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We report the first observation of coherent vibrational dynamics in a hydrogen bond obtained by femtosecond
nonlinear measurements in the mid-infrared spectral range. The results provide the first experimental evidence
in the time domain for the anharmonic coupling of slow and fast vibrational motions in a hydrogen bond. We
show that the absorption band of the high-frequency hydrogen stretchinlg/(@-D) vibration is modulated

by a coherent oscillatory motion corresponding to a periodic variation of the hydrogen bond length and its
strength. This mechanism, which is of general relevance for hydrogen bonds, is connected with underdamped
low-frequency vibrationsin contrast to the assumption of overdamped nuclear motions in most theoretical
treatments.

Introduction transfer processes in hydrogen-bonded liquids, without, however,

) ) ) addressing vibrational motions and anharmonic coupling
Hydrogen bonding determines the structural and functional gjrectlys-11

properties of numerous molecular systems, as coupling of a
hydrogen atom to different functional groups establishes a weak b
chemical bond. Formation of such a bond strongly affects the b

positions and microscopic motions of the participating nuclei. nomena can be obtained only from model systems displaying a

SO far, the mechanisms governing r_luclear motions in a hydrogen, o _efined hydrogen-bonding geometry and the characteristic
bond have not been resolved, mainly because of the structural i, - o+ional jine shapes. We therefore study phthalic acid

complexity and flexibility of hydrogen-bonded liquids such as monomethylester (PMME, Figure 1a) in the nonpolar solvent

water and of biological systems. C,Cl, as a prototypical example of a medium strong intramo-
The high-frequency vibrational stretching band of the X lecular hydrogen bond. To eliminate the interference of-C

group in a X-H--+Y hydrogen bond changes strongly upon stretching modes within the high-frequency band, our study is
hydrogen bonding, the most evident effects being the red-shift focused on the ©D stretching band of the carboxy-deuterated
of the »(X—H) frequency compared to a free=X group, its derivative (PMME-D). Its stationary infrared spectrum shown
intensity increase and broadening, often accompanied by ain Figure 1b exhibits the typical features, such as strong red-
peculiar band shape with substructure. Hydrogen bonding leadsshift and broadening of the band and the appearance of (in this
to a dramatic distortion of the potential energy surfaces that case) two main subbands, predicted by the above-mentioned
determine the nuclear positions and motions, giving rise to theoretical treatments. A quantitative understanding of such

As the structural complexity and flexibility of hydrogen-
onded systems in the condensed phase is very high and cannot
e resolved spectroscopically, specific insight into such phe-

strongly anharmonic or even double-well potentfaTsheoretical ~ highly complex bands has not been reached so far. In particular,
models suggest that the enhanced anharmonicity of the potentiathe coupling of slow and fast vibrational motions cannot be
energy surfaces results in a coupling of the-BX stretching derived from the stationary spectra. In contrast, nonlinear

mode at high frequency and of low-frequency modes, which ultrafast IR spectroscopy monitors transmission changes of the

change the X-Y distance!™” The strong broadening of the  high-frequency @D band and thus provides direct access to

X—H stretching band has been attributed to the formation of observe vibrational motions of the hydrogen bond in real time.

vibrational sidebands, consisting of a-X stretching excitation

plus/minus quanta of the low-frequency mode. The additional Experimental Section

broadening occurring in liquids has been ascribed to the

interaction of hydrogen bonds with the fluctuating solvent, Femtosecond IR pumgprobe experiments were performed

leading to dephasing of the high-frequency mode and dampingwith mid-infrared pulses of 130 fs duration, 150 chband-

of the low-frequency motion. These effects have been describedwidth, and more than &J energy/pulsetea 1 kHz repetition

by quantum mechanical treatments of interactiaa well as rate produced by parametric difference frequency mixing in

classical Brownian oscillator models for the low-frequency AgGaS.'? The intense pump pulse induces in the sample

mode® Previous experimental studies of ultrafast vibrational nonlinear transmission changes that are monitored by time

dynamics have concentrated on incoherent relaxation and energylelayed probe pulses. The probe pulse is spectrally dispersed

after interaction with the sample and broad-band detected by a

 Max-Born-Institut. 16-channel HgCdTe detector. PMME-D was prepared by
* Aarhus University. shaking a solution of PMME in £Cl, (30 mM) with D,O and
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Figure 1. (a) Molecular structure of PMME-D (2-DOOGCsH,— \/
COOCH;). Arrows denote the normal coordinate of the low-frequency a

