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One-step synthesis of ordered mesostructural organic/silica nanocomposites
with tunable fluorescence surfactants
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Mesostructured nanocomposites with tunable fluorescence were prepared by one-step synthesis using

fluorescent surfactants with 1, 2 and 3 units of thiophene as templates. The XRD data showed that

the resulting nanocomposites exhibited ordered mesostructures, which could be further confirmed by

TEM observation. Moreover, the surfactants with longer hydrophobic chain lengths result in

mesostructured nanocomposites with larger lattice constants. Fluorescent properties of these

nanocomposites, compared with the same fluorescent surfactants in other environments, showed

fluorescence bands that were red-shifted in the fluorescence spectra. N2 adsorption–desorption

experiments indicated that the rearrangement of PEO chains and the conjugated part of surfactants

occurs upon hydrothermal treatment, thus enlarging the pore diameter, surface area and pore volume

of the resulting mesostructured nanocomposites.
Introduction

Functional nanocomposites are currently a subject of great

interest because of their unique properties, which are a result

of the suitable combination of organic and inorganic phases.1

Mesoporous materials made by surfactant-directed self assembly

(SDSA) have long been used as ideal inorganic hosts for nano-

composites, as they can provide a tunable ordered mesostruc-

ture. In the past decade, there have been numerous reports

showing that functional nanocomposites could enhance the

conductivity, mechanical strength, environmental stability and

photoluminescence of the resulting materials.2 With a built-in

chromophore functional group, it seems that they might also

have great potential for optical and electronic applications.3

We are interested, in particular, in an ordered mesostructural

organic/silica nanocomposite with tunable fluorescence surfac-

tants. The mesoporous silica channels inside this material have

the potential to allow greater control over the molecular align-

ment and stability. Furthermore, the nanochannel is also an

ideal host for the fluorescent molecules used to study its photo-

luminescence (PL) in a confined space.4 Several groups5,6 have

reported the red-shifted fluorescence band of a conjugated

polymer located inside the mesoporous silicate channel as

compared with a neat conjugated polymer, the interpretation

of which was related to the longer effective p-conjugation length

of the conjugated polymer in a confined space.

On the other hand, it has been reported that mesostructured

nanocomposites with optoelectronic properties can be prepared

by several methods, including post-loading,7,8 co-condensa-

tion,9,10 template-assisted polymerization6,11,12 and other
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methods.5,13–16 In a post-synthesis approach, Tolbert et al.7

reported the preparation of PL polymer/silica composites by

post-synthesis of poly[2-methoxy-5-(20-ethyl-hexyloxy)-1,4-

phenylene]vinylene (MEH-PPV) into pre-formed mesoporous

silicate channels. Energy-transfer9 and lasing behavior10 were

observed in functionalized mesoporous materials obtained by

the co-condensation method. More recently, Tolbert et al.

reported a one-step synthesis of periodic nanoscale silica

composite materials by using amphiphilic poly(phenylene ethy-

nylene) (PPE) and cetyltrimethylammonium bromide (CTAB)

as the co-surfactant system.17 For the post-synthesis method,

however, multiple procedures are needed in order to obtain func-

tional mesostructured nanocomposites. In the co-condensation

approach, the number of aligned fluorescent molecules inside

the mesoporous silica is usually low.

Hence, a better strategy to meet the goal of complete pore

filling might be the preparation of polymerizable surfactants

for the mesostructured nanocomposites. In fact, such an

approach (called template-assisted polymerization) has already

been demonstrated by Aida and Tajima6 and Brinker et al.;11 it

refers to the use of diacetylenic surfactants as templates for the

synthesis of the mesostructured nanocomposites, and then the

application of a polymerization process by thermal or photo-

treatment. The resulting nanocomposites, which contained

polydiacetylene inside the nanochannels, showed unique

thermo-, mechano- and solvatochromic properties.11 Although

this approach guarantees a dense filling of conjugated polymer,

further thermal or photo-treatment is still necessary in order to

obtain nanocomposites with optoelectronic properties. Very

recently, Bhongale and Hsu18 reported the emission enhance-

ment properties of relatively disordered chromophoric

surfactant amphiphile/silica nanocomposites. Compared with

the solid state, the nanocomposites showed about a fourteen-

fold increase in the PL intensity, which was attributed to the

well-ordered arrangement of the chromophore groups in the

nanochannels.
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Nonionic oligomeric surfactants with poly(ethylene oxide)

(PEO) as the hydrophilic block for the synthesis of well-ordered

mesoporous silica was first reported by Stucky et al.19 The

assembly of the inorganic and organic components appears to

take place via a hydrogen bonding pathway. These kinds of

oligomeric surfactants can have different hydrophobic blocks

such as diacetylenes,11 alkyl chains,20 poly(methyl acrylate)21

and diphenylpyreneamine.22 So it seems reasonable to vary the

hydrophobic block of oligomeric surfactants for mesoporous

materials, with PEO acting as the hydrophilic portion. Polythio-

phene is one of the most widely investigated model systems for

the design of small bandgap linear p-conjugated systems due

to its electronic properties, environmental stability and struc-

tural versatility.23 Therefore, we chose thiophene as a building

block in the hydrophobic part of the surfactants.

