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I. Mass-Spectrometric Study of Vinylchloride, Vinylfluoride

and l , l Dif luoroethylene in the Vacuuni Ultraviolet
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The photcionization curven and the threshold finei'gies for thß

mole cuten ~:-iny l Chloride,, winy'Lfluoride, l, l-difl-uopoethylene and

ihe'ir ab-undant fragrnßnt 'i-ons have been measured u-itk synohpotpon

Radiation in the photon energy ränge f-pom 10 - 23 e.V. Appearance

Supported by the Deutsches Elektronen-Synchrotron DESY
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In t r öd u c t ion

Photoelectron spectroscopy using resonance line radiation is a cotivenient

technique for investigating the energy of atomic and molecular orbitals1» .

To excite valcnce levels of organic rnolecules, 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-

f ragmentation and photoionization processes are observable - -'.

Froin the appearance potentials, heats of formation of the ions and radical s

involve.d i n the photoreaction may be calculated and bond-di ssociation and

ionization energies obtained.

To get information about the yame fragments äs they emerge from different mole-

culcs, wc have studied vinylchloride, vinylfluoride and l , l difluoroethylene.

F~l uoroethylenes were the subject of several investigations using electron impact

with niass analysis0 - Experiments using photoionization techiiiques in mass

spectrometry have shown that the results of electron impact experiments are

often questionable.

S inee LiF Windows were uscd, carlier work on photoionization of ha logen deri-

vatives ot e trhyl ene was restricted to wavelengths greater than about 1040 A- »-'.

In the preseiit work we will represent photoionization efficiency curves of

p are n t ions and t he i r f ragments f rom the otiset region up t o a ho u t 23 eV.

The experimental arrangement comprises an electron-synchrotron äs lighL source,

an vacuum-ultravi ölet monochrornator and a quadrupole mass analyzer.
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Experimental Setup

The characteristies of the continuous spectrum emitted by the 7.5 GeV electron

accelerator DESY have been described in the l iterature1°. The light is emitted

tangenlially from the electron orbit. Over a distance of about 40 m towards the

monochromator the light is reflectedtwice (angle of iiicidence 83°) with the plane

of iiici dence lying perpendicular to the Synchrotron plane.

The monochromator operates in a modified Vadsworth mounting1*'^2 with the dis-

persion plane perpendicular to the Synchrotron plane (Fig. 1). This results in

an optimal resolution of 0.7 A 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 A and l m focal length was used, yielding a Linear dispersion of 7.5 A/mm.

The light transmitted through the ioiiization chamber was measured by couiiti ng

the photons emitted frorrs a sodium salicylate screen with a photomultiplier

(EMI 9502 S). The fluorescene yield of sodium salicylate is nearly independeiit

of the energy of the exciting radiation between 10 - 25 eV13. The first order

spectrum detected with this arrangement is shown in Fig. 2. The contributions of

second order radiation were esLimated from absorption edge measurements with

indium arid antimony filters in the first and second order. 1t amounts to about

O.-'i % at 800 X and 15 % at 1500 8 and, together with the scattered light, con-

tributes a wavelength dependent background ion current which was not corrected

f or.

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

preset indexer, onc Step being 0.27 A. The energy calibration was determined



to he correct within ±1.5 A by taking tlie photoionization spectra of 00 , N,-,

and some rare gasos.

Rehind the monoehromator exit slit the photon beao iraverses thc ionization

chamber which is 30 nun in width. The ions produced there are exLracte.d by a

repeller and focussed onto the 3 mm ^ entrance aperture of the quadrupole

ma.ss spcctrometer (Balzcrs QMG 101) with an elect ros La t i c. single lens System.

The elect ros tat i c potent ials werc adj ustcd to get maxinium ioii eH i ci ency wi thout

impairing the mass resolution. The nass analyzed ions were detected by an

channeltron multiplier (Rendix 4028) and eounting System (SEN 300), 10 - 500

counts/sec belng represcntative of norTiial operaling conditions.

