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Enhanced Aggregation of Derivatized Tolan Surfactants through DonotAcceptor
Interactions at the Air —Water Interface and in Langmuir —Blodgett Films
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Control of aggregation behavior of derivatized surfactants by moderately polar functional groups as well as
the role of charge-transfer interactions governing photophysical phenomena was studied using surfactants
incorporating the diphenylacetylene (tolan) chromophore (TFAs) modified with either a sulfone or an ether
group (STA or oTA, respectively). H aggregation is prevalent in these systems as monitored by the spectral
shifts of absorption and emission. Packing of surfactants and aggregation were found to be strongly influenced
by the presence of bivalent metal cations,?Cdn the subphase, as demonstrated by molecular area and
chain orientation measurements. The nature of the aggregates formed from sTA surfactants is directly affected
by complexation of the acid headgroup; in contrast, the associated oTA chromophore aggregation is unaffected
by subphase modifications, despite the altered packing of surfactant chains. The photophysical behavior of
aggregated TFAs in monolayer systems was followed at thevater interface as well as with supported

films on quartz, and conclusions can be made of the surfactant arrangements’ stability. A unique mixed
aggregate was formed when both the ether- and sulfone-derivatized TFAs were incorporated into a single

phosphatidylcholine molecule (mixed PC) and deposited as an LB film. This monolayer exhibits additional
enhancement in aggregation properties attributed to desxreptor interactions between the tolan chro-
mophores that are distinct from a statistically mixed LB sample prepared from a mixture of TFAs. The
current results are viewed in terms of general principles governing aggregation for a family of chromophore-
derivatized surfactants in LB film.

Introduction formation of a soap monolayer at the-awater interface, and
many studies have focused on the role played by the surfactant
headgroup in the packing of molecules in LB assembfies.
Experimental techniques such as surface reflect¥hE&|R-
TR spectroscopyt!3 and linear dichroism? as well as
omputer simulatichmethods are increasingly used to probe
the organization of a large family of derivatized surfactants.

Incorporation otrans-stilbene within fatty acid chains (SFAs)
has been studied extensively in micelles, bilayer vesicles, and

The assembly of derivatized surfactants in two-dimensional
matrices using LangmuitBlodgett techniques has been of great
interest in recent yeafs> A number of systems have been
designed and synthesized in which a chromophore is embedde
within an amphiphilic chain in order to study the aggregation
of the extendedr systems in conjunction with the assembly
properties of the surfactant itself. Chromophore aggregation
is frequently characterized by distinct photophysical behavior

associated with the coupling of the systems in particular B films.* The observed changes in the absorption and
molecular arrangements governed by hydrophobic, hydrophilic, fluorescence upon aggregation in such systems can be explained

and van der Waals forces. The wide range of applications of by a modified “card-pack” exciton model in which the excitation
this two-dimensional ordering of molecular systems includes €Nergy is delocalized across an array of transition moments of
studies of energy transfériong-range electron transférand the individual stilbene moleculds?® Further investigations have
nonlinear optical devices,as well as a determination of revealed the structure of spectroscopically similar H aggregates

fundamental forces controlling molecular aggregate formation in vesicles formed frontrans-stilbene-derivatized phospholipids,
under specific boundary constraifits. and recent results suggest there is a unit size for the aggregate

Kuhn and co-workers have studied aggregation for a number TOM Which the extended assembly is bdfit. Indeed, the
of configurations of clustered dye molecules, using an extended {€ndency to form small aggregates of a specific sezg(four
dipole model which relates spectral energy shifts between chromophore units) strongly governs the packing behavior of

aggregate and monomer to the orientation and distance betweefi€ €ntire surfactant system and may be considered a general
dye molecule@:9 In an extension of this model, contributions Mde! for the behavior of several types of chromophétes?
due to the angular distribution of chromophores about the surface!n general, H aggregation appears to predomln_a_te over other
normal have been incorporated in order to predict spectral shifts YPES Of aggregation in a wide variety of modified stilbene
upon aggregatioh. The orientation of chain axes and chro- SYStems, even those s_pegﬂcally designed to exhibit altéred (
mophore transition moments have been found to be further J 2dgregation) behavié.
directed by the presence of bivalent cations necessary for the Directional energy transfer has been demonstrated between
types of aggregate clusters in heterogeneous nfédi&xten-
* To whom correspondence should be addressed. sive studies performed in our lab have involved mixtures of
lgresen: agg:ezs g:pt?;;rrrllegt g; kcgerrr;is;rz, U;é\é%r:it%/ :)fNI?\;)clr;%%tgr. surfactants derivatized with stilbene units at different positions
§ P:ggggt 2ddrisss.: Despartmen? of ChOemFi)strgll,’ Polyte(?h(re]ié: University., along the hy_drophol_alc chain that. Show ;elf-agg_reganon does
Brooklyn, NY 11201, occur, resulting in discrete domains within LB film samples.

