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Second-order nonlinear optical properties of bond-alternating dipolar structures
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Second-order nonlinear susceptibilities of two dipolar quinoid molecules, DCNQI and TPHQ2, are calcu-
lated using extensive single- and double-excitation-configuration intera&DE]). In sharp contrast to poly-
ene studies, no overcorrelation of the ground-state energy level is observed for either of the two structures,
suggesting the adequacy of SDCI calculations for both the ground and one-photon states. The calculated
second-order susceptibility of DCNQI is found to be in excellent agreement with the results of dc field-induced
second-harmonic-generation measurements in solution and in Langmuir-Blodget films. The principal off-
resonance electro-optic coefficiet,( — »;0,w) at 0.65 eV is calculated to be 3000x 10 ¥ esu for
TPHQ2, a 20-fold increase compared to the calculated value—df40x10 %°esu for DCNQI.
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[. INTRODUCTION [2-(4-dicyanomethylene cyclohexa-2, 5-dienylidiimida-
zoliding], shown in Fig. 1, where many-electron guantum

Nonlinear optical properties of organic compounds havecalculations successfully predicted the observed negative
been the subject of intense research activity in the past twgign and identified the microscopic origin of this rare phe-
decades. The reason for the focus on organic compounds ®menon.
the many advantages they possess compared to inorganic Additional experimental data on DCNQI, which have sub-
structures with respect to optoelectronics device application§eduently become available, plus the renewed interest in ex-
Among these are their ultrafast- and broadband-electronitended quinoid structursnd the enhanced computing ca-
responses, low dielectric constants, and negligible onePabilities available at present have motivated a more
photon and two-photon absorptions at wavelengths used f&omplete calculation of the s_econd—ord_er optical response of
optical-fiber telecommunications. In addition, the structurePCNQI, as well as that of its three-ring analog, TPHQZ,
of organic compounds is relatively easy to modify via Syn_shown in Fig. 2. The_se calculations provide a refinement of
thetic routes to meet specific needs of electro-optic devicé® Previous theoretical results and further enhance our un-
technologies. derstan.dlng. of the microscopic origin of nonlinear optical

The advances made in the design and synthesis of suitabfects in this class of organic structures.
structures with large nonlinear optical coefficients have been,
in large part, due to advances in the understanding of the

microscopic origins of these phenomena by means of theo-

; . ! . The microscopic second-order polarizatipf? can be ex-
retical studies® These studies have established that thepresse d as P P @

large nonlinearities observed in conjugated organic struct
tures are due to virtual excitations ofelectron states whose
properties are determined primarily by the correlated mo- pi“’3=,8ijk(—wg;wl,wz)E;"lE‘k"z, @
tions of thew electrons due to repulsive Coulomb interac-

tions. Therefore, electronic wave functions can provide an

Il. THEORETICAL METHOD

adequate description of a molecular state only if they incor- DCNal
porate these correlation effects in the description of the elec- N

tronic motions. Self-consistent molecular-orbit8ICF-MO \

procedures that include single- and double-excitation- \ N

configuration interactiofSDCI) to take account of the cor-
related motions of the electrons have proved very successful
in obtaining reliable descriptions af-electron virtual exci-
tations. The development of this theoretical methodology has
led to the calculation of the nonlinear optical properties of
numerous organic structures, usually in excellent agreement
with experimental data.

One example of the application of the SDCI method is N
an earlier calculatichof the second-order nonlinear opti-
cal coefficients of the dipolar-quinoid structure, DCNQI FIG. 1. Schematic molecular structure for DCNQI.
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TPHQ2

FIG. 2. Schematic molecular structure for
TPHQ2.

describing the dipolar interaction of the molecular system
whereg;j(— w3; w1, ,) is the molecular second-order sus- with the electric field component of the electromagnetic
ceptibility. The analytical expression for the quantitative field.
evaluation ofg;, can be derived from time-dependent per- The second-order susceptibility tensor coefficients are
turbation theory using a perturbation Hamiltonian of thethen given by the following expressidn:
form

