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The influence of substitution pattern and electronic structure on the N=N 
stretching frequencies of compounds containing three to six linearly 
connected nitrogen atoms has been investigated by FT-IR and Raman 
spectroscopy. For a series of l-phenyl-3,3-dialkyl-triazenes, Phe-N ~=N ~- 
N 3 R~, shifts in the two valence vibrations of the triazeno group are 
studied with respect to the type and position of substituents at the ar- 
omatic ring, and for various alkyl substituents at N 3. The N~=N 2 stretch- 
ing frequency is lowered by electron-withdrawing substituents at the 
aromatic ring; this effect is most pronounced for para-positioned sub- 
stituents. A decrease in the N l = N  2 bond order, and of the associated 
valence vibration, is also observed upon introduction of heavier N3-aikyl 
substituents, due to an inductive effect. Changes in vibrational frequen- 
cies are correlated with characteristic fragmentation patterns in the mass 
spectra of these compounds, where two degradation routes subsequent 
to ionization at the nitrogen atoms N' and N 2 have been observed. For 
the investigated pentazadiene derivatives, a weaker dependence of the 
N=N vibrational frequencies on the substituents is found. Mass spectra 
are interpreted in terms of two typical fragmentation pathways, involving 
a McLafferty rearrangement. 
Index Headings: Mass spectroscopy; Raman spectroscopy; Triazene 
compounds; Electronic structure. 

INTR O D U C TION 

In the past few years, triazenes have been intensely 
investigated in view of their anti-tumor activity. 1-3 Re- 
cently, triazenes have been used as dopants for the XeC1 
excimer laser ablation of nonabsorbing polymers, such 
as PMMA. 4,5 Polymerization of suitable triazene mono- 
mers yields photopolymers that  have been designed for 
photolithographic applications. G 

In an effort to elucidate the mechanism of polymer 
laser ablation induced by triazene dopants, the restricted 
rotation around the N2-N 3 bond of the triazene group 
(-NI=N2-N 3-) has been studied by temperature-depen- 
dent  NMR spectroscopy. 7 Photolysis quantum yields of 
differently substituted triazene derivatives have been de- 
termined, and have been correlated with Ni=N 2 bond 
orders derived from semiempirical calculations, s 

In this report, the vibrations of the N=N bond of the 
triazenes, and of compounds containing up to six linearly 
connected nitrogen atoms, are investigated by IR and 
Raman spectroscopy. For the 1-phenyl-3,3-dialkyl-tri- 
azenes, the vibrational frequencies are influenced by the 
type of electron-donating or withdrawing substituents 
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on the phenyl ring, by the position of the phenyl sub- 
stituents, and by the choice of alkyl substituents at ni- 
trogen atom N 3. The observed changes will be discussed 
in terms of a 1,3-dipolar resonance structure of the tri- 
azeno group and further charge delocalization into the 
aromatic ring, as shown in Scheme 1. Azo derivatives, a 
tetrazene compound, several pentazadienes, and a hexa- 
zadiene (with structural formulas as represented in 
Scheme 1) are included in the investigation, to confirm 
the trends derived from the triazene substitutions. These 
results are compared and correlated with relative frag- 
ment intensities derived from electron impact mass spec- 
tra. 

EXPERIMENTAL 

Materials. The triazenes, the pentazadienes, and the 
hexazadiene were prepared according to the procedures 
described in detail elsewhere. 7,9 

I n s t r u m e n t s .  Infrared spectra were recorded on an FT- 
IR instrument (Perkin-Elmer, Model 1710) in a diffuse 
reflectance cell (Spectra-Tech). Liquid substances were 
investigated undiluted, by placing a drop onto the ref- 
erence mirror of the diffuse reflectance FT-IR (DRIFT) 
cell. Solid compounds were diluted by abrading the pow- 
der with a silicon carbide substrate (LOT), which was 
subsequently placed into the DRIFT cell. Typically, 250 
scans have been coadded for each spectrum at a reso- 
lution of 2 cm -1. 

