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Intramolecular vibrational energy redistribution in
HCCCH2X (X = Cl, Br, I) measured by femtosecond
pump–probe experiments in a hollow waveguide

Alexander Kushnarenko, Eduard Miloglyadov, Martin Quack * and Georg Seyfang

From the analysis of high resolution overtone spectra it is well established that intramolecular vibrational

energy redistribution (IVR) from an initially excited CH-stretching vibration is strongly influenced by

its chemical environment. Due to a pronounced Fermi resonance between the CH-stretching and

CH-bending vibrations a vibrational energy redistribution on the subpicosecond time scale (B100 fs) is

found for alkyl (sp3) CH-chromophores, whereas this doorway for energy flow is blocked for the

acetylenic (sp) CH-stretching vibration because of the much lower CH-bending frequency. From the

analysis of the high resolution spectra lifetimes for the initial CH-vibrational excitation of 10–100 ps or

longer have been derived. In the present work we have investigated the IVR process for HCCCH2Br,

HCCCH2Cl, and HCCCH2I after excitation of the first overtone of the CH-stretching vibration of the

CH2X- and the CCH-group by time resolved femtosecond pump–probe experiments in a hollow wave-

guide. For HCCCH2Br and HCCCH2Cl a clearly different IVR behavior was found for the two different

chemical environments. For the excitation of the alkyl CH-chromophore very fast initial relaxation times

were found together with a slower relaxation process with t2 = 15–40 ps, whereas for the acetylenic

CH-stretching vibration a relaxation time t3 = 70–200 ps has been determined. For HCCCH2I also

for the excitation of the CCH-group a relatively fast relaxation process with a time constant t2 = 6 ps

could be identified which might result from a not yet identified strong vibrational coupling between the

excited first overtone of the acetylenic CH-stretching vibrations with a combination state including the

CI-stretching vibration.

1 Introduction

Intramolecular vibrational energy redistribution (IVR) is of
fundamental importance in physical chemistry. It is a central
aspect for statistical reaction rate theories where it is
assumed that redistribution proceeds faster than reaction
such that microcanonical intramolecular equilibrium is
reached prior to reaction.1–10 The question concerning the
time scale of IVR received further importance when the first
IR-multiphoton experiments indicated that a mode selective
chemistry can only be expected if the unimolecular reaction
step at a certain excitation energy is faster than the IVR
process.11–19

Given the understanding from the early days of molecular
quantum dynamics, that anharmonic resonances leading to
IVR can be quantified by stationary state spectroscopy,20,21 the
fundamental questions on the kinetics of IVR resulted in a

major effort to derive the underlying quantum dynamical
process from highly resolved spectra starting in the early
1980s.22–34 In this approach in essence one derives the solution
of the time dependent Schrödinger equation (1) and (2)

i
h

2p
@Cðq; tÞ
@t

¼ ĤCðq; tÞ (1)

C(q,t) = Û(t,t0)C(q,t0) (2)

from the analysis of the high resolution spectra related to the
stationary state Schrödinger equation

Ĥfk(q) = Ekfk(q) (3)

leading to one possible solution for C(q,t)

Cðq; tÞ ¼
X
k

ckfkðqÞ exp �2piEkt=hð Þ; (4)

where q represents the whole set of relevant generalized coordinates
of the constituents of the molecule. One can derive other forms
of the solution in terms of the time evolution operator Û(t,t0) if,
for instance, electric dipole interaction with a time dependent
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electromagnetic field is included, where the relevant electric (or
magnetic) dipole matrix elements are derived from spectro-
scopic intensities (see ref. 12, 14, 18, 30 and 32 for example).

One might call this approach ‘‘kinetics in the imaginary
world’’, given the important imaginary contribution to these

solutions for C(q,t) (with i ¼
ffiffiffiffiffiffiffi
�1
p

in these equations). There
has been some debate, whether this approach leads to compar-
able results as the time resolved kinetics experiments, say by
femtosecond pump–probe spectroscopy in the ‘‘real world’’.32,35–38

In particular there has been some discussion about one striking
finding derived from the stationary state spectroscopy approach:
the initial IVR times with overtone excitation of the alkyl (sp3

hybridized) CH-chromophore are typically about 100 fs, whereas
the initial decay with overtone excitation of the acetylenic
(sp hybridized) RC–H-chromophore are found in the range
10 to 100 ps or even longer, thus on a time scale contradicting a
dogma of early statistical theories requiring subpicosecond
equilibration typically (see ref. 16 and 22–34 for some summaries
and early reviews).

Here we address this question by the time dependent ‘‘real
world’’ approach in femtosecond or picosecond pump–probe
experiments. In this approach the CH-stretching vibration or its
overtone is excited by a strong pump pulse and after a certain
delay time the progress of intramolecular vibrational energy
redistribution is determined through the absorption of a weak
second IR-pulse,39–43 a UV-pulse44–52 or the relaxation of the
molecules is detected in a (1 + 1) resonantly enhanced multi-
photon ionization (REMPI) process.53,54 In the UV-probing the
time evolution of the absorption cross section is measured
directly, whereas the (1 + 1)-REMPI signal is proportional to
the absorption cross section of the first step.53,54 The UV- and
REMPI-probing makes use of the finding that the UV-
absorption spectra of vibrationally excited molecules in general
are broadened and shifted to longer wavelengths after intra-
molecular vibrational relaxation, as usually there is no or only
negligible Franck–Condon overlap to the electronically excited
state for the initially excited CH-stretching vibrational state. For
this detection method the spectral change of the UV-spectrum
and the absorption of the probe pulse indicates the progress
of the IVR process. In some cases, as in CH3I, the change of
the UV-spectra is directly correlated with the time averaged
population of a single vibrational mode.55,56

In the present work we have chosen to investigate bichromo-
phoric propargyl halides as it can be assumed that the
change of the UV-spectra is connected in a similar manner to
the population of the CX-stretching vibration. At the same
time one finds both the sp3-CH chromophore and the sp-CH
chromophore in the same molecule thus the kinetics with the
excitation of either chromophore can be studied, all other
things being equal (see Fig. 1). Due to the anharmonic shift
in the excited vibration, the population of the initially excited
mode can be followed directly by probing in the infrared and
the decay process from the initially excited vibrational states
is obtained. On the other hand, UV-probing allows for a
measurement of the kinetics of the transfer of energy to the
C–X-vibrations.

