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The length of alkyl chains attached to NLO chromophores exerts a critical control on their
crystal structures and SHG capability. Systems with short as well as long alkyl chains form
centrosymmetric lattices whereas those with chains of intermediate length, typically butyl
chains, form noncentrosymmetric lattices and show SHG. Investigation of a series of N-n-
alkyl-2,4-dinitroanilines is reported along with crystal structure analysis of the propyl, butyl,
and pentyl derivatives. Packing energy calculations are carried out for the three structures.
There are no intermolecular H-bonds in these crystals. The maximum values of dipole-
dipole and dispersion energies in the set are found in the centrosymmetric crystals of the
propyl and pentyl derivatives, respectively. Intermediate values of the two energy components
are observed in the butyl derivative, which alone has a noncentrosymmetric crystal structure
and is SHG active.

Introduction

Organized assembly of molecules to achieve specific
material properties in the bulk state calls for a delicate
balance between a variety of intermolecular interac-
tions. π-Stacking with small interplanar spacing be-
tween open shell molecules promotes electrical conduc-
tivity in molecular solids.1 Mutual disposition of ion
radicals exerts a critical control on the spin density
overlaps leading to ferro- or antiferromagnetism in
organic magnetic materials.2 Quadratic nonlinear opti-
cal (NLO) applications3 necessarily require noncentro-
symmetric materials, and a suitable alignment of the
hyperpolarizability tensor components of the molecular
chromophores gives rise to highly efficient systems.4
Extensive computational and experimental explorations
have led to the development of several classes of organic,
organometallic, and metal coordination molecules pos-
sessing large hyperpolarizability.5 Many methods have
also been developed to assemble such molecules into
efficient NLO materials. At the molecular level, tech-
niques such as introduction of chirality,6 internal can-
cellation of dipole components,7 and incorporation of
H-bonding features8 have been extensively used. Pres-

ence of long alkyl chains usually bestows mesoscopic
characteristics on molecular materials and is the hall-
mark of liquid crystal design. However, the incorpora-
tion of alkyl chains of appropriate length can influence
the solid-state properties of crystalline materials as
demonstrated in TTF-based semiconductors.9 We have
shown that the attachment of optimally long alkyl
chains to NLO chromophores leads to noncentrosym-
metric crystal lattices and optical second harmonic
generation (SHG) capability. Diaminodicyanoquino-
dimethanes with alkyl chains of length 4, 5, and 6 were
found to be SHG active while those with no alkyl chain
or chains of length 3, 7, 8, and 12 were inactive.10

Similarly, SHG activity is observed only in the butyl
derivative among the various alkyl-chain-substituted
4-nitroanilines;11 we have investigated this in detail
through crystal structure analysis.12

Ab initio prediction of crystal structures of molecular
materials continues to be a challenge. One of the focus
of current efforts toward this goal is the rationalization
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of observed crystal structures. Even such limited exer-
cises are often nontrivial due to the complex interplay
of several intermolecular interactions that steer the
formation of specific crystal architectures. In the context
of quadratic NLO materials, the first level of insight to
be gained is into the factors that favor the formation of
centrosymmetric or noncentrosymmetric lattices. The
unusual and fine control exerted by the alkyl chain
length in this respect that we have described above
merits careful examination. In the systems we have
reported earlier the chain length dependence of the
crystal lattice formation and the concomitant SHG
activity were qualitatively ascribed to a subtle balance
between dipole-dipole and nonpolar alkyl chain inter-
actions. These systems also had extended intermolecu-
lar H-bonding interactions. In an attempt to obtain a
quantitative appraisal of the factors related to the
phenomenon, we have now investigated a series of alkyl
derivatives of 2,4-dinitroaniline. These compounds were
specifically chosen since they do not possess any inter-
molecular H-bond interactions; they possess only in-
tramolecular H-bonds. These systems allow the isolation
and examination of the remaining intermolecular in-
teractions of which the primary ones are the electro-
static (Coulombic or dipole-dipole) interactions and
nonpolar atom-atom dispersion forces. Another impor-
tant consideration behind the choice of the 2,4-dinitro-
aniline system is that the parent system is known to
be centrosymmetric13 and hence SHG inactive. Interest-
ingly, the observation of SHG in the butyl derivative of
2,4-dinitroaniline has been briefly reported.14