For Raman scattering, the pure samples were placed 
in quartz cuvettes, and excited with the use of either the 
457.9-, 488.9-, and 514.5-nm lines of an argon-ion laser 
(3.9 mW to 10 mW of power), or the 476.5- and 530.9- 
nm lines of a krypton-ion laser (0.07 to 8 mW of power). 
Raman signals were dispersed in a triple spectrograph 
(SPEX, Model Triplemate 1877A), and detected with an 
optical multichannel analyzer based on a cooled photo- 
diode array. The resolution of the triple spectrograph 
was set at 7 cm-1; frequency positions have been cali- 
brated with a neon spectral lamp. The signal accumu- 
lation time on the diode array was chosen to be between 
10 and 200 s, depending on laser excitation power; 10 to 
20 exposures were accumulated. For some of the weaker 
vibrational features, the Raman spectra were deconvo- 
luted to determine accurate band positions. 

Electron impact spectra were recorded on a mass spec- 
trometer (Finnigan, Model MAT 8500). An ionization 
energy of 70 eV was used; the compounds were intro- 
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SCHEME 1. Investigated compounds: 1-phenyl-3,3-dialkyl-triazenes (top); azosulfonates, tetrazenes (second row); pentazadienes (third row); and 
hexazadienes (bottom). Dipolar resonance structures contributing to the electronic charge distribution of triazenes are indicated; the quinoid 
structure is possible only for acceptor substituents in the para-position on the phenyl ring. 

duced into the instrument by a short heating period, 
without derivatization. After a constant ion current had 
been established, 10-30 spectra were averaged for re- 
cording reliable relative ion intensities (compounds 1- 
15). 

RESULTS 

Range of N = N  Vibrational Frequencies. The frequency 
of the N = N  stretching vibration is found to vary over a 
wide area for the nitrogen compounds investigated in 
this study; an assignment from the IR spectrum alone is 

therefore not obvious. In the Raman spectrum (cf. Figs. 
1 and 2), the corresponding band is more easily recog- 
nized by its high intensity, which is due to the large 
polarizability derivative associated with the N = N  stretch. 
This band is usually the most intense spectral feature. 
(For the p-nitrophenyl-diethyl-triazene, the vibration of 
the nitro group at 1315 cm -1 is more intense due to the 
high associated Raman cross section; 1° note the calibra- 
tion bars in Fig. 1.) Therefore, a combination of the IR 
and Raman spectra was used for the assignment of the 
N = N  frequency. A survey on the N = N  band positions 
of different nitrogen compounds is given in Table I. 
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TABLE I. Raman frequency ranges of N=N stretching vibrations in 
various classes of compounds containing nitrogen double bonds. 

IR, Raman 
Compound frequencies ~ Source 

cis-Azobenzene 1511 Ref. 11 
trans-Azobenzene 1442 Ref. 11 
Azosulfonates 1503-1464 Ref. 12; this work 
Hexazadiene 1496 This work 
Pentazadienes 1492-1441 This work 
Tetrazene 1475 Ref. 13 
1-Aryl-3,3-dialkyl-triazenes 1417-1372 Ref. 14; this work 
1-Aryl-3-monoalkyl-tri- 1485-1480 and Ref. 14 

azenes 1430-1425 
1,3-Diphenyl-triazene 1413 Ref. 11; this work 

Measurements in cm-'. 

T he  triazenes, which exhibi t  the lowest N = N  vibra- 
t ional  f requency,  are known to exist in a 1,3-dipolar 

- -  + 

- - N I = N 2 - - N  ~ (~ ' - - N 1 - - N 2 = N  3 (. For structure,  TM i.e., 

subs t i tu ted  1-phenyl-3,3-dialkyl-triazenes,  the relative 
impor tance  of this s t ructure  can be correlated with the 
H a m m e t t  pa ramete r  a characterizing the subs t i tuent  on 
the  aromat ic  ring. In the dipolar s t ructure,  the N = N  
bond is delocalized over three  ni trogen atoms. This  pat-  
te rn  gives rise to a significant red shift  of the N = N  
stretching frequency,  as compared  to the other  investi- 
gated ni trogen compounds.  

T h e  tr iazene f ragment  gives rise to two stretching vi- 
brations,  bo th  of which involve all three  ni trogen atoms, 
and couple to the vibrat ions of adhering subst i tuents .  
The  higher frequency, which we shall designate as v(N=N) 
in the  following discussion, has been referred to as ~.  in 
Ref. 11. The  lower frequency, designated here as ~(N-N), 
was t e rmed  v~ in Ref. 11. 

