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Simple Scheme To Evaluate Crystal Nonlinear Susceptibilities: Semiempirical AM1 Model
Investigation of 3-Methyl-4-nitroaniline Crystal
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A simple multiplicative scheme is proposed for the evaluation of the second-order nonlinear susceptibility of
molecular crystals from the knowledge of the first hyperpolarizability of small molecular clusters. The principle
of this new scheme is illustrated at the semiempirical AM1 level for 3-methyl-4-nitroaniline crystal.

I. Introduction including exchange, dispersion, and intermolecular charge

. . . transfer contributions. Some of these effects are described by
Because of their large nonlinear optical (NLO) responses, the so-called polarizable continuum model (PCM), originally

molecular crystals based on conjugated organic chromophores . . . .
are attractive materials for technological applications such as elaborated to describe soldtgolvent interactions, and of which

electrooptical modulators and frequency mixers. To fabricate the extensions include the treatment of anisotropic and ionic
the most efficient NLO devices, an interdisciplinary design media as we]l as of the Pauli rep'uIS|on and dlsperS|on trihs.
combines (i) the synthesis of new chromophores, (ii) their Several studies have adopted this scheme to determine the NLO

physicochemical characterizations, (iii) crystal engineering, and _properﬂes of molecules in solutigh** but, to our knowledge,
(iv) quantum chemical investigations. The latter encompass the't S not yet been used for molecular crystals.
determination of the NLO responses, the deduction of strueture ~ An alternative approach is the full treatment of the 3D
property relationships, and the physical description of the Periodic crystals with the tools of band structure theory but,
molecular NLO phenomenia? At the microscopic level, the  although progresses toward these directions have recently been
NLO responses are characterized by the fildt4nd second achieved, applications to nonlinear responses remain statée.
(y) hyperpolarizabilities while the secon(k@) and third-order On the other hand, besides its computational limitations, the
(®) nonlinear susceptibilities describe their macroscopic Supermolecule approach where the crystal is modeled by a
analogues, respectively. Although molecular interactions in the molecular cluster constitutes the straightforward method to
solid state can have a major role on the macroscopic NLO include these nonadditive intermolecular effects. This approach
properties, most of the theoretical investigations have beenhas been used to elucidate the relations between the relative
limited to the determination of the microscopic molecular NLO orientation of molecular packing of small clusters pf
responses. The first model relating the microscopic to the nitroaniliné”8 and their second-order NLO response. In
macroscopic NLO responses was the oriented gas approximatioraddition to assess the limitations of the oriented gas approxima-
introduced by Chemla et allt relies on two approximations:  tion, the ZINDO study of Di Bella et &f demonstrated that
(i) the molecular hyperpolarizabilities are assumed to be the dominant component @fis maximized for a stacked pair
additive, i.e., the crystal susceptibiliies are obtained by of p-nitroaniline molecules when they are in a slipped cofacial
performing the tensor sum of the hyperpolarizabilities of the arrangement such that the donor of one molecule is directly
unit cell molecules, and (ii) the effects of the molecular above the acceptor of the other. On the other hand, other packing
surrounding are approximated using local field factor correc- structures (stacked dimers including the situation where their
tions. dipolar axes are rotated with respect to one another) lead to a

This approximation was used by Zyss and Ofday decrease of the first hyperpolarizability with respect to the value
investigate how the crystal point group influences the relation for the isolated molecul& 18 Due to their 3D nature, different
between the microscopic and macroscopic second-order NLOorientations of intermolecular interactions occur in crystals and
responses and which orientation of the chromophores in the unitit is therefore important to average over these various orienta-
cell leads to the highest phase-matching, maximizing thereforetions in order to determine the bulk nonlinear response. This
the crystal optical nonlinearity. At the same time, improvement 3D nature of the crystal packing is considered here for the
of the oriented gas approximation was achieved in a study aboutdetermination of the electronic second-order susceptibility of
the crystal of urea due to Zyss and Berthidfo account for ~ MNA (3-methyl-4-nitroaniline) crystal. We first determine the
the surrounding effects including the intermolecular hydrogen crystal packing effects upghialong each crystallographic axis.
bonding, point charges have been distributed around theThen, we estimate the crystal nonlinear susceptibility by
molecules. As noted by these authors, further improvements adopting a simple multiplicative scheme of which the validity
should consist of replacing the point-charge potential by the s addressed. The MNA crystal can be considered as a prototype
full-multipolar-molecular wave function potential as well as in  for investigating the bulk second-order NLO responses because
s " - " Criore do PeicoChimi it possesses the chemical simplicity phitroaniline whereas
e e Yo ™ethe presence of he methy|group enstes a noncertrosyrmmetic
Cedex, France. crystal packing. The studies of Yasukawa et’and Di Bella

