averaging of the cross-correlated relax-
ation rate which may reveal slow motion
up to 1 ms.
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Large Molecular Third-Order Optical
Nonlinearities in Polarized Carotenoids

Seth R. Marder,* William E. Torruellas,f
Mirelle Blanchard-Desce, Vincent Ricci, George |. Stegeman,
Sharon Gilmour, Jean-Luc Brédas, Jun Li, Greg U. Bublitz,
Steve G. Boxer

Garito and co-workers have suggested a mechanism to dramatically increase the second
hyperpolarizability, v, in linear mw-electron-conjugated molecules. Polarization is intro-
duced that leads to a difference between the dipole moments of the molecule’s ground
state and excited state. Here a series of carotenoids was examined that had increasing
intramolecular charge transfer (ICT) from the polyenic chain to the acceptor moiety in
the ground state, and y was measured for these compounds as a function of wavelength
by third-harmonic generation. The compound with the greatest ICT exhibited a 35-fold
enhancement of y_ . (the y measured at the peak of the three-photon resonance) relative
to the symmetric molecule B-carotene, which itself has one of the largest third-order
nonlinearities known. Stark spectroscopic measurements revealed the existence of a
large difference dipole moment, A, between the ground and excited state. Quantum-
chemical calculations underline the importance of interactions involving states with large

Ap.

Molecules with large third-order optical
nonlinearities (characterized by large sec-
ond hyperpolarizabilities, y) are required
for photonic applications including all-
optical switching, data processing, and eye
and sensor protection. In contrast to sec-
ond-order nonlinear materials, for which
the basic structure-property relations are
both relatively well understood and well
explored, for third-order materials a com-
parable level of understanding is only just
emerging. Garito and co-workers have
suggested a mechanism to dramatically in-
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crease vy (I, 2), and they calculated that
polarized polyenes could have very large v,
relative to unsubstituted polyenes of com-
parable length, because of symmetry
breaking. A parallel situation exists in
semiconductor quantum wells where
asymmetrization has led to some of the
largest second- and third-order nonlineari-
ties ever observed in the mid- to far-infra-
red portion of the spectrum, both with and
without the presence of permanent dc
fields (3=5). The results of recent compu-
tational and experimental studies on small
model systems agree with the predictions
of Garito et al. (6-9). Nonetheless, mole-
cules that exhibit extremely large vy ac-
cording to the mechanism predicted by
Garito et al. are still quite unusual (10—
12). Indeed, vy values are still, perhaps
with rare exceptions (13), not sufficiently
large for realistic applications to ultrafast
information-processing optical devices.
Here we explored the hypothesis of Garito
et al. further and found that large enhance-
ments in y can be achieved in a variety of
acceptor-substituted carotenoids as deter-
mined by wavelength-dependent third-
harmonic generation experiments (THG).

Several groups have shown from a sum-
over-states analysis of y derived from pertur-
bation theory that three classes of terms
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should dominate the third-order nonlinear
optical response of linear conjugated mole-
cules. In particular, it was shown that in the
static limit

’y o
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N TP D

(1)

where g labels the ground state, e and e’
label the two excited states, and . and E are
the dipole matrix element and transition
energy, respectively, between the labeled
states. Hence, the three-state expression for
v consists of three terms, one negative (N),
a two-photon term (TP), and a dipolar term
(D). The D term is zero for centrosymmetric
polyenes where .. = Mg, = 0, and in this
case, TP > |N| and thus v is positive (6-9).

For neutral cyanine-like molecules (in
which one-half of a charge is transferred from
the donor to the acceptor in the ground state)
Mee = Hge 7 0, and thus the D term is also
negligible, and, as [N| > TP, vy is negative
(6-9). If for polarized polyenes the D term
were large, then it could have a large positive
contribution to y. Relatively close to the sym-

metrical polyene limit, it is predicted that
polarization of the molecule leads to the D +
TP terms increasing more rapidly than [N,
and, as Garito et al. predicted (I, 2), large
enhancements in y should be possible (I, 2,
6-9).

