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ABSTRACT: Homogeneous core-shell systems were obtained with a growth, in controlled steps, of several oligoamides on TiO, nano-
particles. Derivatives of natural compounds, such as r-tartaric acid and o,0/-trehalose, were used as diesters in the polycondensation
reactions with ethylenediamine. TiO, anatase was chosen because of its high photo-activity and its antimicrobial activity. The TiO,
nanoparticles had been previously activated then functionalized using two different coupling agents, and finally, the TiO,-oligoamide
nanocomposites were synthesized using two synthetic pathways. The final products were characterized by "H NMR, >C NMR, FT-IR,
and transmission electron microscope. These nanocomposites can show improved properties in comparison with the single compo-
nents (TiO, nanoparticles or oligoamides), which are useful in many fields, such as antimicrobial coatings for surfaces in cultural her-
itage conservation. A nanocomposite (TiO,-polyethylenetartaramide) was used for applicative studies, and it has shown a good
efficacy against fungal attack by Trametes versicolor on wood specimens (Fagus sylvatica). © 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci.
2015, 132, 42047.
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INTRODUCTION derivatives represents an issue when they are used as consoli-

dants in wood conservation, since their presence can enhance

Several hydroxylated oligoamides have recently been synthesized
as water soluble compounds, provided with structural affinity
for materials as wood, paper, and natural fibers." Hydroxyl moi-
eties were introduced in the polymeric chain using starting
compounds obtained from renewable sources. In particular, nat-
ural compounds or derivatives thereof, such as L-tartaric acid,
o0/ -trehalose, D(+)-glucose, were used in polycondensation
reactions with several diamines."

Other hydroxylated oligoamides were synthesized by renewable
resources” '° and found several industrial applications. A study
has been carried out on their use as consolidants' for degraded
wood, because these compounds show a high affinity for polar
materials and similar properties to those of wooden artifacts.

The easy biodegradation of natural compounds and their

© 2015 Wiley Periodicals, Inc.
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the activity of microorganisms, such as bacteria or fungi. There-
fore, to prevent or reduce microorganism growth, a bactericidal
agent should be used. In particular, TiO, nanocomposites
(NGCs), if properly irradiated, show antimicrobial properties
which can be exploited to avoid fungal attacks on wooden
surfaces. In fact, the photocatalytic efficiency of TiO, nanopar-
ticles (NPs) was observed against attacks of bacteria,''™2°
mold,*® and fungi.'>'"*'"%*

Anatase is a metastable crystal structure of TiO,** which has a
better stability than the other metastable form (brookite). The
rutile form is the most stable structure, but anatase TiO, shows
a higher photoactivity compared to the rutile form, in agree-
ment with the band-gap energy between the valence band and
the conduction band, which is 3.00 eV for rutile and 3.23 eV
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Table I. Code of Synthetized Products

Code
products Reagents
FNP FNP.1 TiO5- [3-(2-aminoethylamino)propyll
trimethoxysilane (AEAPTMS)
FNP.2 TiO5- (3-aminopropyl)trimethoxysilane
(APTMS)
FNPE FNPE.1 FNP.1 + dimethyl L-tartrate
FNPE.2 FNP.1 + dimethyl o« -trehaluronate
FNPE.3 FNP.2 + dimethyl L-tartrate
FNPE.4 FNP.2 + dimethyl «,«'-trehaluronate
FNPO FNPO.1 FNP.1 + dimethyl L-tartrate +
1,2-ethylendiamine
FNPO.2 FNP.1 + dimethyl «,o'-trehaluronate +
1,2-ethylendiamine
FNPO.3 FNP.2 + dimethyl L-tartrate +
1,2-ethylendiamine
FNPO.4 FNP.2 + dimethyl «,«'-trehaluronate +
1,2-ethylendiamine
FNPEO  FNPEO.1  FNPE.1 + dimethyl L-tartrate
+ 1,2-ethylendiamine
FNPEO.2  FNPE.2 + dimethyl «,«/-trehaluronate +
1,2-ethylendiamine
FNPEO.3  FNPE.3 + dimethyl L-tartrate +
1,2-ethylendiamine
FNPEO.4  FNPE.4 + dimethyl «,«-trehaluronate +

1,2-ethylendiamine

for anatase.”> Consequently, radiation with wavelength
<387 nm can selectively excite TiO, in anatase form, a behavior
of great interest for several applications.

During the past decade, new materials with special and particu-
lar properties were obtained combining organic polymers and
inorganic materials. Furthermore, since toxicity problems, due
to the presence of free nanoparticles,”®*” have recently been
highlighted, the additional presence of a polymeric compound
seems important to reduce the mobility?® of the nanoparticles
and their negative effects.

Polymer-based NCs were produced by dispersing nanoparticles
in a polymeric formulation. However, the formation of agglom-
erates and aggregates of nanoparticles deteriorates the mechani-
cal properties and reduces the optical transparency of polymer-
based NCs.*” Many authors have been studying surface modifi-
cations of inorganic nanoparticles using organic reagents, with
the purpose of reducing agglomerations and increasing the
compatibility between inorganic particles and polymer
matrixes® ' so as to yield more homogeneous composites. In
particular, nanoparticle-polymer composites were obtained by
grafting end-functionalized polymers to NPs®> or by grafting
polymers from NPs with in situ monomer polymerization.**>?

