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L-2-Pyrrolidone-5-carboxylic acid (L-PCA) is a novel nonlinear optical material with the optical trans-
parent range down to the UV region. L-PCA molecules are hydrogen-bonded to form the three-dimensional
network in a crystal. It has been thought that the network of hydrogen bonds influences on the stability
of the crystal structure as well as the second-order optical nonlinearity. We have performed the theoretical
evaluation of the contributions of the intermolecular hydrogen bonds to structural stability and second-order
nonlinearity in the L-PCA crystals by use of the molecular orbital calculation methods. In the calculation of
CNDOQ/S-SECI (singly excited configuration interaction) method, it is shown that the primary contributor
to the molecular hyperpolarizability (8) is an n,—n"* transition in the amide moiety of L-PCA molecule.
The calculation of intermolecular interaction energies for L-PCA clusters by the ab initio STO-3G method
indicates that the hydrogen bonds in the crystal contribute to the stabilization of the crystal structure by
—7.8 to —9.1 kcalmol™! for one hydrogen-bond formation. Furthermore, it is also confirmed by CNDO
/S-CHF (coupled Hartree-Fock) calculation that the hydrogen-bonding interactions induce the enhancement
of the Bxyz value, a unique 8 component contributing to the nonlinear optical coefficient (d14). On the basis
of the calculated # components, di4 can be estimated to be d14=0.30 pm V™! by the oriented-gas model. This
value is in good agreement with the experimental result. Therefore, these results verify that the hydrogen
bonds between L-PCA molecules contribute not only to the physical and chemical stability of L-PCA crystals
but also to the enhancement of § values. This theoretical estimation shows the effectiveness of the hydrogen
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bonds in second-order nonlinear optical crystals.

In recent years, since the large nonlinear optical ef-
fects were found in many organic crystals, these materi-
als have been studied intensively for applications such as
second-harmonic generation (SHG), electrooptic mod-
ulation, sum- and difference-frequency generation and
optical parametric oscillation.? In particular, those or-
ganic materials are expected to be useful for frequency
up-conversion of conventional lasers. High nonlinear-
ities are found in the molecules with extended conju-
gated m-electron systems and donor-acceptor groups at
para positions such as nitroanilines.? Although these
type molecules possess large second-order molecular hy-
perpolarizabilities (3), they exhibit no second-order op-
tical nonlinearities in crystals because of centrosym-
metric packing. In general, molecules which possess a
large [ value have the tendency to crystallize in cen-
trosymmetric packing structures due to the cancella-
tion of their large permanent dipole moments, and thus
exhibit the vanishing SHG coeflicient in the crystals.®)

Various molecular design approaches have been applied
to prevent centrosymmetric packing in the crystal. For
example, the combination of a moderately long 7-elec-
tron conjugated system and a relatively weak electron
donor such as the methoxy, bromo or iodo group is one
of the effective approaches to the design of efficient SHG
crystals.*—® Following this guiding principle, we inves-
tigated the powder SHG efficiencies” of many organic
materials having a moderately long m-electron conjugate
system without a strong polar group. Some azlactone
derivatives (2,4-substituted 5-oxazolinone) have been
found to show high powder SHG efficiencies and it has
been clarified that the backbone skeleton of the deriva-
tives have an advantage in noncentrosymmetric packing
in the crystals.®) However, the azlactone derivatives as
well as the other organic materials based on the guiding
principle possess the cutoff wavelength beyond 400 nm.
The narrow optical transparency may limit the appli-
cation of these organic crystals to frequency up-conver-
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Fig. 1. Molecular structure of L-PCA.

sion. The narrow optical transparency comes from the
fact that in those molecules the G value finds its origin
in a m—7* transition and the transition energy value
(3.5—4.0 eV) corresponds to the absorption maxima
wavelength at about 350 nm.

Urea has been known as a nonlinear optical crystal
which has relatively large nonlinear optical coefficients
(d14=1.7 pm V1) and a short cutoff wavelength (200
nm).” The primary contributor to the 3 value is esti-
mated to be an n,—7* transition in the amide moiety
of urea molecule.’® However urea crystals are very dif-
ficult to grow to a large size, chemically unstable due
to the hygroscopic property and mechanically soft. It is
expected that hydrogen bonds have an effect on physi-
cal properties of a crystal such as mechanical hardness,
melting point and chemical stability. From the struc-
tural point of view we investigated the powder SHG
efficiencies” of many organic materials which possess

