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The intramolecular nuclear wave packet dynamics of carboxy-deuteogtthalic acid monomethylester
following ultrafast excitation of the OD stretching vibration in the hydrogen bond is investigated. On the
basis of quantum chemical calculations of the normal modes as well as the anharmonicities, a three-dimensional
model is proposed comprising the OD stretching and bending as well as a low-frequency mode which modulates
the hydrogen bond geometry. The interaction with the remaining intramolecular and solvent degrees of freedom
is incorporated within a quantum master equation formulation. The linear absorption spectrum is shown to be
dominated by a Fermi resonance, with the actual line widths depending on pure dephasing as well as on a
fourth-order relaxation process. The latter involves two intramolecular vibrational quanta plus a solvent phonon.
It proves to be vital for the explanation of the very fast relaxation of the fundamental OD stretching excitation.
Further, it is shown that in the OD ground state vibrational coherences with respect to the low-frequency
mode are completely dephased only after about 2 ps. These results are discussed in the context of recent
infrared pump-probe and four-wave-mixing experiments.

1. Introduction

Hydrogen bonds AH---B manifest themselves in a red-shift
and a broadening of the infrared (IR) absorption band as
compared to the free AH vibration! In addition a peculiar
substructure often indicates the anharmonic coupling between
the A—H vibration and other intramolecular modes such as the
low-frequency A--B vibration. In the condensed phase the
details of the spectrum are usually masked by the broadening
due to intermolecular interactions. This situation renders the
interpretation based solely on the linear absorption spectrum
difficult and nonlinear-IR spectroscopy has to be empléy&d
Recently, Stenger et &P1* reported femtosecond IR pump
probe experiments on carboxy-deuteraigththalic acid monom-
ethylester (PMME-D) in @l which exhibits an intramolecular
H-bond of medium strength (cf. Figure 1). From the decay of
the excited state absorption of the OD stretching vibration, the
relaxation dynamics of the fundamental transition could be I o
characterized by a time scale of about 400 fs. A second time = e
scale of 20 ps was attributed to vibrational cooling of the Figure 1. Displacement vectors for those 3 normal modes of PMME
anharmonically coupled modes in the OD vibrational ground which define the relevant system. Modg is the OD-stretchingyao
state. The most striking observation, however, was an oscillatory the out-of-plane ©D-O bending, and; an out-of-plane torsional
component in the signal, surviving for about 1.5 ps and being motion. The G-O distance of 2.56 A and the single minimum
attributed to underdamped wave packet motion with respect to anharmonic shape of the potential surface indicate a H-bond of moderate

. strength in this system. The quantum chemical calculations were
a Iow-frequengy mode (@bout 100 Cm modulatlng the H-bond performed using the DFT/B3LYP level of theory with a Gaussian
geometry. This is a clear manifestation of the effect of g.31+G(d,p) basis set.
anharmonic couplings on the H-bond dynamics which is hidden
under the broad absorption band (cf. Figure 3 below). In possible in close analogy to optical spectroscopy of electronic
addition, photon echo studies for the normal species PMME-H transitionst® In particular, FranckCondon type vibrational
in ref 12 revealed an extremely short dephasing time of about progressions are obtained from combination transitions involving

mode 1

mode 29

mode 50

40 fs for the OH fundamental transition. the low-frequency mod¥. The dephasing of theop funda-

In the theoretical literature the line shape of-HA---B mental transition has been modeled assuming a direct coupling
hydrogen bonds is usually discussed in terms of a fast mode,of the related dipole moment to the fluctuating field of the
va — n, being anharmonically coupled to a slow moag,s. surrounding® or an indirect coupling via the damping of the

After performing an adiabatic separation (second Born low-frequency mode described either quantum mechaniéafly
Oppenheimer approximation) an analytical treatment becomesor via a stochastic process.
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600 600 TABLE 1: Normal Modes of PMME-D Which Couple

400 A 400 B Appreciably to Mode vso (OD Stretch, cf. Figure 1}
200 200 mode wil27c (cmrY) fi(mEyagv/amu)

208 203 — 1 38 0.24
Nl 2 4 N4 2 0 2 4 2 72 0.02

— 7 228 0.31
‘TE 600 600 8 275 —1.06
S 400 c 400 D 9 323 0.34
S 200 200 10 357 0.84
£ 7, 0 11 390 0.31
= 200 200 12 426 0.73
- 4 -2 4 - 4 -2 0 2 4 14 488 —-1.07

16 620 2.13

600 600 19 692 1.32

400 400 F 21 786 1.79

200 200 / 24 853 ~0.31

0 0 29 1043 0.64

200 200 38 1306 0.21
Yy 2 4 Ny 22 0 2 4 39 1329 —1.50

Q1 (ag(@.m.u.)?) aThe forcesf, have been calculated #&s, = 0.5azvamu by

performing two additional single-point calculations for structures
displaced byt-0Qi. The two modes which have been included into the
relevant system are given bold-faced; the two modes entering the fourth-
order systemtbath coupling are shown in italic.

