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The underlying ambition of this work in addition to the x-ray diffraction electronic density determination is
the estimation of the nonlinear optical properties of NPP@N-~4-nitrophenyl!-(L)-prolinol# from a model due to
Robinson allowing us to connect the polarizabilities, under some approximations, to the different multipolar
moments of the electronic charge distribution. The calculations of the atomic net charges demonstrate the
character of the donor-acceptor~DA! pair linked to the phenyl transmitter. The dipolar molecular moments
obtained by several methods have similar values, except the one from thek method. This analysis suggests that
aspherical pseudoatoms are essential for modeling the charge distribution in a noncentrosymmetric crystal. The
validity of the Unso¨ld approximation, using the results obtained by a semiempirical method implemented in the
electronic part ofMOPAC ~AM1 Hamiltonian!, have been evidenced. The Unso¨ld approximation gives relatively
good results fora but falls off by two orders of magnitude in the estimation ofb. The results from the
experimental electronic density study indicate that there is some added fluctuation in the modulus of the
components, with respect to those derived from the so-called point charge model, but the signs are in good
agreement. Those fluctuations are certainly related to the molecular interactions, which screen to some extent
the nonlinear efficiency of the molecule.@S0163-1829~96!03124-4#

INTRODUCTION

Interest in nonlinear optics has grown tremendously in
recent years, due to applications as well as fundamental mo-
tivations and has centered around the unusually large nonlin-
ear second-order optical susceptibilities of organic solids and
polymers.1 These materials are generally composed of dipo-
lar aromatic molecules that are substituted withp electrons,
donor and acceptor, and exhibit intramolecular charge trans-
fer between the two groups. Among such systems, parani-
troaniline derivatives stand out as a class of prototype or-
ganic molecules for second-harmonic generation~SHG!.
Second-harmonic generation in N-~4-nitrophenyl!-
L-prolinol ~NPP! is, for instance, two orders of magnitude
larger than in KTP, the state of the art in nonlinear inorganic
crystal.

Since the second-order hyperpolarizability (b) of such
molecules is at the origin of SHG, extensive studies have
been performed towards the theoretical estimation ofb using
either semiempirical PPP-molecular orbital,2–4 complete ne-
glect of differential overlap 1S,5–9 INDO ~Ref. 10! or ab
initio11–13molecular orbital calculations.

In general, however, the net SHG property in an organic
material results from a combination of both the electronic
property of an isolated molecule associated withb ~e.g., a
conjugatedp electron system with intramolecular charge
transfer! and the crystalline assembly with various intermo-
lecular interactions coupling individual molecular units of
steric, structural, or electromagnetic natures~H-bond, etc.!.

Indeed calculatedb values very often reveal discrepan-
cies from net SHG effects observed by powder-method mea-
surements, mostly as a consequence arising from the igno-
rance of hydrogen bonds, cancellation of unfavorably
orientated molecular optical dipoles, and unknown local field
effects in the crystalline state. Robinson,14 Flytzanis and
Ducuing,15 and Jha and Bloembergen16 showed through sim-
plifying models or approximations~Unsöld,17! and far from
resonances,that susceptibilities were connected to the various
moments of the charge distribution in the ground state.

Following this development, we concentrate on the mo-
lecular properties, namely, the molecular quadrupolar and
octupolar moments, calculated by integrating the electronic
density distribution obtained by an accurate x-ray diffraction
study.

In parallel, the above properties were deduced from a
semiempirical calculation using MOPAC ~Ref. 18!
~AM1,PM3!, were the positional parameters of the atoms are
inferred from x-ray crystallographic analysis. Values of po-
larizability and hyperpolarizability tensors for the molecule
were also obtained using the finite field method.19 These es-
timates at the molecular level are compared to assess the
validity of the Unso¨ld approximation, which relates multipo-
lar moments of the ground-state charge distribution to linear
and nonlinear hyperpolarizabilities.

Since the development of sufficiently compact param-
etrized descriptions of molecular densities, about twenty
years ago, accurate experimental measurement of the charge
density in a crystal has been shown to be feasible.20 After the
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appearance of the pioneer paper of Coppenset al.,21 a great
number of studies in this field have demonstrated the feasi-
bility of accessing by advanced diffraction experiments to
the electron density determination and the outer moments of
the charge distribution for a centrosymmetic molecular crys-
tal. Applications of such an analysis to noncentrosymmetric
materials, such as organic nonlinear optical compounds, have
been slow to emerge, the main reason being the difficulties
of solving the phase problem. However, recent applications
using the multipolar development of the charge density
around the atoms, which constitutes the molecule, have
shown the potential accuracy of the technique in the noncen-
trosymmetric case.22

From such a study it is, for instance, possible to access to
the octupole moment of the molecular electronic distribution
in the crystal state, which is connected to the components of
theb tensor~Robinson14!. An estimation of theb i jk compo-
nents is of primary importance for the evaluation of the ef-
ficiency of the nonlinear properties of the material.

