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            Nonadiabatic Molecular Dynamics Simulations of the Energy Transfer between Building Blocks in a Phenylene Ethynylene Dendrimer † Sebastian Fernandez-Alberti, ‡ Valeria D. Kleiman, § Sergei Tretiak, | and Adrian E. Roitberg* ,⊥ UniVersidad Nacional de Quilmes, Roque Saenz Pen ˜a 352, B1876BXD Bernal, Argentina, Department of Chemistry, UniVersity of Florida, GainesVille, Florida 32611, Theoretical DiVision, Center for Nonlinear Studies (CNLS), and Center for Integrated Nanotechnologies (CINT), Los Alamos National Laboratory, Los Alamos, New Mexico 87545, and Quantum Theory Project, Department of Chemistry, UniVersity of Florida, GainesVille, Florida 32611 ReceiVed: January 30, 2009; ReVised Manuscript ReceiVed: March 20, 2009 The ultrafast dynamics of electronic and vibrational energy transfer between two- and three-ring linear poly(phenylene ethynylene) units linked by meta-substitution is studied by nonadiabatic molecular dynamics simulations. The molecular dynamics with quantum transitions 1,2 method is used including an “on the ﬂy” calculation of the potential energy surfaces and electronic couplings. The results show that during the ﬁrst 40 fs after a vertical photoexcitation to the S 2 state, the nonadiabatic coupling between S 2 and S 1 states causes a fast transfer of the electronic populations. A rapid decrease of the S 1 -S 2 energy gap is observed, reaching a ﬁrst conical intersection at ≈5 fs. Therefore, the ﬁrst hopping events take place, and the S 2 state starts to depopulate. The analysis of the structural and energetic properties of the molecule during the jumps reveals the main role that the ethynylene triple bond plays in the unidirectional energy transfer process. I. Introduction The fundamental principles of the efﬁcient energy funneling observed in light-harvesting photosynthetic systems can be unraveled by studying the built-in energy gradients in well- deﬁned, artiﬁcial light-harvesting macromolecules called den- drimers. Such dendrimers are highly branched conjugated macromolecules with regular structures possessing numerous peripheral groups, branched repeat units, and a core. Their unique architecture allows an efﬁcient and controllable vectorial energy transport from the periphery to the core. In most cases, the branched repeat units act as selected photoactive chemical units that constitute a suitable media for the exciton transport and relaxation during the light-harvesting processes. Therefore, the detailed understanding of the unidirectional photoexcitation energy transfer between the repeat units inside a dendritic macromolecule is a very important goal in the ﬁeld of organic photochemistry. Apart from their fundamental interest, the controlled synthesis of dendrimers awards them with unique geometric and energetic properties 3 suitable for a wide variety of applications, including molecular devices and machines, 4 the encapsulation of small organic molecules in their “dendritic box” acting as drug delivery systems, 5,6 and the enhancement of the guests’ lumi- nescence properties attributed to their large antenna effect. 7 In particular, the family of dendrimers based on poly(phenylene ethynylene) (PPE) units has received a special theoretical and experimental interest due to their ability to mimic both the collection and energy transport that occur in photosynthetic systems. 8-13 Since they can be prepared with high regularity and controlled molecular weights, 14 dendrimers offer great promise in the control of energy funneling. Their successful directional-energy transfer has been studied by Moore et al., 15,16,9,17 who have reported the syntheses of a perylene- terminated dendrimer, called the nanostar. This molecule presents four generations of linear PPE segments with decreasing lengths toward the periphery, creating an efﬁcient energy funnel toward the perylene trap. An important feature of the nanostar is that the different PPE segments are linked by meta- substitutions at the branching phenylene nodes. These connect- ing nodes inhibit any conjugate delocalization of electrons across the dendrimer framework. Therefore, the dendrimer molecule can be understood as an ensemble of linear chromophore units with weak coupling between them. As a result, the excitons in the nanostar are localized on each PPE segment, 9 and its overall absorption spectrum can be interpreted as the sum of these individual contributions. 