
Time-Resolved Resonance Raman Study of the Reaction of the 2-Fluorenylnitrenium Ion
with 2-Fluorenylazide

Jiadan Xue, Zhen Guo, Pik Ying Chan, Lai Man Chu, Tracy Yuen Sze But, and
David Lee Phillips*
Department of Chemistry, The UniVersity of Hong Kong, Pokfulam Road, Hong Kong S.A.R.,
People’s Republic of China

ReceiVed: October 12, 2006; In Final Form: December 5, 2006

A time-resolved resonance Raman investigation of the reaction of the 2-fluorenylnitrenium ion with
2-fluorenylazide in a mixed aqueous solvent is presented. The reaction of the 2-fluorenylnitrenium ion with
2-fluorenylazide in the mixed aqueous solution generates two new species on the microsecond time scale.
One of these species is identified as 2,2′-azobisfluorene, and the other species is tentatively assigned to a
1,4-bis-(2,2′-fluorenyl)-tetrazadiene cation intermediate. The structure and properties of these two species
are briefly discussed. The reaction of the 2-fluorenylnitrenium ion with 2-fluorenylazide is also briefly compared
to that of the 2-fluorenylnitrenium ion reactions with guanosine and water.

I. Introduction

The photochemistry of aryl azides has been well examined,
and laser flash photolysis experiments have been employed to
directly investigate their reaction intermediates and photoprod-
ucts so as to increase our understanding of their reaction
mechanisms.1-60 A singlet arylnitrene species and a nitrogen
molecule are typically produced from photolysis of aryl azides
in room-temperature solutions. The singlet arylnitrene may then
undergo very rapid ring expansion reactions to form ketenimines
(dehydroazepines) that can subsequently be trapped by nucleo-
philes in some cases. The chemistry and reaction mechanisms
of singlet phenylnitrene have been the subject of many
investigations,7,8,18,20,21,42-46,52-54 and this work found that the
singlet phenylnitrene has a short lifetime of about 1 ns in room-
temperature solutions because of its very fast ring expansion
reaction, while the lifetimes of some substituted singlet phen-
ylnitrenes can become substantially longer.16-18,22-25,29,40,55,57

The longer-lived singlet arylnitrene intermediates can be trapped
more easily by nucleophiles such as diethylamine or pyridine.
Some of the para substituted singlet arylnitrenes can even react
with water to form arylnitrenium ions.26,28,31-37,40,47,48,61There
has been much interest in arylnitrenium ions since they are
believed to play a key role in the chemical carcinogenesis of
aromatic amines,62-79 and some arylnitrenium ions have been
observed to be selectively trapped by guanine bases in
DNA.69-71,75,79Arylnitrenium ions are typically very short-lived
species that are hard to directly study in room-temperature
solutions, and this has led several groups to develop photo-
chemical methods to produce arylnitrenium ions so that they
can be readily studied by pump-probe spectroscopy experi-
ments.26,28,31-37,40,47,48,80,81The photolysis of aryl azides to form
a singlet arylnitrene that then reacts with water to produce a
singlet arylnitrenium ion is one of the photochemical methods
developed to make arylnitrenium ions.26,28,31-37,40,47,48Picosec-
ond transient absorption35 and time-resolved resonance Raman82

studies observed that the 2-fluorenylnitrenium ion is formed

about 100 ps after photolysis of 2-fluorenyl azide in a mixed
aqueous solvent.

There are relatively few studies of direct time-resolved
vibrational spectroscopic characterization of arylnitrenium ions
and their reactions in room-temperature solutions. Time-resolved
infrared (TRIR) has been employed to study several arylnitre-
nium ions in organic solvents.48,56 We have recently reported
time-resolved resonance Raman spectra for several arylnitrenium
ions61 including the first time-resolved vibrational spectra of
the reaction of an arylnitrenium ion with a guanine derivative
to produce a C8 intermediate.83 In this paper, we present a time-
resolved resonance Raman study of the reaction of the 2-fluo-
renylnitrenium ion with 2-fluorenylazide in a mixed aqueous
solvent. To our knowledge, this is the first direct time-resolved
vibrational spectroscopic observation of an arylnitrenium ion
reaction with its corresponding aryl azide in room-temperature
solutions. The reaction of the 2-fluorenylnitrenium ion with
2-fluorenylazide in the mixed aqueous solution produces two
new species on the microsecond time scale. One of these species
was identified as 2,2′-azobisfluorene and this was confirmed
by comparison of its time-resolved resonance Raman spectrum
to the resonance Raman spectrum of an authentic sample of
2,2′-azobisfluorene made from a different synthetic method. The
other species was tentatively assigned to a 1,4-bis-(2,2′-
fluorenyl)-tetrazadiene cation intermediate formed from addition
of the 2-fluorenylnitrenium ion to the terminal nitrogen atom
of 2-fluorenylazide. We briefly discuss the structure and
properties of the species involved in the reaction of the
2-fluorenylnitrenium ion with 2-fluorenylazide. We also briefly
compare the 2-fluorenylnitrenium ion reactions with 2-fluore-
nylazide to those with guanosine and water.

II. Experimental and Computational Methods

II.A. Preparation of 2-Fluorenylazide Precursor Com-
pound and an Authentic Sample of 2,2′-Azobisfluorene.
Samples of 2-fluorenylazide were synthesized according to
literature methods,84a and further details of the synthesis and
characterization are given in the Supporting Information of
reference 61a. The 2-fluorenylazide samples were prepared with
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concentrations of∼1 mM in acetonitrile, water/acetonitrile (50:
50), and water/acetonitrile (75:25) solvents for use in the TR3

experiments. Spectroscopic grade acetonitrile and deionized
water were used in preparing the sample solutions.

An authentic sample of 2,2′-azobisfluorene was prepared from
2-aminofluorene. One gram of 2-aminofluorene and 4.78 g of
dried active manganese dioxide in 70 mL of benzene were
refluxed using a Dean-Stark water separator for 12 h.84c The
hot solution was filtered, and the manganese dioxide was washed
with hot benzene until the filtrate was colorless. The filtrate
was evaporated to a small volume and purified by column
chromatography [hexane/ethyl acetate (19:1)]. The sample was
characterized as follows. NMR (300 MHz), CDCl3): δ 8.13 (s,
2H), 8.03 (d, 2H,J ) 8.1 Hz), 7.93 (d, 2H,J ) 8.1 Hz), 7.86
(d, 2H,J ) 7.3 Hz), 7.59 (d, 2H,J ) 7.5 Hz), 7.42 (t, 1H,J )
7.4 Hz), 7.36 (t, 1H,J ) 7.4 Hz), 4.02 (s, 4H). MS (EI):m/z
358 [C26H18N2

+], 180 [C13H10N+], 165 [C13H9
+]. IR: 2961.4,

2923.5, 2847.6, 2363.3, 2328.6, 1719.9, 1604.3 cm-1. Mp:
156-158 °C, deep brown solid.

