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A Unified Description of Linear and Nonlinear donor-acceptor strength) ; (ii) the molecu- 
lar topology (that is, by gain of aromatic 

Polarization in Orqanic Polymethine Dyes stabilization energy upon charge separa- - - - 
tion) ; and (iii) solvent-mediated polariza- 
tion (that is, where a more polar solvent 
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Brian M. Pierce different effects on the molecular and elec- 
tronic structures, they correspond to first 

An internal or external electric field F can drive the chemical structure, bond order alter- order to application of an effective electric 
nation, and electronic structure of linear polymethine dyes from a neutral, bond-alternated, 
polyene-like structure, through a cyanine-like structure, and ultimately to a zwitterionic 
(charge-separated) bond-alternated structure. As the structure evolves under the influence 
of F, the linear polarizability a, the first hyperpolarizability p, and the second hyperpolar- 
izability y are seen to be derivatives, with respect to F, of their next lower order polarization 
(for a) or polarizability (for p and y). These derivative relations provide a unified picture of 
the dependence of the polarizability and hyperpolarizabilities on the structure in linear 
polymethine dyes. In addition, they allowfbr predictions of structure-property relations of 
higher order hyperpolarizabilities. 

Since the discovery of synthetic dyes in the 
1800s, chemists and physicists have been 
attempting to understand the relation be- 
tween chemical structure, electronic structure 
(1-3), linear optical properties, and linear 
polarizability of organic molecules. Over the 
past 20 years, much attention has also been 
paid to hyperpolarizabilities (4-6). This inter- 
est in understanding structure-property rela- 
tions for molecular hyperpolarizabilities stems 
from the realization that the nonlinear optical 
effects associated with these hyperpolarizabil- 
ities, including frequency generation, electro- 
optical switching, and all optical switching, 
can be used for a variety of photonic applica- 
tions (7-9). To a great extent, the structure- 
property relations for the linear polarizability 
a, the first hyperpolarizability P, and the 
second hyperpolarizability y have been treat- 
ed se~aratelv and as somewhat unrelated. It 
was realized that a large linear polarizability 
was a necessary but, as we have shown (10- 
12), not sufficient requirement to obtain large 
hyperpolarizabilities. In addition, Garito and 
others have recently suggested that donor- 
acceptor polyenes with significant P could 
have enhanced v relative to centrosvmmetic 
unsubstituted poiyenes of similar coAjugation 
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length (1 3-1 6). However, a unified descrip- 
tion of linear and nonlinear polarizability is 
still lackitig. In an attempt to develop such a 
description, we have recently shown (16) that 
the polarizabilities, a, P, and y, of linear 
polymethine dyes can be correlated with a 
single chemically relevant parameter, bond 
length alternation (BLA) [or a closely related 
parameter, the T-bond order alternation 
(BOA) (1771. 

For linear polymethine dyes, BOA can 
be related to the mixing of two limiting 
resonance structures, one of which is neu- 
tral and the other of which exhibits a hieh " 

degree of charge separation (Fig. 1). Thus, 
the structure and consequently the polariz- 
abilities will largely be determined by the 
relative energetics of the two forms. The 
charge-separated form can be stabilized 
chemically by (i) the tuning of the Cou- 
lomb potential of the end groups (that is, 

field across a polarizable T-conjugated sys- 
tem. In this manner, the effective field 
(hereafter denoted F) induces charge sepa- 
ration and concomitant geometric modifi- 
cations (6, 16, 18, 19). This realization 
leads to important conclusions regarding 
the relations among a, p, and y as a 
function of F. In addition, because the 
ground-state structure is also determined by 
the magnitude of F, structure-property re- 
lations for nonlinear optics may also be 
inferred. 