€ Abstract published irAdvance ACS Abstractsuly 1, 1996. Energy transfer is observed between aggregated clusters across
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layers to low-energy aggregate traps in the system. Additional SCHEME 1

studies have involved the arrangement of deramceptor- O(CH2)11CHs
substituted stilbene surfactants in a supported monolayer and ¥ | uonacaon e Ho=o—Siora
the effect of substitution on aggregation behatidoth charge- © P— ELN, Cul, [PhyP] P4, THE
transfer interactions between modified chromophore fiaiss | L i I
well as trapping of the excitation energy of aggregate systems SiCHa)s
by a small residual population of monomerkave been O(GHa)y1CHa
proposed as mechanisms that explain the complex spectral NaF
observations when polar chromophores have been studied in
LB films. A broader knowledge of the influences of polar [ CHoH
substituents on the photophysical properties and aggregation H
behavior of various chromophore-derivatized amphiphiles is
necessary to understand the general controlling influences of & jeremcte o 802(CHz)nCHa
chromophore-substituted surfactants in different heterogeneous © I CROMa/CaoR —
medial8 r 2. CH3(CHy),Br ' CH,CO,H Y
In the present work, representative derivatized surfactants
incorporating the rodlike diphenylacetylenic (tolan) chro- SOa(CHan CHa SO5(CH)CHs
mophore (TFAs) were studied. The tolan moiety in this series NaF HC=C— Si(CHal |
was modified with either a sulfone or an ether group (sTAor | CH:0H
oTA, respectively) between the aromatic ring and a 12-carbon I I BN, Cul, [PhPlPd, THE
H Si(CHa)3
= o]
/\/\/\/\/\/—0‘< >———< MOH ,_@_(CH)COOE
1. 2)3 t
oTA EG,N, Cul, [PhP] Pd, THF reammo O - O (eriancoon
oTA
2. NaOH/EtOH C’)I
= o * 3C(H2C) 11— = 2)3
/\/V\/W—Soz-©—=—©WOH 3 H HaC(HzC) j Q O (CH2)aCOOH
sTA
sTA
described by Radhakrisma al. and Bligh and Dyer from the
/\/\/\/\/\/—0‘@_:'@_\/\(0 corresponding TFA3! The product mixed PC was purified by
/\/\/\/\/\/—SOQQ—: O o o preparative TLC. The TFAs and mixed PC derivative were
o—/ - found to be pure by TLC andH NMR, and the fast atom
ot o bombardment (FAB) mass spectra obtained show tfddvis
s HN?CHz)a associated with the parent compounds. Lignoceryl acid was
purchased from Avanti Polar Lipids Inc. and used as received.
mixed PC Chloroform and methylene chloride used in all spectroscopic

and LB work were HPLC-grade, pentene-stabilized solvents
hydrophobic chain in order to study the role of moderately polar (Fisher). Milli-Q filtered house-deionized water was used for
functional groups on the aggregation and photophysical behaviorall measurements in an agqueous medium. Quartz glass slides,
of tolan-modified surfactants in LB film. The tolan-derivatized 1 x 5 cm were cleaned sequentially in chloroform and detergent
fatty acids oTA and sTA were found to exhibit blue-shifted and followed by “piranha” solution cleaning (30%®b/H,SQy)
absorption and red-shifted fluorescence emission upon assemblfor 30 min22 The quartz substrates were rinsed thoroughly in
in Langmuir film at the air-water interface and in deposited  Milli-Q water and dried before use in the LangmuBlodgett
LB films, spectral behavior that is characteristic of H aggregation assembly.
of chromophores in restricted media similar to that of stilbene- Langmuir —Blodgett Film Preparation. An aliquot of tolan
modified surfactants (SFAs). Unlike the SFRhowever, the fatty acid or phospholipid in CHGI(~1 mM stock solution)
packing of surfactants was found to be strongly dependent onyyas spread onto an aqueous subphase 3 20nless otherwise
the presence of the bivalent metal catior?Cih the subphase; noted, the subphase was composed of GA&D x 1074 M,
thus, for TFAs, the complexation of the acid headgroup appearsand buffered with 5.2 104 M NaHCO; (pH 6.8). The organic
to exert direct influence on the nature of aggregates formed in solvent was allowed to evaporate from the surface for at least
some cases. A unique mixed aggregate was formed when both 5 min before a compression/expansion cycle was carried out
ethel‘- and Su|f0ne-derivatized TFAs were InCOI‘pOI’ated IntO a to a maximum Surface pressure Of 40 mN/m A f||m Compres_
single phosphatidylcholine molecule (mixed PC) and deposited sjon in which the isotherm was recorded preceded deposition
as an LB film. This monolayer sample exhibits photophysical of the monolayer onto quartz in the upstroke of the substrate
properties distinct from a statistically mixed LB film sample  through the subphase. The transfer ratios obtained for single

