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33 VIBRATIONA L DYNAMIC S OF 

HYDROGEN-BONDEDD HCL-DIETHYL ETHER 

COMPLEXES S 

Wee studied the relaxation of the H-Cl stretch vibration of hydrogen-bonded 
HCl-diethyll  ether ( HC1- (CH,CH, ); 0 ] complexes at room temperature us-
ingg femtosecond mid-infrared pump-probe spectroscopy. The lifetime of the 
H-Cll  stretch vibration is determined to be 0.9  0.2 ps. The relaxation is 
foundd to occur via an intermediate state which causes a transient blue shift of 
thee H-CI stretch frequency. This blue shift indicates that the low-frequency 
(CH,CH, ) ,00 l hydrogen bond is the main accepting mode of the vi-
brationall  energy. The excited population of this hydrogen-bond mode decays 
withh a time constant of 3.1  0.5 ps to the ground state. 

3.11 INTRODUCTION 

Hydrogenn bonding is an important interaction, commonly appearing in nature, which 
determiness the properties of a vast number of molecular systems ranging from water 
too complicated biomolecules. It is a relatively unspecific and weak interaction compared 
too covalent or ionic bonds with bond enthalpies between 12 and 40 kj/mol (1000-
33500 cm-i).'^.'46.iK9.i94 The hydrogen bond between an acid HA and a base B often has 
aa very strong influence on the dynamics of an acid-base reaction: 

A - H - - - B - » A -- . 

However,, the microscopic mechanism behind this influence is poorly understood. 
Extensivee theoretical work has been done on the effect of solvation on the rate and 

mechanismm of proton transfer in simple acid-base complexes for which the reaction coor-
dinatee is the position of the proton in the A-  H  B complex. M-<6'^ It was found that 
thee potential energy as a function of this proton coordinate forms a double-well potential 
off  which the precise shape is largely determined by the interactions with the surrounding 
molecules.. It was also shown that the precise microscopic mechanism for the proton trans-
ferr strongly depends on the height of the potential-energy barrier that separates the two 
wells.'6 6 

Forr weakly hydrogen-bonded complexes of the molecules HA and B, the potential-
energyy barrier is high and the proton transfer results from a quantum-tunnelling process 
throughh this batrier. For strongly hydrogen-bonded complexes such as hydrogen chloride 
(HC1)) and hydrogen fluoride (HF) in water,'4 the proton transfer from A to B proceeds 
viaa an adiabatic following by the proton of the solvent, with the proton remaining in 
itss vibrational ground state. In the course of this reaction, the double-well potential for 
thee proton strongly changes, which in turn causes a change of the energies of the proton 

25 5 



266 VIBRATIONA L DYNAMIC S OF HCI-DIKTHY L ETHER COMPLEXES 3̂2 

vibrationall  states. An interesting consequence of this mechanism is that the energy barrier 
forr proton transfer can be much smaller for the first excited vibrational state, v = 1, than 
forr the vibrational ground state, v — o. Therefore, acid-base reactions may be induced by 
absorptionn of an infrared photon into the A-H stretch vibration in the hydrogen-bonded 
reactantt complex and subsequent relaxation to the v — o state. 

Theree have been a few experimental, time-resolved studies on the vibrational relaxation 
off  hvdrogen-bonded acid-base complexes in the gas phase, like HF-dimethyl ether with a 
vv — 1 lifetime 7~j of 10 ns, after which dissociation of the complex occurs," and in the liq-
uidd phase, like pyrrole-base and (CH,CH,),SiOH-base dissolved in carbon tetrachloride 
(CC14)) with a 7] between 1 and 70 ps depending on the base.10-9'-96 Here we report on a 
femtosecondd mid-infrared pump-probe study of the H-Cl stretch vibration of hydrogen-
bondedd HCl-diethyl ether [ HC1-(CH,CH2)10 ] complexes at room temperature. A study 
onn the HF/FHF stretch combination vibration of more strongly hydrogen-bonded hydro-
genn Huoride-pyridine complexes can be found in Chapter 4. 