The process of intramolecular vibrational energy redistribu-
tion after excitation of the fundamental of the acetylenic CH-
stretching vibration has been already investigated by picose-
cond IR-IR pump–probe experiments for HCCCH3, HCCCH2F,
and HCCCH2Cl,57 which provides a good starting point for our
study, see also ref. 58 and 59. These molecules were excited at
3330 cm�1 and probed at the shifted n1 = 1 to n1 = 2 vibrational
transition at 3025 cm�1. In the analysis of the decay process a
two step mechanism was assumed: first a relaxation from the
initially excited CH-stretching vibration to two quanta in the
acetylenic CH-bending mode which is followed afterwards
by the process leading to complete relaxation. For HCCCH2F
and HCCCH2Cl the depopulation of the initially excited
CH-stretching vibration could be represented by a first order
decay process with a relaxation time t1 = 89 ps for the fluoride
and t1 = 380 ps for the chloride. For propyne a more compli-
cated decay process with t1 = 32 ps and t2 = 520 ps was found
and it was stated that the IVR process was limited to states with
high K rotational quantum numbers where a Coriolis coupling
might become important. Due to the high pressure and the
slow relaxation process collisional effects could not be excluded
in these earlier experiments57 (see also ref. 60–62).

In the present experiments we have excited the first overtone
of the alkylic and acetylenic CH-stretching vibration around
6000 cm�1 and 6550 cm�1 respectively for HCCCH2Cl, HCCCH2Br
and HCCCH2I. The progress of the IVR process was followed by
time resolved, sensitive UV- and IR-absorption spectroscopy. The
UV-detection is based on the experimentally and theoretically well
established finding that the excited CH-stretching vibrational
states in the electronic ground state show unfavourable Franck–
Condon factors to the electronically excited states with no vibra-
tional excitation in CH-stretching. Only after redistribution of the
vibrational energy to the low lying C–X-vibrational modes a shift
of the absorption spectrum to longer excitation wavelengths is
observed. For the IR-probing the vibrational population directly
(if the upper level of the probed transition is not populated) or
the population difference between two levels (if both levels are

Fig. 1 IR-spectra for HCCCH2Cl (lower trace), HCCCH2Br (middle trace)
and HCCCH2I (upper trace) in the region of the first overtone measured
with an instrumental bandwidth of 5.5 � 10�3 cm�1 on our FTIR-
spectrometer (Bruker HFS125, Zürich prototype ZP2001) with an optical
path length of 19.2 m and a gas pressure of 200 Pa. The baselines for the
decadic absorbance lg(I0/I) shown are shifted by 0.6 for HCCCH2Br and by
1.2 for HCCCH2I for better visibility in this survey. The shaded areas
indicate the idealized bandwidths of the femtosecond laser pulses of
the excitation laser. The times shown for the kinetics indicate the main
aspects semi-quantitatively.
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populated) are obtained. In the set up of our experiment we
increased the interaction length for the absorption and to
improve the probe signal the pump- and the probe-beam are
coupled into a waveguide of Lwg = 500 mm.52,63,64 A clearly
different IVR kinetics was found for the excitation of the
CH-stretching vibration at the CH2X-group as compared to
excitation at the CCH-group. Fig. 1 summarizes the structures
of these bichromophoric molecules, their survey spectra in the
excited wavenumber ranges and anticipates the main kinetic
results in a simplified survey.

In Section 2 we describe the experimental approach in some
detail. Section 3 contains the experimental results for the time
dependent kinetics with IR and UV-probing. The difference
in the decay function for the two spectral probing ranges is
explained and their consequences for the interpretation of
the IVR process are discussed. We conclude with a detailed
discussion in Section 4. Some preliminary results of our work
were reported in ref. 65 and 66.

2 Experimental
2.1 Pump–probe experiments with time-resolved UV-
detection

A schematic view of our experimental setup is shown in Fig. 2.
Laser pulses at 795 nm with a pulse energy of about 1 mJ and a
pulse length of 150 fs are generated at a repetition rate of 1 kHz
in a femtosecond Ti:Sapphire oscillator–regenerative amplifier
system (Clark MXR, Model CPA-1000). In a later stage of the
experiment the Ti:Sapphire oscillator has been replaced by a
fiber laser (Menlo-Systems, T-Light). The output beam of the
amplifier is divided by a beam splitter BS1 (R = 60%) to pump
two identical travelling wave optical parametric generators
OPG-1 and OPG-2 (TOPAS, Light Conversion). From OPG-1
near-IR laser pulses from 4000 to 9000 cm�1 (idler or signal)
with a pulse energy of up to 60 mJ are obtained and from OPG-2
the fourth harmonic of the signal wave is generated in two BBO
crystals to produce UV laser pulses of up to 5 mJ in the spectral
range 27 500–32 500 cm�1. To obtain UV light up to 42 000 cm�1

the output of the fourth harmonic of OPG-2 is mixed with the

residual light of the pump beam in an additional BBO crystal.
The spectral widths of the near-IR pump pulse and of the UV
probe pulse are determined by the spectral width of the
Ti:Sapphire oscillator and are measured to be 120–150 cm�1.
For the IR-probing the second/fourth harmonic generation is
replaced by difference frequency generation of the signal and
idler wave of OPG-2 in a AgGaS2-crystal (Light Conversion).

