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a b s t r a c t

Benzyl azide and the three methylbenzyl azides were synthesized and characterized by mass spectrom-
etry (MS) and ultraviolet photoelectron spectroscopy (UVPES). The electron ionization fragmentation
mechanisms for benzyl azide and their methyl derivatives were studied by accurate mass measurements
and linked scans at constant B/E. For benzyl azide, in order to clarify the fragmentation mechanism, label-
ling experiments were performed. From the mass analysis of methylbenzyl azides isomers it was possible
to differentiate the isomers ortho, meta and para. The abundance and nature of the ions resulting from the
molecular ion fragmentation, for the three distinct isomers of substituted benzyl azides, were rational-
ized in terms of the electronic properties of the substituent. Concerning the para-isomer, IRC calculations
were performed at UHF/6-31G(d) level. The photoionization study of benzyl azide, with He(I) radiation,
revealed five bands in the 8–21 eV ionization energies region. From every photoelectron spectrum of
methylbenzyl azides isomers it has been identified seven bands, on the same range as the benzyl azide.
Interpretation of the photoelectron spectra was accomplished applying Koopmans’ theorem to the SCF
orbital energies obtained at HF/6-311++G(d,p) level.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Phenyl azide prepared in the nineteenth century was the first
synthetic organic azide [1]. Since then the application of organic
azides, in science and technology, has grown dramatically [1–3].
Organic azides have been largely used as precursors for synthesis
[1–3], for amines and recently in ‘‘click” chemistry [4–7]. This
concept has, recently, emerged [4] exploiting rapid, modular reac-
tions developing under a large thermodynamic driving force. The
resulting synthetic products have been applied in areas such as
supramolecular chemistry [5], biochemistry [6] and in developing
compounds relevant for antiviral and anticancer treatment [7]. On
the other hand, azidonucleosides showed to be of primordial
interest in AIDS treatment [2,8], azido sugars in biological label-
ling [9] and in tumor-growth inhibition [10]. Moreover, azides
ll rights reserved.

Facility, C Level West Wing,
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are potential high-energy density materials (HEDMs) [11] and
are also used in the generation of electrically conducting poly-
mers [12] and in the covalent modification of polymer surfaces
[13].

Due to their thermodynamic instability, explosive nature and
shock sensitivity [11], their structural characterization is experi-
mentally challenging. However, the physico-chemical properties
of some aliphatic azides have been investigated spectroscopically
by ultraviolet photoelectron spectroscopy (UVPES) and matrix
isolation infrared spectroscopy (MIIS) [14–16]. Electron ioniza-
tion mass spectrometry (EIMS) has been successfully applied to
the study of phenyl azides and its derivatives [17]. Some azides,
already studied by UVPES and MIIS were also investigated by
EIMS [18,19] and chemical ionization mass spectrometry (CIMS)
[20].

At present very little is known about the fate of organic azides
involving an aromatic ring such as benzyl azide. Thus, benzyl azide
and three methylated isomers were synthesized and characterized
in terms of electronic configuration and ionization energies, using
mass spectrometry and UV photoelectron spectroscopy.

http://dx.doi.org/10.1016/j.molstruc.2010.07.009
mailto:mllc@fct.unl.pt
http://dx.doi.org/10.1016/j.molstruc.2010.07.009
http://www.sciencedirect.com/science/journal/00222860
http://www.elsevier.com/locate/molstruc


Table 1
Structures of the studied benzyl azides.

Compound R1 R2 R3 R4 R5

1 H H H H H
2 H H H D D
3 CH3 H H H H
4 H CH3 H H H
5 H H CH3 H H
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The present paper reports a combined experimental study of
the following compounds shown in Table 1: benzyl azide (BA)
(1), deuterated benzyl azide (2), 2-methylbenzyl azide (2-MBA)
(3), 3-methylbenzyl azide (3-MBA) (4), 4-methylbenzyl azide
(4-MBA) (5). Experimental results were supported by theoretical
calculations.
2. Experimental and theoretical methods

2.1. General procedure for sample preparation and characterization

The azides are potentially explosive and therefore must be han-
dled with all due precautions. Azides and some decomposition
products like HCN may be toxic [21].

