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55 OBSERVATION OF A BOTTLENECK IN T HE 

VIBRATIONA LL RELAXATIO N OF LIQUI D 

BROMOFORM M 

Wee present a study on the vibrational dynamics of the C-H strerch vibration of 
bromoformm (CHBrO in the pure liquid using picosecond mid-infrared pump-
probee spectroscopy. Delay scans and transient spectra confirmed earlier results 
thatt relaxation occurs via an intermediate level, which causes a transient redshift 
off  the C-H stretch frequency. We determined this redshift to be 17 cm ' and 
identifiedd the intermediate level with the singly excited C-H bend mode. We 
observedd that relaxation from the intermediate level is exceptionally slow and 
non-exponential.. These observations suggest the presence of a "bottleneck" in 
thee relaxation. The occupation of a long-living "bottleneck" level may also be 
responsiblee for the observation of a long-living absorption around 3022 cm '. 

5.11 INTRODUCTION 

Inn the past decades there have been many time-resolved studies on the vibrational dy-

namicss of small molecules in the electronic ground state. These studies generally use in-

tensee infrared laser pulses to excite a molecular vibration and use either anti-Stokes Raman 

scattering"77 or induced infrared transmission changes'4 to moni tor the decay of the excita-

tion.. In many time-resolved studies, the excitation of a high-frequency molecular vibration 

iss observed to relax via two consecutive steps, see References 8, 15, 17, 18, 19, 85, 86, 87, 

89,, 90, 91, 93, 107, i n , 163, 202, 2ii , and 215. In a first step, energy is transferred from the 

excitedd vibration to a few selected other vibrational modes in the molecule. The excitation 

off  these accepting modes often causes a shift of the absorption band of the vibration that 

wass originally excited, because of anharmonic coupling. In a second step, the energy is 

equilibratedd over all degrees of freedom, implying that the energy is redistribtited over all 

otherr modes of the molecule, the modes of nearby molecules and intermolecular degrees of 

freedom. . 

Thee exact nature of the intermediate state is usually not well known, although likely 

candidatess are often suggested in the form of (combinations of) low-frequency vibrations. 

Theree are only a few studies in which the intermediate state could be identified. For in-

stance,, in a recent study on the vibrational dynamics of liquid chloroform (CHC1,),93 it 

wass found that the relaxation of the C -H stretch mode leads to a transient populat ion of 

thee C -H bend and C - Cl stretch modes. 

Earlierr studies on the vibrational dynamics of bromoform (CHBr , ), see References 15, 

17,, 85, 86, 87, and 90, also indicated the presence of an intermediate state in the relaxation 

off  the C -H stretch mode. In these studies, a bi-exponential decay and a transient redshift 

off  the C -H stretch absorption band were observed. However, the exact nature of the inter-
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FIGUREE 5.1. Schematic representation of one branch of the set-up used to generate picosecond pulses 

withh a wavelength around 3 pm. 

mediatee state has remained unknown: One or more of the other vibrations of the C H B r, 

moleculee are assumed to cause the redshift. Whether one mode or a combinat ion of modes 

aree excited with one or more vibrational quanta has not yet been determined. It is also 

unclearr whether relaxation from the intermediate state involves one or more vibrational 

quanta. . 

Heree we present a detailed investigation of the vibrational dynamics of C H B r, using 

two-colourr mid-infrared pump-probe spectroscopy. We find strong evidence that the re-

laxationn of the intermediate state does not lead to a full thermalisation, but encounters a 

vibrationall  "bott leneck". 

5.22 EXPERIMENT 

T hee experimental set-up to generate intense, tunable mid-infrared pulses is depicted 

schematicallyy in Figure 5.1. The p u mp pulses for the parametric down-conversion process 

aree provided by an actively and passively mode-locked Nd:YAG laser (Quantel YG50ZC). 

