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Multidimensional Hydrogen Bond Dynamics in Salicylaldimine: Coherent Nuclear Wave
Packet Motion versus Intramolecular Vibrational Energy Redistribution
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The multidimensional wave packet dynamics of salicylaldimine following ultrafast infrared laser excitation
of the OH-bending and -stretching vibrations is discussed. A seven-dimensional Cartesian reaction surface
Hamiltonian in the diabatic representation is employed comprising the five skeleton normal modes which
have the greatest influence on the in-plane hydrogen motion. For the numerical solution of the time-dependent
Schralinger equation the multiconfiguration time-dependent Hartree method is used. Coherent wave packet
dynamics is observed after excitation of the OH-bending fundamental transition, whereas strong anharmonic
mode couplings to the stretching transition cause intramolecular vibrational energy redistribution on a time
scale of about 700 fs.

1. Introduction condensed phase. Various models for incorporating the line
. . broadening due to interactions with the solvent have been
Ever since hydrogen bonds (HBs) have pegn discovered, aMnroposedl 19 but only the recent advances in ultrafast nonlinear
effort has been made to understand their influence on thelepectroscopV“gave access to a microscopic understanding
structural and dynamical properties of che_m|cal and biological of the interplay between intramolecular and intermolecular
systems:~* Infrared (IR) spectroscopy provides a valuable tool proadening mechanisms. The intermolecular HB dynamics of
for characterizing HBs in terms of their vibrational states and liquid water, for instance, has been a challenge for decades
the dipole transitions connecting them. As a consequence of 3nq recent efforts in experiméf2 and theory’”-18 advanced
HB formation, IR line shapes carry the signatures of anharmo- e supject considerably. On the other hand, intramolecular HBs
nicity and multidimensional mode coupling. Indeed, the avail- 5o much better defined, and this was where quasi-coherent
able information provides the basis for a classification of HBS |, ,clear wave packet dynamics of an anharmonically coupled
according to their strength.The theoretical frame for this  |o\-frequency mode were observed for the first tifhehis
discussion is given by a simple Taylor expansion of the potential royided a look behind a broad condensed phase IR line shape,
energy surfgce (PES).where. only th705e a}nharmOHICItles are kep evealing, for example, hidden combination transitions. The case
which are vital for a given S|tuat|o‘h._For instance, foran HB st carhoxy-deuterated phthalic acid monomethylester in,CCl
of the type X-H---Y the Qx—y-stretching vibrational coordinate 55 theoretically investigated using a density matrix formalism
will be coupled to theQx—v coordinate which modulates the i, combination with a classical molecular dynamics simula-
HB geometry. This coupling can beszdefd by an interaction tjon 19,25 |t was found that a reasonable explanation especially
potential which is proportional tQx-1*Qx-v. > Upon adiabatic  of the ~400 fs OD stretch vibrational relaxation time could be
separation of slow and fast motions, this leads to a picture of gien in terms of a fourth-order solvent-assisted coupling
the PES for the motion along the slow coordinate in a given meachanism.
quantum state W'.th respect to the fast coordinate. By gnalogy Quantum dynamical wave packet propagations require the a
to vibronic Fl‘al’;]SItII;nS one expehqtsh a Era @ondon like qPriori knowledge of the PES. For the purpose of linear IR
progression in the IR spectrum, which in the present case wou spectroscopy, in many cases a representation in terms of normal
correspond to combination transitions. With increasing system ., 4e coordinates is appropridfe?® whose selection for larger
size the picture becomes more complex, that is, in principle pqi60 e can be based, for example, on the gradients of the

many transitions_ can contrib_ute to _the line shape, and t_he PES in the vicinity of the primary mode which is optically
ubiquitous Fermi resonance interaction between the bending,, iteg1o Being interested in large amplitude motions, that is,

overtone and the stretching fundamentatbX vibration may — i0n transfer, one has to resort to reaction path/surface
have a strong |_nf|u¢nce. From_ the perspective of nuclear WaVe approaches. Here one uses a coordinate system which is adapted
packet dynamics in the excited SH-stretching state, this 5 the reaction and not biased toward a specific minimum
increased complexity manifests itself in the transition from a ooy ration. The idea of a reaction path/surface Hamiltonian
§|mple coherent.mot'lon of the Iow-frgqugncy coordinate 0 an jq 45 gescribe a few large amplitude motions accurately including
mtramo_lecular vibrational energy redistribution (IVR) process 4, anharmonicities while treating the remaining degrees of
(for reviews on IVR see, for example, refs-80). freedom as orthogonal coupled oscillat8tsA reaction path

The problem of understanding the mechanism which leads Hamiltonian formulated in terms of a one-dimensional intrinsic
to an X-H IR band shape is even more intricate in the reaction coordinaf® is not well-suited for proton transfer
because this path may have a large curvature yielding consider-
* Corresponding author. able kinetic couplings. In some cases it might be appropriate to
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Figure 1. The two most stable tautomers of 2-hydroxybenzaldimine
compounds; for salicylaldimine (SA) R H.

