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Abstract

A photocrosslinked membrane (M-Cl) based on vingirplidone/butyl acrylate
containing ethylene glycol dimethacrylate as a slroking agent and methacryloyl
chloride as reactive monomer has been preparefiifitrer functionalization. A series
of hydroxy substituted piperazine naphthalimide poonds have been synthetized as
pH sensitive Off-On fluorescence probes using twethmds: microwave and reflux.
Three of the derivatives were selected to be amchtw the M-CI membrane through
the acid chloride groups by the Schotten-Baumamctian. All the obtained water-
swollen membranes were characterized using diffetenhniques. Photo-induced
electron transfer (PET) and its pH-dependent obtbanges were investigated and
various photochemical parameters were determinedsbyg pH-dependent absorption
and fluorescence spectroscopies. In the pH ran§e0ed.0, these solid sensors undergo
PET process from the piperazine to the naphthaémigiety leading to a fluorescence
quenching. However, in the pH range of 4.0-1.0, BH€T is inhibited to give a
fluorescence enhancement. The sensitivity of thectfaonalized membranes to pH
changes depended on the size and position of itemalimide substituents.

Keywords. photopolymerization, membrane functionalizationpaphthalimide

fluorescence probe.

1. Introduction

Polymeric membranes have been widely utilized aspgport material for various types
of sensors and also used in systems where theoeanwental information is gathered by
the measurement of photons. The most commonly usethod is fluorescence
emission. Its applications include optical chemighj2] and biological [3] sensors.

Hydrophilic polymer matrices are widely used fommmbilization of optical indicators



due to their advantages such as fast response lowecost, flexibility and their

capability for deposition into various types of strates.

In recent years, the developments of fluorescenek gensors have attracted
considerable attention because of their potengiplieation in environmental analytics,
medical diagnostics and process control [4,5]. Caneqb to small organic compounds,
polymer based optical sensors display several itapbadvantages as they can be non-
invasive or minimally invasive, disposable, easiiaturized and simple to process as
a membrane, coating or solid layer on adequatesesf[6,7]. The most widely used
technique amongst optical sensors is the measuteshfinorescence intensity. Among
the large number of fluorescent structures thaehaseen developed, 1,8-naphthalimide
derivatives have numerous applications in a vaoéwjifferent areas. They have gained
increasing interest as fluorescent probes for pt9],8metal cations [10,11,12,13]
and anions [14] because they have been recogniaecexcellent photophysical
properties with excellent stability, visible exditen and emission exhibiting high
fluorescence quantum yields and large Stokes' #hgft minimize the effects of the
background fluorescence.

Polymerizable naphthalimide derivatives have beapolymerized with different co-
monomers such as methyl methacrylate [15] and rsyfel6,17], 2-hydroxyethyl
methacrylate [18] and acrylamide [19,20]. In paride alkylpiperazinyl derivatives of
naphthalimides have been studied and their behagiqroton “off-on” switch sensors
has been demonstrated as very sensitive [21,22]né@bsting for applications [23] in

complex media.

In an earlier work, we modified the surface oflenfbased on a copolymer of ethylene
butyl acrylate with a naphthalimide derivative asaxidity sensor [24]. Even though
the functionalized film was effective as an acichss®, the hydrophobicity of the

polyolefin surface modified with 4-dimethylamino8inaphthalimide (water contact

angle value of 92.6°) increased the time of spoase to acid media.

Vinyl-pyrrolidone (VP) based materials exhibit highnteresting properties due to its
unique combination of physical and chemical prapsr(biocompatibility, nontoxicity,

chemical stability, good solubility in water and myaorganic solvents, affinity to both
hydrophobic and hydrophilic complex substancessoANMP copolymers with acrylic

monomers such as butyl acrylate (BA) have impordgapiications [25,26].
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In this work we have prepared a photocrosslinkedmbrane based in vinyl-
pyrrolidone/ butyl acrylate and added ethylene gllytmethacrylate as the crosslinking
agent and methacryloyl chloride as the reactive onaar for further functionalization.
Through the acid chloride groups, three derivatiwesaphthalimide were anchored to
obtain solid fluorescence sensors. The membrara@ion and the functionalization

with naphthalimides are shown in Fig. 1.
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Fig.1. Synthesis of the photocrosslinked acryliembheane containing acid chloride

groups (M-CI) and functionalization with the seltnhaphthalimide structures.

The naphthalimides linked to the membrane contgiracid chloride (M-CI) were
selected from a series of naphthalimide derivatpewsiously synthetized in this work
using two methods: microwave and reflux. The streg of the series (Fig. 2) are
hydroxyl derivatives of piperazine 1,8-naphthaliggdvhich have been reported to have
excellent fluorescence properties [21,22]. The imames were characterized and the

spectroscopic characteristics of the naphthalindigievatives and the membranes were



studied in function of pH and of different solvepblarities using UV-vis and

fluorescence spectroscopies.

2. Experimental
2.1. Materials and reagents

All materials and solvents were commercially avd#aand used as received, unless
otherwise indicated. The materials included: sodhydroxide (Panreac, 98-100.5%),
hydrochloric acid (VWR Chemicals, 37%), ultrapureilli@ water (Millipore),
triethylamine (Aldrich, >99%), 4-bromo-1,8-naphthalic anhydride (Aldrich, %895
potassium carbonate (Panreac, 99%), 2-aminoethagidrich, 99%), 2-
methoxyethylamine (Aldrich, 99%), piperazine (Atdrj 99%), 1-methylpiperazine
(Aldrich,  99%), 1-(2-hydroxyethyl)piperazine  (Aldh,  98%), 1-[2-(2-
hydroxyethoxy)ethyl]piperazine (Aldrich, 95%) etlohn(VWR Chemicals, 99.95%),
dimethylformamide (Scharlau, 99.8%), Irgacure 29%%otoinitiator (BASF), ethyl
acetate (Aldrichx>99.5%), hexane (Carlo Erba Reagents, 99%), 2-pmg&charlau,
99.5%), dichloromethane (Aldric,99.9%), toluene (Merck>99.9%), diethyl ether
(Carlo Ebra, >99.8%), 1,4-dioxan (Panreac, 99%jaklegdrofuran (Aldrich, 99.9%),
chloroform (Scharlau, 99%), acetone (Scharlau, %9, &cetonitrile (Aldrichz>99.5%),
1-butanol (Panreac, 99.5%), methanol (AldrieB9.8%), coumarin 6 (Aldrich, 98%),
dimethylsulfoxide D6 (Euriso-top, 99.8% D), chlosah-d (Aldrich, 99.8% D),
diiodomethane (Aldrich, 99%).

Monomers, 1-vinyl-2-pyrrolidone (Aldrictg97%), butyl acrylate (Aldrichz99%) and
ethylene glycol dimethacrylate (Aldrich, 98%) ancethacryloyl chloride (Aldrich,
>97%) were distilled under vacuum to remove thelitbr before use.

2.2. Spectroscopic characterization and thermallgsia

Attenuated Total Reflectance / FT-Infrared Specinpy (ATR-FTIR)was used to
characterize naphthalimide derivatives and memista®€TR-FTIR spectra were
obtained using a PERKIN ELMER BX-FTIR Spectrometeoupled with a
MIRacle™ATR accessory, from PIKE Technologies and integeams were obtained

from 32 scans.