t Research associate of the Belgian National Fund for Scientific Research. et al18 have been carried out at a semiempirical level for obvious
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reasons. This is also the strategy we adopt in this work. In H
particular we have chosen the AM1 (Austin model®1) 036 ‘/:f 075
Hamiltonian and have checked its performance against ab initio
Hartree-Fock and post Hartreg-ock calculations on small
clusters.

It is of importance to note that, to alleviate the size difficulties,
several electrostatic models have also been elabétatédhere
the intermolecular interactions are represented by classical
electrical interactions between distributed multipoles and (hy-
per)polarizabilities. References 23 and 24 are typical examples
that illustrate the classical electrostatic interaction treatment for ,_Z/E 123
second- and third-order NLO compounds. The work of Ha- o’ "o
mada® on MNA molecular pairs shows that the simple Figure 1. Bond lengths (A) and angles (degrees) of the MNA molecule.
electrostatic treatment, where the molecules are modeled byThe hydrogen atoms linked to the benzene group are located in the
point dipoles located at the center of mass, reproduces fairly plane of the ring. The dihedral angle between the benzene ring and the
well the first hyperpolarizability obtained within the supermo- oxygen (hydrogen) atoms of the nitro (amine) group i 1712°).
lecular approach. Moreover, it defines the limitations of the
oriented gas approximation. Later, Ham#dshows that the dependent dipole moment and energy are identical. This FF/
oriented gas approximation can be improved by using experi- AM1 approach provides coupled Hartreock (CHF) or fully
mental refractive indices for the local field factors. In this sense relaxed SCF (hyper)polarizabilities; i.e., the field-induced
our study can be viewed as a continuation of the work of electron reorganizational effects upon the average eleetron
Hamada. It concentrates on the description of the crystal packingelectron interactions are included. Identical (hyper)polarizability
effects upon the static electronic first hyperpolarizability of values can be obtained analytically by adopting the coupled-
MNA and on the elaboration of a simple scheme to determine perturbed HartreeFock (CPHF) approach,which determines
the crystal nonlinear susceptibility. Frequency dispersion and order by order the response of the density matrix to the external
vibrational contributions are left for future investigations. The electric field.
work is organized as follows: Section Il describes the method-  In testing the adequacy of the semiempirical AM1 Hamilto-
ological tools and the computational procedure; the crystal and nian against ab initio procedures, we have computed GHF
molecular structures are given in section lll. Section IV presents values for MNA and its dimers by using the CPHF procedure
and discusses the results before we conclude in section V. implemented in Gaussian98with different atomic basis sets.

Among the latter, the split valence 6-31G basis%as well as

Il. Theoretical Background basis sets including polarization (6-31G3%, diffuse (6-
31++G3%, and diffuse polarization (6-31:€D3% functions.
Adopting eq 1 correlatefl values have also been calculated at
the second-order MglleiPlesset (MP2) level of approximation.
The field-dependent MP2 energies have been determined using
Gaussian98 in combination with an iterative Romberg pro-
ceduré® to improve the accuracy on the numerical derivatives.
Comparison of the semiempirical values with the CPHF and
FF/MP2 ab initio data will also enable to estimate the amount
of electron correlation implicitly included in the AM1 Hamil-

The components of the static electronic first hyperpolariz-
ability tensor of molecular clusters have been evaluated at the
RHF/AM1 level by using the finite field (FF) technigtle
implemented in the semiempirical electronic structure program
AMPAC?8 according to Kurtz et a? It consists of computing
the field-dependent total electronic energgF), for an ensemble
of external electric fieldsF = (Fy Fy, F;), of different
amplitudes and directions and of differentiating it numerically
to get the properties,

tonian.
1 1 For a given MNA cluster, the magnitude of the crystal

E(F) = E(0) — iF; — Ea‘j FF - gﬂiijiFij — gzckmg effect orf is characterized by theeusterratio defined

1

EVijkIFiFijFI —.. () ﬂcluster

luster _
. o RC - Nﬁunit (2)

where summations over the repeated indices are assiH{®d,

is the energy without electric fielgy; is the dipole moment
component along the Cartesian akis X, y, z. In Kurtz et al.

