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The water sensing properties of four new efficient two-component colorimetric and fluorescent “turn-on” chemosensors

based on coumarin phenysemicarbazone skeleton bearing different acceptor/donor functional groups on aniline structural

subunit were investigated and are discussed in terms of photophysical properties, interaction mechanism, sensitivity and

substituent effect. Due to the sensing mechanism based on reversible acid-base keto/enolate (hydrazide/hydrazonolate)

equilibrium, all studied coumarin phenylsemicarbazone chemosensors provide rapid and reversible response to low-level

water content in polar aprotic solvents. To the best of our knowledge, determined detection limits for water by studied

chemosensors are amongst the lowest published detection limits in literature and can compete in sensitivity with

chemodosimeters. Their deficiency is, however, the necessity of F base presence.

Introduction

A Qualitative and quantitative detection of low-level water as
impurities in organic solvents has great significance in several
fields of chemistry and industry processes such as
pharmaceutical manufacturing, food processing, production of
anhydrous solvents and chemical reagents, petroleum fuel
industry, paper production and biomedical or environmental
monitoring.l'21 Classic and currently industry-wide methods for
the determination of water content are electrical sensors
electrophysical sensing
mechanisms (resistance, capacitance and conductivity change
in the presence of water/humidity) and some of them are
commercially available.* Although they allow a simple sensor
calibration and installation procedure, their limitations include
mainly insufficient portability/precision and sensitivity to
electromagnetic interference. In the laboratory scale, the most
broadly used techniques are gas chromatography and
particularly the Karl-Fisher titration.’ However, these
methods have the disadvantage of requiring time-consuming
sample preparation, inability of real-time monitoring of the
water content, skilled personnel, special equipment and
interference from other co-existing spet:ies.l'21 Moreover, the
Karl-Fisher titration is less sensitive in aprotic and non-
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alcoholic solvents."® Therefore, the development of effective
techniques for ultra-sensitive water content determination is
urgently required.

Recently, optical (colorimetric and fluorescent) sensors for
water sensing have drawn considerable attention due to their
flexibility in readout, the possibility of remote and in situ
monitoring as well as their easy and low-cost fabrication.** In
particular, low-cost, rapid, simple and sensitive fluorescence
methods, including lifetime, intensity and ratiometric
wavelength sensing, have been widely investigated. Excellent
review related to recent advances in the field of colorimetric
and fluorescent sensors for low-level water content,
categorized by sensing mechanism, was recently published by
Kim et al.”?

7-Dialkylaminocoumarins  (7-dialkylamino-2H-chromen-2-
ones) are arguably the most important and applicable subset
of coumarin fluorescent probes. Their fluorescence is strongly
dependent on the polarity, hydrogen bonding ability, pH, the
presence of quest anions, various metal ions, biologically
important compounds, chemical warfare agents and the
micro-viscosity or rotational hindrance in their local
environment.”“® In our recent two studies, the photophysical
properties of 7-(dimethylamino)coumarin-3-carbaldehyde and
its five phenylsemicarbazones with various electron-
withdrawing substituents in the para- position on the phenyl
ring in solution and polymer matrix were investigated.ag’50
Although para- NO, derivative exhibited a strong solvent effect
in polar solvents due to the formation of a non-fluorescent
TICT state, other para- substituted phenylsemicarbazones
showed practically solvent polarity independent high
fluorescence efficiency (quantum vyield) and were often
qualified as laser dyes in the given medium. Only recently
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coumarin-decorated Schiff base hydrolysis as an efficient
driving force for the fluorescent detection of water in organic
solvents was introduced.”

Herein, we report results of a comprehensive investigation
of water sensing properties of four donor/acceptor para-
substituted 7-dimethylaminocoumarin phenylsemicarbazones
1-4 as colorimetric and fluorescent chemosensors for low-level
water content in aprotic polar organic solvents (Scheme 1).
Although the presence of urea moiety in these derivatives
designated them to strongly basic anion sensingsz, competition
with water in reversible acid-base reaction leads to effective
two-component coumarin phenylsemicarbazone/anion optical
chemosensors. Despite of the sensing mechanism based on
acid-base equilibrium, they can be classified as “competitive
ligand-based” chemosensors, similar to fluoride complexes of
quinoline or phenolic dyes published by Kim et al. and Moon et
al., respectively.m'53 Compared to other “competitive ligand-
based” organic chemosensors for water detection, studied
two-component sensors exhibit significantly lower detection
limits.??
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Scheme 1. Molecular structure of studied coumarin phenylsemicarbazones 1-4.

