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Abstract 

 

Aminoalkylalkoxysilane (AAAS) flexible copolymer networks can be used to deacidify and strengthen 

paper in a one-step operation. The treatment is versatile and can be tailored to convey a balanced 

combination of tensile strength and pliability to degraded paper from library and archives collections. 

The treatment efficiency on bleached pulp and rag or cotton paper has been shown to be always suitable. 

It is however challenged when the paper contains lignin and is very degraded. The reasons for this are 

still poorly understood. Indeed, the reactions at room temperature of AAAS with the biopolymers in 

paper are difficult to characterize. In this work, the hydrolysis and polycondensation reactions of an 

AAAS monomer (3-aminopropylmethyldiethoxysilane, AM) were closely examined, and the 

interactions with lignin and cellulose were studied using a modelling approach. To this end, several 

model organic molecules were used to reproduce the main functional groups of cellulose and lignin. The 

reactions with AM were studied with ATR-FTIR and NMR using 1H, 13C, 29Si, and 1H-X (X = 13C, 15N, 

or 29Si) heteronuclear multiple bond correlation (HMBC). The results showed that carbonyl and carboxyl 

groups react with the amine and silicate moieties of AM. These results are paralleled with the physico-

chemical properties of three oxidized and brittle newsprint papers to explain the variable degree of 

strengthening observed upon AAAS treatment. 

 

A Supplementary Material file is available. It contains supporting information to the article, including 

ATR-FTIR spectra (J1, J2 and J3, vanillin and AM/vanillin, vanillic acid and AM/vanillic acid, p-

benzoquinone and AM/p-benzoquinone), 13C NMR spectra (AM, methyl-β-D-glucopyranoside (MGPO), 

and AM/MGPO) and 1H NMR spectra (p-benzoquinone and AM/p-benzoquinone).
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1. Introduction 

 

Paper slowly decays with time. Cellulose, the main biopolymer in paper, undergoes acid-catalyzed 

hydrolysis that decreases the degree of polymerization (DP), which in turn progressively leads to loss in 

mechanical resistance of the paper. In addition, the natural slow formation of carbonyl compounds 

among other degradation by-products increases the acidity. Late 19th - early 20th century lignocellulosic 

paper collections, especially newsprint paper of mediocre quality, degrade faster than more durable 

paper, and can become extremely brittle. As a preventive measure, mass treatments have been developed 

for the deacidification of libraries and archives collections.1–4 Nevertheless, these processes do not 

provide a comprehensive solution for the most degraded (acidic and brittle) documents, which 

additionally, would need to be mechanically strengthened. In order to overcome this problem, one-pot 

treatments based on the use of aminoalkylalkoxysilanes (AAAS), imparting simultaneous 

deacidification and strengthening to cellulosic objects, have been proposed.5–11 

Previously published results showed the full potential of AAAS treatments in organic solvent phase, 

including fungistatic properties of the treated documents.12 At the laboratory or the conservation 

workshop scale, the treatment can be applied by spray or by immersion, undiluted or diluted in an organic 

solvent, usually hexamethyldisiloxane (HMDSO). At the ‘’mass’’ industrial scale, the use of a non-

protic solvent such as HMDSO is recommended to avoid the bleeding of water-soluble inks, dyes and 

binders, fiber swelling, and also to shorten the drying time.1,8,13 More recently, flexible copolymer 

networks (co-AAAS) have been studied, with the aim of conveying a balanced combination of tensile 

strength and pliability to very degraded paper.11 The treatment is versatile as its formulation can easily 

be modified by changing the monomers, their proportions and their concentration. Efficient 

deacidification and increase in the tensile breaking length has been obtained,11,14 but an increase in 

folding endurance increase was less easily achieved,14,15 and slight yellowing was sometimes 

observed.9,10 The interactions taking place between the AAAS and the paper are still unclear. The aim 

of this research was thus to investigate these interactions. It has been previously suggested that the amine 

group, which drives the deacidification, also favors the adsorption of the AAAS in the cellulosic material 

and forms hydrogen bonds.8–10  To account for the observed slight yellowing of the treated papers, the 

formation of Schiff bases through covalent bonding between the amine groups and carbonyl groups in 

oxidized paper was hypothethised.5,6,9,10 On the other hand, strengthening, which is thought to be 

imparted by the in situ polymerization, thus depends on the DP of the AAAS, i.e. on their ability to 

hydrolyze with the water naturally absorbed in the fibers in the first step of the reaction (eq. 1), and to 

subsequently condensate at room temperature. The condensation step can be hydrolytically-driven (eq. 