We present in this paper the synthesis and charac-
terization of N-n-alkyl-2,4-dinitroanilines with the alkyl
groups: propyl (1), butyl (2), pentyl (3), hexyl (4), and
heptyl (5). Powder second harmonic generation studies
show that only the butyl derivative is active. Crystal
structures of 1, 2, and 3 are presented; these are in
agreement with the SHG studies. Using well-known
atom-atom potentials and molecular dipoles calculated
using semiempirical and ab initio quantum chemical
methods, we assess the relative contributions of disper-
sion and dipole-dipole energies to the packing potential
energy in the three structures. The energy factors
associated with the formation of the centrosymmetric
and noncentrosymmetric crystal lattices are delineated.

Experimental Section

All the compounds were synthesized following the procedure
reported in ref 15. The detailed procedure is described for 2.
A 1.00 g (4.93 mmol) sample of 1-chloro-2,4-dinitrobenzene was
dissolved in 5 mL of dry, freshly distilled DMSO and cooled
to 15 °C with vigorous stirring. A 2.80 g (20 mmol) sample of
potassium carbonate was added to the solution and stirred. A
0.45 g (6.08 mmol) sample of n-butylamine was slowly added
to the solution. The progress of the reaction was monitored
by TLC; about 96% conversion was observed in 30 min.
Stirring was continued for another 30 min. The reaction
mixture was poured in 200 g of crushed ice and stirred
vigorously. The yellow precipitate formed was filtered and
washed with water. The filter cake was dried in air and

purified by eluting through a basic alumina column using an
ethyl acetate-hexane (20:80) mixture to produce 0.92 g (78%
yield) of 2. The product was further purified by recrystalliza-
tion from methanol-water. Crystals were grown from toluene-
chloroform (85:15) mixture. 1, 3, 4, and 5 were synthesized
similarly; the yields for the various compounds were 75-88%.
1, 3, and 4 were crystallized from toluene-chloroform. They
were also recrystallized from ethyl acetate-hexane for the
powder SHG experiments.

N-n-Propyl-2,4-dinitroaniline (1). Mp: 100-102 °C; UV-
vis (methanol): λmax ) 385 nm, λcut-off ) 458 nm. FT-IR (KBr
pellet): ν/cm-1 ) 3369.9 (N-H stretch), 3107.6, 2976.1 (C-H
stretch), 1624.2 (aromatic CdC stretch), 1521.9, 1421.7, 1336.8
(NO2 stretch). 1H NMR (CDCl3): δ/ppm ) 1.1 (t, J ) 7.5 Hz,
3H), 1.85 (sx, 2H), 3.4 (q, J ) 6.5 Hz, 2H), 6.95 (d, J ) 9.6 Hz,
1H), 8.2 (d, J ) 9.5 Hz, 1H), 8.5 (s, 1H), 9.0 (d, J ) 2.8 Hz,
1H). 13C NMR (CDCl3): δ/ppm ) 11.37, 22.04, 45.28, 114.00,
124.19, 130.22, 135.84, 148.46. Elemental analysis (calculated
for C9H11N3O4): % C ) 48.12 (48.01), % H ) 5.12 (4.92), % N
) 18.63 (18.66).

N-n-Butyl-2,4-dinitroaniline (2). Mp: 92-94 °C; UV-vis
(methanol): λmax ) 385 nm, λcut-off ) 451 nm. FT-IR (KBr
pellet): ν/cm-1 ) 3362.2 (N-H stretch), 3107.6, 2959.1 (C-H
stretch), 1624.2 (aromatic CdC stretch), 1521.9, 1419.7, 1334.8
(NO2 stretch). 1H NMR (CDCl3): δ/ppm ) 1.1 (t, J ) 7.3 Hz,
3H), 1.55 (sx, 2H), 1.85 (qn, 2H), 3.4 (q, J ) 6.2 Hz, 2H), 6.95
(d, J ) 9.5 Hz, 1H), 8.2 (d, J ) 9.6 Hz, 1H); 8.5(s, 1H), 9.0 (d,
J ) 2.7 Hz, 1H). 13C NMR (CDCl3): δ/ppm ) 13.64, 20.10,
30.70, 43.34, 114.07, 124.11, 130.19, 135.76, 148.45. Elemental
analysis (calculated for C10H13N3O4): % C ) 50.40 (50.21), %
H ) 5.32 (5.44), % N ) 17.18 (17.57).

