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In this communication we report the observation of a resonant, coherent nuclear motion in the elimination
reaction of 1,3-dibromopropane (DBP), a system with 27 internal degrees of freedom. The system was
investigated using femtosecond time-resolved mass spectrometry, following excitation at a totalEermergy

186 kcal mot! (n—5p Rydberg state). The vibrational coherence was observed with a period of 680 fs
corresponding to the torsional vibration involving the twe-Br bonds. The €Br bond cleavage occurs

with a reaction time of 2.5 ps and yields the 3-bromopropyl radical, which subsequently reacts (cleavage of
the second €Br bond and ring closure) to give cyclopropane in 7.5 ps. These results elucidate the elementary
steps and the mechanism: In a reduced space of two coordinates, the reaction coordinate involves a coherent
torsional motion and €Br bond rupture. Density functional theory (DFT) and time-dependent DFT calculations
were carried out to detail the potential energy surface.

I. Introduction because of the nature of femtosecond preparation, a reduced

The preparation of a wave packet on the global potential twq(orgfew)-dimensional picture defines the reaptive pathway,
energy surface (PES) is the key for observing coherent which |nclud_es not only the bond_-rupture_ coordinate _but _also
trajectories of reaction’sWhen the superposition includes many — the nonreactive mode(s) perpendicular to it, as shown in Figure
vibrational eigenstates on the femtosecond (fs) time scale, thel. The first examples to elucidate such a behavior were those
packet moves similar to a classical particle, defining the period Of the dissociation reaction of GH+ and the isomerization of
and the frequency of the vibrational nuclear motion. To observe Cis-stilbene in the gas phasand in solutior?. Examples have
such coherence of motion, a probe “window” at a given been reported for reactions involving multiple steps (Cr(§.0)
configuration and an initial localization of the packet are two proton transfer in solutiof, trans—cis isomerizatiorf, and
conditions that must be satisfied. For reactive simple systems,biological systems (see, e.g., refs-11p).
the prototype example for such a behavior is sodium iodide  Here, we report real-time observation of vibrational coherence
(Nal), where the observed coherent motion describes thejn 1 3-dibromopropane (DBP) using femtosecond time-resolved
resonance trajectoglongthe reaction coordinafeFor reactions  ags spectrometry in a molecular beam. This system is unique
involving polyatomics, motion perpendicular to the reaction i, ihat there is only-type bonding and the vibrational motions
cc_;o@nate, including intramolecular V|brat|o.na.l energy redis- 5.0 distinct. We investigated the wave packet motion on the
tribution (IVR), must be part of the description. However, PES of then—5p Rydberg state. The observed modulated signal

t Permanent address: Department of Chemistry, Syracuse University, '@S @ period of 680 fs, which corresponds to a torsional motion
Syracuse, NY 13244-4100. with the vibrational frequency of 49 crh The dephasing of
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Figure 1. Reduced two-dimensional picture representing the dynamics

of the polyatomic system studied here. The nonreactive coordinate Figure 2. Femtosecond time-resolved mass spectra of (A) DBP and
corresponds to the torsional vibration and the reactive coordinate (B) 2,2-d-DBP obtained at a delay time o#50 fs. (C) Excitation/
corresponds to the-€Br bond-breaking process with a barrier shown ionization scheme for the observed transient signals. All transition
as f. The two positions shown for the packet (green, blue) representenergies were obtained using TDDFT calculations at the B3P86/6-
the motion along the nonreactive coordinate for several periods, between311++G(d,p) level, neglecting spirorbit coupling. In parentheses we
the o = 60° ando = 30° structures, and the subsequenrt®& bond give the number for each type of the transitions involved.

cleavage. Note that the localized femtosecond preparation is essential

for the observation of coherence and nonstatistical behavior; the two cg|culated at the TD-B3LYP/6-31G(d) or the TD-B3P86/6-
windows of observation are shown for the phase 0 (blue),z (red). 3114++G(d,p) level of theory using the optimized geometry of

The initial wave packet, not shown, begins the motion from the w0 \nd'state. Details of such calculations will be given in a
repulsive wall. ull X
ull report.

coherence and the overall decay of the signal describe the
process of €& Br bond breakage, which leads to the intermediate
(3-bromopropyl radical) with a time constant of 2.5 ps. The multiphoton ionization (MPI) mass spectra of DBP and
Furthermore, the 3-bromopropyl radical intermediate undergoes2,2-d>-DBP are shown in Figure 2A,B, respectively. There are
ring closure and €Br bond cleavage with a time constant of two major features displayed in both mass spectra. First, the
7.5 ps; this channel has the lowest barrier, 17 kcal ol  ion signals at the parent massvand the fragment mass [M
Density functional theory (DFT) and time-dependent (TD) DFT — Br]* are characterized by a triplet and a doublet mass pattern,
calculations have been performed for the ground-state, excited-Which are due to the nearly equal abundance of the two Br
state, and cationic ground-state PES’s, and the results supportsotopes. Second, the most prominent ion signal is located at
our reduced two-dimensional model for the dynamics: The 41 amu for DBP and at 43 amu for 2¢8-DBP. Note that there
reaction trajectory involves vibrational coherence along the IS also substantial abundanee40%) for the 42 amu ion signal

