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a b s t r a c t

A search for colorants capable of reducing the surface energy of synthetic fibers as well as adding color
led to the synthesis and characterization of the repellency behavior of dyes such as 4-N,N-diethylamino-
40-tridecafluorohexylazobenzene. Unexpectedly high surface energy values and a low fluorine content on
fiber surfaces then led to an interest in determining the crystal structure of this new dye. Accordingly, a
single crystal was grown from acetone solution, and its structure was established using X-ray diffraction
analysis. Interestingly, it was found that the azobenzene skeleton is appreciably nonplanar, having an N2
eN1eC1eC2 torsion angle of 30.6�, despite the absence of substituents ortho to the azo bond. Further,
the structure is characterized by head-to-tail molecular stacking and the N-ethyl groups in the molecule
are positioned above the aminobenzene plane on the same side. It is likely that this combination of
factors contribute to the observed surface properties of the target dye.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Our long-standing interest in arylazo compounds stems from
the fact that they comprise the dominant class of synthetic color-
ants, are relatively easy to make, are widely used when color is
sought, and their aromatic amine precursors remain of consider-
able interest in environmental studies. In addition, their method of
synthesis opens the door to a myriad of colorants that are
customized to fit specific applications. For instance, azo compounds
derived from judiciously selected donor and acceptor groups can be
used in non-linear optics and optical data storage [1,2]. From such
studies, it is known that the optical properties obtained depend not
only on the spectroscopic properties of the constituent molecules,
but also on their crystallographic properties [3e5].

As part of a study aimed at designing synthetic dyes that
simultaneously convey color and reduce the surface energy of
natural and synthetic fibers, type 1 arylamines were used to syn-
thesize azo dyes such as 2. Following their application to synthetic
fibers, it was found that the resultant surface energy was
eman).
surprisingly higher than expected and ESCA (Electron Spectroscopy
for Chemical Analysis) experiments showed a low fluorine level on
the fiber surface e despite the presence of a built-in perfluorohexyl
chain. Since it was known from prior studies that dye conforma-
tions in the crystalline state influence technical performance [6]
and that several recent studies have benefited from the character-
ization of monoazo compounds using single crystal X-ray analysis
[7e12], the structural characteristics of dye 2bwere assessed using
this method. While the results did not provide an unequivocal
explanation for the observed surface energy properties of dye 2b,
the resultant structure was quite interesting and seemed worth-
while to report. With these points in mind, we describe here the
synthesis and first crystal structure of a perfluoroalkyl-substituted
azobenzene dye, namely 4-N,N-diethylamino-40-trideca-
fluorohexylazobenzene (2b).
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2. Experimental

2.1. General

All chemicals used in this study were purchased from either
Aldrich Chemical Company or Fisher Scientific Company. Thin layer
chromatography (TLC) was conducted using Whatman 250 mm
silica gel 60A plates. Mass spectral data were generated using a Jeol
HX110 double-focusing mass spectrometer, employing FAB(þ) or
ESI(þ) as the ionization method, and 1H NMR spectra were recor-
ded on a General Electric Omega 300 MHz spectrometer using
CDCl3 as the solvent.

2.2. Synthesis of arylamines 1a-1b

A mixture of nonafluorobutyl iodide (9.80 g, 27.8 mmol), 4-
iodoaniline (5.59 g, 25 mmol), and copper bronze (5.34 g,
83.3 mmol) in DMSO (50 mL) was stirred at 120 �C for 10 h. The
inorganic salts were removed by filtration, and the filtrate was
diluted with H2O (100mL) and diethyl ether (100mL). After stirring
for 5 min, the organic layer was collected and washed five times
with H2O (100 mL) to remove DMSO and nonafluorobutyl iodide,
and evaporated under reduced pressure. The mixture was distilled
to give 1a (bp 108e111 �C, 28 in Hg) as a pale yellow liquid (4.55 g,
59%). TLC: Rf ¼ 0.59 (hexane:EtOAc/1:1). EI-MS m/z (rel. int.): 311
(Mþ, 31), 295 (54), 142 (100).

A mixture of 4-tridecafluorohexyl iodide (12.38 g, 27.8 mmol),
4-iodoaniline (5.59 g, 25 mmol), and copper bronze (5.34 g,
83.3 mmol) in DMSO (50 mL) was stirred at 120 �C for 10 h. Inor-
ganic salts were removed by filtration, and the filtrate was diluted
with H2O (100 mL) and diethyl ether (100 mL). After stirring for
5 min, the organic layer was collected and washed five times with
H2O (100 mL) to remove DMSO and 4-tridecafluorohexyl iodide,
and evaporated under reduced pressure. The crude product was
distilled to give 1b (bp 110e114 �C, 28 in Hg) as a pale yellow liquid
(4.95 g, 48%) [13]. TLC: Rf ¼ 0.64 (hexane:EtOAc/1:1). FAB-MS
(positive ion) m/z (rel. int.): 412 (M þ H, 73), 411 (Mþ, 100).