II.B. Nanosecond Time-Resolved Resonance Raman
(ns-TR3) Experiments.The experimental apparatus and meth-
ods used for the ns-TR3 experiments have been detailed
elsewhere,60,83,85so only a brief account will be given here. The
hydrogen Raman shifted laser lines for the harmonics of a Nd:
YAG nanosecond pulsed laser system provided the 266 nm
pump (fourth harmonic) and 368.9 nm probe (the second anti-
Stokes hydrogen Raman shifted laser line of the 532 nm second
harmonic) wavelengths used in the ns-TR3 experiments. The
ns-TR3 experiments used two Nd:YAG lasers electronically
synchronized to each other by a pulse delay generator employed
to control the relative timing of the two lasers. A fast photodiode
whose output was displayed on a 500 MHz oscilloscope was
used to measure the relative timing of the pump and probe pulses
with the jitter between the pump and probe pulses observed to
be<5 ns. The laser beams were loosely focused onto a flowing
liquid stream of sample using a near-collinear geometry, and
the scattered Raman light was collected employing reflective
optics and a backscattering geometry. The collected Raman light
was imaged through a depolarizer mounted on the entrance of
a monochromator that dispersed the light onto a liquid nitrogen
cooled CCD detector that collected the Raman signal for 30-
60 s before reading out to an interfaced PC computer. About
10-20 of these readouts were summed to obtain the resonance
Raman spectrum. The TR3 spectra were found by subtracting
the pump-probe spectrum at negative 100 ns from the pump-
probe spectra acquired at positive time delays in order to remove
the solvent and precursor Raman bands. The known wavenum-
bers of the mixed solvent acetonitrile Raman lines were used
to calibrate the wavenumbers of the TR3 spectra to an estimated
accuracy of(5 cm-1. A Lorentzian function was used to
integrate the relevant Raman bands in the TR3 spectra in order
to determine their areas and to extract the decay and growth of
the species observed in the experiments. During the experiments
no noticeable degradation was observed for the sample by UV-
vis absorption spectroscopy.

II.C. Density Functional Theory Calculations. All of the
density functional theory calculations presented here made use
of the Gaussian 98 program suite86 operated on the high-
performance computing cluster installed at the University of
Hong Kong. Complete geometry optimization and vibrational
frequency calculations were done analytically using the B3LYP
method with the 6-31G* basis set for the ground states with
the lowest energy configurations obtained for the 2,2′-azobis-
fluorene product and the 1,4-bis-(2,2′-fluorenyl)-tetrazadiene

cation intermediate. A Lorentzian function with a 15 cm-1

bandwidth was employed with the calculated Raman vibrational
frequencies and relative intensities to obtain the B3LYP/6-31G*
computed Raman spectra reported in this paper.

III. Results and Discussion

III.A. Time-Resolved Resonance Raman Spectra Acquired
After 266 nm Photolysis of 2-Fluorenylazide in a Water/
Acetonitrile (50:50) Solution. Figures 1 and 2 display time-
resolved resonance Raman (TR3) spectra acquired at various
time delays after photolysis of 1.2 mM (Figure 1) and 0.3 mM
(Figure 2) 2-fluorenylazide in a water/acetonitrile (50:50), 0.002
M Na2HPO4/0.002 M NaH2PO4 buffered mixed solvent. The
time delays between the pump (266 nm) and probe (368.9 nm)
laser beams are shown to the right of each spectrum, and the
Raman shifts of selected bands are presented at the top of the
100µs spectrum in Figures 1 and 2. The TR3 spectra shown in
Figures 1 and 2 are similar to one another and indicate three
species can be observed on over the 10 ns to 100µs time scale.
The first species has characteristic resonance Raman bands at
1378, 1481, 1563, and 1631 cm-1 and appears to decay to form
the other two species. The second species has a characteristic
Raman band at 1581 cm-1 (with some others overlapping with
the other species Raman bands) and appears to first grow in
and then decays. The third species has bands at 1404, 1436,
1452, 1474, and 1602 cm-1 and appears to grow in and does
not decay on the 100µs time scale. Comparison of the spectra
presented in Figures 1 and 2 shows that the lifetimes of the
first and second species as well as the formation rates of the
second and third species are significantly different at the two
different 2-fluorenylazide concentrations. This concentration-

Figure 1. Overview of selected 368.9 nm probe TR3 spectra obtained
after 266 nm photolysis of 1.2 mM 2-fluorenylazide in a water/
acetonitrile (50:50) mixed solvent with a 0.002 M Na2HPO4/0.002 M
NaH2PO4 buffer. The time delays between the pump (266 nm) and
probe (368.9 nm) laser beams are shown to the right of each spectrum,
and the Raman shifts of selected bands are presented at the top of the
10 and 100µs spectra. See text for more details.
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dependent behavior suggests that the first species may be
reacting with 2-fluorenylazide to form the other species.

Since photolysis of 2-fluorenylazide in mixed aqueous
solutions has previously been observed to produce the 2-fluo-
renylnitrenium ion on the nanosecond time scale,35,61a,b,82we
tentatively assign the early time species seen in Figures 1 and
2 on the nanosecond time scale (see the 10 and 100 ns spectra)
to the 2-fluorenylnitrenium ion. Figure 3 shows a comparison
of the 10 ns 368.9 nm probe TR3 spectrum from Figure 1 to a
10 ns 416.0 nm probe TR3 spectrum previously reported for
the 2-fluorenylnitrenium ion in reference 61b that was obtained
after 266 nm photolysis of 2-fluorenylazide in a water/
acetonitrile(75:25) solution. Examination of Figure 3 shows that
the two TR3 spectra are almost identical with some modest
variation in the relative intensities that can be easily attributed

to the different excitation wavelengths used to generate the TR3

spectra. This indicates the TR3 spectra are due to the same
species and confirms that the first species seen in the TR3 spectra
of Figures 1 and 2 (for example, see the 10 and 100 ns spectra)
are due to the 2-fluorenylnitrenium ion. The Raman band
vibrational frequencies for the 10 ns 368.9 nm TR3 spectra of
Figures 1 and 2 are compared to those previously reported for
the 10 ns 416.0 nm TR3 spectrum and density functional theory
calculated frequencies from reference 61b and presented in Table
S1 in the Supporting Information. This comparison is consistent
with the first species observed on the nanosecond time scale in
the TR3 spectra of Figures 1 and 2 being assigned to the
2-fluorenylnitrenium ion.