In our previous work,24 we briefly reported the preparation of

mesostructured nanocomposites with pore-filling fluorescent

molecules. The brightness of the nanocomposites is greater and

the emission wavelength is red-shifted as compared with those

of the free surfactant. However, the confinement effect for the

red-shift and enhancement of spectral intensity was not clear.

Here, we report a study of a fluorescent surfactant system

consisting of variable oligothiophene as the hydrophobic part.

We began by tuning the conjugated system of fluorescent surfac-

tants and then used these directly to guide the synthesis of nano-

composites with yellow or orange fluorescence. The variation in

fluorescent chain length allows us to study the effects of confine-

ment in more detail. Furthermore, as polythiophene is known for

its relatively low fluorescent brightness,25 we expected that the

brightness of the resulting composites might also be enhanced

based on our previous results. First, the fluorescent surfactants

containing 1, 2 and 3 co-condensed thiophene units were success-

fully synthesized by multi-step reactions. After the sol–gel

process, we successfully obtained mesostructured nanocompo-

sites. The pore diameter (lattice constant) and fluorescence

properties of the resulting nanocomposites depend upon the

chosen surfactants. In addition, we found that hydrothermal

treatment also affects the fluorescence properties of these

nanocomposites.
Experimental

General information and characterization techniques

All reactions involving air- or moisture-sensitive conditions were

carried out in a dry nitrogen atmosphere. Et2O and THF

were distilled from sodium benzophenone ketyl. Chemicals

were purchased from commercial suppliers and were used

without further purification.

The powder X-ray diffraction patterns were acquired on

a PANalytical X’Pert PRO (45 kV, 40 mA) with CuKa radiation

(l ¼ 0.1541 nm). N2 adsorption–desorption isotherms were

obtained at 77 K on a Micromeritics ASAP 2010 analyzer.

Before sorption measurements, the calcined samples were

degassed at 150 �C for more than 6 h under 10�3 Torr pressure.

TEM images were recorded on a Hitachi H-7100 operating at an

acceleration voltage of 100 kV and a FEI Tecnai G2 operating at

an acceleration voltage of 200 kV. UV/Vis spectra were recorded

on a Hitachi U-3310 spectrophotometer. Fluorescence spectra
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were recorded in reflection mode on a Fluorolog Tau-3 spectro-

photometer with attachments for powder samples. 1H and 13C

NMR spectra were recorded in CDCl3 solution at 25 �C on

a Varian 400 NMR spectrometer.
Synthesis of the fluorescent surfactants

Compound 2-oct-1-ynethiophene (1),26 2-iodo-5-oct-1-ynethio-

phene (2),27 5-iodo-[2,20]-bithiophenyl (3)28 and 2-thienylboronic

acid29 were prepared according to the published procedures.

5-Oct-1-ynyl-[2,20]-bithiophenyl (4). Under a nitrogen atmos-

phere, a Schlenk tube was chargedwith 5-iodo-[2,20]-bithiophenyl

3 (3.0 g, 10.3 mmol), 1-octyne (1.3 g, 11.9 mmol), Pd(PPh3)4
(0.12 g, 0.1 mmol), CuI (0.039 g, 0.2 mmol), THF (30 mL) and

NEt3 (15 mL). The reaction mixture was stirred at 50 �C for

24 h, and the resulting solution was passed through a short silica

gel columnwith THF as the eluent to remove the ammonium salt.

The solvent was evaporated to dryness and the crude product was

purified by column chromatography (silica gel, hexane) to yield

2.2 g (78%) of the title compound as a brownish liquid. 1H

NMR (CDCl3, 400 MHz): d 7.19 (m, 1 H), 7.13 (m, 1 H), 6.99

(m, 3 H), 2.43 (t, J ¼ 7.2 Hz, 2 H), 1.60 (m, 2 H), 1.45 (m, 2 H),

1.33 (m, 4 H), 0.91 (t, J ¼ 2.8 Hz, 3 H). 13C NMR (CDCl3, 100

MHz): d 137.4, 137.0, 131.8, 127.9, 124.7, 124.0, 123.4, 123.2,

96.0, 74.2, 32.2, 29.5, 29.4, 23.4, 20.7, 15.0. HRMS: m/z calcd

for C16H18S2, 274.0850; found, 274.0856.

