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44 ULTRAFAST PUMP-PROBE SPECTROSCOPY OF 

STRONGLYY HYDROGEN-BONDED HYDROGEN 

FLUORIDE-PYRIDINEE COMPLEXES 

Wee present a study on the vibrational dynamics ot the HF/FHF stretch com-

binationn vibration or HF-pyridine complexes in diluted pyridine solution. The 

relaxationn of the excited vibration was observed to occur in two steps. In the first 

step,, energy is transferred from the excited combination vibration to the hydro-

genn bond F-H-  -F modes with a time constant of 0.51  0.09 ps. In a second 

relaxationn process these hydrogen bond modes decay with a time constant of 

2.66  0.3 ps. 

4.11 INTRODUCTION 

Thee diatomic acid hydrogen fluoride (HF) forms a model acid for studying acid-base re-
actionss and a number of experimental studies on hydrogen-bonded complexes of HF with 
basess and other molecules were reported, see References 6, 7, 81, 105, 136, and 150. In these 
studies,, a strong relation between the H-F stretch frequency and the proton affinity of 
thee base was observed.6 With increasing proton affinity of the "hydrogen acceptor", i.e. 
increasingg base strength, the H-F stretch frequency decreases, because the hydrogen bond 
betweenn the proton and the base becomes stronger, thereby weakening the H-F bond. The 
samee behaviour is also seen in Chapter 3 for the H-Cl stretch frequency and is also observed 
forr the O H stretch frequency in hydrogen-bonded O—H  O systems. For example, the 
O-HH stretch frequency of HDO shifts from its gas-phase value of 3700 cm"1 to 3400 cm- 1 

inn the liquid.'6^'91 

Inn hydrogen-bonded complexes of HF with amines, the red shift of the H-F stretch 
frequencyy is exceptionally large:K,ISO it is shifted to around 1800 cm- 1 from its value of 
39622 cm- 1 in the gas-phase1'8 or around 3400 e n r' in liquid HF.61 This large red shift 
indicatess that hydrogen-bonding between the acid HF and the amine base is very strong. 
Compare,, for example, with the blue shift from 2886 cm~' to around 2500 cm"1 for the 
H-Cll  stretch frequency in the more weakly hydrogen-bonded complexes in the previous 
chapter.. A striking example of these HF-amine complexes are the ones formed by HF 
withh the weak organic base pyridine. Pyridine forms remarkably stable solutions with HF 
upp to a temperature of 55°C, which is much higher than the boiling point of I9.6°C of 
puree HF. The solution contains about 9 equivalents of HF to one equivalent of pyridine 
(70%% (vv/w) HF / 30% (w/w) pyridine). The high stability of this HF-pyridine solution at 
suchh high concentrations above the boiling point of HF can be attributed to the existence 
off  large hydrogen-bonded networks, see References 166 and 167. iyF and 'H-NMR studies 
indicatee the presence of a poly(hydrogen fluoride) species, in which each fluorine atom 
iss surrounded by four hydrogen atoms. In liquid HF, ''strands" of up to eight molecules 
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FIGUREE 4.1. Generation of femtosecond pump pulses with a wavelength around 4//m for two-colour 

pump-probee experiments. The probe pulses a generated in a similar set-up. Legend: BBO, KNbO,: 

crystals;; R805, Riooo: dielectric 805 nm, 1000 nm mirrors; BD: beam dump; BS: beam splitter. 

weree shown to exist by neutron diffraction and infrared and Raman spectroscopy.61'62''76 

Apparently,, the small amount of the base pyridine and its interaction with the acid HF is 
vitall  in forming a stronger and larger network of hydrogen bonds than the one that exists 
inn liquid HE' 

Inn order to understand the very important interaction of hydrogen bonding, it should 
bee studied in all its forms. Systems involving relatively weak hydrogen bonds have already 
beenn studied with time-resolved techniques, see e.g. Chapter 3 and References 82, 163, 
andd 211. Exceptionally strong hydrogen bonds, like the ones found in the HF-pyridine 
complexes,, have not yet been studied in detail with these techniques. Time-resolved ex-
perimentss on the vibrational dynamics of these complexes can give direct insight into the 
naturee of strong hydrogen bonds and into the mutual coupling of hydrogen-bond modes, 
ass has already been shown in studies on hydrogen-bonded O—H  O systems.'6''211 Here 
wee present the results of a femtosecond mid-infrared pump-probe study on an HF-pyridine 
solution. . 

4.22 EXPERIMENT 

Thee experimental set-up used in these experiments is a two-colour pump-probe set-up 
whichh employs two independently tunable femtosecond mid-infrared pulses and which is 
similarr in design to the experimental set-up described in §2.1.2 and Section 3.2. An expla-
nationn of pump-probe spectroscopy can be found in Section 2.2. 

