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Molecular Self-Assembly of Mixed High-Beta Zwitterionic and
Neutral Ground-State NLO Chromophores
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We investigate a strategy for producing organic NLO materials with high chromophore densities by
assembling Langmuir monolayers and Langmuir-Blodgett films containing mixtures of two hyperpolar-
izable chromophore amphiphiles. When deposited at an air—water interface, the amphiphilic molecules
are oriented with their molecular hyperpolarizabilities aligned, and their dipole moments antialigned.
We find that mixed chromophore Langmuir monolayers are more stable than pure ones, suggesting that
electrostatic interactions aid self-assembly and ordering. Upon transfer of the monolayers to glass and
silicon substrates, aggregates with well-defined topological features appear. We characterize aggregate
formation using fluorescence microscopy, atomic force microscopy, and nonlinear optical ellipsometry,
and we propose a mechanism for aggregate formation. Understanding molecular interactions between
strong chromophores should enable fabrication strategies that prevent aggregation and optimize
chromophore alignment. Overall, our results suggest that electrostatic forces can be successfully applied
to the assembly of the chromophores within bulk nonlinear optical materials containing densely packed,

highly ordered, mixed chromophore systems.

Introduction

Nanoscale assembly of chromophores with high dipole
moments and strong hyperpolarizabilities has resulted in
photonic devices with impressive performance characteris-
tics."™ For rodlike chromophores (i.e., with molecular tensors
dominated by interactions along a single internal coordinate),
the nonlinear optical (NLO) activity of a material increases
with the hyperpolarizability, concentration, and ordering of
its constituent chromophores. One method for aligning
chromophores in a polymer matrix is to apply an electric
field near the polymer’s glass transition temperature, and then
cool the polymer before removing the field. This method of
electric field poling is less successful at high chromophore
concentrations because intermolecular electrostatic interac-
tions tend to antialign dipoles of neighboring chromophores,
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resulting in centrosymmetric structures and decreased bulk
NLO activity.>”

Here we describe a method for producing organic NLO
materials with high chromophore density and alignment
through the assembly of monolayer films containing two
different chromophore types (Figure 1). Our approach is
designed to eliminate electrostatic effects that result from
using only one type of chromophore. Our fabrication strategy
introduces amphiphilic chromophores with positive and
negative hyperpolarizabilities (+f and —/f) as shown in
Figure 1. For the —f chromophore, the primary component
of the first order hyperpolarizability is in the opposite
direction from the ground-state dipole moment.>'*> An
amphiphile is made from the — chromophore by conjugat-
ing an alkyl chain to the electron accepting group. The +/3
chromophore is complementary, with an alkyl chain conju-
gated to the electron donating moiety.

We have assembled mixtures of +f and —f3 chromophore
amphiphiles on a Langmuir trough such that dipole coupling
between chromophores enhances rather than diminishes
chromophore ordering at high chromophore concentrations
(Figure 1). Our goal is to use layer-by-layer nanoscale
assembly techniques to produce films of mixed +/3 and —f3
chromophores in which intermolecular dipole interactions
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Figure 1. Left: Molecular structures of the +/ neutral ground-state amphiphilic chromophore and the —f zwitterionic ground-state amphiphilic chromophore.
Right: Arrows indicate the direction of the primary component of the first molecular hyperpolarizability of chromophore amphiphiles assembled on a Langmuir
trough. The molecular dipole moment of each amphiphilic chromophore is indicated by + and — signs, and the attached acyl chains are drawn above each
chromophore. Electrostatic interactions between dipole moments that have an antiparallel alignment stabilize high density mixed +f and —f chromophore

monolayers.

promote favorable molecular ordering for optimal bulk NLO
activity. To the best of our knowledge, this is the first
application of the +f and - chromophores in Langmuir—
Blodgett (LB) films. One other previous attempt to overcome
disruptive electrostatic interactions between neighboring
chromophores utilized an anionic surfactant mixed with a
cationic amphiphilic chromophore.'* The attractive electro-
static interactions within these mixed films resulted in an
improvement in the chromophore ordering and second
harmonic generation. Another strategy that has been used
successfully to improve the optical activity of LB films is
the application of amphiphilic bis-chromophores.'” In this
work, two covalently attached chromophores of the same
sign were used to generate homogeneous and stable films
with high chromophore densities. In addition to LB film
deposition, layer-by-layer assembly techniques such as
sequential synthesis using siloxane chemistry,'®' trifunc-
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tional silane chemistry,”>>* and zirconium phosphate/phos-

phonate chemistry>>~’ could be used to generate the mixed
chromophore films described here.

