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g r a p h i c a l a b s t r a c t
� A series of alkyl bicarbamates supra-
molecular organogelators were
synthesized.

� The driving force for small molecules
self-assembly was characterized and
analyzed.

� The oil gelator can self-assemble in
oils to form different 3D networks.

� Some gelators can phase-selectively
gel and recover oil spills from water
surface.

� The removal of oils is thorough with
high oil removal rate and oil reten-
tion rate.
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A series of alkyl bicarbamates supramolecular organogelators were synthesized with different structures
and lengths of alkyl chains. The driving forces for the self-assembly of small molecules, including the
intermolecular H bonding, p-p stacking and van der Waals interactions, played an important role in the
formation of different 3D network structures, i.e., fibers, ribbons, sheets, and prisms. And a probable
formation process of the gel networks was proposed. Furthermore, the phase-selective gelling perfor-
mances were investigated for oil removal from aqueous solution. Interestingly, the gelling properties
were found to be affected by the length and structure of alkyl chains, while some gelators with inter-
mediate alkyl chain lengths could effectively gel all the tested oils fromwater surface within 15 min, such
as Russian crude oil, diesel, gasoline, soybean oil, peanut oil, olive oil, cyclohexane, hexane and ethyl
acetate. Advantageously, fast gelation, high rate of oil removal (>95%) and excellent oil retention rate
(close to 100%) were realized in the recovery of oil spills from water surface. This kind of supramolecular
gelators demonstrates good potential applications in the delivery or removal of organic pollution from
oil/water mixtures.

© 2016 Elsevier Ltd. All rights reserved.
nomaterials2000@gmail.com
1. Introduction

In recent years, low molecular weight organic gelators (LMOGs)
or supramolecular organic gelators have been a subject of
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considerable interest due to their wide applications such as sen-
sors, templates, drug delivery (Skilling et al., 2014), tissue engi-
neering (Sagiri et al., 2013), water purification, self-cleaning (Yang
et al., 2014), self-healing, oil spill recovery, etc. Many kinds of
LMOGs have been reported including sugar derivatives (Jadhav
et al., 2010; Man et al., 2010; Mukherjee and Mukhopadhyay,
2012; Prathap and Sureshan, 2012), amino acid derivatives (Basak
et al., 2012; Bhattacharya and Krishnan-Ghosh, 2001; Bhatta-
charya and Pal, 2008; Pal et al., 2007; Suzuki et al., 2006), choles-
terol derivatives (Peng et al., 2008; Xue et al., 2009; Zhang et al.,
2011a, 2011b), organic salts (Ballabh et al., 2006; Mallia and
Weiss, 2014; Trivedi et al., 2003, 2004; Trivedi and Dastidar,
2006), etc. For the phase selective gelation with oils from oil/wa-
ter mixtures, Bhattacharya et al. provided the first report in 2001
(Bhattacharya and Krishnan-Ghosh, 2001). Thereafter, many at-
tempts and endeavors have been doing. For example, Yan et al.
reported dual-responsive two-component supramolecular gels for
self-healing materials and oil spill recovery (Yan et al., 2014). Kizil
et al. prepared poly(alkoxysilane) reusable organogels for the
removal of oil/organic solvents from water surface (Kizil et al.,
2015). Chatterjee et al. synthesized D-/L-arabinose based enantio-
meric organogelators to be efficient gelators for aromatic solvents
and refined and crude oil (Rajkamal et al., 2014). Besides,
Mukherjee et al. (Mukherjee et al., 2014), Yu et al (Yu et al., 2014a).
and Feng et al (Feng et al., 2014). have also reported some orga-
nogelators based on N-acetylglucosamine, C2-symmetric benzene
and L-phenylalanine for selective gelation of oil from oil/water
mixtures.

