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Fluorometric, water-based sensors for the detection of nerve gas G

mimics DMMP, DCP and DCNPw
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Water-based ZnII bisterpyridine systems were used as fluoro-

metric sensors for the detection of the nerve gas G mimics

DMMP, DCP and DCNP. Analyte concentrations in the range

of 10
�7

to 10
�6

M are detectable in solution. The utilization of a

test stripe additionally allows the detection of organophosphonates

from the gas phase.

Although the research in the detection of chemical warfare

agents was intensified, in particular after the gas attack on the

Tokyo subway in 1995, there is still a need for new and improved

systems for the detection of ‘‘nerve gases’’. These highly toxic

compounds can inhibit acetylcholinesterase (AChE), a critical

central-nervous enzyme.1–4 Different detection methods have

been investigated, which are generally based on emission (i.e.

lanthanide emission5–8 or fluorescence of organic dyes9–13),

enzymes,14,15 interferometry,16 surface acoustic waves,17,18

electrochemistry,19 mass spectrometry,20,21 chromogenic22–24

and calorimetric methods.25 However, for any practical use the

detection system has to be portable, fast, easy to use, selective

and sensitive. Metallopolymers represent a versatile class of

materials featuring these properties.26

The herein presented ZnII bisterpyridine systems (8, 9) reflect

excellent examples of materials for such systems. Due to the

PEG side chains, the polymers are water-soluble and the

charged character of the zinc–terpyridine complex enables

straightforward anion detection.27

The water-solubility of the bisterpyridine 7 was achieved via

PEG sidechains. Initially, the 2,5-diiodo-hydroquinone core 3

was synthesized by applying optimized reaction conditions.28

The PEG chains were introduced to the core (3) via Williamson

ether synthesis with a tosylate-functionalized mPEG2000 4.

Subsequent Sonogashira reaction, with two equivalents of

40-(4-ethynylphenyl)-2,20:60,20 0-terpyridine (6), resulted in the

PEG-functionalized bisterpyridine 7 (Scheme 1).

The homogeneity of this bisterpyridine was proven by its

monomodal distributions in size exclusion chromatography

(SEC) and MALDI-TOF mass spectrometry. The PDI values

of 7, calculated by SEC (1.04) and MALDI-TOF MS (1.01) are

still very low. In the MALDI-TOF MS the shift to higher m/z

values is clearly visible (Fig. 1, right). The mass difference directly

correlates with the mass difference of 5 and 7, as expected.

As shown in Scheme 1, the addition of one equivalent of

Zn(OAc)2 to the PEG-functionalized bisterpyridine 7 resulted

in the formation of the linear zinc coordination polymer 8,

whereas the addition of two equivalents of ZnII ions yielded the

corresponding dinuclear complex 9.29 Performing a 1H NMR

titration experiment one can clearly follow the complexation

reaction (Fig. S1, ESIw). The formation of 9was moreover proven

by MALDI-TOFMS (Fig. 1, right). Due to the PEG chains both

the ligand 7 and the corresponding metal complexes (8, 9) revealed

excellent solubility in common organic solvents and water.

Absorption and emission spectra in water and dichloro-

methane are shown in the ESIw (Fig. S2). Upon complexation

the absorption maximum is red-shifted (Table 1). Apparently,

the hydrophobic conjugated core tends to form aggregates in

Scheme 1 Schematic representation of the synthesis of metallopolymer 8 and dinuclear complex 9.
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aqueous solution via p–p interactions, which explains the

bathochromically shifted emission and the lowered quantum

yield, in particular in polymer 8, compared to dichloro-

methane. This assumption was proven by DLS and TEM

measurements. Complex 9 revealed, due to the two attached

terpyridine zinc(II) complexes, a lower solubility in dichloro-

methane and, for that reason, red-shifted emission (lPL =

521 nm) compared to 7 (lPL = 429 nm) and 8 (lPL = 439 nm).

