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The formation of tren-based tris-urea supramolecular gels in organic
solvents is perturbed by the presence of the nerve agent soman
providing a new method of sensing the presence of organophosphorus
warfare agents.

There has been significant interest and research effort devoted to the
design and synthesis of supramolecular gel systems.' Stimuli
responsive supramolecular gels are of particular interest for their
potential role as sensors.” For example, hydrogen-bonded gels
containing urea groups have been shown by Escuder, Miravet and
co-workers to be sensitive to the presence of neutral phenolic guests
with catechol disrupting the gel’s hydrogen bonding network.?
In seminal work, Steed and co-workers have shown that anions
can disrupt the structures of gels* and have used this approach
to dissolve crystal growth media and recover new polymorphs
of pharmaceutical interest.’

Our work on developing new motifs for oxo-anion complexa-
tion® and particularly for phosphates” led us to explore whether
similar motifs could be used for organophosphorus (OP) based
nerve agent (NA) sequestration® and catalysis.” In a similar
fashion we wished to explore whether we could employ the
formation of hydrogen bonded NA complexes to disrupt a gel
network and perturb a sol-gel transition which could be used to
sense OPs. Our group and others have explored the use of the
tripodal tren scaffold in anion complexation™® and transport.**
Tris-(2-aminoethyl)amine (tren) based tris-ureas have been
shown to gelate organic solvents'> and to have a high affinity
for phosphates in non-aqueous media.'® We therefore decided
to examine whether the structure of tren-based organogels and
related systems would be disrupted by the presence of a neutral
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OP-based nerve agent simulant so providing a new paradigm
for nerve agent detection.

We prepared a series of bis- and tris-urea compounds of known
gelators 1-3"*"* and compound 4. Bis-ureas 1 and 3 have previously
been shown to gelate toluene, xylene, tetralin and octanol in
quantities of less than 10 mg mL~"."*> Compound 2 has been
shown to gelate xylene, toluene, tetralin and also benzene,
dichloromethane and dichloroethane in quantities less than
or equal to 10 mg mL~"."* We studied the gel formation properties
of compound 4 by dissolving quantities of gelator into 1 mL of
solvent by heating the sample and then allowing the sample to cool
to room temperature. An inversion test'* was then conducted to
ascertain if a gel had formed. If no solution remained then the
formation of a gel was deemed successful. Gelation was observed
with tetralin (5 mg mL™"), toluene (5 mg mL "), cyclohexanone
(15 mg mL "), and ethyl acetate (15 mg mL ") however no gelation
was observed with 2-octanol, hexane, ethanol or water.

A scanning electron microscopy (SEM) image of the xerogel
formed in toluene by compound 4 is shown in Fig. 1. This
shows that the toluene xerogel forms a branching fibrillar
network structure.
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We studied the effect of the nerve agent simulant, dimethyl
methylphosphonate (DMMP), on gels formed by compounds 1-4.
We found that in some cases the simulant would disrupt the
structure of the gel resulting in a gel-sol transition. However
we found a high degree of variability in the time required for
this transition to occur. Therefore as an alternative, and more
quantifiable approach to study the response of these systems to
DMMP, the formation of gels from precursor amines and
isocyanates in the absence or presence of varying amounts of
DMMP was studied at room temperature (20-21 °C).
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Fig. 1 SEM image of the xerogel formed by compound 4 and toluene after
drying from a sample prepared from 15 mg mL~" of gelator.

The urea based gelators (1-4) were formed in situ, in a
similar fashion to systems explored by Hanabusa and others."*
Solutions of the appropriate amine and either benzyl or hexyl-
isocyanate were mixed in 0.5 mL aliquots at appropriate con-
centrations to produce 1 mL of 20, 15, 10 and 5 mg mL " gels
containing compounds 1-4. The samples were sealed, allowed
to stand and inverted at 30 second intervals until a gel had
formed. A gel was deemed to have fully formed when, upon
inversion no solution remained. In most cases the gel formed
within thirty seconds or not at all. The starting point (¢ = 0) for the
experiment was taken at the point when the two solutions were
mixed together and all experiments were halted after 10 minutes
(see ESIf).
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To test the effects of the presence of nerve agent simulant on
the time taken for gel formation to occur DMMP was added to
either the amine or isocyanate solution in 0.1, 0.05, 0.025 or
0.01 mL quantities (it was found that the systems behaved
identically whichever precursor the simulant was added to). The
amounts of gelator formed and phosphonate added are given in
Table 1 - by taking the ratio of these values the equivalents of
phosphonate:gelator may be calculated for the experiments
presented here. An equal volume of the second precursor
solution was then added to the mixture containing the simulant
and the first precursor. The vial was then sealed and inverted at
various times and the time taken for a full gel or partial gel to

