present work aims to identify the structural trapping will occur when the length of one of the branching
factors that affect this alternative in BMA and to establish the space vectors is small.Such is the case for the breathing
general conditions for diabatic trapping to occur on a potential yjipration of the BMA skeleton (interstate coupling), shown in
energy surface. For this purpose we have used a potential energ¥igure 2. The remaining vibrational degrees of freedom may
surface analysis at the Cl and CASSCF “on-the-fly” dynamics. mogify the position of the seam of intersection along the reaction

Dynamics calculations are required to evaluate the alternative coordinate, but they do not affect the energy gap at the quasi-
between surface hops and ET, and we have implemented tWoseam (excluding higher-order effects).

different algorithms for the treatment of nonadiabatic events in
our CASSCF dynamic code, a trajectory surface hopping (TSH) Computational Details
i 718 48,20 it .
algorithmt”**and Ehrenfest dynamic32°Predicting the reac Semiclassical Algorithm Theory and Implementation for

tion rate from the present dynamics calculations would require cassce Dynamics We have implemented two different algorithms
running a statistically significant number of trajectories at an for the nonadiabatic event in MCSCF “on-the-fly” dynamics; a TSH
accurate level of theory, which is not possible for the system aigorithni718and an Ehrenfest algorith#2°“On-the-fly” methods use
studied here. However, we have used the dynamics results tothe electronic gradient to drive nuclear mot®S&? The nuclei are
obtain mechanistic information by inspecting the geometries for propagated on an adiabatic potential energy surface until the energy
all the trajectories in the point of near degeneracy. gap between the ground and excited states is small. After this point

The nonadiabaticity for the ET in BMA can be predicted from the possibility of a nonadiabatic event must be considered. There are
symmetry arguments (there is zero super-exchange Coupllng,two main possibilities, a surface hop or evolution inside the region of
and the molecule is a Jahieller system oDy symmetry). strong cgupllng. In surface hopping methoqls a decision is made whether

. to remain on the current state or to switch to another surface and

However, experimental resutisshow that BMA acts as an

ffici bridae in i | | ited d ite th consequently use a different gradient to propagate the nuclear motion.
efficient bridge in intramolecular excited-state ET despite the 1y type of method is most appropriate when recrossing is not

nominal zero coupling. Carpentérfound that the torsion of  considered to be likely, and it has been used by us on previous CASSCF
the terminal methylenes plays a key role in the ET process, studies’® 3 The alternative Ehrenfest method, implemented here,
since it modulates the energy gap between the ground and theropagates the nuclei on a potential energy surface obtained using a
excited states, together with thebond stretchings. This isin  wave function which is a solution of the time dependent Sahger
contrast to our later potential energy surface anafysibere
we found that the coordinate that controls the energy gap at the(22) glgRa.r;“kab a""ﬁfcl'_:' d’\g:;'f\}\%)rl’:j'CgL;Qaeti;?gCtggS‘glg(’;}g‘feéo‘gV‘i‘; \\(/aorll.wlns),/’pp
Cl or transition state region, apart from thebond sretchings, 271-320.

i “ H i ina” iy (23) Klessinger, M. M., JrExcited States and Photochemistry of Organic
is an “antisymmetric breathing” of the rigid adamantane frame Molecules VCH: New York, 1995

(Figure 2). However the effect of this coordinate on the energy (24) Bernardi, F.; Olivucci, M.; Robb, M. AChem. Soc. Re 1996 25, 321—
gap is small, and the analysis of our calculated trajectories shows(25) Varkony, D. RJ. Phys. Chem. 001 105, 6277-6293.
(26) Chen, W.; Hase, W. L.; Schlegel, H. Bhem. Phys. Letl.994 228 436—

Scheme 1

Loc Loc’

(16) (a) Jones, G. A.; Carpenter, B. K.; Paddon-Row, MJNAm. Chem. Soc. 442.
1999 121, 11171-11178. (b) Jones, G. A.; Paddon-Row, M. N.; Carpenter, (27) Helgaker T.; Uggerud, E.; Jensen, H. J.Ghem. Phys. Lettl99Q 173
B. K.; Piotrowiak, P.J. Phys. Chem. 2002 106, 5011-5021. 145—
(17) Bijerre, A.; Nikitin, E. E.Chem. Phys. Lettl967, 1, 179-181. (28) Worth G A.; Hunt, P.; Robb, M. Al. Phys. Chem. R003 107, 621—
(18) Tully, J. C.; Preston, R. KI. Chem. Physl971, 55, 562-572. 631.
(19) Herman, M. FAnnu. Re. Phys. Chem1994 45, 83—111. (29) Bogglo Pasqua, M.; Ravaglia, M.; Bearpark, M. J.; Garavelli, M.; Robb,
(20) Chapman, SAdv. Chem. Phys1992 82, 423-483. A. J. Phys. Chem. R003 107, 11139-11152.
(21) DecCola, L.; Balzani, V.; Barigelletti, F.; Flamigni, L.; Belser, P.; Bernhard, (30) S’a1chez Govez, A.; Hunt, P.; Robb, M. A; Olivucci, M.; Vreven, T,;
S.Recl. Tra. Chim. Pays-Bad4995 114, 534-541. Schlegel, H. BJ. Am. Chem. So@000 122, 2911-2924.
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Figure 2. Two-dimensional plot of the potential-energy surface for nonadiabatic, ground-state ET in BMA in the seam region (projection along the gradient
difference, GD, and interstate coupling, IC, coordinates). Reaction paths marked by arrows. Units: Displacementandytdxes) and energy in kcal
mol~1 (z-axis).