N-n-Pentyl-2,4-dinitroaniline (3). Mp: 78-80 °C; UV-
vis (methanol): λmax ) 383 nm, λcut-off ) 447 nm. FT-IR (KBr
pellet): ν/cm-1 ) 3352.6 (N-H stretch), 3107.6, 2934.0 (ali-
phatic C-H stretch), 1622.3 (aromatic CdC stretch), 1520.0,
1423.6, 1338.7 (NO2 stretch). 1H NMR (CDCl3): δ/ppm ) 1.1
(t, J ) 6.8 Hz, 3H), 1.3-1.7 (m, 4H), 1.85 (qn, 2H), 3.4 (q, J )
7.1 Hz, 2H), 6.95 (d, J ) 9.6 Hz, 1H), 8.2 (d, J ) 9.1 Hz, 1H);
8.5 (s, 1H), 9.0 (d, J ) 2.1 Hz, 1H). 13C NMR (CDCl3): δ/ppm
) 13.80, 22.23, 28.33, 28.98, 43.60, 114.12, 123.97, 130.11,
135.65, 148.41. Elemental analysis (calculated for C11H15-
N3O4): % C ) 51.97 (52.17), % H ) 5.97 (5.97), % N ) 16.42
(16.59).

N-n-Hexyl-2,4-dinitroaniline (4). Mp: 62-63 °C; UV-vis
(methanol): λmax ) 384 nm, λcut-off ) 447 nm. FT-IR (KBr
pellet): ν/cm-1 ) 3362.2 (N-H stretch), 3107.6, 2959.1 (C-H
stretch), 1624.2 (aromatic CdC stretch), 1521.9, 1419.7, 1334.8
(NO2 stretch). 1H NMR (CDCl3): δ/ppm ) 0.95 (t, J ) 6.6 Hz,
3H), 1.2-1.6 (m, 6H), 1.85 (qn, 2H), 3.4 (q, J ) 6.5 Hz, 2H),
6.95 (d, J ) 9.6 Hz, 1H), 8.2 (d, J ) 9.6 Hz, 1H), 8.5 (s, 1H),
9.0 (d, J ) 2.8 Hz, 1H). 13C NMR (CDCl3): δ/ppm ) 13.88,
22.46, 26.54, 28.63, 31.30, 43.64, 114.11, 124.04, 130.15,
135.76, 148.45. Elemental analysis (calculated for C12H17-
N3O4): % C ) 53.06 (53.92), % H ) 6.18 (6.41), % N ) 15.33
(15.72).

N-n-Heptyl-2,4-dinitroaniline (5). Mp: 25-28 °C; bp: 195
°C (2 mm Hg); UV-vis (methanol): λmax ) 385 nm, λcut-off )
456 nm. FT-IR (KBr pellet): ν/cm-1 ) 3329.4 (N-H stretch),
3036.2, 2928.2 (C-H stretch), 1628.1 (aromatic CdC stretch),
1535.5, 1437.1, 1338.8 (NO2 stretch). 1H NMR (CDCl3): δ/ppm
) 0.9 (t, J ) 6.3 Hz, 3H), 1.2-1.7 (m, 8H), 1.9 (qn, 2H), 3.4 (q,
J ) 6.5 Hz, 2H), 6.95 (d, J ) 9.6 Hz, 1H), 8.2 (d, J ) 9.6 Hz,
1H); 8.5 (s, 1H), 9.0 (d, J ) 2.9 Hz, 1H). 13C NMR (CDCl3):
δ/ppm ) 13.96, 22.52, 26.84, 28.68, 28.83, 31.61, 43.63, 114.13,
124.01, 130.12, 135.68, 148.41. Elemental analysis (calculated
for C13H19N3O4): % C ) 55.63 (55.51), % H ) 6.92 (6.81), % N
) 15.32 (14.94).