Thee mid-infrared pulses are generated using a commercial Tiisapphire regenerative / 

tThee 70%/30% solution of HF with pyridine is also known as "Olah's reagent" and was proposed as a conve-
nientt fluorinating agent.166,1* 7 The poly(hydrogei) fluoride) is reported to exist in equilibrium with small amounts 
off  free HF, which renders it a convenient, less volatile source of HF. This solution has since then been reported 
ass a very useful fluorinating agent in many areas of organic chemistry see e.g. References 43, 65, 98, 109, 160, 177, 
andd 214. 
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FIGUREE 4.2. Typical spectra of the pulses generated with the set-up that is described in Section 4.2. 
(a)) Spectrum of a pulse used as a probe pulse in the two-colour pump-probe experiments. The solid 
linee is a Gaussian with a FWHM of 26 cm '. (b) Three spectra of pulses used as probe pulses. The 
solidd lines are Gaussians with a FWHM of 31 cm ' (spectrum centred at 2300 cm '), 56 cm ' spectrum 
centredd at 2500 cm '), and 108 cm ' (spectrum centred at 2700 cm '), respectively. 
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FIC;UREE 4.3. Cross correlation trace of the pump and probe pulses with frequencies of 2500 cm '. The 
solidd line is a Gaussian with a FWHM of 783 fs, corresponding to pulse durations of 554 fs. 

multi-passs amplifier (Spectra Physics Tsunami oscillator with a Quantronix TITA N ampli-

fier)fier) which delivers pulses with a duration of 100 fs and an energy of 3 mj at a wavelength 

off  805 nm and a repetition rate of 1 kHz. To generate the mid-infrared pump pulses, part 

off  this 805 nm laser light (0.9 mj) is used to pump a commercial five-pass optical para-

metricc generation and amplification stage (TOPAS, Light Conversion) based on BBO, which 

iss tunable between 1100 and 2600 nm, see Figure 4.1. For the experiments described in 

thiss chapter, the signal and idler pulses are tuned to approximately 1330 nm and 2000 nm, 

respectively.. T he idler pulses are subsequently frequency-doubled to 1000 nm using an 

additionall  BBO crystal. The 1000 nm pulses are used as a seed in a second parametric 

amplificationn process, where they are combined with 1.4 mj of 805 nm light in a 5 mm 

potassiumm niobate (KNbO.) crystal to produce pulses with a wavelength around 4000 nm 

(25000 c m- 1 ) . By tuning the seed pulses of this last OPA process, the generated mid-infrared 

pulsess can be tuned between 3.7 fim and 4.4 fim (2700-2250 c m- 1 ) , with a typical energy 
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off  20 / iJ per pulse and a bandwidth of 40 nm {25 cm~') FWHM, see Figure 4.2. 

T hee mid-infrared probe pulses are generated in a similar fashion. A three-pass TOPAS 

OPG/OPAA stage based on BBO is pumped with 0.4 mj of 805 nm pulses; its output of 2000 nm 

iss also converted to 1000 nm with an additional BBO crystal. For the generation of the mid-

infraredd pulses, the 1000 nm pulses are combined with 0.1 mj of 805 nm laser light in a 

l i th iu mm niobate (L iNbO,) crystal. Here L i N b O, is used in stead of K N b O ,, because with 

thee former, the spectral shape and energy of the generated pulses are more stable at lower 

energies.. Cross-correlation traces of these mid-infrared p u mp and probe pulses typically 

havee a FWHM of around 700 fs, corresponding to pulse durations of approximately 500 fs 

F W H M ,, see Figures 4.2 and 4.3. 

T hee pump-probe set-up for the femtosecond two-colour experiments is very similar 

too the one for the one colour experiments described in Chapter 3, the main difference 

beingg the independent generation of pump and probe pulses. Again, the polarisation of 

thee probe pulses is rotated by the magic angle (54.70) with respect to the polarisation of 

thee p u mp pulses to exclude reorientational effects of the excited molecules on the induced 

transmissionn changes. 

T hee experiments were performed on a diluted solution of hydrogen fluoride in pyridine 

att room temperature in a sample cell with calcium fluoride (CaF,) windows and a sample 

lengthh of 0.2 m m. This di luted solution was prepared by adding 0.2 ml of a commercially 

availablee 7 0% (w/w) HF / 30% (w/w) pyridine solution to 16 ml pyridine. The chemicals 

weree purchased from Sigma-Aldrich. Based on a density of 1.1 g/ml for the HF-pyr idine 

solut ion,, the diluted solution had a concentration of 0.04 mol HF /mol pyridine. 

4.33 LINEA R ABSORPTION SPECTRUM: RESULTS AND DISCUSSION 

T hee linear absorpt ion spectrum of the 0.04 mol HF/mol pyridine solution is shown in 

Figuree 4.4. In this figure the spectrum corrected for the pyridine absorptions is also shown. 