equation. This wave function is a linear combination of the adiabatic ;?)ti)rﬁslc')f g&e;rg;t;%seasng_(S::Kgcstlérg(l3P‘:151)r/%r_geltg|$/fsopr\_tctgzsclsrgg?é 4y
states, and because of this, the electronic wave function and thus the3z.21G* and SA-CASSCF(3,4)/STO-?;G Levels of Theory '

potential energy surface change continuously throughout the nonadia-

batic event. The potential energy surface will eventually become one stucture STO-36 631673216

or other of the pure adiabatic states. Ehrenfest methods are particularly L0o¢ (Cz.) Erel [kcal mot™] 0.0 0.0

useful when the system remains for some time in the vicinity of a Lccll—illlllr[g;g%]za[A] 11.;1212/(12.11;? 1%3%22/21.%;7

conlc_al |ntersect!on, ie., Wh_ere it unld otherwise makg multiple ves-orz[cm-1a 1918 (2.74) 1810 (2.59)

crossings. Early implementations of this approach appear in the work 15 (D,) Erel [kcal motY] 4.57 3.30

of Delos and co-worker®,Billing, %> and Gadea and co-workefMore AE [kcal mol1]¢ 0.23 0.47

recently it has been successfully implemented within a molecular rei-culfes-ciz [A] 1.389 1.375

mechanics valence bond framewdfkn addition to that, several im- Cl (D2g) Erel [kcal mot™] 4.52 324
rci-ciires—ciz[A] 1.389 1.375

provements for both approaches have been proposed (for recent ex-
amples, see refs 35 and 36). Alternative treatments exist for introducing  , Frequency of the corresponding carbaarbon stretch? Zero-point

quantum mechanics into regions of nonadiabaticity; of particular note energy [kcal mot?] in brackets ¢ Energy gap between ground and excited
is the “multiple spawning” method of Martinez which spawns a new state.

(nuclear) wave packet every time a region of strong interaction is
encountered’-*8 A frozen Gaussian is associated with each spawning,
which is used to determine the population transfer. Details of all these
methods can be found in a recent revié\.he derivation of a time-
dependent CASSCF wave function and the implementation of the
hopping and Ehrenfest algorithms are given in the Supporting Informa-
tion.

Potential Energy Surface for BMA and Calibration of
SA-CASSCF(3,4)/STO-3G Levelln our dynamics calculations we
use the SA-CASSCF(3,4)/STO-3G level of theory (active space of 4
7 orbitals; SA= state-average). State-averaged orbitals over two states
(with equal weights) are used to avoid discontinuities in the surface
due to symmetry breaking. The use of a small basis set is imposed by
the limitations of our computational resources (the dynamics require

(31) Delos, J. B.; Thorson, W. R.; Knudson, S.Rhys. Re. A 1972 6, 709—
720

(32) Billing, G. D. Chem. Phys. Lettl975 30, 391-393.

(33) Amarouche, M.; Gadea, F. X.; Durup, Ghem. Phys1989 130, 145—
157.

(34) Klein, S.; Bearpark, M. J.; Smith, B. R.; Robb, M. A.; Olivucci, M;
Bernardi, F.Chem. Phys. Lettl998 292, 259-266.

(35) Jasper, A. W.; Stechmann, S. N.; Truhlar, D.JG.Chem. Phys2002
116, 5424-5431.

(36) Zhu, C.Y.; Jasper, A. W,; Truhlar, D. G. Chem. Phys2004 120, 5543—
5557,

(37) Ben-Nun, M.; Martinez, T. . Chem. Phys1998 108 7244-7257.

(38) Martinez, T. J.; BenNun, M.; Levine, R. . Phys. Chem1996 100,
7884-7895.

