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erpolarizable biomaterials at
molecular level based on pyridinium–chitosan
complexes†
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and Francisca Cabrera-Escribano*a

Potential NLO-phore materials based on chitosan are described for the first time in this study. A series of

fluorescent and quaternized pyridinium–chitosan derivatives have been synthesized by reaction of this

polymer with easily available tunable pyrylium tetrafluoroborate salts. Among other spectroscopic

techniques, 19F NMR, 13C CPMAS NMR and 2D diffusion experiments, were used to confirm the structures

of the new pyridinium–chitosan complexes that show high fluorescence intensity. Degrees of N-substitution

were achieved lower than 4.3%, allowing the original physicochemical properties of the biopolymer to be

preserved. DFT calculations have been performed to investigate the molecular features related to the NLO

properties in these compounds. NLO behavior was found to be clearly dependent on the nature and

location of the substituent into the pyridinium core. Theoretical data reveal a large permanent dipolar

moment, polarizabilities and hyperpolarizabilities making these molecules promising candidates as

supramolecular devices exhibiting NLO properties with potentially enhanced solvatochromic properties.
Introduction

Nowadays, the interest in polymer chemistry and their multiple
properties makes it a promising area to highlight. Specially,
polysaccharides widespread in nature have relevant importance
due to eco-friendly features providing a wide working window in
numerous areas of everyday life. In this context, chitosan has
emerged as a b(1 / 4) linked D-glucosamine polymer with a
number of advantages such as non-toxicity, biocompatibility,
and biodegradability.1,2 Chitosan has been widely used in
multiple areas such as wastewater treatment,3,4 cosmetics5 or
food industry6 as well as drugs delivery systems due to its
capability of encapsulate different compounds both ionic and
covalently bonded.7–9 Moreover, this biopolymer presents a
polycationic nature as a consequence of their solubility in acidic
media (e.g. acetic acid, hydrochloric acid or lactic acid, among
others). For its ability to shape electrostatic interactions,
numerous examples for DNA and gene delivery applications10,11
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including gene therapy have been reported.12 More recently, all
these features have been expressed to nanoscale level devel-
oping nanocarriers13,14 including different metallic-chitosan
nanoparticles syntheses.15

Control of chemical reactivity of the free amino or hydroxyl
groups is an essential task to design chitosan derivatives. In this
context, typical modications include N-alkylation by reduction
of imine derivatives,16 formation of amides by coupling with
carboxylic acids17 and ring-opening oxirane.18 These modica-
tions greatly modulate the biopolymer physical and biological
properties. Thus, lightly modied chitosan derivatives such as
carboxymethyl19 and quaternized20 chitosans leave water-
soluble polymers that are able to increase their applications.
Additionally, by using selective reactions, the synthesis of
uorescent chitosan,21 chitosan with remarkable amphiphilic
character22 or antibacterial chitosan23 derivatives have been
described.

In modern-day, systems exhibiting nonlineal optical (NLO)
properties have been developed for multiple applications
including optical communication, laser harmonic generation or
data storage.24 To generate this kind of materials involving
second and third-order optical nonlinearities, such as inorganic
salts (e.g. LiNbO3 or SrTiO3),25 organometallic complexes26 and
p-extended organic compounds,27–29 different available strate-
gies have been established.

Several requirements atmolecular level including large dipole
moments (m), polarizability (a) and rst hyperpolarizability (b,
also called second-order polarizability) must be considered, as
well as visible light transparency and thermal and mechanical
This journal is © The Royal Society of Chemistry 2015
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stability. In addition, for second order NLO behavior, a non-
centrosymmetric disposition of the chromophores is required.30

Supported by theoretical studies, some organic push–pull
compounds have an important role as NLO switches due to their
capability to exhibit tunable chemical forms provoked by
changes on optical and/or electrical properties including pH,31

photo-induced ring-opening or ring-closure,32 isomerizations,33

photochromism34 and, in summary, modied redox/proton
transfer features.

The particular structure of pyridinium dyes (e.g. pyridinium
N-phenolate and related compounds) with high level of conju-
gation have been extensively exploited for designing NLO-
phore. Furthermore, solvatochromic properties, changes on
electronic properties as a function of solvent, low-lying charge-
transfer (CT), X-ray structures and DFT calculations for these
compounds have been reported.35–39 On the other hand, organic
NLO-phores linked to a polymeric backbone such as poly-
(methylmethacrylate) or phthalocyanines have been recently
described.40,41 Despite the fact that chitosan has been used as
lm to support cyclodextrins42 acting as molecular NLO
building blocks, to our knowledge there are no reported works
to date on NLO switches anchored to any biopolymeric
platform.

