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Abstract: We use atomic force microscopy (AFM) in conjunction with fluorescence relaxation dynamics to
establish the relationship between the physical morphology and optical response of zirephnsphonate

(ZP) monolayers containing oligothiophene chromophores. For ZP monolayers formedisI&i@d structures

are seen with AFM in the size range-4000 A with the nearest neighbor island spacing varying from 80 to
200 A. For these same surfaces, the fluorescence population relaxation dynamics we measure are nonexponential,
chromophore concentration-independent, and identical for two different chromophores. This finding is fully
consistent with the AFM data, and the results can be understood using an excitation hopping model. The
spectroscopic data are consistent with aggregated istaBfs 100 A in diameter. We demonstrate that the
spectroscopic and physical domain sizes present on ZPfSdDolayers are the same. Studies using several
initial priming schemes point to the silanol group distribution on the surface determining structural heterogeneity
with intermolecular interactions between chromophores playing a secondary role.

Introduction multilayer chemistry has proven to be particularly useful and
has been explored for its use in potential applications such as

become a substantial effort in interfacial chemistry and materials artificial ?nggggggheas, light harvesting, and optical information
science research. The ability to achieve this level of control SOrage:-19202628 The complexes formed between phospho-
has been determined to a large extent by the propensity of certaiates qnd seyeral mgtal_ lons are very msoluble, a_lllowmg for
types of molecules to self-assemble at various metallic and the faC|I.e buildup of |n'd|V|duaI Iayers vy|th robust |ntelrlayer'
dielectric interfaces. Alkanethiol self-assembly onto gold is connections. The resulting three-dimensional structural integrity
perhaps the most widely studied example of this proéess, stands in sharp contrast to LangmuBlodgett multilayer
and there has been a great deal learned about the chemicattructures.

modification of surfaces from this body of work. The ultimate ~ Key to the utility of MP systems for many applications is
utility of gold-thiol chemistry is limited both by the long-term  the morphology of the layer(s) they form. This is especially
robustness of the monolayérand by the fact that there is not  true when the optical properties of the monolayer are the subject
yet a general route to forming more complex, multilayer ©f investigation because mesoscopic structural features in the
structures with this system. Chemistry that allows the controlled, . —

sequential assembly of multiple layers creates possibilities for ¢ (13133) ﬁaraz’ghfr; BSe(;](tj:E)SQ'AqF:'L;l\gVIIeSgg]’.W' L; Schilling, M. L.; Ungashe,

a much broader array of chemical and physical phenomena to '(1'4)' Fre)}, B. L.; Hanken, D. G.: Comn, R. Nlangmuir1993 9, 1815.

be explored. Both silane chemisir§ and metal-phosphonate (15) Yang, H. C.; Aoki, K.; Hong, H.-G.; Sackett, D. D.; Arendt, M. F.;

H —25 H Yau, S.-L.; Bell, C. M.; Mallouk, T. EJ. Am. Chem. So4993 115 11855.
(MP) chemistry=25 have been developed for this purpose. MP (16) Vermeulen. L.: Thompson. M. Blature 1992 358, 656.

Achieving predictive control over surface properties has
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Scheme 1 Structures of Bis(phosphonates) Used in This
Work: (a) the Donor, 2,2Bithiophene-5,5diyl-
bis(phosphonic acid) (BDP), (b) the Acceptor,
2,2:5,2":5",2"-Quaterthiophene-5/5diylbis(phosphonic
acid) (QDP), and (c) the Diluent, 1,12-Dodecanediyl-
bis(phosphonic acid) (DDBPA)

Horne et al.

Experimental Section

Metal—Phosphonate Monolayer SynthesisRolished silicon (100)
substrates (MultiCrystal Optics or Boston Piezo-Optics) were cleaned
by immersion in piranha solutioffCaution: Piranha solution is
extremely corrosie and is a potent oxidizerfpr 10 min and rinsed

with flowing distilled water, followed by hydrolysisi2 M HCI for 5

I s /A OH min and a final distilled water rinse. Samples were dried with,a N
Ho»T s p‘-"‘OH a stream and were primed immediately. The substrates were primed with
HO \ / c”) (3-aminopropyl)triethoxysilane (APTES) or (3-aminopropyl)dimethyl-
ethoxysilane (APDMES). Substrates were refluxed in a 1% v/v solution
ﬁ s / s / OH of APTES in anhydrous octane for 10 min, followed by rinses in hexane
HO'FWJ..HOH b and water. Alternatively, they were immersed in a 0.5% v/v solution
HO \_/ S W S I of APDMES in anhydrous toluene overnight and rinsed with methanol
© and water. After drying with B the aminated surface was derivatized
ﬁ OH to the phosphonate using a solution of 0.2 M P£#®Id 0.2 M collidine
HO'PV\/\/\/\/\/\P"MHOH c in anhydrous CHCN for 20 min, followed by rinses with C}N and
HG water. The resulting surface was exposed t& By immersion in a 5

