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Abstract: The new dibranched, heterocyclic “push—pull” chromophores bis{ 1-(pyridin-4-yl)-2-[2-(N-methyl-
pyrrol-5-yl)]ethane} methane (1), 1-(pyrid-4-yl)-2-(N-methyl-5-formylpyrrol-2-yl)ethylene (2), {1-(N-methyl-
pyridinium-4-yl)-2-[2-(N-methylpyrrol-5-yl)Jethane}{ (1-(pyridin-4-yl)-2-[2-(N-methylpyrrol-5-yl)]ethane} -
methane (3), N-methyl-2-[1-(N-methylpyrid-4-yl)ethen-2-ylI]-5-[pyrid-4-ylJethen-2-yl]pyrrole iodide (4), bis-
{1-(N-methyl-4-pyridinio)-2-[2-(N-methylpyrrol-5-yl)Jethane} methane iodide (5), and N-methyl-2,5-[1-(N-
methylpyrid-4-yl)ethen-2-yl]pyrrole iodide (6) have been synthesized and characterized. The neutral (1 and
2) and monomethyl salts (3 and 4) undergo chemisorptive reaction with iodobenzyl-functionalized surfaces
to afford chromophore monolayers SA-1/SA-2 and SA-3/SA-4, respectively. Molecular structures and other
physicochemical properties have been defined by *H NMR, optical spectroscopy, and XRD. Thin-film
characterization by a variety of techniques (optical spectroscopy, specular X-ray reflectivity, atomic force
microscopy, X-ray photoelectron spectroscopy, and angle-dependent polarized second harmonic generation)
underscore the importance of the chromophore molecular architecture as well as film growth method on
film microstructure and optical/electrooptic response.

Introduction These systems are potentially important for nanometer-scale
miniaturization. Modulation of key surface bulk properties can
be achieved both by proper molecular design and by fine control
of the film structure at the molecular levidHowever, predicting
the molecular orientation and intermolecular interactions of a
functional molecular assembly on a substrate surface remains
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and multilayers) on hydroxylated substratédzormation of
covalently bound optically functional molecular arrays on silicon

be readily integrated into diverse optical and electrooptic
devices** The molecular design of chromophores for such

and related surfaces is very attractive since the robust films canassembly schemes must strive to optimize: (i) coupling to the
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substrate surface, (ii) desired orientation of the chromophore
dipole momeng3,, direction, and (iii) bulk polar organization

of the resulting films. For example, reaction of azine moieties
with benzyl and alkyl halide functionalized surfaces is an
effective approach to covalently graft azine-based chromophores
to various hydroxylated substrates (e.g., glass, inéitimoxide
coated glass, silicon, plastics) while simultaneously creating a
strongly m-accepting azinium group! It is expected that
depending on the bond connectivity of theacceptor moiety
with the -donor group (through &-conjugated bridge) and
chromophore molecular geometrical arrangement on the sub-
strate surface, various combinations of local molecular dipoles
will generate different charge distributions on the substrate
surface. The resulting bulk polarization determines the field of
possible applications and potential interest. Active second-order
NLO chromophores must have an asymmetric charge distribu-
tion, whereas symmetrical charge distributions usually enhance
third-order NLO respons¥.The key importance of local dipole
contributions to the resulting molecular hyperpolarizability of
di/multibranched chromophores has been studied theoretically
and experimentally with predicted/measured enhancements of
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the second-order molecular response coefficightv@lues of (SHG) spectroscopy. Furthermore, stepwise alkylation of com-
more than one order of magnitude. However, to the best of our poundsl and?2 in solution affords mono-3, 5) and dialkylated
knowledge, there have been no reports of achieving self- (4, 6) chromophore salts (Scheme 2). These new compounds

assembly of these kinds of molecules. provide additional insight into the reactivity of the bidentate
e e precursorsl and 2 toward iodobenzyl-functionalized surfaces
N [ and their unique reactivity patterns vis#s formally monomeric
S LA oA chromophore precursoisand 8.

Results and Discussion

Me e e~ AN Synthesis of the Chromophores 46 and Film Fabrication.
P YR D VPN Me? g Me N We recently reported that the reaction of compouhdith
e \ [N \ . (CH;0), and diethanolamine @RIH, R = —CH,CH,OH) in the
© presence op-toluenesulfonic acid in dry EtOH results in the
Me e A\ formation of diethanolamine-functionalized chromoph®(path
P YD N oI STNANY [, Scheme 1). This chromophore is a key building block for the
Mj’ \' ' PLCHEN Me SMve preparation of all-heterocyclic-based intrinsically acentric si-
e s 10 1 . © loxane-based multilayef§2
In contrast to these results, reaction of compoundith
Me Me (CHO)x and diethanolamine (or dibutylamine) in the presence
A A~A of p-toluenesulfonic acid in an EtOHA® mixture (1:1 v/v)
S Me? g results in the formation of the new dimeric chromophb(path
, © . ). Although detailed mechanistic studies were not carried out,

