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The origin of dramatic variation in optical polarizabilities of push—pull conjugated chains with
respect to the conjugation length is discussAd. initio calculations of intramolecular charge
transfer (ICT)-driven dipole moment gc1), polarizability (¢ct), and first hyperpolarizability
(Bct) show that the values @f-1/uct andBct/ et change linearly and quadratically with respect
to the conjugation length, respectively. The maximum ICT-driven coherence sizes; @ind Bct

are consistent with the time-dependent densities to the fif&t)(and second®) orders of the
electric field obtained from the collective electronic oscillators method 26©3 American Institute

of Physics. [DOI: 10.1063/1.160791]7

I. INTRODUCTION ICT and donor or acceptor strength is bond length alternation
) ) ) . defined as the difference between average single-bond length
There has be;en conglderable interest in using organitc_c) and averaged double-bond length=(T) of the
materials for nonlinear opticdNLO) devices, functioning as bidge® Recently, we proposed another parameter composed

second-harmonic generators, frequency converters, anc{ S -
. . ..~ of electronegativity and polarizability to account for the
electro-optical modulators. Organic compounds containin

an electron-donatin¢D) and acceptingA) group interacting %agmtude_of ICT in push-—puli--conjugated systems for
through an extended-conjugated bridge, show high NLO different bridge system’lé‘.
response with large second-order electric susceptibifitis. A number of studies have focused on the structural
There are two issues of primary interest in the design ofhanges induced by ICT. The rate of CT through insulating
highly nonlinear optical materials: the dependence of NLOMolecular spacers has been reported to depend strongly on
properties on donor and acceptor strengths, and the scaliie nature of chemical bonding of spacer. Saethal.™ mea-
of NLO properties with size. sured the rate of interfacial CT between a gold electrode and

Electronic structure calculations have made an importanad ferrocene group covalently connected to gold by
contribution to the understanding of electronic polarizations-conjugated spacer and a trans alkane spacer. The presence
underlying the molecular NLO proces$@sd the underlying  of both donor and acceptor at opposite ends of the bridge
structure—property relationshifiS. NLO properties have results in an additional contribution due to ICT. For a donor—
been investigated for many types of donors, acceptors, angtidge—acceptor system, the ICT is influenced by the bridge
bridge systems such as quinones, polyenes, polyynes, st well as the substitueritSeveral groups have investigated
benes., thlophenes, etc. In particular, sinceonjugated sys-  q scaling of polarizability«) and second hyperpolarizabil-
tems linking a donotD) and acceptofA) show a large NLO ity (7) with size16-3

: . Y .

response, a number of theoretical studies have beey

2 i -
reported:® Another family of NLO chromophores(c: whereN=<10, the value ofe,,/N tends to level off, while
bonded donor—acceptor systemshas also been

investigated®~*® Most NLO compounds involve intramo- Yz2/N shows no such .tren’&. On the other hand, from the
lecular charge transfétCT) upon excitation with light. One  Study throughN=31, Kirtman reported the convergence be-
of the parameters widely used to explain the relation betweef@vior of longitudinal polarizability and second hyperpolar-

izability of polyacetylené® For long chains, however, the
o polarizability per repeating unita/N) becomes saturated
3Electronic mail: jinyong@chonnam.ac.kr d si ind d m_so. dicati h h h h
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Irvine, California 92697. extensive property. The variation of optical polarizabilities

