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Abstract

High-resolution synchrotron-radiation-based photoionization mass spectrometry was applied to study the dissociative photoionization of CINj
under collision-free molecular beam conditions at ionization energies between 10 and 17 eV. No parent ion (CIN3*) could be detected under our
experimental conditions. This suggests that the ground and excited states of CIN;* are weakly bound or repulsive, a conclusion supported by
electronic structure calculations also reported here. We recorded photoionization yield spectra at m/z=49, 42, 35 and 14 from which we extracted
the appearance potentials for NCI*, N3*, CI*, and N*. The appearance potential of NCI* (10.17 = 0.02 eV) observed here is close to the previously
reported ionization potential of CIN; obtained form photoelectron spectroscopy. Using the theoretically calculated binding energy of CIN;* (0.2 eV),
we derive an estimate of the adiabatic ionization potential of CIN; =9.97 £0.02 eV. The measured appearance potentials for N;*, CI*, and N*
provide three independent determinations of the CI-N bond energy in CIN3, which agree within their respective error limits. The observations of
this work are consistent with a new value of the N—Cl bond energy in CIN3, Dy(CI-N3)=1.86 +0.05¢V, 0.3 eV lower than previously reported
values, which are however experimentally derived upper limits. The bond energy reported here is consistent with high level ab initio (CCSD(T))
electronic structure calculations extrapolated to the complete basis set limit, which yield a value: Dy(Cl-N3)=1.87 eV.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction CIN3 — CI + N3 2)

where accurate measurements have been possible, reaction (2)
is found to be the dominant dissociation pathway [8,16].

In contrast, still little is known about the ionization of CIN3.
The only experimental measurement of the CIN3 ionization
potential, 10.2 eV, comes from Frost et al. who used photoelec-
tron spectroscopy [17]. Hansen et al. used velocity map imaging
to look at CIN3 multi-photon ionization at 202 nm and in the
absence of detectable CIN3* they determined that the parent
ion, if stable, should have a dissociation barrier less than 0.28 eV
[18]. The results suggest that the ionization potential reported
CIN3 — NCI + N, (1) by Frost et al. does not lead to the CIN3* parention.

In this work, we have carried out a systematic investigation

of the dissociative photoionization of CIN3. Specifically, we

* Corresponding author. Tel.: +1 805 893 5035; fax: +1 805 893 4120. have used high-resolution, tunable synchrotron radiation and
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Interest in CIN3 and its photochemistry has increased in the
last few years, sparked by the identification of NCl(a' A) as
an energy carrier in a chemical iodine laser [1-6] as well as
by the discovery of a radical dissociation pathway thought to
produce — among other photoproducts — a cyclic isomer of N3
[7-10]. This activity has also prompted a series of new theoret-
ical calculations on N3 neutral and cation [11-15]. Thanks to
this recent flurry of work, we now know that UV photolysis of
CIN3 proceeds through two primary dissociation pathways:
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photoionization yield spectra of NCI*, N3*, CI* and N* ions
resulting from CIN3 dissociative ionization in the 10-17eV
range. Our data confirm that CIN3™" is unstable in this energy
range, dissociating through four channels, each appearing at dif-
ferent a photon energy. We identify these appearance potentials
with good precision, from which we are able to re-evaluate the
lowest dissociation energy of CIN3.

