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The photoionization curves and the threshold energies for the

N . 7
mole e

io, vinylfluoride, 1,1-diflucroethylene and

Lheir abundant fragment done have been measured with synchrotron
padiation in the photon energy range from 10 — 238 eV. Appearance
vorantials were used Lo caleulate heats of formaticn, kond
energies and tomizmation polentials. The structure of ion effi-

atoncey curves te discussed in Lerms of different itonization

DYrOoces8es.,
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Introduction

Photoelectron spectroscopy using resonance line radiation is a convenient
technique for investigating the energy of atomic and molecular orbitals!»2,

To excite valence levels of organic molecules, the He(I) (21.21 eV) line is
generally used. The energy of photoelectrons gives evidence of direct tran-
sitions into the ionization continuum. If an experiment with variable excita-
tion energy and mass analysis is performed, the appearance potentials of photo-

R

. . . . 2
fragmentation and photoionization processes are observable-

From the appearance potentials, heats of formation of the ions and radicals
involved in the photoreaction may be calculated and bond-dissociation and
ionization energies obtained.

To get information about the same fragments as they emerge from different mole-
cules, we have studied vinvylchloride, vinylfluoride and 1,1 difluorocethylene.
Fluoroethylenes were the subject of several investigations using electron impact
with mass analysis® ¢. FExperiments using photoionization techniques in mass
spectrometry have shown that the results of electron impact cxperiments are
often questionable.

$ince LiF windows were used, carlier work on photoionization of halogen deri-
vatives of ethylene was restricted to wavelengths greater than about 1040 R2,6,
In the present work we will represent photoionization efficiency curves of
parent ions and their fragments from the onset region up to about 23 eV.

The experimental arrangement comprises an electron-synchrotron as light source,

an vacuum-ultraviolet monochromator and a quadrupole mass analyzer.



Experimental Setup

The characteristics of the continuous spectrum emitted by the 7.5 CeV electron
accelerator DESY have been described in the literature!?, The light is emitted
tangentially from the electron orbit. Over a distance of about 40 m towards the
monochromator the light is reflectedtwice (angle of incidence 83°) with the plane

of incidence lying perpendicular to the synchrotron plane.

The monochromator operates in a modified Wadsworth mounting!!?1? with the dis-
persion plane perpendicular to the synchrotron plane (Fig. 1). This results in

an optimal resolution of 0.7 R limited by the dimension of the light source image
at the exit slit. A gold coated 1200 lines/mm Bausch & Lomb grating blazed at

600 R and | m focal length was used, yielding a linear dispersion of 7.5 R/mm.

The light transmitted through the ionization chamber was measured by counting
the photons emitted from a sodium salicvlate screen with a photomultiplier

(EM1 9502 S). The fluorescene yield of sodium salicylate 1s nearly independent
of the energy of the exciting radiation between 10 - 25 eV!3. The first order
spectrum detected with this arrangement is shown in Fig. 2. The contributions of
second order radiation were estimated from absorption edge measurements with
indium and antimony filters in the first and second order. It amounts to about
0.4 % at 800 2 and 15 % at 1500 S and, together with the scattered light, con-—
tributes a wavelength dependent background ion current which was not corrected

for.

The photon wavelength was varied by a stepping motor remotely controlled by a

preset indexer, one step being 0.27 2. The energy calibration was determined




to be correct within =1.5 & by taking the photoionization spectra of 02, N,

and some rare gases.

Behind the monochromator exit siit the photon beam traverses the ionization
chamber which is 30 mm in width. The ions produced there are extracted by a
repeller and focussed onto the 3 mm ¢ entrance aperture of the quadrupole

mass spectrometer (Balzers QMG 101) with an electrostatic single lens system.
The electrostatic potentials were adjusted to get maximum ion efficiency without
impairing the mass resclution. The mass analyzed ions were detected by an
channeltron multiplier (Bendix 4028) and counting system (SEN 300), 10 — 500
counts/sec being representative of normal operating cenditions.

Sample gases were introduced into the ionization chamber at pressures not higher
than about 107" Torr. The pressure was monitored by a precision membrane—vacuum-
meter (Datametrix).