5-Iodo-50-oct-1-ynyl-[2,20]-bithiophenyl (5). n-BuLi (5.5 mL, 18

mmol) was added to a solution of 5-oct-1-ynyl-[2,20]-bithio-

phenyl 4 (4.5 g, 16.4 mmol) in dried Et2O (35 mL) with stirring

under nitrogen at 0 �C. The solution was warmed to room

temperature and stirred for an additional 2 h and then cooled

to �78 �C. I2 (4.57 g, 18 mmol) was added into the reaction

mixture with vigorous stirring and allowed to warm to room

temperature for 6 h, quenched with ice water and extracted

with Et2O. The combined organic solution was washed with

saturated Na2S2O3, dried over MgSO4, and evaporated. The

residue was purified by column chromatography (silica gel,

hexane) to give 4.9 g (75%) of a yellow liquid. 1H NMR

(CDCl3, 400 MHz): d 7.12 (d, J ¼ 3.6 Hz, 1 H), 6.96 (d, J ¼
4.0 Hz, 1 H), 6.91 (d, J ¼ 3.6 Hz, 1 H), 6.79 (d, J ¼ 4.0 Hz, 1

H), 2.41 (t, J ¼ 6.8 Hz, 2 H), 1.58 (m, 2 H), 1.42 (m, 2 H),

1.30 (m, 4 H), 0.89 (t, J ¼ 6.4 Hz, 3 H). 13C NMR (CDCl3,

100 MHz): d 142.3, 137.2, 135.6, 131.3, 124.8, 123.3, 108.9,

96.1, 73.5, 72.2, 31.7, 29.0, 28.8, 22.9, 20.2, 14.5. HRMS: m/z

calcd for C16H17IS2, 399.9816; found, 399.9808.

5-Oct-1-yne-[2,20;50,200]-terthiophene (6). 5-Iodo-50-oct-1-ynyl-

[2,20]-bithiophenyl 5 (3.0 g, 7.5 mmol), 2-thienylboronic acid

(1.39 g, 10.87 mmol), K2CO3 (2.07 g, 15 mmol) and Pd(PPh3)4
(0.195 g, 1.7 � 10�1 mmol) were placed in a Schlenk tube, then

dimethoxyethane (DME) (28 mL) and H2O (7 mL) were charged

into the reactor. The solution was stirred at 60 �C for 12 h. After

cooling to room temperature, the reaction mixture was extracted

with hexane, dried over MgSO4 and evaporated. The residue was

purified by column chromatography (silica gel, hexane) to yield

2.33 g (87%) of a light yellow liquid. 1H NMR (CDCl3, 400

MHz): d 7.20 (m, 1 H), 7.15 (m, 1 H), 7.05–6.96 (m, 5 H), 2.43
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(t, J ¼ 7.2 Hz, 2 H), 1.59 (m, 2 H), 1.43 (m, 2 H), 1.33 (m, 4 H),

0.91 (t, J ¼ 6.8 Hz, 3 H). 13C NMR (CDCl3, 100 MHz): d 136.6,

136.5, 136.0, 135.2, 131.4, 127.5, 124.2, 124.1, 123.9, 123.4,

122.81, 122.79, 95.9, 73.7, 31.7, 29.0, 28.8, 22.9, 20.2, 14.5.

HRMS: m/z calcd for C20H20S3, 356.0727; found, 356.0725.

500-Iodo-5-oct-1-ynyl-[2,20;50,200] Terthiophene (7). Refer to the

procedure for the synthesis of 5; compound 7 was obtained in

72% yield as a yellow liquid. 1H NMR (CDCl3, 400 MHz):

d 7.13 (d, J ¼ 3.6 Hz, 1 H), 7.01–6.95 (m, 4 H), 6.81 (d, J ¼
3.6 Hz, 1 H), 2.42 (t, J ¼ 7.2 Hz, 2 H), 1.57 (m, 2 H), 1.42 (m,

2 H), 1.31 (m, 4 H), 0.91 (t, J ¼ 6.4 Hz, 3 H). 13C NMR

(CDCl3, 100 MHz): d 142.4, 137.3, 136.3, 135.8, 134.7, 131.4,

124.7, 124.4, 124.1, 123.1, 123.0, 96.1, 73.6, 72.1, 31.7, 29.0,

28.8, 23.0, 20.2, 14.5. HRMS: m/z calcd for C20H19IS3,

481.9694; found, 481.9695.