C”> mM solution of ZrOC} in 60% aqueous ethanol for 10 min. The
syntheses of 2,ithiophene-5,5diylbis(phosphonic acid) (BDP) and

monolayer can and do mediate the optical response and?2.2:5,2":5";2"-quaterthiophene-S5diylbis(phosphonic acid) (QDP)

relaxation dynamics of chromophores within the layer. We are @nd 1,12-dodecanebis(phosphonic acid) (DDBPA) have been reported

i 19,31 i i
concerned with the relationship between physical morphology previously,®> and we show their structures in Scheme 1. We
and optical response because of the potential utility of MP synthesized mqnolayers from 1mM bis(phosphonate) solutlons where
. . - . S .. the donor BDP is 5% of the total bis(phosphonate) concentration (0.05
materials for optical information storage applications. Specif- mM) and varying amounts of acceptor QDP-@5%, 0.01-0.95 mM)

ically, the efficiency of intralayer and interlayer excitation are used. The remainder of the monolayer is comprised of an optically
transport will depend sensitively on the mesoscopic structural inactive component, DDBPA, which, in its all-trans conformation, is
features of the monolayers. approximately the same length as the all-anti conformation of the
In this paper, we focus on elucidating the relationship between accepto_r_QDP. There is no requirement, a priori, that the fractional
mesoscopic physical features seen with AFM measurements and@mPposition of the monolayers should be the same as that of the
molecular-scale excitation transport behavior of chromophores solutions from which they are made. We have investigated this matter

in th | bii W bisph h ¢ (Extensively and have found experimental conditions where there is a
In the same monolayer assemblies. We use DISphosphonated; q . correspondence and cases where there is not. For example,

oligothiophene chromophores because of their structural rigidity geposition of BDP and 1,6-hexanediylbis(phosphonic acid) (HBPA)
and spectroscopic properties. Isomerization about the inter-ringfrom ethanol produces a monolayer where BDP is adsorbed preferen-
bond in oligothiophenes is facile in both the&hd § states’? tially to the surfacé! Conversely, the deposition of QDP from a solution
and this process does not complicate the structural or spectro-of 80% DMSO, 18% EtOH, and 2% 4 yields a monolayer where
scopic properties of the monolayers. To make rigid monolayer the composition is related directly to the solution compositiowe
structures with favorable optical properties, we use’-2,2 find that this solvent system works equally well for both QDP and
bithiophene-5,5diylbis(phosphonic acid) (BDP) as the photon BDP-

donating chromophore and 22,2":5",2"'-quaterthiophene- Atomic Force Microscopy. The atomic force microscope utilized
5,5"-diylbis(phosphonic acid) (QDP) for the photon acceptor an in-house-constructed, deflection-type scanning head that exhibits

. _high mechanical stabilit}? The scanner was controlled by an AFM100
g;'::::g?ore' The structures of these molecules are shown Ir]preamplifier and STM1000 electronics manufactured by RHK Technol-

i ) ] ) ) ogy. Unless specified otherwise, all the images shown here were
Atomic force microscopy (AFM) images of our zirconitm acquired with the sample covered with 2-butanol and using sharpened
phosphonate (ZP) monolayers reveal the existence of islandsSisN, microlevers (Park Scientific Instruments) with a force constant
with a characteristic size in the range-4D00 A. The nearest  of 0.1 N/m. Because imaging under liquids eliminates the capillary
neighbor spacing of these islands varies from 80 to 200 A. We ah G Blanchard G.IAm. Chem. 504996 118 12788