[ll. Results and Data Analyses

symmetricald(CCCBr) torsion with motion along the -€Br shown in the mass spectrum of 2)2DBP. The appearance of

reactive coordinate (Figure 1). 121/123 amu (123/125 amu for 2¢B-DBP) indicates that the
first step in ion fragmentation is the loss of Br (not HBr/DBr).

Il. Experimental and Theoretical Methods The subsequent elimination of HBr from the 121/123 amu (HBr/

The experimental setup consisted of a femtosecond laserDBr from the 123/125 amu for 2,8-DBP) ion species gives
system (615 nnmy-150uJ pulse?, ~80 fs) in combination with rise to the 41 amu (43/42 amu for 22-DBP) signal. Thus
a molecular beam systefh The femtosecond pulse was split this observation indicates that the ion signal of the 41 amu in
into two parts to provide pump and probe beams. For the pump, DBP (or 42 and 43 amu in 2,@-DBP) actually results from
the 615-nm output was frequency-doubled. The time delay wasthe [M — Br]™.2® As discussed below, this result is entirely
controlled by a translation stage, which alters the path length consistent with the fact that both 42/43 amu give the same
of the probe pulse. The two beams were spatially combined femtosecond transients.
and focused onto the supersonic molecular beam. Pump and Figure 3 shows the ion signal as a function of the delay time
probe beams were appropriately attenuated to optimize thefor the 202 and 41 amu masses of DBP. The transient of the
enhancement of the ionization when both pump and probe pulsesparent 202 amu has three components: (1) a femtosecond
were present. The polarization angle of the probe beam relativeresponse near time zero, with a time constan(2) a coherent

to that of the pump beam was fixed at 54(fmagic angle). modulation of the signal with a period,, together with an
The resulting ions were detected by a time-of-flight (TOF) mass overall decay (and dephasing) with a time constant(3) a
spectrometer. negative signal offséf The complementary behavior of the
DBP (99%, Aldrich) was used without further purification; transient for the 41 amu was analyzed similarly: (1) a
the mass spectrum is consistent with reported p&aRL2-d,- femtosecond component as in the transient of 202 amu; (2) a

DBP was synthesized by a procedure described in the litera-coherent modulation of the signal with the same period as that
ture1® According to reported electron diffraction studies, the of 202 amu ) but with the phase shifted by exactly one-half
most stable conformation of DBP has tlgauche-gauche a period (r); (3) a buildup and dephasing (time constagjt
structure (Figure 2A3% but with additional decay (time constar}) which is absent in
Calculations were performed using the Gaussian 98 programthe transient of 202 amu; (4) a corresponding offset to that
packagé’ Geometries and energies were calculated at the observed for the 202 transient but now positive. Note that the
B3LYP/6-31+-G(d) level of theory. All energies of ground-state  observed transients are due to reaction of the neutral species
species include the zero-point energy (ZPE). Excited states wereand not the ions. This is because probe ionization of the neutral
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Figure 3. (A) Femtosecond transients of DBP for both the parent (202 amu) and the fragment (41 amu) mass, showing the modulated component
with a constant period of 680 fs and the phase shift of exactly one-half a period between the two transients. Theoretical curves are also shown. (B)
Transient of DBP (up to 30 ps) for the 41 amu, together with the theoretical fit indicating the change of populatfpiApfAd B according to

the dynamical model detailed in the text. The dotted line is the offset described in the model (see text).

species gives enhancement of ion signal, while probe of an ion population of a species in the above model can easily be $8lved
results in a depletiot? Furthermore, our observed femtosecond to include the femtosecond response funcébithe overall
to picosecond time scale dynamics will not be observed on a transient signal for 202 amu can thus be expressedsas=
parent ion since the time scale of mass spectroscopic detectionn®0A%(t) + az02A(t), whereAd(t) is the population of the initial
is microseconds. Finally the transients of 121/123 amu show FC species decaying withy and A(t) is the population of A
the same features as the transient of the parent mass, indicatingbuild up byzo and decay byt); %o, andayo, are related to
that they result from fragmentation of the parent ion. the ionization cross sections and the efficiency of ion fragmen-
Accordingly, the same elementary steps are involved in the tation. These processes describe the total population of a given
consecutive dynamical model for both 202 and 41 amu masses:species.
To account for the observed coherent motion of the A
Aoﬁ, A Y B 2 c ) molecule trajectories, the signal must include the probe window
detection at a time. As shown belowgoyg, depends on the