In the case of polyacetylene witN repeating chains
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with path length is often described by the scaling lamP®.  length?*** For example, Barzoukagt al. measured the
In the cases of odd order responsesndy), the exponenb  second-order nonlinear optical properties for push—pull poly-
varies considerably for short lengths<<b<2 for o, and  ene molecules with aldehyde as an acceptor and dimethyla-
2<b<8 for vy, depending on the system and modél niline or benzodithia as a donor in solution by EFI$H.
Few studies were focused on the size dependence of ththough they could not observe a saturation behavior, they
first hyperpolarizability (8) in oligomeric or polymeric observed the evolution ofi-3 proportional toN?L. The
chains. Dulcicet al}” observed the second nonlinear optical variation of 8 was studied for push—pull polyenes and caro-
properties of conjugated hydrocarbons with the increasingenoids, and a steeper increaseBofvas observed when the
donor—acceptor distance for a given donor—acceptor paignd groups are weaker electron donors and acceptors. This
and obtained the empirical form-B=CN?%, whereu is  suggests a possible saturation of the donor—acceptor interac-
the dipole momentN is the number of conjugated carbon— tion for a long conjugation length, and indicates that the
carbon doubléor triple) bonds, and the prefact@ is char-  choice of donor and acceptor end groups is not so crucial for
acteristic to each donor—acceptor pair. The valueg ér  very long polyenic chain&
polymethineimin& and polyaniliné® chains were obtained Since there are extensive theoretical and experimental
at empirical and semiempirical levels. Existing experimentaktudies on chain length dependence of molecular nonlinear
and theoretical studies have not established the precise scaptical properties, there should be some linkage between the-
ing law of . Different functional forms have been employed oretical results and experimental data. The experimental val-
to fit the chain length dependence of optical polarizabilitiesues are often obtained at a given wavelength, and sometimes
(e, B, andy) and to obtain their asymptotic limits:** other research groups carry out equivalent experiments at
The size scaling of polarizabilities for donor/acceptor-different wavelengths for the same molecular systems, while
substituted polyenes has been analyzed by Tregiad,”®  a coupled-perturbed Hartree—Fock calculatidfisite-field
using two-dimensional correlation plots representing themethods give the static values. For example, in equivalent
changes in charge and bond-order distributions induced bgF|SH measurements on phenyl based polyenes with
the optical field. The value g8 was found to originate from =1_5 theu-B was shown to be proportional 3 by
the localized regions at the donor/acceptor ends and be satpijts and Hesselink? while N2 by Dulcic et al}” Since
rated to a constant value for large polyenes. The size depefhe experimentally measured hyperpolarizabilities can be
dence of the frequency-dependent NLO properties in polysignificantly affected by dispersive enhancement, the static
enes has been investigated by Hasdral. at frequencies yajues are often reported, for comparison, with the measured
below the first resonanc8.These size scaling forms were data divided by the relevant dispersion fadbThe disper-
often suggested empirically. On the other hand, the undeksjon factor is obtained using two-level model which takes
standing of the size scaling is not clear due to the compleéto account only predominant charge transfer prot&&s.
origin of the optical propgrties .With both mesomeric and'ICTThUS, for systematic investigation, the static hyperpolariz-
effects. Therefore, in this article we study the ICT-driven gpijities were often reported along with the original experi-
dipole moment ficr), polarizability (acy), and first hyper-  mental data. Furthermore, the estimat@) using such dis-
polarizability (Bcr) in push—pull polyenes and polyynes, persion factor showed the same saturation behavior as
and investigate their size scaling. ¥(3w)*2 by THG andy(2w)*® by EFISH.
In particular, we are interested in qualitative analysis of
IIl. NUMERICAL SIMULATIONS optical properties depending on chain length. Thus, we have
It has been experimentally established that the valug of investigated the static optical properties basedabninitio
geometrically increases with respect to the number of conjuHartree—FockHF) calculations. To investigate the size de-
gated repeating unifdN) between the donor and the acceptor.pendence of optical polarizabilities, we have studied several
The saturation ofx/N was predicted to be arounu=9,'®  families of polyenes (D-(£C)y—A, 1=N<12) and
and that ofy/n, aroundn=15-20" for polyenes. Values of polyynes (D-(G=C)y—A, 1=sN=<13) with D/A=H/H,
v were measured using the electric field induced secondNH,/H, H/NO,, and NH/NO,. We fully optimized the
harmonic generatiofEFISH) and the third harmonic genera- geometries and obtained optical polarizabilities at the HF
tion (THG) experimental techniques faw,w-disubstituted level of calculations with double-zeta basis sets, using the
polyenes with various donor and acceptor end grdfifdle  GAUSSIAN 98 suite of programs? The correlation effect
sharp increase iy values with the increasing conjugation should be considered to obtain correct values of hyperpolar-
length was modeled witly=kN?, where the exponemtwas izabilities, however, in linear polyenes, it was stressed that
dependent on the substituents. The dependencevaflues the HF deficiency has no influence on the description of the
on conjugation length was studied by EFISH for a series ofhypeppolarizabilities since 2, state has small transition
triblock copolymers containing polyenic chains withof up ~ dipole moments with other states and does not play any sig-
to 163%%°The saturation behavior of/N was first observed nificant role in the nonlinear optical response of linear
in model polyenic oligomers for chain length up %  polyenes®°1°2|n addition, the different basis sets give the
=240* The size dependence of was investigated for same chain length dependencies, though the absolute values
polyene-like molecules with very long conjugation length  are slightly different?®
up to 1100.%2 To analyze our results we defined the optical properties
Like the y value, it is also experimentally observed that due to ICT as the difference between the actual and super-
the value of B increases with increasing conjugation position values:
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FIG. 1. Path length dependencies gffor polyenes(top) and polyynes

