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We present a comparison of spontaneous Raman and ultrafast coherent anti-Stokes Raman scattering (CARS) spectra of the C−−O
vibration of liquid acetic acid. The former technique cannot clearly reveal the number of contributions in the spectrum. However,
the additional time and spectrally resolved CARS experiment supports strictly the existence of four modes, which proves the
coexistence of more than one H-bonded configuration in liquid acetic acid. A comparably slowly dephasing mode which is
obscured by a broad band in the linear Raman spectrum is assigned to the cyclic dimer and can be observed well cleared from all
other contributions by ultrafast CARS.

1 Introduction

H-bonding plays a decisive role for the structure, function and
dynamics of a wide range of molecular systems.1,2 It causes
molecular network formation in liquids like water or deter-
mines the configuration of numerous biomolecules, like DNA
and proteins,3,4 polymers5 or other complex supermolecular
structures, highly relevant for life and engineering of new ma-
terials. The H-bonds are classified as directed, attractive inter-
actions with binding energies in a range of 0.2 to 40kcal/mol,
which are in general lower than those of covalent or ionic
bondings.2 These properties are the main reasons for the im-
portance of H-bonds as structural and functional elements in
chemical reactions and life processes.

Molecules like acetic acid (AA) provide H-bond donor and
acceptor sites at the same time.6 This leads to different possi-
ble structural associates with total energies lower than that of
the monomers. Since the binding energies differ only little be-
tween some of the assumed geometries and constant breaking
and formation of hydrogen bonds occurs in hydrogen bond-
ing liquids,7 the coexistience of several conformers is possi-
ble. Also the environment of H-bonded molecular complexes
can have strong impact on the structural motifs.8–10 Determi-
nation of structures is a challenge in H-bond networks like in
AA and still under intense investigation due to the manifold of
energetically similar conformers and the fast dynamics within
the network.

Prominent approaches for resolving structural network
properties are scattering experiments, like x-ray and neutron
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scattering from which pair distribution functions can be ob-
tained,11 or vibrational spectroscopy. The latter measures
either the frequencies of intermolecular vibrations of the H-
bonded constituents, which are low frequent due to the heavy
masses, or the frequencies of local vibrations involving the H-
bond donors or acceptors. If donor or acceptor atoms are part
of a H-bond, the vibrational frequencies of their eigenmodes
are disturbed and a red shift of the resonance frequencies
results reflecting the strength of the H-bond.8,12 If different
kinds of molecular arrangements can be adopted, broad and
overlapping bands appear in the vibrational spectrum. There-
fore, the decomposition of a vibrational spectrum into contri-
butions assigned to individual structural motifs is a challenge.
To assign such bands the sample itself can be manipulated,
e.g. by substitution of isotopes, but this might change the
physical properties of the molecular system due to the isotope
effect.1,13 The same applies to chemical substitution of side
groups to prevent the formation of certain species by chemi-
cal blocking, which was successfully shown for AA in the gas
phase.14 Another promising approach to elucidate structural
information hidden in broad features of linear spectra is apply-
ing spectroscopic techniques based on nonlinear effects.15–18