FF procedur@? the components of the (hyper)polarizability
tensors ¢, Bix, andyii) are obtained by truncating eq 1 to
fourth order and by using as many field amplitudes as unknown
in eq 1; i.e. four (six) field amplitudes for diagonal (off-diagonal)
elements of3. Field amplitudes of 0.001 au and 0.002 au have = The geometrical structure of the MNA molecule (Figure 1)
been chosen to achieve an accuracy of 1.0 au or bett@ on and the MNA crystal structure (Figure 2) have been taken from
This choice results from a compromise between two opposite ref 37 of which Figures 4 and 5 describe the arrangement of
effects: too large external fields would invalidate the truncation the molecules in the unit cell and their alignment along ¢he

of eq 1 to fourth order, whereas too small fields would reduce axis, respectively. The unit cell contains four MNA molecules
the number of significant digits on the derivatives. The use of in a volume of 722 A From ref 37, it is clear that the molecular
the analogue of eq 1 for the dipole moment has further planes are practically perpendicular to thexis. In the absence
confirmed the numerical accuracy of the numerical FF procedure of detailed crystallographic data, the rotation angle between the
because, for variational wave functions as those obtained at thelongitudinal axis of the MNA molecule and tlaeaxis has been
RHF/AM1 level, the expansion coefficients of the field- taken equal to 1% This corresponds to a minimum in the AM1

where the cluster contaié units. The most logical definition
of the “unit” is a stacked dimer of MNA which corresponds to
halve the translational unit cell (see also section IlI).

[Il. Molecular Geometry and Crystal Structure



1368 J. Phys. Chem. A, Vol. 105, No. 8, 2001 Castet and Champagne

TABLE 2: AM1 f.., (in au) and Crystal Packing Ratios

[Ra4) = poluster(NBL4) = R] for Increasingly Large
“One-Dimensional” Clusters?
srt]gélgéd aaxis b axis caxis

dimers )  Paaa R Pasa R Paaa R
2 6336 1.822 3238 0.931 2559 0.736
3 13616 2.610 3380 0.648
4 22407 3.221 5663 0.814 4181 0.601
5 32072 3.689 4992 0.574
6 42212 4.046 8006 0.767 5801 0.556
7 52622 4.323 6606 0.543

) ) 8 63102 4.536 10345 0.744 7408 0.533
Figure 2. MNA crystal structure (hydrogen atoms are hidden for 0 51402 0.72+ 0.01 0.51+ 0.01

clarity) according to ref 27a—c refer to the crystallographic axes. Bold o ) )
molecules lie above the plane of the paper. The unit cell A contains  * The reference unit is the (1,4) stacked dimer (see Figure 2). The
the four molecules %4, and an equivalent numerotation is used for ~clusters extended along taendc axes are built by successively adding

the unit cells B-D. dimers along these directions, respectively. For lthéirection, the
clusters contain an even number of dimers corresponding therefore to
TABLE 1: Components of the AM1 Static Electronic First successive addition of unit cells containing four MNA molecules.
Hyperpolarizability Tensor (in au; 1 au = 3.206 x 10753 C3 . . .
m3 J—2 = 8.641x 10-33 esu) of the (1) Monomer, the (1,4) to the bulk nonlinear susceptibility. Contrary to diamd#dhe
Stacked Dimer, and the (1,2,3,4) MNA Unit Cell in the unit cell size of the MNA crystal is large and simultaneous
Crystal Frame® enlargement of the crystal in the three spatial directions goes
Baza Bavb  Pacc  Poob  Boea Pocc Bece Peaa  Pevb  Pu rapidly beyond our computational resources. In a first step we
monomer 1351 —43 —16 —184 505 4 1 -36 -7 799 have therefore investigated the evolution of the first hyperpo-
dimer 1739 -61 -3¢ -2 -3 0 3 —60 —10 987 larizability in one-dimensional MNA clusters in order to address
unitcell 3238 —117 -65 —73 171 3 5 -121 -23 1835 the long-range character of the crystal packing effects yagn
aThe indicesa—c refer to the axes of the crystal, while the numbers These MNA clusters have been built by aligning (1,4) stacked
in parentheses refer to the MNA molecules (see also Figurg, 2y dimers in each crystal direction. For instance, the cluster with
3/5Bxux + Byuy + Pl |ul| with Bi = Bixx + By + Pizz and||ul| the two stacked dimers aligned in the direction contains the
norm of the dipole moment. molecules 1, 4, 5, and 8 (see Figure 2). Forlhérections, an