Due to relatively high and undefined initial water content in
DMSO, quantitative analysis of studied two-component
sensors was carried out in acetonitrile (MeCN).

Results and discussion
Spectral characteristics

coumarin
50

Basic  spectral characteristics of  acceptor
phenylsemicarbazones 1-3 were discussed in our previous paper.
It should be only mentioned here that, independently on solvent
polarity, all three acceptor coumarin semicarbazones exhibit high
fluorescent quantum yields (®¢ > 0.4). Compared to them, new
methoxy derivative 4 shows significantly lower ®¢ values (Table 1).
Restricted m-conjugation between coumarin and aniline
chromophoric  subunits, spectral  overlap
methoxyaniline and dimethylaminocoumarin subunits and non-
sensitivity to solvent viscosity indicate that fluorescence quenching
in derivative 4 results from photoinduced electron transfer (PET)
from aniline to dimethylaminocoumarin moiety (due to +M
mesomeric effect of the —OCH; group; Scheme 2). The PET
manifests itself in rapid fluorescence quenching without the initial
fluorescence lifetime (7) shortening that would indicate a dynamic
guenching (Table 1). Moreover, the quantum-chemical calculations
of HOMO and LUMO orbital energy of the corresponding
chromophoric parts support the PET quenching mechanism (ESI
Table S1, ESI Scheme S1). Increased electron density of aniline
moiety due to +M effect of -OCH; leads to HOMO energy increase

of this chromophoric subunit.

zero between

Table 1. Basic spectral characteristics of studied coumarin derivatives 1-4 in MeCN and DMSO.

Page 2 of 10

An Ar T
R L @
(nm) o8 2 (nm) ’ (ns)
MeCN
7 =2.0 (32%) .
1 N 433 458 504 0.50 3 (6% 7 =1.135
7 =1.9 (36%) .
2 ¥ 429 4.56 503 0.69 33 (6% ¥2=1.120
7 =19 (28%) ,
3 CF 432 4.60 504 0.63 =1.160
: =32 (72%) r
4 OCH 430 4.48 504 0.14 71=09 (94%) 221190
2 : : 5 =32 (6%) =t
DMSO
1 N 441 4.56 514 0.85 7=13.0 (100%) 2=1.100
2 ¥ 441 453 514 0.89 7= 3.0 (100%) 72 =1.096
3 -CFs 441 451 514 0.93 7=13.0 (100%) y2=1.123
7 =0.77 (97%) ,
4 -OCH, 441 4.49 514 0.28 y2=1.190

=42 (3%)

Aa — Long-wavelength absorption maximum; Log &y — Log of the molar extinction coefficient in A5; A — fluorescence maximum; ®; — fluorescent quantum yield;

7— fluorescence lifetime; xz — Quality of fluorescence lifetime fitting

2| J. Name., 2012, 00, 1-3
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Photoinduced electron transfer (PET)
(fluorescence quenching)

Scheme 2. Photoinduced electron transfer (PET) from aniline to dimethylaminocoumarin moiety due to +M mesomeric effect of the —~OCH; group in studied metoxy derivative 4.

Instead of LUMO-HOMO emissive (fluorescent) deexcitation
pathway after photon absorption by coumarin, the electron
transfer occurs from aniline HOMO to coumarin LUMO orbital and
thus intensity. Although —OCH;
substituent in the para- position on the phenyl ring significantly

reduces the fluorescence

Anion addition

Gradual fluoride (F) anion addition to coumarin 1-4 solutions
shifts light absorption to red spectral region (Fig. 1A). Solution

influences sensor brightness &, x @ (particularly through @ value),
it practically does not affect absorption and fluorescence maxima
(4a and A, respectively), similar to acceptor substituents. Although
studied coumarin phenylsemicarbazones contain C=N double bond
in their structure, possible photoisomerization was not observed.

fluoresecence almost completely disappears (Fig. 1B).
Therefore, all four studied semicarbazone derivatives 1-4 could
be useful as colorimetric and fluorescent sensors for F anions.
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Fig. 1. (A) UV-Vis spectral change of coumarin semicarbazone 4 in MeCN (~3x10"° mol L; yellow spectrum) after F anion addition (~100 eun/—;lents). (B) Fluorescence change of
coumarin semicarbazone 4 in MeCN (~3x10° mol L% greenish spectrum) after F anion addition (~100 equivalents; Agx = Aa).