Inn the seventies and eighties of the previous century the vibrational relaxation of 
puree hydrogen chloride has been studied in the gas phase,S2's ,'"° ' 4;'96- i 6 in the liquid 
phase,s4.55.s6.12y,HOO a n (j -n soyl(\ m a t ri c es at very low temperatures.106 The time scale on 
whichh relaxation takes place strongly depends on the phase of the system and ranges from 
millisecondss to nanoseconds. From a comparison between HCl and DC1 in the gas phase 
andd in the liquid,5256 it was deduced that rotational degrees of freedom play an important 
rolee in the vibrational relaxation. If the HCl molecule forms an acid-base complex with di-
ethyll  ether, the vibrational relaxation might be strongly influenced by the hydrogen bond 
betweenn the HCl and the diethyl ether molecules. This effect of hydrogen bonding on the 
vibrationall  relaxation of a strong, diatomic acid such as HCl has not been studied yet. 

3.22 EXPERIMENT 

Wee studied solutions of ~i mol/1 hydrogen chloride dissolved in diethyl ether. The sample 
thicknesss was 200 fim. It is chosen such that the transmittance at 2500 cm"' (4000 nm) 
waswas approximately 10 %. As can be seen in Figure 3.1, the absorption band of the H-Cl 
stretchh vibration in diethyl ether is very broad and structureless. It is shifted to the red by 
approximatelyy 500 cm"1, compared to the fundamental v = o —>  1 frequency of 2886 cm"1 

inn the gas phase.'"8 This band shift predominantly results from the fact that the hydrogen 
chloridee forms 1:1 complexes with diethyl ether.'-1 The band is strongly inhomogeneously 
broadenedd due to the large distribution in hydrogen-bond lengths. 

Inn order to investigate the vibrational dynamics of the H-Cl stretch vibration, one-
colourr pump-probe experiments are performed on the the v — o —y 1 transition at several 
frequenciess in the absorption band with a wavelength around 4000 nm (2500 cm"1) (sec-
Figuree 3.1). The technique of pump-probe spectroscopy is explained in Section 2.2. Because 
thee relaxation is expected to occur on a sub-picosecond timescale, femtosecond pulses are 
required.. For this purpose the a setup similar to the one described in §2.1.2 is used to 
generatee the mid-infrared pulses. 

Thee set-up consists of a commercial Ti:sapphire laser system (Spectra Physics Tsunami 
oscillatorr with a Quantronix 4800 amplifier) which delivers pulses with a duration of 120 fs 
fulll  width at half maximum (FWHM), a wavelength of 800 nm, and an energy of 1 mj (see 

http://s4.55.s6.12y
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FIGUREE 3.1. Absorption band of the H-CI stretch vibration in diethyl ether corrected for the ether 
backgroundd (solid line). The absorbance A was calculated from the measured transmittance of the 
samplee (7~s,lmp|J and the transmittance of air {T,„)  by A = - ln(7;„npk./7jl r). The dashed lines indicate 
thee power spectra of the pulses used in the experiments. 

Figuree 3.2). The repetition rate of the system is 1 kHz. 

Partt of the pulse energy (0.3 mj) is used to pump a commercial three-pass optical 

parametricc generation and amplification stage (TOPAS, Light Conversion) based on a B-

bariumm borate ( /?-BaB,04 or BBO) crystal. In order to generate pulses with a wavelength 

aroundd 4 / /m in a difference frequency generation (DFG) process, one needs light with a 

wavelengthh of 1000 nm togethet with the 800 lira of the Tirsapphire laser as input. Hence, 

thee idler wavelength of the TOPAS is tuned to 2000 nm and frequency-doubled to 1000 nm 

inn a second BBO crystal. Then the 1000 nm light is combined with the remaining part of the 

8000 nm light (0.7 mj) in a 5-mm potassium niobate (KNbO,) crystal to produce 4000 nm 

(25000 cm~') pulses. In this last conversion step, a non-coll inear geometry is used to spatially 

separatee the 4000 nm beam from the 800 and 1000 nm beams. By tuning the wavelength 

off  the seed pulse and by changing the phase-match angle of the K N b O, crystal, the idler 

wavelengthh can be continuously tuned from 3700 to 4250 nm (2350-2700 c m- ' ) - This 

finalfinal pulse has a typical energy of 19 /zj, a bandwidth of 60 nm (37 c m- 1 ) , and a duration 

off  ~ 600 fs ( F W H M ), see Figure 3.3. The pulse durat ion is determined by measuring the 

autocorrelationn signal of the pulse via second harmonic generation (SHG) in a l i thium iodate 

(Li lO, )) crystal. 