Sample gase s were introduced in t o the ionization chamber a t pressures not higher

tlian about 10~ Torr. The pressure was moni tored by a precisi on membrane-vüeuum-

nie L e r (Da L ame L r L x) .

No correction was made for a iong term pressure decrease of about JO %; this

r csu l t s in a s l i ght Ly decreas i n g i oni z n t i on elf ici ency val ue i n t h t.1, l ow-

energy regi on. The loni zation chamber housing i s separated fr 0:11 the mono-

chromaior and Lhe quadrupole by a difforcntial pumping System. With two turho-

molecular pump s a pressure of about 10 -10 Torr can be mai n t a i n e d outside the

experimental arrangene[iL and the electronics arc giveti in Rclcrencos J

U'ith tiie l i o l p öl the knovn absolule pho toior. i zat i on cross secLions of Xc , Ar,

Kr, and Xe - an estimate of both the photon intcnsitv behind the uxit siit of

the nionochroma tor and the mass transml ssi on funct ion of the quadrupole was

obtained.
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the transmission for different raasses was determined to lie between about

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

our investigation is estimated to be within the limits 40 - 70 %.

Results

Figures 3 - 5 show the relative cross secti ons for production of the vinyl-

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

äs functions of the photon encrgy.

The curves represent the result of a graphical smoothing procedure containing

the digital data of several runs. The statistical error in the ion counting

i s about equal to four times the size of the points in Fig. 7 and 8. In

Table l, results from all ions are summarized together with their appearance

potentials and their relative intensity related to the total ion efficicncy

at 550 A. The mass intensities are not corrected for the slightly mass de-

pendent transmission of our quadrupole. For the parent ions the fi rst step

in the efficiency curve is deconvoluted with the monochromator slit function

to get the appearance potential. All data were taken with 150 y exit slits

yieldi ng about l . 2 A resolution. Most fragment-ion thresholds are taken äs

the point of intersection with the background count. The gases were research

grade materia]s obtained from Matheson Company. In their mass spectra» no

impurities of significance for this study were detectcd.

Discus sion

l . Appearance Potenfi als and Fragment Ion Ffficienci.es

Wien one of the higher molecular orbitals of a molecule i s ionissed a radical -

cation remains, containing, internal exe i tat ion energy E =1-1 , where I i s the

lowest ionization potential of the molecule.



- 6 -

In an isolated ion this excitation energy can be lost by radiative or disso-

ciation processes. In the latter case some of the energy i s used in bond

breaking, the rest appearing äs kinctic energy or internal excitaL-ion o i" the

products.

For the. pho toreact Ion

AB + hv - A++B+e,

the following relationship holds:

AP(A+) - AHf(A+) + AH (B) - AH, (AB) + K = D(A-B) + TP(A)+E,

with AP(A ): Appcarance potential of ion A

AHf(A ,B,AB) : Standard heat of formati on of A ,B,AR

D(A-B): dissociation energy of bond A-B

l P (A) : Ionisation potential of fraginen t A

Without a further investigation of the fragments, one is not able to deLe.rniine

tfie character of the excess energy term E either in our and other photoioni-

/,atio;i expe r i nie n L s . In the iiimiediate fuLure, our expe rinieutal arrangement will

be changed to permit the detection of fluorescent excited states too . Nevert.he-

Icss, photoi onizat ion threshoids permi t an aecurate detcrmination of a number

of t.hermochemi ca l quant i t ies since niany mass spectrometric-f ragmenLa L i o n processes

do n u L i nvo l ve excess ene rgy . Tb i s prob l eni i s d i scus sed i n de t a i l in sec t ion

T,-i-lc for Llie compounds inves tigated. 1.1 is possible to propose in niosL cases

f ragment at ion meehanisms hased only on energetic c.ons i derat i ons . The following

discussion treats t.hr energetic aspect of the data in table ! with respect to

the thermodynair.ic relation ci ted abovc . Wherc not o thcrwiso quotcd the energi es

of formation used are Laken frum reference 16. All da La refer Lo 298° K. The

corrections to he r.iade i'or f)° K data taken fron: the literature are mostiy within

the error l iir.it s cf the enthalpy data.



la. 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 potential1''.