Other strongly and/or weakly basic anions such as acetate
CH5COO, bisulphate H,PO, or ClI anions do not induce
colorimetric response, however, CH3;COO anions quench
fluorescence quite significantly (probably through hydrogen
bonding)(ESI Fig. S1).

However, already air humidity diffusion leads to slow re-
colouration of solution to its original colour (from orange to
yellow). As expected, the same effect is achieved by gradual
low-level water addition (Figs. 2A and 3). Moreover, both
result also in initial green fluorescence recovery (Figs. 2B and
4).

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2. (A) Yellow-orange colour change of coumarin phenylsemicarbazone 1 in MeCN
after F~ anion addition (TBA'F) and reversible colour change due to low-level water
addition (< 1 wt%). (B) Fluorescence quenching of coumarin phenylsemicarbazone 1 in
MeCN after F anion addition (TBA'F) and its fluorescence recovery due to low-level
water addition (< 1 wt%) (cuvette photo under commercial UV lamp; Bex = 365 nm).
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Fig. 3. Evolution of the UV-VIS spectrum of two-component coumarin phenylsemicarbazone 4/F sensor in MeCN during its titration with water (~3x10° mol L 4 + 5x10° mol L™

TBA'F; T = 298.15 K) (left) + correspnding 3D graph (right).
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Fig. 4. Evolution of the fluorescence spectrum of two-component coumarin phenylsemicarbazone 4/F sensor in MeCN during its titration with water (~3x10° mol L 4 + 5x10” mol

L TBA'F; dex = An(keto-form); T = 298.15 K) (left) + correspnding 3D graph (right).

Observed absorption/emission changes can be rationalized
by reversible acid-base keto/enlolate
(hydrazide/hydrazonolate) equilibrium (Scheme 3). Addition of
strongly basic F anion leads to the most acidic NH group

deprotonation from initial coumarin phenylsemicarbazone

keto form that transforms to corresponding enolate with
increased conjugation and results thus in yellow-orange colour
change and simultaneous fluorescence quenching (Fig. 5). On
the contrary, addition of water as acid transforms the
coumarin phenylsemicarbazone enolate base to initial keto
form (Figs. 5 and 6). Because the fluorescence decay curve

4| J. Name., 2012, 00, 1-3

after F addition excludes dynamic quenching (Figure 6) and
the fluorescence intensity is only slightly sensitive to solution
viscosity (ESI Fig. S2), we assume that the fluorescence
quenching in the presence of F anions results from rapid
intersystem crossing.

Reversible process can be observed also in other polar
aprotic solvents (DMSO, DMF) (ESI Fig. S3). However, polar
protic solvents like MeOH and EtOH compete with water as
base and therefore studied two-component coumarin
phenylsemicarbazone/F chemosensors cannot be use for low-

content determination in these solvents.

level water

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5. "H NMR spectrum of 2 in DMSO-d before and after TBA*F and subsequent water addition (T = 298.15 K).

100004 2in MeCN | —IRF
Initial state
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Fig. 6. Fluorescence lifetime of 2 in MeCN before and after TBA'F and subsequent low-
level water addition (T = 298.15 K; Aex = Aaeto-form); results of fitting: Initial state: 7 = 2.0
ns (27%), > = 3.3 ns (73%), xz =1.082; F addition: 71 = 0.2 ns (47%), 7, = 2.4 ns (45%), 73
= 6.4 ns (8%), x° = 1.154; Water addition: 7; = 1.7 ns (20%), 7, = 3.0 ns (82%), x” =
1.191).
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Scheme 3. Acid-base keto/enolate (hydrazide/hydrazonolate) equilibrium in two-component coumarin phenylsemicarbazone/F chemosensors 1-4/F for low-level water content

determination in polar aprotic solvents.