Several examples of TiO,-polymer composites have been
described in the literature, such as TiO,-poly(styrene-divinyl-
benzene)/maleic  anhydride,”®  TiO,-polypirrole,”®  TiO,-
PMMA,*® TiO,/poly (amide-imide),””*® TiO,/P(St-co-DVB)-
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MAA,* TiO,/polystyrene,*® TiO,(SiO,)/PVDF/PMMA,*" TiO,/
(VAc-BuA),** TiO,/PET.*

In this work, NCs (NPs-Oligoamide), containing hydroxylated
oligomers derived from renewable sources and covalently bonded
to anatase TiO, nanoparticles, were synthesized with the purpose
of obtaining new formulations with antimicrobial properties to
be used afterward on wooden surfaces. The simultaneous pres-
ence of anatase TiO, nanoparticles could improve the properties
of these oligoamides, when used for surface treatment of wood,
paper, leather, or natural fibers. The hydroxylated oligoamides
were synthesized on TiO, nanoparticles through multi-step reac-
tions and with modified versions of procedures which had
already been used for the synthesis of corresponding hydroxy-
lated oligoamides.'! The products were characterized by 'H
NMR, *C NMR, FT-IR spectroscopies, dynamic light scattering
(DLS), and by transmission electron microscope (TEM).

Applicative studies were carried out to evaluate the efficacy of
one of the synthesized compounds against attacks of microor-
ganisms on wood specimens.

EXPERIMENTAL

Materials

L-tartaric acid, boric acid, (diacetoxyiodo)benzene (BAIB),
Amberlite IR-120H, ethylenediamine, 2,2,6,6-Tetramethylpiperi-
dine-1-oxyl, 1,4-dioxane, methanol, [3-(2-aminoethylamino)pro-
pylltrimethoxysilane (AEAPTMS), (3-aminopropyl)trimethoxysilane
(APTMS), Titanium(IV) oxide (powder, d< 25 nm, anatase), o0 -
trehalose, and D,O were purchased from Aldrich. Triethylamine was
purchased from Carlo Erba.

Amberlite IR-120H resin was activated by washing with metha-
nol (3 X 10 mL) and left overnight in methanol (10 mL). All
chemicals were reagent grade and were used without further
purification.

Microorganism and Growth Conditions

Trametes versicolor strain MB52, purchased from the Austrian
Center of Biological Resources and Applied Mycology, was used
as test organism in this study. To test wood specimens suscepti-
bility to fungal attack, a cell suspension of T. versicolor was
spread on Malt Extract Agar (MEA, OXOID) plates and incu-
bated at 30°C for 4 weeks to obtain a thick mycelium.

Preparation of Wood Specimens

Sixteen samples were prepared from European beech (Fagus sylva-
tica L.), a wood specie that is well known for its low natural dura-
bility and high susceptibility to Fungi and Bacteria, which make it
one of the most suitable one to test the performances of antimi-
crobial products. Wood specimens were prepared using material
free of any previous biological alteration, and cutting the wood
with the longitudinal faces parallel to the grain, up to a final size
of 10 X 20 X 2 mm. Prior to the treatment the wood samples
were equilibrated at 20°C and 65% relative humidity (RH) inside
dryers which contained xylene as inhibitor of Fungal activity.

Instruments
'"H NMR and "C NMR spectra were recorded with a Varian
Mercury Plus 400 spectrometer and a Varian VXR 200
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Table III. '"H NMR Spectral Data (400 MHz, J, ppm, D,0)

CIENCE

Silyl derivate moiety

Product Si-CH» Si-CH>-CH5 Si-(CHp)2-CH>-NH-CH Si-(CH2)-CHo-NHCO NH-CH5-CHx>-NHCO
FNPE.1 0.73 1.81 3.00-3.28 - 3.60
FNPE.2? 0.68 1.75 3.01-3.26 - 3.60
FNPE.32 0.77 1.81 - 3.05 -
FNPE.42 0.77 1.83 - 3.10 .
FNPO.1P 0.70 1.73 2.90-3.15 - 3.40-3.60
FNPO.2P 0.67 1.75 3.00-3.20 - 3.40-3.60
FNPO.3P 0.70 1.79 - 3.00-3.15 -
FNPO.4 0.67 1.74 - 3.00 -
FNPEO.1P 0,72 1,77 3.07-3.20 - 3.40-3.60
FNPEO.2P 0.69 1.74 3.00-3.15 - 3.40-4.60
FNPEO.3° 0.71 1.79 - 3.00 -
FNPEO.4b 0.76 181 - 3.00-3.20 -

@ Spectra recorded at 200 MHz.
b Spectra recorded on the soluble fraction of nanocomposite.

spectrometer, working at 399.921 MHz and 199.985 MHz,
respectively. All spectra are reported in ppm and referred to
TMS as internal standard. Spectra elaboration was performed
with the software Mestre-C 4.3.2.0.