Here, / represents the initialt (= 0) Franck-Condon (FC) torsional motiord. The time dependence of this motion can be

structure responsible for the femtosecond motion near time zero:d€scribed by a cosine function with the phgsas shown in

A stands for the parent species which undergoes the coherenfi9Ure 1. Therefore, our signal from the A population must
resonance motion; B stands for the intermediate (3-bromopropy! OllOW:

radical), which only appears in the transient of 41 amu; and C

represents the final product, which is dark to our probe. The SyodA) = Oypp {1+ ccOs (th + $)}A(Y) 2)
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wherec is a constant. Note that the average signal oved all
configurations gives onlgtxoz A(t) with no coherence. Similarly,
we express the signal for the 41 amu, which now must include
the population of the intermediatg(t). Figure 3 gives the
comparison between the experimental and theoretical results.
Using a nonlinear least-squares procedure, the best fit of all
experimental data gives the following resultg;= 50 fs;7; =

2.5 ps;t, = 7.5 ps;c = 0.38. The period obtained i3 = 680

fs with the phase alternating between 0 (for 202 amu) and
(for 41 amu). Excellent fits were also obtained for the transients
of both 42 and 43 amu of 2,@-DBP using exactly the same
time constants and phase shift.

IV. Discussion

The above-described model appropriately reproduces the
observed femtosecond transients (Figure 3) for both DBP and
2,2-d>-DBP species. The following points can now be made:
First, the initial femtosecond signal observed for both parent (B) 202amu: cos(t/z)
and fragment reflects a multidimensional dephasing process. The

initially prepared wave packet moves out of the FC region within 41 amu: cos(tir.+ )}

the observed 50 fs. Second, after this initial motion, the wave | . | . . .
packet executes the torsional motiag< 680 fs) in a reduced 0 w2 w 3wW2 2 5u2
vibrational space, out of the total 27 degrees of freedom in DBP 202 amu +—— — 202 amu

(Figure 1). This projection of coherence is unique to wave packet “hamiie=—3

coherent preparation, as opposed to a microcanonical state L MPI(probe)

preparation. Third, this coherence has also been shown in the 10.5

fragment transient (41 amu in DBP) but with the phgse_ shlfted s |
by exactly one-half a period. The observed phase shift indicates

that there is a significant change in the effective ionization cross 10.0 1 A

section along the nonreactive coordinadg, @s shown below.
Fourth, the decay of coherence of the parent occurs in 2.5 ps, 9.5 ]
reflecting the bond breakage in the-8r coordinate, which is ' \ibiationa] ¢
perpendicular to thé motion. Finally, the intermediate (3- ) Coherence /
bromopropyl radical) is formed in 2.5 ps and decays in 7.5 ps. 8.0 1 e v My 5P

This channel is supported by our DFT calculations given

/

Cation

Erel(eV)

below. b
A. Coherence Along the Torsional Coordinate)(CCCBY). 1.0

The ground-state DBP has only one vibration with a low Ground state

frequency ¢50 cn1),16:22having a period similar to the time - Excitation (pump)

scale of the observed coherence & 680 fs). It is the

symmetricald(CCCBr) torsion withA symmetry C,). Accord-

ing to our TDDFT calculations of the vertical excitation 00 e : . .

spectrum of DBP, the absorption of two pump photons brings B W e o W 8 R

the molecule into a,,—5p Rydberg state (Figure 2C). Gener- secen)

ally, the vibrational modes of a Rydberg state are similar to Figure 4. (A) DFT results showing the orbital correlation diagram of

those of the ground state. Therefore, the observed vibrationalDBP. The four highest occupied KokiSham orbitals were obtained

coherence suggests that it is the torsional motion that has beeralong the5(CCCBr) torsional coordinate at the B3LYP/6-BE(d) level

activated upon excitation. of theory. These nonbonding andn, lone pair orbitals involving the
We have carried out DFT/TDDFT calculations with the results W0 Br atoms are shown, less interactivecat= 60° and strongly

h . . ] d ic ch f | h interacting at) = 30°. In the ground state, these orbitals are occupied
shown in Figure 4. a dramatic change of energy along the (g ejectrons), but as decreases from 8ao 3¢, the antibonding order