(39) Worth, G. A.; Robb, M. A. InRole of Degenerate States in Chemistry
2002; Vol. 124, pp 355431.

the solution of the SA-CP-MCSCF equations with 78 degrees of
freedom, at every time step of the trajectory). The quality of the basis
set is calibrated against SA-CASSCF(3,4)/6-31G*//SA-CASSCF(3,4)/
3-21G* values (optimization of the critical points at the SA-CASSCF-
(3,4)/3-21G* level and recalculation of the energetics at SA-CASSCF-
(3,4)/6-31G*). Relative energetics and the most relevant structural
parameters at both levels of theory are compared in Table 1. For our
dynamics calculations, the most relevant point is the reduction of the
energy gap at th®; “transition structure” TS) from 0.47 kcal mot?*

to 0.23 kcal mot! with the STO-3G basis. This means that the dynamics
calculations overestimate the tendency for a surface hop. The potential
energy surface used for the dynamics shows other limitations due to
the level of calculation. Th®, symmetry structure appears as a true
minimum because no imaginary frequencies were obtained at both levels
of theory® However, no transition structure could be located between
the D, and theC,, structures, and a linear interpolation showed a
monotonic energy decrease between the two. This indicates that the
D, structure is a very shallow minimum that can be taken as the ET
transition structure;TS. The localizedC,, structureLoc is a true
minimum with the STO-3G basis set, but it has a small imaginary
frequency (135i cmt) with the 3-21G* basis, although no minimum

of lower symmetry could be found with this basis. As we discussed in
our previous study of the potential energy surface of BMthe
semiempirical method used in the study of Carpenter and co-wéfkers
gives a different structure for the minimuinoc, where theC,,
symmetry was lost because the charge-bearing methylene was twisted

J. AM. CHEM. SOC. = VOL. 127, NO. 10, 2005 3393
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Figure 3. Two-dimensional plot of the potential energy surface for BMA (seam of intersection) projected along the GD and one methylene torsion intersection
space mode (IS). Units: Displacement in audndy-axes) and energy in kcal mdl (z-axis).

and pyramidalized. This is supported by results on the radical cation frequencies for the twar bonds at the localized geometry are 1742.9
of ethylene!® Therefore the level of calculation used here cannot cm™ for the singly occupied bond and 1917.9 ¢nfor the doubly
reproduce the details of the entire potential energy surface, but it occupied bond, which corresponds to zero-point energies of 2.49 and
provides a correct qualitative description in the region of near 2.74 kcal mot?, respectively. The reaction coordinate is the antisym-
degeneracy. Thus our calculations allow us to draw valuable conclusionsmetric combination of the bond stretchings, and the region of the seam
about the topology of the surface and the mechanism of the ET. is low enough in energy that it can be reached if the two bonds oscillate
Second-Order Analysis at the Conical Intersection We have with opposite phase, or after intramolecular vibrational energy redis-
analyzed the curvature of the surfaces of the two degenerate states afribution from other modes into these bond stretchings.
the conical intersection by calculating the Hessian for the two states.  afier the sampling step, the trajectories were run in the ground state
The Hessians are diagonalized in the space ohthe?2 intersection using an “adiabatic algorithm” (step size 0.25 sqrt(amu)*bohr, ap-
space (IS) modes (whengs the number of nuclear degrees of freedom  yrgximately 0.5 fs). The “semiclassical algorithm” was switched on at
of the molecule), after eliminating the two branching space coordinates 5 hreshold value of less than 8 mhartrees (4.8 kcal tdbr the
by projection, together with the rotation and translation coordirfates. D,—D; energy gap. Trajectories were first run using the TSH algo-
The results of this calculation (force constants and second-order rithm, adjusting the step size to 0.05 sqrt(amu)*bohr (approximately
splittings along the IS modes) are listed in the Supporting Information ( ¢ fs). Surface hops were carried out when the ground-state prob-
(Table SI1). Figure 3 shows the potential energy surface along the GD gpjjity of the time-dependent wave function went below a threshold
and one IS mode. The figure is based on a second-order Taylory e of 0.65. The stability of the results against this parameter was
expansion around the CI along the GD and IS modes, a_nd it is v_alld checked for a hexatriene test system, and changes0o? in the
for any of the (1 — 2) IS modes. It shows that the seam of intersection yreshold had little effect on the hop point. To avoid excessive mul-
is a curve rather than a straight line parallel to the IS #Xis. the tiple hopping, the minimum time between a hop and the next one was
topology presented in Figure 3, displacements in & closed loop aroundge 1 1 g fs. This value is small enough to treat the passage through
the Cl should encounter the intersection seam twice. We have carriedy, o | pecause the vibrational period of the antisymmetric stretching
,OUt this pr_oof for a methylene tors!on where the curvature difference of thesr bonds (which is the coordinate that drives the reaction through
is approxm_ately 0.025 au, by dlsplacmg_ the Cl geometry _along the seam region) is 1 order of magnitude higher<20 fs; see Chart
combined displacements of the two coordinates and calculating the ). Changes in these two parameters can be important for trajectories
energies of the two states. The results agree with the expansion-base hich go through a “mixed state” (see the Results of Dynamics

plot of Figure 3; i.e., the seam lies along a curved I|r_1e (combmafuon of Calculations section below), but in these cases the Ehrenfest method
the GD and methylene torsion mode; see Supporting Information for is preferable

details). . .
Trajectory Details and Initial Conditions . Our dynamics calcula- When_ever hops or ET_ were detected with th_e TSH .'_sllgorlthm, the
trajectories were rerun with the Ehrenfest algorithm, using the geom-

tions are carried out using the “on-the-fly” methodology for classical ) . - ] =
and semiclassical dynamics implemented in GaussfamgaSchlegel etries and velocities before the event of interest as starting conditions.
The step size for these runs was adjusted to 0.02 sqrt(amu)*bohr

and co-worker8%?” The gradient and curvature of the surface are i i
evaluated locally at every step of the trajectory, including a fifth-order (@PProximately 0.04 fs). The exit threshold was 15 mhartrees (9.0 kcal
correction of the potential energy surface. To study the ground-state M°!™") for both algorithms.