Here, we compare spontaneous Raman spectra of acetic acid
with time and frequency resolved coherent anti-Stokes Raman
scattering (CARS). The Raman spectrum reflects the time av-
eraged vibrational response of the Raman active vibrations.
In multiplex time resolved CARS experiments a pump and a
Stokes pulse drive a coherent superposition of a vibrational
ground and an excited state.19 A narrowband time delayed
probe pulse is scattered at this coherence and samples the time
evolution of the coherence decay. Due to the transient map-
ping of the coherences a separation in time between narrow
and broad transitions can be achieved.20
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AA exists as planar cyclic dimers with C2h symmetry in
the gas phase21 as well as in dilute nonpolar organic sol-
vents.9 This dimer is stabilized through two equal strong H-
bonds of the form O−H···O−−C. From ab-initio calculation it
is known, that this structure is the most stable dimer geome-
try.22–25 However, the H-bond network and its motifs in pure
liquid AA are more complex and still under intense investi-
gation.6,23,25–28 During the last decades several experimental
and theoretical investigations were performed. They suggest a
manifold of different conformational geometries to be present
in the liquid phase.23–25,29,30 For AA in a supersonic jet struc-
tured low frequency spectra were measured clearly resolv-
ing the dimer modes.31 In the liquid phase the low frequency
modes are broadened32,33 and a clear assignment is hindered.
Nielsen et al. discussed the spectral features considering only
modes of the cyclic dimer structure,33 Nakabayashi et al. ar-
gued that also other geometries can contribute to the spec-
tra.23 Heisler et al. analyzed the low frequency Raman modes
with polarization resolved optical Kerr effect measurements
and concluded that cyclic dimers are the major components
in liquid AA.6 Since all publications argue that in AA com-
plexes H-bonds of the form O−H···O−−C and C−H···O−−C
with at least one carbonyl oxygen serving as H-bond accep-
tor exist,24 the C−−O vibration is an additional suitable indi-
cator for the investigation of possible structures (see Fig. 1).
Nakabayashi et al. performed Raman measurements on the
C−−O vibrations and assigned the observed bands by compar-
ison to optimized geometries obtained by Hartree-Fock calcu-
lations.23 They propose three contributions, C−−O vibrations
in which the carbonyl oxygen is strongly, weakly, or not at all
involved in H-bonding. They argued with the help of temper-
ature depended Raman measurements that the most abundant
geometry are chain structures, as they are also found in solid
AA.34,35 Note, that the real chain like structure in the liquid
might be much more corrugated as indicated in Fig. 1. How-
ever, the dominant feature at 1665 cm−1 (band I in Fig. 2a) in
the Raman spectrum originates from the inner, strongly hydro-
gen bonded C−−O modes of the linear chain. The asymmetric
shoulder (band II) in the blue wing of the dominant band is
caused by weaker hydrogen bonded C−−O modes in the chain
segments, but might also contain contributions from noncyclic
dimers.30 The mode with the highest frequency (band III) is
assigned to free AA molecules or AA segments at the end of
a chain.23,30 The modes in the chain or larger aggregates are
probably delocalized over some CO groups and the assign-
ment describes their main character. Other groups introduced
an additional vibrational component for discussing the domi-
nant feature of the linear Raman spectrum.29,30 They propose
that the dominant band consists of two overlapping contri-
butions, one resulting from the cyclic dimer, one from lin-
ear chains.30 The cyclic dimer exhibits only one Raman ac-
tive C−−O stretch vibration with Ag symmetry.36,37 In addition

Fig. 1 Acetic acid structures: monomer, cyclic dimer and chain like
structure. (black carbon, white hydrogen, red oxygen atoms)

Fig. 2 Spontaneous Raman spectrum of AA (open circles) in the
spectral region of the C−−O vibration and fits (red lines) taking 3 (a,
blue lines) and 4 modes (b, blue lines) into account.

to the Raman active mode, a pertinent, only IR active vibra-
tional transition is known for this dimer. Génin et al. argued
that the observed frequency splitting of the complimentary IR
and Raman spectra is a strong hint for a geometry with in-
version centre of the major species, that is the cyclic dimer.27

Additionally, recent simulations of aggregated AA molecules
showed that cyclic forms are preferred.25 Motivated by this
discussion on the interpretation of the signatures associated
with the C−−O vibration we perform multiplex CARS studies
on AA. Here, we show that there is indeed a feature hidden
beneath the dominant peak, which has to be assigned to the
cyclic dimer.

2 Experimental setup and signal analysis

Spontaneous Raman spectra are measured in transmission us-
ing a combination of a laser diode with a laser line filter for
excitation at 532 nm. Elastically scattered light is removed
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by a long pass Raman filter. The scattered Stokes signal is
frequency resolved by an imaging spectrograph with a focal
length of 300 mm equipped with an 1800 l/mm grating. The
spectra are recorded with a CCD array detector. The spectral
resolution of the setup is better than 8 cm−1.