H'=er-E®, 2
J
ﬂijk(_ws;wlvwz)
3 i 77 .k i 7K .
__( € )K(—wg'w wz);‘, FgmMmnl ng n F'gm mnf ng
- 2 3 1
2f (wmg_ws‘)(a)ng_wz) (wmg_w3)(wng_wl)
K =i ik K =i i—ik
Ioml il roml mnl I aml il rgml mnl
" gm' mn' ng gm' mn' ng gm mn' ng gm mn' ng 3)

(omgt @) (whgt 03)  (wpgt o) (whgt 03)  (Wngt ©2)(@ng—01)  (Opgt @) (0ng— o))

The above equation, also known as the summation over lll. RESULTS AND ANALYSIS
states(SO9 equation, relates the second-order susceptibility A. DCNQI
tensorsg;j to thet component of the transition-matrix ele-
ment for statep and g, Iy, With ryq=(r —rqyg)yq, and to
the complex excitation energidsw, =7%nwnq—iAI", where i
I' is a damping constant arfdv, is the calculated transition w,w) of DCNQI are presented and compared to experimen-
energy from the ground state to the excited state. The tal data. The CI basis set consisted of the ground SCF con-

factorK is a numerical constant the value of which dependgiguraﬂﬁ_n hand all single andh double elxcitations from the
on the nonlinear process and the prime on the summatioptVen-highest occupied to the seven-lowest-unoccupied

denotes exclusion of the ground state as a summation inde .ngﬂ%reﬁ][mi%r:'se'fb ‘:‘ ttr?éalg?(Iu%]?j75anctﬂzgulr§\f\|/ggf. 11;;3
The reliability of the calculated second-order nonllne":lreécitedqr—electron states were calculated using the procedure

reslponsle 1S s,tger; tto de.r;end on th{eha(icura? of the cglculatga scribed in the preceding section. Table | lists the calcu-
molecular-optical fransitions, 1.€., the transition Energies anqy |inear-optical transitions of the low-lying states.

the transmc_)n moment.s and, theref‘?fe’ on the qual.|t.y of the Theoretical studies of polyenes have established that con-
wave functions used in the evaluation of the transition MO%iqration interaction calculations limited to single and

ments and excitation energies. The wave functions used iggyple excitations lead to “overcorrelation” of the ground
this work were, therefore, as in our earlier DCNQI calcula-gtate!® meaning that the ground state energy is lowered to a
tions, based on an all valence, semiempiriCBCF-MO cal-  much larger extent compared to that of the one-photon states.
culation, in the rigid lattice CNDO/$complete neglect of Agreement with experimental gas phase spectra in polyenes
differential overlap/spectroscopyapproximation and con- s, therefore, achieved by empirical formulas that adjust for
figuration interactior(Cl) with single and double excitations the ground-state overcorrelatibh.In DCNQI, despite its
(SDCI) to account for electron correlation. The results of polyenelike bond-alternated structure, however, the lowering
these calculations will be presented in the following sectionsf the 2*A; energy by 1.23 eV is comparable to, even some-
for DCNQI and TPHQ2. what larger than, that of the ground state that is lowered by

In this section the results of recent calculations of the
second-harmonic microscopic susceptibilitigh;, (—2w;
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TABLE I. Calculated optical transitions of low-lying electronic
states of DCNQL.

E(f) | und Bn Apy
State [eV(osc. stn)] (D) (D) (D)
21A, 2.550.83 9.29 13.56 —4.89
1B, 3.650.01 0.0 15.99 —2.43
3A, 3.940.14 3.12 11.45 -6.97
410, 4.690.02 1.16 13.35 —5.07
2B, 4.890.01 0.0 16.39 —2.04

0.86 eV. No correction for “overcorrelation” of the ground

state was, therefore, necessary in this case. The double sum-

mation of the SOS equation was performed usifig= w, FIG. 3. Contour diagram ofAp,1 for DCNQI. Solid and