In this article, we report a novel type of uorescent and
quaternized pyridinium–chitosan derivatives as donor–p–
acceptor (D–p–A) synthesized by an unprecedented reaction for
this polymer. A number of techniques as 19F NMR, diffusion
experiments or uorescence measurements were applied to
ensure the proposed structures. Theoretical DFT calculations to
study physical features related to NLO properties in these
compounds have been performed.
Experimental section
Materials

All chemicals were purchased and used without further puri-
cation. Low molecular weight chitosan (CS 1) was purchased
from Aldrich as well as the high purity chitosan (CS 2), obtained
by Agaricus bisporus, with a crystalline structure in a-form.
Degree of deacetylation (DD) of 84 and 83%, respectively was
determined by 1H NMR. Chitosan from crab skeletons (Pro-
cambarus clarkii) (CS 3) showing a DD of 91%, was produced by
deproteinization and deacetylation process. Molecular weight
of CS 1, CS 2 and CS 3, determined by HPLC/SEC chromatog-
raphy, were 87 875, 116 390 and 69 871 g mol�1, respectively.
Evaporations were conducted under reduced pressure. TLC was
performed on silica gel plates (DC-Alufolien F254, E. Merck);
detection of compounds was accomplished with UV light
(254 nm) and by charring with ethanolic H2SO4.
NMR spectroscopy
1H NMR spectra were acquired on a Bruker Avance III 700 MHz
spectrometer at 300 K equipped with a 5 mm CPQCI probehead.
A solution 1 : 0.85 D2O/AcOD (7 mg mL�1) was used to prepare
the samples and a solution (0.1 mM) of 3-(trimethylsilyl)-1-
propanesulfonic acid sodium salt (DSS sodium salt) was used as
This journal is © The Royal Society of Chemistry 2015
internal reference [in our case, d¼ 2.91 (t), 1.77 (p), 0.60 (t), 0.00
(s)]. Degree of deacetylation (DD) was determined in 2% DCl
solution as previously described by Fernandez-Megia et al.43,44 A
pulse of 90� of 8.80 ms with relaxation time (D1) of 10 s and 64
scans were optimized for degree of N-substitution calculations.
This degree or extent of N-substitution (DS) was calculated as
followed:

DS ¼ (IAr/n)/(IH2–H6/6)

where IAr is the integral value of the aromatic protons of pyr-
idiniummoieties, n is the number of aromatic protons and IH2–H6

represents the peak area of protons H2–H6 in the chitosan
backbone. Alternatively, degrees of N-substitution were calcu-
lated from relationships between aromatic protons and H-1 or
H-2 obtaining as well DS1 and DS2 parameters. The obtained DS
value (Table S1†) did not disagree more than 0.6 respects to
calculated from H2–H6.

19F NMR spectra were acquired on a Bruker Avance 500 MHz
spectrometer equipped with a 5 mm BBFO probehead incor-
porating a z-gradient coil. A high-power 90� pulse of 14.8 ms and
a recycle delay of 5 s were used as acquisition parameters. The
19F chemical shis were referenced indirectly to CCl3F (X ¼
94.094011).45

13C CPMAS NMR. 13C Cross Polarization Magic Angle Spin-
ning spectra were recorded on a Bruker Avance III WB (600
MHz) spectrometer with a 4 mm MAS BB probe and ZrO2 rotor.
Cross-polarization times of 2 ms and recycle delays of 2.5 s were
used in all experiments. Spinning speed of 10, 12 and 14 kHz
were applied for removed articial overlapping effects caused by
spinning side bands (SSB). 13C chemical shis were externally
referenced from TMS.

Diffusion experiments. Two-dimensional diffusion ordered
spectroscopy (2D 1H DOSY) and diffusion-ltered 1H NMR
experiments were recorded with a 5 mm PABBO z-gradient
probe using the standard bipolar gradient pulse pair longitu-
dinal eddy current delay (BPP-LED) pulse sequence (Bruker
pulse program ledbpgps2)46 on a Bruker Avance 500MHz system.
A gradient duration of 3 ms and an eddy current delay of 5 ms
were used. The diffusion delay was set to 250 ms. For the DOSY
spectrum, the gradient strength was linearly incremented in 32
steps from 2% up to 95% of the maximum gradient strength,
accumulating 24 scans for each gradient step, whereas for the
diffusion-ltered 1H NMR spectra the gradient strength was set
to 95% of the maximum amplitude value, accumulating 512
scans.

Yield calculation for chitosan derivatives

Yield (%) calculations of synthesized pyridinium salts were
made following the described procedure.47 Nevertheless, a
convenient modication of this procedure has been carried out.
Thus, mass of chitosan (CS 1) employed was corrected taking
into account the relative humidity (9.874%) obtained from
thermal analysis using TGA-DSC (Fig. S1†) optimized for a ramp
of temperature of 10 �C min�1 and temperature range between
20 �C and 400 �C. Nitrogen gas (100 mL min�1) was used for
cooling and purging of the sample compartment.
RSC Adv., 2015, 5, 74274–74283 | 74275
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Infrared spectroscopy

Infrared (IR) spectra were recorded on a Jasco FT/IR-4100
spectrophotometer using 30 scan per sample at a resolution of
4 cm�1.
Fluorescence emission

Fluorescence measurements were carried out at 298.2 K in a
spectrouorimeter (Hitachi F-2500), interfaced to a PC for the
reading and handling of the spectra. A mixture of AcOH/H2O/
MeOH was used as solvent. Intensity measurements were per-
formed at compounds concentrations low enough to avoid
inner lter effects (and other artifacts). For this reason, in all
cases, the sample absorbance measured at the excitation
wavelength did not exceed 0.1. The selected excitation wave-
length corresponded to the maximum of the UV-vis spectra for
each derivative and total luminescence intensity was recorded
from 300–700 nm. It was checked that the results were inde-
pendent of the excitation wavelength, provided that this one
was in the range from 300 to 550 nm.
Computational details

Density functional theory (DFT) calculations with the Becke 3
Lee–Yang–Park (B3LYP) exchange correlation functional at 6-
31G(d,p) level theory were employed by means Gaussian 09.48

During the optimization process no symmetry constraints have
been enforced and equilibrium structure was veried from
absence of imaginary frequencies. To simplify this calculation,
possible conformers thanks to rotation of hydroxymethyl
moiety were restricted by using 6-deoxy-D-glucopyranoside as
model. Furthermore, a methylation of hydroxy groups at C-1
and C-4 position to simulate the glycosidic bond linked b(1 /

4) was also applied. Physical properties such as dipole
moments, polarizability, hyperpolarizability and HOMO–LUMO
molecular orbital were computed.
Synthesis and characterization data

Pyrylium dyes (1–6) were synthesized according to literature.49

Compound assignations are available in ESI.† Compound 5 was
synthesized with modications of the previously described
procedure.