FT-IR spectra were recorded with a Shimadzu FT-IR-8400S
model and elaborated with the Spectrum v.3.0202. Solutions
were analyzed using KBr or CaF, round cell windows, after dep-
osition and evaporation of solvent. Spectra of solid samples
were recorded as KBr pellets.

Table IV. 'H NMR Spectral Data (400 MHz, J, ppm, D,0)

DLS measurements were carried out by means of a BI-90Plus
light scattering apparatus from Brookhaven Instruments. The
autocorrelation functions recorded for each sample are the
result of an average of 10 individual measurements and data
were analyzed according to the CONTIN algorithm to provide
the size distribution of scattering objects. Diluted dispersions
were investigated in the conventional geometry (at a scattering
angle of 90°). Nondiluted dispersions, due to their opacity, can-
not be investigated in such geometry; therefore, they were

Diamine moiety

Dicarboxylic moiety

CH-OH  CH-OH

near near H-5

ester amide end
Product CHzNHCO CH2xNH> OCHz  group group H-1 H-2 H-3 H-4 H-5 chain
FNPE.1 - - 3.82 4.66 4.40 - - - - - -
FNPE.2?2 - - 3.80 - - 519 369 384 360 4.00-420 440
FNPE.32 - - 3.84 4.68 4.42 - - - - - -
FNPE.42 - - 3.80 - - 519 369 382 358 4.00-417 440
FNPO.1P 3.40-3.60 2.90-3.15 - - 457 - - - - - -
FNPO.2P 3.40-3.60 3.00-3.20 - - - 518 367 384 353 4.00-425 -
FNPO.3P 3.40-3.60 3.03-3.15 - - 457 - - - - - -
FNPO.4 3.40-3.60 3.16 3.80 - - 518 368 385 354 390-420 438
FNPEO.1® 3.40-360 3.07-3.20 = = 4.58 = = = = = =
FNPEO.2®  3.40-4.60 3.00-3.15 - - - 523 370 386 358 4.07-4.27 -
FNPEO.3® 3.46 3.20 - - 457 - - - - - -
FNPEO.4° 3.54 3.00-3.20 - - - 523 373 389 359 4.10-4.30 -

@Spectra recorded at 200 MHz.
b Spectra recorded on the soluble fraction of nanocomposite.
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Table V. Syntheses of Nanocomposites

Molar Yield
Product ratio® A+ B (%) DP® (A)
FNPO_1 1:3:2 67.3 2
1:4:3 725 3
1:10:9 75.0 6
FNPO 2 1:3:2 57.0 2
FNPO 3 1:3:2 63.0 3
FNPO_4 1:3:2 31.0 2
FNPEO_1 15:6 66.0 8
1:9:10 74.0 12
FNPEO 2 1:5:6 778 9
FNPEO 3 1:5:6 74.6 17
FNPEO 4 1:2:3 70.4 14

2@Molar ratio FNPE (or FNP) : diester : diamine.
®DP = degree of polymerization of the soluble fraction (A).

investigated by means of a Fiber Optic Quasi-Elastic Light Scat-
tering (FOQELS) accessory (at a scattering angle of 135°).

TEM analyses were performed on TEM Philips CM 12,
equipped with an Olympus Megaview G2 camera and using an
accelerating voltage of 100 kV. Samples were prepared by depos-
iting a drop of dispersion of the sample on carbon film of 200
mesh Cu grid.

Exposure to UV radiation was carried out using a Spectroline
Lamp, Model ENF-260C/FE, with an emission in UV-A range at
wavelength of 365 nm (tube of 6 W).

The colorimetric analyses were performed using a CM-2600d
Konica-Minolta portable spectrophotometer equipped with the
integrative sphere inside the apparatus and a Xenon lamp to
pulse the light on the sample surface. The measurement aper-
ture is 3 mm, and light is reflected from the surface at an angle
of 8°. Color coordinates are based on CIEL*a*b* system using
an illuminant D65 with an observer angle of 10°.

Table VL. >C NMR Spectral Data (100 MHz, J, ppm, D,0)
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Sample surface was observed with a Dino-Lite Pro Portable Dig-
ital Microscope with 1.3 megapixel image sensor. The micro-
scope is equipped with polarized light (useful with reflective
objects) and magnification up to 200X.

Synthesis of Dimethyl Esters
Dimethyl L-tartrate, o,0-trehaluronic acid and dimethyl o0/ -tre-
haluronate were synthesized according to literature methods."

TiO, Activation

TiO, (1.6 g, 0.02 mol) nanoparticles were dispersed in HNO;
(2M). The dispersion was placed in a flask fitted with a reflux
condenser and heated at 95°C for 8 h. The mixture was cooled
and centrifuged; then the solid was dispersed in Milli-Q water
(35 mL).

Functionalized Nanoparticle Syntheses

Functionalized nanoparticles (ENP) were synthesized using two
different silylating agents, AEAPTMS and APTMS, obtaining
respectively, FNP.1 and FNP.2, as reported in Table I.