Beyond Lhe second ionization potential two fragmentation processes begin,

one resulting in the elimination of the chlorine atom via

C?H Cl+hv' > C H -f-Cl + e. (1)

The Lhermodynamic energy equation applied to (1) yields

AP(C,1I +) = AH.CC H. + ) + AH^CCl) - AH_(C0H0C1)+E = D (C0H -Cl) +IP (Ĉ H,,) +E
2 j i 2 J l r 2 3 2 3 2 3

From the reaction C9H +bv -> C?H +H+e (2) measured by Berkowitz, Chupka and

Rafaey18, we find AH (C,,H ) to be 265±2 kcal/mole. The values AH (C9H Cl)

l , ( ' ' 1 ^ ^^ 9S Q l/i^al /mnl o ^Jr-H3 nunt-arl l TI t->i d 1 l= 5.2 kcal/mole and AH (Cl) = 28.9 kcal/mole are quoted in the literature -" » 1<J

From the cnergetic relali.on corresponding to reaction (1) and our AP(C9H ) we

obtain H-(C0H ) = 264+2 kcal/mole. From the dose agreement of these values
r / 3 —

we concl nde that excess energy i s prohahly not involved.

The pair lornation process C„H Cl+hv ̂  ̂ 9^-^ +^^- should Start about 3.6 e

l o wer and could 110 1 be detected.

Wl th the conf irmed value of /\ _ (C^H ) and the known heat öl formation of

C,}\1 , AH (C0H ) - 64 kcal/mole10, we find 1P(C2H ) - AHf(C2H ) - ÄHf(C2H3)

= 8.7-0.1 eV for the ionization potential of the viny Iradical . Beck"° re.ports

a directly deLe.rmined clcctron impact value. of 9.410.2 eV which seems Lo be

tuo high. If the ionization potential of the C.J1 radical i s taken to be

8.7 eV , we are also ab! e t o recalculate the dissociation energy D(C?H -H)

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

AP(C„H +) = 13.19 eV mentioned there, we arrive at D(C9H^-H) = 104±2 kcal/mole.
*. j / j

K i netic methods applied by Kerr21 yiclded the same value . Subtracting I (Ĉ H )

f rom the threshol d value of C^H^" taken in process ( l ) , we get the bond

dissociation energy D(C„K„-Cl) = 87±2 kcal/mole.



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

iiidicates that the fragmentation process may not take place in the afore-

mentioned (section T) way with the ionization äs the primary step. Both

fragmcntations in C H„C1 start hetween 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 markcd continuum of photoelectrons

in this region17. As we further exclude a pair formation process, we have to

assume that a neutral molecular state i s reached which autoionizes into an

ion s täte with suff i cient internal energy to decay.

As described in section II, we expect an excited state to lie in this region.

This assumption i s given further support by the s trong increase of the ioni-

zation cross section beyond the second ionization potential, whereas one

would expect a flat region if only dircct ionization were present.

We see no difference between AP(C„H ) and the appearance potentiai of the

C0H9 ion. The onset of the second ion ha s a long t all which inakes 11

difficult to estimate an accurate appearance potential for the reaction:

C.,H.C1 + hv > C,,H„+ + HCl + e (3)
Z J t- C.

The AP(C„I19 ) determined in this HC1 elimination process viel ds the he a t

+ +
of formation of C9H? äs AHf(C9H ) = 315_4 kcal/mole. Within the error

limits this vnl.ue agrees with All (C0H ) = 317.2 kcal/mole determined frotn

Hf(C2H,; + ) = AHf(C?H9) + Ip(C2H2) = 54.2 f 263.1 kcal/mole1'• ,:":: = 317 kcal/mole (4)

with the 1P(C H ) from the photoionization of C9H .

