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Femtosecond Mid-Infrared Pump-Probe Study of Wave Packet Motion
in a Medium-Strong Intramolecular Hydrogen Bond
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We inspect the O—H stretching vibration of the medium-strong hydrogen bond in phthalic acid monomethyl ester in
nonpolar solution by use of single-colour spectrally integrated femtosecond mid-infrared spectroscopy. We derive am-
plitude and phase characteristics of the coherent modulations of the pump-probe signals as a function of excitation wave-
length. We exclude the role of Fermi resonances in the oscillatory contribution to the pump-probe signals. The observed
periodic feature is due to wave packet motion of an underdamped out-of-plane 100 cm™' mode that modulates the hydro-
gen bond distance. This low-frequency mode anharmonically coupled to the O—H stretching vibration is impulsively ex-

cited by the ultrashort mid-infrared pump pulse.

Hydrogen bonds form a special class of interaction where a
hydrogen atom is shared between two electronegative atoms of
the donor and accceptor groups. The charge distribution in this
three atom chemical bond is crucial for its special properties,
amongst which the strength lies somewhere between covalent
and ionic bonds. Infrared spectroscopy is one of the most im-
portant spectroscopic tools to determine the properties of spe-
cific hydrogen bonds.! In particular, a direct correlation be-
tween the hydrogen bond distance and the frequency of the O—
H or N-H stretching modes has been shown to exist. In this
case the magnitude of the red-shift of these vibrational reso-
nances is a direct indication of the hydrogen bond strength.
This is illustrated in Fig. 1, where the O-H vibrational bands
are shown for the case of the free O—H group of phenol in
C,Cly, for the weak hydrogen bond of HOD in D,0 and for the
medium-strong hydrogen bond in phthalic acid monomethyl
ester (PMME) in C,Cl,. Other marked features include the in-
crease in intensity and the presence of substructure of the O-H
or N-H stretching bands.

Numerous theoretical studies of the O-H stretching vibra-
tional line shape have used the concept of anharmonic cou-
pling between vibrational normal modes.”™ Here it is assumed
that the vibrational Hamiltonian describing the O-H stretching
line shape in a hydrogen bond can be decomposed into har-
monic oscillators denoting the O-H (or O-D) stretching nor-
mal mode (typically located in the 2000-3500 cm ™! frequency
range), and one (or more) low-frequency mode(s), like the hy-
drogen bond O--O stretching and bending vibrations, with
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typical eigenfrequencies of a few hundred wavenumbers, that
modulate the hydrogen bond length. In addition to the har-
monic position and momentum operators of these harmonic
oscillators a coupling term is added that connects the motion of
the high-frequency O-H stretching mode to those of the low-
frequency modes. Other vibrational degrees of freedom, either
intramolecular or intermolecular, when the molecule under
consideration is immersed in a solvent, are treated phenomeno-
logically by population relaxation and dephasing parameters.
The effects of a distribution of hydrogen bond lengths and
angles’ can be implemented as well, resulting in a distribution
of O-H frequencies upon hydrogen bonding. This type of line
broadening can be expected for intermolecular hydrogen
bonds, such as in water, where the flexibility allow for a broad
range of geometric configurations, whereas for intramolecular
hydrogen bonds, as happens to be the case for the molecule in-
vestigated in our present pump-probe study, often a more rigid
hydrogen bond geometry occurs.

Usually an adiabatic separation of time scales between the
motion of the fast O—H stretching mode and the slow O---O
modes is made, where one can define potential energy surfaces
for these slow modes as a function of the quantum state of the
O-H stretching mode. From this it follows that the O-H
stretching vibrational transition is accompanied by side-bands
where the separation is given by the frequency of the slow
modes, and the relative magnitude by Franck—Condon fac-
tors. The analogy with vibronic spectroscopy does not only
apply for linear spectroscopy, but also extends to nonlinear
spectroscopic techniques such as pump—probe and four-wave
mixing. In the case of ultrashort pulse excitation with a spec-
tral bandwidth larger than the interdistance between these side-
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Fig. 1. Absorption spectra of the O-H stretching region of

phenol in C,Cl;, HOD in D,0, and PMME-H in C,Cl,.
The free O-H group of phenol has a narrow vibrational
transition at 3610 cm ™! with a width of 20 cm™'. The O-H
group in the weak hydrogen bond of HOD has a maximum
at 3400 cm ™! and a width of 250 cm™~'. PMME-H with a
medium-strong hydrogen bond has a O—H vibrational band
that peaks at 3000 cm ™' and extends over 700 cm ™' with
marked substructure.

bands, coherent excitation of several levels of these low-fre-
quency modes occurs, with the generation of vibrational wave
packets of these low-frequency modes as a consequence.
These vibrational wave packets show up as coherent modula-
tions in pump—probe and four wave mixing signals.