Figure 2. The two stationary configurations of SA (overlayed)
as obtained at the DFT/B3LYP level of theory with a Gaussian
6-31+G(d,p) basis set. The origin of the molecule-fixed coordinate

. . . . . o system corresponds to the center of mass and is marked by a cross.
use a straight-line reaction path instead which also facilitates aThe axes ¥, y) point along the principal axes of inertia for the more

diabatic representation where all couplings are in the potential stable enol configuration.

energy operatott More flexibility, however, is provided by _ ) )

constructing a reaction surface in terms of several large TABLE 1. Parameters for the Stationary Points along the
. . . 2,33 Enol—Keto Minimum Energy Path of Salicylaldimine As

amplitude coordinates such as the-M—Y bond distances: Obtained Using the DFT/B3LYP Method with a Gaussian

or simple Cartesian coordinat&s3® The latter choice has the  6-314-G(d,p) Basis Set

additional advantage of vanishing kinetic couplings, and it

provides a straightforward connection to system-bath approaches enol s keto
used in condensed phase the#t§’ igspE(cmi? 8'8 ég‘;g %igg

Given a multidimensional reaction surface Hamiltonian, an Roj:°’(%5.‘(§m ) 0.999 1293 1729
appropriate method for wave packet propagation has to be Ry, (A) 1.716 1.194 1.038
chosen. Semiclassical methods have attracted considerable Ro_y (A) 2.611 2.406 2.579
attention recently, despite the fact that quantum effects such as & (D) 0.032 —1.042 —1.743
tunneling are accounted for only approximat&lyTime- dy (D) 2.847 3.522 3.842
dependent self-consistent field theory in principle allows for 2 The components of the dipole momehare given with respect to
an efficient high-dimensional quantum propagafidff but it the coordinate system of the CRS Hamiltonian (cf. Figure 2).

is not well-adapted to situations such as proton transfer where
anharmonic couplings change appreciably on the reaction
surface!! Thus, a multiconfiguration time-dependent Hartree
(MCTDH) approacl? appears to be the method of choice for

a CRS Hamiltonian in the diabatic representation. Section 3
briefly reviews the MCTDH wave packet propagation method.
Numerical results for a seven-dimensional model of salicyl-

proton transfer. In passing we note that the combination of a /dimine (SA) are given in section 4. Here we discuss the linear
reaction surface Hamiltonian with an MCTDH propagation has 'R @bsorption spectrum and the dynamics after ultrafast IR laser
the additional advantage that for most coordinates the Hamil- excitation of the OH'F’e”d'”g a_nd -§tretch|_ng fundamental

tonian has the separable form required for efficient implementa- fransitions. The paper is summarized in section 5.

tion in the propagation schemg.

In ref 43 we have combined an all-Cartesian reaction surface
(CRS) Hamiltonian with an MCTDH wave packet propagation In the following we will focus on the simplest molecule from
to investigate the laser-driven dynamics of the medium strong the 2-hydroxybenzaldimine family, that is, salicylaldimine (cf.
HB in deuterated phthalic acid monomethylester. Here only two Figure 1) because the computational effort increases significantly
modes coupled strongly to the OD-stretching motion giving rise with the size of the R-group. We will construct an approximate
to an IVR time scale of about 20 ps for this mode. The solvent- but full-dimensional all-Cartesian reaction surface Hamiltonian
induced damping of the low-frequency-X type mode was for SA. In afirst step we have determined the stationary points
about 1.7 ps which allowed for the observation of quasi-coherentalong the minimum energy path connecting the enol and the
wave packet dynamics. The question which motivated the keto configuration using density functional theory (DFT) with
present work can be stated as follows: Can we observe suchthe B3LYP exchange-correlation functional and a 6-&Xd,p)
wave packet dynamics also in systems having a somewhatbasis set (all quantum chemistry calculations have been per-
weaker HB such that proton transfer between two stable formed using the Gaussian 98 program packggd&he opti-
configurations becomes possible? Particularly, we are interestedmized geometries of the planar enol and keto configuration are
in asymmetric low-barriesystems which in principle should  shown overlayed in Figure 2; characteristic parameters are
allow for proton transfer triggered by a few IR photon compiledin Table 1. The more stable tautomer is the enol form
procesg*4°In fact, current ultrafast IR pulses are still too weak because of the presence of the aromatic ring, whereas the less
to enable multiphoton processes, and even nonlinear third-orderstable keto form possesses no aromatic character. Quantum
spectroscopy requires a rather high extinction coefficient for chemical calculations of the stationary points for the erkato
the OH band. tautomerization of SA have been reported previod&iy:

In this respect 2-hydroxybenzaldimine compounds (Figure Specifically our results are in accord with ref 50 where it was
1) seem to be well-suited. However, preliminary experimental established that the reaction is a proton transfer coupled to an
results forN-phenylsalicylaldimine (R= Ph) in CCl showed electron transfer through the conjugated system.
no indication of wave packet motion. Instead, an upper bound Next we separate the total set dfl 3= 48 coordinates into
for the population decay after excitation at 2800 ¢mvas given those of the reactive H atom and those of the substraie
as 0.9-1.3 ps® In the following we will concentrate on the  The origin of the coordinate system is taken to be the center of
gas-phase dynamics of the simpler salicylaldimine=RH) mass at the enol configuration with the axes pointing along the
paying special attention to the issue of coherent wave packetprincipal axes of inertia (see Figure 2). This separation assumes
dynamics vs IVR. In section 2 we outline the determination of that the substrate coordinates are well-described by a harmonic

2. Reaction Surface Hamiltonian
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approximation of the PES/(x,Z) for a givenx. Thus, we can
write for some configurationZ(©(x), of the substrate atorffs

V(x2) =V Z%00) + 57 2 ~Z9%0)
1 PV
52 = 20005757 0@ ~ 2700 @)

In their original pape¥ Ruf and Miller discuss two different

Petkovicand Kihn

Here the potentid¥/(x, y), the forced, and the Hessiald follow
straightforwardly from the normal mode transformation of eq
1. The linear coupling[Jf(x, y), appears because of the fact
that the large amplitude motion does not take place along the
minimum energy path. It is the force which acts on the substrate
normal mode oscillators to push them back into their (locally)
relaxed configuration. The mixing between the substrate normal
modes induced by the reaction coordinates is described by the
guadratic coupling, which is proportional to the transformed

choices forz©(x); that is, either one uses some fixed reference HessianK(x, y). Notice that because of the large mass ratio
Configura’[ion,z(o)(xref) = Z.ef, Or the reference Configura’[ion between the H atom and the substrate the center of mass as
is taken to be flexibleZ ©)(x). In the language of proton-transfer ~ well as the orientation of the principal axes of inertia do not
reactions these choices resemble the sudden switch and th&hange appreciably during the proton transfer; that is, for the
adiabatic approximation, respectively. It should be emphasizedpresent purpose we can neglect the coupling to the external
that as long as the harmonic approximation for the substratemotions and retain the simple form of the kinetic energy
atoms holds, there is no difference between these two choicesoperator.
as far as theotal CRS Hamiltonian is concerned. However, We have determinedicgs from a total of 205 quantum
for many systems the range of the validity of the harmonic chemistry points in thex(y) plane which were scattered to cover
approximation will be located in the vicinity of the minimum  the reaction surface valley. The data have been fitted on a regular
energy path on the adiabatic PES. Thus, fixing the substrategrid employing a bivariate, locally quintic interpolant. The
atoms at some reference configuration might carry the systemeffective potentiaV/(x, y) is shown in Figure 3A. The right valley
too far into the anharmonic part of the PES. For the present corresponds to the enol form (i.e., it represents the global
enok-keto tautomerization this implies that although the PES minimum), and the left one corresponds to the less stable keto
in the vicinity of the enol configuration could be well-described tautomer. It is noteworthy that the keto valley is comparatively
by fixing the substrate at the respective stationary point, the shallow.
harmonic approximation is likely to break down when crossing | principle, eq 3 provides a full-dimensional description of
the reaction barrier. This is reflected in the fact that the relative the proton motion in SA. Of course, not all modes are strongly
energies of the enol, transition state (TS), and keto configuration coupled to the reaction coordinate, and it is to be expected that
on the full-dimensional Carte_sian reaction surface do not match there is some hierarchy of couplings by which the importance
the fully relaxed values obtained from quantum chemistry.  of particular substrate modes can be judged. The most obvious
Therefore, a more accurate description has to resort t0 acassification is in terms of in-plane and out-of-plane modes;
flexible reference. An obvious choice for tA€)(x) is to perform for the latterfi(x, y) vanishes. In the spirit of our two-dimensional
apartial geometry optimization of all substrate coordinates for reaction coordinate model we restrict our considerations to the
each value ok. Although laborious, this procedure guarantees 25 in_plane substrate modes. Their coupling to the reaction

the correct energetics for the stationary points. Specifically, the ¢oordinates can be characterized by the total reorganization
single-point energies of the transition state and the keto tautomer,gnergy
with respect to the enol form, which are 1940 and 1308%m
respectively (cf. Table 1), are well-reproduced.