H H H orne, J. C.; blanchard, G.d.Am. em. S0 .
have made a series of monolaye_rs with varying donor and (32) Xu, S.: Cruchon-Dupeyrat. S. J. N.- Garno, J. C.. Liu, G.-Y.:
acceptor chromophore concentrations, and for all of these jennings, G. Kk; Yong, T. H.; Laibinis, P. B. Chem. Phys1998 108
monolayers, we recover the same nonexponential population5002.
i (33) (a) Ohnesorge, F.; Binnig, Gciencel994 260, 1451. (b) Marti,
decay. We .use the. tr§n5|ent fluorescence data t?& recovero.; Drake, B.; Hansma, P. Kdppl. Phys. Lett1987 51, 484. (c) Butt, H.
spectroscopic domain sizes for the aggregates1B0 A in J.; Seifert. K.: Bamberg, E1. Phys. Chem1993 97, 7316
diameter using an excitation transport model used previously (34) Dewitt, L.; Blanchard, G. J.; LeGoff, E.; Benz, M. E ; Liao, J. H;
for stilbazolium dyes in LangmuirBlodgett films3® The Ka?sfist)Z'(d'id'\]/_'dGJ-énE %helfj?- Sé)aYggg 115t1215p8- Scoles)ach
. A a lasey, C. E. D.; LIu, G. Y., Rowntree, P.; SCOles, em.
agreement between the physical (AFM) and SpectroSCopiC pp,y <1989 91(7) 4421. (b) Poirier, G. ELangmuir 1984, 13, 2019. (c)
measurements of the surface morphology is remarkable, andwvicDermott, C. A.; McDermott, M. T.; Green, J. B.; Porter, M. D.Phys.
this finding implies a significant degree of intermolecular Chem 1995 99, 13257. (d) Liu, G. Y., Xu, S., Cruchon-Dupeyrat, S. In
alignment within the individual aggregate domains. The invari- E,?égg"gnégge”\;gsszimz'%dlM°”°'ayers of TryaMman, A., Ed.; Academic
ance of the optical response of these monolayers as a function (36) Faster, T.Z. Naturforsch1949 A4, 321.
of changes in the initial priming chemistry of the Si€ubstrate (37) Farster, T.Faraday Discuss. Chem. Sdt959 27, 7.
indicates that the surface silanol group distribution mediates thegof()%g) Girard, C.; Martin, O. J. F.; Dereux, Rhys. Re. Lett. 1995 75,
observed structural heterogeneity of the monolayers. (39) Drexhage, K. HJ. Lumin.197Q 1, 2, 693.

(40) The estimate dRy = 57 A is based on an extinction coefficient of
emax= 2.0 x 10’ cm?/mol for QDP, a fluorescence quantum yieldgaf=

(29) Horne, J. C.; Blanchard, G. J.; LeGoff,. E.AAm. Chem. S0d995

117, 9551. 0.9 for BDP in solution and complete spectral overlap between the BDP
(30) Song, Q.; Bohn, P. W.; Blanchard, G.1J.Phys. Chem. B997, emission spectrum and the QDP absorption spectrum.
101, 8865. (41) Horne, J. C.; Blanchard, G. J. Am. Chem. S0d.998 120, 6336.
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interaction between the AFM tip and the sample surface, imaging forces
as low as 0.0+1 nN were used in order to yield higher resolution
images than could be obtained in &ir.

Lifetime Measurements. Time-correlated single photon counting
spectroscopy (TCSPC) was used to measure the fluorescence lifetimes
of the chromophores within the monolayers. This system has been
described previousl§, and we recap its salient features here. Short
light pulses 5 ps fwhm) are generated with a cavity-dumped,
synchronously pumped dye laser (Coherent 702-2) pumped by the
second harmonic of the output of a mode-locked CW Nd:YAG laser
(Quantronix 416). The dye laser output is frequency doubled @.ilO
Type | SHG) to excite the samples at 315 nm (630 nm fundamental,
Kiton Red, Exciton). Monolayer samples were held approximately
horizontally, with 3 tilts away from the horizontal in two directions;
toward the excitation beam and toward the detector. Fluorescence from
the sample was imaged through a reflecting microscope objective and
collected across the emission bands of the chromophores with 30 nm
fwhm detection bandwidth. The chromophore lifetimes we report here
were fit to the sum of two exponential decays using commercial
software (Microcal Origin v. 5.0) and are reported as the average of
the fits of three decays and the associated standard deviations.

