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We have used a porous silicon matrix filled with polydiacetylenic derivatives to obtain new
nanocomposites. The polymerization, known as a topochemical process, requires optimal packing of the
diacetylenic segments to allow polymerization propagation across the assembly to give a conjugated
backbone. We have explored the use of intermolecular H-bond interactions between diacetylenic diacid
monomers to control the polymer chain organization after the polymerization step. Resonance Raman
and IRTF spectroscopy have been used to directly probe the diacetylenic segment of the monomer and
the pendent side-chain arrangement. Diacetylenic derivatives have been successfully incorporated inside
the pores after a specific chemical treatment to improve the filling rate of the monomer. Polarized Raman
scattering indicated that the monomers have a preferential orientation along the pore axis, probably because
of the confinement effect and hydrogen bonding of the self-associated carboxylic dimeric form. After
the polymerization process, resonance Raman spectroscopy shows a highly oriented ene-yne backbone
characterized by a blue phase.

Introduction

Over the past few years, there has been an increasing

interest in polymeric materials, which present applications

in the field of NLO, electronic, and electro-optical devices.1-6

Polydiacetylenes are the most widely investigated class of

conjugated polymers for third-order nonlinear optical effect.

The development of future application supposes a control

of the properties of the material and thus the ordering of the

molecular structure. It is well-known that diacetylenic

monomers can undergo photopolymerization to form an ene-

yne alternated polymer chain upon UV irradiation in a wide

range of organized structures, such as single crystals,7

crystallite in nanoporous substrate,8 Langmuir-Blodgett

films,9 self-assembled monolayers,10 liposomes or vesicles11

and solutions.12 The one-dimensional conjugated polyenyne

backbone exhibits large nonlinear optical susceptibilities

comparable to inorganic semiconductors with ultrafast

response time.13,14 Many derivative polymers have drawn

considerable attention to understanding the mechanism of

the polymerization reaction, which has been found to depend

on the orientation and packing of diacetylenic derivatives.15-20
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We were interested in preparing oriented polydiacetylene for

optical and electronic applications. To control the polymer-

ization direction, we proposed to use an anisotropic substrate,

mesoporous silicon. The structure of porous silicon is well-

known from transmission electron microscopy to consist of

narrow (nanometer-scale) pores running normal to the silicon

surface.21 Porous silicon (PSi) has been widely inves-

tigated for a number of electronics and optoelectronics

applications.22-24 The porous layer is a large-surface-area

matrix that is prepared by chemical and/or electrochemical

etching of single-crystal Si wafer in HF-based solutions. One

of the benefits in using porous silicon as a substrate is the

ability to control the size of the pores and thickness of the

porous layer by choosing the appropriate etching parameters.

We have demonstrated that it is possible to obtain novel

nanocomposite materials by embedding uniformly conjugated

polymers into porous silicon using either an electrochemical

or chemical method.25,26 Both methods allow obtaining an

homogeneous layer of hybrid material with a large third-

order nonlinear coefficient.27 We have also determined the

orientation of macromolecular chains of PDA-TS along the

pore axis pointing out a confinement effect.28 These results

are particularly encouraging but indicate clearly that the

macromolecular organization has to be improved within the

pores of the matrix.

Here, we report for the first time the introduction of the

self-assembled diacetylenic monomer 10,12-docosadiynedio-

ic acid (HOOC-(CH2)8-CtC-CtC-(CH2)8-COOH) by

hydrogen bonds in the porous silicon layer, in order to reach

a better macromolecular organization after the polymerization

step. In this study, FTIR absorption spectroscopy was used

to probe the influence of the surface chemistry on the pore

filling. Raman scattering spectroscopy was also used to

determine the structural organization of the self-assembled

diacetylenic monomer.

Experimental Section

General Information. Chloroform (Aldrich), sulfuric acid (95-

97%, Fluka), hydrogen peroxide (35%, Labogros) were used as

received. 10,12-Docosadiynedioic acid was available from Lancaster

and used as received. Single-side polished silicon wafer was

purchased from Siltronix.

Porous Silicon Etching Procedure.29,30 Highly bore-doped

p-type silicon (<100>, F ) 3-7 mΩ/cm) was used to prepare

porous silicon samples by anodic etching in a fluorhydric acid

solution (2:2:1 48% HF:deionized water:ethanol, v/v/v). Caution:

the HF solutions are hazardous and were always handled in an

efficient fume hood. Wafers (100 mm) were cut into 1.5 cm × 1.5

cm pieces. Porous silicon layers were fabricated at constant current

density of 100 mA cm-2 for 240 s, giving a porosity of 80% under

these experimental conditions. The pore diameter ranges from 20

to 50 nm, and the porous layer is 10 µm thick. The etched wafer

was removed from the cell, rinsed with deionized water several

times, and dried under vacuum. Prior to use, the samples are treated

for a few seconds in a SF6 plasma to make sure that the pores are

opened properly on the silicon surface.