2) in which case water is regenerated16 or alcohol-driven (eq. 3). 
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Si OR + OH2 Si OH + ROH

Si OH + SiOH Si O Si + OH2

Si OH + SiRO Si O Si + ROH

 Hydrolysis: 

 

(eq. 1) 

 

 Hydrolytic polycondensation: 

 

(eq. 2) 

 

 Alcoholic polycondensation: 

 

(eq. 3) 

 

In acidic conditions and at room temperature the hydrolysis of alkoxysilanes is catalyzed, whereas 

the condensation is slower and can take up to several months.17,18 In contrast, it has been shown that both 

the hydrolysis and the polycondensation steps are catalyzed in alkaline conditions.17–19 Hence, these 

reactions can be catalyzed by the amine functions on the AAAS molecules.18,19 Acids continuously 

produced during the natural aging of paper would partly neutralize these bases in situ, gradually leading 

to near-neutral conditions and subsequently slower polycondensation kinetics. Likewise, the proposed 

formation of covalent bonds between the amines of the AAAS and carbonyl groups from the degraded 

paper could in all likelihood limit the size of the polymer. As another induced drawback, the alkaline 

reserve brought by the amine group would be lower than expected.  

Previously, it has been suggested that several constituents of the paper were likely to affect the 

treatment’s efficiency. Among them, alum-rosin sizing14,15 and groundwood pulp,10,15 which are present 

in significant amount in early newsprint paper made from unpurified wood. Mechanical pulp from 

softwood typically contains between 25 and 31 wt% of lignin in the near-native form.20 Lignin is an 

amorphous tridimensional biopolymer largely responsible for the paper acidity and yellowing upon 

aging.21 More generally, reactions that occur at room temperature in the paper between AAAS and the 

biomacromolecules, i.e. cellulose, hemicelluloses and lignin, are difficult to characterize and are still not 

fully understood. For example, most routine spectroscopic techniques do not have enough resolving 

power to characterize precisely carbonyl groups in-situ.22 In this work, we identified possible reactions 

taking place between the AAAS and the paper, which could explain the variable degree of strengthening 

obtained with different papers. To this purpose, a model study was undertaken. Several organic 

molecules were chosen as their structure encompassed the main functional groups of cellulose and 

lignin. They were mixed to 3-aminopropylmethyldiethoxysilane, henceforth called AM, a bifunctional 

AAAS that condensates into a linear polysiloxane. Fourier-transform infrared (FTIR) and liquid-state 

Nuclear Magnetic Resonance (NMR) spectroscopies were used to study the molecular interactions 

between AM and the model organic molecules. Previous studies showed the capacity of AM to penetrate 

in the fibers network and in situ polymerize, yielding an increase in the mechanical properties, both in 
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undegraded and degraded paper.8,9,11,14,15 The study with the model compounds was thus paralleled with 

the results of the mechanical strengthening of three newsprint papers in various states of degradation, 

made of lignin-rich or lignin-free pulp mixtures. 

 

2. Experimental 

 

2.1. Paper samples 

 

Naturally aged lignocellulosic newsprint paper was used. Three copies (called J1, J2 and J3) of the 

“Journal des Fabricants de Sucre”, a newspaper published through late 19th - early 20th century, were 

provided by the Bibliothèque Nationale de France. Their constituents and some of their physicochemical 

properties are summarized in Table 1. 

The fibers and the pulp of the three newsprint papers were determined by microscopic examination 

and histological staining with Herzberg, Lofton-Merritt and Graff-C solutions.23 

Microchemical test for rosin24 was performed to check for alum-rosin sizing. Kaolin fillers in the 

papers were identified by ATR-FTIR (Nicolet 6700 spectrophotometer). This clay mineral contains large 

amounts of kaolinite, an aluminosilicate which displays two typical absorption bands around 3690 cm-1 

and 3620 cm-1 (O-H stretch)25 (Figure S1 in the Supporting Information file). The ash content enabled 

to quantify the amount of mineral fillers in the papers (TAPPI T211 om-02). Two measurements were 

done per paper. 

 

Table 1. Main constituents and characteristics of the newsprint papers.  

 J1 J2 J3 

Date of publication 1911 1920 1923 

Pulp BSP, softwood GP/USP/BSP, softwood, 

trace of straw 

GP/USP/BSP, softwood, 

trace of straw 

Ash content (%w) 17.8 7.6 16.3 

Grammage (g m-2) 57 49 52 

Thickness (µm) 59 64 63 

BSP: bleached sulfite pulp. GP: groundwood pulp. USP: unbleached sulfite pulp. 

 

2.2. Chemicals 

 

2.2.1. Aminoalkylalkoxysilanes 

AM (97%), 3-aminopropyltriethoxysilane (AP) (>98%) and N-(2-aminoethyl)-3-

aminopropylmethyldimethoxysilane (DIA) (97%) were purchased from ABCR (Gelest, France) and 

used as received. 
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2.2.2. Model compounds 

D-glucose (LABOSI) and methyl-β-D-glucopyranoside (MGPO) (>99%, Sigma-Aldrich) were used 

as molecular models for cellulose. 4-hydroxy-3-methoxybenzaldehyde (vanillin) (99%, Sigma), 4-

hydroxy-3-methoxybenzoic acid (vanillic acid) (97%, Sigma-Aldrich), 4-hydroxy-3-methoxybenzyl 

alcohol (vanillyl alcohol) (98%, Sigma-Aldrich), p-benzoquinone (98%, Acros Organics), 4-

methoxyphenol (mequinol) (99%, Aldrich), methoxybenzene (anisole) (≥ 99%, Aldrich), phenol (≥ 
99%, Acros Organics) and cyclohexanol (99%, Aldrich) were used as model molecules for lignin. 