prepared from oTA and sTA, in a ratio of 1:1. monolayers deposited were 1400.1 in all samples prepared.
. . Steady-state measurements were the result of averag8d 2
Experimental Section separate slide samples.

Materials. The derivatized fatty acids, oTa and sTA, were Absorption and Fluorescence. Routine absorption spectra
synthesize®f in a multistep synthesis by palladium-catalyzed were recorded on a Hewlett-Packard 8452A diode array spec-
coupling of the corresponding acetylene and iodobenzenetrophotometer. Monolayer samples were oriented perpendicular
derivatives as described in Scheme 1 and crystallized from to the incident light source, and no variation in absorption values
isopropyl alcohol/heptane before use. The derivatized mixed was observed upon rotation of the samihld5°. Steady-state
phosphatidylcholine (mixed PC) was synthesized by the method emission was measured using a SPEX Fluorolog spectrofluo-
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rometer with a 300-nm cutoff filter. All emission and excitation

. - 104 .- - 1.0m
spectra were corrected for instrumental response. Film samples _ ‘ FARIAETN __‘g:q 2
were oriented 45relative to the incident light and detected at e / N - LB fim [ 088
a 30 angle from incidence. Fluorescence quantum yields for £ 1\, / e,
solutions were determined by comparing with a standamks Sosd /. \ "z
stilbene inn-pentane ¢ = 0.0435)23 g * [ - 0.4%
Fluorescence Lifetime Measurements. Time-correlated = ] Y L o.zg
single-photon-counting (TCSPC) experiments were carried out . NS A 2
on an instrument consisting of a mode-locked Nd:YLF laser 0.0=— T = T T 0.0
250 300 350 400 450 500