Table 1 Amount of gelator (mmol) and added phosphonate (mmol)

Amount of gelator in 1 mL of gel (mmol)

Gelator 20 mg 15 mg 10 mg 5 mg
1 0.052 0.039 0.026 0.013
2 0.037 0.027 0.018 0.009
3 0.047 0.035 0.024 0.012
4 0.038 0.028 0.019 0.009
Amount of phosphonate added (mmol)
Phosphonate 0.100 mL 0.050 mL 0.025 mL 0.010 mL
DMMP 0.923 0.461 0.231 0.092
GD — — 0.140 0.056
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form was then noted. A partial gel is a mixture that contains
both gel and solution. The experiments with gels which did
show perturbation of formation time in the presence of DMMP
were repeated, and the time taken to form the gel in these cases
was shown to be reproducible. NMR experiments showed that
no reaction occurred between either the amine (tren) or hexyl-
isocyanate and the simulant. Additionally, there was no obser-
vable change in the rate of urea formation upon addition of
DMMP (see ESIT).

Several different relationships between gelator (structure
and concentration), solvent and DMMP concentration were
observed to affect the time required for gel formation. The
lower the concentration of the gelator the longer it takes for the
gel network to form in the presence of DMMP. The addition of
DMMP in the gel precursor solution in most cases extends the
time required for the gel to form, with higher concentrations
of DMMP leading to increasingly delayed gel formation. This
is presumed to be a result of the hydrogen bond accepting
DMMP interacting with the hydrogen bond donating groups of
the urea functionality thus perturbing the formation of the
hydrogen bond network in the gel matrix, along with increased
solvent polarity. A combination of low gelator concentration
and high concentrations of simulant leads to the longest
gelation times. The full results can be found in the ESL.t

The results obtained with compounds 1 and 3 were similar
and showed that the addition of simulant to the gelator solutions
did not perturb the formation of the gel significantly under any
conditions tested (see ESIf). Immediate gel formation in the
presence of simulant appears to be a function of the bis-urea
structure as the gel formation of the tris-urea analogue 2 was
perturbed to a much greater extent by the addition of DMMP with
gel formation at 10 mg mL ™" being delayed by over 3 minutes in
toluene in the presence of 0.1 mL DMMP.

Gel formation by tris-urea compound 4 was perturbed to a
greater extent by the presence of DMMP than compound 2. The
most successful set of conditions for perturbing gel formation
by the systems studied was found to be the formation of a gel from
the precursors to compound 4 (5 mg mL ™) in toluene. In this case
full gel formation was delayed by four minutes upon the addition of
0.01 mL of DMMP to 1 mL of the gel precursor solutions. Upon
addition of 0.1 mL DMMP under the same conditions gel
formation did not occur at all. Thus at this concentration of
simulant (approximately 100 equivalents of simulant to gelator)
there is a clear ON-OFF response in the absence vs. presence of
DMMP. Gel formation in toluene proved to be perturbed more
readily that that in tetralin (see ESIf).

The results that we observe may be due to two competing
effects. The first is a solvent effect; with the addition of the
larger amounts of phosphonate the polarity of the solution will
be altered substantially resulting in inhibition of gel formation.
However at lower concentrations of phosphonate, a complexation
mechanism may occur in which guest species bind to the urea
groups so inhibiting gel formation.