Both perfluoroalkyl-substituted arylamines were used without
further characterization.

2.3. Synthesis of dyes 2a-2b

To a stirred suspension of compound 1a (3.11 g, 10 mmol) in 2 M
HCl (15mL) at 0e5 �C, NaNO2 (0.71 g,10.2mmol) in H2O (3mL) was
slowly added. The diazotization step was continued for 30 min and
excess HNO2 was destroyed by the addition of solid sulfamic acid.
The resultant diazonium salt solution was added dropwise to N,N-
diethylaniline (1.53 g, 10.2 mmol) dissolved in HOAc (25 mL), at a
rate such that the temperature remained below 5 �C. The pH of the
coupling reactionwasmaintained near pH 5 by the addition of solid
NaOAc$3H2O. The coupling step was continued for 3 h and the
mixture produced was stirred overnight. The precipitate was
collected by filtration, washed with H2O, and air dried to give 2a as
an orange solid (3.49 g, 74%). lmax/εmax (EtOH) ¼ 444 nm/
22,300 L mol�1 cm�1; TLC: Rf ¼ 0.82 (hexane:EtOAc/1:1). 1H NMR
(CDCl3): d 1.21e1.26 (t, 6H, J ¼ 4.0), d 3.43e3.50 (q, 4H, J ¼ 4.0),
d 6.71e6.74 (d, 2H, J ¼ 7.5), d 7.52e7.68 (d, 2H, J ¼ 7.5), d 7.86e7.92
(dd, 4H, J ¼ 8.4). FAB-MS (positive ion) m/z (rel. int.): 472 (M þ H,
78), 471 (Mþ, 100), 470 (36).

To a stirred suspension of compound 1b (4.11 g, 10 mmol) in 2M
HCl (15mL) at 0e5 �C, NaNO2 (0.71 g,10.2mmol) in H2O (3mL) was
slowly added. The diazotization step was continued for 30 min and
excess HNO2 was destroyed by adding solid sulfamic acid. The
resultant diazonium salt solution was added drop wise to N,N-
diethylaniline (1.53 g, 10.2 mmol) dissolved in HOAc (25 mL), at a
rate such that the temperature remained below 5 �C. The pH of the
coupling reactionwasmaintained near pH 5 by the addition of solid
NaOAc$3H2O. The coupling step was continued for 3 h and the
mixture was stirred overnight (14 h). The precipitate was collected
by filtration, washed with H2O, and air dried to give 2b as a reddish
orange solid (3.71 g, 65%). lmax/εmax (EtOH) ¼ 444 nm/
23,500 L mol�1 cm�1; TLC: Rf ¼ 0.79 (hexane:EtOAc/1:1); 1H NMR
(CDCl3): d 1.21e1.26 (t, 6H, J ¼ 4.0 Hz), d 3.43e3.50 (q, 4H,
J ¼ 4.1 Hz), d 6.71e6.74 (d, 2H, J ¼ 7.54 Hz), d 7.65e7.69 (d, 2H,
J¼ 7.53 Hz), d 7.86e7.92 (dd, 4H, J¼ 8.39 Hz); FAB-MS (positive ion)
m/z (rel. int.): 572 (M þ H, 76), 571 (Mþ, 100); ESI-MS (þ),
C22H19F13N3 [MþH]þ: calcd. 572.1371, obsd. 572.1365.

2.4. X-ray analysis

X-ray quality crystals of dye 2bwere grown by slow evaporation
of an acetone solution at room temperature. The selected crystal
was mounted on a nylon loop using a small amount of Paratone N
oil, and X-ray measurements were made on a Bruker-Nonius X8
Apex2 diffractometer at 110 K. The unit cell dimensions were
determined from a symmetry constrained fit of 4145 reflections
with 5.24� < 2q < 42.22�. The data collection strategy involved the
use of a number of u and 4 scans to collect data up to 42.32� (2q)
and the frame integration was performed using SAINT [14]. The
resulting raw data was scaled and absorption corrected using a
multi-scan averaging of symmetry equivalent data using SADABS
[15].