2. Experimental

The measurements reported here were performed on the
21B U9-CGM beamline of the National Synchrotron Radiation
Research Center in Hsinchu, Taiwan. Detailed descriptions of
the apparatus have been reported previously [19,20], and only
a brief explanation of the experiments will be given here. A
mixture of CIN3 in He was prepared by passing a 10% mixture
of Cl, in He first over moist sodium azide (NaN3) suspended
in cotton wool to produce CIN3 and then through a drying
agent (Drierite) to remove any excess water. The CIN3 mix
expanded supersonically through a pulsed valve (General valve
or Even-Lavie valve) to form a molecular beam which, after
passing a collimating skimmer, was photoionized by tunable,
high-resolution, VUV synchrotron radiation. The generated
ions were then mass-selected by a quadrupole mass filter and the
mass-to-charge ratio (mm/z) of choice was detected by a channel-
tron detector. By tuning the synchrotron radiation wavelength,
we were able to record photoionization spectra for m/z=42
(N3), 35 (CI%), 49 (NCI*) and 14 (N*), produced by dissocia-
tive ionization of CIN3 in 10-17 eV ionization energy range.
Despite intense efforts, we were unable to observe m/z="77
or 79 (CIN3*) in the 10-17eV range. Attempts to observe
No* (from the Np*+NCI) were foiled by a ubiquitous Np
background.

High-resolution synchrotron radiation was produced by pass-
ing the undulator output (bandwidth-FWHM ~3%) through
a monochromator resulting in tunable VUV radiation with a
bandwidth of 0.15 meV (FWHM) tunable in steps as small as
~0.02 meV. Higher undulator harmonics were suppressed by
noble gas (Xe or Ar) in a gas cell positioned after the monochro-
mator, similar to the design presented by Suits et al. [21]. Using
the same gas cell as an absorption cell and measuring the syn-
chrotron radiation emerging from the cell, we measured several
absorption lines of Xe and Ar which were used for precise
wavelength calibration of the monochromator.

The ab initio electronic structure theory calculations were
carried out using conventional coupled cluster CCSD(T) (cou-
pled cluster single and doubles with perturbative triples)
treatment of electronic correlation [22] and the cc-pVxZ fami-
lies of basis sets [23-26] with increasing levels of sophistication
(x=3(T), 4(Q), and 5). The geometries of CIN3 and N3 were
optimized and harmonic frequencies (from which zero point
energies were derived) were calculated by numerical differen-
tiation of the analytic gradient at the CCSD(T)/cc-pVTZ level
of theory. Improved energy values for larger basis sets were
obtained as single-point calculations at this optimized geometry.
All calculations were performed using the Gaussian 03 program
package [27].
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Fig. 1. Energy calibration. (a) An example Ar absorption spectrum. (b) The
deviation (marked as @) of apparent vs. observed Xe and Ar absorption lines is
shown as a function of energy and is fit with a polynomial function. The poly-
nomial equation obtained is ¥'=0.02508 — 0.00558X +2.9232 x 10~*X? and its
coefficients suggest that differences do not change significantly with ionization
energy in this range, with the maximum deviation being around £0.02 eV.

The complete basis set limit (CBS) was evaluated performing
focal point analysis [28] of the cc-pVxZ data. The Hartree—Fock
energies were extrapolated using x=3, 4, and 5 and the expo-
nential form of Feller et al. [29,30]. The correlation energies
were extrapolated using x=4 and 5 and the integrated Schwartz
expression [31].

3. Results and discussion

The results section is organized as follows. First, we present
the energy calibration resulting from the analysis of Xe and
Ar absorption spectra. Second, we evaluate the lowest ioniza-
tion threshold of CIN3 and comment on the low stability of the
parent ion, CIN3™¥, including an estimate of the adiabatic ion-
ization potential of CIN3. Third, we present three dissociative
ionization potential (Ion appearance potentials) and evaluate the
Do(Cl-N3) from each.

3.1. Energy calibration

To test the calibration of the monochromator over our energy
range, we recorded absorption spectra of Xe (in9.8-12.1 eV) and
Ar (12-14.8eV) (e.g., Fig. 1a) and compared with known tran-
sition energies [32] (Fig. 1b). Only the strongest lines observed
were used for the calibration. In Fig. 1b, we matched the appar-
ent absorption energies with literature values [32] and computed
the deviation (observed-actual). It is evident from Fig. 1b that
even apparent energy measurements are within 0.02eV of the
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Fig. 2. Photoionization spectra near threshold for: (a) m/z=14 (N*), (b) 35
(CI"), (c) 42 (N3*) and (d) 49 (NCI*), produced by reactions on Table 1. The
experimentally measured spectra are shown as open circles and a solid line shows
the average background signal in each spectrum present well below threshold.
Data are shown re-binned as described in text. The detected ion signal indicated
by a dashed arrow in the range 14.8-14.88 eV corresponds to the dissociation
of molecular chlorine: Cl;* — CI* + Cl.

