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Observation of the A 'A” state of isocyanogen
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The A 'A” state of isocyanogen, CNCN, is observed using photofragment fluorescence excitation
spectroscopy in a room temperature cell and in a molecular beam. The spectra are highly congested,
but progressions that correspond to the Franck-Condon active C—N-C bending vibration in the
excited state are evident. Linewidth measurements indicate that the excited state lifetime is <10 ps.
These measurements are consistent with previous ab initio calculations, which predicted a bent
excited state with a short lifetime due to predissociation. Although we do not believe that we have
observed the origin band of the electronic transition, we place an upper limit of 42 523 cm™! on the
energy of the excited state zero point level. © 2007 American Institute of Physics.
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I. INTRODUCTION

Although cyanogen (NCCN) has received considerable
attention as a substituent of Titan’s atmosphere' and was first
synthesized in 1815,% the less stable isomer, isocyanogen
(CNCN), has been the subject of relatively few studies. In-
deed, the first definitive synthesis and spectroscopic identifi-
cation of CNCN was not reported until 1989.3° Since then,
several experimental and theoretical studies”"! have exam-
ined the linear ground electronic state of CNCN. To date,
however, there have been no experimental reports of any
excited electronic state of CNCN and only two theoretical

descriptionsu"3 of the A 'A” first excited electronic state.
Sherrill and Schaefer’s'? ab initio calculations indicate that

the A 'A” state is bent with C-N—C and N-C-N bond angles
of 117° and 176°, respectively, and lies at a zero-point to
zero-point energy of Ty=41100 cm™', which is somewhat
higher than the energy needed (38 600 cm™!) (Refs. 8 and
14) for dissociation into two X *3* CN fragments. These
calculations suggest that the linear to bent electronic transi-
tion suffers from extremely poor Franck-Condon factors and
that the first excited electronic state of CNCN is predissocia-
tive. These predictions, in addition to the difficulty of work-
ing with the unstable CNCN molecule, help explain why the
first singlet excited electronic state of CNCN has not been
observed previously.

Here, we present the first experimental observation of

the CNCN A 'A” state using photofragment fluorescence ex-
citation (PHOFEX) spectroscopy of the X 3% CN photofrag-
ments. PHOFEX is a sensitive two-laser technique in which
transitions to the excited state of the parent molecule are
monitored by excitation and subsequent fluorescence from its
photofragments. As shown by Wannenmacher et al.™ and
Halpern and Huang15 for NCCN, the PHOFEX technique is
ideally suited to photodissociation studies of the (CN), iso-
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mers because the CN B 23" state fluoresces strongly and is
well characterized. Moreover, PHOFEX is expected to be
more sensitive than laser induced fluorescence of CNCN be-
cause of the predicted predissociation in the excited elec-
tronic state. Our measurements are consistent with the theo-
retical calculations of Sherrill and Schaefer'” and suggest an
excited state lifetime of <10 ps.

Il. EXPERIMENTAL SECTION

CNCN was prepared by vacuum pyrolysis of the precur-
sor molecule, N-cyano-2,3-diphenylcyclopropeneimine,
which was synthesized following the procedure of Yamada et
al.” and Dubinsky.16 We made no attempt to purify the pre-
cursor by column chromatography or recrystallization, and
we found that it could be stored at =50 °C for several weeks
without any obvious deterioration. The pyrolysis setup con-
sisted of a quartz tube and several traps that were pumped
down to 10 mTorr and heated to remove any water. About
300 mg of precursor were pyrolyzed at 450 °C under
vacuum and the products were collected in a liquid nitrogen
cooled trap. Two trap-to-trap distillations (one trap immersed
in dry ice/isopropanol, the other in liquid nitrogen) were per-
formed to separate the CNCN product from the less volatile
decomposition products of the precursor. After purification,
CNCN could be stored in meticulously clean glassware for
several days without decomposing. Care was taken to avoid
contact with metal surfaces, which have been shown to cata-
lyze the decomposition of CNCN.® The purity of the CNCN
sample was determined using infrared spectroscopy (Mattson
Infinity Gold Fourier transform infrared spectrometer).