EXPERIMENTAL DETAILS

Synthesis and crystal growth

Yellow crystals of NPP,23 crystallized during the Croco-
dile space experiment~Perigaud, Gonzales, and Cunisse24!
have been provided by the CNET. A crystal from the re-
duced gravity experiment of 0.4530.3230.21 mm3 in size

was used in the x-ray diffraction experiment. Single NPP
crystals, even of small size, are difficult to obtain. Gel
growth techniques25 have also been attempted to grow highly
nonlinear NPP crystals of larger size.

X-ray structure investigation

Single crystal x-ray diffraction experiments were carried
out on an Enraf-Nonius CAD4 diffractometer, using Mo
Ka radiation from a graphite monochromator. A measuring
temperature of 122 K was established by means of an Enraf-
Nonius nitrogen cool gas device. The temperature fluctuation
was estimated to be of the order of6 0.5° during data col-
lection. Cell parameters were determined from refinement,
using centered angular positions of 25 reflections with
25°,2u,35°. The homogeneity of the beam from the
graphite incident beam monochromator was measured with a
pinhole of 20 micrometers, and the intensity varied by less
than 3.5% over the area intercepted by the specimen crystal.
Measurements covered half a sphere with210,H,10,
234,K,34, 0,L,15.

During the data collection, five standard reflections were
measured every two hours. Data reduction and error analysis
were carried out using the programs of Blessing.26 Reflection
integration limits were taken from a Lorentzian model for
peak-width variations. A polynomial fit to the smooth de-
cline of ; 0.03% in the standard reflection intensities over

TABLE I. Experimental data forN-~4-nitrophenyl!-L-prolinol.

Parameter X-ray Neutrons

a ~Å! 5.152~4! 5.164~2!

b ~Å! 14.790~3! 14.796~8!

c ~Å! 7.134~2! 7.108~5!

b ~deg! 106.14(4°) 105.86(3°)
Space group P21 P21
T ~K! 122 K (0.5°) 122 K(2°)
l ~Å! 0.7107 0.8308
(sinu/l) max ~Å21) 1.153 0.774
Measured reflections 8424 2086
(hkl regions! 6H6K1L 6H6K16L
Unique reflections 3807 1472
Rint~6! 0.014 0.047
Absorption correction no yes
Number of variables 145 271

aRv (F) 0.044 0.031

bRv (F2) 0.089 0.062
m ~cm21) 0.846 1.4
Extinction correction no yes
Mosaı̈c spread 221~15!9 arc
Extinction factory 5(F0

2/Fcorr
2 )

less than 0.9 y120,0.88;y101,0.76;y021,0.88

aRv~F!5H(
w

uF02kFcu2

(
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the three weeks of x-ray exposure was used to scale the data.
Absorption and beam-inhomogeneity corrections were not
neccessary. Nos(I )/I rejection criteria was applied to the
x-ray data. The x-ray diffraction experiment was completed
by neutron diffraction measurements at the same
temperature.27 Table I summarizes the physical parameters
for the two experiments.

All refinements done in this study used the rigid pseudoa-
tom model of Hansen and Coppens.28 The electron density
r(r ) in the crystal is described by a sum of the so-called
aspherical ‘‘pseudoatoms,’’ with nuclear positionsr k :

r~rW !5(
k

rk~rW2rWk2uW !!tk~uW !, ~1!

wheretk(uW ) is a Gaussian thermal-displacement distribution
and! indicates a convolution product.

Each atomic density is described as a series expansion in
real spherical harmonic functions (Ylm

2
1), up to the fourth

order:

rk~rW !5Pk,crk,c~rW !1Pk,vk
3rk,v~k,r !

1(
l50

4

k83Rk,l~k8,r ! (
m50

l

Plm
2
1Ylm2

1S rW

ur u D . ~2!

The sum overm in Eq. ~2! includes6 , so that for eachl,
2l11 functions are included. In Eq.~2!, rc andrv are the
spherically averaged Hartree-Fock core and valence densi-
ties, with rv normalized to one electron. The Slater type

radial functionsRl5Nlr
nexp(2k8zr ) are modulated by the

multipolar spherical harmonic angular functionsYlm6 and
Nl is a normalization factor. The values for parameters
n5nl and z were chosen according to rules provided by
Hansen and Coppens:28 nl52,2,3,4 andz l52.8, 4.0, 5.06~Å
21) for C, O, N were used, respectively, forl51,2,3,4. For
the H atomsnl52 andz l52.0 for l51,2. Thez l parameters
were free to vary during the refinement.