(Quantronix 4000 Series) operating at 76 MHz as the primary
laser source. The second harmonic (KTP crystal) of the Nd: @
YLF laser was used to synchronously pump a dye laser
(Coherent 700) circulating Rhodamine 6G in ethylene glycol T
as the gain medium. The pulse width of the dye laser was 107 -.
typically 8 ps, as determined by autocorrelation, and was cavity !
dumped at a rate of 1.9 MHz. The dye laser was tuned to the
desired wavelength and frequency doubled fitzarium borate
(BBO) crystal for sample excitation295 nm). Emission from
the sample was collected by two convex lenses and focused at
the entrance slit of a Spex 1681 monochromator (0.22 m) and
was detected by a red-sensitive multichannel plate (MCP) 0.0 f . ; T
detector (Hamamatsu R3809U-01). The single-photon pulses 250 300 350 400 450 500
from the MCP detector were amplified and used as the stop () Wavelengih (om)
signal for a time-to-amplitude converter (TAC, EG&G Ortec), figyre 1. Absorption and fluorescence spectra for (a) 0TA and (b)
while the signal from a photodiode, detecting a small fraction sTA in CHCk and LB film. Excitation wavelengths for emission
of the dye laser output, was used as the start signal for the TAC.spectra were 290 nm (CHgland 260 nm (LB film).
The start and stop signals for the TAC were conditioned before
entering the TAC by passing through two separate channels ofenter the horizontal plane of the optical fibers. Reference spectra
a constant fraction discriminator (CFD, Tennelec TC 454). The were obtained from the pure subphase surface without a spread
output of the TAC was connected to a multichannel analyzer film. Relative reflectivity (Rf) was calculated from intensity
(MCA) interface board (Norland 5000) installed inside a measurements in the dail, and on the subphase surfabe,
486DX2 personal computer. The MCA was controlled by
software from Edinburgh Instruments (Edinburgh, UK). The Ire = Ip
same software was used to carry out the deconvolution of the Rf= _[IO ( )]
data and exponential fitting using the nonlinear least-squares
mgthod. The r)ongxpone_ntla_ll fluorescence dec_ays were analyzech esults and Discussion
using the distribution of lifetimes method provided as part of a
commercial software package by Edinburgh Instruméhts. Pure TFAs in Organic Solution and LB Film. The tolan-
Polarization Spectroscopy. Absorption spectra for polariza- derivatized acids oTA and sTA are soluble in relatively nonpolar
tion measurements were recorded on a Perkin-Elmer Lambdaorganic solvents (CHG| CH,Cl), and the observed absorption
19 DM scanning spectrometer. Supported monolayers on quartzand emission spectra are attributed to the monomeric form of
substrate (one side) were investigated in terms of preferentialthe chromophores in dilute solutidff. The complex structure
absorption of the p and s linear polarized light components using of the derivatized tolan absorption spectra can be better
a film polarizer. Evaluation of molecular orientation was understood in relation to the photophysical properties of tolan
accomplished by considering a four-phase system and assumingn solution. In brief, the absorption of tolan is due to three
uniaxial orientation of the transition moment from the surface energetically close-lying excited singlet states. Emission occurs
normal with an angle9,?> Figure 1. The ratio of p- and  from both the lowest excited singlet associated with the ground-
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s-polarized intensities are related@as follows: state equilibrium geometry ang,&ssociated with the equilib-

rium geometry of the excited sta?®. The absorption and

A, n,cosi+n, cosr( _ 2”13“3 siréi emission of the supported monol_ayers of pure oTA or sTA+Cd
ATn oS I+ N CoSi cosi cosr +——,——— salts on quartz are compared with those from GH@lutions

A Ny 3 \ n, tarf 6 in Figure 1a,b. LB films of oTA and STA exhibit altered

_ _ absorption spectra (blue-shifted4700 cnt! relative to CHC}
wheren, = 1.00 (air),n, = 1.50 (assumed for LB film)ns = solutions), and upon excitation, emission is red-shifted $000
1.49 (300 nm) (quartzZf; i = 45> (angle of incidence at the 3000 cn1? from that observed for the monomers in CkiQlhe
air—LB film interface), andr = angle of refraction at the LB spectral behavior of TFAs, like that of stilbene fatty acids, is

film —substrate interface: attributed to the formation of H aggregates of the tolan
chromophores in LB films in which the transition moments

F= sin_l[n—l sin i] — o8 along the long tolan axis are roughly aligned in a hehdad
ng arrangement such that a splitting of exciton levels occurs in

the excited state. The photophysics associated with the exciton
Surface Reflectance SpectroscopyReflectance spectra of  model are depicted in Figure 2. Similarly, dilution of the TFAs
spread monolayers on the surface of the subphase were recordedith saturated fatty acids of the same extended length, (
using an Ocean Optics spectrometer equipped with optical fiberslignoceryl acid, G4) in LB films up to a molar ratio of 1:10
and detector. Both excitation gamp source) and detection results in aggregated chromophore systems that display photo-
fibers were situated above the surface so that the reflected beamghysical properties essentially identical to the pure samples; this
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Figure 2. Depiction of exciton splitting of energy levels upon
aggregation and associated photophysics.

TABLE 1: Fluorescence Quantum Yields and Lifetimes in
CHCI;
o 7,2ns
oTA 0.0033 <0.02
STA 0.16 0.35
mixed PC 0.018 0.05,0.28

a Lifetimes obtained from the fit of the data to mono- or biexponential
decay kinetics.
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Figure 3. Fluorescence decay kineticke{: = 296 nm,Amon = 390
nm) for pure oTA and sTA LB film samples. Inset: Comparison of
TFA decay kinetics during the first 5 ns after pulse, linear scale.
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Figure 4. Absorption and fluorescence spectra for oTA, sTA, and
mixed PC solutions in CHGI(2 x 1075 M); Adexc = 290 nm, 25°C.

