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ABSTRACT 

Gas-phase proton affinities of HF (95.5 ± 1.4 kcal/mol), HCl 

(135 ± 1 kcal/mol), and HBr (141 ± 1 kcal/mol) have been measured 

along with the HX+-HX binding energies for the HCl and HBr systems 

(20 ± 2 and 23 ± 2 kcal/mol, respectively) by photoionization of 

van der Waals molecules produce-d in a supersonic expansi<:m. A 

detailed discussion of the potentialities and limitations of the 

method is presented. 
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INTRODUCTION 

When pratan affinities .obtained in gas phase experiments became 

available, many pracesses in salutian invalving pratan transfer cauld 

,be ratianalized, because the effect .of the salvent in altering the 

intrinsic praperties .of the reactants cauld then be assessed. Gas 

phase results afmalecular praperties alsa allawed direct camparis.ons 

with ever improving thearetical calculatians, usually carried aut an 

isalated malecules. 

Very accurate relative protan affinities, ta better than 0.2 

kcal/male, have been ,determined by the ian-malecule equilibrium methad, 

, d ' 1 1-3 h' h uS1ng trappe 1an cyc atran resanance mass spectrametry, 19 

pressure 'mass spectrametry,4 and flawing afterglaw techniques'.S The 

equilibrium canstant far the pracess .of interest is evaluated by mea-

suring the'ratia .of the number densities .of the twa pratonated species 

in equilibrium far given pressures .of the neutral molecules invo.lved. The 

change--af, free energy -far- thepraton transie-r pro-cess is-calculated fram the 

measured equilibrium canstant and, fram a series .of .overlapping measure-

ments, a relative scale of gas phase basicities is .obtained. Hawever, 

fram a thermachemical paint .of view a relative scale of protan 

affinities is more useful, requiring the calculation of the enthalpy 

,change,far the pracess. This invalves estimating the entropy- change, 

1 
which'has sometimes been neglected .or taken inta accauI?-t appraximately 

by cansidering it being due only ta changes iIi ratatianal symmetry 
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6 numbers. Some experimental arrangements allow 

to be varied and 6H is obtained from van't Hoff 

the sample 

7,8 
plots. 

temperature 

In order to place the scale of relative proton affinities on an 

absolute bas'is it is ,necessary 'to have at least one reference compound 

of known proton affinity. The absc;>luteproton affinity of a molecule 

can be obtained through threshold experiments; in which one directly 

determines the minimum energy necessary to fo.rm the protonated ion from 

a neutral species; thus obtaining the heat of formation of the ion. 

However, frequently it is not easy to find an appropriate neutral pre-

cursor for. the ion of interest; The most frequently used reference 

base was isobutene, the ,proton affinity of which was based on the heat 

of formation of the tert-butyl cation (6H
f

Ct-C
4
Hg+) 169 kcal/mol). 9 

.10 11 
Recently , this value has been redetermined and found to be 5.kcal/mol 

lower; this shifts the whole scale of proton affinities referenced .to 

the proton affinity of isobutene to values 5 kcal/mol higher. In a 

few cases other reference compounds have been used. One example is' 

5 formaldehyde, whose proton affinity was derived from the appearance 

potential OfH
2

COH+ from methanol. 12 

It .is of course desirable to have 'a large number of absolute 

proton affinity measurements, preferably obtained by a variety of 

different methods~ so as to better localize the relative proton affinity 

scale on' an :absolute energy scale. A novel method de,vised in our· 

1 b . 13,1'4. 1 h h . . . f d WId· a oratorl-es lnvo ves t e p otol0nlzatl0n 0 a van er. aa s lmer 

of the hydrogen containing molecule whose proton affinity is to be 
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measured. The van der Waals dimersof the molecules under investigation 

are formed ina supersonic expansion. They are used in this method as 

precursors forprotonated spe~ies. In the photoionization of vander 

Waals dimers, the maximum level of vibrational excitation of the ionic 

dimer produced can be controlled with the energy of the ionizing photons, 

since some of· the ionic dimers retain most of the excess energy as 

vibrational ~xcitation. As the photon energy increases, the vibrational 

excitation becomes higher andeverttually excited ionic. dimers fragment 

unimolecularly through a: proton transfer .reaction, yielding the pro-

tonated·molecule under consideration. From the threshold energy for 

this fragmentation process and other known thermodynamic data the 

proton affinity can be calculated. 