15,10,17 Theoretical interest in PPE dendrimers arises from the possibility of analyzing them as an ensemble of individual coupled chromophore units. Therefore, the system can be described using the Frenkel exciton Hamiltonian 18,19 with Coulombic coupling between excitations localized on the linear units. 20 Its combination with the collective electronic oscillator (CEO) 21,22 approach has been proved to be suitable for the calculation of electronic spectra in a large family of dendrimers and conjugated chromophores. 23,47 The CEO model uses real- space wave packets representing the single-electron density matrix. The optical properties of the system are related directly to the motions of charges and electronic coherences. For this purpose, collective electronic normal modes or transition density matrices obtained using time-dependent Hartree-Fock (TDHF) are required. Furthermore, using this theoretical framework, Mukamel and collaborators simulated the exciton transport and relaxation in PPE dendrimers using the Redﬁeld equations. 24-26 The localization of the excitations on the different branched units in the nanostar has been previously shown using molecular † Part of the “Robert Benny Gerber Festschrift”. * To whom correspondence should be addressed. ‡ Universidad Nacional de Quilmes. § Department of Chemistry, University of Florida. | Los Alamos National Laboratory. ⊥ Quantum Theory Project, Department of Chemistry, University of Florida. J. Phys. Chem. A 2009, 113, 7535–7542 7535 10.1021/jp900904q CCC: $40.75  2009 American Chemical Society Published on Web 04/20/2009 Downloaded by LOS ALAMOS NATL LAB on July 30, 2009 Published on April 20, 2009 on http://pubs.acs.org | doi: 10.1021/jp900904q 
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Nonadiabatic Molecular Dynamics Simulations of the Energy Transfer between BuildingBlocks in a Phenylene Ethynylene Dendrimer†
 Sebastian Fernandez-Alberti,‡ Valeria D. Kleiman,§ Sergei Tretiak,| and Adrian E. Roitberg*,⊥
 UniVersidad Nacional de Quilmes, Roque Saenz Pena 352, B1876BXD Bernal, Argentina, Department ofChemistry, UniVersity of Florida, GainesVille, Florida 32611, Theoretical DiVision, Center for NonlinearStudies (CNLS), and Center for Integrated Nanotechnologies (CINT), Los Alamos National Laboratory,Los Alamos, New Mexico 87545, and Quantum Theory Project, Department of Chemistry,UniVersity of Florida, GainesVille, Florida 32611
 ReceiVed: January 30, 2009; ReVised Manuscript ReceiVed: March 20, 2009
 The ultrafast dynamics of electronic and vibrational energy transfer between two- and three-ring linearpoly(phenylene ethynylene) units linked by meta-substitution is studied by nonadiabatic molecular dynamicssimulations. The molecular dynamics with quantum transitions1,2 method is used including an “on the fly”calculation of the potential energy surfaces and electronic couplings. The results show that during the first 40fs after a vertical photoexcitation to the S2 state, the nonadiabatic coupling between S2 and S1 states causesa fast transfer of the electronic populations. A rapid decrease of the S1-S2 energy gap is observed, reachinga first conical intersection at ≈5 fs. Therefore, the first hopping events take place, and the S2 state starts todepopulate. The analysis of the structural and energetic properties of the molecule during the jumps revealsthe main role that the ethynylene triple bond plays in the unidirectional energy transfer process.
 I. Introduction
 The fundamental principles of the efficient energy funnelingobserved in light-harvesting photosynthetic systems can beunraveled by studying the built-in energy gradients in well-defined, artificial light-harvesting macromolecules called den-drimers. Such dendrimers are highly branched conjugatedmacromolecules with regular structures possessing numerousperipheral groups, branched repeat units, and a core. Theirunique architecture allows an efficient and controllable vectorialenergy transport from the periphery to the core. In most cases,the branched repeat units act as selected photoactive chemicalunits that constitute a suitable media for the exciton transportand relaxation during the light-harvesting processes. Therefore,the detailed understanding of the unidirectional photoexcitationenergy transfer between the repeat units inside a dendriticmacromolecule is a very important goal in the field of organicphotochemistry.