Inf luence  of  Subs t i tuents  in the  p a r a - P o s i t i o n  at the 
P h e n y l  Moiety.  For  the para-substituted compounds,  
the  f requency  v(N=N) decreases with increasing elec- 
t ron-withdrawing character  of the phenyl  subst i tuent .  
F ro m Fig. 1 and Table  II, this band is seen to vary by 
- 2 6  cm -1 within the set of compounds  investigated. Si- 
multaneously,  the stretching frequency of the formal N-N 
single bond,  v(N-N), increases to a smaller extent  (+8  
cm-1). This  behavior  is expected for a 1,3-dipolar reso- 
nance s tructure.  The  Raman  f requency of the unsubsti-  
t u t ed  compound  2 represents  an exception from the se- 
quence predic ted  from the inductive effects alone; the 

TABLE II. Influence of substitoents in para-position at the phenyl ring 
on the vibrational frequencies of the triazeno group. ~ 

Para- 
substi- 

tuent on v(N=N)b v(N.N)b 
Com- phenyl 
pound ring Raman IR Raman IR 

1 N(CH3)2 1417/1407 1416/1406 1255 1237 
2 H 1414 1414 1252 1239 
3 O CH3 1408 1407 1253 1245 
4 CH~ 1403 1403 1254 1237 
5 COOH 1397 1401 1259 1243 
6 CN 1386 1384 1260 sh 1243 
7 NO2 1391 1383 1259 1246 

.1-Phenyl-3,3-diethyl-triazenes. 
b Measurements in cm-1; v(N=N) ~- , , ,  u(N-N) ~- us defined in Ref. 

11. 
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\ 
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\ 
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R a m a n  s h i f t  / e m  -1 

FIG. 1. Raman spectra of para-substituted 1-phenyl-3,3-dialkyl-tri- 
azenes. Para-substituents at the phenyl ring are indicated in the figure; 
numbers refer to Table II. Measurement conditions are mentioned in 
the experimental section. 

higher f requency of 2 is probably  due to the lower mass 
of the unsubs t i tu ted  phenyl  ring. 

We note  f rom Table  II t ha t  there  is close agreement  
in the wavenumbers  of the N = N  stretching frequencies 
der ived from Raman  and IR spectra.  For  the N-N s t re tch 
the differences are somewhat  larger. Different  1-phenyl- 
3,3-dialkyl-triazenes are known to crystallize in the 
monoclinic and triclinic space groups, respectively; 15,17 
differences in packing and interact ion of the molecules 
could be par t ly  responsible for the f requency shifts. 

Inf luence  of  the  P o s i t i o n  of  N i t ro  or C a r b o x y  Subst i t -  
uents  on the P h e n y l  Ring. Among the three 1-nitrophenyl- 
3,3-diethyl-tr iazenes,  the para-substituted compound is 
character ized by the lowest value of the N = N  stretching 
f requency  (Table III). Cont ra ry  to expecta t ion from sim- 
ple resonance s t ruc ture  arguments ,  very similar fre- 
quencies are observed for the meta- and ortho-substi- 
tu t ed  derivatives. This  behavior  might  be due to an 
associative bonding between the ortho-nitro group and 
the t r iazeno group. A related phenomenon  will be dis- 
cussed below in the context  of f ragmenta t ion  pa t te rns  
observed for compound  15 in the electron impact  mass 
spectra.  

Frequencies  observed with carboxy-subst i tuents  in the 
meta- and para-position at  the phenyl  ring (Table III) 
confirm the above interpreta t ion:  Th e  N = N  stretching 
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TABLE III. Influence of the position of substituents on the phenyi ring 
on the N = N  vibrational frequencies of 1-(phenyl)-3,3-diethyl-triazenes. 

Position and 
Com- type of 
pound substituent(s) 

v . , (N=N)"  re(N-N) ~ 

Raman IR Raman IR 

15 2-NO2 1404 1408 1259 1238 
14 3-NO2 1403 1403 1250 1241 

7 4-NO2 1391 1383 1259 1246 
l l  3-COOH 1404 1416 1248 1245 

5 4-COOH 1397 1401 1259 1243 
9 3,5-COOH 1372 .. .  1236 

1385 (w) 1386 
8 3,5-CON3 1395 1401 1243 1240 

"Measurements in cm -1. 

frequency of 1-(3-carboxyphenyl)-3,3-diethyl-triazene is 
higher by 7 cm -1, and the N-N stretch is red-shifted by 
11 cm -1, as compared to the corresponding frequencies 
in the para-substituted derivative. 