Sodium azide (2 equiv.) was added slowly to a solution of the
appropriate benzyl halide in dimethyl sulfoxide. The mixture was
stirred at room temperature until TLC analysis (hexane:dichlorom-
etane 7:3) indicated completion of the reaction. The mixture was
quenched with distilled water, extracted with diethyl ether and
the combined organic phases were dried over anhydrous sodium
sulphate, filtered and concentrated [22]. After preparative TLC
the product obtained (g > 90%) was analyzed by FTIR (Mattson Sa-
tellite-FITR) and by NMR (Bruker ARX400). The deuterated benzyl
azide was prepared under argon from benzyl bromide-a,a-d2 in
deuterium oxide.

Care was taken to minimize the effect of possible explosions at
all stages in the preparation and handling of the azide samples, but
no untoward occurrences were experienced during this work. The
products were characterized in the vapour phase by UV photoelec-
tron spectroscopy and mass spectrometry and in the liquid phase
by 1H and 13C NMR and by IR spectroscopy.

Benzyl azide (1): IR data (neat): mmax2098 (N3) cm�1; 1H NMR
data (400 MHz, CDCl3): d 4.35 (s, CH2), 7.34–7.44 (m, CH arom.)
ppm; 13C NMR data (100 MHz, CDCl3): d 54.7 (CH2), 128.2–128.8,
135.3 ppm.

Deuterated benzyl azide (2): IR data (neat): mmax 2100
(N3) cm�1; 1H NMR data (400 MHz, CDCl3): d 7.25–7.41 (m, CH
arom.) ppm; 13C NMR data (100 MHz, CDCl3): d 128.2–128.8,
135.3 ppm.

2-Methylbenzyl azide (3): IR data (neat): mmax 2096 (N3)
cm�1; 1H NMR data (400 MHz, CDCl3): d 2.35 (CH3), 4.32 (s,
CH2), 7.18–7.26 (m, CH arom.) ppm; 13C NMR data (100 MHz,
CDCl3): d 18.9 (CH3), 53.0 (CH2), 126.2, 128.6, 129.3, 130.6,
133.3, 136.7 ppm.

3-Methylbenzyl azide (4): IR data (neat): mmax 2096 (N3)
cm�1; 1H NMR data (400 MHz, CDCl3): d 2.39 (CH3), 4.32 (s,
CH2), 7.13–7.32 (m, CH arom.) ppm; 13C NMR data (100 MHz,
CDCl3): d 21.3 (CH3), 54.8 (CH2), 125.2, 128.7, 128.9, 129.0,
135.3, 138.5 ppm.

4-Methylbenzyl azide (5): IR data (neat): mmax 2098 (N3) cm�1;
1H NMR data (400 MHz, CDCl3): d 2.35 (CH3), 4.27 (s, CH2), 7.17–
7.23 (m, CH arom.) ppm; 13C NMR data (100 MHz, CDCl3): d 21.1
(CH3), 54.6 (CH2), 128.2, 129.5, 132.3, 138.1 ppm.
2.2. Mass spectrometry

The electron ionization (EI) mass spectrometry technique was
used to undertake all the mass spectra presented herein by using
an AEI-MS9 mass spectrometer updated by VG Analytical Instru-
ments. Electron ionization mass spectrometry was performed
with nominal electron energies of 70 eV, 200 mA trap current,
and a source housing pressure of about 1.33 � 10�4 Pa and ana-
lyser pressure about 2.66 � 10�5 Pa. The ions were accelerated
through 8 kV. Linked scans at constant B/E were also accom-
plished for all important fragmentation peaks identified in the
normal mass spectra. For some of the ions, high resolution accu-
rate mass data, were obtained using a VG70-250SE mass spec-
trometer with resolution of 10,000 (10% valley) by the peak
matching technique with perfluorokerosene (PFK) as a reference
compound.

