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Copper(ID Ion Coordination-Controlled Twisted Intramolecular Charge
Transfer Dual Fluorescence Emission

ZHANG Jing-Li FAN Wei-Zhen YAN Su-Ting LIN Li-Rong® HUANG Rong-Bin
(College of Chemistry and Chemical Engineering, Xiamen University, Xiamen, Fujian 361005, China)

Abstract: Two twisted intramolecular charge transfer (TICT) fluorophores (1 and 2) were designed and synthesized to
control the dual fluorescence emission by Cu®* coordination. The dual fluorescence of 2 is quenched upon the
addition of Cu®* ions in an “on-off” process similar to PET inhibition. The dual fluorescence of 1 exhibits emission
quenching initially and then long-wavelength band (TICT band) emission enhancement with “on-off-on” signalling
behaviour. The crystal structure of the Cu** complex with 1 was also obtained, and its fluorescence properties were
reported. '"H NMR spectral titration results indicate that the degree of charge transfer is a crucial factor for the
resulting TICT state emission. Fluorophore 1 is a new TICT compound in which TICT emission can be tuned by

copper ions with a dramatic change via “on-off-on” signalling behaviour. CCDC: 899958, Cu*-1.

Key words: twisted intramolecular charge transfer; dual fluorescence; copper(Il) ion; coordination; “on-off-on” signalling behaviour

0 Introduction fluorescence N, N-dimethylaniline (DMA) derivatives
with electron acceptors at the para position of the

Since Lippert and co-workers first reported the donor have been investigated. The two emission bands
dual fluorescence of  4-(NV,N-dimethylamino) were assigned to the locally excited (LE) state and the
benzonitrile (DMABN) in the late 1950s", many dual twisted intramolecular charge transfer (TICT) state,
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where the TICT emission is attributed to a charge
separation in an orthogonal rotamer with respect to a
C-N linkage between an acceptor group (phenyl ring)

and a donor group (dimethylamino group) in the

excited states ',

Although many experimental and
theoretical studies have been performed, TICT theory
is still controversial and metal coordination control of
TICT has remained elusive "',
examples in which the cation interacts with the
group of the
Generally, the coordination of a transition metal ion

(3d", n<10) quenches the

fluorescence emission of the fluorophore, usually by

There are a few

[23:24]

electron-acceptor fluorphore

with an incomplete d level
electron transfer or energy transfer (on-off signalling
behaviour)™?". Both mechanisms have been observed
for Cu?**. TICT fluorophores for Cu®* have also been
found with enhanced short-wavelength emission of the
LE state at the expense of the long-wavelength TICT
P23 This

principle to photoinduced electron transfer (PET)

emission phenomenon is similar in
inhibition (off-on signalling behaviour). Recently, Cu*
was incorporated into the electron acceptor of a TICT
fluorophore with a dramatic enhancement of CT

(off-on signalling behaviour) . TICT

fluorophores with dual fluorescence emitted from two

fluorescence

excited states provide a unique opportunity to

determine the influence of cation binding on the CT

transition ¥ Tn this study, according to the TICT

(Scheme 1) were
4-(N, N-

dimethylamino)benzamide™*, whose electron acceptor

mechanism, fluorophores 1 and 2

straight-forward ~ designed based on

is changed into bis (pyridin-2-ylmethyl)amine, acting
as a receptor for Cu’*. Accordingly, the methylene
substituent as a structural alteration would affect the
dual fluorescence behaviour of the two fluorophores
upon binding with Cu** ions. Thus, the two new TICT
dual fluorescent fluorophores show very different

signalling responses to Cu*.
1 Experimental

1.1 Materials

2-(Chloromethyl)pyridine ~ hydrochloride ~ and
Ethyl-(dimethylamino)benzoate were purchased from
Sigma-Aldrich Chemical Co.. The other chemicals
were obtained from Sinopharm Chemical Reagent Ltd.
Co. and used as received without further purification.
Analytical-grade solvents (Shanghai Chemicals Group
Co.) were redistilled before use. Distilled-deionised
water was used throughout the experiment.
1.2 Physical Measurements

ESI-MS data were obtained on a
ESQUIRE-3000  Plus  LC-MS/MS
Absorption spectra were scanned on a Shimadzu