T hee band centred at 1850 c m- 1 is identified with the H - F stretch absorption and the broad 

bandd centred at 2520 cm ' is identified with absorption due to combinat ions of the H—F 

stretchh and F - H-  -F stretch hydrogen bond absorptions.5,81,104,105,150 

Previouss studies on HF-pyr id ine solutions propose structures with either two46 or 

three'500 HF molecules per pyridine molecule at lower concentrations. Schematic structures 

forr the pyr id ine-(HF), and pyridine-(HF), complexes are shown in Figure 4.5. 

Low-temperaturee crystal structures of these complexes show that the hydrogen atom 

inn the N-  H-  bond is distinctly closer to the pyridine nitrogen atom than the flu-

or inee a tom." T he complexes can therefore be reformulated as pyridine-H + -HF7 and 

p y r i d i n e - H+ - H , F ~.. The hydrogen bond between pyr id ine-H+ and ( H „ _ , F ; J- (« = 2,3) 

iss still very short and the cationic and anionic parts can be considered to form a nearly 

covalentlyy bound complex. 

T hee presence of the H F / F HF stretch combinat ion absorption band in the diluted 

pyr idinee solution is quite surprising: it implies that even at this low concentrat ion, com-

plexess with at least two HF-molecules per pyridine molecule are present. From the present 

dataa one cannot conclude whether two or three HF-molecules are present in the com-

plexess formed. T he presence of a strongly absorbing combinat ion mode implies that these 

F - H--  -F stretch hydrogen bond modes and the H - F stretch modes in the (HW_,F J - an-
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FIGUREE 4.4. Linear absorption spectrum ol a 0.04 mol HF/mol pyridine sample with a sample length 
off  0.2 mm (dashed line) and corrected for the absorption ot pyridine (solid line). The absorbance4̂ 
wass calculated from the measured transmittance of the sample (7[,tmp̂ ) and the transmittance of air 
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ionicc part are strongly coupled. This is in close analogy with hydrogen-bonded O —H  O 

systems,, where the O - H stretch vibration is also strongly coupled to the O - O hydrogen 

bondd mode. '6 ' 

4.44 FEMTOSECOND TRANSIENT ABSORPTION EXPERIMENTS 

4.4.11 RESULTS 

Thee pump-probe experiments were carried out at different p u mp and probe frequencies 

withi nn and around the combinat ion absorption band centred at 2520 c m- 1 . Results of 

pump-probee measurements at different probe frequencies with a p u mp frequency tuned to 

25000 cm^' are shown in Figure 4.6. At the blue side of the absorption band, at a probe 

frequencyy of 2700 c m- ' , the bleaching signal quickly decays and changes into an induced 

absorption,, which decays on a longer timescaJe. At the centre and the red side of the ab-

sorptionn band, only a bleaching signal is observed, which decays more slowly at lower 

probee frequencies. These observations suggest that the mechanism of vibrational relaxation 

involvess at least two steps, in which the populat ion of some intermediate state causes a 

transientt blue shift of the absorption band. At longer delay times, there is a constant in-

creasedd transmittance at the red side and the centre of the absorption band and a decreased 

transmittancee at the blue side. This implies that after the second step in the relaxation, the 

systemm thermalises. This thetmalisation of the deposited energy causes a blue shift of the 

absorptionn band. 

Resultss of pump-probe measurements at a probe frequency of 2700 e n r' at differ-

entt pump frequencies are shown in Figure 4.7. Here one observes that the decay of the 

bleachingg signal at a single probe frequency strongly depends on the frequency at which 

excitationn occurs. W h en the pump frequency is tuned to the centre ot the red side of the ab-

TT I I 1 [ 1 1 r 

HF/pyridinee sample 
correctedd for pyridine 

JJ I 1 1 1 1 1 1 L 
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sorptionn band, the initial bleaching signal at 2700 e n r' decays into an induced absorption, 

whichh becomes stronger with decreasing excitation frequencies. W h en the pump frequency 

iss tuned to the blue side, only a bleaching signal is observed. These observations indicate 

thatt the combinat ion band centred at 2520 cm"1 is inhomogeneously broadened and that 

spectrall  diffusion is slow on the timescale of the experiments. Interestingly, the final level of 

transmissionn change depends on the pump frequency, which indicates that even after 25 ps, 

thee system has not yet lost its memory for the pump frequency at which is was excited. 

Thee measurements shown in Figure 4.6 and Figure 4.7 could include a contr ibut ion 

duee to coherent effects. However, these effects appear to be negligible and we have not 

includedd them in our model that is described in §4.4.2. 
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FIGUREE 4.8. States and decay scheme used to desctibe the relaxation of vibration. The frequency 

dependentt cross sections for a radiative transition are indicated by cr{w) and a*{u>).  The rate of the 

11 —y o*  relaxation is given by£A and the rate of the o*  -y o relaxation is given by kB. 