Figure 2. Potential energy surfab®Qso, Q1) for Qso = —0.35 (A),
—0.23 (B), 0 (C), 0.23 (D), 0.5 (E), and @g/amu (F).

1,01 T=0K

(1,0,0)

. an important role for relaxation, e.g., by bridging the gap
< > between otherwise nonresonant intramolecular transitions. Fol-
S lowing this idea we will develop a systenbath model of

] PMME-D in the condensed phase in section 2. This approach
combines an accurate description of the relevant degrees of
freedom with a perturbational treatment of its interaction with
a heat bath, i.e., the remaining intramolecular modes and the
solvent. Such a general strategy has been followed, e.g., in refs
32—35. (For an alternative treatment of condensed phase proton-
transfer reactions see, e.g., refs 35 and 36.) In section 3 the
frequency [cm™] linear absorption spectrum is discussed and the relevant mech-

Figure 3. Linear absorption spectrum of PMME-D in the OD stretching anisms for unde_rstandlng the line shape are |dent_|f|ed. The
region: (A) zero temperature (gas phase) stick spectrum of the relevantPfoposed model is supported by comparing relevant time scales
system. (B)T = 300 K stick spectrum together with the condensed from dissipative quantum dynamics simulations with experi-
phase spectrum according to Eq. lorentz (solid line) as well as the mental resul®14in section 4. Section 5 summarizes our results.
experimental spectrum taken from ref 9 (dashed line). The parameters
for the systemrbath coupling areg’ = 0.01, gy = 0.005,g{", =
0.0001,y50= 0.6 5%, g = 0.02,w{/27c = 100 cnt?, andw{" /27c

= 250 cnTl.

absorption

2100 2200 2300 2400

2. Model Hamiltonian

2.1. Relevant SystemThe geometry of PMME-D in the
electronic ground state has been optimized using the DFT/

An additional complication arises from the ubiquitous pres- B3LYP level of theory with a Gaussian 6-3G(d,p) basis sét
ence of Fermi resonances involving the-A stretch funda-  (for a comparison of DFT and MP2 results, see refs 29 and
mental and its bending overtone transition. It leads to the 30). Because we are interested in the dynamics in the vicinity
appearance of the so-called Evans window separating the twoof the most stable configuration we have chosen to express the
transitions. The most comprehensive study in this respect hassystem Hamiltonian in terms normal mode coordingt@g .
been provided by Henri-Rousseau and co-workers who supple-The most important coordinate corresponds to the normal mode
mented the above-mentioned two mode guantum model by avibrationvsg having essentially OD stretching character as can
Fermi resonance coupling to a bending overtone transition while be seen from Figure 1. Displacing the PMME-D structure along
taking into account the direct dephasing of the bending and Qso and performing additional single point energy calculations
stretching mode®23In doing so they extended earlier relaxation- one obtains the anharmonic potentia(Qso) as well as the
free work by Witkowski and Wjzik24 as well as the stochastic ~ related dipole momerd (Qso).
description given by Bratos and co-worker for the static ~ To quantify the anharmonic modenode coupling we have
modulation limit25:26 For an overview see also refs 27 and 28. calculated the force acting on those normal modes which,

In an effort to understand the intramolecular dynamics of according to their displacement vectors, potentially have an
PMME-D we have recently combined a full-dimensional influence on the H-bond. The calculations have been performed
reaction surface study with a time-dependent Hartree dynamicsfor an elongated OD bondQgy = 0.5agv/amu) by finite
simulation in the mean-fiefd and the numerically exact differences. The results are compiled in Table 1. The observation
multiconfiguratior#®-3tlimit. This parameter-free approach was of coherent vibrational wave packet dynamics in refs 8 and 9
capable of reproducing the periodic low-frequency modulation as well as our previous investigati@hs! provide evidence that
of the H-bond dynamics. However, the estimated decay time in a reasonable model for thelevant systenthe OD stretching
of the OD stretching excitation was about 20 ps. This led to coordinate has to be supplemented by at least a coordinate
the conclusion that the interaction with the solvent must play describing a low-frequency modulation of the H-bond. The
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experimental frequency of about 100 chwould have sug-
gested that mode; is strongly coupled (see also discussion in
ref 9). Surprisingly,v, has the smallest force in Table 1. On
the other hand, exploring the PES along mogécf. Figure 1)
we found that in the vicinity of the equilibrium configuration

the curvature is much better represented by a harmonic force

constant which corresponds tg = 70 cnt! (see also part C
of Figure 2). Therefore, we conclude that madeneeds to be
incorporated into the relevant system.

