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ABSTRACT

As structure-directing agents, the molecular structure of surfactants is critical

for determining the properties of prepared mesoporous materials. Using

dehydroabietic acid as a starting material, a series of rosin-based Gemini sur-

factants (abbreviated as R-n-R, n = 3, 6, 8 and 10, indicating the carbon atom

number contained in the spacer) were synthesized and applied as templates in

the preparation of ordered mesoporous silica. The structures and morphologies

of the samples were characterized by X-ray diffraction, scanning electron

microscope, transmission electron microscope and N2 adsorption–desorption.

The R-n-R surfactants feature rigid tricyclic hydrophobic groups with large

volumes, which are beneficial for the formation of a three-dimensional cubic

phase. Furthermore, the spacer length was found to have a tremendous effect on

the structure of the prepared mesoporous silica materials. The head group of

R-3-R, which has a short spacer, is excessively charged, leading to silica

nanoparticles with an irregular morphology and a rather low BET surface area.

With longer spacer lengths, R-6-R, R-8-R and R-10-R are conducive to generating

silica nanoparticles with a novel dumbbell-like morphology and with higher

BET surface areas of 1171, 1096 and 1186 m2 g-1, respectively. The results

demonstrate the particularities of the Gemini surfactant structure in the

preparation of mesoporous silica nanoparticles with novel morphologies, and

the details of the molecular interactions that occur in the condensation of silicate

anions are also revealed.

Address correspondence to E-mail: ccfsbl@jiangnan.edu.cn

DOI 10.1007/s10853-017-1709-y

J Mater Sci (2018) 53:2434–2442

Chemical routes to materials

http://orcid.org/0000-0002-0431-1258
http://orcid.org/0000-0001-9655-2843
http://orcid.org/0000-0001-5855-5074
http://orcid.org/0000-0002-6267-0355
http://orcid.org/0000-0002-1861-3871
http://orcid.org/0000-0002-0006-9636
http://crossmark.crossref.org/dialog/?doi=10.1007/s10853-017-1709-y&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10853-017-1709-y&amp;domain=pdf


Introduction

Ordered mesoporous materials feature novel mor-

phologies, highly ordered nanostructures, and high

specific areas and channel volumes [1–3]. They have

been widely applied in catalysis [4–6], drug carriers

[7–9], enzyme immobilization [10], optoelectronic

devices [11] and the preparation of multifunctional

microreactors [12]. The preparation of mesoporous

materials generally follows a supramolecular tem-

plate mechanism. The morphologies of the resulting

mesoporous materials are thus affected by many

factors such as the surfactant structure, reactant ratio,

temperature and pH [13–15]. As structure-directing

agents, surfactants are recognized to have a tremen-

dous effect on the structures of prepared mesoporous

materials. This issue has been addressed in many

references [16–18] by investigating surfactants with

different structures.

Gemini surfactants have received considerable

attention in recent years [19–21]. They consist of two

head groups, two hydrophobic chains and a spacer

linked at or near the head groups [22]. Because of this

unique molecular structure, Gemini surfactants are

known to form novel aggregates in solution [23, 24].

Gemini surfactants are also utilized as templates in

the preparation of mesoporous materials with speci-

fic properties [25, 26]. Li et al. [27] prepared hollow

mesoporous silica particles with large pore volumes

using Gemini surfactant C14-2-14. This material is

suitable for drug delivery and catalysis applications.

In another study, Hao et al. [28] obtained Fm3m-type

chiral mesoporous silica with face-centered symme-

try using mixtures of P123 and quaternary ammo-

nium Gemini surfactants with different spacer

lengths as the templates. A pumpkin morphology

was observed. Relying on a series of asymmetric

Gemini surfactants Cn-s-m, three-dimensional hexag-

onal-arrayed mesostructure supercages were

obtained by Huo et al. [16]. It is clear that using novel

Gemini surfactants as templates is beneficial for

obtaining mesoporous materials with new mor-

phologies and properties.

