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The 355 nm time-of-flight negative ion photoelectron spectra of (o-, m-, and p-chlorophenyl)nitrene radical
anions are reported. Electron affinities are obtained from the photoelectron spectra, and are 1.79 ( 0.05, 1.82
( 0.05, and 1.72 ( 0.05 eV for the (o-, m-, and p-chlorophenyl)nitrenes, respectively. Singlet-triplet splittings
are determined to be 14 ( 2, 15 ( 1, and 14 ( 2 kcal/mol, respectively. The shapes of the photoelectron
bands indicate resonance interactions in the singlet states for the ortho- and para-substituted isomers, which
is attributed to quinoidal structures of the open-shell singlet states. Reanalysis of the photoelectron spectrum
of phenylnitrene anion leads to a revised experimental singlet-triplet splitting of 14.8 kcal/mol in the
unsubstituted phenylnitrene.

Introduction

Nitrenes are unusual reactive intermediates, consisting of
monovalent nitrogen, and are isoelectronic with carbenes.1-5

Although both carbenes and nitrenes can be generated by either
thermal or photochemical decomposition of nitrogen containing
precursors,1-4 they have different thermochemical properties and
chemical reactivities. For example, whereas aromatic carbenes
react with alcohols, alkenes, aromatics, and normally unreactive
C-H bonds to form adducts quite efficiently,1,4 such as the
reaction of phenylcarbene, PC, with alkenes to give cyclopro-
panes (eq 1a),6-8 photolysis of phenyl azide (PA) in the presence
of alkenes, alcohols, and aromatics results in the formation of
polymeric tar (eq 1b).4,5,9

Although simple alkyl and aryl carbenes10-14 and alkyl and
aryl nitrenes1,14-25 have triplet ground states with similar orbital
occupancies, there are important differences in the electronic
structures of the singlet states.2,4,26 The lowest energy singlet
of phenylcarbene, for example, is a closed-shell state where both
electrons occupy the in-plane (σ) orbital, calculated to lie 4
kcal/mol27-30 higher in energy than the triplet. The singlet state
of phenylnitrene (PhN), however, is an open-shell (σπ)
singlet,21-23,31 ca. 15 kcal/mol higher in energy than the triplet
but 20 kcal/mol below the closed-shell singlet state.17,23

Platz and co-workers1,4 have proposed that the difference in
reactivity between phenylcarbene and phenylnitrene arises
because of the singlet electronic structure differences. The singlet
state of phenylcarbene initially formed upon photolysis or
pyrolysis rapidly undergoes intersystem crossing (ISC) to the
triplet state, which undergoes clean bimolecular chemistry.4,22

In contrast, ISC between the open-shell singlet state of phe-
nylnitrene and the triplet is disfavored,32 such that intermolecular
rearrangement of the singlet nitrene occurs faster than ISC.

A potential strategy for taming the reactivity of phenylnitrene
is to introduce substituents that can preferentially stabilize the
closed-shell singlet state to where it is lower in energy than the
open-shell singlet, thereby creating favorable ISC. Substituents
that are good π-donors could be used to this effect because
π-donors in the para-position are able to stabilize the closed-
shell singlet via quinoidal resonance forms,33 as shown in Figure
1. In contrast, the open-shell states would not be expected to
benefit from this type of stabilization. Indeed, Gritsan et al.34

and Albini and co-workers33 have shown experimentally that
p-methoxy- and p-amino-substituted phenylnitrenes readily
undergo ISC and/or hydrogen abstraction, suggesting that their
singlet states are qualititatively different from the meta-
substituted isomers, or those with other substituents. With
(p-chlorophenyl)nitrene,2,34 the results were more similar to those
for the unsubstituted system, suggesting the chlorine is not a
strong enough π-donor to sufficiently stabilize the closed-shell
singlet.

The substituent effects on the electronic structures of aromatic
nitrenes have been investigated computationally by Cramer and
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Figure 1. Resonance stabilization of the closed-shell singlet states in
para-substituted phenylnitrenes.
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co-workers,22 who compared the relative energies of the triplet,
open-shell singlet, and closed-shell states. In contrast with the
assessment based on reactivity studies, they found that all of
the aromatic nitrenes they examined, including p-methoxy and
p-dimethylamino, had open-shell states as the lowest energy
singlets, with singlet-triplet splittings similar to that in phe-
nylnitrene itself. Whereas the closed-shell singlet states in
nitrenes with π-donor groups were stabilized, they were still
calculated to be >12 kcal/mol higher in energy than the open-
shell singlet states, even for the strongest π-donors. The
computational results do not necessarily contradict the experi-
mental observations because they do not take into account
solvent effects that may preferentially stabilize the closed-shell
singlet state. Moreover, it may not be necessary for the closed-
shell state to be lower in energy than the open-shell, only that
it is low enough so that the ISC matrix element is sufficiently
large.