Synthesis of 2,4,6-triarylpyridinium chitosan-based salts
General procedure (a). To a solution of CS 1 (100 mg) in

aqueous acetic solution (25 mL, pH 4.0–4.6), a solution of
pyrylium tetrauoroborate salt (0.30 mmol) in MeOH (100 mL)
was added. The resulting solution was heated to 65 �C until it
was noted by TLC (MeOH as eluent) absorption at UV (254 nm)
at the origin, corresponding to the polymer that incorporated
the aromatic unit. The reaction mixture was le to reach the
room temperature and then was treated with 4 M NaOH (pH
11.8–12.5). The resulting solid was ltered off and successively
washed with H2O (2 � 2 mL), EtOH (2 � 4 mL), CH2Cl2 (2 � 2
mL) and acetone (2 � 2 mL) to give the corresponding pure
chitosan–pyridinium salt.

General procedure (b). To a solution of CS 1 (100 mg) in
aqueous acetic solution (25 mL) tted to pH 6.3, a solution of
74276 | RSC Adv., 2015, 5, 74274–74283
pyrylium tetrauoroborate salt (0.30 mmol) in MeOH (100 mL)
was added. The resulting solution was heated to 65 �C for 24 h
and then AcOH was added until pH value of 5.1. The solution
was heated to 65 �C until monitoring the reaction by TLC
(MeOH), as above, indicate an incorporation of salts. The
reaction mixture was le to reach the room temperature and
then was treated with 4 M NaOH (pH 12.4). The resulting solid
was ltered off and successively washed with H2O (2 � 2 mL),
EtOH (2 � 4 mL), CH2Cl2 (2 � 2 mL) and acetone (2 � 2 mL) to
the corresponding pure chitosan–pyridinium salt.

N-[(1 / 4)-2-Deoxy-b-D-glucanyl]-2,4,6-triphenylpyridinium
tetrauoroborate (7). Application of the General procedure (a)
to CS 1 and 2,4,6-triphenylpyrylium tetrauoroborate 1 (119 mg,
0.30 mmol) (pH 4.3) (heating time: 144 h) afforded compound 7
(84 mg, 97%) as a yellow-pale solid. DS: 1.4%. Application of the
General procedure (b) to CS 1 and 2,4,6-triphenylpyrylium tet-
rauoroborate 1 (119 mg, 0.30 mmol) (heating time: 144 h)
afforded compound 7 (84 mg, 94%) as a ne yellow-pale solid.
DS: 4.3%. Rf (MeOH): 0; IR nmax 3326, 2873, 1656, 1575, 1417,
1372, 1313, 1151, 1061, 1025 and 895 cm�1; UV-vis (AcOH/H2O/
MeOH): lmax 403, 342 and 248 nm; uorescence (AcOH/H2O/
MeOH): lem 465 nm; 1H NMR (700 MHz, CD3COOD/D2O): d
7.64–7.07 (17H, m), 4.93 (1H, s), 4.63 (1H, s), 3.95–3.75 (6H, m),
3.24 (1H, s) and 2.05 (3H, m); 13C CPMAS NMR (150.9 MHz): d
174.1, 141.8, 130.5, 104.8, 83.4, 75.4, 60.9, 57.8 and 23.6; 19F
NMR (470 MHz, CD3COOD/D2O): d �153.81 (10BF4

�) and
�155.72 (11BF4

�).
Application of the General procedure (a) for the reactions of

CS 2 and CS 3 with 2,4,6-triphenylpyrylium tetrauoroborate 1,
gave compound 13 (61 mg, 90%) and 14 (55 mg, 65%),
respectively.

N-[(1 / 4)-2-Deoxy-b-D-glucanyl]-2,6-di-(4-uorophenyl)-4-
phenylpyridinium tetrauoroborate (8). Application of the
General procedure (a) to CS 1 and 2,6-di-(4-uorophenyl)-4-
phenylpyrylium tetrauoroborate 2 (130 mg, 0.30 mmol) (pH
4.2) (heating time: 63 h) afforded compound 8 (76 mg, 87%) as a
yellow-pale solid. DS: 1.2%. Application of the General proce-
dure (b) to CS 1 and 2,6-di-(4-uorophenyl)-4-phenylpyrylium
tetrauoroborate 2 (130 mg, 0.30 mmol) (pH 5.1) (heating time:
213 h) afforded compound 8 (69 mg, 77%) as a ne yellow-pale
solid. DS: 3.4%. Rf (MeOH): 0; IR nmax 3326, 2873, 1651, 1575,
1417, 1372, 1313, 1151, 1061, 1025 and 895 cm�1; UV-vis (AcOH/
H2O/MeOH): lmax 266 nm; uorescence (AcOH/H2O/MeOH):
lem 354 nm; 1H NMR (700 MHz, CD3COOD/D2O): d 7.88–7.15
(15H, m), 4.94 (1H, s), 4.64 (1H, s), 3.96–3.76 (6H, m), 3.25
(1H, s) and 2.05 (3H, m); 13C CPMAS NMR (150.9 MHz): d 174.8,
142.8, 128.4, 105.1, 82.8, 75.5, 60.8, 58.0 and 23.7; 19F NMR
(470 MHz, CD3COOD/D2O): d �113.25 (C–F), �153.75 (10BF4