We used B-carotene, 1, as our starting
reference symmetrical, “unsubstituted” poly-
ene to design and synthesize molecules in
which one end was substituted with increas-
ingly stronger acceptors, thereby increasing
the extent of intramolecular charge transfer
(ICT) from the polyenic chain to the accep-
tor moiety in the ground state (14, 15) (Table
1, top to bottom). B-Apo-carotenal, 2, was
commercially available at the time of this
study, and compound 3 has been reported
(16). Attempts to react 2 with the active
methylene precursors for the acceptors for
compounds 4 to 6 under a variety of Knoeve-
nagel conditions failed to give appreciable
yields of the desired product, presumably be-
cause of steric interactions between groups on
the acceptor and the methyl group on the
carbon a to the aldehyde carbon. According-
ly, we first produced a homolog of 2 contain-
ing one additional double bond, and then
the Knoevenagel condensations proceeded
smoothly. After purification by chromatogra-

Table 1. Numbering scheme, structures, and v, at the peak of the three-photon resonance of
compounds, relative to B-carotene, as measured by THG. The values of vy, are calculated from the
experimental values of the relative magnitude of the third-order susceptibility of a thin-film polymer
sample containing the compound as a solute. The susceptibilities are referenced to fused-silica for
which a susceptibility of 1.5 X 10714 esu was assumed. The concentration of chromophores in the
samples was 3.6 X 10%° molecule cm 2. The ., values for the compounds have not been corrected
for the local field factor (that is, a local field factor of unity was assumed).

phy and recrystallization, the compounds were
analyzed by 'H nuclear magnetic resonance,
mass spectroscopy, optical [ultraviolet-visible
and near-infrared (NIR)] spectroscopy, and
elemental analysis, all of which gave data
consistent with the proposed structures.

The second hyperpolarizability as a func-
tion of wavelength for each of the six mol-
ecules in Table 1 was determined by THG.
Our experimental apparatus and procedures
have been described in (17). A plot of the
spectrum of y for 1 and 6 is shown in Fig. 1.
Table 1 sumiarizes the position of the ab-
sorption maxima (X ) and v, values for
compounds 1 through 6, whose position
typically occurs at the three-photon reso-
nance (3 X hv). There is a dramatic in-
crease in v, values of the compounds
with increasing acceptor strength relative
to B-carotene. For example, compound 6
hasa vy, 35 times that of B-carotene. The
incorporation of the acceptor introduces
charge-transfer character into the m-w*
transition, leading to a bathochromic shift.
As a result, for compound 6 this transition
is shifted 276 nm to a longer wavelength
than the w-m* transition observed for
B-carotene, limiting the transmission win-
dow before the onset of absorption because
of vibrational overtones.
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Fig. 1. An example of a THG spectrum for com-
pounds 1 (open circles) and 6 (filed circles). The
data for 1 were multiplied by a factor of 10 to in-
crease their visibility on the plot. The estimated
precision of the data is £10%. We obtained the
THG spectra using an injection-seeded Nd:yttrium-
aluminum-garnet Q-switched laser, frequency-
doubled, pumping a nanosecond dye laser, the
output of which was focused into a H, Raman cell
to produce infrared wavelengths between 900
and 1500 nm. The dye laser beam was also com-
bined with the nonconverted fundamental at 1064
nm to produce wavelengths in the range of 1500
to 2100 nm in a LilO, down-converter. The NIR
radiation was then focused into a vacuum cell
where the thin film samples, deposited on top of
fused silica substrates, were rotated. The gener-
ated third harmonic was collected into and dis-
persed by a 0.25-m spectrometer and detected
with a photomultiplier. Esu, electrostatic unit; 3 X
hv, three-photon resonance.

' 7"max Ymax
Compound Chemical structure (nm)  (x1032 esu)

1 464 1

2 464 1.9

3 XD N CN 540 25
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5 N 680 19

6 NI 740 35
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We hypothesize that the large increase in
v for the compounds in this study relative to
B-carotene arises from the introduction of a
large D term. Electroabsorption (Stark) spec-
troscopy provides a method for determining
the change in dipole moment (Ap = . —
M) upon a molecular transition from the
ground to an excited state. For an isotropic,
immobilized sample Ap. gives rise to a AA
(Stark) spectrum whose line shape resembles
the second derivative of the absorption spec-
trum (I8). The Stark spectrum for com-
pound 6 taken in 2-methyltetrahydrofuran
solution at 77 K (shown in Fig. 2B) has a
dominant second derivative line shape
(compare with Fig. 2C). The analysis of the
spectrum reveals a large |Ap| that changes
across the absorption band, decreasing from
the red to the blue edge of the spectrum.