To measure the time evolution of the UV-absorption after
overtone excitation the near-IR pulses are sent through a
variable delay line with a maximum delay time of 1000 ps. The
laser beams are focused with lenses of f1 = 150 mm (near-IR) and
f2 = 200 mm (UV, IR) respectively to the entrance opening of a
fused silica hollow waveguide of inner radius a = 125 mm and a
length of Lwg = 500 mm. The waveguide is mounted into a glass
cell with fused silica windows and the two beams are overlapped
on a beam splitter in front of the cell. The focal lengths of the
focusing lenses are chosen to match the beam diameter o
of the free laser beams to the inner diameter of the waveguide
(for details see below).

To measure sensitively the IVR process initiated by the near-
IR pump light and to obtain its influence on the transmitted
probe light the output from the near-IR OPG1 is modulated by
an optical chopper at a frequency of 1/4 of the pump laser
repetition rate. The relative pulse energy of the UV-beam is
measured for every laser pulse before and behind the sample
cell on two photodiodes D2 and D3 respectively, while the
transmitted near-IR light is sent to the detector D1. To reduce
effects from stray light, for the UV-detection GaP-photodiodes
(Hamamatsu G1962) with a long wavelength cut-off at 500 nm are
used for D2 and D3 and a near-IR sensitive InGaAs-photodiode
(Hamamatsu G5832) for D1. To remove parasitic light at other
wavelengths separating prisms are put in front of the detectors. To
increase the spectral selectivity and to suppress stray light of our
IR-detection scheme the probe light (transmitted and reference
beam) was sent through a monochromator (Jobin-Yvon H25).
The slits of the monochromator were chosen such as to allow
for a spectral width of 3–5 cm�1 for the transmitted light. The
beam transmitted through the probe cell and the reference
beam were sent behind the monochromator to two identical
PbSe-detectors D2 and D3.

The signals from the different detectors are sent to a fast
data acquisition card (National Instruments, PXI-6115, 12 bit,
10 MHz sampling rate). After transfer of the data to the computer
the response curves of the different detectors were integrated to
obtain the relative pulse energy SDi and the difference of the
ratio SD2/SD3 when the pump laser is on minus the ratio when
the pump laser is off is calculated to obtain the time dependent
UV-absorption signal

Dn
pr ¼

SD2=SD3ðnear-IR onÞ � SD2=SD3ðnear-IR offÞ
SD2=SD3ðnear-IR onÞ þ SD2=SD3ðnear-IR offÞ (5)

Typically 3000–5000 laser pulses were added for each delay
time and 3–5 different experiments were averaged for every
decay function.

The temporal shape of the laser pulses has been determined
measuring the correlation function for the second harmonic

Fig. 2 Experimental set-up with the abbreviations: 1: Ti-Sapphire laser
system, 2a, b: optical parametric generator, 3: higher harmonic generator
(UV-detection) or difference frequency generation (IR-detection), 4: delay
line, 5: chopper, 6: absorber cell with optical waveguide, 7: monochromator
for enhanced resolution (IR-detection only), M1–M5: mirror, BS1,2: beam
splitter, L1–L5: lenses, DM1,2: dichroic mirrors for the combination and
separation of pump- and probe beam, D1–D3: detectors.
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generation of the pump pulse in a BBO crystal or the sum
frequency generation of the pump with the probe pulse for the
UV-probing in a BBO crystal, and for the IR-probing in a KTP
crystal. Depending on the master oscillator of the Ti:Sapphire
laser and the alignment of the compressor pulse lengths between
140 and 190 fs have been obtained. The spectral distribution of
the laser pulses was measured using a Czerny–Turner type
monochromator (Jobin-Yvon H25). The laser pulses were found
close to Fourier limited for a Gaussian distribution. No signifi-
cant increase of the laser pulse duration was found sending the
laser pulse through the empty or gas filled capillary (see below).
From this we conclude that the 150 fs time resolution is
effectively maintained.

2.2 Improved sensitivity in a hollow waveguide

We have shown previously that hollow waveguides are an
excellent technique for pump–probe experiments in the gas phase
to increase the effective interaction volume of two high intensity
laser beams and to improve the signal-to-noise ratio.52,63,64 In
femtosecond pump–probe experiments the measured probe
signal is determined by the overlap integral of the fluence
distributions of the pump beam Fpump(x,y,z) and Fprobe(x,y,z)
of the probe beam and the product of the absorption cross
section spump at the wavelength of the pump beam and sprobe at
the wavelength of the probe beam:

DUV ¼ UDðpumponÞ �UDðpumpoffÞ

/ spump � sprobe � C
ððð

Fpump � Fprobe � dx � dy � dz:
(6)

The coupling of a Gaussian laser beam to a cylindrical hollow
waveguide is well understood theoretically67,68 and experimen-
tally as well.52,69 Due to the cylindrical symmetry of the linearly
polarized Gaussian laser beam only the HE1m-modes are excited
in the waveguide and the radial intensity distribution can be
approximated for the limiting case l { a (laser wavelength l,
inner radius of the waveguide a) by a zero-order Bessel func-
tions of the first kind J0(umr/a), um being the m-th root of the
zero-order Bessel function. For a given wavelength the coupling
efficiency and the intensity distribution within the waveguide
are completely determined by the ratio of the Gaussian beam
waist o to the inner radius a of the waveguide, as can been seen
from eqn (7), describing the coupling efficiency of the Gaussian
laser beam to the waveguide mode m:

Zm ¼
Ð a
0
exp �r2

�
o2

� �
� J0 umr=að Þrdr

� �2
Ð a
0
exp �2r2=o2ð Þ

Ð a
0
J02 umr=að Þrdr

: (7)

For a ratio o/a = 0.64 the coupling efficiency to the HE11 mode
is more than 98% as was shown experimentally in ref. 63. This
is the optimum condition for pump–probe experiments in a
hollow waveguide.