Steady-State Optical SpectroscopyThe absorbance spectra of R
oligothiophene chromophores in solution were measured using a Hitachi . —

U-4001 UV-visible spectrophotometer. Spectra were collected with 5 300 400 300 600
nm resolution. Fluorescence spectra for solutions were measured on a wavelength (nm)
Hitachi F-4500 fluorescence spectrometer. Excitation and emission slits Figure 1. (a) Excitation and emission spectra for a 10% monolayer

\t/;/]erﬁ adjusted accort]iilnlg] tc;r?peﬁtral lntenS||ty. OuLpreVIcr)]us ret[?]orttfhor_w of BDP. For the excitation spectrum, the fixed emission monitoring
€ linear response or oligothiophene monolayers have shown that theiry 4y .elength was 400 nm, and for the emission spectrum, the excitation

steady-state spectra are very similar to solution phase sgéttamd wavelength was 318 nm. (b) Absorptiorand emission (- - -) spectra

this similarity is dgmonstrated in Figure la,b for BQP. of 105 M BDP in DMSO. (c) Absorption £) and emission (- - -)
Optical Null Ellipsometry. The thicknesses of primed substrates spectra of 165 M QDP in DMSO.

and monolayer samples were determined using a commercial optical
null ellipsometer (Rudolph Auto-El Il) operating at 632.8 nm. Data
were acquired and reduced using Rudolph software. For both primer
and ZP layers, we used a value of the refractive index of1.462+

normalized linear response

substrates, and monolayers of 5% BDP, 50% QDP, and 45%
DDBPA on the primed substrates. Example topographic images

Oi for the determination of film thickness. are shown in Figure 2. We found previously that the morpho-
logical differences between oxidized silicon and silica substrates
Results and Discussion mediate the motional freedom of the chromophores in the

monolayer while population dynamics are not affected measur-

The focus of this work is on understanding the relationship ably by the substrate identity As shown in Figure 2a, the blank
between physical morphology and the optical response of layer substrate is characterized by grooves in the oxidized surface
constituents within a ZP monolayer. There is a substantial body that are 16-50 A deep and-~500 A apart. The origin of these
of literature that demonstrates that ZP surfaces are not smoothfeatures is most likely mechanical polishing. Priming alters this
at least for the first several layers, and in such systems, it is morphology substantially. The grooves fill in and islands begin
important to devise means to understand any characteristicto appear when the substrate is reacted with APTES (Figure
mesoscopic organization. We have used AFM measurements2b). The overall surface roughness—13D A as determined by
to elucidate the presence of island structures in ZP monolayersthe fwhm of a histogram of the topographic images, is very
formed on oxidized Si or SiQ Because we are interested in  similar for all four types of samples examined. The primer layer
these interfaces for potential optical information storage ap- has a very distinct surface morphology, in which three-
plications, it is critical that we understand the relationship dimensional clusters with lateral dimension-2200 A are
between the physical morphology and optical response of theclearly visible. A typical nearest neighbor distance between
layers. Monolayers made with varying concentrations of oligo- clusters is~100 A, although the separation between clusters
thiophene chromophores exhibit the same island structures.varies from 50 to 1000 A. Higher resolution images (e.g., 100
These layers exhibit chromophore population decay dynamics x 100 A) taken at various locations on the surface reveal no
that can be understood in the context of an excitation hopping long-range order or periodicity within an island. Thus the
model. From this model we can extract the size of the islands mesoscopic island structure originates from the nature of the
sensed spectroscopically and compare this information to theinitial priming layer chemistry. In contrast to thiol monolayers
physical dimensions we recover from AFM measurements. The on gold3® we observe no crystalline ordering or structural
correspondence between the two measures of island size reflectgegularity in these monolayers over length scales of more than
the extent of intermolecular organization within the aggregates. a few molecules. We believe that the primer layer island
AFM provides a physical image of surface topography with high formation is determined by primer polymerization in concert
resolution. The information derived spectroscopically gives with a nonuniform silanol site distribution for these substrates.
molecular-scale insight into ordering within the islands. We  The adsorption of QDP onto a primed and zirconated substrate
consider the two bodies of information individually before results in a surface morphology similar to that seen for the
discussing their correspondence. primer layer (Figure 2c). Despite their outward similarity, there

Atomic Force Microscopy MeasurementsWe have imaged are some subtle differences between the primed and QDP-coated
and compared the surfaces of oxidized silicon substrates,surfaces. Specifically, the QDP-terminated surface has a broader
APTES-primed substrates, QDP monolayers on the primed distribution in terms of aggregate lateral dimension and a
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Figure 2. Topographic images (left panels) of the surfaces of (a) oxidized silicon)Si®strate, (b) APTES-primed substrate, (c) primed substrate
with a monolayer of QDP adsorbed, and (d) a mixed monolayer of 5% BDP, 50% QDP, and 45% DDBPA on a primed substrate. The total
scanning area is 1000 1000 A except for (a) which is 300Q 3000 A. The cantilever force constant is 0.1 N/m, and the imaging force used here

is ~0.2 nN. Corresponding cursor profiles and histograms are shown in the middle and right panels, respectively.