Thee pump-probe set-up is very similar to the one shown in Figure 2.3. The pump and 

probee beams are focused into the sample by a calcium fluoride (CaF2) lens (focal length 

1000 mm). The diameter of the focus is estimated to be 200 fim. The polarisation of the 

probee beam is rotated over the magic angle (54.7°) with respect to the pump polarisation by 

meanss of a zero-order A/2-plate to exclude reorientational effects of the excited molecules 

duringg the decay, see Section 2.2. The intensity of the transmitted probe pulses and of the 

referencee pulses are measured by lead-selenide (PbSe) photoconduct ive cells. The pump 

beamm is chopped at 500 Hz to block every other pump pulse. 

HChetherr sample 
24444 cm- ' (4091 nm 
25000 cm-' 4000 nm 
25677 cm-' (3895 nm 
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FIGUREE 3.2. Generation of femtosecond pulses with a wavelength around 4000 nm for one-colour 
pump-probee experiments. Legend: BBO, KNbO,: ctystals; R800, R1064: dielectric 800 nm, 1064 nm 
mirrors;; BD: beam dump; OPG/OPA: three-pass optical parametric generation and amplification stage-
basedd on BBO. 
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FIGUREE 3.3. Typical cross correlation trace (a) and spectrum (b) of the laser pulses generated with 
thee set-up that is described in Section 3.2. The solid lines are Gaussians with a FWHM of (a) 908 fs 
[correspondingg to a pulse duration of 642 fs (FWHM)] and (b) 29 cm ', respectively. 

3-3 3 RESULTS S 

One-colourr pump-probe delay scans were carried out at several frequencies in the H - Cl 

stretchh absorption band (see Figure 3.1). The results are shown in Figure 3.4. At the blue 

sidee (2567 c m- ' ) , the bleaching is observed to change into an induced absorption. This 

indicatess that the relaxation of the excited H - Cl stretch vibration ]i ) takes place via an 

intermediatee state (|o*)) rather than directly back to the ground state |o). The populat ion of 

thiss intermediate state causes an induced absorption of the probe pulse at 2567 c n r '. From 

thiss intermediate state the molecules decay to the ground state. T he relaxation in two steps 

iss also responsible for the non-single exponential decay observed at 2444 and 2500 c m " '. 

Inn order to determine the decay-t ime constants of the two relaxation processes, we use a 

simplee model to describe the relaxation.'6' T he solid lines in Figure 3.4 are calculated with 

thiss model, which is illustrated in Figure 3.5 and described in the next section. 
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FIGUREE 3.4. One-colour pump-probe delay scans of HChether at three different wavelengths (see 
Figuree 3.1). The solid lines are calculated using the model described in Section 3.4. The dashed line 
iss the contribution of the change in temperature to the total fit. 
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FIGUREE 3.5. States and decay scheme used in the model of Section 3.4 to describe the relaxation of the 
H-CII  stretch vibration. The cross sections for a radiative transition are indicated bv a and a*. The 
ratee of the 1 —> o*  relaxation is given by k,\ and the rate of the o*  —> o relaxation is given by k%. 
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3.44 M O D EL 

Thee absorption for a transition a —> b is proport ional to <r„_^(«rf — «/J, where <7,,_>/, is the 

crosss section for a radiative transit ion and »,,, «/, are the occupation numbers of the two 

levels.. Changes in the populat ion difference na — »f, due to excitation by the pump pulse 

andd subsequent relaxation result in absorption changes, which affect the transmission of 

thee probe pulse. 