From a simultaneous fit of the absorp-
tion and Stark spectra, we can estimate |Ap|
= 40 = 5 D for the region of maximum
absorption (that is, around 13,000 to 14,000
cm™1). Both the value of |Ap| and the in-
homogeneity across the absorption band are
confirmed by a comparison of the Stark spec-
trum in Fig. 2B with the higher order Stark
spectrum (19). Interestingly, compound 4
gave values of |Ap| similar to those of 6, and

Wavelength (nm)
1,000 900 800

700 600

0.06
< 0.04

0.02

AA (x103)
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N
B L ]
P BTSRRI (VAN TR A
10,000 12,000 14,000 16,000
Energy (cm™)

Fig. 2. (A) Absorption spectrum; (B) Stark spec-
trum (applied external field of 0.683 MV cm~1); (C)
frequency-weighted (v-weighted) second deriva-
tive of the absorption spectrum of compound 6
taken at 77 Kin a frozen glass of 2-methyltetrahy-
drofuran. In (A) and (B) the data are represented by
open circles, and the result of the simultaneous
best fit of the A and AA data [from which |Au| and
Aa are obtained (78)] are superimposed as solid
lines. The broken line in (B) represents the results
of fitting the entire spectrum with only one single
value of |Ap| and Aa.
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yet Y. for 4 is a factor of 4.3 smaller.
Assuming the D term is the dominant con-
tribution to v, this difference can be ex-
plained by the offsetting effect of the p2 /E].
factor in the D term. For compound 6, ., =
14 D and 7\ma\ 740 nm, whereas for com-
pound 4, p,, = 10 Dand A, = 590 nm.
Thus, the ratio of uz JE3. for compound 6
relative to compound 4 is 3.9, in agree-
ment with our THG results. Both ., and
Ny are affected by the relative extent of
polarization in the ground-states struc-
tures, but for compound 6 it is also possi-
ble that the introduction of the benzo ring
fused to the five-membered ring contain-
ing the sulfone and the dicyanomethyli-
dene can lead to increased delocalization
that will also influence each of the com-
ponents of the D term.

In order to explore the electronic struc-
ture and optical properties of polarized
carotenoids, we performed correlated
quantum-chemical calculations on a 10~
double bond polyene capped at one end by
a dicyanovinylene acceptor group (Fig. 3).
The calculations were carried out at the
INDO-SDCI (intermediate neglect of dif-
ferential overlap-single and double con-
figuration interaction) level with geome-
try optimization (9). In some of our recent
computational studies, we showed that an
external electric field aligned along the
molecular dipole moment, F__, in Fig. 3, is
very successful in simulating the influence
of acceptor strength (9). We obtained rea-
sonably good agreement between the cal-
culated and observed Sy, — S, transition
energy for compound 6 when this external
field is F_,, = 2 X 10" V.em™! (1.9 eV
calculated versus 1.7 eV experimental).
Therefore, we fixed F_, at this value and
calculated a variety of other observables

&* & cN
P A A A A A T

F

ext

z CN

——

Fig. 3. Model compound polarized by an external
electric field used in INDO-SDCI calculations.

— 52 S,
So = So - S,
N —]
° >

Fig. 4. Schematic of key virtual transitions con-
tributing to the third-order optical nonlinearity of
highly polarized carotenoids.

(using a damping factor, I', of 0.1 eV) and
obtained theoretical predictions that agree
well with experimental data. For example:
(i) Sy — S, transition energy (2.9 eV
calculated versus 2.9 eV experimental);
(ii) puge(S —§;) (16.5 D calculated versus
14D measmed), and (iii) dipole moment
difference between S, and S, (41 D calcu-
lated versus 40 = 5 D measured).

We have further evaluated the static and
dynamic molecular polarizabilities using the
sum-over-states approach and F, = 2 X
107V em ™! in the manner described in (9).
The peak THG vy value, occurring at a
fundamental energy of 0.6 eV, was ~36 X
10732 electrostatic unit (esu); this value
can be compared with a value of 0.76 X
10732 esu calculated for B-carotene (20).
The calculated enhancement factor is thus
47, which again compares well with the
experimental value of 35. The overall
agreement between calculated and experi-
mental values lends confidence in the reli-
ability of our theoretical approach.

We have fitted the fully converged sum-
over-states y values described above to a
simplified three-term expression similar to
the relation in Eq. 1. Although the three-
term expression gives a satisfactory sense of
the dependence of vy on ground-state ICT,
it does not provide satisfactory agreement
with the magnitude of the fully converged y
values and overestimates y by ~50%. How-
ever, an excellent fit is obtained if we con-
sider an additional dipolar term D’ of the
following form:

p“ge(“’ﬂ B Mgg)“‘ee’ue’g
EiE.. (2)

ge

“’ge“’ee'(”‘e'e' - “‘gg) Mee'g
EgeEie'

D' =

which leads to an overall negative contri-
bution to v. In these D’ terms, the ground
state is coupled strongly not only to the
lowest excited state (e, which is S;) but also
to the next excited state (e’, which is S,),
and S, and S, are also strongly coupled to
one another as shown schematically in Fig.
4 [that a second excited state becomes im-
portant with increasing chain length has
already been shown in the case of diphenyl-
acetylene compounds (21)]. The major re-
sult of the fit, however, is that the large vy
enhancement in the acceptor-substituted
B-carotenoids is due to the dipolar terms, a
concept originally introduced by Garito et
al. (1, 2).

