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ABSTRACT

| Gas-phase proton affinities of HF (95.5 % 1.4 kcal/mol), HC1
(135 + 1 kcal/mol), and4HBr (141 * 1 kcal/mol) have been measured
along with the HX+—HX binding energies for the HC1 and HBr systems
(20 + 2 and 23 * 2 kcal/mol, respectively) by photoionization of
‘van der Waals molecules produced in a SupeTSOnic'expanéiQn.' A
detailed discussion of the potentialities and limitations of the

method is presented.
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INTRODUCTION

When proton affinities obtained'iﬁ gas phase experiments became
afailable, many. processes in solution involving proton transfer could
be rationalized, because the effect of.the solvent in altering the
intrinsic propérties of. the reactants could then be assessed. Gas
phase resuits of ‘molecular properties also allowed direct eomparisons
witﬁ ever improving theoretical calculations, usually carried out on
isolated moleculesf | |

Very accurate relative prbton affinities, to better than 0.2
kcal/mole,bhave been determined by the ion-molecule equilibrium method,
using trapped ion cyclotron resonance mass spectrometry,l—3 high

pressure‘mass's'pectrometry,4 and flowing afterglow techn:i_ques-.'5 The

" equilibrium constant for the process of interest is evaluated by mea-

-suring the ratio of the number densities of the two protonated species

in equilibrium for given pressures of the neutral molecules involved. The

- changeof free energy for' the proton transfer process is-calculated from the

measured equilibrium constant and, from a series of overlapping measure-

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

from a thermochemical point of view a relative scale of proton

affinities is more useful, requifing the calculation of the enthalpy

.change.for the process. This involves estimating the entropy change,

. g . 1 . .
which has sometimes been neglected or taken into account approximately

by considering it being due only to changes in rotational symmetry



ﬁumbers.6 Some experimental arrangementé allow the sample temperature
to be varied and AH is obtained from van't Hoff plots. ’

In order to place the scale of relative'proton'affinities on an
absolute basis it is.necessary'to have at least one reference compound
6f-kndwn'ﬁfoton affinity. Tﬁe abspiute,profoﬁvéffinity of a molecule
can be -obtained tﬁrough threshold experiments, in which one directly
determines fhe minimum energy necessary to form: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 freqﬁeﬁtly used reference
base was isdbutene, the proton affinity of which was based on the heat
‘of'formation of the tert;butyl cation (AHf(t-C4H9+) = i69 kcal‘/-mol).9

Recentlylo’ll

this value has been redetermined and found to be 5.kcal/mol
lowér; this shifts the whole scale of proton affinities referenﬁed to
the proton affinitybof isoﬁutene to values 5 kcal/mol higher. 1In a
few cases. other reference compounds have been used. One exémple'iS‘
formaldehyde,s'whése proton affinity was derived from the appearance
potential of.H2C0H+ from methanoi.12 .-

Iﬁmis of course desirable to have :a large number of absolute
proton affinity measurements, preferably obtained by alvariety of
different methods, so as to better localize the relative proton affinity
scale on an absolute energy scale. A novel méthod devised in our.

. 13,14 . . .
laboratories™ ™’ involves the photoionization of a van der .Waals dimer

of the hydrogen containing molecule whose proton affinity is to be



measured; The van der Waals dimers of the molecules uﬁder investigation
are formed in ‘a supersonic expansion. They are used in this method as
precursors for protonated species. Iq the photoionization of van der
Waals dimers, the méximuﬁ level of vibrational. excitation of the ionic
dimer producedvcan be controlled with.the'energy of the ionizing photons,
since ‘some of. the ionic dimers retain most of the-excess»eﬁergy as
vibrational excitation. AS»the photon ‘-energy increases, the vibrational
excitation becomes higher and'eventually excited ionic.dimeré fragment
ﬁﬁimolecularly through a proton transfer reaction, yielding the pro-
tbnated?molecule'under consideration. From: the threshold energy for
this fragmentation process and other known thermodynamic data the
broton*affinity can_be calculated. .

