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ABSTRACT

A PHOTOIONIZATION MASS SPECTROMETRIC STUDY

OF ACETONITRILE AND ACETONITRILE-d3

By

Gary William Ray

Due to its importance as an interstellar molecule and

the paucity of vacuum UV spectral data on nitriles, aceto-

nitrile has been studied by means of photoionization mass

spectrometry (PIMS). Its deuterated analog, D3CCN, has been

included in the study to aid in the data analysis. The

photoionization efficiency (P.I.E.) curves from threshold

2*, 3+ and D3CCN+

resulting from the photoionization of acetonitrile and

to 600 X of H3CCN+, H2CCN+, HCCN+, CH CH

acetonitrile-d3 have been determined for the first time.

Their appearance potentials have been determined and also

2+ and CD3+. The appearance po-

tentials of the deuterated ions as well as that of CH3+

have not been reported heretofore. An autoionizing Rydberg

those of D2CCN+, DCCN+, CD

series has been observed in the P.I.E. curves of H3CCN+

and D3CCN+ and assigned to an nso series converging to the

AZA excited state of the parent ion. All of the fragment

1

ions studied have appearance potentials that lie between

the thresholds of the A2A1 and §2E state of the parent ions.



Gary William Ray

At lower energies they appear to be formed by the predis-

sociation of autoionizing Rydberg states. However, after

the energy of the exciting light has reached the threshold

of the E2E state of the parent ion the fragment ion P.I.E.

curves rise sharply, indicating that most of their intensity

is the result of the predissociation of this state. Fin-

ally, the appearance potentials reported here have been

used to derive several thermodynamic parameters.
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CHAPTER I

INTRODUCTION

The presence of several molecular species in the

galactic environment (e.g., interstellar nebulae and stel-

1 As detec-lar atmospheres) has been known for some time.

tion techniques have improved, more molecules of increasing

complexity have been discovered. Recent theoretical and

laboratory work has interpreted a newly discovered set

of radio frequency spectral lines as belonging to a mole-

cule with an eleven carbon backbone. These discoveries

have naturally led to many investigations into the nature

of interstellar chemistry.2 The energy source for inter-

stellar chemical reactions is still not well understood.

At the average temperature of interstellar nebulae (about

100°K) most neutral—neutral reactions are inhibited as

their potential energy surface barrier heights exceed the

available thermal energy. Moreover, photodissociation

and photoionization must be ruled out as the available

ultraviolet light from nearby stars is heavily attenuated

8 particles/cm3)by the material of the dense (about 10

nebulae in which the more complex molecules have been dis-

covered.3 Recently, a new quantitative theory of inter—

stellar chemistry has been developed by Herbst and Klemper-

er.)4 They suggest that the driving force of interstellar

chemistry is ionization by cosmic rays. A substantial

l



cosmic ray flux is provided by stars nearby to or imbedded

in the interstellar nebulae. Significantly, this flux is

not attenuated by the nebular material. Since the initial

step in this model is ionization by cosmic rays, one would

expect interstellar chemistry to be predominantly ion-

molecule reactions with the rare exception of a neutral—

neutral reaction of low activation energy. Herbst and

Klemperer have shown that their model can account for

most of the molecules so far discovered in interstellar

space. In order for the theory to receive a quantitative

test, the thermodynamic parameters (e.g., heats of forma-

tion, bond dissociation energies, electron and proton

affinities) associated with each ion and molecule in a

given ion-molecule reaction must be known. The technique

of photoionization mass spectrometry (PIMS) is one of the

best and most widely used methods employed to determine

such parameters.

It is not my intention here to provide more than a

brief review of PIMS, since there are several fine,

though somewhat dated, reviews available.5’6 However,

I wish to provide enough basic information to allow the

reader to follow this dissertation without undue effort.

As is well known, the mass spectrum of any molecule is

comprised of the molecular (parent) ion and several frag-

ment ions — provided that the energy of the ionizing

radiation is sufficiently large. In order to derive the



aforementioned thermodynamic quantities, it is necessary

to measure the energy thresholds for the formation of the

parent ion and each of its fragment ions. This requires

a mass spectrometer that is capable of accurately measur-

ing the energy dependence of the cross section for the

formation of each of the ions. This has often been ac-

.complished with an instrument equipped with an electron

bombardment source whose voltage can be accurately varied.

A photoionization mass spectrometer performs the same task

with improved energy resolution with a continuum source

of vacuum ultraviolet radiation and a vacuum monochromator.

The photoionization cross section, 0 is defined as the
is

number of ions produced per absorbed photon or

01 E oNi/(IO - I), (l)

where o is the absorption cross section, Ni is the number

of ions produced per second, I0 is the incident photon

intensity and I is the transmitted photon intensity.7

Actually, a PIMS instrument is incapable of measuring 01

since vacuum monochromators are only single beam instru-

ments. In addition, the difference between IO and I would

be very difficult to measure anyway as the absorption

cross sections in the vacuum ultraviolet region are very

small (10"18 cm2 or less). Consequently, a quantity called

the photoionization efficiency is measured for each ion



as a function of wavelength or energy. The photoionization

efficiency (P.I.E.) is defined as the number of ions formed

per transmitted photon or

P.I.E. s Ni/I. (2)

It has been shown that for sufficiently low pressures

(where I/IO is at least 90%) the ratio of the P.I.E. to

8
ai is nearly unity. A PIMS instrument is somewhat less

useful for routine structural, qualitative and quantita-

tive analysis than its electron bombardment counterpart due

to the relatively low intensity (fl? most sources of vacuum

ultraviolet continua. However, the use of photoionization

gives this technique two distinct advantages over conven—

tional instruments in the type of study of interest here.

First, as mentioned earlier, thermodynamic data on a

molecule and its photofragments (both charged and neutral)

may be derived if the energies at which a molecule's frag-

ment ions appear are known. The derivation of such quanti—

ties will be discussed in more detail later. Obviously,

the more accurately one determines these thresholds, the

more accurate will be the resulting thermodynamic quanti—

ties. Under favorable conditions, the energy resolution

in a PIMS experiment may be as high as 0.001 eV due to

the wavelength resolution available from vacuum mono-

chromators. This is two orders of magnitude better than



the best results attainable with an electron bombardment

mass spectrometer, since the resolution of electron bom-

bardment sources is always limited by the kinetic energy

distribution of the electrons leaving the heated filament.

A second advantage of PIMS is that the thresholds for

direct photoionization and ionic fragmentation are much

easier to observe than in the case of electron bombard-

ment. It has been shown that the cross section for direct

ionization is related to the energy of the ionizing radia-

tion in the following way:

Oi a En—l (3)

where n is the number of electrons leaving the collision

complex.9 The cross section for ionization by electron

impact thus displays a linear, slowly rising dependence

on the electron energy, because two electrons leave the

collision complex. The onset of ionization is often dif-

ficult to observe, because the cross section is nearly

zero at threshold. However, the cross section for photo-

ionization is constant and has a finite value at threshold

(i.e., it is a step function). This makes the direct

photoionization threshold relatively easy to observe.

The thresholds for higher energy processes (transitions to

excited vibrational and electronic states of the ion)

are then superimposed upon the constant direct ionization



cross section (P.I.E.). However, other factors may inter-

vene that complicate this obviously ideal case. Since

photoionization is a vertical process, the relative in-

tensities of the observed transitions are controlled by

their Franck-Condom factors. In those favorable cases

where the ionic ground state geometry does not differ sig—

nificantly from that of the neutral molecule, one of the

vertical transitions will also be the adiabatic transi—

tion. The adiabatic transition is between the ground

electronic, vibrational and rotational state of the neutral

molecule and the ground electronic, vibrational and rota-

tional state of the ion. However, in some cases the Franck-

Condon factor for this transition may be so small that it

is observed as an exceedingly weak step or is totally ab-

sent from the P.I.E.10

A further complication may occur when neutral molecules

in excited rotational or vibrational states are photo-

ionized. The result is usually weak structure (hot bands)

below the energy of the true vertical transition from the

molecular ground state. Rotational hot bands are usually

diffuse and structureless as the rotational levels are too

closely spaced to be resolved by most PIMS instruments.

Vibrational hot bands often appear as fairly well defined

steps. Either type of hot band masks the position of the

actual threshold. Cooling the sample will, in most cases,

remove such structure.



As mentioned previously, the thresholds for transitions

to excited states of the ion will be superimposed on the

P.I.E. curve for ionization to the ionic ground state at

energies above the first ionization potential. However,

these thresholds are often obscured by additional struc-

ture that is also superimposed on the P.I.E. curve. In

addition to its valence electronic levels, every molecule

displays many sets of Rydberg levels at higher energies.11

As in the case of hydrogen, some of the Rydberg levels

occur in series that converge to the first ionization

potential of the molecule. However, in the cases of

molecules and many—electron atoms, other series converge

to excited states of the ion as well. Necessarily, some

of these Rydberg states occur at energies above that of

the first ionization potential and are imbedded in the

first ionization continuum, and the corresponding wave-

functions are actually mixed Rydberg and continuum wave-

functions.12 Thus, electrons excited to these neutral

molecule states may "cross over" to the continuum and

leave the molecule. When this occurs, "autoionization"

structure will appear on the P.I.E. curve. This structure

is not observed in those cases where predissociation of

the Rydberg states (leading to neutral fragments) depopu-

lates them faster than the autoionization rate.