even number of dimers has been considered because for odd
numbers, there are substantial nondiagofiatomponents.
Therefore, along this direction, the clusters are built by
successive addition of unit cells (containing the molecute$)1
rather than the addition of translated (1,4) stacked dimers. For
instanceN = 2 means that the cluster built along thdirection
Adopting the supramolecular approach, the bulk nonlinear corresponds to the unit cell A, whild = 4 stands for the unit
susceptibilityy® can, in principle, be determined by evaluating cells A and C (see Figure 2). The AMBL,,Values are reported
the first hyperpolarizability of increasingly large MNA clusters in Table 2 for increasingly large one-dimensional MNA-dimer
and then by extrapolating to infinite crystal size. This is the chains as well as their crystal packing ratios. When the cluster
analogue of the oligomeric approach for polymers for which is increased along the axis, $aaa per MNA dimer increases
several extrapolation schemes have been design&tFor substantially whereas extending the cluster alonghtlaed c
MNA, the clusters have been built by assembling (1,4) stacked axes leads to a decrease. Although the magnitude of these effects
dimers (see Figure 2 for the numbering of the MNA molecules) depends on the nature of the molecules, the qualitative trends
along each of the three crystal axes. The (1,4) stacked dimerare in agreement with simple electrostafie! Indeed, the
appears effectively as the logical building block of the MNA presence of a second molecule (ll) along the field direction
crystal: its static electronic first hyperpolarizability tensor is (corresponding to the situation where the cluster extends along
dominated by thg8..a component with thea crystallographic the a axis) enhances the field amplitude on the reference site
axis parallel to theC, axis of the dimer. As pointed out by (I) as a consequence of the field-induced dipole moment on
Lipscomb et al3” thea axis is almost parallel to th¥ principal molecule Il. At the opposite, when the molecules are aligned
axis. Table 1 lists the static electronic first hyperpolarizability perpendicular to the field direction (corresponding to packing
tensor components in the crystal frame of the MNA stacked along theb andc axes), the induced dipole moment on Il leads
dimer as well as of its monomer and of the unit cell. With the to a decrease of the field felt on site I. As shown by the numbers
exception of the monomer, thflaacomponent is at least 1 order  in Table 2, the corresponding ratios saturate with the size of
of magnitude larger than the other tensor components. Similarthe one-dimensional chain. By adopting the extrapolation
to Hamada’s evidenc®, the formation of the dimer is ac- procedures described in refs 38 and 39, the infinite chain length
companied by a large reduction@f,4/N. This reductionisalso  values ofR have been calculated and are reported at the bottom
in agreement with the conclusions drawn in refs 17 and 18 for of Table 2.
stacked dimers op-nitroaniline. In a second step, a similar building strategy has been used
(a) First Hyperpolarizabilities of “One-Dimensional” Mo- for one-dimensional arrays of (1,2,3,4) unit cells along &he
lecular Clusters. For crystals, the computational effort is andcdirections. The correspondifiyaaandR values are listed
substantially larger than for polymers because the system spread@é Table 3. TheR values display the same behavior with the
in all the spatial directions. Indeed, for a given saturation speed, number of unit cells as the arrays of (1,4) stacked dimers.
N@ unit cells have to be considered for a crystal whei¢asits Indeed, for thea direction,R > 1 and increases witN whereas
are sufficient for a polymer. Hopefully, the saturation in R < 1 and decreases witd when the clusters are enlarged in
molecular crystals will be faster and, as demonstrated in thec direction. Similarly, as far as it can be seen, these ratios
paragraph IV.b, a simple multiplicative scheme will give access tend to saturate withN. It is interesting to note that thig 4

total energies of clusters containing two unit cells (i.e., eight
MNA molecules) translated along tleeaxis. This value for the
rotation angle agrees with the value adopted by Zyss and Gudar.