UV spectroscopywas employed for the quantitative determinationeath hydroxyl-
piperazine-naphthalimide derivative anchored toylacrmembranes in @PERKIN
ELMER Lambda 35spectrometer. The naphthalimide content was détedrthrough
measurement of absorbance at the peak maximuneatliborption band. Assessment

was made in quintuplicate for each material.

Fluorescencespectra were recorded using a Perkin Elmer LS &oréscence

Spectrometer. Fluorescence emission spectra opriblee were recorded in the range
490-700 nm using as the excitation wavelength taeimum of the longest wavelength
absorption band. All the spectra were correctethgudhe response curve of the
photomultiplier. The fluorescence quantum vyields) (were measured relatively to

Coumarin 6 ¢ =0.78 in ethanol) [27].

Nuclear magnetic resonanctH- and **C- NMR spectra were recorded onVarian-
Mercury 400 MHz and a Bruker 300 MHz Nuclear Magnetic Resme Spectrometers
using hexadeuterated dimethyl sulfoxide (DMSfpahd chloroform-d (CDGJ as the
solvent. Chemical shifts were reported in parts mpéfion (ppm). *H-NMR and **C-
NMR chemical shifts were referenced to DMSE(2.5 and 39.52 ppm respectively) or
CDCl; (7.25 and 77.0 ppm respectively) as standard.

Mass SpectrgMS)were recorded on a HP 5973-MSD spectrometer.

Differential Scanning CalorimetryDSC) was performed on a METTLER DSC-823e
instrument (30-180C) previously calibrated with an indium standardn@& 429 K,
AHm= 25.75 Jd). Samples (10 mg) were tightly sealed onto the [P&As and heating
or cooling at 10C-min* rates under nitrogen. DSC was used to measurg/l&ss
transition temperature of the acrylic membranes #mel melting points of the
naphthalimide derivatives. The glass transitiongerature of the membranes)Tvere
determined in a second scan after erasing thequevthermal history of the material in

a first scan. rate of 10C/min under nitrogen flow (30 psi).

Thermogravimetric Analysis (TGAyas carried out in a TGA Q-500 TA Instruments
coupled to a Pfeiffer Vacuum ThermoSthmass spectrometer. The weight loss was
measured as a function of temperature, and thevedofjas masses were directly
monitored. The heating rate for the dynamic coodii was 10 °C-mih and the
nitrogen flow was maintained constant at 60 ml-mifhe onset degradation

temperature (dnse) Was defined as the initial temperature of degiadacorresponding
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to the intersection of the tangent drawn at theodgaosition step with the horizontal

zero-line of the TG curve.

Elemental analysis (EAyas carried out on a Carlo Erba EA1108 elementallyaar (%
of C, H, N).

2.3. Swelling Ratio and water contact angle measards

Swelling degree (SD) in water and THF of the ciogsld membranes were measured
by immersing dried and weighed sample filnvg) into deionized water or THF at
30°C for 24 h. The superficial solvent was remoard the samples were immediately
weighed Ws). The SD were calculated as follows: $%) = ((Ws —Wg)/Wy) X 100,
where W and W are the weight of the swollen and dry sample,eetsgely.

Contact angle (CA) measurements were performed &C2using a KSV instruments
LTD CAM200 Tensiometer and MilliQwater as wettinghgent. Surface energy was
determined using two liquids (water and methylesside) for the measurements. On

the basis of Owens—Wendt's method [28], the surawgy (v ) and its dispersive

(v % and polar ¢ P) parts were calculated using the CAM 200 software.

2.4. Microwave and UV irradiation equipments

The microwave equipment used in this work wasAaon Paar Monowavé&' 300
microwave synthesis reactor provided with an imdasensor (IR pyrometer). All
reactions were performed in pressure-resistant BBt tubes sealed with silicon

septum and using a magnetic stirring bar.

The photopolymerization reactions were carriediow Biolink™ BLX-365 type Bio-

link apparatus (Vilbert Lourmat™).

2.5. Membrane preparation by photopolymerization@Nl and functionalization with

HO-piperazine-naphthalimide derivatives

The reaction scheme for the photopolymerizationctrea and the membrane

functionalization with naphthalimide is shown igére 1.



A crosslinked membrane (M-CIl) was obtained by tlik photopolymerization of a
mixture of monomers: N-vinylpyrrolidone (VP), butgtrylate (BA), ethylene glycol
dimethacrylate (EGDMMA) as the crosslinking agemd amethacryloyl chloride
(MACI) as the reactive monomer. The monomer moddiorof the feed mixture was
VP:55/BA:35/ MACI:10/EGDMMA:5 and the photoinitiat¢lrgacure 2959) was added
to the mixture at 1% (w/w). The homogenous mixtweaes transferred to an ampoule,
degassed by argon bubbling for 15 min and injectexa previously degassed silanized
glass mould. The two glass pieces were separatedligfion spacer of 180 um thick to
define the reaction chamber. After 40 minutes mafdiation at 365 nm (dose 20 J &n
the transparent crosslinked membrane (180 pum akrbss) was demoulded and
conditioned (12h) at room temperature under argonosphere. The crosslinked
membranes were then washed several times with@thad dried under vacuum at 40
°C to remove the un-reacted monomers. The presainaeid chloride was confirmed
by ATR-FTIR (wavenumbers,cH), Vc-o acyl chloride 1795 cifi ve.c) 898 cnmt
together with the characteristic co-monomers bafdgP vc-o lactam, amide-I 1675
cm’t and BA, vc-o ester 1725 cifi ve.o (O-CH,-) ester 1161 cih The quantitative
determination of chlorine in the membrane (2.8%$ warried out by TGA-MS (Table 1
and Fig. 3B and C).

In a second step, the M-CI film was cut into stribsx 4 cm) and functionalized in the
solid state with the naphthalimide derivatives hetized in this work (Fig 2). The
procedure was as follows: the M-CI membrane waseolan an ace round-bottom
pressure flask with 20 mL of THF. 10 mg of hydrgxperazine naphthalimide
derivative (4a, 5b or 6b) and 500 upL of triethylamiwere added under argon
atmosphere. The mixture was heated at 55°C for Affer this reaction time, the
corresponding modified membranes M-4a, M-5b and bvw&re washed with cold
ethanol and with water thrice in order to remowe tinreacted acid chloride groups and
the unreacted naphthalimide. The hydrolysis reaabiounreacted acid chloride groups
was confirmed by ATR-FTIR and by TGA-MS as the cuderistic peak of acid
chloride was not present (Fig. 3C). After dryindpe ttransparent functionalized
membranes exhibited an intense yellow—-green fleerese and the content of
naphthalimide was quantitatively determined by UVs-8§pectroscopy (Table 1). The
characteristic peaks of naphthalimide structureshm membranes were not clearly



observed in the ATR-FTIR spectra due to their lotemsity and their overlap with the
broad absorptions of the membrane functional groups

2.6. Synthesis of the naphthalimide derivatives

Compound_2a was synthesized following the proceditiig. 2) described in the
bibliography All the naphthalimide derivatives wesgnthetized using microwave
(MW) and reflux (RF) methods with the same expentakconditions but differing in

reaction times and yields. The RF reactions timesevarger (15 h for all the reactions)
and RF yields were lower than those obtained umd\f irradiation. The synthesis

path-ways, naphthalimide structures and reactioa al@ shown in Fig.2.
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2a 2 90 15 76
2 2 93 15 80
3a 1 84 15 64
4a 1 85 15 67
5a 1 88 15 68
6a 1 85 24 70
3 1 84 15 69
4b 1 83 15 73
5b 1 84 15 71
6b 1 85 24 69




Fig.2. Synthesis of the naphthalimide derivatived their corresponding reaction times

and yields for microwave (MW) and reflux (RF) mediso

To synthesize the desired piperazinyl derivative naiphthalimide, two bromide
derivatives of naphthalimide containing 2-hydroxyét (Compound _2a) and 2-
methoxyethyl (Compound 2b) groups were synthesim@btbwing the procedure
described in the bibliography [29,30]. In a secastdp, the bromide atom was
substituted by piperazinyl groups (Fig. 2) follogia modified method similar to that
reported by Tian et al. [19].