Time and frequency resolved CARS measurements are per-
formed making use of ultrashort excitation of vibrational co-
herences and narrowband probing. Details of the setup are
reported in the study of Lütgens et al. 38 and only a brief de-
scription is given here. The applied laser fields are gener-
ated by noncollinear optical parametric amplifiers (NOPAs)39

pumped by a regenerative Ti:sapphire amplifier system (Spec-
tra Physics, Spitfire Pro). A femtosecond NOPA with a sub-
sequent prism compressor provides sub−50 fs Stokes pulses
at 570 nm. A narrowband NOPA is used for the generation
of pump and probe pulses with a bandwidth of 22 cm−1 at a
center wavelength of approx. 510 nm. The pulses are gener-
ated via a conventionally NOPA followed by a bandpass fil-
ter and a noncollinear stage for amplification, pumped by the
stretched second harmonic of the Ti:sapphire output. Pump,
probe and Stokes pulses are focused into the sample fulfilling
the phase matching condition by a BOXCARS arrangement.
The CARS signal is spectrally resolved recorded with a spec-
trograph equipped with an array CCD detector. AA (Sigma
Aldrich, purity 99.7%) samples are measured in a 2 mm thick
fused silica cuvette placed in the beam focus.

The time dependent Raman response of a vibrational mode
is modeled as a damped oscillator R(t)=Ar exp(−iωvibt−Γt)
with an amplitude Ar, a resonance frequency ωvib, and a damp-
ing constant Γ.40 The spontaneous Raman signal results from
the imaginary part of the Fourier transform of the response
function41 and exhibits a Lorentz profile. The damping con-
stant Γ can be calculated from the full width ∆ν̃ at half max-
imum of the Raman band via ∆ν̃ = Γ/cπ . In the CARS ex-
periment a coherent vibrational excitation is induced by the
pair of pump and Stokes pulse and then sampled by the probe
field. The resulting polarization causing the CARS signal can
be expressed by the convolution of the Raman response func-
tion with the probe field and reads:20,42

P̃(ω, tD) ∝ n
∫

∞

0
dt exp [−i(ωvib−ω) t−Γt]Epr(tD, t)

= iA∗ exp [−(Γ+ i∆ω) tD]exp

[
(Γ+ i∆ω)2

4κpr

]

×
{

1+ erf
[
−i∆ω +2κprtD−Γ

2
√

κpr

]}
(1)

with ∆ω = ωvib +ωpr−ω . During the pulse overlap two ad-
ditional contributions appear in the signal field: (i) an addi-
tional polarization induced by the reverse time ordered fields
P̃pr↔pu(ω, tD) and (ii) an instantaneous nonresonant contribu-
tuion due to the electronic response on the interacting fields

P̃NR(ω, tD). The CARS intensity spectrum resulting from
several vibrational contributions can be calculated from the
squared absolute sum of the contributing polarizations:

Ĩas(tD,ω) =

∣∣∣∣∣P̃NR(tD,ω)+∑
i

[
P̃i(tD,ω)

+P̃pr↔pu,i(tD,ω)
]∣∣2 sinc2 (∆kL/2) (2)

Here, the sinc function accounts for wavelength dependent
phase matching for a sample length L. At early delay times
the frequency resolved CARS signal is dominated by interfer-
ences between nonresonant and resonant contributions. After
the cross-correlation only resonant contributions remain. In
the applied homogeneous limit the spectral width of a reso-
nance is given solely by the spectrum of the probe pulse, and
its intensity decays mono exponentially with a time constant
T = 1/2Γ = T2/2. If fast dephasing modes causing broad
peaks in the spontaneous Raman spectrum exist together with
transitions with considerably slower dephasing times, a nat-
ural separation between these transitions can be observed in
time resolved CARS measurements. While the fast dephasing
modes fade quickly away the slower ones result in relatively
strong signals also at later delay times. This will be important
in the further discussion.