Having calculated the forces and the Hessian matrix as a
function of the reaction coordinates, one introduces normal mode
;:igﬁrtzjlrlatze(g)(f)c()rzshi ?PS;L%? ;tgtrg‘:'hziiﬁred':(?rrtr?{;h;gda::gremawhlch in the present case is 3573 and 3112 tfor the TS

defined with respect to some fixed reference configuration which and the keto configuration, respectively. Notice that subtracting
. pectt L g these values fronv(x, y) at the stationary points reproduces
in the present case is the enol minimum. Thus we have

the energetics of the fully relaxed PES (see Table 1). As a
@

ABeordX. ) = %f(x, IK (Y] (x, Y) (4)

compromise between accuracy and feasibility of the numerical
solution of the Schidinger equation, we have chosen the five
) . ) . most important in-plane substrate modes. They account for
The geometries of the stationary points are planar; that is, thereapproximately 80% and 46% of the total reorganization energy
is no force on the H atom acting along theirection. Therefore, ot the TS and keto configuration. The contributions of the
we have chosen to restrict the large amplitude, anharmonic gittarent modes are listed in Table 2 neglecting mode coupling,
motion of the H atom to take place in the, §) plane. Thez  patjs AE 0 = f%/(2K;). For the remaining in-plane as well
coordinate of the H atom is considered to belong to the harmonic 4¢ for the out-of-plane modes, we assume that they are frozen
substrate (for details see also ref 34). The coupling of this 4 their reference enol configuration, because none of them are
coordinate to thex y) reaction coordinates but also to the 4 qicyjarly strongly coupled to the reaction coordinate.
substrate is '?C:]L.Jded n ]Ehe H$SS|§n mﬁtnx. prte tgat the The normal mode displacements of the selected modes for
appearance of this type of coupling is rather obvious because : > e .
the corresponding out-of-plane-bending vibration is not proceed- getﬁgoér:ifle;%%e Sggéﬁrgrihomgr']niﬁlgrlgslg’zthi;frgfuggggs
ing perpendicular to the plane and its frequency is not constant hese modes moé}ify the H bong cometry. We ﬁotice hr(;weve}
when comparing the stationary points. Hence the substrate ha hat the effect of modes/{, v14) agd of mgdesa(e Vo V’ao) i !
&i);ilwil?;nia\ln rea?ds_ 40 degrees of freedom and the CRS different. T_he former are of the gating type because they reduce
the N—-O distance and thus promote proton transfer. In contrast,
the latter three modes are directly related to the rearrangement
of single and double bonds which takes place during -enol
keto tautomerization (cf. Figure 1). In the context of proton

7 — Z(O)(x) — Z(O)(Xref) _ Z(O)(X) + m—1/2UQ

Hens= Tey+ V(% Y) = £, )Q + [P + QK (x Y)Q
®)
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Figure 3. (A) Potential energy surfac¥(x, y) for the reaction coordinates corresponding to the in-plane H motion in SA with the substrate normal
modes fixed at their equilibrium positions (see Figure 2). The contours are given in steps of 500pcto 6500 cmt. The wave functions for

the ground state (B), the lowest bending excitation (C), and stretching excitation (D) are given as well. They have been calculated &h a 64
grid in the interval (inag) x € [3.3:1.3] andy € [—2.0:—0.3] using the WavePacket 3.0 progrém.

TABLE 2: Mode Number (i), Mode Frequencies at the Enol
Configuration of SA, and Approximate Reorganization
Energies for Each Mode at the Transition State (TS) and
Keto Configuration As Obtained Using the DFT/B3LYP
Method with a Gaussian 6-3%#G(d,p) Basis Set

AEreog(cm™?)

i wi (cm™) TS keto
4 336 1317 3
6 451 771 88
14 861 1100 55
26 1333 114 635
30 1513 263 755

tunneling between equivalent minima, this type of mode is
usually referred to as being of the “linear-coupling” tyd&ut

notice that this classification is based on symmetry consider-

transitions in terms of OH-bending and -stretching transitions.
This is illustrated in Figure 3 where we show the respective
wave functions for the ground state (panel B), the first excited
state (OH bending, panel C), and the second excited state (OH
stretching, panel D). The excitation energies for the lowest 10
diabatic states are given in Table 3. The second point is of a
more technical nature. It is to be expected that the harmonic
approximation for the substrate modes breaks down far away
from the reaction surface valley. Thus, it is rather difficult to
obtain reliable information about the substrate modes on the
full range of coordinates shown in Figure 3A. In practice this
means, for example, that the Hessian will have several negative
eigenvalues. However, from Figure 3 it is also clear that the
diabatic wave functions, which can be obtained on a much larger
grid than a useful Hessian, are localized in the relevant reaction

ations which do not apply for the present case of nonequivalent Valley region where the substrate mode potential can reliably

enol and keto configurations.
We proceed by definindiabatic statesgq(x, y) = X, y|al]

be obtained.
In the diabatic representation the CRS Hamiltonian for the

with respect to the reaction coordinate according to the eéduced seven-dimensional model is given by

Schralinger equation
[Tyy + VX Y] 90X, Y) = E; @6(X, Y) ©)

This definition implies that only the hydrogen motion is

. 1
A= P+ STy VoA 8,
2 8 ©)

accounted for and all relevant substrate modes are frozen atwhere the diabatic potential energy curves have been defined

their equilibrium valueQ = 0 corresponding to the enol
configuration. The motivation for introducing the diabatic

representation is twofold: First, the diabatic states are rather

useful zero-order states for classifying the nature of the IR

as

UaQ = E, ~ 1eQ + 50K ,Q ™)
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Figure 4. Normal mode displacement vectors at the enol configuration for the five most important in-plane substrate modes. The mode frequencies
and reorganization energies are compiled in Table 2.