Calculation of Hyperpolarizability of L-PCA

an n,—7* transition as primary contributor to the 3
value and hydrogen bonds between molecules, such as
amino acids, peptides, nucleic acids and their deriva-
tives. In our previous work!?) L-2-pyrrolidone-5-carbox-
ylic acid, that is abbreviated hereafter as L-PCA (The
designation in the IUPAC nomenclature is (.5)-2-oxo-
pyrrolidine-5-carboxylic acid), has been found to show
the same degree of SHG efficiency as urea in the powder
form. L-PCA is one of the cyclic amino acids and the
structural formula is shown in Fig. 1. L-PCA crystal
is transparent up to 260 nm. This transparency over
wide range makes it possible to generate nonlinear fre-
quency into the ultraviolet region. The phase-matching
condition for SHG and SFM process can be achieved
well into the UV region (the shortest wavelength of up
to 266 nm) where only a few nonlinear optical crystals
are available.!? By X-ray diffraction analysis L-PCA
crystals have been found to be in the orthorhombic
system with space group symmetry P2;2,2; with the
unit cell lattice parameters: ¢=9.010(0), b=13.422(0),
¢=14.640(8) A, and to contain three L-PCA molecules
in the asymmetric unit. The observed data including
the atomic coordinates are identical to those reported
by van Zoeren et al.'® Here in our notation the principal
dielectric axes X, Y, and Z are parallel to the crystal-
lographic axes b, a, and ¢, respectively. We reported
also that it is easy to grow L-PCA single crystals to a
large size and crystals are chemically stable at ambi-
ent condition because molecules are hydrogen-bonded
to form the three-dimensional network in a crystal. In
addition, this network of hydrogen bonds stabilizes the
crystal structure; the melting point was measured to be
162—163 °C, which is very high compared with other

Fig. 2.

Crystal structure of L-PCA viewed down along (a) the a axis, (b) the b axis, and (c) the ¢ axis. The hydrogen

bonds are represented by broken lines and form the three dimensional network (These crystal structure data are
taken from the Cambridge Structural Database System (Ref. 28)).
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organic nonlinear optical crystals and the mechanical
hardness was measured to be about 33 by the Vickers
method whose value is much larger than that of urea
(about 9). However, the details of the contributions of
the hydrogen bond to the crystal structure and the 3
values have not been elucidated yet.

This paper presents the theoretical evaluation of the
contributions of intermolecular hydrogen-bond interac-
tions to chemical stability and second-order optical non-
linearity in L-PCA crystals. Firstly, it is shown that the
primary contributor to the 3 value is an n,—n* transi-
tion by the use of CNDO/S-SECI calculation method.'®
Secondly, the intermolecular interaction energies (AFE)
in L-PCA crystals are calculated by the ab initio method
at STO-3G level and the structural stabilization by the
hydrogen bonds are estimated quantitatively. Thirdly,
we performed the CNDO/S-CHF calculation'® in order
to investigate the contributions of the hydrogen bond
to the B values. It is estimated that the Oxvyz value
is enhanced about 55% by the hydrogen bonds in L-
PCA crystals. The Bxyz value only contributes to diq4
value, a unique nonvanishing nonlinear coefficient. Fi-
nally, the Gxyz values are also used to estimate the dig4
value based on the oriented gas model description.!®
This theoretically predicted value of di4 agreed well
with that obtained by the experimental measurements.

(a)
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Method of Calculation

The 8 Values of L-PCA Molecule. Theoretical
calculations of the 3 values were performed by the all-
valence-electron semiempirical CNDO/S-SECI method.
It has already been proven that the 3 values calculated
by this method agree very well with the measured values
of p-nitroaniline, urea, etc.!”**) The formulation of the
CNDO/S-SECI method can also be used to elucidate
the relationship between a molecular structure and the
origin and mechanism of hyperpolarizability in term of
the molecular orbital description. This method involves
an initial configuration interaction treatment of ground-
(g) and excited-state (n and n’) wave functions. The
expression for the individual components of 3 can be
written in terms of transition moments and excitation
energies as

3
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where e is the charge of electron, w is the frequency of
the applied radiation field, %/, (=<n'|r*|n>) is the ma-
trix element of the displacement operator r* along the
ith molecular axis between the excited-state wave func-
tions (|n'> and |n>), Art, (=rk,—7¢,) is related to the
difference between the excited- and ground-state dipole
moments (Apl,=—e-Art), and Aw,, is the magnitude of
the transition energy between the excited- and ground-
states.'® Now, the vector components (5;:i=z,y,2) of
3 are expressed by the following formula2®

1 ..
Bi=Bisi+ 3 2 (Bigs + Bii), 1.5 =2,9,2 2)
i

and the magnitude of 3 is given by
1/2
181=(B2+8+82) " (3)

0Ou, the projection of the vector 3 onto the permanent
dipole moment corresponds to the measured 3 value ob-
tained by the EFISH method. Geometrical parameters
of L-PCA were taken from the crystallographic data as
described in Ref. 13.