chromophore PCs investigatesld., bis(stilbene)PC), where no
association was detected in the ground state or excited state for
dilute organic solutions, the moderately strong electron donor
and acceptor functionalities of 0TA and sTA, respectively, were
expected to alter the observed photophysics of the system in
restricted media through increased charge-transfer interaéfions.
In Figure 4, the absorption and emission of the mixed PC in
CHCI; are compared with those of the individual TFAs in
solution, as well as a dilute (1:1) acid mixture, revealing the
altered mixed PC absorption that is distinct from the simple
spectral addition of the two acid samples. At first glance, the
dominance of emission by the feature virtually identical with
that of STA emission alone is surprising. However, the emission
spectrum of mixed PC can be understood upon consideration
of the 50-fold difference in quantum yieldg;, between oTA

and sTA in CHC4 (Table 1). If the two chromophores in the
mixed PC are in fact remote from one another, then the emission
is expected to be dominated by sTA fluorescence. On the other
hand, if there is some close interaction between the ether- and
sulfone-tolans of the mixed PC in solution, as suggested by the
distinctive absorption spectrum (Figure 4b), then another
explanation for the emission features is plausible: possibly an
equilibrium exists between an open (remote chromophores) form
and a closed (interacting chromophores) form such that the

suggests that the mosaic-like clusters of aggregates cannot bdraction of the population adopting the open form acts as a

readily disrupted upon “dilution” by surfactant molecufés.

Forster energy trap for the entire system, giving rise to emission

Simple monoexponential decay was measured for the fluores-associated with monomeric sTA, Figure 2.

cence of oTA and sTA surfactants in CHCTable 1. The
decay kinetics associated with the LB film samples are
significantly longer than for the organic solutions (Figure 3);
the highly nonexponential fluorescence decay of the LB films
persists over nanoseconds, as compared with the picosecon
measurements obtained for CHGblutions of TFAs, Table 1.
The natural lifetimes of the monomers in solution are calculated
to be ca. 1 ns for the individual chromophores; therefore, the
observed photophysics of the LB films are attributed to emission
from the lower forbidden state, as depicted in Figure 2 for the
excitonic splitting of energy levels for an H-aggregated system.

Mixed PC in Organic Solution. The tendency to form a

closed open
hv
closed *closed
ET
d *closed + open closed+ *open
flr
*open —_— open+ hv

From a biexponential fit of the decay kinetics for the mixed
PC in CHCE}, two lifetime components were obtained, 50 and
300 ps, suggesting two remote TFAs in solution. However,
the value of¢; for the mixed PC is not an average of those
associated with the individual oTA and sTA fluorophores.

mixed aggregate composed of ether- and sulfone-derivatizedClearly, some pathway for depopulating the excited state(s) of

tolans was explored using the mixed PC. Unlike other bis-

the mixed PC is available, giving rise to a quantum yield
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Figure 5. Absorption and fluorescence for LB films of (a) mixed PC
compared with pure oTA and sTA films; (b) mixed PC compared with L 0L . . . . . . . &
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significantly lower than the one expected for remote fluoro-

phores in organic solutiof?. _ o _
Figure 6. (a) Fluorescence decay kinetics of LB film samples compared

Mixed PC in LB Film. When an LB film is prepared from ith representative kinetics for CHGlolution, as noted: (b) distribution
the mixed PC on quartz substrate, the absorption and emission‘(')\;I ”fe?i?nzsseasiéﬁatég \;\(/:i?hokineticso ution, as noted; (b) distributio

are characteristic of an H-aggregated chromophore system,

Figure 5a. Absorption and emission are shifted to the blue and was utilized to show the overall relative contributions of various
red, respectively, similar to the behavior of stilbene-derivatized fluorescent components. It must be mentioned that reasonable
surfactants. However, the spectral features of the mixed PCanalyses are expected from decay kinetics of 10 000 counts for
LB film are distinct from pure TFA LB films as observed from systems in the absence of any energy transfer or spectral shifts
the narrow absorption absorption and emission of the mixed during the lifetime of the excited staté,and therefore,