We investigate the miscibility and self-assembly of mixed
+ and —f chromophores in Langmuir monolayers and in
Langmuir—Blodgett transferred films using fluorescence
microscopy, atomic force microscopy (AFM), and nonlinear
optical ellipsometry. We find that mixed +f and —f
chromophore monolayers at the air/water interface are
significantly more stable than monolayers of either chro-
mophore alone. Once transferred to substrates, temperature-
dependent molecular rearrangements occur, illustrating prob-
lems inherent in constructing photonic devices containing
chromophores with strong dipole moments.* 2% We
propose a consistent mechanism for our observations on the
basis of multiple characterization techniques. Not only are
assembly strategies for constructing highly ordered NLO
films technologically valuable but understanding chro-
mophore intermolecular interactions is also useful for design-
ing poled-polymer films.
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Scheme 1. Synthesis of the +f Chromophore 1 and the —f Chromophore 2
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Experimental Section

Molecular Design. The +f chromophore is conjugated at the
electron donating group through an ester bridge to an 18-carbon
chain. The —f8 chromophore is similarly conjugated at the electron
accepting group. The hydrophobic carbon chains are positioned on
the +f and —f chromophores such that the dipole moments are
antiparallel and the molecular hyperpolarizabilities are parallel when
mixtures of the molecules are assembled at the air—water interface
(Figure 1).

Synthesis of the Neutral Ground State (+f) and Zwitterionic
(—p) Chromophores. The +j chromophore 1 and the —f
chromophore 2 were synthesized as in Scheme 1. Both chro-
mophores were stored dry at —20 °C for periods up to 6 months
after synthesis.

Stearic Acid 2-[(4-Formyl-phenyl)-methyl-amino|-ethyl Ester
(3). A mixture of 1.5 g (8.4 mmol) of 4-[(2-hydroxy-ethyl)-methyl-
amino]-benzaldehyde and 2.7 g (9.5 mmol) of stearic acid was
dissolved in 20 mL of dry dichloromethane. To the solution was
added 2.1 g (10.2 mmol) of DCC and 0.16 g (1.3 mmol) of DMAP.
After stirring overnight at room temperature, the mixture was added
to 50 mL of diethyl ether. The insoluble solid was filtered off. The
solvent of the filtrate was evaporated under reduced pressure. The
remaining solid was dissolved in a minimum amount of dichlo-
romethane. Methanol was added to the solution to precipitate 3.4 g
of the product (91% yield). "H NMR (acetone-de): 0.89 (3H, t, J
= 6.7 Hz), 1.20-1.40 (28 H, m), 1.52 (2H, quintet, J = 7.2 Hz),
224 2H, t, J = 7.4 Hz), 3.14 (3H, s), 3.81 (2H, t, J = 5.7 Hz),
4.32 (2H, t, J = 5.7 Hz), 6.90 (2 H, d, J = 9.0 Hz), 7.73 (2H, d,
J =9.0 Hz), 9.74 (1H, s).

Chromophore 1. To a mixture of 0.446 g (1 mmol) of 3 and 0.4 g
(2 mmol) of 4 was added 2 mL of THF. After stirring, 8 mL of ethanol
and 77.1 mg (1 mmol) of ammonium acetate were added to the
mixture. After being stirred overnight, the reaction mixture was added
to 100 mL of water. The crude product was extracted with ethyl acetate
and purified using column chromatography with silica gel as the
stationary phase and 1:9 ethyl acetate:dichloromethane as the mobile
phase to give 0.28 g of 1 (45% yield). '"H NMR (acetone-ds): 0.89
(3H, t, J = 6.7 Hz), 1.20-1.40 (28 H, m), 1.53 (2H, quintet, J = 7.3
Hz), 1.88 (3H, s), 2.25 (2H, t, J = 7.4 Hz), 2.80 (1H, s), 3.17 (3H, s),
383 (2H,t,J = 5.6 Hz), 434 2H, t,J = 5.6 Hz), 693 2H, d, J =
9.1 Hz), 7.01 (2H, d, 16.0 Hz), 7.71(2H, d, / = 9.0 Hz), 7.97 (2H, d,
8.0 Hz). HRMS (ESP) m/e: 628.4148 (M + H).
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Chromophore 2. To a mixture of 355 mg (1.25 mmol) of stearic
acid and 309 mg (1.5 mmol) of DCC was added 5 mL of dry
dichloromethane. After stirring for 15 min, we added 26 mg (0.15
mmol) of DMAP to the mixture. After the mixture was stirred for
another 10 min, 300 mg (1.04 mmol) of 5 was added and the
mixture was stirred overnight at room temperature. After filtering
off the insoluble solid, the solvent of the filtrate was evaporated
under reduced pressure. The remaining solid was purified on silica
gel column with 15% methanol in dichloromethane as the eluant
to yield 500 mg of pure product (72%). 'H NMR (MeOD): 0.92
(3H, t,J = 6.7 Hz), 1.00 3H, t, / = 7.9 Hz), 1.20-1.40 (28 H, m),
1.56 (2H, quintet, / = 7.1 Hz), 1.68 (2H, hexalet, 7.5 Hz), 2.31
(2H, t, J = 7.4 Hz), 2.60 (2H, t, 7.5 Hz), 4.0 (1H, s), 4.03 (2H, t,
J=5.7Hz),433 2H, t,J = 5.7 Hz), 6.95 (2H, d, J = 15.4 Hz),
7.52 (2H, d, 6.7 Hz), 7.76 (2H, d, 15.4 Hz), 8.04 (2H, d, 6.7 Hz).
HRMS (ESP) m/e: 554.4243 (M + H).

