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The crystal structures of 4-(phenyldiazenyl)naphthalen-1-

amine, C16H13N3, (I), and its hydrochloride, (4-aminonaph-

thalen-1-yl)phenyldiazenium chloride, C16H14N3
+�Clÿ, (II),

have been determined from X-ray single-crystal and powder

data, respectively. The effect of the crystal environment on the

molecular electronic structure was analysed on the AM1 level.

One of the two symmetry-independent molecules in (I) is

involved in intermolecular hydrogen bonding, so that its

dipole moment is twice as large as that of the other molecule.

The cations in (II) form stacks along [100], with the Clÿ anions

forming hydrogen bonds to all three H atoms attached to N

atoms.

Comment

Azo derivatives of �-naphthylamine form a family of widely

used dyes. However, the structure of only one representative

of this family has been determined up to now (Foitzik et al.,

1991). Solvent Yellow 4, (I), is the simplest molecule of this

class. We present here the single-crystal X-ray structure

determination of (I) and the powder structure determination

of the hydrochloride, (II).

In the crystal, the two independent molecules of (I) form

pairs, as shown in Fig. 1. Both molecules are close to being

planar, the dihedral angles formed by the least-squares planes

through the naphthalene and phenyl moieties being 5.19 (6)

and 2.12 (5)� in molecules (Ia) and (Ib), respectively. The

C1ÐN1 and C21ÐN4 bond lengths fall in between the values

for planar and pyramidal amino groups (Yatsenko & Pasesh-

nichenko, 1999). The shortest intermolecular distance within a

pair (C12� � �C31) is 3.392 (3) AÊ , and the dihedral angle

between the least-squares planes of (Ia) and (Ib) is 3.31 (3)�.

The molecular pairs in (I) are packed in a herring-bone

manner into layers perpendicular to [100]. In addition, mol-

ecules of (Ia) are linked by weak N1ÐH10� � �N3i hydrogen

bonds: N1� � �N3i 3.188 (3) AÊ and N1ÐH10� � �N3i 166 (2)�

[symmetry code: (i) 1
2 ÿ x, ÿy, z ÿ 1

2]. The polarization of

molecule (Ia) under the effect of this bond does not cause any

noticeable difference in bond lengths in the amino±azo chains

of (Ia) and (Ib) (Table 1). However, the AM1 calculations, in

which the polarization effect of the surrounding molecules in

the crystal was modelled via the incorporation of an electro-

static ®eld into the Hamiltonian of a molecule, indicate the

pronounced non-equivalence of (Ia) and (Ib); their calculated

dipole moments were 6.09 and 2.95 D, respectively, whereas

for an isolated molecule of (I) the calculations yield 2.69 D. It

is noteworthy that the polarization effect of the crystal

environment on the electronic structure of (Ia) is stronger

than the possible effect of polar solvent modelled with

COSMO (Klamt & SchuÈ uÈ rmann, 1993); the calculated dipole

moment of a molecule of (I) placed into a medium with a

dielectric constant of 81 is 5.10 D.

The crystal-packing motif adopted by (II) is presented in

Fig. 2, with the dotted lines representing the hydrogen bonds

(Table 2). The cation is close to being planar; the phenyl ring is

twisted by 4.4 (2)� with respect to the naphthalene residue.

Neighbouring cations within the stack are related by inversion

centres, with interplanar distances of 3.42 (1) and 3.48 (1) AÊ .

The very close packing motif ± columns of inversion-related

cations with the Clÿ anions in the intercolumnar channels ±

has been observed in the structure of p-phenylazoaniline

hydrochloride (Yatsenko et al., 2000), and in the structure of

2,4-diaminoazobenzene hydrochloride dihydrate (Moreiras et

al., 1981), the cations also form stacks, although they are not

parallel. The cation±anion and cation±cation interactions

facilitate charge transfer from the amino group to the azonium

linkage; according to the AM1 calculations, the total effective

charges on the amino group in an isolated cation and in the
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Figure 1
The two independent molecules of (I), showing the atom-numbering
scheme and displacement ellipsoids at the 50% probability level. H atoms
are drawn as small spheres of arbitrary radii. Atoms N1±C16 belong to
molecule (Ia) and the remainder to molecule (Ib).
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cation in the crystal environment are +0.24 and +0.39 e,

respectively, and the effective charges on the azonium linkage

are +0.27 and +0.19 e, respectively.