UVv224012PC

Fluorescence spectra were recorded on a Hitachi F-

Bruker
spectrometer.
absorption

spectrophotometer.
p P

7000 spectrofluorometer. The slit of UV-Vis spectra

Scheme 1

Syntheses of 1 and 2: (a) refluxed, 5 h; (b) refluxed, 24 h; (c) 5 mol-L™" NaOH, CH,CH,OH,

refluxed, 4 h; (d) 4 mol- L NaOH, CH;CH,OH, refluxed, 15 h
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measurments was 1 nm. The fluorescence emission
spectra were measured at an excitation wavelength of
300 nm. Both of spectral bandwidths for excitation
and emission monochromators were set at 5 nm. 'H
NMR and “C NMR were acquired on a Bruker Unity
400 MHz spectrometer using TMS as an internal
standard. The melting point was determined with a X-
4 micromelting point apparatus without correction.
The fluorescence quantum yield was determined by
using comparative method with quinine sulphate as
standard™. The X-ray diffraction data were collected
on a Bruker SMART Apex CCD diffractometer
equipped with graphite-monochromatic Mo Ka (A =
0.071 073 nm) radiation using an @ scan mode at
293(2) K. The structure
methods with SHELXS-97 and refined by full-matrix
least-squares calculations with SHELXL-97 based on

was solved using direct

F 2B All non-hydrogen atoms were located at the
calculated positions.

CCDC: 899958, Cu*-1.

1.3  Preparation of 4-(Dimethylamino) benzo-
hydrazide'

A mixture of ethyl-4-(dimethylamino)benzoate
(10.0 g, 52.0 mmol) and hydrazinium hydroxide (85%,
100 mL) in a round-bottom flask was stirred and
refluxed at 120 °C for 5 h. After that, the solution was

cooled to room temperature and forming white
precipitate which was then filtered off under reduced
pressure and washed several times with pure water.
The product was recrystallized from ethanol (7.0 g,
Yield: 75%). m.p.: 175~177 °C; 'H NMR (400 MHz,
DMSO-dg), 3 2.98 (s, 6H, CHs), 4.33 (s, 2H, NH,),
6.68~6.70 (m, 2H, ArH), 7.69~7.72 (m, 2H, ArH),
9.40 (s, 1H, NH); ESI-MS: m/z Calculated for 179.11,
Obsd. 180.2(M+H)".
1.4  Synthesis of 4-(Dimethylamino)-N’, N’ -bis
(pyridin-2-ylmethyl)benzohydrazide(1)™"

A mixture of 4-(dimethylamino)benzohydrazide
(1.6 g 9.0 mmol) and
hydrochloride (3.2 g, 19.7 mmol), dissolved in mixed
solution of 25 mL, 5 mol :L " NaOH and 20 mL

ethanol, then was stirred and refluxed at 100 °C for

2-(chloromethyl)-pyridine

5 h. After that, the resulting solution was cooled to

room temperature and 100 mL of saturated NaOH
solution was added to the mixture followed by
extraction with CH,Cl, untill the CH,CI, layer was
slightly yellow in color. The red solution was washed
successively with an aqueous HCI solution (pH =5),
saturated brine solution. Then, the CH,Cl, solution was
dried over anhydrous MgSO, and filtered. Removal of
the solution afforded the ligand as a red yellow solid.
The red yellow solid was recrystalized with acetic
ether/CH,Cl, (1:1, V/V) (2.26 g, Yield: 70%). m.p.:
193~195 °C; '"H NMR (400 MHz, DMSO-dg), 6 2.92 (s,
6H, CH;), 4.27 (s, 4H, CH,), 6.62 (d, 2H, J=8.8 Hz,
2H, ArH), 7.21~7.23 (m, 2H, ArH),7.53 (d, J=8.7 Hz,
2H, ArH); 7.75~7.77 (m, 4H, ArH), 8.46 (d, J=4.1 Hz,
2H, ArH), 9.35 (s, 1H, NH). ®C NMR (100 MHz,
DMSO-dq), 6 40.16, 62.45, 111.17, 120.74, 123.18,
129.00, 136.84, 149.14, 152.59, 158.65, 165.66. ESI-
MS: m/z Calculated for 361.19, Obsd. 362.2(M+H) *.

