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Oligomeric phenylene ethynylene is potentially a useful molecule for organic photovoltaics, light
emitting diodes, sensor materials, or as intrinsically porous polymers for gas storage and separation. In
the former two applications, the organicmolecules are supported on an inorganicmaterial for structural
support or for charge collection at an electrode.Here, a 12 repeat unit oligomer ofm-phenylene ethylene
is covalently attached to high surface area and planar oxide supports as an alternate route to materials
development, which displays novel properties and applications due to the covalent connection to the
surface. Oligomers and model dimers are attached to alkyl-azide decorated surfaces via Cu-catalyzed
1,3-dipolar Huisgen cycloaddition or covalently linked with silane-bearing surfaces via Rh-catalyzed
hydrosilylation. Surface structures and densities are verified by FTIR, TGA, transmission UV-visible
spectroscopy,N2 physisorption, and transmission electronmicroscopy. On high-surface-areamaterials,
hydrosilylation routes yield loadings up to 0.09 molecules nm-2, whereas on planar surfaces, densities
reach 0.22 molecules nm-2, comparable to the footprint of the extended Tg side groups. Grafted
molecules retain the solvation-dependent “folding” behavior of soluble oligomers as determined by
solvent- and temperature-dependent photoluminescence spectra of grafted oligomers suspensions.
Grafted oligomers can be suspended in liquids in which the oligomers are not intrinsically soluble,
demonstrating, for example, that dodecane and decalin have opposite association behavior, in spite of
both their very lowpolarity parameters. Photoluminescence spectraare consistentwith coexisting folded
and unfolded oligomers when grafted, in contrast with highly cooperative changes in solution. Highly
loaded surfaces show significant hysteresis upon heating, suggesting a kinetic as well as thermodynamic
solvent effect. Pinene guest molecules enhance folding of the grafted oligomers, demonstrating a
responsive adsorbent surface. Having demonstrated proof of concept, covalently grafted oligo(PE)
materials are applicable as a new class of tunable adsorbent materials and optoelectronic materials.

Introduction

Oligomeric phenylene ethynylene species deposited
onto surfaces have applications as OLEDs, organic PV
materials, and sensors.1,2 Similar oligomeric structures
have also been grown insidemesoporousmaterials,3 or had
the oxide grown around it.4 These materials are typically

constructed from oligo(p-phenylene ethynylene). In con-
trast to the straight-chain para-linked isomer, oligo(m-
phenylene-ethynylene)s, oligo(mPE), exist as dendritic and
linear architectures with potential applications as intrinsi-
cally porous polymers for gas storage and separation,5

light-harvesting molecules, or for signal amplification.2,6

As linear oligomers, these molecules display reversible
folding to form cavity-containing helices with host-guest
properties.7-9 This latter behavior is driven by solvophobic
π-π stacking,10-12whichalso contributes to themolecule’s
electronic properties.13
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Using two approaches, oligo(mPE) has been covalently
grafted to alkyl-azide decorated silica surfaces via Cu-
catalyzed 1,3 dipolar Huisgen cycoloaddition or cova-
lently grafted to SiH-bearing surfaces via Rh-catalyzed
hydrosylation (Scheme 1). Although both techniques
have been used to create covalently functionalized sur-
faces in the past,14,15 current work is novel for its use of
the large, and dynamic, conjugated oligo(mPE) mole-
cules, and covalent immobilization onto high surface area
and mesoporous oxide materials. Such materials are
preferred over planar substrates for applications such as
sensing, adsorption, and sensitized solar cells.
These relatively large oligomers are grafted atmoderate

surface densities and they retain their solvophobic asso-
ciation properties when grafted to oxide surfaces. Advan-
tageously, the covalent connection of these conjugated
host molecules to bulk particles allows these molecules to
be exposed to liquid environments in which they would
not normally be soluble, such as water or alkanes, which
allows scientific insights into the nature of aggregation
and guest binding on surfaces and may enable future
separations, electronics, or sensing applications.