=w and included all of the calculated excited states. dashed lines correspond to increase and decrease, respectively, in
The experimentally accessible microscopic second-ordeglectron density at 0.4 A above the molecular plane.

susceptibility is the vector part

third excited state, 3A;, and 7.23 D for the 6A, state,

which is the ninth excited state. These two states, therefore,

make relatively large off-diagonal contributions g3,,. It

o ) ] should be noted that, to a large extent, the off-diagonal con-

where thex axis is along the dipolar axis of the molecule and yjhytions cancel each other leading to an even more promi-

the summation indek represents the coordinatesy,z. nent role of the first excited state. The componesits, and
Since the one—el_ectron levels used in _thls calculation ar%yyX contained ing, are much smaller thag,, because the

all = molecular orbitals, they belong to either thg or the dipole moment difference between the ground and any ex-

b, representation of the molecular symmetry groQp, . cited state Au,, has noy component due to thE,, mo-

The calculatedr-electron excited states are, therefore, eitheljgcylar symmetry. The diagonal contributions are, therefore,

of A, or B, symmetry. There are Nz, Or Bz, CONUIIbU-  7erq |eaving only small off-diagonal matrix elements involv-
tions since in each term contributing to these tensor compoyg they operator.
nents there is at least one matrix element whereztopera- Considering the above analysis, the microscopic origin of
tor couples the ground to an excited state. Fheperator the negative sign oB, is seen to be in the negative sign of
belongs to theB, representation of th€,, point group and A, of the first excited state. The dipole moments of the
its matrix element connecti.ng the ground state, which is Obround and the excited 2\, state are both positive, as seen
A; symmetry, and any excited state Af or B, symmetry  jy Taple I, i.e., in both states there is a build up to electronic
will be zero. The equation fg8, can, therefore, be written as charge on the electron withdrawing cyaf@N) groups and a
corresponding depletion of charge on the amine side of the
Bx=Bxxx 3(Byyt 2Byyx)- ®) " molecule. The dipole moment of the', state, however, is
smaller by 4.87 D, i.e., there is a transfer of electronic charge
CIrom the acceptor CN groups to the donor amine side upon
excitation to the 2A, state. The charge redistribution in the
course of a molecular-electronic-excitation on process is best
described by the contour diagrams of the difference density
function Ap,= p,—pg, Wherep,, is the first-order reduced
density matrix given by

Bx:Bxxx+%Zi (Bxii t2Biix) (4)

The componentB,,, is the major contributing term in
DCNQI. At 0.65 eV for example, the gas phase calculate
values arey=—45.4, Byyy=3.5, andp,,,=2.9, all in
units of 10 *° esu. (esw1 cnf/statvolt.)

In each of the terms in the expression Bk, the x
operator, which belongs to th#, representation of the mo-
lecular symmetry group, couples the totally symmetric
ground state to an excited state. The only states that can

contribute toB,4, component must, therefore, also belong to pmzf WE(rFa, .ot )
the A; symmetry species. There are both diagomass n,
and off-diagonal contributions t@8,,,. The main diagonal XW, (F1,Tp, ... Fy)drpee-dry. (6)

term is due to the first excited state. The SOS equation shows
that a large diagonal contribution 8,,, requires that the The contour diagrams OlﬁpzlAl for DCNQI is shown in

transition momentuy,, and the dipole moment difference Fig. 3. It clearly shows the microscopic nature of the charge
App=pp—py of the contributing state be relatively large redistribution and the origin of the negatite: as due to the

and its transition energy be relatively small. The first excitediransfer of electronic charge from the acceptor region to the
state of DCNQI satisfies all three conditions with calculateddonor side of the molecule.