1.5 Preparation of N-(2-aminoethyl)-4-(dimethyl-

amino)benzamide

of N-(2-
aminoethyl)-4-(dimethylamino)benzamide  is
with that of 4-(dimethylamino)benzohydrazide. A
mixture of ethyl-4-(dimethylamino)benzoate(10.0 g, 52

The procedure for preaparation

similar

mmol) and ethane-1,2-diamine(100 mL) was stirred at
120 °C for 48 h. The resulting solution was allowed to
cool to room temperature, then the forming yellow
precipitate was filtered off under low pressure and
washed several times with acetic ether with 70.3%
yield. m.p.: 73~74°C; '"H NMR (400 MHz, DMSO-dy),
0 1.46 (bs, 2H, NH,), 2.66 (d, J=6.6 Hz, 2H, CH,),
2.96 (s, 6H, CH;), 3.22 (d, J=5.8 Hz, 2H, CH,), 6.69
(d, J=9.0 Hz, 2H, ArH), 7.72 (d, J=9.0 Hz, 2H, ArH),
8.02 (s, 1H, NH); ESI-MS: m/z Calculated for 207.14,
Obsd. 208.2(M+H)".
1.6  Synthesis of N-(2-(bis (pyridin-2-ylmethyl)
amino)ethyl)-4-(dimethylamino)benzamide(2)
A mixture of N-(2-aminoethyl)-4-(dimethylamino)
benzamide (1.0 g, 6.1 mmol) and of 2-(chloromethyl)-
pyridine hydrochloride (0.58 g, 2.8 mmol), dissolved
in 15mL of 5 mol -L. ™" NaOH and 15 mlL ethanol
mixed solution, then was stirred and refluxed at 100

°C for 15 h. After that, the resulting solution was
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cooled to room temperature and the mixture was
extracted with CH,Cl, untill the CH,Cl, layer was
slightly yellow in color. The CH,Cl, solution was
washed successively with an aqueous HCI solution
(pH=5) for seven times, and saturated brine solution
for 3 times. And the CH,CI, solution was dried over
MgSO, and filtered. Removal of the
solution afforded the ligand as a yellow liquid. The

anhydrous

yellow liquid was chromatographed on silica gel with
acetic ether/CH;CH,OH (100:1, V/V) as eluent to give
0.2 ¢ (182%) of 2 as a coloress liquid. 'H NMR
(400MHz, DMSO-ds), 6 2.67 (1, J=6.5 Hz, 2H, CH,),
2.96 (s, 6H, CH3), 3.43~3.38 (m, 2H, CH,), 3.81 (s,
4H, CH,), 6.72 (d, J=9.0 Hz, 2H, ArH), 7.23 (ddd, J=
74,49, 1.0 Hz, 2H, ArH), 7.53 (d, J=7.8 Hz, 2H,
ArH); 7.67 (id, J=7.6, 1.6 Hz, 2H, ArH), 7.75 (d, J=
8.8 Hz, 2H, ArH), 8.15 (s, 1H, NH), 8.47 (d, J=4.0
Hz, 2H, ArH).”C NMR (100 MHz, DMSO-dg), 6 36.71,
53.58, 59.49, 73.64, 111.27, 121.65, 122.39, 123.21,
128.88, 137.12 , 149.18 , 152.86, 158.70, 166.70.
ESI-MS: m/z Calculated for 389.22, Obsd. 390.7 (M+
H)*.

2 Results and discussion

The fluorescence measurements of the two TICT
fluorophores were performed in representative solvents
of different polarity, as shown in Fig.1. As expected,
these two fluorophores emit typical dual fluorescence
in normal polar solvents, such as methanol, ethanol,
acetonitrile and dichloromethane. The influence of
Cu® * ions from copper (II) nitrate on the dual
fluorescence of the two fluorophores was investigated,
and their dual fluorescence behaviour response to Cu*
was expected to be different.