Second harmonic generation from microcrystalline powders
was examined using the Kurtz-Perry16 method. Particle sizes
were graded using standard sieves; sizes ranging from 50 to
300 µm were studied. Samples were loaded in glass capillaries
having an inner diameter of 600 µm. Fundamental beam (1064
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nm) of a Q-switched nanosecond-pulsed Nd:YAG laser (Con-
tinuum, model 660B-10) was used. The second harmonic signal
was collected using appropriate optics and detected using a
PMT (Hamamatsu), monochromator (Jobin-Yvon model HRS-
2), and oscilloscope (Tektronix, model TDS 210, 60 MHz).
Filters were used when needed, so that the signal measured
on the oscilloscope was in the same range for all samples.
Microcrystalline urea having particle size >150 µm was used
as the reference in all SHG measurements. The SHG measured
for a standard sample of N-4-nitrophenyl-(S)-prolinol (NPP)
was 138 U (1 U ) SHG of urea). The error in the measure-
ments are ∼10-15%.

X-ray diffraction data were collected on an Enraf-Nonius
MACH3 diffractometer. Mo KR radiation with a graphite
crystal monochromator in the incident beam was used. Data
were reduced using Xtal3.4;17 Lorentz and polarization cor-
rections were included. All non-hydrogen atoms were found
using the direct method analysis in SHELX-97,18 and after
several cycles of refinement the positions of the hydrogen
atoms were calculated and added to the refinement process.
Graphics were handled using ORTEX6a.19 Details of data
collection, solution and refinement, fractional coordinates with
anisotropic thermal parameters, and full lists of bond lengths
and angles are submitted as Supporting Information.

Theoretical Methods

The packing potential energy of molecular crystals is
usually estimated by adding the contributions from (i)
repulsions between closed shell atoms, (ii) attraction
between polarization induced instantaneous dipoles, (iii)
Coulombic interaction between permanent atomic
charges, and (iv) H-bond interactions.20,21 In the present
case we can omit the H-bond term since intermolecular
H-bonds are excluded by design. The first two are
computed using atom-atom potentials, and we refer to
them together as the dispersion component, D.

i runs over the atoms of a reference molecule and j over
those of the surrounding molecules, n, and rij is the
distance between atoms i and j. We have employed the
atom-atom potentials A, B, and C compiled by Gavez-
zotti and Simonetta.20 Lattice summation of Coulomb
interaction between atomic charges on molecules often
runs into convergence problems.20 We experienced this
difficulty in our calculations as well, and the Coulomb
energy sums are found to be very sensitive to the
distance cutoff and the number of unit cells used. Hence,
we have estimated the electrostatic energy component
using the sum of dipole-dipole interaction energies, DD,
between the molecular dipole vector of the reference
molecule, µ0, and of its neighbors, µn.22

r is the vector connecting the centers of the two dipoles,
and r is its magnitude. The molecular dipole vectors (as

well as atomic charges used in Coulomb energy calcula-
tions referred to above) were computed from semi-
empirical as well as ab initio calculations on molecular
structures taken from the crystal structure. In the case
of semiempirical computations, the H atoms alone were
optimized keeping the non-H-atom framework intact
since the C-H and N-H bonds from the X-ray analysis
are too short. The AM123 procedure was used for the
semiempirical studies, and the B3LYP/6-31G** level
was employed in the ab initio calculations.24 In the
lattice energy calculations, the dipole vectors were
positioned at the center of mass of the molecule. In the
case of crystals having more than one molecule in the
asymmetric unit, each one was taken in turn as the
reference molecule and D and DD were computed. The
data presented are the averaged values. The summation
of the interaction energies starts with the second
molecule (if present) in the asymmetric unit containing
the reference molecule and is followed by the other
molecules in the same unit cell, generated by the
symmetry operations of the relevant space group. We
have subsequently summed the contributions typically
over 1200-2500 unit cells growing outward from the
initial unit cell, to cover approximately 50 Å distance
in every direction, and convergence was obtained in all
instances well before 1000 unit cells were reached.
Increasing the distance cutoff to 150 Å produced no
noticeable change in the D and DD values. The D
energies are reported in kJ/mol whereas the DD ener-
gies are reported in arbitrary units since the dielectric
constant of the solid medium is not known. We assume
that the variation of the dielectric constant between the
three compounds is negligible. Since there is no unique
protocol available to scale the values of the DD ener-
gies,22 we confine our discussion to the trends of the
energy components in the three structures. Complete
computational results are submitted as Supporting
Information.