narrower distribution in terms of roughness. The typical cluster morphology associated with the formation of chromophore
size is~130 A, with an average nearest neighbor separation of layers, we conclude that aggregates form coincident with the
~200 A. A large number of small clusters 4000 A in growth of these layers. The growth of chromophore layer is
diameter are present in the mixed layer of 5% BDP, 50% QDP, thus not simply a decoration of the primed substrate, but
and 45% DDBPA, and for this monolayer, the typical inter- aggregation among chromophore molecules also plays an
cluster separation is130 A. Because of the change in surface important role.
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Figure 3. Topographic image of a mixed monolayer of 5% BDP, 50% g e’ 6o ?n,-ug&g!.-'g'-'.:','o’o-.'
QDP, and 45% DDBPA on a primed substrate. The molecules in the §Z foc g‘§;§§8 P Ceemmme o
central 2000x 2000 A area were displaced prior to this image using ‘g ~ 23 b vbtedvl
an AFM tip under a force of 1 nN. The overall scanning area is 4000 v 2.l e . e e
x 4000 A acquired at a reduced imaging force of 0.05 nN. The cursor o coom o
profile reveals the thickness of the layer to be-40.0 A. " o e * *
As pointed out earlier, the sizes of most of the aggregates * ¢
are on the order of hundreds of angstroms. For our sample 0'0 ' O'SWI’Bmm 1h5° - 2'0
preparation conditions, we do not see formation of bulkier ' ' ’ ’ '
aggregates or thicker films. The thickness of each film was time (ns)
measured using optical null ellipsometry. A typical thickness Figure 4. Representative instrument response functpend excited-
for the three-component mixed layer is 4010 A, with the state population decay for QDP in a monolayer (5®). (
uncertainty mainly attributed to the roughness of the substrate
and the aggregates. This ellipsometric thickness is verified by T
AFM measurements (Figure 3). QDP films exhibit the same 2000 - I
thickness as the mixed layer, as measured by AFM. The AFM
data provide a sound physical picture of monolayer morphology.
The next step in this work is to understand the transient optical 1500 |- L]
response of these monolayers and establish how that response - ) .
is related to their morphology. & l
Optical Spectroscopy.To appreciate the structural informa- °§ 1000 - } %
tion content of the lifetime data, it is important to consider the B
result one would recover for a uniform monolayer. The systems 5 )'
we report on here, specifically, mixed BDP and DDBPA £ f
monolayers, mixed QDP and DDBPA monolayers, and mixed g 250}
BDP, QDP, and DDBPA monolayers on oxidized Si(100), all = ]
yielded the same nonexponential excited-state population re- 200 L Ei E
laxation decay (Figure 4). The regressed time constants for these I }
data are independent of chromophore concentration. This is an 150 L }
expected result, as we discuss below. e
In a monolayer where each of the constituents is distributed 0 20 40 60 80 100
statistically, the average distance between a donor and the % acceptor (5% donor)

ggiges.f_ﬁgcggttgrr C::gggldsrzgirl;stg“{ﬁz ?Retﬁgtgoggsgtgi?ofgrOfFigure 5. Dependence of donor BDP lifetimes on acceptor QDP
. P L s concentration, for a monolayer containing 5% donor.
excitation transfer, and therefore, the donor radiative lifetime

depends inversely on the-EA spacing to the sixth power (eq acceptor concentration dependence of the donor lifetimes for

1).2e3t the mixed BDP and QDP system in Figure 5. There is no
o 6 discernible acceptor concentration dependence on the donor
_¥R lifetimes.
—A 2rDR6 The apparent absence of energy transfer is a consequence of
the morphology of the monolayers. An underlying assumption
k =sinfp sin6, cos¢ — 2 cosf, cosb, (1) of the Faster model is the homogeneity of the monolayers and
that the chromophores behave as individual entities. We know
wherekp-_a is the rate constant for doneacceptor transfek? from the AFM data that this assumption must be at least suspect.
is a geometric factor to account for the projection of the donor We consider a model of excitation transport that takes into
transition moment onto the acceptor transition momentis account a heterogeneous chromophore distribution and aggrega-
the donor lifetime in the absence of accept@ris the D-A tion of the chromophores. We want to make clear that the