IV. Results
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TABLE 3: AM1 faa, (in au) and Crystal Packing Ratios
[Ra,4 = pouste/N4 = R] for Increasingly Large
“One-Dimensional” Clusters?

no. of unit a axis c axis

cells (N/2) ﬁaaa R ﬁaaa R
2 10747 1.545 4568 0.657
3 23146 2.218 5836 0.559
4 39224 2.819 7107 0.511

aN stands for the number of stacked dimers. The building block is
the (1,2,3,4) unit cell (see Figure 2) containing four MNA
molecules.
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TABLE 4: AM1 faa, (in au) and Crystal Packing Ratios
(Ra,4) = R) for “Two-Dimensional” Clusters?

cluster Paaa R Restimated
A+B 10747 1.545
A+C 5663 0.814
A+ (A+0c) 4568  0.657
A+B+C+D 17243  1.239  1.25811.5%)
A+(A+c+B+(B+c) 13734 0.987 1.015(2.8%)
A+A+c)+C+(C+c) 7484 0538  0.534+0.6%)

2 The reference unit is the (1,4) stacked dimer and the labels A, B,
(A + ©), ... correspond to unit cells (see Figure 2).{Ac) refers to
the unit cell obtained by translating unit cell A by one unit along the

ratios obtained for the arrays of (1,2,3,4) unit cells (see columns c axis. In the last column, th& factors calculated from the multiplica-
3 and 5 of Table 3) can be, with a good accuracy, estimated bytion method are reported as well as, in parentheses, the difference in

multiplying the correspondingdr(1 4 ratios obtained for one-

percent with respect to the value of the third column.

dimensional arrays of (1,4) stacked dimers (reported in Table tagLE 5: First Hyperpolarizability Tensor Components (in

2). For instance, for four unit cells along tleeaxis Ry,4) =

au) for the MNA Molecule and Its Dimers Determined by

2.819 (Table 3) whereas the estimated ratio calculated from the AM1 Semiempirical and by Various ab Initio Scheme3

Table 2 is 3.221x 0.931= 2.999, where 3.221 (0.931) is the
correspondingR( 4) ratio for four (two) (1,4) stacked dimers
aligned along the (b) axis. We show in the next paragraph

that the adequacy of this simple multiplicative scheme improves R,

when considering interactions between complete unit cells.
(b) Hyperpolarizabilities of “Two-Dimensional” Molecular

Clusters and Second-Order Susceptibility of MNA Crystal.

In a third step, we have evaluated theensor components of
molecular clusters extending in two crystal directions,d.aend

b, aandc, andb andc. The largest clusters considered contain
four unit cells (sixteen MNA molecules). ThBaaa tensor
components and thR = R 4) values are given in Table 4 as

CPHF
AM1

CPHF  CPHF  CPHF  CPHF
6-31G  6-31++G 6-31G+D 6-31G**
1112 1303 1201 943
0.948 0.930 0.955  0.950

0.666 0.620 0.648 0.670
0.910 0.898 0.902 0.912

MP2
6-31G
1702

0.947
0.664

P 1351

0.937
0.644
0.901

Ri4
2.4

aFor the dimers theR = pdimey/(23monomey] ratios are provided. The
frozen core approximation has been used in the MP2 calculations.