Mo correction was made for & long term pressure decrecase of about 10 Z; this
results in a slightly decreasing ionization efficiency value in the lTow—

energy region. The lonization chamber housing is separated from the mono-
chromator and the quadrupole by a differential pumping system. With two turbo-
molecular pumps a pressure of about 10 =10 ~Torr can be maintained outside the
lonr source housing under operating conditions., Further details of the
experimental arrangement aud the electronics are given in Referencesl4 .

With the help ot the known absolute photolonization cross sections of Ne, Ar,
Kr, and Xe ' an estimate of both the photon intensity behind the exit slit of
the monochromateor and the mass transmission functicn of the quadrupole was
obtained.

With 30 mA electron current in the synchrotron we get about 107 pholons sec -

[ . ) o . s e Ty . e
A7 at 600 K. Using a resolution sufficient to separate adjacent masses clearly



the transmission for different masses was determined to lie between about

60 Z (mass 20) and 25 7 (mass 84). The transmission of masses occuring in

our investigation is estimated to be within the limits 40 - 70 Z.
Results
Figures 3 — 5 show the relative cross sections for production of the vinyl-

chloride, vinylfluoride and 1,1 difluorethylene parent and fragment ions

as functions of the photon energy.

The curves represent the result of a graphical smoothing procedure containing
the digital data of several runs. The statistical error in the ion counting
is about equal to four times the size of the points in Fig. 7 and 8. In
Table 1, results from all ions are summarized together with their appearance
potentials and theilr relative intensity related to the total ion efficiency
at 550 2. The wass intensities are not corrected for the slightly mass de-
pendent transmission of our quadrupole. For the parent ions the first step
in the efficiency curve is deconvoluted with the monochromator slit function
to get the appearance potential. All data were taken with 150 1 exit slits
yielding about 1.2 ® resolution. Most fragment—ion thresholds are taken as
the point of intersection with the background count. The gases were research
grade materials obtained from Matheson Company. In their mass spectra, no

impurities of significance for this study were detected.

Discussion

T. Appearance Potentials and Fragment Ion Efficiencies

When one of the higher molecular orbitals of a molecule is ionized a radical-
cation remains, containing internal excitation energy E*zI—IO, where T is the

lowest ionization potential of the molecule.




In an isolated ion this excitation energy can be lost by radiative or disso-
ciation processes. In the latter case some of the energy is used in bond
breaking, the rest appearing as kinctic energy or internal excitation of the
products.

For the photoreactlion
+
AB + hy - A +B+e,

the following relationship holds:
AP(AT) = AHF(A+) + OH(B) = AH_(AB) + £ = D(A-B) + IP(A)+E,
. + . _ . +
witn AP(A ): Appearance potential of ion A
.+ - - . _ +
LHr(A ,B,AB): standard heat of formation of A ,B,AB
D(A-B): dissociation energy of bond A-B

IP(A): ionization potential of fragment A

Without a further Investigation of the fragments, one is not able to determine
the character of the excess energy term E either in our and other photoioni-
zation experiments. In the immediate future, our experimental arrangement will
be changed to permit the detection of fluorescent excited states too. Neverthe-
less, photolonization thresholds permit an accurate determination of a number

of thermochemical quantities since many mass spectrometric-fragmentation processes
do not involve excess energy. This problem is discussed in detail in scction
Ta=-le [or the compounds investigated. 1t is possible to propose In most cases
fragmentation mechanisms based only on energetic considerations. The following
discussion treats the energetic aspect of the data in table 1 with respect to
the thermodynamic relation cited above. Where not otherwise quoted the energies
of formation used are taken from reference 16. All data refer to 298° K. The
corrections to be made for 09 K data taken from the literature are mostly within

the error limits c¢f the enthalpy data.



Ia. Vinylchloride

The minimum energy for the onset of ionization occurs at 9.99+0.02 eV in good
agreement with the photoelectron-spectroscopic value of 10.00 eV for the
adiabatic ionization potentiall’,

Bevond the second ionization potential two fragmentation processes begin,

one resulting in the elimination of the chlorine atom via

+
C2H3Cl+hﬁ > CZHB +Cl+e. (1)

The thermodynamic energy equation applied to (1) yields
+
= AH_(C AH_(C1) - & = - .
AP(CZH3+) QHf(CZH ) + Hf(Ll) LHf(C2H3C1)+E D(C2H3 Cl)+IP(C2H3)+E.

