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- ABSTRACT

Photoelectron measurements, differential in incident wavelength, photoelectron energy
and photoelectron ejection angle, have been performed on cyanogen, C, N,, from threshold to
a photon energy of 24 eV, using synchrotron radiation. The results are presented in the form
of photoicnization branching ratios and photoelectron angular distributions, including vibra-
tionally resclved results for the outermost orbital, lo,. Some evidence for resonant processes
is observed and discussed within the framework of recent work on related molecules.
However, reliable assignments require further theoretical guidance with regard to the location
and identities of possible shape resonances and autoionizing intravalence transitions in the
C, N, spectrum.

INTRODUCTION

Resonant processes, such as shape or autoionizing resonances, play a
central role in the study of photoionization dynamics of atoms and mole-
cules [1]. They are usually displayed prominently against non-resonant
behavior in such observables as the total photoionization cross-section,
photoionization branching ratios and photoelectron angular distributions.
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More importantly, the study of resonant features has repeatedly led to a
greater physical insight into the mechanisms of excitation, resonant trapping
of the photoelectron, and decay of the excited complex, that occur during
the photoionization process. These processes can be studied by a variety of
techniques [1,2]. However, the combination of synchrotron radiation and
angle-resolved photoelectron spectroscopy has been especially froitful in that
the partial cross-sections or branching ratios, and the photoelectron angular
distribution parameter 8, may be measured directly as a continuous function
of wavelength. The characteristic variations of these parameters in the
vicinity of a resonance are among the most powerful ways of accessing
dynamical information.

A useful conceptual starting point in considering molecular photoioniza-
tion dynamics is the joint use of the Born—-Oppenheimer approximation and
the Franck-Condon separation (see, for example, Herzberg [3]). The conse-
quences of this hierarchy of separation of electronic and nuclear motion is,
in part, that the relative vibrational intensities within an electronic band will
be proportional to their respective Franck—Condon factors. Furthermore, for
a given electronic transition, the photoelectron angular distributions will be
independent of the vibrational quantum number, v. Although this frame-
work can be expected to be applicable throughout large portions of the
spectrum, i.e., for direct photoionization, a variety of circumstances which
would cause this view to breakdown at either the Born—Oppenheimer or the
Franck-Condon level of approximation may be identified. Examples include
shape resonances, autoionization, near-threshold ionization, Cooper zeros,
and breakdown of the single-particle model for certain inner valence excita-
tions (see ref. 1 and references cited therein).

The effects of shape resonance and autoionization phenomena have been
studied as a continuous function of photon energy in a number of molecules;
N, [4-8], CO [4,59,10], O, [1,11-14], NO [15], CO, [16], COS [17.18],
CS,[17,18], C,H, [19-23], and C,H, [24]. However, only a few of the
experiments have been performed with sufficient resolution to permit vibra-
tional analysis. Corresponding theoretical work has been done on N, [25-321,
CO [25,27,29,33-35}, O, [36-38], NO [39], CO, [29,40-43], COS [29], CS,
[29], C,H, [19,20,44] and C,H, [24]. Much of the early work focused on the
first row diatomics, N,, CO and O,, and it is only recently that such studies
have been broadened to include the investigation of vibrational effects in
polyatomic molecules. In particular, a vibrationally resolved photoionization
study [21] of C,H,, which is isoelectronic with N, and CO proved very
instructive. The interpretation contained significant departures from that
which would have been suggested by a naive extrapolation of the results for
N, and CO. In so doing, this study made it obvious that our scope should be
extended systematically to other molecules in order to broaden and deepen
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an understanding of dynamical effects in the photoionization of small
molecules.