Fragment ions are formed when the energy of the ioniz-

ing photons exceeds the first ionization potential suf-

ficiently to cause dissociation of the parent ion.13 If



we photoionize a molecule AB, where A and B are atoms or

groups of atoms, two fragment ion forming processes may

be obServed, dissociative ionization

+

AB + hv = A + B + e' (A)

and ion pair formation

+ _

AB+hv=A +13. (5)

Generally, fragment ions are formed by the ionization and

excitation of a molecule to an excited ionic state or to

an autoionizing Rydberg state followed by predissocia-

tion.lu In some cases, the state of the parent molecular

ion reached by photoionization may have a repulsive po-

tential surface. Either situation precludes the observa-

tion of step-function like onsets for fragment ion forma—

tion. Hot rotational bands may also serve to mask the

threshold further. Kinetic factors may be at work here

as well. Most ionic fragmentation processes have a minimum

"activation energy" that must be exceeded. This is termed

the "kinetic shift". The presence of the kinetic shift will

cause the measured fragmentation threshold to be higher

than the true thermodynamic value. These factors often

prevent precise determination of ionic fragmentation

thresholds. Consequently, the values reported are termed



"appearance potentials". If the kinetic shift is not large,

the appearance potentials can be reported with known limits

of accuracy. If the kinetic shift is large, the accuracy

of a reported value may be questionable and will at best

be an upper bound to the actual value.

Once the ionization potential and fragment ion ap—

pearance potentials of a molecule have been determined, the

values may be incorporated in thermodynamic cycle calcula-

tions (along with other data) to derive thermodynamic quan-

tities of interest. As an example, let us consider the

dissociative ionization of our general molecule AB:

AB + hv = A+ + B + e‘. (6)

The appearance potential of A+ (AP(A+)) corresponds to the

heat of reaction for this endoergic process. When the ap-

pearance potential is corrected to its 0°K value, we may

write

+ +

AP(A ) = AHf(A ) + AHf(B) — AHF(AB), (7)

since AHf = AGf at that temperature. If any two of the

heats of formation are known, the third can be determined.

In addition, since

AHf(A+) = AHf(A) + IP(A), (8)



10

where IP(A) is the ionization potential of the fragment

A, Equation (7) becomes

AP(A+) = AHf(A) + IP(A) + AHf(B) - AHf(AB) (9)

or

AP(A+) = IP(A) + DO(A-B) (10)

where DO(A-B) is the energy of the A-B bond. Other quan-

tities may be derived depending upon the data obtained

and the thermodynamic data available in the literature.

Acetonitrile was chosen as the subject for this inves-

tigation for several reasons. It has been discovered

in interstellar nebulae. It provides an interesting

problem in mass spectrometry (as will be seen in Chapter

III). In addition, very few data exist in the literature

on nitriles despite the fact that they are an important

class of compounds.15



CHAPTER II

EXPERIMENTAL

A. The Instrument

The Michigan State University PIMS apparatus and its

associated data acquisition equipment have already been

described in great detail.16 A general description of

the instrument is sufficient for the purposes of this

dissertation. During this discussion the reader should

refer to the diagram of the MSU PIMS instrument in Figure

II-l.

Vacuum ultraviolet radiation is produced by a Hinter-

regger-type discharge lamp (LP). For the experiments des-

cribed here, the well known Hopfield continuum of He and

pseudo-continuum of H2 were employed. They were excited

by high voltage pulsed D.C. and high voltage D.C. dis-

charges, respectively. The Hopfield continuum provides

usable light intensity in the region from about 600 A to

1000 A. The H2 pseudo-continuum provides usable intensity

from about 930 A to 1800 A. For the purposes of obtaining

mass spectra, a D.C. discharge through low pressure He

(about 1 torr) was used to produce the intense HeI atomic

resonance line (58A.32 A or 21.218 eV). As the lamp must

be operated in a windowless configuration, two stages of

11
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differential pumping are provided. Pump P1 is a 300 l/sec

Roots-type blower and P2 is a 300 l/sec four inch dif-

fusion eJector pump.

The radiation from the lamp is dispersed by a McPherson

225 one-meter near-normal-incidence monochromator. The

concave diffraction grating (GR) is aluminum coated with

a MgF2 overcoating, blazed at 1200 A and ruled with 1200

lines/mm. It provides a reciprocal linear dispersion of

8.3 A/mm. With 100 micron entrance and exit slits (as

used in most of these experiments) it provides a resolu-

tion of approximately 0.83 A or 0.010 eV at 1000 A. Three

different entrance slits (EN) are mounted on a disk that

is rotatable from outside of the apparatus by means of a

vacuum tight feedthrough. Similarly, one of four exit

slits (EX) may be chosen by means of a hand operated sprock-

et-and—chain drive that actuates a rack and pinion. The

exit slits are mounted on the vertical rack and are moved

up or down by means of a knurled knob outside of the vacuum

chamber that is connected to the main drive sprocket. The

monochromator is evacuated by an 1800 l/sec six inch oil

diffusion pump, P3.

The light emerging from the exit slit passes through

the ion source (IS). A drawing of the ion source appears

in Figure 11-2. It is basically a simple ambient tempera-

ture ion source machined from 311 stainless steel and

mounted on the exit slit holder which is electrically
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insulated from the rest of the monochromator. The ion

source is fitted with entrance and exit slits that are

wide enough to allow the uninhibited passage of the light

beam. For future experiments, the exit slit should be

made narrower to allow for higher sample pressures while

maintaining a low background pressure in the vacuum cham-

ber. Of course, photoelectrons would be produced by the

light striking the interior of the ion source. However,

these can be trapped by placing a small metal plate, elec—

trically insulated from the rest of the ion source, below

the entrance slit. A small positive potential on the plate

will attract the unwanted photoelectrons.

Ions formed in the ion source exit through a circular

aperture transverse to the light beam. The diameter of

the aperture may be varied and is covered with a fine gold

coated mesh (90% transmissivity) to insure a uniform poten-

tial within the source itself. The ions are pushed out of

the ion source by a positive potential placed on the repeller.

In most PIMS instruments the repeller is a simple flat

plate that is electrically insulated from the rest of

the ion source. One PIMS research group has designed a

focused repeller, which consists of a metal plate bent

into a modified U-shape.l7 However, this did not provide

effective focusing of the ions as the repeller voltage

could be varied by $0.5 volts without any change in the

measured ion intensity.18 In view of the many analogies
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between charged particle and physical optics, our repeller

has been fashioned in the shape of a spherical mirror.

The repeller is a 311 stainless steel plate with a spheri-

cal depression machined into one face. The focal point of

a spherical mirror is on a normal to the mirror's surface

at a distance of R/2, where R is the mirror's radius of

curvature. Consequently, the radius of curvature of our

repeller is twice the distance from the repeller to the

first element of the mass filter lens system. This seems

to provide a closer approximation to a truly focused system

as a variation of i0.l volts or less will cause a signi-

ficant change in the measured ion intensity.

Sample gases are introduced by means of a stainless

steel tube entering behind the repeller. An identical

tube leads out of the ion source, transversely to the

inlet tube, to a capacitance manometer that monitors the

sample pressure.

After passing through the ion source, the transmitted

photons are detected by the photon transducer (PT). For

these experiments, the transducer is a sodium salicylate

phosphor - RCA 8850 photomultiplier system. The vacuum

ultraviolet radiation is absorbed by a thin layer of sodium

salicylate deposited on a quartz disc. The excited phos-

phor in turn fluoresces in a wide band whose peak intensity

occurs at approximately A200 3. The fluorescence is con-

ducted down a Lucite light pipe that Joins the quartz
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disc to an RCA 8850 photomultiplier in a Pacific Photo-

metrics thermoelectrically cooled housing. The advantage

of such a system is that sodium salicylate has a nearly

constant quantum yield from around 200 A to 1200 3.19

Since the photomultiplier tube is always presented with

light of the same wavelength, there results a detection

system whose sensitivity as a function of wavelength is

constant. This is in marked contrast to the other detectors

that are often used, such as bare photomultipliers, electron

multipliers and simple photocathodes whose sensitivity

varies considerably with wavelength. Accordingly, they

must be calibrated with the sodium salicylate phosphor-

photomultiplier detection system. However, the latter

system has its shortcomings as well. It is sensitive to

the near ultraviolet and visible light that is produced

by our lamp, which is scattered, undiffracted, off the

grating. This produces a large background photon signal.