Rosin is composed of resin acids with diterpenoid

structures. Dehydroabietic acid is one of the impor-

tant derivatives of rosin and features a rigid tricyclic

skeleton [29, 30]. A Gemini surfactant molecule con-

taining the dehydroabietic acid as the hydrophobic

group is expected to have a large molecular packing

parameter [31], leading to the aggregates with lower

curvatures. Such aggregates are related with the

morphology, the pore size and distribution of resul-

ted mesoporous materials. However, since the

mesoporous materials templated from rosin-based

surfactants were rare up to now [32], the effect of this

molecular feature on the synthesis of mesoporous

materials has never been considered. In this work, a

series of Gemini surfactants containing dehydroabi-

etic acid units were synthesized using dehydroabietic

acid as the starting material. Several ordered meso-

porous silicas were prepared using these new Gemini

surfactants as the templates. Different with the 2D

hexagonal samples prepared with single-head rosin-

based surfactant [32], the 3D cubic mesoporous silicas

were obtained. The relationships between the struc-

tures of mesoporous materials and the surfactant

structures were revealed.

Experimental methods

Chemicals

Ethyl silicate (AR), anhydrous ether (AR), aqueous

ammonia (AR), thionyl chloride (AR) and triethy-

lamine (AR) were purchased from Sinopharm

Chemical Reagent Co., Ltd. 3-(Dimethylamino)-1-

propylamine (99.0%) was obtained from Aladdin

Chemistry Co., Ltd. a,x-Dibromoalkanes (97.0%)

were purchased from Tokyo Chemical Industry Co.,

Ltd. Disproportionated rosin was purchased from

Nanjing Pine Forests Chemistry Co., Ltd. Dehydroa-

bietic acid (97.9%) was obtained by purifying the

disproportionated rosin in our laboratory.

Synthesis of Gemini surfactants R-n-R

The detailed synthetic procedures for Gemini sur-

factants (abbreviated as R-n-R, n = 3, 6, 8 and 10,

indicating the carbon atom number contained in the

spacer) are described in Fig. 1. A brief description of

Table 1 The d values of four

mesoporous silica samples

prepared using R-n-R as the

template

d (nm) 211 220

R-3-R

R-6-R 3.43 2.98

R-8-R 3.51 2.95

R-10-R 3.28 2.74
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the synthetic procedure is as follows: Dehydroabietic

acid was first transformed to its corresponding

chloride by reaction with SOCl2 in the presence of

4-dimethylaminopyridine (DMAP). The chloride was

reacted with 3-(dimethylamino)-1-propylamine in an

ice bath for 2 h in the presence of trimethylamine to

give 3-(N,N-dimethyl)-propyl dehydroabietamide (I).

This intermediate I was first purified by column

chromatography and then reacted with a,x-dibro-

moalkanes at 80 �C in ethanol solution for 36 h. After

the reaction was completed, the solvent was removed

under reduced pressure. The residue was recrystal-

lized three times from a mixture of ethanol and ethyl

acetate. The final product was obtained as white solid

after drying under vacuum at 55 �C. The 1H NMR

analyses of the compounds are as follows:

R-3-R: 1H NMR (400 MHz, DMSO) d 7.77 (t, 2H),

7.16 (d, 2H), 7.01–6.94 (m, 2H), 6.83 (d, 2H), 3.30–3.23

(m, 8H), 3.20–3.09 (m, 4H), 3.06 (s, 12H), 2.85–2.70 (m,

6H), 2.29 (d, 2H), 2.15 (m, 2H), 2.06–1.99 (m, 2H),

1.91–1.80 (m, 4H), 1.76–1.58 (m, 8H), 1.47 (d, 2H),

1.40–1.29 (m, 4H), 1.18 (s, 6H), 1.16 (s, 6H), 1.14 (d,

12H).

