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The push-pull character of two series of donor-acceptor triazenes has been quantified by 13C and 15N
chemical shift differences of the partial N(1)dN(2) and N(3)dC(4) double bonds in the central linking
CdN-NdN-C unit and by the quotient of the occupations of both the bonding π and antibonding
orbitals π* of these partial double bonds. Excellent correlations of the two estimates, to quantify the
push-pull effect, with the bond lengths strongly recommend the occupation quotients π*/π, the 15N
chemical shift differences ∆δ[N(1),N(2)], and the corresponding bond lengths as reasonable sensors for
quantifying charge alternation along the CdN-NdN-C linking unit, for the donor-acceptor quality
of the triazenes 1 and 2 and for the molecular hyperpolarizability �0 of these compounds. Within this
context, certain substances can be strongly recommended for NLO application.

Introduction

Bond polarization of donor-acceptor substituted double
bonds and conjugated larger chromophores can be readily
studied by the corresponding bond lengths or the 13C chemical
shift differences ∆δ(13C): the corresponding push-pull effect
causes charge polarization (cf. Scheme 1), which increases both
the bond length and ∆δ(13C).1

Besides these two parameters to quantify the donor-acceptor
character, alternatively, the restricted rotation about the partial

CdC double bond2,3 (which can be studied on the NMR time
scale if the corresponding barrier ∆Gq proves to be lower than
22-23 kcal/mol) and the occupation quotient π*/π of the partial
CdC double bond (electron-releasing substituents donate π-elec-
tron density into π*CdC, electron-withdrawing substituents attract
π-electron density from πCdC, both elongating the corresponding
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partial double bond) can be employed.4,5 While the application
of the bond lengths is restricted to solid state measurements
(X-ray diffraction), the barrier to rotation is limited to a window
of 10-23 kcal/mol4a,5 and employing ∆δ(13C) is restricted to
identical R,�-substitution patterns of the partial CdC double
bond,4 the occupation quotient π*/π of the partial CdC double
bond proves to be a reliable and generally applicable parameter
to quantify the push-pull effect in this kind of compound.5

Because donor-acceptor substituted double bonds (push-pull
alkenes) and conjugated larger chromophores, in addition,
exhibit large molecular dipoles, often extremely high molecular
hyperpolarizabilities, �,6-10 and strong intramolecular charge
transfer bands, 11 these kinds of compounds are most promising
materials for NLO applications.8 Appropriate correlations of
π*CdC/πCdC and �0 corroborate the occupation quotient to be
not only a useful indicator of the push-pull effect but also of
the inherent molecular hyperpolarizability �0 of the donor-
acceptor substituted chromophores of interest.1

It is the aim of this paper to extend our studies to two series
of donor-acceptor triazenes 1 and 2 (cf. Scheme 2), published
recently by Khramov and Bielawski,12 and this for two reasons:
(i) Can 15N chemical shift differences ∆δ(15N) in 1 and 2 be
employed similarly to ∆δ(13C) in push-pull alkenes to quantify
the donor-acceptor character4,5 of these compounds? (ii) About
the diazo bridge both the activity as conjugation stopper13,14

and structural trends consistent with delocalization within the
azine framework15,16 were reported. In order to study both (i)

and (ii) in the case of triazenes, 15N chemical shifts, occupation
quotients π*/π, and molecular hyperpolarizabilities �0 of 1 and
2 were calculated and employed to quantify the donor-acceptor
properties of the latter compounds12 and their potential applica-
tion as NLO materials.

Computational Details

Ab Initio MO Calculations and the Natural Bond Orbital (NBO)
Population Analysis17 were performed using Gaussian03,18 geom-
etry optimizations at the B3LYP/6-311G** level of theory without
constraints.19 The molecules 1 and 2 (see Scheme 2) are not
completely flat but twisted up to 30°; appropriate dihedral angles
are given in Table 1. The occupation of antibonding π*, bonding
orbitals π, the quotient π*/π and the corresponding bond lengths
d/Å of the partial NdN and CdN double bonds in the linking chain
CdN-NdN-C are given in Table 2. Molecular hyperpolarizabili-
ties at zero frequency �0 were calculated using the same model
chemistry and the default parameters provided by the
“polar)enonly” Gaussian03 key word and are included into Table
2. Both the size of the basis set and the inclusion of diffuse functions
were found to be of negligible influence on the quality of the
correlations.