Results and Discussion

The N-n-alkyl-2,4-dinitroanilines we have synthesized
show a steady decrease in the melting point as the alkyl
chain length increases; a similar trend was noticed in
N-n-alkyl-4-nitroanilines12 as well. The heptyl deriva-
tive, 5, remains liquid at room temperature. 4 does not
crystallize well, but single crystals of 1, 2, and 3 could
be grown from a toluene-chloroform mixture; they are
found to belong to the monoclinic space groups P21/c,
P21, and P21/c, respectively. The crystallographic data
are collected in Table 1. 1 has one molecule in the
asymmetric unit, and 2 and 3 have two each. All the
molecular structures show intramolecular H-bonding
between the amino group and the ortho nitro group; the
N‚‚‚O distances range from 2.618 to 2.642 Å, and the
N-H‚‚‚O angles range from 128.8° to 131.2°. Within the
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(22) Gavezzotti, A.; Simonetta, M. Acta Crystallogr. 1976, A32, 997.

(23) Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F.; Stewart, J. J. P.
J. Am. Chem. Soc. 1985, 107, 3902.

(24) Gaussian94, Revision D.2: Frisch, M. J.; Trucks, G. W.;
Schlegel, H. B.; Gill, P. M. W.; Johnson, B. G.; Robb, M. A.; Cheeseman,
J. R.; Keith, T.; Petersson, G. A.; Montgomery, J. A.; Raghavachari,
K.; Al-Laham, M. A.; Zakrzewski, V. G.; Ortiz, J. V.; Foresman, J. B.;
Cioslowski, J.; Stefanov, B. B.; Nanayakkara, A.; Challacombe, M.;
Peng, C. Y.; Ayala, P. Y.; Chen, W.; Wong, M. W.; Andres, J. L.;
Replogle, E. S.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Binkley, J. S.;
Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-Gordon, M.; Gonzalez,
C; Pople, J. A.; Gaussian, Inc., Pittsburgh, PA, 1995.

D ) ∑
n

∑
i,j

[A exp(-Brij) - C/rij
6]

DD ) ∑
n

{[(µ0‚µn)/r3] - [3(µ0‚r)(µn‚r)/r5]}
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alkyl chains, the conformations are trans in all the
cases. However, the conformation around the N-C bond
connecting the amino group to the alkyl chain is gauche
in 1, trans in both the molecules in the asymmetric unit
of 3, and gauche and trans in the two molecules in the
asymmetric unit of 2.

The lattice packings in the three crystals are shown
in Figures 1-3. In the centrosymmetric lattices of 1 and
3, antiparallel alignment of the molecules or molecule
pairs is clearly visible. In 2 the two molecules in the
asymmetric unit, A and B (Figure 3), are oriented nearly
orthogonal; the angle between the amino-p-nitro axes
of the two molecules is 79.7°. The corresponding angles
that A makes with A′ and B′ generated by the screw
rotation operation are respectively 89.4° and 163.9°. The
AM1/CPHF25 calculation on N-n-butyl-2,4-dinitroaniline
indicates a static hyperpolarizability of 8.03 × 10-30 esu,
and the hyperpolarizability pseudo vector26 is nearly
coincident with the amino-p-nitro axis. On the basis of
the relative molecular orientations within the A-B′ and
B-A′ pairs, only a moderate SHG capability is expected
in 2. The powder SHG measured for different particle
sizes of 2 are shown in Table 2. The SHG increases with
particle size and saturates at an average value of 10.7
U for sizes >150 µm, indicating phase-matchable be-
havior. We have also checked 2 recrystallized from an
ethyl acetate-hexane mixture; the saturation value of
SHG is found to be 6.4 U. 1, 3, and 4 recrystallized from
both solvent systems showed no SHG. 5 was checked
at temperatures below its melting point; it produced no
SHG. As noted earlier, the parent system with no alkyl
chain is also SHG inactive.