�)
and �155.55 (11BF4

�).
N-[(1 / 4)-2-Deoxy-b-D-glucanyl]-4-biphenyl-2,6-di-(4-uo-

rophenyl)pyridinium tetrauoroborate (9). Application of the
General procedure (a) to CS 1 (63 mg) and 4-biphenyl-2,6-di-(4-
uorophenyl)pyrylium tetrauoroborate 3 (96 mg, 0.19 mmol)
(pH 4.0) (heating time: 66 h) afforded compound 9 (42 mg, 77%)
as a yellow-pale solid. DS: 1.1%; Rf (MeOH): 0; IR nmax 3326,
2873, 2359, 1651, 1575, 1417, 1372, 1313, 1151, 1061, 1025 and
895 cm�1; UV-vis (AcOH/H2O/MeOH): lmax 419, 307 and
This journal is © The Royal Society of Chemistry 2015
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255 nm; uorescence (AcOH/H2O/MeOH): lem 386 nm; 1H NMR
(500 MHz, CD3COOD/D2O): d 8.53–7.25 (19H, m), 4.93 (1H, s),
4.64 (1H, s), 3.95–3.75 (6H, m), 3.24 (1H, s) and 2.05 (3H, m); 13C
CPMAS NMR (150.9 MHz): d 174.4, 142.1, 127.0, 105.1, 83.8,
75.3, 61.0, 57.5 and 23.6; 19F NMR (470 MHz, CD3COOD/D2O): d
�101.50 (C–F), �153.74 (10BF4

�) and �155.57 (11BF4
�).

N-[(1 / 4)-2-Deoxy-b-D-glucanyl]-4-biphenyl-2,6-diphenyl-
pyridinium tetrauoroborate (10). Application of the General
procedure (a) to CS 1 and 4-biphenyl-2,6-diphenylpyrylium tet-
rauoroborate 4 (142 mg, 0.30 mmol) (pH 4.5) (heating time:
144 h) afforded a compact yellow-pale solid. This solid was
redissolved in AcOH/H2O (3 : 1) and stirred over 30 min. The
solution was alkalinized by addition of 4 M NaOH to pH 12.0.
The resulting solid was ltered off and successively washed with
H2O (2 � 2 mL), EtOH (2 � 4 mL), CH2Cl2 (2 � 2 mL) and
acetone (2 � 2 mL) to give the corresponding pure chitosan–
pyridinium compound 10 (60 mg, 70%) as a yellow-pale solid.
DS: 0.5%; Rf (MeOH): 0; IR nmax 3326, 2873, 1648, 1579, 1417,
1372, 1313, 1151, 1061, 1025 and 895 cm�1; UV-vis (AcOH/H2O/
MeOH): lmax 410 and 270 nm; uorescence (AcOH/H2O/MeOH):
lem 376 nm; 1H NMR (700 MHz, CD3COOD/D2O): d 7.90–7.37
(21H, m), 4.93 (1H, s), 4.63 (1H, s), 3.95–3.75 (6H, m), 3.24
(1H, s) and 2.05 (3H, m); 13C CPMAS NMR (150.9 MHz): d 174.3,
142.7, 128.3, 105.3, 83.1, 75.4, 61.2, 57.7 and 23.7; 19F NMR (470
MHz, CD3COOD/D2O): d �150.03 (10BF4

�) and �156.00
(11BF4

�).
N-[b(1/ 4)-2-Deoxy-b-D-glucanyl]-4-biphenyl-2,6-di-(4-methyl-

phenyl)pyridinium tetrauoroborate (11). Application of the
General procedure (a) to CS 1 and 4-biphenyl-2,6-di-(4-methyl-
phenyl)pyrylium tetrauoroborate 5 (155 mg, 0.30 mmol) (pH 4.4)
(heating time: 164 h) afforded compound 11 (89 mg, 99%) as
a yellow-pale solid. DS: 1.2%. Rf (MeOH): 0; IR nmax 3326,
2873, 1648, 1575, 1417, 1372, 1313, 1151, 1061, 1025, 895 and
740 cm�1; UV-vis (AcOH/H2O/MeOH): lmax 426, 302
and 264 nm; uorescence (AcOH/H2O/MeOH): lem 392 nm; 1H
NMR (700 MHz, CD3COOD/D2O): d 8.44–6.99 (19H, m), 4.95 (1H,
s), 4.64 (1H, s), 3.98–3.76 (6H, m), 3.25 (1H, s), 2.73 (3H, s), 2.54
(3H, s) and 2.05 (3H, m); 13C CPMAS NMR (150.9 MHz): d 173.5,
141.2, 129.2, 104.3, 82.6, 75.2, 61.1, 57.4, 31.3 and 23.3; 19F NMR
(470 MHz, CD3COOD/D2O): d �144.44 (10BF4

�) and �153.83
(11BF4

�).
N-[(1 / 4)-2-Deoxy-b-D-glucanyl]-2,6-di-(4-uorophenyl)-4-(4-

methoxyphenyl)pyridinium tetrauoroborate (12). Application of
the General procedure (b) to CS 1 (30 mg) and 2,6-di-(4-uo-
rophenyl)-4-(4-methoxyphenyl)pyrylium tetrauoroborate 6
(47 mg, 0.10 mmol) (pH 5.2) (heating time: 166 h) afforded
compound 12 (17 mg, 67%) as a yellow-pale solid. DS: 1.4%. 1H
NMR (700 MHz, CD3COOD/D2O): d 7.84–6.98 (14H, m), 4.94 (1H,
s), 4.64 (1H, s), 3.96–3.62 (6H, m), 3.25 (3H, s), 3.24 (1H, s) and
2.05 (3H, m).