15N and 13C NMR chemical shifts were calculated by using the
GIAO method20 at the B3LYP/6-311G** level of theory (reference
compounds TMS and nitromethane were calculated at the same
level); a solvent was not considered. The 15N/13C chemical shifts
and chemical shift differences ∆δ(15N,15N)/∆δ(15N,13C) together
with the corresponding bond lengths d are given in Table 3.

All calculations were carried out on SGI workstations and
LINUX clusters.

Results and Discussion

Steric Hindrance in Triazenes 1 and 2. The triazenes
studied are not completely flat but slightly twisted. This steric
hindrance is almost negligible in the linking chain C(4)dN(3)-
N(2)dN(1)-C (<8°, cf. Table 1) but increases in the terminal
parts of the molecules. It is approximately 20° [N(2)-N(1)-
C(i)-C(o)] in the N(1)-phenyl moiety of both 1 and 2, and at
the donor sides of the molecules, it is about 10° in the N-methyl
triazenes 1 and about 30° in the corresponding N-tert-butyl
analogs 2 [N(2)-N(3)-C(4)-N, cf. Table 1]. Similar conclu-
sions can be drawn by comparing the dihedral angles between
either the donor or acceptor components and the triazeno
linkage; see Table 1. In light of these data, the delocalization
along the donor-acceptor triazenes studied is somewhat hin-
dered and more so in the tert-butyl compounds 2 than in their
N-methyl analogs 1. Thus, from this structural point of view,
the π-electron delocalization along the donor-acceptor substi-
tuted chromophore in 2 should be somewhat reduced compared
with the N-methyl analogs 1. It will be exciting to learn whether
these structural influences are indicated by the suggested
parameters for quantifying the push-pull effect in these
molecules (vide infra).21

Bond Length and Occupation Coefficient for Quan-
tifying the Push-Pull Effect in Triazenes 1 and 2. Both
push-pull parameters bond lengths d and occupation quotients
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π*/π of the partial N(1)dN(2) and N(3)dC(4) double bonds
in the donor-acceptor linking chain C(4)dN(3)-N(2)d
N(1)-C(i) were considered; data are given in Table 2 and the
corresponding values are correlated in Figures 1 and 2. The
correlations are excellent and point in the correct direction: with
increasing donor-acceptor character of the triazenes 1 and 2
(cf. 4 in Scheme 3), the two partial double bonds are elongated;
thereby the occupation quotients π*N(1)dN(2)/πN(1)dN(2) and
π*N(3)dC(4)/πN(3)dC(4) are changed because of changes in π-bond
orders (see data in Table 2). The same conclusions with respect
to the donor-acceptor character of molecules 1 and 2 can be
drawn from the dipole moments of the compounds, additionally
included in Table 2.

If comparable values of compounds 1 and 2 are compared
(marked in Table 2), the corresponding push-pull effect proves
to be larger in the N-t-Bu compounds 2 than in the N-Me analogs
1; in the light of greater steric strain in 2 (vide supra), obviously,
this N-alkyl volume effect is more than compensated for by
the larger +I effect of the two tert-butyl substituents at the
nitrogen atoms compared with the corresponding N-methyl
substituent effects in 1.

Barriers to rotation about the partial N(1)dN(2) and N(3)dC(4)
double bonds are not expected because the occupation quotients
π*/π obtained for the two bonds (cf. Table 2) are far below
0.2, the borderline for having a chance to measure the corre-
sponding barriers to rotation on the NMR time scale.5

TABLE 1. Certain Dihedral Angles of Molecules 1 and 2

compound dihedral angles angles between planes

No. R1 R2
N-C(4)-
N(3)-N(2)

C(4)-N(3)-
N(2)-N(1)

N(3)-N(2)-
N(1)-C(i)

N(2)-N(1)-
C(i)-C(o)

N-C(4)-N//
(1)-N(2)-N(3)

C(o)-C(i)- C(o′)//
N(1)-N(2)-N(3)