The fluctuating degrees of freedom of the solvent lead to
perturbation of the phase properties of the O-H stretching os-
cillator, either by direct coupling of the O-H stretching mode
with the electric field of the solvent, or indirectly by random-
ization of the motion of the low-frequency modes. These
dephasing processes contribute to the extreme line broadening
of the O-H stretching vibrational transitions in hydrogen
bonded systems. With respect to four-wave mixing studies on
the dephasing characteristics of the O—H stretching vibrational
transitions we refer to recent work of our group on intermolec-
ular (HOD in D,0%") and intramolecular hydrogen bonds.®

When vibrational modes with higher frequencies such as the
O-H bending mode, couple to the O-H stretching vibration,’
one cannot make the adiabatic separation of time scales. More-
over, when overtone states such as the v = 2 state of the O-H
bending mode, lie energetically near the v = 1 state of the O-
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H stretching vibration, one can expect the occurrence of Fermi
resonances, with resulting splitting of transitions and dips
(Evans windows) in absorption line shapes.'®!! Coherent exci-
tation of a transition split by a Fermi resonance would also
lead to coherent modulations of pump—probe signals.

Recently we reported the coherent modulations of pump-—
probe signals of the deuterated derivative of a medium strong
intramolecular hydrogen bonded molecular system, phthalic
acid monomethyl ester (PMME-D).!? The purpose of this pa-
per is to explore further the characteristics of this wave packet
generation in PMME. We show data for the ordinary protonat-
ed form, PMME-H, obtained with one-colour pump—probe
spectroscopy with spectrally integrated (open band) detection,
from which we demonstrate that the coherent modulation of
the pump-probe signals occurs with the same frequency
throughout the absorption band. Based on these results we
demonstrate that a low frequency out-of-plane mode is respon-
sible for the observed effects, whereas Fermi resonances with
overtone states play a minor role. In addition we analyse the
phase properties of the wave packet modulations and discuss
those with respect to the known vibrational wave packet be-
haviour for vibronic transitions.

Experimental and Computational Methods

Femtosecond mid-infrared pulses were generated as described
earlier.'*'* In short, tunable mid-IR pulses with 130 fs duration,
150 cm ™! bandwidth and more than 1 pJ/pulse at 1 kHz repetition
rate were produced by difference frequency mixing in AgGaS,.
Femtosecond IR pump-probe spectroscopy was performed by
measuring the nonlinear transmission changes induced by the in-
tense pump pulses, that are monitored by time delayed probe puls-
es, in itself replicas of the pump pulses. The pump intensity on the
sample was 10'°-10"" W/cm?, and the probe intensity was a factor
of 0.04 lower. We observed a linear dependence of the pump—
probe signals on pump intensity, and from this we may safely ne-
glect multiphoton absorption contributions to the overall observa-
tions. Pump and probe pulses had the same polarisation.

The sample under study consisted of a solution of phthalic acid
monomethyl ester (monomethyl phthalate, Aldrich, 97%) dis-
solved in C,Cly (Merck, extra pure) located in a 500 um cell with 1
mm thick CaF,-windows. Temporal spreading of the mid-IR puls-
es have been found to be negligible in our experiments.

Ground state geometry optimization and vibrational analysis of
PMME was carried out by density functional theory using the
B3LYP/6-31+G(d,p) method implemented in the program pack-
age GAUSSIANOS."> All calculated vibrational frequencies were
scaled by a factor of 0.96.!° Conformational analysis were per-
formed with smaller basis sets (6-31G) by calculating potential
energy surfaces for all relevant dihedral angles.