Moreover, photomultipliers are much noisier than electron

multipliers. Perhaps the two greatest shortcomings are

that the sodium salicylate is often chemically degraded

by a significant number of compounds and it is slowly aged

by contamination by diffusion pump oil vapors. The

scattered light effects may be corrected for during

post-experiment data analysis. Photomultiplier noise is

considerably reduced when the multiplier is cooled. More—

over, the relatively weak ion signals require long counting
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times that improve the photon signal-to-noise ratio even

further. When reactive gases are in use, electron multi-

pliers and bare metal photocathodes must be used. Fre-

quent changing of the sodium salicylate phosphor will pre-

vent aging effects from altering the data.

Ion focusing and mass analysis are performed by an

Extranuclear quadrupole (QP) mass filter and its associated

electrostatic lenses (LE). The ion transducer (IT) is a

Johnston Laboratories MM-l focused mesh electron multi-

plier.

The vacuum chamber that houses the ion source, ion

optics, quadrupole mass filter and photon and ion trans-

ducers is pumped by two six inch oil diffusion pumps, PM

and P5. All of the oil diffusion pumps on the apparatus

are trapped by freon refrigerated baffles in order to re-

duce backstreaming of the pump oil into the vacuum chamber.

The Roots-type blower, mechanical backing pumps and re-

frigeration units are housed in a small room in one corner

of the laboratory in order to minimize the amount of noise

and heat in the main room. All of the pump exhaust ports

are connected to a fume hood to keep pump oil vapors and

toxic gases out of the laboratory.

Sample gases are fed into the ion source by means of

a variable leak valve that is incorporated into a metal

vacuum manifold. One half of the manifold, for chemically

inert gases, is constructed from copper tubing and brass
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valves while the remainder is constructed entirely from

stainless steel in order to handle more corrosive species.

The substitution of brass and copper for stainless steel

wherever possible has resulted in a considerable savings

on the construction cost of the manifold.

The MSU PIMS instrument is interfaced to a Digital

Equipment Corporation PDP-8/M minicomputer. Signals from

the photon and ion transducers are amplified by a Keithley

A27 current amplifier and a Keithley A17 high speed pico-

ammeter, respectively. The output signals of the ampli-

fiers are fed to voltage-to-frequency converters and the

converter signals are interfaced into the computer. Once

the initial instrumental operating parameters are set, the

entire experiment is automated with the computer in control

of all aspects of data acquisition. The computer changes

the wavelength setting by an amount chosen by the user

throughElstepping motor attached to the monochromator drive

screw. At the beginning and end of each experiment, mea-

surements are taken to estimate the scattered light contri-

bution to the photon and ion signals. Throughout the

experiment, measurements of the dark currents of the

detectors are taken at prespecified intervals. In addi-

tion, reference measurements at a prespecified wavelength

are taken throughout the experiment to monitor drifts in

lamp intensity, sample pressure and the detectors. In

order for the operator to Judge the quality of the data
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during the actual experiment, a P.I.E. curve approximately

corrected for stray light and detector dark current drift

is generated in real time.

A unique aspect of the data acquisition capabilities

of the MSU instrument is the ability to achieve a constant

signal to noise ratio throughout an experiment. This

is accomplished by a variable counting time option in the

operating program of the computer. The user specifies

the minimum number of ion counts for the computer to ac—

cumulate and minimum and maximum counting time limits.

At each data point the computer counts for the minimum

specified time and then computes the ion count rate. If

the minimum specified number of counts has been accumulated,

the P.I.E. (ions per sec/photons per sec) will be computed,

logged and plotted and the computer will step the monochro-

mator to the wavelength of the next datum. If the mini-

mum count has not been accumulated, but the computed count

rate indicates that it will be reached within the maximum

allowed counting time, the computer will continue to count

for the time required to reach the minimum count. If

neither of the above is achieved, the computer will plot

the P.I.E. for that datum and move to the next wavelength.

Such a procedure provides the advantage of minimizing the

duration of each experimental run by counting only as long

as necessary to achieve the desired signal-to—noise ratio.

This is important as PIMS experiments are typically long
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(as much as 60+ hours) due to the often very low ion count

rate (sometimes as low as I count per sec or less).

B. Samples

Acetonitrile (99% purity) and acetonitrile-d3 (99 atom

% purity) were obtained from the Aldrich Chemical Company.

Although these purities are quite sufficient for most PIMS

studies, further purification was undertaken in order to

remove dissolved air from the samples.

The sample containers were spherical pyrex vessels of

approximately 0.5 liters in volume. Samples were intro-

duced through a 0.5 inch O.D. glass-to-metal transition

tube. A 0.25 inch O.D. glass-to-metal transition tube leads

to the sample inlet manifold by way of a polyethylene

tube. The tube is connected to the manifold and vessel

by means of Cajon "Ultra-torr" unions. Similarly, the 0.5

inch O.D. sample introduction tube is sealed off by means

of an appropriate union with one end blocked off by a stain-

less steel rod. Before the samples are placed in a vessel,

it is pumped down to approximately 6 x 10"7 torr by the

sample-mass spectrometer chamber diffusion pumps for one

hour. The samples are then subjected to three freeze-pump-

thaw purification cycles at dry ice temperature (-78.5°C)

until they could be pumped down to 6 x 10'7 torr or less

while frozen.
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0. Experimental Procedure

As mentioned previously, mass spectra of acetonitrile

and acetonitrile—d3 were taken using the HeI 58A A line.

The intensity of this line is comparable to that of the Hop-

field continuum when viewed at central image. Since the

HeI line is positioned near the high energy end of the Hop-

field continuum (600 A), one is able to measure the rela-

tive intensities of all of the ions created from a given

parent compound at energies between 21 eV and threshold.

Mass spectra were taken at several pressures on the order

of one mtorr (micron) to determine the pressure dependence

of the ion intensities (see Chapter III-A). The ion op-

tics were adjusted in order to maximize the measured ion

intensities (this matter is treated in more detail in Chap-

ter III-A). The quadrupole mass filter was adjusted to

provide mass resolution sufficient to cause the ion cur-

rent to go to zero between adjacent peaks in the mass

spectrum. The ion transducer (Johnston MM-l electron

multiplier) voltage was kept at 3.0 kV. Higher voltages

increased the intensity of the ion signals with an equi-

valent increase in the noise and background signals. For

this reason, they were not used. The mass spectra were

measured by hand-tuning the mass control on the mass filter

control unit while observing the ion intensities indicated

on the picoammeter voltmeter. The very weak signals (10-12

11
to 10- amps) of some of the ions were extremely noisy.
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Since these signals were not integrated, the reliability

of their absolute values is questionable - probably no better

than i25%.

The photoionization efficiency curves were measured

using the He Hopfield continuum for the 600 A to 950 A

region, while the H2 pseudo-continuum was used from 930 A

to 1030 A where the intensity of the Hopfield continuum

becomes comparable to that of the scattered light. The

sample pressures were kept around 0.6 mtorr. The voltage

on the photon transducer (RCA 8850) was adjusted to maxi—

mize the multiplier current with a minimum of noise (typi—

cally 1.2 kV). All other instrumental operating parameters

were identical with those used in obtaining the mass

spectra.

It is difficult to accurately determine the average

signal—to-noise ratio for these experiments as the output

frequency of the voltage-to-frequency converters is propor-

tional to the current amplifier (picoammeter) output vol—

tage - not to the actual ion count rate. A high speed

pulse counter was available for some of the preliminary

experiments. However, a malfunction caused it to be un-

usable for the bulk of this work. A comparison between a

picoammeter and the pulse counter indicated that an ion

current of 3 x 10"11 amps corresponded approximately to a

count rate of 100 ions/sec. Using this count rate as a

standard, integration times were set (see Chapter II-A)
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to achieve a signal—to-noise ratio of approximately 100:1

provided that all of the observed noise was random. How-

ever, it was not possible to achieve such a high signal-

to—noise ratio with the lower intensity ions without re—

sorting to unreasonable integration times (10“ sec/datum

at a count rate of l ion/sec). In such cases, the entire

experiment was carried out at the longest possible integra-

tion time available in the current operating program which

is #05 seconds.