T hee centre frequency of the intermediate o*  —> 1*  transition (see Figure 3.5) differs 

fromm that of the o —> 1 transit ion. In our model this effect is described by a change in the 

crosss section as it is monitored by the probe pulse: A shift of the absorption band towards 

thee probe frequency results in an increase of crli t̂y, a shift away from the probe frequency 

resultss in a decrease of alt^/,. The absorption a near the frequencies of the o*  —>  1*  and 

oo —T> 1 transitions is given by 

aa oc <j{n 0 - nx) + o*{n0. - «, . ), (3-1) 

wheree a denotes the cross section for the o -> 1 transition and a* the cross section for the 

o**  —> 1*  transition at the probe frequency. 

Assumingg that the thermal population of |o*) and excitation by the probe beam are 

negligible,, we take «,.(?) — o. Using «0 — N - H, - n0., where A/" is the total number 

off  molecules, and subtracting the absorption in absence of the pump beam, a0 oc aN, we 

obtainn the following expression for the absorption change — A o o l — a0 — a, 

-Aa0 iU )) oc cr 2 « , ( / )++ [ 1 - - — ) n0-{t) (}.2) (}.2) 

T hee rate of the 1 —> o*  relaxation is given by kA = i/7] with 7] the vibrational lifetime 

off  the first excited state |i) and the rate of the o*  —> o relaxation is given by k  ̂ (see 

Figuree 3.5). If we assume a mono-exponential or first-order decay for both subsequent 

relaxations,, the populat ions HM n0- and n0 satisfy the following equations 

dndnt t 

dt dt 
dndnaa--

- * A « J .. (3-3) 

kkkkn,n, -kEn0., (3.4) 

HnHn00-,-, (3-5) 

dt dt 

dndn0 0 

dt dt 
NN = H, + H 0 . + n0, (3.6) 

where,, as before, N is the total number of molecules. The solutions are 

(3-7) ) 

--* R')w,(o)) + <r*H'»0.(o), (3.8) 

(3-9) ) 

Immediatelyy after excitation, all excited molecules are in the |i) state and the |o") state is 

nott populated, therefore nQ> (o) = o. As we are not interested in the absolute value of Aa0l 

wee can set «,(o) = 1 and use a scaling factor when fitting the model to our data. 

nn{{(t)(t) = 

to-to- (*) = 

nn00{t){t)  = 

== H,(o)f-* v, 

hh - kA 

== N -ni(t)-n0.{t) 



3-44 VIBRATIONA L DYNAMIC S OF HCI-DIETHYL ETHER COMPLEXES 31 

Inn order to account for shifting changes in a and a' due to temperature effects we add 
aa term to Equation (3.2) which is proportional to 

k^nk^ncycy{t')dt'. {t')dt'. (MO) ) 

Inn this way each molecule relaxing back to the ground state is assumed to contribute to 
aa temperature increase. The integral (3.10) represents the total number of molecules that 
havee decayed to the ground state at time t. In Figure 3.4 the contribution of this function 
too the total fir is shown as a dashed line. The unknown quantities kA, kp, and the ratio a*fa 
cann be derived from our data. Before fitting the model to the data, we have to take into 
accountt that the pump and probe pulses have a finite duration. We therefore convolve the 
expressionss (3.7) for nt(t) and (3.8) for n0- (t) with the pump-probe cross-correlation signal 
C{t),C{t), which is assumed to have a Gaussian shape: 

C{t)C{t) = (3-n) ) 

wheree the constant d is a measure for the width of the signal, t After convolving we get for 
thee expressions (3.7) and (3.8): 

^ , - ^ J - / / / (C(C * « ,) — — — e 's'e 
TT TT 

11 + Erf 

(C(C * na.) = —— < e " 'e 
nn k[\ — k\ 

k.k.sstL-\,r/i tL-\,r/i 11 + Erf 

__ ^tMfW/i 

tt k.\d 

dyfldyfl yfz 

tt k\d 

dyfl.dyfl. yfl 

t t 

(3-12) ) 

respectively.. Erf(.v) is the error-function, defined as 

Erf(.v)) = — J£ J£ 

(3-13) ) 

'3-T4) ) 

Alll  data can be fitted well with one set of £A and k\\, as can be seen in Figure 3.4. The 
increasee of the cross-section ratio a*/a with increasing frequency from approximately 0.6 
att 2444 cm"1 to 1.3 at 2567 cm"1 (see Table 3.1), implies that the o*  -> 1*  transition is 
blue-shiftedd with respect to the o —>  1 transition as is argued in Section 3.3. 