mode calculated at 70 crh that strongly modulates the H-bond (e}
distance. This mode is assigned to the low-frequency motion, which is E
anharmonically coupled to the high-frequen¢®—D) mode. (b) Linear 2028
O-D stretching absorption spectrum (solid line) and power spectra of /\\/
the pump and probe pulses (dashed line). . .
0 1 2
gusbseql;ent separation of the organic phase (sample thickness: Time delay (ps)
.5 mm).
Figure 2. (a) Nonlinear changeAA = —log(T/To) of vibrational
Results and Discussion absorbance of PMME as a function of purrobe delay and probe

frequency To, T: transmission of the sample before and after excitation

We performed two series of measurements with pulses centered at 2300 cr®). Positive signals correspond to enhanced
centered at 2100 and 2300 ch{Figure 1b). In Figure 2a, the aﬁsorptior:, negbativfe signals to b'?"fﬂgg'é?%{in}‘sé;%?%ei-?;-sﬂbance
change of absorption as a function of delay time and probe ¢hange at probeé irequencies o el xcitatl
frequency is shown for excitation and probe pulses centered atgﬁqutf; red at 2300 cm), and 2028 cm’ (excitation centered at 2100
2300 cntl. Individual transients are plotted in Figure 2b for '
probe frequencies of 2315, 2271, and 2213 &nbepending T OOF
on the probe frequency, induced absorption or bleaching occur, X 02 TN
superimposed by pronounced oscillations for positive delay L\ 04 \/
times13 A similar behavior is found with excitation and probe 06
centered at 2100 cm, as is shown in Figure 2b displaying the 2400 2300 2200
time evolution of enhanced absorption at 2028 &mit is Wavenumber (cm")
important to note that the period of the oscillatory signals is
identical in all measurements. Furthermore, a phase shift of the

Absorption Change (arb. units)

oscillations of 180 is observed in going from the red (2213
cm™ 1) to the blue side (2315 cm) of the data set (Figure 2a,b). 8t .

At intermediate frequency positions the oscillation amplitude 6 0.4 .
vanishes (cf. the transient at 2271 TimFigure 2b). [ od55 555 o
We use singular value decomposition (SVD), a standard 41 Wavenumber (cm™)
numerical procedure, to extract uncorrelated components from ol \/W\“\

the data set in Figure 2a, which consists of mutually dependent b
time-frequency trace’®.Each resulting component is character- 00 : 5 3 2

ized by a spectral amplitude, a temporal evolution, and a singular .
value, the size of which determines its significance. The Time delay (ps)

orthonormal basis set obtained is then transformed by linear Figure 3. Temporal evolution (solid lines) and spectra (insets) of the
combination to create physically meaningful basis functions. two dominant components obtained from singular value decomposition
The application of this procedure reduces the experimental dataof the temporally and spectrally resolved data in Figure 2a. (a: dashed
to only two major components whose time evolutions are line: Time-resolved absorbancg change for positive delay times at a
displayed in Figure 3a,b with their spectral representation probe frequency of 2028 cth excitation pulse centered at 2100 ¢
given as insets. The first SVD component (Figure 3a, solid with a spectrum (Figure 3a, inset, solid line) similar to the
line) shows a fast monoexponential decay with a time constant v(O—D) absorption spectrum (Figure 3a, inset, dashed line).
of ~400 fs superimposed by very weak oscillations. This com- The second SVD component (Figure 3b) displays two cor-
ponent of negative amplitude represents a decrease of absorptionelated contributions, strong oscillations persisting up-fo5
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ps and slow relaxation on a time scale~a20 ps. The spectral a) b)
representation (Figure 3b, inset) exhibits the signature of a first
derivative of they(O—D) ground-state absorption band with
respect to frequency.

The decay of the first SVD component may be compared to
the time trace that is found at 2028 cthand displays an
enhanced absorption (Figure 2b and dashed line in Figure 3a).
At this spectral position, essentially no ground-state absorption
remains, so that the signal can be safely attributed to the
anharmonically red-shifted transition from thgpv= 1 to the
Vop = 2 level® 1! The oscillations in this signal demonstrate
vibrational wave packet motion in theyy = 1 state. The very
good agreement of the two decays confirms that the fast SVD
component (excitation at 2300 cA) originates from molecules
in the first excited vibrational state §g = 1) and decays by
population relaxation with a vibrational lifetime of; ™ 400
fs. Its spectral amplitude of negative sign is thus interpreted as
the sum of contributions from bleaching (transition frogbv
= 0to vop = 1) and stimulated emission (transition frorgpv
= 1 to vop = 0) both having a shape close to the ground-state
absorption band.