The influence of alkyl chains on the crystal structure
and hence on the SHG capability of the 2,4-dinitro-
anilines parallels what was observed in the 4-nitro-
anilines. Since no intermolecular H-bonds exist in the
present series of molecules, we have examined the
relative contributions of the dipole-dipole and disper-
sion energies to the crystal packing. Semiempirical AM1
(with H atom optimization) and ab initio calculations
were carried out on the molecular structures extracted

from the crystal structures of 1, 2, and 3. The dipole
vector computed from the AM1 procedure for 1, 2, and
3 are shown in Figure 4; the vector is positioned at the
center of mass of the molecules. The ab initio calculated
vectors are very similar in magnitude and orientation.
For the packing energy computations of 1, the single
molecule in the asymmetric unit was set as the refer-
ence. The energies, D and DD, were computed as
described earlier. In 2 and 3 we have carried out this
exercise with each of the molecules in the asymmetric
unit taken as the reference. The growth and conver-
gence of the energy components as the unit cells are
added are illustrated in Figure 5; the data shown is that
of 2 with molecule B (Figure 2) as the reference and
the DD calculated using the ab initio dipole vector.
Similar results are obtained with the geometries and
dipoles from the AM1 partial optimization calculation.
D and DD energies converge within about 500-1000
unit cells for all the structures. The summation of
Coulomb energies between the atomic charges showed
a complex oscillatory behavior in most of these systems.
The converged dipole-dipole and dispersion energy
components for the three crystals having alkyl chains
of length 3, 4, and 5 are illustrated in Figure 6. The
energies computed using the dipoles and partially
optimized geometries from AM1 as well as the dipoles
from ab initio computations are found to agree closely
with each other. Figure 6 shows that the dispersion
energy contribution to the crystal stabilization increases
smoothly as the alkyl chain length increases. However,
the dipole-dipole energy contributions are found to
decrease.

The increase of dispersion energy from 1 to 3 is a
direct consequence of the increasing chain length and
the associated molecular size. The dipole-dipole inter-

(25) Kurtz, A. J.; Stewart, J. J. P.; Dieter, K. M. J. Comput. Chem.
1990, 11, 82. (b) Kanis, D. R.; Ratner, M. A.; Marks, T. J. Chem. Rev.
1994, 94, 195.

(26) Sharma, S.; Gangopadhyay, P.; Swathi, A.; Radhakrishnan,
T. P. Phys. Chem. Chem. Phys. 2000, 2, 1147.

Table 1. Crystallographic Data for 1, 2, and 3

1 2 3

molecular formula C9H11N3O4 C20H26N6O8 C22H30N6O8
formula weight 225.21 478.46 506.52
crystal system monoclinic monoclinic monoclinic
space group P21/c P21 P21/c
a, Å 8.225 (3) 4.411 (8) 7.722 (12)
b, Å 11.3285 (13) 24.684 (11) 27.096 (5)
c, Å 11.2088 (18) 10.624 (5) 12.246 (5)
â, deg 97.04 (2) 94.16 (9) 99.59 (7)
Z 4 2 4
Fcalcd, g cm-3 1.443 1.377 1.332
µ, cm-1 1.15 1.08 1.03
no. of unique

reflections
2498 4086 5493

no. of reflections with I > 2σI: 1357 I > σI: 3739 I > σI: 5218
no. of parameters 152 309 327
GOF 1.033 0.958 1.047
R (for I > 2σI) 0.0400 0.0588 0.0606
wR2 0.0847 0.1736 0.2346

Figure 1. Crystal structure of 1; H-bonds are shown as
dashed lines. N atoms (b) are indicated; H atoms are not
shown.
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actions are dominated by the 2,4-dinitroaniline moiety
where most of the atomic charges reside and are
expected to be independent of the alkyl chain length.
However, as the chain length increases, the molecular
volume increases. In the crystals of a homologous series
such as 1, 2, and 3, the molecular volume increase is
likely to cause a parallel increase in the average
intermolecular distances. This appears to be the case

as indicated by the distance between the centers of mass
of the closest molecules in 1, 2, and 3 which are
respectively 3.950, 4.411, and 4.795 Å. Further, the
nearest-neighbor molecules in 1 are oriented antipar-
allel favoring dipole-dipole attraction whereas the
nearest neighbors in 2 and 3 are parallel. (The center
of inversion in 3 relates the nearest-neighbor pair with
a similar pair oriented antiparallel). The two factors of

Figure 2. Crystal structure of 2; H-bonds are shown as dashed lines. N atoms (b) are indicated; H atoms are not shown. See
text for discussion on the molecules A, B, A′, and B′.