 Apart from their fundamental interest, the controlled synthesisof dendrimers awards them with unique geometric and energeticproperties3 suitable for a wide variety of applications, includingmolecular devices and machines,4 the encapsulation of smallorganic molecules in their “dendritic box” acting as drugdelivery systems,5,6 and the enhancement of the guests’ lumi-nescence properties attributed to their large antenna effect.7 Inparticular, the family of dendrimers based on poly(phenyleneethynylene) (PPE) units has received a special theoretical andexperimental interest due to their ability to mimic both thecollection and energy transport that occur in photosyntheticsystems.8-13 Since they can be prepared with high regularity
 and controlled molecular weights,14 dendrimers offer greatpromise in the control of energy funneling. Their successfuldirectional-energy transfer has been studied by Moore etal.,15,16,9,17 who have reported the syntheses of a perylene-terminated dendrimer, called the nanostar. This moleculepresents four generations of linear PPE segments with decreasinglengths toward the periphery, creating an efficient energy funneltoward the perylene trap. An important feature of the nanostaris that the different PPE segments are linked by meta-substitutions at the branching phenylene nodes. These connect-ing nodes inhibit any conjugate delocalization of electrons acrossthe dendrimer framework. Therefore, the dendrimer moleculecan be understood as an ensemble of linear chromophore unitswith weak coupling between them. As a result, the excitons inthe nanostar are localized on each PPE segment,9 and its overallabsorption spectrum can be interpreted as the sum of theseindividual contributions.15,10,17
 Theoretical interest in PPE dendrimers arises from thepossibility of analyzing them as an ensemble of individualcoupled chromophore units. Therefore, the system can bedescribed using the Frenkel exciton Hamiltonian18,19 withCoulombic coupling between excitations localized on the linearunits.20 Its combination with the collective electronic oscillator(CEO)21,22 approach has been proved to be suitable for thecalculation of electronic spectra in a large family of dendrimersand conjugated chromophores.23,47 The CEO model uses real-space wave packets representing the single-electron densitymatrix. The optical properties of the system are related directlyto the motions of charges and electronic coherences. For thispurpose, collective electronic normal modes or transition densitymatrices obtained using time-dependent Hartree-Fock (TDHF)are required. Furthermore, using this theoretical framework,Mukamel and collaborators simulated the exciton transport andrelaxation in PPE dendrimers using the Redfield equations.24-26
 The localization of the excitations on the different branchedunits in the nanostar has been previously shown using molecular
 † Part of the “Robert Benny Gerber Festschrift”.* To whom correspondence should be addressed.‡ Universidad Nacional de Quilmes.§ Department of Chemistry, University of Florida.| Los Alamos National Laboratory.⊥ Quantum Theory Project, Department of Chemistry, University of
 Florida.
 J. Phys. Chem. A 2009, 113, 7535–7542 7535
 10.1021/jp900904q CCC: $40.75 2009 American Chemical SocietyPublished on Web 04/20/2009
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dynamics and quantum mechanical calculations.27,28 Theseresults indicate that the nanostar can be studied as the sum ofseparate linear PPE units: two-ring, three-ring, and four-ringpara-substituted phenylene ethynylene. The three main peaksin the absorption spectrum correspond to the absorption of eachone of these photoactive units. That is, the peak at shorterwavelength (310 nm) corresponds to the two-ring system, thenext peak (352 nm) in ascending order of wavelength corre-sponds to the three-ring system, and the peak at higherwavelength (372 nm) corresponds to the four-ring system.
 However, while all the transitions are well localized at lowtemperature (∼10 K), the situation becomes more complicatedat higher temperatures. In a previous work,28 we have shownthat the absorptions of the three-ring systems and the four-ringsystems are shifted to lower wavelengths leading to thesuperposition of the different contributions to the absorptionspectra at 300 K. The origin of these displacements can beunderstood analyzing the many different possible conformationsthat the PPE units can adopt during the molecular dynamicssimulation. The results indicated that the rings lie essentiallyin one plane at low temperature whereas they rotate freely atroom temperature. This change in geometry was proven to havea significant effect on the transition density, and hence energytransfer rates.29 Therefore, the present work proposes to relatethe vibrational motions of the PPE units with their efficiencyin the unidirectional energy transfer by using direct nonadiabaticmolecular dynamics simulations.30 Previous works have alreadyshown the usefulness of these methods in the study ofphotochemical reaction mechanisms in organic compounds.31-35
 In particular, direct dynamics studies using trajectory surfacehopping have been applied to the photochemistry of a widevariety of organic molecules: benzene,36 fulvene, azulene,37
 guanine-cytocine,38 formamide,39 silaethylene,40 ethylene,41 andpyrrole,42 among others. The level of accuracy on the excited-state electronic energies, gradients, and nonadiabatic couplingsvaries according to specific features of the system under study.