The structure was solved by direct methods using the SIR92
program [16]. All non-hydrogen atoms were obtained from the
initial solution and the hydrogen atoms were introduced at ideal-
ized positions and were allowed to refine isotropically. The struc-
tural model was fit to the data using full matrix least-squares based
on F2. The calculated structure factors included corrections for
anomalous dispersion from the usual tabulation. The structure was
refined using the XL program from SHELXTL [17], graphic plots
were produced using the NRCVAX crystallographic program suite.
Crystallographic data are summarized in Table 1. These data have
been deposited with the Cambridge Crystallographic Data Centre
and was assigned CCDC 1057216.

2.5. Electron density calculations

Electron density calculations were conducted using PiSystems
version 6.3, Copyright 2002e2013 Neutronix Software. This soft-
ware allows the semi-empirical quantum-theoretical calculation of
the p system of organic molecules. Values obtained from calcu-
lating electron-density alterations correspond to increase
(decrease) of the negative charge at a specific atom. The values
obtained have the unit number of electrons and the algebraic sum
of these numbers over all p atoms is zero. Further, these values
show the difference in the p-electron densities (¼charge orders)
between the ground and the electronically excited state at each
atom of the p system, i.e. the shift of the electrons in the p system
when it is electronically excited.

3. Results and discussion

3.1. Dye synthesis

The synthesis of monoazo dyes having a perfluoroalkyl chain in
the diazo component is illustrated in Fig. 1. In step 1, 4-(non-
afluorobutyl)aniline and 4-(tridecafluorohexyl)aniline were pre-
pared by the reaction of 4-iodoaniline with the corresponding
perfluoroalkyl iodides (RI) in the presence of copper bronze [18].
Diazotization of 4-(perfluoroalkyl)anilines (1) followed by coupling



Table 1
Summary of crystal data for the perfluoroalkylazobenzene dye 2b.

Formula C22H18F13N3

Formula weight (g/mol) 571.39
Crystal dimensions (mm) 0.24 � 0.10 � 0.01
Crystal color and habit Orange plate
Crystal system Orthorhombic
Space group P b c a
Temperature, K 110
a, Å 11.6808(6)
b, Å 9.3383(5)
c, Å 41.733(2)
a,� 90.00
b,� 90.00
g,� 90.00
V, Å3 4552.2(4)
Number of reflections to determine final unit cell 4145
Min and Max 2q for cell determination, � 5.24, 42.22
Z 8
F(000) 2304
r (g/cm) 1.667
l, Å, (MoKa) 0.71073
m, (cm�1) 0.174
Diffractometer type Bruker-Nonius Kappa Axis X8 Apex2
Scan type(s) Omega and phi scans
Max 2q for data collection, � 42.32
Measured fraction of data 0.996
Number of reflections measured 19285
Unique reflections measured 2487
Rmerge 0.1181
Number of reflections included in refinement 2487
Cut off threshold expression >2sigma(I)
Structure refined using full matrix least-squares using F2

Number of parameters in least-squares 343
Min & Max peak heights on final DF Map (e�/Å) �0.321, 0.295

Where: R1 ¼ S(jFoj�jFcj)/S Fo wR2 ¼ [S(w(Fo2�Fc2)2)/S(w Fo4)]1/2.
GOF ¼ [S(w(Fo2�Fc2)2)/(No. of reflns.�No. of params.)]1/2.

Fig. 1. Three-step synthesis of perfluoroalkyl-substituted azobenzene dyes.

Fig. 2. ORTEP drawing of dye 1b showing the numbering scheme. Ellipsoids are at the 50% probability level and hydrogen atoms were drawn with arbitrary radii for clarity.
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Fig. 3. Packing diagram for dye 2b viewed along axis b.

Fig. 4. Representative aminoazobenzene dye structures and their CeNeNeC torsion angles.

Table 2
Comparison of experimental torsion angles and lmax values for types 2 and 6 dyes.

Dye no. lmax (nm) Torsion angle (�)

2b 444 30.6
6 (R ¼ H) 413 10.3
6 (R ¼ (CN) 458 5.5
6 (R ¼ NO2) 450 42
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with N,N-(diethyl)aniline afforded type 2 orange dyes (lmax
444 nm) in 74% (2a) and 65% (2b) yields.

3.2. X-ray analysis

The single crystal of dye 2b obtained by evaporation of an
acetone solution was found to have the orthorhombic space group
Fig. 5. Electron-delocalization essential to incr
Pbca. The crystal structure and atomic numbering are given in
Fig. 2 and the corresponding packing diagram is presented in
Fig. 3. It is clear from Fig. 2 structure that the aminoazobenzene
framework of the perfluoroalkyl-substituted dye is significantly
nonplanar, with an N2eN1eC1eC2 torsion angle of 30.6�. This
contrasts the various examples of monoazo hydrophobic dye
structures reported in the Cambridge Crystallographic Database
(CCD, 2008), where it can be seen that azobenzene compounds
having bulky ortho-substituents are typically nonplanar [11,19],
while those lacking or having small ortho-substituents are nearly
planar (cf. Fig. 4). For example, type 3 dyes which have chlorine
atoms in the 2,6-positions of the diazo component (ring A) are
characterized by a large torsion angle between the two rings.
Removal of one of the chlorines to give a type 4 dye, which also
has a methyl group in the coupler (ring B) ortho to the azo group,
easing lmax in arylazoaminobenzene dyes.