4 . 4 .22 M O D E L 

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

simplee kinetic model which is described in detail in Section 3.4 and elsewhere.59,S2 In this 

model,, the relaxation of the excited vibration |i) occuts via an intermediate state |o*), rather 

thann directly back to the ground state 0} . T he rate of relaxation from the first excited state 

|i)) to the intermediate state |o*}  is given by kA and the relaxation rate of the second step 

inn the relaxation |o*) —y |o) is given b y £R . T he cross section of the o -> 1 transition is 

denotedd by a{u) and the cross section of the o*  —y 1*  transition by <J*(UJ). A dependence of 

thee cross section ratio a" {UJ)/a{ui) on the probe frequency indicates a shift of the o*  —y 1* 

absorpt ionn spectrum relative to the o - M absorption spectrum. For example, an increase 

off  the ratio a* (u)/'cr(w) with increasing frequency, indicates that a blue shift has occurred 

off  the o*  —y 1*  absorption spectrum relative to the o ->• 1 absorption spectrum. The solid 

liness in Figures 4.6 and 4.7 are calculated with this model, which is illustrated in Figure 4.8. 

Usingg this model , the measurements at all p u m p and probe frequencies could be de

scribedd with one set of k& and k\\. The cross section ratios a*{J)/a{(J) at the different 

p u m pp and probe frequencies are shown in Table 4.1. The best fit of the model to the data 

wass obtained by simultaneously fitting the values for a* (u>)/a(u>) for different pump and 

probee frequencies and one single set of values for k\ and kg, equal for all sets. The life

t imee of the excited H F / F H F stretch combination vibration in the HF-pyridine complex 

(T,(T, = i/kA) was determined to be 0.51  0.09 ps. The lifetime of the intermediate state 

|o*)) ( = I / £ B ) w a s determined to be 2.6  0.3 ps. 

4 . 4 . 33 D I S C U S S I O N 

T h ee increase in the ratio a*(w)/a(uj) when tun ing the probe frequency from the red side 

too the blue side of the absorption band shows that population of the intermediate state 

leadss to a transient blue shift of the H F / F H F stretch combinat ion frequency. This blue 

shiftt indicates that the first step in the relaxation of the excited combinat ion vibtation 

involvess transfer of energy to the F- • -H- • F hydrogen bond mode , thereby causing a shift 

off the H - F stretch frequency towards its frequency in the gas phase. In a second step, this 
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FABLEE 4.1. Cross section ratios a'(LO) j<J{CÜ) derived from the data using the model described in §4.4.2. 
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relaxationn is followed by equilibration of energy to all other degrees of freedom. 
Transientt blue shifts have been observed before, in the relaxation of the H-Cl stretch 

vibrationn in hydrogen-bonded HCl-diethyl ether complexes/2 discussed in the previous 
chapter,, and in the relaxation of the O -H stretch vibration of of HDC) dissolved in 
D , 0,, see Reference 163. In a study on the relaxation of the O -H stretch vibration of 
ethanoll  clusters in carbon tetrachloride (CC14), energy transfer to the hydrogen bond even 
causess the hydrogen bond to predissociate, leading to the transient observation of cluster 
fragments.92'^-""  Breaking and subsequent reassociation of the (H„_ ,FJ" moieties instead 
off  rhe proposed transient weakening of the hydrogen bonds does probably not occur, as this 
iss likely to cause a much larger transient blue shift than we observed. 

Thee observation that the level of transmission change at longer delay at a probe fre-
quencyy of 2700 cm- 1 depends on the pump frequency, indicates that after the second 
relaxationn process, the energy is still located in the vicinity of the complex that was orig-
inallyy excited. Additionally, it indicates that there is a long-living inhomogeneity in the 
system.. This inhomogeneity can be caused by the ptesence of a distribution of different 
HF-pyridinee complexes, e.g. with two or three HP molecules per complex, or a uniform 
solutee composition but very slow solvent dynamics of pvridine solvent molecules. 

4.55 CONCLUSIONS 

Wee studied the vibrational dynamics of the HF/FHF stretch combination absorption band 
off  HF-pyridine complexes in diluted pyridine solution. The relaxation of the excited vi-
brationn was observed to occur in two steps. In the first step, energy is transferred from the 
excitedd combination vibration to the F-H- • -F hydrogen bond modes with a time constant 
off 0.51  0.09 ps, causing a transient blue-shift of the combination absorption frequency. 
Inn a second step, with a time constant of 2.6  0.3 ps, energy is transferred from the F-F 
hydrogenn bond modes to lower-frequency modes, leading to a local thermalisation of the 
energy. . 