Synthetic Procedure. Into a Sovirel® tube, the silylating agent
(1.6 mmol) was added under continuous stirring to 3.80 mL of
methanol. Then, a water dispersion of TiO, nanoparticles at 4.5%
(3.75 mmol) was added and the blend was sonicated for 30 min.
The mixture was heated at 40°C for 15 h under dry nitrogen
atmosphere. After having cooled to room temperature, a sample
of the dispersion of nanoparticles (0.5 mL) was recovered and sol-
vent and volatile compounds were distilled at reduced pressure
and at 40°C. The resulting white solid was washed with chloro-
form, recovered by centrifugation (5 min at 2800 rpm), then
dried in vacuum at room temperature (yield ~ 90%). The
obtained solid was analyzed by FI-IR spectroscopy and after dis-
persion in D,O by 'H and '>C NMR spectroscopies.

FNPI: 'H NMR (D,O, 400 MHz): 0.70 ppm (m, 2H,
—Si—CH,—); 1.73 ppm (m, 2H, —Si—CH,—CH,—); 2.93 ppm
(m, 6H, —Si—(CH,),—CH,—NH—(CH,),—NH,). “C NMR
(D,O, 100 MHz): 98 ppm (—Si—CH,—); 210 ppm
(—Si—CH,—CH,—); 38.1 ppm (—Si—(CH,);NH—CH,—CH,—NH,);
48.8 ppm (—Si— (CH,);NH—CH,—CH,—NH,); 50.6 ppm (—Si—
(CH,),—CH,—NH—). FTIR (KBr pellets): peaks at 3246 (s, broad,

Silyl derivate moiety

NH-CHz-CH5-NHCO

Products SI‘CHZ Si‘CHZ'CHZ Si'(CHZ)Z'CHg‘NH NH'CHz‘CHZ'NH SI'(CHZ)Z'CHZ'NHCO
FNPO.1 9.8 20.6 50.3 46.9 38.5-39.4

and FNPEO.1#

FNPO.3 8.8 20.8 - - 37.9-39.4

and FNPEO.3?

FNPO.2 8.7 19.6 49.9 46.6 38.4-39.0

and FNPEO.2?

FNPO.4 N.D.c N.D.© - - N.D.c

and FNPEQ.4> P

2Soluble fraction of nanocomposite.

b Signals attributable to the coupling agent are not visible with increasing molecular weight of the polymers.

°N.D.: not determined.
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Table VII. *C NMR Spectral Data (100 MHz, J, ppm, D,0)

Diamine moiety Dicarboxylic moiety
Products CHoNH amide  CHoNH> -OCH;  CH-OH C-1 c-2 C-3 C-4 C-5 C=0
FNPO.1 and 38.5-39.4 N.D.P = 72.3-73.8 = = = = = 174.0-174.8
FNPEO.1%
FNPO.3 and 37.9-39.4 N.D.P - 72.3-73.8 - - - - - 174.0-174.4
FNPEO.3%
FNPO.2 and 38.4-39.0 N.D.° = = 934-943 704 719 716 719 1712-176.3
FNPEO.2%
FNPO.4 and 36.7-39.0 41.6 53.0 - 935-946 704 720 713 716 1712-176.3
FNPEO.42

2Soluble fraction of nanocomposite.
PN.D.: not determined.

N—H and O—H stretching), 2924 (w, C—H asymmetric stretching),
2870 (w, C—H symmetric stretching), 1596 (s, N—H bending), 1457 (w,
C—H bending), 1353 (m, C—N stretching), 1115 (s, Si—O asymmetric
stretching), 1031 (s, Si—O asymmetric stretching), 933 (w, Ti—O—Si
stretching), 620 (vs, Ti—O stretching) cm ™ 1

FNP2: 'H NMR (D,O, 400 MHz): 0.66 ppm (m, 2H,
—Si—CH,—); 1.76 ppm (m, 2H, —Si—CH,—CH,—); 2.98 ppm
(m, 2H, —Si—CH,—CH,—CH,—NH,). *C NMR (D,0, 100
MHz): 9.5 ppm (—Si—CH,—); 21.6 ppm (—Si—CH,—CH,—);
42.0 ppm (—Si— (CH,),—CH,—NH,). FTIR (KBr pellets):
peaks at 3343 (s, broad, N—H and O—H stretching), 2924 (w,
C—H asymmetric stretching), 2880 (w, C—H symmetric stretch-
ing), 1595 (s, N—H bending), 1457 (w, C—H bending), 1353
(m, C—N stretching), 1120 (s, Si—O asymmetric stretching),
1033 (s, Si—O asymmetric stretching), 945 (w, Ti—O—Si
stretching), 620 (vs, Ti—O stretching) cm” L

Amide Syntheses by Reaction of FNP and Dimethyl Ester
(FNPE)

The amides were obtained by reacting the FNP (FNP.1 or
FNP.2) with dimethyl ester (dimethyl i-tartrate or dimethyl
o0/ -trehaluronate); the respective products were denoted as
shown in Table L.

