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CHAPTER I 

INTRODUCTION 

 
 Fragrance has been used for enhancement of pleasant odor in daily life 

products such as shampoos, soaps, deodorants, detergents and cosmetics. Fragrant 

chemical can be categorized in accordance with their chemical functionality, e.g., 

alcohols, aldehydes, ketones, esters, lactones, ethers and nitriles [1].  

 Among the various kinds of fragrance, aldehydes are the popularly used one 

owing to the variety of their odors. However, due to their volatility and reactivity, 

they are, therefore, easy to evaporate, leading to instability, low efficiency and short-

time usage. These problems take place not only for aldehydes but also other fragrant 

chemicals. To overcome these drawbacks, various fragrance controlled release 

technologies have been fabricated in order to prolong the longevity and increase not 

only the stability but also efficiency [2].  In general, there are two strategies of the 

fragrance controlled release technology; one is physical encapsulation of which 

fragrant molecules were trapped inside well-designed polymer matrix in order to 

control their evaporation and protect their degradation from the environmental stimuli 

such as temperature, moisture, pH, chemical reaction, light and enzyme. While, the 

other one is chemical derivation, fragrant molecules are formed covalent bonds with 

appropriate moieties to obtained precursor species, pro-fragrances such as -mercapto 

ketones [3],  -amino-alcohol [4] and acetal [5], which are labile under specific 

conditions and can reversibly be original fragrant molecules with cleavage of the 

chemical bonds by the trigger. There are various kinds of the trigger or environment 

stimuli for cleavage of covalent bonds as follows: 

 

Temperature 

 The first fragrance controlled release technology which has been fabricated 

was the heat-activated delivery system. Heating is the most common method to break 

several types of chemical bond. Heating is considered as a general condition in 

everyday life such as release of some flavor additives from food during cooking. The 
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sample of heat-activated precursor shown in the Figure 1.1 is derivative of aldehydes 

and cyclic acetals. 

 

 

 

 

 

 

 

Figure 1.1 Heat-activated precursor of aldehyde derivative [1] 

 

Oxidation 

 Oxygen species is well-known as one of the most reactive species which can 

react with several functional groups through oxidation reaction. Oxidative degradation 

of the labile functional groups seems to be easy to occur because an abundance of 

reactive oxygen species in the environment. However, it is quite difficult to control 

the oxidation reaction, herefore, there are little literatures involving the release of pro-

fragrances by oxygen stimulus. 

 

 

 

 

 

 

 

 

Figure 1.2 Oxidative bond cleavage precursor of aldehyde derivative [1] 
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Light 

 As well known, light, especially sunlight, is the most important energy source 

for living organisms. The light of which wavelength is close to UV region possesses 

ability to cleavage covalent bonds. For example, Norrish type II photofragmentation 

of carbonyl derivatives which yields a carbonyl and alkene compound. Alkyl phenyl 

ketone derivatives are the most general precursor which can undergo the Norrish type 

II photoreaction. 

 

 

 

 

 

 

 

 

Figure 1.3 Mechanism of Norrish type II photofragmentation [1] 

 

Hydrolysis and change of the pH value 

 The most used medium in perfumery applications and hydrolysis is water. It 

may be a suitable trigger for controlled release of fragrances by change of pH value. 

Most release or chemical delivery systems of volatiles described in literatures, is 

based on hydrolysis bond cleavage of various types of precursor.   

 

Chitosan 

 Chitosan, a chitin derivative which is composed of -(1-4)-2-amino-2- 

deoxy-D-glucopyranose residues and -(1-4)-2-acetamido-2-deoxy-D-glucopyranose 

units, is widely used in various applications such as pharmaceuticals, cosmetics, foods 

and agricultures because of its biodegradability, biocompatibility and non-toxicity, 

leading to advanced developments i.e. chemical modifications. 
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Poly(ethylene oxide) modified chitosan 

 In 2005, Hu et al synthesized poly(ethylene glycol)-g-chitosan (PEG-g-CS) 

using reaction between methoxy poly(ethylene glycol) iodide (MPEG-I) and 

triphenylmethyl chitosan (TPM-CS) in organic solvent. 

 

 

 

 

 

 

 

 

 

 

Chitosan derivatives for fragrance delivery system 

 

 

Figure 1.4 Schematic illustration of synthesis of PEG-g-CS [6] 

 

 The result indicates that use of organosoluble 6-O-triphenylmethylchitosan as 

a precursor and then reacted with PEG iodide in homogeneous reaction using polar 

organic medium, allowed the nucleophilic substitution reactions to conduct, resulting 

in high DS and well-controlled reaction. Moreovere, it has been found that the 

copolymers was soluble in water in wide range of pH value. 
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Figure 1.5 1H NMR spectra of (A) chitosan in 1% (v/v) CD3COOD/D2O and (B) 

PEG-g-chitosan in D2O [6] 

 

 In 2006, Fangkangwanwong et al synthesized chitosan which was modified 

with poly(ethylene glycol) methyl ether (mPEG) at the amino and hydroxyl groups. 

The product was obtained from a one-pot homogeneous reaction in aqueous media. 
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Figure 1.6 Schematic illustration of preparation of chitosan-g-mPEG in an aqueous 

media [7] 

 
 1H NMR spectrum shows that mPEG was successfully grafted on chitosan via 

heterogeneous coupling reaction in aqueous media. The chitosan-g-mPEG with 24 

%DS was soluble in water and swellable in methanol and chloroform. 
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Figure 1.7 1H NMR spectrum of chitosan-g-mPEG in D2O at 70 oC [7] 

 

 In 2008, Yoksan et al synthesized amphiphilic chitosan by grafting chitosan 

with hydrophobic residues, phathaloyl groups, and poly(ethylene glycol), a 

hydrophilic moiety, to obtain a well-dispersed solution in polar solvents and, 

moreover, achieve a nanoparticle (~ 200 nm) which possessed negative charge at the 

surface. 

 

 

 

 

 

 

 

 

Figure 1.8 SEM photographs of (a) chitosan (15,000x) and (b) N-phthaloylchitosan 

grafted mPEG (50,000x) [8] 
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Thermoresposive polymers 

 Thermoresponsive polymer is a polymer of which physical properties response 

to temperature stimulus. When the temperature is below the critical solution 

temperature (LCST), the polymer could be miscible in a medial but when the 

temperature is raised up beyond the LCST, the polymer would be insoluble. 

Thermoresponsive polymers have attracted much research interest because of their 

potential applications such as rheological control additives, controlled release of drugs 

and gene therapy [9]. 