Figure 3. Crystal structure of 3; H-bonds are shown as dashed lines. N atoms (b) are indicated; H atoms are not shown.
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intermolecular distances and the orientation of neigh-
boring molecules explain the decrease in the dipole-
dipole interaction energy from 1 to 3. In agreement with
qualitative suggestions made earlier,10,12 centrosym-
metric packing arrangement is associated with the
higher values of dipole-dipole or dispersion energy
component, the former being the case with the propyl
derivative and the latter with the pentyl derivative in
the present set. The noncentrosymmetric lattice of the
butyl derivative on the other hand exhibits an inter-
mediate value of both energy factors. The alkyl chain
length functions as a convenient handle to fine-tune
these energy components.

We have carried out a similar investigation on the
set of 4-nitroanilines reported earlier12 using ab initio
calculated dipole vectors. Once again as the alkyl chain

length increases from propyl to pentyl, the dispersion
energy stabilization shows a steady increase; the re-
spective values are -157.7, -173.5, and -195.4 kJ/mol.
The dipole-dipole energy contribution decreases from
propyl to butyl derivative, but then shows a marginal
increase in the pentyl derivative; the values are -0.070,
-0.027, and -0.033, respectively. We believe that the
intermolecular H-bonding in these systems complicates
the issue; however, the general trends are similar to
those found in 2,4-dinitroanilines.

Conclusions

We have investigated the powder SHG capability of
N-n-alkyl-2,4-dinitroanilines. As observed in the 4-ni-
troaniline series, only the butyl derivative is active.
Crystal structure analysis of the propyl, butyl, and
pentyl derivatives shows that the butyl derivative alone
is noncentrosymmetric. These systems form a conve-
nient test set to examine the relative contributions of
dipole-dipole and dispersion energies to crystal pack-
ing, without complications arising from other intermo-
lecular interactions such as H-bonding. Semiempirical
and ab initio computations were used to estimate the
atomic charges and dipole vectors of the molecules with
the geometries from the crystalline state. Packing
energy calculations reveal increasing stabilization due

Table 2. Powder SHG (Relative to That of Urea of
Particle Size >150 µm) of 2 Recrystallized from (a)

Chloroform-Toluene and (b) Ethyl Acetate-Hexane
Mixtures as a Function of Particle Size

SHG/U SHG/Uparticle size
range (µm) (a) (b)

particle size
range (µm) (a) (b)

50-75 - 3.0 120-150 - 5.5
50-90 2.0 - 150-180 11.9 5.5
75-90 - 4.0 180-200 9.9 6.0
90-100 4.0 4.5 200-250 9.9 7.0

100-120 - 5.5 250-300 10.9 7.0
100-150 7.9

Figure 4. Molecular structure extracted from crystal struc-
ture of (a) 1, (b) 2, and (c) 3, showing the AM1 computed dipole
vector at the center of mass of the molecule. In 2 and 3 only
one molecule in the asymmetric unit is shown. N (b) and O
(X) atoms are indicated; H atoms are not shown.

Figure 5. Convergence of the dipole-dipole and dispersion
energies of 2 as contributions from neighboring unit cells are
added; the energies are computed using the molecular struc-
ture extracted from the crystal structure and the dipole vectors
from ab initio computations.

Figure 6. Computed dipole-dipole and dispersion energies
of 1, 2, and 3 plotted against the respective alkyl chain lengths.
Molecular structure extracted from crystal structure as well
as from AM1 partial optimization and dipole vectors from ab
initio and AM1 methods are used.
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to dispersion energies and decreasing stabilization due
to the dipole-dipole energies as the chain length
increases from 3 to 5. These observations suggest a
possible balance between the dipole-dipole and disper-
sion energy components occurring at the intermediate
chain length associated with the formation of the
noncentric lattice. Efforts are under way to extend
similar analysis to other families of alkyl-chain-substi-
tuted dipolar molecules. Insight gained from such
explorations will be useful in developing the alkyl chain
length as a simple and effective design element for
molecular quadratic NLO materials.
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