3 Results and discussion

3.1 Neat acetic acid

A typical linear Raman spectrum of AA in the spectral region
of the C−−O vibration is shown in Fig. 2. Clearly three con-
tributions can be distinguished. The most intense peak is ob-
served at approx. 1665 cm−1 (band I), a second contribution
(band II) showing up as a shoulder of the dominant feature,
and a third, well separated band (band III) at 1759 cm−1. Fol-
lowing the arguments of Nakabayashi et al. 23 the spectrum
can be decomposed into three Lorentzians as shown in Fig.
2a. The corresponding fit parameters are summarized in the
first columns of Table I. Small deviations between fit and data
arise close to the maximum of the main feature, but in gen-
eral good agreement is achieved and the assumption of three
contributions seems to be enough to reproduce the data. Since
Lorentzians account only for pure homogenous dephasing, a
better fit with more complex lineshapes can be expected. The
discussed small deviation can also be removed by including
a fourth transition in the fit, as shown in Fig. 2b. D’Amico
analyzed Raman spectra of AA applying the Kubo-Anderson
model, and argued that the main feature has to be decomposed
into a narrow Lorentzian like contribution and a pronounced
broad feature of more inhomogeneously broadened charac-
ter.30 Although we use only Lorentzians in the fit procedure,
we find indications for a similar result; a combination of a
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Table 1 Comparison of parameters extracted from fitting the linear
Raman spectrum of liquid AA with 3 and 4 Lorentzians, respectively

Spon. Raman: 3 modes Spon. Raman: 4 modes
No. ωvib/cm−1 δωvib/cm−1 No. ωvib/cm−1 δωvib/cm−1

I 1665 49
Ia 1665 64
Ib 1667 23

II 1717 35 II 1716 38
III 1759 19 III 1759 23

narrow feature overlapped with a broad band leads to perfect
agreement between fit and data.

From the spontaneous Raman spectrum it is hard to de-
cide if only the three clearly seen modes are significant or
if other relevant contributions are hidden beneath the domi-
nant features. The interpretation of Raman spectra is often
supported by the analysis of their polarization dependence
and of isotope shifts. However, in the present case no ad-
ditional insights are gained in this way. Polarized Raman
spectra of AA and Raman spectra of deuterated derivatives
are presented in the supporting information.† They provide
no evidence, that a realistic decomposition of the spectrum
calls for more than three vibrational contributions. To an-
swer the question of the number of the involved vibrations
we performed time and frequency resolved CARS measure-
ments as they are shown in Fig. 3. The CARS signal exhibits
the following characteristics. During the cross-correlation a
defuse broad spectrum appears, which spectral contributions
cannot be easily separated from each other. After the broad
nonresonant signal vanishes, two contributions remain (Fig.
3a). These peaks are assigned to slowly dephasing, and there-
fore narrow resonances at 1668 cm−1 and 1759 cm−1. Fre-
quency integrated time traces on a logarithmic scale show that
these bands decay mono exponentially and can be described
within the fast modulation limit (Fig. 3b). Dephasing times
of T2,I = 0.43 ps± 0.04 ps and T2,III = 0.54 ps± 0.05 ps are
found. The latter dephasing time fits to the line width of mode
III measured by spontaneous Raman. However, T2,I corre-
sponds to a line width of 25 cm−1 which is in contradiction to
the line width of 49 cm−1 extracted from the Raman measure-
ment assuming three modes. In between these contributions
an additional spectral modulation appears in the CARS spec-
tra, which vanishes with the nonresonant background. The
spectral shape indicates that the contribution is not part of the
nonresonant response, but has to be assigned to mode II ap-
pearing as shoulder in the spontaneous Raman spectrum.

To verify the number of included vibrational modes the
complete CARS response was simulated. Before discussing
these results we have to comment on the properties of the
pulses used in the CARS experiment. Since the CARS sig-
nal is a convolution of the created vibrational coherence with
the probe pulse, the probe characteristics are reflected in the

Fig. 3 (a) The Raman spectrum and time and frequency resolved
CARS measurements of AA for the indicated time delays between
probe and excitation pulses. Two features remain for longer times.
The corresponding frequency integrated signals (intervals are
highlighted in grey) and fitted exponential decays are shown in
panel (b).