 Femtosecond degenerate pump-probe spectroscopy has beencarried out by Kleiman et al.43 to study the ultrafast dynamicsof electronic excitations in the nanostar dendrimer. Preferentialexcitation at 310 nm, which corresponds to excitation of thetwo-ring unit, yields a biexponential decay (∼3 and ∼15 ps)indicating multiple pathways governed by the energy funnel.Those experiments provided a measure of the time scale forenergy transfer out of the initially pumped two-ring chro-mophores. Further experiments utilizing broad-band transientabsorption and ultrafast time-resolved emission elucidate acomplex picture of energy transfer through multiple channelsincluding vectorial energy transfer through the individualphenylene ethynylene units as well as parallel channels con-necting units which are not necessarily covalently coupled.44
 In this work, the ultrafast dynamics of electronic andvibrational energy transfer between two-ring and three-ring PPEunits separated by meta-substitution (Figure 1) is studied by
 nonadiabatic molecular dynamics simulations. We use moleculardynamics with quantum transitions (MDQT) based on Tully’sstochastic fewest-switches algorithm.1,2 Since the process in-volves electronic transitions among the different electronicexcited states, our aim is to stress the role of nonadiabaticcouplings in the description of the energetics of the systemduring the ultrafast dynamics after the photoexcitacion. Struc-tural and dynamical features were particularly examined in theregion of strong nonadiabatic coupling, revealing the chemicalprinciples for the efficient energy transfer process.
 II. Methods
 A. The MDQT Method. We have performed nonadiabaticmolecular dynamics simulations of the electronic and vibrationalenergy transfer between the two-ring and three-ring PPE unitsschematized in Figure 1. The MDQT method was used asimplemented by Tully.1,2 Briefly, the method treats the electronicdegrees of freedom quantum mechanically, while the motionof the nuclei is treated classically. The nuclei evolve on apotential energy surface (PES) that is defined by a singleelectronic state at a given time. Jumps from one electronic stateto another are governed by the coefficients of the electronicwave function. More details can be found in refs 1 and 2.
 In the present work the electronic wave function is writtenas
 Ψ(r, R, t) ) ∑I
 NCI
 CI(t)ψI(r;R) (1)
 where r and R are the electronic and nuclear vector coordinates,respectively. NCI is the number of configuration interaction (CI)states considered. ψI(r; R) is the CI eigenstate defined in termsof the configuration state functions (CSFs) φi(r; R) as
 ψI(r;R) ) ∑i
 cI,iφi(r;R) (2)
 The CI coefficients cI,i are obtained solving the matrixeigenvalue equation
 H(R)cI(R) )EI(R)cI(R) (3)
 where
 Hij(R) ) ⟨φi(r;R)|H(r;R)|φj(r;R)⟩r (4)
 where H is the standard nonrelativistic Hamiltonian operator.Accordingly with the configuration interaction singles (CIS)technique, the molecular orbitals (MO) of the ground state areused to construct the φi(r; R).
 The coefficients CI(t) evolve in time according to
 ipC·
 I(t) ) CI(t)EI - ip∑J
 CJ(t)RdIJ (5)
 where
 dIJ ) ⟨ψI(r;R)|∇RψJ(r;R)⟩ (6)
 is the nonadiabatic coupling vector.The probability for a quantum transition from the current
 electronic state I to all the other states J is calculated at eachintegration step along the trajectory as
 gIfJ ) -∆tp
 2Re{CI(t)CJ*(t)R··dIJ}
 |CI(t)|2
 (7)
 with the condition that if gIfJ < 0 then gIfJ ) 0. A uniformrandom number 0 < η < 1 is sampled to determine whether a
 Figure 1. Molecule studied in this work. It involves two- and three-ring linear poly(phenylene ehynylene) units linked by meta-substitution.
 7536 J. Phys. Chem. A, Vol. 113, No. 26, 2009 Fernandez-Alberti et al.
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hop from the |ψI(r; R>)⟩ surface is realized. If the states areordered as I, J, K,..., then if 0 < η , gIfJ, the system hops tosurface |ψJ(r; R)⟩, if gIfJ < η < gIfJ + gIfK, the system hops tosurface |ψK(r; R)⟩ and so on, and if ∑J * I gIfJ < η < 1, then thesystem remains in the state I.
 If a hop If J occurs, the trajectory continues on the newpotential energy surface EJ(R) with a velocity adjustment inorder to conserve total energy. According to the prescriptionsuggested by previous works,1,45 the adjustment was performedin the direction of the nonadiabatic coupling vector.