The adjustable variables are the valence shell contraction-
expansion parametersk and k8 and the population param-
eters Pv and Plm6. To reduce the number of variables,
chemical constraints were imposed on the multipole param-
eters: atoms of similar environment were assumed to have
the same deformation. Local pseudoatom coordinate systems
are defined in Fig. 2. Figure 1 shows an Ortep diagram of the
NPP molecule, where ellipsoids represent the thermal motion
of the atoms.

The multipolar refinements, which provide quantitative
results, are generally used to complete the more qualitative
X2XHO or X2XN studies. Since the structure of the qua-
dratic NLO compounds are noncentrosymmetric, the multi-
polar procedure here is essential to evaluate the phases of the
structure factors in order to get reliable electron density maps
and one electron properties. Recent applications by Souhas-
sou, Lecomte, Blessing, Aubry, Rohmer, Wiest, and
Benard22 have demonstrated the usefulness and the potential
accuracy of the method. Figure 3 shows the distribution of
2uFsu sin(Df/2) as a function of sinu/l and uFu. Fs is the
structure factor calculated by the spherically averaged free-
atom superposition model. As expected, due to the highly

FIG. 2. Labeling of the atoms and definition of local orthogonal
reference axes for the atom-centered multipolar functions.

FIG. 1. Ortep diagram of the NPP molecule. Debye-Waller fac-
tors have been calculated fromTLS1f 1 group tensors of the
internal vibrations. Thermal ellipsoids are at the 30% probability
level.
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diffuse distribution of the valence electron, 2uFsusin(Df/2)
tends to increase with decreasing sinu/l @Fig. 3~a!#. It is also
apparent from Fig. 3~b! that weak and intermediate reflec-
tions have a strong influence.

During the least-squares refinements, the hydrogen posi-
tion parameters were kept fixed to the value obtained by the
neutron data refinement, and the thermal parameters calcu-
lated from theTLS1f i tensors and internal contributions,

29

were also fixed. TheT ~translation!, L ~libration!, andS ~cor-
relation! tensors, which describe the thermal agitation of the
whole molecule, were obtained by least-squares refinement
of the atomic Debye-Waller factor. The rotationf i describes
libration between fragments of the molecule.

Given a set of correctly phased structure factors, integra-
tion may be performed directly in the crystal space without
the intermediate of model functions. One of the electron
properties dependent on the electron distribution may be de-
fined by an operator equation:

^O&5E Ôr~r !d3r , ~3!

where the integration is performed over the volume of inter-
est, which may be the whole crystal or a cell associated with
a molecule, ion, or atom.

r(r ) is the FT of the structure factor phased by the mul-
tipolar model:

F~HW !mult5(
k

Pk,cf k,core~H !1Pk,v f k,valS Hkk
D

1(
l50

4

fk,l S Hkk8
D (
m50

l

Pk,lm6Yk,lm6S HW

uHu D
3Tk~HW !exp@ i2p~HW •rW !#. ~4!

fk,l is the Fourier Bessel transform ofRk,l of Eq. ~2!.
In the integration, we can indifferently make use of

uFcal,multueifmult or uFobsueif mult the module of these two quan-
tities being almost identical (R factor; 2%!. Examples of
properties of interest here are molecular dipole, quadrupole,
and octupole outer moments, which depend on the inner part
of the diffraction pattern, and are directly related to the defi-
nition of the integration volume. Definition of this volume is
to some extent arbitrary, and the choice is analogous to the
selection of density basis functions in the multipolar formal-
ism. Acceptable volume partitioning must satisfy the condi-
tions that( iv i5V the volume of the cell, and( iqi50, the
unit cell must be neutral. In this study, results have been
obtained by the so-called fuzzy or stockholder method,30–32

and the discrete boundary partitioning.33 More details about
the structure, the electron density distribution, and the elec-
trostatic properties of the molecule have been published
elsewhere.34

THEORETICAL CALCULATIONS
OF HYPERPOLARIZABILITY

The number of electrons in the molecule of NPP
C11O3N2H14 (118e) precludeab initio calculations. Since
the nonlinear optical expansion coefficients are functions of
linear optical properties, such as excitation energies and di-
pole matrix elements, the necessary electronic structure in-
formation can be conveniently obtained from a spectroscopi-
cally based semiempirical electronic structure description.
The combination of the semiempirical modified neglect of
differential overlap~MNDO! molecular orbital method19 and
the finite field technique35,36 offers the avantage of allowing
the simultaneous calculations of all appropriate tensor com-
ponents of the polarizability (a) and of the first and second
hyperpolarizabilities (b andg) for large organic molecules
with a moderate computational effort.