CHAPTER III

RESULTS AND DISCUSSION

A. The Mass Spectrum

The mass spectrum of acetonitrile is surprisingly rich

for a molecule comprised of only six atoms. Franklin,

Wada, Natalis and Heirl reported the mass spectrum along

with a study of the ion-molecule reactions between the aceto-

nitrile molecular ion and the neutral molecule.2O They

reported thirteen primary ion mass peaks and three ion-

molecule reaction products for H CON and eleven primary

3

ion mass peaks and four ion-molecule reaction products

for D3CCN. Unfortunately, the energy of their ioniz—

ing electron beam is not clearly stated. If their earlier

works are any indication, it was probably in excess of

30 eV. Table III-l. presents mass spectra for H3CCN and

D3CCN taken on the MSU PIMS apparatus. The ionizing radia-

tion in this case was provided by the HeI resonance line

(58A.33U 3, 21.218 eV). The ion source pressure was 0.2

mtorr and the repeller voltage was set at +10 V with respect

to the ion source potential in order to minimize the time

spent in the ion source by the primary ions. With the

exception of the ions m/e = 2A and m/e = 25, we have

observed the same ions with similar relative intensities

27
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as Franklin and coworkers. Differences are bound to exist

due to the use of different ionizing energies, source pres-

sures and mass spectrometers. Of course, the question

arises as to why the m/e = 2A and m/e = 25 peaks were not

observed in the present study. This question may be ans-

wered by comparing the appearance potentials of these

ions to the energy of our radiation source. Table III-2

lists the m/e peaks observed by Franklin and coworkers

along with their possible formulae. With the choices of

the neutral fragments listed in the third column, zero-

degree Kelvin appearance potentials have been calculated

for each ion from the latest thermodynamic data in the

literature.21 Appearance potentials were not calculated

for the deuterated ions as their values should be very

similar to those of the protonated species. For the m/e

= 2“ ion, assumed to be C2+, four appearance potentials

are possible. If the neutral fragments are N + H + H,
2

NH2 + H or NH + H2, the calculated appearance potentials

are 26.8 eV, 23.6 eV, and 23.1 eV, respectively. These

are all clearly above the energy of the HeI resonance line.

The other calculated value is 19.3 eV, assuming that the

neutral fragment is NH3. Thus it would appear that the

absence of C2+ (m/e = 2“) from the photoionization mass

spectrum is due to its relatively high appearance poten-

tial. A similar situation exists for m/e = 25 (C2H+).

If the neutral fragments are NH + H, then its absence
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Table III-2. Appearance potentials calculated for the

primary fragment ions observed by Franklin,

et al. in the CH3CN mass spectrum.

 

 

 

Assumed Assumed Neutral Appearance

m/e Formula Fragments Potential

12 0+ HCN+H2 19.02 eV

13 CH+ HCN+H 19.u ev

1A CH2+ HCN lu.9o eV

15 CH3+ CN 1h.96 eV

2A C2+ N+H2+H 26.8 eV

02+ NH2+H 23.6 eV

C2+ NH+H2 23.1 eV

c2+ NH3 19.3 eV

25 02H+ NH+H 22.0 eV

C2H+ N+H2 21.22 eV

C2H+ NH2 18.1 eV

26 CN+ CH3 19.1 ev

26 C2H2+ NH 16.2 ev

27 HCN+ CH2 18.1 ev

27 C2H3+ N 15.6 eV

28 H20N+ CH 17.9 ev

38 02N+ H2+H 19.1 eV

39 HC2N+ H2 15.1 eV

no H202N+ H lu.01 eV
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from the photoionization mass spectrum would be explained

by the high calculated appearance potential of 22.0 eV.

An appearance potential of 21.22 eV is calculated if the

assumed neutral fragments are N + H2. This energy falls

right on the HeI resonance line. Since m/e = 25 is a frag-

ment ion, the cross section for its formation should be

very small at threshold. As a result, the intensity of

the signal might be too weak to be observable when the

HeI lamp is used as a source of ionizing radiation. Were

the true value closer to the third and lowest calculated

appearance potential, the cross section would be large

enough at 21.2 eV to make the ion observable. Thus, it

is concluded that the 02H+ (m/e = 25) appearance potential

is at least 21.22 eV.

Several fragment ion peaks are really comprised of

two different ions. In the electron bombardment mass

spectrum of CH3CN, Franklin and coworkers concluded that

m/e = 26 is comprised of approximately 60% CN+ and “0%

C2H2+ by means of a high resolution time-of—flight mass

spectrometer. Similarly, the m/e = 27 peak was found to

be approximately 85% HCN+ and 15% C2H3+. A glance at

Table III-2 shows that the appearance potentials of the

ions in each of these pairs differ widely. Such a situa-

tion might allow the determination of the P.I.E. curve of

the ion with the lowest appearance potential up to the

threshold for the formation of the second member of the
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composite mass peak. However, the total intensity of each

of these composite mass peaks is so low that the MSU PIMS

apparatus is unable to measure the P.I.E.'s or appearance

potentials of any of the ions comprising them.

The other multiple ion mass peak in the CH3CN mass

spectrum is m/e = 28. The two possible ions are N2+

(ionization potential = 15.58 eV) and H2CN+. That m/e

= 28 contains a high N + component is suggested by the
2

low m/e = 28 intensity in the CH3CN mass spectrum of Frank—

lin and coworkers and the strong m/e = 32 peak in the

photoionization mass spectrum. Efforts were made to

remove air from the samples, but they were not completely

successful. The calculated appearance potential of H2CN+

is greater than that of N +, so its threshold might show
2

up as a weak (at best) step amidst the well-known strong,

sharp autoionization structure of the N2+ P.I.E.

The decision to study acetonitrile—d3 in addition to

the protonated compound was based on the hope that deuterium

substitution would help distinguish the ions in the CH3CN

°multip1e ion mass peaks (m/e = 26,27). Unfortunately, the

situation in the CD3CN mass spectrum is even more compli-

cated than its protonated counterpart. Three possible

multiple ion mass peaks may be present: m/e = 26, m/e =

28 and m/e = 30. As in CH3CN, the peak at m/e = 28 is

+
comprised of two low intensity ions mixed with N2 The

+

peak at m/e 30 is probably comprised of D20N+ and C2D3 ,
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both of which have signals that are too weak to measure

26 deserves special com-meaningfully. The peak at m/e

ment.' Although two ions are possible at this mass, CN+

and C D+, only the CN+ fragment is likely to be present
2

at the ionizing energy used here as the appearance poten-

tial of 02D+ is close to that of C2H+. This would explain

the very low relative intensity of m/e = 26 (CN+) in CD3CN

in comparison so that of m/e = 26 (CN+ and C +) in CH3CN.
2H2

Of the remaining primary ions in both photoionization

mass spectra, only five in each Case were of sufficient

intensity to enable meaningful P.I.E. curves to be ob-

tained. The CH3+ and CD3+ fragment ions represented the

upper sensitivity limit of the MSU PIMS instrument.

The mass spectra of both compounds display peaks that

result from reactions between the parent (molecular) ion

and the neutral molecule. The pressure and time depen-

dence of these reactions were also studied by Franklin

and coworkers. As expected for secondary reactions, they

found a squared dependence of the product ion signals on

ion source pressure (sample pressure) and the residence

time of the ions in the source. These ion-molecule reac-

tions are not of interest to this study. However, the

reaction

H(D)3CCN+ + H(D)3CCN + H(D)uCCN+ + H(D)2CCN (1)
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proved to be particularly troublesome. The presence of

an ion at m/e = A2 in CH3CN and m/e = A6 in CD3CN made it

necesSary to employ relatively high mass resolution even

at ionizing energies below the appearance potential of

the first fragment ion. Franklin and coworkers reported

that the appearance potential of the CHuCN+ ion is the same

as the first ionization potential of the neutral molecule,

which indicated that the reaction is at least thermoneutral

if not exoergic. This was confirmed by Haney and Frank—

lin, who estimated the AH° of reaction (1) to be -25 kcal/

22 A more serious problem caused bymol in a later study.

reaction (1) is that it diminishes the intensity of the

parent ion signals at higher source pressures and longer

ion source residence times (lower repeller voltages).

This is dramatically demonstrated in Table III-3. Whereas

the mass spectra in Table III-l were measured under condi-

tions of low source pressure and high repeller voltage,

the CD3CN mass spectrum in Table III-3 was measured at a

repeller voltage of +0.5 V relative to the ion source po-

tential and a source pressure of 0.8 mtorr. Note that the

relative intensities of the m/e = 58, m/e = A6 and m/e

= A2 peaks are A, 36 and 5 times greater than that of the

parent ion (m/e = AA), respectively. In addition, a

second complication may result. Since the neutral product

of reaction (1) is CHZCN, the CH CN+ signal may be en-
2

hanced by direct ionization of this fragment. Obviously,
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a good solution to this problem would be to measure the

P.I.E.'s of the molecular and fragment ions under the

conditions of Table 111-1. However, under those condi-

tions the intensity of the parent ion signal at the peak

of the Hopfield continuum (815 A, 15.2 eV) is only 3 x 10"11

amps or about 100 counts/sec. Since the intensities of

many of the fragment ion signals are less than 10% of

the parent ion signal, a compromise had to be reached.

Consequently, the experimental results presented in the

next section were obtained at an intermediate average

source pressure of approximately 0.5 mtorr and a potential

of +10 V on the repeller with respect to the ion source

potential. Under these conditions, the intensity of

m/e = A1 (AA) relative to the intensity of m/e = A2 (A6)

is approximately 3:1 at an ionizing energy of 15.2 eV.

This minimized the effects of reaction (1) while allowing

the achievement of better signal-to-noise ratios in more

reasonable (though still long) times.