it is likely that intermediateA undergoes nucleophilic attack

We recently reported that heterocyle-based dyes composed®" the Schiff's base carbon by the electron-rich pyrrole moiety
of bothzr-excessive (pyrrole, indole, thiophene) andeficient of 7, forming undetected pyrrolium sai. The latter would
(pyridine, diazines, quinoline, isoquinoline) heteroaromatics then undergo intramolecular amine-assisted proton rearrange-
afford new chromophore families exhibiting both second- and Ment (Scheme 1). Hydrolysis of the resulting amine €alt
third-order respons¥. The combination of a pyridinium salt ~ affords intermediat®, which is followed by loss of kD and
and a pyrrol-2-yl substituent results in highly effective “ptish formation of postulated methylenepyrrolium daltintermediate
pull” systems. We now present here a novel class of dibranchedE then undergoes nucleophilic attack by the pyrrole moiety of
chromophores based on such heterocycle combinations bridged at the terminal olefinic carbon, yielding methylene-bridged
by ethylene or methylene moieties and which underscore thedimer 1, which is isolated in high yield. Monomethylated
consequences of molecule structure on self-assembled thin-filmN-methylpyridinium salt3 was prepared by quaternization of
microstructure and optical/EO response. The parent moleculesPrecursorl with Mel in CHCls. The dimethyliodide saf was
1 and 2 contain two terminal pyridyl rings which undergo likewise prepared by treatment dfor 3 with Mel in a sealed
reaction with benzyl halide-functionalized surfaces in a consecu- tube in CHCN at 110°C.
tive fashion. The charge distribution of the resulting siloxane- ~ Chromophore precurs@was prepared as shown in Scheme
based films is dominated by the molecular structure of the 3. Direct formylation of7 results in the formation of a variety
chromophore precursor and is switched on by the benzyl halide of products, perhaps due to interaction of the pyridine nitrogen
coupling layer. The molecular orientation, film microstructure, Wwith the immonium POG-DMF adduct. Since Vilsmeier
and linear/nonlinear optical properties are studied by a combina-condensation occurs under neutral or acidic reaction conditions,
tion of techniques, including X-ray reflectivity (XRR), atomic ~ the pyridine moiety was protected by converting it to the
force microscopy (AFM), X-ray photoelectron spectroscopy corresponding pyridinium salt0 using a stoichiometric amount
(XPS), optical spectroscopy, and second-harmonic generationof HBF4 in ethanol. Formylation 010 according to Vilsmeier
protocol then cleanly affords chromophoté in 75% yield.

(15) éfagngatszlnMCertzTejen%:igngSM%Tgr']'lhgrd\évggcse'3/'\/' ;Hy\s/.'; Gares, L+ Subsequent aldol condensationidfwith the picolinate anion
2005 109, 3024. (b) Curreli, S.; Deplano, P.; Faulmann, C.; lenco, A.; (from reaction of 4-picoline with excess of NaH) in anhydrous
mg‘?‘é'."c%é%"zeé%‘i{'ﬁ,ﬁ'5589?'{'3’sLé:nE'chEf’K(.";'Mii?@?bﬁ'ﬂ%%ﬁéﬁ'HF_ . DMF affords chromophore precurs@rin 60% yield. Recrys-
Ledous, I.; Zyss, JJ. Am. Chem. So2002 124, 4560. (d) Reyes-Esqueda,  tallization from water or alcohol yields analytically pu&

J.; Darracq, B.; Garcia-Macedo, J.; Canva, M.; Blanchard-Desce, M.; ; ; A B _ A
Chaputt, F.. Lahil, K. Boilot, J. .. Brun. A.: Levy, YOptics Commun. Reaction of1l with a stoichiometric amount dN-methyl-4

2001, 198 207. (e) Di Bella, S.; Fragala, I.; Ledou, I.; ZyssChemistry picolinium iodide in refluxing ethanol, in the presence of
B e R e o B B oo Shemznes o piperidine, yields# as a blue-violet solid. Treatment @fwith

11, 996. (g) Asha, S. K.; Kavita, K.; Das, P. K.; RamakrishnanCBem. a 2-fold excess of Mel in refluxing ethanolrf@ h finally affords
gﬂgaggféﬁ?i%?}%; 3352. () Goodson, T., lll; Wang, C. Wacromolecules e aternized chromophofeas a dark-blue precipitate. All

(16) ﬁ)gac&:hetﬁ,A.i‘ Abgottlg, é.; BPevSIrinle(\, LT BJragaman_teé(S:R van n(jlei Boom, of the new chromophores and chromophore precursors were
. E.; Evmenenko, G.; Dutta, P.; Marks, |. J.; Pagani, em. Mater. . . . .
2003 15, 1064. (b) Abbotto, A.; Beverina, L.. Bradamante, S.; Facchetti, characterized by conventional spectroscopic and analytical

A.; Klein, C.; Pagani, G. A.; Abshiro, M. R.; Wortmann, R. Bhem. methodologies as described below.

Eur. J. 2003 9, 1991. (c) Abbotto, A.; Beverina, L.; Bradamante, S.; K o §
Facchetti, A.; Pagani, G. A.; Bozio, R.; Ferrante, C.; Pedon, D.; Signorini,  The formation of pyridinium-based chromophore filn®A¢
R. Synth. Met2003 139, 795. (d) Abbotto, A.; Beverina, L.; Bozio, R,; _QA. i i - _limiti i -
Facchetti, A.; Ferrante, C.; Pagani, G. A.; Pedron, D.; SignorinGiem. 1 SA_ 4) was achieved V_Ia a two-step, self I|m|t||_’lg chemlsorp
Commun200317, 2144, tive siloxane condensation process as shown in Scheme 4. In
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Scheme 1. Synthetic Route to and Proposed Mechanism for the Formation of Prechromophore Dimer 1

H0 Path 11

-R,NH ‘

Z=
\ 7/

Scheme 2. Synthesis of Chromophores 3 and 5 by Alkylation of 1 in a vacuum oven at 160130 °C (15 Torr). In the solution
with Mel deposition method, the benzyl halide functionalized substrates
Mel / CHCly Mel/ CHsCN are immersed in dry solutions &f-4 and heated at 9¢C in a

1 —_— 3 - 5

RT 110 °C sealed pressure reactor fefl2 h.