Values ofb and g have been obtained in the past for
some monosubstituted benzenes19 making use of symmetri-
cal finite difference expressions, using the INDO method. In
the electronic section ofMOPAC ~Ref. 18! ~version 6.00!, four
approximated Hamiltonians are available: MNDO,
MINDO/3, AM1, and PM3.

The energy of a molecule in an external fieldE may be
expanded in a power series of the local fieldE as

FIG. 3. Distribution of 2F sin(Df/2) ~in units of electrons!
against~a! (sinu/l) and ~b! uFu.
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W~E!5W~0!2m i0Ei2
1

2!
a i j EiEj2

1

3!
b i jkEiEjEk

2
1

4!
g i jkl EiEjEkEL2•••, ~5!

where implicit summation over repeated indices is being as-
sumed by convention.Ei is a component of the local field
acting on the molecule,m i0 is a component of the permanent
dipole moment,a i j is a tensor component of the polarizabil-
ity, while b i jk andg i jkl are components of the first and sec-
ond order hyperpolarizability, respectively. If the molecule is
considered to be in a uniform electric field aligned along the
main axis of the system~i.e., @Ex,0,0#!, the values of the po-
larizabilities along that axis (mx0 ,axx ,bxxx ,gxxxx) can be
obtained. For this case, the energy expression reduces to

W~Ex!5W~0!2m i0Ex2
1

2
axxEx

22
1

6
bxxxEx

32
1

24
gxxxxEx

4

2••• . ~6!

Truncating this expression after theE4 term and evaluat-
ing the energy at four field strengths (6Ei , 62Ei) leads to
four equations with four unknowns. Similar expressions can
be derived for ‘‘nondiagonal’’ tensor coefficients by the in-
troduction of ‘‘off-axis’’ field interaction.

An alternate method for obtaining the polarizability and
hyperpolarizabilities is to use the equation for the induced
dipole moment instead of the energy; Both methods~the en-
ergy expansion and the dipole expansion! are implemented
in the MOPAC program. Since the results based on self-
consistent field calculations should be identical for both
methods, this provides a good check on the results as to
eventual numerical errors or configuration changes.

RESULTS AND DISCUSSIONS

The Unso¨ld approximation is a special case of the varia-
tional perturbation method in the form proposed by Dalgarno
and Lewis37 and Schwartz.38 Its crucial point is that it per-
mits calculation of botha andb from the knowledge of the
exact ground-state functionC0 only.

Following Boyd,39 the linear polarizability is given by

a i j ~vp!5
1

\(
m

mgm
i mmg

j

~vmg2vp!
1

mgm
j mmg

i

~vmg* 1vp!
, ~7!

wherem and g, respectively, label a virtual level and the
ground-state wave functions,vmg is the transition frequency
between levelm and the ground-stateg, vp is the frequency
of the applied field.

For convenience letmgm
i 5 ^gum i um& wherem is the di-

pole operator and\vmg 5 Vmg , then Eq.~7! becomes

a i j ~vp!5(
m

^gum i um&^mum j ug&
2Vmg

Vmg
2 2Vp

2

@assuming all quantities real in~7!#. Here, we consider only
the diagonal components, so that

a i i ~vp!5(
m

2Vmg

Vmg
2 2Vp

2 z^gum i um& z2.

Recall that

(
mÞg

2Vmg

Vmg
2 2Vp

2 z^gum i um& z25(
m

2Vmg

Vmg
2 2Vp

2 z^gum i um& z2

2 z^gum i ug& z2,

a i i ~vp!5
2Vmg

Vmg
2 2Vp

2 K gUm i(
m

UmL ^mum i ug&2 z^gum i ug& z2.

From the closure relation, we get

a i i ~vp!5
2Vmg

Vmg
2 2Vp

2 ^gum i
2ug&2^gum i ug&2,

a i i ~vp!5
2Vmg

Vmg
2 2Vp

2 5^gum̂ i
2ug&,

where m̂ i5m i2^gum i ug&. Assumingvp 5 0 and looking
only for thex component of the dipole moment, we get

axx~vp50!5
2e2

Vmg
^gux̂2ug&.

According to the Unso¨ld17 approximation, one replaces all
the energy denominators by a common energy that is ob-
tained from the Reiche-Thomas-Kuhn40 sum rule:

(
mÞg

2m

\2 Vmgz^guxum& z251.

Assuming a singleVmg value leads to

1

Vx
5
2m

\2 z^gux̂2ug& z,

whereVmg has been replaced byVx in order to feed the
xx component of the polarizabilitya.