One might expect that the complete mass spectrum of

acetonitrile would display negative ions in addition to

the parent ions just discussed, due to the presence of a

-CN group with its pseudohalogen characteristics. In their

earlier incomplete PIMS study of acetonitrile, Dibeler

and Liston searched unsuccessfully for negative ions

resulting from ion—pair formation processes.23 At the

time of this writing the MSU PIMS apparatus is not yet
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Table III—3. Acetonitrile—d3 mass spectrum at a source

pressure of 0.8 mtorr and a repeller vol-

tage of +0.5 V.

 

 

 

m/e Intensity Relative to CD3CN+ (m/e=AA)

l2 trace

1A 0.01

16 0.15

18 0.A

26 —--

28 0.13

30 0.05

32 0.075

38 0.010

A0 0.050

A2 5.0

AA 1

A6 36.3

5A 0.035

56 0.25

58 A.13
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set up for negative ion detection. However, attempts were

made to detect the positive fragment from the reaction

H(D)3CCN + hv + H(D)3C+ + CN‘. (2)

The CH3+ appearance potential in reaction (2) may be cal-

culated in the following way:

+

A.P.(CH3 ) = DO(H30—CN) + I.P.(CH3) — E.A.(CN) (3)

01"

+) 2A
A.P.(CH = 5.26 eV + 9.8A2 ev25 - 3.82 ev26 (Aa)

3

A.P.(CH +) = 11.28 eV or 1099 A, (Ab)
3

where DO(H3C-CN) is the bond energy of the acetonitrile

carbon-carbon bond, I.P.(CH3) is the first ionization

potential of CH3, and E.A.(CN) is the electron affinity

of the cyanogen radical. Searches were made for CH3+

+

and CD

3

lines in the Hopfield continuum and the H2 pseudo con-

in this wavelength region using atomic impurity

tinuum as sources of radiation. The results, like those

of Dibeler and Liston, were negative. However, as the

light sources in this wavelength region are comparatively

weak, absence of ion-pair formation is by no means con-

clusively demonstrated.
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B. The Photoionization Efficiency Curves

ACetonitrile was the subject of two early photoioniza-

tion (PI) studie527’28 in addition to the PIMS investigation

mentioned earlier.23 Because these two early works lacked

mass analysis, they were limited to the determination of

the first ionization potential. In their complete PIMS

study of acetonitrile, Dibeler and Liston23 reported only

the first ionization potential and the appearance poten-

tials of the three most intense fragment ions - H2CCN+,

HCCN+, and CH2+. Moreover, they did not present photo-

ionization efficiency curves for any of these ions. Their

data were reported in the second part of a paper the

primary objective of which was the determination of the

heat of formation of the cyanogen radical (ON) by means

of a PIMS study of HCN. Their inability to measure the

appearance potentials of the CH3+ and CN+ fragments, which

would have provided a second independent measurement of the

cyanogen radical's heat of formation, probably caused them

to lose interest in further work on acetonitrile. More-

over, the first 70 A of the parent ion P.I.E. curve lie

in a wavelength region where both the He Hopfield continuum

and the H pseudo-continuum are of low intensity (950 A —
2

1020 A). This makes studies of the CH CN+ threshold region

3

very difficult.

The goal of the present investigation was to provide
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as complete a PIMS study of acetonitrile as possible, con-

sidering the nature of the mass spectrum. It is unfortu-

nate that the appearance potential and P.I.E. curve of

the CN+ fragment could not be observed. However, it was

possible to measure them for the CH3+ fragment ion, mark-

ing the first time that they have been reported. A knowl-

edge of the CH + appearance potential allows the calculation

3

of the carbon-carbon bond energy, DO(H3C-CN), of acetoni-

trile. This is an important quantity to know when trying

to unravel the energetics of the interstellar chemistry

of acetonitrile. In addition the work was extended to

include the deuterated compound.

Preliminary experiments revealed that the P.I.E. curves

of the deuterated ions were within experimental error iden-

tical to those of their protonated counterparts. For this

reason, only the threshold regions of their P.I.E. curves

will be presented here, except for the deuterated molecular

ion CD3CN+, where the complete curve is shown. All ap-

pearance potentials were measured with 100 micron entrance

and exit slits on the monochromator. This arrangement

provided a photon bandwidth of 0.83 A. In addition, the

P.I.E. curves of CH3CN+, CD3CN+ and CH2CN+ from threshold

to 600 A (20.7 eV) were obtained under these resolution

conditions. The remaining ions were found to be of low

intensity and to possess essentially featureless P.I.E.

curves. Consequently, their overall P.I.E. curves were
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obtained using 300 micron entrance and exit slits (2.5 A

photon bandwidth). When 100 micron slits were in use,

measurements were taken every 0.25 A. In the case of 300

micron slits, data were collected every 0.5 A. As men-

tioned in Chapter II-B, the P.I.E. curves have been cor-

rected for light source, sample pressure and detector

drift, stray light detector drift and stray light. In

addition, the overall P.I.E. curves were corrected for the

wavelength dependence of the photon transducer sensitivity

by means of the sodium salicylate - photomultiplier detec-

tion system. With the exception of H2CCN+, the threshold

regions of all of the fragment ion P.I.E. curves were mea-

sured with an electron multiplier as the photon transducer.

This was done in order to take advantage of the electron

multiplier's lower levels of noise and dark current in

these regions of weak ion intensity. The lack of cor-

rection for the wavelength dependence of the electron

multiplier sensitivity is not critical over the narrow

threshold ranges (20 A to A0 A) and does not change the

positions of the thresholds themselves.

Figures III-l and III—2 depict the thresholds and first

80 A of the P.I.E. curves of CH3CN+ and CD30N+, respec-

tively. In addition, the thresholds have been replotted

on an expanded vertical scale in order to facilitate mea—

surement of the first ionization potentials. Using the
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Figure III-1. Threshold region of the H CCN+ P.I.E. curve.
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Figure III-2. Threshold region of the D CCN+ P.I.E. curve.
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method of Guyon and Berkowitz32 , we may assume that the 0°K

photoionization threshold is a step function and obtain the

ionization potentials by extrapolating the linear portion

of the P.I.E. curves to the horizontal axis and subtract-

ing 0.A A to compensate for the half-width of the photon

beam. The values so obtained are compared to the current

literature values in Table III-A. The value of the aceto-

nitrile first ionization potential reported here agrees

well with previous determinations. A few remarks on some

of the other studies are in order. The low resolution

photoelectron spectroscopic study of Frost, Herring, Mc-

Dowell and Stenhouse30 seems to be too low, especially

since the value reported is a vertical ionization potential

rather than the adiabatic value reported here. The value

reported by Watanabe, Nakayama and Mottl27 is probably

high, because the ion current was measured between two

parallel plates across which a low voltage was applied.

The sensitivity of such an arrangement is undoubtedly

much lower than that of an electron multiplier. Finally,

the pr601810ncd‘the value reported by Nicholson28 is

probably unfounded since the width of the photon beam

was A.A A in contrast to 0.83 A in the present case.

The acetonitrile-d3 ionization potential reported

by Lake and Thompson in a photoelectron spectroscopic

study is the only value currently in the literature.29

It is probably higher than the present result because it
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Table III-A. A comparison of the values for the first

ionization potential of CH3CN and CD3CN as

reported in this and other works.

Molecule Reported Value Method Reference

CH3CN 12.202i0.005 eV PIMS This work

l2.l9i0.01 eV PIMS 23

12.20510.00A eV PI 28

12.2210.01 PI 27

12.20i0.01 PE 29

12.18 PE 30

12.21 PE 31

CD3CN 12.21u10.005 eV PIMS This work

12.2310.01 eV PE 29
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is a vertical ionization potential. It is interesting that

acetonitrile-d3 was also studied in reference 30, but no

result was reported. The very small difference in first

ionization potentials between the protonated and deuterated

compounds is expected. All of the photoelectron (PE)

studies have revealed that the most weakly bound electron

of acetonitrile is in the CN group n-orbital (3e).33’3l4

Three vibrational modes of the ion are excited upon removal

of this electron. They have been assigned to the CN stretch-

ing mode (02), the symmetric CH(D)3 deformation mode (v3)

and the C-0 stretching mode (VA) with wavenumbers 2010 cm-1,

1
1A30 cm- and 810 cm'1 in H3CCN+, respectively.31 The same

1 1 and 920 om‘l,modes in the neutral are 2267 cm” , 1385 cm-

respectively.35 The mode that appears in the PE spectrum

with the most intensity is 02. In comparison, v3 is only

very weakly excited. These results suggest that the n—

orbital is C-N and C-0 bonding and weakly C-H antibonding.

Thus, the substitution of deuterium for hydrogen should have

little effect upon the first ionization potential. The

difference is probably due to the small differences in the

zero-point energies of the neutrals and ions.