We therefore conclude that (3) describes the formation of the aceLylene

sr.ructure of HCCI1 , the 11 and the Cl atom in the unimol ecul ar transJLi'on

state being f roni neighbouring carbon atoins . At 550 A we also detected the

fragments C,,H9C1 and C^HCl with an intcnsity considcrably lower than that

of the measured ions.
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T.b . Viny If luor i de

The ionization potential nf vinylf luoride was determined to be IP(C9H F)

= 10. 3 5 '0.0 1 eV, a value somewhat lower than the photoelectronspectroscopi c

resulL of 10.37 eV-'. At higher photon energies we observed four fragmen-

tation processes. Tu contrast to C H„C1, the elimination of a hydrogen atom

together wi t_h the f luor ine loss i s the most intense decomposi tion process :

C2H3F "*" hv ~* C2H9F+ + H + e (5)

A comparison with other saturated and unsaturated hydrocarbons^ » 1 8 indicates

that the frequency factor for breaking the OH bond is considerably larger,

presumably due to par ti cular bonding properties of the hydrogen within the

CHF group. With AH (C2H F) = -28 kcal/mole73 and AHf(CH2CF+) - AP(CH CF+)

- ÄHf(H) + AH (C0H F) we find the heat of formation of CH CF+ to he 234.5 kcal/mole,

This i s in good accord with the value determined f rom process (9) in

C?H?F in which the same f ragnient ion i s invol ved . From this we conclude

agai.n that the el i mi nnted hydrogen s t eins f rom the CHF group of the molecule .

The correspondence beLwee.n the peaks in the yield curves of C9H„F and

C9H F a L abouL 16.6 eV indicates that the same molecular states are initially

bcing excited and then decay by auto ionization followed by dissociation for

t hose autoionized molecule. s having suf f icient internal energy .

The bond rupLure. whereby CH^CHF l oses a f luor ine atom

(6)

give.s, with AP(C?H ) = 13.84+0.04 eV, the heat of formation of the vinyl

ion AI! (C2I1 +) = 271 kcal/mole.

This value is 6-7 kcal/mole higher than that based on the formation of C„H

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

energy Lern in (6). There may also be an error in the literature with regard
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to AH-(C9H F) because other heats of Formation quoted there are known to be not

reliablc. ßut we think it permissable to use this value ncvertheless because of

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

AP(C9H ) and 1P(C H„) we may compute D(C2H«-F) from the relation

to be Less than l 19 kcal/mole. This establishes the interral consistency of all

data used äs, on the other band, one may calculate, independent of AP (C H )

in O),

D(C2H -F) = ~ AH (C H F) + AHf(C2H ) + AHf(F) = l H ±3 kcal/mole ;

L he difference of the. t wo dissociation energy values i s öl: tbe same o r de r öl

rr.agnitude äs that stated for AH (C H ).

The ions C HF and C II have lower appeararice potentials than the parent-

minus-hydrogen respectively pare.nt-minus-f luorinc ions . There füre they must be

formed by a uni molecuLar direct H of HF spl i L from the parent :
^

C?1I F + hv - C2Iir+ + H0 + e (7)

In the absence of internal rearrangement , the structure of the t ran s i t ion

sLate then de. Lenni ne.s the structure of the rcsulting ion , HCCF o r CG ,
r

t o r wh i ch we calculate the heat of formation to be AH (C?HK ) = 288.4 kcal/mole .

liy use of the pho toelectronspectroscop i cal ly determined IP(CHCF) = 11.26 eV/lf

naJ AH (HCCF) = 25.5*2.5 kcal/mole es t imated from an el e. ct. von impact s tudy : ,

one ob t a Ins All (CIICF ) = 285.2 kcal/mole. The agreement of thi s and our value

indicates that, unless there is merely fortuitous agreement , the fraginentat ion

we observe produces the acetylene structure HCCF and l ittlc i f any excess energy

is invo'lved. This result, the IOSK of HC1 fro:n C?H Cl (see above) and of HQ from