In this class of carotenoid molecules, the
polarization created by the internal field
associated with the presence of strong elec-
tron acceptors results in significant batho-
chromic shifts and large enhancements of y
relative to B-carotene. For compound 6, we
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observed an enhancement in y by a factor
of 35 relative to B-carotene, which itself has
one of the largest molecular vy values report-
ed (10-12, 22). We have realized this en-
hancement of y without large increases in
either the molecular length or the molecu-
lar volume, albeit with some loss of trans-
parency. Although it is unlikely that these
specific compounds will be used to make
practical devices because of their inherent
instability with respect to long-term expo-
sure to air and light, our results do validate
and expand on the predictions of Garito et
al. and thus suggest a clear strategy to fur-
ther enhance vy in a variety of m-conjugated
systems.
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Europa’s Differentiated Internal Structure:
Inferences from Two Galileo Encounters

J. D. Anderson,* E. L. Lau, W. L. Sjogren, G. Schubert,
W. B. Moore

Doppler data generated with the Galileo spacecraft’s radio carrier wave during two
Europa encounters on 19 December 1996 (E4) and 20 February 1997 (E6) were used to
measure Europa’s external gravitational field. The measurements indicate that Europa
has a predominantly water ice-liquid outer shell about 100 to 200 kilometers thick and
a deep interior with a density in excess of about 4000 kilograms per cubic meter. The
deep interior could be a mixture of metal and rock or it could consist of a metal core with
a radius about 40 percent of Europa’s radius surrounded by a rock mantle with a density
of 3000 to 3500 kilograms per cubic meter. The metallic core is favored if Europa has

a magnetic field.

Before the Galileo mission to Jupiter there
was little information on Europa’s interior
structure. Its mean density of 3018 = 35 kg
m~>, determined from previous Jupiter mis-
sions (1), is consistent with an interior of
hydrated silicate minerals with a thin ice
cover, or alternatively an interior of dehy-
drated silicate minerals with a thick ice
cover (2). Here we report gravitational data
from two close passes of Europa by the
Galileo spacecraft, E4 and E6, that show
that Europa has a more complicated inter-
nal structure. Recent Galileo data have
shown that Ganymede is differentiated,
most likely into a three-layer structure with
a large metallic core, a silicate mantle and a
thick outer layer of ice (3); lo has a large
metallic core (4); and Callisto is essentially
a uniform mixture of ice and rock (5).
The Galileo spacecraft flew by Europa on
19 December 1996 (E4) and 20 February 1997
(E6) and measured the Doppler shift in the
spacecraft’s radio carrier wave. We analyzed
these data by fitting a parameterized orbital
model, including Europa’s gravitational field,
to the radio Doppler data by weighted non-
linear least squares (6). Europa’s external
gravitational field was modeled by the stan-
dard spherical harmonic representation of the
gravitational potential (7). For the assump-
tion that the origin of coordinates is at the
center of mass and that the orientation of
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Europa’s principal axes is known because it
rotates synchronously, only three gravity pa-
rameters are needed to specify the gravitation-
al potential through the second degree and
order (8).

For the two encounters (9) the two grav-
ity coefficients are highly correlated, so we
imposed the a priori hydrostatic constraint
that J, is 10/3 of C,,. Also, because of an
inconsistency in results for E4 and E6, an-
alyzed independently, we added two third-
degree gravity coefficients J; and Cy; to the
fitting model. The addition of these two
harmonics makes the results (Table 1) more
consistent and possibly indicates that there
are significant nonhydrostatic components
in Europa’s gravitational field perturbing J,
and C,,. The Jupiter-Europa distance was
671,567,992 m during E4 and 671,569,331
m during E6, so the Jupiter tidal force at
Europa’s surface differed by a fractional
amount, 6 X 1079, between the two en-
counters. This difference is too small to
account for the inconsistency in the results.
Given that neither E4 nor E6 are ideal
encounters for a gravity field determina-
tion, it is not possible to relax the J, =
(10/3)C,, a priori hydrostatic constraint or
to explore the physical significance of the
inconsistency between E4 and E6 in more
detail. Additional close encounters with
Europa, perhaps with a Galileo extended
mission or a future orbiter mission, could
reveal the true nature of this inconsistency.

Because of the a priori constraint, the
values of J, and its uncertainty are nearly
10/3 of C,, (Table 1). There is essentially 1
degree of freedom per encounter in the sec-
ond-degree field. The measured gravity sig-
nals corresponding to the values of J,, C,,,
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