N-[(1 / 4)-2-Deoxy-b-D-glucanyl]-2,6-di-(4-uorophenyl)-4-
(4-methoxyphenyl)pyridinium acetate (12a). Application of the
General procedure (a) to CS 1 and 2,6-di-(4-uorophenyl)-4-(4-
methoxyphenyl)pyrylium tetrauoroborate 6 (139 mg, 0.30
mmol) (pH 4.6) (heating time: 122 h) afforded a compact cream
colour solid. This solid was redissolved in AcOH/H2O (3 : 1) and
stirred over 30 min. The solution was alkalinized by addition of
This journal is © The Royal Society of Chemistry 2015
4 M NaOH to pH 12.5. The resulting solid was ltered off and
successively washed with H2O (2 � 2 mL), EtOH (2 � 4 mL),
CH2Cl2 (2 � 2 mL) and acetone (2 � 2 mL) to give the corre-
sponding pure chitosan–pyridinium compound 12a (63 mg,
73%) as a cream colour solid. DS: 0.4%; Rf (MeOH): 0; IR nmax

3326, 2873, 1648, 1560, 1417, 1372, 1313, 1151, 1061, 1025 and
895 cm�1; UV-vis (AcOH/H2O/MeOH): lmax 419, 359 and
310 nm; uorescence (AcOH/H2O/MeOH): lem 451 nm; 1H NMR
(700 MHz, CD3COOD/D2O): d 7.89–6.84 (14H, m), 4.92 (1H, s),
4.63 (1H, s), 3.94–3.75 (6H, m), 3.37 (3H, s), 3.24 (1H, s) and 2.05
(3H, m); 13C CPMAS NMR (150.9 MHz): d 173.3, 141.1, 136.5,
104.5, 82.6, 74.4, 60.1, 56.9, 24.1 and 22.6. 19F NMR (470 MHz,
CD3COOD/D2O): d �102.25 (C–F).

Results and discussion
Synthesis and characterization of pyridinium–chitosan dyes

For designing of controlled properties into polymeric backbone,
physicochemical features including morphological structure,
degree of deacetylation or molecular weight must be under-
stood. Besides, homogeneous modication of chitosan previ-
ously requires its dissolution in acidic aqueous media.

Chitosan complexes 7–14 were synthesized (Scheme 1) from
electronically tunable pyrylium salts taking into account that we
focused our attention in slightly modied chitosan amino
derivatives searching for the original biopolymer properties are
preserved. Indeed, degrees of N-substitution were not higher
than 4.3%. Reaction of all the pyrylium dyes with the
biopolymer was evidenced (TLC) aer 2 days, however the
reaction times were delayed by several days (see Experimental
section) to ensure a measurable substitution pattern. It is
worthy to note that DS parameter proves to be pH-dependent. In
particular, for compounds 7 and 8 the lowest pH value (pH 4.3
and 4.2, respectively) gave a DS of 1.4% in the case of 7 and a
1.2% for compound 8 whereas the highest pH value (pH ¼ 5.1)
allowed to a DS of 4.3% and 3.4%, respectively.

Compounds 13 and 14 have the same structure at pyr-
idinium moiety that compound 7, however, chitosan backbone
is different at morphological level. These compounds, 13 and
14, were synthesized from polymers CS 2 and CS 3, respectively.
A comparative analysis of DS values for compounds 7, 13 and 14
gives interesting information. For compound 7, synthesized
from CS 1, as indicated above, a DS value of 1.4% was obtained
at pH 4.3. For compound 14, obtained from CS 3, a higher DS
value (1.6%) results at pH 4.5. On his turn, compound 13
prepared from the high purity chitosan (CS 2), provides at pH
5.0 the lowest DS value, 0.5% (Table 1). These features indicate
that DS value is related to the degree of deacetylation (DD) and
molecular weight of the starting chitosan. The higher the
molecular weight is, the lower the DS value. By the contrary, a
higher DD involves a higher number of reactive amino groups
on the biopolymer backbone, and a higher resulting DS.

Conventional characterization of starting polymeric material
by using Fourier transform (FT-IR) infrared analysis was per-
formed. Commercial chitosan (CS 1) typically shows bands at
3326 cm�1 corresponding to O–H and N–H stretching vibration
mode of hydroxyl and amino groups with intermolecular
RSC Adv., 2015, 5, 74274–74283 | 74277
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Scheme 1 Synthesis of pyridinium–chitosan derivatives (7–12).