distance, andRy is the critical transfer radius. This latter term interpretation of the spectroscopic data that follows necessarily
contains information on the spectral overlap between the donorcontains approximations because of our inability to determine
and acceptor and the cross sections of the relevant transitionscertain system parameters. The discussion is meant to provide
There should be a marked acceptor concentration (Re., an estimate, based on our best guesses for the relevant quantities,
dependence in the donor lifetimiey( 1) data. We presentthe  of the physical properties of the monolayers. We do not rely
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Table 1. Fits of Excited-State Lifetime Data and Simulated
Lifetime Data to the Functiof(t) = Ay exp(—t/t1) + Az exp(—t/zo) 004
7 (ps) 72 (pS) 1.0 T .
BDP on silicon 187 11 1140+ 377 Eowlee " o
QDP on silicon 228t 45 1254+ 152 B oomfes,”
simulated data 197 1230 0.8 h woal *
~ 0.0 0.5 lfO 15
Scheme 2 Kinetic Model for Population Decay Dynamics in 3 time (ns)
the Monolayerd —
206
A+M"+M, Z
Y
kxt e
= 04
A+M +M, Ve ATHM, +M, —Fie A+ M, +M, §
l K / 02t
-
A+M,+M,*
a A refers to the aggregate species, anddid M, are monomers 0.0 F
in different chemical environments. 1 . 1 . L . L . L
0 1 2 3 4

on the results of the excitation transport calculations to make
firm conclusions about interface morphology. Rather, it is the
close correspondence between the model predictions and actudfigure 6. Simulated population deca@j using egs 2 (see text) and
AFM data that is of interest. fit of data (—) to a double-exponential decay function of the foi(th

The functionality of the population decays of the individual = At &PCUr) + A exp(-tir). Insetis a plot of the residuals of the
chromophores reflects the “spectroscopic” morphology of the !

monolayer. Previously, we reported the presence of two lifetime ot monomer and aggregate populations as given in Scheme 2.

components for oligothiophene-containing monolayers, in con- These equations can be solved numerically to yield the time
trast to the single-exponential decay found for these samecqoyrse of the populations of Mand M.
chromophores in dilute solution. We recover the same time

time (ns)

constants within the uncertainty of our measurements for both d[A¥] . .
BDP and QDP (Table 1), and these lifetimes are invariant with g = KdATIM o] + M) — ke [AT]
respect to their concentrations in the monolayer or the emission

wavelength collected. These results are reminiscent of those seen d[M,*]

for the population relaxation of a stilbazolium dye in a rr— = —le[M M + KJAYM ]
Langmuir-Blodgett film3° In that work, it was found that the

chromophores aggregated significantly and the majority of the d[M,*]

radiative decay originated from monomer species that were 2° = _kMz[MZ*] + K JAYM ]

present in more than one environment.
In a chromophore aggregate, the molecules are spaced closely,

(we take this spacing to be5 A for the ZP lattice) so excitation dM,] =K, [M,*] — K JAIM ]

transport can compete effectively with radiative decay. As a dt L !

consequence, aggregates are typically characterized by a

fluorescence quantum yield significantly lower than that of the diM,]

corresponding monomer. The dominant emissive response of d kMz[M 2T = KJATTIM ;] (2)

such a system is considered to be from the remaining nonag-
gregated, free monomers. The proximity of radiative monomer In the numerical simulations, we assume that the aggregates
chromophores to the aggregates can, of course, vary widely,are excited initially, with the populations of excited monomers
but we consider the two most likely cases for our conditions. being established by excitation migration. We estimgte=
Either the monomer is present as a structural defect within an 10*3s~1, a value consistent with excitation hopping in LB films
aggregate or it exists near the perimeter of an aggregate. Theof stilbazolium dyes. We can place limits on this value, as we
dielectric response of these two environments will differ discuss below. We estimate, on the basis of the conservative
significantly, and we thus expect the two types of monomer to assumption thaps = 0.10 for aggregated BDP ang = 200
be characterized by different lifetimé%3° ps for BDP monomer in solution, that the nonradiative decay
Song et al. have developed a model to describe the excitationrate constank,, = 4.5 x 10° s* for the aggregates. While the
dynamics of H-aggregates of stilbazolium dyes in Langmuir  actual value ok, may differ somewhat from this estimate, its
Blodgett layers? In this model, depicted in Scheme 2, an value does not affect the results of the simulation significantly
aggregated island of chromophore molecules, A, is excited by becausd,, is orders of magnitude smaller thig The lifetimes
a short pulse of light. The excitation can decay radiatively (a of M1 and M, were varied to produce a decay that closely
low probability event), or it can execute diffusive excitation approximates the experimental population decays. The values
transport (“hopping”) about the island until it reaches a radiative used in this simulation (Figure 6) wekg, = 7.0 x 10° s1
monomer. The radiative monomer could be located within the (zy1 = 197 ps by fitting) andw, = 1.6 x 10° (tm, = 1230 ps
island (My) or in the interisland interstices (/1 A series of by fitting). The simulated curve can be fit to a double-
coupled differential equations describes the temporal evolution exponential decay even though four rate constants are used to
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construct it. While the double-exponential fit does not ostensibly = 57 A for the BDP/QDP syster?.Using this critical radius,
account for the dynamics of the chromophores in the monolayer, a radiative lifetime ofrrag = 200 ps andy = kp-a 1= 0.1 ps,