Results and Discussion

Structure of PMME-H. The optimized structure for the
lowest energy conformer of PMME is shown in Fig. 2. Rele-
vant geometry parameters, the absolute energy E and the di-
pole moment u are indicated. PMME forms an intramolecular
hydrogen bond between the O-H group of the carboxy substit-
uent and the oxygen atom of the carbonyl group. The structure
is quasi-planar. However, the hydrogen bond is part of a sev-
en-membered ring that does not entirely fit into the plane of the
benzene ring, so that the two substituents are somewhat tilted
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Fig. 2. Lowest energy conformer of PMME optimized by the B3LYP/6-31G+G(d,p) method. Bond lengths and hydrogen bond dis-
tances are specified in pm. The absolute energy E and the dipole moment 4 are given. (large open spheres: C; small open spheres:

H; crossed spheres: O).

out-of-plane. The methyl group is located quasi-in-plane
pointing away from the benzene ring. The benzene bond in-
volved in the seven-membered ring of the hydrogen bond is
considerably stretched in comparison to the remaining benzene
bonds which show standard aromatic C—C bond lengths. The
heavy atom hydrogen bond O-O distance of 256.0 pm as well
as the H---O distance of 159.3 pm indicate hydrogen bonds of
intermediate strength.!”

Further conformers with weaker hydrogen bonds as well as
non-hydrogen-bonded conformers have been identified at
higher energies. One hydrogen-bonded conformer lies about
1400 cm ™! higher in energy and involves a hydrogen bond to
the methoxy oxygen atom. Another hydrogen-bonded con-
former is identified about 6000 cm™! higher in energy with a
hydrogen bond to the carbonyl oxygen atom formed across the
phenyl ring plane. Non-hydrogen bonded conformers have
been calculated to be much less stable.

Steady State IR Spectra. IR spectra for PMME-H (Fig.
3A) and PMME-D (Fig. 3B) have been measured in C,Cly (¢
= 5X107* M) using CaF, windows and for PMME-H embed-
ded in KBr (Fig. 3C). The pure solvent spectrum has been
subtracted. Calculated spectra are shown in the lower panels.
All vibrational frequencies are collected in Table 1. Above
1000 cm ™' the majority of bands can be assigned, whereas be-
low 1000 cm™! the assignment partly remains ambiguous.

The three modes that are dominated by the motion of the hy-
drogen or deuterium atom, repectively, involved in the H-bond
exhibit major isotopic shifts (see Table 1). The calculated iso-
tope shift for the O-H/O-D stretching mode 57 amounts to
—839 c¢cm™!, the O-H/O-D in-plane deformation mode 40
shifts by —384 cm™' (exp: —406 cm™!), and the O-H/O-D
out-of-plane deformation mode 24 shifts by —245 cm™! (exp:
—259 cm™"). The hydrogen bond O---O stretching mode 10 is
calculated to 343 cm™! with a very small isotope shift of 1
cm L.

Below 200 cm ™!, which corresponds to the window where
modes can be impulsively excited with our laser set-up, only 6
modes are located. Thereof only the mode 2 calculated to 69
cm™ ! modulates the H-bond considerably. The isotope shift of
this mode is calculated to 1 cm™".

Femtosecond IR Spectroscopy. We have performed one-
colour pump—probe spectroscopy on the O—H stretching vibra-

tional transition where the pulses have been tuned throughout
the band (see Fig. 4). The resulting pump-probe transients are
shown in Fig. 5 on a linear time scale and in Fig. 6 on a loga-
rithmic scale. The spectrally-integrated transients obtained on
PMME-H in C,Cl, show similar features, but also differences,
as seen in the spectrally-resolved data obtained on PMME-D,
as reported recently.'

The solvent and cell window contributions to the signal
(Fig. 5C) is more than an order of magnitude smaller. These
signals are usually induced by cross-phase modulation effects
through non-resonant y®-interactions, and are only strongly
present in spectrally dispersed detection schemes of the probe
pulses. However, care has to be taken with this general remark
when solvent overtone bands are present in the wavelength
ranges under study.