2.3. Photoelectron spectroscopy

The photoelectron (PE) spectra obtained for benzyl azide and its
methyl derivatives were recorded using the single detector instru-
ment described elsewhere [23]. All the aromatic azides investi-
gated herein were liquid with a relatively sufficient vapour
pressure at room temperature to allow PE spectra to be recorded
with acceptable signal-to-noise ratio. The spectra were obtained
by direct pumping on a liquid sample held in a small flask through
a needle valve outside the spectrometer ionization chamber. The
operating resolution of the photoelectron spectrometer was typi-
cally 30 meV as measured for argon (3p)�1 fwhm ionized with
He(I)a radiation (21.22 eV).

Calibration of the vertical ionization energies (VIEs) of the par-
ent azides photoelectron bands was achieved using argon and
methyl iodide [24] added to the ionization chamber at the same
time as the azide vapour samples. PE spectra were obtained for
the starting materials used in the preparation of the studied sam-
ples. No evidence of bands associated with starting materials was
found in PE spectra recorded for purified samples of the azides un-
der study.

2.4. Computational details

All theoretical calculations were carried out with the Gaussian
03 program package [25]. Full structure optimization was per-
formed on each molecule, with the Hartree–Fock (HF) method
and the 6-311++G(d,p) basis [26], to establish equilibrium geom-
etries, and subsequently to calculate VIEs. The starting geometries
for all optimizations were the ones obtained in a previous confor-
mational study and already correspond to lowest energy geome-
tries [27].

For the VIEs, Koopmans’ theorem [28] was applied to the SCF
orbital energies obtained at HF/6-311++G(d,p) level. The com-
puted molecular orbital (MOs) energies �i of benzyl azide and
its methyl derivatives were assigned to the experimental ioniza-
tion energies obtained in the spectra, as IEi � � �i, in a non-scaled
form.

In order to support the mass spectrometry studies, the opti-
mized geometries of the radical cations of benzyl azide (BA), 2-,
3- and 4-methylbenzyl azide (2-, 3- and 4-MBA) were obtained
at the UHF/6-311++G(d,p) level of theory. Furthermore, in order
to support some fragmentation pathways concerning 4-MBA, an
initial search for the transition structures (TS) connecting the pre-
cursor and the product ions was performed by scanning the length
of a particular bond of interest and optimizing the remaining struc-
tural parameters. The TS existence was verified by full optimiza-
tion of its geometry, followed by vibrational analysis (producing
only one imaginary frequency), at the UHF/6-311++G(d,p) level
of theory. In addition, the minima connected by a given TS were
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confirmed by intrinsic reaction coordinate (IRC) calculations [29],
with the UHF/6-31G(d) method/basis.

3. Results and discussion

3.1. Mass spectrometry

All the compounds were studied under EI conditions. The mass
spectra of the compounds examined are summarized in Table 2.
The molecular ion of all the compounds were observed, but some
of them with very low abundance. The fragmentation sequences
were clarified by linked scans at constant B/E [30]. Besides mass
spectrometric methods, isotopic labelling of benzyl azide was use-
ful for the understanding of some mechanisms.

A metastable transition study was required in order to distin-
guish between ions resulting from the ionization of thermal degra-
Table 2
EI (70 eV) mass spectra of compounds 1–5. Relative ionic abundances in %.