/ The first procedure is more rapid and yields films of higher
quality as indicated by U¥%vis and SHG measurements (see

below). Attempts to improve the film quality from the solution

the first step, hydroxylated substrates undergo reaction with themethod by changing solvent and reaction time and temperature

p-(iodomethyl)phenyldiiodochlorosilandBnS) coupling re- were performed, but the results were not satisfactory. Further-

agent in solution to afford the benzyl halide functionalized more, increase reaction time results in the formation of

monolayerSA-IBnS. The film quality was verified by AFM particulates contaminating the substrates. Therefore, subsequent

and advancing aqueous contact angle measurements. Quatefilm microstructural characterization was performed solely on

Mel / CH;CN
110°C

nization at the pyridyl moieties of chromophore precurderd the vapor-deposited films. The chromophoric films strongly
with the benzyl-halide terminated substrate surf&&-(BnS) adhere to the hydrophilic substrates, cannot be detached by the
can be accomplished via either a vapor- or solution-phase conventional “Scotch tape” decohesion t€sind are insoluble
procedure. In the vapor deposition process, filmsle# are in common organic solvents. The proposed molecular archi-

spin-coated on th8A-IBnS substrates and the samples heated tectures of chromophoric filmSA-1—SA-4 depicted in Scheme
Scheme 3. Synthesis of Compounds 2, 4, and 6

Me
\ 1) DMF-POCI3 / CH;CN
RT

\
N
N || HBF4/EtOH 9
2 2 @ | NN
| RT N 2) KoCO3 / HoO
N A 7 H” RT

10
BF‘,e
"
. NaH / DMF
Mel / CH3CN 2 N
reflux D 60 °C
g
NZ | piperidine / EtOH
Me'® , piperi
6 Mel / CHCl, 4 =
RT reflux
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Scheme 4. Schematic Representation of Covalent-Assembled Films of Chromophores 1—42
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aKey: (i) SA of the coupling reagent; (ii) SA of chromophore precursbr4.

4 are deduced from a combination of techniques (vide infra) of the second pyridyl moiety, & molecular symmetry is

which demonstrate the formation of dense film$onded to
the functionalized substrate surface.

Chromophore Structural Characterization. The structures
of 1 and of the corresponding methylated s&tand5 were
established by elemental analysis, Y¥ls measurements, and
IH NMR spectroscopy. The symmetric compouhdxhibits a
single set of resonances in thd NMR for the two identical
pyridine-G=C-pyrrole moieties (Figure 1A). Alkylation of only
one of the two pyridine nitrogens disrupts the molecular
symmetry, and théH NMR spectrum now exhibits two sets of

reestablished and the correspondifigNMR spectra exhibit a
single set of signals displaced to low-fields. TH¢ NMR
spectra of chromophorek 4, and6 are shown in Figure 1B.
Neutral and dialkylated symmetric systeidsand 6 exhibit a
single set of resonances for the pyridine and pyridiniumethylene
groups. The!H NMR spectrum of monoalkylated syste
exhibits two sets of low-field shifted resonances. In system
the m-conjugation extends throughout the entire molecule,
corroborating substantial coupling between the formally neutral
and formally charged molecular fragments.

resonances. The set of signals associated with the alkylated The crystal structure of compoun@ and the adapted
moiety is shifted to low field, because of the positive charge nympering scheme are shown in Figure 2. Single crystals were

on the pyridinium ring. The resonances of the neutral pyridine- qptained by slow evaporation of a chloroform solution at room
pyrrole fragment are unaffected, demonstrating that the meth- temperature. The crystal structure provides information on the

ylene spacer is an excellent insulator between thestvoon-

molecular geometry and key bond lengths, affording a better

jugated branches. These observations are fully supported by, ngerstanding of the film microstructure. Cell constants and the
optical spectroscopic measurements (vide infra). After alkylation qjentation matrix for data collection correspond to an orthor-

(17) (a) Nijmeijer, A.; Kruidhof, H.; Bredesen, R.; Verweij, B. Am. Ceram.
Soc.2001, 84, 136. (b) Krongelb, SElectrochem. Technol968 6, 251.
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hombic cell Pbcaspace group, see the Supporting Information)
with the following dimensionsa = 17.945(10) Ajp = 7.785(4)
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Figure 1. H NMR spectra (300 mHz) of (Al and of the corresponding mono- and dimethylated €a#tad5 and (B)2 and of the corresponding mono-
and dimethylated sal and6 in DMSO-ds.