‘The series of the common hydrogen halides seem to be ideally-
“suited for assessing tHe potentialities aﬁd limitations of this new
method.” The proton affinities of‘these'compounds have been measured

5,16

by?the‘ién—molecule:equilibrium methodl_’__.soﬂthatvthe fesultsaof

©'these two different methods can be compared.

EXPERIMENTAL
- The photoionization apparatus has been described in detail pre—
. 17-19 o . . . . '
viously. _Essentially it consists of a differentially pumped.
molecular beam source, a vacuum ultra-violet lamp, a McPherson 225

one meter near-normal incidence monochromator, a quadrupole mass

spectrometer and an ion counting system. The windowless photon source



4

{

consists of-a quartz capillary discharge tubé,~the radiation being ..
either the helium Hopfield contipuum or the hydrogen many-line pseudo-
"continuum, depending on the wayelength region required.

.The apparatus has been modified in one respect, namely, the
experiment ié row under control of.a microcomputer using the MCS-8080
micropréceSsor. Signal is accumulated at a selected wavelength for
the appropriate length of time so as to maintain an approkimately_
‘constant standard deviation at eaph experimental point; the photo-
ionization. efficiency is calculated and the monochromator wavelength
setting is advanced. - Time normalization of the data to account for
long-term flucfuations in experimentél conditions is accqmplishéd
by periodically measuring the signal at an arbitrary reference wave-
length;~’: | |

The;compounds,uéed in this experiment, HF, HC1,. HBr, and HI were
all from Matheson Gas Products. - Hydrogen fluoride was cooied in-a
water—ice bathj; this gave'an HF .vapor pressure.and tﬁus é stagnation
pressure behind the nozzle of nearly 400 torr. In the case of hydrogen
chloride and hydrogen bromide préssure regulators were used; most
experimenfs were done at stagnation pressures of 1000 and 800 torr,
respeétively.' Hydrogen iodide was again used withou£ a regulator,
the lecture bottle being cooled in a water-glycol slush so‘as to yield .
a pressure of 1000 torr. -

The noézleiused.in prodﬁcing the supersonic beam was a 0.13 mm

diameter orifice in a nickel plate.



RESUvLTS"

l'Tﬁé_phogoioniZQtion“efficiency curves_for,HF+, H2F+, (HF)2H+'and
(HF)3ﬁ+ ére.shdwn in Fig! 1.1 Thé ionization potential of HF was found
to be 15.98 * 6.04 eV, in'gooa agreement Qith previous measurements
(16:007 EIO.OIO'eV).ZO Tonized polymers (HF>n+-wefe not dbservéd with f:
dispersed 1ight; however a very Qéak’signal'was detected with électrpn
bombardment ionization. The appearance potentiai of H2F+ is 15.65 *
OJOA”eV.‘ Prévious ex)idence13 leads to the conclusion that H2F+ is
forméd.by di$sociative ioniéation of (HF)Z' .Using‘the dissociation
energyvof (HF)2 into HF molecules (0.29 eV, 6.8 kcal/mol)21 and thé
endbefgicity of the dissociative ionigation of HF to formvH+uaﬁd F
(19.445 eV),20 the protonvaffinity of HF is caléulatéd.as 4.09 +
0.06 eV (94.3 + 1.4 keal/mol). This is illustrated in more detail
ih-Fig.’Z.- The proton affinity can be considered as the solvation
‘énergy éf a bfoton1 By one hydrogen'fluoride.molecdle;‘ Fig. 2 shows
théf'sﬁccéésive proton solvation energies can be obtained from the
ioﬁi;étion thresholdsfand the dissociation enefgieé‘of iérgér ciﬁsters.
I£;ié seen thaf'attaéhment of additional HF molecuiés.tb tﬁe prdtbﬂ
Ib&efs the ehergy of the syétem by ;ucceSSively’smallef/émbunts.vbTﬁus,
thé>SOlvation energy of a proton'by one HF mélecule‘is 4;09-i 0.06 eV
(9453 * 1.4 kcal/mol), by two HF molecules the séivafion’energy is |
5.18 + 0.13 eV (119 £.3 kcal/mol), and by three molecules,S.SVi 0.2 eV
(134 £+ 5 kcal/mol). | |
In Fig. 3 the phbtoidnizationxefficiency'curvés for HCl+, H2C1+,