From Table 1 we notice that the strongest coupling is to mode
v16 Which corresponds to a bending vibration within the H-bond;
the second bending modeitgs. Because the first overtone of
V29 is close to resonance with the OD fundamental transition
we will include this mode as the third DOF into the relevant
system (see Figure 1). The importance of this type of out-of-

plane bending mode has also been emphasized in ref 29. The

remaining modes will be considered to be part of the environ-
ment in section 2, with v1¢ and alsovsg playing an important
role in the relaxation dynamics.

For the potential energy surface of the relevant system we

have used the following form

V(Q50:Q29:Q1) = Vo(Qs0) + V1(Qs50,.Qy) + Voo(Qs0.Qp9) (1)

Here, Vo(Qso), V1(Qs0,Q1), andVae(Qs0,Q29) are the potentials
which are obtained when all other coordinates are fixed at their
equilibrium positions, e.9.Vo(Qso) = V(Qs0,0:=0,Q20=0).
Notice that eq 1 is an approximation since the direct coupling
betweenv, andv,g is not included. This treatment reduces the
number of single-point calculations dramatically, i.e., instead
of a full three-dimensional (3D) grid only two two-dimensional

(2D) grids have to be spanned. Here we used 18 points along

Qspand 711 points alond@,9 andQ,, depending on the shape
of the potential. Subsequently the potential surface was fitted
to high order polynomials. In Figure 2 we show representative
plots of V1(Qs0,Q1). It is interesting to see that the range of
validity of the harmonic approximation is rather limited. The
anharmonicity 0fV,9(Qs0,Q29) is less striking (not shown).

The interaction of the 3D system with the external electric
field E(t) will be included within the dipole approximation via
the Hamiltonian

H;(t) = — E()d(Qso) (2)
Note that the gradient of the dipole moment aldpg and Q;
is more than an order of magnitude smaller thanQey; i.e., it
can be safely neglected.

The 3D system Hamiltoniaflsys = Tsys + Vsys has been
diagonalized using an expansion of the total wave function in
terms of zero-order statelgy; V0] The latter were defined with
respect to the reference potentisgQso), V1(Qs0=0,Q1), and
V29(Q50=0,Q29) Using the Fourier grid Hamiltonian meth&t.
Thus we have for thath eigenstate

50) (29) (L
lali= Ca,ijk|§0i( )[ﬂ%( )mﬁl’(k)m
I

®3)
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TABLE 2: The Transition Energies and Relevant Expansion
Coefficients (Cayj| > 0.2 in Equation 3) for Important
Eigenstates of the Three-Dimensional System Hamiltonian
Are Given Together with Population Relaxation Rates as
Well as Full and Pure Coherence Dephasing Rates with
Respect to the Ground State (See Discussion in Section 3)

- URaapa 1Ruar 1R 4
state  wq/27c (cm™Y) ik Caiik (ps) (ps) (ps
1 0 000 0.992 189
2 65 001 0.984 7.1 0.590 0.626
3 145 002 0983 5.4 0.571 0.613
29 2108 100 —-0.328 0.887 0.367 0.468
020 0.923
31 2171 101 —-0.336 0.794 0.346 0.447
021 0.903
34 2250 102 —-0.351 0.728 0.325 0.423
022 0.889
35 2288 101 0.318 0.322 0.102 0.121
100 0.869
020 0.306
36 2338 103 —0.366 0.633 0.285 0.372
023 0.849
022 0.229
2354 102 0.280 0.329 0.107 0.128
101 0.789
100 -—0.348
023 -0.271
021 0.270
40 2428 104 0.277 0.345 0.124 0.151
103 —-0.254
102 0.662
101 -0.319
024 -0.393
023 —-0.273
022 0.250
41 2439 104 —-0.254 0544 0.224 0.284
102 0.451
024 0.792
2518 104 —-0.272 0.310 0.103 0.124
103 0.760
102 0.359
024 —-0.260
023 0.277
45 2541 105 —-0.332 0.624 0.278 0.361
103 -—0.244
025 0.866
46 2614 105 0.264 0.306 0.102 0.122
104 0.770
103 0.364
025 0.270
024 0.279

2.2. System-Bath Interaction. The coupling of the 3D
relevant system to the remaining intramolecular degrees of
freedom{qgn}, as well as to those of the solvefiZ:}, will be
taken into account using the formalism of dissipative quantum
dynamics'® In particular it will be assumed that the conditions
for Markovian dynamics and weak systeifnarmonic) bath
coupling apply. In view of our previous studigs?! the latter
assumption is most likely fulfilled. The validity of the Markov
approximation especially for the intramolecular modes is a
hypothesis which could be verified at least in principle, e.g.,
by enlarging the relevant system.