Compound

m/z 1 2 3 4 5

17 5.0 3.6 5.0 4.0 –
18 24.7 12.9 24.0 19.0 4.2
26 1.0 – 2.0 – –
27 2.8 2.9 5.0 8.0 1.4
28 34.4 20.0 35.0 31.0 14.8
32 6.3 5.7 5.0 4.0 2.3
37 1.6 2.1 2.0 – –
38 2.8 2.9 4.0 4.0 –
39 6.9 6.4 18.0 19.0 3.8
40 – 5.0 3.0 4.0 –
41 2.5 2.9 5.0 4.0 1.1
43 1.9 – 2.0 – –
50 9.4 11.4 7.0 – 1.7
51 16.9 20.7 13.0 8.0 3.0
52 9.1 8.6 5.0 15.0 –
53 – 6.4 4.0 8.0 –
59 – – 7.0 8.0 –
62 1.6 2.9 5.0 8.0 1.1
63 3.8 4.3 13.0 15.0 2.6
64 1.3 4.3 5.0 8.0 1.0
65 5.9 4.3 22.0 23.0 5.5
66 – 5.7 3.0 4.0 –
67 – 5.7 – – –
74 3.1 4.3 2.0 2.0 –
75 2.5 3.6 2.0 2.0 –
76 5.0 5.7 2.0 2.0 –
77 34.4 27.1 13.0 15.0 2.7
78 15.6 8.6 7.0 8.0 1.0
79 1.9 17.1 9.0 8.0 1.8
80 – 4.3 – – –
89 1.9 – 13.0 12.0 2.5
90 1.3 2.1 9.0 8.0 1.9
91 100.0 2.9 64.0 77.0 43.6
92 6.3 3.6 15.0 15.0 3.4
93 – 100.0 2.0 – –
94 9.3
103 4.1 11.4 8.0 8.0 1.6
104 37.5 8.6 73.0 8.0 1.4
105 5.3 34.3 100.0 100.0 100.0
106 2.5 9.3 9.0 12.0 3.8
107 – 9.3 – – –
115 – – 7.0 – –
116 – – 24.0 8.0 2.0
117 – – 91.0 12.0 3.4
118 – – 36.0 58.0 59.1
119 – – 4.0 31.0 17.0
133 M+�43.8 – – – –
134 3.8 – – – –
135 – M+�45.7 – – –
136 – 5.7 – – –
147 – – M+�15 M+�77 M+�20.5
dation products and ions produced by ionization of samples and
their further fragmentation. All the fragmentation pathways pro-
posed have been based on both, fragmentation sequences observed
in the linked scan spectra and high resolution mass spectra data. In
addition, the full optimized structures of the methylbenzyl azide
radical cations (2-MBA+�, 3-MBA+� and 4-MBA+�) were obtained
at the UHF/6-311++G(d,p) level. Fig. 1 shows these structures, with
special emphasis to changes in the CC-NN dihedral angle, before
and after the loss of an electron. In all normal EI spectra intense
peaks were detected at m/z 18 being, probably, due to water pres-
ent in the hygroscopic azides.

3.1.1. Benzyl azide
Although aliphatic azides such as a-carbonyl azides [18] nor-

mally lose N2, from the molecular ion, this was not observed for
benzyl azide. It was found, through linked scans at constant B/E,
that N3 and HN2 were the preferred losses from the molecular
ion of benzyl azide (Table 3). The loss of N3 seems to be the most
favoured one (Table 2) since ion at m/z 91 is the base peak. Similar
behaviour is observed in a typical EI mass spectrum obtained for
deuterated benzyl azide (Fig. 2).
Fig. 1. Optimized structures of 2-, 3- and 4-MBA and corresponding radical cations,
obtained with restricted and unrestricted HF/6-311++G(d,p), respectively. Bond
lengths are in angstroms (Å).



Table 3
Linked scans data for compounds 1–5.

Compound Precursor ion (m/z) Product ions (m/z)

133 104, 91
104 77

91 65

135 105, 93
105 104, 77

93 67

147 120, 119, 118, 105, 104
118 117, 116, 104, 92, 91, 77
105 104, 103, 79, 78, 77
104 103, 102, 78, 77

91 90, 65, 64

147 119, 118, 117, 105, 91
118 117, 116, 103, 92, 91, 90, 78, 77
105 104, 103, 79, 78, 77

91 90, 65, 64

147 119, 118, 105, 91
118 92, 91, 77
105 103, 79, 77

91 65

Table 4
Accurate mass data for benzyl azide.

m/z Elemental
composition

Measured
value

Calculated
value

Diff.
(ppm)

133 C7H7N3 133.06416 133.06400 �1.2
104 C7H6N 104.05079 104.05002 �7.4
91 C7H7 91.05380 91.05478 10.7
77 C6H5 77.03846 77.03913 8.7
65 C5H5 65.03786 65.03913 19.4
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For this azide the peak at m/z 28 can be explained by thermal
decomposition prior to ionization. From Table 3 it can be seen that
the molecular ion never loses 28 Da.