As shown already in a screening of 15 different common

anions, the ZnII bisterpyridine metallopolymer 8 features a high

affinity to phosphate and cyanide ions in aqueous solution.27

The phosphate coordinates as competitive binder with high

binding constants to the ZnII ion, resulting in a recovery of the

ligand emission. This behavior is visualized by an increased

emission intensity and a shift of the emission wavelength.27

Among chemical warfare reagents, nerve gasses such as

Sarin, Tabun or Soman belong probably to the most dangerous,

since they can be lethal in minutes when inhaled3 or absorbed

through the skin (Fig. 2).2,30 As mimics for Sarin and Tabun

we utilized DMMP, DCP and DCNP, which are commonly

used as analytes for organophosphonate sensing.24,31,32

The titration experiments were performed as follows: to a

solution of 8 or 9 in water (c = 5.8 � 10�7 M) an aqueous

analyte solution (c = 0.116 mM) was added and the

corresponding emission spectra (lex = 400 nm) were

measured. Apparently, organophosphonates are not capable

of coordinating to ZnII ions bound in a bisterpyridine

complex, since reactive Lewis acid sites are missing.32 The

addition of 5 equivalents (c = 2.9 � 10�6 M) of DMMP did

not result in an obvious optical response (Fig. 3a, blue).

However, after addition of 1 equivalent of sodium hydroxide,

the ZnII–terpyridine polymer partially depolymerized, enabling

a DMMP attack (Fig. S3 and S4, ESIw).32 Subsequent addition
of 10 equivalents DMMP (c = 5.8 � 10�6 M) leads to a 5-fold

increased emission intensity at 522 nm, as shown in Fig. 3a.

Since the measurements were performed significantly above

the detection limit, concentrations of 10�7 M are detectable

(Fig. S5a, ESIw), representing a significant improvement in

comparison to published systems (10�3 to 10�4 M).5,23,30

Dissociation constants (Kd) were calculated using the

fluorescence intensities at the beginning (I0), the point-of-

equivalence (Iend) and at a certain concentration of added

analyte [A] (Ix) and fitting to eqn (1) (Fig. S5, ESIw).33–35

I = (I0 + Iend[A]/Kd)/(1 + [A]/Kd) (1)

Applying eqn (1), the dissociation constant was calculated to

be Kd = 3.2 � 10�7. This value is in the same order of

magnitude as the one obtained by addition of Na3PO4.
27

In analogy to 8, also 9 was applied as sensor material. Here

the accessibility and Lewis acidity of the ZnII ion are much

higher, since it is complexed only weakly by one terpyridine

ligand. For that reason, DMMP attacks the ZnII already

without addition of base and the system exhibits a 7-fold

emission intensity (35 eq., Fig. 3b). Since for the detection of

organophosphonates by 8 the addition of base appeared to be

essential, an easy distinction between organophosphonates

and inorganic phosphates is possible. Thus, only inorganic

phosphates and cyanides can potentially interfere with each

other.27 To also distinguish between these two, the well-known

reaction of cyanide ions with ammonium polysulfide and

subsequent reaction with FeIII ions in acidic media leads to

the characteristic red color of Fe(SCN)3 (Fig. 4a III).

Moreover to study the detection of organophosphates with

reactive phosphoryl halides, DCP was utilized. Addition of an

aqueous DCP solution (c= 0.116 mM) to 9 (c= 5.8� 10�7 M)

led to an increased emission intensity (10 eq., 5 fold, Fig. S7a,

ESIw). Most likely, initial DCP addition leads to hydrolysis

Fig. 1 Left: SEC traces of 5 and 7. Right: MALDI-TOF MS spectra

of 5, 7 and 9.

Table 1 Selected photophysical data of 7–9

lmax
a/nm lPl

b/nm Fc

Water CH2Cl2 Water CH2Cl2 Water CH2Cl2

7 377 379 524 429 0.17 0.79
8 383 393 590 439 0.03 0.78
9 393 406 570 521 0.01 0.69

a Longest wavelength absorption maximum. b Excited at the longest

wavelength absorption maximum. c Absolute quantum yield.

Fig. 2 Schematic representation of the chemical structure of Sarin,

Tabun, DMMP, DCP and DCNP.

Fig. 3 Emission spectra of (a) 8 and (b) 9 (water, c = 5.8 � 10�7 M,

lex = 400 nm) upon addition of DMMP (water, c = 0.116 mM).

Fig. 4 (a) Test stripes dipped into a 10-5 M solution of 8 and NaOH.