 

 

 

 

 

 

 

 

 

 

Figure 1.9 Schematic illustration of thermoresponsive polymer used as drug delivery 

system [9] 

 

 In 2009, Morinaga et al synthesized a new amphiphilic copolymers of 

polymethacrylate grafting with a lilial-derived acetal which behaved like a 

hydrophobic part and PEG which possessed a hydrophilic character. The copolymers 

could self-assemble in aqueous media to form polymeric micelles, of which 
aggregation-dissociation responded sharply and reversibly on temperature in the 
presence of NaCl. The copolymers, moreover, show efficiency for a temperature-

switchable control release of perfumery aldehyde, lilial, which was grafted on the 

polymer backbone. 
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Figure 1.10 Temperature dependence of thermoresponsive copolymers  in aqueous 

media with various concentrations of NaCl: solid line: 25 to 70 °C; broken line: 70 to 

25 °C.  [5] 

 

 As seen in the figure, the release of lilial from the thermoresponsive 

copolymers in the presence of NaCl and pH 3.0 at the temperature above LCST was 

minimal while the release at the temperature below the LCST was obviously faster.  
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Figure 1.11 Controlled release of lilial from the thermoresponsive copolymers in 

buffer solution (pH = 3.0) with the presence of NaCl (2.0 M) at 40 and 50 oC [5] 

 

 In 2011, Hua et al reported a green chemistry method to synthesize chitosan 

grafted with hydrophobic residues, lilial, via Schiff base bond formation. Then the 

thermoresponsive polymer, N-isopropylacrylamide was grafted to the lilial-modified 

chitosan to obtain an amphiphilic copolymers. The obtained amphihilic copolymers 

could self-assemble in water at neutral pH into nanoparticles with the spherical size 

for 142±60 nm [10]. 

 

 

 

 

 

 

Figure 1.12 Schematic illustration of the temperature and pH responsive behavior of 

self-assembled PNIPAm-CS-Lilial nanoparticles. PNIPAm, CS and lilial are 

represented in red, blue and yellow, respectively. [10] 
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Figure 1.13 Lilial release profile at (a) 25 oC, pH = 7.4 and (b) 37 oC, pH = 4.5 [10] 

 

Chitosan Shiff base derivatives 

 In 2005, dos Santos et al prepared Schiff base from chitosan and 

salicylaldehyde derivatives and found that the substitution degrees depended on the R 

group of salicylaldehyde, varying from 4.6 to 68.5%. 

 

 

 

 

 

 

 

 

Figure 1.14 Schematic illustration of reaction of the chitosan modified with 

substituted salicylaldehydes, where R=H, Br, Cl, NO2, Me, MeO [11].  
 

 In 2006, Guinesi et al investigated the effect of some reaction parameters, mol 

ratio (salicylaldehyde:free amino groups), reaction time and temperature. It has been 



12 
 

found that the reaction parameters had influenced to the substitution degree (DS) in 

the preparation of Schiff bases from chitosan. 

 

 

 

 

 

 

 

 

Figure 1.15 Schematic representation of chitosan Schiff base chemical structure [12] 

 

 The IR spectra of the chitosan Shiff bases show a strong absorption peak at 

1631.6 cm-1 corresponded to the C=N vibrations of imines bond. In addition, there is 

no absorption peak attributed to the free aromatic aldehydes. 

 

 

 

 

 

 

 

 

 

 

Figure 1.16 FTIR spectra of (a) chitosan and (b) chitosan Schiff base (%DS = 21.9%) 

[12] 
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 In 2008, Jin et al synthesized the Schiff base of chitosan using the reaction 

between chitosan and citral under high-intensity ultrasound. The products showed 

antimicrobial activities against Escherichia coli, Staphylococcus aureus, and 

Aspergillus niger. FTIR spectroscopy was used to characterize the structure of the 

Schiff base. The strong peaks at 1648.3 and 1610.6 cm-1, attributed to C=N and C=C 

stretching vibrations, could be observed. These results indicated that amino groups of 

chitosan could be reacted with citral to form the Schiff base. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.17 FTIR spectra of (a) chitosan and (b) chitosan Schiff base [13] 

 

 In 2011, Tree-udom et al synthesized double barriers carrier for controlled 

release of fragrances using N-succinylchitosan (N-SCS), a modified polymer which 

could well disperse in water and self-assemble into polymeric nanoparticles with a 

spherical shape (hydrodynamic diameter size was 46.3  ±  0.24  nm and PDI was 

0.1850). Then, the fragrant molecules, perfumery aldehydes, were grafted on N-

succinylchitosan via Schiff base formation in aqueous media under high-intensity 

ultrasonication. 
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Figure 1.18 Schematic representation of synthesis of N,N’-imine-succinylchitosan 

[14] 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.19 (a) SEM and (b) TEM photographs of N-succinylchitosan [14] 

 

 



15 
 

 XPS high resolution spectra of the products were used to confirm that the 

perfumery aldehydes were successfully grafted on N-succinylchitosan and the grafted 

aldehydes, moreover, were embeded at particles’ core and behaved as a hydrophobic 

residue when the nanoparticles self-assembled in the aqueous.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.20 XPS spectra of the various products [14] 
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 Furthermore, the fragrant nanocarriers showed controlled release of the grafted 

aldehydes when compared with free aldehydes. The release of perfumery aldehydes 

from the double barriers carrier was obviously slower than that of free aldehydes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.21 Release profiles of aldehydes from N,N’-imime-succinylchitosan 

nanocarriers compared with free aldehydes [14] 

 

Perfumery aldehydes 

Vanillin 

 Vanillin, 4-Hydroxy-3-methoxybenzaldehyde, is a phenolic aldehyde with the 

molecular weight of 152.15 g/mol. Its functional groups compose of aldehyde, ether, 

and phenol. Vanillin can partially dissolve in water but absolutely dissolve in ethanol 

and methanol. In natural, it is a primary component in the vanilla bean. The 

compound can be chemically synthesized using electrophilic aromatic substitution 

reaction between guaiacol and glyoxylic acid to obtain vanillylmandelic acid which 

could be further converted to vanillin. Vanillin is used as a flavoring agent in foods, 

beverages, cosmetics and pharmaceuticals. 
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Figure 1.22 Chemical structure of vanillin 

 

 

Citral 

 Citral, 3,7-dimethylocta-2,6-dienal, is a monoterpenoid alcohol which was 

widely found in essential oils of several plants. Its boiling point is around 230 oC and 

the molecular weight is 152.24 g/mol. Citral is insoluble in water but absolutely 

soluble in alcohol, ether and most common organic solvents. It is used in perfumery 

and flavoring. Citral also possesses antimicrobial activities. 