The observed signals in Figs. 5 and 6 can thus safely be at-
tributed to the molecule under study. Absorbance changes can
be explained with the 5-level system as depicted in Fig. 7.
Several remarks on nonlinear spectroscopy on vibrational tran-
sitions of hydrogen bonds have to be made. First, one has to
take into account, besides the v = 0 and v = 1 levels, the vibra-
tional overtone v = 2 state. In the case of pump—probe or four
wave mixing spectroscopy one thus has to incorporate ground
state bleach (v = 0 — v = 1), stimulated emission (v = 1 — v
= () and excited-state absorption (v = 1 — v = 2) contribu-
tions for the interpretation of the detected signals.'® Because
of anharmonicity of vibrations the excited-state absorption is
red-shifted with respect to the ordinary transition. In addition,
for the case of hydrogen bonded systems the occurrence of
“hot” species after T)-population relaxation of the v = 1 state
have been reported, where the O-H stretching mode is in the v
= 0’ ground state.'® The importance of local heating effects
have been noted before.”” Often the collection of states along
which the relaxation pathways occur have been described as an
effective single “hot” ground state v = ', that subsequently re-
laxes back to the equilibrium v = 0 state on picosecond (or
longer®) time scales. These transient “hot” states appear to ex-
hibit vibrational transitions (v = 0" — v = 1”) with frequencies
blue shifted compared to the ordinary transition.

We observe all these features in the data shown in Figs. 5
and 6. Besides the ground-state bleach and stimulated emis-
sion contributions, the blue-shifted transient absorption is also
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Fig. 3. Comparison of experimental (upper panels) and cal-
culated (lower panels) IR spectra. (A) PMME-H in C,Cl,.
(B) PMME-D in C,Cly. (C) PMME-H in KBr.

clearly present, see, e.g., the transient observed at 3200 cm ™.

The appearance of this blue-shifted feature gives an indication
of the T;-relaxation time of the v = 1 state, that appears not
longer than 200-250 fs, about half the value than reported for
PMME-D.!? A more precise number for T, cannot be given,
since the appearance of the blue-shifted band is obscured by
the coherent artifact contributions to the pump-probe signal.
The transient observed when the pulses were tuned at 2400
cm™! might exhibit the excited-state absorption. The reason
why the stimulated emission (v = 1 — v = 0) contributes
much less to the signal at 2400 cm™! than the excited state ab-
sorption (v = 1 — v = 2) lies in the fact that the transitions are
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centred at different frequency positions due to the anharmonic
shift. Considering the signal-to-noise ratio, extraction of a
more precise value for the T)-relaxation time of the v = 1 state
is unfortunately not possible. Two-colour pump-probe mea-
surements should enable the elucidation of the lifetime of the
O-H stretching mode in a more satisfying way. At longer de-
lays we observe a non-exponential cooling behaviour back to
the ground state equilibrium as shown in Fig. 6.

Finally, we note that rotational diffusion effects on the
pump-probe signals can be discarded for the delay times under
consideration. We measured an anisotropy decay for PMME-
H in C,Cly in the time range of 20-30 ps, as can be expected
for medium-sized molecules like PMME-H.?'

Nature of the Coherent Signal in IR Pump-Probe. Su-
perimposed to these incoherent contributions to the observed
pump-probe signals coherent modulations are clearly ob-
served. We now discuss whether the oscillatory contribution is
due to band splitting because of Fermi resonances or to impul-
sive excitation of an anharmonically coupled low-frequency
mode. In order to do this we inspect the amplitude and phase
properties of these coherent modulations on the pump-probe
signals (see Fig. 2). Analysis of the data after substraction of
the overall decay curve using a decaying cosine term (e -
cos[w*T + ¢], where w is the angular frequency of the out-of-
plane mode, 7 is the pulse delay, yis the coherence decay rate,
and ¢ is the phase of the oscillations) shows a continuous
phase change around 3100 cm ™! where the total phase change
amounts to 200-230 degrees when scanning through the O-H
stretching band. The value for the coherence decay rate is y =
2 + 0.3 ps~'. We did not observe a frequency-dependence for
y within experimental accuracy.

The occurence of Fermi resonances between the O-H
stretching v = 1 state and other vibrational states (such as the v
= 2 state of the O—H bending mode) has often been proposed
as a possible explanation for (part of) the substructure in O-H
stretching bands.?*** 1In particular the so-called Evans win-
dows with intensity dips in the absorption bands are associated
with Fermi resonances. Fermi resonances lead to absorption
band splittings, where the coupling determines the splitting
magnitude and the detuning governs the relative intensities of
the different peaks.'®!! The situation gets more complex when
several Fermi resonances occur. In any case, coherent excita-
tion of these splitted bands should lead to modulations in
pump—probe signals that critically depend on the tuning of the
excitation and probe pulses. Only when both bands of a Fermi
doublet are simultaneously excited a coherent superposition
occurs. One would expect that variation of the excitation fre-
quency of the pulses only leads to changes in amplitude of the
oscillations, whereas the phase remains equal to zero. If sever-
al Fermi resonances would occur with different coupling
strengths and detuning parameters, the oscillatory contribu-
tions to the pump-probe signals should reveal a complex be-
haviour in frequency and amplitude.