If we substitute this average value of the energy for
Vmg in the equation givinga, we obtain

axx~v50!52e2^gux̂2ug&
2m

\2 ^gux̂2ug&,

axx~v50!5
4m

\2 ^guex̂2ug&2. ~8!

The linear polarizability depends then only on the quadru-
pole moment in the ground state. If the components of both
the quadrupole and of the polarizability tensor are in 10224

esu, the prefactor 4m/\2 is equal to 7.98.
When the same method is applied to the nonlinear qua-

dratic polarizability, similar results are obtained~see, for in-
stance, Robinson14!;

bxyz~2v;v1 ,v2!

.S e3\2D VxVyVz~Vx1Vy1Vz!

~Vx
22v2!~Vy

22v1
2!~Vz

22v2
2!

^gux̂ŷẑug&. ~9!
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The calculations of the diagonal componentbzzz is reported
in the Appendix@cf. Eq. ~10!#. The prefactor between the
diagonal components rises to 9.04, when octupolar moment
and theb i jk tensor are in 10230 esu. The formula for off-
diagonal components and more details will be published in a
forthcoming paper.

It is interesting to check the validity of the Unso¨ld ap-
proximation, using the results obtained by a semiempirical
method implemented, for instance, in the electronic part of
MOPAC ~AM1 Hamiltonian!. From the semiempirical calcu-
lated atomic charges where the Cartesian coordinates of the
atoms were referred to the inertial axis and the origin was
taken at the center of mass of the molecule, we have calcu-
lated the dipole, the quadrupole, and the octupole of the NPP
molecule. In the semiempiricalMOPAC program, the atomic
charges are obtained from a full Mulliken population analy-
sis. Results of this so-called ‘‘point charge model’’ are listed
in Table II together with the the polarizability and hyperpo-
larizability tensors calculated by the finite field method ex-
posed previously and implemented inMOPAC.

We notice that the ratios between the diagonal elements
of the polarizability tensor~in 10224 esu! and those of the
quadrupolar moment~in eÅ 2) are of the order of 13, while
for the hyperpolarizability and the octupolar moment they
range from 0.2 to 0.6. In the third column of Table II, diag-
onal components of polarizability and hyperpolarizability
have been added, values were deduced from Eqs.~8! and
~10!, where the prefactor has been determined in both cases.

We observe a remarkable agreement between the relative
order of magnitude of the diagonal components of the polar-
izability and hyperpolarizability tensors deduced from the
finite field method, and those calculated from the multipolar
moments of the ground-state charge distribution. However,
theb tensor components calculated from the octupolar mo-
ment, are larger by two orders of magnitude with respect to
those deduced by the finite field method. Clearly the assump-
tion that the same energies should be used ina and inb is a
questionable one.

This method however, indicated how the asymmetry and
charge extension, reflected, respectively, in^x̂3& and^x̂2& are
related tob. It is worthwhile to emphasize that the ratios
between the diagonal tensors coefficients ofb andO range
from 0.2 to 0.6. The anisotropy is appearing between nonlin-
ear quadratic hyperpolarizability and the octupolar ground-
state charge distribution moment. Anyway, the largest value
bxxx along the charge transfer axis corresponds to the most
important componentOxxx .

ELECTRONIC DENSITY DISTRIBUTION ANALYSIS

The results described in the previous section show that the
Unsöld approximation gives relatively good values fora,
but fall off by two orders of magnitude in the estimation of
b. However, O’Hare and Hurst,41 Flytzanis and Ducuing15

have obtained more satisfactory results using the same
model, respectively, on polar diatomic molecules and on

TABLE II. Column 1: labeling of the components of the properties. Column 2: dipole, polarizability, and
hyperpolarizability calculated by the finite field method. Column 3: dipole, quadrupole, and octupole from
the point charge model. Column 4: components of the dipole inD and diagonal values ofa andb calculates,
using Eqs.~8! and ~10! in the text.~Unit systems are defined in each column, and a conversion factor is
calculated in Appendix.!

Dipole ~eÅ! Dipole ~eÅ! Dipole (D)

X -1.51 -1.64 7.87
Y -0.32 -0.366 -1.75
Z 0.10 0.017 0.08

a tensor (D-24 esu! Qi j ~eÅ 2) a (D-24 esu! from Eq. ~8!

XX 60.84 -4.67 174.0
YY 38.39 3.05 74.2
ZZ 14.95 1.10 9.6
XY 2.39 0.33
XZ -0.21 -0.48
YZ 3.43 0.56

b tensor (D-30 esu! Oi jk ~eÅ 3) b (D-30 esu! from Eq. ~A1!