. + .
From the reaction C9H4+hv > C2H +H+e (2) measured by Berkowitz, Chupka and

3
_ 0 . -+
Rafaey!?, we find AHf(C7H3 ) to be 265+2 kcal/mole. The values AHf(C7H3C1)

= 5.2 kcal/mole and AHf(Cl) = 28.9 kcal/mole are quoted in the literature-%,16,

. . . . +
From the energetic relation corresponding to reaction (1) and our AP(C2H ) we

3

obrain Hf(CZH +) = 264+2 kcal/mole. From the close agreement of these values

3

we conclude that excess energy is probably not involved.

. + -
The palr [ormation process C2H3Cl+hy - C2H3 +C!  should start about 3.6 eV

lower and could not be detected.

+
With the confirmed value of /\Hf(CzH3 ) and the known heat of formation of
C,ilys

- 8.7°0.1 eV for the ionization potential of the vinylradical. Beck“? reports

) - , i 16 ; . — A + _ o
“Hf(CzHB) 64 kcal/mole'®, we find LP(LZHB) _Hf(CzH3 ) LHf(CZHB)

a directly determined electron impact value of 9.410.2 eV which seems to be

too high. Lf the ionization potential of the C2H3 radical 1s taken to be

8.7 eV, we are also able to recalculate the dissociation cnergy D(CZHB_H)

= 89 kcal/mole given in ref. 18. With the aid of reaction (2) and the

AP(C2H3+) = 13.19 eV mentioned therec, we arrive at D(C2H3—H) = 104%2 kcal/mole.
Kinetic methods applied by Kerr?! yiclded the same value. Subtracting I(C2H3)
from the threshold value of CzHg‘taken in process (1), we get the bond
dissoclation energy D(C2H3—C1) = 87+2 kcal/mole.



A comparison of Fig. 3 and the photoelectron spectrum of Lake and Thompson!’

indicates that the fragmentation process may not take place in the afore-
mentioned (sectiou T) way with the ionization as the primary step. Both
fragmentations in CZH3C1 start between the second and the third ionization
potential where no population of an excited stationary ion state can be seen
in the photoelectron spectrum. Transitions to a repulsive ion state are
unlikely to occur due to the absence of a marked continuum of photoelectrons
in this region!’. As we further exclude a pair formation process, we have fo
assume that a neutral molecular state is reached which autoionizes into an
ion state with sufficient internal cnergy to decay.

As described in sectlion 1T, we expect an excited state to lie In this region.
This assumption is given further support by the strong increase of the ioni-
zation cross section beyond the second ionization potential, whereas one

would expect a flat reglon 1f only direct ilonization were present.

. + .
We sec no difference between AP(C2H3 ) and the appearance potential of the

+ : %) - - 3 . -~ .
C,H, 1lon. The onsct of the second ion has a long tail which makes 1t

<

difficulfr to estimate an accurate appearance potential for the reaction:

C2113C1 + hy > C2H2+ + NCl+e (3)
The AP(C2H2+) determined in this HCl elimination process yields the heat
of formation of C2H2+ as AHf(CzH2+) = 315.4 kcal/mole. Within the error
iimits this value agrees with AH[(C2H2+) = 317.2 kcal/mole determined from
Ho(C,H,™) = AH(C,H,) + IP(C,I1,) = 54.2 + 263.1 keal/mole!" s" = 317 keal/mole
with the IP(CZHZ) from the photoionization of Czﬁz.

We therefore conclude that (3) describes the formation of the acetylene
+ . . .o
structure of HCCH , the H and the Cl atom in the unimolecular transition
state being from neighbouring carbon atoms. At 550 R we also detected the
) + + . . . .
fragments C,H,Cl and C,HCl with an intensity considerably lower than that

of the measured ions.