Synthetic Procedure. Into a Sovirel® tube, a methanol solution
(2.5 mL) of dimethyl ester (1.06 mmol) was added under con-
tinuous stirring to a FNP.1 or FNP.2 dispersion (0.53 mmol).
Triethylamine (0.14 mmol) was then added and the mixture

Table VIIL Treatment of Samples

was heated at 80°C for 24 h under dry nitrogen atmosphere.
After having cooled to room temperature, solvent and volatile
compounds were distilled under reduced pressure and at 40°C.
The resulting solid (white for tartrate derivative or amber for
trehaluronic derivative) was washed with methanol and centri-
fuged (5 min at 2800 rpm). The residual solid was dried in vac-
uum at room temperature (yield ~ 85%), analyzed by FT-IR
(Table II) spectroscopy and, after dispersion in D,O, by 'H
NMR (Tables IIT and IV) spectroscopy.

Oligoamide Syntheses by Polymerization of FNPE or FNP
with Dimethyl Ester and Diamine (FNPO or FNPEO)
Oligoamides were obtained by polymerization of FNP (or
FNPE) with dimethyl ester (dimethyl ir-tartrate or dimethyl
o,0/ -trehaluronate) and diamine (ethylenediamine) in equimolar
amounts (see Table V). The respective products were denoted as
shown in Table 1.

Synthetic Procedure to Obtain FNPO.In a Sovirel® tube, a
methanol solution (1.8 mL) of dimethyl ester (1 mmol) was
added under continuous stirring to FNP (0.3 mmol). Then, a
methanol solution (1.25 mL) of 1,2-ethylendiamine (0.7 mmol)
and triethylamine (0.27 mmol) was added and the mixture was
heated at 80°C for 24 h (Table V) under dry nitrogen atmos-
phere. After having cooled to room temperature, solvent and
volatile compounds were distilled under reduced pressure and
at 40°C. The solid was washed with methanol and centrifuged
(5 min at 2800 rpm) and the resulting solid was dried at room

Sample Nanocomposite Exposure Sample Nanocomposite Exposure
1 FNPO.1 Light 9 = Light
2 FNPO.1 Light 10 - Light
3 FNPO.1 Light 11 = Light
4 FNPO.1 Light 12 - Light
5 FNPO.1 Dark 13 = Dark
6 FNPO.1 Dark 14 - Dark
7 FNPO.1 Dark 15 = Dark
8 FNPO.1 Dark 16 - Dark
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Figure 1. Synthesis of FNP (A), FNPE (B), FNPEO (C), and FNPO (D).

temperature. The solid product (50 mg) was suspended in D,O
(1 mL) in a vial. After centrifugation (1 h at 2800 rpm), a solu-
ble fraction (A =~ 50-60%) in D,O and an insoluble one (B =~
40-50%) were obtained. The soluble fraction was analyzed with
FT-IR (Table II), "H NMR (Table III and IV), and >C NMR
(Tables VI and VII) spectroscopies; the insoluble fraction was
analyzed with FT-IR spectroscopy (Table II).

Synthetic Procedure to Obtain FNPEO. In a Sovirel® tube, a
methanol solution (1.25 mL) of dimethyl ester (0.7 mmol) was
added under continuous stirring to FNPE (0.3 mmol). Then, a
methanol solution (1.8 mL) of 1,2-ethylendiamine (1 mmol)

Mak\T%"’B WWW.MATERIALSVIEWS.COM
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and triethylamine (0.27 mmol) was added and the mixture was
heated at 80°C for 24 h (Table V) under dry nitrogen atmos-
phere. The work-up was carried out operating as above.

Wood Sample Treatment

The water dispersion of TiO,-polyethylenetartaramide, contain-
ing 460 mg of product [FNPO.1 (1 : 4 : 3)] in 10 mL of water,
was used for applications on the wood specimens.

The NC dispersion (6 mL) was applied on all faces of the sam-
ples 1-8 using a brush (three applications/day for 7 days),
whereas the samples 9-16 were not treated with the NCs. All

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.42047
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Figure 2. "H NMR spectrum of FNPE.3 (recorded at 200 MHz).

samples were kept at 65% RH and 20°C in a sterile environ-
ment (dried with xylene) until the treatment with the white-rot
decay fungus T. versicolor. The samples were placed on a sterile
small net on T. versicolor cultures in Petri dishes (four samples
per dish). Half of the samples were exposed to UV light for 3
weeks while the other ones were kept in the dark (Table VIII).
For each sample, four repetitions were tested. All the equivalent
samples (e.g., samples 1-4) were placed on different Petri dishes
to have a better reproducibility.

At the same time, the NC dispersion used in wood sample
treatments was deposed on a glass plate and exposed to UV
light for 3 weeks. An analogous test was performed with a mix-
ture of the corresponding oligoamide and TiO,. After 3 weeks,
products were recovered from glass plates and analyzed by FT-
IR and 'H NMR.

RESULTS AND DISCUSSION

NCs Design

The antimicrobial activity of the titanium dioxide can be
extremely relevant to wood conservation, especially when an
organic consolidant has to be used. With the purpose of prevent-
ing microorganism growth on wooden surfaces, NCs with
hydroxylated oligoamides, bonded to TiO, anatase, were designed.