In this paper, triply differential photoelectron studies on cyanogen, C,N,,
are reported from close to the first ionization threshold to a photon energy
of 24 eV. This choice was motivated by the fact that cyanogen is a larger
molecule than those indicated above, but, nevertheless, contains a C=N
bond which is closely related to the bonds in the extensively studied first row
diatomic molecules. Moreover, a possibility of shape resonant trapping exists
not only on the C=N component, but also on the C-C bond. Also, the
off-center location of the CN group may result in positive and negative
linear combinations of trapping sites. These trapping sites in the context of
shape resonances are the result of centrifugal and electrostatic forces com-
bining to give a net positive potential for some ranges of electron coordinates
(see, for example, refs. 1 and 45). The effects of placing the CN group in
various chemical environments, e.g., C,N,, HCN, and CH,CN, has been
investigated, but the latter two will be discussed elsewhere [46,47]. In the
present work, we are unfortunately beyond present theoretical progress, as
no calculations have been performed on the role of autoionization or shape
resonances in the dynamics of C,N, photoionization. Therefore, the experi-
mental results are reported together with a necessarily limited discussion in
order to stimulate theoretical investigations of this interesting case. Indeed,
non-Franck-Condon behavior is observed for the first band (17,)”'X?I1,,
which however requires some theoretical guidance in order to specify the
underlying mechanisms. It was not possible to resolve directly the higher
vibrational members of the second electronic state because, within the
present experimental resolution, these levels coincide with the dominant
v =0 — 0 transition of the third band. However, deconvolution allowed the
asymmetry parameters to be deduced for the v = 0 vibrational level in both
the A and the B states. For the 2Hu state, vibrational analysis was not
feasible, so, in this case, a vibrationally averaged asymmetry parameter is
reported. The B parameters for the °S , 3 and *II, states exhibit features
which will aid in analyzing the resonant mechanisms in this spectral range
when realistic calculations become available.

The most relevant works related to the present study on cyanogen
(ethanedinitrile) are photoabsorption cross-sections [48—50], photoionization
cross-sections [51], photoelectron spectroscopy at 21.2 eV [52,53] and 40.8 eV
[54], and electron excitation and ionization spectra [55,56]. Theoretical
calculations [57-65] have been performed on the molecular orbital sequence,
structure, neutral excited state energies, and line strengths. Until recently, a
major question has arisen concerning the exact ordering of the four outer-
most valence orbitals in the molecular ground state. However, this uncer-
tainty now appears to have been resolved, so following the experimental




168

evidence of Baker and Turner [52] and Turner et al. [53] and more recent
calculations [60,61,64], the orbital sequence of cyanogen in its molecular
linear ground state may be given as

(io,) (16,)*(20,)’ (20,) (30,)" (30,)* (40,)* (17,)* (48, (50,)* (17 )’

The experimental values [52,53] for the four lowest vertical ionization
energies are (1m,)~! *I1, = 13.36 ¢V, (50,) ! *Z, = 1449 eV, (do,) "' 22 =
14.86 eV and (17,)~ ' *II | = 15.47 eV. The photoionization cross-section [51]
of C,N, shows strong resonance structure from close to threshold (13.36 eV)
to almost 15.5 eV. This is ascribed [51] to autoionization from at least two
Rydberg series which converge onto the I1, limit. At higher energies, a
further, unspecified, Rydberg series is observed, with structure between 18.2
and 19.2 eV. In addition to these peaks which can be identified as being due
to autoionization from Rydberg levels, a strong, broad peak 1s observed
extending from approximately 15.5 eV to 20.5 eV, with a maximum at
~16.9 V. One of the purposes of the present investigation was to see
whether the photoelectron asymmetry parameters and branching ratios would
vield any further information about the nature of this structure.

EXPERIMENTAL

The experiment was performed using a hemispherical electron analyzer
[66] coupled to a high aperture (2 m) normal incidence monochromator {67]
connected to the Synchrotron Ultraviolet Radiation Facility (SURF II)
electron storage ring [68] at the National Bureau of Standards. The mono-
chromator, electron analyzer and experimental method have been described
previously and will only be outlined here. The monochromator, tncorporat-
ing a 1200 lines mm~™' osmium-coated grating blazed at about 80 nm,
delivered a photon flux of approximately 5 X 10" photons s~ ! bandwidth ™!
at the peak of the output for a spectral resolution of about 0.05 nm (16 meV
at 20 ¢V). The analyzer, based on two copper hemispheres of 50 mm mean
radius, with an angular acceptance of +2°, was operated in a constant pass
energy mode of 5 eV, and could be rotated in a plane at right angles to an
incident monochromatic photon beam. The combined resolution of the
monochromator and electron analyzer was approximately 110 meV. The
polarization of the incoming light was measured by a three-mirror polariza-
tion analyzer [69] which rotated with the electron analyzer. As the light from
the monochromator was polarized elliptically, the differential cross-section
in the dipole approximation, assuming randomly oriented target molecules,
and electron angle analysis perpendicular to the photon propagation direc-
tion, may be written in the form [70,71]