Table 1 Fluorescent pyridinium–chitosan derivatives synthesized

Compound R1 R2 DS (%) Yield (%) le
d (nm)

7 H H 1.4 (0.5a, 1.6b, 4.3c) 97 (90a, 65b, 94c) 465
8 H F 1.2 (3.4c) 87 (77c) 354
9 Ph F 1.1 77 386
10 Ph H 0.5 70 376
11 Ph Me 1.2 99 392
12a OMe F 0.4 73 451

a Corresponding to compound 13 from CS 2. b Corresponding to compound 14 from CS 3. c Synthesized at pH 5.1. d Excitation wavelengths
correspond to the maximum of the UV-visible spectra for each complex.
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hydrogen bonds. A band at 2873 cm�1 is assigned to C–H
stretch of carbohydrate moiety. Moreover, amide I and II bands
are observed at 1648 and 1575 cm�1 respectively. Less impor-
tant bands at 1417, 1372 and 1313 cm�1 for CH2, C–H bending
mode and amide III respectively can be assigned. On the other
hand, the most interesting bands are the ones corresponding to
asymmetric C–O–C stretching for glucosidic linkage at
1151 cm�1, C–O stretching bands for secondary hydroxyl groups
at 1061 cm�1 and C–O stretching bands at 1025 cm�1 for
primary hydroxyl groups. These bands were applied for evalu-
ating the regioselectivity of these reactions. Thus, absorbance
74278 | RSC Adv., 2015, 5, 74274–74283
peaks ratio A1025/A1061 must be remained unchanged for N-
substitution but not for O-substitution.50 Last band at 894 cm�1

was assigned to glucosidic bond of chitosan backbone.
FT-IR spectra of derivatives (7–12) were analyzed by

comparison with FT-IR of CS 1 described above. In compound 7,
any appreciable changes except a band at 1664 cm�1 corre-
sponding to C]C of aromatic rings with respect to CS 1 were
observed. For compounds 8, 9 and 12 a band corresponding to
C–F vibrations should be observed. Unfortunately the predicted
wavenumber for this peak is overlapping with C–O stretching
for primary and secondary hydroxyl groups and, as a
This journal is © The Royal Society of Chemistry 2015
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Fig. 1 2D DOSY 1H NMR spectrum of compound 7. Region between
8.5 to 7.0 ppm is assigned to aromaticmoiety introduced into polymer.
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consequence, taking into account the low DS values, this peak
was not observed.

1H NMR for compound 7 shows characteristic peaks at 4.93
and 4.63 ppm for H-1GluN and H-1GluNAc of chitosan, respec-
tively. Integral relationships of these peaks remain unchanged
for 7 and the rest of our derivatives as expected for the same DD.
The signals between 3.95 – 3.75 ppm were assigned to H-3, H-4,
H-5, H-6 and H-60 carbohydrate protons. On the other hand,
signal at 3.24 ppm corresponds to H-2GluN whereas H-2GluNAc
was located in 3.95–3.75 ppm range. Finally, the signal at 2.05
ppm, overlapping with deuterated acetic acid solvent peak, was
assigned to CH3 groups of non-deacetylated fraction of chito-
san. In all synthesized compounds (7–14) no perceptible
changes on chemical shis were observed for these regions.
Under these considerations, we focused our interest on
aromatic region signals corresponding to pyridinium moiety. A
signicant observation for all synthesized compounds is a
broadening of signals on this region, indicative of assumption
of correlation times (s) similar to polymer on which they have
been incorporated. Furthermore, by using 13C CPMAS NMR in
solid state, the expected carbons for the aromatic rings were
detected. Compound 11 shows in its 13C spectrum a signal at
31.3 ppm assigned to the CH3 group at para position on phenyl
rings (rings B) attached to 2 and 6 positions of pyridinium core.
Unfortunately, in compounds 12, the methoxy group is not
observed due to an overlap with C-2 of chitosan moiety at
56.9 ppm. Carbons C-20, C-40 and C-60 of pyridinium core are
signicantly deshielded (signal at 141.1 ppm) showing the same
trend that pyrylium precursors.

19F NMR spectroscopy was used to conrm the presence of
uorine atom both as substituent and as part of the BF4

� anion.
Compounds 8, 9 and 12 show broad multiplets (spectra were
recorded without 1H decoupling) at �113.25, �101.50 and
�102.25 ppm, respectively for uorine atoms on phenyl rings.
BF4

� presents completely different chemical shis. Thus, dF for
tetrauroborate anions is in the range �144.42 (for compound
11) and �156.00 ppm (for compound 10). Two signals were
observed in all spectra associated to both isotopes of boron
atom (10B and 11B). When compound 12 was dissolved under
vigorous stirring in AcOH–H2O (3 : 1) mixture, anion exchange
from tetrauoroborate to acetate (compound 12a) was induced.
Aer several scans, compound 12a do not exhibits signal for
BF4

� in 19F spectrum at the mentioned typical range of dF. As
expected for this complex, acetate anion was detected at
24.1 ppm in its 13C CPMAS spectrum.

Both FTIR and NMR techniques do not allow the screening
in our lower than 5% range of DS, between a covalent linked
derivative and an ionic interaction chitosan-small molecule. As
pyrylium compounds are positively charged organic molecules,
we suggest that non covalent complexes based on electrostatic
interactions between chitosan and pyrylium cation are
restricted. It has been established that small compounds have
diffusion speeds greater than large molecules. However, when
they joined to the macromolecule adopt the properties of this
one.51 On this base, our hypothesis was corroborated using
diffusion experiments such as diffusion lters and 2D DOSY,
that show the same relative diffusion coefficient for aromatic
This journal is © The Royal Society of Chemistry 2015
region than for chitosan protons (Fig. 1) corroborating a cova-
lent linked structure. It is worthy to note that diffusion lters
bring to light the deshielded H-1 protons at 5.50 ppm for
glucosamine units who have been attached the pyridinium
moieties.