LMOGs are known to be able to self-assemble into fibrous,
tubular, helical or other structures mainly through various non-
covalent interactions, including intermolecular H-bonding, p-p
stacking, van der Waals interactions, electrostatic attraction, and so
on. The formed 3D networks can immobilize organic solvents or
oils by capillary force and surface tension. The interactions between
solvents and gelators play a key role in mediating organogel for-
mation and ultimately determine the properties of the gels (Shen
et al., 2014). Although the gelation mechanism of LMOGs has
been studied extensively, it is still difficult to predict the formation
of gels from the structure of low molecular compounds (Yu et al.,
2014a). Unlike chemical gels (Liu et al., 2011), these physical gels
formed by LMOGs can realize reversible sol-gel phase transition
under external stimuli, such as heating, mechanical shear, ultra-
sound (Yu et al., 2014b), light and pH (Shen et al., 2009).

Among LMOGs, carbamates, an important kind of self-assembly
organogelators, may include aromatic ring, alkyl chains, urethane
group as well as other hydrogen bonding groups in their structures.
In 2005, Moniruzzaman and Sundararajan reported the example of
carbamate LOMGs involving carbamate/benzonitrile gels and the
morphology of their xerogels. Afterwards, Khan et al. (Khanna et al.,
2009; Khan and Sundararajan, 2011, ; Khan and Sundararajan, 2013)
studied the influence of double hydrogen bonds and alkyl chains on
the gelation and crystallization behavior of carbamates and re-
ported that the sheets, eaves trough, tubes and oriented fibers
could be formed through self-assembly. However, most of the
studied carbamates LMOGs were mainly based on linear isocyanate
matrixes, such as hexamethylene diisocyanate (HDI) and octadecyl
isocyanate. Toluene diisocyanate (TDI) based bicarbamates supra-
molecular oil gelators and their applications in selective removal of
oil spills from oil/water mixtures have been reported rarely.

In this paper, a series of alkyl bicarbamates supramolecular
organogelators with different lengths or structures of alkyl chains
were prepared by toluene diisocyanate and corresponding alcohols.
And they can be self-assembled to form different 3D structures
driven by H bonds, van der Waals interaction and p-p stacking, etc.
The influences of the length and structure of alkyl chains on the
supramolecular self-assembly driving force and the phase-selective
gelling properties were tested and analyzed systematically. The
feasibility of these alkyl bicarbamates LMOGs as effective gelators
for removing organic solvents and oil spills from the water surface
was tested.

2. Experimental

2.1. Materials

Toluene diisocyanate (TDI) (>98%) containing 80 wt% toluene-
2,4-diisocyanate and 20 wt% toluene-2,6-diisocyanate was pur-
chased from Tokyo Kasei Kogyo Co., Ltd. (TCI) and used as received.
Alcohols: n-butanol (AR) was purchased from Bodi chemical Co.,
Ltd, Tianjin, China. n-hexanol (AR) was purchased from Guangfu
Fine Chemical Research Institute, Tianjin, China. n-octanol (AR) was
purchased from Tianjin Kemiou Chemical Reagent Co., Ltd. n-non-
anol, n-cetanol, n-octadecanol, n-docosanol (AR) and cyclohexanol
(GC) were purchased from Aladdin. n-decanol, n-lauryl alcohol, n-
tetradecyl alcohol were purchased from Sinopharm Chemical Re-
agent Co., Ltd. n-undecanol (98%) was purchased from Alfa Aesar.
And all the alcohols were used without any further purification.
Oils for gelling tests: Russian crude oil was received fromDaqing Oil
Field Co. Diesel (0#) and gasoline (93#) were purchased from Hong
Bridge gas station, Harbin. Soybean oil was purchased from COFCO
Corporation. Olive oil (500 mL, extra virgin) was purchased from
Spain Moreno. 5S pressing first-class Peanut oil was purchased
from Luhua, Shandong, China. Other solvents included acetone,
chloroform, carbon tetrachloride, cyclohexane, hexane, and ethyl
acetate, etc.