The room temperature sample cell was a glass tube with
CaF, windows oriented at Brewster’s angle on each end.
Two methods were used to introduce the CNCN sample into
the cell: (1) a Teflon needle valve controlled the flow rate of
CNCN to achieve a total pressure of 150 mTorr in the cell
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FIG. 1. PHOFEX spectrum of CNCN in a room temperature cell and in a molecular beam.

and (2) the cell was filled with 200 mTorr and replenished
every few hours. Both the flow and static methods produced
similar PHOFEX spectra.

The molecular beam apparatus consisted of a 12X 12
X 12 in.? aluminum vacuum chamber, which was evacuated
by a 6 in. diffusion pump (Diffstak 160, Edwards) backed by
a rotary mechanical pump. A 10% CNCN:Ar mixture was
expanded into the chamber with a 1 mm diameter orifice
pulsed valve (Parker Hannifin Corp., General Valve Division,
Series 9) with a backing pressure between 400 and 700 Torr.
The gas mixture was stored in a glass bulb and connected to
the valve with PFA tubing, but no attempts were made to
pacify the metal surfaces of the pulsed valve.

The pump and probe lasers were counterpropagated
through the cell or molecular beam apparatus and emission
was observed at 90° with a photomultiplier tube, which was
filtered to minimize scattered laser light. The spectra were
obtained by averaging at least 20 laser shots with a LeCroy
LC334A oscilloscope interfaced with a LABVIEW program on
a personal computer. The pump laser was the doubled (BBO)
output of a Lambda-Physik FL3002 dye laser (Coumarin
460, 480) pumped by a Quanta-Ray DCR-3 Nd**:YAG
(yttrium aluminum garnet) laser. The probe laser was the
doubled (BBO) output of a Lambda-Physik FL2002 dye
laser (LDS-765) pumped by a Spectra Physics PRO270
Nd**:YAG laser. For the room temperature cell measure-
ments, the probe laser was fixed to the P(10) CN B 23*
(v'=0)—X ?3*(v"=0) transition and delayed 300 ns after
the pump laser, whereas for the molecular beam experiments
the probe laser was fixed to the P-branch bandhead and

delayed 50 ns. Delay times were chosen to optimize the ob-
served CN transitions. Typical laser powers were 0.2—1 mlJ
for the pump laser and less than 1 uJ for the probe laser. The
pump laser was typically operated in a “low resolution”
mode with a bandwidth of 0.2 cm™, but with the insertion of
an intracavity étalon, the dye laser could be operated in a
“high resolution” mode with a bandwidth of 0.06 cm™'. The
spectra obtained at low resolution and high resolution were
identical, indicating that the spectral resolution is limited by
the lifetime of the electronically excited state and not by the
laser frequency bandwidth. Absolute frequency calibration
was achieved by simultaneous monitoring of Ne I lines in an
optogalvanic cell, whereas relative frequency calibration was
achieved by simultaneous monitoring of fringes from a
monitor étalon.

lll. RESULTS AND DISCUSSION

Figure 1 shows the low resolution PHOFEX spectrum of
CNCN between 224 and 244 nm obtained at room tempera-
ture and in a molecular beam. No fluorescence from the par-
ent molecule was observed for excitation in this region. The
room temperature spectrum is very congested and contains
many bands, each of which is quite broad. Individual rota-
tional lines are estimated to have linewidths >0.5 cm™! and
as a consequence, many of the low-J rotational lines are
blended. Additional congestion from hot bands arises be-
cause the low frequency C-N-C ground state bend
(195 cm™!) is significantly populated at room temperature
and is expected to be highly Franck-Condon active.
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As shown in Fig. 1, the rotational and hot band conges-
tion is significantly reduced in the jet-cooled spectrum. The
spectrum, however, remains exceedingly complicated and
congested even at the lowest observed excitation energies,
suggesting that the origin band has not yet been observed.
Indeed, the first cold band we observe is at 42 523 cm™,
which is ~1420 cm™! higher in energy than the calculated
To=41100 cm™ of the A 'A"—X'S* origin band.'* Be-
cause the Franck-Condon factors are expected to be poor for
the origin band and the molecule is perhaps less predissoci-
ated in its lowest vibrational levels, it is possible that we do
not yet have the sensitivity to observe the origin band in the
PHOFEX spectrum. Instead, we can only place an upper
limit on the origin band at 42 523 cm™!. As a consequence,
we are unable to provide absolute vibrational assignments.
However, we do observe vibrational progressions spaced by
about 200 cm™! that are likely progressions of the Franck-
Condon active C-N—-C excited state bend (vs), which has a
calculated' frequency of 207 cm™!. These progressions are
marked with brackets underneath the jet-cooled spectrum in
Fig. 1.