The AF Values of L.-PCA Clusters.  Quanti-
tatively accurate estimations of weak intermolecular in-
teraction energies between large molecules are still diffi-
cult because applicable computational methods are very
limited. Recently, Tsunekawa and Yamaguchi reported
that the ab initio calculations at STO-3G level were suc-
cessful for estimating intermolecular interaction ener-

molecule 3

molecule 2 { H-bond C+D

molecule 1

C
Fig. 4. Hydrogen bonds [H(N)]---[O(2)] (H-bond
C+D). The hydrogen bonds are represented by bro-
ken lines (These crystal structure data are taken

from the Cambridge Structural Database System
(Ref. 28)).
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gies in the 3,9-dinitro-5a,6,11a,12-tetrahydro[1,4]benzox-
azino[3,2- b][1,4]benzoxazine (DNBB) clusters forming
hydrogen-bonded chains between the amino and the ni-
tro groups.? Moreover it was shown in the same paper
that the hydrogen bonds play crucial roles for the crys-
tal structure and molecular packing in DNBB crystals.
The molecular packing of L-PCA crystals seems to be
tailored by the intermolecular hydrogen bonds between
the amide oxygen [O(3)] and the carboxyl hydrogen [H-
(01)] (1.73 A), forming a head-to-tail hydrogen-bonded
chain, parallel to the ¢ axis and lying in the bc plane as
shown in Fig. 2(a). Moreover another hydrogen bond
exists between the amide hydrogen [H(N)] and the car-
bonyl oxygen [O(2)] (2.30 A) giving rise to interaction
between the above mentioned chains. Here STO-3G cal-
culations were also done for evaluation of intermolecular
hydrogen-bond interactions in L-PCA crystal.

The intermolecular stabilization energy (AFE) is de-
fined as the difference between the total energy of a
cluster of hydrogen-bonded molecules (E(cluster)) and
the energy summation of separate molecules in the clus-
ter (3 E(isolated)):

AE = E(cluster) — Z E(isolated). 4)

Here, the ab initio calculations have been carried out by
GAUSSIAN 92 program?? packages on the IBM/RSC
6000 computer system.

Geometrical parameters of L-PCA clusters were taken
from the crystallographic data as described in Ref. 13.
Since there are three L-PCA molecules in the asym-
metric unit, two kinds of hydrogen bonds such as [O-
(3)]---[H(O1)] and [H(N)]---[O(2)] are further classified
into two types, resulting in the following four types
A—D; (A) [O(3)]2r---[H-O(1)]3 where the subscript m
refers to the molecule m, and molecule m’ is a symmet-
ric counterpart of molecule m, (B) [O(3)]1---[H-O(1)]1,
(C) [H(N)]3+--[0(2)]2, and (D) [H(N)]1--[0(2)]2 (Fig. 3).
These are hereinafter abbreviated as H-bond A, B, C,
and D, respectively. In the case of H-bond A, B, and
C, adjacent molecules are linked by a simple hydrogen
bond: for example, molecules 2’ and 3 are connected by
a H-bond A in Fig. 3(a) and (b). On the other hand, in
the case of H-bond D, molecules 1 and 2 are linked by

Table 1. Calculated 8 Values (1073° esu) for Three
Asymmetric L- PCA Molecules Based on the
CNDO/S-SECI and CNDO/S-CHF Method

Molecule 1 Molecule 2 Molecule 3
SECI CHF SECI CHF SECI CHF
Brotar  0.264  0.288 0.246 0.266 0.320 0.313
Bwm —-0.172 -0.188 —-0.152 —-0.164 —-0.175 —-0.171
Bxyz 0.032 0.030 0.015 0.014 0.017 0.022
Byzx 0.028 0.030 0.012 0.014 0.014 0.022
Bzxy 0.032 0.030 0.017 0.014 0.019 0.022
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two hydrogen bonds as shown in Fig. 3(c). In addition,
the cluster of molecules 1, 2, and 3 as shown in Fig. 4 in-
cluding the two types of [H(N)]---[O(2)] hydrogen bonds
together (H-bond C and D) should be assessed by the
calculation.

The AB Values of L-PCA Clusters. The
CNDO/S-SECI method have been remarkably success-
ful in evaluation of § values for a single molecule. How-
ever, the reliability of this method when applied to
molecular clusters will be harmed in the limited CI cal-
culation due to the insufficiency of size-consistency. The
ab initio method, which is good for evaluating the AF
values, is formidable in the calculation of the [ values
for larger molecular system. On the other hand, the
coupled Hartree—Fock (CHF) method is free from the
problem of size-consistency and is still feasible even for
larger molecular systems. In the mechanism of SHG by
the Nd: YAG laser radiation (1064 nm) in L-PCA crys-
tal the contribution of resonance effect seems unlikely
because the L-PCA crystal is transparent down to 260
nm. This assumption seems to be supported also by
the quantitative agreement between the static 3 values
based on the CHF method and the frequency dispersion
of 3 values based on CI method as shown in Table 1.
Here, the CNDO/S-CHF method was done for the esti-
mation of the hydrogen bond effect on the enhancement
of § values (Af) in L-PCA cluster.