R-6-R: 1H NMR (400 MHz, DMSO) d 7.76 (t, 2H),

7.17 (d, 2H), 7.01–6.95 (m, 2H), 6.84 (d, 2H), 3.28–3.18

(m, 8H), 3.17–3.09 (m, 4H), 3.01 (s, 12H), 2.85–2.70 (m,

6H), 2.30 (d, 2H), 2.06–2.00 (m, 2H), 1.86–1.77 (m, 4H),

1.76–1.59 (m, 12H), 1.46 (d, 2H), 1.41–1.27 (m, 8H),

1.18 (s, 6H), 1.17 (s, 6H), 1.15 (d, 12H).

R-8-R: 1H NMR (400 MHz, DMSO) d 7.74 (t, 2H),

7.17 (d, 2H), 7.01–6.95 (m, 2H), 6.83 (d, 2H), 3.26–3.16

(m, 8H), 3.16–3.09 (m, 4H), 2.99 (s, 12H), 2.85–2.70 (m,

6H), 2.29 (d, 2H), 2.05–1.99 (m, 2H), 1.85–1.76 (m, 4H),

1.75–1.56 (m, 12H), 1.45 (d, 2H), 1.41–1.22 (m, 12H),

1.17 (s, 6H), 1.16 (s, 6H), 1.14 (d, 12H).

R-10-R: 1H NMR (400 MHz, DMSO) d 7.75 (t, 2H),

7.16 (d, 2H), 7.01–6.95 (m, 2H), 6.83 (d, 2H), 3.28–3.17

(m, 8H), 3.16–3.10 (m, 4H), 3.00 (s, 12H), 2.85–2.70 (m,

6H), 2.29 (d, 2H), 2.06–2.00 (m, 2H), 1.85–1.77 (m, 4H),

1.75–1.55 (m, 12H), 1.46 (d, 2H), 1.38–1.22 (m, 16H),

1.17 (s, 6H), 1.16 (s, 6H), 1.14 (d, 12H).

Materials

In a typical preparation of mesoporous silica, a cer-

tain amount of rosin-based Gemini surfactant was

first dissolved in deionized water at 303 K. Anhy-

drous ether was added under vigorous stirring. The

volume ratio of deionized water to anhydrous ether

was 1.2:1. The pH of the mixed solution was adjusted

using aqueous ammonia. Ethyl silicate was then

added under stirring at 303 K. The molar composi-

tion of the mixture was TEOS/surfactant/

H2O = 1:0.075–0.25:250. After reacting for 24 h, the

reaction mixture was transferred to a Teflon-lined

autoclave and incubated at 373 K for 36 h. The result

solid was washed with water and ethanol several

times and dried at 363 K. The final product was

obtained by calcination at 823 K for 5 h with a rate of

2 K min-1.

Characterization

Powder small-angle X-ray diffraction (XRD) data

were acquired on a Bruker AXS D8 diffractometer

with a Cu target at 40 kV and 40 mA using a

Figure 1 Synthetic route to

rosin-based Gemini surfactants

R-n-R.
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scanning speed of 2� min-1 and a step of 0.02�.
Transmission electron microscope (TEM) images

were obtained using a JEOL JEM-2100 electron

microscope operating at 300 kV. Scanning electron

microscope (SEM) images were recorded with a

Hitachi S-4800 instrument operated at 2.0 kV. Nitro-

gen adsorption–desorption isotherms of the samples

were determined at 77 K using a Micromeritics ASAP

2020 MP instrument. Surface areas were calculated

using the BET method. The pore distributions were

plotted using the BJH method, and the total pore

volume was calculated from the amount adsorbed at

a relative pressure (P/P0) of approximately 0.99.