Sample Preparation. Prior to pore filling, most of the substrates

were oxidized with a freshly prepared (7:3 H2SO4:H2O2 v/v) Piranha

solution (caution: this mixture reacts Violently with organic

materials and must be handled with great care) for 15 min at room

temperature, followed by being rinsed extensively with deionized

water and dried under vacuum. This pretreatment makes the porous

silicon surface rich in hydroxyl groups, as verified by ATR-FTIR

(see below).

After this pretreatment, the porous silicon samples were first

covered with a thin film of monomer powder and then pumped

under vacuum to eliminate molecules adsorbed in the porous matrix.

The monomer powder was heated above its melting point (116 °C),

and the as-obtained liquid can thus fill up the pores. At this

temperature, the polymerization does not occur, as checked by

Raman Scattering spectroscopy. After being cooled to room

temperature, the sample was exposed to UV light (254 nm, MHL

470 type 400 W medium-pressure mercury lamp) in air to initiate

the polymerization.

Surface Characterization. IR data were obtained by attenuated

total reflection (ATR) configuration using a set up equipped with

a diamond crystal on a Nicolet FTIR spectrophotometer with a MCT

detector at 4 cm-1 resolution. Raman spectra obtained with the

excitation line in the visible range (λexc ) 676.4 nm) were recorded

on a multichannel Jobin-Yvon T64000 type spectrometer (4 cm-1

resolution). Scanning electron microscopy (SEM) images were

obtained with a JEOL 6500 field emission microscope, using an

accelerating voltage of 7.0 keV. Transmission electronic microscopy

(TEM) images were obtained with a JEOL 200 CX microscope.

Results and Discussion

Filling of Porous Silicon. The introduction of the mono-

mer into the pores of porous silicon depends on the surface

properties and chemistry. Freshly etched SiHx-terminated

porous silicon (Sip-H) is hydrophobic. According to the

mechanism of porous silicon formation, the pore walls are

depleted in majority carriers, leading to a porous silicon layer

sufficiently transparent in the IR region to allow spectra

acquisition by ATR mode FTIR spectroscopy.31 The FTIR

spectrum in ATR mode of a freshly etched porous silicon

layer (Figure 1a) shows the ν Si-Hx stretching modes at

2090 cm-1. Additional absorptions are present at 906 and

620 cm-1, corresponding to the δ SiH2 and δ SiH scissor

mode, respectively. Attempts to fill the 10,12-docosadiynedio-

ic acid inside the Sip-H pores probably failed because of

the weak affinity of the hydrophilic monomer for the

hydrophobic substrate. Consequently, it is necessary to

modify the chemical nature of the pore surface to optimize

the filling of the monomer into the porous structure. The
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hydrogen-terminated porous silicon (Sip-H) was oxidized

with a Piranha solution to generate the silanol groups. Figure

1b displays a ATR mode FTIR spectrum of a modified

porous silicon surface (Sip-OH) after treatment. The

spectrum shows a significant oxidation of the surface, as seen

from the large increase in the Si-O stretching mode near

1030 cm-1. The stretching vibration band of the OH is also

present close to 3350 cm-1. The shoulder between 850 and

980 cm-1 can be assigned to δ OH (SiOH). The porous

silicon surface covered by the silanol groups can interact by

intermolecularly hydrogen bonding with the carboxylic

groups of the monomer.

The results of porous silicon filling by the diacetylenic

diacid monomer can be checked on a cleaved layer by using

Raman scattering measurements.

Figure 2a clearly shows the presence of diacetylenic diacid

monomer in the pores. The characteristic bands at δCOH (1443

cm-1)32 and νC≡C (2091 cm-1) can be observed at the same

position in the nanocomposite and in the pure monomer (not

shown here). The peak at 521 cm-1 corresponds to the

stretching vibration of the Si-Si bond.33 To estimate the

quantitative filling of the pores with the monomer, we used

the surface peak ratio δCOH/νSi from Raman spectra, which

corresponds to the filling factor. Figure 2b shows that the

filling is not homogeneous in the porous layer. We can

observe a decrease in the amount of monomer from the top

to the bottom of the pores.

The transmission electron microscopy (TEM) image

(Figure 3a) shows the rough surface of the pores. The

diameter of the pores can vary between 20 and 50 nm (Figure

3b). However, it can be seen that a diameter of 20 nm

constitutes bottlenecks that prevent a complete filling of the

pore bottom. This rough texture of the pores can thus explain

the non-homogeneous filling through the whole depth of the

pores.