In addition to the 200 cm™' progressions, a number of
other features in the spectrum compel us to believe that we
are observing the excited state of CNCN. First, the infrared
spectrum of our postpyrolysis sample is dominated by the
very strong CN stretching bands of CNCN (Ref. 5) at 2060
and 2302 cm™!. However, we do see a very weak (by a factor
of >170) band at 2157 cm™' which can be attributed to
NCCN.> From the infrared intensities, we can estimate a
CNCN to NCCN ratio’ of about 1.7, indicating that our
sample contains a significant amount of NCCN. We also ob-
serve an equally weak band at 3311 cm™' which is undoubt-
edly HCN.'” Our PHOFEX signal, however, cannot be attrib-
uted to NCCN or HCN contaminants because the spectra in
Fig. 1 lie well below the NCCN and HCN dissociation limits
and even below the energy of the first excited singlet states
of NCCN and HCN. We were able to observe the PHOFEX
and fluorescence spectrum of the NCCN contaminant, how-
ever, at energies above 46 730 cm™' (214 nm). We obtained
spectra in the A <214 nm region similar to those previously
reported by Halpern and Huang.15

Second, the carrier of our signal must contain at least
one CN group for it to contribute to the PHOFEX signal. In
addition, we have observed that the PHOFEX signal dimin-
ishes with time, indicating that the carrier is unstable, which
is in agreement with the known instability of CNCN." we
have also observed that the IR bands attributed to CNCN
diminish with time, while unassigned weak bands in the C-H
region near 3000 cm™! increase with time.

Lifetime measurements of the CNCN excited state are
consistent with the ab initio calculations of Sherrill and
Schaefer,12 which indicate that the excited electronic state of
CNCN lies above the dissociation limit and suggest that the
excited state is predissociated. As stated above, the rotational
linewidth in our PHOFEX spectra is at least 0.5 cm™!, plac-
ing an upper limit on the lifetime of the excited state at only
10 ps. This short lifetime is undoubtedly due to predissocia-
tion of the CNCN excited state and explains why no fluores-
cence is observed from the excited state. In this important
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FIG. 2. Room temperature PHOFEX spectrum (top) of the band near
43300 cm™! with simulation (bottom). (Absolute frequency calibration was
not obtained for this band, so the spectrum was shifted to best correspond to
the low resolution scan shown in Fig. 1).

photophysical respect NCCN and CNCN differ; the lower
vibrational levels in the excited state of NCCN lie below the
dissociation limit and fluorescence is readily observed from
them."

Finally, the rovibronic band structure is in good agree-
ment with Sherrill and Schaefer’s calculations of the bent
CNCN excited state geometry.12 The observed rovibronic
bands are blue degraded and are indicative of a linear to bent
electronic transition. (Note that the rovibronic band structure
of the A 'S, X 'S* NCCN transition is red degraded and
the excited state is linear.) We have simulated the rotational
band structure of the CNCN electronic spectrum with the
program SPECVIEW (Ref. 18) using the experimental value
for the ground state rotational constant,5 B"=0.17259 cm™',
the rotational constants determined from the geometry
calculated by Sherrill and Schaefer at the TZ2P CISD level
of theory:12 A'=2455cm™!, B’'=02054cm™!, '
=0.1895 cm™!, and a linewidth of 0.5 cm™!. Figure 2 shows
the SPECVIEW simulation and the observed PHOFEX band
near 43300 cm™' obtained at room temperature. Like the
observed bands, the band in the simulation is blue degraded,
and the agreement in band contours is quite good. However,
due to the presence of multiple overlapping bands, we have
not attempted to fit the band contour to obtain improved
rotational constants.

IV. CONCLUSIONS

We have synthesized CNCN by vacuum pyrolysis of
N-cyano-2,3-diphenylcyclopropeneimine and observed an
electronic spectrum of CNCN for the first time. Many fea-
tures of the spectrum are consistent with previous ab initio
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calculations of a bent electronic excited state. The spectrum,
however, is highly congested and not completely assignable
at this time. Additional measurements, such as double reso-
nance techniques, may aid in assignments by labeling the
lower state, thereby providing complete discrimination
against hot band transitions.
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