One of both vials was exposed to DMMP atmosphere. (b) After

10 minutes the test stripes were irradiated (lex = 365 nm).
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and consequently attack at the ZnII ion, resulting in increased

emission intensity (Fig. S4 and S7, ESIw).32,36 Subsequent

addition of DCP leads, due to the phosphorylation of the

N-atoms, to a decreased emission intensity (Fig. S4, ESIw).24

Most probably, an internal charge transfer (ICT) from the

electron-rich chromophore to the electron-accepting pyridinium

moiety occurs, as indicated also by the red-shift in the UV-Vis

absorption spectrum (Fig. S6, ESIw).4,24,37 Performing an

analogue experiment with 8, the addition of 10 equivalents

DCP caused already decreased emission intensity (Fig. S7b,

ESIw). Since in 8 no weakly bound acetate ions are present,

DCP directly phosphorylates the pyridine of a dissociated ZnII

bisterpyridine complex. To prove this assumption, DCP was

added to 7 and also here instantly the emission intensity

decreased (Fig. S7c, ESIw). To exclude a potentialN-protonation

upon DCP hydrolysis, the reaction of 8 with DCP was

accomplished again in a buffered solution at pH = 7.0.

A similar observation could be found, underlining the robustness

of the detection system (Fig. S7d, ESIw). The Tabunmimic DCNP

exhibits similar detection behavior, as proven in the reaction

with 8. However, the cyanide ions formed upon DCNP hydrolysis

complex the ZnII ions, accelerating the phosphorylation of the

N-atoms (Fig. S8, ESIw).
Moreover, a straightforward protocol for the detection of

organophosphonates in the gas phase was established. Two

filter papers were dipped into a 10�5 M solution of 8 and

NaOH. Both test stripes were placed into a small sample vial

and these were transferred into a larger vial (Fig. 4b). Into one

of these larger vials 5 mL of DMMP were added and the vials

were closed. After 10 minutes, the test stripes were taken out and

irradiated with UV light (lex = 365 nm). The dipstick exposed to

the DMMP atmosphere showed significantly enhanced emission

(Fig. 4c).

A p-conjugated PEG-functionalized water-soluble bister-

pyridine was synthesized and characterized. The corres-

ponding ZnII coordination polymer 8 and complex 9 were

utilized as fluorometric sensor materials for nerve gas G

mimics. Upon analyte addition (c = 10�7 to 10�6 M) the

emission intensity increased by a factor of 5 to 7. The different

reactivity of 8 and 9 towards DMMP and DCP allows a clear

distinction between both. To exclude a positive response

caused by inorganic phosphates or cyanides we set up a test

series to selectively determine them in aqueous solution. The

use of a test stripe, dipped into a mixture of polymer 8 and

NaOH, allows additionally the detection of organophosphonates

from the gas phase.
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thank A. Baumgärtel for the MALDI-TOF MS measurements.

Notes and references

1 I. Willner, V. Pavlov and Y. Xiao, Nano Lett., 2005, 5, 649–653.
2 R. H. de Jong, Anesth. Analg., 2003, 96, 819–825.
3 F. R. Sidell and J. Borak, Ann. Emerg. Med., 1992, 21, 865–871.
4 S. Royo, R. Martinez-Manez, F. Sancenon, A. M. Costero,
M. Parra and S. Gil, Chem. Commun., 2007, 4839–4847.

5 D. Knapton, M. Burnworth, C. Weder and S. J. Rowan, Angew.
Chem., Int. Ed., 2006, 45, 5825–5829.

6 G. N. Tew and R. Shunmugam, Chem.–Eur. J., 2008, 14,
5409–5412.

7 A. L. Jenkins, O. M. Uy and G. M. Murray, Anal. Chem., 1999, 71,
373–378.

8 C. M. Rudzinski, A. M. Young and D. G. Nocera, J. Am. Chem.
Soc., 2002, 124, 1723–1727.

9 T. J. Dale and J. Rebek, Angew. Chem., Int. Ed., 2009, 48,
7850–7852.

10 J. Rebek and T. J. Dale, J. Am. Chem. Soc., 2006, 128, 4500–4501.
11 J. M. Rathfon, Z. M. Al-Badri, R. Shunmugam, S. M. Berry,