true value. As will become apparent below, the uncertainty in the
determination of the ionization thresholds is larger than 0.02 eV,
due to signal-to-noise limitations. Therefore, one might consider
obtaining thresholds without any energy calibration at all. Nev-
ertheless, we fitted the data of Fig. 1 to a polynomial and used
this function to correct the energy readout of the monochromator.
The energy corrections are less than 10 meV.

3.2. CIN; ionization threshold and CIN3* stability

In Fig. 2a—d, we show mass resolved photoionization yield
spectra for m/z= 14 (N*), 35 (C17), 42 (N3*), and 49 (NCI*). The
original data, taken at 0.005 eV steps for N*, C1* and NCI* and
0.0005 eV for N3*, has been re-binned (i.e., adjacent point aver-
aging, such that each open circle corresponds to 0.0150eV for
m/z=14 and m/z=35,0.0076 eV for m/z=42, and 0.0040 eV for
m/z=49). This procedure provides the optimal signal-to-noise
ratio, which is important to the threshold determinations. From

Table 1

Appearance thresholds (in eV) for CIN3 dissociative photoionization
Reaction Threshold (eV)
CIN;3(X'A") +hvgyne — NCI* +Np +e” 10.17 £+ 0.02
CIN3(X'A") + hvgyne — N3* +Cl+e™ 12.88 £ 0.06
CIN3(X'A") + hvggne — CI* + N3 +e~ 14.98 + 0.05
CIN3(X'A") + hvggne — N* + N, +Cl+ e~ 16.36 £ 0.06

these spectra, we determined the appearance threshold for each
ion as the energy at which the ion signal rises detectibly above
the background signal. To guide the eye, we have drawn lines
along the average background signal seen well below threshold.
Working in this fashion we obtained four appearance potentials
(Table 1) all of which are dissociative. From lowest energy to
highest, these thresholds correspond to formation of NC1* + N,
N3*+Cl, CI" +N3 and N* + Cl + N».

A pitfall of this kind of work should be noted. Sometimes in
the past, ion-pair thresholds have been mis-assigned as appear-
ance potentials [33-35]. While it is reasonable to question if
the appearance potentials reported here might suffer from sim-
ilar problems, we are re-assured by the large magnitudes of the
electron affinities of Cl (3.614 eV) and N3 (2.68 eV). Although
we did not specifically look for negative ions during this work,
these large electron affinities mean that the observed appearance
potentials are much higher than the ion pair thresholds, making
them easy to distinguish.

As mentioned above, we were unsuccessful in finding any
experimental conditions where a stable CIN3™ ion could be
identified. These results strongly suggest that the previously
reported CIN3 ionization potential obtained from photoelectron
spectroscopy [17] (10.2+0.01eV) results from dissociative
ionization producing N; + NCI*, as argued by Hansen et al. [18].
MP2/aug-cc-pVTZ and CCSD[T]/cc-pVTZ calculations (struc-
tures from which are shown in Fig. 3) support this conclusion.
Electronic structure calculations on the most stable structure
of CIN3* show an ion-quadrupole complex (NCI**Nj;) with a
binding energy of only 0.39 eV at MP2 and 0.20 eV at CCSD(T)
level. Due to the large change in geometry from the parent neutral
CINj3, we can easily understand why near threshold, ionization
leads to a vibrationally excited CIN3* with more than enough
energy to dissociate. From the MP2 calculations and the exper-
imentally derived APncy+ value, we may estimate the adiabatic
ionization potential of CIN3 to be 9.97 £0.02eV.