Langmuir Monolayers and Langmuir-Blodgett Deposition.
Chromophores were dissolved in chloroform at 0.25-1 mg/mL and
used within 24 h. Chromophore solutions were deposited at the
air/buffer interface of 15 mM sodium bicarbonate buffer (pH
8.0-8.5) in a home-built Langmuir trough similar to those described
previously.*® All Langmuir monolayer measurements and film
transfers were conducted under an inert Argon atmosphere to
prevent oxidation of the chromophores. Monolayers containing +/3
and —f chromophores in molar ratios of 0:4, 1:7, 1:3, 3:5, 1:1,
3:1, and 4:0 were compressed and expanded over three cycles to
generate pressure—area isotherms. Langmuir-Blodgett monolayers
were deposited on either glass coverslips for fluorescence micros-
copy or on gold-coated silicon for atomic force microscopy. All
films had transfer ratios of approximately 1, meaning that the
monolayer area lost on the trough was approximately equal to the
area of the film deposited on the substrate. Glass slides were cleaned
by boiling in 7x Cleaning Solution (ICN Biomedicals, Aurora OH)
diluted in 18 MQ-cm water (1:4), rinsed with copious amounts of
18 MQ-cm water, dried under an N, stream, then plasma cleaned
before use. For deposition of Langmuir—Blodgett multilayers, a KSV
5000 trough (KSV, Trumbull CT) with alternate-multilayer capa-
bilities was used.

Fluorescence Microscopy. Both the +/ and —f3 chromophores
are weakly fluorescent, and deposited monolayers were imaged on

(30) Halter, M.; Nogata, Y.; Dannenberger, O.; Sasaki, T.; Vogel, V.
Langmuir 2004, 20 (6), 2416-2423.
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Figure 2. Representations of the calculated resonance hyperpolarizabilities
of the (a) +f and (b) —f chromophores (Amax = 543 and 530 nm,
respectively, with an SHG wavelength of 532 nm in these measurements).
Alkyl chains (not shown) are near the top of each chromophore. The
nonlinear polarizabilities are dominated by interactions along the long
molecular axes of both molecules and are of identical sign. The single-
sided arrows in blue indicate the transition moments of the dominant,
resonant excited state, and the other lines indicate the principal elements
of the two-photon absorption tensor to the same state, with solid green and
dashed red indicating positive and negative sign, respectively. The scale
bars are in atomic units, with e indicating elementary charge, a, the Bohr
radius, and Ej, the Hartree energy.

a TE2000 inverted fluorescence microscope (Nikon, Melville, NY)
with a 100xx oil immersion lens (1.4 N.A.) using a mercury arc
lamp source, a standard Texas-Red fluorescence filter cube set, and
a CoolSNAP HQ CCD camera (Photometrics, Tucson, AZ).

Atomic Force Microscopy (AFM). AFM images were acquired
using an MFP-3D atomic force microscope (Asylum Research,
Santa Barbara, CA) in intermittent contact mode, using BS-Tap300
cantilevers (Budget Sensors, Sofia, Bulgaria) with spring constants
of ~40 N/m and resonance frequencies of ~300 kHz.

Quantum Chemical Calculations. The resonant hyperpolariz-
abilities of the +f and —f chromophores were calculated using
the AM1 semiempirical method in Gaussian 98. Under conditions
of resonance enhancement at or near the second harmonic fre-
quency, the resonant 3 tensor rigorously reduces to the direct
product of the one-photon transition moment and the tensor for
two photon absorption.?'?

BA(—2w;0, w) = —SQw)uf,) ® ol (M

The line shape function S(2w) (e.g., Lorentzian) is purely imaginary
on resonance at 2w, with the real part inverting in sign across the
transition. The two photon absorption tensors were determined by
a sum-over states calculation including ~100 excited states to
achieve convergence. The results of the calculations can be
represented using single-sided and double-sided arrows for the
transition moment and the principal moments of the two-photon
absorption tensor, respectively (Figure 2).3%%*

Nonlinear Optical Ellipsometry (NOE). NLO ellipsometry
measurements were performed to determine the relative signs and
magnitudes of the nonzero surface y tensor elements. The
instrumentation and algorithms for data analysis have been described

(31) Moad, A. J.; Simpson, G. J. J. Phys. Chem. B 2004, 108 (11), 3548—
3562.
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in detail previously>>-*® and will be only briefly summarized. All

measurements were acquired using the 1064 fundamental wave-
length of a Q-switched Nd:YAG laser (New Wave, ~5-7 ns and
~13 mJ pulses, unfocused) with measurements acquired in trans-
mission at an angle of 45°. The polarization state of the incident
1064 nm beam was prepared to be either linearly polarized with
the polarization axis oriented at 45° with respect to the plane of
reflectance or circularly polarized by appropriate rotation angles
of half- and quarter-wave plates. The frequency doubled beam was
spectrally isolated by a combination of Schott glass filters and
interference filters. The complex polarization state of the second
harmonic generation (SHG) beam was obtained from fits of the
detected horizontally and vertically polarized intensities, 7, as
functions of the rotation angle of a quarter wave plate. Both sets
of the resulting raw data were fit to the following general equation.