Compound 8. Poly(ethylene glycol) monomethyl ether (Mw ¼
750, 10 g, 13.3 mmol) was dried under vacuum at 100 �C for 2

h. After cooling to room temperature, 40 mL of dried THF

and NaH (0.39 g, 16.4 mmol) were added at 0 �C. The mixture

was stirred at room temperature for 12 h, then propargyl

bromide (2.06 g, 17.3 mmol) was added and the solution was

stirred for 4 h at room temperature. The resulting solution was

passed through a short silica gel column with THF as the eluent.

The clear solution was evaporated to dryness and then

redissolved in MeOH with a small amount of water. The

alcoholic solution was extracted with hexane to remove excess

propargyl bromide. MeOH was then evaporated and Et2O was

added, and the mixture was dried over MgSO4. After filtration

and evaporation of Et2O, 8 was obtained as a yellow viscous

oil in 75% yield. 1H NMR (CDCl3, 400 MHz): d 4.14 (d, J ¼
2.4 Hz, 2 H), 3.6 (br, OCH2CH2O), 3.3 (s, 3 H, OCH3), 2.4 (t,

J ¼ 2.4 Hz, 1 H). 13C NMR (CDCl3, 100 MHz): d 79.5, 74.5,

71.8–69.0 (OCH2CH2O), 59.0, 58.4. FAB-MS: m/z: 797.7 [M +

Na]+ (calcd 797.5).

1t-PEO. A mixture of 8 (2.5 g, 3.2 mmol), Pd(PPh3)4 (0.074 g,

6.4 � 10�2 mmol) and CuI (0.024 g, 1.28 � 10�1 mmol) in 35 mL

of dried THF was added to 2 (1.26 g, 4 mmol) and NEt3 (20 mL).

The reaction mixture was stirred at 40 �C for 24 h and the result-

ing solution passed through a short silica gel column with THF

as the eluent to remove the ammonium salt. The solution was

evaporated to dryness and then redissolved in MeOH with

a small amount of water. The alcoholic solution was extracted

with hexane to remove the excess of 2. MeOH was then evapo-

rated and Et2O was added, and the mixture was dried over

MgSO4. After filtration and evaporation of Et2O, 1t-PEO was

obtained as a brownish viscous oil in 88% yield. 1H NMR

(CDCl3, 400 MHz): d 6.94 (d, J ¼ 3.6 Hz, 1 H), 6.86 (d, J ¼
3.6 Hz, 1 H), 4.34 (s, 2 H), 3.6 (br, OCH2CH2O), 3.30 (s, 3 H,

OCH3), 2.33 (t, J ¼ 6.8 Hz, 2 H), 1.51 (m, 2 H), 1.35 (m, 2 H),

1.24 (m, 4 H), 0.82 (t, J ¼ 6.8 Hz, 3 H). 13C NMR (CDCl3,

100 MHz): d 131.6, 130.1, 125.4, 121.8, 95.5, 89.1, 79.1, 73.1,

71.8–69.2 (OCH2CH2O), 59.2, 59.0, 31.5, 28.8, 28.6, 22.8, 20.0,

14.4. FAB-MS: m/z: 987.7 [M + Na]+ (calcd 987.5).

2t-PEO. Refer to the procedure for the synthesis of 1t-PEO;

2t-PEO was obtained in 94% yield as a brownish viscous oil.
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1H NMR (CDCl3, 400 MHz): d 7.02 (m, 1 H), 6.91 (m, 3 H),

4.37 (s, 2 H), 3.6 (br, OCH2CH2O), 3.31 (s, 3 H, OCH3), 2.36

(t, J ¼ 6.8 Hz, 2 H), 1.53 (m, 2 H), 1.40 (m, 2 H), 1.32 (m, 4

H), 0.84 (t, J ¼ 6.8 Hz, 3 H). 13C NMR (CDCl3, 50 MHz):

d 138.2, 136.2, 133.1, 131.6, 123.7, 123.3, 121.2, 96.1, 90.3,

79.2, 73.3, 71.7–69.1 (OCH2CH2O), 59.1, 58.8, 31.1, 28.4, 28.2,

22.4, 19.6, 13.9. FAB-MS: m/z: 1069.6 [M + Na]+ (calcd 1069.5).