Experimental Methods

Molecular Precursors and Supports. As shown in Scheme 1,

oligomers of m-phenylene-ethynylene consisted of a 12mer of

Tg-3,5-diethynylbenzoate prepared using published solid-phase

Pd-catalyzed Sonogashira coupling,16 or a dimer prepared in

four steps from 3-bromo-5-iodo-benzoic acid, ethanol, tri-

methylsilyl acetylene, and phenyl acetylene using established

Pd-catalyzed Sonogashira coupling. The 12mer and dimer both

possess one terminal acetylene deprotected in a final synthesis

step. Powders (silica gelwith 500m2 g-1,∼16nmdiameter Si3N4

nanoparticles with 110 m2 g-1, and 7 nm pore diameter MSU

mesostructured silica with 750 m2 g-1) were washed in 10-20

volume equivalents each of 1:1 HCl/MeOH, H2O, concentrated

H2SO4, andH2O again until washes run neutral to remove surface

contamination and metals. The Si3N4 nanoparticles possess a

native oxide surface that was used for functionalization in sub-

sequent steps. Powders were dried at 120 �C under dynamic

vacuum for >12 h to remove physisorbed water. Quartz plates

(Chemglass) were sonicated in their corresponding solutions and

dried under a stream of dry N2. Unless otherwise mentioned,

precursor chemicals and solidswere obtained fromSigma-Aldrich

at the highest available purity. For materials synthesis, solvents

were dried using recommended practices.17

Grafting by Coupling. Functional silanes 3-(azidopropyl)-

triethoxysilane and 3-(azidopropyl)trimethoxysilane were pre-

pared from the respective iodides (Gelest) and sodium azide in

DMF and extracted into anhydrous hexanes.18 The two azides

behaved nominally identically in subsequent steps. No attempt

was made to remove all DMF solvent as it assisted in grafting.

Alkyl azides were grafted to solids by heating at 70-75 �C in

sealed ∼0.1 M toluene solutions, corresponding to ∼2 mmol

azide per g of powder, overnight, followed bywashing with>20

volumetric equivalents each in warm toluene, acetonitrile,

water, additional acetonitrile, and benzene to yield N3-silica,

N3-MSU, or N3-quartz. Powders were dried at room tempera-

ture under dynamic vacuum overnight before further modifica-

tion; plates were dried in flowing N2. Alkyl azides were not

successfully grafted to Si3N4 nanoparticles under these condi-

tions.

Oligomers were coupled to the azide-covered surface using a

modified Cu-catalyzed Huisgen dipolar coupling “click” pro-

cedure.19 A ∼50 mM solution of the oligomer in CHCl3 was

added to 1.1 equiv. of Cu in a 2:1 suspension of Cu(SO4)2
(0.15 M) and sodium ascorbate (0.075 M) in DMF to form a

yellow solution, presumably generating the Cu-acetylide. Plates

were immersed and azide-functionalized powders were added

to yield suspensions with ∼0.1 mmol 12mer or 0.5 mmol dimer

per g, sealed in a vial and shaken overnight at room temperature.

Shaking was preferred to stir-bar mixing as the latter ground the

Scheme 1. Structure of the 12-Repeat Unit Oligomer (12mer)
and the Model (dimer) and the Retrosynthesis for Surface
Attachment (mPE-CCH indicates an ethylene-terminated

oligo(mPE))
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particles to unmanageable suspensions. Solids were washed or

sonicated briefly with CHCl3 and with>20 volume equivalents

of DMF, 0.1 M sodium diethyldithiocarbamate (>10 equiv per

catalyticmetal) inDMF,20 DMF, andmethanol to yield X-N3-Y,

where X is dimer or 12mer and Y is silica, MSU, or quartz. Final

powders were dried at room temperature under dynamic vacuum

overnight; platesweredried in flowingN2. Following synthesis, all

solids were generally dark mustard-yellow. Color, presumably

fromCu species,was effectively removed from the solids and from

subsequentwashes using the sodiumdiethyldithiocarbamate solu-

tion to yield nearly white powders or clear plates. Some silica

powders were subsequently treated with excess iodotrimethyl-

silane (TMSI, Gelest) as a 0.25 M solution acetonitrile at 70 �C
andwashed inpolar solvents to reduceunreacted azides toprimary

amines and to cap residual silanols, producing TMS-X-N3-silica,

where X is dimer or 12mer.