(4)



Ib. Vinylfluoride

The ionization potential of vinylflucride was determined to be IP(C2H3F)

= 10.35%0.01 eV, a value somewhat lower than the photoelectronspectroscopic
result of 10.37 eV-7. At higher photon energies we observed four fragmen-
tation processes. In contrast to C2H3Cl, the elimination of a hydrogen atom

together with the fluorine loss is the most intense decomposition process:

+
C2H3F + hv - C2H2F + H+ e (5)

A comparison with other saturated and unsaturated hydrocarbons“»!® indicates
that the frequency factor for breaking the C-H bond is considerably larger,
presumably due to particular bonding properties of the hydrogen within the
CHF group. With AHf(CZH3F) = -28 kcal/mole?3 and AHf(CH2CF+) = AP(CH2CF+)

_ AHT(H) + AHf(CquF) we find the heat of formation of CH.CF' to be 234.5 kcal/mole.

2

This is in good accord with the value determined from process (9) in

C,H,F, in which the same fragment ion is invelved. From this we conclude

2

again that the eliminated hydrogen stems from the CHF group of the molecule.

- . +
The correspondence between the peaks in the yield curves of C2H3F and

+ N . 4 . . .
C,H,F at about 16.6 eV indicates that the same molecular states are initially

ra

being excited and then decay by autolonization followed by dissociation for
those autoionized molecules having sufficient internal energy.

+ : .
The bond rupture whereby CH,CHF loses a fluorine atom
=3

+
C2H3F + hy - C2H3 + F + e, (6)

. . . +
gives, with AP(L2H3 )

271 kcal/mole.

13.84+0.04 eV, the heat of formation of the vinyl
: A g +
ion .«.Hf((,zll3 )

+

This wvalue is 6-7 kcal/mole higher than that based on the formation of CZH3

in reactions (1) and (2); presumably we have to add a vibrational excess

energy term in (6). There may also be an error in the literature with regard



to Al (C F) because other heats of formation quoted there are known to be not

3
reliable. But we think it permissable to use this value nevertheless because of

the consistency of the results in reactions (5) and (7). Taking our values of

AP(C2H3+) and IP(CZHS) we may compute D(C2H3 F) from the relation
+
D(L2H3—F) = AP(C2H3 )y - T(C 3)

to be less than 119 kcal/mole. This establishes the interral consistency of all
. . +

data used as, on the other hand, one may calculate, independent of AP(L2H3 )

in (5),

D(CZH -F) = - AHf(C2H3F) + AHf(CzHB) +.M%(F) = 111243 kcal/mole ;

3
the difference of the two dissociation energy values 1s of the same order of

magnitude as that stated {for AH_ (C H ).

3

The ions C2HF and C?H2 have lower appearance potentials than the parent-
minus—hydrogen respectively parent-minus-fluorinc ions. Therefore they must be

formed by & unimolecular direct U, of HF split from the parent:
e

2l + 7\
C2H3F + hv - C2HF + H2 + e (7)

In the absence of internal rearrangement, the structure of the transition
. . . . aat ., .+
state then determines the structure of the resulting 1on, HCCF or FLC s

tor which we calculate the heat of formation to be &Hf(CzHF+)= 288.4 kcal/mole.

By use of the photoelectronspectroscopically determined IP(CHCF) = 11.26 ev:'"

and ﬁHf(HCCF) = 25.5t2.5 keal/mole estimated from an electron 1mpact studyé”,

one obtains AHf(CHCF+) = 285.2 kcal/mole. The agreement of this and our value
indicates that, unless there is merely fortuitous agreement, the f{ragmentation

we observe produces the acetylene structure HCCF+ and little if any excess energy
is involved. This result, the Jloss of HCl] from C2H3C1 (see above) and of H2 from
CEHA cxamined by Botter et al.<!, provide some support for the assumption that

processes involving the loss of a molecule do not always proceed over a potential



barrier. The corresponding HF-elimination reaction

Lo+
F + hv - CZH + HF + ¢ (8)

CZH 9

3
involves only well known thermochemical data. Based on AP(CZH +) = 13.5120.02 eV
we calculate &Ht(C2H2+) = 348.5 kcal/mole, this value being considerably higher
than the value 317.2 kcal/mole established in (3) and (4). The difference of

31 kcal/mole can be taken as an upper limit of the activation energy for the

HF~splitting from C_H,F. Analysis of the HF-elimination reaction in CH,CF.
& 2 2752

3

results in a required excess energy of 26 kcal/mole, indicating the approxi-—

mate validity of this result.