3t-PEO. Refer to the procedure for the synthesis of 1t-PEO;

3t-PEO was obtained in 85% yield as a brownish viscous oil.
1H NMR (CDCl3, 400 MHz): d 7.05 (m, 1 H), 6.99 (m, 2 H),

6.94 (m, 3 H), 4.40 (s, 2 H), 3.6 (br, OCH2CH2O), 3.33 (s, 3 H,

OCH3), 2.38 (t, J ¼ 4.8 Hz, 2 H), 1.55 (m, 2 H), 1.39 (m, 2 H),

1.27 (m, 4 H), 0.86 (t, J ¼ 4.4 Hz, 3 H). 13C NMR (CDCl3,

100 MHz): d 138.3, 136.6, 135.4, 133.3, 131.7, 129.2, 129.1,

124.8, 124.4, 123.3, 123.2, 121.2, 96.1, 90.4, 79.3, 73.4, 71.8–

69.2 (OCH2CH2O), 59.1, 58.9, 31.2, 28.5, 28.3, 22.4, 19.7, 13.9.

FAB-MS: m/z: 1151.6 [M + Na]+ (calcd 1151.5).
Typical procedure for the synthesis of mesostructured

nanocomposites

Mesostructured nanocomposites were prepared according to

well-known procedures.20,21,24 Fluorescent surfactant 1t-PEO

was used as a representative example to describe the synthetic

procedure. Typically, 1t-PEO (0.5 g) was dissolved in distilled

water (25.0 g) with vigorous stirring. 37% HCl (2.8 g) was added

to the reaction mixture and the solution was stirred for 30 min at

30 �C. Tetraethyl orthosilicate (1.9 g) was then added dropwise

to the reaction mixture; the solution was then stirred at 30 �C

for 24 h and divided into two parts. The yellow precipitate of

the first part (called 1T hereafter) was collected by centrifugation

and washed with distilled water several times and then dried

under vacuum overnight. The second part, called 1Th hereafter,

was subjected to hydrothermal treatment at 100 �C for an addi-

tional 24 h before recovery by centrifugation. The abbreviations

2T and 2Th represent nanocomposites using 2t-PEO as the

structure-directing agents, and 3T and 3Th represent nano-

composites using 3t-PEO as the surfactants. Before measuring

their structural and textural properties, all nanocomposites

were calcined in air at 560 �C for 6 h to remove surfactants. In

order to check the integrity of the fluorescent surfactants, we

removed the surfactants by extraction at 70 �C in acidic ethanol.

The supernatant was collected and dried under vacuum prior to

NMR measurement.
Results and discussion

Our strategy was to design fluorescent surfactants by combining

a hydrophobic molecule and a hydrophilic PEO segment and

then use these directly to guide the synthesis of mesostructured

nanocomposites. Scheme 1 shows the organic synthesis strategy.

Hydrophobic molecules 2, 5 and 7 were prepared by multi-step

synthesis procedures, including the Sonogashira reaction,

iodination and the Suzuki–Miyaura reaction.29 On the other

hand, the commercially available poly(ethylene glycol) mono-

methyl ether was deprotonated by sodium hydride in dried

THF and then treated with propargyl bromide at room tempera-

ture to give the hydrophilic PEO segment with acetylenic end
J. Mater. Chem., 2008, 18, 1771–1778 | 1773



Scheme 1 Synthetic strategy for the preparation of fluorescent surfactants. Reaction conditions: (i) 1-octyne, Pd(PPh3)4, CuI, THF and NEt3;

(ii) (1) n-BuLi and Et2O, 0 �C to rt; (2) I2, �78 �C to rt; (iii) 2-C4H3SB(OH)2, Pd(PPh3)4, K2CO3, DME and H2O.

Fig. 1 (A) X-Ray diffraction (XRD) pattern of a series of mesostruc-

tured nanocomposites after calcination: (I) 1Th, (II) 2Th and (III) 3Th.

Representative TEM images of nanocomposites (B) 2Th, (C) 3Th and

(D) 3Th after calcination.
group 8. The reaction of 2, 5 and 7 with 8 via the Sonogashira

coupling reaction gave the fluorescent surfactants 1t-PEO,

2t-PEO and 3t-PEO, respectively. The reaction can be easily

monitored by observing the signals in the 1HNMR spectra. Using

1t-PEO as an example, the doublet signal at 4.14 ppm is due to the

propargylic protons of 8. After 12 h, the signal at 4.14 ppm had

completely vanished and a new singlet appeared at 4.34 ppm,

which is assigned to the propargylic protons of 1t-PEO,

indicating the completion of the reaction. After cooling to room

temperature, the pure surfactant was obtained in 88% yield by

the usual workup procedures. Similarly, 2t-PEO and 3t-PEO

were both obtained as brownish viscous oils in 94% and 85%

yield, respectively. The surfactants obtained were used as

templates for the preparation of mesostructured nanocomposites

by the procedure described in the Experimental section.

