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Vibrational dynamics of the C—O stretch vibration in alcohols
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We present a study on the vibrational dynamics of the C-O stretch vibration of methanol and
ethanol in carbon tetrachloride (Cglsolution. The relaxation of the excited C—O stretch vibration
was observed to occur in two steps. In the first step energy is transferred fransthestate of the

C-0 stretch vibration to an intermediate state with a time constant afB2ps for methanol and
3.2+0.7 ps for ethanol. The intermediate state is most likely formed byth8 or 4 state of the
C-0O-Hbending mode, which is also known as the torsional mode. In the second step energy is
transferred from this intermediate state to low-energy modes, leading to a full equilibration of the
energy. In methanol this thermalization occurs with a time constant afl2@8s. In ethanol the
second step is faster, with a time constant of22ps. © 2001 American Institute of Physics.

[DOI: 10.1063/1.1338974

I. INTRODUCTION ies on these vibrations it was found thiat does not signifi-
cantly depend on temperatfirand solvent® but only on the

The lifetime of an excited vibration strongly depends ongiycture of the heme group and the central metal atom. For
the availability of accepting modes to which energy can bgne different compoundd;, is found to lie between 10.7 and
transferred. These accepting modes can be other lowepy 5 ps. The predominant vibrational relaxation process was
frequency vibrational modes within the excited molecule, bulshawn to be transfer of energy from CO to vibrations of the
also low-frequency solvent modes. In t_he past decades, thefme group by anharmonic coupling. As a result, there is
has beeq a large number of studies on C-O stretChygly any solvent or temperature dependence, as energy
~" Interestingly, there is a very broad range of yansfer to solvent modes is not the dominant process.

vibrations:
lifetimes T, of the excited state of the different C—O stretch When CO is chemisorbed to platinum or rhodium par-
ticles supported on SiQ the relaxation of the excited C—O

vibrations, ranging from sub-picosecond to hundreds of pi
stretch vibration is faster than that of the CO—heme com-

coseconds.
Exceptionally large values foF,; of several hundreds of plexes. For these systerfis is observed to be in the range

picoseconds are found in studies on carboyCO) com-  5_10 hgl213\when CO is chemisorbed on metal surfaces the

plexes of transition metals in liquid solutidh® Apart from relaxation rate is even high&=17T, was found to be 2.2 ps
the central atom and ligands of these complexes, the relaXy. co on a PtL11) surfacé®!S and 3 ps for CO on a

ation rate was observed to depend strongly on temperatu@u(loo) surface'” The relaxation mechanism is thought to
and solvent. The long vibrational lifetime of the excited Vi- po axcitation of electron—hole pairs in the metal through

bration can be explained by the absence of suitable acceptirlﬂpole—dipole coupling, in agreement with the observation
modes in the form of molecular vibrations. The reIaxation.[hat T, does not depend on temperature or the surface

mechanism will therefore involve a transfer of energy di'coveragé.“
rectly to solvent modes or maybe even to vibrations of sol- 114 fastest relaxation of the C—O stretch vibration is

vent molecules. This mechanism explains the strong solver§pcarved when the C—0O group is part of @nganio mol-

and temperature dependence in the relaxation. This is illussc je. Then the mechanism probably involves intramolecular
trated by the observation that for rhodium carbonyl com-gjaxation, where energy is transferred from the excited vi-

plexes in chloroform (CHG), T, varies between 600 and a40n to one or more other vibrations of the molecule by
750 ps for complexes with different numbers of rhodium nharmonic coupling. The C—O stretch vibration of acetic
atoms  and CO-ligands, but for the complex aciq in carbon tetrachloride (Cglwas observed to have a
R(CO),(CsH0,), Ty is found to be 90 pSApparently the jitetime of 0.7 ps8 and the amide | vibration in peptidé<?
more complex organic ligand acetyl acetonatesHf;) 5 have a lifetime around 1.2 ps. The amide | vibration of

provides more accepting modes than the carbonyl ligand$yetides mainly involves the C—O stretching modes of the

resulting in a faster relaxation of the excited carbonyl C—O,nide backbone. The C—O stretch vibration of a coumarin
stretch vibration.

_ _ - dye was observed to have a lifetime of 2%bs.
Another group of compounds with quite long lifetimes ~ e rejaxation mechanism of the C—O stretch vibration

for C-O stretch vibrations is formed by complexes of carbony oy stems where C—0 acts as a ligand has been extensively
monoxide(CO) bound to hemoglobin, myoglobin and model gy, gied and is quite well understood. In contrast, very little is

H -11
heme compoundanetalloporphyrin complex@s™*In stud-  yown about the rate and mechanism of vibrational relax-
ation of excited C—O stretch vibrations when the C—-O group
dElectronic mail: broek@amolf.nl is part of an(organig molecule. Here we present a study on
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the vibrational dynamics of the C-O stretch vibration of 3.5
methanol and ethanol in solution.

methanol/CCl, sample
corrected for CCly e ]