The fragmentation mechanisms were established by linked
scans at constant B/E and accurate mass measurements (Tables 3
and 4). The proposed mechanisms were supported by labelling as
presented in Fig. 3. According with the parallel mechanisms, in that
figure, the ion at m/z 91 and its deuterated form at m/z 93 must
have a tropylium ion structure. In fact, ion at m/z 93 displays a loss
of C2H2 and not C2D2 which proves a scrambling of H/D atoms only
possible in a C7Hþ7 with a tropylium structure. Furthermore, the
Fig. 2. Mass spectrum for deuterated benzyl azide and
other main loss, HN2, is also clarified by the deuterated benzyl
azide. Since the latter benzyl azide loses DN2 the leaving hydro-
gen/deuterium is in a neighbouring position relative to the azido
group.
3.1.2. Methylbenzyl azides
From the mass spectrometry data analysis it can be con-

cluded that all the methylbenzyl azides present common fea-
tures. All the normal mass spectra showed the molecular ion
peak which is most intense in the case of the meta-isomer (see
Table 2). The linked scans study was essential to establish
sequential fragmentation patterns of benzylic azides. Based on
both, linked scans (Table 3) and accurate mass measurements
(Table 5), a possible general mechanism for para-methylbenzyl
azide is summarized in Fig. 4. In this scheme is observed a for-
bidden transition, loss of HN�2 from the molecular ion followed
by the loss of another radical, CN�. Nevertheless, exceptions to
the even electron rule, are reported in the literature [31]. How-
ever, when the molecular ion loses 29 Da, the sequential loss of
N2 and H cannot be excluded.

Considering benzyl azide as the model compound we found
that there should be at least two possible major fragmentation
pathways, corresponding to loss of 29 and 42 Da from the
molecular ion. These losses must be due to elimination of
HN2 radical and N3 radical from the molecular ion. The result-
ing ions in the case of benzyl azide are at m/z 104 and 91,
respectively, and in the cases of all methyl isomers are at m/z
118 and 105.
its linked scan at constant B/E for the main peaks.



Fig. 3. Main fragmentation pathways, for benzyl azide and deuterated benzyl azide, based on metastable transitions and accurate mass measurements.

Table 5
Accurate mass data for para-methylbenzyl azide.

m/z Elemental
composition

Measured
value

Calculated
value

Diff.
(ppm)

147 C8H9N3 147.07938 147.07965 1.8
119 C8H9N 119.07274 119.07350 6.4
118 C8H8N 118.06627 118.06567 �5.0
105 C8H9 105.07055 105.07043 �1.2
103 C8H7 103.05347 103.05478 12.6
92 C7H8 92.06064 92.06260 21.3
91 C7H7 91.05582 91.05478 �11.5
79 C6H7 79.05639 79.05478 �20.5
77 C6H5 77.04060 77.03913 �19.1
65 C5H5 65.03960 65.03913 �7.3
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Among all methyl isomers the ortho can be characterized by a
very abundant ion at m/z 104. In fact, the presence of a CH3 group
Fig. 4. Main fragmentation pathways, for para-methylbenzyl azide, ba
in the ortho position must be a determinant factor for the releas-
ing of HN3 from the molecular ion. This metastable transition is
not observed for the other isomers, which explains the insignifi-
cant abundance of ion at m/z 104 in the other two isomers. On
the other hand, while there is a parallel between the mechanism
that leads to the formation of ion at m/z 118 in methylbenzyl
azides and the formation of an ion at m/z 104 for benzyl azide,
the ion at m/z 104 for ortho-methylbenzyl azide must be formed
through a different mechanism, involving a six member ring
intermediate (Fig. 5), not observed for the other isomers neither
for benzyl azide.

Another interesting difference of the ortho-isomer towards the
meta- and para-isomers is the origin of ion at m/z 91. This ion
has various precursor ions as shown in Table 3. For meta- and
para-isomers this ion can be a product ion of the molecular ion
by loss of CH2N�3 unlike the ortho for which this route is not ob-
served. This is consistent with a favoured loss of HN3 from the
sed on metastable transitions and accurate mass measurements.