Figure 2. (A) Molecular structure and (B) packing diagram of molec2le

A; ¢ =43.07(3) A;a = B = y = 90°. The maximump-core exhibits atrans conformation of the two double bonds con-
length and width of the pyridine-pyrrole precurgoare~ 15.31 necting the pyrrolyl ring to the ethene bridges. The internal ring
A (N1—-N3) and 3.64 (C9C12), respectively. The estimated geometries of both pyridy1.33 A for C—N bonds and-1.39
length of parent compouriéishould then be comparable to that A for C—C bonds) and pyrrolyl rings~1.39 A for all skeletal

of the pyridine-ethylene-pyrrole fragment and is found to be bonds) are unexceptional for substituted pyridine and pyrrole
~8.8 A (N1-C11 or N3-C8). The molecular structure & molecules'® The packing of2 is complex, with the molecular
reveals an essentially planar core with maximum pyrieine
ethylene torsional angle ef15°. These angles are considerably (18) (a) McCullough, R. DAdv. Mater.1998 10, 93. (b) Bralas, J.-LJ. Chem.

ik ; i i Phys.1985 82, 3809.
?’ma"er than 39 which is the maXImum for which efficient (19) Katritzky, A. R.Handbook of Heterocyclic Chemisfriergamon Press:
intramolecularz—s overlap can be achievéd.Compound2 Oxford, 1983.
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Figure 3. Optical absorption spectra of (A) MeOH solution of molecule8, and5 at 25°C. (B) MeOH solution of moleculeg, 4, and6 at 25°C. (C)

Films SA-1 and SA-3. (D) Films SA-2 and SA-4.

Table 1. Optical Absorption and Emission Data of Compounds
1-8 and Self-Assembled Films SA-1—-SA-4 and SA-7

absorption emission
Amax (NM) Amax (NM)
compd/ffilm  toluene MeOH (€)? H,0 fim  AA® ROH film  AAS

1 374 387 (60050) +13 458 81
3 465 (39200) 445 —20 520 75
5 478 (84400) 462 —16 533 71
SA-1 480 544 64
SA-3 468 525 57
2 404 415 +11 490 75
4 506 480 —26 587 107
6 520 (43600) 501 —19 593 92
SA-2 496 564 68
SA-4 537 601 64
7 356 362 (21100) +6
8 440 (39900) 420 —20 519 79
SA-7 448 525 7

acinlmol~lcm L P AA = Amax (sOlvent 1)— Amax (SOlvent 2).e; > ez
positive A1 mean positive solvatochromisiStock shift.

units preferentially aligned with the long axes parallet tand

stacking, in a slipped x-type herringbone fashion, in the

direction. The minimum intermolecular distance~8.8 A.
Chromophore and Film Linear Optical Characterization.

of neutral precursors and2 and dimethyl salt$ and6 exhibit

a single charge-transfer (CT) excitation indicative of either a
single or of two identical chromophoric regions as in the case
of 1 and 5. However, monomethyl salt8 and 4 behave
differently.

The optical absorption spectrum of s8lexhibits two CT
transitions centered at 370 and 478 nm which are associated
with the neutral and charged molecular fragments, respectively.
In contrast, the monomethyl iodideexhibits a strong single
CT band in agreement with delocalization of the entire chro-
mophoresr system. In all cases, CT features associated with
the positively charged fragments are bathochromically shifted
(A2,7)2° compared to the neutral precursdrand?2, due to the
greater acceptor capacities of pyridinium vs pyridyl groups. In
methanol, this effect is larger for derivativdsand6 (Ai,™ =
91/105 nm for2 — 4/6) than for salts3 and5 (Ai," = 78/91
nm for 1 — 3/5). The established correlation between donor/
acceptor strength andlA," suggests that in the present chro-
mophores, intramolecular charge trankfeincreases with
increasing donor/acceptor strength. Since in this case the donor
and acceptor units are identical, the increased polarizabilities
of 4 and6 are the result of an increased number of delocalized
7 electrons, hence extension of the effective conjugation length.

UV —vis optical spectroscopy is used to assess the electronicro same conclusion can be drawn by analyzing the solvato-

effects of precursorl and 2 alkylation in solution and to

chromic responsesA@) of these systems. The respective

characterize the functionalized substrate surfaces. The absorptio'%olvatochromic responses are larger for chromophore gairs

spectra of compounds-7 and of flmsSA-1-SA-4andSA-7
are shown in Figure 3. UVvis data £max €) for compounds

1-8 in methanol and either toluene or water are summarized
in Table 1. Previous studies on azime-¢onjugated)-excessive

(—26 nm) and6 (—19 nm) than for pair8 (—20 nm) and5
(—16 nm). As expected, neutral precurs@rand?2 exhibit far
smallerAA parameters{13 nm andt-11 nm, respectively), in
agreement with the decreased tendency of the pyridyl group to

heterocyclic systems indicated that the neutral precursors SUChfunction as an acceptor. Table 1 also summarizes chromophore/

as 7 exhibit marginal pushpull activity compared to the
corresponding pyridinium sa® Thereforel and2 are expected

to exhibit relatively small solvatochromic responses. On the

other hand, alkylation of the pyridyl moiety is found to have

substantial influence on chromophore optical properties. In this
case, however, it is found that the line shapes of the optical

film emission data in anhydrous methanol and shows that
quaternization of azine nitrogen also has a dramatic influence
on the fluorescence properties of these heterocycle-based
systems. All systems emit in the visible region (4593 nm)
when excited at their absorption maxima. However, although

a

spectra and the extent of the absorption shift are closely related(20) The parametek,” = (Anadcaion — (AmadneuraiiS defined as the difference

to the precursor molecular structure. Indeed, the-Wig spectra

2148 J. AM. CHEM. SOC. = VOL. 128, NO. 6, 2006

between the ICT band value of the methylazinum ion and that of the
corresponding azine base. See ref 16a.
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PL quantum efficiency was not measured, the neutral systems
1 and 2 exhibit much lower emission intensity than the
corresponding salts. Combining absorption and emission data,
the HOMO-LUMO (optical) energy gap can be estimated to
be in the range of 2:22.5 eV for all of the present chro-
mophores in solution. Comparable values are found for the
corresponding SA films (vide infra).