Thee lifetime of the H-CI stretch vibration (7~j = i/k\) and of the intermediate level 
(=I/ / 'B)) are 0.91L0.2 ps and 5 ps respectively. Because we did not take into account the 
effectt of spectral diffusion, the lifetime of the H-CI stretch vibration could be somewhat 
largerr in reality than stated above. Due to spectral diffusion the excited molecules drift out 
off  the spectral window of the probe pulse. The model treats these molecules as decaying 
fromm the first excited state while in reality only their resonance frequency is changing. 

Inn stead ol the constant fL the Kil l width at half maximum (FWHM) is more often used as a measure of the 

durationn of the cross-correlation signal, as the FWHM is independent of anv assumption about the shape. These 

twoo measures are related by FWHM (cross correlate) = id\fi In 2. If the individual pulses are each assumed to have 

aa (iatissian shape, their pulse durations are given bv FWHM (pulse) = 2e/\/ln 1. 
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(/(cmm ') 
2444 4 

2500 0 

2567 7 

a*/a a*/a 
0.633  0.03 

0.799  0.02 

1.33  O.I 

TABLEE ?.I. Cross-section ratios cr*/cr derived from the data using the model described in Section 3.4. 

3.55 DISCUSSION 

Whenn energy is flowing ro a hydrogen bond, this usually results in a blue shift of the 
absorptionn band. This is for example observed in the relaxation of the O -H stretch vibra-
tionn of HDO dissolved in D 2 0, see Reference 163, and of ethanol (CH,CH,OH) clusters 
dissolvedd in carbon tetrachloride (CCl4).9i ' I " , ;" For hydrogen chloride, vibrational energy 
transferr to the hydrogen bond stretch coordinate will even be enhanced due to the ab-
sencee of other intramolecular vibrational modes. Thus, the blue shift that we observe can 
bee explained well if the |o*) state is an H-Cl stretch v = o state in combination with a 
highlyy excited or even dissociated hydrogen bond, since the amount of energy absorbed 
byy the complex is close to the hydrogen-bond dissociation energy of—2500 cm- 1, see Ref-
erencee 189. A qualitative picture of the energy levels involved is shown in Figure 3.6. The 
lifetimee of the |o*}  state, i/£R, is in our model the lifetime of the average excitation level of 
thee hydrogen bond. 

Thee relaxation of the hydrogen-bond mode with a time constant \ik\i, of 3 ps is fast 
comparedd to the relaxation time of 15 ps observed for ethanol dissolved in CC14, and slow 
comparedd to the relaxation time of 1 ps of liquid water. For ethanol dissolved in CC14, the 
apolarr CC14 environment does not provide efficient accepting modes, and thus the excited 
populationn of the hydrogen-bond mode decays much more slowly In contrast, in water 
theree is a three-dimensional network of hydrogen bonds present through which the energy 
cann be dispersed very quickly over the environment of the initially excited molecule. 

Inn the experiments on ethanol clusters dissolved in CC14 and on HF-dimethyl ether 
complexess in the gas-phase'1 the respective excitation of the O-H stretch and the H-F 
stretchh vibration, is observed to lead to the formation of dissociated species. Hence, in 
bothh cases the energy transfer to the hydrogen-bond mode causes the hydrogen bond to 
dissociate.. However, if no dissociated species are observed, as is the case in liquid water, 
onee cannot conclude that the bulk of the vibrational energy is transferred to other degrees 
off  freedom. When 1/&R. is on the order of or shorter than 7j — i/k,\, either the reassociation 
cann be so fast that no significant accumulation of dissociated molecules is observed experi-
mentally,, or the excited population of the hydrogen-bond mode already decays before the 
bondd breaks. 