For the systembath interaction Hamiltonian, we take the
standard forrf

Hss= Y KY(QHO (g} {Z) (4)

u

where we employed 5, 8, and 25 basis states for the expansion

in Qso, Q20, andQy direction, respectively. This was sufficient
to obtain convergence for the lower part of the spectrum up to
energies corresponding to thrgy overtone transition at about
4400 cntl. Transition energies and expansion coefficients of

with the operator&K™ and ®U belonging to the system and
the bath, respectively. Explicit expressions for these operators
can be obtained from a Taylor expansion of the global potential
energy surface. In the following we will pick only those terms

some of the more important eigenstates are summarized in Tablavhich appear to be most relevant for the envisaged relaxation

2.

dynamics in the present system. Our choice is guided by the
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“rule” that only lowest-order terms for a particular mechanism

Kihn

rium statistical operator of the harmonic bath. Note that we have

should be taken into account (see also refs 39 and 40). Theneglected the imaginary part of the damping matrix which could

simplest contribution toHsg is bilinear, i.e., 0QiZe. It is

lead to small shifts of the transition frequenctédzurther it

responsible for one quantum transitions in system and bath. Thisshould be pointed out that the Redfield formulation of dissipation

term will be important for relaxation involving the low-
frequency modev; only since the solvent does not support
modes in the frequency range of the, and vo9 transitions.
Second, we include a termQ;?Z: which allows us to consider
the effect of pure dephasing. Finally, to model the experimen-
tally observed time scale of 400 fs for thgy population
relaxation it will be necessary to consider multiquantum
transitions in the bath involving intramolecular plus solvent
modes. This follows from our previous observation that efficient
intramolecular energy distribution is hindered by the lack of
efficient resonant transitior?8:31 Inspection of Table 1 suggests
that a fourth-order proces§]QigmgnZe, could be responsible
for fast relaxation.

To summarize, the systenipath interaction is expressed as

Hee = HY + HE + HEY with

HY, = nggg?”(é)zg (5)

i 50
HE = & ghgggf”) Gy (6)

50

H(III) — xe) (1 £)8.4 Ve 7
SB QIZZ ég| mn( )qmqn '3 ( )

m>=n

from which the identification ofK® and ® in eq 4 is
straightforward. In eqs-57 we introduced the dimensionless
coupling strengthgi(;jj_)(fg‘) as well as the frequency of thih
solvent bath mod&2:. Further, we use dimensionless coordi-
nates according t@, = Q/A. Below we will takel; = (A/
2wi)Y2 with w; being the fundamental transition frequency of
the uncoupled mod&;. An analogous factor is introduced for
the harmonic bath modes.

2.3. Spectral Densities.The equations of motion for the
reduced density operatprcan be written d$§

o _

ot ®)

—i[Lys+ L®]p — Ro
with the Liouville superoperatorissye = [Hsyse]/h and L(t)e

= [H(t),s]/h. The effect of the systerbath interaction is
contained in the (Redfield) relaxation superoperd®rThe
matrix elements oR in the basis of the eigenstatgal} of the
system HamiltonianHsys can be expressed in terms of the
damping matrik®

Coped@) = Z K& KL ) 9)

as
Rab,cd: 5ac z I_‘be,ec(wde) + 6bd z Fae,e((wce)
€ e

Feand®gn) = Tapad@cs) (10)

In eq 9, damping the Fourier transform of the bath correlation
function has been introduced as

(11)

C (@) = r%z Re ["dt “ @Y ()d(0)

whereld[3 is the expectation value with respect to the equilib-

in general violates translation invariance if the systdrath
coupled is nonlinear in the system coordinate. In ref 42 it was
suggested to use a Hamiltonian expressed in terr@ of[Qi[dy
to “cure” this defect. For the present case, however, the
equilibrium expectation value$);[d, are close to zero and we
did not consider this issue in the following.

To keep the matter simple we proceed by neglecting the
mixing between different contribution tdsg, i.e., the damping
matrix can be split into three terms:

Mhofo) = Y BQPRQUELTY @)  (12)

with

C(w) = 1’1 + n(@))I(w) (13)
where (o) = J)(w) —
given by

JV(~w). The spectral density is

I(w) = Z a” &) g"(E)o(w — Q)

~ g(l) gll) (I)(a)) (14)
The second line in eq 14 involves an approximation, i.e., the
coupling strength has been expressed in terms of the single
parametelgi('), and the new spectral densiy)(w) is assumed
to be equal for all system coordinates. This treatment is
reasonable because it will turn out that it is only the low-
frequency moder; which is affected by the bilinear coupling
Hamiltonian.