Structural Organization of the Monomer. At this point,

it is interesting to check whether the monomer presents a

particular organization in the pores. This study was achieved

by polarized micro-Raman scattering on the cleaved layer.

Polarized incident light direction was fixed by using the

parallel/parallel (source and analyzer) orientation and the

sample was rotated around the same point with an amplitude

of 90°. Figure 4 shows the integrated intensity evolution of

the νC≡C (2091 cm-1) Raman band as a function of the

polarization angle. The intensity is minimum for a polariza-

tion which is perpendicular to the pore axis. On the other

hand, the intensity is maximum for a polarization parallel to

the pore axis. Consequently, there is on average a preferential

orientation of the monomer along the pore axis, because

the observed mode is polarized along the molecule long

axis.

The existence of self-assemblies of the monomer in the

silicon layer was evidenced by FTIR measurements in the

ATR mode (Figure 5a). Carboxylic acids are well-known to

exist under the hydrogen-bonded dimeric form. The CdO

and O-H stretching vibration bands of the terminal carbonyl

and carboxyl groups directly reflect the formation of

hydrogen bonds. A peak at 1690 cm-1 for the carbonyl

stretching and the broad band centered at 3000 cm-1 for the

(32) Megherbi, A.; Grande, D.; Lacoudre, N.; Boileau, S. World Polymer
Congress, MACRO IUPAC, July 4-9, 2004, Paris.

(33) Kang, Y.; Qiu, Y.; Lei, Z.; Hu, M. Opt. Lasers Eng. 2005, 43 (8),
847.

Figure 1. ATR infrared absorption spectra of a porous silicon sample. (a)
Silicon layer freshly etched at 100mA/cm2 for 4 min, (b) after oxidation
with a Piranha solution.

Figure 2. (a) Resonance Raman spectra of monomer inside the pores. (b)
Concentration profile of the monomer inside the porous silicon layer
obtained by Raman scattering spectroscopy on a cleaved layer. The filling
factor corresponds to the peak area δCOH/νSi ratio.
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O-H stretching were indicative of the hydrogen-bonded

dimer of the carboxylic acid molecules.34 Further support

for the dimer structure is given by the appearance of a strong

peak at 927 cm-1, characteristic of the out-of-plane O-H

bending mode in the acid dimer.35

Specific information about the conformation state of the

alkylene chain can be obtained from the middle infrared

measurements. The frequency, width, and intensity of the

asymmetric (νas CH2) and symmetric (νs CH2) methylene

stretching bands near 2920 and 2850 cm-1 are sensitive to

the gauche/trans conformer ratio and to the packing density

of alkylene chains, respectively.36 Shifts to lower frequencies

for the νas(CH2) vibration are indicative of highly ordered

conformations with preferential all-trans configuration.37 In

contrast, the frequency and width of νas(CH2) increase with

the chain disorder. For example, the crystalline n-alkanes

exhibit a band at 2920 cm-1, whereas this band upshifts to

2928 cm-1 for liquid n-alkanes.38 From Figure 5a, the

monomer shows strong absorption bands at 2917 and 2847

cm-1, which can be attributed to asymmetric νas(CH2) and

symmetric νs(CH2) stretching vibrations, respectively. These

frequencies are characteristic of highly ordered all-trans

conformations of methylene chains.37 The alkylene segments

(CH2)8 exhibit good Van der Waals interactions between the

alkyl chains and permit an efficient chain packing.

Photopolymerization. Chain polymerization can be in-

duced by ultraviolet irradiation of the monomer introduced

inside the pores. The porous layer was irradiated with

ultraviolet light (254 nm). Polydiacetylenes are known to

exist in several chromatic phases that appear as blue or

red.39-41 The exact nature of this chromism is generally

attributed to variations in the polymer conjugation lengths.

The backbone of the blue phase is highly oriented and shows
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Spectroscopy, 3rd ed.; Academic Press: New York, 1990.
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5145.
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Figure 3. (a) TEM image of side view and (b) SEM image of the surface of porous silicon layer after treatment to open the pores.

Figure 4. Intensity evolution of the 2091 cm-1 band as a function of
monomer orientation inside a porous silicon layer measured by polarized
Raman scattering spectroscopy (λ ) 676.4 nm).

Figure 5. ATR infrared absorption spectra of a nanocomposite sample.
(a) Diacetylenic monomer in a porous layer, (b) polymer in a porous layer
after UV irradiation (polymerization).
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high conjugation lengths.42-44 In contrast, the red phase is

characterized by a partly disordered backbone, with relatively

short conjugation lengths. To establish the presence of

polymer inside the pores, we have used resonance Raman

spectroscopy on a cleaved layer nanocomposite. This tech-

nique directly probes the polymerized ene-yne chro-

mophoric units but not the pendent side-chain conformation.