 

2.3. Paper treatment 

 

AP/DIA (5/95) (wt/wt) mixture was directly sprayed on the paper samples with an airbrush (Airbrush 

Hobby Kit, Silverline). This formulation was previously established as the most efficient for the 

treatment of a sample from the same newspaper collection.14 The uptake was calculated as follows: 

 

UP(wt%) = (wf - wi)
wi

 × 100 (eq. 4) 

 

where wi and wf are the paper weight before and after treatment, respectively. Each sample was dried 

for at least 3 h at room temperature, conditioned at 23 °C and 50% RH for a minimum of 24 h (TAPPI 

T402 sp-03) and weighted. 

For relevant comparisons, the paper samples were treated so as to obtain similar uptakes (9 ± 0.5%). 

 

2.4. Physico-chemical characterizations 

 

The cold extract pH was measured with a pH-meter (Mettler Toledo MA235) according to TAPPI 

T509 om-02 standard adapted to a sample mass of 100 mg. Three repeat measurements were carried out 

per paper. 

Prior to the mechanical testing measurements (tensile strength and folding endurance) the samples 

were conditioned according to TAPPI T402 sp-03. Tensile Breaking Length (BL) and Elongation at 

Break (EB) were measured with an Adamel Lhomargy instrument (DY-20N) according to TAPPI T494 

om-01 standard. BL (km) is the limiting length of a strip of paper of uniform width, beyond which, if 

such a strip were suspended by one end, it would break of its own weight. It is related to the tensile 

strength T (kN m-1) according to: 

 BL =  102 × TR (eq. 5) 

 

where R is the grammage of the paper (g m-2). 
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Folding endurance (FE) was determined with a Tinius Olsen instrument (applied force: 500 g) 

according to TAPPI T511 om-02 standard. Ten measurements were done per sample in the machine 

direction of the sheets. 

The 1H, 13C, 29Si, and 1H-X (X = 13C, 15N, or 29Si) heteronuclear multiple bond correlation (HMBC) 

spectra were collected at room temperature for about 0.6 mL of the prepared solutions in deuterated 

dimethyl sulfoxide (DMSO-d6) by using a H/X broadband probe with Z gradient installed in an Avance 

400 NMR spectrometer. The 1H spectra were recorded by using Larmor frequency at 400.13 MHz. A 

standard one-pulse sequence employing a 30-degree proton pulse was used. The spectral width and 

acquisition time were 5 kHz and 3 s, respectively. The relaxation delay was 1 s, and eight transients 

were signal-averaged. The 13C NMR spectra were recorded at 100.62 MHz by using a power gated 

decoupling sequence with a 90-degree carbon pulse. The spectral width, acquisition time and recycle 

delay were 25 kHz, 1 s and 5 s, respectively. A total of 4096 transients were signal-averaged for a total 

measurement time of 7 h. The 29Si NMR spectra were acquired at 79.49 MHz. The spectral width, 

acquisition time, and recycle delay were 6 kHz, 1.3 s, and 12 s, respectively. The 90-degree pulse length 

was 12.7 s and 4096 transients were signal-averaged. In the 1H-13C HMBC experiments, the proton 

dimension was acquired by using 4096 data points, 5 kHz spectral width, 32 scans, and 1 s recycle delay. 

The 13C dimension was recorded by using 256 t1 increments, and 25 kHz spectral width. To collect 1H-

15N HMBC spectra of the solutions, the spectrometer was operated at 40.55 MHz for 15N. The spectral 

width for the nitrogen dimension was 20 kHz, and 44 t1 increments were used. For the proton dimension, 

the acquisition time and the spectral width were 0.4 s and 5 kHz, respectively. The spectrum was 

acquired with 512 scans and 2 s recycle delay. For the 1H-29Si HMBC experiments, the proton dimension 

was acquired by using 8192 data points, 5 kHz spectral width, 64 scans, and 1 s recycle delay. The 29Si 

dimension was recorded by using 100 t1 increments, and 2.5 kHz spectral width. The 1H, 13C, and 29Si 

spectra were referenced to tetramethylsilane (TMS) at 0 ppm, whereas 15N spectra were referenced to 

nitromethane at 0 ppm. 

A kinetic study of the model mixtures was performed by 1H NMR at t0 (i.e. time when the NMR 

solvent was added) and 7 days later with a Bruker Avance DPX-250 (250 MHz). 

FTIR spectra of the newsprint papers and the model compounds in solution were obtained with a 

Nicolet 6700 spectrophotometer, equipped with a diamond Smart Endurance ATR macro-system 

scanning from 500 to 4000 cm-1. For each spectrum, 64 scans were recorded, with a resolution of 4 cm-

1. Each model compound was dissolved in dimethyl sulfoxide (DMSO). For each of the model mixtures, 

a spectrum was obtained at t0 and 7 days later. 

