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In this work we report the chain length dependent behavior of the nonamphiphilic supramolecular
building blocks based on the host—guest inclusion complexes of alkanes and B-cyclodextrins (B-CD).
'H NMR, ESI-MS, and SAXS measurements verified that upon increasing the chain length of alkanes, the
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building blocks for vesicle formation changed from channel type 2alkane@2B-CD via channel type
alkane@2pB-CD to non-channel type 2alkane@2f-CD. FT-IR and TGA experiments indicated that hydrogen
bonding is the extensive driving force for vesicle formation. It revealed that water molecules are involved

in vesicle formation in the form of structural water. Upon changing the chain length, the average number

www.rsc.org/softmatter

Introduction

Molecular self-assembly, a ubiquitous process in chemistry,
biology, and materials science, provides the foundation for
building a variety of nanostructures.'® Among the various
structures, vesicles have always been considered as one of the
most important types owing to their promising applications in
fields such as drug’ and gene delivery® and nanoreactors.’ To
meet the different application demands, extensive efforts have
been made to design various building blocks to fabricate
functional vesicles.””® Amphiphiles have been verified to be a
large family of building blocks to form vesicles, such as surfac-
tants,™* lipid molecules,"® polymers®'® and aromatic organic com-
pounds.”'® In the last two decades, nonamphiphiles such as
polyoxometalate macroions'®>* have also been found to be effec-
tive building blocks for vesicle formation. The amphiphilic mole-
cules self-assemble into vesicles driven by the hydrophobic effect
and mediated by a hydrophobic-hydrophilic balance.** In con-
trast, the driving forces for nonamphiphilic vesicles can be electro-
static interactions, van der Waals interactions and hydrogen
bonding etc.'*** With superiorities in some aspects over their
amphiphilic counterparts, such as better environmental adap-
tiveness, versatile functionalities, enhanced biocompatibility,
etc.,, nonamphiphiles as a new class of building blocks are
attracting considerable attention.'®?***> However, so far the
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of water molecules associated with per building block is about 16—-21, depending on the chain length.

fabrication of proper nonamphiphilic building blocks for the
formation of vesicles and other self-assembled structures still
remains challenging.

Recently, nonamphiphilic building blocks based on the
host-guest inclusion complexes of cyclodextrins (CDs) and
surfactants have been developed in our lab.?**¢3! CDs are
doughnut-like oligosaccharides with a hydrophilic exterior and
a hydrophobic cavity.**> The hydrophobic cavity is an ideal harbor
in which poorly water-soluble molecules can shelter their hydro-
phobic parts.** Therefore, upon addition of surfactants into the
aqueous solution of CD, nonamphiphilic building blocks can be
formed if the whole hydrophobic tail of surfactants was included
into the cavity of CD. Our group revealed that when B-CD
and surfactants, such as sodium dodecyl sulphate (SDS)***° or
Tween 20,>° complex at the molar ratio of 2:1, the resultant
surfactant@2fp-CD inclusion complexes can self-assemble into
vesicles, tubes, and lamellar structures simply with increasing
concentration. These self-assemblies are predominantly driven
by hydrogen bonding between B-CDs,**° which demonstrates
that the nonamphiphilic building block surfactant@2p-CD has
been fabricated. Most surprisingly, our latest work shows that
other than surfactants, dodecane can also form a 2:1 inclusion
complex with B-CD, which further self-assembles into vesicles or
bricks depending on concentrations.*® Meanwhile, Hao et al.
revealed that nonamphiphilic vesicles can be constructed by the
1:1 host-guest complexes formed with 3-CD and small aromatic
molecules.*® These results strongly indicate that different
alkanes may produce different nonamphiphilic building blocks
with B-CD. Therefore, it is highly desired to carry out a systematic
study to verify this conclusion.

Herein we show that the chain length of alkanes has a great
influence on the structure of nonamphiphilic building blocks
formed with B-CD. In the case of short chained alkanes with
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5 to 10 carbons, the building block is channel type 2alkane@23-CD,
which can be looked on as the dimer of alkane@B-CD. Upon
increasing the chain length to 12-14 carbons, the building blocks
take the form of alkane@2p-CD. Interestingly, upon further increas-
ing the chain length to 16 and 18 carbons, the building block
changes back to the form of 2alkane@2f-CD but with non-
channel type arrangement of B-CD. All these nonamphiphilic
building blocks self-assemble into unilamellar and bilamellar
vesicles in dilute solutions. Our results revealed for the first
time that variation of the chain length has significant effects
on the fundamental structure of the nonamphiphilic building
blocks, which brings new perspectives in designing self-
assembled structures.