Influence of Two Substituents in meta-Position at the 
Phenyl Moiety. Two triazene derivatives carrying two 
phenyl substituents have been investigated, i.e., 1-(3,5- 
di-carboxyazido)-3,3-diethyl-triazene (8) and 1-(3,5-di- 
carboxy)-3,3-diethyl-triazene (9). Results included in 
Table III show that both compounds are characterized 
by exceedingly low values of the N=N stretching fre- 
quency. With the 3,5-dicarboxy-derivative 9, the N = N  
frequency (1372 cm -1, with a shoulder at 1385 cm-~), is 
the lowest among all investigated triazene compounds, 
and is very significantly red-shifted as compared to the 
3-carboxyphenyl-triazene (1404 cm-1). Both the low fre- 
quency and the observed splitting in the disubstituted 
derivative suggest that  the effects of hydrogen bonding 
networks are particularly pronounced for the dicarboxy 
compound 9, as compared to the monoacid derivatives 
5 and 11. 

Influence of Alkyl Substitnents at the N 3 Nitrogen. Very 
similar vibrational frequencies have been determined for 
1-(3-carboxy-phenyl)-triazenes with ethyl, n-propyl, or 
isopropyl substituents at nitrogen atom N 3 (Table IV). 
The dimethyl derivative 10 represents a remarkable ex- 
ception. This triazene compound is characterized by a 
comparatively low activation energy of internal rotation 
in solution, high Ni=N 2 bond order, and high quantum 
yield of photolysis. 8 It is therefore not clear at present 
why both stretching frequencies are lowered [v(N=N): 
- 1 9  cm-~; v(N-N): ~ - 3 5  cm -~) as compared to the com- 
pounds carrying heavier alkyl substituent (Table IV). 

Other Compounds Containing One or Several N = N  
Bonds. Raman spectra of several pentazadiene com- 
pounds are presented in Fig. 2. In the pentazadiene func- 

TABLE IV. Influence of alkyl substituents at nitrogen atom N 3 on the 
N=N vibrational frequencies of 1-(3-carboxyphenyl)-triazenes. 

Com- Alkyl sub- ~,,(N=N)" ~,(N-N)" 
pound stituent Raman IR Raman IR 

10 CH3 1385 1380 1206 1202 
11 C2H~ 1404 1416 1248 1245 
12 n-C~H7 1404 1406 1230 1228 
13 i-C~H7 1403 1399 1250 1237 

1233 (sh) 

a Measurements in cm- ' ,  sh = shoulder. 

7 

Et 

\ 
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R a m a n  s h / f t  / c m  ~1 

Fro. 2. Raman spectra ofpara-subst i tuted 1,5-diphenyl-3-ethyl-pen- 
tazadienes. Substituents at the phenyl ring are indicated in the figure; 
numbers refer to Table V. Measurement conditions are mentioned in 
the experimental section. 

tional group, the tendency of the central nitrogen lone 
pair towards delocalization is apparently less pro- 
nounced. Thus, the vibrational frequencies remain large- 
ly unchanged in the series of compounds 17 through 20 
(Table V), in which the para-substituents of the two 
phenyl substituents are varied from the electron-donat- 
ing methoxy group to an electronegative chloro substit- 
uent. Only for the pentazadiene 21, in which the ethyl 
substituent at N 3 is replaced by another 4-chloro-phenyl 
group, is a pronounced lowering of the N = N  stretching 
frequency observed. 

Similarly, the hexazadiene is characterized by a high 
value, ~ = 1496 cm -1, so that  delocalization of the N = N  
bond does not appear to be important in this compound 
as well. In the azo compounds and azosulfonates (Table 
V), no similar dipolar resonance structures are known, 
and the vibrational frequencies are correspondingly high. 

Electron Impact Mass Spectra. The relative intensities 
of the molecular ion and of fragment ions recorded in 
electron impact mass spectra will be used as indicators 
for the stability of the respective species. Thus, the sta- 
bilizing or destabilizing effects of the various substitu- 
ents are studied and correlated with the corresponding 
shifts of the Raman/IR frequencies. 