(bottom with both donor and acceptor (NHINO,), a donor (NH), or an

acceptor (NQ), and that of the additive sum of a donor and an acceptorWith the functional formN™exp(—aN), which has a maxi-
(D+A). mum atN=m/a. The fitted exponent valugis 0.38 for both
polyenes and polyynes and the power valoes wcr, act,
andBcr are 0.5, 1.8, and 2.7, respectively, for polyenes, and
0.2, 1.1, and 1.9, for polyynes.

= —+ — — s . .
prer™ Ko™ fuT Hom KA The length dependence pf-t for polyenes is very dif-

act=apatag—ap—ap, ferent from that for polyynes. For diatomic molecules, the
B B G ICT-driven dipole moment can be written agcr
Ber=PBoat B~ Po~ Ba, =Q°®"Ry,, whereRp, is the distance between donor and

where the subscripts DA, D, A, and H refer to the systemsacceptor, andQ®" is the effective charge transfer which de-
with NH,/NO,, NH,/H, H/NO,, and H/H as D/A pairs. To pends onRp,. The size dependence " in polyenes is
obtain the coherence size, we used the collective electronidifferent from that in polyynes. From the fitting of oab
oscillator technique, which was successfully used forinitio results, we note thad®™ scales as exp{aN) for poly-
m-conjugated oligomers and through-space charge-transfemes and exp{aN)/N for polyynes; henceuct scales as
molecular systems [N exp(—aN)] for polyenes and exp{aN) for polyynes. This
Figure 1 shows the first hyperpolarizabilities of polyenesmay be rationalized by considering the effectigereened
and polyynes for DA; D, A, and B A (sum for A and D. charge as a function of donor/acceptor separation. In general,
The first hyperpolarizabilities fofH) are zero due to the the screened effective charge at a distaddeom a point
inversion symmetry. The difference betweghp, and  charge decreases exponentially with distance. From the Pois-
B(o+a) Provides a good measure for ICT. The first hyperpo-son equation, the screened effective charges in one-, two-,
larizability does reflect the ICT much more profoundly com-and three-dimensional systems show the distance-scaling
pared with the polarizability and second hyperpolarizability,exp(—ad), exp(—ad)/d, and exptad)/d?, respectively. In
where the contributions of backbone polarization affect ispolyenes, thew electron moves along essentially a one-
also significant. It should be noted from Fig. 1 that the firstdimensional path from the donor to acceptwith small
hyperpolarizability for DA Bpa) is larger than for B-A  two-dimensional diversionswhile in polyynes, it dissipates
(Boia=PBptBa), and their difference fc1) increases as along the two-dimensional cylindrical surface. We thus ex-
the size increases from zero, and it reaches a maximum atgect length scaling of the formcr N'~?exp(aN) (poly-
certain size, and then it decreases to be zero.Ahevalue  enes andN?® exp(—aN) (polyynes, wheres ande are small
decreases at shorter size for polyynes than for the polyenepositive parameterfess than 0.b The fitted curves are in-
The ICT-driven dipole moments of polyynes decreasedeed N®°exp(—aN) and N°?exp(—aN), respectively. Fur-
sharply with chain lengtkiN) but less so for polyenes. The thermore, we have recently demonstrated that polyenes offer
wer, act, andBer shown in Fig. 2 can be represented well more effective pathways for charge transfer than polyyfes.
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We thus expect the value @h for uct in polyenes to be
larger than that in polyynes. 1200 ¢