Le. 1o1=-DifJuorvethylene

The onset of ionization 1s located at 10.29:0.01 eV in good agreement with
the adiabatic ionization potential IP(CH,CF,) = 10.30 eV found in Ref. 17.
At higher energies we observe four simple bond rupture fragmentations, the

first producing & fluorine atom by the process:

Ch,CF, + hu - CH,CF  + F + o (9)

The valuc o©f ;H((CH7CFJ) = =801'2 kcal/mole was obtained by averaging the
varicous values given in reference 28. Using this value the heat of formation

+. A . .
LCF ) = 235.3 kcal/mole, in agreement with

+
of CH,CF was jound to be S.HF(CH2

the value obtained from (5). We conclude that no excess energy Is involved
in both reactions.
Taking the process

+
CH,CF, + hv - CHCF + 11+ e (10)
2772 2

. .. ; . ~ + o+
we derive an upper limit for the heat of formation of CHCF, , /Hf(LHLFZ )
496.5 2 keal/moie as it is not clear if we here ohserved the true adiabatic

threshold or not.,



As is clearly seen from Fig. 5 the magnitude of initial rise in the C2H2+ ion
vield is approximately equal to the magnitude of the decrease in CH2CF+ inten-
sity. We conclude that the overall reaction for this process can be written

as

CH,CF, + hv - CHZCF+ P F o+ oe o C2H2+ +2F + e , (11)

With the observed appearance potential AP(C2H2+) = 19.08 eV, we obtain

AHI(CqH +) = 322.2 kcal/mole which is 5 kcal/mole higher than the value derived

272

from the photoionization of 02H2(Process(4)). This difference may be due to the
very slow rise in the threshold region. But one also could assume that in the

. + . . .
fragmentation process C,H is formed in a state described by the geometry

2
Z

+ . . + . .
H,CC and not in the acetylenic structure HCCH . Calculations on the energetic

n

difference of both species are intended. At 19.34 eV an increasec in the ion

efficiency curve of C,H is observed. This coincides with the beginning of the

+
2
fifth ionization potential of CH2CF2, the vertical transition of which 1is
located at 19.68 ev!7.

. . . L . . . + +
A similar increase with different intensity can be seen 1n the CF , CH2F and

+ . . . . . . .
CH2 efficiency curves. This is explained by the higher internal excitation
energy of the parent ion when ionization of a higher orbital is achieved.
Correspondingly, the bonding properties within the molecular ion may be altered.
Then a change of the rcaction rates for the different fragmentations may occur.

. . . . + .

In a similar way one may explain the strong rise in the CHZCF yield at the

third ionization potential (15.73 eV) and the weak increase in the CHCF2 ,

+ . . . : -
CH,CF  and CFH " efficiency curves in the neighbourhood of the energy of the

2
fourth vertical ionization potential at 18.22 eV. In contrast to C2H3C1 and
C2H3F, the C=C bond breaking process in CH,.,CF2 occurs with a rate sufficient
P

to be detected and measured in our mass spectrometer:

+
CH,CF, + hy - CH2 + CF2 + e (12)



The thermochemical data, TP(CHZ) = 239.9 kcal/mole?? (which supposedly
reters to the triplet ground state of CH2) and AHf(Cﬂz) = 92.1 kcalfolel®
are well established; added, they result in Anf(CH2+) = 331.9 kcal/mole.
Equation (12) then yields AH£(CF2) = ~-20.1 kcal/mole. This value lies within

the wide limits, -5 to —45 kcal/mole, available in the literature®’, Taking

the electron impact ionization potential of the CF, radical to be 11.7 eV,
Walter et al.” conclude ﬁHf(CF2) = =43.4 kcal/mole from the photoionization
process

- . ~ +

Lze, +hv»Cf2 +CF2 + e, (13)

I{ we instead use our value for Auf(CFZ) and the AP(CF2+) from (13), we
arrive at IP(CFz) = 9.74 eV. The great discrepancy indicates that both the
value for IP(CFz) and AHf(CF2) must be accepted with caution. However, omne
may conclude ', by analogy with the stabilizing effect of F-atoms on the
CH2F+, CHF2+ and cy3+ fons, that 1P(CF,) is lower than TP(CH,) = 10.396 eV’?,
We think therefore our value to be the more reliable one. The formation of
CH,)+ has to compete with fragmentation processes starting at lower energies.
In this case the statistical theory of mass spectra’ - predicts a slowly
rising el ficlency curve with some curvature and vanishingly small ion inten-
sities at enerples appreciably above the theoretical appearance potential.
Due to the low energy tail of the CH2+ efficiency curve we may not exclude
this possibility. In terms of fragmentation following the transition to a

+

T state the high-energy shift of the CH onset

steeply rising repulsive CH,CF 2

2
may be ascribed to kinetlc energy ol the fragments.