Powder X-ray diffraction (XRD) patterns and transmission

electron microscopy (TEM) images of a series of calcined nano-

composites with further hydrothermal treatment are shown in

Fig. 1. All three samples (1Th–3Th) exhibited strong diffraction

peaks at low angles, indicating the existence of an ordered meso-

structure within these nanocomposites. From nanocomposites

1Th to 3Th, the hydrophobic chain length of the surfactants

becomes longer and hence produces composites with larger
1774 | J. Mater. Chem., 2008, 18, 1771–1778 This journal is ª The Royal Society of Chemistry 2008



Table 1 Structural and textural data of mesostructured nanocompositesa

Sample S/m2 g�1 d/nm Dp/nm Vt/cm
3 g�1 Sample S/m2 g�1 d/nm Dp/nm Vt/cm

3 g�1

1T 683 4.07 <1.5 0.36 1Th 961 4.67 2.4 0.59
2T 655 4.47 1.8 0.35 2Th 931 5.10 2.9 0.63
3T 527 5.22 2.4 0.32 3Th 825 5.92 3.2 0.72

a S is the BET specific surface area, d represents the lattice constant calculated from XRD data using the Bragg equation, Dp stands for the pore
diameter assigned from the maximum on the BJH pore size distribution, and Vt is total pore volume.
lattice constants. The corresponding d-spacings are 4.67, 5.10

and 5.92 nm for 1Th, 2Th and 3Th, respectively. XRD patterns

of nanocomposites without hydrothermal treatment (1T–3T),

however, showed relatively broad diffraction peaks (not shown).

Similarly, the same trend (longer hydrophobic chain length

leading to nanocomposites with larger lattice constants) was

also observed for 1T, 2T and 3T, as shown in Table 1.

TEM studies on these nanocomposites (1Th–3Th) showed the

existence of an ordered mesostructure, in addition to providing

direct evidence of the fluorescent surfactants in the role of

structural-directing agents. The conjugated part of the surfac-

tants are indeed located inside the mesoporous silicate nano-

channels.
Fig. 2 Normalized fluorescence emission spectra of mesostructured

nanocomposites: (A) 1Th, (B) 2Th and (C) 3Th.

Fig. 3 Normalized fluorescence emission spectra of (A) 1t

This journal is ª The Royal Society of Chemistry 2008
Mesostructured nanocomposites with substantial pore filling

of fluorophores were successfully prepared by one-step synthesis,

which is an ideal system for studying the optical properties of

fluorescent molecules in a confined space. As the fluorescent

surfactants used in this report were of three different conjugation

lengths, we expect the emission bands of these nanocomposites

to be different. The successive order of the conjugation length

of the surfactants is 3Th > 2Th > 1Th, and hence the wavelength

at the emission maximum of these nanocomposites should be

1Th < 2Th < 3Th. After UV/Vis absorption measurement, we

decided to use the excitation wavelengths 320 nm, 360 nm and

380 nm for 1Th, 2Th and 3Th, respectively. We measured the

emission lmax of each surfactant in THF solvent (10�5 M), which

were found to be 360 nm, 418 nm and 442 nm for 1t-PEO,

2t-PEO and 3t-PEO, respectively. Fig. 2 shows the fluorescence

spectra of the nanocomposites (1Th–3Th). A broad fluorescence

band was observed for all these nanocomposites, and the emis-

sion lmax of each sample is (A) 1Th: 577 nm, (B) 2Th: 594 nm,

and (C) 3Th: 608 nm. The successive red-shift of the fluorescence

band is understandable and can be attributed to the increasing

conjugation length from 1t-PEO to 3t-PEO surfactants.

Fig. 3 shows the fluorescence spectra of (A) 1t-PEO, (B)

2t-PEO and (C) 3t-PEO fluorescent surfactants in different

forms: neat compound, mesostructured nanocomposites without

hydrothermal treatment and with hydrothermal treatment.

Successive red-shifts in the fluorescence spectra were clearly

observed going from neat compound, to mesostructured nano-

composite without hydrothermal treatment, to mesostructured

nanocomposite after hydrothermal treatment. Another experi-

ment was performed in order to demonstrate the confinement

effect. We physically blended the fluorescent surfactants with

commercially available silica gel in HCl aqueous solution and
-PEO, (B) 2t-PEO and (C) 3t-PEO in different forms.