Additionally, the UV-vis and uorescence characteristics of
all the pyrylium49 and pyridinium complexes (1–12) were also
studied. The wavelength emission band of the new pyrylium
complexes (7–12) was in the range 354–465 nm (Table 1),
according to the emission wavelengths showed by 2,4,6-triaryl
pyridinium salts previously obtained52,53 from pyrylium salts
and more simple amines, such as methyl amine and aniline, as
it is can be realized when comparing compound 7 (lem ¼
465 nm) with 1-methyl-2,4,6-triphenylpyridinium perchlorate52

and 1,2,4,6-tetraphenyl pyridinium tetrauoroborate53 (lem ¼
439 nm in ethanol and 480 nm in DMSO/H2O, respectively).
Under the conditions applied, pyridinium compounds shown
higher relative uorescence intensity than their pyrylium
precursors taking into account low DS (0.4 to 1.4%) targeted. In
general, incorporation of substituent groups at the phenyl para
positions causes a red-shi in the emission band (Table 1).
Furthermore, uorescence emission wavelength, as expected, is
a tunable substituents function. For instance, the uorescence
emission in compound 9 (R1 ¼ Ph; R2 ¼ F) was found to be
386 nmwhen an excitation wavelength of 309 was employed. On
its turn, compound 11 (R1 ¼ Ph; R2 ¼ Me) presents a uores-
cence emission peak at 392 nm. As observed, replacing uorine
atoms in the phenyl rings at ortho position of pyridiniummoiety
for methyl groups provides a displacement in maximum emis-
sion to higher wavelength (pair 9/11, Dle 6 nm). The effect of the
substituent on ring A is greater. Thus, in pair 8/9, Dle ¼ 32 nm
by introduction of a phenyl ring and in the pair 8/12 Dle ¼
97 nm by introduction of a methoxy group, were measured.
Molecular modeling of poly(pyridinium) complexes

As described in experimental section, DFT calculations were
performed to display the conformational behaviors and the
theoretical NLO properties of synthesized materials. For this
purpose, monomer of chitosan derivatives was chosen which
was previously used for this system.54 The model can be applied
RSC Adv., 2015, 5, 74274–74283 | 74279
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in our case based on DS value and suggestion of homogeneous
distribution of pyridiniummoieties. In this system, introducing
a ctitious methyl groups (6-deoxy-D-glucopyranoside) instead
of hydroxymethyl groups, provokes an inversion on chair
conformation of carbohydrate chain. Despite this fact, carbo-
hydrate moiety does not provide in this case a crucial role for
the study. Another noteworthy characteristic is the conjugation
path that became modied by introducing an aromatic ring at
position 4 of the pyridinium cation. Moreover, different
substituents with donor or acceptor electronic functions were
introduced according with synthesized compounds. In all cases,
phenyl ring at para position (ring A) is rotated from pyridinium
core with angles of 32.6�, 32.4�, 45.3� and 31.1� for model of
compounds 7, 8, 9 and 11, respectively (Table S2† and Fig. 2).
Additional phenyl substituent attached to ring A is rotated 37.5�

and 37.2� for compounds 9 and 11, respectively.
Anion is positioned over charged nitrogen atom in

compound 7 (R1 ¼ H; R2 ¼ H, RB/N(1) ¼ 3.777 Å), showing
RF/N(1) ¼ 2.721 Å. In all complexes, stabilizing CH/anion
interactions with an ortho position of phenyl ring at 6 position
(range of distance RF/H(6) ¼ 2.223–2.125 Å), minimum for
compound 8, exist on the basis of the theoretical results.

For monomer of compound 9 (R1 ¼ Ph; R2 ¼ F), an impor-
tant effect on dipole moment (m 11.4 D) by movement of BF4

�

anion over C–5/C–6 bond and its tripod-type interaction with
C–H of anomeric carbon, methoxy group and ortho proton on
aromatic ring at position 6 is suggested (Fig. S2†). Our results
reveal that anion nature has also signicant inuence. Thus,
model for compound 12 indicates that static dipole moment
depends of counter-anion for complexes. A major dipole
moment calculated for BF4

� (m 16.4 D) was diminished with
acetate ion (compound 12a, m 8.5 D) and drastically decreases
Fig. 2 Molecular structures for compounds 7–11 at B3LYP 6-31G(d,p)
level of theory.

74280 | RSC Adv., 2015, 5, 74274–74283
without anion (m 5.8 D). It is relevant that for these compounds
binding energy calculated for this stabilizing interaction was
�83.8 kcal mol�1 for compound 12 (�99.2 kcal mol�1 for
compound 12a).

It is known the optical properties for NLO-phores attached to
polymer backbone can highly change from monomer on the
basis of aggregation processes which oen modify the local
interaction geometries of corresponding monomer. In partic-
ular, rst hyperpolarizability undergoes dramatically changes
depending on the aggregate nature.55 However, aggregate
formation is not considered in gas phase calculations.