Reaction (12) applied to determine the dissociation energy of the C=C bond
yields

D(CH,=CF,) = AP(CH,") - IP(CH,) < 152 keal/mole,

as compared to the electron impact value of 125 kcal/mole*!, The great

diftereace again indicates that the problem of an accurate determination



of the C=C dissociation energy in ethylene and its derivatives by photo-
dissociative ionization is not yet solved. Due to the formation of a mole-
cule with a strong bond out of a unimolecular transition complex, the HF
elimination process possesses the lowest appearance potential of all frag-

mentations in CH2CF2:

CH,CF, + hv = CHCF' + HF + e (14)

With AP(CHCF+) = 14,18 eV we obtain AHE(CHCF+) = 312 kcal/mole which is in
disagreement by 25 kcal/mole with the average value derived from C2H3F and
CHCF (see above). This excess energy again is explained in terms of acti-

vation energy necessary to reach the transition state. However, we now get

a value which is 6 kcal/mole lower than the one calculated from reaction (7).

One may point out that, whereas the structure of the ion resulting in

Lt + . + .
process (8) may be CCH or HCCH , we are sure to get acetylenic HCCF 1ons
in (14) . Taking it to be true that the excess energy of 5 kcal/mole in

. . . H+ .

reaction {(11) is due to the formation of the state CCH , there 1s strong
indication that the higher activation energy for HF elimination from
C,H.T also refers to the formation of CCH .

273 2

+ + . n
The CF and CH2F ions are assumed to he formed by the rearrangement pro-

cesses

y -\+ ~
CHZCF2 + hv - CF + (‘HZF + e (15)

and

_ +
CHZCF2 + hv - CH2F + CF + e (16)

the similar feature of both ion yield curves indicates the common tran-

sition state which serves as a precursor of the fragmentation. With

AHE(CF) = 62 kcal/mole3< and (16) we get AHf(CH2F+) = 200#3 kcal/mole. By



photoionization Walter et al.” determined the heat of formation of CF' to
be about 27511 kcal/mole at room temperature. Taking (15) we arrive at
&Hf(CHzF) = —-11 kcal/mole, The IP(CHzF) may then be estabilished to be
9.1670.02 eV which is in resonable agreement with the electron impact value
of 9.35 eV®“. The difference of 0.08 eV between the appearance potentials
of CF" and CFH.® can be ascribed to the different ionization potentials

2

accordling to

1

+ + + +
P (CFE - 'k ) A ; - A LT - AH
AP(CF ) AP (CFH, ) qu(C} ) + ,Hf(LFHZ) fo(CHZF ) Hf(CF)

2

IP(CF) - IP(CH,F)
We get IP(CF) = 9.24 eV in good agreement with the value 9.23 eV determined

by photodissociative ionization of C,F,~.

II. Parent lon Efficiency Curves

Tn the ftollowing we will discuss the structure in the photoiounization effi-

ciency curves of C,H,CL, C?H F and C H2F7 in terms of vibrational and elec-—

3 3 2

tronic excitation of the ion as well as autoionization from neutral exclited

states.

The threshold law for direct photoionization is known to be approximately
a step function-®', each step indicating the existence of an isolated elec-
tronic state of the parent ion. Excited states of that kind are observed only
if the internal enerpy of the ion is insufificlient to decompose the ion or
the fragmentation takes a longer time than the 107" seconds characteristic
for the entering of the 1ons 1nto the mass spectrometer. In Fig. 7 and 8

. - + + . . . . .
the onset region ol C,H,F  and C,H F2 1s given. A comparison with the vi-

3 272
brational fine structure in the photoelectron spectrum!’ clearly indicates
the steps Lo be transitions into vibrational excited states of the ions.