The static polarizability and hyperpolarizabilities
based on the CHF method are defined by the following
equation for a molecular energy in the applied static
electric field?®

EZE(O) - ;l,iFi - %a,—jFiFj

1 1
—'3—!,3iijiP}'Fk — Z’YijleiFijFl —y (5)

where the repeated subscripts indicate summation.
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E(0) is the unperturbed energy of the ground state, F;
is the electric field in the 7 direction, y; is the permanent
molecular dipole moment, « is the static polarizability,
and @ and 7 are respectively the second- and third-or-
der static hyperpolarizabilities. In the CHF calculation
the B tensors are determined from the third order nu-
merical derivatives of the energy in terms of the applied
electric fields:?*
1
Bijk == 157 (B (i, Fj, Fie) — E(=F, Fj, F)
_E(Fi’“FjaFk) +E(_F17~F.'77Fk)
—E(F,,F;,—Fy) + E(—F,,F;,—Fy)
+E(E7—F}7—Fk)_E(_F‘ia—F‘j’_Fk)]’ (6)

where E(F;,F},Fy) is the molecular energy under the
electric field (F;,F;,Fy). The A values are calculated
from the difference between the (3 values of a cluster of
hydrogen- bonded molecules (f(cluster)) and the sum-
mation of the 3 values of separate molecules in a cluster

(3 B(isolated))
ABijk = Pijr(cluster) — 33;,x (isolated). (7

In the similar way to the calculation of AE, the Af
values were calculated for the clusters with four different
types of hydrogen bonds, that is H-bond A, B, C, and
D.

Results and Discussion

The Hyperpolarizability of .-PCA Molecule.
Since there are three L-PCA molecules in the asym-
metric unit and slightly differences in the conformation
among the three molecules, for these three molecule 1,
2, and 3, the values of the dipole moments (u) and
the projections of the vector 3 onto the direction of
molecular dipole moment (fy) were calculated. In the
CNDO/S-SECI calculation, although the Gy value con-
verged with about 40 configurations, the Gxvyz, Byzx,
and fzxy values converged with about 200 configura-
tions for these three molecules as shown in Fig. 5. Since
the dis (=dos=dse) value, a unique nonvanishing non-
linear coefficients in L-PCA crystal, is only dependent
on those B components value, we involved 250 configu-
rations.

C8~EH

4 C9
y

—01 H

H H

X
Fig. 6. The molecular coordinate system for L-PCA

molecule.
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Table 2.  Contributed By ;s Component Values (1073% esu) and Its Coefficient to
Bxyz for three Asymmetric L-PCA Molecules
3 Molecule 1 Molecule 2 " Molecule 3
,il 'Ik/
! f Value Coefficent [ Value Coefficent (3 Value Coefficent
Borat ! 0.238 0.067 0.239 0.103 0.345 0.093
By'y'a -0.049 —-0.415 —0.073 —0.282 —0.050 -0.310
Byryry! 0.101 0.103 0.101 0.075 0.095 0.071
Byrar s 0.113 0.182 0.134 0.036 0.085 0.045
Baryzr 0.114 —0.200 0.134 —0.338 0.087 —0.320
Bar ity 0.114 —0.087 0.134 —0.048 0.087 —0.050
Approximated
Bxyz by above 0.034 0.007 0.027
components
Calculated
Bxvyz by all 0.032 0.015 0.017
components

(A) Theoretical Calculation of the 8 Values.
The calculated values of Bxvz, Byzx, and Bzxy at the
radiation energy hw=1.17 eV which is corresponding to
Nd: YAG laser radiation (1064 nm) are shown in Ta-
ble 1. There are large differences in these values among
the three molecules. Therefore, in order to investigate
the molecular orientation effect on these 8 components
among the three molecules, we picked up fGxvyz and tried
to calculate in detail this component for each of the
three molecule on the base of the molecular coordinate
system (z’,y,2') as shown in Fig. 6. The molecular co-
ordinate system attached to L-PCA molecule is defined
such that the molecule almost lies in z'y’ plane with z’
axis being parallel to the amide bond (N-C(7) in Fig. 1).
Then the relationship between fxyz and [y which
are the [ tensor components in the principal dielectric
coordinate system (X, Y, Z) and the molecular coordi-
nate system respectively is presented as follows

Bxyz = Z cos Bx, cos GY]., cos Oz, Birjin, (8)

i’,jl,kl
where 01, is the angle between the principal dielec-
tric axis I and the molecular coordinate axis ¢’. From
Eq. 8 Bxyz is predominantly represented by the one by

Table 3. Calculated Transition Energy, Transition
Moment, and Dipole Moment for |1>, [2>, |3>,
and [4> of L-PCA Molecules

11> 12> |3> 4>
Transition energy 4.09 438 744 7.59
(eV)
Transition moment 0.20 0.28 3.12 0.33
(debye)
Dipole moment (debye)

Excited state 4.52 4.53 10.35 6.34
Ground state 6.73 6.73 6.73 6.73

one product of Byrg/q, ,By’y’z’a ﬁy’y’y’a ﬂy’z’z'a ﬂz’y’z’y
and (3,7, and the corresponding coefficients shown in
Table 2. Every By, is the primary contributor to
the Oxyz value for all of three asymmetric molecules
and the magnitudes of the products for 3,.,/,/ are the
molecules 3, 2, and 1 in order. However, the fOxyz
value of the molecule 1 is the largest value. It is due
to the summation of other 8/, components. For ex-
ample, it can be seen that the coeflicient of .,/ for
the molecule 1, that is the secondary contributor to
the Bxyz value, is largest and so on. The difference
in the magnitudes of the coeflicients among the three
molecules is due to the difference in molecular orien-
tation for the three molecules in L-PCA crystal rather
than that of conformation in L-PCA molecule.