The incoherent long time decay observed in the second SVD
component can be attributed to incoherent excitation of low-
frequency modes through energy dissipation and relaxation in
vibrationally excited molecules, giving rise to a blue-shift at
longer times. Such molecules relax back to equilibrium on a
10 to 30 ps time scale, as has been discussed previously for
intermolecular H-bond%
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The striking feature of this study is the observation of Figure 4. Schematic potential energy curves for the D stretching
pronounced coherent oscillations in the second SVD component. =+ assuming an origin shift of thea/= 1 curve to smaller hydrogen

As is evident from the spectrum (Figure 3b, inset), this SVD ong length with wave packets created by the pump pulse () in the

component represents an increase of absorption at higherexcited vibrational stategs = 1 and (b) in the vibrational ground state

frequencies and a decrease at lower frequencies. Such dvop = 1) through an impulsive Raman process. Vibrational levels of

frequency shift is a measure for the H-bond strength and the low-frequency mode that modulates the hydrogen bond length are

corresponds to a weakening of the H-bond, i.e., an increase 0fdenoted by Ms. Arrows signify the_ direction of the initial momentum

the average oxvaeroxvaen distance in the hvdrogen bond. The of the wave packets._ (c) Fourier transform qf thg second SyD
. g yg_ Y9 - ydrog : component, together with the far-infrared (FIR) vibrational absorption

oscillatory behavior up to delay times of about 1.5 ps reflects gpectrum of PMME-D.

a periodic modulation of this distance by a coherent vibrational

motion of low frequency which is initiated by the pump pulse. relaxation back to the ds = 0 state and thus contribute to

This interpretation is supported by the observed phase shift of coherent motion.

the oscnla}lon_s of 180between the red (2213 cr) and blue Both absorption of the ground-state wave packet (Figure 4b)

(2315 cm) side of the data set (Figure 2a,b) and by the fact 5nq stimulated emission from the excited vibrational wave

Intensity / Absorbance

cies (2271 cm?), i.e., around the maximum of thg(O—D) exhibit the signature of an oscillatingO—D) absorption band
absorption band. The damping time of the oscillations amounts (Figure 3b, inset). Thus, molecules in thepv= 0 and \bp =

to 400 fs, which appears to be equal to the lifetieof the 1 states may contribute to the coherent signal shown in the
excited vibrational stategp = 1. second SVD component.

Figure 4 a,b schematically depicts potential energy curves The occurrence of coherent oscillatory motions in both the
for the high-frequency ©D stretching mode, assuming a vop = 0 and the yp = 1 state clearly demonstrates a
decrease of the equilibrium hydrogen bond length in e pronounced anharmonic coupling between the high-frequency
1 state, into which the vibrational levelsy/ of the low- O-D stretching vibration and low-frequency modes. The
frequency mode modulating the hydrogen bond length are persistence of coherent low-frequency oscillations up to delay
drawn. Excitation of theap = 1 level by the pump pulse creates times of about 1.5 ps contrast the assumption of overdamped
a nonstationary coherent superposition of anharmonically nuclear motions made in most theoretical treatments of hydrogen
coupled low-frequency states{g) within the pump bandwidth, bonds in the condensed phdseé.
giving rise to the oscillations in the excited vibrational state To investigate the nature of the anharmonically coupled low-
(Figure 4a). The wave packet initially moves to probe frequen- frequency motion, we present a Fourier analysis of the time-
cies on the red side of the pulse. Equally likely, a coherent resolved oscillatory signal from the second (slow) SVD
superposition of low-frequency states£y in the \op = O state component (Figure 4c). The spectrum shows a single maximum
is generated through an impulsive Raman process within theat 100 cnt! with a total spectral width of~25 cntl. It is
pump bandwidth (Figure 4b). There might be an additional important to note that the same spectrum of the oscillatory signal
contribution caused by molecules initially promoted to thg v is observed for PMME-H, the protonated compound. The
= 1 state that preserve vibrational coherence even afterspectrum of the oscillatory signal displays substantial overlap
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with the broad and structureless absorption band between 80reactions (SFB 450)supported by the Deutsche Forschungs-
and 150 cm?, which is observed in the steady-state far-infrared gemeinschaft and, in addition, was partially supported by the
spectrum of PMME (Figure 4c). As is known from THz and European Union (HPRI-CT-1999-00084) (D.M.). J.D. gratefully
optical Kerr studies of liquids, both intramolecular and solvent acknowledges a fellowship of the Deutsche Forschungsgemein-
modes contribute to absorption bands in this spectral range, suctschaft. We thank J. Manz, O. Ka, H. Naundorf, G. K.
that the spectral width of the steady-state band cannot be related®aramanov, and N. P. Ernsting for valuable discussions.
to purely intramolecular dynamiés.
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