For the chemisorbed systems, optical spectroscopic data
provide strong evidence of monolayer formation and preferential
chromophore orientation (Figure 3). Thus, the colorless ben- B.
zylhalide-functionalized glass slideSA-IBnS) become light-
orange $A-1 and SA-3), deep-red $A-2), and purple $A-4)
after reaction with the respective chromophore precursors. The
optical absorption spectra of all chromophoric monolayers
exhibit a single CT feature (480 niBA-1; 468 nm,SA-3; 496
nm, SA-2; 537 nm,SA-4) centered in the absorption region of
salts3-6 in MeOH. The presence of a single absorption band
in the spectrum 0S8A-1, centered very close to the absorption
ma_xirnum of Qi_methyl salb, indicates that predor_ninan_tly both Figure 4. AFM images of 0.3m x 0.3 um scan areas for (A$A-1and
pyridine moeities of precursot undergo reaction with the () Sa-2 AFM cross-sections of the corresponding films on Si(100) are
functionalized surface. Monoalkylation would afford one neutral shown on the right side. Films were prepared by solution deposition.
pyridylpyrrole fragment and consequently a second absorption 0.3 x 0.3um scan areas and cross-sections of the corresponding
of roughly similar intensity ratio, as found in solution f8r films on Si(100) are shown in Figure 4. Films of the coupling
would be expected in the-380 nm region. Furthermore, the reagenSA-IBnS (not shown) exhibit an RMS surface roughness
similarity between the optical spectra®f-1andSA-3 (Admax < 0.2 nm. The typical step-size of the molecular assemblies of
= 12 nm) argues that the molecular electronic structui®Aofl SA-1revealed by NC-AFM is about 0-40.6 nm, whereas those
is very similar to that of the dialkylateBA-3 monolayer. Film of SA-2—SA-4 are slightly greater (0:61.0 nm), in agreement
spectra ofSA-2 and SA-4 provide less structural information  with the molecular dimensions and inherent surface roughness.
since both mono- and dimethyl sa#sand 6 exhibit a single, XPS studies were performed @RA-1—SA-4films grown on
energetically similar absorption maximum. Howe\@A-2 Amax n-type silicon and confirm the presence of the expected elements
is considerably blue- shifted with respect@oThese observa-  such as Si, O, C, N, and I. Particularly interesting are the high-
tions and the large difference betwegf-2 andSA-4 absorption resolution XPS nitrogen (1s) signals for tHgA-1-SA-4
maxima AAmax = 41 nm) suggest that chemisorption by samples, which are shown in Figure 5. Included in the figure
monoalkylation of2 cannot be ruled out. The optical data also are the results of the curve resolution analysis for N(1s) features.
highlight a different reaction pattern between fully conjugated The ionizations at 398.8, 400.2, and 4024®(1) eV were used
chromophore® and4 vs methylene-bridged moleculésand in the deconvolution process, and correspond to energies
3. For both systems, it is expected that chemisorptive monoalky- characteristic of pyridinic, pyrrolic and quaternary-type nitrogen
lation would bring the second chromophore moiety in close functionalities, respectiveRt In each case, the N(1s) signal was
proximity to the benzyl halide surface. A consecutive quater- analyzed using a 70% Gaussian 3@%_orentzian line shape
nization process then seems more likely than reaction of the and a peak fwhm of 1.7 (eV) for each signal; these are the same
benzyl halide terminated surface with another incoming chro- parameters used to fit individual nitrogen functionalities in
mophore. However, thtH NMR and optical spectroscopic data model compounds. The peak shape and peak energy positions
in solution show that monoalkylation of conjugated chro- are fixed in the curve resolution process adopted in the present
mophore?2 significantly reduces the electron density of the study, and only the amplitudes of these peaks were varied to
second pyridyl group, whereas monolalkylationlofloes not obtain the best fit to the experimental XPS data. It is important
appreciably affect the electron density of the second chro- to emphasize that quantification of nitrogen forms based on the
mophore fragment. Thus, in the casepthe first chemisorptive XPS curve resolution is very sensitive to the signal-to-noise
alkylation deactivates the second pyridyl moiety, resulting in characteristics of the XPS spectrum. In the present study, the
films with both mono- and dialkylated chromophores. However, signal-to-noise ratio is insufficient for a fully quantitative data
for 1, the first alkylation step does not deactivate the second analysis. However, in all cases the XPS measurements reveal
pyridyl moiety and results in a more homogeneous film the presence of all of the expected N(1s) signals. Interestingly,
structure. These assertions are supported by XPS and XRR dataleconvolution of powder XPS data on microanalytically pure
(vide infra). samples of chromophores and 6, which should not exhibit

Film Microstructural Characterization and Electrooptic any neutral pyridine N(1s) signals, also reveals the presence of
Response. (1) Atomic Force Microscopy and X-ray Photo- thr_ee N(1s) signals (not shov_vn) at the same binding energies.
electron SpectroscopyNoncontact mode AFM measurements | NiS result suggests that the interpretation of these XPS data is
were performed on all SA films. This study reveals similar Not straightforward and requires additional study. A possible

topographies with the formation of relatively smooth and

homogeneously covered surfaces, without obvious cracks or

pinholes. Representative AFM images34-1 and SA-2 over

reason for the presence of all signals may be due to the fact

(21) Surface Analysis by Auger and X-ray Photoelectron Spectros&rmgs,
D., Grant, J. T., Eds.; IM Publications: Chichester, U.K., 2003.
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Figure 5. Representative N(1s) XPS data for filrB&\-1—4.