Results and discussion

To explore the appropriate conditions for preparing

mesoporous materials, the surfactant R-6-R was first

investigated. The small-angle XRD patterns of the

calcined products prepared with different R-6-R/

TEOS mole ratios are shown in Fig. 2. When the R-6-

R/TEOS ratio was 0.075:1, the sample presented only

one strong diffraction peak in the small-angle region

(Fig. 2a), indicating the formation of a short-range-

ordered pore structure. By increasing the molar ratio

of R-6-R, the regularity of the pore structure was

enhanced. When the R-6-R/TEOS mole ratio reached

0.1:1, two strong peaks (Fig. 2b) emerged at

2h = 2.57� and 2.96� with corresponding d values of

3.43 and 2.98 nm. The other diffuse patterns observed

at 2h = 4.06�, 4.32�, 4.81�, 5.18� and 5.44� with cor-

responding d values of 2.17, 2.04, 1.84, 1.70 and

1.62 nm were indexed as (321), (400), (420), (332) and

(422) reflections, indicating the presence of the cubic

phase silica (PDF card no: 50-0511). The ratio between

reciprocal d-spacing of the peaks assigned as (211)

and (220) is 0.87, which is consistent with the 3D

cubic lattice symmetry (space group Ia3d symmetry).

The unit-cell parameter a0 of the cubic system was

calculated by formula a = d (h2 ? k2 ? l2)1/2, and the

a0 value was 8.40 nm. However, further increasing

the molar ratio of R-6-R led to a reduction in the

regularity of the pore structures. Therefore, the molar

ratio of the surfactant and TEOS was fixed at 0.1:1

when investigating other products from R-n-R with

different spacer lengths.

The small-angle XRD patterns of the calcined

products prepared using R-6-R as the template at

different original pH values are displayed in Fig. 3.

The pH values of the present systems were adjusted

with aqueous ammonia. At pH = 11.0, the obtained

product exhibited only one strong peak at 2h = 2.28�
(Fig. 3c) in the XRD pattern. When the original pH

value was decreased to 10.5, the sample presented

two strong peaks as illustrated in Fig. 3b, which
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Figure 2 Small-angle XRD patterns of calcined mesoporous

silicas prepared with different R-6-R/TEOS mole ratios: a 0.075:1,

b 0.10:1, c 0.15:1, d 0.20:1 and e 0.25:1. The samples were all

synthesized at the same original pH value (10.5). Inset: Low-

intensity XRD peaks of sample b.
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Figure 3 Small-angle XRD patterns of the calcined mesoporous

silicas prepared at different pH values: a 10.0, b 10.5 and c 11.0.

The samples were synthesized using the same R-6-R/TEOS mole

ratio (0.10:1).
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indicates an improvement in the regularity of the

mesostructure. The sample exhibited only one broad

peak at pH = 10.0, revealing a decrease in the regu-

larity. When the pH value was lower than 9.0 or

higher than 12.0, almost no product was obtained.

This means that for the present systems, the original

pH value of 10.5 is suitable for preparing mesoporous

materials with regular pore structures.

Silica nanoparticles were then synthesized using

rosin-based Gemini surfactants with different spacer

lengths at the same mole ratio R-n-R/TEOS = 0.10:1

and at a pH of 10.5. The morphology of the particles

was observed using a scanning electron microscopy

(SEM). The results are depicted in Fig. 4. Nanoparti-

cles with irregular morphologies were observed for

the R-3-R-templated samples (Fig. 4a). With longer

spacer lengths, regular nanoparticles of approxi-

mately 150–200 nm with dumbbell-like morphologies

dominated the entire visual field (Fig. 4b–d). Several

spherical particles were also observed. The formation

of a dumbbell-like morphology is obviously attrib-

uted to the fusion of initially generated spherical

nanoparticles. In a previous study, Lebedev et al.

[33, 34] observed that under hydrothermal treatment,

the surface of an incompact silica network partially

dissolves, leading to structure reconstruction. Two

adjacent particles are thus connected by the dissolved

silica to form a dumbbell-like morphology with a

more condensed silica network. To the best of our

knowledge, such a morphology is rare among the

reported mesoporous silica nanoparticles. Further-

more, several hollow nanoparticles were identified in

the TEM images (Fig. 6b) of the samples prepared

using R-6-R as the template. This is attributed to

Ostwald ripening [35, 36] after the formation of the

nanoparticles.