The ®rst �±�*-excitation of (I) and (II) is almost pure

HOMO ! LUMO (highest occupied molecular orbital !
lowest unoccupied molecular orbital) one-electron excitation.

Thus, in order to study the properties of the frontier orbitals,

we modelled the effect of the crystal environment on the

HOMO±LUMO energy gap. For (II), the gap extends from

5.95 eV for an isolated cation to 6.33 eV for a cation in the

crystal lattice, whereas in (I), the two non-equivalent mol-

ecules behave in different ways: in (Ia), this gap decreases

from 7.10 to 6.79 eV, and in (Ib), it remains essentially

unchanged (7.16 and 7.14 eV, respectively). In line with these

calculations, (I) and (II) demonstrate red and blue shifts,

respectively, on transfer from alcohol solution to the solid

state, i.e. from 22 800 cmÿ1 to 21 350 cmÿ1 for (I), and from

18 850 cmÿ1 to 19 400 cmÿ1 for (II).

Experimental

Single crystals of commercially obtained (I) were grown by slow

evaporation of an acetone solution. Compound (II) was prepared by

addition of a few drops of concentrated hydrochloric acid to a hot

ethanol solution of (I). The UV-visible spectra were recorded on a

Specord M-40 spectrophotometer (Carl Zeiss, Jena).

Compound (I)

Crystal data

C16H13N3

Mr = 247.29
Orthorhombic, Pbca
a = 26.120 (5) AÊ

b = 18.473 (4) AÊ

c = 10.379 (3) AÊ

V = 5008 (2) AÊ 3

Z = 16
Dx = 1.312 Mg mÿ3

Mo K� radiation
Cell parameters from 22

re¯ections
� = 14.7±16.5�

� = 0.080 mmÿ1

T = 293 (2) K
Plate, red
0.45 � 0.38 � 0.14 mm

Data collection

Enraf±Nonius CAD-4 diffract-
ometer

! scans
4915 measured re¯ections
4915 independent re¯ections
�max = 25.97�

h = 0! 32
k = 0! 22
l = 0! 12
3 standard re¯ections

frequency: 120 min
intensity decay: none

Re®nement

Re®nement on F 2

R[F 2 > 2�(F 2)] = 0.053
wR(F 2) = 0.118
S = 1.282
4915 re¯ections
443 parameters
All H-atom parameters re®ned

w = 1/[�2(Fo
2) + (0.04P)2]

where P = (Fo
2 + 2Fc

2)/3
(�/�)max = 0.021
��max = 0.33 e AÊ ÿ3

��min = ÿ0.15 e AÊ ÿ3

Extinction correction: SHELXL97
(Sheldrick, 1997)

Extinction coef®cient: 0.0045 (3)

Compound (II)

Crystal data

C16H14N3
+�Clÿ

Mr = 283.76
Monoclinic, P21/c
a = 7.426 (3) AÊ

b = 13.305 (4) AÊ

c = 14.027 (4) AÊ

� = 95.32 (2)�

V = 1380 (1) AÊ 3

Z = 4

Dx = 1.366 Mg mÿ3

Cu K� radiation
� = 2.378 mmÿ1

T = 295 (2) K
Specimen shape: ¯at sheet
25 � 25 � 2 mm
Particle morphology: plate, dark

blue

Data collection

DRON-3M diffractometer (Bure-
vestnik, Russia)

Specimen mounting: pressed as a
thin layer in the specimen holder;
specimen was rotated in its plane

Specimen mounted in re¯ection
mode

T = 295 (2) K
h = 0! 5
k = 0! 9
l = ÿ10! 10
2�min = 5.5, 2�max = 70.0�

Increment in 2� = 0.02�

Figure 2
The packing diagram of (II) viewed along c. The atom-numbering scheme
is the same as for (Ia). Dashed lines indicate hydrogen bonds.

Figure 3
The Rietveld plot for (II) showing the observed and difference pro®les.
The re¯ection positions are shown above the difference pro®le.

Table 1
Selected geometric parameters (AÊ ) for (I).