signal. Cross-correlation measurements have shown that the
probe pulse is not Fourier limited. To account for the not
ideal shape a pulse duration is chosen for the simulations,
which is a compromise between the real pulse length and the
Fourier limit of the probe spectrum. Therefore, some system-
atic deviations between the simulations and the CARS mea-
surements are expected. Nevertheless, the fundamental fea-
tures and spectral shapes should be reproduced. Especially,
the CARS signal is very sensitive for slowly dephasing modes
while time constants for the fast modes are hard to extract due
to the restricted time resolution given by the picosecond probe
pulse. A thorough discussion of the influence of the assumed
pulse length on the results of the analysis is given in the sup-
porting information.†

The following approach for the simulation is used: (i) Four
resonant contributions are taken into account as suggested by
Fig. 2 and 3, i.e. band I is constructed from two modes Ia
and Ib. (ii) The dephasing times for the modes Ib and III are
obtained from the decays of the frequency integrated CARS
signals shown in Fig 3b. (iii) The fast dephasing contribu-
tions (band Ia and II) are included with dephasing times cal-
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Fig. 4 Comparison between measured (open squares) and simulated
(red lines) time and frequency resolved CARS spectra of the C−−O
modes in neat AA. On the left hand side 3 modes are taken into
account while on the right hand side 4 modes are considered.

Table 2 Parameters used for simulating the CARS responses of neat
acetic acid

CARS: 3 modes CARS: 4 modes
No. ωvib/cm−1 δωvib/cm−1 No. ωvib/cm−1 δωvib/cm−1

I 1668 49
Ia 1669 53
Ib 1668 25

II 1719 48 II 1719 48
III 1759 20 III 1759 20
δaCH3 1428 48 δaCH3 1428 48

culated from the line widths of the spontaneous Raman bands
and slightly adopted to achieve best agreement with the CARS
spectra. During the pulse overlap the vibrational resonances
are contributing to the signal in a wide spectral range. There-
fore, it is necessary to take the δaCH3 deformation mode at
1428 cm−1 into account (see also Fig. S3 in the supporting
information†), since it contributes on the low frequency edge
to the signal.43 The center frequencies are only slightly varied
compared to the values obtained from linear Raman as seen in
Tab. 2. The resulting simulation is depicted in Fig. 4. For
comparison we show also a simulation in which the slowly
dephasing mode Ib is neglected and band I treated as a sin-
gle resonance with a dephasing constant calculated from the
Raman band.

Two regions with systematic deviations between measure-
ments and simulations attract attention in Figure 4. The first

Fig. 5 (a) Raman spectra for different AA/CCl4 ratios. x is the mole
fraction of AA. (b) Scaled CARS spectra of the same samples after
pulse overlap at a time delay of 1.8 ps. Squares represent measured
data and red lines simulations.

deviation appears during pulse overlap because of the non
Gaussian pulse shape of the probe pulses. But, although the
intensity of the signal is underestimated, the signal modula-
tion fits to the measured data at early delays. A simple inten-
sity scaling of the measured data would lead also for a time
delay of 0.6 ps to a satisfying agreement between simulation
and measurement. The simulations for three and four contri-
butions behave quite similar during the cross-correlation and
in this time region it is difficult to pin down the number of
relevant resonances.

The second deviation, marked by a blue box, only appears
if we model the spectrum with three contributions and use
dephasing constants taken from the linear Raman measure-
ment. At late delay times a CARS signal at 1668 cm−1 re-
mains while the simulation fades away. Using instead a con-
tribution with a dephasing time of 0.43 ps obtained from the
exponential fit good agreement after the cross-correlation can
be achieved but the intensity and shape during the pulse over-
lap does not match to the measured signal. Only a combina-
tion of modes with a slow and a considerably fast dephasing
time (mode Ia and Ib) reproduces the CARS signal as shown
in the right panel of Fig. 4. From the combined analysis of the
CARS and Raman spectra we have to conclude, that only the
assumption of four contributions is in accordance with both
measurements.