C0H cxamined by Bö 1 1 er et a l . " ' , provide some support for the assumpt ion that

processes invo J ving the l oss of a molecul e do not a l ways proceed over a po tential



harrier. The corresponding HF-elimination reaction

C7!t F + hv -> C2H2+ + HF + e (8)

involves only well known thermochemical data. Based on AP(C-9H ) = 13.51 ±0.02 eV

we calculate £H (C H? ) = 348.5 kcal/mole, this value being considerably higher

than the value 317.2 kcal/mole cstablished in (3) and (4). The difference of

31 kcal/molc can be taken äs an upper limit of the activation energy for the

UF-splitting Irom C,_,H F. Analysis of the HF-elimination reaction in CH?CF9

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

nia te v a l i di ty of this result.

The onset öl i oni zation i s located a t 10.29;0.0 l eV in good agreement with

L he. adiabatic ionization potential 1P(CH9CF,,) = 10.30 eV found in Ref. 17.

A L h i ghf.r e n er g i es we ohserve four simple bond rupture f ragmentations , the

f fr st produeing a fluorine atom by the process:

Ch CF,, + hv • CH0CF+ + F + e (9)

Tlie value of ,M1 - (CII CF.,) = -80 ' 2 kcal/mole. was obtained by averaging the

var i ous v a l HGs givon in reference 28. Us ing this value the hea t of fornat i on

of Ch0CK was found to be AH (CH CF ) - 235.3 kcal/mole, in agreement with

the v a lue obtn i ned f r o m (5) . Wc conclude that no excess energy I s invol veci

i n h n t h rear. 11 ons .

Tak i n g r. he process

CH0CF„ + hv >• CHCF* + 11 + e (10)
2. L. z

we derive an upper lini t for the heat of formation of CHCF? , /H (CHCF )

• 496.5 l kcal /mo i e äs i t i s not clear i f we here observed ehr t nie. ad i ahatic

thrush'; l d o r not .
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+ •
As is clearly seen from Fig. 5 the magnitude of initial rise in the C2H ion

+ •
yield is approximately equal to the magnitude of the decrease in CH CF inten-

sity. We conclude that the overall reaction for this process can be written

CH2CF + hv - CH CF + F + e -* C^ + 2F + e

Wi th the observed appearance potential AP(C9H ) = 19.08 eV, we obtain

AH (C H ) = 322,2 kcal/mole which is 5 kcal/mole higher than the value derived
i ^2.

from the photoionization of C H (Process (4) ). This difference may be due to the

very s Low rise in the Lhreshold region. But one also could assume that in the

f ragmentation process C H^ i s f ormed in a state described by the geametry

H CG and not in the acetylenic structure HCCH . Calculations on the energetic
^

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

ef f iciency curve of C H is observed . This co i neide s with the beginning of the

f i f th ionization potential of CH CF , the vertical t r ans i t ion of whi ch i s

located at 19.68 eV]7.

A similar increase with different intensity can be seen in the CF , CH F and

+ - . . . . . . .
CH ef f i ciency curve s . This is explained by the higher internal exe i tat ion

energy of the parent ioii when ionization of a higher orbital is achieved.

Correspondingly , the bonding proper t ies with i n the molecular ion may be alte red.

Then a change of the reaction rates for the different f ragmentat ions may occur.

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

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

CH?CF and CFH efficiency curves in the neighbourhood of the energy of the

fourth vertical ionization potential at 18.22 eV. In contrast to C^HCl and

C9H-F, the C^C bond breaking process in CH0CF0 occurs with a rate sufficient

to be detected and measured in our mass spectrome ter :

+ (12)
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The thermochemical data, TP(CH ) = 239.9 kcal/mole29 (which supposedly

refers Lo Lhe triplet ground statc of CH9) and AH (CIU) = 92.1 kcal/nole16,

are well established; added, they result in AIlf(CH ) = 331.9 kcal/mole.