2.2. The synthesis of alkyl bicarbamates organogelators

The TDI derived alkyl bicarbamates were obtained through the
following process. TDI (0.05 mol) and corresponding alcohol
(1.0 mol) were added into 100 mL appropriate organic solvent
(acetone, chloroform or carbon tetrachloride) and transferred to a
250 mL three neck flask after stirring well. The mixture reacted
under mild stirring in a water bath at 50e70 �C for 24 h. After that,
the solvent was removed by air distillation at 80e95 �C and the
concentrated liquid containing products was obtained. Then, the
concentrated solution was poured into a glass dish when it was hot
and vacuum dried at 150 �C for 12 h to remove the residual
unreacted TDI. Finally, the product was smashed into powder after
cooling thoroughly at room temperature. For convenience, each of
them has been designated as nCTDI gelator (alkyl toluene-2,4/2,6-
dicarbamate) (Wang et al., 2014), where n denotes the number of
carbon atoms in the alkyl side chains.

Besides, in order to analyze whether the p-p stacking interac-
tion exists or not in the self-assembly, a compoundwas synthesized
with n-lauryl alcohol and 1,6-hexamethylene diisocyanate (HDI)
replacing TDI, refer to Fig. S2 for the details, and the product was
called 12CHDI (dodecyl hexamethylene dicarbamate) organo-
gelator (Wang et al., 2014).

2.3. Characterization

The characterizations were mainly operated on 12CTDI gelator
showing the best gelling properties. The FT-IR spectra of the
products and gels were recorded on KBr pellets using Nicolet-
Nexus 670 instrument with wavelength from 400 to 4000 cm�1.
The MS studies were carried out on a LCQ Deca-XP LC-MS instru-
ment operating at the positive and negative charge mode by elec-
trospray using carbinol/water ¼ 8/2 (v/v) as solvent. 1H NMR
spectrawere carried out on an ADVANCE III instrument operating at



Fig. 2. The static contact angles of nCTDI gelators with water (WCA, green) and
cyclohexane (OCA, orange). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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500 MHz using DMSO as solvent. The UVeVis absorption spectra
were measured on TU-1901 ultraviolet spectrophotometer with
THF as solvent. Scanning electron microscopic studies were ob-
tained using Quanta 200 FEI-Sirion Microscope. The samples were
prepared by drying under vacuum overnight and coated with gold
on a sputtering coater. The static contact angles (CA) were
measured on SL200B contact angle testing system at room
temperature.

2.4. Phase-selective gelation tests

The phase-selective gelation tests were carried out according to
the following process. Briefly, 0.6 g nCTDI gelator was placed into a
mixture of 2 g organic solvent/oil and a lot of water in a sample
bottle (diameter d ¼ 2.5 cm) and the system was heated in water
bath until the solid was dissolved completely. Then the resulting
mixed solution was allowed to cool down to room temperature in
air, and within 30 min the sample bottle was inverted to observe if
the inside solution could still flow. If no solution inside was
observed flowing, the gel was obtained.

2.5. Oil removal rate (Mrem) and oil retention rate (Mret)

After the phase selective gelation of oil spills on the water sur-
face, the salvage and recovery of oil gels were carried out and
placed in the funnel for 24 h. And the left relative clean water was
extracted by petroleum ether to measure the remaining oil spill.
The oil removal rate (Mrem) and oil retention rate (Mret) were
determined by the following equations:

Mrem ¼ ðM0 �MextÞ=M0 (1)

Mret ¼ ðM0h �M24hÞ=M0h (2)

where, M0 and Mext indicate the total mass of the oil spill and the
mass of the remaining oil spill after extraction, respectively. M0h

andM24h are the mass of oil gels after just salvage and placing 24 h.