 

3. Results and discussion 

 

First, a study of the chemical and mechanical properties of the three newsprint papers treated with 

AAAS copolymers was undertaken.  
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3.1. Physico-chemical measurements  

 

As expected, each of the initially acidic newsprint papers was deacidified by the treatment (pH above 

7.5) (Table 2). All papers also showed an increase in tensile strength, indicating improved inter and 

intra-fiber bonding via the breaking length (BL) and deformability through the elongation at break (EB). 

It was noted that a larger increase of BL (J2: +40%, J1: +25%, J3: +26%) went along with a slightly 

smaller increase in EB (J2: +13%, J1: +20%, J3: +25%). 

 

Table 2. pH, BL and EB of the untreated and treated (AP/DIA 5/95) newsprint papers. 

 
 

J1 J2 J3 

pH 
Untreated 4.97 ± 0.03 4.53 ± 0.06 4.84 ± 0.03 

Treated 7.76 ± 0.01 7.58 ± 0.01 7.57 ± 0.10 

BL (km) 
Untreated 2.09 ± 0.27 2.76 ± 0.26 2.70 ± 0.45 

Treated 2.61 ± 0.30 3.87 ± 0.46 3.40 ± 0.41 

EB (%) 
Untreated 0.94 ± 0.15 1.02 ± 0.15 1.06 ± 0.17 

Treated 1.13 ± 0.15 1.15 ± 0.14 1.33 ± 0.11 

 

Figure 1 shows the FE of the papers. J1 and J2 are very brittle, with an initial FE below 10 double 

folds (N < 10) whereas J3 is relatively less brittle (N ≈ 22). The papers reacted differently to the 

treatment, exhibiting a variable degree of strengthening. It was previously suggested that the initial FE 

impacted the reinforcement efficiency, with a critical value (N ≈ 10) below which the sample is hardly 

reinforced.10,14 This limitation was indeed observed for J2, but in contrast, J1 was strengthened after 

treatment (N ≈ 27). This result is consistent with the higher elongation at break imparted by the treatment 

to J1 than to J2. 

 

 
Figure 1. FE of J1, J2 and J3, before (red filled bars) and after (green hatched bars) treatment with 

AP/DIA (5/95). 
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The tests showed that, despite a different pulp composition, all three papers contain alum-rosin sizing 

and kaolin fillers and have similar grammage and thickness (Table 1). Lignin was evidenced in J2 and 

J3 using FTIR, by the absorption bands around 1590 cm-1 (aryl ring symmetric stretching) and 1510 cm-

1 (aryl ring asymmetric stretching).26,27 J1 does not contain lignin, as shown by the absence of these 

absorption bands on the FTIR spectrum (Figure S1 in the Supporting Information file). Another 

difference between the three papers appeared to be the proportion of kaolin, which was much lower for 

J2 (7.6%w) than for J1 (17.8%w) and J3 (16.3%w) (Table 1). However, previous research showed that the 

quantity of fillers had no appreciable impact on the treatment efficiency.15 Subsequently, it seems that 

the presence of lignin (from the groundwood pulp) could be a factor that most likely hampers the folding 

endurance improvement of the most brittle papers. This hypothesis was supported in previous research 

by the fact that an aged cotton paper, made of cellulose 100%, with a folding endurance of 20 double 

folds, could be strengthened.14 Thus, this raises the question of the chemical reactions possibly occurring 

between the AAAS, on the one hand, and cellulose and lignin, on the other hand that could account for 

the observed results. This interrogation prompted the need of modeling the system using simple 

molecules in the present research. 

 

3.2. Model carbohydrate compounds 

 

Cellulose is a polymer made of β-D-glucose bonded to each other with acetal functional groups  

linkages. A glycosidic bond links the equatorial -OH of the carbon C4 from a unit to the carbon C1 of 

the neighboring unit (Figure S2a in the Supporting Information file). In nature, the degree of 

polymerization (DP) of cellulose ranges from the hundreds to the thousands.28 D-glucose is a trivial 

molecular model of the cellulose monomer. D-glucose used in this research contains both α and β 
anomers, since pure β-D-glucose is not commercially available. 

The other most abundant carbohydrate biopolymers in pulp are hemicelluloses. Unbleached and 

bleached woodpulp papers contain significant amounts of hemicelluloses.29 They are 

heteropolysaccharides that act as a cohesive matrix between the cellulose microfibrils.30 They are made 

of linear and branched chains of different sugar monomers.29 The type of hemicelluloses and their 

proportion in the pulp depend on the origin of the fibers and on the pulping process. Their average DPs 

are low (about 200 for the softwood fibers29,31) compared to cellulose. Although glucose is a recurring 

repeat unit in most hemicelluloses, other sugars are also present as for instance, galactose and mannose 

in galactoglucomannan. The latter are abundant in softwood fibers.28 D-glucose is the only saccharide 

monomer studied here. Until further investigation, a similar reactivity of the other sugar units will be 

assumed. 