S. Pabba, R. S. Keynton, R. W. Cohn and G. N. Tew, Adv. Funct.
Mater., 2009, 19, 689–695.

12 T. M. Swager and S. W. Zhang, J. Am. Chem. Soc., 2003, 125,
3420–3421.

13 I. Hamachi, S. Yamaguchi, L. Yoshimura, T. Kohira and
S. Tamaru, J. Am. Chem. Soc., 2005, 127, 11835–11841.

14 A. J. Russell, J. A. Berberich, G. E. Drevon and R. R. Koepsel,
Annu. Rev. Biomed. Eng., 2003, 5, 1–27.

15 J. A. Ashley, C. H. Lin, P. Wirsching and K. D. Janda, Angew.
Chem., Int. Ed., 1999, 38, 1793–1795.

16 H. Sohn, S. Letant, M. J. Sailor and W. C. Trogler, J. Am. Chem.
Soc., 2000, 122, 5399–5400.

17 J. Ngeh-Ngwainbi, P. H. Foley, S. S. Kuan and G. G. Guilbault,
J. Am. Chem. Soc., 1986, 108, 5444–5447.

18 C. Hartmann-Thompson, J. Hu, S. N. Kaganove, S. E. Keinath,
D. L. Keeley and P. R. Dvornic, Chem. Mater., 2004, 16,
5357–5364.

19 H. B. Kraatz, M. A. K. Khan, K. Keirman and M. Petryk, Anal.
Chem., 2008, 80, 2574–2582.

20 W. E. Steiner, C. S. Harden, F. Hong, S. J. Klopsch, H. H. Hill and
V. M. McHugh, J. Am. Soc. Mass Spectrom., 2006, 17, 241–245.

21 W. E. Steiner, S. J. Klopsch, W. A. English, B. H. Clowers and
H. H. Hill, Anal. Chem., 2005, 77, 4792–4799.

22 E. Climent, A. Marti, S. Royo, R. Martinez-Manez,
M. D. Marcos, F. Sancenon, J. Soto, A. M. Costero, S. Gil and
M. Parra, Angew. Chem., Int. Ed., 2010, 49, 5945–5948.

23 S. Royo, A. M. Costero, M. Parra, S. Gil, R. Martinez-Manez and
F. Sancenon, Chem.–Eur. J., 2011, 17, 6931–6934.

24 H. J. Kim, J. H. Lee, H. Lee, J. H. Lee, J. H. Lee, J. H. Jung and
J. S. Kim, Adv. Funct. Mater., 2011, 21, 4035–4040.

25 H. O. Michel, E. C. Gordon and J. Epstein, Environ. Sci. Technol.,
1973, 7, 1045–1049.

26 C.-L. Ho and W.-Y. Wong, Coord. Chem. Rev., 2011, 255,
2469–2502.

27 A. Wild, A. Winter, M. D. Hager and U. S. Schubert, ACS Comb.
Sci., 2011 submitted.

28 C. Y. Yi, C. Blum, M. Lehmann, S. Keller, S. X. Liu, G. Frei,
A. Neels, J. Hauser, S. Schurch and S. Decurtins, J. Org. Chem.,
2010, 75, 3350–3357.

29 A. Wild, A. Winter, F. Schlütter and U. S. Schubert, Chem. Soc.
Rev., 2011, 40, 1459–1511.

30 A. J. Weerasinghe, C. Schmiesing and E. Sinn, Tetrahedron, 2011,
67, 2833–2838.

31 S. H. Jang, Y. D. Koh, J. H. Kim, J. H. Park, C. Y. Park,
S. J. Kim, S. D. Cho, Y. C. Ko and H. L. Sohn, Mater. Lett.,
2008, 62, 552–555.

32 K. Kim, O. G. Tsay, D. A. Atwood and D. G. Churchill, Chem.
Rev., 2011, 111, 5345–5404.

33 S. S. Lehrer and G. D. Fasman, Biochem. Biophys. Res. Commun.,
1966, 23, 133–138.

34 A. Coskun, B. T. Baytekin and E. U. Akkaya, Tetrahedron Lett.,
2003, 44, 5649–5651.

35 S. Mizukami, T. Nagano, Y. Urano, A. Odani and K. Kikuchi,
J. Am. Chem. Soc., 2002, 124, 3920–3925.

36 P. M. Beaujuge, C. M. Amb and J. R. Reynolds, Acc. Chem. Res.,
2010, 43, 1396–1407.

37 W. Goodall and J. A. G. Williams, Chem. Commun., 2001,
2514–2515.

Pu
bl

is
he

d 
on

 0
8 

D
ec

em
be

r 
20

11
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a 
- 

Ir
vi

ne
 o

n 
25

/1
0/

20
14

 0
4:

58
:1

0.
 

View Article Online

http://dx.doi.org/10.1039/c1cc15978j