2.6.1. Synthesis of N-(2-hydroxyethyl)-4-bromo+igBhthalimide (2a)

In a pressure-resistant microwave test tube, a umaxiof 4-bromo-1,8-naphthalic
anhydride (compound 1) (1.4 g, 5 mmol) and ethanahe (0.4 g, 5 mmol) in ethanol
(15 ml) was heated under argon at 85 °C and stateégDO rpm for 2h. The resulting
mixture was cooled at 5 °C. The solid separated fili@sed and washed with cold
ethanol (3 x 30 ml) and after dried was identifigel N-hydroxyethyl-4-bromo-1,8-
naphthalimide (compound 2a). Yield 90% (1.4 g). M296 + 2°C.*H-NMR (3, ppm)
(300 MHz, DMSO-¢, Me,Si): § 8.42 (dd,J = 13.9, 7.9 Hz, 2H), 8.20 (d,= 7.9 Hz,
1H), 8.10 (dJ = 7.8 Hz, 1H), 7.89 () = 7.9 Hz, 1H), 4.81 (s, 1H), 4.10 {t= 6.4 Hz,
2H), 3.61 (t,J = 5.9 Hz, 2H).2*C-NMR (¢ ppm) (100.6 MHz, DMSO+ MesSi): &
162.90, 162.85, 132.41, 131.42, 131.24, 130.80,.6129128.98, 128.67, 128.14,
122.70, 121.92, 57.71, 41.95. FT-IR (wavenumbersl)cvoy 3386 cmt'; ve.y 3066
cm* aromatic stretch vibrationc-01692, 1658 ci; Vn.c=01611 cm'; vc.c 1585, 1568
cm* aromatic ring chain vibrations. EA: theoreticalues: %C 52.52; %H 3.15; %N
4.38; experimental values: %C 52.42; %H 3.25; %R64EI-MS m/z calculated for
C14H10BrNOs (M+H)* 321.0; found 321.0.

2.6.2. Synthesis of N-(2-methoxyethyl)-4-bromorh@hthalimide (2b)

Compound 2b was synthetized following the same gatore described for compound

2a from but using 2-Methoxyethylamine (0.38 g, 5 oijnas a reactive amine. Yield
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93% (1.55 g). M.p.: 163.57 + 2°CH-NMR (34 ppm) (300 MHz, CDG| Me;Si): &
8.62 (d,J = 7.3 Hz, 1H), 8.52 (d] = 8.4 Hz, 1H), 8.38 (d] = 7.9 Hz, 1H), 8.00 (d] =
7.9 Hz, 1H), 7.85 — 7.77 (m, 1H), 4.42Jt 5.8 Hz, 2H), 3.72 () = 5.8 Hz, 2H), 3.37
(s, 3H).®C-NMR (3¢ ppm) (100.6 MHz, CDG| Me,Si): § 163.80, 163.78, 133.38,
132.26, 131.43, 131.18, 130.68, 130.40, 129.12,162823.09, 122.23, 69.68, 58.92,
39.50. FT-IR (wavenumbers, & vcy 3065 cmt aromatic stretch vibrationjo-chs
2824,2832 ci}; vc-01698, 1655 ci; Vn.cz01613 cni; ve.c 1589, 1570 cit aromatic
ring chain vibrations. EA: theoretical values: %83.91; %H 3.62; % N 4.19;
experimental values % C 53.82; % H 3.65; % N 4BBMS m/z calculated for
C1sH1:BrNOs (M+H)* 335.0; found 335.0.

Synthesis of compounds 2a and 2b were also caoigdin an ace round-bottom

pressure flask and conventional heating during $felded 75 and 80 % respectively.

2.6.3. Synthesis of N-(2-hydroxyethyl)-4-(piperazinyl)-1,8-naphthalimide (3a)

In a pressure-resistant microwave test tube, compda (0.20 g, 0.625 mmol) and
piperazine (0.16 g, 1.875 mmol) were mixed in 2hmogyethanol (5 mL) and heated at
130 °C in argon atmosphere under constant sti(606 rpm) for 1 h. The mixture was
poured into cooled ice/water at 5 °C and the residas filtered and washed with hot
ethanol (30 mL). The solution was filtered and #wvent removed under reduced
pressure in order to obtain the yellow solid commEbuM.p.: 219.23 + 2°C. MW-yield:
84%. RF method for compound 3a yielded a 64% affen of reaction time'H NMR
(300 MHz, DMSO#k) 6 8.48 — 8.41 (m, 2H), 8.38 (d,= 8.1 Hz, 1H), 7.79 (§ = 7.8
Hz, 1H), 7.30 (dJ = 8.2 Hz, 1H), 4.78 (s, 1H), 4.13 &= 6.4 Hz, 2H), 3.60 (s, 2H),
3.13 (s, 4H), 3.00 (s, 4H}3*C NMR (75 MHz, DMSO0)5 163.65, 163.11, 156.20,
132.14, 130.48, 129.15, 125.78, 125.22, 122.59,3B15114.79, 57.86, 54.10, 45.67,
41.60. FT-IR (wavenumbers, ¢ vy 3248 cmt'; vey 3066 cnit aromatic stretch
vibration; vc-01685, 1642 cil; vn.c-01613 cni; ve.c 1586, 1571 ci aromatic ring
chain vibrationsyny 1514 cnit flexion. EA: theoretical value8sC 66.45; %H 5.89;
%N 12.91; experimental values: %C 66.55; %H 5.98t 22.96. EI-MS m/z calculated
for C1gH1N30s3: (M+H)" 326.1, found. 326.0 (M.
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2.6.4. Synthesis of N-(2-hydroxyethyl)-4-(4-meipgiazine-1-yl)-1,8-naphthalimide
(4a)

The synthesis of compound 4a was similar to thepagegion procedure of the
compound 3a but using 1-methylpiperazine (208 u&74 mmol) as a reactive amine.
The MW vyield was 85% after 1 h and RF yield 67%emft5h. Compound 4a was
purified by silica gel column chromatography ustlighloromethane:methanol (20:1)
as an eluent to obtain a yellow solMd.p.: 188.43 + 2°C.Yield: 85%.'H NMR (300
MHz, DMSO-t) 6 8.43 (ddJ = 11.9, 8.1 Hz, 2H), 8.37 (d,=8.2 Hz, 1H), 7.79 (1 =
7.8 Hz, 1H), 7.31 (d) = 8.1 Hz, 1H), 4.81 (1) = 5.7 Hz, 1H), 4.12 (§) = 6.4 Hz, 2H),
3.59 (d,J = 6.2 Hz, 2H), 3.22 (s, 4H), 2.63 (s, 4H), 2.3p38).*C NMR (75 MHz,
DMSO) 6 163.61, 163.07, 155.51, 132.04, 130.48, 130.38,0R? 125.87, 125.20,
122.59, 115.56, 114.93, 57.85, 54.63, 52.50, 451740. FT-IR (wavenumbers, &n
Vou 3435 cnt; vy 3060 cnt aromatic stretch vibratiowc-o 1692, 1635 cil; Vn.c-o
1612 cnt; ve.c 1585 cnt aromatic ring chain vibrations. Elemental analysi
theoretical value %C 67.24; %H 6.24; %N 12.38; dale %C 67.15; %H 6.15; %N
12.29. EI-MS m/z calculated for;§H,:N30s: (M+H)" 340.2, found. 340.3 ().