In this work, we have studied chloro-substituted phenylni-
trenes (1o-, 1m-, 1p-) by using negative ion photoelectron
spectroscopy (NIPES). The studies were carried out using a
newly constructed time-of-flight negative ion photoelectron
spectrometer, which is described in detail.

The measured photoelectron spectra agree with the computa-
tional studies22 that chlorine substitution does not have a large
effect on singlet-triplet energy splitting in aromatic nitrenes.
However, the energies and band shapes of the singlet states
indicate that chlorine substitution in the ortho- and para-positions
surprisingly have non-negligible effects on the energies and
geometries of the open-shell singlet states, presumably by
resonance interactions.

Experimental Section

Photoelectron spectra of the phenylnitrene radical anions were
measured by using a newly constructed time-of-flight negative

ion photoelectron spectrometer at Purdue University (Figure 2).
The experiment consist of four key processes: (1) ion formation,
(2) mass analysis, (3) ion photodetachment, and (4) electron
energy analysis. Details for each step are provided below.

(1) Ion Formation. Ions are formed in a pulsed expansion
ionization source, similar to those described by Lineberger,35-38

Johnson,37,39-44 and Neumark.45-47 Neutral precursors are in-
troduced into the source chamber through a pulsed valve
(General Valve, series 12). The head vapors from neutral
samples are sealed in approximately 1 atm of Ar, which is used
as a carrier gas. Less volatile samples are heated to increase
the vapor pressure. Ionization is carried out by crossing the
neutral pulse with a focused 600-700 V electron beam,
generated in a home-built electron gun. Electron currents
measured in a Faraday cup approximately 2 cm from the electron
gun are ca. 300 µA. Ionization likely occurs by dissociative
electron attachment by low-energy secondary electrons.39,44,47

The typical operating pressure in the ion source chamber is
4 × 10-5 Torr and the neutral precursors are cooled in the pulse
expansion.42 The absence of clear hot bands in the measured
photoelectron spectra suggests the ions have low vibrational
temperatures.

(2) Mass Analysis. Mass analysis is achieved by using a
modified Wiley-McLaren type48 time-of-flight mass spectrom-
eter. The ions formed in the expansion are allowed to drift
approximately 20 cm into the center of an extraction region,
with an inner diameter of 19 cm. Ions are extracted by a -2200
V extraction pulse on the back plate in the extraction region,
exiting through an orifice in the front plate. They then pass
through a region of constant field that improves the resolution.48

A second pulse of -1500 V is applied on either side of the
constant-field region simultaneously with the extraction pulse.
The ions then pass into the acceleration region. Shield rings
are used to screen the ions from the walls of the vacuum
chamber because the ratio of the plate spacing to their diameter
is large. The rings in the extraction and acceleration regions
are coupled to the front and back plates with a resistive/
capacitive voltage divider network to maintain a linear electric
field across the enclosed volume, while the plates and ring of
the constant-field region are shorted together. The ions exit the
acceleration region at ground potential, with average kinetic

Figure 2. Schematic diagram of the Purdue time-of-flight negative ion photoelectron spectrometer. FC ) Faraday cup, EG ) electron gun, PV )
pulsed valve, DP ) diffusion pump, L ) Einzel lenses, D ) horizontal and vertical deflectors, TP ) turbo pump.
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energy of 1850 V. Timing is controlled by Model 555 Digital
Delay-pulse Generator from Berkeley Nucleonics Corp.

The ions pass through an Einzel lens and a set of horizontal
and vertical deflectors, into a differentially pumped, sealed
vacuum chamber that serves as a field free region. The operating
pressure in the second chamber is ca. 2 × 10-6 Torr. The ions
enter into a differentially pumped back chamber (operating
pressure is less than 1 × 10-6 Torr) through a 1 cm orifice and
are detected with a 18 mm Advanced Bipolar detector from
Burle Electro Optics Inc. (Sturbridge, MA). Analog ion currents
are detected on an Agilent Infiniium Model 54810 A oscil-
loscope, triggered by the extraction pulse. The oscilloscope sends
the information to the computer via a GPIB link. The computer
is a PC running a LabVIEW application written in-house that
controls the experiment and converts TOF data to mass spectra
and/or electron kinetic energy.