In fact, oligo-1-tartaramides and oligo-o,o'-thehaluronamides were
tested as consolidants for waterlogged archaeological wood,
obtaining interesting results." The NC synthetic procedures, simi-
lar to that used for the oligoamides,' were optimized by testing
several multi-step reactions to limit the formation of free oligomer
chains. Different products were synthesized to optimize the syn-
thesis procedures and to analyze the influence of different reagents
on the synthesis results. In particular, TiO, nanoparticles were
activated in acidic conditions and then functionalized using silane
coupling agents, such as AEAPTMS and APTMS, to introduce an
amino group, obtaining, respectively, FNP.1 and FNP.2. Then, the
reactivity of FNP with two different dimethyl esters (dimethyl -
tartrate or dimethyl o,0-trehaluronate) was tested, obtaining
FNPE.1, FNPE.2, FNPE.3, and FNPE.4 which contain an ester as
the end group of the FNP. Using this approach, it was possible to
characterize the first intermediate in the oligoamide synthesis to
confirm the reaction between FNP and dimethyl ester. Lastly, to
verify the same behavior for FNP containing amino or ester as
end group, the oligoamide NCs were synthesized using two differ-
ent procedures. Indeed, polycondensation reactions with diamines
and dimethyl ester were performed using directly FNP derivatives
or, after their preliminary reaction with dimethyl ester, using
FNPE derivatives.

s
*T _]
75—
70{
o
= Ti-O
- 3 T-0-Si | stretching
- stretching
= = k X :
- C=Oesterpeak il and I /4 X
] overlapped with i 3
= N-H amine bending Si-O and C-O stretchin
JPLPAL L AL S S SO S S SO SO DA LS S S
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Figure 3. FT-IR spectrum of FNPE.1.
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Figure 4. FT-IR spectra comparison between soluble fraction (A), insolu-
ble fraction (B), and the not separated fractions (C= A+ B) of the
FNPO.1 nanocomposite. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

Synthesis and Characterization of NCs

1. TiO, activation: The activation process of TiO, was neces- 3
sary to obtain TiO, nanoparticles with exposed Ti—OH

SCIENCE

groups on the surface layers. The treatment was carried out
with HNO; (2M). The solid, recovered by centrifugation,
gave a stable aqueous dispersion (4.5%).

ENP syntheses: Amino groups were introduced onto TiO,
nanoparticles by a reaction between hydroxyl groups and a
silylating coupling agent. A water dispersion of NPs (4.5%)
was added to the coupling agent diluted in methanol; the
mixture was sonicated for 30, yielding a stable, white dis-
persion. Two silylating agents, AEAPTMS and APTMS, were
used to functionalize the TiO, nanoparticles [Figure 1(A)].

Formation of covalent Si—O—Ti bond was confirmed by the
change in chemical shifts of the signals related to AEAPTMS
from 0.45 ppm (Si—CH,), 1.51 ppm (Si—CH,CH,), and 2.66
ppm (Si—CH,CH,CH,NH—CH,CH,NH,) to 0.70, 1.73, and
2.93 ppm, respectively; analogously, the proton signals of
APTMS were shifted from 0.54 ppm (Si—CH,), 1.58 ppm
(Si—CH,CH,), and 2.70 ppm (Si—CH,CH,CH,NH,) to 0.66,
1.76, and 2.98 ppm, respectively.

. Amide syntheses on TiO, (FNPE): The end group of the

FNP was modified by a reaction between FNP dispersion

OH

”

c+e

c+C'+
e (terminal chain)

0 (0]
@,

BV . B S S

— —
PR (1) 4.0 3.0

”

T T T

I
ppm (11) 100

50
*Methanol

Figure 5. "H and '>C NMR spectra of FNPO.1 (1 : 4 : 3).
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Figure 6. DLS of water dispersion of FNPO.1 (1 : 4 : 3). A: t=0, B: t=24 h. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

and dimethyl ester obtaining an amido compound with an
ester as end group [Figure 1(B)].

The molar ratio diester/FNP was set equal to two to avoid
the formation of nonreactive products, where both the ter-
minal groups of dimethyl ester have reacted. Successful out-
come of the synthesis was confirmed by the 'H NMR
spectrum. In fact, the signals of silyl derivative at 0.77 ppm
(a), 1.81 ppm (b) and 3.05 ppm (c), the signal (f) of the
terminal ester group at 3.84 ppm, the signal (d) of the
CH—OH group near amide at 4.42 ppm, and the signal (e)
of the CH—OH group near ester at 4.68 ppm were present
in the spectrum (Figure 2). Furthermore, the band attribut-
able to the ester group was present in the FI-IR spectrum.
The amide I and II bands could not be observed separately
due to the presence of other overlapped bands. Indeed, a
band attributable to N—H amine bending is present near
1600 cm~! for FNPE.1 (Figure 3) and FNPE.2, whereas
there could be H—OH bending, probably due to coordi-
nated water, for all FNPE products. Several attempts to
reduce water presence in these samples were unsuccessful.

4. Oligoamide syntheses on TiO,: the polycondensation reac-
tion between FNP, dimethyl ester and diamine [Figure
1(C,D)], was carried out following the procedure previously
reported for analogous oligoamides,' but with shorter reac-
tion times. The syntheses were performed carried out using

B g ’: 200 nm

Figure 7. TEM image of TiO, nanoparticles.
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different molar ratios diester/diamine and FNP (or FNPE),
as reported in Table V.