In addition to the coupling efficiency also dispersive proper-
ties of the hollow waveguide have to be considered.67 Under
our experimental conditions the losses of the UV-probe beam
(lprobe C 310 nm) in a waveguide of length Lwg = 500 mm and
an inner radius a = 125 mm are negligible whereas they are

around 50% for the near-IR pump beam (lpump C 1700 nm).
Dispersion effects may lead also to a pulse broadening, but
for our laser pulse lengths of tpulse = 150 fs they are less than
5% and can be neglected.

To estimate the improvement of the sensitivity of pump–
probe experiments in a hollow waveguide, the measured probe
signal for a confocal geometry in a cell without waveguide has
to be compared to the signal for the arrangement with the
waveguide. From eqn (8) one can see that the ratio genhance of
the probe signal for the two arrangements is given by the ratio
of the overlap integrals of the fluence distributions of the pump
and probe beam. It is given in a cylindrical coordinate system:

genhance ¼
Ð Ð

Fwg lpump; r; z
� �

� Fwg lprobe; r; z
� �

� r � dr � dzÐ Ð
Fconv lpump; r; z

� �
� Fconv lprobe; r; z

� �
� r � dr � dz

;

(8)

where Fwg(l,r,z) is the laser fluence distribution for the case of
a hollow waveguide in a cell. For the free space between the
cell windows and the waveguide we assume a Gaussian fluence
distribution and within the waveguide the fluence distribution
is described by a Bessel function of the first kind (see above).
Fconv(l,r,z) is the distribution of the laser fluence for the case of
a conventional coaxial scheme (confocal gaussian laser beams).
For a capillary with a length of 500 mm and a inner diameter of
250 mm an enhancement factor of g = 10 is calculated and has
been verified experimentally.63

2.3 Experiments with spectral resolution in the IR

In the experiments the molecules are excited to the overtone of the
CH-stretching vibration. The population in the vCH = 2 vibrational
level can be probed either in absorption to the vCH = 3 vibrational
level or in stimulated emission. Sending the probe beam through
a monochromator the time evolution can be measured with a
spectral resolution of 3–4 cm�1 using either a single InSb
detector (Judson J10-D) or a HgCdTe-detector array (Hamamatsu
P4249-9764, for details see in experimental set up corresponding
diodes (arrays) D2 and D3).

With the infrared detection we are probing the initial part of
the IVR dynamics, the relaxation of the initially excited vCH = 2
vibrational state to the closely coupled isoenergetic background
states. During the pump pulse a fast rise (vCH = 2 - 1
transition) or a fast decrease of the signal (vCH = 2 - 3
transition) is obtained which thereafter decays as a result
of the IVR process. Due to the large anharmonicity of the
CH-stretching vibration these two transitions are spectroscopi-
cally well separated. The decay process can be fitted by a sum
of two exponential functions, resulting in two significantly
different relaxation times around t2 = 10 ps and t3 = 150 ps for
the excitation of first overtone of the acetylenic CH-stretching
vibration. An example for the measured decay kinetics is shown
for HCCCH2Cl in Fig. 3. The upper part of Fig. 3 shows the
IVR kinetics measured with the detector array covering the
spectral range from 3070 to 3280 cm�1 with a spectral resolu-
tion of approximately 4 cm�1 (to replace the detectors D2 and
D3 in Fig. 2).
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If at certain time steps a cut is drawn through the signal
recorded with the detector array a time dependent variation of
the spectrum is obtained. The time evolution of the spectral
variations is shown in Fig. 4, showing clearly the increase of the
absorption on the vCH = 2 - 3 vibrational transition around
3130 cm�1 and the stimulated emission on the vCH = 2 - 1
vibrational transition around 3230 cm�1.

2.4 Samples and their spectroscopic characterization

HCCCH2Cl was obtained from Sigma Aldrich (prepurified by
destillation, bp. 331 K) and HCCCH2Br from ABCR chemicals
(prepurified by destillation, bp. 362 K), HCCCH2I (bp. 388 K)
was synthesized by Guido Grassi in our laboratory (following
ref. 70). The compounds were analyzed by gas chromatography
(GC) and further purified by GC, if necessary. The purity was
estimated to be better than 98% for HCCCH2Cl and HCCCH2Br
and better than 93% for HCCCH2I for our experiments. The
identity of substances was obvious from the infrared spectra.