2.6.5. Synthesis of N-(2-hydroxyethyl)-4-(4-(2-lbyxgethyl)-piperazine-1-yl)-1,8-
naphthalimide (5a)

The synthesis of compound 5a was similar to thepgredion procedure of the
compound_3a but using 1-(2-Hydroxyethyl)piperaz{@80 pL, 1.875 mmol) as a
reactive amine. Compound 5a was purified by sgjehcolumn chromatography using
dichloromethane:methanol (20:1) as an eluent taiolan yellow solid. M.p.: 178.36 +
2°C. The MW yield was 88% after 1 h and RF yieldb8fter 15h. *H NMR (300
MHz, DMSO-g) & 8.49 — 8.41 (m, 2H), 8.39 (d,= 8.1 Hz, 1H), 7.84 — 7.76 (m, 1H),
7.33 (d,J = 8.1 Hz, 1H), 4.81 (t) = 5.9 Hz, 1H), 4.49 () = 5.3 Hz, 1H), 4.13 (1) =
6.5 Hz, 2H), 3.65 — 3.51 (m, 6H), 3.23 (s, 4H),42(8, 4H)."*C NMR (75 MHz,
DMSO) & 163.94, 163.41, 155.88, 132.38, 130.82, 130.68.412 126.19, 125.51,
122.92, 115.85, 115.17, 60.57, 58.95, 58.19, 553M0O, 41.94. FT-IR (wavenumbers,
cm®): von 3260, 3146 ¢ ve.4 3052 cnit aromatic stretch vibratione-0 1695, 1644
cm®; Vnc-o 1613 cn’; vec 1589, 1576 cm aromatic ring chain vibrations. EA:
theoretical values %C 65.03; %H 6.28; %N 11.37;eexpental values: %C 65.00; %H

11



6.25; %N 11.31. EI-MS m/z calculated fopg823N30,: (M+H)" 370.17, found 370.2
(M.

2.6.6. Synthesis of N-(2-hydroxyethyl)-4-(4-[2-{@Hoxyethoxy)ethyl]-piperazine-1-
yl)-1,8-naphthalimide_(6a)

The synthesis of compound 6a was similar to thepagetion procedure of the
compound_3a but using 1-[2-(2-hydroxyethoxy)ethig§pazine (308 pL, 1.875 mmol)
as a reactive amine. After completion of the reaxctihe solvent was evaporated under
reduced pressure and the crude product was thetedliin 50 ml of water. The
precipitated product was then filtered off. The ase part was extracted with
dichloromethane (3 x 30 mL) and the organic layasried over KCOs;. The solvent
was evaporated under reduced pressure to obtahaavysolid. M.p.: 170.20+ 2°C. For
compound 6a the MW vyield was 85% after 1 h and RRIy70% after 24hH NMR
(300 MHz, DMSOsdg) 6 8.47 — 8.39 (m, 2H), 8.37 (d,= 8.1 Hz, 1H), 7.79 (1) = 7.9
Hz, 1H), 7.31 (dJ = 8.2 Hz, 1H), 4.79 () = 5.8 Hz, 1H), 4.63 (t) = 5.0 Hz, 1H), 4.13
(t, J = 6.5 Hz, 2H), 3.62 — 3.54 (m, 4H), 3.54 — 3.48 §H), 3.45 (dJ = 4.6 Hz, 2H),
3.22 (s, 4H), 2.75 (s, 4H), 2.65 — 2.58 (m, 2#).NMR (75 MHz, DMSO)5 163.63,
163.09, 155.52, 132.07, 130.51, 130.35, 129.08,.8825125.18, 122.58, 115.53,
114.88, 72.29, 68.31, 60.32, 57.88, 57.28, 53.2%4 41.62. FT-IR (wavenumbers,
cm™): von 3374 cnt; ve.y 3066 cnit aromatic stretch vibrationyc-01690, 1650 ci;
Vn-c=01616 cn'; ve.c 1588 cmt aromatic ring chain vibrations. EA: theoreticalues
%C 63.91; %H 6.58; %N 10.16; experimental value& €3.97; %H 6.62; %N 9.60.
EI-MS m/z calculated for £H27N30s: (M+H)* 414.20, found 414.2 ().

2.6.7. Synthesis of N-(2-methoxyethyl)-4-(pipedityl)-1,8-naphthalimide (3b)

Compound 2b (0.20 g, 0.598 mmol) and piperazine5®g, 1.794 mmol) were mixed
in 2-methoxyethanol (5 mL) and heated under MW atgin at 130 °C in an argon
atmosphere under constant stirring (600 rpm) for After completion of the reaction,
the solvent was evaporated under reduced pressurdéha crude was washed with
water and filtered to obtain the compound as ayeHBolid. M.p.: 145.60 + 2° The MW
yield was 84% after 1 h and by conventional heatiig yield 69% after 15HH NMR

(300 MHz, DMSO#) 6 8.48 — 8.41 (m, 2H), 8.40 (s, 1H), 7.83 — 7.75 1), 7.30 (d,
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J=8.1Hz, 1H), 4.23 (J = 6.1 Hz, 2H), 3.57 (] = 6.1 Hz, 2H), 3.26 (s, 3H), 3.15 (s,
4H), 3.00 (s, 4H)*C NMR (75 MHz, DMSO0)& 163.50, 162.94, 156.29, 132.25,
130.58, 129.09, 125.75, 125.17, 122.33, 115.00,7¥1468.67, 57.94, 54.08, 45.66,
38.33. FT-IR (wavenumbers, € vny 3248 cni; ven 3069 cmtt aromatic stretch
vibration; vo.c132828, 2808 ¢ vc-01690, 1650 ¢ Vn.c=0 1613 cni; vc.c 1588,
1572 cm' aromatic ring chain vibrationsyy 1514 cni flexion. EA: theoretical values
%C 67.24; %H 6.24; %N 12.38; experimental value€: 64.20; %H 6.18; %N 12.31.
EI-MS m/z calculated for H2:N30s: (M+H)* 340.1, found. 340.0 (K).

2.6.8. Synthesis of N-(2-methoxyethyl)-4-(4-meipgtpzine-1-yl)-1,8-naphthalimide
(4b)

Compound_4b was synthetized by mixing compound @R @, 0.598 mmol), 1-
methylpiperazine (200 pL, 1.7964 mmol) in 5 mL &fmethoxyethanol and following
the same procedure as for compound 3b. M.p.: 138.2%C. The MW yield was 83%
after 1 h and by conventional heating, RF yield 78f6r 15h'H NMR (300 MHz,
DMSO-t) 6 8.42 (dd,J = 12.3, 8.0 Hz, 2H), 8.36 (d,= 8.1 Hz, 1H), 7.83 — 7.73 (m,
1H), 7.31 (dJ = 8.2 Hz, 1H), 4.22 (§ = 6.1 Hz, 2H), 3.57 (t) = 6.1 Hz, 2H), 3.25 (s,
3H), 3.22 (s, 4H), 2.63 (s, 4H), 2.30 (s, 3tC NMR (75 MHz, DMSO0)§ 163.51,
162.97, 155.66, 132.21, 130.64, 130.51, 129.08,.9825125.21, 122.40, 115.29,
114.99, 68.67, 57.94, 52.49, 45.73, 38.36. FT-IAvemumbers, ci): vc.y 3067 cntt
aromatic stretch vibratiowc-01695, 1650 cil; Vn.c-01613 cn’; ve.c 1586, 1574 ci
aromatic ring chain vibrations. EA: theoreticaluwed %C 67.97; %H 6.56; %N 11.89;
experimental values %C 67.87; %H 6.56; %N 11.80-MBl m/z calculated for
Ca0H23N303: (M+H)" 354.17, found 354.2 (.