The first step corresponds to the adiabatlc ilonization potential of a



7(C=¢) electron in each case. In correspondence with the photoelectron spectrum,
the CH2CF2+ efficiency curve exhibits all excited levels of the C=C stretching
vibration. Where we found v(C=C) = 1535 cm !, the vibrational structure in the
photoelectron spectrum gives 1605 em™ 1,

Tonization of C,H,Cl at 11.65 eV does not coincide with fragmentation processes

3

in contrast to ionization out of higher orbitals in CZH3F and CH2CF2. Corre-
spondingly, this first excited ion state of vinylchloride is the only one to be
. s . + .. -

identified as a step 1n the C2H3Cl efficiency curve. Similar steps are not

scen beyond the onset region in the C2H F' and CHZCF * efficiency curves.

3 2

-

Figures 3 - 5 present a different type of structure, rather pronounced peaks
which have to be identified as neutral excited states which autoionize and
distort the photoionization cross section.

This kind of structure is well known for diatomic and small organic molecules
(e.g. HZCO 3%y and can be understood in terms of autolonizing Rydberg states
converging to higher ionization potentials. Our results give clear evidence
of this mechanism only in the case of vinylchloride, as is shown in Fig. 6 in
detail. A comparison of the parent ion efficiency curves indicates that auto-
ionization involving rather broad molecular bands dominates as was alsc found
for other molecules”>°. This prevents additionally the observation of any
steplike behaviour. Those Rydberg states of C2H3C1 lying in front of the LiF
edge were also detected by Sood and Watanabe? but could not be assigned. Using
the step at 11.65 eV as the Cl-3p ionization potential, we ordered this

series according to the Rydberg formula:
v = IP - R/(n-§)~

The quantum defect & was determined by averaging the S-values of the observed

series. Table 2 gives the frequencies of the measured transitions according



to their quantum defect associated with ns, np and nd series. We are not able
to reproduce the sharp autoionization peaks Momigny observed in C2H3C1 and

fluorinated ethylenes®; this discrepancy may be due to our better experimental

conditions (higher resolution, continuum light source) ,

In their photoelectron spectrum, Lake and Thompson assigned two vertical
ionization potentials at 11.72 and 11.87 eV as originating from the C1(3p)

t

a' and a" electrons-’.

Our results tend to confirm the assumption of Klasson
and Manne ? that the two close—-lying states belong to the same electronic
state. They calculated the chlorine 3p lone-pairs, one in the plane of the
molecule (a' or =') and one perpendicular to this plane (a" or 7), to be
separated by about 1.3 eV. We then associate the step to be seen in the ioni-
zation efficiency curve with the 3p(a') orbital. This assignment agrees with
the photoelectron spectrum of Robin et al.?® who located the 3p ionization

at 11.66 eV. Corresponding Rydberg series converging to the fluorine 2p orbi-
tals lying at 17.4 eV in the atom were not detected, perhaps for the follow-
ing reason. The fluorine 2p orbitals are lying to a greater extent than the
chlorine 3p-orbitals within the molecular framework, therefore often parti-
cipating extensively in the g-bonding of the molecule3®, Excited states may
then be described as broad valence shell states rather than as Rydberg states.
Provided the latter states exist, an interaction of the superexcited and the
autoionized orbital which is too weak would prevent the occurence of resonance
structure in the ionization efficiency curve. An example of a low autoioni-
zation probability was presumably found by Chupka et al.!® concerning Rydberg-
series converging to the first excited state of the ethylene ion.

As a further explanation, one may suggest a severe broadening of sharp structure

due to fast predissociative processes, 1l.e. lifetimes being at least of the



order 10713 sec.

Then neither the parent ion nor the resulting fragmentation efficiency curve
would give clear indication of sharp absorptiom. As stated above the origin
of broad bands is thought to be due in most cases to transitions from higher
clectronic orbitals to the first vacant orbitals of v* or o* type. We there-
fore tried to combine the energetic position of these transitions with the

aid of the known orbital energies!’ and the ?%“F transitions to be found 1in

the ultraviolet?®» 37 according to

il

E AE + (W* <~ )

AR I(n-orbital) - I(higher orbital) ,

I

The ﬁ**ﬁ transition energies were taken to be 6.7 eV (CZHBCI)QJ, 7.44 eV
(CQHBF) and 7.5 eV (CH2CF0)38. All symmetry-allowed transitions of interest
are summarized in Table 2 together with the lonization potentials measured

by Lake and Thompson.