For the propargyl halides (point group Cs) there are two CH-
stretching vibrations of the CH2X-group, one with A0-symmetry
(n2) around 2958–2976 cm�1 and one with A00-symmetry around
3005 cm�1 (n11), showing significantly lower intensity as compared
to n2. The acetylenic CH-stretching vibration (A0, n1) is found
at 3335 cm�1.71 For HCCCH2Cl and HCCCH2Br a relatively
strong absorption around 2850 cm�1 has been identified as the

overtone of the CH2-bending vibration n4, indicating a strong
resonance with the CH-stretching vibration n2. This Fermi
resonance has been identified for a number of different com-
pounds, but has not yet been analyzed in detail.72

In the overtone region between 5750–6600 cm�1 four differ-
ent bands of significant intensity are found. Three arising
from the overtone of the CH2X-group at 5800, 5875 and
5980 cm�1 (2n2, n2 + n11, 2n11) and one from the CCH-group
at 6570 cm�1 (2n1). The two bands from the combination of the
two different CH-groups (n1 + n2 and n1 + n11), expected between
6200–6300 cm�1 could not be definitely identified in the
spectra, as they are much weaker as compared to the other
overtones. The spectra in the overtone region for the 3 different
propargyl halides are shown in Fig. 1. For HCCCH2I two weak
impurity bands appear at 5940 cm�1 and 6130 cm�1. They are
identified as overtones of the CH-stretching vibrations of iodo-
allene CHIQCQCH2, arising from the thermal isomerization of
propargyl iodide. The spectra in the overtone region of the
acetylenic CH-stretching vibration are nearly identical for all the
propargyl halides investigated. For HCCCH2Cl the J-structure of
the rotational contour can be resolved whereas it is only barely
resolvable for HCCCH2I due to its smaller A rotational constant.
For all the compounds the hot band originating from the CCH-
bending mode (2n1 + n8 ’ n8) is clearly separated from
the main absorption of the 2n1 band, and a similar large
anharmonic coupling x1,8 is expected as it has been found for
HCCCF3 and HCCCH3.73,74

In the region of the second overtone of the CH-stretching
vibration the bands of the alkylic and acetylenic chromophores
are well separated by nearly 1000 cm�1. They are shown for
HCCCH2Cl and HCCCH2Br in Fig. 5. The spectrum for the
alkylic vibration is spread over 400 cm�1 and is dominated by a
strong band around 8550 cm�1. The second overtone of the
acetylenic CH-stretching vibration is located near 9700 cm�1

(see Fig. 5).

Fig. 3 Time evolution the variation of the transmitted IR probe signal after
excitation of the overtone of the acetylenic CH-stretching vibration in
HCCCH2Cl with a 150 fs laser pulse. On the right hand side of the figure
the different molecular vibrational transitions are indicated by arrows (pink:
excitation with the pump pulse to vCH = 2, blue: absorption of the probe
pulse on the vCH = 2 - 3 transition, red: stimulated emission on the
vCH = 2 - 1 transition). The upper part of the figure shows the time
evolution of the signal obtained from the detector array behind the mono-
chromator (red: enhancement of the signal due to simulated emission, blue:
reduction of the signal due to absorption). The two lower traces show
the signal obtained from a single detector behind the monochromator at
3223 cm�1 (red, stimulated emission) and at 3141 cm�1 (blue, absorption).
A sum of two exponential functions is fitted to the experimental decay
curves resulting in two time constants t2 = 9 ps and t3 = 160 ps.

Fig. 4 Variation of the transmitted intensity of the IR probe pulse from
3050 to 3300 cm�1 after excitation of the overtone of the acetylenic
CH-stretching vibration in HCCCH2Cl with a 150 fs laser pulse for different
delay time between pump and probe pulse. As a result of the population of
the vCH = 2 vibrational level the signal decreases due to absorption
on the vCH = 2 - 3 transition and increases due to stimulated emission
on the vCH = 2 - 1 transition. As a result of IVR a reduction of the spectral
variation with time is obtained.
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3 Experimental results
3.1 Time resolved IR-probing of the initial decay of the CH
chromophore excitation

The depopulation of the initially excited overtone of the
CH-stretching vibration can be probed in the IR if the probe
laser is tuned to the transition of vCH = 2 to vCH = 3 or to the
transition of vCH = 1 to vCH = 2. In the first case an absorption
signal is measured whereas in the latter case a stimulated
emission signal is obtained. Additional spectroscopic informa-
tion is necessary to measure the population of vCH = 1 during
the relaxation progress as the quantum removed from the
CH-stretching vibration results in a population of lower frequency
modes and thus includes a generally unknown anharmonic
‘‘hot band’’ shift of the absorption due to the off-diagonal
anharmonicities xCH,i (with many possible i). Therefore, to
obtain information about the population of vCH = 1 the frequency
of the probe beam has to be tuned in small steps around the
vCH = 1 to vCH = 2 transition. For the excitation of the acetylenic
CH-stretching vibration the transitions are well separated and
are not overlapped by other transitions, the vCH = 1 to vCH = 2
transition at 3134 cm�1 and the vCH = 2 to vCH = 3 transition at
3229 cm�1. The population of the vCH = 2 vibrational level for the
alkylic CH-stretching vibration could be probed at 2890 cm�1

for HCCCH2Cl and HCCCH2Br and at 2830 cm�1 for HCCCH2I.
An example for the relaxation kinetics of the acetylenic
CH-stretching vibration in HCCCH2Cl is shown in Fig. 6 and
the results for IR-probing are summarized in Table 1 together
with the results for the UV probing.

For the initial relaxation of the alkylic CH-stretching vibra-
tion an upper limit of less than 1 ps is found (see Table 1). As
can be seen from Fig. 6 an almost identical relaxation kinetics
is obtained, independent whether the vCH = 2 to vCH = 3 transition
at 3329 cm�1 is measured as absorption signal or the vCH = 2 to
vCH = 1 transition at 3184 cm�1 in stimulated emission. From
the almost identical time dependence for the two IR-probe
frequencies it can be concluded that either the vCH = 1 level is
not significantly populated during the relaxation process or
the absorption is shifted due to the anharmonic shift of the
populated lower vibrational modes. For the IR-probing the
depopulation of the initially excited CH-stretching vibration

in the acetylenic chromophore had to be fitted with two decay
times falling in the ranges t2 = 6 to 9 ps and t3 = 40 to 160 ps for
all three molecules (see Table 1).

