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The synthesis and characterisation of N-carbazolylmethylphosphonic acid 1, the
spectrophotometric absorption and emission features of aqueous 1 and its di-sodium
phosphonate derivative 2 and the absorption and fluorescence response of micromolar
2 to divalent metals zinc, copper, calcium and manganese are described. A manganese
derivative 3 was formed in the reaction between 1 and manganese carbonate and the
structure of 3 elucidated by single crystal X-ray diffraction and displaying stacked

carbazole units is presented. Atomic force microscopy (AFM) and fluorescence
microscopy images show that spin coating may be used to deposit blue emitting
micron sized assemblies of 1 on glass substrates from micromolar chloroform

solutions of 1.

Introduction

The phosphonate group —PO(OR), offers a diverse range of
metal binding possibilities depending on its constitution as
diester or the mono or dianion. While there are many structurally
characterised metal phosphonates known, examples where
the phosphonate contains a fluorescent organic group are rare.
We are studying the interactions between metals and new
ligands with phosphonate groups -PO(OR), attached to organic
fluorescent moieties. The effect of these interactions on the
intrinsic fluorescence properties of the fluor is important
regarding the potential applications of these compounds that
exploit their emissive properties. Recent reviews on phosphonate
chemistry indicate that the range of interests driving this field
cover catalysis, magnetochemistry, photochemistry, materials
chemistry and biological applications.! We previously reported
on quinolinyloxymethylphosphonates in the context of fluores-
cent sensing of metal ions.> Carbazole and its derivatives
have been incorporated in a range of materials to support
properties and applications such as electroluminescence,’
photoconductivity* and non-linear optical effects.” Moreover
its photophysical properties have allowed it to be developed as
a sensor for anions.® The carbazole group is also found in the
biologically active carbazole alkaloids.” In this paper we
report on the blue emissive compound N-carbazolylmethyl-
phosphonic acid 1 and the spectrophotometric response
(absorption and emission) of aqueous 1 to aqueous Na™,
Ca?*,Mn?", Cu®" and Zn"". Single crystals of the manganese(ir)
derivative 3 were isolated and the X-ray structure provides an
example of the interesting type of solid state assembly adopted
by this system. We also found that blue emitting micron sized
aggregates of 1 can be deposited from its micromolar
solutions.
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i CCDC reference numbers 779813. For crystallographic data in CIF
or other electronic format see DOI: 10.1039/c0nj00260g

Results and discussion
Synthesis

The N-carbazole methylphosphonic acid compound 1 (Scheme 1)
was obtained by hydrolysis of the corresponding phosphonate
ester A® mediated by trimethylsilyl iodide. A single peak was
seen in the proton-decoupled *'P spectrum of 1 at dp 17.17
considerably upfield from that observed for the parent diester.
The composition of 1 was confirmed by elemental analysis and
mass spectroscopy. Solutions of the disodium phosphonate 2
were prepared upon addition of 2 equivalents of NaOH to
solutions of 1 and these were subsequently titrated with a
range of metal nitrates using emission spectroscopy to follow
the fluorescence response. To demonstrate the coordination
behaviour of 1, we attempted to form complexes by a number
of different routes using different metal compounds. In the
event single crystals of a manganese derivative 3 were formed
as fine almost colourless needles when compound 1 and
manganese carbonate were mixed in methanol and water
and held at 120 °C following a protocol adapted from Lin
et al.® The crystalline material was seen for 1 : 2 but not 1 : 1

o0 -
—
N N
kﬁ OH I\O
L Il < L| _ONa
OH 2 “oNa
(iii)
(0] \
|\o
R |r! |_oE:
\OE[

Scheme 1 (i) Trimethylsilyl iodide, methanol. (ii) Aqueous sodium
hydroxide. (iii) Manganese carbonate in methanol-water 120 °C gives
[Mn(N-carbCH,PO,(OH)),-H,0], 3.

3 [Mn(N-carbCH,PO,(OH)),H,0],
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stoichiometric ratio of 1 : MnCO; and the needles could be
separated by hand from the rest of the reaction mixture. The
solid state structure of 3 is discussed below.