Th iss laser delivers pulses of 34 ps (FWHM) with a wavelength of 1064.1 nm, "5 an energy up 

too 60 mJ and a repetit ion rate of 10 Hz. An autocorrelation trace of these pulses can be 

foundd in Section 7.2. These pulses are used to pump two identical OPG/OPA stages, based 

onn three 5 cm long l i thium niobate (L iNbO,) crystals each (optical axis cut at 47.i°). In 

eachh branch, the first crystal is pumped with 5 mJ 1064.1 nm pulses. The parametrically 

generatedd signal and idler pulses are amplified in the second crystal with the remaining 

partt of the p u mp energy. After the second crystal the idler and pump are reflected out ol 

thee beam. The signal pulses (~ i8 / /J), are used as a seed in a second OPA process in the third 

crystal,, where they are combined collinearly with 8 mJ of 1064.1 nm light. After the third 

crystal,, the signal and p u mp pulses are reflected out of the beam, yielding idler pulses conti-

nouslyy tunable from approximately 2.1-4.1 jum (^4580-2030 cm"1) and a typical energy of 

2500 JJ). From a cross-correlation trace of idler pulses from each branch, generated through 

sum-frequencyy generation in a 5 mm lithium iodate (L i I0 3) crystal, the pulse duration was 

determinedd to be 21 ps, see Figure 5.2. Typical spectra of signal and idler pulses generated 

inn this set-up can be found in Section 7.2. 

T hee pump-probe set-up for picosecond two-colour experiments is shown in Figure 5.3. 

T hee idler beam of one OPG/OPA branch is used as a pump, the other is used as a probe. A 

loww intensity probe pulse is split off the relatively intense beam by a broadband infrared 

beamm splitter which reflects about 15 %. The transmitted high intensity part (85 %) of the 
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FIGUREE 5.2. Cross-correlation trace of the idler pulses with a frequency of 3316 cm '. The solid line is 
aa Gaussian with a FWHM of 29.9 ps, corresponding to a pulse duration of 21.1 ps (FWHM). 
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FIGUREE 5.3. Two-colour pump-probe set-up used in the experiments described in this chapter. Legend: 
BS:: beam splitter. 
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pulsee is used as a reference beam. The pump and probe pulses are focused into rhe sample 
bvv a calcium fluoride (CaF,) lens (focal length 100 mm) with an estimated diameter of the 
focuss of approximately 300 fim. The probe pulses can be delayed with respect to the pump 
pulsess by means of a variable delay (a gold-coated retro-reflector on a translation stage). 

Thiss set-up differs from the general description of a pump-probe set-up given in Sec-
tionn 2.2: The reference beam is slightly focused into the sample by a second CaF, lens and 
thee intensity is measured by a reference detector to take into account not only the pulse-to-
pulsee intensity fluctuations, bur also the spectral fluctuations of the probe pulses. Because 
thee probe pulses in this picosecond set-up are far from bandwidth-limited, spectral fluctu-
ationss can be large. When the absorption band is relatively narrow, as is the case with the 
C-HH stretch absorption of CHBr,, or when the edge of the band is probed, these spectral 
fluctuationss can have a large influence on the transmission. By sending the reference beam 
throughh the sample as well, the effect of the spectral fluctuations can be taken into account. 
Thee intensity of the transmitted probe pulses and of the reference pulses are measured by 
leadd selenidc (PbSe) photoconductive cells. The pump beam is chopped at 5 Hz to block 
everyy other pump pulse to monitor both the intensities of the probe pulse with and with-
outt the presence of a pump pulse. This set-up can be used for (quasi) one- or two-colour 
delayy scans or to record transient spectra at a fixed delay between the pump and the probe 
pulses.. The experiments are performed on pure CHBr,, using a sample length of 50/zm. 

5.33 RESULTS AND DISCUSSION 

Inn all experiments the frequency of the pump pulses was tuned to the C-H stretch fre-
quencyy of pure CHBr, at 3022 cm '. We measured transient spectra of pure CHBr, at var-
iouss delay times. Three spectra at (relatively) short delay times are shown in Figure 5.4 and 
fourr spectra at longer delay times are shown in Figure 5.5. As can be seen in Figure 5.4, an 
inducedd absorption starts to appear around 2890 cm~' during excitation. With increasing 
delayy this absorption decreases, while another induced absorption, centred at 3005 cm~', 
increases.. We identify the absorption around 2890 cm~' with the v = 1 —» v = 2 transition 
off  the C-H stretch vibration, which is at its maximum right after excitation and decays 
withh a decay time constant of about 43 ps. The 1 H> 2 transition of the C-H stretch vi-
brationn is red-shifted from the o —\ 1 transition, due to the anharmonicity of the C-H 
stretchh mode. At 133 ps, the 1 —>> 2 absorption has almost completely disappeared, as has 
thee bleaching signal at the position of the o -^ 1 transition. The maximum of the bleaching 
signall  appears to shift to the blue, but this is because at 17 ps, there is almost no absorption 
aroundd 3005 cm"1, whereas at 40 ps, the absorption at 3005 cm~' is strong and competes 
withh the red side of the bleaching. The absorption centred at 3005 cm- 1 is attributed to the 
absorptionn by molecules in an intermediate state |o*} , which is populated when relaxation 
fromm the v — 1 state occurs. This |o*) state will most likely be a state in which one of 
thee other vibrational modes is excited, thereby inducing an anharmonic shift of the C-H 
stretchh frequency. Apparently the cross section of the C-H stretch vibration increases when 
relaxationn to the intermediate state |o*) occurs. From Figure 5.5 it is clear that the relaxation 
fromm the jo*) state is very slow. At longer delay times the absorption starting from the |o*} 
statee starts to disappear, while another induced absorption simultaneously appears around 
30222 cm"'. This implies that the energy transfer to low-frequency modes of CHBr, leads 
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FIGUREE 5.4. Transient spectra at short delay times. Pump frequency tuned to 3022 cm '. The solid 
liness arc guides to the eye and are fitted to the data, assuming asymmetric Lorentzians lor the different 
linee shapes. 