that these chromophores are, after alkylation/reaction with the with the SA-IBnS surface, this is chemically impossible for
surface, merocyanines and therefore should exhibit considerablestoichiometrically precis&A-3 and SA-4 films. In agreement
electron density transfer from the pyrrolyl to the pyridinum with this observation, the XPS spectra®4-3 andSA-4 reveal
nitrogen. Therefore, the actual electronic structure of the a significantly weaker signal at 398.8 eV, suggesting that the
molecular ground state of these systems is not that of a simpleunreacted “neutral” pyridine content is diminished, as expected.
pyridinum—ethene-pyrrole framework but rather a resonance Furthermore, the XPS spectra &A-1 exhibit a relative
hybrid of the two limitingA andB structures. reduction of the “neutral” N(1s) signal compared to thaBaéf-

2, suggesting that the second alkylation is much more effective

Me, Me for 1 than for2, in very nice agreement with the results of the

N Y |@ @\N Y . . . .
) = other film characterization techniques.
NI NS - > TN (2) Synchrotron X-ray Reflectivity. X-ray reflectivity
X® & x N~F measurements were performed on fil§&-1—SA-4 which were
© A B prepared on the native oxide surface of polished single-crystal

Si(100) wafers. Figure 6 shows the reflectivity data normalized
to the Fresnel reflectivity for all films. The reflected intensity

Upon charge transfer, the pyridinium N acquires enaminic Was measured as a function of the scattering vector perpendicular
character, whereas the pyrrole N becomes immonium-like, O the reflecting surface. A Gaussian-step model was used to
thereby inducing significant shift in the N(1s) binding energies. fit the specular reflectivity data to obtain key film microstructural
The extent of charge transfer and therefore the relaive B parameters such as the film thicknes§ 4nd the root-mean-
contribution is strongly affected not only by the nature of the square width of each interface, includingm —air which corre-
donor/acceptor groups but also by environmental p0|arity, Sponds to the film rOUghneSS. The Chromophore number density
counterion location, and local molecular packing/conformations. (Ns) and the molecular footprint (MFP) were also calculated
All of these may vary considerably within the films. Similar from the electron density per unit area for a single molecular
complex XPS spectra presenting difficulties in straightforward layer. The latter was obtained from the XRR-derived electron
interpretation have been observed for other cyanine dyes asdensity profile and the number of electrons for each SA
powder and as thin LB film sampRsas well as for electro- molecule, calculated from the chemical formula of fill@4-
Chemica”y Synthesized p0|ypyrr0|e and polyan”ine f|||2ﬁs 1-SA-4. A detailed description of the XRR data analysis and
Despite these uncertainties there are important differencesmodel employed can be found elsewhéte.
between the XPS signatures 8A-1 and SA-3, as well as The XRR data presented in Table 2 are the results of three
betweenSA-2 and SA-4, which clearly result from different independent sets of measurements. For comparison, the previ-
molecular structures of the neutral @nd 2) versus the  ously reported self-assembled film of precur3ofSA-7, not
monomethylated salB(and4) monolayer precursors. In fact, shown in Scheme 4) was prepared under identical reaction
while SA-1 and SA-2 should have a certain degree of free conditions and also analyzed by XRR. The film thicknesses of
“pyridine-like” N character, depending on the efficiency with methylene-spaced SAMBA-1andSA-3are in the same range
which the second pyridine of the molecule undergoes reactionas that ofSA-7 (~13 A), and all samples are comparably
smooth. These dimensions are in agreement with the expected
(22) (a) Xu, T.; Morris, T. A.; Szulczewski, G. J.; Amaresh, R. R.; Gao, Y.; mo'ecu'ar geometnes of the SAMS, Composed of a Coup“ng

Street, S. C.; Kispert, L. D.; Metzger, R. M.; TerenzianiJFPhys. Chem. . S
B 2002 106 10374. (b) Botelho do Rego, A. M.; Penedo Pereira, L.; Reis, layer SA-BnS) of ~6.5 A thickness and a pyridiniurrethene-

X = Me, substrate surface; Y = remaining molecular fragment

M. J.; Oliveira, A. S.; Vieira Ferreira, L. H.angmuir1997, 13, 6787. indi

(23) (a) Wong, K. V.- Smallfield. J. A O Fahiman. M. Epstein. ASynth. pyrrole fragment o~~9 A, as |nd|cated from the crys.tal structure
Met. 2003 137, 1031. (b) Nicolau, Y. F.; Ermolieff, ASynth. Met1995 of 2. However, note thaSA-3 is more tha 1 A thicker than
72, 2073. (c) Benseddik, E.; Makhlouki, M.; Bernede, J. C.; Lefrant, S.; _ _ _
Pron, A Synth. Met.1995 72, 237. (d) Inoue, M. B.; Nebesny, K. W.; SA-L prObably bec_aus_e to accommOd_a_te_ the V shaped n_mlec
Fernando, Q.; Inoue, Ml. Mater. Chem1991, 1, 213. ular structure ending in &-methylpyridinium group, steric
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Figure 6. X-ray reflectivity data normalized to the Fresnel reflectiiRy plotted versus scattering vector componegtfor films SA-1—SA-4. Solid lines:
best fits based on one-laye8A-1, SA-3, SA-4) and two-layer $A-2) Gaussian-step models.