Figure 5 presents the small-angle XRD patterns of

four calcined mesoporous silica samples synthesized

at the same mole ratio and pH. Their d values are

shown in Table 1. For the mesoporous silica sample

templated using the Gemini surfactant R-3-R, only a

shoulder-like peak at 2h = 1.87� appeared, indicating

poor regularity of the mesostructure. Upon increas-

ing the number of carbon atoms in the spacer to 6, a

strong peak at 2.57�, together with a weak peak at

2.96�, appeared, indicating that the regularity of the

pore structure was enhanced significantly. Upon

further increasing the length of the spacer group, the

resulting silica nanoparticles exhibited two small

peaks at 3.01� and 3.21� in addition to the major

Figure 4 SEM images of the calcined mesoporous silicas prepared using rosin-based Gemini surfactants a R-3-R, b R-6-R, c R-8-R and

d R-10-R. The samples were synthesized using the same mole ratio R-n-R/TEOS = 0.10:1 and at a pH of 10.5.
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peaks. The XRD patterns displayed in Fig. 5 indicate

that the R-6-R-, R-8-R- and R-10-R-templated meso-

porous nanoparticles all possess a 3D cubic phase. It

was reported that Gemini surfactants with a spacer

length of 10–12 carbon atoms can yield the cubic

MCM-48 phase and that smaller spacers prefer the

hexagonal MCM-41 phase [37, 38]. Nevertheless, the

spacer of R-6-R, which contains only six carbon

atoms, tends to form the 3D cubic phase. The for-

mation of the 3D cubic phase can be related to the

molecular effective packing parameter P = V/

a0l [14], where V is the total volume of hydrophobic

chains, a0 is the effective head group area at the

micelle surface, and l is the length of the extended

alkyl tail chain. The 3D cubic phase is preferred if the

molecular effective packing parameter of the tem-

plate is large enough. The extremely long spacers of a

Gemini surfactant tend to bend toward the

hydrophobic core in an aggregate. The hydrophobic

group volume is thus increased, leading to a larger

packing parameter. However, for the present inves-

tigated systems, mesoporous nanoparticles with a 3D

cubic phase have been discovered even though the

spacer of the template molecule contains only six

carbon atoms. Obviously, the reason is attributed to

the unique molecular structure of R-n-R. The

hydrophobic group of R-n-R features a large

phenanthrene skeleton, which is responsible for a

large value of V. Compared to Gemini surfactants

with flexible hydrophobic chains [14, 38, 39], the

molecular effective packing parameter of R-n-R is

already large enough regardless of the spacer length.

The formation of a 3D cubic phase in the nanoparti-

cles is thus preferred.

The formation of a highly ordered mesostructure

was further confirmed by TEM analysis. Figure 6

displays the transmission electron microscopy (TEM)

images of the calcined mesoporous silica samples

prepared using four rosin-based Gemini surfactants

with different spacer lengths. The poor regularity of

the mesoporous silica sample prepared using R-3-R
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Figure 5 Small-angle XRD patterns of the calcined mesoporous

silicas prepared using rosin-based Gemini surfactants a R-3-R, b

R-6-R, c R-8-R and d R-10-R.

Figure 6 TEM images of the

calcined mesoporous silicas

prepared using rosin-based

Gemini surfactants a R-3-R,

b R-6-R, c R-8-R and d R-10-

R.
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as the template can be clearly observed. In contrast,

the other three samples exhibit a regular and ordered

structure of the mesoporous channels.