After the work-up, the solid obtained for each NC was extracted
in water, so as to observe the presence of free or bonded oligoa-
mides. The dispersion was stable; however, by centrifugation for
1 h at 2800 rpm, a soluble fraction (A =~ 50-60%) and an insol-
uble one (B ~ 40-50%) were separated and their FT-IR spectra
were compared (Figure 4). Both fractions showed the same set
of signals. However, in the FT-IR spectrum of the soluble frac-
tion [Figure 4(A)], amide signals (1660 and 1540 cm™') were
stronger compared to the characteristic band, due to the TiO,
nanoparticles (620 cm™ '), while the opposite was observed in
the insoluble fraction [Figure 4(B)]. Therefore, the NCs were
found in both fractions: in the soluble fraction, NCs with longer
oligomeric chains were probably present along with oligomeric
free chains. All samples showed in the FT-IR spectra the same
differences between the two fractions.

The soluble fraction was also analyzed by NMR spectroscopy to
have a complete chemical characterization. In Figure 5, 'H and
13C NMR spectra of the soluble fraction (sample FNPO.1) are
reported.

The degree of polymerization (DP) of the oligomers found in
the soluble fraction, free and bonded to TiO,, was determined
from the integral of signals in the "H NMR spectrum.

200 nm

Figure 8. TEM image of TiO, with unbonded oligomer.
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Figure 9. TEM image of TiO, with bonded oligomer.

The presence of signals related at —Si—CH,(CH,),NH— or
—Si—CH,CH,CH,NH— was determined and the corresponding
integrals were used as reference values and set as equal to 2,
respectively; the integrals of the other signals were evaluated
with regard to these values. The integrals of the signals related
to the CH—OH and to the —CH,NH—CO groups were deter-
mined for each product, obtaining the DP value. In particular,
the following correlations were considered to evaluate DP:

e 2DP = integral of signal related to H-1, H-1’, to H-5, H-5,
to H-2, H-2/, to H-3, H-3' or to H-4, H-4', respectively, in
the oligotrehaluronamides.

e 2DP =integral of signal
oligotartaramides.

e 4DP = integral of signal related to CH,—NHCO (except ter-
minal CH,—NH,).

related to CH—OH in the

WILEYONLINELIBRARY.COM/APP

Applied Polymer

CIENCE

The signal related to —Si—CH,CH,CH,NH—CH,—CH,NH—
and —CH,NH, (terminal chain) should have integrals equal to
4 for APTMS and 6 for AEAPTMS. In some cases, these inte-
grals appear to be larger than the theoretical values due to the
presence of free oligomeric chains in agreement with the simul-
taneous presence of NC and free oligoamide in the soluble
fraction.

Dynamic Light Scattering

To characterize the stability of the water dispersion of TiO,-pol-
yethylenetartaramide FNPO.1 (1 : 4 : 3), DLS measurements
were performed. At the start, after dispersion preparation
(t=0), due to the high concentration of particles and the
resulting opacity, the dispersion was analyzed using the
FOQELS accessory for nondiluted dispersions. The DLS analysis
yielded a particle size distribution with the most abundant pop-
ulation ranging between 50 and 125 nm in terms of hydrody-
namic diameter (i.e., the size of the diffusing particle, including
the polymer coating and the solvation layer) [Figure 6(A)]. A
second distribution, related to a much smaller amount of par-
ticles, ranged approximately between 350 and 750 nm. During
that time, the sedimentation of a small part of the NC particles
was observed, leading to the reduction of the opacity of the sys-
tem. After 24 h, the dispersion was investigated in the conven-
tional geometry (scattering angle of 90°), yielding a particle size
distribution ranging between 65 and 100 nm [Figure 6(B)]. A
very small amount of larger particles was detected, consistently
with a progressive aggregation and sedimentation of particles.

Morphological Analysis

The NC TiO,-polyethylenetartaramide FNPO.1 (1 : 4 : 3) was
analyzed by TEM. A morphological analysis was performed to
verify the quality of the dispersion of the NCs. TEM images
were compared with those recorded on unmodified TiO,

Figure 10. Wood samples with and without NC, kept in the dark or exposed to UV light after three weeks. a’ (time 0) and a” (time 3 weeks): sample
with NC in the dark; b’ (time 0) and b” (time 3 weeks): sample without NC in the dark; ¢’ (time 0) and ¢” (time 3 weeks): sample with NC in the UV
light; d’ (time 0) and d” (time 3 weeks): sample without NC in the UV light. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Figure 11. Microscope images (magnification 200X) of wood samples with NC (a) and without NC (b) after UV exposure of 3 weeks; sample with NC

after 9 more weeks of incubation in the dark (c). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

and on TiO, to which the free polyethylenetartaramide was
added.

TEM images of samples containing TiO, nanoparticles (Figure
7), TiO, with unbonded oligomer (Figure 8), and TiO, with
bonded oligomer (Figure 9) appear significantly different. In
Figure 7, only the presence of the nanoparticles is visible, while
in the other images (Figures 8 and 9) the simultaneous presence
of oligomer and nanoparticles is shown. Figure 8 reveals the
presence of two distinct areas, one constituted of nanoparticles
aggregates, the other one with great amount of oligomer; conse-
quently the material does not appear homogeneous. In Figure
9, a better dispersion of nanoparticles in the material is
observed in agreement with an improved homogeneity.