3.2 Acetic acid diluted in CCl4

It is known that the cyclic AA dimer is the dominating molec-
ular aggregate in very dilute solutions.9 We use this finding
to assign the contributions of the measured Raman and CARS
spectra. Spontaneous Raman measurements on mixtures of
AA and CCl4 are shown in Figure 5a. The center frequency
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Fig. 6 Dephasing constants (open symbols) and center frequencies
(solid symbols) in dependence of the concentration of AA in CCl4
for the modes Ib (black symbols) and III (red symbols). The broken
line visualizes the dependence of the dephasing times on the mole
fraction of AA while the solid lines are horizontal demonstrating the
constancy of the center frequencies. The dephasing rates are
extracted from mono exponential fits of frequency integrated CARS
signals.

of the main feature at 1665 cm−1 does not vary with increas-
ing amount of solvent. But, the general shape of the spectra
is changing reflecting the different structures found in the so-
lutions. The dominant C−−O band at 1665 cm−1 becomes nar-
rower with decreasing AA concentration indicating that the
narrowband resonance Ib gains relative weight and is the only
remaining band at low AA concentrations. All other contribu-
tions lose intensity relative to this mode with decreasing AA
content. The single remaining band corresponds to the molec-
ular aggregate dominating at these conditions, i.e. the cyclic
dimer. The mode is assigned to the C−−O stretch vibration of
this dimer.

Figure 5b shows concentration dependent CARS measure-
ments on mixtures of AA and CCl4 taken at a delay time of
1.8 ps after excitation. At that delay time two contributions
are remaining in neat AA, bands Ib and III, and only one,
band Ib, in the highly diluted sample. Concentration depen-
dent spectra at various delay times are presented in the sup-
porting information.† Figure 6 shows the vibrational frequen-
cies and dephasing times of the modes Ib and III extracted
from the CARS spectra. The fast dephasing contributions are
not considered here due to the high uncertainty of the cor-
responding evaluation. The vibrational frequency of mode
Ib, which is observed even at the lowest AA concentrations,
does not vary with concentration supporting the notion that it
belongs in all cases to the same and most stable aggregate.
With this finding we can conclude that the narrow resonance
Ib in neat AA is due to the cyclic dimer. The modes Ia, II

and III are contributions from aggregates existing at higher
AA concentrations, probably mostly linear chain aggregates
as they are expected in the liquid.23 The ab-initio calculations
of Nakabayashi et al. 23 indicate that other structures are also
possible and can contribute to mode II, too. The highest fre-
quent contribution III is caused by C−−O vibrations at the ends
of the chain structure or by monomers, not embedded in the
hydrogen bond network.

Dephasing is slowed down with increasing CCl4 content
for both analyzed modes Ib and III. The decreasing dephas-
ing rate with an increasing number of CCl4 molecules can be
understood by correlating the dephasing time with collisions
between molecules. To interpret the concentration dependent
dephasing rate we assume the following simple equation for a
binary mixture of AA molecules i with the mole fraction x and
solvent molecules j:

2/T2 = ρ(x)
[
kiix+ kij(1− x)

]
, (3)

similar to the model presented by Fickenscher et al. 44 Here,
the rate kii describes collisions among AA aggregates and kij
between AA and solvent molecules, which can be different.
Resonant energy transfer between AA molecules might lead to
an accelerated dephasing since it might reduce the lifetime of
the monitored vibrational coherence. ρ is the number density
accounting for the change of the particle density in the probe
volume. The influence of concentration dependent radial dis-
tribution functions is neglected here. The molecular volume
VCCl4 of the solvent CCl4 is by a factor VCCl4/VAA = 1.7 larger
than that of VAA. The broken line in Figure 6 is obtained by
applying Equ. 3 to the extracted dephasing parameters. The
fit reveals a ratio of the collision rates of kii/kij = 0.93. If res-
onant energy transfer processes would strongly contribute, the
rate kii for collisions between AA molecules should be larger
than kij. Since this is not the case, dephasing is dominated by
nonresonant nearest neighbor collisions and therefore mainly
dependent on the particle density.