Table 2. Specular XRR2 and SHG (4 = 1064 nm) Data for Self-Assembled Films of Chromophores 1-4 and 7

spin coating solution deposition
film d(A) Giim—air (B) MFP (A2) Ns, x 10 (molecules/cm?) A rag® Al I
SA-1 12.4+ 0.2 3.6+0.2 73 1.4 210 64 49 15
SA-3 13.5+£ 0.2 3.7£0.2 65 1.5 35 11 6 2
SA-2 21+1 8+1 ~ 50 ~2 76 23 7 2
SA-4 10.5+ 0.2 3.6+ 0.2 66 1.5 16 5 <1 <1
SA-7 13.3+ 0.2 3.6+0.2 46 2.2 142 44 44 13

ad = film thickness;oiim—air = film roughness; MFR= molecular footprintNs = chromophore density for spin-coated filntgs; is estimated at 1064
nm from (2 x ¥@)/n* with n = 1.6 (Ashley, P. R.; Cites, J. ®pt. Soc. Am. Technol. Digest S&R97, 14, 196).

hindrance forces the chromophore further from the substrate lead to much thinner films. On the other hand ghromophores
surface (see Scheme 4). With respect to monomeric precursomwere only singly anchored to the surface, the measured film
7, note that the larger adsorbate molecdles\d2 are expected  thickness of 21 A is in the expected range (coupling layer
to occupy more area on the substrate surface. Indeed, thethickness+ length of 2 = 6.5 + 15.3 A). The estimated
molecular footprints 0SA-1 and SA-2 are ~30% larger than chromophore footprint 08A-2 ~ 50 A2 is comparable to the
that of SA-7 and consequently, their number density is found dimensions of chromophor2 (15 x 3.6 = 54 A?) estimated

to be less. More complex is the comparative analysis of the from the crystal structure. Them—air Of ~8 A, which is in
XRR data for filmsSA-2 and SA-4. The former is two times  the same dimensional range as the pyridine-ethene-pyrrole
thicker (~21 A) than SA-4 (10.5 A) and all of the other  moiety, argues for a mixture of singly and a doubly anchored
chromophore SAMs. A single-layer Gaussian-step model doeschromophore units (se8A-2 in Scheme 4). The remaining
not yield a convincing fit, indicating that this system has a question is why thé&SA-3 and SA-4 films are thin and smooth
complicated electron density profile. In addition, the corre- although the corresponding singly anchored systems could in
sponding one-dimensional Patterson function calculated from principle assume a variety of conformations on the substrate
the reflectivity data shows, without any model-dependent surface. A possible explanation is related to the tendency of
assumptions, that there is a clear density variation within the polar/ionized species to remain closer to the polar bulk and to
film. Assuming the presence of two different regions having minimize surface area at the film-air interface. Such arrange-
different electron densities within the film, we obtain a good ments are known to strongly reduce film surface free enétgy.
fit to the data (solid line in Figure 6 for the sampBA-2). (3) Second-Harmonic Generation Spectroscopyrigure 7
Combining this information with the relatively large film shows the angle-dependent intensity of second-harmonic light
roughness+{8 A) and high chromophore density, it is suggested generated from the interaction of the incident laser belays=(
that2 undergoes reaction with tHeA-IBnS surface to yield a
mixture of mono- and dianchored chromophores. This model (24)

(a) Etzler, F. M.Contact Angle, Wettability Adhe2003 3, 219. (b)
Chibowski, E.; Perea-Carpio, Rdv. Colloid Interface Sci2002 98, 245.

is in good agreement with the optical spectroscopic measure-
ments discussed above. Furthermore, it is expected that reaction
of both pyridyl groups with the coupling layer would necessarily

(c) Ulman, A.Thin Solid Films1996 273 48. (d) Ryntz, R. AProg. Org.
Coatings1994 25, 73. (e) Kloubek, JAdv. Colloid Interface Sci1992
38, 99. (f) Sato, T.; Tsugaru, T.; Yamauchi, J.; OkayaPdlymer1992
33, 5066.
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Figure 7. Intensity of SHG signal (arbitrary units) as a function of the fundamental beam incident angle from a float glass slide haviag-flisiand
SA-2,4 on either side.

chromophore units. The second contribution, which must
account for an additional 20% increase, is due to improved

/’ ‘\ ‘ /' '\ /' : /' . overall film polar order. The double anchorage to the surface
/\ /\ /5./\‘ likely decreases the dispersion of the molecular dipole orienta-
tions along the substrate normal and consequently increases bulk

SA-1 SA-3 polar order. Finally, a minor contribution to the increased
T 4 response ofSA-1 may be provided by the increased donor
- - capacity of an alkyl-substituted pyrrole (the €Hroup of 1
N Vi Y 4 acts as atl group) versus the unsubstituted ring f This
result is also supported by the bathochromic shift and enhanced
SA-2 SA-4 solvatochromic response df and 3 (alkyl substituted chro-
Figure 8. Schematic representation of the bulk (thick arrows) and local mophores) compared t@ and 8, respectively. The NLO
(thin arrows) dipole moments of filmSA-1—SA-4. Blue lines represent responses of the other film§A-3, 35 pm/V;SA-2, 76 pm/V;
the coupling layer, red lines represent chromophores of lysed3, green
lines represent chromophores of typand4, and the filled ring represent SA-4, 16 pm/V) are far lower than those Sﬂ'l (210 pm/V)
charged pyridinium/iodide end groups. andSA-7 (142 pm/V). Among themSA-2 exhibits the largest
coefficient, which corroborates the film microstructure model