Mass Spectroscopic Fragmentation Patterns of Tri- 
azenes. For the triazene compounds, a typical fragmen- 
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Mass spectrum of 1-(4-cyanophenyl)-3,3-diethyl-triazene (compound 6). The suggested fragmentation scheme is shown as an inset. 

TABLE V. N = N  vibrational frequencies of other compounds contain- 
ing one or several N = N  bonds. 

,(N=N)" 

Compound Raman IR 

Azo compounds 
azo benzene, trans 1442 
azo benzene, cis 1511 
(2-methoxy-phenyl)-azosulfo- 1503  1498/1489 

nate 1486 
(4-methoxy-phenyl)-azosulfo- 1487 1464 

nate 1460 

Tetrazene 
1,1,4,4-Tetramethyl-tetrazene 1475 • ." 

1,5-Diphenyl-3-ethyl-pentazadienes 
phenyl substituents in 

4',4"-positions: 
CH30 (17) 1480 1484 
CH3 (18) 1480 1478 (+shoulder) 
H (19) 1492/1482 1482 
C1 (20) 1484 1482 (+shoulder) 
C1 b (21) 1441  1448/1442 

Hexazadiene 
1,6-bis- (4-Chlorophenyl)-3,4- 1496 1496 

Diacetyl-l,5-hexazadiene (16) 

Measurements in cm 1. 
b Substituent at nitrogen N 3 is 4-chlorophenyl. 

ta t ion pa t t e rn  TM is observed in the electron impact  mass 
spectra,  as shown for 1-(4-cyanophenyl)-3,3-diethyl- tr i -  
azene (6) in Fig. 3. Ionizat ion at  N 1 (route I) is followed 
by de t achmen t  of the dialkylamino group, to produce a 
diazonium ion; subsequent  steps are the release of ni- 
trogen, and the eventual  loss of the subs t i tuent  f rom the 
phenyl  ring. Ionizat ion at  the ni t rogen a tom N 2 produces 
the dialkylamino fragment ,  of lower intensity.  

For  a series of t r iazene compounds,  the relative inten- 
sities of these characterist ic  fragments,  together  with 
those of the dialkylamino moiety,  are compiled in Table  
VI. F rom the intensit ies of the molecular  ion and of the 
aryl-diazonium ion - - in  reference to the one of the sub- 
s t i tu ted  phenyl  f ragments  which consistent ly represents  
the base peak of the s p e c t r u m - - a  consis tent  t rend  may  
be derived. With  increasing electron-withdrawing char- 
acter  of the para-substituents, the t endency  for a cleav- 
age of the N2-N ~ bond is increased, and hence the mo- 
lecular ion is destabilized. This  observat ion parallels the 
behavior  ment ioned  above for the neut ra l  pa ren t  com- 
pound;  i.e., acceptor  subst i tuents  in the para-position 
induce a flow of charge onto the aromat ic  ring, and thus  
increase the impor tance  of the 1,3-dipolar resonance 
s tructure.  On the other  hand,  with e lect ron-donat ing 
subst i tuents ,  no accommodat ion  of the negative charge 
on the phenyl  ring is possible; this pa t t e rn  is paralleled 
by the comparat ively  high stabil i ty of the molecular  ion. 
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Exceptions from this sequence are triazenes 2 and 4 
for which the molecular ion intensities are low; these 
compounds do not carry substituents containing hetero- 
atoms. Thus it appears that  ionization at the hetero-atom 
of the phenyl substituent is another way to produce a 
comparatively stable molecular ion. In particular, ion- 
ization at a nitro group is a well-known process; TM com- 
pound 7 does in fact display a very intense molecular 
ion peak. For the unsubstituted phenyl (2) and the meth- 
yl-substituted derivative (4), this possibility does not 
exist, and hence the molecular ion peak is weaker. 

With the 1-(3-carboxyphenyl)-dialkyl-triazene com- 
pounds 10 through 13, the relative intensities of molec- 
ular and diazonium ions decrease with increasing size of 
the alkyl groups. The higher a-electron-donating effect 
(+I  inductive effect) of -C2H5 and -C3H7, as compared 
to the one of a methyl group, results in a higher proba- 
bility of N2-N 3 bond breaking, and hence in the lower 
stability of the molecular ion. This behavior is consistent 
with the barriers of internal rotation and the N = N  bond 
orders derived from earlier studies: 7,s The lower the mass 
of the -NR2 rotor, the faster the internal rotation. 