transition energy of 2.55 eV, transition moment af, In order to compare the calculated value &f with ex-
=9.29 D, and dipole moment differencku*=—4.87 D.  perimental results the gas phase values have to be adjusted
The main off-diagonal contributions {8,,, are due to states for the effect of solvent interactions and for the broadening
with large dipole coupling, in thex direction, to the first of the absorption peak. The interactions with the solvent
excited state. This transition momept;,,, is 5.09 D for the  molecules induce a shift in the transition energies, known as
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8‘ FIG. 4. Calculated off-resonance dispersion
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"g“ experimental DCSHG measurements: SDCI cal-
& "200 culation (solid curve; SCI calculation(dashed
o curve; experimental data shown as error bars.
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the solvatochromic shift. In the case of molecules whosealescription of the states. The excellent agreement between
excited state has a smaller dipole moment compared to theihe SDCI calculation and the experimental measurements
ground state the shift is towards an increase in the transitioshows, on the other hand, that including the double excita-
energy in solvents of increased polarity. The calculated dition configurations is essential for obtaining wave functions
pole moment of DCNQI in its ground and first excited statesthat can adequately describe the electronic motions and lead
are 18.42 and 13.56 D, respectively, i.e., there is a decrease theoretical values of nonlinearity coefficients well within
of 4.87 D in the dipole moment of the molecule upon exci-experimental errors.
tation to the first excited state. The transition energy in solu- The experimental measurements shown in Fig. 4 are at
tion is, therefore, expected to be higher than that calculatettequencies relatively far from the«2resonance. The theo-
for the isolated molecule. The calculated gas phase transitioretical dispersion curves shown were, therefore, calculated
energy of the first excited state is 2.55 eV while the observe@ssuming zero linewidth. At near or on resonance frequen-
transition energy measured for a solution of DCNQI in dim-cies, however, such calculations lead to divergence, as seen
ethylsulfoxide (DMSO) has a higher value of 3.08 eV, as in Fig. 4. The calculation of tensof;, at these frequencies
expected. This rather large solvent shift was taken in to acwere, therefore, carried out using E&) with the complex
count by increasing all transition energies by the amount oform for the transition energies. The damping constant was
the solvent-induced shift of the first excited state and usinghosen to have a value 61°=0.17 eV, which is very close
this new set of values in the SOS equation to calculate théo the measured half-width of the linear absorption peak. The
tensor components under experimental conditions. This is, atesult of this calculation is shown in Fig. 5, where the calcu-
course, an approximation where it is assumed that all théated |3,| is compared to the dispersion measurements the
excited states are affected identically in the solvent environsecond harmonic susceptibility of the Langmuir-Blodgett
ment. The justification for this approximation is that the (LB) film*2 of the quinoid moleculé® The experimental re-
other states are at relatively much higher energies and hawilts are seen to be in excellent agreement with the theoret-
lower transition moments and, therefore, will have a muchical calculations. The experimental dispersion measurements
less impact on the calculateg], value. in DMSO are also shown in Fig. 5. at each frequency. The
In Fig. 4 two calculated dispersion curves @gf for  SDCI calculation is thus seen to be remarkably accurate in
DCNQI in DMSO are compared to the experimental valuesreproducing the experimental results under a variety of
The solid curve is the calculated values using SDCI wavephysical conditions and over a large range of frequencies,
functions while the dashed curve shows the &gle ex- both off and on resonance.
citation configuration interactignresult. The agreement of
the SDC calculation with the experimental dispersion mea-
surements is seen to be excellent. The SCI calculation, how- B. TPHQ2
ever, overestimates the magnitude &f over the range of The excellent agreement with experiment of the the SCF-
frequencies by at least a factor of 2. This indicates thaMO-SDCI calculations of the second-order nonlinear optical
single-excitation configurations alone do not adequately acresponse of DCNQI motivated the calculation of the electro-
count for electron correlation and, therefore, the wave funceptic coefficients of the extended dipolar quinoid system
tions based on such calculations can give at best a roughPHQ2 the structure of which is shown in Fig. 2. The parent
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compound, (3,3, (5,5)-tetrat-butyl)-para-terphenoqui- glet A; states, which are the only states with appreciable
none(TPHQ), has been synthesized and its x-ray diffractionoscillator strengths in the region of the spectrum below 5 eV.