intramolecular ET, trajectories were started at the localized minimum  Analysis of the Trajectories Our study of the calculated trajectories

of Cy, symmetry, randomly sampling the zero-point energy of all 78 focuses on the behavior of the molecule in tiegion of the seam
degrees of freedom. Under these conditions, the region of the seam is(region of near degeneracy), where the alternative between ET and
accessed on average after less than 100 fs, i.e., after approximatelysurface hop occurs. In this region of the potential energy surface, the
200 steps. Thus, at the level of calculation used for the dynamics energy gap between the two states is small, and there is a finite degree
(SA-CASSCF(3,4)/STO-3G), the energy difference between the local- of mixing between the two states (i.e., ground-state probability of the

ized minimum and th®, transition structure is 4.52 kcal mal The time-dependent state differs from 1.0). At the same timesthends
become similar in length and the charge delocalizes. In our analysis,
(40) Paterson, M. J.; Bearpark, M. J.; Robb, M. A.; BlancafortJLChem. we consider the following parameters (see Chart8)1 (1) Energy

Phys.2004 121, 11562-11571. L i ;
1) Fri)s/ch, M.A%] . etlaGaussian03revisi0n B.02 ed.; Gaussian, Inc.: Pittsburgh, ~9apP between the adiabatic states. (2) Probabilities for the state of interest,

PA, 2003. obtained by projection of the time-dependent state on the two adiabatic

3394 J. AM. CHEM. SOC. = VOL. 127, NO. 10, 2005
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Chart 1. Energy Gap along a Trajectory with an Unreactive
Surface Hop Pair (3—8 fs) and Quasi Adabatic ET (approximately
25 fs)
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Chart 2. Probabilities for the Two States along a Trajectory with
an Unreactive Surface Hop Pair (3—8 fs) and Quasi Adabatic ET
(approximately 25 fs)
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Chart 3. Length of the C;—Cj31 and Cs—Cj2 Bonds along a
Trajectory with an Unreactive Surface Hop Pair (3—8 fs) and
Quasi Adabatic ET (approximately 25 fs)
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states. The probabilities are used to monitor the hops (switch from
1.0/0.0 for ground and excited state to 0.0/1.0). (3) Length ofzthe
bonds (G—Ci; and G—Cy,, respectively; see Scheme 1 for atom

numbering). On average, the bond where the charge is localized is

longer, and the lengths of thebonds are inverted during the surface
hops and ET. Occurrence of ET was confirmed by examining the
occupation of ther bonds for the adiabatic ground-state wave function

state, and (d) extended mixed state. In the Results section we describe
one example for cases (a) and (b). Case (c) is the reverse of case (b),
and an example for case (d) is described in the Supporting Information.

Theoretical Analysis of the Potential Energy Surface
Topology

In our preceding studies of ground-state intramolecular ET
in organic radical cations, we showed for several cases that the
surface topology is centered around a conical intersection (CI)
between the ground and the excited state of the molecule (see
Figure 2)18 The ground-state topologies have the shape of a
“moat” spanned by the two degeneracy-lifting coordinates at
the intersection, the gradient difference (GD[d(E1 — Ep)J/
9Q]), and the interstate coupling (€ LY 1(dH/0Q)W20). These
coordinates form the branching space of the intersection, and
the energy of the states remains degenerate (to first-order) along
the remainingn — 2 vibrational modes, which form the
intersection space. The relevant structures for ET (the minima
Loc andLoc’, where the charge is localized in the donor or the
acceptor, and the charge-delocalized transition structures or
intermediates) lie in the “moat’Cl is a point on an extended
conical intersection line, which provides a locus for nonadiabatic
population transfer to the excited state. The transition state for
the reaction lies in the space orthogonal to this line as shown
in Figure 2. Therefore direct ET must avoid or surround the
intersection, going through the outer region of the cone. In
several molecules studied previously, this is possible and there
are adiabatic ET paths on the potential energy surface. However,
in limiting cases where one of the two corresponding vectors
GD or IC has a nearly zero length, the surface crossing becomes
only weakly avoided because the energy gap created by
displacement along this coordinate depends on the length of
this vector. Therefore the topology becomes similar to that of
an (W — 1)-dimensional seam of intersection, as in a singlet
triplet crossing?® At the same time, the minimum associated
with displacement along the IC vector (the TS for ET in the
present case) lies very close to the intersection. Thus, the
resulting moat that surrounds the intersection contains a sharp
ridge, and the upper part of the cone remains close to the lower
surface. The minimum energy reaction path (bold arrow in
Figure 2) passes very close to the conical intersection, and hops
to the upper surface become possible. Similar situations, where
one of the degeneracy lifting vectors is exactly zero, have been
characterized by Yarkony and co-workers as confluences of
intersection seams in tri- and tetratomic systéfns.