The region immediately above threshold (about 1017 A)

to approximately 990 A (Figures III-1,2) is difficult to

interpret. The small peaks correspond to lines in the H2

pseudo-continuum. They appear because the intensity of

the scattered light is nearly equal to the intensity of
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the incident beam. Apparently, the computer program cur-

rently used for data treatment is unable to make the proper

correCtions in regions of such low light intensity. The

overall shape of the P.I.E. curves in this region is sug-

gestive of a vibronic threshold; however the onset is not

clear. This is probably due to the fact that three vibra—

tional modes are excited in this region (see the previous

paragraph). If the CH3CN+ P.I.E. curve were simply an

integral photoelectron spectrum, vibronic thresholds would

appear at 1006 A (vu), 1000 A (v3), 995 A (92) and 993 A

(203). Weak autoionization structure superimposed on the

P.I.E. curves may be masking these thresholds.

The three peaks in the region from 983 A to 96A A,

with a fourth suggested at 959 A, undoubtedly are part of

a previously unobserved autoionizing Rydberg series that

converges to an excited state of the ion. Their positions

and the analysis proposed here are presented in Table III-5.

Attempts were made to assign this series as converging to

one of the vibrationally excited states of the ground state

ion (72E).33’3u However, the quantum defects calculated

from the position of each peak were all completely different

(and sometimes absurd as well!). The peaks are not vibronic

components of a single member of an autoionizing Rydberg

series, because their separation diminishes with increasing

energy. Furthermore, the positions of these peaks are un-

altered upon deuteration with the exception of the third
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Table III-5. Analysis of the autoionizing Rydberg series in

CH CN and CD CN.
3 3

Assumed Peak Position Quantum

Molecule Limit (observed) Defect (6) n

CH3CN 13.1A ev29 983.0 A;101,729 cm"1 .92 6

-1

105’981 cm 971.0 A;102,987 om'l .95 7

96A.0 A;103,73A our1 .01 8

959.0 A;10A,275 om’l .98 9

Mean 6=0.97

CD3CN 13.1A eV 983.0 A;101,729 om’l .92 6

105,981 cm“1 1

971.0 A;102,987 om' .95 7

963.5 A;103,788 cm"1 .93 8

959.0 A;10A,275 em"1 .98 9

Mean 6=0.95
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component. In H3CCN+, this peak lies between vibronic thres-

holds at 968 A (Av3) and 962 A (A02), whereas the A02 thres-

hold (CD3 symmetric deformation) lies at a much longer wave-

length in the deuterated compound. Perhaps the position

of this component of the H3CCN Rydberg series is slightly

distorted by the structure underlying it. The only reason-

able choice for the series limit seems to be the threshold

for the first electronic excited state of the molecular

ion (A2Al).33’3u PE studies have placed the origin of this

excited state at 13.1A eV (9A3.6 A) for both the protonated

and deuterated ions.29 This corresponds to approximately

the midpoint of the sharp step observed above the Rydberg

series. The PE results and CNDO calculations by Frost, et

al. suggest that the electron ionized is from the nitrogen

"lone-pair" orbital.30 Although the intensities of the

peaks decrease with energy, they are on a "baseline" that

is increasing with energy. This is probably the result of

the series being superimposed over several vibronic thres-

holds of the ionic ground state. These thresholds have all

been identified in the PE spectra (best seen in Reference

31). In addition to the autoionization structure, the broad

structureless region in the P.I.E. curve between 959 A and

9A3 A probably results from further vibronic thresholds,

masked by higher unresolvable members of the autoionizing

Rydberg series. These observations, plus the magnitudes

of the calculated quantum defects, lead to the assignment
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of these peaks to part of an nso autoionizing Rydberg

series, where n = 6-9. That is, the series is formed by

the excitation of an electron from the nitrogen "lone-pair"

orbital of the neutral molecule into an empty s-orbital

with subsequent autoionization.

It is difficult to test the validity of this assign-

ment since the vacuum ultraviolet spectroscopic data on

acetonitrile are poor and far from complete. The most

recent vacuum UV absorption study is thirty-one years old

and terminates at 1060 A.36 Three Rydberg peaks were ob-

served and assigned an incorrect convergence limit of 11.96

eV. No hint of lower members of the series identified in

this work was observed. Recently, an electron impact energy

loss spectrum of acetonitrile was reported.37 The energy

resolution was only 100 meV, but three Rydberg series con-

verging to the ground state of the molecular ion were ob-

served. Calculation of the energies of the n = 3, A and 5

components of the series identified here, suggests that the

electron impact spectrum should display peaks at 9.93 eV,

11.69 eV and 12.31 eV, respectively. There are peaks in

all three of these regions, but the energy resolution is

insufficient to distinguish these features from the other

series suggested by the authors as contributors to the

broad bands which are observed.37 The most interesting

aSpect of the electron impact spectrum is a broad, weak

2
A"band" that cuts-off at 13.11: eV, the threshold of the A’ l
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state of the parent ion. The lower energy limit of the band

is 12.55 eV. It thus encompasses the region of the series

observed in this work. The resolution of the electron im-

pact study was too low to resolve this feature, but it

is interesting to note that a shoulder and peak on it cor—

respond roughly in energy to the n = 6 and 7 members of the

proposed nso series.

The only disquieting aspect of the assignment proposed

here is that the n = 5 component, which should fall within

the rangecxfthe P.I.E. curve at 1006 A, is not observed.

Provided that the proposed assignment is correct, a pos-

sible explanation is that the n = 5 component has been com-

pletely depopulated by predissociation into neutral frag-

ments. The broadness and low intensity of the observed

peaks suggest that the entire series (within the limits of

the P.I.E. curve) is subject to rapid predissociation.

Indeed, if this were not the case, the threshold of the

AaAl state would be unobservable, because the series would

2
converge smoothly to the A|A limit without displaying

1

a discontinuity at that point.5a It seems reasonable to

suggest that the n = 5 member of the series is crossed by

a repulsive potential surface of the neutral molecule.

In such a case, it would be completely depopulated while

the higher energy members of the series would be pre-

dissociated to a lesser extent due to their greater sepa-

ration from the repulsive surface.
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The H CCN+ and D CCN+ P.I.E. curves from threshold to

3 3

600 A are plotted in Figures III—3 and III-A, respectively.

As with the threshold regions, they are completely identi-

cal. Other than the steep step at 9A3.6 A (13.1A eV), no

additional thresholds are observed. It is worth noting that

from 600 A to 9A5 A the P.I.E.'s are remarkably similar to

the HCN+ P.I.E. curve reported by Dibeler and Liston along

with their acetonitrile data.23 The overall decrease in

the P.I.E.'s at shorter wavelengths is probably due to the

formation of fragment ions. Indeed, all of the higher

energy bands (above the 13.1A eV band) in the PE spectrum

are highly predissociated. Very weak autoionization struc-

ture is present in the region from 820 A to 850 A. This

structure may represent one or more Rydberg series whose

limit is the second electronic excited state (BQE)33’3u

of the parent ion. All of the PE spectroscopic studies

have placed this threshold at 15.13 ev or 819.5 A. The

weakness of this structure is another indication of the dom-

inance of predissociation in this energy region.

H_,_CCN+ and D CCN+
2

The threshold regions of the H2CCN+ and D CCN+ P.I.E.
2

curves are pictured in Figures III-5. and III-6, respec-

tively. In common with most fragment ion P.I.E.'s, they

are approximately linear sloping curves with thermal tail-

ing at threshold. Guyon and Berkowitz32 have shown that
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Figure III-5. Threshold region of the H CCN+ P.I.E. curve.
2
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Figure III-6. Threshold region of the D CCN+ P.I.E. curve.
2
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the thermal tail is caused by the photoionization of mole-

cules whose rotational energy is greater than the average

rotational energy at the temperature of the experiment

(3/2 kT). Since the number of molecules in a given rota-

tional state decreases rapidly as their energy above 3/2

kT increases, the observed length of the thermal tail is

dependent upon the sensitivity of the apparatus used. It

was also shown that the actual appearance potential at the

temperature of the experiment may be found by extrapolating

the linear portion of the P.I.E. curve to the horizontal

axis. If all three rotational degrees of freedom are able

to provide energy for the fragmentation of the parent ion,

the appearance potential determined by extrapolation will

be 3/2 kT lower than the 0°K appearance potential. Of

course, it is not always valid to assume that all three of

an ion's degrees of rotational freedom are able to parti-

cipate in a given fragmentation process. One way to de-

termine how many degrees of rotational freedom are taking

part in a given fragmentation is to measure the appearance

potential at several temperatures."I6 The differences be-

tween appearance potentials measured at different tempera-

tures will correspond approximately to n/2 kAT, where n is

the number of rotational degrees of freedom participating

in the fragmentation. An overview of the literature would

show that the majority of ionic fragmentations take place

with the participation of all rotational degrees of freedom.
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For this reason, the acetonitrile appearance potentials

presented here will be correctedfku'3/2 kT since it is only

possible to perform experiments at the ambient temperature

with the present ion source. Strictly speaking, the half—

width of the photon beam should also be subtracted from the

wavelength of the appearance potential. However, this

amounts to no more than 6 meV when 100 micron slits (0.A

A half-width) are used at 885 A, the relevant region in

this case. Consequently, this correction is seldom made

as it is usually less than the uncertainty of the appear-

ance potential measurement. Of course, this procedure

relies on the assumption that the fragments are formed with

essentially zero kinetic energy at threshold. Otherwise,

the appearance potential obtained is only an upper bound

to the thermodynamic value.