In order to study the interaction between the AAAS and cellulose, an AM/D-glucose equimolar 

mixture was dissolved in DMSO-d6, and the 2D 1H-15N HMBC NMR spectrum was recorded (Figure 

2a). It showed a signal at about -354 ppm, corresponding to the nitrogen of unreacted AM, in addition 
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to new signals at about -337 ppm and -326 ppm. These two new peaks were related to the nitrogen atoms 

N(α) of an α–glycosylamine and N(β) of a β–glycosylamine, respectively. The hydrogens H(α-2’) (3.26 

ppm) and H(β-2’) (2.86 ppm) both correlate through 3J couplings with the nitrogen atom of AM, which 

evidences the formation of a covalent bond between the amine group and D-glucose. In the experimental 

conditions, 3J couplings showed stronger intensities than 2J couplings, which may explain why a 2J 

coupling was not detected between N(α) and H(α-1’) (4.28 ppm), and was only moderately visible  

between N(β) and H(β-1’) (3.62 ppm). The evidence of covalent bond formation is also provided by the 

2D 1H-13C HMBC NMR spectrum with the 3J couplings between C(α-a) (50.2 ppm) and H(α-1’), and 
between C(β-a) (49.8 ppm) and H(β-1’) (Figure 2b). 

The covalent bond between the amine of AM and the anomeric carbon of D-glucose was attributed 

to a Maillard reaction (Figure 3). This reaction involves an intermediate, which is the open ring structure 

of D-glucose, with an aldehyde group on C1. The first step of the reaction mechanism is the formation 

of a Schiff base, through a condensation reaction which releases water. Thereafter, glycosylamine is 

produced by Amadori rearrangement. Such addition of primary amines on glucose units has been 

reported in the literature.32,33 

 

 

 
Figure 2. 2D NMR HMBC (a) 1H-15N and (b) 1H-13C spectra of AM/D-glucose (1/1) mixture. The 

hydrogens and carbons numbering is the same as in Figure 3. 
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It has to be noted that there is no such thing as a perfect molecular model of cellulose, and D-glucose 

is no exception. Indeed, the reaction occurs with the hemiacetal functional group of D-glucose, which is 

present only in terminal C1 position (end-chain), i.e. under 1‰ considering an average DP of cellulose 

above 1000. Therefore, another model compound, MGPO (structure given in Figure S2b in the 

Supporting Information file) was used, which has a methoxy group in place of the –OH on C1 and thus 

better represents a mid-chain glucose. The formation of a terminal aldehyde group is thus not possible. 

The 13C NMR spectrum of AM/MGPO 1/1 mixture shows that no reaction was observed in solution 

after several days, as expected (Figure S3 in the Supporting Information file). This result confirms the 

proposed reaction mechanism between AM and D-glucose, and points out that only the reducing-end 

anhydroglucose C1 of cellulose would react with AM in such way. As pointed out above, the average 

DP of cellulose being high, this indicates a very weak possible reactivity of the biopolymer. However, 

with a lower DP and branched chains, and hence a higher number of reactive sites, hemicelluloses are 

conceivably more reactive with AM. The same is true for degraded cellulose by acid catalyzed 

hydrolysis.29 

 

 
Figure 3. Maillard reaction between AM and D-glucose. R-NH2 refers to AM. 

 

3.3. Model lignin derivatives 

 

Lignin is another abundant biopolymer in mechanical pulp and unbleached pulp papers (i.e. J2 and 

J3). Lignin is a large polyphenol with a complex tridimensional amorphous structure, which builds a 

strong natural composite material with cellulose.29 Its structural units derive from three phenyl propane 

molecules, namely coniferyl, sinapyl and p-coumaryl alcohols, bound together by ether and carbon-

carbon bonds.29,31,34–37 In native softwood lignin, the structural elements are more than 95% coniferyl 

alcohol,38 which has only one methoxy group on the aromatic ring. The main monomer of grass lignin 

is coumaryl alcohol (no methoxy group), whereas hardwood lignin derives from sinapyl (two methoxy 

groups) and coniferyl alcohols.38 

Lignins also contain other functional groups. In softwood lignin, the total number of hydroxyl groups 

lies between 1.3 and 1.5 per phenyl propane unit.37,38 It is estimated that there is only between 0.2 and 
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0.3 phenol group per phenyl propane unit,34,37,38 thus aliphatic alcohols are predominant in the native 

biopolymer. There is about 0.2 carbonyl group per structural element of softwood lignin,34,37,38 whereas 

only a few percent carboxyl groups are present.38 

Vanilloid molecules can be used as relevant structural models of lignin. Vanillin, vanillic acid and 

vanillyl alcohol were chosen in this work. The first two molecules are cited as common degradation 

products of lignin and are also found in paper.36,39–44 Natural aging of lignocellulosic paper also leads by 

oxidation to the formation of chromophore quinoid groups on the macromolecule.21,36 This was 

established as the main cause of yellowing of documents containing significant amounts of groundwood 

pulp.21 The reactivity of quinone structures was investigated here using p-benzoquinone. 

 

3.3.1. Vanillin. The nitrogen signal of AM at -354 ppm totally disappeared on the 2D 1H-15N HMBC 

spectrum of the equimolar mixture AM/vanillin (Figure 4a), whereas a new and unique signal appears 

at -61 ppm. This was attributed to the formation of an imine. A strong 2J coupling was observed between 

the nitrogen N and the hydrogen H(5) involved in the imine functional group (8.05-8.07 ppm). The 2D 

13C-1H spectrum (Figure 4b) confirmed this assignment, as proved by the coupling between the same 

H(5) and the carbons C(2) (123.1 ppm), C(3) (127.3 ppm) and C(4) (109.9 ppm) of vanillin on the one 

hand, and C(6) (63.3 ppm) of AM on the other hand. 