4 Conclusions

From the obtained results the following connections between
the spectroscopic signatures and the structural properties of
liquid AA are proposed. The liquid is a mixture of cyclic
dimers and chain like structures. Other structures may be
present to some extent, too. In accord with the studies of
Nakabayashi et al. 23 and D’Amico et al. 30 the C−−O modes
of chains and other complexes are assigned to the broad peaks
at 1665cm−1 and 1716cm−1, which vanish in the CARS spec-
tra quickly with time. The mode at 1759 cm−1 is not or only
weakly affected by hydrogen bonding and originates from end
segments of the chain structures or from monomers. Under
the broad main feature of the spectrum (band I) a mode at
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1668 cm−1 is hidden which can be observed by time resolved
CARS and which exhibits a comparably slow coherence de-
cay. This contribution cannot be isolated by polarization de-
pendent Raman measurements or by Raman spectra of deuter-
ated AA derivates.† From its concentration dependent behav-
ior we assign this mode to the C−−O stretch vibration of the
cyclic dimer. As the CARS measurements show dephasing of
this mode is quite slow compared to C−−O modes of other AA
complexes. This can be understood in terms of the closed ring
configuration which is stabilized by two strong H-bonds re-
sulting in a rather rigid and well defined geometry compared
to open structures. The concentration dependence of the de-
phasing time in binary mixtures with CCl4 reflects the vari-
ation of the particle density and indicates that dephasing is
mainly caused by nonresonant collisions.

Time resolved CARS allows to separate the mode of the
cyclic dimer from contributions of other complexes in pure
AA and to investigate its specific properties. Furthermore,
the technique opens the possibility for direct investigation of
a substructure in a mixture of complexes by pump-probe mea-
surements.

Acknowledgement

The authors acknowledge financial support by the Deutsche
Forschungsgemeinschaft through the collaborative research
center SFB 652.

References
1 G. Jeffrey, An Introduction to Hydrogen Bonding, Oxford University

Press, 1997.
2 T. Steiner, Angew. Chem. Int. Ed., 2002, 41, 48–76.
3 J. D. Watson and F. H. C. Crick, Nature, 1953, 171, 737–738.
4 L. Pauling and R. B. Corey, Proc. Natl. Acad. Sci., 1951, 37, 235–240.
5 G. Armstrong and M. Buggy, J. Mater. Sci., 2005, 40, 547–559.
6 I. A. Heisler, K. Mazur, S. Yamaguchi, K. Tominaga and S. R. Meech,

Phys. Chem. Chem. Phys., 2011, 13, 15573–15579.
7 J. B. Asbury, T. Steinel, C. Stromberg, K. J. Gaffney, I. R. Piletic and

M. D. Fayer, J. Chem. Phys., 2003, 119, 12981–12997.
8 A. Allerhand and P. von R. Schleyer, J. Am. Chem. Soc., 1963, 85, 371–

380.
9 Y. Fujii, H. Yamada and M. Mizuta, J. Phys. Chem., 1988, 92, 6768–6772.

10 T. Nakabayashi, H. Sato, F. Hirata and N. Nishi, J. Phys. Chem. A, 2001,
105, 245–250.

11 V. Petkov, in Pair Distribution Functions Analysis, John Wiley&Sons,
Inc., 2002.

12 S. Grabowski, Hydrogen Bonding - New Insights, Springer, 2006.
13 A. Kohen and H. Limbach, Isotope Effects In Chemistry and Biology,

Taylor & Francis, 2005, pp. 281–304.
14 C. Emmeluth and M. A. Suhm, Phys. Chem. Chem. Phys., 2003, 5, 3094–

3099.
15 W. Zinth, M. Nuss and W. Kaiser, Opt. Commun., 1983, 44, 262 – 266.
16 I. Noda, J. Am. Chem. Soc., 1989, 111, 8116–8118.
17 P. Hamm, M. Lim and R. M. Hochstrasser, J. Phys. Chem. B, 1998, 102,

6123–6138.
18 W. Zhao and J. C. Wright, J. Am. Chem. Soc., 1999, 121, 10994–10998.
19 T. Chen, A. Vierheilig, W. Kiefer and A. Materny, Phys. Chem. Chem.

Phys., 2001, 3, 5408–5415.
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