(B) Origin of the Hyperpolarizability.  There
is no significant difference in the calculated By val-
ues among the three molecules as shown in Table 1.
Therefore, we examined the calculated result about the
molecule 1 in order to clarify the origin of the hyper-
polarizability in L-PCA molecule. Table 3 shows the
calculation results for the molecule 1.

The sum-over-states expression of hyperpolarizabil-
ity (Eq. 1) can be partitioned into two contributions,
the two-level term (the fourth term in Eq. 1) and the
three-level terms (the first, second, and third term in
Eq. 1). In general, the dominant contribution to 3
comes from the two-level term. In the numerators of
two-level terms, the primary contributors to the sum-

Fig. 7. Charge transfer in state 1 and 3 of L-PCA
molecule.
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mation come from the state which has a large transition
moment (—e-7z,) and also a large difference between
the ground- and excited-state dipole moments. Simi-
larly, in terms of the denominator, when the magnitude
of the transition energy between the ground and ex-
cited states (Awng), is close to the value of radiation
energy hw or h(2w) in the resonance sense, or the mag-
nitude of fiw,g is small in the off-resonance sense, the
degree of contribution to § increases. As can be seen
from Table 3, |3> has the largest value in transition
moment, which is over ten times larger than those of
|1> or |2>, though the transition energy of |3> is only
about two times larger than those of |1> or |2>. Now
|3> is mainly a transition connected with the charge
transfer from the n-orbital of the amide nitrogen atom
to the 7t*-orbital of the amide carbon atom. |1> and
|2> are characterized respectively as transitions from
the n-orbital of the amide oxygen atom to the 7*-or-
bital of the amide carbon atom, and from the 7t-orbital
of carbon atom in the carboxyl group to the 7*-orbital
of the carbonyl oxygen atom (Fig. 7). Therefore, the
primary contributor to the 8 value is concluded to be
[3>, that is, an ny—7t™ transition in the amide moiety
of L-PCA molecule, which is the same origin as the case
of urea.'® This conclusion is consistent with Bz as
discussed above.

Hydrogen Bond Interaction in L-PCA Crys-
tals. (A) Intermolecular Interaction Energies.
The AFE values defined by Eq. 4 for clusters which con-
sist of two to six L-PCA molecules connected by the
H-bond A or B were obtained by use of the ab initio
STO-3G calculation. In Fig. 8, the plots of AF for the
clusters for the H-bond A and B are shown to be in
linear relation with the number of molecules in clus-
ters. Therefore, the AF is simply dependent on the
numbers of the intermolecular hydrogen bonds and the
stabilization energies per a hydrogen bond for the H-

10 T T T T

AE /kcal mol !
&
o

H-bond B

A
(=)
T

Number of molecules in cluster

Fig. 8. Relationships between AFE and number of
molecules in cluster. O cluster with H-bond A, @
cluster with H-bond B.
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bond A and B are —7.81 and —9.14 kcal mol !, respec-
tively. These values are equal or larger the usual hy-
drogen-bond energy (3—7 kcalmol™!). On the other
hand, the stabilization energies for the H-bond C and
D are —0.82 and —1.97 kcal mol™?, respectively. Since
the H-bond D consist of two hydrogen bonds, one hy-
drogen bond [H-N]---[O(2)] contributes to the stabiliza-
tion of L-PCA crystal structure as small as —0.8 to —0.9
kcal mol—!. Furthermore, the AE of the cluster contain-
ing three molecules through the H-bond C+D is —3.50
kcal mol~!, that is a minor contribution to the struc-
tural stabilization compared with that for the H-bond A
or B. This can be explained by the difference in the hy-
drogen-bond distance; the distances of [O(3)]---[H(O1)]
(H-bond A or B) and [H-N]---[O(2)] (H-bond C or D)
are 1.73 and 2.30 A, respectively. In addition, these
results are also supported by the experimental observa-
tion that the cleavage planes in L-PCA crystals is the
ca plane, perpendicular to the b axis which is parallel
to the H-bond C and D.

(B) Influence of the Hydrogen Bond Interac-
tion on Bxvyz. The influences of the hydrogen-bond
interactions on the fGxyz values were also investigated
because the amide moiety, which is a dominant origin
of 8 for L-PCA molecule as described previously, forms
hydrogen bonds with the carboxyl and the amide moi-
eties of the adjacent molecules as shown in Fig. 2. The
AQfxvyz values of clusters which consist of two to six
molecules connected by the H-bond A or B were ob-
tained by use of CNDO/S-CHF calculation and Eq. 7.
As shown in Fig. 9, Bxyz values for the clusters form-
ing the H-bond A and B almost are converged with
three molecules in the cluster, and these are larger than
the simple additivity of the three isolated molecules by
55 and 21%, respectively. For the H-bond A and B, the
AfBxvyz values are in linear relationship with the number
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g 0031 >
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Fig. 9. Relationships between Oxvyz per one molecule
and number of molecules in cluster. O cluster with
H-bond A, @ cluster with H-bond B.
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Fig. 10. Relationships between AfBxvyz and number

of molecules in cluster. O cluster with H-bond A, @
cluster with H-bond B.