too an increased cross section of the C -H stretch vibration and to a negligible anharmonic 

shift. . 

Fromm these transient spectra we can determine the anharmonic redshift of the fre-

quencyy of the absorption starting from the |o*}  state, being 17 cm~' with respect to the 

C -HH stretch frequency. The transient spectra at large delays also give insight in the charac-

terr of the |o*}  state. We note that the spectra in Figure 5.5 have an "isosbestic" point around 

30199 c m- 1 : at this frequency the induced absorption hardly changes when the second re-

laxationn process takes place, which implies that the absorption of the |o*) does not show a 

graduall  shift dur ing this relaxation. This suggests that the relaxation of the mode responsi-

blee for the anharmonic shift only involves one single quan tum of vibrational enetgy. If the 

intermediatee state |o*) had been a highly excited vibrational state, a stepwise, more gradual 

decayy of the redshift would have been expected. The C -H bend vibration is a very likelv 

candidate,, since a strong coupling is known to exist between the C—H stretch vibration and 

thee first overtone of the C -H bend vibration, see References 63, 72, 79, 80, 94, 127, 137, 

andd 179. Furthermore, in a recent study on the vibrational relaxation of liquid CHC13 by 

incoherentt anti-Stokes Raman scattering, one relaxing C -H stretch quantum was found 

too produce one C -H bend quantum.'Ji For the present data it can be concluded that the 

samee relaxation mechanism applies to liquid bromoform. Another indication that the jo*} 

statee involves the C -H bend mode is given by estimates for the anhatmonic redshifts of the 

v,v, —> is, + v, transition, where v{ indicates one vibrational quantum in the C -H stretch 

modee and u, one of the other modes of the CHBr, molecule. These redshifts were reported 

too b e :7 S*  25 c m- 1 for j / 4 ( C -H bend), 4 c m- ' for 1/, (C-Br, s-stretch), 3 cm~' for v, 

(C-Br,, d-stretch) and about 1 c m- 1 for j / , (C-Br, s-deform) or ub (C-Br, d-deform). As 

JJ L 
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FIGUREE 5.5. Transient spectra at long delay times. Pump frequency tuned to 3022 cm '. The solid lines 
aree guides to the eye and are fitted to the data, assuming asymmetric Lorentzians for the different line 
shapes. . 

wee concluded that the second relaxation involves one single vibrational quantum, the only 
candidatee for the mode which causes the observed anharmonic shift is the vA, because for 
thee other modes to produce the observed redshift, would require several quanta of these 
modes.. It would still be possible for the other modes to be populated, but since the an-
harmonicc shifts they cause are only a few cm"', they wil l not have an observable effect 
inn our experiments. It is thus concluded that the relaxation of the induced absorption at 
30055 cm"' represents the relaxation of the C-H bend mode. 

Thee observation of a two-step relaxation process agrees with the observations in ear-
lierr one-colour experiments on the pure liquid.11 In order to determine the decay-time 
constantss accurately, we also performed pump-probe delay scans, measured at four probe 
frequencies,, as shown in Figure 5.6. With the pump frequency tuned to 3022 cm"1, the 
probee frequency was tuned to 3023 cm-1 to perform a quasi one-colour experiment and to 
thee red (3000 cm- ' and 3016 cm- ' ) side of the o —> 1 transition. Furthermore, the probe 
wass tuned to the frequency of the 1 —> 2 transition (2900 cm- 1) . The solid curves in this 
figurefigure are calculated with a kinetic model, which is illustrated in Figure 5.8 and has been 
describedd in detail in Section 3.4 and elsewhere.82',6! In this model, the relaxation of the 
excitedd vibration |i) occurs via an intermediate state |o*), rather than directly back to the 
groundd state |o). The rate of relaxation from the first excited state |i) to the intermedi-
atee state [o*) is given by k:\ and the relaxation rate of the second step in the relaxation 
o*)) —» |o) is given by k$. The cross section of the o —> 1 transition is denoted by a and 