III.B. Time-Dependent Behavior of Species Observed in
the TR3 Spectra. In order to examine the kinetic behavior of
the three species observed in the TR3 spectra of Figures 1 and
2, the characteristic Raman bands for the three species (1631
cm-1 band for the 2-fluorenylnitrenium ion species, 1581 cm-1

for the second species, and 1602 cm-1 for the third species)
had their integrated areas plotted as a function of time delay in
Figure 4. Each of the three kinetics curves in Figure 4 was
normalized to the largest Raman band intensity observed for
each species over the 10 ns to 100µs TR3 spectra shown in
Figure 1 for the experiments done with a 1.2 mM concentration
of 2-fluorenylazide. The kinetics of the 2-fluorenylnitrenium
ion decay and the third species growth could be fitted
satisfactorily to an exponential decay function for the 2-fluo-
renylnitrenium ion with a time constant of about 2570 ns and
an exponential growth function for the third species with a time
constant of 2590 ns (the fitted curves are shown in Figure 4).
Global analysis of the integrated areas of the second species as
a function of delay time indicates a combined exponential
growth and exponential decay function is needed with a growth
time constant of about 2610 ns (the fitted curve is shown in
Figure 4). A similar kinetics analysis was done for the 0.3 mM

Figure 2. Overview of selected 368.9 nm probe TR3 spectra obtained
after 266 nm photolysis of 0.3 mM 2-fluorenylazide in a water/
acetonitrile (50:50) mixed solvent with a 0.002 M Na2HPO4/0.002 M
NaH2PO4 buffer. The time delays between the pump (266 nm) and
probe (368.9 nm) laser beams are shown to the right of each spectrum,
and the Raman shifts of selected bands are presented at the top of the
20 and 100µs spectra. See text for more details.

Figure 3. Comparison of (A) the 10 ns 368.9 nm probe TR3 spectrum
from Figure 1 to (B) a 10 ns 416.0 nm probe TR3 spectrum previously
reported for the 2-fluorenylnitrenium ion in reference 61b that was
obtained after 266 nm photolysis of 2-fluorenylazide in a water/
acetonitrile (75:25) solution. See text for more details.

Figure 4. Plots of the integrated areas for the characteristic Raman
bands for the three species observed in the TR3 spectra of Figure 1
(the 1631 cm-1 band for the 2-fluorenylnitrenium ion species [solid
squares], the 1581 cm-1 for the second species [solid triangles], and
the 1602 cm-1 for the third species [solid circles]) as a function of
time delay are shown. The data were fit to simple exponential growth
and/or decay functions as shown by the curves in the figure. Each of
the three kinetics curves were normalized to the largest Raman band
intensity observed for each species over the 10 ns to 100µs time scale.
The time constants for the best fit exponential kinetics are indicated
for the 2-fluorenylnitrenium ion decay and the second and third species
growth next to the appropriate curves. See text for more details.
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2-fluorenylazide sample TR3 spectra shown in Figure 2, and
these data with the corresponding fittings are given in Figure
1S of the Supporting Information. The time constant found for
the exponential decay of the 2-fluorenylnitrrenium ion was found
to be about 7100 ns, and the exponential growth time constants
for the second and third species were found to be about 7160
and 7140 ns, respectively, for the 0.3 mM 2-fluorenylazide
sample. The time constants found for the decay of the 2-fluo-
renylnitrenium ion and the growth of the second and third
species are all about the same and within experimental
uncertainty at a given concentration. This suggests that the
2-fluorenylnitrenium ion is a precursor species for the generation
of both the second and third species. This in combination with
the 2-fluorenylazide concentration dependence of the 2-fluore-
nylnitrenium ion lifetime and the formation times of the second
and third species further suggests that the 2-fluorenylnitrenium
ion is reacting with 2-fluorenylazide to produce the second and
third species.

Figure 5 presents a kinetic analysis of the second species
based on the integrated area of its 1581 cm-1 Raman band for
the 1.2 mM and 0.3 mM 2-fluorenylazide samples. The data
were fitted to an exponential growth and an exponential decay
functions, and both curves were normalized to the maximum
integrated areas observed for each sample. After the second
species is formed, it decays with time constants of about 7980
and 25 500 ns in the 1.2 and 0.3 mM 2-fluorenylazide sample
solutions, respectively. This 2-fluorenylazide concentration
dependence of the second species decay suggests that it may
also be undergoing further reaction with 2-fluorenylazide. In
contrast, the third species with characteristic Raman bands at
1404, 1436, 1452, 1474, and 1602 cm-1 does not decay over
the microsecond to millisecond time scales and may be a stable
product.

III.C. Assignments of Second and Third Species Observed
in the TR3 Spectra. Comparison of experimental vibrational
frequencies to those predicted from density functional theory
(DFT) or ab initio calculations for probable intermediates has
been successfully employed to identify and assign time-resolved
infrared (TRIR) and time-resolved resonance Raman (TR3)
spectra to arylnitrenium ions, arylnitrenes, and arylnitrene
photoproducts.48,56,57b,60,61a-d We shall use a similar meth-

odology to help assign the second and third species observed
in the TR3 spectra of Figures 1 and 2. Considering that the third
species appears to be formed from reaction of the 2-fluore-
nylnitrenium ion with 2-fluorenylazide and has prominent
resonance Raman bands in the 1400-1500 cm-1 region
characteristic of NdN bond stretching vibrational modes, we
examined the possibility that the third species is an azobenzene
compound produced by the following reaction:

B3LYP/6-31G* calculations were performed to predict the total
energy, optimized geometry, and vibrational frequencies for the
2,2′-azobisfluorene species. Figure 6 compares the experimental
100 µs TR3 spectrum from Figure 1 to the B3LYP/6-31G*
calculated normal Raman spectrum whose relative intensities
were convoluted with a Lorentzian function. Figure 6 shows a
simple schematic diagram of the optimized geometry of the 2,2′-
azobisfluorene found from the B3LYP/6-31G* calculations with
selected bond lengths (in angstrom) indicated next to the
appropriate bonds. Table 1 compares the experimental Raman
band vibrational frequencies for the 100µs TR3 spectrum from
Figure 1 to those predicted from the B3LYP/6-31G* calculations
for 2,2′-azobisfluorene. Inspection of Table 1 reveals there is
excellent agreement between the experimental and calculated
vibrational frequencies with the calculated vibrational frequen-
cies being within about 3.2 cm-1 on average for the 10
experimental Raman band frequencies compared to the calcu-
lated ones. Inspection of the experimental TR3 spectrum to the
calculated 2,2′-azobisfluorene spectrum also shows reasonable
agreement with the calculated normal Raman spectrum of 2,2′-
azobisfluorene with some moderate differences in the relative
intensities that can be easily accounted for by the fact that the
experimental spectrum is resonantly enhanced while the calcu-
lated spectrum is for a normal Raman spectrum. These results
indicate the third species is likely the 2,2′-azobisfluorene
compound. To unequivocally confirm this assignment, we made
the 2,2′-azobisfluorene compound using a different synthetic
method and compared its 368.9 nm resonance Raman spectrum
to that of the experimental 100µs TR3 spectrum (from Figure
1) as shown in Figure 7. Inspection of Figure 7 shows that the
two different spectra are essentially identical within experimental
uncertainty, and this unambiguously confirms the assignment
of the third species TR3 spectra to the 2,2′-azobisfluorene
compound. We also isolated one of the major products from
266 nm photolysis of 2-fluorenylazide in the water/acetonitrile
(50:50) and obtained its 368.9 nm resonance Raman spectrum
and compared it also to the TR3 spectrum in Figure 7. This
comparison in Figure 7 also clearly shows it is the same 2,2′-
azobisfluorene compound and indicates that this compound is
one of the major products from the photochemistry.

The second species is an intermediate and is also formed from
the reaction of the 2-fluorenylnitrenium ion with 2-fluorenyl-
azide compound and then decays on the tens of microsecond
time scale. A probable reaction is an addition reaction such as
the following reaction:

In order to extract a TR3 spectrum of the second species by
itself, we employed the 7µs TR3 spectrum obtained in the 0.3
mM 2-fluorenylazide sample (see Figure 2) and then subtracted
an appropriately scaled 2-fluorenylnitrenium ion and 2,2′-

Figure 5. Kinetic analysis of the second species based on the integrated
area of its 1581 cm-1 Raman band observed in the TR3 spectra given
in Figures 1 and 2 for the 1.2 mM (solid circles) and 0.3 mM (solid
triangles) 2-fluorenylazide samples. The data were fit to an exponential
growth and an exponential decay functions, and both curves shown
were normalized to the maximum integrated areas observed for each
sample. The time constants for the decay of the second species are
indicated next to the appropriate curves. See text for more details.

2-fluorenylnitrenium ion+ 2-fluorenylazidef
2,2′-azobisfluorene+ N2 + H+ (reaction 1)

2-fluorenylnitrenium ion+ 2-fluorenylazidef
1,4-bis-(2,2′-fluorenyl)-tetrazadiene cation (reaction 2)
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azobisfluorene TR3 spectra. Figure 8 displays the experimental
TR3 spectrum derived for the second species at 7µs and

compares it to the normal Raman spectra calculated for two
isomers of the 1,4-bis-(2,2′-fluorenyl)-tetrazadiene cation in-

Figure 6. (Top) Simple schematic diagram of the optimized geometry of the 2,2′-azobisfluorene found from the B3LYP/6-31G* calculations with
selected bond lengths (in angstrom) indicated next to the appropriate bonds. (Bottom) Comparison of (A) the experimental 100µs TR3 spectrum
from Figure 1 to (B) the B3LYP/6-31G* calculated normal Raman spectrum whose relative intensities were convoluted with a Lorentzian function.
See text and Table 1 for more details.

TABLE 1: Comparison of the B3LYP/6-31G* Calculated Raman Vibrational Frequencies for the 2,2′-Azobisfluorene
Compound to Those Observed for the 100µs TR3 Experimental Spectrum of Figure 1a

vibrational mode possible description

calculated
B3LYP/6-31G* calcd

(cm-1)

experiment
Raman frequency shift

(in cm-1)

ν87 C-H bend + C-C stretch (all) + C-N stretch 1220 1228
ν88 CH2 bend+ C-H bend+ C-N stretch 1243
ν89 CH2 bend+ C-H bend 1267
ν90 CH2 bend + C-H bend + C5-C7 stretch 1270 1276
ν91 CH2 bend+ C-H bend (ring 1 major)+ C-C stretch (ring 2 major) 1287
ν92 CH2 bend + C-H bend (ring 4 major) + C-C stretch (ring 3 major) 1288 1295
ν93 C-C stretch (all) 1310
ν94 CH2 bend+ C-C stretch (all) 1314
ν95 CH2 scissor+ C-C stretch (ring 3, 4 major) 1335 1335
ν96 C-C stretch (ring 2)+ NdN stretch 1342
ν97 C-C stretch (ring 3) + NdN stretch 1406 1404
ν98 CH2 scissor+ C-C stretch (ring 3 major) 1417
ν99 C33H2 scissor 1423
ν100 C9H2 scissor 1423
ν101 CH2 scissor+ C-H bend + C-C stretch (ring 1, 2 major) + NdN stretch 1436 1436
ν102 C-H bend+ C-C stretch (all) 1444
ν103 CH2 scissor+ C-H bend + C-C stretch (ring 3, 4 major) + NdN stretch 1453 1452
ν104 CH2 scissor+ C-C stretch (ring 1 major) 1457
ν105 CH2 scissor+ C-C stretch (ring 1, 2 major) 1465
ν106 C9H2 scissor+ C-C stretch (all) + NdN stretch 1469 1474
ν107 C-C stretch (all)+ NdN stretch 1478
ν108 C-C stretch (ring 3 major)+ NdN stretch 1556
ν109 C-C stretch (ring 2 major)+ NdN stretch 1566
ν110 C-C stretch (ring 1) 1574
ν111 C-C stretch (ring 4) 1574 1571
ν112 C-C stretch (all)+ NdN stretch 1596
ν113 C-C stretch (all)+ NdN stretch 1599
ν114 C-C stretch (all) 1600
ν115 C-C stretch (all) + NdN stretch 1602 1602
a Experimental vibrational frequencies are compared to those from B3LYP/6-31G* computations for the 2,2′-azobisfluorene compound. See the

text for more details. Possible vibrational band assignments are also shown based on comparison to the calculated vibrational frequencies from the
B3LYP/6-31G* computations in the 1200-1600 cm-1 fingerprint region for the 2,2′-azobisfluorene compound.