TABLE 3: Number of Single-Particle Functions per Diabatic State,|al] and the Grid Dimension (min(Q;)/max(Q;)) Used for the
MCTDH Wave Packet Propagation for the Substrate Modes Shown in Figure 4

diabatic stated)

2 3 4 5 6 7 8 9 10
(1416)  (2612)  (281F)  (3806)  (4063)  (4253)  (4702)  (5140)  (5450) grid®

4 4 4 4 3 —170/170
4 4 4 4 3 —130/130
4 4 4 4 3 —70/70
3 3 3 3 3 —45/45
3 3 3 3 3 —40/40

8|—\

i (
4
6

14

26

30

AphooiOl
WWwWwww
wWwwww
NNDNDNDN
NDNNDNDN

3 The transition frequency in cmis given in parenthese8Units areas/amum,.

and the coupling between the diabatic states is given by A\ N U
1
Vaﬁ(Q) = _faﬂQ + éQKaﬁQ (8) 8 1

Heref,s andK g are the diabatic state matrix elements of the
forces and the Hessian, respectively. As an example we show
diabatic potential energy curvek,(Qi4) for modevi4in Figure
5. The lowest state corresponds to the global minimum, enol
tautomer, and curve 5 to a diabatic state localized in the left
minimum (keto form). As indicated earlier, the second state
represents the bending and the third state the stretching
fundamental vibration. The fourth state is the second excited
bending vibration (overtone). This means that the first four states
are localized in thesnol well (—OH), whereas the fifth state
has aketo characte(—NH). For that reason the fifth curve has
the greatest shift with respect to the ground state, which implies ; (1)
a strong force acting on this mode in the keto valley.

In the following we investigate the dynamics triggered by
an ultrafast IR laser pulse excitation. The mattield interac- 2 — T T T T
tion is described (within the dipole approximation) by a time- 5 10 05 00 05 10
dependent interaction Hamiltonian, which contains the dipole Q14 [ao (a.m.u.)”z]
moment operatod(X, y) in the diabatic representation

(e}
1

E/hc [10° cm™]

N
1

Figure 5. Diabatic potential energy curvés,(Q.4) for modevia. The
o arrows schematically show the laser pulse excitation of the bending
Treg(t) = _meaﬂ qulr ©) (I) and stretching (II) fundamental transitions. The actual excitation
&, frequencies have been chosen according to the linear IR spectrum which
contains the effect of diabatic state and med®de coupling.

For the laser field we will assume the following form
whereé andeg represent the polarization and amplitude of the

€(t) = &, O(t) O(r — 1) sirf(at/7) cosQt)  (10) field, respectivelyr represents the duration of the pulse, and
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Q represents its center frequency. The dipole moment vector 015 1T 7 1T "7 T T T T©™ T ' -
is oriented in the plane of the molecule, that éx, y) =
(du(X, ¥), dy(x, ¥), 0). In the vicinity of the enol configuration
the gradient of the dipole fod(x, y)/dy(x, y) points ap- i 7
proximately along the/y axis (not shown). Notice that we have
tacitly assumed that the field interacts with the reaction
coordinates only. This point will be further discussed in section
4.

To summarize this section, the total CRS Hamiltonian can
be written as

&
T
L

Tiol) = K s+ Tra(®) (11) 005l l

absorbance (arb. units)

Both contributions are readily incorporated into the MCTDH
wave function propagation which will be outlined in the next
section.

3. MCTDH Wave Packet Dynamics

The time-dependent Schtimger equation for the CRS 900 1000 1500 2000 2500 3000 3500
Hamiltonian, eq 11, has been solved using the MCTDH method, 2 -1
as detailed in ref 42. Here the wave function is expanded in the ®/2me (em™)
set of diabatic stateje[] Figure 6. Linear absorption spectrum, eq 14, for the 7D model of

SA. The separate contributions from tle (gray) andd, (black)
components of the dipole moment are shown. The spectra have been

‘ obtained fron a 3 pswave function propagation. For the damping
IWD= Z\V)a'am 12) parameter we have takdi! = 2.5 ps ¢,) and 0.5 psdy), merely for
= visual clarity.

where the coefficients are represented as linear combinationsiR @bsorption spectrum which can be obtained from the dipole
of Hartree products of one-dimensional time-dependent single- 2utocorrelation function according tasr: volume density¥

particle functionsp, drown,

ol oo .
l(w)=———Y Re [ dt@ o
Yo(Qqy - Q) = 3hc izzx,y ‘/(;

AU x TWoldi(x, y)e ' " g (x, y) W0 (14)

f
() (o) _ o a
jazl ---”;1 A,gw,__,dga)(t)K: @ Q) ZQAJ“ ®wn (13) Herehw, stands for the energy of the ground stg#é&(for
simplicity we assume that the temperature Tis= 0 K).