do/dQ = (o, /47)[1 + (B/4)(3P cos 26 + 1)] (1)
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where B is the photoelectron asymmetry parameter, 8 is the photoelectron
gjection angle relative to the major polarization axis, and P = (1, —1I ) e
+ 1), the polarization of the incoming radiation. At each photon energy
reg}ort@d here, photoelectron spectra encompassing the vibrational progres-
sions that were energetically accessible at a particular photon energy were
recorded at the three angles # = 0°, 45° and 90°. A sample set of data at a
photon energy of 18.62 eV is shown in Fig. 1, where the counts in each
spectrum have been normalized so that the maximum count in the § = (°
spectrum equals 100. In Fig. 1, the vibrationally resolved (1, )“‘XZH band
can be observed, followed by the dommant members of the (5o, yol A ‘Z
and the (40,)”' B “Z states. The (1w,)~' C I, band is Lmresolved At
each angle, the spectrum was separated into electromc and vibrational
components by means of a nonlinear least squares fit to Gaussian line
shapes after correcting for the transmission function of the electron analyzer
and a small (<4%) angular correction factor based on the electron spec-
trometer calibration [72]. By using eqn. (1), vibrationally averaged and
vibrationally resolved asymmetry parameters were determined for the vari-
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Fig. 1. Photoelectron spectra of cyanogen at a photon energy of 18.62 eV and at 8 = g°, 45°
and 90°. The spectra are normalized so that the maximum counts in the 8 = ° spectrum = 100,
The data points (®) and the nonlinear least squares fit curve (- } are indicated
[Adnm)=12398/F (eV)].
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ous photoelectron bands. Once the asymmetry parameters had been de-
termined, eqn. (1) was again used to calculate the branching ratios of the
ionic states and of the vibrational levels within certain bands. The errors
associated with the asymmetry parameter data represent a combination of
the uncertainty in the nonlinear least squares fit, the degree of agreement
between the parameters deduced from the redundant set of measurements at
three angles and an estimate of possible systematic errors. The errors in the
electronic branching ratios fail within the magnitude of the symbol repre-
senting the measurement.

RESULTS

The asymmetry parameters for the four outermost valence orbitals of
cyanogen are shown in Fig. 2. For the (1x,)”' *II, and the (lm,)"' I,
states the vibrationally averaged values have been plotted, while for the
(50,)7' *Z, and the (40,)”" 2Z, states the data represent the 8 parameters
of the dominant v = 0 member. Figure 3 shows the corresponding electronic
state branching ratios. All of the parameters were deduced from least squares
fits to the experimental data in which the vibrational structure in the first
three bands has been properly accounted for, and the *II, state, being
unresolved, has been analyzed by fitting the area under the band.

With reference to Figs. 2 and 3, several characteristics of the data are
noteworthy. First, the *IT, asymmetry parameter increases smocthly with
increasing photon energy from a negative value at threshold to approxi-
mately 1.0 at 24 eV. This is similar to the behavior of = orbitals in other
molecules, e.g., nitrogen and carbon monoxide, and does not suggest any
strong resonant behavior in this channel. Second, for the 2Eu state, the f8
parameter is, on the whole, relatively constant, with localized variations near
threshold and near 19 eV, where autoionization structure is known to occur
[51]. Third, the zﬁig asymmeltry parameter, exhibits a definite, well-defined
oscillation between threshold and approximately 19 eV. The steep rise near
threshold and subsequent peak around 15.5 eV fall in the midst of observed
autoionization structure. However, the dip and subsequent rise, occur in the
energy range spanned by a broad feature, with 2 maximum at ~ 16.9 &V,
observed in the photoionization efficiency curve [51]. The origin of this
structure in the present results and its relation to the broad feature pose
interesting questions. Fourth, the ZIEg curve 1s very similar to the EEg curve,
although it is shifted to significantly lower values. It shows some additional
structure around 17.5 €V and continues to increase up to the high-energy
limit of the present measurements. Fifth, the electronic branching ratios in
Fig. 3 do not exhibit any major features, other than the relative enhance-
ments in the top three curves near their thresholds. The gradual onset and
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Fig. 2. Photoelectron asymmetry parameters of the four outermost valence orbitals in
cyanogen plotted as a function of photon energy [A{nm) = 12398 /F (eV)).

Fig. 3. Electronic state branching ratios of the four outermost valence orbitals in cyancgen
plotted as a function of photon energy [A(nm)=1239.8/F (eV)].

broad hump in the “TI, curve has no distinct features at all, as in the S
parameter for this channel. The weak peak above 17 eV in the *II g CUTVE is
real and emerges in the vibrational branching ratios for that channel, as
discussed below. '

The vibrationally resolved results for the EHg channel are of direct
concern to this discussion, as they are often sensitive to resonant mecha-
nisms. The ground ionic state, Xzﬂg’ photoelectron band shows a progres-
sion in »,, the C=N symmetrical stretching mode (where » is the nth
normal mode of vibration). The four lowest vibrational members were
observed in the present experiment, and the § parameters for v =0, 1 and 2
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are shown in Fig. 4. The three curves are similar at first glance but, on closer
inspection, exhibit systematic differences which exceed statistical error. In
particular, the curves show different local structure up to an energy of
approximately 19 eV, above which they exhibit a generally similar shape,
although shifted somewhat in magnitude. Therefore, extensive v-dependence
is observed, but not in the form of a simple prominent pattern.