Lo OKsin(20”) + Lsin(4ag’) + Mcos(4ag’) + N
2

The complete polarization state of frequency doubled beam can
be calculated from the parameters K, L, M, and N obtained from
the fits. For a polarizer set initially to pass p-polarized light, the
complete polarization state, p, of the SHG beam is given by the
following equation.

2w
€ M+ N
P __
pP-Polarized = e?_w - 2L — iK (3)

If the detection geometry is changed such that the final fixed
polarizer passes s-polarized light, the expression for p changes to
the following equation.

—2L—iK
1Y s-polarized = M-+N (4)

Two independent measurements of p were obtained for each quarter-
wave rotation experiment using both eqs 3 and 4 by including a
separate detector for each polarization component at the polarizing
beam-splitter.

The experimentally measured complex values of p can, in turn,
be related directly back to a generalized model-independent 2 x 2
x 2 Jones tensor describing surface NLO properties.>® In the case
of SHG for an achiral uniaxial film such as that described in this
work, only three nonzero independent elements within the Jones
tensor remain (Y ppp, )pss» and Yysp).

— XI’PP(e;J)z + Xpss(e:))z

w W
2Xxxpes ep

®)

The elements of the Jones tensors are complex functions of the
angle of incidence, the optical constants of the interfacial layer at
all relevant wavelengths, the refractive indices and thickness of
the SHG-active interfacial layer, and the nonlinear optical properties
of the interface itself.*’** Using an appropriate thin film model
for the interfacial optics allows inversion of the Jones ¥ tensor
elements into Cartesian ¥® tensor elements, which can in turn be
used to interpret molecular structure and surface orientation.
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Rev. B 2005, 72 (12).
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Figure 3. Surface pressure versus area isotherms are shown for mixtures
of the +f and —f chromophores. Isotherms from monolayers rich in the
+p chromophore exhibit a kink at molecular areas ranging from 29 to 34
A?/molecule (kink locations indicated by arrowheads). At the kink, the
isotherm slope decreases upon compression, suggesting a collapse transition.
Fluorescence images are shown from Langmuir—Blodgett films deposited
at 32 mN/m (indicated by the dashed line) from +f:—/ mixtures with ratios
of (A) 3:1, (B) 1:1, and (C) 1:3. Film (A) was deposited above the kink,
(B) was deposited before the kink, and the 1:3 composition (C) did not
exhibit a kink in the isotherm.

Measurements of polarization states, p, for circular and linear
incident light allow eq 1 to be inverted to yield a set of complex-
valued elements of the Jones and Cartesian y‘® tensors

Xpss . SzyvAzxx
EP% = [p_ s+ ipg] = 22X (6a)
Xssp ® R Syaxz
X . TSz | Soodlaxx | Szzikzzz
= —lp_4s —ipgl = + +
Xssp Syyz Syyixxz  SyyviAxxz
(6b)

The subscripts on p in eqs 6a and 6b indicate the polarization state
of the incident beam in the a given measurement of p, with R
indicating right circular polarization and —45° indicating linearly
polarized light with the axis of polarization oriented —45°. Using
eq 6a and 6b, the Jones and Cartesian tensor elements can be
directly obtained with full retention of relative sign and phase
information from differences of the measured values for p once
the s coefficients are determined using an appropriate thin film
model.

Results

Mixing +f and —f Chromophores Increases Mono-
layer Stability. The +3 and —f amphiphilic chromophores
in Figure 1 were designed to produce favorable electrostatic
interactions when mixed in Langmuir monolayers, due to
the antiparallel alignment of their molecular dipole moments.
As intended, monolayers of mixed +/ and —f chromophores
were more stable than monolayers of either pure chro-
mophore. Specifically, we used Langmuir trough isotherms,
fluorescence microscopy, AFM, and creep tests to show that
monolayers containing mixtures of the chromophores pro-
duce homogeneous layers able to withstand higher surface
pressures than monolayers containing either pure chro-
mophore. We will discuss the results of each technique in
turn.

Pressure—area isotherms of chromophore monolayers ap-
pear in Figure 3. The isotherms provide two lines of evidence
that monolayers rich in the +f chromophore are unstable
and collapse under lateral pressure. First, these monolayers
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Figure 4. (A) Surface pressure vs area isotherms from mixed +/:— films.
As the fraction of —f chromophore in the 4/ monolayer is decreased from
8:0 (100%) to 4:4 (50%), the surface pressure at which the kink appears in
the isotherm increases. Kink locations are indicated by arrows. (B) The
surface pressure at which the kink occurs was averaged from three separate
isotherm measurements and plotted for each mole fraction of - chro-
mophore. Error bars represent the entire range of largest and smallest values
for the observed kink in the isotherm.

compress to molecular areas approaching zero. Since the
limiting molecular area for a close-packed monolayer of
saturated fatty acids is ~20 A*molecule, the +j monolayers
must have collapsed at molecular areas <20 A%*/molecule.
The collapse process is reversible because isotherms are
reversible over several compression and expansion cycles
(data not shown). Second, isotherms of monolayers rich in
the +f chromophore exhibit a sudden decrease of slope
between ~29 and 34 A*molecule (marked by arrowheads
in Figure 3). This kink in the isotherm is investigated more
closely in Figure 4.