 

 

 

 

 

 

Figure 1.23 Chemical structure of citral 

 

 

Research goals 

 The aim of this research is the fabrication of the thermoresponsive biopolymer 

for the controlled release of fragrances. The procedures of this research as follow: 

1. Synthesis of methoxy-terminated poly(ethylene oxide) carboxylic acid (mPEO-

COOH) 

2. Synthesis of poly(ethylene oxide) grafted-chitosan (mPEO-CS) 

3. Preparation of vanillidene-mPEO-CS and citralidene-mPEO-CS polymeric particles 

4. Chemical structure and morphology characterization 

OH
O

HO

O

H
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5. Evaluation of aggregation-dissociation behavior 

6. Investigation of thermally controlled release profiles 



CHAPTER II 

EXPERIMENTAL 

 

2.1 Materials and chemicals 

Chitosan (MW 30,000 Da, 85% deacetylated) was purchased from Seafresh 

Chitosan Lab Co., Ltd (Thailand). Succinic anhydride, citral, vanillin, and 1-ethyl-3-

(3-dimethyllaminopropyl) carbodiimide hydrochloride (EDCI.HCL) were obtained 

from Acros organics (Geel Belgium). Pyridine and ZnSO4.7H2O were purchased from 

CARLO ERBA (Val de Reuil, France). Polyethyleneglycol methyl ether (mPEG, MW 

5000) was purchased from Fluka (Missouri, USA). 1-Hydroxybenzotriazole (HOBt) 

was recrystallized in MeOH and other chemicals were analytical grade. 

 

2.2 Synthesis of methoxy-terminated poly(ethylene oxide) carboxylic acid 

Polyethyleneglycol methyl ether (mPEG 5000, 10.00 g) was reacted with 

succinic anhydride (4.00 g, 20 mole equivalent to mPEG) in DMF (20 mL) with a 

catalytic amount (2 drops) of pyridine at 60oC overnight to achieve methoxy-

terminated poly(ethylene oxide) carboxylic acid (mPEO-COOH). The reaction was 

described in following Scheme 2.1. The obtained product was purified by dialysis 

against water using benzoylate dialysis tubing (MWCO 2000, Sigma-Aldrich, 

Missouri, USA) before drying by freeze dry method. Structural characterization of the 

product was achieved on a 400 MHz Varian mercury nuclear (1H) magnetic resonance 

spectrometer (Varian Inc., Palo Alto, USA). 

 

 

Scheme 2.1 Synthesis of mPEO-COOH 
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 Methoxy-terminated poly(ethylene oxide) carboxylic acid (mPEO-COOH): 

yield = 60%. 1H-NMR (D2O, 400 MHz, , ppm): 2.51 (-COCH2CH2COOH); 4.11 (-

OCH2CH2OCOCH2CH2COOH); 3.35-3.70 (-OCH2CH2OCH3); 3.20 (-

OCH2CH2OCH3). 

 

2.3 Synthesis of poly(ethylene oxide) grafted-chitosan (mPEO-CS) 

 

 

 

 

 

Scheme 2.2 Synthesis of mPEO-CS 

 

 Poly(ethylene oxide) grafted-chitosan (mPEO-CS) was synthesized by 

homogeneous coupling reaction in aqueous solution. Chitosan MW 3,000 (0.25 g, 

1.53 mmole) was blended with HOBt (0.206 g, 1.53 mmole) followed with addition 

of deionized water (20 mL) and stirred until a clear solution was obtained. Next, 

aqueous solution of mPEO-COOH (0.765 g, 0.153 mmole, 10 mL) was added drop-

wise, following with the addition of aqueous EDCI.HCl (0.293 g EDCI, 1.53 mmole 

and 10 ml water) solution. The mixture was stirred at room temperature for 24 h. The 

obtained solution was precipitated in excess acetone and yellow crude gel was 

achieved. The crude gel was filtered and washed by acetone followed with ethanol for 

several times and then dried under vacuum at ambient temperature. The product was 

characterized using Nuclear magnetic resonance (NMR) Varian mercury 400 MHz 

(Varian Inc., Palo Alto, USA). Attenuated Total Reflectance- Fourier transform 

infrared (ATR-FTIR) spectra were recorded with Nicolet 6700 FT-IR spectrometer 

(Thermo Electron Corporation, Madison, WI, USA) connected to a ContinumTM 
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infrared microscope equipped with a mercury-cadmium-telluride (MCT) detector. X-

ray diffractrometer, Rigaku DMAX 2200/Ultima+ diffractometer (Rigaku 

International Corporation, Tokyo, Japan) operating with Cu Kα radiation at 40 kV and 

30 mA, was used to characterize crystallinity of mPEO-CS. 

 Poly(ethylene oxide) grafted-chitosan (mPEO-CS):  yield = 64%. 1H-NMR (D2O, 

400 MHz, , ppm): 2.83-2.89 (-COCH2CH2COOH); 4.23 (-

OCH2CH2OCOCH2CH2CONH); 3.34 (-OCH2CH2OCH3); ); 2.02 (-NHCOCH3); 

3.56-3.72 (-OCH2CH2OCH3, H2’, H3, H4, H5, and H6); 4.78 (H1); 3.07 (H2) 

(labeled in figure 1). ATR-FTIR (cm-1): 3378 (N-H and O-H stretching), 2877 (C-H 

stretching), 1645 (C=O stretching of amide I), 1515 (N-H bending of amide II), 1343 

(C-N stretching of amide III), 1731 (C=O stretching of ester), 1140 (C-O-C 

stretching) and 1090 (C-O stretching of glucosamine unit). 

 

2.4 Preparation of imine-mPEO-CS 

mPEO-CS (90 mg) was dispersed in 30 mL of deionized water before addition 

(drop-wise) of each perfumery aldehyde (vanillin and citral), which was dissolved in 

ethanol (3 mL), under high-intensity ultrasound (40 kHz) at room temperature for 4 h. 

 

 

 

 

 

Scheme 2.3 Synthesis of imine-mPEO-CS 

N,N-vanillidene-mPEO-chitosan, ATR-FTIR (cm-1): 3378 (N-H and O-H 

stretching), 2877 (C-H stretching), 1635 (C=N stretching of imine), 1731 (C=O 
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stretching of ester), 1140 (C-O-C stretching) and 1090 (C-O stretching of 

glucosamine unit). 

N,N-citralidene-mPEO-chitosan, ATR-FTIR (cm-1): 3378 (N-H and O-H 

stretching), 2877 (C-H stretching), 1638 (C=N stretching of imine), 1731 (C=O 

stretching of ester), 1140 (C-O-C stretching) and 1090 (C-O stretching of 

glucosamine unit). 

Hydrodynamic diameter of samples were acquired on a Zetasizer nanoseries 

instrument (Malvern Instrument, Worcestershire, UK) while morphological and 

aggregation-dissociation behavior images were achieved from JEM-2100 

transmission electron microscope (JEOL, Tokyo, Japan) and confocal microscopes, 

Nikon Ti-E Inverted Microscope Confocal Nikon C1si-system (Nikon Corpopation, 

Tokyo, Japan) with differential interference contrast (DIC) mode, respectively. 