By the above extrapolation method, the uncorrected

H2CCN+ appearance potential is 885.5:0.A A or 1A.002i0.006

eV. When corrected for the average rotational energy at

300 °K (0.039 eV) and the photon beam half-width (0.006

eV) the value of the 0 °K appearance potential is lA.0A7i

0.006 eV. This compares well to the value of 1A.0110.02

eV reported by Dibeler and Liston.23 The difference, which

is larger than the combined experimental error, can be

explained by the presumption that Dibeler and Liston chose

the foot of the thermal tail as their uncorrected appear-

ance potential. Indeed, before the publication of Guyon
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and Berkowitz,32 this appears to have been the standard

procedure of Dibeler's group.38

When the appearance potential determined here is com-

bined with the 0 °K heats of formation of CH3CN (0.979

eV)39 and H (2.239 eV)39, a value of 12.787 eV (29A.88

kcal/mol) is obtained for the 0 °K heat of formation of

H2CCN+- With Pottie and Lossing's value for the ioniza-

tion potential of H2CCN, 10.87i0.l eVuo, 1.92:0.1 eV (AA.A

2 kcal/mol) is calculated for the 0 °K heat of formation of

H2CCN. In addition, the carbon-hydrogen bond dissociation

energy, DO(H-CH20N), is found to be 3.18:0.1 eV (73.511

kcal/mol). All of these values are slightly higher than

those calculated by Dibeler and Liston23 due to the larger

appearance potential reported here. The 0 °K appearance

potentials of the fragment ions and the derived thermo-

dynamic quantities are summarized in Tables III-6 and III-7

at the end of this chapter, respectively.

The position of the DZCCN+ appearance potential is less

certain, because its P.I.E. curve is less linear than that

of HZCCN+ in the threshold region. The possible values

range from 885 A to 886 A. If it is assumed that the thermal

tails of the H2CCN+ and D CCN+ P.I.E. curves are of equal

2

width, then 886 A is preferred. The uncorrected appearance

potential is estimated to be 885.5io.5 A (1A.00i0.01 eV),

identical to that of H2CCN+ within experimental error. The

corrected 0 °K value is then 1A.05i0.01 eV. Unfortunately,
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the thermodynamic data required to calculate the 0 °K heats

of formation of D2CCN+ and D2

available. It is reasonable to expect that they will be

CCN and D0(D—CD20N) are un-

very close to the corresponding values of their protonated

counterparts.

The H2CCN+ P.I.E. curve from 900 A to 600 A is plotted

in Figure III—7. Above the threshold region the curve rises

sharply. The weak structure between 850 A and 820 A (lA.6

eV to 15.1 eV) appears to be the same autoionization struc-

ture noted in that region of the H CCN+ P.I.E. curve. This

3

structure is relatively more intense than the corresponding

structure on the parent ion curve, which indicates that these

Rydberg levels are autoionizing and rapidly predissociating

to form the H2CCN+ fragment ion. The threshold for the

second electronic excited state of the parent ion (82E) can

be observed in the H2CCN+ P.I.E. curve as the poorly de-

fined step at approximately 820 A (indicated by an arrow

in Figure III-7). The CH3CN PE spectrum reveals that this

and higher electronic states of H3CCN+ are extensively

broadened by predissociation.31 The abrupt increase in

the H2CCN+ P.I.E. curve at the threshold of the 52E state

of the parent ion is an indication that predissociation

of this state contributes to the HZCCN+ intensity.

After rising until approximately 775 A, the HZCCN+

P.I.E. curve tapers off. Presumably, the decrease in in-

tensity results from the formation of fragment ions with
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higher appearance potentials, but this is not clearly in-

dicated.

The remainder of the fragment ions studied here all

have appearance potentials at or just slightly below the

23 state of H CCN+ 05.1A ev, 820 A).
3

In such a situation the thresholds of the P.I.E. curves

threshold of the B

will normally exhibit kinetic and competition effects.

The ion with the largest rate constant for its formation

will have the lowest appearance potential. Moreover, the

ions may not be detectable until well above their thermo-

dynamic thresholds, because the rate constants for their

formation could be too small at that energy to produce an

observable number of fragment ions. Such behavior is indi-

cated by a slowly-rising P.I.E. curve with an indeterminant

threshold. As demonstrated in the next several sections,

+ and CH + P.I.E. curves all exhibit this

2 3

behavior. Furthermore, Haney and Franklinl41 have shown

the HCCN+, CH

that the CH2+ fragment is formed with 0.12 eV of kinetic

energy upon the dissociative ionization of acetonitrile.

It follows that there may be a substantial activation

energy for that process. Appearance potentials measured

2+ or CH3+ may be upper bounds to the adiabatic

thermodynamic values.

for HCCN+, CH
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HCCN+ and DCCN+
 

The most intense of the three fragment ions whose ap-

pearance potentials are near the threshold of the B2B state

of the parent ion is HCCN+(DCCN+). The threshold regions

of the HCCN+ and DCCN+ P.I.E. curves are presented in Fig-

ures III—8. and III-9, respectively. The structure on

both curves is due to atomic lines and irregularities in the

Hopfield continuum that have not been successfully corrected

for. Both threshold P.I.E. curves are convex, suggesting

the kinetic and competition effects discussed earlier.

Because the pre-threshold regions are not linear, it is

difficult to extrapolate the curves in order to determine

the 300 °K appearance potentials. There is an approximately

linear portion in the HCCN+ P.I.E. curve between 810 A and

820 A. When the P.I.E. curve is extrapolated from this

section the uncorrected appearance potential is 82l.0i0.5

A or 15.10:0.01 eV, the relatively large error limits

reflecting the uncertainty of the extrapolation. After

correction for the temperature shift (3/2 kT) and the photon

beam half-width (0.A A), the 0 °K appearance potential is

818.5:0.5 A or 15.15:0.01 eV. The fact that the value is

0.05 eV larger than the one reported by Dibeler and Liston

(15.110.l eV)23 supports the earlier assumption that the

differences between the appearance potentials reported

here and those of the earlier work are due to the proced-

ures by which the positions of the thresholds were
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Figure III—8. Threshold region of the HCCN+ P.I.E. curve.
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Figure III-9. Threshold region of the DCCN+ P.I.E. curve.
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estimated. Combining the 0 °K appearance potential with the

0 °K heat of formation of H3CCN (0.979 eV)39 gives 16.13i0.01

eV (372.0:0.2 kcal/mol) as the 0 °K heat of formation of

HCCN+. Unfortunately, it is impossible to calculate addi—

tional thermodynamic quantities, because thermodynamic data

on HCCN and HCCN+ are almost non-existent.

The curvature of the DCCN+ P.I.E. curve (Figure III-9)

in the threshold region is even more pronounced than that of

HCCN+. Since one would expect deuteration to have little

effect on the shape of a P.I.E. curve, the increased curva-

ture may be a result of instrumental and sample pressure

drift during the experiment. Two extrapolations are pos-

sible. If the "linear" portion of the curve between 810

A and 815 A is extrapolated to the horizontal axis, the esti—

mated appearance potential is 821.0 A. If the second linear

portion between 818 A and 823 A is used, the resulting ap-

pearance potential is 826 A. Both values seem reasonable.

The lower wavelength estimate is equal to the uncorrected

appearance potential - which is what one might expect from

the previous results with the parent ions and H2CCN+ and

D2CCN+. On the other hand, the difference between 826 A

and the uncorrected appearance potential of HCCN+ (821.0

A) is not so great as to be unreasonable.)42 Thus, it seems

best to report the average value here, 823.5:2.5 A or 15.06:

0.05 eV. Such error limits make it unnecessary to correct

for the photon beam half-width. After correction for
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3/2 kT (0.039 eV), the 0 °K DCCN+ appearance potential is

15.10i0.05 eV. The absence of thermodynamic data on DCCN

and DCCN+ in the literature renders a test of this value or

the derivation of additional thermodynamic parameters impos-

sible.

The HCCN+ P.I.E. curve from threshold to 600 A is de—

picted in Figure III-10. The shallow slope in the threshold

region is indicative of the presence of kinetic and compe-

tition effects. This observation suggests that the HCCN+

and DCCN+ appearance potentials reported here are in reality

upper bounds to the true thermodynamic thresholds. The slope

of the P.I.E. curve increases at approximately 820 A (15.12

eV) which is near the threshold of the B2B state of the

parent ion. Apparently the extensive predissociation of

this state, noted in the PE spectrum31, contributes strongly

to the formation of HCCN+. The remainder of the P.I.E.

curve is featureless. The scatter at short wavelengths is

due to the very weak signal (less than 5 counts/sec).