PC appearing at lower energies relative to the pure TFAs’ LB interpretation of the individual lifetime clusters must be done
film bands. Accordingly, LB films of mixtures of oTA and  with care. Nevertheless, some comparison between sample
sTA in various ratios were prepared, and their spectra are profiles is useful. Figure 6b depicts the relative intensities of
compared with the mixed PC in Figure 5b. These results lifetimes components for the four LB film samples subjected
demonstrate that the steady-state spectra for the mixed PC ard¢o this analysis. On inspection of the lifetime distribution
not additive with respect to the individual chromophores in comparison, one finds that a significant portion of fluorescence
restricted media, but rather, a unique aggregate is formedemission of the mixed PC LB film system is due to very long-
between the derivatized tolans in the mixed PC that is not readily lived (> 20 ns) emissive species that are virtually absent in pure
adopted in the mixed TFA samples. It must be noted that some TFA samples and present to a much smaller degree in the 1:1
narrowing of emission bands occurs in the mixture LB films TFA mixture LB sample.

that is distinct from pure TFA LB films, indicative of some Influence of Cd?™ Complexation on TFAs’ Aggregation
degree of enhanced interactions between chromophores. TheéBehavior. It is common practice to prepare Langmuir films
red-shifted absorption spectrum of the mixed PC (relative to on an aqueous subphase that contains bivalent metal cations,
pure TFAs) is then attributed to a population of “heterodimers” such as C#, in order to form stable monolayer soaps of the
as opposed to the mixed TFAs in LB films which appear to complexed surfactants that are insoluble in the aqueous Bhase.
contain predominantly zones of like aggregates with some In the previously discussed studies, 2Cdvas consistently
residual interactions between different chromophores. No employed in this manner to prepare monolayers for investigation.
modification of spectral features was observed with dilute GHCI Monolayers formed upon agueous solutions containing no metal
solutions of TFA mixtures; Beer's law is obeyed, and absorption cations are expected to be of comparable overall stability but
and emission appear to represent simple mixtures of unassoci-composed of surfactants (and associated chromophores) arranged
ated TFAs. Absorption and fluorescence spectra for samplesdifferently, due to the larger molecular area adopted by the
of mixed PC diluted with lignoceroyl acid (LA) (1:7) display  surfactants under these conditions. 2Cdomplexation is known

the same spectral shifts associated with aggregate formationto alter the molecular area of arachidic acid, for example, at
suggesting the heterodimer is responsible for these observationsthe subphase surface, in addition to causing a shift in the
In Figure 6a, fluorescence decay kinetics for LB film samples molecular orientation of the fatty acid chains fronf 2&lative

of the mixed PC and pure TFAs as well as the 1:1 mixed acid to the surface normal, to a near-perpendicular orient&fion.
sample are compared, demonstrating the long-lived nonexpo-Nevertheless, we were surprised to find that some aggregation
nential fluorescence decay of the mixed PC in LB film. For and photophysical behavior of the TFAs is dramatically altered
qualitative comparison of the fluorescence decay kinetics for when monolayers are prepared in the absence &f €akions.

LB film samples presented in Figure 6a, a distribution analysis In the present studies, UV surface absorption (relative reflec-

(b)
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TABLE 2: Molecular Areas from Isotherms and Tilt

Angles from Polarization Spectra 0.020] /%
12t
tolan/subphase molecular ared? 0, deg LA
STA/CACh 22 12 sorsd tioiAN — oTA / water
oTA/water 26 15 ‘ ST AR i o ‘;ﬁ //C“‘I’act':r
0TA/CdCh 30 16 _S i g K - sTA/ CdCl,
sTA/water 34 18 ’g
@
aMeasured from surface pressttarea isotherm extrapolated to 0 <
compression £5% molecular areaf.6 calculated from polarized
absorption spectra, as described in the tex@@% angle).
0104 N . . ,"\‘
I,' v — oTA/ water 250 300 350 400
3 ], - Y ----- 0TA/ CdCl, Wavelength (nm)
3 . o’ ! - --sTA / water H : -
3 " ! ' “-ISTA/ cdol, Figure 8. Absorption spectra for LB films on quartz transferred from
% \ ' subphase as noted.
e 0.054 \ l‘
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Figure 7. Absorption spectra (relative reflectance) for TFA monolayers < 17 3
at the air-water interface, within 30 min of film compression to 40 . L 0o
mN/m; subphase as noted. i
. . 0.0 T % A— . T T bt 0.0
tance) was used to probe the aggregation behavior of tolan- 250 300 350 400 450 500 550
functionalized fatty acids at the aiwater interface in the Wavelength (nm)

presence and absence of’Cébns in buffered (pH 6.8) aqueous  Figure 9. Absorption and fluorescence spectra for STA on quartz,
subphase. While surface pressuagea isotherms monitored  transferred from subphase, compared with CHllution as noted;
during compression for oTA and sTA on either buffered water Aex. = 260 nm (CdGJ), Aexc = 300 nm (water, CHG).