Table 3
Calculated electron density alterations upon excitation into the first excited singlet state.a

Dye C-4 C-3 C-2 C-1 N-1 N-2 C-7 C-8 C-9 C-10 N-3

2b 0.016 0.002 0.018 0.012 0.137 0.276 �0.173 0.053 �0.089 0.048 �0.251
6 (R ¼ CN) 0.015 �0.002 0.029 0.044 0.075 0.265 �0.177 0.045 �0.068 0.035 �0.247
6 (R ¼ NO2) 0.007 0.003 0.001 �0.010 0.227 0.281 �0.169 0.067 �0.104 0.069 �0.305

a Red and blue circles indicate a decrease and increase in electron density, respectively. Circle sizes indicate the relative intensity of the change in electron density for a given
atom. (For interpretation of the references to colour in this table legend, the reader is referred to the web version of this article.)
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or replacement of the 2,6-dichloro grouping with an ortho-cyano
group (cf. dye 5) leads to an essentially planar azo structure. In the
case of type 6 dyes, structures having R ¼ H or CN are relatively
planar, while the ortho-NO2 substituted dye has a torsion angle of
42� [20e22]. When R ¼ NO2, loss of planarity arises from a steric
interaction between the eO� moiety of the NO2 group and the azo
N-atom attached to ring B. In the case of dye 7, the presence of
bifurcated H-bonding gives rise to a planar dye, a benefit of having
an ortho-NHCOCH3 group in the coupler along with an ortho-Cl
group in the diazo component [7].

The packing diagram shows a head-to-tail arrangement of dye
2bmolecules in the crystal cell and Z¼ 8. It can be seen in Fig. 3 that
two layers of dye molecules are arranged in opposite directions. In
addition, dye molecules are in position to facilitate intermolecular
interactions between perfluoroalkyl chains.

Regarding other key structural components of dye 2b, the
N1eN2eC7eC12 torsion angle is �13.9� and the C4eC13eC14
bond angle of 114.7�, indicating that the 4-perfluoroalkyl group is
not coplanar with phenyl ring A, unlike the 4-NO2 group of dyes
such as 4e7 [5,11]. As illustrated in Table 2, this influences the lmax
of arylazoaminobenzene dyes. When comparing dyes 2b and 6, it
can be seen that the order of decreasing lmax is 6 (R ¼ CN) > 6
(R ¼ NO2) > 2b > 6 (R ¼ H). This indicates both the electron delo-
calization power of the ring substituents (cf. Fig. 5) as well as the
importance of coplanarity. Reduction in planarity and removal of
the electron-withdrawing group in dyes 6 lowers lmax and while
the para-C6F13 group has a strong bathochromic effect when
compared with dye 6 (R ¼ H) its effect is less than that of the ortho-
NO2 group (cf. Table 2). These results are consistent with calculated
values for electron density alterations arising from excitations from
the ground state to the first excited singlet state (cf. Table 3). Here it
can be seen that the intensity of pull of electrons into ring “A” of dye
2b is less than that of dye 6 (R ¼ NO2), despite the higher torsion
angle associated with the latter dye (cf. N-3, N-1, C-2, and C-4).

Bearing in mind that the low surface energy afforded by
fluorocarbon-based water and oil repellents arises from the
Fig. 6. Schematic representation for eCF3 group alignment following application of a
fluorocarbon repellent to a fiber surface.
alignment of eCF3 groups on fiber surfaces following adsorption
[23] (cf. Fig. 6), the present results suggest that the torsional twist
associated with dye 2b interfered with this normal alignment.
Consequently, a higher than expected surface energy was
obtained.

4. Conclusion

Single crystals of a perfluoroalkyl-substituted arylazobenzene
based dye were grown from an acetone solution and its molecular
structure was characterized by X-ray crystallography, providing the
first X-ray structure of a monoazo dye containing a perfluoroalkyl
group. It was found that the presence of a para-C6F13 group gives
rise, unexpectedly, to an azobenzene skeleton that is quite
nonplanar (q ¼ 30.6). In addition, the packing diagram shows that
the dye molecules position themselves in a manner that promotes
intermolecular interactions between perfluoroalkyl chains.
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