thee cross section of the o*  —> 1*  transition by a*. As discussed above, the centre frequency 
off  the o*  —> 1*  transition is redshifted by 17 cm"1 with respect to the o —> 1 transition, due 
too the anharmonic coupling between the C—H bend and C-H stretch modes. Therefore, 
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FIGUREE 5.6. Two-colour pump-probe delay scans of pure CHBr,. Pump frequency tuned to 
30222 cm '. The solid lines are calculated using the model described in Section 5.3. 
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FIGUREE 5.7. Comparison between a model, assuming an exponential decay (dashed line) and a model 
thatt includes a "bottleneck" (solid line) for the data at a probe frequency of 3000 cm '. 

thee cross section is different for each probe frequency. 

I ff  the frequency of the probe pulse is tuned to the 1 —> 2 transition, the decay of the 

pump- inducedd absorption change A a l 2 wil l only depend on the decay o f » ,, since n1 = o: 

A a ,,, oc <TI2«, (t) = annI(o)e~ 'A ' (5.1) 

andd therefore k  ̂ can be determined separately from k  ̂ and the ratio a*/a, contrary to, for 

example,, the experiments described in Chapter 3, because in those one-colour experiments 

thee frequency of the probe pulses could not be tunedd separately from the frequency of the 

p u mpp pulses. 

Fromm the data with the probe frequency tuned to the 1 —> 2 transition we determined 

thee lifetime Tt = i/k,\, to be 43  1 ps. Th is value of the decay t ime for the first relax-

ationn process (1 —> o ') agrees with the one determined by anti-Stokes Raman scattering:1* 7 

400  4 ps. Using a value for kA corresponding to T, = 43  1 ps, we tried to fit  the data for 

thee othet probe frequencies. Especially at a probe frequency of 3000 cm"1, the data could 

nott be accurately fitted, when we described the second relaxation process by an exponential 

decay.. As can be clearly seen in Figure 5.7, the decay from the jo* ) state is non-exponential. 

T hee decay from the intermediate level is faster than an exponential decay at first, but then 

slowss down. 

Inn addit ion, the relaxation from the |o*) state is observed to be much slower for the pure 

liquidd than for dilute solutions of CHBr,. It is also observed that when the solvent ftaction 

becomess smaller, the relaxation rate from the |o*) state dramatically ,7,90 These 

observationss strongly suggest that molecules in the |o*) state decay to another intetmediate 

state,, which acts as a "bottleneck": relaxation from this bott leneck state \b) is extremely slow 

andd after some t ime becomes the so-called rate-l imiting step in the relaxation mechanism. 

Th iss implies that relaxation from the |o*}  state to the \b) state can initiall y be exponential, 

butt after some t ime populat ion accumulates in the bottleneck state and thus the relaxation 

TT I I I I 1 I T 
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fromm the |o*) state slows down. In view of the absence of an anharmonic shift, the bott le-

neckk state is probably some low-energy mode of the C H B r, molecule, e.g. the C—Br, s- or 

d-stretchh modes. 

Inn ultrasonic dispersion measurements on pure CHBr, a relaxation time constant of 

22 ns was observed.200 In a previous study on concentrated solutions of CHBr, it was ar-

guedd that the relaxation t ime constant for ultrasonic dispersion measurements should be 

relatedd to the one found in pump-probe experiments by a Boltzmann factor.̂  However, 

thiss argument is not correct1'6 and the lifetime of 2 ns is indeed the lifetime of a long-living 

vibrationall  mode in pure CHBr ,. Interestingly, similar ultrasonic dispersion measurements 

onn C H C 1, yielded a relaxation t ime which is nearly 8 times smaller.200 Previous t ime-

resolvedd studies on pure CHC1 ,, see References 15 and 93, also showed that the relaxation 

inn pure C H C l. is much faster than in pure CHBr ,. 

Apparently,, energy from this bottleneck level cannot be easily transferred to other (low-

frequency)) modes of the same or neighbouring C H B r, molecules. In solutions, there are 

moree (solvent) modes available for the energy to be transferred to and therefore the bot-

tleneckk level can rapidly decay (and thus no longer forms a bottleneck) or decay via the 

bottleneckk level wil l not be the only available decay channel; this wil l result in a faster 

vibrationall  decay. 