2.6.9. Synthesis of N-(2-methoxyethyl)-4-(4-(2-bygethyl)-piperazine-1-yl)-1,8-
naphthalimide (5b)

The synthesis of compound 5b was similar the pegjmar procedure of the compound
3b but using 1-(2-Hydroxyethyl)piperazine (220 |1L796 mmol) as a reactive amine.
Compound _5b was purified by silica gel column chatography using
dichloromethane:methanol (20:1) as an eluent taiolan yellow solid. M.p.: 124.17 +
2°C. Yield: 84%H NMR (300 MHz, Chlorofornd) & 8.57 (d,J = 7.2 Hz, 1H), 8.50
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(d,J =8.0 Hz, 1H), 8.39 (d] = 8.4 Hz, 1H), 7.67 (8} = 7.8 Hz, 1H), 7.20 (d] = 8.0
Hz, 1H), 4.41 (tJ = 5.6 Hz, 2H), 3.71 (t) = 5.3 Hz, 4H), 3.36 (s, 3H), 3.30 (s, 4H),
2.84 (s, 4H), 2.75 — 2.65 (m, 2HJC NMR (75 MHz, CDCJ) 5 164.94, 164.45, 156.25,
133.07, 131.63, 130.66, 130.32, 126.53, 126.05,562317.09, 115.33, 70.09, 59.83,
59.18, 58.31, 53.48, 53.41, 39.49. FT-IR (wavenusbem): voy 3140 cni'; ven
3052 cm' aromatic stretch vibratiowc-01696, 1645 cit; Vn.c-01613 cni; ve.c 1589,
1576 cm* aromatic ring chain vibrations. Elemental analysfeoretical value %C
65.78; %H 6.57; %N 10.96; calculate %C 65.87; %B86.%N 11.04. EI-MS: m/z
calculated for giH2sN304 (M+H)™ 384.18; found 384.2 (N).

2.6.10. Synthesis of N-(2-methoxyethyl)-4-(4-[H{@koxyethoxy)ethyl]-piperazine-1-
yl)-1,8-naphthalimide_(6b)

Compound 2b (0.2 g, 0.5988 mmol), 2-[2-(1-Pipergathoxy]ethanol (295uL,
1.7964 mmol) was mixed in 5 mL of 2-methoxyethamatl heated at 130 °C in argon
atmosphere. The mixture was stirred at 600 rpmlfdn. After completion of the
reaction, the solvent was evaporated under redpessure and the crude product was
then diluted in 50 ml of water. The precipitatecbguct was then filtered off. The
aqueous part was extracted with dichloromethane3@ mL) and the organic layer was
dried over KCQO;. The solvent was evaporated under reduced pressuobtain a
yellow solid. M.p.: 219.73 £ 2°C. The MW yield was% after 1 h and by conventional
heating, RF yield 69 % after 24 NMR (300 MHz, DMSOs) & 8.43 (ddJ = 11.0,
8.0 Hz, 2H), 8.37 (dJ = 8.1 Hz, 1H), 7.82 — 7.75 (m, 1H), 7.31 {d= 8.2 Hz, 1H),
4.64 (s, 1H), 4.22 (1] = 6.1 Hz, 2H), 3.58 (q] = 6.0 Hz, 4H), 3.53 — 3.48 (m, 2H), 3.45
(d, J = 4.7 Hz, 2H), 3.25 (s, 3H), 3.22 (s, 4H), 2.754d), 2.62 (tJ = 5.8 Hz, 2H)"*C
NMR (75 MHz, DMSO)s 163.54, 162.99, 155.68, 132.24, 130.67, 130.55,08?
125.94, 125.20, 122.39, 115.27, 114.94, 72.28,06&%8.31, 60.30, 57.97, 57.26, 53.13,
52.64, 38.39. FT-IR (wavenumbers, ¥mvo.n 3356 cnt; veny 3065 cnt aromatic
stretch vibrationyc-01687, 1648 cil; vn.c-01613 cni; ve.c 1585 cnit aromatic ring
chain vibrations. EA: theoretical value %C 64.6&1 6.84; %N 9.83; experimental
values %C 64.60; %H 6.93; %N 9.76. EI-MS: m/z chltad for GsH9N305 (M+H)*
428.2; found 428.3 (V).
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2.7. pH measurements

Measurements of pH were obtained with a Mettleed@olSevenGo Duo Pro meter with
an InLab Expert Pro ISM-ID67 electrode at room tenagure (23°C) and previously
calibrated with standard buffers. The sensing measents determined from the
solutions of naphthalimide derivatives and functicmed membranes were performed
using HCI and NaOH solutions for pH variation ire tmixture water:ethanol (4:1) as

solvent.

The acid titration by UV/Vis and fluorescence iruagqus solution was performed as
follows. The titration in solution with naphthalide derivatives (water:ethanol 4:1,
naphthalimide concentration M and pH=12.0 fixed by addition of NaOH solution)
was carried out by increasing the acidity from gHOlto pH 2.0 by adding aliquots of
the diluted hydrochloric acid. After each additidche pH was measured after the
solutions were allowed to equilibrate for 10 mindae UV/Vis and fluorescence

spectra were recorded.

In the case of functionalized crosslinked membrafiess were cut into strips of 1x4
cm and fixed in a homemade support that can alssidited into the cell holder of the
spectrophotometers. To study the effect of the pkhé spectroscopic properties of the
membranes, film strips were immersed in previoysgpared vials (50 mL) containing
solutions from pH 12.0 to pH 2.0. The UV/Vis anddiescence spectra for each pH

were taken after 20 min. of conditioning time.

3. Results and discussion

3.1. Synthesis of naphthalimide derivatives

The synthesis route [3,4] to obtain N-hydroxy allpiberazine naphthalimides is
presented in Fig. 2. In the first step, the condidos of 4-bromo-1,8-naphthalic
anhydride with 2-hydroxyethylamine (series a) an€thoxyethylamine (series b) under
microwave irradiation in ethanol at 85 °C affordzaland 2b respectively in high yield

at a shorter reaction time than conventional caoomkt
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In the second reaction step (Fig. 2), compoundsn2ia2b reacted with 3 equiv. of each
piperazine derivative as detailed in the experi@eté¢scription (section 2.6.) to obtain
the piperazine-naphthalimides derivatives showrrion 2. Hence, we have prepared
piperazine substituted derivatives with hydroged arethyl groups [19] as substituents
on the amine groups (structures 3 and 4 respeg}jvalit also with bigger substituents
(structures 5 and 6) in order to study comparatiteeir PET processes and their

protonation in acid media.

The best synthesis conditions were noted under M¥diation for 1 h at 850W and a
ceiling temperature of 130 °C in 2-methoxyethamolcontrast, the best conditions for
the synthesis carried out under reflux by converdideating required reaction times of
15 h and 24 h for compounds 6a and 6b when 2-Rijg&razinyl)ethoxy]ethanol was

used as reactive amine.