Moreover, scanning probe microscopic (SPM) images were obtained from Nanoscope 

IV scanning probe microscope (Veeco Metrology Group, New York, USA) analysis 

in tapping mode. 

 

2.5 Optimization ratio of aldehydes 

 mPEO-CS suspension was prepared at concentration of 3.0 g/L. The 

suspension was divided into five parts. Each part containing 10 mL of the suspension 

was reacted with ethanolic solution of vanillin (10% v/v) under high intensity 

ultrasonication (40 kHz) at mass ratios of polymer to vanillin of 1:1, 2:1, 3:1, 4:1, and 

5:1. Product from each reaction was subjected to ATR-FTIR spectroscopic analysis.  

The ratio having maximum amount of grafted-vanillin and minimum of free fragrant 

aldehyde was selected for next experiments. Similar experiment was carried out with 

citral in place of vanillin. 
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2.6 Evaluation of surface chemical composition 

 Samples with the optimized polymer to aldehyde ratio obtained from section 

2.5 were subjected to X-ray photoelectron spectroscopic (XPS) analysis (Kratos AXIS 

Ultra DLD instrument equipped with a monochromatic Al K X-ray source (1486.6 

eV), operated with X-ray source at 150 W (15 kV and 10 mA)(Kratos, Manchester, 

England). To acquire C 1s and N 1s high resolution spectra, the base pressure in 

analysis chamber and passed energy with energy steps 0.1 eV were 5x10-8 torr and 20 

eV, respectively. For deconvolution, the hydrocarbon C 1s peak at 285 eV was used 

as binding energy (BEs) reference peak. 

 

2.7 Investigation of phase transition profile 

Transmittance of the suspension of imine-mPEO-CS with polymer 

concentration of 3.0 g/L in a presence of various concentrations of ZnSO4.7H2O (0, 

0.8, 0.9, and 1 M for vanillidene-mPEO-CS and 0, 1, 1.3, and 1.5 M for citralidene-

mPEO-CS) were measured using UV-visible spectrophotometer, CARY 100 Bio UV-

Vis spectrophotometer (Varian Inc., Palo Alto, USA), equipped with temperature 

controller. Samples were heated up from 25 to 80 oC followed with cooled down from 

80 to 25 oC with a rate 1 oC/min. 

 

2.8 Determination of critical micelle concentration 

The 1000 M of aliquot (10 mL) of pyrene solution was added into each clean 

test tube and dried under nitrogen, then 10 ml of citralidene-mPEO-CS in water (at 

various concentrations of 0.01, 0.1, 0.25, 0.35, 0.5, 0.6 g/L) were added. The samples 

were kept at room temperature overnight for equilibration. Then the samples were 

subjected to fluorescence spectroscopic analysis on PerkinElmer LS 55 Luminescence 

Spectrometer (PerkinElmer, Massachusetts, USA). Plot between ratio of fluorescent 

intensity at 372 to 382 nm and concentration of citralidene-mPEO-CS (g/L) was then 
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contructed and critical micelle concentration (CMC) was estimated from the 

interception of curve fitting between two slopes. 

 

2.9 Hydrolysis of imine bond with temperature control 

To investigate thermally controlled release profiles, suspension of vanillidene-

mPEO-CS (30 mL) with polymer concentration 6.0 g/L was prepared, then phosphate 

buffer pH 1 (30 mL) and addition of ZnSO4.7H2O (15.5 g) were added. Final 

concentrations of polymer and ZnSO4.7H2O in the mixture were 3.0 g/L and 0.9 M, 

respectively. Whereas, citralidene-mPEO-CS was prepared with polymer 

concentration 3.0 g/L in deionized water (60 mL) and ZnSO4.7H2O (25.9 g, 1.5 M) 

was added to it. Each uncovered vial containing 5 mL of the mixture was subjecting 

to the determination of vanillin or citral release with switching temperature every 2 

days between 35 and 55 oC for vanillin and every 1 day between 30 and 40 oC for 

citral. The sample of vanillidene-mPEO-CS was collected on day 0, 2, 4, 6, 8, 10 

whereas citralidene-mPEO-CS was collected on day 0, 1, 2, 3, 4, 5 by addition of 1.0 

M HCl (1.0 mL) followed with addition of ethanol : H2O (1 : 1) 15.0 mL for vanillin 

and hexane (15.0 mL) for citral. The collected vials were then capped with headspace 

aluminum crimp caps with PTFE/silicone septa. The mixtures in the vials were then 

subjected to UV-vis spectrophotometric analysis (Shimadzu Corporation, Kyoto, 

Japan) in order to quantitate aldehyde released. 

 

2.10 Hydrolysis of imine bond with salt control 

To demonstrate release profiles of both imine-mPEO-CS, at various salt 

concentration under constant temperature, the suspension of each imine-mPEO-CS in 

deionized water (200 mL) was prepared and divided into two parts, 100 mL each. The 

first part was added with ZnSO4.7H2O (28.8 g, 1 M for vanillidene-mPEO-CS and 

43.1 g, 1.5 M for citralidene-mPEO-CS) while no salt was added to the other part. 

Then the samples were transferred into vials (5.0 mL for each vial). Each vial 

containing 5.0 mL of sample was kept uncovered at 40 oC. Collection of the samples 
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was proceeded on day 0, 1, 2, 5, 8, 12, 15, 20, 26 for vanillidene-mPEO-CS while on 

day 0, 1, 2, 5, 7, 10, 15, 20 for citralidene-mPEO-CS with following method, 1 M HCl 

(1 mL) was added followed with addition of ethanol : H2O (1 : 1) 15 mL for vanillin. 

Whereas, followed with addition of hexane (15 mL) for citral. Next, the vial was 

capped with headspace aluminum crimp caps, inserting with PTFE/silicone septa. 

Finally, each treated sample was subjected to UV-vis spectroscopic analysis for 

aldehyde quantification. 



CHAPTER III 

RESULTS AND DISCUSSION 
 

 Morinaga and coworkers [5] reported novel concept for controlling release of 

fragrance which was based on chemical derivatization and temperature-dependenced 

responsiveness and found that the self-assembly thermoresponsive polymers could 

control the release rate of the fragrance molecules which were grafted on the 

thermoresponsive amphiphilic polymeric chain. In this report, we demonstrated the 

same concept for controlling release of fragrances, however our system is fabricated 

from the biodegradable/biocompatible chitosan polymer using the reversible imine 

linkage between fragrant aldehydes and amino groups of the chitosan. Here the 

biocompatible polyethylene oxide was also grafted onto the chitosan to inherit 

thermoresponsive character to the polymer. 