In this work. we demonstrate how a 
unified description of linear and nonlinear 
molecular polarizability can be gleaned by 
considering how the various polarizabilities 
appearing in the fundamental expansion of 
the induced dipole moment (pind) as a 
function of a small perturbing field E 
(roughly lo4 V cm-', as typically used in 
measurements) are related when the effect 
of the field F (which here is as large as 10' - 
V cm-') on the ground-state structure is 
taken into account. Furthermore, experi- 
mental evidence will be presented that 
confirms our predictions and therefore pro- 
vides strong evidence supporting our asser- 
tion that the effects of donor-acceptor 
strength, topology, and solvent stabiliza- 
tion are all analogous to that of applying an 
electric field across a molecule. 

The molecular polarizabilities are de- 
fined by a Taylor series expansion of the 
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Fig. 1. Definition of regions (A through E) of BOA correlated with the percentage contribution of 
neutral (form I )  and charge-separated (form I I )  resonance structures to the ground state. This 
diagram illustrates the evolution of the structure from neutral polyene-like, to polar cyanine-like, to 
very polar charge-separated polyene-like and correlates these structures with energy differences, 
AUO, between potential wells for the neutral and charge-separated forms. 
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total dipole moment in the small perturbing 
field E (20). Taking the field F into ac- 
count, we have 

The static polarizabilities at a given value of 
F, as expansion parameters of the induced 
dioole moment. are related to derivatives. 
with respect to E, of the dipole moment or 
the (n- 1) th order polarizability 

The mixine of the zero-order neutral " 

(form I in Fig. 1) and charge-separated 
(form I1 in Fig. 1) resonance structures 
that largely control the structure and elec- 
tronic properties of the ground state of the 
molecule depends on the energy difference 
between the zero-order states, AUO = 
Urn - U, [where UCT is the energy of the 
charge-transfer state and U, is the energy 
of the neutral state (Fig. I ) ;  it is also 
related to the interaction matrix element 
coupling the states]. As noted above, the 
energy difference between the two zero- 
order states deoends on (i) the donor and ~, 

acceptor strength, (ii) the difference in 
the bridge T-electronic energy in the two 
forms, and (iii) the magnitude of the 
dipolar stabilization energy attributed to 
the reaction field of the medium. These 
energetic terms dictate the equilibrium 
ground-state structure and therefore the 
value of BOA, as well as the various 
polarizabilities (1 6, 18, 19). 

To the extent that these factors result in 
a simple shift in the electronic energy dif- 
ference of the two forms, we may view the 
shift as equivalent to a dipolar interaction 
energy and could consider the effect a result 
of the presence of an effective static electric 
field, F. This effective electric field induces 
a relaxation of the molecule to an equilib- 
rium position on a BLA (or BOA) distor- 
tion coordinate (1 6, 18, 19). The linear 
and nonlinear polarizabilities, that is, the 
various order derivatives of kind with re- 
spect to E, are then evaluated at the static 
effective perturbing field, F, that deter- 
mines the equilibrium structure, BLA (or 
BOA). Because the Taylor series expansion 
of kind with respect to E holds at each value 
of F, the derivative relations between the 
nonlinear polarizabilities are expected to 
hold as a function of F; that is 