As it is impossible to take the various Franck-Condon factors into account
when joining the different energies, the reliability of F and AE determined
in this way may not be very good. Although some agreement is seen in all
spectra, the most prominent band in CHZCFZ’ accuring near 14 eV, cannot be
explained. TFor all compounds the structured region i1s followed by a slow
decrease of the photoionization cross section starting at about 20 eV. As

was observed in the absorption spectrum of other hydrocarbons!?:"U, the total

absorption cross section decreases beyond the valence shell region too.
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Table 1: Appearance potentials of C cl, C,H,F and 1,!1-CH_CF
compared with electron impact values’ from References 6,7
AP [eV] o .
Ton Mass ) AP [eV) Rel. Efficiency [%: at 22.5 eV
this work Y R

C,HC1" 62 9.990.01 10.10 / - 37
ch," 27 12.48:0.04 13.00 / - 50

+
CHZ 26 12.4720.1 - - 13
Cyt P 46 10.35:0.01 -/ 10.45 22
C HF 45 13.64%0.02 14.10 / 14.02 31
CHF" 44 13.7210.02 14.10 / 14.04 8
cly” 27 13.8440.04 14.47 / 14.38 24

+
CH, 26 13.5140.02 -/ 13.73 15
o, F " 64 10.2910.0] 10.32 / 10.45 22
cur, " 63 15.80+0.04 -/ 16.67 5
CoH, k" 45 14.3720.02 14.80 / 14.80 25
C HF 44 14.18:0.03 14,42 / 14.44 9
ci,F 33 14.84:0.02 15.28 / 15.08 17
crr 31 14.92+0.02 15.16 / 15.23 13

+
CLH, 26 19.08:0.03 -/ 19.78 2

+ .
CH 14 16.99+0.02 - 17.8 5



Table 2: TIonization potentials determined by photoelectron spectroscopy’’

and calculated transition energies in the VUV

= (eV) AE+(N*+W)

vertical adiabatic

C,H,C1 10.18 10.00

11.72

11.87

13.14

13.56

15.39 12.09

16.31 13.01

18.76 15.46

C,H,F 10.58 10.37

13.79

14.51 11.58

16.77 13.84

17.97 15.04

C2H2F2 10.72 10.31
14.79 14.06
15.73

18.22

19.68



Table 3

vinylchloride (energies in eV)

Rydberg series in the photoionization spectrum of

ns np nd

8 0.82 0.48 0.17
n

4 10.28 t0.54 10.72
5 10.86 10.98 11.05
6 11.15 11,20 11.25
7 11.29 11.35 11.36
8 11.43

11.647
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Figure Captions

Fig., 1 Schematic diagram of the apparatus fTMP turbomolecular pumps,
S mirror, F filterwheel, P pressure gauges, M monochromator,
SM stepping motor, G grating, GP getterpump, SP exit slit,
Q quadrupole. D ion detector, NaSa-PM sodium salicylate screen

and photomultiplier, I ionization chamber , V, D sample gas

and needle valve)

Fig. 2 First order spectrum of the monochromator with gold coated

gratings (1200 lines/mm, 600 2 blaze)

(1) grating 1, new
(2) grating !, |6 months in use

(3) grating 2, new

The intensity of the three spectra is adjusted in the maximum.

. . . . + + +
Fig. 3 lonization efficiency for CZH3CI s C2H3 and C2H2 from

C2H3C1. The cross sections are relative to omne another. The

arrows indicate ionization potentials taken from Ref. 17.

Fig. & Ionization efficiency for C,HJF' (46), C,H,F'(45), C,HF' (44),

2

Ionization efficiency for C,H.F,”(64), C,HF,"(63), CyH,F" (45),

Fig. 5
+ + + + +
C,HF (44), CH,F (33), CF (31), CZHZ (26) and CH2 (14) from CoH Fye
Fig. b Onset region of C2H3C1+ efficiency curve.
Fig. 7 Onset region of C2H3F+ efficiency curve.
Fig. 8 Onset region of C2H2F2+ efficiency curve.
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