2-Fluorenylnitrenium Ion/2-Fluorenylazide Reaction J. Phys. Chem. A, Vol. 111, No. 8, 20071445



termediates from B3LYP/6-31G* computations. Table 2 com-
pares the TR3 vibrational frequencies for the second species to
those obtained from the B3LYP/6-31G* calculations for the 1,4-
bis-(2,2′-fluorenyl)-tetrazadiene cation intermediates. Examina-
tion of Table 2 shows there is excellent agreement between the
experimental and calculated vibrational frequencies with the
calculated vibrational frequencies being within about 3.1 and
3.5 cm-1 for isomer A and isomer B, respectively, on average
for the 13 experimental Raman band frequencies compared to
the calculated ones. Comparison of the experimental TR3

spectrum to the calculated 1,4-bis-(2,2′-fluorenyl)-tetrazadiene
cation isomers spectra in Figure 8 also exhibits reasonable
agreement with the calculated normal Raman spectra of 1,4-
bis-(2,2′-fluorenyl)-tetrazadiene cations considering the fact that
the experimental spectrum is resonantly enhanced while the
calculated spectra are for normal Raman spectra which make
their relative intensity patterns somewhat different. These results
indicate the second species are likely 1,4-bis-(2,2′-fluorenyl)-
tetrazadiene cation intermediates.

The neutral forms (free base) of the tetrazadiene species were
also considered as a possibility when identifying the second
species observed in our experiments. The predicted Raman
spectra of the tetrazadiene neutral forms appear somewhat
similar to those of the 1,4-bis-(2,2′-fluorenyl)-tetrazadiene cation
intermediates and that of the second species obtained from
experiment (the calculated tetrazadiene neutral forms spectra
and details are displayed in Figure 2S of the Supporting
Information). But, the calculated Raman spectra for the neutral
forms (free base) of the tetrazadiene species do not agree as
well with the second species experimental TR3 spectra as those
of the 1,4-bis-(2,2′-fluorenyl)-tetrazadiene cation intermediates,
and we still assign the second species to the tetrazadiene cation
rather than its neutral form. If the second species were the
tetrazadiene neutral form, its decay process observed during the
experiment would likely be related to a deprotonation, and a
tetrazadiene species would be formed, in which no hydrogen is
attached to nitrogen atom. On the basis of results from TD DFT
calculations, the tetrazadiene species can be observed with the

368.9 nm probe wavelength used in experiments. However, no
new species was observed at longer delay times in the TR3

experiments except the 2,2-azobisfluorene product and there was
no evidence for appreciable formation of tetrazadiene. While
the second species decays, the intensity of the Raman bands
belonging to the 2,2-azobisfluorene product did not increase in
intensity (the Raman bands of tetrazadiene and 2,2-azobisfluo-
rene overlap to some extent based on the results from the
calculations), and this is consistent with little or no appreciable
formation of tetrazadiene. The final products were separated
and analyzed using mass spectroscopy, and no characteristic
peaks of tetrazadiene were observed. These computational and
experimental results suggest that no appreciable tetrazadiene
species was formed under the experimental conditions examined
here. Therefore, we excluded the assignment of the second
species to a tetrazadiene neutral intermediate and assigned the
second species to a 1,4-bis-(2,2′-fluorenyl)-tetrazadiene cation
intermediate.

III.D. Discussion of the 2-Fluorenylnitrenium Ion Reac-
tions with 2-Fluorenylazide.The first species observed in the
TR3 spectra shown in Figures 1 and 2 has been identified as
the 2-fluorenylnitrenium ion which is presumably formed from
the fast reaction of the singlet 2-fluorenylnitrene species with
water as previously observed in picosecond transient absorption
and TR3 experiments.35,82Previous transient absorption quench-
ing experiments determined that the 2-fluorenylnitrenium ion
reacts with the azide anion (N3

-) and water with rate constants
of about 5× 109 M-1 s-1 and 3× 104 s-1, respectively.87 In
addition, time-resolved transient absorption and TR3 experiments
indicated that the 2-fluorenylnitrenium ion reacts with guanosine
with a rate constant of about 7.6× 108 M-1 s-1 to form a C8
intermediate species.80,83 In the absence of an azide anion,
guanosine (or other guanine derivatives) or other similar species,
the 2-fluorenylnitrenium ion will likely be quenched by either
water or any remaining unphotolyzed 2-fluorenylazide precursor
in a largely water containing solution. Our results here indicate
that the 2-fluorenylnitrenium ion can react with the 2-fluore-
nylazide compound with a rate constant on the order of 3×
108 M-1 s-1 and quenching of the 2-fluorenylnitrenium ion
occurs predominantly by reaction with the remaining 2-fluo-
renylazide at the concentrations examined here. The rate constant
for reaction of the 2-fluorenylnitrenium ion with 2-fluorenyl-
azide is substantially faster than that for the 2-fluorenylnitrenium
ion with water (3× 104 s-1) and is somewhat slower than that
for the 2-fluorenylnitrenium ion with guanosine (about 7.6×
108 M-1 s-1) to form a C8 intermediate species.80,83 Thus,
guanosine or other guanine derivatives can compete with
quenching of the 2-fluorenylnitrenium ion by the parent
2-fluorenylazide species when the guanosine (or other guanine
derivatives) have concentrations similar to or greater than the
concentration of the remaining unphotolyzed 2-fluorenylazide.