3. Results and discussion

3.1. The synthesis of nCTDI organogelators

The TDI derived alkyl bicarbamates were synthesized by TDI and
corresponding alcohols. The reaction equation is shown in Fig. 1
and the correspondence between the structures of alkyl chains
and their designations can be found in Fig. S1. The products are
Fig. 1. The synthesis of TDI derived alkyl bicarbamates organogelators (n
white or light yellow solid powder. FT-IR, MS and 1H-NMR spectra
(in SI) were used to confirm the structures of reaction products.
Taking 12CTDI gelator as an example, the peaks of 1H-NMR spec-
trum, Fig. S3, can be indexed as following: d (500MHz; DMSO), 0.82
(6H, CH3), 1.21 (36H, CH2), 1.56 (4H, CH2), 1.99 (3H, ph-CH3), 4.00
(4H, COOeCH2), 6.99e7.47 (3H, ph-H), 8.70 (NHeCOO, 2-), 8.82
(NHeCOO, 6-), 9.45 (NHeCOO, 4-). As shown in the MS spectra
(Fig. S4), m/z ¼ 545.20 and m/z ¼ 547.12 stem from M � H and
M þ H, respectively, where M is the molecular weight of 12CTDI
gelator. The FT-IR spectra are shown in Fig. S5. The peaks around
3292 cm�1, 1700 cm�1, 1537 cm�1, and 1077 cm�1 are assigned to
NeH stretching vibration, C]O stretching vibration, NeH defor-
mation vibration and CeO stretching vibration, respectively. These
characteristic peaks justify the existence of desired products with
carbamate structures.
3.2. Phase-selective gelation

The phase-selective LMOGs are amphipathic commonly and the
phase selectivity is obtained mainly by adjusting the balance be-
tween hydrophily and lipophilicity. The water contact angle (WCA)
and oil contact angle (OCA) of nCTDI gelators were tested, Fig. 2. All
the nCTDI gelators show good lipophilicity that the OCA are below
10� and the WCA of nCTDI gelators are higher than 90� exhibiting
good hydrophobicity, especially the WCA of 12CTDI and 14CTDI are
CTDI). (m ¼ n-3, n ¼ 4,6,8,9,10, 11, 12,14, 16, 18,22 and cyclohexyl).



Table 1
The phase-selective gelling properties of nCTDI gelators for different organic solvents and oils from oil/water mixtures.

Gelator Russian crude oil Diesel Gasoline Soybean oil Peanut oil Olive oil Cyclohexane Hexane Acetic ether

4CTDI VS PG VS PG PG PG G G G
6CTDI PG PG G PG PG PG G G G
8CTDI PG VS PG PG PG PG G G G
9CTDI VS VS VS PG PG VS VS G G
10CTDI G G VS G PG PG PG G G
11CTDI PG G VS PG PG PG VS G G
12CTDI G G G G G G G G G
14CTDI G G G G G G G G G
16CTDI G G PG PG PG PG PG G G
18CTDI PG G G G PG PG G G G
22CTDI VS VS G e e e G G G
cyclohexyl-TDI PG PG G G PG G G G G
12CHDI NG NG PG PG PG d G G G

G ¼ gel.
NG ¼ No gel.
PG ¼ Partial gel.
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up to 118.1� and 114.6� respectively. The results of contact angle
have proved the phase selective gelling properties of the nCTDI
gelators. Generally, the gelator molecules can enter into the oil
phase easily but not water phasewhen it is added into the oil/water
mixtures.

The gelling properties of the nCTDI gelators for many kinds of
organic solvents and oils on the water surface were tested,
including Russian crude oil, diesel, gasoline, soybean oil, peanut oil,
olive oil, cyclohexane, hexane and acetic ether. The results are
summarized in Table 1.

From Table 1, the gelling abilities of the nCTDI gelators are
relatively poorer when n is odd than that when n is even. The 9CTDI
and 11CTDI gelators can only gel hexane and acetic ether effectively,
so these two gelators are not suitable for practical application. The
gelling ability of cyclohexyl-TDI is a little better than 9CTDI and
11CTDI, however much poorer than some nCTDI gelators when n is
even. Among the nCTDI gelators, the gelling properties of nCTDI
(n ¼ even number) are better than others and the properties are
firstly increased and then decreased with the increase of side alkyl
chain's length. From the results, 12CTDI and 14CTDI have the best
Fig. 3. The photos of phase-selective oils gelation with 12CTDI. (a) the gelling process and o
gels formed.
gelling performance that all the tested organic solvents and oils can
be gelled from oil/water mixtures. Besides, the gelation of pure
organic solvents including cyclohexane, hexane and acetic ether is
easier than the oils. Because the components of oils are more
complicated than that in pure organic solvents, it leads to more
difficult gelling process.