Experimental section
Materials

n-Pentane and n-hexane were purchased from Beijing Chemical
Works. n-Tetradecane, n-hexadecane and n-octadecane were
purchased from Alfa Aesar. n-Octane, n-decane and B-cyclodextrin
(B-CD) with a water content of 14% were purchased from Sino-
pharm Chemical Reagent Co. Ultrapure water was used throughout
the experiment.

Sample preparation

For the precipitated samples, alkane was added into the f-CD
solutions of 16 mM and then the samples were vortex mixed
sufficiently to create the white precipitates. After removing the
supernatant, the alkane/B-CD precipitates were lyophilized for
further measurements. Since the solubility of alkane/B-CD
complexes is about 2 mM, vesicular samples were prepared
by weighting desired amounts of lyophilized alkane/B-CD pre-
cipitates into test tubes followed by addition of water to give the
alkane/B-CD concentration of 2 mM. The resultant solutions
were thermostatically incubated at 25 °C (for at least 24 h) to
allow self-assembly formation.

Dynamic light scattering (DLS)

Dynamic light scattering (DLS) measurements were conducted
on an ALV/DLS/SLS5022F light scattering-apparatus, equipped
with a 22 mW He-Ne laser (632.8 nm wavelength) with a
refractive index matching bath of filtered toluene surrounding
the cylindrical scattering cell. The samples were filtered by
450 nm filters. The scattering angle was set from 30° to 90°.

TEM observation

The morphology of the self-assemblies was observed using a
JEM-100CX II transmission electron microscope (JEOL, Japan).
A drop of the sample was placed on 230 mesh copper grids
coated with Formvar film. Excess water was removed with filter
paper followed by staining the film negatively with uranyl
acetate. After the removal of the excess staining liquid by filter
paper, the samples were placed at room temperature to dry for
TEM observation.
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Atomic force microscopy (AFM)

AFM measurements in tapping mode under ambient condi-
tions were conducted on a D3100 AFM (VEECO, USA). One drop
of the alkane/B-CD solution was spin-coated on a mica surface,
and then placed at room temperature to dry before AFM
observation.

Fourier transform infrared (FT-IR)

FT-IR measurements were performed on a Nicolet Magna IR
750 equipped with an infrared microspectrograph (Thermo
Scientific Co., USA). The vesicle samples were frozen in liquid
nitrogen and subsequently lyophilized for 48 h before FT-IR
measurements.

H NMR measurements

The lyophilized alkane/B-CD precipitates were dissolved into
DMSO-d, for "H NMR measurements to determine the actual
ratio of alkane to B-CD. The measurements were performed on
an AVANCE III 500 MHz NMR (Bruker, Switzerland). All the
proton signals were calibrated with the TMS at 0.00 ppm. By
comparing the integration between -CD (H1 protons, J 4.83 ppm)
and the total proton integration of alkanes, the alkane/B-CD
complex ratio can be determined.

ESI-MS measurements

ESI-MS measurements were carried out on an APEX IV FT-MS
(Bruker, USA). The operating conditions of the ESI source:
positive ion mode; spray voltage —3300 V; capillary voltage
—3800 V, capillary temperature 230 °C; skimmerl 33.0 V,
skimmer2 28.0 V; sheath gas nitrogen pressure 0.3 bar. The
1 mM alkane/B-CD vesicle samples were diluted 10 times by
methanol and introduced via direct infusion at a flow rate of

3.00 uL min~ .

SAXS measurements

SAXS measurement of the $-CD powder and lyophilized alkane/
B-CD precipitates was conducted on a high-flux small-angle
X-ray scattering instrument (SAXSess, Anton Paar) equipped
with a Kratky blockcollimation system. A Philips PW3830
sealed-tube X-ray generator (Cu Ka) was employed to simulta-
neously measure the small-angle and wide-angle X-ray scat-
tering (WAXS and SAXS) of the samples. The scanning
patterns extend to the high-angle range (the g range covered
by the imaging plate is from 0.0 to 27.2 nm™ ", ¢ = 4 sin /4,
where / is the wavelength of 0.1542 nm and 20 is the
scattering angle). The scattering angles were calibrated with
aluminum.

TGA and DSC measurements

TGA and DSC measurements were conducted synchronously on
a Q600SDT (Thermal Analysis Company, USA). The vesicle
samples were frozen in a liquid nitrogen bath followed by a
vacuum freeze drying step before TGA and DSC measurements.
The lyophilized samples were placed into the alumina crucible
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with air as the reference. The heating-rate was 2 K min~" from
20 to 120 °C.