 B. Potential Energy Surfaces and Couplings. The ground-state and 10 excited-state electronic energies, gradients, andnonadiabatic coupling vectors were calculated at the configu-ration interaction singles (CIS) level using the collectiveelectronic oscillator (CEO) code22 combined with the Austinmodel 1 (AM1) Hamiltonian.46 These methodologies have beenpreviouslysuccessfullyappliedtodescribeconjugatedpolymers,21,47
 carbon nanotubes48 and other organic molecular materials.23
 AM1 and similar semiempirical models yield reasonableestimates of vertical excitation energies, polarizabilities, andexcited-state adiabatic surfaces (for comparisons with experi-mental data and ab initio simulations see, e.g., refs 49-52 and46. The AM1 allows the treatments of gradients and vibrationsat a significantly reduced computational cost compared to abinitio calculations.53 The CEO code computes analytic gradientsof the excited-state potential energy surfaces required duringthe molecular dynamics simulations.51,52 Details about themethod can be found elsewhere.23,51,52
 The nonadiabatic couplings RdIJ in eq 5 have been computednumerically using finite differences to evaluate the derivativeof the wave function with respect to time. Hence, the nonadia-batic coupling vector dIJ is not required explicitly to obtain thetime evolution of the CI coefficients (eq 5). Therefore, dIJ isonly calculated for the adjustment of nuclear momenta at thetime of hops. For this purpose, a numerical procedure has beenused.54-56
 C. Molecular Dynamics Simulations. Nonadiabatic molec-ular dynamics simulations of the photoexcitation and energytransfer between meta-branched PPE units, shown in Figure 1,were performed using the Langevin equation at constanttemperature.57 A friction coefficient γ of 2.0 ps-1 was used.This value has been chosen to allow an efficient temperaturecoupling.57
 First, a molecular dynamics simulation of 300 ps was run inthe ground state. The system was heated and allowed toequilibrate during the first 100 ps arriving at a final temperatureof 300 K. The last 200 ps were used to collect a set of initialpositions and momenta for the subsequent simulations in theexcited states.
 Nonadiabatic trajectories were started from these initialconfigurations after a vertical excitation to the S2 state. Ac-cording to previous fragment molecular orbital analysis27
 performed on TDDFT calculations at the B3LYP level with the6-31G(d,p) basis set, the S2 electronic state is localized on thetwo-ring unit while the S1 is also localized on the three-ring.The vertical excitation energies for the S1 and S2 states calculatedat the AM1/CIS level for an AM1-optimized structure arecompared in Table 1 with TDDFT (B3LYP/6-31G*) andexperimental results.43,44 The agreement between the AM1 andthe TDDFT results is quite good.
 Each simulation was run for 40 fs at constant temperature of300 K using the MDQT method. The nuclei are propagated withthe velocity Verlet integration method58 using a time step ∆t )0.5 fs for molecular dynamics simulations in the ground state
 and a shorter time step ∆t ) 0.05 fs for nonadiabatic moleculardynamics in the excited states. The propagation of the electronicCI coefficients (eq 5) was performed with the gear predictorcorrector algorithm59,60 using a time step δt 4000× shorter thanthe corresponding ∆t to the nuclear propagation.
 The electronic energies, gradients, and nonadiabatic couplingvectors were calculated on the fly during the molecular dynamicssimulations. Since we used a smaller time step for the integrationof eq 5 (∆t ) 4000δt), values of energies, gradients, andnonadiabatic couplings were required at many intermediate timesbetween t and t + ∆t. These values were calculated only at 10equally spaced intermediate times, and we used a simple linearinterpolation scheme2 to obtain the values at other intermediatetimes.
 III. Results and Discussion
 We have carried out 200 nonadiabatic trajectories usingLangevin equations at 300 K starting by vertical photoexcitationto the second singlet excited S2 state. These trajectories werestarted from the set of initial positions and momenta collectedat 1.0 ps intervals from 200 ps of an equilibrated ground-statedynamics at 300 K. At t ) 0 the system is instantaneouslyphotoexcited to the S2 state, while preserving the nuclear velocitydistribution. Each trajectory further runs in the S2 state untilnonadiabatic couplings and energetics allow switching it toanother electronic state according to the Tully’s recipe describedin section II.A. Figure 2 represents the average populations ofthe different electronic states as a function of time up to 40 fs.The results are converged with respect to the number oftrajectories. An ultrafast transfer of the electronic populationcan be seen from the initially populated S2 state to the closestlower singlet excited state S1.