Table 4. The Enhancement of Bxyz Value per One
Molecule (1072° esu) by the H-bond C and D

Bxyz(cluster) Bxyz(isolated) The number

of H-bond
H-bond C 0.020 0.018 1
H-bond D 0.032 0.026 2
H-bond C+D 0.023 0.022 3

of molecules as shown in Fig. 10. Therefore, ABxyz is
simply dependent on the number of the intermolecular
hydrogen bonds, similarly as in the case of AE. On the
other hand, the Bxvyz values for the H-bond C+D are
almost identical with the sum of the isolated molecules
as shown in Table 4. Although the fxvyz value for the
clusters with the H-bond D alone is larger than the
simple addition of the two isolated molecules by about
20%, this enhancement is canceled by the interaction of
the additional H-bond C with the neighboring molecule
3. In the result, the H-bond A or B affects strongly on
the m*-orbital of the amide carbon atom, while the H-
bond C or D have only a negligible influence on the ng,-
orbital of the amide nitrogen atom due to the weak hy-

Table 6.

Calculation of Hyperpolarizability of L-PCA

Table 5. The Variations of AfBxyz Value per One
Molecule (1073° esu) by Each Hydrogen Bond

The number H-bond A H-bond B H-bond C+D

of H-bond
0 0 0 0
1 0.014 0.009 0.002
2 0.015 0.009 0.010
3 0.015 0.009 0.001
4 0.015 0.010 —
5 0.015 0.010 —
y|
H-bond B i
| H _H
X s
01
. o AN ce? \
N—C7 / \ 03
02 / \ 02 H
\és——-—CtS C8
0 _ sTH molecule 1
9
H—O1 H
H
molecule 1
Fig. 11. The molecular coordinate system for L-PCA

cluster.

drogen bonds. Therefore, the hydrogen bonds between
L-PCA molecules contribute, not only to the physical
and chemical stability of L-PCA crystals, but also to
the enhancement of 3. The enhancement of 3 by hy-
drogen bonds has been reported also in the case of a
urea crystal (8, is increased by 70% from —44 to —74
au).?® In both L-PCA and urea crystals the relatively
large importance of intermolecular hydrogen bonds in
the 8 enhancement is partly due to the small size of the
intramolecular charge transfer in the amide moiety.

By the way, the Afxyz value for the H-bond A is
larger than that for H-bond B as shown in Table 5,
although the two kinds of H-bonds are the same hy-

Contributed A/, Component Values (1072 esu) and Its Coefficient to

ApfBxvyz for Three Asymmetric L-PCA Molecules

Molecule 1(H-bond B)

Molecule 2(H-bond A)

Molecule 3(H-bond A)

Aﬁil 1t
e ApB Value Coeflicient A Value Coefficient A Value Coefficient
AByrgrgr 0.275 0.067 0.246 0.103 0.235 0.093
VAN —0.052 0.274 —0.045 0.271 —0.040 0.259
Approximated
Bxvyz by above 0.004 0.013 0.012
components '
Calculated
Bxvyz by all 0.009 0.014 0.014

components
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drogen bonds between [O(3)]---[H(O1)]. Therefore, in
order to investigate this difference in the Afxyz com-
ponents, we calculated in detail this components based
on the molecular coordinate system (z',y’,2’) as shown
in Fig. 6. The hydrogen bond [O(3)];---[H-O(1)]; in the
H-bond A or B in Fig. 3(a) affects [Afxvyz]: rather
than [Afxyz];, because this hydrogen bond is posi-
tional closer the amide moiety of the molecule ¢ rather
than that of molecule j. Therefore, we can assume that
[Aﬁxyz]i:Aﬂxyz and [Aﬂxyz]j =0. In the molecu-
lar coordinate system (z’,y’,2’), the z’ axis is paral-
lel to the amide C-N bond (C(7)-N) of the molecule
i as shown in Fig. 11. From Eq. 8 Afxyz is pre-
dominantly represented by the one by one product of
ALy and APy, and the corresponding coefficient
that are shown in Table 6. Af, ./, is the largest con-
tributor to ABxyz among three asymmetric molecules.
The coefficient corresponding to Af,,,+ for molecule
2 and 3 is much larger than that for molecule 1, while
ALy yre value among the three molecules are almost
equal. The difference of the values of coeflicients among
the three molecules can be explained by the difference of
the molecular orientation in L-PCA crystal rather than
that of the conformations in L-PCA molecule.