For the quadratic coupling we obtain

[pedw) = sz bIG/ Q)" (@)  (15)

with C{" () andJ" (w) having the structure of eqs 13 and 14,
respectlvely but Wlth the spectral density being approximated

by

J(”)(w) ~ (n j(”)J(”)(w) (16)
which follows from a similar reasoning as in the bilinear case.
For the quadratic coupling the matrix elememiﬂamare
different from zero. (In fact, for the present anharmonic system
this happens already for the linear coupling but with a magnitude
that is much smaller than in the quadratic case.) As a
consequence matrix elementsIdf) (w) with frequency argu-
ment equal to zero contribute to the Redfield tensor. These terms
are responsible fgoure dephasing® Following refs 41 and 42

we write

Arka T

(n (N (II)
Ci@)=6"9" —5—

lim lim,, o (" (@) =" (~w))

w—0

(I

=g’ g"y

g (7)
Here, for simplicity we have comprised the magnitude of the
pure dephasing term into the parametgy, which has dimen-
sions of s1. (Note that in principleypq should be temperature
dependent.) Further, we will not take into account the two-
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guantum transitions related to the off-diagonal elemenéizof
This would merely affect the low-frequency mode whose
relaxation, however, can be sufficiently describedI)(w).
Nevertheless we will stick to the coupling parametgf$
although the last line in eq 17 contains some redundancy.

Finally, we give the damping matrix for the fourth-order
relaxation. It reads

Tedo) = 3 ;RIQIbIEIQIdC]" (@)  (18)
with
Ci(j”l) (@) =87 Z |(Ir|7|1)n ](|r|T|])n expﬁw/?ksﬂ y
= sinhfiw,{2kg T) sinhiow /2K T)
(0 —w,— a)n)2 50
P p— P S —ont
(0 — w,+ a)n)2 Al
Sinh(@ — oy, + o2k D @ " @m o) F
(0 +o,— n)2 J(”'( 4 o)+
sinhf(wtow,—o )2k 1 T OmT @n
2
(@ F oyt o) 3w (0 +o,+w)t (19)

sinh(o+w,tw,)2k;T) I

J. Phys. Chem. A, Vol. 106, No. 34, 2002675

argue that this is enough to fit the behavior of any system. Below
we will focus on the linear absorption spectrum as well as on
the relaxation and dephasing dynamics after ultrafast excitation
of the OD stretching fundamental and bending overtone band.
It turns out that the available parameter space can be restricted
from the very beginning because the different coupling terms
are operative only for certain processes/modes, e.g., the linear
coupling does not affect the stretching and bending mode at
all, whose behavior is strongly influenced by the fourth-order
coupling. Pure dephasing, on the other hand, has an impact on
all system modes.

Again we emphasize that the selection of coupling types must
be seen as a compromise between having a minimum number
of parameters, but still being able to describe the most relevant
processes suggested from the experimental results. The ad-
ditional neglect of the two-quantum transmoﬁﬁuQJ |blas
well as the related mixing tern’[lmQ] |be|O;|dC should
mostly affect the relaxation of the low-frequency mode, which,
in view of the available information, is sufficiently described
by the linear relaxation and pure dephasing terms.

3. Linear Absorption Spectrum

In Figure 3 we show the stick spectruf(§) is the thermal
distribution function)

A w) = ZP(a)ldabFé(w — wgy) (22)

Here we assumed that the different bath modes are uncorrelated

and thatgmi(&) ~ g (&)c{, If we neglect once again the
coordinate specificity of the spectral density, we have

g(m) g

Ji(jlll) ((U) ~ (1) (|||) ((U) (20)
This approximation appears reasonable since only the OD
stretching and bending vibrations are appreciably affected by
the fourth-order coupling term. Concerning the intramolecular
bath modes, we will focus on modes andvzg, Which are the
only modes being appreciably coupled to the OD vibration and
at the same time should, in combination with a low-frequency
bath mode, provide a resonant bath transition for bothrgge
fundamental and thesg overtone excitation. In other words,
the sum in eq 19 reduces to the terms witk= 16 andn = 39.
In addition we will simulate the fourth-order coupling strength
by g"” only, i.e., thec!") values are set to 1. This simplifica-
tion reduces the number of open and otherwise unknown
parameters. In practice it would be rather difficult to calculate
the fourth order derivative defining(™ (&), especially because
it involves the solvent bath modes

This holds in particular for the assumed mapping of the real
solvent environment onto affectve harmonic oscillator bath.
The latter is entirely characterized by its spectral density. Since
we are aiming at the description of low-frequency solvent modes
we have used the standard Ohmic spectral density with a cutoff
frequencya)g"),l‘i43 ie.,

0% w) = O(w)w expwlwl?) (21)

Note that we included the factes? into the definition of the
spectral density as it is usually done in the literature.