Results and discussion

General information about the formation of alkane/p-CD
inclusion complexes

Upon the addition of excess alkanes with chain lengths ranging
from 5 to 18 carbons into the transparent solution of 16 mM
B-CD, white precipitates occurred immediately, indicating the
formation of alkane/B-CD complexes.***’ As further evidence,
the precipitates were collected and freeze-dried. Then they were
redispered in DMSO-ds for "H NMR measurements (Fig. S1,
ESI).*® All the proton signals were assigned to B-CD and
alkane, and the host-guest molar ratios between them were
calculated by comparing the integrations of f-CD (H1 protons)
with the total integrations of alkane protons.*® As shown in Table 1,
for the alkane with a shorter carbon chain (from pentane to decane),
the host: guest ratio of 1:1 was found for the precipitates. As the
chain length increases to 12 and 14 carbons, the molar ratio
between B-CD and alkane was changed to 2:1. (The dodecane@
2B-CD complexes have been reported in our previous work.**) As the
chain length of the alkane is further increased to 16 or 18 carbons,
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Table 1 The host—guest ratio of alkane/B-CD complexes attained
according to *H NMR results. (The *H NMR spectra were given in Fig. S1)

Alkane Host-guest ratio

Pentane
Hexane
Octane
Decane
Dodecane
Tetradecane
Hexadecane
Octadecane

R NN R R R
O G

the B-CD:alkane complexing ratio becomes 1:1 again. Further-
more, ESI-MS measurements were employed to detect the detailed
structural information of the building blocks. It was found that the
supramolecular structures in all the 1:1 systems are 2alkane@
2B-CD. For instance, ESI-MS measurement of the hexane/B-CD
sample shows the presence of [2hexane@2B-CD-5H,O + 3HJ"
(m/lz = 784.89421, the theoretical value m/z = 784.97754)
(Fig. S2a, ESIt). In Fig. S2b (ESIt), the octadecane/B-CD system
shows the presence of [2(2octadecane@2B-CD)-6H,0 + 2Nal’*
(m/z = 2747.26566, the theoretical value m/z = 2747.29566). However,
the ESI-MS results of our previous work show that the supra-
molecular unit in the dodecane/B-CD system is dodecane@
2B-CD.** This means that the chain length of the alkanes has

——30°
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Fig.1 SEM micrographs of (a) hexane/B-CD precipitates and (b) octadecane/B-CD precipitates. TEM micrograph of (c) the hexane/B-CD sample
(Chexaneap-co = 2 mM) and (e) octadecane/B-CD sample (Coctadecaneap-co = 2 mM). DLS results at varying scattering angles of (d) the hexane/B-CD
(Chexaneap-co = 2 mM) and (f) octadecane/B-CD sample (Coctagecane@p-co = 2 MM).
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Images acquired by AFM for vesicles of (a) hexane/B-CD (Chexaneep-co = 2 mM) and (d) octadecane/B-CD (Coctadecaneap-co = 2 mMM) sample.

(b and c) Are the sectional height profiles of a collapsed unilamellar/bilamellar vesicle and the corresponding broken ones in (a). (e and f) The sectional
height profiles of vesicles in (d). The drawings in (b) and (e) are the illustrations of the supramolecular building blocks for 2hexane@2B-CD and

2octadecane@2B-CD, respectively.

distinct effects on the structure of the supramolecular building
block. In the following we study in detail the short and long-chained
systems, respectively, each taking a representative example.

Self-assembled structures formed with various building blocks

Self-assembled structures were formed in all these alkane/B-CD
inclusion systems. Here we will take the hexane and octadecane
systems to demonstrate the self-assembling behaviors in systems
with short (with 5 to 10 carbons) and long-chained alkanes
(with 16 and 18 carbons), respectively.