It is interesting to note that for both thermal and photoinduced
decompositions of aryl azides, it was suggested that the
arylnitrene (ArN) reacts at NR of the azide (ArN3) to make the
azo product (Ar-NdN-Ar) and at Nγ to yield a 1,4-diaryltet-
razadiene (Ar-NdN-NdN-Ar) as an unobserved reactive
intermediate1a as shown in reactions 3 and 4 below:

McDonald and Chowdhury88 studied the reaction of the phen-
ylnitrene anion radical (PhN-•) with phenylazide (PhN3) using
mass spectrometry experiments and observed the formation of

Figure 7. Comparison of the experimental 100µs TR3 spectrum (A)
from Figure 1 to the 368.9 nm resonance Raman spectrum of an
authentic sample of 2,2′-azobisfluorene compound (B) made using a
different synthetic method. These spectra are also compared to the 368.9
nm resonance Raman spectrum of one of the isolated major products
(C) obtained from the 266 nm photolysis of 2-fluorenylazide in the
water/acetonitrile (50:50) solution. This comparison clearly shows that
the third species observed in the TR3 spectra of Figures 1 and 2 is the
2,2′-azobisfluorene compound and that this compound is one of the
major products from the photochemistry. See text for more details.

ArN + ArN3 f Ar-NdN-Ar + N2 (reaction 3)

ArN + ArN3 f Ar-NdN-NdN-Ar (reaction 4)
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two new higher mass species corresponding to Ph-NdN-Ph-•

(m/z 182) and Ph-NdN-NdN-Ph-• (m/z 210) species. The
ratio of these two signals was 1:4, and the rate constant and
branching ratio were both independent of the flow velocity and
flow pressure, which suggested that both product ions were
formed in primary reaction channels.88 Two possible reactions
consistent with the mass spectrometry results could be the
following reactions 5 and 6:

We note that reactions 5 and 6 are similar to both reactions 3
and 4 as well as reactions 1 and 2 studied here in that reactions
1, 3, and 5 all appear to add to the NR bond of the azide to
form the corresponding azo product with the elimination of a
N2 byproduct while reactions 2, 4, and 6 all add to the azide to
form the corresponding 1,4-diaryltetrazadiene species. Our

present results indicate the 2-fluorenylnitrenium ion undergoes
similar addition reactions which either form a stable azo product
(2,2′-azobisfluorene) with elimination of a N2 byproduct or
produce a 1,4-bis-(2,2′-fluorenyl)-tetrazadiene cation intermedi-
ate. An interesting difference between the 2-fluorenylnitrenium
ion + 2-fluorenylazidef 2,2′-azobisfluorene+ N2 + H+

reaction 1 and reactions 3 and 5 is the additional cleavage of
the N-H+ bond to form a H+ by product. Since this reaction
was observed here in a largely aqueous solution, this may be a
water-assisted cleavage in which the explicit hydrogen bonding
and solvation of the ion by the water molecules helps make the
overall reaction 1 very fast. It is possible that reaction 1 could
be a two-step process where the first step is the corresponding
cation reaction (ArNH+ + ArN3 f [Ar-N(H)dN-Ar]+ + N2)
of the analogous anion reaction 5 that is followed by a fast
water-assisted cleavage of the N-H+ bond in the [Ar-N(H)d
N-Ar] + species. At this point it is not clear if the 2-fluo-
renylnitrenium ion+ 2-fluorenylazidef 2,2′-azobisfluorene
+ N2 + H+ reaction 1 is a concerted or sequential process.

Figure 8. (Top A, B) Simple schematic diagrams of the optimized geometry of two isomers of the 1,4-bis-(2,2′-fluorenyl)-tetrazadiene cation
intermediates found from the B3LYP/6-31G* calculations with selected bond lengths (in angstrom) indicated next to the appropriate bonds. (Bottom)
Comparison of (C) the experimental TR3 spectrum derived for the second species by itself from the 7µs spectrum to (A, B) the normal Raman
spectrum calculated for two isomers of the 1,4-bis-(2,2′-fluorenyl)-tetrazadiene cation intermediates from B3LYP/6-31G* computations (spectra A
and B correspond to structures A and B, respectively). See text and Table 2 for more details.

PhN-• + PhN3 f Ph-NdN-Ph-• + N2 (reaction 5)

PhN-• + PhN3 f Ph-NdN-NdN-Ph-• (reaction 6)
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TABLE 2: Comparison of the B3LYP/6-31G* Calculated Raman Vibrational Frequencies for Two Isomers of the 1,4-Bis-(2,2′-fluorenyl)-tetrazadiene Cation Intermediates to
Those Observed for the Experimental TR3 Spectrum Derived for the Second Species by Itself from the 7µs Spectrum of Figure 2 (See the Text for Details for How This Spectrum
Was Extracted)a