The FTIR spectrum of the equimolar mixture at t0 (Figure S4 in the Supporting Information file) 

corroborated the rapid formation of an imine. Whereas the intense peak at 1675 cm-1, characteristic of 

the conjugated C=O group (stretching) disappeared, a new band appeared at 1642 cm-1, which indicates 

the production of a conjugated C=N bond (stretching).27 

This demonstrates that the amine of AM reacted with vanillin, yielding a Schiff base (Figure 4c). The 

instant yellowing of the vanillin white powder upon addition of AM is consistent with this reaction, as 

Schiff bases are notoriously yellow. In addition, the production of ethanol (signals at 1.06 ppm and 3.44 

ppm, Figure 4a) indicated a total hydrolysis of the ethoxy groups of AM (missing signals at 1.12 ppm 

and 3.68 ppm). This is consistent with the formation of water occurring with the condensation reaction. 

The formation of the Schiff base was immediate and complete. 
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Figure 4. 2D NMR HMBC (a) 1H-15N, (b) 1H-13C spectra of the AM/vanillin (1/1) mixture and (c) 

reaction between vanillin and AM: formation of a Schiff base. R refers to an ethyl group, a hydrogen or 

a polysiloxane chain.  

 

Interestingly, the formation of water can favor the polymerization of AM. This hypothesis was 

confirmed as an equimolar mixture of AM/vanillin without solvent quickly formed a gel. Besides, 

polycondensation reactions have been identified from the 29Si NMR spectrum of the same mixture in 

DMSO-d6 (Figure 5b). No D0 signal characteristic of AM monomer (Figure 5a) was detected at [-3; -7] 
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ppm, which indicates the total reaction of the monomers to form polysiloxane chains. Signals C at [-13; 

-14] ppm and E at [-21; -23] ppm were associated to D1
 (silicon atom bonded to one -O-Si group) and 

D2 (silicon atom bonded to two -O-Si groups), respectively (see Table 3 for more details). The number-

average DP (DPn) of the linear chain estimated as DPn̅̅ ̅̅ ̅ = (2× 𝐷2𝐷1 ) + 2 was equal to 11. The presence of 

the D2 signal D at -19.3 ppm on the same spectrum was attributed to the formation of a cyclic tetramer 

(D2)4, which occurs during the AM polycondensation. Every assignment of the 29Si signals is consistent 

with the literature.9,45,46 

 

 
Figure 5. 29Si NMR spectra of (a) AM, (b) AM/vanillin (1/1) mixture, (c) AM/vanillic acid (1/1) mixture, 

(d) AM/vanillyl alcohol (1/1) mixture. Assignments are in Table 3. 

 

3.3.2. Vanillic acid. The pKA of amines are reported to be between 7 and 11, whereas the pKA of 

vanillic acid is about 4.5 at 25 °C.47 An acid-base reaction between the two shall then proceed totally to 

form a salt. This was confirmed by the 13C spectrum of the AM/vanillic acid (1/1) mixture (Figure 6b). 

For AM, the nearest carbons of the ammonium group formed, C(10) (28.3 ppm) and C(9) (46.2 ppm), 

moved upfield leading to signals at 22.8 ppm and 42.9 ppm, respectively. The signals related to the 

farthest carbons C(11) (11.9 ppm), C(12) (-3.6 ppm), C(13) (58.6 ppm) and C(14) (19.5 ppm) remained 

at the same frequencies. Whereas C(8) of the -OCH3 group of vanillic acid presented the same chemical 

shift with and without AM (56.5 ppm), each of the signals corresponding to the carbon atoms of the 

conjugated system (C(2) to C(7) in the [110; 180] ppm range in Figure 6) showed frequency shifts. This 

is subsequent to the formation of a carboxylate involved in the molecule’s conjugated system. 
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Table 3. Assignments of the 29Si NMR signals for AM, with and without a vanilloid (see Figure 5). 
29Si NMR signal δ (ppm) Structure Formula 

A -4.9 D(OEt)(OEt)0  (Me)(NH2C3H6)Si(OEt)2 

B -13.4 D(OEt)1 D(OEt)1  (OEt)(Me)(NH2C3H6)SiOSi(NH2C3H6)(Me)(OEt) 

C [-13; -14] D(OH)1 D2 (OH)(Me)(NH2C3H6)Si-O-Si  

D -19.3 (D2)4 [(Me)(NH2C3H6)SiO]4 

E [-21; -23] D2 Si-O-(Me)(NH2C3H6)Si-O-Si  

F -5.8 D(OEt)(OEt)0  (Me)(NH3
+C3H6)Si(OEt)2 

G -6.1 D(OEt)(OH)0  (Me)(NH3
+C3H6)Si(OEt)(OH) 

H -14.1 D(OEt)1 D(OEt)1  (OEt)(Me)(NH3
+C3H6)SiOSi(NH3

+C3H6)(Me)(OEt) 

I -3.4 D(AV)(AV)0  (Me)(NH2C3H6)Si(VA)2 

J -4.2 D(AV)(OEt)0  (Me)(NH2C3H6)Si(VA)(OEt) 

K -12.6 D(AV)1 D(OEt)1  (VA)(Me)(NH2C3H6)SiOSi(NH2C3H6)(Me)(OEt) 

L -13.2 D(AV)1 D(OEt)1  (VA)(Me)(NH2C3H6)SiOSi(NH2C3H6)(Me)(OEt) 

VA: substituted vanillyl alcohol. Solvent: DMSO-d6. 