In BMA, the relevant structures (Scheme 1) are the localized
minimum of C,, symmetry, where the charge is localized on
one of thexr bonds Loc andLoc'); the delocalized minimum
of D, symmetry, which functions as the ET transition structure
(TS); and the JahnTeller degenerate speciesfy symmetry,
which was optimized as a conical intersecti@i ). For this
structure of Dyq symmetry, the degenerate orbitals form a
localized basis. Therefore the modes of the branching space have
b; andb, symmetry for the interstate coupling and the gradient
difference, respectively, and displacement from the CI along
these modes leads to structufiés andLoc/Loc’, respectively
(see Figure 2). The gradient differencel@fsymmetry is the
antisymmetrict bond stretching and corresponds to the “intui-

(D, state) at the exit of the seam region. Using these parameters wetive” reaction path coordinate. Along this coordinate, the conical

have classified our trajectories in four different types: (a) unreactive
hop pair, (b) direct ET, (c) reactive hop pair with ET in the excited

(42) Matsika, S.; Yarkony, D. RJ. Phys. Chem. 2002 106, 2580-2591.
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intersection has a peaked shape; i.e., the two minima lie on E
different sides of the intersectidf.The interstate coupling of ES A
b; symmetry is an “antisymmetric breathing” of the adamantane
framework. The degeneracy-lifting character of this coordinate
can be understood in the context of the superexchange mech-
anism of electronic coupling.According to this mechanism,
the splitting between the electronic states in ET or similar
processes arises from interaction of the donor and acceptor
molecular orbitals. In the superexchange mechanism, this - IS
interaction occurs through the bonds of the bridge that C1
connects the donor and the acceptor. In BMA, the overall Figure 4. “Curvature difference" (RennefTeller type profile) between
. . . the ground (GS) and the excited state (ES) at a Cl caused by second-order

superexchange interaction is cancel_ed ouDat structures splitting along an intersection space mode (IS).
because of the symmetry of the bridge, but the symmetry
breaking distortion of the orbital frame lifts the degeneracy. ~degenerate along them to first order, but there can also be a
However, the length of the IC vector is small and the surface second-order lifting of the degeneracy which is analogous to
topology around the CI corresponds to the case described abovethe RennerTeller effect (Figure 4). Thus the surfaces of the

To get a quantitative estimate of the probability of nonadia- two states can have different curvatures along the IS modes. In
batic behavior it is necessary to consider the length of the IC BMA, the modes with the most significant second-order
vector and the curvature of the surface along that coordinate.degeneracy lifting effects (see Table SI1 and Figure SI2,
The estimate is based on a simple second-order expansion ofSupporting Information) are methylene vibrations (for example
the energy around the ClI, where the two states are described a$orsion or pyramidalization) as well as vibrations of the
equivalent parabolas that cross at the CI. The approach is similarddamantane framework. For the methylene torsions and pyra-
to the one used to relate energy barriers to reorganization energyMidalizations, for example, the curvature of the two states differs
in Marcus theory (see Supporting Information for details, section Py approximately 0.050 and 0.023 au, respectively, whereas,
SI2.1)8 The energy gap at a minimum along a first-order for some skeletal deformations, the most significant differences
degeneracy-lifting coordinate associated to a Cl can thus be are 0.012-0.082 au (to illustrate these figures, displacement
predicted from two parameters calculated at the CI, the gradient@long the methylene torsion mode by 1 au, which should induce
of the surfaces at the Cl and the force constant along the @n energy gap of approximately 0.050 au or 30 kcal Thol

GS

coordinate @« c andk, respectively): corresponds to a torsion of 21 These values have the same
order of magnitude as the length of the IC vector, and it could
29, of be conceivable that they contributed to lifting of the degeneracy