The vibrational branching ratios were observed to have fairly constant
valuesof v =10, 52%; v =1, 32%; v = 2,11%; and v = 3, 5%: throughout the
present photon energy range. However, minor deviations were exhibited,
mainly below 18 eV. Therefore, to demonstrate non-Franck-Condon struc-
ture, the ratios of the intensities of the p = I, 2 and 3 members to that of the
v = 0 member have been plotted in Fig. 5. The ratios are generally constant,
suggesting Franck-Condon behavior, except below 15.5 eV and between
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Fig. 4. Vibrationally resolved asymmetry parameters for the v = 0, 1 and 2 levels of NS X
T, plotted as 2 function of photon energy {Mam) = 1239.8/F (eV)].

Fig. 5. The ratio of the intensities of the v = 1, 2 and 3 members to that of the © = 0 member
for the C,N;” X *TI, state [A(nm) = 1239.8 /E (eV)].
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16.5 and 18 eV. These systematic deviations from constant ratios should
serve as a clear indicator of resonant effects in future work on cyanogen.

It has been suggested [52,53] that the two outer o orbitals are the
out-of-phase and in-phase combinations of the nitrogen nonbonding orbitals
and that photoionization produces very intense v = 0 — 0 transitions. Baker
and Turner [52] and Turner et al. [53] observed a very weak vibrational
progression in »,, the symmetric C=N stretching mode, with vibrational
spacing of 0.231 eV following ionization of a 5o, electron. Our data suggest
that the intensity of the v = 1 member of the *Z . band is never greater than
3% of the v =0 member throughout the photon energy range studied in the
present experiment. No higher members of the vibrational progression
following ionization of the 40, electron were observed either by Turner et al.
[53] or in the present experiment. The vibrational progression for the 21N
state of the ion is complicated. Turner et al. [53] observed progressions in »,
and », and in addition, an indication that the », frequency mode, the
symmetric bending mode, was being excited. The C-C stretch, »,, has an
energy of 0.088 eV,

DISCUSSION

To simplify the discussion of the present results, the observed spectral
range will be divided into three parts. Region I will extend from the first
ionization energy of cyanogen to 15.5 eV. Region I covers the energy range
between approximately 15.5 and 18 eV, and Region III begins where Region
II ends and includes the high energy portion of the spectrum up to the 4g,
threshold at 22.8 eV [61]. Regions I and Iil contain autoionizing features
which have been observed by photoionization mass spectrometry and dis-
cussed elsewhere [51]. The autoionization structure in Region I converges
onto the A, B and C ionization thresholds and, presumably, that in Region
I onto the (alag)”l 2Eg threshold. We will not discuss the spectroscopy of
the autoionizing states in Regions I and IIL but will rely on previous
observations of these resonant peaks to account for the sharp variations in
the vibrationally resolved parameters in these two regions.

Even such general statements are not presently possible for Region I, as
no concrete evidence is available regarding the resonant mechanisms which
may have significant effects in this energy range. The photoionization yield
curve is certainly suggestive of resonant structure, exhibiting a breoad peak
centered at approximately 16.9 eV and extending throughout Region II,
superimposed upon a non-resonant background. Using what little related
information is available, possible contributions to the apparent resonant
effects in Region IT will be speculated upon. Two main possibilities need to
be examined— autoionization and shape resonances.
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Regarding shape resonances, Hitchcock and Brion [56] have observed
broad continuum features in the pseudo-photon carbon and nitrogen K
spectra of both HCN and C,N,, which are believed [73] to be analogous to
the o (/= 3, where / is the orbital angular momentum) shape resonances in
N, and CO. These broad features lie approximately 12 eV above their
respective ionization energies and correspond to an /= 3-tvpe shape reso-
nance localized on the C=N subgroup. Since these trapping sites are
off-center in cyanogen, gerade and ungerade linear combinations of the
molecular orbitals may be presumably constructed to produce shape reso-
nances in both the o, and o, ionization continua. However, transitions to
these continuum channels from the valence orbitals investigated here would
not fall in the spectral range studied, especially considering the tendency for
shape resonances to shift approximately 1-3 eV higher in kinetic energy
upon going from core spectra to valence shell spectra. Therefore, barring a
large and unlikely splitting between the resonance positions in cyanogen, the
C==N counterpart to the /= 3-like o resonance in N, and CO does not seem
to play a role in C,N, photoionization dynamics until higher photon
energies are used.