In all the cases, MW irradiation allowed higherlggat shorter reaction times than the
conventional RF method. These results are in ageaemwith those reported in the
literature [24,19].

3.2. Membrane preparation, functionalization witipgrazine naphthalimides sensors

and characterization

The membrane prepared containing acid chloride tiomalities (M-CI) as a base
material for further functionalization was obtainkyg bulk photopolymerization of a
mixture of monomers combining the hydrophilic cluaea of VP (55%) with the
hydrophobic nature of BA (35%) and adding MACI (1)0&6 the reactive monomer for
functionalization. A 5% of EGDMMA as the crosslingi agent of the mixture
controlled the crosslinking degree of the final nbeame. This produced a reversible
water-swollen membrane (Fig. 1). After the bulk fapwlymerization, all the
experiments reached >98 % of conversion (determiryedeight differences), and the
resulting crosslinked acrylic membrane containéd@of chlorine in the structure (Fig.
3B).

In a second step, the M-ClI membrane was functinedliwith the three naphthalimide
derivatives from the series synthetized in this kv@fFig. 1) that contained mono

hydroxy alkyl piperazine, derivatives 4a, 5b and. @inis functionalization was
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accomplished successfully by conventional heatn@HF at 55°C for 15h under very
low stirring speed. This selected reaction tempeeats 10°C below the THF boiling
point to be sure there isn't any damage of the mamebin the heterogeneous reaction,
such as breaks, wrinkles and warps that could dserg¢he optical quality of the
membrane. Under these experimental conditionsSttfetten-Baumann reaction used
to graft the naphthalimide derivatives to the M+@&mbrane proceeded very slowly.
This allowed a good control in homogeneity of fuocalization without physically
damaging the membrane. The unreacted acid chlogaeip disappeared after
hydrolysis when the membranes were washed as sloviag 3C. The amount of
naphthalimide grafted to the membranes (Table 19 determined from the UV-Vis
absorbance using the absorption coefficient of edetivative (Table 3) previously

calculated in water-ethanol (4:1, v/v).

Table 1. Content of chlorine and naphthalimide \dgive in the membranes and

thermal properties determined by DSC and TGA.

Cl Naphthalimide

M embrane Content® Content® Ty 1;5(d) Tio "
(%) (mol- L) x16° (°C) (°C) (C)
M-CI 2.8 - 46.9 214 337
M-4a 0 2.73 45.3 326 369
M-5b 0 3.27 454 337 371
M-6b 0 472 45.6 334 372

2 Determined by TGA peak at 175°C correspondinglt&GMS m/z 36 (M); ° Determined fror
the membrane (180 microns of thickness) by UV specbpy;°Measured by DSC second hea
run at a heating rate of 10°C- min® Temperatures corresponding to 5% and 10% weigst lo

After 15 hours of reaction time the content of th@phthalimide derivative in the
membrane was very low (Table 1) but the concepinais adequate for sensing
applications by UV-vis and fluorescence spectrossop

The good physical characteristics of the functicmeal membranes are similar than
those observed by other authors [25] with copolyaéVP/BA. All DSC thermograms
of the membranes revealed the presence of a gyage transition temperature for all
the membranes confirming copolymer miscibility. Tétearacteristic J values for the

membranes are shown in Table 1 and the DSC theamg(second scan) obtained for
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M-CIl and M-5b samples are plotted in Fig. 3A. Thserved step for M-Cl appeared at
a similar temperature (46.9°C) than the correspunditeps for the functionalized
membranes (Table 1) due to the low content of Glipbles present in the M-CI

membrane.

The thermal stability of the membranes was evatuating TGA and Table 1 shows

the thermal data, in terms of characteristic weigbs$ (5 and T, respectively).

g
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Fig.3. DSC thermograms (A), TGA and DTGA curves @8y evolved gas analysis by
MS detector (C) of the M-CI crosslinked membrané Bh5b membrane functionalized

with naphthalimide derivative 5b.

Figure 3B shows the TGA thermograms obtained ferNiCl and M-5b membranes
and their corresponding first derivative curvese M-Cl membrane exhibits a weight
loss of 2.8% that was identified by MS analysigwblved gas at 175°C as chlorine (EI-
MS m/z: 36 (Cl)), as it is shown in fig 3C. Aftanrictionalization, the chlorine weight
was not observed confirming the total hydrolysisuofeacted acid chloride. For all
functionalized membranes two peaks were obsengeitlj@shown for M-5b in Fig. 3B.
The highest weight loss rate that was observed@t'@ corresponds to the degradation
of acrylic components of the membrane and the skoar observed at 431 °C has been
attributed [7] to the lactam subgroup degradation.

The swelling properties of the membranes were exathby measuring the swelling

(%) after immersion in water and THF and are detkih Table 2.
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Table 2. Swelling degree (SD) in water and THF,aamting contact angle (CA) and

total §), polar ¢°), and disperseyf) surface energy data for the crosslinked membranes

SD (% Static CA (°) Surface Energy (MmN
Membrane Water THF Water  Diiodomethane Y e v
M-ClI 29.8 45.4 59.9 41.6 51.64 13.48 38.16
M-4a 29.9 61.2 69.6 42 45.43 9.25 36.18
M-5b 30.4 62.0 71.7 38.6 45.75 6.56 39.19
M-6b 29.9 63.5 71 46.1 46.22 6.88 39.34

2+0.3;” Calculated using Owens-Wendt’s method

The SD in water (approx. 30 %) and in THF (appi®X.%) confirms the hydrophilic

character of the membranes and the adequate syvédiinsolid sensors in water and

organic media. Also, the hydrophilicity of the menaae surfaces was characterized by

static contact angle determination. The measured ®Wére then used to calculate the

polar, disperse, and total surface energies ofnieebranes. The change in the total

surface energyy] and its polary®) and dispersiveyf) components of the M-ClI and

functionalized membranes with naphthalimides (MMabb and M-6b) was calculated

by the Owens—Wendt's method [28] (Table 2). Theatian in the values of the total,

polar, and disperse solid surface energies belf€Ilj and after functionalization (M-
4a, M-5b and M-6b), shows that the total surfacergyn of the functionalized
membranes decreases from 51.64 mN-fior M-Cl to 45-46 mN-iit for the

membranes containing naphthalimide moieties andticpéarly for the polar

component.

The functionalized membranes with piperazine-naghithide groups were easily

handled materials and exhibited convenient progerior solid sensor applications,

such as swelling in water, thermal stability, flakty, optical transparency and

dimensional stability to be reused. The obtainedeatdimensional cross-linked

hydrophilic polymer networks are capable of swellor de-swelling reversibly in water

and retaining a controlled and reproducible voluwhéquid in the swollen state. This

behaviour, as will be seen in the next sectiomyad controllable responses to external

environmental changes of pH.

3.3. Effect of pH on the absorption and fluoreseemoperties of piperazine

naphthalimides derivatives and membranes
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Piperazine substituted naphthalimides such as tthietgres synthetized in this work

(Fig. 2) exhibit interesting fluorescence propestibence 4-amino-1,8-naphthalimide
fluorophore can be quenched by the PET processotitatrs from the alkylated amine
donor to the 4-amino-1,8-naphthalimide fluorophtim®ugh the piperazinyl ring. The

fluorescence of the 4-amino-1,8-naphthalimide fytrore is quenched. The PET path
can be switched off either by the protonation oatgtnization of the amine and the
fluorescence of the naphthalimide fluorophore isntliecovered as is shown for the

derivative_ 4a anchored to the membranes in figure 4

M-4a
J\JVVﬁ\(;\J‘ Jwvﬁ\a‘\."
(@)

< { ] %VFLU
H
C>N©
weak fluorescence strong fluorescence

Fig.4. Fluorescence response of piperazine-napiida structure to pH though PET

mechanism.