Fig.2 shows that, upon the addition of Cu®* ions,
the variation of the dual fluorescence of 1 (quantum
yield=0.022 in acetontrile) is very different from that of
2 (quantum yield =0.013 in acetontrile). The dual
fluorescence maxima of 2 at 363 nm and 492 nm are
quenched upon the addition of Cu** ions in an “on-off”
process similar to PET inhibition. In contrast, the dual
fluorescence maxima of 1 at 372 nm and 498 nm are

initially quenched upon the addition of Cu** ions in an
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4, Methanol
5, Water
6, Hexane
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6, Water
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\ 1, Dichloromethane 1

2000
1500
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400 500 600 400 500 600
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Fig.1 Dual fluorescence spectra of 1 (5.0x10~ mol- 1.,
left) and 2 (5.0x107° mol- L, right) in different

solvents

“on-off” process. The long band at 416 nm then
appeared and was enhanced in an  “off-on” process
upon the addition of more Cu?*ions, whereas the short-
wavelength band at 372 nm plateaued. Other Cu®*
compounds, such as CuSO,, CuCl,, Cu (ClOy),, yielded
the same results. That is, 1 shows “on-off-on” signalling

2+ coordination. This

behaviour controlled by Cu
behaviour is different from that of previously reported
TICT fluorophores for Cu**, for which the LE emission
was greatly enhanced upon Cu?* binding whereas the
TICT emission was quenched or the LE emission
changed only slightly whereas the TICT emission was
dramatically enhanced and blue-shifted®3,

The total fluorescence intensity of 1 in aqueous
acetonitrile solution is independent of the aqueous
phase pH value over 5~12 (Fig. S1 in Supporting
Information);  therefore, all  experiments  were
performed in an acetonitrile/water mixed solution (1:1,
V/V). The response of fluorophore 1 toward a variety
other metal ions, namely, Ph**, Zn**, Hg**, Ni**, Ag®,
Co*, Cd*, Mn*, Ca*, Fe* Al*, K¥, Na*, and Mg, was
also examined in the acetonitrile/water solution. As
expected, these metal ions simply quenched the

(see Fig.S2 in SI).

Meanwhile, the dual fluorescence of 1 in the presence

fluorescence to differing extents

of two equivalents of Cu®* was barely affected by the
coexistence of six equivalents of other metal ions (Fig.
3). This finding indicates that fluorophore 1 shows a
and  highly

response toward Cu™.

special selective dual fluorescence
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Fig.2 Evolution of fluorescence spectra during the
titration of 1 (5.0x107 mol- L™, left) and
2 (5.0x10° mol- L, right) with Cu® in
acetonitrile/water (1:1, V/V) solution
To understand the effect of Cu®>* on the dual
fluorescence of fluorophore 1, the evolution of the
fluorescence spectra as a function of the ratio of Cu**
concentration to 1 (Fig. S3 in SI) was studied. The
results revealed that the dual fluorescence emission of
1 decreased dramatically before the amount of Cu?*
which the
substantially shifted long band was observed and

reached one equivalent of 1, after

enhanced by the addition of more Cu®*, whereas the
short band did not change. Furthermore, when 2
equivalents of Cu?* were added, the intensity of the

dual fluorescence plateaued.

., 700 q 1

/

600 4

1+ 6 equiv (Pb™", Zn™, Hg™', Ni’, Ag’, Co™,
cd”, Mn™, Ca™, Fe¥', AI", K', Na', Mg
1+2 equiv. Cu™ + 6 equiv. Pb™", Zn™,
ngo’ Nih, Ag»f, Co”, C d“, an+’ Cah,
Fe*', A", K', Na', and Mg"")

1+ 2 equiv. Cu”

500 -

400 -

3004

200+

1004

Relative fluorescence intensity / a.u
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Fig.3  Fluorescence spectra of 1 (5.0x107 mol-L™) in the
absence and presence of 2 equiv. of Cu** and 2
equiv. of Cu* plus 6 equiv. of other metal ions in

acetonitrile/water (1:1, V/V) solution, respectively
The absorption spectra of 1 in the presence of
different concentrations of Cu’* ions are also scanned

(shown in Fig.S4). When increasing amounts of Cu®*

ions were introduced into an CH;CN/H,O (1:1, V/V)

solution, the absorbance peak centred at 307 nm of 1
(€37=3.6x10 * Lmol™-cm™) was gradually red shifted
to 324 nm and then increased with an isosbestic point
at 310 nm. The plot of the absorbance intensity at 324
nm versus the concentration ratio of Cu®* ions to 1