Applicative Studies

Photocatalytic Activity of NC Against T. versicolor Attack on
E. sylvatica Specimens. Applicative studies on specimens of F.
sylvatica were performed to demonstrate the antimicrobial effect
of a TiO,-polyethylenetartaramide composite [FNPO.1 (1 : 4 :
3)] against the fungus T. versicolor causing white-rot decay.

The samples treated with the NC dispersion (1-8) were
observed with a microscope to check the uniformity of the
applied film. All samples (1-16) were placed on Petri dishes
where T. versicolor had previously grown, then half of them
were kept in the dark and the remainder was exposed to UV
light for 3 weeks.

Both samples incubated in the dark [Figure 10(a’,b’)] exhibited
fungal growth with [Figure 10(a”)] or without [Figure 10(b")]
nanoparticles. This result confirms the inactivity of nanopar-
ticles in the dark. Samples exposed to UV light [Figure
10(c’,d’)] only exhibited fungal growth without the NC [Figure
10(d")]. Accordingly, the activity of the NC was demonstrated
when the sample was exposed to UV radiation [Figure 10(c”)].
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Optical microscope analysis confirmed fungal growth on the
sample without NC [Figure 11(b)] and the absence of any fun-
gal growth in samples containing the NC [Figure 11(a)]. It is
interesting to notice how the NC containing samples, on which
fungi did not grow during the 3 weeks of UV exposure [Figure
11(a)], showed appearance of fungal growth after 9 more weeks
of incubation in the dark [Figure 11(c)]. This confirms the
need for exposure to UV radiation to prevent fungal growth.

The UV stability of FNPO.1 NC was studied keeping the prod-
uct spread on a glass plate exposed to UV light (365 and
254 nm) for 3 weeks while the test with the wood specimens
was being carried out. A similar test was performed on the mix-
ture containing TiO, nanoparticles and unbonded oligoamide.
At the end, products were analyzed with FT-IR (KBr pellet) and
"H-NMR (D,O solution) spectroscopies. All spectra were com-
parable to those of the starting material recorded before UV
exposure. However, yellowing was observed in the NC probably
due to the presence of low amount of oxidation products,
which were not detectable in the FT-IR and "H-NMR spectra.
To observe the effect of this yellowing on wood surfaces, new
tests were performed on wood specimens. Two new samples (1
and 2) were treated with the NC dispersion, as reported above,
and exposed to UV light (365 and 254 nm) for 3 weeks. Colori-
metric measurements were realized according to the CIELAB

Table IX. Color Changes after UV Treatments

After 3 weeks

Sample AL Aa Ab AE

-1.8 1.0 4.1 4.6
-2.5 18 53 6.1

1(exposure at 254 nm)
2(exposure at 365 nm)
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system. The color changes observed on the wood (AE=4.6 at
254 nm and AE=6.1 at 365 nm) were comparable to natural
weathering of wood when exposed to ultra-violet light, water,
oxygen, or variations in temperature** and were hardly noticea-
ble compared to those observed by the human eye after the
attack of microorganisms (Table IX).

CONCLUSIONS

Several NCs were synthesized on TiO, nanoparticles, allowing
oligoamide growth in controlled steps and yielding very homo-
geneous core-shell systems.

The activated TiO, nanoparticles were functionalized using two
different coupling agents (obtaining FNP). A preliminary reac-
tion with the diester (obtaining FNPE) was performed to verify
the reactivity of FNP and to modify the end group of the FNP
as ester group. Polycondensation reactions were carried out in
two different synthetic pathways, starting from FNP or from
FNPE and using different molar ratios diester/diamine.

The chemical structure of the synthesized products was charac-
terized by 'H-NMR, ">C-NMR and FT-IR. Stable water disper-
sions were formed with all synthesized NCs. However, soluble
and water-insoluble fractions were separated by centrifugation
for FT-IR and NMR characterization. Both fractions contained
TiO, nanoparticles with bonded oligoamides, but the presence
of free oligoamide was also observed in the water soluble
fractions.

The synthetic procedure has allowed us to obtain composites
which are more homogeneous than the blends obtained adding
TiO, and unbonded oligomer. The results, obtained in the char-
acterization of all products, confirm the possibility of using the
same methodologies for several NCs. However, the stability
morphological analysis and the antimicrobial activity have been
performed only with ENPO as a preliminary study sample.

The morphological analysis showed a homogeneous dispersion
when the nanoparticles are bonded with polymer matrix. In
fact, the nanoparticles are uniformly distributed without forma-
tion of aggregates, which may deteriorate the mechanical prop-
erties and reduce the optical transparency of polymer-based
NCs.

Applicative tests on wood samples showed the beneficial effect
of the NC on wood conservation. Indeed, inhibition of fungal
growth was obtained in samples treated with the NC and irradi-
ated UV, as confirmed by microscopical analysis.
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