With the ortho-subst i tuted nitro compound 15, frag- 
mentation proceeds via a different route. Ionization at 
the nitro group is followed by the loss of the dialkylamino 
substituent from the molecular ion. In this fragment (m/e 
= 150), a six-membered ring involving the ortho-nitro 
substituent and nitrogen atoms N 1, N 2 from the triazeno 
group may be formed. '9-2~ This ring closure is suggested 
by the fact that  no loss of nitrogen is observed from the 
ion m/e  = 150. An alternative pathway is initiated by 
transfer of a hydrogen atom from a CH2 group to the 
ionized nitro group. Subsequen t  el imination of 
N(C2H~)(C2H4) produces the fragment N=N-Phe-NOOH 
(m/e  = 151), from which loss of N2 is feasible, and is 
indeed detected. Ionization at the nitrogen atom N 2 re- 
sults in a McLafferty rearrangement followed by the suc- 
cessive releases of C 2 H 4  and N2. (This fragmentation pat- 
tern is analogous to route II in Fig. 4). The elemental 
composition of the fragments 151, 150, and 123 has been 
confirmed by high-resolution mass spectroscopy. 

Mass Spectroscopic Fragmentation Patterns of Penta- 
zadienes and Hexazadiene. A typical mass spectrum of 
pentazadiene compound 20 and the corresponding frag- 
mentation reaction are shown in Fig. 4. From the a-cleav- 
age between the N 2 and N 3 nitrogen atoms, stable ions 
do result. Loss of nitrogen from the diazonium ion (route 
I in the scheme of Fig. 4) results in the substituted phenyl 
cation, which corresponds to the base peak of the spec- 
trum. (In three additional spectra of 20, it has been ver- 
ified that  the intensity ratio of masses 111 and 113 cor- 
responds to the one expected from the relative abundance 
of the 35C1 and 37C1 isotopes.) The fragmentation pathway 
II, resulting from a-cleavage between nitrogen atoms N 3 
and N 4, gives rise to ions detected in smaller concentra- 
tions. A McLafferty rearrangement, releasing C2H4, is 
followed by the loss of nitrogen. The corresponding frag- 
ments are also observed for compounds 17-19. 

We note that, in contrast to other investigations, 22 the 
molecular ion is detected in our pentazadiene mass spec- 
tra, although with very weak intensities. The fragment 
ions expected from the scheme of Fig. 4 have also been 
confirmed for 1,5-di(4-nitrophenyl)-3-n-butyl-pentaza- 

T A B L E  VI. Relative intensities of prominent peaks in mass spectra of 
substituted triazenes. 

F r a g m e n t  
M + Diazon ium subst ,  pheny l  Dia lkyl -amino 

Com- 
p o u n d  m/e Int." role Int." m/e Int.  m/e Int.  

1 220 86 148 25 120 100 72 4 
2 177 31 105 40 77 100 72 6 
3 207 51 135 50 107 100 72 4 
4 191 23 119 20 91 100 72 5 
5 221 39 149 30 121 100 72 17 
6 202 20 130 19 102 100 72 3 
7 222 37 150 44 122 100 72 7 
8 315 71 243 91 215 100 72 9 

l0  b 193 46 149 56 121 100 44 12 
l l  221 27 149 24 121 100 72 14 
12 249 25 149 22 121 100 100 21 
13 249 27 149 18 121 100 100 30 
14 222 36 150 57 122 100 72 9 
15 222 44 150 100 72 15 

In tens i t ies  have been averaged over 10-30 spec t ra  (cf. exper imenta l  
section),  and  are given relative to the  mos t  in tense  peak, defined as 
100. 

h T h e  mass  spec t rum of 9 could no t  be recorded as a consequence  of 
insuff icient  volatility. 

diene, 23 which was freshly synthesized and carefully pu- 
rified prior to introduction into the mass spectrometer. 
The fact that  a different fragmentation pattern has been 
reported for this compound in the literature 23 might be 
due to the difficulty of separating triazene and penta- 
zadiene products by thin-layer chromatography, as had 
been used in Ref. 23. 

For the pentazadiene 21 and the hexazadiene 16, the 
main fragments from route I are observed. However, the 
molecular ion, as well as products from route II, is not 
detected. 