XXX -24.90 -42.5 -8378.9
XYY 1.69 -5.3
XZZ 0.03 -3.1
YYY 1.23 -3.4 -285.9
YXX -3.91 -8.9
YZZ 0.16 -0.3
ZZZ -0.02 0.1 1.1
ZXX -0.21 0.8
ZYY -0.09 0.2
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III-V semiconductors. Despite the discrepancies observed
between thea and b values deduced from the theoretical
point charge model and the finite field method, it is interest-
ing to apply the same formalism to the multipolar molecular
moments obtained from an electronic density study by x-ray
diffraction. In this context, the molecular properties should
reveal some intrinsic features about the bulk material, i.e.,
polarization trends, crystal effects, etc.

Using the Eq. ~3! ~Ref. 32! with Ô 5 1,
RW a,i , RW a,i RW a, j , RW a,i RW a, j RW a,k , we have calculated, respec-
tively, the charge, and the Cartesian components of the di-
pole, the quadrupole, and the octupole of the atoms and of
the molecule. In the integration process, the multipolar
phases, according to Eq.~4!, were assigned to the structure
factors. In noncentrosymmetric structures especially in a po-
lar space group likeP21 , using the spherical approximation
can produce dramatic errors in the evaluation of the elec-
tronic properties.

Table III lists the atomic charges derived from fuzzy
boundary and multipolar methods, together with the values
calculated from semiempirical methods using AM1 and PM3
HamitoniansMOPAC ~version 6.00!. The configuration of the
molecule is that obtained from x-ray study.

Results obtained from experimental and theoretical meth-

ods agree on the strong negativity of the oxygen atoms, on
the positive charge on the nitrogen atom N~1! and the hydro-
gen atom H~O3) implied in an hydrogen bond. Results from
AM1 Hamiltonian are very close to those derived from x-ray
using the fuzzy boundary partitioning, the only sign differ-
ence is on the C~10! atom. Large negative charges on carbon
atoms are offset by high positive charges of the attached
hydrogen atoms. Most noteworthy is the complete agreement
of the signs of the H atoms from theoretical and x-ray ex-
perimental results.

Comparison between the results from the different meth-
ods is easier if we examine a more global property like the
molecular moment. The values of the molecular dipoles are
in good agreement, however, we note differences in sign for
the componentY between experimental and theoretical re-
sults ~cf. Fig. 4!. Such a variation in the orientation of the
dipolar vector in theXY plane ~inside the molecular mean
plane! could be related to the molecular packing and the
hydrogen bond in the crystal~cf. Table IV and Fig. 5!.

Using Eq.~8! and the value of 7.98 of the prefactor, we
have calculated the diagonal components of the polarizability
tensor from the quadrupolar moments derived from experi-
mental ~x-ray! and theoretical~semiempirical point charge
model! studies. To facilitate the comparison, those values

TABLE III. Net atomic charges (1e) in NPP. (A) Fuzzy boundary partitioning of experimental density,
(B) multipolar refinement. Also from semiempirical calculations using AM1 and PM3 Hamiltonians.

A B AM1 PM3

C~1! -0.07 0.20~1! -0.20~6! -0.51
C~2! -0.02 -0.25~8! -0.01~5! 0.06
C~3! -0.09 -0.31~8! -0.23~6! -0.23
C~4! 0.03 0.10~1! 0.17~6! 0.05
C~5! -0.18 -0.35~8! -0.23~5! -0.23
C~6! -0.13 -0.39~9! -0.01~5! 0.06
C~7! -0.03 -0.40~1! -0.01~9! -0.10
C~8! -0.08 -0.44~8! -0.16~5! -0.10
C~9! -0.08 -0.45~7! -0.17~5! -0.11
C~10! 0.01 -0.51~6! -0.02~5! -0.08
C~11! -0.10 -0.30~1! -0.03~8! 0.05
N~1! 0.19 0.20~1! 0.55~7! 1.31
N~2! -0.04 0.08~7! -0.28~7! 0.08
O~1! -0.18 -0.27~6! -0.36~5! -0.62
O~2! -0.10 -0.20~6! -0.37~5! -0.63
O~3! -0.19 -0.34~5! -0.31~7! -0.30
HC~2! 0.08 0.22~3! 0.16~3! 0.13
HC~3! 0.08 0.23~3! 0.13~2! 0.12
HC~5! 0.05 0.32~3! 0.14~3! 0.12
HC~6! 0.06 0.25~3! 0.16~3! 0.13
HC~7! 0.12 0.31~3! 0.10~2! 0.08
HC~8! 0.08 0.28~3! 0.09~2! 0.08
H’C~8! 0.01 0.23~3! 0.12~3! 0.06
HC~9! 0.04 0.23~3! 0.09~3! 0.06
H’C~9! 0.09 0.27~3! 0.10~3! 0.07
HC~10! 0.06 0.27~3! 0.10~3! 0.07
H’C~10! 0.09 0.28~3! 0.08~3! 0.06
HC~11! 0.06 0.27~3! 0.11~3! 0.07
H’C~11! 0.06 0.24~3! 0.07~3! 0.04
HO~3! 0.17 0.32~3! 0.20~3! 0.19
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with the quadrupolar moments and the polarizability deduced
from the finite field method35,36 are listed in Table V. The
most remarkable feature between experimental values and
those derived from the free molecule stands out in theaxx ,
ayy , andaxy components. The experimental second moment
component (Qxx,0! shows a weaker charge expansion than
in the free molecule along theX direction, while (Qyy.0!
implies a stronger contraction in the directionY, i.e., towards
the molecular axisX ~cf. Fig. 4!, with a more pronounced
delocalization in thexW 1 yW direction. According to the ori-
entation ofmD andmF ~cf. Fig. 4!, the electronic donating
part of the molecule embedded in the crystal arises especially
from the atoms of the chain involved in the hydrogen bond,
whereas for the free molecule the dipole is directed towards
the center of the five ring prolinol. In fact, the very efficient
NLO properties of a free molecule computed by any soft-
ware can be largely modified in the condensed matter.