Furthermore, a phenomenological damping paramEtéras
been introduced to account for the effect of lifetime broadening.
The latter will be dominated by the interaction with, for example,
a solvent and may in principle depend on the type of motion
(bending, stretching). Because we are not aiming at a micro-
scopic description of solvent effecisjs solely used to facilitate
the calculation of the Fourier transform of a finite-time (3 ps)
correlation function in eq 14. In Figure 6 we show the separate
contributions from thel, andd, vector components of the dipole
moment. Inspection of Figure 3 already indicates that the
excitations of the bending and stretching transitions will be
. . > dominated by thel, andd, components of the dipole moment.
at a system of coupled equations of motion for the expansion |,qeeq there is a clear separation of the two dipole orienta-
coefficients and the single-particle functions entering eq 13. The . 'I"hed component gives mostly the bending fundamental
numerical solution requires the evaluation of multidimensional transition a;/ound 14001500 cnt, whereas thel, component
integrals to obtain a r_nean-field Hamiltonian _mat_rix. Here it is_, is responsible for the broad band from 2200 to 2800 &m
important to.empha5|ze that the CRS Ham|lton|ar1, eq 11, is corresponding to the fundamental stretching transition. Notice
separable with respect to the substrate modes which enables g, experimental spectra have been recorded, but not fully
very efficient integral evaluatiof® The propagation of a wave assigned, for SAPh in CCl solution only46 Here’one finds
function has been performed _using the H_eidelberg MCT_DH two broad bands around 2600 and 2750 &mhich disappear
package* We employed avarlable.mean-fleld mgthod USING ypon deuteration. Given some solvent-induced broadening
the Adams-Bashforth-Moulton predictor-corrector integrator o \hanism. this correlates well with the OH-stretching type
o_f sixth-order with an error tolerance of 10and an initial step transition in ’Figure 6. Furthermore, the region around 1400cm
size 0.01 fs?? shows a double peak which almost disappears in the deuterated
species. In view of Figure 6 this might be related to the OH-
bending fundamental transition.

4.1. Linear IR Absorption Spectrum. Before presenting Already at the level of the linear absorption the difference
laser-driven dynamics, we will focus on the stationary linear between bending and stretching fundamental transitions becomes

Here Qi are the substrate normal mode coordinates Alfy()
are time-dependent expansion coefficients for the Hartree
product®j,. Equation 13 corresponds to the so-called multiset
formulation, where different sets of single-particle functions
have been defined for each diabatic stét€.In the simulation
we employed 10 diabatic states, with the numbers of single-
particle functions per level for each mode compiled in Table 3.
Each single-particle function is expanded using a fast Fourier
transform primitive basis representation with 32 grid points (see
also Table 3).

Using the Dirae-Frenkel variational principle, one arrives

4. Numerical Results
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| as well as the energy of the uncoupled substrate modes
400{(A)
— 1 2 2
% 300 Eq(®) =53 W(0IallP’ + @K;(x YR @ P00
g (16)
i 200 As to be expected from the linear spectrum, the spectrally broad
‘; ] pulse excites a coherent superposition of the bendingvand
> 1004 fundamental transitions. Viewed in terms of the energy exchange
&g l WWWW between the reaction coordinates and the substrate mode, this
0 T ) is reflected in the slow modulations which have opposite phase
{1) o ' for Ex/(t) and Eq(t) in Figure 7A. The other four modes are
0.104 only very weakly coupled to this dynamics. In fact their energy
Q 1 content is only slightly increasing during the first 2 ps which
g 0.054 comes along with the overall decrease of the energy in the H
) 1. atom’s motion. This reflects IVR which under the present
s 0.00—4 ' conditions is very inefficient. In fact a single-exponential fit of
B .0.054 the slow decay oE,(t) gives a time scale of about 5.2 ps.
3 | It is instructive to explore the dynamics in terms of the
&£ -0.10 populations of the diabatic states defined as
015 4+———————— Po(t) = CW () oo W(H) D 17)
0 500 1000 1500 2000
time [fs] The population change with respect to time zet®,(t) =