 The fitting of the data for the population of the S2 state basedon the sum of two exponential components gives a fastcomponent with a time constant of 3.2 fs and a slowercomponent that decays with a time constant of 63.0 fs. As shown
 TABLE 1: Comparison of Experimental and CalculatedVertical Excitation Energies for S1 and S2 States
 Eexc (eV)
 method S1 S2
 AM1/CIS 3.24 3.56experiment 3.52 4.0TDDFT (B3LYP/6-31G*, 10 × 10 CIS) 3.42 3.64
 Figure 2. Population of the different electronic surfaces as a functionof time obtained as the fraction of trajectories in each state. Thebiexponential fit for the population of the S2 is also shown.
 Simulations of Energy Transfer in Dendrimers J. Phys. Chem. A, Vol. 113, No. 26, 2009 7537
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in Figure 2, the biexponential fit reproduces the data point verywell with a correlation coefficient R ) 0.99.
 These values are significantly shorter than the correspondingvalues reported by Kleiman et al.43 On one hand, the time scaleof our simulations depends on the friction coefficient γ usedduring the stochastic dynamics with the Langevin equation.Selections of larger values of γ have been shown to decreasebarrier crossing rates for conformational changes.61,62 Althoughthis was not the focus of this study, previous works have appliedLangevin dynamics to extend simulation time scales.63,64 Onthe other hand, the experimental measurements have beenperformed on the nanostar dendrimer, where the effects of theentropy and the population and coherence participation ratioshould be taken into account during the exciton propagation.Particularly, the coherence effects have been shown to contributeto the transients at early times.43,24
 All our exponential fits satisfy the boundary condition thatall molecules must be in the S2 state at t ) 0 and they mustfinish in the S1 state at the end of the process. Therefore, ourresults verify a highly efficient electronic energy transferbetween the PPE units. This is in agreement with the near unityvalues of quantum yield for energy transfer to the perylene corethat has been observed in the nanostar.15,10
 At this point it is interesting to notice that not only the S1
 state but also the S3 is populated during our simulations.However, its population stays below 10% mainly because thesystem has insufficient thermal energy to move uphill fromthe S2 state. Furthermore, despite the fact that 10 CI states weretaken into account during the propagation of the electronic wavefunction, only the S3 shows a significant population during thedynamics. This state is close in energy to the S2 state, and itexhibits a strong coupling with it. Nevertheless, we do not findthat it plays a significant role in the energy transfer process understudy, and its population starts to decrease at ∼25 fs afterphotoexcitation.
 The reason behind the very fast S2f S1 decay can be foundin the analysis of the time evolution of the energy gap ∆Ebetween these states. On the basis of the well-known energygap dependence of the nonradiative decay rate constants,65-67
 it is expected that trajectories that cross through regions with asmall energy gap will undergo large nonadiabatic couplings. InFigure 3 we present the average ∆E between the S2 and the S1
 singlet excited states over all trajectories. It is seen that a firstminimum is achieved in less than 5 fs after the photoexcitation.Taking into account that the ∆E values calculated at the AM1and the TDDFT(B3LYP/6-31G*) levels are 0.32 and 0.22 eV,respectively (Table 1), this first minimum seems not to be aconsequence of an underestimation of the ∆E value at the AM1
 method. The analysis of individual trajectories reveals that someof them pass through a region of strong nonadiabatic couplingat these very early times. The time evolution of the adiabaticenergies for the S1 and S2 states for a typical trajectory is shownin Figure 4. These trajectories present significant crossingprobabilities at those times, and they mainly hop from the S2 tothe S1 state in less than 5 fs. The set of trajectories that remainsin the S2 undergoes a second, but less marked, region of largenonadiabatic coupling and small energy gap at ≈15 fs. Oncethe system moves on the S1 state, the ∆E increases andthe probability that a back-hopping (that is, S1 f S2 hopping)take places becomes negligible.