3.2 Time resolved UV-detection of IVR in propargyl halides

For CH3I it is known that the absorption to the different
Q-states, showing at room temperature an absorption maximum
around 260 nm, is shifted for vibrationally excited molecules to
longer wavelengths.51,52,75 It is well established that this shift is
strongly correlated with the population of the CI-stretching
vibration n3 and, to some extent, of the symmetric CH3-umbrella
mode n2. In the stimulated emission spectra of photodissociating
CH3I a progression of the CI-stretching vibration up to v3 = 9 and
of the CH3-umbrella mode up to v2 = 2 have been identified.55

The measured spectra were exclusively explained taking only

Fig. 5 IR-spectra for HCCCH2Cl (lower trace) and HCCCH2Br (upper
trace) in the region of the second overtone measured with an instrumental
bandwidth of 0.065 cm�1 on our FTIR-spectrometer (Bomem DA.002)
with an absorption path length of 28 m and a gas pressure of 5 kPa.

Fig. 6 Measured decay function with initial excitation of the CCH-
chromophore in HCCCH2Cl with IR-probing. Two relaxation times t2

and t3 are obtained from a fit to the experimental data. A stimulated
emission signal is obtained (upper trace) if the probe laser is tuned to
vCH = 2 - vCH = 1 transition. An absorption signal is measured for probing
the vCH = 2 - vCH = 3 transition.

Table 1 Measured relaxation times for the propargyl halides. The numbers
below the relaxation times give the relative contributions of the fast and
slower process to the overall relaxation

Molecule
Excited
vibr.

~npump/
cm�1

~nprobe/
cm�1 t1/ps t2/ps t3/ps

HCRC–CH2Cl –CH2Cl 5830 2899 o0.2 — —
5830 42 000 — r1.5 16 � 2

30% 70%
5980 42 000 — r1.5 43 � 7

35% 65%
HCRC– 6562 3229 — 9 � 2 160 � 4

6562 42 000 — — 70 � 9

HCRC–CH2Br –CH2Br 5880 2899 o0.4 — —
5880 36 000 — 2.5 � 0.4 21 � 2

38% 62%
HCRC– 6562 3229 — 9 � 2 135 � 5

6562 36 000 — — 176 � 25

HCRC–CH2I –CH2I 5880 2828 o0.7 — —
5880 29 400 — o1.0 16 � 5

46% 54%
HCRC– 6562 3229 — 6 � 1 44 � 3

6562 29 400 — 6 � 2 35 � 9
47% 53%

Paper PCCP

Pu
bl

is
he

d 
on

 1
0 

A
pr

il 
20

18
. D

ow
nl

oa
de

d 
by

 E
T

H
-Z

ur
ic

h 
on

 4
/3

0/
20

19
 5

:0
2:

10
 P

M
. 

View Article Online

https://doi.org/10.1039/c7cp08561c


This journal is© the Owner Societies 2018 Phys. Chem. Chem. Phys., 2018, 20, 10949--10959 | 10955

into account combinations of these two vibrational modes. This
explanation for the shift of the UV-absorption spectra was
recently supported by ab initio calculations.56 Based on a new
potential surface for the electronically excited Q-states the
absorption spectrum was calculated for different excitations
of the CI-stretching vibration up to v3 = 2. For molecules excited
with two quanta in the CI-stretching vibration a maximum for
the UV-absorption was predicted at 295 nm, shifted by 35 nm to
longer wavelength as compared to the maximum for the
molecules in the vibrational ground state.

There are only a few investigations available dealing with
the UV-spectra of the propargyl halides. The absorption cross
sections for HCCCH2Cl and HCCCH2Br between 160–280 nm
have been published without giving any details about the configu-
ration of the electronically excited states.76 The UV-absorption
shows an unstructured band with a constantly decreasing absorp-
tion cross section from 160 to 280 nm. The electronic structure
has been studied for the propargyl chloride by resonance Raman
spectroscopy and ab initio methods.77 After excitation of
HCCCH2Cl with a laser pulse at 199 nm a progression of the
CCl-stretching vibration (n7 = 725 cm�1) and the CRC-stretching
vibration (n3 = 2147 cm�1) could be identified in the stimulated
emission spectra, indicating a mixture of pp*-, ns*- and
ps*-contributions to the electronically excited state. The con-
clusions drawn from the emission spectra have been confirmed
by the electronic structure obtained from ab initio calculations at
the MP2/6-31G** level.77 The electronic configuration derived is
also consistent with the results from photodissociation experi-
ments for HCCCH2Cl and HCCCH2Br.78 At an excitation wave-
length of 193 nm a contribution of around 5% to the overall
quantum yield was found for the channel leading to C3H2-
radicals and HX (X = Cl, Br), whereas the main channel leads
to elimination of the halogen atom. In more recent experiments
on HCCCH2Cl an even higher yield of 10–20% has been found
for this dissociation channel.79 The reaction channel leading to
HX-elimination could only be explained if pp*-contributions are
included in the configuration for the electronically excited
state. To our knowledge no data are available dealing with the
electronically excited states of HCCCH2I, neither experimentally
nor theoretically. However, one can draw some conclusions in
analogy to the well known CH3I.