These experiments were used to find the optimum system
for testing with nerve agent. Consequently the formation of gels
from the precursors to compound 4 and toluene were tested in the
presence of the nerve agent pinacolyl methylphosphonofluoridate

This journal is © The Royal Society of Chemistry 2013
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Fig. 2 The time required for complete/partial gel formation (1 mL) by com-
pound 4 in toluene in the presence of GD (0.010 mL/0.025 mL). Gelation
experiments were first observed after 0.5 min.

(soman, GD). GD was found to behave similarly to the DMMP
simulant and result in longer times required for gel formation
(Fig. 2). Interestingly lower concentrations of GD were required
to stop gel formation completely. This may be due to the higher
degree of polarity of GD vs. DMMP resulting in stronger hydro-
gen bonding interactions. Additionally, the fluorine group itself
presents a hydrogen bond acceptor site for interaction with the
gelator, although such interactions are likely to be significantly
weaker than the N-H: - -O=P hydrogen bonds. Small quantities
of fluoride generated from partial hydrolysis of the GD may also
perturb the hydrogen-bonding network. Finally, the bulky alkyl
side chain of GD may provide steric hindrance to gel formation
once the molecule is associated with the gelator species. NMR
experiments showed no reaction between either the amine (tren)
or hexylisocyanate with GD (see ESIT).

The formation of hydrogen-bonded gels containing urea
groups has been shown to be responsive to the presence of both
the nerve agent simulant DMMP, and the nerve agent soman
(GD), with the response to the latter being more sensitive. The
guest-stimulated response is proposed to be due to a combination
of solvent polarity and the perturbation of hydrogen bonding
interactions between the gelator molecules by the competitive
binding of the nerve agent or simulant with additions of phos-
phonate (0.01 mL). Thus this method represents a new procedure
for sensing nerve agents that functions via the suppression of a
sol-gel phase change. We are continuing to study the interaction
of gelators with organophosphorus nerve agents at room tem-
perature and exploring how this phenomenon can be used in
detection technology. The results of these studies will be
reported in due course.

We thank the Ministry of Defence (Dstl MOD CDE 28704)
(RH) for funding. FP is funded by the A-I Chem Channel
project a European INTERREG IV A France (Channel) - England
Cross border cooperation programme, co-financed by ERDF.
Additionally we thank the University of Southampton and

This journal is © The Royal Society of Chemistry 2013

View Article Online

A*STAR (ARAP Programme) for a post-graduate scholarship
(NB). PAG thanks the Royal Society and the Wolfson Founda-
tion for a Royal Society Wolfson Research Merit Award.

Notes and references

1 (@) L. E. Buerkle and S. J. Rowan, Chem. Soc. Rev., 2012, 41, 6089-
6102; (b) D. K. Smith, Chem. Soc. Rev., 2009, 38, 684-694.

2 (a) M. D. Segarra-Maset, V. J. Nebot, J. F. Miravet and B. Escuder,

Chem. Soc. Rev., 2013, 42, 7086-7098, DOI: 10.1039/c2cs35436€;

(b) D. B. Liu, W. W. Chen, J. H. Wei, X. B. Li, Z. Wang and

X. Y. Jiang, Anal. Chem., 2012, 84, 4185-4191; (¢) Q. G. Wang,

Z. M. Yang, M. L. Ma, C. K. Chang and B. Xu, Chem.-Eur. J., 2008,

14, 5073-5078; (d) Q. G. Wang, Z. M. Yang, L. Wang, M. L. Ma and

B. Xu, Chem. Commun., 2007, 1032-1034; (e) K. M. Xu, W. W. Ge,

G. L. Liang, L. Wang, Z. M. Yang, Q. G. Wang, I. M. Hsing and B. Xu,

Int. J. Radiat. Biol., 2008, 84, 353-362; (f) S. C. Li, V. T. John,

G. C. Irvin, S. H. Rachakonda, G. L. McPherson and C. J. O’Connor,

J. Appl. Phys., 1999, 85, 5965-5967; (g) H. S. Lim, J. H. Lee,

J. J. Walish and E. L. Thomas, ACS Nano, 2012, 6, 8933-8939;

(k) Y. Tang, E. C. Tehan, Z. Y. Tao and F. V. Bright, Anal. Chem.,

2003, 75, 2407-2413; (i) H. F. Yao, A. ]J. Shum, M. Cowan,

1. Lahdesmaki and B. A. Parviz, Biosens. Bioelectron., 2011, 26,

3290-3296; (j) Z. H. Zhang, H. P. Liao, H. Li, L. H. Nie and

S. Z. Yao, Anal. Biochem., 2005, 336, 108-116.

(@) B. Escuder, J. F. Miravet and J. A. Saez, Org. Biomol. Chem., 2008,

6, 4378-4383; (b) J. A. Saez, B. Escuder and J. F. Miravet, Chem.