or buffered Cd™-containing subphase display similar shapes,

the molecular areas obtained for the TFAs at 40 mN/m were deposited from different subphase conditions. All fluorescence
found to be significantly different between oTA and sTA, as spectra of the supported monolayers prepared from*Cd
well as between those obtained on different subphases, Tablesubphase show broad emission at 3820 nm; however,

2. Indeed, a trend reversal was observed, for oTA exhibits a emission at lower energyldm = 430 nm) resulted only upon
slightly larger molecular area when complexed witt?Cthan excitation of sTA deposited from the water subphase. An
in water and the STA/C4d system exhibits a smaller molecular  important comparison is made of the absorption and emission
area than does sTA on water. Notably, reflectance spectraof sTA in CHCk solution and the LB films of STA prepared
obtained at the aifwater interface compared for the four gp poth water and Cd-containing subphase, revealing absorp-
systems reveal the marked difference between STA on waterijon of the LB film from water that is broadened and more
(Aabs = 300-330 nm) and on Cd-containing subphaséldss  structured than the CHebolution, yet only slightly perturbed

< 240 nm) (Figure 7), while oTA and the mixed PC absorption i, energy, Figure 9, in contrast with the blue-shifted absorption
spectra are virtually indistinguishable in both subphase COMPOSi- ;¢ <TA/CR+. The red-shifted emission from the sTA/water LB

tions and when monitored as a function of time. In order to film is also compared with fluorescence associated with other

determine more precisely the arrangement of tolan ch.r.o— samples. These results strongly support a model in which an
mophores that are aggregated under the two subphase Cond'tlongrrangement is adopted of compressed sTA chromophores on

discussed, the two-dimensional density (molecular area) and the
photophysical properties are considef@d. the water subphase that may not form an extended H-aggregated

. . . array to the same extent as with &domplexation.
First, a comparison was made between UV absorption spectra

of quartz-supported monolayers and-aiater interface films, In a second investigation, an a“emPt was made to Sh'f_t the
to monitor if the integrity of film aggregation was maintained 2rangement of sTA on water that gives rise to the unique
upon transfer to solid support, Figure 8. The broad absorption Photophysical features compared in Figure 9 to that of STA on
(300-330 nm) of STA monolayer formed at the aivater Cd#-containing subphase_by _5|mply injecting an appropriate
interface of a water subphase was observed for the supported’olume of CdCi stock solution into the subphase to reproduce
film from the same subphase conditions; however, one notablethe Cd*-containing subphase conditions. Upon diffusion of
difference was observed between absorption for sTA/Gd C#" ions throughout the bulk subphase under the formed film,
the air-water interface A < 240 nm) and the supported film  the spectral feature of the film was expected to shift toward
(A =260 nm). Some explanation for the STA spectral variations that associated with sTA/Cd at the airwater interface.
observed can be made in light of the UV polarization measure- Surprisingly, no such spectral shift took place after 24 h, even
ments and the present experimental technigige(infra). No after repeated expansion and compression cycles of the film in
distinguishable spectral differences were observed between oTAaddition to thorough mixing of the subphase below the formed
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as those representing amerage tilt adopted by the chro-
mophore population. With the orientation of chromophores in

— CdCly, 1 hr ."";“'I_“ 5~ ) . - - ;
----- CdCl,, 24 hrs % mind, it is of particular interest to compare the absorption
-=-- water, 1 hr v AR

water, 24 hrs

spectrum for sTA/C# on quartz with that of the monolayer
on the subphase surface. The lowest energy absorption band

at 260 nm is virtually absent in the spectrum taken at the air
water interface, while it is present for the quartz-supported
system. It is proposed that because of the small average tilt
angle associated with the sTA/&dsystem in the LB film, a
similar angle of chains (perpendicular to the subphase surface)
is adopted and the interaction of the p-polarized light with the
molecules’ transition moments is minimized due to the orienta-
tion of the horizontal plane of the fiber optics parallel with the
surface plané! In contrast, the relatively large average tilt angle

Wavelength (nm) of sTA/water is expected to allow interaction of both p and s
Figure 10. Comparison of absorption spectra for sTA film at theair ~ COMponents of the electric field with the chromophores to occur.
water interface, in subphase as noted, 1 and 24 h after compression alNO oblique reflection setup is possible with the present system
40 mN/m. in order to probe further this phenomenon.