AEqy, = kx ) at the intersection, favoring the ET reactivity of BMA. To show

that this is not the case we have plotted the energy along the

In the present case (CASSCF(3,4)/3-21G* data), the gradient @D @nd one IS mode in Figure 3, neglecting the effect of the
of the surfaces at the Cl is half the length of the IC vector IC mode. The calculated surface is qualitatively different from
(0.0064 au), whereas the force constant along the IC “antisym- the one formed by”the GD and IC mod?s (Figure 2). Thus the
metric breathing” mode is estimated as approximately 0.25 au Main effect of the “curvature difference” along the IS mode is
from the calculated force constants for the remaining intersec- NOtt0 eliminate the degeneracy but to turn the intersection seam
tion-space modes (see below and entry 53 of Table SI1 from a straight line along the IS coordinate into a curve (see
Supporting Information). The calculated value of approximately Computational Details). Therefore trajectories in the reduced
0.2 kcal mot (0.009 eV) is the energy gap at tBe minimum GD/IS space would always find thg seam on.thelr way from
along the IC coordinateTS), estimated from the parameters .reactan.t to products. When the fpll dimensionality of the system
calculated at the CI. This value is lower than the estimated limit IS considered, the “curvature difference” along any of the IS
of 0.025 eV for the adiabatic reginté,and the ET can be modes does not increase the energy gap along the IC coordinate
predicted to be nonadiabatic. Clearly the second-order based@/though it displaces the quasi-seam along a curved coordinate).
expansion has its limitations, and one should be careful when FTOm @ mechanistic point of view, then, the energy splitting
applying this approach to estimate the energy gap at a minimum¢aused by the IS modes does not contribute to avoiding the
associated to a Cl. However, the actual energy gap at thediabatic trap. Thus. the .only coordinate that can lift .the
optimizedTS structure (at the CASSCF(3,4)/3-21G* level) of deg_eneracy (e)_(d”‘_j'”g higher-order effects) and effectively
0.13 kcal mot® (0.0054 eV) is close to the predicted value, 2@void the crossing is the IC.
which indicates that the approach is useful here, presumably Results of Dynamics Calculations
because of the rigidity of the molecule. S 2 ) s f £130 f

To evaluate the effect of the remaining- 2 vibrations (the ummary. We.rsn > trlajefctosrles oran a\t/]erage' of1 ; hS
intersection space, IS) on the energy gap at the region of conicalP® traJ_ectlorg/_, with a t(()jta ?j 3 eventj ;1” t (_3 reglonbci the
intersection, we have carried out an analysis of the curvature seam (||jc ul 'Pg upwar %r: ownwar ops,fsde_e Table SIdZ,
of the two intersecting surfaces along these coordinates (seeSL”O'OOrtlng nformation). There were 5 cases of direct ground-

Computational Details® The energy of the states remains state ET and 17 cases of upward surface hop, followed by.a
downward hop. In 13 of these cases, the hop pair was unreactive

(43) Atchity, G. J.; Xantheas, S. S.; RuedenbergJKChem. Phys1991, 95, (= recrossing). In 3 cases, there was an excited-state ET before
1862-1876. Al ; : o

(44) Farazdel, A.; Dupuis, M.; Clementi, E.; Aviram, A. Am. Chem. Soc. the downward hOp, yleldlqg areactive hOp paur. In the remaining
199Q 112 4206-4214. case there were two excited-state ET events before the down-
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ward hop, yielding a net unreactive hop pair. This gives a total velocities at the exit of the seam region). Overall, the comparison
of 5 excited-state ET events. We also found three cases of anshows that the TSH method implemented here is reliable for
extended, unreactive mixed state (lasting approximately 2 fs). the surface hops because they are quasi-diabatic. Thus, it yields
Finally, six ambiguous cases were discarded. The ratio betweenthe same final conditions as the Ehrenfest method in five out
quasi-adiabatic ET and hops obtained here is of the same ordeof six cases; in the remaining case, the net reactivity is predicted
of magnitude than the one found in the semiempirical study of correctly (unreactive surface hop), but different final conditions
the Carpenter and Paddon-Row grodfps. are obtained. The divergence between the methods is more
Unreactive Hop Pair and Direct ET. Charts 3 show the significant in the case of direct ET. Here the TSH method only
data for a trajectory during 60 fs (approximately 400 time steps). reproduces the Ehrenfest exit conditions in two out of five cases.
The trajectory contains one hop pair and one ET event. Initially In two more cases, the reactivity (direct ET) is predicted
there is a fast access to the seam region with an unreactive hogorrectly by the TSH method but with different exit conditions.
pair (hop up at 3.6 fs and hop down to 8.1 fs). At the hops, the In one more case the TSH method fails and predicts a surface
energy gap between the states is close to zero (see Chart 1)hop where the Ehrenfest method gives direct ET through a short
Chart 2 (probabilities) gives the description of the Siate “mixed state”. The results also diverge for the cases of extended
(ground state) in terms of the quasi-diabatic, charge localized “mixed state”, where the TSH method gives a succession of
states. At the hops, the probabilities (Chart 2) change quickly, hops and yields different final conditions. In contrast to this,
indicating that the hops are quasi-diabatic (i.e., the chargetwo cases where the Ehrenfest algorithm fails because of
remains localized on one bond, and there is no ET). Chart 3 unphysical mixed state were re-evaluated successfully with the
also shows that at the moment of the hops the twbonds TSH algorithm. Overall, the good agreement between the TSH
have similar length. After the unreactive hop pair, the trajectory and Ehrenfest methods for the quasi-diabatic hops indicates that
has another encounter with the region of the seam at ap-the two methods are valid approximations for these cases. The
proximately 25 fs, which results in a “direct”, quasi-adiabatic bigger discrepancies found for the cases of direct ET are
ET. The energy gap during the ET remains larger than at the understandable because in those cases the charge has to
hops (approximately 2 kcal nol), and the state can be delocalize at the same point of the trajectory. The use of a
described as a “mixed state” (see the probabilities in Chart 2). “mixed-state” potential is helpful to describe this charge
After the ET, the relative lengths of the bonds (Chart 3) delocalization, and therefore the Ehrenfest method should be
are inverted; i.e., the ££Cy; bond becomes longer, and the better here. Clearly wave packet dynamics methods would be
Cs—Cip, shorter. This corresponds to charge transfer from more reliable, but they seem difficult to apply here in view of
Cs5—Cy2 to G—Cy1. On Charts £3 it can be also seen that the many degrees of freedom. For a comparison between the
around 45 fs there is a “frustrated” attempt to access the seam,TSH and a wave packet method for the smaller butatriene radical
where the bonds become equal in length but the energy gap iscation, the reader is referred to ref 27.
not small enough. This shows that factors other than the bond Discussion
lengths have an effect on the energy gap and the reactivity.
Ambiguous Cases Of the 56 calculated events, 9 gave - ' -
ambiguous results with the Ehrenfest code. In three cases,dynamics study of Carpenter and co-workErshat diabatic