Grafting by Hydrosilylation. Silica gel and Si3N4 nanoparticles

were modified with SiH groups for subsequent hydrosilylation.

Trimethoxysilane (Gelest) was grafted by first heating in 1:4:70

HCl:H2O:dioxane at 70 �C under N2 for 30 min, followed by

dropwise additionof 0.5Mtriethoxysilane in dioxane.21 Each gram

of powderwas suspended in 20-40mLof the reaction solution and

refluxed overnight under N2. The powders were washed with

1:4 H2O:dioxane, dioxane, and ethyl ether, followed by drying for

>4 h under dynamic vacuum at room temperature to generate

H-silica and H-Si3N4. Methyldimethoxysilane (Gelest) was

grafted by heating sealed vials at 70 �C for>24 h in 0.2M toluene

solutions containing>3mmol silane per g of powder, followed by

washing indryTHFanddrying for>4hunderdynamicvacuumat

room temperature to generate HC-silica.

Oligomers were coupled to SiH-modified surfaces using Rh-

catalyzed hydrosilylation.22 RhI(PPh3)3 was synthesized ac-

cording to literature from triphenylphosphine, (Strem) RhCl3
(Strem) and LiI.23 Solid RhI(PPh3)3, the powder, and neat

oligomer were added to a vial and toluene was added to make

an oligomer concentration of 1 mM. Due to the small sample

quantities synthesized, ∼0.25 equiv. of Rh per terminal alkyene

were employed, in vast excess compared to the 0.1 mol %

required to observe successful hydrosilylation of model com-

pounds in the presence of unfunctionalized silica gel. The vial

was sealed under Ar and stirred for>4 h at 70 �C. The powders
were subsequently washed with >20 volume equivalents of

CHCl3, 0.1 M diethaminodithiocarbamide (>10 equiv. per

catalytic metal) in DMF, DMF, and CHCl3, followed by drying

for >4 h under dynamic vacuum at room temperature to yield

X-HC-silica, X-H-silica, or X-H-Si3N4, where X is dimer or

12mer. Following synthesis, all solids were generally dark green.

Color, presumably from Rh species, was effectively removed

from the solids and from subsequent washes using the sodium

diethyldithiocarbamate solution to yield faint yellow powders.

Plates were not successfully grafted following this procedure.

Characterization. Thermogravimetric analyses (TGA) were

carried out in a TGA/SDTA851e in a flow of 99.995% synthetic

air with a ramp rate of 10 �C/min to 800 �C. Photoluminescence

spectra (Photon Technology International QM-1 with stirring

or an ISS PC1 Photon Counting Spectrofluorimeter with stir-

ring and temperature control), were acquired on suspensions of

powders such that the averaged oligomer concentration was

∼5 μM. Powders were diluted 10:1 with additional unfunctio-

nalized silica gel to facilitate weighing. 2-4 scans were averaged

to reduce signal noise arising from the random transiting of

particles into the path of the excitation beam and all materials

were tested in duplicate. TransmissionUV-visible spectroscopy

was performed using a Shimazdu 160Aat ambient conditions on

free-standing quartz chips. Two-nanometer slits were employed

for improved signal-to-noise. Diffuse reflectance infrared Four-

ier transform spectra (DRIFTS) of the modified powders were

averaged over 100 scans with a resolution of 8 cm-1 using the

SMARTdiffuse reflectance accessory for theNicolet 6700 and a

background of the unmodified powders. Nitrogen physisorp-

tion was carried out using a Micromeritics ASAP 2010 with a

preliminary 4 h evacuation at 150 �C. Transmission electron

microscopywas carried out at theNorthwestern EPIC facility of

the NUANCE Center using a Hitachi H-8100 TEM.

Results and Discussion

Physical Characterization.Thermogravimetric analysis
in dry air determines molar loadings on the various
powder materials via combustion of the surface species.
Representative TGA and derivative curves are given in
Figures 1 and 2. Additional TGA curves are available in
the Supporting Information. Mass losses are normalized
to 150 �C, which is before ligand decomposition but after
loss of variable amounts of residual solvent and water.
The azide decomposes sharply near 230 �C, the triazole-
tethered oligo(mPE) decomposes from 300 to 400 �C and

Figure 1. Thermogravimetric analysis and derivatives of materials synthesized by the coupling route. (left) N3-silica and dimer-N3-silica (bold); (right)
dimer-N3-silica andTMS-dimer-N3-silica (bold).After normalizing to150 �C,mass loss relative to silica (dashed line, bothgraphs) determinesmass loading
of each type of species.