Increasing the fraction of —f chromophore in the mono-
layer of +f chromophore linearly increases the average
surface pressure at which the kink occurs (Figure 4).
Increasing collapse pressure indicates an increasing resistance
to buckling. In other words, by mixing the two chro-
mophores, monolayers are able to withstand higher surface
pressures before collapse. Because the area under the
pressure—area isotherm up to the point of collapse is
proportional to the energy required to buckle the monolayer,
the data in Figure 4 illustrate a favorable self-assembly of
the mixed chromophore system.

Fluorescence microscopy and AFM were employed to
verify whether monolayers containing high +4 chromophore
fractions indeed collapsed. Monolayers of 3:1 of +53:—f
chromophore deposited at 32mN/m on substrates contain
bright fluorescent punctate features on a darker background
(Figure 3a). For this composition, 32mN/m is above the kink
in the isotherm. Atomic force microscopy shows that the
bright features are domains of two step heights (Figure 5a),
consistent with monolayer collapse. The composition of these
aggregates is addressed below in the discussion section.
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Figure 5. AFM images from Langmuir-Blodgett films deposited from mixtures of +3:—/3 chromophore monolayers onto gold coated Si wafers at 32 mN/m.
(A) The topographical features in the 3:1 mixture indicate collapse of the monolayer. (B) and (C) The smooth topography of the 2:2 and 1:3 mixtures
indicate the absence of monolayer collapse. The surface roughness of the monolayers in (B) and (C) corresponds to the surface roughness of bare gold films.

In contrast, for equimolar concentrations of +3 and —f
chromophores, monolayers resist collapse to surface pressures
above 32 mN/m. Evidence to support this claim is that the
kink in the isotherm occurs above 32 mN/m (Figure 3), and
that the deposited monolayer is uniform, as observed by both
fluorescence microscopy (Figure 3b), and by AFM (Figure
5b). In summary, for equimolar +f and —f mixtures, the
two chromophores appear highly miscible at surface pres-
sures <32 mN/m.

Monolayers containing high (rather than low) concentra-
tions of —f8 chromophore resist collapse, but face a different
problem. Fluorescence microscopy shows dark domains in
monolayers deposited at 32 mN/m monolayers containing
1:3 of +B:—f chromophore (Figure 3c). Phase separation
has occurred. The dark domains are most likely rich in the
—f chromophore because the +f chromophore is more
strongly fluorescent. Chromophores in the dark regions may
be aligned in weakly fluorescent J-aggregates, which are
known to form in Langmuir monolayers containing zwitte-
rionic dyes.**** Modifying the +/ chromophore by adding
a second alkyl chain at the same position via a tertiary amine
does not eliminate the formation of domains (data not
shown). Domains must be within the plane of the monolayer
because AFM shows that deposited monolayers containing
1:3 of +B:—f chromophore are topographically smooth
(Figure 5c).

Monolayers of pure —f chromophore are particularly
unstable. In this case, monolayer stability was assessed by
compressive creep tests*' in which the monolayer pressure
was held constant and the monolayer area was monitored
with time. As shown in Figure 6, monolayers spread from
pure —f chromophore solutions exhibit substantial creep
compared with monolayers spread from 1:1 and 1:3 (+8:
—p) mixed solutions. Because the chromophores absorb light
in the visible spectrum, the location of the chromophores in
the trough can be evaluated by eye. Throughout the creep
experiment, the chromophores remained confined between
the trough barriers and no color was observed in the subphase
or outside the barriers. This implies that chromophores do
not irreversibly leave the interface while the monolayer is
under compression, which is consistent with our earlier
observations of reversible isotherms.

(39) Mizrahi, V.; Stegeman, G. I.; Knoll, W. Phys. Rev. A 1989, 39 (7),
3555-3562.
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90 (23), 6144-6148.
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Figure 6. Compressive creep tests were performed according to the method
described by Biddle et al.,* where the surface pressure was held constant
at 32 mN/m. (A) The barrier’s lateral movement is plotted against time for
each of the chromophore mixtures. (B) The average velocity of the barrier
for a 15 min interval is graphed for the each of the chromophore mixtures.

Film Reorganization. The results above imply that films
of equimolar +f:—/3 chromophores are uniformly mixed
and stable. Here, we investigate the long-term stability
of chromophore films after deposition on a solid surface.
Monolayers of equimolar +/:—f chromophore concentra-
tion are uniform immediately after Langmuir-Blodgett
deposition (Figures 3b and 5b), but exhibit micron-scale
arrow-shaped aggregates after 9 h at 65 °C (Figure 7).
By fluorescence microscopy, the contrast of the domains
reverses through time. Initially the aggregates are bright
(Figure 7a), but brief (<5 s) exposure to the fluorescen-
ce—excitation source inverts the contrast as in Figure 7b.
Continued illumination (1-2 min) photobleaches the
background but not the aggregates, and the contrast is
inverted once more as in Figure 7c.