v and (HCl)é+ are presented. The bottom curve shows that the threshold



for HCl+ production from HC1 occers at 97.5 £ 0.2 nm, which corresponds
ﬁo an- ionization poeential of 12.72 ¢ O.d3 eV, in good agreement with the
.recommended literature value (12.74 + 0.01 eV).Z.2 Profonated HCl, a
fragment»produced in the ionization of the HC1 ven der Waals dimer,
appears at 100.6 * 0.2 nm (12.32 * 0.03 eV). The energy diagram in
Fig; 4 indicatesvhow'the proeoﬁ affinity of HCl can be calculated from
this threshold, the known dissociative ionization threshold22 of HC1
and the binding energy between two neutral HC1 moleculee.23 The value
obtained isv5.81'i 0.04 eV (134 . 1 kcal/mol). Figure 3 shows that the
1onlzat10n potentlal of the HCl van der Waals dimer is 11.91 # 0.05 eV,
whlch leads to an HCI1 -HCl b1nd1ng energy of 0. 87 * 0.09 ev (20 £ 2
kcal/mol) as indicated in Flg. 4.

Analogous results were oetained for HBr. 1In Fig. 5 the photo-
ionizétiop efficiency curves for HBr+, H2Br+, and (HBr)z+ are depicted.
The'igni;ation potential of HBr was‘meaeured as 11.66 * 0.02 eV, again
inHvery>éood agreementvwith literature values (11.677 * 0.004 eV).

A diagram 51m11ar to the one in F1g 4, with a-0.13 £ 0. O4-eV‘(3i 1
.kcal/mol) (HBr)2 dlssoc1at10n energy and a 7. 356 eV (400.22 kcal/mol)
HBr.dlseec1at1ve ionization energy22 allows one to calculate the proton
effinity ofjHBr and the HBr+—HBr binding energy from the data in Fig. 5.
Values of 6.07 i 0.04 ev (140 = 1 kcal/mol) and 1.00 = 0.09 eV (23 # 2
.kcal/mol) have been obtalned for these quantltles, respectlvely

Attempts to measure the proton affinity of HI were unsuccessful

. . .
because the_HZI signal intensity was too low for any acceptable



measurements to. be done. The ionization potential of HI obtained o

(10.38 + 0.02 eV) -agrees very well with liferature values (10.386 *

4

: +
0.001 eV).2 (HI)2 was not observed due to the limited mass range of

our mass spectrometer.

DISCUSSION
: . . . R R + +
Very high resolution photoionization spectra for HF and HI
have beén obtained previously (0.08 and 0.007 nm fwhm resolution,

respe‘ctively)zo’24 and Rydberg series have been assigned to the

:observed transitions. Inthe present study, in order to obtain

sufficient photon flﬁx to observe the ionization of van der Waals
molécules, 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 h&drogen iodide.24 Thus no attempt
was made to assign any transitions to the peaks observed in the HCl+

and HBr' spectra. The measured thresholds however agree very well

with the literature values, as pointed out above.
In order to éompare the proton affinities obtained in this work

with.values. obtained by the jion-molecule equilibrium method it is

"necessary to transform the former, which essentially correspond to

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

experiments ﬁere;earried 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 isoelectronic
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. : 2
neutral species were used) > and- the following proton affinities

corrected to 298 K were obtained: 4.14 * 0.06 eV (95.5 * 1.4 kcal/mol)

for HF, 5.85 % 0.04 eV (l35'i 1 kcal/mol) for HC1, and 6.11 * 0.04 eV
(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
kcal/mol, respectively.l6' However, the proton affinity of HF is sub=
stantiélly lower than ‘the literature value: 112 i.kaéal/mol.l5 - This
will be ‘consider invturn.