J. Mater. Chem., 2008, 18, 1771–1778 | 1775



Fig. 4 Nitrogen adsorption–desorption isotherms of calcined meso-

structured nanocomposites: (A) unhydrothermally treated 3T (I), 2T

(II), and 1T (III) and (B) hydrothermally treated 3Th (I), 2Th (II), and

1Th (III). (For clarity, the y-axis is not drawn to scale.)
found that even after hydrothermal treatment, there was no shift

of the emission maximum when compared with pure surfactants.

This result excludes the possibility that the red-shifted behavior

shown in the fluorescence spectra was caused by the polar

surface of silica species. Moreover, in order to check the integrity

of our fluorescent surfactants, we collected the extractive

products of these nanocomposites and measured their 1H NMR

spectra. For nanocomposites which have not undergone

hydrothermal treatment (1T–3T), we found that these extractive

products still exhibited characteristic 1H NMR peaks that can

be assigned to the pure surfactant. Take 2T as an example: two

of the most crucial signals regarding the integrity of the surfac-

tant—singlet peak at 4.37 ppm and triplet signal at 2.36 ppm—

were still maintained. Besides, the signals belonging to the

hydrophobic part of the surfactant such as the alkyne group

and thiophene part were all observed and were identical to those

of the pure surfactant. Nonetheless, for nanocomposites that

have had hydrothermal treatment (1Th–3Th), there are slightly

decreased 1H NMR signals that are assigned to the thiophene

protons, indicating that small amounts of the thiophene block

might lose integrity. But the singlet signal at 4.37 ppm and the

triplet peak at 2.36 ppm were still observed. If we take fluores-

cence intensity into consideration (Fig. 3), from 1t-PEO to

3t-PEO, the brightest samples are always the nanocomposites

without hydrothermal treatment. As the pores are substantially

filled up, one might expect considerable fluorescence self-quench-

ing. Apparently, this is not the case. Our confined nanocompo-

sites without hydrothermal treatment actually gave stronger

fluorescence than the neat sample.18 Nanocomposites with

hydrothermal treatment however showed a slightly decreased

fluorescence intensity, which might due to the loss of some of

thiophene’s integrity.

Because the decrease of thiophene’s proton signal is only slight,

we assumed that the red-shifted behavior in the fluorescence

spectra is mainly a result of the different ways of molecular

packing. In fact, fluorescent surfactants should pack randomly

and loosely when they are simply cast on the substrate (Fig. 3,

neat compound). In contrast, in the case of mesostructured nano-

composites, these surfactants pack in an orderly and compact

manner inside the nano-channels, which can be confirmed by

TEM images and XRD data. There are a few previous reports

that show the red-shifted fluorescence of conjugated polymers

in a confined space or under a rigid environment.5,6,23,30

In comparison with nanocomposites that have not undergone

hydrothermal treatment, hydrothermally treated nanocompo-

sites showed fluorescence bands that are even more red-shifted.

In order to elucidate the phenomenon, we calcined these nano-

composites and then used them in an N2 adsorption–desorption

isotherm experiment. The calcined nanocomposites without

hydrothermal treatment (1T–3T) displayed typical type IV N2

adsorption–desorption isotherms (Fig. 4(A)). The pore size

distribution of these nanocomposites as analyzed by the Barrett–

Joyner–Halenda (BJH) method became smaller with decreasing

hydrophobic chain length of the surfactants (Table 1). This result

is consistent with XRD data, as larger lattice constant samples

also have larger pore diameters. After 100 �C hydrothermal

treatment (Fig. 4(B)), the mesopore size of each nanocomposite

(1Th–3Th) increased by the substantial amount of 1 nm, and

the hysteresis loop of the adsorption–desorption curve is sharper
1776 | J. Mater. Chem., 2008, 18, 1771–1778
than those of the nanocomposites without hydrothermal treat-

ment, indicating a narrower pore size distribution. Table 1 listed

the detailed textural and structural properties of each mesostruc-

tured nanocomposite.