torsional coordinate. This change is due to the strong through-increases, hence the increase in the ground state potential energy. On
space and through-bond interactions when two Br atoms follow the other hand, in the cation, the highest occupied orbital is only singly
this torsional motion to approach close to each other. Figure occupied, resulting overall in higher bonding order and hence the
4A shows the energy change along theoordinate for the ~ decrease in potential energy. (B) Potential energy change alony the
four highest occupied nonbonding orbitals,j. The weaker coordln_ate for the ground state, Ryc!berg, and the cation. Note the
; . . . s dramatic change as the molecule twists fronf & 30° (structures
7r-type interaction for thax-typ_e orbitals gives a smaller splitting shown in Figure 1). Although the minimum is somewhat shifted for
between the,A and n,B orbitals, but the somewhat stronger  the Rydberg from the ground state, the curvatures are similar.
o-type interaction for then,-type orbitals leads to a larger
separation between thgA and n,B orbitals. the fact that the HOMO is only singly occupied. As a result the
The calculated PES reflects this orbital descripfidRor the minimum energy of the cation is calculated to bedat 30°
neutral ground state, the energy increases from the minimumwith the two Br atoms separated by only 2.89 A (equilibrium
(6 = 60°) along the torsional coordinate toward smaller angles, distance of Bf = 2.28 A).
since alln,y orbitals are doubly occupied. On the other hand, Promotion of an electron from either of the four nonbonding
the opposite energy change of the cation is apparently due toorbitals into one of the three different 5p Rydberg orbitals gives
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which may be reached by Landadener crossings of excited-
state surfaces. The observed 2.5-ps decay may be due to either
the barrier crossing process of the diabatic case or the Landau
Zener curve crossings in a nonadiabatic model.

As for the second step of the reaction, both the isotope-
substitution experiments and the theoretical calculations support
the following picture: The intermediate 3-bromopropyl radical
(B) undergoes a “concerted” Br-elimination and ring-closure
reaction to yield cyclopropane and Br atom as final products.
This conclusion is based on the fact that the Br-elimination to
yield trimethylene requires 65.6 kcal mé] whereas the
concerted reaction has a barrier of only 17 kcal Th¢B3LYP/

% 6-311G(d,p)//6-31G(d,p)} ZPE). Because the lifetime of the
ool N | 83 3-bromopropyl radical was observed to be 7.5 ps for both DBP
T~ —— £ T 7 and 2,2d,-DBP species, reactions involving H(D)-migration,
66 H(D)-elimination, or H(D)Br-elimination are less likely. Fur-
GS\ _/ T thermore, we have calculated the energy barriers for these
) o reaction channels and found them to be in energy: 32, 36, and
] w 40 kcal mot?, respectively. Our transition state for the latter is
Py _"@ J o consistent with that calculated for the reverse reactton.

Energy

Figure 5. Molecular structures and reaction coordinate (RC) describing V. Conclusion

the observed dynamics of the reaction. Shown are the time scales | th lvatomic eliminati fi rted h
involved and the values for the energies (relative to the ground state) !N Summary, tneé polyatomic elimination reaction reported here

in kcal mol 2, calculated at the B3LYP/6-311G(d,p)//6-31G(d,p) level ~ (Figure 5) exhibits coherent and selective dynamics. The
of theory with ZPE corrections. The inset shows the calculated normal following describes the elementary steps involved. (1) An initial
coordinate vectors for the ground-state torsional vibration. wave packet is prepared on the global PES. (2) The wave packet
moves away from the FC region within the observed 50 fs. (3)

rise to a total of 12 excitations corresponding to the=5p,y. ; . . .
Rydberg states (Figure 2C). The potential energy curves of theseThe observed coherent motion with a period of 680 fs is along

Rydberg states vary differently alodg and the overall picture theh o(CCCB) tcr)]rsional ﬁoordir_\ate_. (4) The Eeph?sing |0f
gets even more complicated if spiorbit coupling is considered. ~ conerence and the overall reaction in 2.5 ps takes place along

However, the curve corresponding to th@\—5p, excitation the CG-Br bond-breaking coordinate to yield the 3-bromopropyl

(Figure 4B) is most likely the one responsible for the observed radical intermediate. (5) The subsequent reaction in 7.5 ps is

coherence for two reasons: First, the overall potential energy € result.cr)}f a concerl;ed. Br-fgrylcat:onqogndhrlng-clozure
is very close to our excitation energy (8 eV). Second, the process with an energy barrier o ca n the ground-

torsional frequency can be estimated using a harmonic oscillatorState PES' These findings are suppc_)rted_ by DFT and TDDFT
model, which gives a value45 cnt?) very close to the value calcul_at|ons. The reo_|uced d|men5|ona_1I|ty picture and th_e
obtained from the observed coherent period (49 YmFrom experimental observation of coherent trajectories in polyatomic
the PES of Figure 4B, the origins of selectivity and phase shift Systems are the consequences OT femtosecond coher.ent' prepara-
are understood. tion (a_nd_ window p_robmg) a_nd will be_suppressed (m|m|(_:k|ng
B. Nonconcerted Elimination Reaction.The first elementary a statlst|205azle behavior) if microcanonical state preparation is
step occurs with; = 2.5 ps to yield the intermediate B. To ~ nvolved=
identify B as 3-bromopropyl radical, i.e., Br-elimination (not Acknowledgment. This work was supported by the U.S.
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