1a H H 171.3 172.2 176.2 160.6 14.9 22.5
1b H NO2 169.7 173.0 175.9 162.8 15.8 20.6
1c OMe H 169.1 172.9 175.6 161.7 14.1 21.7
1d OMe NO2 169.2 172.9 175.6 161.7 16.5 21.9
2a H H 149.7 173.2 173.0 159.9 31.9 25.4
2b OMe H 149.2 172.3 173.1 159.4 33.2 25.9
2c F H 151.5 172.9 173.2 160.5 30.3 24.7
2d H OMe 150.9 172.6 172.6 162.0 30.9 23.9
2e H NO2 146.2 174.3 172.7 161.4 35.0 24.2
2f F OMe 152.1 172.1 173.0 162.0 28.9 23.5
2g F NO2 146.6 174.5 172.7 161.7 34.6 24.3
2h OMe OMe 150.0 172.0 172.8 161.3 32.4 24.2
2i OMe NO2 144.1 174.8 172.8 161.7 37.0 23.8

TABLE 2. Occupation Numbers of Antibonding π* and Bonding π Orbitals and Bond Lengths of the Corresponding Partial N(1)dN(2) and
N(3)dC(4) Double Bonds, Molecular Hyperpolarizabilities at Zero Frequencies, �0, and Dipole Moments, µ, of Triazenes 1 and 2
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Summarizing the results obtained so far: the two parameters
(bond lengths d and occupation quotients π*/π of partial NdN
and NdC double bonds) are unequivocally corroborated to be

excellent and generally applicable sensors of the donor-acceptor
character of appropriately polarized molecules.

Chemical Shift Differences ∆δ for Quantifying the
Push-Pull Effect in Triazenes. Alternatively to ∆δ(13C) in
push-pullolefins,1,3,4 thechemicalshiftdifferences∆δ[N(1),N(2)]
and ∆δ[N(3),C(4)] in the triazenes 1 and 2 should be similarly
useful sensors of the corresponding push-pull effect. Chemical
shifts are given in Table 3 and are correlated in Figures 3 and
4 to the corresponding bond lengths, another reliable push-pull
effect indicator (employed already in former correlations as
given in Table 2 and Figures 1 and 2).

The ∆δ(15N) correlation of the partial N(1)dN(2) double
bond, given in Figure 3, proves to be excellent and is pointing
in the correct direction: With increasing donor-acceptor
character of the triazenes, N(1)dN(2) bond lengths increase,
strengthening hereby the polarization of the partial N(1)dN(2)
double bond, which is corroborated by increasing 15N chemical
shift differences (cf. Figure 3). The same is true for the

TABLE 3. Certain 15N/13C Chemical Shifts (δ, ppm) of Triazenes 1 and 2 Calculated at the B3LYP/6-311G** Level of Theory

FIGURE 1. Correlation of bond lengths in Å and occupation coef-
ficients π*N(1)dN(2)/πN(1)dN(2) of the partial N(1)dN(2) double bond in
triazenes 1 (dN(1)dN(2) ) 0.3722π*/π + 1.2037; R2 ) 0.9834) and 2
(dN(1)dN(2) ) 0.3776π*/π + 1.2014; R2 ) 0.9787).

FIGURE 2. Correlation of bond lengths in Å and occupation coef-
ficients π*N(3)dC(4)/πN(3)dC(4) of the partial N(3)dC(4) double bond in
triazenes 1 (dN(1)dN(2) ) 0.4161π*/π + 1.2055; R2 ) 0.9907) and 2
(dN(1)dN(2) ) 0.33π*/π + 1.2274; R2 ) 0.9781).

FIGURE 3. Correlation of bond lengths in Å and 15N chemical shift
differences ∆δ[N(1),N(2)] (ppm) of the partial N(1)dN(2) double bond
in triazenes 1 (dN(1)dN(2) ) 0.0002∆δN(1)dN(2) + 1.2505; R2 ) 0.9768)
and 2 (dN(1)dN(2) ) 0.0002∆δN(1)dN(2) + 1.248; R2 ) 0.9405).
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N(3)dC(4) partial double bond: With increasing donor-acceptor
character of the triazenes the bond length is elongated (cf. 4 in
Scheme 3 and bond lengths in Table 2), the π-bond order will
be appropriately reduced and the π-polarization of this partial
N(3)dC(4) double bond should be increased.