Theoretical Evaluation of the d;4 Value in
L-PCA Crystals. From the calculated values of
[ components, the nonlinear coefficients djjk in crystal
can be estimated by the oriented-gas model'®)

2w rw pw
dUK=f‘—‘f%’3 3D (cos D) (cos P615) (cos V) Bi3h,
(9)
where V is the unit cell volume, f¥={(n¥)%+2}/3 is
a Lorentz local field factor for the principal dielectric
axis I, the frequency v and the refractive index nf, 0y,
is the angle between the principal dielectric axis I and
the crystallographic axis 7, and the summation is per-
formed over all the molecules (indexed by s) in the unit
cell. The refractive index can be calculated from the
following Sellmeier’s dispersion formula:!?

0.0142

A2 —-0.0124°
0.0139

A% -0.0148’

n%=2.1907 +

n?=2.2629 +

Table 7. The Enhancement of 3 Values (107 esu)
in a Unit Cell and di4 Values (pm V™!) by the H-
bond A and B

Number of

molecules Tp(isolated)  LAS(H-bond) dia
1 0.263 0 019
2 0.263 0.148 0.30
3 0.263 0.154 0.30
4 0.263 0.154 0.30
9 0.263 0.155 0.30
6 0.263 0.155 0.30
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0.0242

A2 —0.0217’
where A is the wavelength .in micrometers. The
Sellmeier parameters were determined on the basis of
the measured values of the refractive indices in the visi-
ble range (0.4—0.8 pm) and in the infrared range (1.064
um). For the 2,212y point group of the L-PCA crystal,
there are only three nonvanishing nonlinear optical co-
efficients: dj4, dos, and dzg.2® When the Kleinman’s
symmetry relations®” are applied, the following equal-
ity holds:

n%=2.5858 + (10)

dis = dos = d3s. (11)

Therefore, only dy4, that is dxyz in the principal dielec-
tric coordinate system, is an independent nonvanish-
ing tensor component. Moreover, for the 2,2;2; point
group, where the principal dielectric axes X, Y, and Z
are found to be parallel to the crystallographic axes a,
b, and ¢, respectively, dxyy is reduced from the Eq. 9
to the simpler form:
2w rw pw

dxyz = fi-‘]:y—fz— Es:ﬂ)((s)yz (12)
It is shown that the value of dxyyz for L-PCA is depen-
dent only on the Bxvyz value. Now, the 5 component
values in a unit cell are expressed by the following for-

‘mula

Bijk = Y Bijk(isolated) + > ABy;x (H-bond), (13)

where 30, (isolated) and >>8;,(H-bond) are contribu-
tions from isolated molecules and hydrogen bond inter-
action, respectively, and we obtained d;4 using Eqs. 12
and 13 for the unit cell summation as shown in Ta-
ble 7. In the result it is found that the di4 value al-
most converged with the inclusion of each one of the
H-bond A and B, and is estimated to be 0.30 pm V1.
This value is in satisfactory agreement with the exper-
imental results measured by the three methods: The
Maker fringe method (0.22 pm V~!), the phase-match-
ing method (0.21 pm V~!) and the SHG conversion ef-
ficiency (0.28 pm V~1).1H)

Conclusion

In the molecular design for second-order nonlinear
optical crystals, the inclusion of hydrogen-bond interac-
tions in crystals has been one of the effective approaches
to prevent centrosymmetric packing which may other-
wise occur due to the cancellation of intermolecular per-
manent dipole moments and as a result make SHG coef-
ficient vanish in crystals. L-PCA molecules, novel non-
linear optical molecules, are hydrogen-bonded to form
the three-dimensional network in a crystal. It has been
thought that this network of hydrogen bonds influenced
on the stability of the crystal structure as well as the
second-order nonlinearity. From this point of view, we
have performed the theoretical estimations of the contri-
butions of the intermolecular hydrogen bonds to struc-
tural stability and second-order nonlinearity in the L-
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PCA crystals by use of the molecular orbital calculation
methods.

Firstly, we carried out CNDO/S-SECI calculation to
understand the occurrence of the nonlinearity in L-PCA
molecules. It was clear that the primary contributor
to the B3 value is the n;—7™ transition in the amide
moiety of L-PCA molecule, as in the case of urea. The
compatibility of the higher nonlinearity and the wide
transparency is accomplished by the n,—7™ transition
in these molecules.

Secondly, by the ab initio STO-3G method, we cal-
culated intermolecular stabilization energies (AE) of L-
PCA clusters in connection by the hydrogen bonds. The
calculation results indicate that the hydrogen bonds
such as [O(3)]---[H(O1)] in the H-bond A and B gen-
erate large the stabilization of the crystal structure by
—7.8 to —9.1 kcalmol™! and thus endow the L-PCA
crystal the physicochemical stability.

Thirdly, we investigated the influence of the hydro-
gen-bond interactions on the fxyz value by CNDO/
S-CHF calculation. It was found that the large en-
hancement of Bxyz due to the hydrogen-bond effect on
the amide C—N bond, the origin of the hyperpolarizabil-
ity, in L-PCA molecule: The H-bond A and B affects
strongly on the m*-orbital of the amide carbon atom.