Structure of compound 3. There was difficulty in obtaining
high quality crystals of 3 for data collection. Several crystals
from different batches were investigated and the data presented
here represent the best obtained. Data analysis ruled out the
possibility of a non-centrosymmetric space group and P2,/c
was thus confirmed. In order to improve the quality of the fit to
these data, reflections showing low resolution were excluded.
All the P—(OH) hydrogens and the hydrogens of the coordi-
nated water molecule were located on the difference map.

The solid-state structure of compound 3 is shown in Fig. 1,
selected bond distances and angles in Table 1 and crystal data
are given in the Experimental section. The simplest represen-
tation of the structural unit consists of the dinuclear species
shown in Fig. 1. It can be seen from the bond angles in Table 1
that the geometry at manganese is essentially octahedral and

Fig. 1 Compound 3 showing the manganese coordination sphere.
Symmetry code: # —x + I, —y + 1, —z + L.

Table 1 Selected bond distances (A) and angles (°) for 3

the extended structure may be viewed as a series of edge-
shared MnOg bi-octahedra connected by N-carb-CH,P groups
as shown in Fig. 2. The six ligating moieties comprise four
PO-Mn bonds, two where the donor oxygen is p,-bridging
and two where the donor oxygen is ps-bridging between
phosphorus and two manganese atoms. The fifth and sixth
positions are filled by a PO(H)Mn bond and a coordinated
water molecule. Thus there are two types of N-carbCH,PO,(OH)
groups in the structure, one involved in linking the edge-
shared bi-octahedra and the other, a monodentate phospho-
nate ligand, occupies an apical position. It is not possible to be
certain which of the donor oxygens 1,-POMn or p3-PO(Mn),
is a phosphonyl P—=0O-Mn or phosphonate P-O-Mn although
the pu;-POMn has the shorter P-O bond distance. It is note-
worthy that in the case of monodentate N-carbCH,PO,(OH)
the coordinated P-O(7) distance is shorter (1.491(5) A)
than uncoordinated and likely phosphonyl P-O(5) (1.527(5) A).
An empirical formula describing the system is
[Mn(N-carbCH,PO,(OH)),-H,0]. Fig. 3 shows how the struc-
ture builds up in three dimensions along the y-direction to give

Fig. 2 Compound 3 showing phosphonate interconnected 8-rings.

Mn(1)-O(7) 2.058(5) O(7)-Mn(1)-0(3)
Mn(1)-0(3) 2.162(5) O(7)-Mn(1)-O(4)
Mn(1)-O(4) 2.176(6) 0(3)-Mn(1)-0(4)
Mn(1)-O(2)#1 2.185(5) O(7)-Mn(1)-O(2)#1
Mn(1)-0Q2)#2 2.201(5) 0(3)-Mn(1)-OQ)#1
Mn(1)-O(1)#3 2.351(5) O(4)-Mn(1)-O(2)#1
Mn(1)-Mn(1)#3 3.193(2) O(7)-Mn(1)-O(2)#2
O(1)-P(1) 1.573(5) 0(3)-Mn(1)-0Q)#2
O(1)-Mn(1)#3 2.351(5) O(4)-Mn(1)-OQ2)#2
O(1)-H(71) 0.94(5) O(2)#1-Mn(1)-O2)#2
0(2)-P(1) 1.526(5) O(7)-Mn(1)-O(1)#3
O(2)-Mn(1)#1 2.185(5) O(3)-Mn(1)-O(1)#3
OQ2)-Mn(1)#4 2.201(5) O(4)-Mn(1)-O(1)#3
0(3)-P(1) 1.510(5) O2)#1-Mn(1)-O(1)#3
O(4)-H(41W) 0.86(4) O(2)#2-Mn(1)-O(1)#3
O(4)-H(42W) 0.85(5) P(1)-O(1)-Mn(1)#3
O(5)-P(2) 1.527(5) P(1)-O(1)-H(71)
0(6)-P(2) 1.558(5) Mn(1)#3-O(1)-H(71)
O(6)-H(61) 0.90(5)

O(7)-P(2) 1.491(5)