The effect of pH variation on the absorbance amwréscence properties of these
derivatives is illustrated in figure 5 for the n#mdlimide derivative 4a in solution and

the corresponding membrane M-4a under the sametmo sl
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Fig. 5. Spectroscopic characteristics as a funatbpH (2.0-12.0) of absorption and

fluorescence of naphthalimide derivative 4a andaiembrane.

All the absorption spectra of the naphthalimideidgives and membranes exhibit (as
solution or as 180pum-membrane) similar band shapése absorption range of 350-
500 nm. As it is shown in figure 5, for the compduda and membrane M-4a, their
absorption peaks were red-shifted from 388 to 4@8with a clear isosbestic point at
402 nm when pH values were changed from 2.0 to ir?.&ater.ethanol (4:1) by
adjusting pH values with NaOH and HCl| aqueous swist As expected, the
fluorescence intensities originating from 4a andddfluorophores were varied upon
different pH values (Figure 5), resulting in a sfgeenhancement in acid media due to
the protonation of the piperazine and its subsegBEl blocking effect (Fig. 4). In the
case of compound 4a the factor of enhancement (¥& about 25 times in

fluorescence intensity when adjusting the pH fra2rDlto 2.0 (Table 3). Moreover, the
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wavelength emission maxima were red-shifted by ma20 nm (Table 3) by changing

the pH values from 2.0 to 12.0 for all the naphthale derivatives in solution except

for naphthalimide_3b and 4b that do not have hygrexbstituents in their structures

and the red-shift for them was about 2-3 nm. Fa tiaphthalimide fluorophores

bonded to the membranes though the hydroxyl grotiyespathochromic shift of the

fluorescence maxima with pH was also 2-3 nm.

All the spectral data measured as a function of yatues for the naphthalimide

derivatives and the three functionalized membramesummarized in Table 3.

Table 3. Various parameters for piperazine-1,8-tiegimide derivatives (a and b

structures) in solutidf and bonded to the polymer membrane (M) determined

according to pH dependence by UV-Vis absorptionfarmtescence spectroscopy.

Parameter 3a 4a 5a 6a 3b 4b 5b 6b M-4a M-5b M-6b
AnBS.acia 389 388 388 388 389 389 389 388 388 388 390
LOg &g @ 407 4.06 4.05 4.06 4.06 406 4.056 4.06 - - -
Al sobestic 403 402 402 402 404 402 402 402 403 402 402
AnBS base 413 408 408 408 410 409 409 409 407 408 408
LOG Epaee® 404 4.02 4.01 4.02 4.01 4.02 4.02 4.02 - - -
pK, © 8.24  7.37 6.99 6.65 8.62 7.30 6.82 6.71 7.62 7.25 .40 6
AeLU-adid 533 529 530 530 531 529 530 529 502 503 503
G 0.097 0.330 0.184 0.238 0.084 0.274 0.170 0.197 - - -
@opu=r @ 0093 0304 0101 0099 0.079 0.249 0.095 0.091 - - -

@0 ahano 0.017 0.025 0.022 0.026 0.026 0.020 0.017 0.024 enedhanol (4:1, viv)<
LU hexane 0.203 0.389 0.285 0.293 0.213 0.365 0.270 0.275< Ethanol <<< hexane
ArLU-base 543 548 550 550 532 532 554 545 505 506 504
@ Ubsse 0.010 0.013 0.010 0.009 0.005 0.010 0.009 0.007 - - -

K, © 7.1 6.93 6.95 6.4 7.15 7.11 7.04 6.48 7.15 6.71 6.5
av© 6329 6258 6070 6061 6293 6123 6070 5998 5515 56185395
Fe® 85 253 19.1 22.0 18.1 17.9 22.0 27.1 12.3 8.0 9.5

(a) Measured at 16 M in water-ethanol (4:1, v/v) unless specificadiiated otherwise. The subscripts “acid” and
“base” refer to the limiting value of a given parater when the acid or base condition is increasetll pH=2.0 or
pH=12.0 respectively. Fluorescence emission spewstee obtained by excitation Atsopesic; (0) €& molar absorptivity
in M*cm®; (c) Obtained31] by analyzing the pH dependence of the absorbancer(émission intensity (1) at a given
wavelength according to the equation log{{é A)/(A — Apasd] = PH — pKaor 1og[(IeLu-acia= /(I = | fLu-basd] = PH -
pK. (d) Relatively to coumarin 6¢=0.78 in ethanol), uncertainty = 0.001 or 10%, whéwer is the larger; (e)
Stokes shiftl, - Vags) in frequency (crﬁ); (f) Acid- induced fluorescence enhancement fa&tB= Ar_y.acid ArLu-pase

The quantum yields of fluorescence in acid mediab({@ 3) for the hydroxy alkyl

substituted piperazine naphthalimides derivativg@sy(acia=0.33-0.084) are lower than

that

of the

non-hydroxylated derivative
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naphthalimide @ u-acig=0.55) [22]. Also, the quantum vyields of fluorescens basic
media (Table 3) are highe@{ y.pase= 0.005-0.010) than that measured for N-butyl-4-
N’-methylpiperazino-1,8-naphthalimide:(u.pase= 0.001) [22]. The quantum yield of
fluorescence for the membranes couldn’t be caledldue to the difference in geometry
between the fluorescence standard in solution #ed membranes. The factor of
fluorescence enhancement for the membranes imasitila was calculated (Table 3) by
comparing the increase of intensities from basiadid media and the enhancement was
around 8-12 times. This enhancement in acid mdeia< 8-12.3) is higher than that
obtained by other authors [23], where an enhancermkd.7 was reported with a
membrane obtained by copolymerization Wfallyl-4-(4"-methyl-piperazinyl)-1,8-
naphthalimide with 2-hydroxyethyl methacrylate aotdylamide.

The presence of hydroxyl groups in the naphthaknddrivatives studied here and the
ester functionality as a linking group of the ndgatliimides in the membranes reduced
the factor of enhancement of fluorescence in acdienwith respect to that for other
similar structures having only N-alkyl substituefd,22]. Even though FE values
obtained with the membranes confirm their intergstiproton “off-on” switch

behaviour as an optical pH solid sensor.

The pkK, values of naphthalimide derivatives and the fuomalized membranes were
calculated [31] from the curves of absorption cleng the presence of increasing
acidity (from pH= 12.0 to 2.0) and the obtaineduesl are compiled in Table 3.

The smaller substituents on the amine groups (stres 3 with hydrogen or 4 with
methyl as substituents) enabled a higheg gthey are more easily protonated than the
bigger substituents (structures 5 and 6). The ya{ues obtained for the functionalized
membranes are close to those values measured éorcdhresponding piperazine
derivatives (Table 3) confirming a similar senstiivto acid media. The pKof the
functionalized membranes is close to the pH ofwhch makes it adequate for sensors

in biological and environmental applications [19].