To summarize, our relaxation model is formally characterized
by 12 parameters, i.e., 9 coupling strenggﬁs), the scaling
factor for pure dephasing,q, and, neglecting two-quantum

transitions, the two cut-off frequenciezfé') andw(c'”). One may

as well as the condensed phase spectrum obtained using the
dephasing rateRqp ap calculated according to section 2.2.

Alw) = ZP(a»dabF (23)

(w — wab)z + Rgb,ab

In part A of Figure 3, the stick spectrum®t= 0 K is given.
Note that it was necessary to shift the experimental spectrum
by 40 cnt! in order to facilitate comparison with our model
calculation. This small discrepancy could be a result of either
the quantum chemical method used or of the restriction to three
relevant coordinates only. The main peak at 2288 iw the
eigenstatga = 350which is dominated by the fundamental
transition of the OD stretching vibrational zero-order state
(1,0,0), see Table 2. The red shift of 112 ¢has compared to
the harmonic value of 2400 crhis an indication for the
anharmonicity of the OD potential in the hydrogen bond. We
note in passing that the major contribution to the excited-state
absorptionvsg = 1 — 2 is calculated to occur at 2044 cfn
However, there are at least two more transitions, namely, at
2288 cnt! and at 2201 cmt, which involve a mixing of zero-
order states with substantial (2,0,0) character.

In Figure 3 there are two more relevant transition3 at 0
K, both being a consequence of the anharmonic terms in
V1(Qs0,Q1) and Vao(Qs0,Q29). First, there is a combination
transition to a state of (1,0,1) charactg,= 370in Table 2,
which is located 66 cmt above the (1,0,0) transition. Second,
we observe the overtone of the bending vibration, (0,2,0), 180
cm~1 below the (1,0,0) transitiond = 290). The energy gap
between the two main peaks is in rather good agreement with
the experimental value of 170 crh

In part B of Figure 3 we have shown the stick spectrur at
= 300 K, which reveals a number of transitions as a conse-
guence of the anharmonicity of the potential energy surface.
To the red of the (1,0,0) peak we observe the (0,68;1(1,0,0)
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transition (a = 20— |350) at 2223 cm! (marked “*" in the
figure). Its position together with the smaller peaks around 2200
cm~1, which involve, e.g.Ja = 3+ |370and|a = 40— |400]
corresponds nicely to the weak shoulder in the experimental
spectrum. This also holds for the combination transitions in the
region 2356-2400 cnT! (e.g.,Ja= 10— |37[] |a = 20— |400).

In addition an asymmetric broadening of the main peaks is
discernible. It can be attributed to transitions between states
where only the stretching/bending zero-order state is incre-
mented (e.g.jJa = 30— |400) |a = 2[1— |310). At least for the
bending overtone transition this asymmetry is apparent also in
the experimental spectrum.

Next we discuss the linear absorption spectrum in the presence

of dephasing according to eq 23. The three contributions to the
dephasing rat®,, ap have a rather different influence on the
spectrum in the considered region of the OD fundamental
transition. Let us assume that realistic cut-off frequeneigs
are in the range of 166250 cnt™. This implies that the bilinear
coupling via H(S')B does not give a contribution for the relax-
ation back to the ground state. In addition it cannot trigger
effectively a transition between the stat88and|290due to

the linearity in{Q;}. An essential feature of the experimental
spectrum is the difference in the line width of the two main
peaks. To some extent this is due to the fact that combination

Kihn

Figure 4. Population dynamics of selected eigenstates after resonant
excitation of the OD stretching fundamental transition using a Gaussian
shaped electric field with a fwhm of 130 fs and an amplitude of GEJ01

eazv/amu. The relaxation model parameters are given in the caption
of Figure 3. (The states a@ = 1—8 (v, excitations),a = 29, 31,
34—37, 40-42, 45, and 46 (see Table 2)).

section. While the overall agreement appears to be reasonable,
details require future refinement of the model. For instance, one
might think of incorporating more modes into the relevant
system. According to Table 1, modeg might be a good

transitions are adding to the total width and that the anharmo- ¢andidate for contributing to the broadening of the fundamental
nicity leads to an asymmetry toward the red side (see above).Via @ combination transition. Also one should keep in mind that
According to eq 23, the peak heights for transitions from the the very appearance and relative height of the bending overtone
ground statéa = 10are proportional tdds|2/Rup 6. From part transition relies on the Fermi resonance interaction. The details
A of Figure 3 we realize that the intensity of the overtone (0,2,0) Of the latter could be sensitive to additional anharmonic
is too small compared to the fundamental (1,0,0). In the presentiNtéractions entering upon inclusion of more modes into the

model this is compensated if the dephasing Rig, for the
bending overtone transition is smaller than for the stretching
fundamental transition which naturally leads to a narrower
overtone band as well.