AA study on pyrrole-base (C4HsN-base) complexes96 has shown that the vibrational 
lifetimee 7", of the N -H stretch vibration decreases from 50 to 1 ps with increasing basicity 
off  the bases used. The simultaneous increase of the redshift of the stretch vibration indicates 
thatt the hydrogen-bond becomes stronger with increasing basicity.1*16 Apparently, stronger 
hydrogenn bonding leads to faster relaxation of the stretch vibration. After relaxation of the 
N - HH stretch vibration no significant dissociation is observed. However, the reassociation 

file:///ik/i
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"CIO O 
FIGUREE 3.6. Schematic potentials for the v = o and the v = 1 H-Cl stretch modes. Within these 
potentialss the proposed |o), |i), jo*) , 1*) hydrogen-bond modes are indicated. The central excitation 
frequenciess and the non-radiative decay paths arc also shown. 

off  acid-base complexes, for which we observe a time constant of 3 ps, is on the order of 

orr even faster than the lifetime of the excited N - H stretch vibration, as is measured by 

Grubbss et a/.L}h Thus, even if most of the energy flows to the hydrogen-bond mode, this 

iss not expected to result in the observation of dissociated species. Only if k% <C kj\ the 

dissociatedd species wil l accumulate sufficiently to be observed experimentally. Therefore, 

thee fact that in the experiments of Reference 96 no dissociated species are observed does 

nott exclude the possibility that the hydrogen bond accepts most of the vibrational energy. 

Hence,, the conclusion of the authors that the hydrogen bond accepts only a minor part of 

thee energy is not sufficiently substantiated. 

Inn the present one-colour experiments on HCI-diethyl ether complexes, only a tran-

sientt blue shift is observed. Hence, we cannot conclude whether real dissociation of the 

hydrogen-bondedd HCI-diethyl ether complexes occurs or the excited populat ion of the 

hydrogen-bondd mode decays before that can happen. Two-colour experiments and tran-

sientt spectra may give further insight. 

Recently,, it was observed that electronic excitation of a dye-solvent complex can also 

leadd to a blue shift of the vibrational frequencies.^'58 As in the present case, this blue shift 

resultss from a weakening of the hydrogen bond. However, in this case the weakening is 

nott the result of an energy transfer to the hydrogen bond, but results from the change of 

thee electronic structure of the excited dye-solvent complex. This change of the electronic 

structuree affects the hydrogen-bond strength in two ways. In the first place, the electronic 

reorganisationn within the dye molecule directly weakens the hydrogen bond. Second, the 



344 VIBRATIONA L DYNAMICS OF HCI-DIETHYL ETHER COMPLEXES 3.6 

dipolee moment of the dye molecule strongly changes upon excitation, which is followed 
byy a reorganisation of the solvent shell of the complex. This reorganisation of the solvent 
leadss to a further weakening of the hydrogen bond. These effects do not play a role in the 
presentt case, because the change of the dipole moment upon excitation of the H-Cl stretch 
vibrationn is negligible. 

Finally,, we found that no acid-base reaction was induced between HCl and diethyl 
etherr [ ( C H , C H J2 0 ] by exciting the H—CI stretch vibration. If a reaction was induced, 
wee would expect to observe a redshift instead of a blue shift, because the transfer of the 
protonn would lead to the formation of a vibration with a lower frequency than the H-Ci 
stretchh vibration.^"̂  

3.66 CONCLUSIONS 

Wee performed one-colour femtosecond mid-infrared pump-probe experiments to study the 
relaxationn of the H-Cl stretch vibration of hydrogen-bonded HCI-diethyi ether complexes. 
Thee relaxation is found to occur in two steps. The first step is identified with the transfer 
off  vibrational energy to the hydrogen-bond mode with a time constant Tt of 0.9  0.2 ps, 
whichh causes the absorption of the H-Cl stretch vibration to shift to the blue. The second 
stepp is the relaxation of the excited hydrogen bond with a time constant of 3.1  0.5 ps. 
Furthermore,, we found that excitation of the H-Cl stretch vibration does not lead to 
protonn transfer from the strong acid HCl to the base (CH3CH,)20 because the energy is 
rapidlyy transferred to the hydrogen-bond mode. 