Detection limit (3c/S) is the lowest concentration level
determined statistically different from a blank with 99%
confidence and quantification limit (10c/S) is the level above
which quantitative results are obtained with a specified degree
of confidence. The calculated detection and quantification
limits for water using studied two-component colorimetric and
fluorescence “turn-on” coumarin phenylsemicarbazone/F
chemosensors 1-4/F are summarized in Table 2 and ESI Table

This journal is © The Royal Society of Chemistry 20xx

S2. The determined 3c/S for water by chemosensors 1-4/F are
amongst the lowest published detection limits for this
molecule in MeCN and can compete in sensitivity with
chemodosimeters.? Compared to other “competitive ligand-
based” chemosensors for water detection, determined 3c/S
. s 3+ ..
are practically equal to the most sensitive Eu™ luminiscent
chemosensor published by Song et al®

J. Name., 2013, 00,1-3 | 5
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Although para- phenyl substitution does not significantly
affect the water detection limit of 1-4/F, the difference in
36/S can be noticed, almost for derivatives with mesomeric
effect of para- substituent (Table 2 and ESI Table S2). It should
be mentioned here that, instead of a typical Y-shaped urea —
NH-CO-NH- moiety conformation (s-trans, s-trans), quantum
chemical calculations confirm the presence of relatively strong

intramolecular hydrogen bonding in coumarin
phenylsemicarbazones (s-cis, s-trans conformation of urea
structural fragment)(ESI Table S3), similar to isatin

phenylsemicarbzones.55

36/S order correlates well with the determined association
constant (Kyss) order for apparent coumarin
phenylsemicarbazone:F 1:1 complex (ESI Table S4 and Fig. S4;
ESI Association constant determinationst). As is evident from
K,ss order, lower amount of for F in coumarin 1 solution with

the highest K, value is necessary to achieve the same enolate
concentration in solution compared to coumarin 4 with the
lowest K, value. Therefore, the presence of —CN substituent
with —M effect stabilizes enolate form by m-conjugation
enlargement and intramolecular hydrogen bond
strengthening, similar to corresponding enol form stabilization
by strong electron-accepting —NO, substituent in
unsubstituted coumarin phenylsemicarbazone (Scheme 4).50
Consequently, lower amount of water is necessary to solvate
the present inorganic salts in solution and to initiate
simultaneously back acid-base (enolate/keto) reaction. This
leads to slight decrease in 3c/S for 1/F, contrary to other
three chemosensors and almost 4/F sensor with +M effect and
the highest 36/S value. However, the 4/F sensor fluorescent
sensitivity can be largely affected (reduced) by significantly
lower @¢ due to PET.

N c’:'N
CH, §) CHs =
’N\ H\ﬁ ,N H\'
HC B —————= HCTY NG,
\ :
\f \N/ o YN\N//kO

-M effect of -CN group

Scheme 4. Stabilization of enolate form of coumarin cyano (CN) derivative 1 due to -M mesomeric effect of —CN group. —M effect leads to m-conjugation enlargement,

intramolecular hydrogen bond streightening and thus to enolate form stabilization.

Water detection range valid for chemosensors 1-4/F in
MeCN using fluorescence spectroscopy lies in the interval of O-
2 wt% (0-1.6 v/v%) and shows an excellent linearity in the
range of 0-0.46 wt% (0-0.36 v/v%)(ESI Fig. S5). It is only natural
that the detection range can be enlarged by a suitable
coumarin phenylsemicarbazone increase and simultaneous
optical path length decrease.” Detection range for studied
chemosensors is slightly larger for fluorescent than for
colorimetric determination and results probably from later
emissive “keto” excited state recovery in the presence of salts.

6 | J. Name., 2012, 00, 1-3

Table 2. Detection limit (LOD) and quantification limit (LOQ) for water in MeCN using
studied two-component coumarin phenylsemicarbazone/F chemosensors (determined
by fluorescence spectroscopy; T = 298.16 K).

Page 6 of 10

LOD (35/S)
wt% v/v%
1/F 0.0015 0.0019
2/F 0.0019 0.0024
3/F 0.0019 0.0024
4/F 0.0026 0.0033
LOQ (105/S)
wt% v/v%
1/F 0.0064 0.0050
2/F 0.0080 0.0063
3/F 0.0082 0.0064
4/F 0.0109 0.0085

wt (%) — weight of water/weight of solution in %; v/v (%) — volume of
water/volume of solution in %

This journal is © The Royal Society of Chemistry 20xx
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Conclusion

This paper investigated the mechanism, sensitivity and effect
of substituent on water sensing of four two-component
coumarin phenylsemicarbazone/fluoride water chemosensors
1-4/F. Addition of water transforms the coumarin
phenylsemicarbazone enolate form to less conjugated keto
form and results in naked-eye orange-yellow colour change
and simultaneous fluorescence increase in polar aprotic
solvents. Polar protic solvents compete with water as base in
acid-base enolate/keto (hydrazonolate/hydrazide) equilibrium
and studied chemosensors therefore cannot be used for low-
level water content determination in these solvents.
Determined detection and quantification limits for water are
amongst the lowest published detection limits water in MeCN
and quite reasonably correlate with apparent association
constants between coumarin phenylsemicarbazones and

fluoride anion.