isomer A of tetrazadiene cation isomer B of tetrazadiene cation

vibrational mode possible description
B3LYP/6-31G*

calcd (cm-1) vibrational mode possible description
B3LYP/6-31G*

calcd (cm-1) exptl

ν91 C-H bend+ N-H bend 1211 ν91 C-H bend+ N-H bend 1210
ν92 C-H bend (ring 1, 2)+ N-H bend+ C-N stretch 1244 ν92 C-H bend (ring 1, 2)+ N-H bend+ C-N stretch 1239
ν93 C-H bend (ring 2, 3, 4)+ CH2 bend+ N-H bend+ N26-N27 stretch 1266 ν93 C-H bend (ring 2, 3, 4)+ CH2 bend+ N-H bend+ N26-N27 stretch 1266
ν94 C-H bend + CH2 bend 1287 ν94 C-H bend (ring 2)+ CH2 bend 1279 1287
ν95 C-H bend+ N-H bend+ C31-C34 stretch+ C28-N27 stretch+ N14-N25 stretch 1294 ν95 C-H bend + N-H bend + C31-C34 stretch+ C28-N27 stretch+ N14-N25 stretch 1292
ν96 C-H bend (ring 1, 2)+ CH2 bend+ N-H bend 1295 ν96 C-H bend (ring 1, 2)+ CH2 bend+ N-H bend+ C5-C7 stretch 1295
ν97 C-H bend+ CH2 bend+ N-H bend+ C-C stretch+ N26-N27 stretch 1300 ν97 C-H bend (ring 3, 4)+ CH2 bend+ N-H bend+ C-C stretch (ring 3)+ N26-N27 stretch 1301
ν98 C-H bend (ring 3, 4) + CH2 bend + N-H bend + C-C stretch + C-N stretch 1302 ν98 C-H bend (ring 1, 2) + C-C stretch + C-N stretch 1306 1308
ν99 CH2 bend + C-C stretch 1327 ν99 CH2 bend + C-C stretch (ring 1, 2 major) 1327 1327
ν100 CH2 bend + C-C stretch + N14-N25 stretch 1335 ν100 CH2 bend + C-C stretch (ring1, 3, 4)+ N14-N25 stretch 1335 1332
ν101 C-H bend+ N-H bend+ C-C stretch+ C28-N27 stretch+ N14-N25 stretch 1345 ν101 C-H bend (ring 2, 3)+ N-H bend+ C-C stretch+ C28-N27 stretch+ N14-N25 stretch 1340
ν102 N-H bend+ C-C stretch+ N26-N27 stretch+ N14-N25 stretch 1346 ν102 N-H bend+ C-C stretch+ C28-N27 stretch+ N14-N25 stretch 1350
ν103 C-C stretch 1365 ν103 C-C stretch+ N26-N27 stretch 1363
ν104 CH2 scissor 1413 ν104 C36H2 scissor 1415 1409
ν105 CH2 scissor 1416 ν105 C9H2 scissor 1418
ν106 C-H bend+ C-C stretch (ring 1, 2)+ C28-N27 stretch+ N26-N27 stretch 1426 ν106 C-H bend+ C-C stretch (ring 3, 4)+ C28-N27 stretch+ N26-N27 stretch 1432
ν107 C-H bend (ring 3, 4)+ N-H bend+ C-C stretch (ring 3, 4)+ C28-N27 stretch 1435 ν107 C-H bend (ring 1, 2)+ N-H bend+ C-C stretch (ring 1, 2)+ C28-N27 stretch 1438
ν108 C-H bend (ring 1, 2) + C-C stretch 1444 ν108 C-H bend (ring 1, 2 major) + C-C stretch (ring 1, 2) + N14-C12 stretch 1442 1440
ν109 C36H2 scissor+ C-C stretch 1445 ν109 C36H2 scissor+ C-C stretch (ring 3, 4) 1446 1447
ν110 C9H2 scissor+ C-C stretch (ring 1, 2) 1450 ν110 C36H2 scissor+ C-C stretch (ring 3, 4) 1452
ν111 CH2 scissor+ C-C stretch 1453 ν111 C9H2 scissor+ N-H bend+ C-C stretch (ring 1, 2)+ N14-C12 stretch 1462
ν112 C9H2 scissor+ C-H bend + C-C stretch (ring 1, 2)+ N14-C12 stretch 1475 ν112 C9H2 scissor+ N-H bend + C-C stretch (ring 1, 2) + N14-C12 stretch 1469 1474
ν113 C36H2 scissor+ C-C stretch (ring 3, 4) + C28-N27 stretch 1477 ν113 C36H2 scissor+ C-C stretch (ring 3, 4) + C28-N27 stretch 1477 1486
ν114 C-C stretch (ring 3, 4) 1512 ν114 CC stretch (ring 3, 4) 1511
ν115 N-H bend + C-C stretch (ring 2) + N26-N27 stretch+ N14-C12 stretch 1520 ν115 N-H bend + C-C stretch (ring 2) + N26-N27 stretch+ N24-N25 stretch+ N14-C12 stretch 1516 1518
ν116 N-H bend+ C-C stretch (ring 1, 2)+ N14-N25 stretch 1557 ν116 N-H bend+ C-C stretch (ring 1, 2)+ N14-N25 stretch 1558
ν117 C-C stretch (ring 4) 1561 ν117 C-C stretch (ring 4) 1561 1560
ν118 N-H bend+ C-C stretch (ring 1) 1567 ν118 N-H bend+ C-C stretch (ring 1, 2) 1566
ν119 C-C stretch (all, symmetric) + N-H bend + N26-N27 stretch+ N14-N25 stretch 1588 ν119 C-C stretch (all, symmetric) + N-H bend + N26-N27 stretch+ N14-N25 stretch 1588 1583
ν120 C-C stretch (ring 1, 2, 4)+ N-H bend+ N26-N27 stretch+ N14-N25 stretch 1593 ν120 C-C stretch (ring 1, 2, 4)+ N-H bend+ N26-N27 stretch+ N14-N25 stretch 1593
ν121 C-C stretch (all)+ N-H bend+ N26-N27 stretch+ N14-N25 stretch 1598 ν121 C-C stretch (all)+ N-H bend+ N26-N27 stretch+ N14-N25 stretch 1597
ν122 C-C stretch (ring 2, 3, 4)+ N-H bend + N26-N27 stretch+ N14-N25 stretch 1604 ν122 C-C stretch (ring 2, 3, 4)+ N-H bend + N26-N27 stretch+ N14-N25 stretch 1603 1607

a Possible vibrational band assignments are also shown based on comparison to calculated vibrational frequencies from B3LYP/6-31G* computations inthe 1200-1600 cm-1 fingerprint region for two
isomers of the 1,4-bis-(2,2′-fluorenyl)-tetrazadiene cation intermediates.
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It is interesting to compare some of the structural features of
the 2-fluorenylnitrenium ion, the 2,2′-azobisfluorene product,
and the 1,4-bis-(2,2′-fluorenyl)-tetrazadiene cation intermediate
observed in the TR3 spectra reported here. The 2-fluorenyl-
nitrenium ion has significant iminocyclohexadienyl character
with a C12-N14 bond length of about 1.2924 Å and C-C bond
alternation of about 1.4710 Å for C11-C12, 1.3586 Å for C10-
C11, 1.4671 Å for C12-C13, and 1.3560 Å for C8-C13 in
the phenyl ring the C-N bond is attached (the numbering of
the atoms follows that given in the Supporting Information for
the 2-fluorenylnitrenium ion). There is still some iminocyclo-
hexadienyl character in the 1,4-bis-(2,2′-fluorenyl)-tetrazadiene
cation intermediate, but it is noticeably less than that for the
2-fluorenylnitrenium ion. For example, the C12-N14 and C28-
N27 bond lengths were calculated to be 1.3604 and 1.3891 Å,
respectively, compared to the 1.2924 Å for the C12-N14 bond
length of the 2-fluorenylnitrenium ion. Similarly, the C-C bond
alternation (or cyclohexadienyl character) is less for the 1,4-
bis-(2,2′-fluorenyl)-tetrazadiene cation compared to that of the
2-fluorenylnitrenium ion. For example, the C-C bond alterna-
tion is about 1.4268 Å for C12-C13, 1.3732 Å for C13-C8,
1.4311 Å for C12-C11, and 1.3755 Å for C11-C10 in the
phenyl ring the C12-N14 bond is attached in the 1,4-bis-(2,2′-
fluorenyl)-tetrazadiene cation compared to the corresponding
C-C bond alternation of about 1.4710 Å for C11-C12, 1.3586
Å for C10-C11, 1.4671 Å for C12-C13, and 1.3560 Å for
C8-C13 in the phenyl ring the C-N bond is attached in the
2-fluorenylnitrenium ion. In contrast, the 2,2′-azobisfluorene
product has little iminocyclohexadienyl character with C-N
bond lengths of about 1.4123 and 1.4129 Å that are substantially
longer than in the two cation species and much smaller C-C
bond alternation in the phenyl rings (for example, the C-C bond
alternation is about 1.4106 Å for C12-C13, 1.3822 Å for C13-
C8, 1.4058 Å for C11-C12, and 1.3922 Å for C10-C11 in
the phenyl ring the C12-N14 bond is attached in the 2,2′-
azobisfluorene product).