Taking 12CTDI gelator as detailed investigation, Fig. 3, the
organic solvent or oil layer can be gelled within 15 min and the
strength of the gels is enough to support the upper water layer,
Fig. 3a. Then the oil gels can be separated from water by a scoop
simply. Also as shown in Fig. 3b, the gels on the surface of water
tend to shrink and dry as time goes. The change tendency relates to
the further entanglement and self-assembly of gel fibers and partial
evaporation of organic solvents.

3.3. Gels morphology

In order to further understand the gelling behaviors of nCTDI
gelators, the cyclohexane gels and acetic ether gels were charac-
terized by SEM, with their micro-morphology being displayed in
il gels can support the upper water layer; (b) the organogels at 0.5 h and 24 h after the



Fig. 4. The SEM images of cyclohexane gels formed with organogelators. (a) 4CTDI gelator; (b) 8CTDI gelator; (c) 9CTDI gelator; (d) 10CTDI gelator; (e) 11CTDI gelator; (f) 12CTDI
gelator; (g) 14CTDI gelator; (h) 16CTDI gelator; (i) 18CTDI gelator; (j) 22CTDI gelator; (k) cyclohexyl-TDI gelator; (l) 12CHDI gelator.
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Fig. 4 and Fig. 5, respectively. From Fig. 4, we can see that through
effective self-assembly, nCTDI gelators and cyclohexane can form
different 3D network structures, like fibers, ribbons, sheets, prisms.
These structures have a relationship with the length and structure
of side alkyl chains. Generally, the fiber-like texture increases firstly
and then decreases as the side alkyl chain becomes longer. 12CTDI
and 14CTDI gelator possess the fullest fiber-like micro-morphology
(Fig. 4f and g), which can create the largest number of pores or
spaces to retain the maximum organic solvents. However, the
crystallization tendency is in the opposite direction during the
gelling process. The general trend of 3D network is the same as that
of the gelling properties. In detail, 12CHDI gelator-cyclohexane gel
forms tight sheet-like structure (Fig. 4l) and cyclohexyl TDI-
cyclohexane gel has short prism-like structure (Fig. 4k), which are
not beneficial to the retainment of organic solvents and their gel-
ling performances are poor. For other gelators, when the length of
side alkyl chains is extreme (Fig. 4a,b,i,j), the micro-structures of
cyclohexane gels prefer to sheet-like and lump-like rather than
fiber-like and ribbon-like, so they have relatively poorer gelling
abilities resulted from less 3D network space for the entrapment of
organic solvents. As shown in Fig. 5, the variation trend of acetic
ether gels micro-morphology is similar to cyclohexane gels. The 3D
network structures are much more sufficient when n is interme-
diate (n¼ 12, 14) (Fig. 5d and e) than that when n is extreme (n¼ 8,
22) (Fig. 5a,g) and cyclohexyl-TDI gelator (Fig. 5h). The changing
trend of gels’ morphology has a good corresponding relation to the
results and analysis of phase-selective gelling properties tested
above.

It is interesting that the SEM morphology of surfaces touching
with water is different from the morphology inside. Because the
nCTDI gelators can be used to remove the organic solvents and oil
fromwater surface, the surface of 12CTDI-cyclohexane gel touching
with water was tested. Different morphology between the surface
(Fig. 6) and interior (insert of Fig. 6) of the gels was observed.
Especially, the surface is compared “closed” with several “pores”,
through which the fiber-like structure inside the gels can be found.
The relatively closed surface can be explained by the interaction
between 12CTDI gelator molecules and water molecules. Generally,



Fig. 5. The SEM images of acetic ether gels formed with organogelators. (a) 8CTDI gelator; (b) 10CTDI gelator; (c) 11CTDI gelator; (d) 12CTDI gelator; (e) 14CTDI gelator; (f) 16CTDI
gelator; (g) 22CTDI gelator and (h) cyclohexyl-TDI gelator.

