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There has been much recent effort in the design of optimal 
chromophores for second-order nonlinear optical (NLO) appli
cations.12 Most studies of organic molecules have focused on 
donor-acceptor -̂-conjugated molecules containing aromatic 
groups.3-' We will show that the NLO response of aromatic 
donor-acceptor chromophores is dramatically different than their 
simple polyene analogs. Although there have been several 
computational studies of the first hyperpolarizability (B) of the 
simple organic donor-acceptor chromophores, the polyenes,' ° few 
molecules in this class have been studied experimentally.4 These 
molecules are the prototypical conjugated donor-acceptor chro
mophores and as such can serve as a base line reference for both 
experimental and theoretical NLO structure/property relation
ships. Accordingly, we report the results of electric-field-induced 
second-harmonic generation (EFISH) studies of simple donor-
acceptor polyenes as a function of donor and acceptor strengths 
and of molecular length. 

Donor-acceptor polyenes containing between 3 and 11 con
jugated atoms have been purchased or synthesized as described 
in the literature,"-'3 and their dipole moment (M) and B have 
been measured by EFISH with 1.907-jtm fundamental radiation 
in CHCl3.

8'9 Values of B and n are presented in Table I, as are 
the optical absorption maximum (Xmax), /3(0) corrected for 
dispersion within a two-state model, and the dot product of n 
with /3, (u-8), a quantity of interest in poled polymers applications. 
These chromophores possess large dipole moments (8-10 D for 
the dicyanovinyl acceptor) and large pB values. Computations 
were performed using the AMI parameterization available in 
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MOP AC,'4'5 and molecular hyperpolarizabilities were computed 
using the finite-field method.16 

It has been recently suggested that there is an optimal degree 
of bond length alternation that maximizes /3 (Figure I).'7-18 

Reduction of bond length alternation takes a molecule from the 
bond-alternate polyene limit (in which one canonical resonance 
structure contributes mainly to the ground-state of the molecule, 
Figure 2, top) to the bond-equivalent cyanine limit (in which two 
canonical resonance structures contribute equally to the ground-
state structure of the molecule, Figure 2, bottom). ""2' Molecules 
with too much bond length alternation (e.g., unsubstituted 
polyenes,22 donor-acceptor substituted stilbenes,23 or diphenyl 
polyenes) do not have sufficiently strong donors and acceptors 
to give the correct balance of electronic asymmetry and polar-
izability needed to maximize 8 within the context of a two-state 
model.24-26 In the zero bond length alternation (cyanine) limit, 
linear polarizability is expected to be maximized.27 However, a 
two-state model predicts 8 to be roughly 0, since roughly half the 
charge is transferred from the donor to the acceptor2128 in both 
the ground and excited states, resulting in no change in dipole 
moment between these states.11 This point is easily illustrated 
in the particular case of a cyanine (Figure 2, bottom), which can 
be viewed as donor-acceptor polyene with a strong (dimethyl-
amine) donor and a strong (dimethyliminium) acceptor. Despite 
the stronger acceptor, charge is symmetrically distributed on the 
nitrogens in both the ground and excited states, resulting in a 
negligible 0.21'28 

Values of 8(0) for the simple polyene series are greater than 
those for polyenes containing an a-phenyl ring.8 It can be 
rationalized that the former set of molecules has the more optimal 
degree of bond length alternation to maximize 8. One can 
rationalize the ground-state geometry of these two classes of 
molecules in terms of a linear combination of neutral and charge 
separated resonance forms (Figure 2, top and middle). For the 
a-phenyl polyene series, aromaticity is lost upon charge separation, 
diminishing the contribution of the charge-separated resonance 
form to the ground-state wave function. Thus, the a-phenyl 
polyene series may have too much bond length alternation to 
maximize 8. In contrast, the simple donor-acceptor polyenes, 
unhampered by aromaticity, will exhibit greatly reduced bond 
length alternation. The crystal structures of Me2N(CH=CH)3-
CHO29 (average r(C=C) = 1.356 A, r(C—C) = 1.416 A, A = 
0.06 A) and Me2N(CH=CH)3CHC(CN)2

2' (average KC=C) 
= 1.376 A, r(C—C) = 1.381 A, A < 0.01 A) provide direct 
evidence for decreased bond length alternation in simple donor-
acceptor polyenes relative to unsubstituted polyenes (average 
r(C=C) = 1.340 A, r(C—C) = 1.445 A, A = 0.11 A from the 
crystal structure of 1,3,5,7-octatetraene22 and diphenyl-1,3,5,7-
octatetraene30). Raman spectra of Me2N(CH=CH)3CHO and 
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Table I. Linear and Nonlinear Optical Properties of Donor-Acceptor Polyenes of the form D(CH=CH)nA" 