3.3. The dissociation energy of CIN3 derived from three
dissociative appearance potentials

Conservation of energy dictates that the appearance energies
measured for N3* + Cl and C1* + N3 in this experiment should
equal the sum of the dissociation energy of CIN3 plus the ion-
ization energy of the respective ion plus a possible barrier for
the specific channel. For the N3* + Cl channel this statement can
be written down mathematically as follows:

APy, + = Do(CI-N3) + IP(N3) + B, 3)
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Fig. 3. Geometries of CIN3 and CIN3* calculated at MP2/aug-cc-pVTZ and
CCSD[T]/cc-pVTZ levels. (a) The structure of CIN3 neutral; (b) Two energy
minima of CIN3*. The figure on the right side corresponds to the geometry
which is close to CIN3, and on the left to the lower-energy van der Waals complex
(NCI**N,, ion-quadrupole). Bond lengths are given in A, angles in degrees. The
CCSD(T) results are shown in parentheses.

where Bj signifies the barrier of the channel leading from CIN3*
to N3+ +CL

Using the measured APy,+ = 12.88eV and the lit-
erature value for Dg(Cl-N3)=2.15+£0.1eV [7] and IP
(linear N3)=11.06£0.01eV [36], one obtains a value of
B> =-0.33¢V, a negative barrier, which is unphysical. There
are two ways one might reconcile this outcome results. First,
the existence of vibrationally excited CIN3 in the molecu-
lar beam would lead to hot bands and reduced appearance
potentials. Second, the previously determined upper limit to
Dp(Cl1-N3)=2.15eV might be too high. First, we consider
hot bands. The CI-Nj stretch at 545 cm™!, the out-of-plane
bend at 522cm~! and even the in-plane bend at 719 cm™!
[18,37] can be significantly populated (3—7%) before molecular
beam expansion. Furthermore, these vibrations are of high
enough frequency that they may not be relaxed completely in
the molecular beam. On the other hand, one quantum of any
of these modes is insufficient to explain the apparent 0.33 eV
discrepancy indicated above. Indeed, three to four quanta would
be needed, which appears to us highly unlikely. Furthermore,
such a contribution from hot bands to ion signal should be
observed in other photoionization channels and not only in the
threshold determination of N3 presented above; however, no
evidence of hot bands can be found in those data.

In light of this discussion, the most plausible explanation
of our results appears to suggest a revision of the Dy(Cl-N3).
Assuming a value of B =0¢eV, we obtain from Eq. (3), a value
of Do(Cl-N3)=1.82 £ 0.05eV. This value is also, in principle,
an upper limit to the dissociation energy of CIN3 as B, is not
necessarily zero. Note that production of ro-vibrationally excited
N3* would further reduce the derived bond energy.

Table 2
CCSD(T) calculations of CI-N3 bond energies using different basis sets with
increasing level of sophistication

Basis set Dy(Cl-N3) ZPE Do(Cl-N3)
cc-pVTZ 1.72 —0.07 1.65
cc-pVQZ 1.84 —-0.07* 1.77
cc-pVS5Z 1.89 -0.07* 1.82
CBS limit 1.94 —-0.07* 1.87

Data are corrected for zero-point vibrational energy (ZPE). The complete basis
set limit (CBS) is evaluated after focal point analysis of the cc-pVXZ data (see
text). All energies are in eV.

% The cc-pVTZ value is used.

One should note that this new value is not inconsistent with
previous experimental work on CIN3 [7-9,16]. However, both
velocity map imaging (VMI) and photofragment translational
spectroscopy (PTS) results rely on the assumption that the
fragments with the maximum observed kinetic energy have lit-
tle or no internal energy. Therefore, those determinations of
Do(Cl-N3) are in error to the extent that the fastest observed N3
fragments possess internal energy. Comparing the deductions
from this work to those obtained by VMI, we suggest that an
additional 0.33 eV was channeled into ro-vibrational excitation
of the linear N3 photofragments even for the fastest observed
fragments. Given the bent geometry of the CI-N-N bonding in
CIN3, its dissociation could trigger substantial rotational and
bending vibration excitation in N3 fragment.