The weak structure around 680 A is the result of incompletely

corrected lines in the Hopfield continuum.

CH.,+ and CD +
_._C 2..

The threshold regions of the P.I.E. curves of CH2+

and CD2+ are shown in Figures III-11 and III-l2, respectively.

As expected, both curves have long low-energy tails and in-

definite thresholds, owing to kinetic and competition
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4.

Figure III-ll. Threshold region of the CH2 P.I.E. curve.
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Figure III-l2. Threshold region of the CD2+ P.I.E. curve.
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effects. Under these circumstances, it is meaningless to

extrapolate some portion of the curve to the horizontal

axis in order to determine the appearance potential. The

best that can be done is to estimate the point at which

the low energy tail reaches the horizontal axis. An appear-

ance potential estimated in this way is often an upper bound

to the thermodynamic value, because the sensitivity of most

instruments is insufficient to detect the increasingly ‘

weak signal out to the true threshold. However, given suf-

ficient sensitivity, it is possible to detect ions out to

the true threshold — and beyond, if the thermal tail is

intense enough. In this case, the measured appearance

potential would be a lower bound to the true value. In

the present case, the value obtained for the CH2+ appearance

potential is slightly lower than that calculated from the

literature39 (see the next paragraph), indicating that

the sensitivity of the MSU PIMS apparatus is sufficient to

detect at least a portion of the thermal tail that lies

below the threshold energy. .

Estimation of the position of the threshold of the

CH2+ P.I.E. curve (Figure III-11) is hampered by the scatter

in the data in the low energy tail. The difference between

+ and CD I
2 2

4.

from the necessity of performing the CH2 experiments at

the scatter in the CH P.I.E. curves results

twice the mass resolution required for CD2+. Despite the

scatter in the data, it is reasonable to extrapolate the
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sloping low energy tail to "threshold" at 835.0:1 A or 1A.85

10.02 eV. After correction, the 0 °K appearance potential

is 832.721 A or 1A.8910.02 eV. This agrees very werl with

the value of 1A.90 eV (Table III—2) which was calculated

from the latest thermodynamic literature.2l’39 The value

reported here is 0.09 eV lower than the one reported by

Dibeler and Liston23, probably resulting from the difference

in sensitivity between the MSU PIMS apparatus and their

circa 1968 instrument. When the CH2+ appearance potential

is combined with the 0 °K heats of formation of HCN (l.A05

eV)39 and H CCN (0.979 eV)39, the 0 °K heat of formation of

+

2

mol. This is in excellent agreement with the best current

3

is calculated to be 1A.A6i0.02 eV or 333.AiO.5 kcal/CH

literature value of 33A kcal/mol.21 If Herzberg's value for

the ionization potential of CH2 (10.396i0.003 eV)“2 is sub-

tracted from the 0 °K heat of formation of CH2+, the 0 °K

heat of formation of CH2 is calculated to be A.06i0.02 eV

or 93.62t0.5 kcal/mol. This agrees with the current litera-

ture value of 93.9 kcal/mol within experimental error.

The threshold region of the CD2+ P.I.E. curve is quite

similar to that of CH2+ except for some weak structure be

tween 815 A and 820 A. As before, these features are due

to inadequately corrected atomic lines and experimental

artifacts in the Hopfield continuum. In this case the low

energy tail reaches "threshold" at 836.011 A or 1A.83:0.02

eV. The corrected value is then 833.8:1 A or 1A.8720.02 eV.
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The proximity of this value to the CH2+ appearance potential

seems reasonable; however, there is no way to give it a

valid test due to the lack of thermodynamic data on deu—

terated species in the literature.

The P.I.E. curve of CH2+ from threshold to 600 A (Fig-

ure III-l3) is quite similar to that of HCCN+. The very

shallow slope in the threshold region can be more fully

appreciated in this figure. As with HCCN+, the P.I.E. curve

does not begin to rise sharply until the region of the

threshold of the parent ion B2E state is reached (approxi-

O

mately 820 A). Once again, predissociation of this state

must contribute strongly to the formation of this ion.

9H + and CD3:
 

3

The CH3+ P.I.E. curve from threshold to 600 A is pre-

sented in Figure III-1A. It has not been previously re-

ported in the open literature. Due to the extremely weak

ion signal, the P.I.E. curve was measured with an electron

multiplier as the photon transducer. The overall curve

has been approximately corrected for the wavelength depen-

dence of the multiplier's sensitivity. Despite this, its

similarity to the HCCN+ and OH + P.I.E. curves is easily
2

discerned. The low energy tail in the threshold region is

not as pronounced as that of CH2+. This might be expected

as the formation of CH3+ and CN is likely to be a more

direct process than the formation of CH2+ and HCN, which
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+

3
Figure III-1A. Threshold region of the CH P.I.E. curve.
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requires the transfer of one of the acetonitrile methyl

group hydrogen atoms. As with the fragment ions discussed

earlier, the curve does not increase sharply until after

the threshold of the parent ion's B2E state. Thus, predis-

sociation of this state seems to play a major role in the

formation of all the fragment ions studied here.

The threshold of the OH + P.I.E. curve (Figure III—15)
3

appears to level-off at 821.511 A or 15.0920.02 eV. Cor—

rected for the average thermal energy available at 300 °K,

the 0 °K CH3+ appearance potential is 819.5il A or 15.13

i0.02 eV. From this datum and the 0 °K heats of forma—

tion of H3CCN (0.979 eV)39 and CN (A.58i0.1 eV)“5 the 0

°K heat of formation of CH + is found to be 11.53i0.1 eV

3

or 265.9:2 kcal/mol. This differs from the current litera—

ture value (262 kcal/mol)39 by more than the experimental

error. Since the literature value is based in part on

Herzberg's value for the ionization potential of CH3 (9.8A2

i0.003 eV)25, it should be fairly reliable. This would indi-

cate that either the CH3+ appearance potential reported

here is too high or the CN heat of formation reported by

Berkowitz, Chupka and Walter”5 is too low. The CH3+ ap—

pearance potential calculated from the CH3+ and CN heats

of formation in the literature39’u5 is 828.9 A or 1A.96

eV. This thermodynamic check, plus the sloping nature of

the CH3+ appearance potential and the scatter in the data

suggest that the CH3+ appearance potential measured in
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Figure III-15. Threshold region of the CD + P.I.E. curve.
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this work is too high. It is interesting to note that the

value of DO(H3C-CN), 5.29i0.02 eV, calculated by subtract-

ing the ionization potential of CH325 from the CH3+ appear-

ance potential reported here is equal within experimental

error to the DO(H3C-CN) reported by Okabe and Dibeler (5.32

2” Thus, iti0.03 eV) from flash photolysis experiments.

appears that their value may be high as well.

The threshold of the CD3+ P.I.E. curve (Figure III-l6)

also has a shallow slope. The curve reaches the horizontal

axis at 823.5:0.5 A or 15.06i0.01 eV. When corrected for

the average rotational energy at 300 °K and the photon beam

half-width, the CD3+ 0 °K appearance potential is 821.0:0.5

A or 15.10:0.01 eV. The thermodynamic data required to

test this determination or for the derivation of further

parameters are unavailable.

C. Summary

In summary, the complete P.I.E. curves of HBCCN+,

+

2 ’

photoionizationcfl?acetonitrile and acetonitrile-d3 have

H2CCN+, HCCN+, CH CH3+ and D3CCN+ resulting from the

been determined for the first time. Their appearance

potentials have been determined and also those of D20CN+,

+ and CD +. The appearance potentials of the

2 3

deuterated ions as well as that of CH3+ have not been

DCCN+, CD

reported heretofore. An autoionizing Rydberg series has

been observed in the P.I.E. curves of H3CCN+ and D3CCN+
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and assigned as an nso series converging to the A2Al state

of the parent ion. All of the fragment ions studied have

appearance potentials that lie between the thresholds of

2 -2
Al and B

energies they appear to be formed by the predissociation

the A E states of the parent ions. At lower

of autoionizing Rydberg states. However, after the energy

of the exciting light has reached the threshold of the B2B

state of the parent ion (15.13 eV or 819.5 A), the frag-

ment ion P.I.E. curves rise sharply, indicating that most

of their intensity is the result of the predissociation of

this state. Finally, the appearance potentials reported

here have been used to derive several thermodynamic param-

eters. These results are summarized in Table III-7.
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Table III-6. Appearance potentials of the fragment ions of

H3CCN+ and D3CCN+ corrected to 0 °K.

Neutral

Ion Fragment Appearance Potential

H2CCN+ H lA.0A7i0.006 eV

D2CCN+ D 1A.05s0.01 eV

HCCN+ H2 15.15:0.01 eV

DCCN+ 02 15.10i0.05 eV

CH2+ HCN lA.89i0.02 eV

CD2+ DCN 1A.87i0.02 eV

CH3+ CN 15.13:0.02 eV

CD3 CN 15.1010.01 eV
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