It is interesting to compare the behavior'of'all thévCOmmon'hydro—
gen halides*with.réSpect to photoionizationi In the case of HF the H2F+
ion inﬁéﬁéity is very high, but no (H_F)2+ is observed. On the other
;ktféﬁé, in the case of HI, very little H21+ is observed. HCl and HBr

fail ﬁiéeiy in between, yielding both H2X+ and (HX)2+. Observation of

the dimer ion is an important condition for obtaining reliable proton
! B L ‘ +
affinities. If (HX)2 is observed below the ionization threshold:of -

+ : . :
H2X , then, as the photon energy is increased some-(HX)2+-will have

sufficient vibrational excitation to unimolecularly decompose into

H X+ and X. The threshold for H X+ formation can be considered as the

2 2

threshold for vibrational energy induced dissociation of (HX)Zf,'pro—

ducing ground state H_ X .. Consequently, if a stable dimer ion is not

2

accessible, there is no assurance that the protonated molecule is
formed in’ its ground state. - Thus a larger appearance potential would
" be measured, leading to a lower proton affinity, which could only be con-

+ ' + v
F, H Cl+ and H,Br photoioniza-

sidered a lower bound. Comparing the H 9 9

2

tion efficiency curves (Figs. 1, 3, and 5) it is apparent thhtvjust above



 threshold the H2F+ curve displays extremely pronounced curvature.
Curvature is usually interpreted26’27 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
‘ehergy'surfacé upon ionizatiqn‘ The well depth of the HX+-HX-pair'is
significantly larger than that of the HX-HX pair and the intermolecular
distancé is shorter, rendé£ing-an adiabatic transition unlikely. The
H201+ and HzBr+ ion current onsets are considerably sharper thah that
‘of H2F+,:makihg‘it more likely that the ions are produced in their
ground states.

‘Thus the production of H2F+-at thg_threshold may occur through a
direct ionization process of (HF)Z‘yielding a vibrationally excitéd
ion. 1In the case of (HF)2 as with (H2)228_predissociation méy com-
bete effectiﬁely with vibrational-autoionization.of the HF*+ HF cdmplex
ihitially formed by adsorption of a photon thus preventing the formation
of the (HF)2+ parent ion and its subsequent fragﬁentation to ground
" state H2F+. Although no (HF)2+ was observed in the photoionization
experiment, it waé detected by electron bombardment in a 0.1% quantity
in‘the‘beém, indicating that the (HF)2+ species is stable relative to .

. +
its fragment H F+. A lower bound to the binding energy of (HF)Z- can

2
then be calculated as 33 kcal/mol using 112 kcal/mol as the HF proton
affinity.15 The discrepancy between the proton affinity of HF obtained

in the present photoionization work and in ion-molecule equilibrium -

experiments15 could be due to the production of vibrationally excited
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H2F+ at: the threshold of H2F+ production. from (HF)é,-;In light .of this
the proton solvation eﬁergies‘by more than.qngvHF_moiqcule, as\presented
in the results section, are also likely. to be too low.

“Another’ point that.has to be cénsidered is the contribution of
larger van der. Waals clustersvtogthe ion current.of émaller fragments.
The~ap§earance potential of an ion, however, ié not affectéd by the
presence of larger‘clusters. _Since(HX)..n+l is more stable than_(HX)n +
‘'HX the ionization threshold of (HX)n_lH+ from (HX)n+l,should be higher
than tﬁe;ionization threshold of (HX)n__lH+ from (HX)ri by the'binding
energy of (HX)n and.HX. Tﬁus, the presence of higher clustérsvis mani-
" fested at some energy above the threshold in accordance with previous.
findihgs.l

The method of measuring proton affinities thfough photoionization"
‘of van der Waals dimers in a supersonic molecular beam is thﬁs reliable
~as long as the ionic dimer is. observed.. Of course, the protonated
molecule has to be observed and this is nét always possible; in the

o , , + . . .
case’ of HI for instance, no H,I was detected, although this species is

2
S .. ] ) . 24 ' . .
readily formed in ion-molecule reactions. . 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 -
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v B
Photoionization efficiency curves for HF+, HZF , (HF)ZH '

+
and (HF)3H .
Energy diagram for the HF system upon pho;oionization.

e F + +
Photoionization efficiency curves for HCl s H2C1 and (HCl)2 .
Energy diagram for the HCl system upon photoionization (energies
in eV).

' ' ' o+ + +
Photoionization efficiency curves for HBr , HzBr- and'(HBr)2 .
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