Commun., 2010, 46, 7996-7998.

4 J. W. Steed, Chem. Soc. Rev., 2010, 39, 3686-3699; M.-O. Piepenbrock,

G. O. Lloyd, N. Clarke and J. W. Steed, Chem. Rev., 2010, 110,

1960-2004.

J. A. Foster, M. O. M. Piepenbrock, G. O. Lloyd, N. Clarke, J. A. K.

Howard and J. W. Steed, Nat. Chem., 2010, 2, 1037-1043.

6 (a) P. A. Gale, Acc. Chem. Res., 2006, 39, 465-475; (b) P. A. Gale, Acc.
Chem. Res., 2011, 44, 216-226.

7 (@) C. Caltagirone, J. R. Hiscock, M. B. Hursthouse, M. E. Light and
P. A. Gale, Chem.-Eur. J., 2008, 14, 10236-10243; (b) P. A. Gale,
J. R. Hiscock, S. J. Moore, C. Caltagirone, M. B. Hursthouse and
M. E. Light, Chem.-Asian J., 2010, 5, 555-561; (c) P. A. Gale,
J. R. Hiscock, C. Z. Jie, M. B. Hursthouse and M. E. Light, Chem.
Sci., 2010, 1, 215-220.

8 M. R. Sambrook, J. R. Hiscock, A. Cook, A. C. Green, I. Holden,
J. C. Vincent and P. A. Gale, Chem. Commun., 2012, 48, 5605-5607.

9 A. Barba-Bon, A. M. Costero, M. Parra, S. Gil, R. Martinez-Marez,
F. Sancenon, P. A. Gale and ]. R. Hiscock, Chem.-Eur. J., 2013, 19,
1586-1590.

10 (a) I. Ravikumar and P. Ghosh, Chem. Soc. Rev., 2012, 41, 3077-3098;
(b) R. Custelcean, Chem. Soc. Rev., 2010, 39, 3675-3685.

11 N. Busschaert, M. Wenzel, M. E. Light, P. Iglesias-Hernandez,
R. Pérez-Tomas and P. A. Gale, J. Am. Chem. Soc., 2011, 133,
14136-14148.

12 (a) M. de Loos, A. G. ]J. Ligtenbarg, J. van Esch, H. Kooijman,
A. L. Spek, R. Hage, R. M. Kellogg and B. L. Feringa, Eur. J. Org.
Chem., 2000, 3675-3678; (b) S. Mukhopadhyay, U. Maitra, Ira,
G. Krishnamoorthy, J. Schmidt and Y. Talmon, J. Am. Chem. Soc.,
2004, 126, 15905-15914; (c) C. E. Stanley, N. Clarke, K. M. Anderson,
J. A. Elder, J. T. Lenthall and J. W. Steed, Chem. Commun., 2006,
3199-3201.

13 J.van Esch, R. M. Kellogg and B. L. Ferringa, Tetrahedron Lett., 1997,
38, 281-284.

14 ]. Tanaka, in Gels Handbook, ed. Y. Osada and K. Kajiwara, Academic
Press, San Diego, 2001, vol. 1, pp. 51-64.

15 (a) M. Suzuki, Y. Nakajima, M. Yumoto, M. Kimura, H. Shirai and
K. Hanabusa, Org. Biomol. Chem., 2004, 2, 1155-1159; (b) M. George
and R. G. Weiss, J. Am. Chem. Soc., 2001, 123, 10393-10394;
(c) M. George and R. G. Weiss, Langmuir, 2002, 18, 7124-7135.

w

o

Chem. Commun., 2013, 49, 9119-9121 | 9121


http://dx.doi.org/10.1039/c3cc44841j