DISCUSSION 

To test whether shifts in vibrational frequencies and 
changes in the relative intensities of the molecular ion 
can be traced to the same origin, we have plotted these 
quantities against each other in Fig. 5. Standard devia- 
tions are _<4 % for the relative ion intensities averaged 
from 30 mass spectra, and _<2 cm -1 for the peak posi- 
tions. 

For the para-subs t i tu ted  compounds, excluding 2 and 
4, a satisfactory correlation is obtained (r = 0.93, solid 
line). With triazenes 2 and 4, the additional possibility 
of primary ionization at a hetero-atom of the phenyl 
substituent does not exist; therefore, lower intensities of 
the molecular ion do result. Compound 2 shows a strong 
deviation from the correlation; i.e., the Raman frequency 
is higher than expected. As mentioned above, this ob- 
servation is probably due to the significantly lower mass 
of the unsubstituted phenyl ring. 

It has been proposed in the literature 24,25 that vibra- 
tional frequencies (C-H, N-H, O-H, S-H, C=N -, C=O, 
S=O, NO2) of substituents in aromatic compounds can 
be correlated with the Hammet t  parameter a. To test 
this idea, we have plotted the N = N  Raman stretching 
frequency of the para-subs t i tu ted  compounds 1 through 
7 against the corresponding Hammett  constants in Fig. 
6. If all compounds are included, only a fair correlation 
is obtained (r = -0.90); upon omission of triazene 2 (no 
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Mass spectrum of 1,5-di(4-eh]oropheny])-3-ethyl-pentazadiene (compound 20). The suggested fragmentation scheme is shown as an inset. 

subs t i t uen t  a t  the  phenyl  ring), the correlat ion becomes 
sa t i s fac tory  (r = -0 .97) .  

T h e  series of compounds  where the a lkyl -subs t i tuents  
are var ied (10-13) shows the following t rends.  Wi th  in- 
creasing induct ive effect of the  alkyl groups (Me < E t  
< Prop) ,  the  R a m a n  shif t  increases while the  in tens i ty  
of the  molecular  ion decreases.  For  compounds  l l ,  12, 
and  13 only minor  changes are found in the  R a m a n  as 
well as in the  mass  spectra .  I t  is only compound  10 t ha t  
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FIG. 5. Correlation of N=N stretching frequency with the relative 
parent ion intensity, as derived from the mass spectrum, for para- 
substituted 1-phenyl-3,3 -dialkyl-triazenes. 

deviates  significantly f rom the o ther  m e m b e r s  of the  se- 
ries, bo th  with respec t  to ~ (N=N)  and to the  relat ive 
f r agmen t  intensit ies.  

C O N C L U S I O N S  

F r o m  the mass  spectroscopic  in tens i ty  da ta  p resen ted  
for 1-phenyl-3,3-dialkyl- t r iazenes,  we conclude t h a t  the 
molecular  ion is s tabil ized by e lec t ron-donat ing  subst i t -  
uents  on the  phenyl  ring. In  contrast ,  e lect ron-with-  

w a v e n u m b e r  / c m  - 1  
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FIG. 6. Correlation of N=N stretching ~equency with the Hammett 
constant a for para-substituted 1-phenyl-3,3-dialkyl-triazenes. 
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drawing groups promote  the development  of a 1,3-dipolar 
structure,  and thereby decrease the s trength of the for- 
mal double bond in the triazeno group. Both  trends have 
been confirmed for the p a r a - s u b s t i t u t e d  compounds from 
the observed Raman  frequencies of the N = N  stretching 
modes. Compounds  with electron-donating groups are 
characterized by the highest Raman  shifts, and by mo- 
lecular ions with the greatest  intensity. 

Bulky N3-alkyl subst i tuents  tend to slow down the 
internal rotation; the associated electron-donating effect 
decreases the N i = N  2 bond order and the associated Ra- 
man frequency. Simultaneously,  the stability of the mo- 
lecular ions is decreased, as the + I  inductive effect of 
the -C2H~ and -C3H7 groups promotes  the N2-N 3 bond 
breakage. In agreement  with this s tatement,  compound  
l0  carrying the less heavy -N(CH3)2 end group exhibits 
a high N = N  bond order and a stable molecular ion. [The 
low vibrational frequencies (both vs and vas) deviate from 
the t rends observed with the other compounds.]  