The series of the common hydrogen halides seem to be ideally 

"suited 'for assessing the potentialities and limitations of this new 

method.' The proton affinities of these compounds have been measured 

15 16 . 
by the. ibn-molecule equilibrium method ' _ so that the results of 

.... these two different methods can be compared. 

EXPERIMENTAL 

The photoionization apparatus has been described in detail pre-

. 17-19 vlously. Essentially it consists of a differentially pumped 

molecular beam source, a vacuum ultra-violet ~amp, a McPherson 225 

one meter near-normal incidence monochromator, a quadrupole mass 

spectrometer and an ion counting system. The windowless photon source 
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consists ofa quartz capillary discharge tube,the radiation being 

either the helium Hopfield continuum or the hydrogen many-line pseudo

continuum, depending on the wavelength region required. 

The apparatus has been modified in one respect,namely; the 

experiment is now under control of a microcomputer using the MCS-BOBO 

microproces·sor. Signal is accumulated at a selected wavelength for 

the.appropriate length of time so as to maintain an approximately 

constant standard deviation at each experimental point; the photo

ionization. efficiency is calculated and the monochromator wavelength 

setting is advanced .. Time normalization of the data to a<;:count for 

long':"'term fluc·tuations in experimental conditions is accomplished 

by periodically measuring the signal at an arbitrary reference wave

length. 

.... ," The:compounds used i:h this experiment, HF, lICl,HBr, and HI were 

all ,from Matheson.GasProducts.· Hydrogen fluoride was cooled in a 

water-ice bath; this gave an HF vapor pressure and thus a stagnation 

pressure behind the nozzle of nearly AOO torr. In the case of hydrogen 

chloride and hydrogen bromide pressure regulators were used; most 

experiments were done at stagnation pressures of 1000 and BOO torr, 

respectively. Hydrogen iodide was again used without a regulator, 

the~ecture bottle being cooled in a water-glycol slush so as to yield 

a pressure of 1000 torr. 

The nozzleus.ed ,in producing the supersonic beam was a 0.13 rnm 

diameter orifice in a nickel plate. 
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RESULTS 

The photoionizationefficiency curves forHF +, H2F+, (HF)ZH + and 

+' 
(HF)3H are shown in Fig. 1. The ionization potential of HF was found 

to be 15.98 ± 0.04 eV, in good agreement with previous measurements 

(16~007 ~'O.OlQ eV).20 + Ionized polymers (HF) were not observed with 
n 

dispersed light; however a very weak signal was detected with electron 

bombardment ionization. 
, + 

The appearance potential of H2F is 15.65 ± 

0.04 eVe 
13 ' '+ 

Previous evidence leads to the conclusion that H2F is 

formed by dissociative ionization of (HF)2.Using ,the dissociation 

21 ' ' 
energy of (HF)2 into HF molecules (0.29 eV, 6.8 kcal/mol) and the 

+ endoergicity of the dissociative ionization of HF to form Hand F 

(19.445 ev),20 the proton affinity of HF is calculated as 4.09 ± 

0.06 eV (94.3 ± 1.4 kcal/mol). This is illustrated in more detail 

in Fig. 2. The proton affinity can be considered as the solvation 

energy of a proton, by one hydrogen fluoride molecule. Fig. 2 shows 

that successive protbn solvatiort energies can be obt~in~d from the 

ionization thresholds and the dissociation energies of larger clusters. 

It is seen that attachment of additional HF molecules to the proton 

lowers the energy of the system by successively smaller amounts. Thus, 

the solvation energy of a proton by one HF molecule is 4.09 ± 0.06 eV 

(94.3 ± 1.4 kcal/mol), by two HF molecules the solvatiort energy is 

5.18 ± 0.13 eV (119 ± 3 kcal/mol), and by three molecules, 5.8 ± 0.2 eV 

(134 ± 5 kcal/mol). 

In Fig. 3 the photoionization efficiency curves for HCl+, H
2

Cl+, 

and (HCl)2+ are presented. The bottom curve shows that the threshold 
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for HCl+ production from HCl occurs at 97.5 ± 0.2 nm, which corresponds 

to an ionization potential of 12.72 ± 0.03 eV, in good agreement with the 

recommended literature value 
22 

(12.74 ± 0.01 eV). Protonated HC1, a 

fragment produced in the ionization of the HC1 van der Waals dimer, 

appears at 100.6 ± 0.2 nm(12.32 ± 0.03 eV). The energy diagram in 

Fig. 4 indicates how the proton affinity of HC1 can be calculated from 

this threshold, the known dissociative ionization threshold
22 

of HCI 

23 
and the binding energy between two neutral HC1 molecules. The value 

obtained is 5.81 ± 0.04 eV (134.± 1 kca1/mol). Figure 3 shows that the 

ionization potential of the HC1 van der Waals dimer is 11.91 ± 0.05 eV, 

which leads to an HC1+~HCl binding energy of 0.87 ± 0.09 eV (20 ± 2 

kca1/mol) a~ indicated in Fig. 4. 