Fig. 6. The SEM images of the surface of 12CTDI-cyclohexane gel touching with water
and the insert map is the SEM image of the inside of the gel.

Y. Wang et al. / Chemosphere 167 (2017) 178e187 183
the 12CTDI molecule is amphipathic, i.e., the hydrophobic groups
turn to interior and part of hydrophilic functional groups may
interact with water molecules to form shell wrapped the fiber-like
texture inside.

3.4. The driving forces for small molecular self-assembly

In order to provide a deeper understanding for the gelling per-
formances, the self-assembly driving forces were characterized and
analyzed using gelators with intermediate alkyl chain lengths.
From the structures of these gelators derived from TDI, inter-
molecular hydrogen bond, van der Waals interaction and p-p
stacking may contribute to the intermolecular self-assembly, which
have been reported in other carbamates systems (Khanna et al.,
2009; Khan and Sundararajan, 2011 , 2013). For the characteriza-
tion of driving forces, some researchers had achieved the direct
observation of H bonds by AFM (Gross et al., 2012), but the test
conditions were too harsh to be used widely. The indirect charac-
terizations and analyses from IR, 1H-NMR, UVeVis at different
concentrations or different temperatures are always the common
methods.

Fig. 7 shows the FT-IR spectra of the 12CTDI-cyclohexane sols
with different concentrations of 12CTDI gelators and the cyclo-
hexane gels formed by gelators with different alkyl side chain
lengths at the same concentration. The alkyl bicarbamates orga-
nogelators showed the H-bonded NeH stretching peaks and the
C]O stretching peaks appeared at 1700 cm�1 without any signif-
icant shift. Because of different bond order, the NeH stretching
mode was found to be more susceptible than C]O group to the
changes in the intermolecular H bonds interactions. The peaks of
hydrogen bonded NeH stretching vibration shifted to lower
wavenumber from 3287 cm�1 to 3262 cm�1 when the concentra-
tionwas increased from 0.01M to 0.1M. Also, for the gels formed by
cyclohexane and nCTDI gelators with different side chain lengths,
the peaks of hydrogen bonded NeH stretching vibration exhibited
that the wavenumber of 12CTDI-cyclohexane gel (3292 cm�1) and
14TDI-cyclohexane gel (3290 cm�1) were lower than that of 10TDI-
cyclohexane gel (3320 cm�1). Such shifts to lower wave numbers
indicate the stronger intermolecular hydrogen bonds among



Fig. 7. The FT-IR spectra of (a) 12CTDI-cyclohexane sols at different concentrations of
gelators and (b) cyclohexane gels formed by 10CTDI, 12CTDI and 14CTDI gelators at the
same concentration (30%).

Fig. 9. The UVeVis spectra of 12CTDI-THF solutions at different concentrations.
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eNHeCO- groups of adjacent molecules of 12CTDI and 14CTDI
gelators than 10CTDI gelator. So the intermolecular hydrogen
bonding interaction is one of the driving forces for self-assembly.
For more intuitive display, Materials Studio was used to calculate
the H bonds. Fig. 8 shows the intermolecular double H bonds
structure formed between NeH of one molecule and C]O of the
neighboring molecule.
Fig. 8. The structure of double hydrogen bonds formed between two 12CTDI bicarbamate
respectively). (For interpretation of the references to colour in this figure legend, the reade
The UVeVis spectra of the 12CTDI-THF solutions at different
concentrations is shown in Fig. 9. Obvious red shifts were observed
from 236 nm to 246 nm with the increase of concentration from
10 mg/L to 100 mg/L. The red shift indicates that the p-p stacking
interactions are one of the driving forces for the small molecular
self-assembly and the proper increase of concentration is favorable
for the enhancement of p-p stacking driving force.