it provides a useful empirical representation of the relaxation the maximum B-A spacing is calculated to bR = dmax =
phenomena we measure with the TCSPC experiment. Regressio6.3 A37 In the simplest model of the surface, where all the
of the experimental data using a double-exponential function aggregates are spaced everlya ~ 2.15/N. ThusN = 57
produces residuals that match those shown for the fit to the molecules, in essentially exact agreement with the first case.
model in Figure 6. The location of the radiative monomers relative to the aggregate

Two model parameters are related to the aggregate size sensel§ thus not a deterministic factor in the spectroscopic estimation
by the lifetime measurement. These &geand the number of of the aggregate size.
excitation transport events), required for the aggregate- Realistically, the model predicts “spectroscopic” aggregates
supported excitation to find a monomer and decay radiatively. of 50—100 molecules in size. Fa 5 Alintersite spacing and a
The total hopping timelk{;'n) can be related to average distance Square aggregate, we estimate the aggregate size to be on the
traveled by means of a Monte Carlo simulation, as has beenorder of 50x 50 A. It is reasonable to expect that the density
reported befor& The results of the Monte Carlo simulation and type of defects within the aggregates will determine the
do not depend on the specific chemical system under investiga- SPectroscopic size”. There is no fundamental reason, however,
tion. The results of the simulation depend on the physical Why the physical aggregate size determined from AFM mea-
properties of the system and on Brownian statistics. The surements must be in close agreement with the spectroscopic
experimental manifestation of the migration of an excitation to Sizeé we have determined. The fact that there is excellent
a radiative monomer will be a build-up in our single photon agreement between the two measurements suggests significant
counting signal after time zero. Despite the fact that our Organization within the aggregates.
instrument response function is shor30 ps), it is longer than Roles of Priming Chemistry and Substrate in Determining
the expected build-up time and we do not resolve a build-up Monolayer Morphology. Because the morphology of these
directly. In an attempt to determine whether there is a build-up layered interfaces depends on both the priming and adsorption
in the experimental fluorescence intensity data at early times, chemistries, it is important to understand the reason(s) for the
we have attempted deconvolution of the response function from formation of the three-dimensional islands in the first place. In
the monolayer signal. While we do see a build-up in the an earlier paper we reported on the surface relief characteristics
deconvoluted data, the actual time constant we recover for theOf the substrate&. That roughness, while important to the
build-up depends sensitively on the initial parameters used in Motional properties of the chromophores, does not address the
the deconvolution procedure. We therefore do not report an Pasis for the island formation seen in this work.
explicit value for this build-up time. Rather, we place an upper ~ There are at least three factors contributing to the formation
bound of 10 ps on the excitation migration timg(tn < 10 of the islands. The dominant ones are the intrinsic surface
ps)_ We can thus p|ace a Corresponding upper bound on theroughness and the apparently heterogeneous distribution of
size of the aggregate island(s) sensed by the measurement. active silanol groups on the substrate}* the nature of the

The correspondence between our spectroscopic data and thé’”_”_“”g chemistry used to form aggregate_d structures, and _the
physical size of the aggregates is, of course, limited by the ability of the chromophores to aggregate either before or during

accuracy of our approximations. We consider two limiting cases the Iayer. formation Process.