To illustrate these derivative relations, 
we performed semiempirical INDO (inter- 
, mediate neglect of differential overlap) cal- 
culations on (CH,),N-(CH=CH),-CHO, 
in the presence of an external electric field 
F, applied along the long axis of the mole- 
cule (1 8). At each field strength, the ge- 
ometry was optimized and a value of BOA 
was determined (Fig. 2A). The magnitude 
of F tunes the degree of mixing of the two 
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canonical resonance forms. We calculated 
electronic states using configuration inter- 
action with full single and limited double 
confieuration excitations. We then evalu- - 
ated hyperpolarizabilities using the sum 
over states approach derived from perturba- 
tion theory (2 1); the 30 lowest energy states 
were used to obtain converged values. We 
also numerically differentiated p ,  a, and P 
with respect to F [thus, for example ao(F) 
= Apo(F)/AF]. Because BOA is a function 
of F (Fig. 2A), we plotted results versus 
BOA; in this way, the structure-property 
relations predicted directly from the INDO 
calculations and those from the derivative 
curves could be compared and correlated 
with molecular structure (that is, BOA). 
As seen in Fig. 2, B through E, there is 
good agreement (in.terms of both shape and 
peak positions as well as order of magni- 
tude) between the numerical derivative of 
p, a, and p with respect to F and its higher 
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Fig. 2. Plots of (A) BOAversus the magnitude of F; (B) )L~(F) versus BOA; (C) Apo(F)IAF versus BOA 
(open squares joined by dotted line) and ao(F) versus BOA (filled diamonds joined by solid line); 
(D) Aao(F)/AF versus BOA (open squares joined by dotted line) and Po(F) versus BOA (filled 
diamonds joined by solid line); (E) Apo(F)IAF versus BOA (open squares joined by dotted line) and 
yo(F) versus BOA (filled diamonds joined by solid line); and (F) Ayo(F)lAF versus BOA; esu, 
electrostatic unit. The differences in magnitudes between the dotted and solid curves could largely 
result from limited number of points available for numerical differentiation; thus, the dotted curves 
are only rough approximations of the derivatives of the lower order polarizability. 
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order polarizability when they are both 
plotted versus BOA. These results allow us 
to predict that the third hyperpolarizability, 
6, as a function of BOA will look like the 
derivative of y with respect to F (Fig. 2F). 

In an attempt to gain experimental evi- 
dence for the proposed relations, we exam- 
ined molecules that spanned a wide range of 
polarization. We classify the molecules, 
qualitatively, on the basis of the degree of 
mixing between the neutral and charge- 
separated forms (Fig. I) ,  where approxi- 
mately 100% neutrallo% charge-separated 
is defined as region A and the reverse is 

defined as region E; 50% neutral/50% 
charge-separated is defined as region C and 
corresponds to a cyanine-like molecule. 
Region B simply bridges regions A and C; 
likewise, region D bridges regions C and E 
(Fig. 1) (12). We used solvent polarity to 
fine-tune positions within the regions (with 
more polar solvents increasing the contri- 
bution of the charge-separated form) (1 0- 
12). The molecules we examined are shown 
in Fig. 3, and our assignment of these 
molecules to these regions is based on data 
derived from Raman, ultraviolet-visible, 
and 'H nuclear magnetic resonance spec- 

troscopies and x-ray crystallography (1 1, 
12, 22). 

With these molecules, we sought to map 
out the dispersion-corrected (23) P(0) ver- 
sus y relations for given structures in the 
various regions. We therefore obtained val- 
ues of p,P(O) for the molecules by electric 
field-induced second harmonic generation 
(EFISH) (23-26), as described earlier (1 2), 
and measurements of y by third harmonic 
generation, in the manner described earlier 
for compounds 1 and 2 in Fig. 3 (1 1, 22). It 
should be noted that EFISH gives a direct 
measure of the p,P product, and the deter- 
mination of p, introduces the greatest inac- 
curacv in the determination of B. Accord- 
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ingly,' we decided to compare ;he disper- 
sion-corrected values of p,P [p,P(O)] with y. 
Because p, increases monotonically from 
region A to region E, the positive (nega- 
tive) peaks of the p,P curve will be shifted 
toward region C (E), relative to the peak or 
peaks of the p curve. Nonetheless, given 
the uncertainties in the measurements and 
our desire to examine gross features of the 
curves, we believe that significant insight 
can be derived from these com~arisons. In 
general, the critical points we seek to check 
are the regions in which P exhibits positive 
or negative peaks and where y is expected 
to be zero. Also, where P is zero, y is 
predicted to be negatively peaked (Fig. 2E). 
In fact, the values in Table 1 provide 
remarkably good confirmation of our pre- 
dictions. In particular, for molecule 2, p,P 
peaks where y changes sign from positive to 
negative. Likewise, for compounds 3 and 4, 
which fall in region C, when p,P changes 
sign, y exhibits a negative peak. For com- 
pounds 5 and 6, which fall in regions C/D 