From Eq.~A1! ~cf. Appendix! and the value 9.04 of the
prefactor, the same analysis has been conducted for the qua-
dratic hyperpolarizability tensor components. Table VI lists
the different values as previously defined for the case of the
linear polarizability. As already mentioned for theaxx com-
ponent, we note a large underestimate of thebxxx compo-
nent, with respect to the value of the free molecule, which is
partly compensated for, by a large value ofbxxy andbxyy .
Both the charge asymmetry and the charge extension have

evolved differently in these two different states of the mol-
ecule. Our study reveals thatbxxx of the molecule in the
crystal is not so large as predicted by semiempirical calcula-
tions, furthermore, the unidimensional character prevailing
in the free molecule appears to be damped when the mol-

FIG. 4. Dipolar molecular mo-
ments calculated by different
methods. The origin is at the cen-
ter of mass of the molecule. The
referential system is along the in-
ertial axis. mP—dipole from the
point charge model.mA—dipole
from the AM1 ~MOPAC!.
mD—dipole from the discrete
boundary. mF—dipole from the
fuzzy boundary.

FIG. 5. Molecular packing in the NPP crystal. The hydrogen
bond connects one oxygen atom of the nitro group of one molecule
to the alcohol group of the next one.

TABLE IV. Components of dipolar moment calculated from
different methods. The origin coincides with the center of mass of
the molecule, and the Cartesian coordinates refer to the inertial axes
of the molecule.

X Y Z umu ~D!

m ~Discrete boundary! -1.60 0.194 0.446 8.0
m ~Fuzzy boundary! -1.34 0.217 0.111 6.9
m ~AM1, MOPAC! -1.51 -0.319 0.099 7.4
m ~PM3, MOPAC! -1.53 -0.290 0.096 7.5
m ~Point charge model! -1.64 -0.366 0.017 8.1
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ecule is embedded in a crystal.
In the course of our investigations, we observe that the

part of the first, second atomic moments included in the mo-
lecular quadrupolar moment, as the part of the first, second,
and third atomic moments included in the molecular octu-
pole are not negligible, and intervene for about 30% in the
molecular properties. Those features are certainly in relation
with the molecular interactions, which screen to some extent
the nonlinear efficiency of the molecule. It is a domain that
has not been really explored as the x-ray data has not pres-
ently reached the necessary accuracy to evidence such phe-
nomena.

CONCLUSIONS

We have shown, in this study, that there is reasonable
agreement between electronic properties deduced from x-ray
diffraction and those from semiempirical calculations, using
the point charge model~molecular dipole, etc.!. There is no
doubt about the relation between the ground-state molecular
quadrupole and octupole and the polarizability of the mol-
ecule.

Through the so-called ‘‘point charge model,’’ it is pos-
sible to follow the appearance of the discrepancies between

the concerned electronic moments and the semiempirical cal-
culated polarizabilities. As we have shown, the Unso¨ld ap-
proximation gives relatively good results fora, but falls off
by two orders of magnitude in the estimation ofb. We ob-
serve however, that the components of the octupolar moment
from the point charge model roughly parallel the values of
the hyperpolarizability tensor with some inconsistency in
sign, especially when the values are weak. Concerning the
results from the experimental electronic density study, there
are still some added fluctuations in the modulus of the com-
ponents with respect to those derived from the so-called
‘‘point charge model,’’ but the signs are all in good agree-
ment.