of aggregate-to-monomer transfer because this step can, in !N @n ideal experiment, we could control selected surface
principle, affect the estimate of island size. In the first case, the Properties independent of one another by using different
radiative monomers are close in proximity to an island, perhaps materials. Unfortunately, this level of control is not achievable
even within the island but residing in a physical position that " r(;igierialsbas complexlas S|I|k::on OX"?'GE- (i]ompfarlson ofkr]nlca
precludes their participation in the aggregate structure. In this @d SIQ substrates involves changes in both surface roughness

case, the last transfer event, from the aggregate to the monomer21d Silanol group density, and it is not possible to fully decouple
is fast. As detailed above, we cannot quantitate the lifetime of these surface properties. Nonetheless, it is instructive to examine

the aggregate excitation, so we use the upper bound value oiIhef cons?/?/uehnces. of th;: A‘gfl_rggg che;mis(;:)yl on these. tV\I’IO
7xt ~ 10 ps. The time constant per excitation transfer event, or surfaces. VVe have Image on mica(001), an atomically
hop, is taken to be 0.1 ps, so in 10 ps, an average of 100 hop lat surface known to possess r_elativel_y few hydroxyl groups.
can occur. Song et al. have published the results of calculations he surfzcbe CXF?APTES/m;]ca, W'tE a thickness ?:HS A 2;TES/
where the dynamics of exciton motion within an H-aggregate measured by + IS much more homogeneous than an

were modeled using a random walk appro&thhis calculation SiO s_urfgce. In addition, th_e _force required to di_spla_ce APTES
produces a curvilinear relationshig?) between mean distance on mica is not as high as it is for APTES on Sindicating

traveled for exciton diffusion and the number of steps taken. the importance of surfacg S|Ianpl group density. On the mica
For 100 hops, the mean distance traveled is 40 A. With an surface, scattered three-dimensional clusters are seen due to the

approximae 5 A spacing between lattice sites in the zirconium Ié)_vvofr defnsny of |S|tlgn(|)l a:jnchor .:,Ees, \év_here on ”I]e APTESt/
phosphonate lattice, the exciton can travéllattice separations I surtace, relatively dense three-dimensional aggregate

within the aggregate. The actual aggregate shape will, of course,Str_llfﬁture. IS CwaraCte:St'C. (tF'g:rf 2)'. both the stabilit d
play an important role in determining the island size in this " e prlrr]mler ayefrt(;] emistry Ie erm'llpifs 0 eﬁ abili ytan
model, and it is clear that the results will depend on the aspect € morphology OT the primer 1ayer. These properties, in turn,

ratio of the island. The simplest case for this calculation is a determine the growth behavior of subsequent layers. Priming a

square island, for which we obtain an average aggregate size>Ox O oxidized Si surface with APTES is known to produce

of 64 molecules a cross-linked structure because of the three reactive function-

In the second limiting case, where the radiative monomer is  (42) Wang, H.; Harris, J. MJ. Phys. Cheml995 99, 16999.

not in direct contact with the aggregate, the last transfer step . (43) Lochmuller, C. H.; Colborn, A.'S.; Hunnicutt, M. L.; Haris, J. M.
ill t be as efficient, consistent with the Bber R J. Am. Chem. S0d984 106 4077. ; :

will no ’ (44) Lochmuller, C. H.; Colborn, A. S.; Hunnicutt, M. L.; Harris, J. M.

dependence (eq 1). We calculate the critical transfer raBs,  Anal. Chem1983 55, 1344.
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alities present on each primer molectfién an effort to address ~ scopic morphology and molecular-scale organization of zirco-
the role of the SO cross-linking, we have also made nium—phosphonate monolayers used in this and previous
monolayers using APDMES. For this primer there is only one studies’>41The presence of aggregate islands accounts for the
ethoxy group per molecule to react with the substrate, eliminat- functionality of our transient population decay behavior. The
ing the possibility of cross-linking. Using this chemistry, we size and separation of the islands, as resolved by AFM, reveals
observe more homogeneous surface. The non-cross-linkeda clear correspondence between physical and spectroscopic
APDMES priming layer is not as stable as the polymerized measurements of the interface. The origin of the island structures
APTES layer. APDMES can be displaced with 0.1 nN of in the primer layer of these assemblies appears to lie with the
imaging force, and greater than 1 nN is required to displace heterogeneous distribution of the active silanol sites on the
APTES. Of key importance is that, when a chromophore substrate. The aggregates formed by the chromophores derive
monolayer is formed on the APDMES-primed substrate, we their characteristic sizes from both the features of the primer
observe spectroscopic population relaxation dynamics identicallayer and their own propensity for aggregation, either before or
to those seen for an APTES-primed monolayer. Aggregates areduring the adsorption process. These findings will be important
seen spectroscopically even for monolayers where the potentiallyin evaluating interlayer excitation transport effects in more
complicating role of the priming chemistry has been precluded, complex multilayer structures.

providing direct evidence for the importance of chromophore
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