 

In the 29Si NMR spectrum of the AM/vanillic acid mixture (Figure 5c), the D0 signal F at -5.8 ppm 

corresponds to the protonated AM monomer, and can be compared to the signal A of the reference AM 

(Figure 5a). The D1 signal B at -13.4 ppm was associated to the AM dimer naturally present in solution, 

which was identified from the absence of a D2 peak relating to longer chains. The signal H at -14.1 ppm 

thus corresponded to the protonated dimer. The small D0 signal G at -6.1 ppm is noteworthy, and 

attributed to a partially hydrolyzed AM monomer (see Table 3 for more details), which indicated the 

presence of residual water. This highlights the formation of an ammonium salt. 

On the FTIR spectrum of the mixture at t0 (Figure S5 in the Supporting Information file), the peak at 

1695 cm-1 assigned to the conjugated C=O bond of the carboxylic acid (stretching) disappeared, whereas 

new bands appeared at 1544 and 1628 cm-1, which correspond to C=C and C=O in an aryl carboxylate, 

respectively.27 This confirmed the fast acid-base reaction between vanillic acid and AM. 

To conclude, an immediate and total acid-base reaction occurred between AM and vanillic acid, 

yielding an ammonium salt (Figure 6d). These results were consistent with the intended use of AAAS 

to deacidify paper (Table 2). They also hinted at interactions that possibly occur between lignin and AM 

in the paper through ionic bonding. Amine functions, if they immediately interact with carboxylated 

degradation products (of lignin and possibly of cellulose too), would then not be available to form 

hydrogen bonding with cellulose fibers. The consequence would be less strengthening and a lower 

reserve of the treated paper. 
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Figure 6. 13C NMR spectra of (a) AM, (b) AM/vanillic acid (1/1) mixture, (c) vanillic acid, and (d) 

reaction between vanillic acid and AM: formation of an ammonium salt.  

 

3.3.3. Vanillyl alcohol. The appearance of new peaks I (-3.4 ppm), J (-4.2 ppm), K (-12.6 ppm) and 

L (-13.2 ppm) on the 29Si spectrum (Figure 5d) indicated condensation reactions taking place with the 

ethyl silicates. The hypothesis of hydrolysis of these functional groups was excluded since the DMSO-

d6 used was fresh and totally anhydrous, and also because if so, the signals would have been detected at 

lower frequencies than signals A and B of AM.48 The presence of peaks A and B on the spectrum 

indicated that a portion of AM did not react. With the noticeable exception of hydrogens H(*), 

corresponding to H(1) of the model molecule which partly reacted with AM, no modification of the 

other signals’ chemical shifts was noted on the 1H spectrum of the mixture (Figure 7). The 2D HMBC 

1H-29Si spectrum of the mixture (Figure 7) clearly indicated the 3J coupling between the silicon Si of 

AM and the hydrogen H(*) of VA, which confirmed the condensation mechanism proposed. The 

Si(I)/H(*) coupling corresponds to the AM monomer which has undergone two condensation reactions 

with vanillyl alcohol, whereas the Si(J)/H(*) coupling is associated to AM that has reacted only once. 

This assignment was confirmed by the presence of a 3J coupling between H(10) of the ethoxy group and 

Si(J), whereas it was absent for Si(I). The 3J coupling between Si(K) and H(*) was attributed to the 

portion of AM dimers that reacted with vanillyl alcohol, since dimers were present in the commercial 

AM solution (signal B in Figure 5a). This also demonstrated that besides hydrolytic condensation, AM 

also underwent alcohol-driven condensation. Hence both water and alcohol are products of the AAAS 

polycondensation. 

The study of vanillyl alcohol proved therefore that AM was able to react with other molecules, not 

only by the amine moiety, but also through the silicate groups. This work showed that AM can undergo 

successive esterification reactions with the primary aliphatic alcohol of the model molecule (Figure 7). 

Such transesterification reaction is seldom reported and requires specific reaction conditions.49 These 



16 

 

reactions are limited despite the fact that condensation between alkoxysilanes and primary alcohols are 

catalyzed in alkaline conditions.45 

 

 

 
Figure 7. 2D NMR HMBC 1H-29Si of the AM/vanillyl alcohol (1/1) mixture, and reaction between 

vanillyl alcohol and AM. (1) First esterification. (2) Second esterification. * corresponds to C1 of 

vanillyl alcohol condensed with AM. The silicon atoms numbering is the same as in Figure 5 and Table 

3. 