101.02) P(1)-O(2)-Mn(1)#1 136.4(3)
84.1(2) P(1)-O(2)-Mn(1)#4 129.8(3)
97.4(2) Mn(1)#1-0(2)-Mn(1)#4 93.43(18)
101.12) P(1)-O(3)-Mn(1) 126.5(3)
85.00(19) Mn(1)-O(4)-H(@41W) 112(5)
173.7(2) Mn(1)-O(4)-H(42W) 134(7)
167.9(2) H(A1W)-O(4)-H(42W) 114(7)
88.90(18) P(2)-0(6)-H(61) 115(8)
87.7(2) P(2)-O(7)-Mn(1) 156.4(3)
86.57(19) 0(3)-P(1)-0(2) 114.3(3)
92.0(2) 0(3)-P(1)-0(1) 108.7(3)
162.55(18) 0(2)-P(1)-O(1) 110.3(3)
95.4(2) 0(3)-P(1)-C(13) 109.3(3)
81.10(19) 0(2)-P(1)-C(13) 106.2(3)
79.82(18) O(1)-P(1)-C(13) 107.9(3)
126.9(3) O(7)-P(2)-0(5) 114.03)
120(5) O(7)-P(2)-0(6) 110.7(3)
110(5) 0(5)-P(2)-0(6) 109.8(3)
O(7)-P(2)-C(26) 110.8(4)
O(5)-P(2)-C(26) 105.4(3)
0(6)-P(2)-C(26) 105.7(4)

Symmetry transformations used to generate equivalent atoms: #1 —x + 1, —y + 2, —z + 1 #2x,y— LLz#3 —x + 1, —y + 1, —z + 1 #4 x,

y+ 1,z
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Fig. 3 Compound 3 showing a view of stacked carbazole groups
(down the y-axis) around the inorganic core.

columns consisting of a metal oxide core surrounded by outer
face-to-face stacks of N-carbazole groups. The carbazole
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Cg-ring centroid-to-centroid distance for a pair of neighbouring
rings was found to be 4.753 A which is greater than the van der
Waals distance so typical van der Waals interactions between
these rings seem unlikely.'®

The key bond distances Mn—O(P) in 3 are in agreement with
similar distances in Mn[HO;PCH,C¢H,COOH],-2H,0."

Spectrophotometric features of 1 and 2. The pair of m—m*
transitions at 261 and 294 nm in 1 are red shifted by 2 and
4 nm, respectively, compared to the parent phosphonate ester
and carbazole while the n—n* bands at 332 and 348 nm are
shifted more than 10 nm (Fig. 4).

Compound 1 is moderately emissive, the quantum yield
@, 0.30 was determined for 1 using anthracene as a reference.'?
The observed emission bands for 1 have a similar shape to
those of the parent ester and carbazole'? but are red shifted by
11 nm (Fig. 4). This is of similar magnitude to the shift seen for
n—n* absorption bands.

Addition of up to 2 equivalents NaOH to dilute aqueous 1
was accompanied by a shift of the n—n* absorption bands at
290 to 293 nm and 262 to 260 nm coinciding with isosbestic
points at 278 and 293 nm (Fig. 5). The n—r* bands at 331 and
345 nm are also shifted slightly resulting in isosbestic points at
335, 341 and 348 nm. A pK; value of 2.14 for the more acidic
P-OH was evaluated using fractional composition versus pH
analysis and absorbance changes at 292 and 294 nm either side
of the isosbestic at 293 nm. Phosphonic acids RPO(OH),
typically have pK; =~ 2. In the corresponding deprotonation
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Comparison of absorption (left) and emission (right) of 1 vs. parent phosphonate ester in ethanol, /. 333 nm.
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Fig. 5 Absorption (left) and emission (right) for deprotonation titration of 35 pM and 5 pM aqueous 1 with 10 mM NaOH (4e 292 nm).