For the polymer, Figure 6 shows peaks at 1451 and 2074

cm-1 corresponding to the CdC and CtC stretching modes,

respectively, of the blue-phase polymer.45 Analyses along

the pore axis have revealed only one blue phase, indicating

a high conjugation length and an homogeneous polymeri-

zation throughout the depth of the pores. Checking the

particular organization of the polymer backbone in the pores

by polarized micro-Raman scattering failed because of a huge

luminescence response of the sample. From the IRTF

spectrum (Figure 5b), we can observe the presence of a

shoulder at 1605 cm-1 characteristic of the stretching

vibration band of a double bond (νCdC), which confirms the

polymerization occurrence.

Polydiacetylene derivatives are well-known to be prepared

by a topochemical polymerization.46 This process requires

an optimal packing of the monomer diacetylenic segments

to allow the propagation in the solid state to make a

conjugated backbone across the assembly, which explains a

uniform polymerization in the porous layer.47 Under those

conditions of topochemical process, the pre-organization of

the monomer in the pores (Scheme 1) should be maintained

after the polymerization step and would thus lead to

polymeric chains organized along the pore axis.

We have employed FTIR absorption spectroscopy to

investigate the conformational order of the alkyl side chains

as well as to probe the changes in molecular packing and

bonding interaction of the lateral head groups after the

polymerization process. The asymmetric νas(CH2) and sym-

metric νs(CH2) stretching vibrations remained unchanged in

the polymer at 2917 and 2847 cm-1, respectively (Figure

5b). This observation seems to indicate that a good degree(42) Eckhardt, H.; Boudreaux, D. S.; Chance, R. R. J. Chem. Phys. 1986,
85, 4116.

(43) Mino, N.; Tamura, H.; Ogawa, K. Langmuir 1991, 7, 2336.
(44) Deckert, A. A.; Horne, J. C.; Valentine, B.; Kiernan, L.; Fallon, L.

Langmuir 1995, 11, 643.
(45) Angkaew, S.; Wang, H.-Y.; Lando, J. B. Chem. Mater. 1994, 6, 1444.

(46) Tieke, B.; Lieser, G.; Wegner, G. J. Polym. Sci. 1979, 17, 1631.
(47) Bloor, D.; Chance, R. R. Polydiacetylenes. AdVances in Polymer

Science; Martinus Nijhoff: Boston, MA, 1985; Vol. 63.

Figure 6. Resonance Raman spectra of the polymer as compared to that of the monomer within the porous silicon (λ ) 676.4 nm).

Scheme 1. Topochemical Photopolymerization of Polydiacetylene Derivatives in the Porous Layer

5



of order of alkyl side chains is maintained after the

polymerization process.

The FTIR spectra (Figure 5b) with a broad band around

3000 cm-1 corresponding to the headgroup region (-COOH)

indicates that hydrogen bonding is also maintained in the

polymer. The strong band found at 1697 cm-1 is assigned

to carbonyl vibration (νCdO). The location of this peak

indicates strong head group hydrogen bonding as compared

with the band of free carboxylic acid group at 1730 cm-1.48

Additionally, the presence of the O-H bending mode at 927

cm-1 characterizes the acid dimer form in the polymer. The

presence of hydrogen bonding has been suggested to control

the packing.49 The polymerization process can provide some

perturbations in supramolecular assemblies, leading to a

decrease in alkyl side-chain arrangement in the polymer.

However, hydrogen bonding may lock the head groups such

that the alkyl side-chain organization is maintained or only

partially perturbed during the topochemical polymerization

process. The gauche-trans conformational change of the

alkyl side chains imposes a strain on the polymer backbone,

which can cause a reduction in the effective conjugated

length of the ene-yne backbone and in turn the electronic

properties of the polymer.50 The Raman data that indicate a

high conjugation length are consistent with a good packing

of the pendent side chains.

Conclusion

Novel porous silicon nanocomposites have been synthe-

sized using a dicarboxylic-acid-terminated diacetylenic mono-

mer. The chemical nature of the porous silicon surface was

found to have a strong impact on the pore filling. The self-

assemblies embedded in the porous layer can polymerize

in situ with UV irradiation to generate a blue-phase polymer.

Polarized Raman scattering provides information about the

preferential orientation of the monomeric diacetylenic seg-

ment along the pore axis. IRTF data do not indicate any

evidence of alkyl side chain disordering and suggest a well-

organized polymer formation.

Hydrogen bonding and self-assembly of diacetylenic

segments and the spatial confinement provided by the porous

silicon matrix seem to be a good means to control the

polymer chain organization and thus the nanocomposite

properties. We are also currently extending the research to

other self-assembled structures.
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