(20) Nielsen,K. T.; Spanggaard,H.;Krebs, F. C.Macromolecules 2005,
38, 1180–1189.

(21) Chu, C. H.; Jonsson, E.; Auvinen, M.; Pesek, J. J.; Sandoval, J. E.
Anal. Chem. 1993, 65, 808–816.

(22) Mori, A.; Takahisa, E.; Yamamura, Y.; Kato, T.; Mudalige, A. P.;
Kajiro, H.; Hirabayashi, K.; Nishihara, Y.; Hiyama, T. Organo-
metallics 2004, 23, 1755–1765.

(23) Osborn, J. A.; Jardine, F. H.; Young, J. F.;Wilkinson, G. J. Chem.
Soc. A 1966, 1711–1732.



5322 Chem. Mater., Vol. 22, No. 18, 2010 Notestein et al.

the silane decomposes from 400 to 500 �C. The azide peak
area decreases with increasing oligomer grafting and is
absent after treatment with the TMSI reducing agent.
Trimethoxysilane shows a uniquemass gain under oxidiz-

ing conditions at ∼450 �C due to conversion of SiH to
SiOH. Otherwise, TGA of SiH powders are similar to
those of N3 powders.
Table 1 details the stepwise assembly of species on these

powders.Alkoxy silanes are grafted at∼1.6 groups per nm2

regardless of support or functional group,which is a typical
silane surface density.24 Grafting efficiency of the dimer is
maximized at∼28%with respect to either azides or silanes
on silica, which is equivalent to a surface density of ∼0.45
groups per nm2 or an average separation of ∼1.5 nm.
Surface densities are referenced to the surface area of the
original support before modification. The high surface
density and its insensitivity to grafting chemistry suggest
that the physical footprint of the grafted group, rather than
surface accessibility or reactivity, limits deposition.
12mer grafting on powders occurs with up to 4% effi-

ciency, or a surface density of up to 0.09 oligomers per
nm2, which is comparably crowded on a repeat unit basis to
the dimer-modified surfaces. This grafting must occur on
internal pores of the powders, because grafting this number
ofoligomersonlyonexternalpowder surfaceswould require
physically unreasonable densities of 60-200 oligomers

per nm2 on the 0.3 to 0.1 m2 g-1 of available external
surface area. Grafting on azide-functionalized powders
gives low surface coverages, which may reflect volume
limitations of the larger tether or accumulation of oli-
gomers or catalysts near poremouths. Grafting densities
are even lower when using typical lower concentrations
of Cu catalyst. Decreased grafting has been observed
previously with mesoporous silicon materials, and was
ascribed to adsorption of Cu at the pore mouth by the
high surface density of resulting trizoles.15 Here, the
product triazoles and the native silanols on the spar-
sely covered surfaces may both be serving to complex
Cu, thus making it unavailable to catalyze the coupling
reaction.
Nitrogen physisorption on 12mer-H-silica (Figure 3)

shows a decrease in the total pore volume relative toH-silica
of 0.13 cm3/g. Using the loadings fromTable 1, this gives an
occluded volume of 5.2 nm3 permolecule, or a density of 1.1
g cm-3 for grafted species contained within the pore space.
Previous estimates of the density of oligomers in thin films
have been between 1.04 and 1.2 g cm-3,25,26 in line with that
observed here. The similar calculated density indicates
relatively uniform coverage of the pore surface, rather
than blocking of pore mouths that would artificially

Table 1. Oligomer Loadings and Surface Densities via Coupling and Hydrosilylation Methods

azides dimers 12mers

support
loading
(mmol/g)

density
(per nm2)

loading
(mmol/g)

density
(per nm2)

% reaction
(per anchor)

loading
(mmol/g)

density
(per nm2)

% reaction
(per anchor)

N3-silica 1.2 1.6 0.34 0.45 28 0.003 0.004 <1
N3-MSU 1.7 1.6 0.23 0.19 12 0.009 0.008 <1
N3-quartz n/d 0.22a n/d