Wee observed a persistent induced absorption around 3022 cm"1 at long delay times, 

whichh is even present at a delay of 4,7 ns. In order to investigate whether this absorp-

tionn might be caused by heating effects, we have studied the temperature dependence of 

thee linear absorption spectrum of the same sample. There we have found that with in-

creasingg temperature, there is a blue-shift of the central absorption frequency of about 

0.055 cm"1 K~' and a relative decrease of the absorbance of about 0.007 K~' between room 

temperaturee and 363 K. This decrease of the absorbance includes the volume expansion 

effect.. A typical value for the relative decrease by pure volume expansion is only 0.001 K~' 

forr organic liquids.'"1 Hence, even if the volume would not expand at all after relaxation, 

ann absorption decrease is expected, instead of the observed increase. This forms additional 

evidencee that the relaxation of the intermediate state does not lead to a full thermalisation, 

butt rather leads to the occupation of a specific, long-living bott leneck state, hor C H B r, 

dissolvedd in carbon tetrachloride (CC14), we have found a persistent bleaching instead of 

ann induced absorption, even at a very high concentration of 25 vol%. This same bleaching 

iss also found in earlier studies on solutions of this concentrat ion.8 ' Apparently, in solution a 

rapidd thermalisation occurs because the energy of the intermediate state can be transferred 

too modes of the solvent molecules. 

Introductionn of a bott leneck state in our model requires changes in the rate-equations, 

andd therefore we replace Equation (3.4) with: 

dndn00* * 
———— = kAti, -kn(n0. - cnb), (5.2) 

at at 

andd we add an equation for populat ion >i\,  of the bottleneck level: 

——— = -kcnh + £B ( " o - - f«i,), (5.3) 
dt dt 

wheree k  ̂ is the relaxation rate from the bottleneck level and c a dimensionless constant. 
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FIGUREE 5.8. States and decay scheme used in the model for the relaxation of the C-H stretch of 
CHBr,. . 

Withh this model (see Figure 5.8) we could describe the data obtained at a probe fre-
quencyy of 3000 cm- ' , taking a*/a 3> 1, c = 0.55, and values for kg and kc corresponding 
too decay rimes of l/k% = 425 ps and i/kc = 833 ps, respectively. With these values we could 
alsoo describe the data at the probe frequencies of 3016 cm~' and 3023 cm"'. We obtained 
valuess for a*/a of 1.4 and 0.45 at these respective probe frequencies. 

Inn an earlier pump-probe experiment on pure liquid CHBr,,'5 the time constant of the 
firstfirst relaxation process (1 —> o') was determined to be 28  2 ps, which is clearly too short. 
Thiss value was determined by one-colour pump-probe experiments, which prohibited the 
independentt determination of k\, as was possible in the two-colour experiments described 
here.. The large error in the previous detetmination of k\ is mainly due to the fact that the 
relaxationn from the |o*) state was assumed to be exponential, which is clearly not the case, 
ass we have shown here. 

5.44 CONCLUSIONS 

Relaxationn of the excited C-H stretch vibration of CHBr. in the pure liquid occurs in at 
leastt three consecutive steps. In the first step vibrational energy is transferred with a time 
constantt of 43  1 ps from the v = 1 state of the C—H stretch vibration to an intermediate 
statee |o*} . From the transient spectra it is clear that the intermediate state is another molec-
ularr vibration of CHBr, which is singly excited and for which the C-H stretch frequency 
iss anharmonically redshifted by 17 cm- ' . This suggests that the intermediate level |o*}  is 
formedd by the singly excited C—H bend mode. 

Inn the second step, relaxation from this intermediate level occurs. This relaxation from 
thee |o*) state is exceptionally slow and non-exponential. This suggests that the interme-
diatee state mainly decays to another well-defined state, which slowly decays and acts as a 
bottleneckk for the relaxation. This bottleneck state is probably some low-energy mode of 
thee CHBr, molecule e.g. the C-Br, s- or d-stretch modes. 

Inn contrast to solutions of CHBr, and pure CHCI,, an induced absorption remains 
aroundd 3022 cm"1 after the second relaxation. This absorption persists until at least a delay 
off  4.7 ns. The cause of this absorption is thought to be the long-living population of the 
bottleneckk state, which frustrates thermalisation. 