Pentazadiene  and hexazadiene compounds  exhibit a 
smaller tendency for a 1,3-dipolar charge delocalization, 
and therefore show more or less constant  Raman  fre- 
quencies, as well as intensities of the molecular ion. Com- 
pound  21 represents an exception; for this tr iphenyl-  
pentazadiene,  the bond from the central nitrogen atom 
to the a t tached phenyl  ring has partial  double bond char- 
acter. As a consequence of the increased delocalization, 
the N = N  vibration is shifted to lower wavenumbers.  

ACKNOWLEDGMENTS 

The authors would like to express their sincere thanks to G. Spiteller 
for stimulating discussions. Financial support of this work by the 
Deutsche Forschungsgemeinschaft (SFB 213) is gratefully acknowl- 
edged. 

1. D. E. V. Wilman, Mag. Res. Chem. 28, 729 (1990). 
2. B.J. Foster, D. R. Newell, J. Carmichael, A. L. Harris, L. A. Grum- 

brell, D. E. V. Wilman, and A. H. Calvert, Brit. J. Cancer 58, 276 
(1988). 

3. Triazenes: Chemical, Biological, and Clinical Aspects, T. Giraldi, 
T. A. Connors, and G. Carter, Eds. (Plenum, New York, 1990). 

4. M. Bolle, K. Luther, J. Troe, J. Ihlemann, and H. Gerhardt, Appl. 
Surf. Sci. 46, 279 (1990). 

5. Th. Lippert, J. Stebani, O. Nuyken, A. Wokaun, and J. Ihlemann, 
paper submitted for publication. 

6. Th. Lippert, J. Dauth, O. Nuyken, and A. Wokaun, in Polymer- 
Solid Interfaces, J. J. Pireaux, P. Bertrand, and J. L. Bredas, Eds. 
(IOP Publishers, Bristol, 1992), p. 391. 

7. Th. Lippert, J. Dauth, O. Nuyken, and A. Wokaun, Mag. Res. 
Chem. 30, 1178 (1992). 

8. J.-C. Panitz, Th. Lippert, J. Stebani, O. Nuyken, and A. Wokaun, 
J. Phys. Chem. 1993, in press. 

9. J. Stebani, 0. Nuyken, Th. Lippert, and A. Wokaun, paper to be 
published. 

10. B. Schrader and W. Meier, Raman/IR Atlas of Organic Compounds 
(Verlag Chemie, Weinheim, 1974), F1-16. 

11. R. Kiibler, W. L/ittke, and S. Weckherlin, Z. Elektrochemie 66, 650 
(1960). 

12. D. Franzke and A. Wokaun, J. Phys. Chem. 96, 6377 (1992). 
13. W. C. Harris, L. B. Knight, R. W. McNamee, and J. R. Durig, Inorg. 

Chem. 13, 2297 (1974). 
14. K. Vaughan, J. Chem. Soc., Perkin Trans. II, 17 (1977). 
15. M. H. Akhtar, R. S. McDaniel, M. Feser, and A. C. Oehlschlager, 

Tetrahedron 24, 3899 (1965). 
16. F. R. Fronczek, C. Hansch, and S. F. Watkins, Acta Cryst. C 44, 

1651 (1988). 
17. S. Neidle and D. E. V. Wilman, Acta Cryst. B 48, 213 (1992). 
18. G.F. Kolar, in Mass Spectrometry in Biochemistry and Medicine, 

A. Frigerio and N. Castagnoli, Eds. (Raven, New York, 1974), p. 
267. 

19. M. Hesse, H. Meier, and B. Zech, Spektroskopische Methoden in 
der organischen Chemie (Thieme, Stuttgart, 1984), p. 345. 

20. K.B. Tomer, T. Gebreyesus, and C. Djerassi, Organic Mass Spectr. 
7, 383 (1973). 

21. C. Paradisi, M. Prato, G. Scorrano, B. Ciommer, and H. Schwarz, 
Organic Mass Spectr. 17, 199 (1982). 

22. F. R. Benson, The High Nitrogen Compounds (Wiley, New York, 
1984). 

23. H. Oelschl~iger and H. Blume, Arzneim.-Forsch. (Drug Res.) 26, 
303 (1976). 

24. P. R. Wells, Chem. Rev. 63, 171 (1963). 
25. T. L. Brown, Chem. Rev. 58, 581 (1958). 

APPLIED SPECTROSCOPY 993 