SiH groups dimers 12mers

support
loading
(mmol/g)

density
(per nm2)

loading
(mmol/g)

density
(per nm2)

% reaction
(per anchor)

loading
(mmol/g)

density
(per nm2)

% reaction
(per anchor)

HC-silicab 1.4 1.7 0.08 0.10 6 0.028 0.039 2
H-silicac 1.4 1.6 0.32 0.43 27 0.041 0.059 4
H-Si3N4

c n/dd n/d 0.05 0.37 n/d 0.011 0.085 n/d

aPer side. bVia SiCH3H(OEt)2.
cVia SiH(OEt)3.

dMass changes insufficient to determine loading.

Figure 2. Thermogravimetric analysis and derivatives of materials synthesized by the hydrosilylation route. (left) HC-silica and 12mer-HC-silica (bold).
(right)H-silica and12mer-H-silica (bold).Afternormalizing to150 �C,mass loss relative to silica (dashed line, bothgraphs) determinesmass loadingof each
type of species.
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deflate apparent densities. The grafted layer narrows the
pore size distribution of the supporting silica gel
(Figure 3), suggesting an extended conformation that
penetrates micropores and smaller mesopores. Grafting
12mers on Si3N4 nanoparticles to create 12mer-H-Si3N4

decreases surface area from 110 to 90 m2/g, consistent
with coverage of the surface by the oligomers, but pore
volumes and pore size distributions are not substantially
altered (see Figure S2 in the Supporting Information), as
expected for the macropores that arise only from inter-
particle voids in these aggregates of nanoparticles.
Transmission electronmicrographs (Figure 4) show that
12mer-H-Si3N4 exists as roughened aggregates, whereas
the parent H-Si3N4 exists as smooth aggregates. The
change in the morphology of the aggregates is consistent
with a change in the surface chemistry after grafting.
Spectroscopy.Figure 5 shows the transmissionUV-visible

spectrum of the single monolayer of 12mer-N3-quartz taken
in air. The spectrum is comparable to published solution or
thin film spectra.26 This evidence of successful grafting of a
monolayer onto the flat plates demonstrates, by extension,
that grafting onto high surface area materials is indeed cova-
lent, rather than simple physisorption into the pores. The

intensity ratioof305 to289nmhasbeenpreviouslyusedasan
indicator of local environment by reporting the configura-
tional change that accompanies solvophobic folding.10 In air,
the 12mer displays a high ratio of 0.88 characteristic of ex-
tended chains in CHCl3 solution. Using amolar absorptivity

Figure 3. Adsorption (filled symbols) and desorption (open symbols) volumetric N2 uptake (left) and BJH desorption pore size distributions (right) on
12mer-H-silica (9) and H-silica (2). The difference in volumetric uptake indicates a density of 1.1 g cm-3 for the grafted 12mer. The pore size distribution
of the silica support is narrowed by 12mer grafting, suggesting extended oligomers that penetrate micropores without blocking the mesopores.

Figure 4. Transmission electron micrographs of H-Si3N4 (left, 20 nm bar) and 12mer-H-Si3N4 (right, 50 nm bar) showing change from smooth chains to
rough aggregates with grafting.

Figure 5. Transmission UV-visible spectrum of 12mer-N3-quartz. Re-
lative absorbances at 289 nm and 305 nm (marked) indicate an extended
chain configuration. Absorbance intensity is consistent with a grafting
density of 0.22 groups nm-2.
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of ∼3 � 105 abs mmol-1cm2 previously determined for
12mer in solution,27 the estimated surface density on the
plate is 0.22 molecules per nm2 per side, or an average
molecular separation of 2.1 nm. This average spacing com-
pares well with the lateral spacing enforced by the Tg groups
in thin filmsofoligomers adopting extended chain conforma-
tions in lamellae.26 The synthesis of these materials in a
known unfolding solvent, CHCl3, undoubtedly assists in
the formation of densely packed extended chains.
Maximum achieved surface densities increase with in-

creasingly planar surfaces. Inside the uniformly porous
MSU silica, 12mer densities are<0.01 per nm2, presumably
because of restrictions at the pore mouth. 12mer densities
reach 0.06 per nm2 inside the disordered silica gel. On the
nonporous, convex surfaces of Si3N4 nanoparticles, grafting
densities are 0.09 per nm2, and on macroscopically planar
surfaces, densities reach 0.22 per nm2, limited by the steric
bulk of themolecule. This latter result does not indicate fully
crystalline domains, which would pack at even higher
densities due to close π-π stacking perpendicular to the
Tg groups, but rather something akin to a single monolayer
smectic phase with liquidlike, extended chains aligned with
the surface normal. (Scheme 2)
Figure 6 (left) shows the DRIFT spectra of N3-silica,