pirical AM1 calculations, the static electronic first hyperpolar-
izabilities of the MNA molecule and of different dimers have
been calculated with various ab initio schemes and are reported

well as the corresponding quantities for their subclusters madein Table 5. At the CPHF level, the variations figaa with the

of two unit cells. For all combinations of two crystal directions,
it has been found that the crystal packing ratio is, to within
2—3%, exactly reproduced by multiplying the ratios associated
with the two corresponding crystalline directions. For example,
the ratios for the clusters built from the A B (a direction)
and A + C (b direction) unit cells are 1.545 and 0.814,

basis set are consistent with previous investigations (see for
instance ref 4); i.e., (ifaaa decreases when going from 6-31G
to 6-31G** and (ii) adding diffuse P (6-3&+G) or D
(6-31G+D) functions increase8aa.. With respect to the CPHF
approach, the inclusion of electron correlation at the MP2 level
leads to an increase Bfa, by about 50% similar to the effect

respectively, and their product amounts to 1.258, whereas thecalculated by Sim et & for the longitudinal 8 tensor

calculation on the (A+ B + C + D) cluster which extends
simultaneously over tha andb directions provides a value of
1.239. Further confirmation of the adequacy of this simple
multiplicative scheme is given for clusters extending in the

component op-nitroaniline. The use of the AM1 Hamiltonian
predicts afaaa value that is smaller than the correlated MP2/
6-31G result but larger than all the CPHF ones. This indicates
that, as in the case gfof polyacetylene oligomer§,the AM1

direction. The multiplicative scheme appears therefore as anParametrization implicitly includes a part of the electron
efficient approach to estimate macroscopic from microscopic correlation necessary to the descrlptlon of nonlinear pOlaI’IZﬁthI’l

NLO responses.
Consequently, by adopting the multiplicative scheme, the
effective static electronifizaa of the MNA (1,4) stacked dimer
in the crystal amounts to
eff __

aaa ﬂglé‘al)RﬁlA)(N_’m) R?1,4)(N_’°°) R(Cl,4)(N_’°°)
=1739x 5.1x 0.72x 0.51 au
=1739x 1.87 au

=(32+2)x 10%au )

Therefore, for a unit cell volume of 722.4Avhich corresponds
to a weight density of 1.40 g/cR§;3”

ﬁ:g (Eovdim85

= 2Bl (V"™ )
=32.6 pm/V

2 —
Xaaa —

(4)

(c) AM1 versus ab Initio First Hyperpolarizabilities of
Monomer and Dimers. To assess the reliability of the semiem-

effects of MNA.

Although these monomef.aa vValues cover a wide range
(from 943 to 1702 au), all methods predict very similar crystal
packing effects for various MNA dimers. In particular, the AM1
Hamiltonian reproduces to within 3% theratios determined
at the MP2/6-31G level whereas the monomer ABAd, values
differ by about 20%. Furthermore, changing the basis set has
very little impact on these crystal packing ratios. On the basis
of this dimer investigation it appears that the AM1 parametriza-
tion is a method of choice for determining the crystal packing
effects on the first hyperpolarizability of MNA crystals: it
provides the quality of ab initio correlated methods at a reduced
computational price. In addition, since the semiempirical and
ab initio methods adopted here provide very similar crystal
packing ratios, improved crystal nonlinear susceptibility can be
obtained by combining the AM1 crystal packing ratios with the
ab initio correlated dimer first hyperpolarizability.

V. Further Discussions, Conclusions, and Outlook

The reportedy3(—2w;w,0) ~ ¥@(—20;0,0) value is

equal to 500+ 150 pm/V atd = 1064 nm bw = 1.16 eV)¥’
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Accounting for the new quartz referentiey@ (—2w;w,w) = (6) Zyss, J.; Oudar, J. IPhys. Re. A 1982 26, 2028.

s f (7) Zyss, J.; Berthier, GJ. Chem. Phys1982 77, 3635.
300+ 75 pm/V, which is 1 order of magnitude larger than our (8) Tomasi, J.. Persico, Mchem. Re. 1994 94, 2027.

AM1 estimate for the static response. Since the crystal packing  (9) Amovilli, C.; Barone, V.; Cammi, R.; Cansg E.; Cossi, M.;

effect upons has been shown to be almost independent of the gﬂzenUCCi’ B.; Pomelli, C. S.; Tomasi, Adv. Quantum Chem1999 32,
— B4 (1,4 = i i 7.