Atomic force microscopy reveals that most aggregates
protrude 2 nm above the background monolayer surface
(Figure 7d). Phase AFM finds significant contrast differ-
ences between the aggregates and the background, indicat-
ing that the two regions have distinct surface properties.
A few (<10%) of the aggregates form multilayered
structures at discrete heights of 2 nm, 6 and 8§ nm above
the background. Topographical and phase images are
shown in images f and g in Figure 7.
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line trace from G
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Figure 7. (A—C) Monolayer film of a 1:1 (+/:—f) chromophores after
LB deposition and storage at 65 °C for 9 h. Aggregates have formed.
Fluorescence images were acquired after exposure of the substrate to
illumination, either after no time had elapsed (A), after several seconds
had elapsed (B), or after several minutes had elapsed (C). (D, E)
Topographical and phase AFM images, respectively, of the 1:1 (+/:
—p) monolayer film exhibiting aggregates. (F, G) High-resolution AFM
images from the corresponding boxed regions in (D, E) of a multilayered
aggregate. The line trace below (F) follows the dashed line in (F) and
shows well-defined feature heights at 2, 6, and 8 nm above the
background. The line trace below (G) follows the dashed line in (G)
and shows phase differences between the different regions of the
aggregate, indicating differences in surface chemistry.

Nucleation and growth of domains is shown in Figure 8
for a monolayer deposited from a 1:1 (+4:—f) mixture. The
LB film was held at room temperature and imaged over an
88 h period. The freshly deposited monolayer exhibits
uniform fluorescence (Figure 8a). Aggregates nucleate
(Figure 8b) and increase in size over time. At intermediate
times, halos of brighter fluorescence surround the aggregates,
presumably the result of depletion of the either the +f or
the —f3 chromophore as the aggregate grows (images ¢ and
d in Figure 8). Eventually, the background fluorescence
becomes uniform (Figure 8e). Aggregates are stable for
several months.

High temperature rapidly escalates aggregate nucleation
and growth. After only 9 h at 23 °C, the nucleation and
growth of aggregates is comparable to those of aggregates
on a film maintained for 60 h at 4 °C (Figure 9). Similarly,
after only 9 h at 65 °C, well-developed aggregates are similar
to those on a film maintained for 60 h at 23 °C (data not
shown). Moreover, a sample maintained at the low temper-
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ature of —20 °C develops only small aggregates after the
long time of 160 h.

The rearrangement of films in air is surprising when
compared with previous data from the literature. Fatty acid
monolayers and multilayers are typically stable in air and
rearrange only under aqueous conditions.**** In our system,
mixing the molecules at the air/buffer interface enhances the
monolayer stability, but, surprisingly, under dry conditions
the molecules within the film aggregate into distinct struc-
tures. The molecules are apparently prevented from forming
aggregates at the air/buffer interface, possibly because of the
high interfacial energy experienced by these amphiphilic
chromophores at the surface of the Langmuir trough.

We also attempted to construct multiple alternate layer
films with an interleaved poly(tert)-butyl methacrylate layer
(data not shown). Previous investigations using layer-by-
layer deposition of LB films interleaved with poly(tert)-butyl
methacrylate have reported long-term stability (several
months to years) with films containing up to 160 layers.****
In our system, multilayer films interleaved with poly(tert)-
butyl methacrylate had reduced NLO activity compared to
monolayer films, probably because molecular rearrangements
occurred while the film sequentially passed through the air/
buffer interface.

LB Film Structure. The high NLO activity of our LB
films allowed efficient detection of second harmonic genera-
tion (SHG) from a single monolayer without requiring
focusing of the incident beam. Interestingly, the relative
intensities of the 1:1 mixed film was ~5 fold smaller than
the pure +p film. An interpretation consistent with this result
is that the nonlinear optical response of the film is dominated
by the +5 chromophore. In this case, a 50% reduction in
surface density upon dilution with the —f chromophore
would yield a ~4-fold reduction in the detected SHG
intensity. This interpretation is supported by hyper-Rayleigh-
scattering measurements for different wavelengths (880 and
440 nm) that suggest that the —f chromophore exhibits
significantly weaker NLO activity.*” On the other hand, the
calculated NLO activities of the +5 and —f chromophores
are comparable, so the microscopic origin of the apparent
dominance of the +/ chromophore in both the pure and
mixed films is not immediately clear. Differences between
the calculated and measured values may potentially be
attributed to strong intermolecular interactions driving largely
antiparallel packing of the —f chromophore.
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Figure 8. Fluorescence microscopy images demonstrating the nucleation and growth of aggregates within a deposited monolayer of a 1:1 ratio of +p:—f
chromophores stored in open air at room temperature. = (A) 0, (B) 17, (C) 24, (D) 44, and (E) 88 h. Images were contrast-enhanced on a linear scale to

illustrate fluorescence distribution during aggregate growth.
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Figure 9. Fluorescence micrographs showing aggregate formation within
deposited monolayers of a 1:1 ratio of +£:—f chromophores stored at
temperatures ranging from 23 to —20 °C over a period of <160 h. Decreased
temperature substantially slows aggregate growth.