Fig. 5. Possible mechanism for formation of ions at m/z 104 in ortho-methylbenzyl azide.
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molecular ion in the ortho case. This is an example of the reported
ortho effect [32,33] which explains rearrangements involving
hydrogen transfer between neighbouring groups on an aromatic
ring. A rigid planar arrangement of the interacting groups facili-
tates the formation of a cyclic transition state. This effect is very
useful in the characterization of ortho-substituted compounds as
the larger spatial separation of interacting groups, in meta- and
para-substituted isomers, makes the same type of interaction
weaker or nonexistent.

The main difference between meta- and para-isomers is that
less fragmentation is observed in the normal spectra, for the para
isomer, which is supported by a smaller number of metastable
transitions (Table 3). In fact, the substituents in para position must
introduce resonance stabilization in the resulting ions. Moreover,
comparing meta and para fragmentations, from the linked scans
in Table 3, it can be seen that besides the fragmentation routes pre-
sented in Fig. 4 for para, some other complementary routes can be
observed for meta, namely the fragmentation routes for ions at m/z
105 and 91. Nevertheless, the meta derivative presents the most
abundant molecular ion. This must be due to the methyl group
in meta position not being able to stabilize positive charges of
the fragments. In addition, the abundance of ion at m/z 91 is higher
for meta isomer.

Finally, in spite of the strong evidence of its occurrence in the
linked scans results, the first two pathways presented in Fig. 4
were also confirmed by IRC calculations. The route leading to the
formation of para-methyl-benzylidene imine cation, through N2

elimination and concerted migration of the H atom to the neigh-
bouring N, is depicted in Fig. 6, where a reaction barrier of approx-
imately 33.9 kJ/mol was computed at the UHF/6-31G(d) level of
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Fig. 6. IRC calculation results for the fragmentation pathway leading to the
formation of para-methylbenzylidene imine radical cation + N2 from 4-MBA+�,
determined with UHF/6-31G(d).
theory. The TS is formed by a concerted mechanism: simultaneous
to the elongation of the N–N2 bond, the H–C–N angle closes
significantly.

The second pathway portrayed in Fig. 4, releasing of N3 from the
para-isomer, and formation of the N3 radical plus the para-methyl-
benzyl cation, has also been the subject of theoretical investigation.
IRC calculations initiated at the transition structure connecting the
precursor ion and product molecules are shown in Fig. 7, where a
reaction barrier of approximately 19.5 kJ/mol arises. This barrier
lower than the one for the N2 loss explains the m/z 105 ion abun-
dance higher than the one for m/z 119 ion (Table 2). In addition, for
benzyl azide, the N�3 elimination must be, also, the most favoured
decomposition channel as m/z 91 corresponds to the most abun-
dant ion.

Table 6 presents the total and relative energies of benzyl azide
and methylbenzyl azide radical cations, as well as transition struc-
-4 -2 0 2 4 6 8
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F/
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Fig. 7. IRC calculation results for the fragmentation pathway leading to the
formation of para-methylbenzyl cation + N3 radical from 4-MBA+�, determined with
UHF/6-31G(d).

Table 6
Total (hartree) and relative energies (kJ/mol) of benzyl and methylbenzyl azide ions,
selected transition structures and corresponding fragmentation products.

UHF/6-311++G(d,p)

Cations Total energy Relative energy

BA+� �432.233760 –
2-MBA+� �471.279870 –
3-MBA+� �471.282090 –
4-MBA+� �471.283047 0
TS1+ �471.272439 27.85
TS2+ �471.275500 19.81
(C8H9N+N2)+� �471.293263 �341.97
(C8H9+N3)+� �471.293263 �26.82
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tures and fragmentation products associated with the first two
channels depicted in Fig. 4, obtained at UHF/6-311++G(d,p) level.
The fully optimized transition structures TS1 and TS2, also ob-
tained with UHF/6-311++G(d,p), are shown in Fig. 8, where some
selected geometric parameters are emphasized. Resuming the frag-
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e
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ns
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c

b

Fig. 9. He(I) photoelectron spectrum of benzyl azide. The labeled bands are listed in
Table 7.