Experimental Section
Synthesis

Synthesis of acceptor coumarin phenylsemicarbazones 1-3 was
published by Cigan et al., 2014.%° For data on the synthesis and
characterization of donor coumarin phenylsemicarbazone 4,
please see ESI Synthesist.

Spectroscopic measurements

Electronic absorption spectra were obtained on a HP 8452A
diode array spectrophotometer (Hewlett Packard, USA). Used
solvents (MeCN, DMSO, DMF) were HPLC (MeCN; LiChrosolv®,
Merck, Germany) or UV-spectroscopy grade (DMSO and DMF;
Uvasol®, Merck, Germany) and were used without further
purification. Solution fluorescence was measured in a 1 cm
cuvette with a FSP 920 (Edinburgh Instruments, UK)
spectrofluorimeter in a right-angle or front/face arrangement
(to exclude solution self-absorption). The fluorescent quantum
yield (®¢) of studied compounds in DMSO and MeCN was
determined by equations (1) and (2) using integrating sphere
(Edinburgh Instruments):

Lsam

= —=2am__ (0,
ERef—Esam (/0) (1)
corrected to re-absorption by:
=B %) @

1-a+a®f/100

where Ls,, is the area under the detected spectrum in the part
of the spectrum where sample emission occurs, Eges is area
under the reflection part of the detected spectrum using pure
solvent as reference material (diffuse reflectance), Es,m is area
under the reflection part of the detected spectrum after
absorption by sample and a is reabsorbed area. The time-
resolved fluorescence measurements were performed on a

This journal is © The Royal Society of Chemistry 20xx
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FSP 920 (Edinburgh Instruments, UK) spectrofluorimeter with a
time-correlated single-photon counting (TCSPC) module and a
red sensitive high speed photomultiplier in peltier housing,
featuring Hamamatsu H5773-04 detector (R928P detector;
Edinburgh Photonics, UK). Excitation source was 402.8 nm
picosecond pulsed diode laser (Model EPL-405; Pulse Width:
60.5 ps; Edinburgh Photonics, UK). Reconvolution fit analysis
software (F900, Edinburgh Instruments) was used for lifetime
data analysis.

Titration experiments
Materials

All four F, CH;COO’, H,PO, and CI anions in titration
experiments were added in the form of tetrabutylammonium
(TBA") salts purchased from Sigma-Aldrich (USA), and used
without further purification. Distilled water was used in all H,0
titration experiments.

General method

All titration experiments were carried out in MeCN (or in
DMSO, DMF) at 298.16 K. The coumarin phenylsemicarbazone
solutions were titrated with the corresponding anion solutions
to obtain 3x107 mol.dm overall coumarin
phenylsemicarbazone concentration of the resultant solution.
The titration process in 1x10° mol.dm™ to 1x102 mol.dm™
anion concentration range was monitored by UV-Vis and
fluorescence spectroscopy (in a 1 cm cuvette).

Detection and quantification limits

Detection limit (3c/S) and quantification limit (10c/S) for
water using studied two-component chemosensors were
determined by the following equations:

I3 (F-F)?
n-1_; (4)

36/S=3——-——"
S

> (F-F)
106/s=10+'11 (5)

where: ¢ is the standard deviation, F is the area under the
fluorescence curve of
phenylsemicarbazone and S is the slope of the F = flwt%) or F =
flv/v%) plot in the initial linear portion of the curve; in all cases
n=10.

emission coumarin

Quantum-chemical calculations

The Gibbs free energy of coumarinphenylsemicarbazone
conformers were investigated using quantum-chemical
calculations at the MO06-2x/6-311++G(dp) level of theory.
Stationary points were characterized as minima by
computation of frequencies. All
calculations were performed by Gaussian 09 program
pat:kage.56

harmonic vibrational

J. Name., 2013, 00, 1-3 | 7
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NMR spectroscopy

NMR experiments were recorded on Varian VNMRS 600MHz
spectrometer in 5mm NMR tube.
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