12mer-N3-silica, dimer-N3-silica, andTMS-dimer-N3-silica.

All spectra are referenced to unfunctionalized silica. The

negative peak at 3740 cm-1 represents the loss of isolated

surface silanols upon grafting alkyl azides. Bands near

2900 cm-1 are assigned as C-H stretches from the alkyl

azide and grafted oligomer. The strong vibration at 2080

cm-1 is consistent with azide NdN bonds. Grafting oli-

gomers reduces this peak, and it is completely eliminated

by reaction with TMSI that reduces azides to amines.

Capping with TMSI also increases the negative signal

from 3200 to 3600 cm-1, indicating loss of H-bonded sur-

face silanols and demonstrating accessibility of the silica

surface after oligomer grafting. Figure 6 (right) shows the

DRIFT spectra ofH-silica, 12mer-H-silica, and dimer-H-

silica relative to unfunctionalized silica. Silane grafting

reduces the isolated silanol peak at 3740 cm-1, and the

SiH stretch appears at 2240 cm-1 and decreases in pro-

portion to the number of oligomers successful grafted via

hydrosilylation. In both sets of spectra, the vibration at

1720 cm-1 is consistent with ester CdO, and the vibration

at 1650 cm-1 is consistent with either a triazole or alkene

CdC bond arising from the surface connection. Variable

amounts of undissociated adsorbed water, as a negative

peak at 1620 cm-1, make challenging the quantification

of the CdC peaks, however, the large CdO peak for

dimer-N3-silica is consistent with the expected >10�
number of ester groups in this material as compared to

the 12mer-N3-silica which grafted few repeat units.

Figure 6. DRIFT spectra of materials synthesized by coupling (left) from top to bottom, N3-silica, 12mer-N3-silica, dimer-N3-silica, and TMS-dimer-N3-
silica. DRIFT spectra of materials synthesized by hydrosilylation (right) from top to bottom, H-silica, 12mer-H-silica, and dimer-H-silica.

Scheme 2. Cartoon Depictions of 12mer Densities on Oxide Surfaces of Different Concavities

(27) Stone, M. T.; Heemstra, J. M.; Moore, J. S. Acc. Chem. Res. 2006,
39, 11–20.
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Association Behavior. Photoluminescence spectroscopy
for particles in suspension was carried out to assess the
association behavior of grafted oligomers. Soluble
m-phenylene ethynylene oligomers are characterized by
a relatively sharp emission at high energy (∼350 nm) in
unfolding solvents such as CHCl3, and a broader, lower
energy transition (∼410 nm) in folding solvents such as
acetonitrile.11,27,28 Folding is a result of solvophobic
interactions favoring intrachain π-π stacking in poor
solvents. Characteristic emission spectra (λex = 289 nm)
of 12mer-HC-silica in a panel of liquids is given inFigure 7.

Spectra are normalized to the emission intensity at 475 nm,

far from any emission maxima, to account for changes in

powder settling due to different liquid viscosities that
in turn changes apparent molar emissivity. Because the
12mers are covalently dispersed across the surface of the
particle, and the particle is dispersed in any arbitrary
fluid, association is studied for liquids in which the 12mer
would not be normally soluble, such as water or dodecane.
Figure 7 shows that, as in solution, the wavelength and

intensity of the maximum emission shifts smoothly be-

tween 355 and 420 nm for less or more folding liquids,

respectively. Table 2 shows that the maximum relative

emission intensity (Imax/I475) and its wavelength (λem,max)

trends with tabulated absorption spectra intensity ratios

ε305/ε289 of soluble 12mer in CH3OH, CH3CN, CCl4, and

CHCl3 that have been previously used to indicate folding
or unfolding.29 Grafting the oligomers to the solid surfaces

Figure 7. Room-temperature photoluminescence emission spectra (λex=289 nm) of 12mer-HC-silica in nine liquidsnormalized to the intensity at 475nm.
The spectra for dodecane, benzene, and decalin require a baseline correction because of background photoluminescence of those liquids.