(Fig.4a) indicated that 1 binds with Cu** ions in a 1:1

stoichiometry.
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Fig4 Absorbance intensity at 324 nm (a) and 420 nm
(b) as a function of the concentration ratio of
Cu* to 1 (¢,=5.0x107° mol- L™

To ascertain the binding mode of Cu® with 1, the
complex of 1 with Cu®* was also obtained. The X-ray
quality crystals of Cu*-1 complex were easily obtained
by slow evaporation from the 1:1 (molar ratio) mixed
solution of Cu(NO;), with 1 in acetontrile and an X-ray
crystal structure analysis was performed, as shown in
Fig.5. The Cu®**-1 complex crystallizes in monoclinic
system, space group P2,/c with ¢=0.871 0 (1) nm, b=
1.384 3(2) nm, ¢=3.922 3(6) nm, «=90°, 8=96.193(2)°,
v=90°, V=4.701 6 (11) nm’, Z=4, Formula weight=
1116.02, D=1.58 g-cm™, u=0.990 mm™, F(000)=
2 303.4 at T=273 (2) K and 25 540 reflections were
measured, 9 233 unique (R;,=0.041), 8 036 (I>20(]))
which were used in all calculations with final R =
0.058. The asymmetric unit has two independent
molecules and one free water molecule. The Cu®*
cation chelates to 1 with the pyridine N, the carbonyl
O and the hydrazide N and binds the two O atoms of
nitrate  to form a  six-coordinate  octahedral
arrangement. This cation is counterbalanced by one
nitrate anion. The coordination of Cu** leads to a
lengthening of the C=0 bond (0.123 nm) and a
shortening of the C-N bond (0.134 nm) and the C(9)-C
(6) bond (0.147 nm)™*. At the electron-donor side,



2186 Jd Hl fk

i
g3
=5
#
o
gl
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Fig.5 Thermal ellipsoid plot of the Cu* complex with 1 at the 50% probability level

the twisted angle between the plane through C (2), C
(1), and N(1) of the dimethylamino group and that of
the phenyl ring amounts to 15.23°(0.59).

>+ complex

The fluorescence spectra of the Cu
(quantum yield @=0.019 in acetontrile) show only one
band at the same wavelength in both the solid state and
solution (Fig. S5 in SI), giving strong support for the
dual fluorescence of 1 evolving in the presence of Cu**
before the amount of Cu** reached one equivalent of 1.
The next question is why the long-band fluorescence
enhancement and blue shift were observed upon after
Cu®* ions exceeding one equivalent of 1 were added.
When further examining the nature of the interaction
between the Cu?* ions and 1, it was found that the
absorption peak centred at 420 nm suddenly appeared
and then increased in intensity when the concentration
of Cu* ions exceeded one equivalent of 1 (Inset of Fig.
6). As shown in Fig.4b, the plot of the absorbance
intensity at 420 nm versus the concentration ratio of
Cu®* ions to 1 exhibits an I'-shaped like curve with a
break point at the 1.0 ratio. That is, the Cu** ions
interacted with the formation of the Cu®*1 complex
when a greater amount of Cu®* was introduced. Thus,
greater amounts of Cu** affected the Cu**-1 complex, not
just 1. This assumption was further supported by the
absorption titration of the Cu*-1 complex with Cu** ions
in CH;CN/H,O solution (1 :1, V/V), in which the

absorption spectra of the Cu*-1 complex varied with the
concentration of Cu** ions (Fig.6). When an increasing
concentration of Cu®* ions was introduced into the
CH;CN/H,0 solution of the Cu*-1 complex, the band at
324 nm (£3,=3.6x10* L-mol™+cm™) was attenuated and
a new peak at 420 nm appeared. A plot of the
absorbance intensity at 324 nm versus the
concentration of Cu®* ions, after non-linear fitting
assuming a 1:1 stoichiometry, yielded a 1.6x10° L.- mol™
binding constant with a R* value of 0.996 1 (Fig. S6 in
SI). This effect is perhaps related to the amino nitrogen
of the donor group complexed with the Cu* ion"*?.. (The

effect of Cu® " itself to the absorption spectra was

1.5 1
g 2
S 104 i
o
Q
g
,.e = ==
8 400 450 500 550
RE) i Wavelength /
< 0.5 ‘avelen; nm

0.0

250 300 350 400 450 500

Wavelength / nm
Inset: magnified spectra between 300 nm and 500 nm

Fig.6  Evolution of UV-visible absorption spectra during
the titration of the Cu** complex (5.0x10~ mol -

L") with increasing Cu®* concentration
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excluded by checking its absorbance in the used
concentration range.)