(3) Photodetachment. Ions are photodetached approximately
15 cm before the ion detector by using the third harmonic output
(355 nm ) 3.493 eV) of a Lab170 Q-switched Nd:YAG laser
(Spectra Physics: Mountain View, California). As the ions
encounter the laser, electrons are ejected and the energies of
these photodetached electrons will be used to generate the
photoelectron spectrum (eq 2)

where A- represents the anion that is intersected by the laser
beam with excitation energy of hν, and the process will result
formation of the neutral A and detached electron with kinetic
energy, eKE.

For photodetachment to occur, the laser timing must be
synchronized with the arrival of the mass selected anion. A
screen set at -3 keV in front of the ion detector is used to
allow only the neutrals formed during the detachment to reach
the detector, allowing relatively easy tuning of the experimental
parameters.

(4) Electron Energy Analysis. A small solid angle of
photodetached electrons are detected at the end of a 1 m
magnetically shielded flight tube. Electrons are detected using
a second 18 mm Advanced Bipolar detector from Burle Electro
Optics Inc. Photoelectron spectra are generated by plotting the
number of measured electrons vs their time-of-flight. The
relationship between kinetic energy, eKE, and the electron time-
of-flight, t, is given by eq 3, where C and t0 are calibrated by
using a well-known system. A calibration spectrum (vide infra)
is measured each day. Small energy differences due to differ-
ences in ion masses are not taken into account but are much
smaller than the assigned uncertainties (0.05 eV).

(5) Electron Time-of-Flight to Energy Conversion. In this
work, the time-of-flight to energy conversion is calibrated by
using the photoelectron spectrum of phenylnitrene radical anion,
PhN-. The photoelectron spectrum of phenylnitrene radical
anion was chosen for the calibration because the ion and
resulting neutrals are structurally very similar to the chloro-
substituted versions such that the photoelectron detachment
behaviors should be expected to be similar. The photoelectron
spectrum of PhN-, previously reported by Ellison and co-
workers,24 contains bands for two electronic states, separated
in energy by ca. 0.64 eV, with an adiabatic electron binding

energy of 1.45 eV for the lower energy state. The lower energy
state also has a vibrational progression of approximately 500
cm-1, which can be used to assess the resolution in the
photoelectron spectra. Another advantage of using phenylnitrene
for calibration is that nitrene anions are readily prepared by
dissociative electron attachment (DEA) of the corresponding
azides (eq 4).15,18,24,25,49-51

Unfortunately, the previously reported 488 nm photoelectron
spectrum of PhN- did not have enough energy range to reveal
the entire band for the singlet state. In their original paper,
Travers et al.24 report that the band is observed in an unpublished
351 nm photoelectron spectrum and assigned the weak peaks
observed for the excited state in the 488 nm spectrum to hot
bands for a more intense, singlet feature. However, the 355 nm
photoelectron spectrum of PhN-, measured using the Purdue
NIPES instrument (Figure 3), does not show an intense excited
state feature. A reanalysis of the 351 nm photoelectron spectrum
cited by Ellison and co- workers52 indicates that the intense
feature described in the original work likely results from
phenoxide impurity. The electron binding energy of the origin
and the relative positions and intensities of the vibrational peaks
agree with those reported by Gunion et al.,53 and the mass of
phenoxide ion, m/z 93, is similar to that of PhN- (m/z 91).
Lastly, formation of phenoxide by reaction of PhN3 with O- is
exothermic by 26 kcal/mol, so the ion can in principle be formed
under flowing afterglow source conditions of the 351 nm NIPES
experiment.