The gelling properties for gelators with different interval
structures were tested and compared with 12CTDI and 12CHDI
gelators in order to further confirm whether the p-p stacking
interaction exists or not. The results are summarized in Table 2. The
gelling range of 12CTDI gelator is much wider than that of 12CHDI
gelator. 12CHDI gelator can only gel pure organic solvents rather
than any oils tested. Different gelling performances illustrate that
the 12CTDI molecules with -ph-CH3 interval are better for the
intermolecular aggregation than 12CHDI molecules with e(CH2)6e
interval. And thep-p stacking interactions play an important role in
the better gelling ability for 12CTDI gelator than 12CHDI gelator.

As discussed in this part, the driving forces for self-assembly are
the combinations of double H bonds, p-p stacking and van der
Waals force, etc. Although double H bonds interaction is the main
force for gel formation, the van der Waals and p-p stacking also
have a strong effect on the molecules’ ability to self-assemble to
form 3D network. And Fig. 10 gives the schematic representation of
formation process of the gel networks formed by nCTDI gelators in
organic solvents or oils. Firstly, the fundamental network of inter-
action forces is formed by effective intermolecular self-assembly.
s molecules (gray, blue, red, white represent carbon, nitrogen, oxygen and hydrogen,
r is referred to the web version of this article.)



Table 2
The gelling properties of 12CTDI and 12CHDI organogelators.

Solvent 12CHDI 12CTDI Solvent 12CHDI 12CTDI

Russian crude oil NG G Peanut oil PG G
Diesel NG G Cyclohexane G G
Gasoline PG G Acetic ether G G
Soybean oil PG G Carbon tetrachloride G G

G ¼ gel.
NG ¼ No gel.
PG ¼ Partial gel.

Fig. 11. The centrosymmetric structures of dodecane and the side chain of 11CTDI
gelator molecule; The C2 symmetric structures of undecane and the side chain of
12CTDI molecule.
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Then the thin and small fibers are achieved and believed to be
driven by intermolecular hydrogen bonds, p-p stacking, van der
Waals interactions. The fibers become thicker and wider as more
thorough self-assembly proceeds. In these processes, entanglement
and curl always occur to form 3D networks. In the case of the
phase-selective gelation, the presence of water does not disrupt the
intermolecular self-assembly of gelator molecules in the organic
phase, possibly because the hydrophobic tails ensure that the
gelator molecules remain in the organic layer. The intertwined
network of the gelator fiber should be able to immobilize solvents
via surface tension or capillary force. As a result, the phase-selective
gelation and recovery of organic solvents from oil/water mixtures
can be obtained.

From what has been discussed above, with the increase of side
alkyl chain's length, the van der Waals force is enhanced, but p-p
stacking and the hydrogen bonds interactions are nearly the same.
From previous study (Khan, 2011), the crystallization and gelation
often coexist in the gelling process, displaying a competitive rela-
tionship. In other words, the gel formation is due to rapid two-
dimensional growth, while three-dimensional growth would
result in crystal formation. Thus, it is not always the longer the
better for the side alkyl chains in the self-assembly. When n is even,
the van der Waals interaction is enhanced with the increase of the
alkyl side chain lengths. When n is small, the van der Waals force is
very low and the self-assembly driving force is relatively poorer,
thus the gelling properties are poor. Contrarily, the van der Waals
force is very high when n is large, but the too high van der Waals
interaction is more favorable for the crystallization than gelators
Fig. 10. Schematic representation of form
with intermediate alkyl side chain length, thus the gelling abilities
are not the best. The gelators with odd alkyl side chains, as dis-
cussed in previous articles (Khan and Sundararajan, 2011), had
larger crystallite size and spherulite growth rate than the adjacent
even alkyl side chain carbamate. The greater crystallization ten-
dency is unfavorable in the gelling process.