Analogous results were obtained for HBr. In Fig. 5 the photo

ionization efficiency cu~ves for HBr+, H
2

Br+, and (HBr)2+ are depicted. 

The -ionifation potential of HBr was measured as 11.66 

in very good agreement with literature values (11.677 

± 0.02 eV, again 

22 
± 0.004 eV). 

A dia,gram sim,ilar to the one in Fig. 4, with a 0.13 ± 0.04eV(3±1 

kca1/mo1) (HB~)2 dissociation energy and a 7.356 eV (400.22 kca1/mol) 

HBr dissociative ionization energy22 allows one to calculate the proton 

af,finity of HBr and the HBr + -HBr binding energy from the data in Fig . 5. 

Values of 6.07 ± 0.04 eV (140 ± 1 kca1/mol) and 1.00 ± 0.09 eV (23 ± 2 

kca1/mo1) have been obtained for these quantities, respectively. 

Attempts to measure the proton affinity of HI were unsuccessful 

because the H 1+ signal intensity was too low for any acceptable - 2 
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measurements to be done. The ionization potential of HI obtained 

(10.38 ± 0.02 

. 24 
0.001 eV). 

eV)agrees very well with literature values (10.386 ± 

+ (HI)2 was not observed due to the limited mass range of 

our mass spectrometer. 

DISCUSSION 

Very high resolution photoionization spectra for HF+ and HI+ 

have been obtained previously (0.08 and 0.007 nm fwhm resolution, 

. 20 24 respectlve1y) , and Rydberg series have been assigned to the 

'obser~ed transitions. In the present study, in order to obtain 

sufficient photon flux to observe the ionization of van der Waals 

molecules, the resolution was set at 0.25 nm fwhm so that the detailed 

structure of the spectra is not as well resolved as in the published 

ones, especially in the case of hydrogen iodide.
24 

Thus no attempt 

+ was made to assign any transitions to the peaks observed in the Hel 

__ _ Ci!ld BB!_+_~p_ec_t_r_a_. _ ThemeCls_~_e~ _t~h!~Eil101d_s_h(),:"e~~~ a~,E~e~eEY __ well. 

with the literature values, as pointed out above. 

In order to compare the proton affinities obtained in this work 

with,va1ues obtained by the ion-molecule equilibrium method it is 

. necessary to transform the former, which essentially correspond to 

o K values, to 298 K, the temperature at which most ion-molecule 

experiments were carried out. This was done by using the appropriate 

heat capacities (for those ions for which no heat capacities ,as a function 

of temperature were available, data for .the corresponding isoe1ectronic 
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neutral species were used)25 and· the following proton affinities 

correct~d to 298 K ~ere obtained: 4.14 ± 0.06 eV (95.5 ± 1.4 kcal/mol) 

for HF, 5.85 ± 0.D4 eV (135 ± 1 kcal/mol) for HCI, and 6.11 ± 0~04 ~V 

(141 ± 1 kcal/mol) for HBr. The proton affinities of HCl and HBr 

agree very well with published data: 135 ± 2 kcal/mol and 140 ± 1 

16 ' 
kcal/mol, respectively. However, the proton affinity of HFis sub"'" 

stantiaily lower than ,the lite'rature value: 112 ± 2,kcal/mol.
15 

This 

will be 'consider in turn. 