][nethoci’Fl hﬁ )(MPZ)/ﬂ | )(AMl) 1'|3 I.S a gOfo)d CorreACtlo?] (10) Champagne, B.; Mennucci, B.; Cossi, M.; Cammi, R.; Tomasi, J.

actor for the missing electron correlation effects. Another chem. phys199g 238 153.

correction can be made to account for frequency dispersion: (11) Cammi, R.; Mennucci, B.; Tomasi, J.Am. Chem. S0d.998 120,

Fo(w) = B(—2w;w,w)!B(0;0,0). By using the two-state ap- 8834.

; ; — 4 A2 2 (12) Luo, Y.; Norman, P.; ren, H.J. Am. Chem. So299§ 120, 1188.
proximation for the monomeF(w) = weg'[weg” — 4w%)(@eg (13) Larsson, P. E.; Kristensen, L. M.; Mikkelsen, K.I¥dt. J. Quantum

— w?)] with hwey the excitation energy of the dominant cnem 1999 75, 449.
intramolecular charge-transfer excited state, a first estimate can  (14) Champagne, B.; Jacquemin, D.; AhdieM. InNonlinear Optical

be obtained. Taking the experimentabe, = 3 eV value, Properties of Organic Materials VIjl M6himann, G. R., Ed.; SPIE
E — 929 C b'g' h P " ea - t i Proceedings; SPIE: Bellingham, WA, 1995; No. 2527, p 71.
2(w) = 2.9. Combining these two approximate corrections " (15 oto, P.; Gu, F. L.; Ladik, 4. Chem. PhysL999 110 2717.

leads to a calculated/d(—2w;w,0) = %2(0;00)[AM1] ,416) Kirtman, B.; Gu F. L.; Bishop, D. M. Chem. Phy200q 113
F1F2(w) = 123 pm/V that still underestimates the experimental : o ]

data by 60%. This remaining large difference with respect to 2587) Yasukawa, T.; Kimura, T.; Uda, NChem. Phys. Let199Q 169
experiment can probably be attributed to the poor treatment of  (18) Di Bella, S.; Ratner, M. A.; Marks, T. J. Am. Chem. S0d992

frequency dispersion, which lacks the intermolecular charge- 11‘(1,18;34[?- ML 3. S Zoebisch. E. G- Healv E.F. S 1P
H i ewar, M. J. S.; Zoebisch, E. G.; Healy, E. F.; Stewart, J. J. P.
transfer excitation effects. ' . Am. Chem. Sod985 107, 3902,
In summary, we have proposed a simple multiplicative 20y pykstra, C. EJ. Comput. Cher1988 9, 476.
scheme to determine the macroscopic NLO response of mo- (21) van Duijnen, P. Th.; de Vries, A. Hiat. J. Quantum Cheni1995
lecular crystals from the knowledge of the NLO responses of 32?2525)2% A, R, W.Mol. Phys 1996 89, 555
. O . unn, R. W.Mol. Phy , .
small molecular clusters. We have illustrated the validity of this (23) Kirtman, B.. Dykstra, C. E.. Champagne,Ehem. Phys. Let1999
scheme for the static electronic second-order NLO response of3gs, 132.
the MNA crystal. We have also shown that the crystal packing  (24) Reis, H.; Papadopoulos, M. G.;'tdg, C.; Angyan, J. G.; Munn,

; ; R. W. J. Chem. Phys200Q 112 6161.
effects upon the dominaiaa tensor component are different (25) Hamada, T). Phys. Cheml996 100, 8777.

depending upon the crystal growth direction; r(_esulting i_n an  (26) Hamada. TJ. Phys. Cheml996 100, 19344,
average 1.9 factor fofaaq Of the (1,4) stacked dimer. Using (27) Cohen, H. D.; Roothaan, C. C.Jl.Chem. Phys1965 43, S34.
rough estimates for the frequency dispersion and the missing (28) AMPAC 6.0; Semichem, 7204 Mullen, Shawnee, KS 66216, 1997.
electron correlation effects, a calculated frequency-dependentlgé%9)llK‘§r2tz' H. A; Stewart, J. J. P.; Dieter, K. M. Comput. Chem
second-order susceptibility of MNA crystal has been estimated. ~~(30) see for instance: Langhoff, P. W.; Karplus, M.: Hurst, RJP.
Nevertheless, the substantial difference with respect to the Chem. Phys1966 44, 505. Caves, T. C.; Karplus, M. Chem. Phys1969
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