Fig. 8. Optimized structures of TS1 and TS2, connecting 4-MBA+� and the products
from the first two fragmentation channels of Fig. 4, obtained with UHF/6-
311++G(d,p). Bond lengths and distances are in angstroms (Å).

Fig. 10. Selected molecular orbitals (HOMO-MO 30) from
mentation routes in Fig. 4, two of them were not investigated, by
IRC calculations, CH2N�3 and HN�2 elimination. The former pathway,
loss of CH2N�3, yielded C7Hþ7 , which must present a tropylium ion
structure. For the latter loss, HN2, it is expected that the experi-
mental evidence obtained for benzyl azide, shown in Fig. 3, applies.
This means that the release of HN2 must involve an hydrogen from
the –CH2– group adjacent to the azido group.
3.2. Photoelectron spectroscopy

Assignment of He(I) PE spectra of benzyl azide and methylben-
zyl azides was made with reference to our recent results on ab
initio molecular orbital calculations [34]. Results arising from cal-
culations with the HF method and the 6-311++G(d,p) basis provide
a good qualitative description of the MOs shapes and orientations.
For each azide, the PE spectra were recorded, and experimental
vertical ionization energies (VIEs) were obtained by averaging
the VIEs of the bands from several different spectra. Typical PE
spectra and MOs for theses azides are shown in Figs. 9–11a–c.
Experimental and calculated VIEs are summarized in Tables 7
and 8.
3.2.1. Benzyl and methylbenzyl azides
Fig. 9 shows a typical PE spectrum, at room temperature, of

benzyl azide. Five distinct bands labeled a–e in this figure may
be readily identified. The shapes and orientations of the MOs of
BA resulting from calculations with the HF method and the
6-311++G(d,p) basis are presented in Fig. 10. Experimental and cal-
culated VIEs of the benzyl azide are listed in Table 7, where a quite
satisfactory agreement between the calculated values and the
experimental data is clearly seen.

The first two intense bands of the BA photoelectron spectrum
(see Fig. 9 and Table 7), at 9.28 and 9.63 eV, respectively, can be as-
signed to the two highest occupied MOs in the ground state of this
molecule, originated mainly from the degenerate 1e1g HOMO of
benzene [35], which follows either a p2 (HOMO) or a p3 (MO 34)
pattern. The bands centered at 10.96 and 11.88 eV can be attrib-
uted to MOs coming from the azido group N3: the third (MO 33)
is comprised almost exclusively from the p�N3

MO established in
the nitrogen chain, whereas the fourth (MO 32) is a r�N3

that also
features a very small rCN contribution. Considering the three out-
ermost orbitals, (11a0)(12a0)(3a00), in the electronic configuration
of methyl azide, CH3N3 [36], one can undoubtedly relate the third
MO to the 3a00 state of CH3N3 and the fourth MO to the 12a0 state of
CH3N3.
benzyl azide, based on HF/6-311++G(d,p) results.



Table 7
Experimental (VIE) and calculated (-�i) ionization energies (eV) of benzyl azide. DE
and MO stands for experimental energy uncertainty and molecular orbital,
respectively.

Experimental Calculated

Band VIE DE MO ��i

a 9.28 0.01 HOMO 9.26
b 9.63 0.01 34 9.44
c 10.96 0.01 33 10.36
d 11.88 0.04 32 12.03

31 13.67
e 14.13 0.09 30 13.78

29 14.06

Fig. 11. He(I) photoelectron spectra obtained for: (a) ortho-methylbenzyl azide; (b)
metha-methylbenzyl azide; and (c) para-methylbenzyl azide. The labeled bands are
listed in Table 8.
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The broad band e arises from overlap of the remaining MOs and
correspond chiefly to several benzene orbitals, with more or less
contributions from the nitrogens. MO 31 portraits a strong resem-
blance to the degenerate 3e2g orbital (r) of benzene. MO 30 is
mainly constituted from benzene’s 1a2u orbital, following a p1

pattern.
Fig. 11a–c shows typical PE spectra, at room temperature, of

ortho-methylbenzyl azide (2-MBA), meta-methylbenzyl azide (3-
MBA) and para-methylbenzyl azide (4-MBA). Seven bands labeled
a–g may be identified, respectively, in this figure. The photoelec-
tron spectra also show traces of water (12.62 eV) [24], due to the
samples’ hygroscopic nature. Experimental and calculated VIEs of
2-, 3- and 4-MBA are listed in Table 8, which also shows a satisfac-
tory agreement between the calculated values and the experimen-
tal data.