The fluorescence response of the piperazine demsmtand the functionalized
membranes at different pH was compared and thétsese plotted in figure 6.
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Fig.6. Comparison of the fluorescence intensityngles (I/b) with pH (2.0-12.0) for the
piperazine-naphthalimide derivatives in solutior) &kd for functionalized membranes
(B). (Io and | are the fluorescence intensities of inifipH=12.0) and that after

acidification respectively).

All the synthesized naphthalimides (Fig. 6A) extalia sensitive fluorescence change
towards pH but with different intervals and slopéshanges depending of the size of
the amino substituents. For the functionalized nramés (Fig. 6B) the fluorescence
intensity increased as the pH values decreased9t0rto 5.0 for M-4a and from 8.5 to
4.0 for the membranes obtained by linking the naglithides to the substituent of the
piperazine structure, M-5b and M-6b. In the aciplit range, especially for pH lower
than 4.0, the fluorescence intensity attained @ximum and kept unchanged as well as
in the basic pH range up to 9.0 where the fluoneseentensity reached its minimum.
The pKg* values (Table 3) for the excited state do noffedifstrongly from the
corresponding pKfor the ground state except for the structuresu8h 3b where the
substituent of the piperazine is a hydrogen. Ferréist of the structures and membranes
the position of the inflection points in the fluometric titration is similar to those

obtained from the absorbance changes with pH.

The fluorescence quantum yields of the naphthabsiderivatives studied here are
relatively low in polar solvents (water, ethanai)domparison to those values obtained
in non-polar solvents such us hexane (Table 3)s Tdut is probably due to the photo-
induced electron transfer from the piperazine t® flnorophore and the fact that in

polar solvents the orbit energy of HOMO becomeselofacilitating the PET process.
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Wavelength (nm)

The polarity effect on the photophysical properbéshe naphthalimide derivatives was
studied by measuring their absorption and fluoneseespectra in solvents of increasing
solvent polarity parametert80). All the naphthalimide derivatives exhibiteidhgar
solvathochromic UV-Vis and emission spectra. Adllstrative example in figure 7,

the values of absorption and emission maxima arieol for different solvents.
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Fig. 7. Dependence of absorbance and Fluorescenissien wavelengths maxima of
naphthalimide derivative 5b and the membrane M-blthe empirical solvent polarity
parameter, H30). Solvents: 1. Hexane, 2. Toluene, 3. Diethtyleg 4. Dioxane, 5.

THF, 6. Ethyl acetate, 7. Chloroform, 8. Acetone A8etonitrile, 10. 2-propanol, 11.
Butanol, 12. Ethanol, 13. Methanol.

The maximum wavelengths of the absorption and @ésoence emissions are slightly
red shifted with increasing solvent polarity excémt the H-bonding solvents in the
case of naphthalimide 5b. This is due to the presefh hydroxyl groups in the structure
that provoke specific solute-solvent interactiom.general, the absorption maxima are
less sensitive to the influence of solvent polattitgn the fluorescence maximum. In the
membranes, as shown in Fig. 6 for M-5b, the lowhbeiromic shifts in the
fluorescence maximum with an increase of solvetaryg are consistent with small

differences between the dipole moments of the gi@nd excited states.
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3.4. Response time to pH of the functionalized memels

The reversibility of the pH induced fluorescencgnsi was evaluated by determining
the absorbance and fluorescence of the membranedtdining their immersion in
solutions of pH 2.0 and pH 12.0. Several cyclesumtessfull enhancement/quenching
of fluorescence were carried out with each membraitbout loss of fluorescent
emission. The protonation of the aliphatic amineugrinvolved seems quite reversible

and no noticeable hysteresis effect was observéteisolid sensors.

The pH response of the membranes is dependentthpgoroton permeability into the
photocrosslinked material. Hence, the response ¢ihtbe absorption and fluorescence
spectra of the functionalized membranes was stughédhe obtained results are plotted
in Fig. 8.
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Fig. 8. Time response to pH of the functionalizednmbranes: Absorbance (A) and
fluorescence (D) to acid media (pH=2.0), absorbdB}eand fluorescence (E) to basic
media (pH=12.0) and effect of the membrane thicknegime response to acid media

in absorbance (C) and fluorescence (F).
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The pH response of the membranes is dependenttbpgoroton permeability into the
crosslinked matrix and the three membranes exhlilaithigh sensitivity to pH in water.
The absorbance and fluorescence of the membranesidic media (Fig. 8A and 8D
respectively) reached the equilibrium in less th&nmin. The sensitivity to the basic
medium of the membranes (Fig. 8B and 8E) is lowantthat observed in acid media
showing a slow response of around 20 min. Hence, plotonation process of the
aliphatic piperazine group involved seems to bevstdhan the deprotonation process.

The time response of the membrane M-4a is shdré&rthose of the membrane b type.
In the membrane M-4a the naphthalimide sensingtimmality is linked to the polymer
matrix through the imide group and the piperaziraug is far from the polymer main
chain. Hence, the interaction of the amino groughefpiperazine with a proton is much
easier than those of M-5b and M-6b where the pgdeeais closer to the polymer main

chain that can impair the mobility and hence theractions of the sensing moiety.

The sensitivity of the solid sensor is directlyated to the thickness of the pH sensitive
membrane. To see the influence of the membranknbss in the time response to the
pH of the sensor, we prepared a membrane undesathe experimental conditions but
with 90 microns of thickness that was also an gdsindled material and with good
physical properties. As expected, the time respayfsthis M-6b 90 pm-membrane
(Fig. 8C and 8F) was notably shorter than thathef ¢corresponding M-6b 180 pm-

membrane.

In this study, we have described a useful procedoreobtain a water-swollen
photocrosslinked membrane containing acid chlogdmups capable of reacting with
sensing molecules containing adequate functioaslitsuch as hydroxyl groups. The
functionalization of M-CI membrane was carried auding three derivatives of
piperazine naphthalimide selected from a serieofpounds that had been previously
synthetized and spectrophotometrically charactdriae a function of pH variations.
The dependence of the pH sensitivity was relatedh&o size and structure of the
piperazine-naphthalimide substituents linked to thembrane. The solid sensors
functionalized with naphthalimides acted as an aedsor with interesting ranges of
sensitivity to pH changes, from 9.0 to 4.0, whicle adequate for medical and

environmental sensing applications.
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4. Conclusions

In summary, we have developed a procedure to gbteimg a photopolymerization
reaction, water-swollen membranes capable of fanatization with naphthalimide

fluorescence sensors and with a pH response.

The obtained results in the synthesis of the senéssubstituted piperazine
naphthalimide derivatives carried out in this watkggested that microwave-assisted
syntheses led to higher yields within very shodct®n times in comparison to the

conventional methods.

The new solid sensors exhibited controlled swellingwater (30%) and sensitive
fluorescence changes towards pH between 9.0 andaAd showed a very strong
fluorescence at pH < 5.0.

The time response of the functionalized membrangditis dependent on the thickness
of the membrane, the size of the substituents la@ehaphthalimide position of linkage

to the membrane. The pH induced fluorescence signidle solid sensors is reversible
and several cycles of enhancement/quenching ofdtoence were successfully carried

out without a noticeable hysteresis effect.

The present functionalized membranes could be eg@s “Off-On” pH-fluorescence
sensor in medical and environmental applicationth satisfactory results.
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Photocrosslinked membranes have been functionai#édhaphthalimide derivatives.
A series of hydroxyl-piperazine-naphthalimide datives have been synthetized.

The water-swollen functionalized membranes wereatdtarized by different

techniques

The new functionalized membranes could be use®#sOn” pH-fluorescence sensors