Finally, on the basis of those calculated 8 compo-
nents, the nonlinear coefficients dijx can be estimated
by the oriented-gas model. Using the sum of the
components, including the enhancement by hydrogen
bonds, of three L-PCA asymmetric molecules, we ob-
tained di4=0.30 pm V~!. This value is in satisfactory
agreement with the experimental results.

In summary, the hydrogen bonds between L-PCA
molecules contribute, not only to the physical and
chemical stability of L-PCA crystals, but also to the
enhancement of 3. The present theoretical approach to
L-PCA crystal, a novel nonlinear optical material, show
the benefit of hydrogen bonds in crystals concerning the
structural stability and second-order nonlinearity.

References

1) D. S. Chemla and J. Zyss, “Nonlinear Optical Prop-
erties of Organic Molecules and Crystals,” Academic Press,
Orlando (1987), Vols. 1 and 2.

2) D. J. Williams, Angew. Chem., Int. Ed. Engl., 23,
690 (1984).

3) T. Tsunekawa, T. Gotoh, and M. Iwamoto, Chem.
Phys. Lett., 166, 353 (1990).

4) Y. Wang, W. Tam, S. H. Stevenson, R. A. Clement,
and J. Calabrese, Chem. Phys. Lett., 48, 136 (1988).

Calculation of Hyperpolarizability of L-PCA

5) K. Kondo, N. Ohnishi, K. Takemoto, H. Yoshida, and
K. Yoshida, J. Org. Chem., 57, 1622 (1992).

6) Y. Sugiyama, Y. Suzuki, S. Mitamura, and T.
Nishiyama, Bull. Chem. Soc. Jpn., 66, 687 (1993).

7) S.Kurtz and T. Perry, J. Appl Phys., 39, 3798 (1968).

8) M. Kitazawa, R. Higuchi, M. Takahashi, T. Wada,
and H. Sasabe, J. Phys. Chem., submitted for publication.

9) J. M. Halbout, S. Blit, W. Donaldson, and C. L. Tang,
IEEE J. Quantum Electron., QE-15, 1176 (1979).

10) J. A. Morrell, A. C. Albrecht, K. H. Levin, and C. L.
Tang, J. Chem. Phys., 71, 5063 (1979).

11) M. Kitazawa, R. Higuchi, M. Takahashi, T. Wada,
and H. Sasabe, J. Appl. Phys., 78, (1995), in press.

12) M. Kitazawa, R. Higuchi, M. Takahashi, T. Wada,
and H. Sasabe, Appl. Phys. Lett., 64, 2477 (1994).

13) E. van Zoeren, H. A. J. Oonk, and J. Kroon, Acta
Crystallogr., Sect. B, B34, 1898 (1978).

14) S. J. Lalama and A. F. Garito, J. Chem. Phys. Rev.,
A20, 1179 (1979).

15) H. D. Cohen and C. C. J. Roothaan, J. Chem. Phys.,
43, S34 (1965).

16) J. Zyss and J. L. Oudar, Phys. Rev. A, A26, 2028
(1982). ‘

17) V. J. Docherty, D. Pugh, and J. O. Morley, J. Chem.
Soc., Faraday Trans. 2, 81, 1179 (1985).

18) J. O. Morley, V. J. Docherty, and D. Pugh, J. Chem.
Soc., Perkin Trans. 2, 1987, 1357.

19) M. Nakano, K. Yamaguchi, and T. Fueno, “Nonlinear
Optics of Organics and Semiconductors (Springer Proceed-
ings in Physics 36),” ed by T. Kobayashi, Springer-Verlag,
New York (1989), pp. 98—102; pp. 103—106.

20) T. Tsunekawa and K. Yamaguchi, J. Phys. Chem.,
96, 10268 (1992).

21) T. Tsunekawa and K. Yamaguchi, J. Phys. Chem.,
98, 785 (1994).

22) M. J. Frisch, G. W. Trucks, M. Head-Gordon, P. M.
W. Gill, M. W. Wong, J. B. Foresman, B. G. Johnson, H.
B. Schlegel, M. Robb, E. S. Repogle, R. Gomperts, J. L.
Andres, K. Raghavachari, J. S. Binkley, C. Gonzales, R. L.
Martin, D. J. Fox, D. J. Defrees, J. Baker, J. J. P. Stewart,
and J. A. Pople, “GAUSSIAN 92,” Gaussian Inc., Pittsburg
(1992).

23) J. A. Pople, J. W. Mclver, Jr., and N. S. Ostlund, J.
Chem. Phys., 49, 2960 (1968).

24) J. Zyss, J. Chem. Phys., 70, 3333 (1979).

25) J. Zyss and G. Berthier, J. Chem. Phys., 77, 3635
(1982). '

26) A. Yariv, “Introduction to Optical Electronics,” 3rd
ed, Holt, Rinehart and Winston, New York (1985).

27) D. A. Kleinman, Phys. Rev., 126, 1977 (1962).

28) “Cambridge Structural Database,” Cambridge
Crystallographic Data Centre, University Chemical
Laboratory, Cambridge, CB21EW,

Lensfield Road,
England. :