However, ∆δ(15N,13CN(3)dC(4)) values in 1 and 2 (cf. Figure
4) are not following the expected trend. There is no real
correlation of dN(3)dC(4) versus ∆δ(15N,13CN(3)dC(4)). The 13C
chemical shift of C-4 remains almost constant (as estimated as
conjugation stopper in refs 13 and 14), changing by only ∆δ )
0.9 ppm (in 1) and 1.3 ppm (in 2), but δ(15N) proves to be
variable, indicating changes in π-bond polarization. The 15N
chemical shift of N(3) is lowfield shifted with increasing
donor-acceptor character in both groups of compounds,
however the correlation is of low quality (cf. Figure 4).
Obviously, both δC-4 and δN-3 prove to be less useful to indicate
the polarization of the partial N(3)dC(4) double bond. Obvi-
ously, the twist of the donor part of the molecules 1 and 2 from
the common plane of resonance is the reason for the failing to
indicate the corresponding polarization of the partial N(3)dC(4)
double bond. In addition, other influences on the chemical shifts
of both δC-4 and δN-3 (probably the γ-effect of the N-alkyl
substituents) will be active, will contribute and cover the
indication of the corresponding charge polarization by ∆δ-
(15N,13CN(3)dC(4)).22

However, the results when comparing molecules 1 and 2 of
the same substitution pattern (marked in Table 3) are congruent
with the quotient considerations (vide supra); again the corre-
sponding push-pull effect proves to be larger in the N-t-Bu
compounds 2 than in the N-Me analogs 1.

Summarizing the ∆δ(15N) results with respect to a useful
sensor for quantifying both the push-pull effect and thereby
the donor-acceptor character of certain compounds, the same
result was obtained when employing similarly the 13C chemical
shifts of the central partial CdC double bond of push-pull
olefins:1,3,4b only absolutely comparable structures (substitution
differences only in δ-position to the partial double bond studied,4

no steric hindrance influences) can be examined with respect

to the donor-acceptor character of appropriately polarized
molecules; in the case of the triazenes 1 and 2 ∆δ(15N) of the
partial N(1)dN(2) double bond can be employed. Otherwise,
∆δ fails as sensor of the push-pull effect, as ∆δ(15N,13C) in
the triazenes studied.

Potential NLO Application of Triazenes 1 and 2 Sub-
ject to Hyperpolarizability. With the two parameters (bond
lengths dNdN and occupation quotients π*NdN/πNdN of partial
N(1)dN(2) and N(3)dC(4) double bonds) in hand, quantifying
the donor-accepter properties of the studied triazenes, the
molecular hyperpolarizabilities at zero frequency, �0, contained
in Table 2, have been calculated and correlated with the mean
of the sum of π*/πN(1)dN(2) and the π*/πN(3)dC(4) quotients for
both partial NdN and CdN double bonds in 1 and 2. A clear
linear dependence of the two parameters in the triazenes 1 is
apparent (Figure 5). A similar correlation is found for triazenes
2; however, only the nitro group at phenyl and the methyoxy
group at the donor moiety seem to be of major importance for
the molecular hyperpolarizability of 2. While the π*/π quotients
are still differentiating respect to the push-pull effect, the
hyperpolarizabilty in 2a,c,d,f,h and 2e,g, respectively, remains
almost constant. This is a strong hint that besides the
donor-acceptor character of potential NLO molecules (char-
acterized by bond length and occupation π*/π quotient varia-
tions) there are further influences on both molecular hyperpo-
larizability and suitability for NLO applications.

The correlation of �0 with the mean sum of the π*/π quotients
of the partial NdN and NdC double bonds in 1 and 2 represents
a general structural parameter (the mean push-pull effect of
the two conjugated partial double bonds) in the two rows of
triazenes 1 and 2 that correlates with the molecular hyperpo-
larizability �0 for the compounds. It is important to have an
inherent parameter to use for assessing compounds as suitable
NLO materials. Alternatively, the bond length, a parameter
usually employed in discussing NLO property-structure relation-
ships23 due to structural changes, can also be employed along
the series 1 and 2. However, our recommendation is that the

(22) Glaser, R.; Chen, N.; Wu, H.; Knotts, N.; Kaupp, M. J. Am. Chem.
Soc. 2004, 126, 4412.