 

3.1 Synthesis and characterization of mPEO-COOH 

 

 

 

 

Scheme 3.1 Schematic representation of synthesis of mPEO-COOH 

 

 Methoxy-terminated poly(ethylene oxide) carboxylic acid (mPEO-COOH) 

was synthesized from reaction between polyethyleneglycol methyl ether and succinic 

anhydride at 60 oC, pyridine was used as catalyst. The product is white powder and 

well-dissolved in aqueous media. 1H NMR spectrum of the product in D2O is shown 

in Figure 3.1, protons at chemical shift 2.51 ppm represented methylene protons of 

succinyl group. This could imply that the succinyl group was successfully grafted on 

the polyethyleneglycol chain. 
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Figure 3.1 1H NMR spectrum of mPEO-COOH 

 

3.2 Synthesis and characterization of mPEO-CS 

 Poly(ethylene oxide) grafted-chitosan (mPEO-CS) was synthesized by 

homogeneous coupling reaction between chitosan and mPEO-COOH in aqueous 

media (scheme 3.2). Appearance of product is light yellow solid (figure 3.2 (b)). 1H 

NMR spectrum of mPEO-COOH (figure 3.1) showed methylene protons peak of 

succinyl group at 2.51 ppm which illustrated that mPEG was modified by 

succinylation. 1H NMR spectrum of mPEO-CS (figure 3.2 (a)) showed methylene 

protons peak of mPEG moiety at 3.56-3.72 ppm. ATR-FTIR spectrum of mPEO-CS 

showed new absorption peak at 1731 cm-1 corresponding to C=O stretching of an 

ester bond and an increase of absorption peak at 2877 cm-1 corresponding to C-H 

stretching (Figure 3.3). These indicated that mPEO-COOH was grafted on amino 

group of chitosan. A mPEO-COOH substitution degree , which was evaluated from 

NMR spectroscopic method, was 0.168. Figure 3.4 showed XRD patterns of chitosan, 

mPEO-COOH, and mPEO-CS. Chitosan exhibited reflection peaks at 2-theta equal to 

c a b 
d 
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11 and 20o while 19 and 23o were observed for mPEG-COOH. The grafted  mPEO-

CS showed only two broad peaks at 19 and 23o, no peak at10o was observed. This 

indicated that bond formation between chitosan and mPEG-COOH disrupted packing 

of chitosan chain and led to the decrease of the crystallinity. 

 

 

 

 

 

 

 

Scheme 3.2 Schematic representative of synthesis of mPEO-CS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2 (a) 1H NMR spectrum and (b) optical appearance of mPEO-CS  
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Figure 3.3 (top) ATR-FTIR spectra of chitosan and (bottom) mPEO-CS  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4 X-ray diffraction patterns of mPEO-COOH, chitosan and mPEO-CS 
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3.3 Preparation of imine-mPEO-CS 

 Two aldehydes, vanillin and citral, were used in the preparation of imine-

mPEO-CS. ATR-FTIR spectrum of vanillidene-mPEO-CS showed new absorption 

peak at 1635 and 1509 cm-1 corresponding to C=N stretching vibration of the imine 

bond and C=C stretching vibration of aromatic, respectively. By subjecting the 

obtained vanilidene-mPEO-chitosan to acid hydrolysis followed with hexane 

extraction and quantifying the released vanillin by UV-vis absorption spectroscopy, 

the substitution degree of vanillin of 0.15 could be obtained. On the other hand, ATR-

FTIR spectrum of citralidene-mPEO-CS (Figure 3.6) showed the absorption peak at 

1638 and 1615 cm-1 which represented C=N stretching vibration of imine bond and 

C=C stretching vibration of aliphatic, respectively. Using similar 

hydrolysis/extraction and UV-vis absorption analysis as stated for the vanilidene-

mPEO-chitosan, the degree of citral substitution of 0.12 could be obtained. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5 (top) ATR-FTIR spectra of mPEO-CS and (bottom) vanillidene-mPEO-CS  
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Figure 3.6 ATR-FTIR spectra of (top) mPEO-CS and (bottom) citralidene-mPEO-CS  

 

3.4 Optimization ratio of perfumery aldehydes 

 The optimum ratio of fragrant aldehyde to polymer was evaluated by 

performing ATR-FTIR spectroscopic analysis on the products obtained from reaction 

of various ratios between the two starting materials. As was described in section 3.3, 

the absorption peak at 1635 and 1638 cm-1 assignable to C=N stretching of imine 

bond in vanillidene-mPEO-CS and citralidene-mPEO-CS, respectively, and 

absorption peak at 1668 cm-1 represented C=O stretching of free aldehyde, could be 

observed. The analysis revealed disappearance of the free aldehyde absorption peak at 

weight ratio of 4:1. Therefore, this ratio was used to prepare vanilidene-mPEO-CS 

with maximum vanillidene substitution without any free vanillin left in the system. In 

the case of citralidene-mPEO-CS, the optimum weight ratio of polymer to citral was 

3:1 (Figure 3.8). 
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Figure 3.7 ATR-FTIR spectra of vanillidene-mPEO-CS with weight ratio of polymer 

to vanillin (a) 1:1, (b) 2:1, (c) 3:1, (d) 4:1, and (e) 5:1 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8 ATR-FTIR spectra of citralidene-mPEO-CS with weight ratio of polymer 

to citral (a) 1:1, (b) 2:1, (c) 3:1, and (d) 4:1 
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3.5 Critical aggregation concentration 

 Critical aggregation concentration of citralidene-mPEO-CS was determined 

using fluorescence spectroscopy by measuring pyrene probe. As seen in the Figure 

3.9, graph was plotted between ratio of fluorescence emission intensity at wavelength 

372 nm (I372) and 382 nm (I382) versus concentration of the polymer for 0.01, 0.1, 

0.25, 0.35, 0.5, 0.6 g/L. The graph demonstrated the decrease in I372/I382 ratio with the 

increase in the polymer concentration. When the polymer concentration was low, no 

aggregates of polymer could be formed thus environment of pyrene would be 

hydrophilic (no hydrophobic interior of any self-assembled architecture to associate 

with). In contrast, when the polymer concentration was increased over 0.35 g/L, 

polymer could form into polymeric aggregates, so pyrene molecules could move into 

the hydrophobic core of the micellar aggregates.  Therefore, pyrene’s environment 

would change to the hydrophobic one. The critical micelle concentration of 

citralidene-mPEO-CS was 0.47 g/L as determined from the sudden change in the 

I372/I382 ratio which resulted from the change in the pyrene environment as described.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 3.9 The plot between concentrations of citralidene-mPEO-chitosan 

versus the ratios of fluorescent intensisty at 372 and 382 nm, critical micellar 

concentration of citralidine-mPEO-chitosan determined from the graph was 0.47 g/L 
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3.6 Size and morphological characterization 

 The suspension of vanillidene-mPEO-CS and citralidene-mPEO-CS was 

prepared in aqueous media and morphology was observed using transmission electron 

microscopy (TEM) and scanning probe microscopy (SPM). Spherical shape could be 

clearly seen in TEM photographs of (Figure 3.11). Their SPM images (figure 3.12) 

indicated that imine-mPEO-CS particles was different from the bulk mPEO-CS. 