Equation (12) then yields AH (CF«) = -20.1 kcal/mole. This value lies within

the wide L i m i t s , -5 ta -45 kcal/mole, available in the l iterature~°. Taking

Lhe electron impact ionizatlon potcntial of the CF0 radical to be 1 1 . 7 eV,

Walter et al.- conclude AHf(CF„) = -43.4 kcal/mole from the photoionization

process

C,;F4 + hv - CF2 + + CF,; + e. (13)

II we instead use our value for All (CF,>) and the AP(CF ) from (13), we

arrive at IP(CFV) = 9.74 eV. The great discrepancy indicates tbat both the

value for l P (CF„) and AH (CF~) must. be accepted with caution. However, one

may conclude • •' , by analogy with the stabil i zing ef f ect of F-atoms o n the

CH F+, CHF9+ and CF + ions, that IPCCF«) is lower than TP (CH ) = 10.396 eV?°'.

Wc think therefore our value to be the more reliable one. The formation of

+ .
CH ̂  iias t o r.onipe t r. with ± ragment a 11 on proces ses starting at lower energies .

In thi s caso the statistical thcory of mass spectra' - predi ets a slowly

risiiig eTficiency curve witli s o nie curvature and vanishingly small ion inten-

sitics at energies apprcciably above the theorctical appearancc potential.

üuc to the low energy Lail of the CH efficiency curve we may not exclude

this possibility. In terms of fragmentation following the transition to a

steeply rising repulsive CH..;CF state the high-energy shift of the CH onset

may be ascribed to kinetic energy of the Fragments.

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

yields

D(CH =CF0) = AP(CHn+) - IP(CH„) < 152 kcal/mole,
2 2. 2 <̂ - ~~

äs compared to Lhe electron impact value of 125 kcal/mole41. The great

d i : *. ere:ice agai r. indicates L ha L the p r ob l em of an accurate de terminat ion



of the C-C dissociation energy in ethylene and its derivatives by photo-

dissociative ionization is not yet solved. Bue 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 potentiai of all frag-

mentations in CH_CF„:

GH CF + h v -̂  CHCF + HF + e (14)

With AP(CHCF+) = 14.18 eV we obtain AH (CHCF+) = 312 kcal/mole which is in

disagreement by 25 kcal/mole with the average value derived from C H F and

CHCF (see above) . This excess energy again is explained in terms oJI acti-

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

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

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

H 4- + +
process (8) may be CG or HCCH , we are sure to get acetylenic HCCF ions

H

in (14) • Taking it to be true that the excess energy of 5 kcal/mole in

H +
reaclion (11) is due to the formation of Lhe state CG , thcre is strong

H

indication that the higher activation energy for HF eliminat ion from

C H F also refers to the formation of CCH .

The CF and C H F ions are assuned to be formed by the rearrangcment pro

C112CF2 + hV ̂  CF + CH2F + e (15*

and

CH CF9 + hv - CH2F + CF + e (l 5;

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

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

AHf(CF) = 62 kcal/mole32 and (16) we get AH (CH F"*") = 200 + 3 kcal/mole. By
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photoionization Walter et al. rj determined the heat of formatiert of CF+ to

bc about 275J. l kcal/mole at room temperature. Taking (15) we arrive at

AHf(CH?F) - -11 kcal/mole. The IP(CH F) may then be estabi "l i shed to be

9.16'0.02 eV which is in resonable agreement with the electron impact valuc

of 9.35 eV- i J. The difterence of 0.08 eV between the appearance potentinls

of CF and CFH can be ascribed to the different ionization potentials

according to

AP(CF+) - AP(CFH2+) = AHf(CF+) + AHf(CFH2) - AHf(CH F+) - AHf(CF)

= TP(CF) - IP(CH2F)