One previous theoretical study found Do(Cl-N3)=2.1051 eV
at the MP2 level [38]. It would appear that higher levels of the-
ory are required to get more accurate results. Consequently,
we performed a series of high-level CCSD(T) calculations
using the cc-pVxZ families of basis sets with increasing lev-
els of sophistication (x=3(T), 4(Q), and 5). This allowed us
to evaluate the complete basis set limit (CBS) by perform-
ing focal point analysis of the cc-pVxZ data. The results are
shown in Table 2. As can be seen, our highest level estimate
CCSD(T)/CBS + ZPE(CCSD(T)/cc-pVTZ) gives a Dy(Cl-N3)
value of 1.87 eV, consistent with this lower experimental value.

The appearance potential analysis for the CI* + N3 channel
can be made considering Eq. (4), which is analogous to Eq. (3)

APg+ = Do(Cl — N3) + IP(Cl) + B3 )

Applying Eq. (4) to the appearance energy for CI* + N3 chan-
nel (14.98¢eV), Dy(Cl-N3)=1.86eV and IP(Cl*)=12.96eV
[39] we obtain a barrier B3 =0.17(40.1, —0.2) for this channel.
Alternatively, we might assume that the B3 = 0, where we would
derive an independent value of D(Cl-N3)=2.03(0.1, —0.2).
Here, the error bars are large and asymmetrical due to the very
gradual rise in signal at threshold. See Fig. 2b.

We can follow a similar procedure to determine the barrier
By for the N* appearance channel:

B4 = APy+ — Do(Cl — N3) — Do(N — N2) — IP(N)
=16.36 — 1.86 — (—0.05) —14.53 =0.02¢eV
Here, we have used the literature value Dg(N-N,) = —0.05 eV

obtained from accurate translational energy release measure-
ments on N3 — Nj + N photodissociation [40,41].
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zero within the inherent uncertainty of the experiments. Literature values are
underlined.

Alternatively we may assume B4 =0 and use the experimen-
tally determined APy+ = 16.36eV to obtain an independent
measure of Do(Cl-N3)=1.88 & 0.05 eV. The energetics summa-
rized in Table 1 are also shown in Fig. 4.

In summary we obtain three independent measures of the
N-CI bond energy in CIN3 from three dissociative ioniza-
tion thresholds: Do(Cl-N3)=[1.82+0.05¢V, 2.0240.1, —0.2),
1.88 £0.05eV], which all agree within experimental error
limits. We calculate an average, weighted by the inverse squared-
error, and recommend the value Dyg(CI-N3)=1.86+0.05¢eV.
This is about 0.3 eV lower than previous accepted values. One
should realize that due to the nature of the experiments, even
this lower value constitutes an upper limit, depending on the
height of the dissociative ionization barrier in each channel and
the degree of ro-vibrational excitation of the measured ions (and
that of unmeasured neutrals).

4. Conclusions

We report for the first time mass-resolved photoionization
yield spectra of NCI*, N3*, CI* and N* ions from molecu-
lar beam cooled CIN3. Ionization of CIN3 proceeds through at
least four dissociative channels leading to different products at
different dissociation energies. The previously reported ioniza-
tion potential of CIN3 is shown to correspond to the appearance
potential of NCI*. Theoretical calculations of the ground state
of this ion, show it to be only weakly bound (0.2eV at the
CCSD(T) level) and best described as an ion quadrupole com-

plex. We derive an estimate of the adiabatic ionization potential
of CIN3 (9.97eV). We also measured the appearance poten-
tials for CI*, N3* and N*, providing three independent means
of deriving the CI-N bond energy in CIN3, Do(Cl-N3). These
results are in agreement with one another, from which we
recommend a revision of this bond energy to the following:
Dy(Cl-N3)=1.86 £0.05¢eV, about 0.3eV less than presently
accepted values. High level ab initio electronic structure calcu-
lations in the complete basis set limit are in excellent agreement
with this value.
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