The odd-even trend is different from the trend of n-alkanes.
(Khan and Sundararajan, 2011) As shown in Fig. 11, taking dodec-
ane, undecane, 12CTDI and 11CTDI for examples, the even
numbered dodecane is centrosymmetric and the terminal methyl
groups are pointing in opposite directions, so they have symmet-
rical intermolecular interactions at both ends. But the odd
numbered undecane are C2 symmetric and the terminal methyl
groups are in the same direction, so they have a longer distance of
contact at one end. An opposite trend can be found in our bicar-
bamate gelator molecules and the gelators with odd alkyl side
chains show stronger van der Waals interactions than those with
adjacent even alkyl side chains. To summarize, the gelators with
ation process of the gel networks.



Fig. 12. The phase selective gelation and recovery process of Russian crude oil on water surface with 12CTDI gelator. (The diameter of glass dish is 12.5 cm).
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intermediate alkyl side chains lengths have the best performance
for the phase-selective gelation of organic solvents and oils driven
by H bonds, p-p stacking and van der Waals force interactions.
3.5. Selective gelation and recovery of oils from oil/water mixtures

Nowadays, water pollution, especially the leakage of organic
solvents or oils on the water surface, is not a negligible challenging
problem. Purification of water contaminated with toxic organic
solvents or oils by selective gelation is promising. Interestingly, we
found that some nCTDI organogelators synthesized here are suit-
able for the selective gelation of organic solvents and oils from oil/
water mixtures due to their insolubility in water and good gelling
ability in organic solvents and oils. As shown in Fig. 12, the gelling
process and the recovery of Russian crude oil fromwater surface is
inspiring. The spilled crude oil is floating onwater surface and then
12CTDI gelator powder is scattered into the oil layer with gentle
agitation. After hot to dissolve and cool at room temperature, the oil
layer can be gelled within 15 min and all the flowing oil layer is
solidified, Fig. 12c. One hour later, the strength of the oil gel is
increased and so high that we can take it out with hands directly,
Fig. 12d. Then the gel is broken into three pieces with hands to
observe its cross section. We can see that the whole oil layer is
gelled thoroughly and no oil is leaked or squeezed out in the pro-
cess of separation, Fig. 12e. By taking the oil gel out with hands, the
water is still clean and clear, Fig. 12f. Besides, the gelling time is
shorter than many reported gelators (Jadhav et al., 2010; Suzuki
et al., 2006; Peng et al., 2008; Trivedi et al., 2003) taking several
hours to obtain effective gelation, although longer than some
gelators withmore excellent performance (within 90 s using THF as
solvent) (Basak et al., 2012). Amazingly, after many tests, the oil
removal rates are always higher than 95% and the oil retention rates
can be close to 100%. For crude oil, one of themost difficult oils to be
gelled, the oil removal rate and oil retention rate are 99.71% and
99.86%, respectively, both showing relatively thorough cleanup of
crude oil. Advantageously, it is noted that almost no water is
absorbed by the gel and the gel can remain onwater steadily. So the
organogelator has great advantages in spilled oil recovery.
4. Conclusion

A series of TDI derived alkyl bicarbamates supramolecular
organogelators with different lengths or structures of side alkyl
chains have been synthesized. Notably, the gelling properties can
be affected by lengths and structures of alkyl side chains and the
gelators with intermediate alkyl side chain lengths have best gel-
ling abilities. They can phase-selectively gel many kinds of organic
solvents and oils from oil/water mixtures, such as Russian crude oil,
diesel, gasoline, cyclohexane, hexane to self-assemble to form
different 3D network structures. The intermolecular self-assembly
are drived by the combination of intermolecular double H
bonding, p-p stacking, van der Waals interactions, etc. Further-
more, the abilities of the phase-selective gelation for organic sol-
vents and oils with high oil removal rate (>95%) and oil retention
rate (close to 100%) make it possible to find applications in the field
of oil cleanup or delivery.
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