Using the functional form ofucrt, 800

C2(N)

uer=R™exp(—aR)
=C,(R)exp —aR), oy

400

we obtain

act=dpcr!/IE

=(JRIJE)(R™ 1—aRMexp —aR) 4

—C,(R)exp( —aR), @) sf ¢ pobene

4 polyyne
Ber=dact!/IE

C3(N) /10
N

=(0RIJE){@’R™— (m+1)aR™ 1+ (m—1)R™ 2} 1

Ta-A-A-A-A-A-47

0 3 6 9 12
=C4(R)exp —aR), 3 N

. P s : : FIG. 3. Path length dependencies®@j§(N) (top) and C5(N) (bottom) for
WhereEc;S the applleg elec'.[rlc flet.ld' :%Slt?p“fg the fc?rms of 1polyenes and polyynes. From the fitting, we h&gN)=N*®andN** for

act and Ser, we have investigated the dependence Ofyoyenes and polyynes, respectively, aBg(N)=N>7 and N*°, respec-
(dR/9E) on chain lengtiR=Na, wherea is the length of tively.

repeating unit in HN—(C=C)y—NO,. The external electric

field can be consistently applied for eathalong the mo- ) . ) . ,
lecular axis. From the geometry optimization for ed¢fin 1F|gure 4 deplctés the time-dependent densities to first
the presence of applied electric field, we find thaR(sE)  [»"'] and secondip(®] order in the external electric field of
varies logarithmically with chain lengthl.87 In(N)+1.75]. NHz—(H_CZC_H)lg— NO, computed using the 'cgllecnve
The @, B, and y components are calculated analytically via electronic oscillatofCEO) method. The characteristic coher-

k . .
electric field derivatives of the HF self-consistent-field total €Nce Iength_fJ ) of thekth order density matrix response may

X exp(—aR) 0

energy, be defined as the inverse participation r&fio:L (Y
=[(Z|pma) 21/ [NoZ|pmnl?], WhereN, is the number of at-
V=\V0— ulE 1122 E{E; — 1/68, E E;E, oms andp,,, are the density matrix elements. Sine@and 8
28 EE EE are di(rzt)actly dependent op™ and .p(.z), regpectively,L(pl) |
andL,” depend on the characteristic chain lengths to give
,uio=(¢9V/c9Ei)=(&V/¢9R)X(z?R/c?Ei), maximum values ofvcr and B¢, respectively. It is evident

from our results that the saturation ef-; and Bt takes

where the subscripts, which identify the tensor componentsylace at much smaller chain lengths thamand 8 which are
are summed over the Cartesian axg$;is the unperturbed saturated at very large chain lengths. Therefore, it is suffi-
total energyiE; is the component of the field in tHedirec-
tion; u? is the permanent dipole momet?, B°, andy° are
the static polarizability, first, and second hyperpolarizabili-
ties. Thus, the physical meaning ofR/JE) can be under-
stood as the change of the equilibrium bond length with re-
spect to the applied electric field, or the dipole moment per
relaxation force.

Using the functional form of {R/JE), andm/a values
of polyenes and polyynes, we display the variation of the
coefficients,C,(N) andC3(N) with the chain length in Fig.
3. They show power law scalind\("). The bridge size de-
pendencies ofC, for polyenes and polyynes amg® and
N1 respectively, whileC, varies asN?’ and N, C; of
polyenes and polyynes show the power law behavidi bt
andN°? respectively, and thelt;/C, show that oN??and
N7 respectivelyC3/C, corresponds ta/a. Thus, our re-
sults are in good agreement with the experimental scaling of
« and y with length for conjugated polyenes N2 andy

__ N5 55
N®).™ It should be noted that our results apply for IargeFIG. 4. Contour plots of thég) first- and(b) second-order density matrices

chains, while the effective conjugation length may depend OBt x_ (HC—CH), ;- Y with X/Y=NH,/NO,. The axes label the atomic
the basis set and the level of theory. numbering depicted in the molecule.
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