Polarization dependent nonlinear optical ellipsometry
(NOE) was used to characterize the structure of the LB films
(Figure 10). By analogy with linear ellipsometry, NOE
polarization measurements yield the complete complex-
valued ratios of the Jones x'® tensor elements, from which
polarization-dependent observables in a given measurement’s
configuration can be predicted. Assessing the orientation of
the chromophores is critical for determining the effectiveness
of this mixed chromophore approach for fabricating NLO
materials. Furthermore, the aggregate formation and structure
in these films may be important for understanding aggrega-
tion in technologically relevant NLO materials because the
=+ chromophore is similar in structure to chromophores used
in commercially available NLO devices.

Measurements acquired from monolayers several days
after LB deposition indicated significant imaginary compo-
nents within ratios of the nonzero y® tensor elements. There
are three possible explanations for complex components in
the ratios, 1) resonance effects, 2) a breakdown of the
“effective medium approximation”, and 3) chromophore
aggregation. Although we will discuss all three reasons, the
third is the most likely. First, individual y‘* tensor elements
are generally complex near resonance. However, this fact in
itself does not explain complex-valued ratios. If the dominant
resonance-enhancement arises with a single spectroscopically
isolated transition, as is suggested by quantum chemical
calculations, then the ¥ tensor elements should all be
described by the same complex-valued line shape function
and yield purely real ratios.

A second possible explanation for the observation of
complex terms within ¥® tensor elements lies in a possible
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Figure 10. Overview of NOE polarization analysis for deposited LB
monolayers. (a) Representative nonlinear optical ellipsometry measurements
using a rotating quarter waveplate ellipsometry configuration in which the
quarter wave plate rotation angle is indicated by the top axis for right
circularly polarized light incident on a monolayer of a 1:1 ratio of +3:—f
chromophores in LB films (¢) or linearly polarized light at —45° incident
on a monolayer of pure +/ chromophore (O). (b) Resulting set of complex-
valued Jones and Cartesian x® tensor elements (normalized to y s, and

xxxz, respectively). Filled symbols (e.g., xpss (W), Yppp (*), Xzxx (A), and
%zzz (¥)) give values for pure +f LB films, and open symbols give
corresponding values for 1:1 +5:—f LB films.

breakdown of the effective medium approximation used to
generate Fresnel factors.*® Near resonance, complex terms
in the ultrathin film refractive index can result in complex
components in corresponding Jones tensor elements. If the
effective medium approximation does not properly account
for complex components within the Fresnel factors, complex
ratios of the Cartesian y‘® tensor elements can result solely
from improper treatment of the interfacial optics. Indeed, in
previous work using the same equipment, complex contribu-
tions in measured tensor elements were critical in originally
validating the effective medium approximation for generating
Fresnel factors.*® In the present study, a +j chromophore
oriented with the alkyl chain away from the surface would
yield a positive yzzz, which would result in a negative
imaginary element in yzzz/Xzzz because a factor of (+ik)



1786 Chem. Mater., Vol. 20, No. 5, 2008

appears in the denominator of the Fresnel factor for yzzz
(where « is the positive-signed imaginary component of the
interface refractive index at the doubled frequency). The
positively signed imaginary contribution observed in Figure
10 would require the opposite absolute molecular orientation
for the +/ chromophore (i.e., with the alkyl chains oriented
toward the substrate), which is unlikely for films prepared
by LB deposition onto hydrophilic substrates. Therefore, we
can discount the second explanation.

The third, and most likely, explanation for the measured
phase difference is aggregation of chromophores in the films.
The electronic states of two (or more) closely interacting
neighboring chromophores can mix to form sum and dif-
ference states with unique resonance-enhancements and
polarization-dependent linear and nonlinear optical proper-
ties.>? Interference between the NLO responses of the
monomers and the aggregates exhibiting exciton coupling
can potentially result in complex-valued ratios of measured
%@ tensor elements. On the basis of these arguments,
complex components within the molecular tensor indicate
significant aggregation within the monolayer films, in good
agreement with the fluorescence results presented earlier. In
principle, it is possible to extract information on the structures
and orientations of different exciton states from analysis of
NOE measurements. In practice, the large number of
unknown parameters (the orientation of each aggregate, the
orientation of the monomers, the distributions in orientation
for each, the fraction of molecules in monomer vs aggregate
states, and the resonance frequencies associated with the sum
and difference states in the aggregates) significantly com-
plicates analysis of NOE measurements acquired at a single
wavelength. Consequently, our analysis of the NOE data will
be restricted to qualitative interpretations.

Quantum chemical calculations for the +f and —f
chromophores suggest molecular tensors dominated by the
long-axis f3,,, tensor element. In this limit, a broad distribu-
tion in orientation angles would be expected to produce a
ratio of yzzz/yxxz = 3, with values higher than 3 indicating
preference toward tilt angles closer to the surface normal
and values lower than 3 indicating preference toward
orientations more parallel to the surface plane. Consequently,
the data in Figure 10 are consistent with films exhibiting
significant aggregation with chromophores preferentially
adopting relatively high tilt angles away from the surface
normal (i.e., greater than the magic angle of 39.2°).