First, let us discuss the effect of the fourth-order coupling
H(S”Q on the line width. Inspecting eq 19 we find the first term
0X" (@ — wm — wp) to give the most important contribution
in the considered frequency rangen(+ wn, = 1949 cn1?).

For the Ohmic spectral density and withf'"” = 250 cn?,
C{" (w) will not change appreciably in the interval 2100
2300 cnrl. If we assume that all fourth-order coupling strengths
are all identical tag(", the main difference in the dephasing
rates comes from the matrix elements of the system part of
HIY. Due to its linearity in{Q}, the matrix elements for the
overtone transition will be generally smaller than those for the
fundamental one. Thereforg{"" can be fixed by comparing
the relaxation time obtained after ultrafast excitation ofithe
mode with the experimental value of about 400° fthe
relaxation of moderyg is accordingly slower.

The pure dephasing rate, on the other hand, is proportional
to matrix elements of the typ@|Qi2|aD i.e., there is no
qualitative difference between theg overtone and thessg
fundamental transition. In the following we will assume that
the overall dephasing time for the, mode is about 100 fs,
i.e., in the range of what has been observed for PMME-H.
For a giveny,q this fixes gly. It turns out that the same
coupling strength cannot be used for the mode, for it gives
an absorption overtone band which is much too broad, i.e., also
the ratio between the heights of the two main peaks is too large.
Thus we have the constraint thgf) < gt

relevant system.

4. Dissipative Dynamics

In the following we will discuss the dynamics initiated by
an external field having a Gaussian envelope of width 130 fs
and being centered at= 0 fs. To simplify matters we make
use of the Bloch approximation to the full Redfield tensor in
which the dynamics of populations and coherences are de-
coupled!® The equations of motion fopa, have been solved
using the RungeKutta—Verner fifth and sixth-order method
with adaptive step size control. All states up to a transition
frequency of 3000 cmt have been included. The following
examples are intended to highlight the compatibility of the
parameters used for fitting the linear absorption spectrum with
the information on the relaxation and dephasing times available
from the experiment.1?

In Figure 4 we show the population differende.{t) =
padt) — pad0) for those eigenstates which participate appreciable
in the dynamics after resonant excitation of thgy = 0 — 1
(10— |350) transition. The population dynamics of the
eigenstates follows closely from their character expressed in
terms of zero-order states. The excitation goes dominantly into
those states having substantial OD stretch (1,0,0) contributions.
In particular the progression with respect to themode is
populated, i.e., statg85[] |370) |400) |42} and [460J(cf. Table
2). TheT;-type population relaxation rates for these states, i.e.,
1/Raa.20, @re in the range between 300 and 350 fs as documented
in Table 2. We have estimated the overall relaxation time from
the initial decay of the total population dynamics of all (1,0,0)
and (0,2,0) type excited states to be about 400 fs which is in
agreement with the experimehfThe slight difference with

The spectrum shown in part B of Figure 3 represents the bestrespect to the individual relaxation times results from the

compromise given the additional restrictions imposed by the

excitation of bending type states whose decay times are longer

phase and energy relaxation dynamics discussed in the nexbut also from the competition between resonant excitation by
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Figure 5. Coherence dynamics for the parameters of Figure 4: (A)
|p135; (B) |p3s,3d (solid), and|pssad (dashed); (C)ps, 2| (solid) and
lpr3l (dashed).

the laser field and simultaneous relaxation. The interplay

between both processes determines the total population transfe

but also the moment at which it is achieved. Typically the

maximum ofApa4t) occurs during the second half of the pulse.
The depopulation of the excited states procesdsusvely

via the fourth-order relaxation process. The vibrational excitation

of the v1 mode established this way in the OD ground state is

J. Phys. Chem. A, Vol. 106, No. 34, 2002677

Figure 6. Same as Figure 4 but for excitation of the bending overtone
transition.

case. Note that such ultrafast dephasing times for H-bonded
system have been reported from four-wave-mixing experiments
on PMME-H2 and HOD/QO 1t
Let us turn to the coherences with respect tostheode. In