1064 nm) with a glass slide coated on both sides with the

chromophore monolayerSA-1-SA-4. These measurements as a mixture of singly and doubly anchored chromophores. In
: L L o fact, sinceSA-4 exhibits the smallegt® (Table 2) it is expected
provide additional insight into film microstructure and bulk ’

polarity. The characteristic second-harmonic generation (SHG) that @ completely doubly anchored monolayer of chromophore
interference pattern with near-zero intensity minima arising from 2 Should also exhibit very poor second-order response. In such
the phase difference between the two SHG waves generated afilms, the average component of the molecular dipoles along
either side of the sample indicates an identical and uniform the substrate normal should be almost zero since the chro-
coating on both sides of the glass substrate. Table 2 also summophore is expected to lie nearly flat on the substrate surface.
marizes the bulk second-order nonlinear susceptibijit§.¢) Therefore, the response 8A-2 derives principally from singly
and the electrooptic coefficientsg) for SA-1—SA-4 and SA- anchored chromophores, which extend along the substrate
7, obtained by calibration of the SHG data against quartz. normal. To a first approximation, the molecular hyperpolariz-
Remarkably, the SHG data show that films prepared by ability 8 of the monomethyl salt$ and8 should be comparable
chromophore spin-coating and vacuum oven treatment exhibit since their solvatochomic responsest(= —26 and—20 nm)
significantly larger NLO responses than films prepared by the are similar. Interestingly, thg® response oBA-2is about 50%
solution-based deposition method. In accord with these results,of the 4@ of SA-7, although both films exhibit similar

the optical spectra of the solution-prepared flllms (nqt shown? chromophore surface coveraged x 10“ molecules/crd),

are much weaker and broader than tho_se fabricated via the Sp'n'suggesting that the ratio between the singly and doubly anchored
coating/vacuum-oven method, suggesting a lower chromophoreChromophores irSA-2 is near unity. The NLO responses of

density. . .
The second-order NLO responseS-1 (210 pm/V at 1064 singly anghored ch'romophore filn®A-3 and SA-4 are very
small. This result is clearly not due to the poor molecular

nm) is the highest of the films in the present study and larger o .

than that of the previously reported monomer chromophore- hyperpolarizabilities of the constituent chromophores. Rather,

basedSA-7 film (142 pm/V)16 Since1 and 7 have identical the geometries of the assembled molecules and the film
microstructure must generate an averaged centrosymmetric

donor and acceptor components, t&0% increase iry®? s ; .
response oBA-1versusSA-7 must be the result of a different ~ charge distribution which dramatically reduces the second-order

film microstructure (Figure 8). The XRR measurements dem- 'esponse. These systems are therefore attractive for applications
onstrate that the surface molecular densit$af1is somewhat ~ Where large polarizations are associated with symmetric in-
lower than that ofSA-7 (1.4 vs 2.2x 10" molecule/crA). tramolecular CT, such as third-order NLO processes. Indeed,
However, this corresponds to an actual increase of the NLO- we recently reported promising results in this direction and
phore units inSA-1 by ~30%, sincel consists of two further studies are in progre¥¥.
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Conclusions chromophore structures, the latter having a significantly weaker

The synthesis and physicochemical properties of several newasymmetric pu§hpull activity. These.SA chro.mophonc f!lms
heterocycle-based “pustpull’ chromophore systems is de- therefore exh|b|t complementary _non_hnear optical properties and
scribed. The reaction of pyrrole derivativeusing a Mannich ~ have potential for NLO/EO applications.
protocol strongly depends on the presence #) Hrhe resulting
mono- (7) and new dimeric chromophor&,(2) precursors can
be mono- and dialkylated to afford the correspondiNg
monomethyl- 8, 4, 8) and N,N-dimethyl iodide salts§, 6).
Chromophore precursors and 2 and the correspondingy-
monomethyl salt8 and 4 undergo reaction with iodobenzyl-
functionalized surfaces to affordbonded self-assembled films.
The film microstructure and the corresponding EO response are

substantially affected by the design of the molecular precursors :;'ght So:r;e,. Vr:: ich 1S ;up)tpc;rflfahd l;y theGU.SSt. Degart:gentt Ofl
and the film deposition method. Thus, spin-coating of the nergy. A.>. I tne recipient of The Reva &. stone Fostdoctora

chromophore precursors on a benzyl-halide functionalized Fellowship. M.E.v.d.B. is the incumbent of the Dewey David

substrate-surface followed by a vacuum oven treatment results>1ONe an_d Harry_Levmt_a Career De\_/elopment Chair and thgnks
in films with far larger NLO responses (up to 1 order of the Israeli Council for Higher Education for an Alon Fellowship.

magnitude) than films prepared by a stepwise solution-basedV€ thank Dr. Y. Feldman and Dr. H. Cohen (WIS) for their
assembly process. The second-order NLO responSaf is valuablr_e assistance in the AFM and XPS measurements,
far larger than that oBA-2, indicating that these systems have T€SPectively.

substantially different film microstructures and-electron
distributions. Indeed, given that both pyridyl rings undergo
reaction with the coupling layer, the methylene-bridgelin
blocks z-conjugation and allows formation of an effective
push-pull, asymmetric spacer-(B-A),. On the other hand,
system?2 affords a mixture of singly- and doubly anchored JA057556C
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