changes in the orbital basis during the CASSCF calculations F@PPing occurs in the ET of BMA. Therefore we have
(orbital rotations caused by localization or delocalization) confirmed our proposal that the potential energy surface,
induced discontinuities in the energy and the probabilities of centered around a conical intersection, is prone to diabatic
the time-dependent state, and the results were discarded. In si/@PPing because one of the branching space vectors has almost
other cases, the orbital rotations caused unphysical “mixed Z€0 length. In addition to that, our mechanistic analysis aims
states” (mix of the probabilities with an energy gap larger than to validate the prediction given by our analysis of the conical
0.005 hartree or 3 kcal mol). This problem is related to the intersection region, namely that the alternative between electron
typical Ehrenfest pathology, where the trajectory leaves the transfgr and diabatic trapping at that reg_ion_ is not controllec_l
region of near degeneracy (increasing energy gap betweenPY & single mode because the IC has vanishing length. For this
ground and excited state) in an unphysical mixed $fafavo purpose we have analyzed the “transition structures” of all the
of these events were satisfactorily re-evaluated with the TSH trajectory points with direct ET and the “hop structures” for all
algorithm. In one trajectory, the unphysical mixing occurred (rajectories with a surface hop (Tables SEI7, Supporting
before accessing the region of near degeneracy and the trajecto?“form‘lat'on)' Our general assumption is the usual Marcus model
was repeated successfully with a reduced entrance threshold td0f ET*and the LandatiZener treatment for avoided crossirfgs,
the time-dependent algorithm (0.005 hartree). The results of Where the probability of hops at points of near degeneracy on
these trajectories are included in Table 1. The remaining three@ Potential energy surface depends mainly on the energy gap

trajectories with unphysical mixed states were discarded, addingP&tween the states of interest. Our results agree with this model,
to a total of six. since the energy gap is bigger than 1 kcal mah all cases of

Comparison of the Ehrenfest and TSH Algorithms To d?rect ET, although we find some surface hops with energy
compare the performance of the two methods, 18 trajectoriesdifférences up to 1.9 kcal mol. In these cases, the surface
were run using the two algorithms, under the same initial NOP iS induced by a dynamic factor, the velocity of the trajectory
conditions at the threshold to the seam region. The results areWhen it reaches the seam, which is also in agreement with the
then compared in terms of the net reactivity of the event and, L@ndau-Zener treatment.

on a more detailed level, the final conditions (geometry and  Analysis of the structural parameters at the point of near
degeneracy shows that there is no clear-cut correlation between

(45) Hack, M. D.; Truhlar, D. GJ. Phys. Chem. 200Q 104, 7917-7926. these parameters and the reactivity. Thus, the average torsion