2594 | New J. Chem., 2010, 34, 2592-2598

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2010


http://dx.doi.org/10.1039/c0nj00260g

Downloaded by University of Belgrade on 02 January 2013
Published on 12 July 2010 on http://pubs.rsc.org | doi:10.1039/CONJ00260G

View Article Online

-0.25 eq Zn™*
0.50 eq Zn**
——0.75eq Zn
1.00 eq Zn*
-1.25eq Zn”"
1.50eq Zn™*
1.75eq Zn*"
2.0eq Zn**

2+

T
300 350
Wavelength/nm

A, 2
——0.25 eq Cu™*
——0.50 eq Cu**
——0.75eq Cu™
——1.0eq Cu™
——1.25eq Cu™
1.50 eq Cu™
——1.75eq Cu™
——2.0eqCu™

T
300 350
Wavelength/nm

wmmne B
——0.25eqCa”™
——0.50eqCa”™
——0.75eq Ca™*
——1.0eqCa™
——1.25eqCa”™
——1.50eq Ca™
1.75eqCa”
——2.0eqCa®

300 350
Wavelength/nm

2+

——0.25 eq Mn
———0.50 eq Mn**
——0.75 eq Mn*
——1.0 eq Mn*™
——1.25 eq Mn*™
1.50 eq Mn®*
——1.75eq Mn*
——2.0eqMn™

0.9
0.8
3
5 06 = OBy
= S
E § 0.4
[5]
= 03 £
g 021
<
0.0 G
T T T 1
300 350 400 450 500 250
(a) Wavelength/nm (b)
0.8
- 0.8
-
S
= 0.64
2
T 0.4 s
£ 2 0.4
o
3
2021
0.0
0.0
300 350 400 450 500 250
Wavelength/nm
(©) (d)
0.8-
s 061
z (]
Z 2
5 & 0.4
= £
2
< 024
0.0
- T - : 250
300 350 400 450 500
Wavelengthynm
(e) eng! ()
0.54
[}
o o
3 &
< g
z 2
& 2
E
0.04
300 350 400 450 500 250
Wavelength/nm
(g) (h)

300 350 400
Wavelength/nm

Fig. 6 Emission (left) and absorption (right) spectra for titration of 5 uM and 35 pM aqueous 2 with (a) and (b) Zn>", (¢) and (d) Cu®>", (e) and

(f) Ca®*, (g) and (h) Mn>", Ay 293 nm.
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Fig. 7 Atomic force microscopy images: (a) non-coated glass; (b) spin-coated glass (100 pL, 0.3 uM 1, in CHCl;), dried at 80 °C.

experiment using fluorescence, the emission of 5 uM 1 is
slightly quenched but not shifted (Fig. 5) after the addition
of 2 equivalents of NaOH to give solutions 2 of sodium
phosphonate.

We subsequently measured the fluorescence and absorption
response of 5 pM and 35 uM 2, respectively, to titration with
the biologically important metals Zn*", Cu®", Ca’>* and
Mn?* (Fig. 6) to see if there was any discrimination. The
emission was slightly quenched and red shifted 8-9 nm when
aqueous 2 was titrated with the aqueous metal nitrates of
Zn>", Cu®>" and Ca®>" but showed very little change when
titrated with Mn>*. An emission shift response like this is
indicative of metal cation induced charge separated excited
states. For Zn>" the shift was complete after addition of only
0.2 equivalents but occurred more gradually for Cu®>* and
Ca?" being complete at about 0.5 equivalents of added metal
ion. This is consistent with the process involving a greater than
1 : 1ligand to metal interaction. The Mn*" aquo ion does not
appear to induce an emission shift. Only in the case of Cu®" is
metal ion interaction with aqueous 2 evidenced by the appearance
of distinct isosbestic points around the n—n* bands in the
absorption spectra. These studies indicate that absorption and
emission responses of dilute solutions of 2 are indeed sensitive
to the nature of added divalent metal.

Emissive aggregates of 1. Phosphonic acids are known to
self-associate in solution and to form monolayers on various
surfaces.'* It was thus of interest to determine whether self-
assembled structures of 1 could be deposited or grown on a
surface. Thus we report here on an experiment in which
glass slides were spin coated from micromolar solutions of
1 in chloroform. The deposition of discrete aggregates of 1
was indicated by AFM images and fluorescence microscopy
(Zex 365 nm) images of the coated glass slides. These aggregates
were mostly spherical in shape and had diameters ~1-3 pm.
The deposited structures were observed to be blue emitting
using fluorescence microscopy (Fig. 7 and 8).