Fig. 3. Limiting resonance structures and numbering scheme for model donor-acceptor polyene and DIE, respectively, the p , ~  peak occurs 
compounds assigned to regions A through E; Et, ethyl; Bu,  butyl. roughly where y changes sign from negative 

Table 1. Top entries are pp(0) values (in units of esu), taken from increases from left to right. The solvent polarities according to the 
(12). The estimated prec!sion in pp(0) is f 15%. Bottom entries are y normalized ET,, scale (which ranges from a value of 1 in water to a 
values (in units of esu); values for compounds 1 and 2 are taken value of 0 in tetramethylsilane) are given in parentheses below the 
from (11). The estimated precision in y is +15%. Solvent polarity solvent (28). 

Solvent 
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to positive (for 6, y is already positive 
where FP exhibits a negative peak; the 
deviation here may be, at least in part, 
attributable to the fact that we are compar- 
ing p P  with y, as noted above). 

The theoretical study provides strong 
evidence that, as a function of F, a, P, and 
y are related by derivatives. Because the 
BOA is also determined by I?, we can relate 
the derivatives back to chemical structure. 
In order for these derivative relations to 
hold in the experiments described above, 
it is necessarv to treat donor-acceutor 
strength, topology, and solvent stabiliza- 
tion as analogous to application of an effec- 
tive electric field across a conjugated T-sys- 
tem. Thus, of fundamental importance to 
our basic understanding of the structure of 
molecules, the derivative relations demon- 
strated here provide strong support for the 
validity of this "effective electric field" con- 
cept, as applied to linear polymethine dyes. 
Still an open question is how well the 
"effective electric field" a~uroximation and . L 

therefore the derivative relations will apply 
to two-dimensional molecules or to mole- 
cules with more extended conjugation. In 
addition, we demonstrated, contrary to 
some previous assessments (27), that y will 
be roughly zero when P is optimized. The 
existence of molecules with negative y, 
measured well below the three-photon res- 
onance frequency (a phenomenon that has 
been a subject of controversy in the non- 
linear outics communitv) is a natural out- , , 
come of a peaking at zero BOA (a result 
that can be derived from simple free elec- 
tron calculations) because aZol/aFZ is clearly 
negative at this point. Furthermore, predic- 
tions were made for 6 as a function of 
molecular structure (BOA or BLA). 

These results thus provide a unified pic- 
ture of linear and nonlinear optical proper- 
ties of linear conjugated molecules that 
were heretofore often treated separately. 
We believe that our understanding of the 
relation between molecular structure and p 
and y has progressed to the point where the 
measurements of these hyperpolarizabilities 
can themselves be used to provide detailed 
insight into the chemical structure (in par- 
ticular, regarding mixing of various charge- 
transfer resonance forms) of linear poly- 
methine molecules. 
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A Formation Mechanism for Catalytically Grown 
Helix-Shaped Graphite Nanotubes 
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The concept of a spatial-velocity hodograph is introduced to describe quantitatively the 
extrusion of a carbon tubule from a catalytic particle. The conditions under which a 
continuous tubular surface can be generated are discussed in terms of this hodograph, the 
shape of which determines the geometry of the initial nanotube. The model is consistent 
with all observed tubular shapes and explains why the formation process induces stresses 
that may lead to "spontaneous" plastic deformation of the tubule. This result is due to the 
violation of the continuity condition, that is, to the mismatch between the extrusion velocity 
by the catalytic particle, required to generate a continuous tubular surface, and the rate of 
carbon deposition. 

T h e  formation of coiled carbon fibers and sheets. They are prepared by the Bigh- 
their morphology have been described re- temperature (600" to 700°C) catalytic de- 
cently in a ;lumber of papers (1-10). The composition of organic vapors such as acet- 
fibers h r e  found to be hollow tubes con- ylene or benzene on a finely divided metal- 
sisting of concentric cylindrical gra~hene lic catalyst such as Co, Fe, or Ni. The 

tubules can adopt various shapes such as 
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rue de Bruxelles 61, 8-5000 Namur, Belgium. the extrusion of carbon, dissolved in a 
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