(23) Champagne, B.; Kirtman, B. In Handbook of AdVanced Electronic and
Photonic Materials and DeVices; Nalwa, H. S., Ed.; Academic Press: New York,
2001; Vol. 9, Nonlinear Optical Materials, p 63.

FIGURE 4. Correlation of bond lengths in Å and chemical shift
differences ∆δ[N(3),C(4)] (ppm) of the partial N(3)dC(4) double bond
in triazenes 1 and 2 (dN(3)dC(4) ) -0.0008∆δN(3)dC(4) + 1.5156; R2 )
0.8033).

FIGURE 5. Correlation of molecular hyperpolarizability at zero
frequency, �0 (10-50 CV-2 m3]) and mean of the sum of occupation
coefficients π*/π of the partial N(1)dN(2 and N(3)dC(4) double bonds
in triazenes 1 (�0 ) 1983.6 (Σ π*/π)/2 - 401.21; R2 ) 0.9912) and 2
(�0 ) 861.97(Σ π*/π)/2 - 173.61; R2 ) 0.8871).
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mean sum of the π*/π quotients of the partial double bonds in
the corresponding chromophore should be employed in char-
acterizing the molecular hyperpolarizabilities of any compounds
considered potentially useful as NLO materials. However, the
molecular hyperpolarizability, characterized readily by the
present structural parameters of chromophore 4, is not the only
desirable property for new organic NLO materials; there are
molecules of better hyperpolarizabilities24 and superior process-
ing capabilities (e.g., sufficient thermal stability during melt
growth) for current state-of-the-art materials.25

If employing, within this context, the donor-acceptor proper-
ties of the triazenes 1 and 2 studied along this research, triazenes
1b,d and 2e,g,i with R2 ) NO2 can be strongly recommended
for NLO application purposes.

Conclusions

Structures, occupations of antibonding π* and bonding π
orbitals of partial NdN and NdC double bonds and both 13C
and the 15N chemical shifts of two rows of donor-acceptor
triazenes 1 and 212 (Scheme 2) were theoretically calculated
on the B3LYP/6-311G** level of theory. The molecules are
not completely flat but are twisted up to 30° in certain parts of
the molecules. Both bond lengths dNdN and occupation quotients
π*/π of the partial NdN and NdC double bonds were found
to be excellent and generally applicable sensors of the
donor-acceptor character of these strongly polarized molecules.

The same result can be reported for ∆δ(15NN(1)dN(2)) but not
for ∆δ(15N,13CN(3)dC(4)) with respect to being useful sensors for
quantifying both the push-pull effect and thereby the
donor-acceptor character of these compounds. The situation
is parallel to previous studies with 13C NMR spectroscopy:1,3,4b

only sufficiently comparable structures (substitution differences
in δ-position to the partial double bond studied, no steric
hindrance influences) can be examined.

Molecular hyperpolarizabilities at zero frequency, �0, were
calculated and correlated with the occupation quotients π*/π
of the partial N(1)dN(2) and N(3)dC(4) double bonds. Clear
linear dependencies corroborate the occupation quotient to be
a useful parameter to quantify the donor-acceptor character of
these highly polarized molecules; however, sufficient donor-
acceptor character of compounds is not the only but obviously
one dominant requirement to recommend substances for NLO
applications.

The triazene linker does not act as a conjugation stopper as
was reported for the diazo bridge.13,14,21,22 In the case of
molecules 1, in addition to bond length alternation, infrared
active vibrations, dipole moments, and absorption wavelengths
corroborate this final conclusion.26

Supporting Information Available: Bond lengths, bond
angles, coordinates, and absolute energies at the B3LYP/6-
311G** level of theory for the triazenes 1 and 2 studied. This
material is available free of charge via the Internet at
http://pubs.acs.org.
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