Figure 5 we showpss 37 and|pss 4d, i.€., those matrix elements
describing coherences within the vibrational progression building
upon the OD fundamental transition (cf. Table 2). In terms of
the Redfield tensor elements these coherences decay very rapidly
on a time scale of 60 and 61 fs, respectively. The dominating

ure dephasing contribution is 69 and 75 fs. Note that also the

oherence with respect to the ground state decays on this time
scale via the pure dephasing mechanism (Table 2). This suggests
that the damped oscillations observed in ref 9 are most likely
due to coherent dynamics in the OD stretch and bending ground
state. This can be clearly seen from part C of Figure 5 where
thev; coherencefp o and|p; 3 are plotted. According to Table

distinctly nonthermal and mostly determined by processes wheres ia coherence decay times being dominated by pure dephasing

the v1 quantum number in the dominant zero-order state is
conserved, i.e., (1,0,— (0,0j). The relaxation of the; mode
itself is governed by the bilinear coupliri&’B. For the chosen
cut-off frequency of 100 crmt and the coupling strengtf’ =

are about 600 fs. In fact the coupling constg&\'f has been
chosen such as to give a good agreement with the value
estimated from the experimehhote that within the Bloch level
of description there is neither coherence transfer nor conversion

0.01, the time scale for thermalization amounts to several of populations into coherences due to the systéath interac-

picoseconds, see Table 2. In the experirharglow relaxation

tion.1® In other words, the ground state coherences are estab-

component of 20 ps was observed and attributed to vibrational ished only by the interaction with the IR laser field.

cooling. Because our gas-phase simulafiéirglicated that on
this long time scale the excitation energy is likely to be shared

So far we have considered the dynamics after excitation of
the OD stretch fundamental transition. From the experimental

among several low-frequency mode a quantitative comparison point of view much less is known for excitation of the bending
between the present model and the experiment appears to b@vertone transition. In fact, the excitation conditions in ref 9

not appropriate at this point.
The most intriguing aspect of the experinfehas been the
observation of an oscillatory modulation of the IR pungwobe

signal. This feature was assigned to originate from the anhar-

monic coupling to a low-frequency mode which modulates the
strength of the H-bon@?2°-3°Within the reduced density matrix

where such as to excite either to the red of the OD stretch

fundamental or between the two main absorption peaks. For
the latter case some excitation of the bending overtone is to be
expected; however, it is hard to draw any conclusions about

the related relaxation and dephasing dynamics from the present
data. Our choice of parameters for the coupling ofithhgmode

formalism the coherent evolution of the relevant system can be to the bath therefore is based on the linear absorption only. In

rigorously investigated in terms of the off-diagonal elements
of pap First, let us focus on the coherence related tostke
excitation, i.e. p1 35 which is shown in part A of Figure 5. The
dephasing 0p; 3sis determined byr; 35 1 3swhich gives a total
dephasing time (Flike) of 102 fs, see Table 2. A value of about

section 3, however, we put forward the argument that for the
given systembath interaction Hamiltoniatil, which can

be viewed as the lowest order contribution in the system
coordinate, the population relaxation of the bending overtone
will always be slower than for the stretching fundamental

100 fs has been set as a goal in our fitting procedure which hadtransition. This is reflected in the relaxation times collected in
to be accomplished simultaneously with the requirement for a Taple 2 and illustrated in Figure 6. Besides the overall slow-
400 fs population relaxation and for a reasonable agreementdown in the excited-state relaxation we note that progression
with the absorption line shape. In Table 2 we also report the of the »; mode building upon the bending overtone is excited

contributions to the coherence dephasif, ,,, which are
solely due to the pure dephasing couplin@-l@g (T,-like). Our

(1290} 1310 340|360 ...), but also states involving mode.
Excitation of thewv; progression implies the possibility of

parameters suggest that the dephasing is dominated by pureoherent vibrational motion with respect to this mode. In fact,
dephasing, the time scale of the latter being 121 fs in the presentthe dynamics of the coherences looks rather similar to that
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obtained for excitation of the stretching fundamental transition can persist for about 2 ps. The overall thermalization of this
in Figure 5 (not shown). In other words, due to the Fermi mode can take place on an even longer time scale.
resonance interaction between the bending overtone and the These results extend our previous gas-phase stddiéand
stretching fundamental transition, vibrational progressions are provide a microscopic picture for the essential experimental
present forboth transitions. findings of Stenger et &lA more detailed comparison between
Nevertheless, we should point out that the proposed behaviortheory and experiment would require, e.g., calculating nonlinear-
of the bending overtone transition requires experimental veri- IR response functior®®.Further testing of the model as well as
fication coming, e.g., from two-color pumiprobe experiments its future refinement, for instance, with respect to the choice of
focusing directly on the bending vibrations. This would enable he possible relaxation processes, has to await the availability
us to refine the parameters describing the relaxation of the of new experimental data scrutinizing, for instance, the dynamics
bending mode which at this point follow solely from the fit of ~ of the bending vibration.
absorption spectrum. On the other hand, at present we cannot
exclude the possibility of alternative relaxation mechanisms Acknowledgment. This work has been supported by the
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Summary Note Added after ASAP Posting.This article was released

ASAP on 7/20/2002 with four entries missing in Table 2. The

With the advent of ultrafast laser source in the mid-IR it correct version was posted on 7/22/2002.
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