 The time dependence of the nonadiabatic coupling Rd1,2
 averaged over all trajectories is displayed in Figure 5. Note thetwo regions of large nonadiabatic coupling at ≈5 and 15 fs, inagreement with regions of small ∆E (Figure 4). Thereafter, thedivergence of independent trajectories, partially due to theirdifferent S1 f S2 hopping times, makes them follow differentpathways on either the S1 or S2 potential energy surfaces. Oncethe system hops to the S1 state, it moves to regions of lownonadiabatic coupling assuring the whole S2 f S1 electronicpopulation transfer. This can be seen by inspection of Figure6where the average of the nonadiabatic coupling is depictedfor trajectories that hop at times earlier than 10 fs (Figure 6a),earlier than 20 fs (6b), and after 20 fs (6c). It is clearly seenfrom Figure 6a that trajectories that hop within the first regionof large nonadiabatic coupling (t ≈ 5 fs) move away towardregions of the configuration space with small nonadiabaticcoupling. This is not the case for trajectories that remain in theS2 state (6b and c). Therefore, the difference in the nucleardynamics on the S2 and on the S1 state enhances the funnelingsignature of the energy transfer mechanism in this molecule.
 Figure 3. Time dependence of the energy gap ∆E between the S2 andthe S1 singlet excited states averaged over all trajectories.
 Figure 4. Time evolution of the adiabatic energies for the S1 and S2
 states for a typical nonadiabatic trajectory.
 Figure 5. Time dependence of the nonadiabatic coupling Rd1,2 averagedover all trajectories.
 7538 J. Phys. Chem. A, Vol. 113, No. 26, 2009 Fernandez-Alberti et al.
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We define a hop as an effective S2f S1 transition if no back-hopping occurs along the rest of the trajectory. The distributionof the number of these effective S2 f S1 hops as function oftime is shown in Figure 7a. These hops follow the changes inthe CI coefficients (eq 5) given by the nonadiabatic couplingdisplayed in Figure 5. A recurrence pattern is observed with aperiod of ≈10 fs. This pattern correlates with the minima of∆E and the maxima of Rd1,2 shown in Figures 3 and 5,respectively. Moreover, Figure 7b presents the distribution ofeffective S2f S1 hops in terms of transition energy. The average∆E at hops events is 0.084 eV. In order to clarify whether aconical intersection (with ∆E ) 0) can be reached by ourtrajectories, we adopt the previously proposed arbitrary limitof ∆E < 2 kcal/mol ) 0.086 eV to separate cases of strict conicalintersections or their immediate regions and cases with larger∆E’s. With this separation in mind, we can say that more than60% of trajectories pass very close to a conical intersection.
 Previous works have revealed that coherences between electronicexcitonic states can have a substantial impact on excitation energytransfer in light-harvesting systems.68,69 For instance, it has beenshown that the energy transfer in photosynthetic complexes is moresuitable to be described by wavelike coherent motion instead ofincoherent hopping.70 The recurrences shown in Figures 3 and 5seem not to be related to coherences between electronic excitedstates, and no recurrences are observed in the time evolution ofthe electronic populations (Figure 2). Nevertheless, the treatmentof coherence may not be optimal in the MDQT method,71-73 andthe use of Langevin equations can produce a substantial effect bycarefully selecting γ.
 In order to analyze the structural and dynamical features thatcontribute to the ultrafast energy transfer, the nonadiabatic
 coupling vector is examined. Figure 8 presents the nonadiabaticcoupling vector d1,2 for a typical trajectory at the time of theeffective S2 f S1 hop. The stretching motions in the directionof the ethynylene bond, especially the one corresponding to thetwo-ring system, present major contributions to d1,2. Therefore,the ethynylene stretchings should have a strong influence in theenergy transfer process.
 The direction of the nonadiabatic coupling vector can beinterpreted as the “transition force”, that is, the force on thenuclei during the hop event.74 Furthermore, the nuclear momentaare adjusted in this direction during hops. Changes in theethynylene bond length can be expected due to the energytransfer process. Figure 9 displays the length of each of theethynylene bonds, averaged over those trajectories with aneffective S2 f S1 hop. According to previous works thatlocalized the excitations on the different branched units,27,28 theinitial optical excitation to the S2 is localized on the two-ringsystem. This is in agreement with the initially larger oscillationamplitude for the triple bond of the two-ring system with respectto the triple bonds of the three-ring system shown in Figure 9.Nevertheless, the excess of vibrational energy initially detectedin this bond is rapidly transferred, accompanying the electronic
 Figure 6. Time dependence of the nonadiabatic coupling Rd1,2 averagedover all trajectories that hop at times earlier than 10 fs (a), earlier than20 fs (b), and after 20 fs (c).