Dynamic light scattering technique was used to determine hydrodynamic diameter 

(mean value±S.D.) of the products which were ~ 452.03±46.4 (PDI of 0.3450.07) 

and 306.6751.4 (PDI of 0.4270.03) nm for vanillidene-mPEO-CS and citralidene-

mPEO-CS, respectively (Table 3.1 and Figure 3.10). The spherical sizes of non-

hydrated vanillidene- and citralidene-mPEO-CS observed by TEM were less than the 

hydrated one, indicating swelling of the particles in water. 

 

Table 3.1 Hydrodynamic diameter of mPEO-CS and both imine-mPEO-CS 

 

 

 

 

 

 

 

 

 

 

Figure 3.10 Size distribution curves of (a) vanillidene-mPEO-CS and (b) citralidene-

mPEO-CS 

Samples 

 

Hydrodynamic diameter              Zeta potential 

            (nm)                         PDI                       (mV) 

mPEO-CS                          577.6715.04            0.4920.07                  +28.30.35 

Vanillidene-mPEO-CS      452.0346.4              0.3450.07                   +24.90.21 

Citralidene-mPEO-CS       306.6751.4              0.4270.03                   +24.30.32 
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Figure 3.11 TEM photographs of (a) vanillidene-mPEO-CS and (b) citralidene-

mPEO-CS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12 SPM images of  (a) mPEO-CS, (b) vanillidene-mPEO-CS and (c) 

citralidene-mPEO-CS 

(a) (b) 

(a) 

(b) 

(c) 
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3.7 Surface composition determination 

 The chemical composition at the surface of the self-assembled mPEO-CS was 

determined using X-ray photoelectron spectroscopy (XPS), which is a spectroscopic 

technique for analysis the surface composition of a solid sample at less than 8 nm 

depth from the surface. This technique was used to confirm position of the grafted 

imine bond which should embed inside of the sphere because of its hydrophobicity. In 

order to prove this assumption, the imine peak should not be observed. 

 The binding energy (BE) values of the C 1s and N 1s core-level spectra for all 

products are described below: 

Chitosan(Figure 3.13 (a)) 

 The XPS C 1s core-level spectrum of chitosan could be deconvoluted into 

three peaks [41] with BE’s of 284.7, 286.1, 287.5 eV, attributable to C-H, C-OH, and 

O-C-O/NH-C=O, respectively. While, the N 1s core-level spectrum exhibited two 

peaks at BE’s of 399.4 and 400.2 eV, assignable to -NH2 and –NH-C=O, respectively. 

mPEO-CS (Figure 3.13 (b)) 

 mPEO-CS showed the new peak in the C 1s core-level spectrum at BE’s of 

288.4 eV, corresponding to O=C-O (from the ester bond in polyethyleneglycol chain). 

In both C 1s and N 1s core-level spectra, there was, moreover, new peaks at BE’s of 

285.5 and 398.6 eV, assignable to C-N and N=N bond, respectively, which belonged 

to contaminated-coupling agent, HOBt. 

Non-self-assembled vanillidene-CS (Figure 3.13 (c)) 

 The peaks observeable only in the non-self-assembled vanillidene-CS was at 

BE of 285.4 eV in C 1s core-level spectrum and 399.5 eV in N 1s core-level 

spectrum, corresponded to carbon and nitrogen species of C=N, respectively. Thus it 

was confirmed here that the imine bond of the non-self-assembled imine-CS could be 

observed on the surface. 

Self-assembled vanillidene-mPEO-CS (Figure 3.13 (d)) 

 The C 1s core-level spectrum of self-assembled vanillidene-mPEO-CS could 

be curve-fitted into four peaks with BE’s at about 284.5, 286.1, 287.5, and 288.3 eV, 

attributable to C-H, C-OH, O-C-O/NH-C=O, and O=C-O, respectively. However, the 

imine functionality could not be observed. in both the C 1s and the N 1s core-level 

spectra, indicating that the imine functionality (observed in IR) was not at the surface, 
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thus, supporting the self-assembling model in which the grafted aldehyde and ketone 

should be at the particles’ cores.  
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Figure 3.13 The deconvoluted C 1s and N 1s XPS spectra of (a) chitosan, (b) mPEO-

CS, (c) non-self-assembled vanillidene-CS and (d) self-assembled vanillidene-mPEO-

CS  
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3.8 Phase transition behavior of imine-mPEO-CS 

Vanillidene-mPEO-CS suspension (3 g/L) with ZnSO4.7H2O (0, 0.8, 0.9 and 1 

M) and citralidene-mPEO-CS suspension (3 g/L) with ZnSO4.7H2O (0, 1, 1.3 and 1.5 

M) were measured to investigate temperature dependence of aggregation-dissociation 

using UV-visible spectrophotometer equipped with temperature controller. A 

transparent suspension of sample was heated from 25 oC to 80 oC before cooled down 

to 25 oC. Then, percent of transmittance was plotted against temperature (figure 3.14). 

For vanillidene-mPEO-CS with 0 M of ZnSO4.7H2O the percent of transmittance did 

not change in this temperature range. However, the transmittances suddenly decreased 

at 55, 45, and 35 oC by the addition of 0.8, 0.9 and 1 M ZnSO4.7H2O, , respectively. 

In a similar fashion, the citralidene-mPEO-CS suspension with 0 M of ZnSO4.7H2O 

showed no change in the percent transmittance in the tested temperature range. 

However, in the presence of 1, 1.3, and 1.5 M ZnSO4.7H2O, the transmittances 

suddenly decreased at 65, 43 and 35 oC, respectively. The temperature values which 

showed the sudden change were the Lower Critical Solution Temperature (LCST) of 

the system. The sudden change indicated the switch from associated particles at the 

temperatures below LCST to dissociated particles at the temperatures above the 

LCST. The change thus corresponded to the switch from big particles (association of 

many nanoparticles) which could reflect light effectively to the small dissociated 

particles that could reflect light less effectively.  
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Figure 3.14 Phase transition profiles of (a) vanillidene-mPEO-chitosan and (b) 

citralidene- mPEO-chitosan at various ZnSO4 concentrations 
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3.9 Temperature dependence of aggregation-dissociation behavior of imine-

mPEO-CS nanoparticles 

 Confocal laser fluorescent microscope with differential interference contrast 

mode was used to demonstrate phase transition behavior of the self-assembled 

polymeric micelles of vanillidene-mPEO-CS and citralidene-mPEO-CS at the 

polymer concentration of 3 g/L in the presence of 0.9 and 1.5 M of ZnSO4.7H2O, 

respectively. When temperature was below LCST, vaillidene-mPEO-CS particles 

(Figure 3.15 (a)) and citralidene-mPEO-CS particles (Figure 3.15 (c)), dissociated as 

water molecules could well-hydrate the hydrophilic chains of the mPEO corona. In 

contrast, when the temperature reached the LCST, aggregation of particles could be 

observed (Figure 3.15 (b, d)). The aggregation was caused by the de-hydration of 

water molecules along the mPEO corona of the particles, leading to increased 

interaction among mPEO chains from the same and different particles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.15 Morphology of vanillidene-mPEO-chitosan with 0.9 M ZnSO4 at 

temperature (a) below LCST and (b) above LCST, and citralidene-mPEO-chitosan 

with 1.5 M ZnSO4 at temperature (c) below LCST and (d) above LCST  

(a) (b) 