We get iP(CF) = 9.24 eV in good agreement with the value 9.23 e.V determined

by photodissociative ionization of C~F. "',
2 4

II. Parent Ion Efficiency Curves

In the tollowing we w i l l discuss the structure in the pho toioiiiza t ion effi-

ciency curves of C,?H Cl, C H F and C„H F in terms of vibrational and elec-

tronic cxcitation of the ion äs well äs autoionization from neutral excited

The threshold law Lor direct photoionization is known to be approximately

a Step function; , each sLep indicating Lhe exisLence of an isolated elec-

tronic s täte o r the parent ion. Excited s täte s of that kind are observed only

if the in L e mal enerp,y of the ion is insufficient to decompose the ion or

the f ragmentat ion takes a longer Lime than the 10~k) seconds character i s t i c

for the entering of the ions into the mass spectro:neter. In Fig. 7 and 8

+ + . . . .
the onset region o f C^H F and C^H F is given. A comparison with the vi-

brationäl fine structure in the photoelectron spectrum clearly indicates

the steps to be transitions into vibrational excited states of the ions.

The first step corre.spon.ds to the adiabatic ionization potcntial of a
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T(C=C) electron in each case, In correspondence with the photoelectron spectrum,

the CH CF efficiency curve exhibits all excited levels of the C=C stretching

Vibration. Where we found v(C=C) = 1535 cm"1, the vibrational structure in the

photoelectron spectrum gives 1605 cm"1.

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

in contrast to ionization out of higher orbitals in C„H„F and CH„CF„. Corre-

spondingly, this first excited ion state of vinylchloride is the only one to be

identified äs a step in the C^H-Cl efficiency curve. Similar Steps are not

scen beyond the ünset region in the C„H F and CH CF efficiency curves.

Figures 3 - 5 present a different type of structure, rather pronounced peaks

which have to be identifi ed äs 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. H9CO 3'*) and can be understood in terms of autoioiiizi ng Rydberg states

converging to higher ionization potentials. Our results give clear evidence

of this mechanism only in the case of vinylchloride, äs i s shown in Fig. 6 in

detail. A comparison of the parent ion efficiency curves indicates that auto-

i oni zation i nvolvi ng rather broad molecular bands dominates äs was also found

for other molecules"'-1. This prevents addi t i onal ly the observation of any

steplike behaviour. Those Rydberg states of C H Cl 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 äs the Cl-3p ionization potential, we ordered this

series according to the Rydberg formula:

v = IP - R/(n-6)2

The quantum defect 6 was determined by averaging the o-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 C9H~C1 and

fluorinated ethylenes6; this discrepancy may be due to our better experimental

coiiditions (higher resoiution, continuum light source) ,

In their photoelectron spectrum, Lake and Thompson assigned two vertical

ionization potentials at 11.72 and 11.87 eV äs originating from the Cl(3p)

a1 and a" electrons-!. Üur results tend to confirm the assumption of Klasson

and Manne-"1 ' that the two close-lying s tates belong to the same electronic

state. They calculated the chlorine 3p lone-pairs, one in the plane of the

molecule (a' or TT ' ) and one perpendicular t o this plane (a11 or TT) , to be

separated by about l.3 eV. We then associate the step to be seen in the ioni-

zation ef f iciency curve with the 3p (aT) orbital. This assignraent agre.es with

the photoelectron spectrum of Robin et al.36 who located the 3p ionization

at l l.66 eV. Corresponding Rydberg series converging to the fluorine 2p orbi-

tal s lying at 17.4 eV in the atora 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 a-bonding of the molecule39. Excited states may

then be described äs broad valence shell states rather than äs 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 ioni zation efficiency curve. An example of a low autoioni-

zation probability was presumably found by Chupka et al.18 concerning Rydberg-

series converging to the first excited state of the ethylene ion.

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

due to fast predissociative processes» i.e. lifetimes being at least of the



order 10 ^ 3 sec.