In this part of our experiments the IVR process is detected
through the shift of the UV-absorption spectrum to longer
wavelengths. Considering the published results for HCCCH2Cl
and HCCCH2Br a shift of the UV-absorption spectrum would
indicate a population of the CRC- and the CCl-stretching
vibration. But one has to also take into account that for the
expansion coefficients of the electronically excited state a strong
dependence on the excitation energy is expected. The spectral
region with a high pp*-contribution may be estimated from the
VUV-spectrum of propyne where ns*- and ps*-contributions,
originating from the excitation at the halogen atom, are absent.
There is no significant absorption cross section for longer
wavelengths than 200 nm.80 On the other hand the UV-absorption
is extended more and more to longer wavelengths going from
propargyl chloride to the iodide. These two circumstances led

us to the assumption that the low frequency wings in the
UV-absorption spectrum in the propargyl halides are domi-
nated by the ns*- and ps*-components of the electronic states
which are localized at the halogen atoms. And we conclude that
the shift in the UV-spectra may be interpreted in the same
manner as the one found in CH3I. In consequence we assume
that the measured probe signal in our experiments is related
to the population of the CX-stretching vibration during the
IVR process.

Fig. 7 shows as an example a schematic representation of the
C–Cl-stretching vibrational levels and their calculated quasi-
microcanonical distribution obtained after excitation of the
CH-stretching overtone (see ref. 22). For the lower C–Cl-stretching
levels this can be approximated by a Boltzmann distribution
with T = 1425 K (see ref. 22 for a detailed discussion).

From our pump–probe experiments we cannot conclude
whether a microcanonical equilibrium is reached after the
end of the relaxation process or whether only a fraction of the
energetically available phase space is covered. To be confident
that a microcanonical distribution is reached, the population
distributions for a number of vibrational modes would have
to be measured. Here we assume that the excitation energy of
Etot/hc = 6952 cm�1 is given by the sum of the photon energy
Ephot/hc = 6562 cm�1 and the thermal vibrational energy
E300/hc = 390 cm�1. Also shown in the Fig. 7 are the vibrational
levels of the acetylenic CH-stretching mode and the CCl-stretching
mode in the anharmonic Morse oscillator approximation.

The normalized population for a single oscillator in equili-
brium with a system of m � 1 coupled oscillators at an
excitation energy En (n quanta in the CCl-stretching mode) is
given by Pn = rm�1(Etot � En)/rm�1(Etot), where rm�1(E) is the
vibrational density of states of m oscillators and the considered
oscillator has been removed from the count.22 From the initial
slope of the population distribution an effective temperature of
Teff = 1425 K for the CCl-stretching vibration is calculated for

Fig. 7 Population distribution of the CCl-stretching mode in HCCCH2Cl
for a microcanonical ensemble with an excitation energy of (hc)6952 cm�1.
The potential functions are shown schematically up to the excitation energy
along the CH- and Cl-coordinate. The slope of the straight line fitted to the
population function for small CCl-excitation energies gives an effective
vibrational temperature of 1425 K for the microcanonical ensemble.
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the microcanonical ensemble. This temperature is rather close
to the vibrational temperature Ttherm = 1310 K for a canonical
ensemble with same total average vibrational energy corres-
ponding to 6952 cm�1.

3.3 Probing C–X stretching vibration after overtone excitation
in propargyl halides

The UV-probe thus essentially detects the C–X stretching excita-
tion by IVR. As the bandwidth of our pump laser is approximately
150 cm�1, corresponding to our time resolution limits we can
neither excite the complete alkyl Fermi-resonance polyad nor can
the individual subbands of the alkylic CH-stretching vibration
be excited separately. But it is possible to excite preferentially
individual vibrations shifting the wavelength of the pump laser
closer to one of the near-IR absorption bands or to the other.
For HCCCH2Cl a slightly different decay kinetics was obtained
for a preferential excitation of the weaker absorption band at
5980 cm�1, as compared the excitation of the stronger band at
5830 cm�1. Well separated from those overlapping bands is
however the acetylenic CH-stretching vibration at 6570 cm�1.

An example for a measured decay after the excitation of
the CH2X-group in HCCCH2Br is shown in Fig. 8. If the alkylic
CH-stretching vibration is excited for any of the investigated
propargyl halides, the decay processes can be fitted by a sum of
two exponential functions with two different decay times ti, one
fast decay process with t2 r 4 ps and a slow decay process with
t3 = 15–25 ps. We distinguish these from the fast initial decay
t1, not observed in the UV-probe. A slightly slower relaxation
with t3 = 42 ps was obtained if for HCCCH2Cl the laser
wavelength is tuned to the weaker absorption band around
5975 cm�1. An example for a measured decay in HCCCH2Cl for
UV-probing is shown in Fig. 9. The relative contribution of the
two different decay processes to the measured probe signal is
approximately 1/3 for the faster process and 2/3 for the slower
one. Extending the delay time for the UV-probe pulse up to 1 ns
no indication for a slower decay process with t 4 100 ps
was found and we conclude that for the excitation of the
CH2X-group the IVR process is complete after 150–200 ps.

If the relaxation were not complete and a long-lived non-
statistical vibrational distribution were reached then at least
for HCCCH2Cl and HCCCH2Br, where a sample pressure of up
to 3 kPa was used, a collisional IVR process would be expected,
as it has been found in the pump–probe experiments on CH3I.52

From the fit to the experimental data the relaxation time t3 can
be determined with satisfactory accuracy whereas for the fast
relaxation time t2, especially if it is shorter than 2 ps, only an
upper limit can be obtained, as the first 1–2 ps of our decay
signals are heavily distorted by nonlinear effects arising from the
temporal overlap of the pump and the probe pulse.

For the excitation of the acetylenic CH-stretching vibration
in HCCCH2Cl and HCCCH2Br only one single slow relaxation
time t3 = 70–200 ps has been found. An example for a measured
decay process is shown in the upper part of Fig. 8. Within the
accuracy of our experiment no indication for a faster relaxation
process could be found, confirming the conclusion of a well
isolated CCH-chromophore.