After accounting for the phenoxide impurity, there are still
peaks in the 351 nm spectrum, which correspond to those
originally assigned as hot bands in the 488 nm spectrum. These
are likely not hot bands, but they are in fact part of the excited
state spectral feature. An important implication of the reanalysis
is that the singlet-triplet splitting phenylnitrene is revised to
0.64 ( 0.02 eV (14.8 ( 0.5 kcal/mol),24 which is the energy
difference between the origins of the triplet and singlet features
in the 488 nm spectrum. The revised singlet-triplet splitting is

A- + hν f A + e-(eKE) (2)

eKE ) ( C
t - t0

)2
(3)

Figure 3. 355 nm photoelectron spectrum of phenylnitrene anion at
355 nm. Peak positions A, B, C, D, and Γ are set to be equal to those
reported by Ellison and co-workers.24
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in good agreement with the value of 15.9 kcal/mol predicted
from high-level, multireference CI calculations.17 The energies
of all the peaks observed in photoelectron spectrum of PhN-

are listed in Table 1. These peaks are observed in the Purdue
spectrum of PhN- (Figure 3) and are used to create the energy
scale calibration.

Materials

Unsubstituted and substituted phenyl azides were synthesized
by literature procedures.54 All the chemicals and reagents were
obtained from commercial suppliers and were used as received.

Computational Methods

Electronic structure calculations of the anions and triplet states
of the aromatic nitrenes were carried out using Gaussian 98W55

and Gaussian 03W.56 Geometries and frequencies were calcu-
lated at the B3LYP/aug-cc-pVTZ levels of theory. Electron
affinities were calculated using the 0 K energies, which include
zero point energy corrections. Zero point energies for each state
were computed using the unscaled vibrational frequencies.

Results

Photoelectron Spectroscopy of I-. To establish the capability
of the new instrument to measure accurate electron affinities,
we measured the photoelectron spectrum of I-. Iodine has an
accurately known electron affinity of 3.059 eV57 and therefore
is capable of being detached at 355 nm. The photoelectron
spectrum, provided in the Supporting Information, shows a
single peak with an electron kinetic energy of 0.440 eV, where
the energy scale was calibrated by using the spectrum of
phenylnitrene anion, as described above. The measured eKE
indicates an electron affinity of 3.053 eV, in excellent agreement
with the actual value.57

Photoelectron Spectra of (Chlorophenyl)nitrene Anions.
The 355 nm photoelectron spectra of the (o-, m-, and p-
chlorophenyl)nitrene anions are shown in Figure 4. The spectra
are similar to each other and are similar to that measured for
PhN- (Figure 3). Each spectrum shows two electronic states.
By comparison with phenylnitrene, the more intense, lower
energy feature is assigned to the triplet state, and the higher
energy feature is assigned to the singlet. The peaks in the triplet
state are close to Gaussian shaped, with a full-width-at-half-
maximum of about 50 meV.

The assigned origin peaks of the triplet states are labeled A
in each spectrum. Although some unresolved signal is observed
at lower energies, particularly for the para-isomer, 1p-, it likely
results either from hot bands or from dissociative detachment.58-60

Photoelectron bands for the chlorophenylnitrene triplet states,
predicted from calculated geometries of the ions and neutrals,61

all indicate the origin peak to be the most intense peak in the

spectrum, similar to what is observed for the unsubstituted
phenylnitrene. The measured electron affinities of the chlorinated
phenylnitrenes are listed in Table 2, along with the relative
positions of the vibrational peaks observed in the triplet states.
A slightly larger uncertainty is assigned for the para-isomer to
account for the difficulty in assigning the origin peak.

The origin of the singlet is easily identified for the meta-
substituted ion and labled “a” in Figure 4b. The singlet states
of the ortho- and para-isomers, however, are not well-resolved.
In these systems, the origins of the singlet states are estimated
as the energies where the signals begin to be observed,
technically corresponding to upper limits to the origin energies.
Larger uncertainties (0.1 eV) are assigned to the origin assign-
ments for singlet states of 1o and 1p. The singlet state origins
and observed vibrational peaks are listed in Table 2.

Computational Studies. Electronic structure calculations
were carried out to investigate the electronic states of 1o-, 1m-,
and 1p- and the electron affinities of the triplet nitrenes.
Optimized geometries and the full list of calculated frequencies
are included as Supporting Material. The electronic structures
of the phenylnitrene radical anions can be viewed as resulting
from adding an electron to the corresponding phenylnitrenes.

TABLE 1: Energies of the Peaks Observed in the 488 nm
Photoelectron Spectrum of Phenylnitrene Aniona

electronic
state peak

electron binding
energy, eV

vibrational
energy,bcm-1

triplet A 1.45 ( 0.02 0
B 500
C 967
D 1426

singlet Γ 2.09 ( 0.02 0
∆ 475

a Taken from ref 24. Labels correspond to peaks in the original
report. b Peak position relative to the band origin.