Our dynamics calculations show, in agreement with the earlier
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at the hops is 67 and the one for ET is 629 Moreover, only Our characterization of the topology as prone to diabatic
one ET trajectory goes through the seam with a torsion of more trapping is confirmed by semiclassical ab initio CASSCF
than 10, and there are several cases of surface hops with biggerdynamics with an Ehrenfest and a trajectory surface hopping
torsions. A similar lack of correlation between reactivity and algorithm. Examination of the trajectories at the structures where
structure in the region of the seam is found for the IC coordinate, the alternative between ET and recrossing is decided shows that
the antisymmetric breathing skeletal mode. The value for this there is no single vibrational coordinate that determines the
coordinate is evaluated by comparing the changes in thereactivity. None of these coordinates has a dominating effect,
distances between the vibrating carbons (see Supporting Infor-and the reactivity appears to be the result of many small effects.
mation), and we find average changes of 0.057 A for the Presumably effects of a higher-order that have not been
trajectories with surface hop and 0.066 A for the ones with direct considered in our analysis are important in this case.
ET. Similar results are found for the methylene pyramidalization =~ The topology plotted in Figure 2 for the intramolecular ET
angles and the difference in length of the two relevabbnds in BMA is similar to the one described in the work of Butler
(Arccy value in Tables SI3SI7). This analysis strongly and co-workers for the photochemical dissociation of bro-
supports our view of the diabatic trap being controlled by a moacetyl and bromopropionyl chlorides, based on experimental
combination of vibrations with small effects rather than by a and theoretical resulid:'2As emphasized by these authors, the
single mode. origin of the recrossing does not lie in the fact that the reaction
In contrast to our conclusion, the preceding study by the is “symmetry forbidden”. In fact, it becomes “symmetry
Carpenter and PaddetiRow groups highlighted the role of the  allowed” when the molecule loses its symmetry. However, the
methylene torsion in modulating the energy gap for the!&ET. reason for nonadiabaticity is that the reaction transition structure
This conclusion was based on a Fourier transform analysis of is close to a conical intersection. The same explanation can be
the energy gap during the whole trajectory, where one of the given for our BMA ground-to-excited-state recrossing. Thus,
peaks in the spectrum is assigned to the methylene torsion.at D,y geometries, the ET is “symmetry forbidden” and there is
However, in our analysis of diabatic trapping we distinguish zero super-exchange coupling between the awmnds. AtD,
the factors that influence the approach to the conical intersectiongeometries, the ET becomes “symmetry allowed”. However,
region from the ones that modulate the outcome of the nonadiabaticity appears because the vector that displaces the
trajectories. In fact the methylene torsion is important for the geometry from the CI to the transition structure is small. In
approach to the seam region, as it affects the energy differencefact the preceding explanation for bromoacetyl chloride has been
at charge-localized structure¥Ve have recognized this effect recently put to doubt by Fang and co-worké&tsyho found no
by carrying out finite displacements, starting frdrac, along evidence of a state crossing in the vicinity of the dissociation
the normal mode corresponding to the methylene torsion of the transition structure. Nevertheless, the general model described
doubly occupiedr bond (see Chart SI5, Supporting Informa- by Butler remains valid, as our results show, regardless of
tion). The change of the energy gap along this coordinate is whether it may apply to the bromoacetyl chloride case or not.
the origin of the effect observed in the result of the Fourier A similar topology, where a TS lies close to a Cl between two
transformatiort® However our argument is based on the fact excited cases, has also been given as the explanation for diabatic
that the energy gap induced by the methylene torsibthe trapping in the photoinduced isomerization of the photoactive
intersection regiorhas its origin in the curvature difference (a  yellow protein chromophor&
second-order effect) at the Cl. As we have discussed above with  The similarity between the BMA case and the cases described
the help of Figure 3, the surface splitting caused by this mode above shows that the conditions given here for diabatic trapping
does not increase the energy gap effectively. On the contrary,must be quite general. They can be understood in terms of the
avoiding the crossing requires a significant displacement alongtwo branching space coordinates. Diabatic trapping can be
the IC coordinate. expected in cases where the reaction path passes through a
conical intersection region or near to it (i.e., when the reaction
o ) ) ) coordinate is one of the branching space coordinates) and when
The ET reaction in the model radical cation BMA is prone  {he yector corresponding to the other branching space coordinate
to diabatic trapping because the surface topology is centerednag small length. In the context of similar dynamics stuéfies,
around a ppnlcal intersection which is ylrtually coincident with i has been proposed that diabatic trapping or recrossing would
the tr§n5|t|on .structure for the rgactlon. The occurrence of he favored by a sloped or tilted topolddyof the conical
diabatic trapping can be rationalized by an analysis of the jiersection, because at peaked topologies the trajectories are
relevant coordinates at the conical |nters_ect|_on. Thus the moved away from the intersection. However the present study
approach from the reactant to the seam region is regulated bysnows that diabatic trapping is possible in peaked topologies,
one of the branching space coordinates that lift the degeneracyyng therefore we conclude that the determining factor is the
at first-order. The other degeneracy lifting coordinate contro[s nearly zero length of one branching space vector. The small
the gap between the lower and upper states at the seam regiongngih of this vector is also the origin of the dynamic behavior,
It facilitates the avoided crossing path for ET that surrounds \yhere there is no mode that regulates the behavior at the diabatic
the CI. In the BMA case, the corresponding vector has almost a5 preferentially. We expect this to be a general characteristic
zero length. As a consequence, the ET transition structure isof giapatic trapping for cases as the present one, where the
virtually coincident with the Cl, and the crossing cannot be ¢ompetition between chemical reaction and surface hops occurs

avoided. The remainingn(— 2) coordinates may lift the i, the same region of the potential energy surface.
degeneracy at second-order, but they do not effectively increase

the energy gap at the intersection region. Thus the topology (46) Ding, W. 3. Fang, W. H.; Liu, R. .; Fang, D. @. Chem. Phys2002

can be described as am{ 1)-dimensional seam of intersection.  (47) Yarkony, D. RJ. Chem. Phys2001, 114, 2601-2613.

Conclusions
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