Table 2. Photoluminescence Emission Relative Intensities and Wave-

lengths of Emission Maximum for a Liquid Panel, As Compared to

Folding in Solution and a Common Solvent Scale

aFrom ref 29. bFrom ref 31.

Figure 8. Smooth relationships in photoluminescence emission Imax/I475
and λem,max (λex=289nm) areobserved for 12mer-HC-silica as a function
of acetonitrile and are characteristic of an evolving population of two
coexisting species. Lines are guides to the eye.

(28) Prince, R. B.; Saven, J. G.; Wolynes, P. G.; Moore, J. S. J. Am.
Chem. Soc. 1999, 121, 3114–3121.

(29) Hill, D. J.; Moore, J. S. Proc. Natl. Acad. Sci. U.S.A. 2002, 99,
5053–5057.
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extends the investigation of folding to additional liquids in
which the 12mer is insoluble or in which absorption spectra

cannot be taken (benzene, water, decalin, dodecane, and

cyclohexane), without requiring sidegroup elaboration.30

The empirical solvent polaritymeasure31ET
N has been pre-

viously used to correlate solvophobic folding behavior.29

Here, however, photoluminescence in water (ET
N=1.0)

and dodecane (ET
N=0.01) both indicate tightly associating

structures, likely intermolecular, consistent with backbone

and sidegroup insolubility in these solvents. In contrast,

decalin and cyclohexane, bothET
N=0.01, givemoderately

unfolded oligomers, likely due to structural compatibility

between solvent and oligomer. Even at its high surface

densities, dimer-H-silica gives spectra characteristic of un-

folded, solvated species in both CHCl3 and CH3CN (Imax/

I475=5.2 and7.9, respectively and λmax=370 and 365nm,

respectively), verifying that emissivity quenching does not

arise purely from interchain association for these grafted

species.
Using the metrics described above, solvent mixtures of

CHCl3 and CH3CN show a monotonic relationship be-
tween Imax/I475 and solvent composition (Figure 8), but

the relationship is not the characteristic sigmoidal shape

observed free in solution and indicative of highly coop-

erative transformations.11,28 Several differences between

the solid-supported and solution species can be respon-

sible for this difference, including the interplay of inter-

and intramolecular association at the high local concen-

trations of the surface-grafted species and an adsorbed

solvent phase composition that may differ from the bulk.

The intrinsic heterogeneity of the surface of a porous solid

particle is likely primarily responsible for the shape of this

curve, which is consistent with the gradual evolution of

mutually coexisting forms over a wide range of condi-

tions. Following this pattern, at greater than 50%CHCl3,

a pronounced shoulder appears near 355 nm, similar to

that seen in Figure 9 for CH3CN at high temperatures,

which grows in intensity alongside the most intense

emission, which shifts smoothly from 410 to 370 nm with
increasing CHCl3 content.
Temperature-dependent folding behavior was also

analyzed by photoluminescence in CH3CN and CHCl3
as a function of grafting type and external guests. These
spectra also show the coexistence of two states under
certain conditions. For 12mer-HC-silica in CH3CN, a
peak is observed at 390-405 nm with a shoulder trans-
forming into a peak near 358 nm at increasing tempera-
tures (Figure 9). Materials are suspended in CHCl3 for at
least 1 h before first acquisition and are subsequently
stable indefinitely at room temperature. However, upon
slow cooling from 70 �C, spectra are not reversible, sug-
gesting that metastable configurations are able to be
locked in during synthesis, and that significant activation
barriers exist with respect to formation of the more stable
surface structures. In these experiments, cooling takes
place over several hours, and spectra are again stable at
completion.
The ratio of the intensities at 358 nm and the maximum

between 390 and 405 nm that is characteristic of folded
species (I358/Ifolded) is used for these experiments as a
proxy for the extent of folding instead of overall intensity,
which is strongly temperature dependent due to different
amounts of solid that is suspended as the liquid viscosity
changes with temperature. This value is highest for

Figure 9. Photoluminescence emission spectra (λex = 289 nm) of 12mer-HC-silica in CH3CN upon heating (left) and cooling (right) normalized to the
intensity at 390-405 nm showing evolution of the extended conformer with photoluminescence near 358 nm.