Figure 4. Photoelectron spectra of the (a) ortho-, (b) meta-, and (c)
para-isomers of (chlorophenyl)nitrene anions at 355 nm. The region
from 2.2 to 2.8 eV was scaled up by 2.5 to observe the origin of the
singlet state more clearly. The origins of the triplet states are assigned
as “A” and the other vibrational peaks are labeled as B-D. The origins
of the singlet states are assigned as “a” for each isomer, and vibrational
peaks are labeled b-c.

TABLE 2: Peaks Observed in the Photoelectron Spectra of
1o-, 1m-, and 1p- (Figure 4)

isomer
electronic

state peak
electron binding

energy, eV
vibrational

energy,a cm-1

1o triplet A 1.79 ( 0.05 0
B 500
C 900
D 1200

singlet a 2.38 ( 0.10 0
1m triplet A 1.82 ( 0.05 0

B 500
C 950

singlet a 2.47 ( 0.05 0
b 600
c 900

1p triplet A 1.72 ( 0.10 0
singlet a 2.31 ( 0.10 0

a Estimated uncertainties are (100 cm-1.
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There are two electronic states that can be formed for the ion,
by adding an electron to either the singly occupied σ or π
orbitals in the triplet, shown in Figure 5. In Cs symmetry, this
results in either a 2A′ (π2σ) or 2A′′ (σ2π) electronic state.22,24 In
phenylnitrene and 1p, which have C2V symmetry, the π2σ and
σ2π states are 2B1 and 2B2, respectively.15 Energies were
calculated at the B3LYP/aug-cc-pVDZ levels of theory. For all
of the phenylnitrene radical anions, the A′ (π2σ) state is
calculated to be lower in energy than the A′′ (σ2π) state, by ca.
0.7 eV. Adiabatic electron affinities of the chlorinated phe-
nylnitrenes were obtained by adding the calculated 0 K energy
for the reaction shown in eq 5, using the ground state energies
of the ions and neutrals, to the experimental EA of phenylni-
trene, 1.45 ( 0.02 eV,24 and are listed in Table 3.

Discussion

Triplet States and Electron Affinities. The measured
electron affinities of the triplet phenylnitrenes are in excellent
agreement with the values predicted by electronic structure
calculations (Table 3). The largest EA is found for the meta-
isomer, 1m, with 1p having the smallest. The trend in the EAs
is the same as that observed previously by Kim et al., for benzyl
radicals,62 and is consistent with what is expected given the
electronic effects of the chlorine substituent. As a π donor, it
destabilizes the negative ion when it is in resonant positions
(ortho and para), which lowers the EA compared to that for the

meta-isomer. However, it also stabilizes the ion, albeit to a lesser
extent, by an inductive effect, and the ortho-anion is stabilized
more than the para because the chlorine is closer to the charge
center.

Vibrational peaks are observed in the triplet bands for the
ortho- and meta-isomers. The vibrational progressions are ca.
400-500 cm-1 for both states. The vibrational mode active in
these spectra is likely a ring deformation mode. Similar
vibrational progressions have been observed in photoelectron
spectra of other aromatic systems.62-64 Possible vibrational
modes, calculated at the B3LYP/aug-cc-pVTZ level of theory,
are shown in Figure 6.

Singlet States. Dramatic differences are observed in the
singlet state features for the meta-isomer compared to the ortho-
and para-isomers. The band for the meta-isomer is well-resolved,
with a well-defined origin and observable vibrational structure.
The vibrational spacing is ca. 500 cm-1, similar to that found
in the triplet state. In contrast, the singlet states for the ortho-
and para-isomers do not have resolved peaks.

The difference in the singlet features for the isomers suggest
differences in the Franck-Condon factors for the photodetach-
ment. The isomeric dependence suggests that the geometry
differences result from a resonance interaction between the ring/
nitrene and the substituent. For example, as described in the
Introduction quinoidal resonance structures are possible for the
ionic states of 1o and 1p, which would lead to very large
geometry difference for the singlet state. However, calculations
by Cramer and co-workers22 predict the open-shell singlet to
be the lowest energy singlet states for all three nitrenes, similar
to phenylnitrene itself, with the ionic states much higher in
energy. As such, the ionic states do not likely account for the
obtained features.