Refering to our case of PMME-H (Table 1) we see that the v
= 2 state of the O—H bending mode 40 lies 374 cm ™! below
the O-H stretching mode 57, if we neglect the anharmonicity
of the O-H bending mode. For PMME-D a calculated detun-
ing value of 303 cm™' is found. However, because of the ex-
treme width of the O-H/O-D stretching band partial overlap
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Table 1. Experimental (> 1000 cm™': in C,Cl,, < 1000 cm™": in KBr) and Calculated (B3LYP/6-31+G(d,p), Scaled by f = 0.975)
Vibrational Frequencies of PMME-H and PMME-D (in cm ™)

PMME-H

PMME-D

No.? Assignment

Experimental Calculated Experimental Calculated
57 =~ 3400-2500 3150 2500-2000 2311 v(O-H/D)
56, 55 3108, 3104 3076, 3028, 3108, 3104, V(C—H) aroma.
54,53 3080, 3066 2999 3080, 3066 V(C—H) aromat.
52,51 3060, 3031 3060, 3031 V(CH3)a6ym
50 2952 2950 2951 2950 V(CH3)gym
49 1743 1724 1742 1714 V(C=0)carboxy
48 1704 1652 1701 1650 V(C=0)egter
47 1602 1578 1602 1577 v(ph-8b)
46 1581 1546 1581 1546 v(ph-8a)
45 1493 1453 1491 1452 v(ph-19b)
44,43 1450 1438 + 1429 1450 1438 + 1429 O(CH3)a5ym
42 1434 1419 1433 1418 O(CH3)sym
41 1413 1412 v(ph-19a) + 6(CH-3)
40 1412 1388 1045 1004 6(0O-H/D)

1362

39 1295 1296 v(ph-14)
38 1293 1255 1293 1255 V(C—0)eger + V(C—-COOH/D)
37 12809 1253 1280 1243 6(CH-3) + 6(O-H/D)
36 1261 1230 1261 1278 v(C-OH/OD) + v(C-COOH/D)
35 1192 1169 1194 1169 O6(CH3)asym
34 1148 1148 6(CH-9q)
33 1126 1125 O(CH3)asym
32 1143 1120 1143 1120 O(CH-18a) + 6(CHz)asym
31 1124 1100 1124 1103 6(CH-18b)
30 1076 1051 1076 1052 d(ph-12)
29 1040 1030 1040 1031 d(ph-1)
28 977 977 Y(CH-5)
27 960 954 954 Y(CH-17b)
26 924 943 942 v(O-CHs)
25 874 874 Y(CH-17a)
24 8379 840 595 Y(O-H/D)
23 806Y 814 819 v(C-COOCH3;) + y(O-H/D) + §(0=C-OCHj;)
22 7759 777 777 Y(CH-11)—8(COOH/D) + 6§(COOCH3)
21 7509 763 755 v(C-COOH/D)+ v(O=C-OH/D)
20 7029 753 758 6(COOH/D) + 6(COOCH;)
19 6879 706 706 Y(CH-11) + 8(COOH) + 86(COOCHj;)
18 6509 666 665 d(ph-6b)
17 653 657 ¥(ph-4)
16 626 623 6(ph-6a)
15 565 546 544 Y(ph-16a)
14 546 476 468 Y(ph-16b) + 6(-OH/D--O=C)
13 429 428 ¥(ph-16a)
12 411 409 ¥(ph-16b)— 6(-OH/D-:-O=C)
11 374 374 6(0=C-OCH,)
10 343 342 V(-O-H/D---O=C-) (15)
9 313 310 6(COOCH3) (9b)
8 267 264 6(COOH/D) (9b)
7 219 219 7(C-OCHj;) + 10a
6 172 171 6(OCH;)
5 147 147 7(CH3)
4 125 125 7(CHj3)
3 88 88 Y(Subs.-torsion)s,m(10b)
2 69 68 Y(Subs.-torsion),sm
1 36 35 Y(Subs.-torsion)sym