Figure 10. Relative photoluminescence emission I358/Ifolded (λex = 289
nm, folded intensity is taken at the maximum between 390 and 405 nm),
serving for a proxy of amount unfolded, during heating from room
temperature (closed symbols) and subsequent cooling (open symbols).
12mer-HC-silica in CHCl3 (), left) or CH3CN (), right). 12mer-N3-silica
in CH3CN (O, left) 12mer-HC-silica in 2 mM (þ)-R-pinene/CH3CN (0,
right). Note the different intensity scales.

(30) Stone, M. T.; Moore, J. S. Org. Lett. 2004, 6, 469–472.
(31) Reichardt, C. Solvents and Solvent Effects in Organic Chemistry;

VCH: New York, 1990.
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unfolded chains. Figure 10 shows that 12mer-HC-silica is

more unfolded at all temperatures probed in CHCl3 than

in CH3CN. Spectral changes with temperature are weak

and fully reversible inCHCl3, as observed in free solution.
12

The emission ratios of highly loaded dimer-HC-silica are

weakly dependent on temperature in both solvents demon-

strating again that temperature-dependent behavior is not

purely driven by intermolecular association. For 12mer-

N3-silica, with its low average density of 12mers and longer

tether to the surface, temperature dependent changes are

weak and fully reversible. However, as seen in Figure 9,

highly loaded and more constrained 12mer-HC-silica in

CH3CN shows irreversible unfolding behavior upon heat-

ing from 20 to 70 �C; no unfolding was observed over

several hours at 20 �C and the spectra did not revert after

slow cooling. Thus, the room temperature configuration on

the surface is influenced by the thermodynamic solvation

behavior, but pronounced kinetic barriers may exist,

and intermolecular association at these high surface

densities may also inhibit expected intramolecular asso-

ciation behavior.12 With additional thermal energy,

an appreciable fraction of the 12mers constrained in

porous silica gel are able to achieve the extended chain,

unfolded configurations seen when supported on planar

surfaces (vide supra).
In the folded state, oligo(mPE) is a known host for

small molecule guests such as pinene,7,30 and small mole-
cules have been observed to have a templating effect that
enhances folding.8 After a heating and cooling cycle
(Figure 10, right), the photoluminescence spectra of
12mer-HC-silica in 2 mM (þ)-R-pinene in CH3CN show
reduced I358/Ifolded ratios, indicative of more tightly folded
structures than for CH3CN alone. As with the other
thermal effects, no change in folding was observed after
holding at 20 �C for several hours in the presence of guest
(þ)-R-pinene, nor did spectra revert after slowcooling.This
result provides initial evidence that such grafted species
may lead to the development of adsorbent surfaces that
can be made responsive to adsorbates, much like natural

protein receptors. Grafted foldamers may be ideal surfaces
for the uptake of π-rich molecules such as polyaromatic
hydrocarbons and fullerenes.

Conclusions

Oligomeric (mPE) have been grafted to high surface area
and porous oxides by two techniques. Hydrosilylation
based grafting gives up to a 15 wt % loading of this
conjugated material, which is covalently grafted intact
and retains the solvophobic association behavior character-
istic of these foldamers. The solvophobic association is
kinetically trapped in CH3CN and strongly surface density
dependent, since at high surface densities, the effective
local concentration is ∼50 mM, substantially higher than
is required for aggregation. Addition of complementary
molecules such as pinene can enhance folding, indicative of
host-guest behavior on the surface. Attachment to the
surface also allows very poor solvents to be tested for their
folding behavior. Cyclohexane and decalin are somewhat
unfolding solvents, in spite of their very low polarity and
the poor solubility of the oligomers. These and related
hybrid materials may have applications for host-guest-
based selective adsorption or for energy transfer between
the oligo(PE) and semiconductor oxide surfaces.
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