25

2.0
Il. EXPERIMENT

sorbance

1.5
Experiments were carried out at the free electron laser<

FELIX in The Netherlands. This free electron lag&EL) 1.0
has been described in detail elsewh@rim short, this source

for short infrared pulses is tunable from 5 to 110n 05

(2000-90 cm*) and delivers macropulses of 513 in 0.0 b L] . . . .
duration, which consist of a train of micropulses. In our ex- 960 980 1000 1020 1040 1080 1080 1100
periments, the micropulses were spaced by 40 ns, with ¢ frequency [cm™"]

typical energy of 1QuJ. The micropulses had a typical length _ _ _
of 1.2 ps[full width at half maximum(FWHM)]. At a wave- FI'G. 1. Linear absorption spectrum _of a 0.14 M methanol |n4C§ah1pI¢

. . with a sample length of 0.5 mifsolid line) and corrected for the absorption
length of 9.64 um the micropulses had a bandwidth of CCl, (dashed ling
0.10 um, which means that the pulses are close to being
transform-limited. The macropulses had a repetition rate of
10 Hz.

These mid-infrared pulses are used in one-color pump—”l' RESULTS

probe experiments. In these experiments an intense pump The linear absorption spectrum of the methanol solution
pulse excites a significant number of molecules to an excitegs shown in Fig. 1. The C-O stretch absorption band of
vibrational state, which causes a transmission change of th@ethanol in CGJ is centered at 1023 crl. The linear ab-
delayed, weaker probe. This transmission change is me&orption spectrum of the ethanol solution is shown in Fig. 2.
sured as a function of the delay between pump and probghe C—O stretch absorption band of ethanol in Ci€lcen-
pulses. The transmission change is define@/dsy, whereT  tered at 1050 ct. In these figures the spectra corrected for
is the transmission of the probe pulse in the presence of the absorption of CGlare also shown. The absorbange
pump pulse and, the transmission of the probe pulse with- was calculated from the measured transmittance of the

out a pump pulse present. sample Tsampid and the transmittance of aiffg;) by
Before passing through the sample, the probe pulses are

split in two parts of which one is delayed by an extra 20 ns.  5— _ m(Tsample). 1)

This part subsequently passes through the sample at a time Tair

when the sample is not affected by a pump pulse, contrary to  gor the methanol solution, pump—probe scans at differ-
the “undelayed” part of the probe. Since the bias of theent temperatures and at frequencies between 1020 and 1045
mercury—cadmium-telluridéMCT) detector is actively re- -1 (\=9.80-9.57um) all showed bleaching signals very
versed between the detection of the two probe pulses, th§milar to the measurement shown in Fig. 3. The bleaching
signal measured i§—T,. This allows for a significant im- - gignal clearly exhibits a biexponential decay. This biexpo-

provement of the signal-to-noise ratio, as in this way heatingential decay is observed in all other measurements. The
effects on the measured transmission changes are reduced,

because both pulses are affected in the same way by heating.
Separate measurement ©f allows the calculation of the

relative transmission changeé/T,. The polarization of the 5.0
probe pulses was rotated 90 degrees, with respect to the pc
larization of the pump pulses, in order to eliminate coherent
artefacts due to thermal gratings.

The reflection of a zinc selenid€nSe plate, placed in
the probe beam, was used as a reference to correct for t
macropulse to macropulse intensity fluctuations of the FEL. 2
The beams were focused into the sample with barium fluo-<
ride (BaFk) lenses. The experiments were performed on a
0.14 M solution of methanol in C¢lin a temperature con-
trolled sample cell with Bajwindows and a sample length
of 0.5 mm. Experiments were also performed on a 0.34 M 0.0 Ere e e . ' .
solution of ethanol in CGl. 950 1000 1050 1100 1150

The pump—probe experiments on the methanol solution frequency [cm ]
were carried out at different tempera.tures, ranging frorT.}:IG. 2. Linear absorption spectrum of a 0.34 M ethanol in&@mple with
room temperature to 70°C, and at different wavelengthg sample length of 0.5 mitsolid line) and corrected for the absorption of
within the C—O stretch absorption band. CCl, (dashed ling

ethanol/CCl, sample
I corrected for CCl - :

organce
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L;’ 451 \ 1 FIG. 4. States and decay scheme used to describe the relaxation of the
=g {H% 4 { excited C—O stretch vibration. The cross sections for a radiative transition
- 50t { { 1 are indicated byr ando*. The rate of the -0* relaxation is given by,
and the rate of the*0-0 relaxation is given bkg .
55 J 1
'60 " | " | " | . . . N
0 10 20 30 20 50 tion of the two different alcohols if the Cffrock mode were

the accepting mode. However, we observe identical lifetimes
in both alcohols.