N1ÐC1 1.368 (2)
C1ÐC2 1.381 (3)
C2ÐC3 1.383 (3)
C3ÐC4 1.376 (2)
C4ÐN2 1.400 (2)
N2ÐN3 1.270 (2)

N4ÐC21 1.362 (3)
C21ÐC22 1.369 (3)
C22ÐC23 1.384 (3)
C23ÐC24 1.386 (3)
C24ÐN5 1.412 (3)
N5ÐN6 1.262 (2)



Re®nement

Re®nement on Inet

Rp = 0.042
Rwp = 0.052
Rexp = 0.032
S = 1.60
2�min = 8.5, 2�max = 68.5�

Increment in 2� = 0.02�

Wavelength of incident radiation:
1.5418 AÊ

Excluded region(s): 5.50±8.48
Pro®le function: split-type pseudo-

Voigt

107 parameters
H-atom parameters not re®ned
Weighting scheme based on

measured s.u.'s
(�/�)max = 0.04
��max = 0.9 e AÊ ÿ3

��min = ÿ1.3 e AÊ ÿ3

Preferred orientation correction:
March±Dollase (Dollase, 1986)
along [100], G1 = 1.4883 (9)

For (I), all H atoms except those belonging to the amino group of

(Ib) (H4A and H4B) were re®ned isotropically. Amino-H atoms were

re®ned assuming ideal 120� angles at the N4 atoms (AFIX94 in

SHELXL97; Sheldrick, 1997) The monoclinic cell dimensions of (II)

were determined with TREOR90 (Werner et al., 1985) and re®ned to

M20 = 41 and F30 = 76 (0.007,56) using the ®rst 75 peaks. The positions

of the cation and anion were determined by combining the grid-

search (Chernyshev & Schenk, 1998) and simulated-annealing

(Zhukov et al., 2001) procedures. The initial molecular model was

built with MOPAC7.0 (Stewart, 1993) on the AM1 level. The X-ray

diffraction pro®le and the difference between the measured and

calculated pro®les after the Rietveld re®nement are shown in Fig. 3,

with the ®nal RB = 0.076. All atoms were re®ned isotropically, with an

overall Uiso parameter for the C and N atoms. H atoms were placed in

geometrically calculated positions, with a common isotropic displa-

cement parameter Uiso = 0.05 AÊ 2. The planarity of the phenyl and

naphthalene groups was restrained. The anisotropy of diffraction-line

broadening was approximated by a quartic form in hkl (Popa, 1998).

The self-consistent electrostatic ®eld produced by the crystal envir-

onment of a molecule was calculated, taking into account atomic

point charges and hybridization dipoles, and the resulting electro-

static potentials and gradients in the positions of the atomic nuclei

were used to modify the diagonal elements of the Hcore matrix and the

off-diagonals H��, where the indices �� denote atomic orbitals

centred at the same atom (Yatsenko & Paseshnichenko, 2000).

For compound (I), data collection: CAD-4 Software (Enraf±

Nonius, 1989); cell re®nement: CAD-4 Software; data reduction:

PROFIT (Streltsov & Zavodnik, 1989); program(s) used to solve

structure: SHELXS97 (Sheldrick, 1990); program(s) used to re®ne

structure: SHELXL97; molecular graphics: ORTEP-3 (Farrugia,

1997); software used to prepare material for publication:

SHELXL97.

For compound (II), data collection: local program; cell re®nement:

LSPAID (Visser, 1986); program(s) used to solve structure: MRIA

(Zlokazov & Chernyshev, 1992); program(s) used to re®ne structure:

MRIA; molecular graphics: PLUTON92 (Spek, 1992); software used

to prepare material for publication: PARST (Nardelli, 1983).
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Table 2
Hydrogen-bonding geometry (AÊ , �) for (II).

DÐH� � �A H� � �A D� � �A DÐH� � �A

N1ÐH10� � �Cl1ii 2.34 3.35 (1) 168
N1ÐH11� � �Cl1iii 2.21 3.26 (1) 175
N3ÐH33� � �Cl1 2.24 3.24 (1) 162

Symmetry codes: (ii) x; 1
2ÿ y; zÿ 1

2; (iii) 1ÿ x; yÿ 1
2;

3
2ÿ z.