It is interesting to consider another conceivable shape resonance mecha-
nism, that is, trapping on the C~C site. This is highly speculative, but there
is some evidence supporting the possibility:

(a) Fridh et al. [61] calculate the location of a 5o, valence orbital at 4.93
eV in the continuum (in quantum chemistry terms). This would correspond
to a o, shape resonance in scattering language and could be the C-C site
analogue of the o, shape resonance in nitrogen. This 50 orbital of cvanogen
has large contributions on the carbon centers. Fridh et al. allow for some
uncertainty in its location since lack of empirical evidence made it difficult
to parameterize this state in the hydrogen atoms in molecules by their
procedure (HAM /3). Accordingly, in the Iar, ionization channel, the 5o,
resonant state would lie at a photon energy of approximately 18 eV, with a
2-3 eV uncertainty. Note that the corresponding broad feature at 17 eV in
the electron excitation spectrum of cyanogen was tentatively interpreted as
50, — 50,. The predicted transition energy of 20.0 €V led to an even greater
energy discrepancy than for the assignment being considered.

(b} An unrelated multiple-scattering model calculation [74] on the K-shell
spectrum of C,, using an internuclear separation of 1.5 A, produced a o,
f-type resonance at 2.8 eV kinetic energy. However, the C—C distance in
C,N, is 1.380 A. Generally, shape resonances move to higher energy as the
internuclear separation decreases, assuming relatively small changes. Hence,
the kinetic energy at which the C-C shape resonance occurs in cyanogen
could be expected to be greater than 2.8 eV. However, the uncertainty is a
few eV. This fragment of evidence would provide some support for a
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low-lying resonance in the 17, channel in Region 1L

(¢) The carbon K-shell spectrum exhibits a strong non-Rydberg peak very
near threshold. A weaker one also occurs in the nitrogen K-shell spectrum
just above threshold. In converting a K-shell shape resonance position to a
valence shell position, it is usually necessary to add 1-3 eV on the kinetic
energy scale. This would place the indicated features from the K-shell
spectra a few eV above the 17, ionization energy in the valence shell spectra.
We emphasize that there is no solid evidence for this conjecture but it is
important that even tentative shape resonance assignments should not be
inconsistent with inner shell spectra.

(d) Finally, by similar reasoning to that given in (b), the lower kinetic
energy of the o, resonance on the C-C site relative to the C=N site could be
qualitatively rationalized on the basis of the much larger internuclear dis-
tance (1.380 A and 1.157 A, respectively).

To summarize, there is some evidence suggesting the possibility of a 5o,
shape resonance (or valence state in its own continuum) in Region IL

The other mechanism to be explored is the possible presence of an
autoionizing valence state converging onto a higher ionization threshold.
This proved to be the case for similar broad features in acetylene [75,76].
Again, the calculation of Fridh et al. [61] contains a possibility. They
estimate the location of the 40, — 2, intravalence transition in cyanogen to
be at approximately 15 eV. Considering the possibility of additional interac-
tion between the 2, state (itself a shape resonantly-enhanced bound state
related to the lc:rg state in N,) and the 4o, hole, the uncertainty in this
transition energy does not rule out its occurrence in Region 11

To summarize, we have found some evidence for a resonant process in
Region Il which could be either a 50, shape resonance or an intravalence
4a, — 27, autoionizing transition, or possibly contributions from both. It
would be interesting to consider these possibilities, along with others not
identified, in a theoretical treatment of the non-Franck-Condon and other
dynamical effects in Region II. The best experimental evidence would
appear to be the peak at ~ 17-17.5 eV in the ratios of vibrational intensities
(Fig. 5), and the shape of the f8 curves (Figs. 2 and 4) in Region IL. If the
shape resonance mechanism is active, a realistic, independent-electron calcu-
lation should produce the essential aspects of the observed effects, and some
manifestations should be observed in all the gerade initial states. If autoioni-
zation is the underlying mechanism, a multichannel treatment would be
required to yield the dynamical effects reported here. In any case, it is hoped
that these new data and this speculative discussion will stimulate theoretical
studies needed to clarify the questions raised in this paper.
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