FIG. 3. Pump—probe delay scan of methanol in Catla frequency of 1037 In studies on gas-phase spectra of methanol, a strong
cm * (\=9.64 um), T=43 °C. The solid lines are guides to the eye and coupling was found to exist between the=1 state of the
illustrate that the bleaching signal clearly exhibits a biexponential decay. ©_(Q stretch vibration and the states with 3 or 4 quanta in the
C—0O-H bending mode(or torsional mode as it is also
denotedl®*?° This suggests that the—O—H bending mode

amplitude of the bleaching signal strongly decreases whemight very well be the accepting mode in the relaxation of
the laser frequency is tuned away from the center of théhe excited C—O stretch vibration in methanol and ethanol.
absorption band. This relaxation is followed by equilibration of the energy
At the red side of the C—O stretch absorption band ofover all other degrees of freedom. In this way, heO-H
ethanol, at a frequency of 1045 ¢ an induced absorption bending mode would act as an intermediate state in the re-
was found, which decays at the same rate as the bleachifgxation, thereby explaining the observed biexponential de-
signal. This induced absorption is attributed to absorption ofay.
thev=1 state of the C—O stretch vibration. The observed In order to determine the decay-time constants of the
small red shift of the excited-state absorption in ethanol infwo relaxation processes, we use a simple model which is
dicates that the anharmonicity of this stretch vibration isdescribed in detail elsewhef®?’ In this model, the relax-
quite small. This also explains the rapid decrease in bleacration of the excited vibratiofil) occurs via an intermediate
ing signal amplitude, when the frequency of pump and probétate|0%), rather than directly back to the ground-stég
is tuned away from the center of the absorption band. The rate of relaxation from the first excited stétg to the
At the red side of the C—O stretch absorption band ofintermediate statf0*) is given byk, and the relaxation rate
methanol(1015 cn* and lowe}, no signal was observed, Of the second step in the relaxatififf)—|0) is given bykg.
which can be explained by the fact that the red side of the'he cross section of the-81 transition is denoted by and

C-O stretch absorption band of methanol overlaps with athe cross section of the*6-1* transition bys*. The solid
absorption band of C¢l line in Fig. 5 is calculated with this model, which is illus-

trated in Fig. 4.

delay [ps]

IV. DISCUSSION

Transfer of energy from an excited C—-O stretch vibra- 0.04
tion to one or more other vibrations within the excited mol-
ecule is much faster and much less temperature depende!
than transfer to low-energy solvent mode&Hence, the ob- 0.03
servation that the vibrational relaxation of the C—O stretch—
vibration of methanol and ethanol in CCis fast and not £ 0.02
temperature dependent strongly suggests that the relaxatia
mechanism is an intramolecular process.

The CH;-rock vibration is quite close in energy to the
C-0 stretch vibration, especially in ethanol. However, the
coupling between these modes is very siiahd it is, there- 0.00
fore, not very likely that the Crock mode is the accepting : : : : : :
mode in the relaxation of the excited C—O stretch vibration. 100 10 20 30 40 50 60
In addition, the energy difference between the C-O stretch delay [ps]
mode and the QHI‘QCK mOde.IS quite different for methanol FIG. 5. Pump—probe delay scan of methanol in £atla frequency of 1025
and ethanol. This difference in the “energy gap” would lead cm 1 (\=9.76 um), T=31°C. The solid line is calculated using the model
to different relaxation rates of the excited C—O stretch vibra-described in Sec. IV.

0.01 |
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Using this model, the measurements on the methanatould thus lead to a small and slow increase of the measured
solution at all the different frequencies and temperaturesignal. This means that the lifetimes, especially those of the
could be described with one set kf andkg. The cross- intermediate state, could in reality be slightly smaller than
section ratiosr* /o at the different frequencies increase with we found in our measurements.
increasing frequency from 0.#0.02 at 1025 cm’ to 0.3
+0.1 at 1045 cm'. The lifetime of the excited C—O stretch V. CONCLUSIONS

vibration in methanol T;=1/k,) was determined to be 3.2 We studied the vibrational dynamics of the C—O stretch
+0.2 ps. The lifetime of the intermediate stalé*)  ibration of methanol and ethanol in GCIThe relaxation of
(=1/kg) was determined to be 28l ps. the excited C—O stretch vibration was observed to occur in
Using the same model we found for the excited C—Ogyo steps. In the first step energy is transferred fromuthe
stretch vibration in ethanol a lifetimeT;=1ka=3.2 =1 state of the C—O stretch vibration to an intermediate

*=0.7ps. For ethanol, the lifetime of the intermediate statestate with a time constant of 3tD.2 ps for methanol and

1/kg=12=2 ps, which is about twice as small as for metha-3.2+0.7 ps for ethanol. This intermediate state is most likely

nol. The decay of the intermediate state is significantly fasteformed by then= 3 or 4 state of th&€—O—Hbending mode.

in ethanol probably because there are more low-frequency In the second step energy is transferred from the inter-

modes in the molecule to which this state can couple. mediate state to low-energy modes. In methanol this thermal-
The increase in the rati@*/o when tuning the frequency ization occurs with a time constant of 28 ps. In ethanol

from the red side to the blue side of the absorption bandhe second step is faster, with a time constant of 22s,

indicates that population of the intermediate state leads to because of the higher number of available accepting modes.

transient blue shift of the C—O stretch absorption band. In-
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