Several electroluminescent materials containing the carbazole
group have been used in light emitting diode (LED) devices.
Our system is of interest for such applications and will be
investigated further in this regard.

(a) (b)

Fig. 8 Fluorescence microscopy: (a) background glass slide (b) spin-
coated glass (100 pL, 0.3 uM 1, in CHCl,), dried at 80 °C.

Conclusions

N-Carbazolyloxymethylphosphonic acid 1 has been synthesised
and spectroscopically characterised. In this study we found that
the emission from 1 is red shifted with respect to the parent
phosphonate diester and carbazole but only slightly quenched
in the presence of 2 equivalents of sodium hydroxide. The
fluorescence response of the aqueous micromolar solutions to
various metal nitrates in water was indicative of metal cation
induced charge separated excited states for Zn>", Cu®" and
Ca’" aquo ions. A significant absorption response was seen
only in the case of Cu®>* aquo ion. It is possible that hydrogen
bonded aggregates of the phosphonic acid exist in these micro-
molar solutions facilitating interactions between emitting sites.
Indeed spherical micron size particles of aggregated 1 could be
spin coated on glass from micromolar 1. Structural charac-
terisation of a manganese(ir) derivative 3 revealed that the
emitting carbazole centers favour stacked column arrangements
in the solid state although there is no direct evidence for m—n
interactions.

Experimental

Solvents DMSO and DCM were dried over and distilled
from molecular sieves and calcium hydride, respectively, and
subsequently stored over molecular sieves.

Reagents and spectroscopic grade solvents were purchased
from Aldrich, Lancaster, Fluka or Avocado and were used
without further purification.

NMR spectra were recorded on: JEOL 270 (‘H, 270 MHz;
3C-{'H}, 67.9 MHz; *'P{'H}, 109.3 MHz), Bruker AM250
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("H, 250 MHz; "“C-{'H}, 629 MHz) and AMX600
('H, 600 MHz; C-{'H}, 150.90 MHz; 'P{'H}, 242.92
MHz) spectrometers. The chemical shifts are reported in parts
per million (ppm) relative to the position of the solvent signal.
The chemical shifts (8) for the solvents are CDCl; ('H, 7.26,
3¢, 77.23), CD;0OD ('H, 4.87, '3C, 49.15) and DMSO-dj
('H, 2.50, B¢, 39.50). A combination of one-and two-
dimensional experiments involving long-range (multiple bond)
"H-"3C correlation spectroscopy were used to confirm the
NMR assignments. Infrared spectra were recorded on a
SHIMADZU FTIR 8300 equipped with an ATR (Attenuated
Total Reflectance) attachment in the range of 4000-400 cm ™.
Mass spectra were obtained from services at the School of
Pharmacy, London, and the EPSRC Mass Spectrometry
service at the University of Swansea.

Elemental analyses (carbon, hydrogen, nitrogen) were obtained
from services at University College London. Melting points
were observed on an electrothermal melting point apparatus.

UV-vis spectra were recorded on a Hewlett-Packard 845x
UV-visible system equipped with a deuterium and tungsten
lamp with 1 cm quartz cells at room temperature.

Fluorescence spectra were obtained from a Yvon Jobin
Fluoromax 3 instrument. Stock solutions of 1 0.005 M in
ethanol were diluted in water. Solutions of 2 were prepared by
addition of 2 equiv. of NaOH to 1 and diluted as required.
Aqueous 5 pM 1 and 2 contained 0.1% ethanol while aqueous
35 uM 1 and 2 contained 0.7% ethanol.

The spectrophotometric titrations (uncorrected for performance
of the instrument) were performed by addition of metal ion
solutions (0.001 M) in 1.5 pL aliquots to 3 mL of 5 uM 1. The
change in concentration of 1 was assumed to be negligible.

Preparation of N-carbazolylmethylphosphonic acid 1

To a stirred solution of diethyl- N-carbazolylmethylphosphonate
(0.99 g, 3.12 mmol) dissolved in dry dichloromethane (10 cm®)
under an atmosphere of nitrogen was added trimethylsilyl
jodide (1.8 cm®). The red solution was stirred for 2 h then
methanol (15 cm®) was added. After a further 2 h stirring
the solvent was removed under reduced pressure and water
(20 cm®) added. The mixture was then concentrated under
reduced pressure. This step was repeated four times to give 1 as
an off-white solid (0.65 g, 82%).
5_-’/‘4\
/8\ 6/ 3
T
10 A2~ /
\11/ N\ o
1 3\||3| _OH
SoH

—2

Melting point: 245-247 °C.