At high concentrations, the self-assembly has resulted in
precipitates due to the formation of micrometer sized particles
(Fig. 1a and b). However, at low concentrations, precipitation
can be avoided and vesicles are found. It is noticed that
although ‘brick-like’ particles with parallelogram appearance
were formed in both systems, the size of the ‘bricks’ in the
hexane/B-CD system is larger than that in the octadecane/B-CD
system. Similar size differences were also found for the vesicles.
In Fig. 1c-f we show the TEM and DLS measurements of the

1582 | Soft Matter, 2016, 12, 1579-1585

vesicles in hexane/B-CD and octadecane/B-CD, respectively. It is
found that the TEM image of the 2 mM hexane/B-CD sample
contains vesicles with diameters of 100-500 nm (Fig. 1c). Mean-
while, angle-dependent DLS measurements (Fig. 1d) also
revealed the presence of spherical structures with an average
hydrodynamic radius of about 200-300 nm, in line with the
particle size observed under TEM. In contrast, the TEM image
in Fig. le suggests that the vesicles in the octadecane/B-CD
system are with an average radius of about 100 nm, and the size
distribution is much narrower. Angle-dependent DLS measure-
ments verified that the size of the vesicles changes only slightly
with variation of the detecting angle (Fig. 1f), confirming the
presence of narrowly dispersed spherical structures.

In order to probe the effect of chain length, AFM measure-
ments were performed to get the information of the building
blocks. The AFM images in Fig. 2a reveal the presence of
polydispersed disks with the diameters of 50-100 nm in
the hexane/B-CD system. This size is smaller than the particle
size observed by TEM and DLS, which is attributed to the loss

This journal is © The Royal Society of Chemistry 2016


http://dx.doi.org/10.1039/C5SM02698A

Published on 20 November 2015. Downloaded by Beijing University on 25/11/2016 14:37:32.

Soft Matter

of the larger particles caused by spin-coating during AFM
sample preparation. In Fig. 2b we show the sectional height
profile of two disks, where the heights of the inmost recesses
are ~3.2 nm and 1.6 nm, respectively. Considering that both
the height of one f-CD and the extending length of hexane are
about 0.8 nm, the height of 1:1 complexed hexane@f-CD
should be 0.8 nm as well since the chain of hexane can be
completely buried in the cavity of f-CD. However, we have
known from ESI-MS results that the basic building block in
this system is 2hexane@2f-CD (the illustration in Fig. 2b).
Therefore, the height of 3.2 nm corresponds to a collapsed
unilamellar vesicle, whereas 1.6 nm is probably the height of a
broken vesicle, as demonstrated in Fig. 2b. In addition, we also
observed in Fig. 2¢c that the height of two disks is about 6.4 nm
and 4.7 nm, which were considered as a collapsed and a broken
bilamellar vesicle, respectively.

The AFM images of the vesicles formed in the octadecane/
B-CD systems are given in Fig. 2d-f. Fig. 2d verifies the presence
of the hollow vesicular structures with a height to diameter
ratio of about 1: 10. Fig. 2e shows the sectional height profile of
two disks, in which the lowest heights are ~9.6 nm and 7.2 nm,
respectively. Considering that the height of one B-CD and
the extending length of octadecane are about 0.8 and 2.3 nm,
respectively, the height of 1:1 octadecane@f-CD complexes is
expected to be 2.3 nm. However, the height difference between
7.2 nm and 9.6 nm indicates that the length of the basic building
block in this system should be 9.6 — 7.2 = 2.4 nm, which equals
to the summation of the height of B-CD and octadecane. In
combination with the ESI-MS result which demonstrates the
presence of the 2octadecane@2f-CD unit, we inferred that two
octadecane@pB-CD complexes form the dimer-typed building
block with a strong interdigitation of the chain of octadecane
via hydrophobic interaction, as illustrated in Fig. 2e.*>*" There-
fore, the two disks with the height of 9.6 nm and 7.2 nm were
thought to be a collapsed and a broken bilamellar vesicle,
respectively. Consequently, the disk with the height of 4.8 nm
in Fig. 2f can be considered as a collapsed unilamellar vesicle.

It is amazing that the octadecane/B-CD complexes are in the
form of 2octadecane@2p-CD, rather than octadecane@p-CD.
One would have expected that the 1:1 inclusion complex of
octadecane/B-CD should be in the form of the latter, which is a
supraamphiphile.*>™*> In that case, it would display surface
active properties. However, the surface tension of the 2 mM
octadecane/B-CD aqueous solution, which is the saturate solution of
the inclusion complex, was found to be 71.9 mN m ™' at 25 °C. This
surface tension is nearly the same as that of pure water, verifying the
absence of the amphiphilic structure of octadecane@p-CD.*
Instead, it suggests that 2octadecane@2f-CD is nonamphiphilic.