Then neither the parent ion nor the resulting fragmentation efficieney curve

would give c.lear indication of sharp absorption, As stated above the origin

of broad bands is thought to be due in most cases to transitions fron higher

clectronic orbilals to the first vacant orbitals of r or o type. We there-

fore tried to combine the energetic position of these transitions with the

aid of the known orbital energies17 and the TT -»-r transitions to be found in

the u l traviolet 38 j 3'3 according t o

E - AE + (TI - TT)

AE = I(-n-orbital) - I(higher orbital) .

The ^ < T transition energies were taken to be 6.7 eV (C~H Cl) |J, 7.44 eV

(C0H F) and 7.5 eV (CH0CF0)3B. All symmetry-allowed transitions of interest
s- J 2. ^

are sumniari zed in Table 2 together with the ioniza t ion potent iaLs measured

by Lake and Thompson.

As i t is impossible to take the various Franck-Condon factors into aceount

when joining the different energies, the reliabilily of F, and AE dctcrmined

in tli i s way may not be vcry good. Although some agreenenL is seen in all

speetra, Lhe most prominent band in CH CF„, occuring ncar 14 eV, cannoL be

explained. For all compounds the structured region i s fo Liowcd by a slow

decrease of the photoionization cross section starting at about 20 eV. As

was observed in the absorption spcctrum of other bydrocarbons12' 'f ü, Lhe total

absorption cross section decreases beyond the valence shell region too.
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Table l : Appearance potentials of C?H„C1, C„H F and 1,1-CH^CF

compared with electron impact values from References 6,7

lun Mas s
AP [ eV

tbis work

62 9.99±Ü.Ü1

27 12.4810.04

26 12.4710. ]

37

50

13

1 H F
2 3 46 10.3510.01

45 13.6410.02

44 13.7210.02

27 13.84+0.04

26 13.5110.02

- / 10.45

14.10 / 14.02

14.10 / 14.04

14.47 / 14.38

- / 13.73

22

31

C,HF

64 10.2910.01

63 15.8010.04

45 14.3710.02

44 14.1810.03

33 14.8410.02

31 14.92+0.02

26 19.0810.03

14 16.9910.02

10.32 / 10.45

- / 16.67

14.80 / 14.80

14.42 / 14.44

15.28 / 15.08

1 5 . 1 6 / 15.23

- / 19.78

- / 17.8

22



Table 2: lonization potentials determined by photoelectron spectroscopy

and calculated transition energies in the VUV

IP [eVJ

vertical adiabatic

C H Cl 10. 18 10.00

11 .72

1 1 .87

13. 14

13.56

15.39

3 6 . 3 1

18.76

C2H F 10.58 10.37

13.79

14.51

3 6 . 7 7

17.97

C H2F 10.72 10.31

14.79 14.06

15 .73

18.22

19.68

12.09

13.01

15.46

1 1 .58

13.84

15.04



Tabie 3 Rydberg series in the photolonization spectrum öl

vinylchloride (energies in eV)

np nd

0.82 0.48 0.17

n

4 10.28 10.54

5 10.86 10.98

6 1 1 . 1 5 1 1 .20

7 11 .29 1 1 .35

8

10 .72

1 1 .05

1 1 .25

1 1 .36

1 1 .43

l l .647
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Figure Captions

Fig. l Schematic diagram of the apparatus (TMP 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 photoinultiplier , 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 A blaze)

( l ) grating l , new

(2) grating l , 16 months in use

(3) grating 2, new

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

Fig. 3 Ionization efficiency for C„H Cl , C„H and C?H from

C9H~C1 . The cross sections are relative to one another. The

arrows indicate ionization potentials taken from Ref. 17.

Fig. 4 Ionization efficiency for C2H3F(46), C2H2F(45) , C2HF(44),

and CH+(26) from C H F

Ionization efficiency for C H F (64) , C2HF (63) , C^H^F
F i g. 5

C7HF+(44), CH F+(33), CF (31.), C9H """(26) and CH +(14) fromz* z. £. z. £.

Fig. 6 Onset region of C„H Cl efficiency curve.

Fig. 7 Onset region of C„H.F efficiency curve.

Fig. 8 Onset region of C^H^F^ efficiency curve.
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