Bands a and b in the PE spectra of the BA methyl derivatives
(Fig. 11a–c) can also be related to two patterns of the degenerate
1e1g HOMO of benzene. Bands c and d can be attributed to the
third and fourth MOs of 2-, 3- and 4-MBA, that also come from
the azido group N3: a p�N3

MO and a r�N3
MO, respectively. In a

similar way to the BA spectrum, band e in the PE spectrum of
the methylbenzyl azides results from the overlap of several ben-
zene orbitals. Finally, band f is associated with another p pattern
of 3e2g of benzene.
4. Conclusions

Benzyl azide and its methyl substituted isomers have been syn-
thesized and characterized by mass spectrometry and UV photo-
electron spectroscopy.

Mass spectrometry allowed us to examine the fragmentation
pathways of benzyl azide and to investigate the effect of different
relative positions of methyl group, on the aromatic ring, on the
fragmentation of the benzyl azides. The N�3 loss is favoured in all
five compounds. In addition, theoretical calculations showed that
in terms of barriers for N�3 and N2 elimination channels, the former
is more favourable. The loss of C2H2 from the fragment m/z 105 can
be expected via a pericycle reaction involving a 1,2 hydrogen
migration, which is helped by the electronic effect of the methyl
group. The application of mass spectrometry techniques proved
to be effective, in particular, in characterization and differentiation
of the ortho-isomer. In fact, the substituent group in the ortho posi-
tion has a profound influence on the fragmentation pathways and
consequently on the ion abundance. The differentiation between
meta- and para-isomers is not so unequivocally established as for
ortho. However, some evidence to distinguish them was observed.

The He(I) photoelectron spectra of 2-MBA, 3-MBA and 4-MBA
and the He(I) photoelectron spectrum of BA are quite similar with-
in the 8–13 eV ionization energy range. The molecular orbital cal-
culations, concerning the four existing bands in that region, show
two bands below 10 eV associated with p benzene ring orbitals,
while above that energy, the other two bands are associated with
the azide chain orbitals. Moving towards the 13–16 eV ionization
energy range, the BA presents a broad band while three bands arise
for their methyl derivatives. According to the theoretical calcula-
tions, and in contrast with former experimental results on aliphatic
azides, the HOMO ionization energy is associated with removal of
an electron from a MO located on the benzene ring and not on the
azido group.



Table 8
Experimental (VIE) and calculated (��i) ionization energies (eV) of ortho-methylbenzyl azide, metha-methylbenzyl azide and para-methylbenzyl azide. DE and MO stands for
experimental energy uncertainty and molecular orbital, respectively.

Band 2-MBA 3-MBA 4-MBA

Experimental Calc. Experimental Calc. Experimental Calc.

VIE DE ��i VIE DE ��i VIE DE ��i MO

a 9.03 0.02 9.09 9.02 0.01 8.99 8.89 0.01 8.95 HOMO
b 9.47 0.04 9.20 9.61 0.01 9.31 9.50 0.01 9.36 38
c 10.88 0.01 10.30 10.88 0.01 10.30 10.88 0.01 10.28 37
d 11.84 0.08 11.98 11.69 0.02 11.98 11.66 0.02 11.96 36
e 13.36 0.13 13.42 13.16 0.02 13.41 13.14 0.03 13.41 35

13.47 13.45 13.47 34
f 13.72 0.09 13.76 13.87 0.02 13.82 14.08 0.02 13.74 33
g 14.71 0.05 15.04 14.75 0.01 14.83 14.69 0.04 14.79 32
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