High Resolution Mass Spec. Found: 279.089, C3HsN,O3P
[M + NH4]" requires 279.089.

Found: C 55.62; H 4.50; N 4.85%. Calculated for 1-H,O
C13H14NO4PI C 5592, H 505, N 5.02%.

'H (270 MHz, DMSO-d,) 8.12 (2H, d, J 7.4 Hz, Hs and Hg),
7.58 (2H, d, J 8 Hz, H, and Hy;), 7.42 (2H, dd, J; 8 Hz,

J> 7.4 Hz, Hy and Hy), 7.18 (2H, dd, J; 8 Hz, J, 7.4 Hz, H;
and Hyo) and 4.59 (2H, d, J 9.4 Hz, H;3).

3'p_{'H} (109.3 MHz, DMSO-dg) +17.17.

IR (Vmax/cm ') 3439br (O-H), 2882br ((P)O-H), 1601w
(Arc—c), 1488m (Arc—c), 1454m, 1415w, 1323w (C-N),
1261w (P=0), 1110m, 1026s, 964s, 744s, 717s, 505s, 486w,
451s, 413w.

Following the Jobin Yvon Horiba method using anthracene
as standard sample, the quantum yield of 1 was determined
P = 0.3."7

Preparation of compound 3

In a heavy-walled Pyrex tube, a mixture of MnCOj3 (0.022 g,
0.2 mmol) and 1 (0.026 g, 0.1 mmol) was thoroughly mixed in
methanol (1.0 mL) and H,O (0.2 mL). The tube was frozen,
sealed under vacuum and then placed in an oven at 120 °C.
After 48 h almost colorless needles were visible along with
fine powder and a quantity of these crystals were separated
(0.010 g, 33%). Several of the crystals selected from this batch
were shown to have the same unit cell and data were collected
on the best of these.

Melting point: decomposed above 340 °C

IR (cm™') 3422br (OH), 1601w (OH), 1489m (Arc—c),
1458s, 1419m, 1326w (C-N), 1257 m (P=0), 1157m, 1033m,
948m, 748s, 721m, 529m, 486w.

Note: no needle like crystals were observed when a 1 : 1
mole ratio of MnCOj3 and 1 was employed.

X-Ray crystallography on 3

A colourless needle with approximate dimensions of
0.26 x 0.04 x 0.01 mm was chosen for diffraction study. Data
were collected at 120 K using a Nonius Kappa CCD area
detector diffractometer mounted at the window of a molybdenum
rotating anode (50 KV, 85 mA, 2 = 0.71073 A). The crystal-
to-detector distance was 30 mm and ¢ and Q scans
(1.0° increments, 20 s exposure time) were carried out to fill
the Ewald sphere.

Data collection and processing were carried out using
DirAx,"> COLLECT,'® DENZO'!” and an empirical absorp-
tion correction was applied using SADABS.'®

The structure was solved by the direct method using the
SHELXS-97"° program, refined anisotropically (non-hydrogen
atoms) by full-matrix least-squares on F> using the SHELXL-97
program.'” The programs ORTEP-3?" and PLATON?' were
used for drawing the molecules. WINGX?? was used to prepare
material for publication.

Crystal data and refinement details are given below.

Compound 3

CysH24sMnN,O,P,, M = 593.35, monoclinic, a = 18.373(2),
b = 4.7525(4), ¢ = 29.191(3) A, p = 107.101(3)°, V =
2436.2(4) A3, space group P2;/c, Mo-Ko (A = 0.71073 A),
Z =4, D. = 1.618 Mg m~3, u = 0.726 mm !, reflections
measured 18437, reflections unique 3445 with R;,, = 0.1148,
T = 120(2) K, final R indices {I > 20(I)] Ry = 0.0861, wR, =
0.1498, and for all data R, = 0.1167, wR, = 0.1610.F
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