Theoretical results (Table 2) show that weakly donating
groups as phenyl ring have opposite effect on molecular
parameters. Thus, a low inuence on dipole moment in pair
10/7 (Dm 0.4 D) is observed. Surprisingly, for pair 8/9 contain-
ing uorine atoms on 2,6 positions aromatic rings, an impor-
tant variation on this parameter is calculated (Dm 3.3 D).
Instead, rst-order hyperpolarizability, btot, drastically
increases for compounds with a phenyl substituent on ring A
[9.03 (7) to 26.78 (10); and 7.08 (8) to 25.23 (9); p-nitroaniline
used as reference: 7.98, in 10�30 esu]. Introducing a strong
donating group as OMe provokes great changes on studied
dipole moment (16.4 D) and hyperpolarizability (21.70 �
10�30 esu).

In general, substituent attached to phenyl rings located at
position 2 and 6 of the pyridinium moiety (ring B) have a
minimal inuence on NLO properties at molecular level. For
instance, comparing compounds 9 (R2 ¼ F), 10 (R2 ¼ H) and 11
(R2¼Me) only a Dm 0.1D for the incorporation of methyl groups
on para position at 2,6-diphenyl moieties (pair 10/11) and small
changes on btot are observed. In particular, both methyl and
uorine substituents produce a slightly decrease on btot value
(pair 10/9 Db 1.55 and pair 10/11 Db 0.71, in 10�30 esu). The
studied b values are maximized for x axes in all cases.

Among desirable molecular features for maximized NLO
properties a high polarizability (a), as well as a high difference
of dipole moment (Dm) in ground (mg) and excited (me) state are
required. According to substituents on aromatic rings and
conjugation path, the polarizability values are in the range 367–
609 a.u. (86 and 124 a.u. for the reference compound p-nitro-
aniline), following the same trends as b values. Maximum value
for compound 10 taking into account the water effects was
found. In this context, when solvent effects are considered
applying the PCM model an increase of dipole moments and
hyperpolarizabilities were also observed.

In addition to NLO properties, this kind of compounds
provides other desirable qualities. Large permanent dipole
moments have an important role as probe for both dipole–
dipole and dipole-induced dipole interaction and consequently
an enhancement on their solvatochromic properties is expec-
ted.57 Furthermore, HOMO–LUMO gap for studied compounds
(from 2.49 to 3.88 eV), also implicated in CT processes, must be
the lowest as possible due to the high sensitive of b for this
parameter.58 The promising compound 10 with potential char-
acteristics as NLO-catiophore shows a HOMO–LUMO gap of
3.67 eV (Table 2 and Fig. S3†).
This journal is © The Royal Society of Chemistry 2015
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Table 2 Linear and nonlinear optical parameters for ground state model monomers of compounds 7–12 at B3LYP 6-31G(d,p) level of theory

Compound mx my mz mg (D) haia Dab btot
c EHOMO–LUMO (eV)

7 �5.5 �2.5 �12.8 14.2 367 116 9.03 3.88
8 �5.7 �3.3 �13.2 14.7 370 129 7.08 3.79
9 1.2 1.7 �11.2 11.4 451 221 25.23 3.87
10 �6.9 �2.0 �12.8 14.6 458 235 26.78 3.84
10d �11.4 �5.4 �18.6 22.4 609 274 57.83 3.67
11 6.9 0.9 �12.7 14.5 490 243 26.07 3.73
12 �9.0 �1.1 �13.7 16.4 440 176 21.70 3.84
12a �5.6 �0.3 �6.4 8.5 414 149 19.64 2.49
Ref.e �7.1 0.0 0.8 7.2 86 95 7.98 4.29
Ref.d,e �10.1 0.0 0.7 10.2 124 157 31.81 3.83

a Mean polarizabilities (hai, in a.u.) were calculated from (axx + ayy + azz)/3.
b Anisotropy of polarizabilities Da were calculated from ([(axx � ayy)

2 +
(ayy � azz)

2 + (azz � axx)
2]/2)1/2. c First-order hyperpolarizabilities (btot, in 10�30 esu) were calculated from (bx

2 + by
2 + bz

2)1/2 obtained at the RHF 6-
31G(d,p) level of theory; bi (i¼ x, y or z) is dened as is described in ref. 56. d Including solvent effect (H2O) by PCMmodel. e p-Nitroaniline is used as
reference at the same level of theory.
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Conclusions

We reported here a novel type of uorescent and quaternized
pyridinium–chitosan derivatives synthesized by an unprece-
dented reaction of this bipolymer with tunable pyrylium tetra-
uoroborate salts. With the aim to preserve the original
physicochemical properties of the biopolymer, degrees of
N-substitution not higher than 5%were seeked. Indeed, degrees
of N-substitution were lower than 4.3% in all cases.

Pyridinium–chitosan derivatives show higher uorescence
intensity in the range 354–465 nm. 19F NMR, 13C CPMAS NMR
and diffusion experiments among other spectroscopic tech-
niques were used to conrm the proposed structures. Particu-
larly, diffusion-ltered experiments were effectively applied
providing a fast and simple tool to corroborate the attachment
to polymer backbone.

Regarding NLO properties, substituent attached to phenyl
rings located at position 2 and 6 of the pyridinium moiety
(rings B) have a minimal inuence. Nevertheless, rst-order
hyperpolarizability, btot, drastically increases when an elec-
tron donating substituent, phenyl or methoxy, is introduced
on ring A. Polarizabilities (a) are notably higher than that of
the reference compound and follow the same trends as b

values.
In addition to their potential NLO-phore behavior, an

enhancement of the solvatochromic properties of described
pyridinium–chitosan dyes could be expected as a consequence
of the large permanent dipole moments exhibited for this kind
of molecules.
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