'H NMR experiments were performed in CD;CN/
D,O (1:1, V/V) solution to further classify this TICT
mechanism. As Cu®* is paramagnetic, some of NMR
signals near the centre of coordinated Cu®* were absent
whereas those far from the Cu* centre were present and
the H,, H,, and H, protons in acceptors experienced
downfield shifts upon the addition of one equivalent of
Cu** ions, whereas H,, located in the dimethylamino
donor site, shifted upfield (Fig.7). The downfield shifts
of the H, (from 9.19 to 10.80), H, (from 7.40 to 7.87) and
H. (from 3.68 to 3.91) protons signals are due to the
decrease in the electron density by the coordination of
Cu®* at the acceptor sites. H,, in the dimethylamino
donor site firstly showed a downfield shift (from 2.75 to
2.78) and then an upfield shifts (from 2.78 to 2.69),
indicating that H;, hydrogens experienced an increase in
electron density. When a concentration of Cu’* ions
exceeding one equivalent of 1 was introduced, the slight

shifts

coordination effect of Cu®*

upfield observed also indicate that the
ions with nitrogen at the
dimethylamino donor weakened the upfield shifts. Thus,
the formation of the Cu?*-1 complex affected the
electronic structure properties of fluorophore 1 in the
ground state and efficient PET in the excited state may
occur due to the increased degree of charge separation
between the donor and acceptor. Thus, the TICT states

of the rotors did not cause any fluorescence emission of

142.0 equiv Cu

1+1.8 equiv Cu

1+1.6 equiv Cu

1+1.4 equiv Cu
1+1.2 equiv Cu .
1+1.0 equiv Cu
- ~
1+0.8 equiv Cu /|
1+0.6 equiv Cu  ¢H, _tH,
1+0.4 equiv Cu o
1402equivCu  HAHHM, Rk

W \‘ FHA»H

;I—ngwp_y G N |

14 13 12 11 10 9 8 7 6 5 4 3 2 1 0
0
Fig.7 'H NMR spectra of 1 in the presence of different
concentrations of Cu* ions in CD;CN/D,O (1:1,
V/V) mixed solution

1, leading to the absence of long-band fluorescence
emission of the Cu**-1 complex. However, the H,, H,, H.
and H, protons in acceptor and donor sites all
experienced upfield shifts upon the addition of more
than a stoichiometric amount of Cu®* ions, which
reduces the degree of charge separation between the
donor and acceptor and the retardation of PET. Thus,
the long-band fluorescence enhancement and blue shift
were observed after the concentration of Cu®* ions
exceeded one equivalent of 1. The blue-shifted TICT

emission in the presence of a greater-than-
stoichiometric amount of Cu** ions actually indicated an
enlarged energy gap between the emissive TICT state
and its corresponding ground state and the results of a
decreased radiationless rate constant . The NMR
results indicate that the degree of charge transfer is a

crucial factor in the resulting TICT state!*l.

3 Conclusions

In summary, two fluorophores (1 and 2) were

designed and synthesised to control the dual

fluorescence emission by Cu** coordination according to
the TICT mechanism. Fluorophore 2 is a normal TICT
compound in which dual fluorescence is quenched by
Cu®* ions in an “on-off” process similar to PET
inhibition. The dual fluorescence of fluorophore 1, on
the other hand, shows “on-off-on” signalling behaviour
with response to Cu** ions. The fluorescence properties
of the Cu®**1 complex, '"H NMR spectral titration
experimental results demonstrate that the degree of
charge transfer is a crucial factor for the resulting TICT
state emission. To our best knowledge, fluorophore 1 is
the first TICT compound in which TICT emission can be
tuned by copper ions with a dramatic change via on-off-
on signalling behaviour. 1 is a unique molecule
exhibiting a new mechanism via “on-off-on” dual
fluorescence of a highly selective response toward Cu**
ions. This TICT characteristic might provide a new
strategy for further development of new “on-off-on”

TICT fluorophores and helps further explain TICT

emission mechanism.
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