We intend to apply the same technique to the calculation
of the macroscopic propertiesx of the crystal, which could
be a very convenient and general method for the estimation
of net SHG efficiency of organic crystals.

As the components of thea tensor seem to be determined
more accurately, we will project calculations of the dielectric
constants and values of the refraction indices using a Sell-
meier type formula, and the results could be compared
to those derived from experimental measurements.
Investigations of this type are currently carried on
with complex crystals built up from anions and

TABLE V. Values of a from finite field AM1 and PM3 (D-24 esu! calculations are compared to the
coefficientsQi j of the quadrupolar moment~eÅ

2) derived from electronic density study.a i j (D-24 esu! from
Eq. ~8! are added. The origin coincides with the center of mass of the molecule, and the Cartesian cooordi-
nates refer to the inertial axes of the molecule.

a i j Discrete Diffuse Point charge Finite field method
partition partition model AM1 PM3
Qi j a i j Qi j a i j Qi j a i j

axx -1.82 26.4 -1.01 8.1 -4.67 174.0 60.84 57.32
axy 2.29 2.45 0.33 2.39 2.28
axz -0.94 -0.81 -0.48 -0.21 0.12
ayy 5.32 225.8 5.14 210.8 3.05 74.2 38.39 35.25
ayz 0.62 0.60 0.56 3.43 3.21
azz 2.63 55.2 2.71 58.6 1.10 9.6 14.95 14.01

TABLE VI. Values of b from finite field AM1 and PM3~10230 esu! calculations are compared to the
coefficientsOi jk of the octupolar moment~eÅ

3) derived from electronic density study.b i jk ~10230 esu! from
Eq. ~A1! are added. The origin coincides with the center of mass of the molecule, and the Cartesian cooor-
dinates refer to the inertial axes of the molecule.

b i jk Discrete Diffuse Point charge Finite field method
partition partition model AM1 PM3

Oi jk b i jk Oi jk b i jk Oi jk b i jk

bxxx -26.49 -793.2 -21.23 -195.8 -42.50 -8378.9 -24.90 -23.55
bxxy -5.95 -5.22 -8.93 -3.91 -3.93
bxxz 2.85 2.65 0.875 -0.21 -0.37
bxyy -10.33 -9.05 -5.27 1.69 2.09
bxyz -1.69 -1.53 -0.69
bxzz -4.88 -4.75 -3.09 0.03 0.06
byyy -2.07 -529.6 -2.09 -501.1 -3.36 -285.9 1.23 1.25
byyz 1.79 1.73 0.22 -0.09 -0.06
byzz -0.76 -0.73 -0.27 0.16 0.15
bzzz 1.30 81.8 1.29 66.4 0.08 1.1 -0.02 -0.05
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cations the 2-amino-5-nitropyridinium-dihydrogen-
phosphate~2A5NPDP! and the 2-amino-5-nitropyridinium-
L-monohydrogentartrate~2A5NPLT!. Our preliminary re-
sults on these compounds should indicate that the Unso¨ld
approximation is no more valid when we are dealing with
inorganic anions~e.g., PO4H2

2). Is the ionique structure or
the size of the system responsible for the failure of the
model? We are pursuing further investigations to elucidate
the shortcomings of the model. Getting information on the
role of the crystal field is also a very interesting topic we
would like to explore.

APPENDIX

We start from the formula of Robinson,14 Eq. ~9! in the
text whereV refers to the frequency and not to the energy.
We consider only the diagonal component, for instance;
bzzz and substituteV by v for the frequency. We assume
that the input and output frequencies are 0:

bzzz~v50!5
e3

\2

vz
3~3vz!

vz
6 ^guẑ3ug&,

bzzz~v50!5
e3

\2

3

vz
2 ^guẑ3ug&,

bzzz~v50!5
e3

Vz
2 ^guẑ3ug&,

where we have replaced\vz by the energyVz . Now we
apply the result of the Reiche-Thomas-Kuhn sum rule lead-
ing to

1

Vz
5
2m

\2 ^guẑ2ug&.

Elimination ofVz between the two previous equations leads
to

bzzz~v50!53e3S 2m\2 D 2^guẑ2ug&2^guẑ3ug&,

and, finally,

bzzz~v50!5
12m2

\4 ~^gueẑ2ug&!2^gueẑ3ug&. ~A1!

If we expressbzzz in 10230 esu, then as the multipolar mo-
ments~quadrupole and octupole! have been calculated, re-
spectively, ineÅ 2 andeÅ 3, the conversion prefactor has to
be

12
~9.1310228!2~4.8310210310216!2~4.8310210310224!

~1.05310227!4

59.0410230.
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