Discussion

Film structures consistent with our fluorescence micros-
copy, AFM, and NOE results are shown in Figure 11. At
the air/buffer interface, the +f and —f chromophores mix
and form homogeneous ordered monolayers (Figure 11a).
Upon Langmuir-Blodgett transfer to a hydrophilic support,
nucleation of self-associated aggregates (+//+f3 and —f/
—pf) begins, followed by temperature-dependent growth
(Figure 11b). In this proposed mechanism, the relatively large
interfacial energy of the air/buffer interface constrains the
molecules to the surface and favorable electrostatic interac-
tions promote the miscibility of +/ chromophore with the
—f3 chromophore. When the films are transferred to a solid
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Figure 11. Proposed structures for a monolayer containing a 1:1 ratio of
+p:—p chromophores (A) at the air/buffer interface, (B) upon deposition
to a substrate and after nucleation of aggregates, and (C) after equilibration
with time and after growth of aggregates.

support, self-association of the constituent molecules domi-
nates and aggregates form. Growth terminates after ag-
gregates reach microns in size. Aggregates are primarily 2
nm above the background (Figure 11c). A rigorous confir-
mation of the film structures proposed in Figure 11 is
challenging. Nevertheless, our proposed sequence of ag-
gregation and growth accounts for all of our observations
from each characterization technique. Below we will discuss
the results that led to the construction of Figure 11.

The molecular packing densities of monolayers of mixed
chromophore films at the air/buffer interface indicate the
formation of close-packed, single monolayer films. The
stability of the mixed films suggests the ordered structure in
Figure 11a, where both the electrostatic interactions of the
chromophores and van der Waals interactions of the hydro-
phobic chains are favorable. The structure appears to be
maintained immediately after LB transfer of the films to a
solid support because fluorescence microscopy images of the
films are uniform and the topography measured by AFM is
featureless.

The LB-transferred films form aggregates surrounded by
depletion zones through a temperature-dependent nucleation
and growth process. This is consistent with Figure 11b where
the —f3 chromophores nucleate into H-aggregates that extend
above the film. We know that the aggregation process does
not consume all of the surface material because fluorescence
is emitted from both the aggregates and the background. The
unusual photobleaching behavior of the aggregates (Figure
7) is also consistent with our model. The fast photobleaching
material corresponds to the top layer of —f chromophore
and the slow photobleaching material corresponds to +f3
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chromophores protected from photooxidation by the ag-
gregate. The uniform height of the aggregates (2 nm)
indicates a thin, monomolecular film as in Figure 1lc.
Tapping mode AFM images seen in Figure 7 demonstrate a
phase difference between the aggregates and the background
that corresponds to their different surface chemistries.

Conclusion

Although the chromophores investigated here self-as-
semble into impressively stable monolayers at the air/buffer
interface, efficient retention of the large molecular hyper-
polarizabilities into multilayer films was not observed. A
significant challenge for producing bulk NLO materials is
controlling the packing and aggregation of chromophores.
In the present system, the addition of the weak —f chro-
mophore resulted in only an apparent dilution of the stronger
response from the pure +f chromophore thin films. It is
interesting to consider what drives the phase separation of
the two chromophores on the solid support. One possibility
is that electrostatic interactions drive phase separation of the
two chromophores, such that self-association of molecules
results in structures that are more electrostatically neutral.
If this is the case, then it is plausible that choosing +£ and
—f chromophores with more closely matched dipole mo-
ments may reduce the tendency for unfavorable self-
association of the chromophores, and may also enhance film
stability.

Cross-linking of layer-by-layer assemble films is a promis-
ing strategy for the long-term retention of NLO activity. One
approach used by developed by Marks and co-workers
employs silane chemistry to generate highly cross-linked and
stable chromophore film structures.'®!”'° LB deposition of
chromophores anchored to a polymer backbone, or cross-
linking of LB films after deposition are also possible
approaches for generating stable films.*>>%>! Each of these
approaches has advantages. Solution phase assembly methods
are more applicable for batch preparations and do not require
LB instrumentation, whereas LB deposition can take advan-
tage of the specific and rapid self-assembly that occurs at
the air/water interface.
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While our primary motivation for mixing the +f and —f
chromophores was the opportunity to overcome the electro-
static interactions that are problematic for single chromophore
assembly processes,”**® several other advantages warrant
consideration. Substantial investments have been made into
designing chromophores with particular shapes® or polymers
with specific cross-linking functionalities® so that high
chromophore densities can be achieved with the best possible
molecular ordering. Those experiments’ suggest that a
minimal amount of protection (not pursued in these studies)
of the chromophores reduces exciton formation. When both
=+ and —f chromophore are used, simple rodlike molecules
would be expected to have the best performance when they
are packed side-by-side in an antiparallel configuration.
Another factor that has been considered theoretically, but
less so in practice, are local field effects.’>>> When a single
chromophore is loaded into a material at high concentrations
and aligned, local field tends to reduce charge separation
within the chromophore. The use of two chromophores with
similar dipole moments enables local field effects to be
minimized. Although layer-by-layer approaches compare
unfavorably with poled-polymer films in terms of ease of
processing, the potential for generating ultrahigh-f materials
with the mixed chromophore method is compelling because
of the opportunity to densely pack ordered chromophores in
thermodynamically stable configurations.
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