As shown in Figure 7, quinoidal structures are also possible
for the open-shell singlet states of the ortho- and para-chlorinated
phenylnitrenes. The advantage of this type of electronic structure
for the open-shell singlet states is that the unpaired electrons

Figure 5. σ and π orbitals in phenylnitrene.

TABLE 3: Measured and Calculated Thermochemical
Properties for Chlorophenylnitrenes

electron
affinity,

eV (measured)

electron
affinity, eV
(calculated)a

∆EST,
kcal/mol

(measured)

∆EST,
kcal/mol

(calculated)b

1o 1.79 ( 0.05 1.79 14 ( 2
1m 1.82 ( 0.05 1.84 15 ( 1 14.3
1p 1.72 ( 0.05 1.71 14 ( 2 13.7

a Values calculated at the B3LYP/aug-cc-pVTZ level of theory,
using the isodesmic approach shown in eq 5. b Reference 22.

Figure 6. Triplet state ring deformation vibrational modes potentially active in the photoelectron spectra of (chlorophenyl)nitrene anions. Vibrational
frequencies calculated at the B3LYP/aug-cc-pVTZ level of theory.

Figure 7. Quinoidal resonance structures for the open-shell states of
1p. Similar structures can be drawn for the ortho-isomer, 1o.
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are localized on separate atoms in the molecules. Borden and
Davidson65 have described how singlet states of diradicals are
destabilized by electron repulsion when the orbitals have atoms
in common, and the repulsion can be minimized by spatially
separating the electrons as in the quinoidal structures. In contrast,
local exchange interaction in the triplet favors the structures
where the unpaired electrons are localized on the same atom,
so the quinoidal structures would not be beneficial for the triplet
state. Consequently, geometry differences are expected between
the singlet and triplet states of the ortho- and para-subsituted
nitrenes. Because the meta-position is not in resonance with
the nitrenes, substitution at that position should not affect the
structure of the open-shell singlet state.

The contribution of the quinoidal structures appears to provide
energy stabilization to the open-shell singlet states. The
measured singlet-triplet splitting in 1o and 1p (Table 3) are
slightly smaller than those in 1m and PhN. The relative
singlet-triplet energy gaps for the 1m and 1p agree with
the calculated values reported at the DFT level of theory by
Cramer and co-workers.22 The differences in the singlet-triplet
splitting are more clearly apparent in Figure 8, where the spectra
are plotted relative to the origins of the triplet states. In this
representation, it can be seen that the vertical detachment
energies for the singlet states are similar, whereas the relative
band origins for the 1o and 1p are at lower energies.

The substituent effect can also be understood from a molec-
ular orbital perspective. The π molecular orbitals for the
chlorinated nitrene are formed by the combination of the nitrene-
and chlorine-based benzylic orbitals, as shown in Figure 9. The
symmetric and antisymmetric combinations of the two benzylic-
like orbitals create the bonding and antibonding orbitals of the
quinoidal structure. For the open-shell singlet, the antibonding
orbital is singly occupied (Figure 9). In the MO description,
the reduction in the electron-pair repulsion in the singlet is
accomplished by delocalization of the spin in the π orbital (the
other unpaired electron is localized in a nitrogen σ orbital). The
MO description also explains the apparent “octet rule” violation
in the quinoidal resonance structure and shows that it does not
require an “expanded octet” model, such that it is not specific
to chlorine or second row substituents.

The effect of spin-repulsion on the structure of the open-
shell singlet state of PhN has been discussed previously by

Karney and Borden,23 who argued that the open-shell singlet is
best represented by the structure shown in 2, where the π-radical
is localized in the aromatic ring. Adding the chlorine substituent
to the ortho- or para-positions of 2 results in additional geometry
deformation, as in the quinoidal structures shown in Figure 8.

Conclusions

The experimental electron affinities for the ortho-, meta-, and
para-subsituted (chlorophenyl)nitrenes are 1.79 ( 0.05, 1.82 (
0.05, and 1.72 ( 0.05 eV, respectively, and are in good
agreement with theoretical predictions. Introduction of a chlorine
substituent onto the phenylnitrene ring does not change the
electronic structure of lowest energy singlet states, which are
open-shell states. The singlet-triplet energy gaps are not
significantly affected by the chlorine substitution, but subtle
changes are observed in bands for the ortho- and para-singlet
states, likely due to the resonance interactions in the open-shell
singlet.
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