In the experiments with HCCCH2I for the excitation of the
acetylenic CH-stretching vibration a faster transfer of the excita-
tion to the C–X stretching vibration was observed, although not

Fig. 8 Measured decay for the excitation in HCCCH2Br with UV-probing.
For the excitation of the methylenic CH-stretching vibration two relaxation
times t2 and t3 are obtained from a fit to the experimental data. For the
excitation of the acetylenic CH-stretching vibration only a slow relaxation
time t3 could be determined.

Fig. 9 Measured decay for the excitation of the alkylic CH-chromophore
in HCCCH2Cl at 5830 cm�1. Two relaxation times t2 and t3 are obtained
from a fit to the experimental data. The inset shows the infrared absorption
spectrum of the first overtone of the alkylic CH-stretching vibration with
the emission spectrum of the pump laser superimposed.

Fig. 10 Measured decay for the excitation of the CCH-chromophore in
HCCCH2I. Two relaxation times t2 and t3 are obtained from a fit to the
experimental data.
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quite as fast as for the initial excitation within the CH2X-group.
As can been seen from Fig. 10 a biexponential decay process was
found with two different relaxation times t2 r 6 ps and t3 D
35 ps, indicating a significant coupling of the first overtone of
the acetylenic CH-stretching vibration to the low frequency
modes. For the excitation of both CH-stretching vibrations
(acetylenic and alkylic) in HCCCH2I the fast and the slower
relaxation processes contribute approximately equally to the
total relaxation. The decay times, obtained for the different
relaxation processes, are summarized in Table 1 together with
the relative contributions of the different decay processes and
the experimental parameters for the pump–probe experiments.

4 Discussion and conclusion

In the present work we have been able to study intramolecular
vibrational energy flow in the ‘‘bichromophoric’’ molecules of
the type HCCCH2X (with X = Cl, Br, I), which contain two
spectrally well separated ‘‘infrared chromophores’’,28 the alkylic
sp3 hybridized CH chromophore in the CH2X group and the sp
hybridized acetylenic RC–H chromophore. Excitation in the
spectral ranges of the first overtone of these chromophores with
150 fs laser pulses of different frequency allows one to separately
excite these chromophores. The subsequent vibrational energy
flow has been probed by two different techniques

(i) Probing the infrared absorption or stimulated emission
out of the second overtone level allowed us to obtain informa-
tion of the decay of the initial excitation in either of the two
chromophores.

(ii) Probing the UV absorption allowed us to study the arrival
of the vibrational energy in the C–X vibrations.

The main results of this investigation are summarized in
Table 1. When exciting the alkylic CH chromophore, there is a
very fast initial energy loss of CH-stretching vibrational energy
(t1), faster than our time resolution of 150 fs, in agreement with
the Fermi-resonance doorway established from numerous spec-
troscopic studies of the alkylic CH chromophore.28 In addition,
the UV probing indicates the arrival of this vibrational energy in
the CX vibrations, which is characterized by a biexponential
kinetics. There is firstly a fast initial part with times t2 in the
range 1 to 3 ps contributing between about 30 and 50% of the
signal (depending on the molecule) and secondly a slower part
with times t3 in the range 15 to 20 ps contributing between about
70 and 50%. Not unexpectedly the transfer of the energy from
alkyl CH stretching to the CX vibrations is thus a more complex
process, for which several possible mechanisms can be advanced,
which we do not distinguish in our current experiments. In order
to unravel these in more detail, either a probing of excitation in
other, intermediate modes would be required or a complete high-
resolution analysis of the full-dimensional quantum dynamics,
which is at the limit of current possibilities.81

When we excite initially the acetylenic RC–H chromophore,
we find a very different behavior (Table 1). The decay from the
initial CH-stretching vibration probed in the infrared has no
ultrafast subpicosecond contribution t1. It is characterized by a

biexponential behaviour with time t2 in the range 5 to 10 ps
(depending on the molecule) and a dominant t3 in the range
40 to 160 ps. This slow initial decay from the RC–H chromo-
phore excitation is again in perfect agreement with the earlier
conclusions derived for this chromophore from high resolution
spectroscopic studies23,28,29 and this answers some of the questions
raised some time ago on the comparison of results from these two
very different approaches.37,38 Furthermore, UV probing also
indicates a slow arrival of vibrational energy in the CX vibrations,
when exciting the acetylenic RC–H chromophore. For HCCCH2Cl
and HCCCH2Br only one slow exponential decay time is apparent
with t3 = 70 ps and 176 ps, respectively, although we would not be
able to exclude a closer superposition of several exponentials. For
HCCCH2I the behaviour is significantly different, as we find a
biexponential behaviour with quite a fast contribution t2 = 6 ps
(also seen in the IR probing of this molecule) and t3 C 40 ps, also
similar in both the IR and the UV probing of this molecule. This
might indicate some specific coupling of 2n1 in the propargyl
iodide to a state which we suspect to be a combination of a CH2

stretching overtone (2n2 or 2n11, A0) with a CI-stretching vibration
(n7, A0) which would fall in the range 6600 to 6620 cm�1, close to
2n1 (B6560 cm�1). This question deserves further study by high
resolution spectroscopy. The bichromophoric systems would also
be of interest for studies at higher time resolution including
attosecond spectroscopy.82–85 In any case the overall picture of
intramolecular vibrational redistribution processes in these inter-
esting bichromophoric molecules as derived from our femtosecond
pump–probe kinetic spectroscopy is consistent with the general
results derived from high resolution spectroscopy showing
very distinct behaviour of two functional groups, the alkyl CH
chromophore and the acetylenic CH chromophore.28
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