D 

Me2N 
Me2N 
Et2N 
Me2N 
Me2N 
Me2N 
Et2N 
Me2N 
Me2NC6H4 

Me2NC6H4 
Me2NC6H4 

Me2NC6H4 

A 

CHO 
CHO 
CHO 
CHO 
CH=C(CN)2 

CH=C(CN)2 

CH=C(CN)2 

CH=C(CN)2 

CHO 
CHO 
CH=C(CN)2 

CH=C(CN)2 

n 

O 
1 
2 
3 
O 
1 
2 
3 
O 
1 
O 
1 

no. 
conjd atoms 

3 
5 
7 
9 
5 
7 
9 

11 
7 
9 
9 

11 

^max 

(nm) 

<240 
284 
363 
422 
352 
374 
476 
550 
326 
384 
420 
486 

M XlO18 

(esu) 

3.5 
6.3 
6.5 
6.9 
7.6 
8.9 

10.7 
9.9 
5.1 
5.6 
7.8 
8.4 

/3 X 1030 

(esu) 

0.5 
3.3 

20 
53 

1.0 
6.1 

45 
211 

6.38" 
3O8'' 
328'* 
828 ' 

0(0) X 1030 

(esu) 

0.5 
2.9 

16.5 
41 

0.9 
5.0 

32 
129 

5.4 
24 
25 
57 

M/SX 1048 

(esu) 

1.8 
21 

130 
366 

7.6 
54 

482 
2089 

32 
168 
250 
689 

/J11 X 1030 

(esu, calcd)* 

0.1 
3.9 

13.7 
30.2 

1.7 
15.0 
42.9 
76.9 

7.7 
17.7 
23.1 
45.8 

0 Experimental measurements were obtained in CHCI3. Values for /3 were determined by EFISH using 1.907 ^m fundamental radiation.b For all 
computations, D was Me2N or Me2NC6H4 as was appropriate for comparison to experimental results. The values for /3,, are defined as ft. = (3/5)(/SJVIMI) 

length of the molecule. However, the experimental results for 
the a-phenyl polyene molecules and the computations indicate 
that ineffective delocalization into the cyano group is not limiting 
the /3 values of the dicyanovinyl polyenes relative to the analogous 
aldehydes. More importantly, in a nonpolar environment (the 
gas phase), the computations predict stronger acceptors to decrease 
bond length alternation and to increase 0.31 These results 
contradict the experimental results for the dicyanovinyl polyenes. 
They are, however, consistent with the hypothesis that, in the 
relatively polar solvent in which the EFISH experiment was 
performed (CHCI3), charge separation is stabilized and the 
dicyanovinyl acceptor on the polyene decreases the magnitude of 
bond length alternation past that which is optimal to maximize 
/3 (Figure 1, right). These results suggest a limit to the 
applicability of gas-phase calculations on molecules whose 
structures are highly sensitive to the polarity of their environment. 

The data in Table I can be fit to the function /3(0) <* Nm, where 
N is the number of conjugated multiple bonds in the molecule 
(including the carbon-heteroatom bond as one and the phenyl 
group as two). The exponent m lends insight into the chain length 
dependence of /3(0). The values of m for the simple polyene 
aldehydes and dicyanovinyl series are 3.2 and 5.4, respectively. 
For comparison, the a-phenyl polyene aldehyde and dicyanovinyl 
series8 givesm = 3.5 and 3.6, respectively. The exponent observed 
for the dicyanovinyl polyene series is larger than those previously 
reported in either experimental348 or computational10 studies. 

In conclusion, the nonlinear optical behavior of simple donor-
acceptor polyenes, in particular the dicyanovinyl series, is both 
qualitatively and quantitatively different from that of diphenyl 
and a-phenyl polyenes which have been previously studied. In 
particular we have observed that, in contrast to all previous 
computational and experimental studies, the strongest acceptor 
does not necessarily lead to the largest nonlinearity. 
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where /8-M = ffxlix + &yny + &M.- and /3, = (/3,„ + /3,,, + ft**}). 
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Figure 1. Plot of /3 versus bond length alternation (A) from electric-
field-dependent AMI geometry optimizations and finite field calculations'8 

on (CHs)2N(CH=CH)3CHO. 
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Figure 2. Canonical charge-transfer resonance structures for a series of 
(top) a-phenyl polyenes, (middle) donor-acceptor polyenes, and (bottom) 
cyanines. 

Me2N(CH=CH)3CHC(CN)2 in polar solvents and in the solid 
state are qualitatively similar, suggesting that the compounds 
exhibit significantly reduced bond length alternation in polar 
solvents as well.29 

Although a dicyanovinyl group is generally considered to be 
a better acceptor than an aldehyde group, the /3(0) values of the 
polyene aldehyde chromophores are greater than those for the 
dicyanovinyl chromophores with the same number of conjugated 
atoms. In contrast, gas-phase calculations on both the polyene 
and a-phenyl polyene series indicate that the dicyanovinyl-
substituted compounds have larger /3 values and less bond length 
alternation than the aldehyde-substituted compounds. It is 
possible that these results are due to ineffective electron 
delocalization into the cyano groups (evidenced by the typically 
short C = N bond), thereby reducing the effective conjugation 
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