(c) (d) 
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3.10 Thermally controlled release of imine-mPEO-CS 

 As described in the previous section, the self-assembled polymeric 

nanoparticles could be in the aggregated or dissociated states depending on the 

temperature. Here, we reported investigation of thermally controlled release profiles 

of vanillidene-mPEO-CS and citralidene-mPEO-CS in the presence of ZnSO4.7H2O 

(0.9 M for vanillidene-mPEO-CS and 1.5 M for citralidene-mPEO-CS). Our idea was 

that hydrolysis of imine bond to release out the fragrant aldehydes should be fast 

when the particles were dissociated as the water molecules could more easily diffuse 

into the particles’ core where the imine bonds situated. In contrast, when the particle 

associated, the imine hydrolysis should be halt as no water could get into the imine 

sites. As seen in figure 3.16 and 3.17, rate of release of both vanillin and citral from 

mPEO-CS nanoparticles at temperature above LCST (55 and 40 oC for vanillin and 

citral, respectively) were more slowly than those at the temperature below LCST. 

Furthermore, the release of vanillin from vanillidene-mPEO-CS particles during their 

dissociated state was obviously slower than that of citral-mPEO-CS. This may be the 

effect of molecular structure, i.e., vanillin possesses aromatic ring that can allow the 

delocalization of electron to the imine linkage, leading to stronger imine bond. 

Therefore, the hydrolysis of vanillin’ imine bond is more difficult than that in the case 

of citral. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.16 Thermally controlled release profile of vanillidene-mPEO-CS  
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Figure 3.17 Thermally controlled release profile of citralidene-mPEO-CS 

 

3.11 Controlling the release of imine-mPEO-CS by adjusting salt concentration 

 Even at a constant temperature, the release of fragrant aldehyde could be 

controlled by adjusting salt concentration. This is because the LCST was dependent 

not only on temperature but also on the concentration of salt in the system. Presence 

of salt in the system draws the water molecules away from the PEO chains by forming 

into more stable hydrated ions in the system.  This automatically lowers the LCST of 

the polymer in that system. In this report, ZnSO4.7H2O was used for adjusting LCST. 

Therefore, the release of the aldehydes could be controlled by adjusting concentration 

of ZnSO4.7H2O. The results shown below illustrate the difference of perfumery 

aldehyde release rate between the conditions with and without ZnSO4 at a constant 

temperature. 
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Figure 3.18 Release profile of vanillidene-mPEO-CS with and without 1 M ZnSO4 at 

40 oC 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.19 Release profile of citralidene-mPEO-CS with and without 1.5 M ZnSO4 at 

40 oC 
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As seen in the Figures, the percent release of vanillin and citral from vanillidene-

mPEO-CS and citralidene-mPEO-CS, respectively, with the addition of ZnSO4.7H2O 

were more slowly comparing to the same system with no salt present. It is found that 

the molecular structure of the grafted fragrant aldehyde affected the rate of release. 

Vanillin possesses more hydrophobicity than citral, so vanillidene-mPEO-CS 

nanoparticles is more hydrophobic than citralidene-mPEO-CS. This means water 

molecule could penetrate difficultly into vanillidene-mPEO-CS nanospheres. 

Therefore, the release rate of vanillidene-mPEO-CS was more slowly than citralidene-

mPEO-CS. 

 



CHAPTER IV 

CONCLUSION 

 
 Thermoresponsive biopolymeric particle for controlled release of fragrances 

could be successfully fabricated. Vanillin and citral were grafted on the 

thermoresponsive copolymers, poly(ethylene oxide) grafted-chitosan (mPEO-CS, 

%DG = 16.8%) with %DG for 15 and 12%, respectively. The materials could self-

assemble in aqueous media into particles with spherical shape. TEM photographs 

showed the estimated non-hydrated particle size of less than 1 µm for both vanillin 

and citral derivative. XPS high resolution spectral analysis confirmed that the position 

of grafted aldehydes were at the particles’ core. The system showed thermally 

controlled release of the grafted fragrances in the presence of ZnSO4.7H2O; 

vanillidene-mPEO-chitosan with 0.8, 0.9, and 1 M ZnSO4 showed the LCST at 55, 45 

and 35oC, respectively while citralidene-mPEO-chitosan with 1, 1.3 and 1.5 M ZnSO4 

showed the LCST at 65, 43 and 35oC, respectively. The release of aldehydes could be 

thermally controlled in a switching manner. Release of vanillin with 0.9 M and citral 

with 1.5 M of ZnSO4 was similar, minimal release could be obviously observed at the 

temperature above the LCST and significant release at the temperature below the 

LCST. Furthermore, the LCST of the system could be also selected by adjusting the 

salt concentration; an increase of salt concentration can reduce the LCST. Therefore, 

we successfully synthesized thermoresponsive chitosan polymer using poly(ethylene 

glycol) as a thermoresponsive moiety for the controlled release of fragrances. 

Moreover, we also successfully designed the thermo-switching controlled release 

system which is a completely biocompatible system for the release of fragrances. 
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1. Determination of substitution degree of mPEG 

                                                

 

 

 

 

 

 

 

 

 

 

Figure A1. 1H NMR spectrum of poly(ethylene oxide) grafted-chitosan (mPEO-CS) 

 

The substitution degree of mPEG could be obtained by calculation using equation (1): 

 

                            (1) 

 

Igraft = the intensity of grafted moiety 

DD  = deacetylation degree of chitosan 

n      = number of protons of grafted moiety 

ICS   = the intensity of hydrogen atom of chitosan’s glucosamine unit 
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According to 1H NMR spectrum of mPEO-CS (Figure A1), the substitution degree of 

mPEG moiety could be calculated using integral ratio between 3 protons of mPEG 

moiety ( 3.34 ppm) and 1 proton of C2 in glucosamine unit ( 3.04 ppm) with  85% 

of deacetylation degree as followed: 

         

              

     DG = 0.168  

 Therefore, the substitution degree of mPEG moiety which was calculated is 

equal to 0.168. 