Figure 7. (A) Energy change with respect to time zero for the two Pa(t) = Pa(0), is shown in Figure 7B.
reaction coordinate£,(t) (eq 15), modesy, Eqy(t) (€q 16), and the Because of the excitation conditions, only the two lowest
combined other four substrate modes (from top, curves have beenstates are becoming appreciably excited. The fact that the OH-
vertically offset). (B)_Diffe_rence population, eq 17, with respect to time  pending vibration and the substrate modg are strongly
fzr%rr?] L(gttf)?:]ef;etgp‘;'a%?é'classt:rt%’iilé gvvgvtlﬁ';fa' iﬁ”r‘éﬁo':;‘za(ncé’e”ﬁﬁh e COUPled manifests itself in the opposite phase oscillations of
bending fundamental transition taking into account onlyytitempo- the population changasP; andAP. This implies that therso
nent of the dipole operator. The pulse parametersare= 4 x fundamgntal .tran5|t|on belongs to the pqtentlal energy surfa(;e
1073Ey/(ea), Q/(27C) = 1425 cnt, T = 260 fs. for the diabatic ground state of the reaction coordinates. Again
we notice a very slow recovery of the ground state population
apparent. The bending transition is found to develop a dominantchange due to IVR processes.
double-peak structure due to a resonance with the fundamental The participation of mainly two states in Figure 7 suggests
transition of the substrate modeo. For the stretching funda-  an interpretation of the slow opposite phase modulation in terms
mental transitions we have a rather strong couplingalio of a two-state model. Here it is knowhthat the population
substrate modes as well as a mixing with the bending overtoneexchange between two states takes place with a frequency
transition (cf. Figure 5). This renders an assignment in terms (Ae? + 4V2)Y2/(2h), whereAe andV are the detuning and the
of single zero-order states meaningless. coupling between the states, respectively. In the present case
In general it is to be expected that the inclusion of the the detuning between the zero-order states is about 100 cm
substrate modes in the dipole operator may change the IRwhich gives a value of 70 cm for the state-coupliny factor
spectrum quantitatively and thus the initial conditions for the to reproduce the modulation frequency of 280 fs.
dynamics after excitation. However, in the spirit of the harmonic ~ 4.3. OH-Stretching Vibration. The situation is rather dif-
approximation this would mainly affect the fundamental transi- ferent when exciting in the region of the OH-stretching
tions involving those modes. In this respect it is interesting to fundamental transition. In Figure 8A we show the change in
note that, for example, for the OH-bending region the correct energy expectation values which follow after an excitation at
behavior upon deuteration is reproduced (see above). ThisQ/(2zc) = 2680 cnmtl. The spectral width of the pulse
implies that thevso fundamental transition mostly “borrows” (175 cnt?) is sufficient to excite most of the broad band shown
oscillator strength from the OH-bending vibration via anhar- in Figure 6. As can be seen from Figure 8A, this implies that
monic coupling. all substrate normal modes become almost equally excited. As
4.2. OH-Bending Vibration. In Figure 7 we show the  aconsequence the energy contained in the reaction coordinates
dynamics of our seven-dimensional CRS Hamiltonian after quickly relaxes. That means IVR is very effective, and the
ultrafast excitation of the OH-bending fundamental transition related time scale obtained from a single-exponential fit of
(Q/(2nc) = 1425 cm?, cf. Figure 5). After the pulse was  Ey(t) is about 720 fs. We note that there is a slow modulation
switched off ¢ = 260 fs), the wave function was propagated with a period of about 400 fs superimposed on the overall decay
so that the total propagation lasted 2000 fs. The maximum of Ex(t). This cannot be attributed to the interaction witkiregle
natural orbital population of the single-particle function giving substrate mode so as to resemble wave packet motion in the
the smallest contribution was 3.7335 103 for mode v, of excited diabatic state potential. Inspecting the total energy
state|a = 10J content of all substrate modes which is also shown in Figure
Figure 7A contains the expectation values for the energy of 8A, we observe the same slow modulation; that is, this is related
the reaction coordinates to a time scale given by the coupling between the reaction
coordinates and the substrate as a whole.
This point can be further clarified by inspecting the diabatic

Eq) = Y EPOlalla ()0 (15)
o state populations shown in Figure 8B. First we notice that
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: —_— the first 2 ps is governed by the exchange of energy between
the fundamental transitions of the OH-bending and a single
nearly resonant substrate modgg[. The energy flow (IVR)

into the other modes is rather slow with an estimated time scale
of about 5.2 ps. (ii) For OH-stretching excitation the transition
is strongly coupled to all substrate normal modes giving rise to
a subpicosecond (720 fs) IVR process in rather good agreement
with the preliminary experimental resdft However, we have

to emphasize that for a conclusive comparison more experi-
mental data are needed. Despite this fast energy redistribution,
the analysis of the energy content of the different degrees of
freedom and the population changes in the diabatic states
showed some slow (400 fs) modulation for about three periods.
This has been explained by a population flow between the OH-
stretching diabatic state and the vibrationally excited states of
the substrate normal modes within the ground and bending state
potential energy surfaces.