It is interesting to compare the behavior of all the common hydro-

gen halides~ith respect to photoionization. + In the case ofHF the H2F 

ion inteh~ity is very high, but no (HF)2+ is observed. On the other 

extr~me, in the case of HI, very . + l1ttle H2I is observed. ;HCl and HBr 

+ + both H2X and (HX)2. Observation of 
, , 

fail nicely in between, yielding 

thedimer ion is an important condition for obtaining reliable proton 

affiniiies. If (HX)2+ is observed below the ionization threshold of 

H
2

X+, then, as the photon energy is increased some (HX) 2+ will tt8Ve 

sufficient vibrational excitation to unimoleculaIlly decompose into 

H
2

X+ arid X. The threshold for H
2

X+ formation can be considered as the 

threshold for vibrational energy induced dissociation of (HX) 2+' pro-

, + 
ducing ground state H

2
X., Consequen'tly, if a stable dimer ion is not 

accessible, there is no assurance ,that the protonated molecule is 

formed in' its ground state. ' Thus a 'larger appearahce pot'ential would 

be measured, leading to a lower proton affinity, which could only be con

sidered a lower bound. Comparing the H
2
F+, H2Cl+ and H2Br+ photoioniza

tion efficiency curves (Figs. 1, 3, and 5) it is apparent th~t just above 
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, + ' 
threshold the H2F curve displays extremely pronounced curvature. 

. ' 26 27 
Curvature is usually lnterpreted ' as the result of vertical tran-

sitions from the molecular ground state into closely spaced, higher 

energy levels of the ion, due to a dramatic change in the potential 

energy surface upon ionization. 
+ ' 

The well depth of the HX -HX 'pair is 

significantly larger than that of the HX-HX pair and the intermolecular 

distance is shorter, rendering an adiabatic transitiori unlikely. 'The 

+ ,+ 
H2C1 and H2Br ion current onsets are considerably sharper than that 

of H2F+,making it more likely that the ions are produced in their 

ground states. 
+ ' 

Thus the production of H2Fat the. threshold may occur through a 

direct ionization process of (HF)2 yielding a vibrationa11y excited 

. I h f (HF) . h (H ) 28 d' .. 10n. n t e case 0 2 as Wlt 2 2 pre lssoclatlon may com-

pete effectively with vibrational auto ionization of the HF*· HF complex 

initially formed by adsorption of a photon thus preventing the formation 

of the (HF)2+ parent ion and its subsequent fragmentation to ground 

, + 
Although no (HF)2 was observed in the photoionization 

experiment, it was detected by electron bombardment in a 0.1% quantity 

in the beam, 

its fragment 

+ indicating that the (HF)2 species is stable relative to· 

,+ 
H2F . 

+ A lower bound to the binding energy of (HF)2 can 

then be calculated as 33 kca1/mo1 using 112 kca1/mo1 as the HF proton 

ff " 15 a lnlty. The discrepancy between the proton affinity of' HF obtained 

in the present photoionization work and in ion-molecule equilibrium 

experiments
l5 

could be due to the production of vibrationally excited 
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+ + HZF at,the threshold of HZF production,from (HF)Z' ,In light of this 

the proton solvation energies by more than ,one HF, molecule, as. presented 

in the results se~tion, are also likely to, be'too low. 

'Another' point that, has to be considered is .the contribution of 

larger van der .. Waa1s clusters to ,the ion ,current of smaller fragments. 

Theappeaiance potential of an ion, however, is not affected by the 

presence of larger clusters. Since (HX)n+1 is more s,tab1e than (HX) n + 

HX the ionization threshold of (HX)n_1H+ from (HX)n+1shou1d be higher 

+ than the ionization threshold of (HX)n_1H from (HX)ri by the binding 

energy of (HX) and HX. Thus, the presence of higher clusters is mani
n 

fested at some energy above the thresho,ld in accordance with previous. 

f · d" 14 , 1n 1ngs. 

The method of measuring proton affinities through photoionization 

of van der Waals dimers in a supersonic molecular beam is thus reliable 

as long as the'ionic dimer is observed. Of course, the protonated 

molecule has to· be observed and this is not always possible; in the 

+ ca~e; of HJ ,for instance, no HZ! was detected, although this species is 

readily formed in ion-molecule reactions.
Z4 

Another apparent limitation 

is that the molecule has to contain hydrogen; but this can be circum-

vented by preparing mixed van der Waals dimers of the molecule of 

interest and hydrogen molecules or-hydrogen containing molecules. 
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FIGURE CAPTIONS, 

Photo ionization efficiency curves for HF+, H2F+, (HF)2H+ 

+ and (HF)3H . 

Energy diagram for the HF system upon photoionization. 

+ + + 
Photoionization efficiency curves for HCl ,H2Cl and (HC1)2 . 

Energy diagram for the HCl system upon photoionization (energies 

in eV). 

+ + + 
Photoionization efficiency curves for HBr ,H2Br and (HBr)2 
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