Relative reflectance

T T T T T

T I
240 260 280 300 320 340

dipping Conclusions
: Novel ground-state aggregation is observed for amphiphilic
: tolan derivatives in spread monolayers at the-aiater interface
and in LB films. In agreement with our understanding of the
aggregation properties of stilbene-derivatized surfactants, a
model of H aggregation serves to explain some of the photo-
physical observations for the LB films of tolan derivatives,
prepared on Cd-containing subphase, depicted by the exciton
splitting model (Figure 2). However, the simple H-aggregate
model for arrangement of aggregated chromophores is not
sufficient to completely explain all of the current results. The
behavior of STA on a water subphase suggests a more expanded
matrix of surfactants is formed, in which both chain packing
and tolan aggregation occur to a smaller degree than with Cd
complexation. Nevertheless, the appearance of red-shifted
film. This behavior suggests that the original structure is ordered fluorescence emission is indicative of an aggregated sTA sample
and that a sort of annealing process takes place that starts fromin which emission occurs from the forbidden energy level. The
grain boundaries and penetrates into the cluster. That repeate¢omparable ground-state absorption spectra of oTA, independent
expansior-compression did not affect the order is not surprising of subphase composition, suggest the extended H aggregation
since the expansion probably gives small ordered clusters. Aof chromophores occurs to a similar extent under both subphase
control experiment revealed the stability and preference for the conditions.
expandedrientation of an sTA film formed on either subphase; The unusual photophysical behavior of the sTA/water system
when sTA is spread on a €dcontaining subphase, initially, —may be understood by considering the following plausible
the spectral features include absorption below 240 nm, which models: (1) The emission that is observed for sTA/water LB
appears stable over8 h. Maintenance of the film at a stable films is excimer-like, implying that the sTA molecules have
surface pressure (40 mN/m) over 24 h results in a surface no significant ground-state interactions that would significantly
absorption that has shifted to 30820 nm and is significantly alter their absorption spectra, yet the emission is clearly shifted
broadened, Figure 10. This resultant spectrum is similar to that from that associated with the monomer. The likelihood for
of sTA on the water surface and appears to represent the stabldormation of a complex between one excited sTA molecule and
arrangement of aggregated sTA in the monolayer. a ground-state sTA in a restricted medium such as an LB film
Linear Dichroism of TFA-Supported Monolayers. Polar- during the lifetime of the excited state is small, and therefore,
ized absorption spectra of single monolayer films of TFAs, other explanations are sought. (2) Only residual emissive
prepared from aqueous or &dcontaining subphase supported aggregates may exist(%) amidst nonaggregated sTA, and
on quartz slides, were compared in the UV region. From an these aggregates act as energy trapde( suprg.>32 The
analysis of the ratio of p- and s-linearly polarized components microheterogeneous nature of the aggregated tolans is estab-
of a spectrum, a value for the tilt angl@, of the long axis lished by the wavelength dependence of the steady-state
associated with the—x* transition was estimated from eq 1  fluorescence and excitation spectra, as well as the highly
(Figure 11). These tilt angles are compared in Table 2, along nonexponential nature of the fluorescence intensity decays. Red-
with the molecular areas obtained from the isotherms of spreadshifted fluorescence spectra for tolan derivatives exhibit excited-
monolayers immediately after compression. The trend of state lifetimes that are 4600 times longer than those of
molecular tilt angles of the TFAs from the surface normal is monomeric species in solution. The observed lifetimes are also
consistent with that observed for molecular areas obtained fromseveral times longer than the natural radiative lifetime of the
surface pressurearea isotherms. It is important to note that monomeric species and can be attributed to emission from the
because of the inhomogeneity of chromophore arrangementslowest (forbidden) excitonic level of particular aggregates.
in the supported LB films, the tilt angles of an assumed uniaxial Moreover, the degree of aggregation in LB films appears
sample of long-chain molecules need to be broadly interpreted dependent on both tolan substituents and subphase composition.

.*
.

Figure 11. Depiction of transition moment orientation with respect to
quartz surface normal and s- and p-polarized light components.
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