In summarizing the above experimental observations, we now

present some theoretical considerations in the interpretation of

the spectra behavior. During the 1990s, in investigating the

electronic structure of conjugated polymer systems, it was

realized that inter-chain couplings could be very important in

the delocalization polarons and could give rise to changes in

spectra.31 It has been shown that regio-regular poly(3-hexylthio-

phene) can form nanocrystals with lamellar structures,32,33 where

the inter-chain coupling is substantially increased; the polarons

then become delocalized over several chains in the self-assembled

lamellar structures. Theoretical investigation also showed that in

the crystalline situation both the quasiparticle band gap and the

exciton binding energies are drastically reduced in comparison

with the isolated chain.34 This would lead to a red-shift of the

emission. We studied the optical properties of single chains (in

solution) versus coupled chains in the confined space of a

nanocomposite and observed a strong red-shift in the photo-

luminescence spectra. This could be the consequence of a more

ordered packing structure of the hydrophobic core in the nano-

composite. The better p–p interaction between chains effectively

results in an increased effective conjugation length and thus
This journal is ª The Royal Society of Chemistry 2008



Fig. 5 Representative digital image of 2t-PEO fluorescent surfactants in

neat form (left), 2T (middle), and 2Th (right), all taken under UV light

(l ¼ 365 nm).
leads to red-shifted spectra. Upon hydrothermal treatment, we

observed a larger d-spacing (�0.6 nm) and a very appreciable

increase of pore size (�1 nm; see Table 1). The significant

increase in pore size implies that the thiophene part of the core

becomes more extended, which leads to better packing in the

axial direction. The resulting stronger interchain coupling could

explain the further red-shift of the emission spectra. We also note

that from 1t-PEO to 3t-PEO, in the case of tri-thiophene, intra-

chain coupling dominates over inter-chain contributions. Thus,

we see a smaller red-shift of the emission spectra there. We

should note here that increased inter-chain coupling also results

in dramatic changes in the Raman and IR spectra.35,36 This we

plan to investigate in future work. It seems that our specially

designed oligothiophenic surfactant/silica nanocomposite

provides a unique system for studying the inter-chain coupling

in a conjugated electronic system.

SBA-15 is a well known mesoporous structure that tends to

increase in pore diameter after hydrothermal treatment.19,20,37

Previous research38 has suggested that the phenomenon of pore

diameter expansion is related to the fact that PEO chains become

more hydrophobic during hydrothermal treatment and thus

rearrange themselves into the interior of the micelle. If this

happens, the micelle volume and the pore diameter of resulting

nanocomposites would inevitably be enlarged. Because the

fluorescent surfactants used in our work also contain PEO

chains, we believe that similar behavior would occur.

Fig. 5 shows representative digital images of 2t-PEO

surfactants in (A) neat form, (B) nanocomposites without hydro-

thermal treatment, and (C) nanocomposites with hydrothermal

treatment under UV light (l ¼ 365 nm). The fluorescence color

of each sample can be easily distinguished with the naked eye.

The fluorescence of neat surfactants is light blue; nanocompo-

sites without hydrothermal treatment show yellow fluorescence;

while orange fluorescence was observed in nanocomposites after

hydrothermal treatment. In fact, this is what we observed in the

fluorescence spectra (Fig. 3(B)). As our nanocomposite materials

were synthesized by a sol–gel process, they could also be cast in

a film-coating form. These mesoporous silica thin films would

show strong photoluminescence, which may be very useful.
Conclusions

In conclusion, fluorescent surfactants of different conjugation

lengths were successfully synthesized and used directly as

templates to prepare mesostructured organic/inorganic nano-

composites, which showed fluorescence in the yellow and orange

range. This result demonstrates the possibility of preparing
This journal is ª The Royal Society of Chemistry 2008
nanocomposites with tunable optical properties. The resulting

nanocomposites created by one-step synthesis could have both

the desired ordered mesostructure and tunable fluorescence.

The pore diameter of the resulting nanocomposites varied from

<1.5 nm to 3.2 nm, depending on the surfactant used. In

comparison with neat fluorescent surfactants, all the nano-

composites showed a remarkably red-shifted emission band in

the fluorescence spectra. As only a small amount of thiophene’s

integrity was lost, we believe that this red-shifted phenomenon is

mainly related to the inter-chain interaction, which may be

controlled by chain packing in the nanochannels. Inside the

nanochannels of mesostructured nanocomposites, the conju-

gated part of fluorescent surfactants is packed more compactly

and completely than they would be if cast on the substrate.

Combined with data from the N2 adsorption experiment, we

found that rearrangements of the conjugated part of the surfac-

tants did occur during hydrothermal treatment, and thus

affected the final fluorescent properties of the nanocomposites.

Furthermore, due to the ease of casting the materials into films,

novel optoelectronic applications can be envisioned. Experi-

ments in the fabrication of mesostructured organic/inorganic

nanocomposite thin films are now in progress.
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