Figure 7a presents the nitrogen adsorption–des-

orption isotherms of the calcined mesoporous silica

samples. The isotherms are of type IV according to

the IUPAC classification, and the curves show hys-

teresis loops due to capillary condensation at a rela-

tive pressure, P/P0, of 0.30. The curves are linear

within the P/P0 range of 0.05–0.25. When P/P0 is

higher than 0.25, the curves deviate significantly from

linearity. Therefore, the P/P0 range 0.05–0.25 was

selected for calculating the BET surface areas. The

narrow pore diameter distributions of the calcined

silica samples that were calculated using the Barrett–

Joyner–Halenda (BJH) model are illustrated in

Fig. 7b. The corresponding data are listed in Table 2.

As revealed by the SEM, XRD and TEM results, the

R-3-R-templated sample shows the most irregular

morphology and the least ordered mesostructure.

The BET surface area of this sample is 822 m2 g-1,

which is also the smallest among the investigated

mesoporous nanoparticles. The other three samples

exhibited BET surface areas of approximately

1100 m2 g-1, which is comparable to products tem-

plated using conventional surfactants with flexible

hydrophobic chains [28, 39, 40]. It is also clear from

Table 2 that a small BET surface area corresponds to

a large pore size.

The above experimental results reveal that the

Gemini surfactant R-3-R with a short spacer is unable

to generate nanoparticles with a regular morphology.

Compared to the other homologues, this surfactant is

also unfavorable for the generation of well-ordered

mesoporous nanoparticles with large BET surface

areas. This indicates that the spacer length in a

Gemini surfactant has a tremendous effect on the

properties of the resulting mesoporous nanoparticles.

Zana et al. [41] investigated the effect of spacer length

on the aggregation of Gemini surfactants in detail.

The thermodynamic distance of the ionic surfactants

packed at the surface of the aggregates is approxi-

mately 0.7–0.9 nm, which is equal to the length of a

polymethylene spacer containing 6–7 carbon atoms. If

the spacer length between the two head groups in a

Gemini surfactant is shorter than this distance, the

charge density of the head groups would be greatly

enhanced. The spacer of R-3-R, which contains only

three carbon atoms, is considered to hold the head

groups tightly, resulting in a high charge density. The

formation of mesoporous materials is a synergistic
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Figure 7 a N2 adsorption–

desorption isotherms (Filled

symbols represent adsorption

isotherms and open symbols

represent desorption

isotherms) and b BJH pore

size distributions of the

calcined mesoporous silicas

prepared using rosin-based

Gemini surfactants R-3-R,

R-6-R, R-8-R and R-10-R.

Table 2 Characteristics of four mesoporous silica samples pre-

pared using R-n-R as the template

R-n-R SBET (m2 g-1) V (cm3 g-1) Dp (nm)

R-3-R 822 1.75 3.70

R-6-R 1171 1.47 2.28

R-8-R 1096 1.73 2.43

R-10-R 1186 1.15 2.22
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assembly process of surfactants and silicate anions.

The positively charged head group of R-3-R with a

high charge density induces faster aggregation and

condensation of silicate anions at the composite

aggregate surface before they can arrange in order.

The resulting morphology of the mesoporous mate-

rial thus becomes irregular. The mesoporous pores

are also less ordered with a random pore size dis-

tribution. The adsorption ability is also decreased.

Conclusions

Ordered cubic mesoporous silicas have been suc-

cessfully synthesized using a series of newly syn-

thesized rosin-based Gemini surfactants as templates

and TEOS as a silicon source. Unlike conventional

surfactants, rosin-based Gemini surfactants possess a

rigid tricyclic structure that has a large volume and

behaves as a hydrophobic group, which is beneficial

for the formation of a three-dimensional cubic phase.

The regularity of the pore structure relies heavily on

the mole ratio of the template to the silicon source as

well as on the pH of the system. The spacer length of

the Gemini surfactant was found to have a tremen-

dous effect on the morphology of prepared meso-

porous materials. The synthesized materials are

expected to have applications in separations, catalysis

and drug delivery on account of their novel mor-

phology and size selectivity.
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