The dynamics of the present system apparently is rather
different from that of the previously studied phthalic acid
monomethyleste?2543|n that case the coupling of the OD-
stretching vibration to two specific modes was very pronounced
0 500 1000 1500 2000 and vibrational wave packet dynamics with respect to a low-
frequency mode which modulates the HB geometry could be
observed. However, this system has only a single minimum
Figure 8. (A) Energy change with respect to time zero for all substrate potential energy surface. The low-barrier double-minimum
modes, the two reaction coordinates, as well as mogdesas, vao, va, situation in salicylaldminine leads to a more anharmonic

andwvs (from top of right-hand side, cf. egs 15 and 16). (B) Difference tential " ith iderabl d i
population, eq 17, with respect to the time zero for the lowest 10 diabatic PO€NUAl €Nergy surface with considerable mode couplings.

states: APy, AP, APs, APs, andY o—4.6-106AP, (Curves from bottom to Interestingly, we predict a slow modulation of the excited-state
top, upper curves are vertically offset). The laser pulse was tuned in dynamics which, however, should not be confused with wave
resonance with the stretching fundamental transition region taking into packet dynamics with respect to a particular mode. In fact all
account only thex component of the dipole operator. The pulse  sypstrate modes in our model have frequencies which are much
ggga?;eters arep = 4 x 10°Ey/(ea), Q/(2rc) = 2680 cm, 7 = too high to facilitate an efficient direct excitation of a Franck

' Condon like progression with available IR lasers.

essentially the population of the lowest three states is changed, 1n€ IR dynamics and spectroscopy of HBs are of fundamental
although higher excited states are populated as well, most/nterest on their own. Looking ahead, one might speculate
notably the diabatic state. = 50which corresponds to the keto ~ Whether the active control of proton motion by means of
configuration. From the dynamics of the three lowest diabatic SPecially designed IR laser pulses is possible. Here different
states we can draw the following conclusions: (i) Because both Scenarios have been suggested based on low-dimensional model
statesjo = 30and |o. = 2Jare populated already by the laser SYystems®>*¢The present example of salicylaldimine gives
pulse, it follows that part of the OH-stretching band comes from Some insight into the feasibility of IR laser control. Suppose
contribution of vibrational states which belong to the diabatic the goal would be to trigger the endketo tautomerization. In
OH-bending state. (i) The low-frequency modulations seen in t€rms of the diabatic states this would |mply.a tranS|t|on between
Figure 8A is also found in the population dynamics of these Statesioa = 1land|a = 5[)(see Figure 3). First we notice that
three states. In fact the modulation/iP; has an opposite phase  this state is not easily accessible by a direct excitation because
with respect to the modulation @&P; andAP,. This suggests ~ Of small dipole matrix elements caused by the localization of
that this slow modulation comes from a quasi-coherent popula- the initial and final states in different potentials wells. Note,
tion exchange between the stretching state- 3Cand substrate ~ however, that there is a small population of this state upon
mode states which present energetically accessible excitationgeXcitation of the OH-stretching transition because of the mixing

Energy Change [cm ]

Population Change

time [fs]

in the groundand bending diabatic PESJ,-1AQ). It is of the diabatic states. Looking for a two-step excitation
intriguing to see that despite the complexity a modulation in mechanism, we note that the OH-bending and -stretching states
the average energy can be observed over three periods. are almost equivalent for the first step as far as the transition

dipole matrix elements are concerned. However, the rather fast
IVR in the OH-stretching state suggests an initial bending
excitation to be more appropriate. The potential energy surface
We have investigated the intramolecular vibrational dynamics of the final state is considerably shifted with respect to the
of salicylaldimine, triggered by an ultrafast IR laser pulse. bending state potential as seen in Figure 3. This implies that
Thereby we combined a seven-dimensional diabatic reactioneven in the one-dimensional picture shown in this figure the
surface Hamiltonian including the most relevant in-plane wave packet promoted to tHe. = 50state will start to move
vibrational modes with a numerically exact MCTDH wave until it reaches a region whetds(Q) crosses withU,(Q). This
packet propagation. After assignment of the linear IR spectrum would cause a population flow between the two states, and IVR
to the OH-bending (14001500 cnt!) and OH-stretching would most likely diminish the control yield considerably. Thus,
(2200-2800 cnTl) fundamental transitions, two excitation the second pulse should not only excite the product state but at
conditions have been considered which lead to rather differentthe same time stabilize it, that is, drive the wave packet toward
dynamics. (i) For OH-bending excitation the dynamics during the minimum configuration of the potential surfadg(Q). It

5. Summary
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goes without saying that the picture is more complicated than

that shown in Figure 5 because of the mode coupling. Neverthe-
less this discussion illustrates that simple sequences of pulses,

with fixed carrier frequencies most likely will not work and
more elaborate pulse shapes have to be utilized.
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