a) The numbering refers to calculated frequencies for PMME-H. b) v = stretching, § = in-plane deformation, y = out-of-plane deformation, 7 =
torsion. Varsanyi nomenclature where applicable. c) These two modes cannot be discriminated. d) These modes cannot be assigned unambigu-

ously.
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Fig. 4. (A): Absorption spectrum of PMME-H in C,Cl,. The
spectrum of PMME-D is also shown for comparison (dot-
ted line). The remaining peaks in the 3000 cm ™' are small
bands due to C-H stretching modes of PMME. (B): Spec-
tra of the mid-infrared laser pulses. (C): Amplitude of the
100 cm ™! oscillatory contribution to the pump-probe sig-
nal. (D): Initial phase of the oscillatory contribution.

with the overtone state of the O—-H/O-D bending mode might
be possible. In fact, the intensity dips in O—-H/O-D stretching
bands (Fig. 4A) may be an indication for the occurrence of
Fermi resonances, in particular for PMME-D.

The O—H stretching band of PMME-H is about two times as
broad as the O-D band in PMME-D. Because of this we are
able to explore the laser tuning dependency of coherent re-
sponse of PMME-H with spectrally integrated (“open band”)
single-colour pump—probe spectroscopy. The coherent contri-
bution is present throughout the absorption band of PMME-H
with the same single frequency and with a gradual change of
amplitude, as well as an overall change in phase of 200-230
degrees (Figs. 4C and D). From this observation we exclude
the possible contribution of the Fermi resonance to the oscilla-
tory contribution in the pump—probe signals. We conclude that
the coherent modulations are due to anharmonic coupling of
the O-H/O-D stretching mode to the low-frequency out-of-
plane mode 2 from Table 1. The frequency of this oscillatory
mode in PMME-H, 100 cm™', is identical to that observed for
PMME-D,'? as expected from the normal mode calculations.

Coherent motion of vibrational wave packets of low-fre-
quency modes have been observed since ultrafast lasers have
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been used in numerous studies on vibronic transitions. Impul-
sive stimulated Raman scattering with excitation off-resonant
with respect to electronic transitions lead to the coherent prep-
aration of wave packets in the electronic ground state.?*2% Ex-
citation resonant with electronic transitions leads to the impul-
sive preparation of wave packets both in the electronic ground
and in the excited states,”’ where the efficiency for the latter
process is usually more efficient for the case of long electronic
excited state lifetimes.”**° When the excited state lifetime is
short compared to the coherence decay times of the wave pack-
et motions the ground state contributions to the observed sig-
nals become more dominant.>' In addition, vibrational coher-
ent wave packet motion has also been observed for cases
where the coherence is driven by rapid nonradiative processes,
where the wave packets are observed in product states.>>¢

In the present work we present data of coherent vibrational
wave packet motions of the out-of-plane mode of PMME-H
generated by ultrashort mid-IR pulses in the electronic ground
state. When the adiabatic separation of time scales between
the O-H stretching and the low-frequency modes is made, we
expect by analogy with electronic spectroscopy that both in the
v = 1 and in the v = O states of the O-H stretching vibration
these wave packet motions occur. In the reported work on
PMME-D we used singular value decompositon to derive the
spectral profile associated with the oscillatory contribution to
the pump-probe signal. We have not been able to distinguish
components due to motion in the excited v = 1 and in the
ground v = 0 O-D stretching states for the case of PMME-D.
We note that we observed solely ground-state vibrational wave
packet motion in 2-(2’-hydroxyphenyl)benzothiazole where
the excited lifetime is much shorter than the coherence decay
of the wave packet.’” If the T)-lifetime of the v = 1 state is
much shorter than 200 fs, the data obtained on PMME-H show
a dominant contribution of ground state vibrational wave pack-
et dynamics as well. In principle, one cannot exclude that co-
herent motion continues when the excited v = 1 state decays to
the relaxed “hot” spectrally blue-shifted v = 0 state. On the
other hand, if the coherence is only (partially) preserved during
the T-relaxation, the overall damping factor of the oscillations
will be attenuated compared to the case of a sole contribution
from a v = 0 ground state wave packet. It thus appears to be
an important question to solve whether coherence of the low-
frequency mode is transferred into the v = 0’ state.