analysis has shown the molecule to be pldfiaihe TPHQ2 The analysis of the second-order nonlinear response of
molecule was, therefore, also assumed to be planar witlfPHQ2 molecule reveals features that are qualitatively very
bond lengths consistent with the experimental bond lengthsimilar to those found in DCNQ. The molecules TPHQ2 and

of the parent TPHQ and idealized bond angles of 120°. ThgCNQI belong to the same symmetry point group and, since
x axis was again chosen to coincide with the molecular dithe x axis is along the molecular-dipolar axis in both cases,

polar axis. Them-electron states were calculated using allie analysis based on symmetry set forth above for DCNQI
single and double excitations from the eight-highest occuy, g4 identically for TPHQ2. The main contribution & is

pied to the eight-lowest unoccupied molecular orbitals, found to be, as in the case of DCNQI, due to fhg, com-

i.e., a basis set of 2145 configurations. : :
The configuration interaction lowered the ground-state enponent, the latter being more than two orders of magnitude

o larger than thxyy and theyxx components. As in the case
ergy by 1.26 eV, which is comparable to the 1.45 eV lower- .
ing of the 2'A; state and, therefore, no correction for over- of DCNQI, the only states that contribute B are those

: : : elonging to theA; symmetry species. The diagonal part of
rrelation of the groun was n ry in thi ; X 1 : 9 .
correlation of the ground state was necessary in this cas%xxx is dominated by the 2A, state, its contribution being

either. The calculated spectrum for the low-lying excited Do .
b ying egative in sign and more than two orders of magnitude

states are shown in Table Il. The spectrum is seen to ha ;
P rger than that of the 3A, state, the latter being the second

shifted to lower energies by about 1 eV, compared to that o"a S ) )
DCNQI, and both the 2A, and the 3'A, states are seen to argest contributing state. The largest off-diagonal contribu-
' 1 ! jon comes from the coupling of the'a,; and 3'A, states.

have gained appreciably in oscillator strengths in the TPHQ Iso, as in the case of DCNQI, while there are numerous

molecule. Otherwise, the two spectra are very similar. | . |t thei I tribution i lativel
each case, the spectrum is dominated by the transition froff-dlagonal terms their overall contribution 1S refatively
mall due to cancellation of terms with opposing signs.

the ground to the first excited state and shows a reIativeI? The above analvsis of th niributing intermediate term
large gap of about 1.5 eV between the first two excited sin- € above analysis of the contributing Intermediate terms
has shown the contribution of the virtual excitation sequence

1A, —2A;—2'A;— 1A, to be larger than that of any
other by at least two orders of magnitude. The magnitude of
this term is directly dependent on the square of the moment
for the 1'A;—2A; transition and on the magnitude of

TABLE Il. Calculated optical transitions of low-lying electronic
states of TPHQ2.

X X X

State [eV(Egc.) sti] |’ELD”)9| (/8‘) A(g)“ Auq and inverse_:ly propqrtional to the transition energy of

the 2'A;. The sign of this contribution, however, is deter-
21A, 1.731.69 15.82 23.93 —15.62 mined by the sign ofAu, at low frequencies, where the
31, 3.0000.75 8.11 24.40 —15.15 denominator is positive. The electronic charge redistribution
41, 3.270.10 2.82 21.06 —18.49 upon excitation to the first excited state is shown in Fig. 6 as
1'B, 3.47(0.00 0.0 18.12 —21.44 a density difference contour diagram. There is a redistribu-
51A, 3.950.10 256 21.95 ~17.60 tion of charge from the cyano end towards the amine end of

the molecule with a net effect of a smaller dipole moment in
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values as high as 7000x 10 3° esu at around 1.5 eV where
the damping constant introduced in the SOS equations pre-
vents divergence. The absolute valuesf, is seen to peak

at about 36 008 10 3° esu at thew resonance of the 2,
state. Considering the calculated off-resonangg,,