 

 

 

 

 

 

 

 

 

 

 

Figure A2. ATR-FTIR spectrum of chitosan 
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Figure A3. ATR-FTIR spectrum of poly(ethylene oxide) grafted-chitosan (mPEO-CS) 

  

 

 

 

 

 

 

 

 

 

                                 

                     

 
 

Figure A4. ATR-FTIR spectrum of vanillidene-mPEO-CS 
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Figure A5. ATR-FTIR spectrum of citralidene-mPEO-CS 
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2. Evaluation of grafting degree of aldehydes 
2.1 Grafting degree of vanillidene-mPEO-CS 

 

 

 

 

 

 

 

 

 

 

 

Figure A6. ATR-FTIR spectra of vanillidene-mPEO-CS with weight ratio of mPEO-
CS to vanillin for 1:1, 2:1, 3:1, 4:1 and 5:1 
 
 An optimum weight ratio of mPEO-CS to perfumery aldehyde is the ratio with 

maximum grafted perfumery aldehyde and no free aldehyde left in the system. 

According to ATR-FTIR spectra of vanillidene-mPEO-CS, the ratio of mPEO-CS to 

vanillin for 3:1 is the ratio having the highest amount of grafted vanillin. It does not, 

moreover, show absorption peak around 1668 cm-1, corresponding to C=O stretching 

vibration of free aromatic aldehyde. 

 

 

                  

 

 

 



57 
 

2.2 Grafting degree of citralidene-mPEO-CS 

 

 

 

 

 

 

 

 

 

 

 
Figure A7. ATR-FTIR spectra of citralidene-mPEO-CS with weight ratio of mPEO-
CS to citral for 1:1, 2:1, 3:1 and 4:1 
 

 According to ATR-FTIR spectra of citralidene-mPEO-CS, the ratio of mPEO-

CS to citral for 3:1 is the ratio having the highest amount of grafted citral. In addition, 

It does not exhibit the absorption peak around 1668 cm-1, corresponding to C=O 

stretching vibration of free aliphatic aldehyde. 

. 
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Grafting degree of vanillin and citral 

Mole of mPEO-CS 

Weight of mPEO-CS 3000 ppm, 5 mL = 15 mg 

Molecular weight of mPEO-CS (1 repeating unit) = 1024 g/mol 

Thus, average molecular weight of 1 unit = 341.33 g/mol 

 
 

 

 

 

 

 

 Mole of mPEO-CS = 1.46x10-5 mol (per 3 units) 

 And per 1 unit, = 4.38x10-5 mol 

Vanillin 

 

 

 

 

 

 

 

 

 
Figure A8. Calibration curve of various concentrations of vanillin in hexane at 269 
nm 
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The amount of extracted vanillin was calculated based on Figure A8 using equation 
(2) 
             Y = 0.0939X – 0.0081           (2) 

          0.6145 = 0.0939X – 0.0081 

      X = 6.6304 

Dilution factor = 10 

             X = 6.6304 x 10 

X = 66.30 ppm 

Weight of grafted vanillin in 15 ml of hexane = 66.30 x 0.015 

       = 0.9946 mg 

Molecular weight of vanillin = 152.15 g/mol 

Mole of vanillin = 0.9946 mg/ 152.15 g/mol = 6.537x10-6 mol 

DG of vanillin = 6.537x10-6/4.38x10-5 = 0.15 

 

Citral 

 

 

 

 

 

 

 

 

 

Figure A9. Calibration curve of various concentrations of citral in hexane at 242 nm 
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The amount of extracted citral was calculated based on Figure A9 using equation (3) 
             Y = 0.17X – 0.0137           (3) 

          0.9535 = 0.17X – 0.0137 

      X = 5.5282 

Dilution factor = 10 

             X = 5.5282 x 10 

X = 55.28 ppm 

Weight of grafted vanillin in 15 ml of hexane = 55.28 x 0.015 

       = 0.8292 mg 

Molecular weight of vanillin = 152.24 g/mol 

Mole of vanillin = 0.8292 mg/ 152.24 g/mol = 5.447x10-6 mol 

DG of vanillin = 5.447x10-6/4.38x10-5 = 0.12 
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3. Calculation of released aldehydes 

3.1 The amount of thermally released vanillin  

 

 

 

 

 

 

 

 

 

Figure A10. Calibration curve of various concentrations of vanillin in ethanol: H2O 
(1:1) at 280 nm 
 

The amount of remained vanillin at 0 day was calculated based on Figure A10 using 
equation (4) 

             Y = 0.0677X – 0.0011           (4) 

          0.322 = 0.0677X – 0.0011 

      X = 4.74 

Dilution factor = 33.33 

             X = 4.74 x 33.33 

X = 158 ppm 

Weight of grafted vanillin in 15 ml of ethanol: H2O = 158 x 0.015 

       = 2.37 mg 

Relative amount of remained vanillin at 0 day = (2.37/2.37) x 100 

        = 100% 

Relative amount of released vanillin at 0 day = 100 -100 = 0% 
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The amount of remained vanillin at 10 day was calculated based on Figure A10 using 
equation (4) 

             Y = 0.0677X – 0.0011           (4) 

          0.292 = 0.0677X – 0.0011 

      X = 4.30 

Dilution factor = 33.33 

             X = 4.30 x 33.33 

X = 143.3 ppm 

Weight of grafted vanillin in 15 ml of ethanol: H2O = 143.3 x 0.015 

       = 2.15 mg 

Relative amount of remained vanillin at 0 day = (2.15/2.37) x 100 

        = 90.7% 

Relative amount of released vanillin at 0 day = 100 -90.7 = 9.3% 
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3.2 The amount of thermally released citral 

 

 

 

 

 

 

 

 

 

 

Figure A11. Calibration curve of various concentrations of citral in hexane at 242 nm 
 

The amount of remained citral at 0 day was calculated based on Figure A11 using 
equation (3) 

             Y = 0.17X – 0.0137           (3) 

          0.9535 = 0.17X – 0.0137 

      X = 5.5282 

Dilution factor = 10 

             X = 5.5282 x 10 

X = 55.28 ppm 

Weight of grafted citral in 15 ml of hexane = 55.28 x 0.015 

       = 0.8292 mg 

Relative amount of remained vanillin at 0 day = (0.8292/0.8292) x 100 

        = 100% 

Relative amount of released vanillin at 0 day = 100 -100 = 0% 
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The amount of remained citral at 5 day was calculated based on Figure A11 using 
equation (3) 

             Y = 0.17X – 0.0137           (3) 

          0.025 = 0.17X – 0.0137 

      X = 0.066 

Dilution factor = 10 

             X = 0.066 x 10 

X = 0.665 ppm 

Weight of grafted citral in 15 ml of hexane = 0.665 x 0.015 

       = 0.010 mg 

Relative amount of remained vanillin at 0 day = (0.010/0.8292) x 100 

        = 1.2% 

Relative amount of released vanillin at 0 day = 100 -1.2 = 98.8% 
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