 

3.3.4. Cyclohexanol. AM/cyclohexanol (1/1) was studied by 1H NMR in order to investigate the 

impact of steric hindrance on the kinetics of condensation reactions, since cyclohexanol is a secondary 

alcohol. No reaction was detected in solution after seven days. It was thus assumed that the condensation 

reactions detailed above can take place mostly with the available primary aliphatic alcohols within 

lignin. Although they seem to be limited, and even more so in neutral conditions, it is essential to take 

these condensation reactions between AM and the lignin in paper into consideration, since they can 

ultimately result in limiting the polymerization of the AAAS thus leading to a low DPn̅̅ ̅̅ .̅ In situ, these 
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reactions may compete with reactions between amines and carbonyls which, as seen previously, would 

have the opposite effect, namely increase the AM polycondensation. 

 

3.3.5. p-benzoquinone. The 1H NMR spectrum (Figure S6 in the Supporting Information file) showed 

a doublet at 6.529 ppm and 6.525 ppm and the absence of the peak associated with p-benzoquinone (6.86 

ppm). These two peaks were attributed to two different products. AM reacted with p-benzoquinone 

according to the reaction in Figure 8.50,51 First, AM attached to a C=C bond of the quinone, before the 

formation of a substituted hydroquinone by isomerization [step (1)]. The new product reacted 

immediately with the remaining p-benzoquinone through a redox reaction, yielding a free hydroquinone 

[step (2)]. AM reacted a second time with the other C=C bond, leading to the twice-substituted final 

product upon new isomerization [step (3)]. This reaction was instant, total, exothermic, and also occurred 

in anhydrous conditions. The reaction mechanism was confirmed by FTIR. The spectrum at t0 of the 

equimolar mixture AM/ p-benzoquinone where the nearly total absence of characteristic peaks in the 

spectral range 1600-1700 cm-1 indicated the formation of the phenol groups (Figure S7 in the Supporting 

Information file). 

 

 
Figure 8. Reaction between AM and p-benzoquinone. (1) First electrophile addition of AM and 

isomerization. (2) Redox reaction with the remaining p-benzoquinone. (3) Second electrophile addition 

of AM and isomerization. 

 

Evidencing this reaction demonstrated once more the ability of the amine groups of AM monomers 

to very quickly react and form covalent bonds with lignin and its degradation products. The amount of 

quinones arising from oxidized lignin in degraded papers can be substantial. However, this reaction 

mechanism can only occur with unsubstituted CH=CH bonds, which drastically reduces the number of 

available reactive sites. Aromatic groups of softwood lignin are rich in methoxy groups, the main 

precursor being coniferyl alcohol, as previously described. 
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3.3.6. Other models. Three other models of lignin, namely mequinol, phenol and anisole, and their 

reactivity with AM were studied because of the analogy to two other important functional groups in 

lignin: ether (methoxy group directly bonded to an aryl group) and phenol groups. No reaction was 

observed after 7 days in DMSO-d6. These two functional groups are most probably unreactive with AM. 

 

3.4. Extrapolation to the mechanical properties of paper 

 

As demonstrated, based on the modelling study, lignin and its degradation products can in all 

likelihood react with AM. Assuming that other AAAS, such as AP and DIA, have a similar reactivity 

than AM, the side reactions identified could occur when treating lignocellulosic papers with these 

compounds, and thus affect the strengthening efficiency. It is noteworthy that newsprint J2 is more brittle 

than J3 (Figure 1), and has a lower pH (Table 2). It is thus proposed that the numerous acidic and 

oxidized functions and degradation products of lignin in J2 reacted rapidly with the AAAS. This in turn 

could impact the mechanical reinforcement of J2 either by hindering hydrogen bonds formation or by 

limiting the polycondensation reaction. Both are assumed to be key parameters to the strengthening. 

This could explain why the treatment was more efficient on the less degraded (and most likely less 

oxidized) lignocellulosic paper J3. Lastly, as J1 is as brittle as J2, but does not contain lignin, the absence 

of lignin could explain why its strengthening was more efficient. 

 

3. Conclusion 

 

The investigation using NMR enabled a better understanding of the reaction mechanisms that can 

occur between AM and key biopolymers of paper, namely cellulose (and indirectly hemicelluloses) and 

lignin. Cellulose being barely reactive towards AM, it seems that in order to effect strengthening, the 

interaction between AAAS and cellulose is mostly done through hydrogen bonds. In contrast, several 

characteristic and abundant functional groups of lignin were found very reactive, in particular the 

oxidized ones, such as aldehyde, ketone and quinone moieties, but also the numerous accessible aliphatic 

alcohols in the polyphenol. The reactions involving the amine moiety of AAAS modify the extent of the 

alkaline reserve, in addition to slowing the polycondensation. In the future, in situ analysis of treated 

papers will be carried out with solid-state NMR spectroscopy. This hopefully will allow corroborating 

the present work conclusions. The disparities in the treatment efficiency depending on the papers 

constituents will be more easily understood, with the aim to optimizing the treatment formulation. 
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