(— w;0,w) for the two molecules at 0.65 eV, i.e; 140

X 10~ 3% esu for DCNQI and-3000x 10~ % esu for TPHQ2,

an enhancement of a factor of 20 is achieved in the nonlinear

. . response of TPHQ2. Since the calculated dipole moment of
FIG. 6. Contour diagram ofAp,1,, for TPHQ2. Solid and TPHQ?2 is larger than that of DCNQI by a factor of 2, the

dashed lines correspond to increase and decrease, respectively,g@erall uB of TPHQ2 will be enhanced by a factor of 40
electron density at 0.4 A above the molecular plane. compared to that of DCNQI.

the 2'A; state. The dipole moment difference_ given by V. SUMMARY
Apn=pn—pg is, therefore, negative. The relatively large
and negativeAu of —15.6 D of the 2'A, state combined The linear-optical transitions and second-order nonlinear
with its large transition moment of 15.8 D and low transition susceptibilities of dipolar quinoid molecule DCNQI and its
energy of 1.73 eV would, therefore, lead to a prediction of aextended analog TPHQ2 have been calculated, using exten-
relatively large and negative second-order susceptibility aive basis sets of single and double excitation configurations.
below resonance frequencies, mainly due to the contributiomhe calculated linear spectra for the two molecules show
of the above virtual-excitation sequence. very similar characteristic features. Both spectra show a very
In Fig. 7 the results of dispersion calculations f&y,, of  strong low-lying transition separated by about 1.5 eV from a
TPHQ2 are shown. Since the first transition occurs at theveaker higher state. Furthermore, despite the polyenelike
relatively low energy of 1.73 eV, with the first second- structure of the two molecules, the correlation effect due to
harmonic resonance appearing at as low as 0.86 eV, the calingle and double configuration interaction is found to bring
culations presented are for the linear electro-optic coefficiendbout a comparable lowering of the energy levels of the
Bxx{ — w;0,0). In the absence of experimental data a damp-ground and the first excited state. In other words, there is no
ing constant of 0.2 eV was assumed. In Fig. 7 the real antlovercorrelation” of the ground state, in sharp contrast to
imaginary parts as well as the magnitude of the electro-optiSGDCI polyene calculations. It is understood that, in polyenes,
coefficient B, are shown as a function of the applied fre- while single and double excitation configurations provide an
guency. At frequencies far from resonangg, is seen to be adequate account of correlation for the ground state they do
almost purely real and negative with magnitudes of abouhot provide a sufficiently complete description of electron
2000x 1030 esu. The real part 0B,y is then seen to be- correlation in the one-photon excited states. Higher multiple
come increasingly negative with increasing frequency withexcitation configurations are needed in order to achieve a

30,000
>
3
o 20,000
™
'o
-
» 10,000
) FIG. 7. Calculated SDCI dis-
) persion curves of3,,,(— w;0,w)
- 0 for TPHQ2: real part(dasheit
3 . / : 3 imaginary part (dotted; |Byx
= (solid).
S -10,000 |- i
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comparably accurate description of the one-photon excitedign of its Ax. The calculations for the hypothetical highly

states. A configuration interaction limited to single andconjugated extended quinoid structure TPHQ2 predicts that

double excitation configurations would, therefore, produce ahis molecule will exhibit a negative second-order suscepti-

relatively larger lowering of the ground-state energy levelbility more than an order of magnitude larger in magnitude

compared to that observed for the one-photon excited stategan that observed in DCNQI. The analysis of the interme-

The present calculations suggest, therefore, that SDCI calcyfiate terms shows that, compared to DCNQI, the first excited

lations are equally adequate for both the ground and the ongtate plays a much more dominant role in the contributing

photon excited states of dipolar-quinoid molecules. virtual-excitation processes due to its lower transition en-
Second-order nonlinear susceptibilities have also beegygy, larger transition moment, and larges. The origin of

calculated for DCNQI and TPHQ2. The calculations for the negative sign of can be attributed solely to the negative

DCNQI are found to be in excellent agreement with dc ﬁeld'sign of Alu Of the first excited State, as was the case for

induced second-harmonic-generation dispersion measurgycNQI.

ments of DCNQI in solution and in Langmuir-Blodgett films.

The analysis of the intermediate calculated terms shows that
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