The derived results on the amplitude and phase of the coher-
ent modulations of the pump—probe signals (Figs. 4C and D)
indicate that a simple two-level model with respect to the O-H
stretching mode does not fully apply for the case of PMME-H.
This conclusion can be drawn by comparison to recent work
by the Champion group on femtosecond coherence spectrosco-
py.® Amongst various cases they report on the amplitude and
phase properties of a two level electronic system consisting of
a linearly displaced harmonic oscillator. When performing the
spectrally integrated (“open band”) single colour pump—probe
spectroscopy a distinctive phase flip of 180 degrees occurs for
the ground state wave packet around the absorption maximum.
By scanning over the whole band a total phase change of 360
degrees occurs, whereas the phase flip for the excited state
wave packet near the emission maximum is 180 degrees. The
amplitude of the oscillatory contribution to the pump-probe
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relaxation to the ground state at picosecond time scales.

signal diminishes to zero where the phase flip occurs.

In the case of PMME-H an amplitude “dip” might be
present that occurs around 3100 cm™ !, at the maximum of the
O-H stretching band. This observation hints that at this spec-
tral position the origin (0-0) transition of the O-H stretching
band should be located, if the two-level system is valid that is
based on the adiabatic separation of time scales between the

high-frequency O—H stretching and the low-frequency out-of-
plane O--O mode. However, such a conclusion cannot be
drawn in full confidence, since the “dip” is not pronounced.
The observed phase change in the region around 3100 cm™
is more gradual and appears to be larger than 180 degrees. If
we assume that the wave packet dynamics are similar to that of
vibronic transitions, then the more gradual change points to the

1
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Fig. 7. Level structure implementing the v = 0, v =1 and v = 2 states of the O—H stretching mode, as well as two levels of the “hot”

molecule that shows up when the v = 1 state decays.

fact that at room temperature the motion of the out-of-plane
mode is not in the high temperature limit, consistent with the
simulations by Champion and co-workers.™® The fact that the
overall phase change of the oscillations in the pump—probe sig-
nal, when scanning the excitation pulses over the O-H stretch-
ing band, varies over a range of 200-230 degrees would indi-
cate that both ground state and excited state wave packets con-
tribute significantly, as expected for the case of systems where
the excited state lifetimes are in the same order of magnitude
as the coherence decay times of the wave packet motions. A
better estimate of the relative contributions of ground and ex-
cited wave packet motions might be made when the T;-relax-
ation time has been determined accurately. The fact that the
phase change occurs at the high frequency side of the O-H
stretching band, and not in the centre, might indicate a devia-
tion from the simple two-level system.

Conclusions

We have performed single-colour spectrally integrated mid-
infrared pump-probe spectroscopy on the O-H stretching vi-
brational transition of phthalic acid monomethyl ester
(PMME-H). With ultrashort mid-infrared laser pulses tuned to
this vibrational transition we detect coherent modulations the
hydrogen bond distance in PMME-H caused by impulsive ex-
citation of a low-frequency out-of-plane mode. The frequency
of this out-of-plane mode is identical as in the deuterated de-
rivative PMME-D. We exclude the role of Fermi resonances as
the underlying mechanism for the coherent modulations. We
ascribe the observed oscillations to wave packet motions of an
anharmonically coupled low frequency out-of-plane mode that
modulates the hydrogen bond distance. The amplitude and
phase dependencies of the coherent modulations in the pump-
probe signals, as a function of the tuning frequency of the laser
pulses, indicate that both ground and excited state wave pack-
ets have significant amplitude throughout the band. Several
questions remain unsolved, such as a more accurate determina-
tion of the v = 1 excited state lifetime, and also the possibility
of nonradiative coherence transfer when the v =1 state relaxes

to the “hot” blue-shifted v = 0’ state. These questions will be
addressed by two colour pump-probe measurements on
PMME-H.

The mid-infrared spectroscopic activities on hydrogen
bonds in the electronic ground state are embedded in the col-
laborative research center Analysis and Control of Photoin-
duced Reactions (Sonderforschungsbereich 450 Analyse und
Steuerung ultraschneller photoinduzierter Reaktionen), sup-
ported by the Deutsche Forschungsgemeinschaft. We cordially
thank J. Manz, O. Kiihn, H. Naundorf and G. K. Paramonov
from the Freie Universitét Berlin for stimulating discussions.
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