Obviously, although the building blocks in both the short
chained (represented by hexane/B-CD) and long chained (repre-
sented by octadecane/B-CD) systems are in the same form of
2alkane@?2p-CD, their structures are different. This difference
can be revealed by SAXS measurements. It is well-known that
two possible crystalline structures, namely, cage-type and channel-
type, can be formed through B-CD/guest inclusion complexes.*>*’
In Fig. 3, we show the SAXS pattern of the lyophilized hexane/B-CD,

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 The SAXS spectrum of B-CD powder and the lyophilized alkane
(hexane, dodecane, octadecane)/B-CD precipitates.
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Fig. 4 (a) FT-IR spectra of B-CD powder, the lyophilized hexane/B-CD
vesicles and octadecane/B-CD vesicles. (b and c) TGA and DSC results of
the lyophilized hexane/B-CD and octadecane/B-CD samples, respectively.
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Scheme 1 A schematic of the self-assembly behavior of alkane/B-CD building blocks.

which is dramatically different from that of cage-type B-CD
powders, but similar to the channel-type structures of dodecane@
2B-CD which is featured by the presence of a peak at g = 8.2 and
12.4 nm '*! In contrast, the octadecane/B-CD complexes did
not show the characteristic peaks of channel-type or cage-type,
suggesting that there are no -CD arrays in the vesicles. This is in
line with our expectation: the interdigitated octadecane chains
between two B-CDs have separated the two B-CD units in the form
of 2octadecane@2-CD.

Role of hydrogen bonding and water in the vesicles

Since both the building blocks are nonamphiphilic, hydrogen
bonding should play an essential role in the vesicle formation.
This can be verified by the urea addition experiments. As urea
was added into the vesicular suspension, the vesicles were
found disassembled (Fig. S3, ESIt). Since urea is an excellent
hydrogen bonding agent, it competes the hydrogen bond
formation with CD. Therefore, the disassembly of vesicles in
the presence of urea indicates that hydrogen bonding is indeed
the driving force for vesicle formation. Furthermore, the presence
of hydrogen bonding was further proved in the FT-IR experiments.
The hydroxyl band for the powder of B-CD occurs at 3374 cm ™"
(Fig. 4a), whereas that for the lyophilized vesicles moved to a lower
wavenumber of 3368 and 3364 cm ™" in the 2hexane@2B-CD and
2octadecane@2p-CD system, respectively, demonstrating the for-
mation of hydrogen bonds.*®

The hydrogen bonds that drive the vesicle formation may be
formed solely between CDs, or mediated by water. To clarify
this point, TGA and DSC experiments were performed. The
lyophilized vesicles show weight losses of 10.8% at 43 °C for the
2hexane@2f-CD system and 11.1% at 47 °C for 2octadecane@-
2B-CD, respectively (Fig. 4b and c). This considerable amount of
water can be attributed to those structurally bonded to the
hydroxyl groups of B-CD in the vesicle membrane.* In contrast,
the structural water in the lyophilized brick-like precipitates
(Fig. 1a and b) is only 6.6% and 5.6% for these two systems which
occurred at a much higher temperature of about 82 °C. It is
striking that the content of water in the precipitates is much less
than that in the vesicles, suggesting that the structural water is

1584 | Soft Matter, 2016, 12, 15791585

very crucial for the vesicle formation. According to the data
obtained from the TGA, the number of water molecules around
one 2hexane@2f-CD and 2octadecane@2f-CD in the vesicles
is about 16 [(10.8/18.0)/(89.2/2442.32) = 16.4] and 19 [(11.1/18):
(88.9/2778.96) = 19.3], respectively, which have mediated the
formation of vesicles. In contrast, this number of water molecules
in the dodecane@2pB-CD vesicle is 21.>* This chain length depen-
dent number of water molecules in vesicles indicates that the
hydrogen bond driven self-assembling system has a strong ability
of self-adjustment.

Conclusion

In summary, we reported the effect of the chain length of
alkanes on the formation of nonamphiphilic building blocks
with B-cyclodextrin in this work. Upon variation of the chain
length of alkanes, different building blocks can be obtained.
For short chained alkanes with 5 to 10 carbons, the building
block is channel-type 2alkane@2p-CD. Upon increasing the
chain length to 12-14 carbons, the building blocks take the
channel-type form of alkane@2B-CD. Upon further increasing
the chain length to 16 and 18 carbons, the building block
changes back to the form of 2alkane@2B-CD but with the non-
channel type. Driven by the hydrogen bond between H,O and
the hydroxyl groups of B-CD, these nonamphiphilic building
blocks can self-assemble into unilamellar and bilamellar vesicles
in dilute solutions (Scheme 1). It is anticipated that the chain
length dependent behavior of nonamphiphilic building blocks
would shed light on the elegant control of the nonamphiphilic
self-assembled structures.
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