 Figure 7. (a) Distribution of the number of effective S2f S1 hops asfunction of time. (b) Distribution of the transition energies for theeffective S2 f S1 hops.
 Figure 8. Nonadiabatic coupling vector d1,2 for a typical trajectory atthe time of the effective S2 f S1 hop.
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energy transfer S2 f S1. On the other hand, the initially notexcited ethynylene bonds of the three-ring system increase theirstretch lengths during the time of the simulated dynamics. This
 seems to indicate that an efficient unidirectional two-ring systemf three-ring system vibrational energy transfer seems to followthe ultrafast electronic energy transfer.
 In order to confirm that changes in the length of each of theethynylene bonds shown in Figure 9 are due to the electronicenergy transfer S2 f S1, similar analysis was performed overtrajectories that do not experience an effective S2 f S1 hop.The results are shown in Figure 10. On one hand, the ethynylenebond of the two-ring system does not exhibit the large oscillationamplitude shown in Figure 9. Therefore, the large stretching ofthis bond seems to be a requirement for the system to reach theregion close to the conical intersection. On the other hand, theethynylene bonds of the three-ring system do not increase theirlengths in time. As a result, neither the ethynylene bond of thetwo-ring system nor the bonds of the three-ring systems seemto change markedly their energies during the time of thedynamics.
 We have analyzed the distributions of the values of theethynylene bond lengths during hops in order to identify aninternal degree of freedom with a direct and strong influenceon the energy transfer process. Figure 11 displays the distribu-tions of the values of the ethynylene bond lengths at the timesof the effective S2 f S1 hops. The distributions are comparedwith the distributions of the corresponding values over all thetrajectories. While no significant differences are observed inthe values of the triple bond lengths of the three-ring system,the distribution of the bond lengths of the two-ring systemsduring hops is displaced to higher values. Therefore, the initialexcitation of this bond observed in Figure 9 leads the systemto the region of the conical intersection at the time the triplebond reaches its maximum displacement.
 Figure 9. Average, over all the trajectories with an effective S2 f S1
 hop, of the lengths of the ethynylene bonds as a function of time.
 Figure 10. Average, over all the trajectories without an effective S2
 f S1 hop, of the lengths of the ethynylene bonds as a function of time.
 Figure 11. Histograms for lengths of the ethynylene bonds at the timesof the effective S2f S1 hops (dashed lines) and during all the moleculardynamics simulations (solid lines).
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IV. Conclusions
 We have performed direct nonadiabatic molecular dynamicssimulations for the ultrafast process of electronic and vibrationalenergy transfer between meta-linked building blocks in aphenylene ethynylene dendrimer using Tully’s stochastic fewest-switches algorithm.1,2 The energies, gradients, and nonadiabaticcouplings have been calculated on the fly from electronicstructure calculations at the CIS/AM1 level using the CEOapproach.
 The aim of this work was to relate the transfer of electronicstate population from the S2 to the S1 state with an ultrafastvibrational energy transfer from the two-ring system to the three-ring system. For this purpose, structural and dynamical featureswere particularly examined in the region of strong nonadiabaticcoupling.
 In agreement with the near unity values of quantum yieldfor energy transfer observed in the nanostar, our results confirma highly efficient electronic energy transfer between the PPEunits. After the vertical photoexcitation to the S2 state, a rapiddecrease of the S1-S2 energy gap is observed, reaching a firstconical intersection at ≈5 fs. As a consequence, the S2 f S1
 electronic population transfer starts to take place. Thereafter,successive crossings through the region of strong couplings werereported. As a consequence, the S2 depopulates about 60%within the first 40 fs. While the nuclei motion on the S2 pullsthe system close to the conical intersection, the motion on theS1 state moves it away, enhancing the funneling signature ofthe energy transfer mechanism in the molecule.
 The analysis of trajectories shows that the stretching motionsin the direction of the ethynylene bonds induce the unidirectionalenergy transfer process. A large stretching of the triple bond ofthe two-ring system seems to be a requirement for the systemto reach the region close to the conical intersection. Furthermore,changes in the stretch lengths of the ethynylene bonds indicatethat an efficient unidirectional two-ring system f three-ringsystem vibrational energy transfer seems to follow the ultrafastelectronic energy transfer.
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