It is interesting to note that the 1,4-bis-(2,2′-fluorenyl)-
tetrazadiene cation decays faster at a higher concentration of
the 2-fluorenylazide compound that suggests this intermediate
may be further reacting with the 2-fluorenylazide compound.
Since the 1,4-bis-(2,2′-fluorenyl)-tetrazadiene cation has a
similar iminocyclohexadienyl character (and possibly similar
chemical reactivity) as the 2-fluorenylnitrenium ion that under-
goes reaction with the 2-fluorenylazide compound to make either
the 2,2′-azobisfluorene product or the 1,4-bis-(2,2′-fluorenyl)-
tetrazadiene cation intermediate, it is reasonable to suggest that
the 1,4-bis-(2,2′-fluorenyl)-tetrazadiene cation intermediate can
also undergo analogous reactions with 2-fluorenylazide to
produce larger oligomeric species. This can account for the
apparent reaction of the 1,4-bis-(2,2′-fluorenyl)-tetrazadiene
cation intermediate with the 2-fluorenylazide compound and is
consistent with the similar structural properties of the 1,4-bis-
(2,2′-fluorenyl)-tetrazadiene cation intermediate with the 2-fluo-
renylnitrenium ion. We also note that some arylnitrenium ions
like the diphenylnitrenium ion were found to produce some
oligomers from nontrapping photolysis,89 and this may be
somewhat similar to the reactions we observe for the 2-fluo-
renylnitrenium ion and the 1,4-bis-(2,2′-fluorenyl)-tetrazadiene
cation intermediate with 2-fluorenylazide to make larger species.
This suggests that further work on the chemical reactivity of
the 1,4-bis-(2,2′-fluorenyl)-tetrazadiene cation intermediate and
related species in other arylnitrenium ion reactions with aryl-
azides to make larger oligomeric materials may yield interesting

results and help to better understand the chemistry of 1,4-diaryl-
tetrazadiene cation intermediates.

IV. Conclusions

A time-resolved resonance Raman study of the reaction of
the 2-fluorenylnitrenium ion with 2-fluorenylazide in a mixed
aqueous solvent is reported. The reaction of the 2-fluorenyl-
nitrenium ion with 2-fluorenylazide in the mixed aqueous
solution produces two new species on the microsecond time
scale with one identified as 2,2′-azobisfluorene and the other
species tentatively assigned to a 1,4-bis-(2,2′-fluorenyl)-tetraza-
diene cation intermediate. The reaction of the 2-fluorenylnitre-
nium ion with the 2-fluorenylazide compound was determined
to have a rate constant on the order of 3× 108 M-1 s-1, and
this is somewhat slower than that for the 2-fluorenylnitrenium
ion with guanosine (about 7.6× 108 M-1 s-1) to form a C8
intermediate species.80,83 At the concentrations used in our
experiments, the quenching of the 2-fluorenylnitrenium ion
occurs mainly by reaction with the remaining 2-fluorenylazide.
We briefly discuss the structure and properties of the species
involved in the reaction of the 2-fluorenylnitrenium ion with
2-fluorenylazide. The 1,4-bis-(2,2′-fluorenyl)-tetrazadiene cation
intermediate has significant iminocyclohexadienyl character, but
the degree is noticeably less than that for the 2-fluorenylnitre-
nium ion. The 2,2′-azobisfluorene product on the other hand
has little iminocyclohexadienyl character. The 1,4-bis-(2,2′-
fluorenyl)-tetrazadiene cation intermediate decayed faster at a
higher concentration of the 2-fluorenylazide compound, which
suggests it may further react with the 2-fluorenylazide compound
in a manner similar to the 2-fluorenylnitrenium ion reaction with
2-fluorenylazide. The similar quenching of the 2-fluorenylni-
trenium ion and the 1,4-bis-(2,2′-fluorenyl)-tetrazadiene cation
intermediate by 2-fluorenyl azide appears correlated with the
similar iminocyclohexadienyl character (and possibly similar
chemical reactivity) of the 2-fluorenylnitrenium ion and 1,4-
bis-(2,2′-fluorenyl)-tetrazadiene cation intermediate species.
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time done for the 0.3 mM 2-fluorenylazide sample TR3 spectra
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of the 1,4-bis-(2,2′-fluorenyl)-tetrazadiene neutral intermediates
found from the UB3LYP/6-31G* calculations and comparison
of the experimental TR3 spectrum of the second species to the
normal Raman spectra calculated for the 1,4-bis-(2,2′-fluorenyl)-
tetrazadiene neutral intermediates (Figure 2S); simple schematic
diagram of the optimized geometry obtained from B3LYP/6-
31G* calculations with the atoms numbered and selected bond
lengths indicated for the 2-fluorenylnitrenium ion (Figure 3S);
Cartesian coordinates, total energies, and vibrational zero-point
energies for the optimized geometry from the B3LYP/6-31G*
calculations for the 2-fluorenylnitrenium ion, 2,2′-azobisfluorene
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2-Fluorenylnitrenium Ion/2-Fluorenylazide Reaction J. Phys. Chem. A, Vol. 111, No. 8, 20071449



fluorenyl)-tetrazadiene neutral intermediates. This material is
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